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Introduction

Prof. Jie Gao initiated discussion on CEPC polarization program in Nov. 2017

Work is based on materials presented by author in Talk at IAS Program on High
Energy Physics meeting (HK, Jan. 2018) and Talk at Circular Electron Positron
Collider workshop (Rome, May 2018)

To determine and ensure conditions under which radiative transverse self-polarization
In collider rings reaches required degree within reasonable time

To consider an alternative possibility of obtaining polarization by accelerating
polarized particles in booster and then injecting them into main ring. This option can
be crucial for obtaining longitudinal polarization

To demonstrate one of possibilities to obtain longitudinal polarization with high
average-in-time degree in top-on injection mode



Radiative self-polarization in CEPC

Energy Ramp
10 ->120GeV
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53 rA
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Sokolov-Ternov time Long-known tool:
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amplify polarizing
effect of storage ring
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of polarization

iIn CEPC is huge:
260 hrs at 45 GeV!
At 80 GeV, this time
falls as (45/80)°

to 15 hrs.

45 GeV LEP: 5 hours

Polarizing wiggler @ 45 GeV
(shifter magnet with

" [|H,]’ds=0)

Similar to proposal for FCCee project



Special wigglers to speed up polarization

Shifter magnet B
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Calculated for current CEPC-Z magnetic structure

Requirements to fields :
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-1

, B’L +2|B |’ L

T, =7,|1+ N —— | _‘,, -
27R(B,)B;

Fraction of radiation energy loss enhancement :

BIL, +2B’L
" 27R(B,)B,

u=N

Harmful effect is increase in beam energy spread:

_ 1/2
AEW :|:Z-.P . l :|

l+u



Radiative polarization In real storage ring

Depolarization factor due to field imperfections

G = <1 i
, (K, orbit curvature),

reduces polarization degree () and relaxation time
of radiative polarization (7, )

P=G-F,, ]30_5\/__092 T, —G-rp‘

= on
d = ; periodical with azimuth spin-orbit coupling function

(equilibrium axis of precession 77 depends on energy)

“Shake” of precession axis due to quantum fluctuations—> non-resonant
spin diffusion growing nearby spin resonances, main depolarization factor
in storage rings as long as spin tune spread is much less than distance to
closest dangerous resonances



Depolarization factor with synchrotron modulation

Radial magnetic and vertical electric fields cause most strong depolarization effect which relates to
integer spin resonances v =)a =k (v, spin precession tune). Kondratenko’s formula for
depolarization factor takes into account spin tune modulation by synchrotron oscillations with

frequency V? :
-1

-

. 11lv? — | w, |2 I (crf ;"Vf)exp(—crf ;"Vf)
L G=PIP=Pi0.92 | G~ l+— > | —
k k.l [(lv—k|—iv},) —1*’},] ,
I."!lf"r drlj-'ﬂ . . llll'l\,
Wi ﬂxE 79’ exp(—ik9) /- resonant harmonic amplitude in case of vertical closed orbit distortions ( 1y );

[ , order of sideband resonance Vif-V? =3

o, . . .
o ,=vo . instant spin tune spread due to energy spread o ; | K =—"1S Index of modulation;

Vy

I.(x), modified Bessel function.

A, is the radiation decrement of synchrotron oscillations in

Equation for G is valid if c.-'ffA}, ::f::v:f;

inverse turns.



Parameter of spin phase diffusion

E=45 GeV
Ty, Vy fo Tp [
kHz | hr
LEP | 0.061 | 0.083 | 11 |27 | 0.054
CEPC | 0.039 | 0.028 | 3 268 | 0.103
0.128 | 0.028 | 3 19.7* | 1.40
0.103 | 0.028 | 3 32.3% | (0.860

* indicates cases with wigglers
to speed up polarization

characterizes

spin precession phase Increment que 10 1S radiative diffusion
per the period of synchrotron oscillations (v, .

o Strictly linear spectrum of synchrotron modulation:

. A . |=n A .
[<<l —» W, CXp —lv—sml/l}, =W ZJ] V_ eXp(—lll//y) is valid!
v [=—»

/ /4

o ['>1 — The spectrum of spin perturbations becomes blurry!

