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Is there a time during galloping, What happens when a bullet rips
when all feet are off the ground? through an apple?
(1872) Leland Stanford

Eadweard Muybridge, * 9. April 1830 in
Kingston upon Thames; 1 8. Mai 1904,
Britisch pioneer of photography

Harold Edgerton, * 6. April 1903 in Fremont,
Nebraska, USA; 1 4. Januar 1990 in Cambridge,
MA, american electrical engineer, inventor strobe
photography.

% :\'CFEL http://www.eadweardmuybridge.co.uk/
e o http://web.mit.edu/edgerton/




Physics on femto- attosecond time scales?

E
nerrayéipacml;.i X-ray k(_aT.I‘_ EUV _.l . . *)

103 1073 [eV]

N_uc!eonlc motion Electronic motion on Atomic motion on
within nuclei atomic/molecular scales molecular scales

femto pico
07 T0 107° 102 o
ime [seconds]

zepto atto

Motion of individual electrons in

——nner shell ————— —q— Outer shells / valence band ——p g— Conductlon band

1 10 100 7000 10000

Time [attoseconds]

Light travels:

A second: from the moon to the earth
A picosecond: afraction of a millimeter, through a blade of a knife
A femtosecond: the period of an optical wave, a wavelength

An attosecond: the period of X-rays, a unit cell in a solid

’CF_EL *F. Krausz and M. Ivanov, Rev. Mod. Phys. 81, 163 (2009)
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How short is a Femtosecond

1s

Strobe

-6« _
10 s =1us
photography H

10'155 =1fs

250 Million years
dinosaurs

60 Million years
dinosaures extinct




Pump - Probe Measurements

Pump pulse Test device
Short pulse laser  Beam splitter

s(At)
Slow

|

| detector
| i

|

Probe :pulse
e

At

Time delay between

1fs <=>0.15pum pump and probe pulse

s{At)
Computer-controlled
translation stage At

Computer
Charge carrier recombination: ns screen

Thermalization electrons with lattice: ps

Thermalization electron gas: 10 -100 fs




Todays Frontiers in Space and Time

Structure, Dynamics and Function of Atoms and Molecules
Struture of Photosystem |

. CE‘S) CFEL Chapman, et al. Nature 470, 73, 2011
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X-ray Imaging (Time Resolved)

Optical
Pump

Liquid jet

Rear pnCCD
(z =564 mm)

X-ray Interaction Front pnCCD
Probe point (z = 68 mm)

Imaging before destruction: Femtosecond Serial X-ray crystalography

% CF_EI__ Chapman, et al. Nature 470, 73, 2011 6
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Attosecond Soft X-ray Pulses

Three-Step Model Corkum. 1993 Trajectories

T Propagation lonization

Recombination

Wyuy

Ty,

lonization

Electric Field, Position

[ r }
Laser-electric field Time

First Isolated Attosecond Pulses: M. Hentschel, et al., Nature 414, 509 (2001)

Hollow-Fiber Compressor: M. Nisoli, et al., Appl. Phys. Lett. 68, 2793 (1996)

=) High - energy single-cycle laser pulses!

CFEL  How do we generate them?
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Short Pulse Laser Systems

Laser Oscillators (nJ), cw, g-switched, modelocked:
Semiconductor, Fiber, Solid-State Lasers

Laser Amplifiers: Solid-State or Fiber Lasers
= Regenerative Amplifiers

* Multipass Amplifiers

* Chirped Pulse Amplification

= Parametric Amplification and Nonlinear Frequency
Conversion

SCIENCE
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1. Basics of Optical Pulses

Tk : pulse repetition rate

W : pulse energy

Poe = W/TR average power

TFWHM : Full Width Half Maximum pulse width

Peak Electric Field:

TFWHM
A . effective beam cross section
Ze, - field impedance, Z, = 377 Q

W (50 crEL

P, : peak power

- TFWHM




average power.

