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" ixhd of any possible A{nP;) + B(nP} ). Ineach line first entry identiftes
the alkall specles and level, second entry i3 the minimum energy

difference AE Incm -1 batween the four energy sumg A(n Py} + B(n' P))

‘4\l|

.
(AN PAI’\J
v -t ‘, 35

s h £at wm- \-“‘l‘-'tM—M'kh""i

Y
§ g3 aigep 1 i N B 2

#Mﬁh\ 4 e

R

- W —

AY + RY —» A* 4+ B

—> A

"%

+ B

K

Rb

T .;#,.?,‘.{ s "@Ju oy u,»_nﬁ,-:;._tﬁ.??_,mf#_.t.—m . and the levet, third entry Is AE expressed Inunit of kT. kT 1s 363 cm™!
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‘ e e b i T v ] respectively, an indicative temperature for which energy transfer in
LT : collisions between two excited alkali atoms In the first P level may be
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Cs

L

Na

Rb

(30)/+577/+ 16| [ LK35)/683/41.9 |
W3P)/+934/426
K(6P)/-1052/-2.9

[Na{30)/+768/42.3 |

K(5F)/-590/-1.8
L

K(65)/+438/+1.2
K(40/+4917¢ 1.4
K{4F)/-181/-05

Na(4P)/-251/-0.8
K(6P)/+934/+2.8
K(§0)/-169/-05
K(75)/-258/-0.8

—

_Eb( 6H)/-854/-2.6 |

Li(35)/+272/40.8
Rb(4F)/+691/+).

Ro(7P)/-114/-0.3
Rb{6D)/-967/-2.7

Mol 30}/ 3627+ 1.1]

Ne(4P)/-477/-1.4
Rb(6D)/+846/+2.6
Rb(85)/+488/+1.5
Rb{5F)/+258/+0.8
Rb(50)/+238/+0.7
Rb{ 8P )/-45/-0.1
Rb{70)/-490/-1.5
/b(95)/-709/-2.2
Rb{6F)/-834/-2.6
Rb{ 60)/-845/-2.6

Rb(SD)/- 79/-0.3

K(5P)/844/42.9
Ab( 75)/-452/-1.5

[LI(35)/ - 570/~ 18]

| Cs(9P)/-1001/-2.8|

[ Ne{30)/-467/-1.4

Cs(8P)/+ 290/+0.8

Cs(98)/~ 274/-0.8
Cs(5F)/- 335/-09
Cs(50)/-374/-1.0

Ca(9P)/+452/+1.4
Co(8D)/+311/+0.9°
Cs( 105)/-149/-05
Cs(6F)/-178/-05
Cs(60)/-195/-06
Cs( 6H)/-204/-0.6
Cs{ 10P}/-21/-006
Cs(9D)/- 123/-0.4
£s{ 115)/-424/-1.3
Co( 7F)/-442/-1.3
Cs{ 11P)/~698/-2.1
es( 100)/-763/-2.3
o 125)/-960/-2.9)

K(SP)/~ 3/-0.01
Cs( 85)/-96/-0.3

| I

Cs(4F)/+ 374001

Rb(6P)/- 35/-0.1
Cs(85)/- 6/-0.02
Cs{ 4F)/~223/-0.9

Cs(70)/+ 13/+0.04].
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DIFFICULTIES ‘

MAKE ATOM DENSITY COMPARABLE FOR THE
TWO ALKALl SPECIES

DISCRIXINATE CONTRIBUTIONS FRrRoH PUuRE
VAPOR CollLlStons .
Phlegrini, Biechi, Comint Saiive Crb. Comm. 2 #43 1790
MEASVRE EXCITED ATOM DEMSITIES

HEASURE EFFECTIVE LIFETIMES
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Fig. I. Partisl electronic energy level schemes of Na and K. Fuil
arrows indicate laser wxcilations and broken arrows the observed

transition lines. On the right side the levels of Na and K wilk

energy close 10 Ey are reporied in an expanded scale.
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Fluorescence spectrum obtainad with intermodulated lasar spectroscopy.
The intensitles of the lines are not corracted for the monochromator
grating and photomultiplier efficiencles. The u.v. lines are partially
absorbed by the cell glass and strongly affected by self trapping,

TABLE 2. Relgtive rats constants evaluated scrording Lo sq |, The
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TABLEI. Cherecleristic psrameters of the observed energy ponling

transitions.

ATOM LEVEL AE TRANSITION A Y T
{em™ ) %) {ns)

K *5p +{i30 SP-45 4045 0.26
Ry SO +156 SD-5P,,,3,, 7619-7760 061

7S -452  7S-5P,,,3,,  7260-7408 059

*4F -g910  4F-4D 13446 098

7P -20011  TFP-4D 11744 0.15

Fesonance Fluorescence

K 4P 5545 7665 250235
Rb SP3,2-55 7801 300245
Ha 3D + 362 30-3P”2 372 g183-8195 |
Rb 8s + 488 BS-5P 6i61 051

7D - 4390 7D-5P 5726 0.7

6D + 840 &D-5p 6300 073

35 -709 95-5P 5655 0.47

Resonanca Fluorescence

Mo . 3P3/2"35 5690 200430
Rb SP3,5-55 7801 450165

(*) The lransilions marked by an aslerisk have been nbserved only at higher
lempersture (T=240°C) end are nol taken in coasideration for the

corresponding K calculations.



TABLE |i. Aveilabie rate caefficients k and cross sections o forenergy - ;'w I
transfer coilisions tn alkali systems. _ _ B O -

SYSTEM LEVEL  aE T kelof®  oxio'S Ref. RAcE
em) @ (em¥H)  (emd)

Na-Na  SS «716 210 38¢1.3 40214 [16]
S5 +716 324 330 32:¢1.0 L7l
4D -602 210 6.0:2.1 6.4:2.1 16l "
) -602 324 4917 46:16 (17 1 :
9F -542 250 1.210.6 12:06 {18] :
Rb-RD 5D - 69 180 30:12 64:26 |14l [: [
73 -678 180 13108  28:1.4 this work 5 : [
~ 1079
[+ i
Ma-K ID(Ma)  +768 240 2.4¢1.2 28:14  [i2] E ] !
SDK)  -169 240  32:16  38t19 2] = [ !
78KK)  -258 240 15:07 1809 [12] X r
]
K-Rb 5D(Rb)  +155 220 36118 S8¢29  this work 10719 1 [ l :
7S(RD)  -452 220 4.0£2.0 6.4¢3.2 this work '
]
Na-Rb  ZD(Na)  +262 200 23112 31#16  this work '
55(Rb) +d83 200 13:0.7 1749 this work 1
70{Rb)  -490 200 714 9.4:47 this work 10711 ' . LDR— . .
AO(RD)  +346 200 6.4:3.2 8.5¢43 this work -3 -2 -1 0 t 2 3
93(Rb) -709 200 451273 6:3  Lhis work '
----------------------- - e - AEIKT
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ORSERVATION OF FLUORESCENCE FROM HIGH-LYING STATES OF POTASSIUM
IN A SODIUM-POTASSIUM MIXTURE UPON RESONANT LASER EXCITATION

M. ALLEGRINI ! P, BICCHI *+?, 8. GOZZINT ® and P. SAVINO *

! fazimato di Fisica Atomica e Molecolare det CNR, Maa, Inaly

¥ o di Fisica detl Universite, Siena, Italy
Y tavituto di Fisica dell*'Universitd, Pisa, ftaly

Racaived 26 November 1980

Fluorescance from thres of the highly xcited states of K (S, 5P, and 4D} has been obsived in s mixed vapous of
sodium and potassiam upon iradiation of 1wo cw dye lasers tuned to the D resonance fines of sodium and polassium,
Processes that may populate these levels via K*{4P) + Na"(3P) collinsons sse discussed.

1. Introduction

In the last fow years interesting effects such as
Muorescence from levels higher than the excited one
[1-6] and partisl oy complete ionization [6—13]
have been obsarved In the alkali vapours excited by cw
or pulsed dye lasert to the first resonance P-levels (1,
3-8, 10—12) ot 13 one of the higher levels [2.9,13].
The experiments have been performed in very dif-
forent conditions, in 4 cell {1-9,13] or in a beam
[10-12], with an atomjc density varying between
1012 atopsfem? and 1017 arorafem? and with 3
laser powey density ranglng from 10 Wjem? up to
108 Wicm?2, These exysmely diffecent cases are dif-
ficult to compare brgguse imsny processes [8] are pos-
sible and compete with a2 another. Considerable ef-
fors have afwo besn niade from a theoretical point
of view [14—17), but an unified view of ail the pro-
cesses has nox yet bean reached.

[n the aim of giving an uselul contribution to &
better understanding of these phanomena, we per-
formed an experiment in & mix¢ure of sodium and
potassium whoge results are reported in this letrer,

2. Experimental resulis

The experiment was carried out with the experi-

mental se1 up sketched in fig. 1. A cell containing
sodium and potassium in two different bulbs and ~§
Torr of Ne was irradiated with twa laser beamy tuned
to one of the resonance D-lines of K and Na respec-
tively. The dye laser 1, working with the dye Oxazine
1 Perchlorate, gave a maximum power of 200 mW on
the D, or D, resonance lines of potassium (7665 A
and 7699 A) over 3 spectral width of ~0.5 A, corze-
sponding, in the geomeiry of our experiment, to 3
maximum power density of ~102 W/cm2, The dye
taser [I (spectral width ~0.2 A and power ~40 mW),

WOM
[N
]

L)
—n
t e @
~ LOCK-IN "

Fig. L. Sketch of the experimantal apparstus.
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resonant with the sodium 35S — 3P transition, was
modulated with a mechanical chopper driven by and
locked to the lock-in amplifier used for the phase-
sensitive decection, whilst the dye laser | was acting
in ew regime. Since the effects observed were critical-
ly dependent upon the tuning over the resonance
lines, it was suitable to use the standard etalons pro-
vided by the manufacturer that did not affect the
laser power outputs, Moreover the experiment was
very touchy and the two laser beams had to be very
well aligned on the same spot of the cell,

The flucrescence specira were obtained with the
sample cell between 150°C and 200°C corresponding
10 1.2 X 1013-1.4 X 10" K stomsfem? and 1.8 X
1041-3.6 X 1012 Na atoms/cm3 [18]. We monitored
the fluorescence emission of the alkali vapours at the

madulation frequency of the beam exciting the sodium,

0 ) ¢
R
i
™ |
o e 00 ik
b)
AN oy o e A
T =

M AT

Fig. 2. a) Obsgerved transitions of potassium by means of
phase-sensitive detection upon cw excitation of the K-
resonance D linet and modulated excitation of the Na reso-

nance D lines, b) The same spectrum region as in a) with laser
| off, or laser Il deruned.
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Therefore with this kind of detection we picked-up
only the levels populated through a process which in-
volved Na excited atoms,

Besides the resonance Dy and Dy lines of both
s0dium and potassium we have observed fluorescence
transitions of potassium from higher excited states,
namely the 5P —+ 45, the 65 —+ 4P and the 4D —+ 4P 35
shown in fig. 2a.

In fig. 3 the energy levels of both sodium and
potassium are reported on the same scale and the
transitions observed are indicated. The energy values
4P(K) + 4P(K) and 4P(K) + 3P(Na) are also shown.
The experimental observations are listed below:

a) We observed only the three transitions indicated
above, whilst the monochromator was scanned in the

Elv) _ Ilc-vl
|—ianilebien potentist | ;.09

1]

- L3
3 W . | .
' ; ~ F 1
x
a .
- 3
olids 28 o
K Na

Fig. 3. Energy levels diagrams of sodium and potassium. The
transitions of potassium observed at the modulation frequen-
cy of taser } are shown. The dashed curve indicates the elec-
tronuc energy sum of the K(4P) and the Na(3P) stoma, whilst
the doited-dashed line indicates the electronic energy sum
two K(4P) atoms, -
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Table 1

Atomic iransitions of potassium observed upon sxcitation of
the Dy resonant line of potassium and the D3 resonance line
of sodium. T'» 200°C, kT = 329 em?

Teangition Wavalength  Uppez level AEW) AFD)
5P-4S AD44—3047 P /1 *A2 4161
65-4P 69116939 65,3 -4,1 + 1.8
AD—4P  6936-6965 4D3pgp -4 v 8

2) & is the difference between twice the ensrgy of a potas-
sium 4P lavel and the upper kevel iavolved in the transition,
exprassed in units of kT,

) AE" is the difference between the energy sum of 3 potas
sium 4P level and a sodium 3P level and the upper potaw
sium (eve! involved in the transition, sxpressed in units
of kT,

reglon of sensitivity of our apparatug (3400—8200 A).
In table | the observed potassium transitions ace listed
together with the energy differences, in units of kT

av 7= 200°C, berween the upper level and 1wice the
energy of the 4P potassium lovel or the upper leval
and the sum of the energies of the sodium 3P level
and the potassium 4P level.

b) If laser [I was slightly tuned off the resonance
sodium D; or Dy Lines or if laser | was off, the signal
dut to the SP =+ 48, 65 —~ 4P and 4D - 4P transitions
disappeared (fig. 2b). L

¢} No fluorescence from the higher sxcited Na
sLates was observed,

d) Resonance fluorescence of potassiwm was ob-
sarved even In presence of the Na resonsnce excits-
tion alone, If the K sesonance excitation was sdded,
the K resonance fluorescence signal, 8s observed
through the lock-in amplifier, increased,  ~

¢} If the modulation was moved {rom the laser I
to the laser I, Na resonance fluorescence was observed,
surprisingly enough, even when only the Dy excita-
tion was present. When the Na excitation was added,
1 more intense Na resonance fluorescence signal, of
different sign, appeared. It showed that the result
of an Na*(3P) and K*(4P) collision is a depopulation
of the Na(3P) level.

3. Comments and conclusions

We discuss, first, what we observe in presence of

a-
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both Na and K excitations. The experimental obser-
vations demonstrate that the process leading to the
fluorescence from the higher levels of potassium is
due 1o collisions that necessarily involve K atoms in
the 4P state and Na atoms in the 3P state, eventually
assisted by buffer gas stoms or alkali atoms in the
ground state, The processes starting with a collision
between the two excited atoms are several; those
which may be thought of in our case are:

1) Dizect electronic energy transfer in the form:

Na®(3P) + K*(4P) -» Na(35) + K**(5P, 65, 4D) + AE .

2) Associative ionization followed by dissociative
recombination:

Na®*(3P)+K*(4P)+NaK* +¢~
- Na(38) + K**(5P, 65, 4D) .

