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The two-state, two-center atomic expansion method of Bates for charge transfer is generalized to calculate
cross sections of electron capture from inner shells of multielectron atoms by fast protons. In the limit of
small capture probabilities, the connections of the present approach with various first-order Born theories are
investigated. It is shown that these Born methods for electron capture of multielectron atoms can be obtained
from the present approach by further approximations. The method is applied to obtain cross sections of
electron capture from C, N, O, Ne, and Ar atoms by fast protons in the e¢nergy region where the projectile
velocity is nearly equal to the K -shell-electron orbital velocity of these atoms. Results of the calculations are

compared with experimental measurements.

I. INTRODUCTION

The transfer of an electron from target to pro-
jectile during ion-atom collisions is the subject
of recent experimental and theoretical investi-
gations. It is known that this process plays an
important role in vacancy production in ion-atom
collisions.!

For collisions in which the projectile velocity
is much smaller than the characteristic orbital
velocity of the active electron to be transferred,
the molecular theory (MO) of Fano and Lichten®
has been applied successfully to explain quali-
tatively the'observed low-energy ion-atom col-
lision phenomena.® Recentdevelopments by Briggs
and Macek,* and by Taulbjerg et al.® have put the
MO theory in quantitative form for K-shell va-
cancy transfer in symmetric and asymmetric
ion-atom collisions.

For fast collisions such that the projectile ve-
locity is comparable to or greater than the char-
acteristic orbital velocity of the active electron,
the capture of bound electrons from the target
atom is less well undersiood. Whereas the first
Born approximation or its variations have been
useful in describing excitation and ionization in
fast collisions,® considerable contention still .
persists in the application of the first Born theory
in rearrangement collisions, particularly for the
electron-capture process.>””® Even in’'the sim-
plest resonant charge-transfer process, p+H(ls)
- H(1s)+p, the various first Born theories predict
substantially different capture cross sections.
Attempts to generalize these first-order Born
theories to multielectron ion-atom collisions
create even further questions.

Historically, the p +H(1s) - H(1s)+p resonant
charge exchange has been calculated in the Oppen-
heimer,® Brinkman, and Kramers (OBK)™ approxi-
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mation. In the OBK approximation, the nuclear-
nuclear interaction was completely neglected in
evaluating the first Born transition amplitude.
This is justified in that the nuclear-nuclear in-
teraction can only deflect the trajectory of the
projectile and does not change substantially the
total electron-capture cross sections. Later,
similar first-order approximations were adopted
by Bates and Dalgarno,'! and by Jackson and
Schiff'* (JS), but with the internuclear potential
also included in the first Born amplitude.® As
argued by Bates and Dalgarno, the complete nu-
clear-nuclear interaction is included in the per-
turbation on the grounds that this would compen-
sate to some extent for the nonorthogonality of
the wave functions of the initial and final states,
and would consequently lead to more realistic
cross sections.'® Interestingly, the cross sections
calculated in this method are much smaller than
those calculated by the OBK method and agree
much better with experimental data.

Recently, both the OBK and JS methods have
been generalized to calculate electron-capture
cross sections in multielectron ion-atom colli-
sions.' 7 Like the prediction in the proton-
hydrogen resonant capture, the OBK approxi-
mation always predicts cross sections much
higher than experimental results. Diverse efforts
have been attempted to correct this either by
reducing the OBK prediction by a semiempirical
factor,'®!° by semiempirical method,® or by
introducing different amounts of core-core inter-
actions.*

. The straightforward generalization of the JS
method includes the interaction between the two

“bare nuclei in the perturbation.'* 7 This meth-

od apparently fails because the predicted capture
cross sections are a few orders of magnitude
too high. For example, cross sections for the
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Cdptu re of K-shell electrons of Ar atoms by
‘protons are predicted to be about 320 txmes larger
than experimental data.®

“Much of the discrepancy mentioned in the above
is due to the fact that no proper allowance had
be{ph made for the nonorthogonality of the initial-
and final-state wave functions. Bates? was the
first to note that if the nonorthogonality is properly
treated, the difficulty formally associated with
the choice of internuclear potential can be re-
solved.

In this paper, we extend the method of Bates to
electron capture in multielectron ion-atom col-
lisions within the independent-electron approxi-
mation. This approximation treats only the elec-
t¥on to be transferred as active; the others are
tfeated as passive and provide only screening
during the collision process.

