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J\BSTHACT 
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'i'hc :3\mn-band system of the c2 molecule uno proC:~uccd in emission 

in a source of thermal equilibrium. The ratio was measured of the 

intensity in emission and in absorption of certain features of the 

0-0 Swan band relative to a blackbody or to a tungsten lamp by 

using photographic plates and photoelectric scanning techniques. The 

absolute intensity for the feature we.s obtained therefore, since the 

absolute intensity of a blackbody or of a tungsten lamp can be 

obtained from the Planck equation and the experimentally measured 

emissivity of tungsten. Experimental results are eA~ressed in 

terms of the absolute f value or oscilJ.a.tor strength 

The absolute f value for the 0-0 Swan band of c2 in emission 
I 

is 0.004 ± 0.0001 for the photoelectric scanning experiments on 

rotational lines, and 0.006 :!: 0.004 for emission measurements of 

rotational lines on photographic plates. For emission experiments 

at the 0-0 head the r value is 0.007 ± o.oo4. Absorption experi­

ments at the 0-0 band head give an f value of 0.005 ± 0.003. The 

best value for the absolute osc~llator strength or f value of the 

0-0 band of c2, obtained by averaging the f values from the emission 

and absorption data, is 0.005 ~ 0.003. 
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INTRODUCTION 

._., 

' Interest in absolute-intensity measurements arises from the 

necessity to analyze high-temperature gases to determine concentration 

of h:Lgh-temperature molecules, such as c2 or CN. If an accurate 

absorption cr emission measurenent could be jllade for a gas containing 

a Jmm.;rn nmount of C,..., or CN, it would then be possible to determine ' c . -

the amount of c
2 

or CN in stars, rocket exhausts, flumes, or any 

high-temperature sources by either an emission or absorption experiment. 

Lifetime measurements also give emission probabilities and absorption 

coeff:i.cients. The combination of lifetime measurements >vi th absolute-

intensity measurements for an equilibrium system will yield equilibrium 

constants and, through the third law of thermodynamics, enthalpies of 

formation of high-temperature molecules. 
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THEORY 

The ebsolute intensity of.' a high-temperature gas may be measured 

conveniently in emission. The classically-acceptable measuring technique, 

h01rever, has been by absorption, because of _the di:f.'ficulty __ of _determin-

ing the number of molecules in the excited state. For high-temperature 

systems in '<lhich both the a·osorbing and emitting states are excited, 

m.easux·ement of absolute intensity by both techniques ·.;ould prove · 

valuable. 

For an absorption experim:mt the primary datum is the absorption 

· coeff:i.eient, k , vrhich 
v 

I 
v 

. l 
is defined by the Beer-Lambert lar.-r relation 

o -k £N'' 
-- I e v v 

( 1) 

0 
"i·:here I and I are intensities before and after trenGm:i.ssion th1.·ough v v 

a colwnn of' length .£ (in em) of a gas containing N" absorbing molecules 

per cm3. The absorption coefficient, kv' varies across an absorption 

line or band. 

'l1he experimental absorption coefficient, kv'' and ·the Einstein 

transition prob2bility for absorption are related. Consider the 

decrease in intensity of a parallel beam of lie;ht, of frequency bet\·leen 

v and v+dv and of intensity Iv' trqveling in the positive-x di!ection 

through a layer of atoms bounded by planes at x and x+dx., of which 

oNv'' molecules may absorb in the y+dv range. The effects of 

spontaneous re-emission--which takes place in all directions--and of 

stimulated emission are neglected. The decrease in the intensity of 

the beam is given by 



- d (I ov] = BI o:N "dx . v v v 

By re;c;ri ting Eq. ( 2), one obt~:!ins 

ov =BoN u v 
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(2) 

(3) 

The left-hand term is bl:l\ "kvo~), as defined by Eq. ( 1), and gives 

oN "k oV = BoN " • v v v (4) 

Integrating over the absorption line then results in a relation 

beh;een k and B: v 

(5) 

· l·lhere B is the probability per second that molecules in the absorbing 

state ;.Jill absorb a quantum of light wj.th energy hv vrhen exposed to 

2 
pa:callel light of intensity I in quanta per sec per em per frequency 

interval. 

f::limilarly, the emission coefficient, A, is the probability per 

sceond. thut u molecule in the:.: uppc:r st;:Jte \rill spont2neously decay to 

the lov;er state ;dth emission of a c?uantum of light. Einstein has 

shovm that exposure of a molecule to light can also cause induced 

emission in the same direction as the stimulating light, and that 

the probability of induced emission is the absorption probability times 

~, , the ratio of degeneracies of the lower and upper states. 

Thus the t:,'!oncentration N', in molecules per cm3, of an excited 

state of a molecule can be changed by the three processes: spontaneous 

emj.ssion, induced emission, and absorption: 

d!{' 
dt 

1 , 
-· 1········ AN 

.Vii 
(6) 
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The intensity of light of \·laVe length f... emitted by a blackbody of 

temperature T, in quanta per sec per cm2 per unit solid angle per 

w1it frequency interval, is given by the Plenck equation, 

2 
I = 1\2 

l 

he ' 
(eAkT - l) 

(7) 

'\·There h is Planck's constant, c is the velocity of light, and k is 

Boltzman's constant. If light from a blackbody at temperature T is 

sent from all directions through the gas at temperature T, equilibrium 

conditions correspond to 

dN' 1 , g'' - = 0 = .r.-: AN + B( ..:--)N'I - BN' 'I. dt . 4~ g' 
(8) 

By using the Boltzman equation, 

N.' 
N'"'" = (9) 

\·There he/A corresponds to the energy difference bet'i·leen the two states, 

one finds 

1 
he 

eAkT - 1 

( 10) 

Comparison of Eqs. ( 7) and ( 10) yields the follmdng relationship 

bet•-Teen the A and B coefficients: 

A 8~ g'' 
B = /\2 g-·- (11) 

From Eq. (5), orte may then relate absorption results to the emission 

probability by 

Jkvdv = A( 1(,) 
g 

(12) 



... 
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When no other processes depopulate the upper state, the reciprocal of 

A gives the lifetime of the upper state in seconds. 

For small £N"' '' the light absorbed by the transition £ -+ u is 

2 The absorption in quanta per sec per em may also be expressed in 

terms of the oscillator strength or f value that is related to the 

electronic transition moment R£u and hence to the transition 

probability for absorption B. 

The quantum-mechanical relation between the f value and B for 

a given 2 frequency is 

f = 87r2mc !R.eu 12 
3he

2
'A 

(14) 

-v;here m is the mass and e is the charge of an electron. The transition 

probability B in intensity units of parallel light used in these 

equations is related to the original Einstein B coefficients defined 

* in radiation density. 

* 
All equations in this paper are in terms of intensity of light 

per unit solid angle. The absorption coefficient B for unidirectional 

light in units of quanta per cm2 per sec per unit solid angle is 

2 related to B for isotropic intensity in units of quanta per em 

per sec in all directions, and to B for radiation density in units 

of quanta per cm3: 

B (unidirectional light) = ~ (intensity) = ~ (density). (15) 
4+11" c 
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The Planck equations for unidi:;.~ectional light for isotropic intensity 

and for radiation density (in the units defined above and per unit 

frequency interval) are 

2 
I (unidirectional) ,- - 2 

A 

__ ...:.1 
he 

and. 

87r 
I (intensity) = 2 

A 

I (density) 

el\..l{T - 1 

1 
he 

AkT 
e - 1 

1 

' (7) 

(16) 

(17) 

The relation for the absolute intensity of emission per unit 

solid angle for small N', the number of molecules per crn3 in the 

upper state, is 

Iu..e = N' £A l 
47i- ( 18) 

The absolute intensity for absorption (abs) or emission (em), both 

in lli~its of quanta per sec per 2 ern per unit frequency interval per 

unit solid angle, may be expressed in terms of the f value: 

2N', .£fi o rre v 
=-----·-· me 

2 , 
2rre N .£f 

2-
IDCA 

,, 
L 
g' 

The f value on the basis of classical electron theory of 
? . M' 

dispersion.; is equal to the ratio, M , 'ivhich >vas found to be a 

(19) 

(20) 

constant for a particular spectral line. The optical behavior of 

H atoms per cm3 vras represented by the behavior of H quasi-elastically 

bound electrons or dispersion electrons. The f value of a spectral 
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line is a measure of t:he degree to which the ability of the atom to 

absorb and emit this line resembles that of a classical oscillating 

electron. The oscillator strength is related to the electronic 

transition moment as. sho-vm in Eq. ( 1.4). The tra.nsi tion moment 4 is 

equal to 

Ru.e = 'Jr lft•u * CI e ~,) W.e d-r • 

i 

(21) 

The wave functions correspond to the nucleii f':i.xed in their equilibrium 

configuration for the initial state W,eo The vector ?i is the radius 

vector of' the i th electron referred to a system of' coordinate axes 

fixed in the molecule. The transition moment vector is obtained by 

. u£ u£ u£ 
comput~ng Rx , Ry , and Rz , and by adding vectorially. If the 

molecule has one or more a.xes of symmetry and if the coordinate 

axes are taken along and perpendicular to such axes, all but one of 

the integrals R , R , R vanish. 
X y Z 

For a given pair of wave functions 

1jr ' u 
1Ji £' the Ru£ vector i.s directed along one of the coordinate axes. 

M:Ulliken and Rieke5 define 

IR:u£12 
D = 2 

e 

the dipole strengi;h D as 

(22) 

I 
u.e 

1
2 

in the notation of this paper. The value of .R is called the 

line strength. 6 In theoretical computations it; is convenient to 

tabulate one of the three quanti ties: line strength, dipole strength 

or f value. 

According to classical theory of radiation,7,B the oscillator 

strengths should obey a sum rule which was pr,oved in the quantum­

mechanical theory by Thomas, Reiche~ and Kuhn, 9, lO, 11 
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(23) 

where u and £ denote all quantum numbers and K is the number of 

electrons in the system. Bethe and Saltpeter8 point out that for 

an ion K is not equal to the nuclear charge. Mulliken and Rieke5 

made the simplification ,.,hich is used generally in theoretical 

calculations of f values: that all those electrons of the electron 

configuration which remain in unbroken closed shells during the 

transition may be ignored, and only as many electrons as are present 

in shells ,.,hich are broken or formed during transition need be 

considered. The sum rule then is equal to the number of optically 

active electrons of the molecule. 12 Mulliken and Rieke further 

point out the difficulty in. theoretical studies of determining the 

proper combination of wave functions to be used in the linear 

combination of atomic orbitals (LCAO) for molecules such as c
2

• 

The amount of s,p mixing often has a large influence on the value 

~ Ru£ d · t t d t · or _ an ~s no easy o e ermane. To find the f value 

e:>..'"Perimentally, the intensity of a band must be knmm. A method 

for finding the absolute intensity of a fraction of a band 

experimentally and relating it to the total-band intensity has 

been discussed by Robinson and. Nicholls, and is used here. 13 

For a band, N" is the number of molecules per cm3 in the upper 

state ivhich emit and contribute radiation to the band, and is 

defined as 

N' = N' 
0 

,-, -€ . ./kT 
~ g:. e ~ , 

i 

·· ... 
= N~ Q~ot:;-; (24) 



,.;here N" is the nUi'llber of molecules per. cm3 in the lmvest vibrational 
0 

level of the upper electronic state, and 

(25) 

* 3 For a fraction of a band, N is the nunilier of molecules per em contri-
u 

buting radiation to the fraction of the band being measured, Rnd the 

rotational part of Q is different because the sum is being taken over 

only a fraction of the rotation lines of the band: 

* N = N" 
u 0 

J' =b 

~ib I 
J' =a 

hcB' 

( 2J#+ l)e kT (26) 

14 The Einstein transition probability of emission for a band is 

(27) 

, , 
For~ A= 0 transitions here considered; :, is equal to unity. Here, 

R is the electronic transition moment and 
e 

(28) 

is the overlap integral,l5 the square of which is the Franck-Condon 

factor. The electronic eigenfunctions depend slightly on the inter-

nuclear distance as a parameter, and therefore R depends some,vhat 
e 

on r. The Franck-Condon principle as formulated in quantum mechanics 

is based on the assumption that the variation of R with r is slow, and e 

that R may be replaced by an average value R . Then for a band the e e 

total transition n10ment is 

(29) 
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For the rotational moment16,17 for a band, it can be shown that 

(30) 

J'' I>i'N.'' 

I 
where the summation is ov:er all values of the magnetic quantum numbers 

M', 1>1" for a given level v' ,J'. Dependence of rotation on vibration 

would necessitate multiplication of (2J' + 1) by a constant for a 

given level. For one rotational li~e of a band, the removal of J 

dependence from the rotational eignefunctions gives 

J' J', 2 
!Rrot I . = SJ' ' 

' i-rhere SJ'. is the strength factor -for the rotational line. 

(31) 

For.a fraction of a band, by considering the rotational degeneracy, 

the tr~nsi tion probability is 
.i J' =b 

16~ 
,...., 

v3 !Ru.e 12 _ _;jRv~v" 12 L u.e. e , VJ.b. 

A 
J'=a (32) = J'=b 

3hc3 I ( 2J' + 1) 
J'=a 

For a band, v can be taken as the average v for all rotational lines 

from P, Q, and R branches. A simplifying assumption will be made: for 

a band v ,,Till be v -- the zero line for the band; for a fraction of a 
0 

band, v "'idll be the frequency of each rotational line. \ 

The intensity of the entire band c·rith the use of the more explicit 

form is 

Iu£ 
em 
band 

•• 
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The intensity for a fraction of a band, by making the proper substitutions, 

is 

J' =b 

I 
J~=a 

e 

F" 
kT (34) 

vrhore F' is the energy emitted in the rotational transition, J# --~> Ju. 

In experimental measurements usually the experimental quantity 
Tu.ef . , # - ) 

;~ tho· rat;o, ~ ==~ to J =O h th · t ·t f th f t' ... _ · ... , '" ere e ~n ens~ y o · e rae ~on 
BB 

of the band is compared to the intensity of a blackbody in the same 

>vavelength region. Since the absolute intensity of a blackbody can be 

calculated, the absolute intensity of the band fraction is found. To 

convert this measured quantity to the theoretically important Iu.e, the 

ratio of the two intensities is taken: 

3 

Iu£ 
( J "'=a to J"' =b ) 

Iu.£ 
band 

= 
J·"' =a 

3 .U v Q o rot 

( 35) 

VJ'J·'' 
The ratio is near unity and causes a maximum difference in ratio 

v3 
oi' three per2ent for the 0-0 band of the c

2 
Svran system. It could be 

ignored but will be taken into account in the present calculations. 

The intensity of emission for a band is then 

= 
2 " 27r e N £f 

2 
mel\ 

, , 
.L 

J' =b 
., 

g 

I SJ,v}J'" e 

J~ =a 
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from Eq. ( 20), The f-value may be calculated now from the measured 

data and Eq. (24), N'= N~Q~ot 

f = 
2 me/\ Iu.e(J' =a to J' =b) 

J'=b . . F' ... ...., 3 

L ,... c 
oJ' 3" e 

7\ 
J'=a 

kT 

The intensity of absorption of the band is 

u.£ 8~ 
I =-­

abs 3hc2 
band 

and for a fraction of a band 

n 8 ':( " n n n? '' " 2 I~u ~ I~u N''.e Q~ ~~. jRU•I-IRv. v .I 
abs = 

3
hc2 o o e ~Y~b · e v~b 

J', =b 

· I sJ,vJ"J' e 

J', =a 

(37) 

(38) 

(39) 

where F'' is the energy absorbed in the rotational transition, J''~J'. 

