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Slow electron capture by H¿ from initially excited p states of alkali-metal atoms:
Effects of alignment and orientation
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The state-selective charge transfer for H1 colliding with the resonantly excited alkali-metal targets~Na and
K!, along with their dependence on the initial alignment of the electron-charge cloud, has been reported in the
low-energy region employing a semiclassical, impact-parameter, close-coupling approach based on the
molecular-state expansion augmented with the plane-wave electron translation factor. Although these colliding
pairs possess a pseudo-one-electron behavior, they exhibit quite different characteristics. A systematic change
in various parameters is observed as we move along the target in the isoelectronic series. The anisotropy
parametersA(2) andA(3) for both Na and K atoms are presented. We also report the anisotropy parameters
for populating the excited states of Na and K target. For Ly-a emission, in the case of H1-Na(3p) collisions,
our low-energy results agree closely with the quantal calculations@H. Croft and A. S. Dickinson, J. Phys. B29,
57 ~1996!#, but disagree with the measured values@V. S. Kushawaha, Z. Phys. A313, 155 ~1983!#. Compari-
son is also made for electron-capture cross sections into variousnl levels of the target with the experimental
and other theoretical results, whenever possible. The low-energy behavior of the excitation cross sections for
both of the targets is also discussed.

DOI: 10.1103/PhysRevA.64.012721 PACS number~s!: 34.70.1e, 34.50.2s
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I. INTRODUCTION

A systematic study of collisions involving excited atom
finds wide applications in the field of plasma physics, las
development, reaction kinetics, as well as in the atmosph
physics@1#. These investigations are of fundamental inter
in understanding the elementary steps in photophysics
photochemistry@2#. The development of tunable dye lase
has also stimulated such investigations, because atomic
cies can now be prepared in well-specified quantum sta
Also, by using polarized lasers it is now experimentally@3,4#
possible to obtain with great accuracy the desired orienta
and alignment of the electronic charge cloud of the initia
excited target atom. These developments pose stringent
on theoretical studies as their suitability and reliability can
critically examined at the fundamental levels.

In this context, the charge-transfer from excited alka
metal atoms appears to be a tempting domain for theore
study. A large number of experimental data on various
pects of such reactions, such as total and partial capture c
sections, alignment and anisotropy parameters, etc., o
number of excited alkali-metal targets provides an impetu
undertake a detailed systematic study on single cha
transfer processes. Saha and Weatherford@5# earlier initiated
such an investigation for H1-Li(2 p), employing a semiclas
sical impact-parameter method. In the present investigat
the next two members of the alkali-metal family are cons
ered:

H11Na~3p!→H~nl !1Na1, ~1a!

H11K~4p!→H~nl !1K1. ~1b!
1050-2947/2001/64~1!/012721~12!/$20.00 64 0127
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These reactions present the intriguing possibility of devel
ing ultraviolet lasers since the 2p state decays radiatively
emitting Ly-a photons. The proton-sodium system, esp
cially from the Na ground state, has drawn considerable
tention over the past decade. At higher energies, Jain
Winter @6# have calculated total cross sections for electr
transfer, target excitation, and ionization processes usin
two-center coupled Sturmian pseudoapproach. At low en
gies, there are not many calculations@7–10# from the excited
atomic Na target. Although these colliding pairs, along w
Li-H1, present an identical pseudo-one-electron picture,
details of the collision dynamics are expected to be differe
As we move up in the alkali-metal series, we encounte
systematic change in the potential-energy surfaces, wh
can affect the final outcome of the charge-transfer reacti
in Eqs. ~1!. Not only are the partial and total capture cro
sections expected to exhibit a different energy depende
but other collisional parameters involving alignment and o
entation are also likely to exhibit substantial changes. Th
changes will appear in a systematic way, and should refl
the effect of having cores with various structures inside
pseudo-one-electron alkali-metal targets. To the best of
knowledge, such a systematic study is being proposed for
first time; an extension of our methodology to other high
members of the alkali-metal family is in order.

