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ABSTRACT

Measurements were made on the S-meter Paschen-Runge
spectrcgraph with a phaotoelectric photometer. Speciél éar-
riages were designed to keep the photocells focused and
properly aligned with the grating while the spectruﬁ 1s
scanned. The circult of the photometer 1s of an AC ratio
type, and the ratios of the intensities of the scanned iron
arc lines are recorded automatically by a Bfown Recorder.

The temperature snd self-absorption present in different
parts of the arc, and in the arc under different opersating
conditioﬁs, have been determined with this apparatus.

No self-reversal was observed in the iron arc lines; if
present, it was covered by deviations from the values; cal=-
Culated-on the basls of equilibrim considerations, of the
intensities of all lines within a multiplet. The§e varis-
tions are different for different multiplets. The possibility
that the effect is due 1n part to systematié error is fec-
ognized and discussed, but 1t appears that the remainder of
the effect 1s due to some mechanism in the arc., Correctlions

are applied to f-values given in the literature.
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I. INTRODUCTION

This experiment explores the feasibility of using the
DC iron arc as a source of excitation for the measuremeﬁt
of f-values of linés in the neutral iron spectrum. It is
an attempt to find wvalues of the excitation temperétufe of
the arc, and determine the effects of self-absorption and
self-reversal of lines which occur in the arc, over a'range
of currents and pressures and in several parts of the arc.

A number of atomic f-values, relative and absolutg;
have been determined by the method of total absorptioﬁ by
King, references (1) to (4); emission f-values determined
to 1946 at Utrecht are complled by Smit (5); f-values found
in a large variety of ways are listed by Korf and Breit (6),
UnsB1d (7); and Aller (8). Each of these authors glves a
bibliography. |

Such f-values sre of more than theoretical Interest.
They have been used in the study of power ércs (9) and of
thé ihternal combustion engine (10); and they alléw refine-
ment of the methods of chemical spectroanalysis--(11) and
(12). The most intensive application of 1aboratory-observed
’f-values has been in astrophysics, where the development of
the curve of growth method has yielded copious information

about the physical conditions and chemical constitutions of
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astronomical objects--for instance see (3), (14), and (15).

Until recently the f-values available have been, due to
the 1imitafions imposed by the means of measurement, restricted
to transitions of quite low excitation. Thus, the measures
of f-values of lines of Fe T by King included none of éhe
weak, high level linesawhich lie on the linear part of the solar
curve of growth.

The use of some astronomical curve of growth to deter-
mine f-values for lines of higher excitation~-e.g. Wilson
(15)--1is jeopardized by effects such as the odd-even effect
found by Carter (16). Carter succeeded in measuring the f-
values of some high excltation lines by producing an eﬁission
spectrum of iron in a furnace.

The arc 1ls well known to emlt lines of higher excitation
than the furnace, and 1t was thought that the arc might pro-
vide a convenient source for extending the list of lines'for
which f-values are available, .

The theoretical background 1s thet of simple emission
line theory, extended by Cowan and Dieke (17) inﬁo a defini-
tive analysis of the type of behavior to be expecﬁedvof lines
emitted by an arc.

The lines were observed with a twin photocell photometer.,
Tﬁe photometer records the instantaneous ratios of' the lines'
observed by the photocells., The spectrograph is a Paschen-

Runge type with a horizontal circle 5 meters in dismeter.
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Over a large part of the Rowland circle are mounted steel
ralls, and speclal carriages for the photocells were de-
signed and Euilt which 2llow scanning of the spectrum.

The arc runs vertically inside the vacuum chamber, which 1is
used also for the arc at estmospheric pressure as a wind shield.
Light passes out through g window and is focused by a lens on-
to the vertical spectrograph slit. Shortening of the slit by
a mask permits the use of light from only a small part of the
arc at one time; and thus it 1s possible to study the phenom-
ena of Interest in different reglons of the are, as well as

under different conditions of current and pressure.



IT. THEORY

A. Elementary Theory of the Emission Line
The classical emlission line theory is presented-in
numerous sources, for instance Richtmeyer and Kennard (18).
A classical electron radiates, due to accelerations in its
trajectory, an amount of energy per second
¢ 42 2
dW 16 nvel
dt 3 ¢

where & 1s the amplitude of the (damped) oscillation, € is

the charge of the electron and‘v’is the frequency of oscil=-
lation. The number of photons emitted per second 1is found
by dividing by h:
4 32 _2
A 6 xrel
= e c——————
3
3 he
Quantum mechanical calculations of the interaction of a
one~-electron aﬁom with an electromagnetic fleld, when com-
bined with the probability arguments of Einsteln, yield for
the'probability of spontaneous emission of a photon (per

second) corresponding to the electronic jump from n to m,

A= L2 )0 )

The correspondence of these two equatlions is visualized by

associating the amplitude of oscillation, CZ, with twice the
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-&ﬁétrix element,.Z/Ek/, A very simple argument (19) shows
that in the 1imiting case of a few emitting stoms consti=-
tuting an "6ptically thin layer," the intensity of the spec-
trum line should incresse linearly with the number of atoms.
We must, in addiﬁion, remember that the stoms availablefto
radiate a given line f&rm a small fraction of the thle. As
a first approximation to the number avallable, a Boltzmann

distribution 1ls assumed:

£,
n, = /707,,6' L
where
My is the number of atoms per cublc meter in the
ground state,
/% is the number per cubic meter in the state n (the
upper state of the transition),
;@-is'the statistical welght of the state n,
£; is the energy of the upper state referred:to the
ground state energy of zero, and |
7 is the temperature of the ensemble,
These considerations glve for the intensity of the spectrum
line 1in energy units per second radlated in all diredtions,

£n

.Zo = Anm'AV' ”ojﬂc A .

On page 97 of Mitchell and Zemansky (20), is a relation

between./L;nd the more often tabulated f-value,/gw .
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In terms of the emission f-value

A & fm?* -

And hence’

3 - Ln , -
L= k¥pfme 7, @

where A absorbs the constants of no interest. Inclﬁdéd in
A 1s the number of atoms /4, , which we do not evaluate in
this experiment; so the f-values with which we deal are
relative and not sbsolute. The term "f-value” willvbe used
to mean these relative emission f-values.

Now, if we knew the temperature of the src, a measure-
ment of the intenslitles of emission lines would lead to a
determination éf the f-values. The temperature can be found
By applying the same equation to lines for which.f-values are
known: the known atomlec constant and the measured iﬁtensity
allow a2 calculation of the tempersature,

Whether such a temperature has physical meaning 1s often
debated; and Crosswhite (21) and Duffendack and La Rue {13)
summarize the feeling of many investigators that T may be at
best only a very convenient parameter. This feeling 1s more
doubtful in extreme cases, for Instance where the pressure.
i§ reduced to the extent that the arc becomes a glow dis-
charge,

Difficulties are found to present themselves in such

experiments, however. The observed relative inténsities of
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lines may differ widely from calculated values in cases
where f-values are known and allow such a calculation.
This misbehavior of emlission lines is called, variously,
self-absofption and self-reversal. Of course, temperature
determinations made with such lines will vafy in 2 cOrrés—
ponding manner; see Harrison (22), Crosswhite (21), and
Hemmendinger (12); and also references (25) to (28)., Experi-
mentally it is possible to avoid the issue by keeping the

concentration of atoms,N , very low, as 1s pointed ogt by
Smit (5).

These difficulties arise because the atoms emitting a
line in the arc do not constitute an "optically thin 1a§ef."
An extension to this simple theory of emission lines is dis-

cussed in the next section.
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V‘B; Self-Absorption and Self-Reversal

Cowan and Dleke (17) have carried out an analysis of the
phenomena tb te expected from a much more general model of
the arc than that used in the last section. We summarize
the relevant theoretical conclusions of thelr paper as follows:
If one represents the relatlonship between the measured inten-
sity,.z-, and the calculated intensity,iﬂ,, for lines whose

f-values are known, by means of the graph

dﬁyz jé. = Z@ncﬁbn ??’/6%7_2; , (2)

one finds that the curves obtained for dlfferent multiplets

a. approach the horizontal asymptote

Z
O(Ojfo=o
for small Z,,

b. drop off (to the right) for larse I,, finally
aprroaching the slope -1 for resonance lines and
the slope -1 for Doppler lines (for moderate
values afjg ; for extreme values, ﬁhe siope in the
Doppler line case tends to -3, in a behavior
reminiscent of the sbsorption curve of growth),

c. drop off more, for a glven,, as the current
increases, and

d. drocp off less, for a glven ];, as multiplets with
higher excitation initial (upper) states are

selected.



-9

Often self-absorption 1s defined as the saturation of
spectrum lines which would occur in a homogeneous source, as
the intensify.[,) approaches the blackbody ceiling,Bv(T).
Self-reversal is associsted with the complicated line profiles
often seen in the spectrum of an arc, The curves givenfin
the above reference do not allow a distinction between these
two effeects in an arc. Nevertheless we shall, in working
through the data collected in thls experiment, keep alert to
the possibility of distinguishing between them; for 1t has
been suggested that self-reversal might result in a,ﬁendency
for the curves of Eq. (2) to approach, for low values Qf];,
horizontal asvmptotes less than zero for certain multiplets,
le€., |

aﬁm/ L -a<o. (3)
Io—>0 Z, ,
By self-absorption we will mean, as above, the tendency of the
plot of Eq. (2) to drop off from its horizontsal aéymptote,
whether that asymptote be 0 (no self-reversal) or otherwlse.

