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Abstract 

Measurements of  f -values  by t h e  abso rp t ion  technique  

f r o m  a shock-heated gas  are descr ibed.  The l i n e  emission 

f r o m  t h e  hot  gas has made it necessary t o  apply c o r r e c t i o n s  

t o  t h e  observed equ iva len t  w i d t h s .  Considerable  l i n e  widths  

which a r e  due almost exc lus ive ly  t o  Van d e r  Waals broadening 

have been observed. A cor rec t ion  f o r  the r e s u l t i n g  l i n e  

wing abso rp t ion  has been incorporated i n t o  t h e  d a t a  r educ t ions .  

The r e s u l t s  show disagreements w i t h  gf-values  of C o r l i s s  

e t  a l .  (arc measurements) 011 t h e  abso lu t e  scale and w i t h  

l i n e s  which have an upper e x c i t a t i o n  p o t e n t i a l  exceeding 

48 000 cm'l on t h e  r e l a t i v e  s c a l e .  The l a t t e r  d i screpancy  is  

a t t r i b u t e d  t o  a p a r t i a l l y  erroneous normal iza t ion  func t ion  

used  i n  t h e  previous measurements on an open a r c .  
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FE I, CR I AND CR I1 GF-VALUES 

FROM SHOCK TUBE MEASUREMENTS 

BY 

Martin Huber and Frank L. Tobey, Jr.t  

Harvard Cel lege Observatory 

February 1967 

I. INTRODUCTION 

4 1. C o r l i s s  and Warner (1966) have r e c e n t l y  publ ished an  

ex tens ive  compilat ion of Fe I f-values of l i n e s  l y i n g  i n  

t h e  q u a r t z  u l t r a v i o l e t .  I n  t h i s  paper, w e  report independent 

measurements of 38 Fe I f-values which w e r e  ob ta ined  by a 

shock tube  abso rp t ion  technique. 

The upper e x c i t a t i o n  p o t e n t i a l  of t h e  ma jo r i ty  of t h e  

l i n e s  reported he re  exceeds 48 000 c m - I  , and thus  f a l l s  i n  

?Presen t ly  w i t h  McDonnell A i r c r a f t  Corporat ion,  S t .  Louis, 

Missouri .  

- 1 -  



, 

a range where t h e  normal iza t ion  func t ion  p e r t a i n i n g  t o  t h e  

popula t ion  of t h e  upper levels i n  t h e  arc used by C o r l i s s  

and Bozman (1962j has been quest ioned because it l e a d s  t o  

p e c u l i a r i t i e s  i n  s o l a r  abundance (Warner, 1964; Pagel, 1965) .  

S ince  t h i s  same normal iza t ion  func t ion  i s  s t i l l  used i n  Cor- 

l i ss  and Warner 's  new compilat ion (1966),  a comparison w i t h  a 

method independent of t h e  upper l e v e l  popula t ions  i s  d e s i r a b l e .  

t 

The  conventional pressure-dr iven shock tube ,  which 

genera tes  a uniform sample of ho t  gas  of  wel l -def ined e x t e n t  

and temperature, i s  an eminently s u i t a b l e  source  f o r  t h i s  

purpose. Recent experiments (Garton, Parkinson and Reeves, 

1965) y i e ld ing  i d e n t i c a l  l i n e - r e v e r s a l  temperatures  from 

simultaneous measurements on normal and a u t o i o n i z i n g  l i n e s ,  

have e s t a b l i s h e d  t h a t  t h e  cond i t ion  of l o c a l  t h e r m a l  equi- 

l ib r ium (LTE) i s  w e l l  f u l f i l l e d  i n  t h e  reg ion  behind t h e  

r e f l e c t e d  shock. Furthermore, t r a n s i t i o n s t o  upper l e v e l s  

above 48 000 cm-' can be observed i n  t h e  u l t r a v i o l e t  ab- 

s o r p t i o n  spec t r a ,  s i n c e  t h e  p e r t i n e n t  lower l e v e l s  a r e  w e l l  

populated a t  t h e  t y p i c a l  temperatures  of  5000 - 6000O K. 

?For a - d i s c u s s i o n  of t h i s  t o p i c ,  see I .A.U.  Symp. N o .  26 on 

t h e  Abundance Determination from Stellar S p e c t r a  he ld  a t  Utrecht ,  

1964; Proceedings e d i t e d  by H. Hubenet (1966).  

. I  

I 

- 2 -  
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By in t roduc ing  metal  atoms i n  t h e  form of v o l a t i l e  com- 
b 

pounds pre-mixed i n  known r a t i o s  w i t h  t h e  tes t  gas  (Chara t i s ,  

i 

1961; Wilkerson,1961),  one can c a l c u l a t e  i n  p r i n c i p l e  t h e  

number d e n s i t i e s  of  t h e  var ious s p e c i e s .  Thus abso lu te  f -va lues  

may be obta ined .  

11. EXPERIMENTAL 

6 2 .  The o s c i l l a t o r  s t r e n g t h s  repor ted  here w e r e  determined by 

photographing t h e  absorp t ion  spectrum of shock-heated argon 

con ta in ing  f r a c t i o n a l  percentages of  i r o n  and chromium. The 

techniques f o r  f l a s h  absorpt ion spectroscopy behind a r e f l e c t e d  

shock wave have been descr ibed  i n  d e t a i l  by Garton, Parkinson 

and Reeves (1964) .  B r i e f l y ,  a uniform s l u g  of hot  gas is pro- 

duced between t h e  f r o n t  of a r e f l e c t e d  shock and t h e  end w a l l  

of a shock tube.  The sample l a s t s  about 300 ps, dur ing  which 

t i m e  an absorp t ion  spectrogram and a temperature  measurement 

a r e  made. 

O u r  experimental  arrangement cons i s t ed  of a gas-handling 

system: a shock tube,  a smal l  xenon f l a s h  tube  and a monochrom- 

a t o r  f o r  l i n e - r e v e r s a l  temperature measurements ,  as w e l l  as a 

f l a s h e d  continuum l i g h t  source and spec t rograph  equipped w i t h  

a f a s t  s h u t t e r  f o r  photographing t h e  abso rp t ion  spectrum. The 

- 3 -  



optical axes were perpendicular to each other and to the axis 

of the shock tube, intersecting the latter immediately ahead of 

the end wall. A schematic diagram of the experiment is shown in 

Fig. 1. 

HEAT TRANSFER A 

\ # 

A R M 5  HAN DLI N G 

Figure 1.- Experimental arrangement; ( t h e  o p t i c a l  system fo r  temperature 
measurements is omit ted) .  

The gas-handling system was equipped with a Baratron capaci- 

tive sensor gauge allowing continuous pressure readings in the 

- 4 -  



I. '  I 

4 

range of t o  10  Torr ,  and w i t h  an a b s o l u t e  mechanical gauge 

f o r  measuring higher  p re s su res .  The magnet ica l ly  s t i r r e d  stor- 

age v e s s e l s  w e r e  covered t o  minimize p o s s i b l e  photo-decomposition 

of t h e  compounds t h e y  contained.  The whole system was designed 

so t h a t  t h e  mixed gases  contacted only Pyrex, s t a i n l e s s  s teel ,  

Teflon and Viton A dur ing  prepara t ion  and s to rage .  

b 

The s t a i n l e s s  s teel  shock tube  had a two-inch square  

i n t e r n a l  cross s e c t i o n  and w a s  d iv ided  i n t o  four-  and twelve- 

feet d r i v e r  and t e s t  s e c t i o n s  r e spec t ive ly .  Scr ibed  aluminum 

diaphragms w h i c h  s epa ra t ed  t h e  s e c t i o n s  w e r e  b u r s t  by over- 

p r e s s u r e  of t h e  d r i v e r  g a s .  

