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Charge transfer cross sections for Li'+ + H, Be'+ + H, B'+ + H, and C + + H collisions are calculated for
ion-impact energies from 0.025 to 200, or to 2000 (for the C + + H case) keV/amu by means of the

previously proposed unitarized formula based on the distorted-wave Born approximation. The results,

compared with other theoretical and experimental values, show that the present formula is very useful for
impact energies from 2 to 100 keV/amu, but tends to overestimate cross sections for impact energies greater
than 100 keV/amu. It 'is suggested that the formula can be improved by taking direct-excitation and

ionization channels into consideration. A scaling rule based on the cross section obtained by means of the

present method is also considered, and is applied to scaling of the experimental data.

I. INTRODUCTION

Charge transfer processes between heavy multi-
charged ions and hydrogen atoms have recently
received appreciable attention, not only theoretic-
ally but also in connection with the heating of
Tokamak fusion plasmas by neutral hydrogen-
beam injection. Heavy-ion impurities in a con-
fined plasma can reduce the penetration of the en-
ergetic neutral hydrogen beams as a result of
electron capture from the hydrogen atoms. Thus
the cross sections for electron capture from hy-
drogen atoms by highly stripped ions such as car-
bon, oxygen, silicon, molybdenum, tungsten, etc. ,
which are present in Tokamak plasmas, are re-
quired for H-impact energies of 1-200 keV. For
this reason, a program to estimate the cross sec-
tions for electron capture from hydrogen atoms by
completely stripped ions of the above elements
has been undertaken.

In a previous paper (hereafter referred to as I),
a unitarized distorted wave approximation (UDWA)
method and an absorption model were applied to
calculations of the charge transfer cross sections
for collisions of Q8' with H, since the need for
obtaining information on this process was of high-
est priority among the heavy-ion —hydrogen-atom
reactions. The results showed reasonable agree-
ment with the cross sections obtained by other
workers. In parti. cular, the UDWA results showed
excellent agreement with some preliminary re-
sults of a molecular state calculation of Salop and
Glson and with the results of a classical traject-
ory calculation of those of Salop and Olson3 over
the entire energy range considered by these
authors. They used the method of closely coupled
molecular states in the lower-energy range for

8 =0.05-8 keV/amu and the classical trajectory
Monte Carlo method in the higher-energy range
for E =37.5-150 keV/amu. It is expected on the
basis of the theory that the present method is ap-
plicable for energies greater than about 10
keV/amu. However, it is theoretically obscure as
to whether the present method always gives re-
sults similar to those based on molecular calcula-
tions even below 1 keV/amu. For this reason, it
is interesting to test the present method on many
collisions involving other ions.

In the present work, the USA formula was ap-
plied to calculations of the charge transfer cross
sections for collisions of the completely stripped
ions, Li, Be ', B', and C', with atomic hy-
drogen. The absorption model was also applied to
the same reactions for comparison. The results
are compared with experimental data for collisions
of both completely and partially stripped ions and
atomic hydrogen. At the present time, no experi-
mental data are available for collisions of the com-
pletely stripped ions under consideration with
atomic hydrogen, except for the data on Li + H

and a single data point for B5 + H. A scaling
rule for these cross sections with respect to the
value of the ionic charge Z was obtained using the
USA results and was applied to the experimental
cross sections.

Salop and Olson4 have reported charge transfer
cross sections obtained using the Landau-Zener
m thod for such collisions as C + H, N + H,
O '+ H, Ne" + H, Si'4 + H, and Ar' + H. Bott-
cher' has attempted to estimate the charge trans-
fer cross sections using a specified formulation of
the interaction matrix with a basis set of stationary
atomic orbitals. It is already known that these two
methods considerably underestimate the cross
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sections. "
Vaaben and Briggs have obtained charge trans-

fer cross sections for C' + H collisions using an
eleven-molecular-state calculation. Harel and
Salin have reported three-molecular-state calcu-
lations for charge transfer in Be~ + H, B~ + H,
and 0 + H collisions. Later, Salop and Olson'
evaluated the charge transfer cross section for
C + H collisions using a six-molecular-state cal-
culation, and further studied the dependence of the
cross sections, which are calculated with molecu-
lar bases, on the coordinate origin. The classical
trajectory Monte Carlo calculations of Olson and
Salop also included charge transfer cross sec-
tions for ionic charges Z=3-6. Comparisons of
all these results with the present calculations are
shown in the present paper.