3) Laser induced ionization followed by recombi-
nation in the form:

Na*(3P) + K*(4P) + hw = Na(38) + K* +¢~
4) Associative jonization followed by dissociation:
Na*(3P)+ K*(4P)»NaK* + ¢~ = Na(38)+ K*t+e™ .

We expected that in the process 1) the levelsal-
most resonant with the sum energy of the colliding
atoms Na*(3P) and K" (4P) should be the most popu-
lated whilst we have observed fluorescence from the
5P, 65 and 4D levels that have a large energy excess.
For this reason we tend to exclude it. The second one
is energetically possible being the bottom of the
ground potential curve of the NaK* almost resonant
with the sum energy Na®(3P) + K*(4P) [19]. It
would explain the experimental results except for the
increase in the K(4P) Auorescence when both Dy,
and Dy, excitations are present, compared with the
K(4P) flucrescence when the Dy excitation is of f.

If this were the process, the result should be just the
opposite. Moreover, it could be argued that the final
result is the presence of potassium atoms in levels
which lie well below the ground potensial energy of
the NaK* ion.

As to the two processes leading to the atomic
jonization, it has been demonstrated that process (3)
may be neglected for laser power densities <106 W/
em? [12]. Process (4) could be responsible for the

FT——
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presence of the K* ion which would explain the main {
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charzcteristics of our experimental results, except for
the limited number of flucrescence transitions ob-
served. Anyhow we would like to underline that some
years ago Bearman and Leventhal [6], in a cell con-
taining Na and K, observed K* as well as NiK* ions
under the only excitation of ong of the D lines of
sodium. They didnot observe any Kl radiation whilst
we always obscrve the 4P - 45 potassium transition.
From this brief discussion it follows that none of
the known processes can explain, by itself alone, all
what we observed; there can be a combined contribu-
tion to the reported phenomena Ot & new process
may be responsible for them. As to this, we suggest
that during the collision between Na*(3F) and K*(4F)
atoms, assisted by & K(45) atom, a very highly excited
quasi-molecuar state of the K, dimer is formed and
an almost immediate collisional dissociation follows;

the latter should have two difference channels, namely:

Na*(3P) + K*(4P) + K(48) ~ K3*

_a Na{38) + K**(65, 5P, 4D) + K(4S)
~ Na(38) + 2K"(4P) ’

This process would indeed explain all our experimental
results, the only point against it is that we have not
any certain evidence of the K3* molecular fluores-
cence which should be expected. We may add that the
formation of 2 quasi-molecular complex in a collision
among excited atoms was already proposed by

Hellleld et al. [10].

To conclude, few words are to be s3id about what
we observed when only one alkali species way excited.
The K(4P) fluorescence monitored when only the
Dy, excitation is present is to be ascribed to the
well known “sensitized fluorescence™ mechanism {20]:

Na*(3P) + K(45) ~ Na(35} + K*(4P) + AE

whilst the presence of Na fluorescence whep only the
K atoms are excited is quite surprising. It dows not
seem possibie 10 appeal to the “sensitized fluores-
cence™ in this case, as there is a too large lack of en-
ergy.

+Na(35)

452
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ABSTRACT The energy pooling processes in hateronuclear alkal{ atom collisions are cons 1danad

They consist in the transfar of internal energy of one of the two excited col-
1iding atoms to the other, thus resulting in a higher excitation of onm species. All the
atomic level configurations which may be favorable are listed with the involved energy de-
fects. Thase are reported with their absolute values and in kT units. Finally the prelimi-
nary experimental results obtained for the sodium-potassium mixture ara presented.

Introduction

Several collisional and radiative processes occur in vapors resonantly excited by laser
radiation. Among thesa, greac attention in tha last decade has been davoted to excitation
rransfer in collisions between two alkali aroms aexcited to the first P resonance level, alsc
called energy pooling collisions, namely:

At [nPj) + A" (nPj.l e (mLJ.: + Alnsln) + AE (L)

AY indicates an alkali atom in the first excited level with § and 3j' equal to 1/2 or /2,
A*" (mL,,} is a very excited atom in a level close to the sum energy of levels 1-111'j + "Pj"

‘““51/2) is the atom in tha gqround state and AE is the anergy defect or excess involved in

the collision. There are other exit chaTneln to reaction (1) which are rnot considered here,
but that have besn extensively studied (17,

Since the collisiona in process (1) are thermal, a proper way to describe the interaction
petwaan the excited A* atoms is through the adiabatic potentials of the molecular complex
iA,)* ., connected to the [(nP4 + nPjul disgociation limic. These molecular states are coupled
by some Cearms of the total Hlmiltonian to the other states connectad to the limit digsoci-
ating into one very excited and ons ground gtate atom, Transitions among chese different
electronic states occur at large interatomic Adigtances and their positions are identified
by the crossing points in cthe diabatic terms or by the svolded crossings in the adiabatic
terms. Subsequent dissociation of the diatomic complex (A7) * gives the atomic fragments of
the exit channel of process {1}. The highly excited state A®® (mL,.) is then easily ident~-
ified through fluorescence emission to lower seates. ()

observation of this pherncmencn was first reported in sodium vapor in which binary col-
lisions between LtwWo JP excitad atoms produce atqg? in the 5§, 3 and AF 1GVE11&

similar results have bean obtained 1in cegium ' potassium[ and rubidium ), however
the major experimental work has been done tn sodium. For this vapor the rate coefficients
Kmp ( or the gross sectign Upp} for the process {1} have been measured in gaveral labora-
tories. Tha common basq to these sxperiments is the detection af the fluorescence from the
collisional populat.d mLy" levels and the comparison to the resonance fluorescence nP-nS.

A rate equation approach to the problem is yalid and the solution is re latively simple
whan the sxperimental conditions are chosen in such a way that energy transfer process (1)
dominates over the other procasses. In this case it 1 easy to find

AgL — m'L’ (23
e

K, = <O v = N VoL —=m'L"*

mi mk 2
Nop

where v s the atomic velocity, Npgy is the population of level mL, Npp is the population of
the lamer excited nP level, App —m'L! {s the transition probability from level mL to the
®m'L' lower level. PmL .y represents the invarse of the braaching ratic of the consider

ed transition.
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ymL—-—n'L' is written as

AL —m"L"

m"L* » 'Lt An.l.-—n‘l.'

1+

YoL —a's ® (3

It is worth noting that KgL depends upon the aquare of the axcited atom density Nnp which
therefors must be determined with great accuracy. In terms of the fluorescence Lngmutin
measured ipn the expariments eq.(2) may be wricten as

Wpp o ng 1

ImL——m'L'
Wppemigt M

e The Inp—ns

Yoo * i een'n

Vo — oL’ {4

where & _nmipe is a factor which takas into account the sfficiency and calibration of
the detection apparatus and T,pis the effective lifatime of the nP lavel in presence of
radiation trapping, €=9)

Different experimental approachas have bean used to measure both Nup and fnpt . and

L values have been reported for all the expected levels in lo?ium. Reasonable good agreae~-
ment exists betwesn experimental and theoretical cross sactions!l0), go that a check of the
potential energy curves at long interacomic distances has besn made possible.

Even if the measurements concerning the alkali homonuglear collisions are not completed,
we are now coneidering an extension of utudies to ensrgy pooling collisjons in alkali mix-
tures for which there are no avajlable informations and for which very interesting laval
conflgurations exist. In the next paragraph the minor modiflcations of the given rate egua~-
tions necessary to describe tha new proceas will be introduced.

Collisions between two different excited alkali atoms - Heteronuclear collisions

A mixture of two alkali vapors of species A and B is resonantly excited to the first P
level of sach species by two lasers (see fig.l}.

mLl---T—— M _eoPrEn®
np
nP
L. Le
nS ns
A 8

Fig.l - Sketch of the level schemes for A and B atoms.
Ly and Ly = lasers resconant with A and B atoms respectively.

The excited atoms undergo many collisional processss: the aim of tha experiment is to detect

99

tha fluorescence from the atolic levels of both atoms A and B populatad by the collision

A*® (mL) ¥ Bin'Sy,s3) + AE'
- 1/2

15)
\A(nsl/zl + 8" (m'L') + AE"

A* (ney) + B* (n'By)

where AE', AE" ars the snergy dafects or excessss. In reaction (5) the total anergy can be
stored by one atomic spacies or hynshcic::hciton:lo:lginltlng, with respact to the homonu-
complex a rich situation. »
clo;: E:::l;:z::&l:e'dm::l thE ten possible alkali pair combinations A’ + B with A,B 3 Li,
Na, X, Rb and Cs. Table 1 identifies the candidate levels for energy pooling; a convaenient
way to consider these levels is according to thelr snerqy defect or excess AE expressed in
unit of KT. Tha reason for this is that the temperature for which vapor density is high
snough to allow observation of energy pooling colliuoﬂ La_ﬁxttcrent for sach alkali Bpaciel_.
We have then chosen an indicative vapor density ( =10 fem j which determines the t.e:inpera
ture foreach alkali mixturs by considaring the “hardest® of the two metals. In tha tab IL::
restricted the analysis to the levels lying within ¥ 3KT, that is ah snergy sasily supp

during the collisian.

TABLE 1. List of slkaii levais with energy within JkT Lo the sum energy
of any possible A(nPy) v O(n'P] ) Ineach line [irat enltry |demtifies
the alkall speciss ang level, secohd antry I3 tha minimum snergy
differencs HE 1nem - betwesn the four snergy sums ALA P + 8 (0 P))
and the igvel, Lhird entry 18 AE expressad in unit of kT. (1) 13.'.':63 cm™!
forrow 1, 329 cm™! for row 2, 204.cm™! for row 3 and 259 em™! for row
4  Thi§ choice Corresponds lo T = 250°, 200°, 150" and 100° C
respactivqly, an Ingicativa temperalure for which energy transfer in
collisions betwesh two #xcited alkall atoma i the fIrst P levai may be

observabie.

K

o ]

LIJLK3D)/ <87/
WIp)i+934/02.

K(68)/s 4387+ 0.2
K(407e 2917414
k{4 -18L/-08
K(BPY - 1062/-2.

g LK35)/en3/ 1.9

Na( 30}/ + 7607223
Mol 4p)y-3651/-0.8
K(6P)/ ¢ 934/ +2.8
k(6D 149/-08
K{78)¢ - 248s-0.8
K(oF )-89~ 18

LI 38)/+ 2777400
Rid{ 4F 1/ +691/+ |
R 2P )= § 14/-Q.
R 6D )/-961/-2.

umy
Nal 304+ 3627+ 1.1
Ne( 4P )/-4717-1.4
Ro{60)/+046/+2 6
AL B5)/+488/+ 1.5
Rb{S5F )1+ 250/+08
Rb(50)/ +238/+0T
Rid BF }/-456/-01
Rl 70)/- 490/~ 1.5
Re{ 93)/-709/-2.2
Rb{6F)/-034/-26
Rbi 60)/-845/-26
Ro{6H}/-854/-2.6 |

[LK3S) - 670/-1.8
Ca(8P)/+ 290/+0.8)
Cal D)7+ 13/+0.04
Cx 951/ 2T4/-08
Cof 5F )= 335/-09
60N -374/-10
Cal 9P/~ 1001/-2.8

el 3D)/-4677-1.4
CH W)+ 482/ 1.4
Col8D)/+ 3117409
ool 10307~ 149/-0.5
Co(6F )/~ 178/-08
Cof 68)/-195/-06
Cal 6H)/-204/-0.6
Cal 10P)/=21/-0.06
Cal 90)/-1237-0.4
Cal 115)/-424/-1.3
oo W/-442/-4 3
ool 1P -690/-2.1
cal 10D)/-763/-23
o 1233/~ 980 -2 |

Ca 83)/-96/-0.3

(50)/844/+29 |
o{ 50)/- 19/-03
lﬂ?!u-“zf—l.s_

k5017~ 3/-001 ]

Col 4F )/ 374001

Ab{ 6P )/- J8/-Q1
ca{ 88)/- 6/-002
Col of )/~223/-0.9
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In fig.2 we report for sach pair tha levels A /B%™ uh '
b p /| which are expected to be populated by

o 0
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Fig.2 - Energy configuration of alkali pairs of atoms A and
ey ot P B in proximity of

The vertical scale reprasents the energy expressed in m-! x 1074,
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The dashed lines in each graph of fig.2 represent the energy positions of A'(nPj) + 8% (n'Py0)
for 3, 1" = 1/2, 3/2; levels A®* and B are restricted to those of table 1. ]
Among all the poesible pairs congidered there are about sixty highly excited atates

which are candidate to be populated by process (5) and from which Eluorescence emissioncould
be detected in different regions of the electromagnetic spectrum, We believe of particular
interast some levels {as for example C$(l0S) in Na-Cs mixture or K{5P) iln K-Cs mixture}
which lis between the energy positions of B* (nPi) + BY(n'Py+) combinations. Behaviour of the
fluorescence from these levels may giva complet# informations on the collisional transfer
processas.

A set of rate equations can be written for each alkali couple in order to derive the
rate constants of the levels populated through reaction {5). For a given nL level the popu-
lation evolution is given by

A B - -
Nog < Cml” Nop Nyep N, AAML—-m'[.' i6)

where Ng’ and NB. , represent the densities of the A and B axcited atoms. In steady atate
ragima NpL = O and therefore
NmL
JR .2 ~ NS
Kpr = <Tm¥> = KB £ Pl L (N
ipt
nP n'P

By introducing the fluorescence intensities of the detected lines and the corresponding § .
we have

A w? 1
o pp—en'L’ Pmi—=m'L' @ gPens“n'Peen’'s mi—m'L' ~ (8)
1 4 - <g_,v> = C
mb mL TA Th w ™ IB
nP n'p mL-——=m'L' “nP—nS “n'B-n‘S
whet® g is a factor taking into account the instrumental response and efficiency.

L] L]
Cle a norkiT?Tqu factor which contains the volume of emission.

