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Associative ionization between two laser-excited sodium atoms: Theory compared to experiment
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A theoretical model for the reaction NaggB+ Na(3p)— Na," + e is compared to a large number of experi-
mental data. This model is considering population of long-range adiabatiarigkecular states from two
colliding excited atoms, and transfer of this population to short-range doubly excited autoionizing states of
85, 12y, %, M, *Ag, and®A, symmetries. Good agreement is obtained with experimental results for
total cross sections and polarization dependence of the ion signal at collision velogitid80 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@8)02401-9

PACS numbgs): 34.50.Rk, 33.80.Eh

[. INTRODUCTION sentation(spin S, projection of the electronic total orbital
momentumA, gerade/ungerade symmetry
Associative ionizationAl) between two laser-excited al- At intermediate distanceR~10—-131y(1ay~0.053 nm),

kali atoms has been the subject of much experimental inveghere is formation of a Rydberg quasimolecule, and popula-
tigations in the 1980s, as was reviewed in R&f. The pro- tion of the pth doubly excited diabatic state of the same
totype reaction was symmetry, denoted bPp**1Ay,:

Na(3p)+Na(3p)+e—Na " +e+e’, (1) Nag(An?S 1A ) +e—Na** (Dp?S*tA g ) +e. (3)

for which much data are available at thermal collision ener-This second step is the missing link in most treatments,
giese, including rate constants measured in cell experimentsvhich assume direct population of a doubly excited
[2], studies of velocity or polarization dependence of theDp?S"!A g, from the two separated atoms. At small inter-
cross sections, mainly by the Utredi®-5] and the Mary- nuclear distancesR<10a,, the autoionization of this
land [6—-10] groups, and analysis of the vibrational statedoubly-excited state occurs as the third step, leaving a mo-
population of the final ion by electron spectroscdfiyt] or  lecular ion in a rovibrational state ™, J*):
photodissociatiofil12,13. This reaction therefore appears as

a benchmark for theoretical methods dealing with associative ~ Nay** (Dp?S**A ) +e—Na " (v*,J") +e+e’. (4)
ionization. Process$l) is interesting because it is a simple

example of the formation of a chemical bond, and becaus&he difficulty of the treatment lies within the combination of
polarization of the exciting light can be used to control thethese three steps in the theoretical model, as well as in the
reaction. large number of potential curves that are involved.

For a long time, if qualitative theoretical models could be  Ten molecular symmetries are likely to be populaf&f
developed14-1§, a full quantitative treatment was not pos- through reaction$2) and(3), and may contribute to reaction
sible. Indeed, reactiofil) can be considered as a three-step(4): for each of these channels, the population process is
process. At large internuclear distances, the first step consistfferent, so that one may expect that the dependence of the
of population sharing between several adiabatic moleculaion signal upon the polarization of the exciting laser light, for
states, starting from a given preparation of the colliding ata given geometry of the experiment, is a signature of the

oms in particular Zeeman sublevels: channels which contribute to E€4). In such an interpreta-
tion, one neglects rotational coupling. The various diabatic
Na(3p;2PjAmA)+Na(3p;2PijB)+s doubly excited curves were computed for the first time in
Ref. [17] and a multichannel quantum defect treatment
— Na(ANZS 1A ) +e. (20 (MQDT) of the molecular autoionization reactidd) was

proposed in Ref.18]. A given doubly excited state will con-
The initial state of reactiof2) depends upon the excitation tribute, provided that the corresponding potential curve does
scheme: the polarization of the exciting light, and the geomeross the Ng™ potential curveZy(R) in the vicinity of the
etry of the experiment. In the following it will be either minimum, or at least at a distanBg such that reactiofd) is
Na(3p) + Na(3p) or a particular combination of fine struc- energetically possible. A qualitative agreement was obtained
ture levels(ja, jg=3,3%; 2,3; %,3.) A sudden approxima- with one experimen3] using linearly polarized light to ex-
tion is generally used to estimate the population of a molecueite colliding atoms from two counterpropagating beams,
lar state from two separated atofist,15. In Eg. (2), the  and measuring the dependence upon the angle between the
molecular electronic stateéanS“Ag,u, which has been polarization vector and the atomic beam: assuming direct
populated, is theath adiabatic state in Hund’s caserepre-  population of the doubly excited state from separated atoms,
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reaction(4) seemed to be dominated by the °3 " channel. possible threshold for reactidi) is of particular interest for
However, more accurate model potential calculations weréhe interpretation of existing experime2st] or for the defi-
next performed19], and the doubly excited curves deducednition of new ones. . _
from such calculationf20] suggested that four or five dou- N Refs.[24, 25, a nuclear continuum level is also popu-
bly excited states of different symmetries could contribute tdated in the second step, reactit6) now being:
the molecular autoionization process: for some of them, in
particular theD1 311, state, the dependence of the population ~ Nax(3s3p,Q;v;,J;) + hv,—Nap(AN*S Ay, ) +e, (8)
upon the excitation scheme markedly differs from that of the
D233 7 channel. Surprisingly enough, this conclusion didso that the associative ionization is studied at ultracold col-
not modify significantly the previous theoretical predictionslision energiess.
for polarization dependence of the ion signal. Indeed, besides The aim of the present paper is therefore to check for the
a modified description of the autoionization reactigj the  Vvalidity and limitations of the theoretical model of R¢20]
theoretical model now incorporates intermediate range dyPy comparing the computed cross sections to a large number
namics[reaction(3)], showing a population sharing between Of significant experimental results corresponding to various
various adiabatic curves correlated to dissociation limits dif-excitation schemes and collision energies in the thermal do-
fering from Na(P)+Na(3p) [for instance, Na(8) main. This model is summarized in Sec. Il, and new results
+Na(4d,5s) ], and allowing for a loss of flux, in particular in for the molecular autoionization through®, channel are
the D1 %11, channel. For the first time, quantitative predic- incorporated. In order to compare with experimental data,
tions were proposed for the total cross sections as a functioifie cross sections corresponding to the different channels
of ¢ in the 1-180-meV energy range. It therefore seemdirst have to be combined to take account of the initial state
worthwhile to revisit the interpretation of the various experi-in Eg. (2) created through a given choice of polarization of
ments in the light of those new theoretical results. In particuthe exciting lasers; then, convolution with velocity distribu-
lar, analysis of the energy dependence of the results coul@lon must be performed. Different experiments are briefly
manifest the presence of thresholds for reactidn the described in Sec. lll, where reacti¢b) is analyzed either in
opening of theD1 3A, ionization channel, predicted by the a cell or in beams, and the corresponding theoretical predic-
theory for a collision energy around 70 meV, should betion for the ion signal is Computed. In the present work, we
manifested in the experimental results. do not consider experiments where the rovibrational state of
Besides its intrinsic interest, reactiéh) has been widely the product ion is analyzed. A detailed comparison is per-
used in the recently opened field of cold atom collisions.formed in Sec. IV, insisting on the signature of the contribu-
Photoassociation spectroscopy with ion detecfeih-24 is  tion of the *IT, and A, channels as cross-checked by vari-
currently using a very similar scheme: a two-photon excita-0us experiments. Finally, Sec. V discusses the extrapolation
tion of a pair of colliding atoms in their ground state is to cold collisions. Atomic units will be used except when
populating very high-lying rovibrational level@, J;) of  Otherwise stated.
the long-range molecular stafe correlated to the 8+3p

limit, so that reaCtiOl’(Z) is replaced by reactior(§) and(G): II. THEORETICAL MODEL
Na(3s) +Na(3s)+hv;—Nay(3s,3p,Q;v;,J;), (5 Accurate model potential calculations for the excited elec-
tronic states of the Namolecule have been found to be in
Nap(3s3p,Q;v;,Ji) +hv, very good agreement both with pseudopotential calculations

and with experimenitl9]. Such calculations do not introduce
—Nag** ([AN*S* A g1y — Dp?*" *AgJivr,J). (6)  fine-structure coupling. The molecule is described as two
electrons moving in the field of two polarizable cores; the
Blectron-core interaction is represented by a model potential
[26] with three adjustable parameters fitted on an atomic
spectrum. Core-polarization corrections are introduced,

Such a process is usually referred to as photoassociative io
ization. The frequency; of the first photon is redshifted
from the atomic resonance line in view of populating a

Iooselyé b%und '?Ve' O.f :jhe dimer. The frequency of tge| which contain a fourth semiempirical parameter. ThgNa
second photon is varied around. In Eqg. (6), our mode problem is first solved on a wide range of internuclear dis-

predicts the population of molecular states which are adiafances, providing accurate determination of ther,588,

batic at long range and diabatic at short range. Those statggy »g5 jowest orbitals of the molecular ion. Adiabatic po-
therefore have two labellings for a given symmetpyat  (entia| curves are obtained by diagonalization of the two-
short range, and at long range. electron Hamiltonian in the full space of two-electron con-
Reaction(4) is now changed into Ed-), figurations constructed from the Naorbitals. In contrast, as
discussed in Ref.20], diabatic potential curves can be ob-
@ tained for a given symmetri by partition of the configura-
tion space into two subspac®s and Q; . Singly and doubly
The long-range part of the interatomic potentials could beexcited Rydberg series of molecular states are obtaingd by
accurately checked by photoassociation experiments on tHeuilding the; subspace by considering, for each symmetry,
condition that doubly excited states can be populateddand all singly excited configurations, for which one electron oc-
produce an ion signabr an electron signal A revival of  cupies the ground state orbital of Naand the other one any
interest is rising for the knowledge of those doubly excitedNa," orbital; (ii) diagonalizing the Hamiltonian within the
states and their autoionization efficiency: the existence of full subspaceP; yielding singly excited Rydberg serieii)

