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Laser-Compton Method of calibration of beam energy

> Method: Compton back-scattering combining a bending magnet

Electron Beam

Interaction region

_ (mec?)? Xedge — Xpeam

E =
beam 4‘W0 Xbeam _ Xy

Laser system

Electron beam

Nd:YAG Laser system

Energy (GeV) 120 A(nm) 532

N, 15x 1010 Energy(J) 0.1
Collision angle «a ~ 2.35 mrad
Compton scattering cross section | 202 mb

Scattered photons I Y T—

Electrop Bean |
I X beam

Detector

L ¥
Compton back-scattering method used in BEPC

by measuring the energy of scattered photons
with accuracy is 2 x 107>,

https://doi.org/10.1016/j.nima.2011.08.050

The technique is “non-destructive”: ~10° Compton
scattered particles in one collision.


https://doi.org/10.1016/j.nima.2011.08.050

Spatial distribution of scattered particles
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1MeV

> The requirement for the measurement of positions: AXcq 40, AXpeam,

AX(um)

Requirement of measurement accuracy
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Statistical error

» The distance between electron-laser interaction point(IP) and detector is L,
« The distance between magnet and detector is L, ¢ Tens of seconds of data taking is necessary.
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L, =100m, L, =80m  L; =200m, L, =180m L, = 300m, L, = 280m

Pixel size 100um X 50um 500um x 100um 2mm X 200um
X, + AX, [mm] -299.762+8.905% 10~° -674.460+4.475 x 107> -1049.16+1.134x 10~*
Xpeam + AX peam|[mm] -0.0011+1.8492 x 10~* -0.0009+7.3215x 10~* -0.0015+0.0018
Xeage + AXeqge[mm] 1284.1928+0.0037 2889.4319+0.0132 4494.6437+0.0314
E,[GeV] 119.9999 120.0003 119.9991

AE,[MeV] 0.356 0.573 0.875




Systematic uncertainty

« Considering the measurement of magnet strength and drift distance.
 The relative error is assumed to be AB/B ~ 10~* and AL/L ~ 10~*

lllllllllllllllllllll
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AE = \JAE} + AE} + AE},

AE,(keV)

13.0 |

.....................

* More systematic error sources need to be considered.
« Extrapolating the center-of-mass energy needs to be discussed later.



Comparison of the key parameters for
different models in CEPC

Higgs mode Z mode WW scan tt scan
Epeam/GeV 120 45 80 175
Xedage/Mm 6.16352 9.29686 7.10343 5.57276
Xpeam /M 1.87935 5.00178 2.81903 1.28868
6Xeqge/m 2.6x 107>
5Xpeam,/mM 6x 1078
OEyoqm/MeV 1.0 0.3 0.6 1.8

» The statistical uncertainties of beam energy are not included here

doi.10.1063/1.5132975



https://doi.org/10.1016/j.nima.2011.08.050

Measuring the center-of-mass energy

a
<fs >= 2,/E+E_cosz

« Potential corrections of c.m. energy

« The correlated effects of dispersion

« Collision offsets

« Difference between the electron and positron beams
« Beam energy uncertainties from surroundings

* Tidal effect — collider orbit circumference
« Railway — magnetic field

Ref: [1] Assmann R, LEP Energy Working Group. Calibration of centre-of-mass energies at LEP 2 for a precise measurement of the W boson mass[J]. arXiv preprint hep-ex/0410026, 2004.
[2] Miiller, Anke-Susanne. "Measurements of beam energy.” (2009).
[3] Alain Blondel (Geneva U. and CERN and Paris U., VI-VII), Patrick Janot (CERN), Jorg Wenninger (CERN), Ralf AfSmann (DESY), Sandra Aumon (CERN) et al
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Laser Compton backscattering

input laser

beam — 1 scattered photon

-

postion
| detectors

«— 500m ——

bending magnet

With =
ith Minimam o
r

With some proper corrections, the beam energy
uncertainty of the Higgs mode is around 2 MeV.

— Independent extraction device.

Separately detect the positions of scattered
— electrons, scattered photons and unscattered beams.

]G. Tang, S. Chen, Y. Chen, Z. Duan, and C. Zhang, Review of Scientific Instruments 91, 033109 (2020).; Meiyu Si', Yongsheng Huang,*, Shanhong Chen, et al., Nuclear Inst. and Methods in Physics Researcilﬁ,A'A

1026 (2022) 166216,

Microwave-beam Compton backscattering

. Beam tube
: P

%———{'_—_/:*‘--b.—( ¥ yep— -
§ - / s I Scattered photons
§ 0y, = 4.4mm y |
% | Resor '
N | Resonant cavity
N |

Simple model of cavity and beam

Use synchrotron radiation lead wire.

Detection of the maximum energy of
scattered photons by a HPGe detector.

