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We use the technique of terahertz time-domain spectroscopy to investigate the absorption and dispersion of
spectrally dense methyl halide vapors, particularly in the low- and high-frequency spectral wings. For the
first time to our knowledge, it is possible to observe essentially zero-frequency absorption resulting from mo-
lecular tunneling between the two states of symmetry simultaneously, with absorption from the entire rota-
tional manifold. We can obtain accurate fits to the measurements on both the low- and high-frequency wings
with our new molecular response theory. This theory expands upon the basic van Vleck-Weisskopf and Lor-
entz theories by assuming a finite reorientation time of a molecule to an external electric field during a colli-
sion. This line-shape theory is shown to eliminate the nonphysical Debye plateau of constant absorption at
high frequencies inherent in the Debye and van Vleck—Weisskopf theories. © 1997 Optical Society of America
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1. INTRODUCTION

We have used the powerful technique of terahertz time-
domain spectroscopy!™ (THz-TDS) to measure the ab-
sorption and dispersion of spectrally dense methyl halide
vapors. To match our experiments with theory, we must
include an additional small absorption at the low-
frequency side of the rotational-band structure. This
low-frequency absorption is shown to be due to collision-
induced tunneling in symmetric top molecules or equiva-
lently nonresonant absorption that is due to the perma-
nent nonrotating dipole moment.

For these molecules, two states of symmetry, + and —,
may be distinguished as representing the two configura-
tions of the molecule with respect to the symmetry or in-
version plane determined by the three H atoms. The
molecule can switch to its inverse configuration by the
tunneling of the carbon-halide group through the symme-
try plane.'®!! The inversion corresponds to a transition
between the + «— — states of the rotational levels, which
are split into a degenerate doublet. Unlike the well-
known case of the ammonia molecule, in methyl halides
the tunneling potential is very high, and therefore the re-
spective tunneling or inversion frequency is extremely
low. Unperturbed, the inversion frequency is of the or-
der of nanohertz, corresponding to a period of years.
Thus, even at moderate pressures, the linewidth that is
due to pressure broadening of such inversion lines is large
compared with the center frequency, which can be as-
sumed to be essentially zero. In other words the pertur-
bation experienced by the molecule when it undergoes a
collision enables the inversion transition to occur with the
corresponding absorption of radiation. Thus only mo-
lecular collisions, which cause an almost continuous
broadening of the lines up to frequencies in the far infra-
red, permit measuring the inversion of molecules as a
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broad background absorption and dispersion. However,
measurement of these spectra is complicated by the over-
lapping rotational band structure of the molecule, which
at its maximum is orders of magnitude larger. Therefore
only in the far wings of the rotational band can these two
contributions be distinguished.

Alternatively the collisionally broadened inversion
lines at essentially zero frequency can be considered as a
Debye-type absorption that is due to the stationary or
nonrotating permanent dipole moment reorienting during
a molecular collision.!®!? In this viewpoint the compo-
nent of the dipole moment parallel to the total angular-
momentum vector realigns during collisions and contrib-
utes to the Debye absorption. Formally, this picture is
identical with that of the inversion line absorption dis-
cussed in the previous paragraph.’

With the newly developed terahertz beam sources, pro-
ducing subpicosecond pulses of terahertz radiation, a new
and wide frequency range for time- and frequency-domain
studies of molecular vapors is available. The pulses es-
sentially consist of a single cycle over a pulse duration of
typically 300 fs and are characterized by a transform-
limited white spectrum covering nearly two decades of
frequency from approximately 50 GHz up to 5 THz.%13
This frequency range, midway between the microwave
and infrared frequencies, is important owing both to the
samples that can be investigated and to the unique ex-
perimental conditions encountered with these terahertz
pulses. Previous experimental work on low-frequency
absorption has used mainly microwave techniques and fo-
cused on frequencies low enough to neglect the contribu-
tion of the rotational manifold.!®!! Furthermore, experi-
mental limitations necessitated that these measurements
could be made only at a limited number of discrete fre-
quencies. With our terahertz technique the fact that a
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continuous band of frequencies can be monitored in a
single measurement permits, for the first time to our
knowledge, determination of the low-frequency nonreso-
nant or inversion-line absorption simultaneously with the
rotational manifold out to the far wings.

Standard collision theory predicts a line shape for a
pressure-broadened line with zero transition frequency,
which is given by the Debye theory,'* and is distinguished
by a broad, constant absorption and flat phase shift at the
higher frequencies. However, such absorption would
cause a physically and unacceptably large additional con-
tribution in the high-frequency wing that is in disagree-
ment with our broad bandwidth measurements and can-
not completely explain the observed spectrum in the low-
frequency wing.

To explain this discrepancy, we have applied our new
molecular response theory,'® which was developed for ro-
tational transitions but also holds for the inversion lines.
Compared with conventional collision theories, it addi-
tionally includes the molecular response of polar mol-
ecules to an external electric field over the duration of a
collision. With a response time of the order of 200 fs, as
found from analysis of the rotational spectra, the absorp-
tion shows a well-restricted maximum at 150 GHz and
causes a significant attenuation only in this frequency
range, eliminating the nonphysical Debye plateau. With
this new line shape, excellent agreement between mea-
surement and calculation is obtained over the full spec-
tral range of our measurements.

2. EXPERIMENTAL SETUP

The optoelectronic terahertz system used for our experi-
ments is shown in Fig. 1. The key element for generating
terahertz radiation is a photoconducting chip®® [Figs. 1(a)
and 1(b)] irradiated with 60-70-fs laser pulses coming at
a rate of 100 MHz from a Ti:sapphire laser.

Two source geometries are used in this investigation.
For experiments investigating the high-frequency wing of
the rotational manifold the terahertz source consists of
two coplanar transmission lines separated by 80 um and
de biased with a voltage of 100 V [Fig. 1(a)].'® When the
metal-semiconductor interface of the positively biased
line is irradiated with the optical pulses, strong bursts of
terahertz radiation are generated. This occurs because
photocarriers are created and accelerated in a region of
extremely high electric field, the so-called trap-enhanced
field. This geometry generates terahertz pulses with fre-
quency components extending from approximately 100
GHz to nearly 5 THz. The terahertz source antenna used
for measuring the low-frequency inversion lines had a
bow-tie shape [Fig. 1(b)] and was dc biased at 5-10 V.
The bow-tie antenna geometry generates pulses with a
majority of the spectral-energy density at frequencies be-
low 400 GHz. Thus this source geometry permits mea-
surements to frequencies slightly below 50 GHz.

