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(Received December 26, 1956) 

The intensity ratio DdDl for the sodium doublet has been measured for radiation from excited sodium 
atoms which result from the optical dissociation of sodium iodide vapor by ultraviolet light in the 
2082~2500 A region. With shorter wavelength ultraviolet light as exciting source, the D2/ D, ratio is 0.98 
and increases to above 1.5 with longer exciting wavelengths. Addition of foreign gases cause the observed 
D2/D 1 ratio to increase to 1.89 for large foreign gas pressure. Cross sections for the transfer of excited sodium 
atoms from the 32Pt to the 32Pl state and vice versa due to collisions with foreign molecules have been 
measured as they depend on the relative velocity between excited sodium atom and foreign molecule. The 
Doppler broadening of the separate D lines emitted in the atomic fluorescence of sodium iodide has been 
estimated from .absorption measurements. Both lines show equal broadening within the experimental error 
of the observatIOns. Measurements were made with a photomultiplier tube. The sodium doublet was re
solved with a reflection grating monochromator. 

I. INTRODUCTION 

T HE fluorescence of Na atoms resulting from the 
optical dissociation of sodium iodide has been 

studied by several investigators.1- 6 This study is con
cerned with the ratio of the D2 and Dl spectral lines 
excited in the atomic fluorescence. This ratio is found 
to depend on the energy of the ultraviolet photon which 
dissociates the sodium iodide molecule and excites the 
sodium atom. The cross sections in collision with vari
ous gas molecules for transfer of excited sodium atoms 
from the 32P! state to the 32Pi state and the reverse 
as they depend on the velocity of the sodium atoms have 
also been measured. Previous studies of the transfer by 
collision with foreign molecules between the upper states 
of the D lines have been made by Wood7•8 and Lochte
Holtgreven.9 The effects of Doppler broadening of the 
D2 and D1lines were measured to discover whether there 
is a significant difference of velocity of dissociation 
for the excited sodium atoms in the 32Pt and 32P, states 
respectively. The Doppler broadening due to velocity of 
dissociation of the unresolved D lines in atomic fluores
cence has previously be investigated by Hogness and 
Franck.2 

II. EXPERIMENTAL 

The method of excitation of the atomic fluorescence 
of sodium iodide was similar to that described pre
viously.6 An evacuated vertical fused quartz tube con
taining sodium iodide was heated in an electric furnace. 

* Supported by the Office of Ordnance Research and at present 
by the U. S. Air Force under Contract No. AF 33(616)-3836. 

1 A. Terenin, Z. Physik 37, 98 (1926). 
2 T. R. Hogness and J. Franck, Z. Physik 44, 26 (1927). 
3 J. G. Winans, Z. Physik 60, 631 (1930). 
4 A. Terenin and N. Prileshajewa, Z. physik. Chern. B13, 72 

(1931). 
6 Kisilbach, Kondrat jew, and Leipunsky, Physik. Z. Sowjet-

union 2, 201 (1932). 
• H. G. Hanson, J. Chern. Phys. 23, 1391 (1955). 
7 R. W. Wood, Phil. Mag. 27, 1018 (1914). 
8 R. W. Wood and F. L. Mohler, Phys. Rev. 11, 70 (1918). 
9 W. Lochte-Holtgreven, Z. Physik 47, 362 (1928). 

The furnace and tube were made with fused quartz 
windows to allow the ultraviolet light to enter the 
region above the salt in the tube. Temperatures of 600° 
to 650°C provide sufficient vapor pressure of the 
salt so the fluorescence can be measured. Diffusion of 
the salt toward the end of the tube connected to the 
vacuum system eventually forms a porous salt plug 
which prevents further rapid sublimation of the salt. 
If the central portion of the tube where the ultraviolet 
light enters is kept hotter than the ends of the tube, 
no condensation of salt occurs on the windows. Since 
the middle of the tube is hotter than the ends, the sur
faces of the salt supply and the porous plug adjust their 
relative position in the furnace by sublimation and 
condensation until the surfaces are almost at the same 
temperature. 

The fluorescence was excited by either a water-cooled 
hydrogen arc or by a condensed spark using zinc, 
cadmium or iron electrodes. A fused quartz condensing 
lens focused a cone of ultraviolet light into the tube. 
The fluorescence, consisting of the two D lines, was 
resolved by a 500-mm focal length Bausch & Lomb 
reflection grating monochromator with a dispersion of 
16.5 A per mm. The slits were set at 0.25 mm. A cam 
arrangement allowed rapid change of setting between 
the D2 and D1lines. A 1P21 photomultiplier tube at the 
exit slit of the monochromator responds to the fluores
cent light. The amplified signal from the photomulti
plier was either displayed and photographed on an 
oscilloscope screen or recorded by an x- y recorder. 
To determine a D2 to Dl ratio for one experimental 
condition, ten to twenty recordings, depending on the 
stability of the source, were made by rapidly alternat-
ing between the D2 and Dl lines. The error due to the 
small difference in spectral sensitivity of the IP21 
photomultiplier tube for the D2 and Dl lines was con
sidered smaller than the errors due to experimental 
conditions and no correction was made for this differ
ence in spectral sensitivity. The linearity of response of 
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FIG. 1. Ratio of intensity D2/Dl of sodium D lines from atomic 
fluorescence of sodium iodide excited by Zn spark in the presence 
of different pressures of argon gas. 

