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Abstract: We introduce a non-interferometric single beam method for
automated spectral phase characterization and adaptive pulse compression
of amplified ultrashort femtosecond pulses taking advantage of third order
harmonic generation in air. This new method, air-MIIPS, compensates
high-order phase distortions based on multiphoton intrapulse interference
phase scan (MIIPS).
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Introduction

Accurate measurement of the spectral phase in femtosecond laser pulses is paramount in the
use of phase-modulated laser pulses for femtochemistry [1], control of chemical reactions [2],
and optical communications [3]. Currently there are a number of methods for measuring the
spectral phase of a femtosecond laser pulse. Frequency resolved optical gating (FROG) [4]
and spectral phase interferometry for direct electric-field reconstruction (SPIDER) [5] are
both interferometric multi-beam methods that utilize nonlinear optical phenomena to
characterize a laser pulse’s spectral phase. A recently developed single beam method,
multiphoton intrapulse interference phase scan (MIIPS) [6, 7], takes advantage of the phase
modulation’s influence on the probability of nonlinear optical processes. This method has
been shown to be very effective for accurately characterizing and compensating the spectral
phase of ultrashort femtosecond pulses even as they transmit through high numerical aperture
microscope objectives [ 7-10].

Performing MIIPS characterization and compensation using third harmonic generation
(THG) in air eliminates the need for nonlinear optical crystals required for second harmonic
generation. In addition, no phase-matching criterion is required for THG in air, eliminating
carrier frequency and pulse bandwidth limitations of typical second harmonic generation
(SHG) crystals. The influence of phase modulation on the probability of third order nonlinear
processes is well understood [11]. THG has been studied in hollow-core fibers [12], in gases
[13], and in air [14]. Aswe will demonstrate, the MII1PS method can be adapted for accurate
spectral phase characterization and compensation using THG in air; yielding a new method,
that we cal air-MIIPS, which is very practical for characterization and optimization of
amplified ultrashort pulses.

2. Theory

As in second-harmonic MIIPS [6, 7], air-MIIPS works by introducing a calibrated reference
spectral phase function f(d,0) to measure the unknown phase distortions ¢(w) in the pulse.
The sum of the unknown phase and the reference phase is given by ¢(w)= ¢(w)+ f(d,w). The
calibrated reference phase function creates a small window in the spectrum where the second
derivative of the phase approaches zero, this local compensation can be written
¢’ (w)=¢"(w)+ "(w) — 0. As the reference function is scanned across the spectrum, the
window where maximum harmonic generation takes place is scanned across the spectrum as
well. For transform limited (TL) pulses, the maximum harmonic generation tracks linearly
with the scanning reference phase. Deviations from the linear dependence directly provide the
second derivative of the unknown phase, which can be calculated by double integration.

The reference function, f(d,w) = a sin [yw-4], is physically introduced with a pulse shaper.
The amplitude « is set equa to n. The parameter y, set to equal the pulse duration (full-width
at half maximum), creates one window of local phase compensation across the spectrum. As
the phase parameter o is scanned the THG spectrum is recorded. Because the maximum
harmonic generation occurs at the spectral position where local spectral distortions are
minimal, scanning the reference phase function allows us to find &.(w), the value for which
maximum harmonic intensity is measured at frequency «. The second derivative of measured
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phase can be calculated using the equation ¢{w) = a)? Sin [yw-d(w))]. The order of the
nonlinear process does not matter; it may be the second harmonic asin SHG-MIIPS, THG as
in this paper, or any order sum or difference frequency generation.

The second derivative of the phase, ¢{w), is used to calculate the desired spectral phase
distortion @) by numerical double integration over frequency. After the spectral phase
distortions of the pulse are measured, the same pulse shaper is used to compensate the
distortion by introducing the inverse of the measured phase -¢(w). Usualy a single
measurement results in small systematic errors which are easily corrected by iteratively
compensating the phase distortions and repeating the measurement [7, 15]. Less than 10
iterations are required, for adaptive pulse compression, depending on how heavily distorted
the pulseis at the start. The entire process is completed in less than one minute. The phaseis
measured by compensation, in analogy to the classical Wheatstone bridge used in electronics,
with unprecedented accuracy. Introducing a calibrated phase with a programmable pulse
shaper in order to retrieve unknown phase distortions, followed by compensating the phase
distortions was proposed by our group several years ago [16]. We have used SHG-MIIPS to
enhance biological imaging [10], for metal identification using laser induced breakdown
spectroscopy (LIBS) [17], for isomer identification in mass spectrometry [18], and for phase
correction in remote applications [19]. Now this method is simplified by means of THG in
air, removing the source of possible spectral narrowing vialimitation on the response function
of the nonlinear crystal.

3. Experiment

Experiments were carried out with an amplified Ti:Al,O; laser (Coherent, Legend USP)
producing 1 mJ, 34 fs pulses a 1 kHz repetition rate. The laser amplifier was seeded with a
Ti:Al,O; oscillator (Coherent, Micra). The seed pulses were shaped by an all-reflective
folded 4f pulse shaper with a phase only spatial light modulator (CRi SLM 128) before
amplification [20].

The output laser pulse intensity was attenuated and focused in air with a concave mirror
with afocal length ranging from 50 to 250 mm. For a 50 mm focal length lens and an 8 mm
beam diameter, we calculate a peak power density of 2.2 x 10 W/cm? and 8.9 x 10™ W/cm?
can be attained respectively for 25 nJand 100 pJfor TL pulses. The THG produced after the
focus was collimated and separated from the fundamental beam by a fused-silica prism pair.
The light was then coupled into a spectrometer (Ocean Optics USB 2000).

