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Strong-field ionization of the triplet ground state of O2
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Using strong-field ionization as a probe, we observe highly nonperiodic evolution of the spin-rotation wave
packet launched by a nonionizing femtosecond pulse in oxygen. The nonperiodicity is readily apparent only
in rotationally cold molecules that are pumped with a weak alignment pulse. We show that this behavior is a
consequence of the spin-rotation and the spin-spin couplings in the triplet ground state of the neutral molecule.
A model that includes these couplings in the field-free Hamiltonian but in neither the alignment nor the ionization
step explains most of the observed dynamics, suggesting that neither process depends explicitly on the electronic
spin. We also show that the angle dependence of strong-field ionization can be retrieved from the delay-dependent
signal even when coupling to spin complicates the rotational dynamics.
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I. INTRODUCTION

Laser-induced rotational dynamics following impulsive
alignment of linear molecules have been investigated ex-
tensively for more than two decades [1–9]. In impulsive
alignment, the rotational wave packet can be well described by
the time-dependent Schrödinger equation (TDSE) for rigid ro-
tors [3]. For linear molecules, typically, the induced rotational
wave packets are periodic because rotational energy levels
are regularly spaced [7,10]. Such wave packets have been
used extensively to study the angle dependence of strong-
field ionization (SFI) of molecules, either by scanning the
angle between the alignment axis and the polarization of the
ionizing pulse or by analyzing the delay dependence of the
ionization rate due to the temporal evolution of the rotational
wave packet [11–15].

However, the coupling of rotational motion to other de-
grees of freedom can introduce nonperiodicity in the wave
packet. The simplest example is the centrifugal distortion
of molecules in high rotational angular momentum states.
Although it is often necessary to include the effects of this
distortion in modeling the rotational wave packet [16], it is as-
sumed that the angle-dependent ionization rate is not distorted
by the small change in the internuclear separation that results
from this distortion. The nonperiodicity introduced by the
hyperfine coupling between the electric quadrupole moments
of the atomic nuclei and the gradient of the electric field
created by the electrons in molecular iodine [17] is another
example where rotational dynamics is weakly perturbed. In
contrast, the delay-dependent high-harmonic yield of impul-
sively aligned NO, which was attributed to the spin-orbit
coupling in the low-lying 2� states, is strongly modulated due
to the role of spin dynamics in the high-harmonic generation
process [18,19].

Here we report nonperiodic revivals of strong-field ioniza-
tion of oxygen, which is an open-shell molecule with two
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unpaired π electrons in the X 3�−
g electronic ground state.

The unquenched total electronic spin angular momentum,
S = 1, should lead to peculiar rotational dynamics compared
to closed-shell molecules in 1� ground states such as N2 and
CO2 [15,20–22]. Recently, a detail study of rotational wave
packets expected to be produced by impulsive alignment in
triplet oxygen has been investigated theoretically [23]. How-
ever, in most past studies [11,21,22,24–32], these peculiar
dynamics were not observed, and O2 could be approximated
as a spinless molecule. In this article, we show that rotational
dynamics in ground-state O2 can be highly nonperiodic when
the rotational temperature is kept low and the pump is weak
enough to limit the rotational wave packet to small values
of rotational angular momentum. We impulsively align cold
O2 molecules with the pump and then ionize them using a
strong-field probe. We show that the observed nonperiodic
behavior is a consequence of spin-rotation and spin-spin cou-
plings in the molecule. We model the rotational dynamics
by solving the TDSE using an effective Hamiltonian that
includes these couplings. We also use a time-domain approach
called ORRCS (orientation resolution through rotational co-
herence spectroscopy) [15,33] to retrieve the angle-dependent
ionization rate. This method has been used to retrieve the
angle dependence of SFI [14,15,33,34], high-harmonic gen-
eration [35,36], and photoelectron [37] and photofragment
momentum distributions [15]. We compare our retrieval result
with previous SFI measurements [11] and MO-ADK the-
ory [38,39].

