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Pressure Effects of Foreign Gases on the Sodium D-Lines
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The efFects of foreign gases (A, N2 and H2) on the D-lines
of Na have been studied by means of a steel absorption
chamber, in which the Na-vapor pressure is kept low while
the foreign gas pressure varies between 0 and 17 atmos-
pheres. Temperatures were such that true line contours
could be photographed and photometrically evaluated.
Results are: (1) The red shift of the absorption maximum
varies linearly with the density of the perturbing gas.

(2) Study of the line contours reveals marked asymmetries,
most pronounced near the base. Asymmetries are to the
red in case of A and N2, slightly to the blue for H~. (3) Both
D-lines show the same broadening and shift. (4) The e8ects
can be accounted for theoretically by assuming a distance
of closest approach between excited Na and the foreign
gas molecules of about 9A. Quantitative results are sum-
marized in Table I.

INTRODUCTION

' 'N studying the shape and position of spectral
' ' lines emitted or absorbed by an atom which
is not in an isolated state, two conditions should
be clearly distinguished: the optically active
atom may be under the inHuence of perturbing
neighbors of its own kind, or it may be perturbed
by a foreign gas. Experimentally, very strong
broadening and small shifts in the position of the
lines are characteristic of the first named eRect,
while perturbation by foreign gases always
produces relatively smaller broadening and
larger shifts. The quantum mechanical forces
responsible for the first eRect are due to "reso-
nance"; in the second case it is mainly the
mechanism of nonstatic polarization which
provides the forces of interaction, as was shown
in an earlier paper' by one of the authors. Be-
1!eving that theory at present furnishes more
definite guidance in an experimental study of
the eRect due to foreign gases than it does in
connection with resonance broadening, we have
devoted this investigation entirely to the former
problem. Absorption lines are chosen in prefer-
ence to emission lines, of course, because of the
difficulties attending the precise determination
of the thermodynamic state in which emission
occurs.

Much of the earlier work on problems similar
to this was done with the main object of deter-
mining the number of resonators" absorbing

' H. Margenau, Phys. Rev. 40, 387 (1932).

the line in question (f-values). ' ' For this
purpose, the exact position and the details of
the shape of the line are inessential and have
not been determined with great precision.
Fuchtbauer and Schell4 have measured the
absorption of the D-lines in nitrogen and com-
pared their results with the theory of Lorentz,
which does not explain the most interesting and
important features of the phenomenon, namely
the asymmetries and the shifts. They also
worked in a very limited pressure range, not
exceeding 2 atmospheres. Minkowski' obtained
some interesting data on the shape of the D-lines
perturbed by a large number of foreign gases
from which the asymmetry of the lines is
especially apparent. He finds that all gases
except H2 and He broaden predominantly
toward the red, while the latter two produce
noticeable blue asymmetries. Theory leads one
to expect a shift toward the red in all these
cases; hence there arises the question as to
whether, in the case of H2 and He, a blue
asymmetry is coupled with a red shift. This will

be verified presently, and a qualitative explana-
tion will be given. Minkowski's measurements do
not expose, however, the true contour of the
absorption lines, for their centers were com-
pletely absorbed. His pressures are confined to

~ C. FQchtbauer and Hofmann, Ann. d. Physik 43, 96
(1914). (Work on Cs-lines. )

3 H. Bartels, Ann. d. Physik 65, 143 (1921). (Cs-lines. )
4 Fuchtbauer and Schell, Phys. Zeits. 14, 1164 (1913).
5 R. Minkowski, Zeits. f. Physik 55, 16 (1929).
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values below one atmosphere. This pressure
range was also studied by Korff, ' who used H2
and He as perturbing gases.

Further papers deal more specifically with
the effect of foreign gases on the integrated
(total) absorption and demonstrate the existence
of quenching. Different gases behave differently
in reducing the total absorbed intensities, as was
shown by Stuart, ~ Kunze' and others.