In Sec. 1I, the Bates method is reviewed, The
connections of Bates method, in the limit of
small capture probability, to the different first
Born methods are discussed in Sec. ITI. In Sec.
IV, this method is applied to the capture of K-
shell electrons of C, N, O, Ne, and Ar atoms
by fast protons. The validity of the present meth-
od is discussed in Sec. V.

II. ATOMIC EXPANSION METHOD

Developed by Bates in 1958, the atomic ex-
pansion method was, designed to properly account
for the nonorthogonality of the initial- and final-
state wave functions in the electron capture pro-
cess.

“In the Bates method, the motion of the electrons
and the nuclei in ion-atom collisions is separated
by using the perturbed-stationary-state (pss)
method??; the motion of the nuclei is treated clas-
sically. The attractive nuclear field experienced
by the electrons during the collision depends upon
the trajectories of the two nuclei. In this paper,
we are dealing with high-velocity projectiles;
thus straight-line trajectories will be adopted.

To study electron-capture problems in multi-
electron ion-atom collisions, many approxima-
tions can be made if only the capture of inner-
shell electrons is to be treated. In principle, the
Bates approach can be used (o deal with multi-
electron wave functions. However, it has been
shown that electron correlation and exchange
effects are not very important for the electron-
capture process in the proton-helium system,?*2°
We thus expect the independent-electron model to
be adequate, partxcularly for capture from the
inner shells of atoms.

In this approximation, the wave function of the
active electron is governed by the time-dependent
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Schrodinger equation

. 8 -
(He—za_t'>‘l/(r,t)=0, ' (1)
where ‘ ;
]Ye=._é”72-QZA/TA-—ZZB/WB (2)

is the effective Hamiltonian of the active electron.
In Eq. (2), Z, and Z, are the effective charges
experienced by the electron; 7, and 7, are the
positions of the electron with respect to the target
A and to the projectile B, respectively. Atomic
units will be used.

Equations (1) and (2) are to be solved with proper
boundary conditions at ¢ = -, The method adopted
by Bates is to expand ¥(T,¢) in terms of the trav-
eling eigenstates of the target and of the projec-
tile, The following derivation can be found in
the paper of Bates?2 or in the book by McDowell
and Coleman.® . We will summamze it below for
later discussion.

'The time-dependent wave function ¥ (7¥,#) can
be expanded generally as

Y(F, )= D a,l) o,(F,) exp[-iG V- T+ 202 +e,0)]
n

+ 2 b0, (Fp)

xexp[—i(-3V+ T+ iv2t+e,t)], (3)

where ¢,(T,) [¢,(Tp)] is the stationary eigen-
function of the target (projectile) with eigenen~
ergy €, (<,,), ¥ is the velocity of the projectile in
the laboratory frame and T is the position vector
of the electron with respect to the midpoint of
the internuclear axis.*” In Eq. (3), the velocity-
dependent exponents are introduced to preserve
translational invariance.

To describe electron capture, the simplest
approximation to Eq. (3) is to retain only the two
states which are relevant to the capture process,
the initial state of the target and the final state
of the projectile. To simplify the notation, we
rewrite Eq. (3) (in a self-evident way) as

V(T H)=a(t)p exp[-i(z T+ T+iv%+e,t)]
+b(t) ppexp[—i(-5V- T+102t+e,0)]. (4)

Substitution of Eq. (4) into Eq. (1) yields a set of
coupled equations:

i(1—s?d=ah,,- sABhBA) +b(h 5~ sABhBB) eiut

(5)
-iwt

i1 =52 b=b(hyp —Spalign)+allp, —Spah, et

where w=¢, — €5 and
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sAB=f¢§¢>Be<”'r’dT,
SBA=f¢§¢Ae(-ivur)dT,.

hap= fﬁbj(—

hpa =f ¢§(_ZB/7B)¢AQ(_W.;)dT s

ZA/VAWB e(i?-?)dT’

(6)

hAA=]¢:(—ZB/"’B)¢AdTa

hgp= f¢’5(—24/7’4)¢sd7,

and where the integration is over the electronic
coordinates. The identities sz, =s%; and s®
=S,pSps are obvious.

Introducing the transformation

(t) dA(t)exp( [t (t')dl”)

b(t) =dy(t) exp( f 8(t") dt)

Eqgs. (5) are simplified to

. Nap —Saph wtei
ZdA= AB AB'"BB ezwtuéda’

1-s°

.t hpa—Sgah iwi-i
ZdB= BA BA'PAA e iwt zédA’

—%
Where

5= f o) BN ®)
and

a(t)=(hyn=Saghss)/(L =57, (10)

B(t)=(hpp—Spahap)/(1=5?).

