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Physics on femto- attosecond time scales?
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Light travels:

A second: from the moon to the earth

A picosecond: a fraction 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

*F. Krausz and M. Ivanov, Rev. Mod. Phys. 81, 163 (2009) 2



How short is a Femtosecond

1s 250 Million years
dinosaurs
60 Million years
Strobe 1005 = Tus dinosaures extinct
photography
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Pump-probe measurement
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Todays Frontiers in Space and Time
Structure, Dynamics and Function of Atoms and Molecules

Struture of Photosystem |

Chapman, et al. Nature 470, 73, 2011



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
Chapman, et al. Nature 470, 73, 2011 6



Attosecond Soft X-ray Pulses

Three-Step Model . 1903 Trajectories
T Propagation _ lonization
- o
Recombination \ =
0 x 2
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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!

How do we generate them?



High Energy Laser Systems
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Laser Oscillators (nJ), cw, gq-switched, modelocked : Semiconductor, Fiber, Solid-
State Lasers

CEP-stable
octave

spanning
Ti:sapphire
oscillator

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

= Multipass Amplifiers

= Chirped Pulse Amplification

= Parametric Amplification and Nonlinear Frequency Conversion



3. Basics of Optical Pulses

I I I
(n-1)T . n T, (n+1)7,

Tr : pulse repetition rate P, : peak power
W : pulse energy

P,,. = W/T: average power

Teyy - FUll Width Half Maximum pulse width

By
Ace

Peak Electric Field: E, = \‘,“"“.’.ZFU

.TR

TFWHM

W

Pp — — Pa-ve

TFWHM

A ¢ . effective beam cross section
Zr, : field impedance, Z, = 377 Q




average power.

repetition rates:

pulse energy:

pulse width:

peak power:

Typical Lab Pulse:

P, ~ 1 —1kW

T7' = fr = mHz — 100 GHz
W= 1pJ — 1kJ

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

lkJ 1J
P, = = — ~1PW,
lps 1is
10nJ ,
= 1MW
101s
/ 106 % 1012 V 7 7
E, = [2x 377 x 2210V g _ 108
\./ T x (15)" m m nm



3.1 Electromagnetic Waves

X
|
E

!

Transverse electromagnetic wave (TEM) (Teich, 1991)

See Chapter: 2.1.2 Plane-Wave Solutions (TEM-Waves)
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3.2 Optical Pulses ( propagating along z-axis)

= > dS) ~ y (Q)2) —
E(r’t) :/ (_E(Q)GJ(Qt—I\(Q)v) €.,
0 —

27

E(Q)|e® - Wave amplitude and phase
K(Q) = Q/c(Q) = n(Q)Q/cy : Wave number
c
c(2) =—"— : Phase velocity of wave
n(<2)
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- For Example:

E(Q)A Optical Communication; 10Gb/s
Pulse length: 20 ps

Center wavelength : A=1550 nm.
Spectral width: ~ 50 GHz,
Center frequency: 200 THz,

Alo) 4 Carrier Frequency

-
N

Spectrum of an optical wave packet described in absolute

and relative frequencies
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Carrier and Envelope
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E(z=0,1)

A(t)

~ v

Electric field and envelope of an optical pulse

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

Spectral width : Full Width at Half Maximum of @(a))l2
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Often Used Pulses

] i 3 -
] .
l | ', w' ' ’

S Pulze Time-Band-
Pulse Shape Fourier Transform Width width Product
4 = — 0 ; ; /
Alt) 7 Alw) = [C_ alt)e™*dt At At-Af
Gaussian: e 2.7 V2rre 1T’ 2./In 27 0.441
H«"per;zcc’ﬁ‘(’f)ecant: Z sech(Z7w) 1.7627 T 0.315
Rect-function: -
1, [t| <7/2 —— T 0.886
0, |t| > 7/2
Lorentzian: —— 2mrTe ™! 1.287 7 0.142
Double-Exp.: e |7 - In2 7 0.142

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

UCts.

Pulse width and spectral width: FWHM
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t/'rp —

fU) = sech (/1) L Flw)= %scch [125 wr{'

1.0

rei 11 ocenb i

Fourier transforms to pulse shapes listed in table 2.2 [16]
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| ?f(t)

-1 0 1 -16
t,’rp-—b—

fy=1 -7, <t<r1,

= >
it1zr,
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!
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—Ftw)=—[

sin (w — wWokTp + sin (w + wy)7,
(w~— wo)'r‘, (w+ wo)r‘, ]

fl)=cos wys; ~1, <1<r,
=0 lei2T,

Fourier transforms to
pulse shapes listed in
table 2.2, continued
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3.3 Linear Pulse Propagation

o) = — / E(Q)e@E®@2) 40
0

E(z, t) = Az, t)ej(’*’ot—f\'(wd)c)

Envelope + Carrier Wave

w = Q— wo,
K(wo +w) — K(wo),
E(Q=wo+w).

<.
S—

(w)ej(wt—k(w):)dw ej(wot—K(wo).z')

Sl

|\_-

3 4
|

1 R R
(c8) = 57 [ A
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Electric field and pulse envelope in time domain
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Dispersion Relation K(Q2)

Parabola

Spectrum
Dispersion Relatlon

A(®)
(,)lo Frequency Q

Taylor expansion of dispersion relation at the center
frequency of the wave packet
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3.4 Dispersion

In the frequency domain:

Taylor expansion of dispersion relation:

¥, k@ .
k(w) =Fw+ —w? + —w® + O(w?)

2 6
Equation of motion in frequency domain:
IA(zw) _ . s
o = —ik(w)A(z,w)

Equation of motion in time domain:

a A 2.t > k('n) 8 n
Azt) _ = (—j—> Az,1)
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i) Keep only linear term:

Time domain:

A(z,t) = A(0,t — ,.:“/’Ugo)

- [dK(Q)
w=0 B df?