The emitted terahertz radiation is collimated by a sili-
con lens and a paraboloidal mirror into a highly direc-
tional beam with a 25-mrad divergence. After a 50-cm
propagation distance, this beam is focused by an identical
combination of mirror and lens onto the receiving an-
tenna [Fig. 1(c)], which is fabricated on an ion-implanted
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silicon-on-sapphire wafer. The dipole antenna used for
the higher-frequency and bandwidth experiments is fab-
ricated on a coplanar transmission line structure with a
5-um gap and a 10-um length.® The antenna used for
the low-frequency studies was a similar dipole structure
with a 200-um length. The electric field of the incoming
terahertz pulses induces a voltage across the 5-um-wide
antenna gap and is measured by photoconductively short-
ing the gap with laser pulses from a detection beam while
monitoring the respective photocurrent in the antenna as
a function of the time delay between the optical excitation
and probe pulses.

Two vapor cells, located as shown in Fig. 1(d), were
used. Measurements optimizing sensitivity near the cen-
ter of the rotational-line manifold on spectrally dense
samples were made in a short cell with a path length of
2.27 em. This cell was equipped with 1-cm thick high re-
sistivity (10 kQ em) silicon windows. Silicon is an opti-
mal window material, which is due to its almost complete
transparency and lack of dispersion in the terahertz-
frequency range.® To maximize sensitivity to the much
weaker low-frequency absorption in spectrally dense
gases, a much longer 38.2-cm-path-length cell was used,
with 2-cm-thick high-resistivity-silicon windows. The
entire terahertz system is located in an airtight enclosure
to mitigate the effects of water vapor on the terahertz
beams.®

The cells were filled with methyl fluoride or methyl
chloride and fitted with capacitance manometer gauges
(MKS Baratron) to measure pressures in the range 0-
5000 Torr (0-6666 hPa). The cell was evacuated to
<1 mTorr with a roughing pump between each series of
measurements. Upon filling the cell, adsorption at the
cell wall caused slight pressure drops over time. A me-
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Fig. 1. (a) Optoelectronic transmitting antenna used to gener-
ate high-bandwidth pulses of terahertz radiation. (b) Terahertz
source antenna for low-frequency experiments. (c) Receiving-
antenna geometry. (d) Terahertz collimating and focusing op-
tics together with a vapor cell.
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tering valve was used to control cell pressures during
data acquisition to =2.5 Torr (3.33 hPa). The gas was al-
lowed time to come into thermal equilibrium with room
temperature after each fill, and a thermocouple sensor ac-
curate within 0.1 K monitored the cell temperature.

3. MEASUREMENTS

We used this optoelectronic terahertz system to perform
THz-TDS of methyl halides, which are symmetric top
molecules and are interesting candidates for studies of
molecular collisions. THz-TDS requires two measure-
ments of the pulse shape, one without the vapor in the
cell to determine the input pulse (reference pulse) and an-
other with the vapor in the cell to register the interaction
of the pulse with the sample.

Figure 2 shows a measurement for 2000 hPa of methyl
chloride in a 2.27-cm-long cell with the system optimized
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Fig. 2. (a) Measured terahertz pulse without vapor in the cell
(input pulse). (b) Terahertz pulse after propagating through a
2.27-cm-long gas cell filled with 2000 hPa of methyl chloride va-
por. (c) Fourier-transform spectrum of the input pulse (upper
curve), the transmitted pulse (lower curve), and the measured
absorption spectrum (middle curve) of methyl chloride.
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for high-frequency response (i.e., 10-um dipole). Despite
the short propagation length, the input pulse [Fig. 2(a)] is
already strongly reshaped and attenuated at this high
pressure and changes to that represented in Fig. 2(b).
From the ratio of the Fourier transform of the pulse mea-
sured with gas in the cell to that of the reference pulse,
the absorption and dispersion of the vapor is found.

The spectrum of the input pulse is shown in Fig. 2(c), as
the upper curve in direct comparison with the absorption
spectrum of methyl chloride (middle curve), which was
derived from the measured pulses of Figs. 2(a) and 2(b).
Additionally plotted in Fig. 2(c) is the spectrum of the
pulse transmitted through the cell (lower curve). The
spectrum of the terahertz pulses extends from low fre-
quencies to almost 5 THz. Thus the central region of the
rotational absorption band as well as the low- and high-
frequency wings of the band structure can be investigated
with high sensitivity and dynamic range. Owing to col-
lisional broadening at this high pressure, the individual
lines are already completely overlapped and form an al-
most continuous broad absorption band.

Because the molecules are excited simultaneously on a
multitude of rotational lines, which are distinguished by
transitions with an almost constant frequency separation,
a periodic rephasing and dephasing of the entire en-
semble of more than 70 excited transitions occurs and can
be observed in the time domain as terahertz commensu-
rate echoes® on the free-induction decay. This echo is
seen in Fig. 2(b), occurring at approximately 50 ps. The
small magnitude of this echo is due to the rapid collisional
dephasing that occurs at 2000 hPa.

At higher pressures and longer propagation lengths the
vapor becomes completely opaque at the center of the ro-
tational band but remains partially transparent at the
low- and high-frequency wings. Consequently these fre-
quencies may still be investigated with full sensitivity.
Figure 3(a) shows a terahertz pulse transmitted through
a 38.2-cm-long vapor cell filled with 3039 hPa of methyl
chloride, and Fig. 3(b) represents the respective ampli-
tude spectrum (solid curve). The peak amplitude absorp-
tion of the rotational manifold is approximately e®2 or 10%8
larger in these measurements. The excitation pulse, al-
most identical to the pulse shown in Fig. 2(a), is com-
pletely reshaped and chirped with a fast beating at the
leading edge consisting of the transmitted high-frequency
components of the spectrum, while the lower frequencies
are observed as a small, slow oscillation at the trailing
edge of the pulse.

