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Associative ionization between two laser-excited sodium atoms: Theory compared to experimen

Boichanh Huynh, Olivier Dulieu, and Franc¸oise Masnou-Seeuws
Laboratoire Aime´ Cotton, Bâtiment 505, Campus d’Orsay, 91405 Orsay Cedex, France

~Received 18 February 1997!

A theoretical model for the reaction Na(3p)1Na(3p)→Na2
11e is compared to a large number of experi-

mental data. This model is considering population of long-range adiabatic Na2 molecular states from two
colliding excited atoms, and transfer of this population to short-range doubly excited autoionizing states of
3Su

1 , 1Sg
1 , 3Pu , 1Pu , 1Dg , and 3Du symmetries. Good agreement is obtained with experimental results for

total cross sections and polarization dependence of the ion signal at collision velocitiesvc>400 m/s. At lower
velocities the sudden approximation for spin uncoupling is not valid. The computed velocity dependence of the
ion signal does not reproduce the maximum in the ion signal observed in some experiments.
@S1050-2947~98!02401-9#

PACS number~s!: 34.50.Rk, 33.80.Eh
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I. INTRODUCTION

Associative ionization~AI ! between two laser-excited a
kali atoms has been the subject of much experimental in
tigations in the 1980s, as was reviewed in Ref.@1#. The pro-
totype reaction was

Na~3p!1Na~3p!1«→Na2
11e1«8, ~1!

for which much data are available at thermal collision en
gies«, including rate constants measured in cell experime
@2#, studies of velocity or polarization dependence of t
cross sections, mainly by the Utrecht@3–5# and the Mary-
land @6–10# groups, and analysis of the vibrational sta
population of the final ion by electron spectroscopy@11# or
photodissociation@12,13#. This reaction therefore appears
a benchmark for theoretical methods dealing with associa
ionization. Process~1! is interesting because it is a simp
example of the formation of a chemical bond, and beca
polarization of the exciting light can be used to control t
reaction.

For a long time, if qualitative theoretical models could
developed@14–16#, a full quantitative treatment was not po
sible. Indeed, reaction~1! can be considered as a three-st
process. At large internuclear distances, the first step con
of population sharing between several adiabatic molec
states, starting from a given preparation of the colliding
oms in particular Zeeman sublevels:

Na~3p;2Pj AmA
!1Na~3p;2Pj BmB

!1«

→Na2~An2S11Lg/u!1«. ~2!

The initial state of reaction~2! depends upon the excitatio
scheme: the polarization of the exciting light, and the geo
etry of the experiment. In the following it will be eithe
Na(3p)1Na(3p) or a particular combination of fine struc
ture levels~j A , j B5 3

2 , 3
2 ; 3

2 , 1
2 ; 1

2 , 1
2 .! A sudden approxima-

tion is generally used to estimate the population of a mole
lar state from two separated atoms@14,15#. In Eq. ~2!, the
molecular electronic stateAn2S11Lg/u , which has been
populated, is thenth adiabatic state in Hund’s case-a repre-
571050-2947/98/57~2!/958~18!/$15.00
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sentation~spin S, projection of the electronic total orbita
momentumL, gerade/ungerade symmetry!.

At intermediate distancesR'10– 13a0(1a0'0.053 nm),
there is formation of a Rydberg quasimolecule, and popu
tion of the pth doubly excited diabatic state of the sam
symmetry, denoted byDp2S11Lg/u :

Na2~An2S11Lg/u!1«→Na2** ~Dp2S11Lg/u!1«. ~3!

This second step is the missing link in most treatmen
which assume direct population of a doubly excit
Dp2S11Lg/u from the two separated atoms. At small inte
nuclear distances,R,10a0 , the autoionization of this
doubly-excited state occurs as the third step, leaving a
lecular ion in a rovibrational state~v1, J1!:

Na2** ~Dp2S11Lg/u!1«→Na2
1~v1,J1!1e1«8. ~4!

The difficulty of the treatment lies within the combination
these three steps in the theoretical model, as well as in
large number of potential curves that are involved.

Ten molecular symmetries are likely to be populated@1#
through reactions~2! and~3!, and may contribute to reactio
~4!: for each of these channels, the population proces
different, so that one may expect that the dependence of
ion signal upon the polarization of the exciting laser light, f
a given geometry of the experiment, is a signature of
channels which contribute to Eq.~4!. In such an interpreta-
tion, one neglects rotational coupling. The various diaba
doubly excited curves were computed for the first time
Ref. @17# and a multichannel quantum defect treatme
~MQDT! of the molecular autoionization reaction~4! was
proposed in Ref.@18#. A given doubly excited state will con
tribute, provided that the corresponding potential curve d
cross the Na2

1 potential curveE0(R) in the vicinity of the
minimum, or at least at a distanceRX such that reaction~4! is
energetically possible. A qualitative agreement was obtai
with one experiment@3# using linearly polarized light to ex-
cite colliding atoms from two counterpropagating beam
and measuring the dependence upon the angle betwee
polarization vector and the atomic beam: assuming dir
population of the doubly excited state from separated ato
958 © 1998 The American Physical Society
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57 959ASSOCIATIVE IONIZATION BETWEEN TWO LASER- . . .
reaction~4! seemed to be dominated by theD2 3Su
1 channel.

However, more accurate model potential calculations w
next performed@19#, and the doubly excited curves deduc
from such calculations@20# suggested that four or five dou
bly excited states of different symmetries could contribute
the molecular autoionization process: for some of them
particular theD1 3Pu state, the dependence of the populati
upon the excitation scheme markedly differs from that of
D2 3Su

1 channel. Surprisingly enough, this conclusion d
not modify significantly the previous theoretical predictio
for polarization dependence of the ion signal. Indeed, bes
a modified description of the autoionization reaction~4!, the
theoretical model now incorporates intermediate range
namics@reaction~3!#, showing a population sharing betwee
various adiabatic curves correlated to dissociation limits
fering from Na(3p)1Na(3p) @for instance, Na(3s)
1Na(4d,5s)#, and allowing for a loss of flux, in particular in
theD1 3Pu channel. For the first time, quantitative predi
tions were proposed for the total cross sections as a func
of « in the 1–180-meV energy range. It therefore see
worthwhile to revisit the interpretation of the various expe
ments in the light of those new theoretical results. In parti
lar, analysis of the energy dependence of the results c
manifest the presence of thresholds for reaction~4!: the
opening of theD1 3Du ionization channel, predicted by th
theory for a collision energy around 70 meV, should
manifested in the experimental results.

Besides its intrinsic interest, reaction~1! has been widely
used in the recently opened field of cold atom collisio
Photoassociation spectroscopy with ion detection@21–24# is
currently using a very similar scheme: a two-photon exc
tion of a pair of colliding atoms in their ground state
populating very high-lying rovibrational levels~v f , Jf! of
the long-range molecular stateV correlated to the 3s13p
limit, so that reaction~2! is replaced by reactions~5! and~6!:

Na~3s!1Na~3s!1hn1→Na2~3s,3p,V;v i ,Ji !, ~5!

Na2~3s3p,V;v i ,Ji !1hn2

→Na2** ~@An2S11Lg/u→Dp2S11Lg/u#;v f ,Jf !. ~6!

Such a process is usually referred to as photoassociative
ization. The frequencyn1 of the first photon is redshifted
from the atomic resonance line in view of populating
loosely bound level of the dimer. The frequencyn2 of the
second photon is varied aroundn1 . In Eq. ~6!, our model
predicts the population of molecular states which are a
batic at long range and diabatic at short range. Those s
therefore have two labellings for a given symmetry;p at
short range, andn at long range.

Reaction~4! is now changed into Eq.~7!,

Na2** ~Dp2S11Lg/u ;v f ,Jf !→Na2
1~v1,J1!1e1«8.

~7!

The long-range part of the interatomic potentials could
accurately checked by photoassociation experiments on
condition that doubly excited states can be populated ando
produce an ion signalor an electron signal. A revival of
interest is rising for the knowledge of those doubly excit
states and their autoionization efficiency: the existence o
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possible threshold for reaction~7! is of particular interest for
the interpretation of existing experiments@24# or for the defi-
nition of new ones.

In Refs.@24, 25#, a nuclear continuum level is also popu
lated in the second step, reaction~6! now being:

Na2~3s3p,V;v i ,Ji !1hn2→Na2~An2S11Lg/u!1«, ~8!

so that the associative ionization is studied at ultracold c
lision energies«.

The aim of the present paper is therefore to check for
validity and limitations of the theoretical model of Ref.@20#
by comparing the computed cross sections to a large num
of significant experimental results corresponding to vario
excitation schemes and collision energies in the thermal
main. This model is summarized in Sec. II, and new resu
for the molecular autoionization through a3Du channel are
incorporated. In order to compare with experimental da
the cross sections corresponding to the different chan
first have to be combined to take account of the initial st
in Eq. ~2! created through a given choice of polarization
the exciting lasers; then, convolution with velocity distrib
tion must be performed. Different experiments are brie
described in Sec. III, where reaction~1! is analyzed either in
a cell or in beams, and the corresponding theoretical pre
tion for the ion signal is computed. In the present work,
do not consider experiments where the rovibrational state
the product ion is analyzed. A detailed comparison is p
formed in Sec. IV, insisting on the signature of the contrib
tion of the 3Pu and 3Du channels as cross-checked by va
ous experiments. Finally, Sec. V discusses the extrapola
to cold collisions. Atomic units will be used except whe
otherwise stated.

