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ABSTRACT

I. LINESHAPES OF INFRARED ZERO FREQUENCY DOUBLE

RESONANCE SPECTRA IN CB3F

II. INFRARED-MICROWAVE SIDEBAND LASER SPECTROSCOPY OF
13 12

THE vy AND 2v3 - vg BANDS OF CHsF AND Cﬂsf

III. INFRARED-INFRARED DOUBLE RESONANCE OF 13

BY MEANS OF A WAVEGUIDE 002 LASER

AND AN INFRARED-MICROWAVE SIDEBAND LASER

CH,F

3

By
Sang Kuk Lee

Experimental measurements and theoretical calculations
of infrared zero frequency double resonance (IR-ZF) spectra
in a ?ynietric top molecule without inversion are described.
The IR-ZF spectra are infrared radiofrequency double
resonance spectra at RF frequencies tending toward zero.
Spectra are shown for a near-resonant transition in the vy

13

band of cnat that is resonant with the 9P(32)CO2 laser

line in the absence of a D.C. field and for a transitionm in
the v band of 120332 that is resonant with the 9P(22)CO2
laser line in the presence of a D.C. field. All of the

experimental lineshapes are in good qualitative agreement
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and the spectra in a Stark field are in excellent
quantitative agreement with lineshapes predicted by the
theory that is presented. The theory treats the effect of
the RF radiation as a high-frequency Stark field and is
shown to predict the known lineshape of infrared microwave
two-photon transitions in symmetric top molecules without
inversion.

A large number of transitions in the va and 2v3 - vg
bands of lzcnsr and 13033F have been recorded at Doppler-
limited resolution by means of an infrared laser microwave
sideband spectrometer which was assembled at Michigan State

University. For the 12

CH3F spectra, the spectrometer was
modified to include power leveling by incorporating a
feed-back control to the microwave source. The sidebands
were generated in a CdTe single crystal that was
simultaneously irradiated by a Co2 infrared laser and a high
power microwave source operating in the 8.2 - 18.0 GHz
region. The J and K structures of the bands were well
ré.olved.except for the lowest K values. Frequencies of
transitions involving J values up to 39 and K values up to

16 for 12

13c

cnsr and J values up to 47 and K values up to 16

for 33r are reported. Vibration-rotation parameters for

the vy = 0, 1, and 2 states were obtained by fitting to the
experimental frequencies. These parameters reproduce the
experimental values with standard deviations for an object

of unit weight (SD) of 1.33 MHz for the fundamental and 1.37

lzcn F and 2.45 MHz for the

MHz for the hot band for 3
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13

fundamental and 1.37 MHz for the hot band for CH,F.

3

A waveguide co2 laser for pumping and an infrared-
nicroﬁave sideband laser for probing were used to study
infrared-infrared double resonance in 13083!. With the
tunable range of a sideband system, several kinds of three-
level double resonance and many four-level double resonance
experiments could be carried out. The evidence for direct
pumping of a particular velocity component could be observed
by three-level double resonance. Evidence for indirect
pumping of all rotational energy levels in the first excited
vibrational state (v3 = 1) was obtained by four-level double
resonance experiments. Finally, evidence for vibration-
vibration energy transfer was confirmed. The indirect
pumping effect appeared to be useful not only for

identification and observation of hot bands but also for

characterizing the mechanism of the optical pumping.
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SPECTRA IN 0I3F



CHAPTER 1

INTRODUCTION

Infrared radiofrequency double resonance spectra of
symmetric top molecules are often characterized by a strong
asymmetric absorption lineshape at very low RF frequency.
The appearance of this absorption has been used as evidence
of a near resonance between the laser line and a molecular
transition(l). It therefore identified the laser line as a
fruitful one for double resonance at higher RF frequencies.

In a double resonance process, a three level system is
simultaneously irradiated by two different fields of
different frequencies. One radiation, which has a fixed
frequency in resonance, saturates one transition; the other .
field, which is generally weaker than the first one has a
swept frequency. A variation of absorption is then detected
on the second field when the pumping field becomes resonant
with a transition. These processes were studied by Autler
and Townes(2) in 1950. 1In 1952 Brossel and Bitter performed
a double resonance experiment in which the Zeeman splitting
of an excited state of a Hg atom screened by Doppler
broadening was recorded(3). This technique was ultimately
extended to infrared radiofrequency double resonance by Curl
and Oka(4).

An absorption peak in normal spectroscopy shows a

particular lineshape depending on the molecular environment;



9,
1
i
or

Te,



in very low pressure gas the absorption peak exhibits a
Gaussian lineshape which is dependent on the frequency of
the radiation, temperature of the sample, and the molecular
velocity distribution. At higher pressures, the peak is
homogeneously pressure broadened, which typically shows a
Lorentzian lineshape depending on the molecular dynamics.
At intermediate pressures the peak appears as a Voigt
profile, which is a convolution of the Gaussian lineshape
and the Lorentzian lineshape.

When the infrared zero frequency double resonance was
first encountered by A. Jacques at Michigan State
University, the observation of an apparently Doppler-free
infrared absorption suggested that it might have potential
for the determination of collisional relaxation rates.
Therefore, an investigation was begun of the dependence on
aa-pie pressure and RF power of the infrared zero frequency
double resonance that occurs as a result of the well-known
near coincidences of the Q0(12,2) transition in the vq band

12

of CH,F with the 9P(20)CO2 laser line(5) and of the

3
QR(4,3) transition in the va band of 13033F with the
9P(32)CO2 laser line(6). Although most IR-RF double
resonance studies have been done with an absorption cell
inside the laser cavity, an extra-cavity cell was chosen in
order to remove the nonlinear effects of laser gain from the

recorded lineshape.

An additional interesting feature of the infrared zero



frequency double resonance was the fact that the rotating
wave approximation, commonly used in double resonance
theories(7), is expected to fail for this effect. The
rotating wave approximation is based on the assumption that
the frequencies of the radiation are much larger than the
relaxation rates or Rabi frequencies involved. This can
hardly be true if the frequency of one of the radiation
sources is near zero. Thus, it was necessary to extend the
double resonance theory to include the IR-ZF effect. The
new theorf resembles theories previously derived to describe
the high-frequency Stark effect(8).

The theory developed to explain the IR-ZF lineshape
was in qualitative but not good quantitative agreement with
the observed lineshapes(9). This was attributed to the m
degeneracies of the states involved in the transitions. At
first, a simple sum over the m components was tried without
success. It was concluded then that the disagreement
between fheory and experiment was the result of the many
level crossings of the m components that occur at zero
field. These crossings were not taken into account in the
theory.

In order to determine whether the derived theory could
accurately represent an IR-ZF lineshape, I recorded the IR-
ZF absorption of a single m component of a transition
brought into resonance with the laser by application of a

D.C. Stark field. The transition chosen was the °P(2.l), n



=1 + 0 in the v, band of 12cnar. This transition has been

shown to be in resonance with the 9P(22)CO2 laser line in an
electric field of 9738.2 V/cm(86).

The purpose of this study is to describe the theory
derived for the IR-ZF double resonance effect and to compare
observed and calculated lineshapes for a single m component
of a transition in resonance with an infrared laser. As a
by-product, it is shown that the new high-frequency Stark
effect theory provides an alternative to the usual
description of infrared microwave two-photon absorption in
symmetric top molecules without inversion(10-12).

The next chapter outlines the theory used to calculate
lineshapes and Chapter III describes the IR-ZF experimental
apparatus. In Chapter 1V, the methods and equations for
theoretical calculation of the input parameters are derived
and in Chapter V, the experimental and calculated lineshapes
are compared and discussed. Finally, in Appendix A, the
theory is extended to the case of infrared microwave

two-photon absorption.



CHAPTER II

THEORY®

We assume a symmetric top in which the inversion
splitting is negligible. In the presence of an electric
field that is sufficient to separate the m components the
states are singly or doubly degenerate (ignoring nuclear
spin degeneracy); we assume a transition between doubly
degenerate states. The basis functions are chosen to be the
linear combinations of mixed parity (i.e., the t linear
combinations of single parity states), in which case the
electric dipole moment matrix element that connects the
degenerate partners vanishes. It is therefore sufficient,
within the electric dipole approximation for both radiation
and collisions, to consider only one of the two pairs of
states involved in the transition. We also assume that the
rotating wave approximation is valid for the infrared
radiatioh, since the infrared frequency is much greater than
either the Rabi frequency or the relaxation rates. This
approximation allows the two states to be separated from the
states of other rotational levels so that we are left with

the simple case of a two-state systenm.

The theory described in this chapter was developed by R.
H. Schwendeman.



Let us consider a two level system of a symmetric top
molecule (that is the case of for CH3F) irradiated by IR and
RF fields whose planes of polarization are perpendicular to
one another. The sample is also in a D.C. Stark field which
is assumed to be parallel to the RF field. Since the
selection rules on the IR transition are aM = tl1, one M
state in the ground vibrational level is connected by‘the IR
field to either the M+l or M-1 state in the upper
vibrational level. We assume that only one of these
transitions has significant probability at the IR frequency
of interest.

In the case of a symmetric top, energy levels have a
first-order Stark effect, so diagonal perturbation matrix
elements are non-zero. In this case, they are also time
dependent because of the RF field. Starting from these
points, the absorption of IR radiation by a two level system
having a first order Stark effect can be calculated by using
the density matrix formalism.

As the first step, the Bloch equations are written in
the rotating wave approximation for the IR field. The
population and coherences are then developed in Fourier
series dependent on the RF frequency. Density matrix
elements have to be calculated by using the equation of

motion of p;



2fe
n

-T(p - #°) - £lH,p] (1)

where I' is the relaxation matrix and p° is the density
matrix at thermal equilibrium.

The time dependence due to the IR field can be treated
by using the rotating wave approximation. A change of

variables is done as follows;

- Pbb (2)

-i(w
Pha - (u + iv)e

t - k,2z)
Here, n is the population difference between levels a and b,
wy is the IR frequency, and kl is the wave vector. By
substituting from EBqs. (2) and (3) for Paa’ Pbb’ and Pba (=
p:b)‘in the density matrix, Eq. (1), and by ignoring rapidly

oscillating terms (rotating wave approximation), we obtain

the Bloch equations for a two-state system(7) as

dn/dt = -2xv - rl(n-no) (4)

du/dt = -v§ - v,u (5)

dv/dt = us§ + %3 - YoV (6)
where

X = pb.(:/ﬂ (7)



and

8=U.’-0ba . (8)

Here, ba = Yab is the dipole moment matrix element

connecting states a and b, G: is the amplitude of the

electric field of the infrared radiation written as

_ .0
cl = €1 cos “lt . (9)

and “ba " (Bb - Ba)/ﬁ with Ra and Bb the energies of the
states. Finally, in Rqgs. (4)-(6) Yy and Y, are relaxation

© is the equilibrium

rates for n and Pba’ respectively, and n
value of n; Pba is assumed to be zero at equilibrium.
The effect of the RF field is introduced as an

additional first-order Stark effect. Thus, we assume that

- iet -iwt
§ = Sa + sb (e + e ). (10)
Here, § = 8‘ in the absence of the RF field and
_ _ o
8p = (bpp ~ Paqa) €pp/2h (11)

where cgr is the amplitude of the RF electric field written

€RF = Ggf cos ot . (12)

As a result of the oscillation of § at RF frequency o,
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which may be comparable to or even smaller than x, Yy and
Ygs the density matrix components, n, u, and v will

oscillate at frequency o and overtones of o.

n=% n elkot (13)
k=-o

u=f u ellot (14)
k=-o

v=Z v elkot (15)
k=-e

These Fourier representations for n, u, and v, along with
Eq. (10) for § are substituted into the Bloch Eqs. (4)-(6).
We assume that in the steady state ﬁk’ ﬁk' and 8k. the time
derivatives of the Fourier coefficients, vanish. The

iket .l e then collected on one side of

coefficients of each e
the equation and set equal to zero. The result is a series
of coupled linear equations in the DLy U and A%

For our experiment, the important quantity is the
effect of the absorption on the intensity of the infrared

beam. The absorption coefficient for infrared radiation is

known to be(7)
« = (4nNygyo/¢) v/(: . ' (16)

The output of the phase-sensitive detector used to record
the spectrum is filtered with a time constant whose

reciprocal is much l-aller than the lowest usable RF
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frequency. Therefore, we need the time-averaged value of o,

which is given by

« = (4nNu po,/c) vo/e:. (17)

To solve for A expressions for o, and uy in terms of
the " are obtained from Eqs. (4) and (5), respectively, and

are substituted into Eq. (6) to give

k+2

z a v, = §
gek-2 a Va7 %k,0

xn®/2 (18)

where sk.O’ the Kronecker delta, is equal to one for k = 0
and zero otherwise. The fact that only 5 non-zero terms
appear in the sum is a result of the first-order
perturbation form assumed for the frequency difference §

(Bq. (10)]). 1In Eq. (18),

} 2
®,k-2 ~ %k-2,k - % /Fy_q (19)
a = a = 6.8 (P + P21 (20)
K, k-1 = %k-1,k - Sadb(Fx k-1
) 2 2 2, -1 -1
ak,k = Fk + x /Gk + 8. /Fk + Gb (Fk-1+Fk+1) (21)

where Fk = Yy + ike and Gk =Y + ikw. Eq. (18) can be

written in matrix form as
AY = ¢ (22)

with obvious definitions for A, V, and C. The result is an
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infinite complex linear system that must be truncated for
solution. The results of calculations for different numbers
of harmonics are shown in Chapter V.

It is possible to transform EBq. (22) into a linear
system that contains only real numbers. This system can be
solved algebraically for any number of harmonics. Iq order
to carry out the transformation of Eq. (22) and to give an
algebraic solution for A the time independent element of

v, we apply a transformation to EBq. (22)

saslsy=8c¢ (23)
or

AvV=2C. (24)
Here,

A=gasl,¥=8v,ad-=8c¢. (26)

For the case of truncation after two harmonics, 8§ is chosen

to be
(1 0 0 0 1)
(] 1 0 1 0
1
g= = (o 'F3 0 (] (26)
iz (] -1 0 i 0
-1 0 (] (] i)




13

in which case §_1 is easily obtained.

The transformed matrices are

a) b, Iici -b3 -ay
LH aj+c, Iibi -a] -bj
A = f2ej  {2bj a, 27 -J2ej |, (2T
bj aj Iibg aj-c, by
| aj by IEE; LH a) ’
-~ N ~ N
v
{2 > ()}
v
Ii'i 0
v = D , and C = xn® (28)
J2v" 0
1
\ ff%a J \ 0 )

In these matrices,

8k~ 8k * 18y Ay g T by by, ap g ey T oo todcy
and v = vi + ivi .

Thus, the linear system in Eq. (24) has only real
components.

To solve Eq. (24), we make use of the fact that all of
the linear equations in this system except one are
homogeneous. This allows development of a general method
for reducing the dimensions of the linear system by 2 at a

time. In this method the first and last equations are used
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to obtain expressions for the first and last components of V
in terms of the remaining components; these are substituted
into the remaining equations. This proce;- is repeated
until only a 3x3 linear system remains. The 3x3 linear
system can then be solved exactly.

To carry out the procedure just described, we let LW
now be a general element of A and v, be an element of V.
Then, except for L = 0, one of the linear equations in Rgq.

(22) can be written

L
.z a9k Yk = 0 (29)

k=-L
where L is the number of harmonics. The dimension of the
linear system is 2L+1. We use the equations for & = L and A
= -L to solve for Ve and v_y as follows:
L-1

vV, = I « v (30)
T k=g ok K

for J = tL, where

a a - a a
_— J,-J %.k JL%lek ‘ (31)

85,3 Yo ;5.5

To obtain these expressions, the symmetry relations a_ ;=
’

aL ) and &_i,-L = 9,1 Yere used. These relations hold

only for L 2 2, so the reduction process must be stopped

when L = 1. However, when L = 1 the linear system is 3x3

and may be solved trivially.
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After substitution for VL and A the linear system is

of the form

L-1

z (a + a, _ro_

*toay 1o, k) Vi

= § xn®/2 (32)

k,0

which is of dimension 2L-1.

Two limiting solutions of Eq. (22) are of some
interest. First, if sb = 0, the usual expression for
partially-saturated absorption in a two-level system is
obtained. A second limiting solution is that for which §,
w > X, Y)s Yg» OF sb. This case of two-photon absorption
in a symmetric top without inversion is discussed in
Appendix A. It is shown there that two-photon absorption in
such a molecule can be thought of as a consequence of a
high-frequency Stark effect. The expression obtained for
the two-photon absorption coefficient is the same as that
obtained by a different approach by Oka and Shimizu(10).

In the derivation just given, L (Eq.(10)] depends on
wg s the infrared frequency seen by the molecule. To take
the Doppler effect into account we assume that the overall
absorption is a sum of products of the absorption
coefficient for each velocity group multiplied b; the
relative population of each velocity group. The total
absorption has to be averaged over the different velocity

groups.
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a = [ I2 wt(vy) av, (33)

where f(vz) is the Maxwellian distribution of the velocity
component along the propagation axis of the radiation.
However, this Doppler averaging is unusually tedious for
case in which the values of x, 71, and 72 are small.
Fortunately, toward the end of this project an array
processor (FPS-164) became available for the calculations,
so that not only individual lineshapes could be calculated,
but also a full least squares treatment, including numerical
calculation of the required derivatives, could be

implemented.
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CHAPTER III

EXPERIMENT

Figure 1 is a block diagram of the spectrometer used
for this investigation. The 002 laser was a 2.2 m water
cooled plasma discharge flowing gas system with a 4.0 m
cavity mounted on an invar frame, which has been described
previously(13). One end of the cavity is a rotatable plane
grating with 150 lines/mm and the other end is a partially
reflecting (95 X) 10 m radius concave spherical mirror. The
combination of the liquid N2 cooled photovoltaic InSb
detector, the phase sensitive detector (PSD), the
operational power supply (OPS) and the piezovoltaic (PZT)-
driven laser mirror stabilized the laser output to within
+300 kHz by monitoring the saturation dip in the
fluorescence from an intracavity cell filled with CO2
gas(14). The laser radiation was linearly polarized in a
directioh determined by the Brewster windows of the
discharge tube. The plane of polarization was rotated by
using a different mirror configuration for the aM = ¢l
transitions

The sample cell used for this experiment was designed
for conventional laser Stark spectroscopy(13) and consisted
of a 6-inch glass pipe tee that includes two solid nickel
bars, 5§ cm x 2 cm x 40 cm, whose large faces are flat to

$0.5 ym. The bars are separated by optically flat guartz
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Figure 1. Block diagram of the infrared radiofrequency
double resonance spectrometer used for the study
of infrared zero frequency double resonance in a
D.C. Stark field.
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spacers -~3 mm thick. The electrode spacing was determined
by measuring the resonant field of the o0(1.1) transition in

the va band of 12

cnsr(s).

The RF source was a Hewlett Packard Model 8660A
synthesiger whose output frequency was controlled by a
Digital Equipment Corporation PDP-8E computer through an
interface designed by Mr. Martin Rabb at Michigan State
University. The output of the synthesizer was chopped at
33.3 kHz by means of a Mini-Circuits Laboratory Model
ZAD-38SH double balanced mixer and either amplified or
applied directly to the sample cell. The RF voltage at the
sample cell was monitored by means of a simple diode
detection circuit. The parallel plate Stark cell was
shunted by a 50  resistor to improve its high frequency
response and seemed to operate satisfactorily over the 0-5
MHz range that was used with it. A maximun of 0.5 Vr-. of
RF amplitude was used.

Thé laser radiation was monitored by a liquid N2
cooled Hg-Cd-Te photoconductive detector. The detector
output was amplified and processed at the chopping frequency
by a phase sensitive detector whose output was digitized and
recorded by the minicomputer that controlled the RF
frequency. The observed spectrum is the difference between
the IR absorption in the presence of the RF field and that
without the RF field.

Several spectra recorded at different sample pressures
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and RF powers with the 9P(32)co2 laser line with 13c33r in

the Stark cell outside the laser cavity are shown in Figs. 2
and 3. The absorption is the result of the near coincidence

(~25.8 MHz) between the laser frequency and that of the

12

°3(4.3) transition in the vg band(6). Samples of the CH,F

3
spectra obtained with the laser Stark cell are shown in

Figs. 4 and §. In these spectra the absorption is of the
m =1 « 0 component of the °P(Z,l) transition, which was
brought into resonance with the 9P(22)co2 laser line by
application of a D.C. Stark field of 9738.2 V/cm(6).

12

The cnsr was obtained from Peninsular Chemical

Research, whereas the 13

OB3I was obtained from Merck.
Except for the usual freeze-pump-thaw cycling, the samples

were used as received.
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CHAPTER IV

CALCULATIONS

For the theoretical calculations, we need 11 input
parameters which are as follows: the number of points in the
Doppler integration (NG); the frequency interval in the
Doppler integration (DG); the Doppler width (GW); the number
of RF frequencies (NV); the RF frequency interval (DV); the
starting RPF frequency (VA); the IR offset frequency (DA),
which is zero for on-resonant pumping; the RF Rabi frequency
(DB) for the transition; the IR Rabi frequency (X) for the
transition; and the relaxation time for population (rl) and
for coherence (12).

Of the 11 parameters, 3 (NV, DV, and VA) are chosen to
match the experimental conditions, and 2 (NG and DG) are
leloétod to provide an efficient but accurate numerical
integration. For the latter, DG should be less than the
smaller 6f 71 and rz and NG x DG should be greater than 6 x
GW. Of the remaining 6 parameters, §, is known from the
spectrum and GW can be accurately calculated, as shown
below. Also, DB and X can be estimated, but were normally
adjusted in the fitting process for reasons that will be
described. The estimation of GW, DB, and X is described in

the next 3 subsections.
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Doppler Width (GW)

The Doppler width (GW = Avn) can be accurately

calculated from the expression,

v
- _0 I (2In2)RT
6vn - c M ’ (34)

where v, is the resonance frequency, c is the speed of
light, R is the gas constant, T is the absolute temperature,

and M represents the molecular weight.

RF Rabi Frequenc DB

The RF Rabi frequency for a transition, as it appears

in the present theory is given by

sb.z LE%%E:I G;F (35)

where G;r is the amplitude of RF and p’ and py" represent the
diagonal matrix elements for the dipole moment of the upper
state and the lower state, respectively. The matrix

elements can be obtained from the following equation:

unkl
S [ ¢533) (36)

where ¥p is the permanent dipole moment in the vibrational
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state. The peak RF electric field G;' is related to the

root mean square RF voltage, as follows:

o _
€pp = Ii'vr_./d (37)

where d is the distance between the two Stark plates.

The IR Rabi frequency for the transition, as it

appears in the theory is given by

X = ufiel/h (38)

where Moy is the transition dipole moment matrix element
between states f and i and E! is the peak amplitude of IR
radiation.

The dipole moment matrix element can be expressed as

bey = (35;) jo{oavodoajvJ.k..,co-e ¥ npngnd® (39)

For the vg band of 12

cnar, the derivative of the
molecular dipole moment with respect to the normal

coordinate for vg can be obtained from reported absolute
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intensity data(15), as follows:

2 o
2 3c vy T
22y = 3 3 (40)
303 NA
where vg is the harmonic frequency, c is the speed of light,
"A is Avogadro’s number, and r3 is the integrated absorption
coefficient for the vy band. The calculated value of

2/3lec—1 based on r3 = 9086

(au/aQa) is 117.4 cm
ca?/mole(16,17) and v§ = 1067 cn 1(18).
For the second contribution, the normal coordinate

integral is given by

4 2 o0
* - l 1, . '3 a1
Thus, 10:0300403 = 1.62 x 10721 g1/2.,.

Now, consider the directional cosine element for our
experimental arrangement. The equation can be transformed

into the'-atrix element(19)

930 x0m1088 o050 agnde = <Ik’m’ 18y |3 k"R">

1] [ » ’ ” [, ] 1] ) [ ] ”
<T@y 13™><T K |0y 13"k"><T m’ |8y |T"m"> (42)

x
LATS ey ] Y ?m?
<J"k"m "Y:'J k’'m’> .

For the transition °P(2.1), m=1+0
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J* =J" -1, k’ = k", and m’' = ma" + 1 (43)

Thus, since J" = 2, k" =1, and ="

0,

1

2 .2.1/2
) (2(32%- k2172
[47(432-1)11/2

’ NNy -
<J'k’m IQYzIJ k"m"> = (

x ((J-m)(I-m-1))172 - o.1581 (44)

For the peak amplitude of the IR radiation, we can

obtain the equation

€ /(V/em) = 27.449'-% /(watt/cm) (45)

from the relationship

P/A = cez/sn (46)

where P is the radiation power and A is the area of the
bean.
Finally, we can calculate the Rabi frequency from the

relationship

X = (ESJ/unz = 0.50345(,/Debye) (€/V/cm) (47)
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CHAPTER V

RESULTS AND DISCUSSION

Sample experimental spectra are shown in Figs. 2-7.
As indicated in the Introduction, the spectra of 13083F in
Figs. 2 and 3, taken at zero D.C. field in the presence of
multiple m degeneracy, could not be fit quantitatively with
the theory presented in this paper. By contrast, spectra
similar to that in Figs..4 and 5, taken with the sample of

12

CH,F in a resonént D.C. Stark field that split the =

3
degeneracy, could be fit to high accuracy. Examples of such
fits are shown in Figs. 6 and 7. The small variation of the
residual shown in these figures is within the experimental
uncertainty in the lineshapes.

The original purpose was to obtain relaxation
paraietern from these spectra. Unfortunately, that was not
possible in the present work. The zero D.C. field spectra
could be'taken at relatively high sample pressures (-~50
mTorr) where pressure-dependent effects were obvious, but
they did not fit the theory. The non-gero D.C. field
spectra could be fit well, but because of dielectric
breakdown they could not be observed at high enough sample
pressure to observe linearly independent pressure effects.
The absorption line chosen for the D.C. field studies

(12

CH,F va band oP(2.1), m =1+« 0) required a field of ~9.7

3
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kV/cm to bring it into resonance with the 9P(22)C02 laser
line. At this high field the highest sample pressure that
could be maintained reliably was ~6 mTorr.

Several attempts were made to fit the highest pressure
D.C. field spectra to the lineshape described in the Theory
section. For this purpose, we assumed that the spectrometer

signal was of the fornm,

S = C1 I_ W(Sa)[vo(x,y,sb.sa) - vo(x,r.o,sa)] dSa

+ C (48)

2
Here x, v = v, = ¥,, §,, and § have already been defined;
"(Sa) is the probability density for Sa; C1 and 02 are
constants. The functional form assumed for W was the
appropriate Doppler-broadened Gaussian centered about Sa =
0. Care was taken to insure that the numerical integration
was sufficiently accurate. The difference in square
brackets in the integral in Eq. (48) is needed to represent
the combined effect of chopping the RF radiation and phase-
sensitive detection.

All least squares fits with independent variation of
the 5 parameters x, v, sb’ Cl. and 02 diverged. By
contrast, all fits with y fixed at the value of 20 MHz/Torr
converged rapidly. The results of two such fits for spectra

taken with different RF amplitudes are shown in Figs. 6 and
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7. Some 4-parameter fits with sb fixed at the value
predicted from the fits with y fixed converged slowly, but
showed a very high correlation between x and y. The
excessive computer time required by the Doppler averaging
and the predicted low reliability of the outcome led me to
discontinue the numerical experimentation. It appears that
use of this method for evaluation of relaxation peran?terl
will require that the resonance occur at much lower Stark
field than was the case in this work. Such an experiment
could be carried out with a stable tunable laser source such
as the recently developed infrared-microwave sideband
laser(20).

Although it was not possible to determine the
relaxation parameter, the quality of the fits in Figs. 6 and
7 is sufficiently high to provide strong support for the
theory presented above. In order to give an indication of
the dependence of the IR-ZF lineshape with variation in
parameters, several calculated spectra are shown in Figs. 8-
12. Dependence on pressure, RF field, D.C. field, laser
electric field, and number of harmonics used in the
calculation is shown. The dependence on pressure, RF field,
and laser field appears similar at first sight, which
accounts for the near linear dependence in the least squares
fits. However, closer examination reveals some differences.
Of interest is an apparent competition between pressure and

laser electric field (Figs. 4 and 8) that is similar to
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ordinary saturation effects. In each of these figures,
comparison of the relative peak heights to that of the
offset shown at the right of the figure indicates that the
intensity increases with pressure between the two lower
figures, but decreases with pressure between the two upper
figures.

Finally, the dependence on the number of harmonics
included in the calculation (Fig. 12) justifies the
derivation of a theory that goes beyond the rotating wave
approximation. As expected, however, and shown in Fig. 13,
there is little if any dependence on the number of harmonics

when the RF amplitude is low enough.
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APPENDIX A

The purpose of this Appendix is to give a solution of
Eq. (22) for the case |8a| - > sb. Yy and Yy- This is
the case for infrared radiofrequency or infrared microwave
two-photon spectra for a symmetric top without inversion.
The solution will be developed to third order in the product
of sb and x, the factors that depend on RF and infrared
amplitudes, respectively.

It is sufficient to consider only one harmonic;

therefore, the linear system that must be solved is

b b x
a1 851 0 \4 0
* 2 /2 (A1)
%01 %00 201 Yo = xn .
|0 %1  °11 | "1 0]

The ars ﬁre given by Eqs. (19)-(21). This system is readily

solved to yield

xno/z
a* 2 a 2
01 _ 01

(A2)

Yo

x
200%11 200211
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or
£ 2 2
0 a a
ve - x: 1 + 01 . + 01 . (A3)
00 850211 850211

After rationalization, this is

’ 2_ "l "
a0 2a3(b32- b3%) + da7biby
Vo * Za 1+ Y - (A4)
0 ao(a1 + aj )

The nomenclature of Chapter II, i.e., 850 = %’ 211 ° ai +
iai, a5, ° bi + ibi. has been used.

