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PHYSICAL REVIEW A 68, 012705 (2003
Charge transfer in slow collisions of H™ with Na

Anh-Thu Le! Chien-Nan Lit? and C. D. Lirt
lDepartment of Physics, Cardwell Hall, Kansas State University, Manhattan, Kansas 66506, USA
2Institute of Physics, National Chiao-Tung University, Hsinchu 300, Taiwan
(Received 26 March 2003; published 9 July 2p03

We reexamined charge-transfer cross sections for protons colliding withsNa{@ms for collision energies
from the threshold at 1.7 eV to 40 eV using the recently developed hyperspherical close-coupling method. Our
results disagree with the recent calculations by Dattal.[Phys. Rev. 463, 022709(2001)], but are in good
agreement with the earlier calculations of Croft and DickingbnPhys. B29, 57 (1996 ] except at energies
below 3 eV. Our calculations support the doubt on the experimental data of Kushawaha.

DOI: 10.1103/PhysRevA.68.012705 PACS nuntber34.70+e, 31.15.Ja

I. INTRODUCTION unlike the reaction coordinate method used by Croft and
Dickinson or the electron translational factors used by Dutta
Collisions involving sodium atoms and protons have beeret al, no additional assumptions were needed beyond the
studied extensively in the last few decades. Most of the thetruncation of the number of adiabatic channels included in
oretical and experimental works have been focused on collithe calculation. For proton-sodium collisions at low energies,
sions at energies of the order of keV’s. Despite its apparer@nly the valence electron of sodium is involved; thus we
simplicity, this collision system has generated a great deal ofPproximate the sodium as a one-electron atom in a core
controversy. In the higher-energy region, the controversy hagotential, with the model potential taken from Croft and
been more or less settled now, in that newer theoretical an@ickinson. We then solved the model collision system by
experimental results for total charge-transfer cross sectior@xpanding the total wave function in hyperspherical coordi-
are in good agreemefifl—7]. Attention in the keV-energy hates similar to that used in the PSS approach except that the
region has recently been turned to differential cross sectiondyper-radius is the adiabatic parameter. The HSCC method
and orientation parameters, including the recent experimentill be briefly reviewed in Sec. II.
with laser-cooled Na targef8]. In the low-energy region, From the present HSCC calculation, we were unable to
from the threshold at 1.7 eV to, say, about 50 &M the reproduce the results of Duttt al. We found good agree-
collision energies in this paper refer to the center-of-masgnent with the results of Croft and Dickinson except at ener-
energiey, controversy still remains even for the total charge-gies below 3 eV. The origin of these discrepancies will be
transfer cross sections. Such cross sections are neededdigcussed in Sec. I after our calculated results are pre-
order to understand the ionization distribution of stellarsented. In Sec. IV we will conclude with comments on the
winds [9] and the interpretation of spectral distributions of different theoretical approaches for low-energy ion-atom col-
the resonance line of sodium atorfis0]. Experimentally lisions and the relation between the HSCC and traditional
there exists only one measurement by Kushawatth This ~ approaches.
experimental result was first challenged by Croft and Dick-
inson who performed quantum-mechanical close—coupli_ng Il. THEORETICAL METHOD
calculations based on the molecular states of the collision
complex[12]. They have used the so-called reaction coordi- To determine the electron-capture cross sections in ion-
nates[13,14] to account for electron translational effects. atom collisions, we use the hyperspherical close-coupling
The total charge-transfer cross sections from the calculatiomethod where the hyperradial equations are solved using a
by Croft and Dickinson showed rapid decrease as the collicombination of the R-matrix propagation and slow/smooth-
sion energy drops below 10 eV, while the experimental dataariable discretization methods. The theory has been de-
of Kushawaha gave a relatively constant cross section in thiscribed in detail in Ref[16]. We give here only a brief
region. In a recent papdrl5], Dutta et al. did a similar  overview of the method.
guantum-mechanical calculation with identical molecular ba- The HSCC method has been developed for describing
sis except that the electron translational effect was introthree-body collision systems so far. We approximate the
duced via atomic plane-wave-type translational factors. Theiproton-Na collision system as consisting of an electron in a
results show strong disagreement with those of Croft andNa” core and a proton. The effective potential of Nevas
Dickinson, but are in good agreement with the experimentataken from Allan[17], which was also used by Croft and
data of Kushawaha. Dickinson. The three-body problem is then solved in the
In view of this controversy, we decided to examine themass-weighted hyperspherical coordinates. In the “molecu-
proton-sodium collision system using the recently developedar” frame, the first Jacobi vectop; is chosen to be the
hyperspherical close-coupling methaqt#dfSCQO [16]. The vector from N& to H', with reduced masg.,; and the
HSCC method is formulated similarly to the perturbed sta-second Jacobi vectgr, goes from the center of mass of Na
tionary states(PSS approximation but without the well- and H" to the electron, with reduced mags. The hyper-
known difficulties encountered in the PSS approach. Thus;adiusR and hyperangles are defined as
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whereu is arbitrary. Another anglé is defined as the angle § )
between the two Jacobi vectors. We chopst be equal to & :‘:ﬁ_‘:)::a
m1. The hyperradiug is then very close to the internuclear -0.15 | 1
distance. @}
After introducing the rescaled wave function
A A 0%, 5 10 15 20 25 30
V(R,Q,0)=(R,Q,0)R¥%sin¢ cose, ) Hyperradius (a.u.)
the Schidinger equation takes the form FIG. 1. Hyperspherical adiabatic potential curves for NaH

