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providing a linear mapping of spectrum to
time. A typical spectral shaper is used to
directly write the desired temporal pattern
in the spectral domain to produce a crudely
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patterned waveform that may also suffer
from chirp. The chirp is removed by a pro-
cess known as difference frequency genera-
tion by mixing it with a pulse derived from
an equally chirped frequency-doubled
pump in an optical parametric amplifier.
The pattern is then focused in time, which
is accomplished in one embodiment by

propagating the pattern through a dispersive
element.
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ARBITRARY PULSE SHAPING WITH PICOSECOND RESOLUTION OVER
MULTIPLE-NANQSECONID RECORDS

Cross-Reference to Related Applications

{0001} This application claims the benefit of US, Provisional Patent Application
No. 627307 695 titled “ Arbitrary Pulse Shaping with Picosecond Resolution Qver

Multiple-Nanosecond records,” filed March 14, 2016, incorporated herein by

reference.

BACKGROUND OF THE INVENTION

Field of the Invention

{0002} The present invention is directed to techniques for shaping optical pulses,

DPescription of Related Ast

{0603} In order to control Laser-Plasma Interactions (LPL, it is crucial to control
the profile of a laser pulse on the time scales of instabilities such as stimulated
Raman scattering, stimulated Brillogin scattering and filamentation. Desirable pulse
controf capahilities for mitigating LPI include rapid on-off switched amplitude
modulation e.g., STUD pulses {spike trains of uneven duration and delay) and/or
wavelength modulation. Due to the rapid time scales associated with laser plasma
instabilities, this requires modulating the amplitude and/or phase {and therefore the
frequency or wavelength) of a laser pulse on the time scale of picoseconds ar less.
Moreover, the level of control over this shaping capability should be arbitrary,
dynamic and flexible. There is therefore a need to extend the resolution capability for

shaping optical pulses on laser systems such the National Ignition Facility (NIF)
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from the current state of the art resolution of ~250 ps to ~1 ps. This improved
resolution would still need to apply over a long record length of >3 nanoseconds.
This represents a 250X increase in shaping resolution over the state~of-the art for
long record pulse shaping methods and has never before been demonstrated. The
nead for such capability resuits from s potentially significant impacts on a}
mitigating and controlling LI and b) fundamental laser-matter interaction studies.

HEHIRY The current pulse shaper used on NIF (Highland Technologies} provides
250 ps resotution over 34 ns of record. It is based on electro-optic modulator (EQM)
techinology and represented the state-of-the art 15 years in the past. Unfortunately,
the technology has only evolved incrementally since then - the same company is still
the leader and can now budld a pulse shaper with ~100 ps resolution.

0005} While EOMs pattern pulses directly in the tHime domain, the ultrafast
optics community has attacked the problem from the spectral domain starting with
the demonstration of the spectral shaper by Heritage and Weiner in 1984, These rely
on patterning the amplitude and phase of the spectrum of a short pulse whose
spectrum has been spatially dispersed by a diffraction grating, modulated with a
spatial light modulator, and afterwards recombined. This consequently manipulates
the pulse to take on the Fourier Transform of the spectrally written pattern. Home-
built versions of this concept were constructed for projects at Lawrence Livermore
National Laboratory (LLNL}. Commercially, this concept can be found in the
{Coherent/ Biophotonics Sithouetie, the Finisar Waveshaper, and a closely related
technology based on the acousto-optic effect as found in the Fastlite Dazzler. These
methods can provide sub-ps resolution but are limited to short record lengths. They
are also known to suffer from coherent interference errors resulting from indivectly
writing the Fourier transform of the desired temporal pattern in the presence of
hardware nonidealities which corrupt the output pattern. In related frequency-to-
time conversion techniques, the record length is augmented by dispersing the
spectrally patterned pulse. The oudputs of these systems include a highly
undesirable residual chirp and associated wide bandwidth that cannot be

propagated through bandwidth-limiting components such as faser gain media and

1
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harmonic converters such as on the NIF {which operates at the third harmonic
wavelength of the fundamental glass laser media). No existing techrology can
simultaneously achieve the demanding resolution and record length requirements
{(high time-bandwidth product} and further do so without coherent interference

arrors or residual chirp.

