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FHOTODISSOCIATION OF Nai VAPOR AND 
THE ENERGY DEPENDENCE OF THE QUENCHING 

OF Na* (3p2P) BY FOREIGN GASES . 

LBL-102 

t 
Boyd L. Earl, Ronald R. Herro , Charles A. Mims, and 

Shen-Maw Lin 

Inorganic Materials Research Division, 
Lawrence Berkeley Laboratory and 

Department of Chemistry, University of California, 
Berkeley, California 94720 

ABSTRACT 

* 2 Fluorescence of the Na (3p P) D-lines is observed upon 

photodissociation of Nai vapor by 1900-2500 A radiation obtained 

through a monochromator from a high current,, low pressure H
2 

arc 

continuum source; the properties of this source are briefly described. 

The D-lines fluorescence efficiency exhibits a threshold at· 
~ 2225 A, and a relative minimum at 

~ 2·500 A, a relative maximum at/\~ 2050 A. An expression is derived 

for the distribution in laboratory speeds of an 'atom produced by 

photodissociation of a diatomic molecule at thermal equilibrium. 

This expression is then employed to calculate the distributions 

. . * in speeds of the photodissociatively B~nerated Na and these 

t 
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* computed Na speed distributions are employed to analyze the 

observed attenuations of the D-lines fluorescence upon addition 

of foreign gas~s. In this manner, the dependenc~s ~n relative 

collision velocity g of the cross sections Q for collisional 
q 

* quenching of Na by co 2 , c 2H4 , CH
3

CN, CF
3
Cl, c

6
H

6
, so

2
, and 1

2 

have been determined. Over the range in g studied in this work 

-4/s 
(~ 1.0- 2.5 km/sec), Qq varies approximately as g , with s 

in the range cif 4-6, for all seven quenching gases. At a fixed 

value of g, Q varies as: 
q 

These results on the quenching cross sections are discussed 

in·terms of the long-range forces between the reactants, including 

a possible long-range electron transfer curve crossing for the 

* collision of Na with 1 2 or so
2

. These measured quenching cross 

sections are also compa~ed with previous literature values; good 

agreement is found in most cases, although some discrepancies 

are noted. 
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In 1926, Terenin
1 

observed that the optical dissociation of 

' * Nal vapor produced electronically excited Na atoms. This was 

followed by the observation of the same phenomenon in the. vapors 

of a number of diatomic halide molecules.
2 

Soon after this 

discovery, it was realized that this phenomenon made possible 

measurements of the collisional quenching of electronic excitation 

of the atomic photodissociation product. When employed to measure 

collisional quenching cross sections, this method of photo~ 

dissociati~e ~reparation of the electronically excited atom 

affords two advantages. Thus, it is possible to use as qu~nching 

gases species which would react with theground state atom, but 

which are inert in the presence of the diatomic gas being 

ph~~odissociated. It is this advantage of the method which made 

3 4 possible m~asurements ' of thermally averaged cross sections for 

quenching of the 6
2P

312 
metastable state of Tl. Addition ally, 

by varying the photodissociation wavelength, it is possible to 

vary the speed of the electranically excit~d atom produced. This 

has made possible measurements of the energy dependence of the 

cro~s s~c~ipns fof colli~ional quenching of tbe resonance radiation 

Of d . 5-12 so 1.um · , . 1 3 . . 10 11 14- 16 
potass1.um , and thall1.um ·' ' atoms. 

17 ' 
Within the past decade, crossed molecular beam studies of 

the reactions of ground state alkali atoms have supplemented the 

older diffusion flame data on alkali atom reaction kinetics and have 
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provided a good deal of insight' into the reaction dynamics of 

ground state alkali atoms. This has led to a renewed interest 

in the collisional quenching of excited metal atoms . For example, 
. 

Refs. 4 and 11 draw analogies between their results on quenching 

collisions and molecular beam results on analogous reactions of 

ground state species. In our own laboratory; this has prompted 

a program to measure the cross sections for quenching of excited 

alkali atoms. This present paper reports initial results of this 

* program on the quenching of 3p 2P Na , as well as a more 

detailed examination of this particular experimental technique 

for measuring the energy dependence of quenching cross sections. 

EXPERIMENTAL CONDITIONS 

The apparatus employed in this study was similar to that 

described in Ref. 9. Continuous radiation, of constant intensity, 

from a source described below was focused thrdugh a Heath Model 

EU-700 monochromator: f/6.8 at 2000 A with a reciprocal dispersion 

of approximately 20 A/mm at the exit slit. The ultraviolet 

radiation exiting from the monochromator was chopped at ~ 80Hz 

and focused into a heated quartz cell containing the Nai vapor. 

Except where noted, the monochromator was operated with 2 mm slits. 

Thi~ provided r~diation centered about the nominal wavelength 

setting with an approximately triangular distribution function 

characterized by a 47 A FWHM bandspread, or an energy spread of 

~ 950 cm-l at 2250 A; the experimental consequences of the mono-

chromator bandwidth are discussed later and shown to be minor. 

Upon exiting from the sample cell, the ultraviolet radiation 

~ 

• 
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impinged upon an RCA 1P21 photomultiplier tube which had been 

sprayed with a co~ting of sodium salicylate. Since the 

fluorescence efficiency of sodium salicylate is 
18 

reported to 

\ be constant for the wavelength region studied here, the output 

signal from this phototube was proportional to the flux of 

incident ultraviolet photons. The sodium fluorescence intensity 

produced by photodissociation of the Nai vapor in the cell was 

observed at a right angle to the ultraviolet flux through a 

Baird Atomic B-11 interference filter; this filter, with a 

transmission bandwidth of ~ 15 1 FWHM, isolated the 5896 and 

5890 1 sodium D-lines. The D~lines fluorescence transmitted 

through the filter .was detected by an RCA 7265 photomultiplier 

and measured by a PAR HR-8 amplifier locked-in on the ~ 80Hz 

oscillation imposed on the ultraviolet radiation. 

The vapor cell was constructed from 30 mm quartz tubing, 

~ 16.5 em in height. Four flat windows, two of supras~l for the 

ultraviolet beam and two of quartz~ were equally spaced at 90° 

about the tube circumference, ~ 4 em down from the top. Each 

window extended out ~ 1.25 em from the tube wall, so that the 

optical path of the ultraviolet through the cell was ~ 5.5 em. 

At its top, ~he 30 mm quartz tube was connected to the vacuum line .. 
through a 3 mm i.d. opening which could be sealed by a magnetically 

• operated ground quartz rod . The 30 mm tube was joined at the 

bottom to a 10 em length of 10 mm quartz tubing which was charged 

with reagent grade Nai. Th~s entire assembly was placed in a 

wire wound oven which contained viewing ports coinciding with the 
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windows in the cell. In order to prevent radiative cooling of 

these windows, they were further surrounded by additional heating 

coils. Two thermocouples were placed on t~e outside wall of the 

vapor cell, one just below the level of the windows and the other 

at the level of the charge of Nai salt. In operation, the 

temperature of the cell at the level of the windows was typically 

maintained 20-30°C hotter than that of the Nal charge, permitting 

independent variation of the temperature and pressure of the Nal 

vapor. The Nal vapor temperatures quoted-in this paper refer to 

the temperature at the cell windows. 

* In the measurements of the collisional quenching of Na , 

the Nai in the cell was maintained at the temperature of the 

experiment for a few hours, with periodic exposures to the vacuum 

line. Following this degassing procedure, the foreign quenching 

gas was admitted to the cell by means of the ground quartz seal. 

The pressure of the quenching gas admitted was measured by means 

of a Texas Instruments spiral quartz manometer situated on the 

external gas line. Because the mean free path within the gas at 

the pressures of quenching gas employed here was much smaller than 

the diameter of the interconnecting tubing, the pressure of the 

quenching gas measured at rooci tempetature on the extetnal gas 

line was equated with the pressure of quenching gas inside the 

cell (Ref. 4 discusses this thermal transpiration correction). 

All chemicals employed as quenching gases were purchased 

commercially (reagent grade where available) and used without 

further purification. In so far as all- of these gases exhibited 

• I 
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relatively large quenching cross sections, the effects of small 

impurities should be negligible. It was also necessary to insure 

that the gases studied as quenching agents neither decomposed 

nor reacted with the Nai in the high temperature cell. Three 

experimental checks were employed to attempt to insure these 

conditions. A~ a first check, the behavior of the sodium 

fluorescence intensity ,upon. admission of the foreign gas was 

examined. This resulted in the rejection of quite a few gases 

* as possible quenching agent~. Thus, the Na fluorescence was 

virtually extinguished upon admission of CC1
4 

gas and failed to 

reappear upon evacuation of the cell. Similarily, BF 3 and NOZ 

were rejected because admission of these gases to the cell 

* produced a rapid drop in the Na fluorescence followed by a 

slower rise, suggestive of a slo~ chemical decomposition of these 

species. Admission of SF
6 

to the cell at very low pressures 

(~ 0.1 Torr) resulted in very large and non-reproducible attenuations 

* of the Na fluorescence~ Trifluoromethane failed to quench the 

* Na fluoresc~nce, even at pressures as high as 50 Torr. Indeed, 

* this gas had the opposite effect of enhancing the Na fluorescence 

by 20-30%, although the enhancement deteriorated with time . 