II. THEORETICAL MODEL

Accurate model potential calculations for the excited el
tronic states of the Na2 molecule have been found to be
very good agreement both with pseudopotential calculati
and with experiment@19#. Such calculations do not introduc
fine-structure coupling. The molecule is described as t
electrons moving in the field of two polarizable cores; t
electron-core interaction is represented by a model poten
@26# with three adjustable parameters fitted on an atom
spectrum. Core-polarization corrections are introduc
which contain a fourth semiempirical parameter. The Na2

1

problem is first solved on a wide range of internuclear d
tances, providing accurate determination of the 50s, 38p,
and 28d lowest orbitals of the molecular ion. Adiabatic po
tential curves are obtained by diagonalization of the tw
electron Hamiltonian in the full space of two-electron co
figurations constructed from the Na2

1 orbitals. In contrast, as
discussed in Ref.@20#, diabatic potential curves can be ob
tained for a given symmetryi by partition of the configura-
tion space into two subspacesPi andQi . Singly and doubly
excited Rydberg series of molecular states are obtained b~i!
building thePi subspace by considering, for each symmet
all singly excited configurations, for which one electron o
cupies the ground state orbital of Na2

1 and the other one any
Na2

1 orbital; ~ii ! diagonalizing the Hamiltonian within the
full subspacePi yielding singly excited Rydberg series;~iii !
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960 57HUYNH, DULIEU, AND MASNOU-SEEUWS
excluding theni lowest solutions fromPi , which defines the
subspaceXi ; ~iv! building theQi subspace by considering
for each symmetry, doubly excited configurations, for whi
both electrons occupy excited Na2

1 orbitals; and~v! diago-
nalizing the Hamiltonian inQi85QiøXi . Whenni is chosen
as the number of dissociation limits Na(3s)1Na(nl) of
symmetry i below the Na(3p)1Na(3p) dissociation limit,
diagonalization within the subspaceQi85QiøXi has been
shown to provide potential curves that arediabatic at short
range and adiabatic at long range. Such curves should be
relevant for the interpretation of two-color photoassociati
spectroscopy experiments. The present theoretical mo
uses three steps of dynamical calculations.

~i! At short internuclear distancesR,10a0 , the molecular
autoionization process~4! is computed using the MQDT
treatment of Ref.@18#. Starting with a short-range diabati
doubly excited state of symmetryi , hereafter labeledDpi
~i.e., thepth level in the doubly excited subspace!, we define

FIG. 1. Potential curves correlated to the dissociation lim
(3p13p) for the symmetries which are likely to contribute to th
molecular autoionization reaction. As described in the text, su
curves are adiabatic~Ani states! for R.13a0 and diabatic~Dpi
states! for R,10a0 . The region between 10a0 and 13a0 corre-
sponds to the transition between diabatic and adiabatic represe
tion.

TABLE I. Correlation between the adiabatic~long-range! curves
An2S11Lg/u @dissociating in Na(3p)1Na(3p)# and the diabatic
~short-range! autoionizing doubly excited curvesDp2S11Lg/u ,
crossing the ionic Na2

1 ground-state curve at a distanceDpi and an
energyDpi , just above the vibrational levelvc

1 of Na2
1.

Long-range
adiabatic
representation
An2S11Lg/u

Short-range
diabatic

representation
Dp2S11Lg/u

RDpi

~a.u.!
EDpi2E3p13p

~meV! vc
1

A2 3Du D1 3Du 8.3 178.2 10
A2 1Dg D1 1Dg 6.4 256.4 0
A4 3Pu D1 3Pu 6.2 237.7 1
A4 1Pu D1 1Pu 6.7 260.5 0
A8 3Su

1 D2 3Su
1 7.6 210.8 3

A8 1Sg
1 D2 1Sg

1 7.7 28.7 3
n
el

a total molecular autoionization~MA ! cross section, by sum
ming the partial cross sections for reaction~4! over all the
vibrational and rotational levels of the final ion, as

sMA~Dpi;«!5 (
v1,J1

spart
MA@Dpi→~v1,J1!;«8#. ~9!

As in Refs.@18,20#, we defined this cross section assumi
that the doubly excited state is populated with a u
probability.

At low collision energies («,70 meV), it was shown in
Ref. @20# that four doubly excited statesD2 1Sg

1 , D2 3Su
1 ,

D1 1Pu , andD1 3Pu , and possibly theD1 1Dg state, are
likely to contribute to the molecular autoionization. In th
present work, we have added calculations for theD1 3Du
state, which contributes at energies«.70 meV. The corre-
sponding potential curves defined above in Hund’s casa
coupling scheme~diabatic at short range, adiabatic at lon
range! are represented in Fig. 1. The coordinates~distance
and energy! of the point where they cross the Na2

1 ground-
state potential curve are indicated in Table I: in the followi
they will be denoted byRDpi andEDpi for the doubly excited
state labeledDpi. The variation of the molecular autoioniz

t

h

ta-

FIG. 2. Molecular autoionization cross sectionssMA(Dpi;«),
for the symmetries involved in this process, as a function of co
sion energy, computed in the framework of the MQDT treatm
~described in the text!. The contribution of the two statesA7 3Su

1

andA8 3Su
1 to theD2 3Su

1 channel are denoted by3Su
1(7) and

3Su
1(8), respectively. Calculation~a! assuming population of the

short-range doubly excited autoionizing states with unit probabil
~b! taking into account long-range population transfers@Eq. ~10!#.
~In both cases the resonant structure obtained in the calcula
@18# has been smoothed by convolution with a Lorentzian ene
distribution function of 4-meV width!. In ~c! the transfer coeffi-
cientsw(Ani→Dpi;«) @Eqs.~10! and ~11!# are represented.
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57 961ASSOCIATIVE IONIZATION BETWEEN TWO LASER- . . .
ation cross sections is represented in Fig. 2~a! as a function
of collision energy« in the 1–180 meV range, and th
threshold at 70 meV for theD1 3Du state is clearly mani-
fested. This energy threshold is close to the difference
tweenED1 3Du

and the energy of the 3p13p asymptote~see
Table I!.

In the present work, the six ionization channelsD2 1Sg
1 ,

D2 3Su
1 , D1 1Pu , D1 3Pu , D1 1Dg , andD1 3Du described

above are considered. Each one of them is correlated toone
long-range adiabatic stateAni dissociating into 3p13p, as
indicated in the first two columns of Table I. We are n
considering the possibility of ionization via channels cor
sponding to doubly excited potential curves lying above t
set of states.

~ii ! In the intermediate-distance range (10a0– 30a0),
long-range pseudocrossings between adiabatic curves
manifested for various symmetries@19,20,27,28# due to in-
teraction between covalent states, dissociating into Na(nl)
1Na(n8l 8), and ionic states, dissociating into Na11Na2. In
the latter case the negative ion is either in the ground s
(1Sg/u

1 symmetries! or in an excited autoionizing state (3Pg/u

symmetries!, stabilized by the Coulomb attraction of the Na1

ion. A full quantal treatment being not possible at prese
we have developed@28,20# a simple multicrossing Landau
Zener model to deal with the flux loss at such pseudocro
ings when reaction~3! is taking place. Therefore, althoug
the short-range autoionizing doubly excited state is co
lated in our model toone long-range adiabatic state, we a
low for population transfer between several adiabatic pot
tial curves of the same symmetry through the avoid
crossings. We have then defined reduced cross sections

sad
MA~Ani;«!5w~Ani→Dpi;«!sMA~Dpi;«! ~10!

by using the energy-dependent coefficientsw ~see Appendix
e-

t
-
s

are

te

t,

s-

-

-
d
s

A! to deal with the fractional population which is effective
transmitted into the inner region. This cross section is
fined for reactions~3! and~4!, and the indexesAni on,Dpi
in Eqs. ~9! and ~10! denote, respectively, adiabatic and d
abatic molecular states of symmetryi correlated to the
Na(3p)1Na(3p) limit. For states withLÞ0, we defined a
one-to-one correspondence betweenAni andDpi states~see
Fig. 1 and Table I!. In contrast, two adiabatic curves~A7i
andA8i ! are correlated to Na(3p)1Na(3p) in the case ofS
states~i 51Sg

1 and 3Su
1!. The model should include not onl

the population transfers between these symmetries@Eq.
~10!#, but also acoherence termas two different paths~A7i
andA8i ! can lead to the same ionization channel (D2i ).
The cross sections are

sad
MA~A7i ;«!5w~A7i→D2i ;«!sMA~D2i ;«!,

sad
MA~A8i ;«!5w~A8i→D2i ;«!sMA~D2i ;«!, ~11!

and the coherence term

uad
MA~A@7,8# i ;«!5@w~A7i→D2i ;«!#1/2

3@w~A8i→D2i ;«!#1/2sMA~D2i ;«!

5 f ad
MA~A7i ;«! f ad

MA~A8i ;«!. ~12!

In Eq. ~12!, we assumed that we can define effective~real!
transition amplitudes, averaged on all impact parameter
ues involved in the process, as

f ad
MA~Ani;«!5@w~Ani→D2i ;«!#1/2@sMA~D2i ;«!#1/2.

~13!

The cross sectionssad
MA(Ani;«) are plotted in Fig. 2~b!, and

the transfer coefficientsw(Ani→Dpi;«) in Fig. 2~c!. As
etry
TABLE II. Projection of the initial states~j A5
3
2 ,mA ; j B5

3
2 ,mB! of the separated atoms on the molecular asymptotic states of symm

2S11Lg/u , assuming a sudden approximation. The sign in brackets indicates that the projection involves the positive~1!, or negative~2!,
or both ~6! components of the states withLÞ0.

