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Cross-section measurement and theoretical evaluation for the energy-transfer collision
Na(3P)+ Na(3P) = Na(4F)+ Na(3S)
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We have measured the cross section o(4F) for the collisional process Na(3P)+Na(3P) —+Na(4F)
+Na(3S). The experiment is based on the measurement of the intensities for 4F, 4D, and 3P
fluorescence emissions in sodium vapor excited with a cw dye laser. o.(4F) is determined relative to
a{4D), which has been measured in an absolute way in previous experiments. Influence on o.(4F)
and o.(4D) of the energy-transfer process Na(4F) +Na(3S)~~Na(4D)+Na(3S) is also discussed. A
theoretical evaluation of o.(4F) and o.(4D) relative to a chosen molecular channel is given and com-
pared with the experimental determinations.

I. INTRODUCTION Na(3P) +Na(3P) ~Na(4F) +Na(3S) .
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FIG. 1. Simplified energy-level diagram of atomic sodium.
The dashed lines indicate the transitions of interest in this ex-
periment and the horizontal line indicates the energy of two 3P
atoms.

Recently, there has been much interest in energy-
transfer collisions (known also as energy-pooling col-
lisions ' ) between two laser-excited 3P sodium atoms,1,2

Na(3P) +Na(3P) ~Na(nL ) +Na( 3S),
where nL indicates atomic levels lying higher than 3P.
Three of such nI. states, namely 5S, 4D, and 4F, are
separated from the sum energy of two 3P atoms by a few
kT (see Fig. 1). For the 5S and 4D levels there have been
a number of experimental determinations of the cross sec-
tion (updated results have been collected, for example, in
Ref. 3). Here we report the first measurement of o(4F),
the cross section for the population transfer to the 4F
state, i.e., for the process

o(4F) was not measured previously because the 4F-level
fluorescence is in the near infrared, at 1.84 pm, outside
the sensitivity of the apparatuses used for the determina-
tion of cr(5S) and o(4D). The 4F state radiatively decays
only to the 3D level and cr(4F) could in principle be in-
directly determined from the 3D-level fluorescence inten-
sity. However, since the 3D level is populated also
through cascades from levels other than the 4F, we prefer
to modify the apparatus and perform a direct experiment.
In this experiment we have also established the contribu-
tion of the collisional transfer process

Na(4D) +Na(3S) &~ Na(4F) +Na( 3S),
K

(3)

where E and E' are the rate coefficients of the reaction in
the two directions. Process (3) is expected to be strong
since the 4D and 4F levels lie very close in energy
(DE=38 cm =O. lkT). However, our experiment has

—1

proved that the influence of process (3) on the energy-
pooling cross sections o.(4D) and 0(4F) is only of the or-
der of a few percent. This means that the values of o(4D).
(Refs. 4 and 5) obtained in experiments which neglected
process (3) remain correct.

To measure o(4F) we first tried the same approach and
geometry as in our previous experiment for the absolute
determination of o.(5S) and o(4D) involving excitation of
sodium vapor from the ground state to the 3P state by
means of a cw dye laser and measurement of the intensity
ratio of 4F-3D to 3P 3S fiuorescence. Unfort-unately, the
efficiency of the infrared detection apparatus is low com-
pared to that of the visible apparatus and, as a conse-
quence, the signal from the 4F level is weak compared to
the fluorescence in the visible region of the spectrum from
the 4D and 5S levels. %'e could easily increase the inten-
sity of the 4F-3D fluorescence by increasing the laser
power density and/or the atom density either by increas-
ing the temperature of the cell or by adding a buffer gas
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TABLE I. Fluoresence lines observed.

Relative intensity'

Transition

4D-4P
4F-3D
4P-4S
4S-3P
5F-3D
6S-4P
7S-4P

k {pm)

2.33
1.84
2.20
1.14
1.26
1.63
1.28

T =260 C
{cell: no buffer gas)

1.3
1

2.3
2.9

T =320'C
{cell: with buffer gas)

1.5
1

1.7
5.4
0.15
0.3
0.1

'The intensities are corrected for the apparatus response and they are normalized to the 4F-3D emis-
sion for each temperature.