Equations (8) are to be solved with the boundary
conditions d, (=) =1, dgz(~=)=0 for each impact
parameter p and each energy. The total capture
cross section per atom is obtained from

Q=2rN, [ pdpp(p), (11)

where p(p) = |b(+ =)|? is the capture probability
and N, is the number of equivalent electrons in
the target shell from which the active electron is
captured.

[I. CONNECTIONS WITH OTHER BORN APPROXIMATIONS

For collisions in which the capture probabilities
are small, the capture amplitude can be solved

from Eqs. (8) by first-order approximation. I
we set d,(t)=1, then dgz(+ =) is given by

dB(+°°)=—if hBAISthAA g-iwt-i6 g (12)

In Eq. (12), the transition amplitude dg(+«~)can
be easily shown to be independent of any arbitrary
internuclear potentials added to the definitions"

of the matrix elements %5, and ,,. This is due
to the fact that the nonorthogonality of initial and
final states has been properly accounted for in
Eqgs. (5) through the introduction of overlap in-
tegrals s,z and Sp,.

The & term in Eq. (12) represents the distortion
of the electron wave function in the nuclear field
of the projectile and the target in the two-state
atomic expansion approximation. If this distortion
is neglected, then Eq. (12) becomes

dB(+oo)=—Zf KLEA;SI;I?ZEQA_eﬂwtdl' (13)

For high-velocity collisions, s?<« 1, Eq.(13) can
then be written explicitly as

e z
dy(e)=—i [ dtd-rd)B[_——yB —hM]
-0 B .

X(bAexp{—i(Tr. Trwt), (14)

in a form similar to the first Born transition
amplitude with (Z,/75) —h,, as the interaction
“potential.” For capture from the K shell of
target A to the K shell of projectile B, h,, is

Ty = (Z5/R) 1+ (1+Z, R)e>%a%]. (15)

For the charge-exchange p + H(1s)~ H(1s) +p,
Z,=Zg=1, Eq. (14) becomes identical to the
distorted-wave approximation for electron capture
derived by Bassel and Gerjuoy.?® Thus, Eq. (14)
is the generalization of their method to arbitrary
Z, and Z,. Incidentally, Eq. (14), or more rig-
orously, Eq. (13), can also be derived from the
usual first Born theory if the final-state wave
function is required to be orthogonal to the initial-
state wave function. Thus, we show that in the -
limit of small capture probabilities, the two-
state atomic expansion method of Bates, the
distorted-wave approximation of Bassel and Ger-
jouy and the first Born theory are all equivalent
if the orthogonalized final state is used in the
first Born theory.

To explore the meaning of Eq. (14) in more
detail, we plot, in Fig. 1, ~Rn,,/Z, as a func-
tion of Z, R, where R is the internuclear sep-
aration. The function 2, , approaches zero as
Z, R~ 0 and approaches ~Z /R as Z, R, If



17 TWO-STATE ATOMIC EXPANSION METHODS FOR ELECTRON CAPTURE... 1649

ZR(a.u)
FIG. 1. Plot of ~Rh,,/Zpy as a function of Z,R.

hy, is chosen to be zero in Eq. (14), we recover
the usual OBK approximation. From Eq. (13),
this is equivalent to neglecting the nonorthogonal-
ity of initial and final states as was done in the
OBK approximation (by setting sy, =0). On the
other hand, if the large-R limit of %, , is used

in Eq. (14), the expression in the squared bracket
becomes [~Z /75 +Z 5/R]. In the p+H(1s)
~H(1s)+p capture problem, it becomes [ -1/75
+1/R] and the second term resembles the inter-
nuclear interaction between the protons. This is
equivalent to the method of JS in which the inter-
nuclear potential is included in the first Born
transition amplitude. Therefore, we can interpret
that the introduction of the internuclear inter-
action into the first Born transition amplitude has
the effect of partially accounting for the nonortho-
gonality of the initial and final states in the p
+H(1s)—~H(1s) +p reaction at intermediate and
large R. However, this similarity cannot be
generalized to ion-atom collisions of arbitrary

Z4 and Zg. The large R limit of 2, , is Zz/R
instead of the internuclear interaction Z,Z,/R.
This partially explains why the straightforward
generalization of the JS method to ion-atom col-
lisions by-including a full internuclear interaction
results inunrealistic capture cross sections.
Incidentally, the large-R limit of 44,4 has also been
introduced recently'® in the Born amplitude, under
the assumption of almost complete screening of
the target nucleus charge by the passive elec-
trons. This assumption is nof valid for the cap-
ture of K-shell electrons. It is better to interpret
Z4/R as an approximation of thesnonorthogonality
contribution to the Born amplitude for electron
capture and has no relation with the internuclear
potential.

