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Femtosecond time-domain observation of atmospheric absorption in the near-infrared spectrum
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As light propagates through a medium, absorption caused by electronic or rovibrational transitions is evident
in the transmitted spectrum. The incident electromagnetic field polarizes the medium and the absorption is due to
the imaginary part of the linear susceptibility. In the time domain, the field establishes a coherence in the medium
that radiates out of phase with the initial field. This coherence can persist for tens of picoseconds in atmospheric
molecules such as H2 O. We propagate a few-cycle laser pulse centered at 1.8 μm through the atmosphere and
measure the long-lasting molecular coherence in the time domain by high-order harmonic cross correlation.
The measured optical free-induction decay of the pulse is compared with a calculation based on the calculated
rovibrational spectrum of H2 O absorption.
DOI: 10.1103/PhysRevA.94.063410
I. INTRODUCTION

Coherent tabletop sources with energies greater than
300 eV [1–3], the so-called water window, and solid-state
spectroscopy [4,5] motivate the next generation of lasers for
high-order harmonic generation (HHG) experiments. Both
cases benefit from high-power mid-IR ultrashort driving fields.
In the former case, the ponderomotive energy, which scales
with λ2 , where λ is the driving field wavelength, determines
the generated bandwidth to create a coherent source in the
soft-x-ray region with attosecond temporal resolution [6,7]. In
the latter case, the small semiconductor band gap decreases
the threshold for optically induced damage; the lower photon
energy from longer wavelength sources mitigates this damage [8]. In both cases, a shorter pulse duration leads to more efficient harmonic generation and lower ionization. These short
pulses require precise phase control over a large spectral bandwidth [9–11]. However, several small molecules abundant in
air strongly absorb in the mid-IR, including H2 O and CO2 [12].
In particular, water has several absorption bands throughout
the IR, each consisting of many rovibrational transitions.
Absorption leads to the attenuation of the field as it propagates through a medium. Absorption of a certain wavelength
of light by a molecular transition seems straightforward: The
absorption line (corresponding to the molecular transition)
imprints on the spectrum that transmits through the absorbing
medium. The picture is actually more complicated than it
first seems, particularly for broad bandwidth pulses that have
pulse durations much shorter than the molecular transition
decay time. Consider a laser pulse propagating through a
medium composed of a simple two-level molecule. The broad
bandwidth of the short pulse will cause some excitation to the
upper level that will induce an oscillating dipole moment in
the molecule, radiating at the frequency of the transition. This
radiation will decrease exponentially until the molecule has
radiated away all of its absorbed energy [13]. The induced polarization is out of phase with the laser pulse and the destructive
interference will cause a hole in the transmitted spectrum.
The long decaying emission is well known in nuclear
magnetic resonance, where it is called free-induction decay.
A pioneering experiment by Brewer and Shoemaker [14] used
2469-9926/2016/94(6)/063410(5)

a cw laser and a pulsed dc electric field to Stark shift the
resonance and observed the beat frequency of the shifted
emission, measuring optical free-induction decay. Transients
have been measured by linear autocorrelation [15], but this
is effectively a spectral measurement by Fourier transform
spectroscopy. Lozovoy et al. [16] observed time-gated freeinduction decay from iodine vapor. Dual-frequency combs can
measure the free-induction decay over several nanoseconds,
where the minimal temporal resolution is determined by two
laser spectral bandwidths [17].
It seems remarkable that a femtosecond pulse propagating
through an absorbing medium creates a coherent ensemble
of oscillating dipoles in its wake, trailing the pulse by many
picoseconds, and that the emission from these dipoles radiates
in the forward direction in a phase-matched manner. It is
increasingly important to understand the reemission process.
For example, attosecond transient absorption experiments [18]
show that, by modifying the energy levels of the emitting
atoms after the attosecond pulse (much like Brewer and
Shoemaker [14]), the absorption line shape can be changed
between Lorentzian and Fano.
Femtosecond time-domain measurements typically require
a nonlinear medium in which to mix the frequency components
of the two inputs to obtain a cross-correlation signal at a new
frequency. For example, sum frequency mixing of two pulses
in a nonlinear crystal generates a third frequency at the sum
of the other two frequencies. To perform the time-domain
measurement, one input is delayed in time relative to the other.
The nonlinear mixing process creates frequency sidebands that
can be filtered, either in frequency or in space, to give the
cross-correlation signal versus time.
To measure the optical free-induction decay, we use HHG
cross correlation. High-order harmonic generation is a threestep process [19]. The first step, ionization, requires a very
strong driving field to separate an electron from an atom or
molecule, typically an intensity on the order of 1014 W/cm2 .
In the second step, the driving field accelerates the freed
electron. In the third step, the recombination of the electron
with the parent ion releases a burst of radiation in the extreme
ultraviolet, coherent with the driving field. This event occurs
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FIG. 1. Experimental setup. The OPA idler spectrum centered at 1.8 μm is broadened in the hollow core fiber (HCF) and compressed with
3 mm of fused silica (FS). The delay stage (DS) controls the time delay of the two arms. The two beams are focused into the gas jet in a vacuum
chamber and the XUV light is passed through a differential pumping tube to a detection chamber, containing a grazing angle diffraction grating
and MCP.

