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Scientific Background on the Nobel Prize in Physics 2018
https://www.nobelprize.org/uploads/2018/10/advanced-physicsprize2018.pdf

— Applications

e Strong-field physics and

attosecond science
mEEIZYEE 7 NPRE

e Laser-plasma acceleration
L—H—75 X hE

e High-intensity lasers in

industry and medicine
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F+ —7/V)L AIEMRE(CPA) 19855

CPA - chirped pulse amplification The pulse is compressed

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.

TERY

=t

Grating pair, Amplifier Grating pair,
pulse stretcher V pulse compressor

Strickland and Mourou, Opt. Commun. 56,219 (1985)
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JINIVAL =5 —HiOEE (E—7RE)

Focused intensity (W/cm?)

Extreme Light Infrastructure (ELI)
liGc Is @ European project with three
ST [ D sites that will be completed in a
e few years.
developed for emitting : R
extremely powerful short e
laser pulses, but then i‘o'
1024 development stopped - it o
was not possible to amplify ELI
the light pulses further
without damaging the
amplifying material.
1020- ;
1 e CPA
The world’s first functioning
. laser was built by the American
10”’-I ....... physicist Theodore Maiman.
I I I I I I I I
1960 1970 1980 1990 2000 2010 2020 2030
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HEW iNntense is\\an iIntense laser field?
b et g

Intensity 5&E 1013~1015 W/cm?2

* Intensity at which the interaction with an atom becomes
non-perturbative & ¥ & DB B EAMNFEEBENFRIVICR D

a6 55

* Effect of laser on the electron ~ Effect of the nucleus

on the electron
Lt —EGhEFICEIITIZE ~ EFEDEFICH
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* Above-threshold ionization (ATI) BB = Bt
s

Lm

lonization upon which an atom absorbs more photons
than minimum necessary. M ELL EDEFZIRIRL TA
A b9 %81E

<1

=

L

== X

* Tunneling ionization > R JLE

L

—

* lonization by the tunneling effect rather than absorption
of photons b >V XRILFIRIC K D1 A 1E

* High-harmonic generation (HHG)

SUNCEL ) & e
* Generation of harmonics of very high orders ;&< Z 2
i = =)

RDERDFEET 2R




This lecture d Chat your student ID number and full name.

Key concepts
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* Ponderomotive energy /> 7O E—
T 4 7 LX)LF— (this week)

* Quantum paths (trajectories) 2 F &
% (next week)
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Single-photon ionization (photoelectric effect)

1 JeFERt OEEXIR)

1905 Einstein 71> a5 14>

ALBERT EINSTEIN*NOBELPREIS PHYSIK 1921

A S LA S S E=0

" Lichtelektrischer Effekt
IP ha) DEUTSCHE BUNDESPOST

=mpepe  Kinetic energy of the ejected electron
1, : lonization potential BHESNEFOESHITRILFX—

AAMERTVU VI

E,=how-1,

Condition for ionization -1 7t > {t D &4 ho>1,

lonization rate ¥ ZF {tL— bk Ro [

I : Light intensity S D38 E
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Single-photon ionization
1 XFER

L%%/iﬁzation lonization rate (transition probability per
= unit time) E{IEERTL = D DERHEE
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Intensity-dependence of single-photon ionization

1 JEFERED5E]
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MULTIPHOTON IONIZATION

What was believed till

& N/ == X 1970’s. 1970ERFE TS
§7J L _J ==3 %_I LohTWwez
Zenl e i
hw
I I, ho
I‘hw Ground state haw
EEIRRE
ntensity @ <%
R LOW &5 HIGH 2&
E—

Number of photons necessary for ionization e 1y g
1A EICBRIGIEFIR L w

Kinetic energy of the ejected electron

HEEnF-EFOEHITR)IF— Da=Nw-—1I

lonization rate ¥ A {t L — b R o IV 3'5%??%3%—"?;‘7]%

Nonlinear optical phenomena

12



This lecture is recorded. Chat your student ID number and full name.

