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Abstract 

MIXING AND QUENCHING 

IN THE 3 STATES OP SODIUM 

INDUCED BY NITROGEN 

by- 

Timothy E. Casey 

The cross sections for the collisional transfer of 

excitation between the 
2Fand levels of the first 

excited state of sodium have been measured using nitrogen 

as the buffer gas. In addition, quenching cross sections 

for non-radiative transitions to the ground state have been 

determined and compared with previous results. The experi¬ 

ments were carried out at sodium vapor pressures of less 

than 10 ^ Torr so that radiation trapping is negligible. 

The excited states of sodium were produced by optical ex¬ 

citation and the nitrogen pressure range was 0-10 Torr. 
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I. Introduction 

The term "collision of the second kind" has been ex¬ 

tended to include any inelastic collision between an excited 

atom and a ground-state atom or molecule in which the excit¬ 

ed atom gains or loses excitational energy with a correspond¬ 

ing change in the internal energy of the ground-state species 

or in the translational energy of the two. We are concerned 

here with two such processes: collision-induced mixing and 

non-radiative quenching. 

In this thesis, we investigate mixing between the 3 iyz 
and 32E^states which comprise the first excited state of Na 

(see figure l). The excited states are produced by optical 

excitation and N? is used as the colliding molecule or buffer 

gas. In addition, quenching of the Na resonance radiation by 

N2 is studied. Quenching curves and plots of the observed D 

line ratio are presented, and cross sections for the mixing 

and quenching reactions are computed. 

A o Mixing 

Consider a monatomic gas or vapor of atoms of type A. 

Any emission of light by the vapor is called fluorescence. 

If monochromatic light is absorbed by an atom in passing in¬ 

to some excited state, the light of the same frequency which 

is emitted as the atom reverts to the ground state is called 

resonance radiation or resonance fluorescence. If however 

an excited A atom undergoes a perturbing collision before it 

has radiated, its excitation may be transferred into some 

1 
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FI G. 1. TART/AL EA/ERGY LEVEL DIAGRAM FOR SODIUM 
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other close-lying electronic state. This phenomenon is called 

mixing and the radiation emitted subsequently by A is called 
1 

sensitized fluorescence. 

For. the case of Na - Ng mixing, the process may be de¬ 

scribed by the equation 

where AE = 1J°2 cm"^ is the difference in energy between the 

two P state So For the ***—+''\ transition there is an 

excess of energy which may be assumed by a rotational level 

of the % molecule or which may be converted into transla¬ 

tional energy. For the transition there is a de¬ 

fect of energy which must be supplied by a decrease in the 

rotational state of the Ng molecule or be a decrease in the 

translational energy of the colliding pair. 

B. Quenching 

A collision involving a type B molecule with an excited 

type A atom may result in a ground-state A atom, the excita- 

tional energy going into the internal energy of the B molecule 

and the translational energy of A and B. In this case there 

is no observed resonance or sensitized fluorescence (as de¬ 

fined here) and the process is called quenching. If there is 

in B no energy level lying close to the excitational level of 

A, then the quenching reaction is unlikely to occur, in ac- 

2 
cordance with Franck5s principle. In however, there are 
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two vibrational levels lying near the 2.10 eV energy level of 

Na. These are the v=7 and v=8 levels which lie respectively 

0ol6 e¥ below and 0.10 eV above the Na P state. Thus these 

two states are well suited for quenching the resonance radia¬ 

tion in Na (see figure 2). 

Co Previous Work in Mixing and Quenching 

3 
R.W. Wood made an early investigation of the resonance 

fluorescence of the D lines of Na by irradiating the vapor 

with both components. Wien Na vapor at very low pressure was 

irradiated with only one of the D lines, only that line ap¬ 

peared in fluorescence. But when the vapor pressure was 

raised, or a foreign gas was present, the other component ap¬ 

peared as well. This latter investigation was carried out by 

Wood and Mohler^ using Eg as the buffer gas and at pressures 

of less than one Torr. W. Lochte-Holtgreven^ studied the 

mixing process over a much greater pressure range using Ar, 

Hg, Ng, and a He-Ne mixture as the buffer gases. He irradiated 

his sample with one component only and dotted the fluorescent 

D line intensity ratio as afuncuxon of the foreign gas pres¬ 

sure. R. Seiwert^ has cross sections for mixing in Na induced 

by ground-state Na atoms at temperatures above 500°K. Jordan 

7 and Franken1 have investigated mixing in Na using He, Ne, Ar, 

Kr, and Xe, and in K using He, Ne and Ar as the buffer gases. 