twice per optical cycle; the periodicity of the driving field
yields a series of odd harmonics. Perturbing the periodicity
leads to sidebands in the harmonic spectrum.
Because the perturbation acts mainly on the free electron,
the electron trajectory is surprisingly sensitive to the perturbing
field and shows strong signatures in the harmonic spectrum
from relatively weak perturbations [20,21]. Here we will use
HHG to perform a time-domain cross correlation of the freeinduction decay. The emitted frequencies are given by integer
combinations of the two optical frequencies  = n800 ω800 +
n1800 ω1800 , where n800 + n1800 is odd. If the second field is
weak, then it contributes only one photon, i.e., n1800 = 1 and
n800 is even, and the intensity of the new frequencies scales
linearly with the intensity of the second field [22].

cross-correlation signal, which provides a measurement of
the time profile of the 1.8-μm pulse envelope.
III. EXPERIMENTAL RESULTS

The spectrogram is shown in Fig. 2. The strong vertical
lines are harmonics generated from the strong 800-nm arm.
The cutoff harmonic near 42 eV (27th harmonic) implies that
the peak intensity is 1.3 × 1014 W/cm2 . The harmonics are
normalized to the sum of harmonics 19, 21, and 23 (this is
necessary when discussing the influence of the perturbation
amplitude below). At time zero, the few-cycle idler of the
OPA is overlapped spatially and temporally with the 800-nm
arm. As expected, there is a broad nearly continuous spectrum
extending to above 80 eV (the edge of the MCP, not shown).
When the 800-nm pulse arrives first (t < 0), the spectrum

II. EXPERIMENTAL SETUP

The setup is shown in Fig. 1. We use a Ti:sapphire amplifier,
a total output energy of 16 mJ, and 45-fs pulse duration and
a beam splitter splits the beam into two arms. We direct one
arm to an optical parametric amplifier (OPA) (TOPAS-HE).
We couple the idler output of the OPA into a hollow-core
fiber, 500 μm in diameter, differentially pumped with 1 bar
of argon to broaden the spectrum [23]. We use approximately
3 mm of fused silica to compress the pulse to near transform
limited pulse duration of 12 fs with 450 μJ of energy centered
at 1.8 μm [24]. For the experiment, we reduce the energy with
an iris to 350 μJ. A 2:1 telescope decreases the far-field beam
size of the other arm and a computer-controlled delay stage
adjusts the relative timing of the two arms.
The beams are noncollinearly focused (f = 300 mm and
an angle of separation of 20 mrad) into a gas jet (a backing
pressure of 4 bars). Each beam has sufficient intensity to
generate high harmonics in the gas jet. An XUV spectrometer
with microchannel plate (MCP) gives us spatiospectral
information on the high harmonics generated by the two arms.
The spectra generated from the 800-nm and the OPA sources
are vertically separated on the MCP, allowing us to monitor
the intensity of each beam during the time delay scan. When
the two pulses are overlapped in time, new combination
frequencies are present. These new frequencies are the
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FIG. 2. Delay dependence of the high-harmonic signal H17–H29
of 800 nm. At time zero the 1.8-μm and 800-nm beams overlap,
leading to a spectral continuum. For t < 0, the 800-nm pulse arrives
before the 1.8-μm pulse. For t > 0, the 1.8-μm pulse arrives first.
When t > 0, the tail in the 1.8-μm pulse leads to spectral sidebands
between the 800-nm harmonic orders, providing the cross-correlation
signal.
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FIG. 3. Calculated sideband intensity (solid blue line) relative
to H21 (dashed blue) as a function of the perturbing intensity. The
strong 800-nm pulse has a peak intensity of I0 = 1.3 × 1014 W/cm2 .
The relative sideband intensity (green dotted) scales almost linearly
with the intensity Ipert of the 1.8-μm perturbing pulse for low
intensities.

