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Ground-based optical astronomical observations supported by or in the vicinity of laser guide-star systems can
be contaminated by Raman-scattered laser photons. Anticipating, alleviating, and correcting for the impact of
this self-inflicted contamination requires a detailed knowledge of the pure-rotational and rotational-vibrational
spectrum of the molecules in our atmosphere. We present a 15.3-hr-deep combined spectrum of the 4LGSF’s
589 nm ~509 THz sodium laser beams of Paranal observatory, acquired with the ESPRESSO spectrograph at a
resolution A/ A = 140000 ~ 0.12 cm~! and an altitude of 23 km above mean sea level. We identify 865 Raman
lines over the spectral range of [3770; 7900] A~ [4+9540; —4315] cm™", with relative intensities spanning ~5
orders of magnitudes. These lines are associated to the most abundant molecules of dry air, including their
isotopes: N N, N PN, 10 1°0, 10 70, °0 180, and '2C '°0 '°Q. The signal-to-noise of these observations
implies that professional observatories can treat the resulting catalog of Raman lines as exhaustive (for the
detected molecules, over the observed Raman shift range) for the purpose of predicting/correcting/exploiting
Raman lines in astronomical data. Our observations also reveal that the four laser units of the 4LGSF do
not all lase at the same central wavelength. We measure a blueshift of +43 4+ 10 MHz = —50 F 10 fm with
respect to A, = 5891.59120 A for LGSU1/2, and +94 £+ 10 MHz = —109 F 10 fm for LGSU3/4. These offsets,
including the difference of ~50 MHz between LGSU1/2 and LGSU3/4, are larger than the observed 4LGSF
spectral stability of =3 MHz over hours. They remain well within the operational requirements for creating
artificial laser guide-stars, but hinder the assessment of the radial velocity accuracy of ESPRESSO at the required
level of 10 m s™!. Altogether, our observations demonstrate how Raman lines can be exploited by professional
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observatories as highly-accurate, on-sky wavelength references.

DOI: 10.1103/PhysRevResearch.5.023145

I. INTRODUCTION

Laser guide-star systems, supporting adaptative optical
techniques, allow astronomers to mitigate the blurring of
ground-based astronomical observations by the atmosphere
of Earth [1,2]. The first systems coupled optical lasers with
infrared astronomical instruments, for which the adaptative
optics corrections are less demanding [3,4]. The integral field
spectrograph Multi-Unit Spectroscopic Explorer (MUSE) [5]
is mounted on the Unit Telescope 4 (UT4) of the European
Southern Observatory’s (ESO) Very Large Telescope (VLT)
at the observatory of Cerro Paranal. It has been one of the
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very first astronomical instruments operating at visible wave-
lengths to be paired with an optical laser guide-star system:
the four-laser guide-star facility (4LGSF) [6], which is part of
UT4’s Adaptive Optics Facility (AOF) [7].

The fact that Rayleigh- and Mie-scattered laser guide-
star photons can contaminate astronomical observations is
well known by the astronomical community [8—12]. It is the
combination of MUSE with the 4LGSF that first revealed
that astronomical observations can also be contaminated by
Raman-scattered laser guide-star photons [13]. Specifically,
inelastic Raman scattering physics implies that the excita-
tion of the first vibrational mode vy of the most abundant
air molecules (N, and O;) already redshifts laser guide-star
photons by up to 2700 cm~!' & 1000 A. In the wake of its
observation at the VLT, this Raman signal was also reported
at other professional astronomical observatories [14—17], and
a series of specific follow-up observations were undertaken at
Cerro Paranal to characterize it. These observations revealed
that in the case of UT4 and the off-axis launch configuration of
the 4LGSF, dust particles on the primary telescope mirror are
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primarily responsible for redirecting Raman-scattered laser
photons inside the MUSE field-of-view [18].

Inserting notch filter(s) in the optical path of affected as-
tronomical instruments—to block the contaminating Raman-
scattered photons—would drastically reduce the spectral
coverage (and thus the scientific usefulness) of these in-
struments. While this choice could remain meaningful for
narrow-wavelength or low-resolution spectrographs, it does
not make sense for most spectrographs used by the astronomi-
cal community. Specific measures (e.g., keeping the telescope
optics as clean as possible, see [18]) can be taken to miti-
gate the impact of the contamination. In practice, instruments
contaminated (at any level) by Raman-scattered photons—be
they emitted by their own supporting laser guide-star systems,
or by a nearby one at dense observing sites—will inevitably
require their data to be cleaned-up in a dedicated postprocess-
ing step. For example, a Raman cleanup step is now part of
the official MUSE data reduction pipeline [19]. The necessity
of such a step for the data reduction pipeline of HARMONI
[20], a first generation instrument of ESO’s Extremely Large
Telescope [21], is currently being assessed (J. Richard, private
communication). Removing the Raman signal from contami-
nated data requires, in part, a detailed catalog of molecular
transitions and associated Raman shifts. Such a catalog would
benefit any science case requiring high spectral fidelity, pro-
vided that it is accurate enough.

The Raman signature of the most abundant air molecules
is comprised of a series of dense line forests with intensity
variations of several orders of magnitude. A higher-resolution
spectrograph and/or better signal-to-noise observation will
thus reveal a more spectrally complex Raman signal. This fact
becomes evident when comparing, for example, the observa-
tions from the MUSE, FORS2 [22], and Echelle SPectrograph
for Rocky Exoplanets and Stable Spectroscopic Observations
(ESPRESSO) [23-25] instruments (with respective spectral
resolutions R = A/AA of ~2500, ~2900, and ~140000) of
the v rotational-vibrational forests for the N N and
160 160 molecules [13,26]. It was thus suggested that Raman-
scattered laser photons could also have positive uses for
astronomical observatories: for example, to characterize the
spectral accuracy of astronomical spectrographs via the exact
same light path as science photons [26], a feat unattainable
with traditional calibration sources.

In this article, we present the deepest (i.e., highest
signal-to-noise) and most accurate spectrum of the pure-
rotational and rotational-vibrational spectrum of the atmo-
sphere recorded with an astronomical spectrograph to date.
This spectrum, acquired with ESPRESSO, is intended to pro-
vide astronomers with an exhaustive catalog of Raman lines,
associated to the most abundant air molecules, that can con-
taminate their observations.

The article is structured as follows. We provide an exhaus-
tive description of our nonstandard observations in Sec. II,
including our data acquisition and reduction procedures. The
molecular lines visible in the resulting spectrum are discussed
in Sec. III A. The discovery of distinct lasing wavelengths
for the different laser beams of the 4LGSF is presented in
Sec. IIIB. We summarize our conclusions in Sec. IV. All
wavelengths are quoted in vacuum. Throughout the article,
we express laser photon energies and energy differences in

different units (A, fm, cm~!, m s~!, Hz) following the usual

practices of the applicable subfield (astrophysics, molecu-
lar physics, or laser physics). Unless specified otherwise,
the conversion between these units is made with respect to
Ay = 5891.59120 A. We refer to N as the end-over-end rota-
tional quantum number of a given molecule, and J its total
angular momentum quantum number. We follow the usual
molecular branch-naming conventions with O = (AJ = —2),
P=(AJ=-1),0=(AJ=0), R=(AJ=+1) and S =
(AJ = +2).

II. OBSERVATIONS

A. Atmospheric conditions

The data presented in this article were acquired in ESO’s
period 104 under the calibration Program Id. 4104.L-0074(A)
(P.I: Vogt), for which a total of 24 h of dark time with
ESPRESSO on VLT UT4 were awarded. The observations
took place between 21 October 2019 and 27 October 2019 (in-
cluded), specifically between the half-night mark and the rise
of the Moon in the East. All the observations were performed
under CLEAR [27] sky conditions, with no visible clouds re-
ported by the observatory’s weather officer. We present in
Fig. 1 the horizontal wind speed ||®| and azimuth ¢y above
Cerro Paranal over the course of the entire observing run,
derived from the ERAS reanalysis dataset from the European
Center for Medium-Range Weather Forecast (ECMWF) [28].
Specifically, we used the Python library cdsapi [29] to request
ERAS reanalysis wind information for 37 pressure levels in-
terpolated at the location of Cerro Paranal (24.62684° South,
70.40453° West) over the duration of the observing run. We
converted the geopotential height 4 of every data point to
geometrical altitudes above mean sea level (amsl) H via the
following ECMWEF prescription applicable to ERAS products
in the GRIB-1 data format,

h
R.—h

H =R, ey
with R, = 6367.47 km.

The wind speed at ground level never reached more than
10 m s~! during the observations. At high altitudes, a persis-
tent jet stream current coming from the West was present at
an altitude of 12-15 km amsl every night of the observing
run, with horizontal speeds in the range of 20-40 m s~! that
are typical for this geographical location [30].

B. Data acquisition

The performed observations were highly nonstandard:
they targeted the four up-link laser beams of the 4LGSF
laser guide-star system of UT4, which ESPRESSO is not
intended/designed to exploit for Adaptive Optics purposes
(ESPRESSO is optimized for seeing-limited observations).
These observations were made possible, in large, thanks to
the Laser Pointing Camera (LPC) [31,32], which allows the
telescope operator to use the laser guide-star system indepen-
dently from the astronomical instrument. Since ESPRESSO is
entirely oblivious to the 4LGSF, no information regarding the
status of the laser guide-star system is recorded in the header
of the ESPRESSO raw data files. This information was thus
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FIG. 1. Top: Horizontal wind speed ||w|| above Cerro Paranal over the course of the ESPRESSO observing run 4104.L-0074(A), derived
from the ECMWF ERADS reanalysis dataset. The altitude axis is cropped at the altitude of UT4 (2648 m amsl). The white vertical lines denote
the start of every 175 ESPRESSO exposures acquired over the course of the observing run. Bottom: Idem, but for the wind azimuth ¢; in
degrees East of North (0° = wind coming from the North; 90° = wind coming from the East). These stable conditions with dominant winds

from the West are typical of this geographical location.

recorded manually for each of the 175 exposures acquired
during the observing run. We provide it in Table IV in the
Appendix B, to enable reanalysis by interested readers.

All our observations used the singleHR mode of
ESPRESSO with the 2x1_SLOW detector readout mode. At the
time, this provided the largest on-sky collecting fiber (1 arcsec
diameter on-sky) and lowest associated read-out noise [33].
We targeted empty fields with no entries in the GAIA [34]
Data Release 2 [35] and USNO-B2 [36] catalogues within
a radius of 10 arcsec. This ensures a homogeneous back-
ground with a V magnitude of ~21 or higher [37] for our
observations. The targeted fields are located in the declina-
tion range —35° < Dec. < —40° to minimize the speed of
the field rotation when crossing the meridian. The majority
of the observations were made at R.A.: 04"00™m29%; Dec.:
—39°52/30". This field could be tracked continuously during
our observing half-nights, which allowed to maximize the
time spent on-source while systematically remaining in the
telescope elevation range of 55°—75°.

All observations were performed with the telescope
strongly defocused. This allowed to spatially concentrate the
emission from the laser beams that (unlike astronomical tar-
gets) are not located at “infinity”. The defocus was achieved
by offsetting the secondary telescope mirror by +10 mm
from its nominal position. No active optics corrections can be
applied to the primary mirror of a defocused Unit Telescope
at the VLT [38,39]. Yet, as the telescope tracks, it remains
important to account for the changing gravity vector to main-
tain a good image quality. We thus manually triggered (after
temporarily refocusing the telescope at infinity to detect stars
in the field) several active optics correction cycles for the
primary mirror every hour.

In regular operations, the ESPRESSO instrument provides
an automated secondary field stabilization. This helps maxi-
mize light collection and ensure an homogeneous illumination
of the fiber(s) during integration. This automated image stabi-

lization is performed on the science target with a technical
CCD (TCCD) [40], and complements the primary field stabi-
lization performed by the telescope using a guide-star. For our
observations, the field stabilization from both the telescope
and ESPRESSO were disabled. The former because of the
strong defocus of the telescope, and the latter because of the
spatially-extended nature of the up-link laser beams.

The narrowest (= in focus) part of the 4LGSF laser beams
were moved, one-at-a-time, to the on-sky location of the
ESPRESSO fiber “A” as part of the acquisition sequence (see
Fig. 2). A smooth drift of the laser beams over time required
small readjustments of their positions with respect to the fiber
every ~20 min. This drift, and the regular manual corrections
performed sequentially for each laser beam, lead to:

(1) fluctuations in the observed flux of the Raman lines of
up to a factor of 2 amongst the different exposures from fiber
A, and

(2) a time-varying mixing ratio between the fluxes of
the individual laser guide-star units (LGSUs) over both
ESPRESSO fibers.

For legacy and reproducibility purposes, our detailed ac-
quisition sequence is included in Appendix A. In every
exposure, the fibre “B” of ESPRESSO was open to the sky.
Its orientation is fixed with respect to fiber A in the image
plane. Given the fact that ESPRESSO does not have a field
derotator, fibre B did not always collect light from the same
area (= height) of the laser beams, which are fixed in the
Altitude-Azimuth frame of the telescope.

The observations are comprised of four main sets of expo-
sures:

(1) set1: 92x600 s exposures acquired with the four
LGSUs propagating, intended to assemble the deep spectrum
of the pure-rotational and rotational-vibrational Raman signa-
ture of air.

(ii) set 2: 3x1200 s exposures with no laser propagation,
to assemble a sky reference spectrum.
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FIG. 2. Left: LPC images of the 4LGSF up-link laser beams and associated guide-stars in (1) the nominal Wide-Field-Mode asterism
and (2) after manual centering of the beams onto the ESPRESSO fiber. The slanted perspective is a consequence of the off-axis position of
the LPC, mounted on the top ring of UT4. Right: ESPRESSO TCCD view of the up-link laser beams before and after the finer alignment
onto the ESPRESSO fiber A (central white dot, 1 arcsec in diameter). Prior to the fine tuning, the individual patterns from the four beams is
distinguishable, with their narrowest part corresponding to the distance in-focus (~21.5 km along the line-of-sight, see Sec. Il C). The strong
spatial dependence of the observed beams’ width is a direct consequence of the launch configuration for the 4LGSF lasers. This implies that
the return flux seen by ESPRESSO is strongly sensitive to the fine alignment of the laser beams over the ESPRESSO fibers. The second white

dot towards the bottom of the TCCD images corresponds to fiber B.

(1) set 3: 1x4x300 s and 6x4x120 s exposures, a
series of quadruplet exposures acquired at the end of
each half night to assess the spectral consistency of the
different LGSUs. For each quadruplet (one per night), we
cycled through all four LGSUs sequentially, enabling a single
beam per exposure.

(iv) set4: 11x1 s exposures with only 1 laser beam
(LGSU3) propagating, and an additional telescope focus off-
set of +1 mm (for a total focus offset of +11 mm). They are
meant to assemble an unsaturated spectrum of the main laser
line.

All the other exposures listed in Table IV that do not belong
to any of these four sets were used for alignment, adjustment,
and fine-tuning purposes.

With the exception of the night of 21 October 2019, a
set of manual laser frequency comb (LFC) wavelength cal-
ibrations were triggered immediately before the start of the
observations. Together with the daily calibrations triggered
immediately after the end of the nights, these ensure than no
scientific exposure was acquired more than ~2.5 hr apart from
an LFC reference calibration exposure. LFCs are state-of-
the-art, extremely precise and accurate wavelength calibration
sources [41-43]. These devices can generate dense forests of
narrow lines with even intensities and a uniform line spacing,
that can be matched to the resolution and wavelength range
of high-resolution spectrographs like ESPRESSO. The fre-
quencies of the LFC lines can be locked to an atomic clock,
ensuring a precision and accuracy of up to one partin 10'!. At
the time of our observations, ESPRESSO’s LFC was formally
under commissioning, but nonetheless operational.

C. Sampled altitude range

We do not have a direct measure of the altitude at which the
recorded Raman signal originated. However, we can obtain
an estimate of the distance (along the line-of-sight) that is

in-focus during the observations from basic telescope op-
tics. UT4 has an effective focal length fo = 121.561 m. Its
secondary mirror has a radius of curvature r = 4553.1 mm
[44]. According to the VLT optical layout, the Nasmyth focus
lies a = 9896 + 6800 = 16696 mm away from the surface
of the secondary mirror. Treating the secondary mirror as
a spherical rather than hyperbolic surface (for the sake of
simplicity) implies that the virtual focal plane of the primary
mirror lies @’ ~ ra/(r + 2a) = 2003 mm behind the surface
of its secondary mirror [45]. When the telescope is focused at
infinity, the image is formed at a distance / = f.. Offsetting
the secondary mirror by Ax = 410 mm changes the effective
focal length of the telescope to

a a+ Ax

f o fap e —122.24m.
Jew = Jer a da— Ax o

)

The camera being fixed, its distance / along the optical path
translates to an object plane located at a distance D along the
line-of-sight given by

1 1\
D= —~) =21.8km.

*
eff !

3

This analytical estimate was verified using a complete model
of UT4, its Coudé train [46], and the ESPRESSO instrument,
implemented in a state-of-the-art ray-tracing optical design
software. Offsetting the secondary mirror by 410 mm in the
model placed the object plane at a distance of D = 21.5 km
along the line-of-sight (A. Cabral, private communication).
For a given UT4 pointing altitude v, this corresponds to a ge-
ometric altitude above mean sea level Hy,s = D sin ¥ + Hyry
with Hyrq = 2.648 km. The median value of H,,s for the
set 1 exposures is 23.0 km amsl.