P~ 1W — 1k

repetition rates:

Tﬁl = fr = mHz — 100 GHz

pulse energy:

W = 1pJ — 1kJ

pulse width:

_ _ 5fs —50ps, modelocked
FWHM ™ 30 ps — 100ns, Q — switched

peak power:

C1kJ 1)
 1lps  1fs

P, ~1PW.

Typical Lab Pulse:

10nJ
p p—

]

/ €« 1012
~ 1 MW E,= _\1#2 L oap7 o A IOE NV

01s % (1.5)° m
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Time Harmonic Electromagnetic Waves

Transverse electromagnetic wave (TEM) (Teich, 1991)

See previous class: Plane-Wave Solutions (TEM-Waves)




Optical Pulses ( propagating along z-axis)

~ > dQ) ~ . -
E(-F’t) :/ 5 E(Q)Ejtﬂt—ﬁ{ﬂ ng
0 T

E(Q : Wave amplitude and phase

K(Q) = 0Q/c() = n(2)0/cg : Wave number

C,
c(Q2) = — &y © Phase velocity of wave




Absolute and Relative Frequency

L[>
At z=0 (= =0, . E(Q)ed0

—
i D

For Example:

Optical Communication; 10Gb/s

Pulse length: 20 ps

Center wavelength : A=1550 nm.
»Q Spectral width: ~ 50 GHz,

@ \ Center frequency: 200 THz,
Alw) 4

Carrier Frequency

0

Spectrum of an optical pulse described in absolute and relative frequencies

(3% “CFEL 14




Electric field and envelope of an optical pulse

Pulse width: Full Width at Half Maximum of |A(t)|?

Spectral width : Full Width at Half Maximum of |A()|?




Often Used Pulses

Fulse Shape

Fourier Transtorm

Pulse
Width

Time-Band-
width Product

Alt)

Alw) = [T alt)e ™ dt

At

At-Af

4
Gaussian: e 2-¢

2+/In 27

0.441

Hyperbohic Secant:
sech(f)

1.7627

0.315

Rect-function:

1, |t <7/2
0, |t| =7/2

T

0.886

]
T_T__T?

P
it/ T

Lorentzian:

1.287

0.142

Double-Exp.: e 7|

In2 7

0.142

Table 2.2: Pulse shapes, corresponding spectra and time bandwidth prod-

LCLS.

Pulse width and spectral width: FWHM

CFEL
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Fourier transforms to pulse shapes listed in table 2.2 [16]

1 . _1.. e
;;- Flw) = Esu:h [5:- wré'

re1 17161 i

Re [-!— F(w):l = % cos wroe"“"'p‘
T

Im ;}-— F(w)] = -'li sin wige™teTp L,

UH R
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Electric field and pulse envelope in time domain




Taylor expansion of dispersion relation at pulse center frequency

Disperslon Relation K({2)

Dispersion Relatlon

4CFEL



1.1 Dispersion

In the frequency domain:

Lt Eatd

A(’E* w) — A(: — 0! M)E—jk(w}z

Taylor expansion of dispersion relation:

L .IC[S}
klw)=kKw+ —w* +— O(w
(w) + 3 ? - w +

1) Keep only linear term:;

K" k
fo(w )—k’w—l—z/uuz—i—%wg—k (w*

- M)E—gk:’rm?

