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INTRODUCTION

In classical spectroscopy the rties of isolated atoms are investigated through their
interaction with the light, while the interactions with other particles (atoms, mol ecules,
electrons, ¢ic.) are the domain of classical scatiering. Before the advent of the laser, excited
atoms were obtained by means of spectral 1amps that can not give densities of exciled states
high encugh to allow the observation of collisions between excited reactants. Others excitation
methods, Like discharges or clectron impact, ahthough more efficient than speciral lamps, are
not very selective, It is only with the advent of tunable Iaser sources that both sclective
excitation and high density of excited states became possible. Thus in the last two deceades.
thanks to the laser sources, the observation of collisions involving excited atoms became
possible and we have witnessed the interplay of the two research tools of spectroscop{ and
scaltering. The interatomic distances where inelastic collisions are efficient arc generally in the
range 5-30A; at these distances the atoms are not yet bound to form a stable molecule,
nevertheless they can not be considered completly free. The usual picture in this case is that the
two atoms constitute a quasi-molecule sysiem, well described by molecular adiabatic
potentials, Obviously there are several of these potendal curves connecting the entrance and the
exit channels of the collision procesyes, with the ransfer occuring at the “avoided crossing”
points. The study of these interactions give complementary information to those provided by
spectroscopy for free atoms and many new phenomena have been discovered. This new field
of research has rapidly grown; useful references can be found in the proceedings of a serics of

recent workshops :

«  Photon-Assisted Collisions and Related Topics - N.X. Rahman and C. Guidotii Eds,,
(Harwood Academic Publishers,1982)

- Collisions and Half-Collisions with Lasers - N.X. Rahman and C, Guidotti Eds.,
{Harwood Academic Publishers, 1984)

- Afomic and Molecular Collisions in a Laser Field - J.L. Picque’, G. Spiess and F.J.
Wauilleumier Eds., Joumal de Physique Collogue C1, (Les Editions de Physigue, 1985)

- Photons and Continuum States of Atoms and Molecules - N.K. Rahman, C. Guidotti
and M. Allegrini Eds., (Springer -Verlag, 1987)

When an atomic vapor is irradiated with laser light there are several phenomena which
take place simultancously. Here we are interested in experiments performed with resonani
tadiation. i.e. with lasers tuned to a'specific atomic transition, while all phenomena induced by
irradiation with lasers not in resonance with any particulas transition are outside the topics
considered in these lectures, Generally speaking this second class of experiments requires laser
intensities which exceed 104 Wem2 and are usually obtaincd by pulsed lasers. Resonant
excitation, on the contrary, gives interesting phenomena also with cw lasers of low power
density, even & few mWatts per cm<.

In these lectures a few of the many collision processes involving laser excited reactanis
are presented, namely the inelastic collisions between two atoms, both excited to the first
resonant level. Most of the experiments have been performed in alkali vapors because of their
simple atomic structure (only one external electron), for which the first excited state is of the
type nPj, however interesting results have been obrained also in atoms with two external
electrons (like Barium or Strontium). So far three exit channcls have been identified for
inelastic collisions between two alkali atoms excited to the first P-level, namely :

1.  energy transfer
2. excited molecule formation

A*+A* > ASS 4 A
A%+ A* —> A*

3.  associative lonization A*+A* ——> Aatae

In process (1) the electronic excitation of both atoms A* is wansferred compledly to only
one of them, which is then found in a very excited statc A**, while the other is left by the
collision in the ground state A, The first observation of this process was reporied in 1976 (M.
Allegrini, G. Alzetta, A. Kopystynska, L. Moi and G. Orrials - Opt. Commun. 19, 96
(1976)). In process (2) the initial system evolves to an excited state A2** of the diatomic
molecule, which can also be a triplet state (M. Allegrini, G. Alzetta, A. Kopystynska, L. Moi
and G. Orriols - Opt. Commun. 22, 329 {(1977)). This fact is very imponant because the
triplet ground state of alkali dimers is repulsive and can not be easily siudicd by absorption
spectroscopy or laser induced fluorescence technique. Process (2} instead populates triplet
excited levels which then radiate 10 other lower riplet states and eventually to the ground triplet
state. Moreover populetion inversion is naturally achieved in a eximer-like scheme,
that can be used for laser action. In process (3) the two colliding atoms are bound to form the
molecular ion A2%, a5 reported by Bearman and Leveathal in Sodium vapor (Phys. Rev, Lett.
41, 1227 (1978)).

A common characteristic of all three processes is that the excitation energy of the
reactants is shared in the collision 1o give one very excited product. For this reason Leventhal
has suggested the denomination ENERGY POOLING COLLISIONS o describe all above
mentioned processes, independently from the final product. However, in the recent literature
the term “encrgy pooling” is more often restricted to designate the energy transfer process (1)
in contrast to the usual term “excitation wansfer”, used for cnergy transfer in collisions
between onc cxcited and one ground siate atom, The fundamental parameter of energy

pooling reaction is the energy defect AE (positive or negative) between the entrance and exit
channels, Since these collisions are thermal, the energy balance between the reactants and the
products is provided by their kinetics energy and therefore these reactions are efficient enly for
energy defects which have values of few kT. Two other important parameters are the atom
density N and the laser power density L. The range of these two parameters has been widely
varied in the experiments; however, the interest here is for these experimenial conditions
which make the encrgy pooling collisions dominant over all other possible processes. Thus
we refer only 1o experiments where N is restricted to the range 10 1.1013cm3 in order 10
avoid secondary collisions and 1 to less than ~103Wem 2 in order to avoid multiphoton
ionization and all laser-induced effects. In particular, if N and I exceed these values, the
slow electrons created in the associative jonization may gain encrgy through the collisions with
the laser excited atoms {superelastic collisions). The presence of fast clectrons in the vapor
easily produce avalanche processes which lead to a complete ionization, as it has been
observed for the first time in Lithium vapor (T.B. Lucatorto and T.J. Mclirath - Phys. Rev.

Lett, 37, 428 (1976)). For pulsed experiments, the laser pulse duration At also become an
important parameter (M. Allegrini, W.P, Garver, V.S, Kushawaha and J.J. Leventhal - Phys.
Rev. A28, 199 (1983)), and very different results are obtained.
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From: FUNDAMENTAL PROCESSES IN ATOMIC COLLISION PHYSICS
Edited by H. Kleinpoppen, J.3. Briggs and H.0. lutz
{Plenum Publishing Corporation, 1986)

COLLISIONAL SPECTROSCOPY OF LASER EXCITED ATOME

Maria Allegrini

Istituto di Fisica Atomicsa & Molecolare del C.N.R.
Vvia del Gisrdino, 7 = S6100 Pisa, Italy

INTRODUCTION

This lecture will be

two atoms, both in an axcited state.
external alectron) and strong interaction with the light,
eriments involving alikall atoms. Re-

{only one
we will consider here only exp

cantly a great deal of work has Y
a8 calcium, strontium and barium .

atoms were first abserved using power
or m review ses for example ref./2/Y,

tion sources, ([

the laser that high concentratioc
normally obtained, The atudy of co&igaions tn &

a rapidly growing field of research
d alkali atoms regards two atoms voth in

A near resonance, of the order of few T, be-

sions between laser exclte
the first P state.

tween the colliding atoms and the
Indeed the observed effects have been:

excitation transfer to higher atomic levels nl,
to the sum energy of the two nP atoms;

is required.
1)

(1) formation of the moleculsr

from two atome in the lowest P

lithium.

devoted to the study of colllsions between

For their simple structure

een done also ob more conplex atoms such
Collisions between two excited

ful discharge lamps as excita-
but it is with

na of exclted reactants have been
laser field is now

The simplest case of colli-

final products of the collision

with energy close

{on which is energetically achievable
tate in all the alkalis, but

Thus we are considering the binary inelastle collisions

A{nP} + AlnP) —= A(nL} + A(nS)

A{nP) + A(nP) --—A; v

Many other phenomena sre also

(4%
12}

produced in & dense vapor excited by
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" resonant laser radiation. For their understanding 1t is 'important

to identify in the experiment the parameters determining the dominant
effects. These parameters ars ‘the laser power-dénsity W, the atom
density N and the temporal characteristics of the laser. Ws are
interested in experiments where the lazer provides a sufficient COon-
centration of excited atoms to enable the observation of their col-
lisions but it is not powerful enough to give direct mul tiphoton
itonization or other processes induced by the strong electromagnetic
fleld associated with the laser. With a laser power densitg,SlO /eme
this aim is certainly achieved and an atom density of £10l3cp=2
usually assures that secondary collisional processes, waither with
other atoms or ions and electrons produced in the experiments, are
negligible. Attention has to be paid also to the concentration of
alkali dimer which may cbscure the results of the atomic collisions
we wish to studys'a. For cw laser irradiation thers is a continucus
production of excited atoms with a steady state density dependent
upon the effective atomic iifetime; for pulaed excitation the pulse
duration has to be considered in the time dependence of the processs.

There are many reasons for interest in studying processes ({)
and (2). From a theoretical point of view we are in preasence of a
rare mechanism where two excitations in the atomic system are com-
bined to give one single higher excitation. In classical physlics
processes leading to a more untform distribution of the energy or
towards the exchange of excitation from cne atom (or molecule) tg
another, (see for example the sensitized flucrescence phenomenon?),
are more common. Contrary to the multiple excitations obtained with
high power lasers, the higher excitation achieved in {1) and (2) is
produced internally in the system through the collisions. 1In this
case the laser ie merely a tool to create simultanecusly the excitad
partners for the collision, & more specific theoretical interest
arises because these collisions depend upon long range interactions
between the two atoms. The atomic energy levels for the two atoms
at infinite distance are of course well known. Also the potential
curves for the two atoms at short interatomic distances, when they
are bound to form the neutral molecular dimer, are reasonably wel)
known. In the intermediate range where the asymptotic approximations
fail these collisions may provide an experimental test for the cal-
culations of potential curves and of their crossing peints. Another
important result is that the determination of reliable cross sections
for processes (L) and (2) has indirectly given the incentive to atudy
the intriguing phenomena of radiation diffusion and saturation in
optically thick vapors excited by laser radiationl?,

From an experimental point of view the interest iy sven more
immediate. The processes {1} and (2), fol{fwed by photoionization
or collisional ionization have been proved to provide, together
with the multistep ionization of the dimers, the seed electrons for
complete ionization of denge vapors with moderate laser powerslz'l
Efficient breakdown and plasma formation in gases or vapors is an

actual goal of applied phyaics; any process which may improve the
ion yield without increase of laser intensity supplied from outside
is of interest. Infrared laser emission hag been cbserveg!4 upon
excitation of the 3P level in sodium vapor, suggesting that 3P/3p
collisions may also be important in this phenomenon. Application of
these collistonal nrocesses to laser lsotope separation is obvious
since the laser selects the excited state of the reactants and the
collision yields a selected product. A(nP}/A{nP) collisions are also
a promising way to ponulate triplet electronic excited states of the
neutral molecule As resulting in an excimer configuration with pos-
sible application to new tunable laser sources. )

We will restrict ourselves in the foellowing to few basic
experiments and ideas, while updated resulta on this subject are
easily found in the open literature or references /3-5/.

ENERGY POOLING COLLISIONS

The first experiment involving collisions between laser excited
atoms were performeg gn sodium vapor, but all the alkalis have since
been widely studied””™ >, Lucatorta and McIlrathl? o?gerved nearly
complete ionization in a lO-cm column of Na at :510 em™3 atom den-
sity, irradiated with a pulsed laTgr of ™>IM¥/cm“, tuned to the 35-3P
resonance line. Allegrini et al.'”, in a cell with a sodium density
of ™>|0 cm‘3. observed fluorescence from atomic states lying higher
than the 3P level, ontically excited with a cw lager of less than
lOU/cmR. Na energy levels are shown in figure 1. As can be seen
from figure 1, direct Ehotoionization requires three yellew photons.
Rigorous calculationsl 17 show that the rate of ion production by
this nrocess is negligible in both the above expariments, even if
the laser vower density available in the pulsed experiment is five
or 8lx orders of magnitude bigger than in the cw experiment. Also
the difference between pulsed and cw excitation is not the key para-
meter in this case, hecause the pulse duration of the flash lamp
numped dye laser used by Lucatorto and Mcllrath was long ( ~lusec)
compared to the lifetime of the 3P excited state, giving a pool of
excited reactans as in the cw excitation experiment. The dominant
effect in the experiment of ref./12/ was the associative ionization

Na(3P) + Na(ap)-Na; + e (3)

When energetically possible, two excited atoms assoclate during
a collision to form a molecular ion plus one electron. The outcoming
electron is slow because it carries anenergy of few kT, namely the
energy defect between the colliding 3P atoms and the state in which
the molecular ion is formed. However, in presence of a high density
of excited atoms, the electron, before recombination, undergoesa one
or more superelastic collisions.
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Fig. 1. Na energy levels showing the laser excitation, the ioniza-
tion limit and the energy of two 3P atoma. The fine struc-
ture of the 3P level is not in scale.

e (slow) + Na(3P) —e ¢ (fast) + Na(35) (4)

Fast electrons then produce, by avalenche mechanisms, the atomic ions.
In the experiment of Allegrini et al.!'S the following process was
observed

Na{3P) + Na{3P} —= Na(nL) + Na{35) {5}

where nlL indicates a highly excited state with energy close to twice
the 3P energy. The energy defect (positive or negative) is supplied
by conversion of relative kingtic energy of the two interacting Na
(3P) atoms or carried away by the final Na(nL) and Na(3S) atoms,

Thus this is a peculiar proceas involving pooling of internal and
relative kinetic energy of the atoms., The nL levels were identified
simply by their characteristic radiative emission lines. A quadratic
dependence of the fluorescence intensity upon the laser power and
upon the atom density plus comparison with the resonance fluorescence
3P-35 versus the lagser wavelength through the atomic resonance, has
clearly established that two 3P excited atoms are involved in the
population mechanism of the highly excited states. In process (5)
there 1s a transfer of electronic energy as in the sensitized fluo-
reacence phenomenon

» -
A +B—eA+B (8)

where during a collision between one excited atom A' and one in the
ground state B the excitation is tranaferred from one atom to the
other. We will see later that in analogy with process (6), the rate
constant K or cross section ¢ of process {5) has been derived by
solving the rate equations at the steady state. However, the main
characteristic of process (5) is the combination in the collision

of two excitationas to give a single higher excited product as in the
associative ionjization. ThelaaTs "energy pooling collisions" has
been used first by Leventhal ™’ to describe both processas (3) and
(5). In a few words this expression contains the physical meaning
of the observed phenomena: the highly excited nL states and the mol-
ecular ions are two different products of the same collisional reac-
tion in which the energy of the reactants peakea in one product in-
stead of being distributed.

DRTECTION METHODS

The energy pooling collisions produce atoms in excited states,
which radlatively decay to the ground state, ions and electrons.
Detection of photons, lons or electrons requires different techniques
and apparatus and each experiment has its own particular geometry and
original technical solutions that will be too long to report. We
will try to give few illustrative examples of the three detection
techniques.

Fluorescence

In order to look at the flucrescence spectrum of a laser excited
alkall vapor the collision cell containing the metal may be an ordi-
nary pyrex cell sealed under vacuum and heated in a temperature con-
trolled oven. Thig system reaches easily a thermodynamic equilibrium,
the vapor is saturated and the atom density can bes determined with
Esasonable accuracy from the temperature, using the Nesmeyanov tables

. The fluorescence 18 collected at right angles to the laser beam,
dispersed with a monochromator mounted with the proper grating and
detected with a photomultiplier in the viaible range or with a suit-
able detector for the infrared, It is common to control the laser
output with a photocell for powsr variation checking and to attenuate
with a filter the resonance fluorescence, i.e. the radiation emitted
directly from the laser excited first P level, because it is orders
of magnitude more intense than the fluorescence from the levels pop-
ulated through process (l). The fluorescence signal coming from the
nL levels is very weak and usually its detection needs amplification
by techniques that differ substantlally for excitation by pulsed or
cw lasers. A schematic diagram of the apparatus is shown in figure
2 and two examples of such spectra are reported in figures 3 and 4.
Flgure 3 is taken from ref. /7/ and shows the fluorescence spectrum
of modium vapor excited to the 3Py 2 level with a broadband cw dye
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Fig. 2. General scheme for detection of the fluorescence emitted
by the highly excited nlL levels, populated through the
energy pooling collisions.
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Fig. 3. Fluorescence spectrum of sodium vapor exciteg by a cw dye
laser tuned to the 33112_- 3P /o transition’.

laser of ~ll0nw; aince this spectrum was recorded at relatively high
atom density (N~10l5¢m-3), at which secondary collision process
occur, beside the fluorescence lines emitted by the nL levels popu-
lated directly by the energy pooling collisions, it contains also
lines from higher sodium leveln, molecular sodium bands and potassium
atomic lines, although potassium was present only as an impurity.
The resonance fluorescence line, corresponding to the 3p-3s transi-
tion, was not recorded to avoid saturation and possible damage to
the detection apparatus; its pos{tlon is pointed out in the diagram,
A similar fluorescence spectrum of potassium vapor excited to the
4P3/2 level with a broadband cw dye laser of ~100mW is shewn in
figure 4. The resonance flueorescence, nat shown in the diagram, ia
at -77008 and and it was, after correction for the spectral re-
sponse of the detection apparatus, -109 times more intense than the
strongest line in the spectrum (65-4P transition at 6911-69393) .

Ions

A simple way to detect the fons formed in the laser excited
vapor i3 to insert in the collision cell a current collecting elec-
trode and read the total ion yield with an electrometer. A small
transverse electric field may be necessary to assure complete collec-
tion. For the identification of the different species of ions mess
resolved spectra are taken, for example with a quadrupole mass filter,
Another common mass analysis is carried out with a time of flight
drift tube which delivers current pulses whose height is proporticnal
to the collected ion number. The collision cells used by various
groups are quite different agdsmany experiments have also been per-
formed on ion crossing beama”">. As an examole we %eq%rigpere the
experimental set up used by Laventhal and coworkers®’ S’ on sodium
vapor. A cylindrical cell is mounted on an oven consisting of a
resistance heater imbedded in a Cu block and located beneath the cell.
Sodium vapor effuses into the cell through a slot in the bottom of
the cell. Apertures in the cell permit the laser beam to enter and
leava along the axis of the cylinder, Tons formed in the cell are
collected through a side hole of -Smm and a window on the opposite
side permits alsoc observation of photons for fluorescence  spectrum
recording. Because of the apertures, the cell works in non equili-
brium gonditions withconsequent nonuniformities in the atom density.
The dengity can thus not be determined simply from a temperature read-
ing as in the sealed pyrex cell of Figure 2. The ilons are extracted
from tha cell with a set of electrostatic lenses, mass analyzed with a
quadrupole mass filter and detected with a CuBe particle detector.

A scheme of the apparatus is shown in figure 5. Different modes

af operation are possible with this apparatus. In one mode the laser
Ils fixed at the atomic tranasition wavelength and mass scans are taken;
alternatively the quadrupole mass spectrometer is fixed at a specific
lon mass and the laser wavelength is scanned. Figure 6 shows a spec-
trum of sodium vapor taken with the apparatus of figure 5 set in the

475



a
L3
w
" —
0 [ <]
7 ? ]
s &
2
[)
z
o
T a
n
~ !
oL ~~0 -9
<+ n. -
@ & — '
< b -] -]
| o <
a [ Jiy
-—-h—-—_r-'\" Lo
b P o|
sago  asco| Is2s0 H s s0 1000
4000 4100 A(A) Lo

Fluorescence spectrum of potassium vapor excited by a cw
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Fig. 5. Schematic diagram of
the apparatus for the
detection of ions
formed in collisions
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extractor sodium atoms ™.
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Fig. 8. Masa gspectrum taken with a multimode cw laser tuned to the
Dy sodium line®. The spectrum is corrected for relative
transmission as a function of mass. Ordinate scale is in
arbitrary units.

first mode of operation. Na; ions were formed by associative ion-
ization (process ‘3)) only when the laser was tuned to Dy ox Dy
sodium lines, Naj were the dominant ijonic product, however a small
yigld of Na* lons, resulting from the photodissociation of nascent
Na; lons, was detepted??,

Electrons

The third methed to study the energy pooling collisions is the
detection of the glectrons created in the vapor. A simple measure-
ment of the total cuprent does not provide relevant information on
the collisional processes and the results may be masked by the pho-
toelectric affect. An original way to use electron detection, al-
though it provides only indirasct and qualitative information, was
applied to an experiment on potassiuml, The atom density in this
experiment was betwegn 1013 and 10 4cm‘3, an intermediate value at
which secondary collisional processes become important. It was our
intention to distinguish the levels populated directly by the pri-
mary 4P/4P collisions, which should have a clear quadratic depen-
dence upon the 4P density, from the levels populated through other
mechanisms. The cylindrical pyrex cell was supplied from the en-
trance window with two internal electrodes, parallel to the cylinder
axis. Optogalvanic signals, taken with a standard apparatus, as
shown in figure 7, were recordsg simultaneously with the fluorescence
signals. Optogalvanic signals arise in an electrical discharge
at low pressure whenever light tuned across some characteristic
transition frequency of the atoms in the cell is absorbed.
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Fig. 7. Schematic diagram of the apparatus for simultaneous
detection of ontogalvanic and fluorescence signals,

We have compared the linewidth of the optogalvanic and fluorescence
signals as a function of the laser wavelength, tuned across the rea-
onance atomic transition 4S-4P. The ratio between the halfwidth of
the resonance fluorescence signal A¥{RF} and that of the optogal-
vanic signal A4v(0G) was A¥(RF)/ 4v{0G)=V2, which demonstrated that,
ag a consequence of the irradiation of the vapor by the laser reso-
nant with the 4P level the electrons were produced by a process in-
volving two 4P excited atoms, as the associative ionization

€{ap) + K(AP)——K; ‘o (n

The direct photoionization process requires three photons (see fig-
ure 8} and wag comoletely negligihle because the laser power density
was £ 10°W/cm“, The ratio between Av{0G) and the halfwidth of the
fluoreacence signal from one level close in ensrgy to the 4P+4PF en-
ergy (for example the 65 level) was Av(0C)/ 4¥»(6S)=l. Since the
optogalvanic signal had a quadratic dependence upon the 4F atom den-
3ity this demonstrated that also the population of the 65 level de-
pends upon N2(aP), as In the orocess

K{4P) + X(d4P) —= K(65) + K(45) (8)

Finally looking at the flucorescence from a level far from the energy

lonization limit
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Fig. B. Partial energy level diagram for K. The fine structure
of the 4P level is not in scale,

sum of two 4P atoms (for example the 75 level) it resulted Av(0G)/
/ 4¥{7S)}#1, which showed that higher levels were not populated di-
rectly by the energy pooling collisions. These resultsBd are shown
in figure 9,

In the above experiment the detection of the variation of the
electron density preducsd by the collisions has been indirectiy used
to interpret the c¢ollisional processes. A direct gvidence of thesge
processes was obtained in an important expe)iment2 where an electron
spectrometer was introduced for the first time to resolve the energy
spectrum of the electrons created in the vapor. The experimental
set up consisted in a weakly collimated effusive sodium beam excited
by an orthogonal cw dye laser locked to an hyperfine component of
the D; resonance line. The electrons emerging from the interaction
zone were detected by ® cylindrical mirror analyzer. The original
apparatus did nsg tranemit electrons of low energy, but it has been
recently modified to detect also electrons of near zero energy.