8,9,10 
Krause and others have found cross sections for mixing 

in K, Rb and Cs using the same five inert gases. Finally, 

11 
Gaviola” has studied the mixing process in Hg using N^ as 
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the buffer gas,, 

The quenching of resonance radiation was first observed 

by Wood^ in Hg vapor to which a small amount of air had been 

added. Later Gaviola1^ reported quenching in Hg-Ng colli¬ 

sions, one collision in 77 being responsible for this pro- 
•- ili 

cess. Mannkopff constructed quenching curves for the Na-Ng 

interaction and also for Hg and a mixture of He-Ne. N2 and 

Hg are found to be similar in quenching efficiency, and much 

more efficient that the He-Ne mixture. Demtroder^ finds a 

cross section for quenching in Na by He, but the matter is 

disputed by Stamper.^ Recently, Krause‘S has investigated 

both mixing and quenching in Cs, using Ng and Hg buffer gases. 



II. Rate Equations 

The partial energy level diagram of sodium is shown in 

figure 1. Let the number densities of the three states be 

represented by n2 , n, and nQ. The and Afo are the spon¬ 

taneous transition rates (Einstein coefficients) from the ex¬ 

cited states to the ground state. The photon absorption rates 

are given by Bozp^ and B®,/>„, where the p coefficients give 

the density of radiation per unit interval of frequency at 

the frequency 2^ . The and ffz are the cross sections for 

mixing between the two P levels and the eg, and <ij0 are the 

quenching cross sections. The rates for stimulated emission 

1 P of radiation are considered negligible. If N is the number 

density of the buffer gas and v is the relative velocity^ 

of the sodium-buffer gas collision., the following rate equa¬ 

tions may be written 2 

where the first term on the right in each equation is the rate 

of increase of the population density of the state due to pho¬ 

ton absorption; the second, the rate of increase due to mixing 

into the state; the third, the rate of loss due to mixing out 

of the state; the fourth, the rate of loss due to spontaneous 

transition to the ground state; the fifth, the rate of loss 
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due to quenching. As stated, the rate equations assume that 

Na-Na mixing is negligible and that radiation trapping does 

not occuro Seiwert^ gives the values Ogj = 96 x 10 ^ cm2 

and $12 =
 1^0 x lO"^ cm2, for Na-Na mixing, values of the same 

order of magnitude as the Na-% cross sections eventually de¬ 

termined o However, the maximum temperature of the experiment 

was 117°C corresponding to a Na vapor pressure of less than 

-ft PD 
10 Torr» Even if % for Na-Na mixing is as high as 

800 x 10-fe cm
2
 as suggested by Krause2"*", this would contri¬ 

bute only three parts in 10^ to the observed total mixing. 

The term "'radiation trapping" refers to the reabsorp¬ 

tion by Na vapor of the fluorescence radiation before it es¬ 

capes the sample cello The distance traveled was only about 

O06 cm so that at such a low Na vapor pressure radiation 
21 

trapping is insignificant. 

Several simplifications in the rate equations can be 

15 22 
madeo According to several investigators- the lifetimes 

of the two 
2P states are identical so that Azo = Afo = A = 

1.59 x 10 sec. Application of detailed balance gives the 

result K, where g2 and g. are the sta- 
<Tzi T> ^ 

tistical weights of the states 2% and 
2
Pj£ respectively, so 

that (/Jz = 2K O21 • Finally we make the assumption $2Q = dj0 

0^ o
23
 Under conditions of equilibrium, = 0 and ~^1

 = 0 

so that the rate equations become s 
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and 

If we now make the definition 

~BoZ P*Z 

2oj 
(6) 

then equations (4) and (5) can be solved to give 

?0z 
sn, 

7?. (A +M%V)+ (ft*/) 2 A/A: q, V~ 
(A +H05-zr) + ('1?.+/J -y ^ 

or 

+ (%>+l)2/\/K(£tV~ 
sn< 

(8) 

where 

A' + (fov-/) A/oi, v 

A1 = A + N%v (9) 

is the effective lifetime of the excited state under the ef¬ 

fect of quenching. We find that 

Z (10) 

'N~0 
so that RQ is the intensity ratio observed at zero buffer 

gas pressure. 

Equation (8) can be solved for <?ki to give 

A1 

~ (W)N'v- I 2K- 

*>2. __ ”p 
/*!, /NO 

-O-J, 
(ID 
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which Is the standard equation from which the mixing cross 

section may he computed. 