II. RATE EQUATIONS

The evolution of the population of the 4D and 4F lev-
els, in the atomic system irradiated by the cw laser
resonant with the 3S-3P transition, is affected by the
energy-pooling collision process (1) and by the exchange
process (3). In the conditions of our experiment, where
the terms due to Penning ionization, electron collision ion-
ization, and ionic recombination can be neglected, the rate
equations have the form

N(4F) = —A (4F, 3D)N(4F)+N (3P)K(4F)

+KNN (4D) K'NN (4F), —

N(4D) = —g A (4D, nL)N(4D)+K(4D)N (3P)
nZ,

(4)

KNN (4D) +K'NN (—4F), (5)

(as will be shown later). However, one of our goals was to
keep the laser power and the atom density at low values in
order to avoid multiphoton and secondary collisional pro-
cesses. So we took advantage of the fact that the 4D level
has a fluorescence line, corresponding to the 4D 4P tran--
sition, in the near infrared (see Table I), in the same spec-
tral region as the 4F-3D transition. By comparing the in-
tensity of the 4D-4P line with the 4F 3D line -we were
able to measure o(4F) relative to the absolute value of
cr(4D) with an accuracy comparable to that of our previ-
ous experiment. In the same way we also determined an
upper bound for cr(5F).

From an experimental point of view the problems
which led to large discrepancies in measured cross sec-
tions (see Table 1 of Ref. 3) have been overcome, while lit-
tle work has been done from a theoretical point of view.
The cross section of process (1) has been calculated only
for the 4D state by a procedure which does not use
good-quality variational wave functions for the excited
states and takes into account only the region of large in-
teratomic distances. Here we report the first calculation
for o(4F) and with the same approach we also find a
value for o(4D) which is in better agreement with the ex-
perimental results. The method used and its results and
limits will be described in detail in Sec. IV.

where N is the atom density, N(nL) is the population of
the nL level, A(nL, Ln') is the spontaneous transition
probability for nL ~n'L', and K(4F) and K(4D) are the
rate coefficients for the energy-pooling collisions. Since
the collisions are thermal, K(nL)=uo(nL), where
u =&8kT/mp is the mean interatomic velocity. The rate
coefficients K and K' for process (3) are connected by the
detailed balance principle involving the level degeneracies
as follows:

K/K'= [g (4F)/g (4D) ] exp( bE/kT) —.

At the temperature of our experiment K/K'=1. 26. Solu-
tion of Eqs. (4) and (5) in the steady-state conditions
yields the following relation for the population of the 4D
and 4F levels:

N (4F)
N (4D)

[ A (4D, 3P) +A (4D, 4P) +KN]K (4F) +KNK (4D)
[A (4F,3D)+K'N]K(4D)+K'NK(4F)

by fitting the data to this expression both K(4F) and K
can be obtained.

Fluorescence from the 5F level has also been observed,
under experimental conditions which will be described
later. However, energy pooling is not the predominant
process that populates the 5F level, which has an energy
defect of 3150 cm '. Therefore, in the rate equations
describing the population evolution of the 5F level, in ad-
dition to the radiative decay and

Na(3P)+ Na(3P) ~Na(5F) +Na(3S), (7)

we must consider the following processes: electron-ion
recombination, described by K(R); radiative decay to the
5F state from upper levels; electron-impact ionization,
described by K(e); photoionization from the 5F level;
Penning ionization, described by K(3P, SF); associative
ionization, described by K(3S,5F); and electron-impact
excitation of 5F from lower nL states, described by
K(e, nL). Taking all of these terms into account, the rate
equation has the form
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N(5F)= —g A (5F,nL)N(5F)+K(SF)N (3P)+K(R,5F)N (e)+ QK(e, nL)N(e)N(nL)
nL nL

+ g 3 (n'L', 5F)N(n'L') —K(e, SF)N(e)N(SF) B;N—(SF)II
n'L'