shows no sidebands. However, when the OPA arrives first (t >
0), sidebands appear between the 800-nm harmonic orders due
to wave mixing of the two frequencies. A temporal modulation
in the sidebands is evident and is repeatable from day to day.
The spacing of the odd harmonics of the 800-nm arm
is measured to be 2 × 1.55 eV. The spacing of the odd
harmonics from the OPA alone (not shown) is 2 × 0.73 eV,
implying a central wavelength of 1.70 μm. The frequency
of the sidebands is given by  = n800 ω800 ± ω1800 , where
n800 is an even integer. The sideband positions show that
ω1800 = 0.66 eV, which is different from the central frequency
of the 1.8-μm pulse of 0.73 eV. This shows that the optical
free-induction decay has a wavelength around 1.85 μm,
corresponding to the absorption band of H2 O.
IV. MODEL

The intensity of the sidebands is dependent on the intensity
of both the driving field and the perturbation. We calculate
the sensitivity of HHG to the perturbation using the strongfield approximation [25], with the ionization rates based on
Ref. [26]. For the simulation, the driving field intensity is
1.3 × 1014 W/cm2 , with a ten-cycle full width at half maximum pulse duration, while the perturbation pulse envelope is
constant.
The sideband intensity as a function of the relative intensity
of the perturbation to the driving field is shown in Fig. 3. The
sideband intensity scales almost linearly with the intensity
of the perturbing pulse, consistent with previous experiments [22]. We find that the sensitivity of the HHG process to a
perturbation, the relative sideband intensity as a function of the
relative perturbation intensity, is not strongly dependent on the
wavelengths of the driving field or the perturbation. Thus the
sideband intensity provides an almost-linear cross-correlation
measurement of the intensity of the 1.8-μm pulse tail.
To compare with the measured free induction decay
of the 1.8-μm pulse with theory, we take the absorption
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FIG. 4. (a) Calculation of the absorption coefficient of air (green
solid line) in the near-IR spectrum using the HITRAN model. Also
shown is the calculated index of refraction (blue dashed line).
(b) Measured intensity profile of the free-induction decay signal
following the 1.8-μm pulse after propagation through the laboratory
air (blue solid). Also shown (inverted, red dash) is the calculated
decay of a 12-fs (Gaussian) 1.8-μm pulse propagating through 7 m
of air using the HITRAN absorption.

coefficients from the high-resolution transmission (HITRAN)
database [27]. The parameters used were for the USA model
at midlatitude, summer air conditions (conditions in the laboratory were approximately 23 ◦ C with 30% humidity). This
model includes rovibrational transitions mostly corresponding
to ν1 + ν2 and ν2 + ν3 overtones of the vibrational modes in
the  band of H2 O. From the absorption coefficients α(ω)
we are able to calculate the index of refraction n(ω) using
the Kramers-Kronig relations [28]. Shown in Fig. 4(a) is the
absorption spectrum of air using HITRAN and the calculated
index of the refraction spectrum.
We calculate the effect of propagation through L = 7 m
of air on a simulated t = 12 fs full width at half maximum
Gaussian envelope duration pulse centered at λ1 = 1.8 μm,
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that is,


t2
E0 (t) = E0 exp − 2 e−iω1 t ,
2τ

(1)

√
where t = 2τ ln(2) and ω1 = 2π c/λ1 . The spectrum is
then


τ2
E0 (ω) = τ E0 exp −(ω − ω1 )2
.
(2)
2
The total phase imparted on the propagating pulse is φ(ω) =
ω
n(ω)L + i α(ω)
L. The real and imaginary parts of the spectral
c
2
transmission in Fig. 4(a), multiplied by the spectrum of the
pulse, are Fourier transformed into the time domain, that is,
|E(t)|2 ∝ |F{E0 (ω)eiφ(ω) }|2 .

(3)

The intensity of the calculated tail takes into account the
relative peak intensity of the 800-nm and 1.8-μm beams and
the sideband intensity scaling calculated in Fig. 3, determining
the proportionality constant. The resulting tail is shown in
Fig. 4(b), along with the experimental sideband trace at
31.64 eV. Using only the absorption spectrum also leads
to a tail, however the amplitude differs by a factor of 2
and there is no causality. The data are normalized to the
maximum harmonic intensity, H21 in Fig. 2. The calculated
tail intensity agrees well with the measured sideband intensity.
From the agreement of the simulated tail with the measurement
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