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Exercises/demo sessions:

Lectures typically on Thursdays CH H1 604

 Hands-on sessions with lasers
* Numerical demos (Python) /
exercises

No “homeworks” , attendance is
strongly encouraged.

Antoine Andrieux

w

Michele Puppin


https://plan.epfl.ch/?room==CH%20H1%20604

EPFL Time scales in nature

Electronic motion: 1028 s

Molecular motion: 1012- 101 s

Clock of a computer: 107 s
Heart beat: 1s
Human Life-time: 10°s

Age of universe:
43x10%s

Can be observed in real time by
Ultrafast laser science

Key ingredient: fast flashes of light, femtosecond pulses
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Light detection in biological system

7
= Lys216
} Photon absorption by a retinal molecule
— triggers complex chemical reactions
Retinal ) aspotz which culminate in the stimulation
= ‘ o Watdo? of the optic nerve.

“.; Asp82

What are the early steps of the process?
How fast they proceed?

All-transretinal == - == -- - - cm e 13-cis retinal
Ground state 49-406 fs 457-646fs 10ps

Nogly et al., Science 361, 145 (2018)

Early 1990’s introduction of the first femtosecond lasers (UV/VIS/NIR)
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The First Step in Vision: Femtosecond
Isomerization of Rhodopsin

Optical spectroscopy on molecules

Science, 1991

R. W. SCHOENLEIN, L. A. PETEANU. R. A. MATHIES. C. V. SHANK

2001s

0 -

.
CH." . 1 i }n‘
2 74 _2 .
11-cis rhodopsin All-rans photoproduct

Isomerization coordinate

Wavelength (nm)

- Spectrum of molecules as a function of time detects the

electronic population

- Isomerization occurs on very fast time scales (200 fs)

[}

Michele Puppin

@ The Nobel Prize in Chemistry 1999

“for his studies of the transition states of chemical reactions
using femtosecond spectroscopy”

Ahmed Zewail
performed the first
femtosecond
spectroscopy on
molecular:
Ahmed H. Zewail Femtochemistry!

Egypt and USA
California Institute of
Technology (Caltech)
Pasadena, CA, USA

b. 1946
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Nowaday femtosecond studies be extended towards other spectral ranges: How?
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INFRARED

Towards the XUV and X-Ray

lonization: photoelectron spectroscopy
Electronic State-specific probes

Diffraction (also with electrons)

Towards the IR and THz

We can directly couple to atomic vibrations

~
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Femtosecond X-ray crystallography

Sampling

568 nm

all-trans

Selective
isomerization

Twisted
142-314 fs

product

D

574-695 fs

E

10 ps & Wat402

Nogly et al., Science 361, 145 (2018)

Same experiment:
atomic position as a
function of time

“Molecular movie”
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Coupled electronic and atomic motion in real time

0.8

Atomic positions
fs X-ray pulses

0z, (pm)

0.0

Electronic states
fs XUV pulses

XZ/yzZ

’ A
+140 meV offset band

] ] .48
0.2 0.6 1.0
At (ps)
Gerberetal., Science 357, 71-75 (2017) Coupling of electrons and lattice in an iron-based superconductor

Motivation: understand couplings in complex materials

©
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EPFL Time scales in nature

Electronic motion: 1028 s

Molecular motion: 1012- 101 s

Clock of a computer: 107 s
Heart beat: 1s
Human Life-time: 10°s

Age of universe:
43x10%s

Can be observed in real time by
Ultrafast laser science

Key ingredient: fast flashes of light, femtosecond pulses
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F’ierre Agostini

Prize share: 1/3

Attosecond: ultimate timescales in atomic physics

Distance _ 529 x 10 1'm — 24 as (24 X 10—18 S)

Speed  2.19 x 10°m/s

5292107 meters

g;_,

Atomic unit of time
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Prize share: 1/3 Prize share: 1/3 Delay (fs)
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Quantum mechanics of atoms and molecules

Processes like photoemission or electronic tunneling are instantaneous only in first
approximation. How long does it take to photo-emit an electron? How long does it
take to tunnel out of a barrier?