—K (3P, SF)N (3P)N (5F)+K (3S,SF)N (3S)N (SF) . (8)

In the photon ionization term B;ILN(5F), IL is the laser power density and B;=cr(PI)/hvl, with o(PI) the photoioniza-
tion cross section and vt the laser frequency. The steady-state solution of Eq. (8) is

K(SF)N (3P)+K(R,SF)N (e)+ g A (n'L', SF)N(n', L')+ QK(e, nL)N(e)N(nL)

N(5F) = g A (SF,nL)+K(e, SF)N(e)+K(3P, SF)N(3P)+K(3S,SF)N(3S)+B;IL
nL

which suggests the possibility of obtaining K(5F) by a
procedure analogous to that used for the 4F level. How-
ever, it has been difficult to evaluate the influence on
K(5F) of the other terms and we have obtained only an
upper limit to K(SF) via the ratio N(5F)/N(4F).

III. APPARATUS AND RESULTS

A sketch of the apparatus is shown in Fig. 2. An ac-
tively stabilized single-mode cw dye laser (Av=1 MHz)
excites sodium. atoms to the 383/p level with —10
W/cm . The laser beam illuminates the sodium cell
placed in a temperature-controlled oven; the temperature
is varied between 235'C and 310 C. Since the ce11 is
sealed and the vapor is saturated, the corresponding atom-
ic density is conveniently determined from the
Nesmeyanov tables to be 10' —10' cm . Two ordinary
Pyrex cylindrical cells, prepared with standard vacuum
techniques, have been used; one contains only sodium and
the second contains sodium plus 10 Torr of He as buffer

45-3P

4P-45

45-3P

gas. The fluorescence is analyzed at right angles by a
0.35-m monochromator equipped with a 300-grooves/mm
grating for the near infrared. The detector is a photocon-
ductive PbS device sensitive to radiation in the (1—3)-pm
region and cooled to dry-ice temperature for a better
response. To improve the signal-to-noise ratio the laser
beam is modulated at low frequency (481 Hz) by a
mechanical chopper, and phase-sensitive detection is used.
Typical fluorescence spectra recorded with this configura-
tion are reported in Figs. 3(a) and 3(b).

As expected, the 4F-3D fluorescence intensity increases

CC

B$i
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BSy
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WFG Mc
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,

P5A 1.7 ~3 X(p. m)

FIG. 2. Sketch of the experimental setup. LB, laser beam;
BS, beam splitter; CC, control cell; SA, spectrum analyzer;
CRT, cathode-ray tube; SH, shutter; CH, chopper; C, collision
cell; I', filter; MC, monochromator; PM, photomultiplier; WFG,
wave-function generator; R, recorder; MCA, multichannel
analyzer; PSD, phase-sensitive detector {lock-in amplifier).

FIG. 3. Na fluorescence spectrum, uncorrected for the ap-
paratus response. The laser power is —100 m%', spectrum (a) is
from a cell containing pure sodium at T =260 C while spec-
trum (b) is from a cell containing sodium at T =260'C plus 10
Torr of helium as buffer gas. The lines indicated with a + are
due to potassium impurities in the ce11.
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dramatically with increasing temperature. However, this
increase arises from contributions of processes other than
energy pooling, processes which become important only at
higher densities. In order to get a better signal-to-noise
ratio at low temperatures, a further improvement of the
apparatus was necessary. A second laser-beam chopper at
a very low frequency (0.4 Hz) was used; a function genera-
tor drives this chopper and triggers a multichannel
analyzer used for signal averaging. The statistical error is
then reduced by the factor I/V N where N is the number
of averaging cycles of 5 sec duration each on the max-
imum of the fluorescence line. The signal is later on
displayed on the analyzer and chart recorder.

