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INELASTIC AND REACTIVE COLLISIONS WITH·POLARIZED EXCITED NA ATOMS 

H. SCHMIDT, I.V. HERTEL 

Institut fUr MolekUlphysik, Freie Universitat Berlin 
Arnimallee 1~, D-1000 Berlin 33, Germany 

and Y.T. LEE 

Materials and Molecular Research Division, lawrence Berkeley 
laboratory, and Department of Chemistry, University of Califor
nia, Berkeley, Cal. 94720, USA 

Abstract 

Polarization effects in inelastic collisions of laser state-pre
pared Na(3 2 P, MJ) with Na+ leading to Na(3 2 D} or Na(3 2 S) are 
discussed for the energy range Ec = 5-47.5eV. Studies with line
arly polarized light can be expTained with a simple "locking" 
model of the Na(3p)-orbital. The investigations employing circu
larly polarized light are a very sensitive test of the models 
describing the nonadiabatic angular momentum coupling between 
electronic and nuclear motion. The dynamical effects of the elec
tronic spin on the angular momentum transfer are discussed. Re
cent crossed-beam experiments on the Na + o2 -> NaO + 0 reaction 
in the energy range Ecm = 0.3-0.SeV show a pronounced dependence 
on the electronic symmetry of Na. 

1. Introduction 

P o 1 a r i z i ng t h e e 1 e c t r o n i c a 1 m o t i o n o f a s o d i u m a t om p r i o r t o 
collision with another heavy particle serves as a powerful probe 
to test the fine details of the collisional event. A simple sys
tem 1 ike Na + Na+ can be studied in a crossed beam experiment 
with state preparation before and state analysis after the scat
tering process. This permitts to determine absolute value and 
phase of the scattering amplitudes (1). For the quasi-one-elec
tron system Na accurate potential curves even. for high excited 
states may be calculated (2). Semiclassical theory is well suited 
to treat the dynamics of the problem and to study the effect of 
approximations, e.g. a straight line trajectory for the nuclear 
motion. In the first part of this article we will discuss inela
stic collisions excluding the influence of the electronic spin. 
The laser optical pumping of sodium allows in principle to ana
lyse the effect of higher multipoles on the electronic motion 
e.g. the octopolemoment (3). This makes it superior to the parti
cle-photon coincidence technique wh~re from the complete polari
zation analysis of the emitted light the highest measurable quan
tity is the quadrupolemoment. The comparison between experifilent 
and theory including dynamics of the electron spin will reveal 
the quality of the semiclassical semiclassical methods employed. 
In the last part of this work the reaction dynamics of Na in the 
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32 5, 32 P, 42 5, 42 P, 42 0 ·and 52 5 state reacting with 02 to NaO + 0 
are discussed. The large excitation energies associated with the 
higher states of Na are well above the threshold of the reaction. 
The dominant aspect of electronic excitation however is the dras
tically different chemical behaviour owing to the change of elec
tronic orbital symmetry of the atom. 
This article will not deal with scattering experimen~s studying 
fine-structure transitions (4). 

2. Na*(3 2 P) + Na+ scatteri.ng experiments 

2.1 Experimental geometry 

The crossed beam apparatus has been described in detail before 
(1). Briefly, an energy selected Na+ beam E(FWHM) = 150meV was 

X col 

1 plane 

FIGURE 1 
Preparation of the atomic 
p-orbital with linearly 
polarized light, showing 
excitation by a laser beam 
perpendicular to the calli 
sian plane. The polarization 
angle 8E is measured with 
respect to the Zeal axis. 