SUMMARY OF THE INVENTION

{0006} The present invention utilizes a novel hybrid synthesis of EOM and
spectral shaping technologies. It retains the coarse 250 ps shaping capability of EOM
shapers and sub-modulates it using a novel architecture that solves the problems of
the conventional spectral shaper. We call this invention Spectrally Transcribed And
Chirp Corrected Arbitrary Temporal Optimizer or STACCATO. An embodiment of
the process of the invention includes 4 steps. A short pulse derived from a mode-
locked laser oscillator is dispersed using, in one embodiment, a dispersive stretcher
to about 250 ps, providing a linear mapping of spectrum to time. A typical spectral
shaper is used to directly write the desired temporal pattern in the spectral domain
{as opposed to writing its Fourier transformt in the comventional approach). This
results in a cradely patterned {out of focus) wavetorm that may also suffer from
chirp. The charp is removed by a process known as difference frequency generation
{DFG) by mixing it with a pulse derived from an equally chirped frequency-doubled
pump in an optical parametric amplifier {OFA). The pattern is then focused in time,
which is accomplished in ope embodiment by propagating the pattern through a
dispersive element such as a compressor,

{00071 These four steps can be interpreted as writing the desired tempaoral pattern
in the spectral domain and Fourier transforming it optically. Simple calculations
show that this technigque can create waveforms with less than 1 ps resolution over a
250 ps record ar greater, These sub-records can then be stitched temporally to forma
much fonger record whose envelope can be adjusted with the coarser electro-optic
modulator based pulse shaper. Most imnportantly, the bandwidth from the short

pulse source is reduced in the chirp removal process enabling it to propagate
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through bandwidth-imiting elements such as laser gain media or harmonic
conversion crystals.

10008} FIG. 1 provides a general block diagram of an embodiment of the present
inveniion. A laser source 102 (in this case a mode-locked oscillator) provides a shori,
coharent, transfornv-limited {or nearly transform-limited) sead pulse. This can be
generated by any of a pumber of source mechanisms including but not lmited to a
mode-locked laser oscillator. The transform-timited pulse-width should be smaller
than the finest feature desired on the final temporal waveform,

fonn9] The short pulse is dispersed with an element of medium 104 that imparts
either a positive or negative quadratic spectral phase. This creates a linear {or close
to Hnear) mapping of spectrum to time {chirp) that will serve as a starting blank slate
for the desired temporal wavetorm. This applied chirp is auxiliary to the overall
process and later will be removed. The quadratic spectral phase can be applied by
any of a number of dispersive elements including but not limited to diffraction
grating based stretchers or compressors, dispersive optical fibers, chirped fiber
Brage gratings and chirped volume Bragg gratings.

{0010} A progranmmable spectral filter or spectral shaper 106 directly writes the
desired temporal pattern to the spectrum of the pulse. This assumes thata
calibration of spectrum to time has been performed beforehand. Because of the linear
mapping of spectrum to time, this resulis in a patterned temporal waveform that
resamibles the applied spectral pattern. The patterned tempeoral waveform at this
stage is inadequate for many applications because H suffers from two problems: a) it
is chirped such that the wavelength of the pattern changes across the waveform and
b} the paltern is out of focus, preventing fine features written on the spectrum to be
faithfully reproduced on the temporal waveform without ringing. These two
problems are addressed in the following two steps. Because these first two elements
104, 106 are linear, they may aptionally be interchanged without significant impact
o the system performance.

{0011} The chirp on patterned temporal waveform (signal) is removed by

sublracting its temporal phase front that on an equally chirped awxiliary (pump)
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putse, This can be accomplished by any of a nuumber of nontinear optical processes
including but not Emited to difference frequency generation (DEG) in an optical
parametric amplifier (OPA} 108 using a material with a second-order nondinear
susceptibility, The chirp-cancelled output (idler) is kept for the next step. In order in
ansure optimum synchrordzation and chirp cancellation, the chirped auxiliary pump
pulse can be created from a copy of the short seed pulse. In this case, the pump pulse
is prepared from the short seed pulse in 3 steps: a} it is first dispersed with a
meditm 111 that imparts about twice the quadratic spectral phase applied to the
main (signal) waveform, for instance by traversing the same dispersive element a
secondd time, by it is amplified, for instance with a regenervative amplifier 112 to a
sufficient intensity level required for the tollowing nondinear optical processes and )
it is frequency-doublad in a second harmonic generator 113 with another nonlinear
optical process including but not limited to second harmonic generation {(SHG)Y using
a material with a second-order nonlinear susceptibility.

{0012} The chirp-cancelled output (idler) of the previous step is focused in time
by a final dispersive element 110 that applies anequal and opposite quadratic
spectral phase as was originally applied to the main (signal} waveform,

10013} These steps can be interpreted as writing the desired temporal pattern in
the spectral domain and Fourier transforming it optically. The bandwidth from the
short pulse source is reduced in the chirp removal process, This is in contrast to
traditional spectral pulse shaping methods which create waveforms in time by
writing the Fourier transform of the pulse on a conventional spectral shaper as in 102
and 106 alone or assisted with a chirp as in 102, 104, and 106 alone. These do not
scale well as their required speciral resolution and indirectness of the approach are
the limiting factors on record length and pulse shape fidelity respectively. By
contrast, in the present invention the record length can be scaled by increasing the
bandwidth of the seed pulse and/or the dispersion of the stretcher(s} and
compressor without residual chirp. Also by contrast in the current invention, the
direct mapping of the spectral shape to the temporal shape enables a closed-loop

feedback process that cart compensate for hardware nonidealities in a robust
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manmer. This feedback ensures that if the teraporal shape has not been generated as
expected, it can be corrected Heratively and only sent to downstream optical
components when it is both desirable and safe to do so.