The determination of cr(4F) is obtained by observing
the fluorescences 4F 3D at 1.-84 pm and 4D 4P at -2.33
pm. It is sufficient to measure just the relative intensities
because we only need the ratio I(4F 3D)/I(-4D 4P). In-

our experiment, laser intensity and fluorescence volume
are the same for both 4F and 4D levels and radiation
trapping is negligible for these high levels. In Fig. 4 the
ratio of the two fluorescences of interest is plotted for a
fixed temperature versus the laser power: It is clear that
the variations are within 7%, which justifies our assump-
tion. A first set of measurements was made with the cell
containing pure sodium. The 4F 3D and 4D--4P fluores-
cences were recorded over X =2 averaging cycles on the
multichannel analyzer so that the statistical error was de-
creased by the factor 1/2 . By using the relation between
the transition probabilities and the line intensities (see, for
example, Ref. 9) the N(4F)/N(4D) ratio of Eq. (6) can be
written in terms of the fluorescence line intensities. Data
have been fitted to this expression and the resulting best-
fit parameters are

K(4F) =(5.6+2.2) & 10 " cm sec

K = (9.8+4.9) && 10 cm sec

The best-fit curve for Na(4F)/Na(4D) and the experimen-
tal values are reported versus temperature in Fig. 5.

The uncertainty in K(4F) is slightly bigger than that in
the absolute measurement of K(5S) and K(4D). The
50% indeterminacy of K shows that this experiment is
not suitable for measuring the rate coefficient for the
energy-transfer 4D 4F in sodium. I-f in the rate equations
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FIG. 5. Population ratio of the 4F and 4D levels. Dots
represent the data and the dashed line the best-fit curve to Eq.
(6).

Thus by neglecting the exchange 4D 4F process-(3) the
relative error introduced in the energy-pooling cross sec-
tion o(4F) is only .of order 5%, at least at the tempera-
tures of our experiment. Since o(4D) is about one order
of magnitude bigger than o.(4F) the influence of the 4D
4F collisions (which were indeed neglected in both the ex-
periments of Refs. 4 and 5) is even less important for the
determination of cr(4D).

As shown in Fig. 3(b) the emission spectrum recorded
with a cell containing sodium plus a buffer gas also con-
tains fluorescence lines originating from the 5F, 6S, and
7S levels. (For comparison, all observed lines are listed in
Table I.) The presence of lines from such high states
clearly shows that the buffer gas favors, in addition to en-

ergy pooling, other collisional processes. Earlier experi-
ments in which visible fluorescence spectra resulting from
laser irradiation of sodium vapor were obtained also
showed that atomic levels lying higher than the 3P+3P
energy were produced. ' The precise sequence of reac-
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(4) and (5) the term describing this transfer process is
neglected and the data are fitted with the same procedure
to the new expression for N (4F) /N (4D), the result is

K(4F)=(6.0+2.4) X 10 " cm sec
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FIG. 4. Intensity ratio of the 4I'-3D and 4D-4F fluores-
cences at T =260'C vs laser power.

FIG. 6. Log plot of the fluorescence intensity for transitions
from the 5F and 4D levels vs laser intensity.
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tions that leads to the production of these states is quite
complicated, involving superelastic electron collisions,
secondary collisions of the atoms excited by primary ener-

gy pooling, and ionization mechanisms with subsequent
electron-ion recombination. In this work we will concen-
trate only on the population mechanism of the 5F level.
The dependence upon the laser power of the 5F-3D
fluorescence intensity, compared to the 4F-3D line (see
Fig. 6), gives direct evidence that the 5F and 4E levels are
populated through different mechanisms. From our ex-
periment it is not possible to determine the contribution to
the population of the 5F level of each process taken into
account in the rate equation (8). However, since in the
full range of temperatures of our experiments emission
from the 5F level has not been observed in the cell
without buffer gas, we are able to place an upper limit on
the cross section o(5F) of process (7). Measurement of
the intensity of the 5F-3D line leads for this limit to
K(5F) & 10 ' cm sec

IV. THEORETICAL, APPROACH

In this section a theoretical evaluation of the cross sec-
tions for the energy-transfer collisions (1) with nL =4D
and 4F is given. To our knowledge this is the first calcu-
lation for cr(4F), and the result is in good agreement with
the measured value reported in Sec. III. For o(4D) we.
find a value that agrees better than other theoretical calcu-
lations with the results of reliable experiments. '