Time domain: Az t) = A0, — z/vgo)

_ —1
| f Te(w dK(9)
Group velocity: vgo = 1/k' = . '
bt = O=wy

d?
WA G20 ccrEL




Compare with phase velocity:

Upﬂ = Ldg/ff(wﬂ) = (

Retarded time: ¢ = ¢ — ;jfft;gﬂ

ﬁ(:t t) — ﬂ(os tf)

1) Keep up to second order term:

k(w):kw+—‘ +7Zu.« —I—;?/w

E'O2A(=z

=]




Gaussian Pulse:

0,t) = A(z = 0,t)e™

— — lfz Pul idth
0.t=t)=A exp | ——— ulse widt

T2 1/2 1 T2t
t)=A _Z
) ’ ((TZ +jk"-”:)) e (7-4 + (k”:‘)z)

z-dependent determines
phase shift pulse width

FWHM Pulse width: z=1L
TZ(T}H_.—HM/Q)E _ Trway = 2VIn2 T\/l T (
exp |— ( T )2) 0.5
T + 2z
= TFWHM \/ I+ (
Initial pulse width:

p F ’ . \/—r k‘”L . :ICHL

-2
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Magnitude Gaussian pulse envelope, |A(z, t’ )|, in adispersive medium
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(a) Phase and (b) instantaneous frequency of a Gaussian pulse during
propagation through a medium with positive or negative dispersion

1 'Ll 1 "
Phase: o(z=L,t) = 5 arctan [ ]

_k:”'L
T AR D)

7—2

Instantaneous Frequency:

A Instantaneous
Frequency

k”>0: Postive Group Velocity Dispersion (GVD), low frequencies travel faster
and are in front of the pulse

24



Sellmeier Equations

\/
2 ()

Example: Sellmeier Coefficients for Fused Quartz and Sapphire

Fused Quartz  Sapphire

0.6961663 1.023798
0.4079426 1.058364
0.8974794 5.280792
4.679148-10%  3.77588-107*
1.3512063-1072 1.22544-102
0.9793400-10*  3.213616-10%

Table 2.3: Table with Sellmeier coefficients for fused quartz and sapphire.

@ (%0 -crEL 25




Typical distribution of absorption lines in medium transparent in the visible.

|

FAR-IR

\
\

Wavelengih A

Absorption

r

1
{

.

A3 Wavelength 2

g
[=
o
g
:

dn _ _ .
= 0 : normal disperzsion (blue retracts more than red)

— -L\_\_.

aA
dm

— = 0 : abnormal dispersion
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Transparency range of some materials, Saleh and Teich, Photonics p. 175.

Mcgneslum fluoride MgF2

C{JICIUI"I"I ﬂuc:nda C{]Fg
Boriur‘r‘l Fluonde Bc:Fg

Quﬂrz SIO2

LN fused SIIICIU SIO2

IR fused 5|I|c:|c1 SiO2
( Glass BK-7) )

Slilcon Sl

( Gemanlum Ge
ZInc surﬂde ZnS

Gc:lllum cmemds GaAs
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Group Velocity and

d?E(w)
dw?
d*k(w)
dw?

GV D

GDD

Group Delay: T,(w) = L/v4(w)

Delay Dispersion

Dispersion Characteristic

Definition

Comp. from n(\)

medium wavelength: A,

A
(A

wavenumber: £

i\

1L

n }
)

phase velocity: v,

k

/
o
n(A\)

group velocity: v,

d_wd)\ _ )2

dk’ 2mep

dw
L

2 (1

group velocity dispersion: GV D

d? I
des?

N d?n
2':—.0[—:} d)\g

. —
group delay: T, = L _ do

v g d.:u

dp _ d(kL)

a T dw

5 (-

group delay dispersion: GDD

dTy d (kL)

dw dw?

A? d2n I
2mey d)\g

Table 2.4: Table with important dispersion characteristics and how to com-
pute them from the wavelength dependent refractive index n(\).

