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Fig.1.1 Schematic of a typical Ti:Sapphire femtosecond pulse laser system. The op-
tical Kerr effect at the crystal causes the beam to self-focus. A slit is placed near the
output coupler. Consequently, the amount of the light, propagating though the slit,
becomes sensitive to the self-focusing. In another word, the pulse component where
the peak power is high can propagate, on contrary to the low power components, which
are filtered out at the slit. A prism pair is placed to compensate the positive GVD of
the ultrashort laser pulse.
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Fig.1.2 A diagram of a chirped pulse amplification system. A pulse is temporally
stretched before amplification to reduce its peak intensity. It is because a high peak
power pulse can optical damage the components in the amplifier system. Usually,
positive GVD is added to temporary stretch the pulse, and negative GVD is added at

the compressor.
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Input pulse mask Output pulse

Fig.1.3 Schematic of a Fourier synthesis pulse shaper. Input pulse is spatially dis-
persed into spectral components and forms a temporal Fourier transformed spectral
image on the back focal plane of the first lens. The second lens and grating recombine
the light into time domain. A spectral mask is placed to modulate the laser pulses
with spectral filtering. LC-SLM is commonly used as a computer controlled spectral

mask.
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Fig.2.1 Optical configuration of a 4f pulse shaper. Input pulse is optically Fourier
transformed by a grating and a lens. The input pulse is spatially dispersed into fre-
quency at the grating. A lens collimates the lateral dispersed light and images a Fourier
transformed spectrum on the back focal plane of the lens, where a computer controlled
liquid crystal spatial light modulator (LC-SLM) is placed for phase modulator. Sym-
metrical optical configuration inverse Fourier transforms and puts the light again back

to temporal domain.
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Fig.2.2 Spatial coordinates of the incident pulse frequency at the spectral plane are
shown in respect to the wavelength.
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Fig.2.3 Calculated double pulses with various approximations when alternate phase
mask is applied to the LC-SLM. Solid line represents the ideal shaped waveform,

where dotted line represents calculation results with various approximations, which is

described in the text.
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Fig.2.4 Axis of coordinates and the arrangement of components in a 4f pulse shaper.
The variables are described in the text.
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cylindrical lens

Fig.2.5 (a) Optical configuration of spectral interferometer (SI). Signal pulse and de-
layed reference pulse are introduced into spectrometer. Fringes form on the back focal
plane of the Fourier lens where amplitude and phase information are contained. It is
a one-dimensional data array. (b) Optical configuration of spatial-spectral interferom-
eter (SSI). No time delay is set between the signal pulse and reference pulse, but they
are introduced with different angle into the spectrometer. Because the wave-front of
two pulses interfere, Fringe pattern forms along the spatial coordinate y. At the same
time, input pulses are temporally Fourier transformed by a cylindrical lens, hence,
spectral information maps on the spectral axis x. Consequently, phase and amplitude
information in both time and space can be obtained from two-dimensional fringe data

picture.
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Fringe pattern

Fig.2.6 Side view of 2D-SSI fringe formation. Reference pulse and signal pulse arrive
at the CCD plane with different angle, and form fringes along the y axis, whose pattern
depends on the angle and the relative spatial phase of these two rays.
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Fig.2.7 Measured SSI fringe pattern of the output pulse from a pulse shaper. (a) No
modulation is applied to the LC-SLM. (b) Discrete m phase step is applied at pixel
#64. (c) Second order dispersion is applied. (d) Third order dispersion is applied.
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Fig.2.8 (a) Acquired data. It is a one-dimensional fringe data array. In this particular
case the contrast of the fringes are not high. However, DC component can be filtered
out during FFTM process. Therefore, the phase information contained in the fringe
interval is still obtained; (b) Fourier transformed data of (a); (c) Band pass filtered
data array from (b); (d) Reconstructed phase and intensity information by inverse
Fourier transforming data (c).
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Fig.2.9 The reconstructed phase is shown in respect of frequency. Each cross rep-
resents a data point, and the square area is the ambiguity of a data point can exist.
The area size is given by a8 = 2rAf, where Af is the frequency resolution of the SI

