BROADENING OF THE POTASSIUM RESONANCE LINES
FOR HIGH PRESSURES OF A HOMOGENEOUS ABSORBING VAPOR

Thesis

by
Paul E Lloyd

In partial fulfilment of the requirements

for the degrea of Doctor of Philosophy

CALIFORNIA INSTITUTE OF TECHNOLOGY
Pasadens

1937



I

II1.

IIT.

Ve

VII.

CONTENTS
Page

ABST RACT 1

INTRODUCT ION 2

THEORY 6

1. The Problem

2 Natural Breadth

3+ Doppler Effect

4, Pressure Broadening

EXPERIMENTAL EVIDENCE 20

EXPERIMENTAL PROCEDURE 23

l. Source

2 Furnace

3, Spectrograph

4, Photographic Photometry
5. Operating Technique

REDUCTION OF OBSERVATIONS 45
l. Microphotometer

2. Comparator

3. Graphical Interpretation

4, Auxiliary Variables

RESULTS 61
1. Relative Values

2. Absolute Values

3. Some Prior Results
4, Conclusion

ACKNOWLEDGMENTS : 71
BIBLIOGRAPHY 72

APPENDIX 76



I. ABSTRACT

The shapes of the potassium resonance lines
were obtained by & direct contour method. The pres-
sures of the homogeneous absorbing vapor ranged from
.001 to 20 mm Hg. The absorption coefficient was
inversely proportional to the square of the distance
from the line center. The half-breadths: varied
linearly with the density of the absorbing atoms;
were independent of the (relative) f-value of each
line; yielded a Lorentz optical collision diameter
of 2004, No asymmetries or shifts were detected.
The experiment was made possible by the use of the

new corrosion-resistant }Mg0 windows.



IT. INTRODUCTION

The subject matter of this thesisvis concerned with the
shapes of the potassium resonance lines (AA7664.94,7699.01)
in absbrption.

Light from a continuous source transmitted by an absorp-
tion cell containing a vapor of potassium is analyzed by a
spectrograph. On the photographic plate of the spectrograph
are recorded the familiar absorption lines, the density mark-
ings of which yield the transmission I/Io* of the absorption
cell as a function of distance along the plate, 1i.c., wave-
length of light. The temperature and length of the absorbing
column must be recorded for each spectrogram,

Consider a transverse section of the absorbing column of
thickness dx, incident upon which is radiation of intensity I
(2 function of the wavelength). The decrease in intensity of
the radiation in passing through the elementary layer is

-4 = «I dx , (1)
where &, the factor of proportionzlity, 1is constant insofar as
the explicit variables of the equation are concerned. Inte-
gration over the length X of the absorbing column yields
directly

/I = & =%, (2)

*There is a considerable lack of uniformity of notation, es-
pecially as between German and American writers, In the pres-
ent paper the notation used is for the most part chosen from
that of the latter group.



where I is now the intensity of the radiation, of incident
intensity Iy, transmitted by the absorption cell.

ux is known as the "absorption coefficient ". Equation
(1) serves to define it. The verity of (2) rests upon the
assumption of constancy of « in the integration. Such an as-
sumption is inherent to our conception of the absorption pro-
cess, at least as it exists in laboratory practice. Never-
theless, an incidental purpose of the present exXperiment is
to test the dependence of the absorption coefficient upon the
length of the absorbing column.

The absorption coefficient is a function of wavelength,
and is determined as well by the conditions existing at the
absorption cell. This experiment proposes to investigate
this circumstance with (unique) emphasis upon the dependence
of ¥x on N, the number of atoms per cubic centimeter, when I
is "large".

A plot of an absorption line, the transmission I/I,
against wavelength®, is given in Fig. 1. Curve A represents
the case of small absorption, curve B that where it is moder-
ately large, i. e., practically complete at the center of the

line.

xIn theoretical developments, wave length egnters either in
circular or in frequency units, Because of ease of applica-
tion, the wavelength measure 8\ = (A=A.) where A, is the wave-
length of the central maximum, will usually be used throughout.



The corresponding absorption coefficient as determin-
ed from (2), i.c., ax = logé%/z, is plotted, ax sgainst wave-
.length, in Fig. 2.

The range over waich the fransmission I/I, of & line
may be experimentally determined with any reliability is
limited (.9>I/Iy>.1, say). 4ccordingly, only a restricted
portion of the course of the absorption coefficient is known
(elcax<2.3, say). (See E and ¥, Fig. 1 and 2).

The "half-breadth" (Y) of a line is defined as that

wavelength interval over which ax¥} (¢X)y oy Where (KX)pax

is the maximum value attained by the absorption coefficient.
For curves 4 and B, the half-breadths are indicated by the
dotted lines C and D, respectively.

It is to be noted thaet in the case of curve B, the
value of «x over the half-breadth is without the range of
direct experimental measurement.

The area under the absorption coefficient curve

determines the ZEinstein coefficient of induced absorptionl:

for, according to Tolmanz,

+ 00

Bij = (c/hANx).( ex d(8A) . (3)

- 00

This is related to the oscillator strength* (Ladenburg

xThe oscillator strength, as properly defined, is an atomic
constant. Nevertheless, some  wri ers_hav? désignated as an
f-value, a quantity which in fact (tacitly) depends upon

the influende of néighboring atoms.



f-value) by

£ = (mhe/Te A Bij . (4)
Korff end Breit? have given a comprehensive review of the
experimental determination of transition probabilities.

The half-breadth and area are quantities of consider-
able theoretical importance. They have a significance in-
dependent of the precise formulation of the absorption
coefficient, other than that it satisfy (1). Unfortunate-
ly it is not possible to evaluate them individually with the
~ present method, but rather simply their product, as will be

seen.



III. THEORY
1. The Problem

The theoretical problem™ is to formulate the depend=-
ence of the absorption coefficient upon the wavelength
and the circumstance of the absorption cell. A great many
effects are involved, all acting simultaneously. However,
since the experimental attack may be modified such that but
one or two of them is of measurable significance, a theoreti-
cal approach of the same pattern will serve the purpose.

The "natural breadth" of an absorption line is that
finite breadth resulting from the absorption of light by
a stationary isolated atom. Superimposed upon this is a
broadening of the line due to the (thermal) motion of the
absorbing atom, 1. €., the Doppler effect. HFinally, the
course of the absorption coefficient is altered by the pres-
-ence of other atoms in the vicinity of the active one.

Since theoreticalvdevelopments usually lead to the
so~-called "dispersion'equation", it will be given & moment's
consideration here. It has the form,

const

XX =
(5A)% + const?

which 1is equivalent to

ev/aT (5]
(§A)2 4+ (¥/2)2 .

=

*A comprehensive summary of both theory and experiment has
been given by lWeisskopf“, and by Mergenau and Watson®.



It may readily be seen that

P = f«x asry |, (6)

- 0o
i.e., ¢ is the arca under the absorption coefficient curve;

that ¥ is the half=-breadth; and that

(X)pay = 2P/TY (7)

(A plot of wx against §A is, in fact, that of Fig. 2).

The constants ¢ and v are determined by the con-
ditions existing at the absorption cell, the interpretation
depending upon the theory involved. However, in all cases

considered herewith, the formsr constant is, simply,

¢ = "_"f’if‘ﬁ Nfx (em} , (8)
mcz

and this value will hereafter be .tacitly assumed. ((8) may bve
obtained in a roundabout way from (3), (4), (5), and (6),
i.ee, if theory yields the dispersion formula, and if (3)
and (4) are correct, then (8) must always follow).

2. Natural Breadth

The first satisfactory approach to this question was
based upon the electromagnetic theory of lightV. The absorb-
ing atom was considered as being a damped harmonic oscillator.
The equation of motion, along the y-axis, of an oscillating
particle of charge e and mass m, in the presence of a beam of

light of amplitude E, and frequency v, propageted along the



the x=-axis, is

ny = ek, e2Tivt _ ay - by . (9)
The last two terms represent the forces of restitution and
damping, respectively.

A particular integral is readily obtained. The
current density duvue to this moving charge follows immediate-
ly. When Maxwell's equations, with the inclusion of the curri
ents dus to all oscillators, are solved in the usual manner,
there results the dispersion equation (5). The half-breadth
depends upon the damping factor b; the central wavelength
upon a, i.e., the natural period of the oscillator. The theory
gives no explicit evaluation to the constants a and b, Hence
the value of the half-breadth and of the waveiength of the
central meximum is not determined.

The latter, of course, is within the province of the
guantum theory.

The former, however, was obtained wi%h classical
methods by Planck®. 1In (9) substitute for the damping force
-by, the term, =-c¥, i.e., thet damping force which results
from the radiation of an accelerated charge. The method of
solution remains unchanged. The value of ¢ 1is given by the
theory. Thus Y is determined, viz.,

v = (4Te2/3mc?) (em) = 1.17 x 10~4 A.* (10)

*A half=-breadth of this magnitude is not directly measurable
from an experimental contour, for want of a spectrograph of
sufficient resolving power.



The expression "radiation damping™ is frequently applied
to the phenomena resulting in the natural breadth of a line.

4 more elegant manner of solution is that of making
a Fourier analysis of the electric moment of the vibrating
particle. Consider first the general approach of this method®.
The oscillator, of natural frequency Y, has an instantaneous

frequency

V(T) = v+ §v(7) , (11)

where d»(t) is that change of frequency resulting from ex-
ternal causes, if any. The electric moment of such an oscill-
ator is

t
A(t) BT L"’v('z*-) ar

where A(t) is the amplitude, 2lso a function of time. This
expression, when developed in a Fourier integral, readily

yields the absorption coefficient,
+ 00

. 2
J“t) QAT [ wmdz—»"t] gt (12)

- 00

¥X = cons%

as a function of the spectral frequenecy VY. That (12) takes
all oscillators into consideration is implicit in the infinite
limits of the integral, since the process of a single oscil-

1%
lator averaged over all time 1s the equivalent of the instant-

aneous averfage over all oscillators.

In the case of radiation damping 8&»(%T)=0, i.e.,
the frequency of the oscillator is unchanged. But the radia-
tion is not coherent, for the oscillator is damped according

to 4(t) = Ay e~Y%, where Y is precisely that half-breadth
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given by (10). The analysis by use of (12) again yields
the dispersion equation (5).

(10) indicates a half-breadth of line independent
of the wavelength. Such is not, in fact, the case. TFurther-
more, the above electromagnetic theories fail to specify the
value of the central wavelength; the elassical quantum theory
a finite region of absorption. The gquantum mechanics throws
new light upon the subject.

lO, and Hoytll, have derived

Weisskopf and Wigner
an expression formally identical to (5). The existence of a
finite wavelength interval of a line is due simply to the fact
that the energy levels of the atom are not perfectiy sharp,
by virtue of the indeterminacy principle. 4An expression is
obtained for the half-breadth, one which depends upon the
transition involved. Howsver, for the case of the resonance
lines of alkali metals (assuming the conventional f-value),

the value of the hslf-breadth reduces to that given by (10).
3. Doppler EZffect

Superimposed upon the distribution due to radiation
damping, is that resulting from the (thermel) motion of the
absorbing atoms. The Doppler effect widens the line, for the
absorption coefficient at each wavelength is "spread out"™ in
a Gaussian distribution®. The width of the latter depends
upon the wavelength, and upon the temperature of the absorp-
tion cell, increasing with both. In the optical region, at
temperatures employed in the laboratory, the Doppler broadening

completely masks the true course of the central portion of an
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absorption line of width otherwise determined by radiation
demping. However, since the Doppler distribution is a rela-
tively close one, the wings of a line are not appreciably
affected.

