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Ultrafast laser pulses PUESE

« Outline
* How lasers produce ultrafast pulses, visible to soft x-rays
« Characterizing ultrafast pulses
« Shaping ultrafast pulses

« Selected reviews:

«  “The generation of ultrashort laser pulses,” P.M.W. French, Rep. Prog. Phys. 58,
169, (1995), http://iopscience.iop.org/0034-4885/58/2/001.

* “Intense few-cycle laser fields: Frontiers of nonlinear optics,” Thomas Brabec and
Ferenc Krausz, Reviews of Modern Physics, 72, 545 (2000),
http://rmp.aps.org/pdf/RMP/v72/i2/p545 1

« “Characterization of ultrashort electromagnetic pulses,” |.A. Walmsley and C.
Dorrer, Advances in Optics and Photonics 1, 308-437 (2009)
http://dx.doi.org/10.1364/A0P.1.000308

«  “A newcomer’s guide to ultrashort pulse shaping and characterization,” A.
Monmayrant, S. Weber, and B. Chatel, J. Phys. B 43, 103001, (2010),
http://dx.doi.org/10.1088/0953-4075/43/10/103001
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Ultrafast Laser Pulses: today’s topics P U‘-‘ES E
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Lasers: What are they?
Mode-locking and Dispersion control
Chirped pulse amplification

Self-phase-modulation and Few-cycle pulse
generation

High harmonic generation and attosecond pulses
Measuring ultrafast processes and pulses
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Einstein’s contribution to this subject: Three P U-L SE
competing processes

E, | Absorption:

V\W\f) T I'=BpN;,
—_—

E, AE =hv =E,- E1 Fluorescence:
Ephoton = U r=A,  B_2

\ ”‘F A 8rk

Epl‘ur.:-‘lnr_‘nn‘l'rU = 2 - E1

Electron in
excited state Stimulated emission:
o E = E2 '= BpN,
V'Ww 2 Stimulate \ \/Wvb
emission W
E =h E1 E1
photon = v
Incident
photon Epmmn =hv = E2 - E1
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Population inversion and lasing PUESE

°°°°°°E2 oooooo

Ephoton = hv
Incident Four-level
photon
System

Fast decay

Absorption and emission

spectra of Ti:Sapphire Absorption

Fluorescence and Pump
Transition

Fluorescence and
Laser Transition

Absarption

Tunable
Range

/

Fast decay

Level
0 400 SO0 €00 700 300 W0 M0 empties
Wavelength (nm) fast!
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Optical resonators confine the light PULSE
—

Stability criteria

L L
=] — — _— =1
D( Rl)(l Rg)1
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Generating short pulses: “mode-locking PUESE

The spectrum of laser modes A, = 2L/n

outof outof outof
phase phase phase

%

Time =t

out of in out of
phase phase! phase

=

Time =%

Irradiance vs. time

Bl B B LNl L o mm o m m |
Random Light
phases bulb

lsbiobba sk dati bl o]
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Locked Ultrashort
phases pulse!!
Time =—»

1(t) = i A sin(m t

Mode-locking is equivalent to a periodic

shutter in the cavity with the round-trip

time 2L /c and shutter speed 2L/Anc
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Kerr-lens mode-locking PUESE

Ti:Sapphire Kerr medium (n = ny + n,l)

}

T
e S

A —

Low-intensity Kerr-medium

High-intensity
Higher intensity short pulse is self-focused by the photoinduced lens.
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Short pulse = large bandwidth, dispersion PUESE

LU L Lt
AvVAT = const.

Fower (narmalized)

Frequency {a.u.)

Field {a.u.)
II|II||||IIIII

Time (a.u.)

40

mﬁé}ﬁm “positive” GVD
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Dispersion compensation: add negative GVD P UESE

e Prism compensator A A

e Chirped mirror
compensator

it

- Diffraction grating compensator

If OR + RR’> OB,
GVD <0
(can be + or - GVD
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Grating Compressor PULSE
.
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Typical fs Oscillator: PULSE
KLM + GVDC = fs pulses —

Ti: Sapphire Active medium
(Also Kerr medium) From the pump

laser
<\ * Tuning range 690-1050 nm
D » \> * Pulse duration > 10 fs (typically 50 -
100 fs)
\ * Pulse energy ~1nJ
* Repetition rate 40 — 1000 MHz
(determined by the cavity length)
/ \ * Pump source:
GVDC Wavelength DPSS CW YAG laser (532 nm, 5W)

tuning mask

6/19/11 Ultrafast Pulses 12



=
Chirped-pulse amplification PUESE

Initial short pulse A pair of gratings disperses

the spectrum and stretches

j\_ / -~ the pulse by a factor
/ of a thousand

Short-pulse oscillator

The pulse is now long l

and low power, safe

for amplification

_ .

