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ABSTRACT

Very few absolute oscillaicr strengths (f-values) are known for

: 1ineé in complex spectra; little confidence can be placed in most of
the results which have been reported. In an effort to remedy this
situétion an atomic beam apparatus was constructed and used for the
experimental determination of the absclute f=-values of resonance lines
in the Fe I, Cr I, Mh I, and Cu I spectra.

The theory of the formation of absorption lines when light from a
source of continuous radiation passes through an atomic beam was developed
and is presented in some detail. The atomic beam apparatus, devices
for temperature measurement and control, and methods for determining
the density of atams in the atomic beam are described.

A discrepancy was noticed between the predicted and observed varia=
tion of the total absorption for a particular line with the number of
absorbing atomse The observed relation was used as an auxiliaiy means
for the determination of absclute f-values in a manner which is de-
scribed at lengthe Since the resuliing f-values differ somewhat from
those calculated from the data on the basis of the atomic beam theory,

both sets of results are reporteds Recommendations are made for further

research to resolve this problem.



TABLE OF CONTENTS

TTTLE

PART PAGE
I. Introduction 1
IT. Theory 8
ITI. Description of the Apparatus and Experimental Methods 29
IV. Results and Conclusions 57
V. Suggestions for Further Research 85
VI. Appendix: Atomic Beam Distribution Experiment 88
TABLES

I. Momentum Transfer from the Atomic Beam 28
ITI. Step Slit Measurements | 5L
IIT. Cr I Data 6l
IV. Cr I Absolute f-Values 65
V. Mn I Absolute f-Values 69
Vi. ¥n I Data 70
Vil. Fe I Absolute f-Values 76
VIII. Fe I Data 77
I{. CuI Absolute f-Values 81

Cu I Data

82



FIGURES

1. Diagram of the Experimental Arrangement
2. ‘Simplified Diagram of the Atomic Beam
3. Furnace Assembly

L1, Temperature Control Circuit
S5a. Cr I Data

Sb. Cr I Averages

6. Mn I Data

7. Fe I Data

8, Cu I Data

9. Atomic Beam Distribution
10. Photograph of the Apparatus

PAGE

71
78
83
91
9l



I. INTRODUCTION

A Background(

When light from a source of continuous radiation passes through
a layer of atoms in a wvapor, absorption and dispersion occur for fre-
quenéies near the atomic resonant fregquencies. According to the classical
electron theory the magnitude of either phenomenon near & resonance de-
pends uponfTL, the number of "equivalent classical oscillators" per unit
volume which participate. M is related to Ny, the number of atoms per
unit volume which are active in the absorption process near a particular

resonance, by the relation

W= ynr, (1.1)

The factor f is the mumber of equivalent classical oscillators per atom,
the so-called cscillator strength or f-value of the transition involved.
Although the wavelengths of many thousands of spectral lines have
been measured with great precision and & large number have been classi-
fied according to the atomic transition involved, f-values are known in
corparatively few cases. The principal motivation behind research on
f-values arises from their importance in astrophysics. The abundances
of the various elements in stellar objects can be calculated from ob=
sérved spectral line strengths and inferences can be made regarding the
~ excitation temperatures of the atoms involved if the f-values are known.
King(l),‘Sandage and Hill(z), and Claas 3) give examples of this sort of
calculation, The elements of the "iron=-group", from Sc to Cu in the

pericdic table, are particularly irportant in astrophysics and it is with



this group of elements that we shall be principally concerned here.

‘A complete theéry of the formation of absorption lines has been
developed using the methods of quantum mec::hanics. If the final equa-
tions are compared with the correspbnding ones of the classical elec-
tron theory it is found that the f-valué defined by Eqe (1.1) is given

quantum mechanically by

2 2 |
£ = -Bi‘?‘“—?-‘m‘ . (1.2)
- 3e’h ,

In Bq, (1.2), as throughout this paper, e and m are the charge and mass

of the electron, h is Flanck's constant, V is the frequency of the trans-
ition, and TN is the matrix element of the electric dipole moment between
the two states involved. (See Slater(m, Chapter L.) In principle, there-
fore, f-values can be calculated if the wave functions for the two states
zre known. Extensive calculations have indeed been made for H, He, and

a number of hydrogen-like atoms and ions. Bates and Da.mgaa.:r*d(5 ) give

a ihormgh discussion of what can be done in more complicated cases and

a tabulation of the results of f-value calculations for same eighteen
atoms and ions is given in Landolt-B'émstein.(é) Sometimes f-values can
be estimated from the Thomas-Kuhn sum rule which states that for a single
electron system the sum of the f-values for all transitions is unity.

(See Allez'(7), pp. 131-135.) Unsbid(a) has made use of f-values esti-
mated in this mamner in order to complete his table of salar abundances
| tut the results are probatly not very reliable for atoms with corplex
- spectrae.

For 21l but the simplest atomic systems f-values are undoubtedly

best determined by experiment. lMitchell and Zemansky( 9) give a swmary



of the methods which‘hé.ve been used., Recenl experimental determina-
tions of f=values have usually been made either (1) by measuring emis-

(10)

sion line strengths in arc spectra (Schuttevaer and Smit s for example),

or (2) by measuring the strengths of absorption lines formed under known

(1) Jo Both approaches give only relative

conditions (King and King
f-values unless N of Eq. (1.1) can be determineds. However, relative
f=values are useful to the astrophysicist and eventual determination of
the absolute f-value for any one line puts the entire set on an absclute
basis,

In order to determine absolute f-values for Cu I Xing and Stock=-

(12) measured the strengths of absorption lines produced by vapor

berger
of the metal in eqilibrium with the solid in a querts absorption cell.
They used the vapor pressures given by Kelley (3) to convert their data
to absclute values. King(lm later determined the absclute f=-values of

Fe T in the same mammer and Estabrock t>s 16)

applied the method to Cr I
and Ni I, The absolute f-values obtained by this method are only as re-
liable as the vapor pressure data on which they are baseds Unfortunately,
even today the vapor pressure data for these fairly refractory metals are
of questionatile accuracy in most‘ cases,

The atomic beam method was developed in an effort to get away from
~ the necessity of using vapor pressure data. Kopfermann and Wessel(l7)
measured the absorption by a beam of Fe atoms of the Fe I rescnance lines
from a hollow cathode source. The density of the absorbing atoms was
measured directly by means of a microbalance mounted inside the vacuum

system, thus avoiding dependence upon vapor pressure measurements. The

absolute f-values obtained by Kopfermann and Wessel for Fe I, however,
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were larger than those of King(l}*} by a factor of 3.

B. The Present Experiment

The presen’t; experiment was undertaken to redetermine the absolute
f-values of Fe I and to extend these measurements to include other
elements of astrophysical interest. An atomic beam method similar to
that of Kopfermann and Wessel was used. In outline the experiment was
conducted as follows: The element under investigation was evaporated
in an oven inéide a vacuum chamber and a fan-shaped beam of atoms was
formed. Some of these atoms were caught either on light aluminum or
mica sheets which were weighed before and after a run, or on a light
alumirmm pan attached to a quartz helix suspended inside the vacuunm
chamber., The temperature of the source was measured by means of an
optical pyrometer., Light from a high pressure mercury arc passed
through the atomic beam and was focused on the slit of a 21 ft grating
spectrograph. Figure 1 shows a diagram of the experimental set-up.

The spectra were photographed using high contrast fine-grain emulsion
plates and the total absorpticns of the lines were measured from micro-
photometer tracings of the plates.

Lbsclute f-values were obtained for Fe I, Cr I, Mn I, and Cu I.
The resulis are discussed in the sections devoted to the individual
eiements.

The usual theory of the formation of absorption lines applies only
to experiments in which light from a source of continuous radiation passes
through a layer of gas of uniform density which is in thermal equilibrium.
Tt is presented in detail in many texts. (For example, cdmprehensi‘ve

treatments are to be found in Mitchell and Zemansky( 9) and Aller(ﬂ .)
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Sone modji"icaticn of this theory is necessary if it is to be applied to
the formation of absorption lines by a beam of atoms since this is a
gituation in which both the density and the velocity distritution function
of the atoms vary from point to point in space. This modified theory is
developed in detail in the following section.
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II. THECRY

A, Assumptions

In the atomic beam method of determining f=-values the atoms which
i:roduce the absorption lines are emitted from a source of small area
within a vacuum chamber, They pass through a defining slot which is
large compared to the source and so form a fan-shaped beam. (See Fig. 2
In order to simplify the development the following assumptions will be
made: .

(1) It will be assumed that the density and velocity distri-
tution functions for atoms in the beam may be derived from the
equations of the kinetic theory of gases which describe molecular
effusion.

True effusive flow occurs only when the dimensions of the source
(if it is an orifice) are small compared to the mean free path of the gas
atqms. (Kennard(le) discusses this point.) The conditions which pre=
vailed in this experiment were usually fairly far from this ideal. For
each element used there was a certain minimum flux of atoms into the
atomic beam for which absorption lines would be observed. In order to
achieve this minimum flu.f: of atoms from 2 small orifice it was necessary
to operate at temperatures so high that the mean free path of the atoms
inside the oven was about 1/50 the diameter of the orifices However, in
: several cases the orifice hole was made so large compared to the other
dimensions of the oven that the source of atoms was effectively a free
metal surface. In these cases it was possible to achieve the required
minimim flux of atoms at temperatures for which the mean free path of

- the atoms was of the same order of magnitude as the smallest linear
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dimension of the evaporatihg area., Since the values obtained under these
vtwo cﬁnditiﬁns checkaa ﬁithin experimental error it was concluded that
poésible departures from effusive flow were not significant for this
experiment. This remains a somewhat questionable poimt, however. It is
discussed further in the section on the interpretation of the results.
The actual distribution of atoms in the beam frem & small orifice was
obtained and found to agree within a few percent with the distribution
predicted by the kinetic theory. This experiment is described in the
Appendix, Section VI.

(2) The scurce area will be assumed sufficiently small that
the atoms may be considered to emanste from & point which will be
taken as the origin of coordinates (see Fig. 2). Also the light
beam will be considered to be a pencil of rays of negligivle width

and thickness passing through the center of the atomic beam.

The effects of both the finite area of the source and the finite
extension of the light beam can be calculated, though the resulting
expressions are rather cumbersome. In this experiment these factors were
estimated to affect the final f-values by less than one percent.

(3) It will ve assumed that the effect of collisions of atoms

in the beam with residual gas molecules can be neglected.

The residual gas pressure in the vacuum chamber as measured with an

L

ionization guage was always below 10~ mm~Hg during runs and was usually

5

in the range 2-6 x 10™ mn=-Hgs At these pressures only a few percent

of the atams will collide with residual gas molecules as they traverse

the vacuum chamber from the source to the point where they are collected.
It seems reascnable, therefore, to believe that the effect}on the measured

f=values of scattering by residual gas molecules will be small.



(L) Tt will be assumed that all atoms in the atomic beam

which strike a cool surface stick there.

When the shutter is Pirst oi:ened and the atomic beam allowed to
strike the pan attached to the quartz helix a "kick™ is observeds This
kick is due to the force which results from the momentum transfer from
the atomic beam to the balance pan. The force can be directly measured
from the observed kick bf the helix, since its spring constant is known,.
The force can. also be calculated since it is equal to the depositing rate
multiplied by the mean velocity of the atcms provided no reflectlon occurs.
It was found that the observed and calculated momenta agreed within experi-
mental error sc it was concluded that reflection or re-evaporation of
atams did not constitute an important source of error. (A more detailed
discussion of this subject is given in Section II-E.)

Having now stated the assumptions which will be used we will pro=-

ceed with the theoretical development.

Be ThEOE:Z
When light of intensity Iy at frequency ¥V passes through a thin

layer of gas the fraction which is absorbed is given by

Alv
7,7 oy N(ax) (2.1)
where AX is the thickness of the gas layer. Since the theory to be de-

veloped here concerns the formation of absorption lines by the gas, the
absorption will be considered to be due to the presence of an absorption
line centered at V . As in Eq. (1s1) N is the rumber of atoms per unit

volume capable of absorbing frequency V and ay is the absorption coef=



ficient per atome If thermal moticns in the gas are neglected a

is given by the ?Ieiéskopf-Wigner relation:

-1
, ) \
ay = ;: £ 1-4% [(“ - "0)2 + (I{%) ] . (2.2)

where -r is the natural damping constant of the line and f is the
oscillator strength (see Aller(7) Chapter 5, Eq. (65)).