In absorption, N'' is the number 
0 

of molecules absorbing in the lowest 

vibrational level of the lower electronic state; Q.£ Ql Ql and 
e' vib' 

1

rot' 

SJ" refer to the lower electronic state. The ratio of the measured 

fractional-band intensity referred to the band intensity-is then 
J', =-b F', 

I sJ, e 
k'I' 

J'' =a ( 40) 

• 



-13-

From this ratio the absolute intensity of the band is found and 

is substituted into Eq. (19) to obtain the f value. The intensity 

of absorption for a band may be eQuated to Eq. (19): 

~and 

J
,, 

=a 

e 

F', me ( 41) 

- kT 

The f value in terms of absorption data \-lith the use of N '' = 

I£u 
(Ju ==a to J"' =b) ( 42) 

J', =b F', 

Io I SJ'' 
- kT-

e v 
J', =a 

The preceding equations describe intensity absorbed or emitted 

as a linear function of the number of participating atoms. For weak 

absorptions or emissions these equations will be pertinent; however, 

for high concentrations of molecules absorbing or emitting, the use of 

only the first two terms in the expansion of the exponential term 

( 43) 

for absorption is not adequate to describe the phenomenon. Total 

18 absorption has been defined as the area of the absorption feature 

divided by the area of the incident in:tensi ty in the same wave number 

or energy J 11 tena.l. If the interval is expressed j_n angstrom units 

the total absorption is the equivalent width. Total absorption :is 

thus 



Iabs 
=I-­

o 
-co 

vlhere I b is the absorbed energy and I the incident energy. a s o 

(44) 

Experimentally, a curve of grovrth is obtained from a log-log plot of the 

total absorption as a function of number of molecules in the lower state, 

King 

N"f..e 
canst v 

0 
and Kingl9,20 discuss the variation of equivalent width 

with concentration and temperature changes. For small equivalent 

width and low concentrations the theoretical curve of growth is linear, 

and the equivalent 1.Jidth A/\ is approximated by 

7re 2 "210-BN, 'f" '. 
A/\ = --- 2 " x-

mc 
( 45) 

vlhereas for the linear part and lov1er part of the horizontal portion 

. 21 22 
of the curve, an expans~on ' gives 

A' 
I\ 

2LVn 
- . .[71" k' 

2 0 + ..• J 
( 46) 

The expansion term may be represented by a sum, where C = k "'N' 'f£ for 
0 

co 

I 
n=l 

Cn( -lt+l 

n! .fn 
( 47) 

The expression for k' as King and Stockbarger
22 

use it is given by 
0 



e 2 J 7r( .£n2 ) 
2 me 

J 
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( 48) 

/ "· i-lhich is the usual absorption coefficient per oscillator, or k Hu u( ~ ·: . 
o -\rv' 

The Doppler breadth in angstrom units is 

1\ ,- T "h 
D.!~.- ,... - ( 2R( .£n2) - ) • 

lJ c . H 
' 

( 49) 

By using Eq. (44) through (46), the equivalent ·,;idth AA may be cal­

culated as a function of N'".er. The calculation gives the linear and 

lower Doppler portions of the curve of grov;th. The equivalent vidth 

must be small to be in this linear region, and therefore a combination 

of low vapor density and small f value is desired for experimental 

measurements. King and King19' 20 point out that the main objection 

to using this portion of the curve is the faintness of the lines and 

consequent uncertainty in measuring their equivalent widths. The 

large uncertainty in the measurements of equivalent lvidths requires 

many measures on each line. If the factors N" 7 t, "A, T, and J-1 are 

knovm in this region, hmvever, the absolute f value may be derived 

from observations of the equivalent width. The natural-damping 

portion of the curve of growth for which A;., is proportional toJN''f 

is sensitive to external influence such as collision broadenj_ng; the 

linear portion and at moderately low pressures the Doppler portion 

for which AA is proportional to N' 'f are not influenced by external 

effects; it is therefore convenient to use the linear part of the 

curve to measure f values. 
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In ernission for high concentrations of emitters, self-absorption 

decreases the observed intensity and causes emitted intensity to be 

a nonlinear function of concentration. An expression for the intensity 

of emission corrected for self-absorption at a single wavelength may 

be derived as a function of concentration. Hicks23 discusses such 

a derivation. For a column of length £ of emitting gas of uniform 

cross section and temperature, the intensity in quanta per sec per 

2 0 , 
em emitted by a very thin cross section of the column is IV = N Ad£, 

where N' is the number of molecules per cm3, A is the Einstein 

coefficient for emission, and,d£ is the element of length. If the 

cross section is at a distance £ down the column, then the intensity 

of light observed from the cross section may be described by the Beer-

Lambert relation 

-b N' '£ 
v 

' 
(50) 

where bv is used for the absorption coefficient to distinguish it 

from the coefficient for pure absorption kv· The absorbed light is 

then I , = I 0 b N° at, a term \·rhich is also equal to the ·rate of ab-aos v v 

sorption BN' 'IBB.£, ,.,here d£ is the element of length .£ of a cylinder 

0 
and IV is the emission intensity with no self-absorption; IBB-is the 

Planck equation for a blackbody, Eq. (7), in units of quanta per sec 

2 
per em area normal to the light per ~nit solid angle per unit lreque:ncy 

interval. 
0 . 

Substituting for IV in the equation for labs and subtracting 

0 the absorbed energy for Iv' a series expansion is obtained for the 

measured intensity I : me as 

• 



I me as 

-
A 
b v 
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- ... J 

-b N" .£ 

v J 
When N' approaches infinity, I approaches the intensity of a 

me as 

(51) 

(52) 

blackbody ~B' a condition that gives an upper limit to the amount 

of self-absorption. For the blackbody condition, i:f self-absorption 

is great enough to produce complete reversal, then the amount of 

0 
absorption is equal to the amount of emission, or IV = ~B' and 

therefore, 

I = I == I b N" '£ = N" A £; 
abs em BB v 

he 
:\kT 

Then substituting forb , v 
~ -b N'"'£-, 

Imeas == ~B ll- e v J 
For intensities altered by self-absorption, a correction factor Q v 

may be obtained by dividing Eq. (53) by Eq. (55). Thus, 

I b NH£ 
em = Q = __:_v __ --:-~ 

-I--· v -b N .t 
meas 1 _ e v 

(53) 

(54) 

(55) 

(56) 

To find the value of the correction factor Qv :from experimental data, 

the ratio of the intensity of the feature to the intensity of a 

blackbody is required. To obtain the proper ratio, Eq. (55) is written 

as 
I meas v 
1BB 

= R v = 1 - e (57) 
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Equation (57) expressed in logarithmic form gives 

(58) 

and the correction factor Q is obtained by substitution of Eg. (57) v 

and (58) into Eg. (56): 

.£n ( l - R ) 
v (59) 

The correction factor Qv is useful at a single frequency. To evaluate 

the correction factor for a Doppler-broadened line, a correction factor 

for the integrated intensity of the line is required, as Hicks23 has 

described. The averaged correction factor Q is obtained by applying 

Q to the intensity I at each frequency, and integrating over the v v 

particular frequency interval of interest: 

Q = 

00 

!
00

IVdV 
0 

The relation
24 

between b (the absorption coefficient at a 
v 

certain frequency) and b (the absorption coefficient at the peak 
0 

of the Doppler line) is 

(60) 

(61) 

Therefore by using the relation for intensity withoQt self-absorption 
-nc 

A AkT 
Iem =AN'£ and the reversal condition bv = IBB e , the expression 

for I ·oecomes 
em 

-l-:-:v~-~-:-0- J 
(62) 
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Equation (59) may be expressed as a series by expanding £n( 1-Rv), 

R v 
G =1+-

2 ·v 

2 R 
+ 2.... 

3 

For small values of R , the second and higher-order terms ma.y be 
v 

dropped. The expressions for I and Q are substituted into em v 

Eq. ( 60) and integrated over all frequencies. The blacKbody intensity 

~B remains constant over the small frequency range of a rotational 

line. Thus, 

Q = 1 + 

I 

R 
0 

(64) 

The ratio R is meas if I is the area of an observed rotational 
o IBO meas 

line 1li th only Doppler broadening and IBO is the area of a triangular 

feature of blackbody intensity at the peak of the feature and of 

Doppler width. The Doppler width 6vD in frequency units is 

2 J 2Rin2 
A 

0 
J~ ' 

where R is the gas constant in ergs per mole degree, A is the peak 
0 

wavelength, T is the temperature and M is the molecular 'Y7eight of the 

gas. For a line YThich is instru.:nentally broadened more than the 

Doppler width, the equation
24 

1' -f~r 
I dv = ---

v 2 .J .2n2 

relates the area of the broadened feature to the Doppler area. To 

convert measured areas to Doppler areas, the equation 

(66) 

(67) 



-20-

is used. This calculated area I l:wD is used therefore in ))lace of 
0 -

Imeas·in the ratio R
0

, where I
0 

is the peak intensity of the Doppler 

feature. vlhen R is substituted into Eq. ( 64), the correction factor 
0 

Q is obtained. Multiplication of the measured intensity by q gives 

intensities corrected for self-absorption. 
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PREVIOUS RESEARCH ON TEE C0 SWAN SYSTEM 
' "" 

A. Experimental Work 

Experimental measurements of the absolute f value have not been 

reported although preliminary measurements have been made in this 

laboratory. Intensity measurements in emission relative to the 

0-0 band of the Swan system were made in 1932 of five different 

laboratory sources: Bunsen flame, oxy-coal gas flame, carbon arc 

in hydrogen, argon discharge tube, and spark under glycerine by 

Johnson and Ta,·lde. 25 They concluded from vibrational-temperature 

determinations that there was no statistical equilibrium of excited 

molecules, and therefore determined the distributions by assuming 

that the sum of the transition proba.bilities of all observed bands 

from each upper vibrational state (v') is a constant. Quantitative 

light-yield measurements on low-pressure flames for c2 bands -v;ere 

26 made by Gaydon and Wolfhard. Previous measurements27 of rotational 

temperature had established. that excitation in these flames was not 

of a purely thermal nature, and therefore variations of light yield 

with mass flow, pressure~ and mixture strength were measured. Pressures 

of c
2

, derived from light-yield measurements agree with presently-

28 29 known equilibrium pressures of c2 . Laud, Patelj, and Tav1de and 

Pate130 have made a series of measurements reported as relative 

transition probabilities by Tai.fde and Laud 3l on different types of 

ethyl-alcohol and oxy-coal flames. Their measured relative transition 

probabilities are given in Table I. 



-22-

32 King made relative intensity measurements in a carbon-resistance-

tube furnace and calculated relative transition probabilities. He 

measured band-head intensities in emission for the c
2 

Swan system. 

From the peak intensity at the head he subtracted the background 

intensity to get the apparent intensity of the band. King did 

emission and absorption measurements on the system; the relative 

transition probabilities by both procedures were in agreement. He 

reported relative transition probabilities obtained from his emission 

vlOrk. His results are in Table II. 

Phillips33, 34 also measured relative intensities of c
2 

Svan bands 

in emission by scanning the spectra with an RCA lP2l photomultiplier 

tube, the output of which was fed into a contact-modulated ac amplifier. 

Initially he measured band profiles by using wide slits so that 

rotational structures of the bands ".rere not resolved. He found that 

even ivi th refinements of theory and careful laboratory photometry 

there vTere disGrepancies in the results. Because the agreement 

beb;reen his and King's laboratory measurements was poor for certain 

bands, Phillips measured the relative integrated intensities of 

neighboring rotational lines in the spectral regions vrhere the 

bands overlapped. To investigate self-absorption he defined an 

equivalent Hidth of an emission line analogous to that in absorption 

because the intensity of an emission feature approaches blackbody 

intensity as the concentration of the emitting gas increases. He 

then used the theory of the curve of grovth to relate equivalent 

vidth to number of emitters. The equivalent vTidth was found 

experimentally to vary from 0.0023 to 0.0028A, depending on the 



effective length of the emitting column. By assuming that the 

profiles of the lines -were thermal and by using the curve-of-growth 

theory, it •ms found that at 3000°K the self-absorption is negligible 

for equivalent widths below 0.004. He concluded, therefore, that 

no corrections need be made for the effect of self-absorption. He 

found for the 1-l band closer agreement with King 1 s value, i.;rhich 

indicated that the previously-used technique of integrated-band 

profiles may yield uncertain results for intrinsically weak features. 

The transition probabilities relative to each leading band were con­

sidered to be much more reliable than the transition probabilities 

relative to the 0-0 band. The determinatio'ns, compared i.;rith the 

results of his previous studies, reduced the relative transition 

probability of the 1-0 band and increased that of the 0-1 band 

shown in Table II. 
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B. Theoretical Work 

Lyddane, Rogers, and Roach35 used atomic orbital (AO) and molecular 

orbital (MO) approximations to find a ratio of f values for CN and c
2

. 

Then the f value of c
2 

was obtained from this ratio by using the 

experimental f value for CN. 36 The absolute f value for the c2 Slmn 

system was calculated to be 0.024. Stephenson37 used linear combina-

tions of atomic--vrave orbitals (LCAO) to approximate ••ave functions 

for the molecular orbitals (o 2s) -+(o 2p), -vrhere o2s and o2p indicate 
u g 

m = 0 in atomic notation, and g,u describe the wave function 1dth 

respect to its center as symmetrical-or antisymmetrical, respectively. 

He therefore assumes that the inner shells do not participate in 

the one-electron transfer, 2s -+ 2p, and calculates an absolute f value 

and lifetime for the S-vran system of 0.029 and 1.4 x 10-7 sec, respectively. 

The complete molecular-orbital designation of the 3rr and 3rr 
u g 

levels in c2 is as follows: 

3rr (K)(K) (zo )2 (yo )2 (w~ )3 (xo ) 
u g u u g 

and 

The molecular-orbital notation of Mulliken38 and discussed by Coulson39 

is given: 

Full notation 

ols 
o*ls 
o2s 
o*2s 
a2p 

~y2P 

~2p 
z 

Abbreviated notation 

K 
K 
zo 
yo 
xo 

(continued next 
page) 



(continued from page 24.) 

Full notation 

77*2p y 
o*2p 
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Abbreviated notation 

ucr 

The cr and cr* orbitals are bnnding and antibonding orbitals filled with 

two electrons ivhereas 7r and 11* refer to bonding and antibonding orbitals 

filled with four electrons. 

The advantage of Mulliken's notation is that it may be made to 

apply to heteronuclear molecules. The notation zcr means that the 

lowest .molecular orbital of the cr type \'lill normally be compounded, 

but not completely, of 2s atomic orbitals. 

40 41 42 Shull ' ' used LCAO's for molecular orbitals, assumed that 

orbitals not directly involved were unaffected by the transition, and 

thereby reduced the transition to a one-electron problem, (you) -+ (xcr)" 
0 

His method. of approach is thus analogous to Stephenson's. 

Shul1
1
tO first ca lcule. ted the f ·.ralue for t:he Swan transition r,ri th 

the use of the dipole-length method and used the conventional 

transition-moment integral, 

Qz =Jr w cz z.) w h d,- , 
U . J. ,Jf/ 

J. 

(68) 

where the sum is over the i electrons for the radial z component, and 

41. 42 
reported for the f value, 0.13. Later Schull ' used the dipole-

velocity method and the integral 

where the gradient of the radial z component is used in the integral. 
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His atomic functions I.Jhich make up the linear combination vere 

either Slater fUL!Ctions or self-consistent field functions fitted 

by exponentials of Slater form. For the dipole-length calculation 

he calculated the f value as a function of atomic-orbital form and 

as a function of hybridization of 2s and cr2p orbitals. The· 

oscillator strengths ~·7ere found to be insensitive to the forms used 

for atomic orbitals but relatively sensitive to hybridization in 

the region of' lo,,t hyb:ridi za tion. 

