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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 systerﬁs of the- C2 molecule were
produced in emission in a source of thermal equilibrium. Measure-
ments of the temperature coefficients of the intensities of these bands
yielded values for the heats of formation of the X 31'Iu and ilz;
states of C, from solid graphite. These rneasur’ements'_ showed that

3 2 ’ 1+ el g0 e

the "Il state is 8 + 4 kcal (0.35 £ 0.17 ev) lower thanthe 5 ! 610 bm

b _ g8 “Zs5sgxio ey
state. .Comparison of the results of this experirment with that of

K"rikori::m19 leads to 200 + 5 kcal for the heat of formation of the

3Hu state from solid graphite at OOK; this is probably the heat of

sublimationof CZ gas. The resulting DO of CZ is 139.2 * 4 kcal
(6.04 £ 0.22 ev).

The position of _sonde unobserved low-lying electronic states of C2
are estimated by revising the Predications of Mulliken. 24 Some of these’
states may be lower in energy;.)than the 3Hu state. The disc;)very of
infrared transitions between t};‘e':séﬂ‘lfstate's and some of the already ob-
served states of C2 would providé accuréte relative energies for these
states.

From absolﬁte intensity measurements the absolute f value for

the total Swan transition was determined as 0.03. Thé absolute f

value measured for the Phillips (2-0) vibrational band was 4 x 10-3,

Both values are uncertain by a factor of two.
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states. The possibility that the lowest of the singlet states, the X

4.
SPECTROSCOPY OF HIGH-TEMPERA TURE SYSTEMS
< . . INTRODUCTION.

The purpose of this investigation is to ‘fin‘d which of the electronic

- states of the C, molecule is the ground state. It has been commonly

. a"s'sumed,- for a number of years that.the lowest of the triplet states,

the 3Hu' state, is the lowest state of the molecule.. A number of

'strong: transitions between singlet states have been observed, but

unfortunately no transitions have been found between singlet and triplet
1_+

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

Basing their work on the assumption that the ' '3Hu" state is the

lowest state of  C,, two workers have tried to determine thé heat of

formation of C2 vapor from solid graphite by spectroscopic methods.

. Brewer, Gilles, and Jenkins1 observed the 1ntens1ty of the (0-0) Swan

ba't1‘d.('3]":'[g = .3I'I’u) in emission as a function of temperature .They

' preduced the - CZ in a King furnace (a carbon-tube resistance furnace)

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

a small glass prlsm spectrograph by a photographic technique. 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 thermodynam1cs a plot of
R fnIT versus l/T w111 have as its slope AHT, which is the heat

for the reaction
2C (graphite) = C > (gas in the excited state). (1)

Here T is the absolute temperature at which the intensity I.is observed,

- and’ R .is the universal gas constant. Knowing the excitation energy of

C2 and the heat capacities of solid graphite and the molecule, one may

easﬂy correct this heat t6 AHO for the réaction

Z_Cv(graphi‘te) = C2 (gas). , ‘ (2)4 '
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Brewer, Gilles, and Jenkins obtained a heat for the reaction of 233.1 %
7.0 kcal/mole. : - e o _

Th_ié 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 's-'elf-absorpti'cnfat the high temperatures v
. and lack of sensitivity at the low temperatures. In addition, the accuracy
of temperatures measﬁ;‘ed in the King furnace is limited By temperature
gradients. which de”vel'cp in the carbén tube and which-increase as the
temperature is-raised. . These errors may make a heat uicertain by
as much as 10%. The previous results‘are also poor because a photo-
graphic téchnique was used for the dete rmination of intensities. The
determinationof light intensities by electronic- techmques is much more
prec1se thian photographic methods. ‘

There are at least two methods’ by Wthh thlS heat mlght be
: determlned more accurately. - One is by the use of the third law of
'thermodynarrncs One may obtain (F - HO')/T values forgraphite up
~to 3000°K from the National Bureau of Standards’ Tables: 32 The
»(Fo - -HQ-)/T‘- values for C;-2 gas. may also be calculated if the
rielectromc, v1brat1ona1 and rotational energy levels of CZ‘ are'known.
- The difference 1n these values gives (AFT AH )/T for Reaction (2)
Now if we knew the:absolute absorption coeff1c1ent for the Swan transi-
‘tion, from the measurement of the absolute intensity of the band we

“could compute the actual concentration of the ~1C2' gas; - Since " -

. — = - Rzn,pc : | -3
. T N

we may. calculate AF /T and subtract it from the above function

.

for Reaction (2), thus obtammg AH /T '_I“h1s,n._1e:thod_(obv1ates the
..error i‘n temperature measurement in the slope method. Here the
-V,,error in temperature app'ea;'s but once, and only in the ab;s'olute_ value.
In the slope method two temperature errors ére_made.;_. then the error
is badly compounded by taking a small differen\ce between two large

numbérs,

W
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Since in the case of the Swan bands and the spectra of most other

-diatomic molecules accurate absorptlon coeff1c1ents have not been

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

way in which we may use the slope method to better advantage Let us‘

|

measure the comparat1ve1y small difference m energy between the

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

from temperature measurement in any heat measured over a given
temperature interval will always be a certain percentage of that heat.
Thus the absolute error in the small energy difference will be smaller
than the error in the unknown heat measured by itself..

ThlS was the method employed by Krikorian in measurlng the

heat of formation of the 3II state of C2 gas from solid graphite. To

. prov1de a knOWn heat he used the element zu‘comum 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 graph1te tube of a King furnace
and allowed it to become carburized.. Then using a photcrnultlpller,

h'e.:t'ra'ced'.thréugh both emission spectra with the gases at a constant

'ternp'erature, and repeated the tracing at different temperatures.

From the data thus obtained he was able to make a plot.of - R{n
(IZr/IC ) versus 1/T. From the slope of this plot he obtained the
differ'ence_ 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 ef zirconium
gas in its excited state. Krikorian thus obtained a heat for the v31'Iul
state of C of 191.4 + 5 kcal pe.r mole. - |

Mass spectrographic evidence seems to point to a value for the

-heat of sublimation of C2 gas at the upper end of this range Honig, 15

u51ng a slope method, obtained a value of 199 + 20 kcal per mole for

AHge-From this one may obtain AHg = 202 % 20 kcal, using the heat

capacity data for - CZ gas given by Stull and S1nke35 and those for
graph1te given by the Bureau of Standards. 3 . Chupka and Inghram5

obtain AHO 183 £ 10 kcal by a second -law experlment - On the

other hand, by estimating the ratios of the cross sectlons of C; and

> to that of silver, with which they calibrated their apparatus, they
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could calculate vapor pressures of C, and C,. Then, using the third
law, theyobtairedAHg =170 + 7 kcal per rnodle for vC'and AHS =
197 2 7 kcal’v per mole for C . They point out that the value they ob -

T
tained by the second law may be too low, ow1ng to vapor1zat10n of
magnes1um frorn the1r apparatus at the 1ower end of the1r temperature
range. ‘ ' _
. In Krikor’ian,’s work and_other work done by optical-spectroscopic

' methods, the heat that is measured for the formation of the I3Hu state
is the heat of vapor1zat10n of the C molecule only if this state is the
ground state of the C molecule. The mass - spectrographlc methods
using the second 1aw do ‘not depend at all on Wthh is the lowest state
" of the molecule. However, if the third law is used, then entrop1es or
(F - H )/ T values for the ' C molecule must be calculated from
opt1ca1 spectroscoplc data, and this agaln 1nvolves knowmg the nature
:of the ground state of this molecule

' Thus the 1dea for this’ 1nvest1gat1on arose, i.e., fto deter‘mi'ne

: whi»ch.of the two observed states, 3IIu or 12; ,' may b_e'the ground state
" of the C, mdecule,v Suppose one produces both the Swan spectrum

‘and one of the singlet- state transitions at the same time, using an

"equ111br1um thermal source such as the King furnace. Then one can

" observe how the rat1o of the intensities of the two spectra changes as
‘a functlon of ternperature Thus one obtains the dlfference 1n energy
between the two states from which the transitions or1g1nate, much as
'Kr1kor1an d1d with z1rcon1urn and the Swan bands It rnay be pointed
out that thls 51tuat1on is even more favorable than that of Kr1kor1an s.
Both trans1t10ns arise in the same molecule and even 1f the molecules
“are present at somewhat less than equ111br1um pressure, one can still:
‘obtain’ a true energy difference by the slope method as long as the
ratios of molecules in the varlous states still have equ111br1um thermal .
distribution. Slnce the 31ng1et states of C are all 1nterre1ated by
transitions the energy d1fference between any s1ng1et state and a trip- v

N
let state ylelds the energy dlfference between the aﬁu state and the
lowest singlet state, lz;; . : ; S B .
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Now let us inVestig‘ate the singlet-state- transitions ‘of C, to see
wh1ch one will best suit our purpose. Four singlet transitions have
been reported for C 31 11. These are the Deslandres-AzambuJa the
'Mulliken, ‘the Phillips,. and, the most recently discovered, he‘ .
Freymark systems. The electronic states of both the Deslandres -
Azambuja system (¢ . bllTu )'from 3400 to 4100 A and of the
Freymark system (bll'[lg1 - elzsg' ) at about 2200 A are too highly excited
to permit the finding of their transitions either in.emission or ab-
sorption in a thermal source atvtemperatures such as the King furnace
produces. The Mulliken bands (d“lz::f1 to. alzg; ), appearing at about
2300 A, have an upper state that is ‘also too highly excited for the bands

. to be observed 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 -pressi;re

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

relativyely hea'dless‘ 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 bLH and the

: alzgv states of CZ’ and he reported its appearance at from 7900 to

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

-' ‘vapor. 25 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 terﬁperatures as low as
2710°K. These are the strongest bands that one might expect to find

in the King furnace,v. since bands of lower Vvibrational 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 sys tems in absorption or emission. The greater
v‘the energy différence being measured the greater is the _unéertainty
in the determination, if measurement of tempeératures is the main
" source of error. Therefore, “if all other things are equal, whéther
- absorption or emission’is more accurate depends on whether the two
upper or the ;t.wo'-lowevr vibrational ;leve].s" of the .3Hu and the lz:;
states .are closer. This in turn depends on the relative excitations of
‘the singlet é’nd;friplet systems and the particular vibrational bands of
the‘.systems one us-ves. How the particular vibrational bands of the
Phillips and Swa_n_ systems used in 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.

J
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-EXPERIMENTAL EQUIPMENT

(

.T'he King furnace used in this research was the same as that used
. A .

by Krikorian1-9 and very similar to the one described b‘y Brewer, Gilles,

-and Jenkin’s.l, The most important element of the furnace is a hollow

graphite resistance 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 symmeti’ic'ally

_down to 1/16 inch at poihts 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 tapering is to counteract the flow of heat
out of the open énds of the heating zone by increasing thé power out-
put of the walls in these regions.  Small, striaté:d", 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 inc rease the temperature and
pressure gradients. | | -

The heating tubes are supported by two flexible graphite bushi'n‘g's

~which.are tightly fitted into insulated copper blocks; these are in turn

connected to copper bus bars which lead to a transformer. Also
{

supported by the copper structure is a spool-shaped piece of gfaphite-,

. which encircles the tube and holds five layers of c‘,o.nc;,ent;"i'c:,v'.cylindrical
' graphite radiation shielding. This whole structure is surrounded by a
‘large brass barrel which has quartz windowé opposite the ends of the
 heating tube. Copper tubing is provided throughout the entire structure
to provide water cobling ‘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 capable of reducing the 440 volts down

to 30 or any of a number of lower v‘oltage‘;s,' depending on which contacts
on the transformer are used. Normal operating currents are of the’
order of 1500 to 2000 amperes with voltages of 10 to 15 volts. . Al fine
adjus.tment on the power supplied to the furnace is provided by an

internal auxiliary circuit controlled by a Powerstat.
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This arrahgfement is- capable of pro‘ducing temperatures of more
than 2800°C throughout the heating zone. ‘The temperatures attained . M
-are 11rn1ted only by the nonunlform vaporization of the heatmg tube. ' >
A Th1s produces Iarge temperature grad1ents that cause the tube to
'fracture and break the electncal c1rc_u1t._ The temperature limit . v
could be raised by use of a heating element made of TaC; however,
. such a tube would be more difficult to fabricate. The temperatures
were. measured by the use of a L.eeds and Northrup Optical Pyrometer
's1ghted through the w1ndow onto the walls of the heating tube:

The light from the King furnace is focused on the slit of a 3-m
gratrng spectrograph The spectrograph ‘scanning equlpment, amplifier,
and recorder are the same as those used by Kr1kor1an 19 The photo-
metrlc equlpment was bullt by Ph1111p52_7 and descrlbed by him. The
- concave gratmg has 15 000 lines per inch ruled on its face, and a
d1sper51on of about 5A per m1111meter 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
'ces1um ‘okxide phototube is mounted in a scannmg device on the Rowland
~circle of th1s spectrograph The speed of the scanning device can be
adjusted from about 0.67 A to 85 A per .rninute in the first order by
using different gear, trains. v The signal from the phototube and its
'preamphﬁer is led into the amp11f1er Wthh when in use with this cell
has an amphflcatlon varlable by a factor of ten. : .

