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for pulse shaping

Phase amplification can occur due to the variation of amplitude or phase during the 
temporal evolution of the main pulse.

Input small chirp, constant pump Input no chirp, time-dependent pump

Chirped pulse amplification is the enabling technology 
for production of high peak power laser pulses

A1 ∝ exp(igθ)

g ∝ A3

which enables accurate relative phase control. All simulations were performed with a realistic source wavelength 
of 800 nm/400 nm (signal-idler/pump) and with a 0.5-mm thick beta-barium borate crystal. Instead of varying 
the crystal thickness, beam intensities have been varied between 10 and 20 W/cm2. The pump pulse duration was  
identical or longer than that of the signal pulse to illustrate the ability to produce features shorter than the 
incident pulse using this technique. Appropriate quadratic chirp was applied to  to result in several interesting 
effects. Here we show two representative results of our modeling.
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Fig. 1. Spectral phase amplification of the signal in PS-OPA (dotted line-input pulse, solid line-output pulse). (a) pulse 
spectrum, (b) spectral phase, (c) pulse duration of the transform-limited pulse.  The selected phase relationship is  

φ3 − φ2 − φ1 = π/4.
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Fig. 2. Spectral phase amplification of the signal in PS-OPA (dotted line-input pulse, solid line-output pulse): (a) spectral 

amplitude, (b) spectral phase. The selected phase relationship is φ3 − φ2 − φ1 = −π/2.

 In Fig.  1 we illustrate the ability of the technique to shorten the incident signal pulse.  A small chirp was 

applied to the incident pulse and the PS-OPA was run in the ∆φ = π/4  configuration.  A significant increase in 

spectral bandwidth is observed, with a small modification of the spectral phase that could be easily compensated.  
As shown in Fig. 1 (c), pulse width shortening by a factor of ~2 with excellent pre-pulse contrast is expected by 
the removal of the spectral phase shown in Fig. 1 (b). This offers an attractive possibility for pulse shortening 
before amplification, or after amplification due to the scalability of the technique.
 In Fig. 2 we illustrate an interesting property of nearly linear phase amplification, which accompanies 

amplitude de-amplification in the configuration ∆φ = π/2. This offers an attractive set of possibilities for phase 

manipulation in interferometry. Furthermore, if the pump pulse is sufficiently long and uniform, the resulting 
amplification of spectral phase will reflect the pulse shape of the signal pulse. The effect is thus promising for 
direct pulse measurement by interferometry between the signal pulse and its replica modified in the PS-OPA.

4. Conclusion

Key aspects of the PS-OPA have been numerically investigated, including the spectral phase amplification and 
the production of pulses with features shorter than the transform limit of the incident pulse spectrum. Some of 
the envisioned application include the use of the technique for enhancement of the single-cycle and attosecond 
pulse generation, effect of direct pulse shaping on high harmonic generation for pulse shaping parameters 
inaccessible through previously used methods, the use of the technique for pulse shaping in communications by 
compensation of dispersion, chirped-pulse amplification (pre-compensation of nonlinear phase distortions), and 
ultrashort pulse measurement of pulse shape by intensity-dependent phase modification and its interferometric 
measurement. Of particular interest will be the application of PS-OPA in the spatial domain for nonlinear 
focusing/defocusing and angle amplification.
A portion of this work was performed under the auspices of the U.S. Department of Energy by Lawrence 
Livermore National Laboratory under Contract DE-AC52-07NA27344.
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Phase-Sensitive Parametric Mixing for 
Temporal-Domain Pulse Shaping

Pulse shaping in the Fourier domain is 
an established technique

Passive Fourier-domain techniques do not 
increase the width of the pulse spectrum
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spatially separated along one dimension. Essentially the first

lens performs a Fourier transform which coverts the angular

dispersion from the grating to a spatial separation at the back

focal plane. Spatially patterned amplitude and phase masks

!or a SLM" are placed in this plane in order to manipulate the
spatially dispersed optical Fourier components. After a sec-

ond lens and grating recombine all the frequencies into a

single collimated beam, a shaped output pulse is obtained,

with the output pulse shape given by the Fourier transform of

the patterned transferred by the masks onto the spectrum.