apparatus.
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Fig.2.11 Calculation results and measured experimental results of spatio-temporal
intensity distribution of the pulse shaped with a 4f pulse shaper are shown. An
alternate phase-only mask (0, 7, 0, 7, ...) is applied to the LC-SLM. (a) Calculation
result of intensity distribution in z-t coordinates. (b) Measured space-time z-t intensity
distribution. (c) Measured space-time y-t intensity distribution. xz represents the
horizontal axis, which is identical direction to the spectral dispersion at the grating in

the pulse shaper, where y is the vertical axis, which is perpendicular direction to x.
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(a) The calculated spatio-temporal intensity distribution of shaped pulse
with a 4f pulse shaper, where the angle of the output grating differs by 1° from that at

the input. The shaping mask is an alternate phase-only mask. (b) The corresponding
experimental result.
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Fig.2.13 (a) The measured spatio-temporal intensity when the output grating slightly
differs in its position. An alternate phase mask is applied to the pulse shaper. (b) Spec-
tral phase distribution at the center of the beam (space x = 0 mm) of the output pulse
from the pulse shaper. The solid line represents the spectral phase at the correspond-
ing grating position of (a). The dotted curve represents the spectral phase with the
ideal 4f setting. The null phase mask is applied to the pulse shaper.
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Fig.2.14 (a) Measured spatio-temporal intensity distribution when the output lens
slightly differs in its position from that of the input. An alternate phase mask is
applied to the pulse shaper. (b) Spatial phase distribution of the output pulse at time
t = 0 s. Solid line represents the spatial phase at corresponding lens positions of (a).
Dotted line represents the spatial phase when the 4f pulse shaper is alighted nearly
perfect. A null phase mask is applied to the pulse shaper.
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Fig.2.15 Two dimensional Wigner function distribution in space, spatial frequency,
time, and wavelength of a shaped output pulse when alternate phase mask is applied
to the LC-SLM. (a) Wavelength-spatial frequency distribution of a shaped pulse. This
output profile is identical to the input pulse profile. The space-time coupling effect
appears only in phase. (b) Time-spatial frequency distribution of a shaped pulse. The
spatial frequency distribution corresponds to the focal spot image since a lens functions
as a Fourier transform element. (c) Wavelength-space distribution of a shaped pulse.
The spectrum in different space has different shape. Two peaks in space is observed.
(d) Space-time distribution of a shaped output pulse. Spatial-temporal coupling effect
is easily observed as a tilt. (e) The summed frequency along spatial axis. It is identical
with input. (f) Summed temporal profile fold along spatial axis. (g) Summed spatial
frequency profile, hence the far field image of the output pulse. It is identical to the
input. (h) The spatial profile summed up along temporal axis.
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Fig.2.16 (a) Ablation pattern on the Cr surface when no modulation is added to the

pulse shaper. (b) Ablation pattern when alternative phase mask is added to the pulse
shaper. The pulse after the pulse shaper propagates about 3 m long. (c) Ablation
pattern when alternative phase mask is added to the pulse shaper. Imaging lenses
are build after the pulse shaper to compensate the Fresnel diffraction. (d) Ablation
pattern when alternative phase mask is added to the pulse shaper. Imaging lenses are
build and adjusted perfectly so that two pulses spatially overlap. Various hole sizes
are due to the different fluence of the pulse.
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Fig.2.17 Two-dimensional Wigner function distribution in space, spatial frequency,
time, and wavelength of a shaped output pulse when half alternate phase mask
(r/2,0m/2,0,7/2,...) is applied on the LC-SLM. The pulse double-passes the pulse
shaper. (a) Wavelength-spatial frequency distribution of a shaped pulse. This output
profile is identical to the input pulse profile. The space-time coupling effect appears
only in phase. (b) Time-spatial frequency distribution of a shaped pulse. The spatial
frequency distribution corresponds to focal spot image since a lens work as a Fourier
transform element. (c) Wavelength-space distribution of a shaped pulse. The spectrum
in different space has different shape. (d) Space-time distribution of a shaped output
pulse. (e) The summed frequency along spatial axis. It is identical to the input. (f)
Summed temporal profile folded up along spatial axis. (g) Summed spatial frequency
profile, hence the far field image of the output pulse. It is identical from the input.
(h) The spatial profile summed up along temporal axis.
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(a) Output spectrum from the pulse shaper when no phase modulation is

applied to the LC-SLM. (b) Output spectrum from the pulse shaper when alternate

phase mask in every 6 pixels is applied to the LC-SLM. The input beam diameter is

