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THE ABSOLUTE INTENSITY OF 02 SYWAN BANDS
Lucy Gay Hagan

Inorgenic Materials Research Division
and the Department of Chemistry
Lawrence Radiation Laboratory
University of California
Berkeley, California

ABSTRACT

The Swan-band system of the C2 molecule vas produced in emission
in a source of thermal equilibrium. The ratio was measured of the
intensity in emission and in absorption of certain features of the
0-0 Swan band relative to a blackbody or to a tungsten lamp by
using photographic plates and photoelectric scanning technigues. The
absolute intensity for the feature wes obtained therefore, since the
absolute intensity of a blackbody or of a tungsten lamp can be
obtained from the Planck equation and the experimentally meagured
emissivity of tungsten. Experimental results are expressed in
terms of the absolute f value or oscillator strength

The absolute f value for the 0-O Swan band of 02 in emission
is 0.004 t 0.0007 for the pho%oelectric scanning experiments on
rotational lines, and 0.006 I 0.004 for emission measurements of
rotational lines on photogiaphic plates. For emission‘experiments
at the 0-0 head the f value is 0.007 * 0.004. Absorption experi-
ments at the 0-0 band head give an f value ’of 0.005 t 0.003. The
best value for ﬁhe absolute oscillator strength or f value of the

0-0 band of 02, obtained by averaging the f values from the emission

and ebsorption data, is 0.005 ¥ 0.003.



INTRODUCTION

Interest in absolute-intensity measurements arises Irom the
necessity to analyze high-temperature gases tc determine concentration
of high-temperature molecules, such as C2 or;CN. If an accurate
absorption cr emission measurement could be made for a gas containing
a known amount of 02 or CHN, it would then be possible to determine
the emount of C2 or‘CN in stars, rocket exhausts, flames, or any
high-temperature sources by either an emission or absorption experiment.
Lifetime measurements also give emission probabilities and absorption
coefficients. The combination of,lifetime measurements with absolute-
intensity measurements for an equilibrium system will yield eguilibrium

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

formation of high-temperature molecules.



THEORY

The gbsolute intensity of & high-temperature gas may be measured
conveniently in emission. The classically-acceptable measuring technique,
however, has been by absorpltion, because of _the difficulty of determin-
ing the number of molecules in the excited state. For high-temperature
systems in which both the absorbing and emitting states are excited,
mneasurement of absoluie intensity by both techniques would prove
valuable.

Tor an absorption experiment the primary datum is the sbsorption

- coefficlient, kv, which is defined by the Beer-Lambert law relationl

o -k IN"° S
I, =1, e v, (1)

where Iv and IVo are intensities before and after transmission through
2 column of length £ (in cm) of a ges containing N°’ absorbing molecules
pexr cmg. The absorptionlcoefficient, kv, varies across an absorption
line or band.

The experimental absorption coefficient, kvg and the Einstein
transition probebility for absorption are related. Consider the
decrease in intensity of a parallel beam of light, of Irecuency between
vV and v+dv and of intensity Iv’ traveling in the positive-x direction
through a layer of atoms bounded by planes at x énd.x+dx, of which
SNv" molecules may absorb in the v+dv raﬂge. The effects of
spontaneous re-emission--which takes place in all directions--and of
stimulsted emission are neglected. The decrease in the intensity of

the beanm is given by



’

- a1, Bv] = BI N "dx. : | (2)

)

By rewriting ¥q. (2), one obtains

1 dIv ,o
--]*:V T v =B§I‘vv . (3)

The left-hand term is 6N§"kv6v, as defined by Eq. (1), and gives
e s . - 5N , e
BN, “‘k &V = BeN, "7 . ()

Integrating over the absorption line then resulis in a relation

between'kvvahd B:

fgvdv = B, (5)

"where B is the probability per second that molecules in the absorbing

state will absorb & quantum of light with energy hv vhen exposed to

parallel light of intensity I in cuanta per sec per cm? per fregquency

interval.

Similarly; thevemission coefficient, A, is fhe provability per
second that a molecule in the uppor stete will spbnﬁanéously decay to
he lower stabte with emission of a cuasntum of light. =Zinstein has
shown that exposure of a.mplecule to light can also cause induced

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

the probability of induced emission 1s the absorption probability times

g, ; the ratio of degeneracies of the lower and upper states.
Thus the concentration N’, in molecules per cms, of an excited
state of a molecule can ©te changed by the three processes: spontaneous

emission, induced emission, and sbsorption:

aN’ 1 . s’ .
- Ta E A ey £ ¥ \ BN %] T - I' .
&t o AN+ BRI - BT (6)
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The intensity of light of wavelength A emitted by a blackbody of
temperature T, in quanta per sec per cm2 per unit solid angle per

unit frequency interval, is given by the Plenck equation,

2 1
1= e he s (7)
' AT
(e -

1)

where h is Planck's constant, c¢ is the velocity of light, and k is
Boltzman's constant. If light from a blackbody at temperature T is
sent from all directions through the gas at temperature T, equilibrium

conditions correspond to

dN’ _ . 1 Tt _g_’_: ’ P
36 =0 = 7 Al B(g, NI - BN"'I. (8)
By using the Boltzman equation,
he
I\I.’ _ gl - -M——T.. .
W_’ = (gll) e b (9)

where hc/% corresponds to the energy difference bvetween the two states,

one finds
_ A g 1
I "']_HTB (gll) —b-g *
e)‘kT -1

(10)

Cdmparison of Egs. (7) and (10) yields the following relationship

tetween the A and B coefficients:

A 81 g’
52 & - (1)

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

;\

a8y X |
fkvdv_A(g,, 5 - (12)



When no other prccesses depopulate the upper state, the reciprocal of
A gives the lifetime of the upper state in seconds.

For small £N°° the light absorbed by the transition £ — u is
. ‘Iz“‘v»_—.f(lv".- I,)av = 1° .N”.Eﬁ:vdv =10 . (13)
The absorption in quanta per sec per cm2 may also be expressed in
terms of the oscillator strength or f value that is related to the
electronic transitioﬁ monment Rzu‘and hence to the transition
probability for absorption B.
The quantum-mechanical relation between the f value and B for

s 2
a given frequency is

BWEmCIRzulg meB -

2 (%)
3he A e

£

where m is the mass and e is the charge of an electron. The transition
probability'B_in intensity units of parallel light used in these
equations is related to the original Einstein B coefficients defined

*
in radiation density.

*. - . _
All equations in this paper are in terms of intensity of light

per unit solid angle. The absorption coefficient B for unidirectional
light in units of quanta pexr cm? per sec per unit solid angle is
related to B for isotropic iﬁténsiﬁy in units of quanta per cm2

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

of quanta per cm3:

% (density). (15)

B (unidirectional light) = %—r (intensity) =



The Planck equations for unidirsctional light for Isotropic intensity

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

frequency interval) are v
I (unidirectional) = gf %—n», (7)
. 2 he
e™t L1
I (intensity) = §g T L , (16)
AE 2
e%kT -1
. 81 1
and I (density) = —, ) (17)
en” be
’ AT
e -1

Th¢ relation for the absolute intensity of emission per unit

3

solid angle for small N', the number of molecules per cm” in the
upper state, is

ul ’ 1 .

I = WA - _ (18)

The absolute intensity for absorption (abs) or emission (em), botH
. . 2 .
in units of quanta per sec per cm per unit frequency interval per

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

2Nr/£ﬂ o]
e
L (19)
abs me
z 2 2 I‘e a4
I;l.m - e 1‘12 T §' (20)
mnea -6 .

The £ value on the basis of ciassical electron theory of
’ 4
2 ' t.
dispersionJ is equal to the ratio, %— , which was found to be a
constant for a particular spectrzl line. The optical behavior of

¥ atoms per em® was represented by the behavior of M guasi-elastically

vound electrons or dispersion electrons. The f value of a spectral



£,

line is a measure ¢f the degree to which the ability of the atom to
absorb and emit this line regeuwbles that of a classical oscillating
electron. The oscillator strength is related to the electronic
transition moment as shown in Eg. (14}, The transition m.om.enth is

equal to

2 [ () eR) yar (21)

The wave functions correspond to the nucleii fixed in their equilibrium

—d
configuration for the initial state Wz” The vector r, is the radius

i
vector of the ith electron referred to a system of coordinate axes

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

. wl ub
computing Rx s Ry

s and R;ﬁ » and by adding vectorially. If the
molecule has one or meore sxes of symmetry and 1f the coordinate

axes are taken along and perpendicular to such axes, all but one of
the integrals R#, Ry’ RZ vanish. For a given pair of wave functions
Wu’ wﬂ’ the RuE vector is directed along cne of the coordinate axes.
Mulliken and Riekes define the dipole strength D as

D = -———i——IR‘uZ ° (22)

e
in the nétaticn'of this paper. The value of fﬁuzle is called the

X . 6 . . o :
line strength. In theoretical computations it is convenient to

”tabulate one of the three guantities: line strength, dipole strength

or £ value.
' 7
According to classical theory of radiation,"S the oscillator
strengths should cobey a sum rule which was proved in the quantum-

mechanical theory by Thomas, Reiche, and Kuhn,g’ 10, 11
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ENENY (23) .
u

*
where u and £ denote all quantum numbers and k« is the number of v

electrons in the system. Bethe and Séltpeter8 point out that for
an ion k is not equal to the nuclear charge. Mulliken and Rieke5
made the simplification which is used generally in theoretical
calculations of f values: that all those electrons of the electron
configuration which remain in unbroken closed shells during the
transition may be ignored, and only as many electrons as are present
in-shélls which are broken or formed during transition need be
considered. The sum rule then is ecgual to the number of optically
active electrons of the molecule.12 Mulliken and Rieke further
point out the difficulty in theoretical studies of determining the
proper combination of wave functions to be used in the linear
combination of atomic orbitals (LCAO) for molecules such as Cg'

The amount of s,p mixing often has a large influence on the value
of R™7 and is not easy to determine. To find the f value
experimentally, the intensity of a band must be known. A method
for finding the absolute intensity of a fraction of a band
experimentally and relating it to the total-band intensity has

13

been discussed by Robinson and Nicholls, and is used here.
3

For a band, N is the number of molecules per cm~ in the upper
state which emit and contribute radiation to the band, and is
defined as

, N 'ei/ KL v u L
N =N Zl,gi e = My Qo (24)
i



3

where N'o is the number of molecules per cm” in the lowest vibrational
level of the upper electronic state, and

u u u .

€ =9 Uib Q“ro’c K o (25)

3

*
For a fraction of a bangd, Nﬁ is the number of molecules per cm” contri-
buting radiation to the fraction of the band being measured, and the
rotatlonal part of ¢ is different because the sum is being teken over

only a fraction of the rotation lines of the band:

_ : J =b _ _@_c_]_a_ _
* KT
N =W ez & 24 (2J + l)e . (26)

J =g

The Einstein transition probability of emission for a"oandlh is

1673v . . .,
| RMFRY.Y|°

A= vib -

- (e7)
3hcjg

For & A= 0O transitions here considered, §7— is equal to unity. Here,

Re is the electronic transition moment and

fw v, o | (28)

is the overlap integral,l5 the square of which is the Franck-Condon
factor. The electronic eigenfunctions depend slightly on the inter-
nuclear distance as a parameter, and. therefore Ré depends somewhat

on r. The Franck-Condon principle as formulated in quantum mechanics
is based on the assumption. that the variation of Re with r is slow, and
that Re may be replaced by an average value ﬁe' Then for a band the

~ total transition moment is .

VR ﬁr ¥’ ar. (29)

e A2
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For the rotational momentl6’lT for a band, it can be shown that
b | L | T
JJ 2 .
), ), ey 5=, (30)
J° MM -

where the summation is over all valué; of the‘magnétic guantum numbers
M°, M°7 for a given level v',J;L Depepdence of rotation on vibration
wbuld necessitate multiplicétion of (2J° + 1) by a constant for a
given level. For one rotational line of a band, the removal of J

dependence from the rotational eignefunctions gives

= S50y ’ - (31)

J’J’tlg

,Rrot

J
whers S;..1s the strength factor for the rotational line.
For.a fraction of a band, by considering the rotational degeneracy,

the transitlon probablllty 1s
167 L EIRMIE RV,
..a ,
A = 7 " J-_t=-b (32)
3hc” Z (23° + 1)

Ilz
vib.

For a band, v can be taken as the average v for all rotational lines
from P, @, and R branches. A simplifying assumption will be made: for

2 band v will be v -~ the zero line for the band; for a fraction of a

N

band, v will be the frequency of each rotatlonal line. \
The intensity of the entlre band with the use of the more explicit

form is
2
VA 167
em
band

¥ y ,
3 YQ T e/ QVlb rot' Rvabl» (33)

uz 2
e Il
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The intensity for a fraction of a band, by making the proper substitutions,

is
. 1@713 QU 2V e
em(J =8 tO J -b) ¢ Q Q\flbl l v‘lo ‘. E
J'= F
N T kT
ZJ SJ.I VgaJuw [ (3)—{.)
J = '

where F’ is the energy emitted in the rotational transition, J° —» J°°

In experimental measurements usually the experimental quantity
uZ(sza to J =b)

8B
of the band is compared to the intensity of a blackbody in the same

is the ratio, ; where the intensity of the fraction
wavelength region. Since the absolute intensity of a blackbody can be
calculated, the absolute intensity of the band fraction is found. To

convert this measured quantity to the theoretically important qu, the

ratio of the two intensities is taken:

J =b F
- -
3 kT
Iug L SJ,o VJI'Ja,; e
(J'=a to J"=b J’ =a ' ,
4 wh - : = 3 .4 ) (35)
band Vo Q‘rot
VgIJ,ll ° :
The ratio ~—§—~— is near unity and causes a maximum difference in ratio
, el ‘

of three pergent for the 0-0 band of the 02 Swan system. It could be
ignored but will be taken into account in the present calculations.