In order for this technique to work as desired, one re-

quires that in the absence of a pulse shaping mask, the output

pulse should be identical to the input pulse. Therefore, the

grating and lens configuration must be truly free of disper-

sion. This can be guaranteed if the lenses are set up as a unit

magnification telescope, with the gratings located at the out-

side focal planes of the telescope. In this case the first lens

performs a spatial Fourier transform between the plane of the

first grating and the masking plane, and the second lens per-

forms a second Fourier transform from the masking plane to

the plane of the second grating. The total effect of these two

consecutive Fourier transforms is that the input pulse is un-

changed in traveling through the system if no pulse shaping

mask is present.

Note that this dispersion-free condition also depends on

several approximations, e.g., that the lenses are thin and free

of aberrations, that chromatic dispersion in passing through

the lenses or other elements which may be inserted into the

pulse shaper is small, and that the gratings have a flat spec-

tral response. Distortion-free propagation through the ‘‘zero

dispersion compressor’’ has been observed in many experi-

ments with pulses down to roughly 50 fs—see for example

Refs. 28 and 29. For much shorter pulses, especially in the

10–20 fs range, more care must be taken to satisfy these

approximations. For example, both the chromatic aberration

of the lenses in the pulse shaper and the dispersion experi-

enced in passing through the lenses can become important

effects. However, by using spherical mirrors instead of

lenses, these problems can be avoided and dispersion-free

operation has been obtained.30

The first use of the pulse shaping apparatus shown in

Fig. 2 was reported by Froehly, who performed pulse shap-

ing experiments with input pulses 30 ps in duration.23 Re-

lated experiments demonstrating shaping of pulses a few pi-

coseconds in duration by spatial masking within a fiber and

grating pulse compressor were performed independently by

Heritage and Weiner;31–33 in those experiments the grating

pair was used in a dispersive configuration without internal

lenses since grating dispersion was needed in order to com-

press the input pulses which were chirped through nonlinear

propagation in the fiber. The dispersion-free apparatus in

Fig. 2 was subsequently adopted by Weiner et al. for ma-

nipulation of pulses on the 100 fs time scale, initially using

fixed pulse shaping masks28 and later using programmable

SLMs.34,35 With minor modifications, namely, replacing the

pulse shaping lenses with spherical mirrors, pulse-shaping

operation has been successfully demonstrated for input

pulses on the 10–20 fs time scale.30,36–38 A fiber-pigtailed

pulse shaper, with fiber-to-fiber insertion loss as low as 5.3

dB, has also been reported for 1.55 #m operation for optical
communications applications.39–41 The apparatus of Fig. 2

!without the mask" can also be used to introduce dispersion
for pulse stretching or compression by changing the grating-

lens spacing. This idea was introduced and analyzed by

Martinez42 and is now extensively used for high-power fem-

tosecond chirped pulse amplifiers.22,43

Pulse shaping using programmable SLMs will be dis-

cussed beginning in Sec. III. Here we present several ex-

amples using fixed spatial masks, the masking technology

employed in early femtosecond pulse shaping experiments.

Fixed masks can provide excellent pulse shaping quality and

have been employed in experimental applications of pulse

shaping in nonlinear fiber optics, fiber communications, and

ultrafast spectroscopy. Disadvantages of fixed masks are that

they do not easily provide continuous phase variations !bi-
nary phase variations are fine" and that a new mask must be
fabricated for each experiment.

Figure 328 shows intensity cross-correlation traces of

waveforms generated by using an opaque mask with two

isolated slits, resulting in a pair of distinct and isolated spec-

tral peaks. Note that the intensity cross-correlation traces ap-

proximately provide a measurement of optical intensity ver-

sus time—see Sec. II G for further explanation. The two

frequencies interfere in the time domain, producing a high-

frequency optical tone burst. The 2.6 THz period of the in-

tensity modulation is identical to the separation of the se-

lected frequency components and corresponds to a period of

only 380 fs. We have also performed experiments using an

additional phase mask to impose a $ phase shift between the
two spectral components. The resulting waveform is shown

