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e Optics
e Diffraction
e Formation Length
e Volume of coherence
Weizsacker-Williams method of equivalent photons
e Spectrum
a. Synchrotron radiation
b. Cherenkov radiation
¢. Transition radiation
e Fluctuations
 Linear Acceleration / deceleration
 Nonlinear interaction
a. Ponderomotive acceleration in vacuum
b. FEL small signal small gain
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Light Optics
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Charge Particle Optics
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Volume of coherence Ve=d°1,

Degeneracy parameter = number of photons per mode =
= number of photons in volume of coherence
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Degeneracy parameter = number of particle per mode =
= number of particle in volume of coherence

Spin 1 (photons)

0 = h?l <<1 for thermal sources of radiation in visible range
ext -1
O~ oL Ne W Ty, ~ 103 for synchrotron sources of radiation in visible range
S~ Nph ~ 31018 for 1 J laser in visible range
Spin 1/2 (electrons)
oO=2 for electrons in Cu (maximum possible

for unpolarized electrons)

3
O~ Ne % ~ 2 1011 for electrons from RF photo guns
x Yy %z

o0~ 10'6 for electrons from needle cathode
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Liouville’s Theorem

Conservation of emittance
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Gaussian beam approximation

Light optics Accelerator optics

Sb >> 7\.0
2
O, = 8RZR O, = gbﬁ
2 & 2 E
R b
GHR = ng =
Z, p
2 2
2 2 z 2 2 z ]
OtrR(Z) = GtrR (O) 1 + -2 Gtrb(z) = Gtrb (0) 1 + )
Z b
Guoy phase .

Betatron phase
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Weizsiacker-Williams method of equivalent photons

E —
A e
In the rest frame E=r_3 f
> V= C
e d
I d Transverse field kE, = 3/ 2
B A R (d? + z2)
ed
In Lab. frame E. = L 372
(d? + (yet)?)
_ 2 e’ d 12 2¢ wd
8~1/’Y |EJ_(MJ d)l — ﬂ-Ede_'-E(i;(}) K-I(I:’;_E)
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Virtual photons became a real:

1. If charge particle receive a kick to delay from virtual photons of its cloud
In vacuum in a case y >>1 the only practical way it is a transverse kick

2. In medium if V > ¢/n ——> Cherenkov radiation \Y

3. Transition radiation (non homogenous medium) \Y
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Formation length and Transfers coherence
Radiation of charge particles

Formation length <——>  Rayleigh range

Transfers coherence size <——> Waist

1. Synchrotron radiation

kpe
B

e .o _ 1
P 252 T 24 T kg

—kaSin%xl

for © >> 1]y

O ~ (1/kp)'
kKl xkp© ~2.9 (kp)?/?
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2. Transition radiation

FeErFFey
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Formation length

3. Cherenkov radiation

Cos Bx = LB
n
1

Klf= ——
"~ 5in’? o,
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Spectral Intensity

On formation length virtual photons became real !

dnph = O 2% ' In one transfers mode

il

Estimation

1. Synchrotron radiation

E ~ .30 E_E mlf:ﬂ QEf'rB

dw c

2. Cerenkov radiation

2
al _ & ,sin?e.
d c
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dw

d _—
an dx 1z

Exact solution

£ = .52 E_z mlr’E QEHB

dw c

2
dl _ & ,osin? e,
dw o
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3. Transition radiation

dw 1 1
dnphuﬂT k—ﬁ kmln—E(e”l)
Y 1
: Rpax ¥ — |8 —
46 ~ & ok T (e~
a2
&=y a x O Ryay
}"P
In alimitd ->0 we still have a hole dpin ® -
) ) . Yhw,
Total radiated energy in forward direction E=a 3
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Superposition and radiation of beam
— —

EE (ﬁ], k) = e, (mr k) Zeikfi—im'.:i

If kaf@<<1 a<< de

Es (0w, ©) = &5 (0, ©) Ze_i{ﬂi =eg (W, 8) p (W)

Incoherent radiation w T, >> 1 amplitude E(0,0) ~ N2

intensity ~ ‘Es(oo ,8)‘ ’~ N

Coherent radiation o 7, <<1 amplitude E(w,0) ~ N

intensity ~ ‘Es(oo ,8)‘ ? o N2
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Fluctuation Properties of
Electromagnetic Field

i
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E Examples of radiated field

/
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Electric field of spontaneous radiation of a single atom or
electric field excited by single electron passing through
resonator cavity or response of an oscillator to a kick and...

