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OPTICAL IMAGE PROCESSING USING MINIMUM PHASE FUNCTIONS -

Claim of Priority

[0001]  This application claims the benefit of U.S. Provisional Application No.
60/668,445, filed April 5, 2005, which is incorporated in its entirety by reference herein.
Background of the Invention

Field of the Invention

{0002] The present invention relates generally to apparatus and methods of optical
image processing.

Description of the Related Art

[0003] = Various simple optical systems yield the Fourier transform (FT) of a two-
dimensional complex object function. (See, e.g. J.W. Goodman, “Introduction to Fourier
Optics,” McGraw-Hill, New York, 2002). Physical examples of such two-dimensional
complex object functions include, but are not limited to, transparent objects such as
photographic transparencies, spatial light modulators, and biological samples that modifies
both the amplitude and the phase of transmitted (or reflected) optical waves. One additional
example of such an optical system is simply the free-space propagation, far-field diffraction
pattern (fhe Fraunhofer pattern). The Fraunhofer diffraction pattern yields the FT of the
complex transmission function of an aperture that is illuminated with plane waves.

[0004] Another simple optical system that yields the FT of a two-dimensional
complex object function is a thin converging lens. At the focal plane of the lens, the formed
- image is simply the FT of the object function placed anywhere before the image plane,
preferably at the front focal plane. However, for both of the above-mentioned systems, only
the FT magnitudes are detected, so direct phase measurement is a difficult task.

[0005] In other systems, femtosecond pulses have been extensively used in
physics and chemistry to resolve fast transient response of various material properties. In
many of these fields, the transient changes induced in the material properties due to the
presence of a pump beam are of interest. To be able to record these fast transient effects,
femtosecond spectral interferometry (SI) has been widely used. (See, e. g., F.Reynaud et al.,

“Measurement of phase shifts introduced by nonlinear optical phenomena on subpicosecond
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pulses,” Opt. Lett., Vol. 14, page 275 (1989); E. Tokunaga et al, “Frequency-domain
interferometer for femtosecond time-resolved phase spectroscopy,” Opt. Lett., Vol. 17, page
1131 (1992); E. Tokunaga et al., “Induced phase modulation of chirped continuum pulses
studied with a femtosecond frequency-domain interferometer,” Opt. Lett. , Vol. 18, page 370
(1993); J.P. Geindre et al., “Frequency-domain interferometer for measuring the phase and
amplitude of a femtosecond pulse probing a laser-produced plasma,” Opt. Lett., Vol. 19, page
1997 (1994); D.W. Siders et al, “Plasma-based accelerator diagnostics based upon
longitudinal interferometry with ultrashort optical pulses,” IEEE Trans. Plasma Science, Vol.
24, page 301 (1996); C.W. Siders et al., “Laser wakefield excitation and measurement by
femtosecond longitudinal interferometry,” Phys. Rev. Lett., Vol. 76, page 3570 (1996); R.
Zgadzaj et al., “Femtosecond pump-probe study of preformed plasma channels,” J. Opt. Soc.
Am. B, Vol. 21, page 1559 (2004); L. Lepetit et al, “Linear techniques of phase
measurement by femtosecond spectral interferometry for applications is spectroscopy,” J.
Opt. Soc. Am. B, Vol. 12, page 2467 (1995); S.M. Ghallager et al., “Heterodyne detection of
the complete electric field of femtosecond four-wave mixing signals,” J. Opt. Soc. Am. B,
Vol. 15, page 2338 (1998); J. Tignon er al., “Spectral interferometry of semiconductor
nanostructures,” IEEE J. 'Qﬁantum Electron., Vol. 35, page 510 (1999); X. Chen et al.,
“Temporally and spectrally resolved amplitude and phase of coherent four-wave-mixing
emission from GaAs quantum wells,” Phys. Rev. B, Vol. 56, page 9738 (1997); D. Birkedal
et al., “Femtosecond spectral interferometry of resonant secondary emission from quantum
wells: Resonance Rayleigh scattering in the nonergodic regime,” Phys. Rev. Lett., Vol. 81,
page 2372 (1998); C. Dorrer et al., “Spectral resolution and sampling issued in Fourier-
transform spectral interferometry,” J. Opt. Soc. Am. B, Vol. 17, page 1795 (2000); C. Dorrer,
“Influence of the calibration of the detector on spectral interferometry,” J. Opt. Soc. Am. B,
Vol. 16, page 1160 (1999).) '
Summary of the Invention

[0006] In certain embodiments, a method processes an optical image. The
method comprises providing a measured magnitude of the Fourier transform of a two-
dimensional complex transmission function. The method further comprises providing an

estimated phase term of the Fourier transform of the two-dimensional complex transmission
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function. The method further comprises multiplying the measured magnitude and the
estimated phase term to generate an estimated Fourier transform of the two-dimensional
complex transmission function. The method further comprises calculating an inverse Fourier
transform of the estimated Fourier transform, wherein the inverse Fourier transform is a
spatial function. The method further comprises calculating an estimated two-dimensional
complex transmission function by applying at least one constraint to the inverse Fourier
transform.

[0007] In certain embodiments, a computer system comprises means for
" estimating an estimated phase term of a Fourier transform of a two-dimensional complex
transmission function. The computer system further comprises means for multiplying a
measured magnitude of the Fourier transform of the two-dimensional complex transmission
function and the estimated phase term to generate an estimated Fourier transform of the two-
dimensional complex transmission function. The computer system further comprises means
for calculating an inverse Fourier transform of the estimated Fourier fransform, wherein the
inverse Fourier transform is a spatial function. The computer system further comprises
means for calculating an estimated two-dimensional complex transmission function by
applying at least one constraint to the inverse Fourier transform.

Brief Description of the Drawings

{0008] Figure 1A is a plot of the complex electric field temporal profile
(magnitude and phase shown by solid and dashed lines, respectively) of a pulse sequence
formed by delaying a sample pulse in time with respect to a stronger dummy pulse.

[0009] Figure 1B is a plot of the power spectrum‘ (i.e., square of the Fourier
transform magnitude) of the complex electric field temporal profile of Figure 1A.

[0010] Figure 2 is a plot of the original complex electric field temporal profile of
Figure 1A (solid lines) and a recovered complek electric field temporal profile (dashed lines)
recovered using an exemplary embodiment from the power spectrum of Figure 1B.

[0011] Figure 3 is a flow diagram of an exemplary iterative error-reduction

method compatible with certain embodiments described herein.

-3-
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[0012] Figure 4A is a plot of an exemplary complex electric field temporal profile
of a pulse sequence, with the magnitude shown by the solid line and the phase shown by the
dashed line.

o [0013] Figure 4B is a pole-zero plot of the z-transform of the pulse sequence of
Figure 4A with zeros shown as circles.

[0014] Figures 5A and 5B are plots of the magnitude and phase, respectively, of
the original complex electric field temporal profile (solid lines) and the recovered complex
electric field temporal profile (dashed lines) recovered by applying an exemplary
embodiment to the Fourier transform magnitude of Figure 4A.

[0015] Figure 6 is a pole-zero plot of the z-transform of the pﬁlse sequence of a
new pulse sequence formed in which the first waveform peak of Figure 4A near =0 is
increased from approximately 0.4 to approximately 50, with zeros shown as circles.

[0016] Figures 7A and 7B are plots of the magnitude and phase, respectively, of
the original complex electric field temporal profile (solid lines) and the recovered complex
electric field temporal profile (dashed lines) recovered by applying an exemplary
embodiment to the Fourier transform magnitude of a new pulse sequence having a large
waveform peak at £ = 0.

[0017]  Figure 8A is a flow diagram of a method of determining the complex
electric field temporal profile of a sample optical pulse.

[0018] Figure 8B schematically illustrates a configuration compatible with certain
embodiments described herein. ‘

[0019] Figure 9A illustrates an exemplary sample pulse with the magnitude
shown as a solid line and the phase shown as a dashed line.

[0020] Figure 9B illustrates an exemplary dummy pulse with the magnitude
shown as a solid line and the phase shown as a dashed line.

[0021] Figure 10A illustrates the calculated magnitude (solid line) and phase

.(dashed line) of the Fourier transform spectrum of the sample pulse of Figure 9A.
[0022]  Figure 10B illustrates the calculated magnitude (solid line) and phase

(dashed line) of the Fourier transform spectrum of the dummy pulse of Figure 9B.
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[0023] Figure 11 is a plot of the complex electric field temporal profiles of the
original dummy pulse of Figure 9A (solid line) and the recovered dummy pulse (dashed line).

[0024]  Figure 12 is a log-log plot of the error in the recovered electric field
magnitude and phase as functions of the ratio of the peak magnitude of the dummy pulse to
that of the sample pulse.

[0025] Figure 13 is a plot of a simulated noisy power spectrum (solid line) and a
simulated noise-free power spectrum (dashed line).

[0026] Figure 14A and 14B are plots of the magnitude and phase, respectively, of
the original complex electric field temporal profile (solid lines) and the recovered complex
electric field temporal profile (dashed lines) recovered by applying an exemplary
* embodimerit to the noisy power spectrum of Figure 13.

[0027] Figure 15A illustrates an exemplary sample pulse with the magnitude
shown as a solid line and the phase shown as a dashed line.

[0028] Figure 15B illustrates an exemplary dummy pulse which is temporally
narrower than the sample pulse of Figure 15A with the magnitude shown as a solid line and
the phase shown as a dashed line.

[0029] Figure 16A illustrates the calculated rﬁagnitude (solid line) and phase
(dashed line) of the Fourier transform spectrum of the sample pulse of Figure 15A.

[0030] Figure 16B illustrates the calculated magnitude (solid line) and phase
(dashed line) of the Fourier transform spectrum of the dummy pulse of Figure 15B.

- [0031]  Figure 17A is a plot of the complex 'electn'c field temporal profile
(magnitude and- phase shown by solid and dashed lines, respectively) of a pulse sequence
formed by delaying a sample pulse in time with respect to a stronger dummy pulse.

[0032] Figure 17B is a plot of the power spectrum (i.e., square of the Fourier
transform magnitude) of the complex electric field temporal profile of Figure 17A.

[0033]  Figure 18 is a plot of the original complex electric field temporal profile of
Figure 17A (solid lines) and a recovered complex electric field temporal profile (dashed

lines) recovered using an exemplary embodiment from the power spectrum of Figure 17B.
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[0034] Figure 19A is a plot of the complex electric ﬁeld temporal profile
(magnitude and phase shown by solid and dashed lines, respectively) of a pulse sequence
formed by a dummy pulse and two sample pulses.

[0035] Figure 19B is a plot of the power spectrum (i.e.,'.square of the Fourier
transform magnitude) of the complex electric field temporal profile of Figure 19A.

[0036] Figure 20 is a plot of the original complex electric field temporal profile of
Figure 19A (solid lines) and a recovered complex electric field temporal profile (dashed
lines) recovered using an exemplary embodiment from the power spectrum of Figure 19B.