The low-frequency wing of the absorption shown in Fig.
3(b) is enlarged in Fig. 3(c). Figures 3(b) and 3(c) also
compare the measurement with the calculated spectrum
(dashed curves) of a pulse transmitted through the vapor
determined with known molecular constants and consid-
ering only the rotational absorption. Good agreement on
the high-frequency side is observed when applying the
new line-shape theory, which takes into account the time
response of molecules aligning to an external electric field
in the presence of collisions.*!> However, as seen in Fig.
3(c) a large discrepancy is found at the low-frequency side
with the data showing absorption a factor of 1.4 greater
than predicted by the theory.

This discrepancy can be observed more clearly by tun-
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Fig. 3. (a) Measured transmitted terahertz pulse through a
38.2-cm-long gas cell filled with 3039 hPa of methy! chloride va-
por. (b) Fourier-transform spectrum of the measured transmit-
ted pulse (solid curve) and calculated amplitude spectrum ne-
glecting inversion (dashed curve). (c¢) Expanded scale of the
data in (b) showing anomalous low-frequency absorption.

ing the optoelectronic terahertz beam system to the low-
frequency side of the spectrum. Using the bow-tie tera-
hertz source with a 200-um dipole detector, we produce
the input pulses shown in Fig. 4(a). The amplitude spec-
trum of the input pulse is shown as an inset to Fig. 4(a).
At a pressure of 5512 hPa and a propagation length of
38.2 ¢cm through the vapor the input pulses are reshaped
and attenuated as shown in Fig. 4(b) (solid curve). The
dashed curve represents a simulated pulse, assuming
only the rotational absorption and dispersion. The re-
spective Fourier-transform spectra of the measured (solid
curve) and simulated (dashed curve) pulses after trans-
mission through the vapor are shown in Fig. 4(c). The
measured transmission at frequencies below cutoff, how-
ever, is smaller, and therefore the measured absorption is
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larger than that calculated by a factor of 1.8; this discrep-
ancy increases with increasing vapor pressure and ab-
sorption length. The gas is completely opaque at fre-
quencies above 200 GHz owing to absorption from the
rotational manifold.

Similar results on the low-frequency wing are obtained
with methyl fluoride at pressures up to 6 atmospheres
(6080 hPa). The measured transmitted pulse through
4059 hPa of methyl fluoride with a 38.2-cm path length is
shown in Fig. 5(a) together with the pulse structure (up-
per dashed curve) calculated from rotational absorption
and dispersion with use of published constants and the
J-dependent linewidth parameters obtained in an earlier
investigation.’ We again see a large discrepancy be-
tween measurements and calculations for the calculated
amplitude spectrum (upper dashed curve) compared with
that measured (solid curve) as shown in Fig. 5(b).

Since the observed deviations from theory for both me-
thyl fluoride and methyl chloride cannot be removed by
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Fig. 4. (a) Input pulse with the optoelectronic terahertz system
optimized to low frequencies. The inset shows the amplitude
spectrum. (b) Measured transmitted terahertz pulse through a
38.2-cm-long gas cell filled with 5512 hPa of methyl chloride va-
por (lower solid curve) and the respective simulation neglecting
molecular tunneling (upper dashed curve). (c) Fourier trans-
form spectra of the measured transmitted pulse (lower solid
curve) and the simulated pulse (upper dashed curve).
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Fig. 5. (a) Measured (lower solid curve) and calculated (upper
dashed curve) transmitted terahertz pulse through a 38.2-cm-
long gas cell filled with 4059 hPa of methyl fluoride vapor. The
input pulse is similar to that shown in Fig. 4(a). (b) Fourier-
transform spectrum of measured transmitted pulse (lower solid
curve) and calculated pulse (upper dashed curve).

fitting any one of the rotational parameters, we are forced
to consider the additional absorption process originating
from the tunneling of symmetric top molecules.

4. THEORY

In this section we develop the theoretical model to explain
the measured anomalous absorption at low frequencies.
Previous experiments’®!! analyzing nonresonant or
inversion-line absorption looked at discrete frequencies in
the microwave region of the spectrum where the rota-
tional line absorption could be neglected. Over the broad
bandwidth of our terahertz system, because of the
strength and overlap of the inversion spectrum with the
rotational absorption spectrum, the identification and
analysis of molecular tunneling is possible only by accu-
rately modeling both spectra and comparing them with
the measurements. Therefore in this section we first re-
view the basic relations for calculating the rotational
spectra and then present the theoretical background for
modeling the inversion spectrum. We then present a
unified line-shape theory, which applies for the rotational
transitions as well as for the inversion lines. This theory
includes the molecular response to an external electric
field in the presence of molecular collisions. The result-
ing new line shape provides an excellent fit to our mea-
surements and avoids contributions from the inversion
line to the high-frequency wing of the rotational manifold.
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A. Rotational Spectrum

For symmetric top molecules, like the methyl halides,
each rotational state with total angular momentum P and
rotational quantum number J consists of 2J + 1 sublev-
els associated with the projection of the angular momen-
tum P, on the molecular symmetry axis and indicated by
the projection quantum number K. Excitation of the
molecules by terahertz radiation induces transitions be-
tween pairs of J,K levels of the lowest vibrational state,
obeying the selection rules AJ = +1 and AK = 0. The
absorption coefficient for such transitions can be calcu-
lated as (for details see Ref. 16)

asg(w) = Sncegh |wsxl®

X NJK[l - exp(—thK/27rkT)]

X wg (0, wyg). L

tuk 1s the average dipole matrix element between the ro-
tational states J, K and J + 1, K for unpolarized radia-
tion and/or unoriented molecules (including the transi-
tions from the 2J + 1 magnetic sublevels) with

, (J+1)?-K?

2 _
|axl® = J+ 1(2d + 1) @)

N,k represents the population per unit volume of the
lower rotational state,

Nop
"~ NT + Bp

Sw(l, K)(2J + 1)exp(—W x/kT)

fo

NJK

’

@ J
> D Sy, K)(2J + 1)exp(—W, g /kT)
J=0 K=0

3)

determined by the total number of molecules per unit vol-
ume (first fraction), the fraction £, of molecules in the low-
est vibrational state, and the fraction of molecules in the
rotational state JJ,K (second fraction).