The Cs, O phototube was of the type CE 25 A/B manufactured by
the Consohdated Engmeermg Company of Geneva, Illinois.. Though its
Sen31t1v1ty in the visible region of the spectrum is not as good as a
1P21 photomultlpher a- Cs,0O type tube is the best receiver for the
reg1on of the Phillips bands. The ceIl 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 preamphf1er c1rcu1t the plate current of the phototube, is lead - v
through a Hi -Meg resistance (10 ohms).»_ The voltage drop across

this r.es1sta_nce controls a tetrode whose plate current is received by
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the aforementioned amplifier. This whole circuit must be kept at a

. pressure of less than 0.1lmm of mercury to prevent the condensatlon

of moisture on the surfaces of the c1rcu1t _

- With the prevmusly existing equlpment the signal-to -'noise ratio
of the photometric c1rcu1t was too low for an adequate study of the vari-
ation of 1nten51ty of the Phillips bands from low to high temperatures.
Therefore it was decided that the phototube would have to be cooled to
dry ice temperatures Refrlgeratmn has in similar systems produced
conS1derab1e improvement in sens1t1v1ty, furthermore 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 through which:leads ran to the power supply and "
amplifier had been sealed to the drum by means of a rubber O ring
compressed by screws. It was found that when the drum was cooled
the O ring contracted, became hard, and no longer held a vacuum. This
seal was then replaced with a flat gasket made of soft: aluminum. The'
gasket is clamped between a flat surface on the base of the drum and
a boss of about 1/32 -inch rad1us machined on the edge of the upper
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 vacuumtight when cooled, since the faluminurn
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 thirough this window: and falls
on the photosens1t1ve surface of the Cs O cell. This pyrex disc had '
originally been sealed to the face of the brass drum through the use of
a second rubber O ring; this seal also failed when the drum was cooled.

v

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

it was found that Araldite, a thermosettlng 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 f_dund that an approxi-

mately eightfold increase had been made in the sighal-té-"noiée ratio
as a result of cooling the cell to dry ice tempé»ratures.r In addition,
Prof. F.A. Jenkins found that the diffraction grating had not been installed
'propcriy.. He turned it over and realigned it so that its effective blaze ’
- a‘ngle of about 8000 A éould be used. | This improved the signal by a

‘factor of about five. Thes'e;_imprbvementé‘in sig.nalv-tc;-noi.se ratio

" pe rinitted the P_hill’ips Vs‘yste’m of i:hé‘C2 mqléculé to be 6b_serv§,d in

' the King furnace to a temperature 150° lower than in the preliminary
meaSuremeﬁt‘s,'.’ This amounted to a considerable ihcrease in the range

over which intensity measurements could be taker.

.\')
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EXPERIMENTAL PROCEDURE" ~

Selection of Features to be Méasured

For the purpose of rapid simultaneous sCanning,' Swan bands were
needed that could be scénned along with the strongest Phillips band
without having to change. the position or range of the 3-m grating. The
: (0-0) 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 o.f 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,inte{nsi‘ti_ets 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 Moorezz, and the atlas of__Roseh
to _fihd ‘impurity spectra that fnight occur in the King furnace. . If
impurities existed with spectra at just these wave lengths, they would
‘have different heats of vapbrizati’on than the - CIZ. 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 in the experiment. Therefore this multiplet
cannot contribute to fhe 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 ihferisity 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 ql:lillte different in structure from the Swan
- bands; they consist of single rotational lines which are widely spread
-and which therefore form heads of weak or only moderate intensity.
~ In fact many of the individual lines have greafer intensities than the
heads. For this reason it wés decided to use a single rotational line
of a Phillips band for the intensity 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 Iis 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 q.brupt increase in intensity due to the
--superposition of some of the lin;:s of the (3-1) head on fhe (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 (3-1) head
~was used. i'I"he»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 yield a higher heat
corresponding to the heat of a particular rotational level of the v'=3
vibrational level.

The particular line we finally choose, therefore, is the line with
. J' = JY = 32, and.is located at 8956.1 A. There is a line of the P branch
_of the (2-0) band with J'= 25 located at 8954.4 A which blends slightly
- with the above -mentioned line. However, the excitation energy of 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 10% to the intensity that we measure, this blending lowers
the heat measured by only 0.2 kcal. As we shall see, this is negligible
g éompared with other errors involved in these measurements. ]

- Again the Moore scanning list and the Rosen atlas were consulted
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 1nterfere, since its second-order 1mage would blend with the

‘ .,'flrst order image of the rotational line.

The red spectrum of the- CN molecule does have some bands in
this reg1on 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 shows 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 the.y‘ would make a negligible contribution to the background
intensity by the time we reach the head of the (2 0) Ph1111ps C band at

8751 A. However,special precautlons 1nsured that these -CN bands

- contributed nothmg to the measured 1ntens1t1es The graphite tube,

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

was heated for several mmutes at a temperature of 2400 C.- Then the

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

pressure of 0.1mm. ThlS removed much of the n1trogen that had been
absorbed by the graphite from the air that entered the system when the
heating tubes were changed. In add1t_1on,powdered zirconium wa‘s 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 exper1menta1 procedure used was comparatlvely simple.
'After the furnace had been pumped and flushed. at low operatmg
temperatures, enough argon was 1ed in to produce a pressure of 1 cm
“of mercury when the argon wasat: Toom temperature - The purpose of
" the argon pressure was twofold One functlon was to reduce the mean
free path of thermal electrons sc that they would not be accelerated
' down the heatlng tube by the 12 volt potent1a1 Such. accelerated electrons
“could excite the molecules that were being studied. F:urthermore, the
: argon reduced the mean free path of the carbon atoms and molecules
and prevented them from condens1ng on the quartz windows opp051te
| the ends of the heatmg tube

~ The next step was to ad_]ust the Powerstat so that the furnace
reached a temperature w1th1n the working range This range was
from about 2435°C to 2790° C | Below this range the features did not
show up w1th certalnty, and above this range gradlents developed too
rapidly in the heat1ng tubes. In addltlon, the Swan features begln to
suffer too much self- absorptlon above these tempe ratures Time had
to be allowed for the furnace to adjust to an even ternperature after
each adJustment of the Powerstat The point at Wthh the furnace had
reached a constant temperature could be judged by taking successive -
readings on the walls of the tube with the pyrometer.

.. Then as rap1d1y 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. | v

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.

&

e
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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 meéasurements 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 speétrograph; yet they had to
'allbw_ as much as possible of the light emanating fvrom the vapbr inside
the tube to enter the spectrograph.. Figure 1is a schemétic diagrarh :
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
diaph_régrn A acts in combination wigh the lens stop C ‘to prevent the

black-bo‘dy_ radiation of the walls of the hot zone from passiﬁg the

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

body radiation of the hot diaphragm A. The lens at C forms an imége
of diaphragm A on the lens stop D. The part of the image at- D
corresponding to the hot diaphragm A is blocked out by the lens stop

~ D, but the part of the image corresponding to the emitting gas is

a_llowéd to pass through the hole. - S represents the slit: of the
.spectrograph,, Th.e cylindrical lens at D makes a.tall narrow image '
of the light beam at S sb that a larger percentagé of the light passes
through the vertical slit S. '

Originally the quartz window on the end of the King furna"ce

away from the spectrograph was reflecting some wall light into the

joptical 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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&

S HOT ZONE L '

HEATING TUBE

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 superimpo‘sed.' 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 li_ghf from the

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

be caused b? disintegration of the vaporizing heating tube a_nd by con-
densation of carbon and perhaps irnpu‘ritie’s_ 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 irhperfections
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

cOmpara‘ble 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. When 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 i)robably

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

- furnace.

This bé.ckground. radiation is negligible at the wave lengths of

‘the (0-0) 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 CsZO cell was rapidly

- falling off towards longer wave lengths. This was because the
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» sen51t1v1ty of the Cs O cell rapidly decreases when one proceeds this
‘far out into the 1nfrared., The superposition of th1s steeply sloped
bvacl.(grou‘_nd on the Swan features made it difficult to measure their
intensities. However, this dviffi.cul_ty' was easily femedied. . A Dow-
lC"orning pyrex filter No. 9788 cbmpletely removed the first-order
backgrouqd radiation, while light ofvth'e wave lengths of the Swan bands
came through almost entirely. It was simply necessary to r’emer_nber
to place the filter in the optical train when one wanted to trace the
Swan spectra and remove 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 for a given amount of noise con-
tributed by the photocell a_.t any certain gain; the afnou_nt.of noise rﬁade .
by the photocell depended only on the gain at which the amplifier was |
operating and not on how much light was falling on- the_c;:ell° " The second
factor was the noise contributed by fluctuations in the bavc'kground that
originated'in__thé furnace; If the slit widths were decreased the intensity
“of the backgroﬁnd would decrease more rapidly than the intensity of the
. feature.. Therefore the ratio of signal to noise of this origin would
‘i_ncrease. However, the noise contributed by the background was of a
 much lower frequency than that of the photocell, and quite often one
-i"could trace through a feature without much shift in the background.
’Ther,efore 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

main source of error in measuring intensities.

-

&
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Scanning Speed

 The speed used when scanning had an important effeet on the
intensities measured by this techﬁique., If the phototube scanned past
a spectral feature at too high a rate, the fecording 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 relat1ve1y slow time constant of the electronic circuit. If the
percentage of the true 'peak. intensity recorded were less for more

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

-frqm the measured intensities 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 heéat

obtained as ordinate versus the scanning speed used when the heat was
m.e'ésured as abscissa.. The intercept of this curve with the ordinate

corresponds to the true heat.

\

Measurement of Temperaturer

C

- Temperature Scale

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

"pyrometer Leeds and Northrup serial No. 749235, which.was used for

all these measurements, was éompéred 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

Naﬁ;lo'nal Bureau of Standards in Washington, D.C. in January 1956 on

the ba;s_,is of the 1948 ther{nodynamic'temperature scale. The

-standardized pyrometer was used only for comparison purposes.

3k . .
Two pyrometers are referred to in this thesis. They belong to the
high-temperature section of the University of California Radiatign -
Laboratory. The numerals l-and:2-appéar on the faces of their re-.

spective potentiometers.
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Its scale correction amounted to minus 88° when the pyrometer read
!2800 C and minus 34° when it read 2400°C accordmg to the NBS
corrections. When No. 2 pyrometer was compared w1th this instru-
ment by 51ght1ngboth 1nstruments on a constant temperature source,
No. 2 read 15° & 4° hlgher than No. 3 from 2300°C to 2700 C. When
recompared after all the 1ntens1ty measurements were made, the
-difference in the readmgs of pyrometers remamed the same w1th1n experi-
mental error, ' '

It is believed that Kr1kor1an19 used the same pyrometer (No. 2)
, for h1s measurement as was used in this work; however, at that time
there was no recently ca11brated pyrometer w1th which to compare it.
Therefore to obtaln hlS temperature scale he calculated the heat for -

the re actlon ;

o ‘ZrC_(solid with excess g'raphite) Zr (gas in excited state) +

o S C(graphite) (4)
Then he measured this heat by obser{ri'ng 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 w1th wh1ch the heat could
B 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 d1screpency between the ‘measured and calculated
_heat for the above reaction. ' Since the measured heat was obtamed
from the slope of a straighHine plot of s1gma (which is a function of ,
the 1ntens1_ty of the zirconium feature) versus the rec1proca1 of the

s

temperature, we may say

-
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where the prlme indicates the point at the highest  temperature at Wthh
Krikorian made hls measurements and the double prime 1nd1cates the
point at the low end of his temperature range Now if we substitute in

this fraction the d1fference in the remprocals of the temperatures de -

termined b.y correcting Kr1kor1an s measured values to the Bureau of

Standards temperéture scale, we increase the measured heat by more
than 11% to 284 kcal. Using a more recent value for the heat-of sub-

limation of zirconiurn35 we obtaln a slightly higher value than

,Krikorian calculated for the heat of Reaction (4), namely 258.2 kcal at

' _30'00°K, 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 Kriko’rian".s measured
heat might be off this far. One is that there was solid solubility be -

tween his ZrC and the excess graphite in his heating tube. 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 calculated, aSsumidg no solubility. Another possibility

is that large temp,erature 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
No. 2 was nﬁade. 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 No. 2 forind 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 258.2 kcal based on the measure-

ments by other observers. Therefore this new température scale was
used to obtain all the heats presented in this thesis. -
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- Window Correction _ v

In addition to these pyrometer scale correctlons the temperatures
read through the w1ndow of the K1ng furnace had to be corrected for
reflection losses at the glass to-a1r surfaces “For: thls purpose we may
' use the Wlen s law expressmn I/T - l/T =K. If T, is the actual
temperature of the walls expressed in degrees Kelvin, then T, is the
‘ 'absolute temperature that is read through the w1ndow 5 is a c'onstant
that is a function of the transmission of the window. The value of K
 was determined b'y readi‘ng the brightnes_s temperature of a tungsten
" filament 1amp with the pjrrometer then interposing the window be -
tween the pyrometer and the lamp and readmg the brlghtness temperature
again, The constant found in thls way for the window was (0.048 +

0 '00'3) 10 -4 deg. -1 The value found by Krikorian for the same window

was 0.046 x 10~ 4d'g -1

'I‘_erri"pe rature G.rald;ievn't

- .The accuracy with which the intensity varlation with temperature
couldvb_e m‘easured was limited by the temperature gradient of the
".heating zo_r_le_.u of the tube.. Although these tubes were quite uniform in
‘temperature to start with, durlng the process of a run hot spots began
‘to appear in the w_alls_ of the 'tub_e, These hot spots were self -inductive
for two reasons. . The higher temperature of the area caused this part
of the tube to vaporlze and to be attacked by residual oxygen more rapidly
than the cooler parts of the tube. Thus the heating tube became
thinner at this point; the resistance rose, and consequently more
power was dissipated at this point. In addition, "vaporizing metallic
.lr"npurities condensed on the first cool surface with which they came:iin
-contact. The result was that a shiny reflecting coating was deposited
on the first radiation shield opposite the hot spot. This in turn in-

creased the effectiveness of the radiation shield, causing an even

-

greater temperature gradient. ) »
- Several steps were taken to minimize this gradlent production.
The f1rst was to experiment with the dimensions and wall thicknesses

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

Another step was that described by Krikorian, and consisted of in-

serting a graphite sleeve into the graphite spool that constituted the .
first 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 m1n1mum of temperature gradient was
produced in each run, the heatmg ‘tube and sleeve were both replaced at
the begmnmg of each run.  With this procedure, the temperature
grad1ents amounted to O to 30°C at the beginning of each run and varled
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 maxir:num temperature to which the
tube was taken and how long it was held there. |
Because.of these temperature gradients (sometimes as high as

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 -

producibility 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 aheat 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 hottest, the highest gradients

are produced in the tube. At this time the intensities observed are
produced by a larvge 'proportiou 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 eonsiderably

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 thé correct one.

