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Basic ultrafast laser concepts

Electric field
|E(t)| = E(t)
A1 1 I :
7 ” l \ The laser electric field E(t) is
/ ﬂ “ B =Lemeventc  described as the product of a
) /ﬁ Wﬂ real envelope function &(t)
-ue.;;_/il “AVV and an oscillatory term
\V u depending on the time-
\\g u/ dependent phase ¢(t) and the
\! u “ “/ carrier frequency o,
J
(! r Pulse chirp
The laser chirp is determined
Y p by the time-dependent phase
w(l‘)=w,+wcp(t) (P(t)
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Basic ultrafast laser concepts

Frequency domain representation of laser field:

E(w) = fooE(t)e‘i“’tdw = |E‘(w)|e

1 (. .
E - E Lwt
(t) o j_oo (w)e'** dw

Alternative description using only positive frequencies

(E(w), forw=0
Et(w) =+

L0, forw <0

J.-C. Diels and W. Rudolph, Ultrashort Laser Pulse Phenomena, (Academic Press, 2006)
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Fourier-limited pulse durations
Aw, Ty, = 2mAv,T, = 21Cp

Examples of standard pulse profiles. The spectral values given are for unmodulated
pulses. Note that the Gaussian is the shape with the minimum product of mean
square deviation of the intensity and spectral intensity.

Shape Intensity Tp Spectral Acu,, CR (Tp> (A QP>

profile 1(t) FWHM  profile S(2)  FWHM MSQ

( QTG )2
Gauss o= 2117G)? 1.177g e \72 2.355/tg  0.441 0.5
Sech sech? (/) 1.76314 sech? TSET‘ 1.122/%; 0.315 595
Lorentz [1 4 (t/77)*] 2 1.28771 e—2l8TL 0.693/t;  0.142 0.7
—2

Asym.  [efffa 4 73] 1.0437,  sechZZ% 16777, 0278
sech
Square | for |t/7,] < 1, Tr sinc?(Q27,) 2.78/7, 0.443 3.27

0 elsewhere

J.-C. Diels and W. Rudolph, Ultrashort Laser Pulse Phenomena, (Academic Press, 2006)
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Influence of chirp

Time-dependent variations of the time-dependent phase o(t) can
lead to pulses longer than the Fourier-limit

carrier envelope N.B. positive chirp
phase instantaneous frequency linear chirp means do/dt >0
afp(t)) 1 (quo(t)) 2
t) = ( t—1tT = E—E
o) = ¢+ ot Ji=t, ( o) + 2\ 9t Ji=y, ( 0)” +

6 ot3

_to

group delay
_ I (w) B
o) =0+ (757) _ (0—0)+
1(3°¢(w) _ 3
6( ow3 )a)=a)0 (@ = wo)” +

1 (ascp(t))t_ (t—tg)3 + -

_|_



Phase velocity and group velocity

Y Ao o laserfrequency
v = —_— -
phase="V' = 5= 77 laser wavevector

__Ow
Vgroup = ok

Propagation through a medium with refractive index n(m)

Lo 0w  wn(w) dk N n
B Vphase o >0 do = n wda))/c

The phase and group velocity

= 1
Vgroup = Vphase /(1 + 47 n dw differ in a dispersive medium

e curopean vmon



Carrier-Envelope Phase

carrier envelope
phase

dp(t 1 (0%¢(t)
go(t) = @y + ( ggi ))t_t (t — tO) + E ( ;ZZ )t_t (t _ tO)Z +
=t, ~t,

l agfp(t) . 3
6( ot3 )t=to (t to) T

—> <—CEO phase Ag,

Pulse envelope Ty Ao,

A(t) Jero = T
R
> t

Electric field: A/c =2.7 fs @800 nm




A state-of-the-art laser system for attosecond
science - 1
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A. Baltuska et al., Nature 421, 611 (2003)



Basic operation of a mode-locked
Ti:Sapphire oscillator
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Basic operation of a mode-locked
Ti:Sapphire oscillator

Pump laser i
532 nm \\ PM

&F broadband, dispersion-
O compensating mirrors

Ti:sapphire crystal

output-coupling mirror

S. Rausch et al.. Opnt. Expr. 16. 9739 (2008)



Kerr-lens mode-locking

Intensity

-

Kerr medium CW

pulsed

Y Aperture

Kerr-lens mode-locking exploits the non-linearity of the refractive

index
n(l) =ny + n,l

w§ :
0 W, = beam radius

4n,dl, d = thickness

Focal length of the Kerrlens [ =

http://www.rp-photonics.com/kerr_lens.html



Example of an octave-spanning oscillator

Pump laser
532nm PM

Using an octave-spanning

P oy . broadbandt dispgrsion— .
o | /U SSmpnsaiig miskes oscillator 4-fs pulses can be
7 . \*‘\ W’RM4 L |