1 mm. Deep dips are observed which correspond to the abrupt phase. (c) Output

spectrum from the pulse shaper when alternate phase mask in every 6 pixel is applied

to the LC-SLM. The diameter of the input pulse to the pulse shaper is expanded three

times with a Galileian telescope.
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Fig.2.20 Expanded view of the spectrum with different input diameter. The spectrum

dip width is reduced when the diameter of the input beam is expanded.
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Fig.2.21 Caluculated results of spectrum and temporal waveform from a pulse shaper
with various assumptions. (a)-(b) Spectrum and temporal waveform from the pulse
shaper when space-time coupling is not taken into account. Pixel gap effect is also
neglected. (c)-(d) Spectrum and temporal waveform from the pulse shaper when space-
time coupling is not considered, but pixel gap effect. Slight larger null component in
(d) is due to the pixel gap effect. (e)-(f) Spectrum and temporal waveform from the
pulse shaper when both the space-time coupling and the pixel gap effect is taken into
account. The pulse component in £700 fs in (f) is smaller than that of (b) and (d),
where the space-time coupling is not considered. The time window of a pulse shaper
is limited by the spectrum resolution at the Fourier plane which is eqivalent to the

magnification of the space-time coupling effect.
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Fig.2.22 The experimental and calculated result of the output spectrum from a pulse
shaper, when alternate phase mask is applied to the LC-SLM.
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Fig.2.23 Calculation of a spectrum from a pulse shaper when the diameter of the
input beam is changed.
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Fig.2.24 Output pulse from the pulse shaper in respect to various second order dis-
persion applied to the LC-SLM. (a) Output temporal waveform from the pulse shaper
when space-time coupling is taken into account. The input diameter is 1 mm. (b)

Corresponding spectrum intensity.
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Fig.2.25 The output spectrum when large second order dispersion is applied to the
LC-SLM. O(a) Calculation result. (b) Measured spectrum. (c) Measured spectrum
after the CPA when (b) is used as seed pulses.
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Fig.2.26 Scheme of an AOPDF. Linear s polarized input light interacts with shaped
acoustic waves propagating from the opposite direction. The diffracted p polarized
light is the output pulse from the AOPDF.
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Fig.2.29 AOPDF jitter measurement. PC: Pockels cell; SI: Spectral Interferometer.
The input pulse train is 76 MHz repetition rate. The AOPDF and the Pockels cell are
operated with 1 kHz. Time delay 7 is added to the reference pulse. The timing jitter
of the laser source (76 MHz), Divider, and the PC is cancelled out with this setup, and
the timing jitter of the AOPDF can be obtained as a fringe instability acquired with
the SI spectrometer.
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Fig.2.30 Fringe instability. Single-shot measured spectral fringes are shown with re-
spect to the acquisition number. One fringe corresponds to a 27 slip, where a 27 slip

corresponds to a 2.7-fs timing jitter in time domain.
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Tab.2.1 Characteristics of LC-SLM based 4f pulse shaper and AOPDF

AOPDF LC-SLM

Shaping in Time domain Spectral domain
Phase & amplitude modula- Need extra LC-SLM & polariz-
tion ers for amplitude modulation
Active Passive

Modulation Typ. 58 (us) repetition period  Operates at any repetition rate
Time jitter observed Small time jitter

Alignment Easy Difficult

Programming Complicate Easy

Typ. 4096 x 16 (bits) Typ. 128 x 16 (bits)
High Low

Dynamic range

Typ. > 50 (dB)

Typ. < 20 (dB)

Time window

Limited by crystal length

Typ. ~ 3 (ps)

Determined by spectral reso-
lution (lateral dispersion) on

Fourier plane

Typ. ~ 3 (ps)

Time resolution

Determined by bandwidth of rf
signal
Typ. ~ 6.7 (fs)

Determined by spectral band-
width

Typ. ~ 21
AX =100 (nm)

with

(fs)

Other characteristics

Small spatial distortions

Large spatio-temporal coupling
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Fig.3.1 Flowchart of genetic algorithm. Function Max[C};] returns the maximum value

from Cj, and rand[a:b] generates random value in range from a to b.
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Fig.3.3 (a) Shaped pulse with GA algorithm. Shaped pulse and target pulse are
shown. (b) Optimized phase mask function. (c) Cost function in respect to generation

number.
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Fig.3.4 Measured SHG signal fluctuation. Seed pulse from a Ti:Sapphire oscillator is

first coupled into single mode fiber propagates about 30 cm, and then the output pulse

is focused on the BBO crystal. SH generates and it is measured with a photo-multiplier.