(mA ,mB) 3Du
1Dg

3Pu
1Pu

3Pg
1Pg

1Su
2(pp) 3Su

1(pp) 3Su
1(ss) 3Sg

2(pp) 1Sg
1(pp) 1Sg

1(ss)

( 3
2 , 3

2 ) @1# 1 0 0 0 0 0 0 0 0 0 0 0

( 3
2 , 1

2 ) @1# 1/A6 1/A6 1/) 0 1/) 0 0 0 0 0 0 0

( 3
2 ,2 1

2 ) @1# 0 0 1/A6 1/A6 1/A6 1/A6 0 1/A6 0 1/A6 0 0

( 3
2 ,2 3

2 ) 0 0 0 0 0 0 1/2 1/2 0 1/2 1/2 0

( 1
2 , 3

2 ) @1# 1/A6 21/A6 1/) 0 21/) 0 0 0 0 0 0 0

( 1
2 , 1

2 ) @1# 1/3 0 &/3 2&/3 0 0 0 0 2/3 0 0 0

( 1
2 ,2 1

2 ) @6# 0 0 1/3 0 1/3 0 21/6 1/6 &/3 1/6 21/6 &/3

( 1
2 ,2 3

2 ) @2# 0 0 1/A6 1/A6 1/A6 1/A6 0 1/A6 0 1/A6 0 0

(2
1
2 , 3

2 ) @1# 0 0 1/A6 1/A6 21/A6 21/A6 0 1/A6 0 21/A6 0 0

(2
1
2 , 1

2 ) @6# 0 0 1/3 0 21/3 0 21/6 1/6 &/3 21/6 1/6 2&/3

(2
1
2 ,2 1

2 ) @2# 1/3 0 &/3 2&/3 0 0 0 0 2/3 0 0 0

(2
1
2 ,2 3

2 ) @2# 1/A6 1/A6 1/) 0 1/) 0 0 0 0 0 0 0

(2
3
2 , 3

2 ) 0 0 0 0 0 0 1/2 1/2 0 21/2 21/2 0

(2
3
2 , 1

2 ) @2# 0 0 1/A6 1/A6 21/A6 21/A6 0 1/A6 0 21/A6 0 0

(2
3
2 ,2 1

2 ) @2# 1/A6 21/A6 1/) 0 21/) 0 0 0 0 0 0 0

(2
3
2 ,2 3

2 ) @2# 1 0 0 0 0 0 0 0 0 0 0 0



s
e

e
f a
e

lin
n
v
on

tio
g

ck
lv

o
c
a
b

i-
o

te
h

i
e

bl
a

nt
en
th

e

on

ly

-
tiv

a

es
a-
l
-
m-
re-

of

on-
he

e

a-
rod-

,

s
e

wo

eters
ent
sive

962 57HUYNH, DULIEU, AND MASNOU-SEEUWS
discussed in Ref.@20#, the population transfer reduce
mainly the population of theD1 3Pu short-range state, du
to an ionic-covalent pseudocrossing atR526a0 , which,
moreover, strongly mixes the contribution of theA7 andA8
3Su

1 states. The introduction of thew coefficients in the
model is made necessary due to the large values of the
ergy pooling cross sections, which are a manifestation o
important population transfer in the vicinity of som
pseudocrossings.

~iii ! In the long-distance range (R.30a0), the change
from an atomic to a molecular basis and the spin-uncoup
effect should be taken into account. This change depe
markedly upon the collision energy considered, and the e
lution from one Hund’s case coupling scheme to another
is a particularly important point@29#, which might also be
crucial even at smaller distances@20#. In the present work,
we considered a simple model with sudden approxima
for spin uncoupling, and infinite locking radius. The lockin
phenomenon has been discussed in several papers@30–34# in
the case of aP-state atom interacting with a1S atom: only
two molecular symmetries are then considered, and a ‘‘lo
ing radius’’ RL can easily be estimated as an integral invo
ing the two corresponding potential curves. Generalization
such a model to the more complex situation of two intera
ing P-state atoms, where many molecular symmetries
involved, still has to be developed. In a recent discussion
Yurova @35# on polarization effects in energy pooling coll
sions, the locking radius was estimated for various pairs
states, considering each time an isolated two-state sys
The large values obtained (RL.50 a.u.), as compared wit
the relatively small range of impact parameters involved
the associative ionization reaction (b, a.u.) suggest that th
‘‘locking angle’’ would be very small (,8°): therefore, the
hypothesis of an infinite locking radius could be reasona
However, a correct evaluation of the population transfer
large internuclear distances would require solution of qua
coupled equations in connection with the MQDT treatm
at short distances, which is beyond the possibilities of
existing theoretical tools.

We assume that the various Hund’s casea molecular
states correlated to the Na(3p)1Na(3p) limit share statisti-
cally the population of the different combinations of the fin
structure components (j A , j B) of the atomic 3p level. Indeed,
we do not consider the possibility of adiabatic correlati
through Hund’s casec curves to a specific (j A , j B) asymp-
tote, as for theA4 3Pu state, which should be preferential
populated from the~j A5 1

2 , j B5 1
2! or the ~j A5 1

2 , j B5 3
2!

asymptotic levels@36#. This particular hypothesis will be dis
cussed in Sec. IV B. The cross section for the associa
ionization reaction corresponding to the three steps~2!–~4! is
then compactly written as

s tot
AI~ j AmA , j BmB!

5(
i

(
p

(
n,n8

z~ j AmA , j BmB ;Ani !

3z~ j AmA , j BmB ;An8i !

3@w~Ani→Dpi;«!w~An8i→Dpi;«!#1/2

3sMA~Dpi;«!. ~14!
n-
n

g
ds
o-
e

n

-
-
f

t-
re
y

f
m.

n

e.
t

al
t
e

-

e

The so-called coherence terms@14# are also defined:

utot
AI~ j AmA , j BmB ; j A8mA8 , j B8mB8 !

5(
i

(
p

(
n,n8

z~ j AmA , j BmB ;Ani !z~ j A8mA8 , j B8mB8 ;An8i !

3@w~Ani→Dpi;«!w~An8i→Dpi;«!#1/2

3sMA~Dpi;«!, ~15!

where the coefficientsz’s are the expansion coefficients of
particular initial atomic state (j AmA , j BmB) projected onto
the various adiabatic statesAni in the spin-uncoupling
scheme. As discussed in~ii ! above, the indexesn andn8 in
Eqs.~14! and~15! are equal, except forS symmetries. In our
model the efficient channels of different symmetri
2S11Lg/u participate independently in the molecular ioniz
tion. It follows that the coherence of two different initia
states (j AmA , j BmB) and (j A8mA8 , j B8mB8 ) also leads to a cross
section term instead of a product of complex ionization a
plitudes. In Table II we give the projection coefficients, he
after denoted byjasymp( j A5 j B5 3

2 ,mA ,mB ; i ), of all the
combinations of Zeeman substates (mA ,mB) onto the
asymptotic molecular states constructed from products
atomic orbitals inL picture. For the3Du , 1Dg , 3Pu , 1Pu
symmetries, which are connected to only one atomic c
figuration, these coefficients are then identified with t
numbersz( j AmA , j BmB ,Ani) ~with j A5 j B5 3

2!, which ap-
pear in Eqs.~14! and~15! and represent the projections of th
various initial states (mA ,mB) on the adiabatic statesAni.
For the 3Su

1 and 1Sg
1 symmetries, the sudden approxim

tion provides two asymptotic states represented by the p
uct of atomic orbitals ‘‘3ps,3ps ’’ or ‘‘3 pp,3pp ’’ ~hereaf-
ter denoted by ‘‘ss’’ or ‘‘ pp’’ !. The A7,83Su

1 and
A7,81Sg

1 adiabatic states resulting from theab initio calcu-
lations are combinations of thess andpp asymptotic states
expressed via a rotation matrix:

S 3Su
1~pp!

3Su
1~ss! D 5S cosaT

sinaT

sinaT

2cosaT
D S 7 3Su

1

8 3Su
1D . ~16!

The same relation holds for1Sg
1 , with angleaS . Therefore,

for the 3Su
1 and 1Sg

1 symmetries, the number
z( j AmA , j BmB ;Ani) are expressed in terms of th
jasymp( j A5 j B5 3

2 ,mA ,mB ; i )’s via the rotation matrix in Eq.
~16!. We have deduced the values for the mixing anglesaT
andaS from theab initio potential calculations of@19#:

cosaT50.8, sinaT50.6, aT537°. ~17!

The value ofaS is also close to 37°.
However, due to the dynamical coupling between the t

adiabatic statesA7i andA8i , the mixing anglesaT andaS
may also be considered, in a crude model, as free param
accounting for this coupling. Then every step of the pres
model may be described in a very general way as succes
unitary transformations from an initial atomic state (mA ,mB)
to the final doubly excited states (D1i ) and (D2i ) ~with i
51Sg

1 , 3Su
1!:
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S mAmB

mA8mB8
D5 ĵS pp

ss D5 ĵ•âSA7i
A8i D5 ĵ•â•b̂SD1i

D2i D
5S jpp

jpp8
jss

jss8 D S cosa
sina

sina
2cosa D

3S cosb~«!

2sinb~«!

sinb~«!

cosb~«! D SD1i
D2i D . ~18!

The matricesĵ andâ correspond to simple geometric tran
formations, witha5aT , aS andj5jT, jS for the 3Su

1 and
1Sg

1 symmetries, respectively. It is easy to see that th
product yields thez( j AmA , j BmB ;Ani) coefficients used in
Eqs. ~14! and ~15!. The matrix b̂ accounts for the energy
dependent population sharing between the two adiab
states@with b(«)5bT(«), bS(«)#, leading to the doubly ex-
cited states. In our model, only theD2i channel leads to
autoionization. We can formally write, from Eqs.~10!–~15!,

cosb~«!5@w~A7i→D1i ;«!#1/25@w~A8i→D2i ;«!#1/2,

~19!

sinb~«!5@w~A7i→D2i ;«!#1/25@w~A8i→D1i ;«!#1/2,

and we verify in Fig. 2~c! that the following identity is in-
deed fulfilled:

w~A7i→D2i ;«!1w~A8i→D2i ;«!51. ~20!

Owing to the fact that the symmetry1Sg
1 makes a weake

contribution to the process~its statistical weight is one-third
ir

tic

of that of 3Su
1 , for instance!, we simplified the model by

introducing a variable angleaT and settingaS50. This
means we correlate theA7 1Sg

1 state to its asymptotic com
ponentpp, and theA8 1Sg

1 state to thess one. In Sec. IV,
we will present results corresponding to several choices
the mixing angleaT , while the functionsb(«)5bT(«),
bS(«) are determined using a Landau-Zener picture, as
plained in~ii ! above, and averaging over impact paramete
From Eqs.~18! and ~19!, this procedure can be generalize
by keepingaT at a fixed value~yielded, for instance, by the
ab initio calculations!, and by varying the functionsb(e) to
reproduce experimental results. The coupling between
two adiabatic states over all distances may then be inclu
in the model, through the energy-dependent parame
b(«)5bT(«), bS(«).

