RELATIVE THRANSITION P+OBABILITIES OF THE
CN VIOLET BAND SYSTEM FROM BAND HEAD DATA

Thesls by
Acey L. Floyd

In Partial Fulflllment of the Requlrements
for the Degree of
Doctor of Phllosophy

Californla Instltute of Technology
Pasadena, Californisa

19564



ACKNOWLEDGEMENTS

The need for relative vibratlonsl transition
probabilities of the CN violet band system was polnted
out by Dr. P. Swings and Dr. R. B. King. Ny sincere
thanks are due to Professor King who, from the time of
the assignment of the research to 1ts completion, gave
the advice, the ald, end the encouragement that were
necessary in the solutlon of the many problems encountered
while performing the research. I wish to thank my slater,
Mrs. He. Fredreglll who very carefully and consclentiously

typed the thesls.



ABSTRACT

The relative vibratlonal transition probabilities
of the first four bands in the seguences av=-1;0,%]
of the violet CN systen (2221-225 ) have been calculated
using the Morse potential function. The same relatlve
vibrational transition probaebilitles were derlved from
peak relative lntensitles of the band heads appearing 1n
the electric furnace emission spsctrum under condltions
approaching thermodynamic equilibrium. The calculated
and measured relative vibrastional transition probabilitles
wore comparsd and shown to agree within the llalt of

accuracy of the experiment and of the calculations.
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INTRODUCTION

The violet CN bands, arising from &°7.,~'>. electronic
transition, are well known and are emltted by most spectrsl
sources containing carbon. For this reason the use of CN
band intensity data for determining temperature has gradually
come 1into wide use. Where 1t has been practlcal, temperaturs
has been determined from the rotational structure wlthin
the bands. However, in wmany cases, as in faint stars, 1t
is not practical to use high dlspersion spectrographs re-
quired to resolve the rotational structure. For these cases
the relative intensitles of the band heads are used. The
use of band head intensities requires a knowledge of the
relatlve vibrational transition probabllitles of the band
heads and the manner in which their relative lntensities
vary with temperature.

The relatlve vibrational transition probabllitles of
the CN violet bands have been determined by Brinkmanl, with
the aid of the "sum rule" for band spectra, from measurements
of the intensities of these bands 1n the spectrum of the
carbon arc. Later, his results for the first two bands in
the Av=-| sequence and the av=0 sequence were used by Smlt=-
Miessen and Spier52a5 to conatruct graphs of relative
intensities for palrs of these band heads vs temperature.
Smit-Miessen and Spilers used the established theoretical
formulas for the relative intensltles of the rotatlonal llnes
within the bands, sssumed certaln line widths, rectangulsr

line shepes, and integrated to obtaln the unresclved band
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ahapes at various temperstures. In thils masnner plots of
intensity ratlios of the (l=1) to the (0=0) and of the
(0=1) to the (1=2) bands as & function of temperature
wers developed. Smlt=-Mlessen and Splers' calculations
were long and lnvolved. Thelr results varied if they
altered some of the arbltrary factors in their calculatlons,
such as the line widths. Thelr results also depended directly
upon the transition probabllitles measured by Brinkman.
However Brinkman's measurements were made on the spectrum
of the carbon arc where the temperature could not be accurately
determined by independent means, For these reasons Smite
Miessen and Splerg stated that thelr results should be checked
under condltions where the tempersture could be determined
independently.

The present investigation of the CN violet band system
was therefore initiated in order to:

(a) Examine the reliasbllity of determining teu-
perature from band head ilntenslity measursements, particularly
when the band heads belong to dlfferent sequencese.

(v) Increase the number of band heads that can be
ugsed for tempersture determinatlion.

(¢c) Determine if theoretical vibrationsl transition
probabilities of the CN violet band system, calculated by
means of the "over-lap integrals"?, can be used for accurate
temperature determination when experimental values sare not

avallable,
The electric furnace developed by Kings provides an
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excellent device for investigating the CN violet band
system and was used in thls experiment. In such a furnace
the spectre of atoms or molecules can be excited under
conditions spproximating thermal equllibrium over a wide
range of known and controlleble temperatures.

This investigation was carrled out in the following
manners

(a) Calculate the relative transition probebilities
as accurately as possible for those CN violet bands whose
intensities can be accurately measured in electric furnace
spectra.

(b) Measure the relative trensition probabllities
of the CN violet bands in the electrlc furnace, making the
measurenenta of the band head intensities by & method that can
be used for temperatures determination with a low dilspersion
spectrographe.

If the theoretical and experimental values for the
relative transition probabllities agree, then 1t should be
reasonable to conclude that all the bands measured can be
used for reliable tempersture determination. Agreement
would also indicate that csaslculated relative transitlon
probabilities for similer bands for which experimental data

are not svailable might be used with considerable confildence.
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II. CALCULATION OF RELATIVE TRANSITION PROBABILITIES

General Considerations

Relatlve vibrational transition probanllitiss for mole-
cules can be calculated with the ald of the Frank-Gondon
Principle. This principle 1s that durling an slectronic tran-
altlon the relative position of the atomlic nuclel 1In a mols=-
cule doses not change. JConssgquently for a molscule whose
electric moment does not vary with relative position of the
nuclel, and for which the vibrationsal part of the wave func=-
tion for the molecule can be ssparated, the relastive tran~

sltlon probabilities are given byt
2 __ —34 * [ “ 2
Ru’u" - Re [_[ wu»" UJ,;" dr] (1)

where ULL 1s the vibrational elgenfunction of the upper
energy level with vibrational quantum number 3, l#;, la
the vibrational elgenfunction of the lower state with vi-
brational guantum number J ﬁ: 1s a constant, and R:l,,
13 the relative transitlon probabllity. Usually the tran-
gsition between the two lowest vibratlonal atates, the 0-0

transitlion, 1ls taken as & refersnce, and the relatlive vli~

‘brational transition probabllitles are given by

- . 2
R* - Wl gy ] |
ST dr )
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Thus, to calculate the relative transition probabilities 1t

1s necessary only to sevaluate theafngggrgf:ggcghe wave func-
tion of the two wvibratlonal states lavolved, the 3o called
"over~lap integral™. While in principle this 1s simple, the
actual mechanics of determining the wave functlons and svalu-
ating the 1ntegrals 1ls complicated by the difficulty of ob=-
taining a sultable analytical representatlon for the varlatlon
of potential energy with internuclear dlstance for dlatomic

6, using tne harmonic oscillator

molecules. Hutchlsson
potentlal functlon, hes devselopsd formulas for the vibratlional
transltlion probabllitiss for homonuclear diatomic molecules.
dowevar the sgreement bstween values calculated from these
formalas and values obtalned from experimental data hag bsen

only fair. Later, Autchisson”

, uslng flrst order perturbation
theory, extended these formulas to include some of the an~
harmonic effsct of diatomlic moleculsr vibrations. These
formulas are quite complicated and 1littls use has been made
of them.

If more accurate calculatlons of the transition prob-
abilitles are to be carried out for purposes of this in~
vestigation, several possibllities are open. The per~
turbation calculatlons carried out by Hutchisson could be
extended to include second order terms and thus lncrease ths
accuracys However, as the first order psrturbation formulas
for relative intenslity are so complicated as to seriously
limit thelr use, the second order formulas would be even more

involved and stlll less practicsal to use. Thereforse, the

second order approxlimastion does not appear to offer a practlcal
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approsach to the problem. The wuseful ientzel-Kramer~Brilloulon®
approximation offers another possibility. It has been
shown that the maxlmum contrlbution to the probablllity of =
ziven vlibrational transitlon occurs 1n the region correspond-
ing to the classlcal turning point of the molecular vibratlon.
This gives rise to the famlliar intensity parabolasg. How =
ever 1t 1s 1in this reglon that the Ventzel=-Kramer-Brllloulon
approximation is the least accurate. Therefore, its use would
not be expected to yleld transition probasbllitles of the
desirsed accuracy.