The population of the highly excited atomic levels, due
to energy-transfer collisions, can be looked at as resulting
from transitions among different electronic molecular
states connected to various dissociation limits and coupled
by the total Hamiltonian. In our experiment the total
averaged cross section is measured for a given set of ini-
tial and final atomic states; no other information is avail-
able about the collision process itself. Therefore, for a
quantitative comparison between the theoretical predic-
tions and the experimental results one should in principle
include all the possible electronic states that dissociate
into the product of the collisional process and solve the
complete set of coupled equations for each possible value
of the relative velocity and of the total angular momen-
tum. The resulting values of o. should be averaged with
statistical weights which depend on the distribution of the
atomic fragments among the initial states.

In our specific case the classification of the electronic
molecular states according to the projection A of the elec-
tronic angular momentum along the internuclear axis
gives this set of initial states, connected to the (3P+3P)
dissociation limit,

( X~+(2), 'X„, II„,'II„, b,„),
(10)

and this set of final states, connected to the (3S+4D) and
(3S +4F) dissociation limits,

( Xg/ Xg/ IIg/ IIg/g 6g/M 5g/g ) (11)

plus ('@&/„, 4&/„) for the (3S+4E) limit. Almost every
pair of states having the same g/u and + / —symmetry

is coupled by some terms in the Hamiltonian: the deriva-
tives of the radial internuclear distance for states with the
same A and S, the Coriolis terms for states having the
same S but hA=+1, the spin-orbit operator for states
with different values of S, etc. Thus a complete a priori
treatment of this problem is quite impractical considering
also that the molecular states involved in this problem are
highly excited electronic states. However, for obtaining
an order of magnitude of the measured cross section and
taking into account that we are dealing with slow
(thermal) collisions, we have selected among all the states
given in (10) one energetically favorable entry channel,
that represented by the 'Xz+ molecular states, and we have
calculated the contributions to the measured cross section
due to the transitions from these states to the other 'Xs+

states that go to the (3S+nL) dissociation limits. Be-
cause of the slow-velocity regime and since large intera-
tomic distances (R &20 a.u. ) are important in the col-
lisions between our excited atoms, it seems reasonable to
disregard the centrifugal coupling with the II states.
Also, neglect of the spin-orbit coupling does not represent
a crucial approximation in the case of sodium atoms. For
these reasons we believe that significant comparisons can
be made between the cross sections for the transition pro-
cesses (3P +3P)~(3S+4D, 3S +4F) calculated using
the subset of the 'Xz+ electronic states and the experimen-
tal results valid at least as to order of magnitude.

In the following we describe briefly the method used to
construct the electronic wave functions and to calculate
the potential-energy curves as well as the coupling matrix
elements between these wave functions. Finally, we
describe the semiclassical procedure for evaluating the
cross section for the 3P +3P collisions which populate
the 4D and 4F levels, and we compare our results with the
measured values.

A. Wave functions and electronic terms

We start from the solution of the electronic problem for
the two separated atomic fragments. For each of them we
construct a set of Hartree-Fock orbitals separately optim-
ized for the various states, starting from the ground up to
the (4d) and (4f) excited ones. Note that from now on
we will identify each atomic state by using the quantum
numbers n and I (lower case) of its valence electron in the
independent particle description. The Hartree-Pock orbi-
tals are used for constructing valence-bond wave func-
tions, having 'X~+ symmetry and corresponding to the
various dissociation limits of the Na2 molecule: (3s,nl)
with n =3, 4, and 5; l =0, 1, 2, and 3; and (3p, 3p). Writ-
ing each electronic wave function as an antisymmetrized
product of group functions, we give to each molecular
state the representation

Q( 1',2', . . . ,X', 1",2", . . . , X";1,2 )

=MA [@ca(1',2', . . . , N')