The present paper has been systematized as follow
very brief description of the theoretical method is shown
the next section, in which we provide a detailed discuss
regarding the alignment and orientation in this section. Va
ous calculated parameters are presented in Sec. III, a
comparison with the experimental findings, whenever p
sible, is also made. Also in Sec. III, we present a compa
tive study among Li, Na, and K targets. The conclusions
©2001 The American Physical Society21-1
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summarized in Sec. IV. Atomic units (e5a05\5me51)
are used throughout, unless stated otherwise.

II. THEORETICAL METHOD

We have employed the impact-parameter, coupled-st
method in the semiclassical formalism. In this schem
which is well suited to the low-energy domain@11#, the col-
liding pair is treated as a transientdiatomic molecule, which
in the asymptotic region dissociates to provide the entra
and various final channels of interest of the reaction. T
molecular orbital~MO! prescription has been successfu
used in the past to investigate charge-transfer reactions
volving ion atoms and ion molecules as well@12–18#. Since
the detailed theoretical method has been provided in a n
ber of publications, we refer to one of our recent articles@5#.
In the following, the basic ideas behind the approach
given.

A. Impact-parameter method

In this method, the internuclear movement of the tw
cores of the quasimolecule„@(A11H1)2e2#; A[Na/K… is
represented classically, whereas the electron’s moveme
the combined nuclear field is treated quantum mechanica
The effective binding of the electron in this system is sim
lated in the usual way; the pseudopotential method@19,20# is
used to account for the short-range part of the effective
teraction. To solve the time-dependent Schro¨dinger equation
for the system, the total wave function is expanded in ter
of the product of electronic wave functions and the elect
translation factors~ETF!; the latter is essential in order t
satisfy Galilean invariance of the derived coupled equati
@11,21#. At the same time, it also accounts for the physi
transfer of the electron during the course of the collis
from one core to the other. The derivations of theoptimized
form of the ETF used in this calculation were given
Kimura and Thorson@22# earlier; in their review article,
Kimura and Lane@11# discussed the role of various term
with respect tov and demonstrated that at low energies
momentum term ('v) is significant. The electronic wav
functions are obtained by the usual linear combination
atomic orbitals~LCAO! method, which along with the elec
tronic energies«(R) have a parametric dependence on
internuclear separation,R, only ~an adiabatic approximation!.

The time-dependent Schro¨dinger equation leads to a set
coupled equations~for details, see Ref.@11#!:

i ȧn5 (
kÞn

VW •~PW 1AW !knak1«nan , ~2!

whereP andA represent the nonadiabatic couplings matric
and the EFT correction~to the first order inV!, respectively;
En is the adiabatic electronic energy of thenth state.V rep-
resents the relative velocity anda denotes the required sca
tering amplitudes. These coupled equations, when solved
merically for each contributing impact parameter (b), yield
the probability of transition from the initial state to a partic
lar (kth) final state:
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Pk~E,b!5uak~1`,b!u2. ~3!

Integrating them overb, we obtain the relevant partial cros
section at an impact energyE:

Qk~E!52pE db bPk~E,b!. ~4!

B. Initial alignment and charge-transfer cross section

As the experimental observations are made in the sp
fixed ~SF! frame of reference, the transformation of coord
nates is essential for comparison with the theoretically
rived parameters that are evaluated generally in the bo
fixed ~BF! reference frame@see Fig. 1~a!#. Following Ref.

FIG. 1. ~a! Collision geometry and reference frames for t
scattering: the molecular body-fixed~BF! and the space-fixed~SF!
coordinates are shown. TheXSF and zBF axes are parallel to the
velocity vectorv of the incoming projectile;yBF and ZSF are per-
pendicular to the collision plane@(XSF2YSF) or (xBF2zBF)#. A
projectile trajectory passing from the left side of the target is sho
~b! The polar coordinates of the electric vectorE(b,a).
1-2
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@5#, the asymptotic form (t→`) of the total wave function of
the colliding system in the BF molecular frame can be w
ten as

C~ t→`!5(
n

an
BFfn~r A!fn~r H!, ~5!

wherean
BF is the scattering amplitude for thenth channel and

fn are the wave functions of the target alkali-metal ato
and the incoming ions centered at the respective nucle
the BF frame, the molecular orbitals are transformed into
atomic orbitals~AO! by using the following relation:

F unpS&
unpP1&
unpP2&

G BF

5
1

& F& 0 0

0 21 1

0 i i
G F unp0&

unp1&
unp21&

G BF

. ~6!

