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The state-selective charge transfer fof blliding with the resonantly excited alkali-metal targéta 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
parameter#\(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. ForaLgmission, in the case of HNa(3p) collisions,
our low-energy results agree closely with the quantal calculafidn€roft and A. S. Dickinson, J. Phys. 29,
57 (1996, but disagree with the measured valligs S. Kushawaha, Z. Phys. 813 155(1983]. Compari-
son is also made for electron-capture cross sections into vanidesels 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.
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[. INTRODUCTION These reactions present the intriguing possibility of develop-
ing ultraviolet lasers since thep2state decays radiatively,

A systematic study of collisions involving excited atoms emitting Ly-a photons. The proton-sodium system, espe-
finds wide applications in the field of plasma physics, lasersially from the Na ground state, has drawn considerable at-
development, reaction kinetics, as well as in the atmospheritention over the past decade. At higher energies, Jain and
physics[1]. These investigations are of fundamental interesiWinter [6] have calculated total cross sections for electron
in understanding the elementary steps in photophysics arnigansfer, target excitation, and ionization processes using a
photochemistryf2]. The development of tunable dye laserstwo-center coupled Sturmian pseudoapproach. At low ener-
has also stimulated such investigations, because atomic spgies, there are not many calculatidi7s-10] from the excited
cies can now be prepared in well-specified quantum statesitomic Na target. Although these colliding pairs, along with
Also, by using polarized lasers it is now experimentfByt]  Li-H™, present an identical pseudo-one-electron picture, the
possible to obtain with great accuracy the desired orientatiodetails of the collision dynamics are expected to be different.
and alignment of the electronic charge cloud of the initiallyAs we move up in the alkali-metal series, we encounter a
excited target atom. These developments pose stringent testgstematic change in the potential-energy surfaces, which
on theoretical studies as their suitability and reliability can becan affect the final outcome of the charge-transfer reactions
critically examined at the fundamental levels. in Egs.(1). Not only are the partial and total capture cross

In this context, the charge-transfer from excited alkali-sections expected to exhibit a different energy dependence,
metal atoms appears to be a tempting domain for theoreticddut other collisional parameters involving alignment and ori-
study. A large number of experimental data on various asentation are also likely to exhibit substantial changes. These
pects of such reactions, such as total and partial capture crosbanges will appear in a systematic way, and should reflect
sections, alignment and anisotropy parameters, etc., on the effect of having cores with various structures inside the
number of excited alkali-metal targets provides an impetus t@pseudo-one-electron alkali-metal targets. To the best of our
undertake a detailed systematic study on single chargénowledge, such a systematic study is being proposed for the
transfer processes. Saha and Weatheiffef@arlier initiated ~ first time; an extension of our methodology to other higher
such an investigation for HLi(2 p), employing a semiclas- members of the alkali-metal family is in order.
sical impact-parameter method. In the present investigation, The present paper has been systematized as follows. A
the next two members of the alkali-metal family are consid-very brief description of the theoretical method is shown in
ered: the next section, in which we provide a detailed discussion

regarding the alignment and orientation in this section. Vari-
H* +Na(3p)—H(nl)+Na", (13 ous calpulated_ parameters are pres_en.ted in Sec. lll, and a

comparison with the experimental findings, whenever pos-

sible, is also made. Also in Sec. lll, we present a compara-
H*+K(4p)—H(nl)+K*. (1b)  tive study among Li, Na, and K targets. The conclusions are
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summarized in Sec. IV. Atomic uniteEag=%=m,=1) o
are used throughout, unless stated otherwise. z

Il. THEORETICAL METHOD

yBF

We have employed the impact-parameter, coupled-state ‘o /
method in the semiclassical formalism. In this scheme, =
which is well suited to the low-energy domdihl], the col- N b -
liding pair is treated as a transiedittomic moleculgwhich RO X
in the asymptotic region dissociates to provide the entrance 2
and various final channels of interest of the reaction. This
molecular orbital(MO) prescription has been successfully
used in the past to investigate charge-transfer reactions in
volving ion atoms and ion molecules as welR—1§. Since
the detailed theoretical method has been provided in a num ¥
ber of publications, we refer to one of our recent arti¢ks @
In the following, the basic ideas behind the approach are
given. BF

