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High Resolution Spectroscopy of Vibrationally Excited '*CH,;OH
by Frequency Measurement of FIR Laser Emission!
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High resolution spectroscopic data on vibrationally excited *CH,OH have been obtained
by combining the technique of optically pumped FIR lasers with accurate frequency
measurements. The frequencies of 20 torsion-rotation transitions in the C-O stretch
fundamental were measured and spectroscopically assigned. From these measurements,
“CHZ;OH molecular constants were determined.

INTRODUCTION

In conventional FIR spectroscopy of molecules, the resolution attainable is
typically of the order of 0.1 cm™', corresponding to a relative accuracy of 1072
to 1072. The present paper reports on a technique combining the principle of
optically pumped laser action in the FIR (/) with accurate emission frequency
measurements (2) making spectroscopy with a Doppler limited resolution of
about 1077 possible for certain molecules. The molecules under consideration
are those which have a strong, infrared active, vibrational band overlapping the
spectrum of an IR laser, typically a CO, laser. Normally, in such a case, there
will be a number of coincidences that are close enough (within about 50 MHz)
that a modestly powered pump laser can, by resonant absorption, transfer a
sizable number of molecules from a level J in the ground state to J' in the excited
vibrational state, as indicated in Fig. 1. This absorption may create popula-
tion inversion between the pumped level and the levels below, and when the pump-
ing takes place in a resonator with suitably small losses, stimulated emission
may occur on the transitions labeled a, b, and ¢ in Fig. 1. If the lasing is suffi-
ciently intense, inversion may subsequently be created between lower levels
J' —1,J — 2, etc., leading to so-called cascade transitions. Also, the initial
level may be depleted to such a degree that inversion is created between this
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FiG. 1. Principle of optically pumped FIR lasers showing dominant emission lines in CH;OH laser.
The polarization is indicated relative to that of the pump radiation.

level and the one immediately above, leading to refilling transitions in the vibra-
tional ground state such as d in Fig. 1.

For near resonant pumping at pressures above a few millitorr (1 Torr = 133
Pascal) maximum gain occurs at the line center of the corresponding transition
(for off resonance pumping, the gain for stimulated Raman scattering may become
larger than the laser gain, and the FIR signal will then be detuned with respect
to the transition frequency (3)). The long term fractional frequency instability
is basically determined by the mechanical construction of the FIR laser cavity
and can easily be made less than 107 over periods of minutes without active
stabilization. Thus, if the emission frequency can be measured accurately,
high precision spectroscopic information can be obtained.

A list of molecules which have been used for optical pumping has been pub-
lished by Yamanaka (4), and a periodically updated table is being compiled at the
National Physical Laboratory, UK (5). The candidate chosen for the present
work, *CH;OH, has not previously been studied in this context, and the choice is
motivated in several ways. Normal methyl alcohol, together with all its isotopic
varieties, is well suited for optical pumping since the C-O stretch fundamental
overlaps the CO, laser spectrum. Furthermore, because of the hindered internal
rotation, the methanols have a particularly rich and extensive FIR spectrum.
No transitions have been previously reported in the vibrationally excited
13CH;0H molecule; however, it is sufficiently similar to 2CH,OH that data for this
molecule serve as a valuable guideline.
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EXPERIMENTAL DETAILS

The experiments were carried out in two stages. In the first, an experimental
arrangement as previously described was used (6, 7). It employs an open-struc-
ture FIR resonator pumped by a prism-controlled, 1.2-m-long CO, laser capable
of delivering 6 W cw and about 30 W in an internally chopped mode. The absorp-
tion coincidences in 3*CH,0H were detected as a function of CO, tuning by a spec-
trophonic technique employing a microphone mounted in the FIR resonator. FIR
laser emission was achieved by length tuning the FIR resonator and detected
with a He-cooled Ge(Ga) detector. The wavelengths of the FIR lines were
then measured with fractional uncertainties of 3 x 10~ by using the resonator as a
scanning Fabry-Perot interferometer.

