PHYSICAL REVIEW A VOLUME 60, NUMBER 3 SEPTEMBER 1999
Ab initio cross sections for low-energy inelastic HNa collisions
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We reportab initio results for the integral cross section of the processNi(3s)— H+Na(3p) for collision
energies from the threshol@.1 e\) to 600 eV. We achieve a reasonable agreement with the experimental
data, which are available for energies above 10 eV. The main contributions to the cross section come from a
rotational coupling mechanism in the NaH triplet molecular system and from a curve-crossing mechanism in
the singlet system. At very low ener@®.1-2.4 eV, the process is governed by a centrifugal barrier in the exit
channel leading to orbital resonances. The Landau-Zener model provides a reasonable qualitative description
of the radial coupling mechanism at high energies, but fails below 14 $1050-294{9)05509-2

PACS numbeps): 34.50.Fa, 34.20.Mq

I. INTRODUCTION first, because this is one of the few cases for which low-
energy experimental daf&] are available.

Inelastic collisions between thermal atoms, molecules, or Except for extremely small energies, the de Broglie wave-
ions are decisive for the properties of nonequilibrium gasiength of an atom is small compared to the typical atomic
eous media such as p|anetary or stellar atmospheres' gase@{iﬁances. Therefore, the motion of the atoms is close to clas-
laser media, and laboratory plasmas. There is consequentlysieal under many aspects. This has led to theoretical formu-
constant demand for cross-section data for low-energy inlations in which the atomic nuclei are supposed to move on a
elastic collisions. In the great majority of cases, the requiredlassical trajectoryCT), and only the electrons are treated
data are not available. Cross sections can be obtained bofantum mechanically. CT methods have been applied in a
from experiments and from numerical calculations. Experi-great number of cases to high-energy atomic or ionic colli-
ments in this field are often very difficult. For instance, low- sions. CT methods fail at lower energies, however. They are
energy(few eV) neutral atom beams are difficult to produce uUsually not applied at collision energies much below 1 keV,
and control, leading to the fact that atom-atom collisionsand they are certainly not applicable for the present energy
have been investigated in this energy range only for a smafldnge of interest. We use in the present work a quantum-
number of experimentally favorable cases. Numerical calcumechanical approach for both the electronic and the heavy
lations, on the other hand, seem to offer no principal diffi-particle motion.
culties, nevertheless the number of theoretical papers dealing
with low-energy atomic or ionic collisions is very small, Il. GENERAL FORMULATION
probably because there are usually no corresponding experi-
ments.

The process investigated in the present paper is of interest The present approach is essentially that of the eigenfunc-
in particular for applications in astrophysics. Stellar photo-tion [perturbed stationary statéBSS] expansion described
spheres are often satisfactorily described by local thermaby Mott and Massey4]. For details of the following discus-
equilibrium (LTE) models; data on inelastic collisions are sion, seg5]. We neglect the spin-orbit interaction through-
not required under these conditions. Considerable deviatiornsut the paper. The spin does not appear, therefore, except in
from LTE have been observed in a variety of cases, for inthe multiplicity quantum number; see below. LRtbe the
stance in red giant stars such as PollGem); collisional  vector connecting the atoms, wiiy 0, ® the corresponding
excitation of atoms by hydrogen-atom impact is believed topolar coordinates, and léf,A,s), j=1, ..., beelectronic
be of considerable importance for the photospheres of thessigenfunctions of the collisional system, wheke=0 is the
stars. The construction of photospheric models is, howevegbsolute value of the projection quantum number for the
highly tentative, because even the order of magnitude of thelectronic orbital angular momentum upon the molecular
relevant cross sections is unknofWin2]. The main interestis axis, ands==*1 stands for the reflection symmetry at a
in the collisions of hydrogen atoms, which form the mainplane through the internuclear axis. The eigenfunctions de-
constituent of stellar photospheres, with other photospheripend on the internuclear distanBeas a parameter. In nu-
atoms such as Fe, Ca, CaBa", and Na at energies slightly merical applications one has to rely on a truncated basis. The
above the excitation threshold, which is a few eV. We dedowest molecular states of the NaH system &re (A =0,
cided to study the process s=+1) andIl (A=1, s==*1) states. We do not consider

other states at present. The totalectronic plus nuclear
wave function can be expressed under these conditions as a
H+Na(3s)—H+Na(3p) (1) sum,

