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There is a growing consensus that traditional approaches to submillimeter spectroscopy will continue to
be outpaced by the growth of molecular astrophysics and the analytical sciences. We report here a meth-
odology that significantly reduces this challenge by providing three-dimensions of spectroscopic infor-
mation (frequency, line strength, and lower-state energy), even for complex, perturbed spectra,

without the need for spectral analysis. The method is based on the analysis of complete, intensity-cali-
brated spectra taken over a range of temperatures. The 3D spectral information significantly reduces
the assignment space and leads to much more efficient and accurate spectral assignment and quan-

tum-mechanical modeling.

© 2010 Published by Elsevier B.V.

Rotational spectroscopy in the submillimeter (SMM) spectral
region has become the foundation of numerous and diverse scien-
tific and technical endeavors, including large astronomical instru-
ments such as Herschel [1], ALMA [2], and SOFIA [3];
atmospheric remote sensing platforms such as MLS [4] and JEM/
SMILES [5]; laboratory and chemical diagnostics [6,7]; and analyt-
ical science [8,9]. However, many of these endeavors are outpacing
the laboratory spectroscopy on which they are based. This is pri-
marily due to the extreme complexity of the spectroscopic analysis
of the high-resolution rotational spectra that is the basis and
strength of these fields.

Figs. 1 and 2 illustrate the spectroscopic challenge. Fig. 1 shows
on a highly compressed graphical scale the spectrum of ethyl cya-
nide, a common astrophysical species, between 570 and 645 GHz.
On an expanded graph more than 10 000 lines are clearly identifi-
able. Fig. 2 shows a graph of the intensity of the 9962 strongest
lines, sorted according to their strength. Also shown on this graph
is the intensity-sorted spectrum from current databases [10,11].
These databases contain calculated line lists based on quantum-
mechanical analyses of assigned transitions in the ground vibra-
tional state. The divergence between these two graphs occurs at
the point where the Boltzmann factor of the first two excited vibra-
tional states (»; at 222 cm™~' and v;5 at 226 cm ™!, which are not
included in the catalogue) allow rotational transitions within the
two states to make contributions to the intensity sort of the exper-
imental data. Although analysis of these two states has begun, the
complexity of the interactions and perturbations between these
states makes this a challenging undertaking [12-14] and it is anal-
yses of this type that this paper addresses. Because of the rapidly
increasing density of vibrational states with energy, there are
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~100 vibrational states, each with its own rotational spectrum to
be assigned.

SMM spectroscopy is inherently a high-resolution discipline,
with spectral widths determined by Doppler broadening on the or-
der of 1 MHz. In order to provide the resolution required, electronic
sources, often phase-locked, are combined with harmonic genera-
tion either to provide spectroscopic power from a lower frequency
source [15] or to provide the frequency reference for fundamental
SMM sources [16]. A traditional system might record data points at
intervals of 10% of a line width, with a 1 s time constant, thus tak-
ing 10° s (~300 h) to record a 100 GHz spectral interval.

SMM systems are technically challenging and power variations
create a complex background. An example can be seen in the inten-
sity normalization trace included in Fig. 1, although our system,
which is optimized for bandwidth, is somewhat better than typical.
Power variations of a factor of five or more are common. Most
detectors do not have the dynamic range required to record the
DC power level and observe weak absorptions. Furthermore, the
DC power level is often convolved with detector bias voltages
and 1/f noise. In an effort to maximize sensitivity, detectors are
typically AC-coupled and modulation techniques are employed
that do not preserve spectral line strength information. Thus, it is
technically difficult to calibrate experimental line intensities. Fur-
thermore, it is difficult to control other factors that affect the line
intensities (pressure, temperature, and baseline) over the long
timescale of a traditional SMM experiment.

