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ABSTRACT 

The relative f-values 01' 48 spectral lines of Fe I 

have been derived f'rom measurements of intensities in emission 

of lines excited in an electric furnace. The measurements 

were made photoelectrically. f-values were measured relative 

to King's previously determined values and are on the same 

scale, Lines with excitation potential of low term up to 3.5 

volts are included. 

The f-values derived have been used to plot a solar 

curve of' growth. The scatter of the points for high energy 

level lines is large. This is due mainly to the fact that 

lines whose low term is of odd parity are apparently consistent­

ly too strong in the sun and those of even parity too weak. 

On the other hand curves of growth for the giant stars Y Cygni 

and a Persei exhibit a much smaller scatter 01' points and no 

evidence of odd-even difference. Measurements of laboratory 

pressure shifts show systematic odd-even diff'eren ces. These 

tests indicate that the eff' e ct observed in t.r1e sun is r·e al 

and suggests that it may be due to the relatively high pressure 

in the solar atmosphere. If this is true the practice of 

using relative f'-values derived from the solar curve of growth 

in the study of stellar atmospheres should be reconsidered. 



'rABLE o:si CONTENTS 

I. Introduction ..... . . . . . . . . . . . . . . 1 

I I . 11.i s t or y . . . . . . . . . . . . . . . . . . . . . . 1 

III. Apparatus ..................... 4 
Furnace ...•.................. 4 

'remperature distribution alon g 1·urnace tube. . . 5 
Iron vapor pressure along furnace tube ....• 5 
Helium atmosphere in furnace . . . . . . . . . . 7 

Spectrograph . ..............•... 8 
Photoelectric cell and circuit .......... 8 

IV. Re l ative Advanta ges of Abs orption and Emission •. 11 
Search for hi gh temper ature li ght source .... 17 

V. Procedure ...•................ 21 
Most favorable spectral regions .......... 21 
Reduction of data ................. 23 
f{e s u 1 ts . . . . . . . . . . . . . . . . . . . . . 24 

VI. Applications : ..................• 26 
SQm Ru le Intensities ............... 26 
Solar Curve of Growth ............... 26 

Explanations of deviations in Solar Curve .... 30 
Independent c he c ks of Solar Deviations ...... 34 

Allen's solar line s hapes ............ 34 
Babcock's pressure shifts ............ 35 
Curve of Growt h for / Cygni. . . . . . . . . . • 39 
Curve of Growt h f' or a Persei . . . • . . . . . . 40 
Curves of Growth for o Cephei .......... 42 



1. 

I. Introduction 

This paper is concerned with the measurement of oscillator 

strengths, or f-values, of spectral lines arising from 

transitions between high energy levels o f the neutral iron 

atom. f-values are t he connectin g link between classical and 

quantum radiation theory. They are defined by the relation 

where 

f1 = Nf 

0 = number of optical electrons in classical theory, 

N = number of atoms in the initial quantum state, and 

1· = fraction of the total number of' atoms in the 
initial st a te t hat are active as linear 
oscillators for a particular transition. 

The f'-value of a spectral line is proportional to the transition 

probability, the emitted intensity, the absorption coefficient, 

and the sum of the squares of the matrix elements of the transi­

tion. f-values are needed in t he study of stellar atmospheres 

for quantitative analysis of their cor;iponents and determination 

of their physical state, temperature, pressure, etc. Those for 

iron are of particular importance because of the great abundance 

and wide range in in tensity of iron lines in the spectra of the 

sun an d many types of stars. Ordinary spectrographic analysis 

can make use of knowledge off-values for quantitative ~esults. 

II. History 

Oscillator stren gths have been determined both theoretically 

and experimenta lly. On the theoretical sid.e, for example, 

H. Be the(l ) has calculated oscillator stren gths for hydrogen 

from t be matrix elements. These results have been a pp lied to 
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various hydrogen-like atoms by several methods of approxima­

tion. Bylleraas (2 ) has calculated f-values of some helium 

lines. Ot ber theoretical values have been computed for 

( 3 ) 
simple atoms. Re cently Vi . M. Gottschalk nas used anot her 

a pproximate method with more restrictive assumption s to 

calculate line strengt t1S, fr om which f-values may be derived, 

for lines of Fe I in the multiplets of 3d7 (4F)4s - 3d7 (4F)4p 

and 3d7 (4 P)4s - 3d7 (4P)4p. he computed line strengths f or 

transitions between states wit h intermediate couplin g. Spin­

orbit interaction was taken into account, but configuration 

interaction was ne g lected. lt was furt her assumed that t he L 

and S of the core were "good quantum numbers. 11
• The a greement 

of these results with experiment a l values was fair. It 

should be noted that the low term of all the transitions 

considered by Gottschalk was of low excitation potential and 

even parity. 'I1hi s is the extent at trie present time of t he 

theoretically calculated oscillat or stren gths f or Fe I. The 

limitation is due to the difficulties of treating many-body 

problems in the quantum t heory. 

Methods of measurin g f-values experimentally are tabulated 

in Mitchell and Zemansky. (4 ) These are divided generally into 

measurements of lifetimes of states for resonance radiation, 

total absorption or absorption coefficient, emitted intensity 

anomalous dispersion of radiation, an d magneto-rotation or 

depolarization. .Previous to 19.55 fewer than two dozen lines 

.had measured f'-values. 
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Starting in 1965 A. s. ~ing and R. B. King (5,6, 7 ) 

applied t he technique of' total absorption to the measurement 

off-va lues of many lines in the spectra of several of the 

more refractory elements. Of t he availab le me thods this one 

is perhaps basically the simplest and most reli ab le an d is 

particularly suitable for elements of low vapor density at 

high tempera tures. In these investigations a tun gsten 

filament lamp or· a high pressure mercury va por lamp wa s used 

as a s ource of continuous radiation . An electric resistance 

furnace was used to vaporize the material and maintain thermo­

dynamic equilibrium in the vapor. The spectrum was photographed 

with a hi gh dispersion spectrograph alon g wit h intensity 

calibration steps. The pr i ncipal requirements for t he success 

of this met hod are t hat t he line be on t he linear part of t be 

so- c·alle d curve of growt h of a line and on t he us able part of 

t he photographic plate's characteristic curve. The curve of 

growt h is a plot of the tot a l emi tted intensity or total 

absorption (equivalent width) of a line as a f unction 0 1' the 

number of atoms per square cm. in the line of sight active in 

absorbin g the line. It will be described in mor e detail l ater. 

On t he linear, f aint line, portion of t hi s curve t he relation­

s hip between total absorption an d the number of absorbin g atoms 

is unaffecte d by such line broadenin g processes as Doppler 

effe ct an d collision or radiation damping. By this method 

the relative f -values of many line s of iron, nickel, titanium, 

and vanadium were measured and have found wide applications in 

problems of astrophysi cs and s pectrographic analysis. 
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However, practical limitations have so far restricted these 

measurements to low excitation potential lines. The reduction 

of the photographic p late was the principal labor and tt1e main 

source of' error. 

III. Apparatus 

The principal components of the a pparatus used in the 

present investigation are (A) a furnace to vaporize and excite 

the iron, (B) a s pectrograph, and (C) a sensitive element to 

indicate spectral line intensities. 

(A) The large hood furn a ce described by A. s . King(8) 

was used to vaporize ttIB iron and excite t he neutral iron 

spectrum. 'l'his is an electric resistance furnace whose heater 

is a graphite tube 10 11 lon g with 1/2° I.D. and 3/4 11 0.D. 