BRIEF DESCRIPHON OF THE DRAWINGS

HEHEY The accompanying drawings, which are incorporated into and form a part

of the disclosure, Hlustrate embodiments of the invention and, together with the

description, serve o explain the principies of the invention.
{0015] FIG, T provides a general block diagram of an embodiment of the present
mvention.
{0016} FIG. 2 shows a pulse format that is used in the National Ignition Facility,
{0017} FIG. 3 shows a pulse format that is used in the National Ignition Facility

with an underlying, sub-modulated spike pattern produced by the present
invention.
[0018] FIG. 4 llustrates a way to combine the spike pattern of FIG, 3 with the

pulse format of FIG. 2

j0019] FIG. 5 illustrates an embodiment of the invention.
{0020} FIG. 6 Hlustrates an exemplary spectral shaper used in an embodiment of

the present invention.
foo21} FIG. 7 provides formulas that define how the chirped pump and chirped
signal are mixed to create the chirp-cancelled monochromatic idler through the

difference frequency generation {DFG) process.

DETAILED DESCRIPTION QF THE INVENTION

[0022] As mentioned above, the present invention has a variely of uses, which
include picosecond fime scale pulse shaping on laser systems used for laser-plasma
or other laser-matter interactions, in faser machining, in optical telecommunications,
in applications requiring coherent control and in high energy density physics
(HEDP). One such laser system that would benefit from the present invention is the
National Ignition Facitity (NIF). To aid in understanding the invention, its use on the

NIF will be discussed,

B
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10023} A pulse format used in NIF is shown in FIG. 2. The figure shows the total
power and pulse shape af the target for the outer NIF beams. Notive an initial burst
of power occurs between about T ns and 2.5 ns in a section of the pulse known as the
picket 202 which ocours after the section of the pulse known as the toe 200. The pulse
increases again at about 8 ns and levels off unti] about 10 ns after which a relatively
larger portion 208 of the pulse occars from about 10 to 15 ns. Everything that occurs
prior to about 10 ns is referred to collectively as the foot 206. These definitions will
atd in understanding the use of the present invention on the NIF,

{0024} There is convern that the pulse format of FIG, 2 is responsible for
producing deleterious laser plasma interactions at the target. If has been found that
the underlying, sub-modulated spike pattern 210 of FIG. 3 can be utitized to mitigate
laser plasma interactions at the target. As discussed belaw, the present invention is
able to produce these spikes, which can then be combined with the original pulse of
FIG, 2 to produce the full formatted pulse of FIG. 3. Inorder to achieve the laser
plasma mitigation, the spikes of pulses that cross at, or otherwise interact at the
target are relatively shifted in time such that the spikes of the interacting pulses are
interleaved. It is desirable to bave sub-structured spikes of 1 to 20 ps with duty
cvcles of 20% to 50%. The sub-structured pattern 210 may or may not be limited to
the foot while a different modulation format for instance a conventional frequency
modulation (FM} may or may not be fimited to the drive portion of the pulse 204.
Here, the numbers (1X, 2X, 53X} refer o the ratio of the peak power of the composite
pulse (which inclodes the underlying sub-modulated pattern of spikes) to the peak
power of the coarse envelope as in FIG. 2. The values are inversely related to the
local duty cvcle or fill-fraction of the sub-modulated pattern. By the ime the value is
Ix, note that the pulse duration with 530% duty cycle spikes must then be increased
so as to include the same energy with the same peak intensity (which requires a
twice as long pulse).

{0025] FIG. 4 illustrates a way o combine the spike pattern 210 with the pulse of
FIG. 2. The technique for producing the spike pattern is discussed in the Summary