Nap** (Dp*>™ A gy ;vr,d)—Nap " (v, 37) +ete’.
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FIG. 1. Potential curves correlated to the dissociation limit ©
(3p+3p) for the symmetries which are likely to contribute to the
molecular autoionization reaction. As described in the text, such
curves are adiabati¢Ani stateg for R>13a, and diabatic(Dpi
state$ for R<10a,. The region between B3 and 1%, corre- P
o . . . . “ e P, ST %
sponds to the transition between diabatic and adiabatic representa- r R
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excluding then; lowest solutions fron?;, which defines the

o A
subspaceX; ; (iv) building the Q; subspace by considering, FIG. 2. Molecular autoionization cross section¥”(Dpi;e),

for each symmetrv. doublv excited confiqurations. for Whichfor the symmetries involved in this process, as a function of colli-
y Y, y 9 ’ sion energy, computed in the framework of the MQDT treatment

bot_h_electrons occupy e)_(CIt,Ed Naorbitals; a”d(Y) diago- (described in the text The contribution of the two stated7 33
nalizing the Ham|lt0n|_an mQ_i = QiL_JX_i . Whenn; is chosen 4 A8 to the D235 channel are denoted B2 (7) and

as the number of dissociation limits Na{)3-Na(nl) of 3y +(g) respectively. Calculatiorta) assuming population of the
symmetryi below the Na(®)+Na(3p) dissociation limit,  short-range doubly excited autoionizing states with unit probability;
diagonalization within the subspac@ = Q;UX; has been (b) taking into account long-range population transfigs. (10)].
shown to provide potential curves that atiabatic at short  (In both cases the resonant structure obtained in the calculations
range and adiabatic at long range&Such curves should be [18] has been smoothed by convolution with a Lorentzian energy
relevant for the interpretation of two-color photoassociationdistribution function of 4-meV width In (c) the transfer coeffi-
spectroscopy experiments. The present theoretical modeientsw(.Ani—Dpi;e) [Eqs.(10) and(11)] are represented.

uses three steps of dynamical calculations.

(i) At short internuclear distanc&s< 10a,, the molecular  a total molecular autoionizatiofMA) cross section, by sum-
autoionization proces$4) is computed using the MQDT ming the partial cross sections for reacti@h over all the
treatment of Ref[18]. Starting with a short-range diabatic vibrational and rotational levels of the final ion, as
doubly exgited state of symmetiy hereafter labele®pi
. Y . : '
(i.e., thep™ level in the doubly excited subspacee define oMA(Dpise) = Z+ 0,’}"§{Dpi—>(v+,\]+);s’]. ©

v',J
TABLE |. Correlation between the adiabationg-range curves

An?$*1A,, [dissociating in Na(B)+Na(3p)] and the diabatic As in Refs.[18,20], we defined this cross section assuming

(short-rangg autoionizing doubly excited curve®p®***Ag,,  that the doubly excited state is populated with a unit
crossing the ionic NA ground-state curve at a distarig; and an probability.

energyD,,;, just above the vibrational level;” of Na,". At low collision energies £<70 meV), it was shown in
Conaran Shortran Ref.[20] that four doubly excited stateB2 'S, D235,

ng-range ort-range D11, and D131, and possibly theD1 A, state, are
adiabatic diabatic likely to contribute to the molecular autoionigzation In the
representation representation Rpyi  Eppi—Egpygp . ‘3
An2SHIA Dp2SHIA,,  (au) (meV) ot present vyork, we have added cglculanons for he~A,

on g ¢ state, which contributes at energies 70 meV. The corre-

A23A, D13A, 8.3 +78.2 10 sponding potential curves defined above in Hund’s case
A2'A, D1A, 6.4 —56.4 0 coupling schemddiabatic at short range, adiabatic at long
A4°11, D131, 6.2 -37.7 1 range are represented in Fig. 1. The coordinatdistance
A4MI, D11, 6.7 —60.5 0 and energy of the point where they cross the Naground-
A833 " D233} 7.6 -10.8 3 state potential curve are indicated in Table I: in the following
Aslz ) D213} 7.7 -87 3 they will be denoted bRy, and&p,,; for the doubly excited

state labeledpi. The variation of the molecular autoioniz-
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ation cross sections is represented in Fi@) 2s a function A) to deal with the fractional population which is effectively
of collision energye in the 1-180 meV range, and the transmitted into the inner region. This cross section is de-
threshold at 70 meV for th@13A, state is clearly mani- fined for reactiong3) and(4), and the indexesini on, Dpi
fested. This energy threshold is close to the difference bein Egs.(9) and (10) denote, respectively, adiabatic and di-
tweenép; 3y and the energy of thefB+ 3p asymptote(see  abatic molecular states of symmetiy correlated to the
Table ). Na(3p) + Na(3p) limit. For states withA # 0, we defined a

In the present work, the six ionization channgig 'y,  one-to-one correspondence betwebm andDpi states(see
D233t P11, P1%11,, D1 lAg, andD13A,, described Fig. 1 {;\nd Table)l In contrast, two ad|apat|c curvésl7i
above are considered. Each one of them is correlateni¢o and.A8i) are correlated to Na( +Na(3p) in the case ok
long-range adiabatic staténi dissociating into §+3p, as  Statesi="34 and°X[). The model should include not only
indicated in the first two columns of Table I. We are notthe population transfers between these symmetfies.
considering the possibility of ionization via channels corre-(10)], but also acoherence ternas two different path§A7i
sponding to doubly excited potential curves lying above thisgnd A8i) can lead to the same ionization chann@I2().
set of states. The cross sections are

(i) In the intermediate-distance range &3630a,),
long-range pseudocrossings between adiabatic curves are
manifested for various symmetri¢$9,20,27,28 due to in-
teraction between covalent states, dissociating intoniNa(
+Na(n’l"), and ionic states, dissociating into NaNa™. In
the latter case the negative ion is either in the ground stat@nd the coherence term
(*3 5, symmetriesor in an excited autoionizing statél{, Ny . .
symgr/rlietrie&;, stabilized by the Coulomb attraction of thoia  Uad CAL7.8lise)=[W(AT7i—D2i;s)]"?
ion. A full quantal treatment being not possible at present, X[W(A8i —D2i:e)]Y2MA(D2i:e)

=M (ATie) AN (AS8ise). (12)

o N(ATie) =W(ATi—D2i;e) ™A (D2ie),

oM (A8ie) =W(A8i—D2i;e) ™A (D2ie), (11)

we have developeff8,20 a simple multicrossing Landau-
Zener model to deal with the flux loss at such pseudocross-
ings when reactionf3) is taking place. Therefore, although
the short-range autoionizing doubly excited state is correln Eq. (12), we assumed that we can define effectivea)
lated in our model tmnelong-range adiabatic state, we al- transition amplitudes, averaged on all impact parameter val-
low for population transfer between several adiabatic potenues involved in the process, as
tial curves of the same symmetry through the avoided VA ) ) _ A ) o
crossings. We have then defined reduced cross sections as fad (Ani;e) =[w(Ani—D2i;e)]Y{ oM (D2i;e)] (-13)
oyt (Ani;e)=w(Ani—Dpi;e)aMA(Dpi;e) (10
The cross sectionsyy'(Ani;e) are plotted in Fig. &), and

by using the energy-dependent coefficiemt¢see Appendix the transfer coefficientsv(.Ani—Dpi;e) in Fig. 2c). As

TABLE II. Projection of the initial state§j = %,mA 1B= %,mB) of the separated atoms on the molecular asymptotic states of symmetry
25+ 1Ag,u, assuming a sudden approximation. The sign in brackets indicates that the projection involves the (posibvenegative(—),
or both () components of the states with+ 0.