The intensity of emission for a band is then

W Vo Yot _ere” W 4r g (36)
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from Eq. (20). The f-value may be calculated now from the measured

’ s A
data and Eq. (24), N'= N ot

2 . .
I =a t =
poml . o L lUsatedor) (37)
27reN’z x,j |n~ll—1 3 -
o ‘o Z' 3 c . kT
. = P d
o J }ﬁ
J =g

The intensity of absorption of the band is

ub 8P ul s, L4 B fu 21 v v 2
abs 2 Io Nb % Qé “rib Q‘rot lRe l leib . l » (38)
3hc
band
and for a fraction of a band
£Zu 8 Lo o, £ & uf 2 v v2
Tops = 5 1 Nb £ e QVibee | leib
- 3hc
J.llzb F’I
L I
- kT
Z, DJthJ//J/ e (39)
J,l:

’

where F'’ is the energy absorbed in the rotational transition, J°'- J°.
In absorption, N;' is the number of molecules absorbing in the lowest

. . . . . F 2 £
vibrational level of the lower electronic state; Qe’ Qvib’ Qrot’ and
S;-. refer to the lower electronic state. The ratio of the measured

J

fractional-band intensity referred to the band intensity. is then

J”:‘D FI'
N ~ XT
Sevv e
Izu 5 2’_‘, J, |
(J 23 to J =b) - J =g (ho)
geR : y)
band Q
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From this ratio the absolute inﬁenéity of the band is found ‘and
is substituted into Eq. (19) to obtein the f value. The intensity

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

.eu yA 2 s (o]
_ iJll=a tO J: ’=b_LQrO__t _ e N szv (hl)
I’bandv - J""'b Flt - mec )
T - X7
L SJII e
J"=&

The f value in terms of absorption data with the use of N~ =

, 7 te
No Qrot is Izu ’ By
£ - 2mc (J" =a to 3" =b) . (42)
Te® N'* 4 S T
o) kT
IV Z SJtt e
J”:g

The preceding equations describe intensity absorbed or emitted
as a linear function of the number of participating atoms. For weak
absorptions or emissions these eguations will be pertinent; however,
for high concentrations of molecules absorbing or emitting, the use of

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

e"k VIN =1 - kvEN .. (43)

for absorption 1s not adequate to describe the phenomenon. Totul
absorption has been defined18 as the arca of the absorption fcature
divided by the asrea of the incident intensity in the same wave number
or cnergy Jdnterval. If the interval is expressed in angstrom units
the total absorption 1s the equivalent width. Total absorption is

thus



~1h-

T.. -k AN
AT T "f(l‘e -->dv: (bb)
o i

where Iﬂbs is the absorbed energy and IO the incident energy. 4
Experimentally, a curve of growth is obtained from a log-log plot of the

total avsorption as a function of number of molecules in the lower state,
N 18 ™
const v M/
o
King and Kingl9520 discuss the variation of equivalent width

or«AR Vs

with concentration and temperature changes. For small equivalent
width and low concentrations the theoretical curve of growth is linear,

and the eguivalent width A, is approximated by

A

2

e 2. -
AK = 5 A 10
me

SN'»'M , - (45)

whereas for the linear part and lower part of the horizontal portion

1,22

of the curve, an expansion gives
Al ¥HRL (k’N”fﬂ)e (k'IJ"f£)3 T
Aol T g [L S — - + J
280y 2 o 2:{2 3143 b Ny
(46)

The expansion term may be represented by a sum, where C = ng"fi for

k;N"fz < 3¢

A?\ {l’_ Z Cn:_lzn'l'l - ()47)
2 = n! vn

. 2
The expression for ko as King and Stockbarger e use it is given by



2 T
k; = ENQLgiéﬁgl %5 10"8 5 (48)
- me h

. 7N\
. . . P R . C
which is the usual absorption coefficient per oscillator, or koN ﬂzﬂtxj .
/
The Doppler breadth in angstrom units is

I
N 7 A
Ay - o) = o
..lf\D o (\QR( ﬂna) i (14-9)
By using Eqg. (44) through (46), the equivalent width A,

culated as a function of N'“£f. The calculation gives the linear and

may be cal-

lower Doppler portions of the curve of growth. The eqguivalent width
must be small to be in this linear region, and therefore a combination
of low vapor density and small f value is desired for experimental

19,20

measurements. King and King roint out that the main objection
to using this portion of the curve is the faintness of the lines and
conseqguent uncertainty in measuring their eguivalent widths. The
large uncertainty in thevmeasurements of equivalent widths recquires
many measures on each line. If the factors N°', £, A, T, and M are
known in this region, however, the absolute f‘§alue may be derived
from ovservations of the equivalent width. The natural-damping

portion of the curve of growth for which A, is proportiocnal to VN’ 'f

A

is senslitive to external influence such as collision broadening; the
linear portion and at moderately low pressures the Doppler portion

for which A% is proportional to N°'f are not influenced by external

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

o

curve to measure f values.
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In emission for high concentrations of emitters, self-absorption
decreases the observed intenslty and causes emitted intensityvto be
a nonlinear function of concentration. An expression for the intensity
of emission corrected for self-absorption at a single waﬁelength may
be derived as a function of concentration. Hick523 discusses such
a derivation. For a column of length £ of emitting gas of uniform
cross section and temperature, the intensity in quanta per sec per
cm2 emitted by s very thin cross section of the column is Iz = N'Ad2,
where N° is the number of molecules per cm3, A is the Einstein
coefficient for emission, and df is the element of length. If the
cross section is at a distance 2 down the column, then the lntensity
of light observed from the cross section may'be:described by the Beer-

Lambert relation
I = Io e 3 (50)

where bv 1s used for the absorption coefficient to distinguish it

from the.coefficient for pure absorption kv° The absorbed- light is

then I, == IsbvN"dz, a term which'is also equal to the rate of ab-

" sorption BN’ﬁﬁ3B1’ where df is the clement of length £ of a cylinder
and IS is the emission intensity with no seif-absorption; IBBﬁis the
Planck equation for a blackbody, Eq. (7), in units of quanta'per séc

per cme arega normal to the light per unit solid angle per unit jrequgncy
interval. Substituting for 13 in the eq&ation for Iabs and subtracting
the absdrbed energy for 13, a series expahsion is obtained for the

measured intensity I :
meas
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. (b.0°72)° (b1 "2)3
_ AN [b ) v by J (51)
= - — ~— -
meas N v 2. 3
v
he .,
- T b N £ -
A u

= %-— e 7\}:‘1 [l - e M . _le (52)

v

When N° approaches infinity, Imeas approaches the intensity of a

bléckbody IBB’ a condition that gives an upper limit to the amount
of self-absorption. For the blackbody condition, if self-absorption
is great enough to produce complete reversal, then the amount of

sbsorption is equal to the amount of emission, or 13 = IBB’ and

Te =Ty = IggP N2 =07 A & (53)
therefore, _ he
Ae. AT : _
b, = . ' (5%)
' BB '

Then substituting for bv’
’ . —ble ”ﬁ‘g

Theas = BB Ll - J ) (55)
For intensities altered by self-absorption, a correction factor QV

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

Ton bvN”ﬂ
= T TR (56)
meas v
1l -~ e .

To find the value of the correction factor QV from experimental data,
the ratio of the intensity of the feature to-the intensity of a
blackbody is required. To obtain the proper ratio, Eg. (55) is written

as
I b N°°#
meas v v N

(57)
Tpp

=R =1 -¢e
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Equation (57) expressed in logarithmic form gives
b N4 = -n(1-R), (58)

and the correction factor Q, is obtained by substitution of Eq. (57)

and (58) into Eq. (56):

-1 ‘
Y "R, In (1 -R) . (59)

The correction factor QV is useful at a single fregquency. To evaluate
the correction factor for a Doppler-broadened line, a correction factor
for the integrated intensity of the line is required, as Hick523 has
described. The averaged correctionbfactor Q is obtained by applying

QV to the intensity Iv at each frequency, and integrating over the

particular freguency interval of interest:

J g
o v

Q - (60)
J[ I dv
0 v
The relationeu between bV (the absorption coefficient at a
certain fregquency) and bo (the absorption coefficient at the peak
of the Doppler line) is ( )
V=V \ 2
- <2 N Ln?2 ——Zg;g—-—)
D
b =b_ e . (61) .

Therefore by using the relation for intensity withogﬁcself—absorption
A o NeT

I = AN"Z and the reversal condition b, = =—— R ﬁhe expression
em v IBB
for Iem becones PYIRVE
: - LQ N £n2 —A—V—g— J
;. D
o . . 62
Tpg = N # Igg o, € (62)
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Eguation (59) may be expressed as a series by expanding ﬂn(l~Rv),

=
2!
n

) v v '
G =l+g +3— + .. .. (63)

For small values of Rv’ the second and higher-order terms may be
dropped. The expressions for Iem and Q,V are substituted into

Eq. (60) and integrated over all frequencies. The blackbody intensity
IBB remains constant over the small frequency range of a rotational

line. Thus,

21\/_2 fo t (64)

ceas if I is the ares of an observed rotational
;BO meas

line with only Doppler broadening and 1

=1+

The ratio Ro is
BO is the area of a triangular
feature of blackbody intensity at the peak of the feature and of

Doppler width. The Doppler width Av, in frecguency units is

D

AV 2.2_‘_,___,..“21;\*3112_. ffT&. . (65)

D

where R is the gas constant in ergs per mole degree, AO is the peak
wavelength, T is the temperature and M is the molecular weight of the
gas. For a line which is instrumentally broadened more than the

Doppler width, the equationQu
. J )
fI Qv = I A - (66)

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

convert measured areas to Doppler areas, the eguation

I, Avy = 0.9% I av (67)
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is used. This calculated area Idév is used therefore in place of

D
I 'in the ratio R, where I  is the peak intensity of the Doppler
meas o] o]

feature. When Ro is substituted into Eq. (6k4), the correction factor
Q is obtained. Multiplication of the measured intensity by & gives

intensities corrected for self-gbsorption.
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PREVIOUS RESEARCH ON THE C, SWAN SYSTEM

A. Experimental Work

Experimental measurements of the absolute £ value have not been
reported although preliminary measurements have been made in this
laboratory. Intensity measurements in emission relative to the
0-0 band of the Swan system were made in 1932 of fiﬁe different
laboratory sources: DBunsen flame, oxy-coal gas flame, carbon arc
in hydrogen, argon discharge tube, and spark under glycerine by
Johnson and ‘I‘awde"25 They concluded from vibrational-temperature
determinations thét there was no statistical equilibrium of excited
molecules, and therefore determined the distributions by assuming
that the sum of the transition probabilities of all observed bands
from each upper vibrational state (v’) is a constant. Quantitative
light-yield measurements on lowmpreséure flames for 02 bands wexe

27

made by Gaydon and Wolfhard,26 Previous measurements of rotational
temperagture had esteblished that excitation in these flames was not
of a purely thermal mnature, and therefore variations of light yield

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

derived from light-yield measurements agree with presently-
28
¥

of 02,

known equilibrium pressures of Cg‘ Laud Patelyzg and Tawde and

0 . .
Patel3 have made a series of nmeasurements reported as relative

31

transition probabilities by Tawde and Laud~™ on different types of

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

probabilities are given in Table I.



King32 made relative intensity measurements in a carbon-resistance-
tube furnace and calculated relative transition probabilities. He
measured band-head intensities in emission for the C2 Swan system.
From the peak intensity at the head he subtracted the background
intensity to get the apparent intensity of the band. King did
emission and absorption measurements on the system; the relative
transition probébilities by both procedures were in agreement. He.
reported relative transition probabilities obtained from his emission
work. His results are in Table II.

Phillips33’3)+ also measured relative intensities of C2 Swan bands
in emission by scanning the spectra with an RCA 1P21 photomultiplier
tube, the output of which was fed into a contact-modulated ac amplifier.
Initially he measured band profiles by uéing wide slits so that
rotational structures of the bands were not resolved. He found that
even with refinements of theory and careful laboratory photometxry
there-were discrepanéies in the results. Because the agreement
between his and King's laboratory measurements was poor for certain
‘bands, Phillips measured the relative integrated intensities of
neighboring rotational lines in the spectral regions where the
bands overlapped. To investigate self-absorption he defined an
eguivalent width of an emission line analogous to that in absorption
because the intensity of an emission feature approaches blackbody
intensity as the concentration of the emitting gas increases. He
then used the theory of the curve of growth to relate equivalent
width to ﬁumber of emitters. The equivalent width was found

experimentally to vary from 0.0023 to 0.0028A, depending on the
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effective length of the emitting column. By assuming that the

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

theory, it was found that at 3OOOOK the self-absorption is negligible

for equivalent widths below 0.00k. He concluded, theréfore, that

no corrections need ve made for the effect of self-absorption. He
found fox the 1-1 band closer agreement with King's vélué, which
indicated thaf the previously-used technique of integrated-band
prpfiles may yield uncertain results for intrinsically weak features.
The‘transition probabilities relative to each leading band were con-
sidered to be much more reliable than the transition probabilities
relétive to the 0-0 band. The determinations, éompafed with the
results of his previous studies, reduced the relative transition
probability of the 1-0 band and increased that of the 0-1 vand

shown in Table II.
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B. Theoretical Work

Lyddane, Rogers, and Roach>” used atomic orvital (A0) and molecular

L3

orbital (MO).approximations to find a ratio of f values for CN and Cpe
Then the £ value of 02 was obtained from this ratio by using the
experimental f value for CN.36 The absolute f value for the 02 Swan
system was calculated to be 0.02k. Stephenson37 used linear combina-
tions of atomic-wave orbitals (LCAO) to approximate wave functions

for the molecular orbitals (cu2s) —9(0g2p), where 02s and o2p indicate
m = O in atomic notation, and g,u describe the wave function with
respect to its center as symmetrical or antisymmetrical, respectively.
He therefore assumes that the inner shells do nof participate in

the one-electron transfer, 2s — 2p, and caléulates an absolute f value
and lifetime for the Swan system of 0.029 and 1.4 x J.O-7 sec, respectively.

The complete molecular-orbital designation of the 3Hu and 3Hg

levels in C_ is as follows:.

2
3 2 2 3
T, (K)(K) (20,)% (y0,)% (m,) (x0,)
2 3 2
nd 3H KX K z0 g W X0
8 o (K)(K) (20,)% (yo,) (wm,)? (xo))
. . 1 38 : 39
The molecular-orbital notation of Mulliken”  and discussed by Coulson
is given:
Full notation Abbreviated notation
ols K ]
o¥1ls K
02s Ao}
o%2s yo
o2p X0
'rry2p
7TZ2p v

(continued next
page)



-25-

(continued from page 2k4.)

Full notation , Abbreviated notation

Ty | o
o¥2p uo

The ¢ and o* orbitals are bonding and antibonding orbitals filled with
two electrohs whereas 7 and 7¥ refer to bonding and antibonding orbitals
filled with four electrons.

The adventage of Mulliken's notation is that it may be made to
apply to heteronuclear molecules. The notation zo means that the
lowest molecular orbital of the o type will normally be compounded,
but not completely, of 2s atomic orbitals.

Lo,41,k2

Shull used LCAO's for molecular orbitals, assumed that

orbitals not directly involyed were unaffected by the transition, and
thereby reduced the transition to a one-clectron problem, (you) —>(xog)o
His method of approach is thus analogous o Stephenson's.