In the second stage, the frequencies were measured, and the results are given
in Table I. The FIR laser used a 14-mm-i.d. copper waveguide 2 m long and
was pumped by a 30-W, 3-m-long cw CO, laser. With two frequency stabilized
CO, lasers, supplemented at times by a stabilized X-band klystron, any frequency
throughout the FIR can be synthesized in a W-Ni point-contact diode (2).
Mixing such a synthesized frequency with the FIR signal in the same point-
contact diode produces a beat note inside the 0.1-1500-MHz frequency range
of a spectrum analyzer. The frequency of the FIR laser was set to the center of the
gain curve with a fractional uncertainty of 3 x 10~7 by observing the beat note on
the spectrum analyzer as the laser was tuned. The CO, frequencies are known
to an accuracy of about 0.03 MHz, and the klystron frequency was measured
to within 0.01 MHz. Thus, the overall fractional uncertainty (estimated one
sigma) of the FIR frequency determination is about 3 x 107, It is assumed that
pressure and other frequency shifts are small in comparison. The predicted fre-
quency from the wavelength measurement usually resulted in a beat note within
the range of the spectrum analyzer.

ASSIGNMENT OF LINES

Methyl alcohol is a weakly asymmetric top with an internal degree of freedom
referred to as torsion or internal rotation. For a thorough discussion of its
energy level spectrum we refer to Kwan and Dennison (8). The energy levels
are labeled by the quantum numbers n7K and J. They are classified in three sym-
metry types A, E,, and E, according to the symmetry of their internal rotation
state, and the A states for low K are subject to splitting due to the asymmetry
of the molecule.

The selection rules for transitions involving the parallel component of the dipole
moment are

AJ =0, =1 and AK = An = A7 = 0.

For the perpendicular component, which is associated with the OH group,
AK = =1 with An arbitrary and Ar fixed so as to preserve internal rotation
symmetry. Furthermore, each of the latter transitions has associated with it a
P and an R type transition, corresponding to a simultaneous change of AJ
= *=1. For An even, the split A states obey the rules + — + for |AJ| =1
and + — ¥ for AJ = 0, while the reverse holds for An odd.
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FIG. 2. Observed direct and cascade lines in *CH;OH pumped by R,4(16) of a CO, laser. Numbering
refers to Table I.

In conventional spectroscopy, all transitions inside the frequency range con-
sidered are recorded. In the present experiment, information is obtained
about an essentially randomly selected number of transitions, and the main prob-
lem is identification (9). Therefore, attention is restricted to cases where a given
pump line produces at least three emission lines forming a triad (a, b, and c) as
indicated in Fig. 1. Other lines were measured and will be reported elsewhere
(10). If the FIR resonator is an open structure and is pumped by linearly
polarized CO, radiation, the FIR radiation will be linearly polarized, parallel to
the pump for AJ, + AJ, even and orthogonal to the pump for AJ, + AJ, odd
(9). Here AJ, and AJ, are the changes in J caused by the pump transition and
the emitting transition, respectively. For any triad, only two of the lines have the
same polarization, and the third line is then identified as the Q-branch transition
(AJ = 0). The FIR polarization relative to the pump further identifies the char-
acter of the pump transition. With this information at hand, the complete assign-
ment of the 3CH,;OH lines can usually be performed by comparison with the
well-known *CH3;0H ground state spectrum (8, 11).

OBSERVATION OF CASCADE LINES

The most extensive data were taken with the CO, laser tuned to R,y(16),
with results as listed in Table I and on Fig. 2. In the preliminary experi-
ment only the three direct transitions (1, 7, and 8) were detected. The cascade
transitions lase only when the parent transition is simultaneously lasing.
Cascade lines are seldom observed in open structure resonators because of the
limited number of oscillating modes. The FIR open-structure cavity can be
simultaneously resonant on two different frequencies only for very special mirror
separations. In a metal waveguide, however, the density of low loss modes is so
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large that strong lines oscillate for most mirror separations, and the requirements
for oscillation of cascade transitions are often satisfied. A total of five cascade
lines were observed, and from combination relations, the frequencies of another
three transitions which did not lase could be calculated. Identification of the origin
of the cascade lines was done by correlating the presence of the beat note with the
total laser output as a function of the FIR resonator length. The beats could be
grouped together in sequences with separations typical of either the parent line
or the cascade line itself.

MULTIPLE EMISSION

In addition to facilitating the observation of cascade lines, the close spacing of
low loss modes of the metallic waveguide has another use. Occasionally, on
the spectrum analyzer a beat note was observed which was not related to the
synthesizing signals and whose frequency was only weakly dependent on the
length tuning of the resonator. In the R,,(16) case such a beat note was observed
at 84.0 MHz. Inspection of the measured frequencies of Table I shows that the
difference between line No. 8 and the sum of Nos. 1 and 7, amounts to 82.6
MHz. The conclusion, therefore, is that all three direct transitions are oscillating
simultaneously and mixing in the point-contact diode. This observation serves
as a powerful check on the accuracy of the frequency measurements.

