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ABSTRACT 

Absolute emission and absorption measurements of rotational lines 

and band heads of the 0-0 C2 Swan system have been made for carbon vapor 

in equilibrium with graphite at 2853 to 305l o K. The data were treated 

for deviation from the linear curve of growth and for partial reversal 

in experiments with an external light source. At 3000o K, 

fNvOK1JO = 1.6xl08 molecules/cm3. 

The sum over all rotational lines of the O~O transition yields 

fN vo = 6.lxlOll molecules/cm3. 

The average of nine independent fN determinations from the literature yield 

fNvOK1JO = 1 .9xl08 molecules/cm3. These values averaged with lifetime 

measurements yield fO,O = 0.027 corresponding to a radiative lifetime for 

the Vi = a level of 110 nsec. The values are consistent with AHH/RJ~·lOl OOOK 

for the sublimation of C2 (a 3rr) from graphite. These values for the Swan system 

are r.ompared with the corresponding values from the literature for six other 

band systems of C2. 
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Introduction 

The C2 spectrum appears in sources of moderate excitation such as 

arcs, flames, jets, and certain classes of stars. It also appears in 

shock tubes containing carbon compounds and C2 is a possible intermedi~te 

in many reactions. One of the interests in absolute absorption and 
. . 

emission measurements arises from a desire to analyze high temperature 

gases. If an accurate absorption or emission measurement was made for 

a gas containing a known amount of C2, it would then be possible to 

determine the amount of C2 in various sources by either emission or 

absorption experiments. 

Wentink, Marram, Isaacson, and Spindler, (1) ~nd Smith (2) have 

reviewed oscillator strength measurements of the C2 Swan system, 

Shock tube emission and absorption measurements have been reported by 

Sviridov, (.3') Fairbairn, (4) Harrington, Modica and Libby, (5) 

Arnold,(6) and Copper and Nicholls (7). Lifetimes of C2 Swan bands were 

measured by Smith, (2), Fink and Welge, (8) and Jeunehomme and Schwenker (9). 

Theoretical oscillator strengths for the Swan band system have been 

computed by Lyddane, Rogers, and Roach, (10)Stepherison, (11)Clementi,(1~) 

Shull, (l.3')and Coulson and Lester (14). 

Emission measurements relative to the 0-0 band at 516.5 nm of the 

Swan system have been made on flames by Johnson and Tawde, (15) Gaydon 

and Wolfhard, (16) and Tawde, Patel, and Laud (17). King (18) made 

relative measurements of band-head emission for the Swan system in a carbon-

resistance-tube-furnace. He subtracted the background emission from the 

peak emission at the head to get the apparent emission of the band. He 
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reported that similar absorption measurements were in agreement with 

the emission measurements. Phillips (19) also measured relative emission 

strengths of C2 Swan bands. Initially he measured band profiles by using 

wide slits and a photomultiplier detector so that rotational structures 

were not resolved. He found discrepancies in his results and 'poor 

agreement between his and King's measurements for certain bands. 

Phillips (20) then measured the relative integrated emission of individual 

neighboring rotational lines infue spectral regions where the bands 

overlapped. He found closer agreement with King's value for the 1-1 band, 

which indicated that the previously-used technique of integrated band 

profiles may yield uncertain results for intrinsically weak features. 

Dany1evych and Nicholls (21) have measured integrated band peak inten

sities of the Swan bands from a discharge source. 

Because of the experimental difficulties encountered by King and 

Phillips it seemed necessary that measurements be made using both photo

graphic and photomultiplier techniques. Also a comparison was made of 

oscillator strengths obtained from the absolute emission measurements of 

a band head and of a rotational line. Since the treatment of the data 

from the rotational line and the band head are different, it was thought 

that these independent measurements with two different detector techniques 

would provide a better check of systematic errors. Both emission and 

absorption measurements were made. 

The source used in the present experiments was a King-type graphite

resistance-tube furnace. Since conditions closely approximating' thermo

dynamic equilibrium at known temperature exist in the furance, the 

.. 
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relative distribution of C2 molecules in the various vibrational and 

rotational energy levels can be calculated. 

Neither absorption nor emission is proportional to the C2 concen

tration in saturated carbon vapor at the King furnace temperatures of 

2853 to 3051K. Emission is not linearly proportional to concentration 1 

because of self-absorption of the emitted light by ground state C2 

molecules. In the absorption experiments the brightest light source 

had a brightness temperature of only 3229K and corrections had to be 

applied for emission from the excited electronic state of C2 which 

substantially counteracted the absorption from the ground state. Deri

vations of some of the corrections are available in the literature, but 

their application is complex. A complete derivation starting with the 

Einstein radiation equations and the Planck black body equation will be 

presented here with the corrections incorporated one at a time using 

consistent nomenclature until the final operational equation has been 

obta i ned. 

The determinations of transition probabilities and the related 

enthalpy of formation of C2 by different methods have yielded rather 

divergent values. In some instances th~ differences are due to different 

definitions and methods of calculations of the quantities tabulated. 

In order to avoid any confusion, all of the results available in the 

literature have been recalculated using the same procedures and definitions 

as in our calculations and the final values then compared on a consistent 

basis. The definitions and calculation procedures are given in detail to 

avoid any ambiguity about the final results. 
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Theory 

Consider the radiative transition between the upper and lower states 

of a molecule with an energy difference hc/A. The probability per second 

of spontaneous emission by a molecule in the upper state is given by the 

Einstein coefficient, A. The probability per second of absorption by a 

molecule in the lower state exposed to light of wavelength A is given by 

BEp where Ep is the total flux of quanta of energy hC/A per sec per 

cm
2 

area normal to the light path. In a volume containing N' molecules 

per cm3 in the upper state and Nil molecules per cm3 in the lower state, 

the rate of change in molecules per cm3 per sec of the upper state due 

to spontaneous emission, absorption, and induced emission, respectively, 

is given by the Einstein (22) radiation theory by 
dN' II crt = -AN 1 + BN" Ep - BN 1 }- Ep (1) 

\<Jhere the last term is the rate of induced emission and gil and gl are the 

degeneracies of the lower and upper states, respectively. 

In a black body cavity at temperature T, the photo~,sterance (2.3) Lp 

2 or the unidirectional flux of quanta per sec per cm per wavenumber 

interval perunit solid angle is given by the Planck equation with v = ~ , 
-1 the wavenumber, in em and hc/k, the second radiation constant, in units 

of deg cm. 

(2) 

Since the total isotropic flux in a black body cavity is 4rrLp' Ep in Eq.(l) 

is replaced by 4rrLp. If equilibrium is attained in the cavity, dN'/dt = 0, 

N'/N" = (g'/g")e-hcv/kT and Eq.(1) yields 

A Lp = (3) 
4rrB ~I: (ehcv/kT -1) . 

• 
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Comparison of Eqs.(2) and (3) yields 

~ = 1 
g'A 8rrcv2 

(4) 

as the relationship between the spontaneous Einstein emission coefficient A and 

the Einstein coefficient B based on photon flux per unit wavenumber 

interval. The subscript p of Lp will be dropped as photon flux will be 

used throughout this paper. The subscript v or A will be used to indi-

cate that a quantity is a function of v, the wavenumber of the radiatiofl 

being absorbed or emitted. To avoid confusion with the use of Lv, for luminance 

(23), no subscript will be used to indicate the wavenumber dependence of Lp. 

Equation (1) was given for a fixed energy difference of the two 

levels. The energy spread of each level due to the uncertainty principle 

results in emission and absorption over a range of wavenumbers and the 

A and B coefficients must be obtained from the experimentally observed 

emission or absorption inte~rated over a wavenumber range as illusttated 

below. In the use of Eq.(2) with Eq.(l) to derive Eq.(3), a wavenumber 

range smaller than the Doppler half-width is taken. 

For an absorption experiment with negligible emission the primary 

datum is the absorption cross section, kv,which is defined by the Beer

Lambert law relation, 

or dL = -kvN"L df (5 ) 

where LO and L are photon sterances before and after transmission through 

a column of length f (in cm) of a gas containing Nil molecules cm-3 in 

the lower state. The absorption cross section, kv,varies with wavenumber, 

and one must integrate over the wavenumber interv.al for which the photon 

sterances are measured. The wavenumber dependence of Land kv is 

determined by instrumental broadening under conditions of low resolution 

,l' 

, " 

\" 
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but approaches the true spectral line profile at high resolution. To 

simplify the discussion of Eqs.(9) to (12), the wavenumber dependence 

will be taken as that of a Doppler-broadened line profile. The effect 

of instrumental broadening will be considered in the section on deviation 

from the linear curve of growth following Eq.(18). 