Shulluo first calculated the f value for the Swan transition with
the use of the dipole-length method and used the conventional
transition-moment integral,

RV ANCERE ALY (68)

where the sum is over the i electrons for the radial z component, and
e
reported for the f value, 0.13. Later_Schullul’ 2 used the dipole-

velocity method and the integral
/ 3
= — ) 7
Q, —wah ( }:aZi>n% ar , (69)
' . i '

where the gradient of the radial z component is used in the integral.
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His atomic functions which make up the linear combination were
either Slater functions or self-consis aﬂt field fﬁnctions fitted
by exponentials of Slater form. For the dipole-length calculation
he calculated the f value as a fuﬁwu¢on of atomic-orbitsl form and
as a function of hybridization of 23 and cep orbitals. The
oscillator strengths were foupi to bé iﬁsensitive to the forms used
for atomic ortitals but relatively sensitive to hybridizetion in
the region of low hybridization.

+

From the dipole-velocity calculations Shull concluded that

the degree of h cridiz‘tlon was higher then his previous estimate

<,

-

of 8 to 17 % hybridization for an T velue of 0.13. He found that

W

-

the value of T dropped when he used orthogonal Slater 2s functions.

A change of Z(b fective stomic number) had a large effect on the
scillator strength as a function of hybridizstion. He reports a

vest-average T value of 0.18 obtained from the respeétive inter-

sections of ‘the dipole-velocity and d1nole~length curves for the

limiting pairs Z . = 3.90, 3.90; zyc‘ = 3.25, 2.60. His calculation
g u

indicated the presence of akout 25% hyb ridization

k3

Coulson and Lester's calculdtion of the square of the transition

moment for C2 included the effect of both hybridization and orthogonaliza-
tion on the wave functibns. They coﬁclude tﬁat orthogenalizetion

seems somewhat less important for F-value calculations than for
_calculations in energy. They used Z = 3.08 and for their simplest
calcglation used no:orthogonalization. In the second approximation

they used orthogonal atomic-wave functions; for the third

approximation they orthogonalized their moleculer orbitals. Finally
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5

they used the best hybrids of s and p and included orthogonalization.
TIncluding hybridization increased the oscillator strength by a factor
of the order of ten, and they estimate for the oscillator strength
for the Swan ;ystem 0.24. They point out that Shull who omitted
orthogonalization and Stephenson who omitted orthogonalizatioh and
hybridizatiqn found 0.13 and 0.029, respectively. Coulson and Lester
conclude that if configuration interaction is neglected, except when
included implicitly in the use of hybrid orbitals, then reasonsble
oscillator étrengths are not obtained unless hybridization and -
orthogonalization are included.

Oscillator strengths for nine electronic transitibhs among the

A e L
low-lying excited states of C_. have been calculated by Clementi.

2
He used the dipole-moment-operator method aﬁd Slatér-type fﬁhctions with
Z = 3.25. To calculate thse amnuht of hybridization,'he usedtMulliken's
senil~empirical metho 45 for estimating a constant-core energy (the
contritution to the total energy due to core elecirons and~nuclei).
To the core eneréy is added the energy of the valence electrons to
give the total energy Clementi found 1.0% hybridization of the 20u
orbital and approximates the other Swan transition orbital, 3og, to be
the same.

Clementi reports an f value of 0.0485 for the Swan system, &
value comparable to that of Lyddane, Rogers, and Roach (0.024) and
of Stephenson (0.029). Shull's calculation for the Swan system of
£ = 0.13 or 0.18 and Coulson's value of 0.24 are somewhat higher.

Only a reliable experimental value can resolve these differences.

Table II summarizes these theoretical sbsolute f values.
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Pillowu6’u7 has calculated relative transition probabilities for
Swan bands. She used three different forms of graphical "distortions"
of harmonic-oscillator wave functions to fit a Mor’sel1L8 potential, the

20 has

basic technique proposed by Gaydon and Pearse.hg‘ Ta-You Wu
pointéd out that this method is good only for low vibrational states
because for the higher states of an anharminic oscillator the wave

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

oL - Kramers52 -

potential function and the application of the Wentzel
Brillouin’> (WKB) method of solution of the Schroedinger equation to
find vibrational wave functions of an anharmonic oscillator. Solutions
are Bessel functions. Wyllersu applied this technique with the use of
the Hulburt—Hirschfelder55’56 potential, which he considered more
accurate than the Morse function, to vibrational bands of the Swan
system of 02’ and obtained relative transition probabilities. His

wave functions when properly normalizéd decreaséd his values of relative
transition probabilities from 1 to 10 %. He points out that Pillow's
calculations are closer to the experimental values of King, whereas the
WKB values are closer to the experimentél values of Johnson and Tawde.
Table IV lists calculated relative transition probabilities for Pillow
and Wyller.

57

solved the wave equation for the harmonic oscillator

58

Hutchisson
and obtained wave functions aé Hermite polynomials. Wurm” used
Hutchisson's integrals as a first approximation to calculate relative
transition probabilities for Swan bands. McKellar and Buscombe59
byrusing improved molecular constants and Hutchisson's integrals

obtained values different from those of Wurm. The difference between
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the equilibrium atomic separations for the two electronic states,
Are, is an important value for Hutchisson's method as well as for
Morse's function. Wyller showed that changes of Ame produce less
of a deviation with the Hulburt-Hirschfelder method. Tawde and Pateléo
who also used the Hutchisson method found values they reported to
be different from those of McKellar and Buscombe. However, on re-
checking the calculations in both reports, McKellar and Tawde6l
later state that their differences are not large and are accounted
for by the different Ar 's, 0.046, and 0.047A they used. They point
out that the two calculatiohs illustrate the considerable sensitivity
of the calculated relative transition probabilities to Ameu These
probabilities are given in Tables IV and V.

Tawde and LaudBl calculated relative transition probabilities

46, b7

given in Table V independently of Pillow by using the same

"@istortion” technique Pillow used in 1951. Their values agree with
those of Pillow. They also found that values calculated with
Hutchisson's integral are in better agreement with experimental

data than those of the distortion technique. Tawde and Laud think that
the anharmonicity introduced by the distortion makes the comparison
vetween theory and experiment worse. The magnitude of the shift in

the right direction is too much exaggerated. However, Pillow's

1953 calculation with the use of the same anharmonic approach for
getting wave equations agrees with King's data, as well as does

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

normalized within a given vibrational seguency, &V = constant, so

that the sum of the sequence is unity or
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Z »[f%b‘v, drv,, er2= 1 (70)
v;t . ' .

because the electronic transition momenﬁ is assumed to ve constant.
Tawde and Rajéswari62 have made calculations comparing Hutchisson's

method; a simple harmonic-oscillator approximation by using tables

prepared by Bates;63 2 modified harmonic-oscillator method by

applying first-order perturbation theory to find the anharmonicity

correction to the wave functions; énd the Morse approximation by

using numerical intergration, as was used by Pillow and Tawde and

Laud. The four methods give results which are in close agreement.
Fraser, Jarmain, and Nicholls6lL report arrays of overlap

integrals for the C_. Swan system shown in Table V. The vibrational

2
wave functions were calculated by using two Morse potentials and one
suitably-adjusted parameter. One potential is displaced from the
other at ecuilibrium position. Solution of the Schroedinger wave
equation gives vibrational wave functions. An improvement termed
the "re shift" requires a systematic displacement of wave functions
to compensate for one of the distortions introduced by the approxima-
tion.
. 65 g .- s

Wicholls ~ evaluates the var}atlon of the electronic-transition

moment Re(r) as a functicn of r, by using King's experimental data

for the integrated-band intensity for the C, Swan system. He reports

2

smoothed arrays of relative transition probabilities. For the in-
tegrated intensity he uses

i
Ivivlﬁ = KN:vyEvlvllpvlvfa 3 (71)
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where K is a constant that allows for units and geometry. NQ, is
the number of molecules in the upper state. Evpv" is the vibra-

tional transition provbability for the band, defined by
P2 27 = R (E“. ’ :y)' w f?{'f‘ mdrlz (72)
vy e VWV vy )

From the measured integrated intensity and NV,, the pv,vp,’s for
C, Swan bands were found. From the expression for R, 7 Ba. (72),
the overlap integral\/h¢b‘w¥a, dr was calculated by using the

Morse potential to obtain vibrational wave functions. Thus Re(?)

could be found. The ¥ centroid

J Y. r¥,.. dr

T = —
L/“ waf w¥yﬂ dr

was also calculated, and a plot of Re(?) as a function of ¥ gave
o}
a constant straight line over a significant range of r, 1.17TA <

(73)

< 1.62K. Nicholls concluded that since Re(¥) is a constant for

the C2 Swan system, then the Franck-Condon factors are a relatively
religble measure of the vibrational transition probability. He
gives as the r variation, Re(F) = constant (1 + 0.056 r). Develop-
ment of the method is reviewed by Nicholls.66 Jarmain67’68’69 has
calculated, by computer, values of the Klein-Dunham potential-
energy functions for several diatomic molecules including 02 and
CN, and compared the potential-energy to those obtained by using

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

good agreement with experimental data. He plans to use the
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tabulated "true' potential-energy functions in the Schroedinger
equation to find more-accurate vibrational wave functions.
Accurate wave equations would be useful in any theoretical
calculation of coscillator strengths.

Two other groups, Singh and Jain70 and Read and Vanderslice7l
have constructed true potential-energy curves for C2, both
using the Rydberg-Klein-Rees potential. Read and Vanderslice
point out that their curves are in very good agreement with
Jarmain's. All three computations give improved results com-
pared to the Morse potential.

7

Coulson e has pointed out that guantum-mechanical theoretical
calculations give reasonable estimates without too much trouble.
He states further that the valence-bond and molecular-orbital
methods are approximations by which a gualitative understanding
of the bonding phenomena may be attained. Theoretical studies
of C2 have been valuablg in eétablishing the important variables
of the oscillator strength, the electronic transition moment, and
the overlap intergral. To appreciate the useful subtleties of

the proposed theories, however, a reliable experimental f value

is needed for comparison.



Table I. Experimental relative transition probabilities of the Swan bands.

viv'lo A . Johnson & Tawde Tawde & Patel
' mean of five nean of five
 measurements sets
@ 1932 o 1931
2,0 hz83z 0.0k 0.11
3,1 hayy | 0.09 L
L o =iy 0.17 L
1,0 4737 - o.uk 0.57
2,1 4715 0.56 _ 0.61
3,2 Weor 0.59 —
4,3 4681 0.66 L
5,k LeT3 10-85 —
0,0 5165 1.00 1.00
1,1 5129 - 0.42 _ 0.46
2,2 5097 0.12 _ 0.21
3,3 5070 0.05 L
0,1 5635 0.4 0.46
1,2 5585 0.k2 0.39
2,3 5540 0.4k 0.43
3,b 5501 0.45 L
L5 0.33 L
0,2 6191 0.32 0.18.
1,3 6122 0.49 0.20

2,4 6059 , 0.63 | 0.26




Table I. continued: Experimental relative transition probabilities
' of the Swan bands. '

vy’ A Patel Tawde & Laud

mean of mean of
0 -four sets four sets
(A) - 19L7 1951

2,'0 4382 0.09 ' 0.0k~
3,1 k371 —_— —_—
L2 4365 L .
1,0 L7337 0.65 0.38
2,1 L1715 0.65 0.55
3,2 Leg7 - —_—
4,3 L3k L L
S5,k L673 - —_—
0,0 5165 1.00 1.00
1,1 5129 ' 0.43 0.48
2,2 5097  o.22 | 0.20
3,3 5070 - -
0,1 5635 0.59 0.35
1,2 5585 0.48 0.43

2,3 5540 0.43 0.46 " |
3,40 5501 | . -
k,5- _ _
0,2 | 6191 0.24 0.10
1,3 6122 ' 0.28 | 0.16

2,k4 éo59 .48 0.19
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Table II. Experimental relative transition probabilities of the Swan bvands.

vy N ) King Phillips

' o King furpace ] King furnace
—_— () 98 ook 1957
2,0 4382 0.0k L _
3,1 k371 0.111 . .
L,2 4365 0.252 . o
1,0 4737 0.358 0.362 0.298
2,1 4715 0.525 0.51 0.407
3,2 Le9T 0;718 0.76 L
4,3 168L 0.952 . L
5,4 u673 1.56 L _
0,0 5165 1.000 1,000 1.000
1,1 5129 0.520 0.64 0.470
2,2 5097 0.256 . L
3,3 5070 _.__ _— —_—
0,1 5635 0.244 0.263 0.413
1,2 5585 0.470 0.37 0.529
2,3 5540 | 0.497 . .
3,k © 5501 0.802 _ —_—
k,5
0,2 6191 0.043 L —
1,3 6122 0.123 L L

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

Lyddane, Rogers, and Roach

Stephenson
" Shull
Shull
Coulson and Lester

Clementi

0.02h4
0.029
0.13
0.18

0.2h4

0.0485
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Table IV, -Théorétical relative transition probabilities of the Swan bands.

vy’ A McKellar & Buscombe | Pillow
o Hutchisson

o) integral

(a) 1949 1951 1951
2,0 4382 0.067 0.05 0.03
3,1 4371 0.149 0.20 0.10
4,2 4365 0.215 L 0.17
1,0 , k737 0.324 0.46 0.30
2,1 L7115 | 0.k22 0.65 0.49
3,2 L6o7 0.392 0.67 0.57
L,3 Lok 0.33k4 . 0.60
5,k 4673 __
0,0 5165 1.000 1.00 1.00
1,1 5129 0.436 0.48 0.49
2,2 5097 0.1Lk 0.23 0.23
3,3 5070 0.022 0.13 0.10
0,1 5635 0.354 0.15 0.26
1,2 | 5585 0.511 0.18 0.36
2,3 | 5540 | 0.54k 0.17 0.32
3,4 5501 0.498 S 0.24 0.29
4,5 —_ —_— —_—
0,2 6191 0.048 6.36 0.06
1,3 6122 0.121 0.07 0.1k

2,4 6059 0.203 0.10 0.23




Table IV. continued:
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Theoretical relative transition probabilities
of the Swan bands.

2,0
,3’1
L,2
1,0
2,1
3,2
4,3
5,4

0,0
1,1

3,3

0,2
1,3

2,4

&)

14382
4371
4365
h737
L7315
k697
L68L
k673

5165
5129
5097

5070

5635

5501

6191
6122

6059

Pillow

1953
0.
0.