A3 regardg experiments dealing with pure alkali vapors there are immediately two prob-
lems: to discyiminate che population of jevels A*™ and B ™ coming from energy transfer col-
lisions betwéan atoms of the same species A" + A® and B"+ B*and to detect weak signals
hiddan amond the very intense fluorescence produced by the two resonant lasers. We will pre-
sent in the next paragraph an experimental method which has solved these problems in a spe-
eific experiment on sodlium plus potagsium. Finally in order to maasure the cross section of
{5} both densities Hp and N of the excited atoms have to be measured, a serious experimen-
tal difficulcy in a vapor m?xtur- where any simple relaticn temperature/vapor density 1is
cancelled out.

preliminary results on Na-K enerqy pooling collisions

The Na-K mixture has been chosen to gat the first results in the heteronuclear energy
pooling collisions becausa the corresponding hemonuclear reactions have been already studied
and the mixture propertieg as function of ETT temperature and of the relative concentration
have besan analyzed in previous expariments ), The sxperimental apparatus is shown in fig.3.
Two C.w. lasere, respectively tuned to the D lines of sodium and potassium (the Na resohant
lasar is a single mode one) are superimposed on the entrance window of a pyrex cell con-
taining a 90% Na and 10% K amalgam. This particular mixture has bean chosen to have the two
densities very close to each other by assuming the Racult law

n 1] (9]
- A8
Pa.B fiy * Ty Pa.B

where n is the molar concentraticn of the two alkalis and PD is the pressure of the pure
vapor. éﬁ?s expediant is always necegsary in the alkall mixtures because of the large dif-
ference between the vApor preasures of the two gpecies at a Jiven temperature. For example
pure potassium has typically a vapor pressure 100 times higher than that of pure sodium.

The collision cell ls placed in an oven in which the temperature is varied between 200
and 240 °C, The atomic fluorescence 1s collected at right angle, analyzed by & moncchromator
and detected by a photomultiplier Hdamamatsu R955. The fluorescence coming from the laser ex-
citad P levels is order of magnitude higher than that originatgd by the collisions. This
scattered light produces a very high background which may hide the signals, especially if
the sensitized fluorescence has a wavelenght close to the D lines, that is the case for the
15-4P and SD-4P transitions of potassium (see tab.2) . To reduce this effect a sodium disk-
shaped cell has been placed in the oven between the collision cell and the monochromator.
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Fig.,] = Sketch of the experimental appacatus.
BL 1, DL 2= dye lasers; M = mirror: BS = beam gplicter; L = lens;
C = cell; RC = reference call; FC = filtar cell; CH = chopper:
SA = spectrum analyzer; MON = monochromator; PH = photomultiplier;
0SC = oscilloscopa; LI = lock-in; REC = recordar.

To discriminate the fluorescence produced by ressction {5) from that coming from other pro-
cesses the intermodulated spectroscopy method has been used. The two lasers are modulated
at two different frequencies @y and @ _ and the detection is made at the sum Ersguency

Gy = Wy + W, 50 that the aignals Setacted by the lock-in amplifier are only those gen=
erated simOultanecusly by the two lasers. Bamides that, a capillary cell with a 2 sm intar-
nal diameter is used to reduce the ealf trapping of the radiation. A refarsnce cell is usad
to continuously check the resonance frequenclas of the two lasers.

In £ig.4 Ls shown the fluorescence spsctrum obtained. In addicion to the lines coming
from the energy pooling populated levels the 3p-48 and 65-4P lines of potassium .ﬂ ?rasent
in the spectrum; these had been already cbserved in a previous similar experiment 2}, The
corresponding levels are probably populated by the sacond order procasses

Na “YUP] + K(45) — Na(3s) + K wy 4P)
(10}

Ko (ap) v Ko (4P} — K0 H5P.65) ¥ x(4d)

All the lines of the spectrum disappear when any one of the two lasers is off and they show
a linear dependence on the intensity of each las#r a2 expected. Incidentally, we want to
stress that the fluorescence of the level SF is out of the sensitivity of our apparatus and
it has not heen decected.

At the present we do not have obtajinad the collision cross sections of the processas popu
lating the 78, 5D, 6P, 4P and 3D levels yet, but wa may give their relative values according
to

I

Kpp | omi—mn®  PoL-—-ptrt  @m'Liowpflpn mL —m"L )
KII'L' L Cl L 1] Pl e m* " Ul miL* IllLl__nlaL--

In tab.2 a very rough evaluation of tha Km /l(-, valuas is reported. The rate constants cor-
responding to the 6P and 4F levels have m! bein corrected for the self trapping and glass
absorpcion. -
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4 ~ Fluorescencs spectrum obtained with intermocdulated laser Spectroscopy.
Tha intensities of the lines are not corrected for the monochromator
grating and photomultiplier efficiencies. The u.v. lines are partially
absorbed by the cell glass and strongly affected by self trapping.

TABLE 2 . Relative rata constants evaluated according to #q (1. The
values of the used paramelers are reported

om et Tt A M T e @ T W R
K ;] 13-4\ Sre2 18 . 165 1
-0y, 02 » T
|41] S0-9 san 1] . 188 z1
w3 3446 % Al ~10-290
e B w-W,, N 5 07 14
W0-Wy, A 1 P
® “» -5 1302 ] .39 ~lg-244

# Tha cosfficiants are calculated for a Hamamatsu R 955 photomultiptler
w= yalugy 1ot corracied lor giass absarption and radistion Lrapping
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Conclusions

Wa have shown the existance of a large number of possible conflgurations for which the
energy pooling collisions are possible. A complets study would permit a more detailed knowl-
edge of the long range interatomic potentials and a more detalled check of the different
theoretical approaches. The first experimental results obtained for sodium and potassium show
that this kind of processes ias aasily obsarved after soma cars is used in the fluorescence
detectlion, but that the hardest part is still the absolute measursments of the collision
cross sections, that directly derive from a precise determination of tha excitad atomic
densities and of the effectiva lifetimes of tha P lavels.

A8 & concluding remark we like to emphasize that the energy poeling collisions can be
easily extended to other atomic specias with the interasting rasult of a desper knowledge of
their long range atomic interactions.
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ABSTRACT Experiment on energy transfer in collisions between two laser excited alka-
T7 atoms of different species are reparted and rate coefficients have been measured
in a sodium-potassium mixture for the Na(3D) and K(75,5D) levels, These values are
of same order of magnitude as rate coefficients for sodium 3P/3P collisions.

1. Introduction

Since the discovery of electronic energy vransfer in collisions between two exci-
ted atoms [ 1 | numerous experiments on pure alkali vapors have been reported and so-
me absolute rate coefficients have been measured |2 |. The common method of determi-
ning these rate coefficients is to optically excite the alkali atoms to one of the
first P-resonance states and detect the fluorescence emitted by the highly excited
nL levels populated in the collisional transfer process. Results from different labo-
ratories show that, as sxpected, in these thermal collisions only nL states close in
energy (within a few kT) to the sum energy of the collision reactants are significan-
tly populated.

To our knowledge ne experimants have begn performed with alkali atom mixtures,
except for those performed in our laboratory [ 3,4] on sodium and potassium. The
aim of those experiments was to observe and possibly to measure rate coefficients
for the process

Na*{3P) + K¥(4P) = Na*™*(qL) + K(45)
~» N (38} + K™ (nL) (1)

where Na**(nL) and K**(nL) indicate highly excited states, lying close to the sum
energy of N*[3P) + K*{4P)(see fig.1). However in (] |flucrescence was observed

only from potassium 5P, &5 and 4D gtates which have an energy close to twice
Elxztdi’}].therefare direct prouf of reaction (1) was not possible. Despite this
negative result it was clear that in a mixture of alkali atoms there should be mare
exit channels than for pure vapor experiments| & |, Little data are availaple for
heteronuclear diatomic alkali molecules and very little is known about long-range
interactions in these SyStems, therefore studies of process (1) and similar proces-
ses for all alkali pair combinations and measyrements of their rate coefficients
should provide knowledgg about quasi-molecular potentials at internuclear distances
for which other experimantal methods are insensitive.

A list of levels which are expected to be populated by energy transfer collisions
between two different atoms excited to the first P-resonance level has been made (4]
and experiments are under way in our laboratory. Considering all possible combina-
tions of alkali pairs there are about sixty high-lying levels in which the atoms may
be excited through coilisions. We have first investigated a mixture of sodium and
potassium. The experimenta) method we used (essentially intermodulated soectroscopy)
allowed the observation of reaction (1) for all expected Na**(nL) and K**(nl} Jevels
but one. Here we briefly describe our experiment and report our measurements of the
relative cross-section for levels 3D of sodium, 75 and 50 of potassium.
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Fig. 1 Diagram of the Na and K levels of interest in the experiment.

2. Sodium-Patassium Experiment

Figure 1 shows the levels of interest in this experiment which is intended to observe
reaction {1) by looking at the fluorescence emitted by levels 50,5F,6P,75 of potassium
and 3D, 4P of sodium.

The experiment was carried in & pyrex capillary cell of cylindrical shape (0.15m
interna) diameter and 5 cm long). Pregaration procedure of this kind of cell has
already peen described [5] . The cell was sealed under vacuum with an amalgam of
approximately 90X pure sodium and 10% pure potassium and placed in a temperature-
controlleg oven. Confident in the validity of the empirical Raoult law,this parti-
cular amalgam has been chosen in order to make Na and K atom densities nearly equal.
This assumption has been indeed verified in the experiment, as we will describe later
on, Heasyrements have been made over a wide temperature range, however Cross-Sections
have been gvaluadted for T = 240°C. Sodium and potassium atoms were excited to the
first li']/2 ar P3/2 resonance states by a Rhodamine 6G and an Oxazine 750 cw dye laser

respectively, The two lasers were carefully superimposed on the entrance window of
the cell; alignmant in this experiment is very critical because aof the small radial
dimensions of the call. Fluorescence emission was detected and analyzed in the visible

and infrared regions with the usual apparatus for intermodulated spectroscopy. Although

we tested the i.r. appiratus for proper operation, emission from 5F —30 at 1.lum or
&F — 4D at 1.1 um was not observed, probably because of the poor sensitivity of the
i.r. detection apparatus. Therefore, the cross-section For the SF level has not been
measured and in the following this aspect of the experiment will not be considered
any more.

Under combined 1aser excitation of both sodium and potassium pure sodium 3P/3P
and potassium 4p/4P collisions &re present and produce very excited atoms, moreover,
these pure ¢ollisjons, eithar directly or by decay from higher states. also populate
the levels produced by process (1). In order to measure cross-sections for process
{1} we must discriminate it against these unwanted contributions. With this aim we
introduce in our experimental apparatus (see figure 2) the intermodulation technique.
The two laser beams exciting Na and K atoms respectively were modulated at two dif-
ferent frequencies w, and w;. Fluorescence was detected at the sum frequency
wa witwy. This assured that signals from the lock-in amplifier were due anly to
tevels produced by Na{3P)/K(4P} collisions.
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Fig. 2 Sketch of the experimental apparatus
85 beam splitter; M mirror. The lasers are shown
as acting simultaneously. [n fact, only one of
the two wy-modulated laser beams was present at
3 time

With this apparatus we have observed fluorescance from all expected levels except
5F, namely the following transitions:

Table 1. Transitions observed from levels populated by process(l).

Atom Level Transition wWavelength (nm)
Na ap 4p-35 330

30 30-3P 819
K 5D 50-4pP 582

75 15-4p 579

6P 6P-35 345

[nstead of measuring absolutm cross-sections of process (1} we took advantage of
the fact that absolute cross-sections for energy transfer have been already measured
in different laboratories [5,8)] for the following process in pure sodium vapor.

Na% (3P) + Na®(3P}——uNa¥¥(55,4D) + Na{3$) (2)

In our case we chose the 55-3P transition at 6)6nm and thus our cross-sections for
reaction {1} are relative to 955 of process(2). [n order to measurel{55-3P) we
replaced the red laser with a second yellow beam, still at the frequency «y . In this
way we could then measure 55-3f fluorescence intensity with the same density of

Na w , -excited atoms: as we will see later, this will permit simplification of the
formulas. [t was convenient to choose the 3D level of sodium as the one for which
we megasure cross—section relativé to the 55 state. Other level cross-sections are
then simply deduced from intensity ratios retative to 30. In the experiment we have
also measured the intensity ratio between the fundamenta) resopances in sodium and
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potassium, T{3P-35)71(4P-45) excited by the w -modulated laser beams: we will see
that we need this ratio for the final evalvation of c¢ross-sections, unless absolute
atom densities for both sodium and potassium were known,

A second part of the experiment involved measurement of the effective lifetime
of sodium 3P and potassium 4P levels that again enter the cross-section determina~
tion. In this case pulsed dye lasers, pumped by & nitrogen laser {see figure 2},
were used for excitation to first P”2 or pZIJ states of sodium and potassium; fluo-

rescence was detected by a fast photomultiplier and a storage oscilloscope. Measu-
red lifetimes were roughly ten times natural lifetimes for both sodium and potas-
sium, which indirectly proved that our empirical choice of the amalgam to produce
comparable atom densities of sodium and potassium at a given temperature, was
correct.

3. Data Analysis for Cross-Section Determination

Let us work first with the 30 Tevel of sodium Upon combined excitation of sodium and
potassium atoms, solution of rate equations at steady-state gives its population -
[N530| as a function of [Na3pl] and [K4Pl2 where subscripts 1 snd 2 indicate that

3P atoms are sucited by laser modulated at frequency ¢ and 4P atoms are excited by
laser modulated at frequency o«

kyp [Mgply [¥

nl* : apl 2
30-3°

[ Na

(3

where k. i3 the rate coefficient for production of 30 atoms by {1) and Ay, .o IS
the trahfition probability from 30 to 3P, which is the only one because

the 30 level decays 100% to P, Dealing with thermal collisions, rate coefficients
and cross-sections are related simply by the mean interatomic velocity knL =V

with v = [Elerul!‘ Since in the experiment we measure fluorescence intensities
it is convenient tg express relation (3) as

Lip-3p = K3p ®ap-spfnp.gp (W4} [Hagely 1Kely (4)
whare 13 _.p 15 the intensity of 3D-3P transition, a is a correction factor
for the peggonse of the apparatus, tho p is the traag?igon frequency and ¥ the

fluorescence voluma.

we consider now the cage when only sodium excitation is present at two different
modulation frequencies with the second laser beam replacing geometrically the potas-
sium taser beam of the previous case. The population of collision-produced levels

iNnLlin then

Ko [Nagply [Kag], (5)

PN 1=
o Ii‘nL.n'L'

LiIR

where [NaJP] is modulated at frequency w, from one beam and at o, from the other beam.
writing explicitly expression (5) for level 55, our reference level, we get

koo [Nasply [Nagol

Ags.ap * Ags-3p
-
where kg 15 known /5,6/. Ioo 5p has been measured, then
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where %S 1 is the branching ratio of the transition.

Assuming that fluorescence 1s coming from the same volume (a good approximation with
the geometry of our cell) and making the ratio we get

Kapl
a3 - 3p 1 wip-3p | Kapl2 "
visoyp (Mgl )

Ty | “w
Teosp  Kos  @ss-ap Tss-ap

iti i ined their ratio
sities of sodium and potassium are unknown, however we have determine r rat
E;nmeasnrinq tne intensity of resonance fluorescence lines and the effective lifeti-
mes of sodium 3P (IJP] and potassium 4P (T4P) levels as shawn in (9).