K (wo) > -

Wo

Group velocity:

dk(w
Ug():l/k'/:( d()

Compare with phase velocity:

'UpO — wo/li'(wo) — (

—1
Q:uJ())




Retarded time: t' =t — g,/vgo

A(=.t) = A0,
Or start from (2.63)
OA(z,t) 1 OA(z,1t)

0

1 9

=0
0z - veo Ot
Substitute:

%)

S - .

t = t— z/vug, 9

ot

JA(Z 1t

o A.,

~

) ~1

o~

ot

'UgO 8t’
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ii) Keep up to second order term:

() = Koo+ =0 7Z /

DA(=,t') "a°
9> _-‘2 atf’-’

Spectrum
Dispersion Relation

o, g O, o
Decomposition of a pulse into wave packets with different center frequency.
In a medium with dispersion the wave packets move at different relative
group velocity o5



Gaussian Pulse:

E(z = 0.t

Az

A(z = 0,t)e"

272

1 t/2
0,t =1t") = Ajexp [__ ]
T~ Pulse width

0A(x,w)  K'w? i
9. 1Ty &=

Substitute:

o0
L 22 —22 .
/ e eI dr = e 3 for Re{c} >0
2m0
— 00
Apply ) | ]
A(: =0, W) = AoV 27T exp —§Tzw2
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Propagation:

A 1
Alz,w) = AgV 27T exp [_3 (72 S A_u:) w2]

2 1/2 12
T 1 t~
A — exp {—— . ]
’ << + m)) 2 ( )

Exponent Real and Imaginary Part:

2 1/2 2,12 2
T | 1 Tt 1 t'-
Azt A , _Z ISy X8
Al = A <(72 +.ik":>> i [ 2(F W) 2 (P ()
z-dependent determines
phase shift pulse width

FWHM Pulse width:

~2(- ) 2
exp ! (;FHH.\{ 2) — 05
(7' + (k"z) )

TFWHM — 2\/1112 T

Initial pulse width:
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After propagation over a distance z=L.:

k'L *
Tewmgy = 2VIn2 71 l+< 9)

-2
k'L’
= TrwaMm\/l+ (T)
2
For large distances:
— |K"L| | k"L
T (e
"
., o a3 |FL
E'L| FWHM — < < |
> 1. :
.
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Magnitude of the complex envelope of a Gaussian pulse,
|A(z, t')], in a dispersive medium
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Chirp: 1

tlz

| + —k"L

Z T

k'L 1
o(z=L,t") = -5 arctan [ ]

Instantaneous Frequency:

%) k'L
w(z=Lt)=—0o(L.t t'
(a) A Phase (b)
\ Front Back
kn>0 k"<0
>
Time t

2 (7t + (KL)%

A instantaneous
Frequency

k">0

Time t

k”>0: Postive Group Velocity Dispersion (GVD), low frequencies travel faster

and are in front of the pulse

(a) Phase and (b) instantaneous frequency of a Gaussian pulse during
propagation through a medium with positive or negative dispersion



3.5 Sellmeier Equations and Kramers-Kroenig Relations

Causality of medium impulse response: y(¢) =0, for ¢t <0
Leads to relationship between real and imaginary part of susceptibility

> 7 Qx, (w)
———dw.
/ Vs

f, Y-
we —
0

X:(€2) = -

Approximation for absorption spectrum in a medium:
X;(Q2) = Z Al (w— w;)
A

Ly

\/
X, (£2)

31



Example: Sellmeier Coefficients for Fused Quartz and Sapphire

Fused Quartz  Sapphire

a; 0.6961663 1.023798
az 0.4079426 1.058364
ag 0.8974794 5.280792

A2 4679148107 3.77588.1073
A2 1.3512063-1072  1.22544-1072
A2 0.9793400-102  3.213616-102

Table 2.3: Table with Sellmeier coefficients for tused quartz and sapphire.
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Contribution of absorption lines to index changes
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( | | Magnlesllur;'*l fluoride MgF2 IIII I)
L T T
( Barium Fluoride BaF2 )
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Transparency range of some materials
according to Saleh and Teich, Photonics p. 175.
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Group Velocity and Group Delay Dispersion

o d*k(w) d 1
GVD = —2| =
dw? |y dw vg(w)]| _g
,
| dk(w d L d
dw? | _ dw vg(w) |, _ dw “=
1/ / ’
Group Delay: T,(w) = L/v,(w)
Dispersion Characteristic Definition Comp. from n(\)
' - . Dy X
medium wavelength: A\, . ey
wavenumber: k = =Ln(A)
bhase velocity: v = 0
o P v n’()\}
. . re o dw , S S C‘_U( . idn)_l
group velocity: v, o dA = e | W I —==%
oroup velocity dispersion: GV D | Z& A" dn
= l ' LY ]. . Ty dw? FCEW
~ av: T = L = do do _ d(kL) 1( _ﬁdn)
group deld} ) Tg vy dw dv  dw co 1 n d\ L
] T - dT,  d°(kL) A d2n
group delay dispersion: GDD - === EWL

Table 2.4: Table with important dispersion characteristics and how to com-
pute them from the wavelength dependent refractive index n(\).
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3.6 Nonlinear Pulse Propagation
3.6.1 The Optical Kerr Effect

Without derivation, there is a nonlinear contribution to the refractive index:
n =n(w, |A]*) = no(w) + no | Al”

Polarization dependent

Material Refractive index n | na [c-;rnz /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 2.9-1071°
YAG (Y3A1;045) | 1.82 @ 1064 nm 6.2-10~%¢
YLF (LiYFy), n. | 1.47 @ 1047 nm 1.72-10~*
Si 3.3 @ 1550 nm 4-10~4

Table 3.1: Nonlinear refractive index of some materials



3.6.2 Self-Phase Modulation (SPM)

) = —30|A(z, ) PA(2,1).