The third-order terms in Eq. (A4) are in the ratio in
parentheses. These may be written A/B, where after

substitution from Bqs. (19)-(21),

2 2, 2
§ v 48
A=282%62 (—15) (v, + 252 - ——3—;9—(u2 - 8,2
: 2,2
28 " &
= —_E—EE_(ssaz - uz) (A5)
Yz“
and
2 2 2
§ § Y 8
B = ;;— [(12 + 32 2)2 + (0 - —:—)2] . (A6)
W

In these expressions a number of higher order terms and
terms that are negligible because of the assumed magnitude

of 6. and o have been omitted.
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To simplify Bqs. (A5) and (A6) we make use of the fact

that lsal = . This leads to

2.2
A s 4 Sa Sb / Yy (A7)
and
6.2 | (0 - 6% (0 + 52 2
B s Y 02 + 472 . (A8)

Finally, the desired third order contribution to o is

-1
0 2 2 2
o3 Lxda Bk | (o7 §) (et 8D o)
0 %a,. B 2 2 Yo
0 28a 40

This result is in essential agreement with that derived
previously by another method(10). The conclusion is that
infrared microwave two-photon absorption in symmetric top
molecules without inversion can be viewed as the result of a
high-frequency Stark effect created by the microwave
eléctric.field. This Stark effect causes absorption
sidebands in the molecules such that a resonance occurs when
the laser frequency coincides with one of these sidebands.
The denominator in Eq. (A9) shows resonances when Sa = ey -

Wpa +w, or when ©y = e + w.
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INFRARED-MICROWAVE SIDEBAND LASER SPECTROSCOPY OF

13 12

THB vy AND 2v3 - vg BANDS OF 0337 AND CH3P
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CHAPTER I

INTRODUCTION

This thesis is concerned with studies of the va and

2v3 - vg bands of IZCHsF and 13

CH.F by infrared microwave
sideband laser spectroscopy. Methyl fluoride is a typical
prolate symmetric top molecule with 03v symmetry. This
molecule possesses six fundamental vibrational modes, three
totally symmetric (Al) and three doubly degenerate (E), all
infrared active. The vq mode is of totally symmetric
species Al’ associated mainly with the C-F stretching
vibration.

Since the va band of CH,F is in coincidence with 10 um
CO2 laser lines and its rotational fine structure is a good
example for a symmetric top molecule, it has been the
subject of many publications and has played a key role in
the development of molecular microwave and infrared
spectroscopy(1,2).

The measurements of pure rotational transitions in
IZCHaF were done by Gilliam et al.(3), Johnson et al.(4),
Thomas et al.(5), Winton and Gordy(6), Sullivan and
Frenkel(7), Tanaka and Hirota(8), and Hirota et al.(9) by
means of microwave spectroscopy. The most precise
measurements were obtained by a microwave Lamb-dip

method(6), and high J transitions in the ground state were

observed by Sullivan and Frenkel(7). Tanaka and Hirota(8)
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and Hirota et al.(9) measured rotational transitions in
excited vibrational states.

The infrared spectrum of CH3P was first reported by
Bennett and Meyer(10). Yates and Nielson(ll) examined all
the fundamental bands with moderate resolving power, and
Anderson et al.(12) analyzed all of the perpendicular
fundamental bands with relatively low resolution. A
detailed high resolution study of the va band of CHqF with a
conventional infrared spectrometer has been carried out by
Smith and Mills(13).

With the advent of lasers, methyl fluoride has been
used for various laser spectroscopic experiments because of
its near coincidences with laser lines and large intensity
of absorption. Laser spectroscopy using these coincidences
has been reported by Luntz and Brewer(14), Weitz et al.(15)
and Freund et al.(16) who used 10 uym co, lasers for a
radiation source. Chang and Bridges(17) and Chang and
MéGeo(lai observed far infrared maser action between the
rotational levels in the vy state. Nonlinear spectroscopy
of CH3P and measurement of the dipole moment in the ground
and excited states have been reported by Brewer(19,20).
Additional nonlinear experiments include infrared-infrared
two-photon spectroscopy by Bischel et al.(21) and the use of
an infrared-submillimeter wave double resonance technique by
Blumberg et al.(22).

More recently, further high precision spectroscopy of
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lzcﬂsi has been reported. This includes application of

tunable 002 laser sideband radiation(23), diode laser
measurement (24,25,26), IR-RF two-photon Lamb-dip
technique(27,28), and Lamb-dip spectroscopy(29). In
addition, methyl fluoride has been of fundamental importance
in the development of optically pumped far-infrared
lasers(17,18,30,31).

The analysis of the 2v3 band was first reported by
Pickworth and Thompson(32) without resolving the K
rotational structure. Smith and Mills(13) performed a study
of 2v3 - vg transitions by a conventional grating
spectrometer. Recently, a very accurate study of the
overtone band 2v3 by using an interferometric spectrometer
was done by Betrencourt(33), and Freund et al.(16) observed
several 2v3 - va transitions by means of laser Stark method.
But éhe number of transitions was insufficient to determine
the higher order centrifugal distortion constants(16).

The natural abundance of 13

CH3F is composed of 1.1% of
083F s0 that its spectroscopic interest should be
emphasized. But relatively little work was done by infrared
laser spectroscopy compared to its isotope lzcnsr. Pure
rotational transitions in the ground state and in the Vg = 1
excited state were observed by Gilliam et al.(3) and Tanaka
and Hirota(8), by means of microwave spectroscopy.

Recently, Matterson and DeLucia reported a number of

frequencies measured in the millimeter wave region(35). The



51

conventional grating infrared spectrum of the va band of

13

CH,F was first reported by Smith and Mills(13) and Duncan

3
et al.(34) measured the overtone 2v3 band. The first study
of the 2v3 overtone band with resolved K structure was made
by Betrencourt(33) from an FT-IR spectrum. The actual

application of laser spectroscopy to the 13

cnar molecule was
carried out by Freund et al.(16) by means of laser Stark
spectroscopy, by Shoja-Chaghervand and Schwendeman(29) by
means of IR-MW two photon spectroscopy, and by Romheld(27)
and Freund et al.(28) by IR-RF two photon Lamb-dip
spectroscopy. Only quartic centrifugal distortion constants
could be obtained because of the relatively limited data (44
transitions, J < 8)(29).

There has been no previous measurement of the 293 - vg

? 13

hot band o 033? with or without K structure resolution.

Centrifugal distortion constants for the ground and Va

= 1 and 2 states of 12

cnar have been reported by a number of
authorl.. Gordy and his group published several
progressively improved sets of rotational constants in the
ground state(4,5,36,37,38). Winton and Gordy(6) reported
sextic centrifugal distortion con.taqt- derived from their
precise Lamb-dip measurements. Graner(39) has determined
the ground state rotational constants, including Ao and
Dﬁo), by analysis of ground state combination differences in

FT-IR spectra. Betrencourt(33) obtained molecular

parameters for the second excited state from an analysis of
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12 13

the 2v3 overtone band of CHaF and CH3F. And Freund et

al.(16) also analyzed the rotational constants of vq = 2 for
12033? from the observation of small number of transitionms.
Recently, Arimondo and Inguscio(40), Magerl et
al.(23), Herlemont et al.(24), Shoja-Chaghervand and
Schwendeman(29), and Arimondo et al.(26) all obtained

rotational constants for 12

cnss from their observations and
compared them to previously reported values. Additional
data needed to analyze the vg ~ vg Coriolis interaction have
been given by Dilauro and Mills(41l) and by Hirota(42).

13

For CH,F, Freund et al.(16), Shoja-Chaghervand and

3
Schwendeman(29), Romheld(27), and Matterson and DeLucia(35)
all reported molecular parameters from their observations,
just up to quartic centrifugal distortion constants.

In this work, the va and 2v3 - vg transitions of

12 13

CH,F and CHsF were measured by a co, laser-MW sideband
laser spectrometer, in which the spectra were obtained by
tuning the laser to more than 60 002 laser lines and
sweeping a microwave source from 8.2 - 12.2 and 12.4 - 18.0
GHz on each co2 laser line. From the analysis of these
spectra, the molecular parameters including quartic, sextic,
and octic centrifugal distortion constants were determined
and will be given.

The next chapter describes the theory used for

vibration-rotation interaction (Coriolis interaction),

centrifugal distortion, and absorption intensity. Chapter
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III gives the theory and its application to the generation
of an infrared-microwave sideband laser system. In Chapter
IV, the experimental diagram and method for this work will
be summarized. Finally the experimental results and their

quantum number assignment will be presented with a detailed

discussion in Chapter V.
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CHAPTER 11
THEORY

Introduction

The study of molecular spectra is the most useful of
all methods for experimental investigation of molecular
structure and motion in free molecules. It affords
information on the possible molecular energy levels as well
as on the dimensions of molecules. Spectra arise from the
emission or absorption of definite quanta of radiation when
transitions occur between certain energy levels.

In the theory of molecular spectroscopy, it is
customary, according to the Born-Oppenheimer approximation, .
to consider that the energy of a molecule can be expressed

simply as the sum of electronic, vibrational, and rotational

contributions;
E = gelec + Bvib + Brot (1)
where gelec is electronic energy, Bvib is vibrational

energy, and Bro is rotational energy.

t

The observed spectra correspond to transitions between

two energy levels according to the Bohr frequency condition,
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hv = E* - E" , (2)

where the ' and " refer to the upper and lower states,
respectively, and v is the frequency.

The transition probabilities are determined by the
eigenfunctions of the Schrddinger equation by way of the

matrix elements of the dipole moment y such as

J. w.” w" d"' . (3)

Rotational Energy - General Theory

For a body rotating about a fixed axis, the moment of

inerfia about that axis is given by
I=S5Sm r2 (4)
i i"i

where ry and li represent the distance and the mass of the
i-th particle from the axis, respectively. If a molecule is
considered as a rigid body of point masses, its structure
can be described by a tensor whose diagonal elelenfs are the
moments of inertia about Cartesian axes. For a Cartesian
coordinate system fixed at the center of mass (COM), the

diagonal elements of the inertia tensor are
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2
I ) (5)

1

_ 2
x - f -i(yi + z,

where Iyy and Izz can be formed by a permutation of x, vy,
and z; the m, are atomic masses whose coordinates are Xgs
Yy and z;. The off-diagonal elements, called products of

inertia, are given by

X. V. . (6)

The inertia tensor can be simplified because it is symmetric
leaving only 6 independent tensor elements.

The orientation of the coordinate system used to
define the inertia system will determine the values of the
moments defined above. There is always at least one proper
orientation of the coordinate system which forces the
off-diagonal elements of the tensor to vanish. The diagonal
elements become the principal moments of inertia, and the
axis system is termed the principal axis system. As the
Cartesian system is rotated into the principal axis systenm,
the moments of inertia approach either maximum or minimum
values. The three principal moments of inertia are
designated as I., Ib' and Ic such that I. < Ib < Ic‘

For any general orientation of the molecule-fixed axes
with origin at the COM, the principal moments of inertia can

be obtained by diagonalizing the initial temnsor. This is
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done by solving the determinantal equation, as follows:

I I - X I =0 (7)

I
zZX 2y zz

where the roots ) are the principal moments of inertia.
Since the trace, which is the sum of the diagonal elements

is a constant for the diagonalization procedure,

I + 1 + 1 =I_ + I +1I_ . (8)

When the principal axis system of a rigid rotor is
employed, the energy can be expressed in a simple form in
terms of the angular momenta Pi about the three principal
axes. Determination of the energy levels in a quantum

mechanical system follows from

He = Ev (9)

where H is the Hamiltonian operator for the system, ¥ is an
eigenfunction, and E is an eigenvalue. Since the
Hamiltonian operator and eigenfunctions are independent of
time, the E values are constants which are the only
stationary state energy values of the system. The

Hamiltonian is given by
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Paz sz Pc2
H = + 5o + 5 (10)
ila Ib 2Ic
which is commonly written as follows:
B = 12—Z(AP 2 ,8p 2+ cp 2) (11)
~ "h a b c

where A, B, and C are rotational constants which are defined

in frequency units as

h h h
A = , B = , C = . (12)
8nl1 8nl1 8n2l
a b c
Since
Ia L4 Ib < Ic , A 2B 2C. (13)

The operétor for momentum about the principal axes is

related to the total angular momentum of the system P by

P = P + P + P = P + P + P . (14)

The axes x, y, z may be identified with the principal axes
a, b, ¢ in any of 6 possible ways. For any identification,

Pz is conventionally chosen as the component of angular
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momentum for which there exists simultaneous eigenstates

2

with P® as shown in Fig. 1. The matrix elements are

2

Jkm | PP Ikm =J0 + 1)K (15)

and

<J k m | Pz |} J k m>

kfh . (16)

The energy of a rigid rotor can be obtained by diagonalizing

the energy matrix whose nonvanishing elements are

2 2
e = s Lypasan-e?) + 3y an
X y
a2 .1 1
JkmlE|Ikzm> = 8- (- - @0 G-
y X
(Jek+1) (Jek+2)]Y/2 ) (18)

Rigid Symmetric Top Molecules

When a nonlinear molecule possesses two equal moments
of inertia, it is classified as a symmetric top molecule.
There are two possible identifications for the two equal

moments. If I. is equal to Ib' I is the unique moment and

c
is by definition greater than I. or Ib' The molecule is
then designated as an oblate symmetric rotor. If Ib is

equal to Ic’ the molecule is called as a prolate symmetric



Figure 1.
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J R

Classical motiom of a symmetric top. This is a
combined rotation around the molecular axis
associated with Pz and a precession of this axis
around the total angular momentum P. The
molecule represented is CHSF.
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top molecule.
For a prolate rotor, the matrix elements of the

Hamiltonian are

2
-k -
kmB|Ikw> = gp= I3+ 4 3= (- - Ok (19)

<Jkm|H|Jk+2m> = 0 . (20)

The energy matrix is diagonal in k, since k is a good

quantum number for a true symmetric rotor. 1In terms of the

rotational constants, the energy for a prolate rotor is

E = hBJ(J + 1) + h(A - B)kZ. (21)

For an oblate top, the energy is

E = hBJ(J + 1) + h(C - B)kZ. (22)

By convention A - B 2 0 and C - B < 0. The energy levels
for a symmetric top are shown in Fig. 2. Because k is the
projection of J on the figure axis, J 2 |k|. For a given
value of J, however, k may have a number of values, as

follows:

k = J, J—lp c o ._J (23)

a total of 2J+1 different values. Since the energy is

A oy
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Figure 2. Energy levels of typical symmetric top molecules
(A) prolate, (B) oblate symmetric top.
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independent of the sign of k, levels with the same absolute
magnitude of k coincide, so that all levels for which k is
greater than zero are doubly degenerate, and there are only
J+1 different energy values for each possible value of J.
For each particular k, there is an infinite series of levels

with different values of J.

Sysmetric Top Wave Functions

In terms of the Eulerian angles o, ¢, and x, the

Schrddinger equation for a prolate symmetric top is

2 2
l a awv 1 a cos” © A3 ¢
——— =— (sin @ =) + + ( + =)—s
sin e ae ae sin” e a¢2 sin2 e B axz
_ 2cos e a’w +E w=0 (24)
hB

ninz e 3x 3¢

The variables in Eq. (24) may be separated, and the

solutions written in the form

- i.’ ikx

ka- = 8(e) e e . (25)
Because ¢ and x only appear in the differential terms, they
are known as cyclic coordinates and always appear in the

wave function as exponential terms. The quantum number m
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and k must be integers for ¢ to be single-valued.

equation has the form

2
1 d de(e) n
=— (sin o ) - [——— +
sin e de de ’inz o
2cos o E
- =—%— km - =]oe(e) =
sin2 e hB
By introducing the variable
_ 1
X = 5(1- cos o)
and letting
e(e) = x'k-.|/2 (l-x)““'.'/2 F(x) ,

the equation for F is found to be

2
x(l-x)d—; + (o - Bx)% + yF =0
: dx

lk-m| + 1,

Ik+m| + |k-m| +2 ,
and

2

ck 2
3 °

~(zlk+n] + |k-m])

<

[
B’II
-

(Flk+m| + Zlk-m| + 1)

sin

0

( cos

The ©

(26)

(27)

(28)

(29)

(30)

(31)

(32)
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The equation for F can be solved by using the polynomial
[ ]
F(x) = £ a_ x_ . ‘ (33)
The resulting recursion relation is

- b(n-1) + Bn - v
®a¢1 © T (atD)(n+e)  °n - (34)

For ¥ to be a satisfactory normalizable wave function, the
series must terminate and become just a polynomial, which

requires that the energy W is

W = hBJ(J+1) + h(A-B)k2 (35)
with
J=n__ + L kem] + 1 |k-mj (36)
max 2 2
Doax is the largest value for which a does not vanish.

From Eq. (36), J must be a positive integer which is equal

to or larger than |k| or |m|, so that

J=20,1, 2, ...
k =0, #1, #2,..., &J (37)

m =0, *x1, #2,..., %J

The symmetric top wave functions can be written in terms of

the hypergeometric series and a normalization factor,
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(NKmI/20 Ly lkem|/2 ime ikx

kan = NJkl
r(-J+g -1; J+g; 1- |k-m|; x) (38)
where
N [(2J+1)(J+Ik+-l/2+lk-ll/2)'
Jkm ~

Bn’ (J-1k+m|/2)-|k-m|/2)!

(J-|k+m|/2+|k-m|/2)! ]1/2
(1k-m|1)2(J+|k+m|/2- |k-m|/2)! ‘

(39)

Nonr d mmetric Top Molecules

No real molecule is a rigid rotor. The molecules in a
sample cell which are subjected to electromagnetic radiation
are vibrating as well as colliding with other molecules and
the sample cell walls. Thus the molecular energy levels
cannot be predicted exactly by rigid rotor theory but are
influenced by perturbations such as those resulting from
vibration-rotation interactions (Coriolis interaction) and
centrifugal distortion.

The Coriolis force is a vibration-rotation-
interaction, and vanishes when rotation and vibration are
completely separated. If v is the linear velocity of the

molecule relative to the molecule-fixed axis system and o is



67

the angular velocity of rotation of the molecule-fixed
system with respect to a space-fixed axis system, the

Coriolis force is defined as

F, =2av x 0o . (40)

Under the proper conditions, the Coriolis force can
produce large changes in the rigid rotor energy levels.
These deviations may occur as an energy level splitting
resulting from the removal of a degeneracy or as a shift of
energy levels due to a near degeneracy.

In order to visualize the influence of the Coriolis
force more clearly, let us consider classically its effect
in a linear symmetric XYZ molecule. Consider the vibration
va in the rotating molecule. The displacement vectors
(solid arrows in Fig. 3) also give the relative velocities
at the instant when the nuclei pass through the equilibrium
position. The Coriolis force on each nucleus is
proportional to this velocity but perpendicular to it, and,
for a counterclockwise direction of rotation, always toward
the right when looking in the direction of motion.

From Fig. 3 it is seen that during the vibration vas
these forces tend to excite the perpendicular vibration Vo
but with the frequency of vg- Conversely, when the
vibration vo is excited in the rotating molecule, the

Coriolis forces are as given in Fig. 3 and tend to excite
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Figure 3. Normal vibrations of a linear XYz molecule and
the effects of Coriolis coupling. vy is a
degenerate bending vibration and the arrows
attached to the atoms represent one component of
the vibration. The other component (not shown)
results from identical motions perpendicular to
the plane of the paper.
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the parallel vibration va but with the frequency vy

If the frequencies of vy and vg Were nearly the same
accidently, a strong excitation of one of the two vibrations
would take place if the other were first excited, in
consequence of this Coriolis coupling. However, this
excitation will be very weak when vy and vq have widely
different frequencies. No coupling takes place between vy
and vé or between the two components of vy This results
from the effective absence of rotation about the figure axis
in a linear molecule. This coupling is called the second-
order Coriolis interaction. These two components of the
degenerate bending mode can couple in a symmetric top
molecule where rotation about the figure axis is allowed.

Figure 4 illustrates the effects of a Coriolis force
on the degenerate bending mode in a symmetric top molecule.
When one of the degenerate components is excited, rotation
about the figure axis produces vibrational components which
excite the other component. Since the two frequencies are
identical, the interaction may be very strong. This is
called the first-order interaction because it does not
vanish in the absence of rotation about the figure axis
(k=0). Even when rotation ceases, a vibrational angular
momentum coupling the two degenerate components is present.
However, the degeneracy is only lifted by the second-order
terms in the vibration-rotation Hamiltonian when rotation is

present (k » 0) because the two modes of vibration still
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Coriolis coupling of the degenerate bending
vibrations in a !st syametric top. (A) and (B)
illustrate two components of the degenerate
bending mode. (C) shows the coupling effect of
the Coriolis force on the (A) mode as it tends to
induce the (B) mode. 1In all three illustrations,
the figure axis is perpendicular to the plane of
the paper and only off-axis atoms are shown.



71

have the same energy when k = 0. For one level k = & and
for the other level k = -L, the relative positions of these
two levels will depend on the sign of the Coriolis coupling
constant. For Cay molecules, the first excited state of a
degenerate bending vibration must belong to the degenerate
irreducible representation E, and the rotational wave
functions belong to the representations of the -ub(rpup 03.
The important case results when k = *1, & = $1. The
rotational wave functions for k = #1 belong to E with the

resulting symmetry of *v*r coming from the product

ExB=2A+E. (41)

Of the four levels produced by k = #1, & = *1 permutations,
two will be nondegenerate and two form a degenerate pair
whose degeneracy cannot be lifted by any internal
permutations of 03 symmetry.

For k = 1 the value of |k-4| may be either 0 or 2.
From the symmetry consideration of the group Cay? the levels
of A symmetry for a given k must have a value of |k-_| = 3n;
if |k-2| is not a multiple of three, the level belongs to
the representation E. In this case the levels with k = &
have A symmetry and can be split by A-type doubling.

With interaction between an A, species normal
coordinate Q. and an B species pair of coordinates (0.1.0 )

due to rotation about the x and y axes, each pair of
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degenerate symmetry coordinates or normal coordinates
satisfy the following equations:
a - e—iZn/3 ~

03(0 + iQ.a) (Q.1 + iQ.z)C

81 (42)

3 ’

A

ov(""‘)(a.l +1Q, ) = (@, - io.z)av‘*‘) . (43)
Equation(42) defines the relative sense of each pair of

degenerate coordinates and Eq. (43) fixes their coordination
in the (x,y) plane. The Al - B interaction is characterized

by a single zeta constant for the above coordinate

conventions

y S = »Y

r,s1 ‘r.lz ‘rs (44e)
and

X - y -

(r.'l = +{r'.2 =0 (44b)

The interaction between the pair of coordinates st
and 0.3 due to rotation about the z axis is characterized by

the constant

(45)

If the normal coordinate vectors are known, the zeta

constants may be conveniently calculated from C matrix
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elements defined according to Ref. 47

¢* = 17 lex17ly (46)

where « = x, y or z.

Considering the matrix representing H in the

vt

vibration-rotation basis functions, denoted by Ivr. .

» I
k>, the important selection rules for interaction between
the first two excited vibrational levels in Qr (Al species)
and 0.1. Q.z (B species) are a8k = 6!' = #1; translated into
terms of K = |k| these become: E(+%), k+l interacts with Al’
k which interacts with E(-2), k-1. The interaction is
illustrated in Fig. 5. Thus if the interactionm is large, k
and 1. are not good quantum numbers; the true rovibrational
states are some mixture of the basis functions which camnot
be characterized by particular values of k and l.. For each
value of J the Hamiltonian matrix factorizes into a number
of (3x3) blocks, according to the scheme of Fig. 6, each
block being characterized by a particular value of (k-l‘).
so that (k-l.) remains a good quantum number. In addition
to the (3x3) blocks there will be two (2x2) blocks, for
which (k-l.) = +J, and two (1lxl) blocks (unperturbed states)
for which (k-l.) = #(J+1). A typical (3x3) block of the

Hamiltonian has the form
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(+1) (-1)

E———

A, ground state

I
o

Figure 5. Allowed transitions and interactions for an
Al and an E fundamental of a C3v molecule.
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quantum
numbers
\/s =

Vi

I
<
!

m_
[
o
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lg =+

k= +3

Figure 6.

Diagrammetric representation of interaction
between an ‘1 and an B vibrational state for J
z 3. Bach dot represents a basis function
characterized by particular values of k and L.;
the lines represent Coriolis interactions,
connecting states of the same (k - l'). Except
for the extreme values of (k - l.) the secular
equation factors into (3x3) blocks.
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v, v*®, I3, K> =
r [ ]
10,1%1;7,k+1> 11,0;7,k> 10,171, 7, k-1>
’ 1/2,, y 172
v +F’ (J,k+1) 2'/2p0q_¢¥ (3,k] 0
—ZA’{:(R+1)
’ _ol/2., y
v +F’ (J,Kk) 2t/%p0q ¢ | (4T
(Hermitian) [J,l(—lll/2
v +F’ (J3,k-1)
s pZ oy
+2A {.(k 1)
where
F'(J,k) = B'J(J+1) + (A’-B’)k? (48)
A, =3 (v vt/ 4 (v v 13 (49)
and

1/2

(3,k1Y/2 = [(3(I+1) - k(k+1)) (50)

The off-diagonal elements in Eq. (47) arise from the terms
-(23/52)(Pxe+Pny) in the Hamiltonian. They are obtained
by expressing the vibrational angular momenta in terms of
the normal coordinates.

For the 033F molecule, the Coriolis interaction
between the vs(J,x) levels and the vs(J.x-l,l=-1) levels is
large enough to produce a deviation from the normal

symmetric top energy. At the level of approximation of
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second-order perturbation, this interaction energy is
incorporated into 33, the rotational constant of the va
state. The deviation from the second-order term is given by

the fourth-order term(48), as follows:

[<v3,J,K.0|H’Ivs,J,K—l.-1>]4
§E = = (51)
[Vs(Jox-lo“l)—Vs(JaK)]

where
<vg,J,K, 018’ |vg,T,E-1,-1> = 1n;§g)[(3+x)(J-x+1)]1/2
[vg/vg) 2+ (vgrvg) /)1y 21/2 (52)
and
0 0
VG(J,K—I,—I)—va(J,K) = ve-vs-A(ZK-l+{)(1—{)
+2B(2K-1) . (563)

In modern calculations, the 3x3 matrix in Eq. (47) is
diagonalized numerically rather than relying on perturbation
theory.

The centrifugal force differs from the Coriolis force
in that it does not vanish in the absence of a perturbing
vibrational mode. The centrifugal force on a mass m at a

distance r from the axis of rotation is
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S (54)

The effects of centrifugal distortion are generally small
for low J values but can reach the order of hundreds of
megahertz for transitions between levels of high J.
Rotation in a symmetric top is accompanied by
centrifugal forces which tend to alter the effective moments
of inertia. For rotation about any axis in the molecule,
this dynamic effect forces the atom away from the axis of
rotation and increases the moment of inertia about that
axis. The centrifugal effects enter the energy level
expression as higher powers of J(J+1) and K. For a prolate
rotor, the first correction due to centrifugal distortion

leads to the energy expression

E/h = BJ(J+1) + (A-B)KZ - DJJz(J+1)2

2 4
- DJKJ(J+1)K - DK

K (55)

Here, D and D, are centrifugal distortion constants.

3 Ve K

Dependence of the rotational and centrifugal
distortion constants on the vibrational state is assumed
implicitly. The correction terms for centrifugal distortion
are found to depend only on even powers of the angular

momentum because the distortion effects do not depend on the

direction of rotation about any axis. The frequencies of a
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symmetric top molecule (selection rules 4J=1, 6k=0)

exhibiting detectable centrifugal distortion effects are

hv(J+1,k « J,k) = 2B(J+1) - szK(J+1)x2
- 4DJ(J+1)3 X (56)

Since the effective rotational constants tend to decrease
due to the centrifugal force, DJ is normally positive, but
DJx may have either sign. The centrifugal distortion
constants can be expressed in terms of the moments of
inertia (molecular structure) and molecular force constants
of the molecule. However, a theoretical calculation of
these constants is very difficult except for the simplest
structures.

Wilson(49) has given éxplicit formulas for the
distertion constants DJ, DJK’ and Dx for a symmetric top
molecule with C3v symmetry in the harmonic oscillator

approximation. The formulas are given in terms of the

constants,

) ) 2 2 2

11 = Ib+Ic- E -a(xa +y¢ +22“ ), (57)

I = Ipy7Ic= E -u(xaz-yuz)’ (58)

13 = £ m (x 2+y 2) , (59)
o ot o
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I4 = Zf By .z, o (60)

where the z axis corresponds with the a axis(figure axis).

The formulas are as follows:

4 al al al al

8nl 4 1, -1 1 al, 1 2
Dy==pBe [iZ; a-Si(F )i 3, *iE; asi(’ )i as_;]' (61)

32.342p2 al al al al
D, =-2D.+ ee v Sy, 3+ A, 4
JK J h isJ asi iJ as‘j i aSi ij asJ i
(62)
32n4A: aI3 -1 al,

Dg=-Dy=Dyg+—x— iZ; a_si“’ )ij 8, (63)

In these equations Ib and Ic are regarded as instantaneous
moments of inertia. The Si are internal symmetry
coordinates, and the FiJ are elements of the force constant
matrix consistent with the Si and SJ. The derivatives of I1
and I3 afe non-zero only for internal symmetry coordinates
which have the symmetry Al of c3v' Similarly, the
derivatives of I2 and I4 vanish unless the Si have symmetry
E.