0.

ok

11

19

.32
b9
-59
.65

.00

.51
2k

.10

31

.38
.29
.27

.05

.13

.21

WKB WKB

0.030 0.029
0.115 0.111
0;212 0.200
0.345 0.336
0.560 0.528
0.622 0.565
6.631 0.546
1.000 1.000
0.473 0.453
0.17h 0.160
0.026 0.023
0.313 0.310
0.448 0.h21
o.uls,. 0.376
0.315 0.275
0.060 0.059
0.152 0.146
0.227 0.214
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Table V. Theoretical relative transition probabilities of the Swan bvands.

viv’’ A Tawde and Laud Fraser, Jarmain,
Hutchisson 014 and Nicholls
integral distortion

2,0 4382 0.05 0.05 0.033
3,1 L3711 - . 0.082
k2 4365 . L 0.133
1,0 4737 0.32 0.46 0.324
2,1 k715 0.41 0.65 0.487
32 4697 | - - 0.554
4,3 L6BL L L | 0.58L
5,4 Le73 - —_ _
0,0 5165 | 1.00 1.00 1.000
1,1 5129 0.45 0.48 0.496
2,2 5097 0.16 0.23 0.222
3,3 5070 L . 0.078
0,1 5635 0.33 0.15 0.289
1,2 5585 0.49 0.18 0.383
2,3 5540 0.53 0.17 0.383
3,k 5501 _ - 0.360
4,5 - —_— —_—
0,2 6191 0.0k 0.36 0.057
1,3 6122 0.11 0.07 0.120

2,4 6059 . 0.19 0.10 0.170
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EXPERIMENTAL EGQUIPMENT

A. Furnace Description

A King-type graphite-resistance-tube furnace designed by W. M.
Browér, which hasAbeen described ty Brewer, Giiles, and Jenkins,73
was used as a source for 02 . Pover was obtained Ey passing
Lho-v, 90-A, 60-cycle line power through 6-kW and 100-kW transformers,
lgiving voltages at the furnace of O to 15 or O to 30 V and up to
2000 A, depending on the resistance of the graphite. Two 7.5-kW power-
stats wired in parallel gave a fine control on the curfent. A re-
versing switch in the circuit_conneéted in parallel to the 6-kW
transformer provided for the reduction or increase of the current
output at the furnace. The 110-line voltage could be used thfough
the same circuit for much-lower temperatures and thus gave a total
range of accessible températures of 6OQOC to 3OOO°C° The maximum
temperature depended on the thickness and diameter of the ‘graphite
tube. Small-diameter tubes with thick tube walls made possible
higher attainable temperatu:es before the tube burned out. The
current was introduced from the circuit through the graphite tube
by coppér bus bars fitted tightly around copper blocks at either end of
the furnace. Oﬁé end of the inner copper-furnace spool support was
grounded; the other was at the circuit potential. The graphite tube
completed the circuit.

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

five layers of concentric cylindrical graphite radiation shields was

supported by a metal structure. The spool was insulated from the
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grounded outer tank by quartz rods that fastened one end of the
spool into the disk cavity in one of the copper blocks. On the
other end teflon was used to insulate the inner metal support
from the outer chamber. Water through copper tubes cooled the
inside metal support, the outer tank, and the windows. The cooling tubes
were insulated from the ground potential of the water pipe by
rubber connections. Difficulty was encountered with sudden increases
in water pressure which split the heavy (1/4 in.-wall) rubber tubing
until the inlet liﬁes were wrabped along their entire length with
friction tape.

The furnace could be evacuated with a forepump to less than
100 H, as read on a Hastings thermocouple gage. At the ungrounded
end of the furnace, a rubber o ring compressed by a threaded bakelite
fitting agaigst a bakelite ring on the inner copper support gave the
insulated vacuum seal. At higher temperatures the rubber o ring
hardened, and vacuum was lost. The bakelite fitting became smaller
under the heat and would bind on the threads. C. D. Grandt of the
physics machine shop designed a brass fitting with sticky teflon on
the outer edge. The l/8«in. space vetween the grounded furnace chamber
and the teflon was sufficient insulation for the 15 to 20 V used in the
furnace. The brass fitting gave a good vacuum-tight compression
against a silicone rubber o ring, which did not harden except at
the highest temperatures used with C2, Valves provided for intro-
duction of gases into the furnace; gas pressures were measured on
a ménometer. Quartz windows at either end of the furnace tube
- made possible the focusing of the hot zone on the spéctrograph slit

from one end, and the reading of the temperature with a Leeds and
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Horthrup optical pyrometer at the other end. The temperature was
read either on a TaC_plug at the center of the graphite tube or on
the hottest part of the tube wall.

The removable windows described by Engelkerﬂ‘L provided for removal
and introduction of the graphite tube, which is supported by two
conical split grephite bushings that mske connection with the copper
tlocks at either end. The tubes similar to those described by Hick523
and Krikorian75 had a l/é-dn. bore drilied uniformly thrdugh the
length of the tube. A 6-in. heating zone in the center of the tube
was machined with a tapering outside diameter from 0.865 in. at the
center to 0.750 in. at the constrictions or points of minimum cross
section, which are located 3—;/& in. from either end. The outside
diameter of these 3-;/& in. sections was 05877 in. The use of the
tapered tuves counteracted the flow of heat out of the open ends of
the heating zone by increasing the power output of the walls in these
regions. TFigure 8 gives a sketch of the tube.

To further define the hot zone, 1/4-in.-i.d., 1/2 in.-long
baffles were placed at each end of the tapered region. The baffles
also were used to reduce the amount of wall radiation reaching the
spectrograph and to minimize diffusion of the gaseous species from
the hot zone.

Focusing the King furnace on the 3-m concave-grating spectrograph
was complicated by the presence of horizontal striations of the
photogi"aphic plates when the plates were exposed to continuous radiation

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

to be expected from the astigmatism of the concave grating. In this .
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case the image is more intense through an equatorial horizontal
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plane, and the intensity decreases on either side. Sawyerr points
out that the astigmatism makes it impossible to photograph, for
comparison, two spectra in Juxtaposition by illuminating one portion
of the slit with one light source and an adjacent portion with
another.

In addition to the presence of astigmatism there vwere present
intense- striations alternating with weak-intensity striations. The
slit was carefully examined and did not seem to be the source of the
- effect because the position on the plate and number of striations
varied as the furnace disténce from the slit, or the stops between
the furnace and the slit were varied. Also the diameter cf the
tube, the presence of Ttaffies in the tuve, and the diameter of these
vaffles caused the striations to appear differently. The striations
were eliminated by removing wall light and focusing a well-collimated
beam onto the slit. The optics are given in Fig. 8, p. 64. Striations
caused by the slit appeared when a very small slit (approx. 10 B

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

intensity and gave striations when larger slits were used.
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APPARATUS

B. Optical Pyrometer Calibration

Introduction

A disappearing-filament optical pyrometer is used for measuring
the temperature of a TaC blackbody plug inside the King furnace.
Planck's law with the two radiation constants ¢y and s and
the use of monochromatic radiation relates the 1948 International
Temperature Scale to the thermodynamic scale. As feference point
the freezing point of gold (adopted as 1063.00°C on the 1948
International Temperature Scale) is used. Lovejoy77 reviews the
standard deviation obtainable with a standard optical pyrometer and
shows from extrapolated calibration data on tungsten lamps that it
is 2°C at 2200°C and 4°C at 2800°C. He estimates that the standard
deviation obtainable with a nonstandard pyrometer would be twice
that of the standard type. The accuracy of the 1948 scale reguires
correcting by 1.700 at the gold point, according to the recent
determination of 133602°K as the freezing point of gold by Moser, Otto,
and Thomaso78

Improvement in the wvalue of ¢, reported by DuMond and Cohen79

2
as 1.4388L cm deg gives a correction of 0° at the gold point and
—50 at hOOOOCn Current measurements then indicate the 1948 scale is

low by 59C at 2200°C and 6,5°C at 2800°C according to Love joy.

Method of calibration

To put the measured temperatures on a reproducible scale, the

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

U.S5. National Bureau of Standards. A tungsten lamp originally
calibrated by General Electric Co. with a vertical filament of 2 by

50 mm was viewed Jjust below a notched point by the two pyrometers

set at 12.50 off the normal to the filament, to minimize reflections
from’the glass envelope of the lamp8o, and to make possible the sight-
ing of the filament with both pyrometers. Interchanging the pyrometers
had no effect on the observed temperature. The lamp was operated
from six 6-V storage batteries wired in parallel to deliver 12 V.
During operation the batteries were charged at a current ratevjust
below the current in the lamp circuit to minimize drain on the
batteries. The current in the circuit was obtained by reading the
voltage with a potentiometer across a standard 0.01-Q resistor. The
temperature of the lamp could be varied by changing the number of
resistors in series in a resistor box. Figure 1 illustrates the
procedure.

For célibrations with the use of a blackbody plug in the King
furnace, the pyrometers alternately were sighted into the furnace
tube at the same end at a distance of approximately 90 cm from the
plug. Care was taken to mount each pyrometer telescope in a
reproducible way. The arrangement is shown in Fig. 2.

Treatment of data

The lémp was calibrated in the temperature range 1200 to l?OOOC
because the high and extra-high scales of the pyrometer are useful
ones for current work. Three individuals took temperatures readings

for the March 1962 calibration. These calibrations are coﬁpared with
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with tungsten lamp, :
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Fig. 2. Schematic diagram for calibration of optical: pyrometer
with King furnace,



measurements taken by one person in October 1961. Results are
shown in Fig. 3. The differences vetween the calibration of the No.
2 pyrometer and the standardized pyrometer are found and averaged.
For temperatures between 1200 and 1660°C the No. 2 pyrometer reads
high by 1L to 16°C on the high scale. On the extra-high scale the
pyrometer is high by 24 to 33°C. The No. 2 pyrometer printed scale
is tvased on the 1927 International Scale whereas the standard cne is
based on the 19h8 scale; this accounts for a high reading of 1 to SOC
for the range 1200 to 180000, and 8 to l3OC for 2200 to 260000.8l
The temperatures observed as a function of lamp current fbr the No. 2
pyrometer are also plotted in Fig. 3. The two calibrations are
comparsble except for a parallel displacement of the October 1961 data
because of improper zeroing of the potentiometer. Previous calibra-
tions of the lamp, including éhe'General Electric calibration of
1946, and two calibrations in the Berkelej laboratory of March’l956 and
May 1957 are included to show consistency of the calibration with
respect to the lamp. The lamp calibration is used as an internal
check only. The No. 2 pyromester is compared directly with the pyro-
meter calibrated by the National Bureau of Standards in Washington.
The blackbody calibrations on the King furnace were made for
the temperature fange 1700 to 23500 by three observers over a period
of three days. The temperatures within a day are consistent without
appreciagble variation between observers. Over the three days it
was found that the average deviation was approximately 10° for 1700
to 235000. The observed temperatufes as a function of current in the

primary transformer circuit for the furnace are shown in Fig. L.
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Fig.3. Calibration of No, 2 pyrometer with 86-P-36 G, E, tungsten
lamp:
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and A May 1957 calibration; 0 No. 2, H scale,
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Fig, 4, Calibration of No, 2 pyrometer with King furnace for xH scale:

-..- A Standard March 19, 1962,

e~V No, 2 March 19, 1962;
--- O Standard March 20, 1962,
~-- [0 No. 2 March 20, 1962;
—— @ Standard March 21, 1962,

——@® No. 2 March 21, 1962,
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The resistance of the graphite tube changes as it is heated, and
therefore the curves are displaced. However, the difference
between the No. 2 and standard-pyrometer temperature readings is the
value of interest. The corrections obtained from Fig. 3 and 4 are
plotlted in Fig. 5 against the temperature reading of the standard
pyrometer.

To check the consistency of the calibration, the transmission
of the filter, introduced in the optical-pyrometer optics when the

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

7 1 : -7 L = Transmission (74)
H scale xH scale

at constant-pyromter lemp current. Corrections to the No. 2 pyro-
meter scale were made by averaging the calibration corrections
shovn in Fig. 5, plotting these in Fig. 6, and interpolating
between points. The first four points are extrapolated values for
the high scale and measured values of the lamp and furnace for the
extra-high scale; however, these values seem particulerly inconsistenﬁ.
The consistency of the two curves for the measured points indicated
that the averaged corrections are reasonalbe.

For calculations involving temperature a correction of MOOC
will be subtracted from the No. 2-pyrometer reading in the range
of interest 2200 to 260000, to bring it in line with the standard
and thus put the laboratory reading on the 1948 International
Temperature Scale. From the furnace calibrations an accuracy of
ilOoC may be assigned to the temperature. The error is partly due

to the continually increasing temperature of the King furnace.
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Fig. 5. Temperature differences between No. 2 and standard
pyrometers,



-52a-

0.1760 T T T [ I I | I |
01750 —
* g
e 0.1740}- W _
/7 \ No. 2 pyrometer
» / \
P n
T / \ VA
T 04730 I A \ -
-+ \ /
\\ /
|
- 0.1720
—I'— ’U = =0~
/ ~o7 Standard pyrometer
O0.1710— ¢ -
/
o
0.1700 ] | | | ] | | | |
1500 1700 1900 2100 2300 2500
Temperature (°C) (x Hscale)

MU-30274

Fig, 6. Transmission of standard and No, 2 pyrometers by
comparing H and xH scales.
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A value of SOC should be added to the corrected optical-pyrometer
reading in the'range 2200 to 260000 to put the 1948 International
Scale on the current thermodynamic scale. Unless indicated,

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

A 3-m concave-grating spectrograph with Eagle mount was
used in second order. The 3-in. by.S—in. grating with 15,000 lines
per in. geve a plate factor of 2.”6K per mm. With a slit opening
of 10 to 20 M the lines of the General Electric G18T6 mercury
germicidal lamp were broadened from theoretical widﬁh of 0,0072
given by Worden82 to a width on the 3-m~grating spectrograph of
0.252 to O.SOX. To calculate the astigmatic broadening, the

76 83

relation given by Sawyer =~ and by Beutler,

’

72" = 24 sin2 a - 2 (75)

was used for the Eagle mount, where & (the angle of incidence to
the gratiﬂg) is equal to B (the angle of diffraction). Let z e
the height of a source at the slit and £ be the length of the
grooves of the grating, then z is the length of the images formed‘
by a point light source at the slit.