1
[ Ryl “ipags 4P “Ip-35 TAP-4S (9)

M~ " Fpoas  Tap Yap-as  L13P-33

i i hromator and
We have assumed that correction factors ére sssentially due to manacnr

photomultiplier spectral response. Haking all substitutions with quantities neasu;ed
at T = 240°C, where effectiva lifetimes were roughly ten times longer than natura
lifetimes, we obtain ki = 0.6kge. Kgg was dytermined in refs.[5,6] with an uncer-
tainty of 35%. ] ] )
kap 38 derived quantity has higher uncertainty, €s
of effective lifetimes. A resonable estimate of gverall uncertainty may rise to
50%, giving oqp = (1.4 £0.7} x 10-15 em-2.

pecially as related to measurenents

. . . . il
Cross-sections for others levels can be determined in 2 similar way,or, more simply
by using rate coefficient ratios already determined in [4) . However, for the two
transitions in the u.v., 4P-35 in sodium and P-33 in potassium, we could not correct
fluorescence intensity for glass absgrption precisely enough to give their cross-sec-
tions with meaningful uncertainty. Tharefore final results of the pr?sent work are
Kyg ks Sor potassium and ko, for sogium, they are summarized in table 2.

Table 2. Ma™(3P} + K™(4P} == Ha**(nL} + K(4S) cross-sections.

Na(35} + ¥**(nL)

AF is the difference between the energy of Na*{3P) + K"(4P) and the energy of highly
excited level nL.

Atom Level agem ) sl ?y
-15
Na 3D + 768 (1.4 ¢t 0.7y x 10
K 50 - 169 (1.9 £ 1.0) x 10718
7s - 258 (0.9 £0.5) x 10713

kit

4. Conclusions

We have started 3 series of experiments to investigate production of highly excited
states by energy transfer in collisions between two alkali atoms of different species,
laser excited to the first P-resonance states. The experiment is based on an intermo-
dulation technious. which distinguishes between the desired signals and Chose from
collisions between atoms of the same species. First results have been pbtained for

a sodium-potassium mixture. Fluorescence has been observed only from expected levels
{except for one which emits only ia the infrared}, proving once again that only
Jevels with energy defects (positive or negative) within 3 few kT are significantly
produced. Cross-section values have been estimated for three such levels; D-levels
seems to be favourite compared with S-levels. These values are comparable to those
for energy transfer in sodium/sodium collisions, suggesting the same exchange mecha-
nism in pure as well as mixed alkali vapors. However, calculation of the correspon-
ding molecular adiabatic potentials and nonadiabatic energy transfer at the avoided
crossing would provide a check on our cross-section measyrements, Experiments are
now in progress in our laboratory on i patassium/rubidium mixture for which only
three levels are expected to be populated by energy transfer collisions.
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INELASTIC COLLISIONS IN LASER EXCITED ALKALI ATOMS

Haria Allegrini, Silvia Gozzini amd Luigi Hoi
Istituto di Fisica Atomica e Holecolare del C.H.R.
Yia del Giardino 7, 56100 Pisa, Italy

ABSTRACT

This paper will brietly outline inelastic collisions between
tvo laser excited alkali atoms. Special emphasis vwill be on
recent progress made in our laboratory for heteronuclear systems.

INTRODUCTION

Resonant laser excitation of alkali atomic vapors generally
produces several different phenomena. Among these ve have studied
the collisions between two alkali atoms. both laser-cicited to
the first p-rescnance level. Products of these collisions are
high%y ercited stoms! (ga-etines highly excited molecules a3
wvell?) and moleculax ions” plus elactrons:

A*(nP) + A%(nP) --—> A**(n'L) + A(nS) energy transter
w=-> Ayt + & asaociative ionization

Energy balance between entrance and exit channnela is provided by
kinetic energy and is of the order of few kT. Electrons produced
in the associlative ionization are theretore “slov® electrons and
do not cause any secondary effect, unless they gain energy
through supsrelastic collision$ with the excited atoms.

Excited atons A** are detected by their tluorescence emission,
vhile lons can be identified and counted by wvell established arnd
efficient techniques such as mass spectrometry. Hore recently,
electron spectrometry suitable for these very low energy
electrons bas hesn developed®- Final goal of these investigations
is to provide rate coefficients or cross sections (or energy
transfer and associative ionization, vwhich, vhen compared to
calculated values, give information on long range interactions.
In our laboratory we have oxtensively investigated the
energy transter collisions in alkali vapors. To discriminate
this particular phenomenon trom all others, processes. there are
some constraints on the sain parameters of the experiment: i)
atom density has to bs high enough to make the collision producta
observable, but not too high In order to avoid supereiaatic

collisions: a reasonable value for experiments is 106!2-1013 cu-3.
ii) the laser merely serves as a tool to prepare the reactants
for the colliaion and therefore its pover can not be too high in
order to avoid direct multiphotan ionization ot the atoms and any
laser induced or laser assisted collisional process. In our
cxperiments we have been vorking with 10'-10% W/cw?.
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These collisions are thermal; this fact has several
consequences. Rate coefficients drop rapidly with increasing
energy defect/excess or, in others vords, only excited levels n'L
with energy within fev kT of the nPnP energy are populated by
the collision. Rate coefticients L are related to cross sections

o, (E=vo). simply through the mean interatomic velocity

v={8kT/np)!/3, which in our experiments 1is about 10%cw/sec.
Collision time duration, which very roughly is given by the
ratio atom dimension/thermal velocity, is such that a rate
equation approach is appropriate to evaluatac from data measursd
in the experimenta. From a theoretical point of view, the
production of highly excited states n'L by thermal collisions
between two excited atoms nP/pP may be considered as due to
transitions among different electronic =molecular states
correspording to the atomic dissociation limits nP+nP and n3+n'L.
The nonadiabatic energy transfer usually occurs at the
internuclear distances of avoided crossings. Calculations of
electronic excited molecular potentimls for alkali dimers have
been flourishing in the last fev years amd some of them extend
alsc to large internuclear distances of interest for energy
tzanster collisions. However ospecific calculations of the
coupling terms and consequent evaluation of cross sections for
nP+nP transfer to nS+n'L have been rather limited.

v apt ot Av® v B L _A%eB%
As. 48", 8 ) NN ] kT
E MOLECULAR  gNERGY TRANSFER
IONS COLLISIONS 6+
A'
DIATOMIC SEPARATE
MOLECULES ATONS
Ay By, AB A% B*

Fig. 1. Schematic representation of ensrgy transfer collisions
betveen two excited atoas.
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Recently we have tried to complement our experimental results for
ensrgy transfer collisions 359139 to 4d and 4f levels in sodium
vith a calculated value of o¥° Ve have made some approrimations
because almost eovery pair of molecular states having the right
symmetry are coupled by some tarms of the total Hamiltonian. Of
course approximations wvhich are reasonable for sodium cannot
innediately be extended to other systems, however the theoretical
approach should be valid in the general case.

Our experiments ara based on the detection of the tluoreacence
emitted by the highly excited states populated by np/np energy
transter collisions. The intensity ot these lines may be several
orders of magnitude weaker than the resonance fluorescence. i.e.
the fluorescance emitted by the nP state directly excited by the
laser. Thersfore, even if the spectrum is usually simple because
atomic alkali lines are very wvell known, the appazatus for
Spectroscopy must be rather sensitive. Ve have detected
(luorescence lines in the visible region with intensity up to

10% compered to resonance fluorescence; however detection in the
infrared is not so efficient amd sometimes vwe have not been able
to observe soms expected lines. The fluorescence intensity of
collision-produced high-lying states varies quadratically with
both the atomic density and the laser power because the process
depends upon tvo laser excited atoms; this characteristics may be
sometimes useful to diacriminate levels which are produced by
other mechanisas.

Energy transter in collisions between two excited atoams have
been observed with elmoat all alkali vapors and messurements of
cross sectiona have been made in several leboratories. Problems
related to thess measurements have been 3solved in wariocus
lahoratoriss wvith different approaches, vhich can be found in the
original papegs. A table with all measurements up to 1984 has
besn reported® and more recent results in sodium. taking into
account also the depsndence on J value of the colliding IP-atoms,
bave been published’. Here we only wish to make a brief comment
about the size of the croas sections. For example, cross sectiona
for oasodium 3p/3p enexgy transfer collisions are of the order of

10-9cad, wvhich is & signiticant fraction of ordinary geometrical

CIoss section for Jp atoms { = 10-'%cw?).  Collisions betwveen two
excited atoms are thersfors importent and cennot be disregarded
whenever there iy a reaonant laser sxcitation of the vapor. In
comparison associative jonization cross section in sodium from

3p/3p atomsB 9 is of the order of 10-'7ca? Heasurements of these
€ross sections and calculations of potential energy curves at
long interatomic distances have improved understanding of long
range interactions, at least in sodium. Since for heteronuclesr
alkali systems there are less spectroacopic data and theoretical
calculations, we have started experimental studies of collisiona
between two excited alkali atoms of different species, wvhich is
brietly described in vhat follova.
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COLLISIONAL EXCITATION TRANSFER IN ALKALI HIXTURES
The process ve consider nov is

A‘ . B. c—— A" + B

caee> A + p**
vhere A and B are alkali atoms of different spec:tea,**1r and P:
indicate excitation te the first P-resonance level. A** and B
are high-lying states produced by the collisions. Exit channels
are obviously more in number than for pure alkali collisions.
Altogether there are about 60 levels for the 10 possible pairs of
alkali atoms. The general method to investigate these collisions
in a mixture is the same as for a pure alkali vapor: two dye
lasers (cv in our experiments) provides the excited reactants At
and B* and transfer to Af* and B%* is wmonitored through
fluorescence emissions. Rate equations involving fluorescence
intensity ratios (which are mespsured in the experiment) ars
easily written down and steady-state soclutions give rate
coefficients and total averaged cross sections. exactly in the
Same way as in pure vaper experiments.

There are hovever specific problems to be salved for these new
experiments. Atomic densities of two different alkali atoms can
be very ditferent at the same tempersture. woreover the relative
densities in a mixture are not simply related to the temperature
of the sealed‘ ctell containing the saturated vap'urs. In.thg
presence of A°/B" collisions there are alsoc A'/A' and B'/B
pure collisions which produce excited atoms: in tr‘e tizperilent ve
have to select fluorescences originated trom A'/B* collisions
from all other fluorescence. in particular the very strong
resonance fluorescence of both laser excited atoms.

We have started sur investigation in a sodium-potassium
mixture for which the process to be investigated is

Na'(3p) + X*(4p) ----> Na**(4p.34) + K(4s)
(1)
--=-> Na(3s) + K**(7s.6p.td, 5f)

An amalgen wade of 90% pure Na and 10X pure potazsium gives
a comparable denaity for the two alkalis at the tenperatures of
our interest. according to the empirice]l Raoult 1aw? The
amalgam 13 sealed in a capillary pyrex ceill! which is heated in
a temperature controlled oven. A Rhodamine cv dye laser {yellow

laser) excites sodium atoms to 3P, or 3Py, level and an Oxazine
cv dye laser (red laser) excites potassium atoms to 1Py 0 or 4Py,
level. The yellow leser is modulated at frequency vy, the red
laser is modulated at frequency Y and detection is made at the
sum frequency vy + vp. This intermodulated technique assures tlat
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orescence from levels populated by Na(3P)+K(4P)
E:Hisito}:; l;'.a obassrved. A achematic diagram of the apparatus is
shovwn in figure 2.
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Fig. 2. Skatch ot the experimental apparatus.

ce has heen cbserved from all the expected lgvels'ot
::‘;g:::“(li), except the 5F state of potassium becauss it emits
mainly in the infrared. where our apparatus is mnot v:g
sensitive. Fluorescence from Na(4P) and K{6P) is in thes u.v.
it has been observed without any problem. However. since ve can
not have precise corrections for glass absorption of these u. v.t
lines, cross sections have not been evnluat_ed. Dens_:.uep o
Na(3P) and K(4P), (nscessary for cross section determination).
have been deduced from measurementa of the ettecuva'hte‘t;:es
from time-resolved resopnance fluorescence obaervation er
pulsed laser sxcitation. We have found ;t convenient to measure
the cross sections for process (1)_ relative to tt_xe_cmas :e;ti:_.u;
for production of Na(55) trom sodium 3P/3P collisions for 1:::11
absolute measurements cxist 1.1 Typical ;nte equation approt:“
gives, for sxemple., the folloving relation for the D s

production of sodium by process (1)
X
-3 _Em ca-3e Y- “an-oe (Farly, @
Igs-3p  Kss *65-3p ¥55-3P %&n[””w

Fluorescence intensities Iy 4 are measured: &j_j are- correction
paraaeters for the detection system, y;j_j is the transition




branching ratio, Wi.4 is the transition frequency and (Keply

[“*‘391';7 are the densities of atoms excited by the laser beann

modulated at frequency and vy respectivel i

. ‘ ¥. Excited atom

dgnsn:_tes are independently measured in the pulsed experiment
from :.mtenglty‘ of reschance fluorescence lines and etffective
radiative lifetimes. Relation (2) gives K3p = 0.6Kgg. which means

o5p=(1. 420.6)x10"3cn. In a similar way we have necasured
ogp=(1.910.9)x10"Pca®  and 09g=(0.9:0. 4)x10°!5ca? for potassium.

The size of these cross sections indicates that the ene
tranzfer in collisions between two excited alkali atmr‘g
different species is essentially due to the same mechanism as in
pure alkalis, in spite of the different symmetries of the
corresponding molecular potentials. The next alkali mixture under
investigation in our laboratory is potassium plus rubidium. In
;m.s case there is one level, the SD of rubidium, whose energy is
in the midst ot the four fine structure levels K§(1P)+Rb;(5P)
Cross section neasurements for productiocn of this state may turn
out to be particularly interesting.