Very careful arid significant measurements
were made by Fuchtbauer, Joos a.nd Dinkelacker'
ten years ago. They observed the contours of the
absorption curves for Hg 2537 in their entirety
and produced an interesting set of data, suitable
as a basis for theoretical analysis. Besides deter-
mining shift and half width, they also showed
the quenching effect of several foreign gases.
Their findings were first discussed from a
theoretical point of view in reference one and
proved to be in substantial agreement with
current notions of intermolecular forces.

Meanwhile a complex of theories on the
broadening of spectral lines has been developed.
Confining attention only to those theories which
have a direct bearing on the specific problem at
hand, two principal methods of calculation
appear to be prevalent. The first proceeds on
the basis of an analysis of the potential energy
curves" representing the interaction between the
active atom and its perturber. This method
permits one, by applying the Franck-Condon
principle together with statistical considerations,
to account for the main experimental re-
sults" " " In the first of these papers, an
evaluation of the intermolecular forces here
encountered in terms of dispersion f-values was
also given. The alternative mode of approach" "
considers the active atom as absorbing continu-
ously, but with a varying frequency which

6 S. A. Korff, Astrophys. J. 76, 124 (1932).
7 H. A. Stuart, Zeits. f. Physik 32, 262 (1925).

P. Kunze, Ann. d. Physik 8, 500 (1931).
~ C. Fuchtbauer, G. Joos and O. Dinkelacker, Ann. d.

Physik 71, 204 (1923).
"First suggested qualitatively by Jablonski, Zeits. f.

Physik 70, 723 (1931).
"H. Margenau, Phys. Rev. 40, 387 (1932).
'2 M. Kulp, Zeits. f. Physik 79 (1932).
"H. Margenau, Phys. Rev. 43, 199 {1933).
'4 V. Weisskopf, Zeits. f. Physik 75, 287; 77, 398 (1932).
' W. Lenz, Zeits. f. Physik 80, 423 (1933).

depends on the distance of the perturbers. The
calculation is then a Fourier analysis of the
electric moment of the atom, written as a func-
tion of the time. The former point of view leads
to results capable at least of rough quantitative
comparison with experiment and places emphasis
on the main experimental features: shift and
asymmetry of the lines. While our experimental
results are independent of any chosen inter-
pretation, the former method of reasoning will
be employed in their discussion. It turns out that
none of the observed features are contradictory
to the basic assumptions of references 11 and 13.

To be of aid to any theory, the experimental
data on pressure broadening must include
observations on the entire absorption contour,
which requires an adjustment of foreign gas
pressure and temperature of absorbing gas for
every exposure. The lines of an alkali metal
were chosen for this investigation because both
broadening and shift could be expected theoretic-
ally to be larger than for most other substances,
which is verified. It seemed interesting, further-
more, to find out whether the two components
of the Na-doublet suRer equal pressure. effects or
not. Fina11y, it remained to be seen what forces
between the excited Na-atom and the gas
molecule, together with the simple model used
in references 11 and 13; would have to be
assumed to account for the observed shifts and
line contours. The interpretation also leads to an
approximate value for the distance of closest
approach between the excited Na-atom and the
foreign molecule. Measurements at pressures
greater than atmospheric appeared necessary to
increase the accuracy of measurement. High
pressures do not invalidate the application of
theory in any essential way, for one can easily
convince himself that the molecular forces even
at the highest pressures used in this work remain
approximately additive. An experimental veri-
fication of this assumption may be seen in the
absence of departures from the linear dependence
of shift and width on densities.

EXPERIMENTAL PROCEDURE

The absorption tube used in these experiments
was a steel pipe 33 inches long, 18 inches outside
diameter and with a 1 inch bore. Glass windows
1 cm thick were held on the ends by means of
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overlapping nuts of —,', inch steel threaded on to
the tube. Considerable trouble was experienced
in constructing gaskets which would continue to
be pressure-tight after the absorption tube had
been heated to 200'C and then cooled. This
difficulty was almost completely overcome by
the use of lead rings» inch in thickness, their
lateral expansion when compressed being hin-
dered by short sections of thin-walled steel
tubing which fitted tightly into the main tube
and the end-nuts. An opening near one end,
closed by a nut with a piece of annealed copper
for a gasket, served for the introduction of the
sodium. A side tube near the other end con-
nected to the nitrogen, argon, or hydrogen
tank, the vacuum pump, and the pressure gauge.
The latter read to 200 lbs. full-scale and was
carefully calibrated. The absorption tube could
be kept at any desired temperature by means of
a three-section electric furnace somewhat longer
than the tube. A thermometer was placed in each
section of the furnace.