UH L2

M (50) “2CFEL

n SCIENCE
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1.2 Nonlinear Pulse Propagation

The Optical Kerr Effect
Without derivation, there is a nonlinear contribution to the refractive index:

2

n=n(w, |A]) =~ no(w) +na A

Polarization dependent

Material Refractive index n | ny z[cm?* /W]
Sapphire (Al,O3) | 1.76 @ 850 nm 3-10~1¢
Fused Quarz 1.45 @ 1064 nm 2.46-1071¢
Glass (LG-760) | 1.5 @ 1064 nm 2.9-107*¢
YAG (Y3Al5043) | 1.82 @ 1064 nm 6.2-10- 1€
YLF (LiYF4), n. | 1.47 @ 1047 nm 1.72-10~%¢
S1 3.3 @ 1550 nm 4-10~

Table 3.1: Nonlinear refractive index of some materials

W (50 crEL




Self-Phase Modulation (SPM)

JA(z. 1)

5, = —Jkona | A(z, )2 A(2, 1) = —j0|A(z, )P A(z. 1).
2z

s
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Spectrum of a Gaussian pulse subject to self-phase modulation

"CFEL
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(a) Intensity, (b) phase and c) instantaneous
frequency of a Gaussian pulse during propagation

(@) A Intensity

Back

A Instantaneous
Frequency

(€) '




1.3 Pulse Compression

Dispersion negligible, only SPM
IDE AL,

P
ha

1. h  OPTIMUM COMPRESSOR

. OUADRATIC
Z<< Zopy COMPRESSOR

.

g h I<<lgpy

INTENSITY

o

INTENSITY
INTENSITY

Q

) i
-4 0O 9 20 ]

Optimium Dispersion and nonlinearitym
L

[

-4 0 4 0
T/T0 T/10

PULE&EI BEIEUHT OF SPECTRUM COMPRESSED PULSE

. (3%) “6CFEL
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Spectral Broadening with Guided Modes and Compression

Input Spectrally broadened

Optical pulse
fiber . 2

LA

Grating
pair
Compressed
pulse

Fiber-grating pulse compressor to generate femtosecond pulses

Pulse Compression:

I 4 M L
modulator UﬁﬂmpT‘EEEEﬂ}‘ Bl
LA LAt L
Urmodulator - UE&]“T‘E}DTEESE&]“ Bl

(L




Grating Pair

Phase difference f
between scattered Ufun] — kwt{m‘\) |
beam and reference

beam”

)}7

A |
'an.-"

o(w) = —|1| cos/y — alw)] = cos[y — a(w)

Cr[)

2me () o )
M=— = Sl QW) — 51117 (W) = —
wd ' \ wW3d? cost aw)

cos av(w)— &" (w) =

dn 2mce 1272¢D ( 2mesin a(w) ) 3
} l_'d m

wd? cos? alw

m
dw wzd
Disadvantage of grating pair: Losses ~ 25%

S u.,)




Prism Pair

— =[6(n")’(n°+n* =20 +4n?) + 12n'n" (2n — n7|

+2n" ), sin B + 12[(n™° — 2n)(n')® — n'n"](, cos 3 (

35



3.7.4 Dispersion Compensating Mirrors

Af  ng—ng
fe ng + nr.

(a) Bragg-Mirror: TiO 5/ 8i05 - :’“f - Layers
SiO - I A
2
Substrate I]]Ilﬁ A

(b) Chirped Mirror: Only Bragg-Wavelength A g Chirped

- R Negative
SiO - ,_."M Dispersion:
Substrate - : Ao > A

(c) Double-Chirped Mirror: Bragg-Wavelength and Coupling Chirped

SiO - AR- .
2 .
Substrate l]:lI[I]ﬂ Coating | A
UH
% oL
nm SCIENCE

High reflecitvity bandwidth of Bragg mirror: g =




3.7.5 Hollow Fiber Compression Technique

hollow waveguide

A
U H Argon p=0.5 bar H

[ o o o o
i
i
i

Chirped-mirror
compressor

Hollow fiber compression technique




2 Continuous Wave Lasers

2.1 Laser Rate Equations

How is inversion achieved? Whatis T,, T, and o of the laser transition?
What does this mean for the laser dyanmics, i.e.for the light that can be
generated with these media?