1) =

w = —jkona | A2 t) A

—_—
—_—

—

e
=

=
=y

————
—
e
e
e =
—
o

'---.________'

100 <

——

e

—

________
——

—————

—_—

—_—
——
—_—

80 <

==
——————
——
——
—

4 3y

Wi N
X X NN T2

s A A TR T,

Nl

!‘

—
—
—
=
]

—_—

AL
VWY,
7 ,.‘.‘"I

=

=

—

Y

—_

o

= —

=
=

Spectrum

i /
i i e
v
I
oA ] #ﬁ*ﬁwﬂ?{l/jf"
1
////i’l’/’/’/////////ﬂ/ T
Ay 7

e
) !

1.5

0.5 Frequency

Distance z

Spectrum of a Gaussian pulse subject
to self-phase modulation



(a) A Intensity
Front Back
—
Time t
(b) A Phase
—
Time t

Instantaneous
Frequency

(c) A
—
\/ Time t

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




3.6.3 Nonlinear Schroedinger Equation (NSE)

DA(2.1) 5% A

T, rraal

OA(Zt)  OPA

+ 2|A1PA
I—; 7 Al

3.6.3.1 Solitons of the Nonlinear Schroedinger Equation



3.6.3.2 The Fundamental Soliton

2

1.5

LN

Amplitude

0.5

Distance z

Propagation of a fundamental soliton



Important Relations

1.
Nonlinear phase shift soliton aquires during propagation: £ — 3054\3/
Do
Balance between dispersion and nonlinearity: § = ‘ ;’
Soliton Energy: w = / 1As(z, f)th — 2/4%7'
4| D,
Pulse width: 7T = —
ow

Area Theorem
oo

As(z,t)|dt = mAg

Pulse Area = /

— 00
General Fundamental Soliton Solution

A(z,t) = Agsech(a(z,t))e /Y

Change of center frequency! 0 = po(t —to) + | Do (i _ p%) .



3.6.3.3 Higher Order Soliton (Soliton Collision)
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3.6.3.3 Higher Order Soliton (Breather Soliton)
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3.6.3.3 Higher Order Soliton (Breather Soliton)
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Rectangular Shaped Initial Pulse and Continuum Generation
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Solution of the NSE for a rectangular shaped initial pulse



Kelly Sidebands
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Mormalized Frequency, ot
Phase matching of soliton and continuum
Avoid resonance catastrophy for: w,, > é —> Qg KT ,/ 4
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3.7 Pulse Compression
3.7.1 General Pulse Compression Scheme

Dispersion negligible, only SPM
IDEAL

. h 20r 2 P TiuN COMPRESSOR
. i . QUADRATIC
. T Z<<Zopry t ._CQKPR£SSOR
G : 3 9 2
z .5t & 2 Fr h I<<2gpy
w x 8| - e
z | - z 4
SIVAW 1 |
(1] | : i ] 12 ' s 1 X O-AJ&—.—J
-4 0 A -20 ° 20 -4 0 4 et O 1 .t t
Optimium Dispersion and nonlinearitym 2
- - -
- l‘- I ]
>»
ol - B}
5 e Z2opr 3 0 0 Zelopy
z .5 & x r
w Wi
o 5‘5" (.
z | I’ 1 = x 4
- E .20* L
Oluif L il 0 [ o_..l...lu.__
-4 0 4 -2 20 “4 0 4 ‘1 0 “y
T/T0 w T/70 ¥/10 ??70 ¥
PULSE OUT OF SPECTRUM CHIRP COMPRESSED PULSE

FIBER

Pulse compression
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3.7.2 Spectral Broadening with Guided Modes

Spectrally broadened

Optical pulse
fiber s .
.
Grating
pair
Compressed
pulse

Fiber-grating pulse compressor to generate femtosecond pulses
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3.7.3 Dispersion Compensation Techniques

1 |
—o’"'(wo)L\.wg 4 ...

o |
Ty(w) = ¢'(wo) + ¢"(wo)Aw + 30"'(ufo)L\.af2 + 3

Pulse Compression:

Moo " M L
@ (,WO) = Omodulator T C)compresssor =0
" " L .
@ (W'O) = Omodulator + C)compresssor =0

Variable dispersion by grating and prism pairs
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Grating Pair

Phase difference between
scattered beam and reference

beam”
Y=
o(w) = Kout(w) - 1 ki, < _ >
D
W , o w D .
o(w) = =[] cos[y — a(w)] = = - cos[y — a(w)
c c cos(7) '
2t¢ .. . L 4m2eD
m—— = sina(w) — sin " O (w) = — —m?
wd (@) & ) w3d? cos? a(w)
- da 27c o 1272%¢D 2mesin a(w)
COsS|W)—=— = — n ' (w) = — 1< Sadl 3
osalu )([w w2d ! o7 W) wd? cos® a(w) ( wd cos? a(cu))m

Disadvantage of grating pair: Losses ~ 25%
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7/ Prism Pair

Figure 3.16: Prism pair

N d2p &P

0" (w) = Sre? I\ o 2[n" + (2n — ™) (n)?](, sin B — 4(n")*{, cos 3
ZTeCs aA” /
A d*P d*P d:"_P = [6(n")*(n " +n* =202 +4n?) + 1200 (2n — n77
C)”,((""') = 73 ( /\_3> d)\3 L ' - < )
4m2c \dN’ dA 21", sin B 4+ 12[(n™* — 2n)(n')° — n'n"](, cos B (

Combination of grating and prims pairs can eliminate 39 order dispersion 52



3.7.4 Dispersion Compensating Mirrors

Af  ng—ng
High reflecitvity bandwidth of Bragg mirror: 7'p = — =
fe ng + nr

(a) Bragg-Mirror: TiO5/Si05 }f - Layers
SiO.,- Z .
2
Substrate I]]Ilﬁ:

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

— Negative
: —§
- =+l Ao > A

Substrate
(c) Double-Chirped Mirror: Bragg-Wavelength and Coupling Chirped
+—dp = rg/a

SiO,- AR- .
2 .

