weana . ATTOSECOND PHYSICS

| ) S LR U

- e

O

CONICE
1 3 By

UNIT I
REVIEW OF
ELECTROMAGNETISM

Diego Arbo
diego.arbo@.uba.ar

Ist Semester 2024, Buenos Aires, Argentina

meaasa Electromagnetic fields

AR S

? 9 System of Units: We use MKS despite the most used is the Gaussian
o 7 P

CONICE

vV.E=-F~

— —
Maxwell Equations V x E —_—
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UBAEXACIAS A
o V.B=0 = |B=VxA| A isthe vector potential
VxE=-2
ot
VxE + VA =0
ot
x| E+ B0 = |E=—vg-R
ot ot
V¢
¢ is the scalar potential
Departamento de Fsica H
UBAEKACIAS A\ Gau uge e Invariance
%‘j Electric and magnetic fields E and B are unaltered if one changes:
Ao A=Arvy
, oy
¢ =¢p——=
p>9' =9 p
where y(F,t) is an arbitrary function
Proof:
g'z%xﬂ'z%x(,&+§;():§x K%—%x%}(:%x A=B
=0
., = ON oy) (= - A -
E'=-V¢'——=- -—= ——(A+V ):—V -—=E
- [ ot j V)=V
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Departamento de Fisica Gauge Invariance (cont.)
UBAEXACIAS A - o
L ADE V-A=0
\r—v Example: Coulomb gauge 5-,&':0:5-(,&+§;{)=§-,&+sz
CONICET
il =0
=V’y=0
Still freedom to choose ¥,
We fix

7 =—A-T; supposing that A= A(F)
SVy= —%(A) I_") =—A

A=A+Vy=A-A=0

oy OA-T T
=\ =¢—-L =g+ =¢+ — T=¢-r-Vg-E-T=-E-T
v=9 ot ¢ ot ¢ ot ¢ ¢

—(E+§¢)

Supposing that ¢ = ¢§(r') and doing ¢ =const =0

immenties  Classical Electromagnetic

A& Radiation Field
'_ﬁ\ Lorentz gauge: 6 A.;. — -0

Wave equation
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Departamento de Frsica Classieal Bleetromagnetic Radiation Field

UBAEXACAS A {eent.)
LUt aS Solution to the wave equation:
CONTCE e i(k-F-at+5,) A +
] AMZ =A€ &, TC.C

:ANéilchos(IZ-?—a)t+5w)

We still have the freedom to resctrict :

$=0=V-A=0 (Coulomb gauge)

>

- = —

V-Aock-gﬂzzo = kJ_gMZ:twodlrectlons }

=1

When we introduce A into the wave equation
= w=ck dispersion relation

M

Departamento de Frsica Classical glestromagnetic radiation field

UBAEXACIAS A (cont.)
- Electric field:  E O 5 in(k -7
ectric field:  E . =— P :ANgMZZa)SIn(k r—a)t+5w)
Magnetic field: §u€ :%“Z‘uz = A, (IZxéﬂE)Zsin<Iz-F—wt+5m)
= §1£ 1 E;,E and in phase
— — é k
‘Eﬂ‘oca) and ‘Bﬂ‘ock o lwl k1
K K ‘EMZ‘ @®w C

In the non-relativistic regime, as c is big, we can neglect the magnetic field

(next slide).
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JUBAGXACIasS A
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<o,
O
CONICE)
1 3 By

plw)=2|E

|§
= 2 A 4e? S|n2( a)t+5w)+

= 5,A’ 4" sin’ (IZ T — ot +5w), which is time dependent

= (p(w))=

Classieal EBlectromagnetic Radiation Figld
{eent.)

The volumetric density of energy

K

ﬁAi4 k?

o o

T %’050

sinz(E-?—wt+5w)

26,A’w”  (time average)

Departamento de Frsica

JUBAGXACIasS A

| ) S LR U

Classical glestromagnetic radiation field
(sont.)

O The Poynting vector
s S :iﬁx Bock
Ey/c
—O—a’lzsinz(lz-?—a)t+5w)
Hy
2 — N —
= z(k-?—a)t+5w):gocE:ksin2(k-?—a)t+5w)
HoC
o\ &CE’
Intensity or irradiance: | =(|S =0 | :ﬂ
2 m?
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Departamento dé Frsica Classical glectromagnetic radiation field

UBAEXACIasS A {cont.)

| ) S LR U

~<on,
O Example |:What is the intensity of the solar radiation on the Earth?

CONITCE

: 1214 _014 W £~ 750Y; B~ 24uTesla
m cm m

Example 2:What is the intensity of the radiation of a He-Ne laser?