To evaluate the magnitude of this 1ower1ng of the heat and to

correct for 1t, the following procedure was used in place of tracTng

‘the spectra from the lowest to the highest temperature in chronqlogical

|
i

!
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order.. The 1nten51t1es were first recorded at the m1dd1e, ‘then at the
lowest, than at the h1ghest 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 g1ves 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
heating tube, for analogous reasons 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 pa‘rt 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 limiting 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 speétrograph., 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 Temper_ature with Time

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

: d1ff1cu1t1es in controlhng the temperature of the furnace there
occamonally 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. " Generally all three readings
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~agreed within the experimental iaccura"c"y.’of the pyrometer and showed

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

"readings was used for the tempe"ratui'e of both features in the sigma

plots. Occasionally, however, the discrepancy in the readings fell
outside this experimental error, and the readings showed a systematic
variation with time. In this case the averége of the first and. second
readings was taken as the temperature of the ﬁrstvfeatur'e;. ‘the average

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

- second feature tracéd.

Rotational Temperatures

As a check on these procedures for measuring temperatures, an

attempt was made to determine the gas terﬁperatures by using the
relative intensities of the rotational lines of the Phillips (2-0) band.
It‘turned out, though, that this means of determining the gas tempera-
ture was too insensitive for this purpose, Abecause. the rotational states
are too close in energy. The temperatures thus ‘determined:fr‘om a
single _tr\acing using different sets of rotational lines varied by 200°

or 3_009C; they agreed within this variation with the wall tendperatufé

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

"Heats from Sigma Plots

'We may use the: second 1aw of thermodynamlcs to calculate heats
”of formatlon of the singlet and trlplet states of C2 from intensity
easurements of transitions that arise from these states.., Consider

_the reac tion

o 2 C (:graphi"te.)"" 2 (gas in a part1cu1ar rotational, v1brat1ona1 and
: electronic state) R (5)

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

. 1
d(n PCZ) . aH® : |
. = _ = | 6)
d(1/T) R - - S {
E Here P.(';- _is the equi.libriurn'p,ressure of C2 gas in the particular
. 5 : : _ ‘

rotational, vibrational, and electronic state designated in Eq. (5),
o AH% is the heat of Rea‘c‘t_ion (5), and R s the universal gas constant.
At low concentrations the intensity of an emission feature is
directly propertional to the concentration of the excited state giving
rise to the transition. At higher concentrations this relationship 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 ‘mdleclﬂes further away in the column. -This effect was f-‘ound 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,
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 mb‘noehromati_c 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 molegule in its excited
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state. In Appehdlx C this monochromatlc correctlon factor is 1ntegrated
over the Doppler profile of the Ph1111ps rotatlonal lme Thus a i

correction f_actorvls 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 Appendix D the correction factors

- for the measured 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 propoftional to the concentration of molecules in the
excited state. Thus by applying the ideal gas law we may solve for

the pressure in terrn,sv of the corrected intensity:

KQ'T' = N/V = P}, /RT,
_ N

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

P"C2 = k RQI'T. S ' (7)

Also for Reaction (5) we may write

AHT = AH3000 - AC (T - 3000), - v‘ {8)

where AC o1 ig ‘th‘e change in heat capacities for Reaction (5). The. C*
for . C2 gas in a smgle rotational state is simply 5/2 R at any
temperature, since its only degrees of freedom are those of translation.
The héat capacity of graphite has been measured at 3000 K by Rasor,

who gives° a value of 6.2 eu30 The value for this quantity glven by the
32

‘National Bureau of Standards, 6.42 eu, is w1th1n his exper1menta1 error.

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

graphite at 30000K we shall use their value he-re for c'onsistency One
then obtains a AC £3000 for Reaction (5) of -7.87 eu, which wer shall '
assume is gonstant with temperature over the narrow range in which. we

use it.
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Now if we substltute Eqs (7) ‘and (8) with the value of AC just
Vcalculated 1nto Eq (6) and mtegrate we,\ob_t@un

z—Rzn(QIT)+787znT+7873ooo/T--AH 0/T+K‘ - (9)

300
. Let us consider that the s;ngle prime applies to -szgas in a particular
rotational level of the . v' = 1 or 0 vibrational level of: the 3II state.
This is the upper electronic state.of the Swan bands, We magy then
write an equation similar to (9), replacing the single primes with
double primes. The doﬁble primes signify quantities related to a

. particular rotational level of the v' = 2, lIIu.state of the Phillips bands.

Since in this case AC; is also -7.87 ew, the equation iS.

Oyi

=R fn (Q"I"T) +7.87 £n T + 7.87 3000/T = - AH3000 /T + K (10)

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

'z =3'-3" = Ren (Q I /Q"I“) = (AHg'dOO - AH3000)/T +K= - AB/T +K. (11)
AE is the energy difference between the emitting levels of the upper
states of the Swan transition and the Phillips transition. Thus if we
plot z;'? >'", or & versus 1/T, using the intensity versus temperature
measurements, we should obtain a straight line whose slope 1s the
negative of the heat of formation of a level of the 3I'.[g or the II
state of CZ 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 sp'eeds; in
each run the two spectra were scanned at frem ten to fourteen different
temperatures each with a fresh he‘ating tube. As the measurements
, p'r.og_ressed a number of improvements Were r‘nac'l‘e»in the sensitivity of
the equipment; they extended the lower end of the temperatureﬂ ;ange,
where s1gn1f1cant intensities could be measured, by 200 This in turn
1mproved the accuracy .of the heats by yielding a greater range over
which the 1nten51t1es could be measured and by allowing one to measure
the 1ntens1t1es at temperatures where self absorptlon corrections were

P

-of a much smaller magnitude.
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The data from a typlcal run made w1th thls 1mproved sensitivity
are presented in Table I.. The temperature 'scale .is the one adopted in
Appendix A; ', =", and 3 are calculated from the 1ntens1t1es and
‘temperatures by Egs. (9), (10) and (11). "I‘he seanning speed used in
this run was approximately 21A per minute in the first order and
10.5 A per minute in the second order; thevslit' widths were. 0.20 mm.

In Figs. 2,3,4 are presented the plots of ', 7_‘,"‘ and I, respect1ve1y,
versus l/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 pomts by eye. In
drawmg 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 point No. 14, measured
- after the tube had been at maximum temperature, fell below the points
taken previously at the same temperatdre, 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 'plets if no weighting
were used. The values obtained from these plots for AH3OOO , |

AH(;SOO , and AE were 235, 221, and 20.2 kcal per mole, respectively.

Uncertainty in Measured Heats

There are three p0551b1e sources of uncertainty in these figures.
The flrst is the self - absorpt1on corrections, _the second is measure -
ment of initensities, 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 AC has little
effect on the slopes of Figs. 2 or 3 and does not change the slope of

7
by the self-absorption corrections is also negligible, for the corrections

F'ig.. 4 at all. It may easily be shown that the uncertainty introduced

contribute only 2.36, 0.483, and 1.88 kcal to the values of AH%'OOO’

17011
AH 3000°
amount to more than a few percent.

and AE. The uncertainty in these contributions could not



Table I

Intensities measured at different temperatures in a typical run. ', =", and = aije calculated from

these data by Egs. (9) (10) and (11), respectively. Primes refer to Swan transition and double primes

to .Phillips transition.

4

Sequence T I’ QI =! I" Qv =" s 1/T-.10
' CpK) measured corrected . (eu)  measured corrected (éu) (eu) f_(?K' )
s 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  +0.271 - 3.685
6 2718 4.8 4.8 89.76 6.4 6.4 90.33  -0.572 .3.679
3 2784 1.0 11.0 1 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  +0.040 3.583
2 2838 25.8 26.0 93.18  24.5 24.5 93,06 +0.118 3.524 |,
8 2855 39.9 40.2 94.05  43.2 43.2  94.20  -0.143 .3.503 ©
1 2877 51.2 51.7 194,56 41.8 41.9 94.15  +0.417 .3.476
9 2926 102.1 103.9 95.98  104.2.  104.4 95.99 ~ -0.010 ' 3.418
10 2954  140.2 143.7 96.59  119.9 120.4 96.29 © 40.303  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  +0.479 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 98.53 292.9 98.11 420 ' 3.293

289.7

0.
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Flg 2.3'-versus - l/T plot from the data of Table I. The points
are numbered in the ofder in which they were measured. The
solid line is the best'straight line that could be drawn through
the points by eye. The dashed lines show the limits of
uncertainty in the” slope of the line.
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. Fig. 3. x":versus-1/T plot from the data of Table I. The points
are numbered in the order in which they were measured.
The solid line is the best straight line that could be drawn
through the points by eye. The dashed lines show the limits
of uncertainty in the slope of the line. '
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"Fig. 4. z-versus-1/T plot from the data of Table I. The points
" are numbered in the order in which they were measured.
The solid line is the best straight line that could be drawn
through the points by 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 produced 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 hne through the traced curve. |

The uncertamty in. 2 for any point of Fig. 2 due to th1s fluctuatlon
in intensity may be obtained by differentiating Eq. (9) with respect to Q'I',
thus obtaining dx' = R/Q'I' 4(Q'T"), where d(Q'l') is simply 0.6 unit. In
this way we find the uncertainty in- 3’ fo 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-
ing theitemperat:ure° . The uncertainty in the heat determined from Fig. 2
due to intensity measurement may be calculated by considering this
quantity to be equivalent 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 i
the median point in the actual plot in intensity and uncertainty. The
uncertainty of the .two-point plot m’ay be obtained frorh the above calculated

.values‘vof'v ds' and the formula AH3000 = AS'/ Al 1’/T)'.'*3'Thus we obtain

This unce rtainty 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

appr.oximatioh presumably gives close eriough results for this purpose.

p
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~an uncertainty in the heat calculated from Fig. 2 due toiritensity measure -
ment of 1.6 kcal per mole. . -
In the Phillips rotational line the total fluctuation in. the intehsity
of the background was equal to 3.3 units. This fluctuation is cohsiderably
greater than for the Swan bands, since at this wavelength the background
intensi'ty arising from dust clouds in the King furnace, which vary in con-
-céntration with'time, is many times its size at thé wavelength of the Swan
bands. Here again, thbugh, 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, aﬁd_0,13 eu. Using the same methods as above, we obtain an |
uncertainty due to intensity measurement of 5.8 kcal per mole for the
heat calcuiated 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 squarés of the
uncertainties of the points in Figs. 2 and 3, since X is simply the
difference between 3' and 3" 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 fhe' slope of Fig. 4 mayvbe calculated by taking the 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 AE quotedis
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 de-velopment of a temperature gradient

in t'h_e heating tube during the.process of a run. If the average gra_xdient
of the heating tubes 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-temperatur‘e. part of the run with respect
to the points at the beginning of the run; the high end of the gradient was
the per'n‘p“erat'ure recorded all thr‘ough 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 mi'ddle'temperatui'e 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
'ternper.atu‘re gradient, we might expect the unce rtainty in the slope of
" this line to amount to only about 12° in the range of 400° over which the
measurements were made,

Another soﬁrce of error in measuring the temperature occurs;--
- somAe‘tirnes the temperature of the heating tube drifted between the time
When the Phillips rotational line was:traced and when the Swan baﬁd 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 ca_lcylating the
points of Figs. 2 and 3, we might expect this source to produce an un-
- ceftainty of 5° in the points of these plots. However, a variation in the
furnace ter_npera_-tui'e .bétween 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 measured at a éohstant temperature
"~ changes much more slowly with temperature than either intensity by
itself changes with temperature. Thus let us say that the total uncertainty‘s

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

~ and about 112° in the 400° range of Fig. 4, which is 28% of A(1/T). Thus

Oy On Y . ) .
3000 3000 due to inaccuracies in the meas -

urement of temperature amounts to 9 kcal per mole, and in AE to 5.7

. the unc\:er.taitity in AH and AH

kcal per mole. o ‘
A . . . S ae £ ‘
‘We may obtain the total uncertainties in A%OOO » ARG and
"AE Dby 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 to_tal 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 tw.o features pre\llented us from realizing the full accuracy pre-
dicted in the introduction of this thesis for determinihg "AE by measur-
ing the ratios of the intensities of the two features.. Nevertheless, by
tracing both features simultaneously, we obtain e.n 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.