The modulation resonances with the synchrotron tune are not isolated!
Hence, the used approximation for G is of an evaluative nature.

Decrease of modulation index x by increasing
synchrotron tune is desirable in viewpoint of efficiency of
resonant depolarization technique (see I.Koop’s Talk )

In our interpretation, this is recommendation to move I'
from range I' 21 to range I'<<1



Comparison of polarizations at CEPC and LEP
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Equilibrium polarization degree G=P/P, for LEP
and CEPC at the same spin harmonic amplitude
|w,|=2-10-3

LEP: no special wigglers were used
(_

red curves: “no synchrotron modulation”
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CEPC at left: good conditions for conservation of
polarization in luminosity mode of magnetic
structure (wigglers are turned off)

(_

CEPC at right: in wiggler mode, equilibrium degree
of polarization noticeably decreases

Only harmonics k=103 and k+1=104 are “turned on”
with assumption |w,|= [W,,4]



Calculation vs observation: LEP experience

. : EXPERIMENTS ON BEAM-BEAM DEPOLARIZATION AT LEP
S.A.Nikitin, E.L. Saldin, M.V. Yurkov/NIM A 216 (1983) 317-328 R_Assmann et al. PAC 1995

With the beam colliding at one point, a polarization level
of 40% was achieved ...
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T -1"-"- Y . g o -
l 40 F— o e Bunchl r ;

' 1 PIP,

rror—-
(é'l'
.
1)
e

Yo + ST Pl
c 3t ]
S 5| M“‘ o ]
© i |
= A !’ — Bunch 2 colliding |
0 L Ly S w0 ' |
2 1 | Loiy 'l | | 4 | A ! 8 :
855 905 955 1005 4055 HO0S5 {155 y=K+1/2 0 }
Expected equilibrium polarization degree in LEP of Blue Book design L T
(1978) for one of realization of random vertical displacements of 200 MMM M0 0400 fed  onde Ao
quadrupoles (RMS=50 microns, closed orbit RMS distortion=3 mm)

vs half-integer values of spin tune. Daytime

It is important to reduce the resonant harmonic amplitudes in orbit distortions down to level |w,| <103
using special orbit bumps or global correction. There was positive experience of LEP team: polarization
was improved to more than 35 % with average around 50% using Harmonic Spin Matching technique
(R. Assmann , A.Blondel et.al., CERN SL/94-62 (AP)



Effect of energy spread increase at CEPC

Equilibrium polarization degree in region of Z-pole vs spin tune in two cases of wiggler mode
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CEPC polarization at 80 GeV

No special wigglers needed! Iw,|=5 -10-4
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In comparison with Z-pole case, this one is some harder. Spin harmonic amplitude
in vertical closed orbit perturbations should be corrected to level < 5x10%.



Response of field perturbations in spin motion

Equation of particle motion in vertical plane Spin response function by Derbenev-Kondratenko (v>>1):
Z” + gZZ = h(ga X, xr: Z:Z’) ] ivo i2fr( ) 1 g ' izfr( ' . i ,
. AY —{v+v, g —{v-v,) y
o Fra—ill-em | f, [Kie"do={1-e* | -f [K.e"df
perturbation /1 is “switched on” at & =—0. ) e o
6" il
Small disturbance of spin vector at given azimuth, " m

transverse to vertical, accumulated over large number fz eXp(—l Vzg) S FlquEt function , 'z stands for “y”; Kis orbit Curvature;

CD:jKdH; m is number of super-periods; v =ja: v. is vertical betatron
tune).

of turns is

0
‘(iS" L‘ ~| [v-h-F" exp(-ive)do|.

