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I'ig. 1. Experinental apparatus. The taset wag lecked 1p the Sya (Felyu) P33 (F = 3) bamiltion by monitaring the flucres-
cence of an auxillary sodium beam, .

- Associative ionization of excited atoms and superelastic collisions between
electrons and excited atoms : Peak labelled a at energy 0.05 & 0.03 eV corres-
ponds to electrons produced by associative fonization in the collision of two
Ma(3p} atoms :

(1 W) + Halp))+ ¥+ ta)* (P tvh) + e (Ey)

where W is the kinetic energy of the colliding atoms and v a particular vibra-
tignal level in which Nap* 15 formed. The electrons produced in (1) may undergo
p =1, 2, 3 subsequent superalastic collisions with Na(3p) atoms, each of which
beosts their energy by 2.1 eV )

(2) Na(dp) + e (Ee) + No{3s) + e (E, + 2.0 ev)

The corresponding peaks a 4 p primes are observed in spectra a) and b). For a
pulsed laser excitation of the 3s-3Jp transitian, structures similar to peaks
a and a' are observed as shown in the spectrum in Fig, 2.

- Penning ionization of excited atoms :

~Tn spectrum aJ in F1g. ¥, peaks b, ¢, d, and e correspond to the electrons
produced by Penning fonization in the collision of Na(n1) and Na(3p) atoms
with, respectively, nl « 36, 4p, 5s and 4d/4F : '

(3 [Malon) + Ha ()] » [No* + Ma(3s) e (€5 - E (n1))

where Ep(n1} is the binding enerqy of the electron {n the nl state. The primary
electrons which have been superelastically heated in process (2} are also
observed after p = 1, 2 superelastic collisfons, These electrons appear on &
larger scale {(for p = 1 SEC} and with a better resolution in Fig. J at tempe-
rature To = 520 K.
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Electron energy spectrum measured
between 0 and 2.5 eV in Na vapor
(Tg ~ 550 K) excited with a pul-
sed laser tuned to the 51,7
3P3sp transition, The labe{ling
of the peaks is the same 8s in
spectrum a} in Fig. 1. llowever
notice that peak b, ¢, d and f
are mainly produced by photo-
fonfzation of Na(nl).

Fip. 4. Clectron energy specita produced by Penning fon
Hon of Natn) atoms fotlowed by ane superefastic collisi
[n laser-exciled Na vapor.

The nl = 5% and 4d/4F states are populated in the energy pooling collisions
of two Na(dp) atoms :

() Tha(3p) + Ma(3p) o aw - INaln1) + Nal3s)

———————— e . ¢

where aw is the energy defect of the reaction. Process (4) was first observed
from fluorescence measurements by M. Allegrini et al. / 18 / ; the role of
this process n the ionization is now clearly demonstrated from the electron
energy spectra. Instead of a direct poputation by process {4}, the 3d and 4p
states are populated by radfative decay from upper-lying 5s and 4d/4f states.
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POSSIBLE MECHANISMS FOR

Na~ FORMATION IN
Na**/Na** COLLISIONS

_ Na** + Na** — Na* + Na~ + KE(=5.5 eV)

. Formation of a "planetary negative jon”

withzelectron configuration
(15)® (28)* (2p)° nin’1’

3. Radiative attachment in an e/Na** - like

collision.

Na™* + Na™* — Na* + Na~ +fiw (5.5 eVv)

!.;
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ENERGY-POOLING PROCESSES IN LASER-EXCITED ALKAL!I VAPORS :
AN UPDATE ON EXPERIMENTS

o

M. Allegrini, C. Gabbanini and L. Moi

Istituto di Fisica Atomica e Molecolars dal C.XN.R.,
Vig del Giardino, ?, Pisa, Italy

Résumé - Les processus d '‘energy pocling”dans les vapeurs atomiques
alcalines excitées par laser sont pasefs en tevue, On présente en particulier las
résultats ies plus récents obtenus pour le wodium.

.

Abstract - We present a short review of snergy pooling sxperimenta in laser
excited alkali vapors, for low atom density and low radistion intensity. Specisl
emphasis is devoted to the most recent results c¢btained in modium vapor.

I - INTRODUCTION

Laser excitation of dense vapors produces & large variety of atomic and molscular
processes /l/, that are not easily separated In the experiments. Thus thess kinds
of experiments offer on the ons hand & very rich and interesting way of studying
atom-atom and atom-e.m. field interactions, but on the other hand they suffer of
the difficulties associated with the correct intarpretation of the obsarved
phenomana. To aimplifly this metter it is convenient to select in the experiment
the proper valuss of the parameters that may detarmine the dominent effect, namely
the laser power density,™the atom and molscule densities in the vapor and, last
but not least, the temporal characteristies of the laser /2/. By intreasing the
lager power density IL an enhancement of the multiphoten {onization is obtained,
while increasing the atom denaity W collisional proceeses in the vapor are
amplified. It ies not hard to image that by changing both IL and N very
complicated and interesting situations may be created; moreover this picture ie
further complicated by any moleculss that are present in the vepor /3/.

Hers we consider the oxffriMfgts gcrformod at low laser powsr density (1-10Ucm.2!

and low atom density (10 -10 "ecm "} while other processes are sxtensively treated

elgewhere in this book, The first requirement sssures that the multiphoton or
proceasas induced by the lasar field are negligible, the second that tha secondary
collisional proceasas, such as the electron suparelastic collisions, are

negligible, More precisely we consider the experiments whers the dominant effects
Bre the energy pooling collisions, 1i.e. the binary inelastic collisions of the
type

] . A (n1) « Atne) 2
A (np) + A (np) — . (1)

Az + e b)

Ci-62 JOURNAL DE PHYSIQUE

-
whare A{na) is the alkali stom in the ground stats, A {np) is the laser sxcited
state, A" (nl) is sny excited state sbove the first and A; is the molecular ion.
These collimions require, in the 1limit of a faw kT, near resonance hetween the

initial and final state enargles.

13 -3

These processes have been observed for _the first time in sodium /4/ at 1012-10 em
and very low lassr intenaity {£10¥Wem ); later on they have been recognized /5-7/
as the primary mechanism for producing both the seed slectrons and the
highly-excited states involved in the ccaplete lonization experiments. The first
exemple of this kind of experimant wag succesful again in sodium /8/. Thus the
snergy pooling coliisions degsrve desp Lnvestigations not cnly for the
understanding of the long range Intersctions in stome, but also for the

achievament of ionization with very moderate laser powers,

Thers are aasentiaily threa ways to detect the effects produced by & resonant
laser eaxcitation of & vapor! look at the flucrsscence spectrum (i.e. detect the
photona), detect the ionm, either by collaction of the total ion yield or by
masa-resclved lon spectra, and collect the electrons, The detection apparatus can
be considerably different inm the thres cases and also the geometry of the
experiment has & fundamental influence on the results. The combination of these
different techniques has given a substential agreement on the phenomena
{hvestigated and we have now a qualitative picture of the genersl problem plus
reliable quantitative results. In the {irst obaervation of process (la) /4/ the
apparatus was very simple and only the fluorescence spactrum was reported; in
addition to the radiation from highly excited ststes observed In ref./4/,
Leventhal and coworkers /9,10/ wers the firat to report, from the ssme sxperiment,
alma f{on formation, both Na* and Ne' produced by process {lb}. The experimental
coggltloeg of ref./4/ and /9,10/ are basicall the same, 1.e. low atom density
¢l0 cm and low lassr power density < 10Wem ; the two experiments proved that
the exgited states and the fons are produced by the same entrance channel, the
collintons 3p+3p, which gives the energy tranafer {la) in the first case and the

ssscciative iconization (1b) in the second case. Ton analysis, with various
tecniques far extraction and collasction, have besn used in sodium slso by Carré et
al. /11/. Marit of work /1i/ is to have definsd the values of laser power for

which the laser field, although not strong enough to produce directly multiphoton
jonization, may asaist the simple associative ionization {ib} and the values of
stom density for which the electron superelastic collimicna become important.
Thesa results arm also in good agreement with thoss obtained by Weiner and

coworkers on beam experiments /12/. A definite proof of process (1) as the
primary mechanism producing the low ensrgy seed electrons has been given in
ref./7/. This experiment im very important because it lntroduces, for the first

tima, electron spectrometry to resoclve the energy spectrum of the electrons
created in the vapeor.