It is not difficult to understand why the JS or
the Born method of Ref. 15 usually gives better
absolute total capture cross section than the OBK
approximation. In Fig. 1, k., is well approxi-
mated by its large-R limit —~Z g/R for R near or
greater than the K-shell radius. Thus, if the
total electron capture comes primarily from
large impact parameter p, such pZ, =1, then
the JS or the Born method of Ref. 15 will give

reasonable total capture cross sections [as com-
pared with that obtained from Eq. (13)]. How-
ever, it must be realized that both methods will
fail at small p or, correspondingly, at large
scattering angles. Also, if the total capture cross
section comes primarily from small impact pa-
rameters, then the total cross sections calculated
from these two methods will be wrong .

It might then be speculated that the OBK method
is a better approximation for collisions at small
impact parameters. This is not quite true. For
small impact parameters, the distortion of the
active electron wave function by the projectile
is very large and cannot be reasonably approxi-
mated by any first-order theory, even such as
Egs. (8) and (13).

IV. K-SHELL ELECTRON CAPTURE OF C, N, O, Ne,
AND Ar ATOMS BY FAST PROTONS

The two-state atomic expansion method has
previously beenapplied only to simple atomic
systems. (See the review by Bransden.®) By
comparing with experimental data or with more
elaborate calculations, it is concluded that the
simple two-state calculations predict reasonable
capture cross sections when the projectile ve-
locity is not very far away from the characteristic
orbital velocity of the active electrons.

Theoretical calculations of electron-capture
cross sections from multielectron atoms have
been limited to the OBK or other Born meth-
0ds.'>"2° The results of these calculations are
often unreliable. We have applied the two-state
atomic expansion method, under the independent-
particle approximation as outlined in Sec. II, to
calculate the electron-capture cross sections of
the K shell of carbon, nitrogen, oxygen, neon,
and argon atoms by fast protons.

T he numerical method is straightforward. A
screened hydrogenic 1s wave function with effec-
tive charge Z, =Z - &, where Z is the nuclear
charge of the target, is used for the target atom
and a bare nuclear charge Z, is used for the
projectile. The matrix elements of Eq. (6) are
evaluated by transforming the two-centered inte-
grand to prolate spheroidal coordinates (A, y, ¢).?°
Integrations over ¢ and u can be carried analyt-
ically. The integration over A is done using 24-
point Gauss-Laguerre quadrature, although the
32-point formula has been used also to check the
accuracy of the integration. The capture ampli-
tude b(+), or equivalently d(+=), is obtained by
solving the coupled Egs. (8), either by direct
numerical integration or by an iterative method.
The latter method is more suitable for calculating
small amplitudes. In particular, the first it-
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FIG. 2. Electron-capture cross sections from the K
shells of carbon atoms by fast protons. The values are
the total capture cross sections per target atom, in-
cluding capture to the exited state of hydrogen atoms.
The solid curve is the result of the present calculation.
Experimental data are from Rddbro et al ., Ref. 33.
Also shown are the values of V/Vy, the ratio of the
projectile velocity V' to the characteristic K -shell or-

“bital velocity of the target atom, defined by Vi =V 21,
where I is the K -shell ionization energy.

erative solution for dy(+) is then given by Eq.
(12). Depending upon the systems, usually two
or three iterations are enough for desirable ac-
curacy. In solving Egs. (8), we use experimental
K-shell ionization energy for €, and -Z2/2 for
€p. By choosing €, and Z, separately, the uni-
tarity condition is not imposed in the calculation.
This choice of €, is desirable because the capture
probability, as given by its first-order solution
Eq. (12), is dominated by the oscillatory function
e”i? in the integrand, as well as the damped os-
cillation in the matrix elements of ~Z /7, —hy4.
This explains why the OBK approximation (ob-
tained by letting %, , =0) usually predicts correct
energy dependence for the total capture cross
sections, even though the absolute values are
often wrong.

