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ABSTRACT: The emergence of chemical complexity during star and planet formation is
largely guided by the chemistry of unstable molecules that are reaction intermediates in
terrestrial chemistry. Our knowledge of these intermediates is limited by both the lack of
laboratory studies and the difficulty in their astronomical detection. In this work, we focus on
the weakly bound cluster HO; as an example of the connection between laboratory
spectroscopic study and astronomical observations. Here, we present a fast-sweep
spectroscopic technique in the millimeter and submillimeter range to facilitate the laboratory
search for trans-HO; and DOj transitions in a discharge supersonic jet and report their
rotational spectra from 70 to 450 GHz. These new measurements enable full determination of
the molecular constants of HO; and DO;. We also present a preliminary search for trans-HO;
in 32 star-forming regions using this new spectroscopic information. HO; is not detected, and
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column density upper limits are reported. This work provides additional benchmark
information for computational studies of this intriguing radical, as well as a reliable set of molecular constants for extrapolation of
the transition frequencies of HO; for future astronomical observations.

H INTRODUCTION

The chemical complexity on Earth is extraordinary when
compared to the universe, where H, is by far the most
abundant molecular species. The low densities and temper-
atures of space limit the chemistry that can occur in interstellar
environments, and observations show that “terrestrial” chemical
complexity only begins to emerge as stars and planets form.
Few studies have focused on the chemical processes involved in
star and planet formation but rather used molecules to trace the
physical conditions. We approach this problem from an
astrochemistry perspective, rather than an astrophysical one.
Our focus is on the reaction intermediates that drive the
chemistry, such as radicals, ions, and other transient molecules.
The fundamental question to be answered by our research is
How does chemical complexity emerge from the simple chemistry
observed in space?

In this work we examine the possibility of the existence of
weakly bound clusters in space through laboratory and
observational studies of HO;. HOj; is chemically related to
molecular oxygen, which presents a puzzle for astrochemists.
O, has surprisingly only been detected in a few sources,' "
despite the relatively large fractional abundance of atomic
oxygen relative to hydrogen. Identifying the carrier(s) of
oxygen in dense molecular clouds encourages new reaction
mechanisms to be proposed. Silicates, CO, and water ice are the
major reservoirs of oxygen in these environments, but they do
not fully explain the low molecular oxygen abundance that is
observed in dense clouds.” Other possible oxygen reservoirs
must be investigated. Here we explore whether weakly bound
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clusters could play important roles in oxygen chemistry in
interstellar clouds.

Strongly bound clusters, such as protonated molecular ions
like Hj, HCO', and N,H", play central roles in both terrestrial
and interstellar chemistry, and their existence has been
unambiguously supported by astronomical observations.’
Weakly bound clusters, however, are important reaction
intermediates in terrestrial chemistry, but they have been
discounted as important intermediates in interstellar chemistry
because the low densities in interstellar clouds do not favor
their formation. Nonetheless, the question of their possible
existence in interstellar clouds is intriguing. Indeed, if a three-
body collision is required to form such a cluster, as is typical
under terrestrial conditions, such a reaction is unlikely in
interstellar environments. However, Klemperer and Vaida®
suggest that weakly bound clusters whose binding energy is ~5
kcal'mol ™" are still possible interstellar species because they can
form via radiative association reactions, which are common in
interstellar environments. In addition to radiative association in
the gas phase, weakly bound clusters could also possibly form
on interstellar or protoplanetary ices. Specifically for HO;,
experiments have shown that it can be produced in cold water
ice rich in O, under proton’ or electron® bombardment. The
latest experimental upper limit of HO; binding energy is 3 kcal-
mol™,” whereas the theoretical estimation lies between 1.8'°
and 2.8"" kcal'mol™. HO; may therefore be produced within
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and survive the sublimation of interstellar ices below 100 K. If
detected, clusters such as HO; could dramatically change the
current understanding of the roles of three-body collisions,
radiative association reactions, and sublimation in astrochem-
istry.

The identification of HO; via its rotational transitions cannot
be achieved without supporting laboratory measurements. We
focus here on the millimeter and submillimeter spectrum of
HO;. Although rotational spectra of trans-HOj; are available in
the microwave range,'”'’ extrapolation to the millimeter—
submillimeter wavelength range may be subject to large
uncertainties. Therefore, our experimental measurements of
HO; transitions at these wavelengths will aid in the search for
this cluster in space. Once the HO; rotational spectrum is
measured, we can apply similar techniques to examine other
clusters of astrochemical interest.

In addition to its possible importance in astrochemistry, HO,
is also of great interest in atmospheric chemistry and theoretical
chemistry. It is a challenging target in both experimental and
computational studies. In experimental studies, its potential role
in shaping the HO, cycle that controls the atmospheric O,
budget was proposed (see Murray et al.'* and references
therein) but then discarded based on more accurate
experimental results.” In computational studies, HO; is a
sensitive benchmark for theoretical methods as its exper-
imentally measured properties can rarely be simultaneously
reproduced by a single theoretical method.

