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SPECTROSCOPY OF HIGH-TEMPERATURE SYSTEMS 

William T. Hicks 

Radiation Laboratory 
University of California 
Berkeley, California 

February 19, 1957 

ABSTRACT 

The Swan and Phillips band systems of the c 2 molecule were 

produced in emission in a source of thermal equilibrium. Measure-

ments of the temperature coefficients of the intensities of these bands 
. ' 3 . 1 + 

yielded values for the heats of formation of the _X TI and a !: 
u - g 

states of c 2 from s9lid graphite. These measurements showed that 

the 3n stateis8±4kcal(0.35±0.17ev)lowerthanthe 
1
!:+ ~7 Gloc-..·

1 

U g. - . 5"" ~ Kto-zert 

state .. Comparison of the results of this experiment with that of 

Krikorian 19 leads to 200 ± 5 kcal for the heat of f6rmation of the 

3n state from solid graphite at 0°K; this is probably the heat of 
u 

sublimationof C 2 gas. The resulting n 0 of c 2 is 139.2 ± 4 kcal 

(6.04 ± 0.22 ev). 

The position of some tl.nobserved low-lying electronic states of c 2 
are estimated by revising th~redications of Mulliken. 24 Some of these· 

' 3 
states may be lower in energY()than the TI state. The discovery of 

' . ' u 
infrared transitions between th:·e·seo·state·s and some of the already ob­l . 
served states of c 2 would provide accurate relative energies f~r these 

states. 

From absolute intensity measurements the absolute f value for 
' the total Swan transition was determined as 0.03. The absolute f 

value measured for the Phillips (2-0) vibrational band was 4 x Io-3. 

Both values are uncertain by a factor of two. 
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SPE
1
CTROSCOPY OF HIGH-TEMPERA TU,RE SYSTEMS 

• INTR;ODUCTION 

The purpose of this investigation is to find which of the electronic 

·states of the c 2 molecule is the ground state. It has been commonly 

assumed. for a number of years that.the lowest of the triplet states, 

the . 3rr state; is the lowest state of the molecule. A.number of 
u 

'strong transitions between singlet states have been observed, but 

unfortunate! y no transitions have been found between singlet and triplet 

states. The possibility that the lowest of the singlet states, the l~+ 
g 

state, is the ground state has not yet been ruled out. 

Basing their work on th.e ass·umption that the 
3rr . state is the 

u 
lowest state of c 2 , two workers have tried to determine the heat of 

formation of· c 2 vapor from solid graphite by spectroscopic methods. 

Brewer, Gilles,. and Jenkins 1 observed the intensity of the (0-0) Swan 

band eng :: 
3
rtu) in emission as a function of te~peratur~. They 

produced the· c
2 

in a King furnac~ (a carbon-tube resistance furnace) 
0 

at temperatures of from 2700 to 2900 K. and observed the band through 
' ' 

a small glass pri,sm spectrograph by a photographic tec~nique. If one 

assumes that the intensity of the transition is directly proportional to 

the concentration of molecules in the particular state from which the 

transition arises, then by the second law of thermodynamics a plot of 
. . * . 

R 1 nIT versus 1/T will have as its slope &H T' which is the heat 

for the reaction 

2C (graphite) * = C 2 (gas in the excited state). ( 1) 

Here T is the absolute temperature at which the intensity _!_is observed, 

and· ~.is the universal gas constant. Knowing the excitation energy of 

c 2 and the heat capacities of solid graphite and the molecule, one may 
0 

easily correct this heat to .6.Ho for the reaction 

2C (graphite) = c 2 (gas). ( 2) 
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Brewer, Gilles, and Jenkins obtained a heat for the reaction of 233.1 ± 

7.0 kcal/mole. · 

This value has been questioned for several reasons. The slope 

method of determining the-heat is never very accurate; usually the 

temperature range over which observations can be made spectroscopically 

is comparatively small, owing to self -absorption at the high temperatures 

and lack of sensitivity at the low temperatures. In addition, the· accuracy 

of temperatures measured in the King furnace ·is limited by temperature 

gradients which develop in the ca.'rbori tube and which increase as the 

temperature is -raised. These errors may make a heat uncertain by 

as much as 'lOo/o. The previous results 'are also poor because a photo­

graphic technique was used for the dete rminatiori of intensities. The 

determination of light intensities by ele'ctronic techniques is much more 

precise th'an photographic methods. 

There are at least two methods by which thi·s heat might be 
........ 

determined' m·ore accurately. ·One is by the use of the third law of 

thermodynamics." One may obtain '(F 0 
- :H(j)/T values for g:dtphite up 

to 3000°K from the National Bureau of Standards Tables ; 3 ~ The 

(F~ - H8 )/T- values for p2 gas. may als·o be calculated if the 

electronic,· vibrational,and rotationai energy levels of c
2 

· are 'known .. 

The difference in these values gives (.6.F ~ - .6.H~·)/T.for· Reaction (2). 

-Now if we knew the absolute absorption coefficient for the Swan transi­

tion, from the measurement of the absolute intensity of the band we 

could compute the actual concentration of the ·C2 gas. Since 

·.6.Fo 
T 

=- Rlnpc (3) 
T 2 

we may calculate .6.F~/T and subtract it from the above function 

for· Reactiq~ (2),. th-q.s obtaining -.6.H/~ /T. T,his me,thod obviates the 

error in temperature measurement in the slope method. Here the 

error in temperature appears but once, and only in the absolute value. 

In the slope method two temperature errors are made; then.the error 

is badly compounded by taking a small difference between two large 
\ 

numbers. 

\I 
\1 
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Since in the case of the Swan bands and the spectra of most other 

·diatomic molecules accurate absorption coefficients have not been 

measured, this method is not yet available to us. However, there is a 

way in which we may use the slope method to better advantage. Let us 
' .\ measure the comparatively small difference fr1 energy between the 

unknown heat and one which is known accurately. The error arising 

from temperature measurement in any heat rpeasured over ;:~. given 

temperature interval will always be a certain percentage of that h,eat. 

Thus the absolute error in the small energy difference will be smaller 

than the error in the unknown heat measured by itself. 

This wa's the method employed by Krikorian in measuring the 

heat of formation of the 
3
rru state of c

2 
gas from solid graphite. To 

provide a known heat he used the element zirconium, which has a 

spectral line at 4739.48 A near· the (1-0) Swan band head at 4737.1 A. 

He heated the zirconium metal in the graphite tube of a King furnace 

and allowed it to become car.burized .. Then using a photomultiplier, 

he traced through both emission spectra with the gases at a constant 

temperature, and repeated the tracing at different temperatures. 

From the data thus obtained he was able to make a plot of - R J. n 

(lzr/IC
2

) versus 1/T .. From the slope of this plot he obtained the 

difference in the heat needed to vaporize one mole of c 2 from solid 

graphite to the gas in its excited state and the heat needed to elevate 

one·.mole of zirconium from solid ZrC and C to a mole of zirconium 

gas in its excited state. Krikorian thus obtained a heat for the 
3
rr 

u 
state of c2 of 191.4 ± 5 kcal per mole. 

Mass -spectrographic evidence seems to point to a value for the 

heat o£ sublimation of c 2 gas at the upper end of this range. H 
. 15 

on1g, 

using a slope method, obtained a value of 199 ± 20 kcal per mole for 

.6-~·From this one may obtain .6-H~ = 202 ± 20 kcal, using the heat 

capacity data for · C gas given by Stull and Sinke 
35 

and those for 
' 2 ' 32 . 5 

graphite given by the Bureau of Standards. . Chupka and Inghram 

obtain .6-H~ = 183 ± 10 kcal by a second-law experiment. On the 

other hand, by estimating the ratios of the cross sections of c 1 and 

c 2 to that of silver, with which they calibrated their apparatus, they 
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could calculate vapor pressures of c
1 

and c
2

. Then, using the third 
. . 0 . . . . . 0 

law, they obtaired,6.H
0 

= 170 ± 7 kcal per mole for C and ..6.H
0 

= 

197 ± 7 kcal per mole for c
2

. They point ou.t that the value they ob-
. . 

tainedby the second iaw may be too low, owing to vaporization of 

ma'gn:esiurri from their apparatus at the lower end of their temperature 

range. 

In Krikorian's work and other work done by optical spectroscopic 
. '· . . . . . •. . . . '3 

methods, the heat that is measured for the. formation of the II state 
u 

is the heat of vaporization of the c2 molecule only if this state is the 

ground state of the c
2 

molec'ule. The mass -spectrographic methods 

using the second law do not depend at all on which is the. lowest state 

of the molecule. However, if the third law is used, then entropies or 
o o I . ( F - H

0 
) T values for the · C 

2 
molecule must be calculated from 

optical spectroscopic data, and this again involves knowing the nature 

of the ground state of this molecule. 

Thus the idea for this investigation arose, i.e., to determine 
. 3 - . . 1 + - . 

which of the two observed states, II or ~ , may be the ground state 
u g . . 

6£ the· c 2 mdecule. Suppose one produces both the Swan spectrum 

and one of the ~iriglet-state transitions at the same time, using an 

equilibrium thermal source such as the King furnace. Then one can 
- . . ' 

observe how the ratio of the intensities of the two spe~tra chCinges as 

·a function of temperature. Thus one obtains the difference in energy 

between the two-states from which tlie transitions originate, much as 

Krikorian did with zirconium and the Swan bands. It may be pointed 

out that this situation is even more favorable than that of-Krikorian1 s. 

Both transitions arise in the same molecule, and even if the molecules 
. . 

are present at som·ewhat less than equilibrium pressure, one can still 
- < • ' •• 

obtain· a true energy difference by the slope method as lon'g as the 

ratios of molecules in the various states still have equilibrium thermal 

distribution. Since the singlet states of c 2 are all interrelated by 

transitions, the energy difference between any singlet state a:nd. a trip­

let state yields the energy difference between the 1a state and the 
. 1• + U, 

lowest singlet state, ~g 

~· 
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Now let us investig'ate the singlet-state transitions 1of c 2 to see 

which one will best suit our purpose. Four singlet transitions have 

b d f ' G . 31 ' 11 Th I h D 1 d- A. b 0 h een reporte or. 2 . · ese are t e es an res- zam UJa, t · e 

Mulliken, the Phillips,. and, the most re~ently discovered, the 

Freymark systems 0 The electronic states of both the Deslandres-
1 1 ' 

Azambuja system ( c II - b IT ) from 3400 to 4100 A and of the 

Freymark system (b 1rtg - e 
1if) at about 2200 A are too highly excited u g . 

tope rmit the finding of their transitions either in .emission or ab-

sorption in a thermal source at temperatures such as the King furnace 

produces. The Mulliken bands (dl~+ to a 1 ~+), appearing at about 
u g 

2300 A, have an upper state that is also too highly excited for the bands 

to be obse~ved in emission in the King furnace. Their lower state, 

though, is low enough that they have been reported'in absorption in the 

King furnace by Brewer and Phillips, 
2 

who used a xenon high-press':lre 

arc lamp as a source .. However, because the rotational lines of these 

relati'ilely headless bands were strongly self-absorbed, and because of 

the usual-difficulties of working this far in the ultraviolet, it was de­

cided that the Phillips bands might be a better system to use for this 

purpose. 

Accordingly the investigation reported here began with a search 

. for the emission spectrum of the Phillips bands in the King furnace. It 

was described by Phillips as a transition between the b 1n and the 
1 

. u + . 0 

a ~g states of c 2 , and he reported 1ts appearance at from 7900 to 

9000 A in a discharge tube through which he streamed argon and benzene 
25 ' 

vapor. · In the present search the spectrum of the King furnace was 

produced by sending its emitted radiation into a three -meter diffraction­

grating spectrograph. This spectrum was scanned with a cesium oxide 

phototube as detector. The (2-0) and (3-1) bands of the Phillips system 

were uncovered in this manner with furnace temperatures as low as 

2710°K. These are the strongest bands that one might expect to find 

in the King furnace, since bands of lower Vibrational quantum number 

are located too far in the infrared to be detected by the cesium oxide 

phototube. 
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The decision remained whether to compare the intensities of the 

triplet and singlet systems ih.absorption .or .emission. The greater 

the en<ergy 4ifference being measured the greater is the uncertainty 

in the determi.nation, if measurement of temperatures is the main 

source of erro·r. Therefore, ifall·other things are equal, whether 

absorption or emission.is more accurate depends on whether the two 

upper or the .two lower vibrational :levels of the .3rru and the 
1 ~; 

states are closer. This in turn depends on the relative excitations of 

the singlet ahd triplet systems and the particular vibrational bands of 

the systems o~e uses. How the particular vibrational bands of the 

Phillips and Swan sys t~ms used ih this experiment were chosen is 

discussed in a later section of this paper .. Since the relative ex-. . . 
citation energy of the singlet system was not know beforehand, an 

emission experiment was tried, as it is by far the simpler experiment. 

i \. 

. ~· 

v 
\.l 
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EXPERIMENTAL EQUIPMENT 

The Kihg furnace used in this research was the -same as that used 

by Ktikorian19 and very similar to the one describe~ by Brewer, Gilles, 

and Jenkins.
1 

The most important element of the furnace is a hollow 

graphite resistahce heating tube, which is 12.5 inches long. The 

symmetrical tube has a one -half inch bore down the center and_ an out­

side diameter of 7/8 inch at the ends and middle. The wall is 3/16 

inch thick in the middle of the tube and is then tapered symmetrically 

down to 1/16 inch at points 3-1/4 inches from the ends, where the 

thickness suddenly increases to 3/16 inch. This provides a uniform 

heating zone of 6 inches, bordered on each end by a sharp temperature 

gradient. The purpose of the tape ring is to counteract the flow of heat 

out of the open ends of the heating zone by increasing the power out-

put of the walls in these regions. Small, striated baffles, with 1/8-

inch holes bored through them,- are placed inside the tube just at the 

end of the uniform heating zone to help increase the temperature and 

pressure gradients. 

The heating tubes are supported by two flexible graphite bushings 

which_ are tightly fitted into insulated copper blocks; these are in turn 

connected to copper bus bars which-lead to a transformer. Also 
' support~d by the copper structure is a spool-shaped piece of graphite, 

which encircles the tube and holds five layers of conc~ntric, cylindrical 

graphite radiation shielding. This whole structure is surrounded by a 

large brass barrel which has quartz windows opposite the ends of the 

heating tube. Copper tubing is provided throughout the entire s true ture 

to provide water cooling of the metal parts. The system is provided with 

vacuumtight seals so that it may be evacuated to pressures on the order 

of a micron. 

The source of power is a 440-volt 90-ampere 60-cycle line. This 

is led into a· 100 -kva transformer capablEf of reducing the 440 volts down 

to 30 or ahy of a number of lower voltage;s, depending on which contacts 

on the tra.nsforme r are used. Normal ope rating currents are of the­

order of 1500 to 21XX) amperes with voltages 0f 10 to 15 volts. A fine 

adjustment on the power ,supplied to the furnace is provided by an 

internal auxiliary cho.cuif controlled by a Powerstat. 
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This arrangement is capable of producing temperatures of more 

than 2800°C throug~out the heating zone. The tempera~ures attained 

are limited only by the nonuniform vaporiz,ation of the heati.ng tube. 

This produces large temperature gradients that cause the tube to 

fracture and break the electrical Gir~uiL The temperature limit 

could be raised by use of a heating element made of TaC; however, 

such. a tube would be more difficult to fabricate. The tempera~ures 

were measured by the use of a Leeds and Northrup Optical Pyrometer 

sighted through the window onto the walls of the heating tube; 

The light frqm the King furnace is focused on the slit of a 3 -i:n 

grating spectrograph. The spectrograph, scanning equipment, amplifier, 

and. recorder are the same as those used by Krikorian. 
19 

The photo­

metric equipment was built by Phillips
27 

and described by him. The 

concave grating has 15,000 lines per inch ruled on its face, and a 

dispersion of about SA per millimeter in the first. order. Because 'of 

its Eagle mounting! only about a 1600 -A range is available in the first 

order with any one setting of the plate tilt, grating, and slit. The 

cesium oxide phototube is mounted in a scanning device on the Rowland 

. circle of this spect_,rograph. The speed of the scanning device cari be 

adjusted £;om about 0.67 A to. 85 A per minute in the first order by 

using different gear trains. The signal from the phototube and its 

p1:eamplifier is led into the amplifier,. which when in use with this cell 

has an amplification variabl_e by a factor of ten. 

The·Cs 2 0 phototube was of the type GE 25 A/B manufactured by 

the Consolidated Engineering Company of Geneva, Illinois. Though its 

sensitivity in the visible region of the spectrum is not as good as a 

1P21photomultiplier, a CszO type tube is the best receiver for the 

region of the Phillips bands. The cell with its preamplifier circuit is 

contained in a small brass drum which is capable of being evacuated; 

electrical connections lead from this drum, to the amplifier and. recorder. 

In the preamplifier circuit the plate current of the phototupe, is lead 

through a Hi-Meg resistance (1013 ohms·) ... The voltage drop across 

this resistance controls a tetrode whose p~ate current is received by 

II \.) 
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the aforementioned amplifier. This whole circuit must be kept at a 

pressure of less than 0 .1mm of mercury to prevent the condensation 

of moisture on the surfaces of the circuit. 

With the previous 1 y existing equi:pment the signal-to -noise ratio 

of the ph9tometric circuit was too low for an adequate study of the vari-

ation of intensity of the Phillips bands from low to high temperatures. 

Therefore it was decided that the phototube would have to be cooled to 
I 

dry ice temperatures. Refrigeration has in similar systems produced 
. I . 
\ ' 

considerable improvement in sensitivity; furthermo~e the use of liquid 

nitrogen has no advantage over cooling with dry ice .. In order to. cool 

the system and.at the same time evacuate the circuit it was found 

necessary to make a few changes in the construction of the drum. The 

base of the drum thro:Ugh which leads ran to the power supply and 

amplifier had been sealed to the drum by means of a rubber 0 ring 

compressed by screws. It was found that when the drum was cooled 

the 0 ring contracted, became hard, and no longer held a vacuum. This 

seal was then replaced with a flat gasket made of ::s<:ift aluminum. The 

gasket is clamped between a flat s~rface on the base of the drum and 

a boss of about '1/;32-inch r.adius machined on the edge of the upper 
I 

portion of the drum. The boss sinks into the soft gasket and produces 

a vacuumtight seal 'even if there are minor scratches on the face of the 

gasket. This. seal remains vacuum tight when cooled, since the aluminum 

does not contract as much as the rubber at dry ice temperatures. 

