












































































































































































































































2. Crab Nebula: pulsar wind from supernova remnant (1054 AD)

Hubble Telescope image Hubble (optical, red) + Chandra (X-ray, blue)
composite image

3. Jupyter's magnetosphere and Earth's van Allen belts

Synchrotron radiation (radio waves) from electrons trapped
in Jupyter's magnetic field. It appears to wobble due to the
planet's rotation and misalignment of magnetic field with the
rotation axis.
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A cross section of Earth's Van Allen radiation belts
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4. Undulator as synchrotron radiation source

Outer
Radiation
Belt

Further information: https://en.wikipedia.org/wiki/Synchrotron radiation

E.g., ESRF (European Synchrotron Radiation Facility) Grenoble, France.
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The most intense source of synchrotron light: X-rays 10'' times brighter than in hospitals.
Produced in an electron storage ring 844 metres in circumference.

Physical explanation of the critical frequency

How long does the cone point towards us?
In retarded time it is given by the interval it takes for the charge to traverse the cone opening

angle A6:

_ AG
At ='O—c<£
c yc

But the observed length of this pulse is

At=(1-2 At~ (1 - p)AE L= F
- X ~ ~2y2 _2y3c

So, we observe flashes of light every 2mp/c seconds, each of them an impulse of length At.
Then the typical frequency dominating the signal is

1 2y C . . . 3 .c
which is consistent with w, = 2)/3 —

A simple explanation of the 1 — 8 factor
Charge travels towards us with velocity v and we are at distance r from it.
Leading edge of pulse leaves charge at time 0, arrives at us at ty = r/c.

Trailing edge of pulse leaves charge at time At, but by then distance is r — vAt, so it arrives at us
at ty + At = At + (r — vAt)/c.

Therefore

_ r—uvAt
At = At +

T_ 1 AF
——=(-pa
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Field of a uniformly moving charge in a homogeneous medium
p=qs®E-t) J=qvs® & - bt)

p = > L P
A—pedp)d® = —— (A —pued®)A=—puj = -z
(4 — pedy) . (4 — pedy) W uev( 6)
Take Fourier transform of all fields:

X 3 ik-F—iwt
[0 =5 f dwd?k f(w,k)e
f(co, E) = J‘ dtd3xf(t, x)e—l.k-xﬂ,wt
For the charge density
,O((U, E) =q J‘ dtd3x 6(3)(;‘(’ — ﬁt)e—iﬁ-fﬂwt
=q J‘ dt ei(ﬂd—i{.'ajt = Zﬂfqa((l) _ E . 1—7’)
(—k? + uew?)d(w,k) = __5( =)

Potentials in Fourier space
21q 8 (w — k- V)

CD(co, i_{’) = e kI ca? j(a}, i_{’) = ,ueﬁcb(co, i_{’)
E=-Td—-09,A = E(co k) = —chb(co k) + m;A(co k)
B=VXxA :B(m,k)—thA(co,k)

Fields in Fourier space
6((0 k- v)

E(co,k) = e’

§(co, E) = Uev X E"(co, i_{’)

_pfe— )

Next time we transform back to real space and compute Cherenkov radiation:
(This is also the starting point for transition radiation):

Frequency decomposition of field of charge in uniform motion in a medium

R qA , . igA?
E.(w,x) = MZIQ(A?‘) Ey(w,x) =0 E,(w,x)=— " 2K, (Ar)
B.(w,X) =0 By(w,x) = pevEy(w,X) By(w,X) =0
w 2
= ;\#1 Uev? = —= v = (0,0,v) r:distance from line of motion

ﬂ.
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Week 12: Cherenkov radiation, Brehmsstrahlung, transition radiation

Field of a uniformly moving charge in a homogeneous medium
p=qs®@FE-vt) J=qus®@RE-vt)
p 2 > S P
(A —ped)® = ——= (4 —puedi)A= —p = pev (— —)
€ €
Take Fourier transform of all fields:

f(t,f) (n )4fdmd3kf(w k)eakx —iwt
f(co, E) = J‘ dtd3x f(t, x)e—l.k-xﬂ.{ut

For the charge density
p(co, E) =q J‘ dtd3x §®(x — ﬁt)e'ﬁ"'.'f"'i‘“

=q f dt ei(@-kDt = 2mq8(w — k - )
(—k* + pew?®)@(w, E) = ——S(co 13)

Potentials in Fourier space
21q 8 (w — k- V)

cb(co, i_{’) = e kI ca? j(a}, i_{’) = ,ueﬁcb(co, i_{’)
E=-Td—-09,A = E(co k) = —chb(co k) + m;A(co k)
B=VXxA :B(m,k)—thA(co,k)

Fields in Fourier space

6((0 v)
k? — pew?

e

E(co ) = — co,uev—k) E(co,ﬁ) =ueﬁx§(m,i_{’)

Back to real space, keeping frequency decomposition

Choose coordinate system so that
v =(0,0,v) x=(0,0,7)

i.e., we compute the frequency decomposition of the field
observed at a distance r from straight line trajectory of
charge.

