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Abstract: In this paper, we have reviewed the details of experimental and theoretical aspects of the
high resolution molecular spectroscopy of methanol isotopic species. The methods of spectroscopic
assignments and analysis have been discussed. The applications of the spectroscopic techniques,
particularly of Fourier transform spectroscopy in the field of optically pumped methanol far
infrared lasers have been discussed. New assignments have been deduced for TEA-CO; laser pumped
methanol and CW CO; pumped 3CD;O0D. Stark effect analyses and the determination of accurate
dipole moment values have been discussed for CH;OH, 3CH30H and CH3'8OH. The importance of
high resolution spectroscopy is also discussed in terms of astrophysical detection [1-54].
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I. INTRODUCTION

Although Methyl Alcohol is one of the simplest asymmetric molecules capable of hindered internal rotation,
its energy level structure is extremely complicated and leads to strong interest to the study of FIR and IR
spectra. It has been the subject of great spectroscopic interest in the microwave (MW) to infrared (IR) region of
the electromagnetic spectrum. A significant discovery, which brought a strong practical aspect to the study of
the spectrum of methanol, was made by Chang et al.[1] when they obtained intense FIR laser radiation from
methanol optically pumped by a CO: laser. This led to study of the molecule in two new directions: (a) high
resolution spectroscopy in the FIR and IR regions, and (b) experiments exploring the range of possibilities of
optically pumped methanol FIR laser transitions. In fact methanol and its isotopic derivatives are the richest
source of optically pumped FIR lasers, accordingly one third of the total number of FIR laser lines known [2].
There are two main reasons for this high performance: (i) methanol has a strong IR band corresponding to the
C-O stretch which overlaps extremely well with the CO laser lines operating in the 10 um region, and (ii) the
internal rotation and the small asymmetry in the molecule offer strong and dense FIR spectrum in a wide
frequency range. High resolution spectroscopy provides detailed knowledge of the energy level pattern and
help in identifying and predicting FIR laser lines.

In the present work the application of high resolution IR and FIR spectroscopy of methanol to optically
pumped far infrared lasers has been reviewed. In unraveling the complexity of energy level structure of
methanol and its isotopic species various spectroscopic methods were applied: (i) high resolution Fourier
transform spectroscopy of the vibrational IR bands and the torsional-rotational FIR band, (ii) the frequencies,
relative intensities of the emission FIR lines along with the pump laser frequencies, (iii) Stark effect
measurements of the emission as well as absorption lines, and (iv) microwave and MMW spectra on the pure
rotational transitions. The analysis of the above complementary types of data is beginning to provide
significant understanding of the detailed picture of the energy level structure of methanol and its isotopic
species and in turn providing valuable information for the identification and prediction of optically pumped
FIR emission lines. The identification of quantum states is of importance to experimental laser scientists for
optimization of laser efficiency through informed control of operating conditions, while the predictions make
future discovery of new emission lines unambiguous. Our study of the FIR absorption spectrum (20-350 cm™)
resulted in an atlas [2] of about 20,000 precise line positions with an accuracy of about +6 MHz. This atlas is
identified by the International Union of Pure and Applied Chemistry (IUPAC) as a secondary wavenumber
standard in the FIR region [3].

In this paper, an overview is presented on the torsion-rotation-distortion Hamiltonian model for slightly
asymmetric molecules capable of hindered internal rotation in three-fold potential barrier. The detailed
discussion on the Hamiltonian for symmetric and slightly asymmetric molecules undergoing three fold
internal rotation will the subject of another paper. The application of the model in the case of methyl alcohol
and its isotopic species resulted in the analysis and interpretation of torsion-rotation and
vibration-torsion-rotation high resolution Fourier transform spectra. Accurate molecular parameters were
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thereby obtained for these species. The IR analysis provided the assignments and predictions of many
optically pumped FIR laser lines. Using accurate combination loops of measured transitions the frequency of
the FIR emission lines are improved by at least an order of magnitude better than can be obtained from direct
wavelength measurements. The typical accuracy of our calculated FIR laser frequencies is in of the order of £6
MHz. Many of the predicted FIR laser lines have been subsequently realized by others, some of these examples
will be discussed.

