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ABSTRACT

Absolute f-values for 7 transitions in the first spectra
of 4 elements have been measured using the atomic beam absorption
‘technique. The equivalent widths of the absorption lines are
measured with a photoelectric scanner aﬁd the atomic beam density
is determined by continuously weighing a part of it with a sensi-
tive automatic microbalance. The complete theory is presented and
corrections are calculated to cope with gas adsorption by the
deposit on the microbalance pan and atoms which do not stick to
the pan. An additional correction for the fallure of the assump-
tion of effusive flow in the formation of the atomic beam at large
densities has been measured experimentally.

The following f-values were measured:

Fe: ). 5 = 0.0430 + 8%

Cu: £ 5., = 0.427 + 4,5%, £ gp7s = 04206 2 4.7%, Ty oago = 0-0037 + 9%
Cd: f,znny = 0.00190 + %, £ oogg = 1438 129

Auz £y 400 = 0.283 + 5.3%

Comparison with other accurately measured f-values, where they exist
3¢ s b) ¥ >

showvs agreement within experimental errors.
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I INTRODUCTION

The oscillator strength, or f-value, of an atamic transition
is a measure of the rate at which atoms absorb electromagnetic energy.
If each atom which is capable of undergoing the transition is replaced
by a "classical oscillator” consisting of an electron with an elastic
restoring force such that it has the same resonant frequency as the
original atomic transition, the absorption is easily calculated
classically. The ratio of the energy éctually‘absorbed by the atoms
to that absorbed by classical oscillators is defined to be the f-value
of the atomic transition.

In astrophysics, f-values are used to determine the abun-
dances of elements in the solar atmosphere and in stellar atmospheres.
Iaboratory uses include messurements of the density and temperature
of radiating atoms in plasmas and hot gases such as those produced by
arcs and shock tubes.

Oscillator strengths may be obtained theoretically if the
electric dipole (or higher multipole for forbidden lines) matrix
elements can be calculated. Because small errors in the wave functions
of the initial and final states can lead to large errors in the matrix
elements, accurate f-values can be calculated only for simple atomé
such as hydrogen and helium. For other elements, f-values are cobtained
from approximate calculations or they are measured experimentally.

E. W. (1)

Foster has described most of the important experimental

methods.
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The f-values reported here were measured with an atomic
beam apparatus. The element under investigation is plaéed in a cruci-
ble inside a wvacuum chamber and heated to a temperature at which it
vaporizes. . Atoms effuse out of a small orifice in the cruecible forming
an atomic beam the angular dimensions of which are defined by suitably
placed knife edges. A light beam from a continuum source passes
through the atomic beam and into a spectrogﬁgph where it is analyzed
to determine the total absorption of the spectral line being measured,
At the same time the density of the atomic beam is monitored by weigh-
ing a part of the beam which deposits on a micrcbalance pan. From
these measurements and the temperature of the crucible, the f-value
can be determined. This method‘is limited to reasonably strong
spectral lines of neutral atoms arising from low-lying energy levels
which are populated at the temperature of the crucible.

The atomic beam method was first used by Wessel(g) and
Kopfermann and Wessel(s) to measure f-values of Ba and Fe. Under the
supervision of Professor Robert B. King at the California Institute of
Technology, an atomic beam apparatus was constructed by M. H. Davis.(é)
Oscillator strengths of Cu, Fe, Mn, and Cr were measured with this

apparatus and published by Bell, Davis, King, and Routly.(5’6’7)

In
these measurements the abscorption was measured with photographic plates
and the atomic beam density with a sensitive quartz fiber spring
balance. Bell and King(a) also measured an f-value of Pb using a

manually balanced electrobalance to more accurately measure the

atomic beam flux.
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Ma jor improvements in the apparatus were made‘by G. M.

Iawrence and J. XK. Link.(g’lo’ll)

They used a photoelectric scannér
mounted in the camera holder of the spectrograph instead of photo-
graphic plates to measure the amount of the absorption. In addition
an automatically balancing electrobalance was used to continuously
record the mass deposited by the atomic beam. Oscillator strengths
‘of Cr, Co, Ni, Ga, Pd, Ag, In, Sn, Au, and Tl were measured with this
apbaratus.

The present work is a continuation of this project. A new,
more sensitive, photeoelectric scanner allows more accurate measurements
of the weak absorption linesf The auvtomatiecally recording micro-

balance has also been improved. These refinements make 1t possible

to measure smaller f-values and to measure large ones more accurately.
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ITI THEORY

The theory of the formation of absorption lines in an atomic

beam was derived by Davis.(é) The following derivation leads to
similar results with the exception of the introduction of the parameter

a'.

A, Atomic Beam Distribution

The geometry of the atomic beaﬁ and the coordinate system
which will be gsed is shown in Figure 1. It is assumed that the
distribution of atoms in the beam is given by the kinetic theory of
gases for effusive flow through an orifice and that the size of the
orifice 1s small enough that it can be treated as a point socurce. The
validity of these assumptions is discussed elsevhere.

The number of atoms per second flowing through the orifice
at an angle 6 from the normal, per unit solid angle, with speeds

between v and v + dv, is given by Kennard(lg) as

22
72v(9) dv = K B5 v e PV cos 0 av (1)
where
B = «M/ZRT (2)

with M the atomic mass of the atoms, R the gas constant, and T the
absolute temperature of the crucible. The constant K is related to
the density'no of atoms inside the crucible and the area of the corifice

o by
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K = n_g/gcno . (3)

At any point in the atomic beam the density of atoms with speeds

between v and v + dv is

72.(0) 3.2 22
n (r,0)dv = ——1’—2——dv - ¥ B X PV s oav  (4)

v r

where r is the distance from the -orifice.
The light beam passes through the atomic beam at a height
Zé above the orifice and is assumed to have negligible cross section.

The quantity which will be needed is N& (zo)dvX » the number of
X
atoms per unit area with x-component of velocity between v, and

T dvx as seen looking along the light beam. Substituting
r=z sec® and v=v_cscd into equation (4) yields the density

distribution élong the light path:
53 VX2 —ﬁgv 2 csc2 6 .
n_ (ZO,G)de = Ke—mie 8 cot™ 6 dv_ . (5)

X Z
(o]

This equation must be integrated from X, to +X to give

Nv (Zo)dvx . Consider the case Vi > 0; the integral will run from
- .

0 to X only, since for negative x, no atoms have positive

x-velocities:

x
S Bs VX2 -B VX2 0502 e 3
N& (ZO) = d/\ B eeseiie 8 cot” ® dx . (8)
x Z
0] o}

With the substitutions dx = ZO sec O d6 and then u = c502 6 , the



integral can be done. The result is
: 2 e
8 -(B csc 90) LA

N, (z)) = Ko~ e ; (7)

Although this result was calculated for T > 0 , the same result is

obtained for Ve < 0, so equation (7) holds for all values of Vo

B. Atomic Absorption

Since equation (7) has the same form as the Maxwellian
velocity distribution for one component of velocity, the following
theory closel& parallels the theory of the formetion of absorption
lines by a monatomic gas. See, e.g., Unsﬁld(lSJ pp. 288 ff. or
p11ex(T) ol 300 pr.

The absorption coefficient per atom as a function of
frequency v is given by the Weisskopf-Wigner formula:

) 2 2
5 = B o (r/4x<)

A me (vo - v)2 + (F/4K)2

(8)

where T i1s the oscillator strength of the absorption line centered
at Vs © and m are the charge and mass of an electron, c¢ the velocity
of light, and I' is the radiation damping constant of the line. If
the atom is moving, the center of the line is Doppler shifted from

vo o vy vy vx/c so equation (8) becomes

o4 - ne F (P/4ﬂ2)

v me 2 2
(vg + vy v/ = v)7 + (¢/tx)

. (9)
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The optical depth T, is obtained by multiplying equation

(9) by N, (ZO) and integrating over v_:

x
2
o (B csc 8 ) v ?
B ﬁee (T/4ﬂ2) e : *
1 = K——"—f av_ . (10)
¥ ex, 1e (v .+v v /e - v)2 (F/4ﬁ)2 %
: ) o) 0 X =
This integral is conventionally wriltten as
%, = C H(a',u) {11}
where the following substitutions have been made:
2
= gL X L
C = K37 me ¥ v (12)
o o
+o0 -y2
1
H(a',u) = %f T 5 dy (13)
a'" + (u-y)
- 00
gt = o 4? = damping ratio (14)
Av.
D
v -V
0
u = AVDI (15)
Yo Yx
¥ = A.VDI 'E" (16)
v v
R - _ _5 : _ Doppler
bvp' = gpsin 6, = 2RT/M sin B = ~_Iii- (17)

The Doppler width and damping ratio are primed to distinguish them

from the corresponding quantities with sin 90 removed which arise
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in the theory of absorption by a gas.
The intensity Iv of the transmitted light is given by
-7 -C H(a',u)
I = L. 8§ = I e (18)

vhere I is the intensity of the incident light.

C. The Curve of CGrowth

Since the width of the line profile given by equation (18)
is much smaller than the resolution of the spectrograph which is
used, a measure of the total amount of 1light absorbed is needed.

This quantity is the "equivalent width" defined as

v L= L .
wv=f sismeed @y o (19)

line

Using equation (18) this becomes

+c0
= 1
W= f{l—eCH(a ’u)}AvD' du (20)

vhere the limits of integration have been extended t0 + « .

At -this point it is convenient to express the formulas in
terms of wavelength A = ¢/v instead of frequency v because the
experimental. measurements are made in terms of A. Since the absorp-
tion lines are very narrow, no error is made in setting

(v - vg) = ;\—95(7\—7\0) ; 7 (21)

(o]
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This equation also applies if (v - vo) is replaced by Avy' or
wv with (A - RO) replaced by the respective guantity in wavelength

units. With these changes, equation (20) becomes

1

gz‘»,- ? {1 = B H(a"“)} au B

where
M = -2 JZRT/M sin © (23)
C (o] ]
2
R - I
B = 5z_me T o (24)
o]
AT _
© T e Ry b
D

In addition equations (11), (15), (16), (18), and (19) are valid if

every v, Ay

D" Wv, etc. 1s réeplaced by A, AA W,, ete.

1
D7 A
For the lines considered in this work the parameter a' can
be expressed in terms of the f-value. The damping constant can be

(14)

written as (see Aller pp. 172-176)

T o= T, 4T, (26)

where for any state i,

1
Fi -l Z Aij (27)
J



.

and

8ﬂ2 62
2
me Kij

. (28)

1
Bl B
H

A1 5
The subscripts u and £ refer to the upper and lower energy levels
for the transition under consideration, T is the lifetime of the
state 1, Aij ig the Einstein coefficient for spontaneous transitions
from state 1 to jJ, &; is the statistical weight ofllevel iand is
equal to (27 + 1), and fji is the absorption oscillator strength
for the transition Jj — 1 vhich has been and will henceforth be
referred to simply as f. The summation in equation (27) extends
over all levels j that are below level i. TFor the transitions under
consideration, level £ is either the ground state or in any case has
1, >> 7, S0 that I, can be neglected. Also, the only term in the
summation that is important is Auﬁ’ i.e. the A-value for the line
being investigated. With these restrictions, equations (26), (27),

and (28) can be combined and substituted into equation (25) to give

2 8 ,
G e el P (29)

2 i &
ne AAD u
For special case a' = 0, it can be shown that equation
(13) simplifies to

H(O,u) = e 7 (z0)

and equation (22) becomes
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E;%T .= ?{l—exp (o e“ue)}du . (1)

If the exponential is expanded in a Taylor's series the integral can

be evaluated term by term giving

Wﬁ _ 02 03
. \fﬁ{c—g-‘\@ + s -+ } . (32)

UnsBld(ls) p. 290 also gives an asymptotic expansion which is useful
for large C.