2.2.1 Potential energy cur~es 

crossed at goo to a sodium. atom 
·beam. The sodium atoms in. the 

interaction region were optic~lly 
pumped on the Na(3 2 S, F=2 ->3 2 P, 
F=3) hyperfine transition. In 
fig.1 the experimental ·geometry 
for the situation employing line
arly polarized light travelling 
perpendicularly to the scattering 
plane is displayed. Fig. 1.shows 
that at large internuclear dis
tances one prepares a lp7t > or a 
Ips-> state for 8£ = goo or oo 
respectively. · 

Owing to the fine-and hyperfine 
structure of sodium not a pure 3p 
orbital is prepared but an inco
herent mixture of the orthogonal 
\3p 'Tt +>, \3p 1! -> · and l3p e- > 
states. The relative population 
of these states is determined 
for each polarization measurement 
from the detected flourescence 
intensity of the Na(3P} as a 

function of 8£ (5). For all stud
ies with circularly polarized 
light the laser is ~iretted per
pendicularly to th~ scatte~ing 
plane. 

0 n 1 y p r e s e n tl y p o t e n t i a 1 c u r v es f o r . t h e N a i o n h a v e b. e e n c a 1 -
culated which cover the energy range probed in the present ex
periment (2a},{2b}. The computations included 12'i:, 101T and 6A 
states, thus covering all asymptotic energies up to Na + Na{5 2 S). 
The relevant states of the quasimolecule formed transiently in 
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the collision are depicted in fig.2 (from ref.(2a}}. 
They relate to the processes of collisional excitation 
Na*(3 2 P} + Na+ - Na*(3 2 D} + Na+ (B) 

and deexcitation 
Na*(3 2 P} + Na+ - Na(3 2 S} + Na+ (C) 

The potentials at large internuclear distances, where the dynam
ics of angular momentum recoupling occur are shown in fig.3. 

Nat 

U) ..... 

N 30 ..... . ...... 

. R [a.u.l 3S 
lSI 

Ql 10 2121 3121 4121 

FIGURE 2 
On scale plot of the four 
potential curves contribut
ing to the processes (B) 
and (C). The positions of 
the relevant curve crossings 
are marked . 

2.3 Linear polarization studies 
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FIGURE 3 
Long range dependence of the 
potentials where Na 2+ is dis
sociating to Na+ + Na(3P). The 
dotted curves give the long 
range potentials owing to qua
drupole moment and polarizabi
lity of the 3p electron. 

From the calculated potential curves (fig.2) one can see that the 
inelastic process (B) is proceeding via the 2 2 ~ u - 22 1Tu curve 
crossing (B) at Rc = 5.6a.u. The polarization measurements dis
played in fig.4 show indeed that the maximum scattering signal is 
observed close to 9E = 180° where a Jp!S"'> state is prepared as-
Y m p to t i c a 1 1 y . H e r e a n d i n t h e r e s t o f t h e a r t i c 1 e tS- a n d 7t" \v i 1 1 

denote the preparation of molecular states at large internuclear 
distances (Hund's coupling case (e) (7)), whereas L and iT de
note the states of the molecule at small distances (Hund's cou
j)ling case (a), (b)). The angular position t of the maximum 
cross section for process (B) is clearly different from 180°. 
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This behaviour can be understood in terms of the "lockinq" model 
which is illustrated in fig.S. For convenience the Na-=F ion is 
shown at rest while the Na(3P) is moving. 

Na++Na"IJPI- Na++Na•(JDI 

_ ----~cm=35eV Ban= 7.5° _ 
0 ~ 90 30 60 120 150 180 

Polarization Angle Be I deg 

FIGURE 4 
Polarization dependence of 
the scattering intensity as 
a function of the angle eE. 
In the upper half the laser 
beam is propagating perpen
dicular to the collision 
plane and in the lower half 
is in the collision plane. 

I 
I. 

: molecular picture atomic picture 
- body fixed --+'+-space fixed 

FIGURE 5 
Schematic illustration of an 
effectively repulsive tra
jectory and its influence on 
the alignment angle t of the 
p-charge cloud for maximum 
molecular state preparation 
at RL(3P - 3D excitation 
process). · 

Since the polarization angle DE is measured with respect to the 
relative velocity the situation shown in fig.S reproduces the 
experimental geometry. The calculations of Allan and Korsch (8) 
indicate that the inelastic transition of process (B) occur only 

over a small range of impact parameters. Thus it is well justi
fied to display one specific impact parameter. Fig.S shows that 
at large internuclear distances the p-orbital aligned under the 
angle It stays space fixed. In the angular momentum coupling 
scheme this situation correspondends to Hund 1 S coupling case (e). 
At internuclear distances close to RL the electric field between 
the ion and the p-orbital is strong enough to gradually lo~k the 

orbital to the internuclear axis (Hund 1 S coupling case (a), (b}). 