The absolute energy scale was accurately established and direct ob-
servationof superelastic collisions (4) was obtained. The resolved
peaks in the electron energy spectrum have unambiguously proved that
the primary electrons were created by purely collisional processes
involving excited atoms; the first mechanism is the associative ion-
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Fig. 9. Traces of the optogalvanic and resonance fluorescence

(491/2'451/2) signals {a), of the optogalvanic and 65-4P
fluorescence signals (b) and of the optogalvanic and 75-4P
fluorescence signals (¢} versus the laser wavelength, tuned
across the 45, ,5-4P, atomic transition at 76998. The
ratios between the relative widths at half maximum are also
reported®”, The shape of the signhals is not uniform because
the laser wam scanned by hand; however this fact is insig-
nificant for these results.

ization (3) and the second mechanism is the Penning ionization
Na(3P) + Na{nL) — Na* + Na(35) + e(2.1leV -~ E(nL))} (%)
where Na(nL) are provided by the energy pooling collisions (S) and
2.11eV is the energy of a 3P atom. A typical energy spectrum of e~
lectrons ejected from the laser {rradiated sodium vapor is shown in
figure 10.
CROSS SECTION DETERMINATION
In the introduction we have mentioned some reasons for which

it is interesting to investigate the energy pooling collisions.
However, for any serious application or comparison with the theory,
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excited Na vapor. FElectrons from associative ionization
and Penning ionization of nL states are also obserg;d
arter 1 or 2 superelastic collisions with 2P state .

the rate coefficient X or crogs section ¢ for the reactioms (1) and(2)

have to be measured with great accuracy. Since we are dealing with
atoms having thermal energies we assume that X and o are related
simply by K=<ov>= gV, where v=|/8kT/mu is the relative mean in-
teratomic velocity. A common method used for the determination of
the rate constants is based on the solution of the rate equations,

in analogy !éth the familiar treatment of the sensitized fluorescence

process (6)“Y. The rate equations for process (6) are
A(A") = 2 - N(A")75(A") - kN(AT)N(B) (10)
A(B") « KN{BIN(A") - N(B")/e(B") (1)

*
where Z is the number of atoms excited from A to A per unit time
and v is the radiative lifetime of an excited level. Solution of
equation (il) at the steady state gives

K = (L/N(BIN(A™)) (N(B")/e(B™)) (12)
Usually the gquantity measured in the experiments is the intensity
of the fluorescence lines. Generally speaking the intensity per

unit solid angle of a fluorescence line from azbevel 1 to a level §
is related to the population of the level i by
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I(4,3) = hali,J)A(L,3) N(L)e(d,IV/an (13)

where ®{1,j) is the transition frequency, A(i,j) is tha spontanecus
transition probability which is equal to l/rv, e{(i,]) is a factor
which takes into account the instrumental response of the detecting
apparatus and V is the fluorescence volume., Using relation (13) in
equation (12) the rate coefficient K may be determined from the ing
tensity ratio of the flucrescence from the excited states A and B

to the ground state as
K « (1/N(BIS(A"))(I(B")/1(A")) (A"} /w(B™) )} (e (A")70(B™)) (14)

Therefore the measurement of X depends upon the dlnsisy of ground
state atoms B and the lifetime 0f the excited atoms A", While
ground state atom density can be measured with great accuracy, the
measurement of the lifetime of an excited state may presengosaiioul
problems because of the radiation self-trapping phenomenon”™'~",
vhich changes the natural lifetime to an effective lifetime. The
error in the sensitized fluorescence cross sections is mainly due to
the fact that it is difficult to measure the effective ¢ with great

accuracy.

This same procedure can be applied to the collizions between
excited atoms, however many more difficulties complicate a measure
ment of the rate coefficients K(nL) for process (1) and K{AI) for
process (2). For sake of semplicity let us consider the experiments
where all the processes other than the energy pooling can be neg-
lected; then the following simplified rate equations ¢an be written

N(nL) = K(nL)N°(nP) - N(nL)ngn,A(nL,n'L’) (15)

H(A3) = K(ADIN?(nP) (16)
Solution of equation (15) at the steady state gives

o
K{nL) = d¢(nL)9 = (N(nn)/u‘tnp))n; JAlnL,n'L') (17}
+
and integration of equation (16) over the time of A, production

yields
K(AL) = N(A3)/(N?(nP) 4t) (18)

The population of the nL level can be determined by measuring the
fluorescence intensity I(nL) and knowing the transition probabilities
A(nL,n'L'), as shown in equation (13), since radiation trapping for
the nL levels populated through the collisions‘(l) can be neglected
in most of the experimenta. The integrated Nu_ ion signal can be
precisely measured in any experiment, provided the collection effi-
ciency and the instrumental response of the overall apparatus is
known. The crucial point for both K{nL) and K(AI) is the quadratic

dependence upon the axcited atom density N(nP}, which is a quantity
difficult to measure with high accuracy. Incorrect assumptions
gbout the excited atom density and spatial distribution are the pri-
mary cause of orders of magnitude differences in the value of the
cross sections measured in different experiments, In the experiments
where fluorescence spectra are detected it is an advantage to take
the ratio of the intensities I{nL)/I(nP) 80 that the absolute effi—

_clency of the detection system and the volume do not enter directly

in the calculations. MHowever the laser-vapor interaction volume
must be well definied for the determination of the excited atom den-
sity N{nP) and the fluorescence emitted from the levels nL and nP
must be collected from the same volume. In a vapor the optical ab-
sorption length varies considerably with changes in the density of
the absorbing atoms or in the laser intensity; as a consequence also
the volume of laser-vapor interaction varies. This is one problem
to be solved in the experiment. The mecond problem arises because
of the radiation self-trapping and diffusion of the laser excited
atoms. Owing to these phenomena the excited P atoms show an effec-
tive lifetime longer than the natural lifetime, as given by the tran-
8ition probability, and are not confined to the laser beam c¢ylinder.
Then the radiation from the nL levels to the first P state is atten-
uated and the effective volume for nP/nP collisions extends outside
the laser beam. A certain number of different experimental methods
have been introduced to resolve all these problems and we will sum-
marize here some of them.

In the experiments where fons can be detected a common method
for the determination of the npP excited atom density relies on the
measurement of the atomic ions A* produced by direct photoionization
of the nP level with a second 1aser32 This approach has been used
ror example by Weiner and coworkers for the determination of the
absolute rate constants for process (3). Their apparatus consisted
in two crossed effusive atomic sodium beams excited by a tunable
flash-lamp dye laser to the 393 2 State from which the associative
fonisation (3) takes place. A second Nd:YAG pumped dye laser pro-
vided the uv source to directly photoionize the 3P level by the
process

Na(3P) + ho) — Na* 4 e (19)

The Na® ion signal was linear with the 3P atom density and the volume
of production coincided with the volume awept out by the photoion-
izing laser. The Na§ lons, before saturation, showed a quadratic
dependence upon the 3P atom density and were produced in an enlarged
effective volume because of the diffusion of the trapped 3P atoms
cutside the laser beam. The actual volume of excited atoms was de-
termined by comparing the Na* signal when only the photoionizing
laser was on with the Na* signal when both lasers were on. The cor-
rect intensity of Naz ion signal, necessary to determine the asso-
ciative {onization cross section, was then given by the total Na;



yYield divided by thia volume. The effect of radiation trapping on
the lifetime of the excited atoms was determined with the same appa-
ratus by monitoring the decrease of the Na® icn signal versus the
time delay between the laser tuned to the 3§ =-3P3/n transition

and the uv laser which photolonized the 3P atoms. ‘ aimilar approach,
based on the direct photolonization given by a second laser, has been
extensively used in the studies of Penging and assoclative ioniza-
tions of highly excited rubldiug4atons and energy pcoling colli-
sjions between 5P rubidium atoms™ ",

Two original methods for the excitsd atom dsgaity determination
have bsgn introduced by Huennekens and Gallagher~~ and by Allegrini
et al.”" during the measurement of the energy pooling cross section
for the 55 and 4D states in sodium

Na{3F)} + Na(3P) — Na(55,4D) + Na(38) (29)

The first approach takes advantage of radiation trapping to measure
the spatial and temporal distribution of the 3P atoms, the second
uses the saturation of the resonant 3P-35 fluorescence for an abso-
lute calibration of the apparatus at low temperature, when radiation
trapping is avoided. In both experiments a special collision cell
waa built to overcome the difficulties related to the determination
of the laser-vapor interaction volume. The cell of Huennekens and
Gallagher was a cross shaped S-cm stainless steel block with vacuum
sealed sapphire windowa which do not react with the sodium vapor,
Two sapphire rods were alac placed in the cpposite arms of the cross
(see figure 11) to create the correct geometry for radiation trapping
caiculations. Pulsed excitation from a dye laaef. (peak powsr =
60uJ, pulse duration ~Snsec, linewidth ~0.5cm '), tuned to the

D, resonance line was used to produce the Na(3P) atoms. The exper-
iment was performed in r.diationsfrapplng conditions which were well
described by the Holstein theory” . Thus the spatial distribution
of the 3P atoms was obtalned by measuring the resonance fluorescence
intensity and using the Holstein theory for the diffusion of the
trapped atoms. The time dependence of the 3P atom density was gbe
tajined by looking at the change in the transmission of a cw laser,
following the pulsed excitation. The cw laser was a single mode

dye laser, highly attenuated { >12JuW¥) and tuned to the far winge

of the D2 resonsnce transition. Once the absolute value for spatial
and time dependences of the 3P atom density was measured the cross
sections for 83 and 4D formation by 3P/3P collisions were obtained
by measuring the fluorescence ratios of 4D-3P and 55-3P to 3P=-35 .
and solving the rate equations {15), specifically written for pro—
cess (20).

The cell of Allegrini et 11.35 was a pyrex capillary cylindri-
cal tube of internal radius ~0.9mm with two polished slices of
glass rods as windows. Sodium atoms were excited to the 3P5,.,
state with a broadband ( 41 could be varied from 0.3A to 0.6§A)
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Fig. l1. Top view of the collision cell used by Huennekens and

Gallagher (taksn from rsf. /37/).

cw dye laser of wmoderate power $lowlcm2. The laser beam illuminated
the whole cross section of the cell uniformly and the effective vol-
ume from which the fluorescence was detected was further defined by
& narrow alit =150um placed near the entrance window. Exciged
atom density was determined absolutely at a low temperature T , in
absence of radiation trapping, by observing the saturation of the
resonance flucorescence signal. In fact at saturation the P3 o pop-
ulation denaity is related to the ground Sl atom density s{mply

by the level degeneracies, The 3P density at temperatures T', high
encugh to allow observation of fluorescence from the collision pop-
ulated 55 and 4D statea, was determined by_comparlng the intensity
of the resonance fluorescance signals at T and T'. The radiation
trapping present at T' was conmidered by correcting the natural
lifetime 3f the 3P level with the trapped lifetime calculated from
the Milne 0 theory, valid in the conditions of that experiment.

Once the excited atate density was known the cross sections for pro-
ceas (20) were obtained with the same procedure of rate equation
solution and fluorescence intensity ratio measurements. The two
above experiments have given results which agree within the exper-
imental errors (see table 1), although the methods used for tha ex~
cited atom density detsgnination were very dﬁgferent and excltation
was pulsed in one case and ¢w in the other~ . Previous measure-
menta were different as much as five orders of magnitude; this fact
evidences the difficulties in measuring the cross sections for energy
pooling collisions, but it also proves that the solution to the many
problems i3 not unique.

CONCLUSIONS
In these noteas the background aspects of the energy pooling

collisions rather than a complete review of the full work done in
this field, have been presented. This presentation has been inten-
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Comparison of the Na(55,4D) energy pooling
cross sections exoerimentally determined
in references /35/ and /36/.

Table 1.

Level | T(X)| o (cmz) | Ref.

] ] |

ss | 597 | (1.6 ¢ 0.6)x197t5 | 3s
I 483 l (2.0 * 0.7)x10" %> 36
! !
! | -15

ap | 597 | (2.3 % 0.8)x10 as
| | -i5
| 483 | (3.2 % 1.1)xl0 36
| |

tionally overaimnlified by treating the energy pooling processes as
singled out from multiphoton ionization, laser induced and other
collisional processes. Seldom this 1s the case in the actual exper-
iments; however the aim of these notes was to give the basic idea

of the energy vpooling processes and the general detection methods,
While the qualitative interpretation of the phenomena involving col-
lisions between excited atoms was immediate, many problems wera met
to get quantitative reliable values of the cross sections. A special
emnhasis has been nlaced here on theae problems and on scme appros-
ches used for their solution. A table with updates resulta for tha
energy nooling cross sections for the alkalis can be found in ref.38,

Theoretical work has been very limited; the cross section has
heen calculated only for few levels nepulated through the collisions
between excited atoms {for a complete list aee ref. /38/)}). Although
the order of magnitude of these cross Sections agrees with the ex-
nerimental determinations, the thecoretical method used is not fully
valid at the interatomic distances relevant to energy pooling colli-
gions, Comnlete calculations, based on the Multi-Configuration-Self
-Consisted-Field aoproach, are in progress”” and they should provide
a useful mao of the interatomic potentiml energy curves for any in-
ternuclear distance,
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We have observed the sodium doubiets acising from the J’D, S:S. J’D. 6’8. 52D pandatp-13s transitions, i
whenever sodium vapour is iluminated with a cw dye laser tuned to the wavelength of one of the D-lines. The phenomen
is interpreted as an excitation transfer induced by collision between two excited atoms.

Fluorescence of satursted sodium vapour irradiated
by a cw dye laser light tuned to the wavelength of the
D, or D, resonance line has been examined in the spec-
tral range from 3000 A to 8300 A. Besides the moiec-
ular sodium spectrum and the 32P - 328 doublet we
observed also the atomic doublais due to the transi-
tions 32D -+ 32P, 535+ 3P, 42D - 32p, 635 » 3%P,
52D -+ 32P and 42P - 328, Tha levels and transitions
of interest are shown in fig. 12, The experimental ar-
rangement is sketched in fig, b,

The absorption cell containing sodium and s few
torr of neon as buffer gas was made of commercial
spectral lamp glass in order to avoid contamination
of the walls. The temperature of the cell placed in an
oven was varied in the range of 200-320°C. A ¢w dye
laser (Rhodamine 6G pumped with an Ar* laser) with
1 beam cross-section of 0.1 em?, spectral width of

.0.2 A, 290 MHz mode spacing snd power ranging from

10 to 200 mW was employed. Moreover, in ordet to
increase the density of the excited atoms and to avoid
self-1rapping and self-absorption of the fluorescence
light the beam was focused to a cross-section of about
0.02 cm? just behind the input window of the cell.
The fluorescence arising from the smali volume where

* On leave of absence from the Institute of Experimental
Physics, University of Warsaw, Warsaw, Poland.
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Fig. 1. a. Level diagram of Na with the observed transition 1
The sum of the electranic energy of two JIP excit
atoms is marked by the dashed line. :

b. Schematic disgram of the experimental arrangem
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F'able | .
lelative intensities of the observed doubtets for Dy excliation
Teansition AE Relative intensities 2) Discharge b)
m) lamp
T 250°C Te20rC T=320°C
-1’ + 4799 1.6 19 116 123
sis ~3%p + 11 1 ] 1 1
4'p-3ip - 637 04 0.? Lo 30
615 —3'p - 2461 4,107 s.1a? 15.107° g0.107
s’p—3'p - 3128 s.107 7.107 34,107 0.3
<) a?p - 335 + 3641 0.1 0.2 0.4 1.0

) For esch tempetature the intensities are normalized independently,
) Emission of 93122 E Philips spectral lamp, wotking at normai conditions, observad with ouz axperimental srrangement.
! Values without eotrection for self-absorption and glass absorption.

1¢ laser exciting light is almost completely absorbed
s focalized on the slits of two monochromators in
rder to observe the resonance fluorescence and the
oublets independently, as seen in fig. | b. The signals
erived from two photomultipiiers (S-20 or 5-20R)
ere amplified and simultaneously recorded. Thanks

) the geometrical disposition of the apparatus, the
'sonance fluorescence did not go through the cell and
1e effect of strong self-absorption had been avoided.
n the other side, self-absorption for the doublets (ex-
:pt for the 42p - 375 transition) was negligible,

The relative intensities of the doublets measured
. different temperatures and with the exciting light
ined to the D, line are reported in table 1. It is scen
1at the distribution of the intensities depends on the
anslational energy of the stoms, L.e, on the tempera-
ire of the cell. The relative intensities of the doublets
aserved in the light emitted by a Philips spectral lamp
orking at normal conditions are reported in the same
ble and they are quite different. Moreover, some
wnsitions 21 62D -+ 32P and 725 = 32P present in
¢ discharge emission light with intensitles comparable
ith the transition 625 -+ 32P, in the fluorescence spec-
am were not observed.

To give an order of magnitude of the retio between
e intensity of the doublets and the intensity of the
sonance fluorescence we report a value /(4D)//(3P)
103 measured at the temperaturs 220°C and about
X0 mW lases light power. /(4D) and /(3P) denote the
tensities of the respective doublet lines derived from
) and 3P levels, The intensity of each doublet in-
rases strongly with the temperature (fig. 2) and with

the exciting laser light power (fig. 3).

The presence of both atomic D-lines in the fluores-
cence excited with the light tuned to the Dy or D, line
wavelength is dud to an energy transfer between fine
structure levels. This effect has been widely investigated
{1]. The presence of the doublets we have abserved is
aiso interpreted as an electronic energy transfer induced
in a collision of two excited atoms and is to our know-
ledge reported here for the first time, The process can
be described by the following equation

Na(3P) + Na(3P)-* Na(3S) + Na(nX) + AE, {1

whers Na(nX) denotes the sodium stom in one of the
58, 68, 3D, 4D, 5D, 4P states and AF is the energy
defect or excess for the level nX with respect to twice
the electronic energy of the colliding Na(3P) atoms
(see table 1). AE Is supplied from, or converted into,
transiationa! energy.of the atoms Involved in the col-
lision. A third body, such as foreign gas ot sodium
ground-state atom may also participate in the process
with its kinetic energy.

Let us denote by N(3P) the population density of
atoms in the 3P state, snd by /(nX) the Muorescence
intensity arising from the 1Y level. The number of
processes per unit lime, Z, y, described by eq. (1),
and therefore the intensity /{nX), depends on N2(3P)

Xy~ 2, = o LGN (3P), @

where ¥ {5 the mean relative velocity of the colliding
pariners and o,y the crosssection of the process. The
N(P) density is related to the "Ny atomic density, to

9?
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Fig. 1.1 ity of the doublets as 3 function of the peta-
ture, The | ity values are lized independently. The
dashed line indicates the calculated square density of Ng fol-
lowing Nesmeyanov's data [5),

the mean lifetime of the 3P state and to the intensity
of the exclting light. Therefore, according 1o eq. (2)
we could expect that the doublet intensities follow
qualitatively the dependence of #3,, on the tempera-
ture and g aquare dependence on the power of the ex-
citing light, as fs confirmed by the experimental data
repotted in fig. 2 and fig. 3. The effect of self-trapping
of the resopance fluorescence has been considered and
in a qualitative analysis it can be neglected. Indeed,
consistent results were obtained when the density of
the excited atoms M(3P) was changing at constant
temperature and constant light intensity by sweeping
the laser light wavelength A over the broadened ab-

98

sorption profile of the D, or D, line. Simultaneous re-
cording of [(nX) and 7(3P) a3 a function of A gave the
dependence of N{nX) on N(3P). An example for the
5688 A and 5153 A lines is presented in fig. 4 and
shows that the influence of the self-trapping is negli-
gible. The plot in fogarithmic coordinates of f(nX)
versus /{3P) exhibils a slope equal to two,

To test the effect of a foreign gas pressure we used
anothes cell connected with a vacuum line and a reser-
voir of neon gas. In the residual presence of the gas
{< 1077 torr) all the doublets previously reported in
table 1 were observed only when the temperature of
the cell was high enough (> 300°C). At Jower tem-
perature the 5°D - 32P and 625 + 32P transitions
could be observed only at higher neon pressure
(~ 10 torr at 280°C), The relative intensities of the
doublets show significant variations for pressure change
from 1073 torr up to about 10 torr, the transitions in-
volving large values of AE being the most affected by
the presence of a foreign gas.
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Fig. 4. 0. A recording of the 3P~ 35 and 4D — 3P flugrescence
as & function of the exciting dye Jaser wavelength AL.
The intensities have been normalized 1o the maximum
of resonance Nuorescence.
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When the excitation with the D, line was substituted
by the D4 line similar resuls have been obtained but
«he relative intensities of the doublets were different,
This can be related to the variation of AF values and
(0 a different collisional behaviour of 32Pm or S’Pm
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excited atoms. As an example table 2 reports for both
excitations the intensities of the doublets originatad
from the levels 42D, 528 and 32D,

The observed ratios HnX){(3P) indicate that the
Cross sections o,y ought to be relatively farge and do
not only depend on the energy defect, AE [2,3]. Pre-
cise measurements of the o,y values have not been
carried out due to the lack of exact knowledge of the
vapour density and of the effect of the radiation self-
trapping. A reugh evaluation supports the idea that
the interaciion between two excited asoms is of longer
‘range and stronger than the interaction between one
excited and one unexcited atom.

The study of such a type of interactions would be
very important from the point of view of excited-atom
collision speciroscopy [4) which certainly is involved
in stellar processes, eXxcited state chemistry, chemical
reaction under laser tadiation, etc.
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Table 2, Relative intensities of some cbserved dowblets for D, and D excitation st the temperature 280°C

Transition aE(cm™) Relative insensitios 8}

——

D, exc, Daexe, b) D, exc, Daexc, €} Dyexc, Dyexc,
4:n- e - 37 - 603 0.7 1.3 0.8 ‘ 0.9
sjs-:‘r + + 43 1 1 1 1
3¥p-3ip + 4739 + 47173 20 1.7 39 L7

%) For each row the intensitics are normalized independently,
b) Measured nt residual pressure of neon gas.
€} Measured at ~ 5 torz of neon gas,
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A rich fluorescence spectrum extending between 4000 and 5200 A has been observed whenever sodium vapor Is excite.
by dye Laser tight tuned to the 32§ — 3 ?P uansition. Moleoule formation due to collisions beiween excited and unexcites

atoms is manifested by the p of an missh

In a dense sodism vapor (1012-1013% g1om cm-2)
irradinted by dye laser light tuned to the 325, =
32P;;; or 32Py;, vansition, & high density of excited
stoms can be created. Collisions involving these ex-
clted atoms lead to sevetal processes of excltation
energy transfer and molecule formation which cause
8 spectacular enrichment of the fluorescence spec-
tum.

The spectral analysis of the fluorescence light has
been performed in an experimental arrangement sim-
ilar to that previousiy described [1]. The cell, con-
taining distilled sodium with residual potassium im.
purities and a few torr of neon, was maintained at
constant temperature jn the range of 250—-400°C. A
cw dye laser beam (maximum power = 100 mW, spec.
tral width & 0.4 A) was slightly focused just behind
the input window and the fluoresgence light was ob-.
served from the same side of the cell. Different filters
were placed in front of monochromator in order 1o
wvoid the scattered laser lijght. A nitrogen pumped
dye laser with the dyes Rhodamine 6¢, Coumarin,
POPOP and Delft Weiss 8SW [2] has been aiso used.,
The maximum peak power of the nitrogen laser is
400 kW at 3371 A,

In fig. 1 are shown the fluorescence spectra record-

! Present address: Nationsl R h Council, Herzbesg Insti-
tut of Asteophysics, Ottawa, Canada,

3 On leave of absence from the [nstitute of Experimental
Physics, University of Warsaw, Poland.

1 On leave of absence from the Depastmant of Optics, Uni-
versity of Barcelona, Barcelona, Spain,

band of sodium In the spectral range 41604570 A. .

>
bd

ed st the cell temperature of 380°C when the cw dy:
laser light frequency was in resonance with the 32§
3 2P transition (fig. 12), and for comparison, when it

e JO-39]
Na {40~
b-

K P -48)
o o~ 9

ry

A
__L -

000 -oawlq .
Fig. 1. F) spectrn excited by cw dye laser. s} Lu%‘
tuned to the 3255 — 3 2Py, transition, b) laser out of the, *

sodium resonance lnes (5940 A). Temperature — 380°C, lig
power ~ 40 mW,
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was out of the resonance (fig. 1b). In the latter case
the laser light with wavelength 5940 A excites the
B'Z* and C N states of NaK molecuies [3,4] present
In the cell as a consequence of patassium impurities,
and with much less probability the A! E: state of Na,
molecules [5,6] , giving rise to emission of the over.
lapping bands as well a3 to the atomic fluorescence
originating from the dissociation products of the re-
spective molecular states {7], Electronic energy trans-
fer from excited molecules to sodium and potassium
atoms can ajso contribute to the population of the
atomic levels [8],

Whenever the cw dye laser light is tuned to the
3285 + 3 2Py or 32Py, transition, the fluores-
cence spectrum is enriched by the occurrence of sey-
eral sodium and potassium atomic doublets, the well
known Na; and NaK molecular bands (the number
of K; molecules is negligible) and a diffuse band ex-
tending from 4160 to 4570 A which does not corre-
spond to any reported alkali diatomic molecular band,
The general features of the spectrum do not show ap-
preciable dissimilarities when instead of the cw dye
lases the pulsed dye laser is used.

The spectrum is almost completely due to the col-
lision processes involving sodium excited atoms,
schematically presented in fig. 2. Moteover, some sec-
ondary processes can contribute to the spectrym, and
their share increases with the temperature. A more
detailed description of the several fluorescence com.
ponents with a brief analysis of their origin will be
given below. The intensities reported here (measure-
ment performed at the cell temperature of 380°C and
the laser power of 40 mW) are corrected for mono-
chromator and photomultiplier spectral responses and
then normalized to the resonance fluorescence line
intensity. The values obtained in this way give an ides
of the weights of the discussed processes. Owing to
the strong selftrapping of the sodium resonance radia.

Mol xhre) Nalrele sty
.q:q *X[in) (xonp
Wofas}+ Nula) amate) o | N-(:IF.,,:?.,I:'N-(I)*:::E: 2

+ Ma,[x's}

Na{a't) «Na(n)

Fig. 2. Processes ocourring Ln a vapot with high density of
Na{3P} atoma.
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tion, the normalized intensities cannot be directly re.
lated to the probabilities of the respective processes.