in Fig. 3 as the dotted line. The two distinct frequencies still

interfere to produce a tone burst. However, the $ phase shift

FIG. 2. Basic layout for Fourier transform femtosecond pulse shaping. FIG. 3. Intensity cross-correlation traces of optical tone bursts resulting

from a pair of isolated optical frequency components. Solid: optical frequen-

cies in phase. Dotted: optical frequencies phase shifted by $.
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Abstract: Fourier domain pulse methods have been successfully applied to numerous applications where they enabled important advances in producing and understanding ultrafast phenomena. However, passive 
pulse shaping by amplitude and phase manipulation in the spectral domain exhibits certain limitations, which are manifested particularly in pulse shaping scenarios in which pulses exhibit inconvenient Fourier 
representations. An alternative approach to Fourier domain shaping is proposed, based on the ubiquitous nonlinear three-wave mixing interaction. Of particular interest is the optical parametric amplifier operated in 
the phase-sensitive mode (PS-OPA). While the OPA is usually used in a phase-insensitive mode as a power amplifier, its operation as a phase-sensitive amplifier (PSA) offers an attractive set of features for temporal 
pulse shaping. Unlike pulse shaping methods used to date, the approach proposed here can broaden the spectral bandwidth of the initial pulse, similar to self-phase modulation (SPM). In contrast to SPM process, 
however, the PS-OPA exhibits both the amplitude and the phase cross-modulation. We demonstrate that the PS-OPA at optical frequencies is realizable in standard nonlinear crystals, offering additional attractive 
possibilities such as phase amplification when compared to phase-insensitive configurations.
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Temporal pulse shaping via three-wave mixing goes 
beyond the capability of Fourier pulse shapers.

Phase-sensitive parametric amplification generates 
additional frequencies, unlike shaping in Fourier space.
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to A2 = 0. For the degenerate TWM configuration, phase-insensitive TWM when the signal and

the idler wave occupy different spatial modes (e.g. angles) or polarizations. This case is shown

in Fig. ???, with the chosen initial condition A1(0) = A3(0)/
√
2.

Figure ???. Phase insensitive TWM behaves like PIA regardless of the phase relationship

between the signal/idler and the pump at the input of the amplifier: (a) intensity, (b) phase.

Figure ???. Phase sensitive TWM depends on the choice of phase between the signal/idler

and the pump. In the case of -45 deg (a) we obtain deamplification and phase amplification,

while in the case (b) 0 deg the PS-TWM behaves like a amplifier which which exhibits worse

maximum conversion efficiency than the PIA. Full conversion of the pump to signal and idler

is not possible in this case.

Figure: phaseout=f(phasein)

Figure: delta phi out = f (delta phi in)

Figure: show that deamplification of photon number corresponds to phase amplification

Figure: sensitivity study (how much phase error is tolerated for different gains)
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Fig. 1. Phase insensitive TWM results in amplification of the signal wave and the com-

mensurate buildup of the idler wave: (a) intensity, (b) phase. Red-signal (A1), brown-idler

(A2), green-pump (A3). The absence of the idler wave at z=0 results in phase insensitive

amplification with !" = "3− "2− "1 = −#/2, until complete depletion of the pump, at
which point SFG commences with !" = #/2.
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Fig. 2. Phase sensitive TWM, with A1(0) = A2(0) = A3(0)/
√
2 and !"(0) = 0: (a) inten-

sity, (b) phase. Red-signal (A1), brown-idler (A2), green-pump (A3).

The calculated phase amplifier characteristic in Fig. ??? clearly demonstrates that within a

limited range in phase in the neighborhood of !phi(0) = −pi/4, PS TWM acts nearly ideal

Phase insensitive TWM (PI-TWM)
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Fig. 3. Phase sensitive TWM, with A1(0) = A2(0) = A3(0)/
√
2 and !"(0) = −#/4: (a)

intensity, (b) phase. Red-signal (A1), brown-idler (A2), green-pump (A3).
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Fig. 4. Phase sensitive TWM characteristic.

phase amplifier, as proposed in [ref]. For signal, idler, and pump waves incident on the aperture

of the amplifier in a nonlinear configuration, one could expect angular amplification to occur if

the transverse variation of phase is present at the input of the amplifier (z= 0):

!"(x) = "3(x)−"2(x)−"1(x) #= 0.