Out of the isotopic derivatives, the asymmetrically substituted species e.g.,, CH.DOH and CHD,OH, the
problem becomes even more complicated. This is due to the fact that torsional potential is not three fold more
and this results in a large relaxation of the selection rules. These molecular species offer even better choice for
FIR emission media due to more possibility of coincidence with CO; laser and dense FIR spectrum. A brief
outline of the spectroscopic problems will be presented for these asymmetric species. The results will be
valuable for exploring new emission lines in the FIR region.

Synchrotron Radiation (SR) sources are now available in handful of facilities around the world. These provide intense
and highly collimated source in the far infrared (FIR) and infrared (IR) region of the electromagnetic spectrum. These
makes the SR sources very attractive for Fourier transform (FT) spectroscopy. The conventional FT spectrometers use
thermal sources e.g. Globar and Hg discharge source operating at high pressure, which are rather weak in brightness and
divergent. Most facilities use the commercial FT spectrometer or home built spectrometer coupled with FIR beamline in an
electron storage ring or even linear accelerations using defectors or wigglers. These offer very high resolution and
excellent signal/noise (S/N) ratio. Thus the uses of SR source based FT spectrometers are suitable for spectroscopy of
highly crowded region of a spectrum and for very weak lines.

In the FIR region very high resolution spectroscopy is possible using the SR sources where spectroscopy with
conventional sources with rather low brightness is particularly difficult. Spectrometers used at IR beamlines are virtually
always Fourier transform instruments, for conventional high spectral resolution facilities. For the gaseous sample the
sharp spectral lines impose coherence on the IR continuum radiation from the synchrotron. The optimum resolution
obtained in the transformed spectra is limited the approximate instrumental line shape achieved by an apodization function
applied in the time domain. In the FIR region the low line width (Doppler) provides its own apodization and hence sub
Doppler spectra can be achieved.

In the field of astrophysics a large variety of molecules have been discovered in cold interstellar clouds especially near
the star forming regions, out of these molecules methanol and its isotopic derivatives are present almost everywhere.
Hence, methanol has become known as an interstellar ‘“weed’’ in the radio astrophysical landscape. Recent advancements
in a number of facilities, e.g., the Heterodyne Instrument for the Far-Infrared (HIFI) with extended spectral coverage,
extreme sensitivity and resolution in the FIR region on board the Herschel Space Observatory, the ALMA (Atacama Large
Millimeter Array) and the SOFIA (Stratospheric Observatory for Infrared Astronomy) have created substantial demand
for accurate laboratory databases for the methanol and its isotopic derivatives. The present paper provides a catalog of the
most accurate wavenumbers for the asymmetrically deuterated species known so far using the synchrotron based FT
spectrometer at the Canadian Light Source. This will make it well suited for development of extensive FIR and IR spectral
atlases for astrophysical discovery.

The deuterated methanol species have been observed in most interstellar sources where the parent species (CH;OH)
has been detected. These observations are a powerful diagnostic of evolution of chemistry in those clouds using the ratio of
D/H abundances. The deuterated species have lower zero-point vibrational energy compared to the parent species makes
the D/H ratio quite higher than the average cosmic value. It is noteworthy that the deuterated species are present in
cometary tails and star forming regions.

In fundamental spectroscopy the symmetrically deuterated methanol species poses a challenge to theoretical scientists
because of the complex asymmetry interactions with various degrees of freedom. These complexities have been outlined in
our previous papers. Nevertheless, a complete mapping of the ground vibrational state (in the three lowest torsional
sub-states) allowed us to have a global analysis of the energy levels. The complete atlas is for about 4279 assigned
transition with an accuracy reaching microwave accuracies has been prepared. This atlas can be had from the author vis
e-mail. The readers are referred to the bibliography presented for further information [4-54].