\Lm

N Y
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e " (wuev — k)

2mi 3k . §(w—k
Fwd= 22 o k)

€ (2m)3 k% +kZ+kZ— pew?
X w 1
= 41{2 fdk dk, —e‘ xr co,uev—; Y
—ros ) K+ (3) - pew?
A2
= fdk dky e'*x L ,#1 UEV? 1_v_2
41[ €W k% + ki + A2 cz
igA? J‘“’dk eor 1 J‘ p 1 n
= — et —— usin X———=—
dew )_,, [kZ + A2 & 2taZ a
iqlz [ eis}lr
= — d h k,=A
dmeav ) s 1 where k, s
e an
T 4mew 4
Homework: derive similarly that
2mi d3k . §(w — kv
Ey(w,x) = d f e (—k,) ( V)
€ (2m)3 k%Z + k3 + kZ — pew?
lq;l. Juoo Seis}lr
= — ds
dmev J_, s?2+1
; qA
Ex((U,X) = mZKl(A‘r)
Also note that
Ey(0,%) =0 B(w,#¥) = (0, uevE,(w,%),0)
The end result is
Frequency decomposition of field of charge in uniform motion in a medium
R qA , . igA?
E.(w,x) = MZ!Q(A?‘) Ey(w,x) =0 E,(w,x)=— " 2K, (Ar)
B.(w,X) =0 By(w,x) = pevEy(w,X) By(w,X) =0
vZ
\#1 pev? = — [1——
Cﬂ.
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Large distance asymptotics

s s
Ky($) = \/2:58"5(1 +0(¢™ D) K= Ee"f(l +0(E™)
E N 2mA g N E o iAvE .
x(w;x) ~ ATrev Te y((U,X) - Z((U,X) ~ _? x((U,X)
B.(w,X) =0 By(w,x) = pevEy(w,X) By(w,X) =0

Cherenkov radiation

For a given frequency component there are two cases:

e v < c,(w): fields decay exponentially away from trajectory
e v > c,(w): A imaginary - fields go as r~1/2 - cylindrical radiation wave!

ExB =S,=—evE,E, S,=0 S,=evE?

S= N

==

Angle of radiation

Sy E, ilv w v w |v?
tmg=—=——=— 1= —|[l—-—=i— |——-1
Sz E, w v c2 v .| c?
vZ 1 CZ
tanf=— [——1 cos!f=—— =12
,’C% 1 +tan28 v?2
. C
Cnlt cosf = —
v

0 /vt |
|

—

Geometry of wave front emitted by the charge after time ¢
Energy radiated per unit distance travelled

Radiated power:

dW e o /\
P=W=ﬁ;df-5=2m‘f dz S, |
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dW_ldW_ J‘°° dZS =7 mdtlE(t)B ©
@ Tvar D Se= | de B (0B,

Computing the time integral in Fourier space

f dt f(£)g(t) =f dtfi—(:e“‘“f(w)fi el“’tg(w)
- _Tiw do' dw
= [ 52 [ G20+ @)f(@) g@) = [ G2 f(@) g(-)
- f 29 g
_o 2T

dw iAv

= = —zrf da; E,(w)By(w)" = —ZrJ‘ dw — (——E (w, x)),uevE (w, %)

2mA v2 v2
E.(w,X) = 4 —e Ar A—— 1———1— —-1
TEV c? c?

We look at radiation i.e., r = oo: only frequencies with ¢, (w) < v contribute!

dW iAev? .
- _ _2rf do|( — |Ex (w, X)|?
cp(w)<v @

eviw |v? q*
=—zf do—— |——1—— 27|
cp(w)<v

w v |c? 16m?e?v?
2 ch(w
-9 dow p(w) |1 — ”(2)
4m cplw)<v v
Frank-Tamm formula
daw  ¢? 2 _
rri e dw wu(w) |1 m n(w) = V& (@) pr(w)

n(w)

Nobel prize (1958)
Cherenkov: experimental discovery Frank & Tamm: theoretical explanation

Note: for large frequencies

wj
nl(w) = 1—E<1

So, frequencies above plasma frequency do not contribute.
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But: [ dw w is dominated by highest allowed frequencies, typically blue and soft UV

= Cherenkov radiation is normally a faint bluish glow!