of the Invertion and will be discussed in more detail below, In FIC. 4, the pulse
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format of FIG. 2 is produced by divecting a pulse from oscillator 220 theough an
acousto-optic modulator 222, amplitier 224, frequency modulator (FM) 226 and into
a temporal splicer 228, The apike pattern can be overlaid onto the foot and/or drive
of the pulse format of FIG. 2 by producing the spike pattern with an embodiment of
the invention, shown as element 230 and directing that pattern through fiber 232 into
temporal splicer 228. A portion of the output beam from the temporal splicer is
divected into a failsafe system 234 which includes a Failsafe diagnostic 236 and a
failsafe gate 238, The remaining portion of the cutput beam from the temporat
sphicer is a directed through an amplifier 240 and through the Failsafe gate fo
produce a combined pulse 242 consisting of an FM portion 244 and a structured
portion 246 (which inclades the spike pattern). The output palse from the Failsate
gate is then divected through a final series of elements o produce a plurality of
shaped 2-format pulses. This final series of elements includes an amplifier 248, a
dispersion compensator 250, an amplifier 252, a 1x2 splitter 254, an amplifier 256, a
Tx4 splitter 288, four amplifiers 260 (one for each of the split beams), another Ix4
splitter 262, individual delavs 264 for each beam and an individual EOM based pulse
shaper 266 for each beam to produce a plurality of shaped 2-format pulses 268, Note
that i1y this system, the output beam from FM 226 can be directed through the system
with, or without the patterned pulses, and vice versa. Spikes are implicitly on the
foot portions of combined pulses 246 and 268 but are too fine to display.

[0026] Thus, it is desirable to provide a way to produce a pulse format as shown
in FIG. 3 and to inject it info the system architecture of NIF as in FIG. 4. The present
invention, as generally described above in the embodirment of FIG. 1 of the
Summary, is more specifically described below in the embodiment of FIG. 5,

{0027} FIG. & illustrates an embodiment of the invention. The figure shows a
system diagram 400, a vow 500 showing the spectral domain of the short pulse which
originated from a laser source {in this case a mode-locked oscillator) providing a
short, coherent, transform-limited (or nearly transform-limited) seed pulse 402, The
figure also shows a row 600 illustrating the time domain of the short pulse and the

patterrt into which it evolves at the same poinds in the invention as shown in the

8-
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spectral domain of row 500, To avoid confusion, the system diagrara will be
described first, followed by a description of the spectral domain and the ime
domain.

joo2s} The basic elements of the system and the beams of the systent ave now
described. Nota that those skifted in the art, based on the present disclosure, will
understand that alternate elements and configurations may be substituted for those
now described. A laser source (in this case a mode-tocked oscillator) providing a
short, coherent, transform-limited (or nearly transtorm-limited) seed pulse 402
produces an output beam 404 which is directed into stretcher 406 that produces an
output beam 408, The output beam 408 is input into spectral shaper 410 which
provides an cutput beam 412 that is divected into the oplical parametric oscillator
{OFA) 414. The cutput beam 408 is divided to produce a second beam 416 that is
passed through a second stretcher 418 or alternatively the same stretcher 406 for a
second pass to produce a second stretched beam 420 that is amplified in this case ina
regenerative amplifier 422 to produce output beam 424 that is input into the non-
inear crystal of the second harmonic generator 426, The output heam 428 from
second harmonic generator 426 is injected into the non-linear crystal of the OPA 414,
The idler output areated by difference frequency generation (DFG) produces beam
430 from OPA 414 is then injected 1nto a compressor 432 that provides dispersion of
aqual or nearly equal value and opposite sign of the streicher in 406, The output of
compressor 432 is split into two beams 434 and 436. Beam 434 is the patterned
cutput of the svstem that mayv be directed for further shaping and/or stitching and
heam 436 is directed to a cross-correlator 452 for verification and closed-loop
feedback contral with spectral shaper 410 or other cantrollable subcomponents. The
output beam 408 is also divided to produce beam 438 that is amplified in this case in
a regenerative amplifier 440 for producing beam 442 that is directed in compressor
444, The compressor provides dispersion of equal value and opposite sign of the
stretcher in 406, Compressor 444 produces a short pulse beam 446 that is either used
directly in cross-correlator 452 or alternatively first input into SHG 448, The output

beam 450 is also directed into cross-correlator 452 where the output pattern in beam
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436 {aned herwe, beam 434) is verified. Verification ocours by measuring (sanpling)
the pulse pattern 436 with the short pulse 450 in the non-linear element of the cross-
correlator. The sampling can occur, for instance by sum frequency generation (5FG)
in efther a scanning or in a single-shot geomatry. The verification may be of the time-
dependent amplitude and/or the time-dependent phase of the pattern. The phase
may be measured in the aross-covrelator by first interferometrically mixing the pulse
pattern with a reference beam that condains a flat or calibrated temporal phase
protfile as in temporal interferometry. Alternatively, it may be simply screened as
being distorted from the ideal pattern by first passing it through an element that
converts phase to amplitude such as an etalon or other self-referencing
interferometer. Afternatively, it may be inferred by passing the output of the cross-
correlator through a spectrometer as in Frequency Resolved Optical Gating (FROG).
Alternatively, it mav be inferred by Spectral Shearing Interferometry (851) or
Spectral Phase Interferometry for Divect Electric Field Reconstruction (SPIDER}
methods. Any error between the desired temporal pattern and the measured
temporal pattern can be corrected through closed-loop feedback control with
spectral shaper 418, compressor 444 or other controliable subcomponents. This
brings the ability to further pre-compensate for amplitude and phase distortions
expected in the downstream components of a larger optical system. This also brings
the ability to screen for potentially unsafe temiporal patierns such as ensuring that

the peak amplitude remains below a defined threshold for downstream laser/ optical