Il. THEORETICAL ASPECTS

The two main criteria for a molecule to be an efficient source of optically pumped FIR laser lines are: (i) the
molecule should have a strong absorption band in the region of operation of a strong pump laser (almost
invariably a CO; laser) and (ii) the molecule should have a permanent dipole moment. These conditions are
very well suited in Methanol and its isotopic derivatives making these molecular species the best known
source of FIR laser emission lines. In fact methanol and its isotopic species account for more than one third of
the 4500 CW optically pumped FIR laser emission. In addition, there remains a large number of lines obtained
from methanol using TEA CO; laser. Furthermore, the large angle internal rotation in the molecule provides
the possibility of torsional transitions in addition to the pure rotational transitions. These make it possible to
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obtain FIR transitions in a much wider frequency range compared to any other media. In methanol species the
strong band corresponding to the C-O stretch vibration overlaps very well with the CO, laser lines operation
in the 9.6 and 10.6 um bands. There remains a definite but random probability of coincidence between the
discrete CO; laser lines and the absorption lines in the C-O stretch band. As an example we present in Table 1,
the location of the band head of the C-O stretch band for some of the isotopic species of methanol. It can be
noticed that useful tuning of the absorption bands can be achieved by isotopic substitution in the absorbing
media. This tuning can also be achieved by using isotopic CO: lasers but experimentally it is difficult. We
present in Table 2, a list of strong optically pumped FIR laser lines in methanol and its isotopic derivatives
arranged in terms of increasing wavelength.

When CO; laser is efficiently absorbed in methanol vapor media the molecules are excited to the first excited
C-O stretch state and subsequent radiative transition produces FIR laser radiation in a cavity. High resolution
Fourier transform spectroscopy has proven to be a very powerful tool for the identification, prediction and
frequency refinement of optically pumped FIR laser lines.

The internal rotational motion of the OH group with respect to the CH3 top makes the energy level structure
of methanol very complicated. This torsional motion is opposed by a potential barrier with a period of 2/3y,
because of the three equivalent positions of the OH group with respect to the methyl top. This kind of potential
as shown in Fig. 1, can be represented in terms of the internal rotational angle y by a Fourier series expansion :

V() =D, (Vaf2) (1 —cos 34p .. 4))
(=0

The dominant contribution is due to the first term V3, called the barrier height, while the Vs term gives the
departure of the potential curve from being a sinusoid and is usually very small. In the infinite barrier limit,
the stationary states would be the torsional levels like the vibrational levels of a harmonic oscillator, labeled n
=01, 2, ... , where n is the torsional vibrational quantum number. Each n state would be threefold
degenerate, because of the threefold symmetry of the potential function. The finite height of the barrier
potential introduces probability of tunneling between the three wells of the potential and thereby splits each n
state into three states labeled A, E1 And E, .

The internal rotation can interact with the remaining vibrational degrees of freedom, and these in turn can
interact with the overall rotation of the molecule. Thus a coupling between internal and overall rotation exists
in an indirect way through the non-rigid nature of the molecule. The coupling between torsion and overall
rotation can be removed to zeroth order by using an internal axis method (IAM) in which the methyl top and
the OH framework have equal and opposite torsional angular momentum. Higher order interaction terms are
then included as first order perturbations to the zeroth order Hamiltonian H°. This zeroth order Hamiltonian
within a given vibrational state can be written as a sum of three terms representing a symmetric rotor HO%sym,
the torsion HOr, and the molecular asymmetry H%asym :

H® = HOggym + Hor + HORsyin ~ cevvevenene 2)
Where,
HOp =Fp2 + (V32)(1- oS 3))  evverenene 3)

and the other terms can be represented in terms of various moment of inertia elements of the molecule. The
axis system is chosen in such a manner that it has its origin at the center of mass of the molecule, the a axis
along the CHj top axis, the c axis perpendicular to the COH plane, and the b axis mutually perpendicular to a
and c axes. Py is the torsional angular momentum, K is used to denote the projection of overall angular
momentum ] along the CHj top axis, and F is a reduced rotational constant.

Methanol has permanent dipole moment components both along the near symmetry g-axis (1) and along
the b-axis (up). This gives rise to two kinds of transitions, viz. the parallel a-type and the perpendicular b-type.
In the g-type transition, the g-component of the dipole moment is responsible, hence no torque can be
produced along the symmetry axis, consequently, K cannot change. In the b-type transitions the responsible
dipole moment is i, and K can however change by +1. In any transition, the torsional symmetry species must
be conserved, so that we have the additicat selectiewrule E; <¥E;, E> E;and A A. It should be noted
that for K=0, E; and E; species are essentially identical. Precise dipole moments were determined for the
methanol species using the MW and FIR laser Stark spectroscopic measurements. These dipole moment values
are useful for the calculation of line strengths of astrophysically significant lines and potential optically
pumped FIR emissions.