&&ec~(1",2", . . . , N")C y(1,2)], (12)

where @~& is the group function for the singlet ground
state of the core electrons of the atom A having the fol-
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lowing structure in terms of the atomic core orbital cen-
tered on 2:
C'cg =

l
ls~ ls&2s~2s~2pz~2pz&2p&~2p&&2px&2px&

l

(13)

Analogously, @cz in (12) describes the core electrons of
the atom B while +& is the group function for the valence
electrons in the 'Xg+ state with the following valence-bond
structure [corresponding to the ( nl)(n'l') dissociation lim-
it]:

4&v(1,2) = —,
' My(1+i )(1+H )P„( (1)P,I, (2)

E (0.u. )

0.15S'—

0.150—

-4f

-4d

3p

(14)

where a and /3 are the usual spin functions.
We notice that in (12) A is the total antisymmetrizer

and in (14) Mz is a normalization constant, while i and
are, respectively, the inversion and the permutation

operators acting on the spatial electronic coordinates. We
construct a set of such 'Xs electronic molecular func-
tions, starting from the lowest dissociation limit (3s+3s)
up to the (3s +4f) one. At infinite internuclear distance
these wave functions I/I are automatically orthogonal, as
are the orbitals used for their construction. Going to fin-
ite internuclear distances and keeping the same structure
(14) for each valence group function, we allow free over-
lap between the two valence orbitals of each @~, while
orthogonalizing them to the core orbitals and the core or-
bitals among themselves for each P. In such a way and
without introducing any other configuration we can take
into account the contributions due to the so-called ionic
structures, which are essential for a complete description
of the state, and we can also disregard the corrections due
to the basis superposition errors. "

Following such a procedure we obtain at each internu-
clear distance a set of electronic wave functions that are
weakly dependent on the internuclear distance because of
their structure and whose orbitals maintain a well-defined
atomic character. Such functions are coupled in practice
only by the electronic Hamiltonian and can cross each
other at finite internuclear distance: They therefore
represent our diabatic reference states. Note that these
wave functions are in general mutually nonorthogonal,
but they can be easily orthogonalized without changing
their main characteristics using the Lowdin procedure

(15)

0.1 45—

I

15

E(0.u. )

0.155—

0.1SG—

I

5 25 R(a. u. )

FIG. 7. Behavior with the internuclear distance 8, given in
atomic units (a.u. ), of the four diabatic 'Xg+ terms going to the
(3p+3p) and (3s+41),(3s+4f) dissociation limits. The ener-
gies are given in a.u. with respect to the (3s+3s) dissociation
limit.

where A is the overlap matrix among I PI. The behavior
of the potential-energy curves, obtained from Ig'I, is
shown in Fig. 7 for the states of interest.

This diabatic representation has a physical meaning at
sufficiently large internuclear distances, where the Hund
(d) coupling case is appropriate, while at smaller internu-
clear distances (R &20 a.u. ) the interatomic potential
strongly mixes the atomic symmetries and an adiabatic
representation becomes more physically significant. This
change of representation can be readily achieved by di-
agonalizing the matrix representative of the electronic
Hamiltonian in the diabatic basis set: The eigenvalues of'

0.145—

15
l l

5 25 R(0. Li. )

FIG. 8. Behavior with the internuclear distance A, given in
atomic units (a.u. ), of the four adiabatic 'Xg+ terms going to the
(3p+3p) and (3s+4d), (3s+4f) dissociation limits. The ener-
gies are given in a.u. with respect to the (3s+3s) dissociation
limit.



2074 M. ALLEGRINI, C. GABBANINI, L. MOI, AND R. COLLE 32

20—
a

C)

X
~ ~

10

20

44 f /3p~h

I

25
I

30

(4d /3p0&

(4d /spy&

I

R(a. u. )

disregard the core-valence correlation energy and polari-
zation effects which, however, should not influence to any
large extent the coupling matrix elements between the
various wave functions.

B. Cross sections

The calculation of the cross sections for the energy-
transfer collisions (1) with nl =4d and 4f has been carried
out in a semiclassical way as a four-state problem involv-
ing the two 'Xg adiabatic states that go to the (3p+3p)
dissociation limit and the two adiabatic states going to the
(3s+4d) and (3s+4f) limits.