~ A desirable experimental program now becomes clear.
We shall measure intensities of as many as possible of the
lines for which f-values are known. We will attempt»to
select those lines not affected by self-reversal or selfl-
absorption and use Eq. (1) to obtain the effective arc temper-
ature. This temperature will enable us to calculate, again

by Eq. (1), the unperturbed intensity, ];, for all the other

measured lines. Then we will compare J and Z , in the manner
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Kaescribed above, for the lines that are affected by self-
absorption and self-reversal,

7 Changes in temperature, self-absorption and self-reversal
with temperature, pressure, and locatlion in the arc, will be
studled as part of the program. |

All these measurements may be done with relative values
of intensities and with relative f-values, inasmuch as we
have no way of determining absolute values ofr@,l} or];in this

experiment.
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ITI. APPARATUS AND PROCEDURES

A. Layout of Apparatus

Fig. 1 shows the layout of the apparatus. It is clear
that the requirement that the operator be near the arc, to
make focusing édjustments, makes 1t Impossible for him to
- make measurements 1in the grating room simultanecusly. The
solution of this problem by automatlic operation of the
instrument, more fully described in the subsequent pages,
allows the éperator to stay 1in the source room near the slit.
The tracing produced by ths recorder contalns the desired
informatibn. A glance at the tracing tells one the position
of the scanning photocell and of any malfunctioning of the

instrument,



-12-

B. Mounting of Photocells

In mounting the photocells to scan the spectrum, the
most difficult problem faced was one of alignment. Not only
must the exit slit stey accurately on the Rowland circle,
but a line from the photocathode through the exit slit must
strike the grating, which, of course, is not at the center
the circle. This problem was solved by a design employing
the theorem of geometry that the angle éﬁtended by & given
segment of a ecircle at the center is twice that subtended by
the same arc at a point on the circumference. Thus as the
scanning photocell moves over a length of the Rowland circle

As s the angle subtended byﬁs at the grating 1s 4s By

2r°

an appropriate system of gears it 1s possible to cause the
photocell and éxit slit to rotate relative to the line from
the center of the circle through an angle%s. In this way
the line from the photocathode through the slit always
points to the center of the grating.

Single letters in the following description refer to
Fig. 2. The main portlon of the carriage (A) rides along
the frack which 1ls part of the spectrograph. A shaft which
1s geared to a rack (B) mounted on one of the spectrograph
rails rotates the top assembly (C) so that it points to the
gfating; and the exit slit 1Is mounted directly over this
shaft. There are two such carrisges, one a mirror-image of

the other so that the two photocells may be placed in close

conjunction,
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" Final focus is obtained by moving the entire slit and photo-
cell mechanism toward or away from the grating by pinion (E).
Thé slit may be adjusted vertically, and the photocell may be
ad justed in all three directions relative to the slit.
An optical finding apparatus was designed which doses
not disturb the exit slit or the photocell. In one end of
the slit is milled a square aperture. Behind this hole is a
‘totally reflecting prism (G) which directs the light upward
to the eyepiece (H). The face of the prism 1s‘siightly
larger than the aperturé, so that above and below thé square,
as seen by the eyepilece lens, a small length of slit appears.
When used on the spectrum these small lengths serve as 1llum-
inated fiducial marks. |
Manual slow motion of the photocell carriages 1s provided
by a crank geared to the same rack (B) which cauées'the rota-
tion of the top plate (C). Mechanical scanning of thé spectrum
is provided for one of the carriages by mounting a motor (F)
so that it can be swivelled intoc a position where itslshaft
bears on the crank described above. The force réquired to
propel the carriage down the track is varlable to the extent
thet wire or cord drives proved unsuccessful. It Wasrfoﬁnd
that‘a commutator motor produces so much static as to interfere

with the experiment; the motor in use is an induction motor.
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C. Cholce of Ratio Circult

The recent development of the photomultiplier tube has
~ opened up vést possibilities for spectrophotometry because of
the ease of calibration, and the rapid nature of the measure-
ment even at spectroscopic light levels. | ,

The'photomultipliérs employed in this experiment were the
931 and the 1P21. The characteristics of these tubes are
discussed in reference (27).

Three factors were involved in the choice of circult.
The first was that long-range plans for the instrumeht
anticipated its use with the graphite tube electric furnace.
Furnace emission spectra represent a fixed temperature, but
the density of atoms decreases gradually with time. The
intensity of emlission lines then alsc décreases, but, to a
first approximation, the ratio of the intensitieé of any two
will remain constant. It was felt that, even 1In the éasebof

an arc, isothermal fluctuations might occur in which the

line intensity ratio would be constant. Of course the contin-
uous background may not change 1In just the way the lines dos
therefore, the ratio of readings on two emission lines, which
include both line and some continuum, will, to =a second
approximation, not be qulte constant. Nevertheless,bthe advan=-
tége seemed to lie in favor of a ratio measuring,cirouit
employing two photocells.

It 1s of interest to compare the response of é éingle

photocell Instrument to small non~-isothermal fluctuations
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“with that of a twin photocell, ratio measuring circuit.
From Eq. (1) we wrlte for the intensity of a spectrum line in

the absence of self-absorption and self-reversal,

3

I, - /cz)dq,,j[,,,,,e -
This quahtity is the one measured by the single photocell
circuit, and the relative change in this gquantity due to
a small change of temperature 1is:

4l _ - LT
‘Z; = 11 ,[%?-Z; = 2147_.

We have taken a typlecal line of upper state f;and have assumed

s basic Temperature 7r e The ratio circuilt measures instead:

by -4
Lo _ ’G’L?zz/m, e 7

Loz K90 fom

and the relative change is:

/IZ bn, - £y, AT, (4)

[E) AT

for similar typical lines. It is clear that less change is

to be expected in the ratio circulit. None should occur for
lines from the same upper state except due to changing contin-
uum, self-reversal, or self-absorption.

The second factor in the cholce of a circuit was that
the current which flows 1n a photomultipller even when no

light impinges on the photocathode, the so-called "dark
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‘Eurrent," must be accounted for. In a simple DC circuit with
one photocell it would be necessary to subtract from each
reéding of iow level light intensities the simultaneous value
of the dark current. In a DC ratio ecircuit there would, in-
deed,'be no way at all to correct for dark current, inaéﬁuch

as one would have measured the ratio of two signals,

w=C(1+7) ,

where £ 1s the intensity of radistion on the photocathode, C
describes the response of the instrument to radiatioﬁ of a
given wavelength, and J represents the light level equivalent
to the highly erratic dark current. This consideration led
us to operate’the circuit on AC. The modulation is accomplished
by chopping the light beam before i1t enters the spectrograph.
Then the ratioc measured 1s simply one of two AC éignals of
equal frequency and phase.

The third reason was the desirabllity of chéﬁging the
very high impedance of the photomultiplier signal tovbne of
low impedance. Modulation of the signal allows one to use
the cathode-follower for this purpose without having to
guard against DC drift. The cathode follower is veryAlinéar
and presents a very high impedance to the input circuit;
béth of these characteristics are very desirable in this
application.

These considerations led us to the.design of avtwin
photomultiplier photometer, a detailed descriptioh of which

is given in Sect. E.
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"D. Cholce of Method to Record Data

The messurement of the instantaneous ratios of emission
1ine intensitles was initially done by connecting a trans-
former primary from the cathode of the cathode-follower of
one photomultiplier/ﬂlto the slider of the potentiometer which
formed the cathode resistor of the other photomultiplier};)”
(Fig. 3). The secondary of the transformer was connected
across the Y axis of an oscilloscope. The oscilloscdpe then
showed the wave form of the difference signal.‘ Now let the
photocell/jl(feeding the cathode resistor which had the poten-
tiometer slider) be placed on the brighter spectrum 1inef;
Then with the slider at the positlon of maximum resistance to
ground, F=/00 , a signal appears on the screen having the
same phase as ﬁhe signal from/O”. With the slider at some
much lower resistance-to-ground position,/;?</, 6ne'Sees a
signal with the opposlte phase, indicating that now the signal
between the potentiometer slider and ground is less than the
signal across the other ("standard") resistor.ﬁl. In between
these two extreme slider positions there 1s. 8 point of bal-
ance,/; , when the pattern on the oscilloscope screen reduces

to a line.

/ ” | |
VvV =l =0, o (5)
The ratio of the resistance between slider to ground on the
potentiometer to the resistance of the standard resistor pro-
vides the ratio of the light intensities 1if the‘photocell

responses]f;are known. This ratio may be read off a scale
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iE(previously calibrated for any non-linearity in the resist-
ance wire) on the potentiometer shaft. Compare Huldt (28).

kA’secohd step was the provision of a meter which would
indicate the proper potentiometer balance by passing through
an extreme reading (Fig. 4). This involved replacing tﬁév
oscilloscope mentioned above with several>stages of (tuned)
amplification,‘a triode detector, and a fifty micro-ampere
movement meter with-a variety of shunts between the detector
and a fixed voltage tap. Compare (29).

The Instrument described above was used with the 21-foct
Rowland spectrograph., In order to use the instrument with
the Paschen spectrograph, it became necessary (for reasons
discussed in Sect. A) to render the operation of the
apparatus and the recording of data automatic, 1if possible.
The manner in which a Brown Recording Potentiometer-Wasb
incorporated in the circuit to accomplish this third step'
will be-deséribed in the next section. A detailéd descrip=-
tion of the parts and electrical behavior of the entire

instrument will be given in Sect. E and Sect. F.
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'é; Instrumentation

The following 1s a descriptlon of the electrical parts
ofithe apparatus.