The experimental measurement of the dissociation energy of
HOj determines its importance in atmospheric chemistry. The
value 10(5) kcal'mol™ determined from proton and electron
transfer experiments'”'® was unreliable due to large exper-
imental uncertainty and large discrepancy from theoretical
calculations. From infrared—UV action spectroscopy, Derro et
al. estimated the upper limit of the dissociation energy of HO;
to be 5.32 kcal-mol™, by measuring the maximum energy of
dissociated OH.'” Le Picard et al.” further refined the upper
limit of the HO, dissociation energy to be 2.97(7) kcal-mol ™,
which was derived from a kinetics model based on laser-
induced fluorescence (LIF) decay measurements of OH at
various temperatures and O, concentrations. Therefore, the
originally postulated contribution of HO; to atmospheric OH
depletion was discarded.

Spectroscopic studies of HO; have been primarily conducted
in the infrared. Early spectroscopic investigations of HO; after
its first detection in mass sgectrometry18 include infrared
experiments in an Ar matrix'~ and water ice.”® Rotationally
resolved infrared spectra were first obtained by infrared—UV
action spectroscopy in a supersonic jet,”’zo_22 where an
infrared laser was used to pump the radical, while the
dissociation product OH was probed via LIF from its UV
excitation. Several rotationally resolved bands were unambig-
uously assigned to trans-HO;.'” Vibrational bands of trans-DO;
were also measured.'”**

Additional rotational spectroscopic studies using Fourier
Transform Microwave (FTMW) spectroscopy have shown that
HO; possesses an extremely long center O—O bond."”" In
these experiments, HO; was formed in a pulsed discharge
supersonic expansion comprised of a mixture of O, and water
vapor or H, diluted in Ar. Spectra of HO; and DO; were
measured by Suma et al, and spectra of its three 'O
isotopologues were measured by McCarthy et al, who also
reported a more efficient discharge production mechanism of
HO; using H, instead of H,O as a precursor. Transitions for
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HO; were measured up to 80 GHz. Empirical structural
information for trans-HO; was derived from the experimental
rotational constants of the five isotopologues retrieved from the
microwave spectra, by assuming a planar geometry.” The
empirical center O—O bond was very long (1.684 A), while the
O—H bond was much shorter (0.913 A) than that in free OH
(0.970 A). As the authors pointed out, however, the empirical
bond length 7, is not directly comparable to the theoretical
equilibrium value r, due to the effect of the vibrational
wavefunction in the ground state. A recent dipole moment
measurement for trans-HO; in a He nanodroplet further
illustrated the large discrepancy between theoretical calculated
properties with experimental measurements, as well as the
sensitive dependence of the radical’s property on its geometry
estimation.”

It is worthwhile to mention that the existence of cis-HO; is
perplexing. A broad infrared band containing no rotational
structure was tentatively assigned to the cis- conformer,'”*%~>*
but the validity of this assignment is questionable because both
microwave studies claimed no detection of cis-HOj after careful
searches.'”'” As Raston et al. suggested based on their He
nanodroplet study, it is possible that there is only one
vibrationally averaged structure of HO;, and the broad infrared
band arises from HO;—(0O,), complexes.”

Along with these experimental efforts, theoretical calculations
have been extensively conducted to reproduce the exper-
imentally measured molecular geometry and dissociation
energy, to construct the potential energy surface, and to
analyze the dissociation channels.'”'"**™>® Despite this fact,
none of these studies can thus far simultaneously reproduce
every experimentally measured aspect of this radical. This is not
only due to the complexity of the HO; system itself, but also to
the difficulty of direct comparison of theoretical results with
experimental values. The comparison of geometry, dipole
moment, and dissociation energy for the ground vibrational
state of HO; relies greatly on the estimation of the anharmonic
multidimensional potential energy surface as well as the
vibrational—rotational interaction. For example, the torsional
potential between the trans and cis conformer (if it does exist)
of HO; largely determines the form of the rovibronic wave
functions. The torsional barrier is estimated to be ~340 cm™,*
based on the infrared—UV action spectroscopy results.'” A
more recent six-dimensional potential energy surface'’ showed
strong coupling between multiple vibrational modes, which all
have impact on the estimation of the difference between the
theoretical equilibrium geometry and the empirical geometry.
Much theoretical and experimental work remains to fully
understand the HO; system.

Here, we report the measurement of pure rotational spectra
of HO; and DO; from 70 to 450 GHz. These new
measurements access more K, levels than the microwave
studies, thus providing sufficient information to empirically fit
all quartic centrifugal distortion constants using a standard
asymmetric top Hamiltonian. In addition to the observed HO,
and DO; transitions, we found numerous unidentified lines. In
conjunction with these experiments, we benchmarked a new
fast-sweep spectral scanning technique that facilitated the
laboratory characterization of HO;. We then compared these
experimental results with observational spectra to search for
HO; in 32 star-forming regions and estimated upper limits of
HO; abundance in these astronomical sources.
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Figure 1. Schematic of the experimental setup.

