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Abstract

The methoxy radical, CH3O, has long been studied experimentally and theoretically by spectroscopists because it displays a
weak Jahn-Teller effect in its electronic ground state, combined with a strong spin-orbit interaction. In this work, we report an
extension of the measurement of the pure rotational spectrum of the radical in its vibrational ground state in the submillimeter-
wave region (350-860 GHz). CH3;O was produced by H-abstraction from methanol using F-atoms, and its spectrum was
probed in absorption using an association of source-frequency modulation and Zeeman modulation spectroscopy. All the
observed transitions together with available literature data in v = 0 were combined and fit using an effective Hamiltonian
allowing to reproduce the data at their experimental accuracy. The newly measured transitions involve significantly higher
frequencies and rotational quantum numbers than those reported in the literature (f < 860 GHz and N < 15 instead of
272 GHz and 7, respectively) which results in significant improvements in the spectroscopic parameters determination. The
present model is well constrained and allows a reliable calculation of the rotational spectrum of the radical over the entire
microwave to submillimeter-wave domain. It can be used with confidence for future searches of CH3O in the laboratory and

the interstellar medium.
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1. Introduction

The methoxy (CH30) radical, with its C3, geometry and
’E electronic ground state, is an ideal test-case for study-
ing the Jahn-Teller effect [e.g., 1, 2]. Because this effect,
weak in CH3O, is combined with a strong spin-orbit splitting
[e.g., 1, 3, 4], the radical has long challenged spectroscopists,
experimentalists, and theoreticians alike. Theoretical works
have notably delved into the Jahn-Teller effect and vibronic
coupling [e.g. 2, 5, 6] and the construction of a model Hamil-
tonian [e.g., 1, 7, 8]. Experimentally, the radical has been
studied by laser magnetic resonance [9, 10], laser induced flu-
orescence [e.g., 11, 12], stimulated emission pumping [e.g.,
12, 13], electron paramagnetic resonance [e.g., 14], and pho-
toelectron spectroscopy [e.g., 15—17]; at medium to high (i.e.,
rotationally-resolved) resolution. The ro-vibrational spectrum
of CH3O has been recorded in the region of the v4 band
(2756-3003 cm™') in a supersonic jet expansion [18, 19]
while its pure rotational spectrum has been recorded at room-
temperature in the 82—400 GHz region [20, 21] and under jet-
cooled conditions in the 246-303 GHz region [22].

Besides its purely spectroscopic interest, CH3O is also a
fundamental species for atmospheric, combustion, and inter-
stellar chemistry. Its kinetics and dynamics have thus been
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subject to extensive investigation as well [e.g., 23]. In the at-
mosphere, it is thought to be a crucial intermediate in the oxi-
dation scheme of alkanes, in particular methane [24-26], and
is potentially involved in smog formation through its reaction
with O, [27]. It is also an intermediate in the combustion of
methanol and methanol-containing fuels [10, 28]. The radical
was first detected in the interstellar medium toward the B1-b
cold core [29] and has since then been also observed in four
prestellar cores [30] and toward the L483 dense core [31];
all are cold sources characterized with a rotational tempera-
ture of the order of 10 K. On ice-grain surfaces, CH3O is an
identified intermediate in the formation of complex organic
molecules [32] and a central intermediate in the hydrogena-
tion scheme of CO toward methanol [33-35]. Its presence
in the gas-phase can result from non-thermal desorption from
ice-grains or chemistry in the gas phase, possibly photodisso-
ciation of methanol or formaldehyde [29, 30], ion-molecule
reactions [30], and methanol oxidation with OH [26, 29].

In this context, special interest has been given to the re-
lationship between CH30O and its CH,OH isomer (of lower
energy) as the predominance of one or the other radical in the
gas phase could reflect desorption from ice grains or gas phase
chemistry (see, e.g., Ref.[36] and Refs. within). Their forma-
tion on ice-grain surface upon UV irradiation of interstellar
ice analogs has been monitored [35, 37-39] and their isomer-
ization has also been subject to significant theoretical atten-
tion [40-44]; the latter works suggesting that both isomers
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should be stable in the interstellar medium. Interestingly,
while rotational frequencies for the CH, OH radical have now
been available for a few years [36, 45, 46], the CH,OH rad-
ical is yet to be detected in the interstellar medium. While
radicals, such as methoxy, are usually not found in dense
and warm environments of star-forming regions, they are fre-
quently detected in luke-warm (~50 K) sources, for example
in photo-dissociation regions, such as the Orion Bar [47, 48].