Atomic doublets. The line corresponding to the
transitions: 3 2P - 325 for sodium and 4 2P+ 4 25
for potassium, are the most intense in the spectrum.
The appearance in the fluorescence of both the D so-
dium lines when the exciting light is tuned either 1o
the 325,15 + 3 2P, or the 328, 5 = 3 2Py transi-
sion is due to the energy transfer between fine struc.
ture levels. The potassium fundamental doublet is due
to an electronic energy transfer induced by collisions
between Na(3P) and K(4S) atoms [9]. Relative inten.
sity of the doublet is 5 X 102, whereas sbout 2% is
due to the fluorescence from NaK dissociation and
molecule--atom energy transfer.

The oceurrence in the spectrum of the flucrescence
lines originating from higher sodium levels has bean
recently reported [1] and interpreted as due to the
collisions between two ¢xcited stoms leading to the
enesgy transfer process:

Na(3P) + Na(3P) -+ Na(35) +Na(nX) + AE, (1)

where Na(nX) denotes a sodium atom in one of the
high excited states and AE denctes an energy defect
or excess for the level nX with respect to twice the
energy of 3P level, The normalized intensity of each
of the strongest doublets (5686, 6159 and 8191 A)
s about 10~ The present experiment has been per-
formed for higher temperatures of the vapor than pra-
viouly, thus, besides those already reported, the dou-
blets corresponding to the trapsitions: 72D - 3 2p
(4497 A), 6 2D + 3 2P (4667 A) and 725 -+ 3 2P
(4751 A} are also observed. The normalized intensity
of the 4667 A line 1s about 2 X 10-5, All the dou-
blets follow rather well & quadratic dependence on
the laser light intensity up to the highest power ob-
tained by means of the pulsed dye laser. Since, how-
ever, the energy defect AE In eq. (1) becomes large,
we do not exclude the contribution of secondary col-
lisional processes transfetring population from a nX
leve] to a higher one. A pracess of one-photon ioniza-
tion of a nX level [10] is energetically possible and
sfter electron recombination it may produce a popu-
lation of higher levels. Nevertheless, the quadratic de-
pendence on the light intensity is in favour of colli-
sional character of the effective process.

Population of high excited potassium levels Is ev.
denced by the presence of some potassium doublets

Yolume 12, number 3

in the spectrum. These populations can be attributed
to the secondary collisional processes as

Na(3P) + K(4P} or
Na(nX) + K(45) - Na(35) + K(n'X) 2)

The most intense doublet corresponds to the transi-
tion 5 2P -~ 4 25 (4045 A) with normalized intensity
about 6 X 10-35.

Molecular bands. The Nay red (A VE! -+ X 'z;)
and NaK orange (B 1Z*, C I » X 1Z*) overlapping
bands extending between 5600 and 8000 A with the
totat intensity of ~ 4 X 10-2, and the Na, green
(B!m,»Xx ‘7‘.;) band [11] extending from 4600 to
5600 A with the intensity of ~ 7 X 10—% are seen in
the spectrum, The presence of these bands is attrd-
buted either to an excitation energy transfer between
3P-excited atom and ground state molecule or to s
molecule formation resulting from a recombination
In collision between ane excited and one unexcited
atom {12]. The contribution of tha two processes
cannot be distinguished by a simple analysis of the
fluorescence spectrum, but the former is almost reso-
nant for the A 1T state population and exhibits an
energy defect of 3000—5000 cm~! for the B 11,
state population. Thus, in the green band case a par-
ticipation of the molecule formation process seems
to be dominating.

Diffuse emission hand. This band, with the total
intensity of 2 X 107*, extends between 4160 and
4570 A and exhibits three weil distinguished maxima
&t about 4260, 4340 and 4525 A with & deep mini-
mui at about 4470 A {see fig, 3). Improving the reso-
lution of the monochromator up to 1 A, we have not
observed a more detailed structure. The intensity of
the band increases linearly with the exciting laser light
intensity and, moreover, approximatively follows a
square dependence of the sodium atomic density on
temperature, The diffuse band has been also observed
using o cefl without foreign gos (< 103 torr), An
analogous band has been reported [13] for a cesium
vopor.

Taking into account the above observations, the
band is interpreted as due to molecule formation in
a two-body coilision with emission of radiation:

Na(3P) + Na(35) = Na,(X ‘z;) +hv, (&)

In ordes to test this interptetation the cell has been
irradiated by the pulsed dye laser swept from 4170 to
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Fig. 3. Diffused band and green sodium band recorded at the
cell temperature of 400°C and laser power of 80 mW.

4500 A. In the spectral range of the diffuse band no
fluorescence has been observed. Thus, the band does
not originate from a bound state. Moreover, it is evi-
dent that the band cannot be due to a residual pres-
ence of potassium in the cell. In fact, a cell with po-
tassium irradiated in the same way gives a molecular
fluorescence extending between 4100 and 4800 A
due to the C1Z} + X LY transition [14}. The shape
of this band is quite different from the shape of the
diffuse band,

The molecule formation observed in this experi-
ment can be explained as follows. In » sufficiently
dense vapor the atoms are relatively often in the state
of collision, moreover, for high enough concentration
of excited atoms, a great deal of these collisions oc-
cur between excited and unexcited atoms. For a cen-
tral collision [15] we can define the turning point of
the motion as the point of intersection of the hori-
zontal line AC (see fig. 4) corresponding to the total
energy of the system with the potential curve, The
atoms spend most of the collision time near to the
turning point. According to the Franck—Condon prin.
ciple the radistive transition from this point goes ver-
tically downwaird. If the transition A - B, shown in
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Fig. 4. Potenlial curves explaining oleculs formation in two-
body collision with emission of radiation.

fig. 4, leads to 2 bound vibrational leve] of the ground
state, we have an example of the molecule formation.
Since, however, in different individuat collisions are
invoived different amounts of kinetic energy (differ-
ent heights of the point A), we obtain a diffuse emis-
sion spectrum. The shape of this spectrum depends
an the vicinity to the point A of other potential
curves, For instance, the deep minimum seen in the
diffused sodium band can be interpreted us due to a
crossing with a potential curve of a state with forbid-
den radiative transition to the ground state.

In the case of noncentral collision [16] the atoms
do not approach each other and at no point is their
relative velocity zero. The colliding atoms with deter-
minate impact parameters (angular momenta) inter-
act in such a way, that they make a number of turns
around one another and after fly off. Thus, the stoms
are in interaction for a definite time. During this time
the radiative transition to the molecular ground state
can take place resulting ip a diffuse emission band.
The diffuse band ought to have a rotational structure.
Nevertheless, due 1o the low resolution of our mong.
chromator we could not observe such & structure.

The position of the diffused sodium band in the
fluorescence spectrum has been calculated on the ba-
3is of the above explanation. Using the data sfter
Demtrdder and Stock [11] for B!M,, and X }£* sodi-
um states, and according to the Franck—Condon prin.
ciple it has been found, that the band originates just
above the last bound level (v' = 29) of the B im, state.
The transition v’ % 29 -+ v = § corresponds 1o the
wavelength of 4573 A. Indeed, the band extends be-
tween 4160 and 4570 A with the highest maximum
at about 4340 A, Supposing that the maximum corre-

n
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sponds 10 a transition to the vibrational level v’ = 10
or 9, the kinetic energy of colliding atoms is 3.5—3.8
kT for T=653K.

In conclusion, we want to emphasize that laser ex-
citation of sodium in a dense vapor leads to a grest
variety of collision processes which are manifested by
sensitized fluorescence. It is also possible to ohserve
rather rare process of molecule formation in two-body
coilision with emission of radiation. Finally the proc.
esses of excitation transfer from sodium atoms to po-
tassium atoms and 1o sodium molecules are dominant
and their large energy excess is converted to kinetic
enctgy of colliding partners. This fact may be consi-
desed in order to explain other processes occurring
in the vapor.

Two of us (A.K. and G.0.) wish to express sincere
thanks to Professor Adriano Gozzini and to the col-

leagues from LAFAM for the kind invitation and the
warm hospitality in Pisa.
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ON THE PROCESS OF ENERGT TRANSFER INDUCED AY COLLISIONS EIC, 9

By using the relative intensity of the 4D-3P transition with respect to the rescnance
flnoreacenss measursd in our sxperiment {table I of retf. (}}}, we may also estimate the
experimental cross-section. In the steady-state regime the rate k, of the aX-level
populstion produced by mechanism (1) including cascade transitions is given by

1
@ b= o8 = (D407, — T X)),

where o, is the average cross.section of proceas (1), ¥ is the mean relative velocity
of the eolliding pariners, N, denotes the population density of the j-levet and A, is
the radistive deoay rate for the transition from level ¢ to level j. The intensity of the
fiuorescence line emitted from the volume ¥V per unit solid sngle, dus to the i-§ transi-
tion, can be expressed by

14
(3 Iy = ;M’uiuanl '

where w,, is the transition frequency and S, {8 » number 1 which deseribes in &
qualitative way the influence of self-trapping.

For the 4D-level the contribution of caseade transitions san be neglected and then
eq. (2) takea the form

(& ko = Aypas Wﬂ-a Snua Iw.u-

Ner @i Senar larss’

where sxpression (3) has been employed two times. Jubstituting into the above equa-
tion the ratio Iyp yp/lypss » 10~ measured at 220 °C (1) and taking as reasonable values
Agpay 100871, Np <510 e, & aw 100 om 61 and Spp4s/Gp e w 10-1, we obtain

g > 10-¥ em?. Very recently Locatorro snd MclLraTe (*) have svaluated the croms- -

section of process (1) for ali the levels observed In ref. (!}. The values vary from 10— to
10-'? ¢m?®, showing that mechanism (1) is not negligible as claimed by Erasiise: etal. {9).

In the case of the lower-lying 3D and 4P levels an additional population by cascada
transitions from higher levels populated directly by mechagism (1) may be remarkable.
However, these cascade transitions lie in the (nira-red region of the spectrum that was
not anslysed and, therefors, the correspouding oross-sections cannot be estimated. On
the otber hand, for the 6D and 69 levels, whose energy defect AF reaches values of
about 8 kT, processes other than (1) may contribute to the population ().

During the last few years s large number of experiments (*-'*) dealing with phenomena
cceuring in dense metal vapours illuminated with resonsnt lasar radistion have been

i T. B. Lucarorro and T, J. Mclimars: dppl. Opl., 19, 3048 (1980).

(") T. B. Locarorro and T. J, MolrmaTe: Phys. Rew. Lait., 37, 428 (1878); B8, 1390 {1917).
("} C. H, SannER: J. PAye. B, 13, 55 (1080). :
(*} A. C. Tam and W, HaPrFER: Opl. Commun,, 21, 403 (1971).

M M, E. Koon. K. E. VERMA snd W, C, STwaLley: J. Opl Soce. 4m., 70, 037 (1880).

(" G. H. BearMan snd J. J. LevEnTaL: PAys, Rev, Lett,, 41, 1717 (1878).

{'*y H. A. Baomor and M, Koox: J, Phye. B, 13, L3S (1980},

(") 8, G, Lzawre, J. T. VERDEYZIN and W. B. MiLLar: J. dppl. Phye., 48, dddd (10TT).

{(*") T, YaBUziki, A. C. Taw, M. Hou, W. Harren and 8, M. CORRY: Opd. Commun., 34, 303 (1978}
(") A, Eorrerrracs snd P. KowarLczT: Opl. Commun,, 25, 351 (1978).
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performed. Almost complets ionization was observed in seversl metallic vapours (*")
at atomioc densities larger than 104 cm-* and with laser power densities > 1 MW cm-t,
Some plasma features were observed in very denss (~ 1037¢m-?) Ca (') and Na (")
vapours irradinted by low.power c.w, lasers tuned to a transition starting from the
first-excited level, In the experiment of ref. (!*) perfortned in conditions similar to
ours (1), it was found that besides the energy-pooling coilisions leading to the popula-
tion of high-lying levels also both Na‘s and Na+ iona were formed in the ratio 10:1.
The degree of ionization was low, because an estimated fractional jonization for Nad
was 10-*. Both the ions signals showed a quadratic dependence on the 3P-level popu-
lation. Recently Enasifiaxy #f al. (") presented some argumenta and also experimentsal
results to prove that the fluorescence arising from high-lying levela which we observed
cannot be produced by mechanism (I). They propossd another expianation, namely
the direet excitatiop from 38- or 3P-level by collisions of sodium atome with super-
heated electrons, 3uch electrons would be produced by some ionization processes fol-
lowed by superelastio collisions with the laser-excited atoms. Moreover, KRa3INSKI ef al.
claim that in our experimental conditions (+%) the laser.irradiated vapour is cioss to
the total ionization. Hot elsstrons have been previously invoked to explain the full
ionigation observed in other sxperiments (*7).

First of all it is necossary to clarify the assertion by Eramisxr ef al. () that in our
experiment the fluoressencs produced by mechaninm (1) should show no dependence
on the laser intensity, beoause the iaser beam reaches intensities which are many times
that required to saiurste the 38.3P transition and so the number of 3P excited atoma
should remain unchanged. Nevertheless, in our experimental conditions the yellow
fluorescence from the 3P-lovels increases with the laser power or when the resonant
light intensity is increased by chavging the tuning of the laser line over the narrower
absorption line (3), showing that the number of 3P atoms in the volume observed by
the photomultiplier inoresses too. With respect to this, we would like to mention some
effects which must be taken into account when the optical saturation of a vapour by
a c.w, laser beam is analyged: i} The discrete spectrum of the multimode laser implies
that ooly a amal} fraction of atoms is coupled to the optical waves. Such s fraction
increases with laser intensity as a consequence of the power broadening of the homo-
geneous absorption line. This effect is theoretically well known (1) and is responsible
for the inct that in the saturation the absorbed power increases with the square root
of intensity until the homogeneous width approachea the lsser mode spacing. ii) The
laser beam intensity shows a nonuniform spatial distribution due to the nonuniform
intensity distribution scross the beam and the eventual focaliration. Moreover, when
the vapour is dense enough, the laser beam is strongly attenusted along its way inside
the cell. 3uch nonuniformities imply an expansion of the saturated volums with in-
oreasing laser power. Finaily, let ua remark that ¢ anomslous ¢ bshaviours in the saturs-
tion of sodiom and other metsllic vapours have been actuslly observed in experiments
with high-power pulsed lasers (#-17),

The first experiment by KRasifaxr et al., performed in conditions similar to ours (1),
consisted in the measurement of the width of the 3D-3P lines. If mechanism (1) is
directly responsible for the 3D population, then the line width must be influenced
by the energy sxcess (AF mv 10 kT). If the 3D-excited atoms radiate befors anything
else happens, then the emitted line should show a flat-topped profile with s width of

(") V. 8, Leroxuor and V. P, CHERCTAYEY: Nonlinear Laser Specivoscopy (Berlin, 1977}, p. 30,
(" D. D. Bunozss snd M. J. EOKART: J. PAps. B, 9, L5319 (1879); R. D. Dirven and J. L. SMipEn:
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‘about 3 timea the thermal Doppler width. If only elastio collisions with a gas kinetio
cross-section are considered, the time between collisions is longer than the 3D-level
decay time. Howevor, this assumption is not so obrious because other perturbing
proceases cannot be excluded. For inatance, in the presence of high density of 3P ex-
cited ators, the long-range resonant excitation transfers between superthermal and
therma! atoms may ococur before the radiation from the 3D-level takes place. Thus
the observed lines should consist of two compounents resulting from the supsrtheroal
and thermal contributions. The thermal component becomes more important a¥ higher
atomic densities and should be affected by resonance broadening. Such sffects osnnot
be omitted when the line shapes are analysed and their widths are determined, They
are well known from the analysis of linos emitted after the dissociative recombination
in the plaama afterglows (%),

On the other hand, population of the 3D-lsvel can be mainly due to cascade transi-
tion from the 4F-level, for which AF a — 1.3 kT, and thua process (1) leading to the
4F population is expected to be much more probable. In such » case the superther.
mul effects would be negligible,

The pronounced increase of the line width with the temperature shown in fig. 4
of ref. (*) waa not explained by the authow, Between the ssveral possible explanations,
8tark broadening can be invoked owing to the presence of ioos inside the vapour.

However, a simple sstimation based on the data taken after GrixM (') shows that
the electron impact width for the 3D.3P line would not be sufficient to justify the
reported widths, even if complete ionization is assumed, i.e. with sn electron density
equal to the atomic density the caloulated walues are 0.1 ond 0.5GHz for 277°C
and 327 °C, vespectively. Since the density of 3P stoms is high, the resousnce brosd-
ening may be also considered; unfortunntely, to our knowledge, no theoretical or ex-
perimental data ars available for the self-broadening of the 3D-3P lines. As & matter
of fact, we found that the reported expsrimental points follow very closely s linear
dependence on v NTT) io the form Ay w Awy + BVN{T), where Avp is the Doppler
width, B is & constant and N denotes sodium stomic densities drawn from Nesme.
yanov's table (M),

KnasiNski ef ol. (3) have performed o second exsperiment with the aim of discrim-
inating the contribution of procesa (1) in the high-lying level population with respect
to other processss. The vapour was irrndiated by two pulised dye-lasers with a power
density of about 10% W cm-?, one of them tuned to 33.3F resonance and the second
detuned somewhat from resocnsace. The fiuorescence from the high-lying levels and
the electric current obtained with two electrodes inside the cell were the messured
signals. The experiment consisted iv comparing the signals obtained whea the vapour
was irradiated by only the resonant laser sud when the two lasers acted simultanecualy.
In analysing the experiment, the mosd aignificant lavels are expected to be the 53 and
4D ones which have the lowest AR values involved in (1) (~ 1 kT). Instead the reported
results concern the 5D sad 09 levels, whose AE values are about — 8 kT and, there-
fore, process (1) is expected to be less probable. In such a case other mechanisma
invoiving nonlinear radiative processes could be predominant owing to the high power
densities employed in the experiment, namely 10% or 107 timee higher than that used
in our experiment (). Moreover, tha meaning of the experiment is not straightforward
since some important details have not been specified, such as the detuning of laser 2,

(") M. A. BIONDIt Principles of Laser Plarmas, adited by 0. Bevsxt (New York, N. Y., 1978), p. 131.
("} H. R. Gritu: Speciral Lins Brood by PL (New York, N, Y., T4
(% A. N. NEAMEYANOY: Fapowr Pressurd of lha FKismemia (Naw York. N. Y.. 1083}
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the dependence of the fluorescence and electric-onrrent signal upon the detuning, wh:
signal is produced by laser 2 alone in the absence of laser 1.

Finally, KRasipsx: ef al. () bave published some misrepressnted facts which mu
be clarified: 1} BramuaN and LEVENTRAL () obssrved the processes denoted in ref.
as {1) and (4) and they excluded s participation of hot electrona in the excitation '
nX levels, Actually the experiment bas been repeated with great care (*) and su
ports the idea that the energy-pooling collisions produce the populstion of high-lyixh
lovels. 2) UzEr and DaLaiRio (™) calculated the effective cross-section for the phot -
dissociation of Nq jons in vibraiional levels populated by sbsorption from the B!}
state of Na,, and this is not relevant to the discussed experimenis.

In conclnsion, we retain that the work of Krasinski of al. (3) doea not invalidate or
reaults about the energy-pooling cvilisions in sodium wapour (M%),

(%) V. 8. Evemawams sad J, J. LEFENTRAL: PAve. Hev. 4, 18, 3488 (1980).
(**) T. UsER and A. Daloamnos Chem. Phys. Letl,, 61, 313 (1974).
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Summary, — The illumination of potassium vapour by mesns of & c.w.
dye-laser resonant with the fundamental 45—« 4P transitions results in the
excitation of high-lying atomic and molecular atates. In the present
paper we report & spectroscopio study of this phenomenon sud experi-
mental evidence that the mechanismws responsible for the population
of some of the lavels not directly excited by the Inser involve the oreation
of a plasma in the vapour.

1. -~ Introdaction.

Multiphoton and collisional processes in alkali vapours irradiated by
inser tuned to a resonance transition have been recently considered in several
experimental and theoretical papera (}).

The emisasion from highly excited atomic states following absorption of a
c.w, dye-lagser beam, tuned to the D, or D, line, was firstly detected in sodinm

{1} For & review aee T. B, Lucarorro and T. J. McIuearn: Appi. Opt., 19, 3848 (1880).
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vapour (*} and the effective lifetimes of some of these atomic atates were meas-
ured {?). More recently the line width of one of the emitted lines was meas-
ured {*) in the effort to clarify the mechanism responsible for the fluorescence
from the highly excited levels. Simijlar experimenta on Cs vapour have been
performed by Tam and HarPEk (*) with a cw. dye-laser resonant with the
8P, — 8D, transition and by LEsLIE et al. (%) through pulsed-laser excitation
tuned to the second resonance line. Wa have recently observed fluorescence
from highly excited potassium atoms produced in collisions between sodium
snd potassium atoms (7).

In an experiment, simultaneous to the first report (*) on the excitation of the
high-lying atomic states, almost complete ionization was observed in & 10 cm
column of sodium, at atomic density =~ 10" em-1, irradiated by a 1 MW pulsed-
laser resonant with the 38 —» 3P transitions (*), Similar results were obtained
soon after in Li (") and again in Na (+1114),

The observations of fluorescence from atomic levels with energy higher than
the level excited by the laser and of laser-driven ionization are two different
approaches to the complicated problem of laser-vapour interaction, The link
between the two experimental observations and the processes suggested for
their explanation is evident in more complete works (%'*) where both the
spectroacopic study and the analysis of the ionization products are made.

From the theoretical point of view, MEASURES, back in 1970 {"), suggested
that laser excitation of an alkali vapour could result in an efficient ionization
and, as a consequence of the experimental activity in this field, also the theo-

(% M. Arrrarini, G. Arzxrys, A. Korrsryvaxa, L. Mot and G. Ommiors: Opt.
Commun,, 19, 968 (1978); 22, 329 (1977).

(" A. Korrsrrnexa and P, Kowarczrx: Opi, Commun,, 25, 351 (1078),

{4 J. Krasivaxt, T, Bracewicx and C. R, STrROUD jr.: Opl. Commun., 33, 158 (1980).
() A.C. Tax and W, HarPER: Opt. Oommun., 21, 403 (1977).

% B8.G.Lzsux, J. T. VERDETEN and W, 3. MicLaR: J. dppl. Phye., 48, 4444 (1977,
("} M. ArpLzaring, P, Biccui, 8. Gozzini and P, 3avino: Opt. Commun., 36, 440 (1981),
(" T. B. Lucavorto snd T. J. McCILRATH: Phys, Rev, Lett., 37, 426 (1976).

(" T.J, McItratr and T. B, Lucatorro: Phys. Rev. Lett.,, 38, 1380 {1977).

(**} A. v. Herrrerp, J. Caprick and J, WEINER: Phys, Rev, Leit., 40, 1369 (1978).
(**) A. px Jovg and F. van pEr VarLx: J. Phye. B. 12, L5861 (1979).

(" P.Porax.Dixgozis, J. F. Derrxcn and J, WEINER: Phys. Rev. Leit., 44, 1863 (1980);
J. WrINER and P, Porax-DinaeEra: J. Chem. Phys., T4, 808 (1981).

(" M. E. Eocr, K. K. VErsta and W. C. STwarLrer: Proceedinge of the IQEC
(Boston, Mass., 1980}, p. 627; Proceedings of the IEEE Conference on Plarma Science
(Madison, Wis., 1980), p. 84,

(*% T. Staczwicz: Opt. Commun,, 35, 230 (1980),

(") F. Roussxi, P, Breorr, G, Srizss, C. Mavvs and 8. Gxrruan: J. Piye. B, 13,
L831 (1980).

(“) G. H. Bzaruax and J, J. LEVENTRAL: Phys. Rev. Loit., 41, 1227 (1078); V. 8.
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idly increased. A large number of pm:)hu been
i i been caloula .
idered and the relative eross-sections have ‘
0011!1:1 ihia paper we report the first expetimental ren;lt;ai m:n.u-,eu-:l.lry ng potmim:l..o
i f Cs vapour (¥, is ve
The phenomenon, as in the case of 18 ven mtpectmuhrmmm i
. by irradiating the vapour with the laaar' ne,

::i!;;:ewhiti spot (fig. 1) appears at the entrance wmdmfr of the eel;'hoontumnmg.
potassium or in the focus of the lena if the laser beam is focused. 1 teios]rcmm
scopic analysis of this white glow shows several lines, due to trans

highly excited atomio states, and some molecular bands.

insi the
Fig. 1. - Photograph showing the white fluotescence inside the cell, produced by

resonant laser beam aloag its path,

2, ~ Description of the finorcscence spectrum.