B EXPERIMENTAL DETAILS

Production of HO; and DO;. The HO; radical was
produced in a pulsed high-voltage discharge in a supersonic
expansion of a gas mixture of O, H,, and Ar (NexAir, ultrahigh
purity). The seeding gases O, and H, were premixed at a flow
ratio of 3:2 and then diluted to 10% in Ar before being sent
into a pulsed valve (Parker Hannifin, Series 9 general valve).
The valve operated at a repetition rate between 20 and 25 Hz
with ~1 ms opening time, which led to a total gas flow rate of
700—850 sccm and an equilibrium chamber pressure of ~S Pa.
Gas flow was controlled by a set of mass flow controllers (MKS
11794, 100 sccm maximum for seeding gases and 5000 sccm
maximum for the buffer gas) and a four-channel flow rate
readout (MKS Type 247). The gas mixture was held at a
pressure of 600 kPa above atmosphere behind the pulsed valve.
The gas mixture passed through a custom-built discharge
source adapted from the design of McCarthy and co-
workers®”*® before expanding into the vacuum. The discharge
source used two copper electrodes, separated from each other
by 4.8 mm using Teflon washers. Voltage was applied to the
electrode closer to the pulsed valve, while the other electrode
was grounded. Additional Teflon spacers separated the
grounded electrode and source orifice by 15.9 mm to provide
sufficient three-body collision stabilization. The discharge
voltage was set at +900 V using a high-voltage power supply
(Spellman, SL2PN2000) and pulsed by a pulse generator
(Directed Energy Inc, PVX-4150). A 10 kQ ballast resistor
constrained the discharge current below 5 mA. The voltage rose
simultaneously with the pulsed valve trigger signal, and it lasted
for 2.2—2.5 ms. All pulses were triggered using a standard S V
TTL output from a four-channel delay generator (Stanford
Research Systems, DG645). DO was produced under identical
conditions, but using D, (Cambridge Isotopes Laboratories,
99.8% D,, 0.2% HD) in place of H,.

A schematic of the experimental setup is shown in Figure 1.
The expanding jet was probed by a seven-pass millimeter—
submillimeter spectrometer that was oriented perpendicular to
the expansion trajectory. The optical arrangement was based on
the designs of Kaur et al.*’ and Laas et al.*’ Two spherical
mirrors (Edmund Optics, 15.24 cm diameter and 15.24 cm
focal length, NT32—836) spaced by roughly 60 cm were used.
The multipass beam was focused into a ~2.5 cm area in the

center of the mirrors, located 2.5 cm underneath the discharge
source. The fine-tuning of the discharge source location relative
to the beam was optimized for HO; detection by maximizing
the intensity of the strongest transition of HO,, the molecular
precursor of HO;."> The millimeter—submillimeter beam was
generated by multiplication of the 25—45 GHz output from a
signal generator (Agilent Technology, E8257D PSG with the
options 1EA, UNU, 550, and UNT). Multiplication was
achieved using a frequency multiplier chain (Virginia Diodes
Inc., $197(b) with WRS tripler for 105—135 GHz and S197(c)
with WRIO tripler plus WRS.1 doubler, WR3.4 tripler, and
WR2.2 doubler for other frequency bands) to generate output
frequencies in the range of 75—450 GHz.

Detection of Molecular Signal. Two detection schemes
were applied in this experiment: a conventional lock-in
amplifier scan and a new fast-sweep technique. In both
detection methods, the output signal from the spectrometer
was detected by either a zero-biased detector (Virginia Diodes
Inc,, WR10 and WR8.0) for frequencies below 135 GHz, or an
InSb hot electron bolometer (QMC, Ltd, QFI/XBI) for
frequencies above 135 GHz.

For conventional lock-in detection, the output signal from
the detector was processed by a lock-in amplifier (Stanford
Research Systems SR830) using 2f detection at a time constant
of 0.1 ms. The radiation from the synthesizer was frequency
modulated by a 30 kHz oscillating sine wave that deviated off
the carrier frequency by +75 kHz. A scanning step size of SO
kHz was used. The output from the lock-in amplifier was then
recorded by a fast digitizer card (National Instruments, PCI-
5124) and was numerically integrated to recover the line shape.
For fast-sweep acquisition, described in more detail below, the
output from the bolometer was directly recorded by the same
digitizer card.

The goal of the new fast-sweep technique implemented in
this experiment is to speed up the search for unknown
transitions of HO; without introducing additional instrumenta-
tion. The traditional point-by-point lock-in scan significantly
constrains the data acquisition speed in a pulsed experiment
with low duty cycle. For example, a spectrum of 10 MHz
bandwidth with 100 averages under our experimental
conditions will take ~1000 s. Other broadband data acquisition
techniques are available in the millimeter—submillimeter
wavelength range,41_43 but unfortunately they require signifi-
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Figure 2. Single frequency time scan over HO, 3,; <2, transitions (purple trace) and fast-sweep signal in five half-cycles centered on the HO,
transitions at 195 423 MHz (green trace). The inset plot (blue trace) represents the frequency sweeps in real time.
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Figure 3. Comparison of spectra recovered from fast-sweep technique (left) and conventional lock-in detection (right).

cant instrumentation investment. We therefore developed a
new approach that enabled faster data acquisition without
requiring the purchase of new equipment. The fast-sweep
technique introduced in this experiment increased the speed of
spectral acquisition by 2 orders of magnitude using the identical
instruments described in the previous subsection.