In Eq. (1) the term in brackets stands for the difference
in the population between the lower and the upper states,
and g,(w, wyg) is a general absorption line-shape func-
tion of the form

AwJ

(0 — wsr)? + (Awy/2)?

ga(w; wJK) =

fa

AwJ
(w + o) + (Awy/2

afa @

It differs from the standard Lorentzian form by being
multiplied by an additional shape factor, the switching
function £ for the positive resonance term and a similar
factor f, for the negative frequency resonance term. For
fr=1, Eq. (4) is a pure Lorentzian, while for f
= To/wgg it assumes the van Vleck-Weisskopf shape.
These switching functions come from molecular response
theory!® and will be discussed in more detail in Subsec-
tion 4.C. The width of a line is determined by the colli-
sional dephasing time 7', equal to the mean time between
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collisions, which for further distinction of individual tran-
sitions is replaced by 7; = 2/Aw,;, where the JJ-dependent
FWHM angular frequency linewidth Aw; is assumed to
be identical for different K transitions.

The transition frequency is equal to

2—‘::‘ = 2(J + 1)(By — D;gK?) — 4D,(J + 1)3, (5)

and the energy of a J, K level is given by
Wik = h[ByJ(J + 1) + (Ay — By)K?]. (6)

In the preceding equations, n is the nonresonant refrac-
tive index, ¢ the speed of light, ¢, the vacuum permittiv-
ity, o Planck’s constant, u the permanent electric dipole
moment, N, Avogadro’s constant, p the gas pressure, B
the virial coefficient correcting the number density of a
real gas, kT the thermal energy, Sy(I, K) the statistical
weight of a JJ, K level that is due to spin and K degen-
eracy, By and Ay are the rotational constants of the vi-
brational state about the total angular momentum and
symmetry axis, and D; and D g are the respective cen-
trifugal stretching constants. When Byk and Ayh are
small compared with 27T, the sums in the denominator of
Eq. (3) may be replaced in good approximation by inte-
grals yielding (412 + 41 + 1)[ w(kT)*/BAyh3]Y2, where
I is the nuclear spin of a hydrogen atom.
The change of the wave vector is given by

Ak jg(w) = |sxl*Nyx

3ncegh
X [1 e exp(—thK/27rkT)]
[O10%5°¢

3 &0, @), ("N
wWrg — W

X

where g,(w, w k) is a general dispersion line-shape func-
tion of the form

A(l)?] (wJK + w)

s ogk) =1 - ;
gk(w wJK) SwJK (wJK - w)2 + (AwJ/Z)z fk

. (wjg — o) B
(wgg + )2 + (AwJ/2)2fk ’

(8)

and f; are the respective switching functions (presented
in Subsection 4.C) of the dispersion.

The rotational absorption «,.(w) and dispersion Ak (w)
over the spectral range of the terahertz pulse is found by
summing over all rotational transitions:

M s
M <

a(w) = ayg(w), (9)
J=0 K=0
© J

Ak (w) = 2 > Akyx(w). (10)
J=0 K=0

Further details of calculating the absorption, disper-
sion, and reshaping of the terahertz pulses in the methyl
halides have been published previously.?!5
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B. Inversion Spectrum

To explain the anomalous low-frequency absorption, we
now extend the theory developed in the previous subsec-
tion to include transitions between states of opposite sym-
metry. In symmetric top molecules two states of symme-
try, + and —, may be distinguished, which represent the
two configurations of a molecule with respect to a symme-
try or inversion plane. For the methyl halides this plane
is defined by the three hydrogen atoms. The carbon-
halide group can exist on either side of the plane for some
time before it switches to the inverse configuration, and
the molecule is turned inside out. The molecule oscil-
lates between both of these states of symmetry owing to
tunneling through the high potential barrier. For the
case of NHj the states are separated by an energy gap
such that a transition between them falls in the micro-
wave region; in the case of methyl halides the potential is
s0 high that usually many years are required for an oscil-
lation period, and therefore the inversion frequency is ex-
tremely low.

Owing to symmetry each of the rotational states with
K > 0 is split into a nearly degenerate doublet of inver-
sion levels. Since the selection rules now allow transi-
tions between states with + — —; AJ = 0, *1; and AK
= 0, in addition to the rotational spectrum represented
by the AJ = *1 transitions discussed in the previous
subsection, we also observe an additional inversion spec-
trum designated by transitions AJ = 0, AK = 0, and
+ < — with K > 0. Since the energy difference between
the inversion levels is negligible the transition frequency
between all pairs of adjacent levels is approximately zero,
and even at low pressures the linewidth that is due to
pressure broadening of such inversion lines is large com-
pared with the center frequency. Only molecular colli-
sions causing an almost continuous broadening of the
lines up to frequencies in the far infrared permit monitor-
ing the inversion of molecules as a broad background ab-
sorption and dispersion. Note that all J,K levels greater
than 0 contribute to this absorption.

With only minimal changes, the calculation of the ab-
sorption and dispersion caused by molecular tunneling is
performed for the rotational manifold with the same
method and equations as in the previous subsection. The
dipole transition matrix element u  in Eq. (2) is replaced
for a AJ = 0 transition by

K2

lugxl® = u? JJF 1) (11)

and represents the average dipole moment between all
magnetic substates for unpolarized radiation and/or ran-
domly oriented molecules. Since the rotational states
were considered to be twofold degenerate because of the
inversion levels, only half as many transitions may take
place between the inversion levels themselves, and thus
the statistical weight is a factor-of-2 less. For rotational
states with K = 0, only one inversion level exists. In this
case no inversion transition is allowed, and the summa-
tion in Eqs. (9) and (10) over all lines has to start at
J,K = 1. Finally, we assume a transition frequency

“wgg = 0; — 0 and J-independent width Aw; of the inver-

sion lines. Since hw/27 < kT, the difference in the
relative populations of the inversion levels given by 1

-




3288 J. Opt. Soc. Am. B/Vol. 14, No. 12/December 1997

— exp(—hw/2wkT) can be well approximated by
hw;/2mkT. Then the power absorption coefficient and
phase shift per unit length that is due to inversion take
the form

B J
2 KE /‘LJK!ZNJK) wwigu(wi wi)y

a;(w) =

12nce0kT

12)
o J
Ak, N
(w) = GncekT ng K2=1 | xl® JK)

X ——5 &ilo, o), (13)

w; — W

where N ;x is the population of a rotational level given by
Eq. (3) and g, (w, w;) and g,(w, w;) are the line-shape
functions of Eqs. (4) and (8). In calculating the
frequency-dependent absorption and dispersion all ther-
mally populated J,K levels contribute to the single spec-
tral feature, owing to the inversion line at zero frequency.
In our calculations the maximum values of J and K were
J,K = 75 for methyl chloride and J,K = 50 in methyl
fluoride.