Related enhanc~ment effects have been reported for thallium 

fluorescence
2 

by NH
3 

and sodium fluorescence 9 by H
2 

at low 

pressures. As a second check, the constancy of the pressure of 

quenching gas was monitored. while it was in the cell. This led 

to the reje~tion of propene, butene-!, butene-2, and toluene 

as possible quenching agents for study because, upon admission 

I 
I 
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of any of these gas to the ho~ cell, the pressure measured 

on the external gas line increased slowly, suggesting decomposition 

of the gas admitted into smaller molecular weight products. 

The seven gases employed as quenching agents in this study 

these checks. As a final check, samples of each of the first 

five gases listed were collected fro~ the hot vapor cell after 

actual quenching experiments. The mass spe~tral patterns of these 
identical (to within experimental accuracy) to thos~ of samples 
gas samples were A of the same gases. taken pri.or to exposure to the 

* hot vapor cell. The quenching of Na fluorescence by CF
4

, CH
4

, 

and c 2H
6 

was also examined briefly. These gases appeared to be 

stable in the hot Nal cell, but proved to have very small quenching 

cross sections (estimated as less than~ 5 A 2). 

Another effect which could invalidate the measured quenching 

cross sections arises when the foreign gas admitted to the cell 

absorbs a fraction of the ultraviolet being .used to photodissociate 

the Nal. In such a case, the attenuation of the steady-state 
' . . * Na fluorescence is due to a combination of the collisional 

* quenching of the Na and of absorption of the ultraviolet by the 

foreign gas. Of the seven quenching gases employed in this study, 

' 19 so 2 and c6 H6 absorbed over a region of the Nal absorption 

continu~m of interest. The ul t ravi ole t ab s orp t:ions by these gases 

were measured directly during the quenching experiments, and the 

quench~ng cross sections reported for so
2 

and c
6

H
6 

have been 

corrected for this effect. Another gas, cs
2

, was studied briefly, 

but proved to absorb too strongly to permit quenching studies. 

. 
·" 
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The Hydrogen Arc Ultraviol.et Continuum Source 

Initially, a high pressure Xe-Hg arc was employed as the 

source of the continuum ultraviolet radiation. However, this 

source was abandoned in favor of a low pressure H
2 

arc patterned 

after a description due to Finkelstein 20 because the high output 

of visible radiation from the Xe-Hg arc proved troublesome. A 

brief description of this ~ 2 aic is given here because some 

initial difficulty was encountered in obtaining reliable operation. 

These remarks are interided t~ complement Finkelstein's 20 description.( 

Figure 1 presents a schematic diagram of the electrodes inside 

the water-cooled brass lamp housing together with the electronics 

necessary for DC operation. -In striking the arc, the cathode is 

resistance heated and the starting electrode is connected to a 

tesla coil. A voltage of about 260 volts between anode and 

cathode is required to strike the arc with 6 Torr of H
2

. The 

lamp has been operated with both DC and rectified AC; operation 

in the DC mode enhances stability. The arc provides a usable 

' 
continuum from ~ 1900 A (the shorted wavelength examined) to 

above 3000 A. Indeed, it provides an ultraviolet intensity through 

the monochroma~or and into the Nai cell which exceeds that provided 

by a Hanovia 1 kw high pressure Xe arc over the full 2000-3000 A 

range and by a Hanovia 1 kw high pressure Xe - Hg arc below 2275 A . 

Th~ nickel scr~en substrate cathode described in Ref. 20 is 

reinforced with a strip of tantalum foil down the middle, coated 

with a lacquer of barium~strontium carbonate, and folded into an 

accordian shape. Initially, the arc was difficult to strike and 
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the cath6des exhibited short lifetimes until it was realized 

that the method of preparation and activation of the cathode 

surface is critical. By depositing a barium-strontium oxide 

solid solution 6nto the nickel screen substrate according to 

the directions given in Ref. 21, cathodes were subsequently 

obtained which exhibit acceptable lifetimes (40-50 hours) and 

render the arc easy to strike and stable once struck. 

Figure 2 shows the voltage-current~pressure-intensity 

relationship ~f the arc. The data are limited to arc voltages 

less than~ 120 V because the arc is unstable at higher voltages. 

Data are not given for arc currents higher thart ~ 16 A because 

of limitation of the DC power supply used. Typical operating 

conditiong in these experiments were in the 12~15 A, 6-8 Torr 

of H2 range. 

PHOTODISSOCIATION OF Nal 

The D-lines Fluorescence Efficiency 

FLgure 3 shows the observed_dependence of the reduced fluorescence 

efficiency R(A.
0

) (defined as th~ ratio of the total number of D-lines 

photons detected per se~ond tp the number of ultraviolet photons 

per second incident on the Nal vapor) on the nominal wavelength 

A 
0 

o f t h_e u 1 t r a vi o 1 e t imp in gin g on the N a I vapor • In collecting 

this data, a temperature difference of ~. 100°C was maintained 

between the lower part of the Nal cell, where the solid Nal sample 

resided, and the upper part of the cell where the Nal vapor was photo-

dissociated. This had the effect of rendering the temperature 

·• 
~ 



-9-

of the Nai vapor being photodissociated somewhat uncertain; for 

purposes of calculation, the temperature of the vapor was taken 

as the temperature at the windows of the cell. Since the vapor 

pressure of the Nai was governed by the lower temperature, however, 

the total absorption cross sections for Nai vapor quoted in Ref. 22 

indicate that this procedure insured that the ultraviolet radiation 

was negligibly absorbed upon traversing the cell. It is probably 

worth emphasizing again that this temperature differential within 

the cell was maintained at ~ 20° - 30°C in measurements of 

quenching cross sections, thereby reducing the uncertainties in 

the quoted gas temperatures in these experiments. Figure 3 

indicates that the reduced efficiency curves are similar for all 

three tempera~ures studied, although extending to somewhat longer 

wavelengths at higher temperatures. The second region of fluorescence 

excitation by radiation below 2000 A has not apparently been 

9 22 previously reported. ' 

In agreement with previous workers 1 ' 9 ' 11 , the fluorescence 

peak at longer wavelengths shown in Fig. 3 is assigned to a 

transition of Nai from its ground state potential curve to the 

repulsive part of an excited state cur•e which dissociates into 

* an ~xcited Na ato~ (Na ) and a ground state iodine atom, i.e. 

Nai (X li+) ~2000- ~2500At Na* (3p2P) +I (2P3/2). 

23 A recent study. of the Doppler widths of the D-lines suggested 

that the photodissociation of Nai vapor at wavele~gths longer 

(1) 

than ~ 2100 A might not proceed exclusively by excitation of Nai 
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* to a repulsive state which dlssociated into Na and I ·within one 

vibrational per~od. 11 
However~ the more recent study by Brus 

* of the Na fluorescence 1ifetime ind~cated th~t the fluores~ence 

is indeed a consequence of the direct photodissociative process 

depicted in Eq. (1). 

T~e o~1$in of tbe ~econ4, shorter wave1en$t4 fluorescence 

region shown in Fig. 3 is uncertain. It might be due to either 

or both of the following direct photodissociative processes: 

? - 2100A 

or 

( 2a) 

( 2b) 

Process (2a) would require a threshold energy shift relative to 

-1 that of Eq. (1) of 7600 em ; process (2b) would entail a corresponding 

shift of 8800 cm- 1 • Indeed, this illustrates that the major 

oLstacle to the extension of this Nai photodissociation technique 

* to the study of quenching of more highly excited Na species 

arises because the density of Nai ~xcited states correlating to 

different product atomic states increases rapidly with increasing 

excitation energy. 

