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Bands of the N Lyman-Birge-Hopfield system (a TI,—X !Z,*) have been observed in absorption in path
lengths ranging from 5.6)X1073 to 0.5 m-atm. Comparison of theoretical and measured curves of growth
and band profiles have allowed the computation of band transition probabilities, lifetimes of the a II, state
[7(0) =1.4X107* sec], relative probabilities of electric quadrupole and magnetic dipole components, and a
measure of the collision self-broadening cross section (¢=1.6X10- cm?).

I. INTRODUCTION

The N, Lyman-Birge-Hopfield (LBH) system is a
forbidden transition (g 'I,~X 'Z,t) falling in the 1000~
1450-A region of the absorption spectrum. The system
is of interest to aeronomy, although its importance
may have been exaggerated in the eatlier theoretical
estimates ( Green and Barth,! cf. Miller ef al.2).

The transition is not difficult to observe in absorp-
tion, and a number of observations have been reported
in the literature (see Watanabe? and Vanderslice et al.%) .
However, quantitative absorption measurements are
complicated by the compact structure of the bands.
A resolution of the order of 300 000 is required to re-

solve the rotational structure (Wilkinson®). Only one -

determination of the oscillator strengths has been made
from absorption measurements (Ching ef alf). The
requirement of a high resolution was eliminated in this
experiment by using the technique of pressure broaden-
ing in an He-N; mixture. However, the lifetimes of
the @ I, state were rendered uncertain by these meas-
urements, since the values calculated from the oscilla-
tor strengths are about a factor of 5 shorter than those
determined from the time-of-flight measurements of
Lichten” (1.7X10™* sec) and Olmstead ef al8 (1.2X
104 sec).

The analysis of recent low-pressure absorption meas-
urements of the LBH system is presented in this article.
The spectra, like those of Ref. 6, were too low in reso-
lution to separate the rotational structure. For this
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reason the observations were limited to the strong
regions of the curves of growth. The use of a theoreti-
cal model was therefore necessary for the determina-
tion of reasonably accurate transition probabilities. The
uncertainty in not using this approach would be en-
hanced in this case because of the mixed nature of the
transition; the (¢ M,~X 1Z,*) transition is composed
of comparable contributions of the magnetic dipole
and electric quadrupole moments (Wilkinson and Mulli-
ken?). The lifetime of the ¢ ', state determined from
the measured equivalent widths, in the strong absorp-
tion case, depends to a measurable degree on the rela-
tive contributions of the two moments. Given the
available data, the relative moments could be deter-
mined only through the use of a model.

The lifetimes of the levels of the « I, state calcu-
lated from measurements of the (0, 0) through (6, 0)
bands [7(0) =1.4X107* sec] are in good agreement
with the time-of-flight measurements. The source of
the discrepancy with the Ching et al. measurements is
not obvious. A reinterpretation of their experimental
results suggests no measureable variation in transition
probability over the applied range of total pressures
(2500-30 000 torr). If the measurements are valid, the
transition probability must then have a peculiar de-
pendence on He pressure that cannot be explained
simply in terms of a pressure-induced moment. Both
sets of measurements indicate no measurable variation
of the electronic transition moment, in agreement with
the observations in emission by McEwen.?

The measured fraction of the transition probability
due to the electric quadrupole moment [0.10 for the
(5, 0) band] is in fair agreement with the original
rough estimate of Wilkinson and Mulliken,® but dis-
agrees by a factor of 2 with the more recent measure-
ments of Vanderslice ef al.! A possible explanation of
this discrepancy will be discussed below.

A measure of the collisional self-broadening cross
section has been obtained by comparison with a model
based on a Voigt line profile. The cross section (1.6X
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107 cm?) is 13 times larger than the value determined
from kinetic theory.