It is “passport” characteristic like beta-function
Periodical W|th mgchme super-period CEPC: m=2
Non-monotonic with energy

Resonantat viv, =m-l, |=0+]+)

Here, (6’) is factor accounting depolarizing effect of

vertical oscillations caused by /1 -fields

Properties of this function were studied and confirmed in experiments at VEPP-4 and VEPP-4M




Spin response function at two CEPC energies

Analytic formula-based calculation

E=45. 387 GeV (2)

v=103
CEPC structure on 07.11.2017
v,=355.103
vy:355.215

| I T T

40 000 60 000 100 000

Azimuth, m

0 20 000 80 000

Z-pole region: Spin Response Function
module is quite moderate.

S.A.~Nikitin, Talk at Workshop on the Circular Electron Positron Collider,
Universita degli Studi Roma Tre , 25 May 2018.

E=80. 198 GeV (W)
IFY] v=182

16

14

CEPC structure like at Z
v,=355.103
10 v,=355.215
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At energy of W pair production threshold,
|FV| is noticeably larger. It makes requirements
to field imperfections harder.



Tracking-based method to calculate F”

|
Initial conditions of probe particle at certain azimuth: Compare these two graphs.

(x;x":z,z']:(ﬂ,{),{),h), h<<l, vertical kick: . Analytic formula E=45.386 GeV (v=103)
G IFl 21780 of element length
S'=(0.0.1), spin vector. 5 P ene smentEng
Equ_;?tions for spin motion of probe particle: 4
dlg — p . '
r =wx .S Attention! 2
t .
| " “z” stands for vertical 2
w_=(1+v)z
X 1
w_ =(1+a)K=z+(a—v)KZ' 0
) _ . 0 20 000 40 000 60 000 80 000 100 000
w_=vK —(].+V)X Azimuth, m
Perturbed spinor matrix at m-th element of magnetic structure: . Tracking-based E=45.386 GeV (v=103)
M = ;MD +SM |FV| averaging over 200 turns
b m M h=1e-8 rad
Its contribution to matrix of full turn (NN elements): >
0 0 0 179 . As9  ag9 . ag0_ 340
Mo MY - M° M -SM, -M°_ -M° ..MM a-
Multi-turn matrix at k-th turn associated with initial kick is determined. 3

Increment of spin vector, transverse to vertical, is ciS’ik} :cis‘f) —|—?f§5‘5*{'}.

Spin Response Function is calculated by formula

- _fzm}k H e ° o 0 T T T T 1
v . . o 1-e (k) S.A. Nikitin. Talk at 20th Intern. Spin 50000 40000 60000 80000 100000
F" (azmuth of kick ) = <_ —; oS ) =1 Physics Symposium (SPIN 2012), 17-22 _
v Sept. 2012, Dubna, Russia Azimuth, m

Self-Test OK!



Estimate of spin harmonics at 45 GeV

Contributions of various perturbations
to strength of integer spin resonance v, =k

Vertical offset of orbit in N, quads with spread (&)

N 2
< (0H. [
(2 _ S 2: il Ff«'
Wi = (&) (2%} ,_]( Ox HRJ f

Tilts of Nbbending magnets with spread of (5@)2

-?'Nb 2 .
oD P (S50) v H}]}J Jod
i P= 0ol 5= | X eI

Tilts of quads with spread of (54;9)2 (77, is dispersion function)

2

- ;_:|F"|2 (So)

-

~k

V= (o f‘ -F
‘”F( ‘ @ ( JZA;( A‘]Y HRJ

Totally
2 -(k—v)z ,

E”LHMf”LHuf)

(V—]c) is resonance detuning

N | N x | op ||v-k
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k=103 k=104
k 103 104
w270 [1.2x10°
W 74x10%  |4.1x10°
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W, | 29¢10° | 1.5x10°




Effect of quad tilts (dp=5e-4 rad) at LEP

S5.A.Nikitin, E.L. Saldin, M.\, Yurkow/NIM A 216 (1983) 317-328
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« Equilibrium degree of radiative polarization vs beam
energy in units of spin tune at LEP (Blue Book design
1978) with 5 x10+ rad spread of quadrupole tilt angles.
Dips correspond to integer v=k and intrinsic spin
resonances vtvy=k and vtvy=4-k . Their partial width
achieves 50 MeV.