The large majority of spectroscopic studies in this spectral re-
gion have been carried out with an experimental-theoretical boot-
strap strategy that requires only approximate intensities as an aid
to assignment. The bootstrap strategy is: (1) Make an estimate of
the spectrum based on previous spectral measurements and
assignments. In the absence of previous assignments ab initio or
semi-empirical molecular structure calculations are used. (2) Use
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Fig. 1. The intensity-calibrated spectrum of ethyl cyanide on a highly compressed scale between 570 and 645 GHz (lower panel). The normalization factor (upper panel).
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Fig. 2. The intensity of 9962 experimentally measured spectral lines, sorted
according to intensity (upper black trace). The intensity of the 695 strongest
predicted ground vibrational state lines, sorted according to intensity (lower red
trace). The dots that represent each line are so numerous as to make them appear as
lines in this figure. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

the predicted spectrum to experimentally search for new lines to
assign. (3) Use the new assignments to refine and extend the mod-
el via a least-squares fit of the line centers. Reject incorrect assign-
ments. (4) Iterate.

For rigid molecules in unperturbed vibrational states the boot-
strap process converges fairly rapidly, and is typically limited by
the spectrometer’s scan speed. The reason for rapid convergence
is that many lines can be assigned per iteration in step (2) and
the y? surface minimized in step (3) is highly quadratic so that
the model easily converges to highly accurate molecular constants.
For ‘floppy’ molecules or perturbed vibrational states the process is
greatly hindered. The uncertainty in the predicted line centers can
become high such that per iteration there are many possible
assignments, and it is only possible to assign a few lines at a time
in order to avoid incorrect assignments contaminating the model.
Furthermore, the model may be critically dependent on parame-
ters that are not readily determined from the observed line centers.
An example of such a parameter is the band origin of a hot band. In
some cases it is possible for correctly assigned lines to degrade the
predictive ability of the fit due to correlation. As a result, the anal-
ysis of spectra is very challenging and decades of work can be de-
voted to a single molecule.

With the traditional bootstrap approach, only a fraction of the
spectral lines of a particular vibrational state are recorded and as-
signed; the quantum-mechanical model is used to calculate the
complete rotational spectrum of the vibrational state. This ap-
proach has been successfully used to provide the spectroscopic
foundation for molecules such as nitric acid [17,18] and ozone
[19] for atmospheric remote sensing experiments such as MLS
[4]. Unfortunately, the lack of analyses of excited vibrational states
results in spectra calculated from quantum-mechanical models to
be massively incomplete. This incompleteness has consequences
for disciplines dependent on laboratory spectral information. For
example, in some astronomical sources up to half of the observed
lines are unidentified. Most of these lines are believed to be hot
bands of a few ‘weed’ molecules.

It is the purpose of the work reported here to demonstrate a
new approach that both addresses this massive incompleteness
and significantly enhances the assignment process for quantum-
mechanical models. Our approach results in a three-dimensional
(frequency, line strength, and lower-state energy level) SMM line
list. The traditional approach provides a one-dimensional (fre-
quency) line list, since intensity is normally uncalibrated and sel-
dom published. Briefly, we will show how it is possible to first
obtain accurate spectroscopic intensities in the SMM and then
use these intensities, obtained for spectra taken over a range of
temperatures, to obtain accurate lower-state energy levels and line
strengths. This three-dimensional database can significantly aid
the bootstrap assignment process by limiting the number of possi-
ble assignments in step (2). Furthermore, the lower-state energies
can provide spectroscopic information missing from the line cen-
ters, aiding step (3). Although not the focus of this paper, this ap-
proach is also capable of producing ‘complete’ spectral maps as a
function of temperature without the need for the aforementioned
bootstrap assignment process [20,21]. These complete, tempera-
ture calibrated spectra provide a means to attack problems such
as the astrophysical ‘weeds’.

We have previously reported an alternative to the traditional
phase lock, FM modulation [15,22,23] approach to SMM spectros-
copy, FAst Scan Submillimeter Spectroscopic Technique (FASSST).
The FASSST spectrometer provides some of the elements required
for the work reported here [24,25]. In this approach, the SMM fre-
quency is scanned rapidly enough (~1-10 GHz/s) such that the
Fourier components that contain the absorption line information
are at frequencies high enough to be above the 1/f noise of the sys-
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tem. With appropriate bandwidth in the detector channel, it is then
possible to record near true line shape spectra directly and very
rapidly. Speed is essential for the work reported here because it re-
quires temperature and number density stability over the period
required to record a complete spectrum.

