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DIRECT ULTRASHORT LASER SYSTEM

STATEMENT OF GOVERNMENT INTEREST

[0001] A portion of this invention was made with U.S. Government support under

Major Research Instrumentation grant CHE-0421047 awarded by the National Science

Foundation. The U.S. Government may have certain rights in this invention.

CROSS REFERENCE TO RELATED APPLICATIONS

[0002] This application claims priority to U.S. Provisional Application Serial No.

61/015,976, filed December 21, 2007, which is incorporated by reference herein.

BACKGROUND AND SUMMARY

[0003] The present invention generally relates to laser systems and more particularly to

a direct ultrashort laser system.

[0004] Recent ultrashort laser devices use optimization calculation approaches for

pulse compression that do not require phase measurement, and that are able to characterize the

phase after pulse compression, provided a calibrated pulse shaper is used. Pulse shapers such as

an adaptive, pixelated SLM, traditional MEMS deformable membrane mirror, and a Dazzler

acousto-optic crystal, and the related components, however, can be relatively expensive.

Additionally, the ability to measure and correct the spectral phase of a laser becomes more

challenging as the spectral bandwidth increases, such as for a sub-5 femtosecond duration pulse.
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[0005] A challenge in ultrashort pulse characterization is the accurate measurement of

abrupt (discontinuous) phase changes that may be introduced by pulse shapers and to some

extent by dieletric optics. The curvature of the phase changes that can be measured by

Multiphoton Intrapulse Interference Phase Scan ("MIIPS") increases with the optical resolution

of the pulse shaper being used. For example, a π-phase step to be accurately measured using 10

or 100 nm FWHM pulses and a 640 pixel pulse shaper should have a run longer than 0.15 or 1.5

nm, respectively. Another issue is that the minimum amount of chirp that can be measured

increases for narrower bandwidths. For example, the uncertainty of a φ ω) measurement for

pulses spanning 10 or 100 nm FWFIM would be ~ ±500 or ±5 fs2. respectively. When MIIPS is

implemented by using a spatial light modulator ("SLM")-based pulse shaper, the maximum

phase delay that can be introduced limits the measurable phase range. By phase wrapping and

double passing the SLM, maximum delays of up to 1000 rad are possible. Furthermore,

noteworthy improvements in laser pulse control are disclosed in U.S. Patent Publication No.

2006/0056468 entitled "Control System and Apparatus For Use With Ultra-Fast Laser." and PCT

International Application Serial No. PCT/US 07/24 171 filed on November 16. 2007 entitled

"Laser System Employing Harmonic Generation," both of which were invented by Marcos

Dantus et al. and are incorporated by reference herein.

[0006] In accordance with the present invention, a direct ultrashort laser system is

provided. In another aspect of the present invention, a method of measuring laser pulse phase

distortions is performed using passive optics, such as a prism-, grating- or prism-pair

arrangement, and without requiring an adaptive pulse shaper or overlap between two or more

beams. In another aspect of the present invention, a method for directly displaying the second
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derivative of the spectral phase distortions is performed without requiring a pulse shaper, overlap

between two or more beams or an interferometer. In yet another aspect of the present invention,

a system, a method of operating, a control system, and a set of programmable computer software

instructions perform Multi-photon Intrapulse Interference Phase Scan processes, calculations,

characterization and/or correction without requiring a spatial light modulator or such other

expensive, adaptive pulse shaper. Furthermore, another aspect of the present invention employs

methods, control systems and software instructions for calculating, measuring and/or

characterizing an unknown phase distortion of a laser beam through use of the second derivative

of the spectral phase and/or using a series of second harmonic spectra obtained under different

chirp conditions to determine the spectral phase distortion. A further aspect of the present

invention provides for automatic, real time and computer-controlled adjustment of optics

associated with a femtosecond laser, stretcher and/or compressor to compensate for phase

distortions based on calculations and/or measurements of the spectral phase distortions in

ultrashort laser beam pulses without the use of a pulse shaper. Additionally, another aspect of

the present invention allows for directly measuring the second derivative of an unknown phase.

[0007] The direct ultrashort laser system of the present invention is advantageous over

conventional devices in that the present invention system is considerably less expensive to

implement. For example, in certain embodiments, traditional optical hardware can be employed

without expensive pulse shapers, or separate optical devices such as FROG or SPIDER, but will

still allow for accurate measurement and/or characterization of otherwise unknown phase

distortions within the laser pulse. This system can then be upgraded in a relatively easy manner

by providing for higher level calculations of the measured phase distortions. Moreover, the
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system can be further upgraded to provide automatically controlled adjustments and

compensation for the measured and/or characterized phase distortions to essentially eliminate

undesired distortions. Accordingly, a low cost, easily upgradable and easy to practically

implement system is achieved, while also providing excellent accuracy of results. For example,

a non-adaptive and passive phase adjustable mirror is a reflective macroscopic optic which does

not employ pixelation. By way of another example, a non-adaptive and passive pulse shaper has

a single bendable optic. A further example of a non-adaptive and passive pulse shaper includes a

manually adjustable actuator(s) that is not voltage driven. Such an optic is very efficient and is

expected to return greater than 95% of the incident light (excluding other components such as

gratings). In another example, a non-adaptive and passive pulse shaper has a single adjustable

parameter. Furthermore, a piezoelectric actuator provides an additional exemplary non-adaptive

and passive pulse shaper. Additional advantages and features of the present invention will

become apparent from the following description and appended claims, taken in conjunction with

the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] Figures l(a) and l(b) are a set of graphical plots showing expected data for the

present invention;

[0009] Figure 2 is a graphical measurement expected for the present invention:

[0010] Figures 3(a) and (b) are graphical plots showing expected spectral phase

measurements for the present invention;
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[001 1] Figure 4(a) and (b) are measurements of a sinusoidal spectral phase expected for

the present invention;

[0012] Figure 5 is a computer software flow diagram for a quantitative non-pulse

shaper MIIPS embodiment of the present invention;

[0013] Figures 6a and 6b are computer software flow diagrams for a monitoring non-

pulse shaper MIIPS embodiment of the present invention;

[0014] Figure 7 is a computer software flow chart for a quantitative non-pulse shaper

MIIPS embodiment of the present invention;

[0015] Figure 8 is a computer software flow chart for a non-pulse shaper, iterative

MIIPS embodiment of the present invention;

[0016] Figure 9 is a schematic diagram showing a regenerative amplifier for the present

invention;

[0017] Figures 10a and 10b are perspective views showing the hardware for the present

invention;

[0018] Figure 11 is a diagrammatic view showing a laser system employing a first

embodiment variation of a reflective optic apparatus of the present invention;

[0019] Figure 12 is an enlarged cross-sectional view showing the apparatus of Figure

l i ;

[0020] Figure 13 is a diagrammatic view showing a laser system employing a second

embodiment variation of a reflective optic apparatus of the present invention;

[0021] Figure 14 is an enlarged front elevational view showing the apparatus of Figure

13:
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[0022] Figure 15 is an enlarged cross-sectional view showing the apparatus of Figure

13;

[0023] Figure 16 is a cross sectional view showing a third embodiment variation of a

reflective optic apparatus of the present invention; and

[0024] Figure 17 is a front elevational view showing the apparatus of Figure 16.