The relation between WX/AAD‘ and C given by equations
(22) or (32) is known as the curve of growth. It shows how the
strength of the absorption line varies with the numﬁer of absorbing

(15)

atoms. Moise App. € gives tables of the curve of growth for
various values of the damping ratic. TFigure 2, plotted from these
tables, shows the form of the curve of growth for various values of
a'. The portion of the curve for C < 1/2 is known as the linear
part. TFor intermediate values of C the curve flattens out and
becomes dependent on a'. For large C the curve approaches the

A T = ’
asymptote W?\/A?\D 2 4 JTearm °

Fxperimentally, values of C are obtained from the curve of

growth and the measured values of Wx. As the slope of the curve
decreases, effects of errors in WR are magnified and so it is

desirable to obtain data on the linear part of the curve., However
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the fainter the line, the less accurately il can be measured. For
these reasons most of the experimental data are taken on the upper
end of the linear part, near the "knee" of the curve.

For most of the lines considered here the value of a' is
less than 0.01, and in the region of interest the curves for
0<a'<0.,01L are virtually colincident sc the curve of growth may
"be approximated by equation (32). However, for A2288 of Cd, data
can only be obtained above the linear part. This line also has a
large value of a' so the curve of growth must be calculated using
equation (22) (modified as described in Section II-T because of

isotopic and hyperfine structure).

D. The Deposit Rate

The value of K is determined by weighing the atomg which
go through a circular aperture of radius p at a height z =1b =above
the orifice as shown in Figure 1. The rate 72p at which atoms go
through this aperture is cbtained by integrating equation (1) over
velocity and the solid angle QP of the aperture measured from the

il fice *

np =f dv f aq nv(e)
(@]

2

o0 2 2 2 i
K 55 J[\'VS e—B ¥ dwv b/Pcos 8 2x sin O de

(&) ]
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. (53)

When these atoms deposit on the microbalance pan the rate at which

mass is added is

{ =55 ) (54)

vhere Nb is Avogadro's number.
Equations (2), (24), and (34) can now be combined and

solved for the f-value:

f = (35)

where

Z
@ = B 2 (2 (36)
Noe o b +p

and C is obtained from the measured value of WR and the appropriate

curve of growth.

E. The Boltzmann Factor

For most of the elements studied with the atomie Beam
apparatus the excited states are sufficiently separated from the
ground state so that, at the temperatures necessary to produce an

. atomic beam, essentially all the atoms are in the ground state and

are capable of making the transition being studied. OSome elements,
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however, have several low-lying states which are appreciably populated
at these temperatures, and in this case the deposit rate must be mul-
tiplied by the Boltzmann factor

-E ﬁ/kT

g e
B = - (37)

B -E, /KT
yae

i

where Ei is the energy of the ith level and k the Boltzmann constant.
In applying this factor it is assumed that the relative populations of
rthe atoms in the atomic beam are the same as in the crucible. While
the radiative lifetimes of these levels are long enough that they do
not return to the ground state in the time it takes them to travel
from the crucible to z = Zg 3 Lawrence(g) finds some evidence that
levels with Ei = kT may be depopulated, perhaps by collisions in

the atomic beam.

F. Hyperfine Structure and Isotope Shifts

Most of the lines studied have hyperfine and isotopic
structure which is, at best, only partially resolved by the spectro-
graph. The theory which is derived for a single line in Sections B
and C must be modified to take this into account. If the line
consists of n components, of which the ith component has fractional
strength Ii and is centered at Ki’ then equation (22) generalizes

to
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n
— ' —
N Foo i i§ T, H(a',u ui)
ST = f{l—e - }du. (38)
D
-0
where
A - A -
ui = -—‘—55\'—*—;“—- and Z Ii = 1 .
D L
1:1,

If the hyperfine and/or isotopic splittings are small
compared to the Doppler width of the line, i.e; all uy <1 ; then
they will have little effect and eguation (22) can be used. On the
other hand, if the splittings are all large, (u; - uj) >> 1 for
all pairs i £ j , then each individual component does not overlap
any other and each will follow its own curve of growth. The total

curve of growth for the unresolved group is then

-+co

.;_;—, =iz {l—e—c IiH(a,’u)}au . (39)

n
Thus, for any C, W /A\.' = I
MDD g

=0

(wx/axD')i where (WA/AAD’)i is
obtained from the single component curve of growth, eguation (22),
for Ci = Ii C . It is clear that the same procedure can be followed
if the components occur in groups (as they often do) such that

within each group the components have a spread which is small
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compared to A&D', and each group is separated from the others by
distances which are large compared with AAD’. Qualitatively it canl
be sald that if the total spread within each group is less than
1/2 AAD' and the centers of gravity of nelghboring groups are sep-
arated by more than 3 AAﬁ', then the curve of growth given by |
equation (39) can be relied on at least half way up the ”knee.&

If these conditions are not met, then either measurements
must be made only on the linear part (which is fortunatély extended
by the splittings) or else the exact curve given by equation (38)

- must be calculated numerically.

G. Tmpulse Forces

When the shutter under the microbalance pan is opened,
the pan experiences an upward force due to the momentum of the atoms
in the atomie beam. Assuming all of the atoms stick to the pan,
this force ¥ is given by the rate of momentum transfer in the

z-direction of the atoms impinging on the pan:

M
3=[dv{mﬁ; v cos 6 7Zv(9)

o
o2
M 3 4 -
= Z=EB fv e dVJ[PCOSEGEn:SinedG
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3/2 2 3/2
=rf__,.fil_1§{1_(ﬁ.é_lt__é) } ‘ (40)

2
‘4 No B b +p

A more convenient quantity to measure is the ratio of the
impulse force to the deposit rate. This quantity, known as the
recovery time tR because it is The time requifed for the micro-
balance output to return to its value previous to opening the

shutter, is given by

| 2 2 2 -1/ '
t, = -é% s é NEEET {1—’5[(1+§§)-(1+P—2) j}(ﬂ)

P b

where g is the acceleration of gravity. These recovery times range
between 0.5 and 2.0 minutes.

It is convenient to expand equation (41 ) in a power series

in (p/p) :
3 -1 QE 5 oy
ty = 5 JRT/ 2M L= #5740 + } . (42)

In practice (p/b) < 0.11 so less than 0.3% error is made in using

only the first term of the series.

H. TImpulse Force Anomalies and Deposit Rate Corrections

There are several reasons wny the experimentally measured

recovery times mey not agree with the theoretical values. If the
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mechanism producing the discrepancy is known, an appropriate
-correction can be applied to the deposit rate. The possible
mechanisms are: (1) Non-constant atomic beam flux, (2) The presence
of molecules of the element being studied in the atomic beam, (3)
Non-unity sticking coefficient of the atoms on the pan, and (4)
Adsorption of residual gas by the metal deposited on the balance pan.
These mechanisms are considered in detail in the Appendix. The
results are that mechanism (1) can be recognized and the data dis-
carded, and that (2) to (4) lead to correction factors of a similar
nature which can be applied to the observed deposit rate.

Iet the observed deposit rate be (1 + ¢ times the deposit
rate which would have been obtained if all the desired atoms and no
others stick to the pan. Then

1. (thbs/t th)

o = i1 (23)

obs th
A+ (B [ty )

where tRObS is the observed recovery time and thh is the

theoretical value given by equation (42)., The constant A is given

by

for n-atomic molecules
(- 1A in the atomic beam (44)
_ 2 r—j7— for non-unity sticking
£ = < 3 Tb * coefficient (45)
2 for adsorption of
kSJﬁ@@XMmk) residual gas (46)
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where Tp is the temperature of the pan and MA is the molecular

wveight of the adsorbed gas.
The observed deposit rate may be multiplied by

i
1+ A

t

ohs
[ty

= L= fgaead f= BT (47)
to give the corrected deposit rate. As shown in the Appendix, the
value of 1/(1 + A) is approximately 0.5 to 0.8 but can rise to
3.414 if diatomic molecules are present in the beam. Even in the
absence of any knowledge of the mecg;nism, an average value of 0.6
to 0.7 should give corrections which are good to 10% and if the
corrections are no larger than 10% then the corrected deposit rates
should be good to 1%. This assumes that the anomal& is not due to
molecules, in which case the correction would be much too small.
‘Even if molecules are suspected, the use of the corresponding value
obs

of 1/(1 + A) is very risky because small errors in Ty due to

other mechanisms or Instrumental errors would be greatly magnified.

I. Summary

In order to measure an f-value, the following quantities
must be measured: egquivalent width W, (nk), deposit rate
¢ (pg/min), erucible temperature T (°K), and various geometrical
factors Z s b, p (inches), and sin 6. 1In addition the waveleng%h
Ao (R) of the line, any hyperfine and/or isotopic structure, and

the atomic weight (g/mole) of the element are needed.
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The numerical factors in the following equations are
appropriate for the units given in parentheses. Using equation (23)

the Doppler width A" (k) is calculated:

7\ .
oy = F9 JERT/M sin 6, = 4.3021 x 107% A, sin @ NT/M . (48)

A value for f is estimated and the value of a' is calculated from

equation (29):

e g g
a' = ——-—232‘—9-_—- 2 ¢ - o0.17705 £ Z%:"T . (29)
m c A&D' u = D

Then C is obtained from the appropriate curve of growth, equation

(22), (32), (38), or (39). Finally, the f-value is calculated from

: - 255 ()
B G
where Q is given by
SRme 2o a ' ? .
g » EEEEA [ nfs ) = @8.0022 [ -5 ) {51)
No e o b +p ¢} P +p

Either Fé or FG or both may be unity.

In principle it would be necessary to put the resulting
f-value back into a’, and then iterate to cbtain a consistent result.
However, in practice, this is not necessary since the region of the

knee of the curve of growth on which the data usually falls is quite

insensitive to the wvalue of a'.
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ITII APPARATUS

A. Vacuum System

The wvacuum chamber and atomic beam furnace have been

(4)

described by Davis. The furnace is enclosed in an 8 1/2 inch
diameter brass cylinder 10 inches high withlquartz windows sealed to
two side arms which let the light beam through. A 1/2 inch thick brass
base plate contains electrical gnd water cooling feedthroughs for

the furnace. The microbalance is mounted on a 1/2 inch thick aluminum
alloy plate which rests on top of the brass cylinder and is covered
with a glass bell jar, There are approximately thirty demountable
seals using viton O-rings.

The vacuum is produced and maintained by a Kinney 4 inch
‘diffusion punp with a 5 cu ft/min Kinney forepump. Dow Corning DC-705
silicone pump oll is used in the diffusion pump. There is a liquid
nitrogen cold trap in a water cooled baffle above the diffusion pump.
The ultimate pressure which can be attained is slightly below 107 torr
.as measured with a Veeco RG 75K ionization guage. However, the pres-

are

sure is usually at least ten times higher while data === being taken

because of outgassing caused by the hot furnace.

B. Atomic Beam Furnace

The element to be vaporized is placed in a cylindrical
crucible of graphite or zirconia and heated in a furnace tube of

graphite or fantalum respectively. A small orifice in the side of the



-D4-

crucible forms the source of the atomic beam. The furnace ﬁubes must
have a larger hole in them to provide clearance for the beam. Details
of the crucibles and furnace tubes are given by J. K. Link.(lo)
The ends of the furnace tube are clamped in water-cooled
copper blocks and the furnace is heated by up to 300 amperes of alter-
nating current. Power for the furnace is provided from a 115 v line
by a 3 kv Sola constant-voltage transformer, and the furnace power is
controlled by a 40 amp Variac. The constant-voltage transformer makes
the furnace power regulator, which was formerly used by Davis(4) and

(5)

Bell, unnecéssary. Temperatures in the crucible of over 2000° C
can be produced 1f the furnace tube 1s surrounded by a radiation shield.

The furnace is surrounded by a water jacket with a slot in
itlwhich defines the solid angle of the atomic beam. A water-cocled
plate with the circular aperture, which determines the portion of the
atomic beam which goes to the microbalance pan, is mounted 7 inches
above the furnace. Between this plate and the pan there is a shutter
which 1s operated manually from outside the vacuum chamber.

A window 1s provided in the vacuum chamber for sighting into
the orifice of the crucible with an optical pyrometer to measure the
temperature. Because the atomic beam deposits would otherwise darken
it, a disk of glass is installed under the window which can be rotated
from outside the vacuum chamber to provide a clean surface for each
temperature measurement. Besides the window and disk, there is a

right angle prism outside the chamber to cbtain a more convenient

viewing angle. These components reduce the amount of radiation reaching
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the pyrometer so a correction curve was obtalned by measuring the
temperature of é tungsten ribbon lamp with and without the windows and
prism. The corrections range from 15° ¢ at 800° ¢ to 69° ¢ at 2100° c.