Difficulty was also encountered with the window in the drum; 

light from the diffraction grating passes fhr'ough this window and falls 

on the photosensitive surface of the Cs
2
o cell. This pyrex disc had 

originally been sealed to the face of the brass drum through the use of 

a second rubber 0 ring; this seal also failed when the drum was cooled. 

After several unsuccessful attempts to seal the glass window to the brass, 
~ 

it was found that Araldite, a thermosetting resin, produced a vacuum­

tight seal which remained leaktight when the system was cooled to dry 

ice temperatures. A form· of Araldite which; sets at room temperature 

with the aid of a catalyst worked best in this case because of the soldered 

joints in the drum. 
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After these corrections were made it was found that an approxi­

mately eightfold increase had been made in the signal-to..:noise ratio 

as a result of cooling the cell to dry ice temperatures. In addition, 

Prof. F. A. Jenkins found that the. diffraction grating had not been installed 

prop~rly. He turned it over and realigned it so that its effective blaze 

angle of about 8000 A could be used. This improved the sign~l by a 

factor of about five. These improvements in signal-to -noise ratio 

permitted the Phillips system of the c 2 molecule to be observed in 

the King furnace to a temperature 150° lower thari in the preliminary 

measurements.· This amounted to a considerable increase in the range 

aver which intensity mea!5urements could be takeri. 

· .. ) 
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EXPERIMENTAL PROCEDURE. 

Selection of Features to be Me'asur~d 

For the purpose of rapid simultaneous scanning, Swan bands were 

needed that could be scanned along with the strongest Phillips band 

without having to change the position or range of the 3-m grating. The 

(0 -b) and ( 1-0) Swan -band heads are so located that their second -order 

spectra and the first-order spectrum of the (2 -0) Phillips band may be 

observed~ without changing the setting of the spectrograph. These are 

two of the strongest Swan bands in the spectrum of the King furnace; 

their heads are located at 5165.2 and 4737.1 A, respectively. 

The Swan bands are made up of closely spaced rotational lines, 

Which form well-defined heads. Therefore the intensiti:e:s of the heads 

of these bands were measured above a background which consisted of 

scattered light from the furnace. The wave lengths of these band heads 

were checked in the finding lists of Moore
22 

and the atlas of Rosen
31 

to find impurity spectra that might occur in the King furnace .. If 

impurities existed with spectra at just these wave lengths, they would 

have different he'ats of vaporization than the· c
2 

molecule and would 

therefore affect the measured heat according to how much they contributed 

to the spectrum under observation. 

Multiplet four of the metal titanium is located near the· Swan. ( 0 -0) 

band, but none of these lines is within an instrumental half width of the 

head of this band. The instrumental half width is determined by the slit 

width and scanning speed used }n the experiment. Therefore this multiplet 

cannot contribute 'to the intensity of the (0 -0) band head as measured here. 

Also, there are no atomic multiplet groups near the ( 1-0) Swan band that 

might contribute to the measured intensity of that head. An examination 

of Rosen's atlas also showed that there are no spectra from diatomic 

molecules that could be expected to appear in the King furnace' and interfere 

with intensity measurements of either of these heads. 
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The Phillips bands are quite different in structure from th.e Swan 

bands; they consist of single rotat_ional line.s which are widely spread 

and which therefore form he.ads of weak or only moderate intensity. 

In fact many of the individual lines have greater intensities than the 

heads" For this reason it was decided to use a single rotational line 

of a ,Phillips band for the intehsity study. The strongest band of this 

system that .can be observed in the King furnace is the (2 -0) band; its 

head is- at 8751 A, and it is degraded to the red" The strongest branch 

of the Phillips bands is the . Q branch" In the (2 -0) band the lines of this 

branch gradually increase in intensity as we go to the red until we come 

. to the line nearest the location of the head of the ( 3 -1) Phillips band at 

8980.5 A" Here there is an ~brupt increase in intensity due to the 

·superposition of some of the lines of the (3-1) head on the (2-0) rotational 

line at this wave length" Thus for the intensity measurements the last 

line in the Q branch of the (2-0) band that is clear of the (3-l) head 

was used" The heat that we then obtain from measuring the temperature 

coefficient of this line intensity is simply the heat of formation of this 

particular rotational level in the v' = 2 vibrational state" There is no 

contribution from a line in the (3:,1) band that would y!eld a high.er heat 

corresponding to the heat of a particular rotational leve 1 of the v 1 = 3 

vibrational leveL 

The particular line we finally choose, therefore, is the line with 

J' = J'' = 32, and is located at 8956" l A" There is a line of the P branch 

. of the (2 -0) band with J' = 25 located at 8954A A which blends slightly 

with the above -mentioned line. However, the excitation energyof the 

rotational level that gives rise to this line is only 1828 calories below 

that of the line which we are to measure" Since this J' = 25 line con­

tributes about lOo/o to the intensity that we measure, this blendl.ng lowers 

the heat measured by only 0"2 kcaL As we shall see, this is negligible 

compared with other errors involved in these measurements" 

. .I 

Again the Moore scanning list and the Rosen atlas were consulted ~_, v 
. for spectra of other molecules and atoms that might interfere with the 

measurement of the intensity of this line" No atomic lines that might 

cause difficulty were found near 8956"1 .or 4478"1 A". A line at 4478.1 A 
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would interfere, since its second-order image wouid blend with the 

.. first-order image of the rotational line, 

The red spectrum of the·. CN molecule does have s orne bands in 

this region. The ( 1-0) band shows up quite strongly in the King furnace; 

however, it is located at 9148.3 A and is degraded to the red. In 

addition the (2 "-0) ·. CN band at 7876.4 A show~ up; and there .is some 

indication of the (3-1) band at 8067 A. It would appear that even without 

special attention the rotational structure of these bands diminishes to the 

extent that they would make a negligible contribution to the background 

intensity by the time we reach the head of the (2 -0) Phillips c 2 band at 

8751 A. However,special precautions insured that these CN bands 

contr1buted nothing to the measured intensities. The graphite tube, 

shields, and support used in the run were pumped out while the tube 

was heated for several minutes at a temperature of 2400°C. ·' Then the 

inside of the furnace was flushed with argon and pumped out again to a 

pressure of 0.1rnrn. This removed much of the nitrogen that had been 

absorbed by the graphite from the air that entered the system when the 

heating tubes were changed. In addition,powdered zirconium was spread 

in the cooler ends of the heating tube to act as a getter for nitrogen. 

These measures, reduced the ·CN pressure by a factor of two or three, 

as evidenced by the decrease in the intensity of the ( 1-0) CN band. 
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Measurement of Intensities 

The experimental procedure used was comparatively simple. 

After the· furnace had been pumped and flushed at low operating 

temperatures, enough a~gon was led in to produce a pres~ure of 1 em 
' ' 

of mercury when the argon wasaLJbom temperature. The purpose of 

the argon pressure was twofold. One function was to reduce the mean 

free path ~£thermal ~lectr~ns so that they would not be accelerated 

down the heating tube by the 12 -volt potential.. Such accelerated electrons 

could excite the molecules that were being studied. Furthermore, the 

argon reduced the mean free path of the carbon atoms and molecules 

and prevented them from condensing on the quartz windows opposite 

the ends of the heating tube. 

The next step was to adjust the Powers tat . so that the furnace 

reached a temperature within the working range. This range was 

from about 2435°C to 2 790°C. Below this range the feature~ did not 

~how up with certainty, and above this range gr~dients developed too 

rapidly in the heating tubes. In addition, the Swan fea_tures begin to 
.' . ~ .· 

suffer too much. self-absorption above these temperatures. Time had 

to be allowed for the furnace to adjust to an even temperature after 
' .' ' 

eac;h adjustment of the Powerstat. The point at which the furnace had 

reached a constant temperature could be judged by taking successive 

readings on the walls of the tube \vith the pyrometer. 

Then as rapidly as possible the scanning phototube was manually 

set slightly to one side of the location of one of the features, the scanning 

motor was started, and the feature was scanned. Then the phototube 

was again manually moved just to one side of the second feature, and 

that feature was scanned and recorded. The time required to scan 

both features in this fashion was 3 to 10 minutes, depending on what 

scanning speed was used. Three temperature readings were· taken 

during this process. 

Next the Powerstat was readjusted so as to change the temperature 

of the furnace .. When the temperature had become constant the scanning 

process was repeated. In this way intensities were measured at a 

number of temperatures throughout the working range. 
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The foregoing gives an idea of the experimental procedure used, 

but there are many experimental details that had to be considered be­

fore the actual intensity measurements were made. These are covered 

in the following subsections. 

Optics 

The optics were designed to keep the continuous radiation of the 

heating -tube walls from reaching the spectrograph; yet they had to 

allow as much as possible of the light emanating from the vapor inside 
, 

the tube .to enter the spectrograph. Figure 1 is a schematic diagram 

of the optics finally adopted for this purpose. This diagram is intended 

to _illustrate certain details of the optics, and therefore different parts 

of the .diagram are drawn to different scales. 

The heating tube is shown at the left of Fig. 1. The graphite 

diaphragm ~ acts in combination with the lens stop <2_ ·to prevent the 

black-body radiation of the walls of the ho~ zone from passing the 

stop C. The cooler graphite diaphragm B blocks most of the black-
- ·d - ' 

body radiation of the hot diaphragm~· The lens at C forms an image 

of diaphragm ~ on the lens stop ~· The part of the image at ~ 

corresponding to the hot diaphragm~ is blocked out by the lens stop 

· ~· but the part of the image corresponding to the emitting gas is 

allowed to pass through the hole. S represents the slit· of the 

spectrograph .. The cylindrical lens at ~ makes a tall narrow image . 

of the light be'am at S so that a larger percentage of the light passes 

through the vertical slit S. 

Originally the quartz window on the end of the King furnace 

away from the spectrograph was reflecting some wall light into the 

,optical train. The window was removed and reset at such an angle 

that light reaching it from the walls was reflected up out of the optical 

train. 
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c D 
HEATING TUB£ 

Fig. 1. · Schematic diagram of the optics used in the intensity 
measuring experiments. Different parts of the diagram 
are drawn to different scales. 
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Background Radiation 

In spite of all these precautions a certain amount .of this continu­

ous black-body radiation from the walls of the heating tube still fell on 

the phototube .. This formed a continuous background spectrum over 

which other spectra were su:pe rimposed. It is believed that this re­

maining background radiation had its origin in partiCles of solid matter 

which circulated in the King furnace and which reflected light from the 

walls of the heating tube into the optics. These solid particles might 

be caused by disintegration of the vaporizing heating tube and by con­

densation of carbon and perhaps impurities from the graphite in the 

cooler parts of the heating tube. The settling of dust particles on 
' ~ 

parts of the optics outside of the King furnace, and also imperfections 

in some of the optical parts, may have contributed their share to in­

creasing this background•radiation. 

As one would predict from the Planck radiation law, this back­

ground became more of a problem towards longer wave lengths. In­

deed, at the wave length of the Phillips band this background was 

comparable in intensity to that of the features. Since here the back­

ground did not change rapidly with wave length it was easy to distinguish 

the rotational lines of the Phillips (2 -0} band superimposed on the 

continuum. Wheri intensities were being measured, however, the 

background did cause some uncertainty because it fluctuated with time 

and therefore contributed its share to the noise obtained when scanning, 

especially at large slit widths. These fluctuations in time are probably 

due to changes in the concentrations of dust particles inside the King 

furnace . 

. This background radiation is negligible at the wave lengths of 

·the (O:..O} and ( 1-0} Swan bands; however, in this case their spectra 

were observed in the second order; and high-intensity first-order 

background radiation was superimposed on their second -order spectra. 

Here there was an additional complication in that the 'apparent intensity 

of the background radiation as recorded by the Cs
2

0 cell was rapidly 

falling off towards longer wave lengths. This was because the 
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sensitivity of the Cs 2 0 cell rapidly decreases when one proceeds t;his 

far out into the infrared. The superposition of this steeply sloped 

background on the Swan features made it difficult to measure their 

intensities. However, this difficulty was easily remedied. A Dow­

Corning pyrex filter No. 9788 completely removed the first-order 

background radiation,. while light of the wave lengths of the Swan bands 

came through almost entirely. It was simply necessary to remember 

to place the filter in the optical train when one wanted to trace the 

Swan spectra and re!l}ove it when one traced the Phillips spectra. 

The filter was mounted on a swivel so that the same part of the filter 

was used every time. 

Slit Widths 

As we may now see, the selection of slit widths was Controlled 

by several factors. In these measurements the entrance slit of the 

spectrograph and the slit in front of the phototube were kept at the 

· same width; thus a triangularly shaped line was obtained when scanning. 

As wide, a slit width as possible was used so as to obtain a more intense 

feature. This increased the signal fora given amount of noise con­

tributed by the photocell at any certain gain; the amount of noise made 

by the photocell depended only on the gain at which the amplifier· was 

operating and not on how much light was falling on the cell. The second 

factor was the noise contributed by fluctuations in the background that 

originated in th~ furnace; If the· slit widths were decreased the intensity 

of the background would decrease more rapidly than the intensity of the 

feature .. Therefore the ratio of signal to noise of this origin would 

increase. However, the noise contributed by the background was of a 

much lower frequency than th~t of the photocell, and quite often one 

·could trace through a feature without much shift in the background. 

Therefore a comparatively wide slit of 0.25 mm was used to increase 

the signal-to-noise ratio of the photocell. This noise level was the 

m~in source of error in measuring intensities. 
•. I .;' 

'• 
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The speed used when ,scanning had an important effect on the 

intensities measured by this technique. If the phototube scanned past 

a spectral feature at too high a rate, the recording potentiometer did 

not have time to make the full response that it would make if the cell 

remained at rest at the maximum intensity of the feature. This is due 

to the relatively slow time constant of the electronic circuit. If the 

p'ercerttage of the true peak intensity recorded were less for more 

intense features than for less intense features, the sigma plot made 

from the measured inten~ities would yield a heat lower than the correct 

value. To find how slowly one had-to scan to obtain a heat not suf­

fering from this effect, heats were measured at each of several 

different scanning speeds. Then a plot was made of the average he.at 

obtained as ordinate versus the scanning speed used when the heat was 

measured as abscissa. The intercept of this curve with the ordinate 

corresponds to the true heat. 

Measurement of Temperature: 

Temperature Scale 

In order to insure a well-defined temperature scale the No. 2 

·pyrometer Leeds and Northrup serial No. 749235,. ~hich.was used for 

all these measurements, was compared before and after the intensity 

measurements were made with No. 3 pyrometer, Leeds and Northrup 
···" * 

serial No. 709371. This pyrometer had been standardized by the 

National Bureau of Standard:;; in Washington, D. C. in Januar·y 1956 on 

the bas,is of the 1948 ther~odynamic_temperature scale. 
6 

The 

standardized pyrometer was used only for comparison purposes. 

>:< 
Two pyrometers are referred to in this thesis. They belong to the 

high -temperature section of the University of California Radiatiqn 

Laborat:ory. The nume·rals l-and: 2:·appear· on the. faces of their re .. -. 

spective potentiometers. 
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0 
Its scale correction amounted to minus 88 when the pyrometer read 

1
2800°C and minus 34 ° when it read 2400°C according to the- NBS 

corrections. When No. 2 pyrometer was compa-red with this ins tru­

ment by sightirgboth instruments on a constant-temperature source, 
.· 0 "\ 0 . ' .· '0 ' .·_ ci 

No. 2 read 15 ± 4 higher than No. 3 fr_om 2300 C to 2700 C. When 
. . ' 

recompared after ~tt' the intensity measurements were made, the 

·difference in the readings of pyrometers remained the same within experi-

mental error. 
·. ' 19 •' . 

It is believed that Krikorian used the same pyrometer (No. 2) 

for his measurement as was us~d in this work; however, at that time 

there was no recently calibrated pyrometer with which to compare it. 

The ref ore to obtain his tem})e rature scale he calculated the heat for -

the reaction~ 

ZrC (solid with excess graphite)= zr*(gas in excited state) t 
C(graphite). (4) 

Then he measured this heat by observing the variation of the intensity 

of the particular electronic transition of zirconium that arises from 
' the excited state as a function of temperature. The heat that he thus 

obtained agreed with his calculated heat for the reaction of 254.7 kcal 

at 3000°K. Thus the uncorrected relative temperature readings of the 

pyrometer were correct within the accuracy with which the heat could 

be measured, which is about 10 kcal. 
" 

Now we shall see that if we correct Krikorian's measured 

temperatures by amounts determined by the recent Bureau of Standards 

calibration of pyrometer No. 3 plus the comparison of Nos. 2 and 3 

we are led to a serious disc repenc y between the measured and calculated· 
" ' 

heat for the above reaction. Since the measured heat was obtained· 

hom the slope' of a straight-line plot of sigma (~hich is a function of 

the intens~ty of the zirconium feature) versus the reciprocal of the 

temperature, we may say 

) . AHO (. ""'' - ""'"),/( 1/Tii 
. u 3·ooo = "' "' 1/:r'), 
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where the prime indicates the point at the highest. temperature at whi~h 

Krikorian made his measurements and the double prime indicates the 

point at the low end of his temperature range. Now if we substitute in 

this -fraction the difference in the reciprocals of the temperatures de­

termined by correcting Kh·korian 1 s measured values to the Bureau of 

Standards temperature s.cale, we increase the measured heat by more 

than 11 o/o to 284 kcal. Using a more recent value for the heat -of sub­

limation of zirconiu.m 35 we obtain a slightly higher value than 

. Krikorian calculatedfor the heat of Reaction (4), namely 258.2 kcal at 

3000°Ko However, the discrepency between this value and the measured 

one is too great to be taken into account by the experimental error. 