The finite aperture size of the ESPRESSO fibers (1 arcsec
in diameter) coupled to the slow, regularly-and-manually-
corrected drift of the laser beams imply that emission from a
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FIG. 3. Simple schematic of the UT4 primary mirror (with a
diameter R,,) and one 4LGSF laser beam (not to scale). The telescope
is assumed to be focused at a distance D along the line-of-sight. The
finite aperture size of the ESPRESSO fibers and the slow, regularly-
and-manually-corrected drift of the laser beams imply that emission
from a range of distances along the line-of-sight will be collected.
The maximum range limits A}, and A} are set by the optical paths
passing closest (when hitting the UT4 mirror) from the laser launch
telescopes.

range of distances [D — Ap,; D + Aj] along the line-of-sight
will be sampled in the observations. We estimate this range
using the simple model depicted in Fig. 3, with R,, = 4.1 m
the radius of the UT4 primary mirror, and R;, = 5.51 m the
distance between the optical axis of UT4 and the location
where the 4LGSF laser beams would cross the mirror plane
(if extended backward from the launch telescope, see the
Appendix in [13]). The maximum range of distances sampled
by the ESPRESSO fiber A, when focused at a distance D
along the line-of-sight, is set by the optical paths passing the
closest to any of the four LGSUs’ launch telescopes. From
basic trigonometry, given a fiber diameter of 1 arcsec on-sky
and an estimated motion of the laser beams up to ~1 arcsec
beyond this diameter, we have

Dj:Aﬁ _ (R, — Ry)tan tan BT @

tan B —tan«

withtana = D/R;, BT = B F 1.5 arcsec, and tan 8 = D/R,,.
With a telescope focus set at D = 21.5 km, we thus estimate
that A, ~ 2.2 km and A} ~ 2.7 km, such that the range
of observed distances along the line-of-sight in the data is
[19.3 km; 24.2 km]. The corresponding geometric altitude
range for every ESPRESSO exposure acquired during the
observing run is presented in Fig. 9: it lies systematically
within the interval [18 km; 26 km] amsl.

D. 4LGSF state

All four LGSUs of the 4LGSF were used in their nominal
mode for the majority of the exposures acquired during the
observing run. In this mode, the emitted light is comprised
of 18 W in a central component designed to excite the D,a
sodium transition, and 2x2 W in symmetric sidelines located
+1.713 GHz on either side [26]. The lower-energy sideline is
designed to excite the D,b sodium line, and to recover atoms
lost to the 3251/2 F =1 state [47].

The 4LGSF 589 nm ~509 THz laser sources (one per
LGSU) are based on a frequency-doubled fibre amplifier. The
output emission wavelength of the 1178 nm ~255 THz master
oscillators (seed lasers) of the 589-nm laser sources are ac-
tively stabilized to twice the sodium resonance wavelength via
wavelength meters (one per LGSU) with a specified accuracy
of better than =210 MHz [48]. The wavelength meters exhibit
a passive stability of about 80 kHz h~' (linear drift). The
absolute accuracy of the wavelength meters is guaranteed by
periodical calibrations against iodine-referenced helium-neon
lasers (one per LGSU), which themselves have a specified
absolute accuracy of better than £5 MHz. The feedback loop,
which stabilizes the seed lasers to the wavelength meters
is another factor contributing to the actual LGSUs emission
wavelengths. This feedback loop has an accuracy of about
45 MHz at 1178 nm, which was determined during the de-
velopment of the laser sources.

The four wavelength meters were calibrated every after-
noon before our observing nights. However, it must be noted
that the 4LGSF system was rebooted during the first half of
night 6 (i.e. after the afternoon wavelength meter calibrations
were executed), and no new wavelength meter calibrations
could be executed before the start of the ESPRESSO obser-
vations.

For a handful of exposures, one or more of the four
LGSUs were detuned for test purposes. The detuning of
each LGSU is configured in the laser control software.
When detuned, LGSU1, LGSU2, and LGSU4 wavelengths
are (blue)shifted by +5.960 GHz at 589 nm; LGSU3 is
(red)shifted by —11.057 GHz at 589 nm. These exposures will
not be discussed in this article, but they are clearly identified
in Table I'V.

E. Saturation-induced artefacts

The strength of the Raman lines is several orders of mag-
nitude (=3) fainter than the strength of the main laser line
resulting from elastic Mie and Rayleigh backscattering. For an
optical CCD like that of ESPRESSO with a range of ~65 000
ADU mounted on a telescope with a collecting area 8 m in
diameter, the main laser line already saturates in exposures as
short as 1 s (with the beam in focus). For the significantly-
fainter Raman lines, on the other hand, the longer the
ESPRESSO exposures are, the stronger the signal-to-noise
ratio of the lines, and the more efficient the observations.

The use of 600 s exposures for our observations is the result
of the trade-off between (a) the need to enhance the signal-to-
noise ratio of the Raman lines in individual exposures, and
(b) limit the total number of individual exposures to minimize
the read-out overheads, while (c) maintaining the degree of
saturation bleeds and ghosts on the ESPRESSO CCD within
reason. In 600 s, the saturation of the main laser line on the
red ESPRESSO CCD is severe nonetheless, as illustrated in
Fig. 4. Blooming from the saturated pixels strongly contami-
nates pixels immediately above and below the main laser line,
such that this entire spectral order is effectively lost. Other
artefacts caused by the strength of the main laser line include:

(i) bright trails due to charge transfer inefficiency,

(ii) an artificial continuum in the vicinity of the main laser
line,
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FIG. 4. Subsections of a single set 1, 600 s ESPRESSO raw exposure from the red CCD. (a) Region of the main laser line, saturated. Strong
blooming (with electrons leaking vertically across the detector) is evident, rendering this specific order un-exploitable. (b) Other regions of the
detector display ghost images of the saturated region, but significantly closer to the noise level. (c) In the vicinity of the main laser line, pure
rotational Raman lines (black dots) are also being contaminated by an artificial continuum emission (middle-grey emission) in addition to the
blooming from the main laser line (vertical black stripes). (d) Most areas of the red detector are free from strong artefacts, but remain subject
to an elevated, smooth background signal: for example, the region of the v, _, rotational-vibrational Q branch of the '*N '*N molecule shown

here.

(iii) ghost images of the saturated regions caused by inter-
nal reflections, and

(iv) a higher background for the entire red CCD, illumi-
nated by scattered light.

The exquisite stability of the ESPRESSO instrument im-
plies that all these artefacts do not vary between exposures,
except for their respective brightness, which is tied to the
incoming laser flux.

F. Data reduction

The raw data were downloaded from the ESO Science
Archive Facility and reduced using the ESPRESSO pipeline
v2.0.0 [25] via the ESOREFLEX v2.11.0 environment [49]. The
data processing consisted of (1) bias and dark subtraction, (2)
optimal extraction of spectral orders and creation of extracted
spectra (S2D), and (3) wavelength calibration of S2D spectra
using the LFC. Subtraction of the interorder background was
turned off, because it led to suboptimal results due to the
strong bleeding of the saturated laser line. We use the reduced
S1D spectra from fibre A in the subsequent analysis, for which
we systematically remove the barycentric Earth radial velocity
(stored under the keyword HIERARCH ESO QC BERV in the
ESPRESSO FITS files) correction applied by default by the
ESPRESSO pipeline via

BERV -
—_— G)
299792.458

The 15.3-hr-deep ESPRESSO spectrum of the pure-
rotational and rotational-vibrational Raman signature of our
atmosphere at an altitude of ~23 km amsl is assembled
using the set1 (92x600 s), resampled, blaze-corrected,
one-dimensional spectra from fibre A, in units of photoelec-
trons. These exposures are stacked together on a common
wavelength grid using a flux weighted-average combination
scheme. This choice is motivated by the fluctuations of the

A,==Amw[(1-+1.55x10—8)<1-+

laser line fluxes between the different exposures (up to a factor
~2, see Sec. [ B).

The spectral regions 5880.8 A <1 < 5899.5 A and
5875.1 A <X < 5875.8 A, are strongly affected by the
blooming of the main laser line. They are replaced with the
(scaled) weighted-average spectrum assembled from the set 4
(11x1 s) exposures that show no saturation. The resulting,
combined spectrum ranges from 3775 A ~ 49517 cm™!
to 7895 A ~ —4307 cm~'. In the assembly process, no
correction of the estimated spectral shift induced by wind
(see Sec. III B) is being applied to the individual exposures.
These spectral shifts have amplitudes <20 m s~ & 40 fm.
This corresponds to <5% of the Raman line widths, which
are dominated by thermal broadening. Wind-induced spectral
shifts thus does not limit our ability to identify individual
molecular transitions in the resulting deep ESPRESSO spec-
trum.

III. RESULTS

A. The Raman signature of the atmosphere at H,,; = 23 km

The 15.3-hr-deep ESPRESSO spectrum revealing the pure-
rotational and rotational-vibrational Raman spectrum of the
atmosphere at Hy,s = 23 km is shown in Fig. 5. The main laser
line at Av = Qs clearly visible, together with the three forests
of:

(1) pure-rotational Raman lines in its immediate vicinity,

(2) vio rotational-vibrational Raman lines associated
with the O, molecule at ~6490 /0\, and

(3) vio rotational-vibrational Raman lines associated
with the N> molecule at ~6830 A.

A careful comparison with the reference sky spectrum re-
veals v, rotational-vibrational Q-branch lines from '°0 '°0
at Aye = 7202 A, and vibrational lines from '2C 190 190 at
~6366.1 A, ~6374.3 A, ~6416.4 A, and ~6425.1 A [50].
The v,. rotational-vibrational forest from *N “N at Av =~
—4631.2cm™! ~ 8100 A (that can be detected with MUSE)
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FIG. 5. Weighted-average of 92x600 s ESPRESSO exposures (set 1) of the four 4LGSF laser beams (black), with the strongly saturated
regions 5880.8 A < A < 5899.5 A and 5875.1 A < A < 5875.8 A replaced by a (scaled) weighted-average combination of 11x 1 s exposures
(set 4). The reference sky spectrum assembled from 3 x 1200 s exposures (set 2), artificially scaled and shifted for visualization purposes, is
shown in grey. The forest of pure rotational Raman lines immediately surrounding the main laser line is clearly visible, together with the
V1o rotational-vibrational Raman forests associated to the O, (at ~6485 A ~—1550 cm™') and N, (at ~6825 A ~-2320 cm~!) molecules.
The jump between the blue and red CCD spectra and the extended oscillatory pattern surrounding the main laser line, clearly visible in this

logarithmic view, are artefacts caused by the saturation of the main laser line.

[13]) is located beyond the spectral range of ESPRESSO.
The complete list of 865 Raman lines (pure-rotational:
511; rotational-vibrational: 354) identified in the spectrum
is presented in Table V in the Appendix C, and accessible
electronically as a VizieR [51] catalog [52]. Several of the
artefacts caused by the strong saturation of the main laser
line are also readily visible in the logarithmic-scale diagram
presented in Fig. 5. These include the artificial continuum
with an oscillatory-like pattern, and the nonzero background
illumination red-wards of 5250 A a2 42075 cm~!.

A handful of emission line-like features remain uniden-
tified at this stage. These include, in particular, 22 features
located within 56 A of the main laser line, a subset of which
at least appear to be distributed symmetrically (in the Raman
shift space) around the main laser line. This could suggest a
molecular origin. A careful inspection of the raw ESPRESSO
exposures also suggests that these lines are real. However,
the complex and diverse nature of the artefacts caused by
the strong saturation of the main laser line forbids us from
stating with certainty that these 22 unidentified features are
not artefacts themselves. Doing so will require a precise match
of these features (listed in Table I) with specific molecular
transitions, which elude us so far.

1. Pure-rotational Raman lines

Figure 6 presents a detailed view of the spectral region
within £56 A (~ F160 cm™!) of the main laser line, which
reveals the densest part of the pure-rotational Raman line
forest. Molecular lines associated to the most abundant
molecules of air, including their isotopes, are clearly detected.
These include: N "N, N °N, '°0'°0, '°0 70, '°0 *0,
and 2C'%Q '°Q, for which we identify 511 pure-rotational
lines altogether, over the spectral range [+250 cm™!; —
265 cm™'] &~ [5806 A; 5985 Al. By comparison, the notch
filters of MUSE (one per adaptive optics observing mode) are
blocking a spectral range of:

(i) ~[5800 A; 5970 A] in WEM-AO-N mode,

(i) ~[5750 A; 6010 A] in WEM-AO-E mode, and

(iii) ~[5780 A; 6050 A] in NFM-AO-N mode [19].

It was identified during the commissioning of ESPRESSO
that the spectral resolution of this instrument is sufficient
to resolve the fine-structure Raman lines from '°0 '°0 [26],
which has a 3% electronic ground state [53]. This implies that
unlike '“N N, treating the '°0 'O molecule as a nonrigid
diatomic rotator is not sufficient to identify all its Raman lines
present in the 15.3-hr-deep ESPRESSO spectrum. Instead,
we rely on an extensive Hamiltonian model constrained by
microwave, THz, infrared, visible, and ultraviolet transitions
of all six oxygen isotopologues to do so [54—56]. The specific
pure-rotational line sets visible for the g 16, 190170, and
160 180y molecules, identified using this model, are listed in
Table II (see Appendix C for details).

TABLE 1. Un-indentified emission line-like features located
within 160 cm™! of the main laser line at Av = 0 in the 15.3-hr-
deep ESPRESSO spectrum of the 4LGSF laser beams. The vacuum
wavelengths accuracy is ~0.01 A.

Avac Av Avac Av

@y (em™) A) (em™)
5852.55 +113.23 5901.77 -29.27
5853.89 +109.31 5902.79 -32.20
5856.61 +101.38 5905.55 ~40.12
5864.78 +77.59 5910.28 -53.67
5869.73 +63.22 5913.61 -63.20
5877.69 +40.14 5918.64 77.57
5880.44 +32.19 5924.22 93.48
5881.47 +29.21 5927.01 -101.43
5886.65 +14.25 5929.78 10931
5896.54 ~14.25 5931.16 -113.23
5899.74 -23.44 5933.94 12113
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FIG. 6. Pure-rotational Raman spectrum of the atmosphere at an altitude H,,s = 23 km, within £56 A~ F160 cm™! of the main laser
wavelength. The spectrum is a weighted-average combination of the set 1 (92x 600 s) ESPRESSO exposures. The spectral regions 5880.8 A <
A <5899.5 A and 5875.1 A < A < 5875.8 A (highlighted with a dashed-grey background) are assembled from a weighted-average combination
of the set 4 (11x1 s) exposures. The theoretical location of pure-rotational transitions from main components of dry air are marked and tagged
accordingly (“N"N: @ — “NPN: @ — %0 1%0: - — 190 70: : — 90 180: 1 — 2C 190 '90: ). Sky lines are tagged with the symbol 2.
Artefacts caused by the strong saturation of the main laser line are tagged with the symbol x. A series of unidentified line-like features, for
which a Raman origin is plausible but could not be established, are tagged with red question marks.

2. Vibrational-rotational Raman lines commissioning of ESPRESSO, only the Q branch of 160 1°0

Figures 7 and 8 present the v, rotational-vibrational ~ and "N "N was detected in a single 900 s exposure [26]. The
forests of the O, and N, molecules, respectively. During the ~ 15-3-hr-deep spectrum reveals, in addition, the Q branch from
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TABLE II. Pure-rotational line sets of the °0 '°0O molecule and
its isotopes identified in the 15.3-hr-deep ESPRESSO spectrum of
the 4LGSF laser beams. The maximum value of N up to which the
lines of a given set could be identified is specified explicitly.

Molecule ANAJ J,N) max(N)
160 160y Sg (N,N) 41
16016y SR (N,N) 19
160160 SR (N+1,N) 23
160160 ep (N+1,N) 21
010 oR (N—-1,N) 21
160170 sg (N,N) 26
160 170 SR (N, N) 9
00 R (N+1,N) 12
160180 sg (N,N) 27
16180y SR (N,N) 11
00 R (N+1,N) 20

1609170, 160 180, and "*N '°N, as well as the O and S branches
from 190 190, 150 130, N 4N, and "N '\
Rotational-vibrational fine-structure lines related to the 3%
electronic ground state of 0 !°Q are detected in all the Q,
O, and S branches of this molecule. We list in Table III

the specific sets of rotational-vibrational molecular transitions
from the '°0 'O molecule and its isotope that can be identi-
fied in the spectrum. For '°Q '°Q, we note that the first lines
(corresponding to N = 1) of the sets AN = Q, AJ = R|P are
not visible in the ESPRESSO spectrum. This is consistent
with these specific transitions having zero intensity [57,58].
We also note that lines from the sets 5§ (N,N — 1) and
%0 (N, N — 1) become increasingly blended with lines from
the sets 5S (N, N) and O (N, N) with increasing N values.
The presence of these sets is thus only inferred from their
N = 1and N = 3 line, respectively [visible in Fig. 7(b)].

B. The 4L.GSF lasing wavelengths

It was suggested that Raman lines can be used to assess the
spectral accuracy of ESPRESSO (see [26]). Doing so from
the combination of 92 individual exposures acquired over
seven consecutive nights requires that the Raman signal be
spectrally stable over this time span. The presence of wind
(i.e., air molecules moving along the observing line-of-sight
with respect to the rest frame of UT4) could lead to a varying
spectral shift of the observed Raman lines between the dif-
ferent ESPRESSO exposures. A laser photon with frequency
v, in the rest frame of UT4 will appear Doppler-shifted to a
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FIG. 7. (a) v, vibrational-rotational forest for the '°Q '°Q, 10 70, and '°0 80 molecules. Two vibrational transitions from '>C 10 10
are also visible at & = 6416.4 A and 6425.1 A. (b) Detailed view of the Q-branch for the '°Q 0 molecule. The scaled-and-shifted feature at
~6487.2 A is a fine-structure component related to the 3% electronic ground state of °0 '°Q, as are the symmetric side lines surrounding the
$S (1, 1) and SS (3, 3) transitions. (c) Detailed view of the Q branch of the '°0Q 80 molecule. (d) Detailed view of the Q-branch of the '°0 70
molecule. (¢) Detailed view of the v, ¢ Q branch of the '°0 '°0 molecule. The theoretical position of individual Raman lines, sky lines, and
artefacts are marked using vertical grey lines. Each is tagged using the symbols introduced in Fig. 6.
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FIG. 8. (a) v, vibrational-rotational forest for the '“N '“N and '“N "N molecules. (b) Detailed view of a subset of Raman and sky lines.
Sky lines can be unambiguously identified via their presence in the reference sky spectrum (shown in grey, scaled and shifted for visualization
purposes). (¢) Detailed view of the Q-branch of the N '*N molecule. (d) Detailed view of the Q-branch of the *N >N molecule. In every
panel, the theoretical position of individual Raman lines, sky lines, and artefacts are marked using vertical grey lines. Each is tagged using the
symbols introduced in Fig. 6.

