
07

PHYSICAL REVIEW A OCTOBER 1997VOLUME 56, NUMBER 4
Quenching of Na„4p… by He and H2: A molecular-state treatment

Bidhan C. Saha
Department of Physics, FAMU/Army High Performance Computing Center, Florida A&M University, Tallahassee, Florida 323

~Received 27 May 1997!

The collisional quenching of excited Na(4p) by He and H2 has been studied using the semiclassical,
impact-parameter, close-coupling method based on a molecular expansion augmented by the plane-wave trans-
lation factor. Interactions between the colliding partners are approximated using suitable pseudopotentials. At
low velocities 0.0005<v<0.001 a.u., interference oscillations which depend on the spatial alignment of the
electron charge distribution before the collision are present in the cross sections for H2 quenching perturber.
The cross sections due to H2 are larger than those of He atoms throughout the energy region. AtT5470 K the
present quenching rate coefficients show good agreement with the experimental data of Kleiberet al. @J. Chem.
Phys.98, 1101~1993!#. @S1050-2947~97!10110-X#

PACS number~s!: 34.60.1z, 34.50.Pi
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Rydberg atoms along with their peculiar properties in
presence of external fields and in collisions with atoms, io
molecules, and surfaces have attracted considerable a
tion, not only for their intrinsic interest but also for the
importance to numerous applications@1#. Atomic collision
phenomena in which the internal electronic state of one
the colliding partners changes are in general sufficien
complex that only a few examples lend themselves to qu
tative interpretation. Recent advances in experimental te
niques have made it possible to prepare atoms in an alig
excited state@2# before the collision. The dependence of t
collision dynamics on the shape and spatial alignment o
excited Rydberg atom is currently a subject of intens
study@3#. Among atomic Rydberg targets, alkali-metal atom
have enjoyed much favor owing to their simple structu
The recent review of Beigman and Lebedev@4# summarizes
the current status of theoretical work on various collisio
processes involving high-lying Rydberg atoms. For such c
lisions, various versions of perturbation theory, the qua
free-electron model of Fermi, the impulse approximatio
and classical methods have been used with success. H
ever, for low-lying Rydberg states the influence of the co
makes calculations more challenging and practically all th
simple theories are inapplicable. Saha and Lane@5# have
investigated state-changing cross sections for collisions
low-Rydberg Na atoms with He atoms and have shown
both differential and integral cross sections are very sens
to the shape and the alignment of the initial state of
Rydberg target.

Only a few investigations have been reported of collisio
of Rydberg atoms in low-lying states with molecules. Mo
ecules have rotational and vibrational degrees of freed
that create computational difficulties. In the study of cha
exchange between He21 and H2, Saha, Lane, and Kimura@6#
treated the H2 molecule as though it was anatom with a
ionization potentialI p515.4 eV. Following Saha, Lane, an
Kimura, in the present calculation we use a Hellman-ty
pseudopotential to represent the H2

1 core. In order to include
the effect of electron correlation empirically, we also pe
form a few calculations in which we vary the ionization p
tential I p ; each value of which corresponds to a vertic
transition of H2 to H2

1 at different internuclear separation
561050-2947/97/56~4!/2909~4!/$10.00
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We observe that the averaging procedure does soften
oscillation but the structure remains visible in the cross s
tions. In a recent experiment, Kleiber, Wong, and Bililign@7#
measured the quenching rate coefficient out of Na(4p) by
He and H2 perturbers. At thermal velocity, they observed th
quenching cross sections for H2 are substantially larger tha
those for He. At such low velocities, vibrational channels a
unlikely to play a role in charge exchange because they
energetically inaccessible. On the basis of ourab initio mo-
lecular potential we report in this paper a full analysis of t
experimental findings of Kleiber, Wong, and Bililign@7#.

We have made a systematic investigation of the follow
collision processes:

Na~4p,b!1He→Na~3,l8,m8,b8!1He ~1!

and

Na~4p,b!1H2~v50; j 50!→Na~3,l8,m8,b8!

