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ABSTRACT
We report a rotationally resolved spectroscopic detection scheme for vibrationally excited molecular oxygen with high sensitivity. Two-
color (2 + 1′) resonance-enhanced multiphoton ionization (REMPI) spectra of O2 hot bands were recorded for the first time via the
3dπ (v′ = 0)← X 3Σ−g (v′′ = 1) Rydberg transitions. Spectroscopic constants and relative Franck–Condon factors were extracted and com-
pared to simulations. This new access to quantum-state-resolved diagnostics of vibrationally excited O2 promises to shed light on the physical
and chemical dynamics of many processes.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0251383

I. INTRODUCTION

Molecular oxygen constitutes much of our atmosphere and the
interstellar medium; its ubiquity and unique bi-radical nature lead
to rich and prevalent physical and chemical dynamics. Although
O2 reacts exothermically with most compounds on Earth, activation
barriers make most reaction rates negligible under ambient condi-
tions. Electronically and vibrationally excited O2 can often overcome
these barriers, making it highly reactive; hence, excited O2 plays a
crucial role in many important and energetic processes spanning
numerous fields. In combustion, hot O2 is detected in combustor
efficiency measurements1 and can result in reduction of emissions;2
in atmospheric chemistry, excited oxygen is produced via ultravio-
let (UV) photolysis of ozone, affecting ozone recovery;3–6 in plasma
science, recombination of atomic oxygen, collisions, and high tem-
peratures can vibrationally excite O2;7,8 and in surface chemistry,
redox reactions and vibrational energy transfer at metal surfaces are

of interest.9,10 Despite the acute and extensive need for quantum-
state-resolved information on O2 to characterize its physical and
chemical dynamics, suitable spectroscopic detection capabilities are
not always available. A case in point concerns low-lying vibrational
levels of the electronic ground state, which cannot be probed sen-
sitively without vacuum ultraviolet (VUV) radiation. In this work,
using our recently developed two-color (2 + 1′) ionization scheme,11

we report the first observation of two-photon resonance-enhanced
multiphoton ionization (REMPI) spectra of vibrationally excited O2,
acquired with rotational resolution via the 3dπ Rydberg states.

Several methods have been utilized to detect hot molec-
ular oxygen,12 including Raman–Rayleigh scattering,13–16 laser-
induced fluorescence (LIF) by ∼193, 202–228, ∼225, and ∼248 nm
radiation,17–24 coherent anti-Stokes Raman scattering (CARS),25–27

and cavity ring-down spectroscopy (CRDS).28 However, these meth-
ods suffer from one or more drawbacks, including insufficient sen-
sitivity, use of VUV lasers to reach the Schumann–Runge bands,
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spectral congestion due to many probed species, lack of fully rota-
tionally resolved spectra, often due to the need to excite many
rotational lines to achieve sufficient signal to noise ratio (SNR), and
difficulties to directly probe non-equilibrium regions where radicals
and other transient species drive complex chemistry.

REMPI is a highly sensitive spectroscopic method allowing for
rovibrational specificity.29 REMPI can also be augmented by other
methods, notably time-of-flight mass-spectrometry (TOFMS) for
mass selectivity,30 microwave spectroscopy (Radar REMPI) for min-
imally invasive measurements,31 temporal dynamics,32 and record-
ing temperatures,33 and velocity map imaging34 (VMI) allowing
monitoring of velocity distributions. Combining VMI with rotation-
ally resolved spectra in gas phase dynamics experiments provides
complete information on the probed species’ internal degrees of
freedom.

Many one-color REMPI studies mapped the Rydberg states of
O2;35–43 however, a REMPI spectrum of the vibrational hot bands of
O2 was never recorded. Even when hot O2 in a flame was probed,44

hot bands were not observed, likely due to spectral interferences
and lack of sensitivity. Nevertheless, the recent development of two-
color REMPI schemes has considerably improved sensitivity and
versatility,11 allowing us to record fully rotationally resolved spec-
tra of the 3dπ (v′ = 0)← X 3Σ−g (v′′ = 1) transitions. The results
were compared to simulations, yielding band origins, spectroscopic
constants, coupling constants, and relative Franck–Condon (FC)
factors. This new access to quantum-resolved diagnostics of O2
promises to shed light on many types of physical and chemical
dynamics.