Minkowskil®, arter the Voightl3, has given a deriva-
tion in which the combined effects are quantitatively studied.
He shows that for \8A|> 12Acm/c, where cp 1s the most probable

velocity of the absorbing atoms, an error of less than 1% is
introduced by the neglect of the Doppler effect. In most

- practical cases, the line is of a breadth such that measure-
ments can be (or must be) taken at a distance from the
central maximum greater than that lower limit given above,
and so the Doppler broadening may be ignored.

4, Pressure Broadening

Due to the presence of neighboring gqtoms, the normsl
process of the absorbing atom is disturbed, such that the
absorption curve otherwise determined by radiation damping and
the Doppler effect, is widened. This "pressure broadening” 1is,
in the cases where it 1s being studied, usually of a relative-
ly so much greater magnitude, thet the other two effects may
be ignored, (All three phenomena exist simultaneously to some
degree, of course).

The various pressure effects may be loosely classi-
fied as follows: the Stark effect, wherein the presence of
permanent charges (ions or poles) in the viecinity of the ab-

sorbing atom affects the nomeal process; collisions result-
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ing in an incoherence in the radiation because of interrupt-
ed absorption; resonance effect, a phenomena occuring from
the presence of atoms similar to that performing absorption;
the effect of "dispersion forces"™, i.e., the forces of a van
der Waals type. It is to be emphasized that 2ll of these
effects are interrelated in the sense that they are more or
less simply different interpretations of the same thing.

The Stark effect has been interpreted theoretically
by Debyel4, and by Holtsmarkl®, snd studied experimenéi
ally by a number of others®. 7Tt is particularly successe
ful in explaining the broadening of lines in gaseous dis-
charges.* In the present experiment, there is no appreci=-
able concentration of charged particles in the absorption
éell; hence the Stark effect mey be ignored.

The van der Waals forces exist whether or not the
neighboring atoms are similar to that one performing the
absorption. But in the former case, the effect is very
small in comparison to that due to the resonance phenomena.
Such is the situstion in the present experiment, where, since
dissimilar (foreign) gas particles are present only in neg-
ligible quantity, the effect of the resonance phenomensa

due to the presence of similar atoms completely overshadows

*'he emission process and the absorption process are
fundamentally identiceal.



that due to the van der ¥Waals forces of similer (and dis-
similar) atoms. The theory for the dispersion force phenom-
ena is especially successful in explaining line shapes in
the case where the foreign particles are in relative abun-
dance®. This subject need not be considered here.

Before passing to the present day quantum mechanical
approach to the problem of collision and resonance broaden-
ing; it will be well to consider a few of the older theories.

Classically, the resonsnce phenomena may be consid=-
ered as arising in & coupling among the oscillating dipoles.
The aggregate contains a great number of discrete frequen=-
cies distributed about the (unigue) frequency of the iﬁdivi;
dual dipoles. These are "spread out" by the Doppler effect,
there resulting the troadened line. 4 theory based upon this
coupling phenomenellhas been developed by Holtsmarkt’.

Slatert8, using the classical quantum theory, ob-
tained the dispersion formula presumably valid for high pres§;
ures. The half-breadth was not specified in terms of measur-
able quantities, however.

The foregoing theories are now only of historical
interest. There is one, however, the Lorentz collision
theory, that, by virtue of its shser simplicity, has survived
as giving an approximate description of the pressure broad-

ening phenomena.
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Lorentz'd again assumes an oscillating dipole, the
equétion of motion of which is that given in (9) if the damp-
ing term be omitted. The dipole moment of the atom, starting
from zero, increases with time until struck by a neighboring
atom. This completely stops the absorption process, the
energy of oscillation being converted into kinetic energy
(collision of the second  kind). The electric current to be
substituted in Maxwell's equation is then determined from the
glectric moment averaged over all time intervals between
collisions.

The solution again yields the dispersion equation,
in which now the half-=breadth is inversely proportional to
the mean time interval between collisions. Then, from the
kinetic theory,

¥ = (N §*o/c) (em) , (13)
where g(not to be confused with the area under the absorp-
tion coefficient curve) is the "optical collision diameter”,
i.e., the average distance, between the centers of the col-
liding particles, at which the absorption process is inter-
rupted, and N is the number of particles per cubic centi-
meter having a root-meamsquare velocity ¥ relative to the
absorbing atom. The formula mey be applied to the case of
broadening by similar op by dissimilar atoms. From the kinet-
ic theory,

¥ = (8RT (M+M')/FMM')% (em/sec) , (14)

where I and M' are the moleculsr weights of the absorbing
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and disturbing atom, respectively®.

The same solution is obtained by making a Fourier
analysis® of the electric moment of the absorbing atom, whose
amplitude has a2 constant (sic) finite wvalue over the time
interval between collisions, but is nil otherwise, again
averaged over all time intervals.

In either derivation, if radiation damping be in-
cluded, the dispersion eguation again obtains; the half-
breadth Y is equal to the sum of the half=breadths of the
two effects individually.

The more recent theories of pressure broadening will

now be considered. Weisskopfzo and Margenau and WatsonS,

have derived the quantum mechanical analogy to (12) for the
restricted case of A(t) = const. (1l1l), in view of the rela-
tion v=¢/h, is replaced by
() = Eg-Elt8ep-3¢, (15)

where Es and Ej are the normal energies of the upper and
lower quantum states, respectively, 8, and §¢, the perturba-
tions produced in these ensrgies by the neighboring atoms.

The corresponding equation (12) for «x contains an
interesting feature. Suppose that the perturbation energy

is such that v=§/h, the frequency actually absorbed, lies

khxperimentally determined half-breadths indicate that (13}
(s incorrect when the kinetic theory valuye of is used. It
is customary rather to employ (13) to determine empiirical
values of ¢ , these being somewhat larger than those of the
kinetic theory. This result is not surprising, since con-
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within a definite frequency interval. Because of the Four-
ier analysis (there is one involved in the quantum mechanical
derivation as well), the absorption coefficient will in gen-
eral have a finite value without this interval, i. e., at
frequencies which the absorbing atom never had.

This circumstance is explained by Oldenberg®l who
considers the possibility of inelastic collisions (collis=
ions of the first and second kind). The energy of the
radiation is then determined not only by (15), but by the
exchange of kinetic energy of the colliding pairs as well.
In fact, it has been showh by Margenau®? that the integrand
of the expression for «xX may be separated intec two parts:
the one the "statistical" distribution, i.e., that due to the
perturbation energies; the other the "velocity" distribu-
tion, i. e., that due to the inelastic collisions; the two
distributions being superimposed.

A complete rigorous determination of xx has not been
made. An evaluation, good only for a restricted pressure
range, has been given by Lenz®3. To obtain a solution
(approximately) valid for more general circumstances, it has
been customary to consider the velocity distribution to the

exclusion of the statistical one?4, or vice versa25.

ceivably the absorption process may be disturbed without
"gollision” actually occuring. However, the Lorentz theory
is not capable of predicting the values of ¢. A modified
approach, which clears up this discrepancy, will be con-
sidered in the next section.



A simple illustration of the former case is the
Lorentz collision process. A serious inconsistency is to be
noted in this theory. Since presumably all the internal
energy of the atom is, upon impact, transformed into kinetic
energy (collision of the second kind), ™quenching" of radi-
ation would occur, a circumstance in general not verified
experimentally.

A more satisfactory approach is given by Lenz?4 )
and by Kallman and London24, with a modification by Kuhn?4.

The development 1s similar to that of Lorentz and yields the
same dispersion equation. The distinction lies in the inter-
pretation of Qs the "collision diameter". A perturbation
process, in which the phase change of the radiation is of
sufficient magnitude to result in incoherence, is in effect

a collision. The total phase change @ of an encounter, in
terms of the perturbationvfrequency'§v=(Y&rgy), is given

by the relation

<p= fzﬂ»dt. (16)
Now the perturbation frequency (for resonance interactions)
1s26
| Sv= r(e2f/8Wmyv,) (1/R3) , (17)
where R is the distance between the active and the perturbi
ing atom, a function of time. Unfortunately, the perturba-
tion energies due to each of several particles are not addi
itive and the problem has not been solved. However, with the

restriction of moderate pressures in the absorption cell,

17
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and of observations at the wing of the line (which corresi
ponds to close (single) encounters), (17) is approximately
valid. TNow ? is specified as that distance of closest
approach such that a unit phase change result from the en-
counter. (16) is thus its determination. The half-breadth,
as obtained by substituting for ¢ in (13), is
v 2 (e2A%/2Mme®) N£ (cm) . (18)

It is to be noted that (18) is independent of the
velocity, i. ., an impact theory predicts a finite wvalue
of the half-breadth even when the (colliding?) particles
are at rest. The apparent inconsistency has been clarified
by Margenau and Watson®7. They show, by the use of the

statistical approach, that the dispersion formula is again

obtained (with the restriction [SA[>> ¥ ), and that

¥ 2 (e2p3/6me?) Nf (em) , (19)
a value of the half-breadth which differs from that of (18)
only by a factor of 2T/6. They conclude that the concept of
collisions, with an interaction distance ?, is simply a diff=-
erent interpretation of a phenomena which might better be con-
sidered from the statistical viewpoint, in which case a depi
endence ofg upon the velocity is not to be expected.

Thus, the theories for the case of broadening by sim-
ilar atoms for the most part predict the (symmetrical) dis-
persion formula for the absorption coefficient, with varying
interpretation as to the half-breadth. Although asymmetries

and shifts moy be expected®8, and have, in fact, been observ-
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ed for helium in emission?9, the considerable difficulties in
the way of experimental verification (as will be shown) render
this phase of the subject of less interest.

In the case of broadening by foreign atoms, there
exists a development similar to the entire preceding oneSO,,
the principal difference being that strong asymmetries and

shifts are predicted (and are observed).
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IV. EXPERIMENTAL EVIDENCE

There are a number of experimental approaches to the
subject. The most direct is that used here, i.e., that of
obtaining of the actual line contour. Unfortunately, it is
not always possible to measure the half-breadth directly, but
rather, only the product gv. In that case, in order to
obtain ¥,it is necessary either to assume a value of ? & 29 -
of f, since the other terms in (8) are known), or to deter=-
mine it by some other method (that of magnetic rotation,
say).

Though a great deal of experimental evidence has
been amassed with respect to the shapes and constants of ab-
sorption lines, the bulk of it is concerned with the broadening
caused by a foreign gasso. That case dealing with the line
shapes resulting from disturbance by like atoms, however,
has been successfully considered only for moderate pressures,
for want of windows capable of withstandiang attack of the hot
vapors of the absorbing substance.