The corresponding scattering amplitudes from the BF-M
basis set to the SF-AO basis set are transformed via

F a0

a1

a21

G SF

5
1

& F 0 0 &

21 i 0

1 i 0
G F aS

aP1

aP2

G BF

. ~7!

The reflection symmetry with respect to the collision pla
leads to the simplificationaP2

BF
50. In the SF-AO basis set

the wave function for H(np) reduces to

fH~np!
SF 5@anp11

SF unp11&
SF1anp21

SF unp21&
SF]/N, ~8!

where the normalization constantN is given by

N5A@ uanp11

SF u21uanp21

SF u2#. ~9!

To consider the dependence of the cross sections on
initial alignment angleb, let us assume that a linearly pola
ized laser beam has been used to prepare theA(np) so that
its charge cloud is aligned in a particular direction@Fig.
1~b!#. This alignment can be represented@5# by a pair of
anglesa and b, representing the direction of the electr
vectorEW of the applied field. Therefore, the wave function
the initially excited target,A(np), in the BF frame of refer-
ence becomes

unp&A5@cosb1sinb cosa1sinb sina#unlm&A . ~10!

The probability of transition from the initial stateunlm& to
any final stateuf& at a particular impact parameterb and en-
ergy ~E! will thus also be a function ofa andb, and can be
expressed as

P~b,E!5 z^ f unlm& z2. ~11!

The experimental cross sections, corresponding to
conditionsEW iZSF andEW'ZSF, are expressed ass i ands' ,
respectively. They are given@5# by

s i5E
0

2p

daE
0

`

db b@P~E,b;b50,a!# ~12a!
01272
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s'5E
0

`

db bF E
0

p

df P~E,b,b5p/2,a50!

1E
0

p

df P~E,b,b5p/2,a5p/2!G , ~12b!

which, upon being integrated over the variablef, yield

s i52pE
0

`

db b@P~E,b;b50,a!# ~13a!

and

s'5pE
0

`

db b@P~E,b;b5p/2,a50!

1P~E,b,b5p/2,a5p/2!#. ~13b!

Integrating over the azimuthal angle, the total cross sect
for a given value ofb can be expressed as

s~E,b!5s i cos2 b1s' sin2 b, ~14!

where both cross sections appearing on the right-hand sid
Eq. ~14! are evaluated using the MO basis in the expans
of the scattering wave function. Note that thes i is evaluated
by taking S symmetries of the initial channel, whereas f
s' the initial state was aP symmetry.

To obtain the final shell-resolved anisotropy parameter
the present reactions, the following expression@5# is em-
ployed:

A~n!5
@sS~E!2sP~E!#

@sS~E!1sP~E!#
. ~15!

It should be pointed out here that due to the rotational sy
metry, sS ands i defined in the above relations are exac
equal to each other, but the same is not true forsP ands' ;
for details, see Appendix A.