II. METHODS
This study was conducted on a previously described appara-

tus45 with improved detection capabilities. A VMI setup similar to
that previously described46 was integrated into the TOFMS, allow-
ing the measurement of velocity distributions. Ions are detected
via multichannel plates (MCP, Topag MCP 56-15) found at the
end of a 50 cm flight tube; a P43 phosphor screen (ProxiVision)
is coupled to the MCP, allowing for visualization by using a com-
plementary metal-oxide semiconductor (CMOS) camera (Basler ace
acA1920-155 mm, 1920 × 1200 px). Supersonic expansion of oxygen
helium mixture (1:9) at a backing pressure of 5 bar was produced
using a home-built pulsed valve47 with ∼32 μs opening time and
10 Hz repetition rate. The gas was passed through a silicon car-
bide (SiC) tube (1 mm diameter, ∼2 cm length) resistively heated
up to 1000 K; the temperature was monitored via a K-type thermo-
couple and thermal camera (CT2MHCF IR-pyrometer). We note
that we have since switched to a Series 9 pulsed valve and an
alumina (Al2O3) tube heated by an insulated resistive wire.48 Alu-
mina does not oxidize like SiC, and this pulsed valve allows for
the longer pulse durations needed to fill the tube during opera-
tion. These changes resulted in improved experimental conditions.
The molecular beam (MB) passes through a 2 mm skimmer and
a 2 mm aperture between differentially pumped chambers, reach-
ing the interaction region, where pressure rises from ∼ 1 × 10−9 to
∼ 1 × 10−8 Torr. Ionization is performed by a recently developed
two-color (2 + 1′) REMPI scheme11 using a tunable frequency-
doubled pulsed dye laser (Sirah, Cobra-Stretch, 2.5–3 mJ, ∼0.04
cm−1 linewidth) pumped by a frequency-tripled Nd:YAG laser

(Continuum, Surelite, SLXIII-EX) as the UV excitation source
and a tunable fundamental pulsed dye laser (Sirah, Cobra-Stretch,
20–25 mJ, ∼0.05 cm−1 linewidth) pumped by an additional
frequency-doubled Nd:YAG laser (Spectra Physics, Quanta Ray
Pro-230-10) as the visible (VIS) 744 nm ionization source. The lasers
produce ∼7.5 ns pulses at a 10 Hz repetition rate. The UV and VIS
beams counter-propagate and are focused by 50 cm focal length
plano-convex lenses; beams overlap spatially and temporally, and
the densest MB section is chosen by controlling the pulsed valve and
pump laser Q-switch delays via a delay generator (Stanford Research
Systems, DG535). Detection of the REMPI signal is accomplished by
the previously described VMI setup. The scanned laser wavelength
is constantly monitored by coupling a reflection into a wavemeter
(HighFinesse WS7), and excitation energy is monitored after the cell
exit by a power meter (Gentec-EO Maestro).

III. RESULTS AND DISCUSSION
The (2 + 1′) REMPI spectra of excited O2 was recorded for

many of the 3dπ (v′ = 0)← X 3Σ−g (v′′ = 0, 1) Rydberg transitions.
The spectral region was chosen due to its high signal and the isolated
nature of the v0

1 bands, which do not overlap any ground state tran-
sitions. Thus, even a small amount of excited O2 in cold-dominated
oxygen mixtures can be detected, which is often an experimental
prerequisite.1 We note that v0

0 and v0
1 are found within the tun-

ing range of a single dye, hence facilitating the determination of
the (v0

1/v0
0) population ratio. Moreover, this scheme will presum-

ably work for higher vibrationally excited states, for which v0
2 and

v0
3 are also within the tuning range of the same dye. The v0

1 spec-
tral region was recorded using a pulsed valve and a SiC tube. The
high temperature and nine observed electronic bands comprising
the 3dπ Rydberg complex37 in the recorded spectral range result in a
somewhat congested spectrum. For reliable assignments, additional
scans of the 3dπ v0

0 transitions were taken under different rotational
cooling conditions: without a SiC tube (very cold), with a SiC tube
(cold), and a SiC tube heated to 1000 K (hot); all four spectra can
be seen in Fig. 1. The experimental spectra were normalized by UV
laser power, which showed an almost quadratic dependence across
all spectra, and fitted to PGOPHER49 simulations to extract accurate
rotational temperatures and spectroscopic constants. Colder spec-
tra were used to assign bandheads, band origins, starting values for
the rotational constants via combination differences, and spin–spin
coupling constants. Rotational temperatures were extracted from the
isolated 1Σ+g (0) band (Fig. S1), resulting in ∼5 K for the coldest
spectrum. For spectra taken with the SiC tube, a bimodal temper-
ature distribution was observed, likely due to insufficient gas flow
to fully fill the tube and “choke” at the outlet, producing differ-
ent mass flow elements in the final outlet pulse. Comparison with
simulations showed 10, 25 K and 150, 500 K for the cold and hot sim-
ulations, respectively. The v0

1 experimental and simulated spectral
range including all observed electronic states can be seen in Fig. 2.

It is important to note that the band origins and Bv rota-
tional constants derived from the very cold and cold spectra where
the electronic bands are well separated significantly constrain the
hotband simulation. This is because temperature influences the pop-
ulation, i.e., line intensities, but does not affect line positions. In
addition, each electronic band has clear features and spacing (Fig. 2),
which other bands cannot recreate without drastic changes to the
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FIG. 1. Measured resonance-enhanced
multiphoton ionization (REMPI) spec-
tra of the 3dπ(v′ = 0)← X 3Σ−g (v′′

= 0, 1) Rydberg two-photon transitions
of molecular oxygen at various rotational
temperatures. The top three panels (a),
(b), and (c) show the v0

0 band spec-
tra, with upper electronic states labeled,
including spin–orbit terms in parenthe-
ses. The bottom panel (d) displays the
v0

1 hot band spectrum taken at the same
temperature as the trace in panel c.
Panel d is on a different wavelength
range than the three v0

0 panels, and the
axis is slightly scaled for the bands to line
up visually.