Minkowskil®2, investigating the sodium resonance lines
by a combination of the method of line contours and of magne:
tic rotation, verified the correctness of the theoretical con-
tours, and of the half-breadth as determined by radiation
damping (10), deviations setting in, however, at a pressure
8 little above 103 mm Hg. Xorff9l, using the method of line

contours, but essuming the value of ?, arrived at conclusions
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similar to those of Minkowski for both sodium and potassium.
Weingeroff52, by a procedure not unlike that of Minkowski,
also obtained similar results. Again, Schiitz93 confirmed

the work of Minkowski, but in addition noted a linear depend-

ence of Y upon N in the pressure range 4 x 10™% to 4 x 1072

mm Hg, and upon N2 at higher pressures.

Herrison and Slater34, investigating the principal
series of sodium by a line contour method, found that Y
depended upon 1\1’2;L for a pressure range having an upper limit
of about 10 mm Hg. A similar conclusion was reached by
Trumpy®® for both the sodium principal series, and for Hg
2537A, and by Waibeld® for the principal series of ceasium.
The results of Walbel are indecisive in that he investigated
only a small pressure range (factor of about 3), and, further-
more, resorted to the doubtful technique of permitting of
only ten minutes for his absorption cell to come to equilibrmm
from room temperature. The conclusions of Harrison and Slater,
and of Trumpy, are probably vitiated by the presence of con-
siderable pressures of a foreign gas (this last device was
used fo reduce the flow of the absorbing vapor to the cold
windows).

Orthmann and Pringsheim®?, from an analysis of res-
onance radiation, determined a Lorentz collision diameter
of =504 (Becker®8 investigating the HCl band spectrum,
found a linear dependence upon N of the analogous half-
breadth).

To sum the experimental evidence, the radiation
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demping theory has been confirmed for pressures up to some-
what less then 10~°mm Hg. 4bove this pressure, though the
theoretical dispersion equation contour is verified, the half-
breadth is variously determined as proportional to either

N%, N, or N2, The lattsr results appear to be of doubtful
validity either because of faulty technique, or‘bf the small-
ness of the pressure range investigated. There does not seem
to be any conclusive determination of the Lorentz collision
diameter {s though it has been estimated in various wayssgo

In conclusion, therefore, it would appear that, for
the case of a homogenedus absorbing vapor and for the pressure
range above which the radiation damping theory is inadequate,
the experimental evidence is not only meager, but contra-
dictory.

It is the purpose of the present research to throw
additional 1light upon this problem. A satisfactory conclus-
ion is abetted by the use of especial corrosion-resistant
windows, to be considered presently. 4As has been shown,
theory leads for the most part to the dispersion equation
(5) for the dependence of the absorption coefficient upon
wavelength. This circumstance will be checked experimen-
telly. If agreement is obtained, the constants will be de-~

termined, and compared to those predicted according to equa-

tions (8), (10), (13), (18), and (19).
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V. ZXPERIMENTAL PROCEDURE

1. Source

There are three requirements of the source: it must
emit continuous radiation of approximately constant inten-
sity over a wavelength fegion somewhat greater than that
part of the spectrum appreciably absorbed by the lines;
it must be of high intvensity; it must be of radisting arsea
and aperture of magnitude sufficient to satisfy the geometry
of the optical system. A special tungsten lamp was built
for this purpose. Specifications were determined from data
in an article by Forsythe and Worthingéo giving an exhaustive
discussion of the properties of tungsten.

The lamp is illustrated in Fig. 3. The glass bulbd
(A} is spproximately 13 cm in diameter. The filament (B) is
supported with two nickel electrodes (C) by means of two
small holes drilled through the ends of the latter. The
electrodes are screwed into copper rods (D), which in turn
are attached with Housekeeper seals (E) to a glass "plug"
having & ground joint (F). The filzment consists of atung-
sten wire of approximately 1 mm diameter and 2.5 cm length.
The element nickel was chosen as the material for the
electrodes because it combines high melting point with good
conductivity. The window (G) is a disk of glass held by
waX to the end of the ceylinder which projects from the bulb,

at a distance from the filament purposely great, in order to
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minimize the amount of vaporized tungsten deposited thereon.

Inasmuch as the filament is operated at a very high
temperature, and, accordingly, has a limited life, it is
important that it be possible to replace it quickly. The
process involves letting air into the apparatus; removing
the ground-glass joint; inserting a new filament; refitting
the ground-glass joint, having first smeared it with a little
stop~cock grease; and re-evacuating., The time required is
about ten minutes.

‘'he current to the filament 1is supplied by means of
a step-down transformer. The core from a burned out 10 kw.
transformer was rewound sO as 1o provide foxr the reduction of-
the (110 volt) line voltage to 5 volts. The secondary con=-
sists of five strands of No. 8 cotton=covered copper wire
wound in parallel. The transformer is capable of delivering
over 100 amperes without excessive heating. The lamp operates
at around 80 amperes, The current is regulated by means of a
variable resistance in the primary circuit.

To avold the necessity of continuously watching the
lemp, in order to know the length of time the filament had
burned, a timing device was installed. It consists of an
ordinary 1ll0-volt synchronous-motor-driven clock, current

for which is supplied by means of a door-bell transformer

which increases the voltage received across a small part of

the primary circuit resistance to that required to run the
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clock. ‘ihen the current in the secondary circuit of the
main transformer ceases due to the failure of the filament,
the clock stops.

The life of the filament depends, of course, upon
the temperature at which it is operated. The optimum temp-
erature is such as to give a life of about two hours. TUsing
80 ampereg the temperature of the filament, as measured by
means of an optical pyrometer, is then approximately 34000 XK.
This operating temperature is well above that of most com-
mercial lamps. Two or three changes of the filament usually
suffice to give the required exposure.

The dimensions of the filament are suitable for the
projection of an image onto the slit of the spectrograph.
The emitted radistion is of course continuous, and reasonably
constant over the lines.

It is well known that the life of a tungsten lamp
is greatly lengthened (approximately 20 times) by operating
the filament in an atmosphere of a few millimeters of press:/
ure of nitrogen. It was found, however, that commercial
nitrogen was unsatisfactory for this purpose because of the
considerable amount of impurity (oxygen) included in it.

A purifying apparatus: hot copper to remove the
oxygen, a liquid air trap to remove vapors and a five-

gallon bottle to act as a storage tank for the purified nit-

rogen, was connected to the apparatus. Preliminary tests
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indicated that the life of the filament was, indeed, in-
creased by the introduction of nitrogen into the lamp.
Unfortunately, before the apparatus was put to practical
use, the storage bottle exploded, - - and was never re-
placed.

As an alternative source, the carbon arc was in=-
vestigated, It is of high intensity, but, unfortunately,
the potassium resonance lines show up. They arise from
reversal in the outer layers of the atmosphere of the arc,
due to the pressure of potassium originating in the impure
electrodes. Attempts to remove the potassium by chemical
treatment of the electrodes were unsuccessful. However, the
absorption lines were apparently eliminated by blowing a
stream of air across the arc during its operation. But in
view of this uncertainty, and the more troublesome operation,
the carbon arc was discarded in favor of the tungsten lanp.
2. Furnace

The furnace consists of an absorbing column placed
within a heating element located in a vacuum tight enclosure.
A simplified sketch is given in Fig. 4.

The outer part of the furnace is a jacket consisting
of two concentric steel cylinders (A) with welded seams.
Water is circulated through this jacket by means of two ori-
fices (B and C).

| The heating element is a porcelain cylinder (D) on

which is wound a double thickness of molybdenum wire, the
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outer layer lacking windings at the central portion. By
regulating the amount of current supplied to each layer, it
was thought possible to compensate for the greater heat

loss occuring at the ends of the heating element, thus in-
suring more uniform temperatures throughout. Three elsctri-
cal connections are required. One is supplied by the en-
closing jacket and the other two by electrodes (E and F).
These last are insulated from the outer jacket by means of
glass c¢ylinders (G and H), the joints being sealed with

wax, IDach is cooled by & jet of air.

The absorption cell (I) rests within the porcelain
cylinder. It is a copper tube of appropriate length from the
inside of which has besn cut a groove for the placement of the
solid potassium. The temperature is determined by means of a
thermocouple (J) which fits into a small hole in the top of
the absorbing column. A steel=-to~glass joint (X) serves as an
exit for the thermocouple wires, and conveys as well to the
evacuating pumps. ‘The absorbing column is sealed at the ends
by magnesium oxide windows (L and M) which latter are support-
ed by the copper tubes (N and 0). Heat insulated contact
with the ends of outer jacket is obtained by means of soap=-
stone cylinders (P and Q).

To obtain an absorbing column of short length (2 mm)
the design of the tube was modified to that shown in Fig. 5.

The potassium is held in a hollow scerew (A), there being an
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orifice (B) leading to the absorption chamber (C). This
design was chosen so as 10 insure a sufficient area of
contact for the thermocouple. Ais a suggestion for a very
short absorbing column, there might be inserted an g0
window of appropriate thickness between the two end
windows.

At either end of the outer jacket is fitted a steel
"plug" (Fig. 4, R and S) having a passage for light, to the
outer end of each of which is aﬁtached with sealing wax a
glass window (T and U). The "plugs" are fastened by bolts,
vacuum tightness being obtéined by means of rubber gaskets
(V and W), One of the "plugs" contains a sylphon (X) and is
so arranged that, by turning the head (Y), a tube (Z) is
made to advance such as to press the lg0 windows against the
ends of the absorbing column (I).

The system is evacuated by means of a two-stage
mercury diffusion pump backed by a Hyvac pump. A pressure
(as measured by a McLeod gauge) of less than 10~° mm Hg can
be obtained. The precise value of the pressure is immaterial
so long as it is not so sufficiently great as to result in a
pressure broadening of the absorption lines or in excessive
heat conduction.

Current was supplied to the heating element by the
direct current generators located in West Bridge Laboratory.

Using the voltage regulation on the generators, together with
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certain precautions, it was usually possible to maintain
the temperature constant to within one degree over the
time required to obtain an exposure. By thoroughly
polishing and chromium plating the inner surfacesof the
water jacket and the "plugs™, the power consumption was
reduced tremendously (from 2000 watts to 50 watts at

500° C). This device proved adequate to remedy the diffi-
culty previously encountered with the softening of the wax
joints. The electromotive force of the (chromel-alumel)
thermocouple was measured with & potentiometer.

Since the temperature determines the density of the
potassium atoms in the absorbing column, a factor entering
into the theoretical formulation, its precise evaluation is
of importance. The thermocouple yielded normal electro-
motive forces when calibrated from the freezing point of
metals, but when it was used in the furnace for the deter-
.mination of the temperature of the absorption cell, incon-
sistent results were obtained.

Accordingly, that thermocouple used for the final
set of observations was calibrated "in situ", i. e., it
was put in the furnace in the manner of normal use, and, in
place of potassium in the absorption cell, bits of appropr-w
iate metals were substituted, the melting temperatures of
which presumably yielding a true calibration of the thermo-

couple.
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The metals used were tin, lead and zinc. A copper
sheet was bent into the shape of a cylinder such as to fit
snugly into the absorbing column. A strand of each metal
was extended horizontally with ends attached to the
cylindrical copper sheet, and also a bit of each was
rested on the bottom of the copper sheet in the form of a
miniature pole. The furnace was then slowly heated, a
plot of the measured electromotive force of the thermo-
couple against time, together with the time of melting
of the metals, yielding a temperature calibration of the
thermocouple.