Optional material: Brehmsstrahlung

Imagine that the charged particle with charge g = ze has a collision which changes the velocity
of the particle from an initial value cﬁ to a final value cﬁ’ in a time 7.

Last time we derived
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2w . 2 0\ Zo 2O g (2% (2 x (D))
doan ~ 2@l @) = V3213 J- te ( )E 1-2-f(b)
S50
AW Zyqg?|.. [® 2x (2 xfD) ( @) ’

= e’ dt
dwd)? 16m3 f dt\ 1_z. B(b)

Let us compute the low—frequen(,y limit w < 771

2 2 o]
- d*W  Zoq é*'f dt z X (xxﬁ(t))
e A\ 1-%2. 30

w-0dwd ~ 16m3

C Zoq?|., (2x(2xp) zx(2xf)
16m® 1-%-p 1-%-8
Usinge” -2 =0
2
d*W  Z,q*

lim

. (B B
osddwdl  16m8 |° (1_f.§f_1_f.§

Quantum case: we can compute the number of photons by dividing by Aw:

- = 2
. d2N 7202 . g F;
on0dwd 16m3eychw ¢ 1-%- 1-%-8
i.e.
2
d*N e? z?

li =
heb 0 d(hw)d 4meyhc4m?hw ¢
1
“=137

We therefore get
i d*N  z’a
heb 0 d(hw)dQ ~ 4m’hw ¢

This can be written in a relativistic way:

. - w
p' =Mc(y,yp) p" =Mc(y'y'p') k'=—(1%) €' =(08

€ -p=Mcyé - f .p' = Mcy'é*- B
k—p=Mwy(1—f—§) k p=Mwy(1—f-§’)
d*N zta w?|e’ P € -p|2
hlc}}—»o d(hco)d!) 4m2hw c? |k - p' k- p |

d?N _ Z%a

. 2
e -p' € -p
k-p' k'p‘

clu—»O (w/c)d(w/c)dN ~ 42
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Now use that k, = w/c = |E| so d3k = kidkydQ to write

|2

i d®°N  Z’ale"-p' €-p
w0 d3kjky  Am2|k-p  k-p|

Remark: d®k/k, is a Lorentz invariant combination.

The same can be derived in Quantum Electrodynamics from the Feynman diagrams

K..Ta

[ |

I |

| [

x x

Original scattering Emission of soft photons
Optional material: transition radiation
-
Assume a particle is passing from % = (sinf,0,cos 0)
vacuum to a medium, perpendicular /
to the boundary surface —> =
Zz
The medium on the other side
becomes polarised, and a small piece around
X' produces a radiation of the form
ikr
(radiated field observed at point ¥ ) « P (¥") e~ tkEX
r
P(x"): polarisation of the medium at pointx’ = (p’cos¢’,p'sin¢g’,z")
cylindrical coordinates
Now we use the frequency decomposition of the field of the charge
Ey@D~ — 2o Fy0,8) =0 B (0,9) ~ — By (@, 9)
w,X) = —e w,X) = w,xX) x ——E,(w,x
p dmev | p ¢ z w P
B,(w,X) =0 By(w,X) = pevE,(w,xX) B,(w,X) =0
2w o
A=—1—p€ev? = — |1 —— = — note that now this is always real!
C vy
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Because of the exponential decay away from the z axis, only the cylindrical region

Let us consider the phases!

Incoming field (moving charge):
p(co, E) = 2nqé(w — k,v) = k, =

Outgoing field (radiation):

eikr . eikr
e~ ikXE — e—ik(z'c058+p'sin6‘cos¢>]

r r
Total dependence of the phase on the radiator position

2z 2
ev e

_icn?w)(z’ cos@+p' sin 6 cos $) — e LE(%—n(w) cos 8)2’ —iwnc(_w)p’

sinfcosg¢

We must integrate over X' but: regions with rapidly varying phase are suppressed! This is the
stationary phase approximation (useful in optics, and quantum mechanics).

wn(w) yv
fd’- psm@ 1= c()y

UR motion: v = ¢ alson ~ 0(1)