(a) Standard mirror, (b) simple chirped mirror,
(c) double-chirped mirror
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Reflectivity
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(&) Tited-Front-Interface Miror (B) Back-Side Coated Mirror

Wadae Thin Wedged
g Substrate
Sub- e e
sirate 5
x &
AR- AR-
coating coating
DCM DCM

(C) Brewster Angle Miror

Proposed structures that avoid GTl-effects
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1.0000 =
0.9990 -
0.9980 -
0.9970 =
1.0 — 100
0.8 BN ™ |- 80
. .
z 0.6 — 60
i
L
= 0.4 — 40
n
0.2 - 20
00 | | L

600 800 1000 1200
Wavelength, nm

Double-chirped mirror pair

(s1) Aeja(q dnoin

56



Dispersion Compensation with 4f-Pulse Shaper

Grating pair and LCM pulse shaper

S7



Dispersion Compensation with Acousto-Optic Programable Filter
(DAZZLER)

Acoustic
Fast Axis wave

Slow Axis

Acousto-Optic Programable Dispersive Filter (AOPDF)
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3.7.5 Hollow Fiber Compression Technique

hollow waveguide
25fs

A\ T
U H Argon p=0.5 bar H

[ o e e e o e e e = =

Chirped-mirror
5 fs : . COmMpressor
011 TW ; i

Hollow fiber compression technique
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4 Laser Dynamics

4.1 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?

a) b)
7 N2 27 N2
Rp y21 \VAVAYam Rp Y21
v y
Y Y W
10 N 10
Yio 2 @ Rp >
w =N, Three-level laser medium NO:?\I
W:



A 3
y 32
2 N2
Rp Yo AN
Y
1 N4
Frc
0) No
Yip 2 ©®
Yo P @

w =N, Four-level laser.



Rate Equations and Cross Sections

15 — 0 e.g. semiconductors: T,~ 50fs
: w(t) —woe  w(t) o
w = — ' — ~L{w)I(t).
- T, i, ),

Can be used for time dependent intensity varying much slower than T,:

I(t) = |Ey(8))* /(2Z5)

Interaction cross section: Lo = I [Fweg
o fiw,,
) w Tl Is
Winduced = ~OWIn = T 1 2WegInZF 20 2
143 — M?* . é]“.
h =9
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Lorentzian line shape:

Intensity:

Steady state inversion:

Saturation intensity: Dipole matrix element

Z—S ! | F




o w(t)—woe  w(t
= (t) —wo  wit),

T 141,

99(2.t) _ _g—g0 _ Nt}

ot TL EL

Saturation Energy: E; = [sT

For laser media: T,=1
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Laser Rate Equations T

(D) 2 N,
Ihf“g@ TI{ jAA» A

Eff
\"

1 Nl

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

V:= A+ L Mode volume

f,: laser frequency \ 1 .
I: Intensity o ‘ — ..,—,hf LTLVUg
V,: group velocity at laser frequency -
N, : number of photons in mode
hfL
o: interaction cross section g = T.rs
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Laser Rate Equations:

Intracavity power: P P = I-Ai5=h fL
Round trip amplitude gain: g o1 Ta
g = o g NyTx.
Outputpower:P,, PFP,:.=T1"P.
hfrV
E.: = I A,
d _ g—g gP t ovgTn 2 R
dt TrL Esat Psat — Esat,-'/' L
d 1 2qg . .-
—P = __P+_(P+-F)vac) Pt,ac — hfL/’TR
dt Tp T R
2Ac55

small signal gain ~ ot - product
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O utputPower, Gain

4.2 Continuous Wave Operation

Case 1: Case 2:
Pvac = 0 90
Steady State: d/dt=0 9s= 9o 9 = |+ = =
Faat

P.=0 :

P_._,- — Pmt (@ _ )
[

gin = [
R 21345]"}’
v.th — i
el 2y

Ve
///
/7
///
///
Ve
Ve
//
P =

0,7 Qyr | Smallsignalgain g,

Output power versus small signal gain or pump power
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4.3 Stability and Relaxation Oscillations

Perturbations:

9 = 9+ Ag I
P = PS—AP Tatim
( AP ) B ( AF,
Aag Ago
, ( AF ) = 27
Al = T 17
A TEat; o

== (1+#5)

AP,
Ago

) =0

1 . 4 (7 — l) T stin ,
S1ja = — 1+ —1
s 2Tstirr* ( / \ r 'TP )
B r ) .."‘(7 —1) r o\’
- 27 i \ TLT» 271

parameter » = 1 +

F

Paat
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e (1): The stationary state (0, go) for go < [ and (P,, g.) for gy > [ are
always stable, 1.e. Re{s;} < 0.

