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Compton Effect

λθ − λ0 = λc(1− cos θ). Compton wavelength λc =
h

mc = 1.43 · 10−12 m
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ComptonEffect
When γ ≫ 1:
ε0, ε, ω ≫ ω0

electron εε
0
= εγmcmc2

ω0
 ε= εhc/λ0

θ
ω

θ
ε

α

ω∗
0 =

hc
λ0

cos2(α/2)

Universal scattering parameter:
u =

ω

ε
=
θε
θω

=
ω

ε0 − ω
=
ε0 − ε

ε

is in the range

0 ≤ u ≤ κ, where κ =
4ω∗

0ε0
(mc 2)2

.

κ ≃ 1.53 for ε0 = 100 GeV and ω∗
0 = 1 eV

Scattering energies:
max(ω) = κ · ε0/(1 + κ)
min(ε) = ε0/(1 + κ)

Scattering angles:

θω =
1

γ

√
κ

u − 1; θε =
u
γ

√
κ

u − 1.

max(θε) = 2ω∗
0/mc 2 (≃ 10 urad for green light).

3 / 39



Scattering Cross Section

σC =
2πr 2

e
κ

([
1− 4

κ
− 8

κ2

]
log(1 + κ) +

1

2

[
1− 1

(1 + κ)2

]
+

8

κ

)
κ≪1−−−→ σT(1− κ),

where σT =
8

3
πr 2

e = 0.665 · 10−24 [cm2] is the Thomson cross section.
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Soon After the Invention of Lasers
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After Another 6-7 Years
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Conventional Setup
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Laser Beam Propagation

Light intensity in the focused laser beam:

I(r, z) = P
2πσ(z)2 exp

(
− r 2

2σ(z)2

)[
W/cm2

]
, where

▶ z – beam axis, r – distance from beam axis, P [W] – radiation power,

▶ σ(z) = σ0

√
1 + (z/zR)

2 – beam radius at the intensity level of 1/e,
▶ σ0 – beam radius at the waist (z = 0),
▶ zR = 4πσ20/λ – Rayleigh length, I0(zR) = I0(0)/2.

Radiation power: P ≡ dE
dt = hν dN

dt that makes ρ∥ ≡
dN
dz =

Pλ
hc 2

[
cm−1

]
.
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Laser Beam Propagation
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λ = 0.532 μm,  σ0 = 250.0 μm,  ZR = 147.6 cm,  θ = 0.34 mrad,  α = 2.0 mrad

electron
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laser beam
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Scattering Probability
Consider an electron (v/c ≃ 1) moving on axis towards the laser beam (α = 0).
The photon target density is:

ρ⊥ =
ρ∥

πσ20

∞∫
−∞

dz
1 + (z/zR)2

=
4P
hc 2

∞∫
−∞

dx
1 + x 2

=
2P
ℏc 2

[
cm−2

]
.

The probability of Thomson scattering for the electron

W = ρ⊥σT =
P
Pc
, where Pc =

ℏc 2

2σT
≃ 0.7 · 1011 [W]

does not depend on the laser wavelength λ nor the waist size σ0.

Electron beam current of 1 mA (1.6 · 1016 [electrons/s]) and 1 W of laser
power can provide the flux of ≃ 2 · 105 backscattered photons/s.
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CERN Courier Volume 39 No.6, 1999
“The Graal of Particle Physics” (p.24)

The ROKK-xx facilities were created in Novosibirsk by G. Ya. Kezerashvili.
Common feature of installations – non-specialized storage rings & lasers.
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LbyL scattering evidence (13 events)
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Non-linear QED studies at ROKK-1M
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Photon Splitting

In total 418 ± 20 photon splitting events observed.
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e± Beam Energy Measurement
VEPP-4M (2005–2011) ◦ BEPC-II (2010–now) ◦ VEPP-2000 (2012–now)

BESIIIBEMS
BEPC-II LINAC

positron ring

electron ring

BEPC-II 
COLLIDER

▶ SR losses: Eip = EBEMS + 4.75 · 10−6 (EBEMS)
4 [GeV]

▶ IP angle: Ecm = 2 cos(0.011)
√

E e+
ip E e−

ip
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Beam Energy Measurement System (BEMS)
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HPGe detector
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HPGe Scale Calibration

Source γ-rays energies, keV Reference ∗

137Cs 661.657 ± 0.003 vol.4, 2008
60Co 1173.228 ± 0.003 vol.4, 20081332.492 ± 0.004

228Ac
(
232Th

)
911.209 ± 0.006 vol.6, 2011

212Bi
(
232Th

) 727.330 ± 0.030 vol.2, 20041620.740 ± 0.010

208Tl
(
232Th

) 583.187 ± 0.002
vol.2, 2004860.560 ± 0.030

2614.511 ± 0.010

∗ Table of Radionuclides, Bureau International des Poids et Mesures
https://www.bipm.org/en/publications/scientific-output/monographie-ri-5.html
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HPGe Energy Resolution
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Energy Scale Calibration
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The Edge of the Compton Spectrum

Ebeam =
ωmax
2

1 +

√
1 +

m2

ω0ωmax

 (ω0 = 0.11706523 eV)
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PHYSICAL REVIEW D 90, 012001 (2014)
“Precision measurement of the mass of the τ lepton”
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VEPP-2000 e+e− collider at BINP

Circumference:

P = 24.4 m

C. m. s. energy:

E = 200− 2000 MeV

Luminosity / i.p.:

L = 1032 cm−2s−1

Could not find a free straight section for laser i.p.!
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BEMS for VEPP-2000

Beam orbit radius in 3M1 dipole: R = 140 cm
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Spectrum ε0 = 640 MeV, λ0 = 5.426463 um
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Interference

θint ≫ θrad: take only ϕ = 0

Time for electron A→B→C : te =
2Rθ
βc

Time for photon A→C : tγ =
2R sin θ

c cosψ

Phase advance: ∆Φ = 2πc
[

te
λ
− tγ
λ

− 2te
λ0

]
λ0 – laser wavelength. Since θ, ψ, 1/γ ≪ 1

∆Φ ≃ ωR
c

[
θ

(
1

γ2
− 4ω0

ω
+ ψ2

)
+
θ3

3

]
.