The next cholce is to investlgate the use of the wave
functlions obtalned from the llorse potentlal functlonil,
These wave functions give vibrational energy levels whlch are
more accurate than those glven by second order perturbation
calculations and which agree with measured valuss for the CN
violet band system within the errors of measurement. Thore-~
fore, the possibility of using these wave functlona for
vibrational transitlon probability calculations wlll be in~-

vestigated. The Morse potsntlal functlon 13 of the form
' -ar-%)\e
U(r-r)= D, (1~ e~ 2" (3)

where ¥ 1s the internuclear distancse, V¥ 1s the equilibrium
internuclear dlstance, and d and e are constants that
depend on the slectronlc state of ths molecule, and are 1n
general different for each electronlc state. The wave
equatlion has been solved many times for thls potentlal

functionll., Ietting



y= - AR (4)

Schrodinger's equatlon becomes

5 (48 SR (58 - )0

where F’ 1s the reduced mass, h 1is Planck's constant, and

E is the energy of vibration. Now, following Wull; let
2 8
W=NeZz? F (5)

where

a*ht e (6)
E-D =-—-——-—E— ? N= normallzation coefflcient
¢ 32my

and the equation for F(Z) is

2F(z) + (pr1-2)F@) + 4 (2¢-p-nF@1= 0

This equation 1s to be solved by series. Howsever, as the
seriss dlverges for large Z , sultable values for p must
be chosen so that the serles terminates, 1n order to obtaln

satlsfactory solutions to the wave egquatlion. Letting



Fiey==C, 2"

the recurslion formula for the Cn becomes

C. = Nn-z(2x—6-1)
‘Mt (N4 )N — (N+1)(B+41)

Cn {(7)

Thus, 1f the series 1s to terminate at some value of Y1 ,
the sultable values of Bn  are

B,= 2%—1— 21
glving eigenvaluss of E by Egquation (6)

2 h2
E(&*%%fp (zoc~t=2zny (8)

or

22y aahz
e S e S

(9)
=chw, (n+3)— Chuex (h+3Y

where W, 13 the vibrational wave number in cm™ and We Xg
13 a correctlon term for anharmonic effects. Since W,
and ULX, can be determined very accurately from wave length
measurements, the values of De and O can be calculated.

In particular



2 1
D = hc We - w@_ Cm-l
¢ 4WeXg 4 wexe (10)
a= 2.4354XIO7\1 Ma We X cm™ (11)

where f@ 1s in Aston unlts.
The normallization coefficients are determined in the

usual way from

o 2 2 < 2
N (Yfar = Be [ (@l e -

K3
glving
2_ afex—(+«n] - - - - [2a-2n]
N= ¥ 12
h m [(ze~-2n-1) (12)

In principle these solutions to the wave equatlon may
now be used to calculate the "over~lap integrals". But as
t%‘ and O are different for different electronic states,
the value of Z  for one electronic state as a function
of Z' for another, say the ground state, 1s of the form

z'= k(2
by the definitlon of Z from Equationa (6) and (4). The
exponent Y differs from unity except when the values of (
for the two electronlc states Involved are identical. 1In
general these are different and the "over~lap integrals”

take the form, by Equstions (1) and (5),



g Y
O/C e ¥ P dz (13)

where C , K and { are constants and P2) 1s a polynomlial

in Z . Thils integral can not be evaluated in terms of

simple functlions unless Y 1s unilty, that 1s, unlsss the value
of 0 for the two electronlic states invelved 1s the same.

Approximate Repvesentation of the Wave Functlons

Examination of Equation (13) indicates that the''over=~lap
integrals” could be evaluated in terms of the gamma function
1f the value of ¢ happened to be unity. The Morse potentlal
function, Equatlon (3), shows that ( acts as & scale factor
for ¥ and EL acts as a scale factor for IJ(T~Q) » There-
fore one might expect that for low energy states the wave
functlions should be represented almost exactly by those obtalned
from a potential functlon chosen 1n the following manner.

1. Choose (@ so that the "over-lap integrals'
can be evaluatede.

2. Offset the effect of the ervor in d by
choosing a8 new scale factor [%. such that the wldth of the
potential function at the energy levels of lnterest 1s the
same as that for the true Morse potentisl function.

3. Vary the value of [, , the equilibriunm
posltion, with each energy level so that the new potential
function matches the true Morse potential function at the
energy state lnvolved.

In view of the classlcal relation between amplitude of

vibration of en osclillator and the wldth of the potential
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function, this method of obtalning wave functlions will be
referred to as an equal amplltude approximatlion.

Thils equal amplitude spproximation wlll now be used to
construct a potential function for the upper 2>t state of
CNe The values of Wp and WeXe glven in Table I are taken
from Herzbergl® and [k.and d are calculated by Equations
{10) and (11l). State B 1s the excilted electronic state snd
state X the ground slectronic state, trensitions betwesn

which give rlse to the violet CN bands.

TABLE I
Vibrational Constants of CN
STATE W, (e 1) WX (enl) 1y () D, (em™l)  a(i™%
B 21644153 20.25 1.1506 5782047 2.7864
X 2068,705 13.144 1.1718 81397.25 242449

With these constants the Morss potential functlon

for the exclted CN state (B) becomes
2
Ulr-r=57,820. 48[1 —p- 2.7864(7-1.1506)}

An sccurate plot of this potentlal functlon is shown by the

a0lid line in Flgure l. To obtain ths first spproximation
to this potential by a potentlal function which has an d of
2.2449 87, as for the ground state, the potentlal function

1s expanded 1n a serlss as follows:
‘ ‘ -~ ’ Y—Y') 2~ ’ ' o ...2
Ur-)=D, [1-e alr-'T"= p, [a'(r-g+]

1 , ' . _a(y- vy &
:De, [%"]2 [G.(Y-rc)+-]2z De [%.]2 [‘-—-e ﬂ(r re)] .
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Thus,

2
U(r-k)=57820. 48[2 Z’f’;] [| _ g 2 2H490-11500)]

Thus, the first approximation to the new dissoclatlon energy
to be used to offset the error in (A 1is

D,=89,079.77 cm™ .
The approximate potentlal function 1s plotted by the dotted
line in Figure 1. It can be seen from Fligure 1 that the
widths of the two potentlals at the energy levels are almost
the same. However, for all energy levels considered here the
deviation in wldth of the approxlimate potentlal 1s negative,
and the deviatlion in energy of the energy levels is positlive.

A further change 1n [l should glve a little better

"
approximation to equal widths at the energy levels over the
range plotted for the two potentlials. However, 1t must be
noted that the positions of the energy levels shift when E&“
is changed. Fortunately, these shlfts are such as to tend
to keep the wldths of the two potential functions equal at
the corresponding energy levels. Thus matching the width at
the energy level E3 should give an accurate match for the
other energy levels shown on Flgure 1. In Flgure 1 the solid
horizontal line labeled Eq represents the true Morse energy
level; the dotted line above it represents the energy level
for the first spproximation.

Since the second varlatlon in Ei 1s to be small, fthe
variation in width of the potential functlon wlth energy can

be consldered ag llnear 1ln the reglon of E3 « That is



wld =~
AW= AES
De
where AW 1s the change in width, /A FE 1s the change in
energy and %% is a constsnt. Therefore, 1f the dlssoclatlon
€

energy ls changed by

ADL,==(1-€) De, | 1= << |

’ ?

the change in energy at the energy level is
AE= (- Ulr-)

The change in width at the energy level is

AW= (1-tH L 1]

)
.