- -
It 1s worth mentioning here that in the alkalis, A (np)} + A {np) connects to many
slectronic states A;' of the neutral molecule. The interesting nide of this

i process is that the molecular states A;  have not necessarily the simmetry of a
. state allowed by dipole selection rules for one-photon shsorption from the ground

state of the dimer. Thus this collisional spectroacopy may be promiming for

" producing triplet excited astates of the alkali molecules /13/ and studying their

pussible application for new tunable lassr sources.
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Il - BECENT EXPERIMENTS AND RESULTS

If the comprehension of the phenomena occurring in a dense vapor excited by
resonant laser radiation is not straightforward becauss of their complexity, much
more care has to be taken for a quantitative snalysis. The first atep is to
perform the experiment with specific I; and N to single out the process of
intereat; the energy pooling process (1) is usually made the dominant #ffect by
reducing N and I . Then ths sain problem to procesd from the early qualitative
cbeervations to gquantitative ralisble nansursments of the rate coefficients X or
croas sections ¢ for processes (1s) and {ib}, is the determination of the excited
atom denaity ﬂ“ « An indetermination in sxcited atom density has Indeed sevaere
consequences on the values of K and ¢ bacause of the square dependance of the
snergy pooling processes froa Nn + %8 can bs sssily shown by writing the rate
squations. In the experiments where all the prodenves other than the energy
" pooling can be neglected the following simplified rate equation applies:

= K

LI Muw-nn1 L A(nl,n'1') (2}

n'l!

where N 1 is the population of the nl lavel, Kn is the rate coefficient for
process ?1-) and A(nl,n'l’} {s the spontanecus tranaitfon probability for

Inl> e |n'to> Analogous squation can be written for process (1b) whan the
associative ionization rate coefficlent K has to be determined. Solution of

¢q.{2} at the steady-state gives M
2
Koy =<0, v>= “‘nl’"np ) &y AlnLnrL) {3

where va/BkT/Ap is the relative mean interstomic voloéity. The quantity measured
in the experiments is ths intensity of the fluorescence lines or, more often, the
intensity ratio of tha enission from  the highly excited state nl to the laser
excited state np and from np to the ground state ns. The intensity per unit solid
angle, I‘k 1 ©of a fluorescence iine from leval i to level k, as detacted by the
apparatus, is related to the populstion of level 1 through the relation

T =t “lk‘ik“t'xkv"“ (4)
whers mik is the transition frequency, s, is a factor which takes into sccount the
instrumental response of the detecting apparatus and V is the flucrescence volume.
In .case of self trapping the natural radistive decay rate sxpresssd by the
spontansous transition probabilit A has to be changed with an effective rate
which defines a trapped lifetime ¥ compared to the natursl lifotlnuto. Therefore
the axperiment Involves also the determination of the effective laser-vapor
interaction volume and the correct treatment of tha radiation trapping phenomenon.
Bacause of the self trapping, the apparent lifetime of the excited atom population
increases, the diffusion of the excited atoms makes the intersction volums greatar
than the lasar beam cylinder and alao the radiation from the uppar levels to the
firat p-level is attenuated with a change in the branching ratios of the higher
nl-lavels. .

These difficulties have been overcoms with various experimental spproaches, that
are brisafly reviewsd in the following while ths reaults wWill be summarized in
Tahle 1. Chéret ot al. /14/, 1n their study of the Penning and associative
ionization of Sp rubldium atoms with highly lying levels (6d,88,7d), used the
photoinization process

Cl-6% JOURNAL DE PHYSIQUE

Ab(nl) ¢ hy —e RE + o° l!i.

obteined with a second laaer, to deterains the concantration of the axcited nto-s.ut
The same method was spplised /15/ for the investigation of the energy poeling
process

Bb(Sp) + Rb(5p) —e RL(Sd) + Rb(5s) (6

¥

A cw dye laser (Ayx=250Hz and maximum pover 250 mW) sxcites the rd.:bldlun atoms to
the Sp3 2 lavel at a vapor denaity in the range Sxl 1 e i thus the
Sxperimental conditions are similar to thoss of the previous experiments in sodium
/4,9,10/. The populltapn density of both the 5p and S¢ levels is deduced from the
measuramant of the Ab lon current produced through process (5) with a sscond cw
Ar laser that crosees the dys lassr at right angles. By shifting the AT laser -+,
beam in a vertical plane also the spatiai distribution of the excited states can )
be followed, The interaction volume ix astimated by the overlapping of the two -
lasar beams and absolute calibration of the ion current is madse on a polarized
plate insilde the cell. The uncertainty on the rate cosfficient for process (6}
measured with this method (and reported in tsbla 1 } dependa upon the accuracy of
ths photoionization cross-sections. Pirect photolonizstion of the excited atoms
has been used almo in » bean experiment on sodium /16/ to asasure the 3Ip atom
denmity hecessary for the determination of the associative jonizaticn crose
section for the procesa

Na{3p) + Nn(apl-—-—n;¢ " 17

e, A

The bamic tdea of this work is to get Nap from the process

Na(3p} + ho ae Na* 4 o ' (8)

which gives a wsignal proportional to the 3p density, aend to reduce the Na®
production measurement to a ratio meagurement of Na ' and Ne densities,
Measurement of an intensity ratio avoids the dlfrlcjit determination of the
absolute efficiency of the detecting apparstus, however, as we have aiready
mentioned for the case of fluorescence detection, great care has to be taksn to
define the volume over which the signals are collected. In this particular
experiment, for axample, the volume for the Na” jona is slmply defined by the
lasar beam that photoionizes the 3p atoms whersas the Na' ions, produced in
proceas (7], are found In an enlarged sffactive volume crouchZLy the diffuaion of
the sodium atome trapped In the 3p level. Another original way /17/ to messure
excited state denmity in non-equilibrium, non ateady-atate situstions s based on
the increass of the trapped lifetime as a function of the total atom denaity.
Laventhsl and coworkers are now using this technique for Me(3p) determinstion in
their expariments. Froblems with early messurements {cfr. table 1) are probably
related to the determination of the interaction volume in a cell that is not
uniformely hested and not closed bscause of the holeas four ion extraction.

e
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Thia brief overview doss not exhaust all the soluticns devised in the different
axperiments, however we wili consider only two more approaches, used for the
specific measurement nf the energy transfer cross section for the Ss and 4d levels
of sodium, which are more relevant to the work reported in the next paragraph.
The two methnds are based on opposite basic idea: the first /18/ takes advantage
of the self trapping to measurs the spatial and temporal distribution of the
sxcited atoma, tha second /19/ makes an abeclute calibration of the spparstus at
low temperature when ths self trapping is avoided. Huennekens and Gallagher /18/
have used pulsed excitation, tuned to the D rouonanca line to produca the Na{3p!}
stoms (I =60 uJ 1In pulass of ~Sneec, AL=0. Sem )' the laser beam diamster (=
ehosen in order to match the fundsmental mode decay rate as a function of the time
of the excitsd atom spatisl distribution in pressnce of self trapping. A second
laser, operating in cw single mode at very low power { ~100uW) snd highly detuned
from the D, line center (Av >2,4CHz) to aveid optical pumping distorsion, croases
st right angles the pulsed laser beam. The meapurement of the change in
tranemission of the cw lassr, following the pulsed excitation, is used to obtain
the freaction of stoms in the 3p stats as a function of time. The spatial
distribution of 3p atoms s obtained by measuring the reaonance fluoreacence
Intensity and using the Holstein-vanTrigt theory /20/ for the diffusion across an
infinite slab of trappsd atoma. This theory applies correctly to this experiment
because the geomatry of the collimion cell has bsen properly studied and the
optical depths are high. Once the Jp atom density is known the rst# conatants for

Na{3p) +Na(3p) —e Na(5s,8d) + Na(3s) {9

are wimply obtained by solving the rate equations of the process and by messuring
the ratios of the transitions 5e-3p, 4d-3p and 3p-3s. The same téchnique for Ny
denaity determination has been employed /37/ also for the measurement of the
assoc lative loglzation crons-saction {process (7)), As noted befrre the volume
integral of N, and the N3 density distribution is needed. Husennekens lﬂd
Gallagher in thie work h-vc used two othar Independent methads for

determination, one based on the total 3p-3s fluorescence intensity and the "cal'ld3
on the ratic between 5s-3p and 3p-3g fluorescence intensity. The thres techniques
give results which agree within their uncertainties. In the experiment of
raf./19/ the interaction volume {is eccurately determined in a cepillary ceil
entirel illuminated by the laser beasm {(a broadband ew dye laser of low pouor

<0¥cm - , tuned to the Dp resonance line); the volume is also reduced to ax10 ¥ en?

by & trasverse narrow slit (&150um), The Na(3p) atom density ls determined rirst
at ‘low tempearature T through the saturation of the rescnance fluorescence and then
at the tempersture T', high enough to mllow observation of process (9}, simply by
the relation

1 (T"1¢*
N_(T') « N _(T)_3p-3s {10}
3p L ()

3p-38 0

The trapped lifetime e of the 3p level is correctly given in this axperiment by
the W®ilne theory /21/ which, contrary to the Holstein-vanTrigt treatment, is valid
for thin optical depths. Having the N3 value, the rate constants for process {9)
are destermined, as in the approach of Huennekens and Gallagher, by measuring
fluorescencs intansity ratla- The results of these two experiments have settls
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of energy pooling croms sections for other alkalls.