In this work, we report an extension of the observation of
the pure rotational spectrum of CH3O at submillimeter wave-
lengths up to almost 900 GHz. The newly measured tran-
sitions were fit together with literature pure rotational data
to produce the most reliable set of spectroscopic parameters
for the radical to date. These parameters and corresponding
spectral predictions can be used with confidence for future
searches for the radical, notably in luke-warm to warm inter-
stellar sources.

2. Experimental method

The room-temperature pure rotational spectrum of the
CH5O0 radical has been recorded between 350 and 860 GHz
using a source-frequency modulated submillimeter-wave
spectrometer exploited in a double-modulation configuration,
as described in Chitarra et al. [49]. The CH3O radical was
produced by H-abstraction from methanol using experimental
conditions described in our previous studies on the CH,OH
radical, the second main product of the reaction [46]. In
brief, a constant flow of methanol was injected through a re-
action cell where it encountered a flow of F-atoms produced
by microwave discharge in a 5% F,:He mixture and injected
using three inlets, with partial pressures of 10 ubar (1 Pa)
for methanol and 20 pbar (2 Pa) for the F-mixture. The
content of the reaction cell was probed in absorption by the
submillimeter-wave radiation emitted by a frequency multi-
plication chain. The frequency of this radiation was modu-
lated (at f = 48 kHz) with modulation depths adjusted to the
probed spectral regions (from 0.5 to 1.8 MHz). A double-pass
configuration was achieved using a roof-top mirror rotated by
45° from the vertical axis, resulting in a reflected beam with
a polarization rotated by 90° from the incident radiation. A
polarizing grid placed at the entrance of the cell directed the
reflected radiation towards an off-axis parabolic mirror focus-
ing the radiation onto the detector (either a Schottky diode
or a liquid-helium cooled InSb hot electron bolometer). A
current, generated by a waveform generator followed by an
audio amplifier and a diode, circulating in a solenoid placed
around the reaction cell allowed to generate an alternating
magnetic field (at f/ = 71 Hz). Using two lock-in amplifiers,
the submillimeter-wave signal detected was first demodulated
at the second harmonic of the source frequency modulation
and then demodulated at the frequency of the magnetic field
modulation. This double-modulation configuration ensured
that only the spectral lines of paramagnetic species are visible

in the resulting spectrum (with some limitations that will be
discussed in section 3.5).

3. Results and Discussion

3.1. Spectroscopic assignments

Experimental searches and spectroscopic assignments were
based on the catalog entry found in the JPL database [50].
Many transitions display partially to totally-resolved hyper-
fine structure as shown in Figure 1. The signal-to-noise
ratio (SNR) of the observed transitions is excellent up to
about 600 GHz and decreases at higher frequencies, a re-
flection of the lower power emitted by the radiation source
and higher absorption by the teflon optics. The observed
transitions of CH30 display a full-width-at-half-maximum
(FWHM) slightly higher than what expected from Doppler
considerations alone (about 1.3 times the expected value, Fig-
ure 1). This results from a combination of i) a modulation
depth of the frequency modulation slightly larger than the nat-
ural width of the lines which results in an enhanced SNR at
the expense of the FWHM; and ii) a broadening of the lines
by Zeeman effect (either or both Earth-based and induced by
the solenoid).

In total, 518 experimental transitions with 321 different fre-
quencies involving N and K values up to 15 and 7, respec-
tively, could be assigned with confidence between 351947 and
853920 MHz. Of these, 102 lines (62 frequencies) between
351 and 372 GHz were previously reported in Momose et al.
[21].

3.2. Hamiltonian

The rotational spectrum of methoxy was calculated and fit
applying the SPCAT and SPFIT programs [51], respectively.
The programs use Hund’s case (b) quantum numbers and pa-
rameters. Even though methoxy is closer to Hund’s case (a)
at lower quantum numbers, earlier work has shown that this is
not a drawback to model spectra of such a radical. We men-
tion, for example, studies on OH [52, 53], NO [54, 55], and
IO [56] which adopted SPFIT to analyze the spectra.