I n i t i a l  t e s t  gas pressures  i n  t h e  shock tube  w e r e  a t  o r  

near  30 Torr i n  a l l  ca ses .  The d r i v e r  gas  was h e l i u m  a t  

p r e s s u r e s  of 400 t o  500 p s i .  These  i n i t i a l  cond i t ions  r e s u l t e d  

i n  incident-shock Mach numbers of about 5 .  Consequently t h e  

temperatures  and p res su res  behind t h e  r e f l e c t e d  shock ranged 

from 5500 t o  6000" K, and 6 t o  7 atm r e s p e c t i v e l y .  The r e s u l t i n g  

t o t a l  number d e n s i t i e s  w e r e  of t h e  order  of 8 x lo1* ~ m ' ~ .  

The br ightness-emiss iv i ty  method a s  descr ibed  by Parkinson 

and Reeves (1964) w a s  used for  measuring t h e  temperature  of  t h e  

gas  behind t h e  r e f l e c t e d  shock. The  c e n t e r  of t h e  shock tube  was 

focussed onto  t h e  s l i t  of an f/12 ( e f f e c t i v e )  monochromator 

equipped w i t h  a 600 4/mm concave g r a t i n g  i n  a Johnson-Onaka 

- 5 -  



mounting (Johnson, 1957; Onaka, 1958),  giving a reciprocal dis- 
I 

- 1  persion of 32 A/m. A photomultiplier mounted at the exit slit 

monitored the emission of the shocked gas at the 3859.91 A Fe I 
I 

line. The shock absorptivity (or emissivity) at this wavelength 

was sampled with a 5 v s  flash from a continuum light source 

(FX-12 xenon flash lamp) focussed into the center of the shock 
, 

tube and refocussed onto the monochromator slit. A calibrating 

flash in the absence of the shock and a comparison of the shock , 

brightness with the emission from a standard lamp provided the 
I 

information necessary for the line-reversal temperature deter- 

mination. 

A large aperture coaxial flash tube of the type used by 

Garton (Wheaton, 1964) provided the background continuum for 

the absorption spectra. A plano-convex quartz lens mounted in 

the shock tube wall focussed the flash tube radiation onto the 

slit of the spectrograph. This was a 3-meter Eagle-mounted 

concave grating instrument (McPherson Instrument Company) with 

an effective speed of f/26 and an inverse dispersion of 2.78 A/mm. 

A 100 pm wide slit was used. Thus the spectrograph operated as 

an integrating device, the line profiles showed flat bottoms 

and the resulting line depth was a measure of the total line 

absorption. The wide slit also permitted the use of medium slow 

Kodak Spectrum Analysis Number 1 plates, which have high con- 

- 6 -  
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U 

t r a s t  and a very  f i n e  g r a i n .  
B 

C a l i b r a t i o n  cont inua were placed on a l l  p l a t e s  by photo- 

graphing t h e  background source  through a series o f  c a l i b r a t e d  

n e u t r a l  d e n s i t y  f i l t e r s .  T h e  developed p l a t e s  w e r e  t r a c e d  w i t h  

a Joyce-Loebl dual-beam microdensitometer employing a scanning 

s p e c t r a l  s l i t  width of 28  m i .  

F ig .  2 shows a schematic diagram of t h e  e l e c t r o n i c s  and 

t h e  t i m e  sequence of t h e  experiment. The v e l o c i t y  of t h e  in-  

c i d e n t  shock i s  

1 START STOP 

obtained from t h e  t i m e  de lay  between two pu l ses  

70 ps - . 50ps , 

DELAY DELAY 
- 

. t ,  
1 1  TRIGGER TRIGGER SWITCH ,, 

OFF 

I 

TRIGGER 

PRESSURE FX - 12 COAXIAL BLAST 
TRANSDUCER FLASH TUBE FLASH TUBE SHUTTER 

t =o 70 ps 120 ps 170 ps 

INCIDENT SHOCK INCIDENT FX-12 IS COAX I AL  SPECTROGRAPH 
PASSESHEAT SHOCK TRIGGERED FLASH TUBE SH UTT E R 

TRANSFER DETECTORS REACHES 8 SHUTTER ARE IS CLOSED 
END WALL TRIGGERED 
OF SHOCK 

TUBE 

Figure 2 , -  Block scheme of e l e c t r o n i c s  and time sequence of experiment,  

- 7 -  



o r i g i n a t i n g  from two hea t  t r a n s f e r  d e t e c t o r s  of a known separa-  

t i o n .  The r e f l e c t i o n  of t h e  shock a t  t h e  end w a l l  a c t u a t e s  a 

p res su re  t ransducer  and t h u s  d e f i n e s  t i m e  "zero" f o r  t h e  elec- 

t r o n i c s .  The  de lay  u n i t s  t r i g g e r  a )  t h e  FX-12 f l a s h  tube  

70 ps l a t e r  and b)  t h e  c o a x i a l  f l a s h  tube  and t h e  spec t rograph  

s h u t t e r  a f t e r  an a d d i t i o n a l  50 ps. 

* 

Fig. 2a is a reproduct ion  of an a c t u a l  record  of t h e  

emission from a r e f l e c t e d  shock as it was observed a t  t h e  e x i t  

s l i t  of the monochromator a s  w e l l  a s  near  t h e  f o c a l  p l ane  of t h e  

spectrograph. 

of 5 0  ps a f t e r  r e f l e c t i o n  a t  t h e  end w a l l  w a s  r equ i r ed  t o  ensu re  

t h a t  equi l ibr ium was e s t a b l i s h e d  a t  t h e  shock t u b e  windows. 

I t  was also necessary t o  u s e  a spec t rograph  s h u t t e r  i n  

order  t o  reduce t h e  long d u r a t i o n  emission from t h e  shocked gas ,  

wh ich  would o therwise  " f i l l  i n "  t h e  abso rp t ion  spectrum. The 

s h u t t e r  was p a t t e r n e d  a f t e r  one descr ibed  by W u r s t e r  (1957),  

w h e r e  a shock  wave o r i g i n a t i n g  from an exploding w i r e  i s  used 

t o  d r i v e  an expendable s h u t t e r  (b lack  Scotch e lectr ical  t a p e  

app l i ed  t o  a s t r i p  of .005-inch t h i c k  Teflon sheet) a c r o s s  t h e  

l i g h t  beam. Closure t i m e  a f t e r  f i r i n g  w a s  approximately 50 ps. 

Nevertheless ,  t h e  s h u t t e r  d i d  not  reduce t h e  l i n e  emission 

reaching tne p l a t e  t o  a n e g l i g i b l e  l e v e l .  A c o r r e c t i o n ,  there- 

f o r e ,  had t o  be determined by t h e  fo l lowing  experiment.  The 

The record  i n d i c a t e s  t h a t  a m i n i m u m  t i m e  de l ay  

- 8 -  



TIME (PS) 
0 200 400 600 800 IO 00 

:*.= :*+w, 

I -  I ' 

SHUTTER MONITOR 

SHOCK EMISS ON 
AT h 3959.9 s 

Si-iOCK EMISSION 

(SHORT TIME 
HISTORY BEFORE 
AND AFTER 
FX-12 FLASH) 

AT A 3959.9% 

FX-12 FLASH 

45 55 6 5  75 8 5  95 

TIME (VS) 

Figure 2a.- Oscil loscope record of a shock. The t h r e e  t r a c e s  show photo- 
m u l t i p l i e r  output s (negative v o l t  ages ) : Upper : Shu t t e r  rnonit o r ,  
100 us/cm. Middle: Shock emission a t  X 3959.9 8, long time h i s -  
t o ry ,  100 us/cm. Lower: Short time h i s t o r y  of s i g n a l  i n  middle 
t r a c e :  t = 45 u s  t o  t = 95 us. 