The two samples of each metal were used in order
to increase the accuracy. Conceivably, the vertical piece
might collapse at a temperature lower than, and the hori-
zontal strand at a temperature higher than, the melting
point; the former because of softening, the latter due to
the formation of an oxide coating. It was found that both
the horizontal and the vertical bits of the tin and of the
lead collapsed at essentially the same (respective) temper-
ature, but in the case of the zinc the vertical piecse collapsf
ed at a temperature far below the melting point.

The temperatures,as yielded by this calibration, were
uniformly higher than those indicated by the conventional
calibration. The correction was in fact practically linear

with the difference between the temperature of the absorb-
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ing column and room temperature, being about 12.4° per

100°. This result is not surprising in view of the
geometry of the furnace. The junction of the thermo-
couple (which is of necessity covered, here with In-
salute) assumes a temperature intermediate to that of
the (hot) absorbing column and the (cold) extremeties of
the thermocouple leads.

Since the furnace was maintained as nearly as
possible in the same condition as thet existing when the
absorption spectrogram is made, this procedure would appear
to be justified. The principal source of error arises
from an uncertainty as to the reproducibility of contact of
the end of the thermocouple housing with the absorbing
column. This circumstance is inherent to the use of a
vacuum furnece of the present design. It is to be noted
that the power consumption of the furnace, which is a
measure of the temperature of the absorption cell to the
extent that the heat loss from radiation and conduction
does not change with time, indicated that the conditions
for the two cases were similar. Thus the temperatures
determined by the thermocouple according to the above
calibration, were used in the subsequent computation of I,
the density of the potassium atoms in the absorbing column.

The windows employed in the absorption cell were

made from g0 crystals. It is because of their unique
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resistance to attack by hot metallic vapors that this
experiment was possible. Other investigators, using
glass or quartz, were restricted to low temperatures, or,
if higher temperatures were attempted, they were forced
to resort to doubtful technique.

Windows of considerable promise were discovered by
Dr. Hughes. He ascertained that, of the many substances
tested, certain gems, in particular the sapphire, showed a
resistance to corrosion. He succeeded in meking small arti-
ficial sapphires (from powdered aluminum oxide fused in an
oxy-hydrogen flame). However, a more satisfactory source
of supply was found. Artificial sapphires could be purchas:
ed, with dimensions to order, from a firm in New York known
as the "Artificial Sapphire Products Company"” (320.00 for a
pair of windows, each 1/2" in diameter and 3/16" thick).
These windows showed resistance to attack from hot alkali
vapors considerably superior to that of glass or quartz,
and, 1in fact, they would probably have sufficed, with
modified technique, for the completion of this experiment.
Incidentally, the transmission of these windows in the ultra-
voilet is similar to that of quartz.

During the course of this experiment, while using
the sapphire windows, Dr. Brice (in this laboratory) complet:
ed investigation of the properties of Mg0. He found*l that it

was capable of resisting attack to very high temperatures. At
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no time during which the Mg0 windows were subsequently

used to obtain the potassium resonance lines spectirograms,
did they show signs of attack by the hot vapor (temperatures
up to 500° C).

MgO crystals are formed at the outer surface of large
ingots occuring at one stage of a commercial process for
the manufacture of a refractory material. They are consid-
ered a waste product and may be obtained at nominal coste.
The crystals cleave and cut readily, but some difficulty
is experienced in obtaining a good polish. One is also
restricted as to size. In the present experiment windows
of diameters of 1/2" or of 3/4", and of about 3/32" thick=-
ness were used.

3. Spectrograph

The spectrograph used was a 21l=-foot focal length
concave grating in a Rowland mounting (located in Room #1,
Bridge Laboratory). The grating has about 6000 lines per
centimeter with a usable width of 12 cm., The length of the
ruling is 5 cm. The resolving power of the grating in the
first order according to the Ealeigh criterion, is about
70,000, A slit width of 36 microns is of comparable resolv-
ing power. The corresponding figures, according to the
Mack, Stehn, and Zdlen criterionéz, are 65,000 and 41 microns,
respectively. The dispersion in the first order is 2.64
A/mm. (For references to grating theory and practice; see

bibliography48).
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Prior to use, the spectrograph was tested and
adjusted. The slit was cleaned by drawing between the
slightly compressed jaws a strip of writing paper previ-
ously soaked in alcohol. The zero of the slit micrometer
was ascertained from the reading at the setting at Whidh
no light was transmitted (visually) and checked by the
width indicated by the dimensions of the diffraction
pattern of transmitted light. The grating surface was
cleaned with alcohol and precipitated chalk., The gratiug
was tested optically for position, tilt, and tangency to the
Rolland circle, and photographically, using an iron arc as
source, for focus. The tilt of the slit relative to the
rulings was determined photographically by observing the
sharpness of the iron arc lines, and the symmetry of their
ends for a small aperture before the plate. It was found
that the spectrograph fequired little adjustment over con=-
siderable periods of time.

The grating should be completely (and uniformly) filli
ed with light, and, if dne is to avoid loss of intensity at
the plate because of the astigmatism of the spectrograph,
the length of slit illuminated must not be less than about
one centimeter. An image of the source was brought to a focus
within the absorbing column by a concavo=-convex lens, and
again gt the slit of the spectrograph by a similar lens. It

was possible simultaneously to fill the grating and to have



about an 1} cm length of the image at the slit. The latter
gave a sufficient portion of the plate, considered trans-
versely, uniformly illuminated for the subsequent trace of
the microphotometer. The introduction of a lens of 73 cm
focal length just before the slit aided in the uniform
illumination of the grating. The spectrograph was used in
the first order, a red (Wratten F) filter being placed be-
fore the slit to cut out higher orders.

4, Photographic Photometry

Presumably the principal source of error lay in the
uncertainties of the photographic photometry. Accordingly,
considerable attention was given to this phase of the sub=-
ject. (For references, see bibliography%9).

A photographic plate is exposed to light the intensity
of which varies over the surface of the plate. It is nec-
essary to interpret the observed density in fterms of the
intensity of the incident radiation, i. e., calibrate the
plate. The method chosen, in view of the limitations of
the apparatus (time element, non-stigmatic spectrograph,
etc.), was that of a stepweakener placed before the plate,
the light transmitted by which being recorded on the plate
simultaneously with that for the absorption lines. A com=-
perison of the density msrkings for a line to those for the
step-weakener yields the (relative) intensity of the light
over the line if the transmission of the step-weakener is
known. It is to be noted that no question of the constancy
of the exposure of the plate enters into the problem since

the two records are obtained simultaneously.
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In view of the restricted wavelength region to be
required, a step-weakener made from a photographic plate
was considered adequate. 4 (slow lantern slide) plate was
exposed to light such as to have thirteen "steps", each
1% mm wide. The exposure required for a given density
(transmission) of a given step could be estimated in ad-
vance. Care was taken to insure uniform density of each
step (see below for development technique, etec.).

The transmission of the step-weakener was determined
in three ways: by a densitometer, using a red (Wratten I)
filter to eliminate the shorter wavelength of the light
from the incandescent lamp source; by a double-monochrom=
eter at assigned wave lengths; and photographically in
the spectrograph. The procedure in the last method re-
quires elaboration.

The two step-weakeners were placed before the spec=-
trograph plate in the position of subsequent use., The aper-
ture was restricted such that a number of successive ex-
posures could be obtained on a single plate by moving the
carriage (transversely). The plate was given an exposure,
and the step-weakeners removed. Then a series of similar
exposures (equal time and intensity) were made at each
setting of the plate carriage, the corresponding intensity
of the light actually arriving at the plate being determin~
ed by that transmission of the rotating sector placed before
the slit. A sample calibration plate is reproduced in Fig.

Ba.
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A trace of each exposed strip along the direction of
variation of wavelength was made with a microphotometer. The
transmission of a given step was immediately determinable from
its deflection by interpolation between the deflection of those
strips whose exposures were modified (in known amounts) by the
rotating sector, at the wavelength corresponding to the step.
This last is important since the sensitivity of the plate
varies considerably with the wavelength.

By using a wide slit (500 microns), and thus short
exposure time (10 minutes) and low intensity of the lamp
(70 amp.), it was thought possible to attain sufficient con-
stancy of the intensity of the source. The spectrograph plate
used (IR) was hypersensitizedwith triethanolamine which gives
a very uniform increased sensitivity, and carefully developed.

Until recently considerable uncertainty existed as to
the ability of a photographic plate to "integrate" a discon-
tinuous exposure such as that resulting from the presence of
a rotating sector in the light path (the "intermittency
effect™). However, it has now been shown®® that an 1ntermit£é
ent exposure of sufficient freyuency is equivalent to the
corresponding continuous one. For the wavelength under con-
sideration a frequency greater than about 1000 per minute
is satisfactory.

In the present case the rotating sectors were mounted
directly upon the spindle of a motor mekinzg about 1700 re-
volutions per minute. They consisted of circular (cardboard)

disks with apertures in the form of sectors. The transmission

of the rotating disk is then simply the ratio of the central
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angle of the sector to 2T, Seven sectors were used with
transmissions down to 1/16th.

£ tabulation of the measured transmission of a
step=-weakener is given in Table I. No significant varia-

tion was found between the two step=-weakeners used.

TABLE I

Step=-ieakener Transmission in Percentum

Step 1 2 8 4 5 6 7 8 910 11 12 13
Densitometer 87 68 61 55 47 40 29 22 15610 5 2 1
Ménochromater:r 89 72 64 58 49 42 31 23 15 9 5 2 1
Photographic 98 90 85 80 73 65 55 45 35 25 17 12 10

Furthermore, the transmission did not vary appreciably

with the wavelength, over the range required., It is to be
noted that the transmissions are greater for the monochro=-
meter calibration than for that of the densitometer, and are
8till larger for the photographic ecalibration. This is ex=
plained by the fact that a different kind of transmission is
measured in each case.

It is known that light transmitted by a photographic
plate does not show simply partial absorption, but scatier-
ing as well*4, The "transmission"” depends then upon the
effective solid angle at the plate over which the trans-
mitted light is measured (and upon the density, end type of
emulsion). The limiting transmissions are known as diffuse
and specular, the former corresponding to a solid angle of

2T, the latter to that small solid angle through which the
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bulk of the light passes.

In practice, the transmission measured is usually
intermediate to that of the limiting values. An optical
projection system, such as was used for the densitometer
and the monochrometer calibration, results nearly in the
specular type, since scattered light is lost; the step-
weakener just before the plate nearly in the diffuse, since
the light reaching the spectrograph plate at a given point
behind a step comes from all parts of that step and from
ad jacent steps as well,

Numerical computation indicates that the higher
values of the photographically determined transmissions nay
be explained by these considerations (the transmissions
given by the densitometer calibration are not strictly com-
parable, since the light used is not monochromatic). Accord-
ingly, these step=-weakener transmissions were used. TUnfortu-
nately, this increases the uncertainty of the final results,
inasmuch as reliance is placed an additional time upon photo-
graphic photometry. Furthermore, an inconsistency is to be
noted. The relative intensity,as determined by the use of a
step-weakener before the plate, is independent of the con-
stancy of the intensity of the source; whereas the method of
calibration here used requires the assumption of constancy
during the calibration exposures. However, in the latter
case the conditions could be more readily controlled.