In Sec. II, the UDWA formulation is described
from the point of view of emphasizing the approxi-
mations introduced into the formulation, and in
Sec. III, the numerical results are given and dis-
cussed. Atomic units are used throughout the pa-
per, unless otherwise stated.

II. FORMULATION

petting the linearly independent basis set (Q,
the elements of which depend on time and are not
always mutually orthogonal except for t-+~, be
complete representing all states involved in the
reactions under consideration, then we can ex-
press y(r, t) in terms of $„(r,t) as

X(r, t) =pa„(t)&„(r,t), (2.5)

i—I4(t)& =H14(t)&,
. d
dt

(2.6)

with

H=s 'Pg (2.7)

where s and h are the matrices the elements of
which are given by

h = $,
~

3C-i—. 2

I

and

(2.8)

where a„(t) is the expansion coefficient.
Substituting Eq. (2.5} into Eq. (2.3} and denoting

the state vector (a„(t)) by Iq(t)&, we obtain the fol-
lowing equation for 14(t)&:

We will consider the collision of a nucleus B
(mass M~, charge Z~) with a hydrogenlike atom
consisting of nucleus A (ma, ss M„, charge 2„)
and an electron. The straight-line trajectory ap-
proximation. is used for the relative motion of A
and B, where the position vector R of B relative
to A is described as

s~=(he~ 5n) ~

and s ' is the inverse matrix of s.
As described in I, the S matrix defined by

Ie( )&=sIe(- )&

can be written as

(2 9)

(2.10)

(2.1)R =vt+e„p,
and v is the impact velocity, p the impact param-
eter, e„ the unit vector perpendicular to v in the
collision plane, and t the time chosen so that at
t =0 the two nuclei have a minimum separation.
If we can obtain the probability P(p) for a given
process as a function of p, then the cross section
can be calculated using

S= exp) -i H dt ~S'"'
j

with

(2.11)

CO

8'"' = T exp -i H'"' t dt
~ 04

(2.12)

where T is the chronological ordering operator and

0 =2m P p pdp.
0

(2.2)

(2 3)

The electronic wave function y(r, t) satisfies the
Schrodinger equation

aa'"'(t) = *p( aa'at aa'"' *pl — aa'ai)
(g

and

H" =H-H

(2.13)

(2.14)

with
where H is the diagonal part of the matrix H,
composed of the elements

&=- -'&-(2'~l~~) -(~~/~a), (2.4)
(m IH In) =(m. IHln)5 „. (2.15)

where r& = l r& l, r& ——I r& l, x= I rl, and r» r»
and r are the position vectors of the electron rela-
tive to A, B, and the midpoint of A and B, respec-
tively, and & is the Laplacian with respect to r.

The probability that the electron which was in
the initial state IO& at t =-~ is found in the final
state at t=~, is given by
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P„,(p) = I(nl S I 0} I

'

= I (n I
S'"'I 0) I' .

(2.16)

(2.17)

Up to this point the only approximation which
has been introduced into our formulation is the

straight-line trajectory approximation which is
valid except for very low impact processes. '0

The first significant approximation in this treat-
ment is to drop the chronological ordering opera-
tor T. Then, (nl'S'" 10) can be expressed as

~ QO 2 ~)0 (OO

(tt I

O'"
I 0) = ll,t+

, f—( )Ht't"(t) I O)dt +
t Qf (tt IH'"(t) I t)dtf ( tHI'"(I) I )0td

QQ j (II I
'"( ) I ) f ( I '"(t)

~

)dtf (I IH'"(t) I O)d (2.18)

The second approximation is to neglect all ma-
trix elements except those involving the initial
state 10}. These approximations are considered
to be valid for processes at impact velocity so
that v & 1. Using the second approximation in Eq.
(2.18) and considering (OIH" (t) I 0) =0, 'we obtain

(0 IS"' IO) =cosp'n (2.19)