The experimental spparatus is gketched in fig. .2. A py-msx1 wl:e?on?;n;:g

tagsium is iradiated with a c.w. dye-lager (Oxazine 1 Perchlorate), psog 5
:0 the two red lines of a Kr* laser, tuned to either D, (1665 A) or .D:1 (7 00 2
reylonant lines. The dye-lager is broad baad (Ad==05 L), mu.ltnl:i:: to: ‘:n-e de
spacing = 400 MH3) and of low power {~(10+100) mW); a beam sp

. R. M. Mzasuvres, P. L. WiziNowIcH
1y R, M. MEssurEs: J. Appl. Phys. 48, 7 (1977); OTion
(m)d ?, G. CaxpinaL: J. Appl. Phys., 51, 3622 (1080); R. M. Mzasumxs and P. G.C
. Phys. Rev. A, 23, 804 (1881).
I:l:)“; g::;nu: J. Phys. B, 18, 3057 (1977); 13, 115 (1980), 1980)
(("l*P. Kowerorrk: Chom. Phys. Lett., 68, 203 (1979); 74, 80 (1980).
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krtiaser L dye—ioser

L
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in out in out
foeh= oscilloscope

Fig. 2. - Experimental set-up.

s small fraction of the laser beam into a photocell nnd & second photocell
monitors the light tranemitted through the cell in order to control the variations
of the laser power, The lusor intensity is varied with cnlibrated neutral filters
snd in @ continnous way with an interference filter or a polarization prism.
The temparature of the cell is varied between 150 and 230 °C, corresponding to
o potassium stomie density of ~ (10'2-10) atomsfem® (') and a Doppler
width of ~1 GHz, 30 that only two or three laser modes fall inside the inhomo-
geneously broadened atomio line. A buffer gns may be added into the eell at
different pressures, To get a better signal-to-noise ratio, the beam is modulated
by & mechanical chopper driven by the lock-in smplifier used for the phase-
sensitive detection. The fluorescence is collected at right angles to the pump
beam, dispersed by a § m monochromator and detected by s photomultiplier
sensitive in the spestral region (3400-8200) A, Self-absorption effects of the
fluorescence light are avoided to some extent by focusing the input beam very
near the exit window of the cell. Although the phenomenon is observable
withont any focusing, during the messurements we have fooused the laser
beam by a lens with 15 cin foeal length; the Inser beam waiet js not changed
apprecisbly by the lens and the maximum laser power density in this geo-
metrical configuration results ~ 10* Wiem". The geometry of excitation and
detection has to be carefully controlled becanse the volume of the VApOUr ex-

() A. N. NesuEYaNov: Papowr Pressure of the Chemical Elemenis, edited by R. Gary
(Amsterdatn, London, and New York, N. Y., 1663).
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cited by the laser and then the density of excited atoms change with the tem-
perature and the lager power. Although it is possibie to take into account
theoretically (") the volume effects, we have experimentally overcome this
problem by using a diaphragm in front of the monochromator slita.

The fluorescence spectrum contains lines due to transitions from many
of the highly excited atomic states, up to the 128 level; of particular interest
is the 3D — 49 transition which is only quadrupole allowed. The levels in-
volved in the transitions are reported in fig. 3 and a portion of the uncorrected

y
125 mmpe 100 —
0 000F 75— _
&P ——
65— Y, p—
IRE[GPlm—mmmmmmmmm o s s mmee s
' 5P mmcr
_5.20 n—
220 000}
:
4P
10 oool-
1=7665,76991
ok 48—

Fig. 3. ~ Sketch of the atomio levels of potassium from which fluorescence is monitored
with our detection apparatus seneible in the spectral rangs (3400 --8200) A

spectrum showing the strongeat lines is reported in fig. 4. The relative intensity
of the transitions from the higher levels compared to the resonance fluorescence
varies from ~ 10-4 for the strongest lines to ~ 10-* for the weakest, lines. Table I
resumes the transitions observed in s cell containing potassinm and 5 Torr
of Ar at T = 200 °C; the energy difference AE between the upper level involved
in the transition and the sum energy of two atoms in the 4P.state is an im-
portant parameter and it is reported in the toble in units of kT.

The density of potassium molecules at the temperatures of our experiment
is only a few %, of the atomic density and the laser frequency is not resonant
with sny meolecular transition. Nevertheless we have observed in the spec-
trum three molecular bands: the BT, — X3 X%, which is very weak but well

M A Carzsiwr. Thasin TTnivarsith di Pisa (1881,
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. 4. — Portion of the K flnorescenca uncorrected spectrum showing the strongest atomic lines recorded in a cell containing K

| 6 Torr of Ar. The laser power is ~ 100 mW and the temperature 170 °C.
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Tasir [, - Alomio traneitions of polassium observed in the spectrat region (3400 --6200) A
in a cell contaiming K and 8§ Torr of Az, wnder excilation of Ihe Dy-resonance line.
T o= 200 °C, LT = 320 cm=}, Py > 100 mW.

Transition Wave-length (1) Relative intennity (% AE(*)
4P 48 7665 —7609 1
5P =48 4044 = 4047 104 + 4
6P — 48 3440 — 3447 10-* -9
69 ~» 4P 68911 —8939 510~ — 4
18 v 4P 5782 --5802 16 —13
§9 = 4P 5323 5340 2. 104 - 17
98 - 4P 5084 5000 104 - —20
108 — 4P 4942 --4956 10-7 —22
118 — 4P 4850 =-4804 3-10- --23
129 - 4P 4787 4800 104 — 2
4D —+ 4P 8038 6063 6-10-* — &
5D -—=4P 5812 + 5832 8-10~% -— 13
8D — 4P 5343 5360 10 — 17
TD— 4P 5007 5112 8-10-" —20
8D —4P 4961 4965 2107 —2¢
9D - 4P «858 4870 §- 10~ —23
10D — 4P 4791 4804 102 —24
3D — 48 (%) 4042 10-*

{a) The iatensities ars cotrected according to the responss of the )| ts of the detection spparatvs,
The relative intansitiea depend strongly upon the aser power, the tempersture of the osll snd the
presaure and kind of buffer ga8 sdded Lo the coll, Thus the valusa hare reportad have to be oconsidered
approximatse.

() AE is the differsnce between twice the energy of the 4P-level exclted directly by tha laser snd
the upper lavel lnvolved in the tranaition, sxpressed in uait of kT.

@) Quadropole-allowed teansition.

jdentified by the vibrational constant =, of K,; & very strong band in the red
(~ (72008000} A), where the AZr > X'Z} band is axpected, and a dif-
fuse band peaking at ~ 5726 A. The intensity of this band relative to the atomis
¢ronsitions in the same spectral region can be ipferred from fig. 5. The diffuse
band showa & behaviour different from that of all the other atomic and mol-
ecular lines in the spectrum, first because it is present nlso when the laser is
detuned from the atomic transition 48 — 4P and secondly because it extends
all along the laser path in the cell outside the white glow. Similar bands have
been observed in low-power potassium discharges (**) and in our case can be

i m s e o a. T Bia. B A 9K {1071V
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Tig. 5. - Diffuse molecular band peaking et 87264 and K i S ’
same region of the spectrum. ¢ and K atomic transitions in the

due tg two-photon transitions in the molecule; however, further work is neede«
'to understand the mechanism of population of the molecular levels and thei
identifloation. }
. .Another strong line present in the spectrum is due to the resonance tram
gition 3P -+38 of sodium which is present in the cell only a8 an impurity. Th
nsual process of sengitive fluorescence, namely EK*(4P) + Na(38) - K(43)
+ Na*(3FP), hat & smail probability because the reaction is toco endotermi
and requires a conversion of ~ 0.5 eV of kinetic energy to internal energ‘y;
The presence of 3P-excited aodium atoms is instead o consequence of electroi :
impact excitation of the type o--+4-Na(38) — e-(slow)+Na*(3P}, once th;

‘electrons have been created in the cell becauss of the processes induced b’

]
the lager on the potassium vapour. Indeed the croes-gectiona for the sensitiv
fluoreacence process nnd the electron impact excitation have been calculated (*

T
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Wo have analysed the fluorescence signal from each atomic level as a func-
tion of the laser intensity, the temperature of the cell and the pressure of the
buffer gas and we were expecting the same dependences as already found in
agdium (*). On the contrary, it is evident that the transitiona srising from
levels whose energy is within a few kT, the sum energy of two atoms in the
4P-atate, directly excited by the laser, bave a different behaviour from the
traasitions coming from levels lying far away from 2 wx E(4P). A quantitative
example is shown in Bg. 6, where the intensities, measared in & cell containing

: i
i i
i t
i
; ! !
- |
:o i ! ¥
i
! i
i i
i i }
1] 1 i
i i L L A o
0 20 %0 1] [1] 19
IL(mW)

Fig. 8. - Fluorescence intennities (I,) of the transitions 4§y —=4P; (o) and 19;—+ 4P} {a}
vs. the laser intensity {Iy). The relative intensities are not comparshle with each

other.

K45 Torr Ar, of the 88, —» 4Py (AE ~— 4kT) and 18; —» 4Py (AF ~ - 13kT)
transitions, ara reported vr. the laser intensity st Axed temperature T = 210 °C.
The same difference has also been found as o function of temperature at
fixed laser intenaity. The measurements as & function of the buffer gas have
been made in a special cell with the possibility of changing the type and the
pressure of the gas. An buffer gnses we have used He, Ne and Ar. TUnfortunately
the results are not easily quantized. We can only aesert that the intensity
of the fluorescence from ihe highly excited atomic levels a8 a function of the
buffer gas presaure becomes appreciable above & threshold, increases con-
tinucusly till p moximum value to decrease drastically afterwards. The buffer
gas pressure value, corresponding to the mazimum fluorescence intensity, in-
creases with the decreage of the atomie welght of the noble gas. For the three
gases considered, the fluorescence is no longer observable for P < 10-* Torr

and P > 200 Torr.

)
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3. - On the mechanisms of production of the highly excited atomic states.
8everal mechaninms ate present in the literature leadi i

! : ng to an appreciable

population of the high-1r:-~ atomic states. A brief discussion on them, related

to our experimental cberivutions, will follow,
The energy excitation transfer,

1) E*}EK* +E*|K+ AE,

where the star sud the double star indicate the first P-excited level and a highly

excited level, respectively, may be responsible for the population of the 88,and
. 4D Gugia® levels of potassium, whose energy defect is AE~= 4T, ot T = 200 °C,

bus it cannot explain by jtself alone the population of levels such as the 128
w.rhose AB~ 24 kT. In this process the energy difference is supplied or car-
ried away by the tranalational motion of the colliding K atoms and/or buffer
gas atoms, 5o that, if the energy defect AF increases, the number of atoms with
the necessary kinetlo energy decreases. The observed fluorescence dependence
on the presence of the buffer gas and on ita pressure would also be confirmed.
F.or Yery low buffer gas pressures thers are few atoms carrying the necessary
lk’len?;:; lﬁ::;{;y, whereas at high pressures the collisions of K* atoms would

The expectod dependence of the Auorescence on the laser intensity wonld
be I,cc It (I, == fluorescence intensity, I, = laser beam intensity} and that
on the vapour density would be I, oc [E*]". Indeed these dependences were
observed in sodium (*) at low power density, but in this cnse with an increased
laser power density the tnfluence of other processes must be considered, aa
will be pointed out in the following. An exact dependence of the crosa-uec;;iou
of the energy excitation transfer on the energy defect is unknown, but it is
reasonabls to suppose that, when s large energy amount has to be supplied
by the translational motfon, the cross-section becomes small. In sodium,
for levels with an energy defect of AE ~ kT, the cross-section has been es-
timated to be ~ 10~ gm? () and it decreases by an order of magnitude for
levels with an energy defect up to ~ 7 kI'(}).

As will be extensively dealt with in the next section, the observed phe-
nomens can be explained by the presence of electrons, whose successive re-
combination with ions can populate the high-lying levels. In our experimental
conditions we can exclude the influence of the two-photon ionization:

(2) K* + 2 —» E*}o,

and the laser-induced ionization:
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because of the low cross-section of these processes at our power demsity. The

cross-gsection for the laser-induced iomigation has been extimated by Gzrr-

MAN () and it is proportional to the laser intensity. At 10° W/em? laser power

density, the cross-gection for potassium atoms is very small, ~ 5-10- em®,
The associative ionization

(4) E*+E* -+ K} 4o+ AF
followed by the disscciative recombination process
(5) Ei4e -+ K", K4+ AR

has a cross-section ~ 1037 cm? (*) and may be responsible for the finorescence
observed only for rather high temperatures, the atomic states reached through
process (5) depending on the electron energy in the recombination step. For
thermal electrons only the X states almost resonant with twice the energy
of K* can be produced, as in the energy excitation transfer. However, if the
electrons undergo superelastio collisions with K* atoms, the dissociative re-
combination may populate the high-lying energy levels. An estimation of the
teasibility of superelastic collisions ean be given by using the available formula
and data (**). In potassium vapour at T = 152 °C and atomic density ~ 1.25.
104 atoms/em?® the mean free path of the electrons is large compared to the
dimensions of our cell and superelastio collisions have a negligible influence,
as already pointed out in sodlum (*}. At T = 202°C and atomic density
= 1.4-10" atoma/cm®, the diffusion of the superclastic electrons is inhibited
by the elastie collisions with the bufler gas, usually present in the cell, and,
therefore, the superelastic collisions may be an important process in creating
K** atoms. The number of K} ions depends on [K*]* and has the same fune-
tional dependence on the laser intensity as in process (1). The processes so
far considered do not explain cnmpletely our experimental results, thus we sug-
gest two other possible mechanisms: the atomic ionization in energy pooling
of three excited atoms:

) K'4+E* + K"K
+E* > K+ 4+ K+e,

or the absorption of a photon and the photoionization from a high-lying state:

M KoK+ -» K LK
+hv -+ E*+6-,

(%) A, ELGCHAREY, V. SxPuaN and V. Vornovic: J. Phys. B, 10, 716 (1877).
(*) H.3. W. Massxy and E, H. S, BurHo?r: Electronio and Ionic Impact Phenomena,
Vol. 1, Collision of Electrons with Atoms (Oxford, 1969).
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where K** indicates now a potagsium atom in the emp AW level, In fig. 7

there are reported the fluorescence intensities of the 83, - 4P,(a)) and the!:
18, — 4Py(b)) transitions vs. the laser intensity in a bilognrithmic scale. As
can be seen, the slope of curve a) decreases, while the laser intensity increnses; !i
correspondingly there is an increase in the slope of curve »). This is due to *

10 v
3
-] g
;'l ] |
: -'
"'l c)f a) 0} :
t‘ 1
E "' |
;
§ | |
o 1 | i i
10 be e o

Laser intensity

Fig. 7. - Fluorescence intensity of the 83}~ 4Py (a)} and the 78— 4P (%)) transi-
tions vs. the laser intensity in & bilogarithmic scale. The dashed curve (¢)) has &
slope = 2 and is nsed aa a reference.

the fpot that, by Increasing the laser power, processes (6) and (7) become aven
more important and thus the level 8 is depopulated in favour of the higheﬂ_
ones and its fluorescence does not ahow the quadratic dependence that couh}‘;
be expected (dnshed line 0)). The intermediate step of processes (6) and (7))

may also be an exocited molecular state giving rise to processes similar to thd ©
preceding ones:

(8 bis} K*4E*+B -» K*+B
+ E* > Ej+E+4e
L ket &, !
or
(1 bis) K*4+EK*+B -+ K*+B .
- hv = E{ 4o~ ;f

E++XK. ;
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In the balance of these expressions, the presence of a third atom B, which may
be a buffer gas atom or an alkali ground-state one, is necessary, for the for-
mation of the molecule. The excited molecule, for energy reasons, is probably
in o triplet state (**) which dissocintes with formation of an atomic lon.

4, — Evidence for plasma production.

To evidence the ionization of the atoms whose recombination would lead
to the population of the very highly excited levels, we cheoked if the strong
white giow, localized around the laser-focused beam, could be ascribed to the
presence of a potassium plasma. .

Such a check has been done either by microwave diagnosia or by opto-
galvanic detection. For the microweve dingnosis two apecial cells were used,
in which the interaction of microwave power at 24 GHz with the laser-excited
vapours was observed.

We describe with some details the construction and the characteristica of
the cells, their design being original. The experimental npparatus and the
relevant results will also be given.

Reficotion cell (fig. 84)). In this cell the microwave power is guided by s
10 mm fused quartz rod inside s pyrex tubing. The quartz rod is soldered to
the coaxinl tubing by meacs of a graded joint. The dielectric wave guide is
tapered to become # dielectric aerial (%) inside the cell; it is tapered also at
the other end, to fill the open end of n circular motallic wave guide (**).

The diclectric acrinl faces n pyrex window, soldered with its plane per-
pendicular to the wave guide axis to the pyrex cell. The distance between the
dielectric serial and the pyrex window is 2 cm, The outer face of the window
is covered with a vacuum-made deposit of alluminium, in order to reflect the
wavs irradiated by the serial. A small hole in the depoait enables the laser
beam to enter the cell along the axis to reach the aerial. The total insertion
losses of the reflection cell are 6 db and the reflection coefficient (when the
reflaction of the coated window is not accounted for) is 2 db.

Transmistion cell (fig. 8b)). The microwave is guided by & 10 mm fused
quartz rod. In this case the wave guide crossea the pyrex cell perpendicularly
to the axis and is tapered at both the ends. At the centre of the quartz rod,
a 4 mm bole has been drilled. Two pyrex windows, parallel to each other,
are soldered to the cell through re-entrant wells. The input window is about
5 mm apart from the quartz rod. The total insertion losses of the transmission
cell are 4 db and the reflection coefficient is 1.2 db.

() A. Varance: J. Chem. Phys., 69, 338 (1978).
(" D. G KigLy: Dieleciric Aeriale (qudon. 1953).
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Fig. 8. - a) Reflection cell, longitudinal section: DW dielectric wave guide, GJ graded
joint, PW pyrex window, RD reflective deposit, R reservoir, PT pyrex tubing. The
size dimensions are in millimeters. b) Tranemission esll, longitudinal section, top view,
H 4 mm hole, DW dielectric wave guids, PT pyrex tubing, PW pyrex window, R reservoir,
GJ graded joint. The size dimensions are in millimeters.

Both the cells insated more than 20 hours at 200 °C without deterioration.
The two cells are wide-band devices and during the experiment the klystron
oscillator (Varian V 98) could be used without any frequeney-stabilizing circuit.

Ezxperimental set-up and resulls. The microwave and the electronic appa-
ratua we used with the reflection cell are illustrated in fig. 9, The dielectrio
wave guide is fed through a rectangular to circular wave guide mode
launcher; it is irradiated by the aerial, is reflected back by the metallized
window, leaves the cell and, throngh the 2 and 3 porta of the circulator, reaches

the crystal detector (1N 26). The chopped laser beam impinges upon the po-
tassinm vanour ingide the cell. The reaulting aionals dstartad hv tha misrn.
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drive @ chart recorder. The volume 0¢-
cupied by the excited potnssium vapour, in @ typical experimental situation,
ig 10* times smaller tban the volume occupied by the relevant part of the
microwave power, in the region between the aerial ond the reflective window.
As an order of magnitude of the signals, we report the alternate voltage signal

mwe- diode are phase amplified and

set.up. K kiystron oscillator,

Fig. 9. — Reflection ceoll: microwave and elsotronio
e attenuator, C 3-port circulatot, CD orystal detector, O aven,

U uniline, A variabl
L lens, CH chopper, LB lager beam, R recorder,
istor, ML mode Jauncher.

LA lock-in amplifler, DO driver ostil-

given by the resulting power varistion when the

at the chopper frequency
nd the vapour pressurs are

ager and the klystron powers, the lens focusing &
optimized. We have

AS =05mV (pesk to peak),

directly connecied to & wide-band oscilloscope ver-

the crystal detector being
{t, or is off resonance, the detected

tical amplifier. When the lager is turned o
microwave d.c. level is

§, = 800 mV.

The signal-to-noise ratio is AS/N =B.

In another experiment the laser beam has been
through the path AB (see fig. 9) perpendicularly to the cell axis and between
the serial snd the window. Displacing the laser beam slong the axis of the
cell, one obtains an amplitude-modulat.ed signal, the spatial periodicity being
42 (A = microwsve wave-length). This i8 due to the presence of atanding
waves produced by the reflection of the microwaves by the plasma.

hana offects are observed only if the Jager beam s tuned to the D, or Dy

directed inside the cell
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lines i i i
lines ;::dift lll:a 1;1:2:11;11? isi sufficient to produce the white fluorescence, or if
onsity, th i ’ l
he white glow. ¥, the vapour pressure iz sufficient to give rise tc;;

Since we obaserved that the mi
. crowave reflected po
the laser intensity, it is reasonible to state that wer was dependent upon

|
W, < w, ' ‘
w, snd @ being the plss ; -
have () plasma snd the microwave frequency, respectively. Wg';
4nN ot

ml

W, ==

. o = 27X 24X 10% rad 51,
s0 that an upper limit for the electron density is
N, =710 cm™.

Since at T = 200 °C there

A are ~ 101 i . ‘

efficiency for plasms production is atomsjom? in the cell, the maximum
|

n=1%. ‘ '.
In #g. 10 the reflected micro i f
! wave intensity is shown ior
of th 4 ( (trace &) as a fu
t.hrea; :;eil:::llfwh::l:‘:::wnmty (trace a)). From the presence of a) lau: m;:;::r
s the pla. ich no reﬂecr.ed microwave variation is monitored, we corf
- at the plasma production takes place only when th laaer, i
higher than & certain value. * power ¥
mlll:h:lg.oll t?e set-up we used lwith the transmission cell is shown. In thi!
oo 4 mg ;:;: u:Lﬂ ‘;ratl;]ou: 1‘:“ axc;ted just inside the dielectric wave .guide ixt
. N : e interaction with the microw i :
pgating inside the dielectric wave guide, is stronger. a;:wﬂ::‘:.h::::h werep

AS=2mV, 8§ =800mV,

H
i
I
k.
§

i

oy

It is worthwhile pointing out that in every case it ia

81""'»8.<0,

9, being the d.o. level at the mi
but not chopped. microwave detector when the lager is resonan
t

E L)
(*) Hee, for example, A, P, THORNE: Specirophyrics (London, 1674}, p. 345.



. ¥ UR ETC.
AESONANT LASER EXCITATION OF POTASSIUM VAPO

=0

a}

=0

I mmax

o
woms Y

I the excitin
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We have not observed any remarkabls dependence of the signals upon the
polarization of the electric fleld of the exciting metallic wave guide with respect
to the axis of the hole in which the plasma is produced,

If the vapour laser excitation led to 8 pPlasma, we should expect the fnares-
cence of those levels populated by a recombinatiog between ions and electrons
be greatly affected by the presence of s voltage across the cell, whilst the
fluorescence of those levels mainly populated through energy pooling eollisions
between two excited K{4P) atoms should be ltnost unaffected by it,

" To check this, we constructsd a cell with twe cylindrical internal parallel
electrodes, 5 mm apart, and supplied them with 8 voltage of ~ 10 V modulated .
by a lock-in amplifier. At a laser output power of ~ 50 mW and a cell tem-
perature of 200 °C, when the white glow appeared between the electrodes, we
recorded, at the same time, the fAuorescence signal both directly from the
phototube output and after it bad been sent through the lock-in amplifier.
We were g0 able to obtain & continuous fluorescence signal and a modulated
one showing the influence of the applied voltage on the fluorescence itself.

We observed indeed a differenca in the fluorescence of the transition
78 — 4P in the presence of & voltage ot the electrodes, in comparison with
what it was in the absence of {t, while the fluorescence of the tramsitions
8P — 48 and 88 — 4P did not show such a behaviour,

As a matter of fact, the signals were not good enough to rely upon them
to say a definite word ahout the possible different ways of population of the
slmost resonant (with 2E(4P)) levels and the far-away ones; for this resson
we performed a different experiment in the same cell which gave definitive
indications about this difference existence.

We supplied the electrodes with a continpuous voltage of ~ 100 V 20 that a
discharge was Just started and a continuous current was measured across the
electrodes. We recorded then simultanecusly the K flucrescence and the
optogalvanio signal (») when the dye-laser was swept around the D, or D,
tesonant K lines and the lazer beam ran parallel to the electrodes. Under D,
excitation, for & laser power of ~ 00 mW and s cell temperature of 200 °C,
the ratios between the 1, fluorencence half-width Ay, , the current signad half-
width Av, and the fluorescence signal half-width Ar, resulted to be

Ay, A, 3
= = ==
-—im. vZ, yv 1 for the transition 63 — &P,

b,

A ¥ 1 for the transition 78 —» 4P,
7y
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We also measured, in the same experimental conditions, the current signal
intensity as » function of the D, laser line intensity and the result is reported,
in » bilogarithmic scale, in g 12,

w'F

I (a.u)
-]
T

1™ I3 «’ .
Fig. 12. - Current sigual intensity (I,) w. the lsser D, resanant line intensity (Io)
in s bilogarithmio scale. The line has » slope squal to 2.