From the dipole-velocity calcubtions Shull concluded that 

the degree of hybridization: \-laS higher than his preViOUS estimate 

of 8 to 17% hy-bridization for an f yalue of 0.13. He found that 

the value of f dropped r,;hen he used o:rthogonal Slater 2s functions. 

A change of Z(effective atomic nwuber) had a large effect on the 

oscillatol' strength as a function of hybridization. lie reports a 

best-average f value of 0.18 obtained from the respectiv-e inter-

sections of "the dipole-velocity and dipole-length curves fOl~ the 

limiting pairs Z 
XC' g 

= 3.90, 3·90; z = 3·25, 2.60. 
yau 

indicated the presence of atout 255~ hybridization 

His calculation 

Coulson and Lester's43 calculation of the square of the transition 

moment for c
2 

included the effect of both hybridization and orthogonaliza-

tion on the iw.ve functions. They conclude that orthogonalization 

seems some,·rhat less important for f-val ue calculations than for 

calculations in energy. They used Z = 3.08 and for their simplest 

calculation used no orthogonalization. In the second approximation 

they used o:rthogonal atomic-wave fui1ctions; ·for the third 

approximation they orthogonalized their molecular orbitals. Finally 
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they used the best hybrids of s and p and included orthogonalization. 

Including hybridization increased the oscillator strength l)y a factor 

of the order of ten, and they estimate for the oscillator strength 

for the SHan system 0. 24. They point out that Shull 'dho orni tted 

orthogonalization and Stephenson ~·:ho omitted orthogonalization and 

hybridization found 0.13 and 0.029, respectively. Coulson and Lester 

conclucie that if configuration interaction is neglected, except 1-ihen 

included implicitly in the use of hybrid orbitals, then reasonable 

oscillator strengths are not obtained unless hybridization and 

orthogonalization are included. 

Oscillator strengths for nine electronic transitions among the 

44 lm·r-lying excited states of c
2 

have been calculated by Clementi. 

He used the dipole-moment"'operator method and Slater-type functions Hith 

Z = 3.25. To calculate the amount of hybridization, he used :Mulliken's 

se~ni-empirical method45 for estimating a constant-cm."e energy (the 

contribution to the total energy due to core electrons and nuclei). 

To the core energy is added the energy of the valence electrons to 

gi v·e the total energy Clementi found 1. (Jfjo hybrid:i.zation of the 2cr 
u 

or1:)i tal and approximates the other Swan transition orbital, 3cr , to be 
g 

the same. 

Clementi reports an f Yalue of 0.0485 for the S•.;an system, a 

value comparable to that of Lyddane, Rogers, and Roach (0.024) and 

of Stephenson (0.029). Shull's calculation for the Swan system of 

f = 0.13 or 0.18 and Coulson's value of 0.24 are somewhat higher. 

Only a reliable experimental value can resolve these differences. 

Table II summarizes these theoretical absolute f values. 



-28-

Pillow46 ' 47 has calculated relative transition probabilities for 

Swan bands. She used three different forms of graphical "distortions" 

of harmonic-oscillator wave functions to fit a ~brse48 potential, the 

basic technique proposed by Gaydon and Pearse. 49 Ta-You Wu5° has 

pointed out that this method is good only for low vibrational states 

because for the higher states of an anharminic oscillator the wave 

functions are no longer orthogonal. He suggested the use of a Morse­

potential function and the application of the Wentzel5l - Kramers52 -

Brillouin53 (vlKB) method of .solution of the Schroedinger equation to 

find vibrational wave functions of an anharmonic oscillator. Solutions 

are Bessel functions. Wyller54 applied this technique with the use of 

the Hulburt-Hirschfelder55, 56 potential, vThich he considered more 

accurate than the Morse func~ion, to Yibrational bands of the Sv;an 

system of c2, and obtained relative transition probabilities. His 

wave functions Hhen properly normalized decreased his values of relative 

transition pro-babilities from 1 to 10 cjo. He points out that Pillow 's 

calculations are closer to the experimental values of King, whereas the 

WKB values are closer to the experimental values of Johnson and Tawde. 

Table IV lists calculated relative transition probabilities for Pillow 

and Wyller. 

Hutchisson57 solved the wave equation for the harmonic oscillator 

and obtained To'lave functions as Hermite polynomials. wurm58 used 

Hutchisson's integrals as a first approximation to calculate relative 

transition probabilities for Swan bands. McKellar and Buscombe59 

by using improved molecular constants and Hutchisson's integrals 

obtained values different from those of Wurm. The difference between 
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the equilibrium atomic separations for the tivO electronic states, 

6r , is an important value for Hutchisson's method as well as for 
e 

r1orse 's function. lfyller showed that changes of t:;r produce less 
e 

of a deviation -vri th the Hulburt-Hirschfeld.er method. 
6o 

Tawde and Patel 

who also used the Hutchisson method found values they reported to 

be different from those of McKellar and Buscombe. However, on re­

checking the calculations in both reports, l-icKellar and Tavtde 
61 

later state that their d:i.fferences are not large and are accounted 

for by the different 6r 's, 0.046, and 0.047A they used. They point 
e 

out that the t-v10 calculations illustrate the considerable sensitivity 

of the calculated relative transition probabilities to 6r ,. These 
e 

probabilities are given in Tables IV and V. 

Tawde and Laud3l calculated relative transition probabilities 

given in Table V independently of Pillow 46' 47 by using the same 

"distortion 11 technique Pillow used in 1951. Their values agree -vri th 

those of Pillmv. They also found that values calculated with 

Hutchisson 's integral are in better agreement with experimental 

data than those of the distortion technique. Tawde and Laud t.hink that 

the anharmonici ty introduced by the distortion makes the comparison 

betveen theory and C:h":periment worse. The magnitude of the shift in 

the right direction is too much exaggerated. Hm;ever, Pillow 1 s 

1953 calculation with the use of the same anharmonic approach for 

getting w·ave equations agrees i-Tith King 1s data, as well as does 

the Hutchisson method used by Tawde and Laud. Hesults are presented 

normalized within a given vibrational sequency, 6v = constant, so 

that the sum of the sequence is unity or 
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(70) 
, , 

v 

because the electronic transition moment is assumed to be constant. 

Tav;de and RajesvTari 62 have made calculations comparing Hutchisson 1 s 

method; a simple harmonic-oscillator approximation by using tables 
6.., 

prepared by Bates; 5 a modified harmonic-oscillator method by 

applying first-order perturbation theory to find the anharmonicity 

correction to the wave functions; and the Morse approximation by 

using numerical intergration, as was used by Pillovt and Ta-vrde and 

Laud. The four methods give results which are in close agreement. 

Fraser, Jarmain, and Nicholls64 report arrays of overlap 

integrals for the c
2 

Svtan system shmm in Table V. The vibrational 

wave functions were calculated by using two Morse potentials and one 

suitably-adjusted parameter. One potential is displaced from the 

other at equilibrium position. Solution of the Schroedinger wave 

equation gives vibrational wave functions. An improvement termed 

the "r shift" requires a systematic displacement of wave functions 
e 

to compensate for one of the distortions introduced by the approxima.-

tion. 

65 Nicholls evaluates the variation of the electronic~transition 

moment R (r) as a function of r, by using King's experimental data e , 

for the integrated-band intensity for the c
2 

S\..ran system. He reports 

smoothed arrays of relative transition probabilities. For the in-

tegrated intensity he uses 

4 I , , , = KN ,E , , ,p , , , 
v v v v v v v ' 

(71) 

.. 
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\vhere K is a constant that allows for uni.ts and geometry. NV, is 

the number of molecules in the upper state. E p R, is the vibra­v v 
tional transition probability for the band, defined by 

p , , ' = R (r , , ; ) I J ?./!' ,?.jr udr 1
2 

. ( 72) 
v v e v v v v 

From the measured integrated intensity and N , , the p , , , 's for v v v 
c2 Si-ran bands <rere found. From the expression for p .. -., Eq. (72), 

v v 

the overlap integral J '1/f v. '1/f v .. , dr was calculated by using the 

Morse potential to obtain vibrational wave functions. Thus R (r) 
e 

could be found. The r centroid 

J 'I{; " v r '1/f u dr 
v 

r = ( 73) 

J '1/f' p '1/f u v v dr 

was also calculated, and a plot of R (r) as a function of r gave 
e 

0 
a constant straight line over a significant range of r, Ll7A < r 

0 
< L62A. Nicholls concluded that since R (r) is a constant for 

e 

the c2 Swan system, then the Franck-Condon factors are a relatively 

reliable measure of the vibrational transition probability. He 

gives as the r variation, R (r) =constant (1 + 0.056 r). Develop­
e 

f 66 J . 67,68,69 h ment o the method is reviewed by Nicholls. armaJ.n . as 

calculated, by computer, values of the Klein-Dunham potential-

energy functions for several diatomic molecules including c2 and 

CN, and compared the potential-energy to those obtained -oy using 

Morse potentials. He finds that the Klein-Dunham potential gives 

good agreement with experimental data. He· plans to use the 
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tabulated 11true 11 potential-energy functions in the Schroedinger 

equation to find more-accurate vibrational i·tave functions. 

Accurate vrave equations would be useful in any theoretical 

calculation of oscillator strengths. 

~~o other groups, Singh and Jain70 and Read and Vanderslice 71 

have constructed true potential-energy curves for c2, both 

using the Rydberg-Klein-Rees potential. Read and Vanderslice 

point out that their curves are in very good agreement with 

Jarmain's. All three computations give improved results com­

pared to the Horse potential. 

Coulson72 has pointed out that quantum-mechanical theoretical 

calculations give reasonable estimates >Yithout too much trouble. 

He states further that the valence-bond and molecular-orbital 

methods are approximations by which a qualitative understanding 

of the bonding phenomena may be attained. Theoretical studies 

of c
2 

have been valuable. in esta-blishing the important variables 

of the oscillator strength, the electronic transition moment, and 

the overlap intergral. To appreciate the useful subtleties of 

the proposed theories, however, a reliable experimental f value 

is needed for comparison. 
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Table I. Experimental relative transition probabilities of the Swan bands. 

' ' , f\ Johnson & Tawde TavTde & Patel v v 
mean of five mean of five 
measurements sets 

0 
(A) 1932 1937 

2,0 43d2 0.04 0.11 

? l 
_)'..)... 1~371 0.09 

4 ,, 
; {C, 43(;:) 0.17 

1,0 4737 0.44 0-57 

2,1 4715 0.56 0.61 

3,2 4697 0.59 

4,3 4681~ o.66 

5,4 11-673 0.85 

o,o 5165 1.00 1.00 

1,1 5129 0.42 0.46 

2,2 . 5097 0.12 0.21 

3,3 5070 0.05 

0,1 5635 0.46 0.46 

1,2 5585 0.42 0-39 

2,3 554o 0.44 0.43 

3,4 5501 0.45 

4,5 0.33 

0,2 6191 0.32 0.18 

1,3 6122 0.49 0.20 

2,4 6059 o.63 0.26 
......... -----



Table I. continued: Experimental relative. t;ransit:i..on propabilities 
of the Swan bands .. 

, , , 
"A Patel Tawde & Laud v v 

mean of mean of 

(~) 
·four sets four sets w 

- 1947 1951 

2,0 4382 0.09 o.o4· 

3,1 4371 

4,2 4365 

1,0 4737 0.65 0.38 

2,1 4715 0.65 0.55 

3,2 4697 

4,3 4681~ 

5,4 4673 

o,o 5165 1.00 1.00 

1,1 5129 0.43 0.48 

2,2 5097 0.22 0.20 

3,3 5070 

0,1 5635 0.59 0.35 

1,2 5585 0.48 0.43 

2,3 554o 0.43 0.46. 

3,4 5501 

4,5-

0,2 6191 0.24 0.10 

1,3- 6122 o. 28 0.16 

2,4 6059 0.48 0.19 
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Table II. Experimental relative transition probabilities of the Swan -bands . 

, , , 
"A King Phillips v v 

King furnace King furnace 
0 

(A) 1948 1954 1957 

2,0 4382 0.044 

3,1 4371 0.111 

4,2 4365 0.252 

1,0 4737 0.358 0.362 0.298 

2,1 4715 0.525 0.51 0.407 

3,2 4697 0.718 0.76 

4,3 4684 0.952 

5,4 4673 1.56 

o,o 5165 1.000 1.000 1.000 

1,1 5129 0.520 0.64 0.470 

2,2 5097 0.256 

3,3 5070 

0,1 5635 0.244 0.263 0.413 

1,2 5585 0.470 0.37 0.529 

2,3 554o 0.497 

3,4 5501 0.802 

4,5 

0,2 6191 0.043 

1,3 6122 0.123 

2,4 6059 0.188 
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Table III. Theoretical oscillator strengths of the Swan band system. 

Lyddane, Rogers, and Roach 

Stephenson 

Shull 

Shull 

Coulson and Lester 

Clementi 

f 

0.024 

0.029 

0.13 

0.18 

0.24 

0.0485 

.. 
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Table IV. Theoretical relative transition probabilities of the S1-1an bands. 

, , , 
"A 1>1cKellar & Buscombe Pillovl v v 

Hutchisson 
0 integral 
~ 1949 1951 1951 

2,0 4382 0.067 0.05 0.03 

3,1 4371 0.149 0.20 0.10 

4,2 4365 0.215 0.17 

1,0 4737 0.324 0.46 0.30 

2,1 4715 0.422 0.65 0.49 

3,2 4697 0.392 0.67 0-57 

4,3 4684 0.334 o.6o 

5,4 4673 

o,o 5165 1.000 1.00 1.00 

1,1 5129 0.436 0.48 o.49 

2,2 5097 0.144. 0.23 0.23 

3,3 5070 0.022 0.13 0.10 

0,1 5635 0-354 0.15 0.26 

1,2 5585 o. 511 0.18 0.36 

2,3 554o 0.544 0.17 0.32 

3,4 5501 0.498 0.24 0.29 

4,5 

0,2 6191 0.048 0.36 o.o6 

1,3 6122 0.121 0.07 0.14 

2,4 6059 0.203 0.10 0.23 
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Table IV. continued: Theoretical relative transition probabilities 
of the Swan bands. 

, , , 
"A Pillmv Wyller v v 

vl.KB Yl.KB n 

<X) 1953 1953 

2,0 4382 0.04 0.930 0.029 

3,1 4371 0.11 0.115 0.111 

4,2 4365 0.19 0.212 0.200 

1,0 4737 0.32 0.345 0.336 

~,1 4715 0.49 0.560 0.528 

3,2 4697 I 0.59 0.622 0.565 

4,3 1+684 0.65 0.631 0.546 

5,4 1+673 

o,o 5165 1.00 1.000 1.000 

1,1 5129 0.51 0.473 0.453 

2,2 5097 0.24 0.174 0.160 

3,3 5070 0.10 0.026 0.023 

0,1 5635 0.31 0.313 0.310 

1,2 5585 o.4o 0.448 0.421 

2,3 5540 0.38 0.415 0.376 

3,4 5501 0.29 0.315 0.275 

4,5 0.27 

0,2 6191 0.05 o.o6o 0.059 

1,3 6122 0.13 0.152 0.146 

2,4 6059 0.21 0.227 0.214 
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Table V. Theoretical relative transition probabilities of the Swan bands" 

, , , 
Tawde and Laud Fraser, Jarmain, v v 

Hutchisson Old and Nicholls 

integral distortion 

(%) 1953 . 1953. 1954 

2,0 4382 0.05 0.05 0.033 

3,1 4371 o.oB2 

4,2 4365 0.133 

1,0 4737 0.32 0.46 0.324 

2,1 4715 0.41 0.65 0.487 

3,2 11-697 0.554 

4,3 11-681~ 0.584 

5,4 lJ-673 

0,0 5165 1.00 1.00 1.000 

1,1 5129 0.45 0.48 0.496 

2,2 509'7 0.16 0.23 0.222 

3,3 5070 0.078 

0,1 5635 0.33 0.15 0.289 

1,2 5585 0.49 0.18 0.383 

2,3 5 51J.O 0.53 0.17 0.383 

3,4 5501 0.360 

4 r· ,") 

0,2 6191 0.04 0.36 0.057 

1,3 6122 0.11 0.07 0.120 

2,4 6059 0.19 0.10 0.170 
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EXPERIMENTAL EC:i,UIPNENT 

A. Furnace Description 

A King-type graphite-resistance-tube furnace designed by ~-1. M. 