(r-)

However the positlons of the energy levels have shifted. By
Equation {11), WeXe remains constant as the value of Q

has not been changed, therefore

AE==(1—f)(n+%) we 17170

3 L]
Thus the change in wldth assoclated with the shift In energy

level is
AW= = (1-f)(n+3) We %
e
The total change 1n wldth 1is
2 ' 1K
AW, = [(1-f )U,,(r-\re\—(\—f’\(n+a)we]—5; . (14)

However, the value of ‘LL(Y-Ed 1s the same as that of the

energy level involved; thus Equation (14) becomes



AW - ]
(+ W~ —faf

Solving for f

| 4 AW AW
= 5 + — e e T |- —x .

The desired change in wldth at energy level E3 , which
can be determined from Figure 1 or from the two potentlal
functions, 1s

AW= 0.002]|

Since the varlation 1n width of the potentlal functlon wilith
energy can be determlned from Flgure 1, the value of K can

be calculsted and 1ls

K= 1.210

snd by Table I, n being three,

(n+HF =0.1310 .
Therefore the valus of f 1s computed from Equation (15) to
be

f=0.98675

Thus the second approxlmation to the true orse potential

functlon 1s

2
1 _Z. 9(r—1.1506
U (1= 86,7343 (| — g 22449(M 115060
The new energy levels become

E.=2135.46(n+$)—-13.144 (n+) cm" (16)
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In Pigure 1 these energy levels are shown by the dashed
lines along with second approximate potentlal.

The wave functlons calculated from this second
approximate potentlal should be very close to the trus
Morse potentlal wave functlions, provided the value of Qf
ls changed for each energy level so that the second spproxl-
mate potentlsl matches the true Morse potential at the energy
level of the wave functlon concerned. The necessary change
in ¥’ required to match the approximate potential 1s given
beside each energy level as Ale in Pigure 1.

The wave functions for the exclted states calculsted by
thls approximate potential functlon msy now be used with
those from the ground state potentlal to evaluate the "over-

lap ilntegrals" in terms of the gamma function.

Formulas for Evaluation of the "Over-lap Integrals'

Deslignating quantitles of the upper electronlc state in-
volved in the transitlon by & single prime and those for the
lower electronic state by a double prime, the two sets of wave

functions corresponding to Equation (5) become

‘ i

’ @'
W.=N, e % (217 E(2)
g B g .
Y=N, €2 ()7 E (&)

where [i(Z)is by Equations (7) and (8)

(17)

E(zh=1

g

n_1_ _Z
E(Z)“l B:+ ‘
Ny 2E (z'Y
A AR Y
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o s _ (zy
K@= (@34’“ +(F3;”)(P;+Z) (B, +1)(B,+2)(8,+3) (18)

. - -

and slimllarly for the ground state functlons. Valuss of ﬁn
are glven by Equation (8) and Vin by Equatlon (9).
In order to evaluate the "over=-lap integralsg” Z' mst

be sxpressed in terms of Z” .« By Equations (6) and (4)

z'= 2o'Y'= pa'e ¥t

” 0 d .= a
" o - Y"“ Ke.
Z=2aY"= 2¢’em TR

Thereafore,
N (A )]
| Z‘L{" z'

As the value of Pg' varies with the vibrational energy level

L ]

"
of the upper electronlec state, the coefficient of Z 1in the
last equation willl be a functlon of the energy level of the
upper state. Therefore letting
_ o ca(- ) _ .
Z{n‘— " € ¢ H’OJ,7Z7”' (1¢),

»
then
Z=§Z

. (20)
Since the valuss of the "over=-lap integrals” sare to be
evaluated relative to the two lowest vibratlonal wave

functlions, it 1s of wvalue to determine the normallzation
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coefficlents in terms of the normallzation coeffilclents for
the two lowest vibrational states.- Thls can easlly be done
from Equation (12), wilth the ald of the well known gamma

function formulsa

Ti+n=2T"(H) . (21
Thus,
NZ= N7

N’= (2a-2¥(2-3) N

=3 (24-2)(2%-3) (2~ 47 (2%-5) N’ (22)

N
Ni=7 (25-2)(zx-3)(2x-4Y(22~5) (2%~ 6)*(2-T) N
N

!
=75 (294-2) - -~
where o 13 to be used for the upper electronic state
and X’ for the ground electronic state.
Therefore by Equations (17), (18), (20), and (22)
Equation (2), for the relative values of the "over=lap

integrals", beconmes

o[ W Y dr
o[‘%"l/o"dr

i

Rv’u-‘ ’

‘ o ,,. @f"ﬁr
NN (S e O848 5 ) g
NIN; e 0 oy g

I

L

By evaluating the integral in the denominator by the integral



formula
On__aX [Th+n
ofx"e‘c' dx= ——C”l—'n% (23)
it becomes
' ";(H-X)@:J”
. N;Ndxz Z.o - )z ,/M-‘ - Y
szwﬂ=: PJ’ hJ:IJﬁ%Q [“ ai;p: "}//6r (Lir.)iz (EE ) ¢ E;(z )E;(a}z;kiz

Cbviously, as I, (%) 1s a polynomial in Z , the remsin-

ing Iintegral can be evaluated by the same formula, Equation
(23), in terms of the gamma function. Carrying this out for

JsU= 0 and U=v=| » ons cobtalns
Roo= 1

ety

1+ do a-¥
R= {(Z« X2« 2)[(2x*3X 20 3)]° ("‘!' d. ;{ [ (aen=3)

5% Tl LTS

[ (ot~ AN V[ (x4 a-2)
(2a22) (152 T ata) ()T

RCEL)) S
(24-2)(24'2) (‘ )

Applying Bguation (21)

R.= (_z_f_) (M’)’ " [(as-3)(2- 31 y(d'“t'%)- <2o¢-1)(«+«-3)(1¥)

‘ 1+¥]  z[(2¢%3)+(2a-3)] X742

(2«22)(«4«"—3)(1«»&)_‘_ (2o-2)( 2% 2)(l+3’.)
C+4"=2)7, 2 (c'+2'-2)¥, \ 2
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Continuing in this manner, formulas can be obtained for all
values of JZﬁ" that sre deslired. As can be seen, the
formulas become extremely involved as one goes to hlgher
vibrational quantum numbers. However they can be put in

slmplified form.

Defining
Con= 2L (26-m) + (2= )] e
= CL [ (2a-m) 2a=m)? (28)

er_ (50 (2o

"8.= 26
8= T o] (26)
v’a”s/___ (%‘r") (Zd'—rp (27)
N Y [Com (1#7=)]
o3 Cu :
h,.= (—Jﬂ) (' ”/") (28)
v Xo ‘ + r.l]'

2
the formulas for the "over-lap integrals", using the values

.

¥
of Tﬁ, as indicated by the subscripts on !Q¢Wr7 bacone

RIO: hs (Zd“'3)}i (S;'—l) (29)
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Ro= bk, st (V2 (570 + $2cs005,5;-2 5]
22

= / 1 Cas ‘ 1" ! ]
R, hsl, b, (2t 7R T, { V3 (S;-1) V3 C (S~ 1)(5,S,—25,+ )+

C CG 4y it " 1 ¢ . '] N
2% (5:5,728511)(5,55,~ 35,5, "'334—”?

Ru: h4bzzb:3b47 (Zng)é%: {2(5;—”"' 3665(5;")(5;5;“35;* h+
CooCar (S.S0-25,+1)(5;5,5,~ 35,5, + 35, - 1) +

*C—*Lf—%*c"(sfs';s;- 35,50 + 35,-1(S,5,5,5,~ 45,5,5,+63,5;~ 45;+1)}

- c o
R.= h.\ogg—c‘:’z {1 + Cyy ( s;ncs,;n}
R..=h,b, bss—%j‘ 5 14 2C,(SrS;-N+ %c,,,c,,(s;S;—zs;H)(S;'S;"—ZS;ﬂ)?