8 .  

1 

i .  

background source  was f i r e d  before  i n i t i a t i n g  t h e  shock so  

t h a t  t h e  l i n e  emission was photographed o n  t o p  of t h e  continuum ex- 

posure .  This  l i n e  emission, measured r e l a t ive  t o  t h e  continuum, 

t h e n  gave an "effective emission e q u i v a l e n t  w i d t h "  (see 0 5) ,  

- 9 -  



w h i c h  was app l i ed  t o  t h e  equ iva len t  widths  measured on t h e  

absorp t ion  p l a t e s .  

Three d i f f e r e n t  concen t r a t ions  of i r o n  and chromium car- 

bonyls i n  argon w e r e  used i n  t h e  experiments: 0.05 per  c e n t  

C r ,  0 .2  per c e n t  Fe ;  0.02 per  c e n t  C r ,  0.15 per  c e n t  Fe ;  and 

0.0015 per  c e n t  C r ,  0 . 2  per  cen t  Fe .  The carbonyl p r e s s u r e s  

used i n  prepar ing  t h e  mixtures  w e r e  kep t  below about h a l f  t h e i r  

vapor pressures  a t  room temperature  t o  prec lude  e r r o r s  due t o  

s a t u r a t i o n .  Data were taken on a t o t a l  of 18 shocks d i s t r i b u t e d  

among t h e  t h r e e  concen t r a t ions .  I n  a d d i t i o n  an emission spec- 

trogram on p l a t e s  pre-exposed t o  t h e  continuum l i g h t  source  a s  

descr ibed  above was photographed f o r  each of t h e  three mixtures .  

A spectrum was a l s o  obtained w i t h  a narrow (10 pm) s l i t ,  

us ing  a f a s t  emulsion (Kodak Spec t roscopic  P l a t e  1-0) a t  a con- 

c e n t r a t i o n  of .01 per  cen t  C r  and . 3  per  c e n t  Fe .  Densi ty  scans  

provided l i n e  width da t a  which w e r e  used f o r  t h e  wing c o r r e c t i o n  

(see 6 5 ) .  

111. RESULTS 

0 3 .  Summary. The da ta  reduct ion  i s  based on a "curve of 

growth" (Fig.  3 )  r e l a t i n g  t h e  l i n e  equ iva len t  width,  wh ' 

- 10 - 



t 

100 

IO 
P 

r( 

\ 
Q 

3 
- 4  

I .o 

0.1 

-1.0 Ox) I .o 2 .o 3.0 4.0 

Figure 3 . -  Curve of growth (from C h a r a t i s ,  1961) .  

t o  t h e  product  n*- f - .C , where n * i s  t h e  popula t ion  den- 

s i t y  of t h e  absorb ing  s ta te ,  

t h e  t r a n s i t i o n  i n  ques t ion ,  and .t i s  t h e  pa th  l e n g t h  i n  t h e  

absorb ing  gas l a y e r .  

f i s  t h e  o s c i l l a t o r  s t r e n g t h  of 

T h e  r e l a t i o n s h i p  i s  l i n e a r  for  o p t i c a l l y  

t h i n  l i n e s  (- wA << $: 
AAD 
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- n * -  f - -t W h  

1 
e where AhD is t h e  f u l l  - -width of t h e  Doppler component of 

t h e  l i n e  p r o f i l e .  

For l a r g e r  equ iva len t  widths t h e  curve of growth d e p a r t s  

from l i n e a r i t y  i n  a manner dependent on a parameter 

w h e r e  Ah is  t h e  f u l l  half-width of t h e  Lorentzian component of 

an observed Voigt p r o f i l e .  Thus a de te rmina t ion  of f r equ i r e s  

L 

* 
knowledge of Wh , of n 

i f  t h e  l i n e s  a r e  no t  o p t i c a l l y  t h i n .  

a long t h e  p a t h  l eng th  -t, and of a,  

For t h e  condi t ions  of  t h i s  experiment t h e  boundary 

l a y e r  w a s  n e g l i g i b l e  so  t h a t  (as  implied i n  t h e  above nota- 

t i o n )  n* w a s  uniform and 4 e q u a l  t o  t h e  s e p a r a t i o n  of t h e  

shock-tube windows. T h e  n* w e r e  computed f r o m  t h e  t o t a l  

number d e n s i t i e s  n i  of t h e  p e r t a i n i n g  i o n  s p e c i e s  by t h e  

Boltzmann equat ion.  The ni i n  t u r n  w e r e  determined by s o l v i n g  

t h e  Saha equat ion fo r  t h e  gases e x i s t i n g  behind t h e  r e f l e c t e d  

shock. 

The equiva len t  wid ths  obta ined  f r o m  t h e  dens i tometer  

traces of t h e  p l a t e s  w e r e  c o r r e c t e d  fo r  shock emission as w e l l  

- 12 - 
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a s  f o r  abso rp t ion  of t h e  l i n e  wings l y i n g  beyond t h e  l i m i t s  of 

t h e  s l i t  wid th  used and thus  not i n t e g r a t e d  by t h e  spectrograph.  

Both these c o r r e c t i o n s  increased t h e  equ iva len t  wid ths  a c t u a l l y  

measured on t h e  p l a t e s .  

The l i n e s  used w e r e  s e l ec t ed  w i t h  t h e  c r i t e r i o n  t h a t  no 

l i n e  of d e t e c t a b l e  i n t e n s i t y  should l i e  closer t h a n  280 mi 

( t h e  s p e c t r a l  s l i t  width)  t o  the  l i n e  under i n v e s t i g a t i o n .  

This  w a s  done w i t h  t h e  a i d  of t h e  second r e v i s i o n  of Rowland's 

Pre l iminary  Table of S o l a r  Spectrum Wavelength (Moore e t  a l . ,  

1966).  This  ca t a logue  i s  t h e  most r e c e n t  c o l l e c t i o n  of l i n e s  

and also provides  q u a n t i t a t i v e  d a t a  expressed as  reduced solar  

equ iva len t  wid ths .  Because t h e  Fraunhofer l i n e s  of i n t e r e s t  

t o  t h i s  work a r e  formed by t h e  abso rp t ion  of gases  a t  t e m -  

p e r a t u r e s  s i m i l a r  t o  those  obtained i n  t h e  shock t u b e ,  t h e  

s o l a r  equiva len t  widths  w e r e  a u s e f u l  i n d i c a t o r  of t h e  rel-  

a t i v e  l i n e  i n t e n s i t i e s  t o  be  expected i n  ou r  experiments.  

M o s t  of t h e  l i n e s  w e r e  unblended. I n  a few cases w h e r e  t w o  

l i n e s  f e l l  a t  t h e  same wavelength (Ah<<280 m i ) ,  t h e  sum of t h e  

f -va lues i s  repor ted .  O s c i l l a t o r  s t r e n g t h s  w e r e  ob ta ined  f o r  

45 l i n e s  i n  a l l ,  38 of Fe I, 5 of C r  I and 2 of C r  11. T h e  

r e s u l t s  a r e  l i s t e d  i n  t ab le  1. 