In preparation for the taking of the spectro-
grams the apparatus was first evacuated and the
tube heated with a blow-torch to free it of water
vapor. The gas being used was then allowed to
stream in slowly through a heated coil of copper
tubing filled with copper filings. When atmo-
spheric pressure was reached, metallic sodium
was introduced into the tube through the small

opening from which the gas was escaping all the
while. In this way the pieces of sodium were but
slightly oxidized on the surface. Next the tube
was again evacuated, heated with the blow-
torch until the sodium boiled, and then tipped
so that the clean liquid sodium ran down its
entire length. Gas was then admitted. through
the hot copper tube to atmospheric pressure, the
valve to the vacuum pump closed, the furnace
adjusted around the tube, and its temperature
raised to about 200'C. Under these conditions
the sodium vapor was so dense as to cause the
D-lines to be very completely absorbed. The tube
was then slowly filled with the foreign gas to a
pressure of 200 lbs. /in. ' as read on the gauge.
After taking the spectrogram at this highest
pressure, the gas pressure and temperature were
reduced and other spectrograms were taken at
convenient pressure intervals. At each pressure
the temperature of the furnace was adjusted so

that the absorption was less than total in the
center of the D-lines in order that true line con-
tours would be registered. With practice this
adjustment could be checked by visual inspection
of the lines.

A Pointolite lamp served as the source of
continuous spectrum, a single lens being em-

ployed to produce a much-enlarged image of the
tungsten bead on the slit of the spectrograph.
The latter was a 21-foot concave grating in a
stigmatic mounting giving a dispersion of 2.25A
per mm at 5890A in the second order. The
exposure times varied from 6 to 10 minutes. On
each plate exposures of a half and a quarter of
this time, all other variables being held constant,
were placed as blackening marks for the purpose
of calibrating the density gradations in the
absorption lines. Both Eastman Hypersensitive
Panchromatic and Eastman Type 4-D plates
were used. The former were found to have a
longer linear section for the density vs. log (It)
curve and a lower threshold, thus necessitating
but little correctic n to the microphotometer
trace to get the true absorption curve, but their
large plate grain proved troublesome. We there-
fore adopted the type 4-0 emulsion together with
a borax developer, the combination giving a very
small plate grain. A more detailed determination
of the characteristic curve of these plates, how-
ever, showed them to require care in calibrating
the microphotometer deflections. A neon spec-
trum was superposed on a portion of the main
exposure on each plate as a comparison. Ne has
two lines 5881.896A and 5902.475A, one on either
side of the D-lines which serve as convenient
standards. Finally, on each spectrogram a fine
scratch was drawn parallel to the spectral lines
between the two Na lines, and its "wave-length"
determined with the comparator by reference to
the Ne standard lines, to serve as an additional
reference point on the microphotometer traces.

Each spectrogram was run through a Koch-
Goos recording microphotometer using the 1:40
ratio to give the maximum enlargement. Because
of this enlargement two traces were necessary
for each spectrogram, one covering the 5881 Ne
line, the Dp absorption band and the scratch
above referred to, the other recording the region
from the 5902 Ne line through the D~ absorption
band to about the center of the D~ band. In
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FIG. 1. Microphotometer traces of D2 broadened by argon. 5mcll peak: trace for an argon pressure of 1.85
atm. ; large Peak: trace for a pressure of 17.8 atm. Reference line (Ne, ) 5881.896), exactly superposed on the two traces,
appears on extreme left. (Lower trace is slightly out of focus in the reproduction. )

addition the deflections of the microphotometer
for the three blackening marks and for the clear
portion of each plate were recorded. To illustrate
the character of the microphotometer curves
obtained, we give in Fig. 1 a superposition of
two traces of the D2 line perturbed by argon at
relative densities d (cf. below) of 1.21 and 9.16,
respectively. The large shift of the maximum of
absorption to longer wave-length and the
marked asymmetry of the absorption curve for
the higher density of argon are to be noted.

