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* Resonant depolarization for beam energy calibration
* Longitudinal polarized colliding beams

* Summary



Motivation

* Beam energy calibration is essential for W-mass measurement at CEPC/FCC-ee. How?

— Inverse-Compton Scattering (see Yongsheng Huang’s talk)

— Resonant depolarization at 80 GeV beam energy: possibility? accuracy?

Gang Li’s talk this morning
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Principle of resonant depolarization (I)

Electron’s spin precession in electromagnetic fields $HLL
In a circular accelerator, the number of spin precession per turn g
in one revolution is called the spin tune

Ideally, spin tune is proportional to beam energy

E _ E[GeV] 103.257 @ 45.5 GeV
mc?/a  0.4406486(1)[GeV] 181.551 @ 80 GeV

Ve = QY =

Integer part of spin tune is easily determined by magnetic fields

“Resonant depolarization” measures the fractional part of spin tune




Principle of resonant depolarization (ll)

* RF depolarizer: an radially oscillating magnetic field

B, (t) = By sin(2rfyt)
* Spin resonance: perturbation adds up coherently, leading to polarization loss or reversal

falfo=kx|vs|. k €Z

* To measure vg, sweep f4 in tiny steps until depolarization is observed
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Aspects of resonant depolarization

kb

Vertical beam polarization > 5% ~ 10% i
- IP/detector

Polarimeter: stats. uncertainty of 1% ~ seconds

Measurement procedure & depolarizer specs

depolarizer
Measurement accuracy P

IP/detector
— Accuracy of RD polarimeter

— Emeas™> \/E @ IPs



Radiative polarization in electron storage rings

B T e

* Self-polarization build-up, typically in hours Pt

* Equilibrium beam polarization depends on ol

— Spin tune (beam energy) location o f HERA electrqn polarization

— Machine imperfections -> first-order spin resonances = |

Ps1=148.969+-0.156004

— Synchrotron sideband spin resonances 3

10=17.1623+-0.000318468
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Radiative polarization at CEPC/FCC-ee

* Simulations indicate it is possible to achieve sufficient beam polarization for RD @ 80 GeV, at
CEPC/FCC-ee
— rms energy spread ~ % LEP value at the same energy, weaker synchrotron sideband spin resonances

— Better control of magnet alignment errors & improved correction scheme, in line with demanding

luminosity requirement
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RD operation scenario @ CEPC-W

Assume conduct RD measurements every 10 minutes, on one bunch each time
* T,~ 15 hour, 2 hours to generate 10% polarization
* Assume 12 non-colliding bunches (colliding bunches ~1200) per beam

 Beam lifetime ~ 75 hour (CDR), refill one bunch every 2 hours

Polarization(%) t

12 bunch * 10 min/bunch = 2 hours
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Compton polarimeter (designed for CEPC-Z, extendable to W)

* Polarization-induced asymmetry in scattered electron beam distribution

* ICS can also be used to directly measure beam energy (see Yongsheng Huang’s talk)

Laser-electron IP

The distribution of scattered electrons
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Courtesy of Shanhong Chen and Yongsheng Huang

Statistical error (10% transverse polarization):
« AP, /P, = 2.9% for 30 seconds of data taking
« AP, /P, = 1.2% for 154 seconds of data taking

Sources of systematic

uncertainties A IAPL/PL1%
Dipole strength 3.3x107°T 0.062%
L1(Ip-to-detector) 1cm 0.007%
L2 (magnet-to-detector) 1cm 0.051%
Beam energy 100keV 0.0001%
Detector resolution 7um 0.278%
Detector placement ignored
Total 0.4%

Lattice-dependent systematic uncertainties yet to included *°



Challenge & mitigation in RD measurement at 80 GeV

e Challenges:

— Spin tune linewidth much wider

— the depolarization becomes less “steep”
* Mitigation (refined study is needed)

— Increase synchrotron tune (RF voltage)

— Alternative RD strategy
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Figure 39. Simulation of a frequency sweep with the depolarizer on the Z pole showing a very
sharp depolarization at the exact spin tune value.
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Figure 40. At the WW threshold the energy spread is too large to perform a wide frequency
sweep, progressing in little steps is required.

|. Koop, eeFACT 2018, arXiv: 1909.12245v1 (for FCC-ee)



Beam energy calibration at LEP with RD

The systematic error was estimated to be ~200keV for a standard RD calibration @ 45 GeV.