Special attention demsrves the experiment of Le Coust et al. /7/. Although the
relevant sim of this work 1s the direct obaervation of the superslastic
collisfons, that are cutaids our subject, it alsc shows unambiguously the role of

the energy pooling processes the  production of the sead alectrons. Sodium
atoms in & beam of density 1 cm  ara excited to the Iy 1evel by m cw dye
laser of low Intensity (=3Wcm % The multiphoton or laser assisted processss

are then completaly negligible as in the experiment of ref. /4,9,10/. The
detection apparatus consists of a cylindrical mirror enalyzer that resolves the
energy spsctrum of tha elactrons emerging from the interaction zone. Thess
spectra contain & number of peaks corresponding to the low-energy slectrons
produced by the associstive lonization and to electrons created from the various
sxcited states by the ionizing collisions

Na(3p) + Na(nl) —e Ha{3m) +N& + @ {(tn

In particular peaks at energy values of electrons coming from atoms in the S5s and
4d wstates have been jdentified and an indirect estimation of the energy transfer
cross-sections dg, and 9,44 has been made. The low energy elactrona are then
heated by one or more superelastic collisiona leading to further fonization.
Howaver the interesting psint from our point of view is that, in the conditions of
low power laser intensity snd relatively low atom density, the dominant processes
ars purely collisional.

The energy pooling processes have not received so0 far much attention from a
theoretical polnt of view; for sodium, to which so many experiments have been
davoted, there ie only the calculation by Kowalczyk /22/ who considered the aingle
process

Na(3p) +Na(3p} —e-Na{dd} + Na{3s} (12)

He umes & model first Intreduced by Borodin and Komarov /23/ for the cslculation
of the cross ssction for collision betwsen two 6p caesium excited atoms. This
model considers the adisbstic terms for the quasi molecule N corresponding to
the configurmtions 3Jp+3p mnd Jg+dd and it is valid only for large interatomic
distances ( R > 20a.u.) becauss of the maymptotic spproximations made. In the
interaction Hamjltonian only the terms important at large distance, namely the
exchange and dipole-~dipole intersctiona, are taken into account. The contribution
of ion-pair configurationa is aleoc neglected and the eigenfunctions sre not
orthogonalized. The error 40 introduced is minor for R>35 a.u. but it is
important at shortsr digtances. Neverthless the order of magnitude of the cross
section calculated by Kowaleczyk matches the experimental results, as shown in
teble 1. The sams method has besn applied by Barbler and Chéret /15/ for the
calculation of tha crosas section relative to process (5). This is a more
favourable case _than the ocne atudisd by Kowalczyk becausa the ensrgy defsct

{ &F = 68cm ) im small and the main contributions come in the validity range of
the wmodel. Barbisr and Cheret consider also the lonic (Rﬁ + Rb ) crosaing curves
for both the configurations Sp+Sp mnd 5d+53; howaver this contribution I1»
negligible in the Fb(5p)+Pb(Sp) remction. The sgresment betwsen experimental and
theoretical values {s certainly better (cfr. tabla 1) for rubidium than sodium.
Howsver sb initio celculetions of the -potential energy curves for diabatic
molacular states connecting to 3aen]l (with nl=3e,4s,5s,3p,4p,3d,4d and 4f} and



Ci-63 JOURNAL DE PHYSIQUE

Ci-67
3p+3p are In progresa for sodium /24/. Thess calculations are considersd Our apparatus has been sligthly modified to include s monochromator with a gratin
“complete” bacause both the Multi-Configurastion-Self-Consistent-Fleld ensrgy snd for the infrared and a PbS detector for the nesr infraced. The laser used t
the remaining snergy of electronic correlation are calculated. The NC-SCF energy excite the sodium atoms to the 3p3,2 lavel ia a single mode dye laser of maximur’
is obtained by an integrated density functlonal; then the coupling matrix lsments powar 1200 and actively stabilized to aAv F1MHz, with & frequency drift of 1.ur
for the various wstates ars constructed and relisble quantitative determinations then 100MHz/hour. A single mode dye laser ia not necessary in principle, hovever
for all the energy pooling collimions from 3p+3p to the levals mentionsd sbove are its stability charscteristics have reduced the fluctuations of the lasa:
to be expected. intensity. To improve the signal-to-nclee ratic the laser beam has been modulatec
and phase ssnsitive detection has been used. Further s second chopper has hee;
used to switch on/off the bDeam st very low frequency (~0.4Hz); the same functior’
gonerator which drives the choppos slso triggers a multichannsl anslyzer systen |
III - AN UPDATE EXPERIMENT IN SODIUM used for aignal averaging. With Ne2 cycles recorded on the multichannel .nalyzemt
‘ the wstatisticsl ecror decreases of a factor 1/‘5’- 1/27. At the end of each cycle
In sodium, beside the 5a and 4d, there is the level 4f which is close in snargy to the signal was displayed on the snalyzer and chart recorded. Since each recording
3p+3p; a8 an immedimte extension of our early work, we have now measured the cross on the multichannel anslyzer lasted Ssec the single mods dye laser has been very
section for the procass ’ usefuyl to keep the excitation stsble on the maximum of the D, line. As usual ir
our experimants the quantity measured Ls the intensity of the fluorescence lines.
Ne{3p) + Na(3p) == Na(4f) + Na{3s) an In figure 1 & schema of the energy levela involved are reported with the observed
} transitions. We have uaesd two calle, one with pure modium and a aecond containinf
This measursment was not done befors mainly because the emimsion of the 4f state sodium plus a few torr of & buffer gas. The temperature has been kept to the
18 in the nesar infrared (1.84um}, a region far beyend the sensitivity of the lowest values allowing detection of the flucrescence from the desired levels
nptical apperatus umed in previous sxperiments. Howsver process (13) is of without having fluorsscance from higher levels which assures that the secondary
particular interest because the 4f state lies very close to the 4d (AE x38cm="), collisional or {onizing processes are avoided., The cross section 6y¢ Tor process
therefors we get also informations on the process (13) has been datermined relatively to 0,4+ that was measured in an “"absolute'
way, as mentioned before /19/, This approach is reasonable bacsuse the volume
Na(3s] + Na(ag) ;:: Na{3s} + Na( ar) (14) from which we observe the fluorescence of the 4d and 4f levels is the same, th-i
K1 laser intensity is stable and no radiation trapping is present for these highr >
lavels. Moreover the emission 4d-4p Lz in the same near infrarsd spectral range
—————————— of the A4f-3d emisajon 80 that we can measure their intensities with the same
s detecting apparatus and obtain directly thes population ratio of the 4d and 4f
5'-——~: ~ 5 levels, The relation betwesn N‘r and N4d' nacessary for the determination of K4
Ss and K a » has been obtained by solving the rate squations in steady-state
conditiony for both levels. The complets trestment includes processes such as
radiative decay from higher levals, electron impact lonlzation, photofonization
and Penning ionisation in collisions with 3p atoms and the aclution is rather
45 complicatad, However in our sxperiment we have worked with atom density and laser
power density low enough to make these terms negligible; we have instead taken
Atum into sc¢count the exchange term 4f-4d. The squations are therefore ’
48-3p : 1.14 . 2 Ny
5f-3d : 1.26 Ngg = (A(4d,3p)eA(4d,4p)IN,, + x“uap - KNN,, + K'NN . (15!,_
Te-ap ; 1.29 . 2 b
Ga-dp : 1.8 Nyp = MAL,3IdIN,, + K“"lp * KNNg, = K'NN, (16-_ 2
4ar-34 : 1.84
4p-d4s : 2.20 where K and K' ars the rate coefficlents of process (14); they are related to sach
4d-4p : 2.73 other /25/ through the level degenerscy K/K' = (34f134d)cxp[~d£/kt) » 1,26, The
solution of q.(15) and (16) at the steady-atate yields for the population ratio
3s
!
L lltld.:o}oalld.npi.!u)’:‘r + [AL4d.3plealdd, 4p)ekNIKE N
Fig. 1 - Simplified anargy laval acheme of Ma. Tha dashad lins corresponds to the ;,:; '“““,3,1.“u,4,1.xmuur,a¢;.n'n|-n-u‘:x“owuAd.Sp)dlld.lahﬂll“ou“um-,. arn