III. RESULTS AND DISCUSSION

The adiabatic potentials for@(Na11H1)2e2# and
@(K11H1)2e2# are presented, respectively, in Figs. 2 a
3. From Fig. 2, where the adiabatic potential energies
(NaH)1 are shown, it is evident that the couplings of th
incident channels Na 3pS/P with the molecular states cor
relating to the capture into then52 manifold of H provide
the most important mechanism of charge transfer, but th
is also a finite possibility of exoergic transitions leading
charge transfer into higher excited states~e.g.,n53 level! of
the H atom. It is important to note that Allan@9# and Kimura
et al. @8# have calculated the adiabatic energies for
(NaH)1 molecule using the pseudopotential technique. O
results are in complete agreement with those of Kim
et al., who also employed anl-dependent Gaussian-typ
pseudopotential for the Na1 core ion, like ours. In his MO
calculation, using an analytical expression@23# for the
1-3
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FIG. 2. Adiabatic potential-energy surface
for the colliding system H11Na(3p). VariousS
andP molecular states are shown explicitly.
it

s
g

y
m
he

an
a

ron
t
m-
s

dial
we
th
t
ly

of
e2-Na1 interaction, Allan has obtained good agreement w
the earlier results of Olsonet al. @24#.

The potential energies for (NaH)1 differ in detail from
that of (LiH)1 in that the Na(3p) level lies above the H
(n52) channels whereas Li(2p) lies below it. Thus the role
of the radial couplings will be different in collision dynamic
for both the targets. The region of strong avoided crossin
as compared to the Li1H1 case@5#, shifts to comparatively
smaller internuclear separations, enhancing the possibilit
electron transfer during the course of collision. Another i
portant deviation from the Li target is the participation of t
excited target states~namely, Na 4sS and Na 3dS/P) in the
collision dynamics. As we will see later, this has a subst
tial influence on the electron-transfer processes for this p

For the other pair, @(K11H1)2e2#, the adiabatic
potential-energy surfaces move further up~see Fig. 3!; thus
the capture into the excitedn53 manifold of the H atom is
01272
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expected to contribute more in the process of total elect
transfer. Similar to the Na1H1 collisions, the excited targe
states here also significantly influence the collision dyna
ics, and hence then distribution of the charge-transfer cros
sections.

From Fig. 2, it is evident that the initial channel Na 3pS
shows an avoided crossing with the 2pS channel. The main
gateway to the charge exchange at low energies is the ra
coupling between these two channels. In Figs. 4 and 5,
have shown a few important radial couplings for bo
Na1H1 and K1H1 collisions, respectively. From Fig. 4, i
is evident that in the lowerR regions there are some sharp
peaked coupling terms due to localized avoided crossing
the adiabatic potentials. However, atR.20 a.u., all cou-
plings become very small. Courbinet al. @25#, using a com-
mon translation factor~CTF!, have studied the Na1H1 sys-
tem in the energy range 0.5<E<2 keV. Using a different
s
FIG. 3. Adiabatic potential-energy surface
for the colliding system H11K(4p). VariousS
andP molecular states are shown explicitly.
1-4
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FIG. 4. Radial matrix elements~a.u.! for H11Na(3p) collisions. ~a! ^Na 3dSu]/]RuNa 4sS&; ~b! ^Na 4sSu]/]RuNa 3pS&; ~c!
^H 3sSu]/]RuNa 3dS&; ~d! ^H 2pSu]/]RuH 2sS&.
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origin, the coupling matrix elements, especially in the imp
tant interaction region 5,R,18 a.u., show different
strength. A few important angular couplings for Na1H1 and
K1H1 are plotted, respectively, in Figs. 6 and 7. In t
lower R regions, there are a few strong couplings, which p
important roles in the production of the H atom.