The figure shows four=0 channels in solid lines, twb=1 chan-

nels in broken lines.
10 d

S = I i P2 N
5 rRor g HHalRQ)~uR%E | ¥(R.Q,0)=0,

R 8 waves. We have checked that the results are insensitive to the

(4) matching radius within the number of channels included in
the calculation, see below.

whereQ={#, 6} andw denotes the three Euler angles of the

body-fixed frame axes with respect to the space-fixed frame. . ) o

H.q is the adiabatic Hamiltonian We are interested here in the determination of electron-
capture cross section for the reaction

Ill. RESULTS AND DISCUSSION

.~ A2 . i N
Had(R,Q,w)=7+MR2V(R,Q), (5) H"+Na(3s)—H(n=2)+Na )

for collision energies from the threshold at 1.7 eV to 40 eV.

5 To compare the present HSCC results with the calculations
whereA* is the square of the grand-angular-momentum opyf Croft and Dickinson and of Duttet al, we used the same

To solve Eq/(4), we expand the rescaled wave function in c3jcylation. The adiabatic hyperspherical potentials included
terms of the normalized and symmetrized rotation functiongyre shown in Fig. 1. Note that the curves are not molecular

D, and the body-frame adiabatic basis functidng (R,{2), potential curves, but are rather hyperspherical potential

curves. However, we have chosen the scaling mass such that

V(RO,0)=2 2 Fu(R®,(RO)D (@), (6

10' T
wherev is the channel index] is the total angular momen- :E 10° ¢
tum, | is the absolute value of the projection dflong the "5
body-fixedz" axis, andM ; is the projection along the space- ‘5:10'1 3
fixed z axis. To solve the hyperradial equations, we divide §

the hyperradial space into sectors. We then use a combine @40 |
tion of the R-matrix propagation methofl8] to propagate
the R matrix from one sector to the next, and the slow/ §10~°

ross

smooth-variable discretization methptd] within each sec- 2 G- Croft and Dickinson

tor. The R matrix is propagated to a large hyperradide- =0t | @0 Dutta et al.

pending on the collision energywhere the solution is 2 o #——¢ Present calculation

matched to the known asymptotic solutions to extract the® , s | & * Experiment (Kushawaha) |

scattering matrix. The electron-capture cross section for eacl§

partial wavel is then obtained from the calculated scattering a 10° .

matrix. 1 10 40
The method described above has to be carried out for eac Collision energy (eV)

partial waveJ until a converged cross section is reached.

Using the numerical procedure introduced in leual. [16], FIG. 2. Comparison of the total charge-transfer cross sections
such calculations can be easily carried out for many partiafor H* + Na(3s) —H(n=2)+ Na" reactions.