Although the actual line shape is determined byl , the integral of
ay over all frequencies is indez#endent of T ¢ |

o 2 ' %*
ja\, 4y =21, (2.3)

me
o

This équa't.ion mist hold no matter what phenomena affect tﬁe observed
line shape in a particular experimental situation provided N is not
appreciably altered by the absorption. (Mitchell and Zemansky( 9_)
Chapter 3, Section la, derive Eq. (2.3) from a scmewhat different point
of view and discuss its applicability.)

Figure 2 shows a simplified diagram of the atomic beam. The positive
x direction is the direction of the light beam; the z axis is the axis
of the atomic beam. The number of atoms per second which enter solid
_'angle df2 with speeds between v and v + dv is given by Kennard(lg) ass

2.2
'K cos 61331:3 e PV 4val. (24ha)

§ is the angle that the axis of the solid angle d f) makes with the

z axis, ﬁ ""2}3% s Where R is the gas ccnstant per mole, M is the atomic

3 2 -
*In CageS. units % has the value 2.6l x 1072 cmg/sec.



" weight, and T is the absclute temperature. A
At a point P in the atomic beam (the x coordinate of P is positive)

there are

2.2
Nav=x S22 o3 2 B
v !

(2.Lb)

atoms per unit volume with speeds between v and v + dve The total mmber

of atoms per unit volume is

SmNVdV = X _JI;*' 00:26 = K (;%)o (205)

0

==

In terms of the component of velocity in the X direction, u, and

expressed in Cartesian coordinates, Eg. (2.Lb) may be rewritten

N du = K 53(%) P (E)? 4 (2.6)

where r2 = 12 + yz + 52.

If an atom at rest will absorb light of frequency V , when moving
with velocity u away from the light source it will absorb frequency
Y
Vo=V (1+ %) =V + 5 (the doppler shift).

So u=8 (9. | (2.7)

The probability that an atom at P {which at rest will absorb fre-
quency V) is mb'ving with a velocity component in the x direction such
that the frequency it will absorb is shifted by an amount & > 0 is ob-
tained by using (2.7) and dividing Eq. (2.6) by the total mumber of atcms

per unit volume. This probability is therefore given by
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’ 3 ) 5 2 ‘ 5 2
P.db = S () (=~) exp [- (") ] d?8 (2.8)
8 R aVv xV ’

where L\VD = -Y-'.

Bc
For a moving é‘tom the central frequency of the absorpticn line is
not \)o bu't_v VO + 8, The probability of the shift & is giwven by Padﬁq.
Therefore, the absorption coefficient per atom, taking into account the

motions of the atoms, is
o
r Pédé
)
2 C
( vo + & V) + (EE

2
a =18 5 ¢

- (2¢9)
me hn2 )2 |

o

In order to simplify this expression the following substitutions

will be made:

v -V,
) = [ —
AVD
. n
HnAvD
ne O
AvD
Then
x y - 2
- La (i) nzexp[-(x)ldn
ay =k f T P 2 (2.10)
a® + (@ = m)
‘ s)
2
" where k = ——‘EI—-?- ®
o) chvD

The probability of a frequency shift O given by Eq. (2.8) is valid

only for positive values of 8. The probability of a negative frequency



shift is zevro since ét vpoint P in the atomic beam all the atoms are
_mbving away from the light source and so all experience positive fre-
quency shifts. This effect was taken into account in Eq. (2.9) by
integrating only over positive ‘values of B, Similarly only negative
frequency shifts occur at points in the region x< 0,

When light of a given frequency passes through the atomic beam

from = to +x (Fige. 2), the transmitted intensity is

b4
o
Iy (x)=1Iy (=x ) exp = N(x)a y (x) ax . (2.11)
-X
o
In the region x> 0,
2 Z
P 2 -n @+ "ﬁ)
N(x)a y (x) = 20z 3 a g x2 an, (2412a)
0 2%+ (® = m)
‘ 0
ik £X -
where C = """3%"""" and, as before, & = -—W—-g. For x < 0, where the
' ‘ "D
the doppler frequency shifts are negative,
2
s (P, P+
-2C
N(x)ay (x) = 2222 \ 1 s £ an. (2.120)
an , a + (w+m)
o
Hence,
a® + (0-n)® 2%+ (wn)
X o
x (2.13)

2
[ °2 —f 1+ L) ]
ije X dx | dn

0



: 2 2
ca 1 1 -1~ cscTy

B + dne (2clll)
: (az v o? ala @md "
: |

| 2
v is the half-angle of the atomic beam, so cscy = 1+ ?i‘-—é- .
- ’ x

o
If an absorption line is sufficiently weak (a criterion will be given
later on) and the value of a for the line is small, then the line shape
is essentially determined entirely by the doppler effect and no appreciable
error will result if ’g is considered to be vanishingly small., For reso-
nance lines, such as are of interest here, & is of the order of 0.0l. So,
provided the total absorption is not too large, very little error will
result if the limiting value for a—>» 0 is used in the evaluation of the
integral in Eq. (2.14).
In the limit, for a—» 0,
%o

2 2
N(x)a y (x)dx = C g o8 Y, o (2.15)
~X
¢}

The method by which the result given in Eq. (2.15) may be obtained from
Eqe (2.14) is given by Mitchell and Z'emnslcy(g), Ppe 320, 321,
The total absorption of one abéorp‘bion line is defined by the

relation

w P
qa\ I}\.(-:“o> - Ik(xo) o

Il(.xo)

" which is called the "equivalent width" of the line if A is in Angstrom

units, or by



®
T o(=x)=-1I. (x)
w g w o
W= Ay T ) deo (2.16)
, ~o0
Mo [(err o
where M’D = -2 === i the so=-called doppler widith of the line. Note
e M. » Y
that © is a dimensionless veriable defined alternatively by o = X 0
9 - |
or ® = -—-—-—\-’-9 + So, for the atomic beam case, from Egs. (2.1L)and

&y
D _
(2.15), where I, is assuned to be constant over the line,

")
2 2
W -0~ esc” ¥
= E. - exp (-C e )] dwe (2.17)
j‘; -0 '

This expression is readily integrated by expanding the exponential in a

power series which is then integrated term by term to give

0

_ | .
W = W - = ﬁ w_ . (2.18)
(MD)‘ {MD gin¥y) ;n —~ n{ o

w, T wWas calculated for
(0%p) |
C from 0,034 to 10. The relationship is roughly linear for ——-Y-J--T(O-é, ‘then

()

between 1.0 and 3.0 the slope of the function becomes progressively smaller

A table of wvalues of C as a function of

until for —o — = 3.0 a change of 10 percent in Ll v corresponds to a
(82p) | (83g)

change of L0 percent in C. Mitchell and Zemansky( 9) give a graph of the

function over a large range of both variables.* Equation (2.18) shows
| that in order to obtain f-values of reasonable accuracy from measured
-equivalent widbths it is clearly necessary that sin 4 be as close to unity
as possible. Physically this means that the atomic beam apparatus should
be designed so that the angular spread of the beam is large. If one insist

that sin ¥ be greater than 0.5, then v rmst be at least 30°. In the experi-

*3ee also Figs. 5 and 7.
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mental arrangement actually used, v = 390, approximately, so

gin vy 2 0,62,

. !
This series expansion for q - converges for all values of C,

(an)

but of coursé no longer applies when C is so large that the contribution

of thé natural broadening process to the line shape must be taken into
account., Other broadening processes can certainly be neglected.

In the usunal theory which describes the formation of absorption
lines by a gas where the atoms are in thermal equilibrium the same
result is obtained without the factor (sin ¥). The approximation in=
volved in considering only doppler broadening is supposed to hold so
long as C is less than about 5, although Hill(l9) remarks that it may
hold for C as large as 10, At any rate we shall be dealing only with
lines for which C is less than 5, so we shall neglect natural broadening
completely and assume that a is vanishingly small.

If the lines exhibit hyperfine splittings greater than the doppler
width Eq. (2.18) is to be applied to each component separately. An
example of this is given in the discussion of the absolute f-value
determination for copper.

A check on the various mumerical factors in Eq. (2.18) is possibvle

if we consider the case of a very weak line. For C very small, Eq. (2.18)

reduces to
" . n ko Xt
3—7\:58 nmsin+y C =-—-—2-z-;-—-sin~{. (2¢l9)

V1 e® _ ¥z e&?
mely mzmn

Replacing k0 by its value s We have



'3/222- s , ;
Wal e)szi‘s:Ln«(. (2.20)
2ne sz

The case of a very weak absorption line can also be readily calculated

from the first principles, From Eq. (2.16)

© o | (2.21)
W= I)\.(-XO) (- lA.(XO) O\ = }-2. I v (-XO) -1 ) (XO} d" .
-xo) c Iy (-Xo)
0 0

Eq. (2.11) gives, for a weak absorption line,

X
o
Ty &x)=1y(x) {l - N(x)a ) (x)d:ec] s (2.22)
-<
)
so Bq. (2.21; becomes
.’\2 o
W= N(x)ay (x)dxdV., (2423)
o v=x
o

The integral over Y can be performed at once, using Eq. (2.3),

S0 x
A
Anedr

me

o
- ’
¢]

Substituting the value of N(x) given by Bq. (2.5), we have

22
W= K“gfxﬁz dx

me

2 1/2
K”ezf ( xz ) ' (2.25)
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Therefore _
n3/2 e2 kz X f siny

[+
2nc 2

W=

2 (2.26)

which is identical with the result obtained in Eg. (2.20).

In order to determine X the rate is measured at which the atoms in
the beam deposit on a small flat surface area located above the source
and normal %o the axis of the beam, The number per second in speed range
v to v + dv which enter solid angle dSL is given by Eq. (2.4a). Therefore
the number which deposit on the differential area d% dn on the plane

2z = b is given by

ccsze 2 3 ﬁ2v2

K ~—;§— B° v e ds dn (2.27)

Here r 1s the distance from the source to the element of area. The
total number per second which deposit on the area d§ dn is
® 2 2.2 2.
j.K co§ GBBVBe-BV dv dfdn = K cos edidqq = 40!
o T 28 r

, K .2  d4afan
G'® = Db
(02 +§2 +n2)

7 < (2.28)
Note that G!' is the total depositing rate in atoms per second and the
integration extends over the area of the deposit,

For the case where the deposit is on a circular area of radins o

located directly over the source,

o]
a2 dm , p- dp
= 2 1 9Py
T <2 N : (2.29)
(b +§° + ). ('bé +""‘2—pl )2

]



o

Therefore in this case

K=~G( ) \I i (2.30)
P "'b

It has been tacitly assumed in the derivation above that each atom
included in N, which is determined by measuring the depositing rate, is
capable of absorbing the line in question. At the relatively low temper-
atures (2000° K, or less) which are used to produce the atomic beam, this
assumption is adequate if the ground state is single and lies well below
other levels in the atom. Then all but a negligible fraction of the
atoms in the beam will be in the ground state. This is the case, for
example, for chromium, whose ground state is the single term 783 which
15 7593 cm + below the next lowest lying energy level. However, for
iron the ground state is a > D term which is composed of five low lying
1évels, SDh,B, 2,1,0° with a total spread in energy of only 978 cm-'l.
In this case the Boltzmann distribution of the atoms among these states
mist be taken into account.

If, :m a gas in thermedynamic equilibrium, there are NO atoms in

the lowest energy state, there will Dbe

8; By
Mo 2 exp (- ﬁ) (2.31)

o]

‘atoms in the i -th state, where g = 2 Ji + 1 and Ei is the energy of
‘the i -th state. When the atoms in the beam deposit on a plane area
and X is evaluated by measu'_r"emen't of the depositing rate, this measure~-
ment actually gives NT’ the total number of atoms in all energy states,

where



-0

ZN (/e ) & o (2,0 (2.32)

Therefore,
-1

For Fe the sum need only be extended over the levels of the 5D term since

aSF, at 6928 cm"l, will be

the population of the next higher term,

negligible at the temperatures used.
After N, has been evaluated Eq. (2.31) permits Ni to be determined

for any other state. So (' can be suitably corrected ito allow for the

Boltzmann distribution of the atoms among the various low lying states.



