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ABSTRACT

The preliminary results obtalned with an atomic bheam
apparatus designed to measure absolute f-values for elements
of the 1lron group were not in good agreement with results
obtained by other techniques. In order Lo locate and eii—
minate sources of error in the atomic beam experiment, each
assumption made in the development of this technique has
been analyzed and tested. Experimental methods used in this
analysls and the concluslons which resulted are discussed
in some detall.

This thorough investigation of the experiment led to
a number of modifications of the apparatus and improved
technigues for making accurate measurements. These Improve-
ments and their effects upon the resulis are described.

Atomic beam measurements of absolute f-values for
resonance lines in the spectra of Cu I, Mn I, Fe I, and
Cr I are presented and compared with values obtained by
other lnvestlgators. An experimental curve of growth for
one line of each element has been determined and compared
with the theoretical curve of growth. The good agreement
obtained indicates that the atomic beam method gives results
which vary with experimental condltions as the theory pre-
dlcts.

Suggestlons are given for further absolute f-value

research using the atomic beam method.



PART

IT.
IIT.

Iv.

VI.

VII.

TABLE OF CONTENTS

TITLE

INTRODUCTION . . L] . L . . - L 4 - . L] . L]
RESUME OF THEORY . . . . . « + . . .
A PPARATUS - L] . » L . L] L4 L] . L4 - L *

. Light Sources . . . « . ¢ .
Optical System . . . .
Furnace Boats and Tubee .
Temperature Regulator .

Microbalance Damper ., . .
Microbalance Pans . . . .
Recorder Installation . .
Microphotometer . . . .

mohEUQne

« o s &

EXPERIMENTAL ANALYSIS AND TECHNIQUES . .

. Scattered Light . . . . . . « .
Beam Distribution . . . . . . .
Reflection of Atoms . . . . . .
Impulse Forces . . e s .

Deposit Rate Measurements « 5.
. Calibration of Optical Pyrometer

L[] - -

Continuum . . . .
Eguivalent Width Measurements

s oln N e Nl

RESULTS AND CONCLUSIONS . . . . .
. Cul

A . - - L . - - . ) L] . * - .
B. Mn I . . . . . . . e o s e .
C. PFe I . . .. . . . . o
D. Cr I . . ¢« + « « . e e e e e e
E. Errors . . . . . . e e e . o .
F. Summary .+ « ¢ « o ¢ o o« o s s+ o =

SUGGESTIONS FCOR FURTHER RESEARCH . . . .
A. Experimental Technlgques . . . . .
B. Iron Group Elements . . . . . . .
C. Other Elements © e e e e e e s

APPENDIX: THEORY FOR MULTIPLE LIGHT BEAM

¢ % 8+ e e .

s *» o o e *» e ¥

* 3 e s »

* & & & & s = 3

* e . e * » . « B * & » s

" & e e * e

¢ ¢ e » . LI ]

* » . » e e s @

- . - L] L2 »

PAGE

93
100
106
106
107
109

117



TABLE

I.

LIST OF TABLES
TITLE

Impulse Force Measurements . .

.

IT. Data for Cu T, XA3247 . . . « o o .+ &
IIT. Data for Mn I, M031 . . . . . . ..
IV. Data for Fe I, \3720 . . . . . . .
V. Data for Cr I, N4254 . . . . . . ..
VI. Absclute f-Values for Lines in Spectra
the Iron Group . .« . + ¢« « « . .
LIST OF FIGURES
FIGURE TITLE
1. Optical System . « ¢ ¢« ¢ ¢ « o « &
2. Temperature Control Circult . . .
3. Atomic Beam Distribution . . . . .
L, Cu I, A3247 . . v v v v v v o o .
5. Hyperfine Structure of Mn I, )\4031
6. Mo I, N4O31 . . . . . . « . ¢ . .
7. Fe I, A3720 @ v v v ¢ v « o o o @
8. Cr I, N4254 . . . . . .. ..

PAGE

51
76
85
91
o7

101

BAGE
20
31
46
78

86

92
98



I. INTRODUCTION

The strength of a spectral line formed by a vapor of
atoms depends upon the number of atoms in the vapor capable
of absorbing or emitting the line and upon the intrinsic
provability that these atoms will make the proper transi-
tion., The transition probability can be expressed in terms
of a constant called the absolute f-value for the transi-
tion. Experimentally determined absolute f-values are im-
portant for comparison with theoretically derived values
but are even more useful for elements where theoretical
calculations cannol be carried out. There are industrial
applications for f-values, but the greatest demand for them
at the present time comes in the field of astrophysics.
Absolute f-values are indispensable 1n the study of rela-
tive abundances of the elements in the sun and stars, and
these 1lnvestigations in turn are of great importance as
checks on theories concerning element synthesis and stellar
evolution. An extensi&e project recently undertaken by
Goldberg, Muller, and Aller at the University of Michigan
to redetermine the abundances of some forty elements in
the sun is critically dependent on absolute f-values, and,
gsimilarly, stellar compositions, such as that of Tau Scorpii
recently investigated by Aller, Elste, and Jugaku, can vest
be determined by measurements involving absolute line strengths,
For both of these investigations, uncertainties in the abso-

lute f-values are the major obstacle to definlte abundance
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determinations, according to Dr. Goldberg. In this work
most of the f-values have been obtained from theoretical
eatimates, since absolute f-values are known from labora-
tory measurements for only about 18 of the elements which
are of astronomlcal interest and some of these measurements
are not considered very reliable. Thus, a great deal of
work yet lies ahead in absolute f-value determinations,

In spite of the need for absolute f-values, experl-
mental measurements of these constants have been under-
taken by few Investigators. Consequently, accurate f-values,
which in most cases can only be determined experimentally,
are known for lines of relatively few elements., Among the
experimental projects which have been reported, the research
of A. S, and R, B. King is outstanding. Using a specially
designed electric furnace, these men have been able to in-
vestigate the absorption lines of metallic elements and
have reported relative f-values for many lines of Fe I and
Ti 1(1’2) and for 8several other elements of the iron group.
R. B. King has extended this work to absolute f-value
measurements using an absorption tube method. In this
method a pure sample of the element is introduced into a
quartz tube, or cell, which is then evacuated. The tube
is heated 1ln a speclally designed electric¢ furnace which
allows a light beam from a source producing a continuous
spectrum to be passed through the heated tube. The tem-
perature of the tube is accurately measured and from vapor

pressure data the concentration of absorbing atoms is
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determined. Total absorption measurements made on the lines
produced by the vapor in the tube then allow absolute

f«values for the lines to be calculated. Using this method,
R. B. King has made absolute f-value measurements for lines

4)

of Cd i and Cu 1(3) and Fe I.( Other experimental inves-

tigations of absolute f-values have included the work done
on the resonance lines of Cr I and Ni I by Estabrook,(5’6)
using the absorption tube technigue, and measurements made
by Huldt and Lagerqvist(7) on emission lines of Cr I and
Mn I. Some theoretical values can be found in tables given
by Bates and Damgaard(8) and a tabulation of both absolute
and relative f-values ag they were known in 1950 is given
in Landolt-B8rnstein. (9

More recently, Kopfermann and Wessel(lo’ll) developed
an atomic beam method for absolute [-value measurements;
they have reported absolute f-values for the resonance
lines of Ba I and Fe I. Since the values for Fe I ob-
tained by this method do not agree with those measured by
the absorption tube technique, a similar atomic bheam ex-
periment was begun some time ago by R. B. King. Under
his supervision the project was carried to the point of

(12) and P. M,

giving preliminary results by M. H. Davis
Routly.

In this experiment a sample of the element to be in-
vestigéted is placed In a small, cylindrical crucible,
called a boat, which then fits inslde a thin-walled tube

made of graphite or other conducting materials. This tube
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is held in a horizontal peosition by water cooled electrodas
and acts a8 the heating element of an electric furnace. A
small hole In the wall of the boat and a somewhat larger
hole in the heating tube allow atoms of the sample in the
boat to emanate upward in a three dimensional, fan-shaped
beam when the boat is heated to temperatures which cause
evaporation of the sample. The atomle beam is formed in a

4 to 10"5 mm. of mer-

vacuum chamber where a pressure of 10~
cury is maintalned. Quartz windows in opposite slides of
the vacuum chamber allow a light beam from a source which
produces a continuous spectrum to pass through the atomilc
beam in the form of a narrow, fthin sheet lying in a hori-
zontal plane. The resonance lines of the sample are formed
in absorption by the atomic beam and are photographed with
a high dispersion zspectrograph. Microphotometer tracings
of the photographic plates are then used to determine the
equivalent widths (or total absorption) of the absorpticn
lines. At the same time the lines are beinpg photographed,
a direct measure of the concentration of atoms in the beam
i¢ made. This is accomplished by allowing a portion of

the atomic beam to deposlt on the pan of a very sensltive
miérobalance located directly above the atomic beam source.
The rate at which thls deposit lncreases with time can be
used to calculate the density of atoms at any point in the
beam, since the density distrlbutlen of atoms across the
beam 1s khown. The portion of the beam wlhlch strilkes the

microbalance pan is defined by a cilrcular opening in a
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horizontal plate which is located above the region through
which the light beam passes. The temperature of the en-
closure from which the atoms effuse 1s measured with an
optical pyrometer, and dimensions such as the shape of

the atomic beam and the helght of the 1light beam above the
orifice 1in the boat are measured directly with a micro-
meter. These quantifies then enter 1nto an equation which
can be solved for the absolute f-value of the transition
which produces the spectral line.

The atomic beam method, though not as simple in prac-
tice as in theory, provides a way of making absolute f-value
determinations that is independent of vapor pressure data
and does not require a highly accurate temperature determi-
nation. Measurements made by this method can be used to
check those of other methods which have been applied to
the same elements. Also, results by the atomic beam pro-
cedure can be obtalned in some cases where the absorption
tube method cannot be applled because vapor pressure data
are not available.

Since the prelimlinary results for the resonance lines
of Cu I, Fe I, Cr I, and Mn I obtained by Davis appeared
low, and also showed considerable scatter, i1t seemed ad-
visable to re-analyze the experiment in as much detail as
possible and to improve the experimental techniques before
proceeding to measurements on other elements of astronomi-

cal interest. Results of this analysis, modifications of
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the apparatus, and improved technigues will be described
in detall 1n Sections III and IV. First, however, a resume
of the theory used 1in reducing the experimental data will

be given.
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II. RESUME OF THEORY

The absolute f-value or oscillator strength for an
atomic transition from one energy state to another relates
the number of atoms in the inltial state to the number of
transitions to the final state. It is a constant for a
given transition and is proportional to the transition
probabllity which, for the hydrogen atom at least, can be
theoretically calculated. Such calculations, however,
involve the matrix elements connecting the two energy
states between which the transition occurs, and for com-
plex atoms the wave functions needed to evaluate these
matrix elements are not known. Thus, an experimental de-
termination 18 often the only way of obtalning the abso-
lute f-values whlech are needed for the applications men-
tioned in the previocus section.

In order to derive f-values from experimental measure-
ments on absorption or emission lines produced in a vapor
of atoms, a relation between the strength of the line and
other measurable parameters, such as the density of atoms
in the vapor, must be known. As the densilty of atoms in
a vapor increases, the total absorption for a speciral
line produced by these atoms increases. A measure of the
total absorption is best made in terms of the equivalent
width of the line, since this guantity is not affected by
the folding of the natural shape of the absorption line

with the "window curve" of the spectrograph. The equiva-
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lent width 1is customarily expressed in Angstrom units and
1s the effective wave length interval completely removed
from a beam of continuous light by the absorbing atoms.
For very weak absorption lines the relation between fthe
density of atoms and the equivalent width of the line 1s a
linear one. However, as the llne becomes 8tronger it be-
gins to "saturate" and the relation between the density of
atoms and the equivalent width becomes more complicated.

A logarithmic plot of the eguivalent width of the line
versus the number of atoms producing the line is called a
"eurve of growth."

In the case of pure doppler broadening, the relation
between eguivalent width and number of atoms can be ex-
pressed mathematically in the form of a serles, and the
theory can be extended to cover cases in which natural
damping and pressure broadening are important. Derivations
and discussions of these relations aré given in books by

(14)

Unsold(13) and by Aller, and a good summary concerning

the curve of growth 1s given in a thesis by Hill.(l5)
Absorption lines produced in an atomlce beam such as

the one used for this experiment also follow a curve of

growth which can be expressed mathematically in the form

of a series similar to that referred to above. A straight-

forward derivatlon of this series for the atomic beam has

been carried out by Davis and is given in detail in his

(12)

thesis. This derivation is based on the following assump-

tions:
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1, The density and velocity distribution func-
tions for the atoms in the beam may be derived from
the equations of kinetlc theory of gases which de-~
scribe molecular effusion.

2. The orifice from which the atoms emanate
is sufficiently small to be considered a point
source.

3. Collisions of atoms in the beam with each
other and with residual gas molecules can be neglected.

4, All atoms in the beam stick to the cool sur-
faces of the apparatus and in particular to the pan
of the microbalance.

These assumptions have been discussed by Davis in con-
siderable detail, but they are repeated here since some
of the experimental checks to be described in Section IV
were carried out in order to determine their validity.

On the basis of these assumptions, Davis has derived
a relation between the equlvalent width, W, of an absorption
line and a quantity C, which is essentially NfL, that is,
the concentration of effective atoms in the atomlc beam
multiplied by the absolute f-value and by the length of the

light beam path Through the atomic beam. This relatlon is

W B W C )n+1
AN, T Adgsin ¥ =\ Z (1)

D

where .
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W is the eguivalent width measured in Angstrom unlits,

A), is the doppler width measured in Angstrom units,
and

¥ is the half-angle of the atomic beam.

The doppler width of the line 1s given by

A, - "%‘UE%T“ - 4.30 x 107" MV? (2)

where
Xois the wave length of the center of the line in
units of 1072 cm.,
¢ 18 the velocity of light,
R 1s the gas constanﬁ per mole,
T is the absoclute temperature, and
M is the atomic weight.
The quantity C 1s a function of the f-value and varlous

parameters which are measured in the apparatus. This rela-

tion is
2 2.2
e Xe P +b Gt
¢ 2Rme M z, Fx: T (3)
where

e 18 the charge on the electron,

m 18 the mass of the electron,

Zg is the height of the light beam above the atomic
beam source,
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f is the radius of the circular opening which de-
fines the deposit on the halance pan,

b is the height of this opening above the sgource,

G' 18 the deposit rate measured in atoms per second,
and

f is the absolute f-value.

As an ald in making calculations, the many factors of

this expression are combined into the relation

where
G 1s the deposit rate measured in micrograms per
gecond, and

@ is a constant for any one run given by

-8 Z f'?..

o 2Rme 1.66 x 10°- M o)
’ e2 M )~o }"2 + b2
-3 Zo  pC
Q = 3.28 x 10 N R (5)
ko P+ D

The factor 1.66 x 10_8 M has been introduced here in order

to convert G (the deposit rate measured in micrograms per
second) to G' (the deposit rate in atoms per second).

The observed depos8it rate, G, should be corrected for
a Boltzmann distribution over energy levels other than

the particular level from which the absorption line arises,
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but this correction is generally negligible when the ground
state is simple. When the ground state 1s not simple, as
in the case of the a5D state of Fe I, this correction is
very important. The factor by which G should be multiplied

is egual to the ratio of atoms, N in the state from which

i!
the transition arises to the total number of atoms, NT’ in

all states, and it is given by

-E
1/kT
Yo Bi e { (6)
Noy %gj JE3 ke

where
gs is the statistical welght of the ith energy =state,
i.e. 29, + 1,

Ei is8 the energy of the ith state, and

k is Boltzmann's constant.

The relatlon given in equation 1 has been derived by
Davis for a single traversal by the light beam, but it
needs only a simple modification to make it applicable to
experiments 1in which multiple traversals are used. To a
very good approximation, the only change required is to re-

place the eXpression given for Q in equation 5 by

1 (7)

+—;"'""+ ooo+"%"”+ ao&%—"
1 2 i n

2
-3 £ 1
Q=3,28X103"-2——-2-"-ﬁ
P+ As ‘%
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where Zs is the height of the light beam in its ith tra-
versal above the orifice acting as the atomic beam source.
Actually, every even numbered traversal of the light beam
passes through the atomic beam at a small angle of inclina-
tion rather than horizontally, but this introduces a
negligible effect as the derivation of equation 7 shows
(see Appendix).