—sinf@ <1
w

o1 1 1 — —3
sm95)—/ :95)—/ orn—GS; — T
dz': = (1 e)d 1 Yv
f - E_n(w) cosf Jd(w) = 3 _ \—: radius of domain
- adiato w
*—> omain
Typically: high frequencies (X-ray) ‘ , l ' z
(02
n(w)~1——= ) .
w2 d(w): depth of domain
UR motion:
1 14 1 d(w) = Zyc 1 )
—_ = = = —
B 2y? @ w, v+v1 v YWy,
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Maximum depth where radiation comes from

dw) =15

Wp
For typical materials: ¢/w, = 1078 m = 0.01 um
Typical frequency is determined from size of radiating region

3

C 1
V(w) = mpmax(w)?d(w) = 271'( ) m
Cut-off frequency: v ~ 1

Weytoff =YWy wp:UV and y > 1 = X —ray!
Particle detectors based on Cherenkov and transition radiation

Cherenkov detector

Can measure velocity and direction of motion as well!
particle

Cherenkov light
Cherenkov

light \\\ mirror

photo .
thdm?\ C_E, gas radiator

Charged ‘u.l.q::: / d:) C:}‘ UV photon detector
i 1

Neutrino

particle
in water Chembt-rf"""

fight C,E, Tiquid radiator
Photosensors / T

Ring imaging Cherenkov detector (RICH), used at the LHC in CERN
Transition radiation detector

Radiation happens both on entry and exit, same intensity: use a stack of thin foils (10 — 100 um)
to enhance signal, X-ray photons can be detected by scintillators.
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Week 13: Radiation backreaction

Backreaction from radiation
We consider non-relativistic motion for simplicity

Energy loss of an accelerated charge: Larmor formula

Zoqzaz B qzaz

Pogg = =
ra 6me2  6meyc3

-

v — =
mE=F3xt+Frad

F.4q: force of backreaction from radiation energy loss
e Vanishes when # =

 Work made by F,,,; accounts for P, 4

« Proportional to g2

t, t, q? t,
dtFrpq - V=—| dtPgq =— 3f dt v?

‘ ‘ bmegc® J,

1 1 1

tz ity tz
dtv2=[v-v] — | dtv-v

t t t

1 1

Assuming first term is zero (e.g., no acceleration outside interval or periodic motion)

Abraham-Lorentz force
2 2

. ;= q
6meyc3 6me c3m

—
characteristic time scale

Particle with longest time scale: electron
T~62-107%*5s

Where does it really come from? Is it possible to give a proper derivation?
Abraham-Lorentz derivation of radiation backreaction

Idea: radiation loss is carried away by EM field of charge
= accelerating charge must interact with its own EM field!

dp S
(E) —fdx(pE+]xB)
mech

E=Ee+ Eself B = Bex + Bself
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dp dp ,
(@), (@), =P
mech EM
dp S,
(d—f) =—fd3x(pEs+]XBs)
EM

Assumptions:
o Particle is instantaneously at rest (choice of reference system)

o Charge distribution of particle is rigid and spherical occupying a small volume V

dﬁ _ 3 S - _ 3 = =1 =
— =— | d’xp(t,X)E;(t,X) = | d’x p(t,x) | VO(t,X) +
dt v v d
EM

Retarded potentials:

oy ,[p t' _’I)]ret Ll |f—£r|
(D(t,X) = ]’[EOJ‘d?,x W [---]ret-t =t—- -
NGRS res
D =g | ex

Assume that particle is highly localised: retardation time is short.
During retardation time: motion of charge changes only slightly
= use Taylor expansion to evaluate effect of retardation

[ ]ree = Z( 1)?1(_) Fr [ ]er=e notation: R = |X¥ — X

n! c

e

B =72 f Py L Sy 1)” (?) 6“2(:;:?')

n=0

o(t,x) =

dp R dA(t, %
(d_f) _ J; d3x p(t, %) (Vcb(t,f)+ ;t x))
EM
="

= fd3 fd3x’ p(t, xX) —[p(t (R 1) +

n! c"4me,
n=0

First two terms in scalar potential part:

-1
n=0: fd3x J‘d3x’p(t,f)p(t,f’)\7§
v

4me, )y,

AL, %)
)

R” 16](1?