T he Heat ef Formation and Ground State of C2 Gas

One may calculate AHS , ‘the enthalpy change at OOK, for the

reaction
)

| o 2C (graphite) = C, (gas) ‘ - (2)

by correctlng to 0 K the heat of formation at 3000 %K of either the ?I'.[gv,

=0 orl, J'=17" state or the _1'1Tu, =2, J' = 32 state and subtract-
ing its exmtatlon energy above the lowest rotat;onal level of the lowest
vibrational state of the 31'1 or 12+ state, dependmg on whether the
31'Iu or the "lz:;; state is the ground state of CZ' At 0 °K all the-
molecules of: C gas will be in the lowest rotational level of the lowest
vibrational state of its ground state.

We may correct. AHY 3000 to 0°K by takmg account of the heat
contents at 3000 °K of both sides of Reactlon (5). . For the 51ng1e excited
state of . c2 we obtain for (H3000 - Hy ) simply (5/2) R 3000. For
graphite the National Bureau of Standards gives a value of 15.03 kcal

.0, 32 -y ¢ ' .
for(H H0 ). It then follows that (AH3000 - AHO.,) for Reaction (5)

‘3000

2

>kThe J' = 17 level is used in the following celculations because 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
by the instrument. . It is felt that attributing the temperature coefficient
of the intensity of this head to this centrally located line is justified,
sinee the relative ihtensitie-s of the rotational lines contributing to the

head change only slightly over the narrow temperature range used in -
this experlment
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is equal to -15.16 kcal per mole. We rnay also calculate the excitation
energy of the J' =17, v' =0 level of the 31'I state above the lowest level
of the 31'Iu.s.-tate, The rotational energy Ofgthls level is 533.88 cm 1; the
: vibfa’tional and electronl_c, contribution is 19,378.50 cm 1; Thus its total
excitation amounts to.19,912.38 .cm-lor 56.92 kcal. Thue if 3'.[1'# ‘is the
ground state of CZ.’ we may say that the heat of Reaction (2) at 0°K is
AHg = AH3OOO - 41.76 kcal per mole, where AH3(;OO is the slope of the
straight line obtained by plotting ' of Eq. (9) against 1/ T, using the
intensities measure‘d for the (0-0) Swan band head. If instead we measure
the Swan (1-0) head, we obtain the following excitation energy: rotational
cont\ribution,’ 528,95 cm—l,' plus vibrational and electronic contribution,
21,133.84 cm_l-, equals total excitatien, 21,66:2.79 cm_1 or 61.92 kcal
per mole. Thus when one uses the Swan (1-0) band head the result is

AH AH?OOO 46.76 kcal per mole.
' In the same way, if we assume for the moment that 12; is the

'grc_)und state. ofuCZ,. we may calculate AHB for Reaction (2) from

oll . .’
~ AHzg00¢ ey
state above the lowest level of the Zg is as follows: rotational energy,

The excitation energy of the J' = 32, v' = 2 level of the lIIu

1654.76 cm_l,' plus vibrational and electronic contribution, 11,412.31
-1 - : - .
cm , equals total excitation energy, 13,067.06 cm 1 or 37.35 kcal per
1_+ 1 Oy
mole. Thus 1f ‘ Zg is the ground state of- CZ’ since (AH3000 - AHO )
- is also -15 16 kcal per mole, we have- AH3000 < 22:19 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 3Hu and lz; states

51nce we know the excitation energies of the upper states. Thus the
d1fference in energy between the lowest levels of the. 3II and Z‘,; states

is AEO'V:AE -.19.57 or 24.57 kcal depending on whether one is comparing
‘the Swan (0-0) or (1-0) band head with the Phillips (2-0) rotatlonal line.

The quantity AEO is so chosen that it W1ll turn out p051t1ve 1f the 12;

state is the lowest, negative if the’ 3I'I state is the lowest state.
tate a .
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A total of seventeen i‘ntensity-measurin‘g runs we]re made at three
dlfferent scanmng speeds to determine - AH3000 9 AH3000,,a_nd AE.
From the data\ of these runs =', =", and ¥ plots were made as
illustrated for a typical run in the last section. From the A 000 s
AHO“

3000

AHO"and AE, werte calculated the corrections shown in the preceding
0 0 - v

paragraphs were used. In Table II are tabulated the averages of these

, and AE values obtained from the slopes of these plots A_Ho

three heats obtained in a set of runs at each of the three scz‘inni‘ng speeds.
'Pfesented next t.o> each of theée heats is the average deviation of an
individual rﬁn in that set of runs. The set of runs at the highest scavnning '
speed was made with the Swan (0-0) band and slits varying from 0.10 to :
0.20 mm,.'conétaht for each run.. The ﬂruns at other speeds were all

made with the Swan (1-0) band and slit widths of 0.20 mm.

Table II

Heats of formation at 0°K of th:gﬁu and the 12+ states- of C
' and the difference in energy between them as detérmined at thtee
different scanning speeds. Av. dev. stands for the average devi -
ation of the individual values in each set of heats. : -

* : '
Speed - No. of 3AH ‘ . AV, 1 QH Av. | AEO Av.
-(A/,min) runs ( Hu state, . dev. state, dev. . dev.
, kcal/mole) kgal/mole _
© 84.0 4 184 9 | 162 5 |+26.3 5.2
21.0 9 192 8 196 - 9. - 2.8 7.1
. 5,25 4 204 6 212 10 - 50 11.1

'As was predicted, Table II shows the he#ts of formation of the two
»s"tates increasing significantly as the speed of scanning in the intensity
measuréments 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 AHY', the heat of formations of the lower state of the Phillips
transition than in ’AH(?' , the heat of fo.rmation-o'f the l'ower:Swan\sta'te..

>‘CT_hAe scanning s\p‘eedsv 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 AE g, the difference in energy between
these two states, since the apparent height of the 12+ “state increases
rhore» rapidly than that of the 3I'Iu state with decréasging scanning speed.
It will be noted that the average deviation of the individual run in

each set of runs‘camé out to be the same as or less than the uncertainties
“predi'c:ted for the different values of the heats in the preceding section.

An _ekception is- AEO 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 iﬁter\)al be -
-tween the v's.canning 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 un\ce’rtainty' of an individual run divideAd by the square
root of the number of runs in the set.

To obtain the best values for 'AH%' . AH%",_

. made of the apparent values-of these quantities against the scanning rates

and - AEO , pPlots were

at which they were measured; the correct -valuevfor'these_heats is the
intercéption of these curves with the zero scanning-speed ordinate.
These plots are shown in Figs. 5,6, and 7. In these ploté the height of
each point shows the uncertainty calculated for the averageﬁheat of that
particular set of‘value's,
_ There is some uncertainty invo.l'ved 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 nature of the limiting slope is derived on the basis of
the prope'rties of the detecting and recording-equipnﬁenf. . The result of
these calculations indicates that the curves of Figs. 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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Fig. 5. Heat of formation at 0°K of the 3I'I state of C, de-
: termined at three different scanning s%eeds. The %eights of
‘the points represent the.uncertainties in the heats.. The
correct heat corresponds to the intersection of this curve
with ‘the ordinate. : _ : /
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Fig. 6. Heat of formation at 0°K of the 12+ state of C
determined at three different scanning %peeds. The heights .
of the points represent the uncértainties in the heats. The
correct heat corresponds to the interception of this curve
with the ordinate.
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Fig. 7. Difference in energy between the 3I‘I and the 12+ ‘states

of C, determined-at three different scanning speedsg.’ 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 °II, state is lower than the /
lzg state. ‘
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This:e'xt.r‘a..polating,proqéedure gave the following heats: : AHO', '

" the heat of formationv of the I'f'u state, equals 203 £ 4 kcal per mole;
AHS” ,. the heat of formation of the 12; state, has a value of 214 £ 5
kcal per‘mole;' A.EO’ the difference in energy between th’gse states,
equals -8 + 4 kcal per mole.. The uncertainties given are the averages

of the dncert'ainties' of the two points closest to the ordinate in Figs. 5, 6,
7. _This result indicates that the 3'1'[ sta;te is the lowest of the observed
states, and probably is the ground stzte of . CZ°' The difference in heats \
determined from Figs. 5 and 6 agrees with the energy value obtained

- from Fig. 7 within experimental e‘rror, 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

.31Tu' ‘stalte of CZ’ we i'n_ay' take 203 4 kcal per mole:a_s‘ the best value

determined in this work for the heat of sublimation of CZ'
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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 absorptlon expe riment would be determmed
by whether the two lower of the two upper states of the Swan and Phillips
tra_n51t10ns are closer together. This statement was based on ‘the
assurnption that the error in determin'ing 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 Philhps
‘rotational’line used in this experiment and the Swan (1 0) or (0- 0) band
head, the energy difference obtamed would be 11.9 kcal per mole as
compared with the Values of 16.6 or 11. 6 kcal per mole, respectively,

' obtained in this emission experlment Thus one would conclude that an
absorption experiment would have about the same uncertainty as the
experiment reported here. o N

The relative uncertalnty in a determination of the energy d1fference'
by an absorption experiment is "also dependent on the accuracy with which
intensities may be measured. . Accordmg to the formulae used in Appendix
- B, the intensity of an emitted feature may be expressed as I = Ib
(1 -ePNLy  Here I

temperature as the column of gas, b is a constant, N is the con-

is the intensity of a black body at the same

_cen'tr‘ation of excited gas, and L is the path length of emission. If in
the absorption exp’erirnen't the light frornthe source is modulated before
being passed intothe gas and the detector. adjusted so that it responds to
onlykthis modulated.light then light due to the thermal em1ss1on of the
gas will not be recorded. In this case the 1nten31ty of hght at any wave;
length after passing through the absorbing column of gas is given by
0 e-bNL, where IO is the 1nten51ty of the sourcgl\ll)le—
fore absorption. From this it follows that Ia = I0 - 1= IO (1 -e ).
The ratio of the height of the absorbed feature to that of the emitted

the formula I =1

feature is then given by the fo'llow1ng relation when the concentrat1ons

and path 1engths are the same:
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Ia/Ie = Io:/‘.Ib.. _ - (12)

" Thus we see that the sevnsitivity of the absorption experiment is the same
- as that of the emission experiment if the intensity of the source.is the

" same as a bllzack body at the same temperature as the gas. If a source
is avaiiable yielding a steady intensity corresponding to a brightness
tempe rature greater than the temperature of the gas, then we may
measure intensities by absorpt1on with greater precision than by
emission. It is assumed that the noise level of the photocell and
~amplifier does not increase when such an 1ntense light falls on the
photocell. _ - _ _ ‘

A study of the sources that were“ available for this purpose was
made. A standard General Electric 6-volt tungsten ribbon pro_]ectlon
lamp operated at an overloading voltage of 12 volts produced.a br1ghtness
temperature of 2982 °K at a wavelength of 6538 A as determined by an

_- opt1ca1 pyrometer. However, owing to a decrease in the emlss1v1ty of
tungsten towards h1gher’_wave1engths, the brightness temperature of the
lamp at 8960 A the wavelength of the Phiilips rotational line, amonnts to
.only 2627°K as calcutated by use of the tnngsten emissivities presented
by de Vos. 8 This temperature is lower than the lowes‘t temperatnre

of the gas at which the Phillips rotational line could first be detected

in erni“ssion 3 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 overloading the lamp even further

would result in too short a lifetime of the lamp for useful purposes.

Another source that was considered was the anod}e-erater of a

carbon arc, which according to MathersonZO_ has a brightness

, temperature of 3820°K at the wavelength of his pyrometer. If we assume
.an e:.mhi‘ssivity 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 se.‘nsitivitgr by a factor of more than .
~ five by perf'orming an ‘abs-orption experirnent using a perfectly steady |
carbon arc as a souree.\ However, in a preliminary experirnent tn

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 recorde.d for the anode.. Presumably these fluctuations
could be reduced. 5bAy_'building an arc to conform to the conditions desc'ribed
by MacPherson, but the ﬂuctuations would have to be( réducéd’t‘o less than
~one in ﬁve-hundred to produce a sensitivity in an absorption expe’riment
‘just.equal to that of the emission experiment at 2700°K._ '

. Thus at the present time no suitable source seems to be'_';avai].able
for performing an absorption experiment to determine the energy dif -
ference betweén the lower states of CZ more accurately than that ob-
tained in this emission experiment. A future source for such an ab-
- sorption experiment may be a tantalum carbide fi_lément lamp, which
would produce a brightness temperature of well over 300,00K with the

steadiness in intensity that is required for this experiment.