Example: 3-photon ionization #l : 3XFEjk

Photoelectron 3

10 ———
D/energy o4 |.— 240 nm (5.17eV)
| T 243 nm (5.10eV)
T L 107 - =—— 249 nm (4.98eV)
S .., 10°|
I hw =1 L
4 N B 10
5 M 10'8 -
107 |- Pulse duration -
E,=3hw-1, 1070 1 40fs 7
10-11 1 1 lllllll 1 1 1 1 1 1.1
1010 2 3 45671011 2 3 45671012
Hydrogen atom I =13.6 eV E— o (W/_sz)
3 Peak intensity
fomization ocIntensity FERRFZ I ZITE (nonlinear optical

effect)

n-photon ionization

n
Ionization o« Intensity

' requires a bright source —

realized only with lasers
BVRDNHE > L——DHIR
IC K> THISHTEIR
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Experimental verification of the

power low of ionization rate
1965~1975 [ < 1013 W/cm?2

lonization rate Ry = on®” ® = I/hw

* Power low confirmed for different target atoms

! i

10100} & Generalized N-photon cross -
section oy (cm?@NsN-1)

log(¥) (Arb. unit)
-

k= ..'
7.442077-7.

0 /
R
=1 [N Jt[

L 1 1 i
290 295 300 / 295 30.0

ON

Log-log plot of the ioh—producTion rate vs. laser

oeak flux. [Chin et al, Phys. Rev. 188, 7 (1969)] Protopapas et al., Rep. Prog. Phys. 60, 389 (1997)
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Discovery of above-threshold ionization (ATI)

TR SR DR R

Pierre Agostinis (CEA-Saclay, France 7 2 > ABRFATH 7 L —#H%EFR)
* All the previous experiments only measured the total ionization yield
ZNETOERIBWVWINE. h—FILDOAAVEINEZRIE LT,

* Agostini et al. measured the photoelecton energy spectrum for the first time.
FHTHBFOIRILF—AXRY MLZAIE LT,

WES32nm Aw =2.33eV  [,(Xe) =12.1298¢V N =6

A peak of energy higher than expecteq for 6-photon ionization
OAXFEMTTIFEINSSLIDEIRILF—DUEBICHEE—IZHER

a) E

Fyin = Nhw — I, = 1.86eV

\ - Another photon
ATI absorbed after 6-

photon ionization?

6 HFBEED% T
55 1 KPR ?

Free-Free Transitions Following Six-Photon Ionization of Xenon Atoms

~ Phys. Rev. Lett. 42, 1127 (1979)

15



A free electron cannot absorb photons
T2 I 7 8

Energy conservation 5 22

Momentum conservation
S {RT p;+nhk =p; w=clk|

* Solutions exist only forn = 0 — A free electron can neither
absorb nor emit photons, because the momentum cannot be

(E,, Kp)
conserved = /

BOBHBOE, n-00BE I BHERES BBV /2

. BHEBEFERAFERNGHBHEE TSR, —
* Free-free transition possible only near the ion which absorbs the

momentum difference EBEIEDEZRIXL T ND 1 A > DIAfE (B =€y nh0

TDH. free-free BB H AIEE )

* Does a rapldly escaplng electron have time to absorb a photon? 'R‘, =i+ nbic

AAVDSRITTWSEFH. KFZRSENHDDH?

This lecture is recorded. Chat your student ID number and full name.
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FIG. 3. Electron spectra from multiphoton ionization of xe-
non at 1064-nm. The vertical scales are normalized. The pulse
energy F and pressure at which each spectrum is taken is given
in the figure. In the spectrum at 0.004 Pa, the background has
been subtracted. The estimated intensity is F(mJ)x2.10'

W/cm?,

ELECTRON ENERGY (eV)

Kruit et al., Phys. Rev. A 28, 248 (1983)
Group of FOM (Amsterdam)®D %' JL—7

Ekln
S UNSEINE:- A a4

(N + S)hw — I,

* Now certain that ATl is due to free-free transition
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.l-\

