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25-State Calculation fore™-Na, Scattering
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We use the Schwinger multichannel method with pseudopotentials to study low esefiyg
scattering. Our cross sections, for impact energies from 0 to 10 eV, include polarization effects and up
to 25 open channels related to all electronic states lying below 3.5 eV. Our results predict prominent
threshold effects due to a very intense coupling betweerBtiig, state and the elastic channel in an
energy region where there is no experimental data. Our total 25-state cross sections are in very good
agreement with available experimental data for energies below about 4 eV. [S0031-9007(98)07561-9]

PACS numbers: 34.80.Gs

Calculations ok~ -molecule collision cross sections are of Ae,, = 0.43 eV [7]. Thus, the cross sections for, H
useful in supplementing experimental data. If the cal{8] are a poor guide to understandingNaThe dimer is
culations are from first principles (usually those whichexpected to yield much larger cross sections, to be highly
keep the many-body character of the problem), the repolarizable and very easily excitable due to its many low
sults are especially reliable and can be used as a guidmergy excited states.
for future experiments. Among the first-principle meth- In the SMC [1], the scattering amplitude is obtained in
ods, the Schwinger multichannel method (SMC) [1] hashe molecular body frame for a transition of an electron
received special attention [2]. Its combination with norm-with wave vectorfgi and the target in the statd;) to a
conserving pseudopotentials (SMCPP) [3] was shown t@hannel where the electron has wave vedtprand the

be useful for molecules made up of heavy atoms [4]. Inarget is left at|®). The scattering amplitude is given
this Letter we show cross sections for electron-Neat-  py

tering obtained with the SMCPP for electron impact ener-

gies up to 10 eV. The present study represents the mos o= 1

advanced application of our procedures since, in this case, "™ 2w

the pseudopotential replaces the majority of the electron

(20 out of 22) and we include the description of many- ) >

body features such as electronic excitations and polarizdroduct of a plane wave with wave vectortimes |d;),

tion effects simultaneously. Besides, our results show aH'e initial target state (Slater determinant of molecular

uncommon strong coupling (to be confirmed experimen®rbitals). |S; ) has an analogous definitiorl is the in-

tally) between the firsB'TI, state and the ground state teraction betvve_en the incident electron with the pseudopo-

X'S,, and our total cross section is in very good agree1entlals_and ywth the valence eIectrong. Exchange and

ment with experimental data at low energies. correlathn with the core e]ectrons, which are important
The dimer has two valence electrons, being in thidor the dimer [9], are bgllt into the pseudopotential [10].

respect analogous to,H Thus, from the point of view The stategy,) form an ideally complete set of( + 1)-

of pseudopotentials, that is, after eliminating the Coreelectron trial functions. N is the number of electr_ons

electrons, the two molecules are similar. However, unlikd" the target (two for Natreated by pseudopotentials).

H,, the dimer is a big molecule with a much larger crossA'”  is the inverse of the matrix'*) defined as

section. It also has a very rich spectrum of low-lying

DSt IV Ixm) A el VIS ) - (1)

Rere IS; ) is the input channel state represented by the

_l’_
excited states and can be considered a low electronic Ay = <Xmlw - VPG((>+)PV + N1
density system for which correlation is important. (The
kinetic energy increases as’?, exchange as*/, and « [ﬁl N+ (HP + Pﬁ):||X ) @)
correlation asn, wheren is the electronic density. If 2 "

n is small, the correlation energy is relatively more ,

important.) To reduce the comparison to numbers, thevhereG((;r) = zﬁ—m(E — Hy + ie)”!, Hy is the Hamilton-
internuclear separations ad&8 X 10~® cm for Na and  ian for the N electrons of the target plus the kinetic en-
0.74 X 1078 cm for H,. Typical total electron scattering ergy of the incident electron, anfd is the total energy of
cross sections (elastic plus inelastic), in the 1.0 to 10 e\the system target electron. P is a N-electron projector
energy range, are of the order !4 cn? for Na, and  onto the open channels. It commutes wily. Finally
1071 cm? for H,. The first excitation threshold for Na H = E — H, H being the total Hamiltonian foN + 1