C. Outline of Procedure for f-value Calculations

 Having established the necessary theoretical relationships, we are
now in a position to outline the procedure used in determining f-values
| from the measured equivalent widths of lines absorbed by the atomic beam.
A, The fdllowing quantities are measured:
(1) The temperature, 7%,
(2) The equivalent width, W in Angstrom units.
(3) The depositing rate, G in micrograms per second.
(L4L) The various dimensiocns:
ps the radius of the deposit
b, the height of the deposit above the source
¥, the half-angle of the atomic beam
z, the helght of the light beam above the source
Be The following quantities are then calculated:

(1) The effective doppler width,

: , |
(M)’ = sin y -52,! 2 = ha30x 1070 "o\’_% sin v,

where A _ is in units of lo-gcm. This then gives (ARD), in

Angstrom units.
(2)

%, _2mmc 1 1.66x107% 0% 1 _ o T
For & % T 2,2 G g

2
Where Q = 3.28 x 10~ —t
Ko(p + %)

The factor 1.66 x lo-lBM converts G to G in atoms per second.



Ce The f-value ié then calculated as follows:

. v
il v is calculated and C is deterrined from the so-called

(anp) |

~curve of growth relation (Eq. (2.18)) taking into account

hyperfine structure if necessary. Finally, f = Q % C where G
‘» has been corrected for the Boltzmann distribution if the ground
state is not simple, -

It may be desirable here to indicate the physical significance of
the quantities defined above. In the usual theory, as given by Mitchell
and Zemansky, for examplé, 0 = koNfﬁ, vhere ¢ is the length of the
absorbing columm. (k0N£) may be thought of as a measure of the effective

number of absorbing atoms. In our theory C = (G/QT) f, so (a/qT) gives

the effective number of absorbing atoms in this case.
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‘D, Graphical Method for f-value Calculations

The methed giveh in the last section for calculating f-values
from the measured equivalent»widt;hs of the absorption lines depends for
its wvalidity on an accurate knowledge of the motions of the atoms in
the atomic beam. If the assumption of molecular effusive flow is justi=-
fied, then the theory as developed should be adequate. However, if the
true flow pattern is sig:xificantly different from molecular effusion, a
systematic error may appear in the calculated f-values, For this reason
it is desirable to have at hand a.b method for calculating the f-wfalues
which is independent of the exact assumptions made regarding the motions
of the atoms in the atomic beam. Such a method will now be described.

The specific assumptions which have been made ‘about the atomic beam
give rise to the factor sin v in the final curve of growth relation,
Ege (2.18). This factor according to the theory is calculated from the
geometry of the atamic beam (y is half the angle subtended by the beam) 3
then in Eq. (2.18), {M’D)‘ = A}‘D gin v. In order to achieve Scme inde-
pendence from the exact assumptions involved in Eq. (2.18) let us postu-
late that the theory as developed gives the proper form for the curve of
growth relation, but due to features of the atomic beam which have been
ignored sin v is to be replaced by py & parameter which depends upon the
»beam geometry in an unknown way. We will therefore write (A)\D)’ = pA)\,D

in Eq. (2.18).

Since the relationship between . and C is nonlinear for large

values of the wvariables, the factor u should be uniquely determinable
from the experimental data. Indeed, it should be possible to determine

both £ and u from the measured values of W/ARD and G/QT.



. o
log W/(My) = log (W/A)h;) = log (2.32)
and, using the results of Sectian II-B,
leg C = log %T' + log fs (2.33)

Therefore, the following procedure may be used for the reduction of
the experimental data:

(1) On a sheet of graph paper plot the equation

- (@.30)
n =21
log (W/AN.) = log 7 + log C + 1 - (1) & )

using log (W/MD) as ordinate and log C as abscissa, This
will be called the "ordinary curve of growbh."

(2) Plot the experimentally determined values of log (W/MD)
vs the corresponding experimentally determined values of log
(c/er)e.

(3) Determine "by eye" how much the ordinary curve of growth
rust be shifted in both abscissa and ordinate so that it
best fits the expe:imental points,.

(L) Then the shift in ordinate gives log u and the shift in
abscissa gives log £ in accordance with Egs. ( 2.32, 2.33)

The essential requirement for the above procedure to be effective is
that the experimental wvalues fall on the non-linear "knee" of the curve of
vgrmrbh. Clearly, if the experimental values define a linear curve, no
unique assigmment of p and f is possitles. The optimum methed of con-
ducting the atomic beam experiment depends, therefore, upon whether u is

equal to sin vy, If this is the case, there are advantages to operating
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in such a manner thai £he observed lines fall on the linear part of the
curvé of growth, siﬁce the f-values then suffer least from random errors
in equivalent width neasurement. On the other hand, if it should prove
'desirable to use the graphical method described above, it would be neces-
sary to include lines well up on the knee of the curve,

The data obtained:in the present experiment were reduced using both
procedures. It was expected a priori that pu found by the procedure de-
scribed above would agree with sin v. However, in cases where sufficient
data were available to estimate experimental curves of growth, u appeared
to ve a factor of 1.4 = 1.6 smaller than sin v. The resulting f-values
were about twice as large as those calculated using the theoretical
method.

The real origin of the discrepancy between p obtained by the graphical
methed and sin y determined by the geometry of the atomic beam is unknown
at this time., It is presumed to arise from scme property of the atomic
beam which has not been adequately taken into account in the theoretical
development. Further research, perhaps with a number of different beam
geometries, in which both very wgak and very strong lines are studied, may

well solve the problem satisfactorily and put the final results on a firm

bagis,.
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E. Appendix: Namentum Transfer

When the shutter is cpened and the atomic beam allowed to depnsit
on the balance pan, the pan expériences a force due to the momentum
trensfer from the atomic beam. We shall now calculate this force.
Equation (2.27) gives for the mass depoéited per second on an element

cf area d$§ dr, if M is the ress of one atcm,

2
M 5 dn ¥ 2e2 8 83 v e” .
I’

for atoms whose speeds are in the range v to v + dve The force dp on

area dg dn is given by this expression multiplied by the normal component

of velocity, v cos ©:

3 2.2
dp = M d§ dn K 29-?-2-? 53(171‘ e av. (2.35)
r

The total force is therefore

P
3
F=3p jdi) MK G B Im) 2n 7, ;3)5/'2
o}
= 3 3/2 MK (EE)
"85@' LIS o bz P) (2.36)

where terms C}'éﬁE) are neglected, provided no reflection occurs. If
reflection or re-emission of atoms from the balance pan occurs, B
observed will be systematiéally larger than the value calculated using
‘Eq. (2.36).
From Eq. (2.30)
x = 2B (332_,-)

So b %_-;J: (2.37)



For small extenéibns'the helix obeys‘Hooke’s law so the force is
related to the extension it produces by the equation F = -kg, Since
the spring constant k for the helix is known, the force due to the
vmomenium trénsfar can be measured by cbserving the extension it pro=-
duces which is the "kick" mentioned in Section II-A(L). Table I
showé the results for a particular run using iron where the measured

forces are compared with the forces calculated using BEq. {2.37)e
TABLE I

Run D Calculated D Observed (x 107 dynes)

1 €5 35
2 8L 100

150 160
L 15 80

Since there is no apparent tendency for the observed force to be
greater than the calculated force, it was concluded that no significant
fraction of the atoms was reflected. It is difficult to put a limit on
the fraction which might be reflected on the basis of this experiment;
1)

Kopfermann and Wesse performed an experiment to attempt to detect

reflected atoms directly and concluded that for iron less than 3 percent

of atoms were reflected or re-emitted.



-2 g,‘a-.

IiI. DESCRIPTION OF THE APPARATUS AND EXPERIMENTAL METHODS

- A, Atomic Beam Apparatus

l. Vacuum Chamber

The main vacuwm chamber, the hood, was a large brass cylinder
8=1/2 in. in diameter and 10 in. high. Two quartz windows through which
the light bear passed were sealed to side arms. One of these can be
seen in the photograph, Fig. 10. The photomultiplier aéseMbly used to
monitor the.temperaﬁure of the furnace, the bleeder valve, and the
Pirani gauge were mounted on front and back ports. The photograph
shows the photomultiplier assembly mounted on the front port.s A few
turns of 3/8 in. copper tubing soldered to the hood permitted cooling
water to circulate.

The hood rested on a 1/2 in. thick brass plate which was mounted
on adjustable legs. The elecirodes and water lines to the interior of
the apparatus passed through O-ring seals in this platé. Another brass
bplate formed the 1lid for the wvacuum chamber. The rotating window
assenmbly used for temperature measurements and the glass case which
contained the quartz helix were mounted on this plate.

The hood was evacuated through a 1-1/2 in. manifold connected to
the hase plate. A sylphon bellows was installed in the manifold below the
ﬁase plate to allow for small adjustments and leveling. Below the
bellows was a 2 in. vacuun valve from which the manifold extended to a
liguid nitrogen cold trap and to the diffusion pump. A DPI diffusion
pump type VMF-100, rated at 100 liters per minute pumping speed, was
used; it was backed by a Welch Duo-Seal forepump. |

Figure 10 is a photograph of the apparatus as a whole. The pumps and
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cold trap do ;not show since Athe:,r are behind and below the main vacuum
chamber, |

| A1l demountable seals were made using O-rings, with the retaining
grooves cut in accordance with the manufacturer's specifications, They
wei'e found to give completely satisfactory service. Although the system
had to be brought up to atmospheric pressure after each run and a rumber
of the O-ring seals taken apart, ordinarily little troulle was encountered
in reassembling the apparatus and in pumping down againe The ultimate
-5 m-lig.

The pressure was measured by means of an RCA 1949 ionization gauge

vacuum usually obtained after pumping overnight was 2-3 x 10

tube in conjunction with a power supply and vacuum tube voltmeter circuit.
A Pirani type gauge was also installed and was used as a rough vacuum
gauge for leak checking,

The system was brought up to atmospheric pressure after a "run" by
bleeding in helium from & high pressure tank through the bleeder valve.
“hen the quartz helix was used it was found necessary to bleed in helium
very slowly in order to prevent large oscillations of the helix. For this
purpose the bleeder valve was fitted with a small bore capillary and an
auxiliary throttling valve,

When the system was originally assembled most of it was painted with
Glyptal Red Enamel, not only to localize remaining leaks, but alsc as a
procedure to eliminate the possibility of leaks due to porosity in the large
brass pieces. Screw holes and any long channels which might have constituted

virtual leaks were either relieved or provided with pump-out holes.

2. Furnace

The requirements for a satisfactory furnace to produce the atomic beam



ﬁere as follcﬁs: v
(1) Temperatures up to about 2000°C would be required. The
temperature should be readily contrcllatle and relatively insensitive
to fluctuations in line voltage. »
| (2) The actual source of the atomic beam should be of small
area.
(3) The angular spread of the beam should be kept as large as
possible so that the geometrical factor sin vy would be close to unity.
(4) Tt should be possible to change operation readily from one
element to another,

The furnace finally adopted made use of a thin wall graphite tube
mounted horizontally at right angles to the direction of the light beam
as the heating element. A “boat" of graphite which fit loosely in the
furnace tube contained the material to be evaporated; the actual source of
the atomic beam was & hole in this boat., Tigure 3 shows the tube and boat
assembly.

The furnace tube was 0,375 in. in diameter and 2-1/2 in. long with a
wall thickness of 0,023 in. It was made by drilling out a 2-1/2 in. length
of spectroscopic graphite rod according to the following procedure. The rod
wasg mounted in a collet in a metal working lathe, one end was faced off and
center drilleds. The rod was then drilled approximately half way through
with a 1/l in. straight-flute drill. It was removed from the collet, turned
afcund, and the same procedure repeated. Then several progressively larger
drills were used without turning the rod again until the inside diameter

was 21/6L in. This procedure made the machining of the furnace tubes



relatively e#sy and miﬁiﬁized the risk of breaking the graphite during the
machining cperation. After drilling out the rod to the required inside

diameter a 1/l in. hole was drilled in its wall at the midpoint. This hole
| was enlarged by filing until it was roughly elliptical in shape, 1/l in.
wide and about 1/2 in. long.

The tube was heated by passing a current of up to 300 amperes through
it from a step-down transformer. The transformer was rated at 200 amperes/l11
. volts continuous service. It could, however, be operé.ted at current loads
as high as 300 amperes for brief periocds of time with no signs of undue
heating. The current leads between the transformer and the furnace were
of 3/8 in. copper tubing through which water circulated. The primary
voltage was supplied from a LO ampere Variac comnected to the 115 volt line.