DETAILED DESCRIPTION

[0025] An ultrashort laser system of the present invention employs an intuitive single-

beam pulse characterization method that provides an accurate and direct measurement of the

spectral phase of ultrashort laser pulses. In one aspect, the method requires the successive

imposition of a set of quadratic spectral phase functions on the pulses while recording the

corresponding nonlinear spectra. The second-derivative of the unknown spectral phase can be

directly visualized and extracted from the experimental 2D contour plot constructed from the

series of spectra, without the need of an inversion algorithm or mathematical manipulation. In

other words, a number of MIIPS implementations for directly measuring \ ( ) without relying

on phase retrieval algorithms are achieved with the present invention. Data acquisition for

MIIPS does not require autocorrelation, interferometry, or even a computer-controlled pulse

shaper. Once phase distortions are measured, it is straightforward to compensate the measured

phase distortions using a passive phase adjustable mirror. Compensation of phase distortions at

the target is desirable for reproducible femtosecond laser applications.

[0026] A spectral phase measurement should be simple, direct and insensitive to noise.

Nonlinear optical ("NLO") processes are sensitive to the second derivative of the phase because
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of multiphoton intrapulse interference. In keeping with the above requirements, the direct

measurement of the second derivative of an unknown phase <jf'{c ) is considered.

[0027] MIIPS spectral phase measurements are obtained without the use of an adaptive

pulse shaper such as an SLM. Instead, the reference functions f'( ω,p) are introduced using

standard passive optics, such as a prism-, grating- or prism-pair arrangement. Different amounts

of linear chiip are introduced to amplified pulses using the built-in compressor in the

regenerative amplifier by varying the spacing between the grating pair. As illustrated in Figure

l(b), the measured linear φ \ ( ) dependence indicates the presence of a cubic phase distortion,

also known as TOD, which is not eliminated.

[0028] The effect of the different terms of a Taylor expansion of the spectral phase

φ( (ϋ) on the time profile of an ultrashort pulse are:

φ{ω) φ + φι {ω ω ) + φ2 {ω- ω )2 φ {ω- ω y - (1)

The zeroth order phase φo (sometimes called absolute phase) determines the relative position of

the earner wave with respect to the pulse envelope. In most cases, the term φo is of little interest.

This is due to the fact that when the pulse is many carrier-wave cycles long, which is the most

common situation, a change in φo has a very small effect on the pulse field. None of the pulse

characterization methods mentioned in this paper are able to measure the zeroth order phase.

The first order phase φi corresponds to a shift of the pulse envelope in time. Given that the

interest is typically centered on the pulse shape and not on the arrival time of the pulse, the φj

term is also of little interest. The second and higher order terms do have an effect on the time
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profile of the pulses. Therefore, the second derivative of the spectral phase φ \oi) is the

parameter that determines the pulse shape.

[0029] MIIPS measures '(cϋ) by successively imposing a set of parametrized (p)

reference spectral phases -f{co,p) to the pulses with unknown phase distortion φ (co) and acquiring

the corresponding NLO spectra, for example SHG. In the second derivative space the set of

reference functions f'( ω,p) can be visualized as a grid used to map the unknown Φ'{oJ), i.e., to

find which f'{( ϋ,p) intersects '(co) at any desired frequency >, ;

Note that for each such point the reference function cancels the local chiip and, therefore, the

NLO signal is maximized at COU hence the required parameter is labeled p max.

[0030] Figure 1 illustrates a set of reference functions f'(co,p) which provides a

reference grid that is used to map the unknown '(cd) in a programmable controller. Figure Ia

shows a conceptual diagram based on a horizontal reference grid (dashed lines) corresponding to

different amounts of linear chirp. The solid curve represents the unknown f'(co). Figure Ib

illustrates a MIIPS trace corresponding to a horizontal grid. Note that the unknown af'(co) is

directly revealed by the contour plot calculated by the controller.

[0031] The most simple grid for mapping the unknown second derivative of the phase

in the controller consists of constant functions f'( ω,p)=p, see Figure Ia, which correspond to

linear chiip. In this case, different amounts of linear chiip can be imposed on the pulses using

passive or adaptive optics. For each reference phase, an NLO spectrum is plotted as a function
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of p in a two-dimensional contour map as shown in Figure Ib. The feature of interest is p maΛ{ )),

which can be visualized by drawing a line through the maxima in the contour plot, here the solid

curve in Figure Ib. The spectral phase information is directly obtained by finding p max( (ϋ) and

using Equation (2). In the case of chirp MIIPS, Equation (2) reads df'( ω)=f'( ω,p maΛ)= p maχ ω) .

Therefore, the unknown φ \ c ) is directly obtained by the controller from the contour plot

without any mathematical retrieval procedure as shown in Figure Ib.

[0032] A MIIPS scan takes between 5 and 15 seconds depending on the device used to

introduce the reference phases and the number of phases used. Although not necessary, an

iterative measurement-compensation routine can be used to achieve the maximum possible

accuracy, especially in the case of complex spectral phases. Double integration of the measured

' ( ύύ) results in φ (ω) . Once φ ω) is obtained by the controller, the controller then causes the

shaper to introduce -φ (co) by the shaper in order to eliminate the measured phase distortions to

achieve TL pulses.

[0033] Example: Referring to Figure 3, an ultrabroad-bandwidth femtosecond

T A O laser oscillator with a double chirped mirror pair is used, whose spectrum spans 620-

1050 nm and generates a SHG spectrum spanning almost 200 nm. The pulse shaper for

introducing the spectral phase -f{co) is a folded all-reflective grating-based system containing a

150-lines-per-mm grating, a 762-mm-focal-length spherical mirror, and a non-adaptive and

passive optic that can be slightly bent so that its surface achieves the desired phase retardation

upon reflecting the dispersed beam. After the shaper, the pulses are focused onto a 20- m type-I

KDP crystal, and the SHG signal is separated from the fundamental before it is directed to a

spectrometer. A spectrometer model QE65000 from Ocean Optics Inc. would be satisfactory.
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Figure 3 illustrates an expected spectral phase measurement. The introduced (R) and measured

(G) phase functions agree without adjusting the parameter. Figure 3a shows the second

derivative of the spectral phases and Figure 3b shows the spectral phases. The spectrum of the

pulses is also shown in the dashed line. As shown in Figures 10a and 10b. the system setup is of

the type disclosed in B. W. Xu, Y. Coello, V. V. Lozovoy, D. A. Harris, and M. Dantus, "Pulse

Shaping of Octave Spanning Femtosecond Laser Pulses," Opt. Express 14, 10939-10944 (2006),

which is incorporated by reference herein.

[0034] Figure 10a illustrates a proposed exemplary experimental setup for the laser

system 49 including an oscillator 51, reflective mirrors 53 and 55. a pinhole 57 of a 2.5

telescope, a grating 59, a folding mirror 61, a spherical mirror 63, and a spatial light modulator

65 (or more preferably a non-adaptive, manually adjustable front surface mirror optic, such as

that shown in Figures 11-17). The SLM 65 can be merely used for a proof of concept test but

does not realize most of the benefits and advantages of the non-adaptive and passive optic

apparatuses otherwise disclosed herein. The Figure 11 construction is preferred for measuring

phase distortions and is also desirable for correction when used with the optic apparatuses of

Figures 14-16. It is noteworthy, however, that the measuring-only system employs a controller

while a correction-only system does not require a controller since it can be manually adjusted.