ionization limit and the dashed-dotted lins to twice the anargy of the 3p lavel.
The srrows correspond to the transitions observad In this axpsrimant; the transi-+
tions indicated with s dashed line are pressnt only in the call with bulfer gas.
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I i.e. for
The value N N « for a fixed laser intensity and I!;iv-n temperature,
a specific 4ltom denmity N, is obtained by messuring the intensity rstio
T(4f,3d)/1(ad,4p) snd using relation (4); K can be }akon from ref./18/ or /_&?/.3
Then, we can fit #q.(17) to the parameters I(‘r and K.  For x“-ga.om.slxm cm

aec t the best fit has given the valuea

- -1 . -9 3 -1
K = (5.6%2.2)x10 11cmauc | XK w (9,B24.5)x10 cmsec .

Af

: rted as &
In figure 2 the data for N“ /N‘d. with the best fit curve, are reported a
function of the temperature.

. st
AN
Nat 4
N
4d I + _-e.
| ! i ca--@
‘3 ‘ --T—-r—-—“'? ‘ 6
2 S
1 L
o r'l A L A J— Y L i A
249 250 260 270
: TC)

Fig. 2 - N r/N d ratico versus temperaturs, The dots represent the data and the
at’ 4

dashed curve the beat it to eq. (17},

The indetermination on K shows, as expacted, that this axperiment is not the best
inveatigate process {14}; a simple way to perform this experiment would be

way to

to axcite by two photon the transition 3Je-4d and then detect the sensitized
fluorescence 4f-3d. In this context, however, it is more interesting to see the
variation of K when the exchangs collisions 4f+-4d are neglectad. In this case

the soluttion of :gl cimplified rats squations yields

- ad,3p)+A{4d,qp})) (18)
K“,/K‘d (Ndf/Ndél(A(dedlM( d,3p)+ p

= {6.0¢ 2.4):10-ucn3uc-1. It is evident that the
effect of process (14} on K is not very strong at the temparatures of our
experiments; wince Kd Ls about one order of magnituds bigger than K__ this lffcc§
is even less important and this fully justifies why in both the experiments o
ref./18/ and /19/ was neglected. At higher temperatures, howsver, the sxchange
44-4f increasea and sccording to what obssrved by Husnnekens and Gallagher snd to
our results shown {In figure 2 sesms to depopulate the 4d level. The theoretical
work which is in progreas /24/ ia expected to be mccurats cnoug‘h tc? fsfphin aleo

which gives the value K
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-15 2 -
{ 4 =(3.221.1)x10 ¢a  compared to 0,e(5,7t2.3)x10 1Go::lnz at T-ZSOiCl: as a

first comment ws mmy say that the selection rules spparently favour the collislons
where the total atomic angular momentum ig unchanged. Our combined results for
%5 + 044 and %3¢ indicates that the production of 3d atoms (flucrescence from the
3d. level was observed in ref./4/ as one of the most intense) is through cascade
from 44 and 5a vis the 5p level and direct radiative decay from the 4f level,
which is {n contrast with the results or Krasinski et al. /26/.

Similar {nvestigations with a cell containing s buffer gas have given signals from
higher levels, such as the &f. Powsr depsndence (mae for example figure 3
regarding the S5f level) indicates that these levely are primarily populated not by
snergy transfer collisiona

Na(3p) + Na(3p) we Na{Sf) + Na{3e} - (19)

but rather through recombination. Nevarthlans, since fluoreacence from the 5S¢
level was not observed in the cell without buffer gas, we can give an upper limit
to the rate cosfficient of process (19): K < 10713 034" .

slope3: Alope=2
/

100 PR

Fluorescence Intensity (auw)
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kl ;1
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!
I, ’r
’
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Fig. 3 - Log-log plot af the fluorescence intensity for the transitions 4d-4p and
Sf-3d versus laser powar. The inteneities ares normalized independently and the

| meximum laser powar i 6Omw. It (s evident the square depsndance of the 4d-4p

' transition and the cubin dependence of tha Sf-3d traneition,
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IV = CONCLUSIONS

Since the first observations of energy pooling processss in laser-irradiated
alkali vapors s great deal of work by many ressarch groups has yield s clesr
insight of the phenomencn and relisble quantitativa resultz. For convenience we
repert in the following table the values for energy tranafer and assoclative
ionization cross sections in the alkalis, updated to include the most recent
results we are aware of:

TABLE 1. ENERGY POOLING CROSS SECTIONS OF ALKALI METAL ATOMS

A. Energy Transfer

Alkali Reaction Etnergy T 0& Reference
Metal Defect (°X) {em ) Exp. Theot.
tem)
Na Na({3p)+Na(3p)—=
-20
—= Na(5a)+Na{3s) +746 | ~ 487 7.3 x 10 15 ar
597 1.8 zD.GJxI.U 1% 13
483 | (2.0 +0.7)x10 19
< Na(4d)sNe{3s) |-602 670 9 x 10'120 )
~ 487 4.7 x lg' 27
beam ~lQ 18 7
~597 (2.3 ;0.8)x10_ = |18
483 (3.2 #1.1)x19, 19
550 2.3 % 10_ o 22
850 1.2 x 10 29
—~Na(Esl+Na{3s) |-2426] ~%97 4x 10':: 18
2.3 x 10 (¢)
~ Na(5d)+Na{3e) |-3090| ~597 1x m':: 18
3.8 x 10 {2}
— Na{df)+Ha(3s) |-642 523 | (5.7 :2.3!:10-15 present work
-= Ma(5C)+Na{3e) |-3110] 833 1078 present work
K K{dpl+K{dp)—-
—K{6u)+K{as) |-1368] amy 6 x 1078 8(n)
—~K{ad}+K{4a} |-1312] 483 ox 1070 LIPY]
Ab | RB(Sp)+Rb(Sp)—
—~Pb(5d1+Rb(5s) |-68 450 (3 ;x.mxm::‘ 13
1x10 15
Ca Ca(6pleCu{Bp)—e
—~Ca(6d)+Cu(6a) |-300 528 10"3“ 20
220 2.8 x 107 14 15(b)
1000 0.2-2%10 2

Ci=rd JUURINAR Ml PRl e

B. Assocliative Ionjzation

Li | Li{2p)+eLi(2p)—

-u; eo  |w-n00| s00 sx10°° he
Nea | Na{3p)e+Na(3p)e
ORI T R R +0.43x1072° La
300 tx10 0 P
besa sx 0], pa
500 2x10 7 ho
500 L.ax 107 s
besm (1.5 +0.6)x10 17 36
550 (8.1 sl.9x10”"" 7

K K{dpleK{ap)—

- =17
=~k e e fmiroo| 40 | (1.3 o.3ixi0 E
Rb | RH(5p)+Rb{(Sp)—
-Rb; . e w1600 | 473 (6.5 :o.nmo'm 39
Ce | CalbpleCalbp)—
~cop v o |w3000f s00 | (7.8 078 o
4s0 (1.1;0.3)x107 " @1
a5 (5.4 +0.5)x10 a2

a) Deduced from the fluoreacencs Intensity ratios I1{6u-4p)/I1{4p—ds) and
I{ad-ap)/I{4ap~4s) measured in ref./4/.

b) Deduced from the result of ref./3l/ for the process Cn(sauz) + Cﬁauzl——
Cai(Sp) + Cmi(6pl.