(11): For lasers pumped above threshold, » > 1, and long upper state

lifetimes. 1.e. —— < —.
' 47z Tp '

the relaxation rate becomes complex. 1.e. there are relaxation oscilla-

tions |
1

S1/9 = —
= stim

with a frequency wg approximately equal to the geometric mean of
inverse stimulated lifetime and photon hife time

|

Wgr =~ ,\," . (648)

| — . —
| Tatim ! p

It the laser can be pumped strong enough, 1.e. r can be made large
enough zo that the stimulated hitetime becomes as short as the cavity
decay time, relaxation oscillations vamsh.
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4.4 Lasers and Its Spectroscopic Parameters

Laser Medium

Wave-
length

Cross
Section

Upper-5t.
Lifetime

Linewidth
%.fFl'i'Hfl.f =

o

Tvp

Refr.

mndex

Nd“*:YAG

' R ] y- LU S0 ] EYEET
Nd“~-YLF 1,047 1.8. 107" | 450 0.290 H 1.82 (ne)
Nd¥ - YVO, 1,064 2.5.107% | 50 0.300 H 2.19 (ne)
Nd“*:glass 1,064 4.10-% 350 3 H/T |15
Er':glass 1,55 6- 10~ 10,000 4 H/T | 1.46
Ruby 694 3 2.10~ 1,000 0.06 H 1.76
Ti"+:AlOg 660-1180 3. 1074 J 100 H 1.76

Cr T LiSAF 760-960 18.10~ 0 |67 80 H 14
Cr'+:LiCAF 710-840 1.3.107%" | 170 65 H |14
Cr'T:LiSGAF 740-930 3.3-107%Y | 88 80 H 14
He-Ne 6323 1-10—% 0.7 0.0015 | ~]

Ar~ 515 3.-107% 1007 0.0035 | ~1

COy 10,600 V.10t 2.900.000 0.000060 H ~1
Rhodanun-6G | 560-640 V. 10—t 0.0033 b H 1.33
semiconductors | 450-30,000 | ~ 10— ~ 0.002 25 H/l | 3-4

Spectroscopic parameters of selected laser materials
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Example: diode-pumped Nd:YAG-Laser

M = 1064 nm, o =4 -107"em?®, Ass =7 (100um x 150pum) ., r = 50

7 = 12ms 1=1%, Tg = 10ns

From Eq.(6.16) we obtain:

h kW . .
Isat - ﬁ - 0'1'_‘)., Psa.t p— Isat.Aeff - 018 ”, Ps - 9.2‘1
oTL cme
Tobim = L 24us, 7, = lus,wg = ."" - =2-10°5"".
. r | | \.'. TatimT p
,""4TL (T — .l)
Quality factor of relaxation oscillations: Q= \ i

l' Tp
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Fluctuations in %

Power Spec. Density of Fluctuations

0 10 20 30 40 50
Time, ps

-80
-100
-120
-140
-160

1 lJ]llIl' L III!I"] Ll lli1l L ypienf 1 Illrlm

0.01 0.1 i 10 100 1000

Frequency, Mhz

Relaxation Oscillations
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4.5 Short pulse generation by Q -Switching
4.5.1 Active Q-Switching 7L > Tr > Ty

(@)

Losses
High losses, laser is below threshold
t

(b)

Losses

. Build-up of inversion by pumping
Gain
-» {
c
() 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.

@

0sses "Q-switched" Laserpuls

. -
Gain Laser emission stops after the energy stored in
the gain medium is extracted.
] t
-—

Length of pump pulse

Active Q-switching
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Intensity

0 4 3 12 16 20
Time (ns)

Asymmetric actively Q-switched pulse.
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ELECTRODE

FIBER PUMP

1« 3%
‘ v
(‘. "'

c AXIS
Nd:YVO4l| LITeO,

‘ {
PARTIALLY
TRANSMITTING
HR AT LASING WAVELENGTH PARTIALLY
AR AT PUMP WAVELENGTH  TRANSMITTING

P

OUTPUT POWER {Arb. Units)

TIMEBASE = 50 ps/dlv

Q-switched microchip laser
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4.5.2 Passive Q-Switching

Passively Q-switched Laser
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5. Mode Locking

RS\ IAVAVAVAVAVAVAVAV/
f, = fprAf NN NNANNNSV

fo \VAVAVAVAVAVAV/
fq = fo-Af
fy = fp-2Af N\ NSNS NNV

fo, f1, 2 /\/\"’\f\/\/\/

fo, f1, fo, f3, fa

i

Pulse width

!

5‘.
)

Spectrum
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Superposition of longitudinal modes:

E(z,t) = R |} EpelCntintton
— ‘m'

mmnc

( 3

Wm = Wo+ MAw = wp +

£,
l

C

o

E(‘Z., t) — R ej;.-,'o(t—z/'c) Z Emej(m.ﬁw(t—z/c)+d)m)
m
= R [A('t — z/c)ewolt=2/ C)]

Slowly varying complex pulse amplitude

. Z ] ANooft—z/ b 27 2[ L
m



N modes with equal amplitude E, and phase ¢, =0

(N—=1)/2 | g—1 1 — af
Apt)=B Y et Fogm 128
m=—(N-1)/2 m=0 —a
- [ NAw z\]
- s1n t—=
A(z,t) = Ep——r" ( ;.C')'
sin | 52 (t — Z)}
2 ( NAwt'
. sin® ( )
I~ |A(z,1)|? I(t) ~ | Ep|? 2
(| () I 0 Sln?(%)
Scaling of pulse train with number of modes N:
e the period: T=1/Af=1L/c
e pulse duration: At = 22 = —

e peak intensity ~ N?|E,|*

Eq

e average Intensity ~ N|E,|? = peak intensity 1s enhanced by a

tactor V.

9



Intensity

(a) 1
~N? -

—>
Time
Intensity

(b) i

N M A

. >
Time

Laser intensity for mode-locked operation and multimode
lasing with random phase. 80



5.1 Active Mode Locking

High Output
Reflector Coupler
Gain AOM —m—m—m>p

Actively modelocked laser.