TABLE III. Same as Table II, but for the rotational-vibrational frequency V' to air molecules moving with a velocity wy,s

line sets of 10 190 and its isotopes. along the line-of-sight, where
Molecule  Vibrational level ~ 2YAJ J,N) max(N) , Wos
V= (1= 6)
160 160 1«0 QQ (N, N) 33 C
16 16 0
168 168 i < (0) o Ex i\’ )1 v 12 with ¢ = 299792458 m s~! the speed of light, and w o5 taken
160160, <0 0R B N)7 16 to be positive for molecules moving away from UT4. The
160160 1 <0 op N —1.N) 16 frequency of this photon after being Raman-scattered is
00 1<0 s (N-LN) 3 Wies
6010 1«0 20 (N+1,N) 3 v//:v/—i—Av:v*(l— >+Av 7
00 1<0 5s (N,N —1) 1 ¢
°0'°0 1 <0 °S (N, N) 29 with Av the Raman shift associated to the specific molecular
160160 1«0 SR (N,N) 15 e . . . .
’ transition (de-)excited through the inelastic scattering process.
0160 1«0 SR (N+1,N) 15 . : . . .
16 165 L <0 00 NN 1) 3 With the exception of the pure-rotational anti-Stokes lines, all
6 16 1 <0 00 N’ N 29 the Raman lines observed in the ESPRESSO spectrum have
“’8 168 ] j: 0 op EN, N; 17 Av < 0 cm~!. The Raman-scattered photon will then itself
150 150 e op (N!— " - aflppear Dli)ppler-shifted to a frequency vops in the UT4 rest
160160 20 20 (N.N) 19 rame, where
16~ 17 Q
00 1<0 0 (N, N) 19 ., € € — Wros c
16 17 s Vobs = V =V + Av . (®
00 1<0 S (N, N) 5 obs T S i
166170 <o 00 (V. N) 6 + Wros + Wros + Wros
00 1«0 ) (N,N) 23 We are here assuming that the laser photons are emitted
080 1«0 58 (N, N) 19 along the optical axis of the UT4 telescope: A reasonable
00 1«0 °0 (N,N) 17 assumption given that the inclination of the laser beams for

our observations is o ~ 89.985° (see Sec. I1 C).
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When measuring the position of the Raman lines in the
ESPRESSO spectrum, this Doppler shift will result in a
pseudoredshift zc of the lines compared to their expected
frequency vief = v, + Av, where

)Lobs - )Lref Vref — Vobs
c = =
)\ref Vobs
2v, + Av
= WLoS
v*(l — %) + Av

2

A
Wies <2 - = ) )
Ve + Av

The largest Raman shifts observed in the ESPRESSO
spectra are associated to the v,. ( rotational-vibrational band
of 1°01°0 (see Sec. NI A), which corresponds to Av &
—3000 cm~!. On the blueshifted side, pure-rotational Raman
lines of the anti-Stokes branch can be identified only up to
Av &~ 4250 cm™'. The Raman component of zc is thus small
for all the lines in the ESPRESSO data, with

—Av

—-0.02 < < 0.2. (10)

Ve + Av ™

The intensity and direction of the wind along the line-
of-sight wy,s can be estimated from the projection of the
horizontal wind vector (derived from the ERAS reanalysis
dataset, see Sec. Il A) at the altitude Hps onto the UT4 point-
ing direction

-

WLos = W, - ¢, (11)
where
wy, cos Y cos ¢
Wh,, = | wo |, ¢ =[cosysing |, (12)
0 sin

with ¢ the UT4 azimuth measured counterclockwise from the
East, ¥ € [0°,90°] the UT4 pointing altitude, and w, (w,)
the ERAS reanalysis eastward (northward) component of the
wind at a geometric altitude H,ps. w, > 0 (w, > 0) indicates
wind moving towards the East (North). With these conven-
tions, the link between ¢ and the telescope azimuth provided
in ESO FITS files is

¢ = —(90 + HIERARCH ESO TEL4 AZ). (13)

The value of wy o5 for every ESPRESSO exposure acquired
during our observing run is presented in Fig. 9. With a vertical
resolution of 2-3 km at the altitudes of interest and a temporal
resolution of 1 hr, the ERAS reanalysis dataset cannot be used
to perform a detailed modeling of the wind shifts present in
every ESPRESSO exposures, let alone correct them with a
level of accuracy of <10 m s~!. It does nonetheless provide
a reasonable estimate of the direction and order of magnitude
of the redshifts zc to be expected. This analysis indicates that
the altitudes observed with ESPRESSO are located systemati-
cally above the jet stream layer, where horizontal wind speeds
always remained below ~15 m s~! during our observing run.
Accounting for the projection onto the telescope line-of-sight,
the majority of our observations are thus unlikely to have been
subjected to on-axis wind speeds larger than 5 m s~'. For
the set 1 exposures specifically, 77 (= 84%) exposures have
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FIG. 9. Top: Geometric altitude H,, associated to a line-of-sight
focus distance D = 21.5 km for all the 175 ESPRESSO exposures
acquired during the observing run. The shaded area shows the pro-
jected interval [D — A,; D + AJ]. The telescope altitude v is shown
in red. Middle: angular offset between the UT4 pointing direction ¢
and the horizontal wind direction ¢y,  at the altitude Hs, derived
from the ERAS re-analysis dataset. Bottom: Wind speed along the
UT4 line-of-sight wy s (black) associated to the total horizontal wind
speed ||y, || at the geometric altitude Hops.

obs

[wies| < 2.5 m s7!, 82 (= 89%) exposures have |wres| <
5ms~!, and 92 (= 100%) exposures have |wyos| < 10ms™'.

To measure the actual redshift zc of Raman lines in the
ESPRESSO spectra, we adopt a line model composed of
three Gaussian components, where the outer two are located
exactly 1.713 GHz on either side of the central one, and
have their peak intensity set to 1/9 of the central component.
In other words, we assume the 4LGSF repumping sidelines
are perfectly tied to the central line, both spectrally and in
intensity. For each set 1 and set 3 individual exposure, we
perform a Markov-Chain Monte-Carlo sampling of the indi-
vidual posterior distribution of the parameters associated to
a given line, using a least-square likelihood and flat priors
with a lower bound of 0 for the line intensities and dispersion.
For consistency with [26], we adopt A, = 5891.59120 A for
the central lasing wavelength of all LGSUs. The results for
the pure-rotational line associated to the '°0 %0 55(19, 19)
transition (with a Raman shift of Av = —117.555334 cm™')
are presented in Fig. 10. For each exposure, a violin symbol
is used to trace the full extent of our posterior distribution
sampling of the line apparent velocity shift, together with
the velocity shift expected from the wind alone [following
Eq. 9)].

The slopes of the set 1 zc measurements appear broadly
consistent with the gradient expected from UT4 slowly turn-
ing towards the West (into the wind) as it tracks the target
field across meridian. There is, however, a clear blueshift of
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FIG. 10. Measured redshift zc of the pure-rotational Raman line associated to the '°0 '°0Q 5S(19, 19) transition, for every set 1 and set 3
exposure, split by observing night. The grey violin symbols trace our full sampling of the posterior distribution of zc for this line in every
exposure, with the median value marked using a black bar. Each measurement can be compared to the redshift that can be expected from the
wind speed at the time and location of the observations following Eq. (9), which is shown using red dots. For each set 3 exposure, the LGSU

that was propagating (and thus observed) is indicated.

—40 45 m s~! in the line position, which is unexplained by
the wind. This offset is constant for every observing night,
albeit somewhat less strong for night 6. Most plausibly, this
difference is a consequence of the reboot of the 4LGSF system
(and lack of subsequent wavelength meter calibration) on the
first half of that specific night.

Light from all four LGSUs is present in set 1 exposures,
albeit in varying mixing ratios depending on the exposure (see
Sec. II B). The set 3 exposures, on the other hand, target a
single LGSU each. They reveal that the blueshift zc observed
in set 1 exposures results in fact from the combination of
different offsets for the different LGSUs: —25 &5 m s~! for
LGSU1/2, and —55 + 5 m s~! for LGSU3/4. In other words,
the different LGSUs of the 4LGSF do not all lase at the same
wavelength, and none of them lase at the nominal wavelength
of A, = 5891.59120 A.

This explains the LGSU-dependant Raman line blueshifts
detected consistently over seven distinct nights. Alternative
causes (meteorological/instrumental/technical/software) can
all be ruled out given:

(1) the extreme spectral stability of ESPRESSO (by de-
sign),

(2) the time difference of no more than 3—4 minutes be-
tween consecutive set3 exposures in a given quadruplet, with
no difference in the instrumental/telescope setup other than a
switch of the propagating LGSUs,

(3) the use of LFC calibration frames acquired within less
than 2.5 hr for all exposures on-sky, and

(4) the very stable atmospheric conditions over the entire
duration of the observing run.

We thus introduce ¢, the difference between the LGSUs’
true lasing frequency v gy, and v, = cA] !,

€x = VGsux — V- (14)

Similarly to the wind in Eq. (9), €x can be linked to the
observed line redshift zc via

T
_ Vs = Vigsux
6=
VLGSUx

— $’ 15)
Vi + € + Av

such that

Ve + Av

€y =

2

zc
—(vy + Av)?. (16)

From our observations, we find that

(i) €1 ey~ +43 £ 10 MHz = —50 F 10 fm, and

(i) €3 ® €4 ~ +94 + 10 MHz = —109 F 10 fm.

The offset of ~50 MHz between LGSU1/2 and LGSU3/4
appears consistent with dedicated measurements acquired
during the commissioning of the 4LGSF [59]. The values
of these spectral shifts are several times larger than the ob-
served (relative) spectral stability of the LGUs (better than
+3 MHz at the 1-o level over hours, see [60]). The formal
ESO requirements for the LGU’s peak-to-peak laser emission
wavelength variation over 14 h is 80 MHz (see [61]). The
values of €}, €, €3, and €4 also remain significantly smaller
than the thermal broadening (of the order of 1 GHz) [47,62]
of the atomic transitions of sodium atoms to be excited at
an altitude of ~90 km to create laser guide-stars. They are
thus of no consequences for adaptive optics purposes. They
do, however, prevent any formal assessment of the spectral
accuracy of ESPRESSO at the required level of 10 m s~!.
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IV. CONCLUSIONS

We have used the high-resolution optical échelle spec-
trograph ESPRESSO to acquire, from the astronomical
observatory of Cerro Paranal, a 15.3-hr-deep spectrum of the
four 4LGSF 589 nm sodium laser beams with a resolution
of A/AX 2 140000 ~ 0.04 A ~0.12 cm~!. This spectrum
reveals the pure-rotational and rotational-vibrational Raman
signature of the atmosphere at an altitude of 23 km above
sea level. It extends from 3775 A to 7895 A, equivalent to a
Raman shift range of +9517 cm~! to —4307 cm~. It con-
tains pure-rotational and rotational-vibrational Raman lines
from the most abundant molecules in the atmosphere at this
altitude, including their isotopes: '“N N, “N °N, '°0 !0,
160170, 160 180, and 12 190 160.

The depth (i.e., the signal-to-noise) and spectral accuracy
of these observations is such that professional observatories
can treat the catalog of identified Raman lines as exhaus-
tive (over the specific Raman shift range, for the observed
molecules) for the purpose of correcting Raman contamina-
tion of astronomical data. It must be noted than in addition
to the 865 Raman transitions identified in the spectrum, a
handful of emission line-like features (including 22 lines
within +56 A ~ F160 cm™! of the main laser line) remain
unidentified at this stage. Some of them at least exhibit a
Raman-like distribution. However, the complex nature of the
artefacts resulting from the strong saturation of the main laser
line prevents us from ruling out an artificial origin without
the formal identification of the molecular transitions. All these
unidentified lines are at least 4.5 orders of magnitude fainter
than the main laser lines, and should thus be of no concern to
all but the most demanding astronomical observations.

The detection of spectral shifts between the different
LGSUs of the 4LGSF prevent us from formally assessing the
spectral accuracy of ESPRESSO as proposed by [26]. The
main limitation lies in the unconstrained mix of light from
the different LGSUs in the set 1 exposures, that cannot be
disentangled prior to their combination. For the purpose of
measuring the radial velocity accuracy of ultrahigh resolu-
tion spectrographs like ESPRESSO at a level of 10 m s~ !,
independent knowledge of the lasing frequency with an ac-
curacy <10 MHz =10 fm is paramount. The assessment of
the accuracy of ESPRESSO by means of the Raman lines
will thus remain out of reach until the lasing frequency of
the different LGSUs can be measured down to that level.
Our data indicate that the main lasing frequency of LGSU1/2
(LGSU3/4) is blueshifted by +43 + 10 MHz = —50 F 10 fm
(+94 £ 10 MHz = —109 F 10 fm) from A, = 5891.59120 A.

The fact that our observations reveal the presence of spec-
tral shifts in the 4LGSF lasing frequencies at the level of a
few tens of MHz nonetheless demonstrates how Raman lines
can be exploited by professional observatories as wavelength
references. Their observations is not straightforward. Short of
the insertion of a notch filter in the optical path, the important
contrast between the main laser line and the Raman lines will
inevitably lead to the strong saturation of the former, for opti-
cal astronomical instruments with a broad spectral coverage.
The resulting artefacts (see Sec. I E) can pose real challenges
for the subsequent analysis of the data. To reach the highest
level of accuracy, the influence of the wind must also be taken

carefully into account in the design of the observations. By
observing at high elevations, outside from any jet stream,
and at azimuths perpendicular to the dominant atmospheric
currents, the spectral redshifts caused by wind can be kept
within £5 m s~! (see Sec. III B).

Provided that their lasing wavelength can be characterized
with sufficient accuracy, the ever-increasing presence of laser
guide-star systems at professional astronomical observatories
worldwide could also prove interesting for atmospheric re-
search. A high-resolution spectrograph like ESPRESSO can
for example lead to a factor ~10 improvement in the measured
Raman transitions of *N '*N and '“N >N (see Appendix C).
The large collecting areas of ground-based astronomical tele-
scopes could also enable the study and monitoring of very
faint Raman signals, for example that of oxygen isotopes up
to the highest layers of the atmosphere [63].
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freely available online from the ESO Science Archive Facility.
No detector was harmed during the astronomical observations
presented in this article.

APPENDIX A: IMPORTANT ACQUISITION
STEPS FOR Program Id. 4104.L-0074

The ESPRESSO observations of the 4LGSF up-link laser
beams presented in this article were highly nonstandard. For
reproducibility purposes, we list here important steps in the
acquisition and observing sequence.

Calibrations:

(1) Perform manual wavemeter calibrations for all LGSUs
every day of the run, in the afternoon.

(2) Execute a complete set of LFC and ThAr wavelength
calibrations as close as possible before (after) the start (the
end) of the observations. We systematically executed a set
of FP_FP, THAR_FP, FP_THAR, THAR_THAR, LFC_FP, and
FP_LFC calibrations.

Acquisition steps:

(1) Start the telescope and ESPRESSO preset normally.
Proceed until ESPRESSO asks to select the target.

(2) Use the LPC to manually place all the lasers in
the wide-field mode asterism, and apply the computed
corrections. Then, move the lasers to the narrow-field mode
asterism.

(3) The laser guide-stars (at ~90 km of altitude) are now
visible out-of-focus as four donuts of ~10 arcsec in diameter
in the ESPRESSO TCCD. Change the TCCD density filter to
the minimum value.

(4) Stop the telescope Active Optics cycle after a few
corrections have been applied.

(5) Offset the focus of the telescope by moving the sec-
ondary mirror by a few mm to bring the up-link beams in
focus. The focus nominal value was —20 mm: we used an
offset of 410 mm to reach a final focus position of —10 mm.
The telescope guide-star gets lost in the process, and telescope
guiding stops.

(6) Send absolute Alt-Az presets to the 4LGSF to move
the laser beams into position. Monitor the changes using
the ESPRESSO TCCD. For reference, here is a reasonable
guess for the offsets required to cross the beams over the
ESPRESSO fiber A:

(i) LGSUI1: Alt: 435 arcsec; Az: —13 arcsec

(ii) LGSU2: Alt: —40 arcsec; Az: —13 arcsec
(ii1) LGSU3: Alt: —40 arcsec; Az: +02 arcsec
(iv) LGSU4: Alt: 433 arcsec; Az: 405 arcsec

Loosing the beams while moving them is extremely likely,
when applying large positional shifts or focus changes. Apply-
ing a series of small successive focus changes and positional
offsets is thus preferable, at least for the first acquisition.

(7) With the four up-link laser beams crossed over the
ESPRESSO fiber, continue with the ESPRESSO acquisition.
Disable the field stabilization when asked.

(8) Execute the laser observations. Monitor the motions of
the laser beams with respect to the fiber using the ESPRESSO
TCCD. Use the ESPRESSO exposure meter to monitor the
flux received in the fiber A.

(9) Pause the observing every 20 minutes. Sequentially
toggle the propagation of individual laser guide-stars on/off.

For each, adjust the pointing as necessary by sending manual
offsets to the LGSU.

(10) Every hour, pause the observing, revert the telescope
focus to the sky (= infinity), and apply a few cycles of active
optics corrections. This helps account for the gravity vector
changing over time for the telescope.

APPENDIX B: OBSERVING LOG

We list in Table IV the complete list of raw ESPRESSO
exposures acquired under Program Id. 4104.L-0074. All these
files are freely accessible from the ESO Science Archive Fa-
cility. The status of the different LGSUs (either propagating,
or not) is specified explicitly for each exposure. This table is
accessible electronically as a VizieR [51] catalogue [52] at
the Centre de Données astronomiques de Strasbourg (CDS)
via anonymous ftp [84] or over https [85].