The normalized output voltage is shown with respect to the sampling number.
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Fig.3.6 Flowchart of a simulated annealing algorithm. Function rand[a:b] generates

random value in range from a to b.

gbooboddobobboobooobooobUobboobbobbUobbUobbobbooboboD
gogobooobooboobuobboobobuodgoobobobooobooooobob booooboanon
OoOOO0o00 oooobooooobobooooobooooooooobDoobooooDbDboboboo
gbdododobbbobooobboboboobbobbboobbbOoobbbboobuoooboo
0000000000000000000000SA000DDODOoOOoOo0ooOoOoDooooOOd
gogooobgbooobgobobobobobobbooobbodooooooboobooobo



O30 00000000 99

00o000000o000ooo00o0o00o00o0oUoO0 (booo)boUooooooDooDoo
0000000000 000000000000000000000000000000%0SA
gogobobooboogooobooobboooboboooboooobbooobobobooonD

Fig. 3.70 SAODOODOODDOODDOOGAODODODODODDOODOGADDODODDDODOODOODDODOOO

. System
“temperature

Cost

-~
LI

global minimum (GM)

local minimum (L

Iteration number

Fig.3.7 Schematic image of SA algorithm.

00000000000000000000000000 (000000000000)0000
O0SADOOOOODOOOOOOOOO0ONOO0OOOOOOGAOODDOOOOODODOOO
0000000000000000000000000000000SADOOOOOOOOOO
000000000 Fig. 3.700000000000000000000O0O0OOOOOOOO
00000000000 00000000000000000000000000000000
O0000000000000000O00000000000000000000000000
0000000000000 00D00D000000000000000000000

000000000000 00000000OFig. 3.70000000 1 iteration 00000
00 (0D iteration 0 000 00000)000000000000D0000O00COOODO SA
0000000000000 0rO00000000000D0O0O0OOODOOOOOOO f,0 10
0000000000000 fmgooo0 (f™) =128 pix000 f; =64 pix) 0000
0000000000000 0000000000000

frovr = for+1 (G fo < f09) (3.2)

bbb oobooboooooobooobboooooboon
HEN

fn—l—l - fn+1 -1 (1f fn > O) (33)



030 00000000 100

bbb booobooooobobbboUoobbboobobbo
godbbboobooooooooboboooobbboobobobbbobboboobobbooon
googoogo

3.4.2 0O0O0OO

000000000000 §22000000000 (D00)0DD0D0O0O0OO G=2n/64rad0
gooooobbbbboobobbbobobboobbobbbobbobuooobbbobbooboo
ooboboooboobooobo 0~2r000000OO00ODOODODOO0ODDODDODODOODOOOOOOOD
googoboboooooooooobooboo

34.3 0O0OOO

oooooo
0000000000000000000000000 T4y =50x10"°00000000
n=995x10"'0000000000000
30000 000000000000 Fig. 3.8 (a)000000000000000000000
00 Fig. 3.8 ()0 00 0Fig. 3.8 (a)0 GAODDDODODOO Fig. 3.3 (a) 0000000000

1.2 r T T 30 r r r 3.5x10™ : : 5x10°

.1 (a) Target pulse | | (b) 3x10_4; (C)

4
sl 2.5x10* |

1 4x10°®

2107 |4 13x10°
0.6 | Shaped pulse '

H
04| i
5
0.2 | - ol
Llenl | N 0X1OU e, "

0 5 1 1 1 L 0
-1000  -500 0 500 1000 0 32 64 96 128
Time (fs) . 0 1000 . 2000 3000
Pixel # Iteration #

-
[
Q H
O 1.5x10 [

Phase (rad)
Temperature

{2x10°®

Intensity (a.u.)

1x10% L%
S J1x10°®
5x10° | %

Fig.3.8 (a) Shaped pulse with SA algorithm. The shaped pulse and the target pulse
are shown. (b) Optimized phase mask function. (c) Cost function in respect of iteration

number.