High energy pulse after amplification ”

Power amplifiers

- J L

Resulting high-energy,
ultrashort pulse

*Prevents self-focusing in the amplifier
*Petawatts possible
*Typical: <5mJ, 50fs, 1kHz

A second pair of gratings
reverses the dispersion of the
first pair, and recompresses the pulse.
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A temporal nonllnegr index - PULSE
self phase modulation —

|

Ue s

Self focusing

Self phase - d{t) & ng+ nX(L)
modulation

= n & NaI{x)
$ dw o %(t)
t
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Generation of few-cycle pulses P U:-‘E—S E

OD=6mm
f=1m | D =0.4mm

f=25m
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Carrier envelope offset PUESE

Optical Frequency Combs and their Applications, Jun Ye and Steven T. Cundiff,

< : - A 2A
5 | @ lme Domam *1%* e -Stable only when the
;"H‘-.,: “) round trip phase is 2nn
— || =T 4
{;ﬂ ﬂv,_ /) Aﬂ j\;__ - *Phase shift can be
[ v J VIV ¢ measured and stabilized
\1 J i} \ d with an “f-2f”
R ; U, W interferometer
E._-
—

S *Stabilization leads to a
\ direct link between rf

\ and optical metrology,
and a Nobel Prize for
Hall and Haensch.

*Sub-femtosecond
timing is therefore
possible.

nf, -I-fg 1%
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Measuring an optical pulse PUESE

« Allthe information is in the electric field:

E(1) :f E(w) exp(—iwr)g—:

o0

E(t) is areal function of all time
g(a)) IS the spectrum, and is generally a complex function
Either is a complete description.

Added wrinkle: The field is a vector quantity because
of polarization
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S_pec_:tro_grams and Wigner P U ifi_ S|

_distributions 0 —

Wigner representation:

| "\ L, '\ o i -Complete description
W(r,w)=/E r+§ E r—z e dr of the pulse up to

global phase

| E ' E* o' —iw’rd /
=5 ®+ = e “  «Real 2-D function (but
can be negative)

E(1)E*(0) = fW(t/Z,a))eXp(iwt)da)

Spectrogram (Husimi) representation: . .
sIncomplete: information

5 lost by convolution integral

*Real and positive, the

equivalent of a musical

score for the light pulse
— ff

L pp f&
.
T

S(t, w) = ‘ f Ee( —1)e dr’

nme —m
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Example: two-pulse train PUESE

E(1)

00 -50 O 50 100
Time (fs)
(e) A (nm)
1010-00 9?’0 800 7?'0
o5l ”:@ 850
f§ 0,64 b 750
‘-,_—( 0,4+ g
" £ 650
PSS s e =0 0 50 - 000 50 ©0 50 100
Freq. (THz) Time (fs) Time (fs)
£(w) Amplitude and phase Wi(t, w) S(t, w)
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Important examples

PULSE
.

Spectral intensity ,
and phase Temporal intensity Wigner function Spectrogram
A (nm)
[3} gt s om0 LN 10
o = ,
s [\ R
' " 0,6
e I E =
:! / \ I f " o2
S B B T
Freq. (THz) Time (fs)
A (nm)
{h} 151“! S0 &M TO0 0 - 1,0
o
- -
3. g 2
T s 5 E 0.2
2,04 ] 0,04 . ) .
10 -50 o 50 100
Freq. (THz) Time (fs)
1
() A (nm) " l
4 1000 B2 BOD 00 m - 5
e 08
" s B 0.6 | —
E ] ] : EM
=" lu 2 o2
34 = o §4]
b = P P Hn. " =200 150 <100 -50 0 50
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Using the pulse to measure itself: PULSE
Autocorrelation using a doubler —
= +
. . %r{;‘l M1 o D)
Second harmonic generation:  som 4000m g | D2 2 o5
Ey(t.7) & E(YE(r — 1) I Ao | £ .
// 02=201 ?_3'“'5
Intensity autocorrelation X(z) 0 timzﬂf[fe] 1000