APPENDIX C: RAMAN LINES IDENTIFIED IN
THE 15.3-HR-DEEP ESPRESSO SPECTRUM
OF THE 4LGSF LASER BEAMS

Table V provides an exhaustive list of all the pure-
rotational and rotational-vibrational Raman lines that could be
identified in the ESPRESSO spectrum described in Sec. IIT A.
This table is accessible electronically as a VizieR [51] cat-
alogue [52] at the Centre de Données astronomiques de
Strasbourg (CDS) via anonymous ftp [84] or over https [85].
The lines were not identified individually, but rather by sets
(see Tables II and III for the sets of O;). We limited the
lines included in a given set to quantum numbers for which
the line has a signal-to-noise greater than 1. The only excep-
tions are the '°0Q '°Q rotational-vibrational lines in the sets
5S (N,N — 1) and °O (N, N — 1). They cannot be identified
beyond N =1 and N =3 (respectively) because of their
blending with lines in the sets 5S (N, N) and °O (N, N).

Strictly speaking, not every line listed in Table V is vis-
ible in the ESPRESSO spectrum presented in Fig. 5. Some
lines are blended with stronger ones. Others are affected by
saturation-induced artefacts. Several are also located in the
immediate vicinity of the main laser line at Av = 0: a spectral
region (reconstructed from the set4 exposures) that has a
smaller signal-to-noise. These lines are included in Table V
nonetheless, on the basis that (1) they belong to clearly iden-
tified theoretical sets found to match the data without evident
deviation, and (2) they are surrounded by other lines in the
same set that are visible in the spectrum.

The lines are listed in descending order of their Raman shift
Av, with the convention that Av = vg,s — v, With vgps and
v, the Raman-scattered and original laser photon frequencies.
The corresponding vacuum wavelengths A,,. are computed
with respect to A, = 5891.59120 A via

¢ —1
Avac =€ )\_* — Avy, s

with Avy, the Raman shift Av expressed in Hz. These
wavelengths are quoted to 3 decimals only, in view of the un-
certainty regarding the exact lasing frequencies of the 4LGSF
LGUs (see Sec. III B). Readers requiring accuracy down to
the fm level are urged to re-compute the values of A, via

(ChH
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TABLE IV. Observing log for ESO Program Id. 4104.L-0074. For each exposure, the status of each LGSU is specified explicitly: either
propagating (@), or not propagating (D). The set value identifies different groups of exposures discussed in the article.

UT4 altitude Focus Exp. time LGSUx status
# ESO archive filename [°] [mm)] [s] 1 2 3 4 set Comments
Night 1
1 ESPRE.2019-10-22T05:02:07.619.fits 72.966 —10.0 300.0 O © ©O O
2 ESPRE.2019-10-22T05:11:23.619.fits 73.528 —10.0 600.0 O © ©O O 1
3 ESPRE.2019-10-22T05:24:43.346.fits 73.955 —10.0 600.0 o O o O
4 ESPRE.2019-10-22T05:36:16.411.fits 73.937 —10.0 300.0 O O O O 3
5 ESPRE.2019-10-22T05:42:36.409.fits 73.774 —10.0 300.0 O ©O© O O 3
6 ESPRE.2019-10-22T05:48:51.138.fits 73.508 —10.0 300.0 o © O O 3 Moonrise: 5:57 UT
7 ESPRE.2019-10-22T06:02:57.681.fits 72.560 —10.0 300.0 o © O o© 3
Night 2
8 ESPRE.2019-10-23T04:24:28.591.fits 65.494 —10.0 1200.0 o O O O 2
9 ESPRE.2019-10-23T04:45:30.716.fits 68.850 —10.0 1200.0 o O O O 2
10 ESPRE.2019-10-23T05:06:32.885.fits 71.757 —10.0 1200.0 o O o O 2
11 ESPRE.2019-10-23T06:06:16.015.fits 75.101 —10.0 600.0 OO © ©O O© 1
12 ESPRE.2019-10-23T06:17:18.138.fits 74.630 —10.0 600.0 OO © ©O O© 1
13 ESPRE.2019-10-23T06:32:33.139.fits 73.449 —10.0 600.0 OO © ©O O© 1
14 ESPRE.2019-10-23T06:44:32.041 fits 72.167 —10.0 120.0 O © O O 3 Moonrise: 6:47 UT
15 ESPRE.2019-10-23T06:48:37.309.fits 71.671 —10.0 120.0 O ©O© O O 3
16  ESPRE.2019-10-23T06:52:04.012.fits 71.231 —10.0 120.0 o O O O 3
17 ESPRE.2019-10-23T06:56:18.295.fits 70.668 —10.0 120.0 o © O o© 3
Night 3
18  ESPRE.2019-10-24T05:14:31.743 fits 67.476 —10.0 600.0 OO © ©O O© 1
19  ESPRE.2019-10-24T05:25:33.887 fits 69.133 —10.0 600.0 OO ©O ©O O© 1
20  ESPRE.2019-10-24T05:38:20.655.fits 70.878 —10.0 600.0 OO © ©O O© 1
21 ESPRE.2019-10-24T05:49:22.802.fits 72.191 —10.0 600.0 ©O © ©O O© 1
22 ESPRE.2019-10-24T06:01:48.714 fits 73.403 —10.0 600.0 O © ©O O© 1
23 ESPRE.2019-10-24T06:12:50.864.fits 74.195 —10.0 600.0 OO © ©O O© 1
24 ESPRE.2019-10-24T06:37:02.440.fits 74.795 —10.0 600.0 OO © ©O O© 1
25 ESPRE.2019-10-24T06:48:04.537 fits 74.506 —10.0 600.0 OO © ©O O© 1
26  ESPRE.2019-10-24T07:00:50.823.fits 73.757 —10.0 600.0 OO © ©O O© 1
27  ESPRE.2019-10-24T07:11:52.961.fits 72.798 —10.0 600.0 OO © ©O O© 1
28  ESPRE.2019-10-24T07:26:03.851. fits 71.209 —10.0 600.0 OO © ©O O© 1 Moonrise: 7:33 UT
29  ESPRE.2019-10-24T07:37:05.983.fits 69.759 —10.0 600.0 O © ©O O 1
30 ESPRE.2019-10-24T07:49:07.930.fits 68.010 —10.0 120.0 O O O O 3
31  ESPRE.2019-10-24T07:53:19.033.fits 67.362 —10.0 120.0 O ©O© O O 3
32 ESPRE.2019-10-24T07:56:51.052.fits 66.807 —10.0 120.0 o © O O 3
33 ESPRE.2019-10-24T08:00:48.507 fits 66.173 —10.0 120.0 o © O o 3
34 ESPRE.2019-10-24T08:04:51.102.fits 65.516 —10.0 1.0 o © O O
35  ESPRE.2019-10-24T08:08:12.461.fits 64.962 —10.0 1.0 o © O O
36  ESPRE.2019-10-24T08:09:24.455 fits 64.765 —10.0 1.0 o © O O
37  ESPRE.2019-10-24T08:10:33.994. fits 64.567 —10.0 1.0 o © O O
38 ESPRE.2019-10-24T08:11:46.084.fits 64.368 —10.0 1.0 o O O O
39  ESPRE.2019-10-24T08:12:55.865.fits 64.168 —10.0 1.0 o O O O
40  ESPRE.2019-10-24T08:14:07.954. fits 63.968 —10.0 1.0 o © O O
41  ESPRE.2019-10-24T08:15:20.023.fits 63.763 —10.0 1.0 o © O O
42 ESPRE.2019-10-24T08:16:32.121 fits 63.558 —10.0 1.0 o © O O
43 ESPRE.2019-10-24T08:17:41.7009.fits 63.356 —10.0 1.0 o © O O
44  ESPRE.2019-10-24T08:18:51.411 fits 63.158 —10.0 1.0 o © O O
45  ESPRE.2019-10-24T08:20:01.107 fits 62.957 —10.0 1.0 o © O O
46  ESPRE.2019-10-24T08:21:13.137 fits 62.752 —10.0 1.0 o © O O
47  ESPRE.2019-10-24T08:22:25.139.fits 62.540 —10.0 1.0 o © O O
48  ESPRE.2019-10-24T08:23:37.139.fits 62.337 —10.0 1.0 o © O O
49  ESPRE.2019-10-24T08:24:46.714 fits 62.127 —10.0 1.0 o © O O
50  ESPRE.2019-10-24T08:26:16.712.fits 61.864 —10.0 10.0 o © O O
51  ESPRE.2019-10-24T08:27:28.857 fits 61.659 —10.0 10.0 o © O O
52 ESPRE.2019-10-24T08:28:40.964.fits 61.444 —10.0 10.0 o © O O
53  ESPRE.2019-10-24T08:29:53.056.fits 61.232 —10.0 10.0 o O O O
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TABLE IV. (Continued.)

UT4 altitude  Focus Exp. time LGSUx status
# ESO archive filename [°] [mm)] [s] 1 2 3 4 set Comments
54 ESPRE.2019-10-24T08:31:05.138.fits 61.019 —10.0 10.0 o © O O
55 ESPRE.2019-10-24T08:32:17.139.fits 60.806 —10.0 10.0 o © O O
56 ESPRE.2019-10-24T08:33:29.282.fits 60.592 —10.0 10.0 o © O O
57 ESPRE.2019-10-24T08:34:41.365 .fits 60.377 —10.0 10.0 o O O O
58 ESPRE.2019-10-24T08:35:53.503.fits 60.163 —10.0 10.0 O O O O
59 ESPRE.2019-10-24T08:37:05.512.fits 59.947 —10.0 10.0 O © O O
60 ESPRE.2019-10-24T08:38:15.130.fits 59.734 —10.0 10.0 O O O O
61 ESPRE.2019-10-24T08:39:27.139.fits 59.521 —10.0 10.0 O © O O
62 ESPRE.2019-10-24T08:40:37.009.fits 59.307 —10.0 10.0 O © O O
63 ESPRE.2019-10-24T08:41:49.118.fits 59.093 —10.0 10.0 O © O O
64 ESPRE.2019-10-24T08:43:01.139.fits 58.875 —10.0 10.0 o © O O
65 ESPRE.2019-10-24T08:45:15.692.fits 58.462 —10.5 1.0 o O O O
66 ESPRE.2019-10-24T08:47:09.604.fits 58.119 —11.0 1.0 o O O O 4
67 ESPRE.2019-10-24T08:49:52.846.fits 57.618 —11.0 1.0 O © O O 4
68 ESPRE.2019-10-24T08:51:04.896.fits 57.404 —11.0 1.0 O © O O 4
69 ESPRE.2019-10-24T08:52:16.966.fits 57.180 —11.0 1.0 O © O O 4
70 ESPRE.2019-10-24T08:53:29.082.fits 56.959 —11.0 1.0 O © O O 4
71 ESPRE.2019-10-24T08:54:41.137.fits 56.737 —11.0 1.0 O © O O 4
72 ESPRE.2019-10-24T08:55:53.139.fits 56.516 —11.0 1.0 o O ©O© O 4
73 ESPRE.2019-10-24T08:57:02.822.fits 56.297 —11.0 1.0 o O ©O© O 4
74 ESPRE.2019-10-24T08:58:12.303.fits 56.084 —11.0 1.0 O O O O 4
75 ESPRE.2019-10-24T08:59:24.399.fits 55.864 —11.0 1.0 O © O O 4
76 ESPRE.2019-10-24T09:00:34.138.fits 55.644 —11.0 1.0 O © O O 4
Night 4
77 ESPRE.2019-10-25T04:48:32.384. fits 63.893 —10.0 600.0 OO © O O© 1
78 ESPRE.2019-10-25T04:59:34.525 fits 65.732 —10.0 600.0 OO © O © 1
79 ESPRE.2019-10-25T05:11:49.138.fits 67.677 —10.0 600.0 OO © O © 1
80 ESPRE.2019-10-25T05:22:48.137 fits 69.308 —10.0 600.0 OO © O O© 1
81 ESPRE.2019-10-25T05:36:07.848.fits 71.100 —10.0 600.0 OO © O O© 1
82 ESPRE.2019-10-25T05:47:09.992.fits 72.381 —10.0 600.0 OO © O O© 1
83 ESPRE.2019-10-25T06:00:54.137.fits 73.659 —10.0 600.0 OO © O O© 1
84 ESPRE.2019-10-25T06:11:56.328.fits 74.369 —10.0 600.0 OO © O O© 1
85 ESPRE.2019-10-25T06:28:33.344. fits 74.817 —10.0 600.0 OO © O O© 1
86 ESPRE.2019-10-25T06:39:32.640.fits 74.675 —10.0 600.0 OO © O O© 1
87 ESPRE.2019-10-25T06:52:46.985 .fits 74.054 —10.0 600.0 OO © O O© 1
88 ESPRE.2019-10-25T07:03:45.985..fits 73.202 —10.0 600.0 OO © O O© 1
89 ESPRE.2019-10-25T07:16:07.335..fits 71.935 —10.0 600.0 OO © O O© 1
90 ESPRE.2019-10-25T07:27:09.471. fits 70.581 —10.0 600.0 OO © O O© 1
91 ESPRE.2019-10-25T07:40:13.396.fits 68.759 —10.0 600.0 OO © O O© 1
92 ESPRE.2019-10-25T07:51:12.858.fits 67.088 —10.0 600.0 ©O © O O© 1
93 ESPRE.2019-10-25T08:03:29.443.fits 65.102 —10.0 600.0 OO © O O© 1
94 ESPRE.2019-10-25T08:14:31.493.fits 63.242 —10.0 600.0 O ©O © O© 1 Moonrise: 8:16 UT
95 ESPRE.2019-10-25T08:28:28.866.fits 60.791 —10.0 600.0 OO © O O© 1
96 ESPRE.2019-10-25T08:40:06.915..fits 58.695 —10.0 120.0 O O O O 3
97 ESPRE.2019-10-25T08:43:47.655 .fits 58.023 —10.0 120.0 O © O O 3
98 ESPRE.2019-10-25T08:47:32.139.fits 57.338 —10.0 120.0 O © O O 3
99 ESPRE.2019-10-25T08:51:22.067..fits 56.631 —10.0 120.0 o O O o© 3
100  ESPRE.2019-10-25T08:55:26.030.fits 55.877 —10.0 120.0 o © O O LGSU3 detuned
101  ESPRE.2019-10-25T08:58:52.034 fits 55.241 —10.0 600.0 o © O O LGSU3 detuned
Night 5
102 ESPRE.2019-10-26T04:33:22.954 fits 61.951 —10.0 600.0 OO © O O© 1
103  ESPRE.2019-10-26T04:44:25.138.fits 63.858 —10.0 600.0 OO © O O© 1
104  ESPRE.2019-10-26T04:57:16.668.fits 65.998 —10.0 600.0 OO © O O© 1
105  ESPRE.2019-10-26T05:08:18.811.fits 67.741 —10.0 600.0 OO © O O© 1
106  ESPRE.2019-10-26T05:21:22.139.fits 69.660 —10.0 600.0 OO © O O© 1
107  ESPRE.2019-10-26T05:32:24.139.fits 71.119 —10.0 600.0 OO © O O© 1
108  ESPRE.2019-10-26T05:44:50.070.fits 72.549 —10.0 600.0 O ©O © O© 1
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TABLE IV. (Continued.)

UT4 altitude  Focus Exp. time LGSUx status

# ESO archive filename [°] [mm)] [s] 1 2 3 4 set Comments
109  ESPRE.2019-10-26T05:55:52.138.fits 73.569 —10.0 600.0 OO © O O© 1
110  ESPRE.2019-10-26T06:09:09.138.fits 74.428 —10.0 600.0 OO © O O© 1
111  ESPRE.2019-10-26T06:20:11.139.fits 74.781 —10.0 600.0 OO © O O© 1
112 ESPRE.2019-10-26T06:39:27.139.fits 74.556 —10.0 600.0 O © ©O O© 1
113 ESPRE.2019-10-26T06:50:27.138.fits 73.963 —10.0 600.0 OO © O O© 1
114  ESPRE.2019-10-26T07:03:22.913.fits 72.893 —10.0 600.0 OO © O O© 1
115  ESPRE.2019-10-26T07:14:25.049.fits 71.705 —10.0 600.0 OO © O O© 1
116  ESPRE.2019-10-26T07:27:52.493 fits 69.984 —10.0 600.0 OO © O O© 1
117 ESPRE.2019-10-26T07:38:52.355 fits 68.409 —10.0 600.0 OO © O O© 1
118  ESPRE.2019-10-26T07:51:37.755 fits 66.433 —10.0 600.0 OO © O O© 1
119  ESPRE.2019-10-26T08:02:39.949 fits 64.624 —10.0 600.0 ©O © O © 1
120  ESPRE.2019-10-26T08:15:17.751. fits 62.467 —10.0 600.0 OO © O O© 1
121  ESPRE.2019-10-26T08:26:17.452.fits 60.524 —10.0 600.0 OO © O O© 1
122 ESPRE.2019-10-26T08:37:26.974. fits 58.513 —10.0 120.0 O O O O 3
123 ESPRE.2019-10-26T08:41:01.279.fits 57.858 —10.0 120.0 O © O O 3
124  ESPRE.2019-10-26T08:45:05.039.fits 57.114 —10.0 120.0 O © O O 3
125  ESPRE.2019-10-26T08:48:25.073.fits 56.501 —10.0 120.0 o O O o© 3
126 ESPRE.2019-10-26T08:53:02.901 fits 55.639 —10.0 120.0 OO © O O© All LGSUs detuned