Cadmiun vapérizes at temperatures which are much too low to
measure with an optical pyrometer, so a speclal graphite curcible was
constructed with a platinum to platinum - 10% rhodium thermocouple in
it. The thermocouple was contained in an alundum thermocouple tube
with the end cemented over with Saueriesen #7 cement. This tube pro-
truded through oné end of the crucible with the thermocouple junction
under the orifice and was cemented in place with Sauereisen.

The thermocouple was compared with th¢ optlcal pyrometer at
temperatures hetween 800O C and 1500° C and found to read 12° ¢ to
20° C low with the largest difference at low temperatures. A rough
théory considering heat conduction along the thermocouple tube and
radiation from the walls of the crucible to it accounted for these
differences if the heat conductivity of the aluﬁdum tube was properly
chosen. At low temperatures the difference should rise linearly with
the difference from room temperature; the difference reaches a maximum
and then falls at high temperatures because of the increased transfer
of heat to the tube by radiation from the crucible.

In practice, the freezing temperature of cadmium (520.90 ¢)
was chserved by tﬁe step on a cooling curve and the corrections were
assumed to be linear with the difference between room temperature and
the crucible temperatﬁre. While the correction varied between 110 C

and 35° C at T = 321° ¢ for various runs, it remained quite constant
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during any one run.

C. Microbalance

The microbalance was originally built by G. M. Lawrence(9>
with the electronics designed and built by the present author. Since

(11) the electronics have been

the work of ILawrence, Link, and King,
rebuilt to érovide about a factor of %en reduction in noise. In
addition, most parts of  the microbalance itself have been replaced
because of breakage.

Figure 3 shows the structure of the microbalance. It uses
the magnet structure and torgue colil of a small 0-500 pA panel meter.
The pivots have been repiaced with a taut band suspension system in
which thé springs, which originally provided the restoring torque for
the meter, have been stretched out and soldered to the tips of the
original pilvots to form the taut bands. A small spring ﬁrovideg
tension.

The pointer has been replaced with a beam made from a drawn
out glass tube about 0.030 inch in diameter and 5 3/4 inches long,
which is cemented to the coil at one of the pivots with polystyrene
cement. The pan iIs suspended from one end of the beam 3 1/4 inches
from the torque colil. Three counterweights made of different sizes
of copper wire can be slid along the other end to adjust the static
balance.

Pans welghing about 30 mg are made from 0.25 mil thick alu-

minum foll. A guarter sector of a 1.8 inch radius circle of foil is
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formed into a cone with a 1/16 inch wide Ffolded seam. Approximately
1/16 inch of the open end is folded inward providing a more rigid
structure, and a small hook of 5 mil diemeter aluminum wire is attached
to the apex. The pans‘are made conical to increase the fraction of the
incident atoms which stick; any atom which does not stick on the first
encounter has a good chance of hitting the pan again.

A 5 mil nichrome wire passes through the microbalance beam
from the torque coil to the end where it is formed into a stirrup.
This grounds the pan, removing the possibility that it might become
electrically charged. Such a charge, if it raised the pan to a poten-
tial of 100 volts, would result in spurious forces of approximately
12 pg as the shutter was operated.

J. K. Link(lOJ

found that plaecing a light bulb near the pan
partially prevented the adsorption of residual gases by the fresh
deposit. In the present experiment this function 1s provided by
several turns of nichrome wire which surround the pan and may be
heated red hot. The use of the pan heater is described in'Sections
Iv-B, C.

A permanent magnet is placed near the pan to damp out
pendulum oscillations by means of induced eddy currents. The magnet
could not be used for atomic beams of iron so the flexible "hinge"
shown in Figure 3 was replaced by a rigid support wire and damping’
wvas supplied by sliding friction at the stirrup. This method of
suspension leads to greater noise in the output signal due to changes

in the exact position of the-suspension wire in the stirrup.
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The microbalance i1s balanced by adjusting the current
througﬁ the torqﬁe coll until it is at rest at a glven pogition so
that changes in the current are accurately proportional to changes in
the mass of the pan despite any variation of the strength of the mag-
_netic field with angle. A feedback system keeps the microbalance
continuously balanced., The position of the_beam is sensed by two
RCA 6694-A cadmium sulfide photocells illuminated by a number 222
prefocused flashlight bulb, A flag on the beam covers one photocell
and uncovers the other as the beam moves. The output of this detector
is amplified by a two-stage complementary transistor amplifier as shown
in Figure 4, and the output is fed back to the torgue coil through
resistor RO and capacitor Co' The éapacitor provides feedback propor-
tional to the velocity of the beam and is chosen to produce nearly
critical damping. The feedback gain is greater than 1000 and produces
a restoring torque much greater than that of the taut band suspension
system. In fact the micrcbalance itself is mechanically unstable
because the beam is cemented above the taut bands, and thus 1t cannot
be balanced without the automatic ‘feedback system.

In addition to the current produced by the amplifier, current
in the torque coil can be varied manually through resistors Rl and Re.
In use the manual balance controls are adjusted so that the amplifier
output is near zero. The amplifier can supply a current equivalent
to + 2.2 mg and the manual controls + 5.5 mg.

The output of the amplifier is filtered by capacitors Cl and

C2 and fed through the range switch into a Moseley Autograf Model 680
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chart recorder. The following ranges are provided: 5, 10, 20, 50,
100, 200, 500, and 1000 pg full scale.

The power supply for the microbalance electronics is weil
stabilized by Zener diodes. The power to theAmanual balance controls
must ke especially well regulated as can be seen from the following
consideration. When these controls are providing a current to the
coil equivalent to 5 mg, & shift in that current of only 0.01% will
cause a shift in the output of 0.5 pg.

The microbalance is calibrated by hanging a 1 mg class M
weight from a hook on the pan suspension and adjusiing the calibration
control R3 until the weight produces full scale deflection of the
recorder on the 1000 pg scale. A manipulator aliows this to be done
while the vacuum system is pumped down.

Fluctuations in the microcbalance output amount to 0.04 pg
peak-to-peak and drift 1s less than 0.005 ug/min when the equipment
is thoroughly warmed up. The response to a sudden change in mass
shows a rise time of 0.0035 to 0.005 minutes (0.2 to 0.3 sec.) depénd—
ing on the amplitude on the chart recorder. This 1s small enough so
that it does not affect the measurement of recovery timeé.

Tracings of two microbalance recordings are shown in
Figure 5. The first shows the data for some of the smallest deposit
rates recorded. The second is typical of data that can be obtained
for deposit rates of 4 pg/min or greater. Such recordings often do
not deviate from a straight line by more than the width of the ink

line.
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D. Optical System

Figure 6 is a aiagram of the optical system. ILight from the
horizontally mounted capillary tube of the lamp is imaged in the atomic
beam by lens #1 (approximately 15 cm focal length) and reimaged on‘the
spectrograph slit by lens #2 (25 cm). These lenses are made of quartz
and are not achromatic so the optical system must be refocused for
each wavelength. This i1s accomplished by-adjusting the positions of
the lamp and lens #2. The sto? is a 1/4 inch diameter aperture placed
around the virtual image of the spectrograph grating to eliminate
extraneous light. The light modulator varies the amount of iight
reaching the spectrograph in such a way as to remové fluctuatigns in
the intensity of the lamp.

In developing the theory, i1t was assumed that the transverse
dimensions of the light ﬁeam are negligible as it passes through the
atomic beam. This, of course, refers only to that part of the beam
which is subtended by the grating and is diffracted to the phototube.
The thickness of this beam varies from 0.08 mm directly over the ori-
fice to 1.0 mm as it enters and leaves the atomi¢ beam. The horizontal
width is 7.2 mm. Compared with the height above the orifice (ZO) of
2.5 cm, these dimensions are small enough that less than 1% error is
made by the assumption that the transverse dimensions of the light
beam are negligible,

The light source is a PEK Iabs type A high pressure mercury
arc lamp operated at 500 to 1500 v dec from a motor-generator set. It

draws a current of about 1 amp. The discharge is contained in a 3 cm
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length of 1 mm bore quartz caﬁillary tube, which is surrounded by a
quarfz water jacket. The lamp is cooled with tap water, which slowly
deposits salts on the capillary tube and water jackelt resuliting in a
gradual decrease in the intensity, especially at very short wave-
lengths, These deposits may be removed with dilute hydrochloric‘acid.

Figure 7 shows the spectrum which is produced by the lamp
in this optical system. It 1s similar to the spectrum cbtained by
Stahl(l6) and consists of pressure-broadened emissicn lines with
strong continuum radiation between them. The drop-off in intensity
at the extremes of the spectrum is due partly to the blaze of the
spectrograph grating. It is of interest that in reglons near emission
lines or below 2500 R tne intensity decreases with increasing power
to the lamp. All data reported here were obtained in wavelength
regions far removed from any of the emission lines.

The filter shown in Figure & is used to limit the light
reachling the spectrograph to that in the desired order. TFor wave-
lengths between 3500 £ and 3900 & a Corning glass filter no. 7-59
"Blue Purple Ultra™ is used. Between 2800 R ana 3500 & the filter is
no. 7-54 "Red Purple Corex A." Below 2800 R a liquid filter is used,
which consists of a solution of 180 g NiSOQ-GHEO plus 80 g 00804-7H20
per liter of water contained in a quartz cell with a thickness of
3.5 em. This filter is a compromise between those recommended by

Strong(l7) p. 363 and Krasha.(lg) It passes light between 2200 b
and 3400 £. To prevent excessive absorption below 2500 R, it must be

made with extremely pure water.
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The light transmitted through the atomic beam is analyzed
by a 21 foot Rowland spectrograph. The Bausch and Lomb grating has
a radius of curvature of 6.65 meters and a ruled area 13.8 cm long
with 600 ruiings per mm.. It is used in second order where the disper-
gion is 1.253,E/mm. The entrance slit was set at 15 to 40 microns
with an exit slit of 21 microns. Figure 13b gives an indication of
the resolution which can be obtained. The hyperfine components of
the copper liﬁe A3247, which are about 40 mR apart (see Section IV B),
are partially resolved. Theoretically the resolution of the grating
at this waveleﬁgth is 20 mg, but this is degraded to more than 35 f
because of the finite widths of the slits. |

The amount of scattered light in the spectrograph has been
estimated by inserting filters in the light path which cut out the
waﬁelength for which the spectrograph is focused and pass large bands
of the spectrum at other wavelengths; At wavelengths above 2500 R
these measurementé indicate that the amount of scattered light is
negligible. However, below 2500 K, where the light intensity is small
compared to the intensily at longer wavelengths, significant amcunts
of scattered light are present and must be taken into account. As
described in Section IV-C, 12.6% of the photocurrent at 2288 R vas
found to be due to scattered light.

At the camera holder of the spectrograph there is a carriage
containing the exit slit and photomultiplier tube detector which are
scanned along the focal curve to record the spectrum. In addition,

there is a reference photomultiplier tube and an associated system of



mirrors which supplies a signal to the light regulator system. This
carriage replaced a similar one used by Lawrence and Link,(g’lo’ll)

in which a reference signal was obtained through a light chopping
arrangement.

The exit slit was constructed from razor blades in the manner
described by’ngrence,(g) p. 34. 1In keeping with advances in the state
of the art, Wilkinson Sword stainless steel blades were used instead of
the Gillette Super Blue Blades previously used. The width of the slit
varies from 20 to 23 microns over a length of 2 cm with an effective
average being 21 microns.

The light passing through the exit slit is detected hy an
EMI/US type 9526B photomultiplier tube which has a quartz end window.
Its response extends from below 2000 £ to above 6000 E. The dark
cufrent is less than one nanocampere, which is negligible compared to
the signal current which is usually between one and three microamperes.

Power for the photomultiplier tube is obtained from a
John Fluke model 402M high voltage power supply which is regulated to
0.01%. Typically, the voltage was set at 1200 to 1300 volts except
for wavelengths below 2500 R vhere voltages up to 1600 volts were used
because of the small amount of light available.