Power ~ 3.2mW,; diameter beam ~ 2.5mm

|~ 32MW 6065 WV
7(2.5mm/2) cm

Example 3:What is the intensity of the radiation of a Ti-sapphire laser?

| ~10° -10°
cm

Departamento dé Frsica Classical glectromagnetic radiation field

UBABXACIaS A (cont.)

| ) S LR U

o Dipole approximation:

CONITCE . . - tiEF (4] 2 Vv
+ . Spatial dependence of the vector potential: A - oc € where k= P

As c is big, we can neglect the wave number k of the photon and,

therefore, the spatial dependence of the vector potential
ho &
(foton momentum) hk =—==-<«1
C c

Example:Ti-sapphire laser

"
A 8x10°x107m

The dimension of the atom is about some Bohr radii

a,=5.3x10""m
ka, :2”7""0 = 7.8x10°m*x5.3x10 1 m ~ 4x10* < 1

The dipole approximation fails when:

kr~vl = v>—— with ———9x10"Hz (hard X and 7 rays)
r 27a,
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taoaa™ Radiation=-matter coupling
'('jvl' Lorentz Force: |E — q(E + \7 X g)

CONICET

¥ " Inserting Band E into IE =q(_§¢_%&+\_/’x§x ;\J (l)

the Lorentz law:

Replacing (2) in (1) F=q _§(¢_\7. )_d_J
$—V-A

And rewriting ,& = 6\7 (\7 . ,&) = _6\7 ( V-

e oy Lagrangian Formalism

DA B
O F=-V q(¢—\7-A) A5 q(¢—\7-A)
CONTCET dt
Eon U U
— — d —
F=-VU+ —VVU Definition of generalized force
dt
U=q (¢ —V- A) U is the generalized potential

The Lagrangian of a charged particle in an electromagnetic field is given by

L(?’?’t):Tkin -U :%mvz_q(¢_\7.,&); Where?:v

Generalized momentum: 5 — b ;
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Departamento de Fisica ‘
s Hamiltonian Fermalism
Py By means of a Legendre transform the Hamiltonian is defined by:
o

3

N|b—'
o
|
Q
\_/
N
+
o)
ASS
|
o)
VR
ol
|
3 o)
l
N—

Departamento de Fisica  Hamiltonian fermalism (cont.)
UBAEXACIAS A i
&:{ This is called the length gauge:
CONCET 5 \2
Eoa oL ( p- qA’) ﬁz -
H'(B7 ) ="———+a¢'=_——qE T
2m 2m
where Bsz+q ,&’zm\_/’
=0
In the velocity gauge:
\2 —\2
- (p-oA) (P-dA)
H(p.T 1) =———+q¢="—"——
2m o 2m
where ﬁ =mv + q;& #Mmv
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ameneiin Classical electron in a
o sinusoidal electric field

CONCET
Eoa Linearly polarized plane wave (never started and never finished):

E =ZE,sinwt; Z: polarization direction
q=-e; e=1.6x10"C
Lorentz Force: m,Z =—eE,sin ot

eE . . . .
% cos wt supposing adiabatic switch on and off
m,

e

7=

e’E,
kinetic energy: T,,, =+m,2° = ——°

2
cos” wt
e 2 2

. 1 t+T egE 2
time average: (T, )=— | T, dt= 0
g < kin > _[ kin 4mea)2

T
eZ EOZ Energy an electron has

t
= > ponderomotive energy because it is oscillating
4mea) driven by E(t)

U

p

Departamento de Fisica ~ Elassical electron in a sinusoidal eleetric field
UBAEXACIAS A (sont.)

{7 T L

CONPCET

Electron position:

¥ D

. eE . _ .
2(t) = a,sinwt; oy, =—= quiver (oscillation) amplitude
m,

e

_v ek - B < 1= non-relativistic case
p ~1= relativistic case

C mac

Only this century it has been possible to build lasers with § ~ |
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e Quantum Electron in
o Electromagnetic Field

CONICET . . . R
v . First quantization: 7

Departamento de Fisia ~ Quiantum Electran in Electromagnetie Field

UBAEXACIAS A (cant.)

| SRRV, S LB O .

W™ Aswehavealready seen z(F\)=—A-T

e =A'=0, and ¢'=—E(t)F

2
Length gauge: | in S w(F 1) =| Z—V? —qEQQ)-T |¥'(F.1)
ot 2m

e

1
2m

2
Velocity gauge: in g\y(?,t) = (?6 - q/&j Y(r,t)

e

Let’s solve the Schrodinger equation in the velocity gauge.
In the trivial case that there are not electromagnetic fields (A = 0)
we have the free particle:
in 2w o= vy
ot 2m

e

We use the method of separation of variables: Y, =y (F)e ™
%o, i LS )

V() =ey(@) = p{F)=—- with g = inetic energy
om, y(r)=&y(r) w(r) 20" <= om,
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Departamento de Fisia ~ Quiantum Electran in Electromagnetic Field
UBAEIACIAS A (cont.)

Let’s consider the case of a linearly polarized sinusoidal electric field with adiabatic
switch on and off

E(t) = 2E, sin ot

- t — t . E
Et)=—=— = A(t)=—j dt’E(t’)=—2on dt'sin ot’ = 2 —cos wt
ot i i w

For the sinusoidal case we can derive an analytical action:

S(t) = %jdt'[hﬁ - q,&(t’)T =g (t—t,)+ 7k -G (1) + A1)
et

Departamento de Fisia ~ Quiantum Electran in Electromagnetic Field
UBAEIACIAS A (cont.)

{IE7) T

L\’:

t
ST a(t)— q.[dt’A(t) Ozjdt'cosa)t'zﬂE—gmnwt (adiabatic switch on)
m m o

¥

m, fo e to e

is the mtegral of the integral of the force = displacement of the classical electron
(@)= j dté(t) =0
2

ﬂ(t):q_zjdt’Az(t')z q° E J-dt cos’ wt’ = [(t —t,)+
2m, : 2m 4 m,

e

sin Zwt}

where | used adiabatic switch on

(B) = J de(t) =

g = —e for the electron

2

E
w"z =U, (ponderomotive energy)

If E; = 0 everything reduces to the free particle
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