(Mp,mg) S/ P P | P 1 *, My S (wm) 33)(7m) 3% (c0) 325(7777) 12$(7T7T) 12;(0'0')
(2,3)+] 1 0 0 0 0 0 0 0 0 0 0 0
2,5+ /6 16 1V3 0 1V3 0 0 0 0 0 0 0
(3,- L+l 0 0 16 16 16 16 0 NG 0 NG 0 0
3 3 0 0 0 0 0 0 1/2 1/2 0 1/2 1/2 0
(3,31 /6 -1\6 1¥3 0 —-1V3 O 0 0 0 0 0 0
L L0+ 1/3 0 V213 -v2I13 0 0 0 0 2/3 0 0 0
L Ly 0 0 1/3 0 1/3 0 -1/6 1/6 V2/3 1/6 -1/6 Vv2/3
13- 0 0 16 16 1N6 16 NG 0 NG 0 0
(—3.3] 0 0 16 16 -16 —1/6 0 16 0 -1/\/6 0 0
(-3, 0 0 113 0 -13 0 -1/6 1/6 v2I3 -1/6 1/6 —v213
(-3 -H1 w3 0 V213 =Vv2I3 0 0 0 0 2/3 0 0 0
(-3-» w6 e w3 0 1V3 0 0 0 0 0 0 0
(-2.3 0 0 0 0 0 0 1/2 1/2 0 —1/2 —1/2 0
(-3 4] 0 0 16 16 -1°\6 —1/6 0 16 0 -11\/6 0 0
(-3, -H-1 16 -1/y6 W3 0 —-1V3 O 0 0 0 0 0 0
(=3,-3H-1 1 0 0 0 0 0 0 0 0 0 0 0
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discussed in Ref[20], the population transfer reduces The so-called coherence terifist] are also defined:
mainly the population of thé>1 3I1, short-range state, due

to an ionic-covalent pseudocrossing Bt=26a,, which, — uf(jma,jgMg;jaAMa.isMs)

moreover, strongly mixes the contribution of tH& and.48

33, states. The introduction of the coefficients in the ; i AR AT i ml s AR
= My, jgMg ;AN my,JgMg; AN
model is made necessary due to the large values of the en- El 2 2 L(iama.jeme - AND LA, J5me;An'D)

P nn'
ergy pooling cross sections, which are a manifestation of an ) - .. b
important population transfer in the vicinity of some X[w(Ani—Dpi;e)wW(An'i—Dpi;e)]
pseudocrossings. X oMA(Dpize), (15)

(iii) In the long-distance rangeR¢30a,), the change
from an atomic to a molecular basis and the spin-uncouplin - , : -
effect should be taken into account. This change depen She.re the .C(_)_eff|C|ent§s are the expansion co_eff|C|ents of a
markedly upon the collision energy considered, and the evopartmular initial atomic stateijA :J8Ma) pr_OJected onto
lution from one Hund'’s case coupling scheme to another ongqe various 3d'aba“c §_tatestn| n th.e spm-uncou,pllmg
is a particularly important point29], which might also be scheme. As discussed () above, the indexes gndn n
crucial even at smaller distancE20]. In the present work, Egs.(14) and(15} are equal, except fal §ymmetr|es. In our
we considered a simple model with sudden approximatiorg},ciolleI the _ef_f|0|ent_ channels Of. different symr_net.rles
for spin uncoupling, and infinite locking radius. The locking .. Ag participate independently in the mo!ecular loniza-
phenomenon has been discussed in several pEg@+&4 in tion. It fO||0WS that the c/:oh/er_e:ncte of two different initial
the case of @-state atom interacting with &S atom: only statgs IAmA’J_BmB) and ( xma,jgMg) also Ieads tq a Cross-
two molecular symmetries are then considered, and a “lockS€Ction term instead of a product of complex ionization am-
ing radius” R, can easily be estimated as an integral involy-Plitudes. In Table Il we give t-he |03r01ect|on <_:oeff|C|ents, here-
ing the two corresponding potential curves. Generalization offtér denoted byéasym{ja=js=2,ma,mg;i), of all the
such a model to the more complex situation of two interactcOmMpinations of Zeeman substatesny,mg) onto the
ing P-state atoms, where many molecular symmetries ar@Symptotic molecular states consgtructeld frorsn proijucts of
involved, still has to be developed. In a recent discussion bomic orbitals inL picture. For the°A,, “Ag, °II,, "I,
Yurova[35] on polarization effects in energy pooling colli- SYmmetries, which are connected to only one atomic con-
sions, the locking radius was estimated for various pairs ofiguration, these coefficients are then 'dgnt'f'ed with the
states, considering each time an isolated two-state syste®UMbers{(jama.jsms,Ani) (with jo=jg=3), which ap-
The large values obtained®(>50 a.u.), as compared with P&arin Eqs(14) and(15) and represent the projections of the
the relatively small range of impact parameters involved invarous ;”'tlal statles I(‘A*mB) on the adiabatic statedni.
the associative ionization reactiob< a.u.) suggest that the For the °% and "Xy symmetries, the sudden approxima-
“locking angle” would be very small £8°): therefore, the ~ tion prowde_s two asymptotic states represented by the prod-
hypothesis of an infinite locking radius could be reasonabletict of atomic orbitals “$o,3pa” or “3 pm,3p7” (hereaf-
However, a correct evaluation of the population transfer ater denoted by &¢” or “ w7”). The A7,8%°%, and
large internuclear distances would require solution of quanta#7,8'2 adiabatic states resulting from tié initio calcu-
coupled equations in connection with the MQDT treatmentations are combinations of theo and 7w asymptotic states,
at short distances, which is beyond the possibilities of theexpressed via a rotation matrix:
existing theoretical tools.

We assume that the various Hund’s casemolecular 3% ()
states correlated to the NggB+ Na(3p) limit share statisti- ( 32*(00))
cally the population of the different combinations of the fine- !
structure componentg[,jg) of the atomic J level. Indeed, . o
we do not consider the possibility of adiabatic correlationThe same 3reli1t|0n holdls fcjﬁg , With apgleas. Therefore,
through Hund’s case curves to a specificjg,jg) asymp- [©F the “%, and "%y symmetries, the numbers
tote, as for thed4 31, state, which should be preferentially $(JaMa.jeMa:Ani) are expressed in terms of the
populated from the(jo=1%, js=2) or the (ja=2%, jg=2) Easym{A=18=3,Ma,Mg;i)’s via the rotation mgtnx in Eq.
asymptotic level§36]. This particular hypothesis will be dis- (16)- We have deduced the values for the mixing angies
cussed in Sec. IV B. The cross section for the associativ&Nd @s from theab initio potential calculations of19]:
ionization reaction corresponding to the three st@ps(4) is

cosxr sinar \[7%3]
i _ ag+ |- (16)
sina cosxt/ | 8°%

then compactly written as coswr=0.8, sir=0.6, a;=37°. (17)
a{*o't(jAmA,ijB) The value ofag is also close to 37°.
However, due to the dynamical coupling between the two
=SS S (i ama,jeMe s Ani) adiabatic states!7i and.A8i, the mixing anglesyt and ag
T S SR may also be considered, in a crude model, as free parameters

_ ) . accounting for this coupling. Then every step of the present
XZ(jama,jgmg;.An’i) model may be described in a very general way as successive
> i Dpoi- Do) ]2 unitary Fransformatlons.from an |n|t|e_1l atomic st.ateA(,ImB)

[w(Ani—Dpi;e)w(An"i—Dpise)] to the final doubly excited state(i) and (D2i) (with i
X oMA(Dpi;e). 14 =35, %))
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mamg)  ~( @\ ~ [ A7i\ ~ . ~[Dii of that of 33, for instancg, we simplified the model by
mamg = ((m): '“(Agi)zf'“'ﬁ<pm) introducing a variable anglery and settingas=0. This
_ means we correlate thd7 13 state to its asymptotic com-
_ ( S fw) Cosx  Sine ) ponentsrm, and theA8 '3 ; state to thero one. In Sec. IV,
£rn oo/ \SiNa —COS we will present results corresponding to several choices for

cosB(s) sing(s) | [ D1i the mixing angleat, while the functionsB(e)=B+(e),
X —sing(s) cos;B(s)) DZi)' (189  Bg(e) are determined using a Landau-Zener picture, as ex-
plained in(ii) above, and averaging over impact parameters.
The matricest and & correspond to simple geometric trans- From Egs.(18) and (19), this procedure can be generalized
formations, witha = ar, agandé=¢£T, & for the 33 and by keepinga+ at a fixed valudyielded, for instance, by the
IsS symmetries, respectively. It is easy to see that theiP initio calculations, and by varying the functiong(e) to
product yields the:(j sma,jsMe ;.Ani) coefficients used in Féproduce experimental results. The coupling between the
Egs. (14) and (15). The matrix,Z% accounts for the energy- two adiabatic states over all distances may then be included
dependent population sharing between the two adiabatit? the model, through the energy-dependent parameters
statedwith 8(e) = B1(e), Bs(e)], leading to the doubly ex- B(e)=pBr(e), 138(8_)- ] _
cited states. In our model, only thB2i channel leads to In order to provide cross sections directly comparable to

autoionization. We can formally write, from Eq4.0—(15),  €xperimental data, the populations of the initial magnetic
sublevels {sm,) and (jgmg) (projected onto the body-fixed

cosB(s) =[W(A7i—Dli;e)]"?=[w(A8i —D2i;e)]"? frame have to be determined, according to the excitation
scheme, i.e., the polarization of the laser light exciting each

) _ _ i _ _ 1/(219) atom and the geometry of experiment. We shall represent the
sinB(e) = [W(A7i—D2i;e)]"?=[w(A8i —Dli;e)]"? excitation scheme by the combined sympe) , @g], So that
and we verify in Fig. Zc) that the following identity is in- the populiations are gntirely chara}ctg[ized by the a“?".“c den-
deed fulfilled: sity matricespa(ja,aa) and gg(jg,ag) of the collision
partners. Summing over all possible initial states, (mg),
W(A7i—D2i;e)+w(A8i—D2i;e)=1. (200  we define the total Al cross section for the excitation scheme

_ . [@a,ag] and for the relative collision energyas
Owing to the fact that the symmetr%Eg makes a weaker

contribution to the proceddts statistical weight is one-third

oror(iaie. andp;e)= > > Z Ep) Z(jama,jgmg; Ani){(jama,jsmg;An’i)

mamg m'&ml’3 n,n’
X[W(Ani—Dpi;e)W(AN'i—Dpi;e)1"2n(j AMa,isMs ;j AMA i 5ME)
X(mMal@a(ja, @) MY Mg|0s(jg, as)|Mmg)o™A(Dpi;e). (21)