6 4.  Determination of number d e n s i t i e s .  The  number d e n s i t i e s  of 

t h e  components of a gas cons i s t ing  of s e v e r a l  atomic,  m o l e c u l a r  



, 
and ion species in local thermodynamic equilibrium, is given by 

the solutions of a system of simultaneous equations including 

the equilibrium relations for dissociation and ionization 

(Saha equations), and the conservation of charge and mass equa- 

tions. 

functions,-elemental concentration, temperature and total pressure. 

The total pressure Ps behind the reflected shock was computed 

from the hydrodynamic expressions: 

The coefficients in these equations are the partition 

, 

C 
where y is the ratio of specific heats ( y  = $) taken to be 

V 

5/3. P, , the initial pressure of the test gas is read 

from a mechanical gauge and M, the incident-shock Mach 

number is calculated from the measured shock velocity and 

the sound velocity in Argon at 298" K (0.321 mm/(ls). 

The increase in P, which was due to the CO, C,, 0,, C 

and 0 molecules and atoms originating from the dissociated 

carbonyls amounted to only 2.7 per cent of the total in the 

most extreme case. This and other real-gas effects which are 

not taken into account in eq. (1) are known to be small (cf. 

e.g. Gaydon and Hurle, 1963) and therefore were neglected. 

14 - 
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The Saha equat ions covered t h e  fol lowing species and 

t h e i r  f irst  i o n i z a t i o n  s t ages :  A,  C, C r ,  Fe, 0, C,, CO, C r O ,  

FeO, 0, and CO,. Atomic p a r t i t i o n  func t ions  r equ i r ed  f o r  t h e  

Saha and Boltzmann r e l a t i o n s  were i n t e r p o l a t e d  between va lues  

taken from t h e  t a b l e s  of Drawin and Felenbok (1965) .  P a r t i t i o n  

func t ions  f o r  t h e  molecules were computed from t h e i r  molecular  

c o n s t a n t s .  

The  s o l u t i o n s  t o  t h e  Saha equat ions  w e r e  ob ta ined  on an IBM 

7094 computer us ing  t h e  EXCIT  4 program of Rich and Flagg (1966).  

0 5. Determination of equiva len t  width;  c o r r e c t i o n  - f o r  emission, 

l i n e  winqs and non-linear curve of  qrowth. W i t h  t h e  100 pn wide 

spec t rograph  s l i t , e a c h  p o i n t  on t h e  p l a t e  r eco rds  r a d i a t i o n  f r o m  

a s p e c t r a l  bandwidth of 280 mi. The i n t e n s i t y  rece ived  a t  a loca- 

t i o n  x on t h e  p l a t e  ( c f .  Fig.  4) i s  descr ibed  by two terms 

r e p r e s e n t i n g  absorp t ion  and emission r e s p e c t i v e l y :  

- 

- -- 

I .  

- 15 - 



Figure  4.- Line p r o f i l e s .  - t r u e  p r o f i l e  (x r e p r e s e n t s  A )  

- - -- 
' 0 .  - - - a  

p r o f i l e  recorded  on p l a t e  

r e c t a n g u l a r  equ iva len t  fo r  area under  recorded  p r o f i l e  

r e c t a n g u l a r  p r o f i l e  d e f i n i n g  equ iva len t  width 

- 16 - 



. 
where . 

s ( h )  = s l i t  func t i cn  

T ( t )  = o p t i c a l  depth of shocked gas a t  wavelength h 

T ( t )  = b r i q h t n e s s  temperature of t h e  coaxial  f l a s h  t u b e  

~ ~ ( t )  = thermodynamic shock temperature  

B (T) = black  body func t ion  

A 

F 

h 

= wavelength recorded a t  x , assuming a n  i n f i n i t e l y  
X 

h 

narrow s l i t  ( c f .  Fig. 4) 

Ah 0 = spectral  s l i t  w i d t h  ( 2 7 8  mi) 

= d u r a t i o n  of f l a s h  t u b e  emission ( ~ 5 ~ 3  ps) 

= d u r a t i o n  of shock t u b e  emission ( d 7 0  (1s) 

The fo l lowing  assumptionsare made i n  t h e  p r e s e n t  

experiment:  

- t h a t  t h e  s l i t  func t ion  i s  r ec t angu la r  

- t h a t  B can  be replaced by a cons t an t  B ( w i t h i n  t h e  
X h h 

spectral  s l i t  wid th  ah , )  

- t h a t  ~ ~ ( t )  does n o t  vary during t h e  f l a s h  d u r a t i o n  A t  F 

( t h i s  l a s t  assumption i m p l i e s  t h a t  h e a t i n g  of t h e  shock 

by t h e  f l a s h  tube  is n e g l i g i b l e ) .  

Eq.  (2) i s  then  s i m p l i f i e d  t o  

- 17 - 



and t h e  continuum i n t e n s i t y  i s  obta ined  by s e t t i n g  ~, ,( t)  = 0 : 

I t  a l s o  follows t h a t  t h e  equ iva len t  wid th  W,, which i s  def ined  by 

= (l-e-',,)dA I W h  

l i n e  

can be expressed by t h e  s i m p l e  formula 

I O - I x  
A I  0 

- 
wA - I O  

a s  long as  l i n e  r a d i a t i o n  may be neglec ted  and i f  t h e  

s p e c t r a l  s l i t  wid th  covers  t h e  w h o l e  l i n e  p r o f i l e .  

However, i n  t h i s  experiment t h e  l i n e  emission may no t  be 

overlooked. Although t h e  black-body f u n c t i o n  of t h e  f l a s h  t u b e  

- 18 - 



B 

T and T of t h e  o rde r  of  2 8  0 0 0 ° K  and 5 5 0 0 ° K  r e s p e c t i v e l y ) ,  

t h e  much longer  d u r a t i o n  of t h e  shock r a d i a t i o n  ( A t  170~s 

ys. atFw3ys) t ends  t o  balance the energy absorbed from t h e  

continuum. The s i z e  of t h e  c o r r e c t i o n  due t o  emission was de- 

termined from t h e  experiments i n  w h i c h  t h e  f l a s h  tube  w a s  f i r e d  

previous  t o  t h e  i n i t i a t i o n  of t h e  shock, so  t h a t  t h e  emission 

l i n e s  from t h e  shocked gas  appeared superimposed on t h e  background 

continuum. By adapt ing  equat ions ( 3 ) ,  (4),  and (5 )  for  t h i s  case, 

one obtains I t h e  i n t e g r a t e d  i n t e n s i t y  a t  t h e  l o c a t i o n  of 

an emission l i n e :  

(TF) i s  much larger than  t h a t  of  t h e  shock tube  B (Ts) ( w i t h  
hX AX 

F S 

SM 

e m  
x '  

J 

The t r u e  absorp t ion  i n t e n s i t y  i s  then  

Iabs e m  = I - (Ix -IO) 
X X 

where Iy i s  t h e  i n t e n s i t y  i n i t i a l l y  measured on our  abso rp t ion  

spectra a t  t h e  p o s i t i o n  of a l i n e .  

width can be w r i t t e n  as 

The  c o r r e c t e d  equ iva len t  

I 0- I: Ix- ( I em-I 0) 1 abs 
X X e m  

I O-I 
Ah, = Ah, = w + w,, 

I"  I "  A 

(7) 
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where w e  d e f i n e  an " e f f e c t i v e  emission equ iva len t  width" by 