For the experimental values

£

#

76.2 mn,

a = 16%477,

]

and 2z = 0.1 mm;

then z° is 12.59 mm high. The point sourcé is brosdened to 12.69 mm
at the.plate. This astigmatic broadening is larger by an order

of magnitude than broadening from coma, curvature, and aberrstion.
The astigmatic broadening may be measured experimentally by

placing a horizontal slit at the Sirk's position s for horizontal
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focus, as given by Beutler:

s =R ( L -~ CcOoS O ) , (76)

cos ¢ - sin ¢« tan &

where R (of 300 cm) is the radius of the concave grating and q is
16°h7', the angle of incidence and diffraction of the éource to
the Eagle mounted grating. Then the Sirk's focus is located at
57.5 cm from the slit. To get a true measure of the astigmatic
broadening, care must be taken that the grating length be filled
with light from the source at the horizontal focus. (Krikorian75
by using a O.l-mm-slit opening measured an image O.6-mm high
for z° in first order. He concluded that 0.5 mm should be
subtracted from his lines to correct for broadening. For the
present experiments on 02 there is Jjustification then for using
the measured half-widths of the narrow mercury-lamp lines and of the
atomic-impurity lines in the.furnace as instrumentally-broadened
Doppler-shaped lines. Krikorian showed with interferometer
experiments that Zr lines in the furnace were Doppler-shaped.
Geometrical optics of the King furnace and 3-m grating are
discﬁssed in Appendix A.

To focus the spectrograph the spectral region was selected
by changing the angle of the grating to the proper region, as
determined from a light source with lines in the proper region.
It was possible to use the h35§% mercury line for the C&
experiments. The line was examined visually in the plate position
through an 0ld developed photographic plate which had been

scratched with a file to make the spectra partially visible.



A Bausch and Lomb eyepiece with a magnification of seven was
used. The nominal plate tilt was fixed before this exemination,
at an angle nesr the exact angle of the grating. The best focus
as determined by eye was then found by moving the grating and its
marker along a meter stick toward or away from the photographic
plate until the line was most narrow and equally intense along
its length. Then the slit was moved in toward the grating or
out to further refine the focus. Sometimes, then, the grating
distance had to be readjusted. A photographic plate was then
exposed for a series of grating-scale seittings about 0.05 cm
apart until the vest grating-scale focus was determined. The
s1lit was rotated to make it parallel to the grating lines. For
this process it was most convenient to scan the iines. The
rotation of the slit was not reproducible; and possibly some of

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



D. Photographic Plates

Kodak photographic plates, lO3a—F and IIa-F for 02 were used.
Plates were removed from the refrigerator and allowed to come to room
- temperature before opening, to prevent moisture from forming on the
emulsion. Exposﬁre times of 3 sec to 18 min_were used. Egual time
of exposure for the spectra and calibrated-step weakenef was used.
Calibrations were made by using a Gegeral Electric tungsten lamp
connected to lead storage batterieé, Platés were developed within
30 min to 1 h after the last exposﬁre, in Kodak D-19 developer for
4 min for 103a plates and in Kodak D-76 developer for 15 min for IIa
plates. During development the plates were lightly brushed with
cotton to minimize the Everhard effect. The plates were then rinsed
for 30 sec and placed in Kodak Rapid Fixe: for 5 min. The temperature
of solutions was approximately 20°C. Then the plates wére rinsed for
30 min to 1 h in running water. Plates were removed from rinse,
wiped with chamois cloth, and d:ied for at least 12 h aﬁ room
temperature away from drafts before scamning. The IIa plates were
found to:give a linear relation between exposure time and intensity,

and had smeller-grain size than the 103a plates. They were two to

three times slower.
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E. Instrumentation

The equipment used for scanning the spectra consisted of a
Cary Model 31, Serial 1074 vibrating-reed eleétrometer with a
9-position-selector range bf 1 mV to 30 v, avLeeds énd Noxrthrup
0 to 10 mv recorder,.a 2-kV, 12-mA regulated dc'power supply from
the Lawrence Radiation Labofatory for the 1P21 photomultipliex
tube,.a General Electric synchronous scanninglhdtbr,band sets
of gears which could be interchanged to vary the scanning speed.
The scanning system has been described by Phillips.Bu |

85

The electrometer can measure currents that originate in

a high impedance (10! Q or higher) source as small as 1.0 x 10 -/A.
The.detection of current is accomplished ﬁy ﬁeasuiing;the potential
difference across a high-value-input resisfor. A Viétoreen 108-9
resistor in a metal hol@er was used. The vibrating reed refers to
the input-signal modulator, which is a special caﬁacitor consist-
ing of one stationary and one vibraﬁing plate. Thé latter, called
the reed, is moved thfough a predetermined distancé by an electro-
magnet at a coﬁstant frequency,.to create a cyclically varying
capacitor.

The input signal across the lO?-Q resistorigoes'to the
preamplifier which is a dc céupled amplifier'with dc feedback to
the screen grid of one of the two matched tubes for bias control.
A band width of aobut 70 cps is provided. From the reed in the
. preamplifier tﬁe signal, modulated at 450 cps, is amplified and

rectified in the amplifier and fed into the recorder. With an
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input resistor the amplifier has a time constant of 0.0l and
noise of 2 x 10~ A. Drift is less than 0.00k mV/sec. If
care is taken to use matched tubes for replacements, the amplifie

is stable and is a reliable component.

The power supply had a stability of C.0% to 0.1% at 900 to 1000V

which proved to be sufficient because interchanging with a more-
stable supply (0.01%) gave no change in stability of the systen.
For the small signals from the C2 rotational lines,
difficulty from noise in the 1P21 photomultiplier tube and base
interfered with measurement. The approximately 60-cycle noise
was found to be due to corona discharge at the base of the plug
when high voltages of 900 to LOOOV were applied. Potting the
resistor-divider string in silicone rubtber compounds proved
of no value. It was suggested by Dr. Beal Meyer of our research
group to pot the base in epoxy resin. The potting technique
developed was to use a mold around the base of resistors,
pour in the epoxy, and allow to harden without the use of
vacuunm to remove alr bubbles. The pin holes of the tube plug
and mold were coated with silicone grease to prevent edherence.
The epoxy that did harden in the pin holes was drilled out.

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

problems ware uhdt the heat evolved from the resin during

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

signal leads which are side by side on the tube base. They
became partially shorted and high voltage appeared on the

signal. If the resistors and pin leads were not fully immersed
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in the vresin, the noise remained. However, it was possible to
make two tube bases that were satisfactory. The base wiring
is shown in Fig. 7.

Resistors were 1/L-W, 1-MQ evaporated metal film. The
first tube base was used with a 1P2L tube to scan the emission
spectra, which was used for the T value determination. Cool-
ing the tube and base with dry Ice eliminated noise that
sometimes appeared. Unfortunately, cooling caused the epoxy
to crack, and the high-voltage and signal wires became shorted.
Another base was made and used with the 1P21 tube and narrow-
bvand pass (lOOK) interference filters to monitor the temperature
of the King furnace by measuring the intensity of the heads of
02 at 51652 and of CHN at 38832. If the intensity of the feature
of interest did not change on the monitor during photographic
measurcment, then it could be concluded that the temperature
of the furnace remained constant. With this second base thers
was no noise or dark current on the tube at 900 V. When on
foggy days noise did appear owing to base leakage of the tube,

a drying agent in the bvase shield box eliminated the noise on
all scales of the amplifier, 1 mV to 30 V, corresponding to
current of less than 1 x lO-ll A on the 1l-mV scale used for
scanning the rotational spectra. To prevent leakage of the
high voltage to the signal the base plug wac split with a saw
between the signal and high voltage pins.

Because of the difficulty in making a base without shorting

the signal, it is apparent that the 1P21 photomultiplier tube

'
\
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Fig, 7. Wiring for photomultiplier tube base (1-MQ resistors),
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would be more useful if the signal pin were put on top of the tube

away Irom the high-voltage-supply circuit at the base.



EXPERIMENTAL PROCEDURE

The absolute intensity of the 0-O Swan band (BHu - 5Hg) of C, at
51652 was measured in emission and absorption. In emission both the
peak intensity of the head and the.integrated: intensities of rotational
lines Ké = 43 or 45 and K% = 16 or 18 were used to determine band inten-
sity. It was possible to measure in absorption only peak-height intensity
of the head. The optics for the measurement included an optical bench
running under the furnace on a table and extending to the spectrograph
slit; a 2%-cm focal-length lens (A) near the furnace window, a camera
shutter of 2- to 3-mm diameter to define the aperture, and a 6-cm focal-
length cylindrical lens (@) at its focal length from the 10- to 20-pu slit.
To further define the beam of light from the furnace, 1/4-in. stops (C),
two at each end, were placed inside the furnace just behind the quartz
windows .(B). These stops prevented most of the background-ﬁall radiation
from the l/2-in.-id tube from going through the beam to the detector. The
two diaphragms near the back window helped prevent reflections thaf re-
mained after tilting the window. For absorption experiments a vertical-
strip—filament tungsten lamp with a 6-cm focal-length lens (F) mounted
behind the furnace chamber were used to send parallel light through the
furnace. Figﬁre 8 presents a diagram of the optical arrangement.

The spherical lens (A) was focused near the back of the furnace to
exclude wall light from the beam. The shutter stop was placed at the
focus of this lens. The 2-in. by 5-in. concave grating with 15,000 lines
per inch was filled with light énd used in second order. The plate factor

: o
in second order is 2.7 to 2.84/mm.
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Fig, 8. Schematic diagram for optical arrangement for
focusing gas on 3-m grating spectrograph: A, 23-cm
focal- 1ength lens; B, quartz windows of furnace,
C 1/4 -in, ~i, d, stops inside furnace chamber;

D, 1/4-in, -i, d, graphite baffles inside graphite tube;
E, TaC plug; F, 6-cm focal-length lens; and G, 7-cm
focal -length cylmdrlcal lens,
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To define the hot zone (tapered 15-cm region) of the graphite tube,
l/h—in.nid graphite baffles (D) were placed in the tube. An additional
baffle was used in the front of the tube to reduce the amount of wall
radiation leaving the tubé. For emission experiments a TaC plug (E) was
used as a blackbody reference and was sighted on with a Leeds and Northrup
optical pyrometer to read the temperature.

Emission measurements were made with 1l03%a-F photographic plates.
The circular image .on the shutter appeared as a black region of gas with
a key-hole blackbody region from the plug. Moving the lens (A) ver-
tically plaéed the gas, then the blackbody,on the shutter opening. First
the'spectra were photographed, then the plate was moved aﬁd lens (A) was
adjusted so that only the blackbody light from the plug went through the
optical train. Then by using Kodak neutral-density gelatin filters with
the blackbody light, the blackbody reference light was exposed to the
photographic plate for the same length of time as the spectral light.
For absorption experiments with the usé-of the smaller-grained IIa-F
plates, reciprocity of time and intensity was good and exposures of
equal_time were not a necessity.

Metal-film filters from Optics Technology were used because they
have a constant optical density in theVMOOO to SOOOX region. These
filters gave white-light fringese86 Measurement of the distaﬂce between
fringes, 0.25 mm, corresponded to 00693. The distance between the film

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

2
to a measured distance of l.5mm. By using the equation, d = .%x , at

0
5000A, the filter therefore acts as an interferometer. Kodak gelatin
filters that give nc fringes . were used, therefore, and their optical

_ ° o
density in the region 3800A to 6000A was measured on a Cary Recording
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Spectrophotometer Model 11, Serial k4.

It was first attempted to move a divider, and photograph different
parts of the grating for spectral and blackbody exposures. However, the
divider positions were not equivalent. Then the plates were cut along
the 18-in. horizontal dimension to 1-3/L-in. to allow the plate to be
moved in its.holder for two exposures. For the absorption experiments
C. D. Grandt and M. C. Yannke, machinists in the Physics Shop, devised
a method for moving the plate in steps for five exposures on the 2-in.
dimension of the 2-in. by 18-in. photographic plates.

The IIa-F plates were used, as were the 103%a-F plates,for absorption
of the 0-0 02 band in an attempt to make the very-weak absorpﬁion at the
0-0 head measurable on the Leeds and Northrup Recording Microphotometer,
(Cat. No. 6700-P-1, Serial No. 1029390) connected with a Moseley Auto-
graf Curve Follower. The microphotometer records variations in density
of photographic plates driven at a uniform speed past a scanning device,
which consists of an optical system containing a lead-sulfide photocell
and a tungsten lamp with optically polished windows. The input from the
microphotometer phototube was applied to the X axis of the recorder and
Y as a linear function of X was led through the output potentiometer
connection to the Leeds and Northrup Speedomax recorder. The curve-
follower pickup coil followed a linear section of a metallic-ink graph.
The Autograf increased the sensitivity of the electronic.system so that
it was possible to scan the weak absorption features.of Qeo With the
ITa-F plates the measurement error remained large, but the- absorption
line'was more-clearly resolved visually.

To relate plate-darkening to intensity, a calibrated-step weakener
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from Jarrell Ash Company in optical-density steps of 0.0, 0.215, 0.413,
0.606, 0.801, 1.000, and 1.208 was mounted on the spectrograph just
behind the plate. The calibration was cbnstant, within a lOOX region
near the feature of interest.

At the high temperatures required for 02 measurements the graphite
tubes quickly developed gradients. Hicksg3 discussed similar problems
with hot spots in the graphite tubes. Considerable time was spent
machining the tubes to different dimensions, developing more efficient
cooling, and altering the radiation shielding. A tube that gave a con-
stant temperature along its profile at 250600 developed a gradient at
the highér temperatures. Each tube seemed to have a different tempera-
ture profile, for none of the tube dimensions tried gave a set of tubes
with constant temperature in the hot region. The tubes burned out on the
ground end of the applied potential of 15 to 20 V. Changing the water-
cooling caused the tubes to last longer but did not prevent their burn-
out at the same end. Reversing the tube in_fhe furnace after it had
been heated for an hour or two and cooled helped to lengthen the life
of the tube, and caused more homogeneous heating in the hot zone until
another gradient developed in about an hduro

For absorption experimenté a tungsten lamp was used as absorber and
photographed at different temperatures through the hot furnace. To
further determine the temperature in the hot zone of the graphite tube
in the presence of hot spots, the spectra were photographed in reversal.
The reversal temperéture defined as the temperature of the gas at 5165K
was. the temperaturé at which thevabsorption exactly canceled out the

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

o)
brightness temperature of the lamp at 51654 from the relation.

- L2 a
Mdne, - hlne, = = (T T )> (77)

0 0
where A. is 653OA, el the emissivity of the tungsten filament at 65304,

1
and Tl the measured brightness temperature of the lamp; XE’ €5) and T2
o}
refer to 51654; %? is the second radiation constant. Emissivity values

were esfimated from De Vos' graph°87 Five to ten exposures with the lamp
at different temperatures gave the C2 0-0 bandhead in absorption and
emission. By comparing the different exposures on the plates and knowing
the temperatures of the lamp, the reversal temperature could.be deter-
mined within 20 to 5OOC, At low temperatures the reversal temperature
was not the same as the hottest part of the wall. At about BOOOOK the
hottest spot and reversal temperature were the same at the beginning
of the experiment, but the hot spot in the tube became hotter than the
reversal temperature in about an hour.