" I
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W O N ©o =

Cond.-band kinetic
energy (eV)

o
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4f-states kinetic energy (eV)

(4]
4]

-6 -4 -2 0 2 4
Relative delay (fs)

Cavalieri, Nature volume 449, (2007)

How do we treat time, and time intervals in quantum mechanics?
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Light wave electronics, Petahertz electronics

Attosecond science is based on technologies controlling short light fields (few cycles),

and their phase with subcycle precision
EHz

Light cycle (few fs)

PHz

B
8 THz
[9p]
. GHz
Current electronics
GHz (ns)
MHz

Ultrafast Lightwave
optics electronics
Atoms
o 3
o )
Solids eV A
Electronlcs m
kV cm™ MV cm™ Gvcem?!

Field strength

Borsch, Nature Reviews Materials volume 8 (2023)

Can we directly drive electrons with strong controlled electric fields within a material and

perform useful (Qquantum) operations?

=
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Our goals:

Step 1 - Achieve a practical understanding on the operation of
femtosecond lasers and amplifiers.

Step 2 - Understand how (extreme) nonlinear optics is used to obtain
1) Few-cycle pulses

2) Extreme ultraviolet radiation
3) Attosecond pulse trains and isolated as pulses

Step 3 — Femtosecond Electrons and X-rays pulses, how to?

=y
(4]
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=PrL LASER:

Light-Amplification by Stimulated Emission of Radiation

Typical properties of LASER radiation:

* Directionality: the radiation is concentrated in a narrow
beam with low divergence, which can be focused to a
«diffraction limited» spot, achieving high intensity

* Monochromaticity: the light emission is concentrated in a
narrow linewidth.

The radiation of a laser has high temporal coherence and spatial
coherence. How is this achieved?

B PHSY761 — Attosecond Radiation Sources - 2025
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Self-Oscillations:

Amplifier

Example: Audio feedback (Larsen effect)

Feedback

Start from broadband
noise in the audio
system

Grows rapidly into a
loud sound, at some
resonant frequency of
the system

-
~

Michele Puppin
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Amplifier:

Input voltage

Vin

Self-Oscillations:

v

»
>

Vout =A Vin

Gain=A

Output voltage

=
©o
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Self-Oscillations:

Amplifier with positive feedback:

Z Vin + Bvout

Input voltage Vv, —>' b
A

BVout .
—

Feedback network

A

Vout = Vinm

Vou="7? Output voltage

Vout =A (Vin + B Vout)

Very large output
BA - 1

— o ? No
Saturation, breakdown of
linear regime

=y
©
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Oscillator with a resonant frequency:

Z Vin + Bvout

Input voltage Vv, —>‘ - » V=7 Output voltage
A

Magnitude (dB)

w
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Bvout .
— A
Vout = Vi

n
1-pF(w)A
Closed-loop magnitude (dB) vs frequency offset from resonance

— AR =05

—— AB =099
Feedback network with a resonant frequency
(eg. LC circuit, quartz crystal.. )
* Narrower and more intense as Af —1

Z400 200 0 200 300

Frequency offset from w0 (Hz)
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ePrL Self-Oscillations:

Key concepts:

]
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L
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. Gain (Amplifier)
. Positive feedback with

resonant frequency g

1

2

3. Finite oscillations produced —0.25 l ' \
from weak input (e.g. noise)

4

. Gain saturation
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Light Oscillator: Quantum Electronics
A laser oscillator extend the same concept to the optical regime.
Practical realization of the laser 1960s (Maiman/Basov) :

* Microwave technology well-developed (electronic engineers)
* Quantum mechanics and light matter interaction well understood (physicist)

Quantum Electronics

Gain medium (ruby)

Switch
100%
Mirror

Flashlamp 95%

Mirror

Ruby laser demonstrated by Hughes aircraft (T.H.
Maiman, Nature, 187 (1960) 493)