For large J and K values and/or light molecules, the
distortion correction must be extended to higher order. The
present study required centrifugal distortion constants that

multiplied the eighth power of the angular momentum quantum
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numbers. The energy level expression used was

E(J,K) = BJ(J+1) + (A-B)KZ - DJJZ(J+1)2 - DJKJ(J+1)KZ

4 3 3 2 2.2 4
- DKK + BJJ (J+1)° + HJxJ (J+1)°K® + HKJJ(J+1)K
6 4 4 3.2
+ Hll + L4 JT(J+1) L3JKJ (J+1)K
2 4 6 8
+ LZJKKJ (J+1) LJKKKJ(J+1)K + LKK (64)

where Hy, Hyg, Hggo Hgs Lggs Lgggs Lojgge Lyggge and Ly are

additional distortion constants.

Intensities of Symmetric Top Transitions

The intensity of a vibration-rotation transition for a
symmetric top molecule interacting with plane polarizing

radiation may be calculated from the basic formula given as

follows: "
8w Nf|y I v Av
vy = Lo (65)
3ckT[(v-v°) +(6v) ]
Here N = the number of molecules per unit volume -in the

absorption cell,
f = the fraction of the molecules in the lower of the

two states involved in the transition,
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'”13'2 = the square of the dipole moment matrix
element for the transition, summed over =
components,

v = the source frequency,

vo = the resonant frequency or, to a good
approximation, the center frequency of the
absorption line,

v = the half width of the line at half maximum, or

the line-breadth parameter,

c = velocity of light,
k = Boltzmann constant,
and T = absolute temperature.

The selection rule for a parallel band, in which the
dipole moment matrix element is non-zero only for the
component along the molecular axis may be written for a

nonplanar symmetric top without inversion, as follows:

aJ =0, *1, ok = 0. (66)

The matrix elements, which are non-zero only for tramnsitions

given by the above selection rules, are as follows;

2_ 2
83 = +1, ok = 05 |uy 1% = VPTG (67)
2
aJ = 2 _ 2k

0, ok = 0; '”ijl e o 5 (68)
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2 J2_x2

- - = 0. 2 _ .

aJ = 1’ 6k = 0: luiJ' . J 2J+1) (69)

The fraction of the molecules in a particular initial
state is the product of the fraction fv in the vibrational
state of interest and the fraction of these fJK in a
particular rotational state. If the statistical weight due
to nuclear spin is neglected, the probability of a molecule
being in a state (J,K) is proportional to

-EB,./kT

(23+1) e O (70)
where BJK is the rotational energy level given by Eq.(64)
and 2J+]1 is the statistical weight due to the different
orientations of J (different m states). The fraction of

molecules in this rotational state is

~B g /KT
£ = (2J+1) e - (71)
K Z a3 ", /KT
z T (2J+1)e
3=0 k=-J

If B and A in BJK are small compared to kT/h and if the
small contribution due to centrifugal force can be

ne(iected, the sum may be replaced by integrals giving

-B, . /kT{ 2,3
JK B%Ah
£f.. = (2J+1)e l————— . (72)
JK o (kT)3

Bquation(72) applies to one particular value of K, and does
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not allow for K degeneracy.

For a 03v symmetric top without inversion, the
degeneracy due to spin and K degeneracy for each value of J
and K is giving by the following rules:

For K a multiple of 3, but not 0

S(I,K) = 2(4I%+41+3)(2I+1)/3 (73a)
For K = 0
S(I,K) = (4I2+41+3)(2I+1)/3 (73b)

For K not a multiple of 3
S(I,K) = 2(4I%+41)(2I+1)/3 (73¢)

Allowing for this degeneracy, Eq. (71) becomes

~B ;g /KT
e = S(I,K)(2J+1) e (74)
JK - J ~E /KT

- £ T S(I,K)(2J+1) e

J=0 K=0

With the assumption that B and A are much smaller than kT/h,

Eq. (74) becomes

_8(1,K)(23+1) |B%and  “Byg/KT
fix = 2 3 ¢ ' (78)
41%+41+1 Jn(kT)

For low values of J and K
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I 2,,3
fJx - S(llg)(2J+1) B"Ah 2 . (76)
417+41+1 n(kT)

The fraction of molecules in a given vibrational state may

be obtained as

-w_/kT -fw_/kT d
£, = e “n J (1-e Do, (77)

where dn is the degeneracy of a vibrational mode of
frequency wne By substituting Eqs. (67) and (76) into (65),
and setting 2B(J+1) = hvo. the intensity for a transition
J+1 « J, K « K is found to be

2 2
4wnh vaS(I,K) “AB 2 xz vov ov

Y = 3 (1-
(412+4I+1)3c(k‘r)2 kT " (J+1)f (v-vo)2+(6v)2

- (78)
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CHAPTER III

INSTRUMENTATION

Introductio

The infrared spectrometer is one of the most useful
instruments for study of the molecular dynamics such as
vibration-rotation interaction, nuclear spin-rotation
interaction, effects of molecular collisions, etc.

About 15 years ago it became possible to obtain high
resolution spectra in the IR region by using a tunable
narrow linewidth laser - the semiconductor diode laser(50).
Since that time, several high resolution tunable IR lasers
have been developed. Among these are the difference
frequency laser(51), the color center laser(52), the spin-
flip Raman laser(53), the waveguide laser(54,55,56), and
magnetically tuned gas lasers(57,58).

The most useful laser in the mid-IR region is still
the 002 laser, which provides coherent output radiation of
high intensity at a multitude of lines spaced ~2 cn-l apart.
The only drawback to the CO2 laser is its fixed frequency
nature, limiting its spectroscopic applications yo
accidental coincidences between a laser frequency and some
feature of spectroscopic interest.

Several methods have been developed to increase the

tunable range of the CO2 laser. One such method is the
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waveguide coz laser which uses the molecular collisional
broadening of co2 to increase the tuning range. 1In
practice, the tunability of a waveguide laser is limited to
+500 MHz around each laser line which, although useful, is
too narrow for general molecular spectroscopy. A second
method for increasing the tuning range is infrared microwave
two-photon spectroscopy which uses the simultaneous
interaction of an infrared photon, a microwave photon, and
an absorbing molecule. This technique has wide tunability
but has low sensitivity since it involves a nonlinear
absorption. In this method, the transition moment is
inversely proportional to the square of the laser frequency

mismatch(59). For a symmetric top molecule,

Alp € 11> = <2[p € I12>)<1|p €. 12>
. - ( luPGrl |up€rl ) luv€1| (79)
2 2
2h w.

where ;p and ;v are the permanent and vibrational dipole

moment, respectively; er and €, are the amplitudes of the

L
microwave and laser electric fields, respectively; and w, is
the angular frequency of the MW radiation. A third method
for increasing the tunability of a 002 laser is the infrared
microwave sideband technique which is the subject of this
thesis. With this method the radiation has a frequency of
VIR : 4 vuw(GO) and has the tunability of the microwave

frequency VMW®



Ge ation of IR-MW Sideband digtio

Franken et al.(61) observed the first nonlinear
optical effect generated from a dielectric crystal. In this
experiment second harmonic energy (~3472 A) was produced
upon projection of a beam of 6943 A light through |
crystalline quartz. The sum frequency from two beams at
different frequencies was observed by Bass et al.(62), in
which two ruby lasers at different temperatures were used
for radiation sources.

Corcoran et al.(60) observed the first co, laser-Mw
sideband radiation by using a GaAs loaded waveguide cell as
a modulator to measure co, gain profiles. Since then there
have been many developments to increase the tunability and
the power for general molecular spectroscopy(63-68).
However, the co, laser-MW sideband laser system most useful
for molecular spectroscopy was developed by Magerl et
al.(69). They described a device that operates in a
traveling wave mode with low power and wide tunability, or
in a cavity mode with high power and narrow tunability.

The first application of the sideband laser technique
to molecular spectroscopy was a report by Magerl et al.(70)
in 1977 on the fundamental vy band of the 8134 molecule.
Even though the sideband power is very weak due to low

coupling efficiency between the two kinds of radiation,
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sub-Doppler spectroscopy has been performed on the NH3
molecule(71) by employing modulated sidebands in an optical
double resonance experiment and in a saturated Lamb-dip

experiment.

Structure of the Modulator

The expression for the sideband power PSB generated by
an electrooptic crystal with cubic symmetry (CdTe single

crystal) is given by(72)

_ 2
PSB = PL r-/16 (80)

Here, PL is the incident laser carrier power and I' is the
single-pass phase retardation induced by the transverse
electrooptic effect. The latter can be written as(73,74)

r = ( B L SINC (w_L_/2W) (81)

)no a1
where 2y stands for the free-space wavelength of the CO2
laser, B. denotes the peak microwave electric field strength
within the modulator crystal, n, is the refractive index,
Ta is the electrooptic coefficient, and L. is the length of
the modulator crystal. The abbreviation SINC(x) is used for

(sin x)/x, wy is the angular frequency of the modulator
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signal, and 1/W characterizes the mismatch of the microwave
phase velocity (VM) and of the laser group velocity (vl)

within the modulator, that is,

== = - = (82)

For optimum electrooptic interaction, the laser group
velocity (vl) should be same as the microwave phase velocity
(vM). Since the refractive index of the modulator crystal
(CdTe) in the IR region is appreciably smaller than the
square root of the microwave dielectric constant, it is
necessary to accelerate the microwave signal. The easiest
way to do this is to insert the modulator crystal inside a
closely fitting rectangular waveguide. The width of the

crystal ay can be obtained as follows:

2

a, = CO/(ZfMoﬁr - ng%) (83)

where fMo is the microwave frequency where exact velocity
match occurs, c, is the speed of light, and Er is the
relative dielectric constant of the electrooptic crystal.
Figure 7 shows the modulator diagram designed by G.
Magerl of the Technical University of Vienna, which is
optimized for microwave frequency modulation at 8.2 - 18.0
GHz. In this design, the CdTe crystal (8r = 10) is partly

replaced by two less expensive and stronger alumina (A1203)
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Figure 7. Diagram of the sideband modulator, in which the
CdTe crystal is embedded between two Alzo3 slabs
to achieve velocity match. The tapered double-
ridged waveguide section (upper half removed)
provides impedance match to incoming/outgoing
standard waveguide sizes.
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strips with about the same microwave dielectric constant (8r
= 9.5). The crystal cross section is designed to be a
square with side bM’ which is chosen as small as possible
for high modulating field B-. but large enough to permit
unimpeded laser beam focusing through the modulator.

The excess length of the A1203 slabs permitted
improved coupling of the microwave energy into the
modulator. By altering the relative positions of the CdTe
and Alzo3 in a trial and error process, it is possible to
obtain with different arrangements of the crystals either an
almost perfectly matched traveling wave modulator
(terminated by a power load) or a critically coupled
resonant modulator (terminated by a sliding short section

for frequency tuning).

Adjustment of the Crystal Position in the Modulator

Since the sideband power depends mainly on the
velocity mismatch (1/W) within the modulator, the adjustment
of the position of the CdTe and A1203 crystal is crucial in
generating the optimum sideband power over a desirable
modulation frequency range for a given laser and microwave
power.

Figure 8 is a diagram of the microwave setup used for

the adjustment of crystal within the modulator. For this
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Figure 8. Experimental diagram for adjusting the position

of crystal inside modulator.
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experiment, 10 dB-directional couplers P2 and Pl monitor the
input microwave power and the reflected microwave power from
the modulator, respectively. By trial and error adjustment
of the position of the crystal and of the length of the
modulator housing, the almost optimum condition shown in
Fig. 9(C) was obtained. In this configuration, the housing
is 23 mm long, the CdTe crystal is 0.5 mm behind the edge of
modulator and the two alumina slabs are 3.0 mm in front of

the modulator.



(A)

(B)

(C)

lel.o 12.4
FREQ. (GHz)

Figure 9. Variation of coupling efficiency with the crystal
position. (A) represents input microwave power
with frequency. (B) and (C) indicate the
reflected microwave power from the modulator with
improper position and optimum position,
respectively.
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CHAPTER 1V
EXPERIMENT

Figure 10 shows the experimental diagram of a 002
laser-microwave sideband laser spectrometer in the
configuration for linear absorption spectroscopy used in the
early stages of this work. The laser medium is a 2.2 m
water cooled plasma discharge containing less than 10 torr
of a flowing gas mixture of 002, NZ’ and He. The plasma
tube is in a 4 m cavity mounted on an invar frame. The
laser tube is a 25 mm inner diameter Pyrex glass tube sealed
with NaCl windows at the Brewster angle at each end. The
windows are oriented such that the output radiation is plane
polarized with the electric field of the radiation parallel
to the floor. One end of the cavity is a rotatable plane
grating of 50 mm diameter ruled with 150 lines/mm. The
other end of the cavity is a partially transmitting (95%
reflectién) concave spherical Ge mirror (50 mm diameter, 10
m radius of curvature) which is mounted on a piezoelectric
translator (PZT) to control the length of the laser cavity.
For stabilization of the laser frequency the position of the
cavity mirror is sinusoidally modulated at 250 Hz, causing
modulation of the laser cavity length and therefore
modulation of the laser frequency. A cell containing CO2 at

a pressure ranging from 30-100 mTorr, depending on the 002
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Figure 10. Block diagram of IR-MW sideband laser
13

spectrometer used for the measurement of cnar,
set for linear absorption spectroscopy of gases.
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laser line, is inserted in the cavity(29). The frequency
modulation of the laser causes amplitude modulation of the
saturation-dip in the fluorescence from this cell at ~4.3 um
wavelength. The fluorescence is detected by a liquid N2
cooled InSb photovoltaic detector and is processed at 250 Hz
by a phase sensitive detector (PSD). The output of the PSD
controls the output of a high voltage operational power
supply (OPS) which sets the length of the PZT. By this
means the laser frequency is controlled to +300 kHz (1 part
in 108). An Optical Engineering Model 16-A CO2 laser
spectrum analyzer was used to identify the particular CO2
laser line. The frequency of the laser radiation depends on
the orientation of the grating and the length of the laser
cavity. The grating is rotated to select a particular laser
line and the length of the cavity provides fine frequency
control within the laser gain curve. The cavity length is
controlled by the PZT crystal whose length is linearly
prbportidnal to the voltage applied to crystal. Figure 11
shows the relationship between the PZT voltage (laser cavity
length) and the laser gain curve with a saturation Lamb-dip.
Thus the laser optics can be adjusted for single frequency,
single mode operation at the Lamb-dip of the gain curve with
an output power of 10 watts on the strongest laser line.

The laser output radiation is focussed by a ZnSe lens
into a CdTe single crystal mounted in double ridge microwave

cell where electrooptic interaction with the tunable
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Figure 11. Variation of the output laser power (B) and the

differential signal (A) displayed on screen with
piezoelectric translator voltage. The signal
due to Lamb-dip can be easily distinguished from

that due to the end of mode.
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microwave signals is accomplished. The infrared power at
the entrance of the modulator is kept less than 2 watts by
adjusting the size of the diaphragms in the laser to prevent
damage to the crystal or to its anti-reflective coating.

The microwave source is either one of two Varian
Backward Wave Oscillators (BWO) operating in the 8.0-12.4
GHz or the 12.4-18.0 GHz region. The voltages for the BWO
are obtained from a power supply designed at MSU, except for
the frequency controlling helix voltage. This voltage is
obtained from a Kepco Model 2000 operational power supply,
which is controlled by the output from a digital/analog
converter that is in turn controlled by a minicomputer. The
microwave frequency is brought into the lock range of a
phase sensitive synchronizer (Hewlett Packard Model 8709A)
by the OPS output. The synchronizer locks the microwave
frequency to 20 MHz above a harmonic of a synthesized
frequency also controlled by the computer, so that the
frequency sweep of the BWO is under complete control of the
computer. The attenuated output power of the BWO enters a 3
dB directional coupler, where it is divided into two parts;
one part is sent to a diode mixer-multiplier for comparison
with a harmonic of a precisely known reference frequency,
the other part which has around 1 mW power, is switched at a
frequency of 33.3 kHz square wave by a PIN diode. The

modulated MW signal is then amplified to more than 20 watts
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by means of a traveling wave tube amplifier (Varian Model
VZM-6991B1 TWTA). The output of the TWTA with the
polarization of the MW adjusted to be perpendicular to that
of the CO2 laser radiation, is applied directly to the
modulator. With the aid of the TWTA, we can access a
tunable range of 8.2-18.0 GHz on either side of each 002
laser line.

Four kinds of radiation are emitted from the
modulator: (1) slightly modulated carrier radiation which
has almost the same power as the input radiation but whose
phase is rotated 90° from that of the sidebands, (2) fully
modulated carrier with the same polarization as the
sidebands and with comparable amplitude, (3) the fully
modulated positive sideband whose frequency is the sum of
the 002 laser and microwave frequencies, and (4) the fully
modulated negative sideband whose frequency is the
difference of the co2 laser and microwave frequencies. Both
lideband; have the same polarization as that of microwave
radiation. The fraction of negative sideband within the
total sideband power increases with decreasing microwave
frequency, reaching almost 100% of total sideband power in
the 8-9 GHz region. This appears to be an unexplained
property of our particular modulator.

A ZnSe focusing lens with a 20 cm radius of curvature
is located ~25 cm from the modulator. A second comparable

lens recollimates the radiation. A II-VI Model PAZ-6-AC
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polarizer, which consists of six ZnSe windows placed at the
Brewster angle substantially attenuates the carrier
radiation. A Ge beam splitter divides the sideband
radiation into a probe beam, which passes through a sample
cell conteaining the sample gas, and into a reference beanm.
The sideband radiation that passes through the cell ig
monitored by a liquid Nz cooled Santa Barbara Research
Center Hg-Cd-Te photoconductive detector, and the reference
beam is monitored by a liquid N, cooled Honeywell Radiation
Center Hg-Cd-Te photovoltaic detector. The outputs of the
two detectors are amplified and processed by two phase
sensitive lock-in amplifiers whose reference frequencies are
obtained from the square wave that drives the PIN switch in
the microwave circuit.

The power and the beam direction of the sideband
radiation depend on the modulator temperature which is
.tron(ly affected by the microwave power and by the
aiign-enf of the CO2 laser beam in the crystal. In order to
maintain a constant temperature at the modulator, it was
air-cooled by means of a fan. In addition, the modulator
position was adjusted to obtain the maximum signal to noise
ratio.

For the measurements in this work, less than 200 mTorr
of sample pressure for the fundamental band and less thamn 2
Torr of sample pressure for the hot band were used. For

some experiments, the sample cell was heated to ~100 % to
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increase the population of the first excited state, causing
increased intensity on the hot band transition. The
pressure was measured by our MKS Model 220BHS-2A5-B-10
Baratron.

The spectra were taken by stepping the BWO frequency
at 1 or 2 MHz intervals through a range of 500-1000 MH=z.
The output of the phase sensitive detectors was digitized
and recorded almost simultaneously by the PDP8/E computer.
Usually 5§ sweeps were used and 5 readings at each frequency
were averaged during each sweep. The time constants on the
phase sensitive detectors ranged from 30-100 ms and the time
between readings was 100 ms.

After normalizing the signal spectrum by the reference
spectrum, a Gaussian lineshape fitting program was used to
determine the peak frequency of the observed transition.
Mont-of the transitions that were not overlapped showed a
reproducibility from spectrum to spectrum within *1 MH=z.

Thé large fluctuation of microwave power inside the
modulator, as shown in Fig. 12, caused a fluctuation in the
baseline and the lineshapes of the normalized spectrum. We
therefore took steps to modify the microwave pin diode
control system to include a feedback loop that maintained
constant sideband power as the frequency was changed. The
new system includes an absorptive modulator and a feedback
control circuit designed by Mr. Martin Rabb at Michigan

State University.
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Transmittance

14.0 15.0
Signal Reference

FREQ.(GHz)

Figure 12. Unnormalized spectrum obtained by IR-MW sideband
laser spectrometer. The signal and the
reference show the large fluctuation in
amplitude with frequency. The lower sideband
generated from the 10R(20)co2 laser line used
with ~200 mTorr of lacnsr for the va P(27,K)
transition.
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According to the experimental diagram shown in Fig.
13, the reference detector monitors the sideband power
generated from the modulator. Then, the output of phase
sensitive detector No. 2 is fed to an electromnic circuit
that controls the current to the PIN diode during the "on"
position of the on-off cycle. Thus, the input MW power
depends on the sideband power monitored by the reference
detector.

The necessary conditions for lineshape study are that
the radiation should be highly monochromatic relative to the
linewidth, that it should have precise frequency control,
and that it should have very good amplitude and frequency
stability. Since the MW feedback controlled IR-MW sideband
laser satisfies all of these conditions, it is a promising
radiation source for lineshape study. Figure 14 shows the
lineshape obtained by the modified spectrometer for the

Q0(5.5) transition in the vy band of the 12

13

ca3r molecule.
In this work, all CH3F measurements were done with
the normal IR-MW sideband laser spectrometer, while all

12633? measurements were made with the MW feedback

controlled IR-MW sideband laser spectrometer.
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with 0.1 sec. time constant.
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CHAPTER V

RESULTS AND DISCUSSION

vg Fundamental and 2v3 - vg Hot Bands of 13cn3F

In the present study, the spectrometer was operated
for more than 60 002 laser lines ranging from 10P(10) -
9R(26). The microwave sources were tuned from 8.2-12.2 GHz
and from 12.4-18.0 GHz for each co, laser line so that it
was possible to observe a total of 386 va fundamental band
transitions involving J values up to 47 and K values up to
16. Of these transitions, the peak frequencies of 305
transitions could be accurately measured by a Gaussian
lineshape fitting program with a good reproducibility, while
the pthers could not be resolved due to overlapping of
several transitions. A typical spectrum of the va

13

fundanenﬁal band of CH,F obtained by the IR-MW sideband

3
spectrometer is shown in Fig. 15. 1In this spectrum, the
intensity doubling for K = 3n that results from nuclear spin
statistics is clearly seen.

For the measurement of the frequencies of transitions
in the 2v3 - vq hot band, more than 16 CO2 laser lines were
tuned ranging from 10R(4) - 9P(20) and the microwave sources
were scanned from 8.2-12.2 GHz and from 12.4-18.0 GHz.

Since there were no previous data, it was very difficult to

predict the frequencies of the 2v3 - vq tranoitidns.
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Fortunately, during the measurement of the vy fundamental
band, several 2v3 - vg hot band transitions were observed
even though they were very weak and noisy. From these
observations it was possible to extend the prediction of the
2v3 - vg frequencies. Finally, a total of 101 transitions
could be observed, of which 81 transitions could be
resolved. Figure 16 shows a typical spectrum of 2v3 - vg

13

transitions of CH,F obtained by the Iﬁ-MW sideband laser

3
spectrometer.

For the least squares fitting, a total of 296 IR-MW
sideband laser frequencies of the va fundamental band were
fitted to Eq. (64) together with the previously reported
data listed in Table I. The frequencies of the va
transitions measured in this work are shown with their
estimated uncertainties in Table II. For the 2v3 - vg hot
band the frequencies shown in Table III were fit, also to
Eq. (64). For the least squares fits, the data were
weighted'by the inverse of the square of the uncertainties
shown in Tables I - III. The parameters obtained from the
fitting are given for the ground state and the Vg = l state
in the first two columns and for the Vg = 2 state in the
last column of Table IV. In these fits, the L constants
were constrained to zero for the ground state, but allowed
to vary for Vg = 1 and 2. Also, the Vg = 1 parameters
obtained from the fit of the fundamental frequencies were

constrained in the fit of the hot band transitions. The
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Table 1I.
Sources of Data for Fits of the vy Band of 13CB31
BExperiment Source Transitions Uncert.
IR-MW Sideband This work, Table II High and low J,K; 1.0-
Laser P,Q,R. 3.0 MHz
IR-MW Two-Photon Ref. 29, Table IV Low J,K; P,Q,R. 6.0 MHz
IR Laser Stark Ref. 16, Table IV Low J,K; P,Q,R. 6.0 MHz
Ref. 27, Appendix A6
IR Laser Stark Ref. 16, Table 1V Q(J,K), J = 1-3; 2.0 MHz
Lamb Dips Ref. 27, Appendix A6 R(4,K).
IR-RF Two-Photon Ref. 16, Table IV Q(3,K), R(4,K). 2.0 MHz
Lamb Dips Ref. 27, Appendix A6
mm Wave Ref. 8 R(0,0), pure rot., 0.2 MHz
vg = 0, 1.
Ref. 35 R(J,K), pure rot., 0.05 MHz
J=3-6, v, =0, 1.

3

- G - D - - — . - — - - — - — - - - - - -—— - - - —-— - - - — - — - - - -— — = — - - — - — - - - — - —————— —

.Uncertainty assumed in least squares fits.
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Table II.

Comparison of Observed and Calculated Frequencies

6)
8)
7)
8)
9)

P(37,10)
P(37,11)
P(37,12)
P(35,11)
P(35,12)
P(35,13)
P(35,14)
P(35,185)
P(32, 7)
P(32, 8)

P(32, 9)
P(32,10)
P(32,11)
P(32,12)
P(32,13)
P(32,14)
P(32,18)
P(32,16)
P(32,17)
P(32,18)

P(30, 0)
P(30, 1)
P(30, 2)
P(30, 3)
P(30, 4)
P(30, §5)
P(30, 7)
P(30, 8)
P(30, 9)
P(30,10)

10P(10)
10P(10)
10P(10)
10P(10)
10P(10)
10P(10)
10P(10)
10P(10)
10P(10)
10P(10)

10P(10)
10P(10)
10P(10)
10P(
10P(
10P(
10P(
10P(
10R(
10R(

10R(
10R(.
10R(
10R(
10R(
10R(
10R(
10R(
10R(
10R(

10R(10)
10R(10)
10R(10)
10R(10)
10R(10)
10R(10)
10R(10)
10R(10)
10R(10)
10R(10)

-13736.0
-13736.0
-13735.0
-13735.0
-13735.0
-13735.0
-135672.0
-13502.0
-13424.0
-13326.0

-13236.0

-13126.0
-13010.0
-17836.0
-17600.0
-173566.0
-17080.0
-16784.0
-17964.1
-17724.9

-17463.6
-17144.2
-16784.8
-16378.0
-16915.4
-15406.0
-14818.4
-14196.3
-13305.8
-12481.0

-13002.0
-13002.0
-13002.0
-12874.0
-12756.0
-12601.1
-12156.4
-11877.1
-11639.7
-11146.0

28552914.2
28552914.2
28562914.2
28552914.2
28652914.2
28552914.2
28553077.2
28553147.2
28553228.2
28553323.2

28553413.2
28553523.2
28553639.2
28696301.7
28696537.7
28696781.7
28697057.7
28697353.7
28905092.4
28905321.6

28905692.8
28905902.2
28906261.6
28906668.5
28907131.0
28907640.4
28908228.1
28908850.2
28909740.6
28910565.4

29041070.7
29041070.7
29041070.7
29041198.7
29041316.7
29041471.6
29041916.3
29042195.6
29042533.0
29042926.7

24.3

4.3
-2101
-67.1
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982.42270(
962.42270(
962.42270(
9562.42270(

962.42270(-
962.42270(-

952.42814(
962.43047(
962.43307(
952.43634(

9562.43934(
952.44301(
952.44688(
9567.205589(
967.21346(
9567.22160(
967.23081(
957.24068(
964.17010¢(
964.17774(

964.18679(
964.19711(
964.20910(
964.22267(
964.23810¢(
964.25509(
964.27469(

964.29546 (-

964.32615(
964.38266(

968.70586(
968.70585(

968.70686( -

968.71012(
968.71405(
968.71922(
968.734065(

" 968.74337(

968.76463(
968.76776(

8l1)
64)
14)
-70)
190)
347)
1)
2)
-6)
18)

-12)
3)
30)
-10)
13)
-3)
18)
44)

-16)

1)
109)
393)
348)

