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Two different realizations of time-reversal experiments of ultrafast waveforms are carried out in real time

by use of four-wave mixing arrangements of spectrally decomposed waves.

The first, conventional, method is

based on phase conjugation of the waveform’s spectrum and achieves time reversal of real amplitude waveforms.
The second arrangement of the spectrally decomposed waves spatially inverts the waveform’s spectrum with
respect to the optical axis of the processor and achieves true time reversal for complex-amplitude ultrafast

waveforms.
OCIS codes:

Time reversal of ultrafast waveforms has been
demonstrated by use of several techniques, primarily
spectral hole burning and photon echo in inhomo-
geneously broadened resonant absorbers!® as well
as time-domain holography and spectral hologra-
phy.*® Similarly, four-wave mixing with ultrashort
pump pulses can be applied to perform time rever-
sal.5 These techniques generate exact time reversal if
the temporal waveforms are real, as they are based on
phase conjugation of the spectral information.>” In
this Letter we report the generation of true time
reversal for complex-amplitude ultrafast waveforms
by inversion of the spectral information of the signal
about the center frequency. We perform the two time-
reversal techniques—conventional spectral phase
conjugation (SPC) and the novel spectral information
inversion (SI)—by wave mixing four spectrally decom-
posed waves, utilizing cascaded processes in a y® non-
linear crystal. The unique attributes of our approach
include instantaneous (femtosecond-scale) response
time, high conversion efficiency, and long time window.

The spectral information exchange takes place in a
spectral processing device (SPD), in which the tempo-
ral frequency components of the ultrafast waveforms
are spatially dispersed. For real-time generation
of the time-reversal waveforms, we utilize a nonlinear
wave mixing process based on an arrangement that
employs four-wave mixing by means of cascaded
second-order nonlinearities (CSN’s) in a y®? medium.
In contrast to that of the recently demonstrated
spatial—temporal processor,® the arrangement in
these experiments consisted of wave mixing spectrally
decomposed waves (SDW’s). The CSN arrangement
consists of a frequency-sum process followed by a
frequency-difference process that satisfies the type II
noncollinear phase-matching condition. We introduce
three ultrafast waveforms into the SPD: a complex-
amplitude temporal information waveform and two
transform-limited ultrashort pulses to serve as refer-
ence pulses (see Fig. 1). In the SI arrangement case,
the spectral decompositions of the ultrafast wave-
forms are spatially dispersed in opposite directions
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by diffraction from the grating’s +1 and —1 orders at
the SPD’s input. SDW’s Uy, U,, and Uj of the signal
waveform s(¢) and the two reference pulses r(¢) in the
high-resolution limit are given by®
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where S() and R() are the spectra of s(¢) and r(¢), re-
spectively, w[ ] is the input spatial mode profile on the
diffraction grating (Fig. 1), « is the grating’s angular
dispersion parameter, f is the lens’s focal length, wy is
the center frequency of the ultrafast waveforms, and
c is the speed of light. For simplicity, we dropped the
spatial separation by D of the input pupils of the beams
(necessary to satisfy the noncollinear phase-matching
condition in the Fourier plane). The spectrum of wave
Uy is inverted with respect to the spectra of U; and
Ujs as a result of the opposite directions of spatial dis-
persion and a temporal carrier term, exp(jwot). The
frequency-sum process mixes the SDW’s U; and Uy,
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Fig. 1. Experimental setup for true time reversalof com-
plex amplitude waveforms by four-wave mixing of mutually
inverted SDW’s by CSN. PBS’s, polarizing beam splitter.
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generating an intermediate wave Ui, « y?U,U,. Be-
cause of the energy of conservation principle and the
opposite spatial dispersions, the intermediate wave is
quasi-monochromatic at every spatial location x’.°