SF, X

A. Impact-parameter method

In this method, the internuclear movement of the two
cores of the quasimolecul@(A*+H")—e " ]; A=Na/K) is
represented classically, whereas the electron’s movement i E
the combined nuclear field is treated quantum mechanically
The effective binding of the electron in this system is simu-
lated in the usual way; the pseudopotential metfid&2Q is
used to account for the short-range part of the effective in- \ P
teraction. To solve the time-dependent Sclimger equation SBF
for the system, the total wave function is expanded in terms
of the product of electronic wave functions and the electron
translation factordETF); the latter is essential in order to
satisfy Galilean invariance of the derived coupled equations
[11,21]. At the same time, it also accounts for the physical
transfer of the electron during the course of the collision
from one core to the other. The derivations of tgimized ()
form of the ETF used in this calculation were given by
Kimura and Thorsor{22] earlier; in their review article, FIG. 1. () Collision geometry and reference frames for the
Kimura and Lang11] discussed the role of various terms scattering: the molecular body-fix¢BF) and the space-fixetSF)
with respect tov and demonstrated that at low energies thecoordinates are shown. TH>" and z°F axes are parallel to the
momentum term £V) is significant. The electronic wave Velocity vectorv of the incoming proerCt”eVBF a“dB%SF are per-
functions are obtained by the usual linear combination ofendicular to the collision plang(X® _YS_'F) or (x*"=z")]. A
atomic orbitals(LCAO) method, which along with the elec- projectile trajectory passmg from the Ie_ft side of the target is shown.
tronic energies:(R) have a parametric dependence on the'? The polar coordinates of the electric vect(, a).
internuclear separatioR, only (an adiabatic approximation )

The time-dependent Schidimger equation leads to a set of PW(E.b)=|a(+=,b)|% ©)
coupled equationffor details, see Refl1]):

v

BF

Integrating them oveb, we obtain the relevant partial cross
I section at an impact enerdy
ian=>, V-(P+A)mactenn, (2)

Qk(E)=27rJ db bP(E,b). (4)
whereP andA represent the nonadiabatic couplings matrices
and the EFT correctiofto the first order inv), respectively;

&, is the adiabatic electronic energy of thth state.V rep-
resents the relative velocity arddenotes the required scat-  As the experimental observations are made in the space-
tering amplitudes. These coupled equations, when solved ntixed (SF) frame of reference, the transformation of coordi-
merically for each contributing impact parameté)) (yield  nates is essential for comparison with the theoretically de-
the probability of transition from the initial state to a particu- rived parameters that are evaluated generally in the body-
lar (kth) final state: fixed (BF) reference framgsee Fig. 1a)]. Following Ref.

B. Initial alignment and charge-transfer cross section
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[5], the asymptotic formt(— ) of the total wave function of and
the colliding system in the BF molecular frame can be writ-

ten as 01=J dbb“ d¢ P(E,b, B=m/2,a=0)
0 0

W(t—o0)=>, at ¢n(ra) dn(rn), (5) i
n +JO d¢ P(E,b,B=nl2,a=l2)|, (12b

Wherear'?F is the scattering amplitude for tith channel and

¢, are the wave functions of the target alkali-metal atomswhich, upon being integrated over the variakgleyield
and the incoming ions centered at the respective nuclei. In

the BF frame, the molecular orbitals are transformed into the _ * o

atomic orbitals(AO) by using the following relation: U”_wao db B[ P(E,b; f=0.a)] (139

nps) 1% (Y2 0 O |npg) 1%F and
[npp+) :E 0 -1 1f||npy | . (&) .
Inpp-) o i i]llnp-) alzwf db B[ P(E,b; 3= n/2,a=0)
0
The corresponding scattering amplitudes from the BF-MO -~ _
basis set to the SF-AO basis set are transformed via +P(Eb,p=ml2.a=m2)]. (130
a1 0 0 v2][ 4 16F Integra_ting over the azimuthal angle, the total cross section,
0 . z for a given value ofB can be expressed as
a.l =— — 1 | 0 al‘[+ . (7)
a_; V2 1 i ollan- o(E,B)=0,cog B+ a, sirt B, (14

The reflection symmetry with respect to the collision planeWhere both cross sections appearing on the right-hand side of
leads to the simplificatioraﬁF,:O. In the SF-AO basis set, Ed-(14) are evaluated using the MO basis in the expansion
: " of the scattering wave function. Note that tgis evaluated
the wave function for H{p) reduces to by taking X symmetries of the initial channel, whereas for
SF_rgSF SF4 oSF SF the initial state was &l symmetry.
=lag,, Inp +app [np-)”1/N, (8 91 ; ; y Y.
Hiop = [8np, ,[NP-1) o P-1) To obtain the final shell-resolved anisotropy parameter of

where the normalization constaNtis given by the present reactions, the following express[éh is em-
ployed:
SF SF
N=llanp, [*+lans 17T 9

[os(E)—on(E)]

_ ) A(n)= .