FRa

damage e.g. + W% of the desired pattern or that the phase distortions are kept
helow a defined threshold e.g., 3 radians. Additionally, beam 434 may be passed
through optional optical component 435 which may consist, e.g., of a diffractive
optical component such as a diffraction grating that converts modufation of the
wavelength into modulation of the angle, pointing, steering, or deflection,
Alternatively, optional optical component 435 may consist of a birefringent optical
component such as a wave plate or wave retarder. In this case, beam 434 may be
passed through optical component 435, which converts modulation of the

wavelength into modulation of the polarization state of the light. This may include
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the orientation of the electric field vector or the relative phase between the two
polarization states. Thus, the elements and flow of system diagram 400 have been
described.

j0029} The characteristics of the spectral domain and time domain change as the
pulse propagates through the system. In the time domain, pulse 404 is considered to
be a short pulse, which means that it has a short time duration. In this embodiment,
the duration 602 of pulse 404 is much less than one picosecond. The spectral content
502 of wavelengths within pulse 404 consists of a continuous spectrum from short
wavelength to longer wavelength, all within pulse 602, This is the condition in which
the pulse is referved to as being transform limited {or near transform limited). This
pulse is divected into stretcher 406 which produces output pulse 408, The stretcher
disperses pulse 408 such that its duration is increased as in 604 and the spectral
amplitude content 504 of wavelengths remains unchanged or nearly unchanged. In
a04, the pulse is chirped whereby the short wavelengths begin on the early (left) side
of the pulse pattern and continuously change to longer wavelengths from early to
late Hmes (left to right) on the page. The orientation of this spectrum depends on
whether the stretcher 406 is configured to impart either a positive or negative
quadratic spectral phase.

{0030} Output pulse 408 is directed into spectral shaper 410 which produces
output pulse 412 that has a shaped spectrum 506 which is depicted in the time
domain at 606, however as discussed above, the pulse in the time domain at 606
remains undesirably chirped and is not focused. These drawbacks are corrected in
the following two steps. The output pulse 412 is input into OPA 414 as is the output
pulse 428 from second harmonic generator 426. The time domain of output pulse 428
is depicted at 608. In the OPA process, beam 412 and 428 are considered to be the
stgnal beam and the pump beam respectively. The OPA outputs three beams, which
are the signal beam, the pump beam and a newly generated idler beam. In the
present invention, it is the idler beam 430 which is used in the subsequent step,
which is the step of focusing the pulse pattern. Notice that the output beam 430 now

tas a spectral shape 510 that is well defined and centered at a single wavelength {or
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having a relatively small bandwidth of wavelengths compared to the bandwidth of
beary 404, which is shown at 302 Again however, in the time domain, the pulse
pattern is still unfocused as shown at 630, The output beams 434 and 436 have the
samae spectral content 512 as that at 510 but the result of compression is to produce a
focused pattern 612, The pulse pattern in the thme domain is now a scaled replica of
the pattern apphied in the spectral domain at 412 depicted i 506. This enables a
divect shaping of the time domain by the controllable elements in the spectral shaper
410, Additionally, because spectral shaper 410 may modify either the amplitude or
the phase of the spectral domain 506 of the temporal pulse 606, cither the amplitude
or the phase of the final temporal pattern may be modified at 434 and 436. The phase
of the temporal pattern is related to the frequency or wavelength and hence this
provides a means of dynamically moditving the frequency or wavelength of the final
temporal pattern at 434 and 436

{0031} As mentioned, the programmable spectral filter or spectral shaper 106
directly writes the desired temporal pattern to the amplitude and/or phase of the
spectrum of the pulse. An example spectral shaper used in an embodiment of the
present invention is shown in FIG. 6. In this example, a pulse is directed through the
input port 700 of fiber splitter 701, The pulse is divected through a coupling lens 704
and the spectral content of the pulse is dispersed angularly with a diffraction grating
706 and focused by a lens 708 onto a spatial light modulator 710 {or spatially
programmable mask}. The spatial light modulator may alter the amplitude and/or
phase of each spectral component. The spectral components are then recombined as
the system is retraced backward and out of the output port 702 of the fiber splitter.
Alternately, an acousto-optic spectral shaper such as the Dazzler may be used as the
spectral shaper. Other spectral shapers now known or developed in the future, that
may be substituted for the spectral shaper {e.g., element $10) of the present
invention, are within the scope of the present invention.