Referring to Figure 10b. laser system 49 specially designed for sub-10 fs pulses, further includes

a KDP crystal 67, a spherical mirror 69, a prism 71, a lens 73, a razor blade 75, a mirror 77, and

a spectrometer 79 connected to a programmable computer controller 81. The computer program

instructions of Figures 5-8 and the data matrix of Figures 1-4 are stored in memory in the

computer and/or calculated by the microprocessor of the computer.
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[0035] The laser pulses from oscillator 5 1 are first directed to spherical mirrors 53

and 55 in order to expand the beam radius to 4 mm and collimate the beam. 150-µ.m pinhole 57

is placed at the focal point of the first spherical mirror to reduce the fluorescence from the

oscillator, and to ensure better collimation. The laser was then directed into a pulse shaper

consisting of an enhanced-aluminum coated 150 line-per-mm grating 59, folding mirror 61, 762-

mm-focal-length gold coated spherical mirror 63 and 640-pixel double-mask SLM (CRI, SLM-

640) in a folded geometry chosen to double the retardance that can be introduced by the SLM. It

is noteworthy that a nonadaptive pulse shaper is preferred instead of the much more expensive

SLM disclosed in this exemplary construction. The optical resolution on the SLM depends on

the diameter of the beam and the focal length of the spherical mirror and here, is approximately

one SLM pixel width (100 µm). The SLM is calibrated pixel by pixel with 0.05 rad accuracy

due to the large bandwidth of our laser. After the pulse shaper, the laser is focused onto a 20-µm

type-1 KDP crystal 67 by 200-mm-focal-length spherical mirror 69. The SHG signal along with

the fundamental laser pulses are collimated by a thin quartz lens and directed to the detection

apparatus. The beam is first dispersed by a quartz prism 7 1 to separate the SHG light from the

fundamental frequencies. All the frequency components are then focused by a quartz lens 73

with focal length 15 cm. Razor blade 75, located at the Fourier plane, is used to block the

fundamental frequency components without loss of SHG light. The second harmonic

frequencies are then retro-reflected by mirror 77 and directed into a spectrometer 79 (for

example, Model No. OE65000 from Ocean Optics Inc.). Since the SHG signal is S-polarized,

the detection apparatus is placed on a plate vertical to the optical table to avoid the use of

polarization rotators that could not adequately manage the large spectral bandwidth.
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[0036] Transform-limited pulses are obtained by measuring and compensating the

spectral phase of the system using the sinusoidal MIIPS method by the controller. To

demonstrate the performance of this method a cubic spectral phase function defined as

Φ( )=500fs ( - Cϋof, which corresponds to a linear Φ"(cϋ) is introduced to the pulses and

measured with the method described herein. The trace is shown in Figure 2 . The dashed line

indicates the spectral maxima, which directly correspond to the expected measurement Φ'\c ) .

Note that both the accuracy and precision of the measurement are -1-2 fs , and results are

obtained from a single chirp scan with grid-step of 5 fs . Figure 2 shows expected measurement

of a cubic phase to be obtained by a single chirp scan where a contour plot of the expected SHG

spectra is measured at each value of applied chirp. The feature revealed by the spectral maxima

corresponds to the second derivative of the cubic phase introduced. The second derivative is

linear with frequency and the inset shows a magnified portion of the trace.

[0037] Once Φ"(ω) is obtained, the controller uses double integration to calculate

Φ(a>). Figure 3 shows the measured and the introduced functions, together with the spectrum of

the laser. Excellent accuracy of the results is expected, which is obtained from a single chirp

scan. The expected data shown in Figure 3 projects the third-order dispersion (TOD) with 0.5%

accuracy.

[0038] The method presented is able to measure arbitrarily complex spectral phases. A

sinusoidal spectral phase function defined by Φ(ω)=5πsin[7fs (ω-ωo)], is introduced using a

pulse shaper and then measured by the method described herein. As evident from the screen shot

shown in Figure 4a, the second derivative of the introduced phase is to be obtained from a chirp

scan. In Figure 4b, the projected measured phase (G-dashed line) is very close to the phase to be
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introduced by the comparative pulse shaper (R-thin line). To improve the quality of this method,

an iterative measurement-compensation routine can be used. In other words, Figure 4a shows

the expected experimental trace where the measured second-derivative of the phase can be

directly visualized from the feature corresponding to the spectral maxima. Furthermore, Figure

4b shows the measured second-derivative after a chiip scan (G) and after one measurement-

compensations iteration (B). The curve (R) corresponds to the introduced sinusoidal function.

[0039] The MIIPS implementation of the present invention does not necessarily require

the use of an adaptive pulse shaper. Given that different amounts of chiip can be applied using

passive optics, the method can be conveniently, and is preferably, implemented using these

devices. If an adaptive pulse shaper is used, however, compression can be accomplished by

applying -Φ cϋ) to nullify the measured phase distortions.

[0040] In addition to linear chiip, other reference functions can be employed when

using an adaptive pulse shaper for comparative puiposes. Even though the simplicity of the

measurement resulting from using a constant f'(co) has been highlighted herein, there are as

many variations of the method as reference functions one can implement. For example, the

accuracy of the use of a sinusoidal f'{co) has been proven, but requires a special optic or shaper to

introduce such a phase. Other options include adding a fixed amount of cubic reference phase

while scanning a quadratic phase, This corresponds to a diagonal grid. Adding a negative cubic

reference phase produces the complementary diagonal grid. Cubic phase causes the horizontal

dashed lines of Figure 1 to become diagonal lines. This approach can be implemented on

arbitrarily complex distortions and allows improved and fine-tuned accuracy.
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[0041] The MIIPS chirp scan implementation is especially suitable for sub-50 fs pulses.

For a measurable distortion ∆Φ", the corresponding change

∆/ SHG(∆Φ")=^SHG(∆Φ"=0)x β2/2( ∆Φ7 τ0
2)2 needs to be bigger than the noise N, where τ0 is the

time duration of the pulses. For a Gaussian pulse, /sHG(∆Φ"=O)xβ2/2( ∆Φ'7τo2)2~/V, is obtained,

where Typically, the noise of the SHG signal is about a few percent. Therefore, the

precision of the Φ" measurements is about O.l τo . To=5 fs and a 2.5 fs precision is calculated for

the present laser system which should be in excellent agreement with expected experimental

results.

[0042] There can be an instruction that outputs parameters to be used with a pulse

shaper that can compensate the measured phase distortions to eliminate them. The calibration

step can be accomplished by introducing a known amount of group velocity dispersion. For

example, introducing one centimeter of quartz. Furthermore, the spectrum of the pulse and the

measured phase can be used to calculate the ratio X/XTL- The first value is calculated from the

Fourier transform of the spectrum including the phase distortions measured, the second value is

obtained from the Fourier transform of the spectrum assuming there are no phase distortions.

This fraction gives the user a sense of how far from transform limited the pulses are. As part of

an automated system, this value indicates if the equipment is performing within an acceptable

range or it needs to be optimized.

[0043] When this method is used for microscopy, as will be further discussed

hereinafter, the user should use a thin 10-100 µm second harmonic generation crystal (for

example KDP, KTP, BBO, LBO) encased between a thin 100 µm quartz cover slip and a

microscope slide. The crystal should be protected from phase matching fluid used in microscopy
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by sealing the space between the cover slip and the microscope slide with a polymer such as

silicon glue.

[0044] A grisms based optical setup allows for the measurement and compensation

disclosed herein, and is well suited for microscopy. The prism, grisms, gratings, offset mirrors

or other optics can be adjusted manually based on information provided by the MIIPS can

obtained by introducing a series of linear chirps. The adjustments can be computer controlled

and automated based on information calculated from the measurements performed by the scan, in

a fully automated fashion.