1H2~v850,j 850!, ~2!

where the orbital quantum numbersl 852, 1, 0, and the mag-
netic quantum numbersm8 can have any values betwee
2 l 8 to l 8. Since the collision is fast compared to the vibr
tional and rotational motion of the bound H2 molecule, we
freezethe nuclei at a fixed position throughout the scatter
event, neglecting their rotational and vibrational motion. T
alignment angleb describes the direction of the principa
axis of the Rydberg electron’s charge distribution, measu
with respect to the initial relative collision velocityvrel . We
choose thez axis to coincide with the initial velocity vecto
of the relative motion. We use the semiclassical impa
parameter close-coupled method@8#, expanding the total
wave function in a set of molecular orbitals~MO! that rep-
resent the electronic states. Following Saha and Lane we
plane wave electron translation factor~ETF!. Its omission
from the MO expansion introduces spurious long-range c
pling @8#. Using the standard LCAO-MO variational proce
dure @9#, we evaluate the molecular orbitals and the cor
sponding energy curves. The projectiles~He and H2! and the
2909 © 1997 The American Physical Society
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target core Na1 ion are represented by pseudopotentials@10#
that reproduce the Rydberg energy levels for Na(n,l ) very
well. The electronic energy curves for He atom are shown
Fig. 1 for the states 4pS,P , 3dS,P , 3pS,P , and 5sS , where
4p, 3d, 5s etc. refer to the Rydberg atomic state that cor
lates, in the separated-atom limit, with the molecular sta
Because the quantum defects for these Rydberg state
large ~for s and p states of Na they are 1.35 and 0.86, r
spectively!, the adiabatic molecular states are well separa

In the expansion of the system wave function, the coe
cients satisfy a set of linear first-order, coupled differen
equations, with initial conditions that specify a particular in
tial state; the asymptotic value of these coefficients rep
sents transition amplitudes for various final states. Th
equations are solved numerically for a sufficiently lar
number of impact parametersb to ensure convergence, an
cross sections are calculated by integrating the resul
square of the amplitudes overb. Values ofb,2.0a0 are not
included in order to avoid internuclear separations where
pseudo-potential representation begins to fail@8#. In the
present studies, we focus on the integral cross secti
summed over all impact parameters. Since the basis s
are molecular orbitals, the calculated probability amplitud
and cross sections describe transitions between molec
states. However, since initially the internuclear axis is pa
lel to the relative velocity vector, the cross section for
initially aligned Na(4p) to any final f states can be ex
pressed as@5#

s~4p,b→ f !5s~4pS→ f !cos2b1s~4pP→ f !sin2b,
~3!

where the cross sectionss(4pS→ f ) ands(4pP→ f ) are
calculated in the body fixed coordinate system from theS
andP components of the initial 4p wave function of the Na
atoms, respectively.

In Fig. 2, we plot the calculated quenching cross secti
out of an Na(4p) excited state colliding with He as functio
of relative collision velocity. We have tested convergence

FIG. 1. Adiabatic potential energies for 3sS , 3pS,P , 3dS,P ,
4sS , 4pS,P , and 5sS states of NaHe. In the separated atom lim
3s, 3p, 3d, 4s, 4p, and 5s refer to the Rydberg atomic states.
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calculations that retain molecular four states~4pS,P and
3dS,P! and five states~4pS,P , 3dS,P , and 5sS!; the agree-
ment between the resulting cross sections is within 1%.
only show the five-state results, which we feel have all i
portant couplings for such low energies. The contribution
the initial 4pP state is larger than that of 4pS state, because
rotational coupling between 4pP and 3dS is strong. Using
their measured rate coefficient, Kleiber, Wong, and Bililig
@7# have estimated the cross sections by a model rate e
tion. Their estimated cross section, shown in the figu
agrees reasonably well with ours.