Brower, ivhich has been described by Brewer, Gilles, and Jenkins, 73 

"ivas used as a source for c
2 

. Power was obtained by passing 

440-V, 90-A, 60-cycle line pov1er through 6-kl-l and 100-kW transformers, 

giving voltages at the furnace of 0 to 15 or 0 to 30 V and up to 

2000 A, depending on the resistance of the graphite. ~.,ro 7.5-kW power-

stats ·Hired in parallel gave a fine control on the current. A re-

versing sivi tch in the circuit connected in parallel to the 6-kW' 

transformer provided for the reduction or increase of the current 

output at the furnace. The 110-line voltage could be used through 

the same circuit for much-lower temperatures and thus gave a total 

. 6 0 0 range of accessible temperatures of 00 C to 3000 C. The maximum 

temperature depen.ded on the thickness and diameter of the ·graphite 

tube. Small-diameter tubes 1-lith thick tube walls made possible 

higher attainable temperatures before the tube burned out. The 

current was introduced from the circuit through the graphite tube 

by copper bus bars fitted tightly around copper blocks at either end of 

the furnace. One end of the inner copper-furnace spool support was 

grounded; the other was at the circuit potential. The graphite tube 

completed the circuit. 

A spool-shaped piece of graphite that encircled the tube and held 

five layers of concentric cylindrical graphite radiation shields was 

supported by a metal structure. The spool was insulated from the 
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grounded outer tank by quartz rods that fastened one end of the 

spool into the disk cavity in one of the copper blocks. On the 

other end teflon was used to insulate the inner metal support 

from the outer chamber. Water through copper tubes cooled the 

inside metal support, the outer tank, and the -v;indows. The cooling tubes 

were insulated from the groLU'ld potential of the v1ater pipe by 

rubber connections. Difficulty was encountered with sudden increases 

in water pressure ivhich split the heavy (1/4 in.-wall) rubber tubing 

until the inlet lines were wrapped along their entire length with 

friction tape. 

The furnace could be evacuatedwith a forepump to less than 

100 !J., as read on a Hastings the11mocouple gage. At the ungrounded 

end of the furnace, a rubber o ring compressed by a threaded bakelite 

fitting against a bakelite ring on the inner copper support gave the 

insulated vacuum seal. At higher temperatures the rubber o ring 

hardened, and vacuum was lost. The bakelite fitting became smaller 

under the heat and would bind on the threads. C. D. Grandt of the 

physics machine shop designed a brass fitting with sticky teflon on 

the outer edge. The 1/8-in. space between the grounded furnace chamber 

and the teflon was sufficient insulation for the 15 to 20 V used in the 

furnace. The brass fitting gave a. good vacuum-tight compression 

against a silicone rubber o ring, which did not harden except at 

the highest tempera.tures used with c2 . Valves provided for intro­

duction of gases into the furnace; gas pressures were measured on 

a manometer. Quartz windows at either end of the furnace tube 

made possible the focusing of the hot zone on the spectrograph slit 

from one end, and the reading of the temperature with a Leeds and 
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Northrup optical pyrometer at the other end. The temperature was 

read either on a TaC plug at the center of the graphite tube or on 

the hottest part of the tube wall. 

The removable windo1vs described by Engelke 74 provided for removal 

and introduction of the graphite tube, I·Thich is supported by tv10 

conical split graphite bushings that make connection >-lith the copper 

blocks at either end. The tubes similar to those described by Hicks23 

and Krikorian75 had a 1/2-in. bore drilled uniformly through the 

length of the tube. A 6-in. heating zone in the center of the tube 

was machined >vith a tapering outside diameter from 0.865 in. at the 

center to 0.750 in. at the constrictions or points of minim~~ cross 

section, vlhich are located 3-1/4 in. from either end. The outside 

diameter of these 3-l/4 in. sections l·ias 0.877 in. The use of the 

tapered tubes counteracted the flovT of heat out of the open ends of 

the heating zone by increasing the power output of the walls in these 

regions. Figure 8 gives a sketch of the tube. 

To further define the hot zone, l/4-in.-i.d., 1/2 in.-long 

baffles were placed at each end of the tape;r:ed region. The baffles 

also 1-.rere used to reduce the amount of wall radiation reaching the 

spectrograph and to minimize diffusion of the gaseous species from 

the hot zone. 

Focusing the King furnace on the 3-m concave-grating spectrograph 

was complicated by the presence of horizontal striations of tte 

photographic plates <Then the plates vrere exposed to continuous radiation 

from or through the furnace. Some of the striations were of the type 

to be expected from the astigma.tism of the concave grating. In this . 
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case the image is more intense through an equatorial horizontal 

76 plane, and the intensity decreases on either side" Sawyer points 

out that the astigmatism makes it impossible to photograph, for 

comparison, two spectra in juxtaposition by illuminating one portion 

of the slit with one light source and an adjacent portion with 

another. 

In addition to the presence of astigmatism there were present 

intense- striations alternating with weak-intensity striations. The 

slit was carefully examined and did not seem to be the source of the 

effect because the position on the plate and number of striations 

varied as the furnace distance from the slit, or the stops between 

the furnace and the slit were varied" Also tb.e diameter of the 

tube, the presence of baff"les in the tube, and the diameter of these 

baffles caused the striations to appear differently. The striations 

were eliminated by removing wall light and focusing a well-collimated 

beam onto the slit. The optics are given in Fig. 8, Po 64. Striations 

caused by the slit appeared when a very small slit (approx. 10 1-l) 

was used. Also some of the tungsten lamps were inhomogeneous in 

intensity and gave striations when larger slits were used. 
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APPARATUS 

B. Optical Pyrometer Calibration 

Introduction 

A disappearing-filament optical pyrometer is used for measuring 

the temperature of a TaC blackbody plug inside the King furnace. 

Planck 1 s law id th the trt~o radiation constants c
1 

and c2 and 

the use of monochromatic radiation relates the 1948 International 

Temperature Scal.e to the thermodynamic scale. As reference point 

the freezing point of gold (adopted as 1063.00°C on the 1948 

International Temperature Scale) is used. Lovejoy77 reviews the 

standard deviation obtainable 11i th a standard optical pyrometer and 

shows from extrapolated calibration data on tungsten lamps that it 

0 0 40 8 0 is 2 C at 2200 C and C at 2 00 C. He estimates that the standard 

deviation obtainable with a nonstandard pyrometer would be t~dce 

that of the standard type. The accuracy of the 1948 scale requires 

correcting by 1. 7°C at the gold point, according to the recent 

determination of 1336 .. 2°K as the freezing point of gold by Hoser, Otto, 

78 and Thomas. 

Improvement in the value of c 2 reported by DuMond and Cohen 79 

as 1.43884 ern deg gives a correction of 0° at the gold point and 

-5° at 4o00°C. Current measurements then indicate the 1948 scale is 

lovr by 5°C at 2200°C and 6.5°C at 2800°C according to Lovejoy. 

1v1ethod of calibration 

To put the measured temperatures on a reproducible scale, the 

disappearing-filament optical pyrometer from Leeds and Northrup llaS 
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calibrated against a similar one that had been calibrated by the 

U.S. National Bureau of Standards. A tungsten lamp originally 

calibrated by General Electric Co. with a vertical filament of 2 by 

50 mm was viewed just below a notched point by the two prrometers 

set at 12.5° off the normal to the filament, to minimize reflections 

from the glass envelope of the lamp 80, and to make possible the sight-

ing of the filament with both pyrometers. Interchanging the pyrometers 

had no effect on the observed temperature. The lamp was operated 

from six 6-V storage batteries wired in parallel to deliver 12 V. 

During operation the batteries vlere charged at a current rate just 

below the.current in the lamp circuit to minimize drain on the 

batteries. The current in the circuit was obtained by reading the 

voltage vlith a potentiometer across a standard 0.01-n resistor. The 

temperature of the lamp could be varied by changing the number of 

resistors in series in a resistor box. Figure 1 illustrates the 

procedure. 

For calibrations with the use of a blackbody plug in the King 

furnace, the pyrometers alternately vtere sighted into the furnace 

tube at the same end at a distance of approximately 90 em from the 

plug. Care vtas taken to mount each pyrometer telescope in a 

reproducible way. The arrangement is shown in Fig. 2. 

Treatment of data 

The lamp was calibrated in the temperature range 1200 to l700°C 

because the high and extra-high scales Of the pyrometer are useful 

ones for current work. Three individuals took temperatures readings 

for the Harch 1962 calibration. 'rhese calibrations are compared with 
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Lamp 

Potentiometer 

Resistor box Pyrometer 

MU. 30269 

Fig. 1. Schematic diagram for calibration of optical pyrometer 
with tungsten lamp. 
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MU-30270 

Fig. 2. Schematic diagram for calibration of optical pyrometer 
with King furnace. 
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measurements taken by one person in October 1961. Results are 

shovm in Fig. 3. The differences beti,;een the calil)ration of the No. 

2 pyrometer and the standardized pyrometer are found and averaged. 

For temperatures between 1200 and 166o0 c the No. 2 pyrometer reads 

high b;y 14 to 16°C on the high scale. On the ·extra-high scale the 

pyrometer is high by 24 to 33°C. The No. 2 pyrometer printed scale 

is based on the 1927 International Scale whereas the standard one is 

based on the 1948 scale; this accounts for a high reading of 1 to 5°C 

0 0 6 0 81 for the range 1200 to 1800 C, and 8 to 13 C for 2200 to 2 00 C. 

The temperatures observed as a function of lamp current for the No. 2 

pyrometer are also plotted in Fig. 3. The two calibrations are 

comparable except for a parallel displacement of the Octo-ber 1961 data 

because of improper zeroing of the potentiometer. Previous calfbra-

tions of the lamp, including the General Electric calibration of 

1946, and t'tTO calibrations in the Berkeley laboratory of March 1956 and 

May 19:57 are included to shm1 consistency of the calibration vli th 

respect to the lamp. The lamp calibration is used as an internal 

check only. The No. 2 pyrometer is compared directly with the pyro-

meter calibrated by the National Bureau· of Standards in vlashington. 

The blackbody calibrations on the King furnace were made for 

the teiT!I?erature range 1700 to 2350° by three observers over a period 

of three days. The temperatures within a day are consistent 1'r'i thout 

appreciable variation betw·een observers. OVer the three days it 

'\vas found that the average deviation vras approximately 10° for 1700 

0 to 2350 C. The observed temperatures as a function of current in the 

primary transformer circuit for the furnace are shown in Fig. 4. 
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Fig. 3. Calibration of No.2 pyrometer with 86-P-36 G. E. tungsten 
lamp: 
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2 pyrometer with King furnace for xH scale: 

March 19,1962, 
March 19, 1962; 
March 20, 1962, 
March 20, 1962; 
March 21, 1962, 
March 21, 1962. 
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The resistance of the graphite tube changes as it is heated, and 

therefore the curves ate displaced. Hov1ever, the difference 

bet'\..reen the No. 2 and standard-pyrometer temperature readings is the 

value of interest. The corrections obtained from Fig. 3 and 4 are 

plotted in Fig. 5 against the temperature reading of the standard 

pyrometer. 

To check the consistency of the calibration, the transmission 

of the filter, introduced in the optical-pyrometer optics v1hen the 

extra-high scale is used, is calculated from the relation 

1 ~ = Transmission 
xH scale 

T . 
H scale 

at constant-pyromter lamp current. Corrections to the No. 2 pyro-

meter scale were made by averaging the calibration corrections 

shovm in Fig. 5, plotting these in Fig. 6, and interpolating 

between points. The first four points are extrapolated values for 

the high scale and measured. values of the lamp and furnace for the 

extra-high scale; however, these values seem particularly inconsistent. 

The consistency of the two curves for the measured points indicated 

that the averaged corrections are reasonalbe. 

For calculations involving temperature a correction of 40°C 

will be subtracted from the No. 2-pyrometer reading in the range 

of interest 2200 to 2600°C, to bring it in line with the standard 

and thus put the laboratory reading on the 1948 International 

Temperature Scale. Froni the furnace calibrations an accuracy of 

±10°c may be assigned to the temperature. The error is partly due 

to the continually increasing temperature of the King furnace. 



-52-

40 ,....,c, 
c c "c c 

c-c........ -c- ........ c/ '/ 

u 30 
c"

0 
~c- c-c 

0 

"' x H scale c, 
c 

~ 20~----~--~~--~-----+----~----~----1-----;-----i 
;; 1600 1800 2000 

1- ---o----o- -o------o~ 
I H scale 

N 10 
1-# 

1300 1500 1700 1900 

Temperature (°C) (Standard) 

MU -30273 

Fig. 5. Temperature differences between No.2 and standard 
pyrometer s. 
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0 A value of 5 C should be added to the corrected optical-pyrometer 

reading in the range 2200 to 2600°C to put the 1948 International 

Scale on the current thermodynamic scale. Unless indicated, 

however, the 1948 scale will be used. 
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C. Concave-Grating Spectrograph 

A 3-m concave-grating spectrograph ;.ri th Eagle mount ;.ms 

used in second order. The 3-in. by 5-in. grating with 15,000 lines 
0 

per in. gave a plate factor of 2.7'6A per rom. l•lith a slit opening 

of 10 to 20 ~ the lines of the General Electric Gl8T6 mercury 

0 
germicidal lamp were broadened from theoretical width of 0.007A 

given by vlorden82 to a ;.lidth on the 3-m-grating spectrograph of 
0 0 

0.25A to 0.50A. To calculate the asti@natic broadening, the 

relation given by Sawyer 76 and by Beutler, 83 

, 2 n • 2 z = ~ s~n a - z 

was used for the Eagle mount, v1here ex (the angle of incidence to 

the grating) is equal to 13 (the angle of diffraction). Let z be 

the height of a source at the slit and £ be the length of the 

(75) 

grooves of the grating, then z is the length of the images formed 

by a point light source at the slit. 

For the experimental values 

£ = 76.2 rom, 

a = 16°47', 

and z = 0.1 rom; 

then z' is 12.59 rom high. The point source is broadened to 12.69 mm 

at the plate. This as~igroatic brqadening is larger by an order 

of magnitude than broadening from coma, curvature, and aberration. 

The astigmatic broadening may be measured experimentally by 

placing a horizontal slit at the Sirk's positions for horizontal 

.· 
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focus, as given by Beutler: 

s = R ( 
1 ---,---cos a - sin a tan a cos a ) , 

'\vhere R (of 300 em) is the radius of the concave grating and a is 

16°47', the angle of incidence and diffraction of the source to 

the Eagle mounted grating. Then the Sirk's focus is located at 

57.5 em from the slit. To get a true measure of the astigmatic 

broadening, care must be taken that the grating length be filled 

with light from the source at the horizontal focus. 1Krikorian75 

by using a 0.1-mm-slit opening measured an image 0.6-mm high 

for z' in first order. He concluded that 0.5 mm should be 

subtracted from his lines to correct for broadening. For the 

present eA~eriments on c
2 

there is justification then for using 

the measured half-widths of the narrow mercury-lamp lines and of the 

atomic-impurity lines in the furnace as instrumentally-broadened 

Doppler-shaped lines. Krikorian sho-vred -v:i th interferometer 

experiments that Zr lines in the furnace were Doppler-shaped. 