The carriage is driven up and down the focal curve of the
spectrograph by a Starret no. T465P micrometer head. Power 1s supplied
by an Apcor model 2201-60 multiratic gearmotor coupled to a thirty-to-
one worm reduction gear. Except for the multispeed gearmotor, this

driver is identical to that described by Lawrence,(g) e 50s The



REFERENCE

PHOTOTUBE 7

\7\\
N
RCA
P28
LN

7 0 A A 0 i

/ DETECTOR
< /-PHOTOTUBE
/V
EMI
95268
BELLOWS
COUPLING
g —

T

7 A1 C
MICROMETER
/ B HEAD

[

SCANNER
MOTOR

0% I
/Z/ i
]

;j\ EXIT SLIT
MIRRORS
‘A
LIGHT FROM
GRATING

Figure 8. Carriage.

_69_



-40)-

scanning speeds which are available are: 1, 2.5, 5, 10, 25, and 50
mils per minute. Most of the data was taken with a scanning speed of
2.5 mil/min although 5 and 10 mil/min were also used. The faster
speeds are useful for finding lines.

Since the widths of the absorption lines are only about
2 to 3 mils at the focal curve of the spectrograph, the motion of the
carriage must be very preclse. Although the carriage is driven by =a
synchronous motor so that its average spéed is constant, there
occasionally appears to be short-term variations in the scanning
velocity. Thié‘is indicated by compariﬁg average f-values cbtained
vhile scanning in the two directions; if the difference is greater
than the scatter in the individual values, velocity variations are
suspected. Attempts to measure the instantaneous velocity of the
carriage have been only partly successful due to its extremely small
value. However, at one time an increase in veloclty of approximately
13% for one-half minute was observed along with several smaller
increases and decreases. These variations were observed while
scanning in one direction but not the other. Most of the time, the
scanning velocity seemed to be constant to within 2% when averaged
over 10 seconds. Disturbances such as these are minimized by care-
fully polishing the track in which the carriage slides with #600

emery paper and lubricating it with "Lubriplate."

E. Tight Regulator

Because the light intensity at different wavelengths is
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measured at different times as the carriage is driven across the
spectrum, it is important that the intensity of the continuum be
constant with time. Unfortunately the light output of the lamp
fluctuates. These fluctuations consist of continual variations of
about 1%, sudden jumps in the intensity of about 10%, which occa-
sionally occur as often as every minute or so (or occasionally not

at all), and a long term decrease of up to 10% per hour due mostly to
the deposition of cocling watér contaminants on the lamp and water
Jacket. The purpose of the light regulator is to remove these
fluctuations.

The light regulator operates by forcing the output of the
reference photomultiplier tube to remain constant. It does this by
varying the fraction of the lamp's output which reaches the spectro-
graph through the action of the light modulator and also by varying
the power to the lamp.

As shown in Figure 8, the 1P28 reference photomultiplier
tube is mounted on the carriage and, by means of mirrors, loocks at
two bands of the spectrum which straddle the portion seen by the
detector photomultiplier tube. Experience has shown that fluctua;
tions in the lamp output at different wavelengths are poorly
correlated if the wavelengths are not close together. Therefore, the
two bands seen by the reference tube are made small and close
together. Figure 9 shows the response of the reference system iIn
relation to the detector wavelength as measured by scanning a mono-

chromatic source and recording the sum of both phototube signals.
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The entire reference signal comes from wavelengths within + 2 1/2 b
of the wavelength seen by the detector tube.

The light modulator was constructed from a small loud-
speaker as shown in Figure 10. The cone and excess sheet metal were
removed and a bakelite knife edge was cemented to the voice coil.

Its resonant frequency is 100 cycles per second with a damping ratio
of 0.45. It is placed in the light beam between the stop and the
filter as shown in Figure 6 and is positioned so that it blocks out
approximately 25% of the light to the spectrograph. As signals are
applied to it, the voice coil moves up or down blocking out more or
less light.

The circuit diagram of the light regulatocr is shown in
Figure 11. Voltage for the reference photomultiplier tube is obtained

~from the same power supply that powers the detector tube but can be
varied from 40 to 100% of that voltage by-Rl. This controls the gain
of the phototube, which 1s always operated with a photocurrent of

20 pA regardless of the light leyel.

The current from the reference tube is filtered by R,, R

2 Ty
and Cl to reduce the high frequency response so that the amplifiers
are not overlocaded by noise due to statistical variations in the rate
at which photons reach the phototube. A constant current of 20 pA

is subtracted from therphotOCurrent through R4 and the difference is
amplified by a preamplifier consisting of transistors Ql through QG

and their associated components. The gain of this preamplifier can

be varied by nearly 40 db by a feedback gain control. The three small
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capacitors associated with the gain control are necessary to elimi-
nate high frequency instabilities.

The output of the preamplifier is applied to a compensation
network consisting of R

CE’RB’ and C This is a "lead-lag'" net-

5’ 3"
work which adjusts the frequency and phase response of the overall
feedback loop so that it is stable. The component values were chosen
by the use of root-locus plots.

The light modulator is driven by a complementary amplifier
with transistors Q7 through Q12. This amplifier has a high input
impedance so that it does not load the compensation network and has
an_output voltage swing of + 5 wvolts into the 6 chm impedance of the
light modulator.

After operating the light regulator with these components,
it was noticed that, although the total gain is more than 60 db,
changes in the light intensity due to changes in the lamp power were
not completely removed. This suggested that additional improvement
could be obtained by modulating the power to the lamp.

The lamp power is modulated by transistor Ql7’ which is
controlled by a cadmium sulfide photocell illuminated by a small
Jamp. In this manner signals are transmitted to Ql? desplte the
500 to 1500 volt potential between it and ground. In consideration

of the maximum voltage and power fatings of the range over which

Ql?’
it can vary the mercury lamp voltage is limited to about 100 volts.
In practice, this has usually'beeﬂ sufficient although there have

been times when a larger range would have been useful.
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The #313 lamp is driven by Q 5 through Q, which émplify
the voltage applied to the light modulator. Thus, the lamp power
modulator circﬁit forces the light intensity to be such that no
action is needed by the light modulator.

It would seem much simpler to eliminate the light modulator
and modulate fhe lamp power directly with the signal from the reference
phototube, but all attempts to do this have failed. The difficulty
lieg in the impedance and transfer functions of the lamp. These
characteristics are non linear, often negative, and vary with time.
When inserted in a feedback loop they almost invariebly result in
instabilities and oscillation. Such difficulties are largely circum-
vented by severely limiting the frequency response of the power
modulator circuit so that only the DC characteristics are involved.
Even so, the power modulator cannot be used at those wavelengths and
lamp voltages where the light output remains constant or decreases
with increasing lamp power. In normal operation the light modulator
removes the fast fluctuations in the light intensity while the lamp
pover modulator takes over at very low frequencies and DC.

An alarm circuit is provided, consisting of transistors QlB’
ng, QEO’ and a modified doorbell. It may be operated from either the
light mecdulator or power modulator outputs. Whenever the chosen output
becomes more negative than a preset threshold, indicating that the
lamp voltage needs to be Increased manually, the bell rings, slowly at
first and then more rapidly as the situation becomes more urgent.

Thus, the operator can divert his attention from the light regulator
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and still be informed when the lamp characteristics change. The circuit
would be more useful if it also included én upper threshold as the lamp
output occésionally increases with time.

The performance of the light regulator system is indicated
by the size of the noise and drift of the continuum as displayed in
Figure 13a. At wavelengths where the light intensity is large, the
noise is usually less than 0.1% peak-to-peak with the signal Ffiltered
by two low-pass filters of 5 or 10 second time constants. This noise
is due almost entirely to photoelectron statistics and can thérefore

not be reduced unless the light intensity is increased.

F. Equivalent Width Recording

The signal from the detector photomultiplier tube is
processed as shown in Figure 12. After passing through a low-pass

filter consisting of R, and Cl’ it is amplified and filtered again by

1
a. chopper stabilized DC operational amplifier. The signal is then
displayed on a Brown chart recorder either directly or with a constant
DC voltage subtracted from it so that small changes may be cbserved.
The time ccnstants T = Rl Cl and Ty = R2 02 of the two
low-pass filters are usually set at 5 or 10 seconds which, at the
scanning speed of 79.6 mﬁ/min, provides the most nolse filtration
without excessively smearing out the absorption lines geing measured.
For strong lines where the signal-to-noise ratio is larger, smallef

time constants are sometimes used.

Range switches for the two outputs are set so that both
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signals cover a large span on the chart recorder with the zero shifted
signal displayed at a magnification of up to 100 times compared to

the unshifted signal. This magnification is known as the scale ratio.
While scanning a line the magnified signal is normally recorded. To
record the continuum level, the recorder is switched to the unshifted
signal for a few seconds. This may be done automatically either ét
one minute intervals or whenever the scanning direction is reversed.

Figure 13 shows two examples of the recorded data. To
obtain the equivalent width & straight line is drawn connecting the
continuum on each side of the line and the ares is measured with a
planimeter. The equivalent width is proportional to the area divided
by the continuum level and scale ratio.

The smallest equivalent widths which can be measured with
this apparatus are about 0.1 mk. This is é to 3 times better than the
performance of the light chopping apparatus used by lawrence and Link.
The improvement is due to the elimination of noise from irregularities
in the chopping process, better photoelectron statistics, and the fact
that the reference signal is taken closer to the wavelength being

observed by the detector tube.
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IV DATA AND RESULTS

The procedure followed in obtaining the data is as follows:

Values of the various quantities relating to the geOmetfy
of the atomic beam are measured each time the furnace is assembled
for a run. ¥rom these ﬁeasurements Q is calculated using equation
(51). After the vacuum system has been pumped down, the furnace is
heated to produce an atomic beam and the phototubes are scanned back
and forth over the line to record data on equivalent widths. Each
scan takes about 5 minutes. During this time, the shutter under the
microbalance pan is opened for a few minutes to record the deposit
rate and recovery times, and the furnace temperature is measured.
After the line has been scanned several times, the furnace temperature
is changed and more scans are made. This is continued until data have
been obtained for as wide a range of atomic beam densities as
possible. Usually 20 to 30 scans are recorded for each line.

For each scan, values of W., G, t

A R

a value of f is calculated as described in Section II-I. A weight is

, and T are cbtained and

assigned to each measurement depending on the slope of the curve of

growth in the region where the meésurement was made and the apparent

quality of the equivalent width and deposit rate data. The f-value

is then calculated as the welighted mean of the individual measurements.
The experimental results are reported in the following

Sections along with a discussion of methods and problems unique to

each transition or element. For each line a curve of growth plot is
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presented showing the theoretical curve and the experimental data.
Each experimental point is a plot of the cbserved value of WK/AAD'
GG/QT vhere T is

the aversge f-value derived from all of the points.

versus the corresponding observed value of T EF

A. TIron

are

Data #== presented for the A3720 transition a5D - zSFO .

4 5
It was measured using the apparatus described by'Lawrence(g) and

Link(lo)

with which equivalent widths are measured by recording the
difference between the light intensity at twe wavelengths 6 K apart.
A single phototube alternately detects both signals which are chopped
by a motor-driven shutter. One of the signals comes from the con-
tinuum and is used as a reference while the other scans the line.

Stabilized zirconia crucibles and tantalum furnace tubes
were used becauge molten iron reacts with graphite. The diameter of
the orifice was 2.0 mm. A radiation shield, made of 5 mil sheet
tantalum, was placed around the furnace to reduce the power needed to
reach the high temperatures at which Iiron vaporizes. Some trouble
was experienced with iron droplets condensing at the orifice of the
crucible and sometimes completely plugging it. This did not occur
while the data reported here were obtained.

Since iron is magnetic, the pan damping magnet could not
be used so damping was provided by sliding friction at the micro-
balance stirrup. Because of the extra noise introduced by motion at

the stirrup, recovery time data were poor and were usually not taken.
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The few recovery times that were measured show no significant
differepce from the theoretical wvalues,

The pan heater consisted of a small tungsten lamp near the
pan.