is 0.73 eV [5], whereas for Hit is 10.62 eV [6]. Besides, electrons. Because of computational limitations, the num-
the sodium molecule has an experimental electron affinityper of functions|y,), as well as the sum over the open
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channels inP, are truncated. Thus, the quality of the re- Fock solution for the ground state. For the excited states
sults obtained in a SMC calculation depends on the choicere used “improved virtual orbitals” (IVO) [12]. This set
of the terms retained in Egs. (1) and (2). of orbitals is used to construct the project®rover the
Our calculations are carried out in the fixed-nucleiopen channel subspace and the configuration vetqbs
approximation. For all electronic transitions, the Frank-The SMC is a£? method and allows a full expansion
Condon factors are made equal to 1 and for eaclof the scattering function in square integrable functions
electronic transition the vibrational states are considerefll]. In our approximation, the ionization potential is
as open. The final cross section is averaged over a#.7 eV (the experimental value is 4.9 eV [13]). As all
molecular orientations. Therefore, in this application,25 open states we study lie below 3.5 eV, the present
vibrational and rotational channels are not resolvedcalculation will test the influence of the continuum states
We use a basis of 68 Cartesian-Gaussian functiongf the target on the cross sections for this energy region.
(7s5p2d centered on each Na atom) designed for ourTo our knowledge, this calculation describes one of
pseudopotential calculations [11]. The Gaussian functiothe largest multichannel coupling for electron scattering
exponents were chosen so that the eigenvalues of tH& molecules in the literature (see, for example, results
one-electron stateds, 4s, 5s, 3p, 4p, and3d of the Na  obtained by Branchett and Tennyson [14] fos, Hising
atom coincided with those obtained numerically with afull correlated target states, by Winstead and McKoy [15]
precision better than 0.001 hartree. The exponents dpr CO and by McCurdyet al. [16] for CH,, using in both
the s functions are 0.8961317077, 0.337 792240 2cases Hartree-Fock targets with IVO’s as in the present
0.1465444943,  0.0513034602,  0.0114152130¢alculation).
0.0033038211, 0.0007817896; of the functions We assume that the incident electron has spin up
are 0.9282894758, 0.1035594052, 0.0356032504,- Thus letting bt and b be creation and annlhllatlon
0.0123443160, 0.0059158130; and of thdéunctions Operators of one electrot)) the vacuum, andkblgg ) =
are 0.0658387824, 0.0170924338. These functions alia(, wa 110) the Slater determinant for the ground state
combined into molecular orbitals with which the Slater(log is the only occupied one-particle state in the valence
determinants describing the molecular target are madef N&), we consider the first eight triplet excited states of
The one-particle wave functions are those of the HartreeNa, and their corresponding singlet states. The possible
| final states of the target can then be written as

[of?)
D00y = blibl, 110y = —b b1, D)
[@F) = 11000y = Lphbl, |+ blbl, )10 = Sblbie - lblagl>|<1>1°°)
[DO0) = 45 (blblyy = bhbl,)10) = T (b1 + bhibio,) 1910).
\for n=10,20,20430,, Loy, 27, 17Tgi, 16,,

where the superscripf = 1 or O indicates a triplet or
singlet state, respectively, ardd, = 0 or 1 refers to the
spinz component of this state.

The operatorP is a sum over the final staté®
(open channels). The number of termerdepends on

(SM)>

wheren is a composite index representing the target state
and the one-particle scattering functions The v are all
the solutions of the Hartree-Fock equations [12], except
the one for the occupied orbital in the ground state.

As a preliminary test for our scattering calculations, we

the impact energy and increases as this energy reachgalculated the electron affinity of the Nenolecule in two
each excitation threshold of Table I. Agenera| express|oﬁ|ﬁerent situations: the first one was CalCUlated consid-

for P is
open

P= Y 1B @EM] + |00y (@l
wo(S.My)

(4)

The configuration vector$y,) are the possible final
states to which is added tli& + 1)th electron,

1, (0.0)
bVT|®10'g >

.l..
bvfl®ﬂ’0)>
bvflq)ﬁi)’0)> B

Lxn) = (5)

ering only the vectors of the typeyrkbi,, ) in the cal-
culation of the lowest eigenvalue of thy (+ 1)-particle
Hamiltonian H. This configuration space is characteris-
tic of a static-exchange scattering calculation and the re-
sulting electron affinity isd;. = 0.04 eV. The electron
affinity calculated with the complete configuration space
[Eq. (5)], used to describe the polarization of the molecu-
lar target, isA,, = 0.46 eV, which is very close to the
experimental value. The difference betwegp andA,,,
indicates that polarization effects are very important in the
study of electron scattering by ha