ot

This is the static self-force which vanishes for a spherically symmetric distribution.
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n=1:0since V(R°) =0
We can then relabel the sum in the scalar part

i — f d*x f d*x' p(t, x) [p<tf’)V<R” gl

n! c"4me,

n=2
-1 n an+2 t, v V Rn+1

(-1) fﬂ’?’ fd?,x,p(t p(t, #)V(R™1)

On‘ c"247e, a2 (n+ 1(n+ 2)

n=

So
dp — (=) ; g+l
(E) - Zn!c”+24ne de fd3x pLX)R™ 16t”+1[ ]
EM n=0
where
ap(t, %) V(R™1) L
e T CT N CES )] A
G R _ .
p(atx) I(CED HW: ¥(R™1) = (n + 1)R"R

Using the continuity equation:

ap —i 1) fd3 faﬂ R 2 e 2 R [(t,%")
dt EM_ n!c"24me, J, X v P g [/ (B n+2 Jtx
We can compute the last term as

R ¢ |
3. pn—-1 ]i (t:x) _ 3,791 n—1 . =1
fd x'R s 261 = surface term +fd x'd;'(R R)n—_l_ zjl(t,x)

S —————
0: localised source

T ZJ;;dgx'ai'(R”'lR)fi(t:f')
e Jt%) R 5
_—n+2Ld%R 1@& )+m—1%—§——ﬂ)

n—1)R;
HW: a:(Rn_lR}) = —Rn_l (%R} + 6,'})
So, we can substitute
= o 1 = j(t,f’)'ﬁ—)
t,x' - t,x' —1)———R
[..]-=J( x)+{ n+2(]( )+ -D—p )}
n+1. n—lf(t,f')-f_?’
n+2]( ) - n+2 R2

o)
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into

dﬁ _ - (_1)?1. 3 3.0 ypn—1 6n+1
(3),, = Zerrersrime [0 e o St
EM

n=0

Furthermore, for a rigid charge density moving with velocity v(t)

J(t, %) = p(t, 2")D(t)
SO
n+1

[+5] ( 1)” 2 ., . n+1 o
( ) Zn‘cm'zé}r[ J‘d x p(t, x)a n+1J‘d x'R™ ?p(t,x U (t)

n=0
n—1p(t,x )v(t)'R§
n+2 R?

Consider the second integral term

' _ p(t )V(t) R—) ]' p(t )ﬁ'ﬁ’ 1_5'}_?’_’ — — — 1_5'}_?’_’
J;d?,anl Rz _J‘Vd?’ Rﬂ.l Rz vz ‘U+RJ_ RJ_=R_ vzv

Now since p is spherically symmetric, the integral still has symmetry of rotation around direction
of ¥ = the integral over the term containing the component R, perpendicular to ¥ vanishes.

n+1

> (-1 3 3.1 pn-1 - n+
( ) ZH’C”+24H6 fdxﬁ(t %) tn+1fdx R™p(t, X)0(8) |-

n=0
n—1(v- R
n+2\ vR
Due to spherical symmetry, the second term can be replaced by its average over all directions of
R:
— o d 2
V'R 1
_) —
VR 3
1 R\ 1
HW: check that indeed —f dQ|——| ==

41 vR
Hint: choose z axis in direction of ¥ and use R = R(sinf cos ¢, sinfsing,cos )
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n! c"24me, n+2 3n+2]
2/3

* n gn+1 _
( ) Z (-1 J‘d?’x p(t, x)a n+1J‘d3x1Rn 1 o(t, #)B(t) n+1_1n 1

=]

n+1

[es] 1 n
=) e c("*z)Emt f @ p(t,3) 5= f dx' R"1p(t, #)3(0)

n=0

Let us expand it to 0(RY), i.e., keep only terms n = 0,1:

dﬁ 1 3 3 ,P(t,f)p(t,f') : 1 5 . ., "
(E) ~ 6mceg J;d g J;d * R V™ Brcie, J;d x p(t,X) J;d x' p(t,x)v
EM

So, the complete equation of motion

dp dp N
(a) ' (a) ~ fen
mech

EM
becomes

2

L = q 3

my +m v=F, ,+——7
(my Em) ext T ¢ €,C3

4Wself
Mgy = 3 o2

Wserf = self — interaction energy

f 5 PLDP(LF)

=X

Problems:

e 4/3 does not conform with special relativity. Although we did a non-relativistic derivation, it
must give exact result in instantaneous rest system.

o Taking the limit of a point particle, we get the Abraham-Lorentz force exactly, but the self-
energy is divergent.

