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Inverse Compton scattering

https://cds.cern.ch/record/1296190/files/arXiv:1009.6178.pdf

® Inverse Compton Scattering (ICS) of laser light by relativistic electron beam would produce useful
yields of high energy polarized photons.

The effect of self-polarization
of relativistic electrons [4] and

Invention of
lasers[1, 2]

observed at the first collider
ACO [5] due to polarization

effects in intra-beam

scattering.

ICS was proposed in ref.
[9] as one of the
processes allowing to
measure the transverse
spin polarization of high-

energy electron beam.

| ongitudinal spin
polarimetry: SLACJ[19],
AmPS ring at NIKHEF [20],
HERA collider at DESY [21]
and Jlab [22].

. >

In 1969 such a beam
had been realized at
SLAC for a study of yp
interactions [3].

Develop a method
of resonant
depolarization [7]

Transverse polarization

measurement:. SPEAR
[12] , PETRA[13],
DORIS-II [14], LEP [15,
16], HERA[17] and
VEPP-4M [18].

The ICS polarimeters are
also planned for future
collider experiments ILC
[23, 24], FCC-ee [25],
CEPC [26, 27] and EIC
[28, 29].



FCC-ee beam polarimeter

FCC-ee is a lepton collider with centre-of-mass energies between
90 and 350 GeV

It is considered as a potential intermediate step towards the
realization of the hadron facility.

Beam energy calibration by resonant depolarization is the basis for
the precise measurements of the Z mass and width with a
precision of <100 keV, and of the W mass and width with a
precision of the order of 500 keV.




‘ Layout of ICS experiments
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Figure 1. Layout of ICS experiment.



Layout of ICS experiments

electron beam

Figure 2. Detection plane. 2D pixel detectors for photons and electrons are represented by dotted rectangles.
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Compton scattering cross section PeAabAorg P

A Stokes parameters

The Stokes parameters describe the polarization state of electromagnetic radiation. Their definition
is slightly different in different sources, so below are the definition that we use here.

* &= E] +E] is the intensity of light.
With normalization E + E2 = 1 for 100% polarized laser radiation &, = /&7 + &2 + &7 =

b f] = E_E — E}Z
E.=1E,=0,& =+ 100% linear polarization along x-axis.
E,=0,E,=1&=-1L 100% linear polarization along y-axis.

* & =2EEy cos(0).

Ey=Ey;.6 =06 =+1: 100% linear polarization along ¢ = +r /4.
Ey=E;,,0=nm &=~ 100% linear polarization along ¢ = —r /4.
» &3 =2E Esin(9).

Ex=Ey,0 =+n/2, &3 =+I: 100% right circular polarization.
Ex=Ey,6=-n/2, &=-1: 100% left circular polarization.



Compton scattering cross section

1.1 Cross section

ICS cross section depends on polarization states of all initial and final particles.

In case of averaging

over the polarizations of the final states the cross section depends solely from the initial photon and

electron polarizations. Stokes parametescribe the polarization

explained in Appendix A. The electron bearmrpotartzdtion has three component

1 ' as it 1s
8 (x, {y, {7, the total

degree of polarization \]&‘% + g“f +{ % € [0 : 1]. We take differential cross section from ref. [34]
and after Lorentz transformations it is represented in u and ¢ variables by the sum of the six terms:

1 éo |1+(1+ )2 - 42 ( ”)(1+ )
: - = = u)” — - — u)| .,
Unpolarized polarized — r2dudy K(l +u)3 K
1 da—f]
— 1-—) 2
_ _ r2dude k(1 +L|r)2 K( cos(2¢).
Laser linearly polarized 1 do, 48 u, u) n(20)
— — = - — — | sin s
r2dude  k(1+u)?« K ¢

_ 1 doy _2‘53 {x

T~
| =

— = gl (l ) cos(g)
r2dude  (1+u)® « N« K )
Laser circularly polarized 1 doy -28&¢ u [u u
Py - —_ 2 = = — [- (l -~ —) sin(g),
o ridude (1+u)® kN« K
electron three polarization 1 do, 8¢, u

i
- = +2 (1—2—).
r2dude (1+u)’ « (1+2) K

(1.7)



Simulation parameters

Table 2. Simulation parameters. All designations have been defined in the text above.

go= 45.6GeV | y=289237 | €. =270 pmrad | £, =100m | L;=117m
Ao = 532 nm k=1.6279 | €, =1 pmrad | S, = 20m Lr, =100 m
wo =2.331 eV | 99 =190.44 | 6y =2.1341 mrad D, =25mm | oy/y =0.001

 Bunch revolution frequency at FCC-ee is 3 - 10351

 The rate of Compton scattering events is estimated as 2 - 10°s~?!

Table 3. Detectors: geometry, number of pixels, size of pixels.

Detector | Size (X XY) | Npix (X XY) | Pixel size (X X Y)
Photons 10X 10 mm | 100 x 100 100 x 100 pum
Electrons | 400 x4 mm | 1600 x 80 250 x 50 um




Experiment |

« The goal of the first numerical experiment is to verify the above formulae for the cross sections and

check the fitting procedure.