E(t) f\ & @
. -—> 2 200
Michelson AT ')\/\/\/ §150
E 100
> :E,: 50
S(t) o | |Es(t,t)|~df o< | I(t)I(t —7)dt § o

£ 1000 -300 ] 500 1000
delay 1 [fs]

Interferometric nonlinear autocorrelation (collinear beams) o < @
2 =4
S(r)o</|E(z)+E(z—r)|4dz 3

=]

1000 500 0 500 1000
delay 1 [fs]
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Cross correlation techniques PUESE

*Uses reference pulse

*Reference must be flat-phase
(“transform limited”) and cover the | |
X cos [@(w) — @ref(w) — o1].

spectrum needed

*Full phase retrieval is possible

(a) I(w) ~ = iwr |2
A [((,g)) = |E(a))+Eref(w)e |

= A*(w) + A (0) + 2A() Arer (@)

6/19/11

Spectro

Spectro

I () = A(@) At () expli(¢(@) — @ref(@) — wT)]
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Frequency-resolved optical gate (FROG) PUESE

o Y PG-frog
E(t) O]
0 / -A-MichelSOIl _A{IEW&@—LSP&CUO
Wi S

WP

A = SHG-frog

U‘ 100 -50 50 100 AMichelson Spectro
Tlme(fs)

*Spectrally resolved cross correlation
*Gate pulse need not have spectral overlap
*Requires phase retrieval algorithm

*Full phase retrieval is possible
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Spider PUESE

)
E(O

(2)

X

Spectral interferometry of upconverted pulse at two separated
upconversion wavelengths

Direct phase retrieval without need for iterative algorithm

No need for a reference at the same wavelength as the signal
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Pulse Shaper

Mask
Mirror Mirror
N
\ Diffraction gratings /
Input Aask settings\ Output

ETH
o
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Beyond ultrafast spectroscopy: ControllingU;I_iiS E
— chemical reactions with ultrashort pulses.

You can excite a chemical bond with the right wavelength, but the energy
redistributes all around the molecule rapidly (“IVR”).

— \; / > P+ 0
\m selectivity?

N - @0

-

But exciting with an intense, shaped ultrashort pulse can control the
molecule’s vibrations and produce the desired products.
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Extreme nonlinear conversion: ATland HHG P U-_-‘E;S E

[Corkum, Kulander] Laser-induced field ionization

Ejiqny =0
Time=10as Ilght
Elight *Ecoulomb

-
-

’ ﬁ=e§

2
F - @ _ 2.2x10%v /cm forH
0014 : l fj-‘:’l. | | i I
ot 1 I = 122 =1.4x10"W/cm’
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28

KINETIC ENERGY (eV)

ATI: Tunnel ionization, wiggling electrons

o 3 A=1.064m
L) hr=1.165ev
— 0
)
i
S
I > o
et
\J h 0
L U
o~ ©
—_ o
g
-]

+
25p5 1.31ev
Xe(5se5p v%rv:m —_—— isﬂ’

e?E2/4Am o

Wiggle energy

Up
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HHG: recombination PUESE

10°;

Eqax~1+3.2U,, U,=e’E?/4mw?

10°

- plateau
' " cut-off

Relative Intensity (arb. units)

Q=Nw

Znet al, PRAO7 ! i

' He, 10 fs, 374 nm, 105 Wiem? | | \i \( h:
AN

5 10 15 20 25 30 35 40 45 50
Harmonic Order

E J]
<
—»—»1—»—»—»

Ivanov, NRC
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ATI Is sensitive to carrier phase P U*_-‘E—S E

electron energy [eV]
0 20 40 60 0 20 40 60

@ = -m/2

L/’ MCP

e atomic gas

- AX=18um

AX=33um

| | I | !
e ' | ' | ' ] B ' | ' | '
/ MCP "\ ¢ =0 1 ¥ stabilization

turned off

focused —
laser beam

= Ax=58um

Paulus et al. Nature, 414 182 (2001

6/19/11 Ultrafast Pulses Acknowledgement: R. Kienberge




The spectra are high harmonics. P U-f]':gs E

Laser-induced field ionization

Ellght =0
( Elight >EcCoulomb

,
- —I-
-* F

"\-\_
_

——

""""'l!!'!nnu W ARp—

" |
D
m

:,C' :.
Wi v ngth [nm) h\-’
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RABBITT. measurement of the relative phase of PUESE
adjacent harmonics =