Iem-IO 
X w? - - Ah, . 
IO 

For t h e  preceding formula w e  have assumed i d e n t i c a l  shock 

and f l a s h  t u b e  behavior for  d i f f e r e n t  t r i a l s ;  w h i l e  t h i s  i s  

no t  s t r i c t i y  t r u e ,  t h e  random error introduced i n t o  w A 

t h e  photometry exceeds t h e  effects of  v a r i a t i o n s  between 

e m  
by 

shocks on t h e  c o r r e c t i o n  f o r  emission. 

e m  
F ig .  5 shows a p l o t  of W - v s .  wavelength fo r  a series 

w A  
of s i x  shocks, one i n  emission and one i n  abso rp t ion  fo r  each 

of t h e  t h r e e  concen t r a t ions  of Fe and C r  used. While t h e r e  i s  

cons iderable  scat ter ,  averaging t h e  va lues  a t  o r  near  t h e  s a m e  

wavelength y i e lded  a set of  p o i n t s  which could be approximated 

by a s t r a i g h t  l i n e  curve.  

w i t h  wavelength. Q u a l i t a t i v e l y ,  t h i s  i s  t h e  behavior  expected 

s i n c e  t h e  emission from a 5500" K b l ack  body i n c r e a s e s  w i t h  wave- 

l eng th  i n  t h i s  region,  wh i l e  t h e  emission f r o m  a 2 5  OOOoX 

W e  no te  t h a t  t h e  c o r r e c t i o n  i n c r e a s e s  

b lack  body decreases  w i t h  wavelength. 

t hus  w a s  made w i t h  t h e  a id  of t h e  p l o t  i n  Fig.  5, v i z . ,  

The c o r r e c t i o n  for  emission 

- 20 - 
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s 
\ 

E 
0) .( .2 - I  

3 

I - ' 

I I I I I I I i 

A 

0 -  . 0 5 %  Ct, .2 YO Fe 

0 -  . 02% Cr, .I570 Fe 
A -  .0015% Cr, .2% Fe 

3200 3300 3400 3500 3600 3700 3800 

x G I  
Figure  5.- A p l o t  of Wem/WX (observed va1ues)vs .  A .  Resu l t s  are t a k e n  from 

s i x  shocks, one i n  emission and one i n  abso rp t ion  f o r  t h e  t h r e e  
concen t r a t  i ons  used. 

x 

The second assumption made above, i.e. that the spectral 

slit width includes the whole absorption profile of a line, 

means. that the integration limits A ' Oh, in equation ( 3 )  can 

be set formally to infinity without changing the value of the 

integral. 

broadening is predominant. 

x 2  

This condition is extremely hard to fulfill if Lorentzian 

In the case of a pure Lorentzian 
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I 

l i n e  p r o f i l e  i n  absorp t ion ,  t h e  abso rp t ion  l y i n g  o u t s i d e  t h e  range . I  
of  t h e  s l i t  width w i l l  s t i l l  amount t o  9 pe r  c e n t  even when 

Ah, = 10AhL (AhL = f u l l  ha l fwid th  of l i n e  p r o f i l e ) .  The r a t i o  

W i h ; b S  of t h e  a c t u a l  equ iva len t  width t o  measured equ iva len t  

width' (which has been c o r r e c t e d  f o r  p o s s i b l e  shock emission 

e f f e c t s  of t h e  kind descr ibed  above) can be w r i t t e n  as :  

+Ah, - 

J AhLdx 

l+XZ 

-& 
AIL 

Wiese (1963) g ives  a d e t a i l e d  d e r i v a t i o n  of eq. (11) f o r  t h e  

corresponding c a s e  of emission. 

The  p a r t s  of t h e  p r o f i l e  r e l e v a n t  t o  t h i s  c o r r e c t i o n ,  v i z . ,  

t h e  c u t  o f f  wings a r e  i n  f a c t  o f  Lorentz ian  type  ( a s  was assumed 

i n  eq. (11) ) .  The f u l l  Doppler half-width i n  t h e  shock-heated 

gas  i s  of t h e  o rde r  of about 30 ml. 

t o  a t e n t h  of t h e  Lorentz ian  half-width,  a s  w i l l  be  seen  below 

( p . 2 4  ) .  Doppler broadening t h u s  does n o t  c o n t r i b u t e  s i g n i f i c a n t l y  . 

t o  t h e  wing  abso rp t ion .  

This  corresponds t o  a t h i r d  

- 22 - 



Due t o  t h e  crowding of t h e  Fe s p e c t r a l  l i n e s  i n  t h e  wave- 

l eng th  reg ion  i n v e s t i g a t e d ,  it w a s  n o t  p o s s i b l e  t o  widen t h e  s l i t  

t o  t e n  Lorentz ian  h a l f - w i d t h s  o r  more w i t h o u t  caus ing  s e r i o u s  blends.  

A c o r r e c t i o n ,  t h e r e f o r e ,  was mandatory f o r  each i n d i v i d u a l  l i n e .  

I n  o rde r  t o  do t h i s ,  t h e  widths of a l l  t h e  l i n e s  r epor t ed  i n  

Table 1 w e r e  measured f r o m  a p l a t e  taken  w i t h  a narrow spec t rograph  

s l i t .  The  h a l f - w i d t h  of t h e  l i n e  p r o f i l e s  observed on t h e  p l a t e  

taken w i t h  a narrow spectrograph s l i t  w a s  ob ta ined  from a m i c r o -  

densi tometer  scan of t h e  photographic d e n s i t y ,  i .e. ,  on a d e n s i t y  

vs .  wavelength plot .  There, t h e  width of abso rp t ion  l i n e s  can be 

read off d i r e c t l y  a t  t h e  level of h a l f  t h e  peak abso rp t ion  d e n s i t y ,  

provided t h a t  bo th  t h e  d e n s i t i e s  f o r  continuum and peak abso rp t ion  

l i e  w i t h i n  t h e  s t r a i g h t  por t ion  of t h e  c h a r a c t e r i s t i c  curve of  t h e  

emulsion. 

The f u l l  half-width AhV obtained i n  t h i s  way i s  assumed t o  

be genera ted  by Lorentz ian  and Doppler l i n e  broadening p l u s  

in s t rumen ta l  broadening. For s i m p l i c i t y ,  t h e  l a t te r  was taken  

t o  be Gauss ian ,  The ins t rumenta l  s l i t  width AX =0.81- A A n  (Allen,  1964) 

t h u s  w a s  combined w i t h  t h e  f u l l  Doppler l/e - width which was 

computed by 

s 

I '  

~ 

I 

' .  

2h J2kT 
D C ma 

A I  = -  - 
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(w30m%. in this experiment; m 

full Gaussian width 

= atomic weight) to obtain the a 

AhG = JAhE + Ah2 S 

The observed line profile accordingly can be assumed to 

be of the Voigt type, and the quantity needed for the line width 

correction, eq.(ll), the Lorentzian width, can be determined by 

using the table of Davies and Vaughan (1963). These authors relate 

the Gaussian and Lorentzian fractions 

for the whole range of Voigt profiles from pure Lorentzian to 

pure Gaussian profiles. The observed Voigt width AA and the 

Gaussian width Ah computed by eqs. (12) and (13) yield F ; 

from the corresponding L and from Ah 

is obtained. 

V 

G 
the Lorentzian width V 

The values of Ah,/Ah which enter into eq. (11) range 

between 0.8 and 3.1 . This corresponds to full Lorentzian 

half-widths ranging between 350 and 100 mi. These results 

are in good agreement with theoretical estimates of Ah 

220 mi due to Van der Waals broadening. 