In a semiclassical picture this absorption and disper-
sion can be explained through the reorientation of a di-
pole moment parallel to the total-angular-momentum vec-
tor P. In a symmetric top molecule the full dipole
moment, which is directed along the molecular symmetry
axis P,, can be resolved into components parallel and
perpendicular to P. While the perpendicular component
rotates with w,x and is responsible for the rotational
spectrum, the parallel component switches with the in-
version frequency from the parallel to the antiparallel ori-
entation or vice versa and thus determines the inversion
spectrum. The respective quantum-mechanical dipole
transition matrix elements for these two components are
given in Eqs. (2) and (11). Quite similar relations can
also be found when considering a classical rotator with a
quantum-mechanical angular momentum P, = Kh/2x
along the symmetry axis and a total angular momentum
P = [J(J + 1)]2p/27. In this context it should be no-
ticed that in linear molecules the angular momentum
along the symmetry axis is zero, and any dipole compo-
nent parallel to P disappears. Therefore linear mol-
ecules do not show absorption that is due to molecular
tunneling.

C. Line-Shape Considerations

The overall absorption and dispersion across the whole
spectrum probed in our measurement are determined by
the linewidth and shape of the transitions, which contain
information on the collision behavior as well as on the in-
termolecular forces. For the higher frequencies of optical
and infrared transitions, it is well known that the simple
Lorentzian line shape!’ provides excellent agreement
with experiment, particularly for the central region of the
line. As the frequencies are reduced to those of the mi-
crowave or far-infrared region, and under conditions
when a linewidth becomes comparable to the transition
frequency, the absorption profile of a collision-broadened
line is better represented by a van Vlieck—Weisskopf line
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shape.’® Also for the limiting case of zero-transition fre-

quency the absorption and dispersion is described by the
van Vleck—Weisskopf theory, which then converges to the
Debye theory, while the Lorentzian theory is not appli-
cable at these frequencies.

The difference between the Lorentz and the van Vleck—
Weisskopf theories is that the response of a molecule to
an external field is considered only in its two limiting
cases. While Lorentz assumed that, directly after a col-
lision, molecules are oriented randomly with respect to
the driving field and therefore no macroscopic polariza-
tion in the sample will be found,!” van Vleck and Weis-
skopf applied Boltzmann’s statistics,'® assuming instan-
taneous realignment during a collision such that the
molecules are oriented to have low energy in the field. A
distribution in accordance with the Boltzmann law can be
expected when the collision duration is short compared
with the period of oscillation of the field. This is known
as the adiabatic hypothesis in the van Vleck—Weisskopf
theory.’® However, when the oscillations of the field be-
come faster than the collision duration time or faster than
any time response of molecules to the impressed field,
thermalization cannot be established over the collision,
and the original approximation of Lorentz becomes more
realistic.

The frequency range over which the transition between
the two theories occurs indicates the duration of the col-
lision or the molecular response time 7. This frequency
range is completely covered by the spectrum of the tera-
hertz pulses and therefore can be investigated by THz-
TDS.

It is obvious that a more inclusive line-shape theory,
which is applicable over the full spectral range, must in-
clude the temporal response of molecules to the field. We
have derived such a molecular-response theory!® for rota-
tional transitions, but the theory is also applicable to the
inversion spectrum. Inclusion of the molecular response
results in a time-dependent and therefore also frequency-
dependent extra polarization of the vapor, which may be
formed over the collision duration time. This extra po-
larization results from the tendency of molecules to orient
their dipole moment parallel to the field, as was consid-
ered in the van Vleck-Weisskopf case, but in molecular-
response theory the orientation is not assumed to be in-
stantaneous. In the frequency domain the magnitude of
this extra polarization is determined by the frequency de-
tuning of the field from the transition frequency com-
pared with the reciprocal of the molecular-response time
7¢. 'The polarization can vary from zero at high-
frequency detunings (Lorentz case) to a maximum polar-
ization representing thermal equilibrium at low-
frequency detunings (van Vleck-Weisskopf case). Since
in a symmetric top molecule the dipole moment can be
separated into the two components paralle! and perpen-
dicular to the total angular momentum, two components
of the extra polarization must also be distinguished, with
the perpendicular part contributing to the rotation spec-
trum and the parallel part to the inversion spectrum.

These extra polarizations modify the absorption and
dispersion of the vapor giving rise to small corrections in
the wing of a spectral line. The faster the response of
molecules, the more these contributions are shifted to the
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far wing of a line up to the limit of instantaneous re-
sponse, which is the van Vleck—Weisskopf case. From
molecular response theory'® we find a generalized line
shape of the type given by Eq. (4) for the absorption and
by Eq. (8) for the dispersion. The switching function for
absorption assumes the form

1+ AwJTc/2

wJKIa)

+ — 1 — ,
falw, k) o 1+ (g T 0P

14)
while that for the dispersion is given by

wjg ¥ w1l — 2(wgx * w)rc/Awy

f};:(w7 wJK) =1-

3

(15)

where 7 is the molecular response time. These func-
tions control the transition between the two basic line
shapes and describe the admixture of a van Vleck—
Weisskopf profile to a Lorentzian as a function of the fre-
quency detuning from resonance. An inspection of the
switching functions shows that in the limit (wyx
T 0?2 >1, f; — 1, and the generalized line-shape
function becomes the well-known Lorentzian for absorp-
tion, while f; — 1 + (wyx ¥ @)/ wykTc- Conversely,
when (wyg = 0)?78 <1, fio— tw/ogg, and the van
Vleck-Weisskopf line shape is obtained. Figure 6 shows
the switching function of the positive resonance term of
the absorption for the J = 35 transition in methyl chlo-
ride with resonance frequency wsx near 1 THz, a line-
width Aw; = 25 GHz, and a response time 7¢ = 220 fs.