This equation includes not only the cross sectidrig and(14), but also the coherence terms of E(2) and(15), which have
often been neglected in previous theoretical models. The funef{pam, ,jsMms ;j sMajsMg) depends upon the geometry of
the experimental setup: for a single beam, colinear béaoth corresponding to cylindrical symmetry of the setapd
orthogonal beanfwith the same quantization axis for both bearmagperiments, contributing terms to E@1) satisfy the
conservation relatiohl14]

7(J AMa,J8Mg ;] AMA, gMp) = (M + Mg ,Mp+mg), (22
while, for an isotropic cell experiment,

7(JAMa,jgMe ;] AMA,jgMg) = 1. 23

It is worthwhile to write Eq.(21) as a weighted sum of the molecular autoionization cross sections for the various symmetries
pi previously defined by Eq9):

Uéé)T(jAjBaaAaB;s)
=; Ej,i,(Dpi;aaag ;&)™ (Dpie). (24)

In Eq. (24), we introduced the molecular weights as
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TABLE Ill. Various combinations of initial diatomic stat¢ém,,mg), (ma,mg)] (with ja=jg= %) that
are likely to contributecoherentlyto the molecular autoionization signal via a channel of symmetry
=25"1A ;. We assume that the conditiomy +mg=mj+mg is verified (see text

ZSJrlAg/u [(mA va);(m;-\ rmé)]

*Ay tAg (GG HIN-3-8:(-3.-D]

. [(3.5):GDI(-3.-2i(—-3.-)]

I, [(G-3):G DG -3):(-5D11G.9:(-3.D)]

31

(== 5.-)1LG -~ 3DI(-3.-3):(- 3]
[(3,-3): DG —2)i(—-3.5)]1(5.3):(—3.3)]
(G.-:(-3-DIG-:(-3DI(-3.-3):(-3.D]
(G -3):G.)TIE-2:(-3.D1(G.3)i(—3.3)
[(G—3)i(=3,— DG =335 [(—3.-32):(—3.3)]
[(3.-3):C3.-)]

N [(3i-3):. - )]

1Hu

7%35.,83%%)

Eiia(DPiiaaagie)= > 2 2 L(jama.isMe:Ani)Z(jama,jsme:An'i)[W(Ani—Dpi;e)w(An'i

mampg m"Am'B n,n’

—Dpi;e)1Y29(jama ., jsMs s AMAL 1 8Me){Mal@a(i A, aa)|maX(Mg|a(jg, ap)|My). (25

In the model developed in the present paper, the autoionizaR”!(j Ajg, @pag ve)
tion cross sections are defined assuming a unit population of
a short-range doubly excited state, whereas the molecular
weights contain all the information concerning the long-
range dynamics, i.e., the population transfer from the initial
preparation of the two atoms to the short-range autoionizingrhe velocity distributionsP (v.) are defined in the experi-
statesDpi. Indeed, Eq(25) includesall the contributions, in  mental papers discussed in Sec. IlI, and their expressions are
particular the coherences of the various possible initial reported in Appendix B. Further details concerning the aver-
states {,m,) and (jgmg), to the population of the adiabatic aging procedure can be found in RES].
statesAni. As an example, in Table Il we display the vari-
ous pairg (ma,mg);(m4,mg)] of initial diatomic stategfor
ia=is=2) leading to coherent contributions to the cross sec-
tion for each molecular symmetry. Furthermore, through the
transmission factorsv (see Appendix A the molecular The total cross section has been measured by Huennekens
weights = take into account the long-range radial couplingand Gallaghef2] in a cell experiment exciting both tHa,
between the adiabatic stat@si of a same symmetry, and  andD, lines with an unpolarized laser. For this experiment,
then describe how the molecular population is transmitted tgnhe velocity distribution is a Maxwellian distributidgiven
the inner region. Finally, the dependence upon the excitatioBy Eq. (B1) in Appendix B]. The atomic populations are
scheme(polarization of the exciting laser and geometry of equally distributed over the sublevels 5 andm, g of the
excitgtior) of. the in_itiaLatomic sta}esjs described by the 3p 2P state, due to rapid collisional rﬁixing in an isotropic
density matrice®a(ja.an) andeg(js,ag)- __medium at relatively high temperatures=650 K) [2].

In order to compare with experiment, the cross section inrherefore, the atomic density matricesy, required to cal-
Egs.(21) or (24) has to be convoluted with the distribution ,|ate this cross section through ER1), may be considered
D(v.) of the relative velocities .= y2ue of the two collid-  jn the L picture and will be diagonal, with equal elements

= [ vcothrtinie Fafio Do, @7

IIl. DESCRIPTION OF THE VARIOUS EXPERIMENTAL
SCHEMES

ing atoms, whereu is the reduced mass: given by a suitable normalization condition. Accordingly, all
T (inin Gada 00 the possible combinations fgn=3, jg=3 have been in- _
TOTUAIBTATE Ve cluded. The experimental data are compared to our results in
Fig. 3.
=f ororiais,@ads;vc)D(ve)dug, (26) Crossed-beam experiments were performed by the

Utrecht grougd 3,4] with two counterpropagating thermal so-
leading to the rate constant: dium beams, the collision velocity range covered by this ex-
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FIG. 3. Computed total cross sectiofity; (with ar=37°) com-
pared to experimenti) All symmetries included, and with the unit FIG. 4. Associative ionization rate constants

transfer coefficient forIl, : w(A431,—D13%,;¢)=1. (i) Al
symmetries included, and witw(.A4°I1,—D1°%[1,;e) of Fig.
2(c). (iii) All symmetries excepfIlI,, included.(iv) All symmetries
except'Il, 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.

RA(3/2,3/2, , @5 ,vo) [abbreviated ask(#6), and normalized at
0= 0°] for counterpropagating beams experiments, as a function of
the polarization angl®, for different excitations schemes and dif-
ferent average collision velocities.. Solid line: all molecular
symmetries are considered. Dotted line: all symmetries extidpt

are considered. Dot-dashed line idem, but with an adjusted (
perimental setup bein@®10-2318 m/s A laser beam tuned - 837) mixing between the asymptotiny and 7w components of

on the transition Na§281/2(F 2)—Na 3p 2P3,2(F 3) the °3, states. Long-dashed line ib): idem, but also excluding
and reflected by a perpendicular mirror was intersecting theA C'rdes experimental results of the Utrecht grqGpd].

beams direction at an angte~87°, so that the atoms in the o . . o o .

two beams may be excited according to the same geometrgc’lar'zat'on ang_le IS \_/arled_ from O tp 180°, with a mllnl_mum
one group A) by the incident laser beam, the other o ( w 90°. The ion signal is proportional to the refé'(j ,

by the reflected one. Measurements were performed in var|- 2,J8= 37 @a08 V) [see Eq(27)], hereafter abbreviated as
ous excitation schemdsr ,, ag] corresponding to different R(6)- We will consider the normalized sign&(6)/R(0°)
polarizations(linear or circulay of the exciting laser beams 2&nd define thangular contrast Cas

and different excitation geometries. In each of these
schemes, one varies the anglebetween the polarization
vector of the laser and the direction of the relative velocity.
We report the results in Figs(&—4(f). In some experiments This contrast is more pronounced at low collision velocities,
[3,4] both collision partners were excited with linearly polar- and decreases when the velocity is increased until a plateau
ized light with the same variable polarization anglethe  appears a@.=1960 m/s in the lin¢ 6, + 6) scheme. For the
corresponding @, ,ag] scheme is denoted by lir(#, + 6) “mixed” excitation scheme, the ion signal is measured be-
[see Figs. @) and 4b)]. In another experimerid], the po-  tween—90° and+90° and is almost symmetrical with re-
larization angles for the two beams were opposite: this is thgpect to 0°, where it presents a maximum. The velocity dis-
lin(+ 6,— #) scheme, for which the results are represented inribution for these experiments are discussed in the Appendix
Fig. 4(c). For the results reported in Figsid and 4e), the  B.

polarization angle varied for one beam, and fixed respec- A single-beam experiment was performed by Me(jg}
tively to 0° and 90° for the othef4]. The corresponding in the 250-500 m/s collision velocity range with only one
[@a,ag] schemes are written as li(0,0) and excitation schem@ap,ag]=Ilin(+ 6,+ 6), where both col-
lin(+ 6,90), respectively. Finally, a mixed polarization exci- lision partners are excited by linearly polarized light, with
tation scheme]lin(6),cir*(90)], was also realized4], in  the same variable polarization angleThe data are reported
which the direct laser beam exciting atorAswas linearly in Fig. 6. As in the case of counterpropagating beams, the
polarized, with variable, while the reflected one exciting angular variation of the ion signal from 0° to 180° is sym-
atomsB was circularly polarizedsee Fig. 4f)]. The most metrical with respect to 90°, where it presents a minimum.
striking feature of the results, in the case of linear polarizaBut the angular contrast now increases with increasing col-
tion, is a symmetrical variation of the ion signal, when thelision velocities, and tends to a saturation around 480 m/s.