II. EXPERIMENT

The experimental arrangement is essentially the same
as that described by Shemansky.2 A schematic dia-
gram of the system is shown in Fig. 1. The absorption
tube was a modified 1-m Perkin-Elmer multiple path
cell. A path length of 4 m was used for all of the meas-
urements presented here. The analyzing instrument
was a 2-m McPherson 240 vacuum spectrometer, with
a 600-lines/mm grating. The resolution of the instru-
ment was limited to about 15 000, with 10-u entrance
and exit slits. However, most of the observations were
made with a 50-u entrance slit in order to obtain an
increased signal. The signal, limited by the transmission
of the absorption cell, was impaired by a gradual dep-
osition of photodissociated diffusion pump oil on the
reflecting and transmitting surfaces. This difficulty was
eliminated for the later measurements of the N Vegard-
Kaplan system discussed in Ref. 12. The large dynamic
range required for the measurements was obtained
through the use of photomultiplier tubes in the pulse
counting mode. The continuum source was a krypton-
filled tube with a LiF window, excited by a 100-W
microwave generator.

The absorption cell was filled with purified Mathe-
son research grade Ns, to pressures varying from 1 to
100 torr, giving path lengths between 5.6X10~3 and
0.5 m-atm.

Curves of growth of seven bands, (0, 0) through
(6, 0), over the above range of pressures were obtained
using reduction procedures similar to those described
in detail in Ref. 12. The accuracy of the measured
equivalent widths is slightly less than that obtained in
the later measurements of Ref. 12, due to the lack of
open structure in the observed bands. Measurements
on the (0, 0), (1,0), and (4, 0) bands were complicated
by contamination with bands of an unidentified im-
purity. Figure 2 shows a spectrum (1—1,/I;) of the
(2, 0) band obtained at a pressure of 1.06 torr, in
comparison with a synthetic spectrum. The weak fea-
ture at »=72 283 cm™ is the S branch of the quadru-
pole component of the transition. The remaining
branches are not separable at this resolution (15 000).
The remaining bands are similar in shape with moder-

© D, E. Shemansky, J. Chem. Phys. 51, 689 (1969).
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ate differences in the relative intensity of the quadru-
pole branches. The spectra will be discussed further
in Sec. IV.

III. THEORY

A. Characteristics of the Transition

The observations presented in this article were made
primarily to obtain quantitative measures of the transi-
tion probabilities. The determination of these quantities
from the absorption measurements requires knowledge
of the fine structure of the bands. The following dis-
cussion of the band structure will therefore be restricted
to this purpose.

The (a UI,~X '£,%) transition has five branches, O,
P, Q, R, and S. The P, Q, and R branches arise from
the combined magnetic dipole and electric quadrupole
moments. The O and S branches are pure quadrupole
transitions. The line strength factors have been calcu-
lated theoretically by Chiu.”® These factors are repeated
in Table I, since Chiu’s notation leads to erroneous
branch designations (see Appendix A).

The bands of this system can be characterized by
single well-defined transition probabilities (4,,-), since
the total rotational transition probabilities (4s:) are
very nearly independent of the quantum number J'
(see the more detailed discussions of Refs. 12 and 14).
The quantity A;. is related to the transition prob-
abilities of the rotational lines of a given band by the

equation
Ap= 2 Ay (1)
gt
In this case,
Ayor=Ay. (2)
The transition probability A, is related to the ab-
sorption probability (By;») by the equation

AJIJ:,:4qrhc(VJ/Ju)a(dJn/dJ:)BJnJl’ (3)
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F16. 2. Comparison of calculated and observed N; LBH (2, 0)
band, [1— (7,/1s)] vs v. P=1.06 torr; T=2954°K; =403 cm:
Ay=3.9 cm™L. Heavy trace: experimental spectrum: W, ,=8.6
ey [1—(7,/I0) Jpear=0.21. Light trace: synthetic spectrum:
W20=8.6 cm™; D2=8.0X10"9 erg-cmd; (i2/D2=8.5X10712
[1—(Z,/1¢) Jpear=0.202.