To consider the dependence of the cross sections on the [os(E)+opn(E)]

initial alignment angles, let us assume that a linearly polar- ) )

ized laser beam has been used to preparé{imp) so that It should be pointed out here that due to the rotational sym-

its charge cloud is aligned in a particular directififig. ~ Metry, ox and oy defined in the above relations are exactly
1(b)]. This alignment can be representgs] by a pair of equal to each other, bu'g the same is not trueofgrando ;

anglesa and B, representing the direction of the electric for details, see Appendix A.

vectorE of the applied field. Therefore, the wave function of
the initially excited targetA(np), in the BF frame of refer- lll. RESULTS AND DISCUSSION

ence becomes The adiabatic potentials fof(Na"+H")—e™] and
Inp)a=[cosB+sin B cosa+sinBsina]nimy,. (10 [(K++H+)'—e*] are presented, respectively, in Figs. 2 and
3. From Fig. 2, where the adiabatic potential energies for
The probability of transition from the initial staf@lm) to ~ (NaH)™ are shown, it is evident that the couplings of the
any final statdf) at a particular impact parameterand en-  incident channels Na@&./II with the molecular states cor-
ergy (E) will thus also be a function ofr and 8, and can be relating to the capture into the=2 manifold of H provide
expressed as the most important mechanism of charge transfer, but there
is also a finite possibility of exoergic transitions leading to
P(b,E)=|(f[nIm)*. (1)) charge transfer into higher excited statesy.,n=23 leve) of
, . ) the H atom. It is important to note that Alldf@] and Kimura
The experimental cross sections, corresponding to thg; 5 [8] have calculated the adiabatic energies for the
conditionsE||ZS" and EL Z%%, are expressed as; ando,,  (NaH)* molecule using the pseudopotential technique. Our
respectively. They are giveld] by results are in complete agreement with those of Kimura
etal, who also employed an-dependent Gaussian-type

o= fzwdafxdb b P(E,b;=0,a)] (129 pseudopotentia_l for the I\Tacore ion, like ours. In his MO
0 0 calculation, using an analytical expressi¢pa3] for the

(15
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FIG. 2. Adiabatic potential-energy surfaces
for the colliding system Fi+Na(3p). VariousZ,

0.05- andIl molecular states are shown explicitly.

Adiabatic potential energy(a.u. )

-0.14

-0.15 T T T T

Internuclear separation (a.u. }

e -Na' interaction, Allan has obtained good agreement witheéxpected to contribute more in the process of total electron

the earlier results of Olsoet al. [24]. transfer. Similar to the NaH™ collisions, the excited target
The potential energies for (NaH)differ in detail from  states here also significantly influence the collision dynam-

that of (LiH)* in that the Na(®) level lies above the H ics, and hence the distribution of the charge-transfer cross

(n=2) channels whereas Li(d lies below it. Thus the role sections.

of the radial couplings will be different in collision dynamics  From Fig. 2, it is evident that the initial channel Na3

for both the targets. The region of strong avoided crossingshows an avoided crossing with the2 channel. The main

as compared to the HH™ case[5], shifts to comparatively gateway to the charge exchange at low energies is the radial

smaller internuclear separations, enhancing the possibility afoupling between these two channels. In Figs. 4 and 5, we

electron transfer during the course of collision. Another im-have shown a few important radial couplings for both

portant deviation from the Li target is the participation of theNa+H* and K+H™" collisions, respectively. From Fig. 4, it

excited target statgeamely, Na 4% and Na 312 /I1) inthe is evident that in the loweR regions there are some sharply

collision dynamics. As we will see later, this has a substanpeaked coupling terms due to localized avoided crossing of

tial influence on the electron-transfer processes for this paithe adiabatic potentials. However, B>20a.u., all cou-
For the other pair,[(K*+H")—e™], the adiabatic plings become very small. Courbet al.[25], using a com-

potential-energy surfaces move further (gee Fig. 3 thus  mon translation factofCTF), have studied the NaH* sys-

the capture into the exciten=3 manifold of the H atom is tem in the energy range GGZE<2 keV. Using a different

0.1

0.05+

FIG. 3. Adiabatic potential-energy surfaces
for the colliding system H+K(4p). Variouss
andIl molecular states are shown explicitly.