FIG. 2. Resonance-enhanced multipho-
ton ionization (REMPI) spectra of the
3dπ(v′ = 0)← X 3Σ−g (v′′ = 1) tran-
sitions of vibrationally excited molecular
oxygen. The top panel (a) is an experi-
mental REMPI spectrum of O2 from the
nozzle heated to 1000 K. The second
panel (b) is a PGOPHER49 simulation
used to determine rotational tempera-
ture and constants, band origins, and
coupling constants (Table I) with 0.001
and 0.0025 nm Lorentzian and Gaus-
sian linewidths, respectively. The bottom
panel (c) shows separately each of the
nine electronic states that constitute the
3dπ Rydberg complex in the recorded
spectral range.

molecular constants. We note that the centrifugal distortion (CD)
constants Dv and Hv were sometimes needed to adjust high J lines
where definitive assignment is more challenging. Assignments for
the 3dπ(v′ = 0)← X 3Σ−g (v′′ = 0) transitions via cold supersonic
expansion of O2 were previously performed;37–41,50 band origins and
rotational constants were assigned with a few exceptions.

Rotationally hot spectra of O2 allowed us to refine known
constants and determine additional parameters (Table I). Spectro-
scopic constants for the ground state were taken from Yu et al.51

All bandheads were within several wavenumbers of those reported
by Yokelson et al.37 However, extracted rotational constants did not

always agree, presumably due to the small number of J states visible
in the cold literature spectra. Rotational constants are also com-
pared to those tabulated by Ogorzalek Loo et al.41 and Park et al.,47

although only a few were reported. Spin–spin coupling constants
(λs-s) were found empirically (Fig. S2). Their signs are consistent
with the 3Σ−g states lying energetically lower than 3Σ+g ; while the
opposite is expected from the ππ∗ electronic configuration,52 it has
been shown that in this case, their order is reversed.37 Relative
FC factors were calculated (Table I) for each electronic state based
on the v0

1/v
0
0 PGOPHER simulation intensity integrals. The initial

vibrational population is assumed as thermal, resulting in a ∼9.6%
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TABLE I. Rotational constants, origins, spin–spin couplings, and relative Franck–Condon factors for the 3dπ (v′ = 0) Rydberg states observed in this work. We estimate the
uncertainty in the relative FC factors as ±0.5.

Bv′=0 (cm−1
) Dv′=0 (cm−1

) Hv′=0 (cm−1
) Origin (cm−1

) λs-s (cm−1
) (v0

1/v
0
0) FC

State 37 39 and 50 41 This work This work

3Σ−(0) 1.850 ⋅ ⋅ ⋅ 1.745 1.94 1.0 × 10−5
−9.0 × 10−8 85 258 −4.5 5.6

3Σ−(1) ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 1.81 9.8 × 10−5
⋅ ⋅ ⋅ 85 194 −5.0 4.9

3Σ+(0) ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 1.94 −4.0 × 10−5
⋅ ⋅ ⋅ 85 357 2.1 4.5

3Σ+(1) 2.225 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 1.91 9.9 × 10−5
⋅ ⋅ ⋅ 85 400 2.9 6.3

1Σ+(0) ⋅ ⋅ ⋅ 1.740 1.740 1.74 −5.0 × 10−7
⋅ ⋅ ⋅ 85 707 N/A 6.0

3Δ(1) 1.596 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 1.67 5.0 × 10−6
⋅ ⋅ ⋅ 85 079 0 10.3

3Δ(2) 1.585 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 1.62 1.0 × 10−5 1.1 × 10−8 85 158 0 4.8
3Δ(3) 1.675 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 2.14 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 85 284 0 4.5
1Δ(2) ⋅ ⋅ ⋅ 1.813 1.760 1.65 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 85 535 N/A 5.5

Boltzmann population of the v′′ = 1 level at a tube temperature of
1000 K. The high relative FC factors further strengthen our assump-
tion that higher vibrational hot bands should be detectable even at
low populations.

IV. CONCLUSIONS
REMPI spectra of vibrational hot bands of molecular oxygen

were recorded for the first time using a newly developed two-color
scheme via the 3dπ Rydberg transitions. New spectroscopic con-
stants were found and known constants refined. The advantages
of REMPI and coupled techniques, notably mass spectrometry and
VMI, result in a broad rotationally resolved spectral range, good
SNR, mass selectivity, and velocity distribution. We expect these
capabilities to aid state-selective studies of excited molecular oxygen
dynamics in many physical and chemical fields.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional data and discus-
sion on the determination of temperature and spin–spin coupling
constants.
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