The effective Hamiltonian used to model the data is similar
to that used by Endo et al. [20] as implemented in the CH30
entry of the JPL catalog ' [50]. It can be expressed as:

H = Hso+cor + Hror+cp + Hsricp + Hurs (1)
where Hsoicor describes the electron spin-orbit and elec-
tronic Coriolis interaction, Hror+cp the rotational energy
and centrifugal distortion effect, Hsgr.cp the electron spin-
rotation interaction with centrifugal distortion correction, and
Hurs the hyperfine interaction. We refer the reader to Endo

'https://spec.jpl.nasa.gov/ftp/pub/catalog/archive/, en-
try 031006, visited on 2024/12/17
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Figure 1: Evolution of the hyperfine splittings in the N’ — N” = 10 -9,
12—-11,and 13 -2, |[K| = 2, A = 1 transitions of CH30O (from top to bottom).
The experimental spectrum (double modulation, in black) is compared to a
simulation of CH30O spectrum (final fit, in blue green). The stick spectra
correspond to the catalog list (with intensities in linear units) and the full
trace is a convolution with the second derivative of a Gaussian profile (full-
width-at-half-maximum set to 1.3 times the expected Doppler value).

et al. [20] and Momose et al. [21] for detailed descriptions
of each term. The initial set of spectroscopic parameters was
based on the one from the archive of the JPL catalog even
though the catalog entry was only based on Endo et al. [20].
While it is recommended to use A — B and B to fit a symmetric
top molecule with SPFIT, it is also possible to fit A and B if
one uses the asymmetric rotor codes for B and C and locks C
to being equal to B. Both approaches yield the same results
(parameters value and error) in the present work.

Trial fits revealed that the latest version of SPFITZ, visited
on 2024/12/17 (from 2007) rejected a small number of lines.
Trial calculations with SPCAT showed that one of the levels
of such transition was severely displaced from the others and

*nttps://spec.jpl.nasa.gov/ftp/pub/calpgm/whats.new, Vis-
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had a mixing coefficient of exactly zero. It was necessary to fit
and calculate these levels properly as these affect some low-
energy transitions which are very important in astronomical
observations. It turned out that a version from 2006 treated
these lines properly, which does not surprise given that the
catalog entry is from early 2006.

As a consequence of using the 2006 version of SPFIT, a
maximum of 6 quantum numbers per state can be used. Each
rotational level is thus described using 5 quantum numbers,
namely N, K,v,t,F, where v = 0 for A = 1 and v = 1 for
A =0, and ¢ is the spin designation and is a function of N—F,
J — F, the symmetry (0, 2, 4 for A, E, E, respectively) and
I,,. The correspondence table between quantum numbers is
available in the d031006 . pdf file of the JPL entry.

3.3. Fit of the transitions

Besides the data from our present investigation, we used
earlier published field-free pure rotational data [20-22]. Un-
certainties of 30 kHz were assigned to the initial millimeter
data [20], based on a statement in that work and commensu-
rate with out final fit results. The subsequent submillimeter
data [21] were given uncertainties of 50 kHz, while the re-
ported uncertainties were used for the most recent millimeter
study [22]. The parity designations of the two earlier studies
[20, 21] were reversed, following Liu et al. [12], where the
study of the 2A; — ’E electronic spectrum permitted to de-
termine the parity unambiguously. In the work of Momose
et al. [21], several groups of transitions were not, or insuf-
ficiently, resolved as frequently observed for hyperfine split-
ting at high quantum numbers or at high frequencies. Because
most fitting programs treat blended lines as separate pieces of
information at the same frequency, the uncertainties reported
by the authors were increased for these transitions. The SP-
FIT program permits to treat blended transitions at a certain
frequency as intensity weighted average; equal intensity is as-
sumed if no weighting is made. We adopted the normal un-
certainties of 50 kHz for the small number of blended tran-
sitions separated by less than half of the assumed line width.
In a very small number of cases, one transition of a group
of three was omitted because it appeared to be too far away
from the other, more closely spaced transitions to contribute
substantially to the measured line frequency. In one case, an
increased uncertainty was retained because of the fairly wide,
partially resolved hyperfine pattern.