'

. Comparison with Previous Work

Now let us compare the value for the heat of formation of the
31'Iu". state of C, 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 pyr_bmeter 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. small since his heat was based on a measurement of the com-
paratively small difference in ener.gy between emitting levels of Zr
rand’ C,. 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 within experimental error. It is felt that the heat

of sublimation of ,CZ obtained in th.is work'is as reliable as that of )
Krikorian, eveén 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 discrépancy in the heat

of formation determined by using different heating tubes is about the same

3
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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 d1screpancy between the two values may
be found in the self-vabsorptlon.correct_mns. Krikorian's self-absorptxon
corrections added 11.9 kcal to his heat of formation of Zr, and 7.2 kcal
to his heat of sublimation of C,.. 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 highA. . 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 Zr heat was lowered
by 6.8 kcal and his- C, heat by 4.1 kcal. '
Krikorian obtamed his value for the heat of sub11mat1on of C by
measuring the difference in energy between the emitting levels of Zr and
c,

cular state of Zr that was responsible for the emitted line.. Thus the

and. subtractingv this value from the heat of formation of the parti-

hea:_t that he quotes for- 'C‘2 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 exp,erime‘nt of 203 = 4 kcal
per mole. These two independent measurements agree well within ex-
perimental error, and it seems reasonable to average these two resultg
to obtain the best heat so far determined by measuring the temperature
C-oe'ffici.ent of’ C2 spectral intensities. Thus we obtain, for the heat of
sublimation: of 'CZ from graphite at OOK, AHS = 200 % 5 kcal per mole.
It is unlikely that a:more accurate value for this quantity will be deter-
mined by use of methodé that depend on temperature coefficients. The
. determination of a more precise value for the heat of sublimation of C2
thus awaits the direct measurement of the absolute "f''  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 ,abo{re f-or the heat of sub_linrnathifdnvof‘.v C, gas
agrees well with the.results obtained from mass spectroscopic work
~presented previously: 202:!: 20 kcal by anigl5a.nd 197 £ 7 kcal by Chupka
: aﬁd Inghram. 5"2 S ince thé mass spectr‘o_scoi)ic _data‘.dq not depend on |
. which state of .C2 is the ground state of the _molevcule”, this agreemént
. may be considered as evidence for the assumption that no unobserved

“energy state of’ C‘2 is lower in energy than the 'V3I_'Iu s_tate. 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 3ITu state given above, we
"may conclude that no state of C, could pe lower than the 3ITu.state by

‘more than 15 kcal or 0.6 ev.

_ Dissociation Energy and Electronic Energy Levels of CZ

g

If we assume the 3Hﬁ state is the ground state, we may now .
evaluate the dissociation energy of the C2 molecule.  This may be

defined as the heat at O-OK of the reaction

~

'C, (gas) = 2 C(gas). (13)
We obtain this value by subtracting AHg of Reaction (2),

2 C (graphite) = C, (gas), (2)

from twice the value of AHg for the reaction

' C (graphite) = C (gas).. L (14)
" The best value of the heat of sublimation of monatomic carbon at 0°K
is giveﬂ by Brewer and Searcy as 169.58 + 0.45 kcal per mole. 3 Thus
- we obtain a value for D, the heat of dissocia‘tion of CZ’ of 139.2 5 |
kcal per mole or 6.04 % 022 ev per molecule. ,
‘Gaydon, 12 using a lineag B'irge ~Sponer extfépolatio’n of the = .

assumed ground_sdtate, X 3I'I.u , of CZ’ obtained an upper limit of

The letter designatiovns used in this section for the observed states

of C, are those used by Herzberg. 14
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7.0 ev for this: D0 of CZ' Phillips, 26 using a linear extrapolation of
the 51‘1’ state, obtained three poséibie upper limits on this quantity
of 5.30, i.04,_ and 2.62 ev, corresponding to the ass'ufn'ptions that the

state dissociates to give an atom of carbon in the ground state of the
atom (‘3P) plus a second atom in the 3P 'lD or in thejlslstate The

- value obtained in this work for DO definitely points to two 3P atoms as

the products of dissoc1atlon of this state, but is above Ph1111ps S upper

limit by an amount that is greater than the combined uncertainties in
the values. This might be 'explained by the assumption of aélight in-

-flexion in the- AG versus Vv curve for this state, yielding positive

v+l/2
curvature in this curve beyond the highest observed vibrational quantum

Such inflections have been observed for the excited states of some
: |

molecules. A
From the measured energy difference between the lowest vibrational
levels of the 3'.[Iu'. and the 'l_z;+

VCZ' we may now calculate the heights of all the observed electronic levels

states and the observed transitions for\

of‘—C2 above the 31'[u _ state, Furthei‘moi‘e we may try to predict the

positions of the as-yet-unobserved low-lying states of. C2 by revising

Mulliken's predictions. ’Mulliken24 in 1939 published a paper in which

‘he estimated the heights of the energy levels of ‘CZ ‘on the basis of

their molecuiar orbitals and the electronic.transitions of CZ -and

. similar molecules which had been observed at that time. He also used

. an emperical formula for oalculating T, values for the different states.

~ Since that time two new tran51t10ns, including one new state of C _have

been observed. 1,25 Therefore Mulliken's prediction that in the mol.ecular

orbital configuration, ) 2'0" ZTf' 30 , the b ]TI state lies , 1,6 ev above
3 E u u & - ¢ 2 .23

the XTI ‘state was. retained; the mean energy of the O'g Ty crg

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

vleads to a prediction that the potential minimum of the a 12‘, state lies

- O 6 ev above the same for the X II state; this should be c%mpared with

.a difference in the minima of 0.34 ¢ 0 17 ev determined in this work. . It

is felt that this agreement is satlsfactory, considering the nature of the

pred1ction. In additlon, the new state discovered by Freymark may be

7
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(predicted 6 to 7 ev, observed 7.08 ev). Its internuclear distance was

- assigned the cor&iguratioh .O'gZTTA 40"g2 on/the basis of its enérgy

predicted on the basis of Mulliken's fg,finula' to be 1.12A:; the value for
this quantity observed by Freymafk/’(;vas 1.258A. "However, the agree-
ment between predicted and observed inter‘nuclear’distan’ée'obtai’ned by
correlating this state with any other 12; ‘state predicted to lie in this
energy region is much worse.

In Table III are listed the observed and predicted low-lying energy

" states of C-Z in order of increasing énergy,., 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 Iette{'sv '
for'the .singlet. The molecular orbi,'tals to which each state belongs is.

indicated by a letter in the appropriate column as foll_ows;v '

‘{a) Stands for 0'20 ZTI' 4;
, g.u.u
’ (b) ¢ %o 2n 36 ;
g u ou g
' 2 2 2 2
(c) A N Y« A
' g v u g
(d) o 20’ m 40 ;
: g u u g
[
’ 2 3 2
(e) _ , (o o A S
: g uu. g
(f) g vza Zvr ‘31r ;
g w u g
‘ () o (’r. 20_2_Tr 20”“,
L . . g u u g-g
' 2 _ 2 2 .
h “o "w_ o "w_ and
th) . - g 70T %g g
. : R 2 4 2
(i) . : o T 0O
g u g

The observed energies presented in the table are calculated from the

observed electronic transitions and the difference in the potential

minima for the a lz; and the X 3Hu states‘measured in this work.
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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-
Vresponds to that used by Mulliken, and usually amounts to né more than

C 2 ev.

" Values of Ty the internuclear distance for the zero vibrational
level, predicted by using Mulliken's empirical formula, are presented
for each state for help in identifying newly observed levels and for the
purpose of predicting the appearancé of possible transiﬁons between the
predicted states. The constants in the formula were revised to-take into

account more recent values obtained for the r.'s of.Configurations (b)

(e) and (g) on which the formula is based. =
The probable atomic dissociation products for each state are
presented in thé next to the last column. These products vs./ere arrived
at by using the rules summarized by Gaydon12 for correlating atomic
and molecular states, i.e., the combination of two atoms in certain
atomic states can produce a molecule in only certain predicta‘ble states
a'ndeu;nd'sv noncrossing rule, which states that the potential-energy curves
of two states of th\e same type cannot cross, was also used. The dis-
sociation energy’ De of each state of C2 cdu‘ld thén be calculated, since
the dissociation energy for the ground state is known and the relative
enérgies of combinations of atoms in different states may be obtained
from Moore's table‘s. 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 (3P + 31:_’). Since, according to Mulliken's
predictions, no-such states may have energies less than 8 ev, one would

expect these states to be highly repulsive in nature. These states are

54 5_- 5
as follows: "z (2), "3, "I, and Ay
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Table IIL

Predicted and observed low lying energy levels of the C 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.

Obs; Pred.. Disso/c.Dissoc.

Obs. Type Molec. Observed Predicted
state of orb. energy, Te energy, Te T4 Ty products energy,
des. state des. (ev). : (ey) (A)  (A) De
_ ‘ fev)
X M, b 0.00 1.317 (1.32) “P+°P 6.05
a ™ a4 034 1.245 1.23  °P+°P 5.71
3zg c 0.5 1.41 P+P 5.6
1 | | 3
ag © 1.0 1.41 P+ P 5.1
b ‘m. b 138 1.322 (1.32) “P+°P 4.67
lz‘; c 1.5 1.41 P+°P 4.6
3 : o 3.3
A M, e 2.39 1.269 (1.27) °P+°P 3.41
b a | 3.5-4.5  1.20  °P+’P1.5-2.5
1 e 11 9 35,3
c m,oe 459 1.278 (1.27) “P+P 1.31
3 .. N ) >v . 3 1 .
B I, 4.97 . 1.543 (1.54) ~P+'D 2.34
d 123 4 5.70 1.2411.20  D+ls 4.29
2F g . 5-6.5 1.45 >P+’P -0.5-1
st g . 5-6.5 145 'Dils 3.5-5
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Table IlI(continued)

3
ﬂ‘g g
1 %
,¢g g
5 %
I
g g
3_+
zZ, b
1. 4+
=, h
1_+-
e b i
g
3
1.
Au f
3 .
(2
g()g
3
°11
g g
'3A h
u
1A h
u
3_‘4
Z, f
1 -
Z, f
1.
T (2
g(_k)g
1
1T
Z. h
1_
=4 h

"Metas table states

7.08

5-6.5

6.5-8
6.5-8
6.5-8

6.5-8

1 6.5-8

6.5-8

1.258

547
1.54
.54
'1.63
63
..14.
45
.45
.54
.54
63
'.63
45
.45
..54

54
63
63

P+ D

D+'D

P+ P

D+IS 3.

 0.5-2

2-3.5
-0.5-1

-2--0.5
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‘It should be kept in mind that the mean energies of ‘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-

~'1A , and

z,
g g
;Z; » have been assigned energies of 0.5, 1.0, and 1.5 ev respectively,

“in Table III they could have energies as low as -0.5, 0.0, and 0.5 ev "

with respect to the X3I'I' state. - At this point one might ask why have
not strong tran51t1ons been observed fo¥ these states if these states

were this low in enérgy? 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 CZ’ obey the

selection rules presented by Gaydon: for case-a and b coupling
AA =0, £1; AS =0 (i.e., no change in multiplicity); g 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 of 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. -~ - - -

- Thus, although we may be reasonably sure that the X 311'1'1 state
is the ground state of CZ, we must still consider the pbssibility that
the 32; or. lAg state may be lower in energy. It is here suggested
that the position of these levels could be determined with precision by
finding transitions in the infrared region betweer them and the low-lying
observed states. On the basis of Table III' we may predict three such

transitions:: X I to' 32- with its (0-0) band at approx1mate1y

4000 em Y, ng to b mr at 2400 cm Y, and b II to 1z+g at .
about 1600 cm . All three of these transitions Would be expected to

have moderately well -formed band heads and wide parabohc d1str1but1ons
of intensities among the various vibrational bands similar to the Ph1111ps
transition (a to b); thé predicted change in internuclear distance:is about
the same as that which occurs in .thi>s obeerved transition. One might

find these transitions by using an equilibrium 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, for 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 fciontinuum 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
cvoul'd obtain a precise dissociation energy for the ground state of the C,
molecule from the convergence limit for the system. Thus a value for
the heat of formation of C, gas would be obtained which would be much
more accurate than any value that can be obtained from thermochemical
rneasure'rhents - According to Gaydon, a transition having the desired
propertles 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 3Hg. to

32+u’ 3Au,’ and 32-’ with v, ‘at from 20,000 to 32, 000, 28,000 to
- 36,000, and‘32,000 to 44,000 cm 1, resp_ectlvely. These transltlons
might 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 hydrogen arc lamp were u.sed as a background.

A further conclusion at which we might arrive from an examination
of Ta\Ble III is that the position of the low 32' state supports Gaydon's
'explanatlon of the hlgh pressure bands of C 2 These bands arise from
the v = 6 level of the A Hg state of the Swan bands, and have an ab-

normally_hzgh intensity under certain excitation conditions. Herzberg

- ‘assumes that this high intensity is p,reduced by a collision of atoms that

produce C, in this state; thus he arrives at a dissociation energy for
CZ 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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which is selectively excited, to the v = 6 level of the A 3Hg'state; thus
he concludes that the dissociation energy.may be much higher t_han 3.6 ev.