The spectral information from the input temporal
signal is preserved in the wave-mixing process and is
converted into spatial modulation of the intermediate
wave. These two desirable properties were used in
the past for ultrafast waveform imaging.® The second
nonlinearity in the cascade is a frequency-difference
process that mixes Uj,; with the SDW of Us, genera-
ting an output SDW Uy « y@U;,Us*. Substituting
Egs. (1)—(3) yields output SDW
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where we have dropped the time windows imposed by
the input pupils, w[*ct/a], for brevity. The spectral
information in S() is inverted with respect to the
spatial dispersion direction, which is defined by the
sign of the exponent term [cf. also Eq. (2)], thus
achieving our goal of spectral information inversion.
The SDW Uy is recomposed by the second grating of
the SPD to yield the output temporal waveform y(¢) =
s(—¢) ® r(t) ® r*(¢), where ® denotes the convolution
operator. As r(t) is a transform-limited reference
pulse, the conjugation term in the last equation can
be dropped. The generated output signal is therefore
proportional to the time-reversed signal waveform
convolved twice with a reference pulse, broadening
the temporal features of the signal waveform. The
SPD’s time window of operation is defined by the
input pupils of the interacting waves and not by
the crystal dimensions, as in time-domain four-wave
mixing.® Therefore the processor’s time window can
be tailored to the desired application, usually in the
several-picosecond range.

Our second time-reversal experiment was based on
generating the phase conjugate of the signal spectrum,
implementing a real-time spectral processing version
of the technique reported in Ref. 5. The arrangement
of Fig. 1 was modified such that the three waves enter
the SPD from the same direction, utilizing the same
diffraction order, and the signal information wave
is used to initiate the downconversion process. The
resultant SDW in this arrangement is given by
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where again we have dropped the time windows from
the expression and added the circumflex to Uy to
distinguish the SDW’s of relations (4) and (5). We
find that the output temporal waveform in this case is
$(t) = s*(—t) ® r(t) ® r(t). The only difference in the
two resultant time-reversed waveforms, y(¢) and y(¢), is

the conjugation operation on the signal waveform. If
one constrains the information signals to contain only
real data, the SI and SPC time-reversal results are
equivalent. For complex amplitude information, the
two results will differ.°

The ultrafast signals in our experiments were de-
tected and analyzed with a real-time ultrafast wave-
form imaging system.” The imaging system produces
a quasi-monochromatic wave in a three-wave mixing
process within a SPD, mixing the SDW of the ultrafast
signal waveform and an inverted SDW of a reference
pulse [same forms as Eqgs. (1) and (2), respectively].
The generated wave is spatially modulated by the spec-
trum of the signal waveform. A spatial Fourier trans-
form to the image plane of the SPD generates a spatial
signal that is proportional to the complex amplitude of
the ultrafast waveform. In the case of an input sig-
nal waveform consisting of a chirped pulse, the output
field will carry a quadratic phase function in space.
We can measure this spatial quadratic phase modula-
tion by displacing the observation plane away from the
image plane and finding the location where the wave
is focused to its tightest spot (as the quadratic phase is
compensated for by free-space propagation). From the
direction and amount of displacement, the magnitude
and sign of the quadratic phase term of the ultrafast
waveform that is imaged are deduced.

