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ABSTRACT

The relative gf-values for 107 lines in 34 multiplets of Ca T
between N 2990 and \ 6720 have been derived from the photographic
photometry of absorption lines excited in an electric furnace. All
the lines arise from low terms whose excitation potentials range from
0.0 to 3.0 eevs

A brief discussion of the method used for making the measure-
ments is given, together with an outline of the theoretical relation-
ships which are required to reduce the measurements to relative gf-
values. The variocus components of the experimental apparatus are
described in some detail.

In the second part, some preliminary studies have been made on
the pressure broadening of Fe I and Ca I absorption lines in electric
furnace spectrograms. By using relative gi-values for lines of these
elements, empirical curves of growth have been constructed from which
the collisional damping constants for some of the lines are derived.
The experimental damping constants are compared with those calculated

from the available theories of pressure broadening. The results indi~

cate that observations of broadened absorption lines in furnace spectra

may prove useful in determining collisional demping constants for many

lines of astrophysical interest.
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PART .ONE

MEASUREMENT OF RELATIVE gf-VALUES
FOR SPECTRAL LINES OF
NEUTRAL CALCIUM
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. INTRODUCTION

The intensities of spectral lines are of considerable interest
to astrophysicists engaged in the study of stellar atmospheres. in
order to obtain quantitative information from intensity measurements
on stellar spectral lines, it is often necessary to know the transition
probabilities for the atomic lines in question. This report dea}s with
the experimental study of the relative transition probabilities for
some of the spectral lines of neutral calciume

In principle, the transition probabilities for lines of a given
spectrum may be calculated by means of quantum theory. Exact calcula=
tions have been made for tﬁe atomic hydrogen lines while a few other
atoms, such as helium, have been treated by approximate methods. For
complex spectra, our knowledge of atomic wave functions is at present
limited, and also, computational difficulties make a theoretical treat-
ment on a large scale impracticals Laboratory line intensity measure-
ments from which the transition probabilities may be obtained are thus
required in order to provide these important astrophysical data.

There are several ways of expressing transition probabilities
for atomic transitions. The laws of quantum mechanics state that the
tranéition probability is proportional to the square of the dipole
matrix element between the two states involved. Other means of speci-
fication include: the emission intensity; the phenomenological A and
B coefficients of Einsteinj the "Line Strength™, S, introduced by Condon
and Shortley; and the f-value or Moscillator strength® as it is some-
times called. The interrelationships between these quantities are given

in several textbooks such as those by Condon and Shortley(l), Aller(z),
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and Unsold.(B) Because of its symmetry in the initial and final levels,
Condon and Shortley's S notation has some advantages over' the others,
especially for theoretical worke However, the f-value notation has been
used widely, particularly in astronemy, and this specification has been
adopted in the present investigation.

The definition of the f-value originally was based on the clagsi~
cal elactron theory of Lorentzs In this theory, the opticaul properties
of a gas consisting of N atoms per unit volume were described in terms
of the properties of N quasi-elastically bound electrons per unit
volume. The ratio T1/N was found to be constant for a given spectral
line and was denoted by the dimensionless number, f. Thus, the f-value
of a given line was regarded as a measure of the degree to which the atom
behaved as a classically oscillating electron when it emitted or absorbed
this line, and the term Moscillator strength" was applied to the fwvalue.,
A comparison of the classical electron thecry with the quantum theory
of matter later led to the correlation between the fevalue and the matrix
element.

A variety of experimental methods for determining fwvalues have
been discussed in detail by Mitchell and Zemansky.(4) Shorter discus—
sions are also given by Korff and Briet(5) and by Unsold.(B) These methods
may be classified roughly as follows: a) emission; b) absorption;

c) dispersion; d) depolarization; e) methods involving magneto=-
rotationy f) direct lifetime measurements for excited states. An ab-
sorption method was chosen for the present investigation,

Although absolute f-values are of great interest, much information
may be obtained from a knowledge of relative f-values for lines in a

given spectrum. In addition, once relative f-values are known, the entire
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set can be placed on an absolute scale by a determination of the absolute
value for one of the lines. The work discussed in this report employs
a technique for the determination of relative f-values originally de-

(6)

veloped by R. Be King and A. S. King which is most suitable for ab=-
sorption lines arising from the low lying states of neutral metal atoms.

Several investigators have successfully applied the method to the spec-
trum of iron(6), titanium(7)’(8), (9), 1(10), (ll),

(12)

vanadium nicke chromium
and cobalt.
Most of the important calcium lines have been identified and the
analysis of the spectrum is fairly complete. However, except for visual
estimates, quantitative intensity measurements have been made for only
a few of the lines.(l3)’(l4)’(15) Because of the astrophysical impbr-
tance of this element, the present study was undertaken in order to pro-
vide more complete information on the calcium liness In view of the
fact that Dr. L. C. Green(l6) and others are now engaged in determining
wave functions for atomic states, it is hoped that the results of this

investigation may also prove useful in testing the theoretical calcu-

lations.
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Ii. REVIEW OF THEORY
In this section, the iheoretical relationships which are needed
for the reduction of the experimental data will be briefly discussed.

More complete derivations and discussions are to be found in the books

by Aller @) and by Unsold, )

A. The Atomic Absorption Coefficient.

Classically, anomalous dispersion and line absorption may be
regarded as arising from the resonance effects of the elastically bound
electrons of a gaseous medium when it is subject to interaction with
light waves. For an elastically bound electron in an atom subject to
radiation losses and set into oscillation by the harmonic electric
field of the radiation, the equation of motion may be set up and solved
to give the amplitude and phase of the resulting steady state vibration.
The oscillating electric field of the radiation tends to induce a dipole
in the atom. |If this atom is considered to be part of an isotropic,
polarizable medium, the formulae of classical elactricity and magnetism
enable one to derive an expression for the dielectric constant of the
medium which in turn is related to the index of refraction. This index
is found to be complex which means, physically, that the medium not only
refracts light but absorbs it as well. The complex refractive index
may bé separated into a real part which represents the ordinary refrac~
tive index, and into an imaginary part which represents the absorptivity.
The absorptivity is a maximum at the resonance frequency, whereas the
value of n = 1, where n is the ordinary refractive index, undergoes a

change in sign at the resonance frequency. This behavior of n is com=

monly referred to as gnomalous dispersion.
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A rigorous expression for frequency dependence of the line ab-
sorption coefficient may be derived by the methods of quantum mechanicse.
Since most excited states of atoms have fairly short lifetimes, the
Heisenberg uncertainty principle requires that there be an uncertainty,
AE, in the energy of the atom in such a state. In other words, the
state is not infinitely sharp; the uncertainty in energy being inversely
proportional to the lifetime. Weisskopf and Wigner have derived a pro-
bability law giving the relative proportion of atoms in a small energy
range, E to E + d&, in a broadened state of mean energy Ej' Considering
iwo such broadened states having mean energies EJ and Ei between which
transitions can occur, the principle of detailed balancing allows one
to derive an expression for the atomic line absorption coefficient.
For an atom at rest, the result of such a computation can be written in

the form

2
a = . ! (n

I
]
v g (v~ P+ (/)

a, is the absorption coefficient per atom at frequency v in unit fre-
quency interval, e and m are the electronic charge and massy ¢ is the
velocity of light, and Vo is the frequency given by the difference of

EJ and Ei divided by Planck's constant. The transition probability for
the line is expressed as the f-value. The natural damping constant, I,
is proportional to the sum of the reciprocals of the lifetimes for the
two states involved in the transition.

The classical theory also yields an expression for a  of the same

form as equation 1 but with two important differences. The f-value is
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missing since for a single oscillator it is assumed to be unity, and I
has a different meaning. The classical damping constent is related to
the mean rate of radiation of the oscillator and varies oﬁly with the
frequency of the incident radiation.

Under certain conditions, the collisional processes which can
broaden a spectral line may be treated within the framework of equation
| by a suitable definition of a damping constant for these processes.
The collisional and natural damping constants are additive.

In addition to the natural widths of spectral lines and to the
widths arising from collisional processes, there is also a broadening
of the lines due to kinetic motions of the atomss Thia is known as
Doppler broadening. An atom having a velocity v toward the observer
will radiate or absorb a line centered on a freguency v! = vo(l + v/c).
The total a is then obtained by averaging over all possible velocities.
For a gas of molecular weight, M, at an absolute temperature, T, the
fraction of atoms, dN/N, having velocities in the range v to v + dv is

given by the Maxwellian velocity distribution:

2
Bl o ) o

where R is the gas constant per moles Integrating over all velocities

in the line of sight, the absorption coefficient at frequency v be-

comes

B T exp (=Mv /2RT) dy
a, = / , ¢ @
o0 (v + v v/c - V) + (T/4m)

It is convenient to transform this integral by defining the following



quantitiess
Yo [ 2RI : . .
bvp=2= S 3 the "Doppler width™ in freguency units
vV
Av = ~2-
c
= Qv
Avy,
. (v—-v)
Ly
Lo
4'ITA\}D

The integral becomes

3 (agu) = 2 exp (=47 d (3)
aO ’ T -00 8.2 + (LI - y)z ?

whete

1re2f

a = _1_

o me  Avplm
At a fixed temperature and pressure, @ is constant for a given line and
the integration may be performed over y. In general, H(a,u) cannot be
expressed in closed formy asymptotic expansions and numerical methods
must be used. Penner and Kavanagh(l7) have reviewed the series expan-

sions used by a number of investigators, while Mitchell and Zemansky(4)

(18), (19)

?

Hjerting and Harris 5 have given helpful numerical tables for

the evaluation of H(ayu).