The light absorption per unit solid angle in quanta sec-1cm-3 is 

given From Eqs.(l) and (5) by 

_fdL dv = ~iILk· dv = BWL. 
dl J I' v 

The relationship 

fivdV = B 

(6) 

(7) 

can be obtained by integrating over the natural width with Nil restricted 

to a very narrow velocity range and with negligible variation of Lover 

the line width. It also applies when the wavenumber range corresponding 

to the transition is Doppler broadened due to the random motion of the 

molecules. In this instance, the wavenumber of a transition depends 

upon the velocity of a particular molecule projected on the light path 

and the integration of Eq.(6) is carried out over the entire wavenumber 

range and corresponding molecular-velocity range to arrive at the 

relationship of Eq.(7). This is consistent with the expectation that 

the probabi1 ity of absorption of continuous radiation of a molecule is 

not dependent upon its velocity, when photon-momentum transfer and inter

action with other molecules is negligible. The relationships (24-29) of 

A and B to the classical electronic emission-oscillator-strength, fern' 

and the electronic absorption-osci11ator-strength, fabs, are 
2 2 

I f - mc g I A = mc II B II f b 8rr mcvS (8) 
-g em - 8rr2e2v2 rre 2 g = gas. = 3he2 

.. 

<. 

(, 
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where e and m are the charge and mass of an ele~tron, c is the velocity 

of light, and S = L/Re/ 2 is the sum of the squares of the electronic 

transition moment (25,29). When Eq.(8) is used for a rotational line of 

a molecular transition, gl may be replaced (24) by geSK1/(2K'+1) and gil 

by geSKII/(2KII+1) where ge is the electronic degeneracy and K is the 

quantum number for total angular momentum apart from spin .. SK is the 

line strength which is different for a P, Q, or R rotational lihe, (29) 

but the sum of SK values for all rotational lines from a given K level 

totals 2K+l, the rotational degeneracy. Thus Eq.(7) for a rotational 

line should become [(2K II +1)/SK"]Jkvdv = S to make'S (and also A and f) 

independent of whether a P, Q, or R line is measured. For the Swan bands, 

A 'Nill be the transition probabil ity for the sum of the two transitions 

P and R) from a given rotational level. 

Since g~ = g~ for a 3rr_3rr transition, ge may be factored out in 

Eq.(8). Likewise no degeneracy factor will appear in any relation between 

/ReI2, the electronic transition moment (25,29), and either A or S 

since each of the six componpnts of a rotational line of a 3rr _3rr transition 

arises (25,29) from a different sublevel. The absence of half of the 

levels of a homonuclear molecule does not affect transition probabilities 

for the same reason. 

The reduction in photon sterance after transmission through a column 

of gas of 1 ength .t can be expressed in terms of the absorptance 

a = (LO-L)/Lo or from Eq.(5), -In(l-a) = kNII.t. From Eq.(7), for a K" 

rotational line, 
f'.. S.tSKIN " v K 

'-Jln(l-a)dv = 2K"+l' , ( 9) 

where N~,K is the number of molecules cm- 3 with the given K" of vibrational 
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1 eve 1 v II. B has been expres sed in terms of f abs from Eq. (8) and for a 

group of lines of a band with rotational 

f1 (1 )d - rre2l (Nv,K=A)fabs 
- n -ex. v - mc Z 2A+ 1 . 

quantum numbers 
K· t SKe -hcFR/kT 
K' 1 

from K'} to K'! 
1 J 

(10) 

where SK is taken appropriately for P, Q, or R lines, fabs is the absorption 

oscillator strength averaged over the group of lines if f should vary with 

rotational quantum number, and FR is the rotational energy of the KII rotational 

1 eve 1. 

In a similar manner the absolute emitted sterance in quanta per sec 

per unit solid angle of a column of gas of unit cross section and length l 

for a K' rotational line is 

r. AlSK 
JLemdv = N~,K 4rr(2K'+1) 

2 N' 2rre l v,K=A f S 2 -hcFK/kT 
mc 2A+1 em KV e (11 a) 

when N' is small or a correction has been made for self absorption as will 

be described below. 

As in the case of absorption the sterance for a band head is obtained 

by summing over the Ki to Kj interval for the population and by assuming 

a constant emission oscillator strength or by averaging the variation of 

f with A and K over the interval. For a single rotational line the 

summation is not required 
K· 

f 2rre2l (N~,K=A)fem ~ S 2 -hcFK'/kT 
Lem(head)dv = - mc 2A+l ~ KV e 

Ki 
(l1b) I 

The emission measurements are conveniently expressed as the ratio 

Lem/LBB, where LBB is the sterance of a blackbody at the gas temperature. 

Also to compare values of Nllf from emission and absorption measurements, it 

is convenient to use NI/NII = ~III:~. e-hcv/kT to replace N' by Nil and to use 

Eq.(2) for LBB to obtain for a K' rotational line 

• 

• 
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2 II f. . -hcFK/kT 2 Nil f S 
(, rre tNv,K=A emSK ,e = rre t v,K em K' 

J(Lem/LBB)dV = - -m-c-2 2A+l - mc2 2K"+l 

The calculation of the values of N in Eqs.(l0)-(12) requires thermo

dynamic functions of C2 gas in a single v and K state rather than the 

comp1ete partition function. For a diatomic molecule in Hund'.s case b, 

( 12) 

the lowestvalue of K is equal to A, the electronic orbital angular momentum 

along the internuclear axis. The·.Gibbs energy function of the lowest K state 

of C2(3rr ,v=0,K=A) was calculated from 
3. 5 

= 3.665 - "21 nM - 2"1 nT - 1 n3(2A+ 1 ) (13 ) 

where R is the gas constant, M is the molecular weight, T is the temperature, 

and A = 1 for a. rr state yielding the rotational degeneracy of 2A + 1 = 3 

for the K=l level. The factor of 3 for the electronic degeneracy of the 
·33 
state, lIu or rrg, is obtained by multiplying the spin multipl icity of 

three by two because of lambda doubling (29), and dividing the product by 

two because C2 is a homonuclear molecule with half the levels missing (29). 

The rotational constants to calculate FK and FK in Eqs.(10)-(12) for 
. -6 

the 0-0 Swan band were (30) BO = 1.7455, BB = 1.6237, 01 = 6.85xlO , 
-6 -1 0" = 6.40xlO cm . The values of (FO-HO)/RT for graphite given by Lewis, 

Randall, Pitzer and Brewer (31), which are consistent with S298 value 

accepted in the National Bureau of Standards Circular 500 revision (32),· 

were extended to higher temperatures (33). The experimental data for the 

sublimation of C2 that were previously reviewed (34) were corrected to the 

1968 International Temperature Scale and the observations based on ZrC 

were corrected for newer data for Zr (33) and for ZrC (33,35) to obtain 

an average value of 6HO/R = 99600±2500K for C2(a3rru) (formerly X,3J[) (36) 

in agreement with the observation of rotational dissociation by 

Messerle and Krauss (37). 
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These data together with (38,39) 

+70 0 _ +600 
6HO/R of C(g) = 85,538_ 400 K yield 6HO/R-10l,000_1200 K 

for 2C(graphite) = C2(a3nu,v l =O,K"=l). The uncertainties are 95% 

confidence limits. The degeneracy of 9 for the K=l state of a homonuclear 

3n state is -divided among the states of J=2, 1, and O. It is convenient 

to compare the Nf values obtained from the various emission and absorption 

measurements by converting them to equivalent values for the J=O state of 

unit degeneracy. Thus N'JO, the number of molecules/cm3 in the J=O state, 

is 4NK1' the number of molecules/cm3 in the K=l state. 

Experimental 

A King furnace which has been described previously (34,40) was used 

as a source of thermal excitation of the C2 Swan bands. The graphite tubes 

had a 12.7 mm bore drilled uniformly through the length of the tube. A 

152 mm heating zone in the center of the tube was machined with a tapering 

outside diameter to achieve a uniform temperature. Figure 1 shows a sketch 

of the furnace and optical arrangement. Baffles (D) of 6.4 mm id and 

12.7 mm long were placed at each end of the tapered region to further define 

the hot zone, to reduce the amount of wall radiation reaching the spectro

graph, and to minimize diffusion of the gaseous species from the hot zone. 

An additional baffle was used in the front of the tube to reduce the amount 

of wall radiation leaving the tube. From some of the emission experiments, 

a TaC plug (E) was used as a black-body reference; for other measurements, 

1 i ght from a tungsten 1 amp behi nd the furnace was made para 11 el and sent 

through the furnace optics. The temperature was read with a Leeds and 

Northrup optical pyrometer either on a TaC plug at the center of the graphite 
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tube or on the hottest part of the tube wall. In addition the temperature 

was measured using a line reversal technique with the tungsten lamp. 

The temperature scale was established by comparison with the National 

Bureau of Standards. All temperatures have been corrected to the 1968 

International Practical Temperature Scale. The furnace was focussed on 

a 3-m concave-grating spectrograph with Eagle mount in second-order. The 

60 by 140 mm grating with 600 lines per mm blazed for 700 nm had a plate 

factor in second-order of 0.276 nm/mm (41). As the F plates used to 

record the spectra are not sensitive beyond 700 nm, the first-order 

spectrum did not interfere with the second-order observations. A pressure 

of 0.02-0.04 atm argon was maintained in the King furnace to keep the 

windows free of carbon deposits, to maintain a more uniform C2 concen

tration in the hot zone, and to minimize acceleration of thermal electrons 

by the potential drop along the length of the carbon tube that could cause 

deviation from thermal equil ibrium by electronic bombardment of the C2 

molecules. 