Figure 1 shows the SHG and THG spectra produced in a 100 um BBO crystal and in air
respectively. Conversion efficiencies for SHG and THG were typically on the order of 10°
and 10™ respectively. The dashed lines represent the theoretically available bandwidth for the
SHG and THG spectra; the solid lines represent the experimentally measured spectra. The
reduction in bandwidth from theoretical levels, seen in the experimental second harmonic
spectrum is caused by the phase matching bandwidth of the crystal which is limited by its
thickness. Theloss of bandwidth is absent in the THG spectrum.
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Fig. 1. (top) A schematic of the experimental setup is shown (bottom), along with the spectra
for the fundamental, the SHG produced in a BBO crystal, and the THG produced in air. The

dashed lines indicate the calculated SHG and THG spectra based on the fundamental spectrum

and constant nonlinear susceptibilities.

For pulse intensities above ~10™ W/cm? THG is accompanied by self phase modulation,
self focusing, and plasma formation causing a spectral blue shift and spectral broadening in
the fundamental as well as the third harmonic spectra (see Fig. 2) [21]. However, as will be
shown later, during the air-MI1PS measurement, THG takes place only in a limited spectral
window that is restricted by the reference phase function. The reference phase reduces the
peak power density and minimizes pulse distortions. This enables air-MIIPS to be used for
pulse energies where self-action effects and plasma formation would prevent phase
measurements. By changing the focusing optics to a 15X reflective objective, pulse energies
aslow as 2 nJwere sufficient to produce sufficient signal to use air-MIIPS
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Fig. 2. Normalized intensity dependent fundamental spectrum (top) and third harmonic
spectrum (bottom) after a 50 mm focal length mirror produced by transformed limited pul ses.
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In the data presented here, the air-MIIPS traces were produced by recording the THG
spectrum as a function of the imparted sinusoidal phase shift 4. Second harmonic MIIPS
(SHG-MIIPS) measurements were taken aongside the air-MIIPS measurements for the
purpose of comparing the extracted phases.

4. Results

Figure 3 shows the experimental and simulated transformed limited MI1PS traces obtained for
SHG-MIIPS, and for air-MIIPS. In both cases the parallel lines confirm TL pulses [12, 13].
We notice that the air-MIIPS features are broader than for SHG-MIIPS. This effect is also
born out in our simulations. We also notice that in the experimental data, alternate features
have different intensities, and for intense pulses, a different shape. This is caused by changes
in the temporal symmetry in the shaped pulses [22]. From atechnical standpoint, however,
these differences are minor and have no deleterious effect on phase retrieval.

SHG-MIIPS air-MIIPS

Q

N
Wavelength (nm)
Wavelength (nm)

b)

Wavelength (nm)
Wavelength (nm)

d (rad)

Fig. 3. (a). Theoretical SHG-MIIPS and air-MIIPS traces of transform limited pulses. (b)
Experimental SHG-MIIPS and air-MIIPS traces after compensation. The dashed lines are
guides to the eye and coincide with the expected location of the MIIPS features for TL pulses.

Figure4 shows SHG-MIIPS (left) and ar-MIIPS (right) traces first for initialy
uncompensated laser pulses, then for positive and negative chirp imparted by the pulse shaper.
Although the resolution the air-MIIPS scans is lower than the SHG-MIIPS scans due to the
reduced resolution of shorter wavelengths, the robust phase retrieval algorithm is still able to
extract the spectral phase accurately. The performance of SHG- and air-MIIPS is compared in
Fig. 5.
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Fig. 4. SHG-MIIPS traces (left), and air-MIIPS traces (right) for @ uncompensated, b)
+2000 f$* positive chirp, and c) -2000 fs’negative chirp. The dashed lines are guides to the eye
and coincide with the expected location of the MIIPS features for TL pulses.

Figure 5 shows the calculated spectral phase measured by SHG-MIIPS and air-MIIPS. For
air-MIIPS, two representative pulse energies (25 nJ and 100 pJ) where chosen to be shown
that correspond to energies before and after the observed self-action effects shown in Fig. 2
The calculated spectral phase from air-MIIPS is in good agreement with that of SHG-MIIPS,
with residue deviations of less than 0.1 radians over the entire full width at half maximum of
the laser spectrum. Moreover, the phase behavior detailing the self-action effects that
characterize the strong influence of plasma formation is absent from the spectral phase
extracted from air-MIIPS conducted at these plasma producing intensities. Therefore, both
SHG-MIIPS and air-MIIPS are able to characterize the spectral phase of a laser pulse, and
then compensate the phase with the pulse shaper.
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Fig. 5. Experimentally retrieved phases using SHG-MIIPS (blue) and air-MIIPS using 25 pJ
(orange) and 100 pJ (purple) with a50 mm curved mirror. (top) Residual phase distortion after
compensation from SHG MIIPS (blue) and air-MI1PS (purple).

5. Conclusion

We have demonstrated an accurate phase retrieval and adaptive compensation method
equivalent to SHG-MIIPS that utilizes THG in air. This third order nonlinear process is free
from the bandwidth and wavelength limitations of a nonlinear crystal required for second
order processes. In addition, it avoids the cost, and susceptibility to optical and environmental
damage of SHG crystals.
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