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Laser-Induced fluorescence was applied for determming total deactivation cross sections of the level (17,94) D’D of NaK 

molecules in collisions with He, Ne, Ar, Kr, Xe, as well as with K atoms. Relaxation cross sections of population and 

alignment were found to coincide within experimental error. The kinetics of the transtent process was used for determining the 

cross section of thermalization of the optically depopulated level of the electromc ground state (5.67) X ‘I+ in NaK + Ar 

collisions. 

1. Introduction 

The NaK molecule has recently been the object of 
intense investigation by means of laser-induced fluo- 
rescence (LIF) [l-9]. This work was aimed at elucida- 
tion of the term structure and at studying relaxation 
processes in the deactivation of optical excitation ener- 
gy where interesting peculiarities have been found. En- 
ergy transfer has been observed and studied from the 
D III term to the triplet d 311 term,with subsequent ra- 
diation into the a 3x state [ 1,251. Excitation mecha- 
nisms of Na and K resonance levels through molecular 
states were also investigated. Rather unexpected results 
have been reported by McCormack et al. [6] showing 
anomalous behaviour of the intensity and degree of 
circular polarization in the D III + X 12+ and C III + 
X ‘2’ fluorescence of NaK on addition of He. Within 
the pressure range up to 3 Torr of He, LIF intensity 
does not diminish, but increases, with a simultaneous 
increase in the circular polarization of the P, R transi- 
tions. In addition, noticeable circularity of several 
percent has been found in this work for Q?, QJ tran- 
sitions at low He pressures, which seems rather sur- 
prising for states of high rotational quantum number 
J’ (a value of J’ = 93 is mentioned, for instance). This 
implies an effective transition from alignment to orien- 
tation. 

The present work presents an experimental study 
of collision effects with rare gases and with K atoms 

on the intensity and linear polarization of D III + 
X lz+) NaK fluorescence with plane-polarized excita- 
tion. Lifetime values obtained for a number of levels 
(u’, J’) D III have made it possible to determine 
quenching collision cross sections [3]. By means of 
transient process kinetics of the repopulation of the 
optically depopulated ground-state level (5,67) X lx+ 
[ 10,111, the thermalization cross section in collisions 
with Ar atoms has been determined. 

2. Experimental 

A 1: 4 mixture of sodium and potassium in an 
alkali-vapour-resistant glass cell was connected to a 
vacuum system through a dry stopper, thus making 
introduction of heated rare gases through a narrow 
aperture possible. The metal-containing ampul was 
kept at stabilized temperatures between 461 and 645 
K. The optical part of the cell was cylindrically shaped, 
with 15 mm diameter and 30 mm height and positioned 
parallel to the entrance slit of the monochromator. Its 
temperature was slightly higher than that of the metal- 
containing ampul. LIF was excited by the 476.5 and 
5 14.5 nm lines of an Ar laser operating in the multi- 
mode TEMOOq g re ime. The laser beam was introduced 
from the top end of the cell through an optical window 
perpendicular to the angle of observation of the fluo- 
rescence. The laser beam was plane-polarized at right 
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angles to the direction of observation. The lines of the 
LIF progression where separated by means of a grat- 
ing double monochromator with a reciprocal disper- 
sion of 0.5 nm mm-l. The photomultiplier signal was 
operated in the photon-counting mode. LIF intensities 
I,, and I1 were measured through two channels corre- 
sponding to alternate positions of the analyzer paral- 
lel to or at right angles to the electric vector E of the 
exciting beam. The channels were calibrated for equal 
intensity at E set parallel to the direction of observa- 
tion of LIF. 

This arrangement permits only creation of popula- 
tion and alignment in the excited state, which corre- 
sponds to polarization moments f[ in the range K = 0 
and K = 2, respectively [ 12,131. Assuming J’ > 00 we 
have, for Qt , QJ transitions 

I,, = ;A@ + 2fi$ , (1) 

IL= :-woO - f;) , (2) 

where A is a proportionality factor. It can be seen 
that definite linear combinations of I,, and I1 contain 
either population j$ or alignment fi only 

lo =I,, + 21* =A,$ = &4r,r,‘& ) (3) 