The convergence of our estimated cross sections with
spect to the basis sets was also tested. The initial cha
Na 3pS/P ~see Fig. 2! exhibits no direct interaction with the
molecular states correlating the capture into then53 mani-
fold of the H atom. The population of H (n53) is, therefore,
expected to occur only through a number of multistep p
cesses. However, to check the convergence of our calc
01272
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tions, we first carried out a few large calculations at so
selected energy for reaction~1a!. These studies involve a
13-state~eightS and fiveP states! calculation, including the
n53 levels of H atom. Partial cross sections for the form
tion of the n53 states of the H atom were found to b
significantly smaller in magnitude, which enables us to
duce the number of states to be coupled together for ev
ating various transitions relevant to the capture processe
such low energies. By carrying a nine-state~six S and three
P states! calculation, we have found that not only the tot
integrated cross sections but also the partial cross sec
agree within 1% with the corresponding results obtained
the larger basis sets. At lower energies, the agreement
ts
FIG. 5. Representative radial matrix elemen
~a.u.! for H11K(4p) collisions.
1-5
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FIG. 6. Some important rotational matrix ele
ments~a.u.! for H11Na(3p) collisions.
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still better. We have done a similar convergence test for
other system (K1H1); in order to retain the same 1% acc
racy with respect to the larger basis set~fourteen states for
the K1H1 collision!, we made a 10-channel calculation~see
Fig. 3! comprising sevenS and threeP states for the reac
tion ~1b!. It should be noted that the probabilities have be
integrated employing Simpson’s rule over the impact para
eterb. We have also tested theb integration results using th
trapezoidal rule. The agreement between the two findi
was better than 5%. In order to obtain the 1% convergenc
the integrated cross sections, we retain sufficientb points
throughout our calculations.

A short comment on the use of the linear trajectory in t
study seems imperative. In slow collisions, the active el
tron does not stay on a single Born-Oppenheimer ene
surface, a representative of an eigenstate of the electr
Hamiltonian. The resulting near-adiabatic conditions, de
onstrated through strong avoided crossings in the ene
curves, induce electronic transitions. For the interacting p
01272
e

n
-

s
of

s
-
y
ic
-

gy
rs

in which we are interested, a ‘‘flurry of activity’’ takes plac
around intermediateR values~see Figs. 2–5! where strong
avoided crossings are observed. This region of interes
hardly expected to be influenced even if we consider a co
mon potential curve trajectory for the approaching and
receding nuclei. We have made a few test calculations
found that the two results agree within 10% even at the lo
est impact energy; the agreement improves at higher e
gies, as expected. It seems that belowE<0.01 keV amu21, a
quantum-mechanical approach should be more appropria

The role ofS andP states as the incident channel for th
charge-transfer reactions can be visualized through a stud
the variation in the cross section for different alignme
anglesb @see Fig. 1~b!#. In order to look for systematic
changes, if any, we show theb dependence of the dominan
charge-transfer process, namely the population of H (n52)
in the Na1H1 collision in Fig. 8. Here the rotational cou
plings attain greater significance in the dominant char
transfer process; we find that except for a small energy
-
FIG. 7. Some important rotational matrix ele
ments~a.u.! for H11K(4p) collisions.
1-6
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FIG. 8. b dependence of the cross sectio
~Å2! into n52 manifold of H atom for the
Na1H1 pair.
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(

gion around E50.1 keV amu21, the charge cloud
distribution normal to the internuclear axis provides a be
option for electron transfer in this pair. But for the less im
portant mode, which populates then53 manifold of the hy-
drogen atom, it is the initialS state that leads to larger cap
ture cross sections. With increasingE, the cross sections
corresponding tob50° and 90° tend to approach each oth
suggesting that the relevant rotational couplings for this tr
sition are also gaining strength~see Fig. 6!. Since the capture
into then52 manifold of the H atom far dominates the oth
transition mode, the total capture probability also follows t
same trend as exhibited in Fig. 8.

The dominance of the rotational couplings~see Fig. 7!
leading to the formation of H (n52) throughout the region
01272
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of our study is clearly demonstrated for the K1H1 pair ~Fig.
9!. It is only at higherE that both types of charge distribu
tions are found to provide nearly equal probability of ele
tron transfer through this dominant mechanism. But the
tial S state provides the preferential input for the populati
of H (n53) in this reaction. Since this mode of charge tran
fer dominates over the formation of H (n52) at lower en-
ergies, the total electron-transfer probability assumes an
together different shape in terms of the alignment angleb. At
E>0.5 keV amu21, the contributions from both the initialS
andP states of the target are almost identical for the purp
of total electron capture.