< D

i

YT

>

-

2oL

>

&

w

=

w

=4

- -

g'n o 2 Az1,064um

x hy=116%ev
o

FIG. 6. Electron-energy spectrum corresponding to absorp-
tion of photons above the ionization threshold. Zero energy cor-
responds to a free electron at rest for either of the two ion-core
configurations. The negative energy states represent the ioniza-
tion energies for the two core configurations and they are thus

P
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Xe’(Ss’Sp’) (Lp”z

=
5 o
ta o
.
13
(e
.

inverted relative to the normal ion spectrum.

Macllrath et al., Phys. Rev. A 35, 4611 (1987)
e Group of AT&T Bell Lab.®D 7' )L—7F
RO DIHFE Extra photons

wavelength

;B 1064 nm
Xe gas

DIFESE [
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FIG. 3. Electron spectra from multiphoton ionization of xe-
non at 1064-nm. The vertical scales are normalized. The pulse
energy F and pressure at which each spectrum is taken is given
in the figure. In the spectrum at 0.004 Pa, the background has
been subtracted. The estimated intensity is F(mJ)Xx2.10'?
W/cm?.

Kruit et al., Phys. Rev. A 28, 248 (1983)
FOM (ZLRTIVI LYD T IL—F

At high intensity =38E Tl

A s 0O 2 4 6 8 10 12

N RV A electron energy (eV)

sh1 1200 FIG. 7. Xenon photoelectron spectra for 1064-nm light. The

N polarization is linear, oriented along the detection axis. The re-

NIRI ] scale factor at right may be used to obtain the relative rates per
OO o A e unit xenon density.

0.0 2.0 4.0 6.0 8.0 10.0

Maclirath et al., Phys. Rev. A 35, 4611 (1987)
ATRTNIVIRD T IV —TF

* Comparable peak h“eights e non-pe(turbative 3
RNAFRICE 59, E—=T7 DEHEEE~FEBEHN
* BEXDIRINE—THEZ S (peak suppression at low orders)
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High-order perturbation theory =X DE&)H

il et <lei> -E(t) or kel Hi= —% (ZI%) - A(T) + %A2( )
|

=

LENGTH FORM VELOCITY FORM

cross section i unit
LITETE ON = & ( > M) ) H{I cm?2NsN-1
f
(N) ()Y el - (9 | f)
Moo
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(N+S)-photon ionization cross section of a hydrogen atom
IKFB[EF D (N+S)FtFERED MRETE (cm2N+S)/WN+S/s)

Gontier and Trahin, J. Phys. B 13, 4383 (1980)

e/ INRAFE G EUN
RITDNFIS 6 (530 nm) 8 (650 nm) 10 (910 nm) 12 (1082 nm)
0 1.39%x10-69 1.49%x10-97 4.51x10-123 3.46x10-149
1 2.84x10-83 9.85x10-111 7.78%10-136 9.81x10-162
2 2.92x10-97 2.53%10-124 5.35%10-149 1.10x10-174
3 2.80x10-111 5.84x10-138 2.61x10-162 1.08x10-187
4 2.66x10-125 1.35x10-151 1.89x10-175 9.87x10-201
5 2.32x10-139 2.75%10-165 1.04x10-188 8.91x10-214
fi:%%ﬁ?g I(E‘;'v%"]fz) —> 4.89x1013 1.51x1013 5.80%x1012 3.53x1012
Equal cross section for
S$=0 and 2

Intensity at which the interaction becomes non-perturbative
JEREIERNICE S HEDBRR

longer wavelength — lower intensity

RiERIF E1REE

Consistent with experiments

20
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Non-perturbative? IEE &R ?

NUCLEAR COULOMBIC FORCE| _ | LASER ELECTRIC FORCE |
RFEH5D7—AYA L= -—EBR507 |

2
el
dega’

» I3 0 W o

* Why non-perturbative at much lower intensity

BE., TN&LD T > &IEVEE TIFBES E’J CIRBDM?
* Why non-perturbative at lower intensity for longer

wavelength G, RERIZE. (BE2E CIEEIHFRIIICK
S5DM?