It has to be emphasized that the line shapes and
switching functions for both the rotational lines as well as
the inversion lines are the same, as long as the transition
frequencies w x and w; have finite values. The reason
for this is that both spectra are underlying the same
physical mechanisms with an identical molecular re-
sponse for the parallel and the perpendicular components
of the extra polarization.

WK 1+ (g T @)218

2.0

van Vleck-Weisskopf //

1.5

Switching Function, f*
o

Lorentz
0.5
0.0+ ; : :
0 1 2 3
Frequency (THz)

Fig. 6. Switching function (solid curve) of the positive resonance
term of the absorption for a transition in methyl chloride with

J = 35, a resonance frequency w g of ~1 THz, a linewidth Aw -

= 95 GHz, and a response time o = 220fs. The switching
function in the van Vleck-Weisskopf and Lorentz limits is also
shown.
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For the limiting case of wjx = w; = 0 it is necessary to
first consider the limits of the absorption coefficient and
phase change per unit length to avoid division by zero in
the denominators of Egs. (14) and (15). Then the absorp-
tion and dispersion that are due to inversion assume the
forms

o J
1 .
a(0) = ——— | 2 2 |wsl®Nox | 0gu(o),
3ncegkT \ j=1 k=1
(186)
1 z
Ak; = — N Hw),
() GncekT | & KE:I |kl JK) wgh(o)
amn
with the new line-shape functions for w; = 0:
. wT; .
y = ——— o), 18
gul) = T ora ) (18)
i 1 i
gk(w) = 1+ sziZ fk(w), (19)
and the shape factors
) 1+ 7¢/7;
o) = ———— (20
falw) 1+ wzfr% )
. 1 - szCTi (
. = 21
fk(w) 1+ wZT% )

where 7, = 2/Aw;. When wre <1, f’;,,k — 1, the line-
shape functions in Egs. (18) and (19) become the standard
Debye equations for absorption and dispersion. With in-
creasing frequency, however, particularly when wrc > 1,
a completely different absorption and dispersion behavior
than expected from the standard equations is found.
This different behavior originates from the inclusion of
the response of molecules to the impressed field. The un-
derlying theory naturally avoids the physically unrealis-
tic situation of a constant absorption, the so-called Debye
plateau, at higher frequencies.

Assuming the form x(w) = x'(w) — ix"(w) for the
complex electric susceptibility, the phase shift and power
absorption are Ak(w) = (k,/2nM)x'(0) and a(w) = (k,/
n?)x"(w), respectively, where k, = wn/c is the nonreso-
nant wave vector in the sample. From Egs. (16)-(21) we
can write the susceptibility determined by molecular-
response theory in the relatively simple form

© J
> |MJK|2NJK)
71 k=

1
3¢ EokT

x(w) =

1 1

1+ionl+ lwTe

(22)

It is important to note that the complex terms of the form
A(w) = 1/(1 + iwr) satisfy the Kramers-Kronig
relationship!® and are the frequency-domain representa-
tion of the time-domain response function exp(—/7),
which vanishes for positive argument as required by cau-
sality. This relationship describes both the dielectric
Debye!? and the conductive Drude?® response. Equation
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(22) shows a product of two of such frequency-domain
functions corresponding to the time-domain response
functions of the collision process exp(—t/r;) and the
dephasing process between collisions exp(—#/7;), both of
which vanish for positive argument. The complete result
for x(w) also satisfies the Kramers—Kronig relationship
and is fully consistent with linear response theory. The
form of y(w) is similar to that of the two-parameter
Rocard-Powles complex permittivity,?'~?® which is the
next-higher-order approximation after the single-
parameter Debye theory.

Indeed, in the zero-resonance-frequency limit consid-
ered here, molecular-response theory has the same math-
ematical form as the Rocard-Powles result, which was
derived by the inclusion of nonzero molecular inertia into
the Debye theory.?"2> This form of the complex suscep-
tibility is the same as that obtained by a second-order
truncation of the Mori continued fraction.?? Thus the
transition dipole autocorrelation function has a maximum
at ¢t = 0 with zero slope, which can be seen in Fig. 7 by
plotting the susceptibility, y(w) of Eq. (22), on a Cole-Cole
plot, which shows the imaginary part of y(w) plotted
against the real part. In the high-frequency limit this
curve asymptotically approaches the real axis, indicating
the correct behavior of the dipole autocorrelation function
near zero time.?> Although the second-order truncation
of the Mori continued fraction is an approximation, the
experimental results clearly indicate the validity of mo-
lecular response theory over this frequency range.

From a semiclassical viewpoint we can compare the ab-
sorption and dispersion given in Eqgs. (16) and (17) with
the classical results of Debye,'* who considered the non-
resonant absorption of radiation interacting with dipoles
in a viscous medium. In a gas the analog to Debye’s
treatment is to consider molecules with an inertia large
enough that they can be regarded as stationary between
collisions (i.e., the collision frequency is high compared
with the molecular-rotation frequency) and assuming an
average orientation of the molecular dipoles to the field in
accordance with Boltzmann’s law.'® This orientation ex-
actly represents the extra polarization discussed above,
which in the case of a symmetric top can be separated into
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Fig. 7. Cole—Cole plot of the electric susceptibility x(w) of the
molecular-response theory with the time between collisions 7
= 25 ps and molecular-response time 7o = 0.2 ps. Frequency

increases counterclockwise with discrete frequency points from 1
GHz to 2 THz, marked as filled circles.
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the perpendicular and parallel components. Therefore,
in the limit of wyx < Awy and w; <€ Aw;, the sum of the
absorptions given by Eq. (1) for the rotation and by Eq.
(16) for the inversion represent the quantum-mechanical
form of the classical Debye absorption. Similarly, Egs.
(7) and (17) give the resulting dispersion.