8Y, N. Chiu, J. Chem. Phys. 42, 2671 (1965).
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where dy and dj» are the rotational degeneracies of
the upper and lower states, respectively. The symbol »
refers to wavenumber (cm™) throughout this article.
In contrast to Eq. (4) of Ref. 14, Eq. (3) includes
the degeneracy of the upper state due to A-type dou-
bling, although the rotational levels of the g 'II, state
are actually split. This formalism is adopted simply
to be consistent with the synthetic spectrum computa-
tions, which do not take the splitting into account.
Thus the transition probability of a band is determined
by summation over all transitions from a given upper-
state rotational level:

Av’v” =44 v’-"+2A oo’
=(C4)Q¢ JZ” Clograe)3(4S5) /27'+1]

+(C2) D¢ %‘; L) (2S5)/2'+1], (4)

where 45y, 2S; are the line strength factors and Qs, Di
are the vibronic matrix elements of the electric quadru-
pole and magnetic dipole components, respectively;
C4=232#%/5k and C2=647*/3h. Equation (4) reduces to

Av’v”='§'(C4) (Vv’v”)5Q12+2(C2) (yv’v")3D12) (5)
using the line strength factors in Table I. Similarly,
Byory = (2whc) L(C4) 3 (rorv) Q2+ (C2) D). (6)

The transition and absorption probabilities of the bands
are thus related to the vibronic matrix elements, which
in turn determine the transition and absorption prob-
abilities of each rotational transition within the bands.

The transition probabilities of the bands of most
electronic transitions can be related by the well-known

equation
Av’v"=Vv’v”3Re2(f) q”r’u’ (7)

where R.(F) is the electronic transition moment and
@oore is the Franck—Condon factor. The vibronic ma-
trix elements are therefore related to R,(F) through
the Franck—Condon factors

‘Rﬂz(f) =%(C4)Vv'v"2Q12/Qu’n"+2(CZ) D12/Qgr,7~. (8)

TasLE I. Line strength factors of ‘IT+—1Z transitions.»

1z L1101 Sr
Quadrupole

S 0(J42) 4(J42)J/3(2743)

R(J) P(J+1) 2(J+2)/3

QW) ou) 2(27+1)/(2J—1)(27+3)

P(J) R(J-1) 2(J—-1)/3

o(J) S(J-2) 4(J—1) (J+1)/3(27~1)

Dipole

R(N) PJ+1) J

Q) Q) 2741

P R(J-1) J+1

8 See Appendix A, Chiut2

4 D. E. Shemansky and N. P. Carleton, J. Chem. Phys. 51,
682 (1969).
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Fic. 3. Log W/P vs log P for the No.LBH (2, 0) and (3, 0)
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Theoretical: smooth curves— Di2="7.6X10"2 erg cm®, (2, 0) band;
D2=7.3X10"%2 erg cm?, (3, 0) band; Qi?/D\2=8.5X10712; Upper
curve—o =1.6 X107 cm?; Lower curve—s=1.2X1071 cm?.

B. Transition Probabilities from Absorption Spectra

The absorption coefficient (%,) is defined by the
equation
IL=Iyexp(—FkJi), (9)

where I, is the transmitted intensity, I, is the incident
intensity, and 7 is the thickness of the absorbing gas.
The absorption probability of a line is related to &,
through the equation for the integrated band strength
(cf. Ref. 12),

Svu”l: E E SJ"J,

JI g
=% [ b
Jr I

= Z E hVJ"J’BJIIJINJ,,’

Jr g

(10)

where Ny is the population of rotational level J”.
Equations (9) and (10) can thus be combined to
relate the absorption probability to the equivalent

width:
IyJIIJI
1— .
[ ( 2 )] o

The evaluation of Eq. (9) in the strong absorption
case requires knowledge of %, as a function of ». At
pressures in the 1-torr region the line profiles are well
defined by the kinetic motion of the molecules. How-
ever, at higher pressures the profiles are modified by
collision broadening. This process is not as well under-
stood and requires the introduction of two assump-
tions. The synthetic spectra computed here were based
on an assumed Lorentz collision broadening profile. It

Wew= 35

JJr

(11)
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Tasre II. Transition probabilities of the observed Nyg 1I,~X 13,* bands.