000000000000 0OFig. 3.8 (b)00 Fig. 3.3 (b)0000D00ODO0ODOOO SADOO
ggdoobdooooooooboooobobobobbooobboobobooboboobbobobogn
O000000000000000000SA00OODOO0O0OO0OO0ooooooooogn
0000000000000 D0OFig. 38 (c) 0000000 GAOUOODOUOUODOUOODOO
gooooog
ggbbbobodouoboobbboobboobooboooobobboooooubo



030 00000000 101

0T =50x107°000000007np=99%5x10"'0000000000000000
Fig. 3.9 (a) 00 0000DDOFig. 39 (2)000000000000000000D0DO0OO00

5%10° 1500 . . 1500

2.6x10*

——accept —-accept

4x10°

1000 1000 |-

w
x
X
o
&
Temperature

500 500

2x10°°

Number of occurrence
Number of occurrence

s 0 e I 0 | |
1x10 0 1000 2000 3000 0 1000 2000 3000

1 1
0 1000 2000 3000 i

. Iteration # Iteration #

Iteration #

Fig.3.9 (a) Cost function in respect of iteration number with different system tem-
perature parameters. (b) Number of rejected, regular, and accepted masks in respect
of iteration number. (c) Same as (b) of Fig. 3.8.

000 regular, reject, accept O iteration 00 000 Fig. 3.9 (b)0 00 030000000000
0000000 reject 0000000 Daccept 000 00O0MOFig. 3.9 (a)0 00000000
0000000000000 ooooobog teration OO0 000000 OOOOO
000000 Fig. 3.80 000000 regularOrejectDaccept 0 000000 Fig. 3.9 (¢)0 0O
0001500000 iterationO OO0 O0O0O0O0O000ODO accept00000OO0ODOOOODOOOO
0000000 OregularOrejectOaccept O iteration 00 000 000000000000 SA
oo oooooooooooooo
SADODGADOOOOODOODDODOOOODOO0O0O0ODOOODU0OOoOoOOoOoOOODOOoDoOD
dodoooodoobobooobooooooboooobooooooooooooooooaa
dooooodooouooooooboooooono o

Dooooooooo

O0O0OFig. 3400000000000000000GADOOODOOOOOOOODOOO
288 % 000000000SADODODOOODOOOODOOO Fig.3.10000000000
0000000000000 Tiy=5.0x107°00000000 n=9.97x10"'0000
Fig. 390000000 SAODODODOOOOODOOODOODOOOOOGAODODODODOOODOO
0000000000000000000000000000000000000000000
00 00000000000000000000000000000000000000000
DO000O0O00O0ooooooo

Fig. 3.10 ()00 0000000000000 O0O0O0DOO0O000O0DOGADOOOOODOOO
000000000000 0000GADOD SADO0ODOOOOODOODOOOOOOOOOO0OO



030 00000000 102

12 r T T 20 : r r 2.4x10™ ; ; 5x10°

Target pulse 3
. (a) e e | 22x10% | (C)

2x10* |4
0.8 | }

] 4x10°

1.8x10™

3
Temperature

4 3x10°

-
0.6 | Shaped pulse 8 1.6x10° 15
o

5

Phase (rad)

4| 4 2x10
04} 1.4x10* L 3

Intensity (a.u.)

1.2x10* [

02 {1x10°

1x10™ L

I 0
0 1000 2000 3000
Time (fs) Pixel # Iteration #

Al » . . L N
Sooo — -500 0 500 1000 0 32 o4 6 128 10
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stretched by adding positive dispersion. Negative dispersion is added at the compres-
sor. G: Grating.
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Fig.4.5 The reconstructed temporal waveform from acquired FROG trace when the
dispersion of the CPA is compensated only with the grating distance in the compressor.