For the levels belonging to the A - symmetry species the +K and —K degeneracy is broken by the AK=+2
matrix element due the asymmetry of the molecule and the levels become split. This splitting is generally
termed as the asymmetry splitting and is most pronounced for K=1 and for the excited torsional states its
value decreases.
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When deuterium is substituted for one of the hydrogen atoms in the methyl top, the 3-fold symmetry of the molecule is
broken. The torsional potential barrier of the molecule must then be extended to include the terms %V i(1-cosy) and
¥%\/,(1-cos2y) in addition to the 3-fold term %2V3(1-cos3y), where g is the torsional angle. The effect of the V; and V; term
is to lift the degeneracy of the =-1 and +1 levels and strongly mix the =0 and %1 levels. The molecules are localized in
the symmetric ‘trans’ and asymmetric ‘gauche’ configuration for the relative orientation of the -OH and the CH,D- groups.
Hence the first three torsional vibrational states in increasing order in energy are then given by the symmetry species (o)
€o, €1 and 01. These correspond to the ground torsional state for the parent methanol species CHsOH. 1/A= v/c (in cmt) the
wavenumber of transitions. J is the overall rotational angular momentum quantum numbers, K is the components of J
along the quasi-symmetric axis. The asymmetry mixing of the states due to AK=+2 and £1 matrix elements causes the
levels to split into the “+”” and “— components.

I1l. SELECTION RULES

Fourier transform spectrometer: The Fourier transform spectrometers used were the BOMEM DA.004 model
at the Herzberg Institute of Astrophysics and the University of British Columbia in Canada and the Briiker IFS
120 HR model at the Justus Liebig Universitdt. The IFS 120 HR was developed and built by the Briiker
Analytische company in Germany. The IFS 120 instrument is a Michelson-type interferometer. The source in
the FIR region is a high pressure mercury lamp whose radiation in imaged onto the plane of the aperture and
then collimated. The FIR beam-splitters are mylar films. After traversing the interferometer the radiation
passes through the absorption cell and is focused onto a liquid helium cooled silicon bolometer. The mirror
movement and the sampling of the data points of the interferrogram are controlled using the interferrogram of
a single frequency He-Ne laser. The He-Ne laser radiation passes through the same interferometer as the FIR
radiation. In the detection and amplification systems of the interferometer, the AC component of the detector
signal passes through an electronic bandpass filter after amplification and is digitized in a 16-bit analog to
digital converter. For the IR region the Globar source together with a Ge-Cu detector and a KBr/Ge
beam-splitters was used. Path lengths used varied from 20 cm to about 16 m in a mutlipass cell. The sample
pressure was typically 1 torr or less. The interferrograms obtained were coadded and transformed to give a
resolution of 0.0017 cm™. The absorption frequencies were calibrated using measured CO lines and naturally
occurring water vapour lines. The calibration factor was typically of the order of 1.000002. The accuracy of
the line positions varies between 0.0001 and 0.0003 cm ™. The spectra recorded with the BOMEM spectrometer
were at a resolution of 0.004 cm™ and the accuracy of unblended lines was of the order of 0.0005 cm™.

Microwave, millimeterwave and sub-millimeterwave spectrometers: High resolution millimetre (MM)
and submillimetre (SUBMM) spectroscopy has had a major impact on many important fields of science and
technology. Because the strength of the interaction between electromagnetic radiation and molecular rotation
peaks sharply in the MM/SUBMM region, a variety of spectroscopically based remote sensing applications
have grown out of this more basic work. The least remote of these have involved laboratory studies of
molecular lasers and the collision induced rotational and vibration processes which are central to their
operation. This spectral region has also played an important role in the study of the chemical processes in the
upper atmosphere which are important in ozone formation and destruction. Lastly, the vast majority of the
over one hundred molecular species which have been identified and studied in the interstellar medium have
been observed by means of MM/SUBMM “radio” astronomy. In spite of these and other applications, the
MM/SUBMM spectral region is by far the least explored region. This is because of the difficulty of generating
and detecting radiation at there frequencies. However, over the years, a number of approaches have been
developed. High resolution spectroscopy was first extended into the SUBMM region by means of nonlinear
harmonic generation. In the present work millimetrewave (MMW) measurements have been carried by the
MMW spectrometer at the Justus Liebig Universitdt, Giessen, Germany, was used. It covers the range 90-500
GHz and uses Klystrons and Gordy-type frequency multiplier.