The calculated total capture cross sections from
the K shells of C, N, O, Ne, and Ar atoms by
protons are displayed in Figs. 2—6. They are the
total capture cross sections per target atom, in-
cluding capture to the excited states of the pro-
jectile. The theoretical values shown in the fig-

ures are obtained from the calculated 1ls-1s val-
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FIG. 3. Same as in Fig. 2, except for nitrogen
atoms. Experimental data: &, from Rddbro et al .,
Ref. 33;§, from Cocke et al ., Ref. 32.
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FIG. 4. Same as in Fig. 2 except for oxygen atoms.
Experimental data from Cocke et al .; Ref. 32.
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FIG. 5. Same as in Fig. 2 except for neon atoms.
Experimental data: &, from Rddbro et al ., Ref. 33;
X, Cocke et dl ., Ref. 32. :

ues by multiplying 1.2, corresponding to the high
velocity 1/#° scaling.®® Experimental data shown
on these figures are from Macdonald et al.,*
Cocke et al.,®® and from Rddbro et al.*® For
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FIG. 6. Same as in Fig. 2 except for argon atoms.
Other theoretical results: short-dashed lines, the
Born (C) method of Ref. 15; dash-dotted lines, the OBK
results of Ref. 15. Long-dashed lines, continuous dis-
torted-wave (CDW) results of Ref. 34, Experimental
data are from Macdonald ef al., Ref, 31.

C, N, and O, atoms, the experimental data are
obtained from measuring capture in CH,, N,,
and O, gases. The experimental K-shell capture
cross sections are not expected to change much
by any molecular binding effect.

It can be seen from Figs. 2-6 that the calcu-
lated values are generally in good accord with
experimental data. In Fig. 6, the results of the
OBK approximation, the Born method of Omidvar
et al.,'® and the continuum distortion-wave method
of Belic and McCarroll** are also shown for com-
parison. The OBK predictions shown in Fig. 6
are about three times too large when compared
with experimental data. The Born method of
Omidvar ef al.'® predicts cross sections in rea-
sonable agreement with data at higher energies
but the predicted energy dependence differs from
the experimental data. The continuum distorted-
wave method of Belic and McCarroll® also pre-
dicts cross sections in excellent agreement with
experimental data at the high-energy side,® but
the energy dependence at the low-energy side is
also incorrect. :

V. DISCUSSION

From the results of Figs. 2-6, it is clear that
the simple two-state expansion method is capable -
of predicting capture cross sections in reasonable
agreement with experimental data. However,
further improvement of the model is possible.

In the following we discuss the limitation of the
present method and possible further improvement.

A. Atomic model

In Egs. (1) and (2), we use the active-electron
approximation by disregarding the effects of
passive electrons. It is possible to formulate
a many-electron theory of electron capture based
upon the Bates formulation. In fact, such a theory
has been written explicitly by Msezane® recently
for the two-electron systems. However, the com-
plexity of such a theory for general N-electron
problem will make such a formulation impractical
in view of the numerical difficulties.

Improvement in the atomic model within the
independent-electron approximation can be pro-
ceeded by using a more realistic potential V(r,)
for the target atom. For example, the Green-

"Sellin-Zachor (GSZ) potential of Green et al.%”

can be introduced into the Hamiltonian (2).38 These
potentials predict the K-shell ionization energy
accurately. We can thus use the eigenstates and
eigenenergies generated from this potential in

the expansion (4), thus preserving the unitarity
relation in the coupled Egs. (6) and (8). It is hoped
that the choice of the more realistic potential will
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improve the computed cross sections in the region
where the cross section peaks. However, it is
not expected that the improvement in the atomic
model alorne will make the theoretical calculations
agree with experimental data over the entire en-
ergy range considered. The convergence of the
truncated atomic expansion has to be investigated
too. )

B. Scattering model

To study the limitation of the two-state atomic
expansion method, we examine the well-studied
simple reaction p + H(1s)—~H(1s)+p. At the low-
velocity limit, the potential curves of the quasi-
molecule H,* are exactly known. These potential
curves describe the distortion of the atomic elec-
tron wave function by the projectile in the adia-
batic limit. By comparing the potential curves
calculated by the two-state atomic expansion with
the exact H,* potential curves,® we can conclude
that the two-state representation is adequate for
R >1.0, but not smaller R. Therefore, we can
expect the two-state atomic expansion method
adequate for describing the collision p + H(1s)
~H(ls) +p at impact parameters p=> 1.0, but not
at smaller impact parameters. If the total capture
cross section comes primarily from the impact
parameters p > 1.0, then the total capture cross
section obtained from the two-state atomic ex-
pansion will be adequate. This occurs at the
intermediate energy region where the projectile
velocity nearly matches the orbital velocity of the
target electron. As the velocity of the projectile
increases, the capture has to occur at smaller