For the Li1H1 collision @5#, the initialS state contributes
more to the charge-transfer reaction at lower energiesE
n
FIG. 9. b dependence of the cross sectio
~Å2! into n52 manifold of H atom for the
K1H1 pair.
1-7
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FIG. 10. Anisotropy parametersA(n52) and
A(n53) for the Na1H1 pair. P(2) and P(3)
refer to present calculations forn52 and 3 mani-
folds, respectively; experiments~triangle, n52;
circle, n53) are from Ref.@26#; C @25#, F @27#,
and D @28# curves are theoretical estimates
A(n52); F(3) is the theoretical calculation fo
A(n53) @28#.
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<0.06 keV amu21). At 0.05<E<0.06 keV amu21, it was
found that the contributions due to the initialS andP states
were nearly equal, producingisotropic alignment. However,
for the next alkali-metal member~i.e., Na!, we observe this
isotropy in a very limited energy region between 0.08 a
0.2 keV amu21. As we move up to the next target, theP
configuration remains always dominant, and a near-isotr
is obtained only at higher energies (E.0.3 keV amu21).

Another way of looking into the collision dynamics o
these charge-transfer processes is to evaluate the final-
principal shell-resolved anisotropy parameter@Eq. ~15!#. Fig-
ure 10 depicts the anisotropy parameter for the Na1H1 sys-
tem, for which a couple of measurements@26–28# are avail-
able. But as can be seen from this figure, there are no o
theoretical or experimental results at lower energies, es
cially at E<0.3 keV amu21. Our results for capture into bot
then52 andn53 manifolds of H atoms are found to agre
with the experimental values@26,27# at higher energies. The
anisotropy parameters for the formation of H (n52) in this
reaction are slightly larger than those of Courbinet al. @25#
and Fritsch@29#. It should be mentioned here that Courb
et al. have employed a similar MO approach to evalu
these parameters. Our MO approach, however, differs in
ways from their calculations. Instead of using a comm
translation factor~CTF!, we use an ETF that can simulate th
molecular aspect of the translation of the electron betw
the two cores, and in contrast to their model potential,
have invoked the method of pseudopotential to account
the electron binding in the quasimolecule. Moreover,
have extended our calculations to much lower energies
have also explicitly obtained the contribution of the captu
into then53 manifold of H. The present anisotropy param
eters for the dominant charge-transfer mechanism~for n52
level! are slightly smaller than those given in Ref.@30#. At
higher energies, for the population of H (n53) our results
agree well with the findings of Fritsch@29#, which is the only
other available theoretical calculation for this system. N
also the limitation of the AO approach at lower energies.

For a comparative study, we present the anisotropy
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rameters for both Na and K atoms colliding with H1 in Fig.
11. In this figure, we have also included these parameters
populating the excited states~denoted by ‘‘ex’’ in the corre-
sponding curves! of these targets, for which, to the best
our knowledge, no other theoretical or experimental res
are available in the literature. At low energies (E
<0.03 keV amu21), A(2) for both Na and K starts with a
negative value, whileA(3) remains positive throughout th
studied energy regime. Only a qualitative agreement betw
the two targets forA(2) is observed, except at higher ene
gies, where the anisotropy parameters take comparable
ues. At low energies, the projectile can feel the details
ion-target interactions, and consequently a large differenc
A(2) is observed. It should be remembered here that bot
these targets possess similar core structure; the excited
tron is backed by a completely filledp shell. For electron
capture into n53, we noticed that at low energies (E
<0.2 keV amu21), A(3) for both the Na and K target take
comparable values and shows a similar energy depende
However, at higher energies there are differences observe
A(3) for the electron capture from both the Na and K targe
It should be pointed out here that the Li1H1 system exhib-
ited a completely different behavior; the anisotropy para
eter A(2) for this system remained positive throughout t
investigated low-energy region@5#. In terms of the studied
anisotropy parametersA(2) andA(3), it seems that the role
of the target core is quite different for both targets. A gen
alization is yet not possible until further studies involving t
correlation effect due to the core size and structure are
ried out in more detail on other alkali-metal targets~Rb, Cs,
etc.!, which we intend to do in the near future.