Currents used range from 500. to 1600. amp. The furnace can 

be evacuated to about 5. or 10. mm. hg. pressure. The iron, 

when placed in side su c h a tube, is very nearly in a bla ck body 

cavity. Thermodynamic equilibrium exists in the tube kinetical­

ly and for radiation. Tests were made by King( 5 ) to prove 

that a true Boltzmann distribution wa s attained by the iron 

atoms amon g the low energy states (up to 1.5 volts). These 

tests were extended by t he writer to t he higher ener gy states 

and temperatures used in the present work. In t hese tests t t1e 

ratios of the relative f-values 0 1' lines whose low terms were 

low energy even, high ener gy even, and high energy odd were 

measured at temperatures varyin g from 2t)50° K to 2975° K and 

found to be constant. This s howed that t he actual change in 

population of energy states wit h chan g e in temperature was in 
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accordance with the Boltzmann formula. 

Te s ts were also made to determine te mperature dist1,ibu­

tion alon g the furnace tube. Tbis was done with the aid of a 

thin, snu gly fitting grapbite piston which could be moved 

alon g inside the tube. The temperature of the piston and the 

adjacent furnace wall was measured by an optical pyrometer. 

The 1·urnace had a nominal temperature of 2520~ K durin g the 

tests, and the central portion of the tube to within 5. cm. 

of t h e ends was at this te mperature to within t he accuracy of 

the observations, about 5". Tbe uniform central portion of' 

the tube was 16. to 17. cm. lon g . From the data of K. K. Kelley(;) 

the vapor pressure and number of iron atoms per cc. at each 

position alon g the tube could be found provided the tube 

contained pure iron vapor. If these data were strictly 

applicable, the total number of iron at oms in any particular 

state of excitation in the tube, or an "effective heater length11 

could be calculated. 

For example t.t1e line A4271.7 is treated in rrable 1. 

'rhe tran sition is a3F4 - z 3 G5 (1. 5 v. - 4.5 v.) 

The effective lengths are t hen 19. 3 cm. for n total. 18.8 

cm. 3 3 u f or the a F4 state; 18.5 cm. for z G
5 

state. These 

len gt hs chan ge as the he a ter a ge s however. 

It was observed t hat a large portion of the iron boiled 

out of t he furn ace tube during t he first few minutes 01· 

furnace operation. First eviden9e of this process was given 

in the plots of measured relative f-values against time of 
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Table 1 

cm Temp Pressure No. Fe n n 
from UK iron log n atoms Upper Lower 

end mm pe r cc. state state 

10- :S 
(n) 

1012 10 9 0 1580. 1.46 X 12.95 8.9 X 1.0 1.5 X 

1 1700. 1.05 X 10-2 16.77 5.9 X 1013 6.4 X 101 2.0 X 1010 

2 2 175. 1.06 15.67 4.7 X 1015 3.6 X 106 1.:5 X 1013 

3 23 75. 16.7 16.83 6.7 X 1016 o. 7 X 108 4. ;s X 1014 

4 2475. 34.1 17 .12 1.3 X 1017 2.1 X 10 9 1.1 X 1015 

5 2520. 46.7 17.25 1.8 X 1017 3.3 X 10 9 1 . 7 X 1015 

observations. These plots approximately followed exponential 

curves with half lives of 5. to 10 . min u t e s . This process had 

not been quantitatively observed before because the photographic 

method integrates the intensity over· one or more minutes exposure 

time. The result is to dec r ease n 0 , the total number of' iron 

atoms in t he useful par t of the furnace, with time. Taking 

instantaneous intensity measurements with the phot ocell , lines 

could be followed down f r om t he damping t o t he Doppler, and 

finally to t he linear parts o f the lin e I s cur ve of gr owt h. 

Sin ce t he f urnace was ordin ari ly o perated at only 5. or 

10. mm. Hg. pres sure of air, t he vapor pressure of t he iron 

in t he hot part of t he tube was conside r ab ly gre ater t han the 

ambient air pressure and active boiling took place. This 

exp lanation presumes t hat the iron is sti 11 pure and molten 

and has not f orrned a compound such as an iron carbide. Although 

this assumption is very questionable, t he qualitative explanation 
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is still true. 

In an attempt to inhibit the boiling out process, the 

furnace was operated with one atmosphere helium pressure. 'rhe 

boiling out was not appreciably slowed, however, and the lines 

were pressure broadened in an irregular manner. The broaden­

ing was great enough to blend many lines on which measurements 

were being made, e.g. i4271.16 and ~4271.76. In addition 

there was some indication that the relative intensities of 

unblended lines were affected. The life of the heater tube 

was certainly extended by trie helium atmosphere, but because 

of the othe:r• difficulties the method was discontinued. 

It was found from the first data obtained that the inten­

sity of the ground state lines was reduced by self-reversal. 

This was shown by meastU'ing the f-value of an unknown 11igh 

energy level line relative to those of several lower level 

lines whose f-values were known. The measured f-value of the 

high level line was consistently higher wnen determined 

relative to a ground state (a5D) line than when determined 

relative to a line whose low term is a3F (1.6 volts E.P.) 

Consequently, with the furnace evacuated to 5. or 10. mm. 

pressure of air, helium was injected into the front end of 

the furn ace tube and forced to flow backwards through the 

tube. 'rhe direction of helium flow was opposite to that of 

the radiation going to trie spectrograph. 'rhe helium draft 

prevented tbe iron vapor from collecting in the cooler front 

end of the tube and hence eliminated the self-reversal. 

Subsequent tests s bowed no effect of se lf-:r'evers al to be present. 

'rhe flow of helium was measured by a manometer, and was set for 
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5. to 10. mm. indicated pressure. Hi gher rates of flow blew 

out too much iron and cooled the furnace. This technique 

was used during all actual observations. 

(B) The spectrograph used was the 15 foot h owlan d gratin g 

spectrograph. All measurements we re made in the first order 

where the dispersion is o.7 A./mm. 

(C) A photoelectric cell was used as a sensitive indicator 

to measure the spectral line intensities. Originally a 931A 

photomultiplier tube was used until it was replaced by a 1P21. 

The properties of t hese remarkable tubes have been described 

by ~ngstrom(lO). The output of the tube was applied directly 

to a type R galvanometer whose sensitivity was about 2. x 10-10 

amp./m.m. The sensitivity of this simple arrangement approached 

the noise level of the multiplier tube, and the addition of 

external amplification would have accomplished small gain 

unless the photocell had been refrigerated to lower the noise 

level. Without amplification the photomultiplier and galvano­

meter could detect any spe9tral line that could be photographed 

in an exposure of 5 to 10 minutes. The var i ation of multiplier 

tube output wit h intensity was exactly linear over the ran ge 

of intensitie s available in Fe emission lines. By movin g the 

photomultiplier alon g tracks in the focal plane of the spectro­

graph and with a definin g slit in front of the photo-tube, the 

relative intensities of several spectral lines could be rapidly 

measured in succession. Thereby the errors of' non-linearity 

and nonuniformity an d the difficulties of reduction of the 

photographic plate were eliminated. Also rapid chan ges in 
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excitation conditions in the furnace could be studied by 

almo st continuous observations of t he intensity behavior of 

a few lin e s. On t he average it was possible to me asure t he 

intensiti es of about t wo t o t l:Jree lines per minute in many 

spectral re gions. 