the photomultiplier tube in the spectral range used and 
of the recording circuit was checked by varying the slit 
widths of the monochromator using a steady source 
and found to be well within the limit of errors set by 
the stability of the fluorescence to be measured. The 
background due to scattered light and furnace glow was 
checked by placing a glass plate in the exciting ultra
violet beam to stop the fluorescence. The background 
which remained was found to be too small to measure. 
With the salt tube cold and the ultraviolet source on, 
no signal was detected. 

The Doppler broadening effect on the D2 and Dl 
lines caused by the velocity of dissociation of the ex
cited sodium atoms was studied by measuring the ab
sorption of the two lines in passing through a tube con
taining sodium vapor. The sodium vapor pressure was 
controlled by changing the temperature of the absorp
tion tube. The ko1 values10 were kept low enough so 
that only the Doppler broadening would have an ap
preciable effect. The output of a thermocouple which 
measured the temperature of the sodium absorption 
tube was connected directly to the x- y recorder so that 
the intensities of the D2 and Dl lines after passing 

2.0 
1.9 _____________ -::. ::- __ .= ___ _ 

1.8 ::. -::.;;;.--:.--~-~.=~=~-~-'§~~=~ 

1.0 

HID -- -
Argon---

2 4 6 : 8 10 12 14 16 18 
P in mm Hg 

FIG. 2. Experimental curves of intensity ratio D2/ DI of sodium 
D lines from atomic fluorescence of sodium iodide in the presence 
of different pressures of water vapor and argon gas. Values at zero 
pressure for different sources: Zn spark 0.98, Cd spark 1.33, Fe 
spark 1.52. 

10 A. C. G. Mitchell and M. W. Zemansky, Resonance RatJ,iation 
and Excited Atoms (Cambridge University Press, Cambridge, 
England, 1934), first edition, p. 102. 

through the absorption tube could be recorded directly 
as a function of temperature of absorption cell. 

The measurements of the pressures of the argon gas 
and water vapor used in studying transfers by collision 
between the upper states of the D lines were made with 
a mercury manometer or a McLeod gauge for argon 
and by a controlled temperature bath for the water 
vapor pressure. 

III. RESULTS AND INTERPRETATION 

Figure 1 shows a typical result of the variation of the 
D 2/ Dl ratio for the atomic fluorescence of sodium 
iodide in the presence of different pressures of argon. 
With no argon gas present, the D2/ Dl ratio when ex
cited by a zinc spark was 0.98. The ratio approach 1.89 
at high pressures (200 mm Hg) of argon gas. 

Figure 2 shows the curves without experimental 
points for water vapor and for argon gas when the 
fluorescence was excited by three separate spark sources. 
The effective wavelengths of the exciting sparks were 
taken as: zinc 2082 A, cadmium 2232 A, and iron 
2400 A. From reference 6 this means that zinc and 
cadmium sources correspond to dissociative transitions 
at internuclear distances for the sodium iodide molecule 
which are less than the equilibrium internuclear dis
tance. The iron source corresponds to dissociative 
transitions at greater than equilibrium internuclear 
distance. Different trends of the upper repulsive poten
tial curve for sodium in the 32Pt or 32 Pt states together 
with the normal iodine atom are apparently responsible 
for the different D2/D1 ratios measured when no foreign 
gas was present but when the different spark sources 
were used to excite fluorescence. It is clear from the data 
tha t low excess energies of dissociation favors the 32 P; 
state for the sodium atom resulting from dissociation of 
the sodium atom by an ultraviolet photon. 

In order to calculate the cross section for transfer by 
collision with foreign molecules between the upper states 
of the two D lines reference is made to Fig. 3. For any 
steady exciting source, let N2 and Nl represent the 
number per second of sodium atoms resulting from 
dissociation entering the 32 Pi state and 32Pt state 
respectively in the volume observed. For any source 
(Zn, Cd, Fe spark)N2/Nl=Ksource. The atoms can 
leave either of the excited states by emission of a D 
line, or by collision and transfer to the other state with
out emission. Equilibrium popUlations n2 and nl will 
result for the two states as shown very shortly after the 
source of excitation is turned on. The coefficients a2 and 
al are defined as the number of expected inelastic 
collision with foreign molecules per second per excited 
sodium a tom per mm Hg of pressure of foreign gas 
present for the 32Pt and 32PI; state, respectively. T is 
the mean life of the excited states taken as being 
1.61 X 10-8 sec for both states. D2 and Dl represent the 
variable intensities (in p~otons per second for the 
volume observed) of the two D components under 
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varying pressures of foreign gas. In equilibrium, the 
number entering and leaving a state per second are 
equal. 