Be The Curve of Growth.
In the present experiment, absorption lines are formed when light

from a source of continuous radiation is passed through a column of vapor
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containing the atoms whose absorption spectrum is desireds If light of
intensity Iv o is incident on the column of vapor, the emergent inten=-
’

sity ]:,"l is given by

I =1 o &XP (- 'l:v) . (4)

R

The optical depth, T, , for this experiment is given by
T, = Nha, = Nha H(a,u)

where h is the length of the absorbing column, N is the number of atoms
per unit volume which are effective in producing the line, and a, is
the atomic absorption coefficient discussed in part A. The profile of
the absorption line is defined by

I

l-r,=1- Tl = 1 - exp (-Nha,). (5)

in practice, the finite slit width of the spectrograph and the
imperfect resolution of the grating redistribute the energy incident on
the spectrograph slit and constitute sources of instrumental broadening.
The observed profile can be computed from an integral involving the
theoretical line profile of equation 5 and the instrumental smoothing
function, Unsold(3) has shown that in the absence of any scattered
light arising from the optical elements of the apparatus, the ratio of
the total energy absorbed by the line to the incident energy is not
changed by instrumental effects. This ratio is defined as the total

absorption or "egquivalent width™ of the line. The equivalent width in

frequency units, W, may then be written as

o= [ Q-r)av, (6)
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where the integral is extended over the line. For well separated lines,
the limits of integration may be extended to %00, since contributions
from other lines will be negligible in the region of interest. Intro-

ducing the Doppler width, Avp, equation & may be written in the form:

W 00 )
Z%b = J_oo{l - exp[—NhaoH(a,u)]} du . (D

Equation 7 is the functional relationship between the total absorption
and the number of atoms active in absorbing the line and gives the so~
called "ourve of growth™ for the line.

The curve of growth is an important tool in astrophysics, where
an equation similar 1o 7, but modified in accordance with a model adopted
for the structure of the stellar atmosphere, is used to obtain informas
tion on temperatures, pressures, turbulence and abundances in stellar
atmospheres. Equation 7 strictly applies to the laboratory absorption
tube experiment where the temperature, pressure, and concentration
throughout the column of absorbing vapor are constant,

With grating spectrograms, it is convenient {0 measure the equiva-
lent width in wavelength units rather than in freguency units. If WK
and AAD are the equivalent width and Doppler widih in wavelength units,
then Wy/Mhy= W /Avyy and By = (A /o) Y2RT/M , where N is the wavelength
at the center of the line. Defining a quantity, X, such that

wezh 2
X = Nhg = Nhf —5—5=— (8)

mczlﬂquF1 ’

equation 7 becomes

Q0
Wk /AhD =.f_00{1 - exp[-XH(a,u)]} du, | (9)
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Two special cases of equation 9 are of interest.

Case a. Pure Doppler broadening: In this case a=r 0, H(a,u) becomes

exp (-u2) and the integrand in equation 9 may be expanded in a series

and integrated term by term to give

' 2, n n+l
Ao bSO D M (10)
By, =7 Z} -~ '

B, =JTX or W = > Nfh , (11)

and the total absorption increases linearly with Nf. For X >> 1,

Unsold gives the following asymptotic expansion:

W -
AN ’ 1 0,2886 0l1355
—":JD = 2 ln X {1 +-—I;\-:X - (ln X)z 1 sas } (12)

Case b. Damping predominant: Here H(a,u) becomes a/ﬁ.uz, and for

large X the integration gives

/! ’ )
N = 2 \l?ax ’ (13)

By

that is, the equivalent width increases as YNT'. For intermediate

values of X, numerical tables must be used to evaluate equation 9.

Figure 1 gives a plot of log (#,/M\) versus log b [=log(10.6X)]
D

for various values of-the damping parameter, a. It illustrates the ap=-
proximately linear relationship between Wy /BNy and X for small W/ Do

This is the region where the shape of the absorption coefficient is de-
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termined primarily by Doppler broadening. As Nf is increased, the curves
enter an intermediate region where both Doppler and damping effects con-
tributej soon damping takes over completely and the equivalent width in-
creases asYNf « At a given value of Nf, the relative importance of

damping and Doppler broadening is determined by the parameter g.
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111, WETHOD

The experimental method for determining relative f-values con-
sisted of measuring the equivalent widths of those Gal absorption lines
which were weak enough to be on or near the linear portion of the curve
of growth. Doppler widths and the relative concentrations of active
atoms in the different atomic energy levels were computed from ob~
served furnace temperatures. The curves of growth discussed in the
previous section were then used to calculate the corresponding relative
fevalues.

A beam of light from a lamp giving a continuous spectrum was
passed through an electric resistance furhace in which the calcium
sample had been vaporized. This furnace employed a graphite tube heated
to the desired temperature by means of a large electric current at low
voltage. The resulting absorption lines were photographed with a high
dispersion spectrograph of the Rowland type. The plates were traced
with a recording microphotometer and the equivalent widths were meas~
ured from these tracingse

King and King(G) have shown that a condition of thermodynamic
equilibrium exists in the furnace tube. The relative populations of
atoms in the different lower energy levels from which the lines arise

can therefore be computed with the aid of the Boltzmann relation:

o8 (e ok »
N:= go exp(—- kT ) (14)

where N, and N are, respectively, the number of atoms in the excited

state, i, and the number in the ground state, o g; and g  are the statis-
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tical weights, 2J + 1, of these states; Ei is the excitation potential
of the ith state; k is the Boltzmann constants Multiplying equation 14

through by f. and rearranging gives:

g B
gifi = 'ﬁ';‘Nifi exp('l' kT ) . (15)

Values of Ei were obtained from the data on atomic energy levels com—
piled by Moore.(zo)
For a given exposure, a value of X for each equivalent width was
read from the curve of growth, Combining equations 8 and 15 gave rela~
tive values of KgfA for the lines. K is a scale factor for a given ex~
posure and is proportional to the amount of calcium vapor in the fur=-
nace. Relative gf-values for all the lines were then placed on a come
mon scale by adjusting the value of K for each exposure. Since gf=
values are often used directly in astrophysical applications, a tabu=
lation of the relative gf-values is often more convenient than one of
fevalues, The results reported here are given in terms of the gf-values.
At the temperatures and pressures used in this investigation, the
contributions of natural and collisional damping to the line broadening
were negligible. Therefore, the curve of growth for pure Doppler broad—
ening (a = 0) was used for reducing the observations. Mr. Max Seamons
of the Jet Propulsion Laboratory programed equation 10 for the Datatron
computer and the results were arranged in the form of a table giving X
as a function of Wy/A\je The difficulty of obtaining reliable equive-
lent widths for very weak lines and the relative "flatness®™ of the curve

for log (WK/AAD) > 0.3 limited the usable range of equivalent width values
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from any single exposure. This range amounted to about a factor of ten.
A "step-down" technique for comparing larger ranges in intensity was
carried out by varying the amount of vaporized sample. This made it pos=
siole to bring different sets of lines within the usable region of the
curve of growth., At the higher vapor densities, the intrinsically weak
lines were observed in this region, while successively stronger lines
appeared as the concentration of absorbing vapor was decreased. Because
the concentration of absorbing atoms was different for each exposure,
the scale of gf-values measured on successive exposures was also dif=
ferents The results from a series of exposures were then combined on
a single scale by determining the scale factors from the gf-value measure~
ments for lines appearing in common on exposures taken at slightly dif-
ferent vapor densities.

A much larger range of intensities may be directly compared by
using the square root portions of the curves of growth. Unfortunately,
this requires more information on the magnitudes of the damping constants
than is presently known. Theoretical considerations lead one to expect
that all multiplets may not have the same damping factor under the physi~
cal conditions existing in the furnace. At present it seems best to use
the procedure outlined above for relative gf-value measurements.

The methods of measuring equivalent widths from microphotometer
tracings have been discussed in detail in a thesis by Hills!) The same
procedure has been used here except that only the weakest lines were
treated as triangles. Profiles of stronger lines were broken up into a
number of horizontal segments which were then summed to give the equiva-

lent widths,.
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The absorption method outlined here has the advantage of simpli-
city with respect to both apparatus and theory., Accurate temperature
readings are required because of the critical manner in which the
Boltzmann factors affect the relative populations of the atoms in the
various energy levels. When used with this type of furnace, the optical
pyrometer provides temperatures accurate to a fraction of a per cent.

As stated above, one disadvantage of the absorption method used
in this work is the limited range of intensities which may be compared
directly on a single spectrogram since the "step=down™ technique in-
creases the possibility of introducing errors into the final results.

The outstanding disadvantage of the method is the error in equivalent
width measurements caused by the grain irregularities of the photographic
emulsion. This grain "noise" is superimposed on all line profiles but
introduces proporticnately greater ervors for the weaker lines. Because
this grain effect is random in operation, a large number of independent
exposures are required in order to minimize itse A compromise must be
reached between the desired accuracy and the amount of time spent in re~
ducing a very large number of measurements,

In spite of the disadvantage of photographic photometry, it was
used in preference to a photoelectric technique for measuring the equivar
lent widths. Photoelectric methods are most suitable for emission line
studies and become somewhat complicated for the photometry of weak absorp-
tion liness It was desirable to study the lines in absorption rather
then in emission because the corrections for the self absorption and the
self reversal of emission lines are often difficult to evaluate.

Other possible sources of error, both random and systematic, are
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. : . (6) . (21) .
summarized by King and King and by Hill, Some of these will be

discussed in following sections of this thesis,
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IVe APPARATUS
A. The Furpace
The furnace used in this investigation is a modification of the

(22) and is located at the

large hood furnace designed by A. S. King
Pasadena Laboratory of the Mount Wilson Observatory. The heating ele~
ment is a graphite tube 12 inches long, 0.50 inches |«De and 0.75 inches
OeDe The tube is held at each end by a split cylindrical block of
graphite 3.75 inches in diameter and 3 inches long. These blocks are
in turn held by water cooled electrodes of cast bronze. Concentric
with the graphité tube are two molybdenum radiation shields and a large
brass water jabket. This assembly rests on a steel base plate through
which pass = the connections for the current conductors, water lines,
and the vacuum line. The entire structure is enclosed by a large forged
steel hood provided with two quartz windows opposite the ends of the
graphite tube. An air tight seal between the base plate and hood is
achieved by means of a rubber gasket.