With the 931 A tube, 90. volts pe r sta ge were used; with 

the 1P21 a lower -noise leve 1 and hi gher s t ab i li t y made possible 

100. volts per stage an d co nsequently hi g her gain. It was 

economical to use 14 67.5 volt d ry cells f or t h e power supply 

rat her t han to co nstruct an electronic power supply with its 

necessarily elaborate volta ge r egulation. rrhe drain on the 

batteries was so low t ha t only four had to be re p laced in the 

two years in termi t tent use. The circuit used is s hown in 

Fi g. 1. The battery in the galvonometer circuit bucks out 

t he dark curre n t of t he phototube and any continuous background 

so that t he e ntire galvanometer scale can be us ed at full 

sensitivity wit h t he background at zero. The photo-cell was 

mounted on the spectrograph in p lace of the plate holder. A 

coarse adjustment permi tted rapid movement of t he cell along 

the spectrum; and a finer screw adjustment, coverin g a 65. A 

strip of the s pe ctrum in the first order, provided for precise 

settin g of the cell. A lateral s lide adjustment peru1itted 

eit her the exit slit and photocell or a vie v,re r wit h crosshair 

and wave len gt h scale to be centered on t he spectrum. The 

base of t he mount was interc han ge able with t he ordinary p late 

holder of the spect:tograph. A strip of the s pectrum about 100. A 

lon g was visible through t he viewer. With t he wave len gt h scale 

and cross hair in the focal plane of t he viewer, spectral lines 
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could easily be identified. Since the crosshair and exit 

slit were colinear and parallel to the spectral lines, it 

was possible to set tte crosshair on a line t hen slide t h e 

slit and photocell onto the same line. A wave len gth scale 

and a pointer on the fine-motion p late gave the position of the 

exit slit to about one an gstrom. The wave length scale was 

adjustable and could be reset for any position of the plate 

holder carriage. 

IV. Relative Advantages of Absorption and Emission Line 
Photometry. 

In gen eral there are considerable advantages to be 

gained by me asurin g the f-values of a s pe ctral line by t he 

absorption of the line from an intense continuous background 

rat her t ha n the line's emission, particularly with the 

photomultiplier tube instead of a p late. The s e a d van tage s 

wou ld be (1) possibility of me asurin g fainter, hi ghe r level 

lin es in absorption merely because the furnace would have to 

excite t he iron atoms to t he lowe r energy level rat her t han 

t he high term of a gi ve n t1 ... ansition . (2) Fewer sources of 

error in absorption, primarily no self-reversal tro~bles. 

The existence of cooler iron va pors at t he front end of t he 

furnace would not introduce such large errors in absorption 

as it can in emission. (3) Possibility of gettin g better 

accuracy by bavin g larger quantities to measure. With 

emission lines the galvanometer deflection is directly propor­

tional to t he stren gth of t he line. On t he linear part of 

the curve of growt h the stren gth of a line is directly 
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proportional to the number of' atoms emittin g the line. 

'rherefore, the maximum obtain ab le galvanometer deflection is 

limited by the extent of the liri'ear part of the cur've of growth. 

With an absorption line, on the other hand, the difference 

in the galvanometer deflections of the continuum and the 

absorption line can be amplified by usin g a more intense 

continuum. This is possible because the depth of the 

absorption line for a given number of a.bsorbin g atoms is always 

a constant fraction of the intensity of the continuum. The 

fraction is determined by the line I s position on the curve 

of growth. The continuum can be bucked out between the 

photomultiplier tube and tbe galvanometer so that the absorption 

line depth can be measured on as high a sensitivity ran ge as 

necessary, up to the full sensitivity of the photocell circuit. 

However, this arran ge ment requires the continuum and bucking 

out current to be exceedingly steady, i.e. no noise in the 

frequency range O to .5 ·c.p.s. passed by the g alvanometer. 

Any noise which is a given percentage of the continuum would 

be amplified as much as the absorption line. For example, 

with the high pressure Bol mercury lamp as a source of 

continuum,· the iron absorption line )\5431. gave about 4000. mm. 

galvanometer deflection when it was at the upper limit of the 

linear part of the curve of growth. Thi s would have been easy 

to measure with hi gh accuracy on the proper sensitivity scale 

since signals of 2 or 3 mm. have been measured, but the noise 

fro m the lamp was about 1. ¾ of the continuum which 

corresponded to 500. mm. on the scale. Hence the line could 



13. 

not be measured with an accuracy better t han about 121o. 

In both emission and absorption the final reading observed 

on the galvanometer is t he product, or fold, of 1·our curves; 

the natural shape of the line, the entrance slit width, the 

instrumental shape introduced by t he grating spectrograph, 

and the exit slit. Increasing the slit widt h increases the 

deflection observed for both a line and a con tirrnum, but t he 

ratio of the deflection of an absorption line to the deflection 

of the continuum reme.ins con st ant. In emission there is no 

continuum present (except possibly a weak background). 

Nevertheless the limiting intensity of any emission line is 

given by the Planck black body curve for the furnace tempera­

ture, and the deflection that would be produced by this limit­

in g intensity increases with slit width in the same proportion 

as tl:1.e deflection of a given line. On the other hand increas­

in g slit widths reduces the resolving power, so a compromise 

must be made. ln the measurements made in emission both slits 

were set at .055 mm., or about 0.2A. 

If lines are to be measured in absorption, the brightness 

temperature of the continuous source must be considerably 

greater t han the temperature of the furnace. For furnace 

temperatures greater than lamp te mperature, lines would appear 

in emission superposed on the continuous spectrum. A very 

hi gh te mperature - about 2800°K is required to vaporize 

sufficient iron and to populate ap preciably the upper levels 

that are of interest in this problem. Then if the radiation 

intensity from the lamp is to be twice (for example) the 

theoretical limitin g black body intensity of furnace lines 
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at 2800° K and at A4 250, t he lamp must have a brightness 

te mperature of about 3100°K. 

More quantitative ly, t he relation between t he emitted 

intensity Jnm an d t he f -value f'nm of a transition m - n(l) 

can be put i n the form 

f l'lm , where 

mc 3 

N - total number of neutral iron atoms p_e r o-
vaporized in the furnace he a ter tube. 

cm. 2 

gm= statistical wei ght of t he upper state= 2j + 1. 

Em= energy of upper state relative to ground state. 

T:r = tempera ture of 1' ur nace. 

f nm = f -value of emi tted transition m- n . 

The i n tensity incident on the photocell is g iven by 

J times a factor G for the geometry of t he f urnace and s pectro­

graph. The galvanometer readin g is Re= J GS11., where SA is 

the sensitivity of the photomultiplier tube and circuit. 

In absorption the total a bsorption (a ) of a line 

ne g l e cting r eemission, is given by 

A = f a11. K(11. , T1 ) dA where 

a11. = absorption coefficie,nt. 

K(11.,T) = specific intensity of blac k body 

T1 = temperature of l amp. 

Then by Kirchhoff 's Law, A = j e11. ffi1t+ d11. , 

and since J = / ~d11., and K(11.,'11
) is essentially constant across 

a line, t hen A ~ ~ t~:~;~ J; 
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-h V + h v 

-~V (½1- .b ) 
K(11.,T~ . kT1 kTf, Tf 

but K(11.,Tr = e = e f or our /1. and 

-~ ch - .b ) 
A = 

T.c, 
J . so e .L 

Le t the readin g in absorpt i on be Ra = (A-J) GS1, = 
- hY ( 1 _ 1 ) 

Ra = ( e K TT TI -1) J GSA . 

T, 

Also let the r a tio of the galvanometer readin1.. in a bsorption 

to the readin g in emission be ® = ~= = e-tt" ( Ti - t ) -1. 

In the case mentioned above e = 1, whic h indicated t hat a 

la.mp wit h a bri ghtness te mpe r ature of at least 3100°K would 

be necessary. 

In order to make t h is comparison clearer, let us app roach 

from a different viewpoint. There is an optimum furnace 

temperature f or any given lamp t emperature f-or observation of 

an absorption line with the photomultiplier tube. If Ti' is 

too low, the r e is too little iron vaporized; i f Tr is too hi gh, 

re-emission fills in the absorption line until Tf = T1 when 

the absorption line is completely filled in. Hence we co uld 

maximize Ra as a function of T1 and 'l 'f• 'l' ru..s requires an 

expression f or N0 , n~~ber of iron atoms per cc., as a f unction 

of 'l"r• Usin g the equations and data of Kelley( 9 ), the 

followin g expression was derived : 

lo g N0 = -~ - b log 'l1r + C where 
Tf 

a = 20190. 
b = 2 . 2 694 
C = 32.97 

No = number of iron atoms per cc. in equilibrium with 
molten iron at t he temperature Tr· 



16. 