* Why low-order peaks are suppressed? &, {EXDI}E
FE =N ERDDN?
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Charged partlcle In an electromagnetlc wave

\Z. N\

EER A @’f__[ >|‘

E(r,t) = 2[ o(r,t)e™™! 4 c.c.] = |Eg| cos(wt + ¢)
1 .
B(r,t) = §[B0(r, t)e " 4 c.c.] = |Bg| cos(wt + )
Slowly varying envelope
ﬂﬂZRﬁﬂﬁﬂﬁ\ REBwic< 5T > DR (TRO—-7)
\ Microscopic oscillation or(t) = droe” ™! +c.c.
Macroscopic drift Voo 7 Dfd:T}EEjJEEjJ (T)Eéj_]é;ﬁw) |(5I'() . VEO| < |E0|

motion
N7 O RY 7 NEE)

Distance z

23
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r(t) = R(t) + dr(t) or(t) = droe ! + c.c.
Eo, Borarely change in the scale of &ro |dro - VEo| < [Eq
SroD AT — )L Cld. Eo, BoldlEFE A EZ DS, |01 - VBy| < |Bo|

v(t) = V(t) + dv(t) ov(t) = dvoe “t + c.c.
or is small but év is NOT necessarily small.

Non-relativistic electron velocity V x By < E
BF DR IR o0
OSCILLATION AMPLITUDE
X & ov = E(r
FHEBORE | » o= 4B g dEo
mass m, charge q oV = 51' 2mw 2mw

5e) iy 5, - T2

V x E(r,t
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Force acting on the charged particle
EIEALTFICIERYT 577

F = q[E(r(t),1) + v(t) x B(r(t),1)]
= q|E(R+dr,t) + (V +0v) x B(R 4 dr, )]
~qER,t)+dr- VER,t) + V x B(R,t) + v x B(R,?)]

time average over many cycles = terms with =’ ¢*2“ vanish

iy g (0ry - VEg + dvy x Bg 4 c.c.)
¢ 2

* * q 2
— _4mw2 [EO : VEO _|_ EO X (V X E0> _|_ C.C.] == —4mw2V|E0’
2 2
q 'EO <R7 t)|
F=-VU,(R,?) Rt =+ =
PONDEROMOTIVE POTENTIAL
(ENERGY)

RTOE—T 1 TINT
oyl (ZXRIVF-)
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Ponderomotive force
(©) N A\ —_— \ o —r <5
hor b o ] (g 1)
|Eo(R,1)|? PONDEROMOTIVE POTENTIAL
i (ENERGY)
RTOF—T« TRT
vl (TRILF-)

F=-VU,(R,¢) U, (R, t) =

Ix,y)

* Potential force /N7 > > v )L/ Eo(R, )2 o I(R, 1)

* Proportional to the laser intensity K D 8 (T LL 5

* Independent of the sign of charge (from the beam axis to
outside)

BHOFEICLSTHAEAAL (E—LDRLNSHN) =

* Higher energy for lighter particles (larger effect for electrons
than for nuclei and ions) BEWH[ FIFERERITRILF— | /

* A charged particle in a laser field has an energy of U, by
default. IR Fl&. L—H—FHRICEWSEITTU,DT

FILF—ZFK>TW2%,

26



This lecture is recorded. Chat your student ID number and full name.

SVOBBRELEHc
Ponderomotive energy from a

MICroSCOopPIC View point
Motion of a charge particle (mass m, charge q) in an oscillating electric field
IRENEFRFPDEEm, ERqgD BN T DIEE)

E(t) = Egsinwt RO

mv = qEgsin wt

E e » »
V= _?n—u()) coswt + drift M EH)

Energy of quiver motion (jitter motion)D TR JLF—

Lo Time average Lo "B

i — — == == U

2mv 2 Ccos” wt B T 4 zmv T D
For an electron Ea??@i%% :

e o 2
L@@V):4Mw;:=9337x101€M“Umn)x%um)

* A charged particle in a laser field has an energy of Uy by default.