Only one further correction need be considered be-
fore equations 1 and 4 can be used to yvield an absolute
value for f, When the absorption llne under consideration
exhibits hyperfine splitting which is larger than the
doppler width of the components but which is unresolved
by the spectrograph, the equivalent width of the line
should be divided into parts corresponding to the relative
intensities of the components. A value of C 1s then de-
termined for each part and these values are added together
to give the total C for the line., This procedure is described
in King's article(B) on the absolute f-values for the reson-
ance lines of Cu I and examples of it will be found here
in the sectlons giving results for Cu I and Mn I.

To summarlze then, the following relations are used

in making absolute f-value calculations:

W W ch ( 1“‘*‘1 |
Ay -\ Z (8)

D AXD sin X =1
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AX= 4.30 x 107 X, V-'D%— (9)

P 1
1 2 n

Q = 3.28 x 1073

C
f = 5747 (11)

Equation 8 has been solved numerically with the aid of a
computing machine and from tabulated results 1t yields
values of C for given values of W/AXD, the hyperfine
splitting having been taken into account by the previously
described procedure. The value of Q is calculated from
guantities measured in the apparatus; it remains constant
for all runs made on a given element so long as the optical
system is left unchanged. The above expression for Q re-
duces to the simpler form given by équation 5 when a single
beam 1is used. Quantities G and T are measured during the
course of the run by methods to be described in the follow-
ing section, and thus all quantities in equation 11 are
known except the absolute f-value, f.

Though an absolute f—vaiue can be calculated for each
photographic exposure of the absorption line, an accumu-
lation of data from a number of runs can be put into graphi-
cal form which then yields an average f-value. This 1is
done by plotting log WASXD versus log G/QT. Such a plot

develops an experimental curve of growth which can then
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be fitted to the theoretical curve gilven by equation 8.
Since the relation between W/AN, and G/QT also involves
(siniﬁ"l and f (see equations 8 and 11), a fit of the ex-
perimental curve to the theoretical curve (log W/AXb ve,
log C) can be obtained only after a vertical shift equal to
+ log sin¥and a horizontal shift equal to -log f have
been made. This fitting of the experimental and theoretical
curves not only yields an average value for f, as deter-
mined by the horizontal shift, but also provides a gocod
test of the theory Iin cases where the knee of the experi-
mental curve 1s well defined. If the knee of the experi-
mental curve could best be fitted with the knee of the
theoretical curve by a vertical shift of some factor not
equal to +log sin ¥, this would indicate that the theory
did not provide the exact relation degcribing the curve

of growth. In the course of experiments to be descrlibed
later 1n this thesils, however, it became evident that

the features of the atomlc beam have been correctly ana-
lyzed by the theory and that a vertical shift in the graphs
equal to +log sin¥ does allow a good fit to be obtained
when only an additional horizontal shift is made. This
important fact was most strikingly brought out in the case
of Cu I (see Fig. 4). Graphical representations of the
data for other elements have been made in order to further
check thils question and also to provide an average [-value

when the data from many runs show considerable scatter.
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As a last theoretical consideration, an expression is
needed for the force acting on the microbalance due to the
transfer of momentum as the atoms hit and stick to the
balance pan. Such an expression involves only the deposit

rate, the absolute temperature, and the atomic mass, that is,

F:i\'ﬁ—v?—%ﬁf—s . (12)

A derivation of this simple equation 1s given by DaVis.(12)

Since both the observed force, F, and the deposit rate, G,
are measured by the microbalance, the spring constant for

the balance, which is generally needed in order to convert
microbalance divisions to microgramg, cancels out of this

equation. The importance of this impulse force is made

obvious in Section IV D,
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III. APFPARATUS

The basic apparatus for the f-value measurements re-

(12) Vari-

ported here has been described in detail by Davis.
ous modifications of and additions to this apparatus have
been made, however, and these are described in the follow-

ing sections.

A, Light Sources

For the study of most elements, a high pressure mercury
arc lamp operated by an alternating current of about 1 am-
pere at a voltage of around 1000 volts was used. This lamp
operates with the capillary in a horizontal position and is
cooled by a continuous flow of tap water through 1ts quartz
water Jjacket. The pressure broadened mercury lines form a
very satisfactory continuum for the atomic beam absorption
lines over a wWide region of the ultra-violet and visible
spectrum.

In the case of Mn I, however, the strongest lines
(N4031, 4033, 4034) fall very close to a strong mercury
line (M4OUT). Hence, the intensity of the "continuum" in
this region changes 80 rapidly with wave length that ac-
curate equivalent wldth measurements cannot be made. A
high pressure xenon arc lamp provides a uniform continuum
in this region but presents other difficultles because of
its design. The xenon lamp is manufactured by the Osram

Kommanditgesellshaft in Germany and operates without llquid
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cooling on an alternating current of about 8 amperes at
220 volts., A starter clrcuit, which impresses a high
voltage across the electrodes for a brief time, 1s incor-
porated into the power supply unit. The quartz envelope
has the shape of a round bulb in which the sharply tapered
electrodes are located with a separation of about 3 milli-
meters. The manufacturer specifies that this lamp should
be operated in a vertical pogition, but 1In order to obtain
most easlily the horizontal sheet of light needed for this
experiment the lamp was operated in a horizontal position.
In thls position the top of the bulb became gradually
blackened, but the lamp gave a usable, stable discharge
for many hours.

The chief objectlion to the xenon lamp for this experi-
ment 1s that at the tip of each electrode the discharge
is considerably brighter than in the region between the
two electrodes., When this source is imaged on the slit
of the spectrograph, the two bright spots produce streaks
along the continuum. Such a difficulty can be minimized
by measures described in Section IV G, but then the effec-
tive intensity of this source is too low to allow the
short exposures of 30 seconds or less generally used with
the mercury lamp. Nevertheless, this lamp was used satis-
factorily in the work on manganese and it may prove useful

again in the study of other elements,
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B. Optical System

A schematic drawing of the optical system is given in
Figure 1. Elements 1, 2, 7, and 10 of thig system are

quartz lenses with the following specifications:

Number Type Diameter Focal Length
1 Achromat 2.5 cm. + 5,0 cm.
2 Double-convex 10,0 cm. + 15.0 cm.
7 Plano-convex 8.5 cm. + 60.0 em.
10 Plano-convex 8.0 cm. + 40.0 cm.

Lens number 2 has been masked to a 3.0 cm. dlameter
gince 1ts full aperture i1s not needed to fill the grating.
Lens number 10 is mounted on a movable rack which is en-
caged by a pinion gear in order that a smooth, horizontal
to~and-fro motion of the lens covering a maxXximum displace-
ment of 7 cm. can be made. This motion of the lens is
provided manually during the photographic exposures in
order to track the image of the light source back and forth
alonz the slit. The need for this tracking of the image
will be discussed in Section IV G.

Elements 5 and 6 of the optical system are small, con-
cave mirrors which are inserted when three traversals by
the light beam are desired. This arrangement will be re-
ferred to as a "triple beam" throughout this thesls. The
mirrors were made from a specially ground plano-concave

lens cut into two parts along a diameter and then coated
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with aluminum. Each mirror has a focal length of 11.6 cm.
and the two are separated by a distance of 46.4 cm. This
separation locates the center of curvature for each mirror
on the verticallaxis of the furnace, and since the light
beam 18 originally focused on this axis each mirror re-
focuses the reflected beam there.

Elements 3 and 4 are the flat, quartz windows of the
furnace and element 9 is a plane, aluminized glass mirror
used to turn the beam from a horizontal to a vertical direc~-
tion,

Element 8 is a small-angle, gquartz foreprism, This
prism disperses the light beam in wave length so that the
image focused on the spectrograph slit is spread into a
short spectrum which crosses the slit. The slit then
passes only a short region of the spectrum, that is, the
foreprism and sllt together act as a monochromator. Prisms

O, and 30O have been used for this

with angles of 10°, 20
purpose, but of these the 20° prism seems8 most satisfactory.
For 1light in the wave length reglon of 4030 Angstroms, this
prism has an angular dispersion of 4.04 x 10_6 radians per
Angstrom and spreads a range of 1000 Angstroms into a band
which 1s approximately 1.6 mm. long across the slit of the
spectrograph. If such a spectrum were formed by an in-
finitely narrow source, it would allow a spectral band of
about 25 Angstroms to enter the spectrograph, but due to the

finlite size of the source and various aberrations of the

optlcs, the pass'amodnts to an effective range of some 100
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Angstroms. The figures given here are based on calcula-
tions made for the wave length region of interest in the
dtudy of manganese, but the size of the pass is very nearly
the same for wave length regions between 3200 and 4200
Angstrbms. The need for this foreprism arrangement will
be made obvious 1n Sectlon IV A.

Element 11 of the optical system is a Packard shutter
of 2% inches aperture operated by an a.c. solenoid con-
nected to a "Time-0-Lite" electric timer. This allows
uniform exposures ranging from 1 to 60 seconds to be made
with an estimated varlation of less than 0.1 second.

Element 12 is the s81it of the spectrograph.

C. Furnace Boats and Tubes

As mentioned in Section I, the special erucible used
to hold the element while it is belng evaporated is called
a boat. The boat 1s located at the center of a thin-walled
tube through which an electric current is passed to cause
heating. The graphite boats and graphite tubes described
by Davis were used for all runs made on copper since this
element shows no tendency to combine with the graphite.
Molten copper, In fact, does not even wet the graphite but
forms a spherical ball which vaporizes smoothly and uni-
formly. Chromium also can be vaporized from a graphite
boat so long as the melting point is not exceeded, but
runs were made 1in boats of other materials in an.attempt to

reduce the sputtering characteristic of this element.
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Molten iron, on the other hand, combines so readily
with the graphite that temperatures in excess of 1900° C.
were regulred to produce even a weak atomic beam from a
graphite boat. To attain such temperatures with the
pregent apparatus, it was necessary to overload the trans-
former which delivers current to the furnace tube and to
endanger some parts of the furnace with overheating. The
aceuracy wiﬁh which temperatures 1in this range can be
measured with an optical pyrometer is considerably less
than at lower temperatures. Moreover, at these high tem-
peratures the Boltzmann distribution over higher sub-levels
of the a5D state tends to reduce the relative number of
iron atoms in the aSDA ground state. Worse than this, the
iron sample is so rapidly taken up by the graphlite 1n the
formation of iron carbide that it is practically impos~
sible to maintain a constant beam for any length of time.
And finally, it is impossible to produce the strong lines
needed to develop a full curve of growth when the atomic
beam 18 suppressed by the formation of iron carbide. For
these reasons boats made of other materials had to be de-
veloped.

Davis used with some success a graphite boat lined
with tantalum carbide. Such a boat when heated in a
graphite tube produces a usable beam at temperatures above
1700O C. provided the hole from which the beam emanates is
guite large, that is, roughly 1.5 mm. or more in diameter.

Even so, the tantalum carblde is attacked by the molten
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iron, and 8o much of the iron sample is lost through the
liner and through combination with graphite subliming from
the boat and tube as to make the maintenance of a strong,
constant beam very difficult. For this reason tantalum
carbide lined boats were abandoned after the first four
runs on iron, but they were used qulte effectively for all
runs on manganese and for most of the runs on chromium.

In an effort to develop a boat which would combine
in no way with the molten iron, attention was turned to
such materials as zirconium oxide and thorium oxide. When
these compounds are sintered by heating at high tempera-
tures for long periods of time, they form very hard, strong
structures which act as ideal crucibles for molten metals,
Some attempts were made to press the dry powders of these
oxides into the required shape, but due to the small size
and thin walls of the boat the extreme pressures required
in this process could not be applied.

At the suggestion of Dr. H. V. Neher, the process of
molding these materials in a paste form was tried. This
process was found to be feasible but difficult. At first,
ordinary flour mixed with water was used as a binder. When
zirconlum oxide powder was added to thils mixture, a thick
paste was formed which could be cast in the shape of a
short tube closed at one end. While still in the mold, this
piece was warmed until dry in an oven at 95O C. The open
end was then fitted with a plug machined from a piece of

the same material, and a small hole was drilled in the side
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to act as an orifice for the beam. Next, the boat was
heated in an alr atmosphere to a bright red heat which
burned away all of the flour. Finally, it was placed in
the furnace tube of the atomic beam apparatus and sintered.
For zirconium oxlde this sintering process requires a
temperature in excess of 2000° C¢. and the compound should
be held at temperatures in this range for at least 30
minutes, preferably for several hours.

A furnace tube made of graphite was first used as
the heating element during the sintering process, but this
reduced the zirconlum oxide to a carbide which was un-
desirable as a crucible for molten iron. A furnace tube
made of molybdenum was then tried and in this the zirconium
oxide was sintered into a hard, strong form with only a
thin coating of molybdenum on the outside. The shrinkage
during sintering amounted to almost 30 percent.

Several boats were successfully made in this way, but
the procedure possessed a number of disadvantages. First,
air bubbles in the paste often left holes in the boat.
Second, the boat often cracked during the drying process
or broke as it was being removed from the mold. Smearing
the mold with silicon stopcock grease abated but did not
eliminate this difficulty. Third, the drying process
required a period of at least 24 hours because almost none
of the boat was actually exposed to the air while 1t was
in the mold. Attempts to remove the boat from the mold

before drying was complete invariably falled.
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Some improvement in the process was attained by first
cooking the mixture of flour and water in a double boiler
until a jelllied conslstency was obtained. When thls
materlal was used as a blhder, it gavemae strength to
the structure during the stage before sintering.

In an attempt to avold cracking by thermal shock dur-
ing the sintering process, zirconium oxXxide mixed wilth
caleium oxide (so~called "stabilized zlreonium oxide™) was
tried, This mixture, however, takes on a gritty consis-
tency when mixed with water and cannot be molded easily.
Also, this mixture is objectionable from the standpeint
of possibly introducing calcium atoms into the atomlc beam.
Attempts to make boats of thorium oxide were not successful
because this compound does not form a good suspenslon in
water and is very difficult to mold.

A somewhat superior method was flnally developed for
forming the zirconium oxlde boats. In thls procedure
the zirconium oxide powder and a small amount of the
cooked flour are mixXed with Jjust enough water to form a
thick paste which will hold its shape. Thls is then ex-
truded through a 1 Ilnch hole in a steel block, forming a
round rod of the thick paste. The rod is then cut into
short lengths which are dried in the oven with low heat.

When dry the short rods of zirconium oxide canh be
placed'in the collet of a lathe and turned down to the re-
gquired outside diameter. A straight flute drill i3 used

to bore out the rod leaving a thin-walled tube with one
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¢losed end. The small hole for the beam orifice is then
drilled and finally the open end is plugged with a snugly
fitting plece of the same material turned on a lathe to
fit. The binder is burned away and the boat is sintered
as before.

This extruslon procegs for the formation of Zirconium
oxlde boats has the following advantages: f{he difficult
molding process is eliminated; the drying process is much
faster and shrinkage during this time merely decreases fhe
diametler without causing cracks; machining on the lathe
removes all surface flaws leaving a more solid and smooth
outer surface; and the bore can be fitted with a plug more
efffectively than a molded hole,

Some preliminary experiments indicate that the sin-
tering process can be improved by using an induction fur-
nace instead of the atomlc beam apparatus. If the zirconium
oxlde 1s heated in an alilr atmosphere, 1t is not reduced by
carbon. Thus, a graphite heating element can be used. The
graphlte gradually burns away at the temperatures needed
to sinter the zirconium oxide, bhut a thickewalled graphite
crucible will survive for a sufficient time to complete the
sintering process, A series of radiation shields made of
alundum can be used to decrease radiatlon losses, and
temperatures in excess of 2000° C. can be obtained with a
15 kllowatt furngce. The chief difficulfy connected wlth

this method for sintering lilies in heating the boats slowly
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and uniformly. If the temperature is changed too rapidly
or i1f the boat 1s heated non-uniformly, it invariably
cracks. Nevertheless, induction heating has several advan-
tages over the other kind, and it can no doubt be perfected
through further research.

The molybdenum tubes used for sintering in the atomic
beam furnace were made from 0.0035 inch sheet cut to a
3.500 x 1.178 inch rectangle and then rolled into a tubular
form on a steel rod. The electrodes of the furnace held
these pileces of molybdenum in the shape of a tube 3/8 inch
in outside dlameter with only a slight overlap. It was
found to be important to shape the molybdenum tubes on an
cversized rod in order that the tubes would press against
the 1nside walls of the electrodes with sufficient force
to make good electrical contact while the tubes were
operating at high temperatures. It was also necessary
to leave some space between the ends of the tube and the
shoulders of the electrodes in order to allow for thermal
expansion and thus prevent buckling. Two concentric
radiation shields, also made of molybdenum, were used
and with these it was possible to reach temperatures in
excess of 2000° C. without overloading the transformer.