Substituting this e xpression for N0 in the equation for 

the ga lvanometer reading Ra and differentiatin g with respect 

to furnace temperature yields 

where ~ represents the cons tan ts in the equation for Ra• 

Therefore 
-~(.L - 1) ~ + a - bT k Tl Tf = k _f eq where q is an e - ' En + a - bTf k 

abreviation for 

- ~ ( 1 - .1...) 
k Tl Tf • 

Urdinarily we would put in a reasonable Ti and calculate 

the Tf corres pondin g for Ra = max., but this is an i mplicit 

re latiori and it is much easier to work ba ckwards . Therefore, 

assumin g various values of Tr, solvin g the last equation t·or 

T1 yields the following values: 

Tf(OK) Tl @ 

2200. 2285. .788 
2 600. 2721. . 80 3 
2800. 2944 . .815 

® is given by eq -1. The c on s tan ts used wer e f or t he typical 

line A4260. wi t h Em T 4~, 8 16. cm- 1 , and En= 19,351. cm.-1. 

Tr= 2800.°K is about the highest practicable temperature 

for tbe furnace (alt hough it was run as high a s 3000.°K), so 

the lamp te mpera ture, T1, would have to be at least 2950. ° K 

for Ra max. here still t.ne ga lvanometer deflection i'or an 

emission line is greater t han that for an absorption line, 
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• Cl 81 - Ra . . since \!!I = • b = Re and tneref'ore Re :> Ra. l''or t he condition 

Ra= Re, T1 = 3 100~K as derived before. 

'l' he conclusion of t hese compar i sons is t ha t t he emitted 

intensity of a line wou l d g ive a l a r ger galvanomete r deflectio n 

t han would the absorption dip of the same line--unless a lamp 

could be f ound wit h a br ightness temperature gre a ter t han 

3100~ K. The lam p must also be free fr om intensity f luctuations, 

or noi se, that would a ppe a r on t r1e galvanomete r. If a photo­

graphic plate we re to be substituted for t he photocell in 

order to eliminate t h e low noise requirernent, then t ne a d vantage 

of bein g able to amplify t he a bsorption in t he manne r described 

above would be lost. 

Consi derab le time was s pent in searc h 0 1' a lamp or s ource 

of continuous r adiation to meet t hese requirements. Ei ght 

genera 1 t ypes of sources were cons idered. These were ( 1) 

high pressure mercury arc lamps, (2) car bon arcs, l 3 ) incan­

descent filament lam ps, (4) carbon rods heated in resistan ce 

furnace, (5) gr a phite rods he ated in f lames, (6) tun gsten 

filament made into 11 hohlraum'1
, (7) zirconium lamp, an d (8) 

the sun. Each was f ound unsuitable for some reason. 

(1) Phillips high pressure mercury arc. lnte nsity was 

amply hig h ; t he kine tic te m.pera ture of t he lamp is given as 

8600~ K. T.i:1e me r cury lines were broadened enough b y the 200. 

atmospheres pressure t o overlap eac h ot her an d give a reasonably 

continuous , spectral distr ibution but with h i gh peaks. The 

Gen eral Electric equivalen t lamp t ype At16 op e r ates at 115. 

atmospheres and has a les s con t inuous s pe ctral d i stri bution. 

The in ten sity 01· both l amps f luctuated too muc h , however. 
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On the laboratory lightin g circuit the noise was 4. to 5. % 

of the continuum. On a 110.v. line direct from the switch board, 

t he noise was about 1. % . The noise still seemed possibly 

due to line voltage var i ations, so a ~Kv a Sola voltage re gulator 

was installed in the line. The volta ~; e t hen remained co n st ant, 

but t he current still varied about 5. % • 'rbis showed t he 

source of noise to be the lamp itself. With the r e gulator 

the rapid fluctuations in intensity were only 0.5 ¾ , but 

large drifts pers isted. This noise level was ent irely too 

high since 1. ¾ corres ponds to 5000. mm. deflection in some 

spectral re gi ons. Hence this lamp was unsatis factory. 

(2) Carbon Arcs: The positive cra te r of a carbon arc 

is sufficiently hot (about 4000~K), and gives a good black 

body continuum. Unfortunately, however, it is very unstab le 

due to the ne gative dynamic resistance characteristic of arcs. 

The hot s pot also tended to wander over the pole pieces some­

what so that its image would leave the slit. Small graphite 

r·ods from l/16 i1 diameter (spectrosc opically pure graphite) to 

1/2 11 diameter cored carbons were tried. iJnder t he best condi­

tions, however, the intensity variations were far too great. 

( 3 ) I ncandescent filament lamps: Various tun gsten 

filament lamps, e. g . projector and auto headlights, were tried. 

These lamps, when voltage re gulated, had ve ry little noi se, 

but also too little intensity. Althoug h t he filaments could be 

heated to 3400~ K color temper a ture by over loadin g , t he 

emissivity o f tun gste n is so low, 42 % • at 11.4000., that the 

bri ghtness temperature never exceeds 2900~K. Accord i n g to the 

International Critical 'l1ables, the tun gsten would have to be 
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within 50~ of its meltin J point in order to attain a bri ght-

ness temperature of ol00~K. ~in ce no filament could be operated 

at this temperature, the possibility of usin g any ordinary 

tun gsten lamp was ruled out. 

(4) Carbon rods heated by electrical resistance: The 

possibility of usin g a carbon 1'ilament was investig ated. 

Graphite rods l/16il to 3/8 1
' in diameter were heated in a small 

electric resistance furnace both in vacuo and with an 

atmosphere of helium. Currents throug h the rods varied from 

25. to 400. amps. When first heated, the rod would be quite 

bri ght, but a dark scale would soon form on the outside 

(possibly due to sublimation of enoug h mater•ial to render tile 

outer sh.ell non-conducting). Rods lasted only 4. to 5. 

minutes before bu~n g out. Intensity fluctuations were not 

measured, but probably were low. The primary difficu lty 

of this met hod was tr.i.a t a high surface brightness could not 

be maintained, and a cavity arran gement was impractical with 

the furnace. 

(5) Graphite rods heated in flames: Instead of electrical 

heat ing that left a dark outer she ll, it seemed possible that 

e. gas flame might keep the outside surface of the rod hot 

enough. The hottest flame available was oxy-acetylene with 

a nominal 3500~K. However the rod could not be heated over 

2600~K by the flame and then tt1ere was considerable erosion of 

the rod. There was no apparent noise, but it was not measured. 

Possibly an atomic hyd rogen torch woul d have been better. 
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(6) Zirconium lamp: The zirconium 11 Concentrated Arc Lamp 11 

manuf actured by Cenco seemed a poss i bility. 'r he le.mp which 

was tested had a very small heated area, ~ .oo ::sH diameter, and 

its image did not fill the spectrograph slit. 'rhe total 

galvanometer deflection of t he continuum was consequently low, 

but with a larger hot surface t hat wou,ld fill the slit it 

seemed that sufficient intensity mi ght be obtained. Such a 

lar ge ar ea lamp is manufactu:r0 ed. However, the intensity 

fluctuations were very high, 'V 50 ¾' , so this type lamp is 

unsatisfactory for tne pu:r0 p ose. 

(7) Tun gsten Hohlraum lamp: uince the tung sten lamps 1Nere 

almos t bright enoug h and had low noi se, it seemed feasible 

to try to reduce the loss in emissiv.i. ty by makin g trie 

filament in the form of a cavity wit h only a slit exit. Then 

the brightness te rr;perature s hould very nearly equal t he true 

te mperature, a gain of "" 400. ° K. duc J:1 a lamp was built, but 

after several attempts t r1e hi g hest te mperature obtained had 

not exceeded 210Q~ K wi thout some component meltin g or ott1erwise 

failing. Since it became a pparent t hat t he construction of a 

satisfactory lamp of this t ype presented serious unforeseen 

technical difficulties, the attempt to build this lamp was 

abandoned. 