It is not easy to find the best set of spectroscopic parameters
for such a complex spectroscopic problem with fine and hy-
perfine structure, Coriolis coupling, and extensive [-type res-
onance. In fact, it was pointed out in the early publications
[12, 20, 21] that many parameters were correlated and that it
was difficult to find a set of spectroscopic parameters that is
both meaningful and that reproduces the experimental lines
to within experimental uncertainties on average. In the most
recent study [22], the A rotational constant, first-order Cori-
olis coupling parameter A{;, and al,d—where a is the spin-
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orbit coupling constant—were kept fixed to values from Liu
et al. [12]. These three parameters could be determined in the
present work for reasons detailed in the following paragraphs.

It is useful to recall that the ground state rotational param-
eter Ag (Cp) of a prolate (oblate) symmetric top as well as
the purely K-dependent distortion parameters are in the gen-
eral case not determinable by rotational or rovibrational spec-
troscopy. However, high-resolution spectroscopy of a prolate
symmetric top between the ground and an excited state deter-
mine AA = A — Ay of that excited state directly or A, if Ag is
fixed to a certain value. Determining AK = 3 loops are one
way to overcome this problem. It requires the analyses of two
degenerate vibrational fundamentals, their combination and
hot bands. This was applied, for example, to CH3CN [57].
Utilizing forbidden transitions facilitated by rovibrational in-
teractions are another means employed, used for example to
determine A and Dk of CH;3F [58] or to improve A, Dk, and
Hpg of CH3CN through rotational and rovibrational transitions
[59, 60]. Another method is available if there are suitable
near-degeneracies in K within the ground vibrational state.
This is a fairly common method in the case of oblate sym-
metric tops, such as PH; [61]. This method was also the one
through which A became determinable for CH3;O because of
near-degeneracies with Al = +2 and AK = +2, AK = F1, or
AK = F41[12, 20, 21].

The Coriolis parameter A within a doubly degenerate vi-
brational state is usually determinable if A was determined or
is fixed to a certain value. It was thus possible to adjust it in
the present work. Finally, the spin-orbit splitting in a linear
molecule with, for instance, a 2I1 ground state is difficult to
determine through rotational spectroscopy if the rotational en-
ergy value of the accessed transitions are much smaller than
the spin-orbit splitting, but it becomes well determinable if
the rotational energy approaches or even exceeds this value,
again something that was made possible by the present inves-
tigations.

In order to determine a parameter set that is as large as
necessary, but about as small as possible and fairly well con-
strained, we checked the parameter set for very high correla-
tions and searched for parameters to add that are well deter-
mined, meaning their values are substantial multiples of their
uncertainties, and that their inclusion improves the rms error,
also known as weighted rms, by a sufficient amount. We also
checked frequently among the parameters with fairly large un-
certainties if they may be omitted without increasing the rms
error too much. The initial parameter set contained A, A{;,
Nk, al.d, €4, D}, and a distortion correction called apl.d,
but coded as a K correction to al,d instead of a N correction.
The fit was very unstable, meaning very many iterations were
necessary to reach convergence, and many of the parameters
were correlated. Almost perfect correlation occurred between
al.d and its distortion correction; consequently, the latter pa-
rameter was omitted. The omission of a parameter so large in
magnitude compared to its parent parameter al,d had a sub-

stantial impact on many parameters. Remarkably, the values
of Dy and Dy, changed greatly in magnitude, such that both
could be omitted without substantial further increase of the
rms error.

The great number of transition frequencies determined with
microwave accuracy that was added in the present study to
the existing line list, and in particular the increase in fre-
quency and quantum numbers, required several distortion pa-
rameters to be added with respect to previous parameter sets.
The inclusion of Hgy, which was employed in some fits ear-
lier [20, 21], and two octic centrifugal distortion parameters
was obvious; Hyg was retained in the fit despite being not
determined significantly because it is a lower order relative
of Lyyk, a parameter that significantly reduced the rms of
the fit. The parameter Dk is on the verge of being deter-
minable, its uncertainty was about 1 MHz in test fits, com-
parable to its magnitude. Therefore, it was kept fixed to the
value determined for CH3F [58], as done in earlier publica-
tions. We added two quartic Coriolis distortion parameters
nyk and nyy. With respect to the fine structure parameters,
we applied ay{.d in the fit, as in most earlier studies. The
inclusion of this parameter permitted to omit the I-type reso-
nance parameter s,y whose value in the fit prior to trying out
an(.d was —0.46 kHz + 0.08 kHz. This distortion parameter
is slightly better determined than in previous studies and al-
lows to reduce the rms error of the fit slightly more than Z,y.
As mentioned above, D}, and Dy}, were omitted from the fit.
€, was included temporarily but omitted in the final fit. Distor-
tion corrections to the hyperfine structure parameters, nuclear
spin-rotation, or nuclear spin-nuclear spin coupling parame-
ters had negligible effects in the fit and were not kept in the
final fit.