The material to be evaporated was placed in a "boat" of graphite located
at the center of the furnace tube. The boat was fabricated from a 7/8 in.
length of 3/8 in. graphite rod turned to the proper shape and bored out to
a 3/16 in. inside diameter. The open end was then closed off with a plug
of graphite. A hole was drilled in the wall of the boat to be the source
of the atomic beam. For most of the runs the diameter of this hole was
0,070 in. The last yuns for each of the elements studied, however, were
made using boats with 0.150 in. holes. This dimension is so large that the
hole is no longer an orifice; the free surface of the evaporating metal is
the real source. The shape of the boat was roughly like a spool. The ends
wére machined to fit smugly in the furnace tube, then were filed so that
contact was left in only three places at each end to center the béat in

the furnace tube. This procedure insured that the electrical contact



between the boat and the tube would be poor 8o that the boat wowld not
shoft cat the furnace ’tube.

In operation the boat was located in the tube so that its orifice
was in the center of the hole in the wall of the tube. The tube and boat
were shaped so that the atoms leaving the orifice in the boat would not
strike any otﬁer part of the boat or the tubes

The heating of the boat was by radiation from the furnace tube. Since
the tube surrounded most of the boat its temperature was usually only 30 to
L0 degrees Centigrade lower than the temperature of the tube. The ultimate
temperature which could be reached depended upon a number of factors, par=-
ticularly upon the amount of “shorting out" of the furnace tube by the boat.
Terperatures in excess of 1700°C could always be attained if reasonable care
were exercised in meking the boats. For higher temperatures it was necessary
to use a radiation shield around part of the tube. This shield was formed
from 0.005 in. molybdenum sheet and when in place permitted operation at
temperatures higher than 2000°C.

The ends of the graphite furnace tube were fitted smgly into short
copper cylinders which were clamped to massive copper blocks. These blocks
~were mounted on the ends of brass rods which served as current leads. They
were water cocled by means of an internal double channel; they were insu-
lated from the base plate by means of O-rings which also provided the
necessary vacuum seals,

3» Water Jacket and Defining Slot

A water jacket surrounded the graphite tube asgembly., This jacket was
constructed of copper and had a system of internal channels through which

water circulated. It formed an integral part of the slot asgembly which



served to'define the angular spread of the atomic bedal e

The slot in the water jacket was 1/2 in. wide end 0.750 in. long.

Tt was located approximately 0.150 in. above the orifice in the boat.
(This distance was accurately measured before a run to deternire the half-
?ngle of the beai.)

Directly over the furnace assembly & copper plate was mounted which
gerved to define the porticn of the beam which was collected for the de=-
positing rate measurement. This plate was mounted on four legs which were
attached to the top surface of the water Jacket assembly; itsg height was
adjustable by the use of spacers. Water cooling for the upper plate was
provided by an internal channel which was fed through two glass tubes
connecting to the water jackset assembly. The upper plate was designed so
that it could be electrically insulated from the rest of the apparatus if
this ever should prove to be desirable. It was provided with seven 3/8 in.
heles over which sheets of mica or aluminum were rvlaced for the depositing
rate measurements prior to the acquisition of the quartz helix. - “Then the
furnace was assembled the orifice in the boat was centered by sighting
through the center hcle in the uprer plate. Then, with the boat satis-
factorily centered, the positions of the holes in the upper plate were
accurately known relative to it.

After dnstallation of thé quartz helix all the holes in the upper
plate were covered over except the center hole and one close to the end of
}the plate. The center hole was used to define the fraction of the atomic
beam which would strike the balance pan; the temperature of the interior
of the boat was measured by cbserving it with an optical pyrometer through

the hole in the end of the plate as will be described in a later section.



A vane of 0.010 in. molybdenum sheet was mounted below the upper plate
on a shaft which could be rotated from outside the vacwum systeme This vane
served as a shutter to shield the upper plate from the atomic beam except

during an actusl run.
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B. Temperature Measurement and Control

"1l. Methed of Temperature lleasurenent

The temperature of the atoms in the atomic beam was measured by means
| of an optical pyrometer which "looked" directly at the evaporating metal
in tﬁe 'b_oat. The temperature actually used in the calculations was the
color temperatﬁre of the inside of the graphite boat. Both the copper
and chromium melting points wWere observed in this way and found to agree
with the accepted values to within 10%C.

The evaporated metal, of course, deposited on any window through
which a direct obsewétion of the inside of the graphite boat might be made.
In order to circumvent this difficulty a disk of glass was insialled in the
line of sight which could be rotated from cutside the vacuum system to pro-
vide & fresh window each time the temperature was measured.

The entire optical system between the source and the optical pyrometer
was calibrated to correct for the effects of absorption in the glass and
reflections at the various surfaces. The calibration was made by é.eter-
mining experimentally the temperature vs current curve for a tungsten
ribbon fllament lamp, first with all the various optical elements in the
light path, then with the pyrome‘l;ef alone.s The difference between these
curves on the temperature axis gave ihe correction to be applied to the
observed color temperatures to give true color temperatures., The curves
so obtained had a good deal of scatter, but a sufficient number of points
were determined to enable the temperature correction to be known within
about 10°C, which is better than one percent at the temperatures used. A
straight 1ine was drawn through the experimental points and the following

relation obtained for use between observed temperatures 1000°C to 2000°C:



T =108, T+ 328 (3.1)

' In this relation T, _ is the observed temperature in °C and T is the

b
,correbted temperature in %,

. The above equation gives the correction for the rotating window,
the vindow in the vacuum chamber, & 50° prism which was used so that
the pyrometer could be operated in a horizontal position, and a lens
which magnified the image of the boat so as to facilitate the tempera-
ture measureﬁent. It was necesSary to adjust the optical eleménts s0
that a minirum of light was reflected or scattered into the pyrometer.
If it proved to be impossible to make the pyrometer filament disappear
even though it seemed to be the same color as the interior of the boat,

the presence of reflected or scattered light was indicated and the

optical system was realigned.

2., Temperature Regulation

Precise control of the temperature of the furnace emitting the
atomic beam is a much more critical problem than is measurement of the
absolute value of the temperature. This is because the rate of evapor-~
ation or vapor pressure of metals varies markedly with temperature.

The relationship between vapor pressure and temperature is usually given

in the form
A
‘8!}?5"'@"" B. (3.2)

For a metal such as iron, A is very large -- of the order of 50,000,

(See Kelley'13))



-3 9-

To gét an idea of the precision of temperature control required,
let us consider a case where A = 50,000 and T = 1500°K.

Then

&p .
-:53'--33

&7
T"‘ ° (303)

So,. if the evaporation rate is to be held constant to within 10 percent
the absolute temperature must be held constant to within 0.3 percent, or
about 4°K. This may be taken as the maximum allowable temperature vari-
ation, |

The temperature was stabilized by means of an electronic regulator
circuit. A 931A photomultiplier was mounted on & side tube attached to
the hood so as to receive radiation from the graphite boat. (See the
photograph, Fig. 10) The photormltiplier current should be roughly pro-
portional to the total radiation from the boate Since the boat is
essentially a black body, its total radiation will be proportional to
Tb" (Stephan-Boltzmann Law)e. Therefore, a 0.3 percent change in tempera-
ture will result in about a one percent change in photomltiplier cur-
rents Since the total current was about 20 microamperes, such a change
would be 0.2 microamperes. The photormultiplier was operated at a fixed
valtage of 67.5 volts per dynode. An iris diaphragm permitted adjustment
of the amount of radiation received by the photomltiplier so that at a
particular furnace temperature the photomultiplier current could be set
~at about 20 micreamperes.

Figure L shows the circuit of the temperature regulator. A battery
operated voltage pentode was used as the photomultiplier anode lcad im-

pedance. The effective load impedance was in excess of 20 megohms although
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the voltagé drop across the pentode was only about 20 volts. Thus a
relétivaly large signal appeared on the grid of the amplifier pentode.
‘This signal wag amplified and provided the driving voliage for the con=-

‘trol ecircuit. Control of the furnace current was achieved through two
€AST twin triodes connected in parallel across the primary of the low~
voltage transformer whose secondary was in the circuit of the trans-
former which provided the furnace power. The impedance of the €AST's
is reflected into the primary circuit and so, if their parallel impedance
changes, this change results in a change in the mean voltage drop across
the low~voltage transformer secondary. The entire grid swing of the
€AS7's gave a range in voltage drop across the secondary of the low
voltage transformer from 3 to 8 volts when 20 amperes flowed in this
circuit. ‘

When the control circuit is connected into the main transformer
circuit and the photamltiplier tube receives radiation from the graphite
boat, and when the various voltages are adjusted so that the tubes are
in the operating ranges, the circuil constitutes a closed feedback lcop.
It was found that for line voltage variations of 5 volts the temperature
was held constant to better‘thaﬁ Ol percent.

The actual operation of the contral circuit is as follows: The
filaments are allowed to warm up for 10 - 15 minutes prior to operation.
The furnace 1s brought up to approximately the temperature desired.

Then the iris is opened until the photomultiplier current is approxi-
mately 20 microamps. P-1 and P=2 are now adjusted until the circuit is
operating. A simple way of verifying that the controller is working is

to change the main Variac voltage slightly and observe whether the



controller compensates for the changes It is well to check that the
amplifier tube grid is not drawing excessive current by noting if any
appreciable change in the anode current results from closing the
shorting switch. Any large voltage fluctuations must be conpensated
marmually with the main Variac.

The circuit described above was entirely successful in maintaining
the temperature constant to better than the required precisionj% As a
check on the constancy of the evaporation razte two exposures were
usually taken at each temperature setting. The equivalent widths of
the absorption lines obtained from these two exposures checked within
the accuracy with which they could be measured except for several cases
when the evaporating metal was apparently exhausted before the second
exposure had been ccmpleted.

It was found that if the furnace was run late in the evening when
there were no large fluctuating loads on the line the temperature often
stayed constant within the desired limits without regulation. It was
necessary to use the regulator during the day, however, since large line
voltage fluctuations often occurred then. The temperature would be
monitored by shorting out the control circuit and substituting a galvano-
meter for meter ﬁi. When this was done a bucking current was used to zero

the galvanometer at any desired photarmltiplier current.

&With the circuit values given in the Parts List, p. L3, the lowest
temperature which could be controlled was about 1200°C. Suitatbile modifi-
caticn should allow operation down to about 1000°C with photamaltiplier
currents as lcw as 2 pamps, These modifications would include changing
the value of Bh and probably substituting a 1UL or sinmilar tube for the
ek (V5).
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P&RTS LIST

Batteriss

B, Battery pack, 67.5 volt "B ’bgtteries to supply dynodes.

B, 2 67.5 volt "B" batteries in series

B3 67.5 volt "B" battery

Bh 22,5 volt "A"™ or "B" battery, with taps every 1-1/2 volt

Bg., Bé 1.5 wvolt "A" batteries

B.? S0 wvolt "B battery

By L5 wvelt "B" battery

Tubes

Vl 931-A photomultiplier

V2 104 miniature pentode

VB 3QL miniature pentode

th, VS 6AST7 twin triodes

fesistors Transformers

Rl 2,2 megohms Tl 110 v = 5 v Kenyon

R2 390 XK ohms T2 1].lO v - 12 v 200 amp
Westinghouse

3 220 ofme Ty Variac LO amp

R)» RgsRg 22 K olms

Potentiometers M Switches

P ' 1.5 megolms M, 0-50 pamp dc S, S, SPST ganged together

P2 3 megohms M2 0-8 volts ac 83 SFST |

Py 100 K ohms My 0-50 amp ac S SPST shorting switch
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Ca Dgpositiggwﬁata.Determination

l. Mica and Aluminum Sheets

The methcd fordetermining the depositing rate which was used
~throughout the first stage of the experimental work made use of light
sheets of mica about 1 cm square. Prior to & run these sheets were
carefully cleaned and weighed to the nearest microgram. They were

then placed over the holes in the upper plate. While an exposure was
being made the shutter was opened for a measured length of time, then
the sheets wére removed from the vacuum and weighed again to determine
the weights of the deposits. The weights of the evaporated metal films
were usually between 20 and 1CO0 microgramse From the position of the
sheets relative to the source, the weights of the deposits, and the time
for which the shutter had been open, the depositing rate was calculated
as described in the section on theory.