Geometrical optics of the King furnace and 3-m grating are 

discussed in Appendix A. 

To focus the spectrograph the spectral region was selected 

by changing the angle of the grating to the proper region, as 

determined from a light source with lines in the proper region. 
0 

It ·was possi·ole to use the 4358A mercury line for the C, 
c:. 

experiments. The line was examined visually in the plate position 

through an old developed photographic plate which had been 

scratched '\·lith a file to make the spectra partially visible. 
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A Bausch and Lorri"b eyepiece 1.rith a magnification of seven Has 

used. irhe nominal plate tilt 1<1as fixed before this exa<·nination, 

at an angle near the exact angle of the grating. The best focus 

as dete:cmined by eye vms then found by moving the grating and its 

marker along a meter stick tm:ard or mmy from the photographic 

plate until the line v1as most narrovr and equally intense along 

its length. Then the slit 1-1as moved in tov1ard the grating or 

out to further refine the focus. Sometimes, then, the grating 

distance had to be readjusted. A photographic plate ivas then 

exposed for a series of grating-scale settings about 0.05 em 

apart until the best grating-scale focus 1vas determined. The 

slit <·las rotated to make it parallel to the grating lines. For 

this process it vras most convenient to scan the lines. The 

rotation of the slit i·las not reproducible, and possibly some of 

the line broadening is due to nonparallel slit and grating lines. 



-57-

D. Photographic Plates 

Kodak photographic plates, 103a-F and IIa-F for c
2 

were used. 

Plates were removed from the refrigerator and allowed to come to room 

temperature before opening, to prevent moisture from forming on the 

emulsion. E;~osure times of 3 sec to 18 min were used. Equal time 

of exposure for the spectra and calibrated-step weakener vTas used. 

Calibrations >·rere made by using a General Electric tungsten lamp 

connected to lead storage batteries. Plates were developed within 

30 min to 1 h after the last exposure, in Kodak D-19 developer for 

4 min for 103a plates and in Kodak D-76 developer for 15 min for IIa 

plates. During development the plates were lightly brushed vJith 

cotton to minimize the Eberhard effect. The plates vTere then rinsed 

for 30 sec and placed in Kodak Rapid Fixer for 5 min. The temperature 

of solutions vras approximately 20°C. Then the plates v1ere rinsed for 

30 min to 1 h in running water. Plates ivere removed from rinse, 

wiped with chamois cloth, and dried for at least 12 h at room 

ten:rperature avm.y from drafts before scanning. The IIa plates vrere 

found to give a linear relation bet·v1een exposure time and intensity, 

and had smaller-grain size than the 1038. plates. They were ti.:O to 

three times slov1er. 



-58-

E. Instrum3ntation 

The equipment used for scanning the spectra consisted of a 

Cary Model 31, Serial 1074 vibrating-reed electrometer with a 

9-position-selector range of 1 mV to 30 V, a Leeds and Northrup 

0 to 10 mV recorder, a 2-kV, 12-mA regulated de power supply from 

the Lawrence Radiation Laboratory for the 1P21 photomultiplier 

tube, a General Electric synchronous scanning motor, and sets 

of gears which could be interchanged to vary the scanning speed. 

The scanning system has been described by Phillips. 84 

. 85 
The electrometer can measure currents that originate in 

a high impedance (107 nor higher) source as small as 1.0 x l0-l7A. 

The detection of current is accomplished by measuring the potential 

difference across a high-value-input resistor. A Victoreen 108-n 

resistor in a metal holder was used. The vibrating reed refers to 

the input-signal modulator, which is a special capacitor consist-

ing of one stationary and one vibrating plate. The latter, called 

the reed, is moved through a predetermined distance by an electro-

magnet at a constant frequency, to create a cyclically varying 

capacitor. 
. 8 . . 

The input signal across the 10 - n resistor goes to the 

preamplifier -v;hich is a de coupled amplifier vTith de feedback to 

the screen grid of one of the tv10 matched tubes for bias control. 

A band width of aobut 70 cps is provided. From the reed in the 

preamplifier the signal, modulated at 450 cps, is amplified and 

rectified in the amplifier and fed into the recorder. With an 
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input resistor the amplifier has a time constant of 0.01 and 

_,?, I 
noise of 2 x 10 ---A. Drift is less than o.oOlJ. mV sec. If 

care is ta}:en to use matched tubes for replacements, the amplifier 

is stable and is a reliable component. 

The pmver supply had a stability of 0"05 to 0.1% at 900 to lOOOV 

Hhich proved to be sufficient because interchanging vrith a more-

stable supply (0.017~) ga.ve no change in stability of the system. 

For the small signals from the c
2 

rotational. lines, 

difficulty from noise in the 1P21 photomultiplier tube and base 

interfered '.-lith measurement. The approximately 60-cycle noise 

'<las fatmd to be due to corona discha.rge at the base of the plug 

'lvhen high voltages of 900 to LOOOV i-lere applied. Potting the 

resistor-divider string in silicone rubber compounds proved 

of no value. It was suggested -by Dr. Beat Heyer of our research 

group to pot the base in epoxy resin. 'l'he potting technique 

developed \laS to use a mold around the base of resistors, 

pour in the epoxyJ and alloTtT to harden without the use of 

vacuum to remove air bull-bles. The pin holes of the tube plug 

and mold '\.Jere coated ;.;i th silicone grease to prevent adherence. 

The epo;{.y that did harden in the pin holes vms drilled out. 

Epoxy C-3 from Armstrong Products Company >vas used. The major 

problems 11ere that the heat evolved from the resin during 

hardening and melted the insulation on the input high-voltage and 

signal leads ,.,hich are side by side on the tube base, They 

became partially shorted and high voltage appeared on the 

signal. If the resistors and pin leads Here not fully illllllersed 
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in the resin, the noise remained. HO'\,;ever, it was possible to 

make titO tube bases that 11ere satisfactory. The base >dring 

is shmm in Fig. '7. 

Rcsistol~s vrere 1/1+-W, 1-H.Q evaporated metal film. T'ne 

first tube base ";ras used vli th a 1P2l tube to scan the emission 

spectra, ;;hich i-Tas used for the f value determination. Cool-

ing the tube and base 1dth dry :ce eliminated noise that 

sometimes appeared. Unfortunately, cooling caused the epoxy 

to crack, and the high-voltage and signal idres became shorted. 

Another base •,;as made and used ,,,i th the lP2l tube and narrm:­

o 
band pass (lOOA) interference filters to monitor the temperatUl~e 

of the King furnace by measuring the intensity of the heads of 
0 0 

c2 at 5165A and of CN at 3883A. If the intensity of the feature 

of interest did not change on the monitor during photographic 

measurement, then it could be concluded that the temperature 

of the furnace remained constant. With this second base there 

l·laS no noise or dark current on the tube at 900 V. Hhen on 

foggy days noise did appear m:ing to base leakage of the tube, 

a drying agent in the base shield box eliminated the noise on 

all scales of the amplifier, l mV to 30 V, corresponding to 

-ll 
current of less than l x 10 A on the 1-mV scale used for 

scanning the rotational spectra. To prevent leakage of the 

high voltage to the signal the base plug vraz split with a saw 

between the signal and high voltage pins. 

Because of the difficulty in making a base i-lithout shorting 

the signal, it is apparent that the lP21 photomultiplier tube 
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High voltage 
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Fig. 7. Wiring for photomultiplier tube base (l-Mn resistors). 
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>·.rould be more useful if the signal pin vere put on top of the tube 

a.Ttray f:com the high-voltage-supply circuit at the base. 
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EXPERIMENTAL PROCEDURE 

The absolute intensity of the 0-0 Swan band ( 311 - 311 ) of c
2 

at 
u g 

0 
5165A was measured in emission and absorption. In emission both the 

peak .intensity of the head ana the- integrated~ intensities of rotational 

lines K~ = 43 or 45 and ~ = 16 or 18 were used to determine band inten­

sity. It was possible to measure in absorption only peak-height intensity 

of the head. The optics for the measurement included an optical bench 

running under the furnace on a table and extending to the spectrograph 

slit,; a 23-cm focal-length lens (A) near the furnace window, a camera 

shutter of 2- to 3-mm diameter to define the aperture) and a 6-cm focal-

length cylindrical lens (G) at its focal length from the 10- to 20-iJ. slit. 

To further define the beam of light from the furnace_, 1/4-in. stops (c)) 

two at each end) were placed inside the furnace just behind the quartz 

windows (B). These stops prevented most of the background-wall radiation 

from the 1/2-in.-id tube from going through the beam to the detector. The 

two diaphragms near the back window helped prevent reflections that re-

mained after tilting the window. For absorption experiments a vertical-

strip-filament tungsten lamp with a 6-cm focal-length lens (F) mounted 

behind the furnace chamber were used to send parallel light through the 

furnace. Figure 8 presents a diagram of the optical arrangement. 

The spherical lens (A) was focused. near the back of the furnace to 

exclude wall li,ght from the beam. The shutter stop was placed at the 

focus of this lens. The 2-in. by 5-in. concave grating with 15)000 lines 

per inch was filled with light and used in second order. The plate factor 

0 
in second order is 2.7 to 2.8A/mm. 
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Fig. 8. Schematic diagram for optical arrangement for 
focusing gas on 3-m grating spectrograph: A, 23-cm 
focal-length lens; B, quartz windows of furnace; 
C, 1/ 4-in. -i. d. stops inside furnace chamber; 
D, 1/4-in. -i. d. graphite baffles inside graphite tube; 
E, TaG plug; F, 6-cm focal-length lens; and G, 7-cm 
focal-length cylindrical lens. 

em 

MU-30276 
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To define the hot zone (tapered 15-cm region) of the graphite tube, 

l/4-in.~id graphite baffles (D) were placed in the tube. An additional 

baffle was used in the front of the tube to reduce the amount of wall 

radiation leaving the tube. For emission experiments a TaC plug (E) was 

used as a blackbody reference and was sighted on with a Leeds and Northrup 

optical pyrometer to read the temperature. 

Emission measurements were made with l03a-F photographic plates. 

The circular image on the shutter appeared as a black region of gas with 

a key-hole blackbody region from the plug. Moving the lens (A) ver-

tically placed the gas, then the blackbody on the shutter opening. First 

the spectra were photographed, then the plate was moved and lens (A) was 

adjusted so that only the blackbody light from the plug went through the 

optical train. Then by using Kodak neutral-density gelatin filters with 

the blackbody light, the blackbody reference light was exposed to the 

photographic plate for the same length of time as the spectral light. 

For absorption experiments with the use of the smaller-grained IIa-F 

plates'· reciprocity of time and intensity was good and exposures of 

eq_ual time were not a necessity. 

Metal-film filters from Optics Technology were used because they 

0 
have a constant optical density in the 4000 to 5000A region. These 

filters gave white-light fringes.
86 

Measurement of the distance between 

0 
fringes, 0.25 mm, corresponded to 0.69A. The distance between the film 

and outer part .of the glass cover was calculated to be 1.8 mm compared 
}...2 

to a measured distance of L 5mm. By using the eq_uation, d = N' , at 

0 
5000A, the filter therefore acts as an interferometer. Kodak gelatin 

filters that give no fringes were usedy therefore, and their optical 

0 0 
density in the region 3800A to 6000A was measured on a Cary Recording 



-66--

Spectrophotometer Model 11, Serial 4. 

It was first attempted to move a divider, and photograph different 

parts of the grating for spectral and blackbody exposures. However, the 

divider positions were not equivalent. Then the plates were cut along 

the 18-in. horizontal dimension to l-3/4-in. to allow the plate to be 

moved in its holder for two exposures. For the absorption experiments 

C. D. Grandt and M. C. Yannke, machinists in the Physics Shop, devised 

a method for moving the plate in steps for five exposures on the 2-in. 

dimension of the 2-in. by 18-in. photographic plates. 

The IIa-F plates were used, as were the l03a-F plates,for absorption 

of the 0-0 c2 band in an attempt to make the very-weak absorption at the 

0-0 head measurable on the Leeds and Northrup Recording Microphotometer, 

(Cat. No. 6700-P-l, Serial No. 1029390) connected with a Moseley Auto­

graf Curve Follower. The microphotometer records variations in density 

of photographic plates driven at a uniform speed past a scanning device, 

which consists of an optical system containing a lead-sulfide photocell 

and a tungsten lamp with optically polished windows. The input from the 

microphotometer phototube was applied to the X axis of the recorder and 

Y as a linear function of X was led through the output potentiometer 

connection to the Leeds and Northrup Speedomax recorder. The curve­

follower pickup coil followed a linear section of a metallic-ink graph. 

The Autograf increased the sensitivity of the electronic system so that 

it was possible to scan the weak absorption features of c
2

. With the 

Ila-F plates the measurement error remained large, but the absorption 

line was more-clearly resolved visually. 

To relate plate-darkening to intensity, a calibrated-step weakener 



from Jarrell Ash Company in optical-density steps of 0.0) 0.215) 0.413) 

0.606) 0.801) 1.000) and 1.208 was mounted on the spectrograph just 

behind the plate. The calibration was constant) within a 100R region 

near the feature of interest. 

At the high temperatures required for c
2 

measurements the graphite 

tubes quickly developed gradients. Hicks23 discussed similar problems 

with hot spots in the graphite tubes. Considerable time was spent 

machining the tubes.to different dimensions) developing more efficient 

cooling) and altering the radiation shielding. A tube that gave a con­

stant temperature along its profile at 2500°C developed a gradient at 

the higher temperatures. Each tube seemed to have a different tempera-

ture profile) for none of the tube dimensions tried gave a set of tubes 

with constant temperature in the hot region. The tubes burned out on the 

ground end of the applied potential of 15 to 20 v. Changing the water-

cooling caused the tubes to last longer but did not prevent their burn-

out at the same end. Reversing the tube in the furnace after it had 

been heated for an hour or two and cooled helped to lengthen the life 

of the tube) and caused more homogeneous heating in the hot zone until 

another gradient developed in about an hour. 

For absorption experiments a tungsten lamp was used as absorber and 

photographed at different temperatures through the hot furnace. To 

further determine the temperature in the hot zone of the graphite tube 

in the presence of hot spots, the spectra were photographed in reversal. 

The reversal temperature defined as the temperature of the gas at 5165R 

was the temperature at which the absorption exactly canceled out the 

emission. To obtain the reversal temperature) the measured brightness 
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temperature of the lamp at the reversal point was used to find the 

0 
brightness temperature of the lamp at 5165A from the relation,. 

(77) 

0 0 
where Al is 6530AJ El the emissivity of the tungsten filament at 6530A, 

and T
1 

the measured brightness temperature of the lamp; A
2

, E
2

, and T
2 

refer to 51652; ~c is the second radiation constant. Emissivity values 

were estimated from DeVos' graph. 87 Five to ten exposures with the lamp 

at different temperatures gave the c2 0-0 bandhead in absorption and 

emission. By comparing the different exposures on the plates and knowing 

the temperatures of the lamp, the reversal temperature couldhe deter­

mined within 20 to 50°C. At low temperatures the reversal temperature 

was not the same as the hottest part of the wall. 0 
At about 3000 K the 

hottest spot and reversal temperature 1.vere the 3e,me at the beginn5ng 

of the experiment, but the hot spot in the tube became hotter than the 

reversal temperature in about an hour. 