A. Coupled-channel equations
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We conclude that/JdR|k) has the order ok, |k) for all
Z ®0A(9) liA+1) (2)  states in question, and hengéd?/ dR?|k) is of the order of
b agz. The operationdF,/dR multiplies the nuclear wave
with A=0,1. L is the quantum number for the tot@lec-  function typically by the local wave number
tronic plus nuclegrangular momentum. The corresponding
projection quantum number is chosen to be zero in order to
meet the usual scattering boundary conditions. Bl are Ki(R)= \/_[E VE(R)]. ®)
generalized spherical harmonics, which describe the angular
motion of the atoms, and tHTsj' describe the radial motion. The typical values of, are much larger thaa,*, which

The fact that no state$l, — 1) appear here reflects the con- means that the first coupling term in E@) is much larger
servation of reflection symmetry: a collision starting i€a  than the second one. This suggests the neglect of the second
state cannot result il states which have negative reflection coupling term. It turns out, however, that E§) without the
symmetry at the scattering plane. In what follows, the indicesecond coupling term violates particle conservation. A com-
L,A,s are not indicated any more, unless necessary. Thglete neglect of this term is therefore not advisable, but a
radial functions obey a system of coupled-channel equationgpugh approximation should be sufficient. The coupling ma-
trix elements are easily shown to obey the following rela-
tions:

hZ 2

_ A ety
o OIR2+VJ (R)—E|F

d d
(1Kl =2, @
=—E<J|(9—R|>—+—E<J| 0F, R
01-510= a0+ (il lm(ml 1)
(7)

L(L+1) (A=A (jliLy[K)Fy.

3
@ In order to obtain double derivative matrix elements from the
M is the reduced mass of the colliding atorfsis the total  calculated single derivative matrix elements, we use the fol-
energy, and/fﬁ(R) is the effective potential, lowing approximation:
A L(L+1)—A?] 9

VET(R)=Vj(R) + , (4) ®)

MR <J|ﬁ|k>_ﬁ<l|ﬁ|k>-
that is, the sum of the adiabatic potent\(R) and the The approximate matrix elements obey E8).and therefore
centrifugal energyL, and L. are the components of the guarantee particle conservation. What is actually neglected is
electronic angular momentum operator with respect to bodythe sum in Eq(7). Coupling terms, which are proportional to
fixed coordinate$5]. In Eq. (3), terms with the matrix ele- the matrix elements ofl(,L _+L_L ), appear in Eq(3) as
ments(j|L.L_+L_L,|k) have been omitted as being neg- well; they are of the same order as the double derivative
ligible; see below. The coupling matrix elements, whichmatrix elements and their neglect causes no comparable
appear on the right-hand side of E§), are responsible for problems.
the transitions between different electronic statesdk. It is The coupling matrix elements seem to be unambiguously
worth pointing out that the first two sums on the right-handdefined, at first sight. However, it is well known that their
side of Eq.(3) couple molecular states of the same symme-alues depend on the choice of the electron coordinate origin
try, while the last sum couples andIl states. The NaH [6,7]. We use here matrix elements, which are calculated
collisional molecule possesses singlet and triplet electronigvith the origin of the electron coordinates at the Na atom;
states which, due to the neglect of the spin-orbit interactionactually, this lets thej|d/dR|k) disappear aR— o for all
do not couple at all. We deal therefore with two distinct channels considered at present. Formally, the problem occurs
systems of coupled equations. because the operatiaindR is a partial differentiation, which