The optics for the measurements included an optical bench running 

under the furnace on a table extending to the spectrograph slit, a 230-mm 

focal-length lens (A) near the furnace window,a camera shutter of 2-3 mm 

diameter to define the aperture, and a 60 mmfocal length cylindrical lens 

(G) at its focal length from the 10 to 20 ~m slit. To further define the 

beam of light from the furnace, 6.4 mm 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 12.7 mm inside 

diameter tube from going through the beam to the detector. The two 

diaphragms near the back window helped prevent reflections that remained 
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after tilting the window. For absorption experiments a vertical strip

filament tungsten lamp with a 60 mm focal-length lens (F) mounted behind 

the furnace chamber was used to send parallel light through the furnace. 

The spherical lens (A) was focussed near the back of the furnace to exclude 

wall light from the beam. The shutter stop was placed at the focus of 

this lens. 

The absolute sterance of the 0-0 Swan band (3rrg_3rru ) of C2 at 516.6 nm 

was measured in emission and absorption. In emission both the peak 

stearance of the head and the integrated sterance of the partially bl ended 

P(K'=43) and R(K'=16) rotational lines and of the P(K'=45) and R(K'=18) 

tines were used to determine the band sterances. It was possible to measure 

in absorption only the peak height of the head. Emission and absorption 

measurements were made on photographic plates. Emission measurements were· 

also made photoelectrically. 

Emission measurements were made with 103a-F and IIa-F photographic 

plates. The circular image on the shutter appeared as a black region of 

gas with a key-hole black-body region from the plug. Moving the lens (A) 

vertically placed the gas image, then the black-body light on the shutter 

opening. 'By using Kodak neutral-density gelatin filters, the black body 

reference light was exposed to the photographic plate for the same length 

of time as the spectral light. For the smaller-grained IIa-F plates, 

reciprocity of time and intensity was linear and exposures of equal time 

were not a necessity. The IIa-F plates were used for absorption measurements 

of the 0-0 C2 band head in an attempt to make the very weak absorption 

at the 0-0 head measurable on the Leeds and Northrup Recording Microphoto

meter. With the IIa-F plates the measurement error remained large, but 
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the absorption line was more clearly resolved visually. To relate plate 

darkening to intensity, a calibrated step weakener was used. The calibra

tion was constant, within a 10 nm region near the feature of interest. 

For ~bsorptionexperiments, a tungsten lamp was used as source and 

photographed through the hot furnace at different temperatures. To 

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

the presence of hot spots, reversal temperatures were determined. The 

reversal temperature was the temperature at which the absorption of lamp 

light exactly cancelled out the gas emission .. The brightness temperature, 

Tl' of the lamp at the reversal point as measured by an optical pyrometer 

at 653 nm was used to find the brightness temperature of the lamp, T2, 

at 516.5 nm from the relation derived from the Wien form of Eq.(2). 
1 nE: 1 1 n£2 _ he (1 1 ) 
V1 - V"2 - k T2 - 11 (14) 

-1 where £1 is the emissivity of the tungsten filament at vl = 15 200 cm 

and £2 is the emissivity at v2 = 19 200 cm- l Emissivity values were 

estimated from DeVos's graph (42). Five to ten exposures with the, lamp 

at different temperatures gave the C2(0-O) band head in absorption and 

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

the temperatures of the lamp, the reversal temperature could be determined 

vJithin 20 to 50°. At low temperatures the gas-reversal temperature was 

lower than the hottest part of the wall. At about 3000K the hottest spot 

and reversal temperature were the same at the beginning of the experiment, 

but the hot" spot in the tube became hotter than the reversal temperature 

in about an hour. 



-16-

The rotational lines used in the emission experiments have been 

measured by Johnson (43) and re-analyzed by Phillips and Davis (30). 

The R(K ' =16) line consists of a set of triplets at 19 462.48,19 463.31, 

and 19463.94 cm- l . The P(K ' =43) line consists of a line at 19 466.14 

and a pair at 19 466.55 cm- l The R(K ' =18) and P(K ' =45) group consists 

of lines at 19 477.50, 19 478.27, 19 478.79, and 19 481.30 cm- l with a 
-1 pair at 19 481.73 cm . The intervals are considerably larger than the 

( ) -1 . f h Doppler half-width 34, t.vD' of 0.15 cm ; thus only one palr 0 eac 

group of six components is unresolvable. The emission lines were scanned 

at the rate of 0.24 nm per minute by using the same optics with a lP21 

phototube, slit openings of 100 ]Jm, the sensitive lmV scale of the Cary 

Model 31 vibrating-reed electrometer. The voltage produced by the signal 

across a 108 n Victoreen resistor was measured. Signal sizes were about 

5xlO- ll A. 

Correction of Data for PartiaZ ReversaZ 

Measurements on the head of the 0-0 Swan band were made in absorption 

and emission. The absorption measurements were made using a lamp as a 

source. These data were corrected for the superimposed emission. Emission 

measurements were made with furnace and referenced to a black body plug 

or they were made with a lamp shining through the furnace so that the measured 

emission is that of the gas plus the lamp. All measurements were taken 

after dispersion by the grating through essentially the same optics. 

The absorption measurements must be corrected for the superimposed 

emission even when the absorption is small enough to be considered on 

the linear curve of growth (44). The measured net absorption, L~g~=Lo-L, 

., 
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can be corrected for emission, which reduces the observed absorption, by 

use of the measured reversal temperature (26,45) 

Lnet 
abs = Llamp 

abs - Lem + L
se1f 
abs (1 5) 

where L~g~P is the absorption of the lamp sterance by the gas molecules in 

the lower state, Lem is the steranceofemission by gas molecules in the 

upper state, and L~6~f is the self-absorption of the emitted light by 

molecules in the lower state. The measured ratio,L~g~/L1amp = a, is related 

t th f t · b b d' th b·· f" L1amp/L1amp o e rac lon a sor e ln e a sence 0 emlSSlon, abs = a. 

Substitution of the definitions into Eq.(15) 

equation for the reversal condition (26,45), 

Lse1 f _ L· 1 amp 
Lem - abs - a rev and 

and writing the equivalent 

L~g~ = 0, yields 

/ 
= 1 Llamp/L1amp a a - rev . (16a) 

L~:~P is the sterance of a lamp which will cause all emission or absorption 

features to reverse (26,45) or disappear. This will occur when the bright

ness temperature of the reversal lamp at the wavelength of emission is equal 

to T, the average gas temperature. As described earlier, measurements for 

a gas at a fixed temperature were made with the lamp at a number of bright

ness temperatures ranging from considerably above the gas temperature to 

well below, thus allowing the fixing of the reversal temperature between 

the lamp temperatures for which net absorption changed to net emission. 

When the lamp temperature was well below the gas temperature, the 
self observed emission sterance, Lem - Labs, could be used directly without 

correction for the lamp sterance. At brighter lamp temperatures, an equation 

corresponding to Eq.(16a) can be derived from the reversal condition 

yielding L~~t = (Lem-L~g~f)(1-L1amp/L~~~P) and 
self self net lamp 

Lem-La35 Lem-Labs Lem /Lrev r = = = (16b) 
LBB Llamp 1_L1amp/L1amp 

rev rev 
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could be used to correct the observed net emission for the effect of the 

lamp shining through the gas. As the lamp sterance approached that of 

the reversal lamp sterance, the observed emission became smaller and 

increasing errors in both the emission value and the correction 

1_L1amp/L~~~P made the use of small net emission values, or small net 

absorption values, unreliable close to the reversal temperature. 

Self-Absorption and Deviation fromt.ne Linear Curve of Gr()7J)th 

The evaluation of -f1n(1-a)dv on the left-hand side of Eqs.(9) and 

(10) requires knowledge of the variation of a across the infinitely resolved 

line profile. When a is small, -In(l-a) reduces to (a + ~2 + ... ) with the 

leading term corresponding to the value on the linear curve of growth 

(26,44). If the line is Doppler broadened, integration of Eq.(9) over a 

Dopp1er-broadened-1ine profile (26,27), with ~vD the width in cm- 1 at half 

intensity, and 0.939 = 21{1n2)/TI! yields at low a, -f1n(1-a)dv = fadv, 

and more generally, for larger values of a, 

-flfi~~a)dv = Q = 1 + 1(0~~~9 fad v) + 9-~f(0~~~9 fadv)2+ ... (17) 

Only at low concentrations does the concentration of absorbing molecules in 

Eq.(9) approach proportionality to fadv.To correct to a value of 

-fln(l-a)dv for use in Eqs.(9) or (10), the measured fadv is multiplied by 

Q as given in Eq.(l7). In terms of aO or kolN", for the peak of the 

infinitely 

Q = 1 

and Q = 1 

resolved Doppler broadened line, the corresponding expressions are 
2 + (/2!4)ao + (9 + 9ff - 4IJ)aO/72 + ~ .• 

+ (12"/4)kolN" + (9 - 4IJ)(kOlN,,)2/ 72 + (6 + 9ff - 8/6)(kOlN,,)3/ 288 + 

Numerical values of 

l/Q = 1 - (12/4)kOlN" + (~I!)(kolN,,)2 + ... + (-koN"l)n-1/nl/n ... 

are available in tabulations (26,27). 