In order to find A1 it is necessary to know (FQ . There¬ 

fore we add equations (4) and (5) to obtain 

or s 

^ A*+&, A) = /n* (A + /V<5 v) (13) 

where n* = (nf + n2) is the total number density of excited 

atoms. If we assume, that n0 is independent of the buffer 
24 

gas pressure we may write for two such pressures p and p" 

yy^('p) _ A ~f hH$) (JQ 
rU~ 

~ A + M(f) ra xr 
from which we obtain 

If p 

then 

= 0, the N(p‘) = 0, and if 

/**/») 

/n* (6) 

(15) becomes; 

(14) 

(15) 

(16) 

<J2> - (17) 
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In practice, this is written in the form 

4- - 
(18) 

A plot of i/Q vs. N(p) gives a straight line whose slope is 

used to determine 0^ „ 
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III. Experimental Details 

A. The Fluorescence Cell 

The fluorescence cells used were blown of pyrex with 

optical windows for the entrance and exit of the Na light 

{see figure 3)- Baker Chemical Co, lump sodium of purity 

99°996 % was distilled under vacuum into an intermediate tube 
and thence into the side arm of the cell. The entire cell 

was enclosed in a homemade electric oven to raise the vapor 

pressure to a detectable level.. Care wa,s taken to avoid the 

excessively high temperatures at which radiation trapping oc¬ 

curs, as noted earlier. The age and condition of the cell 

proved to be important factors affecting its performance. A 

two-month-old cell (in which only a small amount of Na had 

been originally distilled) could be operated at 140°C without 

appreciable trapping, whereas a freshly-prepared cell (filled 

by a more efficient distillation process) exhibited volume 

fluorescence at 125°C, The data presented here were taken 

from 12 to 27 days after the preparation of a cell, at tem¬ 

peratures from 111°C to 117°C. For a given set of data the 

oven temperature was held constant to within ± 1 C°. 

B. The Excitation Lamp 

The production of excited states was accomplished by ir¬ 

radiation of the Na vapor by the D lines from an Osram lamp. 

The value of R@ (eq. 10) varied by a surprisingly large a- 

mount from lamp to lamp. For the three tested, the values 
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were 1.35* 1-74 and 2„70 when the rated current of 1.3 amp. 

was used. If a much lower excitation current was employed 

the lamp tended to become unstable, so all data were taken 

at the recommended current at which the output was constant 

within about ± 5 $• 

G. The Detection System 

The fluorescence radiation, observed at right angles to 

the exciting beam, was separated into its components with a 

1/2-meter Jarrell Ash scanning spectrometer, and detected by 

an EMI 6256 S photomultiplier tube, a Vidar 240 voltage-to- 

frequency converter (operating in the current mode) and an 

Ortec 431 Timer-scaler with preamplifier. The total inten¬ 

sity of a line was determined by scanning at constant rate 

(10 A/min.) a 7 1 interval centered on that line. The Vidar 

produced a frequency proportional to the instantaneous output 

current of the photomultiplier tube so that the scaler gave 

the total integrated intensity of a line. Prom the intensity 

of each line was subtracted a number representing background 

and noise. This figure was obtained by performing the scans 

at room temperature with all other conditions unchanged. At 

20°C, the vapor pressure of Na is of the order of 10-,J Torr20, 

so that the fluorescence signal was decreased by over four 

orders of magnitude. Ten scans of each line were taken at 

each pressure point/and the results averaged. These numbers 

were consistent to within ± 1.2 $„25 Signal to noise for D, 

ranged from better than 30 si at zero buffer gas pressure to 



FIG. 3 a. ATTAR ATUS DIAGRAM. 
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12 si at 10 Torr. The figures for D£ are 40 tl and 18;1. 

Do Pressure Measurements 

A CYC type GM-100 A McLeod Gauge was used to measure the 

buffer gas pressure before and after each series of ten scans. 

The two pressure measurements agreed within ± 1 The ab¬ 

solute accuracy of the gauge is taken to be ± 5 fo. Linde 

bulb nitrogen of 99°997 % purity was used as the buffer gas, 

and was leaked into the system in steps by a. double stopcock 

arrangement. Measurements were taken proceeding from lower 

to higher pressures except below about 2 Torr, where a large 

number of points were obtained by a series of partial evacu¬ 

ations of the system. The system was evacuated to better 

than 10 Torr and liquid air cold traps were provided for 

both the cell and the McLeod Gauge before the start of each 

run o 



XV. Results 

A. Data Analysis 

Before the mixing cross section can be computed the val¬ 

ue of the quenching cross section must be determined. A plot 

of Q vs. N(p) for a particular run is shown in figure 4. 