Electrical power for the furnace is supplied by a heavy duty
transformer capable of giving over 2000 amperes of 60 cycle a.ce A
bank of switches enables one to adjust the furnace input voltage in
5 volt steps from 5 volts to 50 volts. Fine adjustment within each
range is provided by means of a motor driven voltage control. Tempera-
tures up to about 2800° C. are obtainable with this arrangement. Power
requirements for the higher temperatures may be decreased by using
graphite tubes whose wall thickness have been reduced by about 0,010

inch.

Unlike the metals such as iron, cobalt and nickel which have been
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previously studied in this type of furnace, calcium presented a special
problem. The boiling point of calcium is 1240° C, whereas the boiling
points for Fe, Ti, V, Ni and Co are of the order of 3000° C. Tempera~
tures in excess of 2000° C were required to observe these absorption
lines arising from states with excitation potentials above 2 e.v., and
under thess conditions, calcium had a relatively high vapor pressure.
The rate at which the sample was lost could be considerably reduced by
requiring the furnace to be vacuum tight and to be isolated from the
pumping system during a run. Tests showed that the furnace had a leak
rate of about 2 microns per minute at the lowest pressure (5 microns)
obtainable with a Cenco Hypervac pump and therefore proved to be well
adapted to this technique. After isolating the pump from the furnace
by means of a vacuum valve, the furnace was usually operated with an
almosphere of about 0.5 to | cme of heliums A pressure rise of the or-
der of 2 cm. was noted during runs and was probably caused by outgassing
of the large graphite electrode clamps during heating.

Electrolytically purified calcium metal was used for most of the
sampless This was cut into small pieces and was placed in the tube with
a charging spatula. |t was necessary to recharge the tube after about
an hour of continuous furnace operation. Molecular bands identified as
the strongest absorption bands of CaCl, CaF and Call were observed in
the red region of the spectrum (5900-7000 R). It was found that the
CaCl and CaF impurities could be eliminated by using dried, chemically
pure Ca0 powder but that the CaH bands remained. The CaH bands (6700-
7000 A) gave a bright red color to the vapor and indicated roughly the

amount of vaporized calcium in the tubs. The Ca0 powder was also more
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stable and showed less bubbling at high temperatures than did calcium
metal, but the higher vapor density provided by the metal samples was

required in order to observe the weaker lines.

B. The Light Seurce and Oplical System

The source used for the continuous spectrum was a 250 watt high
pressure Xenon discharge lamp manufactured in Germany by Osrams The
lamp consists of two conical tungsten electrodes enclosed in a quartz
bulb and operates on 220 volts a.ce The lamp is provided with a starting
apparatus which gives a 20,000 volt pulse to initiate the discharge.
The bulb operates in a vertical position and is air coolede The very
bright spot appearing near the lower electrode was imaged on the spec-
trograph slit after its light had passed through the furnace tube. This
source gave an excellent continuum for absorption line studies as its
color temperature is well in excess of 3000° K. The high radiance of
the spot permitted the use of exposure times less than 30 seconds, thus
minimizing errors due o the slight fluctuation in furnace temperature
and the changing concentration of calcium vapor which may occur during
an exposure.

Tests with the lamp revealed a very smooth continuum with only
a few diffuse emission lines in the region A 2600 R to A 8000 X. The
main objection to this source was the erratic wandering of the bright
spot over the pointed electrode surface. As the brightest region of
the spot is only a fraction of a millimeter in diameter, this wandering
sometimes caused the image of the spot to move off the spectrograph
slit for short periods, and exposures of the correct density could con-

sistently be obtained only by using exposure times greater than about
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10 seconds. Exposure times betwesen 10 and 30 seconds were used for most
of the plates.

The optical system consisted of three lenses and one prism, all
of fused quartz. Since the light beam from the Xenon lamp passed through
the furnace in a horizontal direction, the prism was necessary in order
to deflect the beam to the vertical direction that was required by the
spectrograph mounting. The prism occupied a position about 50 cm. above
the spectrograph slit. The focal lengths of the lenses were (1) 15 cm.,
(2) 50 em., (3) 78 cmey and were placed as follows: Lens | imaged the
bright spot of the Xenon lamp at the midpoint of the furnace tube which
was 80 cme from the lamps. The light from this image was received by
lens 2 and rendered parallel. Lens 3 intercepted this parallel beam
and formed an image of the spot on the slit. The aperatures were suf-
ficient to provide uniform illumination over the ruled surface of the

grating.

Ce The Spectrograph

The spectrograph used was the 15=foot vertical Rowland spectro-
graph at the llount Wilson Observatory. Its dispersion in the first or-
der is 3,730 R/mm. The plate holder is made to receive a plate approxi=
mately 2 inches wide by 18 inches long, so that in the first order, a
wave length interval of 1700 R may be recorded on a single exposure.

Fine grain, high contrast plates were used to record the absorption lines.
Eight to nine exposures, each approximately 2 mm, wide and separated by
clear spaces of about the same distance, were recorded on a single plate.
A slit width of approximately 0,020 mm. was used for most of the expo~

SUresS.
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The plates were calibrated by imaging the light from a voltage
stabilized Phillips ribbon filament lamp onto a step slit mounted in
place of the spectrograph slits The calibration plates gave a series
of exposures (usually ten) of differing degrees of blackening which
could then be translated into relative intensities by means of the
known step slit openings. Calibration plates were of the same stock
as the spectrum plates and were exposed for the same length of time.
The calibration and spectrum plates were developed simultaneously in
D=19 developer for 4 minutes.

For each of the successive step slit exposures, it was neces-
sary to maintain the same exposure time to within a fraction of a second.
In view of the short exposure times used, deviations larger than this
would cause appreciable errors in the plate calibration curves. Manual
timing of the exposures was fell to be unsatisfactory, and so a device
was assembled which operated the shutter automatically. This assembly
consisted of a solenoid operated Packard shutter clamped about 2 inches
above the slit. Current to the solenocid was controlled by means of a
photographic timer manufactured by the Industrial Timer Corporation.
The timer was essentially a synchronous clock motor which actuated a
microswitch in the solenoid circuit. Exposure times ranging from 1 to
60 seconds could be chosen by setting the dial == the timer automatically
resetting itself after each cycle. Tests showed that the variation in
successive exposure times was less than 0.2 seconds.

As mentioned in section 11, scattered light in the spectrograph
tends to fill in the absorption lines, resulting in equivalent widths

that are systematically too small. A test was made to determine the
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magnitude of this scatiered light by using low contrast Eastman 103-0
plates whose latitude was further increased by short development in
Eastman D-76 developer. The test was made in the secondiorder in the
wavelength interval A 2450 E - A 3300 K. With the light source focused
on the spectrograph slit, two 30 second exposures were taken., The first
recorded the dispersed plus scattered light contributions, A filter
which cut off all light below A 4200 R was then placed over the slit
and a second exposure recorded only the scattered light. A calibration
plate was developed with this plate and density measurements were made
with a Beckman Model B densitometer. The two exposures showed an in-
tensity ratio of 0.0l. This ratio represents a minimum value for the
scattered light, since the test does not record the scattered light due
to wavelengths below 4200 ﬁ. Because the lamp intensity decreases with
wave length, the contribution of scattered light could reasonably be
taken as less than about 3 % of the dispersed light. With this relative=
ly small contribution, it was felt that correction of the observed pro=-

files for scattered light was unnecessary.

D. Ihg_Qgtical Pyrome ter

The temperatures of the furnace tubes were read with a lLeeds and
Northrup optical pyrometer, model 8622-C. This pyrometer was checked
against a standard instrument at the Leeds and Northrup agency in
Los Angeles and the two were found to agree within the limits of reading
errore A right angle prism inserted into the beam from the furnace
allowed the temperature of the inner wall of the furnace tube to be read
through one of the windows in the furnace hood. During a reading, a shield

was placed over the other window to exclude the light from the Xenon lamp.
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A correction for the light losses in the prism and window was required
in order to obtain true furnace temperatures.

The optical pyrometer matches the intensity of a standard lamp
filament contained in the pyrometer with the intensity of the luminous
ob ject ‘whose temperature is desireds The observable wavelength inter-
val is limited by means of a red filter, and the temperature scale is
based on Wien's approximation to a black body energy distribution.
Application of Wien's Law enables one to correct for readings made on
non-black objects and for measurements obtained through slightly ab-
sorbing windows. The resulting correction formula may be writien in

the forms

(16)

—l|—
L
D
il
>

T is the true temperature of the object in degrees Kelvin; © is the
equivalent black body temperature and is indicated by the pyrometer
scale. The negativé constant, A, is a characteristic of the pyrometer
and the associated optical elements. The window and prism corrections
were obtained by observing the controlled ribbon filament lamp with

and without the window and prism in the light paths From three to six
successive pairs of readings were taken at each of eight different

lamp currents. Equation 16 was then used to compute the Qalue of A for
each pair of readings. These A values were then averaged; the residuals
of the individual determinations showed no systematic deviation from the
assumed constancy of As The mean value of ﬁ_wa; then used to compute

a correction curve which gave the additive corrections to be applied to

the temperatures observed through the prism and window.
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The s scale (1500° = 2900° C) of the pyrometer was used almost
exclusively for temperature measurements, and it was found that, with
care, successive readings on this scale could be reproducéd to within
about 5° C. Although such deviations may in some cases affect the
Boltzmann corrections by as much as 5%, such reading errors should in
general be random in operation and should appear in the final results

principally as an increase in the value of the probable error,

E. The Microphotometer

Most of the equivalent widths were measured from tracings made
on the recording microphotometer located in the Robinson Astrophysical
Laboratory of the California Institute of Technology. This machine uses
a Leeds and Northrup Speedomax recorder to irace the absorption line pro-
filess A chart-to-plate magnification of 108 was used for tracing the
absorption lines, whereas a magnification of 27 was employed for cali-
bration plate tracingse Otherwise, the same setlings were used for
both spectrum and calibration platese A slit length nearly equal to
the width of the spectrum minimized the grain fluctuations.