E ..~ BeRA,

Electric field of spontaneous radiation of a single electron
passing through bend magnet (synchrotron radiation)

E .=4ey*/Rp~ yBe/RA,

Electric field of spontaneous radiation of a single electron
passing through a wiggler

1

Ena = (T3K2)2

4eyt/Rp~yBe/RA,
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Chaotic Electromagnetic Field

Excitation time of atoms

or electrons’ time of entrance

into wiggler

@ e 00 ee © o0 000 —p 1

E Cos|wt]
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E Sin|wt]

FErreey |

i
_Max Zolotorev AFRD LBNL



Coherent Electromagnetic Field

E Cos|wt] E

# %
.£.. ?5\.: L3
£ + E Sin|wt]
it > t
% "1
M S
:E* IE iﬁ;““ \/ U

Media with inverse population (atomic or electron beam in wiggler)
can amplify signal (and + positive feedback = generator)
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Max, you are telling lies !

If you are right, why do we not observe 100% fluctuations in the signal
from fluorescent lamp on time scale 10-20 ns (life time of transitions)?
Photo detector and oscilloscope have right time resolution.

Light radiated from arca >> d? (d ~ transverse coherence size ~A/0 , A - wave length and 0 -

observation angle) is incoherent, thus intensities add and therefore observer will see very
small fluctuations.

We can observe 100% fluctuations, but we need to install diaphragms that will transmit light
only from area of coherence.

|
PSS, AN

When we try to observe 100% fluctuations,
we are force to go to small solid angle
and thus small intensity and gives rise to the question

' ¢  When do quantum phenomena become important ?

l:i>| ﬂ 19
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Fields can be treated classically if degeneracy parameter 0 >>1

Degeneracy parameter

Transverse coherence size d~M\0
Longitudinal coherence size l~c/Aw
Volume of coherence d?1
Degeneracy parameter )

0 = number of photons in volume of coherence
0 = number of photons per mode

1

1. Thermal source 0 = ~ 102
Exp[hv/kT] -1

2. Synchrotron radiation 0 = aNM(ctF) ~ 104/F

3. Wiggler radiation O = 2M, a N M (ctF) forKy >1

4. Laser ~1 mJ visible light ~ 101
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Sunlight

F = number of
transverse coherence
modes in beam area
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Can information about longitudinal charge distribution

be extracted from incoherent radiation ?
-1 J—

In time domain

Time domain picture of incoherent

' pﬁ'-_: radiation produced by Gaussian
. ri- | P ..:
1 2

longitudinal charge distribution
and filtered with w/Aw =10
and T =10/Aw

E(t) (arbitrary unis)

o
t.frl}

m | |
ra [
—

-20
: 3

Pulse-to-pulse fluctuations in intensity under these conditions
will be ~ 1/¥M, where M is the number of groups. In this

case M =10 and fluctuations ~ 30%. This does not depend

on the number of electrons if the degeneracy parameter 1s large.
Pulse length can be recovered from known filter bandwidth and
measured fluctuations

FErreey |
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Frequency Domain
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Spectral fluctuations: narrow spikes with width 1/t

_Max Zolotorev AFRD LBNL

22



Single shot spectrum
4000
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Experimental data taken at Argon National Lab (V. Sajaev)
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Probability distribution for spikes

00
for beam size smaller than transverse

coherence size and/or resolution of
spectrometer Aw < 1/t,, follows the
Poisson distribution