t, 
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The measured emitted sterance is likewise not directly proportional 

to the concentration of molecules in the upper state if the emitted light 

can be reabsorbed by the lower state before leaving the gas. The 
self measured sterance, Lmeas = Lem - Labs' can be corrected for self-absorption 

by multiplication by a correction factor (26,34) Qv = -(l/r)ln{l-rv)' 

where rv is the ratio of the sterance of the gaseous molecules to the 

sterance measured at the same wavelength of a bla~k body at the same 

temperature. The above expression for Q must be integrated over the wave~ 

number range of the line or head. For a Doppler-broadened line one obtains 

Q = fLemdv = 1 + 12'0.939 f L 4 ~ rdv + ... 
meas vD 

The correction of emission data for self-absorption in Eq.(18) has the 

same form as the correction of absorption data for deviation from the 

linear curve of growth in Eq.{l7) and the symbol Q will be used for 
• 

(18 ) 

emission or absorption correction factors. It has been demonstrated (34,46) 

that spectral 1 ines have the expected Doppler-broadened widths under the 

conditions of the present experiments which would correspond to 0.15 cm- l 

or 0.004 nm for C2 at the temperature and spectral region of these experi

ments. This value of ~vD yields from Eq.(18), Q = 1 + 2.21 frdv + 

'As the C2 Swan rotational lines of the P branch in this wavelength region 

are not single, a more complex evaluation of Q is necessary. The 

P{K ' =43) and R(K ' =16) group, for which wavelengths have been given above, 

. will be taken as an example. The quantum number K is used instead of J 

since the triplet sublevels of each rotational line have the same K values. 

Although the P and R lines are partially instrumentally broadened into one 

another in the present experiments, their true spacing is greater than the 
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Doppler width. The relative contributions from the P and R lines can be 

calculated from the relative populations of the emitting levels, their 

line strengths, SK, and the measured area JLemdv divided proportionately 

with each separate area being used to evaluate Q. Thus the self-absorption 

correction is smaller than it would be if the lines were truly blended. 

In addition, the P lines consist of a triplet with only a pair in the 

set truly blended. Since the self-absorption correction for these experi

ments are only of the order of 4 per cent it is sufficient to divide the 

area of the P line, for example, into ~ and ~ the total area, calculate 

Q values for each area separately, and then average the resulting Q values 

on a 2 to 1 basis. The R triplet components are resolved at the high 

resolution seen by the absorbing molecules and the value of Q for R lines 

is simply Q = 1 + (2.21/3)Jrdv. 

For measurements of the 0-0 head, one must take into account the fact 

that the rotational lines, K'=9 to K'=17, adjacent to the head do not 

overlap the peak of the head to the same extent. The degree of overlap 

depends upon the instrumental broadening. A number of atomic lines were 

examined with the same optics that were used for the C2 measurements and 

from the sharpest of these lines in the wavelength region of S16.S nm, it 

was concluded that the instrumental broadening produced a half-width of 
-1 0.04 nm or 1.S cm . A graphical summation of the overlapping lines, 

with each triplet component of each rotational line represented as a 

triangle with a base of 0.08 nm or 3 cm- l and a height of SKe-hcFK/kT, 

gave a peak heightfor the head which was 193.0 times greater at 30S1K 

than the height of the line of unit height (the J1=0 component of the K'=l 

rotational line). A similar plot for lines corresponding to the Doppler 
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width of the 0.15 cm-1 yielded a head height of 39.25. If these results 

are normalized to the Same area of the lowest rotational line, the 

infinitely resolved head height is 39.25/19.3 = 2.034 times the head.height 

with instrumental broadening to a half width of 1.5 cm- l . Since BI and 

B" are close, the same values can be used for either emission or absorption 

and can be used for any temperature in the range studied. Thus for emission 

results, the self-absorption correction factor Qo = -(l/rO)ln(l-rO) was 

calculated using rO = 2.034(Lhead/LBB) after Lhead had been corrected for 

part i a 1 reversa 1 in experiments usi ng a 1 amp and had been corrected for 

instrumental broadening as indicated above. LikeWise in absorption experi-

ments, the peak absorption was multiplied by 2.034 to obtain aO and by the 

factor (1 + ko +' ..• ) for correction for deviation from the 1 inear curve 

of growth (26,44lIn experiments using a lamp, corrections for partial 

reversal must be applied to both the absorption and emission results to 

obtain the correct value of rO and ao. 

It is often convenient to convert absorption a or emission r data for 

the head to the equivalent ao or rO values for a single triplet component 

of the rotational line PK"=163 (to be 

the 0-0 head wavelength at 516.5 nm. 

S e-hcFK/kT 
ao(K"163) = ao(head) K 39.25 

referred to as K"163) which lies on 

SKe-hCFK/kT 
or a(obs.head) a 15) 

(193.0) -T.5 
where 193.0 is the relative peak intensity given above for instrumental half

width of 1.5 cm- l . Measurements on the head can be used in Eq.(9) after 

correction for deviation from the linear curve of growth through the 

relationship 

1.5 
aobs.head 0.939 

SKe-hCFK/kT 
193.0 (Qhead) (19 ), 
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Treatment of Data 

Table 1 presents emission values for the P(43)-R{16) and the 

P(45)-R{18) rotational line blends. Photomultiplier scans or microphoto

meter tracings of the photographic plates together with calibration curves 
self yielded plots of Lem-Labs ' the gaseous emitted sterance, in arbitrary 

units, versus A. As the adjoining P and R lines were partially blended 

by instrumental broadening, the areas under the curves due to both lines 

were measured together. The black body sterance, LBB, emitted by a plug 

inside the graphite tube furnace was measured in the same arbitrary 

sterance units that cancell ed out in the ratio (l/LBB if{ Lem-L~6~ f )dA. The 

base line due to scattered light was determined from the background 

sterance to the red of the 0-0 head. The experimental areas have been 

divided by A2 to obtain the values tabulated in Table T. 

frdv = A-2f[{Lem-L~6~f)/LBB]dA in cm-1. 

From Eqs.(ll) and (12), one obtains 

-femNv,K = {mcLBB/2ne2v2){2K'+1){QfrdV)/lSK' 

where mCLBB/2ne2v2 = (mc2/ne2)e-hcv/kT as the Wien form of Eq.(2), which 

neglects 1 compared to the exponential, is sufficiently accurate for the 

short wavelengths used here. It is convenient to evaluate -femN~,K for 

comparison of emission and absorption results. From 

N~'i,K"/N~',K' = [{2K"+l)/(2K'+1)]ehcv/kT, 

one obtains 

-f emN~, K = (mc2 /ne2)( 2K"+ 1)( QfrK' dv )/lSK' 

= 1.130xl012Q{2K"+l )(frK,dv)/lSK' 

For comparison with values for other lines or for the band head, it is 

convenient to convert to the fN value fOr the J=O rotational level using 

( 20) 

• 
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NKIi/NKII=l,JII=O = 3{2KII+1 )e-hCFKII/kT 

with Eq.(20) to obtain 

-femNR1,JO = 0.376Sxl012QehCFKII/kTUrK,dv).eSK" 

where Fi( is the energy of a given KII rotational level above the J'=O,KII=l , 

rotational level. 

To allow comparison of Nf values measured at different temperatures, 
, " 

the N" values were corrected from temperature T to 3000K. 

-In{T2N2/T1Nl) = (6FO;~HB) _ (6FO;~Ho) +(6~5) (1/T2-1/Tl ) 
T2 ' ' Tl 

where 6HO is the enthalpy of sublimation of C2{a 3rru ,v=0,K=1) and N2 and 

Nl are the number of molecules per cm3 of C2 in the K=l levels:, at temperatures 

T2 and Tl' respectively. Around 3000K, for 2C{graphite) = C2{a 3rr u,v=0,K=l) 

(6FO-6HO)/RT = -16.04 - 8X lO-4(3000-T). 

For temperatures near 3000K, In{3000/T) can be expanded in series and 

In(N3000/NT) = (3000-T) (~~8~~ - 1.16xlO-
3
). 

This calculation is very insensitive to the value of 6HO. Even for 

3000-T = 200°, it would take an error of SOOOK in 6HO/R to cause an error 

of 10% in N3000/NT. 

From the values of SKe-hcFK,/kT, the proportions due to each line in 

the blend can be calculated. For temperatures between 28S0 and 302SK,the 

experimental values Jrdv in Table 1 should be multiplied by 0.S9 for the 

P(43 1 )-R(l6 1
) blend and by 0.62 for the P(4S ' )'-R(18 I

) blend to reduce the 

value to that for the R line alone. The SK values (29) used werelS.94 

and 17.94 for the R16 1 and R18 l lines, respectively. The path length, .e, 

is 10 cm. The method of calculation of FyS = 370 cm- l will be illustrated 

below. As an example of the use of Eq.(20),for the R(16 1
) line, 
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and 

-femNR1,JO = (0.377xl012)Qe532/T(0.59frdv)/159.4 

At 2898K, frdv = 0.038, Q = 1 + (0.74)(0.59)(0.038) = 1.017, and 

N3000/N2898 = 2.91. 

-femNK1,JO = (0.377xl012 )(1.017)(2.9l)(1.20)(0.59)(0.038)/159.4 
= 1.88xl08 at 3000K. 

If NK1,JO is 6.0xl09 molecules/cm~ at 3000K, -fern = 0.031. 