[0045] For communications, there is a great need to measure third and higher order

dispersion and then to design a phase mask (or a special fiber) to cancel the third order

dispersion. Therefore, the system of the present application is ideally suited for just measuring

phase distortions and for measuring the dispersion in an optical fiber used in communications

and also an optical fiber used for microscopy and endoscopy. Moreover, an aspect of the present

invention pertains to the use of an acoustic optical programmable filter to introduce the linear

chirp for the method disclosed herein, to get the phase information. Another aspect of the

present laser system is well suited for solely measuring a chromatic dispersion of optics such as

dielectric mirrors, chirped mirrors, microscope objectives, optical substrates, and target

substances. The performance of the present laser system can also be tested at specified intervals

of time to ensure that it is in optimal condition when used in micromachining or surgical stations

by way of example and not limitation; the controller can automatically send a malfunction

warning alert, or alternately, automatically adjust itself by changing the deformation of an optic

depending on the test results.
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[0046] Example: Intense sub- 10 fs laser pulses are desired in high-field laser science

for applications, such as single attosecond pulse generation. Because of spectral narrowing in

the conventional amplification process, the shortest pulses that can be obtained from a

conventional Ti:sapphire-based chirped-pulse amplification ("CPA") system are usually limited

to -15 fs. In one embodiment, the spectrum and the spectral phase of continuum generated in an

Argon-filled hollow-core fiber are characterized by MIIPS without an adaptive pulse shaper. The

time duration of the laser pulses should be 166 and 4.8 fs before and after MIIPS compression,

respectively. The pulse energy of the compressed pulses is -150 µJ/pulse. The phase-corrected

continuum can be used for the remote detection of chemicals. For this use, part of the spectrum is

blocked at the Fourier plane of the pulse shaper. The present direct laser system is ideally suited

for this end use.

[0047] Example: Knowledge of the dispersive properties of optical media is helpful for

femtosecond laser applications. The second-order dispersion k", referred to as GVD, is an

especially critical parameter because it determines the temporal broadening experienced by

ultrashort pulses after traveling through a material. GVD measurements of water and seawater

have been obtained using MIIPS with an accuracy comparable only to that of white-light

interferometry. An ultrabroad-bandwidth femtosecond laser (620-1025 nm) is transmitted

through water-containing cuvettes with 5, 10, 20 and 30 mm path lengths. In each case, MIIPS

can directly measure the GDD introduced by the sample, and from the slope of a linear fit to the

data as a function of path length, a measurement of k" is obtained by the controller. The

controller calculates values based on the knowledge of the refractive index of water as a function

of frequency. The present direct laser system is ideally suited for this end use.



Attorney Docket No. 6550-0001 67/POA

[0048] Example: Femtosecond laser pulses are useful for nonlinear biomedical

imaging. Methods such as two-photon microscopy take advantage of the ability of near-IR lasers

to travel through scattering biological tissue and provide high-resolution images. The

development of techniques for optimized depth-resolved imaging, as well as surgical procedures

involving femtosecond lasers, will require accurate characterization of pulses after they transmit

through biological samples. After propagation through scattering biological tissue, the majority

of the beam is scattered making it impossible to use pulse characterization methods that depend

on overlapping two or more pulses. Pulse characterization through scattering biological tissue is

an illustrative example of MIIPS performance regardless of beam-mode quality. Spectral phase

characterization is employed after the pulses traveled through a 1 mm thick chicken breast tissue

slice and a cow-eye cornea-lens complex.

[0049] The effect of noise on a MIIPS measurement, for example, the noise from the

source (pulse-to-pulse and mode quality), is an advantage of the present laser system and

method. Through the use of averaging, the influence of pulse-to-pulse fluctuations can be

substantially minimized. Given that MIIPS is preferably a single-beam method, mode quality

plays no role. The second contribution to noise comes from the detector. A 1:1 signal-to-noise

ratio is expected in the detected signal with minimal influence on the measured phase. Because

MIIPS directly measures φ '{cύ), the integrated phase is relatively immune to noise in the

measurement. The present direct laser system is ideally suited for this end use.

[0050] Another aspect of the present invention system, method, control system and

computer software instructions, is as follows. Amplified lasers typically have a compressor

stage that is used to compensate linear chirp. There is an actuator in the compressor stage that is
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motorized that the user manually moves to find the optimal position where linear chirp is

minimized. Making adjustments to minimize quadratic chiip in traditional devices are only

earned out by experts because it is typically very difficult to measure and very difficult to know

which knob to adjust in the laser. With the present laser system, a linear chirp scan is

advantageously achieved by scanning this actuator. The systematic scanning of this actuator

while detecting at each position the spectrum of the second harmonic of the laser pulses, the user

is now able to characterize the laser pulses. The system includes a nonlinear optical source, a

spectrum detector, a computer controller that synchronizes data acquisition with the position of

the actuator a computer program to convert the actuator position into linear chirp value the

same program to display the collection of spectra as a function of linear chirp for a program to

extract the second derivative of the phase from the measured signals in a direct manner, and to

convert that function in to the spectral phase of the pulse.

[0051] A first embodiment of the present invention system, method control system and

software instructions is the simplest and readily usable with conventional laser devices but

without requiring the expense of an adaptive pulse shaper. This embodiment allows for

qualitative analysis by the programmed instructions in the computer control, and associated

method, in order to measure and characterize phase distortions in a laser beam pulse and display

them in a graphical manner. This allows the user to manually adjust the laser optics until the

user is visually satisfied that the desired phase distortions have been reduced or eliminated. The

method, controller and computer software act as follows by:

a . Introducing linear chirp, typically in the range of (- 10,000 to +10,000 fs2) . This value

depends on the laser bandwidth and the estimated distortions; the smallest I imagined is +- 1000
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fs and the largest 100,000 fs . Laser optics such as a pair of prisms, a pair of gratings, one

grating with an associated reflector, a pair of grisms, or a Trebino prism, by way of example and

not limitation, can be used.

b. Acquiring a signal with a laser from a nonlinear optical process such as second harmonic

generation. For example, focusing on a second harmonic generation crystal, or powder from such

a crystal, starch, or SHG generated from the surface plasma as the femtosecond pulse interacts

with a solid can be employed, by way of example and not limitation.

c. Dispersing the spectrum of the nonlinear optical signal, such as with a spectrometer, a

grating, a prism or grism, by way of example and not limitation.

d . Detecting the spectrum, such as with a CCD camera, a linear array of detectors or a

rotating grating with a fixed detector, by way of example and not limitation.

e . Calculating and displaying the resulting collection of spectra with the controller as a

function of chirp, as a three dimensional plot in which intensity is the z axis, the y axis is linear

chip and the x axis is wavelength. The three dimensional plot can then be displayed as a contour

plot. This should provide fantastic pulse characterization.

[0052] A second and upgraded embodiment of the present invention system, method,

control system and software instructions, is based on the first embodiment above and provides

quantitative analysis. This second embodiment, however, introduces a calibrated amount of

linear chirp in step (a) of the first embodiment by using one or more known thicknesses of quartz

for comparison, by way of example. Additional steps and software instructions are as follows

with reference to Figures 5 through 8, performed by:
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f . Calculating and fitting resulting three-dimensional data to extract, for each wavelength,

the linear chirp that causes a maximum in the nonlinear optical spectrum, with the controller

g . Calculating, constructing and displaying the second derivative of the measured phase as a

function of wavelength obtained from (f) with the controller.

h. Graphically displaying and storing the result from (g).

i . (optional) Calculating by integrating twice the result from (g) as a function of wavelength

to obtain the spectral phase as a function of wavelength with the controller.

j . (optional) Determining and displaying the phase obtained in (i) together with the spectrum

of the laser with the controller.

k. (optional) Calculating and determining a fast Fourier transform using the spectrum of the

laser pulse and the measured phase, and then determining and displaying a graphical function

that describes the pulse and/or phase distortions in the time domain. Thereafter, calculating the

performance of the laser compared to the transform limited value to determine the amount of

phase distortion, if any. This is earned out with the programmable software instructions stored

in the controller.