« The subject o this study is the trivial case when the Stokes vector of laser polarization is [&4, &5, &3] = [0,
0, 1] and the electron beam is unpolarized [¢, ¢, ¢, ] =0, 0, O]

O The rate of Compton scattering
events is estimated as 2 - 10°s~1

Photons: MC
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Figure 3. Photon spot at the detector. Number of bins is reduced for better visualization.

O 5 s measurement time to obtain
the 1e7 Monte-Carlo

Table 4. Photon spot fit results.

Xo = —213.538 £0.001 mm | ¥y = —0.002 + 0.001 mm
oy =255+3 um oy =30+ 18 yum

£ = 0.000 + 0.002 & =—0.001 +0.001
&7, = 0.004 +0.006 &3¢y = —0.008 +0.006
&7, = 0.000 + 0.002 ¥2/NDF = 9796.9/9990

@ all polarization parameters correspond to their
zero set values with absolute accuracy of better
than one percent.
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‘ Experiment |

Electrons: MC

Table 5. Scattered electrons ellipse fit results.

X1 =0.0035 £ 0.0016 mm
Y1 =—-1.0682 £ 0.0001 mm
oy =320.7 £ 1.5 um

£ =0.001 £ 0.001

&3¢, = 1.000 £ 0.195

&3¢; = 0.000 + 0.001

X> =347.635 £ 0.003 mm
Y> = 1.0682 £ 0.000] mm
oy =27.06%0.03 um

& =0.432+0.198

&y =-0.001 £ 0.002
XE/NDF = 51568.9/52270

o = 45.5997 £ 0.0007 GeV

Figure 4. Recoil electrons at the detector. Number of x-bins is reduced to 100 for better visualization.
Electrons detector covers the beam at the coordinates X = 0,Y = 0, which is impossible to do in practice.
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(compared to e. g. ref. [38]). As h‘or polarization parameters, & and &3, determination is wrong.
This happens because the sum of u, and u_ solutions in corresponding terms of the cross section
(1.21) have opposite signs and almost cancel each other when 79 > 1 (in our case 7y = Y6y = 190).
The other three polarization parameters £, £3¢y and £34, however are determined even more precise
than from the photons distribution. The value of the beam energy &¢ in the last row of table 5 is

> ESIYIBMEE o5 1



Experiment 2

B In this experiment we study more realistic case when the recoil electron detector is
shifted 15 mm away from the electron beam. It is assumed that this gap will provide a
sufficient physical aperture for the electron beam.

B Stokes vector of laser polarization is [E4, &5, €3] =[0.1, 0.1, 0.99] and the electron
beam is [(, ¢, ,]=1[0.1,0.25, 0.1]

* The expected polarization of the pilot electron bunches at FCC-ee (averaged over
thousands beam revolutions) has {y component only.

 The {x and {z components are added to the simulations in order to investigate the
possibility of measuring the electron beam polarization in general case

« From the table we can conclude that all polarization parameters are determined
correctly with absolute accuracies from 0.1% to 0.7%.
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‘ Experiment 2

- HiE

El = 0.1 Ez = 0.1

[€1, &2, &3] =[0.1, 0.1, 0.99] & [Ty T, T, ]1=1[0.1, 0.25, 0.1]
&30, = 0.099 &30, = 0.2475 &30, = 0.099

+ BEIEFIEER
- BEIREFIUEER

Electrons: MC

o

35
X

Figure 5. Recoil electrons at the detector. Number of x-bins is reduced to 100 for better visualization.

Electrons detector is shifted in X by 15 mm away from the beam coordinates X =0,Y = 0.

Table 6. Photon spot fit results.

Xo=-213.539 + 0.002 mm
oy =246 £ 4 ym

&1 =0.102 £ 0.002

&3¢ = 0.095 £ 0.007

&3¢ = 0.105 £ 0.002

Yo = 0.000 + 0.001 mm
oy =13£70 pm

& =0.100 + 0.001

&3¢y =0.247 £ 0.006
Y>/NDF = 9935.8/9990

Table 7. Scattered electrons ellipse fit results.

=0.013 £0.007 mm
Y1 =—1.0682 £ 0.0001 mm
oy =319.6 £4.3 ym
&1 =0.100 = 0.001
&3¢ = 0.099
&3¢, =0.099 + 0.001

Xo = 347.632 + 0.004 mm
Y> = 1.0684 + 0.0001 mm
oy =27.15+£0.03 um

& =0.100

&3¢y =0.240 £ 0.002
Y2/NDF = 50152.7/51245

g0 = 45.5959 £ 0.0025 GeV

The polarization parameters 1, é3{yand

&3(zare determined with absolute accuracy

of 0.1%, 0.2% and 0.1%.




‘ Compare CEPC and FCC
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* Longitudinal polarization + vertical polarization +

Radial polarization

vert bend

planar ring

Figure 23. Sketch of the coordinate basis for a planar ring and a vertical bend.