(nlS'"'IO) =-it„op '~' ispn'",

where

(2.20)

P= (2.21)

t„o —— nlH'" t l 0 dt.
~ oo

, (2.22)

gl(nl S'"10)
I =1, (2.23)

It is clear from Eqs. .(2.19), (2.20), and (2.21) that

g „ r, t =c - 4H(r~)e (~~ '~s) t

g„(r )e""' (Z„Z ), (2.27)

(2.26)

where n=1, 2, 3, . . . ,Nc and (t)"„(r„)and (P„(rs)
are hydrogenlike wave functions of the system
A+ electron and B+electron having negative eigen-
energies (d"„and (d„, respectively, and (I)„(r„)and

g„(rs) are those having positive eigenenergies. In
Eqs. (2.26) and (2.27), a discrete index n is used
for convenience instead of a continuous index.
The time dependence of $„, („and („ is repre-
sented by the positions of nuclei A and B. NA,

N~, and Nc are the appropriate cutoff indices. At
t-+~ it is clear that (g„, $„, g) is an orthogonal
set of functions, while at finite internuclear sepa-
ration it is not orthogonal. Except for low-energy
impact processes, we can use the set {$"„,$„, $„)
for QJ in Eq. (2.5) without introducing serious
errors. .

Using the bases defined in Eqs. (2.24), (2.25),
(2.26), and (2.27) in Eq. (2.22), and using Eqs.
(2.17) and (2.20)-(2.22), we obtain the charge
transfer probability as follows:

that is, the unitarity of S "' is not broken in the
approximate formulas given by Eqs. (2.19)-(2.22).

Now we wil]. consider how to determine the bases
Qg in Eq. (2.5). The processes to be considered
in this problem are excitation, ionization, and
charge transfer. From the fact that excitation and
charge transfer result mainly in low-lying bound
states of the atomic system, A+electron and B
+ electron, respectively, and that ionization also
results mainly in low-energy continuum states,
we can cut off states having energy levels greater
than an appropriate value. Thus we can use the
following truncated set of bases to represent the
initial and final states nearly completely.

I'(p) = sin pI~
Pt

with

Pt Pc'F +Pexci +Pion 7

where
Ng 2

Pc T —— n, B lH'"" t lO, A dt
n= QO

NA 2

p,„„= (n,A 18'"(t) I O,A)dt
n= ~ oo

and

(2.28)

(2.29)

(2.30a)

(2.30b)

("„(r,t) =g"„(r„)8""(n=1, 2, 3, . . . ,N, ), (2.24)

g„(r, t) =dt)„(rs)e""~2 (n=1, 2, 3, . . . ,N)d), (2.25)

2

P„„= n, C la'"' t lO, A dt
n= eo

(2.30c)

Here I O, A} denotes the initial state, and Eqs.
(2.30a), (2.30b), and (2.30c) express the probabili-
ties based on the first-order approximation to the
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p(p) = sin pc T . (2.31)

S matrix [see Eq. (2.18)] for charge transfer, di-
rect excitation, and ionization, respectively.

The third approximation in this treatment is to
ignore the direct excitation and ionization chan-
nels. Then, the basis set becomes /$0, E„; n=1,
2, 3, ~,NB} and Eq. (2.28) becomes

This approximation is most inaccurate at impact
energies of the order of hundreds to thousands of
keV/amu for which the probability of ionization
and direct excitation is comparatively large. How-
ever, for lower-energy ranges this approximation
introduces no serious error into the results.
Using this approximation, the inverse matrix. of
s becomes

AB1 -spi

sip 1 I so„ I
BA AB 2

iai 1 BA BA ABs AB 2 S20 S20 Sp1- Isp& I

BA BA AB
-S30 30 Oi

AB
-Sp2

BA AB
Sip S02

AB I2

0&2
BA AB
30 p2

AB-S03
BA AB
ip S03

BA AB
20 03

1 ~ l s I
e ~ ~AB

3

(2.32)

where

s =(g', g„) . (2.33)

Then, by a straightforward calculation using Eqs. (2.7)-(2.9), (2.14), and (2.15) in Eq. (2.13), we can write
(n, B IA'"(t) IO, A) in Eq. (2.30a) as