Master Equation:

TR% _ {g(T) +D, 3875; —l-M(1- cos(wMt'))] A

loss modulation

Parabolic approximation at position where pulse will form;

dA :
== |9 ~ M| 4
Trsm [g | + Dy [st] 1

81



1 d?
9(1+—2—z)'|
dit
Gain
Loss

- M(1-cos o, )

Modulator

Schematic representation of actively modelocked laser.

g
D, = o7

g

M2
M, = i

)
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Compare with Schroedinger Equation for harmonic oscillator

AT t) = An(t)emT/Tr

J
|

A) = | Halt/ra)e

\ 27 \/mn!T,

with
g/+

Ta = \ D, /M,.

Eigen value determines roundtrip gain of n=th pulse shape

5, 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: AtFH"HJ\/I = 21In .-)'Ta = 1.66Ta



Gaussian pulse with spectrum:
00

.;io ((JJ ) / .Ao (t)e‘“’tdt

—00

.0

f &~
I_W"..Q .'

."‘ T r —_—
Vv W, T,.e” 2

FWHM spectral width:
1.66

2T q

AJc FWHM —

Time bandwidth product:
Atrway Afrwean =044
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(a) 1

Power, |A(T,t)|2, a. u.
D

-04 -0.2 0.0 0.2 04
Time, t/Tg

N/ )b ‘uoneinpoly sso

(b) 1.0 =

> 4

< 0.8 —
N_ Gain

5} )]
< Spectrum :
o Q
= 04 4 7
=

S 02| -~

Q.

5 A

0.0 I | I
-10 -05 0.0 0.5 1.0

Frequency, o/ Qg

Pulse shaping in time and frequency domain.

For example: Nd:YAG; 2l = 2g = 10%, Q, = 7Afrwgy = 0.65 THz

M =02, f, =100 MHz, D, = 024 ps* M, =4-10"s7" 7, 2 99 ps.

Pulse width depends only weak on gain bandwidth.

10-100 ps pulses typical for active mode locking:
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0. =L+ M =14+ 22 =14+ oM+ 222

i & )T"

saturated gain = linear losses + losses in mdoulator + losses due to gain filtering

— M T2
Additional gain for multimode operation: 9s — ; 2 &1
1
Saturated gain is approximately: g, = o — [
1+ PTe
L4+ R
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Active mode locking can be understood as injection seeding of neighboring
modes by those already present.

—M (1 — cos(wyt)] exp(jw,,t)

—M [GXP (] Wiy t.)

M [— exp(jwn,t)

1 . . 1 p
G er(J(u:not —wyrt)) — Y QXP(J(iUnOt + i»'.wt))]

1 . ._ 1 . ..
LB '3' eXP(‘]CUnO_lt) L '3 exp(.];uno-i-lt)]
il
I I
|
| | e
N K T |

Mode Locking
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5.2 Passive Mode Locking

A
q(A) = IE
q(A) = g0 — v|A[?
V= Go/ P
0 2
a2 A

Saturation characteristic of an ideal saturable absorber and linear
approximation.
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AA(T . t) 39
[0 =[]+ o Saturable absorber provides

gain for the pulse

There is a stationary solution:

AT, t) = As(t) = Agsech (i)

-
Easy to check with:
> = —tanha sechz,
x
d2
@bechx — tanh®2 sechz — sech®z

= (sechz — 2 sech’z) .
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0

Leads to:

D t
= {(g—lo)%-—; [l—?sech2 (—)] Do _ 1 A2,
t t D
+'\."|AO 239Ch2 (:)] - Apsech (?) g = lo — 7-_2f

Pulse energy, pulse width and saturated gain:

+00
W= / }'[As(t')r-’dt = 2| Ap|*T

T = 4Dg gs(”’) = - ‘90“.
’“v” | F e
9o D,
g ( ) J_ + P:"TR 0 7_2
W)’
= lp—-
16D,
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For shortest pulse
half of absorption

1.0 T - P Rl I depth can be us_ed to
o qx) ~__ _ overcome gain
N ‘ K pulse filtering losses, only
S 0.8 — ' ! marginally stable!
o . ' stability
c ] D Go
S 06 — = =
Q g (K 2
@ | — ,
2 04 ] fler 0SS Shortest pulse:
© R FE IR [2g. 1
8 "=\ g
5 02| T V' g Qg
CCB saturation - 1
010 min — 0
-4 -2 0 2 4  For Ti:sapphire g
Normalized Time, x Trwaym = 0.5 fs

Schematic representation of gain and loss dynamics in passive mode

locking.
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5.3 Kerr-Lens and Additive Pulse Mode Locking
5.3.1 Additive Pulse Mode Locking

main cavity auxilary cavity

H gain ﬂ __nonlinear fiber | H

t loss
! k -
A

/\ bias phase: T
\/\/ :W

artificial fast
saturable absorber

Principle mechanism of APM



Kerr

Kerr

‘V

1-r2 1

Noninear Mach-Zehnder Interferometer
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polarizer wave plate Kerr medium analyzer

DO @

NLMZ using nonlinear polarization rotation in a fiber
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200 MHz Soliton Er-fiber Laser
modelocked by APM

N4 1SO

N4 10 cm

/

PBS

collimator collimator

N2

Pump \NDN\ 10 cm
50 cm W SMF
Er doped fiber 10 cm
SMF
* 167 1s pulses K. Tamura et al. Opt. Lett. 18, 1080 (199
200 pJ intracavity pulse energy J. Chen et al, Opt. Lett. 32, 1566 (2007).