The fast-sweep acquisition was achieved by utilizing the
internal triangle-wave frequency modulation from the Agilent
synthesizer described above. The SRS delay generator was
phased-locked to the synthesizer’s internal 10 MHz clock to
ensure phase stability. The triangle-wave modulation was set to
generate a +1 MHz frequency deviation off the carrier center
frequency at 1 kHz rate. The multiplier chain (with multiplying
factor 6—12 in this experiment) further multiplied the
frequency bandwidth to +6—12 MHz, which yielded a 12—24
MHz wide linear frequency sweep. This frequency sweep was
timed to coincide with the molecular pulse from the pulsed
valve, yielding coverage of an entire spectral line in the
sweeping bandwidth, as well as a background spectrum
immediately after the pulsed valve was closed. An example of
the spectra produced by this fast sweeping method is shown in
Figure 2. The top spectrum shows a time trace recorded for a
frequency centered on one of the hyperfine components of the
303 < 20, transition of HO, at 195 423 MHz. The spectrum
traces the molecular pulse coming from the pulsed valve,
providing time information for the production of the target
molecule. Two radio frequency interference (RFI) spikes mark
the beginning and end of the electrical discharge. The full open
time of the valve was usually 0.7 ms, though this varied slightly
depending on valve conditions. The middle spectrum shows the
fast sweep spectrum as the frequency swept linearly through the
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same HO, transition. The curvature of the sweep was caused by
the combination of the power variation from the multiplier
chain, the standing waves in the spectrometer, and the
sensitivity profile of the detector, which were all frequency-
dependent. The inset plot shows the electronic modulation
output from the synthesizer, with voltage scaled to the radiation
frequency output. The downward slope of this trace in the first
half-cycle indicates that the sweep initiated with decreasing
frequency in this example. The detector was not sensitive to the
direction of this sweep, so this modulation output was recorded
in advance as a reference for frequency calibration.

Five sweep half-cycles were recorded in each data acquisition.
The delay time of the first sweep half-cycle was tuned via the
delay generator so that it coincided with the peak number
density of the target molecule in the valve pulse. To avoid
signal contamination from molecular residual (usually in the
second half-cycle) and RFI (usually in the third or fourth half-
cycle), the fifth half-cycle was used as a clean background and
was subtracted from the first half-cycle during data analysis.

Postprocessing of the sweep data was performed by a
custom-built Python3.4 script with the assistance of Numpy1.8
and Scipy0.15 modules (www.python.org, www.numpy.org, and
www.scipy.org). The script first mapped time to radiation
frequencies by combining the prerecorded modulation output
(ie., the inset plot in Figure 2) and bandwidth information.
The next step was to reshape the data array, taking the fifth
sweep as the background signal and subtracting it from the first
one. Lastly, the background-subtracted molecular signals at all
center frequencies within the same data file (1 GHz range in
this experiment) were stitched together to create a spectrum,
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Figure 4. Comparison of SNR between fast-sweep spectra and point-by-point lock-in spectra.

which was subject to additional linear and spline baseline
removal processes.

B RESULTS

Benchmark of Fast-Sweep. The fast-sweep spectra
recovered after frequency calibration and background sub-
traction of Figure 2 are shown in the left panel of Figure 3,
together with the spectra in the same frequency range from
conventional lock-in detection in the right panel for
comparison. The fast-sweep signal has a Voigt line shape,
while the lock-in line shape is the second derivative of the fast-
sweep line shape. Various numbers of averages were taken to
trace the improvement in signal-to-noise ratio (SNR). Both
detection methods present a square-root improvement of SNR
as the number of averages increases. Figure 4 further compares
the improvement of SNR in both detection methods as a
function of number of averages and data acquisition time. At
the same number of averages, the lock-in detection gives higher
SNR than the fast-sweep, which is not surprising. The time it
takes, however, is also much longer than the fast-sweep. For
example, using the lock-in takes over 10 times longer than the
fast sweep for an SNR of 100. As a result, the fast-sweep is well-
suited for fast broadband searches for strong unknown
transitions. However, the lock-in detection is more appropriate
for detecting weaker transitions in a reasonable amount of
averages and given sufficiently accurate knowledge of the
transition frequency.

HO; and DO; Detection. The detection of HO; below 170
GHz was straightforward based on the extrapolation of
transition frequencies from previous microwave studies,">"*
once the discharge and gas mixture conditions were optimized
for HO; production. The transition frequencies observed
directly coincided with the extrapolation. Difficulty was
experienced for the spectral search above 170 GHz. With the
assistance of the fast-sweep technique, large frequency shifts
from the extrapolation were observed. For transitions from 170
to 320 GHz, the shift was ~35 MHz, while for transitions above
320 GHz, the shift was ~170 MHz. Sample spectra from the
fast-sweep experiment are shown in Figure S. The frequency
shifts compared with extrapolations from microwave data are
readily seen.