It was soon found that the depositing rates calculated from the
weights of the several sheets on which the atomic beam deposited during
2 single run varied as much as 20 percent among themselves, A mmber of
procedures were tried to remedy this situation:

(1) A high vdltage lead was installed in the top of the vacuum
chamber and the sheets were subjected to a high voltage gas dis=
charge prior to a runy it has been found that such a discharge has
a cleansing action. It was hoped that the deposit would stick better
to the sheets if they were cleaned in this way,

(2) The mica was split very thin so that the total weight of
each sheet was of the order of 10 milligrams. This was done in an

effort to increase the accuracy of weighing,
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(3) Specialwprecéutions»were taken to insure that there
.would be no absorption of water vapor by the deposited film.

None of these measures madé any difference in the observed scatter
in rates of deposit., Glass cover glasses and sheets of 0,0008 in.
aluminum sheet were tried on the theory that the scatter might be due
elther to moisture trapped in the mica or to flaking of the mica during
handling. No improvement was noticed with either glass or aluminum,
although aluminum was.finally adopted since the aluminum sheets were
easier to handle than were the mica sheets. |

Although the scatter in rates of deposit persisted no systematic
difference with respect to position of the sheets in the beam was
observed to indicate that the predicted beam distribution was in error.
It was found that if the rates obtained from three or more sheets from
a single run were averaged the results usually were consistent from one
run to the next. No satisfactory explanation for the observed scatter

has been suggested.

2. Quartz Helix

The method of measuring the rate of deposit of the atomic beam
described in the preceding section had, in addition to unexplained
random inherent errors, the possibility of including systematic errors
due to oxidation of the deposit or absorption of water vapor prior to

final weighing., To avold these possibilities and as a check on the
| results, a quartz helix was installed inside the vacuum system to
measure the rate of deposit by weighing in vacuo. The helix was
suspended in a glass case mounted directly over the furnace. (See

photograph, Fig.10.) A pan was made fraom a 3/l in disk of 0.0008 in,



alumimum foil to which a hook of No. 38 Niéhrome wire was fastened with
a speck of Duco cement. The edges of the pan were crimped to prevent
buckling, During a run the pan was suspended about one centimeter above
the cenmtral hole in the upper plate. The pan was made considerably
larger than the hole to insure that all of the beam passing through the
hole would be caught even if the pan were slightly off center.

The quartz helix was purchased from Microchemical Specialties,

Berkeley, California. It had the following dimensions:

Diameter of fiber 0409 mm
Diameter of helix 2 em
Mumber of turns 67
Length unloaded 2l em

To calibrate the helix two standard weights of No. 38 Nichrome wire
were made. The linear density of the wire was accurately determined from
the weight of a 90 cm length, then two short pieces were cut and their
lengths accurately measured. The weights were calculated and then were
checked by direct weighing. The linear density obtained for No. 38
Nichrome was 0.6715 mg/cm and the two standard weights were:

Hos 1 0,997 mg
Woa 2 04550 mg.

The balance pan weighed about 12 mge It was hooked onto the fiber,
and the extensions produced by the two weights were measured. By this
means there was no difficulty in establishing the calibration to better
than one percent. At a total extension of about 12 cm, the sensitivity

was 1.00 cm/mg, which corresponds to a spring constant of 0,98 dynes/cm.



The ez?tension of ‘bhe helix was read by means of a vertically
mdunted microscope which was fitted with a micrometer eyepiece. Large
differences were read on the traveling microscope; the smallest division
was 0,001 cm and there was no difficulty in estimating to 0.0001 cma
For small differences a more convenient procedure was to use the micro=-
meter eyepiece since it was more easily adjusted without jarring the
table and hence disturbing the helix equilibrium. One division on the
micrometer eyepiece corresponded to 0,000237 cm.

When mounted in & vacuum the helix tended to rotate as a unit and
the cross fiber provided by the manufacturer was very difficult to focus
one It was found to be most convenient to set the cross hairs of the
micrometer eyepiece on a small spherical knob in the fiber,

To increase the visibility of the fiher it was illuminated from
the side by means of a microscope illuminator. A horizontal band of
light then appeared across the center of the spherical knob on which
settings were easily made even when the helix was rotating.

In air small oscillations of the helix, which have a period of
about one second, were damped out in several seconds, However, in a
vacuum chamber very little damping occurs at pressures less than
ZLO“h mm-Hge Because of this it was usually necessary to take the mean
of the limits of the oscillation as the point of equilibrium unless it
was convenient to walt umtil the oscillation had finally damped out.
‘(Thi-s usually took 5 - 10 minutes.) It would be advantageous to attach
& light vane of metal to the helix so that a magnet outside the balence=-
case could be used to damp out the oscillations by means of eddy currentse

During & run the balance was used as follows: The equilibrium position



of the fiber was noted. Upon opening the shutter the first "kick" of
the helix was noted. This kick is due to the momentum transfer from

the atomic beam to the balance pén as discussed in Section II-E. Then,
after a measured period of the time (1 - 3 minutes), the shutter was
closed and the new equilibrium position was read. From the calibration
factof for the helix the extension due to the weight of the deposit on
this pan was converted to micrograms., Because of the possibility of
temperature changes affecting the equilibrium position the reading after
a run was made as soon as possible.

The helix proved to be remarkably rugged and no special precautions
were needsd in its handling, "hen pumping down the system with the helix
in position the pumping speed was sufficiently slow at the start so that
no special precautions had to be taken to protect the helix, However,
in bringing the system up to atmospheric pressure it was necessary to be
careful to bleed in helium very slowly in order not to jar the helix by a
rush of gas., After the system was at atmospheric pressure the entire
balance case together with the brass base to which it was attached was
taken off the main vacuum chamber and set off to one side on a bench.

The results obtained using the quartz helix to measure the depositing
rates checked well with the results obtained using the aluminum sheet rate
determinations. This consistency was taken as an indication that there
had been no systematic error using the aluminum sheets.

Perhaps the greatest adﬁantage of the helix was that a number of
"runs" at different depositing rates could be recorded in succession on
a single»photographic plate without bringing the system up to atmospheric

pressure after each run as had previously been necessary when the aluminum

sheets had to be removed and weighed to determine the depositing rate,



Do QEtiCS '
la Light Source and Lens System

The light source used was a high pressure mercury arc lamp manu-
factured by the Huggins Laboratories of Menlo Park, California. This
lamp operated at a power level of about 1 kilowatt and produced a very
satisfactory "pseudo=continum" of pressure broadened mercury lines. It
was found that for satisfactory operation of the lamp a voltage wasvneeded
somevhat in excess of that obtained from the Philips ™LOCO wolt" lamp
trensformer available in the laboratorys. In order to provide a higher
voltage the secondary of the Philips transformer was connected in series
with the secondary of a G, E, H=6 lamp transformer. Both transformers
have a strong ballast action and serve to limit the current which the lamp
can draw to about one amperes The G. E. H=6 transformer was operated with
a Variac in its primary circuit to allow for selection of the optimum
operating voltage. It was found that when the lamp had run for a few
hours it was necessary to raise progressively the primary voltage on the
H=6 transformer from about 60 to about 100 volts to maintain satisfactory
operation.

A considerable improvement resulted from a small modification in the
lamp assemblys. The ground connection in the lamp holder did not always
afford a good electrical contact with the lamp. If this ceannection be-
came uncertain, the voltage across ’Lhe lamp dropped and its operation
became unstable.s In order to correct this defect 2 thin phosphor bronze
strip was scdldered to the ground terminal of the lamp, This strip then

formed a dependable electrical connection with the brass fixture which
formed the ground lead,



The lamp was w#tér cocled. The use of tap water for this purpose
hadbthe disadvamtage that after sewveral months of use the interior of the
gquartz ﬁater jacket which surrouﬁded the lamp would begin to become opaque
from the mineral content of the water. This deposit was, however, readily
cléaned out by & weak acid soluticn, and such & periodic cleaning seened
to give less trouble than a system for circulating distilled water which
was tried for a time.

The mercury arc lanp was operated with the capillary in a horizontal
positions A system of two quartz lenses formed a reduced image (about
1/3) of the lamp in the center of the atomic beam inside the vacuun
envelope (see Fig. 1)« The result of forming a horizontal image of the
capillary in the center of the atomic beam was that the light bean
effectively formed a very thin horizontal sheet which passed through the
atomic beam at a well determined height above the source. The shest of
light was soc thin (about 2 mm) that its extension in the z-direction
could be negleéted in the caleculations, The beam was picked up and
rendered parallel by a €0 ecm quartz lens and a final image of the lamp
was formed on the slit of the spectrograph by a second 60 cm quartz lens.
The image of the lamp was parallel to the slit. All of the apertures were
chosen so that the grating itself formed the limiting aperture for the
systemn.

Since the extension of the image of the lamp in the y~direction
(as ﬁell as in the z~directicn) was small compared to the dimensions of
the atomic beam, no correction for this extension was necessary. There

was, therefore, no need to attempt to correct for losses of light in

the spectrograph.



2a Spectrograg@

The spectrograph used for‘this experiment was the 21 ft Rowland
Spectrograph locatéd in the Bridge Laboratory of the California Insti-

" tute of Technology. The first order was always used; the inverse dig~
persion was 2.6l Angstrom units per millimeter. The vertical mounting
of this instrument was particularly convenient since the pit, in which
the grating and its supporting beams are mounted, is light-tight and
during an exposure no particular care had to be taken to prevent fog-
ging of the plate by lights in the room above., The pit also serves to
keep the instrument at a constant temperature. The focus was checked
periodically by photographing the spectrum of the iron arc using a
medium ccentrast emulsion as described by Hill(19). Jt was rarely neces=-
sary to make any adjustment in the slit height.

The slit width customarily used was about 0,03 mm, In order to be
sure that no error resulted from the use of such a comparatively wide
slit, the abéorption spectrum of 12 vapor was photographed using slit
width of 0.03 mm, and again using a narrow slit width of 0,005 mm., When
microphotometer tracings were made of these two spectra no differences
in line shapes were observed. It was therefore concluded that the experi-
mental results were not dependent upon slit width, at least for widihs in
this range.

A test was made to determine the amount of light scattered by the
spectrograph. It was found that when a Kodak Wrattan 2-B filter which
cuts off light to the violet of LOOO A was used the intensity of the
Hg-arc observed in the ultraviolet for wavelengths shorter than 3600 A

was diminished by a factor greater than 50. This means that less than



2 percent of the observed intensity at 3700 A, say, resulted from
scattéring from longer wavelengths. It is more difficult to determine
whether scattering from shorter wavelengths might occur, but there is

no reason to expect that it would be important.

%e Photographic TFlates

1le Choice of Flates

The ideal photographic plate for this experiment would have had a
relatively fast emulsion with both & very high contrast and negligible
grain size. Unfortunately no such emulsion exists, Two emulsions were
used in the course of the experimental work, Cramer Contrast and Kodak
Fine Grain Positive. The Cramer plates are faster and have a somewhat
greater contrast than the Kodak Fine Grain Fositive plates but they have a
considerably larger grain size. It was felt that the very fine grain
structure of the Xodak FGP emulsion outweighed the disadvantage of
relatively low contrast and so the Kodak plates were used for most of
the last runs. The difference in speed was about a factor of three which
was not enough to be a serious disadvantage. The exposure times used for
the Kodak FGP plates were usually of the order of one minute. On the
linear part of the characteristic curve (¥-blackening v log of light
intensity), for the spectral region around 3700 A, 2 one percent change in
blackening corresponded to a change of about 0,0054 in log intengity for
the Cramer Contrast plates, and to about 0.0075 for the Kodak FGP plates.
For wavelengths near 3200 A the "calibration factor® increases to about
040120 for the Kodak FGP plates, which is rather large, but even here

the very small grain size more than compensated for the relatively low

.contrast.



24 ﬁevelopment

The Cramer Contrast plates were developed for L minutes in D=19
developer at ZOOC, the Kodak FGP plates were developed for 3 minutes
" in a=76 developer at 20°C. Brush dévelopmenx was used in an effort to
minimize the Eberhard effect. |

3. Calibration

The plates were calibrated by means of a step slit. & tungsten
ribben filament lamp was used as the light source. It was supplied
from a low-voltage transformer which was operated from a Variac and a
Scla constant voltage transformer, The filament was imaged on the step
s1lit which had nine steps whose widths had been accurately measured.
The lamp current was kept constant to one percent and a set of exposures
were made on a plate which was developed along with the plate to be cali-
brated. (The procedure was essentially the same as described by Hill(19).)
Two step slits were used, one (No. 1) for high contrast plates,
the other (No. 2) for plates of moderate combrast. For calibration of
the Cramer Contrast plate, particularly, step slit No. 2 proved to be

advantageous. The following table gives the width measurements of the

step slits.