The Q values were calculated from frdv after separation into the 

values for the P and R lines as indicated below Eq.(18). The Q values 

ranged from 1.01 to 1.05. To allow ready comparison of the results at 

different temperatures, the Nil values were corrected from temperature T 

to 3000K using ~HO/R = 101 000 kelvin. To allow comparison of results 

obtained for different rotational lines with those for the band head, 

all values were then corrected to the values of fN~O,Kl,JO at 3000K, that 

are tabulated in Tables 1 and 2, using (NvO,K)/(N"vO,Kl,JO) = 3(2K"+l )e-hcFK/kT. 

Table 2 presents values of L~~t/Llamp for the net emitted sterance 

at the peak of the 0-0 head and values of a = L~5~/Llamp for the net absorption 

at the peak of the 0-0 head. The measured values of L~~t/Llamp are 

multiplied by Llamp/LBB' the ratio of the sterance of the lamp to the 

sterance of the reversal lamp which just reverses the emission at 516.5 nm 

net (lamp) to obtain values of Lem/LBB = r l-L /LBB . These data must be treated 

in a more complex manner than the simple emission data obtained with 

rotational lines since the emission data must be corrected for the effect 

of the lamp shining through the emitting gas and th~ absorption results must 

be corrected for the gaseous emission which partially reverses the absorption. 
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These corrections were applied as indicated in £qs.(16a&b). Then 

corrections for self-absorption and deviations from the linear curve of 

growth were applied to the peak head sterance after correction for 

instrumental broadening. Finally the sterances were converted to the 

equivalent values for a single triplet component of the PK ' =15 rotational 

line as indicated in Eq.(19) and NR163 = (NR1JO)(33e-hcFK/kT) is used to 

express the results in terms of the concentration in the J=O rotational 

level for comparison with the rotational line emission results from Eq.(20). , 

The equation, FK = BOK(K+l) ~ DK2(K+l)2represents rather closely the energies 

of the rotational levels with J~K., The spread (30) of energies from 
-1 J=K-l to J=k+l decreases with increasing K and is 8 cm for KII=15 and 

6.5 cm- l for KII=17. For the lowest level, KII=l. the J components are 

spread out from -13 cm- l for J=2 to +19.7 cm- l for J=O and 19.7 cm- l must 

be subtracted from the calculated FK to obtain energies above the JII=O 
-1 level. For example, for KII=lS. the calculated value of 389.3-19.7 = 370 cm 

is to be compared with 372. 368. and 364 cm- 1 ' 
for the observed (30) energies of the three J components of KII=15 above 

-1 the JII=O level. At a temperature of 2990K, a change of 21 cm in FK 

produces a change of only 1% in e-hcFK/kT; thus it is not necessary to 

fix FK more closely than 20 cm- l and the complications of spin-orbit 

coupling can be ignored. The sequence of operations leading to the calcu-

lation of an Nf value in Eqs.(9).(10),(11) or (12) from the observed 

a = L~6~/Llamp and r = L~~t/Llamp 

values are summarized by Eqs.(21) and (22). -hcF/kT 

[ ( lamp lamp)] Qheadl.5SKe 
= aobs.head/ l-Lrev /L (0.939)(193.0) 

f absN~, Kl ,JO = mc2 ahead 1.S Qhead 
rre2f (l_L~~~P/Llampy 0.939 193.0 ' 

( 21) 
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where 

Q = 1 + 2.034 
head 2 + ... 

and 
Nil - lN lI 

v,Kl,JO - 9 v,Kl 

1.5 Qhead 
The treatment for emission is imilar 

2 Lne /Llamp 
f Nil - mc -r-'o.~e~m~'""'"T':=,-f-.~ 

-emvO,Kl,JO - 7Te2! LJ:~P/La.mp-l 

2.034 (L~~t;/L lamp) 
Qhead = 1 + -( 1 1 ) 2 L amp/L amp_l 

rev 

(0.939){193.0) (22) 

+ 

Compa ri son of Eqs. (21) and (22) show's that the various terms including 

the correction terms are identical as would be expected from the requirement 

that the reversal temperature be independent of the optical density. For 

this to be true, 

a = ~/(l_L~~~P/Llamr) must 

r = (L net /L 1 amp\ /. (l-L 1 amp/ L 1 amp\ 
em rev J rev J 

for all concentrations. 

Experimental Results 

be egual to 

= (L~~t /L 1 amp) / (L~~~P /L 1 amp - "i) 

The experimental data and calculated fN values are shown in Tables 1 

and 2. In every instance, the fN values have been corrected to 3000K and 

are given for N~O,Kl ,JO in saturated carbon vapor, the concentration of 

the JII=O level which has unit degeneracy. Thef values, of course, still 

corres pond to the K va 1 ues of the meas ured 1 i ne or li nes even though combi ned 

with NJO·for purposes of allowing comparison of data obtained for different 

lines without introducing the uncertainty of fixing the absolute value of N. 

N~O,Kl,JO is essentially the total concentration of all rotational states 

of the vll=O vibrational state divided by three times the rotational 

PI, 
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partition function. The values obtained by use of a scanning photomultiplier 

are the results of scans toward the red and toward the violet wavelength 

range. Because of the design of the scanner, the results of scans toward 

the red which are 25 to 35 per cent larger are considered more accurate 

and are given greater weight. 

The effect of the usual temperature gradients of 25 0 is illustrated 

by the two R16 values of -femN Kl ,JO,corrected to 3000K. of 1.55xl08 and 

1.19xl08 molecules/cm3 calculated for each of the temperatures, 2968 and 

2993K, observed at the extremes of the gradient. The effect of an extreme 

gradient of 1780 due to a hot spot in the tube can be illustrated by one 

run with a plug temperature of 2853K and a hot spot of 3031K. The 

observed value of f(Lem/LBB)dv = 0.0767 cm- l for the P(43)-R(16) blend 

gives values of -femNK1,JO in molecules/cm3 equal to 6.4xl08 and 0.97xl08, 

corrected to 3000K, for temperatures of 2853 and 3031K, respectively. 

With such large gradients, the results seem to correspond best to the hot 

spot temperature, but such runs were excluded in obtaining the average Nf 

values. The close agreement between values from the two sets of rotational 

lines indicates that the principal error is due to uncertainty of 

temperature. The uncertainties given in Tables 1 and 2 are probable 

errors. The systematic errors will be evaluated below and estimates made 

of the 95% confidence limits including possible systematic errors. 

Table 2 tabulates emission and absorption data for the 0-0 head of 

the Swan system of C2 as taken on II-aF plates. Similar results taken on 

103a-F plates were discarded because the weak features near reversal condi-

tionswereobscured by the graininess of the plates. If the intensity 

changes due to the grains were assigned to the spectral features, abnormally 
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large values of absorption or emission were calculated. One emission result 

at 2989K on the II-aF plates was also discarded as being anomalously high. 

At these high temperatures, the emission measurements are much more sensi

tive than the absorption measurements. Absorption measurements on the II-aF 

plates taken with lamp brightness temperatures only 90 to 160K hotter than 

the reversal lamp were so weak and poorly reproducible that they have not 

been 1 isted in Tabl e 2. Even the results for a lamp temperature of 3229K 

were not very satisfactory with the spectral resolution used in these 

experiments. 

Other systematic errors are less serious. The photographic calibration 

error is estimated to be 20% while the densitometer error for scanning 

of the plates was less than 5% for the emission lines. In determining the 

area of the emission line sterance versus wavelength, the background light 

level due to scattered light was established by the background to the red 

of the 0-0 band head; the background varied in different runs from 25 to 

60% of the peak sterance of the rotational lines. The corrections for 

self absorption and deviation from the linear curve of growth corresponding 

to the Q of the right-hand side.of Eqs.(21) and (22) ranged from 1.01 to 

1.04 for the rotational line measurements of Table 1 and from 1.02 to 1.37 

for the band head measurements of Table 2; any error introduced in these 

corrections is negligible. Although the enthalpy of formation of C2 is 

used to obtain the N3000/NT values tabulated in Tables 1 and 2, the 

temperature difference (3000-T) was small enough so that any error due to 

uncertainty in the enthalpy of C2 is negligible. 

Because of the gradients in the hot zone of the tube, there is some 

ambiguity as to the value of i, the length of the emitting or absorbing 

, 
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column of gas. The machined length of the hot zone is 15 cm; however, the 

temperature gradients at each end of the hot zone, as indicated by the 

gradient between the outer and inner faces of the baffles, would suggest 

a shorter effective length of hot gas. For the Nf calculations, 10 cm 

was used for .e with an estimated uncertainty of ±3 cm. For the results of 

Table 2, the uncertainty of the path length is probably larger than for 

the results of Table 1 because of the more rapid formation of hot spots 

on the tube at the higher furnace temperature. The results of Table 2 

are also more uncertain than those of Table 1 due to the need to fix the 

instrumental half-width. On the basis of examination of atomic lines, 

it was fixed as 1.5 cm-1. The use of a value of 0.8 cm-1 would reduce the 

calculated Nf values by 20 per cent. 