The circuit begins (see circult diagram, Fig. 5) with
two photocell units, each consisting of a photomultipliér.
mounted on a small metal chassis. This chassls also supports
the cathode follower tube associated with the photocell. It
also shields varilious components associated with the photocell
and cathode-follower,

These chasses are mounted on carriages on the focal curve
of the Paschen spectrograph as described in section B. Cables
bring fllament, plate, and photocell power from a movable re-
lay rack nearby. These cables also conduct the signal from
the cathode-follower tubes via the relay rack to the cathode
resistbrs.ﬁawhich are mounted in the Brown Recorder;>iThe
recorder is.placed in the source room so that the operat¢r
can keep track of the progress of the experiment.:

As in the simpler circuits described in the last.section,

: /
one of the cathode resistors, the standard r9513tor,.ﬁ;, is

held fixed (although it is really adjustable for reaéons

of calibrating the readings), while the other cathode re-
sistor]ﬁjis used as a potentiometer. This potentlometer is
linked directly to a shaft of the Brown Recofder balancing

system by a section of rubber hose 2 1Inches long.

The primary of the transformer 7 is connected from the
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| standard resistor ﬁL'to the slider of the potentiometer j?;i
and through the condensers £, + These condensers isolate the
DC parts of.the circuit from the transformer.

Now the seccondary winding of the transformer will give
a signal whose amplitude indlcates the amount of off-balance
between the voltages at the points across which the primary
of the transformer 1s connected, and whose phase indicates
the direction of the unbalance. Again, this i1s the same in
the simpler circults.

At this point it will be neceésary to digress bfiefly
to descrlbe the operation of a Brown Recording Potentiometer
as 1t 1is usually intended to operate. In principle, in the
Brown Recorder an unknown DC potentlial is compared to that
of a standard cell using a working battery exactly as in a
simple potentiometer. In place of the customary meter on
which one seeks a zero reading while adjustling the potentio-
meter slider, the manufscturers have installed = chopper which
converts the DC signal, indicating off-balance, 1f any, in
the potentiometer, to an AC signal. This AC sigﬁal is then
sent through a transformer to the grid of the first of a
series of amplifier tubes. After amplification, the signal
is impressed across the detector windings of a two phase
iﬁduction motor. This motor is connected mechanlcally to
the potentiometer slider. The action of the transformer and
of the two phase motor 1s such that the slider 1s glways

driven toward the position it should ‘occupy to reduce the
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éff-balance signal to zero. The motor at the same time

moves the indicating pen, which traces a record of the slider
poéition in terms of per cent of total slide wire resistance
value,f:.» Schematically the mechanism is represented as in
the Flg. 6, taken in part from the Brown Company pub- B
lication (30).

It might seem that in order to use fhe features described
above 1n the spectrophotometer, it would be necessary to
convert the signal to DC (in a phase sensitive way,e.g., by
the use of a phase sensitive detector), and also to rewire
the components of the Brown Recorder so that the slide wire
already present would serve the function of the potentiéméter
previously used as cathode-follower resistor,jQ‘{ |

A much simpler scheme somewhat similar to that of
Crosswhite's (21) has been adopted which avoids any'chversion
of the signal. The AC signal is fed directly from thé trans-
former secondary to the grid of the filrst tube in:the Brown
Recorder amplifier, by-passing all the DC components énd the
chopper provided for DC measurements. The Signai then act-
ivates the motor to drive the slider ?ﬂand the pen'to
the position of balance.

A switch.jéis provided which allows the measurement or
inspection with an oscilloscope of the signal given by each
photocell unit. This switch cuts out the transformgr, which

otherwise would allow no comparison of the voltages of the

two signals.,
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The power supplies, switches, meters, and cable connec=-

tions are all mounted on the relay rack.

A very grave danger in the .construction of such a cir-

cuit to operate at 60 CPS is that the signal may be confused

by the pickup of electromagnetic "hum." The following pre-

cautions were taken to minimize this hum:

1.

T

A1l "ground loops" (wide separation of return paths)
and superfluous grounds were eliminated. Cables
were twisted.

Components associated with the high Impedance signal
from the photocells were shilelded.

All large iron masses, such as panels, were removed,
A very well shielded transformer was used. The
manufacturer's figure was -75 db,

Care was taken iIn connecting AC plugs with the
approprlate side on the hot wire, especlally for the
Brown Recorder, ‘

Identical parts were installed for symmetrical ele=-
ments of the ratio circuit. |

Filament power was provided by a 6-volt auto
battery.

No ripple can be permitted in the signal of the
source, therefore, the tungsten lamp used for wave-
length standardization, as well as the arc itself,
were operated from a 110~volt DC generator, with

appropriate ballast resistors,



DB -

tﬁ. Analysis of Circuit

The asnalysis of electrical propertlies of the clrcuit 1s
anélogous to that for a Wheatstone bridge circuit (31).

By the use of Thevenin's theorem and of simple equivalent
circults for the tubes, we can reduce the clrcult to the
input side of the transformer to a black box contalning a
perfect voltage generator with a2 series resistance.  The

respective values of these components are

- / ~ (8)
) V- /emﬁ)ﬁf” Fr'f |

R = T, PRl 4P, [’
where

A, 1s the value or f, end R,
@ is the plate reslistance of the 6AKE catnode follower
tube, |
/lis the amplificstion factor of the cathode-follower
tube, '
4 .
F is the fraction of A, between the sllder and ground,
’ ' /
A 1s the peak-to-peak voltage of the signal across.i:,

and

Y4
Y 1is the peak-to-peak voltage of the slgnal across Ai.
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‘Tﬁé first of these equations restates the fundamental
principle of the ratio circult~-that the error signal has a
magnitude inéreasing with the amount of off-balance snd a
phase indicating the direction of off-balance. The second
equation implies that the impedance of the network feediﬁg
the transformer changes as /rchanges.

. The transformer T is now connected to the terminals of
the black box. The input impedance of the first tube in the
amplifier, to which the secondary winding of the transformer
is connected, 1s high. Therefore the effect on the biack
box 1s the same as if one were to connect across its terminals
an induptance, L (the magnetization inductance of the trans-
former), and a resistance,/D (the DC resistance of the primary

winding). If the resulting equation,

V = //?vLPv‘-ja)L/Zz ,
1s solved for L, two important pieces of information are found,
The phase of { , and therefore of the signal received by
the amplifier tube, varles ever a range of about 20° as F
varles from O to 1.00., This variation of phase is too small
to result in serilous loss of sensitivity due to the,phase
sensitive characteristics of the recorder. A measure of the
précision of the circuit is obtained by calculating how much

/: must vary from /; in order to produce a given amplitude

of error signal. This calculation shows that the absolute
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'brecision 1s greatest at the low end of the scale, and the

relative precision is greatest at the high end.
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\G. Testing of Instrumentation

One of the requirements for operation of the ratio
meésuring circuit is that the output of each component of the
circuit connected to the input winding of the transformer be
strictly linear with respect to changes of light intensity
at each photocell., Some of the means used to test for linearity
are now described:

1. Measurements of the DC current produced by the
photocells under wvarious degrees of illumination
were made, by inserting a micro-ammeter'in.éeries with
the plate resistor of the photocell (]& in Flig. 5).
It was found that the most intense spectroscopic
1llumination would not produce saturation of thé
photocell current.

2. The linearity of the cathode followers was tested

" by measuring the AC signal across the cathodé re-
sistor, for each of a number of AC voltages impressed
on the grid. Linearity was found to hold evén with
signals far larger‘than any encounfered:in practice,
which are at most 2 volts peak-to-peak.

3. With the instrument in operation, the signalAgivén
by elther photocell unit was exhibite&'on the
oscilloscope screen. As known fractions of the
light were cut out by Kodak neutral density filters,

the amplitude of the signal was measured and found
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5.

-1

to be linear for bhoth photocell units.

With the instrument in operation, the ratio reading
being given by the recorder, known fractions of the
1ight incident on the photocell/olhaving the lgrger

4 & .
signal V" were cut off. This signal®” then de-:

v : ’
creased until it was equal to 4/, while the reading,

/Z s on the recorder chart increased to 1.00. Then
on reversing switch f%, the signal on photocell /7”
could be reduced even more, and the recorder would
indicate smaller and smaller ratixmaﬁ;. Thé ratios
A; , btogether with the reciprocals of the ratioslf;,
formed a sequence of readings which, when plotted
against the relative amount of light impinging bn
photocell/j{ gave a confirmation of 1inearity¢

Finally, with the instrument in operation, the sig-

" nals given by the two photocell units were adjusted

to be equal and very large (about 5 volté). The
recorder was then cut in and 1t gave a reading of
about 1.00. Then Kodak neutral density:filters

were placed in front of the exit slit of‘thé photo-
cell/D/which feeds the standard resistor, and thev
ratios, AE, were recorded. Thils procedure was
repeated with different initial signals. The opera-

tion of the instrument at any time was represented

' ’ /
by a point in a coordinate system with axes .12;;/V"



and Z?ﬂ/'//(or, on the basis of tests 1 to 3, with
axes /7,[’ and /(7.[”), by each point was entered
thé corresponding recorder reading,/g s and all the
points with a given/g-were found to lie on a 45°

line,

ciE%;.27'== ,éZ§7.Z‘”1# ,4432 ff;

On the basis of these tests, it was concluded that the instru-

ment was free from electrical sources of non-linearity.

Scattered light in the spectrograph room was reduced by

observing the following precautions:

1.

S.

The front surfaces of the photocell carriages were

masked with black cardboard to prevent multiple

reflections from the grating. These masks appear

in Fig., 2.

- The cathode follower tubes were painted black.

The grating case was painted flat black..
Regions on the grating which scatter large amounts
of light were masked.

Fach photocell was palnted, leaving only a small

window.