* BT (HERANF) &, L= —FBRICLEWSEITTU,DIXRILF—%
}§’DT\I\%O
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EFEZEMEICEITS "I\ A

']

51 OHRATRI

RYTAE—T 1 7IRILF~
P

2m

< >

p + eA(r)

e?A

A(r) = — JE(t)dt

A(t) = Aycos wt

(p + eA( cos a)t)2 p?
=—+
2m 2m

E
0,

¢.op CE
=——+

4m 2m  4mw?
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Effective ionization potential = I,+U,
EIRBEA AR T 2 v ILDIp+UIc D,

;o SIS S o i S
/ /////// g 1.1 ..LA_.(L_n —] =1 e
oy S Yy ~ @
g ,/ Y4 =19 ,,..A.J\-J[ h —— +25 &
/// e LA © 25 A 003
/ '// A -~ IU 3o e NANAN A~ | =100 2
y p 2777 o
- ///' L A e 2 4.8 | ANNN A | 150 3
@@
< 6.4 A/KM./\,J\AJ\ =150
t B 0 2 4 6 8 10 12

) . electron energy (eV)

-r"

FIG. 7. Xenon photoelectron spectra for 1064-nm light. The

Ip Nhw (N+S)h0) polarization is linear, oriented along the detection axis. The re-

scale factor at right may be used to obtain the relative rates per
unit xenon density.

Number of photons necessary for ionization

how > 1
A A L DBRH T e

Ix,y)
Observed electron energy ERAI SN IBEFDIRILF—
Eyin = [nhw — (I, + Up)] + Uy = nhw — I,
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Hvo b
T I DY e

Effective ionization potential = l,+U,
EMIEA A MEIRT > 2 v ILDMp+UIC T8 Do

2E2
Up(eV) = 0 = 9.337 x 10 I(W /em”)\? ()

REROAMDEIDP IV ELFHRATE S,

Lower [ for longer wavelength at fixed Up

Ponderomotive energy (eV)

Peak suppression due to ponderomotive shift
g e DA T

1064 nm

800 nm

193 nm

0.2

T [
0.4 0.6 0.8 T.ox10"
Intensity (W/cm?2)

electron energy (eV)

FIG. 7. Xenon photoelectron spectra for 1064-nm light. The
polarization is linear, oriented along the detection axis. The re-
scale factor at right may be used to obtain the relative rates per
unit xenon density.
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Bound electrons EEEF D5

Quantum mechanically, AC-stark effect
SETFHNENICE : A2 7ILT 27 MMTHIG

2E2 2 ni in2 1
2nd-order perturbation e 0 Z Wi | i | (w )Eo

=)

theory BN 5 w? — w2, dime
Electric dipole polarizability
Lorentz oscillator model mi = —eEy coswt — mwiz BRXMET IR
62
T = T COSwtit R,

k= k(ze— x5} m(w2 % wg)

* Negative for the ground state , . e?E?2

EEIRNEE TIE & —~dipole trap W e e
* Positive for Rydberg atoms and free electrons 'J 2 — << Up
NURT - BHEF T IE->E—LRLASRIT S
MEs g U, > |AE,|

4dmw?
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A measure of non-perturbativeness

JEIEF RN CHDIEDHPT

PEAK SUPPRESSION {E:XDE—I HHZA S

Ambw?
Up ~ hw » Eg v

530 nm 650 nm 910 nm 1082 nm
Gontier and Trahin 4 .89%1013 1.51x1013 5.80x1012 3.53x1012
Up ~ hw 8.9x1013 4.8x1013 1.8x1013 1.0x1013

* Order of magnitude and trend consistent
S %o

A—F—ERREFENLLE
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Non-perturbative? IEE &R ?