In order to provide cross sections directly comparable
experimental data, the populations of the initial magne
sublevels (j AmA) and (j BmB) ~projected onto the body-fixed
frame! have to be determined, according to the excitat
scheme, i.e., the polarization of the laser light exciting ea
atom and the geometry of experiment. We shall represent
excitation scheme by the combined symbol@ãA ,ãB#, so that
the populations are entirely characterized by the atomic d
sity matrices%A( j A ,ãA) and %B( j B ,ãB) of the collision
partners. Summing over all possible initial states (mA ,mB),
we define the total AI cross section for the excitation sche
@ãA ,ãB# and for the relative collision energy« as
f

etries
sTOT
AI ~ j Aj B ,ãAãB ;«!5 (

mAmB
(

mA8mB8
(

i
(

p
(
n,n8

z~ j AmA , j BmB ;Ani !z~ j A8mA8 , j B8mB8 ;An8i !

3@w~Ani→Dpi;«!w~An8i→Dpi;«!#1/2h~ j AmA , j BmB ; j A8mA8 , j B8mB8 !

3^mAu%A~ j A ,ãA!umA8 &^mBu%B~ j B ,ãB!umB8 &sMA~Dpi;«!. ~21!

This equation includes not only the cross sections~11! and~14!, but also the coherence terms of Eqs.~12! and~15!, which have
often been neglected in previous theoretical models. The functionh( j AmA , j BmB ; j A8mA8 j B8mB8 ) depends upon the geometry o
the experimental setup: for a single beam, colinear beam~both corresponding to cylindrical symmetry of the setup! and
orthogonal beam~with the same quantization axis for both beams! experiments, contributing terms to Eq.~21! satisfy the
conservation relation@14#

h~ j AmA , j BmB ; j A8mA8 , j B8mB8 !5d~mA1mB ,mA81mB8 !, ~22!

while, for an isotropic cell experiment,

h~ j AmA , j BmB ; j A8mA8 , j B8mB8 !51. ~23!

It is worthwhile to write Eq.~21! as a weighted sum of the molecular autoionization cross sections for the various symm
pi previously defined by Eq.~9!:

sTOT
AI ~ j Aj B ,ãAãB ;«!

5(
p,i

J j Aj B
~Dpi;ãAãB ;«!sMA~Dpi;«!. ~24!

In Eq. ~24!, we introduced the molecular weights as
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J j Aj B
~Dpi;ãAãB ;«!5 (

mAmB
(

mA8mB8
(
n,n8

z~ j AmA , j BmB ;Ani !z~ j A8mA8 , j B8mB8 ;An8i !@w~Ani→Dpi;«!w~An8i

→Dpi;«!#1/2h~ j AmA , j BmB ; j A8mA8 , j B8mB8 !^mAu%A~ j A ,ãA!umA8 &^mBu%B~ j B ,ãB!umB8 &. ~25!

TABLE III. Various combinations of initial diatomic states@(mA ,mB), (mA8 ,mB8 )# ~with j A5 j B5
3
2! that

are likely to contributecoherently to the molecular autoionization signal via a channel of symmetryi
52S11Lg/u . We assume that the conditionmA1mB5mA81mB8 is verified ~see text!.

2S11Lg/u @(mA ,mB);(mA8 ,mB8 )#

3Du
1Dg @( 3

2 , 1
2 );( 1

2 , 3
2 )# @(2

1
2 ,2 3

2 );(2
3
2 ,2 1

2 )#

@( 3
2 , 1

2 );( 1
2 , 3

2 )# @(2
1
2 ,2 3

2 );(2
3
2 ,2 1

2 )#
3Pu @( 3

2 ,2 1
2 );( 1

2 , 1
2 )# @( 3

2 ,2 1
2 );(2

1
2 , 3

2 )# @( 1
2 , 1

2 );(2
1
2 , 3

2 )#

@( 1
2 ,2 3

2 );(2
1
2 ,2 1

2 )# @( 1
2 ,2 3

2 );(2
3
2 , 1

2 )# @(2
1
2 ,2 1

2 );(2
3
2 , 1

2 )#

1Pu
@( 3

2 ,2 1
2 );( 1

2 , 1
2 )# @( 3

2 ,2 1
2 );(2

1
2 , 3

2 )# @( 1
2 , 1

2 );(2
1
2 , 3

2 )#

@( 1
2 ,2 3

2 );(2
1
2 ,2 1

2 )# @( 1
2 ,2 3

2 );(2
3
2 , 1

2 )# @(2
1
2 ,2 1

2 );(2
3
2 , 1

2 )#

7 3Su
1,8 3Su

1 @( 3
2 ,2 1

2 );( 1
2 , 1

2 )# @( 3
2 ,2 1

2 );(2
1
2 , 3

2 )# @( 1
2 , 1

2 );(2
1
2 , 3

2 )#

@( 1
2 2

3
2 );(2

1
2 ,2 1

2 )# @( 1
2 ,2 3

2 );(2
3
2 , 1

2 )# @(2
1
2 ,2 1

2 );(2
3
2 , 1

2 )#

@( 1
2 ,2 1

2 );( 3
2 ,2 3

2 )#

1Sg
1

@( 1
2 ;2 1

2 );( 3
2 ,2 3

2 )#
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In the model developed in the present paper, the autoion
tion cross sections are defined assuming a unit populatio
a short-range doubly excited state, whereas the molec
weights contain all the information concerning the lon
range dynamics, i.e., the population transfer from the ini
preparation of the two atoms to the short-range autoioniz
statesDpi. Indeed, Eq.~25! includesall the contributions, in
particular the coherences, of the various possible initia
states (j AmA) and (j BmB), to the population of the adiabati
statesAni. As an example, in Table III we display the var
ous pairs@(mA ,mB);(mA8 ,mB8 )# of initial diatomic states~for
j A5 j B5 3

2! leading to coherent contributions to the cross s
tion for each molecular symmetry. Furthermore, through
transmission factorsw ~see Appendix A!, the molecular
weightsJ take into account the long-range radial coupli
between the adiabatic statesAni of a same symmetryi , and
then describe how the molecular population is transmitted
the inner region. Finally, the dependence upon the excita
scheme~polarization of the exciting laser and geometry
excitation! of the initial atomic states is described by th
density matrices%A( j A ,ãA) and%B( j B ,ãB).

In order to compare with experiment, the cross section
Eqs. ~21! or ~24! has to be convoluted with the distributio
D(vc) of the relative velocitiesvc5A2m« of the two collid-
ing atoms, wherem is the reduced mass:

s̄TOT
AI ~ j Aj B ,ãAãB ; v̄c!

5E sTOT
AI ~ j Aj B ,ãAãB ;vc!D~vc!dvc , ~26!

leading to the rate constant:
a-
of
lar
-
l
g

-
e

to
n

n

RAI~ j Aj B ,ãAãB ; v̄c!

5E vcsTOT
AI ~ j Aj B ,ãAãB ;vc!D~vc!dvc . ~27!

The velocity distributions,D(vc) are defined in the experi
mental papers discussed in Sec. III, and their expressions
reported in Appendix B. Further details concerning the av
aging procedure can be found in Ref.@5#.

III. DESCRIPTION OF THE VARIOUS EXPERIMENTAL
SCHEMES

The total cross section has been measured by Huenne
and Gallagher@2# in a cell experiment exciting both theD1
andD2 lines with an unpolarized laser. For this experime
the velocity distribution is a Maxwellian distribution@given
by Eq. ~B1! in Appendix B#. The atomic populations are
equally distributed over the sublevelsml ,A and ml ,B of the
3p 2P state, due to rapid collisional mixing in an isotrop
medium at relatively high temperatures ('650 K) @2#.
Therefore, the atomic density matrices%cell , required to cal-
culate this cross section through Eq.~21!, may be considered
in the L picture and will be diagonal, with equal elemen
given by a suitable normalization condition. Accordingly, a
the possible combinations forj A5 1

2 , j B5 3
2 have been in-

cluded. The experimental data are compared to our resul
Fig. 3.

Crossed-beam experiments were performed by
Utrecht group@3,4# with two counterpropagating thermal so
dium beams, the collision velocity range covered by this
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perimental setup being~910–2318 m/s!. A laser beam tuned
on the transition Na 3s 2S1/2(F52)→Na 3p 2P3/2(F53)
and reflected by a perpendicular mirror was intersecting
beams direction at an anglea'87°, so that the atoms in th
two beams may be excited according to the same geom
one group (A) by the incident laser beam, the other one (B)
by the reflected one. Measurements were performed in v
ous excitation schemes@ãA ,ãB# corresponding to differen
polarizations~linear or circular! of the exciting laser beam
and different excitation geometries. In each of the
schemes, one varies the angleu between the polarization
vector of the laser and the direction of the relative veloc
We report the results in Figs. 4~a!–4~f!. In some experiments
@3,4# both collision partners were excited with linearly pola
ized light with the same variable polarization angleu, the
corresponding@ãA ,ãB# scheme is denoted by lin(1u,1u)
@see Figs. 4~a! and 4~b!#. In another experiment@4#, the po-
larization angles for the two beams were opposite: this is
lin( 1u,2u) scheme, for which the results are represente
Fig. 4~c!. For the results reported in Figs. 4~d! and 4~e!, the
polarization angle varied for one beam, and fixed resp
tively to 0° and 90° for the other@4#. The corresponding
@ãA ,ãB# schemes are written as lin(1u,0) and
lin( 1u,90), respectively. Finally, a mixed polarization exc
tation scheme,b lin~u!,cir1~90!c, was also realized@4#, in
which the direct laser beam exciting atomsA was linearly
polarized, with variableu, while the reflected one exciting
atomsB was circularly polarized@see Fig. 4~f!#. The most
striking feature of the results, in the case of linear polari
tion, is a symmetrical variation of the ion signal, when t

FIG. 3. Computed total cross sections̄TOT
AI ~with aT537°! com-

pared to experiment.~i! All symmetries included, and with the un
transfer coefficient for3Pu : w(A4 3Pu→D1 3Pu ;«)51. ~ii ! All
symmetries included, and withw(A4 3Pu→D1 3Pu ;«) of Fig.
2~c!. ~iii ! All symmetries except3Pu included.~iv! All symmetries
except1Pu included.~a! The minimum and maximum experimen
tal values of Ref.@2# are reported.~b! Relative contributions to the
computed cross section from the various autoionizing channels
e

ry,

ri-

e

.

e
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c-

-

polarization angle is varied from 0° to 180°, with a minimu
at u590°. The ion signal is proportional to the rateRAl( j A
5 3

2 , j B5 3
2 ;ãAãB ; v̄c) @see Eq.~27!#, hereafter abbreviated a

R(u). We will consider the normalized signalR(u)/R(0°)
and define theangular contrast Cas

C5@R~0°!2R~90°!#/R~0°!. ~28!