Scattered light will have its maximum effect when one deals

with low light intensities compared with 1arge light inten-

sities,

One extreme case for which a measure of the scattered

. p ,
light can be obtained, is when the photocell/o is set in the



yiolet part of the calibration lamp spectrum. Most of the
scattered light then received by/)lis of longer wavelength
than the spéctrum wavelength,llon which 1t is set. There-
fore, if a filter which cuts off all wavelengths shorter than
/1 s Where /'> A/ s 13 introduced before the exlt slit ’éf,the
photocell, the scattered light will pass through uhaffected
while the direct spectrum wavelengthdl,will be cut out,

This test was carried out using a filter which éut out
all wavelengths shorter than /l=40004. It was found that
with photocen/o’at 3800 A, the scattered light sdded 5 per
cent to the signal produced by the direct spectrum. We
conclude that scattered light did not disturb the experiment,

The photogell units are provided with trimmer condensers
Céwhich allow precise adjustment of the phase of the signals
to equality. With the two signals in quadrature.on the
oscilloscope, one adjusts these condensers (the shaft'pro-
trudes from the shielded photocell unit chassis) ﬁntil'é
straight line results. It was found that unless this was
done, no clear-cut balance marked the propef sliaer setting,
/g,, for the potentlometer /?;,, and once it was done,'the
signals’l/‘,and'lf'”appeared to stay in phase with each other
for any value 6f the signal magnitudes. |

| One unexplained misbehavior of the instrument must be
mentioned in this connection. This effect was observed in
varying degrees over an interval during‘which threé spectro=-
graphs were used and during which each component'of the cir;

cuit was altered at least twice. The effect observed was



nfhat, with the instrument operating, a change in the amount

of light from the source changed the recorder reading slightly,
whereas thebreading should remain unchanged if the light is

cut out uniformly with respect to wavelength and uniformly
over the dimensions of the slit, e.g., if g neutral denéity
filter 1s used. Some of the possible csuses of this phenome=-
non are now considered,

1. Numerous tests for linearity of the instrument were
described at the beginning of this section which
eliminate the possibility that electrical non-
linearity 1s the cause of this effect.

2. Precautions taken sgainst electromagnetic hum plck-
up were described in Sect., E. Tests for the success
of these precautions consisted of moving varilous
components of the circuit sbout, and of holding

- & source of strong 60 CPS magnetic fileld (a'sol-
dering gun) close to the components. Thé ambieht
hum level was In this way shown to have negligible
effect on the circuit. |

3. It was mentioned in the immediately prededing para-
graph that the signals‘VJanddf”étay in phase‘with
each other, as shown by the passage of the érror sig-
nal to a precise straight line when the slider of
j{:is ad justed to balance. The calculations de-

scribed in Sect. F. showed that the phase of the
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difference (error) signal varies, but has no effect
on the operation of the instrument.
In éddition; measurements of the magnitude of the phenomenon
were taken and applied to the data in the form of'correétions;
it was found that these corrections produced no significant
changes in the data, On the basis of all these facts, 1t was
decided to discount entirely the possibility that thils

phenomenon affects the data obtalined from the apparatus.



-3 -

H. The Iron Arc

Considerable attentlion was devoted to stabillization of
the iron aré. Assorted shapes and slzes of electrodes and
different kinds of wind shields were tried to no avail., A
rather novel variation was the application of = magnetié
fileld along the axis of the arc by placing a strong bar
magnet on the end of the top iron electrode. The magnetic
field should, in principle, keep at least the electrons more
confined than otherwise., The actual result is that the arc,
which normally flickers within some envelope of posiﬁions,
flickers so much faster that it appears to fill the envelope
completely.

Eleotrical stabilization, by the introduction of sefiés
inductance and/or paréllel capacitance, and by the con-
struction of a clrcuilt like that used by Potter Qnd'Scott (32),
was not effective against the slow and erratic type Qf chénge
in position encountered in the arcs used. |

The presence of a small spherical bead on the lower
electrode 1s imperative; and 1t was a combihatioﬁ of such a
bead, wind shielding, and low current which finaily produced
an arc needing only occasilonagl slight translations to.keeb_its
image on the slit.

| Effective wind shielding was obtained by operating the
arc In a vacuum arc chasmber. This chamber, 1in Fig. 7, has a
vacuum connectiom and seal, is water cooled, has twb removable

quartz windows, and provides for adjustment of the upper
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vxélectrode by a sylphon bellows.

As the pressure in the arc chamber and the current in
the arc arebvaried, the arc goes through various modes of
flickering and envelops itself more or less in a yellowish
cloud of iron oxlde, For a given pressure there 1is genéff
ally a current at which this arc will run very guietly;
there 1s another, lower, current at which the surrounding
cloud appears to vanish, leaving only a faint blue core,
(which tends, again, to flicker badly). Very approximate
values of these parameters are given in the following

table:

Approximate Value of
Highest Current in Amps

Pressure in :

Cm of Hg Stable Operation - No Envelope
4 v 10 3
40 5 3
76 1. 3

There is a tendency for the windows of the arc chamber
to become cloudy more rapidly as one increases current or.
pressure. This can be lessened by allowing a veryvslight

lesk to blow air across the window,
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‘I. Arrangement of Apparatus at S1it

The source is mounted on a platform which can be adjusted
in the vertical and latersal directions, by screw sdjustments,
to keep the image of the source on the slit. See Fig. 7, (4).
A lens (B) of 18 cm focal length focuses an image of'thé
source on the slit, magnified 4 times.

The light beam is modulated to produce the 60 CPS signal
for the circuit by a synchronous motor turning a chopper (C)
through the beam between the lens and the slit., In order
to adjust the phase of the error signal glven by the circult
and ampllfied by the Brown amplifier so thst it has the
proper 90° relation to the power windings of the two phase
motor, the chopper motor can be rotated as g whole about‘an
axls along 1ts shaft.

A very simple and effective vacuum system was arranged
using Cenco Hyvac pump, an open end manometer, and a stop-
cock for introducing an artificial leak. A dust ﬁrap was
provided which prevented copious amounts of iron src debris

from‘entering the pump.



I. Operating Procedures

In order to measure the relative intensities of emission
lines at different wavelengths, the distribution of light by
the spectrograph and the response of the photocathode of the
photomultiplier as a function of wavelength must be takén into
account., (See also App. I.)

This calibration 1s done with a tungsten ribbon-filament
lemp; a record 1s made of the spectrum of the lamp with all
8lit settings the same as when the iron spectrum is traced.
The type of lamp used was a G.E. microscope illumihaﬁor
with a rated current of 18 amperes. The lamp was run at 14
amperes which gave a temperature in the neighborhood of 2200°
Kelvin. The lamp temperature was measured with an,opticél
pyrometer., The wavelength scale for the iron spectrum 1s
established by recognition of prominent lines. In order to
provide-the‘operator with a wavelength scale for the 1amp
spectrum, microswitches were mounted on the spectrégraph rail
and connected to indicator lights in the source room. The
wave}ength calibration is now done by substitutiﬁg portions
of the lamp spectrum for those regions of the spectrdm of the
arc in which no iron lines of interest appear. The image’of
the lamp filament 1s focused on the slit by the same lens used
fér the arc by placing the mirror (D) in the'position shown
in Flg. 7. See also Fig. 1. The tracing obtalined displays

the spectrum of iron interrupted by occasional sections of the



~36=

kééntinuous spectrum of the lamp. The measurements of tempera-
ture made with the pyrometer are corrected for the imperfect
fefiection of the mirror.

The tungsten lamp spectrum can be used for calibration'
because its distribution of radiant energy is known. The
energy emitted at any wavelength 1s sbout half that of a
blackbody with the same color temperature; the exact fraction

has been tabulated (33), Then

‘Z-lf' = G(A).B)(r) 9

where
I, 1s the intensity of the lamp per wavelength interval,
Zhﬁ?is the value ofl} for a blackboedy of temperatureVT ;
€) 1s the tabulated emissivity.

If we define the photocell response in terms of the "photo-

cell response constant"'f;(in.units of intensity per unit

wavelength per volt signal acrossﬁz), then

_ : (7)
The tracing of the lamp spectrum provides the relatioﬁ which

allows evaluation of R,:

Ilf = e-()\)_Bl(T) = %Afut‘ , ' | (8)

These relations will be used in Sect. K.

The principle of the calibration run has now been pcinted
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-Hbﬁt. The actual procedure of taking the iron arc and lamp
spectra willl now bhe described.

First,‘the ratio reading of the Brown Recorder does not
correspond exactly with the fraction,/';, of the potentiometer
slide wire needed for the balance condition. Calibratién,of

the chart resding,

/c; = fwzcﬁon % /‘eadl}zg ) - (9)
1s made with a Wheatstone bridge.

Second, the lron spectrum is inspected to identify the
lines whose relative f-values have been tabuiated, and which,
therefore, will provide the deslired information about tem-
perature,,self-absorption, and self-reversal, The lines whose
f-values have been given by Carter (16) are confined to the
regions between 4200 A and 4600 A and between 51OO A and 5500
A. Numerous low level lines measured by King (4) 1lie in and
near these regions. It 1s in these regions of the spectrum,
then, that measurements are to be taken.