Third order dispersion is inherent in this waveform.
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Fig.4.6 Solid line represents the calculated temporal waveform of the M sequence
mask pulse. Dashed line represents the measured pulse, when an M sequence mask is
added on the LC-SLM. The second order dispersion is compensated with the compres-
sor. The FROG error was 1.2 % for this experimental result.
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Reconstructed temporal waveform from FROG trace after compensating high

order dispersion with the LC-SLM. It gives almost Fourier transform limited pulse.
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(a) Shaped double pulse after the CPA by applying ideal mask function to
the LC-SLM. Solid line represents the calculated pulse shape and the dotted line the
measured shaped pulse. (b) Shaped triangle pulse after the CPA by applying ideal
mask function to the LC-SLM.
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Fig.4.9 The solid line represents the spectral phase difference of the signal and refer-
ence pulse before the CPA. Both pulses are seeded to the CPA and the dotted line is the
measured spectral phase difference of these two pulses after the CPA. The difference
between the dotted line and solid line is caused by the nonlinear phase transmission
in the CPA, which depends on the input pulse shape.
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Fig.4.11 (a) Dotted curve represents the spectrum after the CPA, when only the phase
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Fig.4.12 Amplitude mask added on the AOPDF pulse shaper.
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Fig.5.3 An example of FROG-trace referring procedure. Initial waveform is Fourier
transform limited pulse with center wavelength of 800 nm and 45 nm (FWHM) band-
width. FROG traces are in certain number of iteration. Target FROG trace is shown

at the right side of lower row.
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Fig.5.4 Experimental setup of FROG trace referring phase-only adaptive pulse shap-
ing before regenerative chirped pulse amplifier. Output pulse from the CPA is 0.45 mJ.
The pulse is monitored with PG-FROG, and the CCD camera in the FROG apparatus
is connected with the PC. L: Lens, G: Grating.
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trace indicates that a large third order dispersion is inherent in the output pulse. (b)
Reconstructed intensity (solid) and phase (dotted) distribution from the initial FROG
trace (a). Sub pulses are due to the large third order dispersion.
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Fig.5.7 Solid line represents the Cost function in respect of the iteration number.

Dotted line represents the system temperature given to the algorithm.
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Fig.5.9 (a) Mask function of the target waveform. (b) Mask function of the shaped pulse.
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a large 3'rd order dispersion is inherent; (c) Target and shaped waveform. Shaped
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Fig.5.12 (a) Target FROG trace of a flat-top pulse; (b) target waveform; (c¢) shaped
FROG trace; (d) reconstructed waveform.
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Fig.5.13 Retreived FROG trace calculated from the reconstructed waveform
(Fig.5.8 (a)). Maximum value of the component at delay time -150 fs and 150 fs
is in magnification ratio of 0.69.
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Fig.5.14 (a) Initial FROG trace. Large 3'rd order dispersion is inherent; (b) Target
FROG trace. It is calculated from a 42 fs transform limited pulse which corresponds to

a 17 nm bandwidth spectrum; (c) Optimized FROG trace after 4000 times iterations.
High order dispersions are compensated.
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Fig.5.15 The solid line represents the cost function in respect to the iteration num-
ber. The dispersion of the CPA is compensated with adaptive control. Dotted line
represents the system temperature given to the SA.
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Fig.5.16 Solid line represents the reconstructed waveform from optimized FROG trace

in Fig. 5.14 (c), and the dotted line is the target waveform. The pulse width of the
solid line is 45 fs (FWHM).
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Fig.5.17 The broken line represents the phase mask applied to the AOPDF. Solid

line represents the reconstructed phase from initial FROG trace of Fig. 5.14 (a). This
figure shows that a reverse phase is searched and applied to the AOPDF.
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Fig.5.18 Demonstration of 500 fs separated double pulse design.
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Fig.5.19 (a) Target FROG trace; (b) Shaped FROG trace after 1750 times iterations.
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Fig.5.20 Solid line represents the reconstructed waveform from the optimized FROG

trace in Fig. 5.19 (b). Dotted line is the target waveform. Almost identical waveform
except peak intensity is obtained.
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Fig.5.21 (a) Target FROG trace of double pulse with different center wavelength.
The pulse interval is 200 fs with each pulse has 795 nm and 805 nm center wavelength.
(b) Shaped FROG trace after 1500 times iterations.
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Reconstructed Spectrum. The phase tilt corresponds to different time delay.
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Fig.5.23 (a) Spectrogram of target trace; (b) Spectrogram of the reconstructed shaped pulse.
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Fig.5.24 (a) Target FROG trace of a transform limited 30 fs pulse. (b) Shaped pulse
after 2500 times iterations with 32 pixelized spectral phase and spectral amplitude

modulation.
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Fig.5.25 (a) Solid line represents the reconstructed waveform from the optimized