I2 =I,, - Zl =A$ = &4rprr IV8 9 (4) 

where rP is the pumping rate, I’o and P2 are the re- 
laxation rates of population and alignment, and I& is 
the ground-state population. Using eqs. (3) and (4) 
and knowing the rate of spontaneous decay, it is pos- 
sible to go from the concentration dependences of I,, 
and IL to the rates PO and r2 and to the effective re- 
laxation cross sections Q, and Q2 of the correspond- 
ing moments. The most accurate value of the ratio 
Q2/Qo can be obtained by measuring the LIF linear 
polarization. For this purpose it is convenient to use 
the polarization rate, defined in a special way, and the 
so-called “alignment rate” Pal [ 131, 

pd = (I,, - zLy(r,, + 21~) =r2/lo = $ryr2 . (5) 

The limiting value of Pd is 0.4 in Q?, Q$ transitions, 
as distinct from the value of 0.5, as would be obtained 
for the degree of plane polarization P in the usually 
defined way, namely, P = (I,, - Z,)/(I,, + IL). 

3. Results and discussion 

3.1, Dill state 

Considering that the characteristic lifetime of the 
D lIl state is 16-20 ns [3] at the experimental tem- 
peratures (T> 540 K in our case), an important part 
of the deactivation processes of optical excitation 
energy may be due to collisions with alkali atoms in 
the vapour, chiefly K atoms. Incidentally, K atoms 
were held responsible by McCormack et al. [6] for the 
anomalous behaviour of circularity. It is of interest to 
measure the temperature dependence of the alignment 
rate in LIF, which implies a potassium atom concen- 
tration dependence. Measurements were carried out 
for several (u’,J’) D lI’I (NaK) levels at 476.5 and 
514.5 mn line excitation *. No change in Pd value was 
observed in any of these cases, within the experimen- 
tal error range. The (17,94) D lIl level at 476.5 nm 
laser line excitation was studied most thoroughly. Ac- 
cording to Pfaff et al. [3], this level is not perturbed 
and has a lifetime of 16.1 + 0.3 ns. After a detailed 
analysis of the experimental spectrum and its com- 
parison with numerically reconstructed progressions 
excited by the 476.5 nm line in both NaK and Na2 
molecules, the line (17,94) D llI +(38,94) X lZ+ 
was finally chosen as the most “spectrally pure” while 
possessing high transition strength. Identification was 
confirmed by coincidence of relative intensities of 
transitions (17,94) D III + (u”,94) X lZ+ with those 
given in ref. [3]. P, values, measured at various tem- 
peratures, are presented in fig. 1. The potassium atom 
concentrations NK used in the plot have been calcu- 
lated for the case of the binary mixture Na : K = 1: 4, 
assuming validity of Raoult’s law, and are, accordingly, 

* Data kindly put at our disposal by Professor W. Demtriider 
were used for identification of transitions. 

Fig. 1. Temperature dependence of the alignment rate Pal. 
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Fig. 2. He pressure dependence of (a) the alignment rate Pal; 
(b) the intensity ratio le(O)/1&). Temperature T = 584 K. 

no more than estimates. Thermodynamic constants 
have been taken from ref. [ 141. The absence of con- 
centrational depolarization of LIF suggests that the 
discrepancy between I’2 and I’0 does not exceed 5%. 
It ought to be mentioned that the continuous radia- 
tion background, changing with concentration [S 1, 
has been accounted for in the measurements. For this 
prupose, I,, and Z1 values were measured on both sides 
of the line and were taken into account in the calcula- 
tions. In order to eliminate non-linear effects of op- 
tical alignment of the (0,94) X lx+ level (see further), 
the laser beam was attenuated. 

No depolarization of LIF was observed on addition 
of rare gases He, Ne, Ar, Kr, Xe within the pressure 
range up to 2 Torr. Data obtained for NaK*+He mix- 
ture are presented in fig. 2a. 