Ra=h.b.lo,) -%;: § 14 3C4,(5,~N(Sa-1 + 2 C,,€, . (5;5,— 25,4N(S;S,~25,+ N ¥

Caabe G (5/505,-35,5,+35,-1)(5;S,5; - 35,5, +35;-1)]



R,.= h,b,.b,b, b‘,—g-:-: {1 + 4Cq, (S;-N(S]-1) + 3C.G, (S,5-25, 4SS,

~2S;+ 1)+ 5 C.C,C (5,5, 5,335,855+ 35,-1)(S,55; -35,5:+35.~1)

57 C..CnCiC,, (5,5,5,5.- 45,5,5,+6 5,5, ~ 45, +1) (5,5.S, S,

P}

~455,5,+65,5.- 45, +1)}

R,= (2x=3F(s-1)

Cas

R&h bsz(Z«LS)‘%’ { V(5,04 35 (S-(S/5i-250+) |

22

R.zh, b, 10, (2= 7} & { Y3 (S1) + V3 Cou (S 1)(S,5,-25,+1)

33

] 7 ¢ L Y] " 7] ”
+ 75 CuCur (SIS~ 2 Si+1)(5,5:5, - 35, 5, +35,1)]

Ru:h3b21b33b4,(20(”-9)i%:{Z(S;"\)'* T ?
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Where desglrsed, further formulas csn be obtalned by
integrating the wave functlons and simplifying. However one
should be carsful not to use wave functlons of energy states
of too high a quantum number since the Morse potentlsl 1g
not accurate for all ranges of energy. The formulasg given
above cover all the CN bands that will be measured 1n thils

experiment.

Evaluation of the "Over-lap Integrals” for the Viole: CN
Systenm

Evaluation of ths "over-lap integrals", and in turn the
transition probablllities for the violet CN system by the
squal amplitude approximation, requires a knowledge of the
constants <, «”, C,., .. , ‘rbﬂs:, s WS: , & ana Ny
as defined by Equations (86), (24), (25), {(26), (27) and
(28). These constants arse necessary in order to evaluatbe
Equatlons (29). Equatlon (6) can be put in more ussble fornm

for calculating K Dby substitution of Equation (11) and (12)

for a and EL; then Equation (86) becomes

We

X5 2w,

L]

How, by uslng the values of Wé' and weXe given 1n Tabls I
for the ground state A, and the values of LUg and U%X;f?om
Equatlon (18), as calculated from the second approximate

potential function, the values of o(/and e become

LU

Ved



The valus of 3; » defined by Egquation (1¢), 1ls obtained
using the values of V, and K (for N=0) given in Table I.
Thus
&: 0.98428 »
/

and, as the varlation in [ ls very small,

1= ¥ (1+ 2.2448 A () 50
whera AN (n) is given in Flgure ls The four values of U;
are glven 1in Tsble II.

TABIE IT
Valueg of X;
n Q 1 2 3 4

x, 0.08428 0.98645 098087 0.9961¢ 099073

Using these values of " ? ' and 3; s the other cone=
stants are evaluated by substitutlon in Egquations (24),(25),
(26),(27) and (28), and are complled in Tables III through AI.
' The "over-lap integrals" as evaluated by Equations (29)
are conmplled in Table XII for the transitions measured in

this experliment. Table XIII contalns the relative transition
probabllitles, the squares of the values of the "over~lap
integrals", as calculated by the equal amplitude approximation.

For conmparlson, the values calculated by perturbatlon theory



w5

by McKellar and Buscombetd ape listed in parenthesis below
the values obtalned by the equal amplitude spproximation.

The two sets of values agrese rsasonably well for ths very
lowest quantum numbers but deviate conslderably for quantun
numbers of three or four. Perturbation thsory calculatlons
ara known to Lecome less accurate wlth the higher gquantum
numbers. For the squal amplitude approximation, however, the
error should be reasonably constant in magnitude over the
range of quantum numbsrs included in Table XIIT since the
smplitudes were matched at ths third ensrgy level, E:3, and
the error la wldth at Eo is too small to ve observed I1n
Figure l. Thus the order of magnitude of the error 1in the
equal amplitude approximation calculations of transition
probabllitlies can be estimated by comparing the values for the
1-1 transition obtained by the two calculatlons. The differ=-
ence 1s about 0.03 as seen in Table XIIl. Therefore, the
transition probabllities as calculated by the egquasl ampllitude
approximation should agree with experlmental values wlthin
the range of * 0.03. There may be a small addltlonal error
common to the two methods that results from the fact that CH
is not a homonuclear molecule. However thls latter error

should be much smaller than 0.03.
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TABIE V
‘J'tf” / i rl
Values of Sn s VU=V+I
2 3 4
1.020888
1.020973 1.018224
1.018329 1.016823
1.018438 1.016829
1.0168737
1.0168486
TABIE VI
'J:l'l / 7 +
Values of Sn J=U
2 3 4
1.0274158
1027563 1.024796
1.024945 1.023127
1.028095 1.023277
1.023428
1.0235684
TABLE VII
o ¥ 7 r
Values of 1”8" , U= Y-

2
1.034047

1.034238

3

1.0314583
1.031647
1.031842
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TABLE VIII

i

1)-’ 174 o '
Valuss of an , V= VU+|

1l 2
977148
«977095 «979229
« 979124
« 979018
TABIE IX
W
Values of Sn ’
2 3
+ 98561277
+385549034 ,928817301
98810859
«+98804332
TABLE X
W v
Values of Sn )
3 4
28461533
«99459276 996356586
99633365
299631044

3

«9281731
«981624
.981517
+981408

.98986089
« 98976550
. 98972925
« 38966213

V= 95
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TABLE XI

Valuss of h g

0 1 2 S 4
1 1.00407 1.01183 1.020086 1.02489
TABLE XII

Values of l R"Iv_l/}

0 1 2 3 4
1 2096
2292 821 «599
374 +876 441
«388 «859 «452
<416 «843
TABLE XIII

3
Values of R o

0 1 2 3 4
1 «088
(1) (+095)
«085 2848 0159
(.091) (822) (.169)
»140 2787 «194
(.161) (.662) { +244)
«151 737 204
(.212) {.538) («305)
+173 o711

(.252)
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III. MEASUREMENT OF RELATIVE TRANSITION PROBABILITIES

Prellminary

The measurements of the translitlon probabilitiss of
the CN vlolet band system 13 to be carrled out by compar=-
ing the peak Iintensities of each band head with the in-
tensity of the AN 3883.4 band head, 0-0 transitlon. Before
thls can be accomplished the rotational structure of the
bands must be lnvestigated to determine what corrections
are necessary to allow for the sllghtly differsnt ro=-
tational structure of the lndividual bands.

The violet band system of CN 1s & 22—, transition,
where 2:5: 1s the ground state of the molscule. In‘this
type of transitlon the rotational lines are doublets. How=
ever, the doublet splitting 1ls so small that even wlth
spectrographs of the hlghest resolving power the splitting
1s not observed untll hlgh rotatlonal quantum numbers are
reached. Therefore, the lines of these bands can be
troated as slinglets; In fact they are often clted 1n text
books as an example of singlet bands. 1% Thus the wave
number digtribution of the rotatlonal lines of these bands
can be represented by the well known formlald® for alnglet
transitionse. For the CN vliolet system, where the Dand
neads are formed in the P branch (AJ=-1) , this 1s

V=1, + (B, +B.)J —(B,~ B”,,n)I2 (81)

where Y = wave number of rotatlional line in cm“l,
Yy

J-EE rotatlonal quantum number of lower state

11

wave number of orgin of band,
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involved 1n the transitilon,

B,x:i constant invsrsely proportlonal to the
moment of inertlia of the molsculs 1n the
upper electronlic state with vibratlionsal
gquantum number J’,

EiyEE constant Inversely proportional to the
moment of inertla of the molscule 1n the
lower slectronlc state wilith vlbratlonal

gquantum number UV .