‘The step-weakeners were mounted just before the
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spectrograph plate (separation 1% mm), one on either side
of the pair of absorption lines, with the steps parallel to
the lines (the spectrograph being astigmatic, it is not
permissible to have them perpendicular to the lines).

The plates used were Zastmen type IR. These are the
fastest ones available in the wave length region corres-
ponding to the potassium resonance linss (other plates con-
sidered were type IK and type IN). Prior to exposure the
plate was hypersensitized with ammonium hydroxide. This has
the effect of greatly increasing the sensitivity. However,
some difficulty was experienced in obtaining uniform sensi-
tization. The procedure finally adopted was to bathe the
plate for 1} minutes in a 4% solution of 15N ammonium hy=
-droxide, therecafter rinsing it one or two seconds in dis-
tilled water, shaking, and drying rapidly before a fan in
a dust=-proof enclosure. The water rinse apparently avoids
the blotches that would otherwise result from the irregular
drying of the plate. No satisfactory results could be ob-
tained by the removal of the droplets of hypersensitizer
with an airblast, or wiping with & sponge, say.

An increase in the concentration of the hypersensi-
tizer or of the bathing time results in excessive fog.
Though it is recommended that the hypersensitizing solution
be chilled before use in order to minimize fogging, it was
found that this precaution was not necessary in the present
case (usual temperature of the bath about 20°C). Reasonably

aniform plates were thus obtained with an increased speed of
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four to five times, However, tests showed some deviation
from the theoretical Hurter and Driffield curves, failure
of a single intersection point of the straight line portion,
and decreased latitude.

More uniform hypersensitization could be obtained by
bathing the plate in a £% solution of triethanolamine with a
similar technique, but there resulted only about one-half the
sensitivity of that of a plate bathed in ammonium hydroxide.

The plate was used immediately after drying to avoid
the fogging which results from prolonged standing. The ex-
posure was restricted to the central portions of the plate
to eliminate "edge"™ effects., Zxposures were regulated so
as to have the major portion of the absorption line fall
upon the lower part of the straight line portion of the
characteristic curve. EXcessive exposurs, aside from being
uneconomical, overtaxes the measuring capacity of the
microphotometer.

The developer used was Zastman formula D-19, 25%
solution. A S5-minute development gives approximately
unit gamma (without excessive fog). This is desirable
because of the increased accuracy of measurement which re-
sults when the opacity of a plate varies linearly with the
exposurs. To insure even development the plate was contin-
uously rubbed with a camel's hair brush. The brush was
motivated by a reciprocating device driven by an electric

motor. The stroke was equal to the length of the plate
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used. The period was a little over a second. It was

thought that this brushing insured considerable uniformity
over the plate; for exsmple, the Eberhard effect was prac-
tically eliminated. Brushing caused little change in gamma.
The plate was fixed in Eastman formula F-1l in the usual mann-
er, thoroughly washed in runiing water, rinsed off with dis=
tilled water, and set to dry slowly, emulsion side up, in a
ventilated dust-proof enclosure.

5. Operating Technique

The absorption cell, together with the Mg0 windows
and end tubes, 1s placed within the porcelain heating element;
the thermocouple is lowered into contact with the cell; and
the end pieces of the furnace are attached. The system is
evacuated and then heated to a temperature somewhat above the
meximum to be attained in subsequently obtaining the spectro-
grams. The purpose of this is to free the absorbing column
ffom occluded gases which otherwise might cause a pressure
broadening of the absorptiion lines., The furnace is then
cooled off and opened up. Potassium cut under Xylene is paoki
ed into a tiny five=-sided sheet=-steel "box" which is placed
open face downwards in the groove at the center of the absorp-
tion cell. The furnace is ouickly closed up and evacuated.
The potassium is cut under xylene to reduce oxidization, the
vapor pressure of the xylene being sufficiently high so as to

evaporate away before the absorbing column 1is sealed off.



As soon as a good vacuum is obtained, the furnace is
heated to a temperature slightly above the melting point of
the potassium and permitted to stand for several hours. This,
presumably, releases the bulk of the gases contained in the
potassium. A preferable technicue would involve pre-distil-
lation of the potassium.

The absorption cell is then sealed off by rotating
the head on the sylphon, such that the g0 windows sare pres£;
ed against the end of the tube. A small raised ring at
eithzr end of the absorbing column serves as a gasket, the
coppser being sufficiently soft to compress readily. A good
seal 1is usually obtained.

The furnace is then raised to an appropriate temper-
ature and a spectrogram of the light transmitted by the
absorbing column is made. The furnace is then raised to the
next temperature, and another spectrogram made, and so on.
Zxposure times varied from 2 to 20 hours. The shorter ex-
posures were used for the higher temperatures, where, since
the lines are wider, the opening up of the spectrograph slit
is permissible. |

Under favorable circumstances a picture could be
obtained during the daytime, the furnace coming to enuilib-
rium at the next temperature over night. Since, in any case,
it recuires several weeks to obtain a set of pictures, with
the apparatus in continuous operation, time was of the ess:

ence if success was to be obtained.
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A% higher temperatures the MgO windows become coated
with (droplets of) potassium. This had the effect of increas=-
ing the reguired exposure time because of the reduced trans-
mission of the windows. Turthermore, it indicated that the
windows were the coldest part of the absorption cell, a fact
otherwise suspected. Tn ecuilibrum, the pressure of the vapor
is determined by the temperature of the coldest part of the
cell. It was thought, however, that the measured tempera-
tures were not grestly in error in view of the superior
heat conducting cqualities of the copper absorbing column
and thé smallness of the solid angle through which heat
might be permanently lost by radiation.

In the case of the shortest tube used the potassium
escaped at the higher temperatures, 1. e., the seal was
imperfect. This means that complete thermodynamical eaui-
librium did not exist, but the error introduced was probably

smalle.
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VI. REDUCTION OF OBSERVATIONS
1. Microphotometer

A Xrilss microphotometer was used to obtain a
trace of the plates (8t present located in Room #l4-a
Astrophysics Building). A description of the microphoto=-
meter is as follows.

Briefly, light from a tungsten lamp transmitted
through an optical slit at the (spectrograph) plate to be
measured falls upon a photo-electric cell. The cell acti=-
vatés the string of an electrometer, a magnified image of
which is recorded on another (the microphotometer) photo-
graphic plate. Simultaneous motion of the two plates, with
eiven relative speeds, produces 8 continuous trace of the
string image on the microphotometer plate; the ordinate of
which is determined by the deflection of the string, i. e.,
is a measure of the transmission of the spectrograph plate:
and the abscissa of which is proportional to distance slong
the spectrograph plate, i. e., wavelength of light.

The light from a slit before the lamp is focused on
the spectrograph plate, +then on a slit before the photo-
electric cell, and finally upon the sensitive element of the
qell. The effective slit dimension is debtermined by the
(reduced) size of the image of the slit located before the
cell, at the plate. The (fixed) slits supplied with the
apparatus are such as to give effective width of 10 microns

up, and length of the order of 1 mm.



The illuminated cell 1is connected electrically with
a second photo-electric cell, which latter acts as a con-
trolled leak, the purpose of which being to minimize the
effect of variation of the 1ﬁtensity of the source. The sen-
eitivity of the system, 1.e., the magnitude of the deflection
of the string for a given effective slit area, is determined
by the amount of light from the source that falls upon the
cell that acts as a controlled leak, and by the tension of
the string in the electrometer. |

The size of the microphetnmeter plate is 9 x 24 cm,
with a usable area of & x 23 cn. A guide line 1s optically
recorded on the plate to serve as reference for the ordinate.

The carriage of the spectrograph plate 1s connected to
thet of the microphotometer plate by a system of levers and
cables, such that the motion of the latter carriage results
in a prescribed motion of the former. The permlissible ratios
are 1:1, 2321, 6:1, and 40:1, 1. e., distances along the spec-
trograph plate are magnified on the microphotometer plate by
these amounts. The carriage system is motor-driven and complete-
ly automatic.

It 1is to be observed that 1f the apparatus be operated
at high sensitivity some error is introduced by the lag of
the string of the electrometer, which offsets the advantage
of the increased deflection. The magnitude of the lag may be
reduced by increasing the area of the effective slit, where

permissible; and by retarding the motion of the carriage.
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However, this latter device must be used with caution, since
error will be introduced by the greater effective drift of the
zero point of the string. For the running time of 15 to 20 min=
utes, correction for the drift weas not necessary, and, further-
more, in view of the absence of sudden large changes in the
density of the photographlc plates measured, the error intro-
duced by the lag was negligible if moderate sensitivity was
used.

The carrisge ratios were tested as follows: a trace
of a 1 mm length interferometer scale was made on the micro-
photometer plate. The accuracy of the divisions of the scale
wag previously ascertasined with a comparator. A comparison
of the separetions on the plate of the deflections correspond-
ing to where the slit passed over a division of the scale, to
the actual separations of the divisions, yielded immediately
the value of the magnification. The 40:1 magnification re-
gquired an average correction such as to read rather, 39.&:1.

No correction was necessary for the other magnifications.

2. Comparator

Inasmuch as 1t 1s required to read simultaneously
the ordinate and the absclssa of the microphotometer trace,
1t is necessary to use a comparator, with two-dimensional
motion. The one used reades to .00l mm in the horizontal

motion and .01 mm in the vertical motion, with a range



of 20 em and 2% cm respectively. The accuracy is then more
than ample and the renge 1s adequate.

It is to be observed that the tedious comparator
reductions could be eliminated by the use of a microphotometer

that automatically gilvee an enlarged record on graph paper.

3. Graphical Interpretation

A large number of operations 1s involved in inter-
preting the density markings of the spectrograph plate in
terms of the constants of the ebsorption lines. It 1s, there-
fore, important that oﬁe have a carefully thought out system
if one 1s to avold errors and is to reduce labor. The follow-
ing method was used for most lines. Certain remarks will be
qualified presently.

A trace by the microphotometer of that portion of the
plate which includes the two step-weskener images and the
two absorption lines, magnified 2:1, covers about 15 cm.

This leaves about 4 cm each for a highly magnified trace of
the lines in a 40:1 ratio, say, the entire record being thus
obtained on a single microphotometer plate. (For a repro-
duction of a trace see Fig. 6b. The highly magnified lines
are not shown). The comparator can accommodate the plate
lengthwise in two settings, once for the enlarged trace of

the lines and once for the trace of the step-weakeners. The
relatively few readings of the latter can be easlily translated

so as to have thésame origin of ordinate as the lines. It 1is
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usually possible to align the plate in the comparator suffici
iently well so as to avold necessity for correction.

The sensitivity of the microphotometer was regulated
such that the deflection over an absorption line covered
about 2% cm.' Thus one can get all ordinate readings with
a slngle setting of the plate, the overrun of the vertiecal
motion of the comparator carriage permitting the determination
of the ordinate of the zefo deflection (for drift check), and
of a step or two below the bottom of the lines, if any. This
reduction in the possible amount of the microphotometer de-
fleetion offsets the lag, but, in any case, the accuracy of
the comparatdr, and the ability to set the cross-hairs of the
telescope on the trace, are never taxed.