This can be improved to better than 100 keV@ FCC-ee & CEPC at 45 GeV _
arXiv: 1909.12245v1 (for FCC-ee)

Yet to know how well can be done at 80 GeV

E (MeV) Table 1. The accuracy of the beam energy calibration method by
resonant depolarization is summarized for LEP. A standard energy
_ 447117 o 44?18 . 447] 19 calibration with a well corrected vertical closed orbit is assumed. All
:E i errors are understood to be RMS errors
=
g 1= e B W
C ; - e Source AE/E AE(E = 45.6 GeV)
-~ i " +
E 05 N i 0.2 Me\ Electron mass 3-1077 15 keV
=B ' o Revolution frequency 10°1° 0 keV
- _Frequency of the RF magnet 2-10"8 1 keV
0 r by Width of excited resonance 2 10_5 90 keV
i + _Interference of resonances 2-10°° 90 keV
[ Spin tune shifts from long. ficlds 1.1-10°7 5 keV
o L o Spin tune shifts from hor. fields 2-107¢ 100 keV
0.48 0.482 0.484 Quadratic non-linearities 1= 5 keV

P -10°¢ -
Magnet frequency v - 101 Total error 44-107° 200 keV

L. Arnaudon, et al., Z. Phys. C 66, 45-62 (1995). L



Measured beam energy -> CM energy

* The LEP energy model took many years of efforts, to account for various effects that vary the beam energies
in the long term
* This can be much improved at FCC-ee & CEPC
— Continuous monitoring of beam energy ~4 times/hours
— Both beams — ,,x“f\/“"\m\
\[

— Tide predictior

AE, = 10 MeV

46475 (AC =1 mm)

— RF frequency feedback e j’”/
— Monitor & mitigate opposite sign dispersions @ IP soons %;-’

— Monitor all diagnostics and changes of machine settings

46460
5 o1 200 25

Time (hours)

EPIC, 6, 187-223 (1999)

Table 19. Summary of errors (MeV) on the centre-of-mass energy determination. These are selected numbers shown for

Modelling of energy rise by (selected) NMR sampling of B-field is excellent !

; 8 E e RDP illustration, the exact errors are determined using the c ition matrix formalism. The energy co on coeflicients
() B LE P between energy points and between years are shown. Wher he year-to-year or the energy-to-energy c tion coeflicient
= 7 o= Tide is not fixed the rang 8 rgy correlation coefficient is given by the relative sign of the
—_— o Tide and NMR rise (Experiment error. The last tw s give average errors due dispersion effects when combining the 4 IPs with the respective
o £ correlation coeflicients. The last two columns give estimates of the error contributions to the determination of mz and I'z in
% 6 from 1999) MeV: the actual errors depend on the details of experimental samples
o %t [ﬁ%lﬁuﬂ, AFcu (MeV)
g 4 £ EFDf D—‘jﬁu F:b Source P-2 P P+2 P P-2 P P+2 I'IIn-'zg\ | Year \.;\n\.y \I_\I\'y_
(] i ] 93 93 03 04 95 95 a5 correlation  correlation  (MeV)  (MeV)
5 3F !FDDW:‘{H:‘: % Normalization error 1.7 59 09 11 08 50 04 0 0. 0.5 0.8
L Epﬁbd: RD energy measurement 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.04 0.04 0.4 0.5
2 :— (2]-‘(2[) correction 0.2 0.2 0.2 0.0 0.0 0.0 0.0 0.75 |0., 0.75 0.1 0.1
[ Horizontal correctors 00 04 -04 02 -02 -05 -02 +0.75 +0.75 0.2 0.1
1F Tide amplitude 0.0 0.3 0.2 0.1 0.0 -00 0.0 i1. 1. 0.0 0.1
E+ / Tide phase 0.0 00 0.1 0.1 0.2 0.0 00 i1 0.50 0.0 0.1
0= Ring temperature 0.1 0.4 0.4 02 04 03 04 0.75 0.75 0.3 0.2
[ B rise scatter+model 2.8 3.0 2.5 3.3 0.6 0.6 0.6 0.47, 0 —\‘fij 0.50 1.5 0.5
1 E Eb =50.0 GeV B rise NMRAR T-coeff 0.6 0.3 0.6 0.5 1.0 1.0 1.1 0.75 0.75 0.8 0.3
E 1 ! 1 | 1 | Bending modulation jump 0. 0 0. 0. 0.0 1.4 0.3 0.75 0. 0.1 0.1
0 1 2 3 4 5 6 et Energy uncertainty 0.3 0.3 0.3 0.3 0.2 0.2 0.2 0.5 [0., 0.50] 0.2 0.1
Elapsed time [ hours ] RF corrections (Comb.) 05 05 05 06 07 07 07 [0.63 096 [0.18, 0.70) 0.4 0.2
[Ji-]il'l\lul] corr. (Comb.) 0.4 0.4 0.4 0.7 0.3 0.3 0.3 (.50, llT’i] jll‘ 0.50)] 0.2 0.1 13
Energy spread 0.2

G. Wilkinson, talk on FCC Week, 2016



CM energy uncertainties at FCC-ee

* Detailed analysis has been done for Z-pole (arXiv: 1909.12245v1)
— This needs to be extended to WW threshold.