L 

w 
L 

Resonance and stark 
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broadening effects are smaller by two o r d e r s  o f  magnitude; 

t h i s  i s  p l a u s i b l e  s i n c e  t h e  d e n s i t i e s  of Fe and C r  a t o m s  and 

of t h e  e l e c t r o n s  which a r e  r e spons ib l e  f o r  resonance and 

S t a r k  broadening are very l o w  compared t o  t h e  t o t a l  number d e n s i t y  

which is re spons ib l e  for Van der W a a l s  broadening. 

. 

The curve  of growth parameter a = AhL/AhD w a s  a lso eva lua ted  

f r o m  t h e  l i n e  half-widths  observed on t h e  p l a t e  taken  w i t h  a 

narrow sl i t .  The parameter a w a s  found t o  be larger than  3 

for  a l l  l i n e s  observed. A t  t h e s e  l a r g e  va lues  of a, t h e r e  is 

no i n f l e c t i o n  of t h e  curve of growth i n  t h e  t r a n s i t i o n  r eg ion  

between t h e  first power (i.e.,  l i n e a r )  and half-power p o r t i o n  

(F ig .  3 ) .  Consequently, t h e  c o r r e c t i o n  for d e v i a t i o n  from 

l i n e a r i t y  w a s  s m a l l  and i n s e n s i t i v e  t o  a, 

Using t h e  c o r r e c t e d  equiva len t  wid th  W' ,prel iminary f -va lues  A 

w e r e  computed w i t h  t h e  l i n e a r  approximation of t h e  curve  of 

growth. 

l i n e  and t h e  a p p r o p r i a t e  c o r r e c t i o n  w a s  read  from a plot  of 

t h e  curve of growth (Chara t i s ,  1961) .  The c o r r e c t i o n s  ranged 

from 3 t o  1 3  per c e n t ,  

The parameter a = AAL/AhD t hen  w a s  determined for  each 
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I V .  CONCLUSIONS 

6 6. Figs.  6 through 9 show comparisons of o u r  r e s u l t s  w i t h  

prev ious  i n v e s t i g a t i o n s .  I n  F ig .  6 w e  have p l o t t e d  t h e  d i f -  

f e r e n c e  log  gf ( l i t e r a tu re )  minus log gf ( t h i s  experiment) vs. 

upper e x c i t a t i o n  energy of t h e  r e s p e c t i v e  l i n e s .  The s a m e  d i f -  

f e r ence  was also p l o t t e d  vs .  t h e  Lorentzian l i n e  width i n  t h e  

shock-heated gas  (F ig .  7 ) ,  vs .  l og  gf (Fig.  8 ) ,  and vs .  wave- 

l e n g t h  (Fig.  9) . 
The da ta  p o i n t s  o f  F i g .  6 f i t  a curve  w i t h  a f l a t  p a r t  t h a t  

ex tends  up t o  48 000 cm-' and bends downward above t h a t  energy. 

This  curve  q u a n t i t a t i v e l y  r e f l e c t s  t h e  shape o f  t h e  normal iza t ion  

f u n c t i o n  which w a s  used by Corl iss  and Boman (1962) f o r  t h e  num- 

ber d e n s i t y  of t h e  e m i t t i n g  l e v e l s  i n  t h e i r  arc and which w a s  also 

i assumed i n  t h e  more r e c e n t  compilat ion of C o r l i s s  and Warner (1966).  

This  f ind ing  e s t a b l i s h e d  t h e  p rev ious ly  suspec ted  fact  (Pagel,  1965; 

Warner, 1964) t h a t  t h e  normal iza t ion  func t ion  of C o r l i s s  and 

Boman (1962) should be f l a t  u p  t o  60 000 cm'l  . W e  t h e r e f o r e  

1 
1 
I 

made a corresponding c o r r e c t i o n  of t h e  l i t e r a t u r e  va lues  of I 

Corl iss  and Warner (1966) .  The r e s u l t i n g  d i f f e r e n c e s  between 

t h e  co r rec t ed  l i t e r a tu re  va lues  and o u r  d a t a  are p l o t t e d  i n  

F ig .  6a. 
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Figure 6.- A comparison of gf-values  of C o r l i s s  and Warner (1966) wi th  pre-  
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normal iza t ion  func t ion  used by C o r l i s s  and Bozman (1962). 

k 
I 

Y- 

e FeI  
0 Cr I 

co r rec t ed  normalizat ion func t ion .  - 
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) is 
1 i t - log  gfmeas 

I n  Fig.  7 ,  where t h e  d i f f e r e n c e  (log gf 

p l o t t e d  vs .  t h e  ( f u l l )  Lorentzian half-width of  t h e  l i n e s  

observed i n  t h e  shock t u b e  s p e c t r a ,  there  appear t o  be smaller 

d i f f e rences  a t  larger wid ths .  T h i s  tendency d isappears  i n  F ig .  7a, 

where t h e  c o r r e c t e d  l i t e r a t u r e  gf-values have been used. There 

i s  a d i r e e t  c o r r e l a t i o n  between t h e  amount of Van d e r  Waals 

broadening and t h e  upper e x c i t a t i o n  energy. 

l i n e s  a re  m o r e  l i k e l y  t o  be a f f e c t e d  by t h e  c o r r e c t i o n  of t h e  

Therefore broad 

normalizat ion func t ion .  

A t rend  s i m i l a r  t o  t h e  one i n  Fig.  7 is  apparent  i n  Fig.  8, 

i .e .  A log  gf dec reases  as  log gf i n c r e a s e s .  Again, t h i s  

behavior  d i sappears  i n  F ig .  8a where t h e  c o r r e c t e d  l i t e r a t u r e  

gf-values are  used. The t r e n d  i n  Fig.  8 i s  due t o  o u r  s e l e c t i o n  

of t h e  l i n e s .  S ince  a l i m i t e d  range of  concen t r a t ions  and tem- 

peratures w a s  used i n  t h i s  experiment, o n l y  l i n e s  which had 

equiva len t  wid ths  i n  a r e l a t i v e l y  narrow range w e r e  su i t ab le  

for  gf-value measurement. Consequently, s i n c e  

n* E 
g kT w-gf a- - exp ( -  -) 

is approximately cons tan t ,  l i n e s  w i t h  a l o w  exc i ta t ion  energy 

E and a r e l a t i v e l y  large number d e n s i t y  - w i l l  have a smaller 

gf-value than l i n e s  w i t h  a high e x c i t a t i o n  energy and corres- 

n* 
g 
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Figure 7a.- P l o t  of Figure 7 with co r rec t ed  l i t e r a t u r e  va lues .  
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ponding small  number d e n s i t y .  Furthermore, t h e  wavelength 

range covered (3150-3780 1) i s  l i m i t e d  enough so t h a t  one may 

interchange t h e  l o w e r  e x c i t a t i o n  p o t e n t i a l  E l  (which should be 

used i n  t h e  .above exp1anat ion)with t h e  upper e x c i t a t i o n  p o t e n t i a l  

E2,  which determines t h e  c o r r e c t i o n  of t h e  normal iza t ion  f u n c t i o n  

of Cor l i s s  and Boman (1962).  The f a c t  t h a t  t h e  values of log gf 

are connected t o  E2 exp la ins  t h e  apparent  t r e n d  i n  Fig.  8. 

I .o 
B 
.6 

.4 

.2 

Fe I 
0 C r I  

-3.0 -2.0 -1.0 

log Qf", 

0.0 

. 