In Table III we see that the potential energy curve of the 3zé state may

lie in such a position that it would intersect the A 3ng state at the v = 6

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 all the transitions that one might p‘redict
from consideration of every pair of terms in Table III between which a
transition might occur in the ul-traviolet., visible, or infrared regions of
the .'spectrum' of C2° Solid lines represent discrete band systems;
dashed lines, systems that may be continuous or discrete; and dqtted
lines, continuous transitions. The excitation of the higher s.tate of each

transition has been included as a guide in predicting the best source

for the prrod_‘uction of each band system. The uncertainty in the i)nedicted

ve's of Fig. 8 amounts to £ 6000 cm™! in 'rno_srt cases.

Phillips and Bre'wér28 describe a s‘trong ultraviolet continuum
with maxima at 4000 and 4300 A as appearing in the King furnace
spectrum at over 2500°C. They found that the intensity of the con-
tinuum at 4000 A varied as the third power cﬁ'_the monatomic carbon
pressure, and thus attributed the continuum to the’ C3 molecule.
Assuming that this continuum represents the dissociation of the - C3
molecule to the lowest possible energy possible energy products,
Cz(sﬁu) and C (3P), and using the vglpe found b'y Thorn and. Wi.nslow36
for the heat of formation of C3 from solid graphite, 8.0 ev, one may
calculate that the state responsible for this continuous emission.is
excited by 8.1 ev. It seems unlikely that such a transition of the Cy
molecule could account for the total intensity observed for the con-
tinuuhd, which according to Phillips and Brewer has a total integrated
intensity at 2700°C équal to thét for all the Swan bands. For the C, |
molecule the most highly excited transition that has been observed

in the King furnace is the Swan transition with its highest state at
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Observed
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Phillips
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Fox-Herzberg

Mulliken

Freymark

Energy of Higher
State (e.v.)

1.5
" 1.38
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continuous.

excitation of the higher state is also included.
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only 2.39 ev. Therefore it seems 11kely that some other molecule than

: C3 is partly responsible for this contlnuum From an 1nspect10n of

Fig. 8 one finds several poss1ble continuous trans1t1ons of the C2
molecule predlcted for th1s wavelength region. Indeed, one of these
transitions might account for the maximum observed in the continuum

at 4300 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
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 proportional only to the populations of the rotational levels

. giving rise to those lines. Then we may define the f value for that

particular band in a manner similar to that of an’ ‘atomic line as

presented in Mitchell and Zemansky, 2l ~
e . : ‘
kvd.v = - 'NJll 'fvlvn . _ R (15)
mc :

Here kv ‘is the absofption' coefficient of the rotational lines that arise

from the J" level, is the concentration of molecules in the

NJH
rotational level,” and £ 1, is the absolute f value for the (v'-v')
transition. '

. In" Appendix B quantities Qv and: R~ were defined so that

' Q.VR‘-’- '—_'-bv NL; however, bvN is simlply the commonly used absorp-

tion coefficient kv' - Now, in a Doppler-broadened line,"

k dv=1/2 ky avy /m/in2

where k is the absorption coefficient at the peak of the line and Avp

is the Doppler width of the line and is given by the expression Z\IZ.RIn27c
0‘_\/ T/M. For the Swan (1-0) band head the QR values for the band
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head are presented in vTable VII of Appendix D; the ratio of this

' 'quantlty to QORO at the peak of a triplet cornponent in the P branch
was calculated by the methods used in constructmg F1g 9. Thus
from the QOR value of its peak and the path length of the colurnn of
gas the mtegrated absorptmn coefficient for a partlcular triplet com-

ponent was calculated°

\

B ¢ 0] e .
Q. R .

fk};dy_; 00 Avy, N/tnz . | (16)

0 2L -

To obtain the total idntegra_ted absorption .coefficient for all the components
arising from that particular J' rotational level, this value was
'multiplied by six" to account for the three components in each of the
- two branches present. ' g
The path length L had to be estlmated for use in Eq (16).
The heating tubes wused in the intensity measurements were of such a
design that there was a 15.2-cm heating zone 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 pfoduced sharp
emperature gradients. If we allow 1 cm at each end of the heating
zone as the depth of penetration of the steep gradient, then we are
left with 13 cm 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'cm.
..Since this is the maximum temperature gradient occurringin thelse
intensity measurements, a path length of 13 % 2 cm was used in the
calculations.- This relative uncertainty is greater than the va‘riation
in the abselute intensities measured b"y' use of different heating tubes.
By using the (F° - H% )/T value calculated for C, at 3000°K
by means of spectroscopic data, the (F° - _Hg)/T value for solid
.graphite, and the heat of formation of C, decided on in this work, one

may calculate the -pressure of C, gas at-this temperaturée. To calculate

2
the total pressure of CZ gas at 3000°K one would have to include in his

- calculation of (F° - ﬁg)/T ‘the contribution of all 16w -lying electronic



(S

-64- o .

states of CZ’ i.e., a lz; and poss‘i'bl,y 32g— as well as X 3IIu.

.However, in calculating the absolute f wvalue for the Swan bands, we

are concerned only with the ‘population of the X 31'Iu_state; thus the

- calculations of previous inves’tigatoi's who considered only this state

may be used for this purpose. For -(F° - H7)/T at3000°K for C, ,
Gordon, 13 obtains a value of 59.666 eu corresponding to a degeneracy

of 3(2J + 1) for each rotational level; Kelley16 gives a value of

58.238 eu, corresponding to a degeneracy of 3(2J + 1)/2 for each level.

The correct degeneracy for the 3IIu 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 doubling, and‘ finally dividing

the product by 2, since half the levels are missing owing to the twofold

symmetry of CZ' Thus the value given by Gordon is the correct one.

. For solid graphite at 3000°K, -(F° - H®)/T equals 7.28 eu, ac -
grap q

- cording to the National Bureau of Standards;3 for the heat of vapori-

zation of C2 a; OOK the value 200 £ 5 kcal was used. These val_ges lead
to a pressure of CZ gas in the _)i 31'Iu‘ state of :'1¢9‘1. X 1(0—“5"at‘mos,, A
factor of two uncertainty in pressureiis due to theé uncertainty quoted
for the heat of vaporization. By use of the ideal gas law the con-
centration of CZ molecules per cc may be calculated.

Now that we know the total concentration “of »CZ molecules in the

' 3Ifu. state, we may find the concentration in the particular J level of

that state by using the formula

Ny _ 32T+ o -heB_J(JT + 1)/kTe-oo0v

— , (17)
N Q

rot Qvib |

where Qrot is the rotational-state sum and is given to a close
approximation by the expression 3kT/thV;” Qvib is the vib‘rati_onal_
state sum. '

o)

. Thus the quantities f k“v'dv and NJ,. calculated for a
o 0 . :

particular rotational level of the Swa‘n (1-0) band were substituted
into Eq. (15) and an f value of 8,1 x 10”> was obtained for this band.

King made absolute intensity measurements on the Swan (0-0) band.

4
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- These yield an f.Qb value.of 1.29 x '10_;2 based on a pressure:of C2
" calculated using"the . .AHS of vaporization decided on in this work.
_Usirng the relative i values for the Swan bands tabulated by Frasery
.. Jarmain, énd Nicholls, 10 we may obtain an ‘f10 value of 4.2.x 107"
- from King's intensity measurement. ‘
L If we consider thaf the i value for the total electronic transition
is simply the sum of all the f values for vibrational bands arising from

a sj_ngle vibr\ational level, then, using the relative f values of Fraser,

Jarmain 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_
quantum mechanical theory by Shul.].33 and by Stephenson. 34 Shull ob-
tained a value of 0.1 8 for the Swan transition., Stephenson calculated
0.029, but ignored hybridization of orbitals.

From the: RO_' values of the Phillips fotational line presented in
Table VI of Appendix C and the preésure of C2 gas in the a 12; state,
one can calculate an absolute £ value for the (2-0) Phillips band in the
same manner as for the Swan band. To compute the total integrated
absorption coefficient for-all the lines rising from a given rotational
level one must multiply the absorption coefficient of a single rotational
line in the (._) branch by 2, since the lines of the C_) branch have twice
the intensity of the cbrrespdnding lines in the P or'R branch. In
"calculating free-energy functions or rotaticnal-state sums for the
a 12+ state, it must be remembered. that the degeneracy of each level
is simply 2J + 1, since there is no lambda doubling and the spin
multiplicity .is onky 1; however, all the odd-numbered levels are missing
owing to the twofold symmetry of the C2 molecule. .

The i 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 CZ"
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‘:Ph‘illip's ("ZA'_-'O) band of 3.8 x 10_:3; this
value is 'uncertbain by a faictor of two or ,fhree. 'Accurate relative i
values for the different vibrational bands of the Phillips.transition are
| not yet known, but one might esfimat_e -tha_t' the total f value for the
transition would"-.-t‘.)ﬁe 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_qu_antity 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 i.nte.rc_omparison

of ‘Nos. 2 and 3, a_ri independent calibration of pyrometer No. 2 was

‘made. Firstthe "H" 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 bjr General Electric in 1946. This calibration was first

corrected to the 1948 thermodynamic scale.é-> The corrections for
both pyrométers appeared to be the same within experimental error, 1
or 2°, through the whole scale range, 1100° to 1750°C. The dis -
crepancy befween'these corrections and those of the Bureau of
Standards v_aried fi‘orn O0 to 60 through m.ost‘ of this range; thus the
discrepancy for the '"H' range’is rather small. ‘ »

. Once the "H' scale calibration is known one can calculate the

‘corrections for the ''xH' range by using the ratio of the transmissions

of the "H" and '"xH" filters according to the methods given by

. /
Forsythe. 9 The relationship between the true brightness temperature

of an object, T1 (in degrees Kelvin) and the temperature observed with

the pyrometer with.a filter located between the filament of the pyrometer

- and the object T, is given by

1/Ty = /T, = s [c, InP=K. ' (18)

Here ?\ie is the effective wavelength of the pyrometer, <, is a constant
with value 1.438 cm-deg, and P is the integrated transmission of the
filter. For the purpose of calibrating the "xH'" scale from the already

calibrated ""H'" scale, P is defined as

= J(T,) S P_Poyy
P=: 1 = rtxH . | o (19)

z J(T)) Sp.py.
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e

where J(Tl)’ is the Wien's 1aw expression, S is eye sensitivity, P,
is the transmission of the monochromatic filter, and pXH and pH (
are the transmissions of the "'xH" and "H" filter screens at a certain
"wavelength. The: terms of the summation are taken at 50 Qangstrom
intervals -throughoﬁt the wavelength region in which they make an
-appreciable contribution. "

- The effective wavelength 7}\ - to be used 'in Eq. (18) is prec1se1y

defined as the wavelength at Wthh this relation holds:

J(T )a\ ZJ(TI) SprpXH (20)

J(TZ) 2T, 8PPy

A
" However, at the high temperatures and with the tempe"ré.t'ure intervals
used in applying Eq. (18) to. the calibration of the "xH" scale of the
pyrometer, this exact ef.fecvtive wavelength for the temperatures Tl'

- and .TZ is represented to a close approximation (1 in 6000) and with
much less effort by the limiting effective wavelength of the temperature
»(Tl + TZ)/Z"' The limiting effective w.avel.ength XZ obt4air.1ed for a .
temperature T from Eq. (20) by taking smaller and smaller intervals
“around T wuntil the resulti't{g value of.}\e _calculated no longer changes.

~ At the high temperatures used in this calibration, an interval of 5000
was small enough to yield RZ with an accuraey of l,in 6000. Since

the "H'" and "xH" filters are not quite neutral through this wavelength
_region, slightly different values of XZ are obtained from‘Eq.. (20)

when Py is. substituted for. Py Therefore the average of these values
was used in Eq. (18). The variation of XZ' with T is quite small, only
 about 0.0107 A per degree.