Comparison with Other King-Furnace Work 

King (47) has used the second-order of a 4.6-m Rowland spectrograph 

to resolve the P3(K II =34)-R1(K II =7) blend at 515.0558 nm from the other 

lines of the P(34) and R(7) grou~. His absorption results for 22 cm 

path 1 ength of saturated carbon vapor at 2845K and a 1 amp at 3200K gave 

an equivalent width fadv = (2.3±0.S)x10-11 cm. Equation (16a) provides 

the correction for partial reversal, fadA = 2.3xlO- ll /0.66 cm and 

A- 2fadA = fadv = (2.3xlO-ll)(194l5)2/0.66 ~ 0.0131 cm- l . With 

s~ = 7.875 and S~4 = 33.97, one calculates that the fraction of the blend 

du'e to the P line is 0.63 and fadA = 0.0083 cm- l for P3(34). Q = 1.02 

from Eq.(17) or (18) and F(K=34) is 1900 cm- l above the J=O level. From 

Eq. (10) 

fabsN;o,Kl,JO = (mc2/ne2)(1.02)(0.0083)el.439(1900/2845/(33.97)(22) 
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or 0.33xl08 molecules/cm3 at 2845K. N3000/N2845 = 5.24 and 

fabsN~o,Kl,JO = (l.73±0.3)xl08 molecules/cm3 at 3000K. The agreement is 

excellent with the average of all the emission results of Tables 1 and 2, 

-femN~o,Kl,JO = (1 .59±0.4)xl08 molecules/cm3 at 3000K. Because of the 

greater sensitivity of emission measurements at these temperatures, 

emission would be preferred over absorption unless a light source with a 

brightness temperature very much higher than the gas temperature were used. 

Hicks (48) and Krikorian (46) have made emission measurements for 

the 0-0 and 1-0 heads of the Swan system that are in general agreement 

with the measurements of Table 2, but an accurate comparison cannot be 

made. As noted above, the instrumental broadening must be well defined 

to properly evaluate the results for a band head and their instrumental 

broadening was not as well defined as in the present work. However Hicks' 

emission measurements of the sterance of the 895.61 nm Q32 line of the 

2-0 band of the lrr_1E+ Phillips band between 2700 and 3064K can be 

evaluated accurately as the nearby 895.44 nm P(J"=26) line .overlaps to 

only a small extent. The assumption of an instrumental width at half

intensity of 1.5 cm- l indicates that Hicks's measurements should be 

reduced by 13% to obtain the value for the Q line alone. The v=O level of 

a3rr is 881 kelvin (49,50) above the v=O level of X1E;. From ~HO for 

sublimation of C2(a 3rr), ~HO/R = 100 lOOK for C2(X1E). With F§2 = 1912 cm- l 

one calculates -f2,ON~O,JO = 1.04xl07 

molecules/cm3 for saturated carbon vapor at 3000K. At 3000K, NvQ,JO is 

calculated to be 8.Oxl09 molecules/cm3 and -f2,0 = 1.3xlO-3 

(, 
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for the 2,0 transition in emission of the Phillips system of C2. The 95% 

confidence limits for -fern of the 2,0 transition from estimates of possible 

systematic errors are 0.0006 to 0.0045. 

Considerations of the various systematic errors indicates that the 

95% confidence 1 imits for-femN~o, K1 ,JO in mol ecu1 es/cm3 of saturated 

carbon vapor at 3000K are within a factor of 2 of the value 1.6x108 for 

the 0-0 Swan band of C2. Within the probable error of 20-30% indicated 

in Tables 1 and 2, no variation as a function of K was observed and the 

value of 1.6xl08 is based on an average of the f values for P lines with 

K" values 11 to 17,34,44, and 46 and R lines with K" values of 7,15, 

and 17. 

Comparison with Shock Tube Measurements 

The King furnace measurements are taken in a static system with ample 

time for attainment of equil ibrium as demonstrated by the agreement between 

the reversal temperature and the direct optical pyrometer measurements, by the 

agreement (34) of the temperature coefficient of C2 emission with mass-

spectrometer Knudsen-cell measurements and with rotational dissociation obser-

vations (.37), and by the demonstrations (34.46) that the C2 1 ine widths are 

the calculated Doppler widths for the furnace temperature. 

There are two groups of experiments that are not of the static equili

brium type, shock tube and 1 ifetime . measurements. As the primary data of 

the shock tube measurements are fN values, these will be compared first 

with the King furnace fN values to minimize the uncertainties in the absolute 

value of NC2. Then both groups of fN values will be converted to f values 

for comparison with the lifetime results. In general, only the results for 

the 0-0 transi.tion of the Swan system will be considered. The results of 

the shock tube work are usually given as f values; the information in the 
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published work was used to reverse the calculations to recover the original 

fN values. Then under the assumption of equilibrium in the shock tube. 

ratios of the C2 concentrations in the shock tube to the C2 concentration 

in saturated carbon vapor at 3000K was evaluated. The measured fN value 

was divided by this ratio to obtain fNvO.Kl.JO for comparison with the King 

furnace results as shown in Table 3. The evaluation of this ratio does 

depend upon 6Hf of C2' but the ratio is not as. sensitive to errors in 

6Hf as is the absolute concentration of C2. 

Fairbairn (4) has pOinted out that shock tube measurements are subject 

to questions about whether equilibrium could be reached in the short time 

available, whether the temperature can be defined and measured, and whether 

the concentrations of the observed species can be fixed. Also he has emphasized 

the error due to neglect of deviation from the linear curve of growth with 

the high concentration attainable in the shock tube. He has shocked CO, 

C2N2, and C2H2 with and without Ar to temperatures ranging from 3740-8500K. 

His -femN values for the R(O to 34) and P(O to 63) emission lines of the 

0-0 Swan system were converted to -femNvO,Kl,JO values for comparison in 

Table 3. 

Sviridov (3) has summarized three types of shock tube experiments with 

50% CO-Ar mixtures. Sviridov, Sobolev, and Sutovskii (3,51) measured the 

emission due to all of the bands of the .0-0 sequence of the Swan system 

at 5000-6650K. Fairbairn's tables (4) were used to apply a correction for 

deviation from the linear curve of growth averaging 18% on the assumption 

that the shock tube conditions correspond to a broadening parameter 

a = 1.00. The fN values were converted to -femNvO,Kl,JO values at 3000K 

in Table 3. Sviridov, Sobolev and Novgordov (3,52) measured the absorption 

of many individual Rand P lines of the 0-0 Swan Band in a shock tube at 
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·6350-7280k using a light sourCe with a brightness temperature of 39 OOOK. 

The correction c~lculated from Eq.(16a) for partial reversal amounts to 4%. 

A correction averaging 15% was applied for deviation from the linear curve 

of growth to obtain the value given in Table 3. S~fridov, Sobolev, Novgorodov, 

and Arytyunova (.3,5.3) determined the true profile of the R68, 69, 

and 70 rotational lines of the 0-0 Swan band at temperatures of 5030-7500K. 

The only correction applied to their results was a 4% correction for the 

partial.reversal. 

Arnold (6) shocked C02-Ar mixtures to 6911-8400K. No corrections were 

applied other than to convert the 0-0 head results to -femNvO,Kl,JO at 3000K. 

Harrington, Modica, and Libby (5) shocked C2C1F3-Armixtures to 3270-4730K. 

Because of the uncertainty in the thermodynamic data for CF and CF2. one 

cannot obtain an accurate value of the fNof C2 from their 0-0 sequence 

emission data. Their calculations were corrected to correspond to more 

stable CF and CF2. 

Cooper and Nicholls (7) observed C2 emission behind incident shock waves 

in C2H2-Ar mixtures. A correction of 20% for deviation from the linear 

curve of growth was applied to their reported value and a factor of e2365/T, 

where T = 6500-7000K, was used to correct ~H3/R to 101 OOOK from the value 

used in thetr calculations. They also report measured values of transition 

moments for six other C2 band systems. These measurements will be discussed 

later. 
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Related data were obtained by Gaydon and Wolfhard (16) who measured 

the total emission of the C2 Swan system from an oxygen-acetylene flame at 

a pressure of 7.2xlO-3 atm and a temperature of 2700K to be 1.2xl016 photons 

per second per cm3. They estimated an f value to compare their value with 

the result to be expected for saturated carbon vapor and concluded that 

the flame was supersaturated with respect to C2. The value of fO'O"N~O.Kl;JO 

for saturated carbon vapor at 3000K given in Table 3 can be converted to 

N'XAVIV" at 2700K for comparison. For this purpose, it is sufficiently 
v" 

accurate to assume equal lifetimes or equal tIE. Avlv" values for all Vi 
v" 

and an average wavelength. The ratio of the J"=O concentration at 3000K 

to that at 2700K in saturated carbon vapor is 29.77 and the ratio of the 

J=O concentration of the ~IT state to that of the a 3rr state at 2700K is 

~. 

.' 
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3.3xlO-5 yielding fO'O"N~O,Kl,JO = (l.6xl08)(3.3xlO- 5)/29.77 = 177 molecules/cm3. 