For this work we used a solid-state implementation of the ear-
lier Backward Wave Oscillator (BWO) based FASSST. In this system,
an Agilent E8256D synthesizer is used to generate power between
11.875 and 13.45 GHz. This power is subsequently multiplied by a
Virginia Diodes, Inc. x48 multiplier chain, transmitted through the
experimental cell and detected by an InSb hot electron bolometer.
The cell consists of a 15 cm diameter aluminum tube, cooled con-
vectively by liquid nitrogen cooled fins inside a thermally insulated
box, and heated electrically at ten locations to provide a uniform
ramp temperature. As measured by ten thermocouples distributed
along the length of the cell, the largest temperature variation was
3 K, near the window regions at the ends. In operation, the system
was first cooled with liquid nitrogen and then ramped with electric
heaters from 247 to 392 K over a period of several hours. In order
to preserve sample purity, the sample was slowly flowed through
the cell. Since each of the spectral runs required only ~40s, it
was possible to record spectra at 271 temperatures with a temper-
ature variation of 0.5 K.

As is typical of SMM systems, the low frequency portion of the
signal channel (which contains the DC power level) is not retained,
both to reject the aforementioned 1/f noise and to increase the sen-
sitivity of the system. In this particular case, the system was swept
at ~2 GHz/s, which when combined with the ~1 MHz Doppler
width in this frequency range placed the fundamental Fourier com-
ponent at ~2 kHz, with it and the higher frequency components
within the passband of the signal channel.

To remove the baseline from spectra, a peak finder was used to
locate and remove the lines, and a spline fit was used to fill in the
gaps. This baseline was then subtracted from the observed spectra.
The absolute power level was obtained by chopping the source at
~2 kHz and recording this power level. In order to produce the
absolute intensity-calibrated spectra, the 271 baseline subtracted
spectra were then divided by the absolute intensities obtained
with the chopper. We will show below that this procedure pro-
duced intensity calibration of 1%.

In addition to the need for intensity-calibrated spectra, our ap-
proach requires at least one assigned line as a reference. In practice
it is useful to have many to provide redundancy, allow for the spec-
troscopic determination of temperature, guard against systematic
effects, and assess accuracy. For this work we chose 163 relatively
strong a-type transitions that were free of blends and which corre-
sponded to assigned ground state lines. At each of the 271 temper-
atures, we performed a least-squares fit of the peak absorbances
Apeak Of these lines to [22,26]

nL 873

B In(2) vo
Apeak = 6 m(
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where n is the number density of the sample, L the length of the cell,
vo the line frequency, svp the Doppler width (which is a known
function of temperature and frequency), T the temperature, Q the
partition function, S,-j,u2 the line strength (including degeneracy
[22]), and E, the lower-state energy. The free parameters of this fit
were nL/Q and T, allowing the concentration in the cell to vary be-
tween temperature scans (but not within an individual scan) with-
out adversely affecting the results. Because T is a fitting parameter
and because we invert Eq. (1) to calculate the line strength and low-
er-state energy, variations in T that occur either because of the ef-
fect of the temperature ramp over the time of the spectral sweep
or because of temperature variations in the cell, do not impact the
results. This is true as long as the changes in temperature are small en-

ough that a linear average of the contributions from each of the tem-
perature regions is a good approximation. To check this
approximation, we sorted the 163 fits according to lower-state en-
ergy to look for systematic effects, which were not observed. More-
over, even if there had been systematic effects, they were included
in the 1% error of the temperature fits.

The fractional rms deviation of the least-squares fit is 1%, attest-
ing to the accuracy of the intensity calibration and the constancy of
nL/Q within a given temperature scan. We also validate that we are
operating in a linear response region of the system by sorting the
residuals according to line intensity. With proper calibration of
the experimental intensity, we observe no systematic effect.

However, the b-type transitions, which were not used as refer-
ence lines, were systematically weaker relative to the quantum-
mechanical predictions by 13%. This is a surprising result because
for relatively rigid molecules, such as ethyl cyanide, intensities
based on Stark Effect measurements [27] are ordinarily considered
to be very accurate. In addition to the Stark measurements used in
the catalogues there is an earlier Stark measurement [28], but it
predicts a ratio that is 15% too large. Since both of these results
are far outside the scatter of our intensity measurements, we have
adopted the catalogue value of u, =3.85D and, to yield a ratio in
agreement with our intensity based experimental ratio, adjusted
Uy to be 1.31 D.