Iron has several low-lying energy levels which aré appre-
ciably populated at the furnace temperatures used. The states
a 5D4,5,2,l,0 have energies of Q.OO, 0.05, 0.09, 0.11, and 0.12 eV
respectively. The Boltzmann factors range from 46% to 2.6% and are
rather insensitive to the temperature. The next lowest states,

a 53‘5,4:}3,2,1 ‘have enérgies from 0,86 to 1.0l eV and are only very
glightly populated.

At the temperatures at which data were obtained, the mean
free path of the iron atoms inside the crucible varied from 0.18 to
3.3 times the orifice diameter. At these atomic beam densities the
assumption of effusive flow is not wholly justified. Measurements of
the effect this has on atomic beam f-values are discussed in Section
IV-C for cadmium and a formula for correctig%;the data is given. The
result is another factor Fy, which multiplies G in equation (50)
along with FB and FG' These corrections increase the f—vaiue of the
Fe line A3720 by 9%.

More than 91% of natural iron consists of the isotope 56Fe,
which has no nuclear spin and thus no hyperfine structure. In addition,

the value of the damping ratio a' is negligibly small. Therefore, the

single component curve of growth given by equation (32) was used.
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Twenty-six scans were recorded for this line. Table I

Table T Fe A3720 data

Quantity Values(s) Units
b 2.841 inch
Zg 170 inch
o 0.189 inch

sin 6 0.670
Q 6.90 x 10°% (pg/min) %k™L
T 2005 to 2230 %
My 6.42 to 6.77 | wk
W, 1.55 to 11.72 nf
G 8.28 to 162.8 pg/min
Fp 0.460 to 0.447
FL 0.983 to 0.769
T 0.0356 to 0.0534

summarizes the data and Figure 15 shows the curve of growth. The

weighted mean f-value is

4%
f%3720 0.04320

with a standard deviation of the individual values of 6.8%.
This value is considerably larger than the value of 0,032

obtained by Bell, et al.(G) Part of the difference is accounted for
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by the mean free path correction which has not been applied to
previous atomic beam f-values. These may also have been some trouble
in the earlier work with gas adsorption by the deposit on the micro-
balance pan since a pan heater‘was not used., This is discussed for

copper in the next section.
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Figure 14, Theoretical curve of growth (solid line) for A3720 of Fe.
Dasghed line i1s asymptotic to the linear part of the curve.
Experimental data are plotted for f = 0.0430.
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B._ Copper

Copper behaves gquite well in the atomic beam furnace, so
it was used to test new apparatus as it was being developed. Molten
-copper does not react in any way with the graphite crucible, which
may be reused indefinitely without any noticeable deteriloration.
Little trouble was experienced with droplets of metal condensing in
the 1 mm diameter orifice except at very large atomic beam densities.

Although molecules have been cbserved in copper vapor,

(19)

Nesmeyanov ~states that their percentage is negligibly small. This
is supported by the obgerved recovery times which show no systematic
difference from the theoretical values.

Since the excitation potential of the first excited
state of Cul is 1.38 eV, 99.9% or more of the atoms are in the ground
state at the temperatures used and no Boltzmann factor is needed.

Oscillator strengths were measured for three lines of
copper. In addition to the resonance doublet AA3247, 3274
(4s %y - 4p P ), which was easily measured with the atomic

1/2 afe, 1M
beam apparatus, there are other doublets arising from the ground
state at shorter wavelengths. All but one of these are too far in
the ultraviolet to be measured with the present apparatus. Only the
: 2 4 o :

strongest line,. A2492 (4s 81/2 - 4p' P 5/2), of this doublet was
measured.

Since A2492 is an intercombination line with a small

f-value, large atomic beam densities were needed to cbserve it.
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Condensed droplets in the orifice were very troublesome. At these
densities the mean free path of the atoms in the crucible is small
so the correction factor FL (seé Section IV—C) must be applied. It
has not been applied to the data for A3247 or A3274 since the densi-
ties were much smaller.

The intensity of the continuum at 2492 R is about one
tenth that at longer wavelengths which makes equivalent width
measurements less accurate. The light output is also rather insen-
sitive to the lamp voltage so difficulty was experienced with the
pover modulator circuit of the light regulator.

Copper has two stable isotopes: A = 83 (69% abundance )
and A = 65 (31%). Both have nuclear spin 3/2. The hyperfine and
isotopic splittings shown in Figure 15 were calculated from the
tables of LandoltnBBrnstein.(EO) Each line is split into 8 or 12
components which are grouped so that the curve of growth given by
equation (39) wmay be used. For A2492 C is divided into 4 parts in
the ratio 21 : 5 : & : 1 ; for A3247 and_R5274 € 35 gplib 8 1 3.
The approximate curves of growth cbtained this way are sufficiently
accurate for the data cbtalned but should be expected to diverge from
the true curves for larger wvalues of C.

Table IT summarizes the copper data which is plotted

in Figures 15, 16, and 17. The average f-values are
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(std. dev. of

T\5247 0.427 4 6.1% 4 4l viaual values)
fyzngs = 0-206 & 6.6%
T pagp 0.0037 + 16%

' Bell; et al.(B) obtained 0.31 for the f—%alue of A3247

compared to the value 0,427 obtained here. The difference appears
to be due to the use of the pan heater. A series of f-value measure-
ments, with and without the pan heater, was made to determine the
magnitude of the effect. The result for A3247 using the pan heater
wvas 0.43, agreeing with the previous measurements, while 0.37 was
cbtained without the pan heater, Furthermore, the results without
the pan heater showed a definite dependence on the atomlc beam
density, smaller cbserved f-values being obtained at smaller
densities. This is consistent with the hypothesis that residual
gases are adsorbed by the pan unless the pan heater is used to drive
them off. The remaining difference is_probably’due to higher pres-
sure in the vacuum chamber. The pressure during the measurements of
Bell, et al. was O X 10"5 torr, which is ten times that attained here.

Much of the difference between the f-value measured here
for iron and that measured by Bell, et al. is most likely due to
the same effect. Similar differences exist in the f-valuesof

(10)

chromium measured by Link with a pan heater and by Bell(s) without

a heater.
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Figure 15, Hyperfine and isotopic splitting for copper.



Teble IT Copper data

Quantity A3247 A3274 A2492 Units
No. of scans 25 23 9

b 2,773 2,773 2,773 inch
Zo 0.949 0.949 0.953 inch
o 0.288 0.288 0.288 inch

sin 6 0,733 0.733 0.733
Q 1,548 % 107 1.536 x 1072 5.026 x 1072 (nefmin) %%
i 1370 to 1770 1440 to 1806 1815 to 2023 %

oy’ 4.75 0 5.40 4,92 to 5.50 4,20 to 4,43 nf
N 0.188 to 19.69 0.204 to 15,62 0.157 to 2.29 mf
G 0.124 to 22.48 0.286 to 35.4 25,2 to 578 ug/min
¥, — —_— 0.956 to C.644

0.328 to 0,502

0.182 to 0.273

0.00227 to 0.00535
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Figure 16, Theoretical curve of growth and experimental
data for A3247 of Cu with f = 0.427.
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Cadmiun forms a useable atomic beam at temperatures as low
as EQOOC. The special cruciﬁle and thermocouple-uéed to measure the
temperature have been described in Section III-B. ‘Eecause.of the_
low furnace femperatures, outgassing was greatly reduced and thé
pressure in the vacuum chamber was alwayé less than 10—6 torr and
usually between 1 and 3 x lO—7 torrf This is a féctor of 10 lower
than for other elements.

‘In accordance with its high vapor pressure, atoms of
cadmium do not always stick when fhey impinge on a surface at room

(19)

temperature. TFor example, Nesmeyanov states that temperatures
of -185 to -78 0C are suitable for condensing cadmium vapor compared
with +350 to +575 °c for copper vapor.

This has two effects in the atomic beam apparatus. TFirst,
part of the atomic beam bounces back through the light beam from
nearby surfaces, increasing the absorption over that due to thé
atomic beam alone; and second, the deposit rate measured by the
mlcrobalance is too low. The latter effect can be corrected for if
recovery times are measured, but it is desirable to minimize EH==
~ this correction. The first effect must be eliminated as there is no
way to calculate i1t. This was done by extending an auxiliary liquild
nitrogen cold trap under the plate containing the aperture beneath
the balance pan. All of the atomic beam is coﬁdeﬁsed on this cold

trap except for a small portion which goes through a hole in the
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trap to the aperture and balance pan. Thereffectiveness of the cold
“trap was demonstrated by the fact that cadmium no longer condensed
on everything else in the vacuum chamber after the trap was installed.

The problem of atoms bouncing off the pan was largely solved
using the pan heater. The heater could not be used in the usual
manner while the deposit rate was being measured as it would have eva-
porated the deposit. However, if fhe pan was heated for a few minutes
and then imﬁediately exposed to a rather intense atomic beam, subse-
quently measured recovery tiﬁes indicated that 98 to 99 % of the atoms
were sticking.: Appareptly the pan becomes covered with a contaminant
on which cadmiuﬁ.atoms do notlreadily étick. For example, as much as
80% of the incident atomic beam has been observed to reflect off a new,
urheated pan. The heater drives off this contaminant leaving a clean
metal surface on which the afoms do stick.

Cadmium has an isolated ground state so no Boltzmann factor
is needed. Only two lines from this state are accessible to the atomic
beam apparatus: the resonance line A2288 (552 lSO - 5p 1P01), and
the intercombinatioﬁ line A3261 (582 lSO - 5p 5Pol).

Because the light level at 2288 R was quite low, the amount
of noise in the photocurrent was about 5 times greater than normal and
the smallest equivalent widths that could be measured were about 0.5 mk.
Coupled with the sﬁall Doppler width, this meant that data could be
dbtainea only above the linear part of the curve of growth. Even if
weaker lines could have been measured, the deposit rates would have

been too small to measure because of the large f-value.
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Tests with filters which cut out the far ultraviolet and
pass longer wavelengths indicated the presence of a significant amount
of scattered light at 2288 E. To obtain a quantitative measurEﬁent of
the scattered light & more selective filter, which absorbed light only
in the immediate region of 2288 R ana passed everything else, was madé
by sealing a small quantity of cadmium in é quartz cell. This was
wrapped with asbestos and nichrome heater wire, placed in the light
.path, and heated uﬁtil the cadmium vapor-in the cell produced an
absérption line so strong that a region of approximately 2 1/2 g wa.s
completely absorbed. Measurements of the residual intensity at the
center of this line, which could only come from scattered light, showed
that 12,6% of the total photocurrent without the cell was due to
scattered light. To take this into account, the measured continuum
level was decreased by this amount in the process of reducing the
equivalent width data.

Cadmium has eight stable isotopes of which-two have nonzero

nuclear spin and thus exhibit hyperfine structure. The structure of

A3261 was measured by Kelly and Tomchuk.(gl) That of A2288 has been
deduced from the isotope shifts of llOCd, 11206, and lléCd, also
(22)

measured by Kelly and Tomchuk. The shifts for the other isotopes

were determined by a fit with the shifts measured by Kuhn and

Ramsden(EE) for A4416 of Cd II. TFinally, the hyperfine splitting of

T (24)

Cd was taken from the work of Lurio and Novick o and the splitting

of llSCd was cobtained from this using the nuclear magnetic moment

ratio measured by Procter.(25)
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Figure 19. Hyperfind and isotopic splitting for cadmium.
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The resulting splittings are shown in Figure 19 along with
the line profiles with appropriate Doppler widths. It can Immediately
be seen that there isg no valid way to group the componeﬁts of either
line so that the approximation of equation (39) can be used. TFor both
lines, accurate curves were calculated by evaluating equation (38)
numerically. This was not necessary for A3261 since all the data were
obtained on the linear part of the curve and even a very poor approxi-
‘mation to the true splittings produces accurate results here. However,
for A2288 the accurate curve is a necessity as all the data fally
above the lineér part.

The value of a' for A3261 is 0.00005, which can certainly be
set equal to zero. For A2288, using f = 1.38 and AA,' = 1.6 mf,
equation (49) yields a' = 0.0510. The value assumed to compute the
curve of growth was 0.0536. Since the value of a' affects only the
upper part of the curve, where there are only a few data points, this
difference 1s not sérious. It 1s estimated that it changes the f-value
derived from the data by less than 0.5%.