For 1 MeV photon λ = 1.24 · 10−12 m. For R = 140 cm, E = 1 GeV,
∆Φ = 2π when θ ≃ 0.1/γ and AC ≃ 0.1 mm ≃ 108λ!
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Energy spectrum
dṄγ

dω dψ ∝ ω1/3 Ai2(x), where

x =

[
ωR
2ℏc

]2/3[ 1

γ2
− 4ω0

ω
+ ψ2

]
.

dσ
dω =

dσKN

dω

∫ ∞

z
Ai(x)dx, where

z = (u/χ)2/3(1− κ/u), where

χ= γ
B
Bc

, u =
ω

ε0 − ω
, κ = 4

ε0ω0

m2c4

Bc =
m2c2
ℏe = 4.414 · 109 [T] ω0 = 0.117 eV; ε0 = 900 MeV; R = 140 cm

Ai(x) = 1

π

∫ ∞

0

cos (xt + t3
3
)dt
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Test of the theory
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/NDF = 313.4/242  (Prob: 0.001)2χ

/NDF = 220.3/225  (Prob: 0.576)2χ

 0.016 [MeV]± =  641.135 beamE

   33 [keV]± =    230 Eσ

  0.58 [cm]± = 139.62 beamR
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Evidence of Interference
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Prospects for the Future
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© Copyright CERN 2014

This report contains the description of a novel research infrastructure based on a highest-luminosity
energy frontier electron-positron collider (FCC-ee) to address the open questions of modern physics. It
will be a general precision instrument for the continued in-depth exploration of nature at the smallest
scales, optimised to measure precisely the properties of the Higgs boson, the Z and W bosons, the top
quark and the Higgs coupling to the Z.
FCC-ee will provide unprecedented sensitivity to signs of new physics appearing either in the form of small
deviations from the Standard Model or as rare decay processes.
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Excerpts from FCC-ee CDR
▶ Beam energy calibration by Resonant Depolarization is the basis for the

precise measurements of the Z and W masses with a precision of
∼100 keV and ∼500 keV correspondingly.

▶ Compton polarimeters – positive experience of LEP, HERA, SLD

▶ About 200 polarized pilot bunches/ring will not collide – just used for
frequent beam energy measurements by RD.

▶ It is impossible to use RD at higher beam energies since the increased
energy spread make the spin resonances too strong, reducing the
asymptotic polarization to an unacceptably small value.

▶ Ecm near the e+e− → t̄t threshold will be measured by the final state
reconstruction of e+e− → W+W−,ZZ,Zγ events and from the knowledge
of the W and Z masses.
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Compton Scattering cross section

for circular polarization of light ξ⟳ = ±1 depends on both longitudinal ζ⟳ and
transverse ζ⊥ polarizations of the electron:

dσ0 =
r2e

κ2(1 + u)3
(
κ(1 + (1 + u)2)− 4

u
κ
(1 + u)(κ− u)

)
du dφ,

dσ∥ =
ξ⟳ζ⟳r2e

κ2(1 + u)3 u(u + 2)(κ− 2u) du dφ,

dσ⊥ = − ξ⟳ζ⊥r2e
κ2(1 + u)3 2u

√
u(κ− u) cos(φ− ϕ⊥) du dφ.

For vertical electron (beam) polarization ϕ⊥ = π/2
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FCC-ee Polarimeter: x-z plane

Blue bars – 2D silicon pixel detectors for scattered electrons & photons.
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FCC-ee Polarimeter: x-y plane
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Scattered γ & e: The Difference
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Fit: cross section & emittance
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Laser parameters

▶ λ0 = 532nm, waist σ0 = 0.25mm, zR = 148 cm, divergence θ = 0.169mrad.

▶ Interaction angle α = 1.0mrad (horizontal crossing).

▶ Laser pulse: EL = 1mJ, τL=5 ns, f = 3 kHz, PL = 80kW, ⟨PL⟩ = 3W.

▶ Beam electron energy Ebeam = 45.6GeV, cross section R× ≃50%.

▶ Scattering probability W = PL/Pc · R× · η(RL,RA) ≃ 7 · 10−8.

▶ Ne = 1010 e±/bunch: Ṅγ = f · Ne · W ≃ 2 · 106 s−1.
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Summary on FCC-ee polarimeter

▶ Detecting both scattered photons & electrons increases the reliability of
beam polarization measurement.

▶ Polarimeter provides ≃ 1 % / s accuracy for ζ⊥.
▶ The beam energy spectrometer option does not require mandatory

neither the B-field measurement nor the BPMs data:
▶ statistical precision ∆E/E ≃ 100 ppm / 10 sec;
▶ systematic effects estimation requires further studies:

yet no limitations;
▶ test of the approach does not require high beam energy and should be

performed with low emittance beam at low energy.

▶ Polarimeter allows to measure beam sizes & positions.
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Summary

▶ On the eve of the centenary of its discovery the Compton effect
continue to find new applications in contemporary physics.

▶ Strange as it may seem, the observed phenomena are not always
predictable and obvious.

▶ Beam Energy Measurement System for BES-III experiment is a positive
example of the collaboration between BINP & IHEP.

Thank You for Your Attention!
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