II. EXPERIMENTAL SETUP

The experimental setup is similar to the one reported in
Ref. [15]. A Ti:sapphire laser produces pulses at a 1-kHz
repetition rate with an ∼40-fs pulse duration and 1.2-mJ pulse
energy at a central wavelength of 800 nm. We split the laser
output into alignment and ionizing pulses and recombine them
after a computer-controlled delay is introduced between them.
The laser compressor gratings are adjusted to get the shortest
pulse duration for the ionizing probe, while the alignment

2469-9926/2021/104(4)/043112(6) 043112-1 ©2021 American Physical Society

https://orcid.org/0000-0001-6290-4169
https://orcid.org/0000-0003-4767-5390
https://orcid.org/0000-0002-8346-7401
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevA.104.043112&domain=pdf&date_stamp=2021-10-25
https://doi.org/10.1103/PhysRevA.104.043112


WANGJAM, LAM, AND KUMARAPPAN PHYSICAL REVIEW A 104, 043112 (2021)

FIG. 1. Delay-dependent normalized O+
2 yield for different pump intensities (black lines) and their corresponding best fits (orange and

gray lines). The probe is the same in all cases, with an intensity of 260 TW/cm2. For clarity, the data and fits for 2.24 and 3.64 J/cm2 pump
fluences are shifted vertically by 0.35 and 0.75 unit, respectively. The pump fluences estimated from the fits are shown below the corresponding
plot lines in the graphs. Statistical error estimates (±3σ ) for the data are shown as light-gray-shaded bands. Data near the end of the scan are
shown on an expanded horizontal scale to show detail. The strong nonperiodic behavior is a consequence of the spin-rotation and the spin-spin
couplings, as discussed in the text.

pulse is stretched to ∼200 fs using SF11 glass. Both pulses
have the same linear polarization in the plane of the detector
of a velocity map imaging spectrometer [40]. An Even-Lavie
valve [41], operated with (0.5%) oxygen in helium at a total
pressure of 900 psi, generates a rotationally cold (Trot≈2 K)
molecular beam target for this experiment.

After the pulses interact with the molecules, we count the
number of O+

2 ions using a velocity map imaging spectrometer
equipped with a pair of microchannel plates and a fast P47
phosphor screen. We select O+

2 ions by gating the microchan-
nel plates so that it is active only when these ions reach it
and image the phosphor using a 1000-fps camera (Basler
A504k). We determine the centroid of the light intensity on the
phosphor for every hit and count the numbers of hits for every
laser shot. To avoid any saturation of the measured signal, we
use the spectrometer out of focus and record data low count
rates (≈1 ion per shot).

In order to improve the signal-to-noise ratio, we mechani-
cally chop the alignment beam at 250 Hz, alternately blocking
and transmitting pairs of adjacent pulses. The Even-Lavie
valve is operated at 500 Hz, so that every alternate pulse in
the laser pulse train interacts with the molecular beam. By
synchronizing the operation of the chopper and the gas jet
using digital delay generators, we create four different combi-
nations of pump, probe, and gas: pump-probe-gas, probe-gas,
pump-probe, and probe alone. We label each laser shot with
one of these four types and use this information to correct
for the fluctuations in laser intensity and gas density. The cor-
rected delay-dependent signal that we use for further analysis
is calculated as

Y (t ) = Y [Probe, Pump, Gas] − Y [Probe, Pump]

Y [Probe, Gas] − Y [Probe]
, (1)

where Y is the count of O+
2 ions, and t is the pump-probe

delay. Delay scans are repeated multiple times and averaged
to minimize the effect of slow drifts under experimental con-
ditions.

The data from three such scans, with different pump pulse
energies but otherwise identical conditions, are shown in
Fig. 1. In each case, the probe intensity is estimated to be 260
TW/cm2 and the pump intensities are ∼2, 4, and 8 TW/cm2.
The data clearly show not only that the wave packets are non-
periodic, but also that the shape of the revival pattern changes
considerably with the intensity of the alignment pulse. The fits
to the data shown in Fig. 1 are based on the model discussed
below.