Night 6
127  ESPRE.2019-10-27T05:05:49.138.fits 67.961 —10.0 600.0 © © ©O © 1 4LGSF rebooted in H1
128  ESPRE.2019-10-27T05:16:51.355..fits 69.576 —10.0 600.0 OO © O O© 1
129  ESPRE.2019-10-27T05:29:29.138.fits 71.246 —10.0 600.0 OO © O O© 1
130  ESPRE.2019-10-27T05:40:31.325 fits 72.503 —10.0 600.0 OO © O O© 1
131  ESPRE.2019-10-27T05:52:59.972 fits 73.649 —10.0 600.0 OO © O O© 1
132 ESPRE.2019-10-27T06:04:02.131.fits 74.357 —10.0 600.0 OO © O O© 1
133 ESPRE.2019-10-27T06:16:55.535 fits 74.773 —10.0 600.0 OO © O © 1
134 ESPRE.2019-10-27T06:27:57.644 fits 74.749 —10.0 600.0 OO © O © 1
135 ESPRE.2019-10-27T06:45:34.489.fits 73.998 —10.0 600.0 OO © O O© 1
136  ESPRE.2019-10-27T06:56:36.591.fits 73.124 —10.0 600.0 OO © O O© 1
137  ESPRE.2019-10-27T07:09:51.374 fits 71.735 —10.0 600.0 OO © O O© 1
138  ESPRE.2019-10-27T07:20:53.496.fits 70.354 —10.0 600.0 OO © O O© 1
139  ESPRE.2019-10-27T07:33:21.905 fits 68.596 —10.0 600.0 OO © O O© 1
140  ESPRE.2019-10-27T07:44:24.087 fits 66.910 —10.0 600.0 OO © O O© 1
141  ESPRE.2019-10-27T07:57:14.055 .fits 64.818 —10.0 600.0 OO © O O© 1
142 ESPRE.2019-10-27T08:08:16.139.fits 62.945 —10.0 600.0 O © ©O © 1
143  ESPRE.2019-10-27T08:21:12.985 fits 60.667 —10.0 600.0 OO © O O© 1
144 ESPRE.2019-10-27T08:32:15.132.fits 58.684 —10.0 600.0 OO © O O© 1
145 ESPRE.2019-10-27T08:43:35.858.fits 56.599 —10.0 120.0 OO © O O©
146  ESPRE.2019-10-27T08:46:55.913.fits 55.982 —10.0 120.0 O © O O 3
147  ESPRE.2019-10-27T08:50:10.984 fits 55.375 —10.0 120.0 O ©O© O O 3
148  ESPRE.2019-10-27T08:53:39.892.fits 54.725 —10.0 120.0 O © O O 3
149  ESPRE.2019-10-27T08:56:49.920.fits 54.133 —10.0 120.0 o O O o© 3
150  ESPRE.2019-10-27T09:00:59.138.fits 53.354 —10.0 600.0 © © ©O © LGSU2,4 detuned

Night 7
151  ESPRE.2019-10-28T04:47:33.849.fits 65.698 —10.0 600.0 OO © O O© 1
152 ESPRE.2019-10-28T04:58:35.980.fits 67.460 —10.0 600.0 OO © O O© 1
153  ESPRE.2019-10-28T05:10:46.522 fits 69.281 —10.0 600.0 OO © O O© 1
154  ESPRE.2019-10-28T05:21:48.555 fits 70.787 —10.0 600.0 OO © O O© 1
155 ESPRE.2019-10-28T05:34:02.434 fits 72.248 —10.0 600.0 OO © O O© 1
156  ESPRE.2019-10-28T05:45:04.569.fits 73.338 —10.0 600.0 O © ©O O© 1
157  ESPRE.2019-10-28T05:57:31.116.fits 74.246 —10.0 600.0 OO © O O© 1
158  ESPRE.2019-10-28T06:08:33.140.fits 74.714 —10.0 600.0 OO © O O© 1
159  ESPRE.2019-10-28T06:26:51.884.fits 74.722 —10.0 600.0 OO © O O© 1
160  ESPRE.2019-10-28T06:37:54.077 fits 74.264 —10.0 600.0 OO © O O© 1
161  ESPRE.2019-10-28T06:49:52.499 fits 73.407 —10.0 600.0 OO © O O© 1
162  ESPRE.2019-10-28T07:00:54.574 fits 72.338 —10.0 600.0 OO © O O© 1
163  ESPRE.2019-10-28T07:13:21.105.fits 70.859 —10.0 600.0 O ©O © O© 1
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TABLE IV. (Continued.)

UT4 altitude  Focus  Exp. time LGSUx status

# ESO archive filename [°] [mm)] [s] 1 2 3 4 set Comments

164  ESPRE.2019-10-28T07:24:23.291 fits 69.361 —10.0 600.0 © O ©O O© 1

165 ESPRE.2019-10-28T07:36:31.285 fits 67.560 —10.0 600.0 © O ©O O© 1

166  ESPRE.2019-10-28T07:47:33.420.fits 65.801 —10.0 600.0 © O ©O © 1

167  ESPRE.2019-10-28T08:01:02.635.fits 63.538 —10.0 600.0 OO O ©O O 1

168  ESPRE.2019-10-28T08:12:02.071.fits 61.623 —10.0 600.0 © O ©O O© 1

169  ESPRE.2019-10-28T08:23:52.059.fits 59.511 —10.0 600.0 © O ©O O© 1

170  ESPRE.2019-10-28T08:35:12.138.fits 57.446 —10.0 120.0 O O O O 3

171  ESPRE.2019-10-28T08:38:28.038.fits 56.837 —10.0 120.0 O O O O 3

172 ESPRE.2019-10-28T08:41:54.748 fits 56.202 —10.0 120.0 o O© O O 3

173 ESPRE.2019-10-28T08:45:12.406.fits 55.588 —10.0 120.0 o O O o 3

174  ESPRE.2019-10-28T08:50:21.586.fits 54.626 —10.0 300.0 O © O © LGSUI1,2,4 detuned
175  ESPRE.2019-10-28T08:57:37.422. fits 53.261 —10.0 300.0 O ©O O © All LGSUs detuned

Eq. (C1) using the best possible estimate of A, available to
them at the time.

It must be stressed that the list of Raman shifts provided
in Table V is not the result of a fitting procedure using the
ESPRESSO data described in this article. These are all ob-
tained from the literature, and merely compared against the
ESPRESSO spectrum to identify the different emission lines
in it. The shifts therefore have varying degrees of accuracy,
with those associated to the O, molecule being the most
accurate (and thus the most suitable for acting as wavelength
references). The readers are referred to the original sources
for specific details:

(1) 160 160’ 160 170’ 160 180

The Raman shifts for these molecules were obtained from
a complex Hamiltonian model [53-56] that was used to si-
multaneously fit the microwave, THz, infrared, visible and
ultraviolet transitions of all six oxygen isotopologues. The
model accounts for the 3% electronic ground state of these
molecules, which leads to a fine-structure splitting of the lines.
The specific fine-structure level of each O, line in Table V
is specified as N AJ (Jiower> Miower) alongside the vibrational
levels. With an accuracy <0.0001 cm~!, these Raman shifts
are the most accurate in Table V.

(11) 14N 14N, 14N lSN

We treat these molecules as diatomic nonrigid rotators, and
account for the vibrational stretching of the molecular bond
driven by rotation to derive the Raman shifts for the different
branches and values of the rotational quantum number J = N.
The corresponding equations are laid out in details in the
Appendix of [26], to which we refer the reader for further
details. Unlike [26], however, we rely here on the molecular
parameters from [86]. The specific transition of each N, line
in Table V is identified in the form AJ (Jiower)- Their accuracy

is ~0.001 cm~!. One should note that in the case of anti-Stoke
lines, Jiower % Jfinal, Since the laser photons gain energy from
excited molecules in those transitions. With our adopted nota-
tion, the first Stokes and anti-Stokes lines of a given molecule
are thus both labeled as S(0) (for more details, see Sec. 8.2 in
[87D).

(111) 12C 160 160:

For the pure-rotational lines, we treat these molecules us-
ing the same approach as N,, with the molecular constants
from [88]. The rotational-vibrational shifts, on the other hand,
are taken from [50]. With an accuracy ~0.1 cm™!, these
Raman shifts are the least accurate in Table V.

The intensity of the Raman lines in a dedicated/
contaminated observation acquired using an astronomical
spectrograph will be highly dependent on

(1) the technical specifications of the instrument, tele-
scope, and laser system,

(2) the parameters of the laser collision, and (to a much
lesser extent), and

(3) the meteorological conditions.

In Table V, we thus provide a measure of the order of mag-
nitude difference between the intensity of the main laser line /7,
(visible through Rayleigh and Mie scattering at Av = 0) and
the intensity of each Raman line 7, in lieu of direct fluxes. This
measure, computed as log(l,/I), is directly estimated from
the ESPRESSO spectrum presented in Fig. 5. It indicates, in
relative terms, which Raman lines are the strongest, and thus
most easily detectable. It must be stressed that this measure
is indicative only, in that it does not rely on any complex
line fitting scheme. No special treatment is applied to blended
lines, the relative intensity of which will be overestimated.
Overall, we identify Raman lines with intensities spanning 5
orders of magnitude.
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TABLE V. Exhaustive list of all the Raman lines identified in the 15.3-hr-deep ESPRESSO spectrum of the 4LGSF laser beams. The line
wavelengths are quoted in vacuum. They are computed with respect to A, = 5891.59120 A. The value log(I,/I) provides a crude measure of
the order of magnitude difference between a given line and the main laser line visible through Rayleigh and Mie scattering at Av = 0. The
larger this value, the fainter the Raman line.

Av (cm™") Avae (A) log(’T*) Molecule Transition
+249.248396 5806.327 6.4 N 4N Voo S (30)
+241.431361 5808.964 6.4 10190 Voo 5S (41,41)
+241.422811 5808.967 6.4 UNUN Voo S (29)
+233.588798 5811.611 6.2 NN Voo S (28)
+230.330204 5812.712 6.5 10190 Voo 5§ (39, 39)
+225.746637 5814.261 6.2 UNUN Voo S (27)
+219.191412 5816.478 6.4 50150 Voo 58 (37,37)
+217.896601 5816.916 5.9 N 4N Voo S (26)
+210.038970 5819.576 5.8 UNUN Voo S (25)
+208.016844 5820.261 6.3 50150 Voo 55 (35, 35)
+202.174020 5822.241 5.4 “NMN Voo S (24)
+196.808357 5824.060 6.1 50150 Voo 55 (33, 33)
+195.493814 5824.506 6.2 NN Voo S (24)
+194.302025 5824.911 5.4 “N N Voo S (23)
+187.880102 5827.090 6.0 LN BN Voo S (23)
+186.423262 5827.585 4.8 NN Voo S (22)
+185.567812 5827.876 5.7 150150 Voo 5§ (31,31)
+180.260064 5829.679 5.8 UN BN Voo S (22)
+178.538009 5830.264 4.8 NN Voo S (21)
+174.297064 5831.706 5.3 150160 Voo 55 (29, 29)
+172.633958 5832.272 5.5 UN BN Voo S @21
+170.646538 5832.948 43 N 4N Voo S (20)
+165.002043 5834.869 5.2 “NBN Voo S (20)
+162.997971 5835.551 4.8 150160 Voo 55(27,27)
+162.749129 5835.636 43 N 4N Voo S (19)
+157.364579 5837.470 54 “N BN Voo S (19)
+154.846058 5838.329 3.9 NN Voo S (18)
+153.995182 5838.619 5.6 50180 Voo 55 (27,27)
+152.727264 5839.051 5.6 50170 Voo 55 (26, 26)
+151.672395 5839.411 4.6 160160 Voo 55 (25,25)
+149.721822 5840.076 5.6 UN PN Voo S (18)
+148.645020 5840.443 5.8 50130 Voo 55 (26, 26)
+147.225734 5840.927 5.7 150170 Voo 55 (25,25)
+146.937599 5841.026 4.0 NN Voo S (17)
+143.289160 5842.271 5.9 50130 Voo 55 (25,25)
+142.497831 5842.541 6.0 150160 Voo SR (24,23)
+142.074029 5842.685 5.6 NN Voo S (17)
+141.718404 5842.807 6.0 50170 Voo 55 (24,24)
+140.322190 5843.284 42 150160 Voo 55(23,23)
+139.024033 5843.727 3.5 N 4N Voo S (16)
+137.927811 5844.101 6.0 150180 Voo 55 (24,24)
+136.205493 5844.689 6.1 150170 Voo 55(23,23)
+134.421460 5845.299 5.6 UN PN Voo S (16)
+132.561178 5845.935 6.0 50130 Voo 55(23,23)
+131.106673 5846.432 3.6 50150 Voo SR (22,21)
+131.105628 5846.432 3.6 N 4N Voo S (15)
+130.687223 5846.575 5.9 5070 Voo 55(22,22)
+128.949217 5847.169 3.9 160160 Voo 55(21,21)
+127.189468 5847.771 6.0 10180 Voo 55(22,22)
+126.764374 5847.916 5.4 UN BN Voo S (15)
+125.163811 5848.464 6.1 150170 Voo 5§ (21,21)
+123.182670 5849.142 3.2 NN Voo S (14)
+121.812890 5849.610 6.0 50130 Voo 55(21,21)
+119.694406 5850.335 5.9 150160 Voo SR (20, 19)
+119.635475 5850.355 6.0 9070 Voo 55 (20, 20)
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TABLE V. (Continued.)

Av (cm™) Avae (A) log( ’7*) Molecule Transition
+119.103028 5850.538 5.3 NN Voo S (14)
+118.571823 5850.719 6.2 160180 Voo SR (21, 20)
+117.555334 5851.067 3.5 50150 Voo 55(19,19)
+116.431651 5851.452 5.9 150180 Voo 55 (20, 20)
+115.731700 5851.692 5.8 0 1%0 Voo SR (19, 19)
+115.255426 5851.855 3.3 UN N Voo S (13)
+114.102435 5852.250 6.1 150170 Voo 55 (19, 19)
+113.177475 5852.567 6.2 0130 Voo SR (20, 19)
+111.437677 5853.163 5.2 UN BN Voo S (13)
+111.045957 5853.297 5.9 15080 Voo 55 (19, 19)
+108.564908 5854.147 6.0 160170 Voo 55 (18, 18)
+108.262817 5854.250 5.7 50150 Voo SR (18, 17)
+107.778821 5854.416 5.6 150180 Voo SR (19, 18)
+107.324181 5854.572 2.9 “N N Voo S (12)
+106.142399 5854.977 3.2 50150 Voo 55 (17, 17)
+105.656016 5855.144 5.6 150180 Voo 55 (18, 18)
+104.300412 5855.609 5.7 1010 Voo SR (17,17)
+103.768587 5855.791 5.1 YN BN Voo S (12)
+103.023115 5856.047 6.1 150170 Voo 5§ (17,17)
+102.376058 5856.269 6.2 0130 Voo SR (18, 17)
+100.262034 5856.994 5.6 50130 Voo 55 (17,17)
+99.389204 5857.293 3.0 NN Voo S(11)
+97.477275 5857.949 6.0 150170 Voo 5§ (16, 16)
+96.969381 5858.124 6.1 50130 Voo SR (17, 16)
+96.813658 5858.177 5.5 150160 Voo SR (16, 15)
+96.096008 5858.423 5.0 “N BN Voo S (11)
+94.864219 5858.846 42 50130 Voo 55 (16, 16)
+94.712272 5858.898 3.0 150160 Voo 5§ (15, 15)
+92.851524 5859.537 5.4 150190 Voo SR (15, 15)
+91.927605 5859.854 5.4 50170 Voo 55 (15, 15)
+91.558983 5859.981 3.3 150180 Voo SR (16, 15)
+91.450775 5860.018 2.6 “N N Voo S (10)
+89.462780 5860.701 5.5 50130 Voo 55 (15, 15)
+88.420205 5861.059 4.8 NN Voo S (10
+86.374323 5861.762 5.9 070 Voo 5S (14, 14)
+86.145050 5861.841 6.1 50130 Voo SR (15, 14)
+85.348623 5862.114 5.2 160160 Voo SR (14, 13)
+84.057921 5862.558 5.2 150180 Voo 5§ (14, 14)
+83.509167 5862.746 2.8 LN BN Voo S9)
+83.266808 5862.830 2.8 150160 Voo 5§ (13, 13)
+81.386728 5863.476 5.1 150190 Voo SR (13, 13)
+80.817651 5863.672 5.0 50170 Voo 55 (13, 13)
+80.741431 5863.698 4.7 NN Voo S (9)
+80.727763 5863.703 4.8 50130 Voo SR (14, 13)
+78.649850 5864.417 53 150180 Voo 55 (13, 13)
+77.327801 5864.872 6.0 150170 Voo SR (13, 12)
+77.148253 5864.934 5.9 2¢c150 150 Voo S (48)
+75.564660 5865.478 2.4 UNUN Voo S (8)
+75.307300 5865.567 45 150180 Voo SR (13, 12)
+75.257806 5865.584 4.8 50170 Voo 55(12,12)
+74.040661 5866.003 5.7 216G 160 Voo S (46)
+73.869302 5866.062 4.9 160160 Voo SR (12, 11)
+73.238776 5866.279 5.2 50130 Voo 55(12,12)
+73.059947 5866.340 4.7 UN BN Voo S(8)
+71.807871 5866.771 2.6 160160 Voo 5§ (11, 11)
+71.755059 5866.789 2.8 50170 Voo SR (12, 11)
+70.931896 5867.073 5.6 2¢ 160G 160 Voo S (44)
+69.907616 5867.425 49 160160 Voo SR(11,11)
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TABLE V. (Continued.)