N
N
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L

Basic ideas of light-matter interaction, Aand B

Before After

diI}?uus
;1[' /f."’J

— —— ,
L *
. _ upper - ﬁ N
Spontanecus 0 level I L _}Hl H L ITLAEY
emission photan
or decay [Favava, 4
lo
S 4>, N (e EN. DEUS Ty
FEA Ul
Fa
T‘Eﬂ )
upper
e O A = Smu: deo
Stimulated -
absorption U{’l‘?fi’.‘ . A
_e_ lower
level
. upper -
_07 level N -
. = )
g, 2y JA(e>) B Ny

VAVAVE 4

 lower 4& B
level

RESPORSIBLE FOK MrU‘FWN

Relations between A,B:

ﬁ}l: —kw Bll = é_?. %“
'E)zl e BI

N
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Light propagation in a 2 level medium absorption/amplification

_dl _ fw (NN ) B F(w) T
d =

Assume a small initial signal (N4-N,) independent on |
I(v,z) = I(v,0)e *)?

With population inversion the absorption coefficient is negative, a weak signal
experiences exponential growth:

a(v) = [Ni — (gi/gr) Nrlo(v)

N
H
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.
2 "
Absorption (Gain) coefficient _ _Bua i © STIHUASED
[Nu g[ N,f 87‘[’?]21)2 —— ENUISION
) j \ CI’EF‘F!HEH'
Nu<NI (Nu>NI) ‘/ T/4JT2 ,
P % Yul 1 .
e (v —v0)* + (i /4m)? = L3,

D Freldcvee VvV — Vo Y /97T HohoGaues
b ! —n LINESHATE  gyomycuils

v

Population inversion

One of the challenges is to find a suitable
excitation method and electronic levels to
achieve population inversion

a(v) = [N; = (gi/gr) Nelo(v)

N
~
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L Population inversion?

Cannot be reached in a two-level system (exercise session)

——— 11) Nf_ Lfl‘._.
Meo \“" /—
v o '['}
Mo

3 (or better 4) levels are required

(3%

"\} Ane,

i k..
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L

Mirror

Anatomy of a LASER

Pumping energy

] L~ \@ /ii‘éi"'fm

| T -‘H:-yZPmial
ﬁ ﬁ\.\ ﬁ mirror

1)
2)
3)

Active medium
Pump
Resonator

N
©
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N2 —>| |

Optical resonator

R<1

I

Vg =E

c =A2

Resonance condition: standing wave

frd = wEm )= =

= S w
Y
en2d g
J‘"“ 'L) "l)uh-]"?h: "'E‘
F Za

(24 )= "M \ TREE <eSaTAL
A AdeE

[ nobE  sEPHaION)
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Resonator modes vs gain profile

_—

£ Resonator Modes M Mo
2 A to
5 b——r——HB—
g Spectral / /—h\ -~ d .
gain profile l
g / l \ AV = c/2d
2 \ |
o I
5 / | av \
& Threshold ! \
I 1
| | |
| | '
. | |

Vi

Vo

In most cases gain profile overlaps multiple cavity modes!

>\

w
-
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Connect the dots:
Electronic oscillator LASER
1. Gain (Amplifier) A. INVERSION DEPLETION
2. Positive feedback with resonant frequency B. Optical resonator (Fabri-Perot)
3. Finite oscillations produced from weak input C. SPONTANEOUS EMISSION
(e.g. noise)
D. STIMULATED EMISSION, Atoms with