A new high resolution spectroscopic system for the MM/SUBMM region has been developed recently by
the group of F.C. De Lucia [18] at the Ohio State University, in the USA. This system is a fast, broadband,
sensitive, and simple. It is based on the broadband, voltage tunable backward wave oscillators (BWO)
produced by the ISTOK research and Development Company of Fryazino, Moscow region, Russia and uses
very fast sweep (= 105 Doppler limited spectral resolution elements per second) and optical calibration
methods to replace the phase and frequency lock techniques more commonly used. This technique is called
fast scan submillimetre spectroscopic technique (FASSST). Because the fast scan effectively freezes frequency
instability on the time scale of the optical calibration period, resolution, and frequency measurements
accuracy are comparable to that of the much slower and more complex phase/ frequency locked systems. The
FASSST approach makes it possible to fully utilize the inherent instantaneous bandwidth of the BWOs and to
achieve a spectroscopic system of unprecedented capabilities. Furthermore, the resultant system is much
simpler and has the potential for wide application.
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The lower frequency MW rotational measurements were done using the Stark modulated
spectrometer at New Brunswick in Canada. For the dipole moment studies careful measurements were made
using the same MW Spectrometer. The MW Stark cell was made of two flat, 10 cm wide stainless steel plates of
60 cm length, and separated by quartz spacers placed at the edges. The plate spacing was 5.180(1) mm as was
determined from the thickness of the quartz spacers and by test measurements on OCS lines. A dc potential
ranging from 50 to 200 V was applied to the Stark plates and a 5 kHz square wave with a maximum peak to
peak of 20 V was used as modulation. The Stark plates were placed in a 25 cm cylindrical glass cell that was
evacuated to better than 0.1 mtorr. For a set of measurements, the cell was isolated from the pump with a
valve and the sample was admitted to the cell until a pressure of 5-15 mtorr was attained.

FIR Stark spectrometer: The laser Stark spectroscopy was carried out with the electrically discharge
pumped HCN laser at the University of Wisconsin. A direct discharge molecular gas laser in the FIR region
has been developed to perform high resolution molecular spectroscopy. The laser cavity consists of a 10 cm
diameter, 4 m long Pyrex glass tube. Several CW laser oscillations have been observed using HCN (337 and
311 um), DCN (195, 195" um 190 and 190" pm), H>O (118.6 pm), and DO (107 pm) as lasing media. The Stark
cell is a stainless-steel cylinder with 0.1 mm Mylar windows. The Stark plates are made of silvered glass, 60 cm
long, 7.5 cm wide, and spaced at 0.051508 cm. Stark fields up to 60,000 V/cm are used. The molecular
absorption is modulated by a 20 Hz square wave generator. The detector is a Golay cell with a quartz window
and polyethylene lens optics. This highly sensitive Stark system can detect molecular resonances which have
very small transition moments and not visible in normal absorption spectra.

IV. STRUCTURE OF THE SPECTRA

a-type spectra : Since the effective B-values change little within a given vibrational state the frequency of
the a-type transitions is a relatively weak function of (ntK) states and hence depends primarily on J. Thus in
the spectrum, they occur in a fairly narrow range for a given J. For low ] the frequency of a-type transitions
will be in the MW and MMW regions but for higher ] these fall in the FIR region. The assignments of these FIR
transitions become easier once the low-] a-type and strong b -type transitions are assigned.

b-type Spectra : For the b-type spectrum it can be shown that for stronger transitions, K and ] have to
change in the same direction. In a given torsional state, a K+1 state usually has higher energy than a K state, so
the 'R-branch transitions would be stronger than the rP-branch transitions. For a torsional band where n
changes by unity, however, in addition to the case of stronger 'R-branches for K+1 <K transitions, one expects
to find the pP-branches for K-1€K transitions. Consecutive lines in an R-branch or P-branch series are
separated by approximately (B+C), where B and C are the rotational constants. This helps a great deal in the
analysis of the spectrum. The separation between a Q(J+1) line and the corresponding R(J) line is
approximately (B+C)(J+1). For transitions within a given torsional state, the Q-branch lines are usually
grouped in a very small frequency region, whereas for a torsional band, the Q-branch lines are well resolved
because of a significant difference between the effective rotational constants in the upper and lower states
involved.