B Iijint(t't
I 0 gi I t BA sBA iiop ~ksok Lko

I ex, 2 ft BB sBA it On ~ksok tikn ~"00 ~ksok skP dtnp np 1 ~ ISABI2 iI P
l~

nn np 1 P I
ABI2 1 g I

ABI2

where
1

sion energies. Thus we obtain

(2.34)

(2.35)

It is reasonable to consider that terms including
two or more off-diagonal elements of matrices s
and h are always negligible, because the transla-
tional factor exp(-iv r/2) becomes a significant at
high collision energies and because charge trans-
fer cross sections result mostly from the com-
paratively large impact-parameters at low colli-

pcT =pl(n, BIT " "IO,A) I (2.37)

with

(n, B I
B'"'(t)

I O, A)

Using Eqs. (2.4), (2.35), and (2.36) in Eq. (2.30a),
PQT can be rewritten as

~ 0 t

(n, BI T "Io,A}= dt(tt„p -s.p Otpp ) exp i (tB„-(00+M upp")dt-
W

(2.38)

where

(2.39a)

and

s„ll" ——(g„,g) . (2.39d)

+A

( g
+00 0&i & 0

(2.39b)

(2.39c)

It is reasonable to conclude that, on the basis of
the previous condition, the summation over n in
Eq. (2.37) is carried out with respect to the trun-
cated set of bases given by Eq. (2.25). However,
since the convergence of the summation is so
rapid, the numerical result is almost the same
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regardless of whether the truncated set or the
complete set is used.

Equation (2.38) shows the semiclassical dis-
torted-wave Born approximation (DWBA) formula
for the charge transfer amplitude which is equiva-
lent to that Bates has derived using the two-state
approximation. In the framework in which the
excitation and ionization channels are closed,
such as that described above, Eq. (2.31) is con-
sistent with the unitarity of S ' expressed in Eq.
(2.23), since (Ol S'"

I 0) is now given by cosP~JT2.

Thus this treatment is characterized by an ap-
proximation that results in a unitarized expression
for the S matrix based on the distorted-wave ap-
proximation. Therefore, this treatment is called
the "USA".

Bottcher' has also developed a unitary approxi-
mation to the S matrix. However, his formula is
very different from the present formula with re-
spect to the following points. Bottcher has (i)
used stationary atomic bases instead of the
moving atomic bases used in the present work and,
consequently, momentum transfer was neglected;
(ii) used atomic wave functions rotating with the
line through the nuclei, instead of those with the
quantization axis fixed along the direction of im-
pact as in the present formula, and with no ac-
count taken of rotational coupling; (iii) neglected
the off-diagonal elements of the matrix s defin-
ed by Eq. (2.9), which result from the nonortho-

gonality of the bases and which are important
in the atomic-basis formulation; (iv) ignored
the energy difference between the initial- and

final-atomic states which is not negligibly small
for charge transfer processes involving high-Z

heavy ions.
Approximations (ii)-(iv) are very serious even

at the low energies at which Bottcher applied the
theory. As was shown in I for 0 + H collisions,
his results are considerably different from the
values obtained using the present formula with re-
spect to the magnitude and energy dependence of
the cross sections.

III. NUMERICAL RESULTS AND DISCUSSION

TABLE I. Values of yam» for Li++H, Be "+H, B
+H, and Ce++H collisions.

Impact energy
(ke V/amu) Li3+

~25
10

5
2.5
2

1
~0.5

TABLE II. Ratios of the UD%A cross section without
extrapolation to that with extrapolation for Li3'+He, Be4'
+H, B++H, and C +H collisions.

where l and m denote the angular quantum numbers
and 8 stands for Li, Be, B', or C, and
T " " is defined in Eq. (2.38). However, the nu-
merical calculation of Eq. (3.l) was carried out
only for n up to n which is shown in Table I.
For n greater than n, P„was estimated by the
extrapolation procedure described in I. The ra-
tios of the UD%A cross section without extrapola-
tion~ &UDwAy to that with extrapolation, o„~„,are
also shown in Table II. The calculated UD%A
cross sections are shown in Table III.