A related observation was made when searching for a possible cascade lasing
transition, No. 3, Fig. 2. Initially, a beat note was found on the spectrum
analyzer at exactly the predicted frequency. However, by dispersive filtering
of the FIR signal reaching the diode, the attenuation of the beat note was found
to be typical of a much higher frequency. It was therefore concluded that the
beat note was synthesized in the diode from transitions No. 7 and 8 lasing
simultaneously and that transition No. 3 was not present in the output from the
laser. This observation is, in fact, not unexpected since the strong AJ = AK = —1
transition (No. 8) tends to fill the (036), 23 level and thus counteracts the inversion.

ENERGY LEVELS
The J dependent part of the energy is given by (8, 11)
E(n7K,J) = [V2(B + C) + F,(1 — cos 3y) + G (P2)
+ L,K{(P,) — DK? + b(ntK)1J(J + 1)

— [D,; — dntK)]J3(J + 1)?
+ higher order terms in J(J + 1)

(+A-state splitting) (1)
where B and C are related to the moments and cross-moments of inertia through
I, h
B=—o07—— | 2)
I% + Igb 47T
1 #
C = . 3)

I, 4r
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The next three terms in the square brackets arise from the interaction between
internal and external rotation while D and D,, are the usual centrifugal distortion
constants. The asymmetry terms b(n7K), d(n7K), and the A-state asymmetry
splitting may be calculated by second order perturbation theory starting out
from a symmetric top representation.

The J-independent part of the energy is given by

E(ntK) = ¥2V3(1 — cos 3y) + F(P%) + [A — (B + O)]K?
— DgxK* + ¥2Ve(1 — cos 6y) + {7 Kirtman terms}. (4)

Here, the first three dominant terms are determined by the height V of the barrier
against internal rotation, by
_ IaIb - It2lb fL

- _ L )
I g0, — 1213, 47

TABLE II

Parameters Used for Energy Level Calculations®

2
! CH40H, V=0 lzCH3OH, v=1 13cu3on, v=0 13CH30H, v=1
1 34.003856 34.3495 34.8622 35.2553
I 35.306262 35.7288 36.1608 36.6382
a -0.1079 -0.123
a1 1.2504 1.2528
w 5.3331 5.3486 5.3331 5.3874
vy 373.21 392.2 372.6 386.8
A -0.52
-4
Deg 0.38 x 10
K, -0.48 x 1074
K, -18.41x 1074
-4
K, -53.73x 10
K, -85.50x 107%
Ke 132.07x 1074
Ke 67.85x 10°%
K, 0
£, -2.389x 1073 -2.323 x 1073
G, -i.168x 1074 -1.127 x 1074
-6
L, -2.26 x 10
-6
Dy 9.54 x 10
-6
D, 1.6345x 10

¢ Moments of inertia are in units of kg x m? x 107+, and expansion coefficients are in units of cm™!.
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TABLE III

Q-Band Expansion Coefficients in Units of cm™!

(band 4 9 9 43 i)

4 6 8

13 10

CH,OH, V=0| 012°021 0.90281 -0.885 x 10~ 3.005 x 10~ 1.121 x 10 -1.634 x 107

4 6 8 10

13CH on, V=1 027+036 49.113 -1.029 x 10 0.0571x 10 0.0416x 10 -0.0042x 10

3

4 6 8 10

036-015 30.163 -1.768 x 10 0.2313x 10°° { -0.1097x 10~ 0.0125% 10~

where I, is the moment of inertia about the ¢ axis, I,, is the moment of inertia of
the methyl group about its symmetry axis,and I, =1, — I ,;,andby A — 12(B + C),

where
I, +1 I 3
A :( B L >— (6)
IuIb - I(Zw Ig + Igb 477'

Dyx is a centrifugal distortion term, V, represents the deviation of the potential

from a perfect sinusoid, and the seven Kirtman terms are interaction terms in-

volving combinations of powers of K and various internal rotation matrix elements.
For transitions with An = AK = 0 and AJ = —1, we get from Eq. (1)

AE(n7K,J —J — 1) = 2JB(ntK) — 4[D,; — d(n7K)]J?