Infrared Spectra: Because the C-O stretch vibration is being executed parallel to the near symmetry axis, the
selection rules followed by this band are of the parallel g-type. In the spectrum strong 1P, 1Q and 4R branches
are observed. The overall structure has the typical appearance of a parallel band of a near symmetric top
molecule. In the spectrum each J-multiplet is resolved into a very complicated substructure and this is because
of the strong torsion-vibration-rotation interaction in the molecule.

The study of overtone bands allowed by the anharmonicity of the vibrational potential are indicated.
The high resolution spectroscopy of overtones of polyatomic molecules is one of today’s fields of research
interest. The main reason behind this interest is to be able to investigate molecular dynamics such as
intramolecular vibrational energy redistribution (IVR). The understanding of the IVR dynamics is particularly
interesting at chemically significant energies, accessing regions of the potential energy surface where large
amplitude, anharmonic coupling effects are very efficient and may encounter high barrier chemical
transformations. Spectroscopic access to high energy states of the stretching vibration through overtone bands
allows the investigation of the energy flow from these anharmonic modes to other vibrational modes of the
molecule.

A pulse TEA-CO; laser was used to selectively dissociate methanol molecules that have been first excited to
a high vibrational overtone level without dissociating the large excess of ground-state molecules. The overtone
transition is then monitored by detecting the dissociation fragments as an usual implementations of
photofragment spectroscopy. This method is called the IR-laser assisted photofragment spectroscopy
(IRLAPS).

The O-H overtone frequencies up to vOoH =5 & 0. It was discovered that there was a strong “Fermi”
interaction between vOH =5 and the combination state 4 vOH + 1vCH both for the stretch state. The interaction
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causes the 5 vOH state to shift in the lower wavenumber side by about 30 cm-. The following band positions
fundamental and overtone band are obtained : vOH =1 & 0,2 € 0,3 € 0,4 € 0 and 5 € 0, respectively, at
3681.5, 7200, 10540, 13707 and 16703 cm-. These band origins have been fitted with the following vibrational
energy (in cm-1):
E(v) = We (V+12) - @eXe (VHY2)2 - 0cye (V +Y2)3...cciiniio (11)

and we obtained the three vibrational parameters as . = 3884.84 £ 3.76, wex. =93.56 + 1.16 and w.y.= 0.63 £
0.11 cm. Thus the first order anharmonicity parameter is @exe=93.56 cm-1. This can be compared with the
value obtained for the C-O stretch state as wex. =3.97 cml. This proves that the O-H stretch is much more
anharmonic than the C-O stretch.

V. APPLICATION TO FIR LASERS

From the peak positions in the IR band one can get the absorption lines in close coincidence with the emission
lines of the CO» laser. These coincidences offer the possibility of the molecule to be optically pumped to emit
FIR laser lines. The absorption intensity gives an idea of the pumping efficiency. The analyses of the IR bands
provide us with the quantum numbers associated with the pump transition, which in turn yields the
assignments of observed FIR laser lines. It is also possible to find the frequencies of yet unobserved FIR laser
transitions. The FIR absorption assignments of the torsion-rotation bands provide the precise locations of the
ground state energy levels. Having the assignments of the IR absorption lines one can form close combination
loops of accurately measured transitions to calculate the FIR laser frequencies with much better precession
than can be obtained by direct wavelength measurement. Typically the accuracy of the wavelength
measurement with an Febry-Perot (FP) interferometer in the FIR region is of the order of £1 pm. At a
wavelength of 100 pm this represents an accuracy of +30 GHz. The precision of the FTIR peaks is of the order
of 0.0002 cm, yielding an accuracy of the loop calculated FIR laser line frequencies of the order of +15 MHz,
representing an improvement by a factor of about 2000. The frequencies of the predicted FIR laser transitions
are also calculated with the combination loop with similar precision. The usefulness of the spectral
assignments of FIR laser lines can be demonstrated with the 127 pm FIR laser lines in 1*CD3;OH. In an open
structure resonator this line shows efficiency comparable to the well-known 119 um line in CH30H, and is the
second most strongest FIR laser line. Some years ago an assignment was put forward for this line. Two
accompanied FIR laser lines were predicted for the 10P(8) CO, pump line in 1¥*CD3;OH at 21.6318 and 57.1087
cm’?, later these lines were observed at 21.61 and 57.06 cm™?, respectively. The predicted line positions gave
the experimenter an idea of the precise location to search for the emission lines. In the following we present
some such applications in CH;OH, 3CH30H, CD30OH and *CH;0H.