This contrast is more pronounced at low collision velocitie
and decreases when the velocity is increased until a pla
appears atv̄c51960 m/s in the lin(1u,1u) scheme. For the
‘‘mixed’’ excitation scheme, the ion signal is measured b
tween290° and190° and is almost symmetrical with re
spect to 0°, where it presents a maximum. The velocity d
tribution for these experiments are discussed in the Appen
B.

A single-beam experiment was performed by Meijer@5#
in the 250–500 m/s collision velocity range with only on
excitation scheme@ãA ,ãB#5 lin( 1u,1u), where both col-
lision partners are excited by linearly polarized light, wi
the same variable polarization angleu. The data are reported
in Fig. 6. As in the case of counterpropagating beams,
angular variation of the ion signal from 0° to 180° is sym
metrical with respect to 90°, where it presents a minimu
But the angular contrast now increases with increasing
lision velocities, and tends to a saturation around 480 m

FIG. 4. Associative ionization rate constan
RAl(3/2,3/2,ãA ,ãB ,v̄c) @abbreviated asR(u), and normalized at
u50°# for counterpropagating beams experiments, as a functio
the polarization angleu, for different excitations schemes and di

ferent average collision velocitiesv̄ c . Solid line: all molecular
symmetries are considered. Dotted line: all symmetries except3Pu

are considered. Dot-dashed line idem, but with an adjustedaT

563°) mixing between the asymptoticss andpp components of
the 3Su

1 states. Long-dashed line in~b!: idem, but also excluding
3Du . Circles: experimental results of the Utrecht group@3,4#.
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The experiments of the Maryland group used a differ
geometry, and considered either two perpendicular ther
beams@6–8# or a single beam@9,10#. The high-resolution
velocity selection was achieved through Doppler effect
selecting a particular class of velocity within each beam,
two different velocity groups within the same beam. As t
width of the velocity distribution did not exceed 30 m/s, w
have checked that the energy dependence of the cross
tions ~see Fig. 2! is too slow to be affected by convolutio
with the experimental distribution, so that, for this series
experiments, we can directly compare our calculations
various velocities to the experimental signal~see Fig. 9!. The
different experiments with their excitation schemes and
ergy domain are summarized in Table IV, where the cor
spondence between the excitation schemes used in Mary
and in Utrecht is established.

IV. COMPARISON BETWEEN THEORETICAL
AND EXPERIMENTAL RESULTS

Our velocity-dependent molecular autoionization cro
sections having been computed in an earlier work@20#, we
shall compare our results with the experimental ion signa
to a collision velocity of 1750 m/s. Due to the large numb
of possible autoionization channels, it is worthwhile to u
this comparison in order to discuss how a set of experime
results can be used to identify the channels that effectiv
contribute to the ion formation.

We shall discuss both absolute data, for which the au
ionization efficiency of a given channel is the importa
point, and relative measurements, where the polarization
pendence of the ion signal can be considered as a sign
of a given molecular symmetry. Within the model develop
in the present paper and for the experiments discussed
the shape of the curve giving the ion signal as a function
the polarization angle may be analyzed by considering b
the autoionization efficiency and theu variation of the
weightsJ j Aj B

(Dpi;ãAãB ;«) for the different channels con
tributing to the Al process at the energy«. The signature of a
given doubly excited autoionizing stateDpi will then be
manifested by the sign and magnitude of the contrast defi
in Eq. ~28!.

Many interpretations in the past rely upon a uniq
3Su

1(ss) autoionizing channel. We shall therefore discu
the experimental results by varying in our model the mixi
angle aT for the two long-range components in the3Su

1

ionization channel, and by discussing the influence of
other symmetries, in particular the3Pu channel, which was
not considered in previous interpretations of experimen
data, and which could be the dominant one, according to
previous discussion concerning autoionization efficiency~see
Fig. 2! and to its statistical weight.

A. Total cross section

As mentioned above, the total cross section correspon
to the cell experiment of Ref.@2# may be computed accord
ing to Eq.~21! with diagonal atomic density matrices in th
L picture for the excited state 3p. After averaging over the
Maxwell velocity distribution@Eq. ~B5!, Appendix B#, our
estimation for this cross section for associative ionization
sodium atoms at 650 K is
t
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s̄TOT
AI ~cell,T5650 K!51.07310216 cm2 ~67%!.

This result has to be compared with the experimental va

0.6310216<sexpt
AI ~cell,T5650 K!<1.4310216 cm2,

where the data of Ref.@2# have been corrected by a factor
2 according to Ref.@37#. The error bar in the theoretica
cross section is estimated by considering the extrapola
procedure of the data for the molecular autoionization cr
sections sMA(Dpi;«), beyond the upper valuevsup
51750 m/s for the velocity. Indeed, the Maxwell-Boltzman
collision velocity distribution has a weak, but not vanishin
tail for vc.vsup, as seen in Appendix B. Whereas the co
tribution from the velocity range below 1750 m/s leads to
cross section of 1.03310216 cm2, the extrapolation proce
dure introduces an uncertainty in the computed result w
below 10%.

The relative contribution of the various molecular aut
ionization channels to the total cross section is analyzed
Fig. 3. It is manifested that the dominant contribution~40%!
comes from the3Pu channel. Calculations with a transmis
sion coefficientw equal to unity would lead to a too larg
value of the cross section@~i!, Fig. 3~a!#. Neglecting the3Pu
contribution would lead to a cross section of 0.6
310216 cm2, at the lower limit of the experimental erro
bar: the agreement between theory and experiment se
better when the3Pu channel is considered. However, n
glecting the1Pu channel yields a cross section which is st
within the experimental error bar@~iv!, Fig. 3~a!#. The con-
tribution of the 3Su

1 channel leads to a cross section
0.23310216 cm2 if aT is assumed to be 37°, or 0.2
310216 cm2 with aT563°, so that the model of the uniqu
3Su

1 channel is ruled out by comparison with this expe
ment.

The long-range population loss that we have conside
for the 3Pu symmetry is also justifieda posteriori by the
agreement between computed and measured cross sec
if all the population of the (3p13p) asymptote was trans
ferred into the inner region for the3Pu symmetry, the total
cross section would be 1.40310216 cm2, at the upper limit
of the experimental error bar.

B. Comparison with the Utrecht experiments

As in previous work, our results for the relative variatio
of the ion signal as a function of the polarization angleu are
in good agreement with the counterpropagating-beam exp
ments in the 910–1600-m/s velocity range. In Fig. 4
present, for various values of the average collision veloc
v̄c and different excitation schemes@ ãA ,ãB#, a comparison
between experimental results and calculations. First, we
sume a mixing angleaT of 37° ~ab initio value! for the two
long-range components of the3Su

1 channel. For linear po-
larization, with the lin(1u,6u) excitation scheme@Figs.
4~a!–4~c!#, the disagreement between theory and experim
is at most 20%. Suppressing the3Pu channel does no
modify the shape of the curve very much. Moreover, in t
latter conditions, the agreement with experiment can
markedly improved by varying the mixing angle from 37°
63°. These results can be analyzed by considering the
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lecular weightsJ defined in Eq.~25! and represented in Fig
5 for the lin(1u,1u) excitation scheme at two collisio
velocities, 1062 and 1600 m/s. The absolute value of s
coefficients reflects the statistical weight of a given chan
@varying from 6~for 3Du or 3Pu! to 1 ~for 1Sg

1!# and can
possibly be attenuated by thew(Ani→Dpi;«) transmission
factor @important in the case of3Pu symmetry, as displayed
in Fig. 2~c!#. Their angular variation is typical of the excita
tion geometry and of the symmetry of the long-range m
lecular state. Obviously theu variation is very similar for the
3Pu and 1Pu channels, and differs markedly for the3Su

1

channel; however, the shape of the latter curve can be m
fied, and even switched from positive to negative contrast
changing the mixing angleaT . This is not surprising, as th
populations of thess andpp long-range components hav
very different dependences upon the polarization angle.
then possible to fit the experimental curve at 1062 m/s
suppressing the contribution of the3Pu and choosing a mix-
ing angleaT563°. Therefore, the measurements of therela-
tive variation cannot be used to discriminate between thePu

and 3Su
1 channels, and a more elaborate model of the lo

range dynamics should be performed. The presence of
3Du channel seems more evident: at 1600 m/s, when
channel is open, it is clear that thecontrast Cis reduced due
to its contribution, in agreement with experiment. The cu
computed excluding the3Du’s contribution exhibits a too
important contrast.

When the polarization angle is not identical for the tw
beams, the effect of the3Pu contribution manifests itsel
clearly @see Fig. 4~e!#. Nevertheless, this contribution can b
partially compensated for by switching the mixing angle, a
it is striking that the same empirical valueaT563° can fit
most of the experimental data.