For the determination of quenching cross sections 
of the (u’, J’) D lII state, Stern-Volmer plots were 
obtained for dependences of the ratio Zo(0)/Zo(p) on 
the pressure of the rare gas admixture. Within the pres- 
sure range up top = 2 Torr these dependences were 
linearwith satisfactory accuracy (see fig. 2b). However, 
passing over from the slope coefficient to the cross 
section for the destruction of population Qo, it is 
necessary to take into account the effect of NaK* +K 
collisions, which is substantial under the given experi- 
mental conditions. For this purpose Stern-Volmer 
plots were obtained for various temperatures between 
540 and 645 K. For further treatment it is convenient 
to present the results obtained in form of the follow- 
ing dependences: 

1 a&p aQ&) a@) NK -= 
b WQo@)+ Qo@)W) ’ (6) 

Fig. 3. Coefficient b-l, where b is the slope of the Stern- 
Volmer plot, as a function of NKT1’2, where NK is the po- 
tassium atom concentration and T is the temperature of the 
cell. 

where b is the slope coefficient of the Stern-Volmer 
plot in coordinates as in fig. 2b, rsp is the rate of spon- 
taneous decay, Qo(R) and Qo(K) are relaxation cross 
sections of state population in collisions with atoms 
of the rare gas and potassium, respectively, ii(X) = 

(8k7k4~a~-&” is the average relative velocity, 
X = R or K, and a = Z~(TT~)~/~/133.3, where To is 
the temperature of the reservoir with rare gas. It may 
be easily seen from eq. (6) that it is convenient to use 
the b-l versusNK T1i2 plot, as in fig. 3 for the case 
of collisions with Ne and Ar atoms. Then the slope 
coefficient of the plot yields the ratio QoQ/Qo(R), 
and from the ordinate value at NKT1j2 = 0 the mag- 
nitude Qo(R) may be obtained. This makes separate 
determination of Qo(R) and Qo(K) possible. Table 1 
presents relaxation cross sections of the (17,94) D III 
(NaK) level obtained by means of the above method. 
The errors correspond to one standard deviation. De- 
pendences of the type presented in fig. 3 for all rare 
gases have been used for obtaining cross section values 
Qo(K) for collisions between (17,94) D III (NaK) and 
potassium atoms. The value of Qo(K), as obtained us- 
ing eq. (6) and averaged over all five gases, equals 
9OOk so@. 

3.2. Thermalization in the X1 IZ+ state 

In the case of sufficiently effective absorption, 
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Table 1 
Effective cross sections Qo(R) of the destruction of the (17,94) D ‘rl (NaK) state population in collisions with rare gas atoms R 

R=He R=Ne R = Ar R=Kr R = Xe 

QoW (A’) 138*4 213 i 5 219 f 6 257 i 6 312i 8 

when its rate r is comparable with the total relaxa- 
tion rate r of t K e initial level (u”, J”) X lx+ to the 
thermal equilibrium, the latter is depopulated. Such 
an effect is known as “optical pumping” by depopu- 
lation [ 151 and it enables the determination of the 
value of 7. In the present work, a method of direct 
measurement of y has been applied, based on the 
growth kinetics of LIF after rapid attenuation of the 
pumping beam down to the probe value (see fig. 4a). 
A detailed description of the method is given in refs. 
[ 10,111. The main experimental parameters were as 
follows: the duration of the depopulating beam was 
30 ~.ls, the repetition frequency was 9 kHz, detection 
through one-photon statistical analysis in the photon 
count regime [ 161, time-amplitude transformation 
and storage by means of a 256~channel analyser. The 
514.5 run laser-line-induced transition (5,67) X ‘E+ 
+ (1,67) D lIl was applied for excitation. Detection 
was performed at the Q13 line of the LIF fluorescence 
spectrum. A typical example of the signal obtained is 
presented in fg. 4a. After pile-up correction [ 161, 
elimination of the background, and allowance for ex- 
citation pulse shape, the following approximated ex- 
pression was obtained for the time dependence of the 

Fig. 4. (a) Back front of the LIF pulse;(b) relaxation rate y 
for (5,67) X1x+ NaK as a function of Ar pressure at T = 
461 K. 

LIF at t > tu, to being the moment of attenuation of 
the excitation: 

Z(t - fo) = Z(m) - [Z(m)- Z(O)] exp [--y(t - to)] . (7) 

The viability of such an approximation is discussed in 
ref. [ 111. Values of y obtained through minimization 
as a function of the pressure of the admixed rare gas 
Ar, are presented in fig. 4b. This yields the effective 
relaxation cross section of the optically depopulated 
level (5,67) X lx’, o(Ar) = 100 f 30 A2. We wish to 
note that at a temperature of 461 K, collisions with K 
atoms cause difficulties due to lowering of the signal 
amplitude and by causing additional systematic errors, 
such as those due to temperature drift. 