» Below, cross section of Z-boson (I',; =2.5 GeV)

IS plotted on the same energy scale.

« Working point (v,, v,) of LEP occupies intermediate
position between integer and half-integer values. It is
compatible with necessity to have energy of experiment
close to half integer values of spin tune because of strong
depolarizing effect of vertical orbit distortions. A similar
situation seems to be the case with FCCee and CEPC.

No synchrotron modulation taken into account.
Appropriate sideband resonances could be noticeably
narrower than in case of vertical orbit distortions



Effect of quad tilts (ogp=6e-4 rad) at CEPC

 Expansion with respect to resonant

v=103 v-v,=252 Zpole v+v,;=459 v=104 _ _
P harmonics related to oH,/0x perturbations

1 - -
| | | is used
3o : : |
; ; « Harmonics are estimated from spread of
L 06 i | | : tilt angles and design parameters of
&E | o magnetic structure
T o4 i o '
‘ : o I : e Required azimuthal distribution of spin
02 - i i | | response F"is calculated at each point in
| . : energy
0 ] | |
3

1 1 1 1
,2 1034 1036 1038 104 104,2
V=Ya

1
102,8 103 10

Emittance of 45 GeV CEPC (0.17 nm ) is an order of magnitude smaller than that of LEP .
In both cases, influence of betatron oscillations on polarization in working energy region,
where spin tune is close to half integer values, can be neglected



Time to reach n% polarization in CEPC

While using laser polarimeter for RD technique it is enough to ensure polarization degree about of 10%

Relaxation time of polarization

E W | Gmax Vy Trel n Iy Tre]:G'Tp or T},QIZG‘T;;
GeV hr % | hr

Polarization-time law
45.602 | 107 | 0.53 | 0.028 | 17.1% | 10 | 3.93 P()=G-P[l-exp(-t/7,)]

For P=1n4
45.602 | 1073 | 0.09 0.028 | 1.8%* | 6 | 2.28

tr? = _Trefln[ _L]

992G

79.978 | .0005 | 0.32 0.040 | 4.8 10 | 2.14 _

*) B,=0.5T

) B,=0.6 T




Polarization scenario at 45 GeV

(qualitatively similar to FCCee concept)

« About 100 pilot bunches of relatively small total current I,
are stored to be polarized up to 10% using wigglres in a few of hrs
3 kW SR power from each of 0.6 T wigglers at total current of
pilot bunch train of Ip =2 mA (~1% of the main train)
« When the polarization process ends the wigglers turn off
e Then the main bunch train is stored

 Pilot bunches are not in collision. Their lifetime is about 10° s due to
scattering on thermal radiation photons (like at LEP). The bunches are
used one by another for RD calibration of beam energy every 15 min.

e S0, the polarized bunch train is spent as a whole per day while taking
data in detector occurs



More issues ...

* Depolarizing influence of SR in interaction area where beams intersect
3T detector solenoid axis at angle ~15 mrad (“no spin transparency”
contributes to spin-orbit coupling)

« Resonance diffusion at large spin tune spread (c,~0.1 in wiggler mode)
In framework of model basing on radiative excitation and damping. For
particle falling into tail of distribution function, amplitude of spin tune
modulation by synchrotron oscillations can sporadically overlap
distance to closest spin resonances (¢,~0.5). As result, there are
accidentally recurring fast crossings of that resonance...(consideration
IS INn progress)




Partial Siberian Snake in booster

Maintaining of polarization in Booster using
Partial Siberian Snake

Adiabatic crossing of energy values corresponding to
integer spin resonances:

@*>>4m’e" - @~1, spin rotation angle around

velocity, at €'~ 2-1073, rate of detuning change. In
presence of such perturbation equilibrium polarization
vector is not vertical and changes with energy. By this
reason, it is required to match polarization vectors at
injection as well as at ejection.