‘TABLE II
~ Step S1it No. 1 Step S1it Wo. 2

Step Log Width . Log Width

! Lme  aase (e g et n
2 1.647 1.307

3 1.468 1.261

L 1.295 1.205

5 1.129 1.161

6 04963 1.102

7 0.805 1.050

8 0.629 0o 98L

9 0.478 0,915

When the densities of the step slit spectra had heen determined a
graph of %-blackening vs log step-width was plotteds (The light intensity
entering the spectrograph was proportional to the width of the slit since
the image of the ribbon filament was wider than any step used.,) With
both the Kedak FGP and the Cramer Contrast plates the curve from 30 per-
cent to 75 percent blackening was linear and its slope could be determined
with considerable precisions This slope, expressed as the change in log-
intensity corresponding to a change of one percent in blackening, was
called the "plate calibration factor." Multiplication of the “depth" of
‘the absorption lines as they appeared on the microphotometer tracings by

this factor converted the depth to A(log-intensity).



Fa microphotdmeter_>

. After a plate was exposed and calibrated as already descfibed
the strengths of the absorption lines were measured on the recording
vphotoelectric microphotaméter of the Mount Wilscn Observatory. Again
theAprocedure described by Hill(19) was followed in most particulars.
The only medificaticn in his procedure was the use of the various
amplification factors now available on the micropnotometer. It is pos=
sible after a line has been traced to go back over it with the galvano-~
meter deflections amplified by a choice of factors between 1.l and 20,
Such amplification increases the precision with which very weak lines
can be measured. It was always used in conjunction with at least one
tracing of the line at unit amplification to be sure of the density of
the contimium and to serve as & check. The linear magnification factor
(X100) was used throughout, as in Hill's work.

Each line and the neighboring centinuum was traced at least twice,
usually three or four times, so that an average could ve taken and same
of the effects of grain noise thereby eliminated. The actual reduction
of the data was made as follows:

(1) The platé calibration curve was drawn as already
described and the calibration factor determined.
{2) The tracings of the lines were marked as described

by Hill. The lines observed were always weak, by Hill's standards,

so they were assumed to have a triangular shape., Triangles were

drawn which best approximated the observed line shapes., The
heights of the triangles in #-blackening were converted to

A(log intensity) by multiplying by the calibration factor.



Since very few lines éppeared'on any plate 1t was nearly always

yossible to select a suitable exposure time such that the con-

tinuum Wouid be in the proper density range for all lines.

The intensity of light in the continuum near the line was taken
to be the intensity incident on the atomic beam. The equivalent widths

were then found by approximating the integral,

- )
T -
0= _Q_T_Eﬁ_ a\
0
(6]
by
W = Io B Iko BD
I Z 2
o

where Ixo is the intensity at the center of the line, B is the base
width of the line in mm and D is the inverse dispersion of the spectro=-
graph in A/mm. TFor a particular line the value of (1 - IM/IO) was
caléulated from the value of A(log I) and then multiplied by the base
width and by 1.32 (which is one-half the inverse dispersion) to obtain
the equivalent widthe



IV, RESULTS AND CONCLUSIOINS

In this section the absclute f-values which were obtained for the
resonance lines of Cr I, Mn I, Fe I, and Cu I will be presented and dis-
cussed, along with resumes of previous wérk and details of any experi=-
mental techniques employed which were peculiar to a particular element.
In most cases the results are preliminary in the sense that it is not
possible to draw experimental curves of growth according to the procedure
given in Section II-D which permit unequivocal determination of pu and f.
For this reason the results of both the graphical method, using the values
of pu and £ which seemed to fit the data best; and the theoretical method
are reported. The f-values found by these two procedures differ in most
cases by a factor of about 2. Several arguments are presented iﬁ favor
of the values obtained by the graphical method, bubt these admittedly are
not conclusive. In most cases further data on very strong lines should
resalve the difficultj; recommendations for further research are made in
- the various sections on the individual elements. The desirability of
including measurements of very strong lines in the research program was

not realized until all of the data reported in the present paper had been
obtained,

*In the curve of growth relation for lines formed by an atomic beam

A\D is replaced by (ﬁKD) « The atomic beam theory presented in Section
ITI-B gives (QXD) = (bXD) sin ¥, where v is half the angle subtended by the
atomic beam, The "graphical method" given in Section II-D differs only in

(Akﬁ)’ = (Ahn)u, where u is considered to be an unknown parameter and is
determined from the experimental data.
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It has been aggumed in applying the graphical method that the
failure of the experimental data to follow the predicted curves of
growth 1s a real effect and is not due to a systematic error in the
equivalent width measurements. A check on the validity of this
assumption will come when strong lines have been measured in the Mn I
spectrums The Mn I lines should follow a linear curve of growth, so
a systematic deviation from such a curve could be attributed to a
systematic error in the measurements. The data on Mn I lines are
insufficient at the present time to settle this point definitely,
but the data which are available do not appear to indicate the presencs

of such a systematic error.



A, Chromium

Chramium is cne of the more important elements of the iron group for
which ébsolute fevalues might be determined. This importance arises both
from its intrinsic astrophysical interest and because a relatively large
amount of information about its relative f-values is available from the
work of #1119, Although the absclute f-values of the Cr I resonance
lines hawve been the subject of several investigations, at the present time
there is some doubt even of their order of magnitude,

(15, 16)

Estabrook determined the absolute f~values of the CrI rescnance

lines A\ L4290, L4275, and L25L by the methed of total absorptions The
experimental technique he used was the same as that developed by Xing and

Stockbarger(lz)

o & small amount of chromium metal was rlaced in a quartsz
cell which was evacuated, baked out, and sealed. The cell was heated
under carefully controled conditions and the Cr I resonance lines were
observed in absorption at a temperature of about 1150° ¢, Estabrook in

(15) used the vapor pressure data given by‘Kelley(13) which

his'first paper
were the best then available. In a later paper(lé) he revised his results
in the light of new data on chromium vapor pressure reported by Speiser,
Johnston, and Blackburn(zo). Further vapor pressure measurements have
recently been made by Gulbransen and Andrew(zl). Their results agree
well with those of Speiser, Johnston and Blackburn, sc Estabrook's
revised f-values are probably fairly reliable,

ﬁuldt and Lagerqvist (22> have recently measured the absclute f-values
of chromium by an emission methed. They sprayed a solution centaining Cr O

into a 02H2 = air flame., Then from the measured temperature of the flame

(which they state may be unreliable), the calculated partial pressure of
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Cr wvapor in the flame, ﬁhé dissociation energy of Cr O, and the absolute
intensity‘éf the Cr T iines, they:calculated the absolute f-velues. The
vélues they bbtained wers smaller than those reported by Estabrook by a
factor of about 1CC.

Although Estabrook's results seem more reliable than those of Huldi
and Lagerqvist, his f-values certainly cannot be considered well estab=-
lished. It was decided, therefore, to redetermine the ahsolute f-values
of the Cr T resonance lines by the atomic beam method. The physical
properties of chromium are fairly typical of the metals in the iron
group and for this reason it was used for nost of the preliminary testing
cf the apparatus. It was feit, for instance, that if & furnace could be
cesigned which would operate satisfactorily at the temperatures required
to vaporize chromium (about 1600° C) and if an atomic beam could be formed,
then the problem would essentially have been solved for a1l of the nearby
elements as well, The only peculiarity exhibited by chromium was its
disagreeable tendency to sputter while evaporating, This sputtering some-
tiﬁas resulted in the orifice of the graphite boat becoming plugged with
solid materialy an occurrence which necessitated the replacement of the
boat, When the quartz helix was used, on several occasions a small piece
of chrodum thrown off from the evaporating metal strick the balance pan
causing the helix to oscillate wildly, The actual weight of such pieces
was probably somewhat less than O.I_microgram, 80 the depositing rate
measurerients were probably not disturbed aprreciably by the sputtering.

It ié possible, however, that some of the scatter in the experimental
points may be of this origin. The depositing rate measurements would also

be rendered invelid if an appreciatle change in weight due to oxidation



fl o

(21)

were to occﬁr. Gulbrénéen and Andrew carried out a detailed investi-
gation of the oxidation of chromium filmss On the basis of their work it
is safe to vassuma that the gain in weight of a chromium film due to oxi=
dation upon exposure to air will be very slight if the film is at room
temperature, and that oxide formation in a vacuum will be completely
- negligitle.

In the present experiment a number of plates were taken using
chromium befcre the experimental procedure had been fully worked oute
Scme of the data from these early plates were subsequently discarded. Table
III, page 6L, gives the experimental results obtained from plates 0oL, 05,
017, 018, 019, and 020, which were taken using the "old method" of deposit-
ing rate determination (mica and aluminum sheets), and OL3, for which the
depositing rates were determined by the quartz helix., On plate OL3 only
the L4200 triplet was measured; on the cther six plates all of the Cr I
resonance lines, MJ.L29O,. L275, L25L; 3605, 3593, 3578 were measured. The
table gives the absolute temperature used; the measured depositing rate,
G, in micrograms per second; the quantity G/QT which is a measure of the
effective number of absorbing atoms (see Section IT-D); and the measured
equivalent width divided by the doppler breadth, W/MD, for each of the
liness The f-values for the lines were calculated from these data using
(Mb)’ = A}‘D sin v as given by the atamic beam theory and averaged. The
results are tabulated in Table IV, page 65, under the heading "f-values
(1).® The data were also plotted in order to apply the graphical method.

Figure 5a shows all the experimental points with a tentative curve

of growth drawn through thems 4&n "ordinary curve of growth" is also shown



’for compariéon. The éoints were plotted using the following procedure:
(1) The data for A3578, the strongest Cr I resonance line, were plotted.
.<2) The values of G/QT for the other lines were multiplied by the ratios
of their f~-values to f3578 (the calculated f-values were used to determine
these ratios). Then the data for the other lines were plotted along with
the data for A3578.

There is so much scatter in the points that an experimental curve
of growth cannot be readily drawn through them. In order to overcome this
difficulty the log (G/QT) axis was divided into eleven sections, each 0.1
uwnits wide, which included all the experimental data. Then the values of
log (W/AXD) in each section were averaged. These averages are plotted
in Fig. 5b, where the vertical lines through each point give an estimate
of the probable error of the average. The idea behind this procedure
was that the scatter was primarily due to random errors in the equivalent
width measurements which resulted from plate calibration errors, line
marking errors, etc. If the scatter were really the result of erfors in
- the dﬁpositing rate determinations, the procedure as described would not
be valid. The solid line in Fig. 5b represents the curve of growth which
seemed to be the best fit for the average points. This curve was shifted
vertically by -0.36 units and horizontally by 0.71 units from the
ordinary curve of growth, so p = 0.143 and f3578 = 0,195, The f-values which
were obtained by the graphical method for A3578 as described above, and
for the other lines using their f-values relative to A3578, are given in

Table IV under the heading "f (2)."
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The dashed line in Fig. 5b is the curve of growth which would be
obtaihed if the f-value fﬁr 23578 obtained by the other procedure
(0.120) ﬁe’re uséd albng with ==‘sin v = 0,62, It is apparent from the
figure that the data on the Cr I lines are not sufficiently accurate, nor
do ihay extend to strong enough lines, to allow a completély satisfactory
conclugion to be drawn. The theoretical curve of growth is not
excluded by the data.

In summary, the results of the present experiment definitely
indicate that the f-values reported by Hult and Lagerqvist are in error
by several orders of magnitude. The f-values found by the graphical
method, though in fairly good agreement with Estabrook’s revised values,
may be revised considerably when more data become available, The scatter
in the points was too great to allow for a reliable graphical determination
of f 3578° The f-values calculated from the data on the basis of the
atomic beam theory were lower than Estabrook's values by a factor of

ghout 2.
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TABLE TV

Cr I Absolute f=Values

Transition Wavelength f(Estabrook) f£(H and L) #(1) £(2)
als - /% 3-2  1289.72 0.0L7 0.00055 0,025 0.0LL
3-3  L27h.80 0.067 0.00076 0,031 0,050
3= L25L.35 0.08L 0400097 0.048 0,078
als - y'P° 32 3605.33 0.0016 0,076 0.123
3-3  3593.L9 0.0022 0.098 04159
3=L  3578.69 0.0028 0,120 0419

In the above table Estabrook's values are those from his revised

paper, Refe. 16, the values in the colum headed "H and L" are those

reported by Hult and Lagarqvist(ZQ). The results of the present experi-

ment are given in colums (1), and (2).