C=[R(0°)—R(90°)]/R(0°). (28
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The experiments of the Maryland group used a different ;%T(C(a"'-rz%o K)=1.07x10"6 cnm? (*7%).
geometry, and considered either two perpendicular thermal
beams[6-8] or a single bean{9,10]. The high-resolution This result has to be compared with the experimental value
velocity selection was achieved through Doppler effect by
selecting a particular class of velocity within each beam, or 0.6x 10" 16< g/;'(p
two different velocity groups within the same beam. As the
width of the velocity distribution did not exceed 30 m/s, we where the data of Re[Z] have been corrected by a factor of
have checked that the energy dependence of the cross seCqccording to Ref[37]. The error bar in the theoretical
tions (see Fig. 2is too slow to be affected by convolution cross section is estimated by considering the extrapolation
with the experimental distribution, so that, for this series ofprocedure of the data for the molecular autoionization cross
experiments, we can directly compare our calculations fokections ¢™A(Dpi;e), beyond the upper valuev g,
various velocities to the experimental sigfsge Fig. 9 The  =1750 m/s for the velocity. Indeed, the Maxwell-Boltzmann
different experiments with their excitation schemes and encollision velocity distribution has a weak, but not vanishing,
ergy domain are summarized in Table IV, where the corretaj| for V>V as seen in Appendix B. Whereas the con-
spondence between the excitation schemes used in Marylaggbution from the velocity range below 1750 m/s leads to a

(cell,T=650 K)<1.4x10 !¢ cn?,

and in Utrecht is established. cross section of 1.0810 6 cn?, the extrapolation proce-
dure introduces an uncertainty in the computed result well
IV. COMPARISON BETWEEN THEORETICAL below 10%.
AND EXPERIMENTAL RESULTS The relative contribution of the various molecular auto-

g’onization channels to the total cross section is analyzed in
Fig. 3. It is manifested that the dominant contributid®%)
i;omes from thée’ll,, channel. Calculations with a transmis-

Our velocity-dependent molecular autoionization cros
sections having been computed in an earlier w@®], we
shall compare our results with the experimental ion signal u o )
to a collision velocity of 1750 m/s. Due to the large numberSion coefficientw equal to unity would lead to a too large
of possible autoionization channels, it is worthwhile to useValue of the cross sectidii), Fig. 3@]. Neglecting the’IT,,
this comparison in order to discuss how a set of experimentaﬁontr_'tl’émOn would lead to a cross section of 0.65
results can be used to identify the channels that effectively< 10 ‘° cn, at the lower limit of the experimental error
contribute to the ion formation. ar: the agreement between theory and experiment seems

We shall discuss both absolute data, for which the autoP®tter Whe”l the’T,, channel is considered. However, ne-
ionization efficiency of a given channel is the importantdleécting the Il channel yields a cross section which is still
point, and relative measurements, where the polarization de¥ithin the experimental error béfiv), Fig. 3a]. The con-
pendence of the ion signal can be considered as a signatuif@ution of the *3 [ channel leads to a cross section of
of a given molecular symmetry. Within the model developed0-23< 10~ *®cn? if a1 is assumed to be 37°, or 0.21
in the present paper and for the experiments discussed herg,10 *® cn? with ar=63°, so that the model of the unique
the shape of the curve giving the ion signal as a function of'2, channel is ruled out by comparison with this experi-
the polarization angle may be analyzed by considering botiment.
the autoionization efficiency and thé variation of the The long-range population loss that we have considered
weightsEjAjB(Dpi;’&A’&B;g) for the different channels con- for the °II, symmetry is also justifiech posterioriby the _
tributing to the Al process at the energyThe signature of a agreement between computed and measured cross sections:
given doubly excited autoionizing sta®pi will then be i all the population of the (3-+3p) asymptote was trans-
manifested by the sign and magnitude of the contrast definefgfred into the inner region for théll, symmetry, the total
in Eq. (29). cross section would be 1.40L0" *° cn?, at the upper limit

Many interpretations in the past rely upon a unique©f the experimental error bar.

3% *(o0) autoionizing channel. We shall therefore discuss
the experimental results by varying in our model the mixing B. Comparison with the Utrecht experiments

angle ar for the two long-range components in th& | As in previous work, our results for the relative variation
ionization channel, and by discussing the influence of they the jon signal as a function of the polarization anglare
other symmetries, in particular thdI, channel, which was  in good agreement with the counterpropagating-beam experi-
not considered in previous interpretations of experimentajnents in the 910—1600-m/s velocity range. In Fig. 4 we
data, and which could be the dominant one, according to thgresent, for various values of the average collision velocity
previous discussion concerning autoionization efficie(see v, and different excitation scheméa, ,3z], a comparison
Fig. 2 and to its statistical weight. between experimental results and calculations. First, we as-
sume a mixing anglev; of 37° (ab initio value for the two
long-range components of th& channel. For linear po-

As mentioned above, the total cross section correspondinigrization, with the lin@ 6,= 8) excitation schemdFigs.
to the cell experiment of Ref2] may be computed accord- 4(a)—4(c)], the disagreement between theory and experiment
ing to Eq.(21) with diagonal atomic density matrices in the is at most 20%. Suppressing thdl, channel does not
L picture for the excited statep3 After averaging over the modify the shape of the curve very much. Moreover, in the
Maxwell velocity distribution[Eq. (B5), Appendix B|, our latter conditions, the agreement with experiment can be
estimation for this cross section for associative ionization oimarkedly improved by varying the mixing angle from 37° to
sodium atoms at 650 K is 63°. These results can be analyzed by considering the mo-

A. Total cross section
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FIG. 5. Molecular weight& s/, 31 Dpi; @aag ;v.) [abbreviated 0 90 180 0 90 180
as B34 0)] as a function of the polarization angk for the polarization angle 6 (degrees)
counterpropagating-beam experimeitin(+ 6,4+ #) excitation
schem@ with v,=1062 and 1600 m/da) and (b) Full triangles FIG. 6. Associative ionization rate constants
D13A,; full squaresD13II,; open square®1 I, ; open tri- RA(2,2,3, 38,00 [abbreviated ak(6), and normalized a®
anglesD1 A ; open circlesD2 3 . (¢) and(d) Contributions to —ge] for a single-beam experiment, as a function of the polariza-
D2°%,; from A7°%] (plus symbols and A8°%, (star$ com-  tion angle @ in the lin(+ 6, + 6) excitation scheme, for different
puted forar=37° (dashed linand a7=63° (full line). values ofv.. Solid line: all molecular symmetries are considered.

Dotted line: all symmetries excepfll, are considered. Circles:
lecular weights= defined in Eq(25) and represented in Fig. €xperimental results of the Utrecht grol.

5 for the lin(+6,+ ) excitation scheme at two collision -an pe interpreted from the analysis of the corresponging
velocities, 1062 and 1600 m/s. The absolute value of suchgefficients, not represented in the present paper, by remark-
coefficients reflects the statistical weight of a given channejng that the contrast is much smaller for tRH, ionization
[varying from 6(for A, or °II,) to 1 (for 'Y )] and can  channel, and it is difficult to interpret the experimental data
possibly be attenuated by the(.Ani—Dpi;e) transmission  without including the contribution of this symmetry. Such a
factor[important in the case ofll, symmetry, as displayed result indicates that circular polarization experiments should
in Fig. 2(c)]. Their angular variation is typical of the excita- probably be more sensitive to the presence &Flg channel.
tion geometry and of the symmetry of the long-range mo-+we shall further discuss this point below by considering not
lecular state. Obviously theé variation is very similar for the only relative but also absolute measurements.
®[1, and 1, channels, and differs markedly for th&, F An opposite conclusion can be formulated when going to
channel; however, the shape of the latter curve can be modiew collision energies. Indeed, considering single-beam ex-
fied, and even switched from positive to negative contrast, bperiments[5], where the collision energy is reduced by a
changing the mixing angle. This is not surprising, as the factor of 2—8, it seems at firftor v, =420, and 360 m/s, see
populations of thero and 7o long-range components have Figs. §a) and Gb)] that the agreement between theory and
very different dependences upon the polarization angle. It iexperiment is improved when the contribution &fI,,
then possible to fit the experimental curve at 1062 m/s bywhich is markedly peaked arourgd=90°, is suppressed. At
suppressing the contribution of tH&l, and choosing a mix- such energies, switching the mixing between the g’
ing anglear=63°. Therefore, the measurements oftéka-  |ong-range components does not change the shape of the
tive variation cannot be used to discriminate betweenlije curve. The decrease of the contribution of #i&, channel is
and 33} channels, and a more elaborate model of the longeoherent with the breakdown of sudden approximation at
range dynamics should be performed. The presence of tHew collision energies, the Hund’s caseorrelation scheme
3A, channel seems more evident: at 1600 m/s, when thisetween adll, intermediate range curve and the two
channel is open, it is clear that thentrast Cis reduced due (3p ?P,,,+3p ?Py,,) and (3 ?Py,+3p ?Pg,) asymptotes
to its contribution, in agreement with experiment. The curvebecoming more adaptg86]. This point should be confirmed
computed excluding thé’A s contribution exhibits a too by experiments usin®, line excitation at low energies. Go-
important contrast. ing to low velocities, the disagreement between theory and
When the polarization angle is not identical for the two experiment should indicate the low-energy limit of our
beams, the effect of théll, contribution manifests itself model. The collision energy at 420 m/s is 10.5 meV, which
clearly[see Fig. 4e)]. Nevertheless, this contribution can be is only a factor of 5 larger than the fine-structure splitting of
partially compensated for by switching the mixing angle, andone sodium atom AErs~17.19 cm?, or 2.13 meV: the
it is striking that the same empirical valugr=63° can fit agreement between our calculations and experiments there-
most of the experimental data. fore seem surprisingly good. At even lower velociti@s0
However, as illustrated in Fig.(B, at a collision velocity and 280 m/sthe collision energy exceeds the fine-structure
of 910 m/s, and for th¢lin(6),cir(90)] excitation scheme, splitting by a factor of 2 only, and therefore is of the same
suppressing théll,, contribution enhances the disagreementorder of magnitude as the sum of the fine-structure splittings
between theory and experiment, and switching the mixindor the two atoms, so that our model becomes too crude for
angle toar=63° causes even stronger disagreement. Thisny quantitative interpretation.