We take the potentials and the coupling matrix elementsis unambiguously defined only when it is specified which
which are required to set up E), from ab initio quantum  other quantitieghere electron coordinateare held constant.
chemical calculations. Standard quantum chemical progranBhysically, the problem is related to what is known as “elec-
usually provide, in addition to the potentials, reliable valuestron translation” and is solved by the introduction of “elec-
for the rotational (L) and the single derivatived(dR) ma-  tron translation factors” in CT approaches. Methods for the
trix elements in Eq (3) but not for the double derivative solution of the electron translation problem in the framework
matrix elementgj|9%/dR?|k). In the present case, only the of the full quantum approach have been discug§idthe
single derivative matrix element and the rotational couplinggractical experience with these methods is very limj&@.
are of major importance. This is not generally true, but itwe have recently proposed another approft®j to this
holds in many similar cases. The important point is that inproblem. A preliminary application to the+HNa case shows
the present case, th¢|d/dR|k) matrix elements do not ex- that, compared to the present results, the corrections do not
ceed the order 0&51, with a, the Bohr radiugsee below. exceed the order of a few percent.
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B. Numerical procedures that the coupled equations are now solved numerically as

For the numerical solution of E3), the number of basis they stand; th(_a WKB approximation does not ente_r. We use
statesj) is truncated to a finite numbe¥ (three or four at WWKB expressions only to extrapolate our numerical solu-
present This reduces Eq(3) to N coupled equations. The tions to R—0 and toR— o, respectively. This is without

solutions have to obey the following boundary conditions: influence on the results. The results for the wave functions,
for the transition probabilities, and for the cross sections ob-

Fi(R)—0 asR—0 forj=1,... N (9  tained in this way represent exact solutions of the truncated
coupled equations.
and We use several concepts for the interpretation of the nu-
merical data. Besides the channel wave functief(RR) and
the transition probabilitiesP;, these are the incoming,
J; (R), and outgoing,]j*(R), currents. For the currents we
(10) use the definition§13]

O . a; .
Fi(R)— —=e iR+ —Iie“kiR asR— for j=1,... N
i j

with i =IF7]%

dF,
2M T g V|
kj:\/?[E—vj(oo)]. (11) Fi=r "Fixlng Ty

N _ _ _ wherek;(R) is determined by Eq5). They are meaningful

The quantitiesa; represent the outgoing amplitudes in the as long as the channel wave functidfjscan be discussed, at
different atomic states. Practically, the first condition meanseast qualitatively, as WKB functions; when the WKB ap-
that the wave functions have to go rapidly to zero in theproximation is valid, one has
classically forbidden region wherIE—Vjeff is negative. For et iR iR
the numerical treatment, we define a vaRig,, of the inter- Fi(R)=k; YIF e iR+ F e ®i(R)] (15
nuclear distance, which is classically forbidden for all chan- . . . _
nels, that is,E—Vfﬁ(Rstarp<0 for allyj. For R<Rgi, the W'th CDJ:fR'deR' This clegrly 9'Ve~°ﬂf an-de the mean-

) . . ¢ ing of incoming and outgoing currents with the obvious re-
radial functionsF; are approximated as WKB functiofil]. lation P, = J" (=)
For Rtarr< R<Rgiop, With R, typically between 25 and 40 o '
a.u., we computd@| linearly independent real solutions of Eq.
(3), using Numerical Algorithms GroufNAG) routines for
the numerical integration. BeyonB,, the solutions are A. Quantum chemical data

continued to infinity using again WKB functions. The V"?"“es The adiabatic potentials and the coupling matrix elements
Rstar@ndRgqpare chosen in such a way that they are without

) . . i are calculated by the multireference single- and double-
influence on the final results. The numerical solutions have &, i1 +ion configuration-interaction (MRD-CI) method

tendency to diverge, especially in the region where only 3)
t

(14)