Following an approach suggested in Refs. 13 and 14 we
have treated the four-state interaction as a sequence of
two-state interactions by assuming that each transition be-
tween adiabatic curves is localized at their complex inter-
section point, with a local probability independent of all
the other curves. Such an approach disregards second-
order effects due to the interference with the other states,
but the results are usually in excellent agreement with ac-
curate quantum calculations. ' The method used for the
cross-section calculations is sketched in what follows.

The total cross section for an inelastic process connect-
ing the (A, ) and (p) states depends on the square modulus
of the (p, A, ) element of the S matrix, which can be written
as

FIG. 9. Behavior with the internuclear distance R, given in
atomic units (a.u. ), of the coupling terms VJ-, given in a.u. , be-
tween the various diabatic states of interest. The two 'X~+ states
going to the {3p+3p) dissociation limit are classified as 3PO
{the one higher in energy) and 3P& {the lower one).

this matrix represent the adiabatic terms whose behavior
as a function of the internuclear distance is shown in Fig.
8 for the states of interest. The eigenvectors give the ex-
pansion coefficients of the adiabatic many-deterniinant
wave functions that are the solutions of the electronic
problem for the various molecular states. These adiabatic
wave functions are coupled by the radial derivatives of the
internuclear distance whose matrix elements become
relevant and change rapidly at the crossing points between
the diabatic states.

In the following cross-section calculations we have uti-
lized the adiabatic surfaces for treating the nuclear
dynamic and the diabatic terms and wave functions to lo-
cate the transition points between the various surfaces and
for evaluating the transition probabilities at internuclear
distances R &20 a.u. The behaviors of the coupling ma-
trix elements between the diabatic states of interest are
shown in Fig. 9.

Finally, we observe that from our variational calcula-
tions we get many-determinant wave functions for the
valence electrons moving in an effective potential due to
core electrons, which are described by the same Hartree-
Fock single-determinant wave function for each state.
The differences between the calculated and the experimen-
tal values of the energy defects between the various disso-
ciation products are essentially due to the fact that we

S„2„=QP„e
n

(16)

+

( 1 p)I/2
I/2

0
0

+p &/2e+ix: 0 0
(1—p)'" 0 o

0
0

(18)

where p gives the transition probability from the adiabatic
curve Wj to the adiabatic curve W2 and 7 is a phase
whose magnitude depends on the coupling strength be-

In (16) the sum runs over all the classical trajectories
starting on the curve (A, ) and ending on curve (IM), while
P~ is the product of all the probability factors for making
or not a transition at each branch point of that trajectory
and cp„ is the real phase accumulated along that trajecto-
ry. Looking at the scattering process as a series of local
transitions between pairs of states, we can write the
scattering matrix as a product of propagators along the
adiabatic curves and propagators for each branch point of
the trajectory. The matrix representation of the propaga-
tor along the internuclear coordinate from R& to R2 in a
region devoid of the intersection points is given by a diag-
onal matrix, whose jth element corresponding to the adia-
batic curve WJ(R) is

R2
FJ+(R &,R2) =exp +i I k (R)dR, (17)

1

where K (R)= I 2m [E—O'J(R)] I
' and the upper

(lower) sign corresponds to the incoming (outgoing) part
of the trajectory. On the other hand, the matrix represen-
tation of the local propagator around the complex inter-
section point, for example, of W~ and W2, is given by
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tween the two states.
Since in our problem the intersection points between the

diabatic curves are well separated both reciprocally and
with respect to the classical turning points, and further-
more, the diabatic curves are sufficiently linear and their
coupling terms quite constant near the crossing points, we
have used the Landau-Zener approximation for evaluating
the transition probability p and the phase factor in (18).
Thus we get

p =exp
—2~

i
Vi2(R, ) i

'

uo [ Vi(R) —V2(R) jdR R=RX

(19)