TABLE IV. Schematic description of the published experimental works studying associative ionization, inddaidered for comparison of our computations. The correspondence between

the different notations for some excitation schemes used by the Utrecht group and the Maryland group is indicated.

Polarization
Collision velocity of the Excited transitiofs) Al cross section
Experimental (ve) distribution exciting 35 2S,,—3p ?Pap, Excitation (oa)
Group setup (v range(m/s) laser (FMp)—(F'M{) scheme (10" %6 cn) Observations
HG[2] Cell (650 K) Maxwell-Boltzmann not No hyperfine 1.0 (=37%)
T=650 K defined selection
(3D, isotropig
MAL[6] CB 90° Selection of narrow ot (2,+2)—(3,+3) cirt(90°,90°) 1.8 0,<8.0 Strong velocity
(773 K) velocity class dependence
(1200-2200
MA2[7] CB 90° Selection of narrow T (2Mp) lin(0°,0° Strong velocity dependence
(635 K) velocity class — or axial-axial Selectivity in the
(550-2200 [(3M{)(70%), lin(90°,909 spatial alignment of
(2,M{)(20%), or transversetransverse the atomic $ orbitals
(1M{)(10%)]
MA3[8] CB 90° Selection of narrow oo0” (2,£2)—(3,£3) [cir*(0°),cir (1809 Selectivity in
and velocity class or parallel spins spins configurations
SB (200-600 (SB) [cirt(0°),cir"(1809] Strong velocity
(773 K) (800—2200 (CB) or antiparallel spins dependence
MA4[9] SB Selection of narrow mando (2Mg)—(3M{) Excitation geometry 5.1+2.0 (o) Polarization dependence
(773 K) velocity class and not precisely defined 10.2+4.5(m)
vc=12m/s (LMg)—(2M{) for o polarization
cirt(225°,45°)
MA5[10] SB Selection of narrow 7 ando (2,22)—(3,%£3) (o) [cirt(45°),cir (1359] Polarization and excitation
(773 K) velocity class (2Mp) [cirt(45°),cirt(1359] geometry dependence
(100-625 (3-2,..., 2)(m)
Velocity dependence
UT1 CB 180° large profile T (2Mg)—(3M{) lin(+6,+6) +1.2 Selectivity of the process with
[3] (635 K, (width=250 m/s) 0-8( _0.5) respect to the preparation of the
575 K) (900-2300 collision partners in magnetic

substates d|m, | m,|)

896
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TABLE IV. (Continued.

Same properties as UT1

lin(+ 6, + )
lin(+ 6, — 6)

F)

T ando (2Mp)—(3M

large profile
(width=250 m/s)

CB 180°
(635 K,

uT2

(4]

Coherence contributions
Velocity dependence of some

lin(+ 6,0°)
lin( + 6,90°)
cirt(90°,90°)
cir(90°,90°)
[cirt(90°),cir (909]

(900-2300

575 K)

coherence terms

[lin(+ 6),cir*(909]

Polarization and velocity

lin(+ 6, + )

F)

T ando (2Mp)—(3M

large profile
(width>350 m/s)

SB
(575 K)

uT3

(5]

dependence.
Quantitative estimation
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(100-700

of some
coherence terms

cir(+0,+6)

lin(+0,+06)

R(6) (in 10" em’s™)

0 90 180 0 90 180
polarization angle 6(degrees)

FIG. 7. Computed associative ionization rate
RN (2,2 2., 25,0, [abbreviated aR(6)] as a function of the po-
larization angle 6, at v.=1600 m/s (counterpropagating-beam
setup and for ar=37°. (@ lin(+6,+6). (b) cir'(+6,+4).
Dashed line: including only the diagonal contribution of Ety4);
solid line: including also alkcoherenceterms of Eq.(15); dotted
line: idem, excluding théll,, channel.

The previous discussion was considering only relative
variation of the ion signal. It is important to recall that the
ion rate is substantially lowered when the contribution of the
%11, channel is not included. This is illustrated in Fig. 7,
where we have represented the predicted ion signal at a col-
lision velocity of 1600 m/s, in the hypothesis of two coun-
terpropagating beams and for two excitation schemes, lin
(+6,+ 6) as in Fig. 4b) and cir (+ 6,+ 6). The latter ex-
citation scheme was never studied experimentally. We dis-
cuss through these two schemes the contribution offlig
autoionization channel and of the effects of the coherence
terms. In the lin¢- 6, + #) excitation scheme, it is manifested
that when the®Il, contribution is neglected, the absolute
value of the signal is decreased by 40%, the contrast being
reduced. In the cir(+ 6,+ #) excitation scheme, not only
the intensity of the signal but the shape offtdependence is
very much modified when this contribution is neglected. The
effect of coherences is also much stronger for circular polar-
ization. We therefore suggest that such experimental studies
could possibly provide deeper insight into the collision
mechanism.

A study of the velocity variation of some cross sections
has also been performed by the Utrecht group. In Fig. 8 we
present the comparison of our calculations with absolute
measurement§3-5] of the ‘T—ll:3/2v|mA|?JB:3/21|ms\ partial
cross sections, hereafter IabebﬁjnAHmB\ , and computed as

1
UlmA\,lmslzE(O'mAmB'{'O'mA,me)- (29

as well aso s, defined as

L _ _
Oiso= 7 (T32,315T 2032 15T T112,112) - (30)

In EqQ. (29), the cross sections written in simplified notations
Om,mg are defined by Eq(14) with ja=jg= 3. The experi-
mental cross sections have been velocity deconvoluted, and
are reported here in absolute values according to the calibra-
tion suggested by the authors of Ref4], that is

100 arb. units=1071® cn? (with a factor of 2 of uncertainty

for the cross sectionSr_‘mAHmB‘ as well as forojs,. The
agreement with experimental results seems satisfactory for

Tiso [S€€ Fig. &)] and o3, 15 [See Fig. &)], where an
analysis of the calculations shows that many symmetries
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200 600 100014001800 200 600 100014001800 FIG. 9. Associative ionization cross sections as a function of the
collision velocity (m/s) collision velocityv., compared to the crossed-beam experimental

results of the Maryland grouf7,8], computed witha;=63°, for

FIG. 8. Absolute associative ionizatidpartia) cross sections different excitation schemesa) axial-axial [or lin(0°,0°)]; (b)
onA‘,‘mB‘ , and isotropic cross sectiang, as a function of the col- trgnSVErse-transverSk}r lin(90°,90°)]; (c) circular polarizaFion
lision velocity v,, compared to the experimental results of the With [cir”(0°),cir™(18079] or parallel spin configuration(d) with
Utrecht group[3,4,5. Solid line: including all symmetries, and [cir'(0°),cir"(1809] or antiparallel spin configuration. Solid line:
a+=37°. Dotted line: including all symmetries excefi,, and including all symmetries; dot-dashed line: including all symmetries
a7=37°. Dot-dashed line: including all symmetries excépt,, except 31, ; full circles: experiment. Note that in the excitation
and a;=63°. Full triangles: experiment. The dashed line figuresschemes displayed ift) and (d) the *I1, channel is not efficient.
the low velocity validity range of our model. The error bar repre- An absolute scale is used for the computed results, and the experi-
sents the experimental errtoy a factor of 2 in the scaling of the mental scaldin arbitrary unit$ is shifted to fit the order of magni-
absolute cross sectiorisee Ref[4]). tude of our results.

contribute to the cross section. Fory, 5, the long-range C. Comparison with the Maryland experiments

adiabatic curves that may be populated are exclusivaly, A comparison of the velocity dependence of our calcu-
33 0 (7)), and 12;;(7777)' We interpret the rise of the the- lated cross sections with the measurements performed in
oretical cross sectiofsee Fig. )] at higher energies as the Maryland[7,8] is displayed in Fig. 9. The experimental data
opening of a3A, autoionization channel, and this effect is given in arbitrary units are scaled there in such a manner that
not clearly manifested in the experimental signal. At lowerth€y appear in the same zones of the computed results. The
collision energies, the decrease of the theoretical cross sefheoretical cross sections are computed according to Eg.
tion comes from the vanishing of the( . Ani— Dpi;e) trans- (21)_’ with atomic density matrices correspondlng_to th_e fol-

e . : + lowing excitation schemes: 1i,0) [denoted by axial-axial,
mission factor{see Fig. 2c)] due to a hump in the &/ : . :
long-range curve, together with a decrease of the autoioni Fig. @], 1in(90,90 [or transverse-transverse, Figlbg),