[0037] Figure 21 schematically illustrates an example measurement configuration
compatible with éertain embodiments described herein.

[0038] Figure 22 is a graph of an example power spectrum of the pulse sequence
formed by delaying the dummy pulse with respect to the sample pulse measured using the
measurement configuration of Figure 21.

[0039] Figures 23A aﬁd 23B are graphs of the resulting intensity and phase,
respectively, of the recovery after applying the technique disclosed herein to the square-root
of the measured power spectrum shown in Figure 22, as compared to the results of the .
recovery obtained using both the FROG technique and the TADPOLE technique.

[0040] Figures 24A and 24B show recorded charge-coupled-device (CCD) ixﬁages
at the optical spectrum analyzer for two successive measurements with slightly different
delay values between the sample pulse and the dummy pulse.

[0041]  Figures 25A and 25B are plots of the measured power spectrum
corresponding to the input pulse sequence obtained from Figures 24A and 24B, respectively,
by adding the recorded spatial Fourier transform magnitude spectra along the vertical axis.

[0042] Figures 26A and 26B show the intensity and phase, respectively, of the
electric field of the sample pulse recovered by applying the technique disclosed herein to the
square-root of the measured power spectra of Figures 25A (“SIMBA measurement #1”°) and
25B (“SIMBA measurement #27), as compared to the results of the FROG technique applied
to the same sample pulse.

[0043] Figure 27 is a flow diagram of an example iterative error-reduction method

for optical image processing compatible with certain embodiments described herein.
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[0044]  Figure 28A illustrates an example aperture having a first region with a first
transmissivity and a second region with a second transmissivity less than the first
transmissivity.

[0045]  Figure 28B illustrates an example composite structure formed by placing
the aperture near or next to the obj ect of interest.

[0046] Figure 29 illustrates a pulse train comprising a reference pulse, a pump
pulse, and a probe pulse.

[0047] Figure 30 illustrates an example pulse train comprising a dummy pulse, a
pump pulse, and a probe pulse.

Detailed Description of Exemplary Embodiments

[0048] Certain embodiments described herein are useful in computer-
implemented analyses of the temporal waveforms of optical pulses, optical image processing,
or femtosecond spectroscopy. The general-purpose computers used for such applications can
take a wide variety of forms, including network servers, workstations, personal computers,
mainframe computers and the like. The code which configures the computer to perform such
processes is typically provided to the user on a computer-readable medium, such as a CD-
ROM. The code may also be downloaded by a user from a network server which is part of a
local-area network (LAN) or a wide-area network (WAN), such as the Internet.

[0049] The general-purpose computer running the software will typically include
one or more input devices, such as a mouse, trackball, touchpad, and/or keyboard, a display,
and computer-readable memorjr media, such as random-access memory (RAM) integrated
circuits and a hard-disk drive. It will be appreciated that one or more portions, or all of the
code may be remote from the user and, for 'example, resident on a network resource, such as a
LAN server, Internet server, network storage device, etc. In typical embodiments, the
software receives as an input a variety of information concerning the optical images, signals,
or pulses.

Phase and magnitude of ultra-short optical pulses

[0050}  Ultra-short opticai pulses with sub-picosecond time scales play a key role
in many important applications such as medical imaging, surgery, micro-machining, optical

communication, and 3D optical waveguide fabrication. (See, e.g., Jean-Claude Diels and
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Wolfgang ‘Rudolph, “Ultrashort Laser Pulse Phenomena: Fundamentals, Techniques and
Applications on a Femtosecond Time Scale,” Elsevier, Academic Press, London (1996); M.R.
Hee et al., “Femtosecond transillumination tomography in thick tissue,” Opt. Lett., Vol. 18,
pp. 1107-1109 (1993); X. Liu et al., “Laser ablation and 1nfcromachinihg with ultrashort
laser pulses,” IEEE J. Quant. Electr., Vol. 33, pp. 1706-1716, (1997); K.M. Davis et al,
“Writing waveguides in glass with a femtosecond laser,” Opt. Lett., Vol. 21, pp. 1729-1731
(1996); AM. Weiner et al., “Encoding and decoding of femtosecond pulses,” Opt. Lett., Vol.
13, pp. 300-302 (1988).)

[0051] In many of these applications, knowledge of the temporal profile of the
optical pulse (both its phase and magnitude) is important. Over the last decade, many
techniques have been developed to characterize ultra-short optical pulses.(See, e.g., K.L. Sala
et al., “CW autocorrelation measurements of picosecond laser pulses,” IEEE J. Quant.
Electr., Vol. QE-16, pp. 990-996 (1980); J.L.A. Chilla and O.E. Martinez, “Direct
determination of the amplitude and the phase of femtosecond light pulses,” Opt. Lett., Vol.
16, pp. 39-41 (1991); J. Peatross and A. Rundquist, “Temporal decorrelation of short laser
pulses,” J. Opt. Soc. Am. B, Vol. 15, 216-222 (1998); J. Chung and A.M. Weiner,
“Ambiguity of ultrashort pulse shapes retrieved from the intehsity autocorrelation and the
power spectrum,” IEEE J. Select. Quantum Electron. pp. 656-666 (2001).)

[0052] These techniques can generally be divided into two categories: nonlinear
and linear. Nonlinear techniques typically use a thin nonlinear crystal. The well-known
nonlinear techniques include frequency-resolved optical gating (FROG) (see, e.g., R. Trebino
and D.J. Kane, “Using phase retrieval to measure the intensity and phase of ultrashort
pulses: frequency-resolved optical gating,” J. Op. Soc. Am. A, Vol. 10, pp. 1101-1111
(1993)), spectral phase interferometry for direct electric-field reconstruction (SPIDER) (see,
e.g., C. laconis and L.A. Walmsley, “Spectral phase interferometry for direct electric-field
reconstruction of ultrashort optical pulses,” Opt. Lett., Vol. 23, pp. 792-794 (1998)),
spectrally resolved cross-correlation (XFROG) (see, e.g., S. Linden et al., “XFROG- A new
method for amplitude dand phase characterization of weak ultrashort pulses,” Phys. Stat. Sol.
(B), Vol. 206, pp. 119-124 (1998)), and phase and intensity from cross-correlation and
spectrum only (PICASO) (see, e.g., J.W. Nicholson et al., “Full-field characterization of
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Jemtosecond pulses by spectrum and cross-correlation measurements,” Opt. Lett., Vol. 24,
pp.17‘74-1776.(1999)). Because the nonlinear process is generally weak, these techniques
tend to require high peak powers and are generally not suitable for characterizing weak
optical pulses. ‘

[0053] Linear techniques were conceived in part to eliminate this power
limitation. One exemplary linear technique is spectral interferometry (SI), which uses a
linear detection system, such as an optical spectrum analyzer (OSA), to record in the
ﬁequency domain the interference between the sample pulse to be characterized and a
reference pulse. (See, e.g., D.E. Tokunaga et al., “Femtosecond continuum interferometer for
transient phase and transmission spectroscopy,” J. Opt. Soc. Am. B, Vol. 13, pp. 496-513
(1996); D. Meshulach et al, “Real-time spatial-spectral interference measurements of
ultrashort optical pulses,” J. Opt. Soc. Am. B, Vol. 14, pp. 2095-2098 (1997).) Temporal
analysis by dispersing a pair of light electric fields (TADPOLE) (see, e.g., D.N. Fittinghoff et
al., “Measurement of the intensity and phase of ultraweak, ultrashort laser pulses,” Opt.
Lett., Vol. 21, pp. 884-886 (1996)) is a popular SI technique. Using the TADPOLE
technique, the reference pulse is first fully characterized using a FROG set-up, then an OSA
is used to measure the power spectra of the sample pulse and of a pulse sequence formed by
delaying the reference pulse with respect to the sample pulse. These three measurements
enable the recovery of the full complex electric field of the sample pulse, even if this pulse is
very weak. Note that SI-based techniques utilize a fully-characterized reference pulse.

[0054] Certain embodiments described herein provide a novel linear method,
referred to herein as “SIMBA™, which uses a single optical spectrum analyzer (“OSA™)
measurement to recover the phase and magnitude of the complex electric field of weak ultra-
short optical pulses. As used herein, the term “SIMBA” refers to either “spectral
interferometry using minimum-phase-based algorithms” or “spectral interferometry using
maximum-phase-based algorithms. Certain embodiments described herein are among the
simplest and fastest of all the methods reported to date to measure the temporal shape of
ultra-short optical pulses. Certain embodiments described herein are broadly applicable since
the conditions of such embodiments are relatively lax as compared to other previously-used

methods. In certain embodiments, SIMBA involves using an OSA to measure the power
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spectrum of a sequence of two pulses: a reference or dummy pulse combined with a sample
pulse of weaker magnitude. Such a pulse sequence in which a large dummy pulse is followed
by a weaker sample pulse approiimates a minimum-phase function in certain embodiments.
Such a pulse sequence in which 2 weaker sample pulse is followed by a large dummy pulse
approximates a maximum-phase function in certain embodiments. In certain embodiments,
the temporal profile of the sample pulse is recoverable using only the magnitude of the
Fourier transform (e.g., the square root of the measured power spectrum) of the pulse
.sequence. As described below, this recovery of the temporal profile of the sample pulse can
be carried out numerically with a simple iterative method that takes only seconds on a 500-
MHz computer using MATLAB 5. With a faster computer and programming tool, this
method has the capability to provide real-time dynamic measurements of laser pulse profiles.
[0055] Certain embodiments described herein provide various advantages over
existing pulse-profile characterization methods which make SIMBA an excellent candidate
for accurate, real-time characterization of ultrashort laser pulses. In certain embodiments, the
temporal profile of the dummy pulse does not need to be known. Such embodiments can
advantageously provide a significant time saving over other SI techniques which require first
characterizing the dummy pulse. Certain embodiments advantageously work with weak
sample pulses, unlike nonlinear techniques, as well as with strong sample pulses. The
measurement configuration of certain embodiments described herein is advantageously
simple by utilizing an OSA and not containing any moving parts. Certain embodiments
_ advantageously utilize a single measurement. As compared to previously—known techniques
(e.g., PICASO or TADPOLE which require 2 and 3 simultaneous measurements,
respectively), certain such embodiments advantageously provide a fast determination of the
temporal profile of the optical pulse. Certain embodiments are fast enough to allow real-time
* characterization of an optical pulse. Unlike certain previously-known techniques (e.g.,
second-harmonic FROG), certain embodiments advantageously can differentiate an ultrashort
optical puise from its time-reversed replica. Unlike many other SI-based techniques, certain
embodiments described herein do not have any minimum constraint for the time delay

between the dummy pulse and the sample pulse. Certain embodiments described herein can

-10-
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advantageously be used to simultaneously characterize a sequence of different sample pulses
with a single measurement.