There are, two possible explanations why Krikorian's measured 

heat might be off this faro One is that there was solid solubility be­

tween his ZrC and the excess graphite in his heating tubeo However, 

he had samples of his ZrC analyzed by X-ray diffraction before and 

after his measurements and found no evidence of a change in the lattice 

constants .. Furthermore, if there were solubility between the two solid 

phases we would· expect this to lower his measured heat for Reaction ( 4) 

below the value cal"culated, assuming no solubility'o Another possibility 

is that large temperature gradients developed in his heating tube during 

the process of the run. However, if he read the temperatures near 

the high end of the gradient- -as is probably the case- -the heat measured 

· would again be low. 

In view of this discrepency an'independent calibration of pyrometer 

Noo 2 was made. This calibration, which was based on the transmissions 

of the filter screens .of the pyrometer, is described in detail in 

Appendix A .. Suffice it to say here that this calibration, using the filter 

transmissions, showed the National Bureau of Standards calibration of 

No. 2 to be considerably in error in the temperature range in question. 

Using the new corrections for Noo 2 found in Appendix A to correct 

Krikorian's measured heat for the Zr reaction, we obtain a value of 

260 kcal compared with a value of 258o2 kcal based on the measure-

ments by other observers 0 Therefore this new temperature scale was 
used to obtain all the heats presented in this thesis. 
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. v/indow. Correction 

In addition to these pyrometer-scale corrections, the temperatures 

read through the window of. the King furnace had to be corrected for 

reflection losses at the glass -to-air surfaces. For this purpose· we may 

. use the Wien' s law expression: 1/T 
1 

- 1/T 
2 

= Ko. If T 2 is the actual 

temperature of the walls expressed in degree~ Kelvin, then T 1 . is the 

absolute tempe~at~re that i~ read through th~ window. K is a constant 

that is a function of the transmission of the windowo The value of K 

was determined by reading the brightness temperat~re of a tungsten 

fila~ent lamp with th'e pyrometer, then interposing the window be-

tween the pyrometer and the lamp and reading the brightness temperature 

again. The constant found in this way for the window was (0.048 ± 
·. . -4 ~~' 

00003) 10 deg. 0 The value found by Krikorian for the same window 

6 
. -4 -1 

was 0.04 x 10 deg. 

Temperature Gradient 

The accuracy with which the intensity variation with temperature 

c9uld be measured was limited by the temperature gradient of the 

heating zone .. of the tube. Although these tubes were quite uniform m 

.temperature to start with, during the process of a run hot spots began 

to appear in the walls of the tube. These hot spots were self-inductive 

for two reasons 0 The higher temperature of the area caused this part 

of the tube to vaporize and to be attacked by residual oxygen more rapidly 

than the cooler parts of the tubeo Thus the heating tube became 

thinner at this poin~;- the resistance rose, and consequently more 

power was dissipated at this poinL In addition, -vaporizing metallic 
' . . 

impurities condensed on the first. cool surface with which they carre!.in 

. contact. The result was that a shiny reflecting coating was deposited 

on the first radiation shield opposite the hot spoL This in: turn in­

creased the effectiveness of the radiation shield,. causing an even 

greater temperatu.re gr9-dient. 

Several steps were taken to.minimize this gradient production. 

The first was to experiment with th.e dimensions andwall thicknesses 

of the heating tube until a design was found that produced a minimum 

., 
.· 

~-
I • 
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initial temperature gradient. ·The dimensions of the final design adopted 

were those given in the "Experimental Equipment'' section of this paper. 

Ano.ther step was that de,scribed by Krikorian, and consisted of .in­

serting a graphite sleeve into the graphite spool th:at constituted the 

fi·rst radiation shield. When this sleeve became shiny from its coating, 
~ 

it could be discarded and another inserted in its place .. During the final 

measurements, to insure that the minimum of temperature gradient was 

produced in each run, the heating tube and sleeve were both replaced at 

the beginning of each run. With this procedure, the temperature 

gradients amounted to 0 to 3o?c at the beginning of each run and varied 

from 40 to 100°C at the end of a run. The gradients were produced 

most rapidly at the highest temperatures, and just how large the final 

gradient became depended on the maxrrnum temperature to which the 

tube was taken and how long it was held there. 

Because of these temperature gradients (sometimes as high as 
0 

70 to 80 C), there was ambiguity as to just where in the heating tube 

the optical pyrometer should be sighted. In order to maintain re­

produdbility between runs the procedure adopted in these measurements 

was to aim the pyrometer at the hottest part of the wall that could be 

observed. As may be seen, this procedure tends to give a .heat which 

is lower than the correct value, if one starts the runs at the lowest 

temperature and works systematically up to the highest temperature. 

·At the end of the run, when the tube is hott~st, the highest gradients 

are produced in the tube. At this time the intensities observed are 

produced by a large proportion of molecules at temperatures lower 

than that read by the pyrometer at the hottest spot on the wall. There-

.fore the intensity observed at the highest temperature is considerably 

lower than that which would be observed if all the gas were at the same 

temperature. This is also true at the lowest temperature but to a 

considerably smaller extent. This manner of reading temperatures 

thus tends to give a heat lower than the correct one. 

To evaluate the ma~nitude of this lowering of the heat and to 

correct for it, the following procedure was used in place of tractng 

·the spectra from the lowest to the.highe~t temperature in chronological 

l 
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order .. The intensities were first recorded at the middle, then at the 

lowest, than at the highest, and finally again at the middle of. the 
- ··. !' ,: ' . . . . ' 

temperature range. Thus in a plot of logarithm of intensity versus the 
·- .. ~ . . . . ' 

reciprocal of the temperature, the distance by which the last point 

measured falls below the curve .drawn through the other points at 

the same temperature.gives a measure of this gradient effect. According­

·ly one may use this deviation in deciding how to weight the various 

points in the plots of sigma versus 1/T. 

If one were to read the temperature of the coolest spot of the 

heat~ng tube, for analogous re~sons one would obtain a heat that is 

higher than the correct value. However, the hottest spot of the tube 

could usually be read.,.with greater consistency. For even greater 

consistency in reading temperatures one might sight the pyrometer on 

·a small graphite plug placed inside the heater tube. This would insure 

that the pyrometer operator always· read the temperature at exactly 

the same point, and thus eliminate errors arising from not sighting 

on quite the same part of the tube wall each time. However, this 

method was not used in the work described here, for the following 

reason. When even a small -sized plug was introduced into the system, 

the li,miting diaphragms placed in the optical system were not adequate 

to prevent a great deal of the black-body radiation from the plug from 

reaching the spectrograph. This continuous radiation had the effect 

of greatly lowering the sensitivity of the detection system at the wave­

length of the Phillips band. 

Variation of Temperature with Time 

Owing to the development of hot spots in the heating tube and to 

difficulties in con,trolling the temperature of the furnace, there 

occasionally were fluctuations in the temperature of the heating tube 

in the time that it took to trace through the two features with the phototube. 

To compensate for this, three temperature readings were taken for 

each tracing of the two features. The first was taken before the first 

feature was traced, the second between features, and the third after 

the second feature had been traced. · Ge·nerally all three readings 
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agreed within the experimental accuracy of the pyrometer and showed 

a random fluctuation with time. In this case the average of the three 

' readings was used for the temperature of both features in the sigma 

plots. Occa'sionally, however, the disc repan:cy in the readings fell 

out'side this experime~tal -error, a~d the readings sh-owed a systematic 

va;riation with time. In this case the average of the first and second 

readings was taken as the temperature of the first feature; -the average 

of the second and third readings was used for the temperature of the 

second feature traced. 

Rotational Temperatures 

As a check on these procedures for measuring temperatures, an 

attempt was made to determine the gas temperatures by using the 

relative intensities of the rotational lines of the Phillips (2 -0) band. 

lt'turned out, though, that this means of determining the gas tempera­

ture was too insensitive for this purpose, because the rotational s_tates 

are too close in energy. 'I:he temperatures thus determined from a 

single tracing using different sets of rotational lines varied by 2.00° 
0 or 300 C; they agreed within this variation with the wall temperature 

of the heating tube as observed by the optical pyrometer. 
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.... CALCULATION OF RESULTS 

··Heats from Sigma Plots 

We may use the second law of thermodynamics to calc.ulate heats 
. . -, ~ 

of for~ation of the singletand triplet states of c2 from intensity 

measurements of transitions that arise from these states ... Consider 

the reaction 

. 2 c (graphite)= c~ (gas in a particular rotational, vibrational and 
electronic state) (5) 

For this reaction we may write the van' t Hoff equation, 

d(l n P~ ) 
2 

d( 1/T) 

~HO. 
T 

R 
(6) 

Here . P~2 . is the equilibrium pressure of c
2 

gas in the particular 

rotational, vibrational, and electronic state designated in Eq. (5), 

~H~ is the heat of Reaction (5), and R is the universal gas constant. 

At low concentrations the intensity of an emission feature is 

directly proportional to the concentration of the excited state giving 

rise to the transition. At higher concentrations this relatio·nship no 

longer holds, owing to the phenomenon of self-absorption. Self­

absorption is present in a column of gas because the molecules that 

are closer to the observer tend to absorb part of the ratiation emitted by 

the molecules further away in the column" This effect was found to be 

present in both the Phillips (2 -0) band and the Swan (0 -,0) and ( 1-0) bands 
I 

in the temperature range over which the measurements were made; 

therefore the magnitude of this effect had to be known before heats could 

be accurately calculated" 

A means of experimentally evaluating this self -absorption effect 

is developed in Appendix B for a monochromatic measurement.· In 

this section a correction factor is found which, when multiplied with 

the intensity measured at a single wavelength, yields a quantity di­

rectly proportional to the concentration of the molecule in its excited 
J 
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state. In Appehdix C this 'monochromatic correction factor is integrated 

over the Doppler profile of the 'Phillips rotational line .. Thus a 

correction factor is developed which is applicable to the measured 
. . . 

integrated intensity of this feature. The final correction factors used 

. for the Phillips rotational line are presented in Table VI in Appendix C 

as a function of the temperature. In Apperidix D the correction factors 

for the mea~ured intensity of the Swan -band heads are developed and 

tabulated as a function of temperature. 

Let us call this correction factor Q'. The corrected intensity 

Q'I' is·directly proportional to the concentration of molecules in the 

excited state. Thus by applying the ideal gas law we may solve for 

the pressure in terms_ 6f the corrected intensity: 

kQ'I' = NYV = PC /RT. 
. 2 

In this equation, k is a constant and N' is the concentration of c
2 

gas in the particular excited state. Then we have 

P' = k RQ'I'T. 
c2 

Also for Reaction ( 5) we may write 

where .6,C 0
' is the change in heat capacities for Reaction (5). 

p 
for. c

2 
gas in a single rotational state is simply 5/2. R at any 

( 7) 

( 8) 

The- C
0

' p 

temperature, since its ·only degrees of freedom are those of translation. 
0 

The heat capacity of graphite has been measured at 3000 K by Rasor, 

who gives' a value of 6.2 eu~0 The value for this quantity given by the 

6
. 32 

National Bureau of Standards, A2 eu, is within his experimental error. 

Since we later on use the ··NBS value for the heat content of 

graphite at 3000°K, we shall use their value here for consistency. One 

then obtains a .6,C;3ooo for Reaction ( S) of -7.8 7 eu, which we.r shaH 

assume is G:onstant with temperature over the narrow range in which we 

use it. 
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No~ if we substitute Egso (7) and (8) with the value of ,D.C
0 

just . p 
calculated into Eq. (6) and integrate,_ we_obtain 

~· = Rln (Q'I'T) + 7.87 in T + 7.87 3000(T= ~ .D.H~000 /T + K'.. (9) 

Let. us consider that the single prime applies to c
2 

gas in a particular 

rotational level of the. v' = 1 or 0 vibrational level of the 
3n state. 

g 
This is the upper electronic state. of the Swan bands. We may then 

write an equation similar to (9), replacing the single primes with 

doubleprimes" The double primes signify quantities related to a 

particular rotational level of the v' = 2, 1nu state of thePhillips bands. 

Since in this case ,D.C~ is also -7.87 eu, the equation is 

~" = R in (QHI"T) t 7.87£n T + 7.87 3000/T 

Now we may subtract Eq. ( 10) from Eq. (9) and obtain 

:E = :Ei -:tn = Rin. (Q'I'/a'iP') = (.D.H~ooo ~ .D.~000 )/'r + K= -.6.E/T+K. (11) 

ZS.E is the energy difference between the emitting levels of the upper 

states of the Swan transition and the Phillips transition" Thus if we 

plot :E', :E11
, or :E versus 1/T, using the intensity versus temperature 

measurements, we should obtain a straight line whose slope is the 

negative of the heat of formation of a level of the 3tt or the 
1n 

g u 
state of c

2 
gas .from solid graphite, or the difference in energy be-

tween these levels, respectively" 

To evaluate the slope of the three sigma equations given above, 

a number of runs were made at several different scanning speeds; in 

each run the two spectra were scanned at from ten to fourteen different 

temperatures each with a fresh heating tube. As the measurements 

. progressed a number of improvements were made in the sensitivity of 

the equipment; they extended the lower end of the temperature. range, 
0 

where ~ignificant intensities could be measured, by 200 . This in turn 

improved the accuracy of the heats by yielding a greater rang,e over 

which the intensities could be measured and by allowing one to measure 
.. -' . • ' : C'l 

the intensities. attemperature.s where self-absorption corrections we:.;e 

·of a much smaller magnitude" 
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The data from a typical run made with this improved sensitivity 

are presented in Table I..· The temperature :scale is the one adopted in 

Appendix A; ~·, ~~~, arid ~ are calculated from the intensities and 

temperatures by Eqs. (9), (10) and (11). The scanning speed used in 

this run w;;~.s approximately 21A per minute in the first order and 

10.5 A per minute in the second order; the slit, widths were 0.20 mm. 

In Figs. 2, 3, 4 are presented the plots of ~·, ~~~, and ~' respectively, 

versus 1/T. The points in these graphs are numbered to show the 

chronological order in which they were measured. The solid line is 

the best straight line that could be drawn through the points by eye. In 
. . . I . 

drawing this line allowance was made for the development of a temperature 
. . 

gradient at the maximum temperature reached. The affect of the 

gradient was evidenced by the distance by which poirit No. 14, measured 

after the tube had be~n at maximum te;mperature, fell below the points 

taken previously at the same temperature. A least-squares method of 
) 

drawing a straight line was not used because this method would place too 

much emphasis on the inaccurate end points of the plots if no weighting 

were used. The values obtained from these plots for .t:.H~ 000 , 

.t:.H~~OO , and .t:.E were 235, 221, and 20.2 kcal per mole,. respectiv:eLy. 

Uncertainty in Me.asured Heats 

There are three possible sources of uncertainty in these figures. 
I 

The first is the self-absorption corrections, the second is measure-. 
ment of intensities, and the third is the measurement of the temperature 

of the column of gas. The error introduced by inaccuracies in the 

heat -capacity data is negligible, as. a large change in .t:.C; has little 

effect on the slopes of Figs. 2 or 3 and does not change the slope of 

Fig. 4 at alL It may easily be shown that the uncertainty intQ"oduced 
. ( 

by the self -absorption corrections is also negligible' for the corliections 
o, 

contribute only 2.36, 0.483, and 1.88 kcal to the values of .t:.H 3000 , 

H
o,, , 

/:::;. 3000 , and t::.E. The uncertainty in these contributions could not 

amount to more than a few percent. 



Table I 

Intensities meas~red at different temperaturesin a typical run. :E', .. i 11
, and !: are calculated from 

these data by Eqs. (9) (10) and (11), 
to ,phillips tra~sition. 

respectively. Primes refer to Swan transition and double primes 

Sequence T I' Q'I' :E' Ivv Q"I" ~"- ·-·~ 1/,T · 10
4 

fpK) measured corrected (eu) measured corrected (eu) (eu) ( 'k -1) 

5 2666 1.4 1.4 87.29 1.8 1.8. 87~79 -0.500 : 3. 751 

4 2714 4.7 4.7 89.72 4.1 4.1 89.45 +0.21'1 .. 3.685 
.. 

6 2718 4.8 4.8 89,76 6.4 6.4 90.33 -0.57:2 :.:3.679 

3 2784 11.0 11.0 91.39 10.3 10.·3 91.26 +0:130 •·. 3.592 

7 2791 15.1 15.1 92.07 14.8 14.8 92.03 +0.0~0 3.583 

2 2838 25.8 26.0 93.18 24.5 24.5 93.06 +0.118 3.524 I 
lN 
lN 

8 2855 39.9 40.2 94.05 43.2 43.2 94.20 -0.143 ·. 3.503 I. 

1 2877 51.2 51.7 94.56 41.8 41.9 94.15" +0.417 .3.476 

9 2926 102.1 103.9 95.98 1())4.2 104.4 95.99 -0.010 ·. 3.418 

10 2954 140.2 143.7 96.59 119.9 120.4 96.29 +0:303 3.385 

14 2966 128.1 131.8 96.42 110.5 111.1 96:14 +0.283 3.372 

11 2988 210.8 218.2 97.43 164.7 165.7 96.95 +0.4 79 3.347 

12 3012 243.0 254.2 97.72 214.6 216.3 97.49 +0.231 · .. 3.320 

13 3037 361.7 383.4 98.53 289.7 ?92.9 98.11 +0.420 3.293 
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are numbered in the order in which they were measu'red. The 
solid line is the best straight line that could be drawn through 
the points l;Jy eye. The dashed lines show the limits of 
uncertainty in the slope of the line. 
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The uncertainty of the intensity measurements may be evaluated 

quite accurately .. The accuracy of the intensity measurements is 

limited by the noise level present in the instrument when the features 

are being traced. This noise level may be ascertained by examining 

the recording of the background intensity traced just before and after 

the feature was recorded. For the Swan bands the total fluctuation in 

intensity amounted to 1.2 intensity units quoted on the same scale as 

that used for intensities in Table I. This noise level did not depend on 

the intensity of light falling on the photocell, and was proportional to 

the particular gain of amplification used. This seems to indicate that 

the source of this noise was a fluctuation in the dark current of the 

cooled photocell itself. This total fluctuation of the intensity of 1. 2 

units produc;:ed an uncertainty in the measured intensity of the feature of 

± 0.6 unit, since only the peak of the feature is subject to this uncertainty; 

the fluctuations in the background could be averaged out by drawing the 

best straight line through the traced curve. 