NUCLEAR COULOMBIC FORCE LASER‘ELECTRIC FORCE
WE TS0 —AYH L—H—BRH 50N

_

5 el
0

|

dmega

Jo—=Foq Tox U

* Why non-perturbative at much lower intensity

7&’@ ZN& DT> E(EVWRE CIEIBE: EI’J CIRBDM?

* Why non-perturbative at lower intensity for longer wavelength &, R
RiF&E. ERETHEBERRNICRDDD?

* Why low-order peaks are suppressed? 2t EXRDEEFE—TIHEZ
S5DM7?

Explained by the ponderomotive energy
M TAE—T 14 7RI F—TELBIETE %,
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Kruit et a

Above-threshold ionization (ATI)
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FIG. 3. Electron spectra from multiphoton ionization of xe-
non at 1064-nm. The vertical scales are normalized. The pulse
energy F and pressure at which each spectrum is taken is given
in the figure. In the spectrum at 0.004 Pa, the background has
been subtracted. The estimated intensity is F(mJ)Xx2.10'?

., Phys. Rev. A 28, 248 (1983)
Group of FOM (Amsterdam)
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FIG. 6. Electron-energy spectrum corresponding to absorp-
tion of photons above the ionization threshold. Zero energy cor-
responds to a free electron at rest for either of the two ion-core
configurations. The negative energy states represent the ioniza-
tion energies for the two core configurations and they are thus
inverted relative to the normal ion spectrum.

Maclirath et al., Phys. Rev. A 35, 4611 (1987)
Group of AT&T Bell Lab.

roughly at 1013~1014 W/cm? intensity in the near-infrared (NIR)

wavelength
1064 nm

Xe gas
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Tunneling ionization

b bt A A

At even higher intensity (>10!4W/cm?), another mechanism
of ionization takes place.

Laser electric field
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[RFZRT >
v

e BF

e
s E(t
47Teo7° e ()

Vilx o] —

Y XRILE

Tunneling

The electron sees a field
rather than photons!
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Tunneling ionization
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Conditions of tunneling ionization
kU XRIVEREDFRMY

Tunneling rate W is high enough b+ > RILEEHL+FKE L

44/2 I3/?

W ~ I, exp <—3E> Field should be sufficiently strong

Field oscillation is slow enough
L — Y —EBIZ DiREID 1+ 35E L)
electron velocity v ~ /21,
barrier thickness d~ I,/E

time scale of tunneling ~ Toun ~ d/v

Laser electric field

Nuclear
potential e

time scale of laser oscillation  Tosc ~ 1/2w

Toas 1
Ttun < Tosc » ’YETt = ﬁ<1
\OSC P

Keldysh parameter
TIWVT1 Y 1INTA—=5F —
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Keldysh parameter
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Keldysh parameter

~ > 1 :Multi-photon regime S lar 5
23t F4E1E =19 | AN A +25 3
_ _ S os | _a Js100 3
y 5 1 :Tunneling regime S 52 [k MM 100 2
k> X% JLEEE 2 4.8 o ANNAA AN 41503

< 6.4 LM ANANAA A ] 2150

0O 2 4 6 8 10 12
electron energy (eV)

a1 * Xe (lb=12.13 eV), wavelength1064nm, about 5.7x1013 W/cm?
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k> RILAL A {EDFERKE
Conditions of tunneling ionization

Tunneling rate W is high enough * Don’t forget this!
b2 RIVERD+FKE L

42 I3/?

W ~ I exp (—3E> Field should be sufficiently strong

Field oscillation is slow enough L —Y%—EZ0iREID+5:E W

Ip

A vy 5 1 :Tunneling regime 7y > 1 : Multi-photon regime

k> & USRS %I TRl

’)/:

Typical misunderstanding
terahertz radiation with | THz frequency and 2 MV/cm field strength

== U, =44¢V tunneling ionization? NQ! \
only 5% 102 W/cm?

too weak for tunneling
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Change of ionization mechanism with laser intensity
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Change of ionization mechanism with laser intensity
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