{0032} FIG. 7 defines how the chirped pump and chirped signal are mixed to
create the chirp~cancelled monochromatic idier through the difference frequency

generation {DFCG) process. Crucially the quadratic phase terms associated with the



WO 2017/160653 PCT/US2017/021887

chirp are cancelled if the group delay dispersion (GDD) of the pump (prior to second
harmaonic generation] is twice that of the signal. The chirped seed or signal Es{t}
consists of a patterned profile As(t) at frequency omega and with a quadratic
temporal phase (chirp} parameterized by group delay dispersion GDD. The chirped
pump Ep(l) consists inttially of an ideally flat in time profile Aps(t) at frequency
omega and with a quadratic temporal phase {chivp) parameterized by group delay
dispersion 2 GDD. This electric field is squared by the harmonic doubling process
resufting in an ideally fat in time profile Aps®2{t} at the doubled frequency 2 omega
and with a quadratic temporal phase (chirp} parameterized by group delay
dispersion GDBD. The generated idler output Eg{t) results with a patterned protile
Aglty equaling Aps”2(1) As™{t) and thus proportional to the {complex-tonjugate) of
the desired temporal pattern at frequency omega and with ne quadratic temporal
phase {chirp) since it has been cancelled in the Difference Frequency Generation
{DFG) process.

{0033} Note that the invention can not enly pattern the amplitude but also the
phase (or wavelength or frequency) as well. Just as if the spectral shaper writes an
amplitude pattern in the spectral domain it will show up as a scaled amplitude in the
temporal domain, if the spectral shaper writes a phase shift patterny in the spectral
domain it will show up as a scaled phase shift pattern in the temporal domain. The
time dertvative of the phase shift pattern in the time domain is equivalently the local
frequency shift and the frequency shift is related to the wavelength shift.

o034} The foregoing description of the invention has been presented for
purposes of Hustration and description and is not intended to be exhaustive or to
Iimit the invention to the precise form disclosed. Many madifications and variations
are possible in Hight of the above teaching. The embodiments disclosed were meant
only o explain the principles of the invention and its practical application to thereby
enable others skilled in the art to best use the invention in various embodiments and

with various modifications suifed to the particular use contemplated.
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1. An apparatus, comprising:

a source for providing a coherent short durvation laser pulse;

a stretcher to disperse the time domain of said pulse to produce a chirped
pulse;

means for applying a desived temporal pattern in the spectral domain of
said chirpad pulse to produce an unfocused shaped pulse;

means for removing the chirp from said unfocused shaped pulse to

praduce an unchirped shaped pulse; and

means for focusing in the tme domain said unchirped anfocused shaped

puise to produce a focused shaped pulse.

2. The apparatus of claim 1, wherein said short duration laser pulse is

transform Hmited.

3. The apparatus of caim 1, wherein said short duration laser pulse is near

transform Hmited.

stnaller than the finest feature desired on the temporal wavetorm of said focused

shaped pulse,
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5. The apparatus of claim 1, wherein the duration of said laser pulse is less

than one picosecond,

6. The apparatus of claim 1, wherein the duration of said laser puise is

much less than one picosecond.

7. The apparatus of claim 1, wherein said stretcher disperses the time
domain of said pulse to about 250 ps, providing a linear mapping of spectrum fo

time.

8. The apparatus of claim 1, wherein said strefcher disperses the time

demain of said pulse to provide a linear mapping of spectrum o time,

9. The apparatus of claim 1, wherein said stretcher imparts to said laser
pulse either a positive quadratic spectral phase or a negative quadratic spectral

phase.

10. The apparatus of claim 1, wherein said stretcher comprises a dispersive
element selected from the group consisting of at least one diffraction grating, at least
ong dispersive optical fiber, at least one chirped fiber Bragg grating and at least one

chirped volume Bragg grating,

T O

11. The apparatus of claim 1, wherein said means for applving a desived
temporal pattern is selected from the group consisting of a spectral shaper and a

programmable spectral filter,
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12, The apparatus of claim 1, wherein said means for removing said chirp
from said unfocused shaped pulse comprises an apparatus configured 1o carry out a

nondinear optical process.

13, The apparatus of claim 12, wherein said ponlinear optical process
comprises ditference frequency generation {DFG) in an optical parametric amplifier

{OFA).

14. The apparatus of claim 13, wherein said OPA comprises a nonlinear
crvstal (NLC), wherein said unfocused shaped pulse is directed onto said NLC and
serves as a signal beam, wherein said apparatus further comprises means for
producing from said laser pulse, a pump beam for pumping said NLC, wherein said
pump beam comprises a doubly-stretched and frequency-doubled version of said
laser pulse, wherein said NLC produces an idler beant which serves as said

unchirped shaped pulse.