Dlzx 102 = Av'v” b Av’v" ¢

Band v (erg-cm?) Ay [2 Ay (sec™1) (sec™) Deviationd
0,0 68 965 1.5 0.08 3.342 4.04-2 1.2
1,0 70 612 6.7 0.084 1.60+3 1.16+3 0.73
2,0 72 250 7.6 0.088 1.96+4-3 1.85+3 0.94
3f0 73 861 7.3 0.092 2.024-3 2,133 1.06
4,0 75 444 8.0 0.096 2.364-3 1.99+43 0.84
50 76 995 4.9 0.10 1.5443 1.61+43 1.04

6, 0 78 527 3.7 0.104 1.244-3 1.1743 0.94

i

8 O12/D2=8.5 X10"12,
b Computed from measured D12
¢ Proportiona! to Franck~Condon factors, based on weighted average

was further assumed that the broadening coefficient
was not dependent on the quantum number J. The
computational methods of Armstrong® were used to
determine the convolution of Doppler and Lorentz line
shapes (Voigt function).

IV. DISCUSSION
A. Reduction of the Measurements

The equivalent width of a band in strong absorption
depends on the relative and absolute transition prob-
abilities, profiles, and effective numbers of the lines
that make up the fine structure. There is also a depend-
ence on line spacing, in this case, since the pressure-
broadened lines overlap to a considerable degree in the
head region at the higher pressures. These factors are
combined in the model calculations to produce syn-
thetic comparison spectra.

In order to determine the transition probability of a
band from the experimental data, one requires a meas-
ure of the integrated band strength (S.»). This
quantity cannot be recovered directly from the ob-
served spectra due to the convolution of 7, with the
very broad instrumental function, The only available
data are the equivalent width, which is independent
of the instrumental function, and the profile of the
convolved spectrum. The analysis of the spectra there-
fore requires an iterative computation using a model
containing a number of parameters.

The first step in the iterative process was to deter-
mine the initial values of Q2 and Dy and to fix the
ratio Qy2/ D This measurement was made at the low-
est pressure in order to approach the Doppler profile
as closely as possible, and to obtain a maximum sensi-
tivity of the equivalent widths of the S branch and
the remainder of the band to the ratio Qs2/D:%. Figure
2 shows the final synthetic spectrum of the (2, 0)
band calculated for a Doppler line profile and an as-
sumed triangular instrumental function, in comparison
with an experimental spectrum obtained at about 1 torr
(5.6X10~% m-atm). The values of Qs and Dy deter-

15 B. H. Armstrong, J. Quant. Speciry. Radiative Transfer
7, 61 (1967).

of Column 5 [W. Benesh, J. T. Vanderslice, S, G. Tilford, and P. G. Wilkin-
son, Astrophys. J. 143, 236 (1966).
d Column 6/Column 5.

mined from the comparison of synthetic and experi-
mental spectra could not immediately be accepted as
valid numbers, since the assumption of a Doppler line
profile may not have been a valid one. However, it
will be shown that the line profiles at 1 torr are effec-
tively due to the Doppler effect.

For a given path length and pressure, one can ob-
tain the same equivalent width for a range of combina-
tions of the parameters Q4> and Dy® and the Lorentz
broadening coefficient (o). In general, these quantities
would not be easily separated, without a direct meas-
urement of az, even with measurements over a range
of pressures. The profile of the band limits the un-
certainty to some degree, but the relative intensities
of the features in a band in strong absorption are also
a function of all three parameters. Thus the estimated
ratio (Q:?/D:?) in the low-pressure case shown in Fig. 2
is an upper limit of the real value since the minimum
possible linewidth was used in the computation. In
this particular case the analysis is simplified consider-
ably by the low magnitude of the measured upper limit
(012/D2=8.5X10"12), The small contribution from the
quadrupole transition that this represents makes the
calculated equivalent width quite insensitive to a pos-
sible large error in the estimated value of the ratio.
The transition probability of a band could then be
separated from the broadening coefficient in the usual
manner by comparing calculated and measured curves
of growth.