Each new transition observed in the fast-sweep acquisitions
was confirmed using lock-in detection and then fitted by a
second derivative Gaussian function to retrieve its transition
frequency. Additionally, weaker HOj; transitions that were
ambiguous in the fast-sweep data were sought using the lock-in
detection. A total of 38 new lines for HO; with 118 resolved
hyperfine components were measured in the range from 70 to
450 GHz. The highest ] level observed was ] = 7. The complete
list of assignments can be found in the Supporting Information.
A computer-generated stick spectrum based on the second-
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Figure S. Fast-sweep detection of HO; at 185 and 362 GHz. Spectral
simulations were generated at 10 K rotational temperature using
reported molecular constants from either the previous study (blue) or
the current study (orange).

derivative Gaussian fit showing all newly measured transitions
of HO; is plotted in the top panel of Figure 6. The intensities
are proportional to the integrated intensities of measured
transitions. DOj; transitions were also measured using the same
procedure. A total of 44 new lines were recorded.
Unfortunately, because of the heavier nuclear mass of
deuterium, the hyperfine splitting of most lines was not
resolved, except for the partially resolved 2,, « 2, transition.
The full stick spectrum is plotted in the lower panel of Figure 6.
A scaling factor based on the lock-in amplifier sensitivity was
considered for DO; but not HO;. Since the experimental
condition details varied day by day, the power fluctuation due
to the standing waves in the spectrometer was difficult to
calibrate. Therefore, no further power normalization was
applied.

The molecular constants were fitted using the SPFIT
program in the CALPGM suite** using Watson’s A reduced
Hamiltonian, including centrifugal distortion, spin-rotation
interaction and associated centrifugal distortion, magnetic
dipole—dipole hyperfine splitting, and electric quadrupole
hyperfine splitting for deuterium. For unresolved HO,
hyperfine structure, the same center frequency was assigned
to the two strongest hyperfine components. For DO;, the
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Figure 6. Stick spectra of all new measured HO; and DOj transitions.
Transitions identified to be Ar—H,O and unidentified lines are also
included. Intensities are proportional to the integrated intensities of
measured transitions and are calibrated for the sensitivity level of the
lock-in amplifier for DO; but not HO;. No power normalization was
applied.

strongest three hyperfine components were assigned to the
same frequency. The transitions reported by Suma et al.'” in
the microwave range were also included in the fit. Only the
molecular constants with statistical significance were included
in the fit. The hyperfine tensor element T, was fixed at =T ,,—
Ty, while y.. was fixed at —y,,—y;, to ensure the traceless
property of the T and y matrices. We assumed a uniform S kHz

frequency uncertainty for the microwave data from Suma et al.
and a uniform 50 kHz frequency uncertainty for the data from
this study based on the spectral resolution. The root-mean-
square (rms) of the fit is 0.050 MHz for HO; and 0.051 MHz
for DO;, both of which agree well with the frequency
uncertainty in this work. The results of this analysis are
compared to previous studies in Tables 1 and 2. The final fit
files for HO; and DO; are also included as Supporting
Information.

Using the new spectroscopic constants determined in Tables
1 and 2, we updated the HO; and DOj spectral predictions
using the SPCAT program in the CALPGM suite."* For these
predictions, the a and b components of the electric dipole
moment were set at the experimental values of i, = 0.61 D,
= 1.48 D for trans-HO;, and p, = 0.62 D, y;, = 1.52 D for trans-
DO;.>* These new spectral catalogs were used to simulate
spectra assuming a rotational temperature of 10 K for
comparison to the experimentally measured spectra, shown in
Figures 5 and 6. The HOj; catalog was also used to compare
with astronomical observations, which will be discussed in more
detail below.

New Spectral Features. Along with the detection of HO;,
we also found a set of new discharge-dependent spectral
features using the fast-sweep technique. Follow-up lock-in
detections were also conducted to confirm the discovery of new
spectral lines. These lines are also plotted in Figure 6 along with
the HO; lines. One of the molecular carriers was identified to
be the Ar—H,O dimer; these lines, marked in purple in Figure
6, disappeared with substitution of He buffer gas in place of Ar.
However, Ar—H,O does not fully explain all of the unidentified
lines measured in this experiment. Additional analysis is
required before the carrier(s) of these lines is identified.

B DISCUSSION

The search for HO; transitions above 170 GHz was
complicated due to the large frequency shifts relative to the

Table 1. Comparison of Spectroscopic Parameters of trans-HO; from This Study and Results” from Suma et a

constants (MHz) this study
A, 70781.118 69(136)
B, 9987.3873(61)
Co 8749.7284(59)
Ay X 10° 47.5200(223)
Ank 0.149167(123)
Ag 2.956094(237)
Sy x 10° 6.1406(116)

Sy 0.21649(298)
€1 —1252.6932(42)
€ —106.25192(198)
€, —3.49564(187)
leg + €pal/2 42.503(80)

ag 3.66102(240)
T, 8.4792(46)

Ty, —6.8512(45)
Af X 10° 0.987(75)

A 0.05626(85)

Ay 0.10421(179)
AP 0.0176

fitted transitions 180

rms (MHz) 0.050

1.2

Suma etal.' difference
70778.1652(24) 2.9535(28)
9986.9501(11) 0.4372(62)
8750.1580(11) —0.4296(60)
46.461(30) 1.059(37)
0.15335(40) —0.00418(42)
6.11(41) 0.031(43)
—1252.5858(58) —0.1074(72)
—106.2551(26) —0.0032(33)
—3.4954(24) —0.0002(30)
42.45(11) 0.05(14)
3.6587(30) 0.0023(38)
8.4828(59) —0.0036(75)
—6.8533(56) 0.0021(72)
1.00(10) —0.01(12)
0.0544(15) 0.018(17)
0.0123 0.0053
62
0.0054