The uncertainty in. i:'- for any point of Fig. 2 due to this fluctuation 

in intensity may be obtained by differentiating Eq. (9) with respect to Q'I', 

thus obtaining d:E' = R/Q'I' d(Q'I'), where d(Q'I') is simply 0.6 unit. In 
I 

this way ~e find the uncertainty in ~· to be 0.9, 0.4, 0.03, and 0.003 eu 

for points Nos. 5, 6, 8, and 13, respectively." Deviations of points in 

Fig. 2 by amounts greater than these are due to uncertainties in measur­

ir:g the temperature. The uncertainty in the heat determined from Fig. 2 

due to intensity measurement may be calculated by considering this 

quanti_ty to~b~_e_q:u_i_yal_ent to the uncertainty in the heat determined from 

a two -point plot. One point of this plot would be the point No. 13, which 

has negligible uncertainty, and the other ~would be point No. 8, which is· 

the median point in the actual plot in intensity and uncertainty. The 

uncertainty of the two-point plot m-ay be obtained from the above calculated 

values of d:E' and the formula .6.H~000 = .6.:E'/ .6.( 1/T). *~Thus we obtain 

This uncertainty might be calculated more accurately by averaging the 

uncertainties of each set of two points, taking point No. 13 as one point 

and each other point in the plot as the other point. However, the above 

approximation presumably gives close enough results for this purpose. 

... 
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an uncertainty in the heat calculated from Fig. 2 due· to intensity measure­

ment of 1. 6 kcal per mole.· 

In the Phillips rotational line the total flue tuation in. the intensity 

of the background was equal to 3. 3 units. This fluctuation is considerably 

greater than for the Swan bands, since at this wavelength the background 

intensity arising from dust clouds in the King furnace, which vary in con­

centration with. time, is many times its size at the wavelength of the Swan 

bands. Here again, though, the noise is proportional to the gain of 

{amplification being used. The uncertainties in· ~'' calculated by the 

same method as above for points Nos. 5, 6, 8, and 13 amount to 2, 0.6, 

0.1, and0.13 eu. Using the same methods as above, we obtain an 

uncertainty due to intensity measurement of 5.8 kcal per mole for the 

heat calculated from the plot of Fig. III. 

The uncertainty in ~ for each of the points of Fig. 4 may be 

calculated by taking the square root of the sum of the squares of the 

uncertainties of the points in Figs. 2 and 3, since ~ is simply the 

difference between ~~ and~~~ for each point. Thus the uncertainties 

in the individual points Nos. 5, 6, 8, and 13 in Fig .. 4 are 2, 0.8, 0.1, 

and 0.013 ue, respectively. Furthermore the uncertainty in the heat 

obtained from the slope of Fig. 4 may be calculated by taking th_e square 

root of the sum of ._the squares of the uncertainties due to intensity 

measurement in the heats of Figs . 2 and 3. Thus the _.6.E quoted is 

uncertain by 6.0 kcal per mole due to the measurement of intensities. 

The other. source of uncertainty in the heats lies in the measure­

ment of ·the temperature of the column of gas. If we assume that the 

final temperature scale adopted was correct, then the main source of 

.error in this respect is the development of a temperature gradient 

1n the heating tube during the-process of a run. -If the average gradient 

of the heating tunes was 10° at the beginning of a run and 60~ at the end 

'·of a run, then the uncertainty of the individual points might be considered 

to be as high as 50° at the high-temperature part of the run with respect 

to the points at the beginning of the run; the high end of the gradient was 

the ~e.inpe-rature recorded all through the run. However, since the 

intensities of the spectra depend exponentially on the temperature, the 
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effective temperature of an emitting .gas in such a gradient _would be 

above the middle temperature of the gradient; thus the uncertainty in 

the individual points is only 25° at the end of the run .. Furthermore, 

since the straight line was drawn so as to cancel out the effects of this 

temperature gradient, we might expect the uncertainty in the slope of 

this line· to amount to only about 12° in the range of 400° over which the 

measurements were made. 

Another source of error in measuring the temperature occurs;--

. sometimes the temperature of the heating tube drifted between the time 

when the Phillips rotational line was traced and when the Swan band was 

traced .. This variation amounted to about 10° if a moderately fast scan­

ning speed {10.5 -A per minute) was used. Since for such a fluctuation 

an average of the two extreme readings was used in calculating the 
/ 

points of Figs. 2 and 3, ~e might expect this source to produce an un-

- cedainty of 5° in the points of these plots. However, a variation in the 

furnace temperature between the times of scanning the two features may 

cause the resulting point to deviate from constant temperature points 

by an amount equivalent to 100°. This is because the ratio of the intensity 

of the Swan band to. the Phillips line rheasured at a constant temperature 

c.hange~ much more slowly with temperature than either intensity. by 
I 

itself changes with temperature, Thus let us say that the total uncertainty' 

in temperature amounts to 17° in 400° in Figs. 2 and 3, or 4% of .6.( 1/T), 

and about ll2° in the 400° range of Fig. 4, which is 28% of .6.( 1/T). Thus 

th · · H 0
' d H 011 d · · · h e unc;e rta1nty 1n .6. 

3000 
an .6. 

3000 
ue to 1naccurae1es 1n. t e me as-

urement ·of temperature amounts to 9 kcal per mole, and in ,6.E to 5. 7 

kcal per mole. 

We may obtain the total uncertainties in .6.fl:,~'oo , .6.Jf0•00 , and 

.6.E by taking the square root of the sum of the squares of the uncertainties 

in these figures due to intensity and temperature measurement. . _Thus we 

obtain totai uncertainties of 9, 11, and 8.3 kcal per mole, respectively. 

These uncertainties are indicated in Figs. 2, 3, .and 4 by the .dotted lines. • 
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We now see that variations in temperature between the tracings . . 

of the two features prevented us from realizing th~ full accuracy pre-

dieted in the introduction of this thesis for determining .6.E by measur-. 

ing the ratios of the intensities of the two featureso Neverthele'ss, by 

tracing both features simultaneously, we obtain an uncertainty of 8.3 kcal 

per mole as opposed to an uncertainty of 14 kcal per mole that would be 

· realized if the two heats were determined separately and subtracted. 

The Heat of Formation and Ground State of c
2 

Gas 

One may calculate .6.H~ , 'the enthalpy. change at 0°K, for the 

reaction 

2C (graphite) = c
2 

(gas) ( 2) 

0 . i 0 3 
by correcting to 0 K the heat of formation at 3000 K of either the TI , 

. g 
J' = 32 state and subtract-

1 
IT , v' = 2, 

u 
v' = 0 or 1, J' = 17* state or the 

ing its excitation energy above the lowest rotat~orial level of the lowest 
. ' 3 1 + ' ' . 
vibrational state of the II or :E state, depe~ding on whether the 

~ U g I 

3
rru or the 

1 :E~ state is the ground state of· q2 0 At 0°K all the· 

molecules of c 2 gas will be in the lowest rotational level of the lowest 

vibrational state of its ground stateo 

·we inay correct . .6.H~'ooo to 0°K by taking account of the heat 

contents at 3000°K of both sides of Reaction (5)o .· For the single excited 

state of c 2 we obtain for (H~000 - H~) simply (5/2) R 3000. For 

graphite the Nationa~. Bureau of Standards gives a value of 15o03 kcal 

for(J1;000 - ~ ). 
32 

It then follows th·at (.6.H~000 - .6.H~:J for Reaction (5) 

* The J' = 17 level is used in the following calculations be.cause the 

rotational line in the P branch arising from this level is the central 
' 

line contributing to the head of the ( 0 -0) and ( 1-0) bands as recorded 
I 

by the in$trumenL . It is felt that attributing the temperature coefficient 

of the intensity of this head to this centrally located line is justified, 

sinc,e the relative intersities of the rotational lines contributing to the 

head change only slightly over the narrow temperat_ure range used in 
this expe rimenL 
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1s equal to -15.16 kcal per moleo We may also calculate the excitati.on 

energy of the J 1 = 17, v' = 0 level of the 
3
II state above the lowest level 

3 g ·. 1 
of the U state 0 The rotational energy of this level is 533.88 em- ; the 

u -1: 
vibralional arid eledronic contribution is 19,378050 em Thus its total 

excitation amounts to 19,912.38 em -lor 56o92 kcal. Thus if 
3rr is the 

u 
ground state of c

2
, we may say that the heat of Reaction (2) at 0°K is 

.6.H~ = .6.H~ 000 - 41.76 kcal per mole, where b.H;~oo is the slope of the 

straight line obtained by plotting ~~ of Eqo {9) again:·st 1/T, using the 

intensities measured for the (0 -0) Swan band heado If instead we measure 

the Swan ( 1-0) head, we obtain the following excitation energy: rotational 

contribution,' 528095 em -
1

, plus vibrational arid electronic contribution, 

21,133.84 cm- 1, equals total excitation, 21,662079 cm-
1 

or 61.92 kcal 

per mole. Thus when one uses the Swan (l-0) band head the result is 

b.H~ = b.H~000 - 46.76 kcal per moleo 

In the same way, if we assume for the moment that 
1 ~+ is the 

g 
ground state ofC

2
, we may calculate .6.H~ for Reaction (2) from 

b.H~000 . The excitation energy of the J' = 32, v' = 2 level of the 
1
nu 

state above the lowest level of the 
1 ~+ is as follows: rotational energy, . . . g ' 

1654.76 cm-
1

, plus vibrational and electronic contribution, 11,412.31 
-1 . . -1 . 

em , equals total excitation energy, 13,067.06 qn or 37.35 kcal per 

moleo T_hus if l~; is the ground state of C 2 , s~nce (.6.H~OOO - .6.H~") 
is. also -15ol6 kcal per mole, we have .6.H~000 :: 22019 kcal per mole. 

From the difference in energy of the upper levels of the two 

transitions as obtained from the ~ plot of Eq. ( 11) we may calculate 

the difference in energy of the lowest levels of the 3rr and 
1 ~+ states 

u g 
since we know the excitation energies of the upper states. Thus the 

. . 3 . 1 + 
difference in energy between the lowest levels of the. II . and ~ states 

u g 
is .6.E0 = b.E - 19.57 or 24.57 kcal depending on whether one is ~omparing 

the Swan (0-0) or (1-0) band head with.the Phillips (2-0) rotational line. 

The quantity .0.E
0 

is so chosen that it will turn out positive if the 

state is. the lowest, negative if the 3rr state is the lowest state. 
u 

1 + 
~g 

I 
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A total of seventeen intensity-measuring runs wE!re made at three 

different sca~ning speeds to determine . ~~OOO , ~H~~OO, and ~E. 
From the data of these runs ~·, ~n, and. ~ plots were made as 

\ . ' ... 

illustrated for a typical run in the last section. From the ~~OOO , 
0 1 0 I ~H?JO'oo, and ~E values obtained from the slopes of these p ots ~H0 , 

~H81 ' and ~Eo, were calculated; the corrections shown in the preceding 

paragraphs were used. In Table II are tabulated the averages of these 

th,ree heats obtained in a set of runs at each of the thre·e scanning speeds. 

Presented next to each of these heats is the average deviatiol!l of an 

individual run in that set of runs. The set of runs at the highest scanning 

speed was made with the Swan (0-0) band and slits varying from 0.10 to 

0.20 mm,. constant for each run. The runs at qther speeds were all 

made with the Swan {l-0) band and slit widths of ·0.20 mm. 

Table II 

Heats of formation at 0°K of the 31'f and the l~+ states of c
2 and the difference in energy betwee~ them as dethmined at three 

different scanning speeds·. Av. dev, stands for the average devi­
ation of the individual values in each set of heats. 

Speed * No. of 
I 

Av. H
0

" A Av . . 3~H~' .6.Eo 1 ·~ 0 v. 
(A/min) runs ( IT state, dev. ( ~ state, dev. dev. 

u 
keal/ mole) kcal/mole) 

84.0 4 184 9 162 5 +26.3 5.2 
j 

21.0 9 192 8 196 9 - 2.8 7.1 

5.25 4 204 6 212 10 - 5.0 11.1 

·As was predicted, Table II shows the heats of formation of the two 

states increasing significantly as the speed of scanning in the intensity 

measurements which led to these values was decreased. Since the width 

of the Phillips rotational line is considerably narrower than that of the 

Swan -band head, the effect of scanning rate is much more pronounced 

in . ~H~11 , the heat of formations of the lower state of the Phillips 

transition than in -~~~ , the heat of formation of the lower Swan\ state. 

>;< 

T~e scanr).ing s'peeds quoted in the table are when scanning the first-
order spectrum. The corresponding speeds for the second order are 
42.0, 10.5, and 2.63 A per minute, respectively. 
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This has a considerable effect on .6.E
0

, the difference in energy between 

these two states, since the apparent height of the 
1
2:+ state increases 

· dl h h f h 3n · h d ~ · d more rap1 y t an t at o t e state w1t ecreas1ng scann1ng spee . u . 

It will be noted that the average deviation of the individual run in 

each set of runs came out to be the same as or less than the uncertainties 

predicted for the different values of the heats in the preceding section. 

An exception is .6.E 0 at the lowest scanning speed. This is not sur­

prising; as the slower the scanning speed the greater is the chance that 

the temperature of the furnace will change during the time interval be-

.tween the scanning of the two features. Thus the average deviation at this 

scanning speed lies outside of that expected for a more rapid scanning 

rate. The uncertainty in the average heat from a set of runs may be 

expressed as the uncertainty of an individual run divided by the square 
\ 

root of the number of runs in the set. 

To obtain the best values for .6.H~1 , AH~11 , and· . .6.E0 , plots were 

. made of the apparent valueK of these quantities' against the. scanning rates 

at which they were measured; the correct value for these heats is the 

interception of these curves with the zero scanning -speed ordinate. 

These plots are shown in Figs. 5, 6, and 7. In these plots 'the height of 

each point shows the uncertainty calculated for the average heat of that 

particular set of values. 

There is some uncertainty involved in extrapolating the curves of 

Figs. 5, 6, 7 to zero scanning speed in that no point has been determined 

below a scanning rate of 5.25 A per minute. This uncertainty would not 

have.been relieved by measuring a point at a still lower scanning rate; 

such a point would have a much greater uncertainty than those· shown, 

owing to the greater length of time required to scan the two features. 

In order to extrapolate the curves of Figs. 5, 6, 7. to the ordinate 

the properties of the limiting slope of the curves had to be determined. 

In Appendix E the natu.re of the limiting slope is· derived on the basis of 

the properties of the detecting and recording equipmenf. .. The result of 

these calculations indicates that the curves of Fig.s. 5, 6, 7 should be 

extrapolated to the ordinate by drawing straight lines tangent to the curves 

at the points measured at the lowest scanning speed. 
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j 

210~~------------------------~-------. 

Fig. 

i!/.0 
SP£C D (A/min) 

84.0 

5. Heat of formation at 0°K of the 
3rr state of C de­

termined at three different scanning s~eeds. The iheights of 
the points represent the. uncertainties in the heats .. The 
correct heat corre~sponds to the intersection of this curve 
with 'the ordinate. I 

MU-12878 
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84.0 
5P£L.D (A/min) 

6. Heat of formation at 0°K of .the 1!:+ state of C 2 
determined at three different scanning &;peeds. The heights 
of the points represent the uncertainties in the heats. The 
correct heat corresponds to the interception of this curve 
with the ordinate. 

MU-12879 
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Fig . 

21.0 B4.0 

SP££D (A/min)t 

7. Difference in energy between the 3nu and the 1 ~+ states 
of c 2 determined~at three different scanning speed~ The 
heights of the points represent the uncertainties in the heats. 
The correct energy difference corresponds to the inter­
ception of this curve with the ordinate. A negative value for 
this quantity means that the 3rru state is lower than the 
1~+ state. g ' 

MU-12880 

' ' 
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This :extrapolating proqedure gave the following heats: . .t:.,H
0

0
' 

3 ' 
·the heat of formation of the ·.rt state, equals 203 ± 4 kcal per mole.; 

0 u 1 + 
.t:..H0n , the heat of. formation of the ~g state, has a value of 214 ± 5 

kcal per mole; .t:..E
0

, the difference in energy between these states, 

equals -8 ± 4 kcal per mole .. The uncertainties given are the averages 

of the uncertainties of the two points closest to the ordinate in Figs. 5, 6, 

7. This result indicates that the ~ state is the lowest of the observed 
u 

states, and probably is the ground state of. c 2 .. The difference in heats 

determined from Figs. 5 and 6 agrees with the energy value obtained 

from Fig. 7 within experimental error, but of course the result from 

Fig. 7 should be regarded as the most accurate value for the energy 

difference. If we assume that no unobserved state is lower than the 
3 ' ' 

ITu state of c
2

, we may take 203 ± 4 kcal per mole· as the best value 

determined in this work for the heat of subl~mation of c
2

. 
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DISCUSSION OF RESULTS . . . ; 

Absorption Experiment 

. . . . . 

In .the introduction of this thesis it was stated that the relative 

precision of an emission or absorption experiment would be determined 
. . ' 

'· 

by whether the two lower o:? the two upper states of the Swan and Phillips 

transitions are closer together" 
. ' .· .. 

This statement was based on the 

assumption that the error in determining the energy difference was 

proportional to the m'agnitude of the heat being measured. Now we are 

in a position to compare these energy differences" If one were to do an 

absorption experiment comparing the intensities of the same PP,illips 

rotational"line used in this experiment and the. Swan ( 1-0) or (0 -0) band 
. ' 

head, the energy difference obtained would be 11.9 kca:l per mole as 

compared with the values of 16"6 or_ 1 L6 kcal per mole, respectively, 

obtained in this emission experiment. Thus one would conclude that an 

absorption experiment would have about the same uncertainty as the 

experiment reported here. / ' 

The relative uncertainty in a determination of the energy difference 1 

by an absorption experiment is also dependent on the accuracy with which 

intensities may be measured .. !'-ccording to the formulae used in Appen~ix 
B, the intensity of an emitted feature may be expressed as Ie = Ib 

( 1 - e -bNL). Here Ib is the intensity of a black body at the same 

temperature· as the column of gas, b is a constant, N is the con­

centration of .excited g_as, and L is the path length of emission. If in 

the absorption exp·erimerit the light from the sburce is modulated before 

being passed into the gas and the detector adjusted so that it responds to 

only this modulated light, then light due to the thermal emission of the 

, gas will not be recorded" In this case the intensity of light at any wave­

length after passing through the absorbing column of gas is given by 

j 

the formula I = I
0 

e -bNL, where 1
0 

is the intensity of the source be-
. · -bNL 

fore absorption" From this it follows that Ia = I 0 - I = I 0 ( 1 - e ) . 