TABLE I. Comparison of the two-state calculations ?
and the pseudostate calculations b for the total capture
cross sections for p +H(ls) —H(ls) +p reactions. The
cross sections are given in cm?. A (-B)=A x 1075

Energy (keV) Two-state ? Pseudostate P
4 1.15(~15) ¢ 1.13(~15)
10 7.79(=16) ¢ 7.77(=16)
15 5.60(—16) 5.81(-16)
20 . 4.18(-16) € 4.14(-16)
25 . 2.76(—16) 2.93(—16)
40 1.51(-16) € 1.13(-16)
60 4.98(-17) ¢ 4.20(-17)
100 . 1.012(-17) 8.89(—18)
300 1.711(-19) 8.51(—20)
1000 5.12(—22) 2.63(—22)

2 Two-state calculations from McCarroll, Ref. 41.

b pseudostate calculations from Cheshire et al ., Ref.
42,

¢ Interpolated from Ref. 41.

impact parameters for the projectile to pick up
electrons close to the target nucleus, then the
two-state atomic expansion becomes inadequate.*

Within the method of Bates, the charge exchange
p +H(1s)=~H(1s) +p has been studied by the multi-
state atomic expansion method*! by using the
Sturmian basis set*? and by the pseudostate meth-
0d.* In the multistate expansion method of Ref.
41, excited hydrogenic orbitals are used in the
expansion of Eq. (3). It was found that the elec-
tron-transfer cross sections are not changed
substantially by the inclusion of the excited states.
However, this does not imply that the two-state.
calculation has converged in all the cases studied.
It actually happens that the excited states included
in the expansion are not important for this par-
ticular reaction. This can be easily understood
from the discussion in the previous paragraph.

It was shown there that the inadequacy of the two-
state atomic expansionoccurs at smallR <1.0
where the electronic motion cannot be represented
by the excited-state wave functions of the target
or the projectile because of the diffuse nature of
these functions, but can only be represented by
the continuum functions. The Sturmian basis set
and the pseudostates are all chosen in the hope
that the continuum states are thus partially ac-
counted for. In Table I, we compare the two-
state calculation of McCarroll* and the pseudo-
state calculation of Cheshire et al.* for the re-
action p +H(1s)~H(1s) +p. We can see the two-
state calculations are quite adequate for E, <100
keV, but as E, increases, the two-state calcu-
lations overestimate the capture cross sections
by a factor of 2 as the contributions of capture
from small impact parameters to the total cross
section increase.

From Table I and the discussion above, it be-
comes clear that the two-state approximation is
best in the energy region where v,~v,. The
method becomes inadequate as the projectile en-
ergy increases, eventually reducing to the OBK
approximation at extremely high energies. It is
interesting to mention that this implies all the
first Born approximations for electron transfers
are inadequate, even at high energies. This is
not inconsistent with the conclusion of Drisko*
that the second Born term is more importanf than
the first Born term in the extreme limit of high
energies. ' . :

By examining the results of our calculations
in Figs. 2—-6, our values at the high-energy side
are about a factor of 2 higher than experimental
data. Thus one might speculate that the continuum
states are also very important in our calculations.
At this moment we tend to believe this is not the
case. The discrepancy probably can be reduced
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by inciuding a few more atomic states of the tar-
get atom into expansion (3). It is noted that some
excited orbitals of the target atoms have radii
smaller or comparable to the radius of the 1s
orbital of the hydrogen atom. The restriction of
the two-state atomic expansion with basis functions
differing substantially in the size of orbitals might
have forced those amplitudes which would have
otherwise ended up in the direct excitation channels
into the electron-capture channel. The validity

of this speculation has to be substantiated by actual
calculations.

In summary, we applied the two-state atomic
_expansion method to compute the electron-capture
cross sections of C, N, O, Ne, and Ar atoms.
Comparisons of this method with other first-
order Born methods are made to elucidate the
region of validity of these methods. The limitation
and possible further improvement of the present

model is also discussed.

Note added in probf. The revised experimental
electron capture cross sections for protons on
carbon atoms at low energies, in units of 107
cm?, are 0.81+0.05 at 400 keV, 0.88+0.08 at 300 -
keV, and 0.8+0.08 at 250 keV of proton energies
( J. R. Macdonald, private communication). These
revised values are in good agreement with our
calculations in Fig. 2.
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