[0056] Certain embodiments described herein utilize a property of minimum-
phase functions (MPFs) that allows the phase of the Fourier transform (FT) of the minimum-
phase function to be extracted from its FT magnitude alone, either analytically or iteratively.
(See, e.g., V. Oppenheim and R.W. Schafer, Digital Signal Processing, Prentice Héll, 2002,
Chap. 7; T.F. Quatieri, Jr., and A.V. Oppenheim, “lterative techniques for minimum phase
signal réconstruction Jfrom phase or magnitude,” IEEE Trans. Acoust., Speech, Signal
Processing, Vol. 29, pp. 1187-1193 (1981); M. Hayes et al., “Signal reconstruction from
phase or magnitude,” IEEE Trans. Acoust., Speech, Signal Processing, Vol. 28, pp. 672-680
(1980).) Similarly, certain embodiments described herein utilize the same property of
maximum-phase functions. While certain embodiments are described below by referring to
MPFs, certain other embodiments similarly utilize maximum-phase functions.

[0057] Figures 1A, 1B, and 2 illustrate the performance of certain embodiments
described herein using numerical simulations of an arbitrary sample pulse. Figure 1A
illustrates the magnitude and phase of the electric field of a sequence of two pulses, namely a
strong reference or dummy pulse followed by a sample pulse to be characterized. The sample
pulse of Figure 1A has an arbitrarily chosen temporal profile. A measured optical power
spectrum of this pulse sequence (e.g., by sending the pulse sequence into an OSA, including a
noise contribution, discussed more fully below) was simulated numerically, and is illustrated
by Figure 1B. The magnitude and phase of the weak sample pulse recovered by applying
SIMBA to the optical power spectrum of Figure 1B, without any other knowledge of the
pulse sequence, is plotted in Figure 2. The excellent accuracy of the recovery of the sample
pulse temporal profile can be achieved with any sample pulse with properly-chosen
properties (bandwidth and magnitude) of the dummy pulse and these properly-chosen
properties are not excessively restrictive.

[0058] It is generally not possible to fully recover a one-dimensional function
from the knowledge of its FT magnitude alone. However, there are families of functions
which are exceptions to this rule for which the FT phase can be recovered from thé FT

magnitude alone, and visa versa. One exemplary such family is the family of minimum-
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phase functions (MPFs). An MPF is characterized by having a z-transform with all its poles

and zeros either on or inside the unit circle. As a result of this property, the FT phase and the

logarithm of the FT magnitude of an MPF are the Hilbert transforms of one another.

Consequently, the FT phase of an MPF can be calculated from its FT magnitude, and an MPF '
can be reconstructed from its FT magnitude alone.

[0059] This reconstruction can be done by first taking the Hilbert transform of the
logarithm of the function's FT magnitude (e.g., the logarithmic. Hilbert transform of the
function’s FT magnitude) to obtain the FT phase, and then inverting the full complex FT.
However, this direct approach can have difficulties in its implementation, such as phase
unwrapping.

[0060] A second approach for the reconstruction is to use an iterative error-
reduction method. Examples of iterative error-reduction methods include, but are not limited
to, those described by J. R. Fienup, “Reconstruction of an object from the modulus of its
Fourier transform,” Opt. Lett., Vol. 3, pp. 27-29 (1978) or R.W. Gerchberg and W.O.
Saxton, “Practical algorithm for the determination of phase from image and diffraction
plane pictures,” Optik, Vol. 35, pp. 237-246 (1972).

[0061] Figure 3 is .a flow diagram of an exemplary iterative error-reduction
method_ 100 compatible with certain embodiments described herein. This iterative error-
reduction 100 involves using a known (e.g., measured) Fourier transform magnitude
spectrum of an unknown function e(?), together with known properties of this function
(e.g., that it is a real function or a causal ﬁnction), to correct an initial guess of e(t). In
certain embodiments, this correction is done iteratively. In certain embodiments, the
unknown function e(?) comprises the complex electric field temporal profile of a pulse
sequence comprising a sample pulse and a dummy pulse, as described more fully below.

[0062]  Given a complex MPF, e(?), the only quantity that is fed into the method
100 is the FT magnitude spectrum of e(), i.e., |E)(f)|, where the subscript M denotes that
this spectrum is a measured quantity, as shown by the operational block 110. In certain
embodiments, providing the measured FT magnitude spectrum comprises measuring a power
spectrum of a ﬁulse sequence comprising a sample optical pulse and a dummy pulse and

calculating the square root of the measured power spectrum to yield the measured FT
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magnitude spectrum. In certain other embodiments, providing the measured FT magnitude
spectrum comprises providing a previously-measured power spectrum of a pulse sequence
comprising a sample optical pulse and a dummy pulse and calculating the square root of the
previously-measured power spectrum. '
| [00‘63] Since the FT phase is missing, an initial guess, ¢ (f), for this phase is
provided in the operational block 120. In certain embodiments, this guess does not
significantly affect the accuracy of the result of the convergence of the method 100. For this
reason, ¢ (f) can be conveniently chosen to equal zero (e.g., ¢ (f)=0) or some other real or
complex constant (e.g., &, 7/2). In certain embocﬁments, the initial guess for the phase can be
a previously-stored function ¢ (f) retrieved from the computer system. In certain
embodiments, the initial guess for the phase can be a phase calculated from a previous optical
pulse. In certain embodiments, the initial guess for the phase can be calculated from the
measured magnitude using a logarithmic Hilbert transform.

[0064] In certain embodiments, the inverse Fourier transform (IFT) of
Ead - exp(idhy) is then computed numerically, as shown by the operational block 130, yielding
a function e¢'(. In certain embodiments, the operational block 140 comprises applying at
least one constraint to the estimated function (). For example, in certain embodiments in
which the pulse sequence approximates a minimum-phase function (MPF) (e.g., the dummy
pulse precedes the sample pulse), since MPFs are causal, only the ¢ > 0 portion of &'y is
retained (e.g., the causality condition), and all values of ¢'(z) for t <0 are set to zero, thereby
produciﬂg a new function ey(y). In certain embodiments in which the pulse sequence
approximates a maximum-phase function (e.g., the sample pulse precedes the dummy pulse),
since maximum-phase functions are anti-causal, only the ¢ < 0 portion of e'() is retained
(e.g., the anti-causality condition), and all values of e’(z) for ¢> 0 are set to zero, thereby
producing a new function e;(2). The recovered dummy pulse in sugh embodiments is on the
~ negative time axis glose to the origin and the sample pulse is recovered in the deeper part of
the negative time axis.

[0065]  In certain embodiments in which e(f) is known to be limited in time (e.g.,
to be less than 100 femtoseconds long), the operational block 140 can also inélude inserting

zeros for times greater than this limit (e.g., > 100 femtoseconds) to produce the function
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ey(t), thereby advantageously speeding up convergence of the method 100. In certain
embodiments in which the maximum peak power of the laser pulses are prédeterimined or
known, the magnitudes of the intermediate functions can be constrained to be below or equal
to thé maximum peak power. In certain embodiments, the new function e;(z) provided by the
operational block 140 serves as a first estimate of the complex MPF.

[0066]  In certain embodiments, the FT of ej(r) is calculated in the operational
block 150, thereby providing a new phase ¢(f) and a new magnitude |E;(f)| for the FT of
e(#). In certain embodiments, the magnitude of the calculated FT spectrum |E;(f) is replaced
by the measured magnitude |Ej(f)|, as shown by the arrow 160. In certain embodiments, the
loop is then repeated using |Ey ()l and ¢i(f) as the new input function in the operational
block 130, which provides a second function e,(f). In certain embodiments, only a single
iteration is used, while in other embodiments, this loop is repeated until convergence is
achieved. In certain embodiments, convergence is defined to be achievéd when the
difference between consecutive estimates of the function fle,() - e, (tj2dt/jle,,(z)|2dt is less
than a predetermined value, for example 0.1%. In certain embodiments, less than 100
iterations are adequate for achieving convergence, taking a few seconds to compute using
MATLAB 5 on a 500 MHz computer with 2' data points. In certain embodiments, applying
the constraint in the operational block 140 advantageously reduces the number of iterations
which achieve convergence.

[0067] In certain other embodiments, the loop is repeated a predetermined number
of times (e.g., 100). In certain embodiments, the predetermined number of times is selected
to be sufficiently large so that the method achieves, or is close to achieving, convergence. In
certain embodiments, at the end of the n-th iteration, e, ) is the recovered complex MPF.

[0068] Empirical results indicate that such iterative error-reduction methods
converge to the minimum-phase function corresponding to a given FT magnitude. (See, e.g.,
T.F. Quatieri, Jr., and A.V. Oppenheim, “Iterative techniques for minimum phase signal
reconstruction from phase or magnitude,” IEEE Trans. Acoust., Speech, Signal Processing,
Vol. 29, pp. 1187-1193 (1981); A. Ozcan et al., “Iterative processing of second-order optical
nonlinearity depth profiles,” Opt. Express, Vol. 12, pp. 3367-3376 (2004); A. Ozcan et al.,
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“Group delay recovery using iterative processing of amplitude of transmission spectra of
fibre Bragg gratings,” Electron. Lett., Vol. 40, pp. 1104-1106 (2004).) In other words, for
the infinite family of FT phase functions that can be asséciated with a known (e.g., measured)
FT magnitude, certain embodiments described herein converge to the one and only one FT
phase function that has the minimum phase. Since this solution is unique, if it is known
a priori that the profile to be reconstructed is an MPF (or that the profile approximates an
MPF), then the solution provided by the error-reduction method is the correct profile.
Similarly, if it is known g priori that the profile to be reconstructed is a maximum-phase
function (or that the profile approximates a maximum-phase function), then the solution
provided by the error-reduction method is the correct profile.

[0069] To understand intuitively which physical functions are likely to be
minimum-phase functions, an MPF is denoted by e, (), where n is an integer that
corresponds to sampled values of the function variable (e.g., relative time for the temporal
waveform of ultra-short pulses). Because all physical MPFs are causal, e, (1) equals to zero

for times less than zero (e.g., for n <0).

m—i
[0070] The energy of an MPF, defined as Y| e (w |* for m samples of the

n=0

-1 m—1
function e, (1), satisfies the inequality: mZ leminI 2 3 leml? for all possible values of
n=0 n=0

m>0. In this inequality, e(n) represents any of the functions that have the same FT
magnitude as ep,(n). This property suggests that most of the energy of e, () is
concentrated around » = 0. Stated differently, any profile with a dominant peak around =0
(e.g., close to the origin) will be either a minimum-phase function or close to one, and thus
the profile will work extremely well with the iterative error-reduction method 100 outlined by
Figure 3. Although there may be other types of MPFs besides functions with a dominant
peak, this class of MPFs can be used as described herein because they are straightforward to
- construct with optical pulses and because they yield exceedingly good resuits.