“10 uncertainties in the unit of the last significant digit are included in parentheses. YInertial defect (amu-A?).
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Table 2. Comparison of Spectroscopic Parameters of trans-DO; from This Study and Results” from Suma et al."”
constants (MHz) this study Suma et al."? difference
Ay 67859.764 12(114) 67857.3708(30) 2.3933(32)
B, 9448.9011(46) 9448.5330(13) 0.3681(48)
C, 8299.0882(45) 8299.4517(13) —0.3635(47)
Ay X 10° 37.3937(159) 36.573(37) 0.821(40)
Ang 0.181509(111) 0.18544(51) —0.00393(52)
Ag 2.394778(270)

Sy X 10° 4.5481(87) 4.566(49) —0.018(50)
¢ 0.18323(228)

€ —1224.7306(40) —1224.611(80) —0.120(80)
€ —101.53380(183) —101.5335(32) —0.0003(37)
€. —3.78785(174) —3.7870(30) 0.0008(35)
le + €pal/2 41.154(74) 41.25(13) —0.10(15)
ag 0.46216(161) 0.4607(28) 0.0015(32)
Ty 1.2970(32) 1.2972(5S) —0.0002(64)
Ty —1.08913(277) —1.0893(47) 0.0002(55)
AS x 10 0.788(64) 0.71(11) 0.08(13)
A 0.04933(74) 0.0451(19) 0.0042(20)
AY 0.108 04(216)

Haa 0.0126(44) —0.0042(78) 0.0168(90)
o 0.1556(48) 0.1376(74) 0.0180(88)
Ab -0.0372 —-0.0422 0.0050
fitted transitions 153 74

rms (MHz) 0.051 0.0076

“10 uncertainties in the unit of the last significant digit are included in parentheses. YInertial defect (amu-A2).

extrapolation from the previous microwave work. The fast-
sweep technique eased the search problem, as it could cover a
wide (>1 GHz) spectral range in less than an hour. The large
shifts between the measured spectra and the extrapolation from
microwave studies are primarily caused by the lack of inclusion
of some quartic centrifugal distortion constants in the analysis
of the microwave spectra. In the previous microwave studies,
only K, = 1 « 0 transitions were detected, leading to the
undetermined centrifugal distortion constants Ay and dg. Once
higher K, levels were accessed, these centrifugal distortion
constants could be added in the analysis presented here. From
the comparisons shown in Tables 1 and 2, it can be seen that
the centrifugal distortion constants associated with the angular
momentum operator on the primary axis N, namely, Ayy, A,
S, Ay, and AY, are now well-defined. The inclusion of these
additional centrifugal distortion constants also led to significant
changes in the rotational constants A, B, and C, especially the A
constant, from the values reported in previous studies. As
expected, the change of the rotational constants also leads to a
change in the inertial defect, but only by a small amount. Most
of the spin—orbit interaction, magnetic dipole hyperfine
interaction, and electric quadrupole hyperfine interaction
terms have not changed within their respective statistical
uncertainties.

The centrifugal distortion constants Ag and &g are
significantly larger compared to the other centrifugal distortion
constants Ay, Ayg, and Sy. This result indicates the large
dependency of HO; geometry on the rotational angular
momentum along the principle axis. A similar trend was
observed in the transsHOCO radical,*® though the C—O bond
in HOCO was found to be much shorter than the O—O bond
in HO;. These large values for Ay and Jx may provide
additional benchmarks for theoretical calculations of the
geometry and multidimensional potential energy surface for
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HO,, since the distortion tensor relies on the estimation of the
moment of inertia gradient and the force field.

The behavior of DOj is similar to that of HO;. Because of
the heavier deuterium nucleus, the shift of DO constants in
this work from the previous study is systematically smaller than
the shift of HO; constants.

In addition to the interesting results found for HO; and DO;,
additional spectral lines were observed for other species
produced in the discharge. In the previous study,"> OH,
H,0-0H, H,0-0,, (H,0),, and O, were also detected using
similar discharge conditions to those used in this experiment.
Our experiment is consistent with the previous results, as we
saw strong transitions from HO,, H,0,, O;, H,0, O, (both *X
and 'A), and Ar—H,0 dimer. The spectral features of these
known species were excluded from the analysis of the HO;
spectrum and are not plotted in Figure 6 (except for Ar—H,0).
In particular, Ar—H,O was confirmed by a comparison with the
spectrum of a water and Ar mixture. The Ar—H,O vibrational—
rotational-tunneling spectrum has been studied previously.** >
Unfortunately, no experimental data were available in the
frequency range of this experiment. We therefore measured the
Ar—H, 0 spectrum separately to clean up the list of unidentified
lines in our HO; spectra. The details of the Ar—H,O spectrum
are beyond the scope of this paper and will be the subject of a
future manuscript.