¥e are grateful to Prof. N.K. Rahman for readi

‘ A _ . LK. the
manuscript and to Consiglio Mazignale delle Rice o
under Progetto Bilaterale n. 19931. fehe for support.
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DERGY POOLING OCOLLISIONS IN Ma-K AND Ma-Rb VAFOR KIITRES
8.4.4bdullah®, ¥.Allegrini, C.Gebbanini, 3.0czzind amd L.N¥oi

Istituto di Fisica itomica ¢ Bolecolars del C.N.R.
Yia Dol Giardino, 7 - 56100 Pisa, Italy
* permanent address : Iraqi dtomic Comai 6100
Turaithe - Baghdad, P.O. 765 - lraq

ABSTRICT Ve lave studled the enargy-pooling ccllisions in laser excited Ma-E and Me-Rb

wapor Biztures. The Wa-K experimsnt has given quantitative results Lor Lhe cross
sections and also results on the influence of & toreign buller gus. The Ha-Rb experiment
shovs interesting wolecule f(ormation and work 18 1n progress to determine Qross sectlon
values.

Introduccion

In the Jast {e¥ years Lhe resorant esciltation of an alkali vapor tas been videly studied.
bepending upon the conditions of the wapor (pressure, Leuperatre, cell size, etc.) amd
upon the characteristics of Lhe laser (pulsed or c.v., £ingle mode or broadband. weak or
strong pover density) different processes GO, exsaples  of such events are multiphoton
jonization, Perning ionization, superelsstic <ollisions and other kinds of ioh and moleculs

formation. ¥hen the laser 15 operating at low power density ( = 1-10 v/m? ) and the atomic
ewnslty 1s relatively jov ( = 10 M - 10 8/ 3 ). the most Important processes are the
energy pooling collisions and the sssociative ionization. In the Lirst process two exclied
slxali stoms in & np stata collide and the energy is transferred [(rom ome atom LO the other
lending the Lirst atom to the groumd stats ns and the second one to a more excited stals;

this process Ls elfective [ levels which difter for a [év kT [roa Lhe sum enevQy z:l:(rpul‘.

In the associative ionization process Che oollision of two eicited atoms leads to
jormation of & wolecular ion. The oversll reaction scheme may be wrillen as

v ain8) ¢ Blw'L) & AK
M(ne) + B(af) ——v B(n3) + A(N°L) & Ak {1)
— Mt ¢+ ¢ 4 AR’

since the (irst chbevervolion of the energy pooling effect f1]. homonuclear collisions
{vith A=B) have Dean sainly stigied. Only recently [2] the lnterest has Deen extended to
teteromclear collisions (With éeB). In this paper we vill deal nbout energy pooling
collssions in Mk and Natkh miziures.  The levels of Interest are shown in (igue 1, In
respect Lo the emsrgy defwct. The Lvo slkali species are eicited with tvo dye lnsers. Thw
INterest &bout Chis King o1 collislons oomes [rom Lhe information Lhey give asbout the
interatomic potentials at asdium and large ranges; the experimental oross sections of such a
process have been cospared vith theorstical calculations [3] and an agreement betveen Lhem
<on be considered as & good test for Lhe quantum calculations of the inleratomic potentials.
fn the case of hetéeronuclear collisions Uw information about the 1nteratomic polentials are
svon more interesting because Lhese curves are less knovn. DBesides that a large mmber of
quasi resomnt lavels .are involved into the heteronuclear collisions, a of thal
Jevels in the various sikali species has been qiven [2). Woreover this kind of collisions

allovs the production of an appreciable population on levels vhich have forbidden
wansitions with the ground state. The influence of a buller gas in the collision may be

ur
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irwestigated [4]. as its presence enhances three body collisions it modifies the stationary
populations of the levels Vith the experimental technique used in our experiment, ve are
able to separate the contribution of the heteronuclesr collisions from that of the
homonuclear ones and, in presence of a buffer gas, it 1s also possible to discrimimate the
contribution of the three body collisions involving one buffer gas atom.

In the folloving sections the rate equations [or the heteronuclear ensrgy pooling
collisions are appiied to our experiment on a alxtwe of Ma and £ atoms. Prelininary
results on a running experiment 1n a mixture of Ka and Rb are also repotted.

late Equations

The rate equations in the stationary case descridbing process (1) may be written as

LA PR SN (2)

=i

the indexes | and j are coupies of quantum numbers describing the levels, lij is the
Sponitanecus emission coefficient in the transition i~], [Eg=< @5 % with 0, the cross

section of the process and v the mean interatomic velocity am an“), M(B) are the laser

excited atomic densities. As the intensity of a 1line coming from a transition i-] can be
expressed as

Iiy = 4—',,.-“:]"-’11 Ny Ay (3)

there ¥ 1s the {luorescence volume, (:(1] iz a factor taking into account the sfliciency of
the apparatus and @iy 15 the (requency of the trangition i-], it follovs that

Ly 3 45
.; iva

To vant to stress out the fact that the above equations are valid if the detected sigml
s due only to the heteronuclear energy pooling collisions, and therefore it is of
articular lmportance to discriminats and to o] imlrate any fluorescence coming Iroam
econdary processes. This can be done by adopting a special procedure desceriped in the
olloving section. In general it is very difficuit to have the abdsclute values of Lhe
xcited Npp(d) ang Nap(B), hovever ve con measmure the intensities of the [luorescence lines
elated to the atomic dengities via ©q.{3) vhere iij oust be cubstituted by (trp)~1, the
Llective lifetime of the np-level. in (act in presence of high densities of excited atoms,

e radiation trapping wmodifies tha spoptaneous decay rate of the level, vhich sust be
easured [rom the experiment.

Experipental apparatus and procedure

The general sketch of the experimental apparatus is shovn in {ig.2.
he vapor is contained in a cell. heated at the temperature necessary Lo have typically an
tomic density of 10 1! _5g13 ;3
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Chiboe -I and
erwrgy levels involved in energy pooling collisions in Na
Mo 1 fh—nb mti):r.uu:s‘ 'l'hgrlmls are plotted in respoct to their energy defect [rom

the canter of the sum energy A(npi} + B(mpj) with 1,) » 1/2,3/2.
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Yore care must be taken in the experiments dealing with aixtures in order to have coaparable
densities of the t¥o species: assuming the Raoult lav Lo be valid, it follows that the ratio
betveen the vapor pressuwres in a mirture of two species 4 and B is proportiomal to the
respective molar (ractions ol the tvo species. Folloving Nesmeyanov data [5] on vapor
pressures of alkall atoms, the ratio PL/PB ~ 1 corresponds to an amalgua prepared vith 5% K
and 95% Na in the case of Mo plus K experiment and 2% kb and 98% Na in the case of Na plus
Rb experiment.

To better control the (luorescence volume and to reduce the radiation trapping effect,the
standard cylindrical cells have been substituted by capillary ones ( ~ 2sm) prepared
following a special procedure described elsevhere [o).

The Lvo atomlc Species are #Xxcited by two c.v. dys lasers tund to the D, resomance limes

of thw alkalis. Ve used a single mode Rodhaaine 63 dye laser puped by an Art laser (or
sodium (A «589nm) and a multimcde Oxazine 750 Perchlorate pumped by a kr+ ion laser for

potassiua { A «766rm) and rubidium (A =780mm).

The output povers are of the order of 100m¥.the beoms are focussed to have laser
intenstties of the order of 1-10 ¥/mi.

The beams are superimposed at Lhe entrance of the cellthe [luorescence coming {rom the
cell is collected at right angles and focussed on an optical fiber connected to the
detection system. 4 1a focal length Jobin-fven MRk 1000 monochromator and a Hamamatsu R955
photomultiplier have been used for the visible region (300-850 rm). 4 1/3 m focal length
Jarrel-ish monochromator and a Fb3 detector have been used to explore the infrared region
(1-2.5pm).

is we said in the previocus section, we aust elimimte the contribution to the
fluorescence coming (rea different processes, and mminly frog the homomilear energy pooling
colligions alvays present in the experisent.

At this aim ve adopted an intermodulation technique consisting in the modulation of thw

tvo beams at different frequencies Q, and nz_ it the same Lime Lhe output of tiw
photomultiplier is sent to a lock-in amplifier driven at the sum frequercy Q, + 92. In
this vay ve are able Lo detect sigmls coming only (rom the interaction of the species

modulated at the frequency {1 vith the other modulsted at the trequency f12. This method

has shown to be very sensitive as the (luorescence sigm) disa s vhen any one of the tvo
laser is off even il a strong [luorescence is stil) visible in the celi.

The seasre of the rate coefficients Kj for hgteronuclear collisions has been smde as
related to the known rate coellicient Kgg for the hagonuclear reaction

Ra(3p) + Na(3p) —> Na(5S) + Ma(3s) _ (s)
1 Ajs
1,3

Iss- F 5 B 3
Oss-) Mdsg) Ajj Nap

vhere 1 is a level populated through the decay frem the 55 level. In particular ve found to
be convenient to use the 55-3p transition of godium at 6i6rm.

For this reason, and to calibrate the apparatus, ve need Lo measwre the intensity of a
transition from the 55 level of sodium with the same method. To this pwpose ve split the

y1eollov beom into two components modulated at the frequencies Ql and ﬂz and vo detected

the s1gnal from the desired level. Subsequently ve replaced the Qz yellov beam vith the red

one resonant vith the second alkall species, and we detected the [(luwrescence [rom the
levels populated by Lhe heteronuclear collisions.

950

To measure the lifetime of the exciled levels ve sent tyo pulsed dye lasers resonant vith
the fized transitions and we amalyzed the exponential decay of the (luorescence on the
sareen of a [ast storage oscilloscope.

Ky sre related to Ege of sodium DY the volume independent expression

A 2
B sy MAssmp jes j“)SS-E!P Iy Ny

Tss™ oy 1;73“’*5::-1 Gy Iss-a niOING)

N

iccording to the experimental procedure described previously Ma? and Nnp(dliep(B) sy be
bstter Written as

¥ = [H:'“’lﬂt INTlﬂz

8 i, S,

Y

(8)

there the subsaipts Ql and Qz indicate that the populations are modulaled at these
frequencies. In this way ve cGan simpiify the equation 1{ ve choose one Of Lhe atomic
species, 887 4 to be Sodium mogulated ar the £l trequency. Eventunliy the equation results

2 A
Es Oy T 3 a, Ay W @y Owas [Teufo,
163

shere all the quantities are known o experimentally determinated.
kesults

1ba -k

tormed & [irst experiment on a mixture of sodium and potassiua to study the exit
channals of Lhe reaction

Na(3P)+ K (4P) ——> HNa(nl) + K(43) » AE
(10)

> E(nj) + Na(33) ¢ AE

The obgerved transitions are listed in table 1 along with the energy of the levels and the
ross sections [7]. The measurements vere performed at T=240 ‘C  with laser 1ntensity of
about B0a¥ on the red laser and S0a¥ on the yellov laser. The effective lifetimes of the Jp
level of sodium and of the 4p level of potassiul resulted to be Tg, =176 = 20ns amd 14

287 + 30ns respectively. The obtained Cruss sections do not exhibit remarkable differences
vith those obtained f{or the homcnuclear reactions.
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in experiment vas also performed in a cell containing sodium, potassium and 10 Torr of Ne
a3 buffer gas. MHev [eatures appeared in the spectra under intermodulated technique, shoving
scne additiomal lines of sodium coming from more ¢xcited levels and in opposition of phase.
This results from the population modification induced by the buffer gas through a three body
collision of the type

Na{3P) + K(43) + K —> Na(33) + E(4P) + ¥ & AE (11)

there K indicates a bufter gas atom. A pure tvo body collision alkali atom/buffer gas atom
can not change the frequency modulation and therefore does not affect the intermodulation
spectrum. The effect ol process (13) on the contrary is to couple atoms modulated at tvo
difterent [requencies. States populated from energy transfer collisions inwolving these
atoms are then present in the intermodulated spectrum. The signal of the fluorescence lines
also indicates if the collision is responsible for a population or depopulation process, as
1t 18 clear from the spectrum reported in fiqure 3.

Our model explains the differences observed in the spectra obtained without and with
bufler gas. MNoreover, by the ison of relative fluorescence intensities in the tvo
ases ve have evalunte [4] the [irst lower limit for the three body rate coef(icient of

process (13) Lo be » 10727 cgbs~1
1i) Me - Eb

The same vethod is applied to study an amalgam of sodiun and rubidium.

is one can see from the Scheme of Na and Rb (fig 1),this combimation of alkali atoms
gives & larger set of quasi resonant energy-pooling levels; Dbesides thab,the larger fine

structure of the excited level of rubidium can carry nov interesting informations about this
kind of collistons folloving a Dy or a D, excitation. In our preliminary experiment, ve used
one laser line at a time, exciting Cirst the Dy line of sodium (laser 1) and then tiw Dy
line of rubidium (laser 2), phase sensitive detection vas used both in the infrared and iIn
the visible part of the spectrum as in the M¥a-K experisent. Fowr different gpectra for a
cell temporature of 200 *C are shovn 1n [19.4-5. a lov pass filter at B50rm vas used vhen ve
recorded the infrared spectra. Fluorescence occurs from many other levels different from the
first excited one; with laser 2 on, a {irst interesting result iF that fluorescence comes
mot only from the more rescnant homohuclear energy-pooling 5D of rubidivm, as in a previous
experiment vith a rubidium beam [B]), but also from 73,6D ard B3 levels. In the spectra it is
2lso clear a large molecular [luoréscence coming (rom krown states of MaRb (B-X band in the
visible) and Rb; (A-X band in the infrared), the energy-peoling processes can be effective
in populating such molecular states. Using laser 1 to excite sodium, a large population also
builds in the 5P levels of rubidium, that allows us to see [luorescence (rom the Bp level of
rubidiua populated by the heteronuclear process

Na(3P) + Rb({5P) -—> Na(33) + RB(BP) x AE {12)

vith AE = - S0cm™! . 1In £ig.6 the BP-5S (lucrescence line of rubidium at 335 is shown
next to the 4P-33 line of sodium at 33irm. An experiment vith the intermodulation tachnique
as in the the Na-K amalgam 18 In progress Lo determine the cross section of the BP level and
also of other less resopant levels.

Conclusions

Ve report experiments on heteromuclear energy pooling in tve different mixtures of alkali
atons. In the Ne-K  ve have delermined cross sectjons lor severnl levels populated by this
kind of collision betveen excited atcws and the influence of a btuffer gas and consequent iy
of three body collisions were studied. Ve also report preliminary results on a experiment in
a Na-Rb maxture vhich i1s in progress.
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F1g. 3 Fluorescence spectrum of the MNa-K mixture in presence of a buffer gas;
the 1ines in opposition of phase come Lrom a depopulating mechonisms.
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Fig. 5 Visidble spectra of the Na-Rb mixture
Rb aixture vith D, excitation of sodium (Sa) and

D, excitation of Rb (5b).