The microphotometer originally designed by Dunham at the Mount
Wilson Laboratory was used for some of the first plates obtained in the
ultra violet region of the spectrums The tracings from this instrument
were made on strips of sensitized paper which required photographic
processings For subsequent work, tracings obtained with the micro=
photometer in the Robinson Laboratory were used in preference to those
made with the Dunham instrument,

The main disadvantage of both the instruments discussed above is

the time consuming procedure that is required to translate the tracings
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into an intensity scales The markings for each line profile must be
read from the plate calibration curves before the equivalent widths may
be calculated, and the pessibility of introducing errors into the re~
ductions is thereby increased.

Dr, Horace Babcock of the Observatory staff has developed
direct intensity microphotometer which is capable of giving excellent
results. This instrument requires a specially prepared calibration
wedge in which the intensity is a linear function of the distance along
the plate. A device for preparing such wedges was constructed by
Mro Be Re Parnes and was given a thorough test by Dr. P, M. Routly and
the writer. This calibration apparatus consists of a cardboard tube
9.5 feet long with internal diaphragms to minimize reflections from the
tube wallse Light from a 900 watt projection bulb forms a small image
on an opal glass diffusing screen al one end of the tube, and the light
from this screen is photographed at the opposite end. Ilmmediately in
front of the photographic plate is a 10=inch diameter disk which re-
volves at about 3000 rpme The revolving disk is machined so that the
exposure time at the plate is a linear function of distance across the
width of the plate. The proper spectral regions are selected by means
of filters placed between the lamp and the diffusing screen.

The resulting wedges were tested against step slit calibrations
made with the 15~foot spectrographs The results of these tests showed
that the two sets of calibration curves usually agreed reasonably well
for a density range of from 50% to 90% blackening. Below 50%, the
wedge calibrations showed more blackening for the same light intensity
than did the step slit calibrations. Also, the variation in the slope

of the characteristic curves with wavelength was masked in the wedges.
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Although these difficulties cuuld be overcome by building a considerably
more elaboraie wedge calibration device, the step slit calibrations were
considered to be the best available at the time and were used in the re=

duction of aull the tracingse
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Ve RESULTS

Relative gf-values were measured for 107 lines in 34 multiplets
of the Ca I spectrum. The measured lines lie between A 2990_X and
A 6720 X. They constitute 81% of those absorption lines listed in
the Revised WMultiplet Table(23) as arising from terms having exita~
tion potentials less than 3 e.ve A total of 135 individual exposures
appearing on 18 plates were photometered and reduced. Furnace tem=
peratures for these exposures ranged from 1960° K to 2960° K.

The results of the measurements are given in Table 1 where the
arrangement of lines within the multiplets follows the scheme of the
Revised Multiplet Table. The first two columns of Table 1 give the
multiplet number and the term designation for sach of the multiplets.
The third and fourth columns give the inner quantum numbers, J, and
the wavelengths for the individual lines of the multiplets. The fifth
column lists the common logarithms, on an arbitrary scale, of the means
of the measured gf-values. The last column lists the number of indi-
vidual measurements made on each line and these numbers are indicative
of the relative weighls which are to be assigned to the gf-value
measurements. When the gf-values for all the lines in the multiplet
have not béen measured, an asterisk (¥) follows the multiplet number.

The measurements for several of the lines may have been affected
by the blending of the calcium line with a line of an impurity, such
as iron or titanium. When there is some doubt that the measured sirength
was due entirely to the calcium line, the log gf-value is placed in
parentheses in Table 1.

Because of the random errors in equivalent width measurements,

the resulting individual gf-values showed considerable scatler about the
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means. In most cases, the average deviations from the mean gf-values
were found to be of the order of 15%.

It has been pointed out previously that in addition to the ran-
dom errors of photographic photometry, there is the possibility for the
introduction of systematic errors in reducing the measurements from
different exposures to the same scale. The measurements covered wide
ranges both in wavelength and in intensity. When possible, the scale
factors for exposures covering overlapping wavelength and intensity
ranges were determined by making ten or more measurements on each of
five or more lines which were common to the two sets of exposures. Hence,
systemalic errors with respect to both wavelength and intensity should
be less than the average deviations (15%) of the gf-value measurements.

The transition probabilities for lines in multiplets Iy 3, 4,

é, 9 and 10 have been obtained by Schuttevaer and his colleagues.(IB)
Schuttevaer's values were derived from photographic photometry of cal-
cium emission lines in an arc spectrum. His measurements for these

lines were compared with those found in the present investigation =

the gfwvalues for the lines of multiplet number 3 being treated as the
standards for the comparison. Schuttevaer's values for the lines of
multiplets 4, 6, 9 and 10 were found to be from 20% to 35% lower than

the values found in the present study == the percentage differences being
Faifly consistent for all the lines of a given multiplet. His value for

the intersystem line (multiplet number 1) is about seven times larger

than the value found here. Although systematic errors with respect to
both wavelength and intensity may be present in the data given in Table 1,
the magnitudes of such errors should be less than the 15% mentioned pre=~

viouslys
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The photographic photometry of emission iines requires that one
accurately determine the wavelength variation of the plate sensitivity
since any errors in the sensitivity calibration will have large effects
on the measured intensities of the emission lines. Such a calibration
is a difficult procedure, especially for a low dispersion prism spectro-
graph of the type used by Schuttevaer. In addition, Schuttevaer's
measurements of the intensities of the lines of multiplet number 3 were
complicated by the presence of molecular bands in this wavelength region.
It seems likely that at least some of the discrepancy between the two
sets of data for multiplets 3, 4, 6, 9 and 10 may be accounted for by
the probable uncertainties in the emission line measurements. The
question could be resolved by making measurements on calcium absorption
lines using a high dispersion grating spectrograph of the Paschen-Runge
type. This type of instrument can be provided with several plate hol-
ders so that exposures of lines in widely differing wavelength regions
may be obtained simultaneously. This would eliminate the step-wise
comparison of the lines in the different wavelength regions which was
required by the Rowland spectrograph used in the present investigations

Schuttevaer's result for the intersystem line (A 6572) is cer-
tainly in error. This line was very weak on his plates and had to be
compared with a weak, high level emission line in the ultraviolet region
of the spectrum. Because the two lines differ considerably in excita-
tion potential, the Boltzmann factor enters critically into the calcu-
lation of the relative transition probabilities., HWeasurements of the
excitation temperatures for the arc are subject to large uncertainties,
and it is reasonable to assume that Schuttevaer's large value for the

relative transition probability of A\ 6572 was primarily caused by an error
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in his temperature measurements. In the present absorption study, the
furnace temperatures were accurately known and the intersystem line was
compared directly with the lines of multiplet number 3 and with the other
lines in the red region.

The resonance line (N 4226, multiplet number 2) was extremely strong
in comparison with all the other lines listed in Table 1 and, therefore,
its gf-value could not be measured by the present technique. However,
the ratio of the f-values of N 4226 and A 6572 has been measured by
Prokofjew.(l3) This was done by using the so~called "hook™ methods This
"hook" method is one involving measurements of the anomalous dispersions
of the lines and is capable of yielding quite accurate results, Prokofﬁew
found a value of 3.3 x 104 for the ratic of the f=values of the resonance

and intersystem lines, i.e.

4

£ O\ 4226)
F (N —3:3)(10 -

6572)

No experimental measurements of the absolute f-values for any of
the calcium lines have as yet been made. However, two theoretical calcu-
lations have been made for the absolute f-value of the rescnance line.
Hartree and Hartree(24) and Trefftz(zs) computed wave functions for the
states involved in the resonance transition and from these were able to
derive an absolute f-value for N 4226, Hartree and Hartree obtained a
value of 2.27, whereas Trefftz's value was l.46. Trefftz's calculation
involved more elaborate wave functions than those used by Hartree and
Hartree and is probably more reliable. If one assumes the value of 1.46

for the absolute f-value of A 4226, together with Prokof jew!s value of
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3.3 x 104 for the ratio of the f-values of N 4226 and N\ 6572, then the
gf-values given in Table 1 may be placed on an absolute scale. The fac-
tor by which the gf-values in Table 1 are to be myltiplied to obtain

-5. if the Hartree value for A 4226

=5

absolute gf-values is then 1.65 x 10
were correct, the factor would be 2.56 x 10
fn conclusion, some possibilities for future experimental work
on the intensities of the neutral calcium lines may be mentioned. First,
since the theoretical f-values may be somewhat inaccurate, an experi-
mental measurement of the absolute f-value for one of the lines should
be attempted. Second, the relative gf-value measurements should be
extended so as to include lines which arige from terms having low exci=
tation potentials from 3.0 to 4.9 e.ve These high level lines were too
weak to be detected by the present method, but their relative gf-values
could be obtained by observations with a source having higher excitation

temperatures than are possible with the King furnace.
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TABLE 1