From this plot could be determined using eq'. (17), but 

a more satisfactory way is to plot l/Q, vs. N(p) and obtain a 

straight line fit by the method of least squares as in fig¬ 

ure 5» According to eq. (l8), the quenching cross section 

Oq is given by the slope of the line multiplied by A/v. 

The average of three runs is <7Q = (44.0 ±8.4) x 10~^cm2. 

Using (T^ , we may calculate the new effective transi¬ 

tion probability A' as a function of buffer gas pressure. 

This is done in figure 6. It can be seen that A’ increases 

by almost a factor of three in the pressure range from zero 

to 10 Torr. Finally, we are able to find by means of 

eq. (11), which is applied to each data point separately. 

The results' are shown in table 1. 

B. Discussion of the Results 

The quoted result for ;the quenching cross section repre¬ 

sents the average of three consistent experimental runs. In 

only one run, however, could an acceptable mixing cross sec¬ 

tion be computed. For the case of R„ =1.75, the nearness of 

this number to 2K = 1.88 (the high pressure limit of ng/nf) 

precluded the calculation of 0^ . The change of n2/n, for 
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FIG. 4 Q Vs N(-ps) 
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FIG. 6. A! VS. A/2 PRESSURE. 



21 

FIG. 7. VARIATION OF D-LINE INTENSITY 

RATIO WITH NZ TRESSURE. 
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Pressure N(p) n2/nf A J 

^Zl 

(Torr) / -S \ (cm ) (sec) (cm2) 

0.35 1.24 x 10'W 1.379 0.674 X 10* 20.1 x 10“ 

0.37 1.32 1.399 O.676 31.0 

0.74 2.62 1.394 0.722 15.0 

1.08 3.82 1.442 O.763 23.6 

1.17 4.14 1.464 0.771 28.5 

1.32 4.67 1.466 0.793 26.5 

1.59 5-63 1.468 0.828 23.5 

2.03 7.19 1.482 0.883 22.6 

2.85 10.09 1.495 0.986 20.3 

3° 69 13.06 1.511 1.091 20.1 

4.50 15.93 1.526 1.192 20,4 

5»34 18.90 1-531 1.298 19-5 

6.20 21.95 1.547 1.403 20.7 

7.05 24.96 1.556 1.511 21.0 

7-86 27.82 1.550 1.612 19.2 

8.70 30.08 1.5^9 1.908 20.3 

Average t \ [22.0 ±,3.9) x 10'* cm* 

Table 1. Determination of *Tj?j . 
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pressures of up to 10 Torr was obscured by experimental flux- 

uatlons since the value 1.75 represents 93 % of total mixing. 
The Na lamp giving Re = 2.70 gave a large value to , and 

one which increased very rapidly with pressure. As seen 

from the right member of eq. {11), the denominator becomes 

quite small at high pressures so that a small systematic er¬ 

ror could lead to the described result. In fact, if all 

measurements of n2/n, are arbitrarily increased by 15 %, 
eq. (ll) gives a cross section which is quite constant with 

pressure. Of course, this value for 0^ is not considered 

reliable. The one useful determination of the mixing cross 

section resulted from the use of a lamp giving Ra =1.35. 

As shown in table 1, the calculated values of <5a; are quite 

consistent above about 2 Torr. At low pressures, the numera¬ 

tor of eq. (ll) is quite small so that the calculation is 

again very sensitive to experimental variations. 

C. Experimental Errors 

The errors in this experiment are of two kinds? statis¬ 

tical errors and systematic errors. The systematic errors 

are due to such things as inaccuracies in pieces of appara¬ 

tus, and variations in time of temperature or lamp output. 

Table 2 gives a summary of the experimental errors. 

D. The Total Inelastic Cross Section 

Equation (2), the rate equation for the 2P3^ state shows 

the rate of change of population density to be a production 



24 

Statistical Errors; 

Quenching cross section....... .± 15 $ 

Mixing cross section.    ,± 18 

Systematic Errors : 

Uncertainty in A   ± 3 $ 

Uncertainty in T   ± 1 $ 

Uncertainty in v   ....... ± 0.5 % 

Uncertainty in N.    ± 5 $ 

Variation in Na vapor pressure........± 9 fo 

Variation in Na lamp intensity ±, 5 $ 

Uncertainty in G£f due to 

uncertainty in ...............± 4 $ 

Total systematic error, Qq ...........± 12 % 

Total systematic error,      .± 12 % 

Total uncertainty, <JQ   ± 19$ 

Total uncertainty, (J^}     ± 22 $ 

Table 2. Experimental Errors. 



rate (first two terms) minus a loss rate (last three terms). 