In order to test our calculations at low energies we ha
compared our results in Fig. 12 with the only available qua
tal calculations of Croft and Dickinson@31# for the Ly-a
emission in the case of Na1H1 collisions. The experimenta
results@32# are also depicted in the same figure. The ear
semiclassical MO results@10# are also shown in the sam
figure for comparison. Following Allanet al. @10#, our
1-8
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FIG. 11. Comparison of anisotropy param
eters for the Na1H1 and K1H1 pairs. The
present calculated parameters for the populat
of n52 and 3 manifold of the H atom, as well a
for the excitation of the target~ex! are shown
clearly.
ions
e
ct
FIG. 12. Comparison of total charge-transfer cross section~Å2!
for Ly-a production ~perpendicular to the incident beam!. Solid
line, present results for H11Na(3p) collisions; open circle, theo-
retical quantal results@31#; solid triangle, experimental results@32#;
solid square, theoretical semiclassical results@10#; dashed curve,
present results for H11K(4p) collisions.
01272
FIG. 13. The excitation and one-electron capture cross sect
~Å2! for H1 in Na(3p) collisions as a function of energy. Th
capture into variousl states is shown separately. Proton impa
excitation cross sections to Na(4s), Na(3d), and Na(4p) states
from the initial Na(3p) state of the target are shown explicitly.
1-9
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present cross sections are weighted to account for the ob
vation of Ly-a radiation perpendicular to the laser beam. T
agreement with the quantal results is good. Our cross
tions for charge transfer from the Na(3p) lie above the ex-
perimental results and are supported by the results of A
et al.and Croft and Dickinson in that they both disagree w
the experimental findings@32#. At higher energies, our cros

FIG. 14. The excitation and one-electron capture cross sect
~Å2! for H1 in K(4p) collisions as a function of energy. The ca
ture into variousl states is shown separately. Proton impact exc
tion cross sections to K(5s), K(3d), and K(5p) states from the
initial K(4 p) state of the target are shown separately.
01272
er-
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n

sections agree closely with the results of Allanet al. To the
best of our knowledge, there are no theoretical and exp
mental results available for the K1H1 collisions to compare
with. In the case of K1H1 collisions, the cross sections fo
Ly-a emission perpendicular to the incident beam are co
paratively small~see Fig. 12!.

In Figs. 13 and 14, we present our calculated cross s
tions for the electron capture into variousnl levels and also
for the excitation of Na and K atoms, respectively. From F
13, it is evident that the capture into then52 manifold of H
remains dominant throughout the studied energy region.
population of then53 levels of the H atom is almost a
order of magnitude smaller than that of then52 manifold.
The excitation cross sections to Na(4s), Na(3d), and
Na(4p) states from the initial Na(3p) state are also very
small. Except at 0.1<E<0.2 keV amu21, the excitation to
Na(4s) remains larger as compared to both Na(3d) and
Na(4p) excitations. In Fig. 14, we have noticed that then
53 manifold of H remains preferentially populated in th
reaction. At higher energies, the formation of the H (n52)
atom dominates. In the H11K(4p) collisions, the excitation
of the target also plays an important role. Even at low
energies, the excitation to K(3d) as well as K(5s) becomes
important. Throughout the energy range, the contribution
the excitation of the K(3d) state is significant.

In Figs. 15 and 16, we present our results for the to
capture cross sections for the reaction~1a!, for which there
are some recent measurements@3#. In agreement with the
experiment and other theoretical studies@10,25#, we find that
the single electron capture is highly state-selective in
low-energy region. AtE50.35 keV amu21, the experimental
findings overestimate all theoretical results. But atE
>0.5 keV amu21, our results are in very good agreeme
with the measurements. We also extend our calculation
lower energies, where, to the best of our knowledge, th
are no other theoretical or experimental results available