‘Third, the lines in these regions Whosé f-vélues are
known present an enormous range of intensities. The instru-
ment is capable of giving readings differing by a factor 6f
50; one must then select the scale so that the greatest num-
bér of useful lines will have intensities in such a range.
(It is anticipated that future use of the switch 5. will

increase this factor to 2500.) The lines selected for
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hméasurement must represent multiplets with a wide range of
upper excitation potentials, in order to enable a good fit
of I 1in Eq.il. In order to investigate the effects of self-
absorption and self-reversal, the multiplets observed should
contalin several arc lines of known f-value, and these lines
should cover a large range of Intensitles. These are the
factors to be considered in selecting the lines whose -
intensities will fall within the range of operation of the
Iinstrument. As a rule, an effort was made to set the écale
in each scanning of the spectrum so that the strongeét
known line of multiplet 41 (4383 A) gives a reading of al-
most 1.00, for the ratio A . |
Fourth, the followlng conslderations enter into the
setting of the scale of the instrument so that it will measwe
lines which fulfil the requirements just laid down:
1. The line at which the standard cell/_‘)”is placed
can be selected to aid in choosing the séale of the
instrument. All lines within a multiplet will re-
tain their relative intensities unchangéd for most
of the fluctuations in an arc, and it wouldvseem
desirable to relocate the standard photocell)O”, v
each time a different multiplet was under considera-
tion, to a line of the same multiplet. However, the
advantage of automatic scanning and the need to study

lines from several multiplets make 1t deslrable to



1eave/0”fixed on one line in spite of this effect,
which was shown by Eq. 4 to be small. Hence,
reéuirements for the standard line are only that it
be strong (Eq. 5), that 1t be not perturbed by self-

absorption or self-reversal; and that it berawéy from

/
“the region to be scanned by photocell/? . There 1s

evidence that lines from multiplets 152 and higher can
be used as standard lines.

The messurements of line intensitles are greatly
simplified by widening all lines artificialiy until
they assume a flat-topped shape, for then the
altitude of the profile would suffice as a measure

of the relative intensities. This end is achieved
by widening the entrance slit of the spectrograph,

or the exit slit of the scanning photocell., It was

- chosen to widen the spectrograph slit. The exit

slit of the scanning photocell/ollnust be kept small
to conserve resolution and the exit slit of the
standard photocel%/?”must not exceed thé width of
the line on which it was set (else the very variable
continuum introduce bad fluctuations); but withih_
these limits, both slits can be altered to select
the desired intensity range of lines which shall
glve useable ratiocs on the recorder.

The selection of scale may be remade for convenience

when a separate calibration run is made by changing
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the exit slit settings; 1f s simultaneous calibration
run is made, still one other available parameter
beéomes useful: the variation of the response of the
entire instrument by a filter. Thus by placihg a
Corning signal blue filter before the slit of the
" spectrograph, the relatively poor emission of the
tungsten lamp in the blue may be effectively made
greater without at the same time seriously weaken-
ing the green part of the iron spectrum. Typilcal

slit settings for a run with separate calibfation

follow:
S1it Settings for Operation
with
S1it Arc Spectrum Lamp Spectrum

Entrance slit

Length 3« Omm 5.0mm -

Width 0.38mm 1.50mm
Scanning slit

Region First order-

(Approx., width

of spect., lines) O.4mm; 0,74

S1it width

Standard slit

0.,05mm; 0.17A

0.05mm; O0,17A

- Wavelength 4260A, Second order
(Approx. width
of spect. lines) O.4mm; O,7A
S1it width 0.3mm; 0,51A 0.30mm; 0.,51A
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Fifth, the scanhing photocell must be driven at such s
rate that the recorder (which has a 2-second pen sweep) will
have time to follow the violent changes of ratio encountered
in scannihg a spectrum. The appropriate speed was found to
be about 5 mm per minute. Inasmuch as the dispersion of the
spectrograph in the fifst order spectrum is about 3.4 A per
mm, this driving speed corresponds to 17 A per minute.. The
chart speed of the recorder 1s usually set at its top speed
of .8 inches per minute. Thus the final tracing has a dis-
persion of 14 A per inch. |

These flve steps need not be taken each time a new run
is contemplated. The next two steps, however, pertain to the
time of the actual run.

Sixth, the instrument 1s turned on and photocell/Dlis
set at one end of the spectrum. From the source room, the
operator séts the scanning photocell drive motor into}oper-
ation and monltors the arc as the tracing is made; The
photocell carriage is moved msnually between one spectral
region and the other. There are some circumstanées when
difficulty is encountered in taking data due to the part of
the src¢ from which light is admitted by the slit to.the s@ec-
trograph. 1In general, it was very difficult to get good
records of spectra from the edge of the arc.‘ The sluggish
action of the recorder in this instance seems to be related

to the excesslive amount of noise observable when the signal
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1“15 displayed on the oscilloscope. Often the recording made
of the intensity variation over a line, instead of being
flat on the‘top, 1s more or less skewed, indicating that the
various parts of the line, being due to the light entering
various parts of the slit, actually present differing in-
tensities, This is because the arc is being cut by the non-
negligible fleld of view of the apparatus; and in the case
of a run being tsken over the spectrum from the edge of the
arc, there is a progressive change of arc conditions being
represented by different parts of the line as it is,focused
at the Rowland circle. It appears that the actuai change of
conditions i1s not so much one of temperature but of the amount
of continuum present.

Seventh, during the progress of the run, the arc current
and the pressure in the vacuum system must be watched closely,
since specific operating conditions are desired. Small
changes in the cufrent are most easily correctedvby very
slight changes in the arc electrode separatlions; the pres-
sure is regulated with the stopcock which allows air into
the vacuum system. As the tip of the upper electrode burns
away, the electrode must be lowered to keep the arc column
length constant. This adjustment, as well as the mofe slight
ohe just referred to, is made with the arrangement labeled
(J) in Fig. 7. Finally, the lamp temperature 1ls measured
with the optical pyrometer.

This concludes the discussion of experimentai proceduré.
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K. Reduction of Data

From each run of the spectrophotometer, a tracing is
obtained on‘which appear the lines of the spectrum of the
iron arc and the continuous spectrum of the calibration
lamp. The method by which the data on relative intensities
of lines in the iron spectrum were obtained from these rec-
ords wlll now be described.

The quantity/j,r is needed in the calculstions; but fo- is
not exactly the same as the quantity given by the deflection
of the recorder pen. The callbration of £ in terms,éf the
readings obtained from the recorder chart was described on
P, 37. The raw, uncorrected readings corresponding to A are
designated C,. When the slider of the potentiometer.@fis
ad justed by the recorder so that the error signal is zero,
then the fraction,fg, of the resistancei@fwbich is between
the slider and ground, glves the ratio of the signals’vjahd
afﬂ, which appear across.@{and.ﬁya respectively.. That 1is,

vsing Eq. (5), _
| y, , : : A
Fo R x o, (5"
o 2’ W_// .
The use of a wide entrance slit gave broad flat-topped
line profiles on the tracing. The relative intensities of
the lines are, therefore, proportional to the heights of the

profiles on the tracing. Then

L= R’

and
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‘Il ”
l}y = %ﬂ o,
(71)

where
]} is the relative intensity of the line at wavelength A
on which phgtocell/n 1s set, | »
77 is the magnitude of the voltage appearing across.ﬁ;,
and
1a is the photccell response censtant, in units of
intensity per volt signal.
(Peak-to-peak values of the square waveformé are alWéys used.)
Combining Bq. (5') with Eg. (7') we have for the :gtio
of the intensitles of two iron spectrum lines,
Ly Zéﬁlﬁ' _ _Zgil £
Ly ﬁ,{’ v fl” °

If the spectrum of the iron arc is now replaced by the spec-

L

trum of the ribbon filament lamp, the photocells remaining

4
st wavelengths l/and.l,, the ratio messured will be, using

Eq. (8), |
Lyt %, £ @B
Ly Ry Y €DBun)

Combining this equation with the one above, we have for the
ratioc of the Intensities of two iron lines:
Ly e) By(7) A

Lye  €Q°) By(r) For
If the photocell/o”remains fixed at A7,
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Ly
€QA)B.(7)

is constant. Hence the relative intensities of lines re-

corded by the moving vhotocell will be

[:lé(%):!}ﬂ:g)gs ZF. - o

Graphs of e())andlaff)over the wavelength region covered
by the observations were prepared from data glven by Forsythe
and Worthing (33) and by the International Criticsl Tables,
regspectively.

The specific procedures followed in the reduction of
data are now enumerated. Three signiflcant figures were'
retalned throughout.

1. The charf reading for each spectrum line 1is

obtained from the position of the best horizontal
line across the top of the tracing of thé line.
Often two lines which appear blended give a tracing
on which 1t 1s possible to distingﬁish fhe altitudes
of the figures which would have occurred had the
lines been separate (See drawing). |

A triple combination of profiles

is found for three lines includ-

ing 5216 A; a still more compli-

cated case occurs between 4216‘

and 4227 A. Now the altitudes of the figures found

on the chart,c;ﬂMm) , are converted into values of
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/':(line) by Eq. (9).

The best straight line through the continuum nesr
eaéh line 1is drawn; the value of C;(dmf) is con-
verted to the corresponding value of ﬁgﬂbhf) .

A subtraction gives /;.

two operations form a group‘by themselves:

For the wavelength at which each line appears,
obtaln Cﬁffrom the tracing of the lamp spectrum;
convert to é} . _

Using previously graphed values of €(1) and __B)(T),v
form %a , defined in Eq. (10).

In many cases two or three runs were taken with a glven:

condition for arc operation; runs with different scale fac-

tors (slit settings) can extend the range of intensities of

lines which can be measured, The way in which different runs

are tied

together 1s now considered. If the two runs‘were

made without any changes having been made in the scale fac-

tors, we

6.

7.

may average f'; :

Plotfs.for one run against/; for the other, and
draw the best radial line through the points. This
line established the fsctor between the two sets
ofé; values., Multiplication of the lesser set by‘
this number adjusts the scale so that we may
average E .

Multiply{,and /f-, as in Eq. (10), and take logs.

If the second run was made after an Iinterval in which some
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change had been made in the apparatus, elther for repair or
for testing purposes, then the values cﬁ“%lwill differ, as
well as thoée of f; . In thls case, the last two steps are
interchanged.