¢} Obtained from the absolute valuc of L of ref./18/ and ths relative
intensities given in ref./4/ at TeS93 K.
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EXPERIMENTS ON LASER EXCITED ALKALI VAPORS'

MARIA ALLEGAINI

Istituto di Fisicq Atomica e Molecolare del C.N.R.
Via del Giardine 7, 56100 Pisa, laly

ABSTRACT

In these lectures a short review of some experiments dealing with
the interaction of iaser light with alkali metal vapors is presented.
Due to a favourable combination of Fropenies. alkali atoms and
molecules are ideal systems for guide experiments In physics,
sometimes tesling simple and fundamental Ideas. The experiments
" reporied here involve the combined effects of laser excitation and
collisional processes.

1. INTRODUCTION
The atoms and the dlatomic molecules of the alkall metals have several properties
for which thay have been used in many experiments to test fundamental ideas In
physics, eventually extended to other systams for Interasting applications, These
properties are well known and have been extensively reviewed, for example by
Stwalley and coworkers [1]. To mention just a few of these characteristics, alkali atoms
and moleculas have a simple hydrogen-like structure convenient for easy theoretical
analysis, their ionization potential is so low, compared for axample to hydrogen, that
efficient plasma generation is easily achieved by photolonization or collision-aided
lonization and their Interaction with electromagnetic radiation is very strong,
particularly in the region where commercial tunable dye lasers have been available for
long time. .
In our laboratory we also have taken advantage of the favourable properties of the
alkall metals to conduct several experiments involving alkalis in the gas phase excited
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by laser light. Soma of these experiments will be reportad In the following, with special
attention 1o cases where collisional processes play an imponant role. A common
schema for all our experiments is shown in figure 1.

COLLISION

CELL PRODUCT DETECTION SYSTEM

- FLUORESCEMNCE FOR
ALKALI EXCITEO g;gggé%ECULES
- MASS SPE !
LASER SAMPLE FOR 10NS
-~ ELECTRON SPECTROSCOPY
FOR ELECTROMNS

LIGHT
SOURCE

Figure 1. Schematic for typical collision experiments in laser excited alkali vapors.'

The interaction light is produced by commercial or laboratory made lasers in the
visible, cw or pulsed, broadband or single moda, depending on the requirements of the
specific experiment. The sample is an alkali saturated vapor, 1.e. in equilibrium with its
corresponding liquid condensed phase. The alkali metais are solid at room
temperature and an easy way 1o produce the saturated vapor is to heat, weli betow the
boiling point, a piace of solid distilled and sealed in a cell in high vacuum conditions.
Under the assumption of tharmal equilibrlum the atom density of the salurated vapor
can be conveniently determined from the temperature of the cell, using the
Nesmeyanov tables {21 for the vapor pressures. Unfortunately the alkali metals are
very reactive chemical elements which, with increasing temparature, attack most
optical materials and therefore the vapor prassure depends also from the interactions
and the distribution of the alkali metal on the cell surface. Ordinary pyrex cells are
useful only for experiments at low atom denaity when chemical reactions with the glass
arg not too severe. When we have determined the atom density from the temperature
we used 10 bake the glass cells at low temperature for several days before use to help
the achievament of thermal equllibrium Inside the call. There are other techniques lo
prepare and to confine alkall vapors such as atomic or molecular beams (%] and heat
pipe ovens (4], There are also several methods, usually based on the vapor-resonant
light interaction, to determine the atom densily with high precision and some of these
methods 158.7) are expressly appropriate to experiments like ours. When we have
worked with pura alkalis the atom density has been determined direclly from the

temperature of the cell within a 10-15% accuracy; however for the experimants treating
alkali mixtures [8:9:10] the atom density determination has been a serious problem and
wo have been forced to use one of the more pracise techniques (51 . The detection
apparata used in our experiments vary depanding upon the products 1o be detected. It
may bae as simple as a monochromator plus a photomuttiplier to disperse and 1o detact
fluorescence emissions or i may be sophisticated as a quadrupole mass spectrometer
plus particle multiplier 1o identify lons.

Let us now illusirate some specific experiments in which we have observed the
formalion of diatomic alkali molecules in presence of optical pumping of the atoms, the
collisions between two alkali atoms, laser excited to the first P-resonanca level, the
collisions involving laser produced atoms In high-lying states (Rydberg atoms); and the

mechanical action exerted by the laser light on the motion of alkali aloms In a capillary
cell.

2. ALTERATION OF THE ATOM-DIMER EQUILIBRIUM

An alkall vapor in thermal equilibrium with its liquid metal is made essentially ot
single atoms A and a lew percent of diatomic molecules A, while concentration of
polyatomic molecules A, Is much lower with increasing number n of atoms. in
stationary regime tha reaction atoms/dimers is simply described by

K
A+A =% A, (1)

and can be seen &8s a collisional process with rale constant k. In principie the
equilibrium betwsen atoms and molecules depends only upon their densities, L.a. kis
only temperature dependent as

K(T) = Np/Ng2 {2)
where N, and Ng are the molecule and atom densily.

Like hydrogen molacules H,, the alkali diatomic molecules have two slectrons
outside two inart lonic cores, which originate two electronic molecular states: the ‘Zg"'

state when the electron spina point in oppasite directions and the 3x,* state when

tha spins are aligned. These two alectronic slates al large internuclear distances R
separate in two ground state atoms, as Indicated in figure 2.
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Figure 2. Qualitative potential curves for homonuclear alkali dimers in the ground and
first excited manyfold. The corresponding atomic dissociation products are

indicated. For the ground states the arrows indicate the mutual orientation
of the electron spin.

The singlet state is bound by typically 5000 ecm'!, while the triplet state Is mostly
repulsive. Thus it is avident that when two ground state atoms with antiparalle! spins
approach each other thay interact along an attractive potantial curve and form the
molecule, while molecule formation is inhibited when two approaching atoms with
parallet oriented spins collide along an antibonding repulsive potential. In other words
the dimerization equilibrium constant k {T) must also depend upon the degree of
atomic origntation inside tha vapor, S. S is defined as

S = (NU -Na)/ (N, +Nd) (3)

whera N, is the density of atoms with spin "up”, Ng is the density of atoms with spin
“down” and obviously N, + Ny = Na Is the lotal atom density.

Bernhelm [11] first suggested that the reaction 2Rb > Rb, could be shitted to
the left by preparing al! Rb atoms with parallel oriented spins by the already well
established optical pumping technique {'2). Kastler performed the detailed
mathematical analysis 113} of the influence of alomic orentation on molecule formation
and gava the following relationship for the rate constant

K(S, T) = k{0, T){1-82) {4)
where k (0, T) s the rate constant in absence of atomic orientation. Thus
Nm = k{0, T)Nz2(1-52) = Ny (1-52) ©(5)

where Nom = k (0, T) N2 Is the maximum value of the molecular density at the
temperature T reached when the degree of atomic orientation Is zero, that is, when
the spins are not oriented.

The inhibition of molecule formation has been deteclad through the decrease of the
fiuorascence intensity induced by a laser resonant with a molecular transition from the
ground singlet state. To our knowladge no successhul experiments have yet been
reported on the shifting of tha dimerization reaction to the tight, or, in other words, on
the increase of the number of diatomic molecules by preparing the atoms with their
spins oriented in opposite directions.  This fact Is not surprising because of the
practical difficulties encountered In these kind of experiments that in principle are so
simple. The main problem is that al the tamperatures where there is a sufficiently large
number of molecules to allow a reasonably easy detection of molecular flucrescencs,
the degree of atomic orientation to produce an appreciable sifect on the dimer density
is very poor. In a theorstical simplified picture there are also other difficulties: the
syslems we are Irealing are not pure spin 1/2 systems, the polarization of the atoms
Influences also tha ralalive abundances of ortho- and para- malecules because of the
atom-dimer nuclear polarization transfer, population density of molecular levels could
be modified by molecufar alignment produced by the alignment of the atoms forming
the molecules and so on. Howaver sophisticated theoretical treatments could cartainly
take inle account thege problems; hare only the experimantal results are reported.