The values in column (1) were

calculated using the atomic beam theory, those in (2) were estimated by

the graphical method.

The factor by which Hill's relative f-values are to be multiplied

1
to obtain absclute f-values is 3,1 x 10~ fram the results of colwm (1),

and L.7 x 10-h from the results of column (2).
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B, Manganese

Very little is known about the f-values of the Mn I lines at the
present time. A program to determine relative f-values for this spectrum
will probably be carried out ﬁnder Dr. Robert B. King within the next
several years, but even when the results of this research are availalle,
it may be difficult to establish absclute f-values for the lines. The
ground state of manganese is separated by 2e11 ev from the first excited
states The ornly lines in the visitle or near ultraviolet resgions which
arise from the ground state are A\ L030, L033, and LO3L. Some prelimi-
nary work on the relative f-values for the spectrum using the King fur-
nace indicates that other lines will be ohserved only under conditioms
vihere the LOOO triplet is too strong for the f-values to be calculable
using the theory of total absorption. This means that it may prove to
be very difficuli to relate the f-values of the LOOO triplet to those
of the rest of the lines, However, work is in procgress on methods for
overcoming this obstacle, and so it may be possible eventually 'b.o estab=-
lish absclute f-values for the Mn I lines of interest. There is, of
course, value in having absclute f-values available for the three reso-
nance lines, whether or not the i'emajzlder of the spectrum can be satis-
factorily related to these,

The only previous work on the Mn I rescnance lines was done by Huldt

2 . ’ -
(22) using a procedure similar to that already describted

and Lagerqvist
in the section on chromiume Although their absolute f-values for Cr I
are undoubtedly in error, the values which they obtained for Ma I are

in rough agreement with the preliminary results obtained in the present

experiment.,
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Up to thé present time only one plate has been taken using
manganese, So anly’preliminary'results can be given. Judging from past
/ experiencé, hdwever, uriless & i&rge and unexpected calibration error
: cccuﬁred3 the results should not drestically change when more data are
available‘ The date were processed in & manner scmewhat different from
ﬁhatvused,far the bthey spectra studied. Manganese has a nuclear spin
of 5/2 and a relatively large magnetic moment. Since its ground state
is an S state, it cah be‘anticipated that its resonance lines will
exhibit large hyperfine structnfe splittings. (See %ack(ZB),)’ The
observed lIn I lines are therefore expected to follow a linear curve of
growths This means that the graphical method cannot be applied; p and
f carmot be determined independently from the data. On the bhasis of
the experimental results to date, f-values were calculated using the
first (liﬁear) term of the power series in C.

The data for Mn are given in Table VI along with the celculated
f-values, These data are plotted in Fig. 6 in the menner described
previsuéiy' AMi031 was used as the reference line in Fig, 6. The f-values
- for MUL031, L033, and 103l are given in Table V.

Hdt and Lagerqvist dquote a probable error of 50 percent in their
results, so thebagreement betweeﬁ the preliminary f=values obtained in

this experiment and their reported f-values may be satisfactory.

TABLE V., Mn T ABSOLUTE f£-VALUES (PRELININARY)

Transition A £ (1 and L) o f
af - 20 5/2 - 7/2 1030.75 0.062 0.027
5/2 - 5/2 1033.07 0.0Lé 0.019

5/2 = 3/2 L,03L.L9 0.031 0,01l



TABLE VI. Mn T DATA
W/AkD W/M\D w/zx,\D

% G 6/r  Mo3l  Thost o33 o3z abosk  fhoak
(1) 1ho1 0,031k  2.5L  0.250  0.089 - s —— -
(2) 1LL9 0.128  10.0 0,420 0.038  0.291 0.026 0.9 0,017
(3) 1L83 0.266 20,5 0.5L5 0,02  0.L11  0.018 0.292  0.0L3
(L) 15h2  0.738  ©53.0 1.35 0,023  1.08  0.018 0.678 0.011
(5) 1439 0.138  10.8 0,288 0.02h 0,167 0.02 == -
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Ca II'OD‘

Iron is an element of great astrophysical interest. It is rela-
tively abundant in stellar objects and its spectrum is rich in lines in
every useable wavelength region. The relative f-values of many of the

1
(1) and Carter(24}.

Fe I lines are known from the work of King and King
This work is at the present time belng extended to include lines from
high levels, The absclute f-values for lines in the Fe I spectrum were
measured by King(lh) by the method of total absorption. He used spectro-
scopically pure iron, & small sample of which was placed in an evacuated
quartz abSorption cell, The cell was heated in an electric furnace with
particular care taken that the temperature was uniform. In order to
compute the number of absorbing atoms he used the vapor pressure data

of Farshall, Dornte, and Horton(ZS). In his paper the f=-values for
twelve lines from the ground state are reported; the f=-value for A3719,
the strongest of these, is given as 0,0130.

a7)

Kopfermann and Wessel subsequently measured the f=values of
A3719 by an atomic beam method similar to the one used in the experiment
reported here. Thé principal differences between their experiment and
the present one were in the light source they used and in their method
of measuring the strength of the absorption lines. Their light source
was a hollow cathode which produéed the iron resonance lines unreversed
and with pure doppler contours. A photocell was used rather than a
photographic plate to measure the absorption which toock place when the

~ light passed through the atomic beam. This turned out to be a particu=-
larly sensitive method of measuring the strength of absorption lines.
The f-value they obtalned for A3719 was 0.043 + 0.0008, a factor of 3

larger than the value reported by King.



Yo

As alfeady stated, oﬁe of the original motivations for the present
experiment was to redetermine the absolute f-value of the Fe I lines so
" as to resolve the difference between the resulis of Kopfermann and
Wessel, band thoée of King. .Chromium was studied first, however, because
iron presented certain experimental difficulties. It was found that
when a graphite boat was used no appreciable evaporation occurred until
temperatures in excess of 1900°C were reached. This difficulty was
noted by Kopfermann and Wessel; it is due to the solubility of carbon
in molten irﬁn. A satisfactory sclution to the difficulty was achieved
by lining the boat with a layer of TaC,

The procedure used to line the boat with TaC was as follows: The
boat was made in the usual manner., Then a liner of 0,005 in. tantalum
sheet was made; two disks for ends and a rectangle which was formed
into a cylinder for the center section. The liner was slipped into the
boat which was then "fired" in the electric furnace at the lMount Wilson
Laboratory at a temperature of about 2600°C, This firing operation in
the presence of an abundance of carbon converted the tantalum completely
to TaCs With boats lined with TaC no difficulty was experienced in
evaporating the iron at temperatures in the range 1700° - 1800%,

Another difficulty arose fram the fact that the Fe I f-wvalues are
small; and, moreover, at the temperatures used only about half the atoms
a:be in the lowest state, av.5 Dh. The remainder are distributed in accor-

~dance with the Boltzmann distribution over the other low states, aS DB,?-,l,O'
The result of these two factors is that even the absorption lines from

the lowest state were too weak to measure reliably unless relatively



i

large beam densities were used, The order of magnitude of N¢, the
mamber of atcmg per unit volume times the length of the abscrbing
'column, was 1 :a’_l()]'Qcm_2 which is a factor of 10 larger then 1n the
experiment of Kopfermann and 'essel. Operating with such a large N¢
may he undesirable, since the larger this quantity is, the greater is
the pbssibility that the atomic beam distribution may not correspond
with the predicted distributiocn.

Seven plates weré taken using iron, the data from all seven were
used. Plates 029, 030, 031, 032, 035, and 036 were 2ll taken using the
"old methed" of depositing rate determination; the quartz helix was
employed for plates OLO and Oll. As in the case of chromium the data
obtained when the quartz helix was used showed no systematic differences
from the data for which mica and alumirum sheets had been used, £11 of
the plates provided useable data for \3719, the strongest line from the
lowest atomic state, aSDh. The observed values of W/A\D and G/.T for
A3719 are tabulated in Table VIII, page 77. '

Other lines were observed on some of the plates, in particular
AA3737, 3745, 37L8, and 3860. The first three of these arise from the
higher sublevels of the ground state; the fourth, A3860 arises from the
lowest state, aSDh. It is a member of the transition array 2D - zop°

2

while the other lines mentioned, along with A3719, belong to the transi-

5

. 4
tion array a’D - 2 F°, Although the f-value of A3737 is knhown from both
the work of King, and of Kopfermann and Vessel, to be approximately equal

to that of A\3719, its observed intensity was lower by a factor of about 2

~n

This is because the energy of the state from which it arises, aSD is

33



0.05 ev above aSDh and so a smaller fractidn of the atoms in the atomic
beam are in this state and canbabsorb the line. The same consideration
applies to XkB?hS and 3748, which arise from states 0.09 and 0.1l ev
above the lowest state, respectively. Since these lines were ornly

observed on certain plates and their f-values relative to f were

3719
accurétely'known from the work of King, it was decided to concentrate
on measurenents of A3719 in the present experiment. A3860, which alsc
arises from the lowest.stata, was usually observed, btut the exposure
of the contimuum near this line was too light to permit an accurate
measurement of its equivalent width if the exposure was correct for
A3719.

Figure 7 shows the data for A3719 plotted as describéd in Section
IT-Ds The data were best fitted by a curve of growth with p = 0,38,
f = 0,048, This curve is shown as a solid line; the dashed line is the
curve of growth for u = 0462, and f = 0,022, as calculated from the
theory. The experimental curve seems to fit the points better than the
theoretical curve, but data will have to be obtained on stronger lines
before a definite conclusion can be made., When f-values were calculated
using the theoreticel method, taking (ﬂkD)’ = A\, sin v, a systematic
tendency for the larger equivalent widths to yield smaller f-values was
noticeds It was this tendency in the case of A3719 which suggested that
the data might not be following the predicted curve of growth and which
led to the devélopment of thé graphical method given in Section ITI-D.
The'calculated f-values are included in Table VIII to illustrate this

trend.,

Table VII shows the f-values for A3719 of the Fe I spectrum which



B have been obtained to date. The column headed "f (1) gives the result

of the theoretical calculation; the column headed "f (2)" gives the

result of the graphical methed, with p = 0.,38. The results of King(lh)

and XKopfermann and Wesse1(17)

are also given for comparison. The
abgolute f=-value cbtained in the present experiment is larger than King's
resnli by either method of calculation; the graphical method gives good
agreement with Kopfermenn and Wéssel.‘ It will be important to extend

these measurements to include stronger lines, so that a definite assign-

ment of the absolute f=value of A3719 can be made,

TABLE VII. Fe I ABSOLUTE f-VALUES

Transition A £king ™)) p(x ana w2y £1)  2(2)

2D = 2°F° L5 3719.93 0.013 0,043  0.022 0,048




TABLE VIII, Fe I DATA

W/zlkD
Flate 1% G G/ar A3TL9 f(Calculated)
029 ’2086 0a715 33.1 O.l23 0.028
030 2160 1.53 69.4 0.575 0.019
031 2200 0.580 25.4 0.352 0,030
032 2067 1.19 6L.0 04515 0.018
035 2189 2,28 121.0 0.895 04020
036 2205 2.51 1L1.0 04900 0,01k
oLo (2) 1828 0.093 5.25 0.16L 0,062
(3) 18L3 0.171 9.60 0.222 0.0L8
(L) 1880 0.325 17.9 0,191 0,022
(5) 1503 0.133 72l 0,107 0.028
(6) 1958 0.0% 5.L0 0.096 0.035
ol (3) 2033 0.79L  Lo.3 0.536 0.027
(5) 20L0 0.652 31.2 0.36L 0.026
(6) 2109 0.992 L8.5 0.L25 0.020

P

Average 0.022

The data for OLO were not included in the average f (calculated).
‘The very large f-values obtained for spectra (2) and (3) on this plate
are probably the result of errors in equivalent width measurement.
Rather than arbitrarily exclude these spectra, however, it was felt that
a more consistent procedure would be to eliminate the plate entirely from

the average., If these data are included, the average becomes 0.028.
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D, C oggef
| The Cu I spectrum is not oi any particular astrophysical interest;
copper is not one of the more abundant metals, and its strong lines lie
"too far in the ultravicle£ to be convenient for observation. It was
studied in the present experiment primarily because of all the fairly
refractory metals its abéclute f-values seem to be the best establishsd.
The f-values of the resonance lines A\32L7 and 327l were measured
by King and>5tockbarger(12) uging the method of total absorption. They
used the ﬁapor pressure equation given by Kelley(13) based on Harteck's
data(26) to0 convert their results to absclute f-values. Hersh(27) has
recently redetermined the vapor pressure of copper between 90000 and
1300°C. His results are in good agreement with those of previous
investigators and so the vapor pressure of copper may be regarded as
fairly well established.