If the Nal vapor in vibrational level v and the zeroth 

rotational !~vel is photodissociated by ultraviolet of fr~qu~ncy 

* v , then the kinetic energ3· E and •peed u of recoil of Na 
0 v v . 

relative to the center-of-mass (CM) of Nal are given by conserva-

tion of energy and linear momentum in terms of mNa' m
1

, and mNal' 

the masses of Na, I, arid Nai, by 

• . .; 
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( 3) 

hV + fiw(v + l) - D - E*. 
o 2 e 

In this equation, w refers to the circular vibrational frequency 

of ground state Nal, D to its dissociation energy
24 

(25310 cm- 1 ), 
) e 

* and E to.the Na* (3p 2
P) excitation energy (17000 ~~- 1 ). Since, 

however, there exist thermal distributions in the Nal vibrational 

and rotationaL energies at a temperature T, the thermally averaged 

* CM recoil energy and speed of Na may be taken as 

( 4) 

* Finally, th~ final laboratory (LAB) Na velocity is obtained from 

* the vecsor sum of the Na CM recoil velocity and the velocity 

of the original Nal molecule. Upon averaging the vector sums 

. * of the CM Na recoil velocity given in Eq. (4) and the randomly 

or~~n~a~ed mos~ pro~able~Nal thermal speed, ~Na~ = 

the characteristic Na* L~B spe~d is_gbt~ined 11 as: 

1/2 
(2kT}mNai) , 

( 5) 

In previous measurements of quenching cross sections by 

this photodissociative technique, the data has usually been 
9 c h a r a c t e r i s. t i c * 

analyzed in terms of this A LAB Na speed. In order to 
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* proceed further and take into account the distribution of Na 

LAB speeds, it is necessary to first compound the thermal 

distributions in translational and rotational motions of the 

Nal in order to calculate the probability density.function for 

* LAB Na speeds, P T (V), produced by photodissociation of 
v' 'v 0 

Nal in a particular vibrational level v by ultraviolet of frequency 

v and infinitessimal bandwidth o 
0 v The full probability density 

* function of Na speeds may then be calculated by summing the 

contribu~ions of each vibf~t{onal level as 

00 

p (V) 
T,v 

0 

E PT(v) F (v) P T . (V). 
v= 0 T 'v o v ' 'v o 

(6) 

The first term, Pt(v), is simply the thermal probability distribu­

tion function for Nal vibrational levels, readily calculated and 

shown in Fig. 4 for T = 633°C. The second factor is the relative 

probability of dissociation of an Nal molecule in vibrational 

level v by an ultraviolet photon of frequency v , normalized such 
0 

that 

00 

E pT(v) F (v) = 1. 
v=O T 'v o 

(7) 

In order to assess these F (v) factors, it was necessary 
T,v 

0 

to reproduce the experimental reduced fluorescence curve shown · 

~q fig. 3 py theoretical calcul&tions! This was &pproached by 

recognizing that the steady-state rate of fluorescence of D-lirtes 

photons (ID) was simply equal to. the rate of excitation of Nal 

11 
mole~ules, since Brus has observed that Nal does not itself 

* quench the Na fluorescence. In terms of an unknown apparatus 

.. 
;J, 
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constant y (comprised of photon detector efficiencies, efficiency 

of light collection, etc.), this is giv~n by 25 

(Nai] IV /c 
0 

where [Nai] is the number density of Nai vapor, IV is the 
0 

ultraviolet flux per frequency interval so that IV /c is 
0 

the corresponding ultraviolet energy density, and 
2 . 

l~lv v is the electronic dipole matrix element between the 
, 0 

( 8) 

ground state of Nai in vibrational level v and an upper electronic 

* state dissociating into Na and I with an unbounded nuclear 

wavefunction corresponding to an asymptotic radial kinetic energy 

of £ given by Eq. (3). The actual experimental quantity of 

interest is the reduced fluorescence R (V ) = ID/P 
v 0 v where P 

0 
v 

0 

is the absolute number of incident ultraviolet photons/sec, given 

in terms of the cross sectional area A of the ultraviolet flux v 
by p 

v 
0 

so that 

I v 
0 

o A /hv . v v 0 
0 

0 26 
If the Franck-Condon principle is assumed 

1~1 2 

v,V 
. 0 

becomes a product of a constant electronic matrix 

element ~ times an overlap integral f between the nuclear 
e v,£ 

wavefunctions in the ground and excited states satisying the radial 

Schr~dinger equation, thg reduced fluorescence efficiency becomes 

(9) 

where the continuum nuclear wavefunctions are normalized 

asymptotically to sine functions of unit amplitude. Recognizing 

that the term in brackets in Eq. (9) is not a function of V , 
. 0 
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R (V ) is given to within a constant factor by v f
2 /£ 112 

. 
. v o · o v,£ 

Furthermore, the FT,v ~v) factors of Eq. (&) are proportional 
0 

to ehis same variable, with a proportionality constant evaluated 

by means of Eq. (7). Finally, the theoretical calculations may 

be directly compared with experiment by summing over thermally 

distributed vibrational levels and integrating over the known 

bandpass function M(l,A) of the monochromator as. 
0 . 

= c 
2 

R (c/A)(dA/A ). 
v 

(10) 

In order to calculate the reduced fluorescence curve shown 

in Fig. 3 by means of Eq. 1 + (10), the X E ground state of Nai was 

assumed to be described in the important region of r near its 

minimum by an ionic potential model, 

2 
e (a+ + a ) 

2r
4 ] . 

The polarizabilities of Na+ and I were . k 27 = 0.15 • 3 
ta en as a+ .& 

and a = 7.0 A3 respectively and the dispersion force constant, 

c
6

, was calculated from the Slater-Kirkwood approximation.
28 

The repulsion constants, A and p, w~re evaluated by demanding 

that dV/dr = 0 at r = re and fitting (d
2
V/dr

2
)r=r with the 

e 29 
Maltz experimental force constant (data taken from Ref. 24). 

(11) 

has shown that this procedure provides a potential function which 

correctly accounts for the dipole moments and dipole derivatives 

of a number of alkali halides. Finally, the scaling factor B 

.. .• 
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was adjusted to 1.022 in order to obtain the correct dissociation 

·energy for separation into Na+ and I-. Figure 4 shows a plot of 

the ground itate potential function for Nai which was arrived at 

by fitting the expression given by Eq. (11) in the vicinity of 

the minimum where all of the _vibrational l~vels of interest here 
. . 

were determined to a function which dissociated asymptotically 

into neutral Na + I. 

The potential curve foi the upper el~ctronic state of Nai 

producing fluorescence for ultraviolet wavelengths from ~ 2000 A 

to ~ 2500 A was constrained _to asymptotically approach a level 

. -1 
42300 em above the minimum of the groun~ state potential curve. 

Subject to this constraint, upper state potential curves were 

chosen by trial and error. The normalized bound ground state 

vibrational wavefunctions an~ continuous upper state functions 

(normalized to unit asymptotic amplitude) were evaluated by 

numerical integration of the radial Schr~dinger equations and the 

corresponding Franck-Condon overlap integrals were evaluated 

numerically. Following this, reduced fluorescence curves were 

ccimputed according to Eq. (10) and normali~ed to the experimental 

data shown in Fig. 3. Figure 3 shows the comparison at one 

temperature for the best agreement which w~s obtained, corresponding 

to the upper state potential curve shown in Fig. 4; similarly 

good fits were obtained for the data at other temperatures shown 

in Fig. 3. For purpo~es of illtistration, it was assumed that 

the shorter ultraviolet wavelength fluorescence region shown in 

Fig. 3 was due to the process described in Eq. (2a). Assuming 
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that 1~ I was the same for transitions to both upper states and 
e 

that the potential curve for the state dissociating according to 

E q . ( 2 a) co u 1 d b e ob t a in e d s imp 1 y by d i s p 1 a ci n g t h e p o t en t i a 1 

* * curve dissociating into Na + I by the I excitation energy, the 

full theoretical reduced fluorescence curve shown in Fig. 3 was 

obtained. The agreement between this full theoretical curve and 

the experimental data is very good, although similar good agreement 

might also be.obtained by fitting the higher energy data to a 

potential curve appropriate to Eq. (2b). 

Previous calculations of Franck-Condon factors for transition 

from a bound state to an unbounded state have often resorted to 

approximating the continuous nuclear wavefunction of the upper 

state by a delta function centered at the classical turning point 

. 25 
of the motion. Auxiliary calculations on the potential curves 

shown in Fig. 4 with this delta function approximation for the 

upper state wavefunctions appreciably distort the calculated 

reduced fluorescence curves, resulting ~n much ~oorer agreement 

with experimental data than is obtained using the true continuum 

wavefunctions. 9 22 Two previous studies ' have also offered somewhat 

more qualitative forms for the first of the upper state potential 

curves shown in Fig. 4. While qualitatively of the same form 

as that shown in Fig. 4,.backcalculations based on these potential 

curves showed much poorer agreement with the experimental data 

of Fig. 3. 

In the following section, the Franck-Condon factors computed 

in fitting the data of Fig. 3 are used to estim~te probability 
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density funciions for speeds of photodissociatively produced 

* Na . Before closing this seciion, however, it should be noted 

that the procedure adopted here of fitting the. observed reduced 

fluorescence above ~ 2100 A by a. single upFer state potential 

ctirve is an approximation. Indeed, a number of considerations 12 ~ll,30 

indicate th~t this D-lines fluorescence is actually a consequence 

o£ absorptions to a number (or at least two) of iather closely 

spaced upper potential curves, all of which correlate asymptoti£ally 

* * 2 2 with Na (3p P) and I( P
312

>. However, the Na speed distributions 

com p u t e d in the .next s e c t i on are no t u n d u 1 y s ens i t i v e to the 

forms of the Franck-Condon factors, so that the procedure adopted 

here should provide an excellent first approximation. 