15, The apparatus of clain 14, wherein satd means for producing from
said faser pulse, a pump beam for pumping said NLC compwrises (i) means for twice
stretching said laser pulse to produce a twice stretched pulse, (i) an amphifier to
amplify said twice strefched pulse to produce an amplified pulse and (ii1) means for

doubling the frequency of said amplified pulse to produce said pump beam,

16, The apparatus of claim 15, wherein said means for doubling the
frequency of said amplitied pulse comprises an apparatus configured to carry out a

secondd nondinear optical process.
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17. The apparatus of claim 16, wherein sald second nonlinear optical
provess comprises second harmonic generafion {(SHG) using a material with a

second-order nonlinear susceptibility.

18 The apparatus of claim 1, wherein said means for focusing in the ime
domain said unfocused shaped pulse comprises a dispersive slement that appliss an
equal and opposite quadratic spectral phase to said unchirped shaped pulse as was

applied o said chirped pulse.

19, The apparatus of clatm 1, wherein said temporal pattern comprises a
pattern sefected from the group consisting of amplitude, phase, wavelength and

frequency.

20. The apparatus of claim 1, further comprising a closed-loop feedback
control system for correcting error in either the amplitude or phase between a
measured temporal pattern in said focused shaped pulse and a desired temporal

pattern.

21 The apparatus of claim 1, wherein said mgans for removing satd chivp
from said unfocused shaped pulse comprises an apparatus configured to carry out a
nondinear aptical process, wherein said nonlinear optical process comprises
difference frequency generation (DFG) in an optical parametric amplifier {OPA),
wherein said OPA comprises a nontinear crystal (NLT), wherein said unfocused
shaped pulse is divected onto said NLC and serves as a signal input beam, wherein
said apparatus further comprises means for producing from said laser pulse, a pump
input beam for pumping said NLC, wherein said pump beam comprises a doubly-

stretched and frequency-doubled version of said laser pulse, wherein said NLC
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produces an idler beam wihich serves as said unchirped shaped pulse, wherein said
NLC further produces a purnp output beams from said pump input beam, wherein
satd NLC further produces a signal output beams from said signal input beam,
further comprising a closed-loop feedback condrol system for correcting error in said
idler beam by measuring properties of said pump output beam and signal output
beam by measuring the amplitude and/ or phase of satd pumyp ootput beam and

said signal output beams.

22. The apparatus of claim 1, wherein said apparatus is configured to
provide more than one focused shaped pulse to produce a series of focused shaped
pulses, said apparatus further comprising a fast optical switch configured to stitch
together satd series of focused shaped pulses to form a record that is longer than a

single said focused shaped pulse.

23. The apparatus of claim 22, further comprising an electro-optic
medulator configured to provide a coarse pulse envelope, the apparatus further
comprising means for combining said focused shaped pulse with said course pulse

envelope.

24, The apparatus of claim 1, further comprising a ditfractive optical
component configured to convert modulation of the wavelength of said focused

shaped pulse into modulation of the direction of said focused shaped pulse.

25, The apparatus of clatm 1, further comprising means for converting
modulation of the wavelength of said focused shaped pulse inte modulation of the

polarization state of said focused shaped pulse.
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26. The apparatus of claim 25, wherein satd modulation of the polarization
state of said focused shaped pulse is selected from the group consisting of the
orientation of the electric field vector of said focused shaped pulse and the relative

phase between the two polarization states of said focused shaped puise.

27, A method, comprising:
roviding a coherent short duration laser pulse;
: ding 1 t short durat 1 ualse;
dispersing the time domain of said pulse fo produce a chirped pulse;

applying a desived temporal pattern in the spectral domain of said chirped

pulse to produce an unfocused shaped pulse;
removing the chirp from said unfocused shaped pulse to produce an
unchirped shaped pulse; and

facusing in the time domain said unchirped unfocused shaped pulse to

produce a focused shaped pulse,

28, The method of claim 27, wherein said short duration laser pulse is

transform Hmited.

29, The method of claim 27, wherein said short duration laser pulse is near

fransform lmited.

30. The method of dlaim 27, wherein the pulse-width of said laser pulse is
smatler than the finest feature desived on the teraporal waveform of said focused

shaped pulse.
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3. The method of claim 27, wherein the duration of said laser pulse is less

than one picosecond.

32, The method of clatm 27, wherein the dwration of said laser pulse is
P

much less than one picosecond.

33, The method of claim 27, wherein the step of dixpersing is carried out
with a stretcher, wherein said stretcher disperses the time domain of said pulse to

about 250 ps, providing a linear mapping of spectrum to time.