Despite the prevalence of Ar—H,O lines in the spectrum, this
dimer can only partially reproduce the unidentified lines shown
in Figure 6. Consequently, it is likely that at least one additional
species was created in the discharge. These spectral lines
persisted when Ar was replaced by He or even completely
removed in the expansion; as such, the carrier is neither an Ar
cluster nor a He cluster. The splitting pattern of these
unidentified lines indicates a radical species. Future work will
focus on determining the identity of this new species.
Meanwhile, this new finding illustrates the capacity of the
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Table 3. Estimation of Column Density Upper Limit of HO; in Astronomical Sources”

source right ascension declination
W3(H,0) 02:27:04.61 +61:52:25.0
L1448MM-1 03:25:38.81 +30:33:00.5
NGC 1333 IRAS 2A 03:28:55.40 +31:14:35.0
NGC 1333 IRAS 2B 03:28:57.24 +31:11:13.9
NGC 1333 IRAS 4A 03:29:10.49 +31:13:31.0
NGC 1333 IRAS 4B 03:29:11.99 +31:13:08.9
Bl-b 03:33:20.80 +31:07:40.0
Orion-KL 05:35:14.16 —05:22:21.5
NGC 2264 06:41:00.00 +09:52:48.0
NGC6334—-29 17:19:57.00 —35:57:51.0
NGC6334-38 17:20:18.00 —35:54:42.0
NGC6334—43 17:20:23.00 —35:55:55.0
NGC6334-IN 17:20:55.00 —35:45:40.0
GCM + 0.693—0.027 17:47:21.86 —28:21:27.0
GAL 010.47 + 00.03 18:08:38.40 —19:51:51.8
GAL 12.21-0.10 18:12:39.70 —18:24:20.9
GAL 012.91-00.26 18:14:39.00 —17:52:03.0
HH 80/81 18:19:12.30 —20:47:27.5
GAL 19.61-0.23 18:27:37.99 —11:56:42.0
GAL 24.33 + 0.11 18:35:08.14 —7:35:8.14
GAL 24.78 + 0.08 18:36:12.00 —7:13:12.0
GAL 29.96—0.02 18:46:3.92 —2:39:21.9
GAL 3141 + 0.31 18:47:34.61 —01:12:42.8
GAL 34.3 + 00.2 18:53:18.54 +01:14:57.9
GAL 45.47 + 0.05 19:14:25.60 +11:09:26.0
WS1 19:23:43.77 +14:30:25.9
GAL 75.78 + 0.34 20:21:44.09 +37:26:39.8
W75N 20:38:35.90 +42:37:22.1
DR21(OH) 20:39:01.10 +42:22:49.1
L1157 MM 20:39:06.41 +68:02:12.8
NGC 7538 23:13:45.70 +61:28:21.0

column density (em™?) temperature (K) FWHM (km-s~')

<69 x 10" 489 6.6
<2.4 x 10" 17.7 1.3
<32 x 10" 22.4 34
<9.0 x 10" 10° 1
<22 % 102 189 9.6
<32 x 10" 20.0 5.5
<1.8 x 10" 9.9 12
<12 x 10" 80.6 9.4
<3.1 x 108 20.4 4.5
<4.1 x 10" 49.6 54
<52 x 10" 26.4 3.5
<13 x 10" 16.0 3.1
<8.8 x 108 20.2 39
<3.0 x 10% 10° 14.14
<2.1 x 10" 62.0 10.8
<2.0 x 1083 28.9 8.2
<49 x 10" 29.4 4.9
<1.5 x 10" 19.0 2.4
<52 x 108 53.7 9.0
<19 x 10" 182 47
<2.1 x 108 38.0 72
<5.5 x 10" 10° 1.6°
<2.7 x 108 79.1 7.4
<3.7 x 10" 45.8 6.8
<52 x 10" 15.1 4.6
<6.7 x 108 49.0 9.2
<42 x 10" 28.0 42
<12 x 10" 4.7 5.6
<34 x 10" 39.0 6.0
<1.7 x 108 14.3 5.8
<3.1 x 10" 19.0 3.7

*No temperature information is available. The temperature was assumed to be 10 K. “fwhm assumed to be 3 times the channel width, which is ~1
km- s7". “fwhm of CS. “fwhm of CO. “The listed temperature and fwhm are the weighted average values from other molecules fitted in each source

and were fixed during the analysis for HO;.

fast-sweep technique. Since this technique allows scanning for
tens of GHz in a day under normal experimental conditions, it
makes blind searches feasible even without any spectroscopic
prediction. This opens the possibility of discovering new
spectral features in the millimeter—submillimeter range, which
could not be done easily before with the conventional point-by-
point spectral acquisition technique.