For the computation a trace of each micro-
photometer curve was made on millimeter
cross-section paper, smoothing out of course the
slight irregularities due to plate grain. In each
instance where necessary this curve was trans-
formed into a true absorption intensity curve
by means of the known photographic density
curve. The wave-length dispersion on each of
these traces being known from the interval
between the peaks due to the two reference
standards, the wave-length of the maximum of
the absorption for each D-line was computed by
interpolation. Drawing the base line beneath
each absorption maximum for the position of
the trace if no absorption were present, the
levels for one-half and for one-quarter of the
interval to the absorption peak were marked, the
widths of the absorption band at these two
points determined in millimeters, and the con-
version to wave numbers made. These last
measurements are the half-widths and quarter-
widths referred to below. Since at the highest
densities of the foreign gases the absorption on
the red side of the D2-line is beginning to merge
w'ith the blue side of the D~-line, allowance for
this overlapping was necessary in order to get
the true line-widths.

EXPERIMENTAL RESULTS

It is clear that the eRect of the foreign gases
does not depend on their pressure, but on their
concentration. A convenient unit of the concen-
tration is the density of the amount of per-
turbing gas used in the experiment at O'C and
1 atm. The density measured in this unit will
be called "relative density. "To convert pressures
as read on the gauge into relative densities, two
corrections had to be applied. First, because the
gauge was slightly above room temperature with
the gas in the absorption tube at approximately
200'C, account had to be taken of thermal
transpiration. If the perturbing gas were ideal
and equilibrium existed, this could be done by
use of the simple formula: P~/P~ = (Tq/'T2) *',

where I'~ and T~ are pressure and temperature
in the absorption tube, I'2 and T~ refer to the
gauge. To test this relation, the tube was filled
at room temperature and a reading of the
pressure taken. After heating the tube the
pressure was read again on the cool gauge, and
finally the initial temperature was restored to
insure that no leak had occurred. In this way the
validity of the above relation was verified to
within the experimental errors of pressure and
temperature measurements, and the formula
applied thereafter. The second step involved the
reduction to density at O'C and was made by
means of van der Waals equation —although,
except for the highest pressures, the deviation
from the law for perfect gases is inappreciable.

The results indicate clearly that the two D-
lines behave alike with respect to shift, width and
asymmetry, as was concluded on theoretical
grounds. " The shift, plotted against relative
densities in Figs. 2 and 3, is seen to be propor-
tional to the density of the perturbing gas, as
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Fzc. 2. Wave-length of maximum of D& vs. relative density FIG. 4. Half widths (averages for D1 and D2) vs. relative
of perturbing gas. density of perturbing gas.

0 z ce'~ y

FIG. 3. Wave-length of maximum of D2 vs. relative density
of perturbing gas.

FIG. S. Solid curve: Absorption contour of D1 broadened
by 17.8 atm. of argon pressure, Dashed curve: Correspond-
ing theoretical curve.

was found by Fuchtbauer and his collaborators
for the Hg line. A11 shifts are to the red. Regard-
ing the unperturbed position of the D-lines it
may be noted that the values plotted in Figs.
2 and 3 are slightly different from those given

by Wood and Fortrat" (5889.933 and 5895.917A
as against W. and F.'s 5889.963 and 5895.930A).
Nevertheless our unshifted wave-lengths fall in

line with the other points of the diagram dis-

tinctly better than do those of Wood and
Fortrat. It may be, therefore, that a small
constant error affects the absolute values of all

the wave-lengths plotted in the figures. In
Fiichtbauer's' experiment, the shift of the Hg-
line was about 0.126 cm ' per unit relative
density of argon; the corresponding displacement
for the Na-lines is 0.196 cm '. Because of the
longer wave-length of the Na-lines, this makes
the measured wave-length shift for the Na-lines
more than 8 times as large as that for Hg, which

16 R. W. Wood and R. Fortrat, Astrophys. J. 43, 73

(&9&6).

increases considerably the accuracy of measure-
ment. An upper limit for the pressures used was
set by the incipient overlapping of the D-lines.
At 18 atmospheres, this became so strong that
correct. ons became necessary, indicating the
futility of continuing to greater densities,
although this was originally planned.