[0071] To further illustrate the utility of a dominant peak close to the origin,
Figure 4A illustrates an exemplary complex electric field temporal profile of an optical pulse.
As illustrated by Figure 4A, the magnitude of this causal function has four peaks. One peak

close to the origin (e.g., t = 0) has a magnitude of approximately 0.4, and a dominant peak at
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approximately = 0.1 has a magnitude of approximately 1.0. Since the dominant peak is not
the peak closest to the origin, thié function is not an MPF. This result can be verified by the
pole-zero plot of the pulse sequence's z-transform, as shown in Figure 4B. Many of the zeros
of the z-transform of the pulse 'sequence lie outside the unit circle, therefore the pulse
sequence of Figure 4A is not an MPF, and the phase and magnitude of the pulse sequence’s
FT cannoé be accurately related by the logarithmic Hilbert transform or by iterative error-
reduction methods. ‘

[0072]  The dashed curves of Figures 5A and 5B illustrate the magnitude and
phase, respectively, of the complex electric field temporal profile recovered by applying the
iterative method 100 of Figure 3 to the FT magnitude of Figure 4A. Both the recovered
magnitude and phase functions are substantially different from the original functions, shown
by the solid curves of Figures SA and 5B (which are the same as those in Figure 4A). As
shown in Figure 5A,‘ the magnitude of the temporal profile recovered by the error-reduction
method of Figure 3 exhibits a large peak near ¢ = 0. The reason for this peak is that the
method 100 converges to the minimum-phase function associated with the original FT
magnitude spectrum, which must have a dominant peak near the origin.

[0073]  To illustrate aspects of certain embodiments of the method described
herein, the magnitude of the first waveform peak near ¢ = 0 is increased from approximately
0.4, as shown in Figure 4A, to a large value (e.g., approximately 50), so that this peak
. becomes the dominant peak. The phase of the waveform remains unchanged from that
shown in Figure 4A. The pole-zero plot of the new pulse sequence is illﬁstrated by Figure 6,
and shows that almost all of the zeros of its z-transform are now either in or very close to the
unit circle. Increasing the magnitude of the first peak pushes all the zeros of the temporal
profile's z-transform towards the unit circle, thereby making the new pulse sequence closer to

a true MPF. Mathematically, by increasing the magnitude of the first peak, the inequality

m-1 m-1
S lemin(ml” = 3 le@ml? , which is another definition of an MPF, becomes easier to satisfy for

n=0 n=0

all possible values of m > 0. Since this new pulse sequence is very close to an MPF, the
~phase and magnitude of its FT are accurately related by the logarithmic Hilbert transform or

by iterative methods. Figures 7A and 7B illustrate the magnitude and phase, respectively, of

the original function (solid line) and the complex function recovered (dashed line) by
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applying the iterative method of Figure 3 to the FT magnitude of the new pulse sequence. As
shown by Figures 7A and 7B, the agreement between the original temporal profile and the
recovered temporal profile is excellent.

[0074]  Figure 8A is a flow diagram of a method 200 of determining the complex
electric field temporal profile of va sample optical pulse 202. Figure 8B schematically
illustrates a measurement configuration compatible with certain embodiments described
herein. In an operational block 210, the sample optical pulse 202 is provided. In certain
embodiments, the sample optical pulse 202 is an ultra-short optical pulse having a pulse
width in a range between approximately 10 femtoseconds and approximately 1 picosecond.
Other pulse widths are also compatible with certain embodiments described herein.

[0075] In an operational block 220, a pulse sequence 222 is formed by combining
a strong dummy pulse 224 and the sample optical pulse 202 with a time period between the
dummy pulse 224 and the sample optical pulse 202. In certain embodiments, the dummy
pulse 224 precedes the sample pulse 202 (e.g., the dummy pulse 224 enters the spectrum
analyzer 232 before the sample pulse 202 does) such that the pulse sequence 222
approximates a minimum-phase function. In certain other embodiments, such as that
schematically illustrated by Figure 8B, the sample pulse 202 precedes the dummy pulse 224
(e.g., the sample pulse 202 enters the spectrum analyzer 232 a time period 7 before the
dummy pulse 224 does). In certain such embodiments, the pulse sequence 222 approximates
a maximum-phase function.

[0076] In an operational block 230, a square of the FT magnitude of the pulse
sequence is measured. In certain embodiments, this measurement is performed by sending
the pulse sequence 222 into an-OSA 232. The OSA 232 of certain embodiments comprises a
computer which determines the complex electric field temporal profile of the sample pulse
202. The OSA 232 of certain other embodiments is coupled to a computer 240 which
determines the complex electric field temporal profile of the sample pulse 202. As discussed
above, by adding a strong dummy pulse 224 to the sample pulse 202, the complex temporal
profile of the pulse sequence 222 approximates an MPF or a maximum-phase function. The
complex temporal profile of the sample pulse 202 is then recoverable from the measured

spectrum using an error-reduction method such as the one shown in Figure 3.
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[0077] Figﬁre 9A illustrates an exemplary sample pulse 202 used to demonstrate
an exemplary embodiment of the SIMBA method step-by-step. The solid curve of Figure 9A
is the magnitude of the temporal electric field profile of the sample pulse 202, and the dashed
curve is its phase. This sample pulse 202 was selected arbitrarily, except that its FT was
selected to have a strong second-order phase, as shown in Figure 10A. In certain such

“embodiments, the strong second-order phase makes it more difficult to retrieve the complex
temporal profile of the sample pulse 202. The phase and magnitude of the sample pulse 202
were also selected such that the FT magnitude spectrum, calculated numerically and shown in
Figure 10A, resembles the spectrum of typical optical pulses expected to be determined using
embodiments described herein.

[0078] Figure 9B shows the magnitude and phase of the reference or dummy
pulse 224. The calculated FT spectrum of this dummy pulse 224 is plotted in Figure 10B.
The shape of the dummy pulse 224 of Figure 10B was selected arbitrarily, with a large
amount of third-order phase inits FT. This feature of the dummy pulse 224 is responsible for

. the oscillations in the tail of the pulse magnitude illustrated by Figure 9B. As disclosed
above, the peak magnitude of the dummy pulse electric field was taken to be much larger
than that of the sample pulse 202. For the sample pulse 202 and the dummy pulse 224 of
Figures 9A and 9B, the peak magnitude of the dummy pulse 224 is larger than that of the
sample pulse 202 by a factor of approximately 40, corresponding to a factor of approximately

1600 in power.

[0079] In certain embodiments, the sample pulse 202 is delayed in time by 7 with
respect to the dummy pulse 224 to form the pulse sequence 222. As shown in Figure 1A, this
pulse sequenée 222 approximates an MPF. In certain embodiments, the time delay r is
sufficiently large so that the sample pulse 202 and the dummy pulse 224 do not overlap. This
condition is not as strict as conditions required by other SI techniques which require larger
minimum delays to avoid aliasing in the inverse FT domain, which would make the recovery
impossible. In cerfain embodiments described herein, aliasing can be present because it does
not affect the recovery process. The delay 7 of certain embodiments is sufficiently small so
as to avoid high-frequency oscillations in the measured spectrum of the pulse sequence 222,

which would require a higher resolution OSA. Sending the pulse sequence 222 into an OSA
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yields the square of the FT magnitude of the complex electric field temporal profile, as
shown in Figure 1B. The oscillations near the center of the power spectrum of Figure 1B are
due to the interference between the electric fields of the sample pulse 202 and the dummy
pulse 224. |
| [0080] In certain embodiments, the power spectrum, such as illustrated by Figure
1B, contains all the necessary information to recover the complex electric field of the sample
pulse 202. In certain embodiments, this recovery is achieved by applying the method 100
shown in Figure 3 to the square root |£,(f) of the power spectrum of Figure 1B. The

magnitude and phase of the electric field of the sample pulse 202 obtained by this method
100 are plotted as dashed curves in Figure 2. Comparison to the magnitude and phase of the
original sample pulse 202, reproduced from Figure 9A and included in Figure 2 as solid
curves, shows that both the magnitude and phase components of the recovered sample pulse
are virtually indistinguishable from the components of the original sample pulse 202.

[0081] Certain émbodiments described herein advantageously recover . the
complex electric field of an optical pulse from a single FT magnitude measurement, without
~ any additional information about the reference or dummy pulse 224. The result of Figure 2
utilized a computation time of only a few seconds using MATLAB 5 on a 500-MHz
computer. The number of data points used to simulate the measured FT magnitude, shown in
Figure 1B, was limited to approximately 1500. To increase the resolution and speed of the
processing (which involves fast FT routines), the total number of points was increased to
approximately 2" by zero padding. Real-time characterization of ultra-short optical pulses
using embodiments described herein is possible by using a much faster programming
environment such as C++. In certain embodiments, this recovéry could be done using the
analytical logarithmic Hilbert transform instead of an iterative approach, although the results
of such a recovery could be more susceptible to noise.

[0082] In certain embodiments in which the arrival times of the input pulses are
not recorded, the recovered temporal profile exhibits a time shift compared to the actual
temporal profile. Figure 2 does not show this time shift because, for comparison purposes,
the recovered profile was shifted to match the original profile. This time shift is common to

many existing recdvery techniques, and it is totally inconsequential.
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[0083] - The recovered phase shown in Figure 2 has a slight, inconsequential
deviation, especially towards the edges of Figure 2. This deviation is primarily due to the
intensity 6f the optical pulse is very weak at tilose times, which makes the phase recovery less
accurate. In the limiting case in which the pulse intensity goes to zero at these times, the
recovery of the exact pﬁase becomes almost impossible. However, since the phase of a zero
field is meaningless, this limitation is inconsequential. This same phenomena is also present
in other existing techniques (e.g., FROG, TADPOLE, and SPIDER).

[0084] In certain embodiments, the recovery of the temporal profile of the optical
pulse after applying time-reversal to at least one of the components of the pulse sequence
(e.g., the sample pulse 202, the dummy pulse 224, or both the sample pulse 202 and the
dummy pulse 224) is as accurate as the recovery of the temporal profile of the optical pulse
without time-reversal being applied. This result indicates that certain embodiments described
herein can conveniently differentiate between a puise and its time-reversed version. This
result is a significant improvement over some widely-used known techniques such as second
harmonic FROG, which cannot differentiate a pulse from its time-reversed replica, and hence
requires additional information regarding the pulse to lift this ambiguity.‘