Figure 8.- A comparison of gf-values of Corliss and Warner (1956)  with pre- 
sent measurements p l o t t e d  vs. log  gf .  
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There i s  no obvious t r e n d  i n  F ig .  9, where t h e  d i f f e r e n c e  

(log gflit-log gf ) is  p l o t t e d  vs .  wavelength. However, i f  

a f l a t  normal iza t ion  func t ion  is  used f o r  t h e  l i t e r a t u r e  va lues  

(F ig .  9a) t h e  s tandard  dev ia t ion  i n  Fig.  9 i s  reduced f r o m  .20 dex 

t o  -14  dex.? 

meas 

The C r  gf-values measured a r e  n o t  numerous enough t o  j u s t i f y  

an ex tens ive  d i scuss ion  of t h e i r  energy, l i n e  width and wavelength 

dependence. 

t h r o u g h  9. 

For r e fe rence ,  however, they  a r e  inc luded  i n  F igs .  6 

t D e x  i s  def ined  as i n t e r v a l  i n  powers of 10 (cf .  Allen,  1964) : 
.a o 

-20 dex = 10 . 
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t 
I '  

. 
The l i t e r a t u r e  values  used f o r  computing A log gf a s  

p l o t t e d  i n  F igs .  6 through 9 a r e  taken  from C o r l i s s  and Warner 

(1966) f o r  Fe I and from C o r l i s s  and Bozman (1962) f o r  C r  I 

and C r  11. The f u r t h e r  l i t e ra ture  va lues  l i s t e d  i n  Table 1 

w e r e  n o t  numerous enough f o r  a v a l i d  comparison of r e l a t ive  

gf-values .  

. 

W h i l e  t h e  sys temat ic  dev ia t ion  w h i c h  shows up by comparing 

r e l a t i v e  gf-values  as a func t ion  of t h e  upper e x c i t a t i o n  p o t e n t i a l  

can e a s i l y  be explained by t h e  normal iza t ion  func t ion  used f o r  

t h e  l i t e r a t u r e  gf-values,  it is hard t o  f i n d  reasons why our  

a b s o l u t e  s c a l e s  a r e  approximately .90 dex and -64 dex lower than  

t h e  ones used r e s p e c t i v e l y  by C o r l i s s  and Warner (1966) f o r  Fe and 

by C o r l i s s  and Bozman (1962) fo r  C r .  

I n  o rde r  t o  ob ta in  t h e  bes t  e s t i m a t e  of t h e  a b s o l u t e  scale 

f o r  Fe, C o r l i s s  and Warner (1966)  sugges t  t h a t  .10 dex be sub-  

t r a c t e d  from t h e i r  l i s t e d  values .  T h i s  would reduce t h e  d i s -  

crepancy t o  .80 dex. A more favorable  comparison would r e s u l t  

from bas ing  t h e  abso lu te  s c a l e  on t h e  d a t a  of B e l l ,  Davis, King 

and Routly (1958) who r ev i sed  o l d e r  measurements of 1 2  Fe l i n e s  

by R.B. King (1942) w i t h  new vapor p re s su re  d a t a .  H e r e  t h e  d i s -  

crepancy i n  a b s o l u t e  va lues  would be .65 dex o r  a f a c t o r  of 4.6; 

t h a t  is, v i r t u a l l y  t h e  same as w i t h  C r .  
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The absolu te  scale f o r  Fe I given by Prokofyev e t  a l .  

(1964) is  c l o s e  t o  t h e  one used by C o r l i s s  and Warner (1966).  

The absolute scales for  C r  I and C r  I1 given by Allen and 

Asaad (1957) and by Shackleford (1965) r e s p e c t i v e l y  compare 

more favorably w i t h  our  r e s u l t s .  Both scales are l o w e r  t h a n  

t h e  Nat ional  Bureau of Standards s c a l e s  of  C o r l i s s  e t  a l . ,  

as pointed o u t  by Allen and C o r l i s s  (1963) f o r  C r  I (.40 dex) 

and by Shackleford (1965) f o r  C r  11 ( .95 dex) . 
A c a r e f u l  a n a l y s i s  of  t h e  experiment has been made i n  

o rde r  t o  f ind  reasons f o r  t h e  discrepancy w i t h  t h e  r e s u l t s  of 

C o r l i s s  e t  a l .  (1962, 1966) .  The  p o s s i b i l i t y  t h a t  s t r a y  l i g h t  

i n  o u r  spectrograph produced a n o t i c e a b l e  error can be r u l e d  

o u t .  

s t r o n g l y .  I t  would need t o  be as  i n t e n s e  as t h e  continuum t o  

reduce t h e  equ iva len t  width by a f a c t o r  of t w o .  

curve-of-growth te lescoping  e f f e c t  i s  excluded by t h e  large 

va lues  of t h e  parameter a which p r e v a i l  i n  o u r  experiment. 

S t r a y  l i g h t  does n o t  a f f e c t  abso rp t ion  measurements 

An a s s o c i a t e d  

An e r r o r  o r i g i n a t i n g  f r o m  t h e  e x i s t e n c e  of  a boundary 

l a y e r  i s  concluded t o  be n e g l i g i b l e  because no e f f e c t  w a s  seen  

on t h e  temperature measurement. S ince  it w a s  c a r r i e d  o u t  on 

a resonance l i n e ,  it w a s  very s e n s i t i v e  t o  abso rp t ion  by a 

boundary l aye r .  
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A l s o  r u l e d  o u t  was t h e  p o s s i b i l i t y  t h a t  a lowering of t h e  

i o n i z a t i o n  p o t e n t i a l  apprec iab ly  deple ted  t h e  n e u t r a l  species. 

I t  was es t imated  t h a t  t h e  i o n i z a t i o n  p o t e n t i a l  w a s  lowered by 

on ly  a few hundredths of an e l e c t r o n  v o l t  (Cooper, 1966) .  The 

r e s u l t i n g  change i n  n e u t r a l  number d e n s i t i e s  is w e l l  below 10 

pe r  c e n t  f o r  t h e  cond i t ions  of  t h i s  experiment,  

The p o s s i b i l i t y  of a l o s s  of t h e  Fe and C r  atoms dur ing  

mixing, s t o r i n g ,  and t r a n s f e r r i n g  of t h e  gases  was cons idered .  

N o  e f f e c t  on f -va lues  w a s  seen when t h e  s t o r a g e  t i m e  of t h e  

mixtures  i n  t h e  gas-handling s y s t e m  was va r i ed  from 4 t o  42 

hours . 
I n  o rde r  t o  check t h e  number d e n s i t y  of atoms behind t h e  

r e f l e c t e d  shock f o r  l o s s e s  i n  concent ra t ion ,  w e  eva lua ted  hook 

s p e c t r a ?  wh ich  w e r e  ob ta ined  by one of u s  (M.H.) w i t h  t h e  same 

gas-handling system and shock tube.  With t h e  known f-values  

of  t h e  three C r  I resonance l i n e s  a t  hh 4254.3, 4274.8, 4289.7 4 

(Lawrence, Link and King, 1965; improved atomic beam a b s o r p t i o n  

t e c h n i q u e )  w e  could determine t h e  number d e n s i t y  of C r  i n  t h e  

shock-heated gas .  The r e s u l t s  of t h i s  t es t  i n d i c a t e d  t h a t  t h e  

a c t u a l  number d e n s i t y  i n  t h e  shock-heated gas  w a s  w i t h i n  t h e  

I 

A d e t a i l e d  d e s c r i p t i o n  of t h e  hook method experiments w i t h  
t 

t h e  shock tube  w i l l  be  given i n  a forthcoming r e p o r t .  
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I 

experimental  e r r o r  (-08 dex) of t h e  value expected. The 

average over s e v e r a l  shocks even ind ica t ed  a s l i g h t  over- 

abundance. Therefore w e  cou ld  not  confirm a de f i c i ency  o f  

a f a c t o r  of 4.4 a s  suggested by t h e  discrepancy of .64 dex 

i n  t h e  gf-value abso lu te  s c a l e  of C r .  Although t h i s  t es t  

i s  v a l i d  f o r  C r  only,  w e  assume t h a t  t h e  i d e n t i c a l  procedure 

used f o r . b o t h  Fe and C r  atoms d i d  no t  in t roduce  d r a s t i c  

d i f f e rences  i n  the number d e n s i t i e s  of  i r o n  and chromium. 