(8 ) The sun: The sun is hot enou gh an d trie in tensity varia­

ti ons probably small enou gh, but unfortunately iron is quite 

abundant in the solar reversing layer. Hence t here are deep 

Fraunhofer absorption lines at the particular wave len gt hs 

of interest. Since t hese lines are not of the same s hap e as 

the laboratory lines, superposin g t he t wo would produce very 
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complex results. One alternative was considered; namely, , 

use the li ght from tne east or we st limb of the solar disc 

where Doppler effect s hifts t he solar ir•on lines away from 

t he laboratory lin es. However, t he shi:f:'t is only about .035 A, 

which is less t han the widt h of most solar l i nes and consequently 

too s mall. 

When it be came apparent t ha t no lamp or source of c ontinuous 

radiati on that would meet the requirement s of high , steady 

intensj_ty could be obtained without extensive development work 

it vvas decided to make t be measurements of f- values in emission 

rather than absorption. If t he problem of high intensity 

continuous s ources is ever r e considered, the most promisin g 

poss ib i li ty of' t h ose described above is t he h i gh pressure 

mer cury arc with a photoelectric monitor controllin g negative 

feedback to the lamp's power supply to eliminate t he noise 

in herent in the lamp. 

V. Procedure in Measuremea t of f-values. 

The first ste p was to choose a spectral r egi on of about 

60. A in which t he re were one or more lines whose f-values were 

known from King's work. The s pe ctra l re gions most favorable 

to investi gate were determined by (1) the dist r ibution of lines 

wit h known f-values, (2) t he a bsence of CN an d C~ bands which 

obscure d a gr ea t deal of t he iron s pe ctrum, (3) t he s pe ctral 

sensitivit y of the photocell, and (4) t he black body intensity 

for the furnace temperature. The last factor was a measure 

of t he in tensity of a line at the upper end of t he linear part 

of the curve of' growth. 
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The curve of growth, which has been described in detail 

many times (e. g. A. Un sold(ll)and K.O.Wri ght(l2)), is a 

mon oton ically incr easin g curve with 3 well recogn ized parts. 

They are the linear part (smallest absorption, or em :L ssion, 

and smallest concentration of active at oms), t he Doppler part 

( intermediat e absorption and con cen tra t ion) , and dampin g part 

(highe st absorption an d con centration ) . On t he linear part 

the absorption increases linearly wit h the concentration; on 

the Doppler part the absorption i.n creases very slowly; and 

on the dampin g part t he ab sorption i n creases wit h the square 

root of the co n cen t ration. All me asurements off- values 

described he re have been made on t he linear part of t he c urve. 

A graph wa s constructed for t he tube sen si ti vi t y multi ­

p lied by a P lanck blac k b ody distribution as a function of 

wave len gth for 2800~ K. ;r.tus graph has a maximum in the region 

115000.--5500. an d falls off rapidly on both sides. Arbitrarily 

setting 150 rr11n . a s t he minimum galvanometer deflection for a 

line at t he upper limit of t he linear part of t he curve of 

growth, a usable range from 14000. to 16300. is f ound. It 

should be noted, however, that t he abs o lute sensitivit y is 

hi gh on t he blue end of t hi s ran ge an d very low on the red e nd. 

The 1P22 and 1P28 photomultiplier s would greatly extend t he 

us able ran ge. 

The presence of the CN and Cz. molecular bands was one of 

the greatest limit a tions. These bands were well developed and 

more intense t ha n the atomic iron lines and left only 11 wiri dows 11 

in the s pe ctrum for t his investigation. The CN band s should 
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largely be eliminated by a better vacuum seal on the furnace, 

i.e. by elimin ation of t he nitrogen. If t he g l"apriit e furnace 

tube could be l"eplaced with a tun gsten tube, the C% bands 

should also disappear. 

'I'he intensity of every line in the spectral region chosen 

was measured successively and t hen an observation of t he furnace 

temperature was made. This process was repeated as many times 

as was possible. The data recorded were time of observation 

(to 5. sec.), wave len gth, ga lvanometer deflection, and tempera­

ture. The deflection recorded was usually t he ave rage of 

t hree observations taken in succession by passin g the photocell 

and slit back and forth across t he peal{ of t he line. 

In reducin g the data the fist step was to plot t h e furnace 

temperature as a funct:Lon of time. 'l'his always gave a smooth 

curve if the furn ace tube was in g ood c ondition. F'rom this 

curve the furnace temperature at tne time of e a ch observation 

of line intensity wa s interpolated. Next t he noltzmann factor 

f or each observation ~v as calculated and divided into the 

measured in t ensity. This gave gf -value s on a relative scale. 

One line in each re gion was ch osen as a standard. These 

lines were high energy level l in es t ha t would not be e xpected 

to suffer from self-reve rsal; the y had reasonable intensity., 

and no abnormalities. The relative gf-value of the standard 

line was plotted as a function of time so t hat its value at 

the time of each other observation could be determined. 

'I'hen the ratio of t he gf-value of each line t o t he gf of t he 

standard line was obtained for each ob servation, and t he se 

ratios averaged for eac h line. 
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Sin ce t he standard lines were high level, their gf-values 

were unknown. 'l1herei'ore, the next step was to find the gf 

of the standard line relative to all t he lines of' known gf-va.lue. 

Once tbe gf of tb.e standard had been determined, the gf 1 s of 

all ot her unknown lines could be found from their ratios to 

the standards. Whe rever possible more frequent observations 

were made on the standard line th.an on the other lines. 

Ordinarily t bere were several lines of known gf in any s pec tral 

region, so the gf of t he standard as determined from each of 

the known lines had to be consistent. In one case t here were 

five lines whose f-values were knovm from King's data. 'l'bree 

of' t hese lines had well established f-values, but two lines 

had tabulated f-values that were listed as uncertain. In 

the present measurements the two uncertain lines yielded 

results inconsistent with the t r.1!'ee we 11 established lines, 

so new f'-values were determined for the two lines. 

The results are given in 'rable 2. 'l'he wave length is given 

in column 1, and the transition in column 2. In column o are 

listed the relative gf-values obtained from th.e emission 

intensity measurements. These gf-values are on the same arbitrary 

scale as those of King and King. ( 6 ) It should be noted t hat the 

f-value observed in emission is equal to the ratio g_lower state 
• g upper state 

times the f-value observed in absorption. The values tabulated 

in column 4 are values off-absorption on the absolute scale 

determined by King. (7) Column 5 shows the number of observations 

on each l:lne, and column 6 refers to notes at the end 01' the 

table. 
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Tran si ti on gf f No Notes 
Obs. 

