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What we should know firstly about lasers:
Intensity I ~ £/d?r;

1) Threshold (1990) : I = 1014 — 10%w/em?(CPA); E ~ \/I/c ~
10%(esu)(3 x 104V/m) - atomic fields - ionization, HO harmonics

2) Current: I = 1018 — 101°%w/em?, E ~ 108 - relativistic, non-
linear

3) Few claims: 1021 — 1022w/em? (ultrahigh), E ~ 10° - multi-
photon, radiation reaction, q vacuum, particle creation

Schwinger limit E ~ 1013



Power P ~ &/t (Id?)
Current: 7 ~x-10"1%s, d ~ 3z -10"2cem
The petawatt: 102! x (922)10710 = 1015w (2 = 50)!

Wavelength ¢ = 1eV, w = 1019571, X = 10"%¢m (tens of A in a
pulse)
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Thomas-Fermi model (1927)

h2k%/2m —ep =0, kp = (2me/n?)1/2,1/2
Poisson’s equation

Ap = —4rxZed(r)+4nmne , n = k%/37r2 — (1/3772)(2m€/ﬁ2)3/2903/2

Ap = —4nZei(r) + ?(2m€/h2)3/2¢3/2
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Solution: Numerical

Binding energy E ~ —20.8Z7/3ev, exact for Z — oo (Lieb&Simon,
1977)

Empirical: E~ —16Z7/3eV (Z > 20)
Corrections: (asymptotic) series in Z—1/3; (convergence?)

Another drawback: no-binding theorem (Teller, 1962).



Linearized version (with L C Cune; binding)
k2 — 2kpkp, k3 — 3k%kp, etc (quasi-classical approximation)

Alternatively,
12 _

~ kpdkp —edp =0, kp = (me/Fkp)p
m

n = (mekp/m?h%)p = (¢°/4me)p
Thomas-Fermi screening wavevector q
4k 12

E oy = = 0.53A

Ta me?

q° = dme’kp/nh° =

Z
Ao = —4nZed(r) + q°p , ¢ = 2Emar
T



Energy

3
B, = VE2K2/10m2m — (h2E%/272m) / dr - kp = Wf;g ¢° / dr - ¢

2.3

T=a

— HZQ4
kin — € dq

Epot = [ dr(peg — 2pepe) = 5 [ dr(pep + pepe) =
2
= —5 [ drn(eo+ o) = & [ dr(e? + wpc)
Pe = —€N, Ye = @ — P¢, Pc = Ze/r

3
Epot = —22262(1



Total energy
2 3 3

w—a
E = Ei, + Epot = 2H Ze2q* — ZZ%e%q
Minimum value
£1/3 2 2
E = —MZU?’Q— — 0427735 — _11.477/3¢v
1672/3 ar apy
for
Zl/3 Zl/3
g=(6/m)1/3Z __ =085
af apf

(atomic unit for energy e?/ay ~ 27.2¢eV)
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Electron distribution:

r2n, maximum for R ~ 1/q ~ Z~1/3ay, the "radius’ of the elec-

tronic charge
Quasi-classical description: ay/Z < R~ ay/ZY/3 < ay

(ap = h?/me? = 0.53A)

11



Quantum correction

1
_E/dr-soz —326261'—3(1—€_x—$e_x) , v=4nR>/3, x =¢qR
v Ju X

Multiply by [, dr-n

16 1
AE="F —(1—e % —ge ®)?
3 3

Minimize with respect to R (maximum 0.073 for x ~ 0.75),
AE = 0.39E = —4.447"/3ev
Total energy
E=-11.42"/3eV —4.4477/3ev = —15.8427/3eV

Compare with empirical E ~ —1627/3eV
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Giant dipole oscillations