Fig.6 shows that the measurement of the energy dependence of the 
a n g l e t. i s i n v e r y g o o d a g r e e me n t w i t h s em i c l a s s i c a l c a· l c u l a -
tions (9), (10). In these computations the time dependent Schro
dinger equation for the electronic motion under the influence of 
a nuclear traj~ctory R(t) dependent electronic potential V(R(t)) 
has been solved. These calculations (L-reference frame) did not 
include the couplings owing to the electron spin . The computa
tions show that the transition from the space fixed to the body 
fixed behaviour is occuring in a "merging" region, where E -rr 

transitions proceed. Thus one finds only a dominant population of 
the L -state rather than a pure one. The angle a depends on the 

absolute value and the phase of the ~ and 1T amplitudes (10) 
which may be visualized from the corresponding situation of the 
Lissajou figures. 

u 
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In fig.7 the "merging" process is displayed by a plot of the 
alignment angle? as a function of the internuclear distance. 1 
is here the angle with respect to the internuclear axis. At small 
distances R ·~ is e~ual ~ 18~0 , gradually decreases for larger R 
and behaves geometr1cal T = ~ 0 + arcsin b/RL at very-large R. 

I 

>- 180° -Cll .... t t t t t 1:71 

t c 
< 
.... 

150° c 
Cll 
E 
C· 
1:71 

.... No• + Ncf(3Pl-Na• + Ncf(30) < 
120° l'=260eVdeg 

. . 
20 25 30 35 40 45 

·b c.m.Energy I eV 

FIGURE 6 
Alignment angle as a 
function of energy for con
stant reduced scattering 
angle ; excitation pro-
cess 3P - 3D. Dots give 
experimental points, the 

r 

full line represent the semi
classical calculations. 

~;· 

180 

170 

2.4 Circular polarization studies 

10 30 50 70 
R/a.u. 

FIGURE 7 
Alignment angle relative 
to the direction of the 
internuclear axis as a 
function of internuclear 
distance for Na(3P) - (3D) 
collisional excitation. 

The transitions in the merging region lead to a change of the 
inherent angular momentum of the electronic charge cloud by non
adiabatic coupling to the nuclear motion. This can be measured by 
orienting the Na-target with RHC (right hand circularly) or LHC 
(left hand circulary) polariz.ed laser light. The asymmetry pa
rameter 

S = ( I R H C - I LH c) I ( I R H C + I L H c) 
is closely related to the nonadiabatic angular momentum transfer 
between electronic and nuclear motion (11). In the polarization 
analysis of light the quantity S is dominated "Stokes Parameter 
P3". In photon-particle coincidence measurements the highest 
extractable tensor quantity. characterizing the angular momentum 
of the electron charge distribution is the quadrupole moment. 

·Since in the laser optical pumping process of the Na{3 2 P)' state 
many photons are absorbed, higher multipolmoments e.g. the octo
pole (3) are prepared and may be studied in the scattering ex
periment. One can investigate the spin effects c~n~ected with the 
higher moment in measurements with circularly polarized light. 
Fig.8 and Fig.9 show a comparison between the measured asymmetry 
S for collisiondl excitation and deexcitation of Na and calcula
tions in the L-and J-reference frame. 
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FIGURE 8 
Circular asymmetry S as a 
function of laboratory 
energy. Full line J-frame, 
broken. line L-frame. 
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FIGURE 9 

20 40 60 80 100 
EL [eV] 

Same as fig.8 but P -> S 
collisional deexcitation. 

the agreement with the calculations in the J-frame where dynami
cal spin couplings are included is excellent, though the oscil
lations present in fig.8 yet have not been resolved in the ex
periment. The oscillations are equally spaced as function of 
1/vrel where Vrel is the relative velocity of the colliding par
ticles. A companson of the characteristic times in this system 
reveals that the oscillations are related to the orbit preces
sion period calculated from the average V~ - Vrr splitting in the 
region R = 23-60a.u .. 