Relative gf-values for Lines of Ca I

Mﬁéf' signation J A log gf Mg;;o
(1) 4lg - 23p° 0=1 6572.781 0,430 34
(3)  4%p° . 5% 2-1 6162.172 4,651 25
’ 1] 6122.219 4.466 27
0-] 6102.722 3,994 22
(4)  4%° - 43p 2-3 4454,781 5.141 7
1-2 4434.960 4,733 7
0-1 4425.241 4.478 10
D2 4455887 4.319 9
Il 4435688 4.35] 10
2-1 4456612 3.248 6
(5)  4%p° - 4p°% 3p ) 4302.527 5.118 6
- 1-1 4298.986 4.416 6
21 4318.652 4.637 7
1-0 4307.741 4.536 7
12 4283.010 4.649 7
0-1 4289.364 4.523 6
©)  4° - 6% 2-] 3973.707 3,943 14
1-1 3957.053 3.677 17
0-1 3948.901 = 3.200 1
(9)  4%° - 5% 23 3644.410 4,545 3
1-2 3630.748 4,332 4
0-1 3624.111 3.914 5
2.2 3644.765 3.866 7
I-] 3630.974 3,748 3
2l 3644.990 2.584 3
(10)  43p° - 73 -1 3487.598 3.475 7
1-1 3474.763 3.247 9
0-1 3468, 476 2.6% 10
()%  4%e° - 65D 2.3 3361.918 4297 5
12 3350,209 4.004 4
0-1 3344.513 3,706 i1
1-1 3350.261 3.624 5
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Table 1 — continued
Mult, . . Noa
ﬁo. Designation J A log gf Me;s.
(12)  23p° - &% -] 3286067 3,255 12
= 3974.661 3.009 13
0-1 3269.090 2.503 7
(13  4p° - 72p 2.3 3225.8% 4,089 7
1-2 3215.145 3.779 7
0-1 3909.930 3.374 9
22 3026.129 3.337 1
1-] 3215.334 3,22 5
(18)  4p° - 9% 21 3180.521 2.962 14
1-1 3169.854 2.79% 12
0-1 3164.618 2.236 3
(s)  4%° - &% 2.3 3150.738 3,792 7
1=2 3140.782 3.395 10
0-1 3136.003 3.102 13
22 3151.280 2.975 12
1-] 3141.164 2.967 10
(16)  4p° - 10%s 21 3117.656 2.713 1
1-1 3107.388 2.486 5
(7)  49p° - 342 3p ) 3006.858 4,500 7
1-1 2999.641] 3.900 8
2] 3009.205 4.0%6 7
1-0 3000.863 (4.225) 2
1-2 2997.309 4.093 8
0=1 2994.958 4.010 9
(18)*  3°D - 3ddp IF° 3.4 6439.073 4,955 2%
2-3 6462.566 4.809 21
1-2 6493.780 4.606 18
3-3 6471.660 4.144 8
2.2 6499.649 4.003 15
(19)*  3%p = 3adp 1° 2.2 6455600 3,500 9
1-2 6449.810 4.215 9
(20)% 3D - 5°p° 3.2 6169.559 4,321 16
2l 6169.055 4.108 13
1-0 6166.443 3.736 9
2-2 6161.289 3.726 9

1-1 6163.758 3.585 9
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Table | == continued

Mﬁét' Designation J A log gf MEQ;.
21)  3%D - 344p 3p° 3-3 5588,757 5.176 28
2 92 5594468 4.947 24
1-1 5598, 487 4.808 20
3-2 5601.285 4.498 12
-1 5602.846 4.392 14
9.3 5581,971 4.501 14
1=2 5590. 120 4.383 15
(22) 3% - 3a4p 3p° 3.2 5270,270 5,059 22
- -1 5265.557 4.750 21
1-0 5262, 244 4.440 24
2-2 5264.239 4.362 2]
1-1 5261.706 4.328 21
]2 5260.275 3.340 3
(23)%  33p - 43° 3-4 4585871 4,620 12
2-3 4581 .402 4.482 9
12 4578558 4.197 8
(25)  3%p - 53F° 3-4 4098.533 4,307 1
2-3 4094.930 4.154 10
1-2 4092.633 4.006 9
(26) 35D - 65F° 3- 3875.807 (4.095) 3
- 3872.552 (3.835) 3
I- 3870.506 (3.750) 3
(27)%  3%D - 73F° 3- 3753.367 3,762 8
2 3750.349 3.614 7
(28) 3°p - 83F° 3- 3678.240 3.514 5
2 3675.307 3.387 4
l“ 3673.448 30201 1
32)  3!p - 344p !p° 2-1 6717.685 4,237 10
(33)  3!p - 3d4p !F° 2-3 5349472 4,672 19
(34) 3lp-5lpo 21 5041,620 4,557 10
(35)  3lp - 4lp° 23 4878.132 4,779 1
(36) 3!p - 6lp° -1 4526 ,935 4,420 2
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Table 1 == continued
Mﬁi&' Designation J A log gf MSZ;.
37)  3'p - 5!F° 2-3 4355.0% 4.414 8
(39)  3lp - 6lp° 2-3 4108,554 4.110 3
41y 4lp° - 4p2 Ip 12 5857 ,454 5,208 12
48)  4lp° - 6! 10 5512.979 4,558 13
(49)  4lp® - 5lp 12 5188,848 4,979 21
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A PRELIMINARY STUDY OF PRESSURE EFFECTS IN
ELECTRIC FURNACE SPECTRA.
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I. INTRODUCTION

A fundamental problem in the study of solar and stellar atmos-
pheres is the interpretation of the observed spectra in terms of the
structure of these atmospheres and the basic physical processes giving
rise to line absorption. The method for making such an interpretation
is to compute theoretical line profiles and/or curves of growth by
using the basic physical data such as f-values and damping constants
together with various models for the structure of stellar envelopess
Comparison of the thecretical and observed spectra then suggests the
probable physical conditions in the outer layers of the sun and other
stars. One such study is currently being carried out by Professors
L. Goldberg, Lo He Aller and their colleagues at the University of
Michigane

For complex spectra, experimental measures of f-values and the
atomic parameters involved in the calculation of damping constants are
to be preferred over the theoretical values. Previous sections of ‘this
thesis have dealt with the measurement of relative f-values for neutral
calcium lines whereas the following discussion is concerned with a pos-
sible laboratory method for measuring damping constants for some ab-
sorption lines of astrophysical interest.

A number of studies have already beecn made on the damping effects
in solar and stellar spectra. Among these, the results of Carter(26)
revealed an interesting aspect of the general problems Carter con-
structed a solar curve of growth for lines of Fe I by using C. W.
Allen's equivalent widths and f-values obtained from emission line
studies in a King furnace. He found that solar absorption lines arising

from states that have odd parity show systematically greater damping
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than do those lines arising from levels of even parity. Sandage and
Hill(27) discuss similar effects for Cr I lines in the solar spectrum
and attribute them to selective pressure broadening in the solar at-
mosphere, Miss Bell of Harvard(zs), in a study based on solar line
profiles obtained from the Utrecht Atlas, has also found a parity ef-
fect for the Fe I lines and advences arguments to show how this may be
explained on the basis of the binding energies of the terms involved in
the relevant transitions. Recently, Rogerson(zg) has obtained photo~
electric solar line profiles, and on the basis of a simplified model
for the structure of the sun's atmosphere, he concludes that the solar
damping constants are systematically greater for lines of high excita-
tion potentials than for lines of low excitation potentialsa waever,
Miss Bell's results indicate that the solar damping constants are
strongly dependent on parity and only weakly on excitation potential,
although as Rogerson points out, his observed lines that originate from
odd parity levels also have high excitation potentials. The qualita-
tive conclusion to be drawn from the data of these three investigators
in that the atomic electrons in the higher energy levels are more
loosely bound and are therefore more easily perturbed by colliding
particless These observations may be complicated by the stratified
nature of the solar atmosphere, and for this reason, it would be use-
ful to measure damping constants for lines in electric furnace spectra
where the temperature, pressure, and relative concentration of atoms
are uniform throughout the column of absorbing vapor. Damping data
from furnace spectra may then be of considerable assistance in deter-

mining the structure of stellar envelopes. The results of Hinnov and
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Kchn(30) obtained in emission from flame spectra broadened by molecular
nitrogen seem to show binding energy effects similar to ﬁhose discussed
above, but from the-standpoint of astrophysical application, it would
be better to obtain data from a source like the furnace where line
broadening arises from conditions more closely approximating those in
stellar atmospheres, Also, much of the existing laboratory data per-
tain to resonance and low level lines, whereas in fulure work, an ef~
fort should be made to obtain collisional damping constants for the
higher level lines of astronomically abundant elements.

1 must be emphasized here that the results discussed in the
following sections are only tentative and were obtained primarily for
the purpose of evaluating a method for experimental measurement of col-
lisional damping constants. Experimental techniques which are more re-
fined than the ones used here will certainly be needed to clarify cer-
tain points and some of the possibilities for improving the method will
be discussed later. The next scction will list some of the theoretical

relationships which will be needed to interpret these preliminary datae
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ll. THEORY

From the point of view of guantum theory, the energy levels of
radiating atoms are perturbed by the presence of fields érising from
neighboring atoms and ions. The magnitudes of the perturbations depend
upon the nature of the interactions and upon the separation of the radi=-
ating atom and the perturbing particles. At an infinite separation of
the atom and the perturbing particle, the spacings of the energy levels
of the atom correspond to the frequencies of the spectral lines emitted
or absorbed by the atom in the absence of any perturbations. As the
interatomic distance, r, changes, the energy levels of the atom are
shifted by the interaction. Usually, the relative spacings of the
energy levels and hence the emitted or absorbed frequencies are also
functions of r. A group of atoms may radiate at various values of r
so that the resulting spectral line is a composite of many sharp lines
of slightly differing frequencies. In general, the spectral line so pro-
duced will not only be broadened but also will show an asymmetry as well
as a shift in its central frequency.

A general theory of pressg}e broadening derived on the basis of
the above considerations is exceedingly complex, but two asymptotic
forms of the theory are usually considered to be adequate for the pur-
poses of astrophysical application. These are frequently referred to
as the statistical approximation and as the impact or velocity broaden-
ing approximation. Detailed discussions of the general theory of pres~

1)
)

sure effects are to be found in papers by Margenau and Watson

(32) (33)

Foley y Ch'en and Takeo y and Breene.(34) These authors also

discuss the limits of validity of the statistical and of the impact
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approximations and give extensive bibliographies for both experimental
and theoretical work on the subject. The texts by Unsold®>) and by
Ailer(z) treat those aspects of pressure broadening whicﬁ are of interest
under the conditions prevailing in stellar aimospheres, and the theore~
tical relationships given below are condensed from their more detailed
derivations.