3.3. Discussion 

It follows from figs. 1 and 2 and the corresponding 
text that collisions with K or rare gas atoms do not 
lead to any noticeable changes in the degree of linear 
polarization within the tested pressure range. At the 
same time collisions with He atoms, for instance, pro- 
duce quenching of the LIF by a factor of two at 2 Torr. 
Combining Pti data with those obtained from Stern- 
Volmer plots, one can easily go from eq.(5) to the 
relaxation cross section ratio of alignment and popu- 
lation: 

Q2 0.4 5 9,-@Yr,(~) - 1 
-= 
Qo ~&a/~&) - 1 . (8) 

Results presented in fig. 2 lead to Q2/Qo = 0.99 + 0.01. 
For all other kinds of collisions investigated, Q2 also 
coincides with Q. within experimental error. Such re- 
sults are typical for diatomic molecules of alkali metals 
[ 111. The total deactivation cross section values (as 
presented in table 1) are also typical for alkali mole- 
cules [ 171. Incidentally, one can find in ref. [ 171 a 
plot of the K concentration dependence of I’S for 
(17,94) D III of NaK, yielding Q(K) = 1000 12, 
which agrees well with our result. There may be, how- 
ever, a systematic error in the calculation of the K 
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atom concentration. The appearance of more accurate 
data will easily permit correction of the cross section 
values. 

We see that collisions of D lIl NaK with K atoms 
and with admixed rare gases do not produce any anom- 
alies. In particular, collisions with He atoms produce 
linear quenching of the LIF, in contradiction to the 
results presented by McCormack et al. [6] showing a 
rise in the LIF intensity with increases in He pressure 
up to 3 Torr. Nothing definite can be said at this stage 
about the cause of this discrepancy. It may be worth- 
while to give careful consideration to the degree of 
circularity, which, according to McCormack et al. [6], 
is supposed to have a value of eO.09 in Q?, QJ- transi- 
sitions in D-X and C-X progressions of NaK. 

If a Q transition is excited by circularly polarized 
light, the circularity is negligibly small at high J’ val- 
ues, being on the order of 1/J’2. In terms of polariza- 
tion moments$ this means that at J + 00 the polari- 
zation moment fi + 0, and at the same time moments 
fi and fi differ from zero [ 12,131. It therefore re- 
mains to assume that f; is produced in certain relaxa- 
tion processes from moments fi and f$, in which 
case one has to admit mixing of polarization moments 
of differing ranges K. For a spherically symmetric 
relaxation process, each one of the polarization mo- 
ments relaxes separately, without mixing [ 12 ,131. 
Among anisotropic processes, let us first consider the 
case of axially symmetric relaxation. Under conditions 
described in ref. [6], such a case might be due to, for 
instance, longitudinal gas flow along the beam in a 
cell of the “heat-pipe” type or to single-mode laser 
excitation. However, for mixing of f,$‘, fi, and f; the 
symmetry with respect to reflection in the plane con- 
taming the quantization axis Z must be disturbed [ 131. 
Such a kind of symmetry is present only in the case of 
an axial vector, but such gas flow is characterized by a 
polar vector. Let us now consider a case where there is 
no axial symmetry, i.e. there exists some kind of a 
transverse perturbing process, for instance, a trans- 
verse flow. This makes a transition from fi to fzl 
possible, which in turn is capable of creating a mo- 
ment fkll [ 18 ,191. Yet even this cannot produce the 
degree of circularity in the experimental scheme of 
ref. [6], since no longitudinal orientation is produced. 
In conclusion, it is therefore difficult to make the 
effect compatible with the experimental conditions 
described in ref. [6], and the explanation given there 
does not seem satisfactory. It may be noted that the 
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process of transition from alignment to orientation 
has been studied theoretically [13,18-211 as well as 
experimentally for atomic systems, in particular for 
Ne atoms [22,23]. In all cases there existed relaxation 
processes (magnetic fields, anisotropic collisions) 
which perturbed the spherical symmetry in the prob- 
lem, in agreement with the abovementioned require- 
ments. 
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