Figure 3 shows the nearly identical plots of log/P
vs logP, where P is pressure, of the (2, 0) and (3, 0)
bands. A measure of the error in the measured equiva-
lent widths can be obtained from the scatter between
the two sets of values. This is due mostly to errors in
the estimation of 7y, which could be partly systematic.
The figure shows two calculated curves of growth hav-
ing the same values of Q2 and Dy?, but differing in the
value of the pressure broadening coefficient. The lower
curve corresponds to a broadening cross section (o)
equal to the gas-kinetic value and the upper curve is
the estimated best fit to the measured equivalent
widths. The estimated broadening cross section (o=
1.6X107 cm?) is 13 times larger than the gas-kinetic
value. As one might infer from the convergence of the
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TasLe III. N; Lyman-Birge-Hopfield absolute transition probabilities.®
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8 Franck—Condon factors from Benesch et al. 17

two curves of Fig. 3 in the 1-torr region, there is very
little difference between a line broadened only by the
Doppler effect and the Voigt profile in 5.6X 103 m-atm
of gas. The upper limit estimate of (0:2/D;? discussed
above is therefore equal to the actual value of the
ratio.

The values of Dy? and 4/, calculated from the ob-
served curves of growth for the (0, 0) through (6, 0)
bands are given in Table II. There was no measurable
variation of either the collision broadening coefficient
or the 012/ Dy? ratio as a function of vibrational quantum
number (¢"). The variation in the ratio *A /24 4y
given in the table is thus entirely due to the energy
differences of the transitions. The sixth column in the
table is an improved set of A,/,~ values based on the
Franck-Condon factors for the transitions. The elec-
tronic transition moment was assumed to be virtually
a constant, with a small dependence on the energy
of the transition, stemming from the energy-dependent
contribution of the quadrupole moment; it was assumed
that the ratios Q/gu,or and Dy?/¢u» did not vary
from band to band [Eq. (8)]. The deviations of the
experimental values from the improved set clearly sug-
gest this is the case, in agreement with the absorption
measurements of Ref. 6 and the emission measure-
ments of McEwen. The magnitudes of the deviations
are of the order of 109, with the exception of the bands
blended with impurity features. Having thus obtained
a measure of the electronic transition moment, one can
compute a complete table of absolute 4, values
and hence determine the lifetimes of the system. These
quantities are given in Table III. The calculated life-
times increase slowly from 7(0) =1.4X 10~ sec for the
v'=0 level to 7(8) =1.6X 104 sec for the v/ =8 level.

The accuracy of the measured equivalent widths is
estimated to be roughly 109. This corresponds to
probable errors of about 309 for the calculated transi-

tion probability and 309 for the collision broadening
coefficient at the highest pressure, for a single equivalent
width measurement. The accuracy of the transition
probabilities are somewhat improved by the use of
curves of growth, since one is, in effect, averaging a
number of measurements. The probable error of the
calculated lifetimes is thus estimated to be about 209.
The use of the curves of growth does not measurably
improve the accuracy of the collision broadening coeffi-
cient since the probable error goes up with decreasing
pressure. The band profiles do not provide an improved
measure of az in this case due to the low resolution of
the high-pressure spectra.