For some of the emission measurements the rotational lines used 

are given in Table VI; the wave lengths at which they occur are taken 

88 
from Johnson. The emission lines were scanned by using the same optics 

with a .. 1P21 phototube at the rate of 2. 4A per min, slit openings of 100~ 

and by using the most sensitive 1-mV scale and a 10
8-n resistor to detect 

signals from the photomultiplier of less than 5 x l0-
12 

A. The electronic 

equipment has been described. It was not feasible to scan the absorption 

features. 



TABLE VIo Rotational lines of 0-0 Swan bando 

K' 
0 

A.(A) 

P
3

(43) 5135o672 

pl2(43) 5135o561 

P3(45) 5131.675 

pl2(45) 5131.573 

R
3
(16) 5136o640 

R12(16) 5136o426 

R
3

(18) 5132o681 

R12(18) 5132o481 



-70-

ANALYSIS OF DATA 

For emission experiments on rotational lines the ratio of the in-

tegrated rotational-line intensity to the peak blackbody intensity was 

measured. The actual area of the blended lines was measured; the area 

was divided into area P(43) and area R(l6), or P(45) and R(l8) by mul-

.tiplying by the percent populations'of the P and R rotational levels. 

The area for a P or R line was then divided by three to get the area of 

each triplet. By assuming that in the absence of instrumental broadening 

each triplet is Doppler-broadened, the blackbody peak is treated as a 

IK' 
t~iangle; of the Doppler width. The resulting ratio y-- is converted to 

BB 
IK' in absolute units by calculating IBB independently from Eq. (7). 

h . t . I Iu£. . f t 2 b . T e ln enslty, K' or ln unlts o quan a per em per sec is su stltu-

ted in Eq. (36) to obtain the intensity of a band Iband" For the value 

of the population ratio of K' to the band, the Boltzman ratio for a 

Doppler-broadened line 

( 78) 

was used. The f value is found by substitution into Eq. (37), where 

Iu£(J' = a to J' = b) 
1BB 

is R
0

, the measure\,1 quantity, and 

2 RoiBB 
f me A. 

~v 

2rce
2
N'£ 

0 

3 b c3 F' 
"-or:, SJ' e kT 0 
- J =a "'3 c3 

(79) 

For these emission experiments, f for the c2 0-0 Swan band is 0.004 + 0.0007 

for the scanning experiments, or 0.006 + o.oo4 for measurements 'on 



l03a-F photographic plates, 

For the measurements on the 0-0 head, the ratio (the peak intensity 

of absorption or emission at the head to the lamp-peak intensity) was 

measured. These measured ratios in absorption were corrected for 

emission, which reduced the amount of absorption. For reversal conditions, 

I net 
abs 

0 = Ilamp 
abs 

I + Iself 
em abs (80) 

where Inbet is the observed absorption, Ilbamp is the absorption of inten-
a s a s 

sity from the lamp by the gas molecules in the lower state, I is the 
em 

I 
self 

intensity of emission of gas molecules in the upper state, and 
abs 

is the self-absorption of the emitted light by the molecules, The 

measured ratios are 

and 

I net 
abs 

I lamp 

I lamp 
abs ---

I lamp 

= a 

ex ' 

( 81) 

(82) 

where I 1 is the intensity of the lamp at the temperature of the lamp. · amp 

The ratio ex represents the fraction absorbed in the absence of emission 

or self-absorption, Substituting the definitions into Eq, (80) gives 

for the measured ratio 

I net 
abs 

I lamp 

~ 

( 

1rev ) 
lamp · 

ex - I ' 
lamp/ 

( 83) 

rev 
where I 1 is the intensity of the lamp at the reversal temperature. amp 

Similar treatment gives for the measured emission ratio 



I lamp C
rev ) lamp 1 o; -

I lamp 

-7~?-

(84) 

Measured absorption ratios were less than corrected ratios by about 

a factor of two. Measured emission ratios were overcorrected by this 

techniQue. The ratio 

I net 
abs 

I 
lamp 

at low lamp temperatures was negligible compared to 

net 
I em 
I lamp 

The absorption rat.ios o; were further corrected because one assumes 

for Eq. (19) a linear relation between population N 1 1 and intensity. 

Thus, 

o; 
I - I 

,Q ___.._ 
I 

0 

1 
-kC I 

e (85) 

An expansion of C' equal to KN 1 1 £ in terms of o; corrects for being off 

the linear curve of growth: 

For small a, C 1 = o;. 

C
l o;2 o;3 o;4 
=0:+2+3+4 + . . e- • • (86) 

The ratio for determining contribution of the measured rotational 

lines K 1 =b 

(87) 
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was determined by plotting the lines with relative peaks fixed by the 

0 
Boltzman relation but with a rotational line width of 0.25A and of 

0 
0.50A. This broadening was found by measuring half widths of very 

0 
narrow (approx. O.OlA) mercury lines from the General Electric Gl8T6 

germicidal lamp and half widths of atomic impurity lines, with the 

assumption that they were Doppler-broadened; on the 3-m-grating spec-

trograph. Doppler broadening of rotational lines seems justified 

since Krikorian75 found the atomic lines of Zr were Doppler-shaped by 

using an interferometric technique. He found no serious pressure 

broadening for Zr or c
2

. Pressure broadening was calculated from the 

relation given by Mitchell and Zemansky, 3 

2 2 p 
=-ex-

m RT 

1 

1 ]2 - ) 
M 

2 
(88) 

2 
where ex , the effective cross section for Lorentz broadening, was used 

-16 2 as 8.1 X 10 em ) N is Avagadro 1 s number, p the pressure of foreign 

gas was taken as 10 em, T as 2800°K; M
1 

as 24.02 for c
2

, and M
2 

as 

39.98 for Ar atoms. -1 The broadening for 10-cm gas pressure is 0.02 em 

-1 compared to a Doppler width of 0.15 em The broadening of the lines 

due to astigmatism of the concave grating is discussed in the section 

on experimental equipment. The broadened lines resulted in a lower 

peak height, and the factor 

Qu 6.A.. 
rot l 

(89) 

where 6.A.. is the instrumental half width, was considered equivalent to 
J.. 
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the measured peak height. The value of this factor, determined from 

the graphical plot of rotatLmal lines at the head with a half -width 

-1 
of l em , is O.Ol8o The error introduced here is of the order of a 

factor of two o r-;:; was assumed that the factor would be the same within 

less than a factor of two for the upper and lower states of the transi-

1band 
tiono Division of k by the Eq. (89) gave I o For absorption 

lamp 
experiments this ratio was used directly to determine the f value of 

the band as 0.005 ~ 0.003o For emission experiments the ratio, a, was 

used instead of k. The intensity of the band was found by multiplying 

the ratio by the intensity of the lamp at the measured temperatures 

corrected to 5165Z. The f value for absorption was calculated by 

substituting into Eq. (42) the measured and corrected ratio C' to give 

f 
me 

rce~ '~ .e 
0 

C' 
(90) 

J'=b F' I 

LSJ,,e- kT 

J''=a 

The f values for emission experiments were calculated from Eq. (79). 

The f value for the 0-0 band for emission experiments at the head is 

o.oo7 + o.oo4. 
. 88 

The rotational numbering in the head was determlned from Johnson's 
I 

measurements and Budo's analysis of Johnson's data. 89 The wave-number 

positions of lines in the head were calculated from the relation 

v = v + (B' + B' ') m + (B' - B' ') 
i 0 I I I I 

2 
m ' 

where vi is the wave number of interest, v0 is the zero line wave 

(91) 

number of 19378. 44 em -l given by Phillips, 90 and Bo, iB() are the rotati_ccmal 



constants for the zero levels of the upper and lower states respectively. 

4 -1 ' t 6 . -1 Values used are those Budo gives: B~ = 1.7 52 em J B
0 

= 1. 239 em • 

For the correct absolute numbering of the rotational levelsJ Budo 1 s 

analysis of Johnson's data and Phillips 1 calculation from Budo 1 s 

differenc~ values of wave numbers for the J levels were compared. 

Phillips points out that for the ~uantum number J = (K+l)J KJ 

or (K-1) correspond the subbands which are inverted in c2 ~ 3IT
2 

- 3IT
2

J 

3 3 3 3 IT1 - IT1 J and IT0 - IT0 J the redJ centralJ and violet components of 

the triplets) respectively. For the 0-0 band of c
2 

_a comparison 

of Phillips 1 wave-number calculations from Budo:1 s differences :shows 

that K 1 1 rather than J 1 1 is the good ~uantum number because K 1 1 number-

ing places triplets of the same K1 1 number together. Budo's numbering 

does not agree with Johnson's} but Shea, who also measured and analyzed 

the 0-0 band of c
2 

but resolved only two of the three P tri:pletsJ 

points out that Johnson used a graphical method of analysis which gives 

inaccurate relative rotational numbering. Shea's relative numbering 

is correct. For Johnson's j-numbering the correspondence was used~ 

K11 = j-1 for the P branch, and K' 1 = j-2 for the R branch. For 

Shea 1 s j numbering the correspondence K' 1 = j-1 was used for both the 

P and R branches. Budo's J is e~uivalent to K. For the calculations 

of positions from E~. (91) of rotational lines, ~~ = 1 to 13; Johnson's 

data was fitted from K~ 1 = 14 at the head. Since the blended head was 

used in the measurements and calculations of f values, the above calcu-

lation does not alter the results significantly. For the emission 

experiments on~= 43 or 45J and~= l6.or 18 the numbering is 

important. 

The ratio is defined in E~. (35)~ The ratio for ~ = 43 or 45 
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is approximately 0.0075 and for ~ = 16 or 18 it is 0.01 for all 

temperatures used. Of course, in the calculations the exact values 

were used for the ratios. Rotational degeneracy SK was calculated 

from equations summarized in Herzberg. 4 

The populations in the1ower and upper states were calculated by 

using the free-energy function for a 3rr state of c
2

. Hence 

~- ~ = 7.283- ~ R £n M- ~ R £n T- R £n 3 (92) 

= -4"377 -11.439 log T, (93) 

where R is the gas constant, M is the molecular weight of c
2

(24o02) 

and T is the corrected temperature of the gas. The factor, R £n3, 

corrects for the degeneracy of the state, 3rr 
u 

The degeneracy, 

3, for the 3rr and 3rr states is obtained by multiplying the partition 
u g 

function, Q t' by three to account for spin multiplicity and then by 
ro 

two because of lambda doubling, and dividing the product by two because 

c
2 

is a homonuclear molecule and half the levels are missing. 

Free-energy functions for solid graphite were taken from Pitzer 

and Clementi. 91 The heat of formation of the stateJ 3rr (v 1 1 = 0, 
u 

K' • = 0), is 196.7 kcal/mole reported by Brewer, Hicks and Krikorian. 92 

From the equation 

_AF __ ~~ - (\ _2 Mr_-_H_g) + 4H_. _0 =·-R£nP 
T ~ T ~gas ~~ T graphite . T C2 

(94) 

representing the reaction, 2C( h" t ) = c2( ) , pressures of c2 in . ·grap ~ e g . 

the state 3rrg(v''= OJ K''= O)·were obtained. Molecules per cm3, N~.', 

in this level were obtained by use of the gas law, 
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N'' ::;:: 
iO 

:rN 
RT (95) 

where N is Avagadro's number and R is in unitsJ cc atm per deg mole. For 

the upper stateJ 3rr (v'= OJ K'::;:: O)J the excitation energy for the transi­
g 

tion 3rr (v'::;:: OJ K1 = 0) ----~ 3rr (v' 1 = OJ K' 1 = 0) of 55.4 kcal per mole 
g u 

was added to 6H~ for 3rru to give 6Hg for 3rrg(v'= OJ K'= 0) of 252.1 

kcal mole. Populations were calculated at 100° intervals from 2700°K 

0 to 3200 K. Values between the intervals were interpolated. For popula-

tions at the higher temperatures where free energy functions are not 

tabulated} the term 

-2 0~ 
gas ,-

(96) 

was plotted as a function of temperature and extrapolated to the higher 

temperatures. 

Because of the gradients in the hot zone of the tubeJ there is some 

ambiguity as to the value ~J the length of the emitting or absorbing 

column of gas .. The machined length of the hot zone was 15 em; howeverJ 

the temperature gradient at each end of the hot zoneJ as indicated by 

the gradient between the outer and inner faces of the baffles} would 

signify that perhaps one em at each end should be subtracted and would 

result in ~ of 13 em for the hot zone. In the reversal experiments} the 

reversal temperature TR gave the actual temperature of the gas. 

To approximate the errors relative to tube lengthJ consider a 

gradient in the tube. Let 5 em of the tube be at a higher temperature 

T
2 

than 10 em at a lower temperature. Let ~ + ~T equal 15 cmJ and 
Tl 2 

let ~T equal 15 em. Then if the equivalence 
R 
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(97) 

is made, NT may be calculated as a parameter, where NT are the popula­
R 

tions of c2 gas at the defined temperatures. Table VII gives TR 

calculated for temperature gradients of 100°, 200°, and 300°, 

TABLE VII. Calculated reversal temperatures for. assumed 
gradients in King-furnace graphite tube. 

Tl T2 TR 

2900°K 3000°K 2933°K 

2900 3100 3010 

2800 3100 3000 

From this combination of numbers it is apparent that the reversal 

temperature is nearer the higher temperature for 300° gradients and 

nearer the lower temperature for 100° gradients. For the 200° gradients 

the reversal temperature is intermediate. For the -t-value calculations 

the value of £ used is 10 em with an estimated variation, + 5 em. 
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DISCUSSION OF RESULTS 

The best value for the oscillator strength of the 0-0 band of c
2 

obtained by averaging the f values from the emission and absorption 

data is 0.005 ~ 0.003. Self-absorption corrections amount to no more 

than 4% and are negligible for the emission data on rotational lines. 

Experimental data and calculated f values are included in Appendix B. 

102 -30 
Kingnas made an e~uivalent width measurement of 2.3 X 10 A on Kp = 34 

0 0 
at 5150.6A by using a path length of 22 em and 2840 K. Calculation. of 

the f value by using current thermal data gives an f value of 0.005. 

King did not correct for emission but corrected for derivations from 

the linear portion of the curve of growth. He estimates an error in the 

measurement of approximately 50%. It is estimated by using King's 

furnace temperature of 2840°K as the reversal temperature and approxima-

ting his lamp temperature as 3450°K or 3200°KJ that a correction for 

emission would increase his f value by 25 to 50%. 

The best f value is 0.005 ~ 0.003) as indicated from this research. 

This value within the limits of error agrees with the value found from 

King's data. 
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APPENDIX 

A. Geometrical Optics Between King Furnace and Concave-Grating 

Spectrograph 

The methods used for imaging the gas emission on the slit are 

complicated for the King furnace because the graphite tube is an ex-

tended source. Thus some of the techniques used in Raman spectra are 

not applicable because the light cannot pass through the walls of the 

tube. It is desired to obtain the most effective slit illumination 

with the exclusion of continuous radiation from the walls. Thus it is 

usual to focus on the back of the hot zone of the furnace and to use 

an aperture stop smaller than the tube diameter to eliminate wall 

light. Since the diaphragm is small, it is necessary to use some kind 

of lens system to fill the grating horizontally and at the same time 

cover the. slit because the size of the image on the plate is determined 

by the size of the image on the slit. 

A theoretical analysis and some practical application of the prob­

lem of focusing cylinders .of radiation have been given by Nielsen}3,94 

One of his papers specifically treats the optics for sources of smaller 

aperture than the slit. To get the maximum amount of radiation from a 

Raman tube into the spectrograph, Nielsen considered light coming from 

an inner region determined by planes cutting the slit length, slit 

width, and collimator aperture. An outer region is determined by the 

above planes and, in addition, by planes cutting one another in a 

horizontal line lying at a distance, z
0

, in front of the slit. For the 

coordinate system with reference to the center of the slit as origin, 
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the z axis coincides with the collimator axis, the x axis is perpendicular, 

and the y axis is parallel to the slit. 