Ref: Mane 2005 Rep. Prog. Phys. 68 1997
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Compare CEPC and FCC

> XBI2: WERLTTE ERIES B asymmetry (BT < y > |y

MuchnoiZZ: 8§1%IF2D spatial distribution #1&

s B * < |8 -
File Edit \iew Options Tools Help | Elle Edit Mew Options Tools Help
: | he | ProjectionY of binx=11 [x=0.0125..0.0138]
10° Eniries 4000000 e ol e
15 Meanx  0.03905 @ ~ o Py o
E Meany  3.945¢-05 = » Mlms 957e-08
C S1d Dev x 0.02978 I.E L an Sie-
E Std Dev y 0.0003845 5 6000 — ~-| Std Dev_0.0003471|
E E s000f—
E = L
4000
02 3000:_ SSREORNN USSR SOOI SO N SO SO SO
E 2000(—
-06— F
iy 17| IEERN—— e —
—0Bf— o
=T T P P P P P P =
s 001 002 003 004 005 008 007 008 008 8601 0.:0008-0.0005-0.0004-0.0002 0 0.0002 0.0004 0.0006 0.0008 0.001

P, =0.100004 + /- 0.001387.
x2/ndf=0.78




Compare CEPC and FCC
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Figure 2. Kinematic of the Compton scattering. The relationships between the scattered angle of the electrons
#. and kinetic parameter u are verified for an electron beam energy of 45.5 GeV, 0.511 GeV, 1.022 MeV and
a laser photon of 1.165 eV. The symmetric axis of the distribution of the scattering angle, 6, is u = « /2.
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Figure 5. Graph of the analyzing power
for CEPC Compton polarimeter. It is
seen that in terms of the value of
analyzing power, two sets of data
denoted by blue and red curves are
guite close and the maximum difference
is merely 10-6.
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‘ Compare CEPC and FCC
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Compare CEPC and FCC

> X35 UEER

® Muchnoi results

® My results

From the table we can conclude that all polarization parameters are determined
correctly with absolute accuracies from 0.1% to 0.7%.

Accordingly, the transverse polarization in the same measurement period,
yielded P L =0.1000 + 0.0014(u +, ¢+ ) and PL =0.1005 + 0.0014(u —, ¢— ).

Table 2. Comparison of fitting results of different formula forms of analyzing power for 10% transverse

polarization.
Function P,=10% AP,/P,%
Fit results P, =0.1002 0.98
Integration results P, = 0.1041 3.1
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Compare CEPC and FCC
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® Muchnoi results

Table 2. Simulation parameters. All designations have been defined in the text above.

go= 45.6GeV | y=89237 | €,=270  pmrad | B, =100m | L, =117m

Ao = 532 nm k=1.6279 | €, =1 pmrad | 5, = 20m L>, =100 m

wo =2.331 eV | 99=19044 | 6y =2.1341 mrad Dy=25mm | o,/y =0.001

« The rate of Compton scattering events is estimated as 2 - 10°s~1

® My results

Table 1. Electron beam [29] and laser properties used in simulation.

Ep,GeV N, oy/oy, prad  energy, mJ  pulse length, ps  A,nm oy, pm
45.5 8 x 10'° 1.22/0.4 2.8 28 1064 160

» The corresponding luminosity for the different collision angles is shown in figure 7. The luminosity
can reach 7.0405x1033 m-2 s -1 with a = 2.35 mrad. The total cross section of Compton back-
scattering is 402 mb. Therefore, the maximum scattering rate reaches 6.3506 x 1e5 pulse—1 for
one electron bunch. The frequency of laser is 1 Hz, the Compton scattering rate is 2.83 - 10°s~1




‘ Compare CEPC and FCC
> REI7: REREMITE

Table 3. A list of the polarimeter setup parameters that are expected to contribute to the systematic errors of
the transverse polarization measurement for 10% polarization. And the total of them is about 0.6%.

Source Uncertainty AP, /P, %
Dipole strength 3.3x1077T  0.062%
L1 (IP-to-detector) lcm 0.007%
L2 (Dipole-to-detector) lcm 0.051%
Beam energy 100 keV 0.0001%
Detector resolution 11Spux7pm 0.278%
Aa deviation of the detector 0.1° negligible
Ap deviation of the detector 0.1° negligible
Detector placement ignored
laser polarization 0.2% 0.2%
Total 0.6%
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on17s b @ polarization is 10%
01150 |- .
01125 =

01100 1

0.1075 -

fit result, polarization

0.1050 | -

01025 - é * —~
0.1000 —. ——————————————————————————————— L

wariation of detector efficiency [%)]

(a) P, = 10% as the pixel cell size is 400 pmx25 pm.
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(b) P, = 2% as the pixel cell size is 200 pm X 25 pm.
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Discussion and Plan

o FE—MEE, NS cross-section EIER = MRNIEHETEEM

Thanks !
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