B. Comparison with Other Measurements

The lifetimes given in Table IIT are in good agree-
ment with the time-of-flight measurements of Lichten?
(r=1.7X107* sec) and Olmsted ef al? (r=1.2X10~*
sec). There is some uncertainty in the Lichten estimate
in that the metastable species in his experiment were
not directly identified as molecules in the ¢ I, state.
The absorption measurements of Ching ef al® yield
about the same relative transition probabilities as the
present measurements, but the lifetimes calculated from
their oscillator strengths are a factor of 5 shorter than
the values in Table ITI. The experimental method of
Ref. 6 was to pressure broaden the lines with a high-
pressure He-N; mixture in order to obtain a measure
of the integrated band strength [Eq. (10)] directly
from the observed profile of the band. The measure-
ments were made with total pressures up to 700 psi
(36 000 torr). The measurements were characterized
by a rapid rise in the apparent absorption probability
as a function of total pressure up to a pressure of about
200 psi, where the curves leveled off to form a slightly
rising plateau. The oscillator strengths were estimated
by extrapolating the plateau regions of the curves to
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zero pressure. Ching ef al. apparently assumed that the
slowly rising portion of the curve represented pressure
dependence of the transition probability. However, it
can be shown that they very likely misinterpreted the
experimental measurements through the assumption
that the widths of the line profiles were similar in width
to the instrumental function. One can place an upper
limit on the linewidths in the observed bands by esti-
mating the degree of saturation in the absorption. The
results presented by Ching ef al. suggest values an
order of magnitude smaller than the instrumental width,
The integrated band strengths calculated from the band
profiles would then be only apparent values, somewhere
between the equivalent width and the real integrated
band strength. The experimental results can in fact be
reproduced by assuming a constant transition prob-
ability over the entire range of total pressures (2500
30000 torr). Details of the calculation are given in
Appendix B. The plateau region of t}}e apparent ab-
sorption probability curve, which Ching el 'al. inter-
prets as a variation in transition probability, must
actually be the curve of desaturation of the bands ac-
cording to the present interpretation. The sharply rising
portion of the curve is due to the dependence.of the
apparent integrated band strength on the equivalent
width, caused by the smearing of the spectrum by the
broad instrumental profile. The effect of the reinterpre-
tation of the Ching et al. experiment is to raise the
estimated transition probability (~10%, for the 3, 0
band) and thus increase the divergence with the pres-
ent work. )

If one accepts both sets of measurements, this sug-
gests a peculiar dependence on He pressure tI{at can-
not be explained simply in terms of a pressure-induced
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dipole or quadrupole moment. Further discussion should
clearly await additional measurements at lower pres-
sures in He-N, mixtures.

"Two earlier estimates of the relative electric quadru-
pole and magnetic dipole transition probabilities have
been published (Wilkinson and Mulliken® and Vander-
slice et al.). The ratio 44s,0/245,0=0.15 obtained by
Ref. 9 is in fair agreement with thegvalue (0.10) ob-
tained here. However, little_weight should be placed
on the comparison because of the very crude nature
of the former estimate. The measurements of Ref. 11
represent an attempt to obtain an improved value over
that of Ref. 9. These measurements were made by
comparing equivalent widths of lines, using photo-
graphic spectra. The accuracy was limited in this case,
not only by the dynamic range of the photographic
film, but also by the long path length of the observa-
tion (~0.4 m-atm, 15 torr, Tilford®®). This placed the
spectra far into the region of strong absorption. The
comparisons of the strong mixed transition lines with
the weaker quadrupole lines were therefore subject to
a severe limitation in accuracy. The ratio (0.33) given
by Ref. 11 is not actually a measure of the relative
transition probabilities, since the line strength factors
alone were used in the computation rather than the
line absorption probabilities (Tilford"). However, the
ratio Qi>/Dy? as defined here can be derived from this
quantity. This value (Q:2/D2=1.9X10—1) is about a
factor of 2 greater than the number given in Table II.
An error this large in the measurement of Ref. 11
would not be unexpected (Tilford).

The author is not aware of previous measurements
of the collision broadening cross section.

V. CONCLUSIONS

Measurements of the absorption spectrum of the
N; LBH system have allowed the computation of tran-
sition probabilities of the bands and lifetimes of the
a 11, state [7(0) =1.4X 107 sec]. The use of synthetic
comparison spectra has in addition allowed measure-
ments of the relative contributions of the electric quad-
rupole and magnetic dipole moments (Q:2/D2=8.5X
107%2), and the collision broadening cross section. The
ratio Qy?/Dy? appears to be constant from band to
band, within the accuracy of measurement (~20%,).
Furthermore, the electronic transition moment [R,(7) ],
which is proportional to the ratios (Qi2/g,.,)!2 and
(Dy?/gy o) "2, does not vary measurably from band to
band. This is in agreement with earlier measurements
(Refs. 6 and 10). The collision broadening cross section
(6=1.6X10"" cm?), which is based on an assumed
Lorentz broadening profile, is a factor of 13 larger than
the kinetic collision cross section. The cross section
appears to be constant from band to band within the
measurement accuracy (~309%,).