[0085] In certain embodiments, the dummy pulse 224 is generally not recovered
Well, which is of course inconsequential. Figure 11 illustrates this behavior by showing the
original magnitude of the dummy pulse used in the recovery of Figure 2 (solid line,
reproduced from Figure 1A) and the recovered magnitude of the dummy pulse (dashed line).
Most of the significant features of the original dummy temporal profile, such as the
oscillations in the tail, are washed out in the recovered dummy pulse temporal profile. This
behavior is expected in certain embodiments in which the pulse sequence approximates an
MPF, but does not equal a true MPF. Consequently, certain embodiments described herein
which converges to a true MPF produce a recovered pulse sequence that differs from the
original pulse sequence. As shown by Figure 11, almost all of the differeﬂces between the
recovered pulse sequence and the original pulse sequence occur around the first dominant
peak (i.e., the dummy pulse 224). This feature is due to the minimum phase condition being
strictly related to the dummy pulse's shdpe and magnitude. Specifically, for a function to be a
true MPF, the rise time of its dominant peak at the origin (e.g:, 1= 0) is very sharp. Since this
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condition cannot be met perféctly with practical dummy pulses in the laboratory, the
constructed pulse sequence only approximates a true MPF and is not a true MPF. On the
6thcr hand, the shape of the sample pulse 202 has little bearing on whether the pulse
sequence is a true MPF. In a simplistic view, the inconsequential recovery of the dummy
pulse is sacrificed to achieve a very accurate recovery for the weaker sample pulse or pulses.
[{0086] In certain embodiments, the parameter that influences the accuracy of the
recovery most strongly is the magnitude of the dummy pulse 224 as compared to the
magnitude of the sample pulse 202. For the recovery results shown in Figure 2, the ratio of
the dummy pulse magnitude to the sample pulse magnitude (referred to herein as the
magnitude ratio) was chosen to equal 40. Figure 12 is a plot of the logarithm of the errors in
the recovered magnitude and phase (as compared to the original magnitude and phase) for the
optical pulses of Figure 9A and 9B as a function of the logarithm of the magnitude ratio. The -
flro-7a) a

, where f(y and f(» are the original
el ‘ g

error plotted in Figure 12 was defined as

and the recovered quantities, respectively, and where the integrals were calculated over the
time duration of the sample pulse only. Figure 12 demonstrates that for embodiments with a
magnitude ratio of approximately 6 or greater, the error in both the recovered phase and the
recovered magnitude drops dramatically as compared to embodiments with a magnitude ratio
less than approximately 6. Above a magnitude ratio of approximately 6, the error is roughly
constant and less than approximately 2x10®. The magnitude ratio at which the large
reduction of the error is observed (e.g., the critical ratio) depends on the functional form of
both the sample pulse and the dummy pulse, and it typically ranges between approximately 5
and approximately 15. In certain embodiments, the dummy pulse is selected to provide a
magnitude ratio . greater than approximéteiy 20, while in other embodiments, the dummy
pulse is selected to provide a magnitude ratio greater than approximately 30. In certain
embodiments, the convergence of the method can be checked by carrying out the spectral
measurement for two values of the magnitude ratio (e.g., 25 and 50), and determining that the
difference between the two solutions is negligible. Figure 12 also illustrates that the recovery
remains equally good with magnitude ratios as large as 1000. Such large magnitude ratios

can be used in the determination of ultra-weak optical pulses. Certain embodiments
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described herein characterize a temporal profile of an ultrashort pulse that is at least 1 million
times weaker in peak power than the leading dummy pulse.

[0087] In certain embodiments, errors and noise in the measured pbwer spectrum
affect the accuracy of the recovered temporal profiles. A simulated noise-free measured
original power spectrum, plotted in Figure 13 (dashed curve), was calculated by taking the
square of the theoretical FT magnitude of an arbitrary dummy-sample pulse sequence with-a
peak magnitude ratio of 13. A simulated noisy measured power spectrum, plotted in Figure
13‘ (solid curve), was calculated by multiplying the noise-free power spectrum by a uniform
random noise with a 20% peak-to-peak amplitude and an average of unity. Figures 14A and
14B are plots of the magnitude and phase, respectively, of the two recovered temporal
profiles obtained by applying the SIMBA method to each of the spectra of Figure 13. The
solid lines of Figures 14A and 14B correspond to the recovered temporal profile
corresponding to the noise-free power spectrum of Figure 13, and the dashed lines of Figures
14A and 14B correspond to the recovered temporal profile corresponding to the noisy power
spectrum of Figure 13. The recovery is still quite good in spite of the large measurement
noise, with the mean error in the recovered pulse intensity less than 1.5%. Simulations also
show that the mean error in the recovered temporal profile is proportional to the error in the
power spectrum. Such results illustrate that certain embodiments described herein work well
even with fairly noisy power spectrum measurements. The noise sensitivity is affected by the
magnitude ratio of the dummy pulse to the sample pulse. In certain -embodiments in which
the main source of noise in the OSA measurement system is proportional to the input power,
as assumed above, an increase in the magnitude of the dumrﬁy pulse results in a larger
amount of noise in the measured power spectrum, and a larger error in the recovered sample
pulse temporal profile. To maximize the accuracy of the recovered temporal profile in the
presence of noisy power spectrum measurements, certain embodiments advantageously select
a magnitude ratio close to the critical ratio (e.g., in a range between approximately 5 and
approximately 15).  For example, the magnitude ratio corresponding to Figure 13 was
selected to be 13, which advantageously facilitates both accurate convergence of the iterative

method and reduced sensitivity to measurement noise.
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[0088] The accuracy of certain embodiments described herein is also affected by
the frequency bandwidths of the dummy pulse and the sample pulse. In certain embodiments,
the frequency bandwidth of a pulse is defined to be the full width of the FT spectrum
magnitude at 10% of its maximum value. In the numerical example illustrated by Figure 10,
the frequency bandwidth of the dummy pulse is approximately 4.5 times that of the sample
pulse (i.e., a frequency bandwidth ratio of approximately 4.5). This can be seen as well in the
power spectrum of Figure 1B, where the narrow band in which the interference fringes occur
represents roughly the frequency range of the narrower sample pulse.

[0089]  Figures 15A and 15B are plots of the sample pulse and the dummy pulse,
respectively, with a frequency bandwidth ratio of approximately.2. The solid lines of Figures
15A and 15B correspond to the pulse magnitudes, and the dashed lines of Figures 15A and
15B correspond to the pulse phases. In this numerical example, the temporal width of the
dummy pulse is chosen to be approximately 2.4 times more narrow than the temporal width
of the sample pulse, as illustrated by Figures 15A and 15B.

[0090] Figures 16A and 16B are plots of the FT spectra of the sample pulse and
the dummy pulse, respectively, of Figures 15A and 15B, with solid lines corresponding to FT
magnitudes and dashed lines corresponding to FT phases. The FT spectra of Figures 16A and
16B include strong third-order and second-order phases, respectively. In contrast, in the
example illustrated by Figures 10A and 10B, the sample pulse of Figure 10A and the dummy
pulse of Figure 10B included strong second-order and third-order phases, respectively. As a
result, the temporal profiles of the two pulses of Figures 15A and 15B are quite different
from those of Figures 9A and 9B discussed above. As used herein, the term “second-order
phase” refers to the term of the phase that is proportional to the square of the normalized
optical frequency and the term “third-order phase” refers to the term of the phase that is
proportional to the cube of the normalized optical frequency.

[0091]  Figure 17A illustrates the electric field of a pulse sequence formed by
delaying the sample and dummy pulses of Figures 15A and 15B. In the pulse sequence of
Figure 17A, the magnitude ratio of the two pulses was chosen to be 30. The computed square
of the FT magnitude of this pulse sequence is shown in Figureé 17B. The sample pulse
recovered by applying an embodiment of the SIMBA method to Figure 17B, shown by the
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dashed lines of Figure 18, is again in very good agreement with the original pulse, shown by
the solid lines of Figure 18. This result demonstrates that a frequency bandwidth ratio of
' approximately 2 is still high enough for a reliable recovery.

[0092] However, reducing the frequency bandwidth ratio much further (e.g., to
less than 1) would introduce a noticeable etror in the recovered temporal profile. This
behavior is explained by observing that if the frequency bandwidth of the dummy pulse is
narrower than the frequ'ency bandwidth of the sample pulse, then some of the high frequency
components in the FT magnitude spectrum (e.g., see Figures 1B and 17B) will be missing.
Since these high-frequency oscillations carry information regarding the sample pulse, the -
- sample pulse will not be faithfully recovered from the FT magnitude spectrum. For the
recovery to be accurate, a minimum frequency bandwidth ratio of greater than 1 (e.g., 2 or
more) is advantageously used in certain embodiments.

[0093] The minimum frequency bandwidth selection is not specific to certain
embodiments of the method described herein. Most other SI techniques also utilize a
reference pulse with a broader frequency spectrum than the ultrashort pulses to be
characterized. Note that with certain embodiments described herein, there is no maximum
frequency bandwidth ratio requirement. In certain embodiments, the dummy pulse frequency
bandwidth can be as much as 1000 times wider than the sample pulse frequency bandwidth.
In practice, the maximum dummy pulse bandwidth will be imposed by the available laser. In
certain embodiments, a dummy pulse with a sufficient frequency bandwidth (e.g., about twice
the frequency bandwidth of the sample pulse) can be easily obtained by compressing a longer
_pulse (e.g., the sample pulse itself) using one of many pulse compression techniques
available in the prior art (see, e.g., M. Nisoli et al., “Generation of high energy 10 fs pulses
by a new pulse compression technique,” Appl. Phys. Lett., Vol. 68, pp. 2793-2795 (1996);
M.A. Arbore et al., "Engineerable compression of ultrashort pulses by use of second-
harmonic generation in chirped-period-poled lithium niobate,” Opt. Lett., Vol. 22, pp. 1341-
1342 (1997)).

‘[0094] As shown in Figure 18, there is a slight dc offset between the recovered '
and original phase spectra. This offset corresponds physically to the relative phase of the

electric-field oscillations under the complex electric-field envelope e(f). For many
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applications, this offset is inconsequential and previously-existing fechniques also cannot
recover this dc phase componeht.

[0095] Certain embodiments described herein use a single power spectrum
measurement to advantageously characterize the complex electric field profile of a series of
sample laser pulses (as might be generated for example by multiple laser sources). Figure
19A illustrates an exemplary series of a single dummy pulse and two sample pulses formed
by delaying two different ultrashort laser pulses. The single dummy pulse in Figure 19A is
chosen to be the same as that in Figure 9B. The relative maximum electric field magnitudes
of the dummy pulse, the first sample pulse, and the second sample pulse of Figure 19A were
chosen to be 20, 1 and 1/3, respectively. The recovery results were independent of these
relative magnitudes. For example, relative magnitudes of 40, 1, 1 and 30, 1, 1/2, gave similar
results. Figure 19B illustrates the computed square of the FT magnitude of the complex
temporal profile of Figure 19A. Applying the same iterative error-reduction method as
before to the measured power spectrum of Figure 19B simultaneously recovers the complex
electric field temporal profile of both sample pulses, as shown by the dashed curves of Figure
20. The recovery is as accurate as in the previous examples described above. Thus, certain
embodiments advantagéously recover simultaneously the full complex electric field temporal
profiles of two different ultrashort pulses using a single power spectrum measurement.
Equally accurate recoveries are obtained when the two sample pulses have different temporal
profiles. There is again a small inconsequential dc offset in the recovered phase spectrum. In
the time interval between the two sample pulses, the error in the recovered phase spectrum is
simply due to the fact that the magnitude of the electric field in that interval is very close or
equal to zero, as discussed earlier. ’

[0096] Certain embodiments described herein can advantageously characterize -
pulse sequences containing many more than two individual sample pulses. However, when
the number of sample pulses is too large, the oscillations in the FT magnitude arising from
multiple interference between the sample pulses becorﬁes so rapid that a higher resolution
OSA is used to measure the power spectrum. Therefore, the number of sample pulses that

can be simultaneously characterized depends on the resolution of the OSA.
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[0097] In certain embodiments, various ultrashort pulse shaping techniques (see, |
e.g., MM. Wefers and K.A. Nelson, “dnalysis of programmable ultrashort waveform
generation using liquid-crystal spatial light quulatérs,” J. Opt. Soc. Am. B, Vol. 12, pp.
1343-1362 (1995); A. Rundquist et al, “Pﬁlse shaping with the Gerchberg-Saxton
algorithm,” J. Opt. Soc. Am. B, Vol. 19, pp- 2468-2478 (2002)) can be used to modify the
temporal profile of the dummy pulse in order to achieve an absolutely true MPF for the pulse
sequence's electric field. Certain such embodiments can potentially have a dramatically
improved recovery speed. In principle, by.using a true MPF, certain embodiments described
herein can converge in less than 5 iterations, thus cutting down the computation time to a
fraction of a second, eveﬁ when using a relatively slow programming environment such as
MATLAB 5.