0

Yiop 2 ©

w =N
i Figure 4.5: Three-level laser medium




Four-level laser

y'/32

21
Y

Yiop 2 ©
Y 2 ©

w =N,
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Rate Equations and Cross Section

1\ 2 N,
Izhfi_,nLVg o . j J
1

\'

1 Nl
Vg

Rate equations for a laser with two-level atoms and a resonator.

V:= A L Mode volume Nt 1
f : laser frequency I = hfL e 1.-'1'15‘ — .?_,,hfLﬂL“y
I: Intensity -
_ , w
V,igroup velocity at laser frequency w|mmmd — —.;;rwf?h_ - — T
N, : number of photons in mode 111,
W: inversion - hft

0T =
o. Interaction cross section I.-,—TL




Laser Rate Equations:

Intracavity power: P P = I -Ag5=
Round trip amplitude gain: g ov, N, T
] o1 R-

Output power: P,,, Po:=T- P

hfzV 1

E — 1A 71

g—go g~ ovoTn 2
TL EEH# Ps-ﬂe.t — Esnt;'lll" L

__p+ 9 (P+P,) Puc = hfr/Tr

ITr
2y 2o, )
g0 oA,

i

small signal gain ~ ot - product




2.2 Continuous Wave Operation

P. =0 Case 1.

vac

Steady State: d/dt=0 g. =g,

P.=0

Output power versus small signal gain or pump power




Lasers and Its Spectroscopic Parameters

Laszer Medium

Warve-
length

Ap(nm

Cross
Section

Upper-5t.
Lifetime

A
=
nd

Linewidth

Afepwaw =
'TH=z)

Tvp

Retr.

index

I ne

1047

1.52 I:fne":l

1.064

219 (ne)

Nd**:glass

1.054

350

1.5

Er'*glass

1.55

10,000

1.46

Ruby

694 3

1.000

1.76

T[E_:ﬂlgﬂg

660-1150

3

1.76

CriT:LiSAF

760-960

BT

14

CriT:LiCAF

710-540

170

80
65

14

CrT:-LiSGAF

740-930

38

80

14

He-Ne

632.8

0.7

0.0015

~1

Ar

515

0.07

0.0035

~1

COy

10,600

2,000,000

0.000060

~1

Rhodamin-6G

560-640

0.0033

5

1.33

semiconductors

150-30.000

~ U.0U2

2b

f==ifi==iin=] Rl Rl {fas{fas| fauf ks fux fux fux fa=

J3-4

SaENCE

Egg_scopic parameters of selected laser materials




3 Q-Switched Lasers

Here active Q-switching
@) A R .

Losses

High losses, laser is below threshold

Losses

Build-up of inversion by pumping

Losses
In active Q-switching, the losses are reduced,
Gain after the laser medium is pumped for as long as the
upper state lifetime. Then the loss is reduced rapidly
ot and laser oscillation starts.

Losses "Q-switched" Laserpuls

-
Laser emission stops after the energy stored in
the gain medium is extracted.

J N,

i~

Length of pump pulse

CFEL
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4. Modelocked Lasers

TR v/ IAVAVAVAVAVAVAVAV/
f, = fprAf  ANANN\NANNSN

fo \VAVAVAVAVAVAV/
f, = fo-Af
e NN BV AV AVAV AV AN

:

Spectrum

!

fo, f1, f2, fa, fa \/‘—\A/\—\/\/\/\/\/\(s/m/*'\/

_—

Pulse width time

W (50 crEL



4.1 Active Mode Locking

Actively modelocked laser

High Output
Reflector Coupler

Master Equation:
dA

52
IﬁaT

v — 1 — M (1 —cos(wyt))| A

loss modulation

[9{1”} + D, =

Parabolic approximation at position where pulse will form; 5

g

32
:[gr [+ Dgﬁ—wlq




Compare with Schroedinger Equation for harmonic oscillator

AT 1) = An(t)eT/Ts

: W, -, _ £
Aﬂ{ﬁ.] — |II .J_.F H‘:"'.l:t."ll TG\}E Fﬁ_
\II EEMFH!TG .
with
4.%; D ‘M.
Eigen value determines roundtrip gain of n=th pulse shape

| 1
A =gn— 1 —2M.72(n+ ;}.