The exact shape of the broadened lines is
exhibited in Fig. 1 (uncorrected for plate charac-
teristic) and Fig. 5 (solid curve, representing the
absorption coefficient, i.e. , const. &&log (absorbed
intensity)) as a function of the wave number.
In the case of N& and A, the asymmetries to the
red are very pronounced; they grow especially
strong near the base of the line. H2 produces a
slight but unmistakable asymmetry to the blue.
Following the usual convention, we have chosen
the "half width" to convey a measure of the
broadening produced by the different gases.
Half width is defined as the wave number or
wave-length interval in which the absorption
coe%cient is equal to or greater than one-half
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TABLE I.

A
N2
Hg

b,X/d
Dg D2

0.068A 0.068A
0.061A 0.059A
0.051A 0.052A

0.196 cm ~

0.173 cm '
0.148 cm ~

0.57 cm '
0.39 cm '
0.65 cm '

its maximum value. In Fig. 4, these half widths
are plotted against relative densities. Since the
corresponding values for Dj and D2 were found
to be equal within the error of their determina-
tion, separate graphs for the two lines were
thought unnecessary, hence the average half
width was plotted in all cases. The best curves
through the experimental points are straight lines.

To give an indication of the asyrnmetries, the
ratio of the red "half" to the blue "half" of the
half widths should be given. By these terms ~e
wish to designate the two portions of the half
width range on the two sides of the maximum.
The ratio begins, as might be expected, with the
value 1 at zero densities and grows to 1.3 and
1.45, respectively for N& and, A at the highest
pressures used in this experiment; for H2 it
falls to 0.96. Hydrogen, though producing the
smallest shift, broadens most effectively in toto.
It appears, however, that the broadening on the
red side of the line alone maintains with respect
to N2 and A the same order as the shift. The
large line width in tile case of H2 is best thought
of as produced by additional broadening to the
blue. A possible theoretical interpretation of this
phenomenon will be considered later.

Comparing our results again with those of
Fuchtbauer, Joos and Dinkelacker on the Hg-
line, we find that the D-lines are broadened by
a given gas almost twice as strongly as is the
Hg-line (using as a measure the half width
intervals in wave numbers). Table I contains a
summary of our data. 6)/d represents the shift
of the line per unit relative density in A, Av/d
the average of this shift for the 2 D-lines, ex-
pressed in wave numbers, and Dv~~~/d is the
half width of the lines per unit relative density
of the corresponding gas. The numbers are
simply the slopes of the lines in Figs. 2 to 4.
The variation of the total absorption (J'(nz)dv)
was not investigated because it depends very
critically on the number of Na atoms within the
absorption tube. This was difficult to determine

since deviations from exact equilibrium between
Na-vapor and liquid in the large volume of our
tube at high pressures may well be expected to
occur.

THEORETICAL DISCUSSION OF RESULTS

Various assumptions have been made in the
literature about the actual shape of pressure
broadened lines. Among the simplest possible
theoretical contours are the "dispersion" curve
and the error curve. The asymmetries demon-
strate, of course, that neither assumption is
correct. Nevertheless it might be possible to
characterize the general trend of the absorption
contour by one of these two simple types; in fact
this procedure has been largely followed by
experimental investigators who, in stating line
widths, assumed the line to be a simple dispersion
curve in accordance with Lorentz' theory of
broadening. This hypothesis is capable of being
tested simply. Let us call the wave number
range in which the absorption coefficient is equal
to or larger than —', of its maximum value, the
quarter width of the line, and denote it by Av~~4.