78)
23)
142)
4)
0)
-7)
16)
-8)
-9)
-6)
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Trans. Laser v-b v/MHz 0-C~ Unc. v/cm e
P(30,11) 10R(10) -10692.8 29043380.1 -1.9 1.0 968.78288( -6)
P(30,12) 10R(10) -10172.7 29043900.0 -2.3 1.0 968.80022( -7)
P(30,13) 10R(10) -95682.0 29044490.7 -6.0 1.0 968.81993( -19)
P(30,14) 10R(10) -8917.2 29045158.5 18.8 OMIT 968.84210( -62)
P(29, 4) 10R(12) 12538.0 29108812.4 5.5 2.0 970.96547( 18)
P(29, §) 10R(12) 12708.0 29108982.4 3.8 2.0 970.97114( 12)
P(29, 6) 10R(12) 12924.1 29109198.5 4.2 2.0 970.97834( 14)
P(29, 7) 10R(12) 13187.2 29109461.6 4.3 1.0 970.98712( 14)
P(29, 8) 10R(12) 13500.9 29109775.3 3.5 1.0 970.99759( 11)
P(29, 9) 10R(12) 13872.8 29110147.2 4.8 1.0 971.00999( 16)
P(29,10) 10R(12) 14301.4 29110575.8 1.1 1.0 971.02429(¢( 3)
P(29,11) 10R(12) 14805.1 29111079.5 4.5 1.0 971.04109( 185)
P(29,12) 10R(12) 15382.6 29111657.0 6.2 1.0 971.060358( 20)
P(29,13) 10R(12) 16040.0 29112314.4 3.3 1.0 971.08228( 10)
P(29,14) 10R(12) 16772.0 29113046.4 -20.3 OMIT 971.10670( -67)
P(29,15) 10R(12) 17656.0 29113930.4 -0.2 2.0 971.13619¢( 0)
P(27, 0) 10R(20) -15942.9 29241715.7 6.8 OVERLAP 976.39864( 22)
P(27, 1) 10R(20) -15942.9 29241715.6 -14.2 OVERLAP 975.39864( -47)
P(27, 2) 10R(20) -15864.5 29241794.0 1.1 2.0 975.40126( 3)
P(27, 3) 10R(20) -15760.3 29241898.2 -1.3 1.0 976.40473( -4)
P(27, 4) 10R(20) -15608.7 29242049.8 -1.8 1.0 976.40979( -4)
P(27, 85) 10R(20) -15409.6 29242248.9 -2.2 1.0 975.41643( -7)
P(27, 6) 10R(20) -15168.2 29242500.3 -1.9 1.0 975.42482( -6)
P(27, 7) 10R(20) -14851.5 29242807.0 -2.0 1.0 975.43505( -6)
P(27, 8) 10R(20) -14484.4 29243174.1 -2.6 1.0 975.44729( -8)
P(27, 9) 10R(20) -14049.4 29243609.2 -2.0 1.0 975.46180( -6)
P(27,10) 10R(20) -13542.3 29244116.2 -3.4 1.0 975.47872( -11)
P(27,11) 10R(20) -12952.8 29244706.0 -4.5 1.0 975.49839( -14)
P(27,13) 10R(20) -11479.9 29246178.7 -2.7 1.0 975.54761( -8)
P(27,14) 10R(20) -10578.0 29247080.5 -7.1 3.0 976.57760( -23)
P(27,15) 10R(20) -9541.1 29248117.5 OMIT 975.61218( -41)
P(27,16) 10R(20) -8356.0 29249302.5 OMIT 975.65171( -90)
P(26, 0) 10R(22) 11312.5 29307448.9 OVEBRLAP 977.59127( 47)
P(26, 1) 10R(22) 11312.5 29307448.9 OVERLAP 977.59127( -26)
P(26, 2) 10R(22) 11396.5 29307532.9 2.0 977.59407( 28)
P(26, 3) 10R(22) 11506.7 29307643.1 1.0 977.59776( 17)
P(26, 4) 10R(22) 11668.8 29307805.2 1.0 977.60315( 18)
P(26, 5) 10R(22) 11880.8 29308017.1 1.0 977.61022( 14)
P(26, 6) 10R(22) 12141.3 29308277.6 1.0 977.61891( -11)
P(26, 7) 10R(22) 12476.1 29308612.5 1.0 977.63008( 12)
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Trans. Laser v-b v/MBz 0-c€ unc. v/cm le
P(26, 8) 10R(22) 12868.3 29309004.8 2.8 1.0 977.64316( 9)
P(26, 9) 10R(22) 13334.2 29309470.6 3.7 1.0 977.65870( 12)
P(26,10) 10R(22) 13878.3 29310014.6 2.8 1.0 977.67685( 9)
P(26,11) 10R(22) 14512.6 29310649.0 2.8 1.0 977.69801( 9)
P(26,12) 10R(22) 15247.5 29311383.8 2.8 1.0 977.72252( 9)
P(26,13) 10R(22) 16096.7 29312233.1 3.4 1.0 977.75088( 11)
P(26,14) 10R(22) 17075.0 29313211.4 3.0 1.0 977.78348( 9)
P(23, 0) 10R(34) -9968.1 29501098.6 11.4 OVERLAP 984.05073( 37)
P(23, 1) 10R(34) -9968.1 29501098.6 -14.8 OVERLAP 984.05073( -49)
P(23, 2) 10R(34) -9872.9 29501193.8 1.8 2.0 984.05390( 8)
P(23, 3) 10R(34) -9742.3 29501324.4 -1.2 1.0 984.053826( -3)
P(23, 4) 10R(34) -9553.0 29501513.7 -1.7 1.0 984.06457( -§5)
P(23, 8) 10R(34) -9301.9 29501764.8 -1.0 1.0 984.07298( -3)
P(23, 6) 10R(34) -8987.2 29502079.8 -1.8 2.0 984.08345( -4)
P(23, 7) 10R(34) -8601.3 29502465.4 -1.6 2.0 984.09632( -8)
P(22, 0) 10R(38) -12078.6 29564466.5 12.3 OVERLAP 986.16448( 41)
P(22, 1) 10R(38) -12078.6 29564466.5 -18.0 OVERLAP 986.16448( -49)
P(22, 2) 10R(38) -11981.3 29564563.8 -0.2 2.0 986.16770( 0)
P(22, 3) 10R(38) -11843.7 29564701.4 -1.6 1.0 986.17229( -8)
P(22, 4) 10R(38) -11643.7 29564901.4 -0.1 1.0 986.17896( 0)
P(22, 5) 10R(38) -11384.2 29565161.0 -2.1 1.0 986.18762( -6)
P(22, 6) 10R(38) -11053.3 29565491.8 -0.8 1.0 986.19865( -2)
P(22, 7) 10R(38) -10651.1 29565894.1 -2.3 1.0 986.21207( -7)
P(22, 8) 10R(38) -10164.9 29566380.3 -1.7 1.0 986.22829( -3)
P(22, 9) 10R(38) -9588.9 29566966.3 -2.2 1.0 986.24750( -7)
P(22,10) 10R(38) -8910.5 29867634.6 -2.2 1.0 986.27013( -7)
P(21, 0) 10R(42) -11643.0 29627237.2 12.4 OVERLAP 988.28826( 41)
P(21, 1) 10R(42) -11643.0 29627237.2 -15.9 OVERLAP 988.25826( -53)
P(21, 2) 10R(42) -11538.9 29627341.3 2. 2.0 988.26173( 7
P(21, 3) 10R(42) -11402.4 29627477.8 -5.8 1.0 988.26628( -19)
P(21, 4) 10R(42) -11189.4 29627690.8 0.7 1.0 988.27339¢( 2)
P(21, 85) 10R(42) -10919.2 29627961.0 -1.3 1.0 988.28240( -4)
P(21, 6) 10R(42) -10576.1 29628304.1 -1.2 1.0 - 988.29386( -4)
P(21, 7) 10R(42) -10158.3 29628724.9 -1.0 1.0 988.30788( -3)
P(21, 8) 10R(42) -9649.9 29629230.3 -1.7 1.0 988.32474( -6)
P(21, 9) 10R(42) -9048.0 29629832.2 -1.1 3.0 988.34482( -3)
P(21,10) 10R(42) -8336.0 29630544.2 2.7 3.0 988.36857( 9)
P(20, 0) 10R(486) -8620.7 29689408.7 12.4 OVERLAP 990.33207( 41)
P(20, 1) 10R(46) -8620.7 29689408.7 -17.0 OVERLAP 990.33207( -56)
P(20, 2) 10R(48) -8515.9 29689513.4 -1.1 3.0 990.336857( -3)
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Trans. Laser® v.b v/MHz 0-¢€ unc. v/cm le
P(20, 3) 10R(46) -8367.9 29689661.5 -3.0 3.0 990.34051( -9)
P( 6, 0) 9P (80) 15080.7 30495877.7 20.3 OVERLAP 1017.22298( 67)
P( 6, 1) 9P(50) 15050.7 30495577.7 -14.7 OVERLAP 1017.22298( -48)
P( 6, 2) 9P (50) 15174.0 30495701.0 3.0 1.0 1017.22709( 10)
P( 6, 3) 9P (80) 15354.2 30495881.2 4.4 1.0 1017.23310( 14)
P( 6, 4) 9P(80) 15609.9 30496136.9 4.0 1.0 1017.24163( 13)
P( 6, 5) 9P(50) 15948.5 30496475.5 3.1 1.0 1017.25293( 10)
P( 4, 0) 9P(46) -9764.7 30600751.4 11.1 OVEBRLAP 1020.73120( 37)
P( 4, 1) 9P (46) -9764.7 30600751.4 -23.0 OVERLAP 1020.73120( -76)
P( 4, 2) 9P(48) -9635.6 30600880.5 2.7 2.0 1020.73550¢( 8)
P( 4, 3) 9P (486) -9468.1 30601048.0 -4.9 . 1020.74109( -16)
P( 1, 0) 8P(42) 16089.0 30753746.7 -1.8 . 1025.83454( -8)
Q( 6, 6) 9P(40) -8989.6 30791153.0 -1.3 . 1027.08231( -4)
Q( 6, 5) 9P(40) -9356.2 30790786.5 -0.4 . 1027.07008( -1)
Q( 6, 4) 9P(40) -9644.8 30790497.9 -1.3 . 1027.06046( -4)
Q( 6, 3) 9P (40) -9860.7 30790281.9 -1.3 . 1027.05328( -4)
Q( 6, 2) 9P(40) -10011.9 30790130.8 -2.2 . 1027.04821( -7)
Q( 6, 1) 9P(40) -10102.0 30790040.6 -3.9 . 1027.04520( -13)
Q( 7, 7) 9P(40) -13054.5 30787088.2 ~-2.0 . 1026.94672( -6)

Q( 7, 6) 9P(40) -13501.1 30786641.6 -1.8 1026.93182( -8)
Q( 7, 5) 9P(40) -13859.4 30786283.3 -1.2
Q( 7, 4) 9P(40) -14141.0 30786001.6 -2.0
Q( 7, 3) 9P(40) -14351.2 30785791.4 -1.8
Q( 7, 2) 9P(40) -14498.3 30785644.3 -2.1
Q( 7, 1) 9P(40) -14586.0 30785556.6 -3.6
Q( 8, 8) 9P(40) -17687.4 30782455.3 -1.7

1026.91987( -4)
1026.91048( -6)
1026.90347( -4)
1026.89856( -7)
1026.89563( -11)
1026.79218( -5)
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Q(l2, 2) 9P(42) 15974.0 30753630.7 0.7 1025.83070( 2)
Q(l2, 3) 9P (42) 16096.0 30753762.7 2.1 1025.83477( 7)
Q(l2, 4) 9P(42) 16270.7 30753927.4 2.9 1025.84060( 9)
Q(l2z, 8) 9P(42) 16498.0 307654154.7 -2.4 1025.84818( -8)
Q(12, 6) 9P(42) 16796.0 30754452.7 -2.9 . 1025.856812( -9)
Q(l2, 7) 9P(42) 17170.0 30754826.7 -2.2 . 1025.87089( -7)
(12, 8) 9P(42) 17637.2 30755293.9 5.7 . 1025.88618( 19)
Q(13, 8) 9P (42) 9234.8 30746891.8 3.6 . 1025.60590( 11)
Q(13, 9) 9P (42) 9771.3 30747428.0 7.7 . 1026.62380( 26)
Q(13,10) 9P(42) 10408.0 30748064.7 0.7 . 1025.64504( 2)
Q(13,11) 9P(42) 11183.9 30748840.6 2.4 . 1025.67092( 7
Q(13,12) 9P (42) 12110.0 30749766.7 1.0 . 1025.70181¢( 3)
Q(13,13) 9P(42) 13218.0 30750874.7 0.9 . 1025.73877( 2)
Q(1s, 2) 9P(42) -10878.0 30726778.7 1.4 . 1024.93501( 4)
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Q(23,10)
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9P (42)
9P (42)
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9P(44)

9P (44)
9P(44)
9P(44)
9P (44)
9P(44)
9P(44)
9P(44)
9P(44)
9P (44)
9P (486)

9P(46)
9P(486)
9P (486)
9P (486)
9P(48)
9P(46)
9P (486)
9P(46)
9P (46)
9P (46)

-10779.9
-10638.2
-10446.0
-10189.4
-9881.5
-9493.2
-9019.4
-8434.1
-17394.1
-16448.0

-16317.0
-13967.8
8946.0
9369.4
9880.9
10601.1
11253.3
12160.0
13260.0
14597.1

-17965.6
-17758.4
-17494.0
-17169.2
-16761.9
-16253.9
-15648.3
-14896.5
-13986.0

16883.0

16883.0
16883.0
16883.0
16966.0
17041.4
17162.9
17287.6
17469.2
17699.8
17994.0
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30726876.9
30727018.5
30727210.7
30727467.3
30727776.2
30728163.8
30728637.4
30729222.6
30720262.6
30721208.7

30722339.7
30723699.2
30683391.8
30683815.2
30684326.7
30684946.8
30685699.1
30686605.8
306877065.8
30689042.8

30656480.2
30656690.4
30656951.8
30657276.6
306857683.9
30658191.9
30658797.8
30659649.2
30660459.8
306273998.1

30627399.1
30627399.1
30627399.1
30627482.1
30627557.6
30627669.0
30827803.7
30627985.3
30628216.0
30628510.1
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1024.93829(
1024.94301(
1024.94942(
1024.95798(
1024.96825(
1024.98121(
1024.99701(
1025.01653(
1024.71766(
1024.74922(

1024.78694(
1024.83229(
1023.48778(
1023.50191(
1023.51897(
1023.53965(
1023.56474(
1023.59499(
1023.63168(
1023.67628(

1022.59011(
1022.59712(
1022.605884(
1022.61667(
1022.63026(
1022.64720¢(
1022.66740(
1022.69248(
1022.72285(
1021.62007(

1021.62007(
1021.62007(
1021.62007(
1021.62284(
1021.62835(
1021.62907(
1021.63356(
1021.63962(
1021.64731(
1021.68713(
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Trans. Laser v-b v/MHz o-c¢ Unc. v/ca le
Q(28, 1) 9P(46) -14254.0 30596262.1 30.1 OVERLAP 1020.58145( 100)
Q(28, 2) 9P(46) -14254.0 30596262.1 28.7 OVERLAP 1020.58148( 95)
Q(28, 3) 9P(46) -14254.0 30596262.1 24.9 OVERLAP 1020.58145( 83)
Q(2s8, 4) 9P(46) -14254.0 30596262.1 16.6 OVERLAP 1020.58148( 58)
Q(28, 85) 9P(46) -14254.0 30596262.1 0.9 OVERLAP 1020.58146¢( 2)
Q(28, 6) 9P(46) -14254.0 30596262.1 -26.2 OVERLAP 1020.58148( -87)
Q(28, 7) 9P(46) -14254.0 30596262.1 -69.5 OVERLAP 1020.58146(-231)
Q(25, 8) 9P(46) -14122.0 30596394.1 -2.7 3.0 1020.58588( -9)
Q(25, 9) 9P(46) -14026.0 30596490.1 -0.8 3.0 1020.588906( -2)
Q(25,10) 9P(46) -13900.3 30596615.8 -8.2 2.0 1020.59325( -20)
Q(28,11) 9P(46) -13718.5 30596797.6 -2.2 1.0 1020.59931( -7)
Q(256,12) 9P(46) -13481.8 30597034.3 -1.4 1.0 1020.60721( -4)
Q(25,13) 9P(46) -13177.6 30597338.5 -4.8 1.0 1020.61735( -16)
Q(25,14) 9P(46) -12772.7 30597743.8 4.4 1.0 1020.63086( 14)
Q(27, 1) 9P (48) 16647.0 30562521.3 -111.5 OVERLAP 1019.45598(-371)
Q(27, 2) 9P(48) 16647.0 30562521.3 -99.4 OVERLAP 1019.45598(-331)
Q(27, 3) 9P (48) 16647.0 30562521.3 -80.5 OVERLAP 1019.48598(-268)
Q(27, 4) 9P(48) 16647.0 30562521.3 -56.5 OVERLAP 1019.45598(-188)
Q(27, 8) 9P (48) 16647.0 30562521.3 -30.0 OVERLAP 1019.45598(~-100)
Q(27, 6) 9P (48) 16647.0 30562521.3 -4.3 OVERLAP 1019.45898( -14)
Q(27, 7) .9P(48) 16647.0 30562521.3 16.6 OVERLAP 1019.45698( 88)
Q(27, 8) 9P(48) 16647.0 30562521.3 27.9 OVERLAP 1019.45598( 93)
Q(27, 9) 9P(48) 16647.0 30662521.3 24.1 OVERLAP 1019.45598( 80)
Q(27,10) 9P(48) 16647.0 30562521.3 -1.4 OVERLAP 1019.45598( -4)
Q(27,11) 9P(48) 16647.0 30562521.3 -56.3 OVERLAP 1019.45598(-187)
Q(27,12) 9P(48) 16647.0 30562521.3 -149.6 OVERLAP 1019.458598(-499)
Q(27,13) 9P(48) 16940.0 30562814.3 0.9 2.0 1019.46575( 2)
Q(27,14) 9P(48) 17142.0 30563016.3 -1.7 2.0 1019.47249( -5)
Q(27,15) 9P(48) 17423.0 30563297.3 -3.2 1.0 1019.48186( -10)
Q(27,186) 9P(48) 17807.0 30563681.3 1.3 3.0 1019.494867( 4)
Q(32, 3) 9P(80) -12822.0 30467708.0 -2.3 2.0 1016.29325( -7)
Q(32, 4) 9P(80) -12930.0 30467597.0 -0.7 3.0 1016.28964( -2)
Q(32, 8) 9P(80) -13066.0 30467461.0 1.7 3.0 1016.28611( 8)
Q(32, 8) 9P(80) -13234.0 30467293.0 -0. 1.0 1016.27980( -2)
Q(32, 7) 9P(50) -13422.0 30467108.0 1.0 1016.27323( 7
Q(32, 8) 9P(50) -13637.9 30466889.1 1.0 1016.26603( 0)
Q(32, 9) 9P(80) -13875.6 30466651.4 1.0 1016.258810( -8)
Q(32,10) 9P(50) -14130.0 30466397.0 2.0 1016.24962( -10)
Q(32,11) SP(50) -14400.0 30466127.0 2.0 1016.24081( -9)
Q(32,12) 9P(50) -14688.0 30465839.0 2.0 1016.23100( -23)
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Trans. Laser v.b v/MHz 0-c€ unc. v/ca le
Q(32,13) 9P(50) -14970.0 30465557.0 6.5 2.0 1016.22160( 18)
R( 0, 0) 9P (38) -9341.8 30852588.7 -0.9 1.0 1029.13048( -2)
R( 3, 0) 9P(34) 12777.0 30995967.8 18.2 OVERLAP 1033.91419( 60)
R( 3, 1) 9P(34) 12777.0 30995967.8 -8.8 OVERLAP 1033.91419( -29)
R( 3, 2) 9P(34) 12872.0 30996062.8 4.5 2.0 1033.91736( 14)
R( 3, 3) 9P(34) 13012.2 30996202.9 5.6 1.0 1033.92204( 18)
R( 6, 8) 9P(30) -12534.0 31088958.2 -3.3 1.0 1037.01602( -11)
R( 5, 4) 9P(30) -12774.4 31088717.8 -1.8 1.0 1037.00800( -5)
R( 5, 3) 8P(30) -12954.9 31088537.3 -1.9 1.0 1037.00198( -6)
R( 8, 2) 9P(30) -13077.8 31088414.4 -0.1 3.0 .1036.99788( 0)
R( 5, 1) 9P(30) -13165.0 31088327.2 -14.2 OVERLAP 1036.99497( -47)
R( &5, 0 9P(30) -13165.0 31088327.2 10.0 OVERLAP 1036.99497( 33)
R(12,11) 9P(20) 9635.4 31393435.8 3.0 2.0 1047.17230¢( 9)
R(12,12) 9P(20) 10214.0 31394114.4 4.5 3.0 1047.19494( 186)
R(14,11) 9P(16) -17960.0 31473477.4 -2.0 2.0 1049.84220( -6)
R(14,12) 9P(16) -17412.4 31474025.0 -1.6 1.0 1049.86047( -5)
R(14,13) 9P(16) -16724.0 31474713.4 -2.3 2.0 1049.88343( -7)
R(14,14) 9P(16) -15862.0 31475575.4 -2.0 3.0 1049.91218( -6)
R(19, 0) SP(10) 15000.0 31661843.4 -131.1 OVERLAP 1056.12541(-437)
R(19, 1) 8P(10) 15000.0 31661843.4 -124.8 OVERLAP 1056.12641(-416)
R(19, 2) 9P(10) 18000.0 31661843.4 -106.4 OVERLAP 10856.12841(-354)
R(19, 3) 9P(10) 15000.0 31661843.4 -77.6 OVERLAP 1066.12841(-258)
R(19, 4) 9P(10) 156000.0 31661843.4 -41.3 OVERLAP 1056.12841(-137)
R(19, 5) SP(10) 15000.0 31661843.4 ~-1.7 OVERLAP 1056.12541( -8)
R(19, §6) 9P(10) 15000.0 31661843.4 36.0 OVERLAP 1086.12641( 120)
R(19, 7) 9P(10) 15000.0 31661843.4 656.0 OVERLAP 1086.12841( 2186)
R(19, 8) 9P(10) 15000.0 31661843.4 76.8 OVERLAP 1056.12541( 256)
R(19, 9 9P(10) 15000.0 31661843.4 61.7 OVERLAP 1056.12541( 205)
R(19,10) 9P(10) 15000.0 31661843.4 7.4 OVERLAP 1086.12841( 24)
R(19,11) 9P(10) 15000.0 31661843.4 -100.3 OVERLAP 1056.12841(-334)
R(19,12) SP(10) 15278.0 31662121.4 -0.4 2.0 1056.13469( -1)
R(19,13) 8P(10) 165644.85 31662387.9 -2.9 2.0 1056.14358( -9)
R(19,14) 9P(10) 18934.3 31662777.6 2.4 1.0 1056.156568( 8)
R(19,18) 8P(10) 16464.0 31663307.4 3.2 1.0 1086.17428( 10)
R(19,186) SP(10) 17162.0 31664005.4 -7.4 3.0 10586.19763( -24)
R(21, 0) 9P( 6) -13042.0 31733441.8 -13.2 OVERLAP 1088.51368( -43)
R(21, 1) SP( 6) -13042.0 31733441.8 -1.2 OVERLAP 1058.51368( -4)
R(21, 2) 9P( 6) -13042.0 31733441.8 34.1 OVERLAP 1058.51368( 113)
R(21, 3) 9P( 6) -13132.0 31733351.8 1.1 2.0 1068.51068( 3)
R(21, 4) 9P( 6) -13208.0 31733275.8 1.4 2.0 1058.50814( 4)
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Trans. Laser® v-b v/MHz 0-c® Unc.9d v/cn-1 e
R(21, §) 9P( 6) -13302.0 31733181.8 -0.8 2.0 1058.50501( -2)
R(21, 6) 9P( 6) -13406.0 31733077.8 -2.4 2.0 1068.50154( -7)
R(21, 7) 9P( 6) -13514.0 31732969.8 -3.4 2.0 1058.49794( -11)
R(21, 8) 9P( 6) -13618.0 31732865.8 -3.2 2.0 1058.49447( -10)
R(21, 9) 9P( 6) -13711.0 31732772.8 -3.7 2.0 10568.49136( -12)
R(21,10) 9P( 6) -13786.0 31732697.8 -8.5 3.0 1058.48886( -28)

!
()
o
L]
o

R(29, 0) 9R( 4) -10908.1 31993108.3 OVERLAP 1067.17526( -66)
R(29, 1) 9R( 4) -10908.1 31993109.3 16.5 OVERLAP 1067.17526( b65)
R(29, 2) 9R( 4) -11037.2 31992980.2 -3.3 2.0 1067.170956( -11)
R(29, 3) 9R( 4) -11219.3 31992798.1 -4.3 1067.16487( -14)

R(29, 4) 9R( 4) -11469.0 31992548.4 -2.4
R(29, §) 9R( 4) -11788.2 31992229.2 -1.5
R(29, 6) 9R( 4) -12173.6 31991843.8 ~-0.8
R(29, 7) 9R( 4) -12626.2 31991391.2 -4.1
R(29, 8) 9R( 4) -13134.3 31990883.1 -3.3
R(29, 9) 9R( 4) -13699.4 31990318.0 -3.4
R(29,10) 9R( 4) -14315.1 31989702.2 -2.5
R(29,11) 9R( 4) -14976.8 31989040.6 -0.6
R(29,12) 9R( 4) -15679.1 31988338.3 1
R(29,13) 9R( 4) -16420.4 31987597.0 0.

1067.15654( -8)
1067.14590( -5)
1067.13304( -2)
1067.11798( -13)
1067.10100( -10)
1067.08218( -11)
1067.06161( -8)
1067.039564( -2)
1067.01611( 6)
1066.99139¢( 0)

R(30, 4) 9R( 4) 17990.1 32022007.4
R(30, 5) 9R( 4) 17640.2 32021657.6
R(30, 6) 9R( 4) 17217.9 32021235.3
R(30, 7) 9R( 4) 16722.2 32020739.6
R(30, 8) 9R(.4) 16158.9 32020176.3
R(30, 9) 9R( 4) 15536.0 32019553.4
R(30,10) 9R( 4) 14845.4 32018862.7
R(30,11) 9R( 4) 14100.0 32018117.4
R(30,12) 9R( 4) 13297.7 32017315.1
R(32, 0) 9R( 8) -11992.0 32079660.7 -

1068.13919¢( 6)
1068.12752( 7)
1068.11344( 12)
1068.09690( 8)
1068.07811( 5)
1068.05734( 20)
1068.03430( 14)
1068.00943( 19)
1067.98267( 12)
1070.06230( -83)
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R(32, 1) 9R( 8) -11992.0 32079660.7
R(32, 2) 9R( 8) -12155.0 32079497.7
R(32, 3) 9R( 8) -12380.0 32079272.7
R(32, 4) 9R( 8) -12706.4 32078946.3
R(32, §) 9R( 8) -13116.0 32078536.7
R(32, 6) 9R( 8) -13617.9 32078034.8
R(32, 7) SR( 8) -14208.7 32077444.0
R(32, 8) 9R( 8) -14870.0 32076782.7
R(32, 9) 9R( 8) -15625.0 32076027.7
R(32,10) 9R( 8) -16460.7 32075192.0
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<
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1070.06230( 171)
1070.05686( -9)
1070.04938( 10)
'1070.03847( -5)
1070.02481( 0)
1070.00807( -7)
1069.98836( -23)
1069.96630( 8)
1069.94111( 4)
1069.91324( 2)

N
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Trans. Laser® v-b v/HMe o-c€ Unc.d v/cm le
R(32,11) 9R( 8) -17375.5 32074277.1 0.9 2.0 1069.88272( 3)
R(33, 0) 9R( 8) 165660.0 32107212.7 6.1 OVERLAP 1070.98133( -50)
R(33, 1) 9R( 8) 1565660.0 32107212.7 4.6 OVERLAP 1070.98133( 11856)
R(33, 2) 9R( 8) 15380.1 32107032.8 3.6 1.0 1070.97633( 12)
R(33, 3) 9R( 8) 16132.9 32106785.86 4.0 1.0 1070.96709( 13)
R(33, 4) 9R( 8) 14784.0 32106436.7 0.5 3.0 1070.96545( 1)
R(33, 8) 9R( 8) 14345.2 32106997.9 4.0 1.0 1070.94081( 13)
R(33, 6) 9R( 8) 13807.5 32105460.2 4.2 1.0 1070.92288( 13)
R(33, 7) 9R( 8) 13176.0 32104828.7 4.9 3.0 1070.90181( 16)
R(33, 8) 9R( 8) 12450.0 32104102.7 4.3 3.0 1070.87760( 14)
R(35, 0) 9R(12) -15765.5 32160314.0 -34.9 OVERLAP 1072.75260(-116)
R(36, 1) 9R(12) -15765.5 32160314.0 21.5 OVERLAP 1072.75260( 71)
R(35, 2) 9R(12) -15961.4 32160118.1 -5.3 1.0 1072.74607( -17)
R(38, 3) 9R(12) -16239.8 32159839.7 -2.3 1.0 1072.73678( -7)
R(38, 4) 9R(12) -16631.6 32159447.9 -0.8 1.0 1072.72372( -2)
R(38, §) 9R(12) -17136.5 32158943.0 -1.3 1.0 1072.70687( -4)
R(35, 6) 9R(12) -17753.1 32158326.4 -2.9 1.0 1072.68630( -9)
R(37, 8) 9R(14) -8506.2 32208586.1 -0.1 1.0 1074.36279¢( 0)
R(37, 7) 9R(14) -9326.9 32207764.3 -3.2 1.0 1074.33838( -10)
R(37, 8) 9R(14) -10273.4 32206817.9 1.0 1074.30381( -13)
R(37, 9) SR(14) -11340.1 32205751.1 1.0 1074.26822( 11)
R(37,10) 9R(14) -12556.2 32204535.0 1.0 1074.22766( -22)
R(37,11) 9R(14) -13893.4 32203197.9 2.0 1074.18306( -8)
R(37,12) SR(14) -15384.0 32201707.3 OMIT 1074.13334( -37)
R(38, 0) SR(14) 17982.0 32235073.3 OVERLAP 1075.24631(-184)
R(38, 1) 9R(14) 17982.0 32235073.3 OVERLAP 1075.24631( 37)
R(38, 2) 9R(14) 17775.5 32234866.8 4.2 1.0 1076.23942( 14)
R(38, 3) 9R(14) 17443.2 32234534.5 4.5 1.0 1075.22833( 15)
R(38, 4) 9R(14) 16972.0 32234063.3 1.2 2.0 1075.21262( -4)
R(38, §) SR(14) 16378.0 32233469.3 3.1 3.0 1075.19280( 10)
R(38, 6) SR(14) 16648.7 32232740.0 5.2 1.0 1075.16848( 17)
R(38, 7) 9R(14) 14780.1 32231871.4 1.9 1.0 1075.139560¢( 6)
R(38, 8) SR(14) 13779.6 32230870.8 2.1 1.0 1075.10613¢( 7
R(38, 9) 9R(14) 12640.0 32229731.3 1.2 3.0 1075.06812( 3)
R(40, 0) SR(18) -15004.0 32281713.1 -6.3 3.0 1076.80204( -20)
R(40, 1) 9R(18) -15072.0 32281645.1 -0.9 3.0 1076.79977( -2)
R(40, 2) 9R(18) -15292.7 32281424.4 -1.6 1.0 1076.79241( -4)
R(40, 3) 9R(18) -156659.0 32281058.0 -1.0 1.0 1076.78019( -3)
R(40, 4) 9R(18) -16174.0 32280543.1 -2.2 1.0 1076.76302( -7)
R(40, 5) 9R(18) -16832.5 32279884.6 0.2 1.0 1076.74105¢( 0)
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Trans Laser® v-b v/MHz o-c€ Unc.d v/cm le
R(40, 86) 9R(18) -17641.0 32279076.1 0.8 2.0 1076.71408( 2)
R(42, 0) 9R(20) -9633.9 32325700.1 -4.4 2.0 1078.26929( -14)
R(42, 1) 9R(20) -9714.5 32325619.6 -4.8 2.0 1078.26660( -15)
R(42, 2) 9R(20) -9955.2 32325378.9 -5.0 1.0 1078.25858( -16)
R(42, 3) 9R(20) -10353.0 32324981.1 -1.7 1.0 1078.24831( -5)
R(42, 4) 9R(20) -10914.9 32324419.1 -1.7 1.0 1078.22656( -5)
R(42, 8) 9R(20) -11636.8 32323697.2 0.0 1.0 1078.20248( 0)
R(42, 6) 9R(20) -12523.3 32322810.7 0.0 2.0 1078.17291( 0)
R(42, 7) 9R(20) -13573.2 32321760.8 1.8 2.0 1078.13789¢( 6)
R(42, 8) 9R(20) -14796.0 32320538.0 -0.5 3.0 1078.09710( -1)
R(42, 9) 9R(20) -16195.6 32319138.4 -5.8 2.0 1078.06042( -19)
R(42,10) 9R(20) -17763.2 32317570.9 1.8 2.0 1077.99813( 5)
R(43, 0) 9R(20) 11392.0 32346726.0 4.5 2.0 1078.97064( 14)
R(43, 1) 9R(20) 11310.1 32346644.1 6.1 2.0 1078.96791( 20)
R(43, 2) 9R(20) 11053.4 32346387.4 0.2 2.0 1078.98934( 0)
R(43, 3) 9R(20) 10642.0 32345976.0 7.0 1.0 1078.945662( 23)
R(43, 4) 9R(20) 10056.0 32345390.0 7.0 3.0 1078.92608( 23)
R(45, 3) 9R(22) 12839.7 32385995.9 2.2 2.0 1080.28054( 7)
R(46, 4) 9R(22) 12200.0 32385356.2 -3.4 3.0 1080.25920( -11)
R(45, 8) 9R(22) 11394.0 32384550.2 7.5 2.0 1080.23232( 24)
R(46, 6) 9R(22) 10366.0 32383522.2 -18.7 OMIT 1080.19803( -62)
R(47, 0) 9R(24) 14110.0 32424295.7 -4.6 3.0 1081.85809( -16)
R(47, 1) 9R(24) 14008.0 32424193.7 -9.4 3.0 1081.56468( -31)
R(47, 2) 9R(24) 13718.8 32423904.5 -7.1 2.0 1081.54504( -23)
R(47, 3) 9R(24) 13245.5 32423431.2 6.9 2.0 1081.562928( 19)
R(47, 4) 9R(24) 12568.0 32422753.7 10.1 OMIT 1081.50865( 33)

coz laser line used.

buicronav. frequency in MHz. The signed microwave frequency is added
to the laser frequency to obtain the absorption frequency.