For some of the emission measurements the rotational lines used
are given in Table VI; the wave lengths at which they occur are taken
from Johnsonw88 The emission lines were scanned by using the same optics
with a .1P21 phototube at the rate of 2.4A per min, slit openings of 100u
and by using the most sensitive l-mV scale and a 108—Q resistor to detect
signals from the photomultiplier of less than 5 x 10—12 A. The electronic

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

features.



TABLE VI. Rotational lines of 0-0 Swan band.

K' | x(8)
P5(l+5) 51.35.672
P, (43) 5155.561
P (45) | 5151.675
P, (45) 5151.575
RB( 16) 51%6.640
ng(_16) 5136.426
R,(18) 5132.681

R12(18) , 51%2.481
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ANALYSIS OF DATA

For emission experiments on rotational lines the ratio of the in-
tegrated rofational—line intensity to the peak blackbody intensity was
measured. The actual area of the blended iines was measured; the area
was divided into area P(43) and area R(16), or P(45) and R(18) by mul-
.tiplying by the percent populations ‘of the P and R rotational levels.

The area for a P or R line was then divided by three to get the area of
each triplet. By assuming that in the absence of instrumental broadening
each triplet is Doppler-broadened, the blackbody peak ;s treated as a
triangle : of the Doppler width. The resulting ratio ;EL is convgrted to

BB

I in absolute units by calculating I__ independently from Eq. (7).

BB
. . ul, . 2 . .

The intensity, IK' or I "in units of quanta per cm per sec 1s substitu-

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

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

Doppler-broadened line

F'i
S, e KT '
L (78)
Qrot '

was used. The f value is found by substitution into Eq. (57), where

Y/
¥ (7' = atod" =bp) is R, the measured quantity, and
5B
) 2 RI .
me A 0 BB .
f = 2 ° 3 ‘b 5 _ FI AV (79)
2xe N'# MY S.yc’ e =
0 __0_ J'=a J —5 . kT
37 7 Y

For these emission experiments, f for the C2 0-0 Swan band is OQOOhli 0.0007

for the scanning experiments, or O;OO6 + 0.004 for measurements 'on



10%a-F photographic plates.

For the measurements on the 0-0 head, the ratio (the peak intensity
of absorption or emission at the head‘to the lamp-peak intensity) was
measured. These measured ratios in absorption were corrected for
emission, which reduced the amount of absorption. ZFor reversal conditions,

net = _lamp self
abs O=Tops ~Tem ¥ labs (80)

where Inet is the observed absorption, Ilamp is the absorption of inten-

abs abs
sity from the lamp by the gas molecules in the lower state, Iem is the

self

1ntens1ty of emission of gas molecules in the upper state, and I abs

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

measured ratios are
net

Ilamp

and
Ilamp

abs = (82)
lamp

I

where.Ilamp is the intensity of the lamp at the temperature of the lamp.

The ratio & represents the fraction absdrbed in the absence of emission
or self-absorption. Substituting the definitions into Eq. (80) gives
> .

for the measured ratio

net rev
Iabs = lamp ' (83)
lamp lamp

where Ii:;p is the intensity of the lamp at the reversal temperature.

Similar treatment gives for the measured emission ratio
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Inet rev

_—-—em = O —-lamp - l . (8)+)
I I
lamp lamp

Measured absorption ratios were less than corrected ratios by about
a factor of two. Measured emission ratios were overcorrected by this

technique. The ratio

net
Iabs

Ilamp

at low lamp temperatures was negligible compared to

net
em

Ilamp

The absorption ratios & were further corrected because one assumes
for Eg. (19) a linear relation between population N'' and intensity.

Thus,
IQ— I

I
e}

R (85)

o =

_An expansion of C' equal to KN''Z in terms of & corrects for being off
the linear curve of growth:
2 3 4

C' = + %5 + gg + %r Foe e e e (86)

For small o, C' = Q.

The ratio for determining contribution of the measured rotational

lines , K'=b
: F'
}: SK,e' kT
K'=
== (e
Q

rot



was determined by plotting the lines with relative peaks fixed by the
Boltzman relation but with a rotational line width ovaOQSX and of
005020 This broadening was found by measuring half widths of very
narrov (approx. O»Olg) mercury lines from the General Electric G18T6
germicidal lamp and half widths of atomic impurity lines, with the
. assumption that they were Doppler-broadened, on the 3-m-grating spec-

trograph. Doppler broadening of rotational lines seems Jjustified

5

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

using an interferometric technique. He found no serious pressure

broadening for Zr or C Pressure broadening was calculated from the

x
relation given by Mitchell and Zemansky,5
1

' 5
2 1
tv=2a" Bow [2“-1@(1%1 + ME)} | (88)

g2l

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

6

- 2
as 8.1 X 10 + cm , N is Avagadro's number, p the pressure of foreign

sas was taken as 10 cm, T as 2800°K, M, as 24,02 for C,, and M, as

39.98 for Ar atoms. The broadening for 10-cm gas pressure is 0.02 mel
compared to a Doppler width of 0.15 cm_lc The broadening of the lines
due to astigmatism of the concave grating is discussed in the section

on experimental equipment. The broadened lines resulted in a lower

peak height, and the factor

K'=b _
;ﬂ SK' e kT
KT;a
— : (89)
Qrot >Vi

where Ami is the instrumental half width, was considered equivalent to



-7l

the measured peak height. The value of this faétor, determined from
the graphical plot of rotatiznal lines at the head with a half-width
of 1 cm—l, is 0.018. The error introduced here is of the order of a
factor of two. It was assumed that ﬁhe factor would be the same within
less than a factor of two for the upper and lower states of the transi-

I
tion. Division of k by the Eq. (89) gave ibando For absorption

lamp
experiments this ratio was used directly to detérmine the f value of

the band as 0.005 + 0.003. For emission experiments the ratio, a, was
used instead of k. The intensity of the band was foundvby multiplying
the ratio by the intensity of the lamp at the measured temperatures
corrected to 5165&. The f value for absorption was calculated by

substituting into Eq. (L42) the measured and corrected ratiq C' to give

mc c'
T = T ° (90)
reN 'ty TS v
i )JSJ,,G kT
J''=a

The f values for emission experiments were calculated from Eg. (79).
" The f value for the 0-0 band for emission experiments at the head is
0.007 + 0.00k.

_The rotation@l numbering in the head was determined from Johnson's
89

measurements and Budq's analysis of Johnson's data. The wave-number

positions of lines in the head were calculated from the relation

2
v, = v+ (B' +B"")Ym+ (B' -B'')m 1
L= v (B 4B me (3 2B n (51)

where Vs is the wave number of interest, Vo is the zero line wave

90

number of 19378.4L em™t given by Phillips,”” and Bj, BS are the rotational
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constants for the zero levels of the upper and lower states respectively.
Values used ére those Budo gives: Bé = 1.T452 cm—l, Bé' = 1.6239 cm_le
For the correct absolute numbering of the rotational levels, Budo's
analysis of Johnson's data and Phillips' calculation from Budo's
difference values of wave numbers for the J levels were compared.
Phillips points out that for the quantum number J = (K+1), K,

’n, - ’n

or (K-1) correspond the subbands which are inverted.in ng 5 " o7

5 b > >

Hl - Hl’ and HO - HO, the red, central, and viclet components of
the triplets, respectively. For the 0-0 band of 02 a comparison

of Phillips' wave-number calculations from Budo'g differences ighows
that K'' rather than J'' is the good quantum number because K'' number-
ing places triplets of the same K'' number together. Budo's numbering
does not agree with Johnson's, but Shea, who also measured and analyzed
the 0-0 band of 02 but resolved only two of the three P triplets,

points out that Johnson used a graphical method of analysis which gives
inaccurate. relative rotational numbering. Shea's relative numbering

is correct. TFor Johnson's j-numbering the correspondence was used:

K'' = j-1 for the P branch, and K'' = j-2 for the R branch. For

Shea's j numbering the correspondence K'' = j-1 was used for both the

P and R branches. Budo's J is equivalent to K. For the calculations

of positions from Eq. (91) of rotational lines, Ké“ = 1 to 13; Johnson's
~ data was fitted from K%‘ = 14 at the head. Since the blended head was

used in the measurements and calculations of f values, the above calcu-

lation does not alter the results significantly. For the emission

experiments on K! = 43 or 45, and Kﬁ = l6.or_l8 the numbering is
important.
I
The ratio is defined in Eqg. (35). The ratio for K' = 43 or 45

Band



is approximately 0.0075 and for Kﬁ = 16 or 18 it is 0.0l for all
temperatures used. Of course, in the calculations the exact values
were used for the ratios. Rotational degeneracy SK was calculated
from equations summarized in Herzberg.

The populations in thelower and upper states were calculated by

using the free-energy function for a 5II state of 02, Hence

Fo~ﬁ8=7,285-%REnM—%REnT—REnB (92)
= -L.377 -11.439 log T, (93)

where R is the gas constant, M is the molecular weight of C2(24002)

and T is the corrected temperature of the gas. The factor, R £n3,

3

corrects for the degeneracy of the state, 5Hu or Hgo The degeneracy,

5 5

3, for the Hu and Hg states is obtained by multiplying the partition

function, Qrot’ by three to account for spin multiplicity and then by
two because of lambda doubling, and dividing the product by two because

02 is a homonuclear molecule and half the levels are missing.

Free-energy functions for solid graphite were taken from Pitzer

91

and Clementi. The heat of formation of the state, 5Hu(v" = 0,

K'' = 0), is 196.7 kcal/mole reported by Brewer, Hicks and Krikorian.92

From the equation

AF ﬁg ) ﬁg Fg j Hg Al
T T ol G * g =-Renk, (9%)
gas graphite 2

g)’ pressures of Cg in

representing the reaction, Qc(graphite) = 02(

the state 5Hg(v": 0, K''= 0)- were obtained. Molecules per cm5, Néf,

in this level were obtained by use of the gas law,
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v _ EN

o = BT (95)

where N is Avagadro's number and R is in units, cc atm per deg mole. For
the upper state, 3Hg(v'.: 0, K'= 0), the excitation energy for the transi-

tion 5Hg(v'= 0, K'= 0) —> 5Hu(v"= 0, K''" = 0) of 55.4 kcal per mole

was added to AHO for 5

0

kcal mole. Populations were calculated at 100° intervals from EYOOOK

Hu to give AHO

o for 3ng(v'= 0, K'= 0) of 252.1

to BEOQOK. Values between the intervals were interpolated. For popula-

tions at the higher temperatures where free energy functions are not
tabulated, the term

~0 ~o\\ o 0O
fp ol v T (96)
T )/ gas ’ T graphite

was plotted as a function of temperature and extrapolated to the higher
temperatures.

Because of the gradients in the hot zone of the tube, there is some
ambiguity as to the value £, the length of the emitting or absorbing
column of gas. .The machined length of the hot zone was 15 cm; however,
the temperature gradient at each end of the hot zone, as indicated by
the gradient between the outer and inner faces of the baffles, would
signify that perhaps one cm at each end should be subtracted and would
result in £ of 13 cm for the hot zone. In the reversal experiments, the
reversal temperature TR gave the actual temperature of the gas.

To approximate the errors relative to tube length, consider a
gradient in the tube. Let 5 cm of the tube be at a higher temperature

T2 than 10 cm at a lower temperature. Let ET + zT equal 15 cm, and
1 2
let ET equal 15 cm. Then if the equivalence

R
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N 4. +N._ &, =N, £ (97)

is made,vNT may be calculated as a parameter, where NT are the popula-
R

tions of 02 gas at the defined temperatures. Table VII gives T

R
calculated for temperature gradients of lOOO, 2000, and 5000,

TABLE VII. Calculated reversal temperatures for agssumed
gradients in King-furnace graphite tube.

Ty To Iy
2900°K 3000°K 293%°K
2900 3100 3010
2800 3100 3000

From this combination of numbers 1t is apparent that the reversal
temperature is nearer the higher temperature for 500o gradients and
nearer the lower temperature for lOOo gradients. For the 200o gradients
the reversal temperature is intermediate. For the i-value calculations

the value of £ used is 10 cm with an estimated variation, + 5 cm.



DISCUSSION OF RESULTS

The best value for the oscillatorAstrength of the 0-0 band of CE
obtained by averaging the f values from the emission and absorption
data is 0.005 + 0.003. Self-absorption corrections amount to no more
than 4% and are negligible for the emission data or rotational lines.
Experimental'data and calculated f values are included in Appendix B.
Kinéﬁgés made an eQuivalent width measurement of 2.3% X 10_52 on Ké = 34
at 5150.6X by using a path length of 22 cm and 2840%K. Calculation of
the f value by using current thermal data gives an f value of 0.005.
King did not correct for emission but corrected for derivations from
the linear portion of the curve of growth. He estimates an error in the
measurement of approximately 50%. It is estimated by using King's
furnace temperature of 28400K as the reversal temperature and approxima-
ting his lamp temperature as 3h5OOK or 3EOOOK, that a correction for
emission would increase his f value by 25 to 50%.

Thevbest f value is 0.005 + 0.003, as indicated from this research. .

This value within the limits of error agrees with the value found from

King's data.
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APPENDIX

A. Geometrical Optics Between King Furnace and Concave-Grating

Spectrograph

The methods used for imaging the gas emission on the slit are
complicated for the King furnace because the graphite tube is an ex-
tended source. Thus some of the techniques used in Raman spectra are
not applicable because the light cannot pass through the walls of the
tube. It . is desired to cobtain the most effective slit illumination
with the exclusion of continuous radiation from the walls. Thus it is
usual to focus on the back of the hot zone of the furnace and to use
an aperture stopvsmaller than the tube diameter to eliminate wall
light. Since the diaphragm is small, it is necessary to use some kind
of lens system to fill the grating horizontally and at the same time
cover the slit because the size of the image on the plate is determined
by the size of the image on the slit.