L |
=

InEnsity (3.0
=

a0
]
E11
b
120 ]
i_'!l:":l éu....._..... _ ....................... for beam Size larger than transverse
= E b T i . .
EE!II .., ................... ***:5. .................................... ..; ....................... coherence size and/or I'eSOhlthIl Of
_1:T=-I““E-I:I ._, ...................... b ., .................... spectrometer A >1 /Tbﬂ follows the
= F : : . . .
g d-':l ;._._ .: . . . T Gamma dlS'[I‘lbutIOIl
oM oE e A 2T T
nEin ................. T TP S 55 ................... TR W wd
utamlen-;ﬁi'u [riri]

Experimental data taken at Brookhaven National Lab (P. Catravs)
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Surviving in case of poor resolution

Average spike width gives information about time duration a) s : :
of radiation when resolution of spectrometer 1s much better osb AL L i1
. .. . ] L8 T R o TR e T TR ST
than inverse length of radiation pulse. In the opposite case, = - =-data: bordgest bunhlength
L. . . . . . . EDE vt S L g dist b bution, ]
it 1s still possible to extract information about time duration E i
Of I‘adiation. Slgnal Obtained iIl the frequency band equal "% 0 T O SRR .. "FOPRNM- SRR ST SRR
to resolution of the spectrometer will be the sum of several 0.2 Bl
independent events (spikes in frequency domain and from 0 i 8-
different transverse coherence regions) each distributed nommalised intensity
according.Po.isso.n statistic. Resulting distribution will follow Measured distribution of spectral intensity
Gamma distribution. fluctuations for 1.5 ps and 4.5 ps bunch
lengths are plotted along with gamma
ek distribution fit.

—-kx

— €
I'(k)

where x = I/<I>, and k is number of independent unresolved spikes

f(xk) =

The same information can be extracted from the measurement of fluctuations relative to the base.

For example if k =10, it will be 30% of relative fluctuations and, otherwise, if 30% fluctuations are
measured then there were 10 independent spikes in spectrometer resolution width. One can find the

number of spikes in frequency domain and time duration of radiation by using spatial transverse mode filter.

r/jﬁﬁ
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Can 1t be used at LCLS for measurement of X ray pulse duration?

degeneracy parameter 0 =2 M, o N A/ (ct F) and F~ area of the beam / A2

for fixed linear density and size of the electron beam 6 ~ A\?

but if beam emittance ~ A/dw; F~1 and 0 ~ A

for LCLS = (M~200)  A=.15nm; O =gainx10* are good enough even for
gain = 1. Fluctuation signal can be used for tuning LCLS.

One can measure in time domain, then number of spikes ~ 103 - 10* and fluctuations are ~ 1 - 3%
(this can be used for rough estimation of x-ray pulse length)
Or, for a one-shot measurement, can use x ray spectrometer with width

Aw/w ~ 1073 and resolution

spectrometer resolution X ray frequency
It looks possible !

FErreey |
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FeErFFey

14 June 1996

Dr. Gennady Stupakov
SLAC

P.O. Box 4349
Stanford. CA 94309

Re: Fluctuational interfe;qmetry for measurement of
short pulses of incolerent radiation :

By: M.S. Zolotorev and G.V. Stupakov LQ5948

Dear Dr. Stupakovy:

The above manuscript has been reviewed by our referee(s).

On the basis of the resulting report(s), it is our Fudgment
that the paper is unacceptable for publication in Physical Review
Letters. We enclose comments from the eriticism that led to our
decision. :

Yours sincerely,

(Keundindt 8-Sed Mmg_

Reinhardt B. Schuhmann
Asgistant Editor
Physical Review Letters

U
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Referee A

“First, the authors’ technique requires the measurement of rapid
fluctuations. Unfortunately, these fluctuations occur on a time
scale that 1s too fast to be measured. If such fluctuations can be
measured then the pulse itself could be measured without the
authors’ technique. This 1s a catch-22 common to fast-pulse
measurement schemes. ..

Finally, fast pulse measurement has experienced tremendous
advances in the past few years, and full-characterization techniques
are now available...Yet another technique for measuring the pulse
intensity and/or field autocorrelation 1s not of great interest, and
especially not worthy of PRL.”