[0098] Figure 21 schematically illustrates an example measurement configuration
compatible with certain embodiments described herein and used in the following two
example measurements. A femtosecond laser (not shown) is used to produce an input pulse
240 to characterize an output sample pulse 202 that results from the interaction of the input
pulse 240 with an optical system 250 of interest. A first portion of the intensity of the input
pulse 240 is transmitted through a mirror 252 and an attenuator 253 to interact with the
optical system 250 of interest. The resultant sample pulse 202 is then reflected by two
mirrors 254, 256 and sent to the optical spectrum analyzer 232. A second portion of the
intensity of the input pulse 240 is reflected by the mirror 252 and the mirror 258 and is
transmitted through the mirror 256 and sent to the optical spectrum analyzer 232 and serves
as the dummy pulse 224. The combination of the sample pulse 202 and the dummy pulse
224 creates a pulse sequence 222. '

[0099] The mechanical stability of the measurement configuration was much less
than one micron, which directly means that the delay jitter in the measurements would be
lower than one femtosecond. In addition, the measurement equipment was kept at room
temperature such that the measurements were far away from being shot-noise limited.
However, the measurement configuration was able to recover the sample pulsé cofnplex

electric field profiles quite reliably.
Example 1
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[0100] In the first example, the optical system 250 qf interest comprised a slab of
fused silica approximately 16 centimeters long. Thus, the measurement of this first example
can be considered to be a material characterization measurement. The input pulse 240 had a
full-width-at-half-maximum width of approximately 145 femtoseconds, and was generated
from a Ti:sapphire oscillator that ran at approximately 859 nanometers with a repetition rate
of approximately 96 MHz. The peak powers of the dummy pulse 224 and the sample pulse
202 were approximately 2.61 microwatts and 168 nanowatts, respectively, which corresponds
to a maximum field ratio of approximately 4. ‘

[0101] Figure 22 is a graph of the measured power spectrum of the pulse
sequence 222 formed by delaying the dummy pulse 224 with respect to the sample pulse 202.
Because fused silica has a large transparency window with ¥¥~0, the bandwidth of the
~sample pulse 202 roughly matches that of the dummy pulse 224. Thus, the interference

between the dummy pulse 224 and the sample pulse 202, as shown in the measured power

spectrum of Figure 22, occurs across.the available bandwidth. The effect of the thick slab of

fused silica is simply to broaden the sample pulse 202 with a strong second-order spectral
| phase, without affecting the bandwidth of the dummy pulse 224.

[0102] Figures 23A and 23B are graphs of the resulting intensity and phase,
respectively, of the recovery after applying the SIMBA technique disclosed hefein to the
square-root of the measured power spectrum shown in Figure 22. For comparison purposes,
Figures 23A and 23B also include the results of the recovery obtained using both the FROG
technique and the TADPOLE technique. The general agreement in the recovery results, for
both the intensity and the phase of the electric field profile, obtained using the SIMBA,
FROG, and TADPOLE techniques is very good. The recovery results of the TADPOLE
technique, which also relies on the measured power spectrum shown in Figure 22, involves
two additional measurements: an initial full characterization of the dummy pulse 224 using a
FROG configuration, and then an additional power spectrum measurement for the unknown
sample pulse 202 alone. In contrast, the SIMBA technique only used the measured power
spectrum shown in Figure 22 for the recovery. In this example, the temporal FWHM of the
dummy pulse 224 is only about 1.7 times more narrow than the FWHM of the sample pulse

202, and the recovery results obtained using the SIMBA technique are still quite good. In
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particular, the spectral phase, as shown in Figure 23B, agrees very well with the phases
obtained using the other techniques and with the predicted phase spectrum that can be
theoretically computed using the known dispersion coefﬁcienté of fused silica. For the
spectral phase recovery, after a certain range in which the intensity of the sample pulse 202
drops significantly, the phase curves obtained using the various techniques start to diverge
from one another. This result is expected and is inconsequential.
Example 2

[0103] In this example, the optical system 250 of interest comprises a thin film
bandpass filter, having a FWHM of approximately 10 nanometers, that significantly filters
fhe frequency bandwidth of the dummy pulse 224. This spectral filtering resulted in a
temporally wider sample pulse, while the dummy pulse 224 had a FWHM of about 30
femtoseconds. To test the repeatability of the SIMBA technique, using the measurement
configuration of Figure 21, two successive measurements were made with slightly different
delay values between the sample pulse 202 and the dummy pulse 224. Figures 24A and 24B
show recorded charge-coupled-device (CCD) images at the optical spectrum analyzer 232 for
these two successive measurements. The resolution of the optical spectrum analyzer was
about 54 picometers. For the measurement of Figure 24A, a maximum field ratio between
the dummy pulse 224 and the sample pulse 202 of about 4.40 was used and for the
measurement of Figure 24B, a maximum field ratio between the dummy pulse 224 and the
sample pulse 202 of about 4.17 was used.

[0104] The recorded CCD images of Figures 24A and 24B are two-dimensional.
Since the complex electric field profile of the pulses are one-dimensional, in principle, only
an array of CCD pixels along a single line (e.g., along the x-direction) would be sufficient.
However, to improve the signal-to-noise ratio in the measuremeht, a two-dimensional CCD
array was used. Figures 25A and 25B are plots of the measured power spectrum

| corresponding to the input pulse sequence obtained from ~Figures 24A and 24B, respectively,

by adding the recorded spatial Fourier transform magnitude spectra along the vertical axis.

[0105] A comparison of Figure 22 with Figures 25A and 25B illustrates that the
presence of the bandpass filter in Example 2 significantly reduces the bandwidth of the

sample pulse 202. This bandwidth reduction results in the interference occurring only at the
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center region of the whole available bandwidth of the dummy pulse 224, as shown in Figures
25A and 25B.

[0106] Figures 26A and 26B show the intensity and phase, respectively, of the
electric field of the sample pulse 202 recovered by applying the SIMBA technique to the
square-root of the measured power spectra of Figures 25A :(“SIMBA measurement #1”) and
: 25B (“SIMBA measurement #2”). For comparison purposes, Figures 26A and 26B also
show the results of a FROG technique applied to the same sample pulse. The agreement
between the results of the SIMBA technique and the FROG technique are quite good. The
FROG techniﬁue used to produce the corresponding plots of Figures 26A and 26B was based
on second-harmonic generation, and therefore had time reversal ambiguity in its result. This
time reversal ambiguity is corrected by the SIMBA technique, such that Figure 26A has the
correct time axis. It is also noteworthy that both techniques reliably recovered the satellite
pulse having a smaller amplitude between about 200 femtoseconds to about 400
femtoseconds. The physical origin of this satellite pulse is the spectral side lobes created by
the bandpass filter used in this example. The observed discrepancy in the recovered phase
spectra, especially for times less than about 200 femtoseconds, is simply due to a significant
reduction of the pulse intensity. The consistency between the results of the SIMBA technique |
applied to the two successive measurements illustrates the repeatability of the SIMBA
technique with different delay and maximum field ratios.

. Optical Image Processing

[0107] MPFs are also applicable to the broad field of optical image processing. In
particular, MPFs can be applied to simple optical systems that yield the Fourier transform
(FT) of a two-dimensional complex transmission function of an object or image of interest.

[0108] Figure 27 is a flow diagram of an example iterative error-reduction method
300 for optical image processing compatible with certain embodiments described herein.
This iterative error-reduction 300 involves using a known (e.g., measured) Fourier transform 1
magnitude of an unknown two-dimensional complex transmission function #(x, y), together
with known properties of this function (e.g., that it is a real function or a causal function), to

correct an initial guess of ¢(x, y). In certain embodiments, this correction is done iteratively.
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In certain embodiments, the unknown function #(x, y) comiprises the complex transmission
function of a composite structure, as described more fully below.
[0109] Given a complex two-dimensional MPF, #(x, y), the only quantity that is

fed into the method 300 is the measured magnitude of the Fourier transform of «(x, y), i.e.,

‘TM (f.» fy)l’ where the subscript M denotes that this spectrum is a measured quantity, as

shown by the operational block 310. In certain embodiments, providing the measured
magnitude of the FT comprises transmitting light through the composite structure, measuring

a spatial frequency spectrum of the tramsmitted light, and calculating the square root of the

measured spatial frequency spectrum to yield the measured magnitude l]}, (fos fy)| .

[0110] In certain embodiments, the spatial frequency spectrum is a power
spectrum. In certain other embodiments, the spatial frequency spectrum is a Fourier
spectrum, a Fresnel spectrum, or a Franhaufer spectrum. For example, the Fresnel diffraction
pattern intensity can also provide a spatial frequency spectrum. However, it is the FT
spectrum of the image function modified by some phase factors. In certain embodiments, the
Fresnel diffraction images may also be: uséd, although the additional phase terms complicate
the issue-recovery significantly.

[0111] In certain other embodiments, providing the measured magnitude of the
FT comprises providing a previously-measured spatial frequency spectrum of light
transmitted through the composite structure and calculating the square root of the previously-
measured spatial frequency spectrum. In certain embodiments, the light comprises plane
waves, while in certain other embodiments, the light comprises non-plane waves. Generally, ‘
the plane-wave approximation is easier to satisfy in the measurements, however, any source

with known spatial properties may be used.

[0112] Since the FT phase is missing, an initial guess, ¢,(f,,f,), for this phase is

provided in the operational block 320. In certain embodiments, this guess does not
significantly affect the accuracy of the result of the convergence of the method 300. For this
reason, ¢y(f,,f,) can be conveniently chosen to equal zero, or some other real or complex
constant (e.g., %, 7/2). In certain embodiments, the initial guess for the phase can be a

previously-stored function ¢,(f,,f,) retrieved from the computer system. In certain
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embodiments, the initial gﬁess for the phase can be a phase calculated from a previous optical
image. In certain embodiments, the initial guess for the phase can be calculated from the
measured magnitude using a logarithmic Hilbert transform.