The DWBA probabilities P obtained by summing
P„over n are given in Figs. 1-5. For impact en-
ergies up to 5 keV/amu, the DWBA probabilities
P correspond mainly to impact parameters small-
er than 3.2, V.V, 4.5, and 8.0 a.u. , respectively,
for impact of Li, Be, B', and Q' . These im-
pact parameters correspond to the n =2, 3, 3,
and 4 shells, respectively. For impact energies
greater than 5 keV/amu, the behavior of the
DWBA probabilities for impact of Li' and B'
are different from those for impact of Be4 and
Q '. In the former cases, larger contributions
from the higher-energy states, that is, n= 3 and

4, respectively, than referred to above are
clearly seen.

The USA cross sections are also shown in

Cross sections were calculated for charge trans-
fer from H(ls) to Lia, Be4", B, and C for ion-
impact energies of 0.025-2000 keV/amu for Ce'

impact and 0.025-200 keV/amu for impact of the
other ions. The calculations were carried out as
described below.

The DWBA probabilities Qj for charge transfer
to all states having principal quantum number n
were given by

ng

P„=gg l(nlm, BIT " "I ls, H") I, (3.l)
g=o e=-l

Impact energy
(ke V/amu) Lie+ Be4+

2000
700
400
200
100

75
50
25
10

1.7O(-1)
1.81(-1)
1.6O(-1)
1.O7(-1)
1.69(-2)
3.98(-5)

2.55(-1)
2.61(-1)
2.32(-3.)
1.57(-1)
2.26(-2)
2.43(-5)

'4.p4(-2) denotes 4.p4 x1p

B5+

2.66(-1)
2.65(-1)
2.28(-1)
1.41(-1)
1.4O(-2)
8.95(-5)

4.O4(-2) '
1.42(-1)
2.07(-1)
2.7O(-1)
2.65(-1)
2.19(—1)
1.30(-1)
8.51(-3)
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TABLE III. UDWA
Cs+ + H co11isions.

Impact energy
(ke V/amul Li3+ 5+

cross sections for charge transfer in Li +H, Be +H, B +H, and

2000
700
400
200
100

75
50
25
10

5
2.5
2

1
0.5
0.25
0.2
0.1
0.05
0.025

~ 1.12(-20) denotes

2.v3(—av)
2.19{-16)
4.o9(-ae)
v.ve(-16)
1.41(-15)
1.78(-15}
1.33(-15)

7.96(-16)
8.42(-16}
v.91(-ae)

8.05(-16)
v.o3(-16)
v.19(-16)
e.o9(-ae)

1.12 xaO 20 cd'

e.o8(-av)
4.29(-a6}
7.51(-16)
1.3o(-as)
2.08(-15)
2.88(-15)
3.42(-15)

4.42(-15)
4.9o(-as)
s.o2(-15}

s.4o(-as)
4.39(-15)
3.S8(-15)
2.68(-15)

1.10(-16}
6.94(-ae)
1.16(-15)
1.88(-15)
2.76(-15)
3.2V{-15)
2.vs(-as)
1.V8(-15)

1.39(-15)
1.19(-as)
a.ss(-1s)

1.4e(-as)
1.39(-15)
1.43(-15)

1.12(-20)
1.29{-18)
1.42(-1V)
1.76(-16)
a.oo(-as)
a.e3(-as)
2.s2(-as)
3.42(-as}
4.08(-as)
4.31(-as)
4.es(-as)

5.06(-15)
4.92{-15)
4.54(-15)

2.81(-15)
a.96(-15)
2.3v(-as)

2
1O

~0.1 keV/arnu
yl ~q+

L) +H(1s}~
I

&™ ]0.5',

)0

I
i

I 1 10—. 2

h ~

~'.~.-'l l
~ ~
~ . ].0

py ~ %

gej e 't

10

o~

I I I

Be'+ H(1s} Be -H

~01 keV/amu

10

10

l 1 I I

10
10

0 5
p (a. u.}

FIG. 1. D%BA probabi1ities p for the process Li3+
+ 8{as) Li2++H+ vs impact parameter p at impact
energies from 0.1 to 200 keV/amu.