Molybdenum tubes were also used as the heating ele-
ments for actual runs employing the zirconium oxide boats.
These tubes were made as described above except that a +
inch hole was punched into the molybdenum sheet midway be-

tween the ends and 0.295 inch from one edge. The boat was
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held in place with molybdenum spacers so that it was con-
centric with the tube and its hole coincided with that

of the tube. A single radiation shield with a large rec-
tangular gap in the top was used to reduce the radiation
losses. With this arrangement temperatures over 1500° ¢.

could be obtained with a current of about 230 amperes.

D. Temperature Regulator

The temperature control circult designed by Davis
was capable of holding the temperature in the furnace con-
stant to better than 0.1 percent, but it had the following
shortcomings:
1. The adJustments which had to be made on the
variable resistors in order to bring the circuit
into operatlon were extremely critical, and thus
the proper settings were often difficult to locate.
2. The lowest temperature at which the control
could operate was over 1200° C., yet temperatures as
low as 1100° C. had to be controlled in runs on
manganese,
3. The cilrcuit could not always compensate for
the large fluctuations in line voltage.
A few modifications overcame these deflcilencies, however,
and allowed the circult to control the temperature within
0.1 percent over a range from 1100 to 2000o C.
The 931A photomultiplier was rewired so that there

are 90 volts per dynode and the anode is at ground poten-
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tial., The last stage of the photomultiplier current is
fed through a fixed resistance and through two variable
registors for coarse and fine adjustments. The voltage
drop across these reslstors controls the operatlon of a
miniature pentode whose plate current varies by roughly
10 percent for a change of 1 percent in the photomultiplier
current. These amplified changes are then reflected into
the primary circult of the furnace transformer by means
of three twin triodes which are connected in parallel with
each other and with a low-voltage transformer in the fur-
nace power circuit., A complete wiring dlagram for the
regulator is given in Figure 2.

For best operation the circult requires a warm-up
fime of several hours. Otherwise, the 1nitial fatiguing
of the photomultiplier and the drop in battery voltages
cauge a gradual decrease in the feedback voltage. This
change 1s sufficlent to ralse the temperature during a
long run. During the warm-up peried, light from the room
is allowed to enter the photomultiplier housing through a
hole which is just large enough to hold the photomultiplier
current 1n its operating range. When the furnace has been
brought to the temperature at which the run 18 to be made,
the hole in the housing is covered as the iris diaphragm
which controls the radiation from the furnace is opened.
When the photomultiplier current reaches 1ts operating
range, a feedback voltage of from 2 to 9O volts is introduced

into the furnace power circuit. This voltage 1s indicated
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PARTS LIST

Batteries

By Battery Pack, 90 volt "B" batteries to supply dynodes
> 290 volt "B" batteries in series

67.5 volt "B'" battery

By 1.5 volt "A'" battery

90 volt "B" battery

Bg 45 volt "B" battery

Tubes
V1 931A photomultiplier
Vs 3Q4 miniature pentode
V3, V) V5 6AS 7 twin triodes
Resistors Transformers
Rl 1.0 megohms Tl © 110 v - 5 v Kenyon
R2 390 K ohms T2 110 v - 12 v 200 amp
Westinghouse
R3 82 K ohms
T3 Variac 40 amp

R4 100 K ohms

Potentiometers

P 250 K ohms

1
P2 3 megohms

Switches

Sy Ss . SPST

Meters

M 0O - 50 amp d.c.

1
M, 0O - 8 volts a.c.

M3 0O - 50 amp a.c.
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by the voltmeter, ME’ and 1is set to fluctuate around the
5 volt mark by adjustment of the iris diaphragn..

The photomultiplier current at which the circult
regulates can be adjusted by means of the potentiometers
Py and'Pe. The first of these gives a c¢ogrse adjustment
and the second one a fine adjustment. For low temperatures
(1100 to 1150° C.) these potentiometers should be turned
to their lowest settings and the circuit will then regu-
late with a photomultipller current of around 10 micro-
amperes. IFor higher temperatures a photomultiplier current
of 30 microamperes allows optimum operation of the circuit.
Currents as high as 50 mlicroamperes can be used, but it
is better to use a filter in front of the iris diaphragm
when very high temperatures are belng controlled., This
allows the dlaphragm to be opened enough for good viewlng
of the furnace tube without causing the photomultiplier

current to exceed the optimum value of 30 microamperes.

E. Microbalance Damper

The delicate quartz helix microbalance used to measure
the density of atoms in the beam can be read with an ac-
curacy corresponding to a few tenths of a microgram pro-
vided oscillations of the helix are at a minimum. How-
ever, large oscillations, introduced whenever the shutter
between the balance pan and the boat is opened or closed,
and smaller oscillations, introduced by sudden changes in

the beam density or by particles sputtering from the boat,
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can make the readings so crude as to be almost useless.
air, the osclllations are damped out immediately, but in
a vacuum the larger oscillations will continue for several
hours.

It was first thought that these oscillations might
be damped out throusrh eddy currents produced by a maghetic
field 1n a vane attached to the helix, but a calculation
showed this to bhe impractical. Because of the relatively
slow motion of the helix (so-called large oscillations as
viewed with the microscope actually have amplitudes amount-
ing to only fractiong of a mlllimeter), the vane needed
with even a very strong magnetic field would have to have
dimensions far in excess of that which the helix could
support.

A suggestion by Dr. W. R. Smythe led to the lollow-~
ing method of damping out all large oscillations. A
small piece of iron wire cut 2 mm. in length and bent 180°
at the middle was slipped over a loop at the bottom of the
helix, ahd a coll of wire wound about the cylindrical glass
housing of the balance was located just below the level of
the iron plece. When a current 1s passed through the coll,
the iron piece 18 pulled downward toward the center of the
coil. Since the period of the fundamental mode of os8cilla-
tion for the helix is about one second, the passage of
current through the coil can be controlled manually in such
a way that the force applied to the iron is opposite to the

direction of motion during each half cycle and thus counter-
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acts the oscillating movements. The coil consgists of 30
turns of number 22 copper wire and is connected in series
with a 3 volt battery, a variable resistor, and a key.

By adjusting the variable resistor, enourh current can
be passed through the coil whenever the key 1ls depressed
to gently decelerate the oscillating balance. Generally
only four or five such impulses are needed to bring the
halance to a positlion of rest.

The only weakness In this damping method is that it
cannot be used to damp out high frequency oscillations
coming from other modes of vibration in the helix, since
the period of these oscillations is too short to we followed
manually. Fortunately, these osc¢illations have small ampli-
tudes and 1f care 1s taken in the way the balance is used,
they can be kept at a minimum. An electronic instrument
could be devised to follow these rapid oscillations and
feed a compensating current in opposite phase into the
coll, but it is felt that the need for such a device does

not justify the time required to design and build 1t.

F. Microbalance Pans

The pans on which the deposits from the beam are col-
lected and weighed are made of 0.0008 inch aluminum foil
cut with a stopper-cutting tool into 5/8 i1nch circular dilscs.
These are placed in a specially made shaping-die which turns
up the edge like a pie crust, thus gilving the disc strength

against curling. A short piece of 0,003 inch tungsten wire
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is used to attach the pan to the quartz fiber of the micro-
balance.

Originally, the suspension wire was attached to the
pan with a speck of Duco cement, but it was discovered
that the cement outgassed when the pan was exposed in a
high vacuum to the hot furnace, and this introduced errors
into the beam density measurements. Hence, the suspension
was changed so that no glue is required. To accomplish
this, the tungsten wire is passed through a tiny hole in
the center of the pan. The lower end of the wire i1s given
a circular bend which supports the pan in a horizontal
position, and the upper end of the wire is bent into the
shape of a small hook which slips into a loop at the end
of the quartz fiber. With the aid of the shaping-die, a
number of pans can be made in a short time, and the wire
suspension can be used over and over again by merely

straightening and rebending the hook.

"G. Recorder Installation

In order to make an instantaneous measurement of the
rate at which atoms are being deposited on the balance pan,
a Brown Recorder was installed in the following way. First,
a 10 K ohm precision Heliopot was coupled to the knob of
the micrometer eyepiece used to measure fine displacements
of the balance pan. A 1.5 volt battery was then connected
in series with a 22 K ohm resistor, a switch, and the ends

of thé Heliopot coll. The voltage existing between the
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end of the coll and the sliding contact 1s fed into the
recorder 80 that each setting of the micrometer eyeplece
corresponds to a position of the recorder pen. As the
movement of the balance pan is followed manually by keep-
ing the cross halr fixed on a point of the helix, the
recorder produceg a graph of balance pan position versus
time. The slope of this graph can then be used to compute
the rate of deposit, and changes in slope 1indlcate changes
in the deposit rate. Two turns on the eyepiece micrometer,
corresponding to a deposit of 64 micrograms, produce full
scale deflection on the recorder, but the eyepiece can

be set back to zero at any time by moving the whole tele-

Scope on its micrometer gcrew.

H. Microphotometer

A1l of the equivalent width measurements reported here
were obtalned from tracings made on an electronic record-
ing microphotometer located in Robinson Laboratory of
the California Ingtitute of Technology. This instrument
uses a Leeds and Northrup Recorder to record the shape of
the absorption line. A variety of magnification factors
are available by changing the gear ratios which determine
the motion of the plate carriage and the drive of the
recorder paper. One such combination gives a magniflca-
tion factor of 108 and this was used for all tracings. The

recorder produces a tracing of the line on a strip of paper
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94 inches wide, so that the depth of a medium line can be
measured to an accuracy of about 2 percent. All lines
were traced twice, first in the direction of increasing
wave length and then in the opposite direction, 1n order
to detect errors which mlght be introduced by the micro-
photometer.

Focusing of this instrument presents no problem but
alignment of the absorption lines wilth the slits of the
microphotometer 18 not so simple since most of the lines
are too weak to be seen in the magnified field. To aid
in this adJustment, fthe emisslon spectrum of an iron arc
was photographed at the bottom of some of the plates and
these iron lines could then be easily aligned with the
microphotometer slits. Generally a slit length slightly
less than the width of the spectrum was used in order to
minimize the effect of grain. The calibration plates were
traced with the same microphotometer settings except for

an increase in the drive speed of the plate,
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Iv, EXPERIMENTAL ANALYSIS AND TECHNIQUES

A, Scattered Light

Because scattered light in the spectrograph tends to
f111 in the absorption lines, resulting in f-value measure-
ments that are too low, an intensive Investigatlon was
undertaken to determine the magnitude of thils source of
error. Though the presence of some scattered light was
detectable even with the eye by looking at the grating in
the ultra-violet reglon, early attempts fo measure the
amount of this light faliled to reveal its true magnitude
because of the hilgh contrast and reciprocity law failure
of the photographic plates used. Finally, with the aid of
low contrast plates developed in a low contrast developer,
it was discovered that the scattered light amounted to a
surprising fraction of the dispersed light coming from the
grating. The detalls of thls measurement were as follows.

With a constant light source focused on the spectro-
graph slilt, an exposure was made of sufflcient duration to
bring up a fairly dense lmage on a Kodak 33 plate in the
3250A region of the spectrum. A filter which cut off all
light below U300A wam then placed over the slit and a
second exposure of equal duration was made on the same
plate. This plate together with a step slit calibration
plate was then developed in D-23 developer for 5 minutes,

The second image was dense enough to give a good micro-
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photometer measurement which, when compared with a similar
measurement on the first image, revealed an intensity ratio
of 0.33 for the two exposures. Slnce the first exposure
was made with dispersed light plus scattered light, this
meant that at least 49 percent of the light reaching the
plate in the 3250A region was scattered light of wave
lengths greater than 3400A. Several checks of thlsg kind
were made and in each case the scattered light was found
to contribute 30 to 50 percent of the exposure. Such
measurements of course tell nothing about how much scat-
tered light comes from the reglon below 3400A, and so the
estimate given here must be taken as a lower limit on the
percentage of scattered light.

It was obvious then that some means had to be found to
eliminate this source of error. Dr. F. M., Routly proposed
that this be accomplished by inserting a foreprism into
the optical system. Thls prism and its monochromator
action has already been described in Section III B. The
effectiveness of the device 1s believed to be complete for
two reasons. PFirst, it is difficult to imagine how a
significant amount of scattered light can arise from the
narrow band of wave lengths admitted to the spectrograph
and, second, all f-value measurements made since installihg
the foreprism have been greater than the preliminary measure-
ments by a factor roughly equal to the estimated value of

the total scattered light.
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B, PBeam Digtribution

Another source of serious error could result from an
atomic beam distribution which differed signiflcantly from
that assumed in the theory. It is not difficult to con-
celve of reasons why the beam distribution might be gquilte
different from that of the theory since some of the assump-
tions made are not completely fulfilled. In the first
place, the dimensions of the orifice in the boat far eXceed
that theoretically required to guarantee a Boltzmann velo-
city distribution inside the boat. Secondly, for some of
the runs on copper, the molten metal, held by 1ts own sur-
face tension in the form of a ball, rested directly be-
neath the hole so that many of the atoms in the beam may
have come dlrectly from the metal surface, That these
atoms take on a RoltzZmann distribution ls guesticnabvle.
Thirdly, 1ln a f'ew cases where very strong absorption lines
were sought, the vapor pressulle in the boat may have been
sufficient to cause a mass flow rather than an effusicn
of atoms. And flnally, though the size of the hole Lis
small compared with the dimensions of the beam, 1t does
not actually conatitute a point source anhd this may signi-
ficantly affect the beam distribution. In regard to this
last point, Heavens(lG) diascusges the way in which colli-
sions at the orifice dﬁe to short mean free paths may extend
the effective area of the orifice, and if this should turn

out o be a large effect, the beam distributlon could cer-
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tainly be affected. Another way in which the effectlve

size of the atomlc beam source could change 1s by penetration
of the vapor through the walls of the boat. This phenomenon
is knhown to be a problem in vapor pressure measurements,
particularly with copper in graphite contalners. Such pos-
gikillties as these certainly warranted a careful check on
the actual beam dlstripution.

Davis recognized these posslbilities and used an
ingenious method employlng a radlioactive material To check
experimentally the actual density distribution. Though
his experlmental results were in fairly good agreement with
the theoretical distribution, it was felt that the Lest was
not conclusive, partilcularly since it had not been carried
oul under a varlety of conditions. Therefore, another
method was devised for checklng the distribution and this
was carried out for several temperatures and for different
sizes of the hole from which the beam emanates,.

In thils method the beam was allowed to form a deposit
on a carefully cleaned glass plate located 6,15 cm. above
the bheam source, Immedlately upon removal from the vacuum
chamber, a microphotometer ﬁracing of the thin metallc film
formed on the glass was obtained, This tracing showed the
variation in optical transmission of the film as a Ffurlction
of distvance along the plate. However, it is well Known
that the absorption of light by a thin metalic film is

not a linear functlon of tThe thickness and so this tracing
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had to be calibrated in some way which would relate trans-
mission of light to actual deposit thickness. This call-
bration was accomplished by placing a smaller glass plate
in the furnace above the beam but this time allowing only
a small area directly over the center of the beam to re-
ceive a deposit. A shutter between the source and the plate
was used to control the time during which the deposit was
made and a device for moving the plate between exposures
was added to the apparatus. The plate was shifted by
simply winding a cord onto a pulley inside the furnace
container, This could be done in a matter of seconds
without any disturbance to the vacuum. Thus, a series of
deposits were made on the second glass plate with exposure
times of 10, 15, 20, 30, 40, 60, 90, 120, and 180 seconds.
Since the area of each deposit subtended the same small
solid angle of the beam, the thicknesses of the films thus
formed were proportional to the time of exposure, provided
the deposit rate remained constant. To check the deposit
rate, the 180 second exposure was immediately followed

by three more exposures of 20, 30, and 60 seconds. These
were then used as checks against earlier exposures to make
sure that the deposit rate had not changed. This calibra-
tion plate was also measured on the microphotometer immedi-
ately upon removal from the vacuum chamber in exactly the
same way as the first plate. Thus, changes in the films
due to aging should not have affected the results.