[0113] In certain embodiments, the measured magnitude and the estimated phase
term are multiplied together to generate an estimated FT |T,,|-exp(jigy) -of the two-
dimensional complex transmission funétion, and the inverse Fourier transform (IFT) of
IT M| -exp(j4,) is then computed numerically, as shown by the operational block 330, yielding
an estimated function #'(x,y), which is a spatial function. In certain embodiments, the

operational block 340 comprises applying at least one constraint to the estimated function

t'(x,y). For example, in certain embodiments in which the two-dimensional complex

transmission function #(x, y) equals or approximates a minimum-phase function (MPF),

selected portions of #'(x,y)are set to zero. For example, in certain embodiments, only the
x>0 and y > 0 portion of £'(x,y) is retained, and all values of #'(x,y) for x<0 ory <0 are
set to zero, thereby producing a new function #,(x,y). In certain embodiments in which it is
known a priori that the dimensions of #(x,y) are less than x, along the x-direction and less

than y, along the y-direction (where xp and y, are positive numbers), at least some of the

values of #'(x,y) outside the rectangular area defined by xo> x>0 and yp >y > 0 can be set
to zero (e.g., by zeroing values corresponding to x=xp or y=yp). In certain other
embodiments, applying the at least one constraint comprises constraining the magnitude of
the IFT to be less than or equal to a known value (e.g., a maximum intensity of the image).
In certain embodiments, applying the constraint to produce #,(x,y) advantageously speeds up
convergence of the method 300. In certain embodiments, the new function £ (x,y) provided
by the operational block 340 serves as a first estimate of the two-dimensional complex MPF.
[0114]  In certain embodiments, the FT of £ (x, y.) is calculated in the operational
block 350, thereby providing a new phase ¢,(f,,f,) and a new magnitude lTl( fos fy)l for the

FT of #(x, y). In certain embodiments, the calculated phase term ¢(f,,f,) of the FT of

t,(x,) is calculated using a logarithmic Hilbert transformation of the magnitude of the FT of

the two-dimensional complex transmission function. In certain embodiments, the magnitude
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of the calculated FT spectrum II} (f.. [, ,)| is replaced by the measured magnitude ]_’I}W (fs f.v)l ,

as shown by the arrow 360. In certain embodiments, the loop is then repeated using
lT w (S f))l and ¢,(f,,f,) as the new input function in the operational block 330, which

provides a second function #(x, y). In certain embodiments, only a single iteration is used,
while in other embodiments, this loop is repeated until convergence is achieved. In certain

embodiments, convergence is defined to be achieved when the difference between
consecutive estimates of the function ”It"(x, y)-t"_l(x, y]zdxdy/ j.ﬂtn(x, y)lzdxdy is less

“than a predetermined value, for example 0.1%. In certain embodiments, less than 100

iterations are adequate for achieving convergence. In certain embodiments, applying the

constraint in the operational block 340 advantageously reduces the number of iterations
which achieve convergence.

[0115] In certain other embodiments, the loop is repeated a predetermined number

of times (e.g., 100). In certain'embodiments, the predetermined number of times is selected

to be sufficiently large so that the method achieves, or is close to achieving, convergence. In

certain.embodiments, at the end of the n-th iteration, ¢, (x,y) is the recovered complex MPF.

. [0116] In certain embodiments, the two-dimensional complex transmission
function #,(x, y) (where x and y are the coordinates along the surface of the object or image)
of an object 400 or image of interest, is uniquely recovered from only the two-dimensional
FT magnitude ﬁsing MPF concepts. In certain such embodiments, a synthetic aperture 410
having a complex transmission function of #,(x,y) is used. Figure 28A shows an example
aperture 410 having a first region 420 with a first transmissivity and a second region 430 with
a second transmissivity less than the first transmissivity. In certain embodiments, the first
region 420 comprises a hole proximal to one of the comers of the aperture 410 and having a
diameter of D. In certain embodiments, the first transmissivity of the first region 420 is
approximately 100% (e.g., is substantially transparent), while the second transmissivity of the
second fegion 430 less thaﬁ approximately 100% (e.g., is only partially transparent). Figure
28B shows an example composite structure 450 formed by placing the aperture 410 near or
next to the object 400 of interest. The two-dimensional aperture 410 shown in Figures 28A

and 28B is advantageously chosen to make the effective transmission function of the
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composite structure 450, i.e., #(x,y) =ty(x,y) t,(x y), close to an MPF for any choice of
to(x,y). In certain embodiments, the effective complex transmission function of this
composite structure 450 is close to an MPF, if not an exact MPF.

[0117] In certain embodiments, the field transmission of ¢ ,(x,y) within the first
region 420 is approximately 100%. The second region 430 of the aperture 410 can be
partially transpérent all across its remaining surface with a uniform field transmission
coefficient (e.g., less than or equal to approximately 30%). This aperture function forces
t(x,y) =to(x,3) - t,(%y) to become close to an MPF for any given complex object function
to(x,y). Once t(x,y) = ty(x,y) - t,(x y) is made close to an MPF (or even an exact MPF for
some cases), then the recovery of #,(x,y) from the two-dimensional FT magnitude of
t(x,y) = to(x, ) -t4(x,y) is performed using either analytical Hilbert transformations or the
iterative error reduction methods as discussed above with regard to determining the phase and
magnitude of ultra-short optical pulses. ,

[0118] In certain embodiments, a synthetic aperture 410 compatible with the
processes described herein is fabricated by depositing a metal layer (e.g., gold) onto a glass
layer, and leaving a small hole in a portion of the layer during the deposition process. In this
way, the overall field transmission of the aperture 410 can be controlled precisely. In certain
embodiments, the metal layer has a thickness less than one micron. In certain embodiments,
the metal layer comprises an approximately rectangular area with at least one corner region.
In certain embodiments in which the spatial FT magnitude through the hole covers the
maximum spatial frequency of the image to be recovered (e.g., the FT spectrum of the hole
function covers the FT spectrum of the image to be recovered, as with other spectral
interferometry configurations), the shape of the hole is not critical, and can be chosen to be
any shape. The location of the hole on the synthetic aperture 410 is preferably in proximity to
one of the corners. For the recovery results, it does not matter which corner is chosen. Using
a different comer will simply flip the recovered complex image by 90° or 180° without
changing any features.

[0119]  The size of the first region 420 in certain embodiments is sufficiently
narrow so that its spatial FT magnitude covers at least the maximum spatial frequency of the

object image. In certain embodiments, the size of the first region 420 is chosen to be as
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narrow as possible without violating the scalar field theory assumptions involved in the
imaging systems that yield the FT magnitudes. (See, e.g., J.W. Goodman, “Introduction to
Fourier Optics,” McGraw-Hill, New York, 2002.) In certain such embodiments, the size of
the first region 420 is restricted to be larger than the wavelength of the light source used (e.g.,
by at least by a factor of two or by at least a factor of three). In certain embodiments, the
width of the first region 420 does not determine the resolution of the recovered image as long
as the FT spectrum of the hole function covers all the spatial frequencies of the object image
function, as is true for other SIMBA-based techniques. However,' the resolution of the
recovered image is not limited by the size of the first region 420. In accordance to the
description herein regarding the determination of the magnitude and phase of ultra-short
optical pulses, a sample optical pulse (which corresponds the complex two-dimensional
object function) that is temporally only approximately 2 times wider than the dummy strong
pulse (which corresponds to the 100% transmitting hole on the synthetic aperture) can be
recovered without having any resolution problems due to the wide dummy pulse. That is, the
temporal resolution of the recovered sample pulse was much narrower than the temporal
width of the used dummy pulse.

[0120] In certain embodimeﬁts, the recovery of the original image around the first
region 420 is not good since the recovery around the first region 420 Will be sacrificed for the
excellent recovery of the remaining areas on the object surface. Therefore, in certain
embodiments, to lose as small an area as possible in thé recovered image, a small size for the -
first region 420 of the synthetic aperture 410 is advantageously chosen.

[0121] In certain embodiments, a generally uniform field transmission coefficient
of approximately 30% or less works for the image recovery based on the SIMBA technique
described herein with regard to the determination of the magnitude and phase of ultra-short
optical pulses. However, the selection of a low transmission coefficient (e.g., less than or
equal to approximately 1%) would be problematic for noise sensitivity of the technique. In
certain embodiments, in accordance with the discussion herein with regard to the
determination of the magnitude and phase of ultra-short optical pulses, the transmission
coefficient of the synthetic aperture is advantageously chosén to be just low enough that the

SIMBA technique converges without reducing the noise performance of the technique.
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Femtosecond Spectroscopy

[0122] Various fields can have different experimental configurations in which
fgmtosecond spectral interferometry is used to resolve fast transient responses. However,
these experimental configurations typically have some commonalities. For example, these
experimental configurations typically commonly utilize a pulse train, as shown in Figure 29
(e.g., for classical femtosecond spectroscopy). The pulse train 500 of Figure 29 comprises a
reference pulse 510, followed in time .by a pump pulse 520, which itself is followed by a
probe pulse 530. The function of the pump pulse 520 is to induce a transient change in the
sample or material system being analyzed. In certain embodiments, the first reference pulse
510 interacts with the sample without being affected by the pump pulse 520, whereas the
probe pulse 530 interacts with the sample and picks up a certain phase and magnitude
modulation due to the changes of the sample induced by the pump pulse 520. This
differential change in phase and magnitude of the probe pulse 530, as a function of time,
carries information on the transient response of the sample being analyzed. In certain
embodiments, this information is recorded by sending both the reference pulse 510 and the
probe pulse 530 colinearly to a spectrum analyzer, which records the coherent interference of
. the two pulses in the ﬂéquency domain. The pump pulse 520 is most often filtered out, e.g.,
by choosing a different propagation direction.

[0123] Various different approaches have previously been used to recover the
differential phase and magnitude changes induced by the pump pulse 520 from the recorded
power spectrum of the pulse sequence formed by the reference pulse 510 and the probe pulse

530. In certain embodiments, the measured power spectrum can be expressed as:
2 2 '
I@)=|E,@) +|E @) +2|E, (@B, @) cos(A® + o) (1)
where I(@) is the recorded power spectrum, @ is the angular frequency, E,, (@) is the FT of

the temporal profile of the probe and reference pulses, respectively, AD is the phase
difference between the probe and reference pulses induced by the pump pulse, and 7 is the

time delay between the reference and probe pulses. In principle, measuring the change

induced in the FT magnitudes of the pulses (lEp (a))| and IE,(a))I) is trivial and does not

require a spectral interferometry configuration since measuring the spectrum of the probe

pulse with and without the pump pulse Would be enough to see the differential change.
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However, the recovery of the phase difference, AD , is most often, if not always, the desired
information, and is more difficult to determine.