-0.05+

-0.14

Adiabatic potential energy( a.u. )

0154

-0.2 T T T T

Internuclear separation (a.u. )
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0.7

0.2+

-0.31

Radial coupling (a.u.)

-0.8+

. T T ;
0 5 10 15 20 25 30
Internuclear separation (a.u. )

FIG. 4. Radial matrix elementéa.u) for H*+Na(3p) collisions. (3) (Na3d3|d/dR|Na4sY); (b) (NadsX|d/IR|Na3p); (o)
(H3sX|d/9R|Na 3d3); (d) (H2p2|d/dR|H 2s2).

origin, the coupling matrix elements, especially in the impor-tions, we first carried out a few large calculations at some
tant interaction region &R<18a.u., show different selected energy for reactiofia). These studies involve a
strength. A few important angular couplings for NH* and  13-state(eight> and fivell state$ calculation, including the
K+H™ are plotted, respectively, in Figs. 6 and 7. In then=3 levels of H atom. Partial cross sections for the forma-
lower R regions, there are a few strong couplings, which playtion of the n=3 states of the H atom were found to be
important roles in the production of the H atom. significantly smaller in magnitude, which enables us to re-
The convergence of our estimated cross sections with reduce the number of states to be coupled together for evalu-
spect to the basis sets was also tested. The initial channating various transitions relevant to the capture processes at
Na 3p2/II (see Fig. 2exhibits no direct interaction with the such low energies. By carrying a nine-stéix > and three
molecular states correlating the capture intotke3 mani- I state$ calculation, we have found that not only the total
fold of the H atom. The population of thE& 3) is, therefore, integrated cross sections but also the partial cross sections
expected to occur only through a number of multistep pro-agree within 1% with the corresponding results obtained by
cesses. However, to check the convergence of our calcul#he larger basis sets. At lower energies, the agreement was

1

K4pZ --> K5sZ
0.5+
04 .=z A h e === o
|
-0.5-] ! Ny N
? P K3sX --> K3dZ K3dZ --> K5sZ
8 K4ps --> 2px !
. O
o "l ' N
c
= [ . . .
5 i FIG. 5. Representative radial matrix elements
< 15 o (a.u) for H*+K(4p) collisions.
; §
@ N
-2 Vo
P
i
-2.5-] e
I
'
] il
il
-3.5 = T T T T
5 10 15 20 25 30

Internuclear separation (a.u.)
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Na3pll <--> 2pZ

. . )
0.6 ! 2pIT <> Na3pz” . T — Na3pll <-> Na3pZ

5
&
gorl ..\ /7T
2 0.1 o
§ | e FIG. 6. Some important rotational matrix ele-
z : P~ T ments(a.u) for H*+Na(3p) collisions.
.‘g \‘\\ e /'"' /
| N |
0@ I ‘\ '/
-0.4- 7Pl <> Nads2. /
\ /
\ /
\ /
N
0.9 : | | | |
i 7 12 = - .

Internuclear separation (a.u.)

still better. We have done a similar convergence test for thén which we are interested, a “flurry of activity” takes place
other system (K-H™); in order to retain the same 1% accu- around intermediat® values(see Figs. 2—-bwhere strong
racy with respect to the larger basis s$ffturteen states for avoided crossings are observed. This region of interest is
the K+H™ collision), we made a 10-channel calculatiGee hardly expected to be influenced even if we consider a com-
Fig. 3 comprising severt, and threell states for the reac- mon potential curve trajectory for the approaching and the
tion (1b). It should be noted that the probabilities have beerreceding nuclei. We have made a few test calculations and
integrated employing Simpson'’s rule over the impact paramfound that the two results agree within 10% even at the low-
eterb. We have also tested tlieintegration results using the est impact energy; the agreement improves at higher ener-
trapezoidal rule. The agreement between the two findinggies, as expected. It seems that beBw0.01 keV amu?, a
was better than 5%. In order to obtain the 1% convergence ajuantum-mechanical approach should be more appropriate.
the integrated cross sections, we retain sufficienioints The role of3 andII states as the incident channel for the
throughout our calculations. charge-transfer reactions can be visualized through a study of
A short comment on the use of the linear trajectory in thisthe variation in the cross section for different alignment
study seems imperative. In slow collisions, the active elecangles 8 [see Fig. 1)]. In order to look for systematic
tron does not stay on a single Born-Oppenheimer energghanges, if any, we show th&dependence of the dominant
surface, a representative of an eigenstate of the electronzharge-transfer process, namely the population ohH 2)
Hamiltonian. The resulting near-adiabatic conditions, demin the Na+H™ collision in Fig. 8. Here the rotational cou-
onstrated through strong avoided crossings in the energplings attain greater significance in the dominant charge-
curves, induce electronic transitions. For the interacting pairsransfer process; we find that except for a small energy re-