In the case of wyx > Aw; and w; > Aw; and particu-
larly at an angular frequency w of the field, which is close
to or in resonance with a transition, the extra polariza-
tions and therefore those contributions that directly re-
late to the Debye case and describe the nonresonant be-
havior are completely covered by the much stronger
resonant contributions. They can be observed only in the
far wing of the lines,

Since in methyl halides the inversion frequency is es-
sentially zero, the parallel dipole moment is almost sta-
tionary in space. A transition to the inverse configura-
tion and therefore a reorientation of the dipoles will then
be observed only because of molecular collisions. In the
presence of an electric field the preferred transitions that
take place are those that increase the dipole moment in
the direction of the field, and consequently the vapor be-
comes polarized. However, this polarization is of the
same type as the orientation of dipoles that are due to
collision-induced transitions between magnetic sublevels
contributing to the Debye absorption. Therefore, in the
limit of zero inversion frequency, both contributions be-
come indistinguishable and Eqs. (16) and (17) can also be
interpreted as Debye-type absorption and dispersion
originating from the dipole moment parallel to the angu-
lar momentum P.

In methyl halides the magnitude of the absorption that
is due to the parallel component of the angular momen-
tum vector is typically one order of magnitude smaller
than that of the resonant contribution of the dipole mo-
ment perpendicular to the angular momentum vector.
However, since the Debye-type absorption of the perpen-
dicular component underlies the rotational resonance
structure, this term is shifted with the rotational transi-
tions to higher frequencies, and in the low-frequency
range, up to 100 GHz, both contributions are of compa-
rable magnitude.

5. DISCUSSION OF RESULTS

An analysis of the measurements presented in Section 3
was performed by Fourier transforming the measured
pulse structures into the frequency domain and compar-
ing them with theoretical spectra. Additionally, the
analysis was done in the time domain by simulating the
pulse structures and comparing them directly with the
measurements. In both cases, first the absorption and
dispersion of the vapor have to be calculated with the
known molecular constants by means of the theoretical
framework presented in the previous section. Multipli-
cation of these spectra with the Fourier transform of the
input pulse gives the transmitted amplitude absorption
and dispersion spectrum behind the vapor. The inverse

" numerical Fourier transform of the calculated absorption

and dispersion spectra yield the predicted output pulses
transmitted through the vapor.
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To successfully fit our experimental results, we must
address the three aspects of the theory developed in Sec-
tion 4. The first parameter that must be determined is
the collision broadening of the rotational lines and their
influence on the far wings of the spectrum. The second is
to obtain the line shape of the rotational lines and from
this, the molecular response or orientation time 7, used
in the theory of Subsection 4.C. The third aspect, forced
by the experimental results presented here, is to identify
the contribution originating from molecular tunneling
and then to determine the collisional broadening of the in-
version lines.

The line broadening is determined by a measurement
of the type shown in Fig. 2, which uses a spectrally broad
input pulse and a short cell length that permit observa-
tion of the linewidth broadening over the entire rotational
band manifold. At pressures of 2 atm (2026 hPa) or more
the individual lines are severely broadened and almost
completely overlapping, as seen in Fig. 2(c). Despite the
strong broadening we do not lose information at the cen-
ter of the band when the vapor becomes opaque as with
longer path lengths, and we are still able to measure a
variation of the linewidth with rotational quantum num-
ber J. This is observable as a lower resolution between
the broader lines at the low-frequency side and the stron-
ger modulation between lines appearing at the high-
frequency side of the absorption band.

For a quantitative analysis of such measurements the
experimental absorption is directly compared with the
theoretical amplitude absorption a{w)L/2, obtained with
the method outlined in Subsection 4.A. Figure 8(a)
shows the measured absorption (solid curve) together
with that calculated (dashed curve) for 2000 hPa of me-
thyl chloride and a cell length L = 2.27 cm. The mea-
surement and calculation overlap completely except at
the lowest frequencies. A fit of the theoretical spectrum
to the measurement yields the J-dependent distribution
of the pressure broadening coefficient shown in Fig. 8(b).
This distribution is important to extract the contribution
of the rotational band at the low-frequency side of the
spectrum and to determine the line shape with the mo-
lecular response time from the remaining absorption at
the high-frequency wing.

The 2.27-cm cell is too short to allow observation of
small changes in the far-wing absorption from which we
obtain detailed information on the line shape. However,
on the low- and high-frequency wings, these contributions
can be measured by use of the much longer 38.2-cm vapor
cell, since the absorption a(w)L/2 increases linearly, and
the transmitted signal through the vapor decreases expo-
nentially with increasing cell length. Figure 3 repre-
sents such a measurement, where we used the long cell
filled with 3039 hPa of methyl chloride. At the center of
the band the vapor is opaque, but the transmitted spec-
tral components, shown in Fig. 3(b), are very sensitive to
the remaining absorption, which is determined mainly by
the far wings.

Comparison with a theoretical spectrum shows that the
measurements are well fit by means of a van Vleck—
Weisskopf line shape for an individual transition out to
frequency offsets of the order of 1 THz. However, further
increasing the offset leads to a reduced absorption at the
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high-frequency side of Fig. 3(b) of the order of two com-
pared with that of the van Vleck-Weisskopf line shape.
These discrepancies completely disappear when the gen-
eralized line-shape function given by Egs. (4) and (14) is
applied. A calculation of absorption considering only the
rotational manifold is shown in Fig. 3(b) (dashed curve)
together with the measurement (solid curve). The good
agreement at the high-frequency side of the spectrum is
obtained with a molecular-response time of 7o = 220 fs.

The observed deviation between our measurements
and theory in the low-frequency wing [Fig. 3(c)] results
from the additional contribution originating from molecu-
lar tunneling. The previously unexplained deviation is
seen more clearly in the methyl chloride data of Fig. 4, for
which the terahertz system was optimized for low fre-
quencies. Similar discrepancies are seen in Fig. 5 for
long-path-length data on methyl fluoride.

By including the additional absorption, derived in Sub-
section 4.B and due to zero-frequency transitions between
inversion states, the results shown in Fig. 9 are obtained.
This calculation is a superposition of the inversion spec-
trum [Eq. (16)] and the rotation spectrum [Eq. (9)], where
we assumed the same molecular response and time con-
stant for both spectra. Figure 9(a) is the same measure-
ment as that shown in Fig. 3(b) (3039 hPa of methyl chlo-
ride) with the inversion lines included in the calculation.
The inset shows the low-frequency wing on an expanded
scale. The discrepancy seen in Fig. 3(c) is completely re-
moved.