Fluorescence decreasa of potasslum molscules K, was detected by Alzetla et al.
(14]in presence of potassium atoms oriented by spin exchanga with optically pumped



sodium atoms. The mixture of sodium plus potassium gave at a certain temperature
the best density for Na oplical pumping and a reasonable density of K, molecules to
observe their fluorescence. Use of a laser instead of a lamp as light source has made
possible experimants on pure alkali vapors {15.16] with control of the dependence of
the atom/dimer equilibrium constant k upon the atomic degree of orientation S (71
A summary of all experiments and results obtained in Pisa can be found in reference
[18]. For the schematic of the expariment we refer to figure 1 of referance [17]. The
experiment uses a mixiure of sodium and potassium pius 130Torr of neon contained
in a cell sealed under vacuum, A joreign buffer gas helps the optical pumping process
and also serves as a third body balance In the dimerization reaction. The optical
pumping of the sodium atoms is done with a cw dye laser circularly polarized and
tuned to the D, resonance line in a weak and unitorm magnelic field paralie! to the
laser beam. The degree of atomic orientation Is measured through Faraday rotation,

as proposed by Gozzini [19]. An oriented vapor becomes an optical active medium

with dilferent indices of refraction n’. and n', forright o and left o, circularly
polarized light. The plane of polarization of a lnear polarized probe laser beam
crossing tha oriented vapor rotates of a quantity A8, the Faraday rotation angle. Itis

well known that A8 is given by

A9 =[x(n'. -n' ) I}/A {6)
whare | is the thickness of the vapor crossed by the laser and A the laser wavelength.
In our case the weak probe laser wavelength was inside the absorption profile of the

D, resonance line, sligthly detuned from the line center. An example of these rotation
signals is shown in figure 3.

\
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Figure 3. Typical rotation signal for sodium D, line during a full pumping cycle.

The sodium molecules are excited by an Art laser and changes of molecular
density are infarred from laser induced fluorescence. A typical signal showing the
decrease of Na, fluorescence during an optical pumping cycle and the corresponding

increase during a relaxation cycle when the alomic orientation is destroyed is shown in
figure 4.
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Figure 4. Na, fluorescence variation during a pumping and a relaxalion cycle of the
atoms ( from ref. {17])-

The same effect was observed In potassium while the atoms were pumped by
spin-exchange collisions with the laser oriented sodium atoms.
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Figure 5. K, fluorescence variation when optical pumping source is a lamp (a}, from
ref. [14] and a laser (b), from retl. {17].



In figure 5 K, fluorescence signals oblained with a lamp as pumping source (fig.5a)
and a laser (fig. 5b) are reporied for comparison. For sodium, using the signals of
figures 3 and 4, normalized to the total variation, it is easy to construct plols of the
function (1 -52) versus time, for both the pumping and the relaxation cycles of the
optical pumping phenomenon. As it is evident from figure 7 of referencs [17] the
molacular fluorescence variation fits the ( 1 - 52} curve very well. For a direct check
of the validity of relation (5) it Is convenient 10 look at the molecular density change
N (S)/Ngm versus S, as shown in figure 6 of reference {18]. A direct measuremant
of Na/K spin-exchange rate was outside the aims of the experiment, otherwhile the
same chack could be possible also for potassium.

These experiments have conclusively demonstrated that the atom/dimar

equilibrium s affected by the optical oriantation of the colliding reactants and thus they

opan the possibility of optical control of a chemical reaction. In this sense they may be
seen as complemantary to the experiments gn #pin-polarized hydrogen by magnetic
confinement at very low temperature 120.21],

3. COLLISIONS IN LASER IRRADIATED VAPORS

Irradiation of dense alkali vapors with laser light resonant with the fundamental
Sysa => Pyjg OF Syp -—=> Py, transilion produces a high concentration of excited
states that allowes the observation of the collisions belween iwo atoms, both in the
exciled state. The first two experiments were reporied in 1976 showing total lonization
consequent to formation of seed electrons by associaliva lonization 122} and
fluorescence from higher levels populated through the collisions (23], While the
physics of atomic collisions was previously davoted to the study of reactions involving
one ground state atom and only one excited atom, usually in a metastable state, these
two expenments, that joint the spectroscopy and scattering techniques, have started a
rapidly growing field of research. More recently much interest has arised also for
collisions involving atoms in a state with a large quantum number n (Rydberg atoms).
Hera we will see some featurss, first of the collisions between two alkall aloms in the
first excited state and latar of heavy body collisions involving very excited atoms.

3.1. Collisions between alkali atoms excited to the first P-resonance leve!
Collisions between alkali atoms A'. laser excited 1o the first P-level, have several
reaction channals wilth rate constants k or cross sections o that can be outlined as

. . keroer

A +A s AT A (7a)
kai . Oay +
--------- - A2 +8 (71)
MEOME A |
K e . (7¢)

where A ls a ground state atom, A" is a highly axcuted atom whase energy is close to
twice the A’ energy, Ayt isthe molacular lon and A2 Is the diatomic moleculs in an
excited electronic state. The collision A’ + A" can be seen as an atom-atom electronic
anargy transfer during the interaction when the two aloms approach each other. This
interaction for slow collisions 13 welt described by the molecular adiabatic potentials.
Clearly there are many of these potential curves corresponding 1o A"+ A" entrance
channel and the exit channels are defined by tha ssries of crossings, or more properly
of "avoided crossings”, in the potential energy curves corresponding to the fina!
products. Since the collisions are thermal the energy balance between entrance and
and exit channel is provided by the kinetic energy of the reactants and products and
then AE is of the order of few kT.

Important paramsters for these processes are the atom density N and the laser
power density I. In the experimants described hare the vapors are dense, however N
is kept in the range 10'1-10'3¢m? in order 1o avoid superelastic collisions or
secondary collision processes. The laser power densily is low, from few mW/em?2 1o
10°W/ecm?2, so that multiphoton or laser Induced processes are rnegligible. The laser Is
tuned to the S-->P resonance transitions and it merely serves as a tool to prepare the
excited reaclants for the collisions. When the laser is cw a steady-state concentration
ol potential reactanis is produced, while under pulsed irradiation the laser pulse
duration becomes important and different resuits are obtained for example passing
from a 10nsec to a 1ussc laser pulse [24] s important to underline that the collisions
wa are treating are thermal, with a colllsion duration of the order of 10-12-10-13sec
given roughly by the ratio atom dimensionthermal velocity. The rate coefficients for
the reactions (7) are related to the cross sactions simply through the mean interatomic
velocity vaV BKT/m by k=ov and they can be inferred from a rate equation approach.

In reactiont (7a), usually known as energy transier, the etectronic energy of the A
colliding atoms is totally transterred to only one of the two atoms that is excited to a

higher level while the other atom Is lef! in the ground state, as schematically shown in
figure 6.



Figure 6. Skeich of the energy transfer in callisions batween two excited atoms,

This process has been observed for all homenuclear alkali vapors (25] and the
cross sections have been measured for many A final levels. An example of
observed spactra is shown in figure 7 for the case of Rb({5P)/Rb(5P) collisions.

i

400 Alnm)
Figure 7. Fluorescence spectrum in the visible of mbidium vapor at T=200°C exciled
by a cw dye laser luned to the 5S,,,-->5P, transition. Sodium and
potassium resonance lines are present because of impurities in tha cell.