. 2 ' 3ot ) {cir*(O),cir*(180)J [producing a parallel spin configuration,
ation eff|_C|e_ncy for theA?_ PN Iong-_ra_nge curve{sge Elg. Fig. 9(c)] and|cir* (0),cir* (180 [giving rise to an antipar-
2(b)]. _Thls is apparently in Contradlctpn to the rise in the g)1el spins configuration, Fig. (B)]. For two excitation
experimental curve. However, as discussed earlier, ou§chemes, the computed results agree reasonably with the ex-
model is Certainly not valid when the collision energy be'perimenta| one$|:igs_ ga) and qb)] In particu|ar, an im-
comes of the same order of magnitude as the fine-structurgortant aspect of the observations is reproduced: the scheme
splitting of the set of two sodium atoms, and from the axial-axial is more in favor than the transverse-transverse
present discussion we can estimate the lower limit for thene to the ionization process. Suppressing%Hg contribu-
validity of our model at velocities around 600 m/s tion seems to improve the agreement at low collision veloci-
[e/(2AERg~5]. The rise in the experimental curve would ties in the first excitation scheme.
be compatible with a breakdown of sudden approximation In contrast, there is disagreement between our calcula-
for spin uncoupling, leading to population of eith&il, or  tions and the experimental results for the two schemes par-
31, autoionization channels, for which the cross section in-allel and antiparallel presented in FiggcPand 9d). First,
creases at low collision energigsee Fig. 2b)]. In the same the rise of the theoretical cross section, due to the opening of
way, we see in Fig. @) that the shape of the computed crossthe 3A, channel, at around 70 meV, corresponding to a col-
sectionay, 1, markedly depends upon the inclusion of thelision velocity of 1000 m/s, is not observed experimentally
%11, autoionization channel and upon the choice for the mix{Fig. 9c)]. Second, our present model does not explain the
ing anglea between the two long-range components of thepeak in the experimental curve observed below 500 m/s. In
33" channel. However, it is not possible to use the experifact, since in our modefA,, is the unique channel populated
mental data to discriminate the various hypotheses, as ond¥y the parallel scheme, the cross section in Fig) & di-
again the low-energy rise in the measured cross section og¢ectly proportional to the molecular autoionization cross sec-
curs in a region where the fine-structure effects should b&on of this state, plotted in Fig.(B). Moreover, the antipar-
considered within a model more elaborate than ours. allel excitation scheme only populates tig | and 12g
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channels, and we can see in FigbRthat the combined experiment at 650 K. Théll, symmetry contributes to half
autoionization cross section of th4&7 and.48 states of the the cross section, and there is an important contribution of
former symmetry, as well as the cross section of latter one, ighe *II,, channel, so that the model of a uniqi@J autoion-
nearly constant fog>14 meV @ .>500 m/s). This explains izing channel seems to be unrealistic.
the flat shape of the theoretical curve of Figd)9 Good agreement is also obtained with the polarization
In the Utrecht experiments discussed above and reportesieasurements of the Utrecht group, at least for collision ve-
in Fig. 8, there was an increase of the cross section at lowocitiesv.>400 m/s £€>9 meV). We show that, due to the
velocities, but no peak occured. So the two sets of experiexistence of several autoionizing channels, relative measure-
mental results also appear to disagree. It would therefore b@ents of the variation of the ion signal as a function of the
valuable that more experimental and theoretical works givepolarization angle cannot be used as a definite proof for the
deeper insight into the collision mechanism at low energiesidentification of the symmetry of the molecular doubly ex-
cited states which are present. For instance, in schemes using
V. CONCLUSION linear polarization, the contribution of thll, channel can
be compensated for by varying the mixing angle between the
Being a simple example of the formation of a chemicaltwo g0 and 77 asymptotic contributions to thés; chan-
bond, the associative ionization reaction between two excitegle| However, absolute measurements, or measurements us-
sodium atoms has been the subject of many experimental aqfy circular polarization, are more sensitive to the presence
theoretical effort1]. However, up to now there has been of g T, channel, and we suggest that complementary mea-
little confrontation between theory and experiment. The aimy,rements could check this point.
of the present paper the(efore has begn to chepk the most oyr results also seem in satisfactory agreement with the
complete existing theoretical models with experimental reye|ocity-dependent cross sections experimentally deduced by
sults for the total cross section and for the polarization anghe Utrecht group through a velocity-deconvolution proce-
velocity dependence of the Maion signal. dure. Some disagreements at velocities below 600 m/s (
The difficulty in the theoretical treatment comes from the -4 meV) can easily be attributed to the breakdown of the
large number of molecular symmetries that are involved inyodel of sudden spin uncoupling. Indeed, a proper treatment
the process, gnd from the matchmg at |ntermed|ate.d|stanc%3 long-range dynamics including fine-structure coupling
of two very different dynamical problems. At short internu- shoyid be introduced in the model below collision energies
clear distances we have used previous MQDT calculationgs 21 mev.
[18,20 to describe the autoionization of the Nanolecule Finally, some disagreement is present with the measure-
via ’% 7, '3, °I, ', and*A4 channels, and we have ments of the Maryland groufs,8] for the velocity depen-
performed calculations for théA,, channel, through which dence of the cross sections. Such measurements were per-
the autoionization process can only occur for collision enerformed with a narrow velocity distribution, so that no
gies above a threshold of 70 meV. In order to estimate th@onvolution procedure has to be introduced in the compari-
population of these six short-range doubly excited autoionizson between calculated and experimental cross sections.
ing states from two separated atoms, we have proposed\Whereas the theoretical and measured curves look similar in
simple model. The main hypotheses are smooth connectiofe case of a linear polarization scheme, the maximum ob-
between short-range molecular diabatic curves and longserved in the experiment when the atoms are excited with
range adiabatic curves, and a simple evaluation of the popt&ircularly polarized light cannot easily be explained. The
lation of states corresponding to such potential curves byreakdown of our model for long-range dynamics below 500
considering infinite locking radius, sudden decoupling of them/s could be one reason, but the experimental cross section
spin at infinite internuclear distances, and, finally, an apdisplays an energy variation different from the flat theoreti-
proximate treatment of population sharing between molecuca| one at velocities well above this value.
lar states at large distances. This treatment allows for the |n conclusion, for experiments with two perpendicular
mixing of the twooo and 7w components of théS 7 and  crossed atomic beams excited by circularly polarized lasers,
12; long-range states, and the population loss at the variouthe presence of a sharp minimum in the energy variation of
pseudocrossings due to the ionic-covalent interaction. Thehe cross section should be confirmed. A physical interpreta-
latter phenomenon, treated in the framework of a very simplaion should be developed: as the autoionization cross sec-
Landau-Zener model, is mainly reducing the populationtions for the various symmetries are slowly varying functions
transfer to the®I1, short-range autoionizing state, especially of the collision energy, the model for the population transfer
at large collision energies. The model developed in this pafrom two atoms to a doubly excited autoionizing curve
per takes into account the coherence effects, as in previowshould be reconsidered. They were very approximately esti-
theoretical treamentil4,15. But, for the first time, to our mated in the present work, by means of a semiclassical
knowledge, a quantitative evaluation is proposed for the conkandau-Zener model allowing for population loss from one
tribution of the coherence terms to the total cross section oadiabatic curve to another one of the same symmetry. No
to the rate constant of associative ionization process. Theoupling between curves of different symmetries is included.
originality of the present work is to propose computed valuesClose-coupling calculations at long range should be per-
for the cross sections from the contributions of various moformed, considering rotational coupling effects. At low col-
lecular symmetries, combining short- and long-range dynamlision energies, such calculations should take fine-structure
ics. effects into account. In all cases, those calculations should be
Our results seem in good agreement with the total crossonnected to a short-range MQDT treatment of the autoion-
section measured by Huennekens and Gallagher in a cdltation process, which is not an easy task.
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Nevertheless, the present work seems to show a satisfac- 1 Lmax
tory agreement, at collision energies where a sudden uncouw(.48i—D2i;e)= - E [1-P z(e,L;A8i— AT7i)],
pling of the spin is a realistic hypothesis, between most ex- max =0
perimental data for associative ionization between two (A3)

Na(3p) atoms and a theoretical model where the contribu-

tions of °3;, '3, °M,, ', *Ag, and ®A, channels  with L, =229 and fore>30 meV. Fors <30 meV, due to
are considered for the autoionization of the molecule formedy hump in the 8 potential curve, no flux is transmitted to the
during the collision. A more precise check of the contribu-inner region.

tion of those channels is considered in a work in progress, | the case of théS ! symmetry, two avoided crossings
where theory is confronted to experiments analyzing the Vi'very close to each other occur &®,=23.16, and R,

brational distribution of the product iori88]. =23.0(, between the48i and.49i potential curves, and
between thed8i and theA7i potential curves, respectively.
APPENDIX A: CALCULATION OF THE _As in Ref.[28], we cgnsider these two p_seudocrqssings as
COEFEICIENTS w FOR POPULATION TRANSFER mdc_ependent, vv_hlch yields only crude estimations in the fol-
lowing calculations. Therefore, as th&7i curve is corre-
We use the semiclassical model developed in [R2d], lated to theD1i doubly excited state, which does not con-

which is simplified in the present problem, since for eachtribute to the autoionization process, we write
symmetry only one pseudocrossing occurs. Let us consider a
collision with energye and impact parametdr, where the