If the beam energy is calibrated within 10MeV,
it will be interesting and worth doing.




‘ Microwave-beam Compton backscattering

Head-to-head collision a = m:;

photon w,

electron ¢,

Figure 1. Compton backscattering process

Considering €9 > m > wo

 egsin®(§) + mTzcosoa

wmax _
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2
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Scattered photons:

dN, dN, Lda

i " dwdt dw

Table I. CEPC parameters in Higgs mode.

Higgs
Beam energy £o (GeV) 120
Bunch number B 242
Particles/bunch N2(10'°) 15
Bunch spacing (ns) 680
Beam current I (mA) 17.4
Bending radius p (km) 10.7
Bunch lengtho,, (mm) 4.4

The HPGe detector has a good calibration
of gamma energy within 1 to 10MeV.

The energy of the scattered photons is
chosen to be in the range of (8-20 MeV)
compared with the synchrotron radiation
background.

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
: Beam size 04, /0y, (um) 200-450/5-20
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

Choosing w3, = 9MeV



The energy of initial photons: wo = 4.08 x 10~ °eV e hc f c
- A
The wavelength of initial photons : A=3.04cm
The frequency of initial photons : f=10GHz m—) Microwave band!
System error: S \/( 920 12 (5tma)? + (Z2292(8w0)? + (222Y2 (502
0 OWmaz e Owg 0 o

® the laser positioning accuracy isup to 5 x 10~ 7;
® the stability of the high-frequency microwave source itself can reach 10> ~ 1079
® assuming the detector can reach the order of 10~* under good calibration;
® The measurement accuracy of the beam energy can reach the
6MeV@120GeV (5 x 107°)
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Resonant z

cavit
y : : : -lEme .
Choosing the TM,;, mode of the standing wave cavity; "
2 Sy Sy
1T r=15mm :7‘,_._._4._._._.‘ [ =20mm
A=—=2613R
K
The electric field only has the longitudinal field in z1 direction, the _—
. . . . R =11.65mm
magnetic field only has the transverse field in the ¢ direction.
E., = EpnJo(K.r)e’™! e ittt ™
EEESSIsLSILEE
**12? b4 fﬁ:?‘l1 +05
: 1 jwt =::I“:1 11111808 L * Ber0s ]
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R R RN X ¥ W R o+05
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y%?";ffuz SRR 100000
sttt 50000
E.=E,=H,=H,=0 (a)
The Poynting vector:
E?2 Jo(K.r)J, (K.r)sin(wt)cos(wt o
5 = B 1, — o) I (Ker)sin(t)cos(w)
?7 0 Sr
The oscillation period T = 5 x 1071s = 50ps .

5.x10°" 1.x1071°

17 March 2021 t(s)



System design

@ ) 39,0“\ HPGe Decetor
E l/ectron beam t
Scattered photons 2

Scattered photons

Magnet system + Synchrotron radiation

®

Resonant cavity

Figure 7. The design of the microwave measurement method.

gictosbsotption Cooling water channel

Figure 6. The separation system on CEPC between photons and electrons.
17 March 2021 18



Calculation process  interaction cross section

The Sunyaev—ZeI'dévich effect (SZE) is a small spectral distortion of the cosmic microwave background (CMB)

spectrum caused by the scattering of the CMB photons off a distribution of high energy electrons. In free space
The local space in the resonant cavity. Fin ) =0.608484

The differential cross section:

2

ﬁ:z(lj—u) 3 (g — )2{’"‘:[1‘*‘(1‘*‘“) ]—4 (14 u)(k —u)}

2 m2/Mev)
dw

d(}'n

(1) 2
|F{TMD10]| - 2m

4.x107%}
3.5x 107}
3.x107%}
25x107%}

2.x 107t

. ; . . w(MeV)
0 2 4 6 8

For the 9MeV(w,a ): [ The cross section is about 0.04barn/MeV. }

1. COSMOLOGY WITH THE SUNYAEV-ZEL'DOVICH EFFECT.
2. Quantization of standing wave field and calculation of microwave Compton scattering cross section; Meiyu Si, Shanhong Chen, Yongsheng Huang*, et al., Eur. Phys. J. D (2022) 76:63 19
https://doi.org/10.1140/epjd/s10053-022-00389-4




Luminosity and the number of scattered photons

The areal density of microwave photons: (the unitis N/(m? -s))

Sy EZ Jo(Ker)Jy (K.r)sin(wt)cos(wt)

Wi N

r= 42+ (R—(ct))?

om (1) =
1 1 a3 y3 |z

exp[—=( + + )]
2MOz20y2 - V270 12 202, 052 02

fo(z2,y2, 20,t) =

The luminosity in the Compton scattering process:

L=N, 2Bf /om('r)fg(:vg,yg,22,t)d:vdydzdt B=1,f =1

| 1. The left part of z1 experiences two complete wave
o, = 300um | packets;
e 2. The interaction time of the right half of z1 is 18.3625ps.