Let us analyse these results:

a) trom the A, fA¥, value and from the diagrem of fig. 12, it comes out
that the current signal has & quadratic dependence on the resonsnt line in-
tensity, which means the mechanism producing eleotrons must involve iwo
excited atoms or two resonant photons; these electrons, once superelestically
heated, may contribute to the plasma generation.

b} From tbe Av/Av, values for either the 63 — 4P or the 78 — 4P trans-
ition, it can be inferred that the population of the levels near twice the K(4P)
energy has a quadratic dependence on the resonant line intensity, while thia
is not true for levels very distant in energy from the 9E(4P) value. This is &
turther demonstration that, among all the processes that may populate the
highly excited levels, the energy pooling collisions between two excited E(4P)
atoms have the largest cross-section for what concerns the almost resonant
Jevels, while for the distant ones other processes become more relevant.

To conclude, we would like to stress the point that, to our knowledge, this
is the first time an optogalvanic detection is applied to the study of collisions

B I P
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5. — Conclusions.

To eonclude this report, let us make & few comments. So far collisions
between excited atoms have heen studied in two typical situationa:

lous i dlown [+ N
1) lamge vapour density s to 10% atoms/em?) and a strong exciting
laser povl:er density (up to 10 Wicra*) by which saturation was easily reached;
< 7

N :
2) ame vapour density { to 10" atomsforn?) and low exciting laser
power density (down to 1 W/em?), in which case no saturation was possible.

The results obtained in cach case were ascribed to different mechanisms
apparently in contrest with eaah other.

To esplain the results obtained in this experiment with potassium at inter-
mediate conditions {¢.w. laser power density ~ 10? W/em® and atomie density
~ (101#-=10) stomajom?), we had te apply to the determinant contribution
of either the processes a0 far considered relevant in the experimental condi-
tiona 1) or those considered relevant in the experimental conditions 2). That
is to say that nll these different mechanisms are always present, their relative
coutribution depending strongly on the experimental situation.

In particular, from what reported in the preceding paragraphs it follows
that two are the leading mechanisms which create & population in the highly
excited levels; the energy pooling collisions between two laser-excited atoms
for what concerns the levels almost resonant with twice the laser photon energy
and the plasma production for all the higher ones. The steps through which
this plaams is generated may be several and two new ones are suggested in
this report.
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® RIASSUNTO

Quando vapori di potassio sono illuminati dalla luce di un lasor a colorants risonante
con la trapsizione fondamentale 45 — 4P, si osservano transizioni sis da livelli atomiel
molto alti, sis dalivelli molecolari. In questo articolo si descrive uno studio spettroscopico
di questi fenomeni @ si da la prova sperimentale che il meocanismo responsabile della
popolasione di alcuni dei livelli non direttamente eccitati dal laser richiede la creasione
di un plssms nel vapore,
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Peatome (*). — O6nysense 0apos KamAn nalepoM H& XPACHTCAAX ¢ OCHOMELIMH DRPEXO-
naMHe 48 - 4P BPUBOJHT K pOIGYXOCHHEID BHICOKOFCKAIAX ATOMELX B MORCKYAADHLIX
cocronumht, B Jtoft paGore Mm cooGmaeMm peIyNBTATIL CHEKTPOCKOMANECTHX  BCCneno-
pamEf JTOTG FBJCERA M IXCOEPHMCHTANMEAO® MONTBEPWICHES, IO MEXAHHIM, OTPCT-
CTPeRFBGL 38 JACENCHEE MEXOTOPHIX YposHell, 3 peayibTare He opaqore pozbymneras
na3epom, BTIOMacT oGpalosanne IAIMLL B nape.
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COLLTISTONAL SPECTROSCOPY OF LASER EXCITED ALKALI
VAPOURS

MARIA ALLEGRINI and PAOLA BICCHI+

Istituto di Fisica Atomica e Molecolare del C.N.R.,
Pisa, Italy

*Also at Istituto di Fisica dell'Universita, Siena,
Italy

Abstract Laser excitation of a resonance atomic transi
tion leads to substantial population of highly-excited
atomic and molecular levels and to nearly complete ioni
zation. A large number of experiments has been done du-
ring the last few years in a}kali vapors at laser irra-
diances in the range “0.5-10'"W/cm? and atomic density
in the range V10 -107cw 3. Here we briefly review the
experiments performed with cw laser excitation at low
power density (103Wcm2 and low atomic density.slolacm-,
with special emphasis to the recent results obtained in
potassium vapor.

EARLY OBSERVATIONS AND EXPERIMENTS IN SODTUM

Resonant laser-excitation of alkali vapors can easily produce
a density of atoms in the excited level comparable to the
density in the ground state and allows the observation of
collisional processes between excited partners. Before the
use of the lasers the experiments dealing with collisions
between excited atoms uere‘uaually restricted to metastab}é
states or ¢:o0 states populated in the afterglow of a dischar-
ge. In the early seventies, however, Klyucharev and coworkers

in their extensive studies of the associative ionization in
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sions between two ZP—excited atoms as a possible channel for
populating an upper levelz. No further studies of this pro-
cess were done until 1976 when Allegrini et al.3 observed
fluorescence from highly-excited states in sodium vapor irra
diated by a cw dye laser tuned to the D1 or D2 resonance
lines.

The laser power density achievable in the experiment
was 80 low, "0.5-10 N/cmz. that all the multiphoton proces-
ses that require a high power to occur were neglected. The
intensity of the fluorescence from the states 2S, zP and 2D
lying higher than the photoexcited 32P level wags measured as
a function of the laser power and the temperature of the
cell that is related to the dtomic density, The results
showed a quadratic dependence upon both the laser power and
the atomic density, as shown in figs. 2 and 3 of ref. 3. Ac~
cording to these dependences the authors suggested the elec-
tronic energy transfer induced in a collision between two
excited atoms as a possible mechanism of populating the upper

levels
Na*(3P) + Na® (3P)—+Na**(nX) + Na(3S):AE )

where (nX) indicates any of the high-lying levels from which
fluorescence was observed and AE the difference between the

energy of each (nX) level and twice the energy of a 3IP-level.
A simple model based on the rate equations gives the relation

between the population Nnx of the upper levels and N3P as

228

nX nXx 3P nx
level (nX) and K the rate constant of process (1). Since the

fluorescence intensity I“x, which is the parameter measured
i e i i = N e process (1) gives a
in the experiment, is I“x nxltnx the p (1) g

quadratic dependence between Inx and I__. This fact was pro-

3p

ved in the experiment by simultaneous recording of Inx and

I3P as a function of the laser wavelength swept around the
excitation line (see fig. 4 of ref. 3). Thus all the results
of the experiment gave evidence that the upper levels (nX)
were populated as a consequencé of processes involving two
atoms in the atate excited by the laser. The energy defect
or excess AE of reaction (1) should come from the kinetic
energy of the reactants. A third atom such as a foreign gas
can contribute to the collision with its kinetic energy and
indeed in the experiment it was tested that the transitions
involving large values of AE were the most affected by the
presence of the buffer gas. The kinetic energy of the colli-
ding partners is determined by the cell temperature and pro-
cess (1) is expected to have an appreciable cross section
only for those states lying within a few kT the sum of the
internal energy of the two Na(3P) atoms. However, working

at temperatures higher than in the first experiment, Allegri
ni et al.a observed fluorescence from levels lying =13 kT
above’ the sum energy of the two 3P-atoms and processes other
than (1), involving secondary collisions or absorption of
one photon from higher levels, were suggested.

An attempt to give a value to the rate constants K or

229
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the results are in agreement with the theoretical calcula-
tions of Kowalczyk7, but are different from the values mea-
sured by Kushawaha and Leventhala. However the experimental
values are affected by the uncertainty in the determination
of the small volume (usually less than 1 mms) of laser-vapor
interaction and in the measurement of tha number of the exci
ted 3P-atoms in this volume; on the other hand, the theoreti
cal values are affected by the uncartainty in the interac~
tion potentials involved in the collision. For atoms in an
excited state this calculation is often approximate so the
large discrepancy between the experimental 8nd the theoreti-
cal rate constants of process (1) may be not too surprising,
It remains a crucial problem to be solved and work is in pro
gress in our as well as in ocher laboratoriea*. Another pro-
cess involving two excited atoms and energetically allowed

in sodium is the associative ionization which gives the mo~

lecular ion:
Na* (3P) + Na* (3P) — Na; + e (2)

This process has been thoroughly investigated by Leventhal
and cowotkers9 in experimental conditions similar to those

of refs. 3 and 4, l.e, cw dye laser excitation at power den-
sity <10 w/cm2 and atomic density =1012- 1013 cm-3. They

have also introduced the notation "energy pooling collisions",
comprehensive of both processes (1) and (2) and an extensive

report on this subject is given in this book.
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tion of alkali atoms is the nearly complete ionization of
the vapor. It was observed for the first time in 1976 by Lu-
catorto and HcIlratth in sodium and it has been widely inve
stigated by several groups in lithium, scdium and cesiumll.
The experiments are usually performed with pulsed lasers at
laser irradiances 3«106 chmz. It is outside the aim of this
paper to review the extensive studies dohe at high laser
power dengities; let us only remark that, contrary to thecw
excitation where the steady state regime can be studied, in
the experiments with pulsed lasers each mechanism may be fol-
lowed on separated time scales. Although several processes
contribute to the final result the whole phenomenon is well
underatoodlz-lj, with the multiphoton processes dominating
at high laser power density and the collisional processes at
high atomic densities.

For the low power density available with the cw dye
lasers the picture is not so clear and the interpretations

6-8-9-14-15

are quite different . However, evidence of the

main role played by the collisions involving laser-excited
atoms has been found also in an experiment on & mixture of

. . 16
sodium and potassium contained in the same cell . The so-

. . 1 12 -3
dium atoms, at a concentration t'-'101 - 10 cm ~, were selec—

tively excited to the ?»P”2 or 3P3/2 leyel with a dye laser

of =40 mW modulated at low frequency and the potassium afoms,
3 14 -3
0 cm

. 1 .
at a concentration =10 - 1 , were laser excited to

the hPl or 6P3 level in cw regime. The fluorescence spec

/2 /2
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resonant with the sodium atoms in such a way that only the
levels populated through processes involving Na excited
atoms could be detected. It was expected to cbserve fluore-
scence from the atomic levels of sodium and potassium with
energy near the sum energy of the celliding Na*(3P) and K*
(4P) atoms, while only the resonance D-lines of the two al-
kalis and the transitions from the 5P, 65 and 4D levels of
potassium were observed. Although an interpretation has been

proposed, there is no simple model which can explain this

17-18

result; we think that a recent experiment in potassium .

at intermediate laser irradiances and atomiec density, is of

extreme importance to the understanding of the phenomenon,

RECENT RESULTS IN POTASSIUM

In this experiment a cell containing potassium vapor was il-
luminated with resonant laser light and the observations were
directed towards two different channels: s detailed examina-
tion of the fluorescence spectrum and at the same time a
check of the presence of a plasma in the region crossed by
the resonant beam. A sketch of the experimental apparatus is
given in fig. 2 of ref. 18; essentially, the output of a cw
multimode dye laser (Oxazine 1 Perchlorate) of power density
5103 W/cm2 is sent into a cell with potassium vapor inside,
kept at a temperature variable in the range 150¢230°C which

13,

corresponds to an atomic density of =10 1014 atoms/cma.

The fluorescence is monitored by a monochromator at right
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dngies LO the laser beam, conpected with a photomultiplier in
the range 340038200 A. The fluorescence spectrum, a portion
of which, uncorrected, is reported in fig. 4 of ref. 18, isa
a vefy rich one, containing a large number of atomic lines
as well as some molecular bandslg, the most interesting of
which is shown in fig. 5 of ref, 18. It is a diffuse band
which peaks at ~5725 A, very similar to one observed in po-
tassium dischargeszo. It is to underline that it is present
even when the laser is out of resonance, in contrast with
the rest of the atomic or molecular transitions. The atomic
lines come from transitions Erom the highly excited levels,
see fig. 1, up to the 125, whose energy differences AE are
ligted in Table 1 togethar with their wavelenghts and inten-
sities for a cell containing potasaium and 5 torr of Ar as
buffer gas at a temperature of 200°C upon excitation of the
&Sllz-+ 4P312 K resonance  line. A population in such highly
excited levels cannot be explained by the mechanisms repor-
ted in the literature. In fact the Penning ionization and
the two photon ionization are to be disregavded in such
experimental conditions, their cross sections being extreme-
ly low, '\.Slltlo-22 cm2 at 103 chmz.as estimated by Geltmanlz.
On the other hand neither the energy-pooling processes alome
can éxplain these rénults, ag the energy-excitation transfer
can populate only the 1evéln whose AE is a few kT and the a8
sociative ionization may be responsible for the population

of the highly excited levela only at rather high temperatures,

when the superelastic collisionsl3 of the electrons with the

PEX]
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FIGURE 1. Sketch of the energy levels of K from which

fluorescence is monitored. Taken from ref. 18.

K* atoms can supply the needed energy. For potaggium this
process begins to be apprecimble at temperatures larger than
200°C.

To summarize, with potassium, which has been studied
in this experiment for the fipst time, a rather strange si-
tuation appears: the presence of K’ ions is needed to justi-
fy the transitions from the highly excited 1eve1s, which would
be poputated by the balance of ion-électron recombination
and electron~impact excitation, and, on the other hand, the

ionization processes so far proposed cannot be applied to.
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{a)

Transgition Wavelenght Relative AE
(R) Intensity units)
4P —+ 45 7665-7699 1
5P —+ 45 4044-4047 107 +4
6P — 4S 3446-3447 107 -9
65 — 4P 6911-6939 5x10™ -4
7S ~+ 4P 5782-5802 107 ~13
8S — 4P 5323-5340 2x10°° -17
95 —+ 4P 5084~5099 107 -20
105 —+ 4P 4942-4956 107’ -2
118 ~ 4P 4850-4864 100 -23
12§ — 4P 4787-4800 108 ~24
4D - 4P 6936-6965 6x10”S -4
5D -+ 4P 5812-5832 6x10 0 -12
6D — 4P 5343~5360 1078 -17
D - 4P 5097-5112 gx10”’ -20
8D —» 4P 4951-4965 2x10”! -22
9D -+ 4p 4856-4870 6x10 0 -23
10D —+ 4P 4791-4804 1078 -24
w = 4s® seer 1078

a) The intensities are corrected according to the res-—

ponse of the elements of the detection apparatus.

The relative intensities depend strongly upon the laser

power, the temperature of the cell and the pressure and
kind of buffer gas. These values have to be considered

approximate,

b) Qu;drupole allowed transition.
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is evident in fig. 2 where the intensity of the transitions
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FIGURE 2. Plot of the intensities of tha 68 4
o a 1/2 — P3/2

(®) and 751/2 —~ 4P3,2 (A) transitions versus the exci-
ting laser power, The relat1ve intensities are not compa-

rable each-other. Taken from ref. 18.

6 - -
51/2 - 6P3/2 (AR = <4k T) and 751,2 —+ 41’3/2 (AE = ~13kT) are
reported as a function of the laser intensity. There is =

clear difference between the two plots, which means that the
population of the 651/2 and 781/2 levels are achieved through
different paths. To overcome these difficulties and to find

out which these paths were an optogalvanic detection21 of

the fluorescence signals was performed. The 4P—45, 6S—+4P,

75—4P K fluorescences and the optogalvanic signal were si-
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around the D1 or D2 K resonance lines. Fig. 3 shows the re-

sults for the D1 excitation.

i
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FIGURE 3. Traces of the optogalvanic and the &SIIZH’APIIZ
fluorescence signals {(a), of the optogalvanic and the

65 — 4P fluorescence signals (b) and the optogalvanic
and the 75 —+ 4P fluorescence signals (c), as the laser
output is scanned around the 7699 X line. The ratios

between the relative widths at half maximum are also re-

portéd for each couple of signals.

The first striking result is evident in fig. 3a. The
half-width of the 4P —+ 4S fluorescence signal is in the ra-

tio 2 with that of the optogalvanic signal, which means
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line intensity. To verify that we also measured the current
intensity as a function of the laser intensity and again we
found a quadr;tic dependence. These results indicate that
the mechanisms producing electrons must involve two excited
atoms or two resonant photons. In fig. 3b and 3c the half-
widths of the optogalvanic signals are compared with thoge
of the 65 —+ 4P and 75 —+ 4P fluorescence signals and their
ratios are, respectively, equal te¢ one and different from
one, This demonstrates that the population of the excited
levels whose energy is near twice the energy Of the 4P level
has a quadratic dependence on the laser intensity, whilst
this isn’t true for the levels of much!ﬂghcrene;gy. In
other words, the former are populated through energy-pooling
collisions between two K(4P) atoms, while for the latter
other processes, involving the production of K* jons even at
such laser power density, should be more important. A plasma
producfion had already been observed in Ca by Tam and Hap-
per22 in 1977, _

To check for the presence of the plasma in this expéri-
ment, two special cells were constructed and an apparatus
was realized for a microwave diagnosls. The apparatus, the
cells and the procedure sre detailed in ref. 18. The result
was that a plasma was effectively evidenced and a proposal
for its formation was put forward. According to it the plas-
ma could be produced by the atomic ionization in energy-poo-

ling collisions of three excited atoms:
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K"+ K™= k™" 4+ K
L> r K K + K+ e
or by the absorption of a photon and photoionization From a
high-lying state:
K+ ke k™ k

L+hv~—rx*+ e

In the latter case K** represents a potassium atom {n the
68, 4D or 5P level. The same result would be achieved if the
intetmediate step was a molecular states

K*+ k" = 1<2"+ B

L+ * + -
+ K — KZ +K+a

Lvl(++lt

ik
K+ k= K, + B

~+ + hy — K; + e

Lv K* + K '

Here B represents a third atom, essential for the formation

of the molecule; it may be a buffer pas atom or a K ground
state one. For enérgy reagon the excited molecular state has
. . . 23 . .
8 large probability of being a triplet one ~ which dissocia-
teswith the formation of an atomic ion. This propcsal seems
to be in agreement with some further experimental observa-
tions which are shown in fig. 4,
Here the intensities of the transitions 68 — QPJIZ

1/2
(a) and 78112 — APBIZ (b) are plotted as function of the
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there is a negative deviation of curve (a) from the quadratic
dependence that could be expected (dashed line c¢) in Favour

of an increase in the slope of curve (b).
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{(a) and the 7$1/2 — 4P3/2 (b) transitions versus the la-
ser intensity in a bilogarithmic scale. Thé dashed curve
(c) has a slope 2 and it is used as a reference. Taken

from ref. 18,

As a matter of fact, if the processes indicated are the
right ones, when the laser power increases, they become more
and more effective and the level 6S is depopulated to the
advantage of the higher ones and its population islno more
quadratic with the resonant photons. These processes have

been taken into account also theoreticallyza and the experi-
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mental data have been compdared with the Lheoretical ones.
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The formation of Na* and Nay* in laser-irmndiated sodium vapor bas been ltndid_ uiu. 2
sitrogen-laser-pumped dye Iaser. The effects of irradiation by this pulsed lner are lll‘llul'llll-uy dif-
ferent from those reported previouly usting s cw device, but otherwise identical experimental condi-
tons. In contrast to the earlier experiments, in which ions were observed only when un‘c'llna was
tuned to u D line, relatively large “background™ lon signais are observed at all excitation wave-

g the Na, P

of the vapor. It iz shown

kengtha, a resuit of multiph procexses

that the laser bandwidth and pulse duration are extremely important parameters; & wide bandwidth
effectively magnifying the importance of the dimer component of the vapor and » short pulse dura-

ited ntoms wod molecules.

tion minimizing the effects of i betwoen

L INTRODUCTION

During the past few years there has been & great deal of
interest in the production of plasmas and electrical
discharges by laser irradiation of vapors, especially sodi-
um. Lucatorto and Mclirath' have shown that irradiation
of a rather dense column of Na vapor [~ 10" cm—) with
& dye laser tuned to & 17 line can cause complete ionization
of the vapor, In sddition to the intrinsic interest of this
phenomenon the leser-produced plasms has been exploited
a1 & new tool for absorption spectroscopy.? Stwalley and
his co-workers have also produced plasmas by Inser irradi-
ation’ However, in their experiments the laser wave
length was not restricted to the D line; several wavelengths
in the yellow region of the spectrum were employed.
Since some of these wavelengths do not correspond o
atomic resonances it is clear that excitation of the dimer
component of the vapor, Naz, plays a role.

Hertel and co-workers' have used laser-irradisted sodi-
tm vapor to produce infrared (ir} laser emissions, In this
work yellow light from & pulsed dye laser was used 10 ac-
tivate the vapor to form the required population inversion.
While ir laser action was achieved when the exclition
laser was tuned to u D line, it was also achieved when the
excitation laser was tured to optical wavelengths that do
ot coincide with atomic resonsnces. This again indicates
participation by the neutral-dimer component of the va-

por.

Because of the interest in laser-produced phenomena of
this type several experiments have been performed that are
directed toward study of the microscopic processey’=1
that occur in laser-irradinted sodium vapor. Thees micro-
scopic processes dictate the collective behavior of the plas-
ma or discharge and are therefore important for & com-
plete understanding of the phenomens. Among the in-
teractions that contribute to this complex environment are
those involving photons directly, such as #fw-+Na and
#Aw4Nsy, and indirectly, for example Na3p-Nalp col-
lisions.

The experiments that have been designed 1o inveatigate
these microscopic processes have been performed under &
variety of conditions. Vapor densities have been varied
from ~10* cm~’, characteristic of atomic beams, 1o

Pl

~10'-10" em~? in cell experiments.'® Of course, the
relative concentrations of the dimer ions differ as well
since that concentration is temperature dependent, The
lasers that have been employed have included both ew and
pulsed; because of the characteristics of different pulsed
lasers the pulse durations have ranged from ~ IO nsec to
greater than | psec. Laser bandwidths have varied from
those apoocisted with multimode lasers 1o the narrow
values schievable with single-frequency devices. Laser
power densitias have ranged from the low values sssociat.
ed with cw lasers (~1 W/cm®) to the considerably higher
values achicvable with focussd pulsed lasery (up to ~ 10°
Wr/em?. Although thers is some disagreement over vari-
ous aapects of the individual processes involved, no doubt
due ax lwast in part to the different experimental parame-
ters employed, & great desl has been leaned. The work
that is describod in this paper is intended to further clarify
the situstion.

Our approach has been to study the fundsmental stomic
and molecular collision processes that can occur in laser-
irradiated sodium vapor by performing experimerits at rel-
atively low density ~10''—10'"* cm~ wing the inherently
low power of cw lasers. In this way multiphoton effects
could be virtuslly climinated, and interactions involving
state-selected ited species studied with minimum in-
terference. Using cw lasers we have studied ioniration
processes™ such as

Nai3p)+Nal3p)—=Na,* ¢ i
and
Naldd)+Nalds)—Nag* +¢ , 2)

In addition to the associative-ionization channel represent-
ed by Eq. (1) we have also studied excitation-transfer pro.
cesses in energy-pooling 3p-3p interactions'” such as

Na(3p)+ Na(3p)—Na(dd) + Nu(3s) . (]

In this earlier work only minor effects were observed if the
lasers were not tuned to real stomic resonances. This is
doubtless because the low-power density of the cw laser
precluded multiphoton effects involving either the stomic
or dimer components of the vapor.

This peper presents the results of experiments on jon
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FIG. 1. Schematic diagram of the apparatus.

formation in laser-irradiated sodium vapor using a rather
conmon putsed |aser to investigate higher-power regimes
than studied in our previous work using cw lasers. The re-
sults demonsirate that dramatic differences occur under
otherwise identical experimental conditions when the
pulsed laser is xubssituted for the cw device. In particular,
it is shown that the broadband nature of the pulsed-taser
light together with the higher-powar density effectively
magnifies the importance of the dimer concentration 3o
that the ionization process involving dimers obscures ionj-
tation from atomic intersctions, even when the laser is
tunad to a real atomic resonance such u the D line. This
is in marked constragt (o the cw cass where the dimen
were found to be virtually unimponant, The data to be
prescnted here strongly suggest that it by two-photon exci-
wation followed by single-photon ionlgation of the dimers
thet feads 1o copious yields of both Na* snd Nay* at al)
laser wavelengtin employed in this study.

. EXPERIMENTAL

The experiments reported in this paper were performed
with apparatus thay s ssaentially the sames ag that used
previously'” with a pulssd laser substituted for the cw
laser; a schematic dlagram is shown in Fig. I. An oven
consisting of & resistance heater imbedded in a Cu block
vaporizes the sodium which effuses into the eylindrical
collision cell through & slot in one side of the cylinder; 2-
mm-diam apertures in the end caps permit entrance and
exit of the Inser beam, There is & 2-mm x 2-cm window
on one side For observation of photons and a S-mm aper-
ture on the, other side for extraction of ions. The vapor
density in the cell can be varied over the approximate
mange 10"'-10" atoms/cm?, however, it is difficuit to
determine the fractional dimer concentration. If thermo-
dynamic equilibrium were established then the dimer con-

TABLE I Dys laser chatacteristics at 5900 A,

Bendwidth
Power (W) GHz A
Pulsed dye leser 23.5%x10° % 1
cw dye laser
imuoltimode) =1.0 4) 03
cw dye laser
fringle frequency) ~0.12 0015 LSx10-*

centration at thase temperatures would be o the order of
1%. However, equilibrium has clearly not been establish-
ed in this setup 30 the dimer concentration is likely to be
greater than this value.