King and Stockbarger's f=-values add to give 0,94, which is not too
far from 0.81, the sum predicted by Baxes‘Damgaard(S) on the basis of
their "modified Coulomb" calculations The f-values of the Cu I resonance
lines should be calculable with some degree of precision, The neutral

copper atom in its ground state has the total configuration:
(167 (26 (26" (38 hs) %5, -

Although the binding of the completed 3d shell is not so great that

~ there will be absolutely no interaction with the single Ls electron; it
can be assumed that the wavekfunctions of the low lying states, where
none of the 3d electrons are excited, will be fairly well approximated

by hydrogen-like wave functions. It would be surprising, therefore, if



a large diécrepancy 5eﬁween the measured and calculated f-values were
noticed.

Experimentally copper presented no problems. It evaporates readily
at temperatures ahove 1400°C and forms a tough film on a collecting sur=
facé., The data on AA3247 and 3274 are tabulated in Table X, Five plates
were taken; 021; 022, and 023, using the "old method" of depositing rate
determination; 038 and 039 using the quartz helix,

In reducing the data it was necessary to allow for the hyperfine
structure of the copper lines. BFEach line exhiblts hyperfine splitting
which is larger than the doppler width of the components but is unre=-
solved by the spectrograph. This hfs splitting was taken into account
by considering each line to be composed of two simple compenents of
intensity ratio 5:3. The equivalent widths were divided into two parts
in this ratio, the value of C was determined for each part, and these
were added to obtain the total C for the line. This is the procedure
which was used by King and Stockbarger. The f=-values were then calcu=-
lated in the usual manner,

The f-values were also obtained by the graphical method. Figure 8
shows the experimental data plotted in the same manner as for the
other spectra studied. The data for A327L were reduced to the same
scale as 3247 using Xing and Stockbargerts relative f=values for the
two lines, The solid line is the copper curve of growth for p = 0,43,
f32h7 = 0.38; the dashed line is the theoretical curve of growth,

= 8in vy = 0,62, f32h7 = 0,20s The “ordinary" curve of growth for

copper is included for comparison. The measurements will have to be



gl

exteﬁded to include Stronger lines before‘the experimental curve of
growth cen be drawn with real confidence. This should be particularly
>easy in the case of copper since the lines are intrinsically very strong.
The results of the present experiment along with those of King and
Stockbarger are given in Table IX. As before the values listed under
the ﬁeading n£(1)" were calculated from the theory, those listed under
ne(2)" were found by the graphical method. The sum of the f-values
calculated from the theory is 0432, while the sum of those obtained by
the graphical method os 0.58. There seems to be little doubt that the

latter values are more nearly correct.

TABLE IX, Cu I ABSOLUTE f-VALUES

Transition A £(k and s(12)) £(1) £(2)
1% - L2P° 1/2 = 3/2 32L7.5L 0462 0.20 0.38

1/2 - 1/2 3273.96 0432 0,12 0420

—————t



TABLE X. Cu I DATA
Plate 7K G G/qr gi:z? iﬁ?ﬁ
021 1790 0.202 15.6 2.16 1.41
022 1763 0.098 7472 1.07 04510
023 178L 0.157 TeL5 l.h2 0.8C0
038 (1) 1730 0.0515 2.98 0.7Th ——
(2) 1822 0186  11.6 1.67 0usliT
(3) 1876 0.250 13.3 2,00 1.L8
(L) 1560 0,520 30.5 2.61 2,22
(5) 1971 0.£70 33.1 2.L8 2420
039 (1) 11,65 0.Ch2 2.0 0.535 —
(2) 1505 0.077 L.20 0.726 0.62L
(3) 1555 0.206 11.0 1.52 1.00
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E. Brrors

The precisionvof the final f=values calculated by the theoretical
method is limited primarily by uncertainties in the equivalent width
" measurements. The dépositing rates are probably accurate to better
than 10 percent, the temperatures to oﬁe percent, but the equivalent
width measurement may be in error by 20 percent or more. The accuracy
improves considerably for stronger lines tut the probable error in the
equivalent width of any line isvprobably never less than 10 percent.
The uncertainties arise principally from the "grain noise® of the
photograpnic emulsion. A considerable improvement would result if a
better means could be devised for performing the required integration
over the line contour; or if photographic plates were discarded alto-
gether and a balanced photocell device were used to measure the absorp=-
tione

The final fevalues, if the theoretical method is taken as corrsct,
all have probable errors of about + 15 percent. The graphical ﬁethod,
if justified, invalves greater uncertainties and on the basis of the
present data the wvalues obtained in this way have probable errors of

the order of * 30 percent.



V. SUGGESTIONS FOR FURTHLR RISEARGH

A. Experimental Techniques

1. Stronger Lines -

For all of the spectra studied it would be very desiralile to extend
the ineasurements to include stronger lines in order that more accurate
experimental curves of growth may be determined. Stronger lines than
have been measured up to now should be particularly easy to obtain using

COpPeTrs

2. Weaker Lines

If a method could be developed whereby equivalent widths of the order
of 0.0001 A were measureable (0.002 & is about the smallest that now can
be measured with confidence), the work might be extended to include much
weaker lines. For certain elements of the iron group, e.g. titanium and
vanadium, it may be that only very weak lines can be obtained at all. A
new experimental technique may be required if f-values are to bé obtained
for these elements, It would also be desirable to extend the present
measurements to include very weak lines both to estabhlish accurate curves
of growth and to measure lines under conditions where molecular effusion
must surely occur.

3« Variation in Atomic Beam Geometry

It would be important tc carry out a program in which absorption
lines are observed with various geometries of the atomic beam; that is
with varying widths, with parts of the beam stopped out, etc. Such a
program rmight clear up the problem presented in the present paper, the

tendency of the experimental points to establish a curve of growth dif-
ferent from the curve predicted by the theory.



Be Iron Group Elements

1le Scandium

Scandium is neither an abundant element nor does it appear to be a
likely prospect for this experiment. Its relative f-values have not been
measureds

2 Titaniun

Titanium is relatively abundant and is an important element in
astrophysics. Relativé f=values for a number of the more important lines
of the Ti I spectrum were measured by King(za’ 29). Neutral titanium
has a complex ground state, aSF, from which no particularly strong lines
arise. Ancther drawback for the purposes of the present experiment is
that it has a very high melting point (180000) and temperatures in excess
of 2000°C might be required in crder to achiewve reascnable densities in
the atomic beam. Important as they would be, absolute f-values of the
Ti T lines do not appear to be determinable by the atomic beam method.

3. Vanadium

Vanadium is also an important element astrophysically and a table
of relative f-values is available for lines in its neutral spectrum
(30),,

(Xing Unfortunately, the‘difficulties of high melting point

(in this case 1700°C) and complex ground state (ahF) again may prohibit
absolute f-vdlue measurements.

i« Chromium

HMore data are needed, particularly on strong lines.

5. Manganese

More data are needed.



6. Iron

More data are needed, particularly on strong lines.

7. Cobalt |

A.program to determine relative f-values for the Co I specirum
has been completed and the results are due to be published scon (Ref. 31).
The grbund state of the neutral cobalt atom has the configuration aAF.
Two lines were observed on an exploratory plate at 18000, however,
AA3527 and 3L7L (apF -vthG 9/2 - 9/2, 9/2 - 1/2), so it may prove to
be possible to obtain absolute f-values for cobalt by the atomic beam
method.

8. Nickel

The relative f-values for many lines in the Ni I spectrum are knowm

(32)

from the work of Xing s and Estabrook measured the absolute f-values

of the lines AA352L, 3L1ll, and 3L61l. There is some evidence that
Estabrook's values (Ref. 15) are reliable and it would be of considerable
interest to redetermine the absolute f-values of these lines by ﬁhe
atomic beam method., Such a program might prove difficult, however, since

3 3

the nickel atom has two low lying states, a”F and a

D, whose levels over-
lap to form a complex system of'lévels. At the itemperatures used in
the atomic beam experiment the levels from which the lines of interest
arise will be relatively depopulated; the atoms will be distributed over
all‘of the low levels in accordance with the Boltzmann distribution. As
& result the absorption lines will be weak even if the density of atoms in
the atomic beam is high. Moreover, Zstabrook's results indicate that the
f-values are small, of the order of 0.0L.

(9. Copper)

More data are needed on both weak and strong lines.
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AFFRIDIX

VI. ATQMIC BEAM DISTRIBUTION EXFERTHEINT

It has alréady been remarkea that the depositing rates obtained
for a single run using several mica or aluminum sheets showed con-
siderable scatter among themselves, It was decided that a series of
experimsnts should be conducted to determine whether this scatter re-
sulted from some sort of random variability in the atomic beam, or
from something connecied‘with the weighing operation,

Attempts were made to determine the distribution of atoms in the
beam by locating six or seven of the sheets over the holes in the upper
plate, After a "run" the ratios of the resuliing weights to the weight of
the central deposit were plotted against the positions of the sheets on
the upper plate. The results were compared to the theoreticdl curve,

from Section II-B,

G(€) " (o)
= O)a
(62 + §2)2

This experiment was repeated using Cr, Cu, and Fe, with mica sheets,
aluminum sheets, and glass cover glasses. Although the scatter of the
points for a particular run was large, when the results from several runs
were averaged the points showed no significant systematic deviation from
the theoretical curve;

In an effort to determine the cause of the observed scatter in
welghts, a long glass plate covering the full spread of the beam was
suspended above the source and a thin contimuous layer of chromium was

depositeds The light transmission through this plate was then determined



#s a functioﬁ of 1ineaf aistance on the plate, using the microphotometer.
The curve obtained was smooth, indicating that the scatter observed in
the welght measurements was related to the weighing operation and not to
variations in the beam itself. The true beam distribution, however,
conld'not be obtained unambiguously from this light transmission data
since it is wéll known that the relationship between the thickness of a
deposited film and its light transmission is not unigue but depends upon
the depositing rate, the history of the deposited film, etc,
Mr. A. R. Hibbs suggested an experiment by which the distribution

of the depositing atoms was directly obtained. 0.1 gram of cobalt enriched
with 0060 was evaporated from a graphite boat in the usual way., The
cobalt deposited on 12 narrow copper strips which were located on a flat
plate above the source. As a precaution against radioactive contamina-
tion of the appafatﬁs, copper sheets, which were subsequently discarded,
were arranged to cover all other area where the beam deposited. In addi-
tion the inside of the water Jjacket was lined with a sheet of molybdenum
" which was also discarded. The residual pressure in the vacuum chamber
was abnormally high during this experiment, of the order of 2 x 1074 m-Hg
or about 5 times higher than during actual runs. This was probably due to
ocutgagsing of the shields already mentioned.

After the cobalt had evaporated from the boat the copper strips were

renoved from the vacuum chamber and their gamma=-ray activities were

measured with a Geiger counter. The originel sample of cobalt enriched

60

with Co”~ had been chosen to give about 107 total counts per minute,

This activity resulted in a counting rate of the order of 10h counts per



G

minute for the strips located near the center of the beam., The time
required for th counts was determined for each strip and then, taking

the activity of the cemtrally located strip to be unity, the relative
activities of the cther strips were calculated. The results are showmn

in Fige. 9 as solid lines whose lengths show the linear distance covered
by each strip. The curve shows the predicted beam distribution. The
experimentally determined values deviate significantly fram the curve for
large & , but if such a deviation were to exist during a run the effect

on the measured f-value would amount to only 2 - 3 percent. Nost of the
deviation between the experimental values and the theoretical distribution
curve can probably be accounted for on the basis of the rather high resid-
ual gas pressure in the vacuum chamber. At the pressure which existed
during this experiment, 2 x lo-gmm, roughly 10 percent of the atoms in
the beam can be expected to collide with air molecules in flight. This
would tend to reduce the density of the deposit near the edges of the
beam, corresponding to longer path lengths.

Since the observed deviations from the theoretical beam distribution
were small enough to have a negligible effect on the final f-values even if
they existed during a run, the 0060 experiment was considered to be a
confirmation that the density distribution in the atomic beam was ade-
quately given by the theory as developed. The deviation of the results

from the expected curves of growth is therefore not explained,
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