163, G. Tilford (private communication).
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The present estimate of the lifetimes of the ¢ I,
state is in good agreement with the time-of-flight
measurements of Refs. 7 and 8. However, the high-
pressure absorption measurements of Ching et al® in
He~N. mixtures indicate a lifetime shorter by a factor
of 5. The source of this discrepancy is far from obvious,
since the present reinterpretation of the Ching ef al.
measurements suggests no variation in transition prob-
ability over the 2500-30 000-torr pressure range. The
relative transition probabilities due to the electric-
quadrupole and magnetic dipole moments (45,0/245,0=
0.10) is only in rough agreement with the earlier meas-
urements (Refs. 9 and 11). However, a high degree of
accuracy was not expected to obtain from the latter
due to the use of photographic film, and the high
degree of saturation of the observed bands.

Further observations of the (¢ UI~X !Z;*) system
in absorption to examine the pressure dependence of
the transition probability would be of interest, espe-

1 1
200 300 400 500 60
Pr (Np+He), PS!

clally in view of the discrepancy between Ching ef al.
and the present measurements.

APPENDIX A: DESIGNATION OF LINE
STRENGTH FACTORS

Chiu®® does not designate his theoretical line strength
factors in the conventional manner. The branch desig-
nations are given in terms of initial and final states of
the transition, rather than in relation to the relative
energies of the states (i.e., upper and lower states).
The branch designations should in fact be independent
of the initial and final states of the transition. Con-
sequently, the branch designations in the second col-
umns of Chiu’s line strength factor tables are erroneous
in respect to conventional notation. The following table
illustrates the differences in notation for one of the
line strength factors by a comparison of the notation
of Chiu with the conventional notation [see also by
Y.-N. Chiu, J. Chem. Phys. (to be published)]:

Notation Branch designation for a given line strength factor
M—~'2:(J) M—~'Z,(J) 1Z4(J)e"; 1Z2:(7)—',
Chiu 0(J) S(J-2) S(J-2) o)
Conventional o) o) S(J-2) S(J~2)

where S;=[4J(J—2)/3(2J—1)7], Table I of aforementioned article.

APPENDIX B: REINTERPRETATION OF THE
CHING ET AL. EXPERIMENT

Ching et al.f based the analysis of their experimental
measurements on the assumption that the instrumen-
tal width (0.2 A) was comparable to the width of the
spectral lines. The results indicated a pressure-depend-
ent transition probability. It can be shown that the
linewidths are in fact an order of magnitude less than
the instrumental width. Consequently, the integrated