Foley(32)

has shown that the impact approximation yields valid
results if the effective range of the perturbing forces is negligible
in comparison with the average ssparations of the absorbing atom and
the perturbing particles. Under these conditions, the frequency depen-
dence of the atomic absorption coefficient is given by equation 1,
page 6. The value of the damping constant is then related to the rate
at which line broadening collisions occur. A different frequency de-
pendence of the absorption coefficient results if the effective range
of forces is large compared to the average separation of atoms, as is
the case when the statistical approximation is valide Under the condi-
tions prevailing in stellar almospheres, ons or the other of these ex~
tremes will usually apply for a given line. The broadening of the hydro~
gen and helium lines must be treated by the statistical approach where-
as that for lines of metals, such as iron and calcium, may be handled
by the impact approximation. Therefore, only the results from the im-
pact theory will be of interest in this discussion.

The physical effect of a collision on an emitting atom may, in
general, modify the amplitude and/or the phase of the radiated wave,
A change in amplitude implies an exchange of kinetic energy betwsen the

radiating atom and the perturber and this process would tend to set up
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and maintain a condition of thermal equilibrium. For a phase change
at constant amplitude, the interaction between the disturbing particle
and the radiating atom assumes the form of a time dependent perturba=
tion in the frequency of radiation emitted by the atom. Because of
varying spacing of the atomic energy levels with separation of the
atom and perturber, the frequency of radiation will vary as the sepa-
ration changes. For the relatively low pressures in stellar atmos-
pheres, large values of the separation, r, are much more probable than

small ones and the shift in frequency of the line will be given by

Av = cr™ (17)

In equation 17, n is an integer which is characteristic of the forces
between the atom and perturber, and C is a constant which depends on the
upper and lower energy levels of the radiating atom. At stellar tempera-
tures, the motion of the perturbing particle relative to the atom may

be assumed to be a rectilinear path traversed with the mean relative

velocity, Vi

8RT , 1 ’
vz\/-,-r—(-ml-b-h%z) (18)

where R is the gas constant, T is the absolufe temperature and Ml and
M2 are the molecular weights of the atom and perturbing particlie. The
low densities in stellar atmospheres allow one to neglect multiple col-
lisions. The total phase change of the radiation during a collision

is then obtained by integrating equation 17 over the duration of the

encountere This total phase shift, 5, is found by assuming the atom to
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be at rest and the perturber to be moving past it with velocity V. At
time t = 0, let the distance of closest approach be p. Defining § =
tan~! (Vt/p), then r = p sec 6 and

o t 2ncJ/P “n (19)
= Av dt = = 1
n= p+Vt%V2 vp"!

where
/2 )
= cos" 0 b .
°n fdrr/2

The constant, a y can be evaluated in terms of the Gamma function.

When the phase shift is greater than some critical value, 7, the
emissions before and after the collision may be treated as indepen-
dent processes in computing the effects on the intensity distribution
in the emission line. A Fourier analysis of the wave train then gives
an equation for the shape of the line. Since the frequency dependence
of the absorption coefficient is the same as the intensity distribution
within the corresponding emission line, an equation identical to equa-
tion 1 is obtained, except that the damping constant is defined in
terms of a collision crossesection. This simplified theoretical treat~
ment accounts for the line broadening but neglects the effects which
produce the frequency shift of the line center.

The difficulty with the above approach is the evaluation of the
critical phase shift, n. Lindhon'>) made a more detailed analysis in
which he considered the cumulative effect of many encounters which change
the phase by varying amounts. In agreement with the predictions of

quantum theory, he found a frequency shift, B, as well as a broadening
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so that the absorption coefficient was given by

2
_Te I 1
a, = f . (20)
vome gl (v vt )2 + (I74m)?

In practice, there are few collisions where 1 is large but many where
n is smalls It is found that those collisions for which 21 are the
most important in determining the line broadening whereas collisions
for which 1 < 1 are the more significant for causing line shifts.
Assuming that the phase shifts are produced in accordance with
the interaction law given by equation 17, Lindholm's theory yields
values of Ty B, and 7 for different values of n. An interesting re=
sult of the theory is that the ratio of broadening to frequency shift,
[/B, depends only upon the value of n in equation 17. By careful ex-
periments then, it should be possible to determine the interaction law
that is effective in broadening a spectral line under given conditions.
If the distance of closest encounter, p_, corresponds to a critical
phase shift, n_, then the cross-ssction for line broadening collisions

iS'FPOZ, where

1/ (n=1)
enG n
o = (__fh)
o vy,
Let N be the number of perturbing particles per cm3. Then for
each radiating atom, the number of broadening collisions per second, Z,
is
_ 2
Z= LI W .

The collisional damping constant is related to the collision rate and
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is given by
r=ﬂ=2mfw . (21)

The results of the Lindholm theory for the three cases of greatest in-

terest (n = 3,4,6) are summarized in Table 2,

TABLE 2

n~_" Mo I

3 0.64 ey N

4 0.64 38.8 ¢, v//3
6 0.61 17,0 6,7 v/

Note thal for the case n = 3, the damping constant is independent of
the relative velocities of the atom and perturber. The physical meaning
of the three values of n in Table 2 is, of course, the type of inter-
action responsible for the perturbation of the atomic energy levels.
The case where n = 6 corresponds to a van der Waals type of force be-
tween two different neutral atoms, neither of which have a permanent
dipole momenty n = 3 is a special case of the van der Waals interaction
in which the particles are of the same kind as is the situation for
the mutual interaction of calcium atoms. The case where n = 4 is the
quadratic Stark effect which arises when neutral elements other than
hydrogen and helium are perturbed by ions and electrons.

Stellar atmospheres are composed mainly of hydrogen, a little

helium, and very small concentrations of metallic atoms. In those stars
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for which the broadening of the spectral lines of neutral metal atoms
is relatively large, the concentrations of hydrogen ions and of elec-
trons is considerably less than the concentration of neutral hydrogen
atoms. Accordingly, one expects that the main contribution to the pres—
sure broadening of the metallic lines in these stars would arise from
the collisions between the atoms and neutral hydrogen atoms. The.
van der Wéals interaction for which n = 6 would apply to such colli-
sionss Calculations based on what is now known about the interaction
constants and the physical conditions in stellar atmospheres do, indeed,
confirm that most of the broadening may be explained by the van der Waals
interaction between the metals and hydrogen. Contributions from the
quadratic Stark effect are often significant whereas resonance broaden-
ing (the case where n = 3) can usually be ignored in stellar envelopes.

The values of the interaction constants, 03, Cy and Ce must be
provided either by quantum mechanical calculation or by laboratory
measurements. As is the case with f-values, theoretical calculations
of the interaction constants are often difficult to carry out for lines
of complex spectra and so experimental procedures should be developed
for obtaining such data. Insofar as their effects in broadening the
lines of neutral metals is concerned, the noble gases are quite similar
to atomic hydrogen and are much more convenient to work with in the
laboratory. Thus, in principle, observations on metallic spectral lines
broadened by noble gases should be able to supply broadening data of
astrophysical interest.

Some experimental work has already been carried out on the broad-
ening of spectral lines by the noble gases, helium, neon and argon.

These data are conveniently summarized in an article by Unsold and
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Weidmann.(BG) The studies were made by a number of workers on the res-
onance lines of mercury, silver, sodium, potassium, rubidium and cesium.
Unsold and Weidmann derived values of C6 from the experiﬁental measure-
ments and compared these with those calculated on the basis of theory.
Except for a few cases, the observed and theoretical values of Cg gen=
erally differed by a factor of two or more. Some of these discrepancies
can be explained by the fact that several of thg experiments were carried
out at high pressures so that the assumption that multiple collisions
could be ignored in deriving a value for C¢ was not valide In those
cases where multiple collisions could be ignored, the theoretical and
observed interaction constanis were in better agreement. Nevertheless,
the observed values were generally greater than the theoretical ones
and this may mean that the theory for calculating Cg was inadequates
Further work on other lines and other elements is highly desirable.

By introducing a gas such as helium into a King furnace and
studying the broadened absorption lines, one would hope to be able to
measure the values of the van der Waals interaction constents, Cg, for
lines of neutral metals. Sufficient information on the ionization,
electron pressure, and conceniration of absorbing atoms in the furnace
must be obtained so that the contributions from quadratic Stark effect
and resonance broadening may be shown to be negligible in comparison
with the van der Waals interactions.

Some of the available relationships for calculating the values
of C35 Cyy and Gy will now be summarized. The value of C, is most easily
obtained from laboratory data on the quadratic Stark displacement of
spectral lines in a strong electric fielde The value of Cq is given by

Aller as
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- -4 fy
Cp=6.20x 0T 5, (22)

where E is the electric field strength in volts per cm, and AV is the
measured displacement in wave numbers of the center of gravity of all
the pi and sigma components of the line. The general formulae for Cq
and Cg can be derived from quantum mechanics by means of perturbation
theory. These general equations contain complicated summations in-
volving the absolute f-values of both the perturbing and perturbed atoms,
and since many of the f-values are unknown at present, the formulae must
be evaluated by approximate methods. The expression for Cj is given by
Unsold as

%

C___i.___..