The A3261 it was necessary to use large deposit rates because
the f-value 1g so small. At these high densities the mean free path of
the atoms inslde the crucible is not large compared to the orifice
diameter. When the individual f-value measurements were calculated by

the relation

o= QTC/FGQ . (52)

there was a definite tendency for lower values of f' to be obtained at
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larger deposit rates. This is probably due to a breakdown, at high
vapor-densities, of the assumption that the atomic beam is formed by
effusive flow. |

No theoretical expression is available for the atomlc beam
density in this case, but it is reasonable to assume that £' is a
function only of the mean free path and approaches the true f-value as
the mean free path becomes large. The f-value can, therefore, be
obtained by extrapolation.

The mean free path in a gas of ng atoms/cm3 is given by

Kennard(lg) asv

1

L='—"'—'—'—'—‘—2——*—
J2 1 8 n,

(53)
where § is the atomic diameter. There is a gquestion as to the choice
of §. Probably, values of § based on transport phenomena (viscosity or
heat conductivity) would be best if they were available. However, in
order to get comparable values for different elements, values slightly
larger than. the nearest neighbor distance in the solid state have been
used here. For cadmlum, the value & = 3.2 R was chosen.

Equation (53) can be combined with equations (2), (3), and
(34) to give
2

2
L=~——d-—§\/1v£a7n(292)€ (54)

8 N_ & b° + p

wvhere d is the diameter of the crucible orifice. For cadmium 4 was

0.19 om.
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It is most convenient to plot the data versus the dimen-

sionless quantity d/L given by

8N §° o 2

4/t = —3— JER (2—EE- ) opT (55)
p.

and extrapolate to zero d/L to get the value of f. This is done in
Figure 20. Instead of f', log f' has been plotted as the ordinate
because it was thought that this would enable a straight line
extrapolation to be made.

The plot shows considerable scatter so the data were aver-
aged in six groups having d/L ranging from 0-1, 1-2, 2-4, 4-6, 6-10,
and 10-20. These averages are plotted as the square symbols with
error bars. A straight line (the dashed line in Figure 20) was fitted

to these points by the method of least squares. The result Is
log £' = =-2.749 - 0.0151 (4/L) .

The value of X2 is 10.5, which for 4 degrees of freedom has only a
3% probability of occurance. The reason for the bad fit is cbvious;
the curve should be concave upward. Therefore, the points were fitted

with a quadratic with the result:
log £' = -2.730 - 0.0249 (4/L) + 0.00080 (d/L)° .

This is the solid line in Figure 20. The value of X2 is 7.4 with a
probability of getting this or larger of 6% (3 degrees of freedom).

This is somewhat better,
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Figure 20. Mean free path correction. The apparent f-value, calcu-

lated from f' = QTC/FGG, is plotted versus the ratio
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atoms inside the crucible. BSquare sywmbols are averages
for points having d/L in the ranges 0-1, 1-2, 2-4, 4-8,
6-10, 10-20. Dashed line is a linear it to these

points; solid line is a quadratic fit.
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Because data for other elements are sometimes also obtained
at large deposit rates, a correction has also been applied to them.
It is éssumed that f' has the same dependence on d/L as oObserved for
cadmium so that the cérrection can be made by multiplyling each value

of G by

F;, = antilog [- 0.0249 (d/L) + 0.00080 (d/L)2 1. (586)

Individual measurements of f-values are thus cbtained from

QTC

Ty en " (57)
FF PG

Since the data on which this correction is based show
considerable scatter, and since the actual form of the correction has
not been confirmed for other elements, it can not be regarded as
being very accurate. Certainly it is not valid for d/L > 20,
Nevertheless, to neglect it would result in systematic errors. The
validity of the correction is corroborated by the fact that in every
case where it has been applied the scatter of the data has been
reduced.

The data for the cadmium lines are summarized in Taﬁle IIT
and plotted in Figures 21 and 22. The average f-values and the

standard deviation of the individual measurements are:

fyzpgy = 0000190 + 14.6%

- A
fappgg = 1-38 x 25.6%
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These values are larger than the values which would have been cbtained
without the mean free path correction by 15.7% for AZ261 and 1.7% for
A2288. The large deviations are due to the reasons discussed above,

i.e. small equivalent widths for A3261, and low light level and small

curve of growth slope are A2288.



Table III Cadmium data

Quantity A3261 A2288 Units
No, of Scans 58 29
b 2,786, 2,790 2,785 inch
7 1.029, 1,032 0.985 inch
o 0.3024 0.3024 inch
sin e, o.v}g, 0.709 B 0.717 . -
Q 1,830 x 10 °, 1.829 x 10 2,499 x 10 (ng/min) °k
T 545 to 693 475 to 620 °k
any 2,21 to 2,47 1.45 to 1.66 nfl
Wy 0.059 to 2.21 0.496 to 13.94 nft
G 0.950 to 580 0.191 to 142,9 pg/min
Fo 0.972 to0 5.11" 0.908 to 1.077
F, 0.988 to 0.644 1.000 to 0.826
£ 0.00127 to 0.00277 0.87 to 2.02

Five measurements before the pan was cleaned with the pan heater had F

1.438, All others had Fb < 1.30.

*H

Most values are nearly unity, only 3 are less than 0,95.

G

ranging from 5.11 to

_gL—
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Figure 21. Theoretical curve of growth and
experimental data for A3281 of C4,
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D. Cold

The two gold resonance lines AA2428, 2676 (6s &

-

1/2

6p EPO ) are analogous to the copper resonance lines,

3/2,1/2
G° M. Iawrence 2 measured A2676 with the atomic beam and cobtained an
f-value of 0,125, but, apparently because the optical system was not
properly focused, the light level vas much too low to measure the
f-value of A2428, The present measufements have been largely limited
te this line. |

Gold was evaporated from a graphite crucible with a 1.0 mm
orifice., No trouble was experienced with droplets condensing in the
orifice. However, the recovery times ranged from nearly 40% too long
at low deposit rates to 20% too short at the largest deposit rate.
This indicated trouble with both the sticking coefficient and gas
adsorption. Because the furnace had been outgassed for 36 hours at
temperatures slightly below that which produces an appreciable atomic
beam, the pressure was as low as 6 X 10-7 torr for small deposit rates.
However, it rose to S x 10—5 torr at the highest furnace temperature.
This explains why adsorbed gas caused more trouble at larger atomic
beam densitites. The sticking coefficient seemed to slowly improve
with. time.

In correcting for the abnormal recovery times, values of
1/(1 + A) ranging from 0.69 (corresponding to non-unity sticking
coefficient) dowm to 0.54 (gas adsorption) were used depending on

which effect predominated. Despite the fact that the corrections were
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as large as 27%, the individual f-value measurements show little
scatter and no variation with atomic beam density.

Gold consists entirely of one isotope, lg?Au, which has a
nuclear spin of 3/2., Elliott and Wulff(ge) found that A2428 has two
hyperfine components with intensities in the ratio of 5:3 and sepa-
rated by 12.6 mk. Since this separation is more than 5 times the
Doppler width, the curve of growth is accurately given by equation
(39).

The intensity of the mercury lamp, while somewvhat low at
2428 E, ils sufficient to allow accurate measurements of equivalent
widths. Measurements with filters indicated the presence of a small
amount of scattered light. This was corrected for by reducing the
observed continuum intensity by 2 1/2%.

The first excited state of gold is 1.13 eV above the ground
state and is populated by from 0.2 to 0.5% of the atoms at furnace
temperatures of 1750 to 2050 °k. The corresponding Boltzmann factors
for the ground state are nearly unity.

Mean free path corrections have been applied to the data
although the deposit rates were usually small énough so that this had
little effect. At the largest atomic beam density the correction was
nearly 8%, but for most of the measurements it was less than 1%.

The data for A2428 are summarized in Table IV and plotted
in Figure 23. The weighted mean f-value and standard deviation of

20 measurements are
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— 4 A

Three scans were made of A2676 with results that were consistent with

the f-value of 0.125 previously obtained by ILawrence,

Table IV Au A2428 data

Quantity : Value(s ) _ Units
b | 2.777 inch
zZ, 0.998 inch
p 0.3024 inch

sin 90 0.725
) 2,400 x 1072 Lug/ain) P8t
T 1759 to 2042 ' %
AV, 2.26 to 2.44 mi
W, 0.758 to 8,90 mk
G 2,58 6 70,8 pg/min
B 0.998 to 0.995
Fg 1.272 to 0,893
F 0.997 to 0.927
f 0.246 to 0.326
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V ACCURACY OF RESULTS

It has always been difficult to assign error limits to
gbsolute f-value measurements because of the possibility of unsus-
pected systematic errors. For earlier atomic beam measurements, such
errors have been present because of scattered light in the spectro-
graph, gas adsorbed by the deposit on the balance pan, and deviations
from effusive flow. Where applicable, appropriate corrections have
been made for these effects in thie work. The possibility remains,
however, that these corrections may be of the wrong magnitude‘or that
other effects may be present.

Most of the random errors arise in the measurement of
equivalent widths and are caused by’statistical noise in the phototube
signal. For easily measured f-values, the random error of a single
measurement has a standard deviation of 6 to 7%. Since 20 to 30
measurements are usually averaged together for each f-value determina-
tion, the standard deviation of the mean is about 1.4% or less.

Oscillator strengths are calculated from equation (57):

;. eI |
FFF G

Estimates of the systematic errors in the quantities in this formula
are given below,
Q: This factor contains most of the measurements of the

geometry of the atomic beam and is given by equation (51):
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The values of b and zZ, were about 2.8 and 1.0 inch respectively and
could be measured with an accuracy of at least 0,005 inch. Various
values of p between 0.19 and 0.30 inch were used, each measured wifh
an accuracy of 0.001 inch. The estimated uncertainly in Q is 0.7 fo
0.8%, vhich is the square root df the sum of the squares of the errors
due to b, Zys and p.

T: The temperature is involved in a more complicated manner
than is indiéated by equation (57) since C depends on W%/AAD' and
the Doppler width AAD‘, in turn, is dependent on T. On the linear
part, the curve of growth is given by equation (32) using only the
first term of the series. If this i1s combined with equation (48) for
the Doppler width and the résulting expression for C is put into
equation (57); it is seen that the f-value is proportional to the
square root of the temperature. As the curve of growth flattens out,
T has even less effect on f.

Temperatures measured with the optical pyrometer should
have systematic errors of no more than 20°., At 1400 °K the error in
f is 0.7%. The thermocouple used to measure therfurnace tenperature
for cadmium has an estimated error of 10° or less, which produces an
error of 0.8% in f at 600 K.

C: On the linear part of the curve of growth, C is pro-

portional to w§/axD'. The following are sources and estimated
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maximum values of errors in equivalent width measurements: 2.0% from
amplifiers, range switches, and chart recorder; é.B% from scanning
speed; 0.4% from planimeter calibration; and 1.0% from scattered light.
These combine to give 3.4% as the error in W, - |

The Doppler width is proportiocnal to JT and sin 60. The
effects of errors in T have already been accounted for. The angle eo
is determined by the width and height of the slot in the water jacket
surrounding the furnace. Uncertainties in the position of the orifice
and in the actual width of the slot, which is narrowed by deposits
from the atomic beam, limit the accuracy of sin 6_ to 1.0%.

Combining the above figures, the error in wk/&KDl is 3.5%.
On the linear part of the curve of growth, the error in C is the same,
but on the knee or above, this value should be increased by dividing
it by the slope of the curve. For most lines this slope is between
1.0 and 0.8, but for Cd A2288 the average ;lope is about 0.33, and the
error in C due to errors in W%/AKD‘ is 11%.

In all cases where the approximate treatment of hyperfine
and isotopic splittings was not sufficient, an accurate curve of
growth was calculated from equation (38). Therefore, errors in C due
to this causé should be negligible. The assumption that the light
beam has no height and width as it traverses the atomic beam leads to
a maximum error of 0.8%.