Locatlon of Band Heads

The location of the head of the band is determined
from Equation {31) by the value of J for which the first
derivative of the equation with respect to J 1s zero;

thet 1s

-}%: (B, +B,) ~ 2(B.,~-B,)J,= 0

where J; 18 the valuse of J’ at the band head. Thus the

value of the rotational quantum at the band head 1s given by

4 4

7

J— —_ Bo + Bﬂ"
h

2(B,— B, ) (32)

8incs the values of B,’/,u and B:,/ differ for different
vibrational states, the value of J, will be different for
each band. The sffect of this on the vibrational transition
probabllities determined from observations of band head in-
tensitles must be consldered, especially when comparing bhands
of different sequences.

The variatlon of [, with 7ibrational state of the
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molecule 1s approxlimately linesr and can be represented by
the formula
B,= Be = % (0+3)
where ELE the equllibrium value of the rotational
congtant,
E%? the valus of the rotatlonal constant in
the state with vlbrational quantum number v,
Y, = constant coupling the vibratlion and rotation
of the molecule.
The values of Eg and %, for the two states concerned are
shown 1n Table XIV part of which 1s taken from Herzbarg.l8
These constants are determined by fitting the observed wave
numbers of the rotational lines to Equation (31) or equations
derived from it. Usually the rotational llnes used in this
evaluation of E% and Y are rotatlonal lines whose J
guantum number ls quite different from the J; guantum number
given by Equation (32) because of the difficulty in analyzing
the overlapplng rotational lines forming the band head. Smlte-
HMlessen? has made an accurate snalysls of the rotatlonal
structure near the band head of the 0~0 and 1-1 CN bands.
The constants he obtalned by fltting his results to an squa-
tlon simllar to Equation (32) are slightly different than
- those glven 1ln Herzberg which represent an average value
over all the CN violet bands. Values of DB, and Xe
calculated from Smit-Miessen's data ar»e also shown in

Table XIV.



TABLE XIV
Values of Be and

Harzborg Smit~-Mlessen
State B e B, oG
B 1.9701 0.02215 1.96948 0.021095

Z{Ground ) 1.8986 0.01735 1.90008 0.017805

Wnlle the dlfference in the two vslues of Be 1s
qulte negligible, the two valuss of o, differ enough to
cause dlfferences in the computed values of the gquantum
nunbers of the lines at the band heads. Because the values
of E& and &, glven by Herzberg respresent an average value
for all the CN bands belng measured Iin thils experiment,
Smit~Miessen's values belng for the 0=0 and 1-1 bands only,
Harzberg’a values wlll be used in the calculation of
constants quoted in thils thesia. Values of Jh ars glven
1n Tabls XV.

It wlll be noted that the valuss of JL computed by
Equatlon (32) sre not integers. Howsver, since the peak of
the band heads 1ls the sum of a number of rotatlonal lines,
thls number ls slgnlflcant; 1t represents the average Jh
guantum number at the band hesad.

Relative Number of Rotational ITines in the Band Head

Another important factor affectling the determination of
vibrational transltlon probabillitles from band head intensity
measurementa 1s the number of rotatlonal lines hlended at
the band head to glve the resultant pesak intensity. Since
the value of JF ia different for each band, these numbers
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TABIE XV
Values of J%
0 1 2 3
28.267 22 .4286
41.649 30.098 23.518
46 .030 32,230 24 .743
51.566 34 .743
58.784

26,137
374750
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w11l also bs different.

If the range 1n wave numbera over which the rotational
lines mre added together to form the band head 1s AV , and
the corresponding rangs 1n J vglues 1s A:f, Eguatlon
(31) can be written:

Jeav= Dy + (BorB(J+aT)— (B~B.)(T+aT)
with the ald of Equation (32). AV and AJ for the band
head are related by |

av =— (B, - B (aT)°

and

_ 4|/ 1avl
ad 'V\B;,._ B

The neasurements have besen carrled out on the ons
grating
meter, concavspspectrograph at the Mount W¥llson Observatory
Laboratorye. This spsctrograph has an almost constant
dlspersion 1n wave length over the range of the vlolet CN

bands being measured. Therefore since

(constant) |
AJ= 1 \/ —
7\\1 ‘ Bp’_ Bu\"‘

(3%)
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where N, 1s the wave length of the band head consldered.
Cbviously the mumber AJ affects the intensity of the band
heads as a statistical welght, representing the number of
rotatlonal lines lnvolved in thes measurement. Even though
the value of the conatant in Equation (33) 1s not known, the
ralative values of AJ can be computed from the known values
of A,B,and B, . The values of AJ are given in Table
AVI in terms of o

5, = 2 ATE)
N

ConsranT

Relative Intensitles of the Band Heads

The information calculated above permlts one to predlct
the relative Intensities of the vand heads of the CN violet
system in terms of the vibratlonal transition probabllities
and known constants when the spectrum is emltted under
conditlions of thermal squlllibrium.

The intenslty in emission of a vibrationsal transitlon

in a band system 1s glven by the formula

AIv'u“’z N:r’ 7)‘/ Ri’w”

where Pi; 1s the number of molecules in the upper electronlc
state with vibratlional quantum number 2’ , F?;w,is the
transitlion probablility, and V¥ 1s the frequency of the
emitted radlation. 1In a source of excitatlon where con-
ditions of thermal equilibrium prevall, relative wvalues of
N,  for aifferent vibrational states in the upper

electronlc level are given by the Boltzmsn formuls; that 1s

N N, e'KT
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v = O

B oA

37~

TABIE XVI
Values of S,
0 1 2 3
3.85% 3321
4,668 5.975 54421
4.850 4.154 3631
54245 44318

5.630

3782
4.488
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where Nh 1s the number of molecules 1n the ground state,
Evz is the energy of vibration in the upper state, having
~vibrational guantum number {Y, K 1s Boltzmann's constant,
and T 1s the absolute temperature. Thus the relative in-
tensitles of vibrationsl bands emltted under condltlons of

thermal equllibrium are given by
= apr - Ex |
I,.= NJo'R,.e" . (34)

This formula can not be used to compute relstive In-
tenslities of band hesds, however, even when the values of
F?;W are known, unless the effects of intensity varlations
due to rotational structure at the band heads belng comparsed
areso small as to be negliglble. For CN this is not true as
1s indicated by Tables XV and XVI, and therefore, 1n ordsr
to use Equatlon (34), corrections for the varlation in the
structure of the band heads must be determined.

The variatlon of intensity in the rotational structure
of the vibrational bands of diatomlc molecules has been
investigated and rellsble formulas have been developed for
most known types of electronic transitions. In the case of
CN, where the rotational llnes can be considered as singlets
(although they are really unresoclved doublets), the relative
intensities of lines 1n a P branch emitted under thermal

squilibrium are glven byll

E B.T(J-1) he
[[=Je/=Je — xv
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where J' is the rotational gquantum number that 1s used 1lu
Equation (31), EF, is the energy of rotatlion of the
molecule in the upper slectronlc state, and the other con=-
stants are the same as in Equatlon (31). Thus if the
intensities of the fictitious lines at the band heads of
each band could be compared, the relative intenslties of the

bands would be glven by
+ Eq
L.=N,? R,,,,,,J( ) emr (B ¥ B (35)

However, what 1s measured at the band head 1s not the la-
tensity of a2 silngle rotational line, but the sum of the in-
tensitles of a number of lines. Thus the relative intansities
of the band heads are given by Equation (35) after 1t has
been multiplied by the number of lines in the band head,

‘that 1s, by the quantity AJ as deflned by Equation (33).