IIl. RESULTS

. . . 15,16. We use an H(1£8p,2d)Na(13,9p,2d) Gaussian
ga::]orfi thledcfzianrlliels.lihclassrlcallgl sllg\t/vzdbﬂf\lsmc]:ﬁ]n Iﬁag ] asis contracted to HE¥Bp,1d)Na(7s,5p,2d), which is
sﬂite% I(i:r?ear cgrl;b?nsétior?gai ientgr?neediz;e vgluzﬁeoTr?eNe “'similar to the one used in Reff16]. The lowest NaH adia-
solutions are finally linearly combined to find the solution batic potentials are shown in Figsial and 1b), the radial

obeying Eq.(10) and, hence, giving the outgoing amplitudes couplings in Figs. &c) and id), and the rotational coupling

. o ; matrix elements in Figs.(& and Xf). The panels at the left-
mg ;-21%;{3322'%2 probabilities are obtained from the outgo-, 4 right-hand sides represent the NaH singlet and triplet

states, respectively. In Figs(al and Xb), the solid lines are
2, (12) 3 states, the dashed lines represent the lolestates, the
thick lines are the potentials calculated in the present work

They represent the ratio between the outgoing radial currer@nd indicate the states taken into the present dynamical cal-
in the excited-state numbgand the incoming current in the culation, and the thin lines are the potentials from RR&6].
ground statg =1 at R—o. The integral cross sections are The calculated asymptotic valueR-{) of the potentials
calculated as partial wave sums with the statistical weights ofiéviated from the true atomic values, originally. We con-
1 and? for the singlet and triplet states, respectively. Exceptstructed smooth corrections in the regi&®>20 a.u.; the

for very low energies, a large number lofvalues contribute ~ corrections amounted to 0.08 eV for therNa(3p) asymp-

to the cross section, givingthe character of a quasicontinu- tote and 0.25 eV for HNa(4s).

Pj:|aj

ous variable. At higher energy, is replaced by the impact Inelastic transitions can occur in a region where a close

parametemb, defined as approach of potential curves takes place together with a large
value of the corresponding coupling matrix element. The

b=+L(L+1)/kq, (13 NaH quasimolecule has a number of such regions. Figure

1(a) shows that the NaH singlet system is governed by a
and the cross sections were computed as integrals over tlseries of avoided crossings, as the strongly attractive ion pair
impact parameter. (Na*H™) potential curve crosses a number of curves repre-

The present work forms the continuation of similar earliersenting Naql)+H(1s) states(see also Ref[16]). These
work [12—-14. The main difference from our earlier work is crossings represent indeed a major mechanism for the inelas-
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FIG. 1. NaH quantum chemical data. The figures on the left- and ] ) o
on the right-hand sides correspond to singlet and triplet states, r&Uch that for the singlet system, rotational coupling is not
spectively(a) and(b) The adiabatic potentials. The solid lines show €xpected to provide an efficient coupling between the ground
the S states, the dashed lines depict festates. The thick lines state and excited states.

represent the states used in the present calculatiohsand (d) The adiabatic potentials for the triplet system show an
Radial coupling matrix elementgg) and (f) rotational coupling entirely different behavior; see Figs(bl and 2. Due to the
matrix elements. absence of a triplet ion pair state, there is no series of