It is surprising that the AK = 3 parameters « or S were
not considered in earlier analyses. They are the coeflicients
of [N? + N3, N.] and of i(N? — N?), respectively, with N, =
N, = N, and [A,B] = AB + BA being the anticommutator.
We mention that « is frequently called €; we do not use the
latter designation here because of possible confusion with the
spin-rotation parameters. The parameter « is important, for
example, to describe spectra of oblate symmetric tops, such
as PH; [61]. Trial fits with 8 included reduced the rms error
somewhat, produced a reasonably well determined parameter,
but the convergence of the fit was very slow, such that this pa-
rameter was discarded. Fits with @ included reduced the rms
error similarly well as S, but the convergence was very fast.
Moreover, the initially fairly well determined /-type resonance
parameter sy (194 Hz + 11 Hz) could be omitted as well as
the intermediately introduced €y and €, which were mod-
erately and fairly well determined, respectively, with only a
small increase in the rms error. Several other parameters were
tested, including the spin-rotation parameters related to a and
B. None of them was retained as none impacted the fit suffi-
ciently.

The final spectroscopic parameters are gathered in Table 1



together with the ones from the most recent previous study
[22]. Selected parameter values from earlier studies are men-
tioned in the discussion. The final line list consists of 970
transitions corresponding to 626 different frequencies due to
unresolved hyperfine or asymmetry splitting. Because 29
transitions (20 frequencies) from Laas and Weaver [22] and
102 transitions (62 frequencies) from this work were already
reported in Momose et al. [21], the final dataset consists of
839 transitions observed in 544 individual lines. The overall
rms error of the fit is 0.961, thus the transition frequencies
were fit to the assigned uncertainties on average. In detail, the
126 transitions of Endo et al. [20] (102 frequencies, N < 4,
|K| < 3) were fit to 29.8 kHz, which corresponds to an rms
error of 0.992. The 291 transitions from Momose et al. [21]
(179 frequencies, N < 7, |K| < 6) were fit to 53.4 kHz, thus
with an rms error of 1.059. The 67 transitions by Laas and
Weaver [22] (48 frequencies, N < 7, |K| < 3) were fit to an
rms error of 0.938 or 66.5 kHz. Our 518 transitions (321 fre-
quencies, N < 15, |[K| < 7) were fit to an rms error of 0.895 or
128.2 kHz.

The fit files (list of transitions, parameters, and fit output)
are available as supplementary material to this article. The
line, parameter, and fit files along with auxiliary files are
also available in the fitting spectra section® of the Cologne
Database for Molecular Spectroscopy, CDMS, [62-64]. The
auxiliary files include information on the partition function
and properties of the molecule and the calculation. A line list
of the rotational spectrum of methoxy at 300 K is available
in the entries section* of the CDMS. The permanent dipole
moment of 2.12 D, employed for this calculation, is from a
quantum chemical calculation [65].

Our extended line list, with its significant increase in ob-
served N values (15 compared to 7 previously), constrains the
rotational spectrum of methoxy, in particular to higher fre-
quencies and higher quantum numbers than those observed
in the literature and included in previous lists. The compari-
son of the present spectroscopic parameters with those from
the latest previous study [22] in Table 1 reveals aspects that
may surprise at first sight, but are in line with the extensive
new measurements and fit evolution. We believe that some
of the previously reported parameters were taking values re-
sulting from error compensations—a reflection of the limited
dataset—and that the present extensive measurements allow
to lift these ambiguities, yielding a more meaningful set of
parameters. The values of B, Dy, hy, hyy, h», and the hyper-
fine parameters are very similar to those of Ref. [12, 20-22]
as far as they were determined. There are, however, consid-
erable changes in the highly K-dependent parameters, even
those of low order, often well outside the uncertainties, while

3https://cdms.astro.uni-koeln.de/classic/predictions/
pickett/beispiele/CH30/, visited on 2024/12/17

“https://cdms.astro.uni-koeln.de/classic/entries/, visited
on 2024/12/17

Table 1: Spectroscopic parameters” (MHz) of the methoxy radical from the

present work in comparison to those from the latest previous work”.