The relative intensities of the band heads observed wlth a

gpectrograph having congstant disperslon czre glven then by

Ivv—N {) Rv'ul J(VI})AJ(U’UI)G (E +ER)

For intensitles measured relative to the 0-0 band head
2
and when ono la taken as unity, the intensity of a band,
o~V , relative to the 0-0 band is

doiw) T AT) o (BB~ Eep)
u‘o” oroo') RW’ J (@) AJ, (60 e~ " )

In terms of wave length and with the notatlon used 1n Table
XVI this becomes

b CEr* B9 —E, - E)

AMao) ¥ Jow) S
)) e

I.=R —
v N ];‘(o,o) S.o

';'VII
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wnere the values of
J-h(ﬂflf”) are given in Table XV,
S«  sare glven in Table XVI, and
E;, sre glven by the Equation (8),
E.oh = he B, o (Jow) - 1)
Taking the logarlithm of both sides of Equation (386) and

transposlng,
A@O) 5 J-(\h") Sv'u-'l 2 _ \ w _
\0 qlu [(7\(9}’) ;(oo) S‘” R,.',,!—J - ]qu 105 Oq ( E + E () E E(O))

Designating the ocoefficlents of F{ ., 88 one constant,

C | A{ao) ) Jh(w v) v.',,

vV A7) (oo)

o0

and deslgnating the difference in energy of the upper
plectronlc states

_ } ' ‘o, ‘ ‘
AEl,-‘,_" - hC (E"n+ ER"’) - EO— ER(O))
then the logarlthms of the relatlve intensltles are rslated
to the transitlon probabllltles by

log, CueRow=log, Ly + hc “' nCleda? A | (37)
where the values of (.. have been tabulated in Table XVII
and the valneJ!Llﬂk Af are tabuleted 1n Table XVIII. ER‘J)
and E. have besen computed from

()= B, T (v (Jowr =1)
and

El= We (vr4)— WX, (Wed) .

v



S 0
0 1
1 2.655
e
3
4
Ry 0
0
2362 .8

& B n = O
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TABLE XVII
Values of C‘,fl,u

1 2 3 4
456
1.117 «504
3.087 1.265 2573
5750 . 144386 837
4.572 1.607
TABIE XVIII

Values of bRQ &oq“,e AE,,'.,"'

1 2 3 4
~36541
1395.7 96149
3909.9 27764 2322 48
5490.2 4144.6  3635.2
7125.5  5503.1
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Therefore, using these relatlonships and the appro-
prlate conastants, the values of waFtycan be determined
from measurements of the relatlive intensltles of the band
heads at different temperatures, and 1lnturn the relatlve
transition probabllities, ‘thy , can be computed.

Technlgue of Measurement

Appsarance of CN Bands:

The CN bands sappesar in emlssion from the slsctric
furnace when the furnace 1ls heated to a temperature in ex=-
cess of 2200° K. There ls ample nitrogen left in the furnace
after evacuation to pressures of a few millimeters of Hg
to form the ON. The amount of CN 1in the furnace varles
groatly with tenmperature. |

Determinlng the True Band Contours:i

The measurements must be made so as to allow comparison
of the intensitles of the band heads. While in principle
this appears simple, actually 1t 1s complicated by several
factors. The filrst difficulty one encounters 1s that most
of the band heads are not lsolated but are blended wilth
overlapping rotatlonal lines of the P and A branches of

the other bands. Therefore it l1ls necessary to substract the
effect of rotetional lines of these other bands from the

band head being measured. Frequently the peak intensity
of these llines 1s many times that of the band hesad.

The Intenslity measurements 1n this experiment are

carrled out on photographlic fllm by coénventional methods
which will be described later. As Intensitles add directly

on photographlc film, the effect of extraneous rotaticnal
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linegs on a band head belng measured can be consldered sasg
background radlstion, and the intenslty of these extrsaneous
rotational lines along with the background rediatlion can Dbe
subtreacted from the peak intensity at the band head provide
the correct contour can be drawn in for the background of
rotationsal lines. PFlgure 2 1s a microphotomster tracing

of the AN\ 3883.4 band sequence with the band heads of the
0-0, 1-1 and 2=2 transitions labesled. A survey of thls
figure will indicate why allowance for the effect of over=-
lapping rotational lines blended wilth the band heads 1s
gquite difficult. Several questlons arlse;

1+ Does the band head of the 1-1 band coincide
with the peak of a rotational line of ths
0~0 band and 1f so, should lins A=A re-
present the background to be used?

2+ Is the band hesd located on the steep slope
of one of the rotationsl lines of the 0-0
band and, therefore, should some average
value, say B=B, be used for the background?

3+ Is the band hesd of the 1~1 band located be=~
tween the rotational llnes of the U~0 band
and, therefore, should line C=C be used?

4. Is 1t possible that the change 1n population
of the rotatlonal levels of the 1=-1 band
wilth temperature can shift the locatlon
of the peak of the 1-1 band sllghtly wilth
temperature so that all three of the above
methods should be used depending on the
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tempesrature at which the intensitles are
being measured?
These questlons concerning the 1«1 band head will obviously
also arise for 2ll the band heads belng messured except for
the first member of sach sequence.

A number of measurements were carrlied out on the re-
latlve intensities of the band heads at varlous temperatures
using the three suggested methods of drawing 1ln the back=
ground, and using comblnations of them. The logarithms of
the relative intensitles measured by the varlous methods
were plotted agsinst the recliprocal of absolute temperature
at which they were measured. These plots were then examined
to determine which method would give results consistent with
Equation (37).

The results were qulite poor and the fluctuation ln the
individusal messurements was so large that accurate deter-
mination of the variation of relative lntenslty with
temperature was not possible. In fact, the apparent change
in relatlve intensitieé wlth tempersature was sometimes in
the opposlte directlion to that predicted by Equation {37).
However, the sequence beginning with 0~1 band head at
4216 A gave falrly consistent results by all three methods,
although the varistlion of 1lntenslty with temperature was
somewhat large.

While s number of different attempts were made to
reduce the errors in the measurements of relatlve lntensltles
of the band heads, only one of these gave satlsfactory

regults. The slilt width of the spectrograph was lncresased,



thereby broadening the indlividual rotatlonal lines and re-
ducing thelr peak Intensitles as compared to the band head
‘pesk intensity. The peak lntensities of the band heads
are 1llttle affected by widening the slit because of the
fact that even wlth a narrow sllt the band head 1s made up
of many lines blended together and coverlng a relatively
. broad wave length reange, and widening the slit has the effect
of adding more rotatlonsl lines to the head to form the peak.
With the one-~meter spectrograph a slit width of between &0
and 50 mlcrons made the band heads gquite promlnent as com=-
pared with the overlapping rotatlonal lines of other bands
and permlitted a falrly preclse determination of the back-
groundhdue to these lines. Thils process greatly redﬁced the
scatter of measured Intensitles as a functlon of temperature,
but the results were stlll not consistent with HZquation (37).
This inconsistency could not be attributed to the method of
deternining background and therefore no further attempts
ware made to lmprove the technigue of measuring background.
Photograpnic Photometry:
The film used 1n the mesasurements wag Eastiman Panatomic~X.
It was callorated with the ald of a rotating ssctor wlth flvs
openlngs each differing from the next in wildth by a factor
of two. To avold possible errors due to reciprocity law
fallure, etc., the band heads themsslves werse used to esg~-
tablish the characterlstic curves of the emulslion. Thls
was accompllshed by placing the sector at the horlzontal
stigmatlc focus of the spsctrograph and forming an enlargsd

image of the far end of the furnace tube on the ssctor.
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Each apsctrogram then coaslsted of flve strips differing

in intenslity 1n steps by a factor of two correspondlag to

the sector opsnings. Thus sach photograph of the spectrum
provided 1ts own calibratlon. Filgure 3 shows a typlecal
spectrogram and Figure 4 1s a mlcrophotometer tracing glving
the callbration curves of thils spectrogram. The 1llumination
of the sector by the image of the end of the furnace tube
departed slightly from uniformlty at the edges and appro-
priate correctlons were masde for this in plotting relatlve
intensitlss.