The trace of a step is irregular, but one may readily
get at an average value, as related to the horizontal
cross-halr of the telescope, with sufficient accuracy (.1 mm)
This is consistent with the manner of setting on a step used
in the calibration of the step-weakener. The value of the
abscissa of a step is unimportant except insofar as it enters
into the correction for the varying sensitivity of the plate
with wavelength, to be considered presently.

For the determination of the coordinates of the llines,
the vertical motion wae set at 1 mm intervals, thus glving
about 25 points for each wing, the horlizontal setting being

read simultaneously, to the nearest .1 mm usually sufficing



(this is dependent upon the width of the trace of the line,
i. e., inherent width of the line times megnification).

The reason for using fixed interval settings for the
vertical motion instead of the horizontal 1s two-fold. First,
the scele of the horizontal motlion 1s easler to read; secondly,
§A may thus be determined as one-half the difference of the
abscissa of the two wings for the same ordinate. This "aver-
eging" procedure was used inasmuch as 1t not only avoids the
necessity of the determining absolute wave length each time,
butAit also halves the work of the subsequent reduction. The
procedure has been Justifled by the inability to detect any
asymmetry or shift of the lines (except as will be seen).

The averaged wing 1s then plotted on (roll) millimeter
graph paper (A, Fig. 7). The helght of the graph paper being
50 cm. & magnificatidn of 20:1 is provided for the 23 cm range
of the ordinate of the trace. The full breadth of the line,
in millimeters, as given by the difference of the absclsgsa
of the trace for each ordinate, is multiplied by d/2m, where
d 1s the dispersion of the spectrograph (2.64 A/mm), and m
1s the magnification of the microphotometer, the factor one-
half being introduced to give half the total width. The
resulting numerical figure (§A in A) is plotted as abscissa,
the scale belng adjusted such that the usable portion of the
line covers about 50 cm on the graph paper. On the same sheet
is plotted the step-weakener readings, the ordinate belng the

gsame as that of the lines, the sbscissa being the (known)
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transmission (I/Io) of the steps.

The curve for the step-weakener (B, Fig. 7) represents
the idealized case of a plate that is uniformly sensitive with
wavelength, the (normally distinct) plot for each step-weakener
colnelding. Unfortunately, the plates used showed a marked
decreese in sensitivity to the shorter wavelength. A single
rigorous correction for this deficiency 1s not possible since
for each plate there 1s a varlation in exposure, gamma (devel-
opment time), inherent sensitivity, and sensitivity of the
micro-photometer. However, the use of two step-weakeners re-
stricts the correct step-weakener trece to a position inter-
mediate to the two observed.

Accordingly, the curve to be used (one for each line)
1s arrived at by considering the sensitivity of the plate at
each step with respect to that ét the line under consider-
ation, the generel varlation of the gensitivity of the plate
heving been determined by a trace of the continuous background
(from a plate exposed without step-weakener or absorbing column
in position). It 1s to be noted that an averaging of the two
halves of a line 1s not permissible for wide lines, lnasmuch
as the varying sensitivity of the plate over a line becomes a
real factor.

By means of the corrected step-weakener curve, the
ordinate of the line plot may be changed from electrometer

deflection to true transmission I/Io, the abscissa remaining



unaltered in Angstrom units. This 1s done most eimply graphi-
celly, i1.e., at convenient intervals of the abscisca of the
(absorption line) microphotometer curve, the transmission 1is
determined from the absclssa of the step-weakener curve of
that point of corresponding ordinate (as indicated by the
straight dotted lines, Fig. 7). The absorption line curve 1is
thus turned through a right angle (and veflected). It is not
essential that the second curve (C, Fig. 7) actually be drawn
out, but it was usually so done as a check on the nature of
the 1line. 1In any case, ohe may tabulate the transmissions
(I/1,) corresponding to each wavelength (§A) of the line wing.

Let us conglder the functional relation
e 2 '
I/Io = ™™ 1 ¢ -[lc 108,10)/[(5M)2 + cc] | (20)

a form for the absorption ccefficlent more suitable than (6)

for graphical interpretation. Solving for (§A)2,

(§A)2 = ¢ (1/logyoIo/I + C') .. (21)
Then a plot with (§A)2 as ordinate against 1/10g19I,/1 as
abscissa, 1s a straight line with slope C and intercept C! .

A plot of the experimental values of (§\)2 and l/loglOIo/I
in fect shows such a linear relation (D, Fig. 7). Of course the
experimental plots show deviations from linearity, especially
at the extreme portions. At the bottom of the absorption line
the measured transmission is too large (Doppler effect, scatt;

ered light, etec.) and for both this portion and the extreme



wings, deviatlion occurs because of the inherent difficulty of
accurate measurement. However, the plot corresponding to the
usable part of the absorption lines was approximately straight.

In practice it was found that C' was sensibly nil¥*. This
means that nearly complete absorption was occuring at the
bottom of the 1ihe, since C! 1s inversely proportional to
(«x)max. Accordingly, a straight line passing through the
origin wag fitted to the empirical plot, and its slope re-
corded.

The problem is equivalent to that of the determina-
tion of the best value of C from a set of palrs of velues of
S\ and I/I,, where now C = (¥A)2 logypI,/I. Both methods
vielded similar results. The former had the advantage of
ease of Interpretation and of detection of systematic devia-
tions. It is to be emphasized that great accuracy in the
determination of C was not possible. (A similar method of
graphicael interpretation has been used by Harrisoth) -

In addition to the foregoing reduction, the "width*
of each line was meaéured by observing 1t on the spectro-
graph plate with the ald of the comparator. The assumed "edge"

of the line corresponds to some {unknown) value of the trans-

mission I/I, (.9sey). The square of half of the measured

# For a discussion of this and some related subjects see
Appendix I.



"width" is thus proportional to C. This method fails for
narrowllines, which, being incompletely resolved, appear

to be too "wide", and for wide lines, in which case it be-
comes increasingly difficult to determine the true "edge".
8ince no great rellance may be placed upon the results, they
serve only ag a check on the (relative) valuesof C. The
principal recommendation of this device is that it eliminates
all errors assoclated with the step-weakener, the microphoto-
meter, and the reduction of observations.

O0f the many sources of error of the photometry, the
following, which permit of some quantitaetive measurement,
bear consideration: the finite resoclving power of the micro-
photometer; the finite resolving power of the photographic
plate; the finite resolving power of the spectrograph; the
variation of the intensity of the source with Wavevlength.

As to the microphotometer, the lag and drift of the
electrometer string has alresdy been considered. Fallure
of precise linearity of deflection with transmission was
not a factor since calibration was done by means of the step-
weakeners. The effective slit width used for the narrower
lines was 10 microns, which corresponds to a theoretical re-
solving power greater than that of the plate or of the spec-
trograph.

A convenient correction formula for a finite slit
width of this type is given by Slater5. He shows that the

observed.value of the ordinate f£(fA) at & point of abscissa



§A (on the microphotometer trace) has a correction
- 1/6[4(&A+a/2) + £(SA-a/2) - 2f(8A)], where a is the effect-
ive slit width. Graphically, one substracts (algebraically)
one-third of the distance, along the ordinate, from the point
under conslderation to & chord joining the two points of the
curve lying on either side at a distance along the abscissa
equivalent to one-half of the slit width. This correction was
applied to the narrower lines; 1t resulted in no great change
in the contour.
- For wider lines a microphotometer slit width of 20

microns was used. The length of the slit (of the order of
1 mm) was adequate to avold the error that might be caused by
the fact that the density of a photographic plate arises from
the presence of discrete opaque particles in the emulsion.
Care was taken to align the spectrograph plate in the mijgero-
photometer carriage such that the motion was precisely along
the direction of the changing wavelength, to avold error that
would otherwise arise inasmuch as the density perpendicular
to this direction is not uniform (astigmatism, etc.). The
glit was then automatically parallel to the lines.

The resolving power of the photographic plate, loosely
speaking, is about three times that of the grating. Thls was
of necegsity considered adequaﬁe, for a plate of greater

resolving power would lack the requilred speed.



As to the spectrograph, the theoretical resolving
power of the grating has elready been dlscussed. The slit
width used for fhe narrower lines was 15 or 20 micfons, cor-
responding to a resolving power about double that of the
grating. For wider lines, slit widths up to 100 microns were
used.

The foregoing sources of error have the common feature
thaet they tend to broaden a line, and they are of relatively
greater sigﬁlficance for narrower lines. A device due to
Laridenburg and Reiche46, and tested experimentally by
Minkowskile,.COrrects for these failures of resolving power
treéted as & whole. The principle used is that, though due

to these effects a line 1s broadened, the area of the line
+00

j U-%I/Io) a(SA), remains constant, and this area is equal
tE?(kWC 10gelo)% (see Appendix II). This method was used for
the narrower lines, apparently with conslstent results. For
lines of even moderate width, however, the device fails since
the position of the wings of the line 1s not accurately known.
The use of a planimeter to determine the area (and hence C)
is indeed simple.

The variation of intensity of the source with wave-
length, as determined from computafions which treat 1t as a
black body, 1s negligible over the range used, especilally in
view of the uncertainty due to the varyling sensitivity of
the plate.



In addition to the above, the Doppler effect pre-
sents a possible source of error. But for the narrower lines,
simply the area was determined; for the wider ones, measure-=
ments were always at points without the region of influence
of the Doppler effect. (If |[FA[>.14 A, then for T = 500° K,
the error is less than 1%). Hence it could be ignored.

The very wilde absorption line presents special problems.
The sensgitivity of the plate now varies conslderably over
the line%*, fThen, greater uncertainty is introduced with re-
spect to the varying sensitivity of the plate inasmuch as it
is necessary to increase the separation of the two step-weak-
eners. Furthermore, the wings of the line appreclably absorb
light in the wavelength regions at which the step-weakeners
ere located. Finally, the two absorption lines begin to show
dverlapping. From a knowledge of the course of the trace for
the four possible cases involving the absorption lines and
the step-weakeners, l.e., when both, neither, or either,
modify the continuous background, it is possible to correct
for all but the last effect. It is to be emphasized that
great aceuracy 1s not attainable. Note also that most theo-

ries are based upon the assumptlion of lFA\<<Aw

# Obviousgly it is no longer permissible to average the wings
of a line.
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The question of the overlapping of lines merits
detalled conslderation. 1In Appendix III it is shown that for
the majority of cases, the error introduced into the measure-
ments because of overlapping isg less than 10%. In no case
is 1t greater than 200%.

The foregoing considerations are concerned simply
with the widths of symmetrical lines. Two further effects
bear investigation, viz., the question of asymmetries, and
of shifts of the absorption maximum. Absolute wavelengths
were determined by meens of a spectrum of the iron arc photo-
graphed on the spectrograph plate. The conclusion was reach-
ed that, within the wide 1limit of uncertainty of measurement,
no shift or asymmetries occurred. But by the very nature of
the observations, 1t would not have been possible to detect
them unless they were very large. The reason for this lies
in the inherent difficulty of determining an asymmetry, or a
shift of (ex) .., from a knowledge of the value ofex at a
portion of the wings, particularly in view of the fact that
any conclusions as to the one effect would modify those with
respect to the other. (The problem 1s not unlike that of
determining absolute transition probabilities).