FROG trace in Fig. 5.24 (b). Dotted line represents the target waveform. (b) Solid
line represents the reconstructed spectrum and the dotted line the target.
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Fig.5.26 (a) The amplitude filter function applied to the AOPDF spectral mask. Low
transmission of the seeding pulse at the center wavelength compensates the gain nar-
rowing effect at the CPA. (b) The phase function applied to the AOPDF.
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Fig.6.1 Schematic of TADPOLE measurement. The main part of TADPOLE mea-
surement is SI spectrometer. The reference pulse is characterized independetly with
FROG measurement.
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from the FROG trace (a).
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Fig.6.4 Reference spectrum phase retrieved from FROG trace. Spectrum intensity is
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Fig.6.5 (a-c) Double peaked pulse with pulse interval of 300 fs, shaped with spectral
phase error correction method referring TADPOLE signal. LC-SLM was rewritten
twice from original mask: (a) original, (b) first loop, and (c) second loop. Solid line
represents the shaped pulse and dotted line represents the calculated target intensity

and phase from given spectrum intensity.

000000000000000000000000OFig. 6.7(a) 00000 0OFig. 65000
000000000000000000Fig. 6.7(a)000000150f0000000 27000
o0ododbUo 2z0b00bOO0ODbO0ODbDDODO0OODODODOODODOODDUODODOODDbDObOOO
oOooOoOoO0O0boboO0o0 2000b00b0O0bO0ODOO0O00bDOoOoO0OoOOoDOOobOOoODOOobOOn
0000000000000 000000000000000Fig. 6.7 (2)00000000O0O0
0000000000000 000 Fig. 6.7(b)0000000D00O0ODODO0O Fig. 6.7 (c)0(e)



060 00000D0ODOO0OOOOO (TADPOLEODOOO) 156

10
— 5
K=
o
@
7]
o _‘\ ',
£ [ Y .
o 0 - i LT
-5 “Il | |
0 32 64 96 128
Pixel#
750 775 800 825 850

Wavelength (nm)

Fig.6.6 Mask functions of target and shaped pulses. Dotted line represents the phase
mask function of target pulse and solid line the spectral phase obtained by SI.
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Fig.6.7
resents the target waveform, and solid curve the shaped waveform. The phase mask

(a) Double peaked pulse with 300 fs interval is shaped. Dotted curve rep-
was rewritten twice. (b) Sum of corrected phase mask function during two correction
loops. (c) Asymmetric (1:2) pulses separated by 500 fs is shaped. Dotted curve is
target and solid curve is shaped waveform after two corrections. (d) Waveform shaped
by applying ideal mask function of (¢) on correction mask function (b). (e) Triple
peaked pulse is shaped. Pulse positions are (-200 fs, 0 fs, 250 fs) with pulse intensity
ratio of (1.0:0.5:0.8). (f) Waveform shaped by applying ideal mask function of (e) on
correction mask function (b). (A commercial spectrum analyzer (Advantest: Q83810)
is used for this experiment. Wavelength resolution was 0.2 nm, bandwidth was 100 nm

and center wavelength was 800 nm.)
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(a) Spectrogram from a target pulse for a 300 fs double pulse shaping with

FROG referring experiment. (b) Spectrogram from a shaped 300 fs double pulse with
FROG referring adaptive experiment.
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Fig.6.9 (a) Spectrogram from a target pulse for a 300 fs double pulse shaping with

TADPOLE referring experiment. (b) Spectrogram from a shaped 300 fs double pulse
with TADPOLE referring experiment.
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Fig.6.10 (a) The spectrogram error trace between target and shaped pulse of FROG
trace adaptive experiment. (b) The spectrogram error trace between the target and
shaped pulse of TADPOLE error correction experiment. Note that the intensity scale

is about one order different. The experiment were carried out with a 300 fs apart
double peaked pulse.
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(a) The pulse shape evolution in respect to the iteration number when the

spectrometer is slightly miss-calibrated. (b) The pulse shape evolution in respect to the

iteration number when the calibration of the spectrometer is almost perfect. Target