To obtain the relatlve 1lntenslitles of the band hsads
from & mlcrophotometer traclng of a spectrogram, a plot is
meds of transmlsslon against the logarithm of ths relative
intensity for sach strip of apectrum glven by the sector,
the measurements belng made at the band head pesks. The
relative intensities of the band heads are then obtalned
from the dlsplacements of the curves for different bands
fpom a peference cu»ve at 50% transmission. In a similar
manner the intensity of the background (overlapping bands
and continuum) at each band which must be subtracted from
the band head intenslty ls determined. The lntensity plots
obtained from the callbratlon curves shown in Flgure 4 are
shown in Figu»e 5. The f1llm was callbrated heterochro-
matlcally for the three sequences msasured by means of the
black body radlation from the slectrlc furnace.

Several advantages of thils method are svident. Flrat,
the intansity plots each conslst of the average cf several

individual mesgsurements of transmlsslon. Second, the wilde
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range ln intensltles of the strips due to the sector permlt
vands of wildely dlfferent intensitles to be msasured on the
same spectrogram. Thlrd, the range Iin intensity of ths
atrips permlts a far more satlsfactory determinatlion of the
background Intenslty than could be obtalnsed from a single
IXPO8UrY

Eliminatloh of Reversal Effects;

Meagurements of relatlve Intensitles of thé band heads
of CH made prior to development of the method described
abovs for determining the true band contours indicated strong
reversal effects. In an attempt to understand and to re=
duce these effects, an experliment, described 1n detall in
Appendlix 1, was carrled out in which helium was blown down
the tube of the furnace 1in the opposits direction in which
the 1llght traveled to ths spectrograph. Thls tended to
eliminate the cooler reversing layers of CN at the mouth of
the furnace tubs. The experiment descrlibed In Appsndix 1
ladicated that while thils did not ellmlnate all of the re-
verging effscta, 1t did reduce them and therefore for all
subsequent measurements helium was passed through the
furnace tube at the highest veloclty possible without re-
moving pleces of carbon from the tube when the furnace was
operated at high temperatures. This flow rate was around
four liters per minuts., It 1s felt that this flow of hellum
eliminated "self reversal" from cooler layers and that the
remalning reversal was due to "aself absorption' by the CN
gas 1in temperature equlllibrium with the furnace.

Flgure 6 1s a plot of the logarithms of relative
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intensitles of two bands vs the inverse absolute temperaturs.
The sbtralght dashed llnes represent the variations of re-
lative intensltles glven by Equation 37. The seffect of self
sbsorption 1s to make the relatlve Intensitles of the weaker
bands too large (when intensitles are taken relatlve to the
ground state transition as they are In Flgure 6) because

the 0=0 band 1s absorbed more than the 1l-1 and 2~2 Danda.

The magnitude of the self absorptlon lncresases wlth fem-
perature because the concentration of ON increases wlth
temperature.

Fortunately, since the measurements of relatlve in-
tensity are beilng carried out onm a gas which l1s in thermal
equilibrium with the walls of a furnace and since cécler
reversing layers have been removed, informatlon concermnlng
_self absorptlon by the bands emitted by the gas can De
obtalned. The peak intenslity of a spectral line emitted
under the conditions described above has been shown to be

related to the true peak lntenslty of the spectral line by

the equation17

T 1+/1

I=I.(1-e w/le) (38)
where I, 1s the peak emitted intensity of the line,

I

e is the Planck rsdlatlion intenalty that
exlists in the furnacs, and
];. is the true 1ntensity of the spectral line.
This eguatlon can not be used to obtaln the true in-
tenslty from measured values of :[e as the spectrograph does

not measure the true peak emltted intensity of the spectral



1ine but measures intensitles that are proportional to the
pesk emlitted intsnsity. However, the abovs formuls can he
uged to elimlnate self absorption effects when these are

small. Expasnding Equation (38) and keeping only the first

two terms one obbtalns
_ I, (L7
L=1.(F -]

or
i I'r

=L (1-z1,) -

Slnce Ie 1s proportlonal to In‘ s Ghe mesasured value

of the relatlve 1ntensity la
- - 1 Iy
[=kI.=kI,(U-zF) .

Taking lntensities relative to the 0~0 band thls vscomes

. -IT(#"’)
w L) T ()= 5T
Ima(uw)— T (0.0) 1. @o ( | — Liten)
m T Ip(o,aJ

IT (‘V‘;U:I
where Iv,,,,"_‘ T (0.0) » the relative 1lntenslty appearing
T

1n Bgustion (37). Solving for Iubﬂ ons obtalng

‘ N IT(o,o)

—_ ‘W - -Z (0,0)

I. Im«(""’)( o I]:': o)
Z Toww)

Taking the logarithm of both sldes thls becomss

" i I {a0) 1 T )
'OQsqu‘u" = loqw.‘[m‘%wﬁ) al loq‘,( ‘—- Fi I:,(G:O) - {qu( \'_ FARTNCES

If I;ﬁf2/IJ@4 is small, this can be put in a more

convenient form. Expandlng the last two terms, one obtalns:
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T.(00 (i)
T - L—') , (59)

. .
log, L. = log, L) + Z(I,to,w 1, ()

If all measurements of relative peak Intensitles sre on
the same scale, IJ@JO may be veplaced, with sufflclent

accuracy for thls second order approzlmatlion, by
coy— W ;.
L )= ¢ I, @)

’
where k" 18 a constant {unkaowa),
1 is exposure time on photographic film, and
Ig*gia measured relative intensity.

Thus Equation (39) becomes
_ . l. I (0,0) - Im(".-\"”)
‘Oqlo Iv’\*"— !qu Im:"f) ¥ 2t ( I (0.0) Ip(\f,'lf") ° (40)

Substituting this valus of long,h~ in Equatlon (37),

one obtalnsg
2 ‘ h )
‘ l 0 q:o CVV’RW' = [\ 0 q,o Im(“"’;tf) + Frg \ que A E(v',-xf )]
(oo) (viv)

I (0,0) I o)

The quantlty in the brackets represents the apparent value
2
of log, vajaff- if no absorption were considersd. This

nay be deflned as,

log, (G Ri'v")a = log, LEYVI+ 17 loq,,e AE@v) -



=56 =

2
The trus valus of logwcwRWf 1s related to the apparent

value by the equation
. ey, K(Leo _ Low |
‘ 0 qlecw'w' R\"\”' - \ 0 qw (CVVRW)Q_ + 'Z_’Z ( IP(O.O) IP(.J".;") - {41 )

Thus one may obtain the true valuss of log, Cyon R:v v by
calculating from measured relatlve intensities at dlfferent
temperatures the values of logm(CW,R:}w)q » plotting thsse
latter values agalnst the correapondlng values of

I\ 1 (Leo  Lew
<y L u2) — Zm
A (IP) t ( T T ) )

H
and performing & stralght line extrapolatlion to the zero
2
value of A(‘%ﬂ) « The valuss of R‘;\,ﬂ are then
P
obtalned with the ald of Table XVII.

Results of Measurements

Flgures 7, 8, and 9 are plots of the values of log
loqw(cw'Riw)q vs A(‘%—ﬂ for the sequences of bands meas=
ured 1in this experiment. For the higher vibrational tran-
gitlons of the AJ:=-] and AV=+| asequences values of
'1ogw(C,,-,,.Rz,',g.)qwera taken relative to the leadlng band head
of the seguencs, that 1ls the 1.0 and 0~-1 vand heads reapec=
tivelys The values of 105:.;‘,,(C,,-.,,'R:-,,)a plotted on Flzures 7, 8,
and 9 were extraponlatsd to zero valuss of A(%*:) to glwe
true relativs values of logm Cv,u,, Ri, s These valuses
of log,, C,,-,,..R:/,.- were then all weduced to the same scale,

reglative to ths 0=0 band. Finally, using values of C‘,»vu
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ziven in Table XVII, the relative transition probsbllitles

were debternined and complled iIn Table XIX.
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TABLE XIX
Heasured Values of Relatlvs

2
Trensition Probabilitles, R,

1 2 3 4
082
«813 133
<165 736 «141
194 738 124

2204 o776
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1IV. GCOMPARISON OF RESULTS

The relative transitlon probablllities measured in
the present experiment have besn assembled iIn Table XX
for comparison with the values calculated by the egqual
amplitude approximation. The average deviatlon of cal-
culated relative fTransltion probabllities from measured
values 1s 0.001. The differences between calculated re=-
latlive transition probabllities and measured relative
transitlon probabilities are within the limlts of accuracy
of the cslculatlions and of the measurements.