A slight confusion was introduced into the observations
because of the presence of foreign spectra, namely, the
rubidium resonence lines, oxygen bands, and a structure in
the long wavelength wing of the overlapping lines at high

L7
pressures .
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For a reproduction of sevsral spectrograms, see
Fig. 6cs They correspond, in the order of increasing
width, to pressures of .,0041, .16, 1.5, and 20mm Hg, re-
spectively. The first is unresolved, the third begins to
show overlapping, the last is completely overlapped. (Note

the structure in the wings).

4, Auxiliery Variables

In addition to determining the constant C, two other
quantities must be measured, the length of the absorbing
column and the temperature.

The measurement of the tube-length presents no diffi-
culty except for the very short tubes. In this case, since
the Mg0 windows do not collapse the two copper seals quite
uniformly, i.e., the inner faces of the windows are noct
strictly parallel, only an average value can be taken
(measured with a micrometer). The tube-lengthsused varied
from .213 cm to 15.3 cm, a factor of 72.(A short tube length
decreases the width of sn otherwise wide line, and converse-
ly).

The tempe rature of a saturated vapor uniquely deter-

mines its density. ¥From the International Critical Tables

logo p = 22222 X %89 4 v.183

where p is the pressure of the vapor in millimeters of vapor

in millimeters of mercury, and T the absolute temperature.
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Unfortunately, the lower limit of the experimental verifi-

cation of this formula is at 260°C» ¢orresponding %o a
pressure of about .09 mm. Tor want of additional infor-
mation the above formula was used over the entire temper-
ature range. Then N, the number of atoms per cubic centi=-
meter is (assuming the Boyle, Gay=-Lussac iaw),
N = 9.70 x 1018 (p/T).

The temperature rangeofor the final set of observations ex-
tended from 444°£r'§§r;%sponding to pressures of from
1.6 x 10™° to 20.4 mm Hg, a factor of 7400 in N.

In the subsequent computations, the conventional
f-values were assumed, viz., f; = 2/3, f5 = 1/3 (AA7665,7699,

respectively).
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VII. RESULTS

1. Relative Values

In Table IT are summarized the results derived by
the foregoing considerations., Tabulated by column, are
the absolute temperature of the absorption cell, the
pressure in mm Hg, and the number of potassium atoms per
cubic centimeter. The next two columns give the observed
values of the constant of the dispersion formula (20) for
the short and long wavelength component, in that order.
In the case of Plate 43, the lines completely overlapped, and,
accordingly, but the sum (C; + Cy) was measurable. ( The
lines practically fill the length of the plateholder).

Next is shown the ratio ciCZ’ and the ratio of Cjand Cg
to szlx and szgx, respectively. The appropriate tube

length x for each set of plates is as indicated.,
The theoretical value of C is, from (5) and (20),
C ™ 3¥/(2TWloggl0) . (28]

Now, in all cases, from (8),

Q= (me2A2/me®) Wex (om) . (23)
For radiation damping, from (10)

¥ = (4Te?/3mc®) (cm) . (24)
For Lorentz collision broadening, from (13),

¥ = (\24%9/c) W (em) . (25)
For the modified Lorentz theory, from (18),

¥ = (e2A3/2Mme?) Nf (em), (26)



Pl., TFK)
Fo.

33
54
356
36
37
38

40
41
42
43

44
45
46
47
48

463
498
518
5565
593
633

584
664
696
765

444
461
481
516
545

I

P (mm)

4.08x10%%
1.91x10%2
4.17
1.59x10"L
5.13
1.51x10°

3,98x10°L
3.16x10°
6.46
2.04x10%

1.62x10"°

3,62
9.1%2

3,89x10%%

1.12x10"%

N

TABIE II

Cl(cmz)

Cz(cmg)

Tube Length .240 cn

8.565x1012
3.72x1014
7.81
2.78x10L6
8.38
2,31x1016

Tube

5413x10"%0

4,48x10-1°
2.16x10"18
1.88x10-17
2 .45x10~16
1.45x10-15

Length ,213

2,63x10°20
2,20x10-19
9.10

9.41x10718
9,49x10~17
8.60x10-16

Average

cm

6.61x10%°

4.62x10%8
9,00
2.68x1017

1.81x10°16

8,90x10"L7

7.92x10~1% 4,17x10"15
2.50x10"14

(C;+C5) = 2.60x10%1%

1.00x10"14

Average

Tube Length 15.3 cm

3.54x101°
7462
1,84x10t4
7.50
1,99x10%3

1.72x10"1°9 1,02x10-19
8.52 4,77
7.75x1018  3,43x10-18
5,31x10~17

5,80x10-16

1.04x10-16
1.27x10-16
Average

GRAND AVERAGE

Cy
o

1,95
2,02
2,37
2,00
2,58
1.69

2603
1.90
2650

1.69
1.79
2o26
1.96
2619

2607

62

x10%7  x10%7
4,38 4,49
2,03 1,98
2.21  1.86
1,52  1.57
2,19 1,69
1,70 2,02
2.29
2,92 2,87
2,61 2,75
2,17 1.74
1.78
2,33
1,34 1.60
1.44 1.61
2,22 1,98
1,81 1.85
3,14 2,87
1,99
e ———
2,20
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For the Margenau and Watson derivation, from (19),
Y = 2X3/6mc ) Nf (em), (27)
Now, as subsequent examination of the data will
show, the pressures used are higher than those at which
radiation dapmping is of significance, and so (24) may be
ignored. Thus, using (22) and (23), in conjunction with

either: (25); or (26); or (27); then, respectively:

¢ = (a2 ¢2%/2mcBloggl0) WRLx (om®) ; (28)
or ¢ = (e4A?/4Wm20410g610) N2£2x (em®) ; (29)
or ¢ = (o%)3/12m2c*10g,10) ¥2£Px (em®) . (30)

Consider the relative values between the pair of
lines. from (28), (29), or (30), then, respectively,
: = 4

01785 = (Ay/A2)%® (£1/f5) = 1,97 , (31)

C1/Cg = (M/)2)® (£/£,)8 = 591, (32)
or C1/Cs = (A1/A5)5 (£1/£,)2 = 3:91 , (33)

where the usual f-values have been substituted. The experi-
mental ratios (Table II) have a mean of 2,07. Since no
systematic deviations with the density N can be detected,

it would appear that the theory of (31), with respect to
relative f-values, is approximately correct over the entire
pressure range. Accordingly, (32) and (33) are not confirmed.

Hence it would seem that the f-value appearing in (26) and
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(27} is superfluous.

Consider then, simply, equation (28). It yields
C /sz x =0 /sz X = const. (34)
1 1 2 2

(The relative dependence of the components upon wave=

length is small, and so is ignored for the moment). That
(34) is in fact correct, is seen from the last two columns
of Table II. (The variation with temperature because of the

velocity factor in (28), is also ignored for the present).

The dependence upon X may be judged from the mean
given for each tube length; it would seem, then, within
the limit of error, to be that predicted by theory. (Some
difference in the mean value for each tube length is to be
expected, since each corresponds to a different contact of
the thermocouple with the absorption cell).

The dependence upon N is best seen graphically. From

(34]),

log (Cl/Nflx) = log (Cy/Nfox) = log N+const.*

A plot of either of the first two quantities sgainst log N
should yield a straight line with unit slope. This is
strikingly illustrated in Fig. 8. The pressure range cov=-
ered varies by a factor of 12,600 (7,400 in N). The observ-

ed deviations from linearity are thought to be within the

¥'his equation applies to the other two theories as well, if
the f-value in (26) and in (27) be omitted.
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limit of observational error. It would be rather difficult
t0 construe the slope of the best straight line through

the points as having a value of 1/2 or of 2, such as would
be necessary to obtain agreement with those observers who
found the half-breadth proportional to N%, or to NZ.

“At very low pressures, where radiation damping
overshadows pressure broadening, (22), togethsr with (23)
and (24) yields ’

log (C1/Nf1x) = log (Cp/Nfsx) = const.
This value of the ordinate is indicated by the horizontal
line in the lower left hand corner of Fig. 8. The tempera-
tures used in obtaining the spectrograms were presumed to
include this lower pressure domain, in order that the
already experimentzlly established natural breadth could be
verified. However, it was found that this was precluded
when the temperatures were subsequently determined (raised)
according to the "in situ" calibration of the thermocouple.
A plot of points corresponding to this low pressure region
would presumebly fall on the indicated horizontal line. The
intersection point of the horizonta% line with that one of

unit slope, corresponds to a pressure of about 10™%mm Hg*.

¥This is not thought to be in serious disagreement with those
observers who, starting at very low pressures and working up,
found that their values of the half-breadth showed deviation
from constancy at somewhat higher pressures (usually somewhere
between 10=9 and 10~% mm Hg), for the following reason. Be-
cause of the observational error, the precise determination
of the pressure at which "deviation" from the horizontal sets
in, is not possible. Furthermore, it depends considerably
upon the subjective attitude of the experimenter. Thus, a
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2. Absolute Values

For the numerical calculation involved in determin-
ing absolute values, see Appendix IV. There it is shown
that the mean observed half-breadths are larger than those
predicted by the theory of equation (26) by a factor of

3.09/f1 and of 2.95/fg, for the short and for the long
wavelength component, respectively. The factors 1/f1 and

1/fo result from that (apparently superfluous) f-value
appearing in (26). If they are omitted, then experiment
gives a value of the half-breadth of about three times that
of theory; 1if they are included, the discrepancy is not only
greater, but is different for each component. 3Since (26)
differs from (27) only by a factor of 2T/6, similar con-
conclusions apply to the theory of the latter equation. This
disagreement is not surprising in view not only of the errors
of the observation, but the assumptions of the theory.

The interaction distance of the Lorentz theory, com-
puted from the mean value of c/NRfx, is ¢=201A. This is
in agreement of the result estimated by Korff, but is a

little higher than that by other observers. According to the
theory, g~ﬁ~T%. This dependence upon temperature cannot be
verified, for the range used would change ¥ only by a factor

of 1.3 at the extreme temperatures. TFor convenicnce, the

mean value, T =560° X, was used for determining <

reading such as that for the lowes?t pressure shown in Fig, IT
(Plate 44), though definitely appearing to lie on the straight
line with the unitslope, might readily be construed to lie

on the horizontal line by an observer working up from the
region of very low pressures. (The points correspond to v
equal to 1l¢3 times Y-natursl breadth, about). Thus, the
latter migat well rgport a "dGV1ation" at a pressure con-
siderably above 107° mm Hg).
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3. Some Prior Results

In Table IIT and in Fig. 9, is given similar data
from some prelirinary work. The relative values are in
approximate agreement with the results discussed above, but
the absolute value of the half-breadth are, on the average,
one-half again as large.