The Abraham-Lorentz model of the electron

Self-energy for an electron modelled as spherical shell with radius r and charge g=e

1
Wse;_}r = J‘ dBXEEOEZ

HW: compute
eZ
W, =
self ™ 8re,r
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Electron mass is the sum of "bare mass" and electromagnetic mass
Wself

me=m0+ Cz

This means that

Wser e’
D <m, 5r2ry= o~ 14-10""m
c 8meym,c

Classical electron radius:
2
€ —-15
T =75 % 28-107"m
4meym,c

The electron cannot be smaller than O (r,;).
Precise numerical coefficient depends on the detailed model of charge distribution.

HW: assuming that the electron is a uniformly charged sphere of radius r, compute
3 e?

5 4megr

Wself =

Further problems with Abraham-Lorentz force

1. Self-accelerating solution in absence of external field

2
f=mri  r=—1
6me,c3 6me,m?c3

Simple solution:
U = v,et/T WHAT???
2. Acausal motion a.k.a. signal from the future

m((t) = 10(t)) = Fexe ()

Note that

d
. _ . — tf _ _tf .
v(t) — i (t) TE rdt (e rv(t))

d
—mret/" i (e “f’i)(t)) = F,..(t)

So, we can rewrite

d 1 1 '
ma(e‘tﬁiﬂ(t)) = — ;e‘”’Fen(t) = me Y™w(t) = ;J‘ dt' e t/TF,.(t")
t
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and so
; L 1 o—(t'-t)/T '
mv(t) = = dt' e Foe ()
t

Acceleration at time 7 depends on future values of the applied force!

Problem: presence of third time derivative ("jerk")

d3x

v(t) = W

incompatible with general principles of mechanics!

Note:
2 T'C;_

3¢
Problematic time scale corresponds to classical charge radius!

Improving the derivation

1. Poincaré stress tensor contribution

Stabilising the charge density needs force of non-EM origin
= Poincaré stress - also contributes to rest mass

Can be done in a covariant way, guaranteeing relativistic consistency (Jackson 16.6)
2. Repairing acausal behaviour

mv = Fppe + mtv

Use zeroth order equation of motion to replace

-

. dF R oF -
mb =Fopp + T— = Fopy + r( ext 4 (v v)FM)

dt at

This is now a second order, fully causal equation of motion for the trajectory X(t).
Relativistically covariant version also exists.

For the spherical shell a fully relativistic version of the Abraham-Lorentz derivation can be found
in

A.D. Yaghjian: Relativistic Dynamics of a Charged Sphere
Lecture Notes in Physics m11, Springer-Verlag, 1992.
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Radiatively damped oscillator

d?x d3x N 5 0
m-——MtT—-= mawpX =
dt? dt3 0

Ansatz: x o< e "'t

HW: solve for @ assuming that w7 << 1 and show that

5 1
W= wy— gwgrz —iiwgr + 0(1?)

Hint: derive the equation for w. Substitute w = wy + AT + Bt? + 0(73) and solve for the
coefficient of the O(7) and O (72) terms.

So, we get a damped oscillator

. 1 5
X & e—lwot—iwoft

HW: repeat the argument we used for resonant cavities to find the intensity spectrum

1
I(w) x

(w—wy—Aw)? + (g)z

with the frequency shift and half-width given by

5
Aw = —gwg’rz I' = wit

Note that Aw < I' since woT < 1 - observations of spectral lines show that this is not the case,
and they agree instead with quantum mechanics.

HW: the half-width in angular frequency is given by I". Show that the half-width in the wavelength
is

c
AA = 2n—T = 2mct

Wo
Hint: neglect Aw and use A = 27c /w.

In matter, the charges are electrons, so we get
2

e
A =2mct=———-=12-10"" m = 1.2 - 10~* Angstrom
3€om,C?
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This predicts that the line width (measured in wavelength) is universal: this is in contrast to
observations, which are explained by quantum mechanics.

Final note

Nature eventually avoids the problems with the Abraham-Lorentz force for the electron (and other
charged elementary particles)!!!

At the Compton scale

h
de=—=39-10"8 > 1, =28-10"5m

meC

Classical ElectroDynamics is not valid anymore and is replaced by Quantum ElectroDynamics.

CED—QED

Note that
e
Ta _ 4megmec?  e* yx L
Ac h 4me hc 37
mec

is nothing else but the fine structure constant!

Fundamental theory of matter is not in terms of point particles and classical fields, but

Quantum Field Theory
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