We first studied the total cross sections (elastic plus
inelastic) including only theB'Il, excited state. At the
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TABLE |. Calculated excitation thresholds for Na 10°
State Energy (eV)
133, 0.441
1311, 1.099 —
1’3, 1.746 £
1's, 2.477 2
1’11, 2.840 g
233, 2.981 @
B'II, 3.064 8
2’3, 3.272 ©
2's, 3.273
', 3.326
2311, 3.333
1°A, 3.367 9 ; i 5 s 10
2'3, 3.437 Energy (eV)
3112g 3.459 FIG. 1. Total (elastic plus inelastic) cross sections. Solid line:
2’1, 3.516 total cross section in th&'S, + B'II, calculation; dashed
llAg 3.587 line: elastic cross section in the' 3, + B'II, calculation; dot-

dashed line: total cross section in ki€, + 2°3, calculation;
short-dashed line: total cross section in théX, + 233,

. . calculation; dotted line: static-exchange calculation. Triangles:
impact energy of O eV the projectaP has only one Experimental total cross section [18].

term defined by the ground state of the molecule (elastic

calculation). As the impact energy reaches #HHI,

excitation threshold (see Table 1), this channel is openedodium atom [17] (this may be understood through the
and P is increased by two terms, since it is a twofold calculation of the molecular orbitalso, and 17, by
degenerate state. In Fig. 1, the solid and the long-dashetbting that the3s and3p atomic orbitals represent their
lines show the 3-state calculations for total and elastidargest components). Next, in Fig. 2 we show our results
cross sections, respectively, including the ground stateonsidering up to 25 open channels. All these states
and theB'Il, excited state. The dotted line shows theare included in the configuration space [Eq. (5)], which
static-exchange results. For energies below the excitatiois composed of 2257 functions with overall symmetries
threshold these results show that tBEII, state is very running from ZEg,,, up to 2®;u. For impact energies
important in the description of polarization effects, sinceabove 3.587 eV, all the 25 studied channels are open,
its presence as a closed channel increases the valuessaf that, for higher energies, the molecular distortion
the cross sections by more than 30% compared to this made through multichannel coupling. We compare
static-exchange result. Figure 1 also shows 2-state tot#these results to our static-exchange calculation and to
cross sections fofx'3, + 2°3,) and (X', + 2°%,)  experimental total cross sections [18]. The inclusion of
calculations. The2’3, and 2’3, are the first excited the other excited states of the molecule corrects the 3-state
states of Na below and above th&'Il,, respectively. (XIEg + B'II,) total cross section and the final result is
The two curves are smooth (except for small variationsrery close to the experimental data for low energies (the
around the thresholds) and close to the static-exchangmntinuum states of the target seem to be of no importance
results, which indicates that these states give a smaih this energy region). The vertical line at 3.521 eV
contribution to polarization effects. Another interestingindicates that, up to this energy, all possible excited states
feature of theB!'II, 3-state total cross sections is a (23 states—see Table ) are included as open channels
structure that appears at the excitation threshold. W¢3.521 eV is the excitation threshold for tBéx, state,

see in Fig. 1 that the origin of this discontinuity is not included in this calculation). For impact energies
related to a strong coupling between tBII, and above about 4 eV the experimental data take larger values
the elastic channels. This coupling is so strong thathan ours. This indicates that there are excited states of
the elastic cross section jumps from®9 X 107'® to  the molecule which are important in this energy region
229 X 107 cn? at the threshold. Unfortunately, there and are not included in our calculation. Besides, the
is a lack of experimental points in this energy region.continuum states of the target play an important role for
Calculations with a different basis set including 80 basigmpact energies above the ionization threshold [19] and
functions reproduce all these features of the 3-statare not considered here. The strong coupling between
(X', + B'II,) total cross sections. This behavior of the B'II, and the elastic channel is not affected by the
the B'II, 3-state cross sections of the Nanolecule inclusion of the other excited states of the molecule and is
seems to be a consequence of the exceptionally strorgill present on the total cross section, as a fingerprint of
transition probability of the3s — 3p excitation of the the Na B'II, excited state.
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