Intense optical field absorption & emission

sideband signal:

B
IS

SB one-photon abso} ion
q+1 oC COS (Za)mf _®q+1) energy -x. - = = ~

degenerate s-_EC-"7
sideband phase: Ai F
SB tomi
(Dq+1 = Pqi2 — Py _A(D(?:Z)Lmlc
\ , photoelectron spectrum
A(Dq+1

IIIIY.VY.VIVA

H. Muller, Appl. Phys. B, 74, S17 (2002)
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RABBITT: measurement of the relative phase of P U-.-]‘E;_ SE
adjacent harmonic —

intense optical field
absorption & emission A

A

energy A
degenerate

Harmonic order

Delay (fs)

Y. Mairesse et al., Science 302, 1540 (2003)
P. Johnsson et al., PRL 95, 013001 (2005)
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Each harmonic has its own return time and P U*_-éIé;;S s

return field g“short traiectories” shownz

F(t) Photon Energy [eV]
80'70'60' 50 ' 40 ' 30
%» H15
H|25 ” ? ﬂ

Intensity [arb. units]

FH33 . .....i ........ ) U U U u L‘J L

---------------

15 20 25 30 35 40 45 50 55
Wavelength [nm]

SRR IR
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Emission from Strongly-Driven Atoms PUESE

Few - cycle driver : T, < 3T,

Kienberger, Baltuska,
T, =518, T,=251s Krausz, 2003

| s _$ig/2

=m) No genuine harmonics of the laser radiation

mm) Cosine waveform with T, ~ 2T, (5 fs @ 750 nm)
offers the potential for single sub-femtosecond

X-ray pulse generation
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S E

P U=
-

HHG from a single attosecond burst

©

=

S £

a'n

&

O 4=

g £ . . Most energetic
>l< 110 12 X-ray photons

Photon en\

Nission grating

CCD camera

ra a

High-pass filter

¢ = /2

-ray spectral
intensity

110 120 130

X

. alTuska er ai, arure , ‘
Acknowledgement: R. Kienberaer
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lonization with an Isolated Attosecond Pulse P UESE

Ap(t)=e[E, ()

Ne
Mo-Si multilayer mirror

delay possible

Time-of-flight
Spectrometer

Nozzle

Detection as in:
Kienberger et al., Science 297, 1144 (2002)

Gas: Ne
Electrons: 2p XUV cut-off energy: ~93 eV
W, = 21.46 eV Mirror reflectivity bandwidth: ~9 eV (FWHM) -

Jja ~faa Lt fact Ditlcace
6/19711 ortrarastTrarses 37




Mapping attosecond phenomena

2
(attosecond streak camera) PUESE

AW

+10 eV

-«

electron counts [arb. u.]
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Polarization gating for a single atto-guigeS E

R a4 a3
. . \ I 1
Right Circular Pulse ;(\ie- Al G’:VL
"l. 1%‘1
" ®

W{mg W

Left Circular Pulse

Ellipticity dependent pulse

(1994)
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Summary PUESE

 Good ultrafast sources and measurement techniques now exist
from attoseconds to picoseconds

« Commercial sources are largely based on the properties of
solid state laser media, especially Ti:Sapphire

- Attosecond science is pushing ultrafast into the VUV and soft
X-rays
« Nonlinear optics is the key to ultrafast metrology

« Nonlinear processes become weaker at x-ray wavelengths, and
this is a challenge for the field
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Q1: Which is stable? PUESE

R1=R2=2.2
L=4

R1=R2=1.8
L=4

_ B

6/19/11 Ultrafast Pulses

41



Qg: Desc_ribe_ thg pulse that made this PULSE
Wigner Distribution —

| - ll
i I'l

Answer IS beneath this card
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High harmonics? PUESE

« Why is the HHG spectrum split into discrete peaks?
 Why are the haronics odd?

« Why do longer wavelength drive lasers make higher
harmonics?

77 87 97

|li
‘ || irl f‘“““
| ||

l

; ,":" ”4

1

i:frum .ﬂ.. L'Huillier, Ph}fS. HE'U. Lett. 70, 774, 1993)
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