Fig. 4 Infrared spectra of the MNa-
vith D, excitation of sodium (4a) and

D, excitation of Rb (4b).
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Fig. 6 Fluorescence line Bp-58 of rubidium
at 335nm mext to [luorescence line
4p-38 of sodium at 330mm.

331 235 Alom)

TABLE 1. Beteronuclear energy pocling levels and cross sections in the Na-K aixture

itom  Level  Energy level  Detected transition A{rm) ox3035
() (a?)

Na 3D 29172 3)-3?1&. 2 B16-820 1.4120.7

P 30266~30272 Py /5 5,738 330
6P 2899929007 6Py 12,3 et 345

D 30185 503,2'5‘,2-1?1/2.3/2 581-583 1.921.0

73 302714 73-4P 12,312 §768-580 0.91£0.5
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An eapenment has been pecformed 1n which Lwo different s10mic species - sodium and p

- have been I )

excited 10 3 cell by Wwo resonant cw dye lasers snd the fluorescence spectrum has been analysed by using an intermodularion

technique 10 isolate the Loty due 16 the h

K{4P}) have been obscrved Jor ihe first lune and the relative

1. Isroduction

Collisions beyween excited atoms and/or mole-
cules are of great interext because they pive infor-
mation bolh on the inleratomic potentials in the
mean and jong range distances and on the laser
radiation-vypor coupling. This last point is partic-
ularly impopant for & more deep understanding of
the many and complex phenomena produced by an
intense laser excitation of dense vapors and plasmas.
The energy pooling collisions are those in which the
electronic energy Ev=E, + £, of the two incoming
atoms is transferved 1o only one of them, while the
other one decays va the ground staie. These collisions
may have many reaction producis like, for example,
very exciteq $10m;, alomic or molecular ions, exciked
molecuies, molecwiar dissociations ctc., depending
on the laser excited levels and on the peculiar prop-
crues of the wavolved aloms; in the following only
the energy poaiing <ollisions which populate very
excited levels will be considered.

Since the paper by Allegrini 21 al. [ 1], in which the
first experymensal evidence of 1his process has been
reporied, many enperiments have been performed
mainly with sikali atoms [2]. All these expenimenis
involve homonuclear collisions and only one laser
exciled AlOMIC species.

The energy pooling collisions are effective only if

' ICTP Fellow. Permanent address: iraqi Atomuc Energy Com-
mussion, Tuwaitha, Baghdad, P.O. Box 763, Ireq.

processes. The energy pooling collmoas beiween Na( 3PF) and
CrORS have beea d

the involved energy defect JE, calculated as the dif-
ference beyween Ey and the energy of the collsion
eacited level, is comparable with kT and, {or this rea-
son, there are, in general, very few ““quasi” reso-
nances for & given atomic species. This condition
limits the number of possible reactions and the
amount of achievable information. The simultane-
ous excitation of atoms of two different species in a
vapor mualuce increases the number of possible
“quasi” resonances and i1 proposes new inleresling
level scheme combinations. Moreaver, it opens the
possibility of a theoretical and expenmental study of
the interatomic polentials between different atoms
in an imponiant range of interatomic distances. The
heteronuclear energy pooling collisions between alkali
atoms present, in the JE7kT=0-3 range, about 60
*:quasi” resonances which give an almosi continuum
specirum versus the energy defect. Detailed tables
are reponied in ref. [3] with the preliminary resulis
on heteronuclear Na-K energy pooling collisions.

In this paper we report the first observation of het-
cronucicar energy pooling collisions beiween Na and
K and the cxpenmental measurement of the colli-
$I01 CrOSS SECLIONS 0,

Sodium and potassium aloms are both excied by
two cw dye lasers resonant with the first clecironic
transitions and the collision process is monilored
through the analysis of whe fluorescence spectrum.
The process is described by the following reactions

0 030-4018/87/503.50 © Elsevier Science Publishers B.V. 97

(Norh-Holland Physics Publishing Division)
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Fig. 2. Skeich of the experimental apparatus. M = turror, BS =
beam aplier, L = lens, OF = opuical fber, MON » monochro-
10 mator, PM = photomuliiplier, REC = recorder, DLI and DL2
29 e7 = cw dye lasers, PDL = pulsed dye laser.
intermodulation technique has been adopted: the two
lasers are modulared at two different frequencies and
o phase sensitive detection is made at the sum fre-
wl quency. The obtained signal is therefore only due to
2 oio et the processes related 10 the double laser excitation.
Na K T In order 1o obtain the collision cross sections of reac-

Fig. |. Panial electronic energy level schemes of Na and K. Full
arrows indicate laser excitations and broken arrows the observed
wansiuon hnes. On the nght side the levels of Na and K wih
energy close 1o £ are repornted in an expanded scale.

Na{IP)+K(4P)-Na(3$)+K(xLY*+4E, (ia)
—Na(yL)+K({45)+4E, (1p)

“where xL= 6P, 5D, 7S, 5F and vL = 3D, 4P (see table
1). In fig. 1 the partial level schemes of Na and K
are reparted. The dashed horizontal line represents
the sum energy of the Na{3P) and K{4P) icvels. the
full arrows simulate the laser excitation and the
dashed ones indicate the detected transition lines.
On the left the very excited siates with energy close
1o Ey are reporied in an expanded scale.

The double atomic excitation produces a very rich
spectrum in which the contribution due to the hom-
onuclear reactions overwhelms, in general, the one
from the heteronuciear collisions, This has been
demonstrated 1n a previous experiment with a
sodium-potassium mixiere and double laser exci-
tation where only the potassium high excited levels
were observed {4). To eliminate this problem an
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tions (1) the effective lifetimes of the laser excited
levels have been measured.

1. Experimental appartus and measurement
procedura

A skeich of the experimental apparatus is shown
in fig. 2. The vapor mixture is confined in a capillary
cell with an infernal diameter 4= 1.8 mm and a length
L=35cm. A smatl reservoir for the metal deposit is
welded on the side of the main body of the cell 10
which it 1s connected by a short capillary. Details of
the special procedure adopted to build up this kind
of cell can be found in ref. [ 5]. This particular geom-
¢iry has been adopted 10 reduce the selftrapping of
the resonance radiations and to have a constant and
knawn excited volume that is a fundamenial con-
dition for a correct measurement of g,,.

In order to have the heteronuclear collision fre-
guency comparable with the homonuclear ones the
vapor densities of the two alkalis have 10 be com-
parabie. To sausfy this condition the meval reservoir
has been filled with a Na-K alloy because the vapor
density of pure potassium is about two orders of
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magnitude higher than that of pure sodium {6].
According 10 the empinical Raoult law (7], the vapor
pressure of each component is given, in first approx-
imation, by

x(Na,K)
x(Na}+x(K)

where p{Na, K} and p°(Na, K) represent the No/K
vapor pressure of the alkali mixiure and of the pure
metal respectively, and x(Na, K) are the molar frac-
tions of the two alkalis in the alloy. An alloy con-
1aining about 10% of potassium and $0% of sodium
roughly satisfies this requirement.

This is a favourable condition for the abservation
of the heteronuclear collisions, it reduces the possi-
bility of secondary processes due to 100 high density
of one of the two atomic specigs and it makes equal
the excited volumes of sodium and potassium for
comparable absorbed laser powers. The cell, afier it
has been cieaned and evacuated down 1o 0~ Torr
for many hours, is placed in an oven at temperatures
ranging between 200 and 260°C.

Two cw dye lasers are used 10 excite sodium (DL1)
and potassium (DL2) respectively. The two laser
beams cross a disk shaped chopper on which three
series of holes have been drilled in order 10 modulate
DL.1 at the frequency w,, DL2 at frequency w, and
to give 1o the lock-in amplifier the reference signal
a1 frequency w, +a,. A beam splitier, intercepting
the DLI laser beam, produces a second yellow laser
beam which is modulaied at frequency w;. This aux-
iliary yellow beam is used 10 montor the homonu-
clear energy pooling collisions as jt will be discussed
here below. DL1 is a single mode dye laser actively
stabilized with a2 maximum output power ¥, =100
mW: DL2 is a multimode dye lasgr with a maximum
oulput power Wy = 200 mW. The wavelengths are
1,=589.0 nm and 4,=766.5 nm. The excited fluo-
rescence is collected at right angles, focussed by a lens
which reproduces the image of the cell. To eliminaie
volume effects a multimede optical fiber (4=0.6
mm ) is used to collect only the fluorcscence emitted
very near to the entrance of the cell. The fluores-
cence is then analysed by a | m focal length mono-
chromator and phase-detecied by a photomultiplier
connected to a lock-in ampiifier.

To measure the effective lifetimes of the 1wo laser
excited levels a pulsed excitation has been used: a

p(Na,K)= p*(Na, K} . 2)
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dye-laser, with grazing incidence grating and pumped
by a nitrogen laser, is tuned alternatively 1o the two
resonance iransuitions by using rhodamine 6G and
Oxazine 750 to excite sodium and potassium atoms
respectively. The fluorescence is analyzed with a fast
iransicnt storage oscilloscope that gives the temporal
evolution of the signal.

An absolute measurement of the collision cross
section of reaction (1) would be very difficult because
many independent parameters have to be measured.
For that reason i1 has been convenieat 1o measure
these cross secuions relatively 1o that of reaction

Na(3P) +Na{3P)-Na(35)+Na(s8)+4E, (I

for which absolute measurements exist [ 5.8].

By assuming that other processes, like for example
muiliphotlon excitation, atomic iOnizalion ¢tc., are
negligible {1he experimenial conditions are chosen
to mimumize them), the rate equations for reactions
(1) become

(djd") NI= —.N, Z AJ‘
iy

+4,[Na(3P)},, [K(4P) ], | (da)

where N, is the population density of the excited levei,
J=xL, yL; A, is the sum of the spontaneous Lran-
sition probabilities of the level j; k,= Vg, is the raie
constant of the process, The subscripts @, and w,
put in evidence that the poputations of the laser
excited levels are modulaied a1 two different
frequencies.
The rate equation for process (3} is given by

[da'd!) N,s'—' —Nis Z “‘}S.r
1w 35

+ky[Na(IP)},,, [ Na(3P)],,, - (4b)
The solution of these equations at the steady siale
provides the ratios
& LA N [Na(3P)),,
kys TAss, Nss [K(4P)u,

By introducing the experimental observed fluores-
cence line intensities

Le=ahvida N Vidrn,

(3}

and the branching ratios
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lK(ﬂ’)].... + [K(4P)I,‘~K(XL) +K(45), (8 a very poor evalution of the cell glass absorption in
T =AA/ Y Aus KIST-4P the uv.
e i.c.1he excited sodium atoms (ransfer heir energy 10 The errors have been evaluated 10 e of the order
we oblain WIS potassium atoms with a rarc that s modulated at ire- of 50% as a result of the unceriainty 00 the Lifetimes.
. quency Wi- These excited potassium atoms may col- the linc intensity [measurements, the error on kss and
& Gssae Qlap-as Vi5:37 NaaP-35) lide with the other ones excited by the DL2 laser and pessible small dich_rences in 1he excited volumes ol
ks | O Oapxs Ve populaic the higher energy levels 1101 The inten- sodium and polassium.
sities of these lines are comparable with the other
Vap-as Yasie DE Ao [!1!_.’.5. . (6) ones supporting a previous measurement of the elec-
¥ypaas T Ter Iss-ae Lier-ss w3t 0 wronic energy wansfer collision cross secuion between

Na(3P) and K.(45), which is of the order of 10~
cm® [V 4. Conclusions
All the lines in the spectrum show a linear depen-
dence on both laser intensities and 1hey disappear

where a,, are factors taking into account the effi-
ciency of the derection apparatus. v, are the transi-
1ion frequencics. ¥ is Lthe emission volume and Ty,

1.0 arc the effecuve lifcumes of the laser excited lev- when any onc of the two lasers is switghed off, even Sodium and polassium aloms in a vapor mixiure
cls of Na and K respectively. ) if a SArONg fluorescence is still visible io the cell. have been simultancousiy excited by Wwo resonant
Wiih this method it is not nccessary 19 measure wo 50 In ouf experimental conditions the effective hife- cw dye lasers. This double excitation oniginaies 2 very
directly the 1wo vapar densities and 10 perform an ) . times of Na and K resulied, al T=240°C, bright fluorescence due to many collisional processes
absolute calibration f the detection apparatus but a ::.:‘.‘:.l:::r::cgno: spec;lmmm_d with l:":‘ tn::nzd;htlz tem 176220 ns and 1e=2811 30 ne respectively, which distribuie the absorbed energy Ovel many
is sufficient 10 measure the ratios L lssr and the C. W n6S m:vp:..: “s:ru,. 190 ;.‘;“.'.:.m:un ,:d,cm “,::m which are about 1en times longer thea the natural electronic levels of the two atoms and of the mole-
ratio between the (Wo jines 338 and fepas excited due 10 the hereronucieas enerpy poo;inl collisions. ones (1™ 16 ns and Te= 27 ns). cules, We have adopied a special detecrion techinigue
by the laser beams modulated at the frequency @2 By applying ihe described procedure, the collision and paruicular expenmental conditions 1o isolate one
The measurement procedure is as follows: at a fixed abscure the effect of, at \east, it may induce Ruge cross sections for the reactions populating the D of those inelastic processes i.¢. the energy pooling
temperature the effective lifetimes of the 3P and 4P errots in the line intensily evaluation. By using the level of sodivm and the 3D and 15 of potassium have collisions between sodium and potassium atoms. This
levels of sodium and potassium respcctivcly are intermodulation technique this problem has peen peen measured. The abtained values are reported in particular reaction has been observed and 1he rela-
f“‘“!l“d upon resonant pulsed excitation; then DLI eliminaed and the spectrum shows only the lines table L. Unforunately 1he same result pas not been Live collision CTOSS-3ECIIONS have been measured with
is switched on and sphit in (w0 beams that are mod- excited by the heicronuclea? energy pocling colli- possible, for the moment, for the othes tevels in the a satisfactory accumacl '
ulated at the 1wo {requencics w, and Wz This exci-  wions Or those connected, in sny case, 1o he double \abie. For the SF the rcason was a hack of sensitivity The obrained g, values do B0t exhibit semarkable
\ation activates reaction (3) and the intensity of the excriation, whereas aay other contribution is €an- of the desection apparaius in \ne near infrared Feg0n differences with 1ROs obuained for the homenucles?
line due 10 The Lransition from the 55 10 38 level is celted out. In fact in fig. 3 a specirum obtained at whereas for the oher Jevels, i.c. the 4F of sodium reactions, while the expenment clearly shows the
measured 10gether with 1he intensity of the D-hnes 130" C shows only few aromic lines, The lincs marked and the sp of powsssium. the main problems WeEe -quasi” resonant behaviout of the effct that becomes
due 10 the beam modulated at the @ frequency. The with a siar are 1hose excited by 1he heteronuclear onginated by paresolved self wrapping effecty and 10 rapidly negligible for increasing 4E-
DL modutated a1 w2 is then stopped and the DL2 energy pooling collisions and they onginate only from
is switched on. The intensities of the lines due 10 the (e levels wath an energy defect of excess lower than
g?cuon (1) are measured as well as the patassium 3k T, while there is no evidence of lines from higher
line intensities and the signals are com ¢d 10 the or lower lying levels like for examph Table | . .
ones obtained with the prev ous cxcimug: The two K{88) w;ic: would be around 5;;:::: %?SDCL:::; Liss of Levels popwiated by Nal 3P )IK{4P) collisans with 1be MALD parameters. o the {ast column the measured coost scationsa T=240°C
scrics of measurements are perfecly comparable shows the “quast” cesonant behaviour of the eifect it
because the DL1 main peam is e same. and also that higher order processes are negligible. Atom Lve  JE Desecied Transmon v a
Therefore all the expected lines arc in the spectrum (em™") transivon wavelengih Ay {em?)
:xcepl the ;F—}D, which is in the mf@t:d partof the ‘ e 10 768 1D-3Pursi §183-B193 0831 0.017-0.014 14107
‘ pectrum, 1.6 out of the sensitivity of our apparatus. 4P -5 PY ] 3302 0.60 0.39
3. Results and discussion The other lines it 1he specirum are originated by 2 "
|W0Q Slep process in which excited sodium aloms are K &P +934 oS 34463441 0.2% 0.4} ]
The resonant excitation of an alkali vapor pro- involved accordingly 10 the following reaclions. D ~169 §D 1w $§12-5832 0.19 0.16% 19810 .
duces an almost continuum fluorescence spectrum (Na(3P K L -8 15-4F .0 47825803 pas-036 0183 09105
due 10 the cnergy iransfer between the aloms and a(3PNw “S)"N“JSH[K“P“"" ' ol %
) a ause they are in the inlrared where Ouf apparatus 16 ROt SERSILIVE.