The improved fits to the low-frequency wing can be
seen more clearly in the measurement of 5512 hPa of me-
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Fig. 8. (a) Measured (solid curve) and calculated absorption
(dashed curve) for 2000 hPa of methyl chloride and a cell length
of 2.27 cm. (b) J-dependent linewidth distribution of the rota-
tional spectrum.
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Fig. 9. (a) Fourier transform of the measured transmitted pulse
(solid curve) through 3039 hPa of methyl chloride vapor [see also
Fig. 3(b)] and calculation (dashed curve) including the inversion
spectrum. The inset shows the low-frequency wing. (b) Mea-
surement (solid curve) and calculation with inversion line ab-
sorption (dashed curve) of the transmitted pulse in 5512-hPa me-
thyl chloride vapor. The inset shows the amplitude spectrum.
(c) Measurement (solid curve) and calculation with inversion line
absorption (dashed curve) of the transmitted pulse in 4059-hPa
methyl fluoride vapor. The inset shows the amplitude spectra,
which completely overlap.

thyl chloride from Fig. 4, with the system tuned to low
frequencies. Figure 9(b) shows the measured transmit-
ted terahertz pulse shape of Fig. 4(b) with the fit, by
means of the molecular response line shape and including
the inversion lines, overlaid as a dashed curve. The cor-
responding spectra are in the inset. The absorption mea-
sured on the low-frequency wing is stronger than ex-
pected and is now well explained by the theory.

Figure 9(c) shows the 4059-hPa methyl fluoride mea-
surement of Fig. 5, including the zero-frequency inversion
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transition. The measurement (solid curve) and calcula-
tion (dashed curve) now agree for both the transmitted
pulse shape and the spectra shown in the inset to the fig-
ure.

For all the measurements shown in Fig. 9 the fits,
which include the inversion line and modified line shape,
are excellent. Note that although the peak absorption
that is due to the overlapping inversion lines is up to one
hundred times smaller than the maximum rotational ab-
sorption (therefore the transmitted signals differ by more
than 40 orders of magnitude), the contribution originat-
ing from the inversion can well be distinguished from the
wing absorption of the rotational band.

All the fits of Fig. 9 corresponding to terahertz trans-
mission on the low-frequency wings were obtained with
the line shape developed in Subsection 4.C. The inver-
sion line shape obtained from the molecular response
theory does not affect the absorption on the high-
frequency wing. In contrast, application of the classical
Debye line shape to the inversion spectrum produces an
inadmissible large extra absorption at the high-frequency
side of the spectrum, which is in contradiction to the ob-
servations. Figure 10 compares the absorption and dis-
persion of the Debye case (upper dashed curves) with
those found from Egs. (16)-(21) (lower solid curves) for a
response time 7o = 220 fs. While the Debye theory pre-
dicts a nonphysical broad, constant absorption [Fig. 10(a)]
and flat phase shift [Fig. 10(b)] at the higher frequencies,
which is nonphysical, molecular-response theory predicts
an absorption with a well-restricted maximum at 150
GHz, and the dispersion essentially is concentrated at the
low-frequency range. At a given pressure and propaga-
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Fig. 10. (a) Calculated absorption and (b) dispersion of the in-
version spectrum by use of the Debye theory (dashed upper
curves) and the new line-shape theory (solid lower curves) for
3039 hPa of methyl chloride with C; = 13 MHz/hPa and 7,
= 220 fs.



Harde et al.

tion length (here, p = 3039 hPa of methyl chloride, L
— 38.2 cm) the absolute absorption strength and phase
shift is controlled only by the pressure-broadened width
of the inversion lines. From the fit to the methyl chloride
measurements in Figs. 9(a) and 9(b), we obtain a broad-
ening parameter C; = 13 MHz/hPa, which is defined by
the relation Aw; = 2/7; = 27wC;p and agrees well with
the broadening of the rotational lines at the low-
frequency side of the spectrum. Fitting to the transmit-
ted terahertz pulse and corresponding spectrum in Fig.
9(c) for 4059 hPa of methyl fluoride yield a molecular-
response time of 7c = 190 fsand a broadening parameter
of C; = 10 MHz/hPa.

These results agree well with the results of Walter and
Hirshberger'? but show some deviations with respect to
those of Bleany and Loubser.!' The main difference be-
tween our measurements and the older data is that the
terahertz experiments continuously cover the inversion
spectrum as well as the rotation spectrum and therefore
allow for observations over a wide spectral range, while
the microwave experimentsm'11 were restricted to fixed
frequencies within a limited frequency range. The broad
spectrum measured by means of terahertz spectroscopy
makes it possible to distinguish our new line shape from
the standard Debye (or zero-frequency-limit van Vieck—
Weisskop!), since earlier microwave measurements could
not measure the high-frequency far wing of the rotational
manifold.

The excellent agreement between measurements and
calculation confirms our interpretation of the small ab-
sorption in the low-frequency wing of the terahertz spec-
trum as molecular tunneling in methyl halides. The pre-
sented results demonstrate the significance of molecular-
response theory for the low-frequency range and its
application in the zero-frequency limit to overcome the
nonphysical high-frequency absorption of the Debye
theory.

6. CONCLUSION

Using the powerful technique of THz-TDS, we have ex-
perimentally and theoretically studied the absorption and
dispersion of methyl halide vapors. Our measurements
showed small deviations in the low-frequency wing of the
rotational spectra, which originate from molecular tun-
neling. We have expanded our new molecular-response
theory to apply to the inversion lines, including the limit-
ing case of zero-transition frequency. This line-shape
theory, originally developed for the rotation spectrum, in-
cludes the molecular response of polar molecules to an ex-
ternal electric field over the duration of a collision. It
unifies the basic collision theories of Lorentz, van Vleck
and Weisskopf, and Debye, where the molecular-response
time 7 acts as the control parameter. The calculated ab-
sorption and dispersion based on this theory fits the mea-
surements over the full spectral range of the terahertz
spectrum. The response time 7¢ is found to be of the or-
der of 200 fs, causing an inversion absorption with a well-
restricted maximum at 150 GHz.
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