100 6
p (a. u.3

FIG. 2. Same as Fig. 1 for the process Be4++H{as}
Be3++8'.
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2
10

4g.l keV/amU4~4

I ~ ~i
«~s,4

,4.5 ',
Qll ~ ~~4~' ~ /3 ',

(', ,].,

10

e

L

keV/amu

I I I
j

I l I I
i

I l

C + H(ls)~C +H

$x
—7g
5
2

2K

2
1

pY

10

10 )(

10—0

10

p (a. U.)

I
l

10

10
5
p (a. u.)

FIG. 3. Same as Fig. 1 for the process B5++H(ls)
B ++H

FIG. 4. Same as Fig. 1 for the process C6++H(1s)
C5++8+ and for impact energies from {).025 to 5

keV/amu.

Figs. 6-9 with other theoretical results, 3, 8, 9, ) in-
cluding those based on the absorption model, the
theory of which has been reported in I, and data~3

for impact of ions of the same charge, as is indi-
cated in the figures. The present results agree
fairly well with the experimental data for impact
energies greater than 3 keV/amu. For impact en-
ergies greater than about 100 keV/amu, the pres-
ent results will decrease if the contribution from
ionization channels is taken into consideration, as
stated in Sec. II. Then agreement between the the-
oretical results and the experimental data would
be better. The fact that the present theory tends
to overestimate the charge transfer cross sections
in the vicinity of 200 keV/amu is also confirmed

.from the data for impact of P on H and He~ on H

reported in I, and from the data obtained by
Meyer et al. ~ for impact of O on H, which are
the experimentnj. results involving perhaps the
highest Z bare nuclei available at the present
time. The value found by the latter authors is 1.1

X10 "cm2 at the impact velocity of 6 &108 cm/sec
(-200 keV/amu), which is about one-third of the

value reported in I. Furthermore, the theoretical
results obtained by Olson and Salops using the
classical trajectory Monte Carlo method are small-
er than the present values and closer to the ex-
perimental results including the 0 -impact case,
for impact energies between 100 and 200 keV/amu.

As shown in Fig. 8, the present results are
closer to the data obtained by Crandall et al. at
impact energy of 6 keV/amu than are the other
theoretical results. In comparison with the theo-
retical results for impact energies of 0.4-8
keV/amu in Fig. 8, the present results agree very
well with those of Salop and Olson derived by
placing the origin of the coordinate system on the
proton. The fact that the present results approach
their results with the origin on the proton rather
than those with the origin on the projectile heavy
ion is seen in all cases for which their theoretical
results are available, that is, B~ -, C -, and
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t0

C+H(1s) C +H

10

10

10
0 5

p (a. u. )
|0

FIG. 5. Same as Fig. 4 for impact energies from 10 to
700 keV/amu.

Q"-impact cases. 2'7 In Figs. 8 and 9, the data ob-
tained by Crandall eI; al.2~ for impact of partially
stripped ions are seen to agree excellently with
the theoretical results of Harel and Salinl and of
Vaaben and Briggs but, however, deviate from
the present results. In Fig. 6, the theoretical re-
sults obtained by Olson eI; al.~2 for collisions of
B3 with H'are shown, since no calculated results
for low-energy impact of Li3 on H are available.
In Fig. 7, the results of Harel and galin are very
different from those reported here with respect
to the energy dependence of the cross section.

As is shown in Figs. 6-9, in the low-energy re-
gion, the results derived using close-coupling
methods based on molecular states, which are con-
sidered to be most applicable in this energy region,
include non-negligible discrepancies, and the ex-
perimental results are not sufficient to determine
the energy dependence of the cross sections.
Therefore, no evaluation of the usefulness of the
present theory in the low-energy region can be
made. However, it becomes clear from the above
that the present results connect smoothly to the
results obtained by Salop and Olson~ and to some
preliminary results obtained by Salop and Olson'
with the origin placed on the proton, in the energy
region of 1-10 keV/amu.