The ratio of the height of the absorbed feature to that of the emitted 

feature is then given by the following relation when the concentrations 

and path lengths are the same: 



( 12) 

·Thus we see that the sensitivity of the absorption experiment is the same 

as that of the emission experiment if the intensity of the source is the 

same as a black body at the same temperature as the gas. If a source 

is available yielding a steady intensity corresponding to a brightness 

temperature greater than the temperature of ,the gas, then we may 

measure intensities by absorption with greater precision than by 

emission. It is assumed that the noise level of the photocell and 

. amplifier does not increase when such an intense lightfalls on the 

photocell. 

A study of the sources that were available for this purpose was 

made. A standard General Electric 6 -volt tungsten ribbon projection 

lamp operated at an overloading voltage of 12 volts produced a brightness 

temperature of 2982°K at a wavelength of 6538 A as determined by an 

optical pyrometer. However, owing to a decrease in the emissivity of 

tungsten towards higher wavelengths, the brightness temperature of the 

lamp at 8960 A the wavelength of the Phillips rotational line, amounts to 

only 2627°K as calculated by use of the tungsten emissivities presented 
8 ' 

. by de Vos. This temperature is lower than the lowes,t temperature 

of the gas at which the Phillips ~nutational line couldfirst be detected 

in emission ; therefore if the tungsten lamp were used at this operating 

voltage the intensities could not even be measured with as much accuracy 

as in emission. It was felt that overlo(iding the lamp even further 

would result in too short a lifetime of the lamp for useful purposes, 

Another source that was considered was the a,node crater of a 

carbon arc, which according to MacPherson
20 

has a brightness 
. . . I 

. 0 
temperature of 3820 Kat the wavelength of his pyrometer. If we assume 

an emissivity that does not vary with wavelength at 8960 A,. such a 

source would provide an intensity 5. 70 times that of a black body at 

2700°K. Thus one could gain in sensitivity by a factor of more than 

five by performing an absorption experiment using a perfectly steady 

carbon arc as a source.1 However, in a preliminary experiment to 

determine the nature of the carbon arc spectra at this wavelength, 
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the motion of the point of contact of the arc on the face of the· anode pro­

duced fluctuations in the recorded intensity amounting to 30% to 50% of 

the total intensity recorded for the anode. Presumably these fluctuations 

could be reduced ,by building an arc to corifor:tn to the conditions described 

by MacPherson, but the fluctuations would have to be reduced· to less than 

one in five hundred to produce a sensitivity in an absorption experiment 

just equal to that of the emission experiment at 2700°K. 

Thus at the present time no suitable source seems to be ;available 

for performing an' absorption experiment to determine ·the energy dif­

ference between the lower states or c2 more accurately than that ob­

tained in this emission experiment. A future source for such an ab­

sorption experiment mq.y be" a tantalum carbide filament lamp, which 

would produce a brightness temperature ·of well over 3000°K with the 

steadiness in intensity that is required f~H this experiment. 

Comparison with ~revious Work 

Now let us compare the value for the heat of formation of the 
3
nu state of c 2 determined in this experiment with that obtained by 

Krikorian. He gives a value of 191.4 ± 5 kcal, but this value must be 

corrected for the calibration of his pyrometer and the recent revision 

in the heat of sublimation of Zr. (See Appendix A.) We obtain for his 

corrected heat a value of 194.1 ± 5 kcal per mole; the change in his 

heat is smaH since his heat was based on a measurement of the com­

paratively small difference in energy between emitting levels of Zr 

· and c
2

. Most of the correction is due to the different heat of sub­

limation of Zr used. This value should be compared with the value 

203 ± 4 kcal _Per mole obtained in this work; it may be seen that these 

values barely agree w~thin experimental error. It is felt that the heat 

of sublimation of c 2 obtained in this work-is as reliable as that of 

Krikorian, even though it is based on the measurement of the total heat 

of formation instead of a comparatively small difference between two 

heats. The reason for this evaluation is that the discrepancy in the heat. 

of formation determined by using different heating tubes is about the same 
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in this experiment as in that by Krikorian; however, the heat in this 

work is based on many more runs with different heating tubes than in 

that of Krikorian. 

The cause of part of the discrepancy between the two values may 

be found in the self -absorption corrections. Krikorian's self -absorption 

corrections added 11.9 kcal to his heat of formation of Zr, and 7.2 kcal 

to his heat of sublimation of c
2 

.. For reasons discussed in Appendix D 

I believe that his corrections for the Swan· ( 1-0) band and probably for the 

Zr. feature are too high. Thus the self -absorption corrections in 

Krikorian's work were adjusted to agree with the ones used in this work. 

The result of this adjustment was that Krikorian's Zrheat was lowered 

by 6.8 kcal and his. c2 heat by 4.1 kcal. 

Krikorian obtained his value for the heat of sublimation of c 2 by 

measuring the difference l.n energy between the emitting levels of Zr and 

· c 2 and subtracting this value from the heat of formation of the parti ~ 

cular state of Zr that was responsible for the emitted line .. Thus the 

heat that he quotes for. c2 should be raised by the difference between 

. the two corrections mentioned at the end of .the preceding paragraph. 

Krikorian's heat is then corrected to 196.8 ± 5 kcal per mole, as 

compared with the value obtained in this experiment of 203 ± 4 kcal 

per mole. These two independent measurements agree well within ex­

perimental error, and it seems reasonable to average these two results 

to obtain the best heat so far determined by measuring the temperature 

coefficient of c
2 

spectral intensities. Thus we obtain,. for the heat of 

sublimation of c
2 

from graphite at 0°K, 6;H~ = 200 ± 5 kcal per mol-e. 

It is unlikely that a;more accurate value for this quantity will be deter­

mined by use of methods that depend on temperature coefficients. The 

determination of a more precise value for the heat of sublimation of c 2 
thus awaits the direct measurement of the absolute 11£ 11 value for the 

Swan system; then the third law of thermodynamics may provide this 

heat with greater certainty. 
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The value arrived at above for the heat of sublimatiOn of c
2 

· gas 

agrees wen with the' results obtained from mass spectroscopic work 

presented previously: 202 ± 20 kcal by Honig
1
1.nd 197 ± 7 kcal by Chupka 

. 5 . 
and Inghram. ·,Since the mass spectroscopic data do .not depend on 

which state of c 2 . is the ground state of the molecule, this agreement 

may be cons ide red as evidence for the assumption that no unobserved 

energy state of c 2 is lower in energy than the· 
3
rru state .. Using the 

limits set on their value by Chupka and Inghram and the limits set on 

·the value for the heat of formation of the 3rr state given. above, we-
. . . - . u - 3 

may conclude that no state of c
2 

could pe lower than the rru: state by 

more than 15 kcal or 0.6 ev, 

Dissociation Energy and_Electronic Energy Levels of c
2 

If we assume the 3n · state is the ground state, we may now, 
u 

evaluate the dissociation energy of the c
2 

molecule. This may be 
- 0 

defined as the heat at 0 K of the reaction 

-c 2 (g~s) = 2 C (gas), 

We obtain this value by subtracting b.H~ of ReaCtion (Z), 

2 C (graphite) = c
2 

(gas),· 

0 from twice the value of b.Ho for the reaction 

. C (graphite) = C (gas)., 

(13) 

(2) 

( 14) 

The best value of the heat of sublimation of monatomic carbon at 0°K 

6 1 
.3 

.is given by Brewer and Searcy as 1 9.58 ± 0.45 kcal permo e. Thus 

we obtain a value for n
0

, the heat of dissociation of c 2 , of 139.2 ± 5 

kcal per mole or 6.04 ± 0.22 ev per molecule. 

Gaydori, 
12 

using a linear Birge -Spone r extr~polation of the 

* assumed ground state, ~ 3nu , of c
2

, obtained an upper limit of 

The letter designations used in this section for the observed states 
. . 14 

of c 2 are those used by Herzberg. 



7. 0 ev for this D
0 

of c
2

. Phillips, 
26 

using a linear extrapolation of 

the. A 
3rr state, obtained three possible upper limits on this quantity 

g . 
qf 5.30, 4.04, and 2.62 ev, corresponding to the assumptions that the 

state dissociates to give an atom of carbon in the ground state of the 

atom (
3

P) plus a second atom in the 3P, .lD, or in the'
1s state. The 

value obtained in this ~ork for D
0 

definitely points to two 
3

P atoms as 

the products of dissociation of this state, but is above Phillips's upper 

limit by an amount that is greater than the combined uncertainties in 

the values. This might be explained by the assumption of a slight in­

flexion in the ~G 
1
/ 2 versus v curve for this state, yielding positive v-t: -

curvature in this curve beyond the highest observed vibrational quantum. 

Such inflections have been observed for the excited states of some 
I 

molecules. 

From the. measured energy difference between the lowest vibrational 

levels of the 
3rr and the 1 ~+ states and the observed transitions for u . g 

c 2 we may now calculate the heights of all the observed electronic levels 
3 ' 

of c 2 above the ITu state. Furthermore we may try to predict the 

pqsitions of the as -yet-unobserved low~lying states of. c
2 

by revising 

Mulliken's predictions. Mulliken
24 

in 1939 published a paper in which 

he estimated the heights of the energy levels of c
2 

on the basis of 

their molecu~ar orbitals and the e~ectrOnic. transitions of c
2 

and 

similar molecules which had been observed at that time. He also used 

an einperical formula for calculating ro values for the different states. 

Since that time two new transitions, inCTuding one new state of c
2

, .have 

been observed.11~25 Therefore Mulliken's prediction that in the molecular 

orbital configuration, CT 
2

CJ 
2

TI' 
3

CJ , the b ~ state lies 1.6 ev above 
3 g. u u g - u 2 2 3 

the xrr state was retalned; the inean energy of the (j (j 'TJ' (j 
u g u u g 

configuration was altered from 0 ev to minus 0.2 ev with respect to the 

other configuration on the basis of the Phillips transition. This revision 

leads to a prediction that the potential minimum of the a · 1 ~+ state lies 
. 3 ,_ g 
0.6 ev above the same for the. X rr state; this should be compared with 

. - u . 
. a difference in the minima o£.0.34.± 0.17 ev determined in this work. It 

is felt that this agreement is satisfactory, considering the nature of the 

predictiqn. In addl.tion, the new state discovered by Freymark may be 
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. d h f" . 2 4 2 ! h b . . f . . . · ass1gne . t e con 1gurat1on CJ TT CJ on! t e as1s o 1ts energy 
g u g 

(predicted 6 to 7 ev, .observed 7.08 ev). Its internuclear distance was 

predicted on the basis of Mul11ken 1 s fq.rmula to be L 12A~; the value for 
,. 

this quantity observed by Freymarklwas 1.2 58A. · However, the agree-

ment between predicted and observed internuclear distan·ce obtained by 

correlating this state with any othe.r 
1 it state predicted to lie ~n this 

g 
energy region is much worse~ 

In Table III are listed the obs~rved and predicted low-lying energy 

states of c
2 

in order of increasing energy,. along with their probable 

·dissociation products. The states that have already been observed are 

indicated by capital letters for the triplet states and lower-case letters 
. ' ' I \ 

for·the .singleL The molecular orbitals to which each state belongs is 

indicated by a letter in the appropriate column as follows: 

· (a) Stands for 
2 2 

(Jg (J TT 4; 
~ u 0 u 

(b) 
2 2 3 

(J (J TT (]' 
g' g u u 

(c) 
2 2 2 2 

(J (J TT (J 
g u u g 

(d) 
2 21 

(]' (J TT (J 
g' g u u 

(e) 
2 3 2 

(J (]' 1T (J ; 
g u u g 

(f) 
2 2 3 

(J (J 1T 1T' 
g u u g' 

(g) 
2 2 2 

(J (J 1T (J .. TT • 

g u u g g' 

(h) 
2 2 2 

and (J (J TT (J 1T 
g u u g g 

(i) 
2 4 2 

(J TT (]' 
g u g 

The observed energies presented in the table are calculated from the 

observed electronic transitions a~d the difference iri the potential 

minima for the a 1""' + and the X 
3rr states measured in this work. Ltg u 
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The predicted energies were obtained by adjusting the mean energy of 

each molecular orbital configuration to correspond to the energies de.: 

termined for the observed states that arise from that configuration. 

Where no energy level of a particular configuration had been observed 

-the mean energies predicted by Mulliken were retained. These mean 

energies are subject to further revision as additional states are observed. 

The spread in energy allowed for the states in each configuration cor­

responds to that used by Mulliken, and usually amounts to no more than 

2 ev. 

Values of r
0 

the internuclear distance for the zero vibrational 

level; predicted 0y using Mulliken's empirical formula, are presented 

for each state for help in identifying newly observed levels and for the 

purpose of predicting the appearance of possible transitions between the 

predicted states. The constants in the formula were revised to take into 

account more recent values obtained for the r 's 
0 

of Configurations (b) 

(e) and (g) on which the formula is based. 

The probable atomic dissociation products for each state are 

presented in the next to the l'ast column. These products were arrived 

at by using the rules summarized by Gaydon 
12 

for correlating Gl.,tomic 

and molecular states, i.e., the combination of two atoms in certain 

atomic states can produce a molecule in only certain predictable states 

andHund's noncrossing rule, which states that the potential-energy curves 
I 

of two states of the same type cannot cross, was also used. The dis-

sociation energy De of each state of c 2 ~o~ld then be calculated,· since 

the dissociation energy for the ground state is known and the relative 

energies of combinations of atoms in different states may be obtained 

from Moore's tables. 
23 

These energies are presented 'in the last column. 

In addition to the lower-lying levels shown in Table III one finds 

that several additional molecular states may be predicted to arise from 

two unexcited carbon atoms ( 3 P + 
3
P). Since, according to Mulliken's 

predictions, no such states mayhave energies less than 8 ev, one would 

expect these states to be highly repulsive in nature. These states are 
5+ 5-5..- 5. 

as follows: ~ (2), ~ , -n , and D. . g u u g 

.oil, 
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Table III 

./ Predicted and observed low-lying energy levels of the c
2 

molecule listed ,:--

in order of increasing predicted energy. The observed and predicted in-
ternuclear distances and the expected dissociation products and energies 
are also listed for each state, 

I 

Obs. Type Molec. Observed Predicted Obs. Pre d .. Dissoc.Dissoc. 
state of orb. energy, Te energy, Te ro ro products energy,· 
des. state des. (ev). (ev) D 

(A) (A) e 
(>ev) 

X 3fi b 0.00 1.317 (1.32) 3P+3P 6.05 
u 

1 +* 0.34 1.245 1.23 3.P+3P 5. 71 a ~g a 

3 -
~g c . 0.5 1.41 3P+3P 5.6 

l 
~g 

* 
c !.0 1.41 3P+3P 5.1 

b ln b 1.38 1.322 ( l. 32) 3P+3P 4.67 
u 

. 1 + 1.5 L4l 3P+3P 4.6 ~g c 

A 3II e 2.39 1.269 (1.27) 3P+3P 3.41 
g 

3 
~: d 3.5-4.5 1.20 

3 3 
P+ P 1.5-2.5 

c 1n e 4.59 1.278 ( 1.27) 3P+3P l. 31 
g 

B 3n g 
g 

4.97 ,1.543 (1.54) 3P+lD 2.34 

d 1 ~+ 
u 

d 5. 70 L241 1.20 1D+lS 4.29 

r .. 3 + 3 3 ··- ~u f 5-6.5 lAS P+ P -0.5-1 

1 ~+ £ 5-6.5 lAS lD+lS 3.5-5 
u 
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Table III( continued) 

-··--···-·---··-'--·--

3}6 * g s . .-:6. s 1.54' . 3P+l:b 1-2.5 " g 

1 . * 
}6g g 5-6.5 1.54 lDf 1Jj 2-3.5 

sn * g 
g 5-6.5 1.54 

3
Pt

3
P -0.5-1 

3 + 
~u .h 5-6.5 1.63 

3
Pt

1
D 1-2.5 ' 

1 + 
~u h 5-6.5 1.63 1D+1S 3.5-5 

1 L+ i 7.08 1.258 1.14 l.r)+lD 1.49 e 
g 

3t!.u f 6-7 1.45 
3
Pt

3
P -1-0 

1 
f 6-7 1.45 1D+1D 1.5-2.5 .6.u 

3n (2) g 6-7 1. 54 3P+1D 0.5-1.5-g 

3TI g 6-7 g 1.54 3P+1S 2-3 

-3 
.6. h 

u 6-7 1.63 
3
Pt

1
D 0.5-1.5 

1.6. h 6-7 1.63 1Dt1S 3-4 u 

3 
Lu f 6.5-8 1.45 3P+lD -0.5-1.5 

1 
f 6.5-8 1.45 

3
Pt

3
P -2- -0.5 Lu 

" 
1 . 

( 2) 6.5-8 ~1Dt 1D rr g 1.54 0.5-2 g_ .. ) 
~. 

1rr g 6.5-~ 1.54 1Dt1S 2-3.5 g 
3 

h 6.5-8 1.63 
3
Pt

1
D -0.5-1 Lu 

-
1L- h 6.5-8 u 1.63 

3
Pt

3
P -2--0.5 

.. Metastable states 
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It should be kept in mind that the mean energies o(any configurations 

presented in Table III are subject to an uncertainty of at least ·one electron 

volt when no states of that configuration have yet been observed. There­

fore although the low"'"lying states of Configuration (c) 
3 !:~ , J Llg' and . 