= (23)
3 lénzmvo ’

where e and m are the electronic charge and mass, v, and f are the fre=
quency and absolute f-value of the spectral line for which 03 pertains.
For Cgs the general formula of perturbation theory may be simplified if
the perturbing particle is a hydrogen or a noble gas atom such as helium
or neon. These atoms have an energy gap between the ground state and

the first excited state which is large compared to the energy differences
between the states of metal atoms so that some of the terms in the general
formula may be neglected. The approximate value of Gy for a given state
of the metal atom is then given by Unsold as

2

G = %—*aR2
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where e is the electron charge, h is Planck's constant, o is the polari-
zability of the perturbing atom, and E? is the mean square radius of the
orbit of the excited electron in the metal atom. The poiarizabi!ity,
@, has a value of 6,70 x 107 cn® for atomic hydrogen and a value of
2,07 x 107®an’ for helium, The value of Gy for a spectral line is found
by taking the difference in the C values for the upper (C") and lower

(C') states involved in the transition
06 - 06" - 06' & (25)

The values of R™ for the different atomic energy levels can be computed
from wave functions if these are available. The mean square radius is

given by the quantum mechanical formula

R® = f urlur? dr (26)

where U is the normalized radial wave function,.
Calculations of R? for the hydrogen=like levels of many light a=-

toms may also be made by using the approximate formula

2 2
B, = 25 e rr-3nce+nl . @)
al 2

Here a  is the radius of the first Bohr orbit in hydrogen, n* and £
are respectively the effective principal quantum number and the azimu=
thal quantum numbsr for the energy level under consideration. Z takes
the value 1, 2, 3 for neutral, singly and doubly ionized atoms.

Radial wave Tunctions for a few of the states of Ca I have been
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given by Hartree and Hartree®®) and more recently by Trefftz. (%) Cale

——

culations of R2 using these wave functions were made by the author for
the 4s° 1S, 4p 3P°, and 4p b0 states of Ca I by using Simpson's rule
to evaluate the integral in equation 26. For the purposes of compari-

50N, R? values were also calculated from equation 27. The results of

these computations are given in Table 3.

TABLE 3
STATE 2/ 5 2
Har tree Treffiz Equation 27
452 s 20.6 20,6 12,2
ap 3p° 29.8 29.8 17.6
ap 'p° 69.1 63.2 33.3

The values obtained from equation 27 are scen to be in rather poor agree-
ment with those obtained from the wave functions. This is not surprising
since these levels of Ca I are not hydrogen-like. The values computed
from the two sels of wave functions differ only for the 4p lpo state,

but since Rz is raised to the 0.4 powver when calculating damping con-

stants, this difference is not very important for the purposes of the

present investigation.



53
I1l, OBSERVATIONS

The results reported here were obtained by measuring the equiva=-
lent widths of absorption lines which had been broadened by a known
pressure of helium gas in the furnace. A curve of growth technique was
then used to find the relevant damping constants. Plate calibrations,
equivalent widths, and temperatures were obtained by methods which have
already been discussed in the section on gfwvalues. Fine grain, high
contrast plates were chosen so that the wings of the broadened absorp-
tion lines could easily be observed, siﬁce for broadened lines, these
wings make important contributions to the equivalent widths. For the
purposes of this preliminary study, equivalent width measurements were
used since they are more easily and rapidly made than are line profile
measurements.

Observations were made on broadened lines of both Fel and Ca I
and will be discussed separately.
A. BResults for Fe I

An empirical curve of growth for Fe I was constructed by measuring
the equivalent widths from an exposure taken in the second order with
the 15-foot spectrograph. The observed furnace temperature was 2448° K
and the helium pressure indicated by manometer tubes was 40 cm. The
relative gf=values for Fe I lines in this region of the spectrum (A 3680 -

\ 4435) have been measured by King and King'"?

and these, together with
Boltzmann corrections computed from the observed furnace temperature,
were used to calculate the abscissae of the empirical curve. The ordi-

nates were obtained from the measured equivalent widths and the computed

Doppler widths. Because relative gf-widths were used, the abscissae are
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on an arbitrary scale and a horizontal shift of the empirical curve was
made so as to give a reasonable fit to the theoretical curves. The re-
sult of this shift is shown in fig. 2 where the abscissae are those per-
taining to the theoretical curves. All the observed points can reason-
ably be represented by a curve of growth with a single damping parameter,
2y having a value of about 0.62., The scatter of the points from this
mean curve can be explained as the effect of random errors in equivalent
width measurements which are caused by the grain noise of the photographic
emulsion. An ingpection of fige. 2 shows the scatter is more pronounced
for the weaker lines than for the stronger ones and illustrates quite
well why a large amount of data is necessary in order to derive reliable
relative gf-values from measurements of weak absorption lines. Because
of the uncertainties due to the scatter and the graphical method of fit-
ting the points to the theoretical curves, the estimated probable error
in the value, g = 0.62, is about 15%.

The sixty lines used in constructing fig. 2 belonged to ten multi-
olets of Fe I listed in the Revised Multiplet Table'® as multiplet
numbers, 3, 4, 5, 20, 21, 22, 41, 42, 43 and 45. All the lines arise
from the lowest three terms of Fe I , namely aﬁD, asF, and a?F, wi th
excitation potentials ranging from 0.0 to 1.6 eseve The excitation po-
tentials of the upper states invelved in the transitions range from 2,9
to 4.8 e.ve Despite the variations in term binding energies, there are
no systematic differences in the damping parameter that can be observed
in the furnace spectrum, Perhaps this is not surprising since some of
these same lines help define the damping portion of the solar Fe I curve

of growth, and Carter's results do not seem to indicate systematic damping
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differences for these multiplets.

An order of magnitude estimate was made for the contribution to
the broadening which was due to the mutual collisions of iron atoms.
This required an estimate of the concentration of iron atoms in the
furnace tube and was carried out as follows: A value of Nfh for one
of the lines arising from the ground state was read from the abscissa
of fige. 2. Dr. Graydon Bell has recently made an experimental measure-

ment of the absolute fevalue for one of the Fe I lines(37)

and all King's
relative values may now be converted to an absolute scales This abso-
lute scale was then used to get a value for Nhe The length of the
column of absorbing iron vapor, h, was taken to be about eight inches
since this is the length of the heated portion of the furnace tube.
The result of the calculation showed that the concentration of Fe IA
atoms in the furnace tube was of the order of 2 x 1044 atoms per cm3.
All the iron lines have absolute f-values which are less than unity,
so that an upper limit to the value of C3 for iron was computed from
equation 23 by assuming f = 1. Combining the values of C3 and N ac-
cording to the formula given in Table 2 and dividing by 4HAND gave
a ~ 0,003 as the upper limit for the contribution from resonance broad-
enings This is seen to be negligible in comparison with the observed
value of g = 0.62

The estimate for the amount of broadening due to the quadratic
Stark effect was more difficult to carry outs Because of their small
mass as compared with atomic ions, electrons have high relative velo~-
cities and are therefore the most important agents in determining the
Stark broadening of a line. No direct information on the electron pres-

sure was obtainable from the iron spectrum, but the order of magnitude
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of the electron pressure under furnace conditions was estimated from a
calcium spectrum taken at 2500° C and a helium pressure of 20 em. This
was done by measuring the equivalent widths of the resonance lines of
both neutral and ionized calcium and using these strengths to derive the
relative concentrations of Ca I and Ca IL in the furnace tube. Appli-
cation of the Saha equation showed the electron pressure to be of the

6 atm. Panter and Foster(38) have made laboratory measure-

order of 107
ments of the quadratic Stark displacement of Fe I lines, but, unfortunate~
ly, their data do not pertain to the lines used in this investigatione.
However, if one may take their values as being representative of ‘the

lines observed in the furnace, an a value of the order of 0.001 is ob~
tained for the Stark contribution to the broadening. The uncertainties
involved in this estimate were large but it would be surprising if the
quadratic Stark effect was responsible for more than about 5% of the ob~
served broadening.

The natural broadening arising from the finite lifetimes of ex~
cited states could also be neglected in comparison with the observed
damping. For lines observed under furnace conditions, natural damping
gives an g value which is always less than 0.0l

On the basis of the above estimates, it was concluded that the
observed value of g = 0.62 was caused almost entirely by the van der
Waals interactions between iron and helium atoms. Hence, a = 0.62 cor~

responds to a mean value of Cg = 4.2 x | for these lines; for col-

lisions between iron and hydrogen atoms, the value of Cg would be

14 x 10722,

It is interesting to apply this result to the solar spectrum.



58

The temperature and pressure at an optical depth in the continuum of
0.5 may be taken as the appropriate physical conditions under which
these iron lines are formed in the sun. At an optical depth of 0.5, a
theoretical solar model calculated by Munch(39) gives T = 5563° K and
log P = 4.82, where P is the gas pressure in dynes per cm2. A calcula~
tion using these T and P values together with Cg = 14 x 10732 yielded
a value for the solar damping parameter of a = 0.069. The contribution
from quadratic Stark broadening was estimated to be of the order of 0.01.
This gives a total damping of g = 0.08, and is in excellent agreement
with the results of Miss Bell's curve of growth studies in which she
also obtained a value of 0.08 for these iron lines.
Be Besults for Ca 1

By using the relative gf-values in Table 1, empirical curves of
growth were constructed for the calcium lines in the wavelength region
N 5000 R - A 6750 A o+ The equivalent widths were obtained from plates
taken in the first order with the 15-foot spectrograph. The method for
fitting fhe observed points to the theorelical curves was the same as
that discussed in Part A above. The results are shown in figs. 3 and
4 where different symbols are used to distinguish the various low terms
from which the absorption lines arise. The temperature and pressure
pertaining to fig. 3 were 2139° K and 35 cm., whereas those for fig. 4
were 2926° K and 5 cme The results obtained from a plate taken at
2400° K and 35 cm., (not shown) were very similar to those given by fig. 3.
The lines used are licted in the Revised liultiplet Table as belonging to
multiplet numbers 1, 3, 18, 12, 20, 21, 22, 33, 34, 47, 48 and 49. One

3

line from the ground state, N 6572 4180 - 4 Plo, is included. The rest
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are lines arising from terms whose low excitation potentials renge from
1.9 to 2.9 ewve The effect of the difference in pressure‘is.immediately
obvious when one compares the two figures. The spectral lines in fige. 3
show much greater damping than do those in fig. 4.