« 200 pJ output pulse energy
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5.3.2 Kerr Lens Modelocking

Refractive index n >1
Lens

Intensity dependent refractive index: "Kerr-Lens"

Self-Focusing Aperture

Laser
beam

Intensit
Intensit
Intensit

Time Time Time



5.4 Semiconductor Saturable Absorbers
30-40 Pairs QW or bulk layer

r—Hl 4

3.5

3
o
x 3.0 —4 3 e
e _ =
L 25 = E
% -2 .‘;
= ©
s 2.0 =
< o

=11
s g

10 N/ 0

6.0 6.5 7.0 7.5

z (um)

Semiconductor saturable absorber mirror (SESAM)
or Semiconductor Bragg mirror (SBR)
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5.5 Oscillators:

Historical Development

10pwglass
Nd G Nd:YLF

5 DRS-P Dye\ | Diode

- |

§ 1pst-

2 SOLID-STATE

T CWDye REVOLUTION

g Color

o Center

'5 100fs |-

E S Er:fiber

(14

(@) DYE LASER . :

I BREAKTHROUGHS Nd:fiber~Cr:YAG

2] \\‘\

10fs |- T e Cr:forsterite
2 2 Cr-LiS{G)AF
Ti:sapphire - Two cycles
' : . : ‘ ‘ ' L - One cycle
T 1965 1970 1975 1980 1985 1990 1995 2000 2005
First laser
T Sub-picosecond YEAR T PILM
Passive pulses APM
modelocking

Pulse width of different laser systems by year.



6. Short Pulse Amplification
6.1 Cavity Dumping

6.2 Laser Amplifiers

6.2.1 Frantz-Nodvick Equation
6.2.2 Regenerative Amplifiers
6.2.3 Multipass Amplifiers

6.3 Chirped Pulse Amplification

6.4 Stretchers and Compressors

6.5 Gain Narrowing

6.6 Pulse Contrast

6.7 Scaling to Large Average Power by Cryogenic
Cooling

6.8 Parametric Amplifiers (Cerullo)

[1] Largely follows lecture on Ultrafast Amplifiers by Francois Salin,
http://lwww.physics.gatech.edu/gcuo/lectures/index.html.
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Pulseenergy (J)

103

100

10-3

106

109

Pulse energies from different laser systems

Regen + multipass amplifiers

p

1-10 W
/ average
Regenerative amplifiers power

Cavity-dumped oscillato

Oscillators

103 100 103 106
Repetition Rate, Pulses per Second

Schemes for generating high energy laser pulses.

10°
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6.1 Cavity Dumping

a) Eintrac avity |mracavn] \

T

R=100% R=98% R=100% Bragg- R‘1 00%
Cell

With Bragg cell

IV _ - If V=0, the pulse
_ 1Y Polarizer 2= polarization
SR g .: :‘ doesn't change.

M : " ‘ A llllllllllllll*

> If ¥ = WV, the pulse
polarization switches
to its orthogonal state.

With Pockels cell
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6.2 Laser Amplifiers

Pump pulse
Amplified
pulse
Seed
pulse

Er <

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.

Energy levels of
amplifier medium
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Mefs

Q

6.2.1 Frantz-Nodvik Equation

f .O'ut ]- ].

2L =—In[l+ (efir — 1) ef=t] = In[1+ (ef= — 1) Gy
fea:t fe:ct [ ( ) ] In Go [ ( ) ]
l .&efext — -&GO fOl‘ j’ efext < < l
1 1 “z'n _vfc'a:t fext fext ' ) in ' 1216
Fo L+ fine ]{ 1, for fiefer >> 1 (12.16)
2.6 1
24 G0=3/,_/
2.2 .| 0-8
w 2
u_° 1.8
H 1.6
1.4
1.2

sat

Gain and extraction efficiency for a small signal gain of G, = 3.
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Basic Amplifier Schemes

a) Multi-pass amplifier b) Regenerative amplifier
pump pump
, output
Input
gain
input/output
polarizer
Pockels cell
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6.2.2 Regenerative Amplifier Geometries

Faraday rotator Qutput

N

FR
M3 Input

TFP Two regens.

The design in (a) is
often used for kHz-
repetition-rate

Pump amplifiers and the
A . lower (b) at a 10-20-
M1 Ti:sapphire ”n

(a) Hz repetition rate. The
lower design has a
larger spot size in the

Pockels cell Ti:sapphire rod.
Pump l

PC The Ti:sapphire rod is
usually ~20-mm long
M1 Ti:sapphire TFP M2 and doped for 90%

(b) /' absorption.

thin-film polarizer
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6.2.3 A Multi-Pass Amplifier

A Pockels cell (PC) and a pair of polarizers are used to inject a single pulse
into the amplifier
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6.3 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.
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6.4 Stretchers and Compressors

grating grating

Okay, this looks just like a “zero-dispersion stretcher” used in pulse shaping.

But when d # f, it's a dispersive stretcher and can stretch fs pulses by a factor of
10,000!

With the opposite sign of d-f, we can compress the pulse.
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Achieveable fluences

100 | 1 |I|I|I| | 1 ||IIII| | | IIIIIII | IIIIIIII 1 IIIIIIII | IIIIIIE
. Alexandrite
10 =
&é‘ 4 Nd:Glass
k3 1 g Ti:sapphire
=2 .
3 1
(an Ov1 -E
() ]
o :
™ il
0,01 3 Excimers
0,001
’ . Dyes
0,0001 [ [ ] IIIIIII [ ] IIIIIII 1 1 IIIIIII [ L bLLbILl 4 5 6
1 10 100 1000 10 10 10

Pulse Duration (fs)

Achieveable fluences using chirped pulse amplification for various stretching

ratios. Compression of the pulses enables femtosecond pulses.
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6.5 Gain Narrowing

Ti:sapphire gain
cross section

L

10-fs sech? pulse in

[
i

1 3
Fnd
= 1.
c 08 | 2.5
Q
< -
— 12 ©
[} -
= 06| §
8 65-nm FWHM —
(o} 115 N
® e
8 0.4 || o
N 32-nm FWHM 14 o
© 2
E ol longer
o . -
Z pulse out 0.5

0 e E— 0

650 700 750 800 850 900 950 1000
Wavelength (nm)

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

If a pulse of 1018 W/cm? peak power has a “little” satellite pulse one millionth as
strong, that’s still 1 TW/cm?! This can do some serious damage!

lonization occurs at 10" W/cm?2: so at 102" W/cm? we need a 101° contrast
ratio!