In Fig. 3 we show adiabatic potential energy curves f
collisions with H2. Comparison of Figs. 1 and 3 reveals th
in the latter case there is a very closely avoided cross
aroundR'4.0a0 between the 4pS and the immediate neigh
boring 3dS state. The energy defectDE between the initial
4pS and final 3dS state is much larger than their He coun

FIG. 2. Total integrated cross sections (A02
) from present cal-

culation and compared to experimental data of Kleiber, Wong, a
Bililign @7#. The solid curve represents the total cross sections;
dashed curve represents the contribution due to the formation
different S states; the chain curve denotes the contribution due
the formation of differentP states.

FIG. 3. Adiabatic potential energies for 3sS , 3pS,P , 3dS,P ,
4sS , 4pS,P, and 5sS states of NaH2. In the separated atom limit
3s, 3p, 3d, 4s, 4p, and 5s refer to the Rydberg atomic states.
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56 2911QUENCHING OF Na(4p) BY He AND H2: A . . .
terpart ~see Fig. 1!. This feature enhances the Na-H2 cross
section, as we will see later. AroundR'4.0a0 , the radial
coupling matrix element has a sharp peak that plays a m
role in transferring probability among adjacent states. T
angular coupling matrix elements between 3dS and 4pP re-
main important even at large internuclear separationR
.30a0). In order to study the sensitivity of these cross s
tions to our model H2 potential we have performed calcula
tions using ionization potentialsI p ranging between 15.4 an
16.0 eV. Different values ofI p correspond to different fixed
values of the H-H separation. The integrated cross sect
averaged overI p shown in Fig. 4 agree well with the exper
mental data@7#.

To illustrate the differences between probability trans
due to collisions with He and H2, we show in Fig. 5 the

FIG. 4. Total integrated cross sections (A02
) from present cal-

culation and compared to experimental data of Kleiber, Wong,
Bililign @7#. The solid curve represents the total cross sections;
dashed curve represents the contribution due to the formatio
different S states; the chain curve denotes the contribution due
the formation of differentP states.

FIG. 5. Variation of the product of the transition probability an
the impact parameterb with b at a relative velocityv51.5
31023 a.u. The results due to He are multiplied by 20 for prop
visibility. The contribution due to the formation ofS ~He! is neg-
ligibly small.
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probability times the impact parameterb at relative velocity
v rel51.531023 a.u. as function ofb. The oscillations for H2
extend to largerb than do those for collisions with He. In th
latter case, the peaks of these oscillations are smaller b
order of magnitude. Note that we multiply our results for H
by 20 to make them visible. For the He projectile the in
dent channel~4pS or 4pP! does not have a close encount
with any adjacent state to share the probability through
the collision event~see also Fig. 1!. When the Na atom is
aligned perpendicular to the quantization axis, the interac
of both the projectiles is much longer than in other alig
ments. As a result the transition probability is large, prod
ing a large laser polarization. At 400 K, the alignment rat
('/i) for He and H2 are 31 and 26, respectively. The int
grated cross sections as a function of the alignment an
~not shown! show uniform sin2b dependence as expected f
both the He and H2 quenching gases. The calculated ra
coefficients atT5470 K are compared with experiment
data in Table I. We have calculated these quenching
coefficients by integrating over the Maxwellian velocity di
tribution corresponding toT5470 K. The agreement with
the experimental findings for H2 is much better than for He
atoms. The rate coefficient out of the 4p state for He is much
small than for H2; as was observed earlier by Kleiber, Won
and Bililign @7#.

In conclusion, using an MO treatment with the inclusio
of the plane-wave ETF we have calculated the quench
cross sections of excited Na(4p) by He and H2. In our cal-
culation we use a local spherically symmetric H2 interaction
potential. Our results are in reasonably good agreement
the measurement of Kleiber, Wong, and Bililign@7#. In con-
formity with the experiment, we found that at 400 K the ra
coefficient for H2 is much higher than for He. This mode
potential can be applied easily to collisions with other atom
where theory is scare or nonexistent.
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TABLE I. Experimental and calculated collisional quenchin
rates~310210 cm3/s) out of the Na(4p) state for collisions with He
and H2 at T5470 K.

Projectile Present Experiment@7#

He 0.36 0.560.2
H2 1.98 1.960.9
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