Rq = const; u = —(1/¢%)dq

27 Z362 2

u
2" 3
ar

47

frequency wp, 0E = %Mw%uz, M = Zm

27\1/2 7z

wo = (—) C _~ 457 x 1016571
272 ma3

H

energy hwg ~ 28ZeV, moderate X-rays

~ 42

Wavelength Ao = 2mc/wg ~ %2 x 10~%m much larger than the

dimension of the atom
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Damping force: F; = 2Q%5/3c3, Q = —Ze, v=1u

B 2 2 _
v:wgfu, FdZQZewgfszyu, M = Zm

3c3
D7 e? >
T 3mc3w0
Note: v < wqg, since
EZ e? < c 47TZ7“0 < Ag
3 mc? wo 3

Class em radius e?/mc? = rg ~ 2.8 x 10~ 13em

Quality ratio (natural breadth of the spectroscopic line)

v 4nZrg

wo 3o

~ 2872 x 10"

14



Equation of motion

M”d—l—ngu—i—M'yiL = QFE cosuwt , m’d—i—mw%u—l—mfyu = —eF coswt

Solution
u = a COSwt + bsinwt
a:eE w2—w8 | b:_eE Wy
m (w? — wg)Q + w2~2 m (w2 — wg)Q + w242
Energy conservation, power l0ss
_ 2 12 2
: ek W
P = fm/yu2 = !

2m (w2 — w3)?2 + w242
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Resonance

P e 2
res — Qm’y
Moderate fields E = 1/300esu (100V/m):
1

Pres = 3 X lO_Yerg/s
Transition rate
2 _
R:Pfres/hwof:ﬁX].OSS 1

(Radiation)
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Partial ionization

Linear T h-F model:

(UV)

W,O = (0Z/Z)wo

fy/ = (26252/377163)(4)62
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Anharmonicities and ionization

Amplitude (at resonance) (compare with ay = 0.53A)

E 3
bo| = ——— = —; x 10 9B cm
mwgoy 4

Small, harmonic approximation; higher-order corrections

Potential energy (¢ = 0.85Z1/3/ay)

1 3 31
U=§Mwou (1—§qu—|——q2 2—|— )

Combined frequencies, harmonics, freq shifts

Successive approximations, SCHOA
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Ionization ((¢+ 6¢)(R+u) =1 (69 = —q?u/(1 4+ qu) )

= Uso = 972¢2¢/16 (with ¢ = 0.8521/3/a)= —F

Complete ionization (hyper-ionization, dissociation) |bg| > ay
Critical field E > 7Z%; high field, for (X-ray) frequency wg
Partial ionization §Z (1 < 6Z < Z): E > 7(82)%

Ionization potential: hwg = 30eV too large (6eV)
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Quasi-classical approximation
O = %[H, O], Omn — %(Em — En)omn = 1wwWmnOmn
Densely distributed states: wmn >~ —s(OEm/0m)m = —ws

Matrix elements Omn = Oy, 45 = Os (temporal Fourier trans-
form)

O = —iwsO + (00%/0t) y-py; O = O + 02, O1) = ,,0(2) +
(D0 )3t g1, OP) = —w,01), 6 4,20(0) = (/) (DO /8t) 1.1,

O + w20 = (9/0t)(00 0t iy, = f

Classical harmonic oscillator; eigenfrequency ws is the quantum
transition frequency wmn (wavepacket, lifetime ~~1)
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QCIlass Ionization: '"Peripheral" electrons in heavy atoms are

quasi-class
External field h = eFucoswt, force f = —eE CcOSwt
. 2 : e
u + wju + yu = ——E coswt
m

wo (= ws) - ionization frequency (exc states)
Amplitude |bg| = eE/mwqy; v = 2row8/3c = 6 X 10_24w8
wo = 1010571 (fiwg = 6eV) =|bg| = 10~ "E cm

Critical field E > 5 x 10 2statvolt/cm (~ 1500V /m)

Higher fields: multiple-quanta transitions; Qclass: larger dis-
placements, anharmonicities (w3 = (1/m)(82U/0u?)g)
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