Adiabatic mode is needed to keep particle polarization
oriented along that vector.

Owing to snake, detuning from integer resonances
does not become zero anywhere.

Worth to be considered!

Proposal made in
S.Nikitin, Talk at IAS Program on HEP, Jan. 2018, Hong Kong

Energy Ramp
10 —» 45 GeV

A
2 50 GeVis

/ Polarized electron Partial Siberian Snake

photo-gun source T
Spin matching rotator
\. )
10 GeV Electron

‘[ @ Linac

Spin manipulator +
buncher section +
Mott polarimeter

Adiabatic crossing
of integer spin
resonances+fast
crossing of spin-
Vertical betatron ones

polarization

45 GeV
Collider

Spin rotator to match
polarization at injection

Spin rotator to provide
longitudinal polarization
at CEPC IP and restore
vertical one in arcs

High energy ramping rate and large machine size —»
huge rate of change of detuning are base of proposal!

Longitudinal
polarization



Helix snake

Y.S. Derbenev, A.M. Kondratenko, AIP Conf. Proc. 51,292 (AIP, NY, 19789);
A.M.Kondratenko, Doctoral thesis, Novosibirsk, 1982
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e Orbit makes transverse excursions and restores at exit 1 1.5 2 2’5 E

e Snake doesn’t excite perturbations of dispersion outside @ [rad]

e One dipole magnet at left end and the same but inverse In
sign at right end provide optical transparency e T

¢ Almost exactly longitudinal spin rotation axis section with screw field [m]

e Necessary field integral doesn’'t depend on energy (o=const) e

e Continuous screw field can be replaced by a screw-like
system of piecewise-constant magnets e

e Need to ensure some optical matching (edge focusing in
magnets of snake)

0.003

Advantage of Helix Snake is compact arrangment.
Solenoid-based full Siberian Snake:
104 T-m @ 10 GeV;

474 T-m at 45.6 GeV.

0.0017 4

E [GeV]




Weak

Full Snake ¢ = : all resonances excluded

CEPCB:
Mid Snake ﬂf2<go<7z: integer + intrinsic resonances excluded

Weak Snake ¢ <7 /2: integer resonances excluded

Helix Snake increases radiation losses.
In particular, H=1.78 T and L=8.6 m (¢p=7/2),

(H?dl/ [H?>dl~25at10GeV:; [H?dl/ [H>dI~0.5at120 GeV.

snake snake
In CEPCB, Helix Snake should not be very strong, which limits
spin rotation angle ¢.

For instance, let @=0.4rad, then detuning from any integer spin
resonance under acceleration is £ ~¢@/27~0.06 (about 26 MeV
in energy units). So, integer spin resonances are excluded.

At the same time, main spin-betatron resonances are intersected

ring ring

since |.os? ;,‘cos,r,,_T . Resonance crossing rate
2 £
d Jcosz 2—".3052 TV,
£)="g,= 2 E're'~2.1073
de sin zv, ,,

if p<<1 and v_ — half integers.

Low depolarization: g,">>7zN__, [w_,[? — |w_,[<<0.003
(N

s—b

=320, number of resonances in range 10-45 GeV).

This condition on characteristic harmonic seems feasible.
Thus, weak snake allows you to bypass
integer resonances while maintaining the
ability to intersect spin-betatron resonances
in fast crossing mode

helix snake

border of integer resonances,

1
] PPttt b bbbt bulda by
0.951 ---- COSTV(=COSTtAY-COS /2
0.9
| --- COSTtV _
0.851 9 Votvi=Ky
] vx= 0.18
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i - COSmvy VoiVy=ky‘
0.751 “=0.23
] |
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Comparison of two Helix Snakes
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LP scheme with minimization of spin-orbit coupling

e.g. HL~8Tx30 m solenoid-based snake

One of LP options for SuperB

-1t/2 Snake +1/2 Snake
RN

Different-in-sign 207 solenoids and anti-symmetric bend in between.
I.Koop . FACTORIES '08. 14-16 Apr. 2008,

e -y..»l sl
v [1-= ,—;.m-’_,_ﬂc}'l (not m scale!
9 18

+s !
B * =

~B

=L N

Spin direction is achromatic in arcs: < d? >5,.c =0.