* The Photodissociatively Generated Na Speed Distributiorts 

The auth~rs know of no general expres~ion available in the 

li~erature for the distribution in speeds ~f the atomic products 

of the photodissociation of a diatomic molecule. Zare and 

Herschbach
30 

did treat the more complex problem of the distribution 

* in vector velocity of the Na produced by photodissociatiort of 

Nai; however, their distribution functions were arrived at by 

nume~ical computations and were based on the potential energy 

function given in Ref. 9~ In this sect~on, an analytic expression 

is derived for the probability density function, P T (V) of 
v, 'v 

* 0 
Eq. (6), of LAB Na speeds produced by photodissociation of an 

Nai molecule in vibrational lev~l v with thermal distributions 

ih tran~lational and rotational energies. This· is then combined 
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with the Fianck-Condon factors discussed in the preceeding section 

to arrive at the full probability density function, PT (V) of ,v . . * 0 
Eq. (6). This _is approached by assuming that the Na recoils 

away from the Nai center-of-mass at some one direction with a 

distribution of CM speeds u which i~ computed from the excess 

photon energy plus the Nai rotational energy which appears as 

radial recoil energy asymptotically. The-distribution in LAB 

* Na speeds for recoil events at this one CM angle is then obtained 

+ + + 
by considering the distribution in sc~lar values of V = u + vNai 

obtained by averaging over all of the values of the randomly oriented, 

+ 
thermally distributed, vNai" This distribution in V is then 

subsequently employed to calculate the distribution in relative 

* speeds of approach of Na to a foreign quenching gas M, i.e., the 

distribution in scalar lengths of 

+ + 
g = v (12) 

by av~raging over the randomly ori~ntated, thermally distributed 

+ 
values of vM. Thus, this procedure circumvents the far more 

complex proble~ treated in Ref. 30 of the ~istribution in angles 

* of recoil of the Na relative to the incident direction of the 

ultraviolet flux. 

The Distribution Function Ignoring Rotation 

In order to assess the relative ~ontributiorts of Nai 

* translat~onal and rotational energies to the breadth of the Na 

speed distributions, the Pv T v (V) probability density function 
' ' 0 

• \i 
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is first computed for photodissociation of Nal molecules with 

* no rotational angular momentum. Assuming then that the Na is 

produced with a recoil speed u given by Eq. (3) and directed 
v 

* along the z-axis, the center-of-mass Na recoil velocity distribu-

tion function for this ~ase becomes 

PJ=O(~) = o(u ) o(u ) o(u - u ) . (13) 
V X y Z V 

Since the thermal distribution in Nal velocities is given in 

terms of the most probable thermal Nal speed, 

* the corresponding distribution in LAB Na speeds becomes 

p 
v,T,v 

0 

-3 
2 

7T - -:y-
VNai 

2 -2 
P (~) -vNai /vNai 

v e I 
Cl~Nal I -+ 

a\¥ du . 

Recognizing that the Jacobian factor is unity for a Cartesian 

coordinate system, ~q. 
-+ 

(14) is readily evaluated for the P (u) 
v 

function given in Eq. (13) to obtain: 
2 u Vcos8 

v 

in 

-3/2 
7T 

2 -2 
-V /vNai 

e. 

term~ of e, the polar angle between 
-+ 
u 

v 

e 

-+ 
and V. 

* 

(14) 

(15) 

Equation (15) illustrates that the Na velocity distribution 

obtained in this case is simply the original Nal thermal velocity 

-+ 
distribution with its origin now centered about u . 

be . v 
The 

corresponding speed distribution may nowl\obtained by transforming 

to spherical coordinates and integrating over solid angle, i.e., 
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p (V) v2 
sine d8 d¢. 

v,T,v 
0 

This integral is readily evaltiated to give a speed distribution 

* function which is naturally expressed in terms of a reduced Na 

(16) 

* LAB speed A = V/~Nai and reduced Na center-of-mass recoil speed 

A = u /~N I as v v a 

p J=O 
v,T,v 

0 

(A) 
2 A -A! -A 2 

= ----1 / 2 e e sinh 2AA . 
TI Av v 

Figure 5 shows plots of this reduced speed probability density 

* function for several Na CM recoil energies. The two highest 

(17) 

recoil energies plotted (E = 10 kT and 30 kT) were not achieved 
0 

in this experiment, but are plotted to illustrate the rather 

severe broadening introduced by the Nai thermal velocity spread 

even in the case of recoil energies much greater than thermal 

energi~s. 

The expression given in Eq. (17) has actually been discussed 

in the literature previously. 
. 31 

Thus, Chantry and Schulz gave its 

high recoil energy limiting form in ~iscussing the kinetic energy 

of negative ions formed in dissociative electron attachment to 

diatomic molecules. 
. 32 

Stanton and Monahan have also derived an 

expression identical to Eq. (17) in considering the kinetic energy 

distribution of fragment ions in a mass spectrometer. This 

probability density function is also identical to that of the 

distribution in relative collision speeds for a monoenergetic 

beam impinging upon.a thermal gas sample in a scattering cell, and 

.. 
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in this context has been given in Ref. 33. Nevertheless, the 

derivaiiQn of Eq. (17) was presented ber~ as a preliminary to 

the derivation of the probability density function obtained when 

the Nai rotational energy is included. 

The Distrib~tion Function Including Rotation 

If the Nai molecule being phctodissociated possesses rotational 

' energy E , this energy will appear as an incre~ent to the recoil 
r 

* energy so that the resulting Na recoil speed will be given by 

2 
u u 

2 + 2E /K v r 
( 18) 

where K = mNa mNai/mi. Because of the small rotation constant and 

high temperature of the Nai vapor, the rotational energy may be 

treated as continuous and the rotational line strengths taken as 

unity so that the thermal probability density function for 

rotational energy becomes 

-E /kT 
P(E) = (kT)-l e r 

r 
( 19) 

* this leads to a distribution in Na CK recoil velocities directed 

along the z-axis which is obtained from Eq. (19) as 

Ku 
-+ z 

Pv(u) = kT e 
Ku 2 /2kT 

v 
-Ku

2 I 2kT 
e z .o(u) o(u ); u > u. 

X . y Z = V 
(20) 

Insertihg this expression into Eq. (14), the probability density 

·* function for Na LAB velocities becomes 

-3/2 {f/oouz 2 2 
-+ K KU /2kT -mN a I vN ai /2kT 

p (V) 7T v = e e v,T,v kT -3 
0 vNai -oo -oo u 

v 
2 -Ku /2kT 

-+ z 
X e 0 ( u ) o(u ) du. ( 21) 

X y 
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Without attempting to evaluate thi~ integral, the desired proba~ 

* bility densiti function for Na speeds may be obtained by 

inserting it into Eq. (16). The resulting distribution function 

* is naturally expressed in terms of reduc~d Na LAB speed B and 

* reduced Na CM recoil speed B defined as 
v 

-1/2 -
B = (1 + n) V/vN~I' 

in terms of the mass ration-,;, mNa/m
1

. The results are given 

34 
in terms of the error function as 

p 
v,T,V 

0 

(n/(l+n))B
2 

(B) =n(l + n) 1 / 2 B e v 
2 

-nB 
e G(B,B ) 

v 

where G(B,B ) 
v 

e r f ( B+ B ) + e r f ( B - B ) B > B , v v , v 

G( B , B ) = e r f ( B +B) - e r f ( B - B) , B < B . v v . v v 

( 22) 

( 2 3) 

Figure 5 contrast~ this speed distribution function obtained 

by including rotation with the simpler distribution obtained by 

ignoring effects of rotational energy and shows that the effects 

of rotational energy on the ensuing speed distribution may be 

appreciable for photodissociatton pear thresho~d. At VfPrY pigh 

recoil energies, however, Fig. 5 illustrates that the thermal 

diatomic translational energy is much more important than its 

rotational energy in determining the breadth of the speed distribu-

tion of the atomic product. This effect arises because the 
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rotational energy always adds to the recoil speed impacted 

by absorption of a_photon whereas the translational velocity 

of the center-of-mass may add to or subtract from the CM recoil 

velocity. 

* The full probability density functions for Na speeds produced 

photodissociatively _in this work were calculated by means ~f 

Eqs. (23) and (6) and the Franck-Condon factors computed in the 

preceeding section. The results of convoluting these distribu-

tion functions with the bandpass function of the monochromator 

are shown in Fig. 6. The curves of Fig. 6 are not unduly broadened 

relative to those of Fig. S,indicating that the thermal distribu-

tion of Nal vibration energy was not a major source of breadth 

- * of the Na speed distribution. Moreover, the curves of Fig. 6 

illustrate that the 47 A FWHM monochromator bandpass employed 

in the quenching studies had only a minor effect on the energy 

resolution obtained. In calculating averaged collisional quenching 

cross se~iions for comparison with exper~mental data, the 

probability distribution functions of interest are those for the 

relative collision speed g of Eq. (12). These distribution 
were 

functions calculated numerically by compounding the calculated, 
A - . * 

monochromator-bandpass-averaged Na speed distributions wlth 

the ther~al distribution in velocities of the quenching gases. 