The rigid rotator and harmonic oscillator partition functioris of the d3~ 

state at ~700K are 1076 and 1.646, respectively. Anharmonic vibration and 

centrifugal stretching contribute a factor of 1.022 to the partition 

function yjelding 3(1076)(1.646)(1.022) = 5430 as the ratio of the concen

tration in all vibrational and rotational levels of d3n to the concentration . 
in the JI=O level. As discussed above, 

(L AO'V")/AO'O" 
v" 

and from Eq. (8), 

N'2 AVIV" 
v" 

= 

= (Z, AV'VI)/Ao'O" = 1.26 
v" 

3.0x1014 photons/cm3 sec to be compared with 1.2x10l6 . 

Thus, the flame was supersaturated with respect toC2 by a factor of 40. 

A similar degree of supersaturation has been observed by Baronavski and 

McDonald (54).· 

The results of Table 3 are in suprising1y good agreement and indicate 

that close to equilibrium conditions were attained in the shock tube work. 

If the nine different determinations are weighted equally, fNvO,K1,JO in 

mo1ecu1es/cm3 averages to 1.9xl08 with a probable error of 8%. Such good 

agreement is surely accidental as the separate probable errors are 

considerably larger. For the 95% confidence limits taking into account 

possible systematic errors, the value is 1.9±0.3xl08 molecules/cm3 . 

Conversion of NF to f VaZues 

The King furnace and shock tube measurements discussed above yield fN 

values whereas life-time measurements yield f values (or A values). If N 

were known very accurately, one could make a direct comparison of the life-

time measurements with the previous measurements. However. there are 
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considerable experimental uncertainties in N, in fN, and in the f values 

determined from life-time measurements. The variation in f values from 

theoretical calculations and life-time measurements are quite large. By 

considering all of the different types of measurements together, we can 

narrow the acceptable range of values for each quantity. 

To compare with life-time measurements it is necessary to convert the 

fN values to f values or A value. The knowledge of the ratio{~ fO'v")/fO'O" 

(or more accuratelY(~, AOIVIUAOIOII as discussed below) is needed to 

evaluate the rate of depopulation of the vl=O level of the d 3rrg (formerly 

3 A rrg) state of C2' No other transitions than the 0,1 or 0,2 transitions 

contribute more than 0.1% to the ratio. Older experimental determinations 

(15,17) of the 0,1 and 6,2 transition rates relative to the 0,0 transition 

yield values of the ratio between 1.46 and 1.83 but more recent determinations 

(18-21,48) range from 1.29 to 1.46. There have been over a dozen theoretical 

calculations of Franck-Condon factors. The most recent (55-58) yield 

values of the ratio from 1.27 to 1.39. However, Wentink et al. (1), 

Arnold (6), and Schadee (59) have warned against calculations that neglect 

interactions of electronic motions with vibration of the nuclei and assume 

a constant overall electronic f value or transition moment that can be 

multiplied by Franck-Condon factors to obtain the f values for a given 

transition. Considering both the experimental and theoretical calculations, 

1.34 with 95% confidence limits of ±0.06 was chosen forC~:, fO'v")/fO'O" for 

the Swan system of C2' By multiplying thef values by,,} according to 

Eq.(8), one obtains 1.26 for (f.1 AOIV")/AOIOII. Through Eq.(8), the fO,O 

value can be related to AO,O and then to ~ AOIV"' the rate constant for 

depopulation of the vl=O level~ 
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Life-time measurements of the Swan system are tabulated in Table 4, 

where these values havebeen converted to fO,O values and compared with 

values from'theoretical calculatioris. Also the fN values·of Table 3 , 

from King furnace and shock tube measurements have been divided by N~O, KO,JO= 
··93 

6.0xlO molecules/cmfor saturated carbon vapor at 3000K as calculated 

from 6HB/R = 101 OOOK for the formation of C2(a 3nu). The 95% confidence 

limits for 6HB/R extend to +600 and -1200K corresponding to N = 4.9xl09 

to 9.0xl09 molecules/cm3. 

Selection ofPY'obable Nf and f Values of C2 0-0 Swan System 

The various determinations by both emission and absorption measurements 

of the fNvO,Kl,JO as given in Table. 3 are in excellent agreement. In 

Table 4, these values have been divided by N to allow comparison with the 

f values determined by life-time measurements and by theoretical calculations. 

One experimental determination and blo theoretical calculations listed in 

Table 4 can be rejected as being outside the 95% confidence limit of the 

emission and absorption intensity measurements. Except for the very 

recent calculation by Arnold and Langhoff (66), the rather crude theoretical 

calculations (10,11) yield better results than more sophisticated calcu

lations (10,11). Clementi IS calculations (12) indicate that the effect of 

hybridization is smaller than considered earlier (13,14). 

The life-time measurements yield f values distinctly lower (70%) than 

the average of the other experimantal results although well within the 

95% confidence 1 imits of the .King furnace and shock tube results. The 

lifetime measurements yield f values averaged over all of the lower levels, 

but it is believed that the relative f values are well enough established 

so that no large error should be introduced in converting to the fO,O values 



-37-

listed in Table 4; As the lifetime measurements do not depend upon 

knowledge of the enthalpy of sublimation of C2, one might consider the 

possible reconcilation of the averages of the absorption-emission results 

and the life-time results by shifts in the thermodynamic values for C and 

C2. A possible reinterpretation of the CO predissociation data (38,60) or 

of the C2 rotational dissociation (37) was considered, but it was concluded 

that it is very unl i kely that the difference shoul d be reconcil ed by 

changes in the thermodynamic values for C and C2. 

Another explanation of the difference is suggested by the fact that 

the life-time results were based on production of C2 from hydrocarbons and 

the lowest f value (4) from shock tube results also used hydrocarbons. If 

the system did not reach full equilibrium quickly between the hydrocarbons 

and C2 as is suggested by mass-spectrometer studies (61), C2 would be 

generated in the excited state by decomposition of hydrocarbons during the 

time of measurements. The lack of variation of life-time with frequency (2) 

indicates that the rate is not greatly different for such a two-step process. 

However, the more recent life-time measurements do indicate shorter lifetimes 

and larger f values in better agreement with the absorption-emission results. 

Compared to the situation in past years, the uncertainty in the values 

for C2 have been narrowed substantially. The best compromise, recognizing 

the rather wide range of the 95% confidence limits given in Tables 3 and 

4, is the following set of values. For C2(a3rr) in saturated carbon vapor 

at 3000K, the Swan system values are fNvOK1JO = 1.9xl08 mo1ecu1es/cm3 and 

fNvOK1 = 1.7x109 mo1ecules/cm3 with fO,O = 0.027, ~ fO.v = 0.036, and 

J = 110 nsec(vl=O). The f value given corresponds to fabs or -fern' The 

values are consistent with 6HO/R = 101 OOOK for the sublimation of C2(a 3
rr) 

from graphite. 

... 

r· 
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Comparison of Oscillator Strengths of C2 Transitions 

Tabl e 5 presents a compari son of the fN and f values of the Swan system 

with values for other transitions of C2. In contrast to the Swan band 

results for which Nf and f vallie determinations are independently available, 

the conversions from Nf to f values or the reverse for the other systems 

w~re made using the concentrations of C2 in saturated carbon vapor calcu

lated from the thermodynamic data . 

. The fN va'lues of column 6 of Table 5 are a measurement of the relative 

strengths of 0-0 absorption lines in saturated carbon vapor. TheO-O 

'transition of the Fox-Herzberg bands is particularily weak and the Nf 

value would be 50 to 95 ti~es larger if lines from the 3-0 to 7-0 bands 

were chosen. Only f values for allowed transitions have been measured. 

However, the observation (69) of a matrix-induced deexcitation of. the 

a3rru state of C2 sets the lifetime fo~ radiative emission to the xlE; at 

considerably longer than 65 ~sec. 

Swronary 

(1) Equations are presented that relate the sterance of single rotational 

lines or rotational line groups such as band heads with concentration and 

oscillator strength for both emission and absorption. Deviations from the 

linear curve of growth are considered as well as corrections for partial 

reversal of emission or absorption features when 1 ight from an external 

source shines through a hot gas in thermal equilibrium. 

(2) The product of oscillator strength and concentration, fN II
, has been 

determined for the 0-0 d 3rrg - a 3rru Swan transition (36) of C2 in 

sGturated carbon vapor at around 3000K. 
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(3) Other measurements in the literature either in carbon tube furnaces or 

in shock tubes have been converted to fN" values for saturated carbon vapor 

at 3000K for comparison. In spite of rather large possible systematic 

errors, nine independent measurements are in fairly close agreement with 

the largest deviation from the average value being 37%. 

(4) The value of N" for C2 in saturated carbon vapor at 3000K was calcu

lated from thennodynamic data and used to determine possible values of fO,O 

from the values of fN". Two theoretical calculations and one experimental 

determination of the radiative lifetime of the C2 Swan system could be 

rejected on the basis of being outside the 95% confidence limits based on 

estimates of possible systematic errors in the values of fN" and in the 

calculated value of Nil. Three of the remaining experimental values of f 

determined from life-time measurements are somewhat lower than the f value 

calculated from the average fNII value and the calculated Nil value. This 

difference is most likely due to lack of complete gaseous equilibrium in 

some of the earlier life-time measurements. 