A theoretical analysis and some practical application of the prob-
lem of focusing cylinders of radiation have been given by l\IJLelsenug'E’wL
One of his papers specifically treats the optics for sources of smaller
aperture than the slit. To get the maximum amount of radiation from a
Raman tube into the spectrograph, Nielsen considered light coming from
an inner region determined by planes cutting the slit length, slit
width, and collimator aperture. An outer region is determined by the
above planes and, in addition, by planes cutting one another in a
horizontal line lying at a distance, Zgy in front of the slit. For the

coordinate system with reference to the center of the slit as origin,



the z axis coincides with the collimator axis, the x axis is perpendicular,
and the y axis is parallel to the slit.
Nielsen derived geometrical functions that are proportional to
the amount of light entering the spectrograph. These functions,
F(x,y,z), were calculated for the inner and outer regions and for
z. <z < z. and thus gave a total of four functions. It was found

1 0 2
for the 3-m-grating spectrograph used in the present research that the
i i |
l) F2J

the value of x and y.. . The function, Fg, for the outer region increases

functions F for the inner region for a given z, are independent of
as X increases and decreases to zero when y = 1.9. The function, Fg,
also increases as x increases and decreases to zero when y has increased
to 2.5. .The calculations for the 3-m spectrograph aré compafable to
those of Nielsen for the Hilger quartz spectrograph. Iﬁ may be con-~
cluded that all source points lying within the inner regién and having
a given coordinate z are equally effective in sending light into the
spectrograph. For a volume element in the outer region, the amount
of light sent into the spectrograph decreases almost linearly as the
volume element moves from the inner to the outer boundary of this
region.

A table of values of x and y for given values of z is included,
where Xy = 3?, Yo = 8 - LE%ELE , and y, =8 + LE%ElE, and where the

length of the slit is 2s, the length of the grating lines is 2a, the

width of the grating is 2b, and the focal length of the grating is f.



Table VIII.

Values of XO"yO’ and yl for various values of z
- o o 1
4o 0.34 0.35 2.1k
59 0.50 0.00 0.65 &= 1l:-lcm
' b = 6.69 cm
60 0.51 0.02 2.66  :_ 300. cm
80 0.68 0.39 3.18 a=2.25 cm
100 0.85 0.76 3.70
Table IX. Values obtained for the functions Fi, Fi, for given
values of x, y, and z.
i 0
Fl X y pA Fl X v A
0.000984 0. 0. 40 0.001180 0. 0. 40
0.000961 0, 0.35 4o
0.000984 0.85 0. 40  0.001217  0.502 O. 40
0.000984 0. 0.35 40  0.000998 0.502 0,35 40
0.00098% 0.502 0.35 40 0.00 0. 1.9 4o
0.000632 0. 0. 59
0.000632 0.502 0. 59
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Table X. Values obtained for the functions F;, FO for given values

of x, y, and z. e

Fé X Oy Z Fg b'¢ N Z
0,000344 0. 0. 80 0.0003%92 0. 0. 80
0.000344  0.502 0. 80 0.000337 O. 0.35 80
0.000344  0.85 0. 80 0.000409  0.502 0. 80
0.000344 0. 0.35 80 0.000354 0.502 0.35 80
0.00034k 0.502 0.35 80 0. 0. 2.51 80

0. 0.502 2.62 80

After integrating the preceding functions with respect to x and
Y, the functions may be calculated as a function of z, the distance

from the slit. By using the equations

si(z)'z K (} - "E(%%ZY‘) ) | (98)
si(z) = (.1 _ i(%;_z)_j , (99)
s2(z) = K Ty (100)
Sg(z) _ Ks(i;z) ) (1o1).
and K = 2925 s (102)

f
the integrated intensity values normalized to Si equal to unity for

z = 0 are obtained, as shown in Table XI.
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Table XI. Integrated relative intensities (Si, Sé, Si, Sg)
for various values of z.
z 5] sg si sg
0 1. ~co 0 +o0
5 0.90 v 0.10
10 0.80 0.20
20 0.62 0.38
Lo 0.29 0.72
60 0.013 1.01 0.99
90 0.29 0.71
120 0.42 0.58
160 0.53 0.47
180 - 0.56 0.Lk

When Sg = 0, Zq = 59 cm. At distanées from the slit between 25.9 cm
and 147 cm the iargest amount of light comes from the outer region,
whereas for values smaller than 25.9, or larger than 147, the inner
region contributes more light if the scurce is of uniform brightnéss
and is large enough in cross section to fill both the inner and cuter
regions. Figure 9 shows these regional variations with respect to z.
The geometry for Nielsen's optics is based on a cylinder of radia-
tion of infinite length. Wheﬁ his results are applied to a finite tube
and a system of fixed dimensions, it is fouhd that the focus is not .oz

fhe back of the tube; therefore his equations do not satisfy the geometri-

cal requirements of the King furnace and 3-m concave-grating spectrograph.
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Fig. 9. Functions [S(z)/K] for 3-m grating spectrograph,
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For the King-furnace tube only light emitted by the gas is desired, and
continuous radiation from the walls should be excluded. Nielgen's cal-
culations, however, do serve as a gulde 1in selecting a low z value
which will give a maximum uniform brightness from the tube. It was
found from the calculations that the outer-region radiation was not
uniform along the slit width and length; thus, radiation from the inner
region would be more homogeneous. With the graphite-tube furnace, it
is necessary to use lenses fodused on the slit to fill the inner region
with light.

Stoicheff and Callomon95’96 discuss optics for high-resolution
Raman spectroscopy. They use two convex lenses placed between the
source and the grating as shown in Fig. 10, where h is the tube height,
Et is the length of the tube, Eg is distance from the grating to the

t

near the grating, respectively; st 1s the distance of the image of the

slit, £, and fg are the focal lengths of the lenses near the tube and

back of the tube, sg is the distance of the image Q to the lens of focal
length fg’ and b is the horizontal dimension of the grating. A stop may
be placed at the intermediate focus Q. The magnification required for

filling the grating is then

f (va) . '
t _ g _ sin u (10%)
fg (NA)t sin u' ’

where u is the half angle of the cones of rays admitted by the spectro-
graph and u' the half angle for the rays from the tube. The separation

0f the lenses is.given from ordinary lens formulas as

(104)

ft(ZZ‘+ ft)

(8 +f)
s, = =5 —F . (105)
lg

St

and
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Slit

M Source tube

MU-30278

Fig, 10, Optics for high-resolution Raman spectroscopy:
h, tube diameter; / , tube length; ft’ focal length of
lens near tube; S, &istance of source image to inter-
mediate focus Q; S , distance of intermediate focus
to lens near grating of focal length f ; / , focal length

of concave grating; and b , aperture®of érating (widest
dimension), g
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For the B-m—grating,spectrograph, the magnification required is
1.62 and from the above equations it is found for a 68-cm distanée be-
tween tube, lens, and slit that ft
and 5, = 1.82 cm, for a given L, = 60 cm, zg = 300 cm, (NA)g = 0.02162,

= 2.92 cm, fg = 1.8 cm, s, = 644 cm,

and (NA)t = 0.01334. It is apparent from this calculation that the image
on the slit will be small and that thé grating will be flooded with
o7

light. The resulting narrow and umneven spectrum is applicable for
qualitative analyses but undesirable for quantitative intensity measure-
ments.

To fill the grating with light and at the same time fili the slit,
two cylindrical lenses;have been used with one spherical lens following
a modification of a method used by Hansen and-Waléh98 (see Fig. 11).
The cylindrical lens fl fills the grating in the horizontal plane; cylindri-

cal lens £, fills the grating in the vertical plane. .The spherical

2

lens f,, where f_, is equal to or greater than the length of the furnace,

) 3
is used to diverge the light from the tube. It causes the image to be
more homogeneous in the vertical plane. Values of the lenses required

to fill the numerical aperture of the grating are f. = 6.67 cm and

1
f,= 16.7 cm.

To summarize the conditions for the furnace and optics, it is found
from Nielsen's equations that the distance from the furnace should be
where a maximum of intensity occurs, 59 cm. A larger z minimizes error
in quantitative solid-angle calculations of intensity from furnace to
slit, as will be shown later. .A shorter z gives increased intensity
and shorter-exposure times and is more convenient and accurate in
alignment of optics. Use of a cylindrical lens in the vertiéal.direction

gives a more homogeneous slit illumination and a wider plate image for

scanning.
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Slit Grating
f

Source fube I |

—fp —f—f, —
e———60cm—k 68cm , sfe-300¢m f——

MU.30279

Fig, 11, Schematic diagram for use of cylindrical lenses to
satisfy optics requirements of concave grating: f_, fZ’
focal length of cylindrical lenses 1, 2, and f3, foclal
length of spherical lens 3, :
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The measurement of absolute intensity in emission requires con-
sideration of the effect of the geometry of the King-furnace tube on
the intensity of light arriving at the slit. It is necessary to compare
intensity from the gas in the tube to intensity of a standard source.

For a particular wavelength the spectral emittance of a point-source
blackbody per unit frequency interval as given by Eq. (7) in units of

: 2
gquanta per cm per sec per unit solid angle is

The spectral emittance is the maximum energy originating per cm
from a disk within the tube if it acts as a blackbody at this wavelength.
This equation may be used for calculating the intensity of the tungsten
lamp from the brightness temperature of the lamp. For the intensity of
emission from the gas molecules within the tube in units of quanta per

2 .
em” per sec per unit solid angle, Eq. (18) is used:
™oy g A (18)

The density of gas and therefore the intensity are constant for a
given temperature and pressure in the furnace tube. The geometrical
relations of interest are those required of the intensity on the plate
to the intensity of the gas within the furnace and to the intensity from
the lamp or blackbody plug. The radiation finally arriving at the plate
will be less than the radiation in the tube. The volume of gas in the
tube is known. The volume of gas which emits light visible to the slit
must be calculated. If the energy of the standard source (blackbody

or tungsten lamp) passed through the same optics and were of the same
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extension as the gas eﬁitting along the tube, the factors relating the
spectral emittance to the irradiance would be equal for the blackbody
and for the gas. However, the solid angle of light for the gas is not
identical to that for the blackbody because the gas is an extended
source., However, the geometry of the gas and the standard source may
be calculated by making assumptions about the extent and position of the
standard source.

The radiant flux of intensity per unit volume-for a gaseous source
is Iuﬂo. The intensity relation for an extended source is required when
a surface receilves radiant energy from more than one source. The total
radiant energy falling on the surface is the arithmetic sum of the

energies produced by the sources. The irradiance H from a point source

on an area M is
q = Icos © , (106)
r

where © is the angle made by the normal of an element of surface dA
with the distance r to a point source S. The irradiance from a circular
disk of diameter of the King-furnace tube on an element of area dA a
distance £ from an extended source may be calculated.

Substitutions in Eq. (106) are made for r in terms of the distance
on the normal b between the disk and the irradiated area and r2 = a2 + b2,
where a is the radius .of the disk. The intensity if equél_to the

emittance per unit area times the area of the disk. The angle 6 is

assumed equal to zero. .The irradiance for the disk is then

ud 2
H = ?—;Q-L:‘_—ab—;) : (107)



At distances sufficiently large for a2 to be negligible compared with
be, the equation reduces to the inverse-square law, as for a point
source. For example, 1f a is one-tenth of b , then a2 is only one
percent 6f b2, and an error of one percent is introduced if,a2 is
neglected in the denominator. Thus, a circular disk can be considered
a point source at any distance‘greater than ten times its radius within
an accuracy of 1%.

For one-size King-furnace tube a = 0.8, b = 93 to 103 cm, % = 0.86%.
Therefore, for the King furnace the diameter of the disk may be treated
as a point source for the slit, so long as the furnace dQ§k in question
is more than 8cm away from the slit. Since only the inner part of the
tube emits light, this condition will always be fulfilled, and the

irradiance is

I na (108)

The variation in intensity for a disk from the center and from the edge
may be calculated from tables, by Masket et al, of solid angles suk-
99

tended by a circular disk. For the O.8-cm—radius tube with the
geometry (see Fig. 12) of the King furnace and a point 106 cm from the
slit, the geometrical factors are found for axial illumination,

0.136309 X 107° and for off-axis (0.8 cm) illumination, 0.136295 X 107%.
The radius of the tube and the distance z are normalized then by the
radius of the image on the slit, 2.23%3 cm. The off-axis illuminatioq

is found to be 0.01% of the axial illumination; therefore the disk may

be treated as a point source.

The contribution of the axial length of the tube must be calculated.
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Since the above equation was for a circular disk, it must be integrated
with respect to z. This must be done from the geometry of Fig. 12, where

Ll is the distance of the front of the furnace to the slit, L2 is the

distance of the furnace window to the front of the emitting zone, and
7z is the length along the hot zb6ne. .The irradiance for the entire zone

is then
L

‘ qunag
H - [ az, (109)
total . (z-+ Ll + L2)2

where (z + Ly + Lg) is the distance of the emitting disk from the slit

and is now a variable, and L is the length of the hot zone. .To inte-

grate, it is convenient to change variables; let

z' = ZW+’Ll + L2 s » (110)
+

5 Ll L2+L L

H = I'1a dz’ (111)
vtotal i L\+L (z')2

1L 72 ‘

_ Iuﬂﬁ a2 L . (112) |

(L1+L2)(L1+L2+L)

The contribution due to finite z is computed by taking a ratio .of

Htotal

Heisk
it follows that

, where b = L, + L,o For L = 68 cm, L

1 5 5 =253 cm, L = 15 cm,

Leotal _ Y _15(91) _ 4 s, (113)

H..
disk (L1+L2+L) 106

Therefore the error introduced if the finite extent of the tube were

ignored is approximately 29%.
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Fig, 12, Geometrical optics of King furnace, Vertical dimension
greatly enlarged to show divergence of beam: A, back
baffle; B, front baffle; z, heating zone; L., distance from
furnance window to slit; and LZ’ éistance from front baffle
to furnance window,
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As a first approximation the geometry effect upon the irradiance
arriving at the slit from the furnace tube in the absence of stops.:
and lenses will be calculated. The sitﬁétion in the King furnace is
complicated by the presence of baffles which cause the leu@e to be
slightly different from that of a cylinder, or from that .in Fig. 12,
If the end of a 0.7938-cm-radius tube is used as the only stop, then
some of the light iﬁ the tube does not arrive at the slit because of
the baff;en. It is necessary to calculate this limiting angle and the
distance from the baffle inside the tube from which no light arrives
at the slit. From this geometry it is seen that the distance from
the baffle to the inside of the tube where the light begins to&emerge
is 2.38 cm. Then for the large cylinder of radius 0.7938 cm, the

irradiance is calculated for a tube distance of 12,62 cm. For this

region all of the light in the tube gets to the slit:

H = 2.5238 % 1072 1%, (114)

Then in the front of the tube the total available irradiance is

calculated:

H = 0.4884 x 107° 1, (115)

From a cylinder having the radius of the baffle all of the light

arrives at the slit; the irradiance is
H = 0.3125.X 10720 1%, (116)

Subtracting the inner from the outer cylinder gives the effect of the

torus of length 2.38 cm and outside diameter 0.7938 cm,.inner diameter

3 _ud

0.635 cm. This gives 0.1759 X 10 © I, which is divided by two since

only one-half of the torus contributes to the irradiance at the slit.
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Addition of the separate contributions gives the total irradiance per
er® st the slit to be £,9343 X 1073 ™,

For a plug at the center of the furnace fer the 0. 8 cmlradlus
tube, with L equal to T cm rather than 15 cm, the irradiance‘may be
calculeted’by consldering the source as extendedr The resulr ls
1. 59980 X 10 -3 uz

If the plug is con51dered as a dlsk without extent along the

z axis, the equatlon reduces to

qu 2
=2, (108)
X .
“which gives 0.2061 X 1072 I%¥. If the back of the hot zone rether then
" the center of the tube is used, the irradiance is 0.1761 X 1072 qu.