Examples of these computed relative collision speed distribution 

* functions for collision of Na with a gas of much greater mass 

(1 2) and of comparable mass (C
2

H
4

) are shown in Fig. 6 and 
I 

illustra~e that this is another very important source of loss of 
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energy resolution in the quenching studies in the case that 

the quenching gas has a mass comparable to or less than that 

of the species being quenched. 

* The Steady-State Na Speed Distributions 

* The Na speed distributions produced by photodissociation 

of Nai which were computed in the preceeding section are certainly 

* not precisely the true steady-state Na speed distributions 

because of possible relaxation of the original distributions as 

* a consequence of collisions between the Na and other gas 

* molecules which do not destroy the Na electronic excitation 

but may alter its speed. These collisions may be either elastic 

or inelastic, but certainly the elastic collisions will be of 

* dominant importance in relaxing the Na speed owing to their 
of 

higher probabilityAoccurence. The derivation of the true steady-

state distribution is a difficult problem, beyond the 

scope of the present study. Nevertheless, this section offers 

some estimates of the likely magnitudes of the differences between 

* the steady-state Na · LAB speed distributions and the photo-

dissociatively generated distributions. 

The cross se~tion QR and associated rate constant kR = g QR 

fpf thi~ re+~~~tion PY ~lastic collisions is dependent on the 

* extent of perturbation of the Na speed, V, considered. Thus, 

small impBct parameter hard collisions may appreciably alter V, 

but these occur with a correspondingly small rate constant. On 

the other hand, large impact parameter collisions will occur much 
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more frequently, but will produce a correspondingly smaller 

perturbation of V. Suppose then that the relaxation is 

. 2 
characterized by some cross section QR = rrbR . If this is big, 

it will include contributions of some small impact parameter 

hard collisions, but will be dominated by larger impact parameter 

* collisions for which b ~ bR. Now, let k represent the rate 

constant for the first order decay of electronic excitation 

* of Na . * Then, k will be given in terms of the rate constants 

. * for spontaneous emission of Na , k , and for collisional quenching 
r 

* of Na , k , by 
.· q 

* k (24) 

where [M] is the quenching gas number density. Thus, the proba-

* bility that an Na atom will experience it at least one elastic 

* collision during its lifetime is given by kR[M]/(k + kR[M]). 

In analyzing the problem further, it is natural to divide 

it into two regimes, that of high and low pressures of quenching 

* gas,because the true steady-st~te Na speed distribution will be 

* dependent bn pressure. In the low pressure regime, k is 

essentially given by k , known 11 to have the value of 6.2 x 10
7 

r 
-1 

sec Taking 1 Torr of quenching gas BS typical of this regime, 

9 3 -1 this implies that kR must be ~6 x 10- em sec in order that 

* 50% of the Na atoms experience at least one elastic collision 

during their lifetime. This corresponds to impact parameters bR 

fo~ the elastic collisions of ~ 14, 12, and 10 A for relative 

collision speeds of 1.0, 1.5, and 2.0 km/sec. At these large 
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impact parameters, the collision is dominated by the long range 

form of the potential. Taking this long range form to vary as 

6 . . 
c

6
/r , the high energy apprOximation for the classical elastic 

angle of deflection which should adequately describe these soft 

collisions gives 

(25) 

in terms of the ~educed mass of the collision partners, ~ = 

If c
6 

is assumed to be ~ -lo- 57 erg-cm6 , this 

predicts very small angles of deflection,~ -0.2- -.3°for these 

collisinns. 

The velocity of the quenching gas is distributed thermally; 

however, the effect of the average collision may be estimated 

by assuming that the two gases intersect as right angles and 

assigning to the foreign gas its most probable thermal speed, vM. 

In this case, the following small angle approximation may be used 

* to estimate the pertuibation (~V) of the Na speed: 

For these small deflection angles, Eq. (25) provides estimates 

of 0.1- 0.2% perturbations in V. Thus, at low pressures of 

quenching gas (~ 1 Torr), the average elastic cnllision pe~turbs 

* the Na speed negligibly. * Of course, virtually all of the Na. 

atoms may expeiience several elastic collisions which are even 

softer than those considered in the preceeding paragraph. However, 

the effect of each of these very soft collisions will be very 
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small. Moreover~ they are about equally likely to increase or 

decrease V, so that the net spread in. V might be expected to 

vary something as the square root of the number of these very . 

soft collisions . 

* While these considerations suggest that the nascent Na 

spe~d distributions are negligibly perturbed,for low quenching 

gas pressures, the actual data on quenching cross sections was 

collected for quenching gas pressures in the range of rvo.s - 10 

* k [M] Torr. In the high pressure limit, k is dominated by so q 

* that the condition that half of the Na atoms experience a 

Recognizing, relaxation collision prior to quenching becbmes QR = Qq. 

however, that the quenching collisions are probably given by the 
parameter 2 

smallerimpactAcollisions, we may estimate that Q = 'ITb . 
1\ . q q 

Then 

the important relaxation collision~ will occur for impact parameters 

larger than this so that 

Thus, the 50% relaxation collision is characterized by an impact 

parameter bR = 12. bq. Taking benzene as an example and anticipating 

the results of the following section on the magnitude of the 

quenching cross section, Eqs. (25) and (26) s~ggest a deflection 

angle o£ "" 3~ and fractional perturbation of V of rv 1 - 1%. Of 

course, these are no longer extremely soft collisions and Eq. (25) 

Ls not strictly applicable, hut should provide an adequat~ 

approximation. 
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Here again, this calculated small perturbation of V is 

encouraging, but may be somewhat misleading .in this case. Thus, 

* the probability that the Na will suffer a hard collision is 

somewhat higher in this high pressure limit. F o r ex amp 1 e , i t 

* seems prob~ble that ~ 10% of the Na atoms ·may suffer a collision 

which could change V by as much as 50%. Nevertheles~, it would 

* appear that even at this high pressure limit, the true Na speed 

distribution will resemble that calculated for photodissociation 

of Nai, but with some additional breadth and a slight downward 

* shift of the most probable Na speed. In what follows, the quenching 

* cross sections are analyzed in terms of the unrelaxed Na speed 

distributions and this procedure is further supported by the 

observation that the high energy data evaluated in this study 

agree well with other results in the literature when extrapolated 

down to thermal energies. 

DATA ANALYSIS AND RESULTS 

If it is assumed that absorption of an incident photon by 

* Nai vapor leads directly to production nf an Na as described 

by Eq. * (1) and if it is further ~ssumed that the Na formed must 

either iadiate or be collisionally quenched by the foreign gas 

present in the cell, the Stern-Volmer relation is obtained9 for 

the ratio of the reduced fluorescence efficiency for finite 

quenching gas, R[M]' to that for no quenching gas, R0 : 

= 1 + ( k /k ) [M] • 
q r 

( 2 7) 
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Figure 7 shows this ratio as a function of ethylene gas pressure 

for four typical ultraviolet wavelengths studied. Also shown 

are least squares fits of the data for each wave1ength to Eq. (27). 

It will be noted that the zero pressure intercepts of these least 

squares linear fits differ slightly from the value of unity 

predicted by Eq. ( 27). In all cases, however, this discrepancy 

in the intercept is less than the standa~d ~erivation in the 

intercept provided by the least squares fit. The rest of the 

primary data collected for ethylene as well as that collected for 

the other six quenching ,gases studied is not presented here. 

However, the data shown in Fig. 7 is typical of the quality of 

the data obtained for all of the quenching gases~ 

with the possible exceptions of I
2 

where the inherent room tempera­

ture vapor pressure of this material limited measurements to low 

quenching gas pressures and consequent D-lines fluorescence ratios 

near unity. 

If 1t is assumed for purpose~ of an initial analysis of 

the data that the quenching cross section is energy independent 

* over the spread in relative collision velocities and that the Na 
characteristic 

is produced with the one A speed VT given by Eq. ( 5), then 

the quenching rate constant may be shown to be given in terms 

k = -1/2 
<Q >v ljl(x)/x 'IT 

q q M 

2 2 IX 2 
where ljl(x) -x + (2x + 1) -y dy. = X e e . ( 2 8) 

0 
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* Quenching cross seitioris for the Na + c
2

H
4 

coilision evaluated 

from measur~d values of k by means of Eq. (28) are plotted in 
. q 
characteristic 

Fig. 7 ag~inst theA relative speed, 

(29) 

<g> 

The error bars shown reflect only the standard deviations in k 
q 

provided by the l~ast squares fits of the data to Eq. (27). Other 

sources of error certainly exist. For example, if the Nal 

dissociation energy employed here were in error, this could 

significantly alter the c~lculated values of <Q > and <g>, although 
q 

this would have less effect on the functional dependence of <Q > 
. q 

on <g>shown by the data. 

Figur~ 8 and 9 give similar plots of phenomenological values 
characteristic 

of <Q > versus relative collision speed. Because so
2 

and 
q A 

c 6H
6 

absorbed the shorter wavelength ultraviolet somewhat, a 

correction has been applied in arriving at the higher velocity 

data points plotted in Fig. 8 for these two gases. The magnitude 

of the correction was relatively uncertain, resulting in larger 

uncertainties in the data points plotted at higher velocities 

than are indicated by the error bars shown. This additional 

uncertainty was smaller than the standard deviations of the least 

squares fits to Eq. (27) in the case of benzene, but comparable 

for the so 2 data at higher collision spierls. 