In particular the sodium collisions Na(3P)/Na(3P) have been investigated with greal
accuracy [26.27,28] ais0 taking into account the dependence on tha J values of the 3P
reactants (29, A typical experiment consists in the excilation of sodium 1o the 3P slate
by a resonant laser and in the measurament of the fluorescenca intensity from atoms in
the 3P state and also in the nL states populated by the collisions. In the assumption
that the energy transfar is the dominant process the avolution of the system is
describad by simple rate equations involving laser excitation, collisional transfer and
spontansous emission

N(nL) = kgp(NL)NZ(3P) - £y - A(NL.LIN(RL) + Epe -A(LEALIN(n"L?) (8)

whare A{nL,n'L’) is the spontansous transition probability from level nL to the lower
n'L' level. Solution of this equation at the steady-state and measurement of the ratio of
the fluorescence intensities provide the rate constants kgg{nL) = cgp{nL)v. The
intensity of fluorescence lines from high levels nL is several orders of magnitude
weaker than the resonance fluorescence 3P --->3S. However lines in the visible have
been detected quite easily, while the detection of emissions in the infrared has
raquired some more ellons [28].  As it is evident from equation (8), key(nL} depends
upon the square of the excited atom density, a quantity that must be detarmined with
high accuarcy in order 10 get correct vatues for agq(nL). Indeed the delermination of
excited atom density has been the major experimental problem, successtully solved by
ditferent approaches [26.27). The order of magnitude of ogy(nL)is ~10"'5cm?
{precise values can be found for gxampla In table 1A of reference [30]). Thisis &
significant fraction of the kinetic geometrical cross section for two Na({3P) atoms, which
is ~10"14cm?2, showing the imporiance of reaction (7a). The measured cross sections
are In gocd agresment with tha values calculated from the nonadiabatic energy
transier in the molecular adiabatic poiantials {28,31.32] and they are a goed source of
intormation on fong range Interactions.

In a mixiure of two different akall vapors the heteronuclear collisions between A
and B excited atoms produce both A" and B™ high-lying states

A"+ B > A +B (9)
—— A+ B"
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Tables for axit channels of processes (9) for alt possible alkall pairs have been made
18] and cross section measurements hava been reported for sodium/potassium energy

transfer collisions [9.10], Compared to homonuclear collisions there are two additional
exparimantal difficulties: the relative atom density in a mixture can not be deduced

simply from the temperature of the cell containing the saturated vapors and
fluorescence originated from levels populated through A'B" collisions must be
discriminated from those produced by pure A/A’ and B'/B" coffisions. Usually it
is possible to prepare an amalgam of iwo different atkali metals such that at a cerain
temperature the two atom densities are comparable, while excited alom A* and B*
densities are indipendently deduced from the effective radialive Hfetimes measured in
a rgsonance fluorgscence experiment under pulsed excitation. To assure detection of
processes due only to A'1B" collislons an intermodulation technique has been
employed. The laser beams exciting A and B atoms are modulated at two dilisrent

frequencies wp and wp and phase sensitive detection at the sum (or diflarence)

frequency mpa+wg {or wa-wg) is used to monitored flucrescenca emissions. A sketch
of the apparalus is shown in figure B. The cross sections so far measured for energy
transfer in heteronuctear collisions are of the sama ordar of magnitude as In pure atkali
vapors. These values can be important for the knowledge of hetaronuclear
quasi-molecular potentials at internuclear distances for which few data are availabla.
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Figure 8. Sketch of the experimental apparaltus for studies of heteronuclear collisions.

Reaction (7b} where two excited atoms combine in associative ionization 1o
produce the molecular lon plus one electron |is anergetically possible for all alkalis bu
lithium for which the bottom of the ground state potential curve of Liz*' is too far from the
sum energy of two Li(2P) atoms. Experiments investigating process (7b) have the
same laser excitation apparalus as for energy transfer studies but different detaction
systems because Ions, Instead of fluorescence, have to be collected and identified.
Rate equations simitar to equation (8) can be written for tha avolution of the molecular
ion density df N(A,*) )dt and measurements of tha integrated A,* signal provides
the rate coeflicients kp) and cross sections o). Associative lonization in A*/A*
collisions Is the imporiant reaction which provides the seed electrons (slow) initiating
the mechanism of plasma formation. For sodium very pracise measurements of Y]
are avaitable [33:34], aiso with velocity dependence [35) and polarization dependence
[36], These values are about two orders of magnitude smaller than typical ogT,
indicating that the exit channel {7a) is the favoured one,

For the formation of the diatomic molecule in very excited electronic slates, process
(7c), 1o our knowledge, there ara not measuraments of kyr and oype, probably
because of the complexity of the state manyfolds. Also it is not clear yet tha exac!
mechanism of excited molacule formation from the incoming coiliding A*/A* exciled
atoms since there has not been experimentat evidenca of direct energy transfer.
However, the interast for this process is very strong because it provides a way io
produce triplet molecular excited levels. As we said in the previous section of this work
the ground triplet state of alkall diatomic moleculss is mainly repulsive. This fact imiis
the possibility of investigation of triplet-triplet molecular transitions by absorption
spactroscopy or laser induced fluorescence techniques. Through process {7c) tripist
slates are formed, (as well as singlet states}, and they decay 10 the ground 3Eu+ state
originating diffuse bands [37.38.39], Besides the intrinsic interest for spectroscopy of
these states thers Is m epecific important application as active medium in tunable laser
sources, as suvggested by Woerdman [39], Optically pumped alkali dimer lasers,
working on bound-bound transitions, are wel! known {40]; realization of opticaily
pumped laserg working also on bound-free transitions (as in excimer lasers), would
make the alkalis a unique faser medium covering almost in a conlinuous way the full
spectrum from u.v. fo near i.r..



3.2. Collisions involving Rydberg alkali atoms

Extension of interest from collisions between two atoms excited to the first
P-rasonance level to those involving atoms excited to higher leve!s has been
immediate. Indeed collisions concerning highly excited atoms are very important
processes in plasma physics and in astrophysics. Extensive researches have been
dedicated to ion formation in collisions batween ona ground state atom and one
Rydberg atom via the processes

A+ A" At LA+ @
—> At 4 @
> AY 4+ A

collisional lonization
associative lonization {10)
ion-pair formation

investigations have been done again for all alkali vapors and the most extensive
research is probably that on rubidium by Barbier and Cheret [41]. In addition to
processes (10} wa are also interested to cerlain reactive processes that lead o ion
formation initiating from collisions whera both reactants are highly excited atoms:

At A s At L A s @

A" 4 A" s AY A (1)

Here we will briefly report on some expariments on sodium (42,43}, performad with the
apparatus schamatically shown in figure 9. Rydberg aloms Na'* {ns) or Na"(nd) are
produced by two-step laser axcilation 3s--33p->nl in a stainless steel cell where the
sodium densily is measured by the technique of referenca {5]. Two dye lasers (one
yellow tuned to a D line and the other blue scanned over the 3p-->ns or 3p-->nd
transitions) enter the cell in opposite directions and are pumped with the frequency
doubled and tripled oulputs of a Nd:YAG laser. The lons formed in Lhe reaction region
are electrostatically extracted from the cell, mass selected with a quadrupole mass filter
and detecled with a CuBe particle multiplier. Collection efticiency for positive and
negative ions can be made nearly equal with a proper choice of the multiplier cathode
potential and the overall voltage. The apparatus can be oparated in two modss. In
one mode both laser wavelengths are fixed and the mass spectrometer is scanned 1o
identify the ions and to measure their relative abundances. Otherwise the mass
spectrometer Is set at a padicular ion mass and the blue laser wavelength is scanned,
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Figure 9. Schematic diagram of the apparatus for investigation of Rydberg/ground
state and Rydbarg/Rydberg collisions.

providing a spectrum that depends on the principal quantum numbar n. Further
infarmation can be oblained by studying the ion signals as function of atom density and
power density of both dye lasers, even If for the yellow laser the range is limited by
saturation of the 3s --> 3p transition. For sodium vapor containing Rydberg atoms
Na~ the following machanisms leading to ion formation have been studied

Na + Na -—> Na* + Na + @ (12a)
Na' + Na - > Na,* + @ {12b)
Na” + Na"' +=—> Na* + Na + ¢ {12c)
Na™ + hvpp =~=> Na* + @ {12d)

and their relative cross sections have bean evaluated. The atom density N resulls a
key parameter: atlow N, (<10"cm?), heavy body colisions (12a}, {12b), (12c)
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are unimporiant while photoionization by black body radiation (12d) dominates and it
is responsible for virtually all observed Na*., The Na* signal at N=10''em is
observed to be nearly independant of tha principal quantum number n over the
range 18<n<30 (see figure 2 of reference [43]). The total on yield Qp can be written