As is seen from the points in fig. 3, lines arising from terms
of high excitation potential show a damping parameter which is two to
three times greater than that of the ground state line N 6572. It is
doubtful if this effect is caused by systematic errors in the gf-values
since these were determined from a large pumber of measurements on weak
lines. The estimated probable errors are about 15% for the gf-values
whereas those for the equivalent widths used in figs. 3 and 4 may be
as large as 25%. |t seems most likely that the effect is due to a se-
lective pressure broadening similar to that observed in the solar spec-
trum by Carter, Bell and Rogereons

Attempis were made to compare the observed values of the damping
parameter with those calculated from theory. Unfortunately, the values
for the van der Waals contribution to the demping constant could be cal-
culated only for the two lines arising from the ground state, N 6572
4ls - 4% °, and ) 4226 4!

Table 3 indicate that the hydrogenic approximation may not be reliable

S, - 41P1° s since the results obtained in

for the higher Ca I statess The resonance line, \ 4226, is not included
in the observations plotted in figse. 3 and 4, but data pertaining to it
will be presented later. For a temperature of 2139° K and a helium pres-
sure of 35 cm., the van der Waals component of the damping parameter
should‘have a value of 0,26, whereas the value observed from fig. 3 is

greater than this by almost a factor of two. Jenckel and Kopfermann(40)



62
found a value of Av = 0.008 cm™} for the Stark displacement of the reso-
nance line, \ 4226, in a field of 200,000 volts per cm., and if this
may be taken as representative of the other lines, the Stark component
should give an g value of the order of 1074 or 10-5, which is negligible
in comparison with the observed values.

The contribution arising from resonance broadening was calculated
in a manner similar to that already described for iron. The results
indicate that resonance broadening should be negligible (i.es g ~ 10-5)
for the intersystem line, N 6572, but a may be of the order of 0.1 for
the other lines plotted in fig. 3. For the resonance line, N 4226, the
contribution of resonance broadening was found to be of the order of

1 (25)

0.4. All these calculations were made by assuming Trefftz value

of 1.46 for the absolute f-value of \ 4226 together with Prokofjew's(IB)

value of 3.3 x 10% for the ratio of the f-values of N 4226 and \ 6572,
For the lines plotted in fig. 3, the estimated theoretical g

values associated with the various sources of broadening are summarized

in Table 4. The observed values from fig. 3 are also given for comparisone

TABLE 4

Source Intersystem line N 6572 High level lines
Van der Waals broadening a = 0,26 a> 0.26 (2)
Stark broadening a ~ 0.0001 a ~ 0.0001
Resonance broadening a ~ 0.00001 a~ 0.1
Natural broadening a < 0.0l a < 0.01
Total from estimates a= 0.26 a > 0.36 (2)
Observed from fige 3 a =05 a= 0.7 to 1.5
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Thus, the observed damping was found to be larger than that which could
be accounted for by the theoretical estimates. Calculations for the
lines plotted in fig. 4 indicated a similar discrepancy between observa-
tion and theory. For the intersystem line, at least, the approximate
theory which was used to calculate the van der Waals interaction constant
from the wave functions would, therefore, seem to be inadequate. In view
of the large uncertainties in the estimate for the resonance interaction,
it appears likely that resonance broadening may have contributed an ap-
preciable fraction of the broadening cbserved for the high level lines.

Further evidence for a fairly large resonance broadening contri-
bution was obtained by studying N 4226 and A 6572 on plates taken with
a concave grating spectrograph of one meter focal length. |t was neces-
sary to use this lower digpersion instrument to obtain simultaneous
photographs of N 4226 and A 6572, since for a given setting, the 15-foot
spectrograph covered a wavelength interval of only 1700 K in the first
ordere In conjunction with the one meter spectrogreph, a 4 filament
projection bulb operated at 30 to 33 amperes d.c. was used as the source
of the continuous spectrum. A large sample of calcium was placed in the
furnace tube so that both lines were strong enough to be observed in the
square root region of the curves of growth. The equiVaient widths were
measured and their ratio then gave estimates for the ratio of VT for
the two lines. The equivalent width of the resonance line was extremely
large, being as much as 60 or 70 Angstroms, whereas that of \ 6572 was
of the order of a fraction of an Angstroms The large equivalent width
of N 4226 was difficult to measure because of the wavelength variation
of the plate sensitivity over the region of interest. Several different

types of plates were tested and it was found that all showed some degree
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of sensitivity variation over the wavelength interval A 3800 - )\ 4600.
Since the very extended wings of N\ 4226 gave large contributions to the
equivalent width, the following procedure was used to determine the cone
tinuum level on the microphotometer tracings: With the furnace in opera~
tion, arphotograph was taken which showed the lines in absorption. The
furnace tube then was rapidly cooled by shutting off the furnace power
and a second exposure showed only the continuum. The fluctuations due
to grain noise appeared on the microphotomster tracings so that there
was still some uncertainty as to the wing variation at large distances
from the line center. The measured equivalent widths of N 4226 were
felt to be lower limits since there is a tendency to underestimate the
contributions from the far wings of a very strong line,

As has been stated, the method used gave values of the ratio of
JIT for \ 4226 and )\ 6572, Prokofjew's value of 3.3 x 10% was assumed
to be correct for the ratio of the f-values of N\ 4226 and N 6572, and
using this then gave I’(4226)/ I'(6572). This ratio was found to be from
wo to three times greatér than the value obtained on the assumption
that the broadening of both lines was caused only by van der Waals inter-
actions with helium atoms as calculated from the data given in Table 3,
According to equation 23, the resonance broadening is proportional to
the f-value of the line so that at least some of the observed discrepancy
was tentatively interpreted as being due to a large resonance contribue
tion to the broadening of N\ 4226,

Clearly, additional observations on the calcium lines using more
refined techniques will be required before the relative importance of

the different broadening mechanisms can be more completely understood,
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1V. SUGGESTIONS FOR FURTHER RESEARCH

Although the observations of the calcium spectra discussed above
are, at present, difficult to interpret with any degree of certainty,
the results derived for iron would seem to indicate that line broadening
studies using a King furnace are able to provide astrophysically impor-
tant data on van der Waals interaction constants for neutral metal atoms.
This section will be devoted to a discussion of some possible ways in
which the reliability and the accuracy of such measurements may be im=
proved.

The contributions of quadratic Stark effect seem to be negligible
for the iwo elemenis studied here, but for lines of other elements, a
more complete study of the ionization and electron pressure in the fur-
nace may be required. In addition, more data on the Stark interaction
constants are needed. These could be most suitably supplied by labora-
tory measurements of line displacement in large electric fields and by
shock~tube studies.

One of the sources of greatest uncertainty in the data discussed
in section Il was the possibility that resonance broadening contributed
significantly to the observed collisional damping constants. Contribu-
tions from this source of broadening could be considerably reduced by
using very small concentrations of absorbing vapor in the furnace tube.
in order to observe strong absorption lines formed by relatively small
concenirations of atoms, extremely long absorbing path lengths would be
required. Long path lengths are most easily obtained with an apparatus
in which the light beam is made to undergo multiple traversals in the
absorbing vapor. This is done by means of successive reflections from

a system of mirrors and one such instrument has been described by
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Bernstein and Hertzberg.(4l)

It will be noted that the curve of growth method employed here
to study damping constants required the use of relative f-values. The
accuracy of the results, therefore, is limited by the accuracy of the
relative f-values. It would be highly desirable to have a method for
measuring damping constants which is independent of f-values. A possible
way in which this might be done is to use a multiple traversal apparatus
in which the path length could be changed in a known manner during a
séquence of exposures. However, there would be two difficulties in
using such a technique. First, a very large range in the number of
traversals would be needed to observe a given line at several points
in the linear as well as in the square-root regions of the curves of
growth. Each succeeding traversal would require two additional reflec-
tions and, since light losses occur with each reflection, the intensity
of the emergent beam after a large number of traversals would be con-
siderably reduced over that from a few traversals. This would mean
that the exposure times for the longer path lengths would be considerably
greater than for the shorter ones. Second, the number of absorbing
atoms in the furnace tube may change during the time required to make
several different settings of the path length. This would be an es-
pecially serious problem when studying elements such as calcium, where,
with the same furnace temperature, the concentration of absorbing atoms
can be observed to decrease by as much as a factor of two within a period
of five minutes. Thus, it would secem to be better to use a method in
which the number of traversals could be left unchanged for observations

on a given set of lines.
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More attention should also be given to the methods for observing
the lines with the spectrograph. The errors in equivalent width measure-
ments due to the grain noise of the photographic emulsion need to be
considerably reduced. Perhaps the best way to achieve this is to dis~
card photographic photometry completely and to develop a photoelectric
apparatus for measuring the absorption lines. E&quivalent widths obscure
a great deal of information and it is worthwhile to consider instead the
possibility of measuring line profiles. |If the instrumental profile is
accurately determined, true line profiles may be obtained, and these
may be made to yield values of the damping constants independent of the
knowledge of the f-values. An example of such a technique is the study
of the solar lines made by Rogerson.(zg) A photoelectric method for
studying line profiles would require that the number of absorbing atoms
in the furnace tube remain constant while the profile is being scanned,
but at least for studies on elements such as iron, an apparatus could
probably be constructed which would be fast enough to overcome this
difficulty.

On the basis of this discussion, the best method for measuring
collisional damping parameters would seem to require the following
techniques:

l. The use of low densities of absorbing atoms in the furnace
tube together with a fixed multiple traversal apparatus teo
obtain long path lengths.

2+ The use of a rapid photoelectric method for scanning ab-
sorption line profiles.

In addition, valuable supplementary data could also be obtained if line
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shifts could be measured by means of interferometric techniques, since
the results of the Lindholm theory indicate that the ratio of broadening
to shift, I'/B, should be constant for a given line. If this is con-
firmed by detailed observations on several lines of a given spectrum,
line shift measurements may, in fact, prove to be the most rapid way of
obtaining damping data for the other lines of the spectrum.

The tentative procedure outlined above would require a considerable
amount of time and instrumentation, and it is hoped that this discussion
will provide some basis for further research on the possibilities for
measuring collisional damping parameters for lines of astrophysical

interest,
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