Finally, from the microphotometer tracing of the cali-
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bration plate a plot of the logarithm of the percent trans-
misgion of light as recorded by the microphotometer versus
time of exposure was made for each deposit. A logarithmic
plot was used because it gave a curve with a linear por-
tion, very much like the characteristic curve of a photo-~
graphic plate. From this curve points on the first tracing
were reduced to values of the 'film thickness, in the arbi-
trary units of seconds, and these values were then plotted
as functions of linear distance from the center along the
plate.

Theoretically, the relation between deposit rate on a
horiz&htal surface and linear distance from the center of
the deposlt la:

It

_ b
a(¥) = a(0) T (13)

where

G(0) is the deposit rate at the center of the hori-
zontal surface directly above the furnace
opening,

G(¥) 1s the deposit rate at the distance ¥ measured
along the horizontal surface from the center
of the deposit, and

b is the vertical distance between the beam source
and the horizontal surface.

Taking the measured thickness of the deposit at the center
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as G(0), a theoretical plot of G(T) versus § can be graphed
and compared with the experimental values for G(3).

Figure 3 is a typical example of the graphs obtained
from these tests. The so0lid curve in this figure repre-
sents the theoretical relation and the dots represent
experimentally measured points. Beam density distribution
checks were made under a variety of conditions and in each
case a graph very similar to the one shown in Figure 3 was
obtalned.

The agreement seems to be remarkably close eXxcept
for a few aspects which are easily accounted for. Because
of the finite area of the source, the peak at the center
of the experimental curve 1s slightly flattened. At the
edges of the beam, the theoretical curve falls sharply
to Zero, while the experimental one falls off in a steep
but not sharp tail., This too 1s caused by the finite area
of the source, and the extent of the penumbra as measured
from the experimental tracing agrees very closely in each
case with that computed from the dimensions of the orifice
and defining slot. Thus, the source does not behave as
though 1its effectlve area were extended by collisions, nor
does the beam distribution suggest that the effects of
copper penetrating through the walls of the boat and tube
are significant, To summarize, these checks indicate that
the denslity distribution in the actual beam does not differ

in any significant way from that assumed in the theory, and
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therefore it can be concluded that only insignificant er-

rora in absorption measurements will come from this source.

C. Reflection of Atoms

A third possible source of error can arise in the
deposit rate measurements used to determine the actual con-
centration of atoms in the beam. It is assumed that all
atoms which strike the balance pan stick there without any
reflection, that is, that the accomodation coefficient is
unlty. A convincing test of this assumpiion under condl-
tiong of the experiment is needed.

The first attempt to detect any reflection of atoms
whilch might occur made use of a method devised by Kopfermann
and Wessel,(ll) who also checked this source of error in
their experiment. A deflector made of the same aluminum
foil from which the balance pans are cut was placed at an
angle above the hole through which a part of the beam
normally comes to the balance pan. The orientation of this
plece of foil was such that if atoms were reflected from
it they would be deflected downward and to one side of
the hole. The balance pan was located at the side toward
which the reflected atoms were deflected and 1in such a way
that the pan could not receive any of the upward moving
atoms of the direct beam. If all atoms did not stick to
the deflector, some should have been deposited on the top
of the balance pan and detected by the effect of their

welght on the balance. This test gave negative results;
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that is, no reflected atoms were detected. However, this
result was not entirely conclusive since not all deflected
atoms could be expected to fall on the balance panh and
qulte a large number would have to deposit there for detec-
tion.

A more sensgltive test was made by cutting a hole in
a carefully cleaned pilece of plate glass and placing this
on the top plate of the furnace assembly s0 that its hole
just coilncided with that in the top plate. The glass was
shielded completely from the direct beam and yet allowed
a sample of the beam to pass through as before. Again,
an aluminum deflector was placed in line with the hole in
such a way that reflected atoms would be deflected to one
side. On the top of the glass plate, two narrow strips
of mica were laid with theilr long axes extending radially
away from the edge of fthe hole. These strips protected
small regions of the glass plate from exposure to reflected
atoms and thus provided clean areas which could later be
compared with exposed areas. Affter a heavy deposit had
been allowed to fall on the deflector, the glass plate was
removed from the apparatus, the mica strips were taken
away, and the surface of the plate was traced with a micro-
photometer,

If a significant number of atoms had been reflected
from the aluminum deflector, the microphotometer tracing
should have revealed two effects. First, the areas pro-

tected by the mica strips should have transmitted more
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light than the exposed areas when scanned by the micro-~
photometer, and second, the region of the plate toward
which the deflector was turned should have shown more de-
pos8ilit than the region on the opposite side of the hole.
Very 8light deposlts were detected on these test
plates except where the mica strips had lain, but these
deposlts were uniform over all parts of the plate, even
over bthose regions farthest from the hole, On subsequent
tests, smaller glass plates were placed at various loca-
tions inside the c¢ontainer, These showed the same uniform
but faint coatlngs found on the test plate and so it was
concluded that the deposits were due to vapors present
throughout the apparatus but not due to atoms reflected
from the aluminum, These tests were accepted as ample
evidence that the accommodation coefficlent is unity for

the elements investlgated,

D, Impulse Forces

There are two important features of the atomlc beam
experiment which enter directly inte the theory used in
the determination of absolute f-values, One 1s the denslty
distribution of the atomlc beam and the other 1s 1lts velo-
¢ilty distribution. A check on the density distribution
has already been described. A series of tests related to
the velocity distribution will now be discussed.

The continuous transfer of momentum between the de-

positing atoms and the balance pan cocnstitutes an upward



-50-

force which can be computed and also measured experimentally.
The relation needed to compute this force hag been glven

in Sectlon II, equation 12, Experimentally, the force is
glven by the difference in microbalance readings taken

Just before and Just after the shutter 1s opened and agailin
Just bhefore and just after the shutter 1is closed. When

the shutter 13 opened, osclllations of fhe helix are intro-
duced, and these osgcillations must ve damped out bhefore an
accurate reading of the nhalance pan position can be made.
Since a significant depoesit is received by the pan durilng
this time, the first impulse force measurement ls not
accurate unless a correction is made for this small deposit.
When the shutter ls closed, no further deposit 1ls received
by the balance pan and the impulse force can be measured
directly with fair accuracy.

Table 1 gives the results of these measurements. In
these data there are errors due to inaccuracies in the micro-
balance readings. Since these inaccuracies enter into the
deposit rate values used to compute the force, they affect
the calculated force determinations as well as the observed
force measurements, Nevertheless, the data can be examlned
for systematic dlscrepancies.

In general, there 1s fairly good agreement between
the observed and calculated forces. However, there are
several possible sources of error which could cause signl-
ficant differences between them, and 1t 1s worthwhile to

consider these in some detail.
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TABLE I

Impulse Force Measurements

(In Eyepiece Divisions)

Calculated Observed Calculated Ohserved

T°K. Force Force T°K. Force Force
1618 6 6 Mn 1338 64 62
1630 10 10 1350 73 72
1631 12 14 1370 82 81
1656 10 9 1382 88 87
1675 10 9

1681 18 21 Fe 1962 131 129
1722 38 Lo 2080 1hp 152
1741 L6 52 2100 257 339
1748 21 23 2139 388 370
1762 21 21 2203 598 W7l
1774 25 2L

1776 38 39 Cr 1667 8 6
1783 23 22 1734 18 20
1819 55 69 1735 19 19
1833 0 164

1840 133 139
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1. The measured deposit rate may be in error
due to reflection of atoms from the balance pan.

If reflection occurs, the computed force will be

too low since 1t 1is calculated from the measured

deposit rate assuming that all atoms stick. Re-

flected atoms actually transfer added momentum to

the pan but escape the deposit rate measurement.

The effect appears to be present in the data on
impulse forces for copper, since there are a number of
cases where the computed force is less than the observed
force for this element. However, thls effect was checked
by an independent experiment (see Section IV C) and that
investigation gave no indication of reflected atoms from
the balance pan. Therefore, it can be assumed that the
discrepancies are due to other effects.

2. The deposlit rate may change due to variations
in the surface of the evaporating metal or exhaustion
of the metal sample. Then the force observed at one
instant will not generally agree with the computed
force calculated on the basis of an average deposit
rate measured over the total time that the shutter is
open.
1t i3 quite possible that this effect causes many of

the minor differences seen 1n the data on all four ele-
ments. Impulse force measurements made as the shutter was
opened did not always agree well with measurements made as

the shutter was closed. Most of this disagreement was due
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to ilnaccuracles in the readings but some of it was caused
by a changing deposit rate. In the absolute f-value
measurements, data were discarded when this effect appeared
to be present.

3. A significant fraction of the beam may be
made up of molecules rather than single atoms. The
effect of molecules in the beam is to glve an ob-
served force which ls smaller than that computed
for a monatomic beam, as the following derivation
shows. Let X be the fraction of the deposit rate,
G, which is monatomic, the remainder, 1 - X, being
diatomic. Then from equation 12 the force, F, due
to the momentum transfer of these two types of

particles 1is

1t Fp o= S‘A!Iiug'gim+%ﬁqg%£(l”xm

v - ES G). (X+1~X) (14)
M v?

The flrst factor 1ln parenthesges in the flnal expresgion

for F 1s exactly the force calculated under the assump-
tion that the total deposit is monatomic, and the
second factor in parentheses has a value that i1s less
than or equal to unity. Thus, for a given deposit
rate, the effect of molecules in the beam is to de-

crease the observed force.
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Thls effect is especially important in the case of
Cu I where a diatomlc molecule is known to exist. How-
ever, since there 1s no systematic indication of the ob-
served force being less than the calculated force in the
case of copper, this test for the presence of Cu2 mole-
cules was taken to be negative. No molecules of the other
three elements investigated here are known to exist, and
there i1s no indication of a molecular effect In the impulse
force data for these elements.

4, The temperature inside the boat, as measured
with the optical pyrometer, may differ from the eflec=
tive temperature related to the root-mean-square speed
of atoms escaplng through the hole of the boat. Thils
effect could arise from the use of a relatively.lsrge
hole as an orifice in the boat or by allowing atoms
to escape directly into the beam from the free sur-
face of the molfien metal., It was shown in Section
IV B that these deviations from an ldeal beam source
do not significantly affect the beam density distri-
butlon, but thls does not guarantee that the velocity
distribution is unaffected.

Since only the gquare root of the absolute temperature
enters Into the calculations of an impulse force, the
temperature read with the pyrometer would have to be in
error by quite a large factor in order to cause a signifi-

cant difference between the calculated and observed forces.
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Thus, this test 1s not a sensitive one for errors in tem-
perature, Fortunately, however, the absolute f-value calcu-~
lations also involve only the square root of the absolute
temperature, so small errors in the temperature are not sig-
nificant anyway.

The four effects just discussed are the major sources of
error which could cause the calculated and observed forces to
differ. Analysis of the data has shown that, although the
forces did not always agree exactly, no serious sources of

systematic error in the experiment were indicated,

E. Deposit Rate Measurements

The guartz helilx microbaiance used in determining the
beam density extends 1.000 cm. for a change in weight of 986
micrograms. The position of the balance is read with the aid
of a microscope mounted on a micrometer which can be read to
0.001 cm. and estimated to 0.0001 cm. The microscope itself
possesses a micrometer eyepiece and 1n most cases the exten-
sions of the helix were measured with this eyeplece rather
than with the microscope micrometer, since the former can be
adjusted and read more easily. One dlvision on the micrometer
eyeplece corresponds to 0.000230 cm. and thus a change in
weight of a few tenths of a microgram could be detected.

Several different technigues were applied to the deposlt
rate measurements.

1. With the shutter closed, the balance pan positlion
was read with the micrometer eyepiece. The shutter was

then opened, allowing the pan to collect a deposit of atoms
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from the beam for a measured length of time. At the end
of this time, the shutter was closed and a second balance
pan position was read, The dlfference between these two
position readings was dlvided by the time the shutter was
open tc give {he deposlt rate in eyeplece dilvisions per
second. The spring constant and conversion factors glven
above were used to convert the deposit rate to micrograms
rer second.

Several difficulties were involved in this technlque.
After the ghutter had been opened and closed several
times, rapid, uncontrollable osclllations of the helix
were often observed., These oscillations reduced the
accuracy with which extensions of the helix could bhe
measured so that uncertainties of 10 divlsions were not
uncommon, Thus, total extenslons of at least 100 divisions
had to be observeq in order to make the readings accurate
to 10 percent. Since the deposit rates were of the order
of 1 division per second, this meant that deposit timeé
of more than a minute nad to bhe used, Such deposit fimes
were more than twice the exposure times needed for photo-
graphing the absorption llnea., It was extremely difficult
o obtain a series of deposit rate measurements at one
temperature by this technlgue, because a constant atomlc
heam could generally not be maintalned for the total time
required,

2. In order to sh§rten the time needed for a seriles

of deposlt rate measurements, the technldue of maklng these
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measurements with the shutter continuously open was tried.
The balance pan then experienced no great changes in the
impulse force, and oscillations were almost nil. Conse-
quently, determinations of the balance pan position could
be made to an accuracy of about 2 divisions. When timed
with a stop watch the deposit fate measurements could be
made over short intervals of time and a rapid series of
such determinations could be obtained while the atomic beam
remained more or less constant.

This technique also had disadvantages. Whenever the
beam density varied, the impulse force as well as the actual
deposit rate changed. For iron, where high temperatures
and large deposit rvates were used, the impulse force cor-
responded to several hundred eyepilece divisions., Since
this force was directly proportional to the deposit rate,

a change of 10 percent 1n the latter caused the balance to
fall by some 20 divisions. If such a change took place
gradually over a period of time, say one minute, it pro-
duced an apparent change in the deposit rate which may have
been as much as 30 percent of the actual deposit rate.

Since the impulse force and the deposit weight are
oppositely directed, the apparent change in the deposit rate
due to a changing impulse force 1is opposite to the actual
deposit rate change. It is even conceivable that the chang-
ing impulse force could exactly compensate for a changing
deposit rate in such a way that the open-shutter observa-

tlions would indicate a consatant deposit rate. However, the
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exact conditions necded to cause this are very unlikely
to ocecur, and thus changes in the actual atomic beam den-
3ity were generally indicated by the observed depogit rate,

In some runs, particularly on iron, the individual
determinations of the deposit rate for one temperature
did not agree very well, iIndicating that the atomic beam
density had Indeed changed. In order to detecl changes
in the beam density as they occeurred, an lnstantaneous
meagsurement of' the deposlit rate was needed. The instal-
lation of the Brown Recorder (See Section III G) permltted
such an instantaneous measurement and introduced the fol-
lowing technique for deposit rate determinations.

3. With the shutter closed a reading of the mlcro-
balance position 1s made visually with the micrometer
eyepiéce. The shutter is then opened and two stop watches
are started. As soon as large oscillations of the nelix
have been damped out, one of the stop watches is stopped
and the new posifion of the microbalance is read with the
micrometer eyeplece, Then while a series of photographic
eXxposures is belng made, the poslition of the balance is
continually tracked with the eyeplece cross halr, allow-
ing the recorder to trace a graph of balance position
versus time. The slope of the recorder trace indicates
the deposit rate at each instant, Marks are made on the
recorder tracing to indilicate the time intervals during
which each photographlc exposure 18 made., At the end of

the last photographic exposure, the position of the balance
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is read with the micrometer eyepiece, and immediately the
shutter is closed as the second stop watch is stopped.
Finally, the position of the balance is read with the
shutter closed.

From the four visual position readings of the bal-
ance the following information can be derived. The differ-
ence between the first and last reading divided by the
time during which the shutter was open, as indicated on
the second stop watch, gives the average deposit rate.

This can then be compared with the slope of the recorder
tracing. If the recorder tracing shows no significant
changes in slope and agrees in general with the average
rate, then it is assumed that the beam density has remained
constant. The difference between the first two visual
readings plus the deposit rate multiplied by the time needed
to damp out oscillations, as inaicated by the first stop
watch, gives the impulse force at the beginning of the run;
the difference between the last two visual readings gives
the impulse force at the end of the run. These impulse
force measurements can be compared with each other as a
further check on the constancy of the beam density and

can also be checked with the impulse force calculated on
the basis of the observed temperature and deposit rate.
Finally, an attempt can be made to correlate any changes

in slope that do show up on the recorder graph with dif-
ferences in the corresponding equivalent widths of the

observed spectral lines.
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It 1s felt that this ftechnigue, though somewhat com-
prlicated, allows a maximum of Information to be derived
from each run and provides the best basis for analysis

of' the f-value data.