That is an electron bunch pass through the resonant cavity
can generate at least 50459 scattered photons with energy
of 9MeV.

17 March 2021



Simulation

Synchrotron radiation

Bending magnet :

Figure 4 shows the synchrotron radiation flux in 0.1%BW spread per bunch for the

dem (y)

do

— 2.457 x 10" E(GeV)I(A)G(y)

horizontal observation angle within 0.2mrad.

14

-
n
T

=]

photons/(0.1%BW(MeV))
F-N
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The energy range of photons is from 0 to 1MeV.

17 March 2021
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The energy range of photons is from 0 to 10MeV.
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Shielding

To minimize the background noise from the synchrotron
radiation.

photons energy spectrum

energy spectrum

= Entries 37
> Mean 4.348
= 10 Std Dev 3.08
= - T
> -
g\__ B
S B
@ -
c
S -
[=]
=
[=3 .

1= -1

10°° 1072 107 1 0

Me&

Figure 15. The polyethylene (0.962g/cm3) and the
lead target (11.34g/cm?3). A combination of 400cm
polyethylene and 0.2cm lead are used to shield
synchrotron radiation photons.

Figure 16. The photons energy spectrum of two photons
sources after passing through the shielding material.

It is easy to distinguish between scattered photons and
synchrotron radiation photons.




The effect of the hole radius on the field and frequency

1.0

'“"l-\.,‘.‘l T T T T T 1
. ™S ——Ez(without hole) |
Table Ill. The relation between the resonance frequency and the L Ez(r=0.15mm)
_ 0.8} \.\ = -« -Ez(r=1mm) 7
hole radius. "\ Ez(r=1.5mm)
N —-—-Ez(r=2mm)
Co— : T 06 N\, i
hole radius/mm frequency/GeV N AN
hY
1.0mm 9.84790 0l \, ]
I3 L3 ’ \‘
1.5mm 9.84533 Q\
2.0mm 9.84026 02l N i
Q'\
Nos
0.0 P RPN R R B -\\r_:'..;“:-;u..._.
0 2 8 10 12 14 16
R (mm)

Almost no effect on the field, the Figure 11. The normalized distribution of the field

effect on the frequency can be in the direction of radius in the cauvity.
compensated.

The energy storage in the cavity is 0.001J.

Table Il. The corresponding resonance frequency and Q value of
the resonator cavity in theoretical calculation, simulation.

R .
e 2.105 1
W = %-QWEE,ZR A Jﬁ(—R r)rdr = §ng2zE§1Jf(2.4)

parameter frequency(GeV) Q value
The quality factor Q: Theoretical calculation 0.848975 11055.4
Simulation (without hole) 9.848976 11048.2
Q R Simulation (hole radius 0.15mm) 9.848973 11043.8

©os1+ &

17 March 2021



Possible background

The effect of radiation in the field on the electron beam.

In the TM010 mode;
E. = EmJO(KCr)
{ o It E.dr
? 2R

electric field:

2

F = ¢B, = 1

r

{ E = ymoc? = 120GeV

magnetic field:

m=) £, =6.11351 x 10°V/m

Bending radius and critical energy:

r=19.629km
—> { E3

= 2. 218— = 195.257KeV

Bending radius and critical energy:

r=28.8374km

H,=—-E, Jl(K r)sinwt ‘ { E3

Synchrotron radiation:

Bending radius: 10700m:;
Critical energy: 352.8KeV

|

17 March 2021

= 2.2187 = 132.828KeV

the detector.

The same order compared with synchrotron
radiation, it can be well shielded in front of

24




Summary

» Assuming the detector can reach the order of 10~* under good calibration;
» The measurement accuracy of the beam energy can reach the
6MeV@120GeV (5 x 10~°). Theoretically verified the feasibility of this

program.

» To minimize the background noise from the synchrotron radiation, a
combination of 400cm polyethylene and 0.2cm lead are used to shield
synchrotron radiation photons.

The design of the resonant cavity still needs more detailed considerations.

Next step , . .
‘ If the detection accuracy of the HPGe detector is 1072, the uncertainty of energy

measurement of beam energy o¢, = 60MeV. It is important to study the
calibration method of the HPGe detector.

The effect of scattering on the pipe and the loss of electron beam.

17 March 2021 25



Conclusion

1D fitting: 1MeV@120GeV, 0.6@80GeV, 0.3@40GeV
maa 2D fitting: 0.4MeV@120GeV, <0.3MeV@80GeV

Compton

* 6MeV@120GeV; <6MeV@80GeV,
UBEIETEY o A simple method+ ySR beamline

Compton

 Potential corrections of c.m. energy
SN o Beam energy uncertainties from surroundings
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