+ higher order terms in J
(+A splitting) )

and for transitions with AK + 0, AJ = 0 from Eq. (4) .
AE(nTK —» n'T'K',J) = qo + q,J(J + D+ q,J3(J + 1)? + q,J¥J + 1)
+ g JN + D+ 8

where B (n7K) represents the first square bracket in Eq. (1), and Eq. (8) is re-
ferred to as the Q-branch expansion.

DATA ANALYSIS

The amount of data is too restricted to allow a brute force calculation of all the
parameters involved in Eqs. (1) and (4) by a least square procedure. We therefore
take as adjustable parameters I, I,,, and V,, while the remaining ones are derived
from the literature.

Energy levels are calculated with the computer program developed by Kwan
and Dennison (8). Asymmetry effects are calculated by second order perturba-
tion theory, including coupling up to n = 3 torsional levels. The input parameters
are listed in Table II, and where nothing is entered, the value is taken as that of the
previous column. Column one contains parameters for the vibrational ground
state (v = 0) of ?CH;OH. a-type parameters are from (//), assumingB — C = 910
MHz (Table II of (/1)), and b-type parameters are from Table 1 of (8). All
moments of inertia are calculated on the basis of ¢ = 2.99792458 x 10® m/sec
and & = 6.626196 x 10-3* J sec. The difference between I,, and I, of Table II,
and those of Ref. (8), arises from a slightly different choice for 4. The second
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TABLE IV

Measured and Calculated Frequencies for some High-J Q-Band Transitions in '2CH;OH

Transition Measured Calculated Deviation
(nTK*n'T'K') J (e} (™} (en™
(0210+039) 27 60.686 60.590 -0.096
(039>018)30 51.54 60.590 -0.07
(018+027)16 58.625 58.572 -0.053
(034+013)25 21.321 21.386 0.065

column gives the parameters of the C—O stretch state (v = 1) of 2CH;OH.
I, and I, are derived from the measured 0.00883 cm~! reduction of the rotational
constant (9, /2), assuming all the change to be associated with ¥4(B + (), and
using B — C = 942.9 MHz derived from measured A-state splittings (/4). I, and
V, are taken from Woods (/2). Based on a comparison with the C—F stretch
state of CH;F he estimates an 0.01-cm™ reduction in A, and assuming un-
changed [,, he then finds V; to be increased by 19 + 2 cm~!. The parameters
I, 1., and I, for the ®*CH;OH ground state are taken directly from Table 8 of
(15), whereas for I,, and V; we take the change induced by the isotopic substitu-
tion from (/5) and add it to our '2CH3;OH values. This is appropriate since
Kirtman terms are not taken into account in (75).

The parameters of the last column are derived from our R,,(16) data. We are
here dealing with transitions involving rather high'J values, and since we cannot
in a systematic way incorporate third and fourth order terms in J(J + 1) in
our analysis, we shall first estimate the importance of these terms. A number of
Q bands have previously been followed to high J and as an example the co-
efficients for the 012 — 021 transition of *CH;OH, v = 0, are given in Table III
(16). Here, the third and fourth order contributions at J = 20 are so large that the
validity of a power series expansion is questionable. However, the bands studied
so far all involve low K, and since the higher order terms arise mainly from the
asymmetry, they are expected to become less important as K increases. To
quantify this statement we consider four Q-band transitions at high J in the C-O
stretch state of 2CH,OH (9, 17). Table IV shows the four measured frequencies
together with calculated values based on the parameters of Table II, column 2.
In all four cases the deviation is less than 0.1 cm™!, and this suggests that g,
S5 100 cmtand g, =5 X 1073 cm~L.

As initial parameters we choose those of Table II, column 3. Improved
values for I, and I. are found from the six K = 0 transitions, using interaction
terms and asymmetry effects for v = 0, and assuming B — C to be unchanged.
To find I,, and V; we use the @-band transitions (027 — 036 — 015). Referring
to the results for 2CH;OH the band origins found by using Eq. (8), neglecting

2 Lees (/3) suggests that part of the change in the rotational constant is associated with a significant
increase of the interaction constants F, and G,. However, since his data did not allow a unique deter-
mination of these constants we have chosen to work with the simpler assumption of unchanged F,
and G,. This does not affect the conclusions drawn from our analysis.
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FiG. 3. Parameters V; and A — ¥5(B + C) as a function of assumed value for F.