F. Calibration of Optical Pyrometer

The optical pyrometer used for all temperature measure-
ments was calibrated agalnst a similar ingtrument recently
standardized at the Leeds and Northrup factory. This cali-
bration inecluded a correction for the light losses in the
windows of the furnace through which the boat 1s vilewed.
The followlng derivation shows how the callbration can be
accomplished by determining for each temperature scale of
the pyrometer a constant which relates the observed and
true femperatures.

An optical pyrometer matches the intensity of light
radlated Trom a standard source, such ag a lamp filament,
wilth the ilntensity of light radiated from the object whose
temperature 1s desired. The wave length of the light
admltted to the pyrometer in this matching process is
limlited to only a short interval of the visible spectrum,
generally in the red reglon, The temperature scale of the
pyrometer 1s based upon Wien's Law for the distribution
of energy in the spectrum of a black hody. By an appllca-
tion of Wien's Law, the scale can be corrected for tempera-
ture measurements on non-black bodies and for readings

made through slightly absorbing materials. To derive the
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correction formula, we begin with the following form for
Wien's Law:
VAN 4

J, = oy N7e” (15)

where

Jy 1s the intensity at the wave length A,

X is the wave length measured in microns,

cq is a constant which, as will be seen below, drops

out of the final eXpression,

c, is a constant = %5 = 14,350 microns-degrees, and

¥ is the absolute temperature of the black body.
The intensity of radiation.Jr, from a non-black body of
temperature T and emissivity EA is given by

5 = clEAX-5e"02/T)‘= cq /\"Be"'cz/slx)t (16)

where S, 18 the equlvalent black body temperature at wave
length A of the emitter. It is thls temperature which is
indicated by the optical pyrometer when it views the non-

black body. From the last egquation

) log Ey
== =2 (17)

S, 6232

L

3

Thus, knowing A and E,, it is always possible to compute
the true temperature, T, from the observed temperature,
Sx . The optlcal pyrometer used here employs a red glass
filter which transmits 1light at A0.65 microns. The value

of E, depends upon the wave length, A, as well as the
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nature and state of the emitting material. For example,
the value of Ey at NO.65 microns for iron in the molten
state is 0.37.(17)

When an emltter 1s sighted with the optical pyrometer
through windows, prisms, lenses, etc. where absorption
takes place, the observed temperature, S, , is less than
the true temperature, T, in much the same way as when a
non-black body is sighted. Thus, the relation hetween

Sy, and T under these conditlons is given by

where A is a constant for most practical purposes.

In the determination of the constant A, the optical
elements and apertures of the furnace should be located in
exactly the same relative positions as those exlsting
during the temperature measurements. Then, if one of the
windows or holes througn which the light must pass cuts
into the light cone, the resulting decrease in intensity
and corresponding apparent reduction in temperature will
be corrected for. This effect may actually exist in the
present experiment since slightly different corrections
were obtained before its significance was recognized.

During the calibration process, a tungsten filament
lamp controlled by a Variac was used in place of the furnace
tube and boat. The filament of thls lamp could be seen
through the optical system of the furnace and aiso could

be viewed directly with the factory calibrated pyrometer.
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Thus, a series of readings for each scale was taken with
the two pyrometers, and by substitution in equation 18

the following mean values of the constant A were obtained:

Pyrometer Scale A
Low -0.000014 (%)™t
High ~0.000017 (°x)~*

The extra-high scale (above 1750° C.) was used in only a
few instances and then the temperatures were only slightly
above those which could be read on the high scale. By
taking readings on a tungsten filament lamp in the region
of overlap for the hlgh and extra-high scales, it was found
that 10° C. should be added to temperatures read on the
lower part of the extra-high s8cale. This correction was
applied to temperatures read on the extra-high scale.

The temperature measurements used for absolute f-value
calculations were made by sighting into the cavity in the
boat where the radiation field closely resembles that of a
black body. Observed temperatures checked well with the
known melting points of the elements as observed in the
bottom of the boat during the change of state. However,
in one or two cases, the molten metal came to the hole of
the boat in the form of a ball sufflciently large to com-
pletely block the opening. Then 1t was no longer possible
to sight 1nto the cavity and temperature readings had to

be made on the surface of the molten metal. In order o
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reduce these temperature readings to true absolute tempera-
tures, equation 17 was used. Generally, this condition
could be avolded by lncreasing the temperature very slowly
iln the melting point region, and only one run was carried
out with the hole completely vlocked. In all other cases,
very little or none of the sample was visible through thé
hole of the boat and a good black body temperature read-

ing could be obtained.

G. Continuum

The image of the 1light source as it is focused on the
spectrograph slit has a length along the sglit of about
3 mm. This refers of course to the width of the spectrum
focused there when the foreprism is used. Due to the
astipgmatism of the spectrograph, this short illumination
of the slit plves a spectrum at the plate holder whlch 1is
about 5 mm, wide, 'This spectrum is not equally Intense
across i1ts full wildth but has edges which are less lntense
than the center, Normally, there 1s a regilon of uniform
intensity a few millimeters wide along the center of the
spectrum, and an adjustable slot just beneath the vnlate
holder is set to admit only this part of the beam. However,
with the complicated optical system needed for this experi-
ment, even the central region of the spectrum is not uni-
form but is striated with narrow lines of various intensities.

I1f accurate measurements of equivalent widths are to

be made, these striations in the continuum cannot be toler-
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P

ated, since the milcrophotometer tracing wilill inelude sev-
eral of them and thus cannot be correctly calibrated. A
great amount of time was spent in seeking to locate and
elimlnate the source of this difficulty. Finally, it be-
came apparent that a zreat varlety of defects ranging

from flaws in the quartz water jacket of the mercury lamp
to averrations in the lenses were contrinuting to the prob-
lem, and to eliminate all of these simulfaneously wasg im-
possible, Thus, a device was incorporated into the optical
system which tends to smooth out the illumination along
the ®1it during the exposure., This device consists essen-
tially of a movable lens holder; itg deslign has already
been described in Section 1III B, The essential feature

of the mechanism i1s that 1t allows the lens to be moved
back and forth in a direction parallel to the slit and
thus track the image of the light source along the slit
without changing either the focus or the wave length range
passed by the slit-foreprism combination. Though the lens
holder is deslgned to give the image a full displacement
of 3 cm. along the slit, a movement of the image of only

2 or 3 mm. is generally sufficlent to smear out the major

striations.

H, Eguivalent Width Measurements

As far as random errors are concerned, the weakest
link in the determination of absolute f-values by the

method described here probably lies In the measurement of



-66-

the equivalent width of the absorption lines, Flaws in
the photographic emulsions, plate grain, inaccuracies in
ﬁhe prlate calibration curves, microphotometer fluetuations,
and asymmetric line proflles are some of the factors which
contribute to the uncertainty of the equivalent width
measurements., For this reason a number of exposures
(zenerally six or seven) were made at each temperature
setting. The random scatter in a set of equivalent width
measurements made under constant conditions was sometimes
as high as 30 percent, but the average measurement gave an
f-value consistent with those obtained on other runs.

The method used in reducing the microphotometer trac-
ings was essentially the same as that used by Hill.(15)
However, only the profiles of the weakest lines were treated
as simple triangles. For strong lines and asymmetric lines
the intensity profiles were divided into horlzontal strips
and the equivalent widths were obtained by summing the
areas of the strips.

In exposing the step slit calibration plate for each
run, extreme care was eXercised in stabilizing the tungsten
ribovon filament lamp at the desired intensity. The alectri-
cally timed shutter guaranteed uniform exposure times and
simultaneous development with the absorption line plates
insured equal development. Still there existed the possi-
bility of error due to non-uniform illumination of the
larger steps by the enlarged image of the ribbon filament.

To investigate thls a series of test calibration curves
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were made using dlfferent lamp intensites and the same ex-
posure time. Because of the different lamp intensities,
the linear portions of these curves were defined by dif-
ferent sets of steps. Though there were slight differ-
ences at the extreme epds of the characteristic curves,

the linear portions agreed very well in all cases. There-
fore, it 1s believed that the equivalent width measurements
contain only random errors ahd are as accurate as can be

made photographically.
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V. RESULTS AND CONCLUSIONS

In the following sections, the results of absolute
f-value measurements obtained in the present experiment
for resonance lines of Cu I, Mn I, Fe I, and Cr I are
recorded and discussed. One line of each element has been
chosen for detalled investigation. The data for these
lines are given in tables at the end of each section. These
data have been obtained by averaging all values of the
deposit rate, G, and all values of the equivalent width, W,
measured under one set of conditions, and a weight has been
asslgned to each set of measurements. The welghts are
based on a scale of 1 to 10 and depend upon the number of
independent equivalent width and deposit rate measurements,
the degree to which the atomic beam seemed to have remained
constant, and the quality of the photographic exposures.
This last factor is especlally dependent upon the part of
the calibration curve of the photographic plate used in
reducing the equivalent width measurements, since the
linear part of this curve ylelds results which are much
more reliable than the knees. The mean value of all indl-
vidual determinations for a line has been taken as the
absolute f-value of the line. Absolute f-values for other
lines have then been ocbtained by makling measurements rela-
tive to the llne of each element which was chosen for de-

tailed investigation.
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The final data for one line of each element are repre-
sented graphically by plotting the experimental values of
log W/AN, versus log G/QT, and each of these experimental
plots is fitted to the theoretical curve of growth (log WAAX;
versus log C) by the method outlined in Section II. The
theoretical curve 18 shown by the solid line in these
graphs and dots represent the experimental values,

In the last section a summary of all absolute f-values
is given wlth a comparlson of corresponding absoclute f-values

obtained by other investigators,

A, Copper

1. Background

As mentioned in the introduction, 1t was felt that the
atomic beam method for measuring absolute f-values necded
thorough checking before 1t could be depended upon to give
reliable values for elements of astronomical interest, For
making the required checks, an element with some rather
special properties is needed. First, 1t is desirable to
investigate an element that caﬁ easily be contalned while
in the liquid state. Second, the temperature at which the
element produces an effectlive atomic beam should lie 1in
a range whlch does not require excessive power for the
furnace deslgn and which can easily be measured with the
optical pyrometer. Third, the element should have some

strong lines in the visual or near ultra-vioclet region,
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Finally, 1t would be very desirable to lnveztigate an element
for which somethling is already known of the absovlute f-values.
Copper appeared to fulfill these requilrements. It gives
a usable beam in the temperature range of 1200 to 1700D C.:
it evaporates uniformly from a graphite boat with no sign
of combining with the carbon; it hag very strong lines at
N 3247 and 3274 which are accessible to the apparatus with
its quartz optical system; and the absolute f-values of
these lines have been measured by King and Stockbarger(3)
uaing the absorption tube method. Thus, while copper 1s
not of particular astronomical interest, 1t has been exten-
sively ilnvestigated here in order to check the experimental
technique and the accuracy attainable.
The electron configuration of the neutral copper atom

in the ground state is

(15%) (25%) (20°) (38%) (3a2%) (45)°sy, .

Because there 1s only one (4s8) electron outside a closed
shell, the low lying states of copper have approximately
hydrogen-like wave functions, These known wave functions
allow a theoretical estimate of the absolute {-values to

be made for the resonance lines of copper with some validity.
(See Bates and Damgaard.(a) )

orl-

King and Stockbarger's experimental measurements,
(18)

ginally based on the vapor vnressure data of Harteck,

gave absolute f-values of 0.62 and 0.32 for the lines )\3247
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and A3274 respectively. However, if more recently obtained

(19)

vapor pressure data by Hersh and by Hultgren‘go) are
applied to the measurements of King and Stockbarger, ab-
solute f-values of 0,52 and 0.27 are obtained for the lines.
A 3247 and A\3274 respectively. The method outlined in
Sectlion II for taking hyperfine structure into account

must be used in reducing all data on the copper resonance
lines since these lines do exhibit hyperfine structure.

As shown by King,(3)

only two components of intensity ratilo
5:3 need be considered, and thus each value of W/AXD has
been divided into two parts with this ratio of Intensities

in determining the corresponding value of C,

2, Copper Molecule

In the course of investigating a discrepancy between
f-values obtained in the present experiment and those ob-
tained by King and Stockbarger, it was learned that a di-
atomic copper molecule exists in. vapors of this element.
This molecule was discovered by Kleman and Lindkvist(®1)

- who ldentlfied the Cu, bands obtained in emission with a
King furnace. With the help of Mr, K. H. Olsen, the author
photographed the Cu2 bands in absorption using the large
King furnace located at the Mt. Wilsén Laboratory on

Santa Barbara Street in Pasadena. The bands lying in the

A 4000'to 2 5000 reglon were brought out very strongly in

a helium atmosphere of 40 cm. pressure at a temperature

of 19500 C., but they were not at all visible at tempera-
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tures below ISOOOC. The presence in the same spectra of

very broad resonance lines of atomic copper as well as

other strong atomlic lines showed that the density of

copper atoms in the vapor was very high, but 1t was im-

possible to estimate from the strengths of the bands and

atomic lines anything about the ratio of molecules to atoms.
In a letter from the University of Chicago, Dr. Mark G.

Inghram states that a mass spectrograph study of Cug lons in

the vapor from a Knudsen cell loaded with copper has been

carried out by one of his students, Mr. Paul Schlssel. Un-

published data on these experiments indicate that the ratio

63+
1

is only about 0,002 to 0.003. If this ratio 1is valid for

of cub3* tons to cu®3" lons in a vapor at 1300 to 1400° C.
the atomlic beams used in the present experiment, then such
a small fraction of molecules would not affect the abso-
lute f-value results.

There still remains, however, the possibillty that
more molecules are present in an atomic beam, which is
formed almost directly from an evaporating surface, than
are present in the Knudsen cell used by Inghram or in the
absorption tube used by King and Stockbarger where equili-
brium conditions exist. In order to approach more closely
the equilibrium conditlions in an absorption tube, a special
boat was machined from graphite. This boat was somewhat
longer than that normally used and 1t contained small
molybdenum partitions located approximately 3/16 of an inch

from each end. These partitions closed off each end of
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the boat except for a small opening at the ton. Copper
samples were placed in the ends behind the partitions
and the ends were then sealed with graphite plugs as
usual. In this boat it was impossible for the molten
copper to flow into the central region of the cavity and
to effuse atoms directly into the beam. Also, since the
orifice 1ln this special boat was smaller than that usually
used, it was felt that a better equilibrium between mole-
cules and atoms, due to multiple collislons, would be
established before atoms found their way out into the beam.
A number of runs were made with this special boat,
but both impulse force and absolute f-value measurements
were the same as those obtained with the ordinary boats.
Though this cannot be considered a conclusive test as to
the presence of small numbers of Cu2 molecules in the
atomic beam, the negative results indicate that Cu2 mole-
cules do not exist in the atomie¢ beam in numbers suffi-
cient to account for the discrepancy between results ob-
tained here and those cobtained with the absorption tube.
On the basis of Dr, Inghram's work, it can be concluded
that, at the temperatures used in any of the present abso-
lute f-value measurements, copper molecules probably do
not contrlbute sufficlently to the atomic beam to cause

slignificant errors in the results,
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3. Data

Table II gilves the pertinent data for the resonance
line, A3247, of Cu I. By varying the temperature over
the range 1200 to 1700° C., and by using triple as well as
single traversals of the light beam, 1t was possible to
experimentally define the curve of growth for this line of
copper from the linear region to a part which is well up
on the knee of the curve. This is broughﬁ out clearly by
the plot shown in Figure 4. The fact that the experlmental
points in this plot can be fltted with a horizontal shift
of the theoretical curve of growth (the vertical position
having been fixed by sin¥) is taken as one of the best
indications that this experiment does give results whilch
vary with experimental conditions as the theory predicts.
Further, the good agreement between single beam and triple
beam points in the region where these results overlap indi-
cates that the triple beam theory is correct.

The theoretical curve of growth relation has not been
tabulated for values of C greater than 10, but an approxi-
mate equation for the curve of growth when C is large has
been used to extend the theoretical curve shown in Flgure 4.
The extended portion is indicated by the dashed curve. The
experimental points which lie in this extended region are use-
ful in providlng a graphical comparison with the theory for
strong lines but are not individually very reliable for

absolute f-value determinations because of the small slope



~75-

of the curve of growth in this reglon. Hence, the quantity
C and the absolute f-values for these points have not been
included in the data given in Table II or in the mean value
of the absolute f-~value for the line.