1 ~+ , have been assigned energies of 0.5, 1.0, and 1.5 ev respectively, 
g ' ' 

in Table III they could have energies as low as -0.5, 0.0, and 0.5 ev 
3 I 

with respect to the X II state. At this point one might ask why have 
u 

not strong transitions been observed fo'!l: these states if these states 

were this low in energy? We may find the answer by considering the 

possible strong transitions that might occur between the low-lying states 

listed in Table III. Such strong transitions must, for c
2

, obey the 

selection rules presented by Gaydon: for case·· ~ and ~ coupling 

t::.A = 0, ± 1; t::.S = 0 (i.e., no ,change in multiplicity); [ states 

may combine with u states, but two g. or two u states cannot combine; - - -
and finally states with like sign may undergo transitions, but not with 

unlike sighs in the case of !: states. In this way we find that there 

could be no strong transitions between the states of Configuration (c) 

and otherstates o'f Table III in the visible or air ultraviolet regions. 

Transitions to states not listed in this table would lie at least as far 

out as the vacuum ultraviolet region. 1 

Thus, although we ma,y be reason~bly sure that the· X 
3rt· state 

• - u 
is the ground .state of c

2
, we must still consider the possibility that 

the 
3~- or 

1 
Ll state may be lower in energy. It is here suggested g g . 

that the position of these levels could be determined with precision by 

finding transitions in the infrared region be tweed them and the low -lying 

observed states. On the basis of Table HI we may predict three such 

transitions: • X 3rt to· 
3!:- with its ( 0 -0) band at approximately·. 

-1 r u 1 g 1 1 1 + 
4000 em t::. to b. IT at 2400 qn- ·, and b II to ~ at , 

6 
_p u . u g 

about 1 00 em AU three of these transitions would be expected to 

have moderately well-formed bag.d heads and wide parabolic distributions. 

of intensities among the various vibrational bands similar to the Phillips 

transition (a to b); the predicted change l.n internuclear distance is about 
' 

the same as that which occurs in this observed transition. One might 

find these tra'nsitions by using an equilibri:um thermal source, a discharge 
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through hydrocarbon vapor or a carbon arc in either emission or ab­

sorption. If any one of the three transitions were·found, ·the energies 

of all three states of Configuration (c) would be determined relatively 

well, fo~ the predicted relative energies of the three states should be: 

quite accurate. 

Another object 'in searching for transitions between the states of 

Table III might be to find a transition in which the discrete band 

·structure converges to a .continuum in a region where the transition 

still has appreciable intensity. If such a transition were observed be­

tween two states, at least one of which has been already observed, one 

could obtain a precise dissoci,ation energy for the ground state of the c 2 
molecule from the convergence limit for the system. Thus a value for 

the heat of formation of c 2 gas would be obtained which would be much 

more accurate than any value that can be obtained from thermochemical 

measurements. According to Gaydon, a transition having the desired 

properties might occur in absorption between two states, the lower of 

which is stable and the upper of which has a shallow potential-energy 

curve which is displaced somewhat to greater internuclear distances 

than the lower. On examining Table III we find several possible transi­

tions that might have such properties. Some examples are A 
3n to 

3 + 3 3 - g 
~ , t6,. , and ~- with v at from 20,000 to 32,000

1
28,000 to 

u u u . e _1 . . . 
36,000, and 32,000 to 44,000 em , respect1vely. These trans1t1ons 

~ight be found in the absorption spectrum of the King furnace or a 

discharge if the strong ultraviolet continuum of the high-pressure xenon 

arc lamp or the hyd~rogen arc lamp were used as a background. 

A further conclusion at which we might arrive from an examination 

of Table III is that the position of the low 3 ~- state supports Gaydon 1 s 

explanation of the high-pressure bands of c
2
52 These bands arise from 

the v = 6 level of the A
3n state of the Swan bands, and have an ab-g 

normally high intensity under certain excitation conditions. Herzberg 

assumes that this high intensity is produced by a collision of atoms that 

produce c 2 in this state; thus he arrives at a dissociation energy for 

c 2 of 3.6 ev. 14 However, ·Gaydon :mentions that the abnormal intensity 

may correspond to a radiationless transition from another stable state, 

... 
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. . 3 
which is selectively excited, to the v = 6 level of the A ng state; t}:ms 

he concludes that the dissociation energy,may be much higher than 3.6 ev. 

In Table III we see that the potential energy curve of the 3 :E~ state may 

lie in such a position that it would intersect the A 
3rr state at the v = 6 

- g 
vibrational level. This is the only state near the upper state of the 

Swan bands that could undergo a radiationless transition to this state. 

The possibility of the intersection of the curves is even greater if we 

remember that the mean energy of Configuration (c) is uncertain by as 

much as 1 ev. 

Figure 8 is a chart of aU the transitions that one might predict 

from consideration of every pair of terms in Table III between which a 

transition might occur in the ultraviolet .. visible, or infrared regions of 

the spectrum· of c
2

. Solid lines represent discrete band systems; 

dashed lines, systems that may be continuous or discrete; and dotted 

lines, continuous transitions. The excitation of the higher state of each 

transition has been included as a guide in predicting the best source 
~ . 

for the production of each band system. The uncertainty in the pr-edicted 

v 1 s of Fig. 8 a~ounts to ± 6000 em -l in most cases. 
e 

Phillips and Brewer
28 

describe a strong ultraviolet continuum 

with maxima at 4000 and 4300 A as appearing in the King furnace 
. 0 

spectrum at over 2500· C. They found that the intensity of the con-

tinuum at 4000 A varied as the third power of the moaatomic carbon 

pressure, and thus attributed the continuum to the" c3 m0lecule. 

Assuming that this continuum represents the dissociation of the c
3 

molecule to the lowest possible energy possible energy products, 

c 2(
3
nu) and C (

3
P), and using the v~lue found by Thorn and. Winslow

36 

for the heat of formatipn of c3 from solid graphite, 8.0 ev,one rriay 

calculate that the state responsible for this continuous emission_is 

excited by 8.1 ev. It seems unlikely that such a transition of the c 3 
molecule could account for the total intensity observed for the con­

tinuum, which according to Phillips and Brewer has a total integrated 

intensity at 2700°C equal to that for all the Swan bands. For the c 2 
molecule the most highly excited transition that has been observed 

in the King furnace is the Swan transition with its highest state at 



.) 

0-

5000 

10,000 

15.000 ---

20,000 

25,000 -

30,000 

35,000 

40,000 

45,000 

0 000 5 • 

-61-

b 

X 

c 

a 

c 

A 3'!T - 3!:+ 
g u 

d 1!:+- 1'11 (3) 

c 

u g 

1'11-16(2) 
g ' u. 

----B 3'!T - 3!:-(2) 
g u 

3'!T -A3'!T X 
u g 

............. c 

b 
r- A 

•. 

1----- A 3'!T - 36 (2) 
g u 

----A 

1E+ _1!:+ (2) 
g u 

Observed 
T~cnsitions 

Phillips 

Swan 

Deslandres-d 1 Azumbuj_a 

Fox-Herzberg 

Mulliken 

Freymark 

Energy of Higher 
State (e.v.) 

1.5 

1.38 

0. 5 

1.38 

5.70 

6.5-8 

l:r-7 

6.5-8 

2.39 

6.5-8 

l:r-7 

4.59 
5-6.5 

l:r-7 

6\5-8 

. 4.97 

5.70 

5-6.5 

7.08 

Fig. 8. Chart of predicted and observed transitions of the c
2 molecule. Solid lines represent disc rete sys terns; daslied, 

possibly continuous or disc rete; dotted, continuous .. The 
excitation of the higher state is als~ included. 
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only 2.39 ev. Therefore it seems likely that some other'm:ol.ecule than 

c
3 

is partly responsible for this continuum. From a~· iilspection of 

Fig. 8 on~ finds several possible continuous transitions of the c
2 

molecule predicted for this wavelength region. Indeed, one of these 

transitions might account for the maximum observed in the continuum 

at ~300 A. 

• 
Absolute f values for the Swan and Phillips Transitions 

Using the absolute intensities of the Swan and Phillips transitions 

measured in this work for the purpose of ascertaining the degree of 

self -absorption, one may calculate the absolute f values of the 
. . I -

vibrational bands of the Swan and Phillips systems. Let us consider 

the relative intensities of the rotational lines in a branch of a vibrational 

band to be p~oportional only to the populations of the rotational levels 

giving rise to those.lines. Thenwe.may define the~ value for that 

particular band in a manner simila.r to that of an :atomic line as 
21 presented in Mitchell and Zemansky, 

[~ dv= v . 

2 
'ITe 

me 
NJII J I II • vv 

( 15) 

Here k is the absorption coefficient of the rotational lines that arise v 
from the J 1

' level, N J'' is the concentration of molecules in the 

rotational level, rand f 1 II iS the absolute f value for the (v 1 -V11 ) vv 
transition. 

In Appendix B quantitjes Qv and • Rv were defined so that 

QvRv = bv NL; however, bvN is simply the commonly used absorp-

tion coefficient k . v Now, 1n a Doppler -broadened line,· 

Jkvd,y= 1/2 k0 ,:.vD .;;.;1nz 

where k
0 

is. the absorption coefficient at the peak of the line an.d ~vD 

is the· Doppler width of the line and is given by the expression 2/2RJ.. n 2/ c 

v0 JT/M. For the Swan ( 1-0) band head the· QR values for the band 



hecrl are presented in TableVII of Appendix D; ·the ratio, of this 

quantity to Q 0 R 0 at the peak of a triplet component in th~ P branch 

was calculated by the methods used in constructing Fig. 9. Thus 
' ',' .. 

from the Q0 R
0 

value of its peak and the path length of the column of 

gas the integrated absorption coefficient for a particular triplet com­

ponent was calculated: 

\ 

• 
( 16) 

2L 

To obtain the total integrated absorption coefficient for all the components 

arising from that particula:z: Jli rotational level, this value. was 

multiplied by six to account for the three components in each of the 

two branches present. 

The path length L had to be estimated for use in Eq. ( 16); 

The heating t'ubes used in the intensity measurements were of such a 

design that there was a 15.2 -em heating zcme at the center of the tube 

with comparatively thin walls. At each end of the heating zone there 

was an abrupt increase in wall thickness, which produced sharp 

temperature gradients. If we' allow 1 em at each end of the heating 

zone as the depth of penetration of the steep gradient, then we are 

left with 13 em path length of quite uniform temperature. If we allow ' 

for a possible 30°K temperature gradient in this uniform heating zone, 

and if the temperature reading of the hottest part of the zone is used, 

then the effective path length is decreased still further by 2· em. 
I 

Since this is the maximum. temperature gradient occurring in these 

intensity measurements, a path length of 13 ± 2 em was used in the 

calculations.· This relative uncertainty is greater than. the variation 

1n the absolute intensities measured by use of different heating tubes. 

By using the (F
0 

- H~ )/T value calculated for· c 2 at 3000°K 

by means of spectroscopic data, .. the (F
0 

- H~)/T value for solid 

graphite, and the heat of formation of c
2 

decided on in this work, one 

may calculate the pressure of c
2 

gas at·this temperature. To calculate 

the total pressure of c
2 

gas at 3000°K one would have to include in his 

c<ilculation of (F 0 
- H~)/T the cont~l.bution of aU low -lying electronic 
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f · 1 + 3 - 3rr 
state~ o. c 2 , i.e., a ' ~g and possibly :Eg as well a_s X u 

However, in calculating the absolute f value for the Swan bands, we 

are concerned only with the ·populatio; of the ~ 3
rru state; thus the 

calcul_ations of previous investigators who considered only this state 

may be used for this purpose. For -(F0 
- lfo" )/T at 3000°K for c

2 
, 

Gord.on, 
13 

obtains a value of 59.666 e.u corr~sponding to a degeneracy 

f 
. 16 . 

o 3(2J + 1) for each rotational level; Kelley gives a value of 

58.238 eu, corresponding to a degeneracy of 3(2J + 1)/2 for each level. 

The correct degenerac; for the 
3
nu state is obtained by multiplying 

the rotational degeneracy (2J + 1) by 3 to account for the spin multi­

plicity, and then by 2 because of lambda douoling, and finally dividing 

the product by 2, since half the levels are missing owing to the twofold 

symmetry of c 2 . Thus the value given by Gordon is the correct one. 

For solid graphite at 3000°K, -(F
0 

- H~ )/T equals 7.28 eu, ac-

- cording to the National Bureau of Standards; 3 for the heat of vapori­

zation of c 2 at 0°K the value 200 .± 5 kcal was used. These values lead 

to a pressure of c 2 gas in the~ 3rru state of •1.91 x 1.0~ 5 -atin-os. A. 

factor of two uncertainty inptessuteiis due to the uncertainty quoted 

for the heat of vaporization. By use of the ideal gas law the con­

centration of c 2 molecules per cc may be. calculated. 

Now that we know the tota~ concentration ,of c 2 molecules in the 
3
rru state, we may find the concentration in the particular .L level of 

that state by using the formula 

where Q t is the rotational-state sum and is given to a close ro 

( 17) 

approximation by the expression 3kT/hcB ; Q 'b is the vibrational­
v Vl 

state sum. 
00 

, Thus the quantities I k~dv and N J" calculated for a 

particular rotational leve 1 of the Swan ( 1-0) band w~ re substituted 

into Eq. ( 15) and an ~ value of 8.1 x 10- 3 wa~ obtained. for this band. 

King made absolute intensity measurements on the Swan (0 ,..0) band. 
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. .:.2 
These yield an £00 value.· of L29 x 10 based on a pressure of c

2 
calculated using the b,H~ of vaporization decided on in this work. 

Using the relative f value'S for the ·Swan bands tabulated by Fraser, 

Jarmain,. and Nich~ls, 10 we may obtain an £
10 

value of 4.2 x 10-
3

. 

from King's intensity measurement. 

If we consider that the f value for the total electronic transition 

is simply the sum of all the f values for vibrational bands arising from 

a single vibrational level, then, using the relative f values of Fraser, 

Ja;main and 'Nicholls and an flO of 8.1 x 10- 3 , we obtain an f value for 

the total Swan transition of 0.034. These experimental f values are 

uncertain by a factor of two due to the 5 kcal uncertainty in the heat of 

formation of c2 . This may be compared with values calculated from 
33 . 34 

quantum mecha~ical theory by Shull and by Stephenson. Shull ob-

tairied a value of 0.1 8 for the Swan transition. Stephenson calculated 

0.029, but ignored hybridization of orbitals. 

From the R
0 

values of the Phillips rotational line presented in 

Table VI of Appendix C and the pressure of c
2 

gas in the a l~~ state, 

one can calculate an absolute f value for the (2 -0) Phillips band in the 

same manner as for the Swan band. To compute the total integrated 

absorption coefficient for aU the lines rising from a given rotational 

level one must. multiply the absorption coefficient of a single rotational 

line in the a b<ranch by 2,. since the lines of the .Q branch have twice 

the intensity of the corresponding lines in the P or · R branch.' In 

·calculating free-energy functions or rotational-state sums for the 
1 + . 

a ~ state, it must be remembered that the degeneracy of each level 
g 

is simply 2J + 1, since there is no lambda doubling and the spin 

multiplicity is only 1; however, all the odd-numbered levels are missing 

owing to the twofold symmetry of the c2 molecule. 

The f value of the Phillips (2 -0) band was actually calculated 

. relative to that for the"'Swan ( 1-0) band, since the relative f values do 

not depend on the rather inaccurately known heat of formation of c 2 
gas and the path length involved in the measurements. In this way 

the f value for the Phillips (2 -0) band was found to be smaller than 

that for the Swan ( 1..:0) band by a factor of 0.468 ± 0.028. This leads to 



{ 
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an absolute f value for the Phillips (2 -0) band of 3.8 x 10 -
3

; this 

value is uncertain by a factor of two or three. Accurate relative f ,_ 
values for the different vibrational bands of the. Phillips. transition are 

not yet known, hut one might estimate that the total .!_ value for the 

transition would. be .about three and. one -half times that of the .(2 -0) band, 

on the basis of the observed band intensities, and thus equal to 0.012. 

No theoretical values for this quantity have yet been reported. 
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APPENDIX 

A. Temperature Scale 

In view of the discrepancies obtained with the National Bureau of 

Standards corrections for No. 3 pyrometer and the intercomparison 

of Nos. 2 and 3, an independent calibration of pyrometer No. 2 was 

made. First the 11 H 11 scales of Nos.· 2 and 3 were calibrated by 

sighting the pyrometers on a standardized General Electric lamp No. 

86 .,.P-36,· whose current-versus -temperature calibration had been 

supplied by General Electric in 1946. This calibration was first 

corrected to the 1948 therrnodynamic scale. 
6 

The corrections for 

both pyrometers appeared to be the same within experimental error, 1° 
6 . 0 0 

or 2, through the whole scale range, 1100 to 1750 C. The dis-

crepancy between these corrections and those of the Bureau of 

Standards varied from 0° to 6° through most of this range; thus the 

discrepancy for the 11H 01 range is rather small. 

Once the 11 H 11 scale calibration is known one can calculate the 

··corrections for the ''xH11 range by using the ratio of the transmissions 

of the i1H11 and 11xH11 filters according to the methods given by 

Forsythe. 9 The rel.ationship between the true brightness temperat~re 
of an object, T 

1 
(in degrees Kelvin) and t~e temperature observed with 

the pyrometer with·a filter located between the filament of the pyrometer 

and the object T
2 

is given by 

( 18) 

Hl!re )\e is the effective wavelength of the pyrometer, c
2 

is a constant 

with value 1.438 em -deg, and P is the integrated transmis sian of the 

filter .. For the purpose of calibrating the ''xH11 scale from the already 

calibrated ovH'' scale, 

p_ 

P is defined as 

L: J(T1) S :PrPxH 

L;J(~1)SprpH 
( 19) 



where J(T1 ), is the Wien1 s lay.' expression, S is eye sensitivity, pr 

is the transmission of the monochromatic filter, and pxH and pH 

are the transmissions of the 11 xH 11 and· 11 H 11 filter screens at a certain 

·wavelength. The terms of the summation are taken at 50 -angstrom 

intervals throughout the wavelength region in which they make an 

·appreciable contribution. 