[0124] Previous spectral interferometry techniques used the local maxima or
minima in the fringe pattern observed in [(@) to recover the pump-induced differential phase
change, A®, from Equation (1). (See, e.g., F. Reynaud et al., “Measurement of phase shifts
introduced by nonlinear optical phenomena on subpicosecond pulses,” Opt. Lett., Vol. 14,
page 275 (1989); E. Tokunaga et al., “Frequency-domain interferometer for femtosecond
time-resolved phase spectroscopy,” Opt. Lett., Vol. 17, page 1131 (1992); E. Tokunaga ef al.,
“Induced phase modulation of chirped continuum pulses studied with a femtosecond
frequency-domain interferometer,” Opt. Lett. , Vol. 18, page 370 (1993).) However, this .
simple approach recovers the phase difference, A®, for onlsr discrete frequencies with a

limited resolution. One way to increase the resolution of the phase recovery is to move the
fringes closer together by increasing the value of 7 and utilizing a higher-resolution spectrum
analyzer, however such a‘higher-resolution spectrum analyzer is not always available. In
practice, inverting the cosine expression in Equation (1) by means of the arccosine function is
not a feasible solution, as discussed by L. Lepetit ef al. in “Linear techniques of phase
measurement by femtosecond spectral interferometry for applications is spectroscopy,” J.

Opt. Soc. Am. B, Vol. 12, page 2467 (1995). This approach (i) causes an ambiguity of 2 at
every frequency; and (ii) requires the division of ZIE (1 a))IIE,(a) N cos(A® + wr) with
ZIE (¢ a))"E,( ) )I , which introduces extra noise into the recovery.

[0125] Fourier transform spectral interferometry (FTSI) has recently been used
instead of this earlier approach. This improved technique involves directly taking the inverse
FT (IFT) of Equation (1), which yields two side lobes (at ¢ = +7) and a central lobe at ¢ = 0.
The logistics of this FTSI approach is similar to the analytical techniques described above
with regard to determining the phase and magnitude of wultra-short optical pulses. By
choosing the time delay, 7, to be larger than a minimum value, the side lobes advantageously
do not overlap with the central lobe and can ipdividually be recovered. Then, the phase of
the FT of each lobe simply yields the target phase difference A®D .

[0126] One drawback of the FTSI approach in detecting only A® is the

assumption that the reference and probe pulses both have the same initial phasé, such that the
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recovered A® only represents the pump-induced effects. For some applications, this .
assumption is hard to achieve and therefore the recovery of the relative phase difference
Between the reference and probe pulses is not sufficient by itself. In certain such cases, a
self-referenced pulse characterization tool, such as frequency-resolved optical gating (FROG)
which is described by R. Trebino et al. in “Using phase retrieval to measure the intensity and
phase of ultrashort i)ulses: frequency-resolved optical gating,” J. Opt. Soc. Am. A, Vol. 10,
page 1101 (1993), can be used to fully characterize the reference pulse and then the phase of
the probe pulse is fully retrieved from the recovered phase difference, A® . However, this
approach has the disadvantages of extra cost, complexity, and longer measurement time
associated with the complex FROG configuration. ,

[0127} In certain embodiments, the same concepts of spectral interferometry usiné
minimum-phase-based algorithms (SIMBA) as described herein are applied to the field of
femtosecond spectroscopy. SIMBA-based femtosecond spectroscopy, as discussed herein
(see, e.g., Figure 3 and corresponding description), advantageously provides a convenient
alternative to various currently existing techniques used to probe fast transient changes in
different material systems.

[0128] Figure 30 illustrates a pulse train 600 comprising a dummy pulse 610, a
pump pulse 620, and a probe pulse 630 which are compatible with certain embodiments
described herein utilizing a SIMBA-based femtosecond spectroscopy analysis. In certain
embodiments, the dummy pulse 610 satisfies various conditions, namely: (i) its bandwidth
covers the bandwidth of the probe pulse 630; (ii) its temporal width is narrower than the
temporal width of the probe pulse 630 (e.g., by a factor of approximately 2 or more); and (iii)
its peak amplitude is larger than the peak amplitude of the probe pulse 630 (e.g., by a factor
of approximately 5 or more). In certain embodiments, one or more of these three conditions
are not satisfied. The first condition regarding the bandwidth is not specific to the SIMBA
technique, but is shared by all Sl-based techniques. Furthermore, the third condition in
certain embodiments is advantageous since the weak probe pulse 630 is enhanced due to the
higher power dummy.pulse 610, a concept of which is common to all heterodyne systems.

(See, e.g., L. Lepetit et al. in “Linear techniques of phase measurement by femtosecond
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spectral interferometry for applications is spectroscopy,” J. Opt. Soc. Am. B, Vol. 12, page
2467 (1995).)

[0129] By using SIMBA to analyze hfemtosecond spectroscopy measurements,
certain embodiments described herein provide various advantages including but not limited
to: (i) no need for a known reference pulse (e.g., no need for a complex FROG confi guration)
to measure the phase and magnitude of the reference pulse; (ii) there is no minimum
constraint on the delay parameter, 7, which means that a lower-resolution spectrum analyzer
can be used; (iii) there is no time reversal ambiguity present unlike second-harmonic FROG;
and (iv) the signal-to-noise ratio is improved with respect to all SI-based techniques, since

rather than directly taking the IFT of I(w) in Equation (1), the SIMBA technique makes use
of JI(w).

[0130] The second advantage mentioned above also opens the possibility‘ of using
the pump pulse itself as the reference pulse, reducing the number of pulses used in the pulse
train by one. Certain émbodiments that utilize a pump pulse that is colinear with the probe
pulse advantageously reduce the complexity of the measurement configuration. In certain
such embodiments, the fact that the phase and magnitude of the pump pulse, which now also
acts as a reference pulse, are modified by its interaction with the material system is not
important for SIMBA-based femtosecond spectroscopy, as long as the above-mentioned
conditions on the dummy pump pulse are still met. |

[0131] Various embodiments of the present invention have been described above.
Although this invention has been described with reference to these specific embodiments, the
descriptions are intended to be illus&ative of the invention and are not intended to be limiting.
Various modifications and applications may occur to those skilled in the art without departing

from the true spirit and scope of the invention as defined in the appended claims.
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WHAT IS CLAIMED IS:

1. A method of processing an optical image, the method comprising:

(a) providing a measured magnitude of the Fourier transform of a two-
dimensional complex transmission function;

(b)  providing an estimated phase term of the Fourier transform of the two-
dimensional complex transmission function;

(c) multiplying the measured magnitude and the estimated phase term to
generate an estimated Fourier transform of the two-dimensional complex transmission
function;

(d)  calculating an inverse Fourier transform of the estimated Fourier
transform, wherein the inverse Fourier transform is a spatial function; and

(e calculating an cestimated two-dimensional complex transmission
function by applying at least one constraint to the inverse Fourier transform.

2. The method of Claim 1, further comprising:

® calculating a Fourier transform of the estimated two-dimensional
complex transmission function; and

(2) calculating a calculated phase term of the Fourier transform of the two-
dimensional complex transmission function.

3. The method of Claim 2, wherein calculating the calculated phase term of the
Fourier transform comprises using a logarithmic Hilbert transformation of the magnitude of
the Fourier transform of the two-dimensional complex transmission function.

4. The method of Claim 2, further comprising:

(h) using the calculated phase term of (g) as the estimated phase term of
(c) and repeating (c)-(e).

5. The method of Claim 4, wherein (c)-(h) are iteratively repeated until the
estimated two-dimensional complex transmission function reaches convergence.

6. The method of Claim 5, wherein convergence is reached when a difference
between estimated two-dimensional complex transmission functions obtained after two

consecutive iterations is less than a predetermined value.
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7. The method of Claim 6, wherein the predetermined value is 0.1% of the
estimated two-dimensional complex transmission function of an iteration.

8. The method of Claim 4, wherein (c)-(h) are iteratively repeated a
predetermined number of times.

9. The method of Claim 1, wherein the two-dimensional complex transmission
function comprises the two-dimensional corhplex transmission function of a composite
structure comprising an object of interest and an aperture near or next to the object of interest,
the aperture having a first region with a first transmissivity and a second region with a second
transmissivity less than the first transmissivity. |

_ 10.  The method of Claim 9, wherein providing the measured magnitude of the
Fourier transform of a two-dimensional compléx transmission function comprises:
transmitting plane waves of light through the composite structure;
measuring a spatial frequency spectrum of the transmitted light; and
calculating the square root of the measured spatial frequency spectrum.

11.  The method of Claim 10, wherein the spatial frequency spectrum is a power
spectrum. ‘

12.  The method of Claim 10, wherein the spatial frequency spectrum is a Fresnel
spectrum.

13.  The method of Claim 10, wherein the spatial frequency spectrum is a Fourier
spectrum.

' 14.  The method of Claim 10, wherein the spatial frequency spectrum is a
Franhaufer spectrum.
15.  The method of Claim 10, wherein the first region has a size largerhthan the
-wavelength of the light transmitted through the composite structure.

16.  The method of Claim 15, wherein the first region is at least a factor of two
larger than the wavelength of the light transmitted th;ough the composite structure.

17.  The method of Claim 9, wherein the second region comprises a metal layer on
a glass layer, and the first region comprises a hole in the metal layer.

18.  The method of Claim 17, wherein the metal layer covers an approximately

rectangular area with at least one corner region, the hole in proximity to the corner region.
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19. - The method of Claim 9, wherein providing the measured magnittide of the
Fourier transform of the two-dimensional complex transmission function comprises
providing a calculated square root of a previously-measured spétial frequency spectrum of
light transmitted through the composite structure.

20.  The method of Claim 19, wherein the light comprises plane waves.

21.  The method of Claim 19, wherein the light comprises non-plane waves.

92, The method of Claim 1, wherein the two-dimensional complex transmission
function equals or approximates a minimum-phase function.

23.  The method of Claim 1, wherein providing the estimated phase term of the
Fourier transform of the two-dimensional complex transmission function comprises
providing an initial estimated phase term equal to a real or complex constant.

24.  The method of Claim 23, wherein the initial estimated phase term is a
previously-stored function retrieved from a computer system.

: 25.  The method of Claim 23, wherein the initial estimated phase term is a phase
calculated from a previous optical image. | ’

26.  The method of Claim 23, wherein the initial estimated phase term is calculated
from the measured magnitude using a logarithmic Hilbert transform.

27.  The method of Claim 1, wherein the two-dimensional complex transrﬁission
function equals or approximates a minimum-phase function and applying the at least one
constraint to the inverse Fourier transform comprises setting the inverse Fourier transform to
zero for selected portions of the two-dimensional complex transmission function.

28. A computer-readable medium having instructions stored thereon which cause
a general-purpose computer to perform the method of Claim 1.

29. A computer system comprising:

means for estimating an estimated phase term of a Fourier transform of a two-
dimensional complex transmission function;
means for multiplying a measured magnitude of the Fourier transform of the
two-dimensional complex transmission function and the estimated phase term to
generate an estimated Fourier transform of the two-dimensional complex transmission

function;
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means for calculating an inverse Fourier transform of the estimated Fourier
transform, wherein the inverse Fourier transform is a spatial function; and
means for calculating an estimated two-dimensional complex transmission

function by applying at least one constraint to the inverse Fourier transform.
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