'.3+
' ' '~ ' ~+' '+'

~ i~'
Li + H(ls}~ Li + H

)O17

t~

0
) I I

Impact Energy (ev/arnu )

FIG. 6. Cross sections for the charge transfer process, Lis++H(ls) Li ++8+, vs Li -impact. energy with Z =3.
—

— denotes the present results, --- the absorption model, & the results of Olson and Salop {Ref. 3; classical tra3ec-
toxy Monte Carlo method), and 0 the experimental values of Shah et a$. (Ref. 13). For comparison, also shown are the
cross sections for electron capture from atomic hydrogen by partially stripped ions. —-- - -

--- denotes the theoretical
results of Olson et al. (Ref. 12) for 8 +-impact. Experimental results» . &(C ), 4{NB ), and G(O~+), Phaneuf et ai.
{Befs.14 and 15); k, {8'+), r (C'+), g(N'+), and. e (O3+) Bayfield et al. (Ref. 18); g(83+), y (C3+), and 4 (N3+) CrandaQ
et al. (Ref. 20); arid 4 (Si +) Yim et al. (Ref. 16).
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Be + H(ls) - Be + H

I I 1
I

III I I III
10 10 10 10
impact Energy (eV/amLI)

F/G. 7, Cross sections for the charge transfer process, Be4++H(1s) Be3++H+, vs Be4+ -impact energy with Z=4.
denotes the present results, ——the absorption model, && the results of Qlson and Salop (Ref. 3; classical trajec-

tory Monte Carlo method), and ——the results of Harel and Salin (Ref. 9; 8-nmlecular-state calculations). For comparison,
also shown are the cross sections for electron capture from atomic hydrogen by partially-stripped ions. —— de-
notes the theoreticaj. results oi Qlson et al. (Ref. 12) for C4+ impact. Experimental results: V(C4+), 6(N4+); and G(Q +):
Phaneuf etal. (Ref . 14and &5) k (B +), + (C +), & (N+), and +(Q +) Bayfield et al. (Ref. 18); &l(B +), E&'(C +), and &(N4')
Crandalt "t aE. (Ref. 20); & (Si +) Kim et aZ. (Ref. 16); && (Fe ) Gardner &t a~. (Ref. 17); O (Fe4+), H (Mo4+), and V (W +)

Neyer et al. (Ref. 19).
-'t6

g+ H(1s)~ B + H

-17

d8
1 ](P 1g 10

impact Energy (eV/&mU)
FIG. 8. Cross sections for the charge transfer process, B ++H(1s) B4++p+, vs B +-impact energy with Z =5.

denotes the present results, —- the absorption model, && the results of Salop and Olson (Ref. 3; classical trajec-

toxJJ Monte Carlo method), — — and — = —- the results of Salop and Olson (Ref. 2; 5-molecular-state calcula-

tions with the origin of the coodinates on B'+ and on H+, respectively), and the results of Harel and Salin (Ref.

9; 3-molecular-state ca1culations). +shows the experimental value of Crandall et al, (Hef. 20). For comparison,

also shown are experimental cross sections for electron capture from atomic hydrogen by partially stripped ions:

5 (N +) and Q(O~+) Phaneuf et al. (Refs. 14-and 15); ~ (N +) and (O~+) Bayfieldet al. (Ref. 18); p (Cs ), &(N +), and

(05+) Crandall et aE. (Ref. 20); O(Si +) Kim et aE. (Ref. 16); O (Fes+) Gardner et al. (Ref. 17) and O (Fe +), H (Mos+),

and V'( 5'~+) Meyer et al. (Ref. 19).
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FIG. 9. Cross sections for the charge transfer pro-
cess C~++H(1s) C~++H+, vs Ce+-impact energy with
Z =6. denotes the present results, ——the absorp-
tion model, && the results of Olson and Salop (Ref. 3;
classical trajectory Monte Carlo method), 0 the results
of Salop and Olson {Ref. 7; 6-molecular-state calcula-
tions with the origin of the coodinates on H+) and

the results of Vaaben and Briggs, (Ref. 8; 11-mo-
lecular-state calculations). For comparison, also shown
are the experimental cross sections for e].ectron capture
from atomic hydrogen by partially stripped ions: (O6+)
Crandall et al. {Q,ef. 20); ~ (Sie+) Kim et al. (Ref. 16);
&&(Fe +) Gardner et al. (Ref. 17); and 0 (Fee+), g(Moe+),
V~+), and ~ (Aue+) Meyer et al. {Ref. 19).