IV. CONCLUSION

We have investigated the process of single-electron tra
fer from the first excitedp states of both Na and K atoms t

ns

-

on

t;
FIG. 15. Comparison of capture cross secti
~Å2! into n52 manifold of the H atom in the
reaction~1a!. Theoretical data: solid line, presen
small dashed curve, Ref.@25#; long dashed curve,
Ref. @10#. The experimental data~solid circles!
are from Ref.@3#.
1-10
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FIG. 16. Comparison of total capture cros
section~Å2! for H11Na(3p) collisions. Theoret-
ical data: solid line, present; small dashed curv
Ref. @25#; long dashed curve, Ref.@10#. The ex-
perimental data~solid circles! are from Ref.@3#.
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the incident H1 in the low-energy region by invoking a MO
approach including the ETF in the framework of the impa
parameter formalism. The present calculation is able to
count for the measured values of the partial and the t
capture cross sections for the Na1H1 collisions. The good
agreement between our results with the only quantal ca
lations for the Ly-a emission in the case of Na1H1 colli-
sions supports the fact that our MO approach is appropr
to investigate the low-energy domain. We also successf
explore the role of orientation and alignment of these char
changing reactions, especially in the low-energy regi
where there are no other results available. Use of a fa
large basis set enables us to study the possible role of
excited states of the targets in such reactions. In additio
the anisotropy parameterA(n), we also report the cross se
tions for electron capture into variousnl levels and also for
excitation of the target. The anisotropy parameters for
transitions leading to the excited target states of both
parent Na and K atoms have also been presented. A c
parative study between these exhibits a systematic varia
in those parameters, suggesting that the core structure o
target is playing some role in these collisions. Further stu
on other alkali-metal targets is, however, needed befor
definite correlation, if any, can be revealed. At low energi
the single-electron capture is highly state-selective. The
portant couplings occur at intermediate values ofR, where
strong avoided crossings are observed in the potential-en
curves; in this region, the choice of common potential cu
trajectory does not effect results more than 10% even at
lowest energies. We hope the present investigation will g
erate renewed interest in the experimental studies of the
fluence of the alignment of the excited target on charge
change collisions.

ACKNOWLEDGMENTS

The authors would like to thank Professor Neal F. La
for many helpful and constructive suggestions. B.C.S. wis
01272
-
c-
al

u-

te
ly
e-
,

ly
he
to

e
e

m-
on
the
y
a
,
-

gy
e
e

n-
n-
x-

e
s

to acknowledge the financial support from the Research C
poration, NASA~Grant No. NAG5-10148!, the NSF-CREST
cooperative agreement HDR-9707076, and the Army H
Performance Computing Research Center under the aus
of the Department of the Army, Army Research Laborato
cooperative agreement No. DAAH04-95-2-0003/Contr
No. DAAH04-95-C-0008, the content of which does not ne
essarily reflect the position or the policy of the governme
and no official endorsement should be inferred. A grant
supercomputer time from the Florida State University is a
acknowledged.

APPENDIX

Let us consider an alignedp atomic orbital, with respect
to which an incoming particle arrives at a point (b,f) @see
Fig. 1~a!#. The initial channel can, therefore, be decompos
according to

uP&5uP1&cosf1uP2&sinf. ~A1!

The scattering atomic amplitudeaP and the total cross sec
tion sP are then given by

aP~b,f!5aP1~b!cosf1aP2~b!sinf ~A2!

and

sP52pE
0

`

uaP~b!u2b db, ~A3!

where the integration over the azimuthal angle has alre
been performed. Substituting Eq.~A2! into Eq.~A3! leads to
a simplified expression,

sP5
1

2 S 2pE
0

`

uaP1~b!u2b db12pE
0

`

uaP2~b!u2b dbD
~A4!
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because the interference term cancels out. As noted ea
the reflection symmetry with respect to the collision pla
introduces a simplification in our formulation, reducing t
second term to zero. Consequently, the atomic cross se
finally turns out to be
er

,
a

t.:

um

01272
er,

on

sP5 1
2 sP1, ~A5!

which, in the present study, amounts to

sP5 1
2 s' . ~A6!
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