The explanation of the latter is as follows. The
half-breadths for the plates of Table II were, in the first
instance, found to be consistently higher than those for
Table IIT. At the suggestion of Dr. Houston, the thermo-
couple used for the final set of observations was calibrated
"in situ" by the method described above. The "corrected"
tempe ratures then yielded the results given in Table II,
with half-breadths now lower than those of Table ITI. Since
the thermocouple used for the earlier set had been damaged,
it was not possible 1o calibrate it by the same method.
However, a similar temperature "correction" would presumably,
have brought the two sets of results into harmony. It is to
be noted that, because of the nature of the vapor pressure
curve, the relative dependence of the results upon N is little
affected by a temperature correction proportional to the
temperature above room temperature. This, then, must account

for the linearity shown in Fig. 9.



Pl., T(°K)

No.

16
d0
18
1%
20
21
22
23

5
26
7
28
29
30
31

423
439
471
508
525
549
586
619

500
513
539
569
593
620
651

p (mm)

5.,01x10™4
1.22x10%3
5.75
2.88x10"2
5.49
1.29x10"L

4,17
1.05x10°

2404x10™%
3.55

9.12
2,51x10°1
5401
1,07x10°
24356

N

TABIE III

Gl(cmz)

Cz(cm?)

Tube Length 3.90 em

1.15x10%% 3.35x10"20 1.09x10-20

2,70
1.18x10M4
5450
1.01x1015
2.28

6491
1.65%x1016

9.62
1.80x10-18
2.,01x10"L7

7eR8

%.12x10™16
2.58x10"15

1.90x10-14

3.29
7.51x10"19
7.20x10"18
3.,07x10~17
1.52x10™16

1.37x10~15
1.29x10-14

Tube Length 1,30 cm

3,96x1014
6.71
1.64x10%°
4.28
8420
1.68x10%°
3450

9,08x10~18
1.19%10-17
6,72

4,22x10"10

1.49x10"L0

7639

5.31x10"+4

3,20x10=18
5.38
3,11x10"17
1.70x10718
1,00x10™15
.41

2.92x10~14

o

5607
2.92
2.46
2,79
236
2605

1.88
1.47

284
2ol
Rel6
2.48
1.49
2,17
1.82

68

9,70
5.06
4.95
2465
2,72
2.30

2,07
2,68

6663
3,04
2.87
2.65
2455
3,01
4,98

6.31
5.46
4,02
1.88
2.31
2428
2420
363

4,67
2675
2066
213
Se42
2,77
5.48
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4, Conclusion

No attempt has been made to estimate the experi-
mental error; it is surely large. The principal uncer-
tainty lies in the photographic photometry, in the wvapor
pressure equation, and, as to absolute values, in the
determination of the temperaturs. Three (numerical) fig-
ures have been used throughout; no significance can be
attached to the last onse.

It is suggested that any future experiment involving
an absorption cell gives attention to the following circum-
stance. A small side tube is connected to the cell. With-
in it reposes the supply of the absorbing substance. The
cell is warmer than the side tube. The temperature of the
latter determines the vapor pressure; that of the former
serves to avoid condensation upon the windows. The thermo=-
couple is securely attached to the side tube by fusion of a
metal of high melting point. The seal of the windows is
adequate to avoid leakage.

The success of the lNgO windows paves the way for
a number of interesting experiments. Still higher pres-
sures are possible. This would permit a low-dispersion
stigmatic spectrograph; hence, the plates could be calib:
rated by means of a rotating sector at the slit, and plates
of uniform sensitivity could be used. The principal seriss
of the alkalis bear investigation. The contour of a potassium

line broadened by sodium is of interestb. Absolute trans-
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ition probsbilities of many a low vapor-pressure metal

could be determined.
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APPENDIX I

On the value of C' in (20)

To the extent that the Lorentz collision theory
mey be taken literally, it can be shown that the maximum
value of the absorption coefficient is independent of N, and
is of the order of several thousand. Hence it is manifestly
impogsible to determine (xX)psy (=(logglO)/C') from values of
xx less than sbout 2.3 (Fig. 2). This is the reason, then,
that absolute transition probabilities (f:=(C/C')%) cannot
be obtained by this method.

Of course, in the radiation damping region,
(v(x)max is smaller, falling off linearly with N. But pres-

-5 mm Hg would be required. And then

sures of less than 10
the question of resolving power would enter. In the present
experiment, even at the pressures used, this last consider-
ation results in an apparent appreciable transmission at the
center of the lines. |
These remarks do not apply to the case of broad-

ening by dissimilar atoms. There, since (XX)pgx~N/N', and
(¥A) ~ (NN')%, where N' is the number of foreign particles,
it is possible by a judicious choice of N and Ni to have the

maximum value of the absorption coefficient small, and still

have an appreciable line width.
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APPENDIX II

Area method.

The area A under the transmission curve is

45 = ﬂ’l _ o ~(C Toge10y8AT) ) 4 oy

o

Substituting y2==«0 1og910V5A2),

<0

: -ve
A/2(C logelo)% = S (1 -6 7 )/yz dy.
(-]
Integrating the second term by parts, the integral turns

out to be equal to VT Thus
G = (4% /4T log,Ib)=3.46 x 10718 4% (17,

FPor a discussion of the Doppler effect, see

reference 12.
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APPENDIX III

Overlsapping
For two lines of "strengths" C; and C,,

I/Ig=e ~%-e~[C; 1og,10/(5A)%+ Cy 1ogy10/(5h)%], (1)
where §A= (A=A)); A= (A-A),  (A<A). Then
1/log oI /I=1/[C;/(8hud 1y 02/(Xrlz)2] ; (2)
where d = (A-A). If R=0Cy/Cy, y= §A:/d, then

(Cy/a%) /108101, /T= 1/[B/(1 +3)%+ 1/5°].

For |yl<1 ,

(Co/a%) /logyoLo/T =57/ [1+ R - 25%+ ..0)], (3)
For \y‘>l,

(co/a®) /108 T/1=FI[1+ R(1L-2/5 +3/5% ... ) (4)

A plot of (Cg/dz)/loglolo/l against yz

is as follows:
for positive values of y, the curve leaves the origin asymptoi
tically to a straight line through the origin of slope +1,
approaching asgymptotically, for y>>1, a straight line through
the origin of slope yz:(cz/dz)/loglolo/l==(1-%R). For negative
values of y, the curve leaves the origin asymptotically to &
line through the origin of slope ~1, but reaches a maximum
value of (Cz/dz)/loglglo/l at y= -1/(1-&31/5), falls to a
minimum at y= «~1, then rises asymptotically to & line through
the origin of slope «(1+R). (A plot is not given because of

the inherent difficulty of meking a scale drawing).
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(3) shows quantitatively the effect of the over-
lapping of line 1 on line 2. The "correction" term is
R(y® - 2y5+ ves), & quantity inereasing with y, but less
répidly so for positive values of y (series of alternating
terms).

Similar conclusions apply for the overlapping of
line 2 on line 1, where d- =4, Y- =y (noﬁv referred to f\.),
Co» Gy, R~ 1/R, remembering that y is positive towards the
overlapping line.

A change of procedure is suggested from (4), for
y»1l, where the curves go asymptotically to ‘straight lines
through the origin of slopes t(1+ R), i.e., act like a single
line of "strength" Co(1+R)=(C;+Cy)e Choose as origin, the
point \, such that (A-M)/(A-A, )=R, i.e., A,=A+d/(1+R).
This, then, is a point intermediate to the two lines as

determined by their "weights". Then

SA, = (A=A )= (A=h) + (M=) =0A, + a/(R+1),
A= (A=M)= (A-A) — (A-Ad = Ay + RA/(R+ 1),

Substituting in (2), then, for z=(8A)/[Ra/(R+1)] ,

[(cl+ 02)/[Rd/(12+1)]2] /1081 41o/1
is equal to
22/ |3/ (2 +1)] /(1 +1/Re P /(R4 1)) /(1= 1/2 2],

or, for R»1 (i.e., C;2 Cg), and if |2[>1, is equal to



2271 + (5/R)(1/2) + (a(2-1)/8%) (1/2%)
+(5(F-r+1)/8°) (1/5%) + ... ] . (5)

Except for the "correction" term, this is the equation of
a single line having a "strength" (Cl+-02). The “eorrection"
is greater for positive values of z than for negative ones.
As a first approximation, the line is symmetrically broad-
ened.

For partial overlapping, for the outer wing of
the short wavelength line, from (3), assuming a priori
C,=2Cy, then for an error factor of 1.1 1,09, measurements
must be taken at (§))%/a%< .2, 1i.e., [S\[<.45a (=154).
Thus, since the minimum value of logyyI,/I for the usable
part of the transmission curve is approximately .1, the
maximum permissible width line that may be measured within
this error is given approximately by Cl==(15)2 x 10716 x .1

*1b cmz. (The error for the outer long wavelength

= 2 x 10
wing would be double the above. For both inner wings, the
corresponding error would be larger).

For nearly complete overlapping, for the short
wavelength wing, from (5), assuming a priori Cl:=202, then,
for an error factor of 1.1 .02, measurements must be taken
at a%/(8M)2 <,15, 1i.e., |Fh|>2.6 & (=884). As for above,
the corresponding minimum is (Clﬂ-02)==(88)2 x 10716 x ,1
= 8 x 1013 cmg. (The error for the long wavelength wing

would be greater).
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Thus, so long as Gy < 2 x 1015 cmz, or
(01+-C2)>'8 x 10719 cmz, the error resulting from using
the measured slopes is less than about 10%. In the in-
termediate cases (Plates 41, 42, 43; Table II), error
is reduced by using the more favorable part of the wing.

In any case, the value of Cy or of (01+—Ca)
will lie between C, and (01+-02), and so the maximum
error is 50%. Similarly, for the long wavelength wing,
the error is 200%.

The predicted departure from linearity over
the usable range of a line, if it existed, was masked by

the errors of the photometry.



APPENDIX IV

Numerical Calculation Of Absolute Values

1. The ratio of experimental half-breadths to that of (26):
From (22),

Y = (2T 1log,10) C/¢ (em).
Substituting for ¢ from (23),

WAS = (2me? 1oga10/e%) (1/X5) (c/wPfx) (em).
Using

¢, /N x = 2,25 x 10747 (em); Ay = 7665 x 108 (cm);

Cz/szzx = 2.18 x 10747 (cm"); /\2 = 7699 x 10~ (cm);
then, respectively,
‘(l/Nz\5| = 1.38 x 10713  (cm);
Y,/ = 1.52 x 107°  (en).
Comparing to
Ytheory/MAS = (e2/2Tme®) £ = 4.47 £ x 1071 (em),

it follows that

Yexp./Ytheory = 3.09/f = 2,95/f, .

1 9
2, Lorentz collision diameter:-

From (13), and from (22),

0% o7l = (2Te log 10/878) (¢/g) (en®),



Substituting for p from (23) ,
32 = (2me® 10g,10/6%A2%) (c/W2£x) (em®),
where, from (14) ,

# = (16RD/mi)¥ = 7.65 x 104 cm/sec.

-8

(T=560°K, M=39,1). Then (A,=7680 x 10 ™ cm, C/I\Tzfx=2.20 X

10747 (em’) )

532 - 4,04 x 10712 cm:a 3 € = 201A,
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