N - emene and the dimers {9). This fact may ¥ Notransions have Deet derecied from the SF tovel bec
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Three-Body Collisions between Laser-Excited Na and K Atoms
in the Presence of Buffer Gas.

8. A. ABDULLAK(*), M. ALLEGRINI, S. GozziNI and L. Mot
Istituto di Fizica Atomica ¢ Molecolare del CNR - Via Del Giardine 7, 56100 Pisa, Italia

(ricevuto "1l Settembre 198T)

Summary. — Energy pooling in alkali vapour mixtures has been previously
investigated by us in an amalgam of sodium and potassium. In this paper we
degeribe the peculiar features appearing when some buffer gas ia introduced
in the cell. We demonstrate that the buffer gas enhances the energy transfer
between Na(3P) and K(4S), which is detected through the effects induced on
the highly excited states populated by the Na(3PyYNa@3P) and KAPYK(4F}
eollisions.

PACS. 34.50. ~ Inelastic scatiering of atoms and molecules.

1. - Introduction.

The resonant laser excitation of an alkali vapour easily produces high
densities of excited atoms owing to the very large dipole moment of the
fundamental transition. These excited atoms, behaving during the collision like
energy absorbers or sources, speed up the population transfer to other atoms or
electronic levels. This can be revealed by observing the emitted complex
spectrum that contains atomic lines and molecular bands which evidence the
presence of different collisional processes. In particular, intense fluorescence
lines coming from highly excited levels appear when the vapor density is high
enough. These lines are generated by the energy-pooling process{’), followec!.
under appropriate conditiona, by others like, for example, molecular and atomic

(*) ICTP Fellow. Permanent addreas: Irsgi Atomic Energy Commission, Tuwaitha-
Baghdad, P.O. Box 765-Iraq.

(7 M. ALLEGRINI, G. ALZETTA, A. KOPYSTYNSKa, L. Mot and G. OrRiows: Opt.
Commun., 19, 96 (1976). N
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ionization(*). Many experimenta have been carried out on this subject during the
last few years and it is possible to affirm that almost all the population-leaking
channels of the laser-excited levels have been studied in detail in the
homonuclear reactions of the alkali atoms, where only one atomic species is
excited by the laser. In this specific case, the electronic-energy transfer and the
agsociative jonization have been found to be the main reaction channels.

We started a new series of experiments on alkali vapour mixtures, in which
two atomic species are simultaneously excited by two resonant lasers, to study
the electronic-energy transfer processes occurring in the heteronuclear
collisions. A review of all the possible «quasis-resonances with preliminary
results has been reported in(¥.

In a first experiment performed with s Na-K mixture (*), we have observed
the heteronuclear energy-pooling collisions described by the following reactions:

o {Na(3P)+K(4P)-—-N-(nL)+ K@S) + aE,
1

Na(@@P) + K(4P)~ Na(dS) + K(ml) £ AE,

where nl. = 3D, 4P; mL = 6P, 5D, 18, 5F and AF ia the energy defect or excess.
The two laser-excited atoms exchange their internal energy in such a way that
one of the two atoms goes down to the ground state, whereas the other one
jumps to a highly excited state. The condition to be fulifilled is that

2 AE = |E(nl, mL)— [E(3P)+ E4P))| = KT,

where E(x) is the energy of the x-state. In ref. () the experimental technique as
well as the measurement method have been described and the collision cross-
sections of these processes have been reported.

In the present paper an experimental analysis of the main collisional
depopulation pathways undergone by the laser-excited atoms in the
heteronuclear collisions in the presence of Jow-presaure buffer gas is reported.
The processes are detected by analysing the emitted atomic fluorescence and by
adopting an intermedulation detection technique to isolate the heteronuclear
contribution to the spectrum. In this technique the two lasers are modulated at

(0 For areview see T. B. LucaTorT0 and T. J. MCILRATH: Appl. Opt., 19, 3948 (1980);
A. KOPYSTYNSKA and L. Mor: Phys. Rep., 92, 135 (1982); M. ALLEGRINI, C. GABBANINI
and L. Mouw: J. Phys. (Parts), 46, C1-61 (1985); M. ALLEGRINI: in Fundamental Processes
in Atomic Collision, Phyaics, edited by H. KLEINPOPPEN, J. 8. BRiGGS and H. D. Lut2
{Plenum Presa New York, N.Y., 1985), p. 460; L. Mow: Acta Phys. Pol. A, 69, 81 (1986).
("t A. CREMONCINI, S. A. ABDULLAH, M. ALLEGRINI, S. GozziNi and L. Mol in
Proceedings of the Internationel Conference on Lasers '35, Las Vegas, edited by C. P,
WANG (STS Press, McLean, 1986), p. 98

() 8. GozziNi, 8. A. ABDULLAH, M. ALLEGRINI, A. CREMONCINI and L. Mot: Opt.
Commun., 63, 97 (1987).
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two different frequencies, while the signal is detected at the sum frequency. In
fact, as will be discussed below, the signals due Lo collisions between Na and K or
to collisions of higher order involving heteronuclear reactions, and only these
ones, have components modulated at frequencies that are sum or difference of
the modulation ones.

With respect to ref. () in the present paper the new features induced by the
buffer gas are stressed and the role of three-body collisions is shown.

2. - Experimental apparatus,

The experimental apparatus is shown in fig. 1. It consists of a collision cell,
placed in an oven to control the vapour densities, of two c.w. dye lasers and of &
wide-window detection apparatus.

The collision cell, having cilindrieal shape with (1 x 6)cm dimensions, is the
bulb of & spectral lamp and it is filled with Na and few Torr of neon as buffer gas,
whereas the potassium atoms are present as impurity. The oven allows us to
reach temperatures up to 7' = 300°C and to maintain T constant within 1°C. The
beams of two ¢.w. dye lasers are superimposed inside the cell after they

IR
nI1c

IR
MON

) —
oLt o b oven

\H%
i
o o L

CH visibie
MON
wytey
PM
sock-in
RECey1e h
ou‘ n M

. . . L2 =K-
Fig. 1. — Sketch of the experimental apparatus. DL1 = Na-resonant fiyg lager, D
refom.nt dye laser, CH =chopper, I =lens, PM = photomultiplier, IR DTC=
= infrared detector, REC = recorder, MON = monochromatar. i
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intersected a chopper which modulates the two lasers at the two frequencies a,
and ws. Laser 1, a single mode Rhodamine 6G dye laser pumped by an Ar* laser,
is tuned to the D, line of sodium (A = 589.0 nm); laser 2, a multimode Oxazine dye
laser pumped by a Kr* laser, is tuned to the D, line of potassium (A = 766.5 nm).
The output powers of the two lasers are of the order of 100 mW.
The detection apparatus permits to analyse the entire spectrum from 400 nm
to 2.5 pim and it consista of two independent sections, one for the visible from 400
nm to 850 nm and oue for the near infrared from 1 ym up to 2.6 um. For the
visible radiation we used a monochromator with 1 m focal length and a 1200
- lines’mm grating, coupled to a Hamamatsu R955 photomultiplier, while for the
near infrared we adopted a monochromator with a 36 em focal length and a 300
lines’mm grating coupled to a PbS detector cooled to the dry-ice temperature.
The signal coming from the detectors is amplified and phase detected by x lock-in
amplifier tuned to the frequency o = w, + oy = 900 Hz. This frequency has been
chosen to optimize the sensitivity of the near-infrared detector.

3. = Results,

The resonant laser excitation of both Na and K produces a quite bright
fluorescence that covers, obviously with very different intensities, the whole
visible spectrum as a consequence of the presence of collisionally excited atomic
lines and molecular bands.

In addition to the fundamental D-lines of Na and K some other atomic lines
can be detected, whose intensities increage quadratically or with faster rate as
functions both of the laser intensity and of the atomie density. It is important to
note here that, in our experimental conditions, i.e. low laser power density, the
fluorescence can be generated only by collisional processes and not by
multiphoton ionization. An example of such a spectrum can be found in ref. (*),
where Na has been resonantly excited at relatively high temperature.

In fig. 2 a portion of the spectrum obtained under different irradiation
conditions is reported. In fig. 2a) the spectrum obtained under double resonant
laser excitation is shown. The comparison of this spectrum to those obtained
with only the yellow Na resonant laser beam (fig. 2b)) and with only the red K
resonant laser beam (fig. 2c)) exibits the nonlinear increasing of some lines. In
fact, when both lasers are on, the K/3P-48), K(65-4P) and K(4D-4P) lines are
about three times more intense thar the sum of the intensities upon separate
excitations, while the sodium lines do not change significantly. It is evident that
this behaviour is determined by the heteronuclear collisions between excited

() M. ALLEGRINI, G. ALZETTA, A. KoPYSTYNSKA, L. Mot and G. ORrioLs: Opt.
Commun., 22, 329 (19T7).
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Na
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5p-u8

Na Na 65-4P "
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ik

400 500 850 750
A nm)

Fig. 2. - Spectra obtained with single or double laser excitations: a) dou_ble' laser
excitation; b) only Na-resonant iaser excitation; ¢) only K-resonant laser excitation.

atoms which deeply modify the population distributions among the high-lying
energy levels.

As the induced modification is not always so important with respect to the
total intensity of each line, a detection method able to reveal only this
contribution would be more useful. By adopting the intermodulation technique
the heteronuclear part of the signal is separated from all the others and a more
detailed picture of the effect is obtained.

In fig. 3 the fluorescence spectrum obtained under a double modulation is
reported. In fig. 3a) the spectrum in the visible and in fig. 3) the one in the near
infrared are shown. Three kinds of transitions, marked with a, 8 and y, can be
distinguished, which correspond to three different collisional processes.

This spectrum shows some new features with respect to those reported in
ref. (): the presence of the fluorescence from levels near the energy 2-E(3P) of
sodium (y levels); a different relative intensity among the other lines. Moreover,
the phase of the y lines is negative, which must be interpreted as due to a
depopulation mechanism. The corresponding levels are the 4D and 58, whgch
give origin to the two lines at 569 nm and 616 nm, respectively, and the 55 which
fluoresces at 1.26 pm. In the infrared region also the 45-3F transition of Na at
1.14 pm is present, but, a8 this level is poputated by the decay from the 4P level
in the tTansition 4P-4S at 2.21 um, it has opposite phase.
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Fig. 3. - Spectra obtained with double laser excitasi ;
technique: a) visible spectrum; b) ; emufum and with the intermodulation

In order to better understand the origin of these lines and to give reason of
‘the phase reverse, two simplified energy level schemes of Na and K are reported
in fig. 4 The two full arrows simulate the double laser excitations, the lower
dotted line the double of the energy of the 4P level of K, the upper one the double
of t.he. energy of the 3P Na level and the broken line represents the sum of the
energies of 4P and 3P levels. In this scheme only the levels contributing to the
spectrum are reported. It is evident that all those levels are very close to
someone of the horizontal lines, while all the others are missing.
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Fig. 4. — Simplified energy lavel achemes of Na and K atoms.

By referring to the given energy scheme and to the letters a, § and y, the
following energy-pooling processes can be introduced to explain the spectrum

levels a
Na(3P) + K(4P) — Na(zL) + K4S) * AE,
— Na(38) + K(yL) £ AE;

£}] levels 3
K@b) + Xap) —~Ka'D+ K@4P) £ AE;

lavels v
| Na(3P) + Na(3P)-» Na(z'L) + Na(35) £ AE.

All the given reactions have been experimentally obgerved and, in the case of
« and y collisions, the cross-gections have been measured. Therefore, to a first
insight the presence of all these lines can be easily justified by assuming effective
the energy-pooling collisions discussed in the introduction and by considering
also the homonuclear ones. Indeed, we adopted the intermodulation
spectroscopy to cancel this contribution, and, therefore, their presence must be
explained by assuming effective new processes that were not important in
experiments without buffer gas, as is proved by the absence of some of these
lines or by the very different relative intensities of some others with respect to
the previous experiment.

The role played by the buffer gas is to remove or to supply the energy excess
or defect in the inelastic reactions and to increase the reaction rate. The

T
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introduction of some buffer gas affects, first of all, the population distribution
between close levels by inducing s fast transfer from one level to the ot.her?. But,
as this effect is active on the same laser-excited atom, it does not modify the
frequency modulation of the fluorescence and this is true for any ‘t.wo.-body
collision between the buffer gas and the alkalis. That means that this kind of
collisions does not modify the intermodulstion spectrum, Therefore, ‘we }-mve to
consider a more complex process able to modify the population distribution and
the frequency modulation of the fluorescence; this process can be a three-body
collision invelving & sodium, a potassium and a buffer gas atom.