In order to obtain the variation in transmission of the different

filters with wavelength, light passing through them from a constant- : .
temperature tungsten filament was scanned with a 1P-28 phote-

multiplier in the wavelength reglon of interest. The monochromatic, "{:J,j
"H", and "xH" filter screens of Pyrometer 2 and the light source itself

were .scanned; the cond1t1ons of the" experlment were not such as to

lead to the absolute ratio of the mtegrated transmission of the "H"
and "xH" filters.
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To obtain the absolute transmission ratio  Pyrometer-2 was sighted
on a tungsten-band 1amp at a brightness temperature of about 1600°C
with the ""H" f{filter in place and the temperature read on the "H"
scale. Then with the lamp at the same temperature but with the, "'xH"

filter in place, the temperature reading on the calibrated "H" scale was

E i"e-cordgd again. These temperatures, when corrected and substituted

in Eq.. (18), gave K values for the different lamp temperatures. The

average value of K thus found was -{1.686 % 0.011) 1074 deg. bt

of five determinations of K at temperatures centered around 1877°K;
this rather large uncertainty.is due to the difficulty inv reading
te;n‘peratures at the ends of the scale regions, where judgment of
intensities is poor. |
From this vaiue of K the value of P of Eq. (1,85'cou1d be

determined.  Then P was calculated at other temperatures by using
the measured variation of transmission with wavel,engfh and.Eq‘, (19).
These figures in turn, with the '?\: calculated for (Tl‘ + TZ)/Z, yielded
K at other temperatures T, along the "xH'" scale. Although the
absolute value of the. §'s thus calculated is uncertain, the relagive
values of K at different temperatures should have an accuracy of
better than 1 in 6000. - ,

- For Pyromete r> No. 2 the values of K for different values of
T, and T, thus calculated are presented in Table IV alo_ng’:'wiﬁh_ the
quantities P and .X\Z ‘used in calculating them.. AlISO'presented for
comparison are values of K for Pyrometer No. '2 calculated by !

using readings that appear adjacent to each other on the "H'" and

- "xH" 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 presented are the scale
factors obtained from the NBS calibration of Pyrometer No 3 and
the intercomparison of the.two mstruments c

T, T, Px10° -logP A, -Kx10%(deg.”h) -Kx10%(deg.”})
'(OK) (°K) “’.A , (A) (from P). | (NBS)
2000 1496 2.476  1.6062° 6554 1686 . 1,695
2250 1631  2.468 1.6077 6551  1.687 1.698

2500 1758 2.460  1.6091 6548 1.687 /  1.680
2750 1878 2.453  1.6103 6545 1.688 . 1.674
3000 1992  2.449  1.6110 6543 1.688 1652
3250 2099 2.445  1.6117 6540 1.688% 1.626"

7
i

%A value of 1. 689 x 10 -4 deg. 1’was- calculated at this temperature by
using Planck's law in place of Eq. (18). The use of Planck's law is
specified for the 1948 thermodynamic scale, but this correct1on is
negligible at the highest temperature used here.

b-This value is extrapolated from-the values at lower temperatures.

It'inay be seen thq-t the variation with temperatuvre of the value of
I_S calculafed' from the measured transmissions.disagrees in both size
and direction with the variation of 5 obtained from the Bureaﬁz of
Standards corrections. The calculated K remains‘almost constant,
since the 'variation in log P almost cancels the variation in - )l . The
only reason that P varies at all 1s that the ratio of the transm1551ons of
the "xH'" and '""H" fllters 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 1arge change in the value of P

with temperature, which seems unreasonable con51der1ng the transm1551ons

measured for. the filter screens.

) The variation of K 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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1.673x10"% deg ™! at T, = 3000°K to 1.715x10 "% deg "lat 2000°K. . The

original constant used by Leeds and Northrup in manufacturing their

scales is (1.735 + 0.001) 1074 deg'1 throughout this range for both

. pyrometers.

On. the bésis 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 "'xH"

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 intercomparis_on'of Nos. 2 anrd 3.

These corrections are to be subtracted from the scale reading indicated
¢

to obtain the correct temperature in degrees Centigrade.

. . Table V-

Corrections. to be subtracted from scale reédings of Pyrometer No. 2

Scalg reading - CorrectibnsAfrom o Bureau of Standards
(C) trangmissions' : : "'cororecti‘ons'
(-C) - ("c)

2000 29 — 19

2200 o , 38 32
2400 | o - 48 | 48

2600 | 58 . | 73

. 2800 - L 70 . L 106

N

When these new corrections are applied to the measurements of
Krikorian, his measured heats are corrected by a factor of (")nlvy
1.0177. We therefore obtain for his rﬁeasured heat for Reafction (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

\ . .
""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 temperétures. This may

\ J

N
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be easily understood, however, if one C;dnsideré thavt," according to

Eq. (18), if one uses a constant value. of K throughout the temperature
range he will obtain the same difference iﬁ_reciprocal temperatures as
he would with any constant value of K throughout the temperature
interval, ‘so long as the "H'" scale corrections are the same. Thus
~when Krikorian accepted the scale readings of the pyrometer difectly
without any corrections he was in effect applying the ofiginal constant
value of K used by Leeds and Northrup in manufacturing their scales.

- Since this new temperature scale, based on the measured transmissions
of the various filters and on a calibration of the '""H'' scale by the General -
 Electric lamp, seems to give the most cbnsistent values for the heats, |

' 'the temperatures and heats quoted in this thesis are based on this scale.

-

B. Monochromatic Self -Absorption

' Eo_r'l'ow concentrations of a gas we rnay say that its intensity of
efni,s‘éion at a. ceftain wavelength .is directly proportional to the con-
centration of the excited state that gives rise to the particular transi-
tion at this wavelength. .However,' as the concentrat.ion 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-
abs_orptibn. It arises in a column of gas because the molecules that are
closer to the observer tend to absorb part of the radiatiorn 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 measurérhent‘s were made, and therefore
- the magnitude of these corrections had to be kndwn be_fore accurate heats
- could be _caLlculated;-,- v ‘. ) - | ’

- The expreséion for the intensity of emission at a single wévelength

as a function of concentration rriair be easily derived, including the effects

of self -absorption.. Let.us aséume th‘at we have a lcolgmn’of emitting gas of

uniform cross section and temperature and with _].e.ngt_h L. Ifa v is a

_constant r_epresentihg the intensity ofAlig-ht'emittéd by a single excited

2

-

R
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‘molecule at a certain wavelength, the intensity emitted by:a very thin

‘cross section of the: column would be I, = évN;dx. Here ‘Né 4s -the

v Ov
number of molecules in the excited state 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 réaéhing the observer from this cross section

is given by the Bouguer-Beer equation,

-bva, ‘
Io=1 e , o , (21)

where -bv is the am'ount of absorption per molecule, and N is the
concentration-6f molecules in the lower state of the transition.
- To obtain the intensity emitted by the whole column of gas we sum

all the cross sections through the l_er,igth:_’of the column. L,

 F b Nx  anN' b NL |
1 = /é'avN' e dx = (1 - e v ). (22)

v b’ N

v

-~ This is an exact expression for the intensity of emission as function of the

concentrations: of the lower and excited states of the transition. ' The re-
lationship between _g'_ and N 1is given by the Boltzmann factor: -
‘ -hgy/ KT
N'/N = e t ; '
At low. ‘conce_ntrations Eq. (2_2)7 simplifies. Using a_sei'ies exf)an-

sion for the exponent, we obtain \

I =a N'L. o (23)
v 4 _' o T

‘Thﬁs ét low concentrations one generally assumes linearity between the
concentrAation) of excited moleculeé and the ivnten:sity of emission; self-
abs'orptivon effects bégin to appear only when other terms than the first
term of the series expansmn become 1mportant |
At very high concentrations we may draw another concluswn from
Y(ZZ). As N. and_ g' ‘approach infinity the intensity of the emitted

«

v
[

T
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A

 light must approach that from a black body at the same temperature and
wavelength as the column of gas, hereafter s_igﬁiﬁed'by IB v Thus we (
see from Expression (22) and the Boltzmann factor that a N'/b N

w

must be equivalent to I .- Substituting in Eq. (22) we obtain

Bv ‘
-b_NL o ' - .

1-e ¥ ). o (29

—IV = IBV(

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 erhissio_n intensity of any shaped featu_re where Expression (23)
holds at all wavelengths. Fer example, linearity may be assumed be-
tween the intensity of the rotational line of the Phiilips band and the
concentratien of C molecules at low tempera'ture's. . We shall as’sume
this line has a Doppler profile, becauee Krikorian19 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 ‘t'riangle'

. 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 1ntens1ty of this
feature.. The intensity thus measured was directly proportlonal to the
concentratlon of C, molecules 1n the higher state of the. tran51t10n .when

5k

the C concentratlon was’ suff1c1ent1y low.

Ir__.1 a Doppler'—broadened feature, 2, changes slightly with temperature
at a.given wavelength, as evidenced by the fact that the Doppler width--
the width of the feature at half intensity--varies with the S‘qua{i'e root of 4
‘the absolute Eemper'atur'e'., Nevertheless even in this ease'. the area under 'J
the curve representing the intensity of the Doppler feature against wave-
length--the integrated intensity of"t‘he'feature-’-is still direc_t_ly proportional °
to concentration. This is obvious if one censi:.defs'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 increases.
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. For the Swan-band head, if the instrumental slit width were
narrow compared.with the unresolved band head, then we could assume

that we were making a monochromatic measurement, and therefore

- Eq. (23) wotild hold. If the slit widths were large compared with. éhe.
- width of the feature we could asSume that the height of the head asé

recorded on the paper was a measure of the 1ntegrated intensity of the

feature, and the reasomng of the last paragraph would hold. Slnce 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 somewhere between the two extremes.
At higher temperatures dev1at10ns from this linear relationship
began to show up. Therefore at these temperatures the measured

intensities_ were corrected to yield quantities that vary linearily with

the concentration of the molecules in the emitting state. 'For this

purpose a correction factor which we shall call Q, may be found. such

_that when it'is multlphed by the measured intensity an "ideal" intensity,

a quant1ty which is directly proportional to the concentration of the
emitting state, is obtained.. This factor is obtained by dividing Eq. (23)
by Eq. (24): ' |

bvNL _

Q = . . . . (25)
-b NL s ‘

1-¢ Y

To c.on_firm the v_étlidity of this correction factor observe that, “using Eq.(22)

and Eq. (25), we Obtairt QI * av.N'L, a quantity that is directly pro-

portional to the 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 tefnpei-ature and wavelength
as the column of gas; this ratio.can be determined experimeﬁtally. Let
us call this ratio . .‘R . We may see how Bv is related to Q, Sirﬁply
by dividing Eq. (24) by IBv:

' - -b_ NL
R o=1-e " . (26)
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From this expression readily follows

b.NL = - £n (1 -R)). , (27)
~Thus % méy be given in terms of _I_{v,

‘Qi=- 2 gn(l -R.). | (28)
v v .
R,

C. Self-Absorption in the Phillips Réltational Line -

From Eq. (28) we may experirﬁentall'y evaluate the correction

' fact’ox;_ for a Dopplér-broadened line éuéh a\s. the 'parficp.lar Phillips
rotational line which we are studying. Here we. wish a correction factor
for the integrated intensity of the"lline as recorded by the instrument;

' howex./e_ar,,_ Eq. (28) applies only to a single wavelength. Therefdre we

- must’ a'v-eragve this éxpression over the Doppler prdfi}le as follows:

- .
i o= égvlvd};_

- frd_v
. (I

where v is.a -particular;frequéncy and Qv“ and I-v ‘are the correction

factor and intensity, respectively, at that particular frequency.
. In order to obtain a usable expression from the above formula
i .
we must make.several approximations.. The relationship between -bv’
the absorption coefficient at a certainAfrequency, and bo, the ab-
. sorption coefficient at the peak of the Doppler line is given exactly by
L2V Z (v - v)/ Avy) -
0/ =D ,

b =b,e . : . (30)

v 0 »
e where- A‘yb' is' the Doppler width. ~“Now we shall use Eq. (23) as an
appfoximation for Iv for the purpose-of evaluating Q. Remembering

that we have -a N' =b NI, , we obtain _ -
o v v Sy Bv .

f,ﬂi‘

o
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C =8 - :
‘e—(Z\/ﬂ n’?- (y - ?0)/AvD)Z, '

{

I,=NLI; b - (31)

0

Taking Eq. (28) and making a series expansion for fn (1 - R ), we find
. 2
R, RS | |
Qv=1+i+' ., _ (32) -
2 3 ' L

where for small values of Bv the secbnd-order'apd higher. terms may
be dropped. These expressions are substituted inte. Eq. (29) and
integrated over all ‘fx_'equer;cies.; It is gssumed that IBv ren.:?aiﬁs’
constant over the small frequency range over which 'Iv is appreciable.
The following simple: result is obtained:

Q=1+ —— R,. - (33)

2[2"'"

.Here . R0 is the ratio of intensity of the feature to inténéity of the

black body at the peak of the Doppler line.