Nielsen derived geometrical functions that are proportional to 

the amount of light entering the spectrograph. These functions, 

F(x,y,z), were calculated for the inner and outer regions and for 

z
1 

< z
0 

< z
2 

and thus gave a total of four functions. It was found 

for the 3-m-grating spectrograph used in the present research that the 

i i functions F
1

, F
2

, for the inner region for a given z, are independent of 

0 the value of x andy. The function, F
1

, for the outer region increases 

as x increases and decreases to zero when y = 1.9. 0 The function, F2, 

also increases as x increases and decreases to zero when y has increased 

to 2.5 •. The calculations for the 3-m spectrograph are comparable to 

those of Nielsen for the Hilger QUartz spectrograph. It may be con-

eluded that all source points lying within' the inner region and having 

a given coordinate z are eQually effective in sending light into the 

spectrograph. For a volume element in the outer region, the amount 

of light sent into the spectrograph decreases almost linearly as the 

volume element moves from the inner to the outer boundary of this 

region. 

A table of values of x and y for given values of z is included, 

az (b-s)z and y
1 

(b+s)z 
and where the where x0 = :f' y = s - f ' = s + f J 0 

length of the slit is 2s, the length of the grating lines is 2a, the 

width of the grating is 2b, and the focal length of the grating is f. 
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Table VIII. Values of x
0

J y
0

J and y
1 

for various values of z 

z xo Yo yl 
--

40 0.34 0.35 2.14 

2.63 
s = 1.1 em 

59 0.50 o.oo 
b 6.69 em 

60 0.51 o.o2 2.66 f = 300. em 

80 0.68 0.39 3.18 a = 2.25 em 

100 0.85 0.76 3·70 

Table IX. Values obtained for the functions i 0 for given F lJ F lJ 
values of xJ YJ and z. 

Fi 
l X y z Fo 

l X y z 

0.000984 o. o. 40 0.001180 o. o. 40 

0.000961 o. 0.35 40 

0.000984 0.85 o. 40 0.001217 0.502 o. 40 

0.000984 o. 0.35 40 0.000998 0.502 Oo35 40 

0.000984 0.502 0·35 40 o.oo o. L9 40 

0.000632 o. o. 59 

0.000632 0.502 o. 59 
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Table X. Values obtained for the functions F~, F~ for given values 
Of x, y, and Zo 

Fi 
2 X ·y z Fo 

2 X y .Z 

·--
0.000344 o. o. 80 0.000392 o. o. 8o 

0.000344 0.502 o. 80 0.000337 o. Oo35 80 

0.000344 0.85 o. 80 0.000409 0.502 o. 80 

0.000344 o. 0.35 80 0.000354 0.502 0.35 80 

0.000344 0.502 0·35 80 o. o. 2.51 80 

o. 0.502 2.62 80 

After integrating the preceding functions with respect to x and 

y, the functions may be calculated as a function of z, the distance 

from the slit. By using the eq_uations 

i 
·= K (1 bz ) s 1(z) s(f+z) (98) 

s~(z) K ( 1 -
s(f+z) ) bz J (99) 

0 bz s 1(z) = K s( f+z) J (100) 

0 Ks( f+z) s 2(z) 
bz J 

and K _ 2abs 
- - 2 J ( 102) 

f 

the integrated intensity values normalized to si eq_ual to unity for 

z = 0 are obtained, as shown in Table XI. 
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Table XI. Integrated relative intensities (s~J i 0 so) s2J slJ 2 
for various values of z. 

z si 
l 

si 
2 

so 
l 

so 
2 

0 l. -.co o. +co 

5 0.90 0.10 

10 o.8o 0.20 

20 0.62 0.38 

40 0.29 0.72 

6o o.Ol3 1.01 0.99 

90 0.29 0.71 

120 0.42 0.58 

160 Oo53 o.47 

180 0.56 o.44 

0 When s 1 = OJ z0 = 59 em •. At distances from the slit between 25.9 em 

and 147 em the largest amount of light comes from the outer region) 

whereas for values smaller than 25.9J or larger than l47J the inner 

region contributes more light if the source is of uniform brightness 

and is large enough in cross section to fill both the inner and outer 

regions. Figure 9 shows these regional variations with respect to z .• 

The geometry for Nielsen's optics is based on a cylinder of radia-

tion of infinite length. When his results are applied to a finite tube 

and a system of fixed dimensions) it is found that the focus is not ·Ocl 

the back of the tubej therefore his equations do not satisfy the geometri-

cal requirements of the King furnace and 3-m concave-grating spectrograph. 
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Fig. 9. Fnnctions [S(z)/K] for 3-m grating spectrograph. 
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For the King-furnace tube only light emitted by the gas is desired, and 

continuous radiation from the walls should be excluded, Nielsen's cal-

culations, however, do serve as a guide in selecting a low z value 

which will give a maximum uniform brightness from the tube. It was 

found from the calculations that the outer-region radiation was not 

uniform along the slit width andlength; thus, radiation from the inner 

region would be more homogeneous. With the graphite-tube furnace, it 

is necessary to use lenses fodus~d on the slit to fill the inner region 

with light. 

Stoicheff and Callomon95,96 discuss optics for high-resolution 

Raman spectroscopy. They use two convex lenses placed between the 

source and the grating as shown in Fig, 10, where h is the tube height, 

.et is the length of the tube, .eg is distance from the grating to the 

slit, ft and fg are the focal lengths of the lenses near the tube ann 

near the grating, respectively; st is the distance of the image of the 

back of the tube, s is the distance of the image Q to the lens of focal 
g 

length f , and b is the horizontal dimension of the grating. A stop may 
g 

be placed at the intermediate focus Q, The magnification required for 

filling the grating is then 

sin u 
sin u 1 

' 
( 103) 

where u is the half angle of the cones of rays admitted by the spectra-

graph and u' the half angle for the rays from the tube. The separation 

of the lenses is given from ordinary lens formulas as 

st = ft(.ez + ft) ( 10,4) 

and *f (.e + f ) g g g 
( 105) s = g .eg 
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:k Source tube 
h 
if L...------'---

~ Jt-~;----

MU-30278 

Fig. 10. Optics for high-resolution Raman spectroscopy: 
h, tube diameter; ft, tube length; ft' focal length of 
lens near tube; St' distance of source image to inter­
mediate focus Q; S , distance of intermediate focus 
to lens near grating of focal length f ; f , focal length 
of concave grating; and b , apertur&of ~rating (widest 
dimension). g 
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For the 3-m-grating spectrograph, the magnification re~uired is 

1.62 and from the above e~uations it is found for a 68-cm distance be-

tween tube, lens, and slit that ft 2.92 em, 

and sg = 1.82 em, for a given £t = 60 em, £g 

f = g 

= 300 

1.8 em, s = 64.4 em, t . 

em, (NA) = Oo02162, 
g 

and (NA)t = 0.01334, It is apparent from this calculation that the image 

on the slit will .be small and .that the grating will be flooded with 

light. The resulting narrow and uneven spectrum97 is applicable for 

~ualitative analyses but undesirable for ~uantitative intensity measure-

ments. 

To fill the grating with light and at the same time fill the slit, 

two cylindrical lenses have been used with one spherical lens following 

a modification of a method used by Hansen and Walsh98 (see Fig. 11). 

The cylindrical lens f
1 

fills the grating in the horizontal plane; cylindri­

cal lens f
2 

fills the grating in the vertical plane. The spherical 

lens f
3

, where f
3 

is e~ual to or greater than the length of the furnace, 

is used to diverge the light from the tube. It causes the image to be 

more homogeneous in the vertical plan~. Values of the lenses re~uired 

to fill the numerical aperture of the grating are f 1 = 6~67 em .and 

f 2 ·= 16.7 em. 

To summarize the conditions for the furnace and optics, it is found 

from Nielsen 1 s e~uations that the distance from the furnace should be 

where a maximum of intensity occurs, 59 em. A larger z minimizes error 

in ~uantitative solid-angle calculations of intensity from furnace to 

slit, as will be shown later •. A shorter z gives increased intensity 

and shorter-exposure times and is more convenient and accurate in 

alignment of optics. Use of a cylindrical lens in the vertical direction 

gives a .more homogeneous slit illumination and a wider plate image for 

scanning. 
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Slit 

I 
I 

r----f2 ,E f I~ 

Grating 

) 
IE-~ --60cm -"""*""-----68c m ----~+E- 300cm-f J,_r --~>1 

MU-30279 

Fig. 11. Schematic diagram for use of cylindrical lenses to 
satisfy optics requirements of concave grating: f 

1
, f

2
, 

focal length of cylindrical lenses 1, 2, and f
3

, focal 
length of sphe:rical lens 3. 
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The measurement of absolute intensity in emission re~uires con-

sideration of the effect of the geometry of the King-furnace tube on 

the intensity of light arriving at the slit. It is necessary to compare 

intensity from the gas in the tube to intensity of a standard source. 

For a particular wavelength the spectral emittance of a point-source 

blackbody per unit fre~uency interval as given by E~. (7) in units of 

2 
~uanta per em per sec per unit solid angle is 

2 
I = 

A2 

1 
he 

Akt 
e -1 

(7) 

2 
The spectral emittance is the maximum energy originating per em 

from a disk within the tube if it acts as a blackbody at this wavelength. 

This e~uation may be used for calculating the intensity of the tungsten 

lamp from the brightness temperature of the lamp. For the intensity of 

emission from the gas molecules within the tube in units of ~uanta per 

2 
em per sec per unit solid angle, E~. (18) is used: 

(18) 

The density of gas and therefore the intensity are constant for a 

given temperature and p~essure in the furnace tube. The geometrical 

relations of interest are those re~uired of the intensity on the plate 

to the intensity of the gas within the furnace and to the intensity from 

the lamp or blackbody plug. The radiation finally arriving at the plate 

will be less than the radiation in the tube. The volume of gas in the 

tube is known. The volume of gas which emits light visible to the slit 

must be calculated. If the energy of the standard source (blackbody 

or tungsten lamp) passed through the same optics and were of the same 
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extension as the gas emitting along the tube, the factors relating the 

spectral emittance to the irradiance would be eQual for the blackbody 

and for the gas. However, the solid angle of light for the gas is not 

identical to that for the blackbody because the gas is an extended 

source. However, the geometry of the gas and the standard source may 

be calculated by making assumptions about the extent and position of the 

standard source. 

The radiant flux of intensity per unit volume for a gaseous source 

is Iu.e.. The intensity relation for an extended source is reQuired when 

a surface receives radiant energy from more than one source. The total 

radiant energy falling on the surface is the arithmetic sum of the 

energies produced by the sources. The irradiance H from a point source 

on an area M is 

H 
Icos e 

2 ) 
r 

where e .is the angle made by the normal of an element of surface dA 

(106} 

with the distance r to a point source s. The irradiance from a circular 

disk of diameter of the King-furnace tube on an element of area dA a 

distance £ from an extended source may be calculated. 

Substitutions in EQ. (106) are made for r in terms of the distance 

on the normal b between the disk and the irradiated area and r
2 

= a
2 

+ b2, 

where a is the radius of the disk. The intensity if eQual to the 

emittance per unit area times the area of the disk. The angle e is 

assumed eQual to zero .. The irradiance for the disk is then 

(107) 
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2 
At distances sufficiently large for a to be negligible compared with 

b
2

, the eQuation reduces to the inverse-sQuare law, as for a point 

2 
source. For example; if a .is one-tenth of b , then a is only one 

' 2 2 
percent of b , and an error of one percent is introduced if a is 

neglected in the denominator. Thus, a circular disk can be considered 

a point source at any distance greater than ten times its radius within 

an accuracy of 1%. 

For one-size King-furnace tube a = 0.8, b = 93 to 103 em, ~ = o.86%e 

Therefore, for the King furnace the diameter of the disk may be treated 

as a point source for the slit, so long as the furnace d~k in QUestion 

is more than 8cm away from the slit. Since only the inner part of the 

tube emits light, this condition will always be fulfilled, and the 

irradiance is 

I
ut 2 

H = __ 1t,_a_ 
b2 

(108) 

The variation in intensity for a disk from the center and from the edge 

may be calculated from tables, by Masket et al, of solid angles sub­

tended by a circular disk. 99 .For the 0.8-cm-radius tube with the 

geometry (see Fig. 12) of the King furnace and a point 106 em from the 

slit, the geometrical factors are found for axial illumination, 

-2 ( 2 0.136309 X 10 and for off-axis 0.8 em) illumination, 0.136295 X 10- • 

The radius of the tube and the distance z are normalized then by the 

radius of the image on the slit, 2.23 em. The off-axis illumination 

is found to be 0.01% of the axial illuminationj therefore the disk may 

be treated as a point source. 

The contribution of the axial length of the tube must be calculated. 



•. 

-93-

Since the above equation was for a circular disk, it mu~t be integrated 

with respect to z. This must be done from the geometry of Fig. 12, where 

L
1 

is the distance of the front of the furnace to the slit, L2 is the 

distance of the furnace window to the front of the emittin~ zone, and 

z is the length along the hot zone. The irradiance for the entire zone 

is then 

L u£ 2 
H = r _I_n_a ____ -:::-- dz' 
total 0 ( z + Ll + L2) 2 

( 109) 

where (z + L1 + L2 ) is the distance of the emitting disk from the slit 

and is now a variable, and L is the length of the hot zone. To inte-

grate, it .is convenient to change variables; let 

(llO) 

l (lll) 

= Iu£ rca2 L (112) 
( L

1 
+L

2
) (L

1 
+L

2
+L) 

The contribution due to finite z is computed by taking a ratio .of 

Htotal 
H , where b = L1 + L2 • For L1 = 68 em, L2 = 23 em, L = 15 em, 

disk 
it follows that 

H.d;sk (L +L +L) ... l 2 

15( 91) = __;_...:..:;...--=- 1.288 • (113) 
106 

Therefore the error introduced if the finite extent of the tube were 

ignored is approximately 29%· 
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Graphite 

1 i 
0.7938cm 0.635cm 

tube 

---------T ----T-

-i2.38t-- B 
I• em 38cm-___....,-----68cm 

~ z~~~ ~ L, 
l-15cm-+-23cm-..l 

z L 2 

-------

Slit 

l. 
2.23 
em 
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MU-30280 

Fig. 12. Geometrical optics of King furnace. Vertical dimension 
greatly enlarged to show divergence of beam: A, back 
baffle; B, front baffle; z, heating zone; L

1
, distance from 

furnance window to slit; and L 2, distance from front baffle 
to furnanc e window. 

.. 
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As a first approximation the geometry effect upon the irradiance 

arriving at the slit from the furnace tube in the absence of stops.: 

and lenses will be calculated. The situation in the King furnace is 

complicated by the presence of baffles which cause the vol~e to be 

slightly different from that of ~ cylinder, or from that .in Fig. 12. 