L 



-31~ 

The Stern-Volmer steady-state procedure for measurements 

of the quenching cross sections which is employed here is open 

to criticism b~cause of its assumption of a very limited chemistry 

in the hot NaT-quenching species vapor mixture. The pulsed 

ultravio1et excitation followed by observation of the rate of 

* decay of the subsequent Na fluorescence which was employed in 

Ref. 11 to measure the 1
2 

quenching cross sections is a more 

direct method and is not subject to the possible criticisms of 

the Stern-Volmer technique. Unfortunately, this experimental 

method is much more time consuming ~nd so was not adopted in this 

study. Figure 9 shows the very excellent agreement between the 

* Na + r
2 

quenching cross sections measured in this study (if the 

data analysis method employed in Ref .. 11 is used) and the values 

arrived at in Ref. 11 by the more direct pulse technique. The 

relatively large error bars shown on our data points in Fig. 9 

are a consequence 6f the limited 1 2 vapor pressure region scanned. 

* The Na + co
2 

quenching cross section data shown in Fig. 8 is also 

in similar good agreement with the values measured in Ref. 9 by 

the same Stern-Volmer technique employed here, if our data is 

analyzed by the procedure employed in Ref. 9. 

In attempting to deconvoltite the experim~ntal data to arrive 

at the tr4e qepenqenGe of the q4enching eros$ sections on relative 

energy, it was assumed that the cross sections varied as K /g( 4/s) 
s 

with S = 4, 5, or 6. As discussed in the following section, ther~ 

are varying theoretical grounds for expecting that Qq might vary 

in this manner. However, the main reasons for fitting the data 
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to these functioris were (1) that adequate fits to. the experimental 

data were obtained and (2) t~at comparisons of the fits obtained 

with s = 4, 5, and 6 provided some estimate of the sensitivity 

of the experimental data to the precise form of Q (g). 
q 

Having 

assumed a form of Q (g), the quenching rate constant was calculated 
q 

by numerical integration over the monochromator-bandpass-averaged 

probability density function for relative collision speeds 

derived .in a previous s~ction as 

k 
q 

dg. (30) 

Phenomenological values of <Q > were then calculated from these 
q 

computed values 

points. Figure 

of k from Eq. (28) 
q 

for compa~ison with the data 

(4/5) (2/3) 
7 shows the K

5
/g and K

6
/g forms of Q (g) 

q 

together with their energy averaged phenomenological quenching 

cross sections which best fit the ethylene data. Table I gives 

the K
4

, K
5

, and K
6 

cbnstants which best fit the experimental data 

for all seven quenching gases studied and Figs. 8 and 9 show the 

corresponding fits to the data obtained for the other six gases. 

In general, adequate fits are obtained for s = 4, 5, or 6. The 

data seem to show some predile~tion for s = 6 except for the CH 3 CN 

quenching gas, where s = 4 appears to provide the best fit. 

DISCUSSION 

Comparison with Other Work 

The good agreement between the quenching cross sections 

obtained in this work and those derived by similar Nai photo-
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dissociative studies for I 2 (Ref. 11) and co 2 (Ref. 9) has already 

been noted in the previous section. Most of the results of 

earlier workers employing the Nai photodissociative techniqu·e 

are discussed in Refs. 9 and 11 and so are not considered here. 

. 10 
However, one other more recent study by this technique provided 

* cross sections for quenching of Na by co
2 

and CH
3

CN which are 

about a factor of two higher than those reported here. We cannot 

account for this discrepancy, but note again our agreement with 

9 Hanson's results for co 2 . 

In addition to comparisons of the present work with previous 

studies employing the Nai photodissociation technique, it is 

also of interest to compare these results with thermally averaged 

* rate constants for quenching of Na obtained by mixing Na vapor 

with quen~hing gases. The results of all such previous thermal 

studies for the quenching gases examined here are listed in 

Table II. Indeed, one previous criticism35 of the Nai photo-

dissociative technique has been the inability to unequivocally 

compare the results obtained on quenching cross sections with 

thermal quenching rate constants. However, it has been argued 

in this work that the distribution in relative collision ~peeds 

is known and this has been us~d to fit the data to functional 

dependences of th~ form Q (g) =.K /g( 4 /s). 
q s 

If this functional 

form is assumed to hold down ~o the lowei collision spe~ds 
i 

encountered in som~ of the therm~l exp~riments, then thermal rate 

constants may be calculated from the expressions given in Ref. 39. 
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Table II compares literature values of thermal quenching 

rate constants with the extrapolations of the K
6

/g( 2 / 3)form of 

Qq(g) employed here. The first entry in the table for benzene 

(Ref. 36) was obtained by a pulsed excitation study of the life­

* time of Na fluorescence and so should be especially reliable. 

The c
6

H
6 

and c
2

H
4 

results reported in Ref. 37 were obtained by 

a steady-state resonance fluorescence technique and so are subject 

to possible ambiguities occasioned by imprisonment of resonance 

radiation and collisional broadening of the resonance absorption 

line. Indeed, comparisons of the results of Refs. 36 and 37 

for N21 H
2

, co
2

, and c
6

H
6 

suggest that the results of Ref. 37 

may be too high by about a factor of two. In view of this, the 

agreement shown in Table II between, the results of the present 

work and thermal literature values for c
6

H
6 

and c
2

H
4 

is gratifying. 

Extrapolations of the K4/g or K5 /g 415 fits obtained here would 

give higher values of 10 10 k (~ 11 and 13 for s = 5 and 4) for 
q ' 

c
6

H
6 

in poorer agree~ent with the literatu~~ values, although the 

change in going from s = 6 to s = 5 is not too pronounced. These 

comparisons and the data presented earlier suggest that Q (g) . 
q 

· -(o.s ~ 0 · 6 ) f d f o 7 2 o k I var1es as g or a spee range o ~ . - . m sec 

for benzene and ethylene as quenching gases. The agreement 

between the co
2 

result obtained here and that obtained from studies 

of fluorescence in a flame reported in Ref. 35 is very good. 

Since the flame temperature was high, the characteristic thermal 

collision speed shown in Table II is comparable to those directly 

studied here, so that calculations of k for the s = 4, 5, or 6 
q 
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fits would all yield comparable values. The magnitude of k 
q 

arrived at in Ref. 38 by a flame fluorescence study is in rather 

bad agreement with that obtained here; these workers also seemed 

- 2 * to observe a g · dependence of Qq for Na + co 2 , in clear dis-

agreement with the results shown in Fig. 8. 

Theoretical Implications 

The Weak .Quenchers 

are well fit by quenching 

K /g( 4 /s) with s = 4 - 6. s . . 

cross sections of the form Q (g) = 
q 

This is the well known functional form 

of the cross section which is obtained by assuming tha~ a constant 

fraction w of those incoming trajectories which surmount the 

barrier in the effective potential, obtained by adding the 

centrifugal repulsion to the true lons-range potential V(r) = Cs/rs, 

lead to quenching collisions. This model provides 39 an expression. 

for Qq(g) in terms of the power law potential constant, 

* 

C 2/s 
s 
4/s 

g 
(31). 

The Na atoms involved in these collisions will experience 

electric quadrupole interactions. This could give rise to a long-

-4 ranged r · dipole-quadrupole potential for collisions with the 

polar quenching gases. However, this interaction would average 

to zero over one rotational period of the quenching molecule except 

in the case of symmetric top molecules with rotation about the 
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symmetry axis excited. Moreover, no qualitative difference in 

behavior between the polar and non-polar quenching gases was 

observed here, so that the dipole-quadrupole interaction does 

not appear to be dominant in general in determining the quenching 

cross sections. It •ay influence the CH
3

CN collisions somewhat. 

This molecule does posse~ the largest dipole moment of the seven 

quenching gases studied here, and 'the energy dependence of its 

quenching cross section shown in Fig. 8 is somewhat steeper th~n 

is that of the other qu~nching gases. All of the quenching gases 

studied here should have electric quadrupole moments. Thus, 

-5 this ,,could give rise to long range r quadrupole-quadrupole 

* interact ions. Although the N2 quadrupole moment is apparently not 

known, our estimates indicate that these quadrupole-quadrupole interactions 
. -6 

should be less than or at most comparable to the r dispersion interactions 

at internuclear separations important in determining the barriers in 

the effective potentials. 