6'. Compute A%?Jr values for each of the two runs{

7. Plot.léyl' for one run against.Aé?]r for the other
and draw the best line of unit slope through the
points. The intercept of thls line establisghes
the scale factor between the two sets of data.
Addition of the scale factor to the lesser_éet of

I values ad justs the scale so that we may

average /(0; L.

The reduction of the data terminates with these properly
averaged values of.lé?lr s Wwhilch are presented for the
standard arc in Table IB, The first column gives the mul-
tiplet numbers of the lines measured (see P, 49); in the
second column are listed the measured lines in each multi-
plet according to wavelength. The next two columns give the
Instrument reading for the lamp spectrum /gt and fhe aver-

aged value of %fjf for the standard arc.
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IV. RESULTS

A. Temperature of the Standard Arc

The relatlve Iintensities of lines emitted by thé arc,
for which f-values ére known and which are not self-absorbed
or self-reversed, are related to the temperature of the arc
by Eq. (1). Thls temperature could be evaluated by sub-
stituting for each_z; the corresponding value of I {see Eq.
(10)), provided lines were used which were not weskened., If
more lines were used, the averaged value of T would be mdre
precise.' Since there 1s no a priori way of selecting un-
weakened iines i1t is desirable to select T graphically; Eq.
(1)'is‘rewritten

0&)} I jOij‘z/Oj Z_)_[ el | (11)

230347’

where 6; is the energy of the upper state of the transition,

now expressed 1n electron volts.s# Now replacing Z; by.z and

rearranging terms, Fq. (1') becomes

- el '
j 7ﬁm e

The data are now plotted 1In the form

}fm fuﬂcfan {&, . | BNGEY

In all computations, }/l-‘/o-ﬁ was used instead of
4%7}3 . The difference was?included in 1%?!<’.

2t
"
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Then the best straight line through the points has a slope m

related to the temperature by

_ e 4
l'= ~5303% m (12)

In preparing to usse the.lﬁyz- data gathered in the

Y

experiment, in the graph represented by Eg. (11), a table
of

A Mog qf,
A S - 0
a[ofjﬂfm 34oq 2 7 G
was prepared, The values of ;@ém were taken directlj from

the tables of King snd King (4) and Carter (16). Values of &,

were taken from A Multiplet Table of Astrophysical Interest,

Revised Edition, by Charlotte E. Moore. Lines 1n the speétra
of an element aré arranged Iin this table by multiplets, and
the multiplets are arranged and numbered in order of (a)
increasing lower state energy and (b) upper state energy.
Thus, multiplets 1 and 2 termingte on the ground éﬁate, mul=-
tiplet 15 terminates at 1 volt, etc. @5}"}3 and jtyr are

now added and the sum 1ls plotted sgalnst é;‘ Thié graph 1is
shown as Fig. 8. The points plotted were taken in three runs
over the spectrum of the so-called "standard arc," which 1is
the center of an arc operated at a pressure of 1 atmosphere
and a current of 2.3 amperes DC, using as electirodes +-inch
iron rods. The %-inch rods were chosen as a compromise be-
tween larger rods which allowed the arc fo flicker bédly,

and smaller rods, which burned rapidly. The electrodes are
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kkept approximately 4 mm apart, and the lens forms a vertical
inverted 1lmage about 16 mm high and 16 mm wide on the slit.
Ofwthis imaée a rectangle 3 mm high and 0.75 mm wide is ad-
mitted by the slit.

It is immediately evident that the points scatter ép-
preciably and do not fit a stralght line. Assuming that the
condition of thermal equilibrium exists In the arc, this
scatter of points i1s presumably due to conditions in the ex-
periment or in the experiments where the gf-values were
measured. If the particular line represented by a péint on
Fig. 8 1s self-absorbed in the arc, the point will lie be-
low the position it would have had otherwise. If the mul-
tiplet in which thils line occurs 1s self-reversed, the'péint
will lie lower than it would be otherwise., If in the experi-
ment of Carter a line were self-absorbed or self-reversed,
the gf-value would have been too small, and hence the}point
on Fig. 8 would be raised; since the sources used:in the two
experiments were different, these effects would not cancel
the previous ones. The gf-values of King, being:taken»from
absorption spectra, would be free from weakening effects.

In drawing the stralght line through the points in Fig.
8 the following considerations enter:

l. The very strong lines within a multiplet will suffer
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more from self-absorption than will the weak lines.
Therefore, in the cases where s multinlet contained
seﬁeral measured lines (a few typical multiplets

containing several lines are identified on Fig. 8),

the lines with high gf-values will be most lowered

‘below the position they would occupy were they to

fall on the line whose slope will give the tempera-
ture. Consequently, the polints representing weak
lines have been (qualitatively) weighted more than
those representing strong lines.

The multiplets which terminate on a low-excltation
lower term will suffer more from self-reversal thsn
multiplets whose lower term is high in energy.
Hence, the points representing trasnsitions to low-
lying states are welghted less heavily than the
points representing transitions to high-energy
states,

Some points lie far off the main group of points for
neither of the above two reasons; and therefore,
apparently the measurements of gf-values for these
lines =re incorrect, The most congplcuous of these
are some two or three points which are off bvr a
factor of roughly 10,

In early stages of the experiment 1t had been the
practice to scan only a small region of the spec-
trum at one time. It was found that the tempera-

tures determined for ezch of three main spectral
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regions differed from each other considersbly. Typil-
cal values were as Tollows: AA 4200-4300, 5200°K;
AA 4300-4600, 3900°K; and AA 5000-5500, 4900°K,
Later runs were made over all of these reglons each
time. On Fig. 8 lines are indicated with symb&ls
‘which show in which of these regions of the spec-
trum each appears. It can be seen that lines. from
different regions suggest different temperatures.
The possibility that this effect is due to some
systematic error in the experiment was inveétigated
In a manner which will be discussed in the next.
paragraph.
These four conslderations led to the drawing of therline
seen in Fig. 8, which corresponds to g temperature of 4100°K.
A digression 1s now made to consider the possibility of
systematic error with respect to wavelength in the experiF
mental data., The values of I given by Crosswhite;for a
similar src were converted 1nto.[é71.ani compared with the
,@%7I§1neasured in this experiment. (More specificallv, the
arc used by Crosswhite was opersted at a pressure of 1 atmos~
phere and a current of 2.2 amperes DC, using sas electrodeé
3/16-inch electrolytic iron rods. The electrodes were kept
2 mm apart and a mirror formed an image 6 mm‘high on the slit.
A narrow area of the image 1 mm high was admitted by the slilt.)
First, graphical comparison of/ééyl-vaiues was madé using
data from one wavelength region at a time; in thié way it

was found that the temperature of the arc used by Crosswhite
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HWaé higher than that of the arc described sbove by some 300°K,
Next, a graphlcal comparison of all data was made which re-
vealed, in addition, a systematic wavelength discrepancy.
This discrepancy 1s such that Crosswhite's green lines are
too falnt, relative to his blue lines, by a factor of l.é,von
the basls of the present experiment. This second comparison
1s not affected by the result of the first, because lines of
all excltations were used in both the green and the blue re-
glons of the sﬁectrum.

The gf-values given by King and Carter allow s sécond,
independent comparison of expérimentsl results. These gf=-
values, and an arc temperature of 4100°K, are used to
evaluate for each line the quantityul%?l;given by BEq. (1').
These values of.fég.z,are,then, predicted emisslon line
Intensities for a source in thermal equlilibrium at a tempera-
ture of 4lOQOK, and free from the effects of self—absorptibn
and self-reversal, Now 1t will be noted that Fig;:8 can be
considered as a comparison of these values ofJ%Yl;with the

values of z obtained in the present experiment; if for
‘ 1,2

Fon

were in turn plotted on Fig. 8, the points would fall pre-

each line l;were used to compute_léy and if these
clsely on the straight line drawn in the figure. . Conse-
quently, the difference between the ordinate of any point in
the figure and the ordinaste of the straight line at the same
value cﬂ’é;is the ratio of relative intensities as determined

in the two experiments. When Fig., 8 1s examined in this way
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\ﬁhére is seen a tendency for messured points representing
green lines to be higher than those representing blue lines,
The;magnitude of the difference 1s such that the green lines
are a factor of about 2 times too strong, relative to the blue
lines, on the basls of the dsta of King and Carter. This
wavelength discrepancy ls equivalent to that found in the com-
parison of the same data with those of Crosswhite. It 1is,
therefore, likely that the dlscrepancies represent an error
~in the experiment arising from some phase of the experimental
procedure.

Crosswhite gives a sample calculation (P. 134) exhibiting

the various quantitles entering into two values of Aﬁ%?;[
for lines at different wavelengths. Comparison of this cal-
culation with those described asbove in the section on
"Reduction of Data" was made. Two items came to light:

1. The values of e{h)b;‘(T) used in the two experiments
agree.

2. The readings given by the recording instrument for
the run over the lamp spectrum, f;t , In the two
experiments, do not agree. The disagreement is such
that Crosswhite's lamp readings are too faint in'
the green, relative to the readings in the Elue, by
a factor of 1.4, on the basis of the present ex-
periment. This means that the wavelength discrep-
ancy being discussed 1s not dué solely to éxperimen-

tal differences in calibrating procedure;
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Any detalils in which the calibration run and the iron
arc run differed were considered as possible causes of
sysfematic error. Investigations of these differences form
the subject of App. I.

It appears that the interpretation of the discrepanéy
considered 1n the foregoing digression does not enter vitally
into drawing of the line in Flg. 8., If lines from the entire
blue region are considered as one group and lines from the
'green as another group, and if a temperature-line is drawn
for each group, the two lines obtained are parsllel. - Conse-
quently the wavelength-dependent discrepancy was ignored as
a factor in drawing the line in Fig. 8.