Then the ratio Av~/4/Av~/2 is a simple charac-
teristic for each of the two simple types of curve
just mentioned. Experiment, too, gives a value
for this ratio which is essentially independent not
only of the density used (quarter widths are
roughly proportional to the relative densities in
our experiment) but even of the broadening gas.
The values of this ratio were found to be 1.61,
1.59, 1.65, respectively, for A, N& and H&.—The
dispersion curve has the form (co is angular
frequency):

it gives a half width Ace& /21/r, and a quarter
width Ace& 4=/3l/r Hence A~.&/4/Aa&J/2 3'*=1.73.
On the other hand, an error function

I(co) =const. e &" "0&" '

has a half width Ace&/2=@(log 2)' and a quarter
width Ace&/4 =a(log 4)', yielding a ratio. Ace~/4/A&a~/2

=2'=1.41. The experimental ratio lies between
these two values, indicating that neither assump-
tion is strictly correct, even if asymmetries are
disregarded.

A feature worthy of explicit mention is
apparent from Fig. 1. The intensity in the high
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density curve at the point which corresponds to
the maximum of the undisplaced line is sur-
prisingly small. The effect of foreign pressures is
not adequately described by referring to it as
unsymmetrical broadening; the outstanding
characteristic seems to be a very real displace-
ment of the line. We feel, therefore, that any
theory designed primarily to account for the
broadening, and compelled afterwards to correct
for asymmetries and displacements, misses the
central part of the phenomenon. In the sub-
sequent discussion we shall make use of the
theoretical considerations proposed in the other
papers, ""which are free from this objection,
and analyze the effect of argon on the D-lines in
somewhat greater detail.

Following the reasoning in reference 13,we have
attempted to 6t the expression given in Eq. (17)of
that paper to the experimental contour of the D-
lines perturbed by 17.8 atmospheres of argon at
a. temperature of 250'C (relative density =9.16).
The result is given in Fig. 5, where the solid line
represents the experimental curve, the dashed
line being Eq. (17), with R~ ——8.5A and P =345.
This choice of constants produced the correct
shift as well as the correct half width. The
graphical evaluation of the theoretical curve is
somewhat tedious, and it might be that a slightly
different choice would have given a better fit.
But the imperfection of the model (cf. below)
used in the calculation would render further
numerical refinement meaningless. R~ is to be
interpreted as the distance of closest approach
between an excited Na-atom and the (unexcited)
A-atom. The meaning of P is this: if the inter-
action energy between a normal Na-atom and an
A-atom is given by a/R8, where R is—the
distance between the two measured in A-units
(higher powers in 1/R are neglected!), and the
corresponding energy between an excited Na-
atom (3 'P-state) and A is —b/R' P=b —a
The value of P here obtained is about twice as
great as that found by the use of f-values as
outlined in reference j.3, but a reasonable change
in the choice of f's would remove the dis-
crepancy.

An application of these simple notions to the
interaction between a Na-atom and an N2-

molecule is probably more risky. It leads to a
value between 9 and 10A for R~.

The meaning of the discrepancies in Fig. 5 is
best understood if reference is made to the
diagram in Fig. 6. Curve c gives the qualitative

FIG. 6. Qualitative interaction curves demonstrating the
mechanism of broadening and shift.

trend of the interaction energies between normal
Na and a foreign gas atom or molecule as a
function of the distance of separation, while
curves u or b refer to an excited Na-atom. In the
calculation, the upper curves have been replaced
for simplicity by the dotted one, which rises
vertically at R&. Hence in the simplified model,
only transitions to the right of R& can occur, all
of which have smaller energies than 0., the
transition at an infinite separation. The model
can therefore not account for blue broadening.
It also magnifies the extreme red transitions by
inserting the shaded area into the diagram, which
explains the divergence at the red end in Fig. 5.
The relatively small blue broadening apparent
in the experimental contours we wish to ascribe
to transitions occurring to the left of R~„like y.

For A and N2 the upper curve is probably
similar to a, while it is not unlikely that H2
corresponds more nearly to b. For H2, therefore,
our model is particularly inadequate. The situ-
ation is then approximately this: Since the aver-
age of all possible transitions has a frequency
smaller than 0., the center of gravity of the
broadened line is displaced to the red. Never-
theless, the distribution of frequencies within the
broadened line may well be nearly symmetrical
if sufficient weight is assigned to the transitions
of type 8; or if the latter are particularly strong
(the Boltzmann factor would render transitions
at small values of R relatively more numerous)
there can be a blue asymmetry superimposed on
a red shift.