" For the lamp it may be essumed‘that the volume from the tube
limited by‘the beffles,COntributes to the intensity at the slit. Tor
the calculation the total tube length‘L is uSed;.this”giVes an upper
02 Tub

limit to the irradiance at the slit, 8.7318 X 1 . If the

irradiance from the lamp is calculated for a disk at the front of the
furnace, the result is 0.2739 X lO -3 uzolvAs a lower_liuit the disk
may be considered to be at the back of the furnace; the calculation
then glves the result, O. 0775 X lO -5 uzo The results are summarized
in Table XII | |

To get the irradiance relatlon from the slit to the plate, the
intensity per unlt .area of the ‘grating may be calculated because the
intensity per unit area on the slit .is known. The effect of lenses
will be to expand_the image and therefore decrease the inténsity per

unit area. This effect .may be calculated from the particular lens

system used.
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Table XII. Geometry contributions to irradiance at slit
from furnace. S

Geometry .Irradiance
Volume effect of tube for gas in hot zone 2.9243 X J_O--:5 qu
Volume effect for plug in center of hot zone 1.3998 X J_O'—5 qu

Area effect for plug as disk at center of tube 0.2061.X 1072 1

Area effect for plug as disk at back of hot zone 0.1762 X lO—5 Iuﬁ
Volume effect of tube for lamp at back of 8.7318 X 1070 1™
furnace

’ . : . -3 _ub
Area effect for lamp as disk at front of 0.2739 X 10 I
furnace

A . _ . 5w
Area effect for lamp as disk at back of 0.0773 X 10 ° I
furnace

The length of the slit required for maximum intensity for a

concave grating may be foundaloo’ }OlAThe slit length is
/ in” B cos a 2
g =g [ 222 P COST L gin®a |, (117)
cos B

where the angle of ihcidence @ is equal to the angle of diffraction B,
and £ is the length of the grating lines. For a =g = BOO and £ = 5 cm,
4" = 2.5 cm. The actual slit length is 2.2 cm. As a result -of the
astigmatism, a point on the slit is imaged as a‘line whose. length z

is obtained by multiplying the length £ of the ruled lines on Ehe

grating by a factor k such that
z = (sin2 B + sin a tan a cos B)f = kf. (118)

For the Eagle mounting, when.a = B = 30°, then z = £/2, k = 1/2, and
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and therefore z = 2.5 cm, which is the optimum slit length. It may
be concluded, therefore, that for & siit length equei to the length
of the line on the plate, by assuming uniform slit illumination from
a blackbody source that Jjust fills the grating, the intensity per
unit.aree on the slit will be proportional to the intehsity per unit
area’of the line on the plate.

.,Fer the concave grating the condition for reinfercement of rays
is

n\ = d(sin o + sin B) ‘ ' (119)

where n is the order of the spectrum and d is the distance between
grating lines. ©Since o =B for the Eagle mounting,'these‘angles can
be calculated for a giveh wavelength. Fof SOOOX there_isﬁfound an
gngle .of incidenhce and reflection of 8929‘ and in second order an
angle of 1706'° For an angle of-lBO, the slit length for maximum
intensity is 6.699 cm. This length is much longer than the actual
slit length; however, the theoretical slit length gives maximum
intensity, but the area of illumination on the slit defines the area
of homogeneous plate blackening. The image appears somewhat larger
because of the spherical astigmatism of'the'grating:mirror. vIt is
assumed that the grating optics will not affect the spec¢tra in a
manner different from the standard source ‘when light is focused .on
the grating from an’outer limiting stop. This'oufer limiting aperture
is the same, of course, for the gaé and the standard source.

_The experimental resultsiare subject to othér errors previously
discussed which seem to obscure the influence of geometrical optics.

Experiments indicated that the use as a reference source of the
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tungsten lamp or of the blackbody plug gave comparable results. It
is concluded, therefore, that the difference in geometry between the
reference source and the gas did not affect the results within the

limits of error of the experimental data.
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APPENDIX

B. Tables of Experimental Data

The experimental ratios a measured from the plates and scans, are
given in Tables XIII through XVIII. Measurements are given by plate
number and exposure number on the plateé; scans to the violet and to the

‘redvthrdugh the feature are listed separ%tely.° T%e.ratios a are the
e ne ne:

In t
experimentally measured ratios _EQ_} _abs 5 Or 0 . The ratio o
I I
BB lamp lamp

defined by Eq. (82), corrects absorption data for emission; k is the
final absorption ratio, which includes concentratign corrections for
measured ratios off the linear region of the curve of growth. For
emission data and for absorption data, Egs. (79) and (90), respectively,
were used to calculate f values. For all emission data the ratio a was
used in the calculations; for emission ratios of rotational lines aR
refers to lines K' = 16 or 18 in the R branch, and a¥ to lines XK' = 43
or 45 in the P branch. The ratio Q is defined by Egs. (56) and (64).
For the absorption data some of the ratios were remeasured at a later
time. The remeasured values are in parenthesis; emission measurements
are starred.

Values in Table XVIII are considered inaccurate because of the
uncertainty in the reversal temperature, and because the magnitude of
absorption was of the order of the background fluctuation due to grain
size of the 1l03a-F photographic plates. .Agreement is observed for
emission resulfs,obtained from 103a-F and IIa-F photographic plates and
photomultiplier scans, and for absorption results on the smaller-grained

IIa-F plates.
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Self-absorption corrections for the head were obtained in a manner
similar to the one described for individual rotational lines described
in the section on analysis of data. Equation (64) was used to obtain

.the corrections for self-absorption,

Q=1+—— R, (64)
2dz2 O
. 1
and RO was determined as described below. From a plot of
band
function of wave number for each rotational line near the 02 head, and

as a

by assuming a Doppler width of 0.15 cm—l, a Doppler profile was found
for the band near the head. At the head the Doppler profile, obtained
from the graphical summation of overlapping rotational lines, has a
fairly constant intensity within a OulB-cm“l range and decreases signi-
ficantly on either side. A similar plot was made for lines 1lnstrumen-
taliy broadened to a half-width of 1.0 cm“ln .The true peak intensity
is .3+39 times as high as the instrumental peak intensity. Peak heights

for the instrumentally-broadened heads are measured experimentally. . The

ratio R. is defined as

0]
I I.
[ t
-Ro - IODOp =<Ilns r) 3,39, (120)
BB BB ¢
Lopop ,
where = was used for the individual rotational lines and
I BB T
fiE§E£~(5.59)for the head. The ratio T3£§E£“was,measured experimentally
BB ' ; I om lamp
and is multiplied by T P s where Ipn is the intensity of a lamp at
~ 7BB '
reversal temperature:
L. .. L
Ry =<Il?str> <Ilamp> 339 . (121)
alamp BB

The value for Q, the ratio of the true peak to the measured peak is now

obtainable. The self-absorption at the head is shown in Tables XVII and XVIII.
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Table XIII. Emission data for rotational lines Kﬁ = 43, Ké = 16
% : v
.of C2 0-0 Swan band.

Plate T at Q T af Q- T
(°k)
55n 2848 0.1045 1.04 0.0184  0.0661 1.02 0.0183
(low)
3026 0.0981 1.03 0.0025 0.0725 1.0%3 -~ 0.0025
(high)
83n 2979 0.0873 1.03 0.0032  0.0608 1.02 0.0032
( Llamp) ' :
2993 . 0.0033% 0.0033
(furnace)
90n ~ 3018  0.0824 1.03 0.0023  0.0609 1.0 0.0023
101ln 2888 0.04k27 1.02 0.0045  0.0285 1.01' 0.0046
103n 2893 0;0509 1.02 0.0053 0.0335 1.01 'ouoose
100n 2888 0.0418  1.01 0,004k  0.0271 101 0.0043

102n 2888 0.0606 1.02 0.0064  0.0392 1.0l 0.0063

* '
The average f value for both Tables XIII and XIV is 0.006 + 0.00L.
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Table XIV. Emission data for rotational lines K! = 45, Kﬁ 18 of
02 0-0 Swanvbando*
T R . P
Plate (OK) a Q £ a Q f
55n 2848  0.1237  1.04  0.0206  0.0640 1.02  0.0199
(low)
3026 0.1173 1.0k 0.0028 0,070k 1.02 0.0027
(high)
83n 2979 0.0903 1.03 0.0032 - 0.053%0 1.02 0.003%1
(1lamp)
2993 0.0032
(furnace)
90n 3018  0.091k  1.05  0.002%  0.0573 1.02  +0.002k4
101n 2888 0.0452 1.02 0.0045 0,0248 1.01 0.0044
103n 2893 0.0559 1.03 0.0055 0.0310 1.01 0.0054
100n 2888 0.0376 1.01 0.0037 0.0209 1.01 0.0037
102n 2888  0.0749  1.03  0.0076  0.0392 1.0l  0.0070

The average f value for both Tables XIII and XIV is 0.006 + 0.00L.



-10k4-

Table XV. Emission data for rotational lines K! = 43, Ké = 16
.of 02 0-0 Swan band *
Scans (gK) aR Q £ aP Q f
to Vi;lef 2965 0.,0595 1.02 0.0028 0.0446 1.02 0.0029
2988 0.0024 0.0025
6 red 2963 0.0833% 1.03 0.0039 0.0595 1.02 0.0039
2988 0.0034 0.0033

S

The average f value for both Tables XV and XVI is 0.00k + 0.0007.

Table XVI. Emission data for rotational lines K% = MS,,Ké = 18
of C. 0-0 Swan bando*

2

Scans (gK) o Q £ al Q f
to violet 2963 0.0952 1.03 0.0045  0.0565 1.02  0.0037
2988 0.0039 0.0031
to red 2963 0.1161 1.0k 0.0055 0.071lh4 1.03 0.0048
2988 0.0048 0.0040

The average f value for both Tables XV and XVI is 0.004 + 0.0007.




II-aF  Exp. T Ty ams - a a k Q £208 £ (5.a.)
Plate No. 51652 51%5% L
(%K) K)
TTo 2 3046+25 3186 0.024 0.073  0.076 0.0062
3 " 3186 0,020 0,061 0.062 0,0051
# 5 " 2893 0.13 0.10 0.0068 0.0075
*78b 1 " 2899 0.10 1.08 0.005k4 0.0058 .
¥ 2 " 2984 0.27 1.27 0.0190 0.0242
*79b 1 " 2920 0.09 1.07 0.0052 0.0088
(0.07) 1.07 0.0052 " 0.0088
# 2 " 3020 0.0% 1.03 0.0024 0.0031
(0:03+0.005) 1.03 0.002%4 0.0031
3 " 3134 0.013 0.057 0.059 0.0048
(very small)
L " 3208 0.01k 0.03L 0.031 0.0025
" 3208 0.012 0.026 0.026 0.0021
(0.006+0.003)0,013 0.013 0.0011
*80b 1 " 2884 0.13 1.09 0.0066 0.0072
{0.13+0.03) 1.09 0.0066 0.0072
* 2 " 2884 0.035 1.03 0.0018 0.0023
(0.034) 1,03 0.,0018 0.0023
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Table XVII. Absorption and emission data for the 02 0-0 Swan-band head. (continued)

II-aF Exp. T Ty a a X Q £20s £ £(s.8.)
Plate No. 51658 '5165%\)
(°k) (%K)
80b 3 3046425 3223 0.006 0.015 0.015 0.0012
- (very small)
4 " 3223 0,04 0,102  0.108 0.0089
(0.065+0.005)0165  0.180 0.0151
5 " 3223 0.05 0.127 0.136 0.0111
(0.007+0.005%0.018  0.018 0.0015
0.005+0.003
Average | 0.006+0.00%
f values  0.005+0.002
* . .
emlission

rescan values (in parentheses)

Se.8. (self-absorption)
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Table XVIII. Absorption and emission data for the 02 0-0 Swan-band head.

103a-F Exp. T T

Plate No. siggﬁ Sizgﬁ a ' o k Q £2Ps £ ™ s.8.)
(°K) (°K)
48b 2 2889+130 3210 0.0363 0.059 0,061 0,028
- (very small) '
3 2889 3123 060393 0.077 0.080 0.036
(0.0129) 0.025 0.025 0.011
*51b 1 2889 - 2756 0.1218. 1.09 0.036 0,040
3 3027 3202 0.1566 0,400 0509 0.052
52b 1 3081 3232 01045 0,304k 0,362 0.023
* 2 3107 300k 0.2192 1.19 0.086 0.100
‘ (0.1822) 1.16 0,072 0,084
3 3134 3208 0,0725 0.247 0.284 0.011
(0.066+0,03) 0,225 0.255 0,011
53b 2 3027 3199 0.15+0.04  0.388 0,489 10,050
* 3 . 3027 278% 0.3k ‘ 1.33 0.016 0.021
54b 1 3027 3199 0,18+0.1  0.465 0,622 0.063 |
2 3027 320k 0.2040.09  0.510 0,708 0.072
3 3027 3205 0.08+0.03 0,199 0.222 . 00222
*56b 2 3107 2952 0968ip;05 ' 1,50 0.023 0.03k4 .
31b 3121 3449 0.17+0.1 0.300 0,357 0.015 %3
32b 3121 3449 0.18+0.1 0.312 0.3Tk 0,016

6hb - 2 2995420 3189 0.0786 0,183 .0.203 .0s030



Table XVIII. .Absorption and emigsion data for the Cé 0-0 Swan-band head. (continued)

1C3%a-~F Exp. T

L ' ab
Plate No. 5{2;8 512m a o -k Q 08 £ fem(saa.)
(°k) (°K)
6ib 2 2995120 3189  (0.03+0.01) 0.070  0.073 0.011
| 0.030+0.02

Average 0.047+0.026
f value 0.056+0.029

* emission

rescan values (in parentheses)

s.a. (self-absorption) -
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