The pulsed dye laser NRG-Model-DL-03, operated with
Rhodamine-8C dye, was pumped with an NRG-Model-0.5
N, laser. The later beam was focused inside the collision
cell with » diamecter ~ | mm. The characteristics of this
Inser, togethar with those of the cw Lasers used in the relat.
ed work, are lisied in Table I.

Photons emsnating from the collision cefl were
dispersed with a 0.28.m scanning monochromator and
detected with a cooled photomuttiplier tube (PMT). Jons
were extracicd from the cell with a set of electrostatic
lenses, analyzed by & quadrupole mass filter, and detected
with a CuBc particle multiplier. The relative transmission
of this system was determined by replacing the oven-cefl
combination with an electron-impact ion source and com-
paring the fragment ion yields from various gases with the
fragmentation patterns listed in standard tables,*

The charge output of either the PMT or the CuBe parti-
cle multiplier that resulted from each laser puise was in-
tegeated with & charge-sensitive amplifier and stored in a
pulse-height anslyzer. After a preset number of pulses
(typically 2000 the computer read the total charge. Two
modes of operation were employed. In one the Iaser wave-
length was fixed and mass scany and/or spectral scans
taken. The mass and emission spectra could be scquired

simultancously. In the other mode of operation the set-
tings of the quadrupole mass filter and the mong-
chromater were fixed and the iaser wevelength scanped.
In cither miode the computer controlled operation of the
Spparatus nd stored the data. When photon and ion sig-
naly were acquired simuitaneously the output of the PMT
was fed into a fast counter, the output of which was stored
by the computer. Because of the pulsed nature of the ex-
periment this technique does not give reliable absolute
photon signals; however, it was used primarnily as & wave-
length marker.

III. RESULTS

Mass scams were taken at & variety of different wave-
length settings A, of the pulsed laser, Figure 1 shows
three suck scans, each taken with A; fixed at a different
wavelength, one of which was the D, line. It is important
to note that the ordinste scale, although arbitrary, is the
same for each scan; these data therefore show no enhance-
ment of either the Na* or the Na,* signais when the laser
is tuned to a D line.

Figure 3 shows data analogovs to those shown In Fig. 2,
but taken with the cw laser. In contrast 1o the data ac-
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FIG. 2. Mass spectra taken st three different wavelength set-
tings of the puised iaser. Spectrs have been correcied for rela-
tive transmission as & function of mass. Ordinates are in arbi-
trary units, but the three spectrs are plotted on the same scale.

quired with the pulsed laser, ions are observed only when
the cw [aser is tuned to s D line. The Na,* ions are from
3p + 3p assaciative ionization,*$* 1% while the small Na*
signal is from photodissociation®'* of the incipient Na,*.
The surprising conclusion that the ion yields do not in-
crease when the pulsed laser is tuned to a D lina is clearly
shown in Figs. 4 and 5. Figure 4 shows the Nat and D-
line fluorescence signals (taken simultaneously) as func-
tions of A;. The axes shown in the figure are included to
emphasize the reiatively large “background” ion signal at
all wavelengths, The D-line fluorescence trace estabiishes
that indeed Na 3p are being formed at the appropriate set-
tings of A;, and serves as a wavelength marker in the
scan. Figure 5 shows traces of the Na,* [on signal and

cw LASER

X, 5890 & (D)

A

1] 23 46 L]
MASS (amu)

FIQ. 3. Mass specirum taken with & multimode cw laser
tuned (o the D; line. No ions were observed when the cw laser
was detoned from & D line. This spectrum, which is shown pri-
marily for comparison with those produced by puised laser excl-
tation (Fig. 2), has also been correcied for relative wansmission
o3 & function of mass. Ordi scale is in arbitrary units,
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FIG. 4. Na* signal and D-line fluorescence {from both D
lines) as functions of X, the wavelength of the pulsed iaser,
Two sets of axes are shown 1o indicate the relati gnitud
of tha background levels. Both ordinates are in arbitcary uniss.

d4p—15 Muorescence signal (3302 and 3303 A as Functions
of Ay, No significant enhancement of this ion signal
occurs st the D lines, but enhancement of the fluorescence
is observad, a result of 3p +3p energy-pooling excitation
transfer**” The axes in this figure again indicase that
ioas are produced at all wavetengihs.

Since substantial enhancements of the Na* and Na,*

lo,

t b
Nu; |02
| Dl ﬂ.
33021
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t

, F1Q. 5. Na;* signal and 4p — 35 fluorescence (3302 and 3303
A) as functions of A;, the wavelength of the pubsed laser. Two
sets of anes are shown ta indicate the relative magnitudes of the
beckground levels. Both ordinates are in acbitrary units.

m ALLEGRINL OARVER, KUSHAWAHA, AND LEVENTHAL

—id |-

{]Nn,,

L J_,LNa

L ] 3302 &

575’9&
W

, FIG. 6. Nasy*, Na*, and 4p— 35 Nuorescence (3302 and 3303
A) a3 functions of A, the wavelength of the pulsed laser. Ordi-
naie scaies are in arbitenry units, and are unrelated to each other.
Three sets of axen sre shawn 1o indicate the relative magnitudes
of the background levels,

nignals were expected when the pulsed laser was tuned
through the D lines it was considersd importent to find
some condition under which ion peaks couid be observed
as A, was varied in order to sstablish proper operation of
the apparatus. Assurance of proper operation was
schieved by tuning the pulsed laser through either the
33—4d or 3s—355 two-photon resonances at 3789 and
6024 A, respectively. Figure 6 shows the Na*, Na;*, and
3302-A signals as A, is scanned through a very small
range that includes the s ~—4d, two-photon atomic reso-
nance. The Na* ions are from three-photon resonance-
enhanced ionization; the origin of the Na;* will be dis-
cussed in Sec. IV, The 3302-A 4p— 35 Nuorescence is a
result of the cascade from the 4d state via the 4d -+ dp in-
frared transition, Thesc dats unequivocally establish that
the apparatus is indeed operating properly. Similar obser-
vations were made as the pulsed laser was scanned
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F10. 1. Partial term disgram for the Na atom showing tran-
sitions that can be excited by absosption at the lager wavelengths
of these experiments. Also shown in the 3302-A 4p — 35 emis-
sion detected in the experimerts, Dashed line between the 55
and 3d levals i drawn at twice 1he energy of the Jp sane. Abo
shown are several potentisi-energy curves of the Na, molecuie.
Vertical srrows on these curves are drawn 1o indicate the ap-
prosimata energy of each phowon {rom the excilation laser that
may be sbiorbed by the molecule (each photon has energy in the
range 2.03=2.11 ¢¥). Right and left ordinate scales are adjusted
80 thet 1er0 on the right corresponds to Ne 3r and zero on the
left 10 the bottom of the Na, X 'E, potential-energy well.

through the 6024-A, 11-5¢, two-photon stomic resonance.

V. DISCUSSION

The laser wavelengths used in these experiments,
37506030 A, make it possible (o access » number of Na
and Na, siates by both one- tnd two-photon absorption.
This is illustrated in Fig. 7 which shows a partial term di-
agram for Na and potential-energy curves for several Na,
states. Some of the transitions that can be excited with
laser light in the range of wavelengihs used in this work
are shown in the figure. Also shown are the iransitions
from the 4d level that lead to 3302-A radiation by cascad-
ing.

A number of two-photon absorptions in Na; have re-

cently been reported” =% for the same wavelength range

as that employed in our experiments. These two-photon
sbsorptions can serve as the first step in resonance-
enhanced three-photon ionization. We believe thst these
resonances are important steps in the multiphoton ioniza-
tion of Ni, 1o both bound and repulsive states of Na,*.
This conclusion is consistent with one reached by Wu
o al. in a recent paper.”

The most unexpected festure of the data presented here
is the absence of significant enhancement of either ion sig-
nal when the pulsed laser is tuned to a D line. Enhance-
ment of the Na* signal might have resulted from three-
photon rescnance-enhanced jonization of sodium atoms,
and that of Na;* from 3p + Jp associative ionization. Ob-
viously these two processes are occurring, however, be-
cause the Na;, molecules absorb at essentially all wave-
lengths in this range, including those corresponding to
atomic resonances; Nat and Na;* are copiousty produced
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from the dimer. These jons are presumably obscusing the
Nat and Na,* that result from interactions involving
atoms when the laser is tuned to a D line. The fact that
dimer molecules lead to ion formation with the puised
Iaser, but not with the relatively low-power cw laser, sug-
gosts that two-photon excitation of high-lying molecular
states, via virtual intermediate states, mther than sequen-
tial excitation, via a real intermediate state, is the first step
in the multiphoton ionization of the dimer. Although ig-
nificant enhancement of the ion signals was not observed

" at the D line we do see relatively large incremses in both
Na* and Na* at the 3s--4d and 3s—351 two-photon
atomic resonances. The increased Nat signal is almost
certainly from three-photon resonence-cnhanced ioniza-
tion via the 4d {or 55) level, a process that is expected to be
orders of magnitude larger than three-photon resonance-
enhanced ionization via the 3p level™ In fact, our data
confirm this.

A3 noted above it was anticipated that 3p + Jp associa-
tive ionization would cause the Ns;* signal to increase
dramatically as the laser was scanned through the D lines.
Unlike three-photon ionization, associative ionization re-
quires a heavy-body—heavy-body collision. Since the
heavy bodies in this case must both be Na 3p, associative
jonization can occur only during the time interval in
which these excited atoms are present, Because the laser
pulse is shorter than the t6-nsec natural lifetime of the 3p
state it is the lifetime of this state that dictates the tem-
poral dependence of the potential reactants. (If radiation
trapping is considered then the expanding resction volume
must also be 1aken into account 3o thet this complication
will be neglected for the purpose of this discussion.} Be-
cause significant enhancement of the Na,* signal is not
observed at the D lines it is apparent that the cross section
for 3p + 3p associative ionization®'¢ (~ 10" em?) is in-
sufficient to produce an Na,* signal {during the time that
Na3p are present) that is messurable above the ion back-
ground from processes involving the dimers. This is in
contrast to our earlier work with cw lasers, in which the
dimers were found to be unimportant. Recalt that no sig-
nals, photon or ion, were observed when the cw laser was
tuned off & D line 3o there was no background signal from
dimer ionizstion. Furthermore, in the cw case there is &
continuous supply of potential reactants, the Na 3p atoms,

We do, however, observe enhancement of the Na* sig-
nal as the pulsed laser is scanned through the two-photon
stomic resonances. There are two possible sources of these
increased Na;* yields. Since the ionization potential of
atomic sadium (5.1 ¢V) is greater than the ionization po-
tential of the dimer (4.9 V), charge exchange in Na*-Ns;
collisions can contribute to the Na,* yield. If this is the
case then the increased Na* concentration at these wave-
lengthy is directly responsibie for the observed Na,* in-
crease, To our knowledge there are no data available on
this charge-transfer process.

A second possible source of Nay* at the two-photon
stomic resonances is 3s +4d or 35 + 55 associative ionize-
tion.'® Although 3p +3p associative ionization could not
be detected above the dimer-produced Na,* signal, there
are several factors that could permit the cbservation of
35 +4d and I5 + 55 processes, especially the former, First,

the lifetimes of the 4d and 53 states are longer than that of
tha tn stats %% snd 20 nesr reenactively ° Sarond. in

each of these procedures, Na 3z, which is the major com-
ponent of the vapor, is one of the reactants and is of
course continuously present. Thus, aithough the 4d or 3z
concentration is no doubt lower st the respective laser
wavelengths than is the 3p concentration at the D lines,
the significantly larger concentration of Nals, together
with the longer lifetimes, may conspire to make these
associative-ionization processes observable while that from
3p + 3p collisions is not.

We have also observed that the jon signal due to the di-
mers tends to decrease with increasing wavciength, That
is, the dimer-produced background is greater at the
35—~#d wavelength 5789 A than at the D lines (or the
33— 35 wavelength 6024 AL Although this background is
higher, by sbout s factor of 2, the 15 +4d associative-
ionization cross saction is about 60 times larger'® than that
for 3p +3p. However the 31 4 53 croas section is about 40
times lower " than that for 3p + 3p; yet an enhancement of
the Na,” signal is observed at 6024 A. These observations
suggest that Na*-Na; charge transfer discussed above
plays a major role in the production of Nay* at the wave-
lengths of the two-photon stomic resonances, cspecially
the 35—+ 5g transition.

The rasults presented here are in contrast to those of
Roussel & al.' who have reported data for Na;* produc.
tion as a function of pulsed-laser wavelength at vapor den-
sities comparsble: to those employed in our experiments.
While, in agreement with our dats, they cbsarve sn
enhancement of the Na;* signal at 6024 A {they did not
report dsta for Ay as short as 5789 Al, they also observe
significant enhancemant of the Nay* signal at the D lines.
The major difference between their experiment and ours is
that they used a flashlamp pumped pulsed laser, for which
the puise length is ~1 usec, approximately 100 times
longer than that of the laser used in our expetiments,
Thus it scems likely that this pulse length permite the ac-
tive medium for production of Na;t by associative loniza-
tion, the Na 3p atoms, 10 survive for a sufficient time 1o
permit reaction.

The cbservation by Lucstorto and Mclleath' that o
eolumn of Na vapor could be completely ionized when ir-
radiated by ~1 MW of laser light tuned to'a D line has
been attributed to ionization by superelastically heated
electrons,”' =% electrons that have acquired kinetic energy
in e-NaJp quenching collisions. These hot eleciruns are
then capable of ionizing Na3p or even Nals. Each ioni-
zation event adds to the electron inventory so that a cas-
cading process results. 1t has been proposed that the
“seed” electrons for this avalanche are provided by
3p +3p associative ionization,"*!""* so that our dats, to-
gether with those of Roussel et al.,' suggest that the use
of a flashlamp pumped laser may have been an important
aspect of the experiments of Lucatarto and Mclirath,'
However, based on our data, it seems likely that even if a
laser of much shorter pulse duration, such as one that is
pumped by either an N or 8 Q-switched Nd:YAG laser, is
used, sced electrons could be produced by ionization of the
dimer component of the vapor. Such effects would be
magnified at the higher densities employed by Lucatorto
and Mcllrath because the fractional dimer concentration is

higher than in our experiments. In any case our dats
show that dimet jonization contributes substantially to the
electron concentration in laser-irradiated vapor.
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Although we were unable 1o detect Nay* from 3p +3p
collisions sbove the dimer-produced background, our ob-
servation of 3J302-A radistion as the pulsed laser was
scanned 1hr_ou;l| the D lines shows clearly that 3p 4 3p
energy-pooling excitation transfer is occurring. Previously
we have shown that the primary products of such excita-
tion transfer are Na4d snd Na5e,” snd that the 3302-A
radiation is indicative of the formation of these states.
Given that we were unable to detect 3p +3p associative
ionization in this work how then were we able to detect
3p + 3p excitation transfer? Of course, the relative magni-
tudes of the cross sections for esch of these processes is
important, but there is disagreement in the literature over
the cross sections for 3p + Jp excitation trpnsfer.!%.1620.11
The reported values range from about an order of magni-
tude ) larger than our previowsly meddured 3p 4 3p
associstive-ionization crogs section 1o about three orders
of magnitude lower than the associative-ionization cross
section. However, {rum an experimental point of view the
reason that 3302 A can be measured, While Na,* pro-
duced by associmtive ionigation cannot. ia simply that
there is little or no 3302 A bsckground. but the dimer-
produced jon signal is sufficient to obscurs the Na;* sig-
nal from Jp + 3p associative ionization. The data in Fig. §
{Nlustrate this point.

Finally, it is worthwhile to consider the mechanisms by
which the dimer component of the vapor produces so
many ions. As discussed previously it is difficult to reli-
ably estimate the dimer fraction of the vapor due to the
nonequilibrium nature of the reaction cell. Our data sug-
guat however that this fraction may be considerably higher
than 19%, the fraction calculated under the ssumption of
thermodynamic equilibrium. Nevertheless, while only a
small fraction of the photons from a broadband laser, such
8t the one vsed in this work, can excite an atomic transi-
tion, virtually all of the photons in the laser beam can ex-
cite Nay. This effectively magnifiag the Nay concentration

relative to that of the atoms so that the ratio of excited
Na; molecules to excited atoms can be significantly
greater than the ratio of ground state species.

Wu and Judge, in collaboration with Rousse! and co-
workers,” have reached the conclusion that in the eaclier
work of Rousset er af.'® the production of Nay* st laser
wavelengths that do not coincide with atomic resonances
was due primarily to the dimers. This conclusion is of
course consistent with the main theme of the discussion in
this paper. They suggest that Na;* results from (wo-
p_hoton absorption by the Na; molecules, followed by
single-photon photoionization, as we suggest in this paper.
Further, Mutler and Hertel* suggest that two-photon exci-
tation of the dimers is the primary excitation mechanism
that leads to the infrared laser emission in their experi-
ments.

It is possible thet jons are being produced by interac-
tions that sre driven by the presence of the strong elec-
tromagnetic field associmted with the laser, so-called
Iaser-induced reactions. This possibility was precluded in
the cw experiments, but it must be considered when pulsed
lasers are employed. Although there have been some re-
ocm“cx riments on laser-induced processes in sodium va-
por,'' ="M the picture is unclear at this time. Despite the
potentiel complications introduced by the presence of neu-
trat dimers, studies of laser-induced effects in sodium va-
por are continuing’* in several laboratories, including
our own, -
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We report our measurements of the cros sections o5z and o4p for the electronic-energy-

transfer process Na()P) 4+ Na(3™ - Na(55,

the results of other eaperiments,

L INTRODUCTION

Thers is lively theoretical and expatimental in-
terest in undenstanding phenomena an'un‘ from res-
onance luser excitation in a dense vapor,! Most of
the experiments concern sodium stomg excited to
the 3P level by pulsed or ow dye lasars over & wide
range of atomic density. If the laser pawer density
is less than 10°~10" Wem™?, atomic multiphoton
excitation and ionization can be neglected and the
main machasisms for production of ions and highly
excited acoms are the sssocistivy jonization

Na{3P)+Na(3P)=sNay* g~ n

and the ensrgy-transfer collision process
Na({}P)+ NalIP)— Nalal) 4-Na(1S) . (vi]

There have been a number of experimental deter-
minations of the rate constant for reaction (2), but
there is a surprisingly large disagreement. As Tabie
I reveals, the reported values differ by as much as a
factor of 10°. We present here the results of 8 new
determination which avoids 8 number of important
source of systematic errors in previous experiments,
and which we believe is reliable to 30%.

2

4D) + Na(35), To obtain these cross sections we
have measured the fluorescence intansity for the transitions 58 —3P, 4D — 1P, and 3P 35
in sodium vapor excited with & cw dye laser. The study of this electronic energy transfer is
complicated and there is u larye disagroement { > 10*) among reported measurements. We
believe we have svoided most of tha difficulties of previous experiments. Our results are
O35 =(20£0.7% 10~ em? and oo (3.2 1.1)% 10~ em =, and they are compared with

‘H’i.FF Bt

We believe that two sources of systematic errors
contributed to the discrepancies between the previ-
ous measurements. First is the problem of accurate-
ly determining the effective volume of the laser- |
vapor interaction region. Second is the problem of .
controlling and measuring the density of excited -
Nai(3P atoms. We have largely overcome these
problems with the use of a “capillary cell,” a 7-cm 5
long cylindrical cell of small (0.9 mm) radius con-
nected 10 a scaled-off Na reservoir. The laser il-
luminates the entire volume of the cell through end
windows of highly optical quality. The interaction
volume is determined by the diameter of the celt and *T
s carefully designed slit which accepts radiation '
only up to a distance of 150 um from the entrance
window. These procedures assure that the interac- | -
tion volume is accurately determined and that it is
insensitive to variation in the optical-absorption .
length duc to changes in the atom density or to laser %
intensity. The density of Na(3P) atom is determined
by a novel calibration method which is discussed in
detail below, ‘

II. APPROACH
4

The experiment involves continuously exciting Na ' &
to the 3P state with & cw dye laser, and observing hﬁ“‘

1338 ©1983 The American Physicai Society * T
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TABLE 1. Measured rate coefficients k, and derived collision cross section o, for al w35
and 4D,
Leve! T 'O ky (cm’sec'P oy lem®P? Reference
4D 397 1x10-2 9.0x 10~ 12
77 45x10-" 4.7x10-2* 11
k17 ~10-1 ' 14
34 246% 10-19135% 23x 10-Y133% 16
2t0 3.0£0.9)x 10~ 32£1.1)x10~% this work
r 22x 101" 2.3x10°" 13 theoretical
s 227 70x10-" 7.3 10-0 "
~324 1.63% 101359, L.6x10-"133% T
210 (1.920,61x 10~ (20£0.7)x 10— this work

*Experimental errors arc shown whenever they are given by the suthors.

*Calculated from the relation k=g, 0 with 5= (8kT /au )17,

This value is derived from a messurement on the number of seed electrons produced vis col-
lisional ionzation from the energy-pooling-populated 4D state, .
“The experiment used a weakly collimated cffusive sodium beam. The oven temperature
T=307°C corresponds to an average relative velocity of the atoms in the beam of =dx 10*

cm/sec.

the fluorescence from atoms in the 3P state and also
from the 4D and 55 states. From the ratio of these
intensities the rate constants ky for reaction (2) are
determined. .

For our sodium densities the general evolution of
the atomic sysiem is governed by laser excitation,
collisional transfer, and spontaneous emission. The
rate equations are of the form

Nip=F —A(3P35)Nyp— 3 kyrNip
LN
+ E ’”ﬂ"""jP)N."l" , 3
L
Nuy=kyNip— SAlnlnT)Ny
n'l
+ 3 An"I AN, "
[

where F is the number of atoms excited per second
from the 3§ to the 3P level and A(nl,n’l'} iz the
spontaneous transition probability for
{nl)— |n'I'). In Eq. (3) we have neglected stimu-
lated emission because of the low laser power avail-
able in our experiment. However, we will not need
to usc this equation explicitly.

The rate constant ky for process (2) can be de-
rived by solving Eq. () for Ny in the steady-state
condition. The general result is

1
Alnln')N,
N [E St

- Z AN AN, (L))

k.;ﬂ

where the sum extends in principle 1o all levels al-
lowed by the dipole selection rules. In practice,
however, the equation can be considerably simpii-
fied. The energy pooling collisions are “pure” in-
clastic processes whose crosa section rapidly van-
ishes as the energy defect AE,=(2E;,—Ey) in-

. creages beyond a few kT,

As shown in Fig. 1, the only levels which play im-
portant roles are 55, 4D, and 4F, Unfortunately, the
4F-level fluorescence is at 1.8 um and cannot be
detected by our apparatus. However, evidence of the
4F populating process is given by the fluorescence
intensity of the 3D —+3P transition;? that is surpris-
ingly high with respect to the large energy defect of
the 3D level (AE;p=12 k7). This peculiarity can be
justified sssuming a cascade transition from the 4F
level.

Therefore we have restricted our analysis to the
55 and 4D states.

For these two levels we can neglect in Eq. (5) the
second term representing the cascade radiation from
the higher levels, without introducing apprecisble
error. Thus we can rewrite Eq. (5) as

Alnl, 3PN, [l

Alaln'l)
- —t
ku=—p1 iy AURLIP) ] ’
®

where we emphasize the dominant term connecting
the [n{) and the [3P) levels. The factor

1+ 3 Atnln’l") e

Py T

Ya=
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ykT 40
1 eiam

Enargyiev)

FIQ. |. Na energy-level diagram with the involved Jev-
ols and teamsitions. The horizontsl line represents the
double of the 3P-level energy.

is  number expressing the branching ratio of the
anglyzed transition.' In our case each sum is re-
duced to & singie term with the result y,5 =1.51 and
Yss =174

The measured quantities in gur experiment are the
intensities of the fluorescence lines. It is therefore
convenient to use the relation between the transition
probabilities and the line intensitics (see, for exam-
ple. Ref. 3) and to express k,; as

oy_ys T |

kn=ayyu 8

’
Saiap Iip_sy Nypr®

where a,; is a factor which takes into account the
instrumental response of the detecting apparatus and
the calibration, J is the intensity of the detected
transition, and r* is the lifetime of the 3P ievel in
the presence of the radiation trapping. Radiation
trapping for the 4D, 55— 3P transitions at our den-
sities is negligible. From Eq. (8) it is clear that in

‘order to determine k,;, great care must be used in

mensuring Ny and r*,

To evaluate the Ny, density we make an absolute
calibration of our apparatus by observing saturation
fluorescence signals at fixed temperature but varying
the intensity of the laser tuned to the 15, n—3Pyn
transition. To obtain the saturation of the fluores-
cence with the low-laser intensity available in our
experiment, we need a relatively low atomic density.
According to Cardinal and Mensures,* at saturation
the P5; and the ground-state §,,; population densi-
ties are locked in the ratio of their deeeneracies. ie..