34. The method of claim 27, wherein the step of dispersing is carried out
with a stretcher, wherein said stretcher disperses the time domain of said pulse to

provide a linear mapping of spectrum to time.

35, The method of claim 27, wherein the step of dispersing is carried out
with a stretcher, wherein said stretcher fmparts to said laser pulse either a positive

quadratic spectral phase or a negative guadratic spectral phase.

36. The method of claim 27, wherein the step of dispersing is carried out
with a stretcher, wherein said stretcher comprises a dispersive element selected from
the group consisting of at least one diffraction grating, at least one dispersive optical
fiber, at least one chirped fiber Bragg grating and at least one chirped volume Bragg

Pt atse]

grating,

~20-
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37. The method of claim 27, wherein the step of applying a desired
temporal pattern is carried out with an element selected from the group consisting of

a spectral shaper and a programmable spectral filter.

38 The method of claim 27, wherein the step of removing said chirp from

said unfocused shaped pulse is carvied out with a nondinear optical process.

39, The method of claim 38, wherein satd nonlinear optical process
comprises difference frequency generation {DFG) in an optical parametric amplifier

{OPA).

40, The method of clatm 39, wherein said OPA comprises a nonlinear
crystal (NLC), wherein said unfocused shaped pulse is dirvected onto satd NLC and
serves as a signal beam, wherein said method further comprises producing from said
laser pulse, a pumyp beam for pumping safd NLC, wherein said pump beam
comprises a doubly-stretched and frequency-doubled version of said laser pulse,
wherein said NLC produces an idler beam which serves as said unchirped shaped

pulse,

41, The method of claim 40, wherein the step of producing from said laser
pulse, a pump beam for pumping said NLC comprises (i) twice stretching said laser
pulse to produce a bwice stretched pulse, (1) amplifying said bwice stretched pulse to
produce an amplified pulse and (iH) doubling the frequency of sald amplified pulse

to produce said pump beam.

42, The method of claim 41, wherein the step of doubling the frequency of

said amplitied pulse is carried out with a second nonlinear optical process.

2%
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43, The method of claim 42, wherein said second nonlinear optical process
comprises second harmonic generation (SHQG) using a material with a second-order

nonlinear susceptibility.

H. The method of clatm 27, wherein the step of focusing in the time
domain satd urfocused shaped pulse is carried out with a dispersive element that
applies an equal and opposite quadratic spectral phase to said unchirped shaped

pulse as was applied to said chivped pulse.

45. The method of claim 27, wherein said temporal pattern comprises @
pattern selected from the group consisting of amplitude, phase, wavelength and

frequency.

46, The method of claim 27, further comprising a closed-loop feedback
control system for correcting error between a measured temporal pattern in said

focused shaped pulse and a desired temporal pattern.

47, The method of claim 27, wherein the step of removing said chirp from
said unfocused shaped pulse is carried out with a nonlinear optical process, wherein
said nondinear optical process comprises difference frequency generation (DFG) in
ant optical parametric amplifier (OPA), wherein said OPA comprises a nonlinear
crystal (NLC), wherein sald unfocused shaped pulse is directed onto satd NLC and
serves as a signal input beam, wherein said method further comprises producing
from said laser pulse, a pump input beam for pumping said NLC, wherein said
pump beam comprises a doubly-stretched and frequency~doubled version of said

laser pulse, wherein said NLC produces an idler beam which serves as said

0.
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unchirped shaped pulse, wherein said NLC further produces a pumyp output beam
from said pump input beam, wherein said NLC further produces a signad output
beam from said signal input beam, the method further comprising using a closed-
loop feedback control system for corrvecting error in said idler beam by measuring
properties of satd pump output beant and signal output beam by measuring the

amplitude and/or phase of said pump output beam and said signal output beam.

48. The method of claim 21, further comprising providing more then one
focused shaped pulse to produce a series of focused shaped pulses, further
comprising using a fast optical switch to stitch together said series of focused shaped
pulses to form a record that is longer than a single said focused shaped pulse.

49, The method of claim 48, further comprising using an electro-optic
modulator to provide a coarse pulse envelope and combining said focused shaped
pulse with said course pulse envelope,

50, The method of claim 21, further comprising using a diffractive oplical
component to convert modulation of the wavelength of said focused shaped pulse

into modulation of the divection of said focused shaped pulse,

51, The method of claim 21, further comprising converting modulation of
the wavelength of said focused shaped pulse into modulation of the polarization

state of said focused shaped pulse.

52, The wethod of claim 51, whereln said modulation of the polarization
state of sald focused shaped pulse is selected from the group consisting of the
orientation of the electric field vector of said focused shaped pulse and the relative

phase between the two polarization states of said focused shaped pulse.
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