3. Symmetry effects in the Na* + o2 reaction 

The large energies associated with electronic excited atoms are 
often high above the energetic threshold of endothermic reac
tions. Experiments show however that the most important aspect of 
electronic excitation is the dramatic different reactivity owing 
to the change in the spin state or the orbital symmetry of the 
excited atom. This has been shown in the reaction of ground state 
0( 3 P) and excited 0( 1 0) with H2 or saturated hydrocarbons (12). 
Orbital alignment effects have been investigated in the chemi
luminescent reaction of Ca( 1 P) with small halogenic molecules 
(13). The present study focusses on the reaction of Na(3 2 P,4 2 S, 
42 P,4 2 0,5 2 S) with molecular oxygen in the collision energy range 
Ecm = 0.3-0.BeV. This reaction is endothermic by 2.4eV for ground 
state sodium and zero relative energy of the reactants. 

3.1 Experimental setup 

Details of the crossed beam experiment are described elsewhere 
(14). Briefly, seeded or neat supersonic beams of Na or 02 are 
crossed under single collision conditions at right angles in a 
scattering chamber. Scattered product is detected by a rotatable 
mass spectrometer. The experimental technique to maintain a large 
stationary population in the Na(3 2 P), Na(5 2 S) and Na(4 2 D) states 

\I 

~I 



' v' 

-7-

1.0 

-1/) ...., .... 
c 
:::1 

f 0.5 40 
~ 5S 
..... 
m 
c Na Dz Cl .... 
tn. 

o.o~L-~-m~~~~--~~~~ 

0 30 60 90 
Lab Scattering Angle (degrees) 

FIGURE 10 

by excitation with two c.w. dye 
lasers has been demonstrated 
before ( 15}. One 1 aser is tuned 
to the sodium D2 line, while 
the other is tunea to the tran
sition from the Na(3 2 P} level 
to the upper level. It is im
portant to remember that prepa
ration of the Na(5 2 S} or 
Na(4 2 D} state results also in 
considerable population of the 
Na(4 2 S}, Na(4 2 P}, Na(3 2 P} and 
Na(3 2 S} states. 

Laboratory angular distribution of NaO at Ecm = n.78eV. 

3,2 Results and Discussion 

The laboratory angular distributions of NaO were measured for 
three co 1 1 i s i on en erg i e s E c 1n = 0 . 3 , 0 . 7 , 0 . 7 8 e V and for N a i n the 
(5 2 S,4 2 P,4 2 S,3 2 P,3 2 S} or (4 2 0,4 2 P,4 2 S,3 2 P,3 2 S} states (16}. 
Fig.10 shows the result for Ecm = 0.78eV with the mass spectrome
ter tuned to q/m = 23 because most of the NaO fragments to Na+ in 
the detector ionizer. 
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c 2 w 
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Na++o; (.J,) 

3p---

0 3s ································-

_J Na ltl +02 (X
3r;r 

FIGURE 11 

Diabatic 
correlation 
diagram for 
Na + o2 in 
c v 
symmetry 

There are four remarkable features in the experimental study of 
this reaction: 
(i) Since no reaction is observed for optical pumping of ~he 

Na(5 2 S) state at either collision energy the Na 2 (4 D) 
state only leads to reaction. 

(ii) The measurements with Na(4 2 0) at three different energies 
show that the reaction has an energy barrier of at least 
0.3eV and less than 0.7eV. 
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(iii} The NaO is predominantly scattered backwards with respect 
to the incoming sodium atom in the c.m. reference frame. 