III. MODEL AND ANALYSIS

Compared to the rigid-rotor model used in previous stud-
ies [2,3,5,6,15], in this work, we include the spin-rotation and
the spin-spin couplings in the ground-state oxygen molecule.
The effective field-free Hamiltonian H0 can be written as

H0 = BN2 − DN4 + 2
3λ

(
3S2

z − S2
) + γ N · S. (2)

The first two terms describe the rotational kinetic energy
of molecules, where B = 1.437 684 4 cm−1 is the rotational
constant, D = 4.87 × 10−6 cm−1 is the centrifugal distortion,
and N is the rotational angular momentum. The third term
describes the spin-spin coupling, where S is the electronic spin
angular momentum, Sz is its projection on the internuclear
axis, and λ = 1.984 76 cm−1 is the spin-spin coupling con-
stant. The last term describes the spin-rotation coupling where
γ = −0.008 429 8 cm−1 is the spin-rotation coupling con-
stant. The spectroscopic constants were taken from Ref. [42].
This effective Hamiltonian can successfully reproduce the
rotational Raman spectra of O2 [43–48]. Sonoda et al. [23]
included neither the centrifugal distortion term nor the off-
diagonal terms of the spin-spin coupling in their calculation
of spin-dependent dynamics to 20 ps; we keep both to ensure
good agreement between measured and modeled quantum
beat frequencies for our 200-ps scans [48].
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FIG. 2. Fourier spectra of the delay-dependent data (solid black lines) and the best fits (dotted red lines) shown in Fig. 1. We have vertically
shifted the spectrum corresponding to 2.24 J/cm2 by 4.5 units and the one corresponding to 1.14 J/cm2 by 11.5 units. See text for details of
spectroscopic notation and discussion of transition lines.

The interaction between molecules and the alignment pulse
can be written as [3]

Hint (t ) = − 1
4�αI (t ) cos2 θ, (3)

where �α = 7.13 atomic units (1 a.u. = 1.4818 ×
10−25 cm3) [49] is the polarizability anisotropy, I is the laser
intensity, and θ is the angle between the molecular axis and the
laser polarization. This form of the interaction Hamiltonian
implicitly assumes that impulsive alignment is independent of
spin. The effective total Hamiltonian is then Htot = H0 + Hint.
We model the measured delay-dependent yield Y (t ) as a
convolution of the molecular-frame angle-dependent yield,
S(θ ), and the delay-dependent molecular axis distribution
after the pump pulse. Expanding the unknown S(θ ) in a
Legendre polynomial basis with coefficients CL leads to

Y (t ) =
∑

L

CL 〈PL(cos θ )〉 (t ), (4)

where 〈PL(cos θ )〉 (t ) are axis distribution moments—the ex-
pectation values of the Legendre polynomials averaged over
the thermal distribution of initial states. As described in [15]
and [33], we evaluate 〈PL(cos (θ ))〉 (t ) from TDSE solutions
calculated on a grid of laser intensities, pulse durations, and
rotational temperatures.

We then use linear regression to fit Y (t ) to the model
described by Eq. (4) over this grid of parameters, and
the parameter set that produces the smallest residual sum
of squares gives us our best estimate of the spin-rotation
wave packet. Simultaneously, we also obtain the angle-
dependent yield from the CL coefficients, as in Refs. [15,33].
This model assumes that the electron spin plays no ex-
plicit role in strong-field ionization; indeed, in theoretical
treatments of strong-field ionization electron spin is usually
either discounted [50] or not considered at all [38,51] be-
cause the optical field does not couple effectively with the
spin.

Figure 2 shows Fourier spectra of the data and fits shown
in Fig. 1. These spectra show incommensurate frequencies, as
expected from the nonperiodic behavior in the time domain.
Each data set spans 2.5 to 196.4 ps in pump-probe delay with

a step size of 0.1 ps, sufficient to sample the time evolution
of the rotational wave packets and to provide a frequency step
size of ≈0.172 cm−1. The insets in both figures provide pump
fluences estimated from the fits.