avoided crossings at large internuclear separationsathe
tic process in question. When one passes through an avoid@dtential curve does not approach the nearest excif&l
crossing region, the electronic wave functions exchange theturve (Fig. 2), such that radial coupling is expected to be
character. The lowest potential curve in Figa)l X '3, ineffective for the proces$l). However, at small internu-
should therefore represent the configurations'Ma and  clear distance tha 3 andb °I1 potential curves come very
Na(3s)H(1s) to the left- and right-hand sides of the crossingclose to each other. The system appears to converge to the
region, respectively. The corresponding variation of the elecunited atom limit, Mg(33p 3P), where one expects indeed
tronic wave function with the internuclear distance shoulda 3-11 degeneracy. Together with the large rotational cou-
give rise to a peak in the matrix elemdiX'>|3/dR|AS),  pling, the approximate degeneracy is expected to provide a
which is indeed clearly visible in Fig.(&) near the corre- very effective rotational mechanism for nonadiabatic transi-
sponding internuclear distané®~7.4 a.u. However, in the tions[17-19. The same kind of degeneracy exists for the
usual (Landau-Zener model descriptions of an avoided singletA S andB II states(Fig. 2), which, combined with

crossing, one has] the large value of the corresponding rotational coupling, is
expected to give transitions between these states at small
J ™ internuclear distances
1|=—=|2)dR = =. 16 )
[ lgi20r =3 (16
The corresponding integral over the nonadiabatic region B. Cross sections and basic mechanisms

aroundR~7.4 a.u. is found to be considerably smaller, about  Figure 3 shows our results for the integral cross sections.
half as large, indicating that the avoided crossing interpretaThe numerical calculations were carried out with a four-state
tion cannot be expected to provide more than a qualitativiasis for the singlet as well as for the triplet system for
description. The avoided crossing between thé> and  energies above 3.2 eV. The results demonstrate that at low
C '3 molecular states appears in a similar way, providingenergy, essentially only one process is of importance,
another nonadiabatic region neRr13.2 a.u. The absolute Na(3p) production in the singlet system. We disregard the
value of the corresponding integral is too small again. Thesériplet system below 3.2 eV, therefore, and we use only a
conclusions are in agreement with RET]. At small dis-  three-state basiX(*>, A'S, andB 1) for the singlet sys-
tances, large values of the matrix elemext'> |9/ JR|A 1) tem at these energies.

occur; see Fig. (£). They are not expected to provide an  The incoming and outgoing currents turn out to be an
efficient mechanism for the inelastic procéss because the efficient tool for understanding the mechanisms of the pro-
energy gap between th¢'S potential and the other poten- cess. Typical numerical results for these quantities are shown
tial curves remains large even at the smallest distances, &s Fig. 4, which gives a good idea of the basic mechanisms.
demonstrated by Fig. 2, where the potential differences artn order to make the data more illustrative, the currents are
shown. Similarly, theB 1IT-X 13, energy gap remains large, represented by the thickness of the lines in the effective po-
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FIG. 3. NaH integral inelastic collision cross sections as a function of the collisional energy. The symbols are the experimentally
measured B— 3s emission cross section, the lines are the calculated excitation cross sections. The thick and the thin solid lines are the
partial Na(3o) and Na(P ) excitation cross sections in the singlet system, the thick dotted line is thesblp@kcitation cross section
in the singlet system, the thick and the thin dashed lines arepa&nd Na(3 o) cross sections in the triplet system, and the thin dotted
line is the Na(40) cross section in the triplet system. The dot-dashed curve is the totapNaiitation cross section. The inset shows
the total Na(®) cross section near the threshold on an enlarged scale.