In the calculatlion, ermors might be 1ntroduced by:

{a) neglecting the varlation of the electrlc moment of the
molscule with internuclear dilstance, {b) neglecting inter-
action of rotation and vibratlon on relatlve transition
probabllities, and (c) uslng the equal amplitude approxl-
metlon only for the upper level potentlial functlion. The
squal amplltude approxlmatlon could have besen improved by
matching the wldth of the approximate potentlial function at
gach energy lsvel. Howsever, the error introduced by match=-
ing only at the third energy level 1ls probably wlthln the
accuracy of the lorse potentlal functlon for this electronle
energy level.

In the messurements slight errors might be introduced
by (a) the lnabllity to accurately determlne the averags JL
guentum number at the band head, () the inability to de-
termine exactly the relatlve number of rotational llnes
blended in the band heads, (c) the llnear extrapolation to
aliminate self sorptlon,and (d) possible slight non-
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TABLE XX

2
Comparison of sz%ﬂ Values

Calculated by the Equal

Amplitude Approximation wilith

Calculated
088
« 159
« 194
204

1
«848
767
<757

#7111

085
«140
»151
173

Hgasured Values

Heagured
+0092
« 133
2141
2124

1
.813
736
2732
2776

.083
«185
+194
+803

Differencs
2004
”z026
=,053
"0080

0
-!055
""0051
=008

»085

'9002
2025
2043
« 032
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uniformlty ia the temperature along tae length of the
furnace tube. Because of these posslvle systematlec errors,
the agreement betwesn theory and sxperimant ls bellsved to
e well within the limits of the experlment, sven though
the diffsrences hetween calculated and measursd transition
probabllitles are greater than ths random fluctuations of
the measuremsnts.

Relatlve transition probabllitles calculatsd by
porturbation theory from the paper of MeKellar and
Buscombsi2 ars glven in Table XXI for comparilson with
ths measured wvalues. The agreement here ls very good for
the transitlona of very low quantum numbars, but differences
wecoms qulte large for larger valuss of vibratlonal guantum

numMharsde



e

0-1
1-2
2-3

D=4

0=0
1-1
2=2
B =3
4 -4

1-0
2~1
3-2
4=3

55

TABLE XXI
2
Comparison of szwvalues
Calculated by Second Order
Perturbatlion Theory with

Heasured Values

Calculsated Hegsured Difference

.095 0092 - o003
+168 «133 =038
o244 o141 = o 103
0305 'l124 “0181
1 1 0
0822 0813 "‘3009
«662 736 074
+538 Y 2194
778
0091 0083 "‘0008
«1561 «185 +004
212 «194 =-,018
20252 +205 - 04’7
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V. CONCLUSIONS
The sgreement of the calculated and experimentsal
values of the relative vibrational transition probabllities
of the CN violet band system determined in this lnvestigation
indicate the followlng:

(a) The experimental technique for measuring
relative vibrational transition probahilities from low
disperslion band head data, developed for thfgigg’satis-
factory for the CN violet band system. In principle, the
technigue can he extended to bands which arise from more
complicated electronic transitlons than a z:i:‘a:EZ
transition.

(b) The new theoretlical treatment, the equal
amplitude spproximation, 1s reliable for the CN violet band
system and ylelds more accurate results for the higher
vibrational transitions than previous existing approximations.
In principle, theoretical vibrastlional trsnsitlon probabilities
for band systems in other homonucleasr or near homonuclesar
molecules can be computed by the equal emplltude approxl-
mation.

(¢) If relative transition probabllities are known,
the experimental technigue developed in thls investigation
can be used to determine temperature from measured values of
relative intensity 1f self absorption effects are removed
or sllowed for.

Several precautions should be observed in usling

experimental band head intensity data. Care must be taken
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to be sure that sbsorption effects have been removed fronm
band head peak intensitles, Because of the hlgh concen=-
tration of radlation at the peaks of the band heads, self
absorption 1s much grester at the peak than for rotatlonal
lines in the band which are capable of being resolved, le.,
those whose true widths (by Doppler, natural, or collisilon
demping) are less than thelr separstions. Sum rules should
not be applied to band head intenaity measurements unless
the various effects of the rotational structure in the band
head have flrst been properly allowed for. This 1s espe-
cislly important when the measurements are to be used to
determine the temperature of the radlating source. Also,
extreme care must be taken to eliminate the effects of

over=lapping rotational structure on the band heads.
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APPENDIX I
INVESTIGATION OF SELF REVERSAL OF VIOLET CN BANDS

At the time of this experiment g satlsfactory method
of determining ths background effects of the overlapplng
rotatlonal structure on band heads had not bsen developed.
The effect of the overlapplng rotational structure on the
varlation of relatlive intensity with temperature 1s quite
small as compared with that for the varlatlon of relative
intenslty of the vibratlonal structure. Therefore, even
though measured relative intensitles may contaln systematlc
errors due to drawlng 1n the background intensity lncorrsctly,
the varistion of relstive Ilntenslty wlth temperaturs should
st111 follow the course predicted by Equation (37).

Because 1t had been observed that the wvariation of
measured relatlve intenslty vs inverse of absolute temper~-
ature was much larger, especlally for the AV=(Q sequents,
than would be expected from Equation (37), 1t was believed
that this reversal mlght result from cooler layers of CHN
gas at the mouth of the furnace tube. Therefore, in order
to remove these cooler layers, and at the same time de-
crease the ccncentration of CN, the end of the furnace
tube nearer the gpectrograph, was fitted wilith a quartz
window. An inlet was provided at thls window so that
helium could be blown down the furnace tube 1n the opposite
direction to that which the llight traveled to the spectro~
graph. Since the gas was being removed from the furnace at
a constant volume pumping rate, the concentration of CN in

the furnace tube should then be almost inversely proportlonal
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Lo the helium flow rate down the furnace tube.

Measurements of relatlve intenslty of the CN bands
vs temperature for three different fiow rates (2, 4, &
liters per minute) of helium were carried out. The results
of these measurements are glven in Table XVII and Figure 10.
Figure 10 1ls a plot of logarlthms of relative intensitles
for the three band heads, 1-1, 2-2, 3-3 relative to 0-0, vs
inverse of temperatures at the thres flow rates of helium,.
As can be ssen, the sffect of hellum flow rate on the slopes
of these plots is quite marked betweesn the flow rates of
two and four liters per minute.

For three values cof inverse temperature, 3.8x10"4,
3.6x10'4, 3.4x210"%, the values of logerithms of rslative
intensitles were plotted agalnst the inverse of flow rate
and extrapolated to zero as shown in Flgurs 11l. These
extrapolated values are plotted in Flgure 12, The dashed
lines 1n Flgure 12 represent the slopes predicted by Eguation
(B7)

The results of thls experiment indicate thats

l. Part of the se¢lf reversal e¢ffects are re-
moved by blowlng helium down the furnace
tube .

2. The slopes of the plots of logarithm of
relative Intenslty vs inverse of tempera-
ture probably can not be made to agree with
theory for any flow rate of hellun.

Therefore 1t was declded to carry out all future experiments

at nelium flow rates of four liters per minute, which would
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¢liminate the =major self reversal sffects probably due

to coonler layers of CH.
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