Av (cm™") Avac (/f\) 10g('7*) Molecule Transition

+69.883823 5867.433 4.9 150180 Voo SR (12, 11)
+69.695006 5867.498 5.6 0170 Voo 5§ (11, 11)
+67.824904 5868.142 45 50180 Voo 5§(11,11)
+67.821998 5868.143 4.4 2¢16g 160 Voo S (42)
+67.617529 5868.214 2.7 UN N Voo S(7)
+66.179288 5868.709 5.8 150170 Voo SR (11, 10)
+65.921856 5868.798 5.9 150180 Voo SR (11, 11)
+65.376009 5868.986 4.6 NN Voo S (7
+64.711027 5869.215 5.7 2016 160 Voo S (40)
+64.457482 5869.302 5.9 150180 Voo SR (11, 10)
+64.129472 5869.415 5.6 0170 Voo 55 (10, 10)
+62.408442 5870.008 4.6 o180 Voo 55 (10, 10)
+62.377078 5870.019 4.6 50160 Voo SR (10,9)
+61.599029 5870.287 5.5 12160 160y Voo S (38)
+60.600622 5870.631 4.7 50170 Voo SR (10,9)
+60.495603 5870.667 3.8 150180 Voo SR (10, 10)
+60.337315 5870.722 2.5 15190 Voo 55(9,9)
+59.668053 5870.952 2.3 UNUN Voo S (6)
+59.028406 5871.173 5.2 50180 Voo SR (10,9)
+58.561420 5871.334 5.1 0170 Voo 55(9,9)
+58.486050 5871.360 47 2016 160 Voo S (36)
+58.415569 5871.384 4.6 50150 Voo SR (9,9)
+57.689878 5871.634 4.6 UN PN Voo S (6)
+56.989599 5871.876 5.0 o180 Voo 55(9,9)
+56.638959 5871.997 5.8 50170 Voo SR (9,9)
+55.372141 5872.434 5.4 120160 160 Voo S (34)
+55.066607 5872.539 5.8 o180 Voo SR (9,9)
+55.019157 5872.555 5.8 50170 Voo SR (9, 8)
+53.596688 5873.046 5.7 150180 Voo SR (9,8)
+52.991071 5873.255 5.5 50170 Voo 55(8,8)
+52.257356 5873.508 5.1 2¢16g 16g Voo S (32)
+51.716502 5873.694 2.6 UN N Voo S (5)
+51.568579 5873.746 3.7 o180 Voo 55 (8, 8)
+51.057569 5873.922 5.3 50170 Voo SR (8, 8)
+50.872888 5873.986 4.4 15190 Voo SR (8,7)
+50.001811 5874.286 45 UN BN Voo S (5)
+49.634960 5874.413 5.4 0180 Voo SR (8, 8)
+49.434936 5874.482 5.3 10170 Voo SR (8,7)
+49.141739 5874.583 45 2¢ 16 160 Voo S (30)
+48.857001 5874.681 2.4 160160 Voo 55(7,7)
+48.162367 5874.921 5.3 150130 Voo SR (8,7)
+47.418644 5875.178 nan 160170 Voo 55(7,7)
+46.911526 5875.353 4.9 50160 Voo SR(7,7)
+46.145591 5875.617 nan 150180 Voo 55(7,7)
+46.025343 5875.659 nan 2¢ 16 160 Voo S (28)
+45.473414 5875.849 5.5 50170 Voo SR(7,7)
+44.200706 5876.289 4.8 50180 Voo SR(7,7)
+43.847900 5876.410 2.6 150170 Voo SR (7,6)
+43.763155 5876.440 2.5 NN Voo S @)
+42.908216 5876.735 47 2160 160 Voo S (26)
+42.725397 5876.798 5.2 150180 Voo SR (7,6)
+42.312062 5876.941 43 UN BN Voo S @)
+41.844357 5877.102 5.1 50170 Voo 55 (6, 6)
+40.720842 5877.490 4.7 o0 Voo 55 (6, 6)
+39.886439 5877.779 4.9 50170 Voo SR (6, 6)
+39.790408 5877.812 46 2160 160 Voo S (24)
+39.356529 5877.962 3.9 15010 Voo SR (6,5)
+38.763794 5878.167 5.2 150180 Voo SR (6, 6)
+38.257827 5878.341 5.0 150170 Voo SR (6,5)
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TABLE V. (Continued.)

Av (cm™) Avac (/f\) 10g('7*) Molecule Transition
+37.368787 5878.649 2.5 60150 Voo 55(5,5)
+37.285569 5878.677 2.6 150180 Voo SR (6,5)
+36.671969 5878.889 42 216G 160 Voo S (22)
+36.268428 5879.029 4.5 50170 Voo 55(5,5)
+35.808290 5879.188 2.6 UN N Voo S (3)
+35.395281 5879.331 4.0 150150 Voo SR (5,5)
+35.294538 5879.366 4.4 5080 Voo 55(5,5)
+34.620898 5879.598 45 NN Voo S (3)
+34.296417 5879.711 5.6 50170 Voo SR (5,5)
+33.552948 5879.968 4.8 2cieg oo Voo S (20)
+33.324017 5880.047 5.6 150180 Voo SR (5,5)
+32.664165 5880.275 5.7 50170 Voo SR (5,4)
+31.842377 5880.559 5.6 50180 Voo SR (5,4)
+30.691076 5880.957 nan 160170 Voo 55 (4,4)
+30.433391 5881.046 nan 216G 160 Voo S (18)
+29.866888 5881.242 54 150180 Voo 55 (4,4)
+28.702800 5881.645 nan 160170 Voo SR (4,4)
+27.880868 5881.929 3.2 o180 Voo SR (4,4)
+27.852182 5881.939 3.2 NN Voo S(Q)
+27.824102 5881.949 3.3 1510 Voo SR (4,3)
+27.313355 5882.126 5.7 2016 160 Voo S (16)
+27.065676 5882.211 nan 165170 Voo SR 4,3)
+26.928571 5882.259 nan N BN Voo S2)
+26.394667 5882.444 nan 160180 Voo SR (4,3)
+25.874533 5882.624 3.4 50150 Voo 55(3,3)
+25.112522 5882.887 5.3 10170 Voo 55 (3,3)
+24.438099 5883.121 nan 160180 Voo 55(3,3)
+24.192885 5883.206 5.4 20160 160 Voo S (14)
+23.862939 5883.320 4.9 150190 Voo SR (3,3)
+23.104349 5883.582 nan 160170 Voo SR (3,3)
+22.433194 5883.815 nan 160180 Voo SR (3,3)
+21.459431 5884.152 nan 160170 Voo SR (3,2)
+21.072031 5884.286 nan 2016 160 Voo S (12)
+20.939713 5884.332 5.1 0180 Voo SR (3,2)
+19.895107 5884.694 3.7 UN N Voo S (1)
+19.532983 5884.819 5.3 150170 Voo 55(2,2)
+19.235339 5884.922 54 UN BN Voo S (1)
+19.008378 5885.001 5.5 190180 Voo 5§(2,2)
+17.950841 5885.367 nan 2¢ 16 160 Voo S (10
+17.498134 5885.524 5.1 160170 Voo SR (2,2)
+16.978269 5885.704 5.5 150130 Voo SR (2,2)
+16.252887 5885.955 4.2 o150 Voo SR(2,1)
+15.837330 5886.099 nan 160170 Voo SR(2,1)
+15.469975 5886.226 5.1 150180 Voo SR(2,1)
+14.829368 5886.448 nan 2¢ 16 160 Voo S (8)
+14.376096 5886.605 3.8 150160 Voo 5S(1,1)
+13.952677 5886.752 5.0 150170 Voo 5SS (1,1)
+13.577931 5886.882 nan 160180 Voo 5S(1,1)
+12.291779 5887.328 43 150160 Voo SR(1,1)
+11.937341 5887.451 3.6 UN BN Voo S (0)
+11.876054 5887.472 3.7 150170 Voo SR(1,1)
+11.707658 5887.530 5.1 2¢ g log Voo S (6)
+11.541462 5887.588 5.0 UN BN Voo S (0)
+11.508553 5887.599 5.0 150180 Voo SR(1,1)
+10.167662 5888.064 4.9 50170 Voo SR (1,0)
+9.955987 5888.137 5.0 160180 Voo SR (1,0)
+8.585765 5888.613 nan 20160 160 Voo S @)
+5.463734 5889.695 4.8 20160 160 Voo S ()
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TABLE V. (Continued.)

Av (cm™") Avac (/f\) 10g('7*) Molecule Transition

+3.961085 5890.217 5.5 150160 Voo 2R (0, 1)
+2.341614 5890.779 4.6 2ci5p o Voo §(0)
+2.157456 5890.842 4.2 150150 Voo 2p (22,21)
+2.139072 5890.849 3.9 160160 Voo 2p (20, 19)
+2.120418 5890.855 3.9 oRe) Voo op (18, 17)
+2.101386 5890.862 3.8 150150 Voo 2p (16, 15)
+2.084317 5890.868 3.7 150160 Voo 2R (2,3)
+2.081815 5890.869 3.7 15010 Voo Op (14, 13)
+2.061431 5890.876 3.7 150150 Voo 2p (12, 11)
+2.039763 5890.883 3.7 150160 Voo 2P (10,9)
+2.015887 5890.892 3.7 1616y Voo op (8,7)
+2.0115%4 5890.893 3.7 6150 Voo OR (4,5)
+1.987742 5890.901 3.8 50160 Voo 2p (6,5)
+1.973506 5890.906 3.8 16 16¢ Voo QR (6,7)
+1.949569 5890.915 3.8 g 150 Voo op (4,3)
+1.945475 5890.916 3.8 50160 Voo 2R (8,9)
+1.921746 5890.924 3.8 15190 Voo 2R (10, 11)
+1.900255 5890.932 3.9 g 150 Voo 2R (12, 13)
+1.880080 5890.939 3.9 50150 Voo OR (14, 15)
+1.876791 5890.940 3.9 1510 Voo o2p (2, 1)
+1.860748 5890.945 3.9 6150 Voo 2R (16, 17)
+1.841987 5890.952 3.9 150160 Voo QR (18, 19)
+1.823634 5890.958 42 15190 Voo 2R (20, 21)
—1.823634 5892.224 3.9 16150 Voo 2R (20,21)
—1.841987 5892.231 3.9 160160 Voo QR (18, 19)
—1.860748 5892.237 3.8 15010 Voo OR (16, 17)
—1.876791 5892.243 3.8 o150 Voo 2p (2,1)
—1.880080 5892.244 3.8 60150 Voo OR (14, 15)
—1.900255 5892.251 3.8 150190 Voo OR (12, 13)
—1.921746 5892.258 3.8 6150 Voo 2R (10, 11)
—1.945475 5892.267 3.7 0150 Voo 2R (8,9)
—1.949569 5892.268 3.7 150190 Voo op (4,3)
—1.973506 5892.276 3.7 o150 Voo 2R (6,7)
—1.987742 5892.281 3.7 160160 Voo 2p (6,5)
—2.011594 5892.290 3.6 15190 Voo OR (4,5)
—2.015887 5892.291 3.6 150150 Voo op (8,7)
—2.039763 5892.299 3.6 50160 Voo 2p (10, 9)
—2.061431 5892.307 3.7 15190 Voo op (12, 11)
—2.081815 5892.314 3.8 6o 150 Voo 2p (14, 13)
—2.084317 5892.315 3.8 160160 Voo OR (2,3)
—2.101386 5892.321 3.8 150190 Voo 2p (16, 15)
—2.120418 5892.327 3.8 o150 Voo 2p (18, 17)
—2.139072 5892.334 3.9 150160 Voo 2p (20, 19)
—2.157456 5892.340 3.9 15150 Voo op (22,21)
—2.341616 5892.404 4.2 2¢clieg oo Voo 5 (0)
—3.961085 5892.966 5.0 150160 Voo 2R (0, 1)
—5.463734 5893.488 5.1 20160 160 Voo S2)
—8.585765 5894.573 5.5 2¢ 16 160 Voo S @)
—9.955987 5895.049 49 160180 Voo SR (1,0)
—10.167662 5895.123 nan 190170 Voo SR (1,0)
—11.508553 5895.589 nan 160180 Voo SR(1,1)
—11.541462 5895.600 5.3 UN BN Voo S (0)
—11.707660 5895.658 4.9 2c 16 160 Voo S (6)
—11.876054 5895.716 3.7 160170 Voo SR(1,1)
—11.937340 5895.738 3.5 HN N Voo S (0)
—12.291779 5895.861 43 150150 Voo SR(1,1)
—13.577931 5896.308 nan 160 180 Voo 5S(1,1)
—13.952677 5896.438 5.4 150170 Voo 55(1,1)
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TABLE V. (Continued.)

Av (cm™) Avac (/f\) 10g('7*) Molecule Transition
—14.376096 5896.585 3.8 169160 Voo 55(1,1)
—14.829367 5896.743 nan 2¢ g leg Voo S (8)
—15.469975 5896.966 5.3 160180 Voo SR(2,1)
—15.837330 5897.094 5.1 160170 Voo SR(2,1)
—16.252887 5897.238 42 16 16¢y Voo SR(2, 1)
—16.978269 5897.490 5.0 160180 Voo SR (2,2)
—17.498134 5897.671 nan 160170 Voo SR (2,2)
—17.950842 5897.829 nan 20160 160 Voo S (10)
—19.008378 5898.197 nan 160180 Voo 55(2,2)
—19.235338 5898.276 5.4 UN BN Voo S
—19.532983 5898.379 nan 160170 Voo 55(2,2)
—19.895107 5898.505 3.6 UNUN Voo S (1)
—20.939713 5898.869 nan 160180 Voo SR (3,2)
—21.072030 5898.915 5.2 12160 160y Voo S (12)
—21.459431 5899.049 5.2 160170 Voo SR (3,2)
—22.433194 5899.388 5.2 160180 Voo SR (3,3)
—23.104349 5899.622 5.4 160170 Voo SR (3,3)
—23.862939 5899.886 3.7 16160 Voo SR (3,3)
—24.192886 5900.001 4.6 2¢16g 160 Voo S (14)
—24.438099 5900.086 4.9 190 180 Voo 55 (3,3)
—25.112522 5900.321 5.2 160170 Voo 55(3,3)
—25.874533 5900.586 2.5 169160 Voo 55(3,3)
—26.394667 5900.767 5.0 150180 Voo SR (4,3)
—26.928571 5900.953 45 UN BN Voo S2)
—27.065676 5901.001 5.0 150170 Voo SR 4,3)
—27.313356 5901.087 45 120160 160 Voo S (16)
—27.824102 5901.265 24 16160 Voo SR (4,3)
—27.852181 5901.275 2.3 NN Voo S(Q)
—27.880868 5901.285 24 150180 Voo SR (4, 4)
—28.702800 5901.571 5.2 160170 Voo SR (4,4)
—29.866888 5901.977 4.9 160180 Voo 55 (4, 4)
—30.433392 5902.174 4.6 Hellonle} Voo S (18)
—30.691076 5902.264 5.2 160170 Voo 55 (4,4)
—31.842377 5902.665 5.4 160180 Voo SR (5,4)
—32.664165 5902.951 5.5 10170 Voo SR (5,4)
—33.324017 5903.181 5.4 160180 Voo SR (5,5)
—33.552946 5903.261 4.7 2¢1eg log Voo S (20)
—34.296417 5903.520 5.5 10170 Voo SR (5,5)
—34.620899 5903.633 4.4 UN BN Voo S (3)
—35.294538 5903.868 43 160180 Voo 55(5,5)
—35.395281 5903.903 3.9 150190 Voo SR (5,5)
—35.808290 5904.047 2.6 UNUN Voo S (3)
—36.268428 5904.207 4.9 150170 Voo 55(5,5)
—36.671970 5904.348 46 12160 160 Voo S (22)
—37.285569 5904.562 2.7 160180 Voo SR (6,5)
—37.368787 5904.591 2.3 160160 Voo 55(5,5)
—38.257827 5904.901 5.3 150170 Voo SR (6,5)
—38.763794 5905.077 5.4 160180 Voo SR (6, 6)
—39.356529 5905.284 4.1 160160 Voo SR (6,5)
—39.790408 5905.435 438 2160 160 Voo S (24)
—39.886439 5905.469 5.2 160170 Voo SR (6, 6)
—40.720842 5905.760 4.8 150180 Voo 55 (6, 6)
—41.844357 5906.152 52 50170 Voo 55 (6, 6)
—42.312063 5906.315 4.4 YN BN Voo S@®
—42.725397 5906.459 5.3 080 Voo SR (7,6)
—42.908217 5906.523 438 2160 160 Voo S (26)
—43.763154 5906.821 2.2 NN Voo S @)
—43.847900 5906.851 2.6 150170 Voo SR (7,6)
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TABLE V. (Continued.)