1 
N 2+nlalP = n2a2P+-n2, 

T 

1 
N I +n2a2P = nlaIP+-nl, 

T 

which can be written 

(1) 

K 1· S measured experimentally for each of the source 
sources with zero foreign gas pressure. (Values of Ksource 

obtained from Fig. 2 are Zn spark 0.98, Cd spark 1.33, 
and Fe spark 1.S2.) At very large pressures, it can be 
seen from Eq. (1) that 

al 
[D2/ DI]large p "'-. 

a2 

Within experimental error, the value of aI/a2 for 
both argon and water vapor as foreign gas ~nd for a.ll 
spark sources was found to al/a2= 1.89. ThIS value IS 
indicated by the dashed horizontal asymptote in Figs. 1 
and 2. The value 1.89 can be compared with the value 
2.00 for the ratio of the statistical weights of the 32Pt 
and 32Pt states. By using al = 1.89 a2, one can eliminate 
a2 from Eq. (1). The experimental value of al can then 
be determined for each experimental point of measured 
foreign gas pressure and D2/DI ratio. The average of 
these al values for each different exciting source and 
different foreign gas was used to plot the solid curves 
shown in Figs. 1 and 2 by the use of Eq. (1). 

From the definition of ai, we have alp=ZI where Zl 
is the expected number of collisions per second per atom 
in the 32Pt state that leads to transfer to the 32Pt state. 
Similarly, a2p=Z2. Let the gas kinetic expressionll 

for Zl be 
(2) 

where N F is the number of foreign molecules per cm3
, 

7ru} is the collision cross section for transfer from the 
32Pt to the 32Pt state, a is the most probable speed of 
the foreign molecules, V N a' is the most probable speed 
of the excited sodium atoms, and X = V Na.ja and 

x 
~(X)=X exp[ -X2]+(2X2+1) i exp[ -y2]dy. 

The values of VNa, were found to be the same by 
measurements of Doppler broadening for both excited 
states and were calculated from the data in reference 6 
as VNa, (Zn) = 24.3X104 cm/sec, VNa, (Cd)= 1S.9X 104 

cm/sec, and VNa, (Fe) = S.74X 104 cm/sec. The temper-

11 L. B. Loeb, The Kinetic Theory of Gases .(¥cGraw-HiIl Book 
Company, Inc., New York, 1934), second edlhon, p. 102. 

N n 'p ... 

FIG. 3. Schematic energy !!N~n::L...L T,n;:::"".::...p ...J!...:.'''Al>-=--I----r',,-,Pu, 
level diagram and transitions 
by collision and radiation for 
the D lines of sodium resulting 
from the atomic fluorescence 
of sodium iodide in the presence 
of nonquenching gas. For defi
nitions of symbols see text. 

N./N,. K 
0,' lil1) n, 

0,' (111)", 

0._ IK+I)o,1p + K 
0,- (K+ I) o(P .. 1 

ature of the fluorescence tube was 607°C. From Eqs. (1) 
and (2) and kinetic theory, we obtain 

7rUI2= 1.83XlO-20alTX/~(X), (3) 

where T is the absolut~ temperature. Values of a at 
607°C, were a(H20)=9.01X 104 cm/sec anda(A)=6.0S 
X 104 cm/sec. The values of 7rul were calculated from 
Eq. (3). 

The most probable relative speed of approach of ex
cited sodium atom and foreign molecule V R was calcu
lated. Figure 4 shows 7rU12 plotted against V R. With the 
exception of one point, the cross sections tend to de
crease with increase in V R as other quenching cross 
sections6 have been found to decrease. 

It will be seen from the foregoing that 7rU12(32Pt~ 
32P1) = 1.897rU22(32p!~32Pt). This is not in agreement 
with the estimate made in reference 10, p. 214, on the 
data taken from Lochte-Holtgreven's9 work using 
argon. Lochte-Holtgreven's measurements, however, 
were made at lower relative velocities of excited atoms 
and foreign molecules. Both the previous and present 
work give values for the cross section of the order of 
10-14 cm which corresponds to energy transfers at an 
average distance of approach of 6 A. The cross sections 
for the (32PI~32Pt) transitions are approximately two 
times as large as the quenching cross sections for the 
(32P~22S) transitions observed in previous studies.6 

A study of the Doppler broadening of the two D lines 
was made by comparing the absorption of each line in 
passing through a layer of sodium vapor. The absorp
tions were all observed at approximately the same ko1 
values (corresponding to 7 cm thickness of sodium 
vapor at 110°C) and are shown in Table 1. 