If the end of a 0.7938-cm-radius tube is used as the only stop, then 

some of the light in the tube does not arrive at the slit because of 

the baffle. It is necessary to calculate this limiting angle and the 

distance from the baffle inside the tube from which no light arrives 

at the slit. From this geometry it is seen that the distance from 

the baffle to the inside of the tube where the light begins ta·.~emerge 

is 2.38 em. Then for the large cylinder of radius 0.7938 em, the 

irradiance is calculated for a tube distance of 12.62 em. For this 

region all of the light in the tube gets to the slit: 

(114) 

Then in the front of the tube the total available irra~ianee is 

calculated: 
-3 u£ H = 0.4884 X 10 I • 

F~om a cylinder having the radius of the baffle all of the light 

arrives at the slit; the irradiance is 

(115) 

( 116) 

Subtracting the inner from the outer cylinder gives the effect of the 

torus of length 2.38 em and outside diameter 0.7938 cm, ... inner diameter 

0.635 em. This gives 0.1759 X lo-3 Iu£, which is divided by .two since 

only one-half of the torus contributes to the irradiance at the slit. 
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Addition of the separate contributions gives the total irradiance per 

2 
em 

For a plug at the center of the furnace for the Oo8-cm-radius 

tube, with L e~u~l to 7 em .rather than 15 em, the irradiance may be 

calculated by considering the source as extended. The result is 

If the plug is considered as a disk without extent along the 

z axis, the e~uation reduces to 

Iue 1(8. 2 
H = ( 108) 

b2 

which gives 0.2081 X lo-3 Iu£. If the back of the hot zone rather than 

the center of the tube is used, the irradiance is 0,1761 X 10-3 Iu£. 

For the lamp it may be assumed that the volume from the tube 

limited by the baffles contributes to the intensity at the slit. For 

the calculation the total tube length L is used; this gives an upper 

limit .to the irradiance at the slit, 8.7318 X 10-3 Iu£. If the 

irradiance from the lamp is calculated for a disk at the front of the 

-3 u£ · 
furnace, the result is 0.2739 X 10 I • As a lower limit the disk 

may be considered to be at the back of the furnace; the calculation 

then gives the result, 0.0773 X 10-3 Iu£. The results are summarized 

in Table XII. 

To get the irradiance relation from the slit to the plate, the 

intensity per unit area of the grating may be calculated because the 

intensity per unit area on the slit .is known. The effect of lenses 

will be to expand the image and therefore decrease the intensity per 

·unit area. This effect.may be calculated from the particular lens 

system used. 
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Table XII. Geometry contributions to irradiance at slit 
from furnace. 

Geometry 

Volume effect of tube for gas in hot zone 

Volume effect for plug in center of hot zone 

Area effect for plug as disk at center of tube 

Area effect for plug as disk at back of hot zone 

Volume effect of tube for lamp at back of 
furnace 

Area effect for lamp as disk at front of 
furnace 

Area effect for lamp as disk at back of 
furnace 

.Irradiance 

-3 ut 2.9243 X 10·· I 

1.3998 X ld-3 Iu£ 

0.206LX 10-3 Iu£ 

0.1762 X 10-3 Iut 

8.7318 X l0-3 Iu£ 

9 
-3 

1
u£ 0.273 .x 10 

The length of the slit re~uired for maximum intensity for a 

concave grating may be found<>lOO, ~Ol The slit length is 

£ / sin
2 

t3 cos a 

\ cos t3 
+ s1.n a . 2) ( 117). 

where the angle of incidence o; is e~ual to the angle of diffraction t3, 

and £ is the length of the grating lines. 0 For a = t3 = 30 and £ = 5 em, 

£' = 2.5 em. The actual slit length is 2.2 em. As a result of the 

astigmatism, a point on the slit is imaged as a line whose length z 
I 

is obtained by multiplying the length £ of the ruled lines on the 

grating by a factor k such that 

z = (sin2 t3 + sin a tan o; cos t3)£ = k£,. (118) 

For the Eagle mounting, when.a = t3 .= 30°, then z = £/2, k 1/2, and 
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and therefore z = 2.5 cmJ which is the optimum slit length. It may 

be concluded) therefore) that for a slit length equal to the length 

of the line on the plateJ by assuming uniform slit illumination from 

a blackbody source that just fills the gratingJ the intensity per 

unit area on the slit will be proportional to the intensity per unit 

area of the line on the plate. 

For the concave grating the condition for reinforcement of rays 

is 

nA = d(sin a+ sin~) (119) 

where n is the order of the spectrum and d is the distance between 

grating lines. Since a = ~ for the Eagle mounting) these angles can 

0 
be calculated for a given wavelength. For 5000A there is found an 

angle of incidence and reflection of 8°29' and in second order an 

angle of 17°6 1 
• For an angle of 15° J the slit length for maximum 

intensity is 6.699 em. This length is much longer than the actual 

slit length; however) the theoretical slit length gives .maximum 

intensity) but the area of illumination on the slit defines the area 

of homogeneous plate blackening. The image appears somewhat larger 

because of the spherical astigmatism of the grating mirror. It is 

assumed that the grating optics will not affect the spectra in a 

manner different from the standard source when light is focused on 

the grating from an outer limiting stop. This outer limiting aperture 

is the same) of courseJ for the gas and the standard s·ource. 

The experimental results are subject to other errors· previously 

discussed which seem to obscure the influence of geometrical optics. 

Experiments indicated that the use as a reference source of the 
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tungsten lamp or of the blackbody plug gave comparable results. It 

is concluded} therefore} that the .difference in geometry between the 

reference source and the gas did not affect the results within the 

limits of error of the experimental data. 



-100-

APPENDIX 

B. Tables of Experimental Data 

The experimental ratios a measured from the plates and scans, are 

given in Tables XIII through XVIII. Measurements are given by plate 

number and exposure number on the plate; scans to the violet and to the 

.red through the feature are listedtseparately •• The ratios a are the 
Ine Ine~ Inet" 

. 11 d . em abs em Th t" exper~menta y measure rat~os -I---' -I--- , or -I--- • e ra ~o a 
BB lamp lamp 

defined by EQ. (82), corrects absorption data for emission; k is the 

final absorption ratio, which includes concentration corrections for 

measured ratios off the linear region of the curve of growth. For 

emission data and for absorption data, EQS• (79) and (9o), respectively, 

were used to calculate f values. For all emission data the ratio a was 

R 
used in the calculations; for emission ratios of rotational lines a 

refers to lines K' = 16 or 18 in the R branch, and ap to lines K' = 43 

or 45 in the P branch. The ratio Q is defined by EQs. (56) and (64). 

For the absorption data some of the ratios were remeasured at a later 

time. The remeasured values are in parenthesis; emission measurements 

are starred. 

Values in Table XVIII are considered inaccurate because of the 

uncertainty in the reversal temperature, and because the magnitude of 

absorption was of the order of the background fluctuation due to grain 

size of the 103a-F photographic plates. Agreement is observed for 

emission results .obtained from l03a-F and IIa-F photographic plates and 

photomultiplier scans, and for absorption results on the smaller-grained 

IIa-F plates. 
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Self-absorption corrections for the head were obtained in a manner 

similar to the one described for individual rotational lines described 

in the section on analysis of data. Equation (64) was used to obtain 

._the corrections for self -absorption, 

1 
Q=l+---

2.f2 

and R0 was determined as described below. 

(64) 

From a plot of as a 

.function of wave number for each rotational line near the c
2 

head, and 

-1 by assuming a Doppler width of 0.15 em , a Doppler profile was found 

for the band near the head. At the head the Doppler profile, obtained 

from the graphical summation of overlapping rotational lines, has a 

fairly constant intensity within a 0.15-cm-l range and decreases signi-

ficantly on either side. A similar plot was made for lines instrumen-

-1 tally broadened to a half-width of 1.0 em . _The true peak intensity 

is 3<>39 times as high as the instrumental peak intensity. Peak heights 

for the instrumentally-broadened heads are measured experimentally. The 

ratio R
0 

is defined as 

R IODop =(Iinstr) 3•39 , 
. O = IBB 1 BB -

(120) 

IODop 
where I · was used 
I BB 

for the individual rotational lines and 

instr •( 3. 39) for 
IBB 

the head .. 
I. t 

Th t · J.ns r ' d · t 11 . e ra J.O I was .measure experJ.men a y 
lamp I lamp 

and is multiplied by 
IBB 

, where IBB is the intensity of a lamp at 

reversal temperature.: 

R =(lin~tr) (Ilamp) 3·39 
O Ilamp IBB 

(121) 

The value for Q, the ratio of the true peak to the measured peak is now 

obtainable. The self-absorption at the head is shown in Tables .XVII and_XVIII. 



-102-

.Table XIII. Emission data for rotational lines ~ = 43, ~ = 16 
* of c2 0-0 Swan band. 

Plate T 
R 

Q f 
p 

Q f a a 
(OK) 

55n 2848 0.1045 1.04 0.0184 o.o661 1.02 0.0183 
(low) 

3026 0.0981 1.03 0.0025 0.0725 1.03 0.0025 
(high) 

83n 2979 0.0873 1.03 .Oo0032 o.o6o8 L02 0.0032 
(lamp) 

2993 0.0033 0.0033 
(furnace) 

90n 3018 0,0824 1.03 0.0023 0.0609 1.02 0.0023 

lOln 2888 0.0427 1.02 0.0045 0.0285 1.01 o.oo46 

103n 2893 0.0509 ·1.02 Oo0053 0-0335 1.01 0.0052 

lOOn 2888 0.0418 1.01 o.oo44 0.0271 1.01 0.0043 

102n 2888 o.o6o6 1.02 o.oo64 0.0392 1.01 0.0063 

* The average f value for both Tables .XIII and XIV is o.oo6 + o.oo4. 
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Table .XIVo Emission data .for rotational lines Kp = 45, ~ = 18 of 

* c
2 

0-0 Swan band. 

Plate 
T R f 

p 
Q f (OK) a Q a 

55n ·.2848 0.1237 1.04 0.0206 o.o64o 1.02 0.0199 
(low) 

3026 0.1173 1.04 0.0028 0.0704 1.02 0.0027 
(high) 

83n 2979 0.0903 1.03 0.0032 0.0530 1.02 0.0031 
(lamp) 

2993 
(furnace) 

0.0032 

i 

90n 3018 0.0914 1.03 0.0024 0.0573 1.02 ·, 0.0024 

lOln 2888 0.0452 1.02 0.0045 0.0248 1.01 o.oo44 

l03n 2893 0.0559 1.03 0.0055 0.0310 1.01 0.0054 

lOOn 2888 0.0376 1.01 0.0037 Oo0209 1.01 0.0037 

l02n 2888 0.0749 1.03 0.0076 0.0392 1.01 0.0070 

* The average f value for both Tables XIII and XIV is 0.006 + o.oo4. 

_./ 
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Table.XV. Emission data for rotational lines KP = 43, ~ = 16 

Scans (bK) 

to violet 2963 

2988 

t6 red 2963 

2988 

* 

* . of c
2 

0-0 Swan band 

R 
Q f 

p 
a a 

Oo0595 1.02 0 .. 0028 o.o446 

0.0024 

0.0833 1.03 0.0039 000595 

0.0034 

Q f 

L02 Oo0029 

0 .. 0025 

1.02 0.,0039 

0.0033 

The average f value for both Tables XV and XVI is o.oo4 .:t. o.ooo7. 

Table XVI. Emission data .for rotational lines K; = 45, ~ = 18 
* of c2 0-0 Swan bando 

T R p 
Scans (OK) a Q f a Q f 

to violet 2963 Ou0952 1.03 o.oo45 0.0565 1-,02 0.0037 

2988 0.0039 0.0031 

to red 2963 0~1161 1.04 0.0055 Ou0714 1.03 Ov0048 

2988 o.oo48 o.oo4o 

* The average f value for both Tables XV and XVI is 0.004 .:t. Oo0007• 



Table XVII. Absorption and emission data for the c2 0-0 Swan~band head. 

II-aF Exp. T fabs fern em 

~i~x: 
a k Q f (s.a.) 

Plate No. re~ 
516 

(OJ<:) (OK) 

7Tn 2 304~25 3186 0.024 0.073 Oo076 o .. oo62 

3 
It 3186 0.020 0.061 0.062 0.0051 

* 5 
II 2893 0.13 0.10 o.oo68 0.0075 

*78b 1 It 2899 0 .. 10 1.08 0.0054 0.0058 

* 2 n 2984 0.27 1 .. 27 0.0190 0.0242 

*79b l It 2920 0.09 lo07 0.0052 o.ooss 

(0.07) 1 .. 07 0.0052 · o.oo8B 

* 2 It 3020 0.03 1.03 0.0024 0.0031 

(0 .. 03:!.0·005) 1o03 0.0024 0.0031 

3 " 3134 0.013 0 .. 057 0 .. 059 o .. oo48 
(very small) 

4 ii 3208 0 .. 014 0 .. 031 0.031 0.0025 

5 
If 3208 0.012 o.o26 o .. o26 0.0021 

(0.00~0.00))0.013 0.013 0.0011 

*SOb 1 II 2884 0 .. 13 1 .. 09 o.oo66 0.0072 

(0 .. 13!_0 .. 03) 1 .. 09 o.oo66 0.0072 

0.0018 
I 

* 2 II 2884 0.035 1o03 0.0023 b 
(0 .. 034) 1 .. 03 0.0018 0.0023 

\.Jl 
I 



Table XVII. Absorption and emission data for the c2 0-0 Swan-band head. 

II-aF E.Xp. 
Plate No. 

8ob 3 

4 

5 

* emission 

T Tlamp rev 
5165R •5165A 
( '1<:) (OJc) 

3046+25 3223 

II 
3223 

II 3223 

re~can values (in parentheses) 

s.a. (self-absorption) 

a a k Q 

o.oo6 0.015 0.015 
(very small) 

0.04 0.102 0.108 

( 0 .. 065:!:_0·005)0.165 0.180 

0.05 0.127 0.136 

(0.007:!:_()oOO~ .. Ol8 0.018 

Average 

f values 

(continued) 

fabs fern 

0.0012 

0.0089 

0.0151 

0.0111 

0.0015 

0.005+0.003 

0.006+0.003 

fern( s .a.) 

0.005::_0.002 

I 

6 
0\ 
I 



Table XVIII., Absorption and emission data for the c2 0-0 Swan-barid head~ 

103a-F Expo T Tl fabs rev0 fem em 
Plate No., 

5165A 516;i 
a a k Q f (s .. a .. ) 

(OJ<) ( <1<:) 

48b 2 .2889+130 3210 Oo0363 0~059 0 .. 061 0.028 
(very small) 

3 2889 3123 Oco0393 o .. on o .. o8o 0.036 

(0 .. 0129) 0.025 0 .. 025 0 .. 011 

*5lb 1 2889 2756 O.(L218, lo09 Oo036 0 .. 040 

3 3027 3202 Ool566 o .. 4oo 0.509 0 .. 052 

52b 1 3081 3232 Ool045 Oo304 0 .. 362 0 .. 023 

* 2 3107 )004 0.2192 1 .. 19 o.o86 0 .. 100 

(0.1822) 1.16 0 .. 072 0~084 

3 3134 3208 0.0725 0 .. 247 0 .. 284 0.011 

(0 .. 066::!:_0 .. 03) 0.225 0 .. 255 0 .. 011 

53b 2 3027 3199 Q .. l5+0 .. o4 0 .. :588 o .. 489 0 .. 0,50 
.. ~ -

* 3 3027 2783 Oo34 L33 0.016 0.021 

54b .1 3027 3199 Ool8+0ol o,.l.J-65 0 .. 622 0 .. 063 -
2 3027 3204 Oo20:!_:0o09 0 .. 510 Oo708 0.072 

3 3027 3205 o .. 08+0o03 Ool99 Oo222 0 .. 222 

*56b 2 3107 2952 o .. 68::!:_0o05 lo50 0.023 0.034 I 
1-' 

3lb 3121 3449 0 .. 17+0.1 0.300 0·357 0 .. 015 0 
-.J 

I 

32b 3121 3449 0.18+0.1 0.312 0.374 0 .. 016 -
64b 2 2995::!:_20 3189 0 .. 0786 0 .. 183 Oo203 Oo030 



Table .XVIII. Absorption and emission data for the c2 0-0 Swan-band head. (continued) 

* emission 

rescan values (in parentheses) 

s.a. (self-absorption) · 

I 
l-' g 
I 
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