FeErFFey

||
Max Zolotorev AFRD LBNL



Referee B

“It 1s not obvious that the model (1) is of especially wide
interest or importance, or that it applies to anything but
almost completely incoherent radiation. The authors do not
claim that it should, but the sources of such radiation are
few and far between. I am not expert enough to know
whether synchrotron radiation is of this type, but certainly
laser-based optical sources (even ASE sources) do not
typically produce such light...”

Referee C

“Generally, I agree with referee B. I find that the
importance and broad interest criteria for publication in
PRL are not met,...

Appropriate light sources are indeed few and far between...
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Linear acceleration/ deceleration

N

B If in the far field region one has fields from an external source
/ I \ and fields from spontaneous emission from particles
/ E=E_(0,0)+e (0,0)
E~ [ | Eex(w, &) + &s(w, &) |2 d Qdw E(w)~ [ EMe“tal

EQ)~ [ E(dl =0

E= Gox + &5 + 21V EoxEs Cosy

Were n is the overlap of external and spontaneous fields

Acceleration/ deceleration linear with external field always is interference
of spontaneous radiation with external field. In vacuum, far away from
matter (in far field region L>>Z_) no spontaneous radiation from particles and

No acceleration linear with external field .
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Electrostatic accelerator

2 - o 3
Eing = — Ecx Esd] r=
8 n
- -
q Eoy

r
23 ] d*r = -qE_ L
2

r13

RF accelerator

ES — E51(1 — glk JJNEEEtSin“—;

Es= 4551 Slr'l2 ﬂ 2 Egt kz C‘IE for kd<<1
831 i dﬂdm

|||a||||\v%’ Eint = 2V Eex Es COSE

w24 Bl Vol go g2 2 A0tk _ g £ g M

M= 2k’dkdavol _ 4
(2 7)?

Eint = qEox d
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Plasma acceleration

W’ :mf, + €% k?
/o

m” — MP

Moving charged particle in plasma
k/k radiate longitudinal Cherenkov wave

[ =Y T T E

Interference of this radiation with plasma
wave exited by external source result in
acceleration of charge particle in plasma
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Nonlinear acceleration in vacuum (ponderomotive)

Primary wave forced particle oscillate in transverse direction
and as a result, secondary wave are radiated. Interference of this
waves result in energy exchange between particle and wave
(ponderomotive acceleration).

E.E ol ! 2
1. In a plane wave electron moved with velocity: ﬁtr — Hﬁ-a‘ 77 and ﬁ P = fa‘% 5

2
2. Radiated power in one special mode on frequency w , Aw are 85 = % o b

3. Energy gain 2 \[5; 8, Cos[¢]~2 B;8, 1
i T

r/jﬁﬁ
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Microbunch instability

AE; =2+[E E, Cos[v,] -> 24/ E, (E, + 3 E, AE,) Cos [v;]

E==:.'1u-..-
AE I
g=— = Nidg E; =
Er, ¥ Ia
db Ay AE
—_ s — = t'rl'_
dl 1;
A E
d1 1,
d* b
—Ekr,'h = 0
d1® 1y
1 I n k*
1.° vIa (kp)*?

Very close to exact solution by G. Stupakov and S. Heifets
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FEL small signal and small gain

If in the far field region one has fields from an external source
and fields from spontaneous emission from particles

E(7,0) = E,(F,0) + EES(F,t -T,)

AE = 2fEL(F,z)ES (7.t —T,)dtds = 2 fEL(?,a)')E s(F,w' —w,)e  dw'ds

EGF,0) = E,(F,0) +{E,(F.0 - w, ) + 2Es0 = @) 00, AEYS e

Jdw, JE,
- JE r,w—-w,) dw —ilw-w') - =%
E (F,w) + 2—= e N (e dt(E, 7,wE s(¥,w —w )dw'ds
(r,m) o, é)Ee ef f L( )E s( .)

E(F,w)=E L (Foo){d+ 27 N ds}

o8

dw, IW.(w - a))’ st(a)—a)e)da)=Ws

JE, Jdw,

¢ (w)=2wN,

oW, [w —w,(E)] et
JE

e

g,(@)=27N,
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