The population transfer from the excited sodium to the ground-state
potassium

4) Na(3P) + K4S) + M~ K(4P) + Na(35) + M + AE,

where M is a buffer-gas atom, AE = 3931 em™' = 10KT, can be the process. This
is a highly exothermic reaction that can be enhanced by the Qresence of the
buffer gas which we assume to carry out the huge energy excess in 3 Fhree-bot!y
collision. Moreover, if a strong Na(3PVK(45) coupling is realized, this may mux
up the two modulation frequencies.

p'1‘he three-body collisions become important at gas pressure larger than 1
Torr(*) and they can be conveniently described in terms of a three-body rate
coefficient, ki, defined, similarly to the two-body collisions, as

)] % = kg RaThy,

where Z represents the number of three-body events in the umt. time and un.it
volume and n,, ny and ny are the densities of the collidents. k, is expressgd. in
L*t~" unities and it can be written as ky = a;ty, where g, i3 the three-body collision
hyper—cross-section and

6= _[KT
® U8 Vo

with
- f__'_“'_"i"h_.
N K3 e
The ratio between the number of three-bedy collisions and the two-body ones
ia then given by
® R = kyNiky,

( J. B. HASTED: Physica of Atomic Collizions (Butterworths, London, 1972),
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where ky= {o,v) =0, U is the rate constant for two-body collisions; N is the
buffer-gas density and its value in our experiment is N~ 10" e, &, has been
already measured(”) and its value is ky=~10""cm’s~!,

As in the experiment without buffer gas, there is no evidence of the y levels
and, as the relative intensity of the 8 levels is increased by more than a factor 10,
we may assume that, in our conditions, & must have a lower value R =~ 10 + 100,
from which derives the lower-limit value for k;{Ne, Na, K*)= 10" em®s ™!, that
is, to our knowledge, ita first experimental evaluation,

Thus the qualitative picture is the following: the Na(3P) sodium atoms
modulated at the o, frequency collide with the atoms which are excited to the 4P
with this modulation; on the contrary, as the K(4S) density is modulated at w; by
the red laser, there is an ay-induced modulation on the Na(3P) population. The
result is that the strong coupling factor dZ/dt =k, N Na(3P) K(45) induces a
reciprocal modulation on both atoms, which canh be easily verified by simple
algebra.

A detailed analysis of the equations describing the processes is complicated
and not fruitful: we have made an approximate treatment by assuming the laser-
modulated populations to be

® Na(3P)x A(1 +cosent) snd K(4S)x B(1-rcosant),

where A, B and r are parameters depending on the experimental conditions,
while the minus sign takes into account the fact that the 45 level is depopulated
by the laser. The collision modifies the Na{3f) modulation as

(10) Na{3P) = AB(1 + cosa t{l — rcosatl).

It comes out that Na(3P) contains terms at the u, and wy frequencies in opposition
of phase. As Na(z’'L) is proportional to the square of the Na(3P) density, we find
in Na(z’L) one term o [— co8 « ¢ co8 uyt], which gives origin to the signal at the
w) + wy frequency with the proper phase, while the others represent components
at different frequencies. The same agreement is obtained for the other observed
lines.

Let us conclude with two final remarks: in the spectrum of fig. 3a) the signals
due to the fundamental transition of Na and K are obacured by saturation of the
photomultiplier due to the very high intensity of the fluorescence; the
comparigon of this spectrum with that of fig. 2 shows that the Na lines are
missing here, while the ones corresponding to the 4P, 65 and 4D levels of
potassium, that are the most affected by the double laser excitation, are present.
This confirms that these K lines are induced by heteronuclear collisions, while is

(" M. ALLEGRINI, G. ALZETTA, L. Mot sand D. GIULIETTI: Nuove Cimento B, 28, 69
(1976).
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not the same for those Na levels which are populated by higher-order
homonuclear processes.

4. - Conclusions.

Many collisional processes take place when high densities of exclt.ed atoms are
produced by double resonant laser excitation. In this experiment the
modification of the population distributions among excited levels induced by the
presence of a puffer gas is shown. The strong coupling between Na(3P) and
K(4S) established by the three-body collisions with the buffer-gas atoms 18
detected through the energy-pooling collisions populating the Na (y) levels and
the K(p) levela. The fluorescence emitted by these levels has, in fact, a frequency
modulation evidencing a previous heteronuclear collision between Na and KA
limiting value for the three-body collision croas-section has been derived from

the experiment.

@ RIASSUNTO

Abbiamo in precedenza studiato i} processo di collisione di energy‘pooling in una miscels d1
godio e potassio. In questo lavoro ai anali i particolari effetti indotti dn.lh presenza di
aleuni Torr di gas tampons introdotti nells cella. Viene dimoetrato che il gas tampone
favorisce il processo di traaferimento di energis fra Na(3F) & K(45), che viene rivelato
avtraverso gli effetti indotei eagll stath altaments eccitatl popolati dalle collisioni
Na(3P¥Na@F) e K4PVKAP).

Tper-1acTuinmie COYAAPERNS MONAY BTOMAMN Na » K, sorbysaesasmis aniepoM, &
apucyrcraun Sydepaord ram.

Pevome (*). — Panee aRTOpML B SMANLIAME HATPHN W XAnWA MCCNEAOBANW pAcHpeRencHte
JHEPrUM B CMECHX WEAOHHMX NaP0s. B sroR CTaTsé Mhi OMUCHIBAEM OCOBCHHOCTH,
BOAHMKAIOULME NIPH BBEATLLAN Gydpeprnoro Tala 8 ayciiy. Mui fI0KBIBIBACH, ITO Gydpepuuul
ral ycWIHBacT OfMCH IHCPIMEH MEXIY Na(3P) n K(45), KOTOphlE ACTEKTHPYSTCH Heped

«THl, Candansbie ¢ BHICOKO BOIGYACHHRLE COCTOMMMAMM, JACCICHNBIMM MPH
Na(3PyNa(3P) n K(4PYK(4P) coyRapeiut.

("} [Mepesedero pedaxuutil.
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ENERGY TRANSFER COLLISIONS IN LASER EXCITED
MIXTURES OF ALKAL! VAPORS

M.Allegrini, S.602zin, 6.Squadrito, C.Gabbanini and LMoi
1stituto di Fisica Atomica e Molecolare del CNR.
Via del Glardino, 7 - 56100 P1sa, italy

ABSTRACT
Energy transfer collisions between two laser excited alkall atomsS of
different species have been investigated in cell experiments using an
intermodulation technique. Cross sections have been measured for the
potasslum/rubidium mixture and evidence of three-pody collisions in
presence of a buffer gas has bDeen obtained in the sodium/potassium
mixture,

INTRODUCTION .
The collisions invoiving two atoms both In an excited state play an

jmportant role in different fields of atomic and molecular physics. The -

colliding atoms may evolve to several exit channels giving quite
different products : lons plus electrons through associative fontzation,
very excited atoms through electronic energy transfer and excited
molecules through atom/molecule energy transfer or molecule formation.
At first these collisions have risen much interest as a mean to produce
plasmas at very low laser power'. Later on they have been considered as
a possible mechanism tor population inversion in atomic and molecular
levels with conseguent opportunity for new laser source52-3. More
recently the associative lonization has been considered as @ limiting
process in the atom density achievable with cooling techniques™ The
population transfer from the initlal 12ser excited atoms to higher levels
has been extensively studied in alkall vapors. Wwe have pointed out the
interest of extending these studies to mixtures of different alkalis® and
designated a set of experiments to measure the relative cross sections
of heteronuclear energy transfer collisions.
The processes we consider aré

AM(nP) + B¥(MP)  --—> A®X(nL) + B(mS) m

T g TERE T
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where {A(RS), B(mS)), (A*(nP), B¥mP)) and (A¥(n'L), B**(m'L)} Indicate
two alkali atoms of different species in the ground state, in the first
excited state and in highly-lying states respectively. The energy
transfer is effective only to A**(n'L) and B**(m'L) levels such that the
energy defect IAEl from initial to final energy of the reaction is
comparable with kT. In order to measure the cross sections of reactions
(1), atoms A and B are optically excited to the first P-level and
fluorescence Intensities are measured from the A*¥(n’L) and B**(m'L)
states. Two dye lasers (cw In our experiments) are required for the
selective excitation of the two alkali specles. Because A¥(nP) and
B*(mP) atoms are simultaneously produced, the fluorescence spectrum
contains emission aiso from levels populated through homonuclear
collisions

A(NP) + AX(NP)  —==> A®('L) + A(NS) (2)
B(mP) + BMmP)  ---> B*mL)+ B(mS)

This contribution may predominate over the fluorescence lines coming
from highly excited atoms populated by heteronuclear collisions and
must be eliminated. To this purpose we have adopted an Intermodulation
technique, whose details have been described in reference [6], which
involves modulation of the two laser beams at two different frequencies

W, and Wy and phase sensitive detection of the fluorescence at the sum

frequency w, +u,. The alkall vapors are produced ina sealed pyrex cell

containing an amalgam of the two different metals under study. The
amount of the two metals in the amaigam are chosen In such a way that
at a given temperature the two species have comparable densities. The
determination of the cross sections requires also knowledge of the
excited atoms A* and B* densities; these have been iIndipendently
deduced from the effective radiattve lifetimes measured in a resonance
fluorescence experiment under pulsed excitation. For processes (2)
absolute cross sections have been measured :n several cases; ¢ross
sections for heteronuclear processes (1) are, however, more difficult to
measure because many independent parameters are needed. For that
reason we have found convenient to determine the cross sections of
processes (1) relatively to suitable cross sections of processes (2).

RESULTS
Table I shows the results abtalned for the sodium/potassium and
potassium/rubtdium mixture while table II lists the absolute cross

sections for sodium/sodium and rubidium/rubldium coilisions used as
reference.

Table [. List of levels populated by the collistons of column 1. The cross
sections reported In column 5 have been measured relatively to
the absolute cross sections (a) and (b) reported in table IL

- - -

Coilision Atom  Level T(°C) ox10'Scm? Reference Ref.
process process
Na(3PY/K(4P) Na 3D 240 28+14 (@) [6]
K 5D 240 38+19 (a) (6]
75 240 18209 (a) (6]
K(4P)/RD(SP)  Rb 5D 220 58 29 () (7]
75 220 64232 (b) (7]

RD(SP)/RD(SP)  Rb 75 180 2814 (b) (7]

The values for Na/K collisions reported in reference [6] have been
doubled to take iInto account the correction Introduced by Bezugiov et
al.a, valid for experiments performed in cells rather than in beams. The
preliminary results for the potassium/rubidium mixture are reported
here for the first time. For the moment they are restricted to coilisions
Involving Rb atoms excited to the 5P3 s2: however, work is in progress to



Investigate collisions involving aiso the lower 5P, level. The

measurement of the cross section in this case may be of particular
interest because one of the collisionally populated levels is in the midst
of the four fine structure levels K¥(4P) + Rb*(5P). The last cross

section in table [ is for energy transfer in pure rubidium. In previous
studtes? of the process

RD®¥(SP) + Rb*(SP) ---> RD**(n°L) + RD(55) (3

population transfer was observed only to the 3D state. Since we use the
absolute cross section USD(Rb/Rb) of process (3) as reference (see table

) 1n the measurement of the cross sections for the heteronuclear
potassium/rubidium collisions, we have checked if our apparatus give a
0.,(RD/RD) value In agreement with that of reference [9], ( which is the
case). During this experiment we have observed fluorescence also from
the 7S level and therefore measured 0,¢(Rb/RD) relatively Lo osD(RD/Rb).

The resulting value matches other cross sectionsd for population
transfer collisions in alkali vapors involving simtiar energy defects (in
this case about 2KT).

Tabie IL List of collision processes and measured absolute Cross
sections used as reference for measuring the cross sections of

table L
- Collls-lon -Atom“ Level ;\;) -solute Rer.
process ox10!5cm2
(a) Na(3P/Na3P)  Na 55 36437 (o™
(b) RD(SPY/RB(SP)  RD 5D 64+ 26 % (9]

(%) Theoriginal values have bean doubled accorging to ref. {8].
{*%)} Wg have made an averaQe of the two values from ref. [ 10].

THREE-BODY COLLISIONS

Heteronuclear collisions In a sodium/potassium mixture have been
investigated also in presence of a foreign buffer gas . The experiment
has been performed using as cell the bulb of a2 Na spectral lamp which,
in addition to scdium, contains a few torr of neon and potassium as
impurity. Fluorescence spectra have been recorded upon three different
excitation : 1) with a single laser tuned to one of the Na D-1ines, i) with
a second single laser tuned to one of the K D-lines and iii) with both
lasers. while the intensity of fluorescence lines originated by sodium
levels does not change significantly in the three spectra, that due to
potassium levels exibits a nonlinear Increase.  Assuming that
heteronuclear collisions are responsible for this behaviour, we have
adopted the intermodulation technique to distinguish their contribution
from that of homonuclear collisions. This Intermodulation spectrum
exibits new lines with respect to the analogous intermodulation
specirum observed without buffer gas. Moreover some of the
fluorescence lines have opposite phase, which indicate a depopulation
process of the level emitting the fuorescence. it is well known that the
buffer gas Increases the energy transfer rate between close levels,
however the binary collisions involving alkali and buffer gas atoms can
not modify the frequency modulation of the fluorescence. Therefore, in
order to explain the madifications observed in the intermodulation
spectrum, we have to consider a process able to affect both the
population distribution and the modulation frequency of the fluorescence.
A process that satisfies these two requirements is the three body
collision

Na(3P) + K(45) + M ~==>» Na(3S) + K(4P}+M {4)

where M indicates a buffer gas atom. The ratio between the number of
three-body and two-body collisions can be expressed12 as R=kgN /Ky,
where ks 1S the three-body collision rate constant, N 15 the buffer gas
density and k. i5 the two-body rate constant, which has been measured

in reference [13]. Comparison of the intermodulation spectrum in
presence and absence of buffer gas, suggests a lower value of R=10-100,
from which we deduce a lower limit for ks of 10"27cmbs™!
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CONCLUSIONS

The tntermodulation technique has been proved to be very useful to
study the energy pooling collisions In mixtures of alkall atoms. The
measured cross sections confirm the fact that the efficiency of these
collisions decreases rapidly with increasing energy defects. With the
same technique we have also demonstrated the effects of the buffer gas
on these coilisional processes.
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