However, as illustrated in Fig. 4~f!, at a collision velocity
of 910 m/s, and for the@ lin~u!,cir1~90!# excitation scheme
suppressing the3Pu contribution enhances the disagreeme
between theory and experiment, and switching the mix
angle toaT563° causes even stronger disagreement. T

FIG. 5. Molecular weightsJ3/2,3/2(Dpi;ãAãB ; v̄c) @abbreviated
as J3/2,3/2(u)# as a function of the polarization angleu, for the
counterpropagating-beam experiment@lin( 1u,1u) excitation
scheme#, with v̄c51062 and 1600 m/s.~a! and ~b! Full triangles
D1 3Du ; full squaresD1 3Pu ; open squaresD1 1Pu ; open tri-
anglesD1 1Dg ; open circlesD2 1Sg

1 . ~c! and~d! Contributions to
D2 3Su

1 from A7 3Su
1 ~plus symbols! and A8 3Su

1 ~stars! com-
puted foraT537° ~dashed line! andaT563° ~full line!.
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can be interpreted from the analysis of the correspondinJ
coefficients, not represented in the present paper, by rem
ing that the contrast is much smaller for the3Pu ionization
channel, and it is difficult to interpret the experimental da
without including the contribution of this symmetry. Such
result indicates that circular polarization experiments sho
probably be more sensitive to the presence of a3Pu channel.
We shall further discuss this point below by considering n
only relative but also absolute measurements.

An opposite conclusion can be formulated when going
low collision energies. Indeed, considering single-beam
periments@5#, where the collision energy is reduced by
factor of 2–8, it seems at first@for v̄c5420, and 360 m/s, se
Figs. 6~a! and 6~b!# that the agreement between theory a
experiment is improved when the contribution of3Pu ,
which is markedly peaked aroundu590°, is suppressed. A
such energies, switching the mixing between the two3Su

1

long-range components does not change the shape o
curve. The decrease of the contribution of the3Pu channel is
coherent with the breakdown of sudden approximation
low collision energies, the Hund’s casec correlation scheme
between a 3Pu intermediate range curve and the tw
(3p 2P1/213p 2P1/2) and (3p 2P1/213p 2P3/2) asymptotes
becoming more adapted@36#. This point should be confirmed
by experiments usingD1 line excitation at low energies. Go
ing to low velocities, the disagreement between theory a
experiment should indicate the low-energy limit of o
model. The collision energy at 420 m/s is 10.5 meV, whi
is only a factor of 5 larger than the fine-structure splitting
one sodium atom (DEFS'17.19 cm21, or 2.13 meV!: the
agreement between our calculations and experiments th
fore seem surprisingly good. At even lower velocities~250
and 280 m/s! the collision energy exceeds the fine-structu
splitting by a factor of 2 only, and therefore is of the sam
order of magnitude as the sum of the fine-structure splitti
for the two atoms, so that our model becomes too crude
any quantitative interpretation.

FIG. 6. Associative ionization rate constan

RAl( 3
2 , 3

2 ,ãA ,ãB ,v̄c) @abbreviated asR(u), and normalized atu
50°# for a single-beam experiment, as a function of the polari
tion angleu in the lin(1u,1u) excitation scheme, for differen
values ofv̄c . Solid line: all molecular symmetries are considere
Dotted line: all symmetries except3Pu are considered. Circles
experimental results of the Utrecht group@5#.



TABLE IV parison of our computations. The correspondence between
the different

Group

AI cross section
(sAI)

(10216 cm2) Observations

HG@2# 1.0 (637%)

MA1@6# 1.8,sAI,8.0 Strong velocity
dependence

MA2@7# Strong velocity dependence
Selectivity in the

spatial alignment of
the atomic 3p orbitals

MA3@8# Selectivity in
spins configurations

Strong velocity
dependence

MA4@9# 5.162.0 ~s!
10.264.5 ~p!

Polarization dependence

MA5@10# Polarization and excitation
geometry dependence

Velocity dependence

UT1
@3# 0.8S 11.2

20.5D Selectivity of the process with
respect to the preparation of the
collision partners in magnetic

substates (s̄ um1u,um2u!
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. Schematic description of the published experimental works studying associative ionization in Na2, considered for com
notations for some excitation schemes used by the Utrecht group and the Maryland group is indicated.

Experimental
setup

Collision velocity
(vc) distribution
„vc range~m/s!…

Polarization
of the

exciting
laser

Excited transition~s!
3s 2S1/2→3p 2P3/2

(FMF)→(F8MF8 )
Excitation

scheme

Cell ~650 K! Maxwell-Boltzmann
T5650 K

~3D, isotropic!

not
defined

No hyperfine
selection

CB 90°
~773 K!

Selection of narrow
velocity class
~1200–2200!

s1 (2,12)→(3,13) cir1(90°,90°)

CB 90°
~635 K!

Selection of narrow
velocity class
~550–2200!

p (2,MF)
→

@(3,MF8 )(70%),
(2,MF8 )(20%),
(1,MF8 )(10%)]

lin~0°,0°!
or axial-axial
lin~90°,90°!

or transverse-transverse

CB 90°
and
SB

~773 K!

Selection of narrow
velocity class

~200–600! ~SB!
~800–2200! ~CB!

s1,s2 (2,62)→(3,63) @cir1~0°!,cir2~180°!#
or parallel spins

@cir1~0°!,cir1~180°!#
or antiparallel spins

SB
~773 K!

Selection of narrow
velocity class
vc512 m/s

p ands (2,MF)→(3,MF8 )
and

(1,MF)→(2,MF8 )

Excitation geometry
not precisely defined

for p polarization
cir1(225°,45°)

SB
~773 K!

Selection of narrow
velocity class

~100–625!

p ands (2,62)→(3,63) ~s!
(2,MF)

(3,22, . . . ,2) ~p!

@cir1~45°!,cir2~135°!#
@cir1~45°!,cir1~135°!#

CB 180°
~635 K,
575 K!

large profile
(width>250 m/s)

~900–2300!

p (2,MF)→(3,MF8 ) lin( 1u,1u)
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The previous discussion was considering only relat
variation of the ion signal. It is important to recall that th
ion rate is substantially lowered when the contribution of t
3Pu channel is not included. This is illustrated in Fig.
where we have represented the predicted ion signal at a
lision velocity of 1600 m/s, in the hypothesis of two cou
terpropagating beams and for two excitation schemes,
(1u,1u) as in Fig. 4~b! and cir1(1u,1u). The latter ex-
citation scheme was never studied experimentally. We
cuss through these two schemes the contribution of the3Pu
autoionization channel and of the effects of the cohere
terms. In the lin(1u,1u) excitation scheme, it is manifeste
that when the3Pu contribution is neglected, the absolu
value of the signal is decreased by 40%, the contrast be
reduced. In the cir1(1u,1u) excitation scheme, not only
the intensity of the signal but the shape of itsu dependence is
very much modified when this contribution is neglected. T
effect of coherences is also much stronger for circular po
ization. We therefore suggest that such experimental stu
could possibly provide deeper insight into the collisio
mechanism.

A study of the velocity variation of some cross sectio
has also been performed by the Utrecht group. In Fig. 8
present the comparison of our calculations with absol
measurements@3–5# of the s̄ j A53/2,umAu; j B53/2,umBu partial

cross sections, hereafter labeleds̄ umAu,umBu , and computed as

s̄ umAu,umBu5
1
2 ~smAmB

1smA ,2mB
!, ~29!

as well ass iso defined as

s iso5
1
4 ~ s̄3/2,3/212s̄3/2,1/21s̄1/2,1/2!. ~30!

In Eq. ~29!, the cross sections written in simplified notatio
smAmB

are defined by Eq.~14! with j A5 j B5 3
2 . The experi-

mental cross sections have been velocity deconvoluted,
are reported here in absolute values according to the cali
tion suggested by the authors of Ref.@4#, that is
100 arb. units510216 cm2 ~with a factor of 2 of uncertainty!
for the cross sectionss̄ umAu,umBu as well as fors iso. The
agreement with experimental results seems satisfactory
s iso @see Fig. 8~d!# and s̄3/2,1/2 @see Fig. 8~b!#, where an
analysis of the calculations shows that many symmet

FIG. 7. Computed associative ionization ra

RAl( 3
2 , 3

2 ,ãA ,ãB ,v̄c) @abbreviated asR(u)# as a function of the po-
larization angle u, at v̄c51600 m/s ~counterpropagating-beam
setup! and for aT537°. ~a! lin( 1u,1u). ~b! cir1(1u,1u).
Dashed line: including only the diagonal contribution of Eq.~14!;
solid line: including also allcoherenceterms of Eq.~15!; dotted
line: idem, excluding the3Pu channel.
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970 57HUYNH, DULIEU, AND MASNOU-SEEUWS
contribute to the cross section. Fors̄3/2,3/2 the long-range
adiabatic curves that may be populated are exclusively3Du ,
3Su

1(pp), and 1Sg
1(pp). We interpret the rise of the the

oretical cross section@see Fig. 8~a!# at higher energies as th
opening of a3Du autoionization channel, and this effect
not clearly manifested in the experimental signal. At low
collision energies, the decrease of the theoretical cross
tion comes from the vanishing of thew(Ani→Dpi;«) trans-
mission factor@see Fig. 2~c!# due to a hump in the 83Su

1

long-range curve, together with a decrease of the autoio
ation efficiency for theA7 3Su

1 long-range curve@see Fig.
2~b!#. This is apparently in contradiction to the rise in th
experimental curve. However, as discussed earlier,
model is certainly not valid when the collision energy b
comes of the same order of magnitude as the fine-struc
splitting of the set of two sodium atoms, and from t
present discussion we can estimate the lower limit for
validity of our model at velocities around 600 m
@«/(2DEFS)'5#. The rise in the experimental curve wou
be compatible with a breakdown of sudden approximat
for spin uncoupling, leading to population of either1Pu or
3Pu autoionization channels, for which the cross section
creases at low collision energies@see Fig. 2~b!#. In the same
way, we see in Fig. 8~c! that the shape of the computed cro
sections̄1/2,1/2 markedly depends upon the inclusion of t
3Pu autoionization channel and upon the choice for the m
ing angleaT between the two long-range components of
3Su

1 channel. However, it is not possible to use the exp
mental data to discriminate the various hypotheses, as o
again the low-energy rise in the measured cross section
curs in a region where the fine-structure effects should
considered within a model more elaborate than ours.