The following‘proce‘:dure was used to evaluate this ratio e.xperi-
mentally for the Phillips rotationatl_‘li‘ne. A small grai)hite plug was
placed in the middle of the heating tube so thatﬁhen,the tube was
heated theﬁ'\plug was at the same temperature as the ga‘s. Then with the
furnace at a constaht.terﬁpérature, light from first _the_plﬁg and then

the em’ittiné gas was trained on the slit of ‘the spectrog:;aphj thus a

v record was obtained of the intensities_ .of both the feature and the black

body at the same wa’vélength. A Do‘vlv-G‘o"r'ning filter No. 3486 was
used when_-the inten.sity’of the black body was measured to prevent
second -order light from entering the spect rograph. ' o

Care had to be taken in ,arré.ngi-n\g 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 'distan_ce
between the lens and the graphite plug was about 70 c(m; between the
lens and the slit, 2 m. A small enough stop was placed on the lens so

that it was the limiting aperture of the system; a stop was placed on
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the slit so that only"a.s‘mrall part of the center of the image of the plug !
or of the emitting gas was allowed to pass through and thus fall on the (
grating. The lens was - moved a short distance in'a vertical direction
to allow either the irhafge 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 coming through
the slit stop fell entirely on the grating surface. Since the column of
gaé had a finite 1ength, 15 cm, the limiting aperture was not the same
~f0‘rba1‘.1 the light frorh the'e_mitting‘ gas. At any given stop, the lens

'/ Subtended a somewhat larger angle for the gas at that end of the heating

"“ zone closest to the lens than for the graphlte plug, which was halfway

down the heating zone. This was balanced out, though as at the same

'lens stop the lens subtended a smaller angle for the gas at the rear of
the column than for the graphite plug. Thus the optics for the gas and
the black -body plug were equivalent. o -

; . The value of R ‘could not be taken dlrectly from the 1nstrumenta1
recordlng As mentloned préviously the recorded feature was. subject
to cons1derab1e instrumental broadening. However, the area of this

: recorded feature must be equal to the area of the Doppler shaped
feature that provoked the response. Now, ‘since both slits are the

| same 51ze, the shape of the 1nstrumenta11y recorded feature is a

.tr1ang1e whose area.is g1ven by the product of I;, the he1ght of the re-

‘corded feature, and Ayl, the w1dth of the recorded feature at half

' 1nten51ty Expre531ng the equlvalence in area of the Doppler—broadened

'feature and the mstrumentally recorded feature we may say

in Av, =J'Ivdfv = ﬁ-——-———'—--lo Avyy - ‘ {34)
. 2VInz o
o : . ,
: :For,'Iv we substitute the expression given by Eq. (34}); IO is simply : v
~ the peak intensity of the Doppler feature. Thus wemayrsolivre for the
..~ actual or Doppler peak intensity in terms of the ins trumentalv peak ,'\,\1/
intensity; . . B E |
av, '
I,=0941 — L. - (35)



fi

. k\")

-80 -

Here A Vpe the Doppler width,: is given by the relationship:

Avp = 2/2R In2 v /T/_M . ' (36)
: c

where M is the molecular weight of C and ‘¢ 'is the velocity of light.

Ig by the measured black-body 1nten51ty we obtain the quantlty RO

When RO is subst1tuted into Eq. (33) 1t gives us the. correctlon factors,

which when multiplied by the measured intensities give us intensities

which are directly proportional to concentration, \

’ The _I_{_Ov“alue for the Phillips' rotational line, (Z-Q)'band, J-' =

J'" = 32 line) determined by the above method amounted to 0.039 + 0.003

at 30‘59°K,‘ the highest temperature at which inten'sitiesAWere measured.

The size of this quantity justifies the assumptions involved in using the"

ap_pro_xi‘mations (31) and (32)° From’this;value the values of _Roat

lower temperatures were calculated by the use of the measured

t_emperature coefficients for the intensity of the Phillips rotational

line and Wien's law to correct the measured black-body intensity

to‘other temperatures, To simplilfy this proc‘edure ‘it was assumed

that Av is constant, which is a good approximation conside_ring "

that the temperature ‘range, 300 to 4000, is small compared wilth

the absolute temperature,‘ Av varies onl_y as thelsciuare root of

the temperature as shown in Eq (36). The R, values and the

_corresponding correction factors thus calculated for th1s partlcular

Phillips rotational line are presented in Table VI for a number of
temperatures in the range in which 1ntens1t1es were measured . Now we
‘may see that the uncertamty quoted for the measured R0 amounts to

an uncertainty in the correction factor of only one in a thousand at the

highest tempe rature.
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Table VI

Self-absorption correction factors for Phillips (2-0) band,

J'=J" =32 line, at different tempertures
T "R, x 10% ) Q
( °K) 0’
3100 - 6.03 1021
3000 207 1007
2900 658 o 1.002
2800 - 192 | 1.001
2700 '_ - o519 1.0002
2600 0257, o 1.0001

. D. Self-Absorption in the (0-0) and (1-0) Swan-Band Héads

1

The :’applicaltion"of self-absorption correctioos to the Swah bands
is more complicated than in the case of the smgle Phillips. rotatlonal
411ne Here we must look af the head of a band compos,ed of many. Doppler-
broadened rotational lines .all s_pafced Ve.ry closely t_ogether.‘ We may
‘co"nside‘r three poSsible cases. In the first the rotational iiries:‘are so
| closely spaced. that the lines ere c‘orhplete_ly unresolvable even with a
spectrographof infinite resolving poWer, i.e, ,‘ where the peaksof each
two' ad_]acent lines are within the Doppler w1dth of each other This is the
simpler case, since we may then regard the band head as a continuum;

thus if the shts of the spectrograph are narrow compared with the width

of the band head, the covrrectlon factors may_be calculated.quite _accurately .

" from the mon'ochrornatic Eq. (28) or (32). The- R - values would be de-
termined expe rimentally in a. manner similar to that used for the Phillips
line, except that here, of course, there would be no need to correct for
instrumental ‘broadening.

| In the second case all the rotational lines are spaced far enough

apart that they could be resolved by a.spectrograph of infinite resolving

./

P
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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
calculated f(l)r‘each individual rotational line by the procedure given in
previous paragraphs on the Doppler-broadened line. The total correction
factor for the instrumentaily recorded band head can then be calculated

by averaging the individual correction factors for each line and weighting

“each one according to the contribution that particular rotational line

t

makes to the instrumentally recorded band head. ' /

The third 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 of infinite resolving power. It may be pointed out that for W

a given band head whose intensity has been measured one will obtain

.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. - Phil].ips.29
calculated the positions of the components of the triply split rotational
lines of the (0-0) vibrational band of the Swan system, using the formulas
of B'udof4 The positions of the triplet compbﬁents in the P branch, _
which forms the head of the (020) band, are such that there are groups
of lines that are cleser in spacing i:han the Doppl;er width calculated
for these lines at the temperatures of the intensity measurements.

. The procedure used in this case to evaluate the cérrectiomfacitors
for the Swan (0-0) and (1-0) bands was as fdll-ows, 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-

poneénts 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 ; -,J\“
‘intervals; thus was obtained the profile of the band head as.it would -
look when ¢bserved by an instrument of infinite resolviﬂg 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 particulai
frequency where the instrumental maximum intergs’ity was recorded.
This contribution was proportional to the relative integrated intensity
of the particular section, and decréased 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
int'ensbity contributed notHirig 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 inétrumental_ly recorded feature and is plotted
" using the same arbitrary intensity scale as the completely resolved
profile; | ‘

. When the ratios of the intensities of the di.ff'erent sections of
the profile to the measured intensities had been _calculated, ' th_e'_- _R
' _Value.s 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 assumed for the Swan (1-0) band as for the

(0-0) band.
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Fig. 9. Infinitely resolved pr'ofile of Swan (0-0) band head (solid
line). Dotted line repreésents profile of instrumental
“recording. Vo is frequency of origin of band in cm~

. - MU-12882
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These correction factors were integrated over the sections of the profile

by uise of Eq. (29) and substitution of Eq. (28) or (32) for Q in this (o

equation.: From these integral correction factors the correction factor

for the instrumental peak intensity could be calculated; the correction

factofs of the different sections that contributed to'the instrumental

peak were averaged, with.each factor weighted according to the contri-

. bution that particular group made . to the instrumental peak. If this -

correction factor turned out to b\e appreciable, then it was necessary

" toassume correction.factors for each seetion and for the instrumental

peak when finding their contribution to the instrumental peak,, since these

- contributions were originally calculated on assumptien of no self-

absorption. Then the correction factors were ca.]lcullated‘;nd used as a'

- second. appfoximation, and the proceSS repeated until the assumed and

- calculated factors agreed.. The correction factor for the 1nstrumenta1

peak was deterrnmed at other temperatures in the same manner; the

calculations were simplified by assuming that the relative intensities

of the different rotational lines c'entributing to the head did not ehange

over this comparatively small tempe‘rature range.

. The value measu.red for th\:e- ratio of instrumental peak intensity to
intensity of a black body at the same temperature ays-the cohimn of gas
was 0.185 + 0.012 at a tempe:rature of 3007‘°K for the Swae (O -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 f1rst order of the 3-meter grating
“with slits varying from 0.025to 0.10 mm, corresponding to 0.05 to
0.20 fnrnin 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
' ‘intensitg‘r of the bands With temperatui’e, and of ‘Wien'sv law to correct
the black- body intensity. When these ratids Wefe measured at other
temperatures, the values obtamed agreed with the above values within ’ « )
the quoted uncertamty 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
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the methods of Case One for 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 Q varies 1ine;r1y
‘'with 'R in this region; therefore the high values of Q possessed by
‘the parts of the infinitely resolved profile represented in Fig. 9
that are above the instrumentally recorded profile are just balanced
out by the parts of the infinitely resolved profile 'that are below that
of the instrument. The Case 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

(°K) R Q(Case 1) Q(Case 3)| R  Q(Case 1) Q(Case 3)
3100 | 0.418 1,292 T332 UTI7T T.097 —T.T00

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 be
obtained from Table VII By multiplying the. R values of the (0-0) and
(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 tihnes that of the (1-0) band.
This value sh;uld have a much. smaller unceftainty than those quoted above

\

for a particﬁlar 'R value measured under w'idely different conditions.

-~ From Eq. (25) and (26) we obtin: QvRv =b  NL, where. N is 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 because the two . R values were measured with the same heating
tube at almost'the same time.  Thus errors in path length and-
temperature measurement were cancelled out, and the relative values
of the two R's should be known quite accurately. This value of 2.97
may be compared with a value calculated by Fraser, Jarman and

10
N1cholls

- Because.the correction factors were smaller for the Swan (1-0)

of 3.08 @r*K1ng sl7measured value of 2.79.

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
the 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 inte_nsi_ty would not have appr_eciably' increased the -acouraoy 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 found in Krikariad's work and this work may
‘lie in-the self absorpt1on corrections. Krikorian's self—absorption
scorrections added 11.9 kcal to his heat of formation of Zr and 7.2 kcal
to his heat of'subhmatiou of | C,. These self-absorption corrections
for the ~Swan (1-0) band head lead to values of the ratio of the intensity
of the band head to a black body at the same temperature that.are two

to five times the size of these ratios found in this experiment, when

compared at the same temperatures and on the same ter'nperature -scale.

. Furthermore, the temperature coefficient of the ratios he used d1sagrees
w1th the heat he obta1ned for the formatlon of the partlcular level
respons1b1e for the em1531on The ratios of intensities measured in
_this work lead to relative f values for the (0-0) and (1-0) Swan bands

-~ which agree well w1th those measured and calculated by other observers;
furthermore, hlS ratios lead to absolute f values for these bands that
are four to ten times those measured by ng Thus it .is felt that
Krikorian's ratios are cons1derably too hlgh Kr1kor1an 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 1arger values which he

thus obtained for these ratios may be explained by the possibility that

Pt
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he used nonequivalent optics when comparing-the two inténs'ities, For
example, he may not have observed equivalent areas of the two sources,

or possibly in his measurement not all the light péssing through the slit

“fell on the diffraction grating. Therefore the self-absorption corrections

and consequently the heats in Krikorian's work were Vadjusted’to agree
with the sel_f-absorption'cdrrections 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 fbfmation and the sublimation
heat of C2 that will maker their self-absorption contributions more
consistent with the work reported here.

Iﬁ this manner one finds that Krikorian's Zr heat should be
lowered by 6.8 kcal and his C, heat by 4.1 kcal. Thus the value which
he quotes for the heat of sublimation of CZ‘ should be raised by the

difference in these corrections; he obtained this value by measuring the

~difference in enérgy between the emitting levels of Zr and C‘Z 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,Uand 7 to the
ordinate, the nature of the limiting slope of the curves. had to be de -

termined. According to Krikoriam‘19 the peak intensity of a triangularly

.shaped feature I;e‘cﬂorded with scanning speed s .is given by the formula

AN

15:10[1— st ﬂn(Z—e_A)\/Stﬂ. " (37)
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Here Id is the true peak intensity of the feature; t ils. the time cqnstant
for the amplifier and CSZO cell circuit, and varies with the stage of
amplification used; AM is the half width of the.instrumentally broad-
ened feature .A The: Cs_ZO cell and amplifier should obey this formula,
since. their response is limited principally by the charging or dis-

~charging of a condenser acrosé a resi.s'tancé in the feedback ciréuit, .

.‘whiéh is the assumption on which this formula is based. -

Using this_ forrnﬁla, we may arrive at an expression for the
) o

3000
limiting slope because it differs from AH

limiting sldpe of plots of AH against s; ,AHS will have the ‘same

o
3000
term. For the points at the ends of the sigma plots we may say

by only a constant

r ™ o
o _ Z' - Z” _\ R. ‘ s
AH3000 = = In

- — _ (38)
. ) ,(I/Tn I/T") A(l/T) vIHSTvv

The prime represents poihts taken at the highest tempéra.ture, 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 may s‘qbstitute’ I.s = IO (1 - Cs) into Eq. (38);
C is equal to t fn 2/AN and depends as t does on the particular gain
" of ampli‘fi’cation being used. We may obtain the slope at low ‘s.canning '
speeds for the curves by differentiating Eq. (38) with respect to s :
Cd(AHG00) R e o

= ( - ) . - (39)
ds - - A(l/T)y  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
A
d(-AH(;OOO) | . R ‘R £ n2
- . ] (CH _ CI) = - .
ds oAll/T) AXA(1/T)

(t" - th). (40)

"

Y
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On this Basis the curves of Figs. 5, 6, and 7 should be extrapolated to
the ordinate by drawifrg 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 -
'slopesrof the curves within the accuracy with which the time constants

of the circuit could be determined.
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