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 coherent radiation in crystals
e relativistic electrons’ spectrum in undulator

» destruction of coherent effect in undulator radiation
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Some directions of our works

 Coherent Bremsstrahlung and scattering in crystals at high energies
» Electromagnetic processes with “half-bare” electrons

» Landau-Pomeranchuk-Migdal effect in radiation

« Beam-beam radiation

» Eikonal and WKB approximation

» Dynamical chaos phenomenon

» Electromagnetic showers in crystals

 Beam deflection by bent crystals

* etc.



Coherent length (Ter-Mikaelian, 1953)
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Coherent length (Landau-Pomeranchuk, 1953)
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Coherent length

(Ter-Mikaelian 1953 — crystal, Landau-Pomeranchuk 1953 — amorphous media)
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Coherent effect Coherence + Interference

Landau was agreed that Ter-Mikaelian’s results were correct, but
he said that it is needed to use another way for describing this effect



Coherent Bremsstrahlung in Born Approximation
Ferretti 1950, Ter-Mikaelian 1952, Uberall 1960
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I8) (arbitrary unils])

Experiment

£~1-5GeV (1962 - 1965)

Frascati, DESY,Kharkov, Protvino, Tomsk, Yerevan, SLAC, ...
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Generalization of CB theory

The main idea:

-For E ? d Ocoh =~ d O atom
—-

-The relative contribution of higher Born approximation can
be also increased (A.Akhiezer, P.Fomin, N.Shul'ga 1971)




Second Born approximation in CB theory
A.Akhiezer, P.Fomin, N.Shul’'ga (1970)
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Higher Born Approximation in the CB Theory
A.Akhiezer, N.Shul'ga (1975)
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This condition did not fulfill practically for experiments
(1960-1970) on verification of F—T — U theoretical results.

But the experiments were in good agreement with this theory !
Why ?7?7?



Eikonal, Semiclassical, Classical CB Theory

Classical

Semiclassical approximation _
Electrodynamics
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« Radiation is determined by the classical trajectory !!!
* |t Is necessary to know the types of particles’ motion in crystal
« Same methods for description of CB and LPM effects !!!



New area of research

The interaction of high-energy particles with matter In
conditions of effectively strong interaction of the particle with
atoms of media (semiclassical, classical approximations)
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Problems generated by the theory of
coherent radiation in crystals
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Planar Channeling
Lindhard (1965)
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« Above-barrier motion (Akhiezer, Shul’'ga 1978)
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Coherent and Channeling Radiation
A. Akhiezer, N. Shul'ga (1978)
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Radiation at planar channeling
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Channeling radiation in periodically
deformed crystal plane
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Radiation in the field of periodically deformed
crystal planes of atoms at canalling

spontarneous stimnulated
undulator emission undulator emission
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Coherence of undulator radiation for high
energy electrons

E. Bulyak, N. Shul’'ga

arxiv:1506.03255v2[physics.acc-ph] 11 Sep. 2015
(submitted to Phys. Rev.)
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Undulator Radiation
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The Problem
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The Kinetic Equation Method
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Specific spectra, deviation from Gaussian

Numbers: Alternative (Compton) positron source for ILC, 7o = 2 x 10%; wmax = 40
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Aggregate spectra. Theory < simulation

Non-interacted not shown

0.09 - 0.8 5

04-_ x=5.0
x=50 /\ 0.0 .

0.8 4
0.4

|

x=3.0

x=3.0 0.0 . :

) 0.8 +
0.4 ' x=2.0
0.0 . .
x=2.0 ‘ 0.8
_/
\
-
M~

0.06 -

H)

049 x=1.0
0.0 : , . ,

Offset magnitude

0.03 -
0.8 4

047 x=05
0.0 : : : :

x=1.0

0.8 H
04_- x=0.1

0.00

|k ke

0.0 : : . ,
1700 1800 1900 2000

T
1700 1800

Shul’'ga, Bulyak Spectrum of electrons emitting gammas



Poisson Distribution
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Coherent effect in undulator radiation
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Destruction of coherent effect in UR
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Practical application 2: Limitations of coherency

Rough estimation

@ Energy spread in electron bunches

A~y - xw? < 1
Y Y 2Nu1’1du1

@ Max number of ‘coherent’ photons

<

Xmax ~>

2/3
2
Qi'K AU.ndul ]