[0053] Figure 5 illustrates programmable software instruction steps including the

physical movement of optics to change the distance between two gratings, or two prisms so as to

introduce linear chiip, when using MIIPS. The program needs to calibrate the step size to make

the measurement quantitative. By scanning linear chip one can measure the spectral phase of

the laser pulses. This requires recording of the NLO spectrum for each linear chirp value.

[0054] Figure 6 discloses programmable software instruction steps including the

physical movement of optics to change the distance between two gratings or two prisms so as to
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introduce linear chirp. The program needs to calibrate the step size to make the measurement

quantitative. Measuring the spectral phase of the laser pulses can be achieved by scanning linear

chirp. This requires recording of the NLO spectrum for each linear chirp value. This program

continuously provides a visual diagnostic of the laser pulses and it shows the second derivative

of the spectral phase when used for MIIPS monitoring.

[0055] Figure 7 shows programmable software instruction steps including the physical

movement of optics to change the distance between the prism and a corner cube to introduce

linear chirp, when used with MIIPS for an oscillator with Deep Sea™ compensation or similar

dispersion compensation. Measurement of the spectral phase of the laser pulses can be achieved

by scanning linear chirp. This requires recording of the NLO spectrum for each linear chiip

value using a spectrometer and typically a second harmonic generation ("SHG") crystal. The

Deep Sea™ device is sold by Spectra Physics, and is a prism arrangement with a stepper motor

to adjust chiip to compensate for group velocity dispersion. This system and method

characterize the spectral phase of pulses and by Fourier transformation, calculate their pulse

duration. Figure 8 is a set of programmable software instruction steps used with iterative MIIPS

which automatically adjusts the tilt orientation on a grating or grism to minimize cubic phase.

[0056] A third embodiment of the system, method, control system and software

instructions, is an additional upgrade to the first embodiment above. This exemplary

embodiment repetitively performs the methods and instructions of the first embodiment, and

employ the hardware of steps (a)-(d) therein. The hardware for step (a), however, should be

constructed in such a way as to scan the linear chirp fast, repetitively, and with minimum

vibrations. This can be achieved with linear actuators, such as stepper motors, for manual
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adjustment. It could also be achieved with an off-axis wheel that pushes the position of the optics

(a) certain distance as it rotates depending on its position. Electromagnetic actuators, such as

those found in loud-speakers could also be used. Conventional tilting of gratings and prisms to

compensate for cubic dispersion typically causes other unknown problems. In contrast, the

present embodiment measures, calculates and displays the phase distortion results, including

displaying the horizontal of the maximum multiphoton intrapulse interference intensities, as

shown in Figure 1, thereby allowing for much more educated and informative optic adjustments

by the user. This will lead to more accurate and faster compensation and correction of the phase

distortions.

[0057] A fourth embodiment system, method, control system and software instructions,

employs the second embodiment above. Additionally, the computer controller and its associated

programmed instructions, automatically adjust the laser optics based on the calculations and

determinations. For example, an optic will deflect a small portion of the laser beam output, the

computer will calculate its characteristics as previously explained for the second embodiment,

and the controller will automatically actuate the actuators to move the optics if they are not

meeting the desired specifications and minimized phase distortions. If these adjustments are still

not satisfactory in comparison to predetermined target values, then the controller can

automatically display a warning, shut down the laser system and/or automatically contact a

technician for servicing the machine.

[0058] Although these implementations do not require an adaptive pulse shaper, when

alternately and less preferably used with an adaptive pulse shaper, the present system and

method reduce the burden on the shaper. The above method can be used to reduce linear and
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quadratic chirp in order to let the pulse shaper deal with higher order dispersion and to introduce

calibrated arbitrary phase functions.

[0059] A known method to introduce linear chirp is disclosed in U.S. Patent

Publication No. 2007/0070485 to Trebino, which is incorporated by reference herein. The

Trebino setup can be used for scanning linear chiip according to step (a) of the first embodiment

herein. This system, which is now sold commercially by Spectra Physics as the ' Deep Sea"

model, provides an actuator that is calibrated. Note that this system is intended only for pulse

compression (only linear chiip). For one aspect of the present invention the operator first takes

the entire beam output and uses it for second harmonic generation. It is the output of the SHG

that needs to be dispersed and recorded as a function of linear chiip. In conclusion, a new MIIPS

implementation based on a simple chiip scan is presented. The corresponding trace directly

yields the second derivative of the unknown spectral phase, without any mathematical treatment.

[0060] A second known method to introduce linear chiip is disclosed in the publication

by Oron et al, ''Scanningless Depth-Resolved Microscopy," Optics Express, Vol. 13. No. 5, p .

1468 (March 7, 2005), which is incoiporated by reference herein. The Oron method improves

depth resolution and speeds up laser scanning microscopy. It involves the dispersion of a beam

and collimating it, and then focusing it as shown in Oron figure 2 . At the second focal plane, the

beam is not chiiped but away from the focal plane, according to Oron figure 1. This optical setup

allows the introduction of linear chirp and can be used for pulse characterization if one follows

the methods disclosed in the present invention. The advantage of using the Oron optical setup for

introducing linear chiip, in combination with the present invention, is that the entire linear chiip



Attorney Docket No. 6550-0001 67/POA

scan is accomplished for each laser shot, thus allowing single shot spectral phase

characterization.

[0061] Figure 9 illustrates another exemplary laser system 101 in which a pump laser

103 emits laser beam pulses 105. Lenses 107 and high reflection mirrors 109 are present within

a regenerative amplifier 110. Pockel cell crystals 111 and a Ti-doped sapphire crystal 113 are

also employed. A stretcher 115 includes a retroreflecting mirror pair 117, a grating 119 and a

manually adjustable front surface mirror 121. Input pulses from an oscillator 123 are transmitted

through a faraday isolator 125 and to stretcher 115. A compressor 127 includes a grating 129

which is operably tilted or otherwise reoriented through energization of an electromagnetic

actuator or translator, automatically or manually controlled by a programmable controller 131.

This allows the operator to adjust third-order dispersion in the pulse. A MIIPS spectrometer 133,

coupled to controller 131, detects undesired distortions in the pulse.

[0062] An electromagnetic actuator, such as a stepper motor 135, operably changes the

distance of retroreflector mirrors 117, under automatic or manual control of controller 131. This

movement introduces different amounts of linear chiip into the pulse. Scanning the distance

from one end to the other allows the controller to accurately characterize the laser pulses for

second and higher order spectral phase distortion. The MIIPS detector or spectrometer 133 can

obtain a NLO spectrum.

[0063] The nonadaptive optic member or pulse shaper of the present laser system

operably introduces reference phases in the laser beam pulse. A detector, e.g. spectrometer,

operably detects harmonic frequency intensities of the pulse and the controller automatically

determines a matrix or data collection of the detected intensities versus the references phases.
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The controller then automatically determines a maximum intensity in the matrix for each

frequency of the pulse and the controller assigns a value corresponding to each maximum

intensity. Thereafter, the controller automatically determines a second derivative of a spectral

phase from the maximum intensity values for each frequency and the controller then calculates,

by double integration, a spectral phase function of distortions in the pulse. The controller

subsequently controls the nonadaptive optic member, such as by moving or changing the position

of a retroreflective mirror pair, tiling a grating, or the like, to cancel the determined distortion in

a subsequent pulse by introducing a negative value of the spectral phase function of distortions.