Qpp o Ry Ngn 1 (13)

with Ry, the black body photolonization rate, Non the initial concentration of the
Rydberg atoms and Ty the fifetime of the Aydberg atom population. Since the
dependences upon n of Ay and Ny, are proportional to n'4 and n'3 respectively,
to be consistent with the observed constancy of the Na* signal, the lHetime T, must
vary approximately as n*4, In conirast with tha n3 dependence of a specific nl state.
This dependence is very close 1o the n45 dependence of a glven n-state in hydrogen

averaged over all angular momentum states. Thus, assuming valid the anaiogy‘

betwsen sodium and hydrogen atoms, we reach tha important conclusion that the
I-mixing rate by Na"*/Na collisions is 50 high that the state seleclivity provided by the
laser production of the Rydberg atoms Is rapidly desiroyed {43-44]. Using the
Information thal total l-mixing is essentially complete prior o ionization It is possible
to evaluate the cross sections for collisional fonization and associative Ionization.
Obviously these cross sections must be considered state spacific only in the sense that
the Na~ Rydberg atoms were Initially prepared by the laser to a sefected n-state,
while the I-mixing has operated a redistribution of the excited state population over all
angular momentum states. For n=18 Na /Naand Na''/Na™ collisions contribute
1o the Na* signal with cross section ~600A2 and about ten times geometric
respectively, while Na''/Na collisions produce Na,* ions with a cross section
-;1505«2. This last cross section however, decreases strongly, {see figure 4 of
reference [43]), as n75 with increasing principal quantum number. This strong
n-dependence is not surprising since the stabillzation of tha Nay* product ts given by
the ejected Rydberg electron which interacts with the Na*+Na(3s) core complex. The
strength of this interaction obviously dopends upon the distance betwean the Rydberg
electron and the core, therefore alectrons In high n states and high 1 states are less
reactive. Cross sections of processes (12) so measured can not be understood as
intrinsic properties of state speclilc reactants but they ate functions of other
expatimental parameters as the atom density N and the temperature T. T determines

the black body radiation ionization process that can be controlled and virtually

eliminated for example by cooling the celt. N delermines the salf I-mixing process that
can not be eliminaled baecause at atom densities low enough to preclude self I-mixing
there would be essentially no heavy-body collisions.

Heterunuclear collisions involving Rydberg atoms can be studied as It has been
done for A'/B’ collisions, discussed in the pravious paragraph. An example of the
spectrum obtained for the reaction

Na" + K ~—> K* + Na + o {14}

ts shown in figure 10. However very litlle work has been done in this fisld and no cross
section measurements have been reported so far.

-
=
‘x\/TQ X110
- r ~— Y o —— R
7] | |- m I
£ : | K :
= 2 I ] |
o - .
5 - Y I }
st — - “U' - 1
5 O ml n )
c ~ i ™ '
=l ! « '
+ " |
i I,
415l | 4132 - 4109

-:—--).B (A)

Figure 10. Spectrum of K* lons produced In collisions between sodium Rydberg
atoms and potassium ground stale atoms.



The same apparatus used to investigatls processes (12) has aliowed -also the
observation of negative lons. The experiment has been performed on sodium vapor
and the only negalive lon species observed was Na" [461.  An obvious channel for
Na~ production is

Na" + Na ---> Na* + Na’ (15)

which Is an usual electron transfer procass (for the energetic see for example figure 1
of referencae [46]). However for high quantum numbers { n>18) the dependence of
Na~ signal on laser power and on atom density clearly shows that the major source of
negative ions are the Rydberg/Rydberg collisions '

Na" + Na'* -=-> Na* + Na (16)

It Nat and Na- are formed in their ground state. reaction (16) Is exothermic by
~5.56V. Disposal of this huge energy amouny requires a complicate saries of
crossings with unknown energy curvas from the entrance Na"“/Na'‘ channel to the
Na*/Na~ exit channal. Instead of this uniikely process iwo others alternative
explanations have been advanced. An exit channel close 10 the Na"'/Na" complex
is provided by a product with Na” formed in & doubly excited state with the outer
alectrons in correlated orbits (planetary negative lon). The third possible mechanism is
radiative ion-pair process with formation of thermat Na*and Na™ plus simullaneous
emission of a photon of ~5.5eV energy

Na" + Na = -—-> Na* + Na" + hv (~5.5eV) (17

Photons of energy >5.5eV can be emitted because of the long range nature of the
Coulomb force and process (17) Is similar 1o radlative altachment in a Na' flree
alectron collision. Whataver the exact mechanism leading to negative ion formation is,
the large cross section for process (16) , that has been estimated of the order of
10%A2 at n=20, suggestes that Rydberg/Rydberg interactions coukd be Interesting

sources for intensive negative ion beams, that are so imporatnt in plasma physics for
neutral beam heating.

4. MECHANICAL ACTION OF RESONANCE LASER LIGHT ON ATOMIC MOTION

In this last section we will consider a phenomenon of atom-laser light interaction,
based not on aenergy transfer, but on momentum transfer. In a medium optically
axcited by resonance laser light, the momaentum iransler from absorbed photons 1o
absorbing atoms is a well known phenomenon (radiation pressure) [47:48]. Tnis effect
has been proposad to contral the velocity of the atoms for several applications like
defiection [42-52} and stopping 153.54] of atomic beams, atom cooling [55-57] and
isotope separation 58], An exstensive review on the eflects of radiation pressure on
free atoms is in reference 158], For the obsarvation of the resonance radiation pressure
it iz essential a collision {rea environment {(as an atomic beam) because the photon
momentum is very small compared to typical atomic momenta and coliisions would
mask the effect. .

More recenily it has been realized that light can affect also the motion of atoms
immersed in a bufler gas. This new eflect, known as LID (light induced drift), has
been proposed by Gef'mukhanov and Shalagin [69] and obsarved for the first time by
Antsygin et al. [61), LID Is not based on the direct transter of the photon momantum to
the atoms but to the combined effect of iaser excilation and atomic collisions. The laser
makes a velocity selected excitation of the atoms; in absence of buffer gas, i.e. In
absance of valacity changing collisions, the drift of the excited aloms is compensaled
by the opposile drift of the ground state atoms and no macroscopic eflect is observed.
However, in presence of a bufler gas, i.e. in a strong collision environment, the mobility
of excited and ground state atoms is ditferent, resulting in a loss of symmetry in the
Maxall velocity distribution and in a macroscopic drift of the atoms. This effect has
been observed mainly in sodlum vapor contained In a capillary celt with internal
diarneter of about the same size of the laser beam. Two spectacular demonstrations
have been oblained for an aptically thick vapor (optical piston) [62-64) and for an
aptically thin vapor (optical machine gun} (65.66), .

LID is strongly affected by the collisions of the atoms with the cell walls because of
the high atom-wall collision frequency in capillary cells having a radius comparable to
the mean free path of the atoms. The adsorplion of the atoms at the glaés walls
produces an enormous friction that can totally inhibit the drift. Wa have performed
expariments {67.68} i absence of wall adsorption oblaining an impressive increase of
the efficiancy of LID. These experiments are also valuable for the study of the
dynamics of the phenomenon and we have measured adrift velocity in good
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agreement with the theoretical models [39]. The experiment consists In the excitation
of sodium vapor with a single mods, aclively stabilized dys laser, tunsd to the D, line.
Two pyrex capillary cells have been used, of tha same shape and dimensions. One
cell is without any coating so that the adsorption energy of the scdium atoms at the
giass walls has the typical value of ~1eV; the internal surlace of the sacond cell has
besn coated with a silane compound that reduces the adsorption energy by a factor
~10 and thus giving a wall frictionless regime. Similar results can be obtained also
with other coating materials (65]. The LID effect Is monitored by detecting the
resonance fluorescence emitted by the excited atoms. To this purpose a movable
optical fibar, connected to a photomultiplier, can sense all the length of the cell. The
transient regime fs studied by chopping the laser light and using a fast storage
oscilloscope. The macroscopic sffect of LiD is shown in figure 11. The flucrescence

(@

(b)

Figure 11. The uniform fluorescence inside the cell (a) Is modified by the LID effect to
a well localized spot {b).

signals can be studied as a function of i) the position of the fluorescence spot along
the call, ii) the laser detuning from the peak inside the absorption atomic line, i) the
Intansity of the laser, and also as a function of othar paramelers like the temperature of
the cell and the buffer gas pressure. All these featurgs plus the time evolution,
obtained when the laser was chopped, have given a clear picture of the LID
phenamenon. Further experiments are in progress wilh broadband laser excitation
and preliminary results have shown transient fluorescence signals about ten limes
faster than those obtained wilh single mode laser axcitation [70], indicating more
effective LID.
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