CObserved minus calculated frequency in MHz. The parameters for the
calculation are in the last two columns of Table 1IV.

dB.ti-ated uncertainty in the observed frequency in MHz. An "OMIT"
and an "OVERLAP" mean that the frequency was omitted from the least
squares fits and the transition was overlapped by another
transition(s), respectively.

®observed frequency in CI-I. The numbers in parentheses are -1
the observed minus calculated frequencies in units of 0.00001 cm .
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Table III.

Comparison of Observed and Calculated Frequencies in the

Trans. Laser® v-b v/MHgz o-c¢ Unc.d v/cm le
P(25, 3) 10R( 4) 12492.0 289358838.4 -3.8 3.0 965.18867( -12)
P(25, 4) 10R( 4) 12691.7 28935738.1 -85.2 2.0 965.19233( -17)
P(25, 5) 10R( 4) 12961.4 28936007.8 -2.3 2.0 965.20133( -7)
P(258, 6) 10R( 4) 13305.9 28936352.3 4.1 2.0 965.21282( 13)
P(25, 7) 10R( 4) 13722.0 28936768.4 4.7 3.0 965.22670( 15)
P(25, 8) 10R( 4) 14196.3 28937242.7 -19.7 OMIT 965.24282( -65)
P(28, 9) 10R( 4) 14818.4 28937864.8 16.6 OMIT 965.26327( 55)
P(24, 3) 10R( 8) -12131.0 28999001.0 -2.2 2.0 967.30255( -7)
P(24, 4) 10R( 8) -11923.0 28999210.0 -1.1 2.0 967.309682( -3)
P(24, 5) 10R( 8) -11646.0 28999487.0 0.8 2.0 967.31876( 2)
P(24, 6) 10R( 8) -11298.0 28999835.0 0.8 2.0 967.33037( 2)
P(24, 7) 10R( 8) -10870.0 29000263.0 1.8 2.0 967.34466( 6)
P(24, 9) 10R( 8) -9760.0 29001373.0 -0.7 2.0 967.38167( -2)
P(22, 0) 10R(14) -13793.1 29123943.0 9.6 OVERLAP 971.47017( 32)
P(22, 1) 10R(14) -13793.1 29123943.0 -20.3 OVERLAP 971.47017( -67)
P(22, 2) 10R(14) -13680.3 291240585.9 2.1 2.0 971.47393( 6)
P(22, 3) 10R(14) -13529.6 29124206.5 -0.2 1.0 971.47896( 0)
P(22, 4) 10R(14) -13311.7 29124424.4 -0.8 1.0 971.48623( -2)
P(22, 5) 10R(14) -13023.8 29124712.4 -1.2 3.0 971.49683( -4)
P(22, 6) 10R(14) -12657.1 29125079.0 1.6 3.0 971.50806( §)
P(22, 8) 10R(14) -11682.0 29126054.1 -1.8 2.0 971.54069( -6)
P(22, 9) 10R(14) -11056.0 29126680.1 -1.2 3.0 971.56147( -4)
P(22,10) 10R(14) -10336.0 29127400.1 -0.3 3.0 971.88849( -1)
P(21, 8) 10R(16) 9366.0 29187821.7 -0.7 3.0 973.60093( -2)
P(21, 9) 10R(18) 9997.6 29188453.3 -4.7 3.0 973.62200( -16)
P(21,10) 10R(16) 10736.85 29189192.2 2.8 3.0 973.64665( 9)
P(20, 0) 10R(20) -10833.8 29246824.7 13.9 OVERLAP 975.56906( 46)
P(20, 1) 10R(20) -10833.8 29246824.7 -17.2 OVERLAP 975.56906( -57)
P(20, 2) 10R(20) -10722.3 29246936.3 0.4 2.0 975.57278( 1)
P(20, 3) 10R(20) -10562.1 29247096.4 2.1 1.0 975.87812( 6)
P(20, 4) 10R(20) -10337.7 29247320.9 0.4 2.0 975.58561 ( 1)
P(20, 5) 10R(20) -10041.5 29247617.0 -1.5 1.0 975.59649( -4)
P(20, 6) 10R(20) -9666.7 29247991.9 -2.1 2.0 975.60799( -6)
P(20, 7) 10R(20) -9206.0 29248452.5 -0.4 3.0 975.62336( -1)
P(20, 8) 10R(20) -8657.9 29249000.6 -1.4 3.0 975.64164( -4)
P(19, 6) 10R(22) 12440.0 29308576.4 3.7 3.0 977.62888( 12)
P(19, 8) 10R(22) 13460.0 29309596.4 4.1 3.0 977.66290( 13)
P(19, 9) 10R(22) 14108.0 29310244.4 -0.1 2.0 "977.68451( 0)
P(17, 0) 10R(30) -15727.5 29426755.8 16.0 OVERLAP 981.57092( 83)
P(17, 1) 10R(30) -15727.5 29426755.8 -16.2 OVERLAP 981.57092( -53)
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Trans. Laser v-b v/MHz 0-c°© Unc.d v/cm le
P(17, 2) 10R(30) -15613.7 29426869.6 0.7 2.0 981.57471( 2)
P(17, 3) 10R(30) -15452.2 29427031.2 -1.4 1.0 981.58010( -4)
P(17, 4) 10R(30) -15218.2 29427265.1 -0.7 1.0 981.58791( -2)
P(17, 8) 10R(30) -14909.7 29427573.6 0.8 1.0 981.59820( 2)
P(17, 6) 10R(30) -14525.8 29427957.5 -1.6 1.0 981.61100( -5)
P(17, 7) 10R(30) -14054.3 29428429.0 -2.3 1.0 981.62673( -7)
P(17, 8) 10R(30) -13490.0 29428993.3 -3.0 3.0 981.64568( -9)
P(17, 9) 10R(30) -12823.6 29429659.7 -0.9 2.0 981.66778( -2)
P(17,12) 10R(30) -10218.0 29432265.3 3.2 3.0 981.75470( 10)
P(16, 8) 10R(32) 9216.0 29486376.9 2.8 3.0 983.55966( 9)
P(16, 6) 10R(32) 9606.4 29486767.3 4.8 2.0 983.57268( 15)
P(16, 7) 10R(32) 10082.0 29487242.9 5.5 2.0 983.58888( 18)
P(16, 8) 10R(32) 10646.1 29487807.0 1.2 3.0 983.60737( 4)
P(16, 9) 10R(32) 11316.9 29488477.8 3.2 3.0 983.62974( 10)
P(16,12) 10R(32) 13938.0 29491098.9 -4.0 3.0 983.71717( -13)
P(13, 0) 10R(44) -10481.3 29658374.5 18.6 OVERLAP 989.29689( 61)
P(13, 1) 10R(44) -10481.3 29658374.5 -14.0 OVERLAP 989.29689( -46)
P(13, 2) 10R(44) -10367.4 29658488.4 1.8 2.0 989.30068( 5)
P(13, 3) 10R(44) -10202.0 29658653.8 1.7 3.0 989.30620( 5)
P(13, 4) 10R(44) -9966.0 29658889.8 2.0 1.0 989.31407( 6)
P(13, 5§) 10R(44) -9655.6 29659200.3 2.1 1.0 989.32443( 6)
P(13, 6) 10R(44) -9266.2 29659589.6 0.7 2.0 989.33742( 2)
P(13, 7) 10R(44) -8787.4 29660068.4 1.5 3.0 989.35339¢( 5)
P(12, 0) 10R(48) -11611.8 29714782.9 16.8 OVERLAP 991.17847( §86)
P(12, 1) 10R(48) -11611.8 29714782.9 -15.7 OVERLAP 991.17847( -52)
P(12, 2) 10R(48) -11496.8 29714897.9 1.4 2.0 991.18230¢( 4)
P(12, 3) 10R(48) -11336.1 29715058.7 -2.9 1.0 991.18767( -9)
P(12, 4) 10R(48) -11100.4 29715294.4 -2.5 2.0 991.19553( -8)
P(12, 5) 10R(48) -10788.4 29715606.4 -0.3 1.0 991.205693¢( 0)
P(12, 8) 10R(48) -10398.2 29715996.6 -0.1 1.0 991.21898( 0)
P(12, 7) 10R(48) -9921.0 29716473.8 -0.2 2.0 991.23487( 0)
P(12, 8) 10R(48) -9350.0 29717044.8 -2.0 3.0 991.25391( -6)
R( 3, 0) 9P(48) -11425.7 30534448.6 29.2 OVEBRLAP 1018.51957( 97)
R( 3, 1) 9P(48) -11425.7 30534448.6 7.8 OVERLAP 1018.519587( 26)
R( 3, 2) 9P(48) -11366.9 30534507.5 1.8 2.0 1018.52154( 6)
R( 3, 3) 9P(48) -11260.6 30534613.7 -1.8 2.0 1018.52508( -6)
R( 8, 0) 9P(46) 15249.8 30625766.0 31.7 OVBRLAP 1021.56559( 105)
R( 86, 1) 9P(46) 15249.8 30625766.0 13.0 OVERLAP 1021.56559( 43)
R( 6, 2) SP(46) 15249.8 30625766.0 -43.5 OVERLAP 1021.56559(-148)
R( 6, 3) 9P(486) 15393.5 306285909.7 4.1 2.0 1021.57039( 13)
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Trans. Laser v.b v/MHz 0-C Unc.d v/cm le
R( 5, 4) 9P(46) 158256.0 30626041.1 -3.1 2.0 1021.57477( -10)
R( 5, 5) 9P(46) 15713.0 30626229.2 -0.6 3.0 1021.58104( -2)
R(10, 8) 9P(38) -17994.0 30843903.5 -0.6 3.0 1028.84188( -1)
R(10, 9) 9P(38) -17696.0 30844201.8 -2.2 3.0 1028.85182( -7)
R(13, 0) 9P(34) -17340.0 30965850.8 17.3 OVERLAP 1032.90960( 57)
R(13, 1) 9P(34) -17340.0 30965850.8 12.3 OVERLAP 1032.90960( 40)
R(13, 2) 9P(34) -17340.0 30965850.8 -3.3 OVERLAP 1032.90960( -11)
R(13, 3) 9P(34) -17312.0 30965878.8 -3.1 3.0 1032.91053( -10)
R(13, 6) 9P(34) -17120.0 30966070.8 -2.0 3.0 1032.91694( -6)
R(13, 7) 9P(34) -17002.0 30966188.8 -1.1 3.0 1032.92087( -3)
R(13, 8) 9P(34) -16850.0 30966340.8 -3.9 3.0 1032.92594( -12)
R(13, 9) 9P(34) -16644.0 30966546.8 3.1 2.0 1032.93282( 10)
R(13,10) 9P(34) -16398.0 30966792.8 1.3 3.0 1032.94102¢( 4)
R(13,11) 9P(34) -16102.8 30967088.0 0.3 2.0 1032.95087( 1)
R(20, O0) 9P(26) 13388.0 31230149.3 -14.3 OVERLAP 1041.72565( -47)
R(20, 1) 9P(26) 13388.0 31230149.3 -3.9 OVERLAP 1041.72568( -12)
R(20, §) 9P(26) 13178.0 31229939.3 5.4 2.0 1041.71864( 17)
R(20, 6) 9P(26) 13096.0 31229857.3 5.0 2.0 1041.71591( 16)
R(20, 9) 9P(286) 12863.0 31229624.3 -0.2 2.0 1041.70814¢( 0)
R(25, 2) 9P(20) 15940.0 31399840.4 3.1 2.0 1047.38594( 10)
R(25, 6) 9P(20) 15225.9 31399126.3 -2.1 2.0 1047.36212( -7)
8c0, laser line used.

bHicrowave frequency in MHs.

The signed microwave frequency is added
to the laser frequency to obtain the absorption frequency.

Cobserved minus calculated frequency in MHz.
calculation are in the last two columns of Table IV.

d

The parameters for the

Estimated uncertainty in the observed frequency in MH=.

An

"OMIT"

and an "OVERLAP" mean that the frequency was omitted from the least
squares fits and the transition was overlapped by another

transition(s), respectively.

®Observed frequency in cl-l. The numbers in parentheses are -1
the observed minus calculated frequencies in units of 0.00001 cm ".
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Table 1IV.

Vibration-Rotation Parameters for lacnar.
Parameter Vg = 0b Vg = 1b vy 2¢¢
B, /GHz 0.0000d 30803.4726(8) 61147.771(3)
B, /MHz .24862.6460(34) 24542.1245(36) 24231.981(36)
A(Av-nv) /MHz 0.0000 31.3483(650) 57.308(294)
D, /kHz 57.7386(156) 55.0634(147) 52.808(193)
D;x /kBz 424.7361(2852) 477.5582(3141) 516.564(1958)
oD /kHz 0.0000 -69.8591(10668) -115.718(6958)
H, /Hz -0.0172(100) -0.1349(97) -1.443(417)
Hyx /Hz 1.5815(1425) 9.8596(1894) 23.93;(4992)
Hy; /Hz 20.3809(13806) -40.2484(16926) -54.356(23928)
oﬂx /Hz 0.0000 55.9988(62308) 208.862(61590)
L; /mHz : 0.0000d 0.0078(15) 1.600(303)
Lyyix /®Hz 0.0000d -0.7656(433) -17.569(4004)
LJJKK /mHz o.ooood 11.3394(5012) 64.984(23322)
l.Jxxl /mHz 0.0000d -81.6815(27527) -352.961(101561)
°Lx /mHz 0.0000 49.2839(118569) -700.256(204238)

.Vibration—rotation parameter. AP = P(v3) - P(v3=0).
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bObtained from fit of frequencies indicated in Table I and

listed in Table II. Number in parenthesis is one standard
error in units of last digit in the parameter.

Cobtained from fit of frequencies in Table III. Parameters for
v,=1 were constrained to values shown in this table. Number
ig parenthesis is one standard error in units of last digit
of the parameter.

dConltrained to zero in the least squares fit
©It should be noted that the parameters for vg=2 are given to

one less significant figure than the parametérs for v_,=0
and 1. 3
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standard deviations for an object of unit weight (SD) were
2.45 and 1.37 MHz (r.m.s. deviations 3.38 and 2.49 MHz) for
the fits to the fundamental and hot band frequencies,
respectively.

If the L constants for the Vg = 1l state were
constrained to zero for the fundamental frequencies, the SD
rose to 9.77 MHz. In addition, there was a definite
increase in the residual for increasing J and K. On the
other hand, allowing the L constants to vary for the ground
state led to only a slight improvement in the SD (from 2.45
to 2.44 MHz). These findings are probably a result of the

v3 ve Coriolis coupling, which strongly affects the

energies for Vg = 1l and 2. The effect of this coupling can

2 and

be expanded in a power series in J(J+1) and K
apparently L constants are required to calculate the
frequencies to within a few MHz for the high J's(<47) and
K’s(<16) in the present study.

The standard deviation for an object of unit weight
obtained from the fit of the va fundamental band (2.45 MHz)
is more than twice the value expected (1.00 MHz) if the
uncertainties are accurately estimated. This large value of
the SD is probably the result of model error rather than
underestimation of the experimental uncertainty. The SD for
the 2v3 - vg hot band (1.37 MHz) was much closer to the

expected value, which can be explained as being a result of

smaller effects of model error for the lower J’s and K’s
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included in the fits of the hot band.

The least squares fits to Eq. (64), although providing
an accurate representation of the experimental frequencies,
are not entirely satisfactory. Part of the problem is the
unexpectedly large SD just discussed. In addition, however,

there is a question of convergence of that part of the

2n

expansion having to do with K This is best seen by

calculating the contributions from the terms involving ADK,

, and 4aL.,. For the largest K(=16) value studied, there
K K
8

is slow convergence in these terms (e.g., oﬂxls/oLxK =

(.Y |

4.5). For large K values, however, the convergence rapidly
decreases and for K=40, which is still smaller than the
largest J values studied, these terms are diverging. For
these reasons, the values in Table IV, especially the L
constants, should be regarded as fitting constants for the
range of J and K values studied (Tables II and III).

In order to try to obtain a convergent set of
paranetefs to represent the experimental frequencies for the
fundamental band, several fittings to equations in the forms
of a Pade approximant(76), which is famous for fits of the
NH3 inversion frequencies, were applied. The first Pade
form tried was similar to Young’s form(76,77), which was
applied to the NH3 inversion frequencies with a great

success. This can be expressed as
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m+n¢3 an
B (v,J,K) = [ £ ETB_ fg]/[1+b,f+bjal (84)
P m=0,n=0

where f = J(J+1) and g = Kz. Least squares fits with this

Pade approximant form of the energy showed exceptionally

high correlations between the parameters, even when the

2n

denominator and the coefficients of K were omitted for the

ground state. The second Pade approximant tried is

Burenin’'s form(78) given by

E+ £ £ B "

mn
R = 1<{m+ng¢2 (85)

1+R: £ B__fg"
1{m+n<3 mn

And the last one tried is Watson’s form(79,80), which is

T = B-nf'gn
g+ m+n22
01 I+b,,

E=E +8B

o IOf + B (86)

f+b013
The application of Watson’s form of Pade approximant to the
experimental frequencies worked very well for the case of

a+n € 3. Of a total of 24 parameters used for this fit, 6
parameters (Bo, 301’ 302’ 803, blO’ and b01) for the ground

state were fixed to zero. The least squares fits to Eq.

(86) showed good convergence and small deviation in the
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region of high J and K values. Also, the fitting
uncertainty is much better compared to the fits to Eq. (64).
Moreovef, the SD was improved to 2.99 MHz (r.m.s. deviation
3.77 MHz) for these fits, which proves that the Watson’s
form of Pade approximant is very useful for high J and K
region. The fitting parameters to Eq. (86) are given in
Table V. No attempt was made to include the Coriolis
interaction explicitly because there is not enough
information available for the interacting bands (v6 or vg +
ve)-

The data in Table IV are sufficient to allow
estimation of the first 3 constants in an expansion of the

13

vibration-rotation parameters for CHsF in powers of Va.

If a parameter P(v) is expressed as

P(v) = P(0) + c;v + c,v? (87)
then

¢, = [P(0) - 2P(1) + P(2)]/2 (88)
and

c, = -[3P(0) - 4P(1) + P(2)1/2 . (89)

The values of P(0), Cyo and Cy for the vibrational energy,
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Table V

The Fitting Parameters of Watson’s Form of Pade Approximant

Parameters Vg = 0® Vg = 12

B /GHz 0.00000° 30803.47661(0)
By /MHz 24862.64766(0) 24542.11570(0)
By, /MHz 0.00000" 31.05489(4)
By, /kHz 57.72178(2) -55.04668(2)
B, /kHz 424.78897(34) ~476.49688(33)
Byy /kHz 0.00000° 72.73522(42)
By /Hz ~0.03717(1) ~2.46022(30)
By, /Hz 1.86983(17) 55.65918(355)
By, /Hz 19.35117(165) 528.17178(1466)
Byg /Hz 0.00000" -41.25928(266)
byo x 10 0.00000" 41.93419(550)
by, x 103 0.00000° ~120.51669(2989)

80btained from fit of frequencies indicated Table I and
listed in Table II. Number in parenthesis is one standard
error in units of last digit in the parameter.

bConltrained to zero in the least squares fit.
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Table VI.
Vibrational Dependence of Vibration-Rotation Parameters for 13033F
P(v)a P(O)b clb c2b
Ev /GHz2 0.000 vg = 31033.060(2) Xgq = -229.587(1)
B, /MHz  24862.646(3)  -uy = -325.710(20) 5.189(18)
oA, /MHz 0.000 -ay = -291.668(197) 2.494(162)
DJ /kHz 57.739(15) -2.885(103) 0.210(98)
DJx /kHz 424.736(285) 59.730(1239) -6.908(1038)
ADK /kHz 0.000 -81.859(4081) 12.000(3639)

®yibration-rotation parameter. P(v) = P(0) + c,v + ¢ vz.
P(0), €y and c, were derived from the paranet%rl in“Table 1IV.

bUncertainties in parentheses, in units of the last digit in the
parameter, were propagated from one standard error in the
parameters. ’
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rotational constants, and quartic distortion parameters are
given in Table VI together with the more conventional

symbols for some of thenm.

va Fundamental and 2v3 - vg Hot Bands of 12CHsF

By using a MW feedback controlled CO2 infrared laser-
MW sideband laser, more than 30 CO2 laser lines ranging from
10R(40) - 9R(26) were tuned according to the predictions of
approximate frequencies for the va fundamental band of
12CﬂaF obtained from many transitions observed previously.
However, the predictions turned out to be not so accurate,
particularly for high J and K transitions in the P branch.
By scanning the MW frequency from 8.2-12.2 GHz and from
12.4-18.0 GHz for each CO2 laser line, a total of 266 va
fundalenﬁal band transitions could be observed, of which 212
transitions could be resolved, and of which 206 transitions
were used for the vibration-rotation analysis. The
estimated accuracy of these frequencies is 1-3 MHz,
depending on the signal to noise ratio of the spectra.
Figure 17 shows a typical spectrum from the va band of
lzcn3r obtained by the MW feedback controlled IR-MW sideband
systenm.

For the least squares fits, the data were weighted by

the inverse of the square of the uncertainties shown in
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Table VII, and the present data were combined with the
available millimeter wave and laser-based frequencies and
fitted by least squares adjustment of the parameters.

12

The 2v3 - vg hot band of CH,F was observed with the

3

same instrument as the va fundamental band. According to
the rough predictions based on the data from a previously
published IR laser Stark experiment(16), a total of 11 co2
laser lines were tuned while sweeping the microwave
freﬁuency from 8.2-12.2 GHz and/or from 12.4-18.0 GHz. From
these measurements, a total of 84 transitions in the 2v3 -
va hot band could be observed, of which 70 transitions were
resolved and used for the least squares fits. The estimated
accuracy was again 1-3 MHz depending on the S/N. In the fit
of the 2v3 ; va transitions the energy levels of the Vg = 1
state were assumed from the fit of the Vg = 1«0
transitions.

With the same method as 13

CH3F. the transitions of vg
fundamental and 2v3 - vg hot bands were fitted to Eq. (64).
With the L constants being constrained to zero for the
ground state and allowed to vary for Vg = 1l and 2 state, the
standard deviations for an object of unit weight were 1.33
and 1.37 MHz (r.m.s. deviations 7.43 and 2.22 MHz) for the
fits to the fundamental and hot bands frequencies,
respectively.

If the L constants are allowed to vary for the ground

state, the SD was slightly decreased to 1.29 MHz. Tables
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Table VII.

IR-MW Sideband
Laser

IR-MW Two-Photon
IR Laser Stark

IR Laser Stark
Lamb Dips

IR-RF Two-Photon

Waveguide Laser

Diode Laser

FIR Emission

mm Wave
Lamb Dips

ma Wave

This work,
Table VIII

Ref.

Ref.
Ref.
Ref.

Ref.
Ref.
Ref.
Ref.
Ref.
Ref.

Ref.

Ref.

Ref.

Ref.

23, Table I

29,
16,
16,

16,
40,
24,
24,
26,
17,

7,

Table
Table
Table

Table
Table
Table
Table
Table
Table

Table

Table

Table

Table

III
III

III
III

VI

12
Clal
Transitions Uncert.
High and low J,K; 1.0
P,Q,R. 3.0 MH=z
High J,K; Q,R. 10.0 MHz
Low J; P,R. 10.0 MHz
Low J; P,Q,R. 5.0 MHsz
Low J; P,Q,R. 5.0 MHz
Q(l,1), Q(2,2). 1.0 MHs
Q(l12,2). 1.0 MHs
Q(l2,3). 1.0 MHe
Q(l12,1), Q(12,2). 0.5 MHz
High J,K; Q, P(1,0). 10.0 MHs
High J,K; P, R. 30.0 MH:z
High J, pure rot., 5.0 MHz
vq = 0 and 1.
R(1-3,K), 0.01 MH:
pure rot., v3 = 0.
R(4,K), pure rot., 0.1 MH:z
v3 = 0.
R(0,0), pure rot., 0.1 MH=z
Ve = 1.
3
R(1,K), pure rot., 0.5 MHz
Vg = 1.
High and low J; R, 0.1 MHs

pure rot., v, = 0,

- —— - - — - - ——— - - —— - — - —— — —— - — - - —— - - — - — - ——— - — —— — — > - - — - —— ———— -~ - —— —

.Uncertainty assumed in least squares fits.
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VIII and IX show the measured frequencies with their
estimated uncertainties for the va and 2v3 - vq transitions,
respectively. The parameters in Table X were obtained from
fits to Eq. (64) in which the L constants were constrained

to zero for the ground state.

12 13

The small SD for CH3F compared to cnsr can be

explained as being the result of the lower maximum J(=39)

value (J € 47 on 13

12

CH3F) and a larger number of data for

CH3F.

The molecular parameters for the vibrational ground
state were compared with the data obtained from combination
difference of several thousand transitions by Graner(39).
Table XI shows the comparison between two data, in which the
present parameters are in very good agreement with the
previous ones.

The least squares fits of the A\ 1l transitions to

13

Eq. (86) were done by the same method as for CH,F by

3

constraihin( 6 parameters for the ground state to zero and
allowing the other parameters to vary. The results show
that the SD decreased to 1.63 MHz (r.m.s. deviation 7.39
MHz) and the fitting uncertainties are much improved. This
phenomenon can be explained in the same way as for 13casr.
The fitting parameters to Eq. (86) are shown on Table XII.
Also the vibrational dependence of vibration-rotation

12

parameters for CH3F is given in Table XIII.



139

Table VIII.