[0064] A first embodiment variation of a nonadaptive deformable optic apparatus 201

is shown in Figures 11 and 12 and a second embodiment variation of an optic apparatus 301 is

shown in Figure 13. These optic apparatuses can be placed inside the cavity of an ultrafast laser

oscillator, or in the stretcher of an amplifier. These optic apparatuses 201 and 301 each include a

transparent substrate 203, a reflective layer 205, a holder 207 and an adjustable actuator 209.

Substrate 203 and reflective layer 205 serve as a wavefront adjustable mirror or a phase front

adjustable mirror. Substrate 203 is preferably a sheet of normally flat BK7 glass having a

thickness dimension T of approximately 5 mm, and a width dimension W of approximately 100

mm. More preferably, substrate 203 has a thickness T of 0.1-3 mm and a width dimension W of

10-20 mm.

[0065] Reflective layer 205 is preferably a coating of MgO protected silver, gold,

aluminum, or a highly reflective dichroic material. In this embodiment, holder 207 is a

polymeric housing having an opening to allow laser pulse access to reflective layer 205. An

undercut ledge surrounding the opening retains substrate 203 within holder 207.
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[0066] Actuator 209 is preferably a direct drive piezoelectric actuator which is

controlled by a programmable computer controller connected to a voltage source 221. When

energized, the piezoelectric actuator linearly advances a ball or pin 223 which, in turn, pushes

against a backside of substrate 203, thereby deflecting and bending the mirror by a deflection

distance D of approximately 20 µm, although it is envisioned that the deflection distance D may

be as great as 200 µm. Acceptable piezoelectric actuators are model numbers NA-25 and NA-80

from Dynamic Structures & Materials, LLC of Franklin, Tennessee. The actuator introduces

pressure as a response to voltage from source 221 and is used with this invention, for example

and not limitation, to introduce chirp or for scanning linear chirp in the laser beam pulse.

Multiples of such piezoelectric actuators can be employed to mechanically deflect different

portions of the mirror. Anywhere from 1 to 12 such piezoelectric actuators can be employed to

bend adjacent surface areas of the mirror.

[0067] The laser system introduces a periodic function, such as a saw tooth or a

sinusoidal function that causes the reflective layer and substrate to vary the amount of linear

chirp, thus delivering n-different reference phases and recording n-different spectra containing

the NLO intensity at m-different frequencies. The controller then uses the n x m data matrix to

map the second derivative of the spectral phase function of the pulses being analyzed at the

target. Once this function is obtained, the controller numerically integrates it twice as a function

of frequency in order to obtain the spectral phase distortions. Furthermore, the phase front

adjustable mirror application can be used in conjunction with a separate spectral phase

measuring device, preferably MIIPS but alternately FROG or SPIDER, and the mirror can be

automatically or manually adjusted until the desired pulse performance is delivered at the target.
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At that point, the mirror remains static and ensures the desired pulse characteristics for

subsequent pulses. Moreover, the phase front adjustable mirror is deformable in two dimensions

and can be used for single shot laser pulse characterization or to deliver a pulse having a variable

spectral phase in one dimension.

[0068] A third embodiment variation of a nonadaptive deformable optic system 401 is

shown in Figures 14 and 15. A thick substrate 403 and reflective layer 405 are preferably of the

size and material types previously disclosed regarding Figures 11-13. A holder 407, however

has multiple threaded bores which receive manually adjustable, threaded screw actuators 409.

Screw actuators 409 are spaced apart from each other and located adjacent the peripheral edge

surrounding a reflective front which is openly accessible to a laser beam pulse. A ball bearing

4 11 or other pressure-bearing member is placed between a leading end of each screw actuator

and the adjacent surface of the mirror. A compression or Belleville spring may optionally be

disposed between a head of each screw actuator and the adjacent surface of the holder to

maintain the adjusted positioning during use. Accordingly, each screw actuator can be

individually adjusted in an incremental manner between multiple positions in order to deflect

portions of the mirror differently.

[0069] Figures 16 and 17 illustrate a fourth embodiment variation of a nonadaptive

deformable optic system 501. A thick glass substrate and reflective coating layer act as a phase

front adjustable miiτor 506 suitable to eliminate third order distortions. A holder 507 has flanges

508 which secure and maintain the position of a central portion of mirror 506. Multiple

adjustable screw actuators 509 and bearing blocks 5 11 push against front and back side portions

adjacent outboard comers of mirror 506, thereby causing deflection of the desired portions of the
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substrate and reflective layer. Yet another variation adheres a phase adjustable phase mirror,

having a thickness T less than 1 mm, to a metal sheet which can also be bent by threaded screws.

Moreover, it should be appreciated that any of these optic apparatus embodiments can be used

with any of the laser system constructions and end uses disclosed hereinabove.

[0070] Another version of the present laser system is even simpler and less expensive

than many of the others, and solely measures phase distortions. This version continuously

changes the distance of a dispersive optic, or bends the reflective optic and synchronously

records a harmonic spectrum of the laser. It then displays in a monitor the three dimensional

data consisting of a derivative of the phase (y axis), wavelength (x axis) and intensity (z axis or

color in a contour map). This device does not require a programmable controller. No

calculations are needed to purely display the result since it only displays real time data.

Alternately, instead of moving the optic, the reflective optic is bent in such a way that different

portions impart positive or negative chirp to the pulse. Then a two-dimensional CCD is used to

record the spectrum of the harmonic intensities at the different chirp values all in one image. In

this way, no moving parts are needed and single laser shot measurements are possible.

[0071] Yet another variation of the present laser system is used solely for correction.

In this situation, the measurement is performed by a separate device (e.g., FROG, SPIDER,

MIIPS) using interferometry, an SLM, a deformable passive optic, or by changing the distance of

at least one dispersive optic. Subsequently, this is used to make a permanent spectral phase

correction, in which a passive optic located at a place where the beam is dispersed in conformed

(e.g., bent, flexed, deformed or otherwise reshaped) so that it eliminates the phase distortions of

the system that are being measured by the separate device. This laser system is constructed with
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at least one dispersive optic and one reflective optic, although variations may be possible. It is

noteworthy that no controller is required in this variation thereby reducing cost and complexity.

Once the spectral phase is eliminated from the system, the entire system is corrected in a

permanent manner. It is envisioned that this variation allows for correction at the manufacturing

source before shipping to a customer or user, and this is applicable for femtosecond oscillators,

femtosecond amplifiers, laser processing systems (such as micromachining stations, laser

scribing stations, laser surgery stations, or the like), two photon microscopy systems, and the

like. It is further envisioned that the present laser system may alternately be used for a

combination of measuring and correcting for phase distortions.

[0072] In summary, the direct ultrashort laser system of the present application is an

improvement over currently known devices, such as that disclosed in the previous significant

advance of U.S. Patent Publication No. 2006/0056468 (M. Dantus, et al.). In an example of prior

devices, parameters are set in the software of the controller and the controller then introduces

hundreds of different voltages that approximate a desired reference phase. A collection of

different reference phases is applied by the controller to acquire a phase scan, from which the

phase distortions are determined. The prior controller then applies a negative of the phase

distortion function whereafter the pulses are evaluated to see if the desired compression is

achieved.