0.8

- K4pIl <> KpZ _ _ oo e - - - - - - o
= oot
TN
~ ~ = ~
ST 28T <> KapTl
0.3 T~
RS
K4pE <> 2pIl° ™=,
g ! b
s ; /
§ ’, ) / : 2pX <--> K4pIl
= . ) . . .
g2y 177 K3dIT <> K4pZ FIG. 7. Some important rotational matrix ele-
o B ..
3 ’,{ ; ments(a.u) for H"+K(4p) collisions.
o
-
e |/
s/
074 # KapZ <~-> K3dl
3
-1.2 T T T 1
5 10 15 20 25 30

Internuclear separation (a.u.)
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A 100

o(n FIG. 8. B dependence of the cross section
(A% into n=2 manifold of H atom for the

Na+H™" pair.

- - -
0.01 0.1 1
Impact energy ( keV/amu )

gion around E=0.1keVamu?!, the charge cloud of our study is clearly demonstrated for the-K™ pair (Fig.
distribution normal to the internuclear axis provides a bette®). It is only at higherE that both types of charge distribu-
option for electron transfer in this pair. But for the less im-tions are found to provide nearly equal probability of elec-
portant mode, which populates the=3 manifold of the hy-  tron transfer through this dominant mechanism. But the ini-
drogen atom, it is the initiak state that leads to larger cap- tial 3 state provides the preferential input for the population
ture cross sections. With increasirtgy the cross sections of H (n=3) in this reaction. Since this mode of charge trans-
corresponding t@=0° and 90° tend to approach each other,fer dominates over the formation of Hh€2) at lower en-
suggesting that the relevant rotational couplings for this tranergies, the total electron-transfer probability assumes an al-
sition are also gaining strengtbee Fig. 6. Since the capture together different shape in terms of the alignment ayfylat
into then=2 manifold of the H atom far dominates the other E=0.5keV amu?, the contributions from both the initi&
transition mode, the total capture probability also follows theandIl states of the target are almost identical for the purpose
same trend as exhibited in Fig. 8. of total electron capture.

The dominance of the rotational couplingsee Fig. 7 For the Li+-H™ collision[5], the initial 3 state contributes
leading to the formation of H(=2) throughout the region more to the charge-transfer reaction at lower energies (

200

100+

A
10+
o(n=2) FIG. 9. B dependence of the cross section
(A% into n=2 manifold of H atom for the
A K+H" pair.
1

T - .
0.01 0.1 1
Impact energy { keV/amu )
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1

FIG. 10. Anisotropy parameteis(n=2) and
A(n=3) for the NarH* pair. P(2) and P(3)
refer to present calculations far=2 and 3 mani-
folds, respectively; experimentsriangle, n=2;

circle, n=3) are from Ref[26]; C [25], F [27],

c{ and D [28] curves are theoretical estimates of

A A(n=2); F(3) is the theoretical calculation for
* A(n=3) [28].

Anisotropy parameter A(n}

0.2

-0.4 T
0.01 0.1 1
Impact energy ( keV/amu )