Parameter Present Previous

A 155491. (36) 154670.

B 27930.10487 (76) 27930.101 (5)
Dy 2.10844 2.10844
Dk x 10° 746.289 (194) 768.2 (2)
Dy x 103 75.4172 (44) 75.26 (5)
Hyn x 10° —-139.4 (114)

Hyg x 10° 2.47 (162)

Ligy X% 100 2.942 (199)

Lyng % 10° 52.3(52)

ax10° —21.59 (62)¢

AL 51348.4 (45) 52036.¢

nx —23.46 (82) -16.1 (3)

7y x 103 —-168.77 (28) -160. (1)

nng X 103 13.343 (74)

v X 108 375.88 (186)

hy —75.1383 (92) ~75.346 (68)
hig x 103 -190.7 (74) 116. (67)
hyy % 103 1.3680 (158) 1.297 (174)
hy -1298.861 (77)° —1309.03 (5)
hag % 103 —578.9 (54)¢ 37.(3)

hoy % 103 —-4.0 (3)

hy x 10° -633. (170)
al.d —1841147. (186) —1843572.¢

anled -0.778 (123)

€ —40306.1 (68) —37487. (73)

b -1052.2 (62) —-1114.7 (3)

€1 172.393 (12) 172.592 (46)
e° 2.20 (30)

D3, -16.9 (3)
DSy -1.04 (12)
D3 —1.7928 (44) -0.336 (34)
D3, -0.03528 (56) -0.0312 (40)
ar 2.3344 (100) 2264 (52)
o 120.427 (74) 120.55 (35)
s 153.00 (31) 152.22 (155)
T2(Co) 5.443 (54) 5.380 (270)
T3(Cy) 54.95 (31) 55.17 (159)
T2,(Co) -0.3402 (85) —0.349 (47)
T2,(Cy) 1.799 31) 1.791 (96)

% Numbers in parentheses are 1 o uncertainties in units of
the least significant figures. Parameters without uncertainties
were kept fixed in the analysis. Empty fields indicate that this
parameter was not used in the fit.

b Ref. [22].

¢ Kept fixed to value from Ref. [12].

d Kept fixed to value from CH3F [58].

¢ The relative signs of a, hy, hyk, and €, are determined; they
may be inverted simultaneously.

the more N-dependent parameters have more similar values.
No hyperfine splitting was considered in Ref. [12]. Two hy-
perfine parameters in Ref. [21] are smaller than ours by a fac-
tor of ~1.5 but we attribute this to a different definition of
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these parameters in that study.

The large changes in A, A, and al,d are less surprising, in
light of the statements concerning their determinability above
than it may seem at first sight. Fixing all three of these pa-
rameters in Ref. [22] to values from Ref. [12] is questionable,
in particular because ay{,d, taking a large value in Ref. [12],
was omitted in Ref. [22]. Uncertainties of A and al.d are
factors of 2.4 and 1.3, respectively, smaller than ours in the
study of the electronic spectrum [12] which probes al.d di-
rectly. The reduction in its uncertainty probably led in turn
to a smaller uncertainty in A. This may offer the opportunity
to improve the accuracies of these parameters slightly more
by including the electronic data from Liu et al. [12] work into
future fit.

The parameter o was determined for methoxy for the first
time in our study. Its magnitude of ~22 kHz may be compared
with 96 kHz derived for CH3D [66] or 715 kHz determined for
PH; [61].

It is worthwhile mentioning that some of the present higher
order parameters are much smaller in magnitude than val-
ues from earlier studies. We discuss in the following only
values determined with sufficient significance. Values of
(363+25) MHz and (193 +6) MHz were determined for ayZ,d
in Ref. [21] and Ref. [12], respectively, whereas our value is
(=0.778 £ 0.123) MHz. The uncertainty of ax{.d in a trial fit
was 4.4 MHz with its value much smaller in magnitude. Simi-
larly, a value of (-679+79) MHz was determined for e, [12];
our value for & = (&, + €5)/2 is (2.20 + 0.30) MHz. There
are other cases with usually somewhat smaller differences.