tential curve diagrams. In the singlet system, the incomingatoms is required. The oscillations in the singlet transition
[Fig. 4@] and outgoingFig. 4(c)] currents are exchanged probability are the well-known Stkelberg oscillations,
between the ground state and the first excited state primarilwhich occur by interference between the two possibilities for
in the avoided crossing region at 7.4 a.u., populating mainlythe process, with a transition at the first or the second pas-
the A'S state. It is remarkable that apparently no radial cousage through the radial coupling region. The triplet system
pling transitions occur at small distance, though the radiabhows no such structures, because the transition region is
coupling matrix elements are very large in this region; seelose to the classical turning point. The higher excited states
Fig. 1(c). Obviously, for an effective coupling mechanism, ain the singlet system show similar ‘skelberg oscillations,
close approach of the potentials is required in addition to decause they are populated indirectly from the outgoing cur-
large coupling. In the triplet system, in contrast, the ex-rent in the lowest excited state.
change occurs at a much smaller distance, and essentially In the integral cross section, one observes dominant popu-
only theb 3I1 state is populated; see Figgbtand 4d). This  lation of two channelsb °IT and A '3.. The first one domi-
is indeed what one expects for the rotational couplingnates at high collision energy, the second one at low energy.
mechanism near the united atom limit described above. Sedhe oscillations of the cross sections reflect thecktiberg
ondary transitions are responsible for the population ofbscillations of the transition probabilitigg=ig. 5a@)] once
higher excited states. For instance, in the singlet system th@ore. They are damped due to the integration over the im-
outgoing current flows from th& 13, state to theC 'S state  pact parameter, but they do not disappear completely, in par-
at the avoided crossing near 13.2 a.u. A small outgoing curticular at low energy. In a small region near the threshold,
rent in theB 11 state, which is produced by small distance resonance peaks are superimposed on the continuous cross-
rotational coupling, is also remarkable. section curve(see the inset in Fig.)3 Depending on the
Figure 5 shows the transition probabilities as a function ofimpact parameter, the effective potential of thé3 state
the impact parameter for both the singlet and the triplet syspossesses a centrifugal barrier. When a transition to the ex-
tems. It is seen that the transitions in the singlet system occuited state occurs at a kinetic energy below the barrier, the
for an impact parameter range between O and 8 [&ig.  collisional system is caught inside the barrier. Except for
5(a)]. For the triplet system, the range is much smdllég.  tunneling, the barrier cannot be passed, so that the system
5(b)]. This is natural, because a much closer approach of theventually decays back to the ground state. Tunneling is
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FIG. 4. Incoming(a,b and outgoingc,d) currents in the different electronic singlet, and triplet(b,d) states for the collisional energy
E=100 eV. The magnitudes of the currents are represented by the thickness of the curves correspMT&(rFQ toE.

quite ineffective in this situation, such that one expects dransition probability; the parameters were estimated from
small inelastic cross section, generally. However, when théhe form of the potential curves. No other approximations
energy coincides with that of a quasibound state, the ampliwere used in this computation. The cross section obtained in
tude behind the barrier can become very large, resulting in ¢his way turns out to be in qualitative agreement with the
correspondingly large outgoing current and hence a largaumerical result for the singlet system at collisional energies
cross section. This gives rise to the resonance structures. Tladove 10 eV. However, the Landau-Zener model overesti-
cross section on a resonance peak can be several ordersmétes the integral cross section by a factor of 2 to 4 in this
magnitude larger than the cross section for the nonresonanégion. We ascribe this to the fact that the actual radial cou-
process. However, the resonances are extremely narrow, pling is smaller than it should be according to the Landau-
general narrower than the line thickness in Fig. 3. We estiZener model; see Eq16). Below 10 eV, the discrepancy
mate that there are about 100 clear resonance peaks. Hoetween numerical and Landau-Zener results becomes larger
some cases, as in investigations of a thermal ensemble sueahd larger; the Landau-Zener model predicts a cross section
as a stellar atmosphere, only the average cross sections arenafar the threshold, which is smaller by several orders of
interest. For the proceg4), the cross section averaged over magnitude than the numerical result. In the energy range
the resonances is about 15% above the nonresonant part leétween 3 and 5 eV, the transitions occur mainly for large
the low-energy cross-section curve. impact parameter, or, classically speaking, at grazing inci-
It is tempting to describe the transitions at the avoideddence, quite in contrast to the predictions of the Landau-
crossings using nonadiabatic models, in particular using th&ener model. Nonadiabatic transitions by radial coupling at
Landau-Zener model. We calculated an integral cross sectiograzing incidence were discussed previou$BO]; the
on this basis. We used the Landau-Zener formula for theresent case might form an interesting model system.
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over this range, we consider this as a good agreement.
The potentials calculated in the present work are in good