L
population of the adiabatic molecular statgdni is . o i . :
M(Ani;e,b) at large internuclear distances. As discussed in W(A7I—D2ie)= L max LZO [Piz(e,L;ABI— AT,

Ref.[28], the adiabatic curves ofll, and 3% symmetries (A4)
exhibit at R;=26a, and 23.2,, respectively, an avoided

crossing with a neighboring curve of the same symmetry

(An’i) correlated to Na(8)+Na(4d), while for the 1Ag i i 1 e ) _
symmetry the equivalent avoided crossing occursRat ~ W(A8I—D2ije)=1T LEO [1—Piz(e,L;A81 = ATi)]
=15.1a,. We estimate that, foR<R., the population of e

the adiabatic curve is X[1-Pz(e,b; A8i— A9i)]. (A5)

N (Ani;e,b)=N(Ani;e,b)[1-P z(e,b; Ani—Ani)], As the coupling between thd8i and .A9i curves is weak,
(A1) the condition

where P, 7 is the Landau-Zener probability for population
transfer to theAn’i curve at the pseudocrossing. We
checked that the ratigd/’/\ does not vary significantly as a

function ofb in the range of impact parameters considered irjs nearly fullfilled, so that in our model population of both

the present problem. We therefore simply compute the popu#7j and.48i states will contribute to autoionization.
lation transfer coefficient as an average value over partial

waves, theAni curve being correlated to the short-range

W(A7i—D2i;e)+wW(A8i—D2i;e)=1

diabatic curveDpi: APPENDIX B: VELOCITY DISTRIBUTIONS
In order to reproduce with our model the experimental
L . ..
. - max o . results of the Al reaction, we need to know the collision
W(Ani=Dple)= L max LZO [1=Piz(e,L;Ani—=An')],  velocity distributions corresponding to each experimental

(A2) setup with which we are concerned.

where the correspondence between impact pararbeterd 1. Distribution of atomic velocities
partial waveL is by2ue = yL(L+1), andL s is the maxi- In a medium in thermal equilibrium at temperatuFeg,

mum partial wave for which autoionization may take place.ihe number of atoms of mass, moving with a velocity

In the present calculations, ., varies from 29 to 132 ying petweenv andv+dv(dv=v2dv dQ) is given by the
when the energy increases from 1 to 184 meV, correspond-ye|i-known Maxwell-Boltzmanrn(MB) distribution
ing to a range of variation db from 0 to 23.&, at 1 meV
3/2 mav2 d 81
XA~ 2kgTe v (BY)

and from 0 to 7.8, at 184 meV. The Landau-Zener prob- MB
ability varies by no more than 14% in the range 0—132 pf F=(v)dv=
justifying the use of a mean transmission coefficient instead
of a quantity depending upon the partial wave.

In the case of thelEg symmetry, there is an avoided wherekg is Boltzmann's constant.
crossing aR.=15.2%, between the i7and the 8 potential In an isotropic cell T.=T,), by integrating over the an-
curves, so that gular coordinates, one obtains

a
2 7TkBTe
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v2dv

fB"B(v)dv=( J dQ fMB(v)

3/2 2
B m, ) Mg
‘4”(2kaTc) v ex"( Zkac)d”'

(B2)

For a thermal beamT(=T,) directed along an axig, the
atomic velocity distribution is defined by

f’t\,"B(v)dvz( f dQ fMB(u)s(a—i))uzdv

om3 |12 , m,p?
_(—> v? ex _2kab h(v)dv,

(B3)
with
1, v>0
h(v)= 0, v<O.

2. Distribution of relative velocities

The distribution of magnitudes of the relative collision

velocity v, for a cell is defined by

feal(ve) = J' dVlJ' defMB(Vl)fMB(Vz) o(ve— |V1_V2|)
(B4)

4 my )3/2 ) [{ mavc2>
=—|-— exp — . B5
@(%Tc v IksT, (B5)

This function ofv, is plotted in Fig. 10a).
For collisions between atoms within a single beah)(
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FIG. 10. Distributions of collision velocitiesa) Normalized
distributions without velocity selection, at temperatufg=T,.
=T,=650 K. Solid line: cell; dot-dashed line: counterpropagating
beams; dashed line: orthogonally crossed beams: dotted line: single
beam. (b) and (c) The numbers of collisionN{*®(v.) at T,
=575 K for different laser detuning$v, corresponding to different
averaged collision velocities, (see text (b) Single-beam geom-
etry. Solid line: v, =57 MHz or v,=251 m/s; dotted linesv,
=75MHz or v,=269m/s; dot-dashed line: 95 MHz ow.
=340 m/s, long-dashed linetv =110 MHz orv.=429 m/s.(c)
Counterpropagating-beam geometry. Long-dashed lir®,
=31 MHz orv,=911 m/s; dot-dashed lineSv, =41 MHz or v,
=1062 m/s; dotted line§v, =68 MHz orv_C: 1554 m/s, solid line:
Sv_ =70 MHz orv,=1600 m/s.

ever, a complicated analytical expressionFag(v.) can be
found in Ref.[39], while Fg1g0(v ) has never been written
analytically. The three functionByg(v.), G=SB, CB180°,

and from two different beams with the respective temperacpooe, [Eq. (B6)] are also displayed in Fig. 18). The ana-
turesTy,; andTy,, the collision velocity distribution has the |ytical expression(B7) is used for the CB90° geometry,

following expression:

Fo(ve) = fo dvlfo duofit(vy) fig(vy)

X olvg—B(v1,07)], (B6)
where
B(v1,02) =i +05— 2010, COLVy,Vy),
G=SB, CB180°, CB90°.

For single-beam (SB) and

counterpropagating-beam
(CB1809 geometries, cos(,V,) equals plus or minus unity,

while numerical integrations have to be performed for the SB
and CB180° experimental setups.

3. Velocity selection by Doppler effect

With a laser of frequency, , propagating along the di-
rectionu, , one excites a transition with frequenegy (value
corresponding to atoms at rgstf atoms moving with a ve-
locity v=vg, such that

Vp-Uu Ug COS«
1+ OC L)=VL<1+°T), (BY)

Vo= VL

wherea is the angle ¥o,u,), andv, the magnitude of/,.

respectively, and vanishes obviously for orthogonal crossed- !N @ cell, the anglex in Eq. (B8) is randomly distributed

beam(CB90° geometry. In the latter case, E@6) can be

integrated analytically:

m 3 Mav 2
Fepoo(ve) = (T:Tb) v exr{ - 2kaB'IEb)' (B7)

because of the isotropic motion of the atoms. Therefore, for
an incident frequency, approachingv,, one excites all
atoms of the Maxwell-Boltzmann profife}/®(v) without se-
lecting them in velocities.

In atomic beams experiments, the geometry fixes the di-
rection of the atomic velocity: for a given directioru, of

For the SB and CB180° geometries, the integration in Eqthe laser(« fixed), one selects one group of atoms of velocity
(B6) cannot be easily achieved in an analytical way. How-vg, given by Eq.(B8). This velocity class has a finite width,
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corresponding to the width of the atomic transition. The ve-lytically for all the three-beam experiment geometries we
locity distribution of excited atoms is defined in literature by have considered, because of the presence of the factor
multiplying the functionf}'®(v), given by Eq.(B3), by the ~ A(v;vg,a).

probability A(v;vg,a) of exciting an atom of velocityw Considering the atomic transition

“close tovy:”
oo [3s:2Sy:(F=2)]—[3p:2Pa(F=3)],

* . _ . MB
fo (000, @) =A(v;v0,@) 5™ (v). B9 \which is excited in most experiments and using the expres-

The probabilityA(v;v,,«) (absorption profilgis generally sion of the Utrecht group3] for the probability function

a Lorentzian function of the variabley - v,) with a width v 2y -1
given by the saturation widthA(vg) of the atomic excited vo— vt c Cosx
level broadened by the exciting power. A(vg—v ,v)=|1+4

For collisions between velocity-selected atoms, we follow Avs (B11)

the procedure of Ref5] in defining the distribution of col-

lision velocities in a way appropriate to collision processesof the laser detuningv, = vo— v , Written equivalently in a

This consists in defining the distribution function as the nuM-non-normalized Lorentzian form by virtue of Eq(B8):
ber of collisions per unit of interaction volume, unit of time

and unit cross section: [(Avgh /cosw)/2]?
A(v;vg, )= Vi
(v—vo) +[(Avg\ /coxx)/2

7 (B12
N (ve)=PuFis(ve), (B10)

(\_ is the wavelength of the exciting lagewe have per-
F&(ve) is given by Eq.(B6), but in which the functions  formed numerical calculations fdS(v.) corresponding to
fs (vi) [Eq. (B9)], must be substituted for the previous onesthe SB and CB180° geometries. The results for different la-
fi'®(v;). As noted in Ref[37], the statistical factoP must  ser detuningsv, , resulting in different averaged collision
be introduced to count rigorously the collisiofs= 3 for the  velocitiesv,, are displayed in Figs. 1) and 1@c). The
case of identical interacting atoms belonging to a same beamlots are, as they must be, of the same forms of those pre-
or emerging from two beams having a common temperaturesented by the Utrecht grou[8,5]. Details concerning the
andP=1 otherwise. The integration is now impossible ana-average procedure can be found in Ré&f.
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