471'\/ 7/20 ’}/AComp

@ Numbers:

o ILC: v=3x10°, K =0.45, A\ypqu = 1.1cm
max coherent X,.x =~ 600 periods ~ 7 m

o Example: v =3 x 10*, K =2, Aundul = 2cm
max coherent x,,,x ~ 1700 periods ~ 34 m
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Backup slides

Quantum models imperfection

Robb, Bonifacio Europhysics Letters 94(3):

34002, 2011
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criticised by: Geloni, Kocharyan, Saldin
arXiv:1202.0961 2012

Agapov, Geloni Phys.Rev.STAB 17:110704,
2014
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relative energy spread [10~7]

Although leading to correct beam energy
spread, the diffusion approximation can lead
to unphysical single trajectories in the
longitudinal phase space, since the electron
energy can grow ... as a result of photon
emission

Existing models explore many—quanta regime, x > 1
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Problem setup: ultra—relativistic electrons, quantum recoils
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@ periodic force with given envelop —

undulator, laser pulse

@ radiation: statistically independent

photons, given spectra

@ recoils decrease electrons’ energy

@ goal:evolution of initially given
electron spectrum along the field
special attention — front end of

the field

Shul’'ga, Bulyak

@ |LC positron source: effect of the
undulator on the beam parameters

@ |LC alternative Compton positron
source — performance

@ FEL energy limitations

@ lack of theory corresponding to
x < 1, drawbacks of the diffusive
approximation

Spectrum of electrons emitting gammas



Kinetic equation for electron spectrum f(z, )

Landau 1944; Akhiezer, Shul’'ga 1996; Khokonov 2004

System of units: me = ¢ = h = 1, initial distribution fo(v) = f(z = 0,7)

5 ;
Ef(z;y) — / [f(z,y+w)W(z,y+w,w) — f(z,y)W(z,7,w)] dw

where W(z,~,w) is probablity density

Approximation: v > 1, wWmax <K v

generalization: probability of recoils presentation — envelope—carrier (Khokonov)
W (z,7,w) = b(z)w(y,w) ~ b(2)w(yo,w) = $(2)w(w), [ w(w)dw = 1
Kinetic equation casts into

fl=Ffxw—f

with fxw = [ f(y + w)w(w)dw cross correlation; x = [ 1(z") dz’ number of
emitted photons.
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Kinetic equation: solution and moments

Eas

fl = fxw —f| Fourier transform: £/ = (w—1)f = f=e¢ "%

w

Taylor series for € and inverse transform yields:

where Fo(~) = fo(v) = f(x = 0,) is an initial distribution (spectrum),
Fo(v) = (wxwx---xwxfh)y) =(wxF-1)(7), n=12...

in traditional form
For) = [ Foea(r -+ wpwi) do

Mean energy (1st moment) and variance (2nd moment)

(x) =70 — xw ; Var[y](x) = (v —7)* = Var[y] + xw?

Relation with distance along axis: z — x(z) = [ ¢(Z') dZ".
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Fundamental harmonic [Bulyak and Shul’ga (2015)]
Compton source / weak undulator

Initial delta—spectrum of electrons, fo = d(y — o)
Spectrum of recoils

3 2w ) W 1
w) = 1 — 1 — [ — =
W(M) 2wmax { Wmax ( Wmax ) } ( Wmax 2 )

Rect function INM(y) = 1 if |y| < 1/2 and = 0 beyond
Moments:

7(x) = %0 = Xwmax /2 Var[y](x) = 55 Xwmax

Exact solution

Fn(v) = / rmis(y—noinm) | 3 (4m°s°@ — 1) sin(2msw) + 27sw cos(2msw) n d
ST 16 (msw)3 S,

where W = Wmax /2
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Practical application 1: International Linear Collider

Reduction of undulator’'s K, E.Bulyak, N.Shulga ALCW-2015, PosiPol-2015

E.. LINEAR COLLIDER COLLABORATION

Designing the world’s next great particle accelerator

param base max ‘symm’

yield of positrons Ephor (;3?(? g?g 0516
N ™ 141 110 67

E™ MeV | 103 132  15.6

201  [—clected AE., GeV | -33 -1.7 -0.83
oe/7, % 0.14 0.1 0.07

max

# positrons / electron, arb unit

.sym:n'/,-a\baseline -
10 ~ (the same yield)
57 @ 4 times less power load upon
o2 collimators and a convertor
0.0 02 04 08 0.8 1.0
L @ smaller phase volume of produced
! positrons (expected)

-
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