N

N oy —
#a™] +(23s, . /83p, )

1
=N, .
.

The behavior of the fluorescence intensity [yp_ 3¢
versus the laser intensity [, is complicated by the
fact that the fluorescence intensity for an inhomo-
geneously broadened line varies as
IL /A s
(b4 /1) R
whereas for a homogeneously broadened line it

varies ay

=AU}, V)]

IL/IS

mnﬂ(lg_} ; {10)

where /g is the saturation parameter® We use »
muitimode dye laser to excite the atoms. The mode
spacing (~290 MHz) is small compared to the
Doppler widih (~1 GHz) and when the laser inten-
sity is so high that the power broadening is compar-
able to or larger than the mode spacing this assures
that the line is homogeneously broadened and that
the power dependence is described by Eq. (10). At
low power, however, one expects the power depen-
dence to be given by Eq. (9).

Because the experimental results are very sensitive
to the assumed power dependence of the line, we
have carried out numerical studies of the fluores-
cence intensity over a wide range of parameters.
The results could in all cases be sccurately described
by a linear combination of Eqs. (9) and (10) in the
form

hy_gs=e ¥t +1-e By, . an

where { is an adjustable parameter and A(l;) and
B(I;) are independently normalized. Consequently,
we have used this form to analyze our experiment,
fitting the fluorescence line intensity to Eq. (11).
The evaluation of r* will be described in Sec. IV.

III. APPARATUS

A sketch of the experimental apparatus is shown
in Fig. 2. The 3P, state is excited with a cw dye
laser with a density power <10 Wem™2, The band-
width could be varied between 0.3 and 0.03 A by us-
ing different intracavity etalons. The laser beam il-
luminates the principal axis of a cylindrical capillary
cell whose internal tadius is 09 mm. This cell is
made in our laboratory utilizing as windows slices of
glass rods fattened on the internal side and welded
with the capillary tube. After welding, the ends of
the cell also are optically flattened. A sidearm of
the cell contains the sodium. Before loading, the

call ie rleanad and habrad fae mam e b o L .
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bown I '
[ = g oY, dﬂfﬁﬂ._.!_ : (12)
e oy_ip fipass Ny
and from it determine k,;, a3 described below.
S ——— The excited-state density N';p is determined by ob-
b serving the fluorescence at low temperature, where

FIG. 2. Sketch of the experimental apparatus.

umn system at a pressure of 10=7 torr. No buffer gas
is used. Because the cell is sealed and the vapor is
saturated the atomic density N,, can be accurately
determined from the temperature using the
Nesmeyanov tables.”

‘The cell is placed in an oven in which a small
temperature gradient is created in order to prevent
window contamination. The temperature of the
sodium reservoir is controlled to 0.1°C and it is
varied between 190°C and 210°C, corresponding to
an atomic density N, =(1—6)X 10'? cm~? Close to
the input window a narrow slit (=150 pm) is placed
near to the cell to reduce the observation volume
from which fluorescence is detected. The effective
volume is 4% 10~* cm’.

The laser beam is focused to the diameter of the
cell window 30 as to illuminate the whole cross sec-
tion of the cell uniformly. To measure directly the
laser intensity a beam spiitter directs & small frac-
tion of the laser beam into & photocell. The fluores-
cence is snalyzed at right angles by a 0.35-m mono-
chromator and is detected by a photomultiplier with
an 5-20R cathode response.

To further minimize effects present in high vapor
pressure, such as strong radiation trapping, col-
lisional heating'* of electrons produced by pho-
toelectric effect in laser-wall interaction or by-asso-
ciative ionization, secondary collisional processes'
etc., the experiment is performed at the lowest tem-
peratures. Although this low atomic density de-
creases the intrinsic signal-to-noise ratio, this disad-
vantage is more than offset by the elimination of
systematic errors which are the major problem in
such experiments.

IV. EXPERIMENTAL PROCEDURE
AND RESULTS

The experiment involves determining the rate con- '

siants k. using Eq. (8). The measured quantities
are the principal flucrescence intensity fyp_ys, the
transfer [luorescence intensity I,;_.;p, and the
excited-state density N,p. The cffective lifetime r*
is also required. Because the problem of radistion
self-trapping is so complex and potentially trouble-
some,! we avoid measuring r* directly. Instead we
mensure the product k,,7* which is equal to

the line can be completely saturated and Eq. (11} can
be mapped over its full range of variation. Typical
reqults are shown in Fig. 3. The observed fluores-
cence intensity in all cases agrees with Eq. (11)
within the experimental errors, namely, 5% or less.
This operation is carried out before each determina-
tion of the rate constants.

Once the excited-state density is known at low
tempersture, the temperature is increased to the
point where the fluorescence from the collisionally
excited states becomes visible. At each temperature
the line intensities Iyp s and fag_ap; qu_,;p are
measured. To avoid opersting the photomultiplier
over a wide dynamic range, an optical sttenuator is
used to reduce the intense signal from the principal
transition. The density at high temperature is found
from the ratio of the accurately measured fluores-
cence intensity at high (T°) and low (T°) tempers-

ture, .
Inry r*
N = To e
';p(T") Nagl )I(Tol o

where r° is the trapped lifetime of the 3P level at
high temperature and 7 the natural lifetime at low
temperature, and where the contribution of the Py,
level to J(T") i taken into sccount. This method
avoids the need to measure absolutely the system
response effeciency ay and requires only trivial
corrections for such things as amplifier gain and
possible nonlinenrities.

We made a number of searches for fluorescence
from higher-lying levels, but could not observe any
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FIG. 3. Na 3P-15 fuorescence versus the laser intensi-
ty. The dashed curve represents the fit obtained by calcu-
lating the expression {11). The reported example was tak-
en ot T=130°C and Wipnu=300 mW. The errors are

given by the size of the dots.
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Over our temperature range, validating the simplify-
ing assumptions made in Eq. (8). At higher tem-
peratures, however, contribution from high-lying

~ statcs are easily observable? Avoiding such contri-

-bution climinates cascade transitions as a possible

. source of systematic errors.

_Uuinl these procedures the density N;p was deter-
mined over & temperaturc range in which the atomic
density varied by a factor ~6. Substitution of
Np(T') in expression (12 ;mmda the products
kur*} /70 Results for kysr*% /7 are shown in Fig.
4. Over this small temperature range ks is expect-
ed to be constant because the relative energy of the
colliding atoms remains constant to a few % as does
the collisional frequency. Thus the temperaturs
dependence is dominated by radiation trapping.

We have found that Milne's theory® of radistion
trapping at low density is in good agreement with
our dats. We have solved the general equation of
Milne for an optical depth d=0.35 mm and have
found values of +* such that kg is essentially tem-
periture independent. This is shown in Fig. 4,
where 7*2/7y versus temperature is reported on the
right-hand side. The value 4=0.35 mm used in the
calculation of the * is consistent with the geometri-
cal configuration of our experiment considering that
the major escape factor for the photons is through
the entrance window. The fact that Milne's theory
hag been confirmed in the early experiment of Kib-
ble er al.,” and the recent one of Garver ef al.,'®
gives us further confidence in its validity under our
conditions. Moreover, in Milne's theory at low tem-
perature, * becomes the natural lifetime while
high-temperature theories® often fail this simple test
when applied to low-tempersture data. Using this
result we can extract the valpe for k,; and results for
kg are shown in Fig. 5. It s constant within exper-
imental errors over the entire temperature range
studied. The larger error at low temperature is due

¥l o
) Alr
Ao

TC)
FIG. 4. Plot of kyir*i/1,) values versus T. The

dashed curve represents r*2/r, with r* calculnted from
Milne's theory for an optical depth d=0.35 mm.
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FIG. 3. Rate constant values versus T of the process
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to tl!e low counting rate. Similar results for k,p n£
obtained. We estimate our measurements to be reli &
able within 30%, ’

Qur results are (in cm’/sec)

kygm(1.930.6)X 1071,
kip=(3.0+0.9)% 1019,

The uncertainty, apart from statistical errors, is du¢
to the determination of the ground-state density, tg
the sclf-trapping, to the calibration, and such things
as laser fluctuations and system shift.

By applying the relation k,; =00y with T, the
mean interatomic velocity

[y = (8KT /o)),

we obtain (in cm?) }c
Oy =(2.010.71x 10", '
op={3.2+1.1}x10-1,

VY. DISCUSSION

Qur results and the results of previous works are.
displayed in Table I - Disagreement between many-
of the measurements are marked. We believe that
we have avoided many sources of errors which af-
fected earlier measurements. In their experiment
Kushawaha and Leventhal!! employed an open cel
which can be a major source of error in determinin
the density, In such s case, the actual density can be
much lower than caiculated, The fact that molecu-
lar fluorescence could not be observed suggested that”
this may have been the case.

The experiment of Krebs and Schearer'? operated.,
at high temperature (7'==400°C) and used & buffer
gas at high pressure (~1 atm), plus a powerful
pulsed laser; all these conditions enhance the pro- .
cesscs we have tried to avoid. b

Our measurements are in good ent with®
the theoretical value of Kowalkzyk," particularty’
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since his value is intended as a lower limit, having
neglected curve crossing for intexmuclear scparations
<15 A,

~The experiment of Le Gouet ef al.', which in-
directly determines k,y, confirms our values. This is
particularly significant because it also supports oth-
er measurements'® on the associative ionization pro-
cess as in Eq. (1), The excellent agreement between
our results and the recent measurements of Huen-
nekens and Gallagher'® lends added confidence.
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EXPERIMENTAL METHOD FOR MEASURING ELECTRONIC
ENERGY TRANSFER CROSS SECTIONS IN LASER
EXCITED ATOMIC VAPORS.

M.ALLEGRINI, P.BICCHI® and L. MOI

Istituto di Fisica Atomica e Moclecolare del
C.N.R. - Pisa, Italy

* Also at Istituto di Fisicea dell'Universita-
S8iena, Italy.

Abutract The electronic energy transfer in
collisions between two laser excited atoms is
nov a widely studisd proceas. Here we present
4 novel method for the determination of its
crose section, which is based on a specially
built cell and on an absolute calibration
procedure. Experimentally such a method simply
requires a broadband, low power, cw dye laser
in resonance with an atomic transition. It
can be applied to any atomic vapor which may
be contained in the sealed cell and it is
reliable to ~30%. Its application to the
process Na (3P)+ Na (3P) + Na(55,hD)+Na(38)is
presented.

INTRODUCTION

The tranefer of electronic energy in collisions

between two atoms, i.e.

A(nt) + B(ground)+A(ground)+B(n't") (1)

is & well known process, widely studied in the past
. . 1
by using spectral lamps to excite the atoms . Its

cross section ¢ has been measured for many pairs
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of atoms, esapecially for the alkali atoms. Solution
of the rate equations of process (1) is straightfor-
ward and, in terms of the inténsity of the fluore-
scence lines I, which is the quantity usually

measured in the experiment, o results

0-2 1 B (2)
v

where a is a factor which takes into account the
response of the detection apparatus and the charac
teristics of the transitions (such ag frequency
factors and braching retios),7 = 67k is the mean

L

velocity of the colliding partners, N_ the density

of the B spgcies and Ta the radiutiveBlifetime of
the.excited level of the A atoms. The accuracy on
o depends on the accuracy in measuring the density
of the atomic species B and the 1ifetime of the
excited state A{nt), which may be complicated in
presence ;f radiation trapping.

Recently the laser, owing to the power and
frequency seleetivity available compared to &
spectral lamp, has allowed the observation of many
kinds of collisions involying more than one excited
atom. In analogy to process (1)}, known as sensi-'
tized fluorescence, also the proce552

A(nl)+A(n!)*A(n'l')+A(ground) (3)

involving collisions between tvo atoms excited
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to the same quantum level, has & cross section which

depends on the population an and the lifetime tnl

as T
8 1 n'e’ ' (%)

Nannl Inl

vhere the notationa have the same meaning of those
used in squation (2).

The volume in which the fluorescence appears
does not enter specifically in equation (2) because

t cancels out in the ratic of the intengities

.

Eg » provided the single fluorescence lines IA and
I
I; come out from the same volume and provided the

volume remanind constant during the measurements.
Also for process (3) the mbsolute measurement of
the laser-vapor intéraction volume may be avoided
if the population density of the excited state
fnt> is independently determined (see fgu.(4)).
The absclute value of the volume from which In

L

and In , are observed is not important, however it

1
must betwell defined and remain constant during
the meagsurements. Unfortunsely this in not usually
the case because in a vapor the optical abeorption
length varies considerably with changes in the atom
density and/or in the laser intensity, resulting
in a varistion of the volume of the laper-vapor
interaction. Moreover, because of the diffusion,

the excited atoms are not confined to the focused
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laser column and great care must be taken in the
evaluation of the resulting volume of excitntiona.

In spite of these difficulties great effort
"has been paid to get reliable quantitative results
of d for process (3}, at least in the alkali “pq“h-9.
In effect process (3) followed by the photoionization
of the highly-excited species A(n't') has.proven
to be important for the production of the nesed
electronsd in the experiments where total ionization
of the vapor is achievedlo. Lasing action had
recently been observed from one of the A{n't') le\reln.
populated through . process {3). The intereat
in collisions between excited atoms is more general
since they are certainly involved in stellsr
processes and in chemical reactions induced by
laser radiation. From & theoretical point of view
the cross sections of process (3) give informations
on the long-range interactions between atoms, in
the intersting region where the atoms are not trapped
to form the atable ﬁeutral dimers but cannot be
considered isolated either.

Here.ve present a novel experimental procedure
to measure ¢ with about 30% accuracy, which avoids

most of the error sources responsible for the

discrepancies between previous measurements,

EXPERIMENTAL METHOD"

The construction of a apecial capillary cetl,
sketched in figure 1, heas sclved the main part

the problem mentioed’ before.

u!!! Ty rrrr T

FIGURE 1. Capillary cell (actual dimensions}.

The ;ell body is a pyrex capillary tube of internel
radius 0.9 mm and the windows are slides of pyrex
rods optically flattened on the internal side
before welding to the capillary tube. After
welding the enda of the cell are also flattened.
The alkali metal is conteinéd in a side arm of

the cell and to prevent window contemination there
is a small temperature gradient between the cell
body and the side arm., The laser is focused to
the diameter of the cell and illuminates the entire
volume of the cell, To further define the volume

from which fluorescence is detected & slit of 15d

pym is placed near the input window. The resulting

h

volume is & x 10 cm3; however ite absolute value
is not erucial. The important point is that it is
wvell defined, insensitive to variations in the

optical absorption path and uniformly illuminated.

Moreover,since the cell is sealed and the vapor
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~is saturated, the atomic density N .whose value

at’
can be determined for
' 12

is necessary to obtain an
each temperature from the Nesmeyanov tables
vithout any sophisticated measurement, The accuracy
of the Nesmeyanov tables, tested in dodium at

~100°C higher than the temperature typical of our
4

experiment, has been proved to be n2-13%
The density of the axcited state an is

determined by an original calibration method based
on the saturation of the resonance fluorescence,
At low temperature, when the ufomic density ias algoe
low, it is posaih}e to achieve saturation of the
resonance fluorescence transition A(nt}+a(ground),
as it is shown in figure 2, even if the excitation

is made with a low power broadband dye laser.

1"
|F|llll
o.’ s ¢ o e b e b e P b o — :--:
J”’
’/
' A A
(] 0.5 1 ) leu)

FIGUHE 2. Rgaonancé fluorescence signal versus the
lager intensity, in absence of saturation { full line)
end in presence of saturation (deshedline).
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At paturation the ratin between "n and Na is

11 t
known from the degeneracies of the ground and
excited state and in first . approximation N _e«lp

nt 5 at
More deteils on this particular point, including
the treatment of the line shape of the saturated
fluoreacence, are in ref.5. Qnece the detection
apparatus is calibrated ,the resonance fluorescence

signals at different atomlc densities are compared

and the density an.is cbteined from the expression

1 (7. ) x
F_ (1) it R (Te) T (5)
S nt 71 T (1.) nt o

where ¥ is the trapped lifetime of the statelnt>
at Tl end t, is the natural lifetime at T,, when
there is not radiation trapping. From equation(5)
it is clear that the measurement of X is of primary
importance. Once again the system which has been
studied in more detail involves the 3P-level of sodium.
The experiment of ref. 3 has proved that the
complicatéd mechanism of radiation trapping can be
wvell understood and also contfolled; however thie
is done at the expenses of the simplicity of the

experimentel set-up. In the application of our

method to the process
Na(3P) + Na(3P)+Na(58,4D) + Na(38) (6)

*
we have avoided the direct measurement of 1t (3P)
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APPLICATION TO SODIUM

The atomic levels 6f interest in this experiment

are sketched in figure 3.

3

>

Ll

:1

-

.

[

W
1 laner
ol 33

FIGURE 3. Sketch of the atomic modium levels
iRvolved,

The rate constant knl(with nt = 58 or LD) is related
to the cross-section Bo far considered saimply

‘through the mean interatomic velocity knl =T,
In the experiment we measure the density "3P of
the excited 3P-atoms,the intensity of the

¥.

fluorescence transitions I ., I, . and

I3P+3S' corrected for the response of the apparatus.

These quantities are related to the product
K 2

nt %o. To mipimizeeffects present in high vapor
pressure ;which may obscure process (6) the experiment
is performed in a range of relatively low densitied.

Although in this situation the intrinsic signal-to-

-noise ratio is reduced we take advantage of this
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fact by minimizing theself trapping corrections
and the contribution of other possible processes
enhanchéd by the high vapour density. At these
tenperatures the colliding 3P-atoms have thermal
energy sc that their relative energy remains
constant as does the collision frequency. As a
consequence kn! has to remain constant and the
temperature dépendence of k %*2 in due only to
1%, Ye have checked that in ouf experiment the
Milne theory of radiation trappinsl3 patisfies this

condition’(as shown in figure 4 for the 53 level)

E
and provides the correct vealue for 1 .

o100 }soo

E

W2 ' Ja00
T -’.1 P 2
R | l I' ! 200 7.
@ S <
x 25 l _l_ .i—-'l" I {00 »

| }I . . g

o A
© 190 195 200 205 210 T{*C)
FIGURE 4. fThe daphed line gives the values
of 1*7, from the Milne theory. The dots

o
represent the experimental values of

x
kSB 1 710 .

As an example, the resulting values for kss is
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Plotted in figure 5.

'% a0 |
SE 20 __l _l T I L L |
SENRAET

tla

190 195 200 205 210 T{"C)

FIGURE 5. Experimental results of kSS versus
the temperature.

CONCLUSION

The previous disagreement between the experimental
determinations of the rate constants for process
{6), as shown in table 1, makes clear the need for
reliable methods of measurement. The epproach

is obviously not unique. Huennekens and
Gallagherh. for example, have demonstrated that
using a pulsead dye laser for the excitation anad

a single mode cw dye }aser tuned to the wings of
the resonance transition it is possible to measure
both the spatial and temporal distribution of the
excited atoma, Thus they can control the
radiation diffusion and get N(3P) and T!(3P) in
the changing volume., The special cell designed

for our experiment instead ,allows us to take
constant the excitation volume and to minimize the

radiatioa trapping problems. It is satisfying
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that such different approaches give very close

values {see table I) for the croes section of

process (6},

Table I Rate coefficients k and crods sections g

for the 53 and 4D leve|y of modium.

k(cmjsec-l)

Level T(°C) u(cmel Ref,
58 227 7.0 x10" 1% 7.3x107°C  8,(1982)
~32h 1.63x10 *° 1.6x10" 7 L,(1983)
210 1.9 x10”1° 2.0:0 P 5,(1983)
WD 277 2.2x10" 1 2.3x10716 14,(1979)
397 1 xw0t2 9.0a0™%  7,(1981)
221 k.5x10° % b.7x10°2°  8,(1982)
307* 107t 9,(1982)
n32l 2.46x10"1° 2.3d0 77 1,{1983)
210 3.0 x10" 20 3.2x10%°  5,(1983)

tT’his experiment used & sodium beam: T=30T7°C i=
the temperature of the oven and o=10-1lem? ig
an indirect measurement.
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Cross-section measurement and theoretical evaluation for the energy-transfer collision
Na(3P)+4Na(3P)—+Na(4F) 4 Na(3s)
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We have measured the cross section o{4F) for the collitional process Mai3 P)+ Nat3P)— Na{4F)
+Naf3§). The experiment is bused on the measurement of the intemities for 4F, 4D, and 3P
fluorescence emissions in sodium vapor excited with & cw dye laser. o(4F) is determined relative to
ol4D), whick has been measured in an absolute way in previous experiments. Influence on o{4F)
and o{4D) of the energy-transfer process Na(4F) + Na(3Sh=Nal4D) -+ Nal35) is abso discussed, A
theoretical evaluation of o{4F} and o14D) relative to & chosen moleculac channed is given and com-

pared with the experimental determinations.

I. INTRODUCTION

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

Na{3P)+ Na(3P)—NalnL)+Na(35) , n

where aL indicates atomic levels lying higher than 3P.
Three of such al states, namely 55, 4D, and 4F, are
separated from the sum energy of two 3P atoms by a few
kT (see Fig. 1). For the 55 and 4D levels there have been
& number of experimental determinations of the cross sec-
tion {updated results have been collected, for sxample, in
Ref. 3). Here we report the first measurement of ol4F),
the cross section for the population transfer 10 the 4F
stale, i.e., for the process

lager
18

FIG. ). Simplified energy-level diagram of stomic sodium.
The dashed lines indi the it of i in this ex-
periment and the horizontal line indicates the energy of two 3P
" atoms.

2

Nat3P) -+ Na(1P)—Na(4F) + Na(35) . 1]

o(4F) waa not messured previously because the 4.F-lavel
fluorescence is in the near infrared, at 1.84 um, outside
the sensitivity of the apparatuses used for the determina-
tion of ¢{55) and o{4D). The 4F state radiatively decays
only to the 3.0 ievel and o{4F} could in principle be in-
directly determined from the 3 D-level fluorescence inten-
sity. However, since the 3D level is populnted also
through cascades from levels other than the 4F, we prefer
to modify the apparatus and perform a direct experiment.
In this experitnent we have also estsblished the contriby-
tion of the collisional tramsfer process

r
Na{4D)+Na!3$)ttzNa(4ﬂ+Na(3S) » 3

where K and K’ are the rate coefTicients of the resction in
the two directions. Process {3) is expected to be strong
since the 4D and 4F levels lic very close in tnergy
(AE =38 cm™'n0.1T), However, our experiment has
proved that the influence of process (3) on the cnergy-
pooling cross sections o{4D) and o{4F) i only of the or-
der of a few percent. This means that the values of ci{4D)
(Refs. 4 and 5) obtained in experiments which neglected
process (3} remain correct.

To measure o{4F) we first tried the same approsch and
geciietry a3 in our Previous experiment® for the absolute
determination of {35} and o{4D} involving excitation of
sodium vapor from the ground state to the 3P state by
means of a ¢w dye laser and messurement of the intensity
ratio of 4F-3.D to 3P-1S fluorescence. Unfortunately, the
efficiency of the infrared detection apparatus is low com-
pared to that of the visible apparatus and, as 2 conse-
quence, the signal from the 4F level is weak compared to
the fluorescence in the visible region of the spectrum from
the 40 and 55 levels. We could casily increase the inten-
sity of the 4F.30) fluorescence by increasing the laser
power density and/or the atom density either by increas-

. ing the temperature of the call or by adding & buffer gas

2068 ©1983 The Amarican Physical Society
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TABLE [. Fluoresence lines observed.

Relative intensity”

T=260°C T =320°C
Transition A (um) fcell: no buffer gas) fcell:  with buffer gas}

4D4p FRL] 13 L3

4F3D 1.4 1 l

4P4S . 220 23 L7

45.3P 1.14 29 54

5SF.3D 1.26 0.15

65-4P 1.63 0.3

75-4P 128 0.1

* The intensities are corrected for the apparatus response and they are normalized to the 4F-3D emis-

sion for each temperature,

{as will be shown Ister). However, one of our goals was to
keep the laser power and the stom density at low values in
order to avoid multiphoton and secondary collisional pro-
tesses. So we took advantage of the fact that the 4D level
has & fluorescence line, corresponding to the 4.D-4P tran-
sition, in the near infrared (see Table 1), in the same spec-
tral region as the 4F-3.D transition. By comparing the in-
tensity of the 4D-4P line with the 4F-3D line we were
able to measure o(4F) relative to the absolute value of
o{4D} with an accuracy comparable to that of our previ.
ous experiment. In the same way we also determined an
upper bound for o{ SF).