Both time-reversal experiments were performed
in a SPD consisting of 600-line/mm blazed gratings
and lenses of 375-mm focal length, with a 2-mm long
B-barium borate crystal placed in the Fourier plane.
The three input waveforms were derived from a
single ultrashort pulse (generated from a Ti:sapphire
ultrashort pulse oscillator combined with a regenera-
tive amplifier) with 100-fs duration, a center wave-
length of 800 nm, and an energy level of <1 md.
The signal waveform contained 10% of the optical
power; the remaining 90% was used for the reference
pulses (which serve as pump waves) to maximize the
conversion efficiency. To demonstrate the true time-
reversal property of complex amplitude waveforms by
wave mixing oppositely dispersed SDW’s we used a
complex waveform consisting of a transform-limited
pulse followed by a positively chirped pulse. The
waveform was generated by an unequal-arm Mach-
Zehnder interferometer with a grating pair placed in
one arm. Let the complex amplitude signal waveform
be defined as s(¢) = a1(¢) + as(t — to)expljpa(t — to)?],
where a1(t) and aq(¢#) are the real signal enve-
lopes and ¢ defines the quadratic phase term [see the
schematic curve in Fig. 2(a)]. In the SI case we
expect the time-reversed signal to preserve the
quadratic phase sign, i.e., y(t) < s(—t) = ai(—¢) +
as(—t — to)expl jpa(—t — to)?] [Fig. 2(b)], whereas
for time reversal obtained from the SPC method
the quadratic phase term reverses its sign: J(¢) o«
s*(=t) = ai(—¢t) + as(—t — tolexp[—jpa(—t — £0)]
[Fig. 2(c)]. Figure 3 shows the experimental results
of ultrafast waveform imaging for the input informa-
tion signal s(¢) and the two time-reversed waveforms
y(t) and H(¢), illustrating the difference between
the two techniques for generating time-reversed
waveforms. The input temporal signal consists of a
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Fig. 2. Schematics of (a) the complex amplitude input
waveform and of time inversed waveforms by (b) spectral
inversion and (c) phase conjugation, illustrating the dif-
ference in the two time-reversal techniques. Solid curves,
signal magnitude; dashed curves, signal phase.
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Fig. 3. Spatial images and extracted termporal informa-
tion of ultrafast waveforms in the time-reversal experi-
ments: (a) input waveform; time reversed waveforms by
(b) spectral inversion and (c¢) phase conjugation. Both
time-reversal methods interchange the locations of the
pulses, but the SI preserves the complex-amplitude infor-
mation, as determined by the quadratic phase of pulse B.
Displacing the image plane closer to [(d) and (e)] or far-
ther from [(f)] the lens compensates for positive or negative
quadratic phase, respectively.

transform-limited pulse followed by a chirped pulse
[Fig. 3(a)]. Displacing the observation plane closer
to the Fourier transform lens cancels the quadratic
phase and focuses the chirped pulse to its tightest spot
[Fig. 3(d)]. Both time-reversal methods transposed
the locations of the two pulses [Figs. 3(b) and 3(c)l.
The SI reversal experiment preserved the quadratic
phase sign information, as is evident from the chirped
pulse focusing closer to the lens [Fig. 3(e)], whereas the
SPC signal reversed the sign of the quadratic phase
[Fig. 3(f)]. Wave mixing of mutually inverted SDW’s
has the additional benefit of better phase matching
in the wave-mixing process for different temporal
frequency components, as group-velocity mismatch is
spatially compensated for.!® Therefore the SI signal
supported a broader bandwidth, resulting in higher-
resolution spatial images (compare the relative widths
of the transform-limited pulse and the chirped pulse in
the SI and SPC cases). The conversion efficiency of
the wave-mixing process was 14%, defined by the ratio
of the powers of the time-reversed waveform to that
of the input signal waveform. The high conversion

efficiency is attributed to the effective energy transfer
of the CSN process.

In summary, we have introduced and experimentally
demonstrated the SDW mixing approach to time rever-
sal of ultrafast waveforms, which is operated in real
time on a single-shot basis with high conversion effi-
ciency because of the CSN process. The method was
applied for time-reversal transformations by SI and
SPC. Other signal processing operations, such as con-
volution and correlation, can be performed on ultrafast
waveforms with this real-time technique, which may
be desirable for optical communication applications. It
has been shown that true time reversal of complex-
amplitude ultrafast waveforms is achieved by spec-
tral information inversion. The complex-amplitude
waveform was reversed in time, as is evident by the
chirped pulse’s maintaining the quadratic phase in-
formation. Spectral holography was used in the past
for time reversal by SPC® (albeit not in real time)
and can be modified to perform SI. Referring to
Fig. 1, one can record the stationary interference sig-
nal of SDW’s U; and Us (as is done in conventional
spectral holography). To achieve spectral informa-
tion inversion, let the readout wave be the SDW U,,
with the inverted spatial dispersion direction. Al-
ternatively, one can physically rotate the hologram
by 180° about the optical axis before conventional
readout. The spatial information recorded in the x’
coordinate system is converted to the —x' system, re-
sulting again in spectral information inversion.
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