IV. RESULTS AND DISCUSSION

Comparing with the rotational Raman spectrum of O2 [52],
we can assign known transitions to the spectral lines in
Fig. 2. Without the spin-rotation coupling, there is only one
possible Raman transition between any two rotational states
[say, the SS0(1, 3) transition between N = 1 and N = 3] [53].
However, spin-rotation coupling splits each rotational state
(N) into three states (with the total angular momentum J =
N, N ± 1); consequently, the �N = 2 Raman line is split into
six. With our experimental resolution, we can only resolve
three lines, which are labeled S−(N ), S0(N ), and S+(N ) [52],
where the subscript indicates the change in the spin quantum
number S, and N is the initial rotational angular momen-
tum quantum number. For example, the ≈12-cm−1 line is
S−(1). It consists of a single Raman transition, SR(1, 1). But
the S0(1) line at ≈14 cm−1 includes SQ(2, 1), SS(2, 1), and
SS(1, 1) transitions, and the S+(1) line at ≈16 cm−1 includes
SR(2, 1) and SS(0, 1). Unlike a conventional rotational Raman
spectrum, the data also show lines corresponding to multiple
Raman cycles (mostly �N = 4), as expected in an impulsive
alignment experiment [3]. Each of these lines also corre-
sponds to multiple Raman excitation pathways. For instance,
the ≈40-cm−1 line comprises four possible excitation path-
ways, which are shown in Fig. 2. Individual transitions that
contribute to the line at >60 cm−1 are not identified in Fig. 2.

Our data also show a prominent 2-cm−1 line, which
corresponds to �N = 0 and �J = 1 “pure spin” transi-
tions [54,55], in which the spin vector �S is reoriented relative
to the rotational angular momentum vector �N . The presence
of this line suggests that both the pump and the probe pro-
cesses are sensitive to electronic spin. But neither the pump
nor the probe step needs to be explicitly dependent on spin
for the pure spin line to appear in the fast Fourier transform
(FFT) spectrum—the dependence of both on the molecular

043112-3



WANGJAM, LAM, AND KUMARAPPAN PHYSICAL REVIEW A 104, 043112 (2021)

FIG. 3. The expectation value of cos2 θ for spin-rotation wave
packets that best fit the data shown in Fig. 1. The plots for 2.24 and
3.64 J/cm2 fluences were shifted up by 0.5 and 1.1, respectively, for
visual clarity.

orientation and of the eigenenergies on the spin and rotation is
sufficient. Indeed, our model for the pump excitation [Eq. (3)]
depends only on the angle between the molecular axis and
the laser polarization vector, but the expectation values of
PL(cos θ ) that comprise the fit show the pure spin line in the
FFT spectrum.

As the pump intensity is increased, the Fourier spectrum
(Fig. 2) shows greater contributions from �N > 2 coher-
ences. In oxygen, the spin-rotation coupling is only important
for small values of angular momentum [52]. This is consistent
with Eq. (2), where the rotation, spin-rotation, and spin-spin
terms scale as N2, N1, and N0, respectively. In our experiment
using a cold molecular beam, almost all the molecules are
initially in the lowest rotational state (N = 1, since N = 0
and all even-N states are forbidden by nuclear spin statistics).
Moreover, by keeping the pump fluence low, we keep the
rotational wave packet limited to small values of N . Under
these conditions, the dynamics are quite different from the
simple periodic behavior expected from a rigid linear rotor. If
the initial temperature of the gas sample is high or the align-
ment pump pulse is strong, the rotational wave packet will be
dominated by high-N states and the effect of spin-rotation and
spin-spin couplings will be difficult to discern. The effect of
the pump fluence can be seen in Fig. 3, in which the expec-
tation values of cos2 θ from the simulations are plotted. Only
at the highest fluence does the revival pattern resemble the
structure familiar from spinless diatomic molecules. For these
reasons, earlier experiments on the SFI of oxygen were not
sensitive to the triplet nature of its ground state [21,28,29,32].