Refilling FIR laser transitions in CH3OH: When high power TEA CO; lasers are used to pump CH3OH,
numerous high frequency FIR laser lines around 200 cm™ are produced. This emission is puzzling because
such frequencies would be expected for torsional transitions, yet the observed pump frequencies do not
correspond to observed excited torsional lines in the IR band, and indeed seem more often to match better
with known torsional ground state absorptions. An explanation put forward [43], which is somewhat a novel
one, is that the FIR laser emission occurs by a refilling process into the lower pumped level whose populations
are strongly depleted by the strong TEA pumping. A simple steady state equilibrium argument would
indicate that only those levels lying less than 140 cm™ above the lower pumped level would have enough
population at room temperature to yield a population inversion. However, it seems not unlikely that short,
powerful TEA pulses could produce sufficient nonlinear and transient effects to allow lasing on the higher
frequency torsional transitions.

Tablel

Location of the C-O Stretch Q-branch
in Methanol Species

Species Q-branch Head|
(em™)
CH>OH 1033
13CHOH 1018
CH3:s0H 1008
CDsOH 985
BCDsOH 980
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Table 2
Strong Optically Pumped CW FIR Laser Lines in Methanol Isotopic Species
Pump Molecule A v FIR Power Pump Power
(um)  (GHz) (mw) (w)
9P(32) CH:OH 37.85  7919.6602 10
10R(18) CD;OD 41.36  7249.2660 60 33
9P(32) CHsOH 4216  7110.9814 10
9R(8) CH:OD 46.7 10
9R(8) CH;OD 57.0 10
9R(18) CH;OH 64.0 >20
9P(34) CH;OH 65.6 10
9P(34) CH:OH 70.51  4251.6740 100 30
9R(8) CH;0H 96.52  3105.9368 300
9P(30) CHsOD 103.13  2907.0889 10
9P(36) CHsOH 118.83# 2522.7816 1250 125
10P(8) BCD;OH 127.02% 2360.1748 8 33
10R(38) CHsOH 163.03 1838.8393 18 31
9P(36) CH;0H 170.58 1757.5263 10
9R(18) CH30H 186.04 1611.4219 10
9P(38) CH30H 198.66 1509.0402 10
9P(34) CH30OH 237.60 10
9P(12) 1BBCH>OH 238.52 1256.8720 10
10R(36) CD;0OD 255.0 19 25
9R(18) CD;OH 297.0 10
9P(36) CH30H 392.07 764.6426 10
10R(36) CD30OH 418.71 7159876 10
9P(12) BCH;OH 461.38 649.7667 10
10R(38) CH3OH 469.02 639.1846 10
10R(8) CD;OH 553.0 10
10P(46) CH,DOH 509.37 588.5534 10
9P(16) CHsOH 570.57 525.42790 40
9P(16) CHsOH 627.46  477.79088 10
9P(34) CH;OH 669.42 10
9R(14) CD;OH 871.59 343.9624 10
9P(16) CH:OH 1223.66 244.9966 10

Frequency is given if it is measured accurately.
The pump power is provided if available.
# Highest efficiency line reported to date.
* This is the second highest efficient line.

VI. APPLICATION TO ASTROPHYSICS

The high resolution spectroscopy of methanol became of interest to astrophysicists, when methanol was
discovered in interstellar space. More than 200 interstellar lines of methanol have been observed, and
nowadays methanol is regarded as an astronomical “weed”. Thus the high resolution spectroscopic map of
methanol is desirable to allow astronomers to identify them and allow such important measurement as D/H
ratio in interstellar clouds. The discoveries of interstellar methanol and optically pumped FIR methanol FIR
lasers has been capped by the discovery of interstellar methanol laser emission, recognized in 1975, but
actually observed even earlier in 1971. The interpretation and evaluation of these interstellar emissions require
detailed knowledge of the energy levels and transition probabilities of methanol over wide range of spectrum.

VII. SUMMARY

To sum up, continued interest in optically pumped FIR laser and measurement of methanol spectra in
interstellar space will keep motivating further studies on high resolution spectroscopy of methanol and its
isotopic species which will further the knowledge of fundamental understanding of torsion-rotation-vibration
interactions in slightly asymmetric molecules.
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