agreement with other quantum chemical reuit46,21 and
with spectroscopic datf22]. For instance, ouA '3 —-X 13
splitting at the avoided crossing is 1.14 eV compared to 1.21
eV from Ref.[21]. The calculated couplings are in good or
reasonable agreement with those obtained by other authors;
for instance, the peak of the radial coupling matrix element
(X3 |a9IdR|AS) reported in Ref[7] agrees within 10%
with our value; the value of Ref23] is 25% larger. Some
discrepancy exists with the triplet data reported in R24].
The relative signs of the radial coupling matrix elements are
not consistent with ours. We checked our data carefully to
make sure that they are correct.

Numerical calculations of cross sections were reported
previously in Ref[24], however only for the energy region

Transition probabilities P(b)

N ) above 200 eV. The authors used a CT approach and they did

A not consider rotational couplings. In view of the second

\ point, their results must be too small; the calculated cross
06 b \\ sections are indeed typically a factor of 2 below the experi-
\ mental ones. Other work on the NaH system concentrated on
\ the H +Na" channel[23] and is therefore not suited for
\ direct comparison.
\ There are two principal possible origins for errors in the
\ numerical results, the limited precision of the quantum

M \ chemical data and errors related to our treatment of the dy-

0.4

Transition probabilities P(b)

0.2

\ namics. We consider in particular the following possible

S T , causes for errors.
0 2 4 6 8 10

Impact parameter b (a.u.)

0.0

(i) Limited precision of the potentials. Generally, the cal-
culated potentials are believed to be correct within about

. . . +0.1 eV, and errors are expected to be more significant in
FIG. 5. The transition probabilities as a function of the impact P 9

parameter for the singlét) and triplet(b) systems aE=100 eV. thg asymptot!c regionR—) than at small d!stance[§_6].

The thick solid lines depict transition probabilities for excitation of This is ‘?O”f'”“?d by the agreement achieved with th?
the Na(Pa) state, the thin solid lines represent probabilities for @8yMmptotic atomic energy levels, as well as by the compari-
excitation of the Na(éo) state, and the dashed lines correspond toSON With other calculationfs7, 16,21 and with spectroscopic
excitation of the Na(B) state. data[22]. Numerical tests with modified potentials indicate

that the integral cross-section data are sensitive especially to
the energy differences. When, for instance, the potential dif-
ference in the crossing region of the singlet system is modi-
fied by 0.1 eV, the corresponding cross section can change
by as much as 50%. This is similar for the rotational cou-

collisional energies above 10 eV are availal#g The emis- pling mechar_nism in the_triplet SVS“""”.‘- T_he hgight of the
sion cross sections include cascade contributions, e.g., tﬁptem'al bf’;\rrle_r in the exit channel,. which is deusn{g for the
collisional production of Na(d) with subsequent optical CroSS se_ctlon in the threlshold region, depe_nds_cnncglly on
transitions 4—3p and 3—3s. The emission cross sec- the detailed for_m of thé\ *X potential curve in this region. _
tions are not calculated directly in the present work. Based N€ cross-section curve between the threshold and 2.4 eV is
on preliminary evaluations of the higher crossingdg. certainly qualitatively correct, but the detailed behavior, e.g.,
1(a)], we estimate that a computegh3:3s emission cross the location of the resonances, might be subject to substantial
section would be typically 10% above the computgd@o-  €ITOrs.