third and fourth order terms, and extrapolating to J = 0 with calculated ¢, and
q., are believed to be in error by at most 0.1 cm~!. However, since the transi-
tion frequencies are known in each case for three different J values, we have
chosen instead to use Eq. (8) with calculated ¢, and g,, and to solve for g, g3,
and g,. This presumably gives a better value for q,, and at the same time it provides
an independent check on the magnitude of g; and g,. The two band origins are
then used with Eq. (4) to determine %2V, and A — “(B + C) for a range of F
values, with all the higher order terms fixed at their v = 0 values. The result is
shown in Fig. 3, and it is seen that A — ¥(B + C) is essentially independent of
the choice of F. If we assume I,, to be unchanged, we can evaluate /,, from Eq.
(6) and F from Eq. (5), and hence also find an improved value for V; from Fig. 3.
The whole procedure is now repeated on the basis of the new set of parameters,
and the final result of this iterative procedure appears in column 4 of Table II
and in Table III.

Activation of the C-O stretch mode is found to increase I, and I, by about
1.1%. This result is similar to that found for *CH;OH where the increase is
1.0%. The internal rotation barrier V increases by 14.2 cm~! which is somewhat
less than the 19 = 2 cm™! found by Woods (12) for '2CH;OH, and our value for
1,, s about 1.0% higher than the v = 0 value, whereas a comparison with 2CH;OH
would suggest an 0.3% increase. However, it should be noted that V; and I,,
for ®*CH,OH, v = 0, have not been determined with the same degree of accuracy
as for 2CH;0H, v = 0.

OTHER PUMP LINES

Four additional pump lines were each found to produce three interrelated emis-
sion lines, and the measured frequencies are listed in Table I. The two sets of
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lines observed in Py(22) correspond to two different frequency offsets measured
with respect to the CO, line center; therefore, they belong to two nearly
coincident pump transitions.

The only reasonable assignment for the level pumped by Pg(12) is (034),27. For
the AK = 0 transition the agreement is satisfactory whereas the excellent agree-
ment for the Q-band transition may be fortuitous in view of the fact that third
and fourth order terms are neglected. The AJ = AK = —1 transition is very
sensitive to the A-state asymmetry splitting and the measured frequency corre-
sponds to a value for B— C which is 5% lower than that derived from Table II.

For P422)' the two AK = 0 frequencies are also significantly different.
However, the difference is not consistent with any A -state splitting, and we can not
at present account for this rather large discrepancy.

The remaining two emission line triads have been assigned to transitions in the
first excited torsional state n = 1. For the AK = 0 transitions the agreement is
quite good whereas the Q-band transitions deviate by about 0.6 cm~'. A possible
explanation may be perturbations caused by the nearly degenerate COH bending
mode (I8).

CONCLUSION

It has been shown that by combining the technique of optically pumped FIR
lasers with accurate frequency measurements, high resolution spectroscopic in-
formation can be obtained about vibrationally excited molecules. It should be
emphasized that a heterodyne technique seems to be the only possible method
with sufficient sensitivity and resolving power to observe all the cascade transi-
tions. These are generally weak and appear on a background of very strong signals
from the direct lines which are often less than 100 MHz away.

When using conventional spectroscopic techniques a large body of experimen-
tal information is needed in order to identify the Q bands, and for vibrationally
excited states of CH;OH only the 012 — 021 transition, which is located in the
microwave range, has been observed. With the present technique a number of
Q-band frequencies are measured directly with high precision. The main prob-
lem is associated with the high J values which require third and fourth order
terms to be incorporated in the analysis. In the present case this was made pos-
sible by the observation of cascade transitions.

The results of our analysis of *CH;OH data are generally consistent with known
results for 2CH;OH. However, we have used a very limited number of meas-
ured frequencies, and it has been tacitly assumed that none of the energy levels
involved are perturbed by interactions not explicitly incorporated in our model.
To verify this, a larger degree of redundancy would be desirable. Additional
experimental information could be obtained by pumping with isotopic CO, lasers
or sequence band CO, lasers, but this would still rely on accidental coincidences
between pump lines and absorption lines. If, on the other hand, a continuously
tunable pump laser of a few watts were available, a completely systematic in-
vestigation would be possible, and the excited vibrational bands could then be
fully analyzed with unprecedented accuracy.
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