The third and fifth terms are due to inelastic collision so 

that one may write for the loss rate L due to inelastic col¬ 

lisions i 

L, — /V\ZI\JQ~Z] v -f^A/ 'xr (19) 

= A/ vT2 y (20) 
where = (T^i + is the total effective inelastic col¬ 

lision cross section. For the 2Py state we have the result 

^Tl = ^2. + ^ ° Hence it is this total inelastic cross sec¬ 

tion which is the important parameter in the comparison of 

cross sections. 

If we consider the Na (2Py2) + N2 system as an unstable 

quasi-molecule, there are three distinct modes of decay, as 

shown in figure 8. The cross sections ^ and <7^ are pro¬ 

portional to the transition probabilities and A^, respec¬ 

tively, so that Acj/A^ = ®Q/$ZI • or<3er to find the life¬ 

time of the quasi-molecule it is necessary to find both the 

elastic cross section and the proportionality constant re¬ 

lating it to kE. 

E. Comparison with Other Work 

Table 3 shows no Na-N2 mixing cross section other than 

the one determined here. Although Lochte-Holtgreven"^ pre¬ 

sented plots of the variation of the D-line ratio with pres¬ 

sure, attempts to extract a meaningful cross section from his 

data were unsuccessful. The mixing cross section for the 
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F 4J- 

FIG. 8. THE QUASI-MOLECULE 
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Collision (fX / (cm2) 
Pair 

Na-N£ (22.0 ± 4.8) x lo”' 

Na-Na 
(540°K) (96 + 5-3) 

Na-He (41.1 ± 2.9) 

Na-Ne (36.1 2.5) 

Na-Ar (64.6 ± 5.2) 

Na-Kr (68.2 ± 5*5) 

Na-Xe (61.8 ± 4.9) 

Cs-N2 (16.2 ± 1.6) 

Cs-Nz (29.6 ± 4.4) 

(TJg. (cm2-) Reference 

(41.4 ± 9.1) x 10"/6 Thi s work 

(140 ± 15) 6 

7 

7 

7 

7 

7 

(3.6 ± o.4) 17 

(6.5 ±!1.0) 17 

Table 3* Various Mixing Cross Sections. 
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CS-N£ collision is about 25 $ smaller than that for Na-N2. 

-1 
A E for Cs is 554 cm , nearly 33 times larger than that for 

Na. It is presumed that this extra energy (<^2 kT) is as¬ 

sumed by the rotational levels of N2. The Cs-H2 system has 

a O2.S 35 % greater than that for Na”N2. This may be due to 

the much greater relative speed of Hg. It is seen that OJ^ 

Is much less for Cs-Ng and Cs-E^ than for Na-N2. This is 

expected since the Boltzmann factor for the Cs splitting is 

only 0.14. It might also be mentioned that due to this large 

splitting in Cs, direct measurement could be made on each 

D-line component. The Na-inert gas mixing cross sections 

are consistently greater than those for Na-N2. However, their 

corresponding total inelastic cross sections are comparable, 

especially for the heavier of the inert gases. 

Table 4 shows that the determined value of is In 

agreement with three of the four other values quoted. N2 is 

an even more efficient quencher of Cs than it is of Na. Part 

of this is due to a better resonance between the N2 vibra¬ 

tional levels and the Cs P states, but this energy resonance 

17 is not the only consideration, since it predicts the largest 

cross section to be for Cs-H2. In fact, this is the 

smallest. Still it offers a good reason for the very small 

Na-He quenching cross section. 



29 

Collision Pair <J\ (cm2) Reference 

Na-Njj (44.0 ± b.4) x 10“/6 This work 

Na-Nz 43 15 

Na-Ng, 48 26 

Na-N2 36.3 21 

Na-N^ 24.9 27 

Na-Hg. 15-7 27 

Cs -N^ fe0) (63.5 ± 6.4) 17 

CS~N2 (pjo) (55.2 ± 5»5) 17 

Cs-H 2.fe) (6.5 ± 1.0) 17 

CS-H2 («;„) (11.7 ± 1.8) 17 

Na-Ne 0.34 15 

Table 4. Various Quenching Cross Sections 
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V. Further Work 

The Na-N^ system could be studied further in order to 

obtain the lifetimes of the quasi-molecules, as discussed in 

section IV-D. For this the absolute magnitudes of n2 and 

n, are needed. This entails absolute measurement of the in¬ 

tensity of each component of the exciting resonance light 

before and after it enters the fluorescence cell. 

From a study of the whole class of alkali-N^ collisions, 

one hopes to obtain an idea of the type of interaction in¬ 

volved. Cross sections predicted from various interactions 

would be compared with the experimental values. 
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