Pulse shape with n=0, lowest order mode, has highest gain.

This pulse shape will saturate the gain and keep all other pulse shapes
below threshold.

Pulse width: .&tfnfﬂ'fﬂr — Elﬂ ETE_ — l.ﬁﬁ?—ﬂ_

UH 3 1.66
-8CFEL Afrwenm = Atrwenr - Afrwey =044
n " SCIENCE 2MTa




(a) 1 | | | 4 (b) 1.0 R S
m g = /s N,
Pulse 2 : -
5 8- @ L ]
o 18 = N_ Gain
o 8_ 38 ()
= 6 AOM c £ 06~ -1 &
= . loss 2 = 4 Spectrum :
< . 7 S IR 0.4 | ®
_.. 4 [ N R - E . C
E \'\ ./', £ E
IS A R -
S o = (% J k
o L | o1 A | L g 0.0 | | |
0.4 -0.2 0.0 0.2 04 -10 -05 0.0 0.5 1.0
Time, t/ Ty Frequency, co/Qg

Pulse shaping in time and frequency domain.
For example: Nd:YAG; 2] = 2¢g = 10%, Q, = 7Afrwgy = 0.65 THz
M=02 f,=100 MHz, D, =024 ps*, M, =4-10"s7" 7, 22 99 ps.
Pulse width depends only weak on gain bandwidth.

10-100 ps pulses typical for active mode locking!

i 30 -icrEL 48




Active mode locking can be understood as injection seeding of neighboring
modes by those already present.

—M |1 — cos(wyst)] expljw,,t)

= —-M [E‘?*TP'JMHDH ~ 3 exP(J (Wt — wagt)) — 5 exp(J{wn,t + i»’sufﬂ}]

. L1 . 1 . :
M [_ e}:Pln._F"-“;ﬁnﬁJ L E Ew[.u-'l{‘*'ﬂn—lﬁj Ll E 'E':‘TPU*’JJWHH]
1-M

M M
F |
| | -
fno-1 fho fho+1 f

sl
o
|1
I|—

49
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4.2 Passive Mode Locking

qo

g(A) = R

glA) = go — |Jl|2

A®

Saturation characteristic of an ideal saturable absorber and linear

Ao |2

approximation.
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Fast Saturable Absorber Modelocking

JA(T.t) a2
3T = [Q—Eﬂ-l-ﬂga,_,-l— /| A ] (T, ¢)

Saturable absorber provides
There is a stationary solution: gain for the pulse

Tw

lo =1+ qp

-

*43{T; t] — .*"J!.S.E-t} p— ADEEEh (i)

D_

s _ o
Easy to check with: T2 2

d Shortest pulse:
—sechr = —tanhax sechxz.

dax | 2 g, 1 1
dﬂ T — — yf T —
ﬁsechm = tanh® z sechz — sech’z “I, Go o g i )

9

= {SEE}LT — 2 sechﬁm} _

For Ti:sapphire

TFWHM — 6.5 ts




Kerr Lens Modelocking

Refractive index n >1

Intensity dependent refractive index: "Kerr-Lens"

Self-Focusing Aperture

"

N

Intensit
Intensity




Semiconductor Saturable Absorbers
30-40 Pairs QW or bulk layer

r—Hl 4

3‘5 |'|_ 1 ]
3
i}
ﬁ 3.{] ] 3 =
g I,
© 25 2
2 -2 @
= )
o 2.0 =
" 2
1.5 ]
1.0 AN/ 0
6.0 6.5 7.0 7.5
z (um)

Semiconductor saturable absorber mirror (SESAM) or Semiconductor Bragg mirror (SBR)