The comments of this entire section are now summarized.
The data are plotted as 1n Eq. (11); in choosing the best
fitting straight line whose slope defines the temperature by
Eq. (12), the following factors have been allowed for:

l. Self-absorption ‘

2. Self-reversal

3. Some two or three obvlously 1ncorreét gf;values.

The presence of an error which is a function of waveléngth is
considered likely; but this effect 1s of such a nature that

it could be ignored in ruling the line in Flg. 8., The
I’

}nm

for the standard arc appear in Table IB.,

gquantities ,4;
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VE} Self=absorption in the Standard Arc

Eq. (2) is used to show the magnitude of the self=-
absérption effects in the spectrum of the standsrd arc (de-
fined on P. 49). The quantity,é%jg is computed according to
Eq. (1'), with,%//('equal to zero. The quantity//oyl;z-; is
read off of Fig. 8:

v 3
Z X y/ ZA (21)
dog £ = bog =5 — Aog 5% -
7 L " T i T G A
‘The curves obtained for several typical multiplets in the
iron spectrum sre shown in Fig. 9. The solid portions of the
curves were drawn in to f1t the polnts. The conclusions
forthcoming from these curves and others not shown (which are
other horizontal lines) are these:
e . .
1. The graph of gyjf for a given multiplet approaches
0
a horizontal asymptote for wesak lines (small]% ), as
predicted by Cowan and Dieke (See P. 8.). However,
the horizontal asymptote differs for different
multiplets (Compare Eg. (3).). These differences
will be discussed in Sect. C. | |
j—l L "

2. The graph of 3?15 falls off to the right for
1arger.z;. The experimental data do not allow an
unambiguous determinstion of the limiting slope of
the curves, the significance of which was given on
P. 8.

3. The curves drop off less, (from their horizontal

asymptote for weak lines,@ ) for a givenjz;, as
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multiplets with higher energy iniltial {(upper) term
are selected, and agalin this behavior 1s as pre-
dicfed. The amount of self-absorption becomes too
small to be detected for lines whose lower terms

have excitation potentials sbove 2.1 volts (a”p).
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é;‘ Self-reversal and Assoclated Effects in the Standard Arc
The horizontal asymptotes to which the curves in Fig. ©
tend, as.z;décreases, (Ain Egq. (3)) are in Fig. 10A plotted
against the excltation potential of the lower term of the
multiplet. In Fig. 9, horizontal dotted lines extrapolaté
some of the curves for very weak lines., The intersections of
these lines with the vertical axis (@ in Eq. (3)) are plotted
against the lower term energy of the multiplet in Fig.klOA.
As has been pointed out in Sect. A, there 1s a disa-
greement (depending on wavelength) between the results of the
presenf experiment and those of the other observers referred
to. Fig. 10A reveals this disagreement in a tendency for
points from the green to fall higher than those from the blue.
Fig. 10B differs from Fig. 10A in that the points
representing multiplets have been shifted vertically to
correct for the discrepancy discussed in Sect. A. The cor-
rection 1s an average one (See Pp. 52-54) and should be used
between just two wavelengths, one,i;,representing the aver-
age wavelength of the blue lines used, and the otﬁer,i}a,
representing the average wavelength of the green 1inesvused.
For blue multiplets whose lines of known gf-value are at an
averqge wavelength, ,lm s at least 25A from AA, and for green
multiplets Where‘)mand.ljdiffer by 25A, the correction factor

was altered assuming that it followed the equation,

CO/‘l‘eCfIOK {(for .:—-8" /ﬂj ,,,) = 9—/0—-80-(5260‘2_&7).
7
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V"P‘he choice of 25A as the minimum separation of r,,,and onr
j; implies é maximum uncertainty iIn the correctlion factor of
3 pér cent, ﬁhich is less than the uncertsinty already pres-
ent in each point of Fig. 10A.

The interpretation of the distribution of points seen in

Fig. 10B is critical, and will be considered now. If each
line in the spectrum of the iron arc obeyed Eq. (1), with
4100°K, esch point in Fig. 8 would fall on the straight line
there drawn, If some lines were self-absorbed, the poiﬁts in
Fig. 10B would fall below the temperature-line; but bécause
of the way in which Fig. 10B is plotted from the results of
Fig. 9, the points in Fig. 10B would still fall on the €,axis.
If, further, some multiplets were self-reversed, then thé |
measured lines of each multinlet self~-reversed would give
points each lving the same distance, @ , below the stralght
line in Fig. 8; and each self-reversed multiplet would be
represented by a point in Fig. 10B, @ units below;the axis.
Self-reversal, measured by the parameter A , would be expected
to incresse as multiplets of decressing 1owef term excitation
potential were studied.

The points in Flg. 10B do not have the expected posltions,
If there 1s any self-reversal, 1%t 1ls completely masked by
other, unknown, effects., A search for these éffects was initi-
ated, in which the followlng possibilities were investigated:

1; Some experimental error was suspected, for the sig-

nal strengths involved 1in the cslibration run and in
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the iron arc run were different. In general, the
comparison signalvand the maximum scanned signal
v’ ﬁere stronger in the case of the arc spectrum.
Thus a ratio of £=0§ could resuvlt from the comparil-
son of yr=07 volts with?-=/4volts in the case of the
‘arc, and of v202volts with2f204volts for the lamp
spectrum. This situation strongly suggests that the
instrument gave incorrect ratios because of the effect
already discussed on Pp. 29-31. Some trial calcu-
lations were carried out 1iIn which the ratios'given
by the instrument were corrected for the effect‘de~
sribed on Pp. 29-31. It was found that the cor-
rections did not bezin to reduce the configuration of
pointsbon Fig. 10B to a form such as theot discussed

on P, 59.

It has been stated that a compérison of the pfesent

data with those of Crosswhite showed (a) that the arcs
used had a different temperature, and (b) that our

green lines were too bright (P. 53). The ﬁwo»sets of
data were compared again, in a way which corrected for
these two differences, and the result was 2 confirmation
of the configuration of points in Fig. 108.‘

It has been pointed out that the results of this experi=-
ment are also too bright for green lines on the

basis of the work of Xing and Csrter (P. 53).



wf] =

This discrepancy has been corrected for in Fig. 10B,
and hence the distribution of points represent g
furfher disagreement with those observers., An attempt
was then made to find whether the disagreement was
one with the data of King or with those of Carter.
The curves of Fig. 9, and therefore the points of
Fig. 10B, are not changed significently if only
those spectrum lines are used for which gf-values
were measured by one observer.
These last three comments lead to the conclusion that
Fig. 10B describes a real effect which occurs in the arc
but not in the furnace. Physical meaning for the effect
was sought in these further investigations:
| 4, Some connectlcon with the odd-even effect dis-
covered by Carter (P. 2) was sought, but no cor-
relatlon was evident. |
5., An sttempt was made to relate the ordinates of the
points in Fig. 10B with the electronic configuratlons
of the upper terms of the multipleté. Again, no

correlation was observed,
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Vb; Corrections to Exlisting gf-values

In the plotting of Fig. 8 and Fig. 9 it was found that
sevéral 11ne§ were consistently too faint or too bright re-
lative to other lines in the same multiplets on the basis of"
the gf-values which had been measured for them by Carterf(IG).
The extent of the correction necessary was in each case read
off a graph like Fig. 9, and is presented in Table TA. .

It was concluded in the previous section that some effect
'appears In operation 1n the iron arc which is absent In the
furnace; and that this effect causes the points in Fig. 108
to differ from the positions along theé;,axis which they
would otherwise have. In Table IB gf-value differences are
glven, which, 1f applied to the gf-value of each line whibh
was measured in the multiplets listed, would move the point
repfesénting that multiplet to theé&,axis; the values llsted
are the ordinates (absolute value) of the points now appearing
in Fig. 10B. The gf-value differences are such as:to allow
the measured relative iron line intensities to obey Eg. (1),
except for the effect of self-absorption. The maﬁner in
which these terms were read from Flg. 10B means thzat the
wavelength-dliscrepancy with the data of King and Carter 15

not inherent in the terms.
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E. Temperatures for Different Arc Conditions

The sapproximate 1ndependence of temperature over a large
range of current has been reported by Duffendack and La Rue
(11) and by others; Ornstein, Brinkman snd Beunes (34) report
a decrease of arc temperature as the alr pressure is redﬁéed
below 1 atmosphere. These groups both used photography.

The results of measurements of the temperature of the,‘
arc at different currents and pressures, and in different
portions of the arc, are presented in Table II.

The inverted image of the arc on the slit was abdut 16
mm high, and equally broad. The slit was 3 mm high and in
most cases 0.75 mm broad. The "edge" of the arc 1s defined
as that region on the arc equator which marks the outer-limit
of the blue core.of the arc; the "positive pole" and "nega-
tive pole" regions are on the axis of the arc and.are bounded
by the pole or the bead on the pole.