[0073] In contrast, a new improvement provided in the present system employs optic

hardware which is arranged to introduce a definite spectral phase delay and thereby introduces

the reference phases. Using a single voltage, the controller scans the optics in order to collect a

phase scan. The second derivative of the spectral phase distortions is directly obtained from the
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phase scan without the prior sinusoidal phase to the second derivative calculations. In the

present system, once the second derivative is obtained, it is used to determine the pulse duration

and to make adjustments in a static and passive optic member to correct the spectral phase

distortions at the point at which they are being measured (i.e., the target).

[0074] As a further point of comparison, optical hardware that can be adjusted to

eliminate pulse distortions once the spectral phase corrections are known, will be contrasted. In

an exemplary prior construction, the use of an adaptive pulse shaper makes it easy to introduce

-/(co). The adaptive pulse shaper, however, is expensive and has undesirable intensity,

wavelength and bandwidth restrictions. This type of measurement and compression is conducted

in about one minute and is often performed several times per day. But when the power of the

adaptive pulse shaper is turned off, the adjustment is lost and must be retrieved from memory

and re-implemented, thereby causing delay and degrading computer performance.

[0075] In contrast, a new improvement provided in certain nonlimiting embodiments of

the present system employs a reflective surface that is adjusted (e.g., bent, deflected or

deformed) by as little as 0.1 mm and the spectral phase of the pulses can therefore be adjusted to

eliminate undesired phase distortions or to introduce desired phase distortions. The adjustment is

made once and is then maintained until further adjustments are desired, but without the need for

electrical power or a controller command. This mechanical adjustment (e.g., threaded screws,

etc.) can be made at the factory or at the location of the user.

[0076] While various embodiments of the present invention have been disclosed, it

should be realized that other variations may alternatively be employed. For example, other

actuators, such as solenoids or servomotors can be used in place of the disclosed piezoelectric or



Attorney Docket No. 6550-0001 67/POA

screw actuators. Furthermore, it is envisioned that the laser system may employ additional or

less reflective mirror and differently arranged laser beam pulse paths. Moreover, threaded set

screws, adjustable cams, adjustable levers, rack-and-pinion gears, or other such finely adjustable

mechanical actuators can be used to deflect the optic system mirrors. It is intended by the

following claims to cover these and any other departures from the disclosed embodiments which

fall within the true spirit of this invention.
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CLAIMS

The invention claimed is:

1. A method of using a laser system, the method comprising;

(a) emitting a laser beam pulse;

(b) introducing reference phases in the pulse;

(c) detecting harmonic frequency intensities of the pulse;

(d) determining a matrix of the detected harmonic frequency intensities versus

the reference phases;

(e) determining a maximum intensity in the matrix for each frequency of the

pulse;

(T) assigning a value corresponding to each maximum intensity;

(g) determining a second derivative of a spectral phase from the maximum

intensity values for each frequency; and

(h) calculating a double integral with respect to frequency in order to obtain a

spectral phase function of distortions in the pulse.

2 . The method of Claim 1, further comprising canceling the distortion in a

subsequent pulse by introducing a negative value of that calculated in step (h).

3 . The method of Claim 2, further comprising introducing the negative value to

cancel distortion using a nonadaptive and passive optic member.
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4 . The method of Claim 3, wherein the passive optic member includes a prism.

5. The method of Claim 3, wherein the passive optical member includes a

deformable glass substrate having a thickness of at least 0.1 millimeters.

6. The method of Claim 3, wherein the passive optical member includes a grating

and the passive optical member has a single adjustable parameter.

7 . The method of Claim 1, further comprising introducing different amounts of

linear chirp to amplified pulses in the reference phases using a built-in compressor in a

regenerative amplifier by varying a spacing between a grating pair.

8. The method of Claim 1, further comprising using a programmable controller to

automatically calculate spectral phase information in a direct manner by finding p max (oj) and

using "{&>i,Pmax), where is the desired frequency and p,,,αv is the required parameter,

and an unknown (β'{co ϊ) is directly obtained from a contour plot without any mathematical

retrieval procedure from the matrix determination step.

9 . The method of Claim 1, further comprising using multiphoton intrapulse

interference to assist with characterizing and compensating for distortions in the pulse.
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10. The method of Claim 1, further comprising using the corrected subsequent pulse

in microscopy with the corrected subsequent pulse having a duration less than 15 femtoseconds.

11. The method of Claim 1, further comprising measuring the spectral phase

distortion in the pulse with a single laser pulse.

12. The method of Claim 1, further comprising emitting additional laser beam pulses,

with their distortions corrected by introducing negative distortion canceling, to a target specimen

located at least 10 meters away from an output of a laser.

13. The method of Claim 1, further comprising introducing linear chirp into the laser

beam pulse with an acoustic optical filter to obtain phase information about the pulse.

14. The method of Claim 1, further comprising translating at least one dispersive

optic to introduce the reference phases in the pulse.

15. The method of Claim 1, further comprising bending a passive, reflective optic

where the beam is spectrally dispersed to introduce the reference phases in the pulse.

16. The method of Claim 1, further comprising relaying the pulse through a fiber to a

target, and measuring and correcting high-order phase distortions introduced by the fiber.
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17. The method of Claim 1, further comprising emitting the pulse from a fiber laser,

and measuring and correcting high-order phase dispersions.

18. A method of using a laser system, the method comprising:

(a) directly determining an unknown spectral phase of a first laser beam pulse,

at least in part, by determining a second derivative of the unknown phase at each frequency of

the first pulse;

(b) determining a pulse shape that corrects a nonlinear distortion in at least a

second pulse; and

(c) correcting at least the second pulse without autocorrelation, interferometry

and a computer-controlled, pixelated pulse shaper.

19. The method of Claim 18, further comprising:

(a) emitting the laser beam pulses;

(b) introducing reference phases in at least one of the pulses; and

(c) detecting harmonic frequency intensity spectrum of at least one of the

pulses.

20. The method of Claim 19, further comprising;

(a) determining a matrix of the detected harmonic frequency intensities versus

the reference phases;
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(b) determining a maximum intensity in the matrix for each frequency of at

lest one of the pulses;

(c) assigning a value corresponding to each maximum intensity; and

(d) calculating a double integral with respect to frequency in order to obtain a

spectral phase function of distortions in at least one of the pulses.

21. The method of Claim 18, further comprising introducing a negative value to

cancel distortion using a nonadaptive and passive optic member.

22. The method of Claim 18, wherein the correcting step uses a prism.

23. The method of Claim 18, wherein the correcting step uses a deformable glass

substrate having a thickness of at least 0.1 millimeters and a reflective layer located thereon.

24. The method of Claim 18, wherein the correcting step uses a passive optical

member having a single adjustable parameter.

25. The method of Claim 18, further comprising introducing different amounts of

linear chirp to amplified pulses in the reference phases using a built-in compressor in a

regenerative amplifier by varying a spacing between a grating pair.
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26. The method of Claim 18, further comprising using a programmable controller to

automatically calculate spectral phase information in a direct manner by finding p max{ ( ) and

using "{a>i,Pmax), where O) 1 is the desired frequency and mαΛ
-is the required parameter,

and an unknown φ '(cϋi) is directly obtained from a contour plot without any mathematical

retrieval procedure from a matrix determination.

27. The method of Claim 18, further comprising using multiphoton intrapulse

interference to assist with characterizing and compensating for distortions in at least one of the

pulses.