Modelocking: Historical Development

]
1ﬂpa|w:.glass
NARG Nd:YLF
Dh\?’ * D‘fﬁ Diode \ \

SOLID-STATE
CwW Dye REVOLUTION

Color
Center

1psi-

100fs|-

SHORTEST PULSE DURATION

Chm Dy& Erfiber
DYE LASER .
BREAKTHROUGHS “F“ﬁm‘\N'w‘G
10fs - i e Cr:forsterite
’ P CriLiS{G)AF
Ti:sapphire > - Two cycles
1 1 1 1 | L 1 L =One c}rcle
T 1965 1970 1975 1980 1985 1990 1995 2000 2005
First laser t
T Sub-picosecond TEn T KLM
Passive pulses APM
modelocking

Pulse width of different laser systems by year.

4CFEL




5. Laser Amplifiers

5.1 Cavity Dumping

5.2 Laser Amplifiers
5.2.1 Frantz-Nodvick Equation
5.2.2 Regenerative and Multipass Amplifiers

5.3 Chirped Pulse Amplification
5.4 Stretchers and Compressors
5.5 Gain Narrowing

CFEL

SCIENCE



Pulse energies from different laser systems

103
Regen + multipass amplifiers

1-100 W
average
power

Regenerative
amplifiers

Cavity-dumped
oscillators

~
Iﬁ
~—
>
(@)
—
)
-
)
<)
n
>
ol

Oscillators

109 103 106 10°
Repetition Rate, Pulses per Second




5.1 Cavity Dumping

E) Eintrac avity IWFHEEVW

LA

R=100% R=98%  R=100% Bragg- R=100%
Cell

With Bragg cell

Y, _ e [TV =10, the pulse
Polarizer  *= polarization

**» doesn't change.

L
IIIIIIIIIIIIII*

If W =V, the pulse
polarization switches
to its orthogonal state.




5.2 Laser Amplifiers

Pump pulse
Amplified
pulse

Seed
pulse

- -
Energy levels of

amplifier medium

Laser amplifier: Pump pulse should be shorter than upper state
lifetime. Signal pulse arrives at medium after pumping and well
within the upper state lifetime to extract the energy stored in the
medium, before it is lost due to energy relaxation.




5.2.1 Franz-Nodvik Equations

Multi-pass gain and extraction
Fluence: F(2)= T I(z,t)aot

Small signal gain: G, = exp{j. g,(z,p) dz]
0

Fluence after roundtripi: F,=F_, ln|:1 +G, (eFf—l’Fsat — 1)]

Gain after roundtripi : G, =[l —e = (1 —1/ G,-I)T

Energy 2.6

F: Fluence = < 24
Area 59

2
1.8
1.6
1.4

1.2
: 1

0 1 2 3 4
in Fout F=F, 1F,,

= f ]
UH -
“SLFEL extractableenergy: F, =F,,.,- TL - purmp efficiency




5.2.2 Basic Amplifier Schemes

a) Multi-pass amplifier b) Regenerative amplifier

pump pump
output

gain
input/output

polarizer

Pockels cell




Multipass amplifier pulse-growth/gain-extraction

_ Fluence I__"h".._
Pulse growth dynamics o

dictated by the system’s
GAIN and LOSS ratio

Yo.YAG .

< Initial gain Go >

LI SRS

\\, g (G)

Round-trip transmission T ‘ e
8 12 16 20

PASS NUMBER

UH i CF Multipass amplifier: Theory and numerical analysis
in g Lowdermilk and Murray, JAP 51, No. 5 (1980)




5.3 Chirped-Pulse Amplification

Short

pulse
oscillator

G. Mourou and co-
\ workers 1985

Dispersive delay line

Solid state amplifier(s)

Chirped-pulse
amplification in-
volves stretching the
pulse before amplifying it, t

and then compressing it later.
Pulse compressor

Stretching factors of up to 10,000 and recompression
for 30fs pulses can be implemented.