B COMPARISON TO OBSERVATIONS

To begin the astronomical search for HO;, we compared the
laboratory spectra discussed above with a set of spectral
observations toward 32 star-forming regions taken using the
Caltech Submillimeter Observatory (CSO) between 2007
September and 2013 June. (The CSO is operated by the
California Institute of Technology, previously under contract
from the National Science Foundation.) Both a prototype
wideband receiver’>* and the facility wideband receiver>” were
used for these observations. For the observations using the
prototype receiver, the facility acousto-optical spectrometer was
used, and the resultant spectra had 4 GHz bandwidth and
~0.65 MHz channel width. For the observations using the
facility receiver, the facility fast Fourier transform spectrometer
(FFTS) was used, and the resultant spectra had 4 GHz
bandwidth and ~0.27 MHz channel width. A set of rest
frequencies with 4 GHz separation was used in the range of
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223.192—251.192 GHz. A set of IF offsets of 4.254, 6.754,
5.268, and 7.795 GHz were applied to each rest frequency to
ensure a minimum sampling redundancy of six for each
frequency point in the spectra; additional IF offsets of 6.283,
4752, 5.767, and 7.269 were applied to the lowest two
frequency settings. This redundancy ensured sufficient
sampling for full deconvolution of the double-sideband
(DSB) spectra. A chopper wheel was used for intensity
calibration to place the spectra on the antenna temperature
scale, T¥. The chopper wheel was operated at 1.1 Hz with a
throw of either 70 + 8 or 90 + 8 arcsec. A noise level of 30 mK
was obtained for each source through adjustment of integration
times based on the system temperature during observations.
Pointing accuracy was within S arcsec each night; the pointing
was checked at a minimum of every 2 h, and spectral intensities
were compared to those of previous nights to ensure
consistency. The full-width-half-power beam sizes at 230 GHz
were 33.4 and 35.54 arcsec for the prototype and facility
receivers, respectively. Data reduction and deconvolution were
performed using the CLASS software package in the GILDAS
suite (Institut de Radioastronomie Millimetrique, Grenoble,
France). DSB spectra were baseline-corrected, noise features
were removed, strong spectral features were masked, and
spectra were resampled with 1 MHz channel spacing before
deconvolution. Spectra were rescaled to the main beam
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temperature scale, T, using a beam efficiency determined
through observations of the planets to be 0.60 + 0.09 for both
receivers. The final spectra have noise levels of ~25 mK.

The Global Optimization and Broadband Analysis Software
for Interstellar Chemistry (GOBASIC) program was then used
to analyze the astronomical observations through comparison
with the spectral line catalog generated from the molecular
parameters given in Tablel. The details of the program are
described elsewhere.”* For each observational spectrum, the
brightness temperature was calibrated by the antenna efficiency
but was not further calibrated for beam dilution because the
spatial distribution for HOj; is unknown for all sources. Before
analyzing the spectra for HO;, spectroscopic features of other
commonly found interstellar molecules were fitted. Some
common molecules included in this preliminary analysis are CS
isotopologues, methanol, SO,, CH;CN, dimethyl ether, and
methyl formate. The exact molecules included varied based on
the unique molecular composition of each astronomical source.
After this preliminary analysis was completed, a trial fit for HO;
was conducted using the updated HO; line catalog. The
temperature and full-width-half-maximum (FWHM) of the trial
fit was constrained to the weighted average of these values
found for other molecules in that source, with the weighting set
as the reciprocal of their estimated uncertainty. Unfortunately,
no transitions of frans-HO; were found in any of these
observational line surveys. Therefore, the fitted column density
was interpreted as an upper limit for HO; column density in
each source. The results of this analysis are summarized in
Table 3. No information is included here for Sgr B2(N),
because severe line confusion and blending precluded analysis
for HO;.

The results of this initial search for HO; are not surprising
based on the difficulties faced in detecting O, in interstellar
sources. Also, HO; detection might be even more challenging
in this particular set of sources since the observations focused
on warmer regions of star formation, where weakly bound
clusters might not be prevalent. Nonetheless, there are several
cold prestellar cores included in this sample, and yet HO; was
not detected in any of them. Despite this lack of detection,
there is still a possibility for HO; detection in future
observations. Recent advances in radio interferometry led to
much higher sensitivity levels than those achieved in these
observations. For example, only a 10 min integration using the
Atacama Large Millimeter/Submillimeter Array (ALMA) at
240 GHz with 1 MHz bandwidth would achieve a noise level of
10 mK (calculated using the ALMA sensitivity calculator at
https://almascience.eso.org/about-alma/proposing/sensitivity-
calculator). Therefore, detection of HO; may be possible with
more sensitive observations of colder regions. In particular,
HO; may be detectable in other regions with higher O,
abundance such as O-rich stellar envelopes.

B CONCLUSIONS

We have presented the measurement of pure rotational
transitions of HO; and DOj; in the 70—450 GHz frequency
range. A large discrepancy was found between these new
experimental measurements and the spectral extrapolation from
previous FTMW studies.'”'® This discrepancy was fully
explained by the inclusion of additional quartic centrifugal
distortion constants in the Hamiltonian. Molecular constants
were fitted using the new experimental results and were used to
generate a more reliable submillimeter spectral extrapolation for
these two radicals.
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Along with the reported HO; and DOj spectra, we have
benchmarked a fast-sweep spectroscopic technique that
facilitated the search for HO; transitions. This technique is
well-suited for spectral searches for unknown molecular
transitions in a broad frequency range in the millimeter—
submillimeter regime. Using this technique, we also revealed
new spectral features arising from the discharge chemistry for
HO; production. Some of these new spectral features have
been identified as arising from Ar—H,O dimer, but the carrier
of other spectral features remains unidentified.

To address the possible importance of weakly bound clusters
like HO; in the astrochemistry of star-forming regions, we
attempted a preliminary search for HO; in 32 astronomical
sources. Unfortunately, no HO; was detected in these line
surveys, likely due to the presumably low abundance of HO;.
Nonetheless, upper limits were estimated for each of these
sources. Additionally, the updated spectral line catalog based on
new experimental measurements presented here is expected to
guide new astronomical searches in other sources that have
high expected abundances of HO;.
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