3.4. Astronomical implications

As mentioned already previously, the present linelist for
CH;0 is much more reliable than previous ones to search for
this species in the interstellar medium. It is particularly note-
worthy that the previous catalog available in the JPL database
was only based on the Endo et al. [20] work (containing mea-
sured transitions below 199 GHz), while the present one con-
tains all available pure rotational transitions of the radical re-
ported in the literature [20-22] together with the present mea-
surements. Figure 2 shows simulations of the spectrum of
CH30 below 1 THz at three temperatures (10, 50, 300 K, from
top to bottom) with color coding highlighting the lines for
which experimental frequencies have been determined and are
included in our fit. All observed transitions above 371 GHz
are reported here for the first time.

We bring to the reader’s attention that recalculation of the
spectral catalog (for instance at different temperatures or if
new measured transitions are added to the fit) should be done
using the 2006 version of SPCAT otherwise some transitions
will not be predicted.

3.5. Advantages and limitations of the double-modulation
scheme

The present study of CH3O is a new illustration of both the

strengths and weaknesses of double-modulation spectroscopy,
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Figure 2: Simulations of the pure rotational spectrum of CH30 in v = 0 up to
1 THz at 10 K (in blue-green), 50 K (in purple) and 300 K (in orange). Lines
measured in the literature and in this study are plotted in color while those
that remain to be measured are in gray. The dashed vertical lines indicate the
highest frequencies from the spectral catalog available on JPL (199 GHz) and
in the previous literature (372 GHz).

as previously shown in Chitarra et al. [49] and Coudert et al.
[46]. The main advantage of the technique is that lines
of close-shell species are filtered out while those of radical
species appear over a flat baseline (no residual Fabry-Perot
effect) as shown in Figure 3 (upper panel). This allows to un-
veil some transitions that would not be observable otherwise
(for instance, the one close to the leftmost close-shell transi-
tion in Figure 3). However, at the sensitivity level required
to detect weak radical lines, very strong lines of close-shell
molecules, typically those of the precursor, cause the signal
to be saturated at the first demodulation stage. In that case,
the signal is not exploitable at the second demodulation stage
which can affect the line profile of some radical lines or even
fully prevent their observation (Figure 3, gray areas in the
bottom panels). While this effect did not hinder the present
work, it can completely impede the study of radical species
produced from a precursor exhibiting a dense and intense ro-
tational spectrum.

To overcome these limitations while still benefiting from
radical selectivity, the experimental setup has been upgraded
since the results reported in the present article. Currently,
the set-up is exploited using either pure Zeeman modulation
[67, 68] or Faraday rotation modulation [69]. We refer the
reader to Chahbazian et al. [69] for a detailed comparison of
the performances of the two configurations.
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Figure 3: Comparison of spectra recorded in source-frequency modulation
(single modulation, orange traces) and double-modulation (black traces) con-
figurations with a simulation of CH3O spectrum (final fit, in blue green). The
stick spectra correspond to the catalog list (with intensities in linear units)
and the full trace is a convolution with the second derivative of a Gaussian
profile (full-width-at-half-maximum set to 1.3 times the expected Doppler
value). [top] Cluster of Njg; = 73 — 63 and 74 — 64, A = 0 lines of CH30.
The lines identified by an asterisk belongs to a close-shell molecule. [botton]
Nk =75 —65,A = 1 and 103 — 93, A = 0 lines of CH30. The saturation
limit of the lock-in amplifier is indicated by the dashed horizontal lines and
the resulting frequency portions of the spectrum where the signal cannot be
exploited in double resonance configuration are shaded in gray.

4. Conclusion

Extensive measurements of CH3O have been performed
over the entire sub-millimeter spectral region allowing to sig-
nificantly extend the range of observed frequencies and quan-
tum numbers of the radical in its vibrational ground state.
The newly measured data have been combined with pure rota-
tional transitions measured by Endo et al. [20], Momose et al.
[21], Laas and Weaver [22] and fit with an effective Hamilto-
nian using SPFIT/SPCAT. The spectroscopic parameters are
determined with confidence which allows for reliable predic-
tion up to about 1 THz. However, we recall to the reader’s
attention that uncertainties increase rapidly, in particular for

the weaker transitions. All spectral assignments, fit, and pre-
diction files are made available as supplementary material and
in the CDMS database.
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