(iv} Kinematical considerations show that the limited angular 
range of the NaO product makes the _production 
of NaO(A 2 +) + O('D} most likely. · 

The backward scattering suggests a collinear approach geometry of 
the reactants. The reaction only for Na(4 2 D} implies that a Nao2 A-transition state in C~v symmetry leads to NaO + 0, since th1s 
state is only accessible to the Na*{n 2 D} state and not to the 
states Na{n 2 S} or Na(n 2 P} . Fig.ll displays a diabatic correla
tion diagram for Na + 02 in C 00 v symmetry. On 1 y the energy of 
the two lowest Na02 states is known from calculations (17}, the 
other energy positions of Na02 are qualitative guesses. 

Acknowledgements 

H.S. and I.V.H. acknowledge financial support by the Sonderfor
schungsbereich 161 of the Deutsche Forschungsgemeinschaft. Y.T.L 

. acknowledges financial support by the U.S Department of Energy 
under contract No. DE-AC-03-76SF00098. 

References 

1 } 

2} 

3} 

4} 

5} 
6 } 

7 } 
8} 
9) 

10} 

11 ) 

12} 

13) 
14) 

15) 

16) 

1 7 } 

H. Schmidt, A. Bahring, E. Meyer and B. Miller, Phys. Rev. 
Lett. 48, 1008 {1982) 
A. Bahring, I.V. Hertel, E. Meyer and H. Schmidt, Z. Phys. A 
312, 293 (1983} 
a} A. Bahring, I.V. Hertel, E. Meyer, W. Meyer, N. Spies and 
H. Schmidt, J. Phys. B 17, 2859 (1984) 
b) A. Henriet and F. Masnou-Seeuws, Chern. Phys. Lett. 101, 
535 (1983} 
I.V. Hertel and W. Stoll, Adv. At. Mol. Phys. 13, 113 
(1978} 
J.M. Mestdagh, J. Berlande, P. de Pujo, J. Cuvellier and 
A. Binet, Z. Phys. A 304, 3 (1982) 
A. Fischer, I.V. Hertel, Z. Phys. A 304, 103 (1982) 
H. Schmidt, A. Bahring and R Witte, Z. Phys. D, Atoms, 
Molecules, Clusters, submitted 
H. Herzberg, Spectra of Diatomic Molecules, van Nostrand 
R.J. Allan and H.J. Korsch, Z. Phys. A 320, 191 (1985) 
A. Bahring, E. Meyer, I.V. Hertel and H. Schmidt, Z. Phys. A 
320, 141 (1985} 
I.V. Hertel, H. Schmidt, A. Bahring and E. Meyer, Rep. 
Prog. Phys. 48, 375 (1985) 
H.W. Hermann and I.V. Hertel, Comm. At. Mol. Phys. XII, 61 
and 127 (1982) . . 
R.J. Buss, P. Casavecchia, T. Hirooka, S.J. Sibener and 
Y.T. Lee, Chern. Phys. Lett. 82, 386 (1981) 
C. Rettner and D. Zare, J. Chern. Phys. 77, 2416 (1982) 
M.F. Vernon, H. Schmidt, P.S. Weiss, M.H. Covinsky and 
Y.T. Lee, J. Chern. Phys. (1985) to be submitted 
G. Jamieson, W. Reiland, C.P. Schulz, H.U. Tittes and 
I.V. Hertel, J. Chern. Phys. 81, 5805 (1984) 
H. Schmidt, P.S. Weiss, J.M. Mestdagh, M.H. Covinsky and 
Y.T. Lee, Chern. Phys. Lett. (1985) 
M.H. Alexander, J. Chern. Phys. 69, 3502 (1978) 



l 

This report was done with support from the 
Department of Energy. Any conclusions or opinions 
expressed in this report represent solely those of the 
author(s) and not necessarily those of The Regents of 
the University of California, the Lawrence Berkeley 
Laboratory or the Department of Energy. 

Reference to a company or product name does 
not imply approval or recommendation of the 
product by the University of California or the U.S. 
Department of Energy to the exclusion of others that 
may be suitable. 



d.--.-. 

LAWRENCE BERKELEY LAB ORA TORY 
TECHNICAL INFORMATION DEPARTMENT 

UNIVERSITY OF CALIFORNIA 
BERKELEY, CALIFORNIA 94720 

~_...., 