To obtain the lower-state energy and line strength for unas-
signed lines, the temperature measurement process of Eq. (1) can
be inverted, with the lower-state energy E; and the transition
strength S;u? as the free variables. While in principle, spectra at
only two temperatures are required for this calculation, data from
all 271 temperature runs were included in the fit.

A log plot in 1/kT yields a straight line, with the intercept pro-
viding the line strength and the slope the lower-state energy for
the unassigned line.

The accuracy of the lower-state energies can be evaluated by
inspection of the 585 assigned lines that are among the 3355 stron-
gest. Inspection of the difference between the experimental value
and the results of the quantum-mechanical calculation for the 93
lines whose absorbances are above 0.1 shows an rms scatter of
~15 cm™!. For the full set of 585 lines there are a few large outer-
liers that have deviations of 100-1000 cm™!, presumably due to
overlaps with unassigned lines. From this we conclude that the er-
rors in the experimentally determined lower-state energies for un-
blended lines are 10-20 cm™!, with some increase in uncertainty
for weaker lines. The larger differences occur because the incom-
pleteness of the quantum-mechanical model results in predictions
that do not include all the spectral intensity at the positions of each
catalogued line.

Fig. 3 shows the three-dimensional line list of ethyl cyanide on a
highly compressed scale. However, even on this scale it is possible
to observe a number of important features. The most prominent
features are the strong ground vibrational state a-type R-branches
that are along the solid line and which have branches that diverge
rapidly to higher energy each ~10 GHz. In addition, there are two
strong b-type Q-branch features of roughly constant frequency,
one near 575 GHz and the other near 620 GHz. Additional b-type
transitions lie along and are scattered above the double dot dashed
line.

The next most prominent patterns in the experimental spec-
trum, which lie along the dotted line, are the a-type transitions
of the two lowest vibrational states, 7,; at 222 cm™! and #;3 at
226 cm . It is these lines, which are not included in the quan-
tum-mechanical catalogue, that cause the divergence between
the experimental and catalogue intensity distribution shown in
Fig. 2. Additionally, the next lowest vibrational state is 7, which
lies at 378 cm~!. The dashed line highlights the a-type R-branches
for this state along with those for the 22,3, 2751, and 73 + 751. It is
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Fig. 3. The three dimensional spectrum of ethyl cyanide on a highly compressed scale, with the length of the line being the pseudo third dimension representing line strength
(indicated by the length of the line), with the location of the base of the line indicating the lower-state energy. In order to reduce overlap and facilitate the recognition of the

spectra according to vibrational state, the intensity scale is substantially foreshortened.

this rapid growth of vibrational state density that accounts for the
density of observed lines in the intensity-calibrated spectrum, as
illustrated in Figs. 1 and 2. While there is limited visibility of the
intensity axis in this projection of the 3D image, for step 2 of the
bootstrap assignment process discussed above, all of these identi-
fications are much easier with the numerical data rather than the
graphical realization in Fig. 3.

The complexity of rotationally resolved spectra has motivated
many to consider automated [29,30] or semi-automated ap-
proaches [31]. However, the multiplicity of assignment choices,
constrained only by the accuracy of the theoretical frequency pre-
diction and an approximate experimental intensity, can be very
large. Since our lower-state energies are constrained within 1-5%
of the range of possibilities, these data will constrain assignment
choices and should make possible new approaches for automated
spectral assignment.

Three-dimensional rotational spectroscopy in the SMM is a sig-
nificant advance both for fundamental spectroscopic analyses and
for applications built upon SMM rotational spectroscopy. It
provides:

1. Direct experimental measurement of not only line frequencies,
but also of transition strengths and lower-state energies. With
current approaches, these are only obtained at the end of itera-
tive bootstrap spectral analyses.

2. A means for obtaining correct transition strengths for each tran-
sition even for molecules whose distortions, internal motions,
etc. introduce uncertainty into the quantum-mechanical calcu-
lation. It also provides a check on the dipole moment transition
moments calculated from Stark effect measurements.

3. A direct measure of the partition function. In molecules with
low-lying vibrational and torsional states, the calculation of this
quantity is often not straightforward.
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