However, a necessary condition for PS TWM is the presence of the idler wave at the input to

the amplifier. Since the signal, idler, and pump waves couple through the nonlinear Snell’s law

[ref], the phase sensitivity condition will be satisfied only by the presence of the idler wave at a

frequency $2 = $3−$1 such that the transverse component of momentum is conserved:

k1⊥ + k2⊥ = k3⊥,

where ki⊥ are the transverse components of the three waves. However, this condition necessar-

ily leads to

"1(x)+"2(x) = "3(x),
i.e. angular phase amplification via PS TWM is incompatible with ideal plane waves. In the

special case of degenerate PS TWM, signal and idler waves have to be incident onto the ampli-

fier aperture symmetric with respect to the pump wave, and no variation of the phase difference

!"(x) across the aperture is present.

4. Phase-sensitive amplification of multimodal beams

A real amplifier departs from the abstraction of the plane wave model in a key important aspect,

which is the finite beam size. The finite beam size is associated with the multimode distribution

of the electric field. Furthermore, diffraction effects are present in this case and will lead to

Phase sensitive TWM (PS-TWM)

 

Example of the reduction of pulse duration 
by use of PS-TWM
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Practical reduction of pulse duration by 
phase sensitive TWM

Transform
limited pulse Dispersion

Chirped pulse amplification is the enabling technology 
for production of high peak power laser pulses
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Fig. 4. Phase sensitive TWM characteristic.

phase amplifier, as proposed in [ref]. For signal, idler, and pump waves incident on the aperture

of the amplifier in a nonlinear configuration, one could expect angular amplification to occur if

the transverse variation of phase is present at the input of the amplifier (z= 0):

!"(x) = "3(x)−"2(x)−"1(x) #= 0.

However, a necessary condition for PS TWM is the presence of the idler wave at the input to

the amplifier. Since the signal, idler, and pump waves couple through the nonlinear Snell’s law

[ref], the phase sensitivity condition will be satisfied only by the presence of the idler wave at a

frequency $2 = $3−$1 such that the transverse component of momentum is conserved:

k1⊥ + k2⊥ = k3⊥,

where ki⊥ are the transverse components of the three waves. However, this condition necessar-

ily leads to

"1(x)+"2(x) = "3(x),
i.e. angular phase amplification via PS TWM is incompatible with ideal plane waves. In the

special case of degenerate PS TWM, signal and idler waves have to be incident onto the ampli-

fier aperture symmetric with respect to the pump wave, and no variation of the phase difference

!"(x) across the aperture is present.

4. Phase-sensitive amplification of multimodal beams

A real amplifier departs from the abstraction of the plane wave model in a key important aspect,

which is the finite beam size. The finite beam size is associated with the multimode distribution

of the electric field. Furthermore, diffraction effects are present in this case and will lead to
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• Phase amplification can be approximated using a conventional phase-
sensitive amplifier

• A coherent state is squeezed such that the phase quadrature is
amplified

• Noise is also amplified, but SNR is preserved or improved

Phase amplification

G. M. D’Ariano, Phys. Rev. A 54, 4712 (1996). 

Phase amplification is commensurate with 
photon number deamplification in phase 
sensitive TWM.

Phase-sensitive TWM 
features:

operates in configuration space 
(x,t)
utilizes a nonlinear process
active: can redistribute energy in 
different frequencies
can access regimes with 
inconvenient Fourier 
representations 
requires interferometric timing 
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Position-variable phase amplification can 
be used for angular amplification

Consider the simplest case of a plane wave incident on an infinitely large aperture.

The phase difference between signal/idler and the pump wave will amplify the 
phase profile, resulting in angular amplification.

 I. Jovanovic, Purdue University                                                 DARPA Quantum Sensors Workshop, Park City, UT, March 6, 2008
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Position-variable phase amplification 
can be used for angular amplification
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Consider the simplest case of a plane wave incident on an infinitely large aperture.

The phase difference between signal/idler and the pump wave will amplify the 
phase profile, resulting angular amplification.
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Position-variable phase amplification 
can be used for angular amplification
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