Chirped Pulse Amplifier System

Oscillator — Stretcher — Multiple Amplifiers - Compressor Chain

Oscillator Stretcher =—>

l
l




5.4 Stretchers and Compressors

positive dispersion

D

grating

A
negative dispersion

Phase Mask

grating grating




5.5 Gain Narrowing

Ti:sapphire gain

10-fs sech? pulse in _
Cross section

In general when applying gain

. // : G with bandwidth A/lF,

N
[

to a pulse with input bandwidth
A,

the output bandwidth is

o
0

o
o
1
N

o
~

A,

32-nm FWHM

[ERN

[N
(6}
(ures) pazijew.ioN

o
N

o

o1

>
=
%]
C
(O]
d—
k=
IS
=
(@]
QO
o
7p]
©
O]
N
T
=
|-
(@]
2

A= =
longer A
j pulse out | ° 1+ID(G)(M ) J

650 700 750 800 900 950 1000 Rouyer et al.,

Fluo

Influence of gain narrowing in a Ti:sapphire
amplifier on a 10 fs seed pulse




6. Optical Parametric Amplifiers

A4
Non-linear polarization effects P=c, yVYEre, yPE<te, yVE®+...

Optical Parametric Amplification (OPA)

(Dsignal

(also known as phase matching)

= Broadband gain medium!

% wSCFEL  Courtesy of Giulio Cerullo
n ' SCIENCE




Ultrabroadband Optical Parametric Amplifier

i

~ Output
Pulse

‘_L___

-
/o M [ geed ‘ > ' Parametric "~ Pulse
l Generation 'Amplification Compression

®m Broadband seed pulses can be obtained by white light
generation

m Broadband amplification requires phase matching over a
wide range of signal wavelengths




Phase matching bandwidth in an OPA

If the signal frequency w, increases to o ,+Aw, by energy conservation the
idler frequency decreases to o,-A®. The wave vector mismatch is

Ak:——Aa)+a—kiAa)= - L A

0w 0w Vgs Vi

The phase matching bandwidth, corresponding to a 50% gain

reduction, is
1y 2(In2) ( 7/]1/2 1
T L 1 1

Vgs Vgi

= the achievement of broad gain bandwidths requires group velocity
matching between signal and idler beams




Broadband OPA configurations

o Vgi=Vgs: Operation around degeneracy w; = ws = w,/2
v Type |, collinear configuration

v Signal and idler have same refractive index

® V,#Vy - Non-collinear parametric amplifier (NOPA):
v Pump and Signal at angle a




Noncollinear phase matching:
geometrical interpretation

In a collinear geometry, signal and idler move with different
velocities and get quickly separated

In the non-collinear case, the two pulses stay temporally
overlapped

Vgs=V4i COSQ




Broadband OPA configurations

Pump NOPA Degenerate
wavelength OPA

400 nm (SH | 500-750 nm 700-1000 nm
Ti:sapphire)

1-1.6 pm 1.2-2 pm

OPAs should allow to cover nearly continuously the
wavelength range from 500 to 2000 nm (two octaves!) with
few-optical-cycle pulses




Tunable few-optical-cycle pulse generation

Frequency (THz)
600 | 500 | 400 | 300

| 750' | 1000'
Wavelength (nm)

Can we tune our pulses even more to the mid-IR? Yes, using the
idler!

WA G




Broadband pulses in the mid-IR

1,1 12 13 2 3
1 [ ()

T

‘\‘ I KNbO3 .’

V| ---- PPSLT|

TL duration: I TL duration:_-
19fs 1 | 22.3fs 1

O e B
0,9 1,1 12 13 2
Signal Wavelength (um) |dler Wavelength (um)

® Simulations confirm the generation of broadband idler
pulses, with 20-fs duration (=2 optical cycles) at 3 um
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