Comparison of Observed and Calculated Frequencies

in the vg Band of

CH,F

P(30, 3)
P(30, 4)
P(30, 5)
P(30, 6)
P(30, 7)
P(30, 8)
P(30, 9)

P(30,10)
P(30,11)
P(30,12)
P(30,13)
P(30,14)
P(30,15)
P(29, 0)
P(29, 1)
P(29, 2)
P(29, 3)

P(29, 4)
P(29, §5)
P(29, 8)
P(29, 7)
P(29, 8)
P(29, 9)
P(18, 0)
P(156, 1)
P(18, 2)
P(15, 3)

P(15, 4)
P(18, 5)
P(18, 6)
P(14, 0)
P(14, 1)
P(14, 2)
P(14, 3)
P(14, 4)
P(14, §)
P(14, 6)

10R(40)
10R(40)
10R(40)
10R(40)
10R(40)
10R(40)
10R(40)
10R(40)
10R(40)
10R(40)

10R(40)
10R(40)
10R(40)
10R(40)
10R(40)
10R(40)
10R(486)
10R(46)
10R(486)
10R(46)

10R(486)
10R(46)
10R(46)
10R(486)
10R(486)
10R(486)
9P (486)
9P(46)
9P(46)
9P(46)

9P(46)
9P(46)
9P(46)
9P(44)
9P(44)
9P(44)
9P(44)
9P(44)
9P(44)
9P(44)

10610.0
10610.0
10610.0
10708.0
10791.0
10895.0
11035.0
11196.0
11396.8
11615.4

11870.6
12162.0
12481.8
12830.0
13209.9
13618.0
-9630.5
-95630.5
-9630.5
-9418.8

-9313.4
-9182.0
-9014.6
-8813.6
-8576.1
-8294.0
-101758.8
-10175.8
-10031.5
-9820.3

-9516.1

-9113.1

-8604.5
-13761.7
-13761.7
-13593.9
-13374.0
-13089.9
-12647.9
-12124.6

29618718.1
29618718.1
29618718.1
29618816.1
29618899.1
29619003.1
29619143.1
29619304.1
29619504.7
29619723.5

29619978.7
29620270.1
29620589.9
29620938.1
29621318.1
29621726.1
29688498.8
29688498.8
29688498.8
29688610.5

29688716.0
29688847.3
29689014.7
29689215.7
29689453.2
29689735.3
30600340.3
30600340.3
30600484.7
30600695.8

30601000.1
30601403.1
30601911.6
30660684.1
30660684.1
30660851.9
30661071.7
30661385.8
30661797.9
30662321.2

|
e o © o o
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!
&
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.
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-0
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N

5.8 OVERLAP
-5.3 OVERLAP
-39.0 OVERLAP

3.0

e o o e o o

DO b b DO B e b DN b O DD

OCOO0O0O0 000000

OVERLAP
OVERLAP
OVERLAP

OVERLAP

OVERLAP

OVERLAP
1.0
1.0

0 b
ocoo

OVERLAP

OVERLAP
1.0

3

ottt Pt
(- N-N-N-]

.
.
.

987.97409(
987.97409(

987.97409(-

987.97736(
987.98013(
987.98360(
987.98827(
987.99364(
988.00033(
988.00763(

988.01614(
988.02586(
988.03653(
988.04814(
988.06082(
988.07443(
990.30173(
990.30173(

990.30173(-

990.30845(

990.30897(
990.31335(
9980.31893(
990.32564(
990.33356(
990.34297(
1020.71748(
1020.71748(
1020.72230(
1020.72934(

1020.73949¢(
1020.75293(
1020.76990(
1022.73033(

1022.73033(-

1022.73593(
1022.74326(
1022.75374(
1022.76749¢(
1022.78494(

19)
-17)
129)

6)

11)

-1)

12)

-1)

16)
-10)

-19)
-9)
-3)

2)
18)
28)
40)
-8)

144)
-7)

8)
2)
3)
-4)
-20)
-20)
79)
-59)
1)
-3)

-2)
1)
4)
5)

137)
-10)

-6)

-2)

-6)

-3)
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Trans. Laser v v/MAgz 0-C~ Unc.

P(l14, 7) 9P(44) -11480.8 30662964.9 - 0 1022.80642( -2)
P(14, 8) 9P(44) -10701.3 30663744.5 0 1022.83242¢( 1)
0
0

P(14, 9) 9P (44) -9769.6 30664676.1 1022.86350( 2)
P(14,10) 9P(44) -8664.0 30665781.8 1022.90038¢( 0)
P(13, 0) 9P(42) -17238.8 30720417.9 OVERLAP 1024.72284( 64)
P(13, 1) 9P(42) -17238.8 30720417.9 - OVERLAP 1024.72284( -82)
P(13, 2) 9P(42) -17079.2 30720577.5 1.0 1024.72816( 7)
P(13, 3) 9P(42) -16857.8 30720798.9 1024.736556( -1)
P(13, 4) 9P(42) -16537.2 30721119.5 1024.74624( -1)
P(13, §) 9P(42) -16112.8 30721543.9 1024.76040¢( 0)

N -~

P(13, 6) 9P(42) -15876.7 30722080.0
P(13, 7) 9P(42) -14916.5 30722740.2
P(13, 8) 9P(42) -14117.0 30723539.8
P(18, 9) 9P(42) -13159.7 30724497.0
P(13,10) 9P(42) -12022.8 30725633.9
P(13,11) 9P(42) -10675.0 30726981.7
P(13,12) 9P(42) -9078.1 30728578.6
P(12, 8) 9P(40) -17469.1 30782673.6
P(12, 9) 9P(40) -16488.2 30783654.5
P(12,10) 9P(40) -15321.5 30784821.2

1024.77828( 0)
1024.80030¢( 0)
1024.82697( 0)
1024.85890( 0)
1024.89683( -4)
1024.94178( -6)
1024.99505( 3)
1026.79947( 0)
1026.83219( 0)
1026.87110¢( 0)

1026.91716( -9)
OVERLAP 1039.86859( 74)
OVERLAP 1039.86859( -83)
1.0 1039.87420¢( 0)
1.0 1039.88230( 3)
2.0 1039.89382( 0)
OVERLAP 1041.66205( 76)
OVERLAP 1041.66205( -80)
1.0 1041.66761( 1)
1.0 1041.687566( 3)
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P(12,11) 9P(40) -13940.6 30786202.1
P( 5, 0) 9P (28) 14967.8 31174476.0
P( 5, 1) 9P (28) 14967.8 31174476.0
P( 5, 2) 9P(28) 15136.0 31174644.2
P( 5, 3) 9P (28) 15378.8 31174887.0
P( 5, 4) 9P(28) 15724.3 31175232.4
P( 4, 0) 9P(26) 11481.4 31228242.7
P( 4, 1) 9P (26) 11481.4 31228242.7
P( 4, 2) 9P(26) 11648.0 31228409.3
P( 4, 3) 9P(26) 11889.3 31228650.6

NN I

NN

o o e o o o o o o o

Q(39,12) 9P(36) -15133.5 30907781.9
Q(38, 9) 9P (36) 14669.9 30937685.3
Q(33, 3) 9P (32) 17624.0 31060342.1
Q(33, 4) 9P(32) 17420.0 31060138.1
Q(33, 8) 9P(32) 17168.0 31059876.1
Q(33, 6) 9P(32) 16839.1 31059557.2
Q(33, 7) 9P(32) 16470.6 31059188.6
Q(33, 8) 9P(32) 16029.2 3105658747.3
Q(33, 9) 9P(32) 15523.3 31058241.4
Q(33,10) 9P (32) 14946.5 31057664.6

2.0 1030.97263( 1)
2.0 1031.96676( 5)
OMIT 1036.06149( -39)
3.0 1036.05469( -30)
2.0 1036.04595( -21)
1.0 1036.03531( -12)
OMIT 1036.02302( 28)
1.0 1036.00829( 19)
.0 10356.99142( 10)
0 1036.97218( -3)
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Q(33,11)
Q(33,12)
Q(33,13)
Q(29, 8)
Q(29, 9)
Q(29,10)
Q(29,11)
Q(29,12)
Q(29,13)
Q(29,14)

Q(29,18)
Q(26,14)
Q(26,15)
Q(26,186)
Q(26,17)
Q(23,17)
Q(23,18)
Q(21,11)
Q(21,12)
Q(21,13)

Q(21,14)
Q(21,18)
Q(21,16)
Q(21,17)

Q(21,18)

Q(19,11)
Q(19,12)
Q(19,13)
Q(19,14)
Q(19,18)

Q(19,16)
Q(19,17)
Q(17,13)
Q(17,14)
Q(17,18)
Q(17,16)
Q(17,17)
Q(l6, 2)
Q(l6, 3)
Q(l6, 4)

9P(32)
9P(32)
9P(32)
9P (28)
9P(28)
9P (28)
9P(28)
9P (28)
9P(28)
9P(28)

9P (28)
9P(26)
9P(26)
9P(26)
9P (26)
9P(24)
9P(24)
9P(24)
9P(24)
9P (24)

9P(24)
9P(24)
9P(24)
9P (24)
9P(24)
9P (22)
9P(22)
9P(22)
9P (22)
9P(22)

9P (22)
9P(22)
9P (22)
9P(22)
9P(22)
9P(22)
9P(22)
9P(22)
9P(22)
9P (22)

14297.3

13555.4

12711.8
-16017.2
-16236.6
-16478.0
-16721.7
-17001.8
-17293.0
-17609.3

-17962.2
-16174.0
-15961.4
-15682.0
-156332.0
-17151.7
-158662.1
9628.6
10212.0
10934.1

11809.8
12890.2
14215.0
158485.5
17926.2
-17734.9
~16965.5
-16018.0
-14870.7
-13473.3

-11765.1
-9663.1
10017.4
11414.3
13111.6
161758.6
17680.0
15826.0
189565.1
16130.0

310587015.4
31056273.5
3105656429.9
31143491.0
31143271.6
31143030.2
31142786.4
31142506.4
31142216.1
31141898.9

31141646.0
312005687.3
31200799.9
31201079.3
31201429.3
31256095.5
31257685.1
31282875.8
31283459.2
31284181.3

312850587.0
31286137.3
31287462.2
31289092.7
31291173.3
31311226.86
31311996.0
31312943.5
31314090.8
31315488.2

31317196.4
31319298.4
31338978.9
31340375.8
31342073.1
31344137.1
31346641.5
31344787.5
31344916.6
31345091.5

0-C Unc.d
-0.1 1.0
-3.1 1.0
-5.4 2.0

0.7 2.0
-3.4 1.0
-9.6 OMIT

2.2 2.0
-103 2-0

5.5 1.0

8.4 2.0
-6.7 2.0

1.4 2.0
-2.7 1.0

-31.3 OVERLAP
-113.5 OVERLAP
-60.4 OVERLAP

38.4 OVBRLAP

1.8 2.0

1.0 3.0

6.2 2.0

1.8 2.0
-002 1.0

-10.2 OMIT
-31.1 OVERLAP
-100 2.0

2.9 1.0
-3.6 1.0

0.6 2.0

0.2 1.0
-106 1.0
-302 1.0

2.8 2.0

3.2 2.0

2.7 1.0

6.7 3.0
10.1 2.0

3.9 2.0

0.2 2.0

5.1 2.0

0.4 2.0

1035.950582(
1035.92578(
1035.89764(
1038.83504(
1038.82772(
1038.81967(
1038.81154(
1038.80220(
1038.79248(
1038.78193(

1038.77016(
1040.739587(
1040.74666(

1040.75598(-
1040.76765(-
1042.59112(-

1042.64414(
1043.48442(
1043.50387(
1043.82796(

1043.558717(
1043.59321(
1043.63740(

1043.69179(-

1043.76119¢(
1044.43010¢(
1044.45576(
1044.48737(
1044.52564(
1044.57225(

1044.62923(
1044.69934(
1045.356581(
1045.40241(
1045.45903(
1045.52787(
1045.61141(
10458.54957(
1045.55388(
1045.558971(

0)
-10)
-17)

2)
-11)
-32)

7)

-4)
18)
28)

-22)
4)
-9)
104)
378)
201)
127)
8)
3)
20)

5)
0)
-33)
103)
-3)
9)
-11)
1)
0)
-4)

-10)
8)
10)
8)
18)
33)
13)
0)
17)
1)
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Q(leé, §5) 9P (22) 16372.0 31348333.5 1045.56778( 5)
Q(16, 6) 9P (22) 16682.1 31345643.6 1045.57812( 6)
Q(l6, 7) 9P(22) 17069.2 31346030.7 1045.59104( 2)
Q(16, 8) 9P (22) 17560.2 31346511.7 1045.60708( 7)
Q(l4, 4) 9P(20) -17839.5 31366060.9 1046.25917( -2)
Q(l4, §5) 9P(20) -17556.8 31366343.6 1046.26860( -4)
Q(14, 6) 9P(20) -17192.8 31366707.6 1046.28075( -2)
Q(l4, 7) 9P(20) -16738.0 31367162.4 1046.29591( 0)
Q(14, 8) 9P(20) -16179.6 31367720.8 1046.314584( 0)
Q(l4, 9) 9P(20) -15495.0 31368405.4 1046.33738( 12)

Q(14,10) 9P(20) -14676.7 31369223.7
Q(14,11) 9P(20) -13681.7 31370218.7
Q(14,12) 9P(20) -12490.2 31371410.2
Q(14,13) 9P(20) -11049.5 313728560.9
Q(14,14) 9P(20) -9313.0 31374587.4
Q(13, 2) 9P(20) -8745.1 31375155.3
Q(13, 3) 9P(20) -85687.9 31375312.6
Q(13, 4) 9P(20) -8361.4 313765539.0
Q(1ll, 6) 9P(20) 9326.3 31393225.7 -
Q(ll1, 7) 9P(20) 9896.4 31393796.8

0

0

0

0

0

0

0

0

0

0

0 1046.36467( -4)
0 1046.39786( 2)
0 1046.43760( -10)
0 1046.48566( -3)
0 1046.54359( 8)
0 1046.56253( -5)
0 1046.56777( -5)
0 1046.575633( -6)
LAP 1047.16629( -90)
0 1047.18434( 17)
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
L

| (|
. L] L[] L]

N

Q(ll, 8) 9P(20) 10555.4 31394455.8
Q(l1, 9) 9P (20) 11356.9 313956257.3
Q(1l1,11) 9P (20) 13489.0 31397389.4
Q(l0, 2) 9P(20) 15691.1 31399491.5
Q(10, 3) 9P(20) 15776.3 31399676.7
Q(lo, 4) 9P(20) 16042.3 31399942.7
Q(l10, 5) 9P(20) 16396.6 31400297.0
Q(l10, 6) 9P(20) 16849.1 31400749.5
Q(l10, 7) 9P(20) 17412.6 31401313.0
Q( 6, 1) 9P(18) -15679.2 31422381.0

Q( 6, 2) 9P(18) -155558.1 31422605.1
Q( 6, 3) 9P(18) -15344.0 31422716.2
Q( 6, 4) 9P(18) -15041.2 31423018.0
Q( 6, 5) 9P(18) -14637.5 31423422.7
Q( 68, 6) 9P(18) -14121.0 31423939.2
Q( 5, 2) 9P(18) -11491.8 31426568.3
Q( 5, 3) 9P(18) -11275.8 31426784.3
Q( 5, 4) 9P(18) -10965.1 31427095.1 1048.29506( -2)
Q( 5, 6) 9P(18) -10552.0 31427508.2 1048.30883( -1)
R( 2, 0) 9P(12) -10109.9 31585721.9 18.0 OVERLAP 1053.58627( 60)

1047.20633( 10)
1047.23306( 5)
1047.30418( 2)
1047.37430( 1)
1047.38048( 3)
1047.38935( 3)
1047.40117¢( 4)
1047.41626¢( 4)
1047.43506( 5)
1048.13781( 1)

e o o o o

1048.14195¢( 0)
1048.14899( 0)
1048.15909( -3)
1048.17256( -3)
1048.18979( 1)
1048.27748( -4)
1048.28469( -4)

O~~O~OO0O0O O bt et et et e © O = W NN =N ~WO -~ WOOOHONONM

OO WVWWN WNRANONNDO~ H~NOYTARORO =W DWONOONMNDOOM

|
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Trans. Laser® v.b v/MHg 0-C
R( 2, 1) 9P(12) -10109.9 31585721.9 -22.8
R( 2, 2) 9P(12) -9962.1 31585869.7 1.3
R( 3, 0) 9P(10) -12766.4 31634077.0 18.1
R( 3, 1) 9P(10) -12766.4 31634077.0 -21.3
R( 3, 2) 9P(10) -12623.9 31634219.5 2.0
R( 3, 3) 9P(10) -12424.0 31634419.4 -0.4
R( 4, 0) 9P( 8) -15313.0 31681748.4 16.7
R( 4, 1) 9P( 8) -185313.0 31681748.4 -21.0
R( 4, 2) 9P( 8) -15175.5 31681885.9 2.3
R( 4, 3) 9P( 8) -14985.5 31682075.9 -1.7
R( 4, 4) 9P( 8) -14706.3 31682356.1 -1.0
R( 8, 0) 9P( 6) -17745.2 31728738.6 17.3
R( 8, 1) 9P( 6) -17745.2 31728738.6 -18.5
R( 8, 2) 9P( 6) -17620.0 31728863.8 -2.1
R( 5, 3) 9P( 6) -17433.9 31729049.9 -0.9
R( 8, 4) 9P( 6) -17167.8 31729316.0 -1.4
R( 5, §) 9P( 6) -16809.9 31729673.9 0.1
R(13, 0) 9R( 8) -11697.8 32079954.9 16.1
R(13, 1) 9R( 8) -11697.8 32079954.9 -0.2
R(13, 2) 9R( 8) -11697.8 32079954.9 -49.8
R(13, 3) 9R( 8) -11563.0 32080089.7 -0.6
R(13, 4) 9R( 8) -11436.0 32080216.7 0.3
R(13, 8) 9R( 8) -11263.0 32080389.6 0.3
R(13, 6) 9R( 8) -11034.8 32080617.9 0.1
R(13, 7) S9R(.8) -10740.4 32080912.3 -0.5
R(13, 8) 9R( 8) -10364.1 32081288.6 0.4
R(13, 9) SR( 8) -9890.8 32081761.9 0.7
R(13,10) 9R( 8) -9298.9 32082353.7 0.5
R(13,11) 9R( 8) -8559.2 32083093.5 2.6
R(14, 0) 9R(10) -13808.6 32120758.3 14.1
R(14, 1) 9R(10) -138508.6 32120758.3 0.9
R(14, 2) 9R(10) -13508.6 32120758.3 -39.5
R(14, 3) 9R(10) -13400.0 32120866.9 -1.1
R(14, 4) 9R(10) -13294.8 32120972.2 0.0
R(14, 5) SR(10) -13150.0 32121118.9 0.3
R(14, 6) SR(10) -12958.5 32121308.4 -1.0
R(14, 7) SR(10) -12706.5 32121560.4 -0.7
R(14, 8) 9R(10) -12404.0 32121862.9 -22.0
R(14, 9) SR(10) -11965.6 32122301.3 4.1
R(14,10) 9R(10) -11447.3 32122819.6 1.4

OVERLAP
2.0
OVERLAP
OVERLAP
1.0
1.0
OVERLAP
OVERLAP
2.0
1.0

1.0
OVERLAP
OVERLAP

2.0

1.0

l.o

100
OVERLAP
OVERLAP
OVERLAP

2.0

D It o et Pt ot Pt
[-N-N-N-N-N-~-N-)

3.0
OVERLAP

OVERLAP
OVERLAP

v/ca le
1063.58627( -76)
1083.59120( 4)
1085.19923( 60)
1085.19923( -71)
1065.20398( 6)
1085.21068( -1)
1066.78937( 56)
1086.78937( -70)
1066.79396( 7
1056.80030( -5)
1066.80968( -3)
1058.35680( 57)
1068.35680( -61)
1058.36097( -7)
1058.36718( -2)
1058.37608( -4)
10588.38800(¢( 0)
1070.07211( 53)
1070.07211¢( 0)
1070.07211(-166)
1070.07661( -1)
1070.08084( 1)
1070.08661( 1)
1070.09423( 0)
1070.10408( -1)
1070.11660¢( 1)
1070.13239¢ 2)
1070.156213¢( 1)
1070.1786880( 8)
1071.43317( 46)
1071.43317¢ 2)
1071.43317(-131)
1071.43679( -3)
1071.44030¢( 0)
1071.44513(¢( 0)
1071.45152( -3)
1071.45992( -2)
1071.47001( -73)
1071.48464( 13)
1071.501982( 4)
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Trans. Laser® v.b v/MH2
R(14,11) 9R(10) -10792.1 32123474.8
R(14,12) 9R(10) -9973.3 32124293.6
R(15, 0) 9R(12) -15205.0 32160874.5
R(18, 1) 9R(12) -15205.0 32160874.5
R(15, 2) 9R(12) -18205.0 32160874.5
R(15, 3) 9R(12) -15131.3 32160948.2
R(15, 4) 9R(12) -15044.0 32161035.5
R(15, §) 9R(12) -14929.6 32161149.9
R(15, 6) 9R(12) -14773.7 32161305.8
R(16, 7) 9R(12) -14567.6 32161511.9
R(15, 8) 9R(12) -14296.3 32161783.1
R(15, 9) 9R(12) -13947.0 32162132.8
R(15,10) 9R(12) -13499.3 32162580.2
R(15,11) S9R(12) -12930.1 32163149.4
R(15,12) 9R(12) -12200.0 32163879.5
R(18,13) 9R(12) -11301.8 32164777.9
R(15,14) 9R(12) -10154.0 32165925.5
R(16, 0) 9R(14) -16800.0 32200291.3
R(16, 1) 9R(14) -16800.0 32200291.3
R(16, 2) 9R(14) -16800.0 32200291.3
R(16, 3) 9R(14) -16800.0 32200291.3
R(16, 4) 9R(14) -16800.0 32200291.3
R(16, 8) 9R(14) -16601.5 32200489.8
R(16, 6) 9R(14) -16482.1 32200609.2
R(16, 7) 9R(14) -16321.7 32200769.6
R(16, 8) 9R(14) -16108.1 32200983.2
R(16, 9) 9R(14) -156824.3 32201266.9
R(16,10) 9R(14) -15453.3 32201638.0
R(16,11) 9R(14) -14972.5 32202118.7
R(16,12) 9R(14) -14356.7 32202734.6
R(16,13) 9R(14) -13567.1 32203524.2
R(16,14) 9R(14) -12568.3 32204523.0
R(16,15) 9R(14) -11300.7 32205790.6
R(17, 7) 9R(16) -17972.4 32239330.9
R(17, 8) 9R(16) -17816.7 32239486.7
R(17, 9) 9R(16) -17601.5 32239701.8
R(17,10) 9R(16) -17310.4 32239993.0
R(17,11) 9R(16) -16922.0 32240381.3
R(17,12) 9R(16) -16412.8 32240890.6
R(17,13) 9R(16) -15736.3 32241567.0

0-c® Unc.d v/em ! ©
1.7 1.0 1071.52378(
0.2 1.0 1071.55109¢(
14.4 OVERLAP 1072.77130¢(
4.4 OVERLAP 1072.77130(
-26.5 OVERLAP 1072.77130(
-6.9 OVEBRLAP 1072.77376(
-1.0 2.0 1072.77667(
-1.3 1.0 1072.78049¢(
-1.1 1.0 1072.78569(
-1.7 1.0 1072.79256(¢
-0.6 1.0 1072.80161¢(
-0.3 1.0 1072.81326(
0.3 1.0 1072.82819¢(
0.6 1.0 1072.84718(
10.6 OVERLAP 1072.87154(
0.7 1.0 1072.90150¢(
5.9 2.0 1072.93978(
5.2 OVERLAP 1074.08610¢(
-1.5 OVERLAP 1074.08610(
-22.5 OVERLAP 1074.08610(
-59.9 OVERLAP 1074.08610¢(
-117.8 OVERLAP 1074.08610¢(
-3.2 2.0 1074.09272(
-1.1 1.0 1074.09671(¢(
-0.7 1.0 1074.10206(
-1.6 1.0 1074.10918¢(
-1.4 1.0 1074.11865(
-0.8 1.0 1074.13102¢(
0.5 1.0 1074.14706(
0.1 1.0 1074.16760(
2.2 1.0 1074.19394(
-1.0 1.0 1074.22726¢
-4.2 1.0 1074.26954(
-0.3 1.0 '1075.38832¢(
-1.6 1.0 1076.39382(
-2.2 1.0 1075.41041¢
-0.9 1.0 1075.42336(
-0.4 1.0 1075.44035¢
13.7 OMIT 1075.46291(

5)
0)
48)
14)
-88)
-22)
-3)
-4)
-3)
-8)

-2)
0)
0)
1)

36)
2)

19)

17)

-5)

-74)

-199)
-392)
-10)
-3)
-2)
-5)
-4)
-2)
1)

0)

7)
-3)
-14)
0)
-8)
-7)
-7)
-3)
-1)
45)
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R(22,10) 9R(24) 11074.0 32421259.7
R(23, 0) 9R(26) 10500.0 32456925.0
R(23, 1) 9R(26) 10500.0 32456925.0
R(23, 2) 9R(26) 10460.0 32456885.0
R(23, 3) 9R(26) 10350.0 32456775.0

2.0 1081.45682( 1)
OVERLAP 1082.64648( -67)
OVERLAP 1082.64648( -3)
OVERLAP 1082.64515( 53)

2.0 1082.64148( -1)

|
N

R(17,14) 9R(16) -14890.8 32242412.6 2.8 1.0 1075.49112( 9)
R(17,15) 9R(16) -13796.5 32243506.9 -4.1 2.0 1075.582762( -13)
R(18,13) 9R(18) -17838.0 32278879.0 6.7 OMIT 1076.70781( 22)
R(18,14) 9R(18) -17141.3 32279575.7 -2.7 1.0 1076.73075( -9)
R(18,15) 9R(18) -16208.3 32280508.9 4.4 2.0 1076.76187( 14)
R(22, 0) 9R(24) 12150.0 32422335.7 -13.9 OVERLAP 1081.49271( -46)
R(22, 1) 9R(24) 12150.0 32422335.7 1.3 OVERLAP 1081.49271( 4)
R(22, 2) 9R(24) 121560.0 32422335.7 46.5 OVERLAP 1081.49271( 154)
R(22, 3) 9R(24) 12028.0 32422213.7 -2.1 2.0 1081.48864( -6)
R(22, 4) 9R(24) 11931.0 32422116.7 0.1 2.0 1081.48540( 0)
R(22, §5) 9R(24) 11808.0 32421993.7 -1. 2.0 1081.48130( -5)
R(22, 6) 9R(24) 11670.0 32421855.7 -1. 2.0 1081.47670( -3)
R(22, 7) 9R(24) 11522.0 32421707.7 . 2.0 1081.47176( 4)
R(22, 8) 9R(24) 11366.0 32421551.7 . 2.0 1081.46656( 2)
R(22, 9) 9R(24) 11214.0 32421399.7 . 2.0 1081.46149¢( 3)

(o]
NOOOWO ONIOO I O =t pt
COOINDLO HLPONIPOAOINLOOM

R(23, 4) 9R(26) 10222.1 32456647.1 -0. 1.0 1082.683721( -1)
R(23, 5) 9R(26) 10067.7 32456492.86 . 1.0 1082.63206( 11)
R(23, 6) 9R(26) 9880.0 32456304.9 . 1.0 1082.62580( 2)
R(23, 7) 9R(26) 9673.7 32456098.6 . 1.0 1082.61892( 2)
R(23, 8) 9R(286) 9450.6 32455875.6 . 1.0 1082.61148( 0)
R(23, 9) 9R(26) 9222.7 32455647.6 . 1.0 1082.60387( 9)

‘coz laser line used.

Microwave frequency in MHz. The signed microwave frequency is added
to the laser frequency to obtain the absorption frequency.

cOblerved minus calculated frequency in MHz. The parameters for the
calculation are in the last two columns of Table X.

dB.ti-ated uncertainty in the observed frequency in MHz. An "OMIT"

and an "OVERLAP" mean that the frequency was omitted from the least

squares fits and the transition was overlapped by another
transition(s), respectively.

®Observed frequency in c--l. The numbers in parentheses are -1
the observed minus calculated frequencies in units of 0.00001 cm .
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Table IX.

Band of

CH,F

Comparison of Observed and Calculated Frequencies in the

R(17,12)
R(17, 9)
R(15,12)
R(15, 9)
R(12,10)
R(12, 9)
R(12, 8)
R(12, 7)
R(12, 6)
R(12, §)

R(12, 4)
R(12, 3)
R(12, 2)
R(12, 1)
R(12, 0)
R(10,10)
R(10, 9)
R(10, 8)

R( 4, 0)
Q(23,12)
Q(23, 9)
Q(21l, 9)
Q(18,10)
Q(l8, 9)
Q(l8, 8)
Q(1l8, 7)
Q(1l8, 6)

9P(14)
9P(14)
9P(14)
9P(14)
9P(14)
9P(16)
9P(16)
9P(16)
9P(16)
9P(18)

9P(18)
SP(18)
9P(18)
9P(22)
9P(22)
9P(22)
9P(22)
9P (26)
9P(26)
9P(26)

9P (26)
9P(26)
9P(40)
9P(40)
9P(40)
9P(38)
9P (38)
9P (38)
9P(38)
9P(38)

10835.0
10006.0
-16500.0
-177656.0
14935.0
14453.4
14057.9
13749.0
13494.9
13303.7

13152.0
13045.0
12925.0
12925.0
12925.0
-16282.7
-16866.1
-17349.9
-17737.1
-8380.0

-8488.0
-85662.0
-8662.0
13218.7
12899.9
12661.7
12463.7
-12455.9
-12677.7
-12835.0

-12938.9
-12938.9
-15667.8
-16924.0
12598.8
-9140.0
-9701.4
-10169.1
-10557.5

-10875.0

317567318.8
31756489.8
31680661.4
31679296.4
31558963.9
3155658482.3
31558086.8
315567777.9
316575623.8
31657332.6

315567180.9
31657073.9
31556963.9
31556953.9
316556963.9
31475154.7
31474571.3
31474087.5
31473700.3
31429680.2

31429672.2
31429498.2
31429498.2
31342180.2
31341861.4
31341613.2
31341425.2
31204305.4
31204083.6
31203926.3

31203822.4
31203822.4
30784474.9
30783218.6
30812741.5
30852757.5
30852196.1
30851728.4
30851340.1
30851022.5

|
| Pt et
L] [ ] (]

|
® e o o

NOOHPAWOOMW O~FOWOOO
ODPNOOANIOIDd A=A~

. ] .