(5) For the 0-0 Swan transitt01in saturated carbon vapor at 3000K, the 

recommended value for fN~OK1JO is 1.9Xl08 mo1ecu1es/cm3 fO,0=0.027 is 

consistent with this value and with ~H3/R = 101 OOOK for the sublimation of 

C2(a3II).The Nf and f values for the Swan system are compared with Nf and f 

values for the FOX-Herzberg, Ba11ik-Ramsay, Phillips, Mulliken, Deslandres

d'Azambuja, and Freymark systems of C2. 

.'. 

(' 

~: 
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Figure Captions 

Figure 1. Sketch of furnace and optical arrangement. 

A,F,G Lens, 

B Quartz window, 

C Aperature stops, 

o Baffles, 

E Location of TaC plug inside tube. 
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Table 1 

Emission Data for R(K ' =16),P(K ' =43) and for 

R(K'=18),P(K'=45) Rotational Line Blends of 0-0 Swan System 

R (lir-p (43) R(18)-P(45) - -
frd\l -femN~OK1JO (3000oK) frd\l -f emN~OK1JO( 30000 K) 

-1 xl08 mo1ecules/cm3 cm- l 83 
em xlO molecules/em 

Photomultiplier Scan 

1.55 2.02 
0.0643 0.0844 

1.19 1. 55 
Av. 1.37 + 0.18 Av. 1.79 + 0.24 

Photographic Plate Measurements 

6.4* 6.9* 
0.0767 0.0845 

0.97* 1.1* 

*not included in average 

0.0320 1.68 0.0315 1.62 
0.0310 1.62 0.0?63 1. 35 
0.0449 2.36 0.0513 2.66 
0.0380 1.89 0.0392 1.92 
0.0629 loll 0.0645 1.12 
0.0645 0.88 0.0669 0.90 

Av. 1.59 + 0.35 Av. 1.60 + 0.47 

Overa 11 average 8 3 (1.59 ~ 0.38)xlO molecules/em· 

r~ 

( 
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Table 2 

EMISSION AND ABSORPTION DATA FOR C2 0-0 SWAN BAND HEAD 

Lamp Brightness Lnet 
(Eq.(16b)) 

-femN~0,Kl,JO(3000K) 
Temperature em r 

xl08 molecules/cm3 (516.5 nm) K L1amp 

,~ 2889 0.13 0.194 1.30 
0.13 0.194 1.30 

2898 0.13 0.21 1.43 

2904 0.10 0.17 1. 12 

2925 0.09 0.19 1.24 
0.07 0.15 0.93 

3025 0.03 0.37 2.83 
0.03 0.37 2.83 

average 1.62±0.6 

Tbright 
Lnet 

fabsN~0,Kl,JO(3000K) abs a (Eq. (l6a ) ) a = 
L1amp lamp 

xl08 molecules/cm3 
K 

3229 0.006 0.015 0.09 
3229 0.04 . 0.10 0.6 

0.065 0.164 1.07 

3229 0.05 0.13 0.8 
0.007 0.018 0.10 

average 0.53±0.35 

Brightness Temperature at 516.5 nm of Reversal Lamp: 3051±25K 

N3000/N3051 = 0.60 

.') 
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Table 3 

0-0 Swan Band Values of -femNlivoK1Jo for emission and fabsNllvoK1Jo for 
absorption all corrected to NC = 6.0X109 molecules/cm3 for saturated 
carbon vapor at 3000K. 2 

Reference Band Features fN X108 molecules/cm3 

This work 0,0 band emission, 1.6 (~, , 
i 

King furnace 
, 

P(KII=1l-17, 44, 46) 
R(K II =15, 17) 

King(4?) 0,0 band absorption 1.7 
King furnace 
P ( K II = 34 ) ,R ( K II = 7) 

Svi ri dov et at. (3~ 51) 0,0 sequence, 1.8 
CO shock tube, 
emission 

Sv;ridov et al. (3~52) 0,0 absorption, 2.0 
CO shock tube, 
many P & R lines 

Sviridov et al. (3~53) 0,0 absorption, 2.0 
CO shock tube 
R(K II =68, 69, 70) 

Fairbairn (4) 0,0 emission, 1.8 
CO, C2N2,C2H2 shock tube, 
R(K II =0-34) ,P(K II =O-63) 

Harrington et al. (5) 0,0 sequence. 2.5 
C2C1F3 shock tube, 
band head emission 

Arnold (6) 0,0 emission, 1.6 'J 
CO2 shock tube, 

band head (. 

Cooper & Nicholls (7) 0,0 emission 2.6 
C2H2 shock tube, 
band head 

average 1.9±0.3 
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Tabl e 4 

. OSCILLATOR STRENGTH OF THE C2 0-0 SWAN BAND 

Reference 

This work, King furnace emission 
King (47), King furnace absorption 
Sviridov et aZ. (3,51),shock tube 
Sviridov et aZ. (3,52),shock tube 
Sviridov et aZ. (3,53),shock tube 
Fairbairn (4),shock tube 
Harrington et aZ. (5),shock tube 
Arnold (6),shock tube 
Cooper and Nicholls (7),shock tube 
Smith (2), lifetime of Vi = 1 level 

assumed equal to VI=O, 
T = 170 ns, pulsed electron excitation 

Fink and Welge (8), lifetime of 6v=0 transitions 
T = 200 ns, pulsed electron excitation 

Velghe and Leach (62), 0,0 band, 
T = 220 ns, laser pyrolysis 

Curtis,Engman,&Erman (63),0,0 band head 
T = 123ns, pulsed electron excitation 

Tatarczyk et al. (64), 0,0 band head, laser 
T = 120 ns, fluorescence excitation 

Leach&Velghe (65), 0,0 band head, laser 
pyrolysis, T = 235 ns 

95% confidence limits: 0.027±0.007 for fO,O 

Lyddane,Rogers,&Roach (10),theoretical 
Stephenson (ll),theoretical 
Clementi (12),theoretical 
Arnold&Langhoff (66),theoretical 

fO,O 

0.027 
.028 
.030 
.033 
.033 
.029 
.012 
.026 
.044 
.018 

.015 

.014 

.024 

.025 

.013 

0.018 
.022 
.036 
.030 

Values rejected as they are outside 95% confidence limits of 0.009 to 0.062 
allowed by King furnace and shock tube measurements. 

Jeunehomme&Schwenker (9),lifetime measurement 
T = 632 to 778 

Coulson and Lester (14),theoretical 
Shull (13),theoretical 

0.004 

.18 
0.10-0.13 



' ... Table 5 
SUMMARY OF OSCILLATOR STRENGTHS OF C2 TRANSITONS 

v'=O 
Name Upper Lower 

State State gu 

(t) 

fO.ONvOJO fO,O gl . 3000K T(ns) 

Swan 
5165A 
ilv=O 

d 3rr a 3rr 3 
9 u 3 

Fox-Herzberg e 3rrg a 3rru 3 
2775A 

3 

ilV=-2 

Ball i k
Ramsey 
11970A 
il v=+2 
Phill ips 
12140A 
ilv=O 
8750A 
ilv=+2 

Mulliken 
2315A 
ilV=O 

Deslandres
d'Azambuja 
4090A 
ilv=-l 
3400A 
il v=+2 

Freymark 
2218A 
ilv=-l 

b 3r- a 3n 2 3 
9 u 2 

11+ 1 
A rru X Eg 2 

.!. 
2 

1 + 1 + 1 ~ D ~u X ~g 2 2 

C lrr A lrr 9 u 

E 1~+ A lrr 
9 u 

.!. 
2 

1.6xl08 

9.82x104 
6.29xl04 

1. 02x1 07 

8.03x108 
2.00xl07 
3.21xl07 

4.82xl07 

4.42xl08 
1. 37xl 08 

2.89xl06 

3.34xl06 

1.3xl07 

0.027 110 

1.64xl0-5 158 
1 . 05x1 0-5 158 

0.0017 

0.01 
0.0025 
0.004 
0.006 

0.055 
0.017 

0.019 

0.022 

0.086 

3980 

1842 
7248 
4421 
1531 

14.6 
47.3 

71. 7 

42.3 

2.38 

Ref. 
meas. 

This paper 
for f. 

(7) 

(7) 

(7) 

(48) 
(67) 
(7) 

(7 ) 

(2) 
(7 ) 

(7) 

(7 ) 

(7) 

~ (f) 
v" fo, v" 

fO' . ;0 

1.34 

446.43 
695.94 

1.581 

2.4 
2.4 
2.4 
2.4 

1.003 
1.003 

1.82 

1.82 

1.8 

~ fO v" v" , 

0.036 

0.0073 
0.0073 

0.0027 

0.024 
0.061 
0.01 
0.015 

0.055 
0.017 

0.035 

0.041 

0.155 

~I~~;J (~ 
3.67 

0.40 
0.40 

0.65 

0.48 
0.50 
0.36 
0.40 

0.21 
0.13 

0.93 

0.91 

2.26 

(t) The populations of the lower states at 3000K used to calculate fN are:l~~=8xl09;a3rru=6xl09,Alrru=1.5X108 molecules/cm3 

(~) References used to calculate this column are Refs.l,55,&68. The values from the difference references are very close 
except for the Fox-Herzberg bands. In this case. values from Wentink (1).446.43. and from Nicholls (68).695.94, are 
given individually. 

~ The values forZI!:oI2 are as defined by Cooper and Nicholls (7). 

") ,.... 
~ 

I 
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