Major sources of poor contrast

Nanosecond scale:
pre-pulses from oscillator
pre-pulses from amplifier
ASE from amplifier

Picosecond scale:
reflections in the amplifier
spectral phase or amplitude distortions
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Amplified pulses often have poor contrast.

Spectral phase
aberrations

—>

FWHM

Pre-pulses
Back

Log(Energy)

10 ns ns ps 0 time

Pre-pulses do the most damage, messing up a medium beforehand.
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6.7 Large Average Power: Cryogenic Cooling

In sapphire, +
conductivity C e 300 K

increases and Thermal lens |
dn/dt power (m'l) 20

decreases
with T

10 20
| Absorbed pump power (W) -

Calculations for kHz systems
Cryogenic cooling results in almost no focal power

Murnane, Kapteyn, and coworkers
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Thermal Conductivity (W/m K)

Thermal Properties of YAG

50

45

40

35

30

25

20

15

10

UNDOPED YAG

| | | 0

100 150 200 250 300

Temperature (K)

T. Y. Fan, and coworkers at Lincoln Laboratory

(M/wdd) 1pjup ‘(M/wdd) 319
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287-W Picosecond Amplifier

30-mW Yb-fiber
‘Chirped volume preamplifier)
. Bragg grating
. (CVBG)
stretcher) u CVBG
NAT >100 ps? Isolatc%(’)m eSS
PBS) o, f I
Yb-fiber | <7 ®
oscillator T
(78 MHZ)P M4 1
10-W Yb-fiber ?
amplifier) o
8
@

: PBS: pol. beam splitter
t TFP: thin film polarizer
: Ls: lens, DM: dichr. mirror
: CM: curved mirror, M4, M2: waveplates

L I
__1_{)_%

: FR: Faraday rotator

N2> PBS)H

FR)>

e

LN, Dewar Yb:YAG crystals

Fiber—coupledé
pump laser :
DM 2 L1

CM

L1 L2 DM

N4d>

I

é L 287 W,5.5ps, 3.7 W@78 MHz)

i A2D

4 Yb:YAG amplifier requires
>watt-level seed power for
efficient amplification
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6. 8 Optical Parametric Amplifiers

Non-linear polarization effects P =¢,x" % e X VE + ...

Optical Parametric Amplification (OPA)

o || .
@ | T » 20, Wsignal "7V 17777 signal
, S > 20, l j-.‘.--- V=
. T Wigler = W, - W
""""" > W+ W, (Dpump l I | aAVAVAVA o

Energy conservation: 710, + fim,= 7w,
Momentum conservation (vectorial): 71k + hEiZ nk

(also known as phase matching) k.

p
= Broadband gain medium! E\
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Ultrabroadband Optical Parametric Amplifier

}

Ti:sapphire
CPA

i Seed ParameMPulse >
Generation Amplification Compression

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

® Broadband amplification requires phase matching over a
wide range of signal wavelengths
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Phase matching bandwidth in an OPA

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

Ak=—akSAw+a—l(iAa)= 1—1 Aw

Jw Jw Vos Vg

The phase matching bandwidth, corresponding to a 50% gain

reduction, is 19

4y o 2n2)"” (;/) 1
4 [ 1

Vgs Vgi

L

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

® V4=V, : Operation around degeneracy w; = ws = w,/2

v Type |, collinear configuration

v Signal and idler have same refractive index

® v,=V, : Non-collinear parametric amplifier (NOPA):

v Pump and Signal at angle a
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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

Vgl
iSQ Vgs=V,i COSE2

Note: this requires v >v, (not always true!)
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Broadband OPA configurations

(Ti:sapphire)

Pump NOPA Degenerate
wavelength OPA
400 nm (SH | 500-750 nm | 700-1000 nm
Ti:sapphire)

800 nm 1-1.6 um 1.2-2 um

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

few-optical-cycle pulses
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Tunable few-optical-cycle pulse generation

Frequency (THz)
600 500 400 300 200
I :‘l :’.n:.:o ‘ ]
AR AR
] ' .o l‘l' ]
N 290"
0 o L") !i.
: L] g. -
e o s: ’ o
o Wk,
' : . o o 7
' '
' .
] ) 7]
' '
Y ) ‘~ ,:_.'_._.00_ - - _‘._ - %
500 750 1000 1500 2000
Wavelength (nm)
D Brida et al,, J. Opt. 12,013001 (2010). |

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

0,9 1 1,1 1,2 13 2 3 4 5 6
1.01 (a) 1 [ (b) ]
— — LilOs
o —— KNbOs3
X, 05F PPSLT -
£ T T
CU 4 L
O]
O’O 1 --l-----:----l 1 1 1 1 1 1 -l ----- oo l--.-. 1
. 1,0_ C T T T T T T T T | —l (d)' T T T T T | ]
c - (©) TL duration: 1 TL duration: -
3. r 19 fs ] I 22.3fs
2
K 0,5 1 L
3 L
= I
C L
Q I
£ 00— S — ] )
0,9 1 1,1 1,2 13 2 3 4 5 6

Signal Wavelength (um) ldler Wavelength (um)

® Simulations confirm the generation of broadband idler

pulses, with 20-fs duration (=2 optical cycles) at 3 um
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