28. The method of Claim 18, further comprising using the corrected second pulse in

microscopy with the corrected second pulse having a duration less than 15 femtoseconds.

29. The method of Claim 18, further comprising introducing linear chirp into at least

one of the laser beam pulses with an acoustic optical filter to obtain phase information about the

pulse.

30. The method of Claim 18, further comprising introducing a reference phase in at least

one of the pulses by translating a dispersive optic.



31. A method of using a laser system, the method comprising:

(a) introducing linear chirp in a laser beam pulse;

(b) using a pair of dispersive optics to do at least one of: (i) characterize the

pulse, and (ii) measure a chromatic dispersion in the pulse, at least one of the optics being

moveable relative to the other; and

(c) collecting a dispersed signal from a nonlinear optical process for each

linear chirp value.

32. The method of Claim 31, further comprising analyzing the collected data to reveal

a second derivative of a spectral phase of the pulse.

33. The method of Claim 31, further comprising using a computer program to extract

a maximum second harmonic generation value for each wavelength in the pulse, and calculating

a second derivative of a spectral phase for each wavelength.

34. The method of Claim 31, further comprising integrating twice a second derivative

with respect to wavelength of the pulse to obtain the spectral phase as a function of wavelength.

35. The method of Claim 31, further comprising scanning the linear chirp to measure

a spectral phase of the laser pulse.
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36. The method of Claim 31, further comprising controlling an electromagnetic

actuator to move at least one of the pair of optics and acquiring a nonlinear optical spectrum of

the pulse by a computer controlled spectrometer for each position.

37. A laser system comprising:

a laser beam pulse;

a passive optic member located at a Fourier plane operably introducing reference

phases in the pulse;

a spectrometer operably detecting harmonic frequency intensities of the pulse;

a controller operably determining a matrix of the detected harmonic frequency

intensities versus the reference phases;

the controller operably determining a maximum intensity in the matrix for each

frequency of the pulse;

the controller operably assigning a value corresponding to each maximum

intensity;

the controller operably determining a second derivative of a spectral phase from

the maximum intensity values for each frequency;

the controller operably calculating by double integration a spectral phase function

of distortions in the pulse; and

a subsequent laser beam pulse having its distortion cancelled based at least in part

on the controller's calculation.
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38. The system of Claim 37, wherein the optic member further comprises a set of

spaced apart and mechanically movable actuators and a mirror that is bent due to adjustable

settings of the actuators.

39. The system of Claim 37, wherein the optic member includes a deformable glass

substrate having a thickness of at least 0 .1 millimeters.

40. The system of Claim 37, wherein the optic member is non-pixelated and has a

single adjustable parameter.

41. The system of Claim 37, further comprising introducing different amounts of

linear chirp to amplified pulses in the reference phases using a built-in compressor in a

regenerative amplifier by varying a spacing between a pair of the optic members.

42. The system of Claim 37, wherein the controller automatically calculates spectral

phase information in a direct manner by finding pn (ύ) and using where co,-

is the desired frequency and pnmx is the required parameter, and the controller automatically

obtains an unknown in a direct manner from a contour plot without any mathematical

retrieval procedure.
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43. A laser system comprising:

a laser beam pulse having a duration of less than one picosecond;

a reflective optic located substantially at a Fourier plane, the reflective optic

having at least one dimension of at least 10 millimeters and a glass thickness of at least 0.1

millimeters; and

at least one adjuster operably deflecting a portion of the reflective optic.

44. The laser system of Claim 43, wherein the adjuster includes a piezoelectric

actuator.

45. The laser system of Claim 43, wherein the adjuster includes a threaded screw.

46. The laser system of Claim 43, further comprising at least two of the adjusters

causing at least two differently shaped bends in the reflective optic.

47. The laser system of Claim 43, further comprising a holder maintaining a location

of a central portion of the reflective optic while the adjuster moves at least one outer portion of

the optic.

48. The laser system of Claim 43, wherein the adjuster includes multiple actuators

which operably push spaced apart portions of the reflective optic.
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49. The laser system of Claim 43, wherein the glass is BK7 glass having a thickness

of at least 3 mm.

50. The laser system of Claim 43, wherein the optic further comprises a reflective

MgO protected silver material.

51. The laser system of Claim 43, wherein the optic further comprises a reflective

dichroic coating.

52. The laser system of Claim 43, wherein the adjuster operably deforms the optic by

at least 20 µm.

53. A deformable optic system comprising:

a transparent member;

a reflective material located on a surface of the transparent member; and

at least one mechanical actuator movable to deflect a portion of the transparent

member a desired amount to change a laser beam characteristic reflected by the reflective

material.

54. The system of Claim 53, wherein the actuator includes at least one direct-drive

piezoelectric actuator.
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55. The system of Claim 53, wherein the actuator includes at least one threaded and

adjustable screw.

56. The system of Claim 53, wherein the actuator includes multiple actuators which

operably push spaced apart portions of the transparent member in a substantially linear manner.1

57. The system of Claim 53, wherein the actuator operably bends the transparent

member by at least 20 µm.

58. The system of Claim 53, further comprising a holder maintaining a location of a

central portion of the transparent member while the actuator moves at least one outer portion of

the optic.

59. A method of operating an optic apparatus, the method comprising adjusting an

actuator to deflect a reflective surface by pushing against a normally flat substrate of the optic

apparatus upon which the reflective surface is located, the actuator being incrementally

adjustable.

60. The method of Claim 59, wherein the adjusting step includes rotating multiple

threaded screws.
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61. The method of Claim 59, wherein the adjusting step includes linearly moving a

piezoelectric actuator.

62. The method of Claim 59, further comprising bending the substrate at least 20 µm,

the substrate having a thickness of at least 0.1 mm and a width of at least 10 mm.

63. A computer program, stored in memory, the program comprising:

(a) a first set of instructions operably introducing laser beam pulse-reference

phases;

(b) a second set of instructions operably determining a matrix of detected

pulse-harmonic frequency intensities versus the pulse-reference phases;

(c) a third set of instructions operably determining a maximum intensity in the

matrix for each pulse-frequency;

(d) a fourth set of instructions operably assigning a value corresponding to

each maximum intensity;

(e) a fifth set of instructions operably determining a second derivative of a

spectral phase from the maximum intensity values for each frequency in a direct manner; and

(f) a sixth set of instructions operably calculating a double integral with

respect to frequency in order to obtain a spectral phase function of pulse-distortions.

64. The program of Claim 63, further comprising another set of instructions operably

canceling the distortion in a subsequent pulse by introducing a negative value of that calculated.
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65. The program of Claim 63, further comprising another set of instructions operably

automatically calculating spectral phase information in a direct manner by finding Pmaχ((ύ) and

using " ύ) ,p maχ) , where (&, is the desired frequency and is the required parameter,

and an unknown φ '{coϊ) is directly obtained from a contour plot without any mathematical

retrieval procedure from the matrix determination instructions.

66. A method of using a laser system, the method comprising:

(a) varying a characteristic of a passive optic;

(b) recording a harmonic spectrum of a laser beam pulse;

(c) generating three dimensional data including a derivative of the phase,

wavelength and intensity without a programmable controller; and

(d) measuring phase distortions of the pulse with the single laser beam pulse.

67. The method of Claim 66, further comprising imparting chirp to the pulse by the

varying step.

68. The method of Claim 66, wherein the varying step includes moving the location

of the optic.

69. The method of Claim 66, wherein the varying step includes bending the optic.
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