The effective wavelength 1- to be used ir1 Eq. ( 18) is precisely 
e 

defined as the wavelength at which this relation holds: 

(20) 

However, at the high temperatures and with the temperature intervals 

used in applying Eq. ( 18) to the calibration of the "xHil scale of the 

pyrometer, this exact effective wavelength for the temperatures T 
1

· 

and T 
2 

·is represented to a close approximation ( 1 in 6000) and with 

much less effort by the limiting effective wavelength of the temperature 

('T 1 + T -z)/2 .. The limiting effective wavelength l. ~ obtained for; a 

temperature T from Eq. (20) by taking smaller and smaller intervals 

around T until the resulting value of i calculated no lange r changes. - . e 
At the high temperatures used in this calibration, an interval of 500° 

was small enough to yield 1. 0 
with an accura~y of 1 .in 6000.. Since . e 

the "H11 and HxH" filters are not quite neutral through this wavelength 

region, slightly different values of ~ 0 
are obtained from Eq. (2p) 

e 
when pH is substituted for pxH' Therefore the average of these values 

was used in Eq. ( 18). The variation of ).. 
0 

with T is quite small, only 
e 

about 0.0107 A per degree. 

In order to obtain the variation in transmission of the different 

filters with wavel~ngth, light passing through them from a ~onstant­

temperature tungsten filament was scanned with a lP-28 photo­

multiplier in the wavelength region of interest. The monochromatic, 

11 H 11
, and 11 xH11 filter screens of. Pyrometer-2 and the light source itself 

were scanned; the conditions of the ·experiment were not such as to 

lead to the absolute ratio of the integrated trans.mission of the 11 H 11 

and 11 xH11 filters. 

----
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To obtain the absolute transmission ratio Pyrometer-2 was sighted 

on a tungsten-band lamp at a brightness temperature of about 1600°C 

with the 11 H 11 filt~r in place and the. temperature read on the "H11 

scale. Then with the lamp at the same temperature but with the, 11 xH" 

filter in place, the temperature reading on the calibrated 11 H 1
' scale was 

recorded again. These temperatures, when corrected and substituted 

i~ Eq. (18), gave K values for the different lamp temperatures. The 
- 6 6 -4 -1 average value of ~ thus found was -{!1. 8 ± 0.011) 10 deg. ·at 

. T 1 = 1877°K. The uncertainty shown in ~ is the average deviation 

of five determinations of K at temperatures centered around 1877°K; 

this rather large uncertainty is due to the difficulty in reading 
" temperatures at the ends of the scale regions, where judgrpent of 

intensities is poor. 

From this value of K the value of P of Eq. ( 1.8) could be 

determined. Then P was calculated at other temperatures by using 

the measured variation of transmission with wavelength and Eq. ( 19). 

These figures in turn, with the ».~·calculated for (T l + T 2)/2, yielded 

K at other temperatures T 1 along the 11 xH11 scale. Although' the 

absolute value of the.· K' s thus calculated is uncertain, the relative 
,.-' 

values of K at different temperatures should have an accuracy of 

better than 1 in 6000. 

For Pyrometer No. 2 the values of K for different values of 

T 1 and T 2 thus calculated are presented in Table IV along with the 

quant~ties _!: and )..~ used in calculating them. Also presented for 

comparison are values of K for Pyrometer No. '2 calculated by 

using readings that appear adjacent 'to each other on the 11 H 1
' and 

"xH11 scales of No. 2 and adjusted according to the corrections 

supplied by the NBS for the respective scales of No. 3 and the 

intercomparison of the two instruments. 
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Table IV 

Calculated transmissions, effective wavelengths; and the resulting 
,scale constants for Pyrometer No. 2. , Also pr~sented are the scale 
factors obtained from the NBS calibration of Pyrometer No. 3 and 
the intercomparison of the,two instruments. 

T1 T2 Px 10
2 

-log P i 4 -1 4 -1 -Kx10 (deg. · ) -Kx10 (deg. ) 
e (from P) / (NBS) (oK). 0 

(A) ( ·K) 

2000 1496 2.476 1.6.062. 655!4 1.686 L695 

2250 1631 2.4 68 1.6077 6551 1.687 1.698 

2500 1758 2.460 1.'6091 6548 1.687 I L680 

2750 1878 2.453 1.6103 6545 10688 L674 

3000 1992 2.449 1.6110 6543 1.688 1.652 

3250 2099 2.445 1.6117 6540 L688a 1.626b 
~. 

a · 
6 

. -4 -1 · 
A value of 1. 89 x 10 · de g. was calculated at this temperature by 

using Planck's law in place of Eq. ( l8)o The use of Planck's law is 
specified for the 1948 thermodynamic scale, but this correction is 
negligible at the highest temperature us.ed hereo 

bThis value is extrapolated from·the values at lower temperatures. 

It may he seen that the variation with temperature of the value of . -

K calculated from the measured transmissions disagrees ~n both size 

and dir.ection with the variation of K obtained from the Bureau. of 

Standards correctionso The calculated K remains·almost constant, 

s1nce the variation in log P almost cancels the variation ~n i e. The 

only reason that P varies at all is that the ratio of the transmissions ~f 

the 11 xH 11 and 'iH" filters varies slightly with wavelength. In order to 

obtain a variation in K of the order of that given by the Bureau of 
< 

Standards one would have to assume a large change in the value of P 

t 

~./ 

with .temperature, which seems unreasonable considering the transmissions \ j 
v. 

measured for the filter screens. 

The variation of~ obtained by using the National Bureau of Standards 

corrections and the scale readings of Pyrometer No. 3 is about the same: 
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6 -4 -1 l. 73xl0 deg at T 1 = 
0 -4 -1 ' 0 

3000 K to 1. 715xl 0 deg at 2000 K. The 

original constant used by Leeds and Northrup in manufacturing their 
-4 . -1 scales is (1.735 ± 0.001) 10 deg throughout this range for both 

. pyromete rs. 

On the basis of these new transmission-constant values and the 

calibration of the ''H'' scale of Pyrometer No.2 made with the GeneraL 

·Electric standard lamp, new corrections were calculated for the vrxH" 

scale of this pyrometer. These corrections are tabulated in. Table V 

along with corrections calculated from those given by the Bureau of 

Standards for Pyrometer No._ 3 and the intercomparison of Nos. 2 and 3. 

These corrections are to be subtracted from the scale reading indicated 
I 

to obtain the correct temperature in degrees Centigrade. 

Table V-

Corrections. to be subtracted from scale readings ()£ Pyrometer No. 2 

Scale reading . Corrections.from Bureau of Standards 
(oC) transmissions ·corrections 

(OC) (oC) 

2000 29 19 

2200 38 32 

2400 48 48 

2600 58 73 

2800 70 106 

When these new corrections are applied to the measurc.ements of 

Krikorian, his measured heats are corrected by a factor of only 

1.0177. We therefore obtain for his measured heat for Reaction (4) 

a value of 260 as compared with a .calculated value of 258.2 kcal based 

on the measurements by other observers. (See section entitled 
I 

"Measurement of Temperatures" in text.) The small magnitude of 

the correction factor might surprise. one in view of the rather large 

corrections given in Table V, since Krikorian used.the uncorrected 

scale readings of Pyrometer No. 2 for his temperatures. This may 



be easily understood, however, if one c~onsider~ that,' according to 

Eq. ( 18), if one uses a constant value of K, throughout the temperature -range he will obtain the same difference in reciprocal temp.eratures as 

he would with any constant value of ~ throughout the temperature 

interval, so long as the "H" scale corrections are the same. Thus 

. when Krikorian accepted the scale readings of the pyrometer directly 

without any corrections he was in effect applying the original constant 

value of ~ used by Leeds and Northrup in manufacturing their scales. 

Since this ne:vv:. temperature scale, based on the measured transmissions 

of the various filters and on a calibration of the 11 Hn scale by the General 

Electric lamp, seems to giye the most consistent values. for the heats, 
' ·the temperatures and heats quoted in this thesis are based on this scale. 

B. Monochromatic Self -Absorption 

.:~for low concentrations of a gas we may say that its intensity of 

emission at a. certain wavelength is directly proportional to the con­

c.entration of the excited state that gives rise to the particular transi-

tion at this wavelength. However, as the concentration of the emitting 

gas increases to larger values, we find that the intensity no longer in­

creases as rapidly as the concentration. This phenomen is due to self­

absorption. It arises in a column of gas because the molecules that are 

closer to the observer tend to absorb part of the radiation emitted by the 

molecules farther away in the column. This effect was found to be present 

in both the Phillips ( 2 -0) band and the Swan ( 0 -0) and (1-0) bands in the 

temperature range over which the measurements were made, and therefore 

· the magnitude of these· corrections had to be known before accurate heats 

could be calculated. 

. The expression for the intensity of emission at a single wavelength 

as a function of conc-ehtration rriay be easily, derived, including the efiects 

of self -absorption. Let us assume that we have a coh,1mn of emittin,g gas Gf 

uniform cross section and temperature and with length L. If a is a 
. . - -V , 

constant representing the intensity of light emitted by a single excited 

.. .... / 
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molecule at a certain wavelength, the intensity emitted by a very thin 

cross section of the.· column would be I
0 

= a N' dx. Here N' .is the · · v v e e 
number of molecules in the excited stat~ of the transition per unit length 

and dx is the element of length. Now if this cross section is at a 

distance x down the column from the observer at the end of the column, 

then the intensity of light reaching the observer from this cross section 

is given by the Bouguer-Beer equation, 

I v =I e Ov 

-b Nx 
v 

where · bv 1s the amount of absorption per molecule, and ~· is the 

concentratiorr~oJ molecules in th~ lower state of the transition. 

( 21) 

To obtain the intensity emitted by the whole column of gas we sum 

all the cross sections through the length of the column L, 

N ' a . 
v 

b· N 
v 

( 1 
-b NL 

e v ). (22) 

This is an exact expression for the intensity of emission as function of the 

concentrations. of the lowe.r and excited states of the transition. · The re­

lationship between N' . land N is given by the Boltzmann factor: 

-h'¢v./kT 
N'/N = e 

At low concentrations. Eq. (22) simplifies. Using a series expan­

sion for the exponent, we obtain 

I =a N'L. 
v v 

( 23) 

Thus at low concentrations one gene rally assumes linearity between the 

concentration of excited molecules and the intensity of emission; . self­

absorption effects begi_n to appear only when other terms than the first 

term of the series expansion become important. 

At very high concentration.s we may draw another conclusion from 

Eq. (22). As N and N' approach infinity the intensity of the emitted 
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light must approach that from a .black gody at the same temperature and 

wavelength as the' column of gas, hereafter signified·by IBv". Thus we 

see from Expression (22) and the Boltzmann factor that a:vN'/bvN 

must be equivalent to IBv . Substituting in_ Eq. (22) we obtain 

-b NL 
Iv = IB v( 1 - e v ) (24) 

Over much of the temperature range used in this experiment the 

simple Eq. (23) was adequate. This expression was derived for a single 

wavelength. However, one may see that there would be a linear re­

lationship between the concentration of the excited state and the inte­

grated emission intensity of any shaped feature where· Expression (23) 

holds at all wavelengths. For example, linearity may be assumed be­

tween the intensity of the :votational line of the Phillips band and the 

concentration of c 2 molecules at low temperatures .. We shall as1sume 

this line has a Doppler profile, because Krikorian 19 showed that atomic 

zirconium lines under similar conditions had a Doppler profile; he 

proved this by making Fabry-Perot measurements on these lines in the 

King furnace spectrum. When the Phillips rotational line was recorded 

. the instrumental slit widths were many times as wide as the Doppler 

width calculated for this line. Thus when this feature was traced by the 

instrument with both its entrance and exit slits the same size, a triangle 
I 

was recorded with a base equal to twice the slit widths used. The height 

of this triangle was used as a measure of the integrated intensity of this 

fe.ature .. The intensity thus measured was directly proportional to the .,, .. 
concentration of c

2 
molecules in the higher,_ state of th_e t,ragsiti.o~_.when 

·. ~ ~ )r . 

the c
2 

concentration was sufficiently low. 

In a Doppler--broadened feature, a changes slightly with temperature 
. -:V . . . 

at a given wavelength, as evidenced by the fact that the Doppler width--

the width of the featur-e- at half intensity- -varies with the s·quare root of 

the -absolute temperature. Nevertheless even in this case the ar.ea under 

the curve representing the i~tensity of the Doppler feature aga~nst V:ave­

length- .:_the integrated intensity of the· feature- -is still directly proportional 

to concentration. This is obvious i£ one considers that in this 'case the 
intensity of light emitted per molecule is still constant, but simply spread _ 

over a greater wavelength region as the temperature increas~s. 

v 
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For the Swan-band head, if the instrumental-slit width.'v;jere 

narrow compared with the unresolved band head, then we could assume 

that we were making a monochromatic measurement,. and therefo:ue 

Eq. (23) would hold. If the slit widths were large compared with the 
' i 

width of the feature we could assume that the height of the head asj 

recorded on the paper was a measure of the integrated intensity of the 
. . i 

feature, and the reasoning of the last paragraph would hold. Since at 

either extreme there is linearity between the concentration and the re­

corded height of the-feature, this relationship holds in the actual case 

even though it is probably somewheFe between the two extremes. 

At higher temperatures deviations from this linear relationship 

began to show up. Therefore at these temperatures the measured 

intensities were corrected to yield quantities that vary linea'rily with 

the concentration of the molecules in ·the emitting state, For this 

purpose a correction factor, which we shall call 9, may be found such 

that ·when it is multiplied by the measured intensity an 11 ideal 11 intensity, 

a quantity which is directly proportional to the concentration of the 

emitting state, is obtained. This factor is obtained by dividing Eq. (23) 

by Eq .. (24)~ 

b NL v 

1 - e 
-b NL 

v 

( 2 5) 

To confirm the validity of this correction factor observe that,· using Eq.(22) 

and Eq.:(25), we obtain OJv ::!: av~'L, a quantity that is directly pro­

portional to tne concentration. of ·molecules in the emitting state; 

To evaluate this correction factor experimentally let us use a 

ratio, the .observed intensity of the light emitted from the gas column 

to the· intensity of a black body at the same temperature and wavelength 

as the column of gas; 

us call this ratio R 
- v 

this ratio can be determined experimentally;. Let 

We may see how ~ v is related to 9v si~ply 
by dividing Eq. (24) by I:Bv: 

R = 1 - e v 

-b NL v ( 26) 
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From this expression readily follows 

Thus 0 may be given in terms of R , 
'=il - v 

Q ·-
v 

1 

R v 

in(l-R). 
v 

C. Self-Absorption in the Phillips Ra}tl!{tiorial Line 

·{ 
1 

(2-7) 

(28) 

From Eq. (28) we may experimentally evaluate the correction 

factor for a Doppler -broadened l~ne such as the partic~lar Phillips 

rotational line which we are studying. Here we wish a correction factor 

for the integrated intensity of the line as recorded by the instrument; 

however, Eq. (28) applies only to a single wavelength. Therefore we 

must average this expression over the Doppler profile as follows: 

Q= (29) 

where · v is_ a particular frequency and Qv and Iv are the corr.ection 

factor .and intensity, respectively, at that particular frequency. 

In order to obtain a usable ~xpression from the above formula 
i . -

we must make_,several ?-Pproximations. The relationship between bv' 

the absorption coefficient at a certain frequency, and b 0 , the ab­

·s<?rption coefficient at the peak of the Doppler line is given exactly by 
• .2 

-(2&"2(v - v
0
)/ .D.,vD) ·· 

bv = b 0 e (30) 

where- Ll"Vi:) is the Doppler width. -Now we shall use Eq: (23) as ·an 

approximation for Iv for the purpose- of evaluating Q. Remembering 

that we have a N' = b NIB , we pbtain 
.V · V V 

,._ 



I v ( 31) 

Taking Eq. '(28) and making a series 

R 

expansion for 

R2 
.ln (1 · ... R ), we find 

v 

v v 
+ --.+···· ( 32} ' 

2 3 

where for small values of R v the second-order and higher terms may 

be drppped. These expressions are substitute'd into. Eq. (29} and 

integrated over all frequencies. It is assumed that IB remains 
v ' 

constant over the small frequency range over which I is appreciable. 
v ' 

The following Si'mp'le; result is· obtained: 

Q = 1 + 

. Here R 0 is the ratio of _intensity of the feature to intensity of the 

black body at the peak of the Doppler line. 

( 33) 

The following procedure was u·sed to evaluate th~s ratio experi-
' mentally for the Phillips rotational line. A small graphite plug was 

placed in the middle of the heating tube so that when. the tube was 

heated the:plug was at the same temperature as the gas. Then with the . \ . . 

furnace at i1 constant temperature, light from first the plug and then 
' ' 

the emitting gas was trained on the slit of the spectrograph~ thus a 

record was obtained of the intensities of both the feature and the black 
' ' 

body at the same wavelength. A Dow -Corning filter No. 3486 was 

used when the intensity of the black body was meas·ured to prevent 

second-order light from entering the spectrograph. 

Care had to be taken in arranging the optics so that the limiting 

aperture and the area of the source were the same when the intensities 

of each of the two sources were being compared. A single lens was 

· placed between the King furnace and the spectrograph in such a position 

that the ·graphite plug, which was halfway down the length of the heating 

tube, was imaged on the face of the spectrograph slit. The distance 

between. the lens and the graphite plug was about 70 em; between the 

lens and the slit, 2m. A small. enough. stop was placed on the lens so 

that it was the limiting_aperture· of the system; a stop'was placed on 



-79-

the slit so that only a small part of the ce,nter of thd image of the plug' 

or of the emitting gas was allowed to pass through and thus fall on the 

gratingo The lens was moved a short distance in·a. verticaldirection 

to allow either the image of the plug or that of the gas to fall on the slit 

stop. Care was taken so that in either case all the light corning through 

the slit stop fell entirely on the grating surfaceo Since the column of 

ga~ had a finite length, 15 ern, the limiting aperture was not the same 
. . 

·for all the light from the emitting gas .. At ·any given stop, the lens 

subtended a smnewhat larger angle for the. g~s at that end of the heating 

· zon'e closest to the lens than for the graphite plug,· which was halfway 

down the heating zone. This was balanced out, though, asat the same 

lens sto"p the lens subtended a smaller angle for the gas at the rear of 

th(:! column· than for 'the graphite plug. Thus the optics for the gas and 

the black-body plug were equivalent. 