In each of the runs from which these data were obtained,
the reduction of the data and the presentation of results
proceeded as before, up until the plotting of poinfs on.a
graph like Fig. 8. The determination of a temperature was
again made by fitting the points with a straight 1ine, but
now the slope of the straight line was predetermined Ey the
reéuirement that 1t pass above or below each point (not rep-
resenting a weakened line) by the same amount as in the case

of the standard arc. Thls requirement was consistently met



-3 -

for all the different cases studied. So the tendency of cer-
tein multiplets to vary, as whole groups of lines, from the
intensities calculated by Eq. (1), which has been exhibited
in Fig. 10B, is not sensitive to the arc current, to the
pressure of the alr in which the arc runs, and to the part

of the arc studied. The effect of Fig, 10B, then, though
perhaps due to the pecullar conditipbns in the arc, iIs not

sensitive to changes in arc conditions,
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 5; Self-absorption for Different Arc Conditions

The self-absorption found in the standard arc was de-
scribed and éompared with the theory of Cowan and Dieke on
P. 56. The prediction that increasing current will increase
self~abgorption has also been found correct,

Flg. 11 shows the changes of self-absorption with chang-
ing conditions; the curves have, for comparison purposes,
been shilifted up andAdown from the positions they would other-
wise occupy (compare Fig, 9) to a common level. Fig. 11
shows that the amount of self-absorption increases wiﬁh the
current and with the pressure. The same amount of self-

absorption is present in all parts of the arc.



d. Summary of Results

The purpose of this experiment has been to explore the
excitation éonditions in the iron arc by sﬁudying those
emission lines for which gf-values have been messured in fur-
nace spectra, and in this way to establish whether the are
is 2 suitable source for further messurement of gf-values.

It appears that when the effects of self-absorption and
self-reversal are absent or corrected for, a single excita-
tion temperature can be assigned to the arc on the basls of
an assumption of s Boltzmann distribution of atoms in.the
upper states of the transitions produclng the lines.

Self-absorption affects strong lines and lines of low
excitation, For an arc operating at atmospheric pressuré
and on 2.3 amps, the effect is negligible for all lines whose
lower term at least 2.1 volts (aSP): for an arc at 4 cm of Hg
and 3.5 amps, the effect can be nezlected for all 1inés whose
lower terms are at least 1.5 voits. |

The temperatures in various parts of the arc differ
little. The changes of temperature which result when current
and pressure are changed are also small.

The tempersature of the src is 4100°K., This excitatién
temperature exceeds thet produced by the furnace. |

| There is an unexplained difference, which is a function
of wavelength, between the results of this experiment and

those of two others. This difference must be‘explained.
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There 1s a further difference which appesrs to be one
due to some mechanism in the arc which 1s absent in the fur-
nace spectré. Whole multiplets of measured lines are too
strong or too weak to fit the Boltzmann distribution of atoms
in the upper state. Some non-equilibrium mechanism is sus-
pected but was not found. Further investigation should be
made.,

So the arc gppears to be 2 vromising source for future
messurements of gf=-values, providing the measurements are

confined to relatlvely weak, high level lines.
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~ APPENDIX I
(Referred to on P. 35 and P. 55)
Investigations into the Possibility of
Significant Experimental Differences
Between the Standardization Run on the
Lamp, and the Iron Arc Run, which Would

Result in Systematlec Error.

An aluminum-coated first-surface mirror was used for (D)
in Pig. 7. This mirror reduced the color temperature of
a source at 2290°K by only 609K with a 45° angle of

incidence. And this decrease was applied to the measured

_pyrometer temperatures on all data obtained by the use of

the mirror.
If large wavelength differences had been encountered 1n
this experiment, the lens (B) in Fig. 7 might, in focus-

ing the arc and the lamp filament (which are of different

éhapes) on the slit, lose light of long or short wave-

lengths in one or the other case due to chromatic ab~
erfations. However, the lens 1s achromatlc and the
spectrum reglion observed is short, so that no such effect
could enter significantly.

It has already been said on P. 29 that scattered light
(which would behave differently in the cases of the arc

and the lamp) 1s at most a negligible effect,
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KEY TO SYMBOLS OF FIG. 2

Main portion of carriage

Rack which determines orientation of assembly
(C) and also allows driving of carriage by
motor (F)

Top assembly for slit and photocell unit

Exit slit

Focus adjustment

Driving motor

Finder prism

Finder lens

Photocells
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FIGURE 3
Use of Cscilloscops to 3how Difference of Cathode
Resigtor signasls, 3lider of Potentiometer Yoved by

Hend Untll Pattern on Screen Reduces to a Line
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PTGURE 4
Meter to Indicate O0ff-Ralance of Tnstrument. All

to Left of Dotted Line Is the Same as in Fig. 3
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PARTS LIST - SEE FIG. 5

DPDT Switch, Iinterchanges photocell units

DPDT Switch, for observing signals on oscilloscope
10 k, cathodé resistor

10 k, wirewound potentiometer, cathode resistor
100 k, bleeder for 6AK6 grid bias

39 k, bleeder for 6AK6 grid bias

10 meg, load resistor for photocell

0.8 meg, dynode bleeder

2.8 meg, dynode to ground

4/"j[’ DC blocking condenser

150/ﬁf max. trimmer condenser, adjust phase of #r
UTC # LS-50; hum attenuation -74 db, turns ratilo

-3 when connected as follows:

o
ole oo— oul
n 5 ©
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NOTES ON FIG. 5

The diagrams do not show the following:
300 volt DC plate power supply, which is a
standard circuit,
900 volt DC photocell power supply. This
consists of batteries, each 67 volts, in
series, contained in an electrostatically
shielded wooden box. A %ﬁflcondenser is

connected across the batteries to shunt out

~any hum plckup.

The 6 volt DC fllament supply, an automobile

battery.

" The care with which grounds were placed to

avold ground loops.

Assorted meters and switches,
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(B)
(C)
(D)
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KEY TO SYMBOLS ON FIG. 7

Stand provides motion for adjustment of arc

position

Lens

Chopper

Mirror which can be inserted to send
light from lamp (E) into the spectrograph
Tungsten ribbon filament lamp

Arc chamber

Optical pyrometer

S1it

Ad justs top electrode.
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TABLE IA

Corrections to gf-values of Carter (16)

for Certain Lines, Relative to the gf-

values of Other Lines in the MNultiplets

to Which the Lines Belong

A

et

4299
4431

4443

4454 -

Listed

Multiplet gf-value
152 2120
€8 22
350 12570
350 2470

Corrected

gf-value

3400
270
1257

1000
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TABLE IB

Instrument Ratlios for Lamp Spectrum, Arc
Intensities, Ordinates for Fig. 8, and gf-
value Differences, for Lines of the Standf
ard Arc Arranged According to Multiplet

Number and Wavelength

Ratio for Ordinate  gf-value®
Mult. Lamp Spectrum Arc Int. of Fig. 8 Difference
Number
1 5247 4.80 0.09 11.68 0.1

5204 4,53 0.34 11.28 -0.

2 4490 1,07 0.34 11.18 -0, 3%
4482 1.05 0.96 11.03 -0, B3
4462 1.00 0.92 10.75 -0 (B3t
4427 0.20 1.02 10.83 (), B3t

15 ‘

15 5405 6.09 1.62 10.03 £0.35
5397 6.09 1.56 10.36 - £0.35
5371 5.93 1.80 10.13 - £0.35

36 5332 . 5,35 0.29 9.63 £0.1
5307 5.16 0.22 9.69 © f0.1
5216 4,62 0.88 9.50 £0.1

37 5341 5.43 1.06 9,54 - 4o0.1
5171 4,34 1.26 9.60 £0.1

39 4602 1.53 0.59 8.78 £0.3
4531 1.20 0.72 8,91 £0.3

41 4415 0.86 1.78 9,06 -0.05
4383 0.79 2,04 8,49 -0,05
4337 0.72 0.95 8,95 -0,05
4294 0.66 1.44 8.96 - -0.05

42 4326 0.70 1.86 8.54 -0, 1t

4307 0.67 1.81 8.51 =041
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rTable IR Contlinued

4272 0.64 1.80 8.60 -0, L
4’202 0051 1.62 8.74 -001":"‘!'
66 5251
66 5251 4,83 0.55 9,12 0.0
5202 4,52 0.70 9,02 0.0
68 4528 1.20 1.33 8.18 £0.2
4494 1,08 1.03 8.09 #0.2
4459 1.00 0.95 e.0v7 40.2
4447 0.94 0.82 8.12 - 40.2
4442 0.93 0.89 8.23 £0.2
4430 0.90 0.48 9.27 £0.2
71 .
71 4282 0.65 1.19 7.93 A0, 1w
152 4299 0.67 1.32 8.10 -0.1
4271 0064 1.53 7.80 ‘Ool
4260 0.63 1.69 7 .87 -0.1
4236 0.61 1.38 7.79 -0,1
4255 0060 1.38 8.02 "Ool
350 4476 1.05 0.65 7,41 0.0
4454 - 0,96 0.52 7.28 0.0
4443 0.93 0.54 6.59 0.0
383 - 5266 4,94 1.28 8,23 -0,1
5233 4,72 1.61 8.25 -0.1
5191 4,46 1.04 8.00 -0.1
553 5324 5.30 1.35 7 .88 - luess
693 4247 0.61 0.76 6.85 -0.3
4238 0.61 0.79 6.82 -0.3
4227 0.58 1.17 6.90 -0.3
800 42186 -0,

n=n (Fig. 8)

##% Douhtful because only one line 1in multiplet or because
of too much scatter,

% This column gives the negative ordinates of the points in
Fig. 10B. Therefore the wavelength-dependent discrepancy
with the data of other observers has been omitted in the
entries, ©Entries are 0,03,

W% Evaluated from runs over other arc conditions.
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TABLE TIA

Temperatures at the Center of the Iron

Arc Operating Under

Different Conditions

Current in Amperes

2.3 3.5
Air Pressure 4 4600
in cm of Hg 'z 40 4100
76 4100%%:%
% All entries in °x
%% Standard Arc
TABLE IIB

5.3
4600

9.0

n——

4600

4100

Temperatures at Various Parts of the Arc

for a Given Current (3.5 amps) and Pressure

(40 cm Hg)

Part of Arc

Center
Either edge
Negative pole

Positive pole

Temperature (°K)

4100

4100

15
4100