= = # generated and the stage is
~~~~~~~~~~~~ Ti:sapphire crystal oie .
Q/ﬂ set for stabilization of the
v e * carrier envelope phase
€ 1.0- -0 ©
5 A) ®
L= O
> 08— —-10 &
2 3
% 0.6 — — -20 %
% 0.4 — — -30 §
@B (7))
T 02- —-40 2
‘2’ 0.0 — — -50 E
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S. Rausch et al., Opt. Expr. 16, 9739 (2008)



Pulse energy: Chirped pulse

amplification (CPA)

CPA - chirped pulse amplification LT SR

and its intensity increases
dramatically.

Short light pulse The pulse is stretched, The stretched
from a laser. which reduces pulse is amplified.
its peak power.

Grating pair, Amplifier Grating pair,
pulse stretcher v pulse compressor

©Johan Jarnestad/The Royal Swedish Academy of Sciences




Nobel Prize 2018
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Figure 3. The history of pulsed laser technology in terms of peak intensity. After an initial
increase in intensity during the 1960s, as described in the text, only an incremental increase
occurred during more than a decade. The invention of the CPA technique for optical pulses by
Strickland and Mourou in 1985 [45] dramatically changed the situation. The values on the y-
axis are indicative because the intensity depends on how sharply the laser beam is focused.
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High-harmonic generation
and
production of attosecond pulses

1. Nonlinear susceptibility

2. Keldysh parameter

3. High-harmonic generation
4. Attosecond pulses




P=yVE+y?E*+y" E*+...

neutral £ \
atom _ _
| P - polarization
E - electric field

v - susceptibility
—

electric field E
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P — X(l)Eﬂl—X{z}Ez—l—Xﬂ'EHm

Contributions from high orders are small,
typical nonlinear optics.
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BBV B 4 ,

The series is divergent!
Not a valid description.

electrlc field E

VERY nonlinear optics — STRONG FIELD!
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(Keldysh parameter)

momentum in the field of ion

ek
/ .

1/time force of electric field

w - electric field frequency
E — electric field amplitude
Vip — IOnization potential
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(Keldysh parameter)

\/2me VIP
ekb

multiphoton ionization tunneling ionization
perturbative non-perturbative

y—w

y>1 y <0.5
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\/ 2m,V
ek

<0.5

Tunneling lonization: Y=w

What laser do we need?
Typical:
A=633 nm - w=3 10" Hz
Ve=1 Ry =13.6 eV

E=10"V/m
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Intensity
Poynting vector

HeNe laser?

Typical:

Power: 5 mW
Focus: 20 um
Intensity: 1.6*10" W/m?

E = 10° V/m — need 12 more orders to get 10 V/m!

VVVVVVVVVA
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The shorter the pulse, the stronger the field (same pulse energy)

Pulsed lasers!

Typical:

Power: 1W

Rep. rate: 1kHz
Pulse energy: 1mJ

Need pulse duration of 200 fs to get 10** V/m.

Usually cannot focus too tight, need about 20-50 fs pulses.
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Pulse energy: Chirped pulse

amplification (CPA)

CPA - chirped pulse amplification LT SR

and its intensity increases
dramatically.

Short light pulse The pulse is stretched, The stretched
from a laser. which reduces pulse is amplified.
its peak power.

Grating pair, Amplifier Grating pair,
pulse stretcher v pulse compressor

©Johan Jarnestad/The Royal Swedish Academy of Sciences




regen+booster amplifier

-'l- - . - - - ; : r 1|
|
- w B2 [ ———— |
RIS AT L= - I
w4 u.ll- . f/ N\ m,.lﬂ_'d - = -
(¥ . - i E Ti:sapp |
# ‘  E |
=& ..
.r’ o |
|
=» | " !
& &5
§ 0 K "
M f i
' T
- ] 1 -
__:_ =3 "
-l
=
W
#:
O, ele
wP o
{ "
3
oY o
3 “.

| e P T TTLCL LU L] R T L E R AT

polarization rep. rate pulse duration trigger source
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polarization rep. rate pulse duration trigger source
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High-order harmonic generation
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only odd harmonics

~ plateau

L - cut-off

Relative mtensity of harmonics
9
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Ferray ef al. (1988)
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Relative mtensity of harmonics

only odd harmonics
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acceleration in
the laser field

E 4 )

recombination 1
and photoemission

Corkum, Kulander
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Only odd harmonics are emitted.
Even harmonics from two half-cycles interfere destructively

6 ' | ' i |

fundamental

2"d harmonic

3" harmonic

¥ L | 1 L L
0 03 1 Lo 2

Only odd harmonics are generated! Phase matching is important!
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Energies up to 2.5 keV! N>1500!

5fs, 0.3mJ, 1kHz

Log((count+1) s77)
Log(filter transmittivity)

0 1 2 3
Photon energy (keV)

J. Seres et al, Nature 433, 596 (2006)
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Attosecond pulse generation

electron phase-matched
trajectory high-harmonic
\ generation

original

e pulse

lonization
reshaping

Schotz et al (2020)
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AEnergy

TI me Time—of—fxi\igﬁ;[f

spectrometer

Nozzle

Electrons gain energy depending on®
momentary IR field.
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Angle-Resolved PhotoEmission Spectroscopy



Electron
~ analyser

Valence band

Core levels
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Hemispherical analyzer
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hk”f _ hk”i Momentum conversion

=./2mE,, (sin@cosq)l;x + sin@sin(plzy)

hemispherical
analyzer

Lens focus is at the sample: emission
angles are converted to x-position at the
detector. deviations are small and
approximately linear.

Bias voltage helps to choose energy range



HHG-based ARPES

lens

> ARPES chamber
Al filter

BBO for SHG

390 nm HHG
0.3mlJ

waveguide

1 1

l /oble gas l

or a 3rd/4th harmonic generation BBO crystals 2D-analyzer

Si rejector

lens




E-E; (eV)

Ti:Se2 dynamics
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Ig)ot topic: tim(s-resolved ARPES of topological surface states (TSS)
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J. Sanchez-Barriga et al, Phys. Rev. B 93, 155426 (2016)



ARPES software: PYARPES

Ap_plying correct_ions to ARPES data PYARPES

Doing gap analysis

Performing sophisticated band analysis

Performing rapid and automated curve fitting, even over several
dataset dimensions

Background subtraction

Dataset collation and combination

Producing common types of ARPES figures and reference figures

Converting to momentum space

Interactively masking, selecting, laying fits, and exploring data

Plotting data onto Brillouin zones

http://arpes.netlify.app
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