pulse is a transform-limited pulse.
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Fig.6.12 Phase modulation only and amplitude modulation only experiments to an-
alyze the CPA transmission function by measuring the output pulse. (a) Target spec-
trum; (b) Target waveform; (c) Shaped spectrum when only the amplitude is compen-
sated for; (d) Temporal waveform of (c); (e) Shaped spectrum when only the phase is
compensated for; (f) Temporal waveform of (e).
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Fig.6.13 Double pulse shaping experiment by modulating both amplitude and phase
at the pulse shaper. The error in the shaped pulse from the target pulse is corrected
by the scheme described in the text. Thin line represents the target pulse. Thick line
represents the shaped pulse. Pulses are shaped in two loops.
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Fig.6.14 A 300 fs double pulse shaping with amplitude and phase modulation. The

thick line represents the shaped double pulse with gain narrowing compensated. The
thin line represents a shaped pulse with a normal bandwidth as in Fig. 6.13. The pulse
width (FWHM) of the left and right hand side pulse of the thin line are, 39.1 fs and
56.7 fs respectively, wile the pulse width (FWHM) of the thick line are 33.2 fs for left
and 30.2 fs for right pulse.
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Fig.6.15 (a) The amplitude and phase mask function of the target pulse. Target pulse

is a ordinal double pulse; (b) Mask function applied to the AOPDF after two iterations

corresponding to (a); (c) The amplitude and phase mask function of the target pulse.

Target pulse is a broad bandwidth double pulse; (d) Mask function applied to the

AOPDF after two iterations corresponding to (c).
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Fig.6.16 (a) and (b) are spectrograms of the target and shaped pulses. The center
wavelength differs by 10 nm and the pulse interval is 300 fs. The shaped pulse was
obtained in two loops.
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Fig.6.17 (a) and (c) are spectrogram of the target complex pulses; (b) and (d) are

spectrograms of the shaped pulses obtained in two loops. (b) corresponds to (a) and
(d) corresponds to (c).
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Fig.7.1 Schematic of experimental setup. Spectral interference of pair of pulses gen-
erated by AOPDF on sample placed at Fourier plane in SI setup.
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Fig.7.2 Relation between spatial resolution and effective temporal pulse width of pulse
at sample calculated for various Fourier lens focal lengths. In our setup, focal length
was f = 20 mm. Other parameters of SI setup are described in text.
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Fig.7.3 Figures in upper row ((a), (b), (c)) are experimental results when two pulses
are separated by 600 fs delays, and lower row ((d), (e), (f)) show when pulses are
separated by 1200 fs. (a) and (d) are measured CCD image at Fourier plane of SI.
(b) and (e) are written patterns on silicon wafer surface observed through optical
microscope. (c) and (f) are numerically calculated patterns on Fourier plane with given
parameters. Horizontal lines in (c) and (f) are rough estimates of ablation threshold
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Fig.7.5 Scanning electron micrograph of etched silicon wafer. Thermal effect can be observed.
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Fig.7.7 Chemical structure of IR140 (5,5-dichloro-11-diphenylamino-3,3’-diethyl-
10,12-ethylenethiatricarbocyanine perchlorate) dye.
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Fig.7.9 Fluorescence spectra of dye from different observation directions.
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Fig.7.10 Dye fluorescence intensity in respect of iteration number.
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Fig.7.11 Fluorescence spectra of a laser dye pumped with transform limited pulse

(dotted), optimized pulse (solid), and positive chirped pulse (broken).
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Fig.7.12 Mask function of the pumping pulse at the optimized fluorescence.
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Fig.7.13 Fluorescence intensity with chirp direction dependence.
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Tab.7.2 Physical paramters of Coumarin 515.
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Fig.7.16 The waveform of the initial pulse and optimized pulse. Transform limited
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pulse is obtained as a optimized pulse.
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Fig.7.22 The solid line represents the ion yield (mass 29/31) with respect to itera-
tion number, when the dispersion coefficient from (G2 to G5 are optimized. Mass 29
corresponds to fragment ions produced by C-O bond breaking and 31 to C-C bond
breaking. The initial coefficient parameter are S = 5 x 1072 ps?, 85 = B4 = 5 = 0.
The ion yield when @2 = 0 (Fourier transform limited pulse)is 0.47.
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Fig.7.24 The ion yield ratio (mass 29/31) in respect to dispersion coefficient. (a)
Second order dispersion, (b) third order dispersion, (c) forth order dispersion, (d) fifth
order dispersion. A correlative relation is observed between second order dispersion
and ion yield ratio.
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