FIG. 8. Absolute associative ionization~partial! cross sections
s̄ umAu,umBu , and isotropic cross sections iso as a function of the col-
lision velocity vc , compared to the experimental results of t
Utrecht group@3,4,5#. Solid line: including all symmetries, an
aT537°. Dotted line: including all symmetries except3Pu , and
aT537°. Dot-dashed line: including all symmetries except3Pu ,
and aT563°. Full triangles: experiment. The dashed line figu
the low velocity validity range of our model. The error bar repr
sents the experimental error~by a factor of 2! in the scaling of the
absolute cross sections~see Ref.@4#!.
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C. Comparison with the Maryland experiments

A comparison of the velocity dependence of our calc
lated cross sections with the measurements performe
Maryland@7,8# is displayed in Fig. 9. The experimental da
given in arbitrary units are scaled there in such a manner
they appear in the same zones of the computed results.
theoretical cross sections are computed according to
~21!, with atomic density matrices corresponding to the f
lowing excitation schemes: lin~0,0! @denoted by axial-axial,
Fig. 9~a!#, lin~90,90! @or transverse-transverse, Fig. 9~b!#,
bcir1~0!,cir2~180!c @producing a parallel spin configuration
Fig. 9~c!# and bcir1~0!,cir1~180!c @giving rise to an antipar-
allel spins configuration, Fig. 9~d!#. For two excitation
schemes, the computed results agree reasonably with th
perimental ones@Figs. 9~a! and 9~b!#. In particular, an im-
portant aspect of the observations is reproduced: the sch
axial-axial is more in favor than the transverse-transve
one to the ionization process. Suppressing the3Pu contribu-
tion seems to improve the agreement at low collision velo
ties in the first excitation scheme.

In contrast, there is disagreement between our calc
tions and the experimental results for the two schemes
allel and antiparallel presented in Figs. 9~c! and 9~d!. First,
the rise of the theoretical cross section, due to the openin
the 3Du channel, at around 70 meV, corresponding to a c
lision velocity of 1000 m/s, is not observed experimenta
@Fig. 9~c!#. Second, our present model does not explain
peak in the experimental curve observed below 500 m/s
fact, since in our model3Du is the unique channel populate
by the parallel scheme, the cross section in Fig. 9~c! is di-
rectly proportional to the molecular autoionization cross s
tion of this state, plotted in Fig. 2~b!. Moreover, the antipar-
allel excitation scheme only populates the3Su

1 and 1Sg
1

s

FIG. 9. Associative ionization cross sections as a function of
collision velocity vc , compared to the crossed-beam experimen
results of the Maryland group@7,8#, computed withaT563°, for
different excitation schemes:~a! axial-axial @or lin(0°,0°)]; ~b!
transverse-transverse@or lin(90°,90°)#; ~c! circular polarization
with @cir1~0°!,cir2~180°!# or parallel spin configuration;~d! with
@cir1~0°!,cir1~180°!# or antiparallel spin configuration. Solid line
including all symmetries; dot-dashed line: including all symmetr
except 3Pu ; full circles: experiment. Note that in the excitatio
schemes displayed in~c! and ~d! the 3Pu channel is not efficient.
An absolute scale is used for the computed results, and the ex
mental scale~in arbitrary units! is shifted to fit the order of magni-
tude of our results.
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channels, and we can see in Fig. 2~b! that the combined
autoionization cross section of theA7 andA8 states of the
former symmetry, as well as the cross section of latter one
nearly constant for«.14 meV (vc.500 m/s). This explains
the flat shape of the theoretical curve of Fig. 9~d!.

In the Utrecht experiments discussed above and repo
in Fig. 8, there was an increase of the cross section at
velocities, but no peak occured. So the two sets of exp
mental results also appear to disagree. It would therefore
valuable that more experimental and theoretical works g
deeper insight into the collision mechanism at low energ

V. CONCLUSION

Being a simple example of the formation of a chemic
bond, the associative ionization reaction between two exc
sodium atoms has been the subject of many experimenta
theoretical efforts@1#. However, up to now there has bee
little confrontation between theory and experiment. The a
of the present paper therefore has been to check the
complete existing theoretical models with experimental
sults for the total cross section and for the polarization a
velocity dependence of the Na2

1 ion signal.
The difficulty in the theoretical treatment comes from t

large number of molecular symmetries that are involved
the process, and from the matching at intermediate dista
of two very different dynamical problems. At short intern
clear distances we have used previous MQDT calculati
@18,20# to describe the autoionization of the Na2 molecule
via 3Su

1 , 1Sg
1 , 3Pu , 1Pu , and 1Dg channels, and we hav

performed calculations for the3Du channel, through which
the autoionization process can only occur for collision en
gies above a threshold of 70 meV. In order to estimate
population of these six short-range doubly excited autoion
ing states from two separated atoms, we have propos
simple model. The main hypotheses are smooth connec
between short-range molecular diabatic curves and lo
range adiabatic curves, and a simple evaluation of the po
lation of states corresponding to such potential curves
considering infinite locking radius, sudden decoupling of
spin at infinite internuclear distances, and, finally, an
proximate treatment of population sharing between mole
lar states at large distances. This treatment allows for
mixing of the twoss andpp components of the3Su

1 and
1Sg

1 long-range states, and the population loss at the var
pseudocrossings due to the ionic-covalent interaction.
latter phenomenon, treated in the framework of a very sim
Landau-Zener model, is mainly reducing the populat
transfer to the3Pu short-range autoionizing state, especia
at large collision energies. The model developed in this
per takes into account the coherence effects, as in prev
theoretical treaments@14,15#. But, for the first time, to our
knowledge, a quantitative evaluation is proposed for the c
tribution of the coherence terms to the total cross section
to the rate constant of associative ionization process.
originality of the present work is to propose computed valu
for the cross sections from the contributions of various m
lecular symmetries, combining short- and long-range dyna
ics.

Our results seem in good agreement with the total cr
section measured by Huennekens and Gallagher in a
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experiment at 650 K. The3Pu symmetry contributes to hal
the cross section, and there is an important contribution
the 1Pu channel, so that the model of a unique3Su

1 autoion-
izing channel seems to be unrealistic.

Good agreement is also obtained with the polarizat
measurements of the Utrecht group, at least for collision
locities vc.400 m/s («.9 meV). We show that, due to th
existence of several autoionizing channels, relative meas
ments of the variation of the ion signal as a function of t
polarization angle cannot be used as a definite proof for
identification of the symmetry of the molecular doubly e
cited states which are present. For instance, in schemes u
linear polarization, the contribution of the3Pu channel can
be compensated for by varying the mixing angle between
two ss and pp asymptotic contributions to the3Su

1 chan-
nel. However, absolute measurements, or measurement
ing circular polarization, are more sensitive to the prese
of a Pu channel, and we suggest that complementary m
surements could check this point.

Our results also seem in satisfactory agreement with
velocity-dependent cross sections experimentally deduce
the Utrecht group through a velocity-deconvolution proc
dure. Some disagreements at velocities below 600 m/s«
,21 meV) can easily be attributed to the breakdown of
model of sudden spin uncoupling. Indeed, a proper treatm
of long-range dynamics including fine-structure coupli
should be introduced in the model below collision energ
of 21 meV.

Finally, some disagreement is present with the meas
ments of the Maryland group@6,8# for the velocity depen-
dence of the cross sections. Such measurements were
formed with a narrow velocity distribution, so that n
convolution procedure has to be introduced in the comp
son between calculated and experimental cross secti
Whereas the theoretical and measured curves look simila
the case of a linear polarization scheme, the maximum
served in the experiment when the atoms are excited w
circularly polarized light cannot easily be explained. T
breakdown of our model for long-range dynamics below 5
m/s could be one reason, but the experimental cross sec
displays an energy variation different from the flat theore
cal one at velocities well above this value.

In conclusion, for experiments with two perpendicul
crossed atomic beams excited by circularly polarized las
the presence of a sharp minimum in the energy variation
the cross section should be confirmed. A physical interpre
tion should be developed: as the autoionization cross
tions for the various symmetries are slowly varying functio
of the collision energy, the model for the population trans
from two atoms to a doubly excited autoionizing cur
should be reconsidered. They were very approximately e
mated in the present work, by means of a semiclass
Landau-Zener model allowing for population loss from o
adiabatic curve to another one of the same symmetry.
coupling between curves of different symmetries is includ
Close-coupling calculations at long range should be p
formed, considering rotational coupling effects. At low co
lision energies, such calculations should take fine-struc
effects into account. In all cases, those calculations shoul
connected to a short-range MQDT treatment of the autoi
ization process, which is not an easy task.
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972 57HUYNH, DULIEU, AND MASNOU-SEEUWS
Nevertheless, the present work seems to show a satis
tory agreement, at collision energies where a sudden un
pling of the spin is a realistic hypothesis, between most
perimental data for associative ionization between t
Na(3p) atoms and a theoretical model where the contri
tions of 3Su

1 , 1Sg
1 , 3Pu , 1Pu , 1Dg , and 3Du channels

are considered for the autoionization of the molecule form
during the collision. A more precise check of the contrib
tion of those channels is considered in a work in progre
where theory is confronted to experiments analyzing the
brational distribution of the product ions@38#.

APPENDIX A: CALCULATION OF THE
COEFFICIENTS w FOR POPULATION TRANSFER

We use the semiclassical model developed in Ref.@28#,
which is simplified in the present problem, since for ea
symmetry only one pseudocrossing occurs. Let us consid
collision with energy« and impact parameterb, where the
population of the adiabatic molecular stateAni is
N(Ani;«,b) at large internuclear distances. As discussed
Ref. @28#, the adiabatic curves of3Pu and 3Su

1 symmetries
exhibit at Rc526a0 and 23.2a0 , respectively, an avoided
crossing with a neighboring curve of the same symme
(An8i ) correlated to Na(3s)1Na(4d), while for the 1Dg
symmetry the equivalent avoided crossing occurs atRc
515.1a0 . We estimate that, forR,Rc , the population of
the adiabatic curve is

N8~Ani;«,b!5N~Ani;«,b!@12PLZ~«,b;Ani→An8i !#,
~A1!

wherePLZ is the Landau-Zener probability for populatio
transfer to theAn8i curve at the pseudocrossing. W
checked that the ratioN8/N does not vary significantly as
function ofb in the range of impact parameters considered
the present problem. We therefore simply compute the po
lation transfer coefficient as an average value over pa
waves, theAni curve being correlated to the short-ran
diabatic curveDpi:

w~Ani→Dpi;«!5
1

Lmax
(
L50

Lmax

@12PLZ~«,L;Ani→An8i !#,

~A2!

where the correspondence between impact parameterb and
partial waveL is bA2m«5AL(L11), andLmax is the maxi-
mum partial wave for which autoionization may take plac

In the present calculations,Lmax varies from 29 to 132
when the energy« increases from 1 to 184 meV, correspon
ing to a range of variation ofb from 0 to 23.8a0 at 1 meV
and from 0 to 7.9a0 at 184 meV. The Landau-Zener prob
ability varies by no more than 14% in the range 0–132 ofL,
justifying the use of a mean transmission coefficient inst
of a quantity depending upon the partial wave.