Though the slit-foreprism combination was set to pass
only a short region of the spectrum centered at A3247, the
"continuum'" provided by this pass sometimes extended ahove
X 3280, In such cases f-value measurements could be made
on the other resonance line of copper at A3274. The f-value
for this weaker line, \ 3274, relative to that of the
stronger line, 3247, was found to be 0.53, This relative
value agrees gquite well with the relatlve strengths of
these two lines as measured by King and Stockbarger.(3)

The final results of all absolute f-value measurements

for the two lines of Cu 1 are as follows:

Transition \ £ Average Deviation

2 2.0 - - '
s - 4 P%—3/? 3247 .54 0.310 + 0.026

3273.96 0.164 + 0,037

-
i
RV
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TABLE I

DATA FOR Cu I, Z\32h7.54

T° K Ag@/Gsec G/ar ! A 10° Wiy WIAX, c £ Wt

(1) 1453 0.026% 1.86 3.6l 0.538 0.85% 0.531 0.285 5

(2) 1535 0.0628 h16  7.66 1.11 P L0k 0.299 L

(3) 1535 0.0530 3.5L  6.8% 0.293  1.58 L.08 0.308 L

(k) 1564 0.0381 2.47  5.47 0.785 1.25 0.815 0,330 3

(5) 1564  0.0330 2.15  5.63 0.808 1.28  0.843 0.393 2

(6) 1564 0,0335 2,17  5.01 0.718 1.14 0.736 0.339 b

(7) 1595 0.0575 3.66  5.38 0.766  1.22 0.793 0.217 3

(8) 1612 0.0239 L.olL  8.60 1.22 1.93 L.bo 0,349 9

(9) 1617 C.0964 6.06 10.2 1.hh 2.29 1.76 0.291 e

(10) 1617 0.0680 hL.27  7.30 1.03 1.6k 1.13 0.266 2
(Z1) leiy 0.0526 30 6.79 0.960  1.52 1.04 0.315 2
(12) 1633 0.0306 2,11 k.79 0.67%  1.07 0.684%  0.32h 2
(13) L1654 0.11l4 7.02  10.5 1,47 2.33 1.80 0.256 1
(i4) 1687 0.05%36 3.88  7.87 1.09 1.73 1.21 0.312 2
(15) 1689 0.0183 1.10  2.22 0.307 0.487 0.290 0.263 8
(16) 1703 0.107 6.3 11,0 1.51 2.40 1..88 0.296 3
(17) 1703 0.0745 4.hL 8,69 1.19 1.90 1.37 0.307 6
(18) 17i2 0.0237 1.41 3,64 0.b9g  0.792  0.489 0,348 10
(19) 1717 0.0948 5.61 10.2 1.40 2,22 1.69  0.301 .
(R0) 1722 0.0312 1.8 3.01 0.535 0.849 0.528 0.287 7
(21) 1722 0.0837 5.48 10.3 1.40 2.23 1.69 0.309 2
(z22) 1722 0.0967 6£.33 1L.2 1.53 2.43 1.91 0.302 i
(23) 1733 0.020L 1.18 . 3.18 0.434%  0.688 0.420  0.357 3
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TABLE II (Cont.)

e K;;lugmisec a/qQT W-X 10° WIAN, VAN, o £ Wt.
(2h) 1733 0.0879 6.26 11.3 1.55 2.45 1.94 0.313 2
(25) 1733 ¢.0876 6.18 11.5 1.58 2.50 2.00 0.32L 2
(26) 1775 0.226 12.9 16.1 2.17 3.45 3.40 0.263 5
(27) L1775 0.213 324 24,7 3.33 5.29 12.0 0.37L 5
(28) 1775 0.238 36.3  26.6 3.59 5.69 5
(29) 1775 0.220 33.5 26.7 3.60 5.72 1
(30) 1780 0.4 62.1  25.3 3.40 5.40 3
(31) 1785 0.0582 3.3l  7.12 0.956' 1.52 1.03 0.312 L
(32) 1819  0.736 10 07,7 3.69  5.86 ' 3
(33) 1822 0.327 20,2  20.3 2.7C L. 28 5.55 0.302 6
(34) 1828 0.453 67.0  31.5 4,18 6.63 2
(35) 1828 0.494 73.1  28.1 3.73 5.92 2
(36) 1838 0.202 11.2- 16.8 2,00 3.53 3.55 0.318 1
(37) 1838 0.270 4.9 17.8 2.36 3.7k .02 0.269 1
(38) 18g2 1.13 149 30.8 k. o2 6.38 1
(39) 1979 0.853 43.8 25.1 3.21 5.09 1

Welghted Mean

£ = 0.310
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B. Manganese

1. Background

Very little work has been done on absolute f-values for
manganese, and no experimental determinations of relative
f-values have been made for this element. The only lines
which arise from the ground state and appear in the visible
or near ultra-violet region belong to the triplet (a6s-z6PO),
W\4031, 4033, and 4034, These are the only lines that can
he Investigated by the atomlc beam method., This triplet
is of some astrophysical importance since it is observed
in solar and stellar spectra and thus can be used for abund-
ance determinations.

The absclute f-values of these lines were measured by
Huldt and Lagerqvist(7> using the emission spectra of a

manganese salt sprayed into a flame. The values whilch they

reported for this triplet are:

Transition X g
6 6.0
as - gz P5/2_7/2 4030-75 0.062
5 /2.5 /2 4033.07 0.046
J 4
5/2-3/2 O34, 49 0.031

These determinations agree surprisingly well wlth the values
obtained in the present experiment, considering that the
method employed by Huldt and Lagerqgvist 1s gquestionable

and yields values for Cr I which are apparently too low by

a factor of 100,
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2. Hyperfine Structure

It was pointed out in Section II that hyperfine struc-
ture may contribute to the broadening of a line in such
a way that the line will not follow the usual curve of
growth. Specifically, if the components of the hyperfine
structure are separated by distances greater than their
doppler widths, then each component should be treated as
a separate line, each following its own curve of growth.

If the hyperfine structure is not completely resolved by
the spectrograph, the measured equivalent width of the un-
resolved line is the sum of the equivalent widths of the
components of the line.

Manganese has a nuclear spin of 5/2 and a magnetic
moment of 3.4; thus 1t exhibits large hyperfine splitting.
At first it was thought that this splitting would be suf-
ficient to cause the observed mangenese lines, which are
unresolved blends of the hyperfine structure components,
to follow a linear curve of growth over the range of beam
densities used In these experiments. However, a closer
investigation of the hyperfine structure makes this assump-
tion dubious.

The strongest line, A\4031, of the triplet under con-
sideration here arises from the a6s5/? - z6P$/2 transition.
Hyperfine splitting of both the lower and upper states
gives rise to 15 hyperfine lines. However, because the

splitting of the lower state is considerably less than that
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of the upper state, these 15 lines fall into 6 major com-

ponents. Using the tables of White, ' 2%)

these components
are found to have relative intensities of 100 : 72.5 :
50.4 : 33,0 : 19.8 : 10.3, and they are spread out over a
wave length interval of 0.050 Angsbiroms as shown in Figure
5. The theoretical magnitude of the splitting has been
verified experimentally by White and Ritschl(EB) and their
results also indicate that the relative intensitles are
correct.

In the atomic beam experiment, the doppler width of

a weak absorption line at half-intensity is given by

2 [1n 2 Axbsinl=26>‘-a T in2  sinY

where sin ¥ = 0.63. Thus, at an absolube temperature of
13500 K., the width of each component in the mahnganese

line should be about 0.009 Angstroms, When this width is
applied to each hyperfine component, as shown in Figure 5,
the profiles of The components are found to overlap to a
considerable extent. None of thils structure is resolved
by the spectrograph, of course, but this analysils indicates
that the hyperfine-structure separations are not suffi-
ciently larger than the doppler widths of fthe components to
allow each component to contribute independently to the
line, Thus, 1n the determination of the quantity C for the
line, the experimentally measured equivalent widths can-

not s8imply be split into parts corresponding to the inten-
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sities of the varlous hyperfine structure components,

The analysis above 1s verified qualitatively by the
experimental results. When the equivalent width measure-
ments are plotted to form a curve of growth, they cannot
be fitted with a theoretical curve based on the complete
splitting scheme. Though there 1s considerable scatter
in the data, Figure 6 shows quite clearly that the curve
defined by the experimental points is not the linear part
of a curve of growth with its characteristic 45° slope.

The solid curve in Figure 6 is the theoretical, almost
linear curve calculated on the basis of complete separation
of the major components of the hyperfine structure. The
dashed curve represents the curve of growth calculated
with no splitting, which would apply if the hyperfine-
gstructure separations were much less than the doppler
widths of the components. Since the experimental points
lie between these two curves, 1t is strongly suggested
that the components do overlap as the theoretical considera-
tion indicates.

This means that the line as photographed with the
gspectrograph has been broadened in a way which cannot be
completely analyzed. However, it can still be safely as-
sumed that when the lines are very weak they follow a nearly
linear curve of growth, and therefore, these lines can be

used iﬁ the absolute f-value determinations.
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3. Data

Table III gives the averaged measurements made on the
strongest line of Mn I, \4031, and Figure 6 is a plot of
these data. A value for C and an absolute f-value have
been calculated only for measurements made when the line
was very weak, that is, for values of log G/QT less than
1.2. Since almost the same result 1s obtained for any
scheme of splitting assumed in determlining C for the very
weak lines, they are evidently near enough to the linear
part of the curve of growth to yield reliable f-values
regardless of the exact character of the hyperfine struc-
ture. To obtaln the results given in Table III, the values
ofi&&ﬁxg were divided in the ratio 5:4:3, since this
ratio: corresponds to the relative intensities of the main
hyperfine-structure components,

Most of the measurements were made on the strongest
line, A4031, but some measurements of the f-values of the
other two lines of the triplet relative to that of A4031
were made. The final results of all absolute f-value

measurements for the three resonance lines of Mn I are as

follows:
Transition X ' f Average Deviation
6 6,0 .
asS -z PS/?—T/? 4030.,75 0.0611 + 0,0052
5,/2-5/2 4033.07 0.0343 + 0,0029
L0O34,49 0.0221 + 0.0019

5/2-3/2
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TABLE TII

DATA FOR Mn I, A4030.75

G Wx 100 WAM.  WAX

T° K mam/sec  G/QT A 0 b ¢ T Wt.

(1) 1309 0.0686 7.28  L.20 0.496 ~ 0.787 O.W0  0.0646 6

(2) 132L  0.135 13.9 6.98 0.821L 1.30 0.810 0.0582 6

(3) 1331 0.1h41 b, 8.39 0.982 1.5 0.990  0.0687 3

(L) 1334 0.1h41 14,5 7.38 0.862 1.37 0.856  0.0594 7

(5) 1342 0.149 15.h 7.15 0.833 1.32 0.823 0.053% 10

(6) 1352 0.132 13.2 7.82 0.911  1.h45 0.910 0.0691 8

(7) 1357  0.216 22,1 9.53  L.11  1.75 3

(8) 1368 0.189 18.6 9.53 1.10 1.75 N

(9) 1371  0.22k4 55.6  18.7 2.16  3.43 10

(10) 1373 0.332 33.5 11.0 1.27 2.10 6
(1L) 1384 0.410 h1.0 15.0 1.72 2.74 L

Weighted mean T = 0.0611
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C. Iron

1. Background

Throughout the universe iron has an anomalous abundance
relative to other elements of simllar mass; in fact, the

56 is larger than the sum of the abundances

abundance of Fe
of all other nuclear 8&pecies with mass numbers greater
than 40, Thus, it is of great astrophysical interest, and
accurate determinations of 1ts abundance in the sun and
stars from spectrographic observations are important. In
the past there has been considerable uncertainty in the
exact astronomical abundance of iron because of dlsagree-
ments between experimental absolute f-value determinations.
It now appears, however, that these experimental results
are converging toward a well-defined absolute f-value so
that astronomical iron abundance measurements in the future
should not suffer from uncertainties 1n this important fac-
tor.,

Relative f-values for a large number of the Fe I lines,
ariging from the lower levels of the Fe atom, have been

(1,2) (24)  gypg®)

measured by King and King and by Carter.
has also used the absorption tube method to make absolute
f-value measurements on twelve lines from the ground state

(4)

of Fe I. 1In hls paper, King reported a value of 0,013
for the absolute f-value of the strongest line, N3720.
This value was based on the vapor pressure data of Marshall,

Dornte, and Norton,(25) but recently Edwards, Johnston,
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and Ditmers(gé) have publlshed vapor pressure data which
differs considerably from the earlier measurements. On
the basals of the newWer data, King's absolute f-value lor
the line A3720 1s ralsed to 0,033, Using all existing

(20)

data Hultgren 18 now evaluating the thermodynamilec
properties of many elements and alloys including iron. On
the vasgls of vapor presswre data given in thils work, a
third absolute f-value, 0,022, for the line A3720 of Fe I
can be evaluated from King's measurements. These revlisions
clearly show the difficulties and uncertaintles involved

in vapor presgsure measurements at the present time,

Kopfermann and Wessel,(ll)

using an atomic beam
method, reported in 1951 an absolute f-value of 0.043 for
the line A3720, This value is more than three times Kingts
first value, but it is 1in closer agrecment wilith King's
revigsed values., Evenso, it is larger by some 30 percent
than the highest value obtained from King's measurements.
Kopfermann and Wessel also made measurements on the line
\ 3737 and reported a value of 1,03 for the ratio of
f 3720/f 3737+ This 1s in good agreement with the rela-
tilve intensitles of these two llnes as reported by King in
his ahsolute determination.

With the atomic beam‘apparatus used here, it was pos-
2ible to bring out a number of lines in the A3700~ A 3200
region arising from the sublevels of the a5D ground state

of Fe 1. Becaugse of the narrow wave length pass needed to

eliminate scattered light, however, only one or two of
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these 1lines could be studied from one exposure, Since

the relative strengths of these llnes are well established,
the absoclute f-~value investigation reported here was con-
centrated on the strongest line, A\3720. Actually, the

line \3737 fell in the usable reglion of continuum on many
of the plates, but its observed intenslty was always lower
than that of A3720 by a factor of almost 2 because of the
Boltzmann distribution of atoms over the sub-levels of

the ground state. Thus, it was often too weak for accurate
measurement. The few measurements which were made on the
line A3737 yielded an f-value relative to that of A3720
which was in agreement with the relative f-values given

above,

2. Boats and Tubes

As mentioned in Section III C, iron combines with
the materlal of the boat to such an extent that the main-
tenance of a constant beam was exXtremely difficult. Boats
made of zirconium oxide heated in molybdenum furnace tubes
finally proved to be the most successful means for holding
the iron samples. These were used for five of the nine
runs for which data is given here. The first four runs
employed graphite boats lined with tantalum carbide
and heated 1n graphite tubes. Though the presence of
graphite did not allow a constant beam to be maintained

for any length of time and thus made some measurements
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invalid, no gystematic differences were observed in the

results obtalned with the two kinds of boats.
3. Data

Table IV gives the data for the line A\3720 of Fe I,
and Figure 7 shows a plot of log MUZ&)D versus log G/QT
taken from these data. Thne scatier in these data is con-
slderably more than for copper becaugse of the uncertainties
involved in the measurement of weak lines and because of
the difficulties in maintaining a constant atomiec beam.

Due to the Boltzmann distribution of atoms over sub-levels
of the complex ground state of Fe I, only about half of

the atoms 1n the beam are in the lowest sub-level of the
ground state from which the line \3720 is absorbed. Be-
cause of this and the small f-value of the line, 1t was

not possibhle to obtain strong lines well up on the knee of
the curve of growth. Nevertheless, the experimental points
shown in Figure 7 define a curve whilch, when fitted with
the theoretical curve, yields an absolute f-value in good
agreement with the absolufe value obtalned by averaging

individual measurements. This average value 1s

Transition A £ Average Deviation

a’D - 27F) . 3719.93 0.0316 + 0.0038
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TABLE IV

DATA FOR Fe I, XA3719.93

G W x 10° WAN. WA

T° K mgum/sec  G/QT A b b £ Wh.