Various approximations have been employed to estimate the 

c6 dispersion force constant. Analysis of these appr~ximations 

in Ref. 28 indicates that the dispersion contribution to c6 should 

be well described by the Slater-Kirkwood approximation for these 

~ollisions; the dipole-induced dipole contribution should be much 

smaller and will be ignored. For this case of an excited alkali 

atom with one electron in the outer shell of polarizability a 1 

much greater than the polarizability. a
2 

of the quenching gas, the 

Slater-Kirkwood approximation for c
6 

provides the following 

approximation for Q (g) . q from Eq. (31) in terms of e and m ' e 
the 
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charge and mass of the electron: 

1/6 1/3 
3n [6en ]11 3 

"1 · "2 
w 2 1/2 1/3 2/3 

m )1 g 
e 

( 3 2) 

Note that this expression predicts that for constant w, a 1 ,_and 

g, the quenching c~oss section should vary as (a
2

/J.1) l/ 3 . This 

40 
differs considerably from the older suggestion that Qq should 

1/2 .. . 40 
scale as a

2
].1 and the more recent suggestion that the quenching 

of electronic excitation in molecules proceeds by a molecular 

1/2 3 
predi~sociation so that Qq should vary as ].1 I 2 a 2 /Rx , where 

I
2 

is the ionization potential of the quenching species and Rx 

is mean distance of closest approach of the collision pair. 

Table III provides a comparison of the K
6 

coefficients 

measured here with _estimates provided by Eq. (32) for w = 1 and 

rv

1
41 -- 5·1 A3 , d i d. h E ~ an n 1cates t at q. ( 3 2) (with w=l) does provide 

reasonable estimates of the magnitude of the quenching cross 

sections for the weaker quenchers studied here. 42 The K6 values 

estimated from Eq. (32) may be slightly in error because of 

approximations involved in arriving at values of c
6

; however, 

these errors should be small because K
6 

depends only on the cube 

root of c
6

. Thus, the entries in Table III clearly imply w < 1 

for co 2 , c
2

H
4

, and c
6

H
6

. Indeed, the results obtained here in 

5-11 35-38 most of the 
conjunction with earlier work ' suggest thatAmolecules 

* which quench Na electronic excitation may be broadly divided 

into four classes. In class A may be listed those molecules 

* which cannot chemically react with Na because all reaction 
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channels are either endoergic or essentially thermoneutral 

(for which an appreciable activation energy might be expected), 

and whose lowest unfilled molecular orbital is a very high energy, 

* antibonding a orbital. Examples of molecules in this class, 

such as CF
4

, saturated alkanes, and possibly H
2
0, are all very 

inefficient quenchers. In class B are included those molecules 

* which cantiot chemically react with Na , but which possess relatively 

* low lying unfilled TI molecular orbitals. These molecules, 

examples of which are provided by the co
2

, c
2

H
4

, and c
6

H
6 

studies 

here, are relatively efficient quenchers, with w values evaluated 

from Eq. (32) between 0.1 and 1.0. Since no change in chemical 

* identity is effected by these quenching collisions, the Na 

excitation energy must be dissipated either as translational 

recoil energy or as internal excitation of the class B quenching 

molecule. Studies of the chemiluminescence 43 produced by the 

* Na + CO quenching collision and of the inverse collisions using 

"b . 1.1 44 , 45 1 i 11 46 h. . h v1 rat1ona y or trans at ona y ot spec1es suggest t at 

the electronic excitation is released predominately as internal 

(vibrational) excitation of the quenching molecule. Class C would 

include quenching molecules which, while not strongly electron-

negative, afford a very exoergic reaction channel. Results for 

two molecules of this class studied heie, CH
3

CN and CF
3
Cl, suggest 

that their q'\lenching cross sections may be given by Eq. (32) with 

w = 1, although results for many more molecules of this class 

will be required to unequivocally establish this. Finally, Class 

D quenchers, examplified by the 1
2 

and so
2 

behaviors ~bserved in 
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this work, are highly electronegative and exhibit quenching cross 

sections which are too large to be in interpreted in terms of the 

long range dispersion forces between the neutral reactants. 

Thus, the quenching behavior observed in this study suggest 

that the long-range dispersion forces may account for the 

. * 2 magnitude and energy dependence of quenching of Na (3p P) by 

Clas~ C and, to a certain extent, Class B quenchers. Nevertheless, 

many additiorial studies will be required to unequivocally 

establish the role of these dispersion forces. In particular, 

experiments are underway in our own laboratory to measure quenching 

cross sections of more highly excited 2P states of alkali metal 

vapors. Thus, calculations reported in Ref. 41 indicate that 

the magnitude oj the polarizability of a 
2

P state of an alkali 

metal increases by about an order of magnitude for each increment 

of one in the principal quantum number of the .outer p electron. 

* Even more striking is the fact that for Na , the polarizability 
) 

2 2 changes sign on going from the 3p P to the 4p P state, so that 

* the dispersion forces should be repulsive for collisions of Na 

2 . * 2 
(4p P) and Na (Sp P) with foreign gas molecules. 

The Stronger Quenchers 

Table III indicates that so
2 

and I
2 

exhibit cross sections 

* 2 for quenching of Na (3p P) which are too large to be understood 

in terms of the centrifugal barrier in the effective potentials 

associated.with the long-range dispersion fo~es between the 

neutral reactants .. Thus, these large quenching cross sections 

demand a strong force which pulls the reactants into small inter-
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nuclear se~aration and which is operative at very long distances. 

h · i · 1 f h 1 b d d
17 

a · T 1s requ s1te ong-range oree as ong een un erstoo ln 

terms of an electron transfer model. ln this model, the incoming 

* Na atom is seen to transfer its electron to the quenching gas 

at a distance R where the coulombic potential curve for the two 
c 

ions becomes lower than that for the two neutrals, and the r~sulting 

coulombic force rapidly accelerates the ion pair formed to small 

internuclear separations. In terms of the ionization potential 

* . of Na , I
1

, and the electron affinity of the quencher, EA, Rc is 

2 
given to lowest order by e /(1

1 
- EA). 

47 The electron affinity of so
2 

is reported to be ~ 1.1 ev. so 

that the crossing point, R , occurs at a relatively small inter-
·c 

* nuclear separation, ~ 7.5 A, in the Na + so
2 

collision. More-

over, Table III indicates that the NaO + SO reaction channel is 

closed by energy conservation, at least at the lower relative 

collision speeds studied here. Thus, this quenching collision 
taking place by a 

is pictureed asAFranck-Condon transitions from so
2 

to so
2 

at 

Rc, exciting vibrational levels of so
2 

on the incoming trajectbry. 

The Na+- so
2 

ion pair formed then may oscillate many times, 

* passing through crossing points with the Na + so
2 

and Na + so 2 

potential curves. In each passing, the so
2 

may re-transfer the 

electron to Na+, at the same time making Franck-Condon transitions 

to various vibrational levels of so2. Calculationi on the quenchi~g 

* of Na by N2 by this model are presented in Ref. 48 and suggest 

that it may provide an efficient mechanism for the dissipation of 

* the Na electronic excitation in vibrational excitation of so 2 

.. 
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and recoil energy of Na from so 2 . 

·~· 0 

A 49 . d" recent measurement 1n 1cates a relatively large electron 

* affinity for I
2

, 2.6 e.v., corresponding to a calculated Na + 

I 2 ionic curve crossing radius of~ 36.5 A. Table III indicates 

that ~his quenching collision can proceed by the very exoergic 

reaction forming Nai + I; indeed, the exoergicity is such that 

h . d . h b. ll N + I I t e react1on pro ucts m1g t even e a + . This suggest 

* that any incoming Na + I
2 

trajectories which successfully cross 

onto the ionic curve have a very high probability of exiting in 

the reactive channel. * In v~ew of this, the observation that the Na 

quenching cross section measured here is very much less than 

. ' * is underst6od in terms of a ve~y low probability that the Na 

will transfer its electron over the la~ge distance required while 

the Na - I
2 

internuclear separation is in the vicinity of the curve 

crossing radius. This same Born-Oppenheimer breakdown effect has 

recently been discussed 50 in rationalizing the observed branching 

ratios for thermal dissociation of alkali halide vapors between 

atoms and ions. Moreover, Child 51 has derived an expression for 

the translational energy dependence of the cross section for 

* reactions such as Na + I 2 by calculating the probability of a 

transition between the neutral and ionic curves as ~ function of 

the local radial velocity at R . 
c 

Although his calculations did 

not extend to the very large crossing iadius encountered here, 

extrapolation of his reported calculations is in qualitative 

* ~greement with the magnitude and velocity dependence of the Na 

+ I 2 quenching cross section measured here. 
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Table I. 