Figure 4 shows the angle-dependent ionization rates that
we retrieve from the fits. The axis distribution moment of
order L in Eq. (4) arises from transitions with �N = L. For all
three data sets, we truncate the series expansion in Eq. (4) at
L = 4 since the �N = 6 contribution is very weak in all three
cases, as can be seen in the Fourier spectra of the data; for de-
tails see [15] and [33]. The extracted ionization rates in Fig. 4
are in reasonable agreement with MO-ADK calculations and
the measurement by Pavičić et al. [11].

FIG. 4. Angle-dependent ionization rates retrieved from data
shown in Fig. 1 and calculated using MO-ADK. In each case, the
angle-dependent ionization rate is normalized to its maximum value.

However, as can be seen in Fig. 2, our model accounts very
well for the frequencies observed in the experiment, but not
for their amplitudes. In our measurements, the average un-
certainty of the data is about 1%. For other linear molecules,
such as CO2, the ORRCS procedure provides excellent fits,
with the reduced chi-squared χ2

red ≈ 1 [15], indicating a dis-
crepancy between data and fit of the order of the experimental
uncertainty. In this work, our fits are not as good as reported
before [15], with χ2

red ≈ 5–10. The mismatch can come from
two assumptions that we have made in our model: that the ini-
tial distribution of molecules is thermal and that SFI does not
depend explicitly on the spin. We believe that a nonthermal
distribution of initial states is the reason for the mismatch.
Previous studies on oxygen seeded in a helium jet [56–58]
have found nonthermal distributions of rotational states, sug-
gesting that this is the case in our jet as well. Our setup
provides cold molecules at roughly the same temperature as
the experiments on O2 performed by Aquilanti et al., at about
1.8 K [56]. Although better characterization of the initial state
distribution can be expected to improve the fits and lead to a
more consistent determination of the angle-dependent ioniza-
tion rate, these measurements demonstrate that the ORRCS
method can be used to retrieve the dependence of ultrafast
optical processes on molecular alignment even in the presence
of coupling of rotations to other degrees of freedom.

V. CONCLUSIONS

We have measured the nonperiodic evolution of the SFI
yield after impulsive alignment of rotationally cold oxygen
molecules in a pump-probe experiment. This behavior is a
consequence of the spin-rotation and the spin-spin couplings
in the triplet ground state of the molecule. Although both
rotational and Raman spectroscopy of O2 are well studied and
understood, no signature of this structure has been measured
in the SFI experiments to the best of our knowledge. The most
important reason for this situation is that spin-spin and spin-

043112-4



STRONG-FIELD IONIZATION OF THE TRIPLET GROUND … PHYSICAL REVIEW A 104, 043112 (2021)

rotation coupling terms do not scale up with the rotational
quantum number as rapidly as the rotational energy. Thus,
the effect of these couplings is obscured in typical impulsive
alignment experiments that use higher initial temperatures and
stronger pump pulses. An effective Hamiltonian that includes
these couplings accounts for all the frequencies seen in the
FFT of the delay-scan data, but it does not fully represent
the observed dynamics. This discrepancy is likely to be due
to a nonthermal population distribution in our supersonic
jet.

High-resolution FFT spectroscopy reveals couplings be-
tween rotational motion and other degrees of freedom in
molecules. Although oxygen is unusual in having a triplet
ground state, coupling of rotation to orbital and spin angu-
lar momenta is commonplace in excited states of molecules.
Since the rotational constants depend not only on the elec-
tronic state but also on individual vibrational levels, FFT
spectroscopy of momentum distributions also allows unam-
biguous identification of long-lived coherences excited by
the pump pulse. Although neither the pump nor the probe
processes are expected to be explicitly spin dependent in our

experiment, we can nevertheless probe spin dynamics due to
the inherent coupling of spin and rotation in the molecule.
Such measurements in excited and ionic states of diatomic
molecules can be expected to provide us with highly detailed
information about the nature of pump-induced wave packets.
Strong-field ultrahigh-resolution FFT spectroscopy has been
used to measure the rovibrational spectra of D+

2 [59] and spin-
orbit splitting in rare gas atoms [60]. Our results show that
such measurements not only yield spectroscopic information
about the states populated coherently by the pump puulse, but
also help characterize the interaction of the molecule with the
probe pulse.
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