I i I I Il

H

10 1d l(P
E (eV/amu )

FIG. 11. Scaled cross sections o vs scaled impact
energy E. The charge transfer cross sections and the
impact energy are expressed as 0(E) =nd'(E') and E = PE,
respectively, with &=Z ~~ and P=Z '4 . Also shown
are the scaled experimental results: {He ++H) Nutt
et at. (Ref. 21); +(08++H) Meyer et al. (Ref. 19);
~ (Ar8++H) Crandall et al. (Ref. 20); (Fe~' ++H) and
O(Fe~+ 3'+H) Gardener et al. (Ref. 17); k(Si~++H) Ki~
et al. (Ref. 16); +(Fev' '+H) and V{Fe ' '+H)
Meyer et al. (Ref. 19); O (Fee+ ++H2) Berkner et al.
(B,ef. 22); and & {Fe + +H2) Berkner et al. (Ref. 23),
where the numbers indicated express the value of ionic
charge and the data for molecular-hydrogen targets de-
note one half the value of the measured cross sections.

2 3 4 56 8)0
Z

FIG. 10. Principal quantum number n of the mostprob-
able state versus ionic charge Z for impact energies of
10 —100 keV/amu. I and denote UDWA results that
with decreasing impact energy n decreases from 3 to 2

for Z =3 and from 4 to 3 for Z =5, while it takes fixed
values of 1, 2, 3, 4, and 5, respectively, forZ= 1, 2,
4, 6, and8.

Finally, scaling of the UDWA cross sections
with respect-to the ion charge Z will be considered
on the basis of the results presented in this paper
and those reported in l. Gardner et al.~v have
found that the energy dependence of their data for
Fe '

(Z =4-13) + H collisions agrees well with
that of the cross sections for P + H collisions if
the proton impact energy is doubled. Following
this finding, an attempt was made to. change the
energy scale according to the energy state to
which the electron is most probably transferred.
As mentioned above, for impact energies of 10-
100 keV/amu, the DWBA probabilities result
mainly from final states having principal quantum
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numbers n=2-3, 3, 3-4, and 5, respectively,
for ion charges of Z=3, 4, 5, 6, and 8. As a
best-fit formula,

ZO. 774 (3.2)

was obtained which gives v=2.3, 2.9, 3.5, 4.0,
and 5.0 corresponding to the respective Z values
mentioned above (Fig. 10). Thus the scaling factor
for the energy scale is determined as thy ratio of
the fictitious state energy corresponding to the
principal quantum number n to the 1s-state energy
of a hydrogen atom, that is,

2(Z —1) I 2(Z —1)
(Z/n) —1 6 —1

g+N e (Z2/P2) .
From thig relation, we obtain

(3.7)

(3-6)

for high values of Z.
Further support comes from the use of the ab-

sorbing-sphere-model cross sections6 for high
values of Z at low impact energies to estimate the
scaling factor n. Using the absorbing-sphere mod-
el, the cross sections at low impact energies are
evaluated as

p=(z/ng'=z'" (3.3)
a. ~ Z'/P' (Z -~) . (3.9)

The impact energy E is scaled as

E —E/6 (3.4)

Using the UDWA cross sections reported in this
paper and I, the scaling factor for the cross sec-
tion is determined to be

If P =Z '" is valid for high values of Z, we obtain
n o-Z" . The Z dependence of n is very close to
that of Eq. (3.5). However, more precise theoreti-
cal investigations are necessary to clarify the
problem.

Zi. 12

The cross section v is scaled as

(3.5)
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~(E)=o(E)/~, (3.6)

where E is given by Eqs. (3.4) and (3.3).
The results are shown in Fig. 11 with the data

obtained by Crandall et al. ,
0 Gardner et al„"

Nutt et al. , Kim et al. ,
i Meyer et al. ,

' and
I3erkner et al. "3 It is of interest to apply the above
scaling procedure to Z &8. Some results are in-
cluded in Fig. 11. The data plotted, including
those for Z & 8, appear to fall alohg a single smooth
curve. This is considered to give partial support
to the applicability of the present scaling procedure
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