On t h e  o the r  hand, it i s  known t h a t  an overpopulat ion 

of t h e  ground s t a t e  may e x i s t  even i f  t h e  upper states are 

i n  l o c a l  thermodynamic equi l ibr ium. It  is  conceivable  t h a t  

t h e  number d e n s i t y  observed f r o m  resonance l i n e s  may be 

nea r ly  c o r r e c t  w h i l e  t h e  number d e n s i t i e s  of  t h e  exc i t ed  states 

are less than i n  t h e  case of LTE. A c r i t e r i o n  f o r  t h e  minimum 

e l e c t r o n  d e n s i t y  requi red  f o r  LTE between t h e  ground s ta te  and 

t h e  f i r s t  exc i t ed  s t a t e  is  given by G r i e m  1964 ( E q s .  6-60): 

= energy of t h e  l o w e s t  e x c i t e d  l e v e l  

= i o n i z a t i o n  p o t e n t i a l  of  hydrogen ( w  13.6 ev) 
res E 

EH 

k = Boltzmann cons t an t  

N = e l e c t r o n  dens i ty  e 
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S t r i c t l y  speaking, t h i s  c r i t e r i o n  i s  v a l i d  f o r  i o n s  on ly  

and, according t o  G r i e m ,  may be i n  error by up t o  a f a c t o r  of 

t h r e e .  A conse rva t ive  e s t ima te  w i t h  E = 3 .1  e V  and kT = 

0.5 e V  (corresponding t o  a resonance l i n e  a t  4000%. and t o  a 

temperature  T = 5800’ K) y i e l d s  N 2 1.6 x l o s  ~ m ’ ~ .  T h i s  

r e s u l t  i s  marginal  s i n c e  t h e  corresponding e l e c t r o n  d e n s i t i e s  

ob ta ined  from t h e  Saha equat ions w e r e  3.3 x 1015 ~ m ’ ~ .  How- 

ever  t h e  cond i t ion  may be relaxed by up t o  a f a c t o r  of t e n  

i f  t h e  resonance l i n e s  a r e  o p t i c a l l y  t h i c k ,  as was t h e  case 

here .  

* 

res 

e 

That LTE exis ts  between t h e  ground s t a t e  and an e x c i t e d  

s ta te  a t  3.1 e V  i s  ind ica t ed  by a comparison of  t h e  l i n e  

r e v e r s a l  temperature  from t h e  3859.91 Fe resonance l i n e  w i t h  

t h e  temperature  determined by hydrodynamic shock r e l a t i o n s .  

The l i n e  r e v e r s a l  measurement i n  f a c t  determines t h e  Boltzmann 

tempera ture  T of t h e  r e l a t i v e  popula t ion  o f  t h e  two combining 

l e v e l s  according t o  
B 

log - = - -  5040 gU U 
N 

AE + log - 
N4 TB g4 

AE = energy d i f f e r e n c e  between s t a t e s  i n  e V  

= s t a t i s t i c a l  weight of upper and lower s ta te  r e s p e c t i v e l y  
guy 94  

= number d e n s i t y  i n  upper and lower s ta te  r e s p e c t i v e l y  
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W i t h  LTE t h i s  temperature  d i f f e r s  f r o n  t h e  hydrodynamic tem- 

p e r a t u r e  by an amount corresponding t o  t h e  en tha lpy  d i f f e r e n c e  

between a r e a l  and an i d e a l  gas ,  o r ,  i n  other words, co r re s -  

ponding t o  t h e  e x c i t a t i o n ,  i o n i z a t i o n  and d i s s o c i a t i o n  energy 

o f t h e  r e a l  gas .  I n  t h i s  experiment t h e  observed d i f f e r e n c e s  

between t h e  t w o  temperatures  (average 4 per  c e n t )  can w e l l  

be accounted for by t h e  en tha lpy  d i f f e r e n c e .  If t h e  upper 

s t a t e s  were underpopulated ( a s  compared t o  LTE) by a f a c t o r  

of 4.4 (.64 dex) t h e  l i n e  r e v e r s a l  temperature  would be about  

20  per  c e n t  lower t h a n  t h e  hydrodynamic temperature .  

W e  t h e r e f o r e  concluded t h a t  LTE w a s  a l s o  e s t a b l i s h e d  

between ground s t a t e  and t h e  f i rs t  e x c i t e d  l e v e l s ,  and t h a t  

. 

consequently t h e  check on t h e  number d e n s i t y  by t h e  hook method 

y ie lded  v a l i d  r e s u l t s .  

F i n a l l y ,  it should be mentioned t h a t  o u r  a b s o l u t e  scale 

i s  supported by a r e c e n t  s o l a r  abundance de te rmina t ion  (Withbroe, 

1967).  It w a s  found t h a t  our  f -values  f o r  l i n e s  i n  t h e  r eg ion  

3000 t o  4000 A y i e l d  t h e  same Fe abundance a s  C o r l i s s  and W a r -  

n e r ' s  (1964) f-values f o r  l i n e s  l y i n g  i n  t h e  v i s i b l e  reg ion .  

The uv f-values of these s a m e  a u t h o r s  y i e lded  an overabundance 

of  about  .6 2 .2 dex. 

Although w e  w e r e  n o t  a b l e  t o  f i n d  an exp lana t ion  for  the 
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d i f f e r e n c e  between t h e  absolute  scales of CorLiss and Warner 

(1964, 1966) and al though t h e  r e s u l t s  of our  experiment a r e  

supported by evidence from s o l a r  i n v e s t i g a t i o n s ,  it i s  pos- 

sible  t h a t  an unknown source of e r r o r  e x i s t s  i n  t h e  shock t u b e  

r e s u l t s .  

f i e d  when a reason f o r  t h e  discrepancy is found. 

A d e f i n i t e  conclusion however w i l l  on ly  be  j u s t i -  

While t h e  disagreement between t h e  a b s o l u t e  scales should 

be i n v e s t i g a t e d  f u r t h e r ,  w e  sugges t  t h a t  t h e  evidence presented  

on t h e  normal iza t ion  func t ion  f o r  t h e  popula t ion  l e v e l s  i n  an  

open arc e s t a b l i s h e d  t h e  need f o r  a change of  t h e  Nat iona l  

Bureau of Standards f-values  (Cor l i s s  and Warner, 1964, 1966) 

f o r  t h e  Fe l i n e s  w i t h  upper e x c i t a t i o n  ene rg ie s  above 48 000 c m  . -1 
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* 

TABLE I., continued: 

Remarks : J I =J-o .5 
If two lines are blended, gf-values are 
computed for each line separately, assuming 
no absorption from the other line. 

Explanation of Symbols: 

AA Allen and Asaad (1957) Arc 
CB Corliss and Bozman (1962) Arc 
CW Corliss and Warner (1966) Compilation 
PR Prokofyev et al. (1964) Compilation 
SH Shackleford (1965) Shock Tube 
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