G: The microbalance was calibrated with a 1.0 mg, class M
waight, which has a specified error of less than 0.54%. Five such

welghts were compared on the micrcbalance and the difference between
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" the heaviest and lightest was only 0.25%. The microbalance electro-
nics, range switch, and chart recorder should be accurate to within
1.0%. Other errors in determining the deposit rate from the chart
recording should be random in nature, so the systematic error in G is

less than 1.1%.

FB: Cu, Cd, and Au, which have Boltzmann factors near unity,
have no errors due to this source. For Fe, a 20° error in temperature
(9)

leads to a 0.3% error in F_,. However, G. M. ILawrence

A finds evidence

that the actual populations of the states may correspond to a tempera-
ture 300° or 4060 lower than the furnace temperature. If true, this
would lead to nearly a 5% error in F, for iron.

FG: The accuracy of this factor depends on the accuracy
with which recovery times can be measured (1.0%) and the accuracy of
1/(1 + A). Because of uncertainties sbout the value of 1/(1 + A),
errors in f from this source will be assumed to be 1/4 of the amount
that FG changes thé f-value,

FL: The mean free path correction has not been accurately
established. Therefore, errors in f will be assumed to be 1/3 of the
amount FL changes f for cadmium, and 1/2 of the change for all other
elements. For the two strong copper lines, this correction was small
and was not used. In this case, the error is assumed to be equal to
the change the correction would have made in the f-value. .

The estimated errors in each of the relevant quantities are

given in Table V for each line measured. The last column gives the

square root of the sum of the squares of these errors for each line.
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These values are thought to be good estimates of the standard errors of
the measured f-values. However, it cannot be definitely said that

there are no other, undetected, systematic errors.



Table V Errors in f

s Standard

Element Random Systematlc Errors (%) Error

and Brrors of £
Wavelength| f-value (%) Q T C @ Fy Fy Fol (%)
Fe =920 0.0430 1.4 0.8 0.7 4.3 2.4 4.7 1.0 4.4 8
C0 2547 0.427 1.2 0.7 0.7 3,9 1.1 1.0 0.9 4.5
3274 0.206 1.4 0.7 0.7 3,9 1.1 1.0 1.3 4.7
2492 0.0037 5.7 Py 0.7 3.6 | 1.0 5.6 9

ca

3261 0.00190 1.9 0.7 0.8 3.6 1.3 2.8 5.2 p
o088 1.38 4.8 0.7 0.8 11,8 P Gl 0.6 12

A 08 0.283 1.4 B 0.7 4.1 s 4 0 2.5 0.9 5.3

—Le—
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VI COMPARISON WITH OTHER MEASUREMENTS

Oscillator strengths may be measured by a wide variety of
different methods. Some of the more important ones are indicated
below. Most of them are described in greater detail by‘Foster.(l)

Absorption cell: The light absorbed is compared with the
number of absorbing atoms. Accurate vapor pressures are needed if
absolute f-values are to be obtained; otherwise relative values may
be measured.

Atomic beam absorption: Absorption is measured as above,
-but the number of absorbing atoms is measured directly.

Hook method: Similar to absorption cell except the anoma-
lous dispersion of the refractive index in the region of the line is
measured instead of the absorption. The name refers to the charac-
teristic shape of the interferometer fringes. Vapor pressure data
are needed to get absolute values.

Arc emission: Relative f-values are derived from the
intensities of emission lines. Absolute values may be obtained by
fitting the relative scale to known absolute values. Although this
method is not very accurate, it is Important because of the large
nurber of lines for which it is the oniy method that has been used.

(27)

Corliss and Bozman have measured the f-values of 25,000
lines of 70 elements using a copper arc containing a small percentage

of the element being investigated. The f-values measured with the

atomic beam by Bell et al.(s) for A3720 of Fe and A3247 of Cu were
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among those used by Corliss and Bozman to normalize their relative
scale. Since the values obtained in.this investigation are larger
than the values obtained by Bell et al., the f-values of Corliss and
Bozman should perhaps be increased slightly. However, Allen and
Corliss(ee) suggest that they be decreased by 11%. This correction
has not been applied to the values quoted here.

Lifetime: The mean lifetime of the excited state is
measured by cbserving the decay of the emitted radiation or by
modulating the exciting signal and cbserving the phase shift of the
modulation of the emitted 1ight.

Level crossing: Also called Hanle effecu or magnetic
depolarization. This method also measures the lifetime of the excited
state.

Iifetime measurements have the advantage that it is not
necessary to know the number of excited atoms. This is a major source
or error in most other methods.

Absolute f-values can be derived from lifetime measurements
using equations (27) and (28). If there is more than one downward
transition from the excited state, relative f-values for all the
transitions are neceded.

Comparisons of f-values measured by different techniques,
and, to a lesser extent, values measured by the same method, often
show large discrepancies, scmetimes by as much as a factor of 100 or
more. For this reason, agreement between values measured by several

methods must be obtalned before they can be trusted.
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Iron: Absolute f-values of the iron resonance line, as
measured by various investigators, are collected in Table VI. There
is general agreement that the f-value is between 0.03 and 0,08, but
the scatter within this range is fairly large. 1In view of the astro-
physical importance of this line, which is used to calibrate relative
f-value scales to obtaln absolute values for other lines, further

measuvrements are needed.

Copper: The results are compared with other measurements in
Table VII. For the resonance line A3247, there is very good agreement
between the present atomic beam measurement and recent lifetime mea-
surements by both the level crossing and phase shift methods. It is
perhaps significant that these are precisely the experiments that do
not require accurate knowledge of vapor pressures.

Very few measurements of the line A2492 have been made and
the agreement between them is poor. The present determination is the
first absolute measurement; all previdus measurements give relative
values which have been adjusted to an absolute scale by comparison

with other f-values.

Cadmium: Other measurements and the present results are
collected in Table VIII. The intercombination line A3261 has been
measured by many different methods with excellent agreemenﬁ.bétween
most of them. This line is particularly suitable for lifetime mea-
surements because of tﬁe relatively long-lived (1 = 2.4 x 10“6 sec)

upper state. Since it vaporizes at low temperatures, the vapor



Table VI

Oscillator Strengths for Fe A3ZT720

CObserver Method f-value
. (29) .
King (1942) Absorption cell 0,013
King (1942, revised (1958)(6) As above, new vapor pressure data 0.030

Kopfermann and Wessel (1951)(5)

Allen and Asaad (1957)(30)

Hinnov and Kohn (1957)(31)

Ziock (1957)¢32)

Bell et al. (1958)(6)

Adaink (1959)(33)

Ottinger and Ziock (1961)(54)

Corliss and Bozman (1962)(27)

Morozova and Startsev (1964)(55)

Corliss and Warner (1964,66)(56’37)

This investigation (1967)

Atomic beam absorption

Cu arc emission

Flame emission

Lifetime, phase shift
Atomic beam absorption

Arc emission

Lifetime, phase shift

Cu arc emission

Cu arc emission

Average of previous results

Atomic beam absorption

0.043 + 20%
0.034

> 0.046
0.046 + 30%
0,032 + 12%
0.0018
0.035 + 10%
0.058

0.045

0.053

0.0430 + 8%

...‘{6..



Table VII Oscillator strengths for copper

Observer Method il
A3247 A3274 A2492

King & Stockbarger(1940)38) Absorption cell _ 0.62 0.32
King & Stockbarger(1940),revised(1958)(6) Seme, but with new vapor pressures. 0,42 0.22
Ostrovskii & Penkin(1057) Rocks 0.74 0.38
Ostrovskil & Penkin81957),revised(l%:’n)(m) Same, but with new vapor pressures 0,66 0.34
Bell et al.(l958){6 Atomic beam ebsorption 0.3 + 10% 0.16 + 254
ndatnx(1059)(33) Arc emission 0.13
Vidale(l%())(él) Absorption tube 0.32
Corliss & Boman(1962)(27) Cu arc emission 0.32 0.155 0.0145
Riemann(1964)(42) Arc emission 0.287 + 14% | 0,14 + 14%
Stewart & Rotenberg(lQGS)(45) Theoretical: Scaled Thomas-Ferml 0.62
Ostroumenko & Rossikhin(1965)(44) Flame absorption 0.0057"
Motse(1985 )\ 45) Absorption cell 0.322 0.153
Slavenas(1066 )(46) Hooks 0.66" | 0.323 + 1.37 | 0.0001 4 39
Ney(1986 ) 47 : Level Crossing 0.445 4 3t |
Levin & Budick(1966 )(48) Level Crossing 0,43 + 109!;F
Cunninghsm & Link(1987)(49) Iifetime - Phase shift 0.432 + 4%
This investigation (1967) Atomic beam absorption 0,427 + 4,5% | 0.206 + 4.7% |0.0037 + 9%

*
Ostroumenko and Rossikhin give relative values,

absolute values for AN3247,3274 glven by this investigation.

Slavenas measured relative values and normalized them so that f

Penkin, revised.

These Investigators measured lifetimes,

A3247

of Corliss and Bozman to convert lifetimes to osclllator strengths for A3247.

The value quoted results from fitting their relative values to the
was the same as that given by Ostrovskll and

A branching ratic of 0.984 + 0.007 was derived from the relative f-values

_as—



Table VIII Oscillator strengths for cadmium

Observer Method A5261f-values 2288
xunn(1026 )(%0) Ve gneto-rotation 0.0019 + 10% |1.20 + 4%
Soleillet(l928)(51> Magnetic depolarization 0.0024
Ellett(l929)(52) Magnetic depolarization 0.,0021
Zemansky(l951)(55) Absorption cell 1.19
Koenig & Ellett(l952)(54) Iifetime 0.,0019 + 10%
Soleillet(1933 )(5 5) Lifetime 0.00195
King & Stockbarger(lSéO)(Se) Absorption cell 0.0023
Webb & Messenger(1944)(56> Tifetime-phase shift 0.00223 ~ 1,12
Metland(1953)(57) Iifetime 0.00233 + 2.4%
Addink(l959)(33) Arc emigsion . 0.008
Geneux & Wanders-Vincenz(l960)(58) Ma.gnetic dipole resonance 0.00219 + 3%
Barrat & Butaux(l961)(59) Megnetic resonsnce 0.00212 + 2-3%
Corliss & Bozman(1962)(27) Cu arc emission 0.0014 0.92
Helliwell(1963)(60) Theoretical: modified SCF 0.00305 1.95
Bieniewski(l964)(61) Absorption cell 0.00194 + 10%
Turio & Novick(l964)(24) Level crossing 1.42 + 3%
Byron et al.(1964)<62) Magnetic double resonance | 0,00200 + 1.7%
Spitzer(1965)(63) Ievel crossing 1.02
rvov(1965)(6%) Absorption tube 1.5
Moise(1966)(65) Absorption cell 0.00205
This investigation (1967) Atomic beam absorption 0.00190 + 7% |[1.38 + 12%

—96—
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pressure of cadmium has been accurately measured, alleviating the
ma jor source of error in absorption cell measuréments. For these
reasons, this is one of the most accurately determined of f-values of
lines in complex spectra. Despite the experimental difficulties in
measuring this line with the atomic beam, the value cbtained agrees
within experimental error with the results of other methods.

The value obtained for the A2288 line agreeg with the recent
level crossing work of Lﬁrio and Novick(24) and the absorption cell

(64)

measurement of Lvov. Other values are generally smaller.

Gold: Measurements of the f-value of the gold line A2428
are given in Table IX. Only 4 of these can make any claim of

precision: the hook measurement of Penkin and Slavenas,(4o) the

(45)

absorption cell measurement of Moise,

(48)

the level crossing measure-
ment of Levin and Budick, and the present atomic beam measurement.
The agreement of these values is not good.