2.0
OVERLAP
OVERLAP

2.0

3

OVERLAP
OVERLAP
OVERLAP

OVERLAP
2.0

DD bt et et DD
ococoo0coo

OVERLAP
OVERLAP
1.0

.
Ld
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-1)
-12)
0)
4q)
-2)

-44)
65)
0)
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11)
-16)
-3)
1)
-3)
-8)
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Q(18, 5) gP(38) -11125.2 30850772.3
Q(ls8, 4) 9P(38) -11325.0 30850572.5
Q(1l8, 3) 9P(38) -11475.0 30850422.5
Q(16,12) 9P(38) 15683.1 30877580.6
Q(le,11) 9P (38) 14769.6 30876667.1
Q(16,10) 9P(38) 13998.0 30875895.5
Q(16, 9) 9P (38) 13358.2 30875255.7
Q(l6, 8) 9P (38) 12825.7 30874723.2
Q(16, 6) 9P(38) 12020.0 30873917.5
Q(13,13) 9P(36) -14028.6 30908886.8

1029.07099( 3)
1029.06433( 1)
1029.05933( 0)
1029.96522( 1)
1029.93475( 2)
1029.90902( -9)
1029.88767( 1)
1029.86991( 11)
1029.84304( 11)
1031.00949¢( 0)

| !
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Q(13,12) 9P(36) -15278.9 30907636.6
Q(13,11) 9P(36) -16323.4 30906592.0
Q(13,10) 9P(36) -17224.0 30905691.4
Q(13, 9) 9P(36) -17973.4 30904942.0
Q(12,10) 9P(36) -8605.5 30914310.0
Q(l1l2, 9) 9P(36) -9388.1 30913527.4
Q(l2, 8) 9P(36) -10040.4 30912875.1
Q(l2, 7) 9P(36) -10579.0 30912336.4
Q(l2, 6) 9P(36) -11022.0 30911893.4
Q(l2, §) 9P(36) -11329.0 30911536.6

1030.96778( -4)
1030.93294( 35)
1030.90290( 2)
1030.87790( -1)
1031.19038( 3)
1031.16428( -4)
1031.14252( -5)
1031.12455¢( 2)
1031.10978¢( 4)
1031.09787( 8)
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Q(l2, 4) 9P(368) -11660.0 30911255.4
Q(l2, 3) 9P(36) -11874.0 30911041.4
Q( 9, 9) 9P(386) 12434.1 30935349.5
Q( 9, 8) 9P(36) 11710.0 30934625.4
Q( 9, 7) 9P(36) 11110.0 30934025.4
Q( 9, 6) 9P(36) 10614.0 30933529.4
Q( 9, 8) 9P(36) 10218.0 30933133.4
Q( 9, 4) 9P(36) 9903.1 30932818.5
Q( 9, 3) 9P(36) 9668.0 30932583.4
Q( 8, 8) 9P(36) 17647.0 30940562.5

1031.08849( 8)
1031.08136( 0)
1031.89219¢( 2)
1031.86803( 2)
1031.84802( 7)
1031.83148¢( 0)
1031.81827( 8)
1031.80776( 2)
1031.79992( 6)
1032.06607( 2)

Q( 8, 7) 9P(386) 17026.6 309399%42.1
Q( 8, 6) 9P(36) 16521.4 30939436.8
Q( 8, 8) 9P(386) 16112.0 30939027.5
Q( 8, 4) 9P(36) 15786.5 30938701.0
Q( 8, 3) 9P (36) 15547.4 30938462.9
Q( 8, 2) 9P(36) 15378.2 30938293.6
P(1l, 0) 9P(36) -11660.0 30911255.4
P( 7, 6) 9P(46) -13658.6 30596857.6
P( 7, 8) 9P(46) -14171.0 305963465.2
P( 7, 4) 9P(46) -14570.0 30595946.1

1032.04538( -3)
1032.02852( 5)
1032.01487( 7)
1032.00398( -85)
1031.99604( 10)
1031.99039( 10)
1031.08849( -6)
1020.60131( -2)
1020.58422( -8)
1020.57091( 6)
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P( 7, 3) 9P(46) -14877.0 30595639.1 0.5 1.0 1020.56087( 1)
P( 7, 2) 9P(46) -15090.7 30595425.5 0.7 1.0 1020.55354( 2)
P( 7, 1) 9P(46) -15239.8 30595276.3 -22.0 OVERLAP 1020.54857( -73)
P( 7, 0) 9P(46) -15239.8 30595276.3 19.9 OVERLAP 1020.54857( 66)

002 laser line used.

Microwave frequency in MHz. The signed microwave frequency is added
to the laser frequency to obtain the absorption frequency.

CObserved minus calculated frequency in MHz. The parameters for the
calculation are in the last two columns of Table X.

dkotinated uncertainty in the observed frequency in MHz. An "OMIT"
and an "OVERLAP" mean that the frequency was omitted from the least
squares fits and the transition was overlapped by another
transition(s), respectively.

®Observed frequency in CI—I. The numbers in parentheses are -1
the observed minus calculated frequencies in units of 0.00001 cm .
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Table X.

Vibration-Rotation Parameters for 12CH3F
Parameter® i 0b Vg = 1b i 2¢:¢
B, /GHz 0.000094 31436.5567(3) 62398.209(1)
B, /MHZ 25536.1498(7) 25197.5027(22) 24870.976(40)
6(A -B ) /MHz 0.0000 44.3433(214) 81.290(111)
D, /kHz 60.2330(48) 56.8509(100) 53.434(376)
D,x /kHz 439.5279(488) 518.0548(739) 576.102(1074)
oDy /kHz 0.0000 -94.1387(3113) -169.779(3174)
H, /Hz -0.0214(81) -0.2737(165) -6.672(1173)
H;p /Hz 1.7321(951) 16.0470(1644) 57.728(5559)
He; /Hz 21.4254(2708) -93.1078(8176) -208.694(20427)
oH, /Hz 0.0000 106.7283(17075) 173.320(39066)
L; /mHz 0.000094 0.0795(73) 8.370(1603)
Lyyig /mBz 0.v0000d -2.9636(825) -46.610(15279)
Lysxg /mHz 0.0000% 41.7067(5323) 107.530(50419)
Liggg /®Hz 0.0000¢ -237.9115(19977) -238.983(57475)
oLy /mHz 0.0000 155.1981(32803) 142.063(105343)

8yibration-rotation parameter. AP = P(v3) - P(v3=0).
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bObtninod from fit of frequencies indicated in Table VII and
listed in Table VIII. Number in parenthesis is one standard
error in units of last digit in the parameter. )

°Obtainod from fit of frequencies in Table 1IX. Parameters for
v,21l were constrained to values shown in this table. Number
ig parenthesis is one standard error in units of last digit

of the parameter.
dCOnotrainod to zero in the least squares fit.

®It should be noted that the parameters for v,=2 are given to
one less significant figure than the paranotgr- for v3=0

and 1.
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Table XI.

Comparison of Ground-State Rotational

Constants of !Zch.r.

Parameter This Work® Granorb
A, /MEs — 1656352.72
B, /MHZ 256536.1498 25536.14929
D; /kBz 60.2330 60.228
DJ‘ /kHgz 439.5279 439.50
Dy /kHz —_ 2108.4
H; /Hez -0.0214 —_
nJl /Hz 1.7321 1.29
Hp, /Hz 21.4254 24.8
H‘ /Hs — —

.Obtainod from fit of frequencies indicated in
Table VII and listed in Table VIII.

bObtainod from the Table 3 in Ref. 39.
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Table XII.

The Fitting Parameters of Watson’s Forms of Pade Approximant

for v, Band of ‘ZcH P
Parameters vg = o* Vg = 1*
R /GHsz 0.00000° 30803.47561(0)
By, /MHs 25636.15001(0) 25197.49134(0)
By, /MHs 0.00000"° 44.16021(1)
B,, /kHe 60.22898(1) -56.83832(1)
B,, /kHs 439.57479(6) ~617.35781(5)
By, /kis 0.00000° 97.12210(11)
By /Hz -0.00863(1) -3.53175(20)
B,, /H: 1.44266(11) 63.66637(187)
B, /Hs 22.27008(32) 624.42425(601)
Byg /Hz 0.00000" -44.91134(126)
by X 103 0.00000° 58.26188(353)
by, x 10° 0.00000° -1388.91964(1088)

.Obtainod from fit of frequencies indicated Table VII and
listed in Table VIII. Number in parenthesis is one
standard error in units of last digit in the parameter.

bCon.troinod to sero in the least squares fit.
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Table XIII.

Vibrational Dependence of Vibration-Rotation Parameters for lzclal

P(v)® p(0)® ¢’ e’

B' /GHs 0.000 vg = 31674.009(1) Xgq = -237.452(1)

B' /MHs 258636.180(1) -u; = -344.708(21) 6.060(21)

oA' /MHs 0.000 -u: = -296.666(73) 2.362(63)

DJ /kHsg 60.233(8) -3.365(190) -0.017(189)

DJ‘ /kHs 439.528(49) '88.767(562) -10.240(543)

AD‘ /kHeg 0.000 -103.388(1708) 9.249(1618)
2

®yibration-rotation parameter. P(v) = P(0) + ¢c,v + c,v .
P(0), Cy and c, were derived from the para-ct*rl in“"Table X.

bUncertnintie. in parentheses, in units of the last digit in the
parameter, were propagated from one standard error in the
parameters.
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For the Coriolis interaction between vy and veg bands,
Shoja-Chaghervand and S8chwendeman(29) gave a detailed
explanation on the formulas relating the perturbed state to
unperturbed state. By using the formulas, they calculated
the unperturbed molecular constants of the v and vg States
with assumption of ‘36 = 0.318.

Finally, Tables XIV - XVII show the coincidences
between the calculated frequencies of the vy fundamental and
the 2vg « vy hot band transitions of '3CH,F and 'ZCH,r and
the 10 ym region fixed frequency gas laser lines(81,82,83).
In this comparison, the calculated frequencies were obtained
by the parameters obtained from the fittings in which the va
= 1] state parameters were fixed from the fits of the vg = 1
« 0 transition and the L constants were constrained to zero
for the ground state only. The results from the
coincidences may be useful both for analysis of far infrared

laser experiments and for the observation of the vgq = 3

state by'an infrared-infrared double resonance experiment.
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Table XIV.

Coincidences Between Calculated Frequencies

for vy Band of lacnsr and OO2 Laser Frequencies.

rran-.‘ lroquoncyh voTvL Lasord

P(44,18) 28034728.1 68.9 13C1802 BAND I R(30)

P(36, 9) 28624893.5 ~-52.8 N20 R(19)
P(36,10) 28625035.8 89.5 N20 R(19)
P(30, 0) 29041047.2 -21.8 N20 R(38)
P(30, 1) 29041063.7 -5.3 N20 R(38)
P(30, 2) 29041113.4 44.8 N20 R(38)
P(26,13) 29312229.7 12.9 12C100, BAND R(186)

I
P(25,18) 29379942.4 -3.2 12C180, BAND I
P(24,10) 29440019.4 82.3 lacie0isQ BAND I
P(24,13) 29442534.9 61.6 12C160, BAND 1 R(30)
P(23,12) 29505764.1 85.0 120180, BAND 1
P(16,12) 29938027.2 47.9 13C180;2 BAND I1I
P(15,13) 29998669.7 19.6 13C¢1802 BAND II P(20)
P(13, 0) 30107614.5 6l1.4 13ci1e0; BAND II P(16)
P(13, 1) 30107648.9 95.8 13Cle09 BAND II P(186)
Q( 6, 6) 307911564.4 -88.3 12c180180 BAND II P(82)
Q(20,18) 30674416.2 -29.56 120180, BAND II P(44)
Q(21,13) 30658803.1 99.5 13C1802 BAND II P( 6)
Q(29,11) 30525867.4 59.6 13¢1802 BAND II P(12)
Q(29,12) 30525802.9 5.1 13c180,s BAND II P(12)
Q(29,13) 30625774.2 -23.7 13C180, BAND II P(12)
Q(29,14) 30525780.4 -17.8 13Cc180, BAND II P(12)
Q(29,18) 30525833.0 38. 13C180, BAND II P(12)
R( 4, 3)  31042692.2 -28.9 12C160; BAND II P(32)
R(12, 7) 31391833.2 -27.6 13Cle0q BAND II R(48)
R(14, 9) 31472712.0 -25.0 1301802 BAND II R(38)
R(21, 1) 31733443.0 958.9 13C1802 BAND II R(68)
R(21, 2) 31733407.7 60.6 13Cc180, BAND II R(858)
R(21, 3) 31733380.6 3.8 13C1802 BAND II R(68)
R(21, 4) 31733274.4 -72.8 130180, BAND II R(58)

“Transition in the vy band of 13cu.v; J < 47, K < 15.

3

brroquoncy of vy band treansition in MH=s.

c!requoncy of v, band transition minus laser frequency
in MEz. Laser frequencies calculated from constants
in Refs. 81, 82, and 83.

dIdcntific.tion of CO, or nzo laser. Band I is 10 pym

band; Band II is 9 ui band.
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Table XV.

Coincidences Between Calculated Frequencies for

13

2v3 - vgq Band of cnar and co2 Laser Frequencies.

Trans. Frequency vo©VL Laser
P(28, 0) 28938291.8 -5.1 N20 R(33)
P(25, 1) 28935319.2 22.3 Na2O R(33)
P(24, 3) 28999003.2 -80.6 N20 R(36)
P(23, 3) 29061892.7 -6.3 NaO R(39)
P(18, 7) 29369030.8 -92.1 1acireQ0is(Q BAND 1 R(19)
P(15, 4) 29544270.2 73.8 120160, BAND 1 R(36)
P(l4, 7) 29603057.1 48.8 12C180180 BAND I R(33)
P(12, 9) 29717723.1 73.3 120180, BAND 1 R(44)
P(11l, 0) 29770875.1 -93.1 13Cl80; BAND II P(28)
P(11, 1) 29770607.4 -60.8 13C18Q0, BAND II P(28)
P(1l1, 2) 29770704.9 36.7 13C1802 BAND II P(28)
P(1l1, 6) 29771800.7 -42.0 120160280 BAND I R(48)
P( 6, 4) 30093194.4 -26.8 13C180, BAND II P(30)
Q(13,12) 30291610.6 -74.6 13C18Q0; BAND II P(22)
Q(le, 7) 30280267.9 -54.4 120180, BAND II P(58)
Q(25, §5) 30143668.8 -87.6 13C180,; BAND II P(28)
Q(28, 6) 30143728.2 -28.2 13C180, BAND II P(28)
Q(28, 7) 30143814.3 57. 13C180; BAND II P(28)
R(12,11) 30927031.0 38.0 13C18Q0, BAND II R( 6)
R(13, 0) 30965833.5 -36.2 1aclsQ, BAND II R( 8)
R(13, 1) 30966838.5 -31.2 13C18Q; BAND II R( 8)
R(13, 2) 30965854.1 -15.6 13C180,; BAND II R( 8)
R(13, 3) 30966881.8 12.1 13C180; BAND II R( 8)
R(13, 4). 30965924.6 64.9 13C180,; BAND II R( 8)
R(24, 9) 313656843.9 86.9 13C1680, BAND II R(486)
13

®transition in the 2v3 - vy band of

K < 12.

blroquency of 2v3 « vg band transition in MHe.

clroquoncy of 2v
frequency in MH
constants in Refs.

d

Identification of CO

1. 1

or N,O laser.

band; Band II is 9 pf band®

033?; J € 25,

band transition minus laser
er frequencies calculated from
81, 82, and 83.

Band I is 10 uym
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Table XVI.

Coincidences Between Calculated Frequencies

for vg Band of

P(27,11)
Q( 6, 4)
Q(ll1, 1)
Q(l2, 1)
Qa(l2, 2)
Q(13,13)
Qa(le, 2)
Q(l4, 3)
Q(16,16)
Q(21,18)
Q(28, 3)
Q(28, 4)
Q(28,
Q(33,
Q(34,
Q(38,
Q(39,
R(10, 3)
R(11, 9)
R(11,11)
R(26,18)
R(31, 4)
R(34, 3)
R(35,12)

8)
8)
18)
2)
8)

cnsr and coz Laser Frequencies.
vo-vLc Laser
-16.6 1301680, BAND II P(26)
-87.4 l1acire0280 BAND II P(30)
87.2 130180, BAND II R(48)
-58.7 l1agire0, BAND II P(20)
39.7 120180, BAND II P(20)
6l.2 13Ci180; BAND II R(32)
-64.2 13C180, BAND II R(46)
92.8 13C1680, BAND II R(46)
88.0 130180, BAND II R(46)
~-28.7 12c160180 BAND I1 P(38)
93.3 120180, BAND II P(54)
17.1 120180, BAND II P(54)
-77.4 120180, BAND I1 P(54)
-79.0 1agie0280 BAND II P(43)
23.8 120180180 BAND I1I P(44)
83.4 12ac160280 BAND II P(A47)
42.4 130180, BAND II R(18)
17.2 12c160180 BAND II P( 9)
-26.2 12C100; BAND II P(22)
-78.17 12c160180 BAND II P( 7)
24.6 120180, BAND II R( 2)
-22.7 120180, BAND II R(10)
38.0 12C160180 BAND II R(32)
-48.4 120160280 BAND II R(33)
2cm,r; 3 < 40, X < 18.

Sransition in the va band of

12

29828909.0
31423019.9
31391948.0
31383841.7
31383940.1
31382754.9
31365702.8
31365849.8
31365846.0
31286137.6
31163602.8
31163526.6
31163432.1
31058741.4
31029723.8
30941471.8
30912621.1
319563615.9
31998587.9
320002065.2
325506872.7
32708073.7
32791607.1
32807743.3

brrequoncy of v3 band transition in MH=z.

crroquoncy of v

in MESs.
in Refs.

d
band;

81,

Identification of co
Band 1I is

or l O laser.

b.nd.

band transition minus laser frequency
Laser frequencies calculated froam constants
82, and 83.

Band I is 10 um



158

Table XVII.

Coincidences Between Calculated Frequencies for

2v3 - vy Band of

Q(25,12)

R( 7,
R(10,
R(10,
R(10,
R(10,
R(12,
R(12,
R(13,

cnar and coz Laser Frequencies.
vo-vLc Laser
-956.2 120160180 BAND I R(40)
-58.3 1acr1e0280 BAND 1 R(40)
63.1 1ac160180 BAND I R(40)
11.5 13C160; BAND II P(28)
-87.2 120160180 BAND I R(60)
-23.0 13C180, BAND II R( 6)
-58.4 13C160, BAND II R(186)
68.6 1201680, BAND II P(38)
-37.0 l1aci1e0i8Q BAND II P(50)
-7.3 13C1e0, BAND II R(10)
6.7 l1aci1e60180 BAND II P(33)
-97.1 13C180, BAND II R(38)
-78.4 13C180, BAND II R(38)
-21.7 130180, BAND II R(38)
75.2 13C180, BAND II R(38)
-54.3 13C180, BAND II R(44)
94.1 13C180, BAND II R(44)
36.1 120180, BAND II P(38)

3)
0)
1)
2)
3)
4)
8)
6)

29706011.1
29705048.0
297051589.4
297706879.7
29833266.8
30926970.0
30873622.0
30861966.1
30851728.0
30752051.6
31341429.0
31472640.0
31472658.6
31472716.3
31472812.2
31557183.7
315567332.0
31598691.2

12

%rransition in the 2v3 - vg band of

K € 12.

12

b!requoncy of 2v3 - vg band tranmsition in MHe.

clroquency of 2v
frequency in MHE.
constants in Refs.

d

- v

Identification of CO

81,

band transition minus
Laser frequencies calculated froms
82, and 83.

or N,O laser.

band; Band II is 9 pi band?

cnar; J £ 26,

laser

Band I is 10 pm
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INFRARED-INFRARED DOUBLE RESONANCE OF 130H3P

BY MEANS OF A WAVEGUIDE CO, LASER

2
AND AN INFRARED-MICROWAVE SIDEBAND LASER
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CHAPTER 1
INTRODUCTION

A molecule in a quantum state & collides with another
molecule and changes its quantum state to #’. For most
molecules at room temperature, the energy transfer may be
characterized as being between vibration and rotation (V -
R), between vibration and translationm (V - T), between
rotation and translation (R - T), between vibration and
vibration (V - V), between rotation and rotation (R - R),
and between translation and tramslation (T - T). Normally,
the R - R processes have the highest rate constants with V -
R and V - V processes being much slower. The experiments to
be described in this section provide information about the
relative rates of the various modes of energy transfer.

Since the molecular interaction is a result of
collision, the rates of energy transfer provide information
about the mechanism of the collision process.

In discussing the theoretical treatment of the
collision process, we usually introduce the concept of
strong and weak collisions. This is because, contrary to
the situation for e radiative interaction in which the
energy of interaction is much smaller than the energy
spacing, a collision interaction has a wide range of energy
values. For a limiting case of weak collisions, in which

the intermolecular interaction is small and of long range, a
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perturbation technique for the rotational emnergy changes can
be used to a good approximation. For such collisions, the
conversion from rotational energy to tramslational energy is
small and the molecular path is not deflected significantly.
Most of the Nla - Nﬂa collisions at room temperature are
examples of weak collisions(l). Also, when the interaction
is weak, a molecule in a certain initial level has
appreciable transition probabilities to only a few levels,
and the selection rules can be understood by using the known
symmetry properties of the long range potential.

Por strong collisions, for which the energy of
interaction is larger than the rotational energy spacing,
the molecular path is deflected by a large angle, and a
molecule has transition probabilities to many rotational
levels. For such collisions, no selection rules can be
established. In reality, however, most collisions lie in a
difficult region between these two extreme cases.

For the study of collision processes, three
experimental methods - molecular beams, optical
fluorescence, and double resonance have been developed and
used widely for the last two decades. In these methods a
known non-Boltzmann distribution is established in some
molecular levels of a gas at low pressure, and the
consequence of collisions is obtained by monitoring
populations of molecules in other levels.

In the molecular beam method(2), a beam of molecules
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in a single rotational level is selected by an inhomogeneous
electric field and, after passing through a region in which
collisions occur, is analyszsed by a second state selector.
The advantage of this method is that the analysis of the
results gives a single transition probability directly, and,
further, it is possible to control the relative angle and
velocity of the collision partners. The application of fhil
method has been limited by the experimental difficulties.
However, with the advance of molecular beam technique, this
method may become a powerful tool for the study of
collisions.

In the optical fluorescence method(3), the molecules
are pumped by monochromatic radiation into a single
rotational level in an excited electromnic or vibrational
state and collision-induced rotational transitions in the
oxcifed state are detected in the fluorescence spectrum. So
far, these experiments have been done by using accidental
coincidences between the exciting radiation and the
molecular absorption lines, but this method may become more
generally applicable by using tunable lasers. One
limitation of this method is that the lifetime of the
excited state, which cannot be controlled, has to be of the
order of collision time.

The double resonance method uses two resonant one-
photon 1nt;rn¢tionl in a single molecule to probe molecular

structure and relaxation properties. Figure 1 shows energy
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Figure 1. Diagrammatic representations of three-level
double resonance spectroscopy (A)-(C) and
four—level double resonance spectroscopy (D)-(F).
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level diagrams for several kinds of double resonance.

The fundamental double resonance process is that of
three-level double resonance, in which fields at two
different frequencies, 141 and Vo couple a given molecular
energy level to two other levels. The common level may be
either lower in energy than the other two, as in Fig. 1(A),
higher than the other two, as in Fig. 1(B), or intermediate
in energy, as in Fig. 1(C). A second process is four-level
double resonance, in which the two radiation fields probe
pairs of levels not having a level in common. For this kind
of double resonance to occur, at least one level in each of
the two pairs must be coupled to the other by collisional or
other relaxation processes. This can occur by relaxation in
the excited state, Fig. 1(D), in the ground state, Fig.
1(B), or both. Another variant is shown in Fig. 1(F), in
which relaxation occurs to an intermediate level d.

Figure 2 shows several kinds of pumping and monitoring
schemes in four—-level double resonance. Figure 2(A) is an
energy diagram for microwave-microwave double resonance, in
which strong end weak microwave fields are used for the
pumping and probing radiation sources, respectively. The
ease of handling microwave radiation has made this method
widely applicable to many rotational levels of simple
polyatomic molecule. 8Since the non-Boltzmann distribution
is introduced into two rotational levels rather than in one

level, the interpretation of the results is more complicated



170

MW-MW IR-MW IR=-IR

| |
k)
) i -+ 3
4
|V
V. P 7
] 2 P "
_ 2 — 2
W Ve 2' — 4

4
(A) (8) (c)

Figure 2. Energy level schemes in four-level double
resonance experiments. The light and heavy

arrows represent low and high power radiation,
respectively. The wavy arrows represent paths of
collisional energy transfer.
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than for other methods. Nevertheless, most of our
information about selection rules for collision processes
has been obtained by this technique(l).

The infrared-microwave double resonance, Fig. 2(B) has
usually used strong infrared and weak microwave radiation
sources for the pumping and probing fields, respectively.
This method has been widely used for the measurement of
rotational frequencies and relaxation rates in the excited
state because a large non-Boltzmann distribution is
introduced in a single rotational level in an excited
vibrational state by the infrared pumping. However, in most
cases of infrared pumping, it has been necessary to rely on
an accidental coincidence between a fixed frequency laser
and the frequency of a molecular transition. Infrared-
infrared double resonance of the type shown in Fig. 2(C) is
even more difficult because it is necessary to rely on a
double coincidence, in which strong infrared and weak
iﬁfrnrodhrndintionl are used for pumping and probing
sources, respectively. 8Since in most cases the infrared
source for pumping is a coherent radiation with a very
narrow bandwidth, the molecules with a particular velocity
component are depleted from the pumped level, that is, a
hole is "burned"” in the Doppler profile of the molecular
absorption(1,4,8), as in Fig. 3.

The first true double resonance was performed by

Brossel and Bitter(6) in 1952. They used a mercury
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Figure 3. Change in the particle velocity distribution over
two-levels of transition under the action of a
laser wave of frequency v. The z-component of
velocity of particles interacting with the light

wave is Viees c(v - vo)/vo.
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resonance lamp to excite mercury atoms which were
simultaneously subjected to a radiofrequency field. Double
resonance as a general technique in molecular spectroscopy
was first realized in the microwave spectroscopy of
rotational levels by E. B. Wilson’s group at Harvard
University(7-11) and by T. Oka at the National Research
Council of Canade(12-20). With the introduction of the
laser, it become possible to extend these techniques to the
infrared and optical regions of the spectrum. For most
infrared-microwave double resonance experiments(21-37),
coherent gas lasers in the 10 ym region, such as coz and uzo
lasers, have been used for the pumping source. It would be
very useful to be able to extend these techniques to a wide
range of rotational energy levels in different vibrational
states. Such studies would greatly increase our knowledge
of molecular structure and the mechanism of collisional
interaction.

Until 1970, a true infrared-infrared double resonance
experiment had not been done because of the limitation on
the availability of a tunable infrared laser for the probing
source. Rhodes et al.(38) had earlier tried to measure a
collisional relaxation rate by using two fixed frequency co,
lasers for pumping and probing sources on co, molecules.

In the early 1970’'s, Luntsz, working in Brewer’s
laboratory(39-42), exploited the nonlinear behavior in

three-level systems, which was originally worked out by
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Schlossberg and Javan(43), to study double resomnance in a
molecular system. In these experiments, two laser
radiations with slightly different frequencies were used in
the presence of D.C. Stark field to measure the Stark shifts
with high accuracy. At about the same time, Steinfeld and
his collaboratores(44-47) and Preses and Flynn(48) measured
the vibrational relaxation by monitoring the population
change due to pumping in 8F¢, lcla, and cl3! molecules,
respectively.

In order to increase the tunability of an infrared
source, Freund et al.(49) introduced the two-photon
technique into infrared-infrared double resonance by
carrying out a four-level double resonance experiment on
lslns. From this experiment, they observed not only the
non-Boltgzmann distribution, but also the hole being
transferred to the signal levels. 8hoemaker et al.(50,61)

observed the same phenomenon in 13

CH,F, by using two fixed-
frequency co, lasers and a D.C. Stark field.

Although the two-photon technique has a wide range of
tunability, the transition intensity is much weaker than
that of one-photon spectroscopy, especially for the case of
a large difference between the laser frequency and the one-
Photon allowed molecular transition(82). 8o, Orr and
Oka(53,54) developed an infrared-infrared double resonance

technique that employed the sidebands generated by passing

002 laser radiation through an electro-optic modulator
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driven by the combination of a radiofrequency and a D.C.
Stark field. With this technique they could accurately
measure the dipole moment for several symmetric top
molecules. With the same method, Duxbury et al.(55,56) used
isotopic 002 laser radiation to measure the dipole moment of
cnsr and its isotopes, Weber and Terhune(57) extended the
infrared-infrared double resonance technique into the 6 ym
wavelength region by employing a CO laser as the pumping
source and a tunable diode laser as the probing source. By
using two laser sources in different frequency regions, they
were able to see the double resonance effect in three
different vibrational states in the NH, molecule. Recently,
another infrared-infrared double resonance experiment on

vibrational energy transfer between 15 14

NH, and NH, was done
by Kuze ot al.(858) by means of a co, and a tunable diode
laser as pumping and probing sources, respectively. From
the analysis of the experimental results, a preference for
dipolo-uilowod (6J = 0, *t1, 0K = 0) transitions and a
prohibition of ortho-para conversion were confirmed, which
is in agreement with the previous studies by microwave-
microwave double resonance(168) and by infrared-microwave
double resonance(37,859).