In the case of the1Sg
1 symmetry, there is an avoide

crossing atRc515.25a0 between the 7i and the 8i potential
curves, so that
c-
u-
-

o
-

d
-
s,
i-

h
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w~A8i→D2i ;«!5
1

Lmax
(
l 50

Lmax

@12PLZ~«,L;A8i→A7i !#,

~A3!

with Lmax5229 and for«.30 meV. For«,30 meV, due to
a hump in the 8i potential curve, no flux is transmitted to th
inner region.

In the case of the3Su
1 symmetry, two avoided crossing

very close to each other occur atRc523.16a0 and Rc
523.00a0 between theA8i andA9i potential curves, and
between theA8i and theA7i potential curves, respectively
As in Ref. @28#, we consider these two pseudocrossings
independent, which yields only crude estimations in the f
lowing calculations. Therefore, as theA7i curve is corre-
lated to theD1i doubly excited state, which does not co
tribute to the autoionization process, we write

w~A7i→D2i ;«!5
1

Lmax
(
L50

Lmax

@PLZ~«,L;A8i→A7i !#,

~A4!

w~A8i→D2i ;«!5
1

Lmax
(
L50

Lmax

@12PLZ~«,L;A8i→A7i !#

3@12PLZ~«,b;A8i→A9i !#. ~A5!

As the coupling between theA8i andA9i curves is weak,
the condition

w~A7i→D2i ;«!1w~A8i→D2i ;«!51

is nearly fullfilled, so that in our model population of bot
A7i andA8i states will contribute to autoionization.

APPENDIX B: VELOCITY DISTRIBUTIONS

In order to reproduce with our model the experimen
results of the AI reaction, we need to know the collisio
velocity distributions corresponding to each experimen
setup with which we are concerned.

1. Distribution of atomic velocities

In a medium in thermal equilibrium at temperatureTe ,
the number of atoms of massma moving with a velocity
lying betweenv and v1dv(dv5v2dv dV) is given by the
well-known Maxwell-Boltzmann~MB! distribution

f MB~v!dv5S ma

2pkBTe
D 3/2

expS 2
mav2

2kBTe
Ddv, ~B1!

wherekB is Boltzmann’s constant.
In an isotropic cell (Te5Tc), by integrating over the an

gular coordinates, one obtains
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f 0
MB~v !dv5S E dV f MB~v! Dv2dv

54pS ma

2pkBTc
D 3/2

v2 expS 2
mav2

2kbTc
Ddv.

~B2!

For a thermal beam (Te5Tb) directed along an axisẑ, the
atomic velocity distribution is defined by

f b
MB~v !dv5S E dV f MB~v !d~ v̂2 ẑ! Dv2dv

5S 2ma
3

pkB
3Tb

3D 1/2

v2 expS 2
mav2

2kbTb
Dh~v !dv,

~B3!

with

h~v !5 H1,
0,

v.0
v,0.

2. Distribution of relative velocities

The distribution of magnitudes of the relative collisio
velocity vc for a cell is defined by

f cell~vc!5E dv1E dv2f MB~v1! f MB~v2!d~vc2uv12v2u!

~B4!

5
4

Ap
S ma

4kBTc
D 3/2

vc
2 expS 2

mavc
2

4kBTc
D . ~B5!

This function ofvc is plotted in Fig. 10~a!.
For collisions between atoms within a single beam (Tb)

and from two different beams with the respective tempe
turesTb1 andTb2 , the collision velocity distribution has th
following expression:

FG~vc!5E
0

`

dv1E
0

`

dv2f b1
MB~v1! f b2

MB~v2!

3d@vc
22b~v1 ,v2!#, ~B6!

where

b~v1 ,v2!5v1
21v2

222v1v2 cos~v1 ,v2!,

G5SB, CB180°, CB90°.

For single-beam ~SB! and counterpropagating-bea
~CB180°! geometries, cos(v1 ,v2) equals plus or minus unity
respectively, and vanishes obviously for orthogonal cross
beam~CB90°! geometry. In the latter case, Eq.~B6! can be
integrated analytically:

FCB90°~vc!5S ma

2kBTb
D 3

vc
5 expS 2

mavc
2

2kBTb
D . ~B7!

For the SB and CB180° geometries, the integration in
~B6! cannot be easily achieved in an analytical way. Ho
-

d-

.
-

ever, a complicated analytical expression ofFSB(vc) can be
found in Ref.@39#, while FCB180°(vc) has never been written
analytically. The three functionsFXG(vc), G5SB, CB180°,
CB90°, @Eq. ~B6!# are also displayed in Fig. 10~a!. The ana-
lytical expression~B7! is used for the CB90° geometry
while numerical integrations have to be performed for the S
and CB180° experimental setups.

3. Velocity selection by Doppler effect

With a laser of frequencynL , propagating along the di-
rectionuL , one excites a transition with frequencyn0 ~value
corresponding to atoms at rest! of atoms moving with a ve-
locity v5v0 , such that

n05nLS 11
v0•uL

c D5nLS 11
v0 cosa

c D , ~B8!

wherea is the angle (v0 ,uL), andv0 the magnitude ofv0 .
In a cell, the anglea in Eq. ~B8! is randomly distributed

because of the isotropic motion of the atoms. Therefore,
an incident frequencyvL approachingv0 , one excites all
atoms of the Maxwell-Boltzmann profilef 0

MB(v) without se-
lecting them in velocities.

In atomic beams experiments, the geometry fixes the
rection of the atomic velocityv: for a given directionuL of
the laser~a fixed!, one selects one group of atoms of velocit
v0 , given by Eq.~B8!. This velocity class has a finite width,

FIG. 10. Distributions of collision velocities.~a! Normalized
distributions without velocity selection, at temperatureTe5Tc

5Tb5650 K. Solid line: cell; dot-dashed line: counterpropagatin
beams; dashed line: orthogonally crossed beams: dotted line: si
beam. ~b! and ~c! The numbers of collisionsNc

(XG)(vc) at Tb

5575 K for different laser detuningsdnL corresponding to different
averaged collision velocitiesv̄c ~see text!. ~b! Single-beam geom-
etry. Solid line: dnL557 MHz or v̄c5251 m/s; dotted line:dvL

575 MHz or v̄c5269 m/s; dot-dashed line: 95 MHz orv̄c

5340 m/s, long-dashed line:dnL5110 MHz or v̄c5429 m/s.~c!
Counterpropagating-beam geometry. Long-dashed line:dnL

531 MHz or v̄c5911 m/s; dot-dashed line:dnL541 MHz or v̄c

51062 m/s; dotted line:dnL568 MHz or v̄c51554 m/s, solid line:
dnL570 MHz or v̄c51600 m/s.
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corresponding to the width of the atomic transition. The v
locity distribution of excited atoms is defined in literature
multiplying the functionf b

MB(v), given by Eq.~B3!, by the
probability A(v;v0 ,a) of exciting an atom of velocityv
‘‘close to v0 :’’

f b* ~v;v0 ,a!5A~v;v0 ,a! f b
MB~v !. ~B9!

The probabilityA(v;v0 ,a) ~absorption profile! is generally
a Lorentzian function of the variable (v2v0) with a width
given by the saturation width (DnS) of the atomic excited
level broadened by the exciting power.

For collisions between velocity-selected atoms, we foll
the procedure of Ref.@5# in defining the distribution of col-
lision velocities in a way appropriate to collision process
This consists in defining the distribution function as the nu
ber of collisions per unit of interaction volume, unit of tim
and unit cross section:

Nc
~G!~vc!5PvcFXG* ~vc!, ~B10!

FG* (vc) is given by Eq.~B6!, but in which the functions
f b* (v i) @Eq. ~B9!#, must be substituted for the previous on
f b

MB(v i). As noted in Ref.@37#, the statistical factorP must
be introduced to count rigorously the collisions:P5 1

2 for the
case of identical interacting atoms belonging to a same b
or emerging from two beams having a common temperat
andP51 otherwise. The integration is now impossible an
At

Z

.

s

ev

ev

.

.

-

.
-

m
e,
-

lytically for all the three-beam experiment geometries
have considered, because of the presence of the fa
A(v;v0 ,a).

Considering the atomic transition

@3s;2S1/2~F52!#→@3p;2P3/2~F53!#,

which is excited in most experiments and using the expr
sion of the Utrecht group@3# for the probability function

A~n02nL ,v !5H 114F n02nL1nLS v
cD cosa

DnS

G 2J 21

~B11!

of the laser detuningdnL5n02nL , written equivalently in a
~non-normalized! Lorentzian form by virtue of Eq.~B8!:

A~v;v0 ,a!5
@~DnSlL /cosa!/2#2

~v2v0!21@~DnSlL /cosa!/2#2 ~B12!

~lL is the wavelength of the exciting laser!, we have per-
formed numerical calculations forNc

G(vc) corresponding to
the SB and CB180° geometries. The results for different
ser detuningsdnL , resulting in different averaged collisio
velocities vc , are displayed in Figs. 10~b! and 10~c!. The
plots are, as they must be, of the same forms of those
sented by the Utrecht group@3,5#. Details concerning the
average procedure can be found in Ref.@5#.
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