012705-2



CHARGE TRANSFER IN SLOW COLLISIONS OF HWITH Na PHYSICAL REVIEW A 68, 012705 (2003

0.8 T T T T T 1.6
—— Present calculation R —— Present calculation
|y Dutta etal. - Y N . Dutta etal.
8 o6f ——- Croft and Dickinson 8 12} ——- Croft and Dickinson
' B
2,
5 2z-1'm 5 #z-2m
) L]
x 04 x 08|
2 g2
s o02f T o4f
8 S g
K Sy K
S < o k-]
i :
_02 ) . 1 1 . 04 . 1 . . .
[} 5 10 15 20 25 30 4] 5 10 15 20 25 30
Hyperradius (a.u.) Hyperradius (a.u.)
0.2 T T T T T 15
£ or & 10}
i B
2 o
) [
2 0.2 S 05 |
T ®
E E
2 2
S -0.4 g 00
8 g
g g
£ e Present calculation € osl| Vi Present calculation
g e Dutta et al g { -~ Dutta etal.
——- Croft and Dickinson ——=- Croft and Dickinson
0.8 L n L L n 1.0 i L L n n L
5 10 15 20 25 30 0 5 10 15 20 25 30
Hyperradius (a.u.) Hyperradius (a.u.)

FIG. 3. Comparison of rotational coupling matrix elements from the three different calculations indicated in the figure. In the present
calculation, we have chosanto be equal tqu,; such that the hyperradius is essentially equal to the internuclear distanRe-fad a.u.

the hyperradius is essentially equal to the internuclear sepaiven asC(R)/R2. Only C(R) is shown in the figure follow-
ration except for distances less than around 0.1 a.u. Compaiig the general conventiohFirst we focus on the rotational
ing Fig. 1 with the molecular potential curves, there are nacoupling between the 4T and the 23 (see Fig. 1 poten-
apparent differences. tial curves. The couplings from Croft and Dickinson and
In Fig. 2 we show the total charge-transfer cross sectiofrom Duttaet al. are in good agreemeritVe have multiplied
[or equivalently total charge-transfer cross section t® H( the data of Duttat al.in their Fig. 3 byy2 to get the correct
=2) states in this energy regipfrom the present HSCC  omparison. This is not surprising since the two methods
calculation and compare it to the experimental data Of,yingjcally are similar. The rotational coupling from the
Kushawaha’ the calculations of DuHaa_I., and of erft and HSCC agrees well with these two calculations, especially in
Dickinson. Clearly ours do not agree with the experiment NOLpe region where it is importantR<5 a.u.). Other rota-

with the theoretical results of Duttat al, but agree well tional matrix elements in Fig. 3 also show reasonable agree-
with the calculations of Croft and Dickinson except at ener- . 9.3 . - a9
ent. But does the difference in the rotational coupling ac-

gies below about 3 eV. In this low-energy region, our cros for the di  th lculated | ch
section drops rapidly while in Croft and Dickinson, the crosstount for the discrepancy in the calculated total charge-

section shows a kink at about 3 eV. transfer cross sections? By comparing o1l cross

What are the sources of the differences among the threg€ctions with those from Croft and Dickinsénot shown,
theoretical calculations? To begin with, the potential curvesve found good agreement over the whole energy range. In
from the three calculations are essentially identical. Thus wé&ontrast, thé =1 component cross sections from Dutzal.
next compare the coupling matrix elements. The comparisoA®€ much higher throughout the energy range. In fact, despite
of radial matrix elements is not possible since they are nothat all the three calculations were carried out using six chan-
shown in the papers of Croft and Dickinson, nor in the papenels as shown in Fig. 1, a two-channel calculation including
by Duttaet al. In the HSCC calculation, the radial coupling only the 223 and 1%I1 channels can already produce nearly
was not calculated, nor used. However, one can compare théentical results. We replaced the rotational coupling matrix
rotational coupling matrix elements from the three differentelements from our calculation by those from Dugtaal. and
approaches. This is especially relevant for the present colliwe were unable to reproduce their results. Instead the results
sion system since all three calculations agree thatl thi¢ remain close to what we obtained from the HSCC method.
channels are predominantly populated in the 3—40 eV re- We next discuss the difference in the total cross sections
gion. between the HSCC and those of Croft and Dickinson below