The study of vibrational energy transfer is also very
important to understanding the collisional process and its

elementary mechanisms. Preses and Flynn(60) used an

infrared-infrared double resonance technique to study the
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vibration-vibration energy transfer between lzcnar and

130H3P with two-fixed frequency 002 lasers operating on
different laser lines. The analysis of the experimental
results showed that one quantum of vq energy is transferred
between 12083P and 13cnsr in every six collisions.

In the study to be described in this thesis, a
waveguide co, laser and an infrared-microwave sideband laser
were applied for the first time to infrared-infrared double
resonance as pumping and probing radiation sources,

respectively. The sample was 13

CH.F and many kinds of
three—-level and four-level double resonance experiments were
carried out. The results of the three-level double
resonance measurements are in good agreement with the
previous studies. However, four-level double resonance
showed the evidence of indirect pumping to all rotational
energy levels in the first excited state (v3 = 1), which is
extremely useful for identification as well as observation
of hot bands.

The next chapter gives the theoretical background of
saturation effects and double resonance. Chapter III
provides an explanation of experimental details which is
similar to that in the second part of this thesis. Finally,

Chapter IV describes the experimental results and presents

an analysis of the results and several spectra.
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CHAPTER 11
THEORY

Saturation Process(62)

When a molecular transition is subjected to high
intensity radiation, the fraction of light absorbed by the
molecule becomes less than that for low intensity light,
that is, the absorption coefficient appears to saturate.

Consider a two-level system, with states 1 and 2

coupled by electric-dipole radiation:

H = Ho - u)g€ cos ot (1)

where Y12 is the dipole moment matrix element between states
l eand 2, w is the frequency of the radiation, and € is the
amplitude of radiation field. Let the gquantum mechanical
amplitude of the upper state be 8y, and that of the lower

state be a. Then

da (o - 0 )t ~-i(e + @ )t
dtl = % ueazlo ° 4+ e °
(2)
de i(e - 0 )t -1(w + w )t
3?3 = % u(ll[O ° +e °

where x = ulz/ﬁ and w, = (Rl-iz)/ﬂ. As long as the Rabi
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frequency “ = x€ << w,» We may neglect the high frequency

terms (rotating wave approximation) to give

dz. da

-_f- + i(e - “, )——— + =0 . (3)

The solution to EBq. (3) is

a (t) = o 10t/2()10/2 | pq-iftt/2, (4)
and
°l(t) - - %? ‘iot/zl(o _ n)‘.int/z
+ (8 + mpe iN/2) | (8)

where 4 = o - o, and N = [6 + (=€) 11/2

Let us assume the initial conditions al(to) = oi. and

uz(to) = 0. This gives the coefficients

[Let+ia(t-t _)/2)
a (t) = e ° [cosg(t-to)-i%.ing(t-to)1 (8)

and

(1e-ia(t-t_)/2]

5, (t) = 1X% o sinj(t-t ) . (7)

The corresponding expressions for the populations are
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nl(t) = |a1(t)|2 = °2 + Sli%— co.2 g(t-to) (8)
a
and
2
ny(t) = |a2(t)|2 . Lz%l_ sin® De-v) . (9)

f

Figure 4 shows the population variation of the excited state
subjected to a coherent dipole perturbation.

The effect of collisions can be incorporated in this
treatment by averaging Eq. (9) over a Poisson distribution

of dephasing collisions with characteristic time ré;

1 -(t-to)/ré

dnz(t) = ?; e dt (10)
to give
t -(t-t _)/T?
<|.2|2>.v = ir I lag(t,t )12 o °" 2 g¢
2 J-w
2
= %_ (=€) - . (11)

(umeg) 2+(1/13) 24 (x6) 2

This expression indicates that the line shape is that of a

Lorentzian, modified by power broadening proportional to (z.

the intensity of the radiation field. Also this equation
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Figure 4.

Q(t-to)

Time evolution of the population of the excited
state of a two-level system subjected to a
coherent dipole perturbation. On-resonance
pumping (4 = 0) results in the slowest
oscillations having the greatest amplitude.
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shows that a very intense field will eventually equalize
populations between upper and lower levels of a transition
2
because (lazl >av <+ 0.5 as € + w.
The power absorbed, which is the observable in this

system, can be written as

2

I W Ru(x€)
z  FUPPYET SURpE 4 (12)
(0= ) "+(1/T5) "+(x€)

Here "1 and Nz are the equilibrium populations of states 1
and 2, respectively. As € + o, 0P becomes a constant.

Thus, the absorption coefficient,
6P _ _ oP
P

2

_N- N dwpjqe
= = ) ) 7z, (3
2 chl(w-e,)?+(1/15) %4 (xe)?]

approaches zero Qnd the medium saturates.

Figure 3 shows the particle velocity distribution in
the two levels of a transition subjected to a laser wave of
frequency v, in which the laser light is intense enough to
stimulate transitions of a considerable proportién of the
molecules to an excited state. The excitation of particles
with a certain velocity (vre') changes the equilibrium

distribution of particle velocities in each level of the
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transition. In the lower level there is a lack of particles
whose velocity complies with the resonance condition, that
is, a hole in the velocity distribution. By contrast, in
the upper level there is an excess of particles with
resonance velocities, or a peak in the velocity
distribution. The hole depth and the peak height depend on
the degree of absorption saturation by the radiation field.

With a single propagating field, there will be no
appearance of a Doppler free resonance as the frequency is
tuned across the transition. The nonlinear dependence on
the intensity of the strong (pumping) radiation requires a
second transition to appear as a change in absorption
coefficient of the weak (probing) radiation.

Let us assume a pumping radiation at a fixed frequency
w, saturating the Doppler broadened resonance, and the
direction of propagation to be the +2 direction. Also, we
assume that a probing radiation at the frequency “p is
propagating in the opposite direction of the strong
radiation at the same time. This is the actual experimental
scheme for most double resonance studies as shown in Fig. 5.

For molecules with a velocity component Ve =V the
frequency of the intense field at the molecules will be
Doppler shifted to w - w(l - v/c). The weak probe field,
however, will be Doppler shifted to “, * op(l + v/c).
Therefore, if v > 0, the intense field will be down-shifted

in frequency, but the weak field will be up-shifted.



183

Figure §. Schematic arrangement of pumping and probing
radiation in many infrared-infrared double

resonance experiments.
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Consider the absorption of the probe field in the
presence of an intense field at a fixed frequency w. The
change in radiation power SIP due to molecules with a

velocity v in a narrow range dv is given by(83)

61p = (dn1 - dnz)ﬁupn(op) (14)

where (dn1 - dnz) is the change in the population difference
between two states 1 and 2 over velocity distribution range
dv, and B(up) is the transition rate induced by the probing
field. Here, R‘“p) has the following form

» €°
% ( 12 )2 T

[0, (1+3) -0y 1 212+ '

R(w)) = (15)

1

Thus, the probe field will show a Lorentz shaped resonance

ot o = o,/ (1+v/c).

b opance in Three—-Level Syste

Double resonance in a three-level system, as shown in
Fig. 1(A)-(C), means that two transitions induced by strong
and weak fields share a common level. Consider a three-

level system of the type shown in Pig. 1(B), and 1et a,, 8y,
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and ‘3 be the quantum mechanical amplitudes of the states c,

b, and a, respectively. Suppose that a strong field cp at

frequency “ is applied close to the transition frequency

g T @ . and a weak field ¢ is applied at frequency e

close to 3o T W The equations of motion for the

amplitudes are then

da

i(e_—wqy)t
t = % xptplao p 31

[

(16)

°1

a
N

a i(o ~wga)t
e 32 (17)

a

daa

-i(e_-wq,)t -i(e- ¢t
ic %['p‘p‘s‘ p U317, “32

xa e ] (18)

with o = 2913/6 and x = 2u13/h. Let us impose the initial
conditions nl(to) = ei.. az(to) = as(to) = 0. The steady
state solution for ep and € being constant may be found by

setting dul/dt = 0, yielding

i(up-osl‘x)t

al(t) = Alo

1(0 ~wga-2)t
ay(t) = Aje P 32 (19)
ag(t) = Asc"*‘

where
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x3-(np-031+u-032)x2+[(up-oal)(o-oaz)-(xpip)z
()2 nt (x € 0) (0m0gp ) +(x€) (0 =0g,) = 0 (20)
The complicated cubic expression for ) can be solved

approximately by recognizing that ‘p >> € in typical

experiments. We then find that

x_€ ie-i(w_- Y(t+t )/2 n_(t-t)
a,5(t) = i-BB o p “31 °°" gin °° (21)
P
where o = [(u - g2 + (.pep)zll’z and
i(R +8)(t-t )
x€x_¢€ P [ M
12t « S st
P P
~1(n_-6)(t-t )
P o’ _

+ 2 1y (22)

ﬂp- §

where § = 2(w-ugy)-(uug;)-
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CHAPTER III

EXPERIMENT

Figure 6 shows the experimental diagram for the
infrared-infrared double resonance studies described in this
research. A waveguide 002 laser (Laakmann Electro-Optics
Inc. Model RFG 88-8) and a microwave feedback controlled
infrared-microwave sideband laser system were used for the
pumping and the probing radiation sources, respectively.

The system for the probing radiation was explained in detail
in Chapter 1V of the second part of this thesis. However,
the sample cell was slightly modified to prevent the
reflection of the pumping radiation from the window of
sample cell to the detector. In order to do this, the NaCl
window was sealed at the slant angle, in which the angle of
window was rotated to let the probing radiation transamit
more favorably. The pumping radiation, whose polarization
was porp;ndicular to that of the probing beam, passed
through the sample cell after reflection by the beanm
splitter.

In this experiment, the frequency of the pumping
radiation was locked by means of its internal pyroelectric
detector stabilizing system. The amplitude of the frequency
modulation required for this stabilization was minimized to
keep the fluctuation of the frequency of the pumping laser

as small as possible.



188

STAB
POWER SUPPLY
DET £ 4
/ N\
e % 5
RATI : =
GRATING — 1 [ Frea.
{ WAVEGUIDE CO,Laser | STAB
DET S —F—
| SAMPLE CELL
[) []
[] [ ]
PREAMP
PREAMP DET |-——-
ISO ATT
fof
5 .
BWO STAB SYNCH MW
MOD [ ..
POWER
PSD 1 Ll PSD 2
L‘@r——f
COMPUTE! TTY

A/D1

Figure 6. Experimental diagram of infrared-infrared double
resonance by means of a waveguide coz laser for

pumping and an infrared-microwave sideband laser
for probing.
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Waveguide coz Laser

As a result of molecular collision broadening, it has
been possible to increase the tunability of the frequency of
a gas laser by developing small, high pressure, and sealed-
off waveguide co, lasers. Since the co, Doppler full width
at half maximum at 300 °K is approximately 50 MHz and the
collision broadening is ~56.3 MHz/Torr(68), collision
broadening will dominate the lineshape for operating
pressures greater than about 10 Torr. At pressures above
several hundred Torr, it is theoretically possible to
increase the tunable range of a co, laser to several GH=z.
For most gas lasers, the electron temperature, and henée the
characteristics of the discharge tube diameter are
determined by the product of the pressure and the discharge
tube diameter, so by going to small diameter tubes one can
increase the pressure and still obtain high gain
porforla;ce. These arguments led to the development of the
waveguide co, laser(65,88), in which the discharge is
contained in a hollow dielectric waveguide with an inside
diameter of a millimeter or less.

S8ince the individual vibration-rotation lines of coz
in the ~10 ym region are separated by 1 to 2 c--l. pressures
of about 10 atm. are necessary to provide adequate overlap
for continuous tuning. But it is difficult to obtain

population inversion and gain in this pressure roiion. and
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when laser action can be achieved the linewidths tend to be
the order of a few tenths of a cl-l.

Figure 7 shows a composite metal-ceramic waveguide
laser structure, in which the tube is surrounded by two
ceramic plates which are separated by precisely formed metal
electrodes. The gas mixture in this small tube is RF-
Qxcited. The laser tube is bonded into a hermetically
sealed aluminium tube and support structure, which also
functions as the gas reservoir. The end mirror is mounted
at the output end of the laser to seal the system, and a
grating is placed inside the vacuum envelope at the other
end. A single micrometer control allows the grating to
rotate for tuning the system over a wide range of laser

lines without causing any severe problem in optical

alignment.
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Figure 7f Cross sectional view of the waveguide 002 laser
used for this experiment.
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CHAPTER IV

RESULTS AND DISCUSSION

For an infrared-infrared double resonance experiment,
a waveguide 002 laser and an infrared-microwave sideband
laser were used for pumping and probing radiation sources,
respectively. Figure 8 shows the energy level diagram for
three-level double resonances within the tunable range of
the sideband system, in which a microwave oscillator was
swept from 8.2 to 18.0 GHz for each 002 laser line. The
'famous’ 9P(32)CO2 laser line of the waveguide CO2 laser was
used for a pumping source because the frequency of the
QR(4,3) molecular transition of the vg band of lacnsr is
just 25.8 MHz below the laser frequency. Within the
tunability of the sideband system, three kinds of three-
level double resonances could be observed, all of which
involved pumping the QR(4,3) transition (B in Fig. 8). The
signal transitions were A (intermediate common level), C
(upper common level), and D (lower common level). In
addition, two four-level double resonance experiments
(combinations of B and E and B and F) were performed without
observing any significant pumping effect, in agreement with
the selection rules (4K = 0) for a collisional process.

13

Since many transitions in the 2v3 - vg band of CH,F

3
could be observed by using the infrared-microwave sideband

system(6l), it was possible to observe many four-level
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R(5.3) 9P(46)+15393.5 MHz
R(4.3) 9P(32)-25.8 : Pumping
P (6.3) 9P(50)+15354.2
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Figure 8. Energy level diagrams for the waveguide 002 laser
and infrared-microwave sideband laser system used
for infrared-infrared double resonance in lscﬂ F

in this work.

3
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double resonances that were apparently the result of
cascading collisional processes(87) or of vibration-
vibration energy transfer(60).

We concluded from these preliminary experiments that a
waveguide cO2 laser and infrared-microwave sideband laser
system is a very useful combination for infrared-infrared
double resonance, at least for the pumping of a single
transition and the observation of a variety of double
resonances.

With the experimental diagram shown in Fig. 6, in
which the pumping and probing beams travel in opposite
directions, the sum of two laser frequencies at resonance in
a three-level experiment should be equal to the sum of the
frequencies of the two molecular transitions, irrespective

of tpe molecular velocity components; that is,

= JPUmP oprobe

pump + "probe @, pd = constant . (24)

Figure 9 shows the variation in frequency of the pumped
molecular velocity group with pumping frequency for a three-
level double resonance (combination of B and A). The
spectra shown were obtained by probing transition A with the
positive sideband generated by combination of the 9P(46)co2
laser line and P-band microwave radiation. Each time the
pumping frequency is changed, the laser pumps a different

velocity group. The saturation effect of one particular
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velocity group in the upper state was monitored by a weak
probe field. The increased population for a small range of
velocity is shown in the spectra. From this kind of
variation, the tunability of the waveguide co, laser could
be determined to be greater than 110 MHz, which is a
reasonable value considering the 002 pressure broadening.

One of the advantages of infrared pumping is to
transfer only the molecular velocity group which is in
resonance with the laser frequency. 8Since the waveguide 002
laser was frequency modulated for stabilization purposes,
actually a range of velocity groups was pumped. By
increasing the modulation amplitude the range of velocities
pumped could be increased. Figure 10 shows the variation of
the width of the molecular velocity group pumped with
modulation amplitude. For this spectrum, the positive
sideband generated from the 9?(46)002 laser line and P-band
microwave radiation was used at ~108 mTorr of sample
proo-uro; The °R(4.3) transition in the v3 band was pumped
and the qR(6.3) transition in the 2v3 - vg band was probed.
From these spectra, the need for a highly stable pumping
laser was comfirmed to study the velocity preserving

collisional process.

Three—-Level Doub esonanc
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Figure 10. Variation of the range of the molecular velocity

group pumped with the modulation amplitude of
The modulation amplitude was
The IRr(4,3)

the pumping laser.
increased in steps from (A) to (R).
transition of the vg band was pumped.
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For the three-level double resonance (combination of B
and C) which has the upper state of the transitions in
common, the °3(4.3) and °P(6.3) transitions of the va band
were pumped and monitored, respectively. 8Since one
component of the molecular velocity groups was transferred
into the upper state by pumping, the upper state was
overpopulated at a particular velocity. Therefore, as shown
in FPig. 11, the °P(6,3) transition shows a saturation-dip at
a frequency corresponding to the pumped velocity group. By
tuning the laser frequency, the saturation-dip was shifted
to another position, as shown in Fig. 12. In this
experiment, the positive sideband generated froam the
9?(60)002 laser line and P-band microwave radiation was used
and the sample pressure was ~20 mTorr. The 9P(50)002 laser.
line is very weak in our system and many commercial 002
lasers cannot generate this radiation. However, by
adjusting the laser gas mixture to the optimum condition for
the 9?(50)002 laser line, approximately 100 aW of laser
power could be obtained. Even with this low power for the
sideband generator, excellent spectra were obtained (Figs.
11 and 12). This fact demonstrates the usefulness of the
infrared-microwave sideband system for both linear and
nonlinear spectroscopy. By using isotopic coz lasers, we
can get almost continuously tunable sideband radiation

throughout the 9 - 11 uym region.



199

(]

Q

c

©

=

£

(/)]

& 13

= CH,F

¥, %P(6,3)
15.25 15.30 15.35 15.40 15.45

FREQ.(GHz)

Figure 11. Observation of a saturation-dip in the oP(6.3)
transition in the vg band from three-level
double resonance with a common level in the

upper state. The qR(4.3) transition in the vy
band was pumped.
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Figure 12. Observation of a saturation-dip in the qP(6.3)
transition in the vg band from three-level
double resonance with a common upper level.
The pumping frequency in this figure has been
shifted slightly from that in Figure 1l1.
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As a result of the depletion in population of the J =

13

4, K = 3 level in the ground state of CH.,F achieved by

3
pumping the 08(4,3) transition, the °P(4.3) transition also
shows a saturation-dip at a particular velocity group; this
is shown in Fig. 13. The probing transition was monitored
by scanning the negative sideband generated from the
9?(46)002 laser line and X-band microwave radiation at ~46
mTorr of sample pressure. This is a three-level double
resonance (combination of B and D) with a common level at
the lower state.

One of the advantages of infrared-infrared double
resonance is to be able to observe the population difference
between vibrational states compared to other types of double
resonance. With the overpopulation at one velocity group
achieved by pumping the Q3(4.3) transition of the v band,
the 03(5,3) transition of the 2v3 + vgq band shows the
pumping effect very clearly with a sharp saturation spike.
Figure 14 shows this double resonance effect resulting from
three-level double resonance with a common level between two
transitions (combination of B and A). In this spectrum a
sharp saturation-spike is seen, in which the position and
the width of the spike depend on the pumping froguoncy and
the modulation amplitude of a pumping laser, respectively.
For the observation, the positive sideband generated from

the 99(46)002 laser line and P-band microwave radiation was
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Observation of a saturation-dip in the qP(4.3)
transition in the va band from three-level
double resonance with a common level in the
lower state. The Q8(4.3) transition in the va
band was pumped.
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Figure 14. Observation of the increased intensity of the
°3(5,3) transition in the 2v3 - vy band that
results from three-level double resonance with a
common level that is the upper state for the
pumping transition and the lower state for the
probing transition. Also shown is the increased
intensity of the remaining °a(5,x) transitions
that result from increased population of the va
= 1 state caused by pumping the %R(4,3)
transition in the fundamental band.
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used and the sample pressure was ~96 mTorr.

Usually the rotational relaxation rate (~1 uysec) is
much faster than that of the vibrational relaxational rate
(~]1 msec). Both rates increase linearly with pressure.
Under the conditions of our experiment, the rotational rate
is so fast that a Boltzmann distribution is established
among the populations of the rotational levels in both
states and this saturation is not changed by variation in
sample pressure up to ~1 Torr. However, the vibrational
populations do not follow a Boltzmann distribution and are
strongly affected by sample pressure.

Figure 15 shows the variation of the double resonance
effect at the peak frequency of the direct pumping with
sample pressure. This is a comparison of the peak height of
the transferred spike in the qR(6.3) transition in the 2v3 -
vg band with pumping and without pumping. As the sample
pressure increases, the double resonance effect (saturation
effect) decreases because of the increase in the vibrational

relaxation rate with the sample pressure.

According to the selection rule for collisional
process (8J = 0, ¢1, 6K = 0), the possible candidates of

four-level double resonance are the combinations of B and B
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Variation of the double resonance effect on the
intensity of the %R(5,3) transition in the 2vy -
vy band with sample pressure. The lower level
of this transition is directly pumped by pumping
the °R(4.3) transition in the vs band. The
solid line is a smooth curve drawn through the

points.
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and B and F in Fig. 8. No significant double resonance
effects were observed for these combinations. We believe
that this is because E and F are transitions in the
fundamental band with high intensity and the collisional
effect is small. For this experiment, the amplitude
modulation of the probing radiation at 33.3 kHz was used.
However, if we modulate the pumping radiation, it may be
possible to observe the pumping effect from four-level
double resonance on a fundamental band transition.

For the evidence for indirect pumping to all
rotational levels in the excited state ('3 = 1), the
transitions °P(zz.x) of 2v3 - vg band were chosen because
they are within the range of tunability of the sideband
system and their energy levels and quantum numbers are much
higher that of the direct pumping level.

Comparison of peak heights with pumping and without
pumping shows that the intensity of all the transitions was
increased by a factor of 2 - 4. Figure 16 shows the
spectrum obtained from this case of four-level double
resonance, in which the negative sideband generated from the
103(14)00z laser line and P-band microwave radiation was
used with ~112 mTorr of sample pressure. .

The P(17,3) transition of the 2vy - v, band was
chosen for observation of the variation of the effect of
indirect pumping with pressure, because its frequency is

within the tunable range of a sideband system and its peak
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Figure 16. Observation of the indirect pumping effect to

all rotational energy levels in the first
excited vibrational state (v3 = 1) by pumping
the 98(4,3) transition in the vy band. The
intensity of all transitions in the 2v3 - vg
band appears to increase with pumping.
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is completely isolated from other transitions. From Fig. 17
it can be seen that the indirect pumping effect decreases
with increasing sample pressure. As in the previous case of
direct pumping, this phenomenon can be explained from the
increasing vibrational relaxation rate with sample pressure.
In Fig. 17, the ratio 1.0 means that there is no effegt of
indirect pumping on the intensity of the transition. The
10!(30)002 laser line and microwave radiation at a frequency
of 15452 MHz were used to generate the negative sideband for
this experiment.

The diagram in Fig. 18 may be used to explain indirect
pumping phenomena. Without pumping, all vibration-rotation
energy levels are subjected to the Boltzmann distribution.
The population of the first excited state (v3 = 1) is
approximately 1% of that of the ground state and the
population of the second excited state (vs = 2) is only 1%
of that of the first excited state. We therefore write the
r‘lative'population- as 99, 1, and 0.01. The effect of
pumping causes a non-Boltzmann distribution in the ground
state and first excited state. The population of (4,3)
energy level in the ground state and of the (5,3) level in
the first excited state are equalized by strong pumping of
the °3(4.3) transition. They therefore become 50 and 50.
The overpopulation at the upper state decays to the ground
vibrational state by vibrational relaxation and into other

rotational levels in the first excited vibrational state by
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Figure 17. Variation of the effect of indirect pumping on
the intensity of the °P(l7.3) transition of the

2v3 - vg band with sample pressure. The QR(4,3)
transition in the va band was pumped. The solid
line is a smooth curve drawn through the points.
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Figure 18. Schematic diagram of the molecular population
changes caused by pumping the °R(4.3) transition
in the va band. The numbers above each level
are relative populations.
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either rotational relaxation,

(Jox’vazl) + (J,.‘.ova-'l) hd (J"ox"ov3=1) + (J™ .l"' .V3=1)’

or by vibration-vibration energy transfer,

(3.K,vg=1) + (J*,K*,vg=0) =+ (IJ",K",vg=0) + (J™ ,E™ ,vg=1).

In either case we imagine that collisions cause a
small net loss in population of a connected level in the
ground state and a corresponding gain in population of an
excited state level.

At the steady state, the population difference between
the ground vibrational state and the first excited
vibrational state does not change very much by pumping (99 -
1l =98 - 97 - 3 = 94), while the population difference
between the first excited state and the second excited state
increases by a factor of 3 (~1 « ~3). This explanation
seems to agree with the experimental results.

In order to confirm the above explanation explicitly,
a frequency region was chosen in which a fundamental and a
hot band transitions coexist. The region selectéd is the
negative sideband tunable range generated from the
IOR(ZO)CO2 laser line and X-band microwave radiation from
9.4 to 9.8 GHe. The evidence for indirect pumping to all

rotational levels in the first excited vibrational state can
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be seen in Fig. 19. The va fundamental and 2v3 - vgq hot
band transitions chosen are QP(27.15) and °P(20.6),
respectively(6l). For this example, the fundamental
transition is seen to be weaker than the hot band
transition. This is because the J and especially the K
quantum number for the fundamental are enough larger than
for the hot band transition that the lower level of the vy
transition is higher in energy than the lower level of the
2v3 - vg transition. Figure 19(A) indicates the spectrus
obtained without pumping, Fig. 19(B) represents the spectrum
obtained with pumping, and Fig. 19(C) exhibits the spectrum
obtained by heating the sample cell to ~100 °C. 1In Fig.
19(B) only the hot band transition shows a significant
change in intensity, whereas in Fig. 19(C) both the
fundamental and the hot bands show increased intensity.

This can be explained by the shift in the Boltzmann
distribution to higher vibration-rotation quantum numbers as
tho tonpﬁrature increases. 8Since the transitions chosen
have high J and K values, the molecular population increases
with the temperature. 8o the intensity of both transitions
is increased by an amount proportional to the change in the
Boltzmann factor. On the other hand, as a result of pumping

the Q

R(4,3) transition at room temperature as shown in Fig.
19(B), the intensity of the transition in the fundamental
band does not change, while the intensity of the tranmsition

in the hot band increases by a factor of 2 - 3 due to the
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increased population of the Vg = 1l state. This can be
explained by the diagram shown in Fig. 18. These results
also demonstrate that the four-level double resonance
effects are not simply a result of heating the sample. The
population of the A 1l vibrational level is increased, but
the rotational temperature in the ground state is hardly
changed. In most cases, the observation of a hot band
transition is more difficult than that of a fundamental
transition because of the small population in the first
excited vibrational state (less than 1X of the ground state

1). In order to

at room temperature if 4B = 1000 cm"
increase the intensity (spectrum signal) of hot band
infrared transitions in gas samples, three methods have been
used so far: increase the length of the sample cell in order
to increase the beam path through the sample; increase the
pre‘-ure of the sample in order to increase the number of
molecules within the beam of radiation; and increase the
sample ti-perature to increase the population of excited
vibrational levels. But, when the sample pressure is
increased, the collisional bro.&onin( effect (~20 MHz/Torr

for 13

cnar) and the pressure shift of peak frequency (~3
MHz/Torr for le) should be considered. Also, the Doppler
broadening increases with the temperature of sample. The
application of the indirect pumping effect, however, to the
observation of hot band transitions appears to be able to

increase the intensity of lsclsl transitions by a factor of
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2 or more due to an increase of vibrational temperature
without any additional considerations.

Until now, the only method used for distinguishing hot
band transitions from fundamental band transitions is use of
the shift of Boltzmann distribution with change in
temperature. Unfortunately, as has been just seen, this
method also increases the population of high J and K quantum
states in the ground vibrational state. Therefore, the
change in intensity upon heating or cooling the sample is
not a reliable indicator of fundamental or hot band
transitions. By contrast, the aspplication of indirect
pumping to the molecular system increases the intensity of
hot band transitions and only weakly affects the intensity
of fundamental band transitionms.

In order to obtain evidence of vibration-vibration
energy transfer, a sample that is an equimolar mixture of

12 13

cl3l and cnsr was made. The °l(4.3) transition in the

v band of 130333 was again pumped. The pumping increased
the intensity of the q0(12.9) transition in the 2v3 - vy

band of 12

cnar as shown in Fig. 20, which confirmed the
vibration-vibration energy transfer described by Preses and
Flynn(60).

In summary, a waveguide coz laser was used for pumping
and an infrared-microwave sideband laser was used for

probing infrared-infrared double resonance of laclal.
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Figure 20.

Observation of the effect of vibrational energy

tranlfer between lacﬂsF and lzcnar on the

intensity on the Q0(12,9) transition in the

2vg vy band of '2cH,F. The YR(4,3) in the v,
band of 13cnar was pumped.
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The observations included evidence for direct pumping of a
particular velocity component by three-level double
resonance, evidence for indirect pumping to all rotationmal
levels in the first excited state (vs = 1) by four-level
double resonance, and evidence for vibration-vibration

energy transfer.
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