4219.364 alH5 - y3r6 25800. 4. :.54 X 10-l 4 
0 7 10-2 4222.219 z7D3 - e D3 1320. 3.48 X 6 

4227.434 z 5F~ 0 - e5G6 22300. 3.75 X 10-l 4 

4231.525 a3D3 
'7. 0 

10-l - vo0:3 11000. 2.90 X 1 

4232.732 a5D1 - z7po 
2 0.231 1.42 X 10-5 7 

4233.608 z 7D~ 
7 2790. 1.72 x 10-l 7 - e D2 

4235.942 z 7D~ - e 7D 4 4620. 9.48 X 10 -2 7 
0 

e 5 G 10-l 4238.816 z5F3 - 11100. 2.9S x 1 4 

a3 G5 
0 

10-5 4239. 847 - y3G5 2.57 6.79 X 2 1 

5F a 3 - z3F~ 

5 0 

e5% 10-l 4247.432 z p - 9880. 2.06 X 6 4 

4248.228 
' i.: '?. u 

10-l c..JP - xoP2 4640. 2.86 X 3 1 

4250 .125 z7Do 
2 - e 7D 3 3190. 1.18 X 10-l 12 

4260.479 z7Do 
5 - e 7D 5 8130. 1.67 X 10-l 25 

4271. 159 z 7DI<? 0 - e7D4 4180. 1.11 X 10-l 14 

4282.406 a5 P3 - z5s2 2280. 3.07 X 10-2 10 

4299.242 z7Do 
4 - e7D5 2120. 6.48 X 10-2 9 1 

(b3H5 - y31-i~) 

4430.618 a5Pl - x5Do 22.2 1.:.57 X 10-0 1 2 0 

4435.151 a5D2 - z7Fu 
1 0.575 2.13 X 10-5 14 

4442.343 a~')P2 - x 5 D'.:". 644. 2.38 X 10-2 5 ;;:: 

b 3P 
rl.: 

4443.197 - xdD0 12570. 2.32 7 2 
0 1 

4445.48 a5D2 - z7Fo 0.133 4.92 X 10-6 5 2 
2 

4447.782 a5Pl - x5D0 709. 4.37 X 10-2 4 
1 

4450.320 3p C 0 - y3sr 29600. 5.48 7 2 

b3P2 
' Z 

10-2 4454.380 - x 0 D~ 2470. 9.13 X 1 
i:::: 

a5P3 
r:: 

4459.121 - x 0 D~ 1070. 2 . 8:.5 X 10-2 15 0 
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4466.554 b 3 P - x3D3 0.978 3.62 X 10-5 12 1 2 

a 5D - z7po 
1 0 

4476.021 b 3 P 1 
3Do 

- X 2 2t,oo. 1.54 X 10-l 6 

4494.568 a 5 P 5Do 1240. 4.60 X 10-2 18 2 - X 3 

4528.619 a5P3 - x5D4 2100. 5.55 X 10-2 7 

4531.152 a3F4 - Or 0 

Y 1:j1 £4 96.4 1.98 X 10-3 7 

5191.460 z7po 7 2460. 9.10 10-2 7 
2 - e D1 X 

5192.350 z7p3 - e7D3 3610. 9.S3 X 10-2 24 

5194. 943 a3F3 - z ;5F 0 

3 52.2 1.38 X 10-3 12 

5202.339 a 5 P 3 - y5P3 105. 2.76 X 10-:3 4 

5208.601 z5D3 - e5D2 18800. 4.98 X 10-l 5 3 

5216.278 a3F2 - Z3R0 
1.2 ~13. 8 1.99 X 10-3 14 

5225.531 a5Dl - 7nu z 1 0.0966 5. 96 X 10-6 15 

5232.946 7po z 4 - e 7D 5 5250. 1.08 X 10-l 27 

5247.065 a 5 D - z7Do 0 .0589 2.18 X 10-6 5 2 3 

5250.211 a5 D - z7Do 0.0693 1.28 X 10-5 5 
0 1 

r.:: 
- y5p3 10-3 5250.650 a•1p 61.l 2.26 X 4 2 

5254. 956 a5Dl - z7Do O .105 6.47 X 10-6 4 1 
2 

(blD2 - ylF3) 

5266.562 z7po - e 7 D 2550. 6.73 X 10-2 4 3 4 

5307.365 a3F2 - Z3i:;,o 
~ 3 8.00 2.96 X 10-4 4 

5324 .185 5Do e5D4 7150. 1.47 X 10-l ,-
z 4 - 0 

5328.534 a3F3 - z3Do 
3 99.2 2.62 X 10-3 8 

5332.903 a3F3 - Z 3r,io .r4 10. 9 2.88 X 10-4 6 

5341.026 a3F2 - z3Do 
2 79 . 7 2. 95 X 10-3 5 

1. Two possible identifications. 
2. 'rhese lines consistently off the solar and stellar curves 

of' growth. 
3. Prob ably blended with Cr in the f urnace. 
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VI. App lications of Results 

The measurement of the f-values given in Table 2 was tte 

primary goal of this r esearch. As a matter of interest the 

experirnen t a l results have been compared wi t n t he oretica 1 line 

intensities. In a ddition, they have been used in conjunction 

with measurements of equivalent widths by other obse r vers to 

construct curves of growt h for the sun and three stars. 

Tables of relative multiplet in t ensities based on the 

Burge r-Do1"gelo Sum Rule have been pub lished by White and 

Eliason(l3). As sumin g t he iritensity is directly proportional 

to the gf-value of a line, measured gf-va lues can be compare d 

to the theoretical intensities. This is done f or t he multiplets 

z7D0 
- e7D, a 3F - z ;3F0

, and a5 p - x5D0
• Bit her g upper f 

emission or g lower f absorption can be used since t hey are 

equal. The measured values have been fitted to the arbitrary 

scale of t heoretical values. The results are shown in Tab le 5. 

As is evident, the agreement betwee n t heoretical and 

experimental values is quite good in the first examp le, fair 

in the second case, and poor in t he t hi rd. This indicates tba t 

Russell-Saunders couplin g exists for only a part of t he multi­

plets, which is in agreement with the results of previous 

investigators. It was considered possible t ha t additional 

f-values could be determined from the sum rules as soon as t he 

f-values of a few lines of a multiplet had been measured. 

However, this method appears to be unjustifiable. 

The new measured f-values were used to plot a solar curve 

of growth, shown in Fi g . 2. The symbols used distinguish lines 
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Tobie 2. 
T/2eoreftc al Measured 

70 I . :z . 3 . 4 . 5. 
. ~ · tlD I . 2 3. 4. s: 

I. II 4 22 .? /. 

Z. 2-:Z :? 0 34.I z. Z3 . .Z 0 

.3. '34. I 9. 9 35.5 3. 2,.a lt.5 

4 35:5 41. B 2.S.O . 4. 35'.0 3.9. 7 · 

5 25.0 /00. 5.· 2,.s 68.3 .. 

lF 2 .3 4 t :z 3 4. 
2 52., ,., Z. 50.5 

.3 ,., ,9., , .1 3 7.~ 49.0 

4 , .1 /00, 4 /0. 2 

I 2 3 50 I 2 3 

0 Ill 0 0.7 

I Z5.0 a.a I 21. , 

z l'/.4 32..I/ 3.7 2 /9. 7 

3 51.'9 2§.f/ 3 38.0 32.7 

4 /()CJ, 4 ,4.1 
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with low term odd from those with low term even. Any point 

shown by a closed symbol (i.e. one enclosing an area) represents 

a line whose low term has odd parity; an open symbol represents 

a line whose low term has even parity. The abscissa scale, 
-E 

log Xr, is an abbreviation for log (gfA eff). The solid line 

shown is the curve g iven by K.O. Wri ght (l4 ,l2 ) based on the 

measured gf-values of King and solar equivalent widths measured 

by C. W. Allen( 15 l It should be noted that all of Kin g 's 

values are for lines of low e xcitation potential from low 

terms of even parity. The solar equivalent widths for all 

lines plotted in Fi g . 2 were taken from Allen I s tables 

determined from the central intensities. The equivalent width 

measured from line contours, We, was also available in Allen's 

tables for some of the lines, but not all of them. Althou g h 

Wr' the equivalent width determined from the central intensity, 

is e;enerally less reliable t han We, V\ , was used for all the 

lines on the solar curve of growth for consistency. It will 

be shown later t hat there are small systematic differences 

between Wr and We in Allen's tables. 