From an experimental point of view the problems
which led to large discespancies in measured cross sec-
tions (scc Table | of Rel. 3) have been overcome, while [it-
tle work has been done from a theoretical point of view.
The cross section of process (1) has been calculated only
for the 4D stare® by a procedure which does not use
good-quality variational wave functions for the excited
states and takes into sccount only the region of large in-
teratomic distances. Here we report the first calculation
for o(4/) and with the same approach we also fing a
value for o(4D) which is in better agreement with the ex-
perimental results, The method used and its results and
Limita will be described in detait in Sec. IV,

IL RATE EQUATIONS

The evolution of the population of the 41 and 4F lev.
els, in the stomic system irradiated by the cw laser
resonant with the 1S-3P transition, is affected by the
energy-pooling collision process (1) and by the exchange
process (3). In the conditions of our experiment, where
the terms due to Penning ionization, electron collision ion-
ization, and ionic recombination can be neglected, the rate
equations have the form )

N(4F)m — A(4F, 3DIN(4F} 4+ N IPIE(4F)
+KNN4D)—K'NN(4F) , 2]
N(4D)= = T A(4D,nLIN(4D)+ K (4DIN(3P)
ul

where ¥ is the atom density, N(aL) is the population of
the nL level, A(aL,nL’} is the spontaneous transition
probability for L —n’L’, and K{4F) and K (4D) are the
rate coefficients for the energy-pooling collisions. Since
the collisions are thermal, K{nL)=vo(nl), where
v=V8kT /mu is the mecan interatomic velocity. The rate
coefficients X and X’ for process (1) are connected by the
detailed balance principle involving the level degencracies
as follows:” .

K/K' = [g{4F)/g(4D)) expl —AE /KT .

At the temperature of our experiment K /K’~1.26. Solu-
tion of Eqs. (4) and (5) in the stesdy-siate conditions
yields the following relation for the population of the 40
and 4 F levels:

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

)]

by fitting the data to this expression both X (4F} and X
can be obtained.,

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

Na(3P)+ Na(3P}—Na( 5P+ Na(35) , n

we must consider the following processes: electron-ion
recombination, described by K(R); radiative decay to the
5F state from upper levels; electron-impact ionization,
described by K'(e); photoionization from the 5F level;
Penning ionization, described by K (3P, 5F); associative

-ionization, described by K (35,5F); and electron-impact

excitation of 5F from lower nl states, described by
Kie.nllt. Takine nll nf thews tarma inte accnunt tha rmte
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NiSFi=—F 4 (SF.aLIN (SF 4+ K (SAIN*(P)+ K (R, SFIN e} -+ En«.mm:mw.)
. al

+3 AL, SPIN(a'L") =K (0, SFIN{e )N (5F)=-B,N P}

'L’

—K (3P, SFIN(IPIN(SF)+ K (35, SFIN(3SIN (3F) .

L))

In the photon ionization term B,fy N (5F), I is the laser power density and B, mo(PI)/hvy, with o{ PI) the photoionizs-

tion cross section and vy the laser frequency. The steady-state solution of Eq. (8) is
K{SPINYIP)+K(R,SPIN e} 4+ 3, Aln'L"\SFIN(»' L")+ zrlt,nLlN(cW(nL)
a'l’ al

L]

T N(5F)-

ich suggests the ibility of obtaining K(5F) by »
:rlg:edure‘ innlogousmhn used for the 4F level. How-
ever, it has been difficult to evaluate the influence on
K{5F) of the other terms and we have obtained only sn
upper limit to K (3F) via the ratio N(SFI/N@R.

11, APPARATUS AND RESULTS

A sketch of the apparatus is shown in Fig. 2. An sc-
tively stabilized single-mode cw dye laser (Ave1 MH2)
excites sodium atoms to the 3Py, level with ~10
W/cm?. The laser beam illuminates the sodium cell
placed in a temperature-controlled oven; the temperature
is varied between 235°C and 310°C. Since the cell is
sealed and the vapor is saturated, the corresponding atom-
jc density is conveniently determined from _ the
Nesmeyanov tables® 10 be 10'7—10" cm~*. Two ordinary
Pyrex cylindricat cells, prepared with standard ‘vacuum
techniques, have been used; one contains only sodium and
the second contains sodium plus 10 Torr of He a3 buffer

iy

N [y

IsL | o |
s l . e E{__J__'
1T me
.lf P
L1 lmca via ]

FIG. 2. Skeich of the cxperimentsl setup. LB, laser beam;
BS, beam splitter; CC, control cell; SA, spectrum analyzer;
CRT. cathode-ray tube; SH, shutter; CH, chopper; C, collision
cell; F, filter; MC, hromator; PM, ph ftiplier; WFG,
wave-function geverator; R, recorder; MCA, multichannel
analyzer; PSD, phase-sensitive d llock-in amplifiert.

>4 (SF.uL)+A’(l.SFDN(O)+K(JP.SFW(JP)-}-K{JS.SF)N(JS)+B.I;,
wl

~ - :
g3 The fluorescence: is analyzed at right angles by a
0.35-m monochromator equipped with a JOQ-gmnva/mm
grating for the near infrared. The detector is 8 photocon-
ductive PbS device sensitive to radiation in the (1—3)-um
region and cooled 10 dry-ice temperature fn:'u' a better
response. To improve the signal-to-noise ratio the Iaser
beamn is modulated st low frequency (481 Hz) by a
mechanical chopper, and phase-sensitive detection is used.
Typical fluorescence spectra recorded with this configura-
tion are reported in Figs. Ja) and 3b}. )

As axpected, the 4F-3.D flucrescence inteasity increases

Ap-48

(=)

(b}

n

- n i ik i L e

1] 13 1] w w 1

FIG. 3. Na fluorescence spectrum, uncorrected for the ap-
paratus response. The laser power is 100 mW; spectrum {p) is
from a cell containing pure sodium at T =260°C while spec-
trum (b is from a ceil containing sodium at T =260°C plus 10
Torr of helium as buffer gas. The lines indicated with 3 + are
due to potassium impurities in the cell.
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dramatically with increasing temperature. However, this
increase arises from contributions of processes other than
energy poaling, processes which become impartant only at
higher densities. In order to get a better signal-to-noise
ratio at low temperatures, & further improvement of the
apparatus was necessary. A second laser-beam chopper at
a very low frequency (0.4 Hz) was used; a function genera-
tor drives this chopper and triggers a multichanne]
analyzer used for signal averaging. The statistical error is
then reduced by the factor 1/v'N where N is the number
of averaging cycles of 3 sec duration each on the max-
imum of the fluorescence line. The signal is later on
displayed on the analyzer and chart recorder.

The determination of o(4F) is obtained by observing
the fluorescences 4F-3D at 1.84 um and 4D-4P at 2.33
pm. It is sufficient to measure just the reiative intensitics
because we only need the ratio 1(4F-3D)/IH4D4P). In
our experiment, laser intensity and fluorescence volume
are the same for both 4F and 4D levels and radiation
trapping is negligible for these high levels. In Fig. 4 the
ratio of the two fluorescences of interest is plotted for a
fixed temperature versus the laser power: It is clear tha
the variations are within 7%, which justifies our assump-
tion. A first set of measurements was made with the cell
containing pure sodium. The 4F-3D and 4 D4 P fluores-
cences were recorded over N m=2% averaging cycles on the
multichannel analyzer so that the statistical ertor was de-
creased by the factor 1/2%. By using the relation between
the transition probabilities and the line intensitiss (see, for
exampie, Ref. 9) the N (4F)/N{4D) ratio of Eq. (6) can be
written in terms of the fluorescence line intenasities. Data
bave peen fitted to this sxpression and the resulting best-
fit parmmeters are .

K(4F=(56+£2.2)%10" cm®sec™!
and
K =(9.814.9)x 107 em’sec—! .

The beay.fit curve for Na(4F)/Na(4D) and the experimen-
tal values are reported versus temperature in Fig. 8,

The uncertainty in K(4F) is slightly bigger than that in
the absoiute measurement of K(55) and K(4D). The
50% indeterminacy of X shows that this experiment is
not suitable for measuring the rate cocfficient for the
energy-transfer 4D-4F in sodiuen. If in the rate equations

||d.

o | b

“”P ‘
'R I

I {mw)

FIO. 4. Intemsity ratio of the 4F-1D and 40-4P fluores-
cences at T w260°C va Inser power.

n‘l o
M et
a3

T e alu ' :;o ' ';.TL('C}

FIG. 5. Population ratio of the 4F and 4D levels. Dots
fepresent the data and the dashed line the best-fit curve to Eq
{61

!
(4} and (5) the term describing this transfer process if
ticglected and the data are fitted with the same proceduire
to the new expression for N (4F)/N (4D), the result is

K{4F =m(6.0+2.4)% 107" cm’sec™! .

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

As shown in Fig. 3(b) the emission spectrum recorded
with a cell containing sodium plus a buffer gas also con-
tains fluorescence lines originating from the 5F, 65, and
75 levels. (For comparison, all observed lines are listed ic
Table 1) The presence of lines from such high states
clearly shows that the buffer gas favers, in addition to en-
ergy pooling, other collisional processes. Earlier experi-
ments in which visible fluorescence spectra resulting from
laser irradiation of sodium vapor were obtained also
showed that atomic levels lying higher than the 1P + )P
energy were produced.!” The precise sequence of reac-

sape 3
It i o,
o 4
;o
vy !
f i
/! ‘Fll—n
’ 10\ ‘fl P
;’r
i’
i
A ,
osr-0
R a4D-ar
1 10 1 jert s

FIG. 6. Log plot of the fluorescence intensity for transitions
from the 5F and 4D levels vs laser intensity.
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tions that leads to the production of these states is quite
complicated, involving superelastic electron collisions,
secondary collisions of the atoms excited by primary ener-
gy pooling, and ionization mechanisms with subsequent
electron-ion recombination. In this work we will concen-
trate only on the population mechanism of the 5F level.
The dependence upon the laser power of the $F-D
fluorescence intensity, compared to the 4F.3D line (see
Fig. 6), gives direct evidence that the 5F and 4F levels are
populated through different mechanisms. From our ex-
periment it is not possible to determine the contribution to
the population of the 5F level of esch process taken into
account ia the rate equation (8). However, since in the
full range of temperatures of our experiments emission
from the 5F level has not been observed in the cell
without buffer gas, we are able to place an upper limit on
the cross section g{5F) of process (7). Measurement of
the intensity of the 5F-3D linc leads for this limit to
K(5SP <107 Y emsec™!,

IV. THEORETICAL APPROACH

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

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

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

('z32nE;,'n,. 0, 'a,)
(10
Cxim, g n,. ', ke, ,

and this set of final states, connected to the (35 +4D) and
{35 +4F) dissociation limits,
[ 1700 3 /00 | P | ML P WP T {n

plus (', ..’ ®,,, ) for the (1S +4F) Limit. Almost every
pair of states having the same g /v and + /— symmetry

is coupled by some terms in the Hamiltonian: the deriva-
tives of the radial internuclear distance for states with the
same A and S, the Coriolis terms for states having the
same § but AA=+1, the spin-orbit operator for states
with different values of S, etc. Thus a complete a prior
treatment of this problem is quite impractical considering
&lso that the molecular states involved in this problem are
highly excited electronic states. However, for obtaining
an order of magnitude of the measured cross section and
taking into account that we are dealing with slow
(thermal) collisions, we have selected among all the statey
given in (10) one energetically favorable entry channel,
that represented by the ‘}'.: molecular states, and we havg
calculated the contributions to the measured cross section
due to the transitions from thess states ta the other 'X;
states that go to the (35 +nlL) dissociation limits. Be-
cause of the slow-velocity regime and since large inters-
tomic distances (R »>20 au) are important in the col-
lisions between our excited atoms, it seems ressonable to
disregard the centrifugal coupling with the IT states.
Also, neglect of the spin-orbit coupling does not represent
& crucial approximation in the case of sodium atoms. For
these reasons we believe that significant comparisons can
be tnade between the cross sections for the transition pro-
cessey (3P +3P)—e(35 +4D, 1S +4F) calculated using
the subse of the 'Z} electronic states and the experimen-
tal results valid at least as to order of magnitude.

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

A. Wave functioss and electronic terms

We start from the solution of the electronic problem for
the two separated atomic fragments. For each of them we
construct a set of Hartree-Fock orbitals separately optim-
ized for the various states, starting from the ground up to
the (44) and {4f) excited ones. Note that from now on
wa will identify each atomic state by using the quantum
numbers n and [ (lower case} of its valence electron in the
independent particle description. The Hartree-Fock orbi-
tals are used for constructing valence-bond wave func-
tlons, having 'T} symmetry and corresponding to the
various dissociation limits of the Na; molecule: (3s,ri)
with n =3, 4, and 5; ! =0, 1, 2, and 3; snd {3p,3p). Writ-
ing each electronic wave function as an antisymmetrized
product of group functions, we give to each molecular
state the representation

WY, L N2, L N2
T mMAP2, .. N
X127, .., N"10,(1,2)], (12)

where &, is the group function for the singlet ground
state of the core electrons of the stom A having the fol-
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lowing structure in terma of the atomic core orbital cen-
tered on A:

Ccam | 10415, 25, 5,207, 352.020 143574 2pralpaal .
(k)]

Anslogously, ®cy in (12) describes the core electrons of
the stom B while y is the group function for the valence
electrons in the '3} state with the following valence-bond
ll'l]rncture {corresponding 10 the (al)(n*I'} dissociation lim-

o,n.zn-}mu-«-?mq.sﬁu.‘uu_.,;cz)“ =+,

(14)

where & and 7 are the usual spin functions.

We notice thst in (12) 4 is the total antisymmetrizer

ind in (14) My it & normalization constant, while 7 and
#° #re, respectively, the inversion and the utati
Operators scting on the spatial electronic ooor:ie;a“th- \:':
Construct & set of such '3} electronic moleculsr fune.
tioms, starting from the lowest dissocistion limit (35 +3s)
up 10 the (35 +4/) one. At infinite intemmuclear distance
these wave functions 1} are automatically orthogonal, as
Are the orbitals used for their construction, Going 1o fin-
ite Internuclear distances and keeping the same structyre
(14} for each valence group function, we allow free over.
inp between the two valence orbitals of each &), while
orthogonalizing them to the core orbitals and the core or-
bitals among themseives for each ¥ In such & way and
yi:hout introducing any other configuration we can take
Into account the contributions due 1o the so-called ionic
structures, whick are essential for & complete description
of the state, and we can also disregard the corregtions dus
10 the basis superposition errors.!? :

Following such & procedure we obtain 3t each intermu-
clear distance a set of electronic wave functions that are
wen.kjy dependent on the intemuciear distance because of
their structure and whose orbitals maintain 3 well-defined
atomic character. Such functions are coupled in practice
only by the electronic Hamiltonian and can eross esch
other at finite internuclear distance: They therefore
represent our disbatic reference states, Note that these
wave functions are in general mutually nonorthogonal,
but' uuy canr be easily orthogonalized without changing
their main characteristics using the Lowdin procedure:'?

¥im|g)d4-'72, - (1%

where 4 I8 the overlap matrix among {¥]. The behavior
of lhe.po!emill-energy curves, obtained from [¢'), is
lhowy in Fig. 7 for the states of interest.

This disbatic representation has a physical meaning at
sufficiently large internuclear distances, where the Hund
{d) cou!Jlin case is appropriate, while at smaller internuy.
clear distances (R <20 a.u.) the interatomic potential
strongly mixes the atomic symmetries and an adiabatic
representation becomes more physically significant. This
chmgg of representation can be readily achieved by di-
agonalizing the matrix representative of the electronic

Hamiltnmian o she aion.a” o, -

WL

L1

1 L
3 E1]

1
" piew)

Fl(_). 7. Behavior with the Internuclear distance R, given in
atomic unity (a.u.), of the four disbatic '} terms going to the
{I_Ip +3p} and (33 +4d),{3s +4/) dissocistion limits. The ener.
E‘H‘Lm #ven in a.u with respect to the (35 4 3s) dissociation
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FIO_B. 8. Behavior with the internuciear distance R, given in
Atomic units (a.u.), of the four adiabatic 'E} terms going 1o the
l?p +3p) and {33 +4d),(35 +41) dissociation limits, The ener-
i3 are given in a.u. with respect to the (3r + ¢! dicwnciation
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FIG. 9. Behavior with the internuclesr dungwe ﬁ E;m ;
stomic units {s.u), of the coupling terms ¥y, given s .;.m
tween the various diabatic states ol‘ interest. The tv{t;_w o
going to the (3p +3p} dissociation limit are classi
ttheonchi;h«inenerulud”. (vhe lower one).

jabati behavior
i trix represent the adiabatic terms 'vhou |
?:: ?Jmion of the internuclear distance is sho.wn ::c !-‘:::
8 for the states of interest. The eigenvectors give c o
pansion coefficients of the adiabatic u'un)r-dewrm‘l z‘mn ic
wave functions that are the solutions of the ﬁ e
oblem for the various molecular states. These ur o
‘:ave functions sre coupled by the n{:!ul derivatives o :
internuclear distance whose mWalnx _e!emu_m Mbwom'm
relevant and change rapidly at the croasing points
diabatic states. . .
thel“ the following cross-section cakulations we luv:c :1;]’
lized the sdisbatic surfaces for treating thie [ wchear
dynamic and the diabatic terms and wave func‘t“f ons o
cate the transition points between the \.u.dous $ m::lar
for evaluating the transition pm_lnbllma at mteII.-n fear
istances R > 20 an. The behaviors of the coupling ol
trix elements between the diabatic states of interest
shown in Fig. 9. rimal calcular
Finally, we observe that 'l‘m our varistio alculs
tions we get many-determinant wave funcuonsm o the
valence electrons moving in an effective potent Hn\:em
core electrons, which are described by the same Hariee:
Fock single-determinant wave function for eacl lm ue.
The differences between the calculated and the gxpmdm
1al values of the energy defects between the vanous

cistion products are essentially due to the fact that we

i j should not influence to any
tion cffects which, however, 8K
ll:rge estent the coupling matnx demem_a between the

. various wave functions.

B. Cross sections

makdnlimdthemwuﬁwfw&m

transfer collisions (1) with »l sm ‘:{: Il:u carried
i [ ical way AS & - roblem
?:: mth:t'xl'c}t}“:diahm states that go to the !Jp ;3‘::
dissacistion limit and ;)hle: two sdiabatic states gong
4d) and (35 +4f) hmits.
‘B.FIUowing an approach suggested in Refs. 13 and 14 :;
have trested the four-state interaction A uqume‘um‘*
two-siate interactions by assuming that uch tml:-.x m b
tween adiabatic curves is localized ut their compl n boelt
section point, with 3 h;cll ptobt:.hct: mﬂ !
the other curves. Such an app disreg otherwmm
ts due to the interference witl |
gm:ffr::m are usuadly in le“n:elham asreem& w;: m
curste quantum cllcuhl.i_ 4 The mﬂf
cross-section calculstions 13 skctched in Wi ollows. )
The rotal cross section for an mdnsul:e pro::: modmulul

ing the (&) and () states dcpmdl'on m;qm gt
ofthe(p,:\.]eiﬁndltofthCSmatnx.w :

a8

' 16)
Sa=2P !'“' ' ‘

hllé)maumnmwu-ﬂtpecmwtm
starting on the curve (&) and md:_n'g on cuﬂef of: |;u.I.in|
P. is the product of all the probability f.ao:‘ for maling
o:uota transition st cach branch p-ulmtbt't"lut 2

and g, i the real phase ;qcumulued along the ofmlnul
ey Looking i the seneing P 08 vt e
transitiona between purs y

scattering tatrix as s product of propn;nh b:; I:I::'n:?f
adiabatic curves and propagators for o b £
the trajectory. The matrix represen tation A mpwn ot
tor along the internuclear coordinate from Ry o .,m.
region devoid of the intersection points is given Aol
onal matria, whoss fih elcment corresponding 10

batic curve WilR)is

FJ(R,,Ry)=exp [1; f :: k,(R)de ' an

_WARIY? and the upper
ml n‘g’n:‘su::er o t’he incoming (out;om;) plﬂ.
of the trajectory. On the other hand, the matnx xm-
1ation of the local propagator around the mrm o
section point, for example, of W and W3, is g

W3 g 0

(-pr? %
+p'3et® (1-pi? 0 0 (s
Gha=| ¢ 0 L o]’
0 0 L

where p gives the transition probability from lh:' adiabatic
curve W, 1o the adiabatic curve W and X 13 & ph:-
whoumlgnitudedepwdamtheemvuumgth

[ T ST IR T RN I

k7]

tween the two stales,

Since in our problem the intersection points between the
diabatic curves are well separated both reciprocally . and
with respect 1o the classical turning points, and further-
more, the disbatic curves are sufficiently linear and their
coupling terms quite constant near the crossing points, we
have used the Landau-Zener approximation for evaluating

the transition probability p and the phase factor in (18).
Thus we get

pmesp 27| VialRy)|?

P . (1%
Vo H[ V\(R)—FilR)] .. -,

Imir, 20

where V((R) and ¥3(R) are the disbatic terms which
cross each other st R -R, and are l!oupled by Vn(R],
while vy =(1/2mNK) +K)) | g, 13 the local velocity of
the nuclear motion st R,. In our calculstions we have
used the adisbatic curves shown in Fig. ., implemented by
the introduction of the centrifuga] potential, and the inter-
section points between each pait of diabatic curves ¥, and
:’} have been derived from Fig, 7 and the coupling terms

i from Fig. 9. Finally, every clement 5,1 of the scaner-
ing matrix has been calculated &8 the product of the ap-
propriate propagators for the ingoing and cutgoing parts
of the trajectory, with the proper boundary conditions im-
posed for the vanishing of the wave functions at each
classical turning point.

The total cross section for the transition process (A—pu)
has been calculated by integration of | $,, | over the im-
pact parameter aad the result has been averaged over a
Mazxwellian distribution f{v,T) of the relative velocity v
of the stoms at various given temperatures T, according

ta the expression
L (]

Tps(Nim2r [, ° flo, Ty [ |S,alb,0) (% b .
-

21

In (21), vg, represents the minimum relative velocity for
covering the energy defect between the final and initial
uste and by, the largest impect parameter for which
the incoming particle can surmount the effective potential
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X

At the crossing point. Note that the presence of the cent,
fugal barrier is taken into account by .a proper definiti-
Of b ga;,'? which reduces the range of the integration ox;
the impact parameter when the maximum of the centrifh
gal barrier lies outside the crossing points between tsd
surfaces, thus practically eliminating problems arist-
from coalescence of the paths.

In Table II we report the results of our calculations
ol3p—~+dd) and o(3p—4/) for the two entry channels o
the average of these values for esch transition process,
T =500 K, which is a value intermediate between the ¢
perimental ones. As can be seen from Table 11, the orc
of magnirude of the calculated cross sections coincic
with the experimental values for both o{4D) and ol4
and, furthermore, the value of o{4F) lies within the ran
of the experimental error. Note that this calculation, u
like previous ones,* exploits the entire adiabatic ener,
surfaces for evaluating the cross sections, taking into &

count the interference effects between the various wa'
functions which have been derived variationally. Mo
accyrate predictions of the experimental results can be

tained by considering other electronic states both as ent)
channels for the collision and in the expansion of the tot.
wave function and by evaluating compietely the correl;

tion and polanization contributions for the various eles
tromic terms.

Y. CONCLUSIONS

A simple modification of the apparatus used for me:
surements of the energy-transfer cross sections in co
lisions between two 3P sodium atoms has allowed b
direct observation of the populatioa transfer to the 4F an
5F levels. Working in an atom density range where othe
processes should be negligible we have established ths
energy-pooling collisions ere indeed the dominant mechs
nism which populates the 4F level and we have measure
the relative cross section. A theoretical model based o
the construction of the molecular potential curves con
nected to the atomic fragments involved in the collisior
has been developed. The cross section calculated consid
ering the contribution only from the 2] molecular state
is in good sgreecment with the measured sesult.

With the same theoretical approach the cross sectio:

TABLE Il. Comparison between our experimental and theoretical determinations of the 4D and 4F
energy-pooling cross sections. The sutes ('] ), and ("I}, refer, respectively, 1o the energeticatly lower
and higher entry channels, and o} is the mean value of their contributions to the total cross section

which must be compared with the experimental result.

4
ol4D) {cm®) a(4F) tem?) T (K} :
Expe. (3.2:1.1ix 107" 413 -
(5.7£2.3)x 10°* 523
- Cak: (o) 1.0x10-* 8.8 10" 500
(I} 9.4x10-1 Laxlo-* 300
(' Lix10-" 10X 10~ 300




TN

2076 M. ALLEGRINI, €. GABBANINI, L. MOL, AND R. COLLE 32

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