Av (cm™") Avac (/f\) 10g('7*) Molecule Transition

—44.200706 5906.974 4.8 160180 Voo SR(7,7)
—45.473414 5907.418 54 160170 Voo SR(7,7)
—46.025345 5907.610 49 216G 160 Voo S (28)
—46.145591 5907.652 4.8 160180 Voo 55(7,7)
—46.911526 5907.920 4.2 16 16¢y Voo SR(7,7)
—47.418644 5908.097 5.3 160170 Voo 55(7,7)
—48.162367 5908.356 5.2 160180 Voo SR (8,7)
—48.857001 5908.599 2.3 160160 Voo 5S(7,7)
—49.141740 5908.698 44 2016 160 Voo S (30)
—49.434936 5908.801 5.1 160170 Voo SR (8,7)
—49.634960 5908.870 5.2 160180 Voo SR (8, 8)
—50.001810 5908.999 4.4 UN BN Voo S (5)
—50.872888 5909.303 42 165160 Voo SR (8,7)
—51.057569 5909.367 5.2 160170 Voo SR (8, 8)
—51.568579 5909.546 3.6 160180 Voo 55 (8, 8)
—51.716502 5909.597 2.5 NN Voo S (5)
—52.257355 5909.786 49 2c 160 160y Voo S (32)
—52.991071 5910.042 5.3 160170 Voo 55 (8, 8)
—53.596688 5910.254 5.6 160180 Voo SR (9, 8)
—55.019157 5910.751 5.6 0170 Voo SR (9,8)
—55.066607 5910.767 5.6 160180 Voo SR (9,9)
—55.372143 5910.874 5.2 2¢16g 160 Voo S (34)
—56.638959 5911.317 5.6 0170 Voo SR (9,9)
—56.989599 5911.439 49 160180 Voo 55(9,9)
—57.689878 5911.684 4.4 UN BN Voo S (6)
—58.415569 5911.938 44 15010 Voo SR9.9)
—58.486049 5911.962 45 2016 160 Voo S (36)
—58.561420 5911.989 5.0 150170 Voo 55(9,9)
—59.028406 5912.152 5.1 150180 Voo SR (10,9)
—59.668051 5912.376 2.3 YN BN Voo S (6)
—60.337315 5912.610 2.4 16160 Voo 55(9,9)
—60.495603 5912.665 3.5 150180 Voo SR (10, 10)
—60.600622 5912.702 43 50170 Voo SR (10,9)
—61.599028 5913.051 5.2 2¢16g 16 Voo S (38)
—62.377078 5913.323 4.4 15190 Voo SR (10,9)
—62.408442 5913.334 4.4 50180 Voo 55 (10, 10)
—64.129472 5913.936 5.4 150170 Voo 55 (10, 10)
—64.457482 5914.050 5.7 150180 Voo SR (11, 10)
—64.711027 5914.139 5.4 2¢ 16 160 Voo S (40)
—65.376009 5914.372 4.4 UN BN Voo S(7)
—65.921856 5914.562 5.7 150130 Voo SR(11,11)
—66.179288 5914.653 5.6 50170 Voo SR (11, 10)
—67.617529 5915.156 2.5 NN Voo S(7)
—67.821999 5915.227 4.1 12160 160 Voo S (42)
—67.824904 5915.228 42 150180 Voo 5S(11,11)
—69.695006 5915.883 54 150170 Voo 5§ (11,11)
—69.883823 5915.949 4.7 50180 Voo SR (12, 11)
—69.907616 5915.957 4.7 160160 Voo SR(11,11)
—70.931895 5916.316 5.4 2¢ g leg Voo S (44)
—71.755059 5916.604 2.5 50170 Voo SR (12, 11)
—71.807871 5916.622 2.4 165160 Voo 5§ (11, 11)
—73.059946 5917.061 4.4 UN BN Voo S (8)
—73.238776 5917.123 5.0 50180 Voo 55 (12, 12)
—73.869302 5917.344 4.7 150160 Voo SR (12, 11)
—74.040661 5917.404 5.5 2¢leg log Voo S (46)
—75.257806 5917.830 4.6 0170 Voo 55 (12, 12)
—75.307300 5917.847 4.4 150180 Voo SR (13, 12)
—75.564661 5917.938 2.3 NN Voo S (8)
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TABLE V. (Continued.)

Av (cm™) Avae (A) log( ’7*) Molecule Transition

—77.148252 5918.492 5.6 2¢ 160G 160 Voo S (48)
—77.327801 5918.555 5.7 %070 Voo SR (13, 12)
—78.649850 5919.018 5.1 50130 Voo 55(13,13)
—80.254618 5919.581 5.8 2¢ 160G 160 Voo S (50)
—80.727763 5919.746 4.5 10180 Voo SR (14, 13)
—80.741430 5919.751 45 UN BN Voo S (9)
—80.817651 5919.778 4.8 150170 Voo 5§ (13, 13)
—81.386728 5919.977 4.9 0 1%0 Voo SR (13, 13)
—83.266808 5920.636 2.5 50150 Voo 55(13,13)
—83.509168 5920.721 2.6 NN Voo S (9)
—84.057921 5920.914 5.0 0130 Voo 55 (14, 14)
—85.348623 5921.366 4.9 50150 Voo SR (14, 13)
—86.145050 5921.645 5.9 150180 Voo SR (15, 14)
—86.374323 5921.726 5.6 150170 Voo 5S (14, 14)
—88.420203 5922.443 4.6 UN BN Voo S (10
—89.462780 5922.809 5.2 150180 Voo 5§ (15, 15)
—91.450775 5923.506 24 “N N Voo S (10)
—91.558983 5923.544 3.1 50130 Voo SR (16, 15)
—91.927605 5923.674 5.1 150170 Voo 5§ (15, 15)
—92.851524 5923.998 5.2 10190 Voo SR (15, 15)
—94.712272 5924.651 2.7 50150 Voo 55 (15, 15)
—94.864219 5924.704 3.9 150180 Voo 55 (16, 16)
—96.096009 5925.137 4.7 “N BN Voo S (11)
—96.813658 5925.389 5.2 50150 Voo SR (16, 15)
—96.969381 5925.443 5.9 150180 Voo SR (17, 16)
—97.477275 5925.622 5.8 070 Voo 5§ (16, 16)
—99.389204 5926.293 2.8 UNUN Voo S 1)
—100.262034 5926.600 5.4 150180 Voo 5S§(17,17)
—102.376058 5927.342 6.1 0130 Voo SR (18, 17)
—103.023115 5927.570 5.9 50170 Voo 55 (17, 17)
—103.768587 5927.832 4.8 NN Voo S (12)
—104.300412 5928.019 5.5 10190 Voo SR (17,17)
—105.656016 5928.495 5.4 50130 Voo 55 (18, 18)
—106.142399 5928.666 3.0 150160 Voo 5§ (17,17)
—107.324180 5929.081 2.6 “N N Voo S (12)
—107.778821 5929.241 5.2 50130 Voo SR (19, 18)
—108.262817 5929.411 5.4 150160 Voo SR (18, 17)
—108.564908 5929.518 5.8 0170 Voo 55 (18, 18)
—111.045957 5930.390 5.6 50130 Voo 55(19,19)
—111.437678 5930.528 4.9 NN Voo S (13)
—113.177475 5931.140 6.1 50130 Voo SR (20, 19)
—114.102435 5931.465 5.9 50170 Voo 55(19,19)
—115.255427 5931.871 3.0 NN Voo S (13)
—115.731700 5932.038 5.5 150160 Voo SR (19, 19)
—116.431651 5932.285 5.7 150180 Voo 55 (20, 20)
—117.555334 5932.680 3.2 150160 Voo 55 (19, 19)
—118.571823 5933.038 6.0 50130 Voo SR (21, 20)
—119.103026 5933.225 5.0 UN N Voo S (14)
—119.635475 5933.412 5.8 150170 Voo 55 (20, 20)
—119.694406 5933.433 5.7 50150 Voo SR (20, 19)
—121.812890 5934.179 5.8 150180 Voo 55 (21,21)
—123.182669 5934.662 2.8 NN Voo S (14)
—125.163811 5935.359 6.0 50170 Voo 55(21,21)
—126.764374 5935.923 5.1 UN N Voo S (15)
—127.189468 5936.073 5.8 15080 Voo 55(22,22)
—128.949217 5936.693 3.5 50150 Voo 55(21,21)
—130.687223 5937.306 5.8 150170 Voo 55(22,22)
—131.105630 5937.453 3.3 NN Voo S (15)
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TABLE V. (Continued.)

Av (cm™) Avac (A) log( ’7*) Molecule Transition
—131.106673 5937.454 3.3 50150 Voo SR (22,21)
—132.561178 5937.966 5.9 160180 Voo 55 (23,23)
—134.421459 5938.622 5.3 UN BN Voo S (16)
—136.205493 5939.252 6.0 50170 Voo 5§ (23,23)
—137.927811 5939.859 5.9 160180 Voo 55 (24, 24)
—139.024031 5940.246 3.1 UN BN Voo S (16)
—140.322190 5940.704 3.8 160160 Voo 5§ (23,23)
—141.718404 5941.197 6.0 150170 Voo 55 (24,24)
—142.074029 5941.323 54 UN BN Voo S A7)
—142.497831 5941.472 5.9 50150 Voo SR (24,23)
—143.289160 5941.752 5.9 150180 Voo 58 (25,25)
—146.937601 5943.040 3.6 UN BN Voo S (7
—147.225734 5943.142 5.5 50170 Voo 5§ (25,25)
—148.645020 5943.643 5.8 150180 Voo 55 (26, 26)
—149.721820 5944.023 54 UN BN Voo S (18)
—151.672395 5944.713 42 150 1% Voo 5§ (25,25)
—152.727264 5945.085 5.7 150170 Voo 55 (26, 26)
—153.995182 5945.534 5.6 50180 Voo 5§ (27,27)
—154.846059 5945.834 3.5 NN Voo S (18)
—157.364578 5946.725 5.3 “N PN Voo S (19)
—162.749130 5948.630 3.9 LN BN Voo S (19)
—162.997971 5948.718 45 5010 Voo 5§ (27,27)
—165.002043 5949.427 5.1 “NPN Voo S (20)
—170.646539 5951.426 3.9 UN BN Voo S (20)
—172.633957 5952.130 5.5 “N BN Voo S (21)
—174.297064 5952.719 4.9 160160 Voo 55 (29,29)
—178.538006 5954.222 4.4 UN BN Voo S 21
—180.260062 5954.833 5.8 “N BN Voo S (22)
—185.567812 5956.715 5.4 16 10 Voo 5§ (31,31)
—186.423262 5957.019 43 UN BN Voo S (22)
—187.880102 5957.536 6.0 NN Voo 5 (23)
—194.302024 5959.816 4.9 UN N Voo S (23)
—195.493814 5960.239 6.2 UN BN Voo S (24)
—196.808357 5960.706 5.8 160150 Voo 55 (33, 33)
—202.174021 5962.613 4.8 NN Voo S (24)
—203.100944 5962.943 6.3 UN BN Voo S (25)
—208.016844 5964.691 6.1 160150 Voo 55 (35, 35)
—210.038971 5965.411 5.4 NN Voo S (25)
—210.701231 5965.647 6.3 UN BN Voo S (26)
—217.896600 5968.209 5.3 NN Voo S (26)
—219.191412 5968.670 6.3 16 150 Voo 58 (37,37)
—225.746635 5971.006 5.9 LN BN Voo S (27
—230.330204 5972.641 6.4 50150 Voo 55 (39, 39)
—233.588797 5973.803 5.9 UN N Voo S (28)
—241.422809 5976.600 6.2 NN Voo S (29)
—241.431361 5976.603 6.2 5010 Voo 55 (41,41)
—249.248396 5979.397 6.3 UN N Voo S (30)
—257.065283 5982.193 6.4 LN BN Voo S @31
—264.873190 5984.988 6.5 NN Voo S (32)
—1265.100000 6366.084 7.1 2ciegi5g

—1285.400000 6374.322 6.1 2cisg 5o

—1381.441949 6413.586 7.0 160160 Vieo 20 (29, 29)
—1388.200000 6416.367 5.6 2ci6g 150

—1394.443469 6418.939 6.7 160160 Vieo °0 (27,27)
—1407.343126 6424.258 6.4 160160 Vieo 20 (25,25)
—1409.500000 6425.148 7.1 2ci6g 150

—1420.139060 6429.543 6.1 10150 Vieo 20 (23,23)
—1420.143517 6429.545 6.1 160180 Vieo °0 (17, 17)
—1425.983689 6431.960 7.2 150180 Vico 20 (16, 16)
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TABLE V. (Continued.)