The level crossing and atomic beam measurements should be
expected to give the most reliable values since they are not dependent
on vapor pressure measurements. Unfortunately, it is difficult to
compare these values. The level crossing experiment yields the life-
time of the upper state (EPOS/E) which Levin and Budick found to be
5.5 % ZLO'-9 sec + 19%. Because of the transitions AA3123,5065 to the
2D5/2’5/2 states, the branching ratio to the 281/2 ground state is
needed. This can be obtained if either relative f-values for all the

transitions or absolute f-values for the AA3123,5083 transitions are
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Table IX Oscillator strengths for Au A2428

Observer

Method f-value

. (33 ) . s
Addink(1959) Arc emission 0.035
Corliss & Bozman(1962)(27) Cu arc emission 0.08
Penkin & Slavenas(lQGS)(éq) Hooks 0.41 + 7%
Fanerens, iR & aeltoadiV L | asee Boaw shotmsiiion > 0.15
Moise(1966 )1 25) Absorption cell 0.18 + 11%

. . (48) . *
Levin & Budick(1966) ILevel crossing 0.24 + 38%

This investigation (1967)

Atomic beam absorption

*
See text
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knowvn. The only values available are the copper arc values of Corliss

(27)

and Bozman. They give = 0.08, = 0.045, and no

fk3123
value for AS065. An estimate can be made for AS5065 by comparing the

N

f-values for the analogous multiplet of copper. The result is
fk5065 = 0.023, which 1s fortunately small enough that a relatively
large error Iin 1its value may be tolerated compared to errors in the
other f—valﬁes.

If these f-values are treated as relative f-values, the
branching ratio is 0.465 + 30% (error derived from factor of error
of 1.4 guoted ﬁy Corliss and Bozman for their relative values), and
the f-value for A2428 derived from Ievin and Budick's lifetime value
is 0,155 + 36%.

However, the f-values of Corliss and Bozmann for the reso-
nance doublet AN2428,2676 are clearly wrong (both sbsolutely and
relatively), probably because of self-gbsorption in the arc. Hence,
it may be better to use the f-values for AA3123,5065 as absolute
values. If this is done, the f-value derived from the lifetime is
" 0.241 + 38% (error calculated from factor of error of 1.9 quoted by
Corliss and Bozman for absolute values). This value is quoted in
Table IX.

Clearly it is not possible at this time to make a meaﬁingful

comparison of the atomic beam value and the level crossing value.
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The comparisons of the atomic beam measurements and other
reliable measurements for the Cu line A3247 and the Cd line A32BL
show agreement within experimental errors. It therefore is reasonable

to expect that the other f-values measured with the atomic beam are

also accurate.
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APPENDIX
DEPOSIT RATE FOR CORRECTIONS

Several possible mechanisms are listed in Section IT-H which
can cause the observed deposit rate to differ from the value it should
have corresponding to the denéity of the atomlc beam. These mecha-
nisms are: (1) Non-constant atomic beam flux, (2) The presence of
molecules of the element being studied iﬁ the stomic beam, (3) Non-
unity sticking coefficient of the atoms on the pan, and (4) Adsorption
of residual gas by the deposit. In each case discrepancies also
appear in the recovery times which permit‘the data to be either
corrected or discarded.

In the following, let 'Gtrue be the "correct" deposit rate
and GdbS the observed rate.

If the atomic beam density is varying slowly with time, the
observed deposit rate will generally vary also. However, GdbS con-
tains not only the rate at which the mass of the pan increases (Gtrue)

but also a term proportional to the time derivative of the impulse

force, This can be written

GO'bs _ Gtrue _ A a &t
g dt
true
true dd
= @7 -ty g (a-1)

vhere the recovery time t_ is defined to be 1/g times the ratio of

R
S o & ™ . ; true .
the impulse force and the true deposit rate G . At a given
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temperature t_ is a constant given by equation (42).

R

The solution of equation (A-1) is

/4%

R -4/t i
t
A " d/‘ @ e "R agtipe B (A-2)
R
) s - . . . true
where A is a constant of integration. It is possible for G to
vary in such a way that Gdbs remains constant. 1In this case Gtrue
must be given by
t/t
Gﬁrue - prs b B R (a-3)

TFor a typical f-value measurement the shutter under the

microbalance pan is opened = EtR before wk is measured and closed

=~ EtR afterward. The recovery time is measursd on opening and clog-

ing the shutter. If these two measurements differ by 10%, then the

difference between GO°° and GUVU° is 1.4% at the time W, is

measured. It is clear that it is impossible for a significant
fluctuation in Gtrue to go unnoticed; either Gdbs will fluctuate
or there will be a large difference in the tR'su In practice, such
data is either discarded or given a low weight. Thus, mechanism (1)
is unimportant.

Some elements do not vaporize to a pure monatomic gas, but
instead the vapor also contains diatomic, triatomic, and/or higher
mass molecules., In this case, equations (34) and (40) can be applied

to each type of molecule with M replaced by nM for a molecule of n

atoms, TIf the relative amounts of the various molecules are known,
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the separate parts of G and 3 can be added up to give the observed

cbs
R

b s

values GO and 3obs and the cbserved recovery time t can

be found from their ratioc.
In practice the relative amounts are not known. The best
that can be done is to assume that there is one kind of molecule

(probebly distomic) in eddition to the atoms. Then, if GU° is the

deposit rate due to the atoms and aGtrue is the deposlt rate due to

the molecules, the observed deposit rate and impulse force are

¢P® o 11 a4 (A-4)
and
y.obs - (l o+ _C_Z__) étrue . (Aﬂs)
n
The observed recovery time is
obs
tObS _ y . (l+OQ '\/-n )_t'th (A—G)
R B obs 1+« R
G
th | % < .
where tR is the recovery time for @ = 0 and is given by
equation (42).
Equation (A~6) can be solved for o
1 - (tRObS/thh) : )
a = A-T
obs th
A+ (tg /tR )

with

A = - 1/in : (A-8 )
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Now equation (A~7) can be substituted into equation (A-4) to give the

relation between the cbserved and true deposit rates:

Gtrue - C_o'bs (A-9)

with

1

th
1+ A R )

Fg = 1-( R

Y (1 -t dbs/

- s (A-10)

And so, for the case of n-atomic moleculés in the atomic beam, the
deposit rate correction is given by the observed recovery time as
described in Section IT-H.

The other two mechanisms, non-unity sticking coefficient and
gas adsorption, can be treated together. Consider the following
situation. The atomic beam consisting of atoﬁs of mass M is impinging
on the pan from the below, and residual gas in the vacuum chamber
consisting of molecules of mass MA
the bottom of the pan. Atoms (or molecules) of mass ME are being

is impinging on both the top and

emitted from the bottom of the pan, and the residual gas 1s bouncing
off the top. Only that fraction of the residual gas which is adsorbed
if it strlkes thé deposit will be counted since gas that bounces off
botﬁ sides of the pan has no cbservable effect. However, because of
the Impulse force it Imparts, it is Important to include the residual
gas hitting the top of the pan which corresponds to the gas being
adsorbed on the bottom.

It will now be assumed that the distribution of residuzl gas

atoms hitting the top or bottom of the pan is the same as it would be
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if the pan were a flat plate, though in fact it is conical. This
digtribution is then similar to that‘given by equation (1) for atoms
effusing out of the orifice to form the atomic beam; i.e. the number
of molecules per second hitting the pan at an angle 6 from the normal,

per unit solid angle, per unit speed interval, is

7t (8) = X, B,V e cos © (4-11)
with

By = »JMA72RTA (A-12)

where TA is the ambient temperature and KA is a constant. Similarly,
molecules leaving the pan will have the same type of distribution
except that TA wlll be replaced by the temperature of the pan Tp'

As before, the deposit rate and Impulse force due to the

atomic beam are related by

true
Bz = &% th Gtrue _ S-J& Gtrue

R = s . (A-13)
The deposit rate due to the residual gas Impinging on one side of the
pan is

M [=e]

A A
GAszdvfdnjzv(e)

° o

a2

i MA KA

oty e (A-14)
2 No ?A
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The corresponding impulse force is

M [2¢]
A A
s e e
> fdv aQ v cos ‘7Zv()
0

A No
2
3/2
~ 7 MA KA
- 2
4 NO QA
Jt
= 35 G - (A-15)
A
Let
c o G’brue (A"16)
A A *

Then, corbining equations (A-13) and (A-16), we have

true
2 B
yA = By ¥ B,
5 :?Frue
= o £ J(E/T)0H,) . (A-17)

Similarly, for the atoms bouncing off the top of the pan,

true .
G' = @ G (a-18)

and

]

Y true
31' a, —% T /T Y/, ) b 5 (A-19)
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And for the atoms emitted from the bottom of the pan,

o gtrue (A-20)

o

and
true

N /mwn)  F . (a-21)

«

it
b
wim

Now the individual deposit rates and impulse forces can be

added to give the observed values:

obs _ _true _ § o . _
G = G + Gy + Gy - Gy Gy (A-22)
and
\‘,tdbs _ an‘brue Pl S R ¥ (8-23)
B A A A B 7
or
obs true
G = {l+aA-OAB}G (A-24)
and
cbs 2 true
7 = [ 1~ E“/TP7T (o M/M, - OLB\/M7MB) 1 g .

(a-25)

The observed recovery time is cobtained from the ratio of equations

(A-25) and (A-24):

cbs [ L = %“/Tp/T (O‘A‘/M/MA ~ O‘B‘jM/P%) ] 5
R 1+a - o R :
(A-26)
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With this resulﬁ, the separate mechanisms can be treated.
For non-unity sticking coefficient, no atoms of residusl gas are
involved so O = 0, and the atoms emitted by the deposit are the same
as those in the atomic beam so VMB = M, To be éonsistent with equa-~

tions (A-4), let o = -0, With these values, equation (A-26) can be

solved for ¢. The result is equation (A~7) with

win

A =

»\/TP7T P (a-27)

and the deposit rate correction is given by equations (A-9) and (A-10).

For adsorbed gas, we have oé =0 and o= QA' Equations

(A~7), (A-9), and (A-10) are again valid but with

2 Ll
A = -s—d(fP/T)(M/MA) . (a-28)

If the residual gas reacts with the deposit, releasing
another gas, this can also be handled using equation (A-26). If each

incoming molecule of mass MA produces one oubgoing molecule of mass MB,

then o = (MB/MA)OlA ;O =0y - c , and

2
A = EJT /T [~ﬂ—-jl " (A-29)
& N, +
A
The range of values of Aand 1/(1 + A) for the various
mechanisms 1s given in Table X. It can be seen that, except fTor the
case of molecules in the beam, the value of 1/(1 + A) is not very

sensitive to either the kind of anomaly or the wvariocus values of mass

and temperature.
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Table X Deposgit rate correction factors

1
Cause of anomaly A T3 A
Molecules n = 2 -0.7071 3.414
n=3 ~0.5775% 2,366
n=4 -0.5000 2,000
n=6 -0.4082 1.690
Sticking coefficient

T = 2300 %k, T = 500 %K 0.311 0.763
T = 1500 °K, T = 500 K 0.385 | 0.722
T = 500 %K, T, = 300 Ok 0.516 0.659

Adsorption of H,0 (MA = 18)
Fe: T = 2300 °K, T, = 500 % 0.548 0.646
cd: T = 500 %K, T = 300 k 1.290 0.437
Au: T = 2000 °k, T = 500 %k 1,103 0.476

Cadmium offered an opportunity to test the sticking coeffi-
cient correction., Four f-value measurements were made before the pan
was cleaned with the heater (see Section IV-C). The sticking coeffi-
cient during these scans ranged from 20% to 70%, yet theé corrected
f=values were not significantly different than the results of
measurements made when the sticking coefficient was nearly unity.

For the mechanism of gas adsorption, it has been tacitly

assumed that the adsorption occurs only when the atomic beam is
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depositing on the pan and stops immediately when the shutter is closed.
Since the time to form a monolayer is less than 2 sec at pressures
greater than 10°° torr, it is possible for this to be approximately
true. However, the other extreme, adscrption continuing for long
periods after the shutter is closed, is also possible. In this case
the adsorption appears as a constant drift which is easlly subtracted
off.

The worst case is when the adéorption dies away in a tine
comparable to the recovery time. In this case the deposit rate
recording is difficult to interpret. Thilis commonly occurs when the
pan heater is not used, thus spoiling what would otherwise be a good
test of the gas adsorption correction,

As it turned out, the correction for gas adsorpbion was only
needed for gold and then only when the pressure in the vacuum chamber
became rather high. In this situation, it is probably valid to assume
that the adsorption ceases when the atomic beam is intercepted by the

shutter,
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