Quenching 

C02 

C2H4 

CH
3

CN 

CF
3

Cl 

C6H6 

802 

I2 
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.. a 
Best Experimental Values of K s 

Sections Varying as Ks/g4/s 

Gas 109 K 4 

0.88 

0.93 

1.2 

1.2 

1.3 

1.8 

2.9 

aK is given in units of cm2-(cm/sec) 4/s. 
s 

* for Na Quenching Cross 

10
1° K 5 

1011 K 6 

0.78 1.6 

0.82 1.7 

1.1 2.3 

1.1 2.2 

1.2 2.4 

1.6 3.3 

2.6 6.0 
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Table II. aGomparison of Thermal Quenching Rate Constant Measurements 

.with Extrapolations ofK6/g213 Fit 

Quenching Gas Ref. T(°K) gT lo10k lo10k 
q q 

Reported This work 

C6H6 36 -6oo 0.85 8.0 10 

C6H6 37 4oo 0.69 16 10 

C02 35 1600 1.49 7.5 8.2 

C02 38 1790 1.58 17 8.4 

C2H4 37 4oo 0.82 11 7.1 

a Rate constants are given in cm3/molecule-sec. The average relative 

collision speeds,gT = (8kT/~)112 ,are given in units of km/sec. 
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* Table III. Comparisons of Measured Na Quenching Cr6ss 

Sections with Projections Based on Long Range 

Dispersion Forces 

co
2 C2H4 CF 3cl CH 3CN C6H6 so 2 ·I 

2 

Reaction 
NaO NaH NaCl NaCN NaH NaO Nai 

Product 

ilD 
a -10 'V-8 66 

0 

l.l(gms/mole) 15.3 12.6 18.9 

a2(A3)b 

11 10 K
6 

( theo) 

E . 32) 

11 10 K
6

(exp.) 

(Table I) 

ailD = D (Na-X) 
0 0 

D (Na-0) taken 
0 

2.6 4.3 5.0 

2.0 2.5 2. 2 

1.6 1.7 2. 2 

* + E - D (R-X) is 0 . 
and 

from/\D
0

(Na - CN) 

'V46 'V-8 -14 85 

14. 7 17.8 16.9 21.1 

4.4 10.3 3. 7 9. 7 

2.4 2.9 1.7 2. 7 

2.3 2.4 3.3 6.0 

the reaction exoergicity. 

estimated from arguments 

given in R.R. Herm and D.R. Herschbach. J. Chern. Phys. 

_ll, 5783 (1970); D for NaCl and Nai taken from Ref. 24. 
0 

Bond energies in the quenching gases taken from V.I. Vedeneyev, 

L.V. Gurvich, V.N. Kondrat'yev, V.A. Medvedev, and Ye. L. 

Frankevich, Bond Energies, Ionization Potentials, and 

Electron Affinities (St. Martin 1 s Press, New York, 1~66). 
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bFor CH
3

CN, from E.P. Lippincott, G. Nagarajan, and J.M. 

Stutman, .J. Phys .. Chern. ]_Q, 78 (1966); for CF
3
cl, from 

W.N. He~s, R.L. Mather, and R.A. Nobles, J. Chern. Eng. Data 

l• 317 (1962); all other values from Landolt-Bernstein 

Zahlenwerte und Functionen, A.M. Hellwege and K.H. Hellwege, 

Eds. (Springer-Verlag, Berlin), Vol. 1, Part 3 (1951), 

pp. 510ff. 
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FIGURE CAPTIONS 

Fig. 1. Schematic sectional view (from the side) of the H
2 

arc 

electrode arrangement, and a wiring diagram for DC 

Fig. 2. 

Fig. 3. 

operation. All distances are given in em. and resis-

tances in Ohms. The starting electrode is a ring of 

tantalum wire. The co 11 ima tor is f ab rica ted of moly-

bdenum with a water-cooled copper s!'eeve and a large 

molybdenum disk to force the discharge to pass through 

the collimating orifice. The anode consist of a 2.5 

em diameter molybdenum disk mounted on a larger diameter 

c~s em) water-cooled copper disk. A 0.4 em x 0.65 em 

orifice is cut through the collimator and anode. 

The heavy solid curves (and dark circle data points) 

show the current through the arc as a function of DC 

voltage between the cathode and anode for various 

pressures of H2 gas flowing through the arc housing. 

The lighter solid curves show contours of constant out-

put intensity (measured in arbitrary units) at 2500 A. 

The sodium D-lines reduced fluorescence (i.e., the ratio 

of the total number of D-lines photons detected per 

second to the number of ultraviolet photons per second 

incident on the Nai vapor) plofted, in arbitrary units, 

versus the nominal wavelength of the ultraviolet. Data 

points are given as s~lid symbols. The temperature at 

the bottom part of the Nai cell, where the solid Na! 
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resided, was 530°, 565°, and 603°C respectively for 

the data taken with vapor temperatures, at the cell 

window, of 633°, 664°, and 705°C. The bandwidths of 

the ultraviolet radiation were 24 A (FWHM) for the 

633°C vapor temperature expe!iment and 36 A (FWHM) for 

the 664°C and 705°C experiments. The uncertainty in 

the ordinate for the data points increases rapi~ly as 

the wavelength is lowered below 2000 A. The dashed lines 

show theoretical D-lines reduced fluorescence curves 

calculated for an Nai temperature of 633°C for transitions 

to the two upper repulsive potential curves shown in 

Fig. 4; the solid curve is the sum of the two dashed 

curves. All three sets of data points and the theore-

tical curve were normalized to unity at their long 

wavelength relative maximum. 

The repulsive potential curves for the two electronically 

* .. 
excited states of Nai dissociating into ~a (3p) + I 

* * and Na (3p) + I respectively and the Nai ground state 

potential curve which were used to fit the D-lines 

reduced fluorescence data of Fig. 3. Also shown are 

( 1) the relative thermal populations at 633°C of the 

first ten vibrational levels of Nal, (2) unnormalized 

vibrational wave functions for the v = 0 and v = 9 

levels of ground state Nal, and (3) three examples of 

~ontinuum vibrational functions for the lower excited 

state of Nai. Note the break in the ordinate scale. 
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Normalized probability density distributions for the 

LAB speed of an atom ejected with £enter-of-mass 

recoil energy given by Eq. (3) from a diatomic molecule 

with a thermal velocity distribution. The solid curves 

were calculated for the requced speed A distribution 

considering only thermal translational energy in the 

target molecule, Eq. 17. The dashed curves were drawn 

for the reduced speed B probability density obtained 

by considering both thermal distributions in transla-

tiona! and rotational energies of the diatomic target; 

these reduced variable curves were calculated from 

* Eq. (23) for the mass factors appropriate to the Na 

product of photodissociation of Nai. These second 

probability density functions are also given (un­

* normalized) in terms of the absolute Na speed for 

photodissociation of Nai at 1000°K. 

The lower panel shows the calculated normalized probability 

* densities for speed of Na upon photodissociation of Nai 

by ultraviolet of the indicated wavelengths for a 

monochromator bandwidth function which is approximately 

triangular; the bandwidths quoted are the FWHM. Also 

* shown as the bold solid curve is the Na speed distri-

bution corresponding to a 906°K thermal distribution. 

The upper two panels show the normalized probability 

density functions for relative speed for collisions 

* of the Na produced with the speed distributions given 

Also 
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shown, as bold solid curves, are the corresponding 

thermal distribution functions for relative speeds 

in the collisions. 

Upper Panel: The ratio of ,the reduced D-lines 

fluorescence for ethylene Jbsent to that for ethylene 

present ·vers.us the ethylene pressure, for four ultra-

violet wavelengths studied. The straight lines show 

the least squares linear fits of the primary data to 

the Stern-Volmer relation, Eq. (27). Lower Panel: 

The data points show plots of the phenomenological 

. * 2 cross sections for collisional quenching of Na (3p P) 

electronic excitation by ethylene, extracted from 

primary data such as is illustrated in the upper panel 

by means of Eq. (28), as a function of the characteristic 

relative collision speed given by Eq~ (29). The error 

bars were obtained from the standard deviations of the 

slopes of the least squares linear fits of primary data 

to Eq. (27). The dash-dot-dash and dot-dot-dot curves 

show the true velocity dependence of cross sections Qq(g) 

d K I 415 d K I 213 . 1 assume to vary as 
5 

g . an 
6 

g respect1ve y 

(with K5 and K6 given in Table I) which best fit the 

data. The solid apd dashed c~rves show the correspon.ding 

fits to the data when these assumed functional forms of 

Qq(g) are averaged over the distribution in relative 

collision speeds. 
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* Cross sections for collisional quenching of Na by 

terestic relative speed given by Eq. (29). The data 

points were evaluated by analyzing primary data by 

means of Eqs. (27) and (28); error bars reflect the 

standard deviations in k of least squares fits of 
q 

primary data to Eq. (27). The curves show the best 

fits to the data points obtained by averaging cross 

section functions of the form Q 
q 

Ks/g 4 /s over the 

distribution in relative collis~on speeds: solid 

curve, s = 4; dashed curve, s = 5; dotted curve, s = 6. 

The values of K employed are listed in Table I. 
s 

Upper Panel: Comparison of the velocity dependence of 

* the Na + r
2 

quenching cross sections reported in Ref. 

11 (open squares) with the values arrived at in this 

work (open circles), if the data colle~ted here is 

analyzed by the procedure employed in Ref. 11. 

* Lower Panel: The velocity dependence of the Na + r
2 

quenching cross section measured in this work. The 

temperature.was 906°K. All conventions are as described 

for Fig. 8 . 
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r-----------------LEGALNOTICE------------------~ 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor any of their employees, nor 
any of their contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness or usefulness of any 
information, apparatus, product or process disclosed, or represents 
·that its use would riot infringe privately owned rights. 
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