Severa l results are evident from this solar curve of 

growth. 'rrie points extend down the curve almost onto tbe 

linear portion. King's values lie on the dampin g and upper 

Doppler part of' the curve entirely. The lower half of the solid 

curve was determined from King's titanium points fitted onto 

the iron points used to form the upper or dampin g part of the 

curve. The general fit of t he new points onto Wright's composite 

curve, is reasonably good. 
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By examinin g the points in Fig . 2, it is seen that the 

new measurements of low level lines agree within the accuracy 

of the observations with t rie curve determined from the previous­

ly measured low leve 1 lines. however, the new high level 

lines diverge from this curve very considerably and in systematic 

ways. rrhe lines whose low terms are odd lie above Wri ght I s 

curve, and those whose low terms are even lie be low the curve. 

'l'he higher the excitation potential the greater is t he deviation, 

particularly for the lines whose low terms have even parity. 

'l'his correlation is shovvn in Fig . 3., which is a plot of the 

vertical deviation of each point on Fig . 2 from Wright 1 s curve 

a s a function of excitation potential. Li nes with low term odd 

are shown on the left; those wit h even low term on the right. 

Since Wri ght's curve was determined from lines with low term 

even, the deviations for all lines with l ow even term should 

be symmetric about the axis in Fi g . 3. 

There are several possible explanations of this interesting 

phenomenon. They are: incorrect identification of the lines 

during measurement, non-Boltzmann distribution in the furnace 

or other furnace error, non-Boltzmann distribution in the sun, 

and system atic differences i n solar line shape for lines from 

odd and even low terms or with varyin g excitation potential 

due to selective pressure broadenin g . As will be shown later, 

additional evidence indi c ates the deviations are due to solar 

causes. 

The identification of lines durin g measurement was one of 

the most difficult parts of the observations. The wave 

length of a line could b e read to about one an g strom. A 
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spectral re gion of about 100 A could be observed through the 

viewer to check general properties. Impurities could usually 

be detected by diff erent rates of boilin g which were evident 

from the slopes of tb.e curves of relative gf vs. time. For 

examp le, the chromium resonance lines were detected by this 

method as well as by wave len g th measurements. A plate was 

taken in each re gion, and the wave len gt h of eac h line measured 

accurately for identification. A Boltzman n distribution of 

i ron atoms in the furnace had been cause of some concern, but 

special tests (described on page 4) indicated that it did 

exist. If the cause of the deviati on s had been poor identifi­

cation or furnace errors, the probabi li ty would have been 

very small that the odd-even differences would h ave a ppeared 

so distinctly. Fig . 3 proves t hese differences are not 

random. 

Selective pressure broadenin g of solar absorption lines 

would ap pe ar as lateral displacements in the uppermost, damping, 

part of t he curve of growth. Greater pressure broadenin g has 

the same effect as a higher dampin g c onstant. Consequently 

no pressure effects should be visible on t he linear or the 

tru ly Doppler portions. This means t hat the lines lying 

above t he curve (odd low term) could be attributed eit her to 

higher damp in g constant or to gre ater pressure broadeni ng . 

Likewise those points fro Ei even low terms lyin g below Wright 's 

curve of g rowth, but above the curve of growth for zero damping, 

could be explained by smaller dampin g or pressure effects. 

On the other hand, points lyin g below the curve of growt h i'or 
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zero dampin g could not be accounted for by differences in 

either dampin g constant or pressure broadening . Con ce ivably 

these very low points could be fitted to curves for low Doppler 

widths, i.e. kinetic or turbulent velocities lower t han the 

average, but this explanation is not at all reason able. 

An ot be r tentative exp lan at ion of the larger solar 

equivalent widths of the lines with low term odd is t hat the 

population of the odd states is greater t han predi cted by the 

Boltzmann equation. One mechanisr:1 mi ght be t he preferential 

population of these states in the formation of F'e l by recombina­

tion of an electron and an Fe II ion. There is about 10 times 

as muc h ionized iron as neutral iron in t he sun's atmosphere (l2 ). 

All the low terms of Fe II are of even par i ty, so if the electron 

is captured b y ans wave t he combination results.in an even 

state. Then since t he ener gy is probably ::s iven off by dipole 

r a diation, the neutral atom is left in an odd state. The 

most q uestionable assumption here is t hat the electron is 

captured in an s wave. A very r oug h c heck of t his is based 

on the fo llowin g calculation. ➔~ The electrons have only 

thermal velocities correspondin g to a temperature of about 

5000.° K, and t herefore assume an equipartition value of energy. 

Ass ume t hey are captured in an orbit wi t h mean radius of t he 

first Bohr orbit. Then if t he electrons are to be captured in 

a p wave, i.e. c han ge t he an gu lar momentum of the atom by one 

unit and hence c han ge the parity, p a.0 = 1\ ; where 

p = mean momentum of t he electrons, 

a.0 = radius of first Bohr orbit= 0. 53 x 10-8cm., 

fl Plan ck cons ta:o t divided by 21r • 

-::- This calculation was suggested by Professor R . F . Christy 
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~ kT 
2 = ~ , or p -

Substituting numerical values, pa0 = 2.3 x 10-28 and fi = 1.1 x 10-27 

so the average thermal electron would not be able to form a 

p wave and would only be captured in s waves. Obviously these 

calculations are crude, but indicate the direction which a 

deviation from strict thermal equilibrium might take. The 

lowest odd term in Fe I is 2.5 volts above the ground state, 

so the excited atom would have to evade some selection rule 

to reach the ground state directly. 

The possibility of a non-Boltzmann distribution in t he 

population of atomic energy levels in the solar atmosphere 

would not be too surprisin g. The solar reversin g layer is 

not in strict thermodynamic equilibrium. It is bathed in 

radiftion of a hi gher temperature than its own local te mpera­

ture and from one side only. Some aspects of this situation 

have been discussed by R.v.d.R. Wooley(l6). 

In order to throw more light on the subj 8Ct, severa 1 

independent sources of information were considered. Most of 

the solar equivalent widths given in Allen's catalogue were 

derived from the central in tensity, since this is a much 

easier quantity to measure than the line's area. Allen measured 

the equivalent widths from the contour of the lines, i.e. 

their actual areas, for about 400. lines. He used t hese 400 

obse1"'vations to form the calibration curves. of W, equivalent 

width, as a function of r 0 , central intensity. Then these 

calibration curves were used to convert the observed central 

intensities of all other lines to equivalent widths. This 

technique assumes a uniform shape of the Fraunhofer absorption 
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lines for a given central intensity. Of the 400 lines 

with equivalent widths determined from contours as well as 

from the central intensities, 142 were iron lines. For these 

142 lines the ratio Wc-Wr 
Wr was determined by the writer, 

where We = equivalent width determined from the line 1 s contour, 

and Wr = equivalent width determined from the line's central 

intensity. This ratio is plotted as a function of excitation 

potential i n Fi g . 4 treatin g lines with odd and even low terms 

separately. Fi$, 5 shows the same plot with the weaker solar 

lines (Wr < O .. lA) eliminated. The average value of this ratio 

for a ll the odd lines is +6.23 % and for all the even lines 

+0.58 of., . This means t hat t 1'1e iron lines from odd low terms 

are wider for the same central intensit y than Allen's average 

for solar lines of all elements while iron lines from even 

low terms are about the same width as the average line. It 

is generally true t hat the even states have low excitation and 

odd states high, so this correlation could abnost be reduced 

to the previously kn own fact(l5) that the lower ener gy states 

are sharper t han the hig her states. Nevertheless in the re gion 

of overlap (2. 5 to 3.0 volts), t here is still a s ys tematic 

difference between odd and even lines. 