In Fig. 3 the rotational coupling matrix elements from the3 eV. As indicated above, for the=1 channels, we have
three calculations are showfiThe rotational coupling is good agreement over the whole energy range. However, in
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Croft and Dickinson, theil =0 cross sections to the’X
and 423, channels become dominant at energies below 3 ev._ A ’
Thus the discrepancy between the present HSCC and that (3 Jooms

Croft and Dickinson is due to the radial coupling for which S 1r SN
we have not been able to make a direct comparison. In ouss S, sy N k 408V
calculation, cross sections for the?S and 425 channels & /l/ v
drop precipitously at low energies as for théIl channel § J/ 20£ \
AU

and remain small in comparison to that channel.
By examining the potential curves in Fig. 1 we found that . , :
it is easier to interpret the results from the present calcula-8 0.5 - e ' .
tion. At low energies, the radial coupling betweeA32 and ‘
323 is not efficient for making direct transition from the
223 curve to the 3 curve despite the avoided crossing at
about 12 a.u. since the energy gap is too large. An efficien
mechanism for populating the excited states is via the rota-
tional coupling. The electron will follow the 2% curve and
gets promoted to a hyperradigsr internuclear separatipn
below 4 a.u. where the 2 curve and the #II curve are
nearly degenerate. The rotational coupling betweéh 2nd
12I1 shown in Fig. 3 in this region would provide an effec-
tive mechanism in exciting the electron to théll curve,
thus populating thd =1 channels after the collision. As
the collision energies decrease, the classical turning point for IV. CONCLUSIONS
each partial wave will move further to larg& where the
energy gap between the2® curve and the £IT curve
becomes largefsee Fig. 1, thus the rotational coupling
becomes inefficient and thus the=1 charge-transfer cross

impac
N

Probability tim

Impact parameter (a.u.)

FIG. 4. Total charge-transfer transition probability times impact
parameter as a function of impact parameter at selective collision
energies.

In this paper we used the hyperspherical close-coupling
method(HSCQ) to calculate electron-capture cross sections
for the H" + Na(3s)—H(n=2)+ Na" reaction, from thresh-
old at 1.7 eV to 40 eV. Our results agree with the earlier

sect|r(])n .dropsthralmdly. Aftf.thestle low eP?rgltisé,zéherde tﬁre NQalculations of Croft and Dickinson except at energies below
mechanisms that can €fliciently populate and € 3 e\, Our results do not agree with the recent calculations of

423 channels directly and any transition would have t0 gop 3 et al. nor with the earlier experiment of Kushawaha.
through the FII channel as the intermediate step. One mayrhe HSCC calculations were carried out without the need of
wonder if the &3 can be efficiently populated by the rota- introducing somewhaad hocreaction coordinates or elec-
tional coupling with the FTT at the crossing near 9 a.u. tron translational factors. On the other hand, a good agree-
However, this coupling can occur only after thél1 chan-  ment between the HSCC results and the reaction coordinate
nel is populated at smallé®, and thus should at most have calculations of Croft and Dickinson indicates that charge-
the same energy dependence as tfél channel. Thus we transfer cross sections are not very sensitive to the precise
do not expect thé=0 channel to become dominant at lower form of the switching function used in the reaction coordi-
energies. nate method. Still the remaining discrepancy at lower ener-
In Fig. 4 we show the impact-parameter-weighted chargegies may be an indication of the limitation of the reaction
transfer probability vs impact parameter at selective collisiorcoordinate approach. From the few collision systems we
energies. Note that in our calculation we never use the semhayve examined so far, the discrepancy occurs only when the
classical concept. In comparing the partial-wave cross segross sections are small, as in the present case. In other
tions from the quantum calculation with the transition prob-words, despite of the somewhad hocnature of the reaction
abilities from the semiclassical calculation, we employ thecoordinate method, it can be used to obtain reliable reaction

relation cross sections at low energies.
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