(1) 1950 0.130 20.7 k.75 0.503 = 0.798 .540 L0261 6

(2) 1966 0.129 20.4 k.39  0.463 oO.T734 188 .0239 L

(3) 1983 0.0683 10.7 4,15 0.436  0.691 455 L0426 8

() 1985  0.ll2 6.92 2.08  0.219 0.347 o0.211 L0305 5

(5) 2003 0.0749 11.5 3.29 0.344  0.546 .3h7 .0302 6

(6) 2010 0.0481 7.37 2.65 0.276 0.438 271 .0368 6

(7) 2020  0.0592 9.11 3.22  0.335 0.531 .336 0369 7

(8) 2040 0.1h47 8.83 2.60 0.269 0.426 .263 .0298 5

(9) 2055 0.171 26.1 7.20 0.7h2  1.177 .885 .0339 5

(10) 2070 0.219 13.0 3.32 0.34%1 o0.541 343 .0264 3
(11) 2075 0.162 23.8 6.24 0.6L0  1.01k .728 .0306 8
(12) 2080 0.185 27.8 7.27 0.745  1.181 .890 .0320 7
(13) 2080 0.171 25.6 6.56 0.673 1.068 778 .030k4 7
(14) 2183 0.322 hs L 9.61 0.961 1.523 .29 .028L 3
(15) 2085 0.27k Lo. L 9.96 1.021  1.619 2 .0351 6
(16) 2098 0.251 37.h 8.54 0.87L 1.381 .110 .0297 10
(17) 2100 0.229 33.3 6.95 0.708 1.122 .830 .0249 6

Weightedmean f = 0.0316
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D, Chromium

1. Background

Chromium is of astrophysical interest silnce 1ts lines
are prominent in the sgpectra of the sun's atmosphere and
its cosmlec abundance is one of the highest of the iron
group elements. An accurate deterninaticn of the cosmic
abundance of chromium 1s Important in defining the iron
peak of the abundance curve., For this reason a careful
determination of abgsolute f-values for lines of this ele-
ment is of considerable value.

In the past there have been several investigations of
absolute f-values for the Cr I resonance llnes, Estabrook(5’6)
uged the absorption tube method to determine absgolute f-values
for the lines A4290, 4275, and 4254, The values reported
in his first paper(B) were revised on the basis of im-

proved vapor pressure data. These revised values as reported

in Estabrookts second paper(6) hre A8 foiloWS:

Transition )N f
als - 27vg , 289,72 0.047
3.3 n274 ,80 0.067

34 254,35  0.08M

Huldt and Lagerqvist, () using the method of spraying
a solutlon of a chromium 3alt into a flame and making meas-

urements of emission line intenslties, reported for these
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same lines absolute f-values which are smaller than those
of Estabrook by a factor of about 100. Because -of the
extreme uncertainties in the concentration of chromium
atoms in the experiment of Huldt and Lagerqvist, the re-
sults are likely to be unreliable.

H111(15) has made relative f-value measurements on
430 lines of Cr I including all of the resonance lines,
A\ 4290, 4275, L2sh; 3605, 3593, 3578. Thus, the results
obtained here for the resonance lines can be used to put

Hillr's relative measurements on an absolute scale.
2. Boats

Chromium 1s different from the other elements so far
investigated in that 1t has an appreciable vapor pressure
at temperatures somewhat'beiow its melting point (16150 C.)
and can produce an effectlve atomic beam while st1ll in
the solid state. When the chromium sample i1s contained in
a graphite boat there 1s sometimes a tendency for 1t to
sputter, but it béhaves very nicely 1n a graphite boat
1ineq wilth tantalum carbide so long as the temperature 1is
below the melting point. As the melting point 1s exceeded,
the beam density increases for 2 brief time but then de-
creases to a very low value. This decrease takes place when
elther a graphite boat or a graphite boat lined with tanta-
1um cafbide i1s used and is apparently due to the formation
of chromium carbide., In the case of the boat lined with

tantalum carbide, the molten chromium quickly works its
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way into deep pockets in the graphite., It also tends to
flow out of the boat at the orifice, coating the 1lip of
the liner and the edge of the graphite around the opening.
Fortunately, the strongest chromium lines appear at tem-
peratures below the melting point and since none of these
difficulties is experienced so long as the chromium sample
remains in the solid state, most of the runs reported here
were made at temperatures below the melting point. Ceramic
boats may successfully hold chromium in the molten state,
but since they are difflcult to make and since effective
atomic beams could be obtalned without them, they were not

used.
3. Data

Table V gives the data for the resonance line \i254
of Cr I and Figure 8 shows a plot of log WAA)W versus
log G/QT taken from these data., Three of the 15 sets of
data reported here were obtained when a graphite boat was
used to hold the chromium sample and the remaining twelve
sets of data were obtained with a graphite boat lined with
tantalum carbide. In three cHdges the melting point of
chromium was exceeded. In all other cases the chromium
sample was 1n the solid state during evaporation.

The solid curve shown in Figure 8 is the theoretical
curve of growth shifted horizontally to it the experi-

mental points. As in the case of iron, the scatter in
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the experimental points 1s quite large, but from the 15
sets of data obtained, a falrly reliable mean absolute
f-value for the line Ai254 can be determined.

Equivalent widths of two other lines of Cr I, Ai4275
and A\4290, could also be measured on most of the plates
and from these measurements relative f-values for the
triplet could be determined. Since the relative f-value
calculations do not involve the atomic beam concentration
measurements, they show less scatter than do the absolute
f-value calculations. Relative f-values measured here
for the three lines \\4250, 4275, and 4254 are 0.589, 0.784,
and 1.00 respectively. These relative values agree guite
well with the values 0,567, 0.783, and 1.00 reported by
1#111(25) ana 0.56, 0.79, and 1.00 reported by Estabrook. >’

By taking the average of the absolute f-values glven
in Table V for the resonance line A4254 and then using the
relative measurements obtained for the whole triplet, the

following absolute f-values are obtained:

Transition ) f Average Deviation
als - 2'p3_, 14289.72 0.0324 + 0.0041
3.3 4274 .80 0.0431 + 0.0055
3.4 4254 .35 0.0550 + 0.0064

From these results the factor by which Hill's(15) relative

f-values are to be multiplied to obtain absolute f-values

is 3.9 x 10"”.



(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)
(10)
(11)
(12)
(13)
(14)
(15)
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TABLE V

DATA FOR Cr I, M4254.35

3

_I° K A:.gm?sec ofer A 107 Wity Xy c £ Wt
1667 .0212 L,53 2.30 0.546 0.348 211 .0Lk66 b
1667 .0201 h.29 2.70 0.642  0.409 .252 .0589 5
1701 .0343 7.18  3.17 0.7k7  0.476 .297 .0k13 5
170k .0307 6.41  3.62 0.850 0.542 .3hk .0537 6
1734 .0L08 8.36 k.79 1.02 0.713 L2 .0565 L
1734 .04k08 8.83 k.66 1.09 0.692 L6 .0516 L
1734 .0k08 8.73 4.8k 1.13 0.720 Lot .05h7 L
1781 <0840 16.8 10.04 2.31 1.4y .22 ;0727 4
1786 .0985 19.6  10.00 2.29 1.46 .20 L0611 5
1795 .0681 13.5 5.56 1.27 0.810 .550 .0kO7 1
1852 LOT9k 15.3 7.21 1.62 1.0k LT .0Lk9o 8
1880 0771 1,7 T7.77 .74 1.11 817 L0554 8
1898  0.106 19.9  9.66  2.15  1.37 .10 .0553 10
1966 .155 8.k 11.33 2.48 1.58 .36 .Ok79 3
1976 .0587 10.7 7.22 1.57 1.00 717 L0671 6

Weighted Mean f = 0.0550
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E. Errors

The average deviations given with the final results
for each element indicate the magnitude of the scatter in-
volved in the individual determinations of the absolute
f-values. These average deviations range from about 8.5
percent of the mean value for copper and manganese to about
12.5 percent of the mean value for iron and chromium. Most
of this scatter 1s the result of uncertainties in the equi-
valent width measurements (see 8ection IV H). Individual
equivalent width measurements for weak lines (equivalent
wldths less than 0.005 A.) may be in error by 25 or 30 per-
cent, but for the stronger lines the equivalent width
measurements are probably accurate to 15 or 20 percent. By
averagling a series of equlvalent width measurements made
under constant experimental conditions, the uncertainty
can probably be brought down to 10 or 15 percent. The
accuracy of those data which have been assligned welghts
greater than 3 1s in this range. An eXperimental technique
that may improve the accuracy with which individual equiva-
lent widths can be measured as well as allow measurements
of véry small equivalent widths will be briefly discussed
in Section IV A.

Uncertainties in the deposit rate and temperature
measurements are less than the uncertalnties discussed
above. Individual deposit rate measurements are probably

accurate to 15 percent for very weak atomic beams (G less
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than 0.1 micrograms per second) and accurate to 10 percent
for stronger atomic beams. This accuracy is also improved
when a number of measurements made under constant experi-
mental conditions are averaged.

The temperature can be measured with an accuracy of
at least 1 percent and dimensions of the atomic beam,
height of the light beam above the atomic beam source, etc.
can be determined with an accuracy of about 1 percent,

Most of the individually determined absolute f-values
given in the tables of data already involve more than one
equivalent width and deposit rate measurement. When these
individual determinations are averaged according to the
weights which have been assigned to them, they yleld final

absolute f-values which are probably accurate to + 10 percent.

F., Summary

Table VI gives a summary of the absolute f-values that
have been obtained for elements in the iron group up to the
present time. Values Iln the column headed "Absorption
Tube" are those obtalned by King and his co-workers using
the absorption tube method described in Section I. Absolute
f-values given in parentheses in the "Absorption Tube”
column were reported on the basis of earlier vapor pressure
data, while all other numbers in that column are the revised
absolute f-values based on the latest vapor pressure data.
Values in the column headed "Atomic Beam" are the ones ob-

tained in the present experiment. Absoluté f-values glven
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in the sixth column were obtained by investigators listed

in the last column.,

1. Titanium

The absolute f-values given by van Stekelenburg and
Smit(27) for T1 I and Ti II were measured in emission using
an arc into which T:'LO2 was introduced. The temperature of
the arc was determined from the CN bands, and the concentra-
tions of Ti and Ti' in the column of the arc were evaluated
from the rate of evaporation of the lower electrode, the
convection velocity of the gas in the arc, and other data.
In the opinlion of van Stekelenburg and Smit, thelr absolute

f-values are accurate only to an order of magnitude,

2, Chromium

The values obtained with the atomic beam for three
resonance lines (A\4254, 4275, 1290) of Cr I are 35 percent
)

less than the revised values of Estabrook(6 who used the
absorption tube method. Thls indicates that further atten-~
tion should be given to the absolute f-values of this im-
pbrtant element In order to put the relative measurements

of Hill(lB) on a more rellable absolute scale. For example,
other lines of Cr I can be investigated by the atomic beam
method and such measurements may throw new light on the dls-
crepancies which now exist. Also, a new analysis of the
vapor pressure data for chromium is being carried out by

(20)

Hultgren and results of this analysis may modify
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Estabrook!s values.
Since the absolute f-values given Huldt andLLagerqvist(7)
for this element are far less than those obtained by elther

of the other methods, it is not likely that they are reliable.

3. Manganese

In the case of the strongest line of Mn I, N4031, the
absolute f-value obtained in the present experiment and

(7)

that reported by Huldt and Lagerqvist agree very well,
The agreement is not guite so good, however, for the other
two lines of this triplet. Because of the weaknesses al-
ready pointed out in the method used by Huldt and Lagerqvist
(see Sectlon V D), it is believed that the absolute f-values

obtained here are the more reliable.
4. Iron

If the most recent vapor pressure data on iron 1is
taken to be the most rellable, then the revised absolute
f-value (0.033) which King(a) finde for the resonance line
A 3720, using the absorption tube method, agrees very well
with the value (0.032) obtained with the atomic beam. This
might indicate that the higher value (0.043) reported by

(11) is incorrect. However, the atomic

Kopfermann and Wesgel
beam method of Kopflermann and Wessel, though somewhat dif-
ferent.from that used here, should give rellable values.
Thus, it remains an open question for the present as to

why absolute f-values of the iron resonance lline obtained
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by these different techniques do not agree.

5, Nickel

S0 far only the absorption tube method has been used
for absolute f-value measurements on nickel. These measure-
ments were made by Estabrook(5’6) uslng the vapor pregsure

data of Johnston and Marshall.(28)

More recent vapor pres-
sure data by Hultgren(go) agree very well with that of
Johnston and Marshall and leave Estabrook's published values

for absolute f-values of nickel unchanged.

6. Copper

(3)

Absorption tube measurements by King and Stockbarger,
and the most recent varor pressure data of Hultgren,(go)
yield an absolute f~value for the strongest line of Cu I
(N3247) which 1s 1.67 times as large as that obtained by
the atomic beam method. Since copper 1s one of the best be-
haved elements in both of these experiments, and since 1ts
vaper pressure seems to be well determined, this large dis-
erepancy in the absolute f-value is surprising. For a time
it was thought that the presence of the copper molecule Cu2
in the atomlc beam mlght be responsible for the difference,
However, on the basis of experiments discussed 1n Sectilon
V A 1t was concluded that this effect was negligible., All
other Investigations of sources of error in the atomic beam
failed to reveal any signifilcant difficulties, and as

Figure 4 shows, measurements made over a wide range of
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line strengths gave very consistent results. Thus, an
eXplanation for the discrepancy i3 not apparent from the
standpoint of the atomic beam experiment.

Absolute f-values for the resonance lines of Cu I have
been theoretically calculated by Bates and Damgaard.(8)
These calculations are based on a general expression for
the transition integral which can be derived if the depar-
ture of the potential of an atom from its asymptotic Coulomb
form is neglected. These bheoretical absclute f-values are
in much better agreement with the experimental values ob-
talned by the absorption tube method than with the values
obtained in the present eXperiment. However, it is qulte
possible that perturbations caused by the closed-shell
electrons in the complex copper atom may make the theoreti-
cal calculations incorrect for copper. Therefore, the
excellent agreement between the theoretical and absorption

tube results may be fortuitous.
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VI. SUGGESTIONS FOR FURTHER RESEARCH

A. Experimental Technlgues

1. Photoelectric Measurements

If the atomic beam method described here is to be ex-
tended to other elements of astrophysical interest, it
will be necessary to devise a method for measuring weaker
absorption lines than have yet been measured. It seems very
unlikely that the photoegraphic process can be used for meas-
urements on lines whose equivalent widths are less than 0.002
Angstroms, but a special photoelectric process could pos-
sibly measure lines an order of magnitude weaker than this.
Circuits and techniques for such a process are being in-

vestigated.

2. DBeam Density Indicator

One of the greatest difficulties encountered In the
atomic beam experiment is the maintenance of a constant
atomic beam density. Even when the temperature is well
controlled, the beam denslty may still vary due to changes
In the evaporating sample. These variations can usually
be detected by a careful study of the recorder tracings
after the run has been completed, but better data could
be obtalned if changes iIn the atomic beam density were

immediately detectable,
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Instantaneous detectlion of changes in the density of
the atomlc beam might be accomplished by suspending a
light metal vane onh a quartz fiber at one edge of the atomic
beam. By shielding one half of the vane and allowing the
other half to collect atoms from the beam, the torsion of
the fiber, as indlcated by a light beam and mirror arrange-

ment, could be used to register the horizontal component

of momentum of the dépositing atoms., The weight of the
beam deposit on the vane can be made negligible in com-
parison with the total weight of the vane, and thus the
vane should hold a fixed position so long as the atomic
beam density and velocity distributlion remeain constant.
Spectrographic exposures and deposit rate measurements
would then be made only at those times when the indicator
showed that no significant changes were taking place in
the beam,

Though simple in principle, such an indicator would
probably require delicate instrumentation, a means of damp-

ing, and considerable testing.

B. Iron Group Elements

Davis(lg) has dlscussed the possibilities for making
successful absolute f-value measurements on the resonance
lines of the iron group elements, scandium, titanium, vana-
dium, chromium, manganese, iron, cobalt, nickel, and copper,
using the atomic beam method. In addition to the elements

coppef, manganese, iron, and chromium for which absolute
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f-values have now bheen obtalned, cobalt appears fto be a
good prospect flor investigatlion. This element melts at

a tempersture of 1495° ¢. and an exploratory plate taken
hy Davis has shown that an effectlve beam can be obtained
at a bemperature of 18007 C. GCovalt has a complex ground
statge, auF, which meang that the lowest sub-level will he
somewhat depopulated at the temperatures needed for an ef-
fective beam, but the strongest llnes arlsing from this
level have equlvalent widths large enough for measurement
in spite of this difficulty.

Scandium would be an important element to lnvestlgatle
because its relative abundance helps to define the iron
peak of the abundance curve. However, this element has not
vetl been 1sclated in the pure form and thus 1its absolute
f-values cannot be measured by the atomlec beam method.