Av (cm™") Avac (A) log( ’7*) Molecule Transition
—1431.798051 6434.367 7.1 0180 Vio 20 (15, 15)
—1432.829414 6434.794 5.7 160160y Vio °0 (21,21)
—1437.586395 6436.764 7.1 50180 V1o 00 (14, 14)
—1443.348514 6439.152 7.1 0180 Vieo °0 (13, 13)
—1445.412328 6440.008 5.5 160160 Vio 20 (19, 19)
—1449.084203 6441.531 7.0 50180 Vico 00 (12, 12)
—1454.793252 6443.901 7.0 1o 80 Vio 20 (11, 11)
—1455.778850 6444310 7.1 160160y Vio °p (17,17)
—1457.885947 6445.185 5.2 50150 Vico °0 (17, 17)
—1459.746695 6445.959 7.1 50150 Vio oP (16,17)
—1460.475456 6446.261 7.0 150180 Vieo %0 (10, 10)
—1466.130608 6448.612 6.9 50180 Vico 20 (9,9)
—1468.160867 6449.457 7.0 50150 Vio oP (15,15)
—1470.248413 6450.325 5.0 169 10 Vieo 20 (15, 15)
—1471.758500 6450.953 6.9 50180 Vo 20 (8, 8)
—1472.128493 6451.107 7.0 %0150 Vico oP (14,15)
—1477.358926 6453.285 7.0 150180 Vio °0(1,7)
—1480.430658 6454.564 6.9 50150 Vio °P (13,13)
—1482.497867 6455.426 4.8 50150 Vio 90 (13, 13)
—1482.931677 6455.606 6.9 150180 Vieo 20 (6, 6)
—1484.398122 6456.218 6.9 50150 Vio °P (12,13)
—1488.476548 6457.918 7.1 080 Vio 20 (5,5)
—1492.586830 6459.633 6.7 150 1%0 Vico op (11, 11)
—1493.993330 6460.220 7.0 1o 80 V1o %0 (4,4)
—1494.632454 6460.486 47 50150 Vio °0 (11, 11)
—1496.554200 6461.289 6.7 15010 Vico °p (10, 11)
—1499.481818 6462.511 7.2 1o 80 Vieo 20 (3,3)
—1502.584877 6463.807 7.3 10170 Vico 20 (6, 6)
—1504.628422 6464.661 6.6 16 10 Vio °P (9,9)
—1505.078987 6464.849 7.1 1o 80 V1o 20 (23,23)
—1505.746480 6465.128 7.1 150180 Vieo 20 (22,22)
—1506.384951 6465.395 6.6 150180 V1o 20 (21,21)
—1506.650315 6465.506 4.6 16 150 Vio 20 (9,9)
—1506.994398 6465.650 6.8 15080 Vio 20 (20, 20)
—1507.574823 6465.893 7.0 1o 180 Vi 20 (19,19)
—1508.126225 6466.123 6.9 50180 Vio 20 (18, 18)
—1508.284358 6466.189 7.2 10170 Vio 20 (5,5)
—1508.595790 6466.320 6.4 15 10 Vico °P (8,9)
—1508.648604 6466.342 6.5 50180 Vio 20 (17, 17)
—1509.141961 6466.548 6.8 50180 Vio 2Q (16, 16)
—1509.606297 6466.742 6.7 150180 Vo 20 (15, 15)
—1510.041610 6466.924 6.6 50180 Vio 20 (14, 14)
—1510.447901 6467.094 6.6 150180 Vio 20 (13, 13)
—1510.825171 6467.252 6.5 150130 Vieo 20 (12,12)
—1511.173418 6467.398 6.5 15080 Vio 20 (11, 11)
—1511.492645 6467.531 6.4 50180 Vio 20 (10, 10)
—1511.782851 6467.652 6.4 150180 V1o 20 9,9)
—1512.044035 6467.762 6.3 150180 Vieo 20 (8,8)
—1512.276199 6467.859 6.4 %0 %30 Vieo 20(7,7)
—1512.479342 6467.944 6.4 15080 V1o 20 (6, 6)
—1512.653464 6468.017 6.4 1o 80 Vio 20 (5,5)
—1512.798565 6468.077 6.4 50180 Vio 20 (4,4)
—1512.914647 6468.126 6.4 1o 80 Vio 20 (3,3)
—1513.001708 6468.162 6.4 1o 80 Vio 20(2,2)
—1513.059749 6468.187 6.5 16080 Vio 20 (1,1)
—1513.954592 6468.561 7.3 150170 Vico °0 4,4)
—1516.555582 6469.650 6.4 50150 Vio °P(1,7)
—1518.549593 6470.484 4.6 160150 Vio °0 (1,7
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Av (cm™) Avac (A) log( ’7*) Molecule Transition
—1519.595361 6470.922 7.3 50170 Vio °0 (3,3)
—1520.523099 6471.311 6.3 160150 Vio oP (6,7)
—1526.492578 6473.812 7.3 50180 Vio 5S(1, 1)
—1527.834158 6474.374 7.3 50170 Vio 20 (19, 19)
—1528.372047 6474.599 6.2 160150 Vio op (5,5)
—1528.408576 6474.615 6.2 50170 Vico 20 (18, 18)
—1528.952761 6474.843 7.2 10170 Vio 2Q (17,17)
—1529.466713 6475.058 7.2 150170 Vieo 20 (16, 16)
—1529.950431 6475.261 6.9 50170 Vico 20 (15, 15)
—1530.328430 6475.420 4.8 1010 Vio 20 (5,5)
—1530.403914 6475.451 5.0 10170 Vio 20 (14, 14)
—1530.827166 6475.629 7.0 50170 Vico 20 (13, 13)
—1531.220183 6475.793 7.0 50170 Vio 20 (12,12)
—1531.582968 6475.946 6.9 10170 Vio 20 (11,11)
—1531.806943 6476.040 7.1 50180 Vo 55(2,2)
—1531.915520 6476.085 6.9 50170 Vio 20 (10, 10)
—1532.217839 6476.212 6.7 150170 Vio 20 9,9)
—1532.340024 6476.263 6.0 50150 Vio °P (4,5)
—1532.489926 6476.326 6.8 50170 Vio 20 (8,8)
—1532.731781 6476.427 6.9 10170 Vio 20 (1,7
—1532.943404 6476.516 6.9 50170 Vio 20 (6,6)
—1533.124795 6476.592 7.0 °0"0 Vio 20 (5,5)
—1533.275953 6476.656 6.9 150170 V1o 20 4,4)
—1533.396880 6476.706 7.0 o 70 V1o 20 (3,3)
—1533.487575 6476.744 7.0 50170 Vio 20(2,2)
—1533.548038 6476.770 7.0 150170 V1o 20 (1,1)
—1537.091563 6478.257 7.2 1o 80 Vieo 55(3,3)
—1538.653159 6478.912 7.1 160150 Vio 20 (33,33)
—1540.099852 6479.519 5.6 16 10 Vieo op (3,3)
—1540.708565 6479.775 6.8 o Re) V1o 20 (31,31)
—1541.984969 6480.311 5.2 16150 Vio 90 (3,3)
—1542.049421 6480.338 5.1 160160 Vico °0 4,3)
—1542.346230 6480.463 6.9 1o 80 V1o 554, 4)
—1542.637487 6480.585 6.4 160150 Vio 20 (29,29)
—1544.069286 6481.186 5.7 16 150 Vio op (2,3)
—1544.439920 6481.342 6.1 50150 Vio 20 (27,27)
—1546.115864 6482.046 5.7 160150 Vio 2Q (25,25)
—1547.349557 6482.565 7.3 150170 Vio 5S(1,1)
—1547.570737 6482.657 5.9 50180 Vieo 55(5,5)
—1547.665316 6482.697 5.3 50150 Vio 20 (23,23)
—1549.088277 6483.295 5.0 1010 Vieo 20 (21,21)
—1550.384748 6483.840 4.7 50150 Vio 20 (19, 19)
—1550.491122 6483.885 5.5 15010 Vio 2R (15, 15)
—1550.714171 6483.979 6.8 16 150 Vico 2p (15, 15)
—1551.427675 6484.279 5.3 16150 Vio 9R (13, 13)
—1551.554727 6484.332 44 5010 Vio 20 (17, 17)
—1551.611060 6484.356 4.6 16 150 Vico 2p (13,13)
—1552.238529 6484.620 6.5 16150 Vio 9R (11, 11)
—1552.380182 6484.679 6.1 160150 Vio 2p (11, 11)
—1552.598219 6484.771 42 16 10 V1o 20 (15, 15)
—1552.764877 6484.841 5.7 1o 80 Vio 55(6,6)
—1552.808936 6484.860 6.1 150170 Vio 55(2,2)
—1552.924145 6484.908 6.2 16 150 Vio 2R (9,9)
—1553.020640 6484.949 6.3 16160 Vio 2p (9,9)
—1553.485423 6485.144 4.0 160150 Vio 2R (1, 7)
—1553.515221 6485.157 4.0 16 150 Vi 20 (13,13)
—1553.530431 6485.163 4.0 50150 Vio o2p (7,7)
—1553.903957 6485.320 5.8 160150 Vio 2P (5,5)
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Av (cm™) Avac (A) log( ’7*) Molecule Transition
—1553.924369 6485.329 5.8 50150 Vio OR (5,5)
—1554.117331 6485.410 5.4 160150 Vio 2p (3,3)
—1554.246580 6485.464 4.0 50150 Vio 2R (3,3)
—1554.267132 6485.473 3.9 150 1% Vieo 20 (2, 1)
—1554.305738 6485.489 3.9 160150 Vio 20 (11, 11)
—1554.478299 6485.562 5.3 50150 Vico 2R (14, 15)
—1554.699605 6485.655 5.9 160160 Vio 2p (16, 15)
—1554.969769 6485.768 3.8 160150 Vio 20(9,9)
—1555.415476 6485.956 43 50150 Vico 2R (12,13)
—1555.507316 6485.995 3.7 50150 Vio 20 (7,7)
—1555.597036 6486.032 42 160160y Vio op (14, 13)
—1555.918380 6486.167 3.7 50150 Vico 20 (5,5)
—1556.066900 6486.230 4.7 15010 Vieo 20 (4,3)
—1556.202963 6486.287 3.9 150 1°0 Vio 20 (3,3)
—1556.227484 6486.298 3.9 50150 Vo 2R (10, 11)
—1556.330897 6486.341 42 150 1% Vieo 25 (2,3)
—1556.361065 6486.354 42 15010 Vio 20 (1,1)
—1556.367169 6486.356 42 50150 Vico op (12,11)
—1556.915244 6486.587 6.3 50150 Vio OR (8,9)
—1557.009532 6486.627 6.4 15010 Vio 2p (10, 9)
—1557.480822 6486.825 6.1 50150 Vieo OR (6,7)
—1557.523203 6486.843 6.2 50150 Vio op (8,7)
—1557.906122 6487.004 5.9 16 10 Vieo 2p (6, 5)
—1557.928442 6487.013 5.9 1o 80 Vio 55(7,7)
—1557.929974 6487.014 5.9 50150 Vio OR (4,5)
—1558.152532 6487.108 5.7 15 10 Vieo op (4,3)
—1558.237317 6487.143 5.5 o l70 Vieo 55(3,3)
—1558.287280 6487.164 5.5 160150 Vio 2R (2,3)
—1558.437033 6487.227 5.8 16 10 Vieo 25(0,1)
—1563.061224 6489.174 7.0 1o 80 V1o 55(8,8)
—1563.634480 6489.415 7.2 150170 Vieo 55 (4,4)
—1568.163017 6491.323 7.1 150180 Vio 55(9,9)
—1568.493427 6491.462 5.6 16 150 Vio SR(1,1)
—1569.000209 6491.676 7.2 10170 Vio 55(5,5)
—1570.499467 6492.308 5.1 160160 Vieo 5§22, 1)
—1570.579059 6492.341 5.2 50150 Vio 55(1,1)
—1572.455850 6493.132 5.6 160150 Vio SR (2, 1)
—1573.233613 6493.460 7.0 150180 Vio 55 (10, 10)
—1578.272805 6495.586 7.2 50180 Vieo 5§ (11, 11)
—1579.778490 6496.221 6.0 50150 Vio SR (3,3)
—1581.792913 6497.071 4.7 16 150 Vio 55 (3,3)
—1583.280386 6497.699 7.1 50180 Vieo 55(12,12)
—1583.742482 6497.894 6.1 160160 Vio SR (4,3)
—1588.256147 6499.801 7.2 150180 Vio 55 (13, 13)
—1590.899218 6500.918 6.2 160160 Vieo SR (5,5)
—1592.876103 6501.753 4.6 50150 Vio 55(5,5)
—1593.199882 6501.890 6.7 150180 Vio 55 (14, 14)
—1594.863845 6502.593 6.3 16150 Vio SR (6,5)
—1598.111384 6503.967 7.2 160180 Vio 5§ (15, 15)
—1601.877641 6505.561 6.4 16 10 Vio SR(7,7)
—1602.990444 6506.032 7.1 160180 Vieo 55 (16, 16)
—1603.826770 6506.386 45 160160 Vieo 58(7,7)
—1605.842657 6507.239 6.5 16 150 Vio SR (8,7)
—1607.836857 6508.084 7.3 160180 Vieo 5§ (17,17)
—1612.650414 6510.123 6.8 160180 Vieo 55 (18, 18)
—1612.717497 6510.151 6.6 16 150 Vio SR (9,9)
—1614.643053 6510.968 4.6 50150 Vio $5(9,9)
—1616.682816 6511.832 6.7 160150 Vio SR (10,9)
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—1617.430908 6512.150 7.2 0180 Vio 55 (19, 19)
—1623.418931 6514.690 6.8 160150 Vio SR(11,11)
—1625.323092 6515.498 4.7 50150 Vio 5§ (11, 11)
—1627.384523 6516.374 6.9 50150 Vio SR (12, 11)
—1633.980979 6519.176 7.0 160160 Vio SR (13, 13)
—1635.865027 6519.977 4.8 50150 Vico 5§ (13, 13)
—1637.946842 6520.862 6.9 16150 Vio SR (14, 13)
—1644.402245 6523.608 7.1 160160 Vieo SR (15, 15)
—1646.266999 6524.402 5.0 50150 Vico 55 (15, 15)
—1648.368385 6525.296 7.1 15010 Vio SR (16, 15)
—1656.527147 6528.772 5.3 160 160y Vio 5§ (17,17)
—1666.643611 6533.087 55 50150 Vico 55 (19, 19)
—1676.614533 6537.345 5.8 15010 Vieo 5§ (21,21)
—1686.438054 6541.546 6.1 169 10 Vieo 55 (23,23)
—1696.112315 6545.689 6.5 50150 Vo 55 (25,25)
—1705.635458 6549.772 6.8 150 1% Vieo 5§ (27,27)
—1715.005629 6553.794 7.1 16 160 Vio 55 (29,29)
—2108.577124 6727.317 7.5 UN BN Vico 0 (27)
—2117.311259 6731.273 7.3 NN Vio 0 (26)
—2126.017623 6735.220 7.2 “N N Vio 0 (25)
—2134.695948 6739.159 6.9 LN BN Vio 0 (24)
—2143.345963 6743.090 7.0 NN Vieo 0 (23)
—2151.967394 6747.012 6.6 “N N Vio 0 (22)
—2152.424408 6747.220 7.3 UN BN Vio 0 (18)
—2160.559975 6750.926 6.6 NN Vieo 02D
—2160.610024 6750.949 6.8 “N BN Vio o7
—2168.766849 6754.668 7.3 UN BN Vieo 0 (16)
—2169.123428 6754.831 6.1 NN Vieo 0 (20)
—2176.894629 6758.378 7.3 “N BN Vio 0 (15)
—2177.657486 6758.727 6.2 UN BN V1o 0 (19)
—2184.993108 6762.080 7.1 NN V1o 0 (14)
—2186.161875 6762.614 5.8 UN N Vio 0 (18)
—2193.062035 6765.771 7.1 UN BN Vio 0 (13)
—2194.636324 6766.492 5.9 NN Vio o0 (17)
—2201.101149 6769.453 7.0 NN Vio 0 (12)
—2203.080559 6770.360 5.4 UN BN Vieo 0 (16)
—2209.110197 6773.125 7.0 UN BN Vieo oan
—2211.494309 6774.219 5.6 UN N Vio 0 (15)
—2217.088922 6776.787 6.9 UN BN Vieo 0 (10
—2219.877299 6778.068 5.1 NN Vieo 0 (14)
—2225.037068 6780.440 6.8 “N BN Vio 0 (9)
—2228.229258 6781.908 5.3 LN BN Vieo 0 (13)
—2232.954378 6784.082 6.8 “N BN Vieo 0 8)
—2236.549910 6785.737 4.9 UN N Vio 0 (12)
—2240.840598 6787.713 6.8 UNBN Vieo o)
—2244.838983 6789.556 5.1 NN V1o O (11)
—2248.695467 6791.334 6.8 UNBN Vio 0 (6)
—2253.096206 6793.364 4.7 NN Vieo 0 (10)
—2256.518731 6794.944 6.8 “N BN Vio 03
—2261.321299 6797.162 5.0 UN N Vio 0 (9)
—2264.310130 6798.543 6.9 UNBN Vio 0 4)
—2269.513992 6800.949 4.6 NN Vieo 08
—2272.069410 6802.132 7.0 UNBN Vio 0®3)
—2277.674008 6804.726 49 UNUN Vio o
—2279.796310 6805.709 7.1 “N BN Vieo 02
—2282.980441 6807.184 7.3 UN N Vico 0(22)
—2283.707350 6807.521 7.2 UNBN Vio 0 (1)
—2284.401184 6807.842 7.1 NN Vio 0 (20)
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—2285.061948 6808.148 6.9 UNBN Vio 0 (19)
—2285.689648 6808.439 5.4 NN Vico 0 (18)
—2285.801072 6808.491 4.6 UN BN Vico 0 (6)
—2286.284287 6808.715 6.6 UNBN Vio Q17
—2286.845867 6808.975 6.5 “N N Vico 0 (16)
—2287.374396 6809.220 6.3 LN BN Vico 0 15)
—2287.869875 6809.450 6.2 UNBN Vio 0 (14)
—2288.332307 6809.665 6.1 “N N Vico 0 (13)
—2288.761696 6809.864 6.0 UN BN Vico 0(12)
—2289.158043 6810.048 5.9 UN BN Vio Q1
—2289.521354 6810.216 5.8 “N N Vico 0 (10)
—2289.851627 6810.369 5.7 UN BN Vico e
—2290.148869 6810.507 5.7 UNBN Vico 0 ®
—2290.413078 6810.630 5.7 “N N Vieo o
—2290.644256 6810.737 5.6 UN BN Vico 0 (6)
—2290.842407 6810.829 5.6 UN BN Vio 0 ()
—2291.007530 6810.905 5.6 “N BN Vieo 04
—2291.139629 6810.967 5.6 UN BN Vio 03
—2291.238700 6811.013 5.6 UNBN Vico 02
—2291.304749 6811.043 5.7 “N PN Vieo o
—2291.337773 6811.059 5.9 UN BN Vio 00
—2293.894913 6812.245 4.9 UN BN Vio 0 (5)
—2301.955250 6815.988 4.7 NN Vico o@)
—2302.780160 6816.371 7.1 UN BN Vio S (0)
—2309.981811 6819.719 5.1 UN BN Vio 03
—2310.374967 6819.902 6.8 NN Vio S (1)
—2314.791104 6821.956 7.5 UN BN V1o 0(29)
—2315.799602 6822.426 7.0 UN BN Vio 0 (28)
—2316.773262 6822.879 7.1 NN V1o 027
—2317.712092 6823.316 6.5 UN BN V1o 0 (26)
—2317.936099 6823.420 5.1 NN V1o $(2)
—2317.974319 6823.438 5.0 NN Vio 0®)
—2318.616094 6823.737 6.5 UN BN V1o 0 (25)
—2319.485277 6824.141 6.0 UNUN Vio 024
—2320.319649 6824.530 6.0 UN N Vi 0(23)
—2321.119211 6824.902 5.5 UN BN Vio 0(22)
—2321.883970 6825.259 5.6 UNUN Vico Q@21
—2322.613933 6825.599 5.1 UN N Vio 0 (20)
—2323.309104 6825.923 5.2 LN BN Vio 0(19)
—2323.969488 6826.230 477 UNUN Vio 0 (18)
—2324.595086 6826.522 4.8 UN N V1o oan
—2325.185907 6826.797 43 LN BN Vio 0 (16)
—2325.463304 6826.926 6.2 NN V1o NIE))
—2325.741953 6827.056 4.4 UN N V1o 0 (15)
—2326.263227 6827.299 4.0 LN BN Vio 0(14)
—2326.749736 6827.526 42 NN V1o Q0 (13)
—2327.201479 6827.737 3.8 UN N Vi 0(12)
—2327.618461 6827.931 4.0 LN BN Vio Q1)
—2328.000685 6828.109 3.6 NN Vico 0 (10)
—2328.348153 6828.271 3.8 UN N Vo 0O
—2328.660867 6828.417 3.4 UNUN Vio 0®
—2328.938830 6828.547 3.7 NN V1o o
—2329.182043 6828.660 34 UN N Vio 0 (6)
—2329.390508 6828.757 3.6 UNUN Vio 00®)
—2329.564226 6828.838 3.4 NN Vico oM@
—2329.703202 6828.903 3.6 HN N Vico 003
—2329.807430 6828.952 3.5 UN BN Vio 0®
—2329.876917 6828.984 3.6 NN Vio o
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TABLE V. (Continued.)

Av (cm™) Avac (A) log( ’7*) Molecule Transition
—2329.911659 6829.000 3.8 UN BN Vio 0 (0)
—2332.956319 6830.421 6.6 NN Vio S (4)
—2340.414886 6833.902 6.6 UN BN Vio S (5)
—2341.744771 6834.523 5.0 UN BN Vio S (0)
—2347.838746 6837.371 6.7 “N N Vico S (6)
—2349.598306 6838.194 5.0 UN BN Vico S ()
—2355.227637 6840.827 6.7 UNBN Vio S (7
—2357.416409 6841.851 4.6 NN Vio S ()
—2362.581299 6844.270 6.7 UN BN Vico S (8)
—2365.198797 6845.496 4.8 UN BN Vio S (3)
—2369.899474 6847.700 6.8 “N N Vieo S (9)
—2372.945198 6849.128 45 UN BN Vico S (4)
—2377.181901 6851.116 6.9 “N BN Vieo S (10)
—2380.655330 6852.747 4.8 NN Vieo S (5)
—2384.428316 6854.519 7.0 UN BN Vo S
—2388.328918 6856.353 4.5 UN BN Vio S (6)
—2391.638461 6857.909 7.1 “N BN Vio S (12)
—2395.965683 6859.944 4.8 UN BN Vico S(7)
—2398.812074 6861.284 7.1 “N BN Vieo S (13)
—2403.565345 6863.523 4.6 “N N Vo S (8)
—2405.948895 6864.646 7.0 UN BN Vieo S (14)
—2411.127628 6867.087 4.9 UN BN Vio NIC))
—2413.048659 6867.993 7.4 NN Vio S (15)
—2418.652253 6870.637 4.7 UN BN Vio S (10)
—2420.111108 6871.326 7.4 “N BN Vieo S (16)
—2426.138939 6874.173 6.2 UN N Vio S
—2427.135977 6874.644 7.7 UN BN Vieo S (17)
—2433.587409 6877.695 4.9 NN Vieo S (12)
—2434.123004 6877.948 7.3 “N BN Vio S (18)
—2440.997381 6881.201 5.3 UN BN V1o S (13)
—2448.368577 6884.694 5.1 NN Vieo S (14)
—2455.700715 6888.171 5.6 UN N Vio S (15)
—2462.993519 6891.633 5.5 UN BN V1o S (16)
—2470.246704 6895.079 6.0 NN Vico S (17)
—2477.459991 6898.510 5.8 NN Vieo S (18)
—2484.633101 6901.926 6.6 UN BN Vieo S (19)
—2491.765749 6905.325 6.2 NN Vico S (20)
—2498.857655 6908.708 6.7 NN Vio S @D
—2505.908540 6912.075 6.7 LN BN Vieo S (22)
—2512.918119 6915.426 7.1 NN Vio S (23)
—2519.886110 6918.760 7.1 UN N Vio S (24)
—2526.812233 6922.077 7.5 LN BN Vieo S (25)
—2533.696203 6925.377 7.4 NN V1o S (26)
—2540.537739 6928.660 7.8 UN N Vio S (27)
—3077.272828 7196.279 7.4 160160 Voo 20 (19, 19)
—3079.607949 7197.488 7.3 160150 V2o 20 (17,17)
—3081.690633 7198.568 7.2 150150 V2o 20 (15, 15)
—3083.520876 7199.516 7.1 160160 Voo 20 (13, 13)
—3085.098676 7200.334 6.9 160150 V2o 20 (11,11)
—3086.424031 7201.021 6.9 150150 V2o 20(9,9)
—3087.496938 7201.578 6.9 16150 Voo 20 (7,7)
—3088.317397 7202.003 6.9 160150 V2o 20 (5,5)
—3088.885408 7202.298 7.0 150150 V2o 20 (3,3)
—3089.200970 7202.461 7.3 16160 Voo 20 (1, 1)
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