Within the experimental error, the ratio of absorption 
of the D2 to the Dl line is 2: 1 for all sources. Thus there 
can be no large difference in the individual Doppler 

FIG. 4. Transfer col
lision cross sections 
'lI'Ul2(32Pr-.32P,) for ex
cited sodium atoms from 
atomic fluorescence of 
sodium iodide as they 
depend on V R the most 
probable relative speed 
of approach of excited 
sodium atom and argon 
atom or water molecule. 

'lI'U22 (32P.--->32Pt) 
= 1/1.89 

X'lI'Ul2(32Pr->32p,). 
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TABLE I. Absorption of sodium D lines. 

Source 

Resonance radiation from Na tube at 
230°C 

Atomic fluorescence excited by H2 dis
charge tube (effective >.=2300 A) 

Atomic fluorescence excited by Zn spark 
(effective >.=2082 A) 

Absorption Absorption 
of D. of Dl 

0.23 

0.17 

0.12 

0.11 

0.085 

0.065 

broadening of the two D lines. The most probable speed 
due to optical dissociation of the excited sodium atoms 
from sodium iodide must be essentially the same in the 
32 Pi and 32 Pi states when excited by the same source. 

No great significance can be attached to the relative 

THE JOURNAL OF CHEMICAL PHYSICS 

values of absorption in Table I for different exciting 
sources. The absorption path in the sodium vapor in 
the absorption tube is very sensitive to temperature 
changes and temperature gradients. Since only com
parative values of absorption for the two D lines under 
the same absorption conditions for the same source 
were desired, no great effort was made to keep these 
conditions identical for different sources. However, 
average speeds of the excited sodium atoms calculated 
from the absorption data in Table I agree quite well 
with the dissociation speeds calculated in reference 6. 
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Tables of the free energy functions for 54 elements, each considered as an ideal monatomic gas, were 
calculated using a Los Alamos Scientific Laboratory IBM 704 computer for the temperature range 0 to 
8000oK. 

T HE steadily increasing interest in the high-tem
perature behavior of metals and alloys has made 

the need for convenient tables of the thermodynamic 
functions of the gaseous elements very great. Recently 
we have completed at Los Alamos the calculation of the 
thermodynamic properties of the 54 elements considered 
as ideal monatomic gases. This LA report! contains 
tables of the partition functions, the enthalpy, the 
entropy, the free energy function, and the specific heat 
for each element for 150 temperatures between lOOK 
and 8000°K. A short table of the harmonic oscillator 
functions is also included. 

Because of the particular interest in the free energy 
functions, we are presenting in Table I these functions 
vs T and the heat content at 25°C for each of the 54 
elements for which detailed energy levels have been 
compiled by the National Bureau of Standards,2 in
cluding those of the new Vol. III. The free energy 
functions listed are - [(PL H 0°) IT], where po is the 

* This work was supported by the U. S. Atomic Energy Com
mission. 

1 Los Alamos Scientific Laboratory Report LA-2110 (Office of 
Technical Services, U. S. Department of Commerce, Washington, 
D. C., 1957). 

2 C. E. Moore, Nat!. Bur. Standards, Circ. 467, Vol. I (1949), 
Vo!' II (1952), Vol. III (to be published 1957). 

free energy, Hoo is the heat content, and T is the abso
lute temperature. The subscript 0 means H is evaluated 
at OaK. The superscript 0 means the functions are re
ferred to the conditions of an ideal gas at one atmosphere 
pressure. The heat content function at 25°C listed is 
H298.160-Hoo. 

The calculations were performed using the methods 
described by Giauque.3 The value of R used was 1.98780 
cal mole-! deg-t, the value of hclk was 1.43880 cm deg, 
and the free energy Sackur-Tetrode constant was 
-7.28632 cal deg-1 mole-1.4 

It is realized that these physical constants are on the 
physical atomic weight scale. However, we have used 
the chemical scale molecular weights (1949), and 
298.16°K for 25°C in computing the tables. If one wishes 
to correct the present free energy values to values con
sistent with some other set of physical constants, one 
should subtract the present Sackur constant, multiply 
by the ratio of the R desired to the present R, and add 
the desired Sackur constant. Changes in hclk are harder 
to correct for, but are usually negligible for five-figure 
accuracy. 

3 W. F. Giauque, J. Am. Chern. Soc. 52, 4808 and 4816 (1930). 
4 Cohen, DuMond, Layton, and Rollett, Revs. Modern Phys. 

27,363 (1955). 
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