Nickel is also ah important element astrophyslcally
and measurements of absolute f-values for three of its
resonance lines have been made by the absorption tube
method. (See Section V F,) To compare these measurements
with atomic beam determinations would be of conslderable
interest, but the abzsorptlon lines formed in the atomic
beam may bhe too weak for measurement with fthe present ap-
paratus. II this proves tobe the case, two things might
be tried, First, additional traversals of the light beam
throuzgh the atomic beam nlght be attempfed in order Lo In-
creagse the effective absorbing path. Second, a photoelec~

tric technigue might be used to measure the eguivalent
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widths of lines weaker than can be measured by the photo-
glectrlic process.

For several reasons titanium and vanadium appear to
be dublilous prospects for absclute f-value measurements using
the atomic beam method., Filrst, the high melting points of
titanium (1800° €.) and of vanadium (1710° C.) indicate
that in all probability an effective beam cannot be pro-
duced without going to temperatures beyond the working
range of the present equlpment. Second, titanium is es-
peclally difficult to hold when in the molten state because
of its strong tendency to react with other elements, (See
Reference 29.) And third, each of these elements has a
complex ground state which meang that the atoms in the beam
will be distributed over the sub-levels of this sftate in
such a way that many of them cannot contribute to any one
transition. This is also a difficulty in the case of
cobalt and nlckel, but because of the lower melting points,
strong atomic beams of these two elements can be produced
to compensate for this depletion in the atomic beam of
effective absorbing atoms. Because of the asirophysical
importance of titanium and vanadium, it is hoped that these
obstacles can be overcome and that relliable absolute f-

values wlll eventually be obtained for these elements.

C. Other Elements

Though the apparatus described 1n this report was

originally designed for absolute f-value measuremenlis on
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the iron group elements, it can also be used for certain
other elements having similar properties, Because the rela-
tive abundances of some of these elements are of astiro-
physical interest, 1t would be of value to know something
ol their absolute f-values from experimental meazurements,
even 1f the values could not be determined to high accuracy.
Though no atvempts have yet been made in this laboratory

to Investigate these elements, a review of thelr vroperties
and spectra indicate fthe following possibilities for maklng
successful absolute -value measurements by the atomlc beam

method,

1. Magnesium

Magnesium melts at 651° ¢, and boils at 1110° C.; an
effective beam could probably be produced at temperatures
below 1000° C. The reaction of the metal with other mate-
rials would probably not be a problem, particularly if a
ceramic boat were used. The ground state of Mg 1 is a
315 state and the spectral line of astrophysical interest
is the intersystem line A4571 (3%5,-3783). This line, as
well as lines in the infra-red, have been used for solar
abundance determinations. It 1s doubtful whether tThe
intersystem line would be sufficiently strong to permit an
atomlc beam measurement, but the absolute f-value for fthe
resonance line A2852 (3'8,-3'P9) might be successfully
measured b this method. Because of the enormous differ-

erce in the strengths of the resonance and intersystem
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lines, 1t is questionable whether the relative f-values of

these lines could be measured wlth a King furnace.

2, Alumlnum

Alumlnum is of astrophysical interest and seems to be
a zood prospect for absolute f-value measurements using
the atomlc beam method. It melts at 659.7° C. and boils
at 20570 C.; an effective beam could probably be obtalned
at temperatures somewhat above 1000° ¢, Heolding this metal
in the molten state should present no serious difficulties.
The ground state of Al I 1s a doublet (32P) giving rise %o
the resonance lines \3944 and A\3962 which are observed in
astrophysical sources. These lines are in a suitable region
for absolute f-value measurements by the avomlc beam method
and presumably they could be produced with sufflcient
strength for accurate measurement. The gpectral lines of
Al T exhibit fairly large hyperfine structure, Fortunately,
this structure has been experimenbally measured and analyzed
for the resonance lines by Jackson and Kuhn.(3o) Therefore,

it could be taken into account 1in the absoclute f-value

measurements,

3. Silicon

For astrophysical reasons, it would be desirable to
have experimentally determined absolute f-values for some
apectral lines of silicon. Unfortunately, this element

does not appear to ve one which can be investlgated by the
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alomic beam method. Because sllicon reacts readily with
other elements, 1t would no doubt be difficult to hold in
the molten state. Even more serious is the fact that the
resonance lines of 8i I are in the A2200-2500 region and
therefore are practically inaccessible for accurate measure-

ments,

4, Caleium

The spectral lines of calcium are some of the most
prominent in solar and stellar spectra. The strongest of
these lines are produced by Ca II, but strong lines of
Ca I are also ovbserved. A project 1s now under way %o de-
termine relative f-values for many of the lines of Ca I
and it would be very desirable to have these values on an
absolute scale. However, the strong tendency for caleium
to react wlith other elements makes absolute f-value deter-
minations by any technigue extremely difficult, Attemptls
made by Estabrook(31) to hold calcium in an absorontion
tube failed because the calcium reacted with the gquartz
tube making it opaque. In an atomic beam measurement there
would be the difficulty of making a boat which would not
combine with calcium. There is also the problem of obtain-
Ing a pure sample of the metal and introducing it into the
furnace before an oxide can form, In spite of these dif-
ficulties, however, more attempts will be made to measure
absolute f-values for Ca because of its astrophysical 1m-

portance., If the atomic beam method is used, it 1s probable
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that only the very strong resonance line )\4227 (AlS-MIPO)
can be lnvestigated, This 1s unfortunate because the rela-
tive strength of this line as compared to the intersystem
line N\6573 (418—43P0), and to other lines of astrophysical
interest, is not well egtablished. Nevertheless, an experl-
mental measurement of the absolute f-value for the reson-
ance line MN4227 would be valuable for checking theoretical
determinations and for putting all f-values for Ca I on

an absolute scale at some time 1n the future when this

line is tied in with the weaker lines by reliable relative

f-value measurements.

5. Zirconium

Of the heavier elements, zlirconium is of some astro-
physical interest because lts spectrum is rich with lines
throughout the visible and ultra-viclet regions. Zirconium
has a triplet ground state, aSF, and lines arising from
this ground state are found in all parts of the spectrum.
Apparently, the strongest of these llines are located in
the 3500-3700 A wave length region. However, it wilill be
difficult to make absolute f-value measurements on zircon-
ium by the atomic beam method because of the high melting
point (1900° ¢.) of this element, In order to produce
neasurable absorption lines, temperatures over 2000° C.

will no doubt have to be reached,
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6. Silver

Silver is probably the most promising of the heavier
elements for absolute f-value measurements using the atomic
beam method. It melts at 961° C. and boils at 1950° C., so
that the temperature range in which an effective beam can
most likely be produced is ideal. Holding silver in the
molten state should not be difficult. The ground state
of Ag I in 5323 and from this state two strong lines \3281
and 23383 (523%-52P§/2,%) are found in the ultra-violet
region. Absolufe f-values for these two lineg should not
be difficult to measure, and, if deslred, relative f-values
for thesc and weaker 1lines could probably be measured

using a King furnace,
7. Barium

Barlum is one of the few heavy elements for which an
absolute f-value has been experimentally determined, This

measurement was made by Wessel(lo)

usSing an atomlc heam
technlque; hes obtained an absolute f-value of 2,10 for

the resonance line \5535 (613—61P°) of Ba I. Barium has a
rather low melting point (850° C.) and Wessel was able to
produce an effective beam in the temperature range of 548
to 621° C., that 1s, with the barium in the solid state.
If an effective beam of barium could also bhe produced in

the apparatus here without melting the element, the problem

of holdlng this active element would be greatly simplified.
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An attempt will be made in the near future, using the
present equipment, to measure the absoclute f-value of the
Ba I line 1lnvestigated by Wessel. Such a measurement will
serve as a further check on the results obtalned by these

slightly different experiments.
8. Lead

Relatlve abundance determinations for elements in the
atmosphere of the sun show an anomalously high abundance
for lead as compared with the relative abundance of this
element in metecorites. Theoretical estimates of the ab-
solute f-values for lines in lead had to be used in these
abundance determinations since no experimental data were
available. Theoretlcal estimates of absolute f~values
for heavy, complex atoms such as lead are guestionable, and
therefore 1t would ve of value to measure the absolute f-
values of such elements experimentally. Lead should not
be difficult to hold in the molten state and, because of
its low melting point (327° C.), high temperatures would
not have to be used to produce a veam, A thermocouple
.would no doubt have to be used for temperature meaéurement
and control. Neutral lead has a triplet ground state,
6p3P, the sub-levels of which are widely separated. The
second and third sub-levels of this ground state lie 0.97
and 1,31 e.v. respectively above the lowest level. The
line of greatest astrophysical interest lies at \4057 and

arlges from the highest sub-level of the ground state.
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Probably the only line which could be investilgated in the
atomic beam apparatus would be the line A2833 (6p3PO—7s3P§)
which arises from the lowest level. If successful absolute
f'-value measurements c¢ould be made on this rescnance line,

A 2833, then relative f-value delerminations could supposedly
be made to relate its strength to that of other lines of

astrophysical interest.
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APPENDIX

VII. THEORY FOR MULTIPLE LIGHT BEAM

(12) has developed in detail the theory underlying

Davis
the present experiment. The essential part of this theory
is the development of an expression for the transmitted in-
tensity of a light beam as it emerges from the atomic beam.
Since the densgsity and velocity distribution of the atomic
beam are not uniform, the expression for the ftransmitted
light intensity involves an integration along 1ts path through
the atomic beam. The transmitted intensity is also a func-
tion of the'wave length of the light, and a second integra-
tlon must be carried out over all wave lengths to obtain
the equivalent wildth of the absorption line,

Davis considered only the case of a horizontal traversal
where the z-coordilinate of the light beam has the consgant
value, Zs- In the present arrangement of equlpment, however,
it is necessary to consider a light path which makes a small
angle with the horizontal axis, since even numbered traver-
sals are turned slightly upward by one of the concave mir-
rors (see Figure 1). In the derilvation of an expression
for the transmitted intensity under such conditlons, a
rectangular coordinate system is set up with the origin

at the atomic beam source, as illustrated in the following

figure.
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The quantities -x_ and x, are the x~-coordinates of the light

o)
beam as 1t enters and leaves the atomic beam, and the

quantity z_ is the vertical height of the light beam above

o}
the origin at the center of the atomic beam. The light
beam is considered sufficlently narrow that variations Iin
the y-direction can be neglected, and it is consldered to
be of negligible thickness in the z-dlrection.

When light of a given frequency passes through the

atomic beam from ~X to Xq» the transmitted intensity is

X
O

Ie(x,) = I,(—xo) exp = N(x,z)ay(x,2) dx (19)

o)
X,

The integrand 1n the seéond term of thils equation is the

number of atoms per unit volume at the point (x,z) in the

atomic beam multiplied by the absorption coefflicilent per

atom. Davis shows that Chis product is given by

ot gn [ n2e- (1425 /57)
x,z) = €222 [ dqn for x¥0

N(X,Z)u( = >
Y o x3° a2+@u-q)a
2 2,2
. 2 -9 (1+z°/x7)
N(x,2) ay(x,z) = Z2< §a e - dy Tor x40
Tx a“+(w+m)
]
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Wwhers
G.

O = e

- Q|r‘l'l f.’
G i3 the deposlt rate of atoms striking the balance pan,

+3

1s the absolute femperature,

1s The apsolute f-value for the line in gquestion,
2

A(L54+07) 7
18 the radlusg of the circ¢ular opening whicn defines

r
Q' = 3.28 x 1075

\5

the deposlt on the balance pan,
b 18 the helght of thils opening above the source,
N, 18 the wave length of the center of %the line,
b
= il
regw A
[T is the natural danping constant of the line,
A? _V M
“¥ERT
"] = Ll/@
u ia the velocity of the absorblng atoms in the x-~
direction,
_ A=
w = w———{:ﬂ&,dc , and
\ 1s the wave length of the light.
Trom the fipure 1t is easy to see that 2 can be eX-

pressed as a linear function of x in the form

Z = zo(l + £X) (21)

where € = Iig:ft , @ beilng the angle which the 1llght beam

makes with the horizontal axis, In the optlcal arrange-

ment used here, tan 6 = 0.026, z_ 1s between 2 and 3 cm.,

(3]

and X, is around 2 cm., Thus, x_ 1is approximately 0.02, S0

o o]
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that € x can be consildered small compared to 1 throughout

the integration. Hence, to a good approximatlon,

1 + 2€x).

2 P
7T = oz, (

Substltutlon of these expresgsilons for z and z“ into

equation 20 and integrating from ~X, to x glves

X

o o0
EC'zoa r 1 -
N(x)a x)ax = s = %]

4 T [ w-m)® &)

0

(22)

Yo 5 o 202(1+25x))
‘/4l+z§)3 o (ﬁ+ 5 ax| ay
o x *

The Integration over X can be carried out by making the

following change of variable. Let

. z “(1+28x)
u = —b"'&) 1+ o 5 ) (23)
X
e, 2f1+EX
du = 21 2, (—5§~) ax
X
Then,
% o 202(1+2£X) u (%)
n (%+sx)e-w 1+--w—¢ruww-—) dx = L Ugy = -k eu(xo)
o X 2
Ve 2z 2%
[] C Lo O

(24)



%5
2 2 2
X T +Z 2EZ
u(x,) = _? (_2_.59_M + o ) (25)
X0 *o

i

2 2 Qszo
U.(XO) "‘q <CSC X‘F —;—-—g———-)
o
where ¥ is the half-angle of the atomic beam.
The half-angle of the atomic beam, ¥ , 1s about 40° so
that the cscS ¥ 1s about 2.4, Using the previously men-

tioned values for €, X and z the quantity QEZOE/XO is

0?
about 0.064, Thus, the correction term, EEZOE/XO, in the
expression for u(xo) is only about 2.7 percent of the main
term, 0302 Y. This corresponds to a factor of less than
1 percent in ¥, which 1s considerably less than the
probable error made in the actual measurement of ¥ . Thus,
an insignifilcant error is made if the correction term is
neglected. This corresponds, of course, to neglecting
the fact that the light beam passes through the atomic
beam at a small angle of inclination rather than horizon-
tally, and it greatly simplifies the exXpressions needed
for the calculation of absolute f-values. Correction
terms can be calculated, but they are not needed so long
as the angle of inclination, ﬁ', 1s less than 2°.

In the present optical arrangement & has a value of

about 1.50. For such an angle the approximation is valid

and the 1lntegration over x in equation 24 gives



1 —?203027 (26)

Equation 22 then becomes

X
O

0
' 2
Ca 1 1 -n2csey
N(x)a,(x)dx = + e d
/ v WZC/[B.E‘F(W“’?F 8,2+(‘|’+7)2] 7

~-X
o

(27)

With the approximation that all traversals of the
light beam pass through the atomic beam horizontally, 1t
is easy to generalize equation 19 to cover the case of
multiple traversals. Let X5 Koy eeaXy be the x-coordi-
nates of the individual light beam traversals as they
emerge from the atomic heam. The integrations over x
can be separated into a series of integrals covering each

traversal, so that equatlon 19 becomes

1y(x,) = Iv(—xl)exp -‘/%1dldx+)/h2a2dx + ...+//knandx
-x’ )

-Xz ~X,

(28)

Each integral over x in the exponent of equation 28 can be
evaluated as already shown; hence, by equation 27 the

exXponent is
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L4
. 2 2
Cla (1 N 1)[‘ 1 N 1 -1 cscT
atraen Pt i— ——— . . g ~ d”
T |2z %y Zn a£+@u—q)2 a2+@”+7)2
¢ (29)

where Zi1s 25, -..2Z, are the heights above the origlin of
the individual traversals. Thils corresponds to the expres-
sion glven by Davis for the exponent excepl that his quantity

C 1s now given by.

C'(l/z1 + 1/22 4 eee l/zn). (30)

Nothing further is changed in the equivalent width deriva-
tion, and Davis' procedure can be followed step by step

to the final expression. This expression 1s

o«
] ‘r—— n, 430+l
D .

where
W is the equivalent width of the line,
AX is the doppler width of the line,

¥ 1s the half-angle of the atomic beam, and
¢ = C'(l/zl + 1/z2 R 1/zn)

a 1/20 + 1/2, + <00+ 1/2
%i Qi - (32)

il
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The last factor in the expression for C can be defined

as 1/Q where

'

Q
Q= 1/z, + I/z, + «-« + 1/2n

PE 1 1
f2+b2 X, 1/21 + 1/25 + e« + 1/2n

Q = 3.28 x 1073

(33)
This general expression for @ reduces to the usual expres-
slon for Q as given by equation 5 when only a single beam

is used.
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