duction cross sectioffthe uppermost curve in Fig.)3In (it) The single derivative coupling matrix elements are
particular, a considerable fraction of what appearssapré-  believed to be correct withirt 0.015 a.u[16]. Compared to
duction in the singlet system in Fig. 3 is expected to result irthe typical value of 0.2 a.u. of the matrix elements, this
ion pairs H +Na", when the higher crossings are taken intoseems to imply errors not exceeding the order of 10% of the
account. Comparing the calculateg 8ross section with the calculated cross section. Test calculations show that this is
experimental data, we find that the general shape of fhe 3indeed true for not too low energids>5 eV. For the lowest
—3s emission cross-section curve is very well reproducedenergies, where the transition probabilities are extremely
However, the computed value is above the experimental ongmall, the numerical results depend very critically on details
by a factor of 2, except for the 10 eV region. In view of the of the form of the radial coupling matrix elements. Correc-
variation of the cross section by three orders of magnituddions, which are significantly smaller than the expected pre-

IV. GENERAL DISCUSSION: COMPARISONS
AND ACCURACY

Experimental data for the Naf3-3s) and Na($¢
—3s) emission cross sections in4HNa(3s) collisions at
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cision of the quantum chemical data, can lead to large cor- V. CONCLUSION
rections in the calculated cross section. The reliability of our Intearal cross sections for the electronic excitation of Na
results in this energy range is difficult to judge, therefore, butat 9

teel th il hould daf £ o oms under H atom impact have been calculated for ener-
we Teel that possible errors should not exceed a factor gies between the threshold and 600 eV. The potentials and
(iii) The use of Eq(8) for the double derivative matrix

- X S s the radial and rotational nonadiabatic coupling matrix ele-
element.  Numerical t295t32 ~using (ilo loR |k>. ments were taken from quantum chemical calculations. The
=2d/dR(j|a/dR|k) and(k|%/dR?[j)=0 resulted in modi-  programs used for this purpose are working on the configu-
fications of the cross section, which are of the order of a feV\f'ation interaction level. They were deve|oped origina”y for
percent at high energyE(>10 eV), but can reach 25% in the the typical applications of quantum chemistry but turn out to
low-energy region. be applicable for the present purposes, as well. The numeri-

(iv) Truncation of the electronic basis. It appears unlikelycal treatment of the dynamidge., the heavy particle mo-
that a treatment with four electronic basis states should bgon) follows a full quantum approach based on the expan-
sufficient at high collision energy. The good qualitative sion of the wave function in terms of a finite number of
agreement between experiment and theory seems to indicat@olecular adiabatic states. We achieve a reasonable agree-
however, that at least the basic mechanisms of the procesdent between experiment and theory. The variation of the
are correctly described. The remaining task is to increase theXxperimental cross section over three orders of magnitude is
number of basis states and, in particular, to include convery well reproduced by the numerical results. The deviation
tinuum states into the coupled-channels approach. Experff Up to a factor of 2, which occurs at high energies, is
mental data for the ionization procegsl+Na—H-+Nat  Probably due to the limitation to a too small electronic basis.

+e) would be helpful to discuss this question further. At low 1€ low-energy results, which are the main goal of the
energy, on the other hand, the limitation to a small basi resent activities, are expected to be less affected by trunca-

should be adequate. This is supported by numerical eviio" For the Iowe;t gnergies, the nu.m.erical cal'cglations en-
a PP y ounter another difficulty, the insufficient precision of the

dence: calculations with an even smaller basis at low energ . . .
uantum chemical data. For a reliable computation of the

do not give significantly different results. :
9 9 y very small cross sections of the present process near the

(v) Neglect of electron translation effects. Electron trans . . .
lation can be treated by using a large enough basis, as sho reshold, improved numerical procedures for the calculation
' of the single derivative coupling matrix elements are highly

recently[10]. For the present system, the corrections are ex-, .
pected to be in the percent region only. It should be noted‘,jes'rable'
however, that this approach faces difficulties again when
electronic continuum states are to be included. In particular,

in order to describe the translation of the active electron with  Support by the Volkswagenstiftung is gratefully acknowl-
the H atom(which takes part during a part of the processesedged. Thanks are due to S. Peyerimhoff for providing the

under consideration it might be necessary to include™H quantum chemical programs and to B. Hess for his help in
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