The value of. ~O could not be taken directly from the instrumental 

recording. .As rnentionedpreviously the recorded feature was subject 

t~ considerabie in~t~umental broadening. However, the area ~f this 

rec~·rdedfeature must be equai to the area of the Doppler-shaped 

feature that provoked the response. Now, since both slits are the 

same size, t~e shape of the instrumentally reco~ded feature is a 

triangle whose. area is given by. the product ~f Ii, the height of the re­

co.rded feature, and .6.'Yi• the width of tl~e recorded feature at half 
. . 

intensity. Expressing the equivalence in area of the Doppler-broadened 

· fe.ature and the instrumentally recorded 'feature, we may ~say: 

( 34) 

For. I we substitute the expression given by Eq. (34 ); 10 is simply 
·V 

the peakintensity of the Doppler feature. Thus we may solve for tht'1 
. ·. : . - .. -· \ 

actual or !)oppler peak intensity in terms of the instrumental peak 
. . . , . 

intensity; 

.6. v. 
'r

0
=,o,941 1 

e.·v · ... 
. D 

I. 
1 

·' 

( 35) 



(4 

') \:· 

\ ·~ 

-8U-

Here ~ vD' the Doppler width,. 1s g{ven by the relationship: 

~~.D = (36) 
c 

where M is the molecular weight of c 2 and ~ · is the velocity of light . 

. 10 by the measured black-body intensity we obtain the quantity ~o· 

When R 0 is substituted into Eq. (33) it gives us the correction factors, 

'which when multiplied by the measured intensities give us intensities 

which are directly proportional to concentration. 

The ~value for the Phillips rotational line, ( 2 -0) band, J' ::: 

J'' = 32 line) determined by the above method amounted to 0.039 ± 0.003 

at 3059°K, the highest temperature ~t which inten~ities Were measured; 

The size of this quantity justifies the assumptions involved in using the 

approximations (31) and (32). From this value the values of ~at 

lower temperatures we.re calculated by the use of the measured 

temperature coefficients for the intensity of the Phillips rotational 

line and Wien's law to correct the measured black-bodyintensity 

to other temperatures. To simplify t~is procedure it was as.sumed 

that LSVD is constant, which is a good approximation conside.ring 

that the temperature 'range, 300° to 400°, is small compared wi.th 

the absolute temperature; ~vD varies. only a~ the 'square root of 

the temperature as shown in Eq. ( 36). The R
0

. values and the 

corresponding correction factors thus calculated for this particular 

Phillips rotational line are presented in Table VI for a number of 

temperatures in the range in which intensities were measured. Now we 

·may see that the uncertainty quoted for the meas.ured ~O amounts to 

an uncertainty in the correction factor of only one in a thousand at the 

highest temperature. 
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Table VI 

Self -absorption correction factors for Phillips (2 -0) band, 
J' = J 11 = 32 line, at different tempertures 

·T 2 
Q 

(OK) 
R

0 
x 10 

3100 6.03 1.0 21 

3000 2.07 1.007 

2900 . 658 .1.002 

2800 . 194 1.001 

2700 . 0519 1.0002 

2600 . 0257. 1.0001 

t:, 

'n Self,...Absorption in the (0-0) and,(l-0) sw'an-Band Heads 
.t ., 

The application of self -absorption corrections to the Swan bands 

is more complicated than in the case of the single Phillips rotational 

·lirie. Here we must look at the.head· of a band composed ~f many Doppler­

broadened rotational lines all spaced very closely together. We may 

conside~ three possible cases .. In the first the rot~tional iines are so 

closely spaced. that the lines are completely unresolvable eVen with a 

spectrograph of infinite resolving power, i.e., where the peaksof each 

two' adjacent lines are· within the Doppler width of each other. This is the 

simpler case' since we may' then regard the band head as a. continuum; 

thus if the slits of the spectrog'raph are narrow comp~red with the width 
. . ' 

of the band head, the correction factors may be calculataLquite accurately 

from the monochromatiC: Eq. (28) or (32). The· Rv values would be de­

termined experimentally in ·a: manner similar to that used for th-e Phillips 
i line, except that here, of course, there would be no need to correct for 

in-strumental broadening. 

In the second case all the rotational lines are spaced far enough 

apart that they could be resolved by a. spec~rograph of infinite resolving 
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power, i.e., where no two adjacent lines are as close as the Doppler 

half width, yet where an ordinary spectrograph. with wide slit widths 

sees the resolvable rotational lines as a continuous band head. Here 

one can calculate the intensities of the individual rotational lines that 

contribute to the band head if one knows the intensity of the instrumentally 

recorded band head .. From these intensities correction factors can be 

calcul<1.ted for each individual rotational line by the procedure given in 

previous p,aragraphs on the Doppler-broadened line. The total correctio~ 
factor for the instrumentally recorded band head. can then be calculated \ 

by averaging the individual correction factors f0r each line and weighting ' ; 
I 
I 

·each one according to the contribution that particular rotational line 

makes to the instrumentally recorded band head. 

! 

The th1rd case is a compromise between the first two cases; 

where some of the individual rotational lines that make up the band 

head are resolvable and some hot resolvable by a spectrograph of 

infinite resolving power. In this case the head is composed of in-

~ 

dividual lines and groups of unresolvable lines as viewed through an 

instrument oi'infinite resolving power. It maybe pointed out that for l 
a given ban4 head whose intensity has been measured one will_ obtain J 
the largest self -absorption correction if one assumes that it is an 

example of Case Two, the next largest if one assumes Case Three, 

and the smallest for Case One. 

It was found that the Swan bands fell in Case Three. Phillips 29 

calculated the positions of the components of the triply split rotational 

lines of the ( 0 -0) vibrational band 0f the Swan sys tern, using the formulas 

of Budo~ 4 
The positions of the triplet components in the P branch, 

which forms the head of the (OJ:O) band, are such that there are groups 

of lines that are closer in spacing than the Doppler width calculated 

for these lines at the temperatures of the intensity measurements. 

The procedure used in this case to evaluate the correction factors 

for the Swan ( 0 -0) and ( 1 -0) bands was as follows. The positions 

calculated by Phillips for the components of the P branch of the (0 -0) 

band, were used for making a plot of the intensity of the triplet com­

ponents versus frequency; triangles were used that had a Doppler half 
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width and heights proportional to the calculated intensities of these lines.* 

The intensities of these lines were then summed up at equal frequency 

·intervals; thus was obtained the profile of the barid head as it would 

look when observed by an instrument of infinite resolving power. 

This profile is presented in Fig. 9, and shows a number of peaks 

corresponding to individual lines and to groups of lines with valleys in 

between the groups occasionally dropping to zero intensity. The ratio 

of the intensities of these peaks to the intensity of the instrumentally 

recorded band head was determined by dividing the profile into sections 

and calculating what each of these sections contributed to the particular 

frequency where the instrumental maximum intensity was recorded. 
. \ 

This c1ontributiori was proportional to the relative integrated intensity 

of the particular section, and decreased as the distance of the section 

from the frequency of the maximum recorded intensity increased. A 

slit width had to be assumed for the instrument, because sections of 

the profile farther than one slit width from the frequency of maximum 

intensity contributed nothing to the instrumentally recorded maximum 

intensity. A slit width was chosen that gave a calculated profile for the 

instrumentally recorded band head closest to that actually obtained on 

the recording when the feature was traced by the instrument. This 

··instrumental maximum is indicated in Fig. 9 by the dotted line, which 

has the shape of the instrumentally recorded feature arid is plotted 

using the same arbitrary intensity scale as the completely resolved 

profile; 

When the ratios of the intensities of the different sections of 

the profile to the measured intensities had been calculated,· the · R 

values at all wavelengths along the infinitely resolved profile could 

be calculated;. the ratio of the instrumental maximum intensity to the 

intensity of a black body had been determined in a manner similar to 

that used for the Phillips rotational line. Then, by means of Eq. {28) 

the correction factors could be calculated at any ·of these frequencies. -

* To simplify calculations, the same distribution of rotational 

lines in the head was assu'tned for the Swan { 1-0) band as for the 

( 0 -0) band. 

\ 
'.} 
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Z2.5 230 ZJ.5 2.J9 
V

0
-J (em-') 

. MU-12882 

Fig. 9. Infinitely resolved profile of Swan (0-0) band head (solid 
line). Dotted line represents profile of instrumental 
recording. v

0 
is frequ~ncy oforigin of band in cm-1. 

MU -12882 
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These correction factors were integrated over the sections of the profile 

by use of Eq. (29) and substitution of Eq. (28) or .(32) for Q in this 

equation. From these integral correction factors the correction factor 

for the instrumental peak intensity could be calculated; the correction 

factors of the different'sections that contributed to·the instrumental 

peak were ave raged, with. each factor weighted according to the contri­

butibn that particular group made_to the instrumental peak. If this 

correction factor turned out to be appreciable, then itwas necessary 

tcr assume correction.factors for each section and for the instrumental 

peak when finding their contribution to the instrumental peak, since these 

contributions were originally calculated on assumption of no self-

absorption. Then the correction factors were calculated and used as a 
~ ' 

r second approximation, and the proc:;ess repeated unti.l the assumed and 

calculated factors agreed. The correction factor for the instrumental 

peak was determined at other temperatures in. the same manner; the 

calculations were simplified by assuming that the relative intensities 

of the different rotational lines contributing to the head did not change 

over this comparatively small temperature range. 

';['he value measured for the ratio of instrumental peak intensity to 
' ' 

intensity of a black body at the same temperature as the column of gas 

was 0.185 ± 0.012 at a tempe'rature of 3007°K for. the Swan (0 -0) band 

head and 0.061 ± 0.004 at 2997°K for the Swan ( 1-0) band. For the (1-0) 

band the ratio 'was measured in the first order of the 3-meter grating 

with slits varying from 0.025 to 0.10 mm, corresponding to 0.05 to 

0.20 mm in the second order; there was no significant variation in the 

ratio thus obtained> This indicates that the slit widths were narrow 

compared with the effective width of the feature. These ratios were 

calculated at other temperatures by use of the observed variation in 

~ntensity of 'the bands with temperature, and of Wien 1s law to correct 

the black-body intensity. When these ratios were measured at o_ther 

temperatures, the values obtained agreea with the above values within 
( . 

the quoted uncertainty. From these values of' R. values of Q , the 

correction factor, were calculated by the methods of Case Three. These 

values are presented in Table VII along with values of Q calculated by 

.. 

C·· 
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the methods of Case One fo'r comparison. It will be noted that the 

methods of Case One and Case Three lead to the same values of Q 

when low values of R are used. This is because 9 varies linearly 

with. R in this region; therefore the high values of 9 possessed by 

· the parts of the infinitely resolved profile represented :in Fig. 9 

that are above the instrumentally recorded p_rofile are just balanced 

out by the parts of the infinitely re·solved profile \that are below that 
' of the instrument. The Gase Three correction factors were the ones 

actually used in calculating the heats. 

Table VII 

Self -absorption correction factors calculated for the Swan (0 -0) and 
( 1-0) band heads by the method of both Case One and Case Three 

T . Swan ( 0 -0) band Swan ( 1 -0) band 

. (OK) 
R Q(Case 1) Q(Case 3.) R Q(Case 1) Q(Case 

:HOO 0.418 1.294 1. jj':l: u. [71 I. U'1 f ! • !UU 

3000 / 0.175 1.098 1.103. 0.0627 1.039 1.039 
--

2900 0.0616 1.040 1.040 0.0213 1.011 1.011 
/ 

2800 - 0.0199 1.010 1.010 0.00673. 1.003 1.003 

2700 0.00574 1.003 1.003 0.00194 1.001 1.001 

2600 0.00151 1.001 1.001 0.000512 1.0003 1.0003 

' 
Relative f values for the Swan (0 -0) and ( 1-0) bands may b~ 

obtained from Table VII by multiplying the R values of the ( 0 -0) and 
- . - * 

3) 

( 1-0) heads by their respective correction factors. In this manner we 

find that the f value of the ( 0 -0) band is 2. 97 times that of the ( 1 -0) band. 

This value should have ·a much smaller uncertainty than those quoted above 
I 

for a particular R value measured un-der widely different conditions. 

* From Eq. (25) and (2'6) w~ obtain QvRv = bv NL, where. N 1s the 

concentration of molecules in the lower state of the transition. This . - . 

quantity is proportional to the f value for the transition. 
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This is beca~se the two . ~ values wer:e measured with the same heating 

tube at ahnost'the same time. Thus errors in path length and 

temperature measurement were cancelled out, and the relative values 

-of the two ~s should be known quite accurately. This value of 2.97 

may be compared with a value calculated by Fraser, Jarman and 

Nicholls 
10 

of 3.08 0ir;~King 1 J7
measured value of 2. 79. 

Because the correction factors were smaller for the Swan ( 1-0) 

band head, it was felt that more accurate heats would be obtained if 

this band were used for the final determination of the heats .. Under 

·the conditions of the intensity-measuring experiments the intensity of 

~he Swan ( 1-0) band was of the same order of magnitude as the intensity 

recorded for the Phillips rotational line, and therefore using a band of 

higher intensity would not h_ave appreciably incre,ased the accurasy with 

which the intensities could be measured. 

The cause of part of the discrepancy between the two values for the 

heat of sublimation of c
2 

found in Krikariari 1 s work and this work may 

lie in the self-absorption corrections. Krikorian's self-absorption 

, corrections added 11.9 kcal to his heat of formation of· Zr and 7.2 kcal 

to his heat of sublimation of c 2 . These self -absorption corrections 

for the·. Swan ( 1 ..::o) b?Lnd head lead to values of the ratio of the intensity 

of the band head to a black body at the same temperature that ,p_re two 

to five times the size·of these ratios found in this experiment, when 

compared at the .same temperatures and on the same temperature -scale. 

Furthermore, the te~perature coefficient of the ratios he used disagrees 
. ' ' 

with the heat he obtained for the formation of the particular level 

responsible for the emission. The ratios ~f intensities measured in 

_this. work lead to relative f values for the (0 -0) and ( l-O)S~an bands 

·which agree well with those measured and calculated by other observers; 

·.• 

"y 

furthermore, his ratios lead to absolute f values for these bands that .~ 

are four to ten times those measured by King. Thus it is felt that 
'' ' 

Krikorian's ratios are considerably too high. Krikorian measured the 

ratios of the intensities of his features to that of a black body in a 

manner similar to that used in this work. The larger values which he 

thus obtained for these ratios may be explained by the possibility that 

\ . 
~( 
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he used nonequivalent optics when comparing the two intensities. For 

example, he may not have observed equivalent areas· of the two sources, 

or possibly in his measurement not all the light passing through the slit 

·fell on the diffraction grating. Therefore the self-absorption corrections 
' ' ' 

and consequently the heats in Krikorian'.s work were adjusted.to agree 

with the self -absorption corrections used in this work. Such corrections 

were not determined in this work: for the Zr feature; it was assumed, 

however, that the ratio measured by Krikorian for the intensity of this 

feature to the intensity of a black body at the same temperature is in 

error by the same factor as for the Swan ( 1-0) band head. One can then 

obtain corrections for both his Zr heat' of formation and the sublimation 

heat of c
2 

that will make their self-absorption contributions more 

consistent with the work reported here. 

In this manner one finds that Krikorian's Zr heat should be 

lowered by 6.8 kcal and his c 2 heat by 4.1 kcal. Thus the value which 

he quotes for the heat of sublimation of c
2 

should be raised by the 

difference in these corrections; he obtained this value by measuring the 

difference in energy between the emitting levels of Zr and c 2 and 

subtracting this value from the heat of formation of the exCited state of 

Zr. 

E. Limiting Slope of Curves for Heat vs. Scanning Speed 

In order to extrapolate the curves of Figs. 5, 6, and 7 to th~ 
\ 

ordinate, the nature of the limiting slope of the curves had to be de-

termined. According to Krikorian19 the peak intensity of a triangularly 

shaped feature recorded with scanning speed s is given by the formula 

s t 
( 3 7) 

I 
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Here 1
0 

is the true peak intel').sity of the feature; ~ is the time constant 
. I 

for the amplifier and Cs20 cell circuit, and varies with the stage of 

amplification used; t6,.).. is the half width of· the . .instrumentally broad­

ened feature. The Cs
2

0 cell and amplifier should obey this formula, 

. since. their response is limite.d principally by the. charging or dis­

charging -of a condenser across a resistance in the feedback circuit, 

which is the assumption on which this formula is based. 

Using this formula, we may arrive at an expression for· the 

limiting slope of plots of t6.H~000 against ~; ,t6.H~ will have the same 

limiting slope because it differs from t6,.H~000 by only~-·· constant 

term. For the points at the ends of the sigma plots we may say 

R = 
1/T') t6.(1/T) 

£n 
r T' 

s 

I" T" 
s 

( 38) 

The prime represents points taken at the highest temperature, and the 

double prime indicates the lowest temperature. At the lowest 

scanning speed used in this experiment the exponential term in Eq. (37) 

is negligible, and we rriay substitute Is = 1
0 

( l - Cs) into Eq. (38); 

~ is equal to t £ n 2/ t6,.).. and depends as _!_ does on the particular. gain 

of amplifi,cation being used. We may obtain the slope at low scanning 

speeds for the curves by differentiating Eq. ( 38) with respect to s : 

0 
d(t6.H3000) R 

= 
C" C' 

---). (39) 
ds A( 1/T) 1-C''s 1-C' s 

With values of s ranging from zero to the lowest scanning speed used 

here, the limiting slope is almost constant, and is given by 

= (C 11 
- C') = 

t6.( 1/T) 

. R £ n2 

t6,.)..t6,. ( 1 IT) 
_( tiV - t'). ( 40) 

-~. 
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On this basis the curves of Figs. 5,6, and 7 should be extrapolated to 

the ordinate by drawirrg straight lines tangent to the curves at the points 

measured at the lowest scanning speed. 

Through the use of Eq. (40) the limiting slopes of Figs. 5, 6, and 

7 may be-computed. The values thus obtained agreed with the limiting 

slopes of the curves within the accuracy with which the time constants 

of the circuit could be determined. 

I . 

\ 
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