A second independent verification of t he reality of the 

odd-even deviations was found in H.D. Babcock's measurements 

of the pressure shi ft of iron lines< 17 ). He measured the 

pressure shift due to one atmosphere air pressure of iron lines 

excited in an arc. If a line's wave len gth is s hi fted by 

pressure, certainly the line has been broadened considerably 
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also. When the 138 lines in Babcock's table are separated 

by the criterion of odd or even low term, the average shift 

of the odd lines of excitation potential greate1~ t han 2.2 

volts is 22.98 !o.os x 10-3 cm.-l 'rhe shift of the even lines 

of E.P. > 2.2 volts is 10.3 !0.45 x 10-3cm-l, and of the low 

excitation even lines 8.79 ~0.38 x 10-3cm-l. Again this 

strikin g odd-even difference is probably due mainly to the 

more fundamental cause of excitation potential, the even terms 

generally lyin g below the odd tern1s in t he energy level 

dia gram. Babcock computes the pressure depression of each 

term and finds that the curve of term depression vs. excitation 

potential follows a general second de gree parabolic equation. 

The pressure shift of a line is the difference of the shifts 

of the upper and lower terms, but t he pressure widths of a 

line is the sum of the p ressure widths of the two states. 

Hence the pressure width 01· a line should increase more 

rapidly with excitation potential t han the pressure s hift. 

Babcock's curves of term de pression are based on the 

assumption of zero depression of the ground state, and approp­

riate s mall depressions of t he states a 31,' and a5 P, which are 

metastable states. The curves are not only fairly consistent, 

but t }-:eoretically reasonable. F'urther insight into this 

matter is gi ven by the data collected in Table 4. .tlere t he 

lines are divided into groups accordin g to the excitation 

potential of the low term an d t hese are further sub-divided 

into groups vvhose low terms are of odd and even parity. 
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The average pressure shift in 10-:3cm- 1 for each group is 

given. The n urn be r of lines in each group is shovri in parentheses. 

Table 4 

E. P. (volts) 0 - 1.0 1.0 - 2.2 3.4 - 4.7 ------------------------
Odd 22. 7 ( 41) 

10. 3 ( 16) 

18.0 (25) 

Even 7. 6 ( 80) 10. 5 ( 24) 11. ( 1) 

-:i- there are no odd terms below 8.8 volts. 

Again in the ener gy level re g ion where both odd and even 

terms occur, t here is a difference in be havior between t he odd 

and even states. n owever, amon g the hi gh energy odd lin es, 

there are t wo multiplets that g ive very discordant results. 

They are z5G0 
- e5H and z3G0 

- e 3 li. The average shift of 

these 9 lines is 7.9 x 10- 3 , whereas the ave rage s h ift of the 

rest of t hat energy group is 23.6 x 10-3cm-l. These lines are 

included in Table 4. 

The most conclusive proof that the deviations of t he 

points on the solar curve of growt h are due to solar causes 

was found when the same data were a pp lied to t he giant stars 

Y Cygni and a Persei. The curve of g rowt h of Y Cygn i is s hown 
- E 

in F i g . 6. The abscissa, lo g X, represents log (gf A e KT ) . 

Here t he points lie very c onsistently on a sin g le cm·ve and 

the odd-even difference di sappears. The equivalent widths 

used in plotting this curve we:ce kindly supp lied by K.O. Wri ght 

in advance of p ublication (personal communication). Y Cygn i 

is a gi ant star of spectral type cF7 compared to t he sun's dG2 
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The excitation te mperature of both is about 4850uK an d t hey 

differ in spectral type by only 0.5 division. The maj or 

differe nce is t hat Y Cygni is a giant wlu le trie sun is a dwarf. 

Consequently the atmosphere of Y Gy gni has a much lower 

pressure t han that of the sun. All the points fall on the 

Doppler portion of Y Cygn i I s curve of growt h , where pressure 

effects woul d not be seen if it is still a true Dopp ler re gion. 

No darnpin g or pr essure portion o f the curve has been observed 

so far. The solid line s hown in Fi g . 6 is Wri ght I s cu:J.'ve 

based on Kin g 's low level even f-values. The consistency of 

these points tends to c onfirm the accuracy of both Wri g ht's 

measurements of equivalent widths an d t he laborat ory f'-values. 

T' he curve oi' g rowtn for Fe I f'or a Persei is s hown in 

F i g . 7. a Persei is a giant star of s pe ct ra l t ype cF4 , and 

hence differs from the sun slightly more t han Y Cygni. Its 

excitation te mperature as de t ermined by /\fri gh t is 5 100 .° K.(l2) 

The equiva lent widths used in plottin g t his curve als o were 

supplie d by K.0. Wright in advance of publication, and the 

f-values are t hose obt ain ed from the furnace measurements. 

The scatter of points is sli ghtly gre ater than tha t of' Y Cygni, 

but less t ban t ha t of t he sun, and no s ystematic differ en ce 

between lines i'rom odd and even low terms is a ~parent. 

Since t he only pre vi ously known f-values f or Fe I were 

t hos e of Kin g for t he low ener gy levels only, it has been the 

practi ce to u se Wright's sola r cur ve of growth to obtain 

additional iron f-va lues. The common procedure is to measure 

t he solar equiva lent width of some line in the Utrecht At las, 

or to u .se Allen I s tabulated value, and t hen i'rom the solar 
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curve of growth pick off the ldg Xr. Sin ce all the other 

quantities involved in Xr are known, the f'-values could be 

derived. The atmospher•es of several other stars have been 

studies with the aid of t hese solar £'-values. Examp les of 

this technique are Wri ght 1 s(l2) and Sahade and Cesco's(lS) 

cu1~ves of growth for I Cygni, and Th. Walravens curve for 

o Cephei(l9). If real systema tic deviations of individual 

lines from the solar curve of growth exist, t hen this method 

obvio usly is open to serious question. 'rhe deviations t ha t 

exist in t he sun will be supe r posed, i n inverse position, on 

the stellar curves of c;rowth. This is striking ly illustrated 

by a cor.1parison of the published curves of growth for Y Cygni 

of Wright and of Sahade and Cesco with Fig . 6, which shows that 

t h e scatter of points is very ~r eatly reduced when the furnace 

f-values are used. The points on Walraven's curve of growt h 

for t Le Cephe id type variable star o Ce phei n ot only have large 

dispersion, but they also reflect t he systematic deviations 

found by the writer in the solar curve of growth. These 

deviations , a s would be expe cted , are in the opposite sense 

frorr. tb.os e observed in the sun. Walraven himself remarks 

t hat lines with low term odd seem to lie consisten tly be low 

t he lines with low term even l 'l'his appears to be the only 

instance in which this e fi' ect has been previously noted. 

Nevv curves of 6 rowt h were plotted i'or the va riable star 

8 Cephei usin g Walraven's equivalent wi d t hs and the new furnace 

f-values. On e cu r ve was made for observati on s ne a r maximum 
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phase (Pig. 8), an d an ot ter curve for minimum phase (Fig. 9 ). 

There is a ge neral shift of the curve between maximum and 

minimum (discussed by Walraven), and also a sma ller scatter 

of points for minimum phase. Although the points for both 

maximum and minimum phases appe a r to lie on the Do·pp ler par·t 

of the curve of growth it seems possible that the greater 

scatter at maximum mi ght be due to selective pressure 

broadenin g . Evidence th8.t the pressure in the atmosphere of 

the variable star is greatest at maximum phase is g iven by 

lNalraven and also by M . .:> c hwarzs child (20). 

The results described above in dicate t ha t t he solar curve 

of growt h does not provide a reliable standard from which to 

obtain new f-values. They also indicate t ha t it would be 

preferable to use the atmosphere of a g iant star such as 

Y Cygni for this purpose. This would require an e x tensive 

catalogue of the stellar equivalent widths, but ·1Nri ght 's 

tab le for Y Cygn i which contains about 800 li ne s is a good 

start. If the deviations in the sun are indeed due to 

pressure e f fects, t hen t he phenomenon should provi de a tool 

for the study of press ure s in other stellar atmospheres. That 

the pressu:r·e ei'fect will also be de pendent on excitat i on 

potent ia l is understandable from Babcoc k 's pressure s hift data. 

The odd-even differences have n o t heoretical explanation as ye t. 
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