band strengths calculated directly from the observed
spectra would differ from the real integrated band
strengths by factors varying with the amount of satu-
ration in the absorption. The experimental results are
reproduced in the following analysis by assuming a
transition probability independent of pressure; the ap-
parent pressure dependence resulting from the original
analysis is due to the dependence of the apparent
integrated band strength on the amount of saturation
in the absorption.
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One can estimate the collision broadening coefficient
from the ratio W/.SI, by assuming a Lorentz line shape.
Equivalent widths are not given directly by Ref. 6,
but Fig. 2(a) of the article shows a spectrum of the
(3, 0) band obtained at Py,=100 torr and Pur,ine =
100 psi (I=6.8 cm). The scale of the absorption in the
spectrum clearly suggests a fair degree of saturation
since (1—1I,/13)peax=0.66. A rough upper limit esti-
mate of W/Sl can be made by approximating the
shape of the band with an effective absorption coeffi-
cient. A triangular shaped absorption coefficient appears
to be a reasonably good approximation, and the calcu-
lated ratio [for (1—1,/10) poak=0.66 1 W /(S1) app=0.75,
where (S0)a.p is the apparent total strength of the
band. (S7) .pp may deviate from the real quantity (.S7)
due to smearing by the instrumental function. In gen-
eral W< (SI) ,pp<Sl, and therefore W/(S?)app repre-
sents an upper limit of the ratio W/SI. The ratio
W/S1=0.75 corresponds to 1/X=2war/(SI) 1ime= 145,
where (S7) 1ine 1s the average total strength of the lines
in the band. The effective number of lines in a band
can be calculated from the theoretical model, and is
determined to be 43. Thus (.S7) 1in.=S7/43. If we calcu-
late the apparent value of (SI) from the value of
K=S8Ny/N given by Ref. 6, (S)1ime=24 cm™, and
ar=0.54 cm™. This value of ay is also an upper-limit
estimate because of the functional relationship of
W/Sl and X. The instrumental width is 11 cm™ at
the wavelength of the (3, 0) band. The values of
(S1) app given in Ref. 6 are therefore not necessarily
good approximations to S/, and could not be independ-
ent of the amount of saturation. Since oz must be at
least a factor of 20 less than the instrumental width
for Prp=100 psi, one can surmise that the shape of the
curve of K vs Pr given in Fig. 4 of Ref. 6 must be at
least partly due to the desaturation of the band. To
avoid an iterative computation we anticipate the real
value of K as 59 greater than the largest value given
in Fig. 4 (Ref. 6), in order to make an improved
estimate of W/SI. This gives SI=110 cm™ for Py,=
100 torr. The estimated value of W from Fig. 2(a)
(Ref. 6) results in a ratio W/SI=0.57. Another esti-
mate of W/SI can be obtained by determining the
ratio (S7) app/S? from Fig. 4 (Ref. 6), assuming the
broadening coefficient to be dominated by the He
pressure. For Pp=100 psi, (S7)app/SI=0.84, and
W/S1=(0.75) (0.84) =0.63. Using the latter value as
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the best estimate, we obtain ar=0.32 cm™! (Py,= 100
torr, Pr=100 psi); the equation for the broadening
cocfficient can be determined from this value of ay by
applying the cross section for self-broadening given in
the present work:

ar=(5.7) (107%) Py ,+5.0X 10~ Py,. (B1)

The broadening cross section for He represented by
Eq. (B1) is about 509 less than the kinetic collision
cross section.

Equation (B1) can now be used to predict the ex-
perimental results of Figs. 3 and 4 of Ref. 6, assuming
a constant transition probability.

Figure 4 shows the Ching ef al. experimental points,
(S) app v8 Puy, for Pp=200 psi (Fig. 3, Ref. 6). The
smooth curves represent the calculated variations of
St, (S1) app, and W as functions of Py,. The triangular-
shaped absorption coefficient mentioned earlier was
used to obtain (S7) app:

W/(Sl)appzz[(lnlﬂ/ln) (1 IVI/IO)]’

[Infy/1,, T

where I,; is the peak value of the absorption. The
straight line drawn through the experimental points
by Ching ef al. crosses above the origin (not shown in
Fig. 4). The (S7)app curve follows the shape indicated
by the experimental points remarkably well. Thus the
off-set of the.Ching et al. line appears to be due to
smearing by the instrumental function, rather than
systematic experimental error, or variation in transi-
tion probability.

The slope of the curve in Fig. 4 (Ref. 6) (K= SNy/N
vs Pue) can also be reproduced with a fair degree of
accuracy. If we assume Py,= 100 torr, then az,=0.0574
5.0X107%Pg,, and K=7.6S. If there were no variation
in transition probability, K would be independent of
Pg.. However, (K) a5 and (S) ., are obtained rather
than K and S, due to smearing by the instrumental
function. Figure 5 shows the calculated curve com-
pared to the experimental points. The curve in the
plateau region agrees very well with the experimental
measurements. There is some deviation at the lower
pressure (~15%), but this could easily be due to the
rough approximation of the ratio W/(SI) sp. The ex-
perimental measurements can thus be explained in
terms of desaturation of the absorption, rather than a
variation in transition probability.

(B2)
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