4 Tl (20)

where V&(R) and V2(R) are the diabatic terms which
cross each other at R =R„and are coupled by Vi2(R),
while uo ——(I/2m)(Ki+IC2)

i ~ z is the local velocity of
the nuclear motion at R„. In our calculations we have
used the adiabatic curves shown in Fig. 8, implemented by
the introduction of the centrifugal potential, and the inter-
section points between each pair of diabatic curves V; and
Vz have been derived from Fig. 7 and the coupling terms
Vi from Fig. 9. Finally, every element Sz~ of the scatter-
ing matrix has been calculated as the product of the ap-
propriate propagators for the ingoing and outgoing parts
of the trajectory, with the proper boundary conditions im-
posed for the vanishing of the wave functions at each
classical turning point.

The total cross section for the transition process (X~p)
has been calculated by integration of Sz~ i

over the im-
pact parameter and the result has been averaged over a
Maxwellian distribution f (u, T) of the relative velocity u

of the atoms at various given temperatures T, according
to the expression

U max~„,(r)=a~ f f(v, T)du f lSp~(t, v) l'&u .

(21)

In (21), v;„represents the minimum relative velocity for
covering the energy defect between the final and initial '

states and 6 „the largest impact parameter for which
the incoming particle can surmount the effective potential

at the crossing point. Note that the presence of the centri-
fugal barrier is taken into account by a proper definition
of b „,' which reduces the range of the integration over
the impact parameter when the maximum of the centrifu-
gal barrier lies outside the crossing points between two
surfaces, thus practically eliminating problems arising
from coalescence of the paths.

In Table II we report the results of our calculations of
o(3p —+4d) and o(3p~4f) for the two entry channels and
the average of these values for each transition process, at
T =500 K, which is a value intermediate between the ex-
perimental ones. As can be seen from Table II, the order
of magnitude of the calculated cross sections coincides
with the experimental values for both o(4D) and o.(4F)
and, furthermore, the value of 0(4F) lie. s within the range
of the experimental error. Note that this calculation, un-
like previous ones, exploits the entire adiabatic energy
surfaces for evaluating the cross sections, taking into ac-
count the interference effects between the various wave
functions which have been derived variationally. More
accurate predictions of the experimental results can be ob-
tained by considering other electronic states both as entry
channels for the collision and in the expansion of the total
wave function and by evaluating completely the correla-
tion and polarization contributions for the various elec-
tronic terms.

V. CONCLUSIONS

A simple modification of the apparatus used for mea-
surements of the energy-transfer cross sections in col-
lisions between two 3P sodium atoms has allowed the
direct observation of the population transfer to the 4F and
5F levels. Working in an atom density range where other
processes should be negligible we have established that
energy-pooling collisions are indeed the dominant mecha-
nism which populates the 4F level and we have measured
the relative cross section. A theoretical model based on
the construction of the molecular potential curves con-
nected to the atomic fragments involved in the collision
has been developed. The cross section calculated consid-
ering the contribution only from the 'Xg molecular states
is in good agreement with the measured result.

With the same theoretical approach the cross section

TABLE II. Comparison between our experimental and theoretical determinations of the 4D and 4E
energy-pooling cross sections. The states ('Xg+)1 and ('Xg+)2 refer, respectively, to the energetically lower
and higher entry channels, and (cr) is the mean value of their contributions to the total cross section
which must be compared with the experimental result.

Expt.

0(4D) (cm )

(3.2+1.1)& 10

0.(4F) (cm )

(5.7+2.3)~ 10-16
483
523

Calc. : (cr)
('&g )1
(1@+)

1.0~10-"
9 4~10-"
1.1&10

6.8X10-"
3.5 ~ 10-"
1.0)& 10

500
500
500
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for the 4D state has also been evaluated. This result is
slightly outside our measurement reported in a previous
work. We do not have a clear explanation for this fact;
however, we note that the experiment was performed at
T =487 K while the calculation was carried out at
T =500 K. cr(4D) apparently decreases with temperature
and indeed the experimental value of Huennekens and
Gallagher obtained at T =597 K is closer to the theoreti-
cal evaluation.
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