=<0.06keVamu?l). At 0.05<E<0.06keVamu?, it was rameters for both Na and K atoms colliding with' kh Fig.
found that the contributions due to the initilandll states  11. In this figure, we have also included these parameters for
were nearly equal, producirigotropic alignmentHowever,  populating the excited statédenoted by “ex” in the corre-
for the next alkali-metal membst.e., N3, we observe this sponding curvesof these targets, for which, to the best of
isotropy in a very limited energy region between 0.08 andour knowledge, no other theoretical or experimental results
0.2 keVamu~. As we move up to the next target, thé  are available in the literature. At low energiesE (
configuration remains always dominant, and a near-isotropy g 03 ke amal), A(2) for both Na and K starts with a
. . . . —1 N 1
is obta|ﬂed only at h|gh§r epergleEX>0.3_k_eV amu )-_ negative value, whilé\(3) remains positive throughout the
Another way of looking into the collision dynaml_cs of studied energy regime. Only a qualitative agreement between
these charge-transfer processes is to evaluate the flnal-stqﬁ% two targets foA(2) is observed, except at higher ener-
principal shell-resolvgd anisotropy paramdtq. (15)). Fig- gies, where the anisotropy parameters take comparable val-
ure 10 depicts the anisotropy parameter for the-Na sys- ues. At low energies, the projectile can feel the details of
tem, for which a couple of measuremef26—-28 are avail- .~~~ ) gles, ProJ . .
éc?n—target interactions, and consequently a large difference in

able. But as can be seen from this figure, there are no oth .
theoretical or experimental results at lower energies, espé:(2) 1S observed. It should be remembered here that both of