Gain saturation

POPULATION INVERSION

w
N

Michele Puppin



EPFL Laser oscillators -
« Amplifier: Medium with inversion simmetry {f
» Resonator: open mirror resonator, can store the energy of the modes ]
/N Y
@ Pumping energy @ " f" .f_i O | pJUE ',II;j_ 1 r__ ] L__,-"
o \1 b@z e RROAD BAND N ARTOW BAND
RSN NPIS S e i
" IR o ATPLIFIE R 0 SciLUAioA

i

. \_\\ SPonT, EMISSIOM R =N TP
i) 1 i A~ 2 Y ILILAS

| = /I
(LinEw STH ) o

e \ Al
. \. < RESONATOR FeehBACK
§ ficnofs . -~ R
N WHAT ARE TTHE  CONDITTONS FOR
g ACHIEVIN (- OSCILLATIONS 7
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L

Lifetime of photons in a cavity mode

el Res:mcltf:r Modes ‘ M,
2 1 U
= b——HB—
g Spectrgl //h\ - d
g gain profile / : \ AV=c/2d
: \ |
5 / : AV \
.g'- Thresho}d/ ! \
| I !
a i .
Vi Vo V2
. f h,
EFLECTION .
= = El-
L’Dggs d, |[H) rpﬂ-llll |ﬂ
pp— a-aﬁLﬁ. 2)
rth = E.u[E )

« Lasing will start if the gain per
round trip is balancing the
losses.

I ofmicte suEkeyr m THE W<Th HObE

ML peWe = W)= e
dk W
A _ pudion
LIFETIHg
* Losses: reflection (output

coupler), diffraction,

scattering/absorption, ..
™~ 2d LOSSES
e = Pk c <~ FER RouNy=TRiP
LW LZREES Lo

4 LiFENHe

» Below the gain profile several modes can «lase» , if above a certain threshold condition

w
H
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L

Gain and losses per roundtrip in an active resonant cavity

Cavity losses (mode dependent):  Absorption Scattering
(B = loss coefficient (s1), Vol x ‘5\(
y = loss factor per roundtrip ) R oo I \_|
SRR ENEIEN R .
[ = lpe e—— ;.\ R-| J (1-R)-I
) - Vsl R
y =p -(2d/c) - d -

With population inversion the absorption coefficient is negative, a weak signal experience
exponential growth:

a(v) = [N; —(gi/8k)Nilo(v) [(v,z) = I[(v,0)e~M)=

1v.2L) _ oo

Gain factor per roundtrip G(v) — 70.0)
v,

I(v,2d) = I(v.0)exp[—2c(v)L — y]

w
(3]
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o —» AN

Threshold population inversion

I(v.2d) = I(v,0) exp[—2a(v)L — y]

—2La(v) >y

AN = Ni(gi/gi) — Ni > ANy, =

v
20(v)L

Above this threshold a spontaneously
emitted photon in the cavity mode will
initiate an avalanche which starts lasers
oscillations.

This cannot growth indefinitely: we have
to solve the rate equation model.

Include an equation for the population in
the relevant cavity mode and the cavity
losses

Pumping en

‘ J\@ /mz'::m

X s\

ergy

w
(=]
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Rate equations including a cavity mode:

/\@-\?DHP RATE
12>

1>

DECA? RATE  Tp OTHER LEVELS

|

7l >
.C__(:‘_
cl ¢ &
ol & o
| o
o
=

e
@

/

AN
1R1
=

dN,

dr
dN,
di

dn
ds

- P =N
={{D;)— (N2 — Ny)Bayynhv — Ny As)!— No Ry »

-0~
= (N2 — Ny)Bainhv + NzAzpf— NiRy .

=

-

—

— —pPH T ([va - [‘Vvl\)lef'[I’fU .

t WE HUST INCLUDE

& BATE

gQ. FoA THE FHOTONS

w
~
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L

Steady state conditions: continuous wave (CW) lasing

dN,

o~ l} ? = (Nz — N])BQ]H]’[U + N2A21 — NiR; . = O
dN-

]b ) d_t2 =P — (N> = N)Byynhv — N>Ay; — NbRy . = O
dn

c) n =—pn + (Na— N)Bynhv. =

Under steady state conditions the pump balances the cavity losses and the total relaxation
rate of the upper level :

P = pn + Na(A21 + R»)

w
©o
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