Table 14. Summary of CM energy uncertainties for Z pole operation. Ay/s/ /s is the estimated
energy shift due to the various effects and §,/s/+/s the residual contribution to the systematic error
on the CM energy. Entries labelled with NE indicate that the impact cannot be estimated at the
current time.

Source A+/s/+/s|RDP|d+/s/+/s|Error control

(10-9) (10-5)
Dipole field drifts 100 Y Tunnel T, PC control
Circumference drifts 2000 b Radial feedback
Hor. orbit distortions 100 X Orbit feedback
Sextupoles, -tron oscil. 3 Y Orbit feedback, machine model
Energy dependence of x 2 N | < 0.2 |Machine model
Vert. orbit distortions 0.3 N 0.3 |Orbit control, alignment
Longitudinal fields 1 N | < 0.3 |Magnetic model
SR losses 200 N 0.2 |Magnetic model, one RF station
Collective effects 100 N 0.2 |Machine model
IP dispersion (vertical) 100 N 1 Beam overlap, D* measurement
IP dispersion (horizontal)| 100 N NE |Beam overlap
B* chromaticity 1-5 N NE |Machine model, Beam-beam
Collective field 10 N Real?
Crossing angle N Muon measurements 14
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Longitudinally polarized beams in colliders

SLC: polarized e- & unpolarized e+ HERA: polarized e- (e+) & unpolarized p RHIC: polarized pp collider

45.6 GeV vs. 45.6 GeV 27.5GeV vs. 8207920 GeV Up to 255 GeV

Most notably t.h.e measurement Proton (spin) structure
of the weak mixing angle

HERA:
A giant quantum machine

Made redundant in 2007
HERMES) %

Halle Ost (HERMES) )
jall East (HERMES) %

RHIC pC Polarimeters

Low =2x10%s7'em™
70% Polarization
Js =50...500 GeV

A
Spin Rotators

2 x 10" Pol. Protons / Bunch

Partial Siberian Snake
B € = 20 7t mm mrad

BOOSTER

LINAC

Pol. Proton Source

500 pA, 300 us /'

200 MeV Polarimeter "~ AGS Intemnal Polarimeter

¥Rf Dipoles

Implementation of longitudinally polarized beams have been studied in recent colliders:
SuperB, SuperKEKB, SuperT-C, ILC, EICs, NICA, etc.
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Longitudinal polarized colliding beams at CEPC/FCC-ee?

* Goal: >50% longitudinal polarization for e-, polarized e+ awaiting source tech innovations

* Top-up injection of polarized e- beams to the collider

— Beam lifetime (1 hour) << depolarization lifetime (estimation: ~100 hours @Z, 5~10 hours @W)

Beam-beam depolarization time yet to evaluate.

— Payg = Pipj

Lost or
Extracted * Po (>P,)
P . . . .
Injector modification for polarized e-
; Longitudinal polarization in source & linac Energy ramp
Polarized electron gun parameters ' e o
ILC(TDR) | CLIC(3TeV) | CEPC req. O
Electrons/microbunch 2x1010 0.6 X101  >0.94 X100
Charge / microbunch 3.2nC 1nC 1.5nC
Number of microbunches 1312 312 1 Partial Siberian snake(s)
Macropulse repetition rate 5 50 100 ‘" Vertical polarization in booster &
45Gev collider arc region
Average current from gun 21pA 15pA 0.15pA Lasioes



Polarization maintenance in the booster

e Acceleration from 10 GeV to 45 GeV & beyond crosses many spin resonances

e Siberian snakes can be employed to mitigate the depolarization

— Verified by preliminary simulations, more study is under way
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Spin rotator design in the collider ring

Spin Rotator design for 45 GeV

— Adaptation of HERA/SuperB design to CEPC smigh  PF®  Suaige N
— Occupy 1~2 km space for solenoid sections \
RF
Region Region
— This S-shape geometry partially cancels / |
depolarization e .
\ ;i::ﬁtmn
— Acceptable perturbation to orbital motion - ! |;
N . 102 103 : 104 105
Extendable to W and even higher energies | : - ey
100 o wio arr, Mane-Carto ] — CDR
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o W. H. Xia, Z. Duan et al., under review
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Summary

There would be sufficient beam polarization for Resonant Depolarization
measurements, at 80 GeV for FCC-ee & CEPC.

So far detailed analysis of RD-based energy calibration has been done for 45.6
GeV at FCC-ee.

More detailed analysis of the RD procedure and accuracy estimation for 80

GeV is required.

It is possible to implement longitudinal polarized colliding beams in FCC-

ee/CEPC at different energies. Are there strong physics motivation? Cost vs.
benefit...
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Thank you for your attention!

22