cially at E<0.3keV amu . Our results for capture into both these_\ targets possess similar core structure; the excited elec
then=2 andn=3 manifolds of H atoms are found to agree tron is bgcked by a compl_etely filled shell. For elgctron
with the experimental valug®6,27] at higher energies. The Capture inton=3, we noticed that at low energiesE (
anisotropy parameters for the formation of hi<2) in this ~ <0.2keVamu*), A(3) for both the Na and K target takes
reaction are slightly larger than those of Courkinal. [25] ~ comparable values and shows a similar energy dependence.
and Fritsch[29]. It should be mentioned here that Courbin However, at higher energies there are differences observed in
et al. have employed a similar MO approach to evaluateA(3) for the electron capture from both the Na and K targets.
these parameters. Our MO approach, however, differs in twét should be pointed out here that theiltii * system exhib-
ways from their calculations. Instead of using a commonited a completely different behavior; the anisotropy param-
translation factofCTF), we use an ETF that can simulate the eter A(2) for this system remained positive throughout the
molecular aspect of the translation of the electron betweeinvestigated low-energy regidb]. In terms of the studied
the two cores, and in contrast to their model potential, weanisotropy parametes(2) andA(3), it seems that the role
have invoked the method of pseudopotential to account foof the target core is quite different for both targets. A gener-
the electron binding in the quasimolecule. Moreover, wealization is yet not possible until further studies involving the
have extended our calculations to much lower energies ancborrelation effect due to the core size and structure are car-
have also explicitly obtained the contribution of the captureried out in more detail on other alkali-metal targé&b, Cs,
into then=3 manifold of H. The present anisotropy param- etc), which we intend to do in the near future.
eters for the dominant charge-transfer mechar(@nn=2 In order to test our calculations at low energies we have
level) are slightly smaller than those given in RE30]. At  compared our results in Fig. 12 with the only available quan-
higher energies, for the population of K=3) our results tal calculations of Croft and Dickinsof81] for the Ly-«
agree well with the findings of Fritsd29], which is the only ~ emission in the case of NeH™ collisions. The experimental
other available theoretical calculation for this system. Noteresults[32] are also depicted in the same figure. The earlier
also the limitation of the AO approach at lower energies. semiclassical MO resultgl0] are also shown in the same
For a comparative study, we present the anisotropy pafigure for comparison. Following Allaret al. [10], our
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FIG. 11. Comparison of anisotropy param-
eters for the NaH* and K+H' pairs. The
present calculated parameters for the population
of n=2 and 3 manifold of the H atom, as well as
for the excitation of the targetex) are shown
clearly.
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FIG. 12. Comparison of total charge-transfer cross secfiéh
for Ly-a production (perpendicular to the incident beanSolid
line, present results for H+Na(3p) collisions; open circle, theo-
retical quantal results31]; solid triangle, experimental resuli32];
solid square, theoretical semiclassical res{ii8]; dashed curve,
present results for BHK(4p) collisions.
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FIG. 13. The excitation and one-electron capture cross sections
(A% for H* in Na(3p) collisions as a function of energy. The
capture into varioud states is shown separately. Proton impact
excitation cross sections to Naf4 Na(3d), and Na(4$) states
from the initial Na(3) state of the target are shown explicitly.
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200 sections agree closely with the results of Alleinal. To the
best of our knowledge, there are no theoretical and experi-
mental results available for the4#kH™ collisions to compare
with. In the case of K-H™ collisions, the cross sections for
Ly-a emission perpendicular to the incident beam are com-
paratively smallsee Fig. 12
In Figs. 13 and 14, we present our calculated cross sec-
tions for the electron capture into variooklevels and also
. for the excitation of Na and K atoms, respectively. From Fig.
~~~~~~~~~~~~ . e 13, it is evident that the capture into the=2 manifold of H
remains dominant throughout the studied energy region. The
population of then=3 levels of the H atom is almost an
order of magnitude smaller than that of the=2 manifold.
The excitation cross sections to Naj4 Na(3d), and
Na(4p) states from the initial Na(8) state are also very
small. Except at 0£E<0.2keVamu?, the excitation to
Na(4s) remains larger as compared to both Néf3and
Na(4p) excitations. In Fig. 14, we have noticed that the
=3 manifold of H remains preferentially populated in this
reaction. At higher energies, the formation of the i=2)
atom dominates. In the H+K(4p) collisions, the excitation
of the target also plays an important role. Even at lower
energies, the excitation to K3 as well as K(%5) becomes
important. Throughout the energy range, the contribution to
the excitation of the K(8) state is significant.
0.01 : , In Figs. 15 and 16, we present our results for the total
0.01 0.1 1 capture cross sections for the reactidma), for which there
E{keV/amu) .
are some recent measuremef$ In agreement with the
FIG. 14. The excitation and one-electron capture cross section@xperiment and other theoretical studi&8,25, we find that
(A? for H* in K(4p) collisions as a function of energy. The cap- the single electron capture is highly state-selective in the
ture into varioud states is shown separately. Proton impact excitalow-energy region. AE=0.35keV amu?, the experimental
tion cross sections to K&, K(3d), and K(5p) states from the findings overestimate all theoretical results. But Bt
initial K(4 p) state of the target are shown separately. =0.5keVamu?, our results are in very good agreement
with the measurements. We also extend our calculations to
present cross sections are weighted to account for the obsdower energies, where, to the best of our knowledge, there
vation of Ly-« radiation perpendicular to the laser beam. Theare no other theoretical or experimental results available.
agreement with the quantal results is good. Our cross sec-

tions for charge transfer from the Ng§Blie above the ex-
perimental results and are supported by the results of Allan
et al.and Croft and Dickinson in that they both disagree with  We have investigated the process of single-electron trans-
the experimental findings32]. At higher energies, our cross fer from the first exciteg states of both Na and K atoms to
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where there are no other results available. Use of a fairly

large basis set enables us to study the possible role of the APPENDIX

excited states of the targets in such reactions. In addition to ) ) ) ) )

the anisotropy parametéq(n), we also report the cross sec- L€t Us consider an alignegl atomic orbital, with respect
tions for electron capture into various levels and also for 0 Which an incoming particle arrives at a poirtt, ¢) [see
excitation of the target. The anisotropy parameters for th&i9- 1@]. The initial channel can, therefore, be decomposed
transitions leading to the excited target states of both th&ccording to
parent Na and K atoms have also been presented. A com-

parative study between these exhibits a systematic variation

in those parameters, suggesting that the core structure of IZ%

[TT)=|TT*)cos¢+ |1 )sin ¢. (A1)

e scattering atomic amplitudg; and the total cross sec-

target is playing some role in these collisions. Further study. .
on oy are then given by

on other alkali-metal targets is, however, needed before
definite correlation, if any, can be revealed. At low energies,
the single-electron capture is highly state-selective. The im-
portant couplings occur at intermediate valuesRpfwhere

: ) ; . nd
strong avoided crossings are observed in the potentlal-eneré’ly
curves; in this region, the choice of common potential curve "
trajectory does not effect results more than 10% even at the Unzzwf lap(b)|?b db, (A3)
lowest energies. We hope the present investigation will gen- 0
erate renewed interest in the experimental studies of the in-
fluence of the alignment of the excited target on charge exwhere the integration over the azimuthal angle has already
change collisions. been performed. Substituting E@\2) into Eq.(A3) leads to

a simplified expression,

an(b,¢)=ag+(b)cosed+apg-(b)sing (A2)
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because the interference term cancels out. As noted earlier, o= 307+, (A5)
the reflection symmetry with respect to the collision plane

introduces a simplification in our formulation, reducing the which, in the present study, amounts to

second term to zero. Consequently, the atomic cross section

finally turns out to be =30, . (AB)
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