Antisymmetric rotator insert system:
solenoids S, rotate spin by +r/2
Bends B.= *n/2v rotate by +n/2 (bends to left

and to right of IP, between solenoids) Radiative relaxation time t, of polarization in
S-shaped twist of orbit at CEPC helps to design order of magnitude can be comparable with S-T
it. Contributions to spin chromaticity from left and time 7,=260 hrs ! This provides average

right parts of rotator system cancel each other. polarization degree close to that of injected beam

Depolarization effect of SR in arcs is suppressed. S.Nikitin, Talk at IAS Program on HEP, Jan. 2018, Hong Kong




Summary

Depolarization effect of quantum fluctuations in presence of vertical closed orbit
distortions at CEPC has been estimated taking into account modulation of spin
tune by synchrotron oscillations. Resonance harmonic amplitude is input parameter

Spin harmonic amplitude of vertical closed orbit distortion sources at Z-pole should be
corrected to level < 10-3 to ensure 50% equilibrium polarization degree

If this is done and role of other factors (e. g. resonance diffusion) is not notable, it is
possible to reach polarization in range (6-10)% in 45 GeV CEPC in time of (2-4) hours
using e.g. ten shifter magnets with moderate characteristics

Spin Response Function has been calculated for CEPC at 45 and 80 GeV (in two ways for
self-cross-checking). It allows us to determine critical level of machine field errors with
respect to depolarization process.



At 45 GeV, expected harmonic amplitude of closest integer spin resonance
(quad offset of 50 um, tilts of b. magnets and quads of 3-10-*rad) is about 3
times larger than desirable one. Correction of resonance harmonics (k= 103
and k= 104) is needed as it was done at LEP in past

As can be seen from results of calculation of depolarizing influence of random
tilts of quads, betatron contribution to spin-orbit coupling can be neglected in
working range of energy

It is shown that there is alternative possibility of obtaining polarization by
accelerating polarized particles in CEPC booster and then injecting them into
main ring. It’s worth to study it, for instance, with regard to usage of weak helix
snake.This option saves time spent on the polarization process, and can also
be crucial for obtaining longitudinal polarization

In top-on injection mode, because of twisted orbit in interaction area, there is
principal possibility to provide high average degree of longitudinal polarization
using known kinematic scheme which minimizes spin-orbit coupling in arcs



| am grateful to Prof. Jie Gao for initiation of this discussion. | thank
Anatoly Kondratenko for conversations on spin dynamics; Evgeni
Levichev, Ivan Koop, Dmitry Shatilov and Sergei Sinyatkin for useful
discussions on FCCee project; Dou Wang and Yiwei Wang for
technical help

THANK YOU FOR ATTENTION!









Resonant diffusion due to large spin tune spread

Intersections of integer resonances k=103 and k=104 are taken into account

CEPC
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Spin response Iin resonant depolarization technique

Rate of depolarization is 7} oc ¢ | F* | One passage spin rotation angle is ¢, .Spin Response Function F’

takes into account a depolarization effect of vertical betatron oscillations excited by the depolarizer kick.

. 2 .
In different cases|F"| may be <1 or achieves ~ 10* and more

o Efficiency of RF transverse field depolarizer depends on Spin Response Function
module at azimuth of depolarizer placement as well as on rate of frequency
scanning

e Basing on knowledge of |F'| magnitude, depolarizer is tuned to can depolarize at
main spin resonance but to be not enough in strength for that at sideband (more
weaker) ones. Important to exclude false depolarization events under scanning
depolarizer frequency!
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