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Introduction

e Resonant de-polarization has been proposed for accurate beam energy calibration
(< 100 keV) at 45 and 80 GeV beam energy.
It relies on the relationship vgpin=a~ °.

e Beam polarization is obtained “for free” through Sokolov-Ternov effect.
The effect is in practice restricted to a limited range of values of machine size and

beam energy because
— of the build-up rate
— it is jeopardized by machine imperfections (spin/orbital motion resonances)

which affects the reachable level of polarization in particular at high energy.

e 5%-10% beam polarization is estimated to be enough for the purpose of energy

calibration.

a = gyromagnetic anomaly
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Sokolov-Ternov polarization
Beam get vertically polarized in the ring guiding field
- 5vV3r.~N°h [ ds

P5T — 92.3% 1 — et
0 ) P 8 moC J |p?

For FCC-eTe™ with p ~ 10424 m,it is

E  Tpa Tion (¥)
(GeV) (h) h

45 256 29

80 14 1.6

(*) Time needed to reach P=10% for energy calibration

Tio% = —Tp X In(1 — 0.1/ Py,)
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Polarization wigglers

Tp Is reduced by introducing wigglers, a chain of horizontal bending magnets with

alternating field sign.

LEP-like 3 periods
(orbit for BtT=5.2 T) (orbit for BT=1.7 T)

B,=5.2 T wigg.s

gy oy, Hag, o5, g, g

s(m)

e Smaller impact on €.

e Energy spread as with previous design for the same 7.
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Polarization in real storage rings

A perfectly planar machine (w/o solenoids) is always spin transparent.

Sokolov-Ternov effect Perturbations

in the guiding dipole field (v-bends, vertical orbit in quads etc.)

! !

Polarisation Depolarisation

N e

Equilibrium polarisation (< P2T)

Spin diffusion is larger at high energy and may be particularly large when spin and orbital

motions are in resonance
Vspin £ MQ, £ nQ, = pQs = integer

® ¢, must be small and 729 minimised

— closed orbit, spurious D,, and betatron coupling must be well corrected!
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Computational tools

Accurate simulations are necessary for evaluating the polarization level

to be expected in presence of misalignments.
e MAD-X used for simulating quadrupole misalignments and orbit correction

e SITROS (by J. Kewisch) used for computing the resulting polarization.
— Tracking code with 2th order orbit description and non-linear spin motion.
— Used for HERA-¢e in the version improved by M. Boge and M. Berglund.
— It contains SITF (fully 6D) for analytical polarization computation with linearized
spin motion.

x Useful tool for preliminary checks before embarking in time consuming track-

Ing.
x Computation of polarization related to the 3 degree of freedom separately:
useful for disentangling problems!
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Simulations for a toy ring

Preliminary studies with a simplified optics (FODO cells and dispersion-free regions for
wigglers) have shown that large polarization could be achieved at 45 GeV (even with
very large wiggler fields) and at 80 GeV, in presence of misalignments.

45 GeV beam energy 80 GeV beam energy
dy%? =200 pm dy? =200 um

rms rms

with BPMs errors with BPMs errors
SVD+ harmonic bumps SVD+ harmonic bumps

10720 |-ms=06.2 mrad 10720 |-ms =14 mrad

100

- . . . . 100 —

Linear Linear
ITR

80 VSITROS 80 | S oS

60 60 r

40 r 40 r

Polarization [%6]
Polarization [%)]

20 20 r

0

0
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Simulations for the “actual”’ FCC-ee

FCC-e* design relies on ultra-flat beams.

Z ww (January 2018)
Beam energy [GeV] 45 80

FODO 60°/60° 60°/ 60°
€x [NM] 0.27 0.84
€y [pm] 1 1.7
Bz [m] 0.15 0.2
By, [mm] 0.8 1
o [um] 6.4 13
o [nm] 28 41

For squeezing 5;‘ strong quadrupoles are needed in the IR where 3, is large.

~ Large impact on chromaticity and response to misalignments in the vertical plane.

Additional related problems
e Beam offsets in the strong IRs sextupoles may produce betatron coupling.

e Small offsets of the IRs quads may lead to an anti-damped machine.
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Simulations of orbit distortions

“Tricks” needed for introducing misalignments errors in the simulation (!):

e Move tunes away from integer ( “set up” tunes)
— gz 0.1 — 0.2
— gy 0.2 — 0.3

e Switch sextupoles off (linear machine).

e Add errors to “arc” quads in steps of 5-10 pem and correct by each step with large
number (some hundreds) correctors

e Add errors to the IR quadrupoles in steps of 5 um and correct with close by cor-
rectors.
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2017 90/90 deg optics

45 GeV

Oide optics with Q,=0.1, Qy:0.2

45 GeV case with 4 wigglers (LEP-like).
5yf;2ms:200um, no BPMs errors
Yrms—=0.049 mm

Polarization [%]

Linear

|07 |0,rms=0.4 mrad, no harmonic bumps SITROS

s

2

error realization at 80 GeV

|67 |0,rms=2 mrad 80 GeV with harmonic bumps

Oide optics with Q,=0.1, Qy=0.2 Oide optics with Q,=0.1, Q,=0.2

Linear

Linear
SITROS ——

in

A

T1/0

Polarization [%)]

A
v 4

Polarization [%]

%

*

axy
ifm v« <YYo X XX Xi XoXP,
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After introducing BPM errors and quadrupole radial offsets and roll angles, misalign-
ments had to be decreased! Set of errors assumed:

IR Quads IR BPMs other Quads other BPMs
ox (pm) 10 10 30 30
oy (pum) 10 10 30 30
00 (prad) 10 10 30 30
calibration . 1% - 1%

e Although the resulting orbit after correction is in the order of few microns, the
vertical emittance may result above specs.

— 289 skew quadrupoles introduced for minimizing spurious vertical dispersion and

betatron coupling when needed.

ifm we <YYo X XX Xi XoXP,
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Some seeds show a small P, despite small €, and D,,.
An example (October 2017 60/60 deg optics):

Oide 60°/60° optics with Q,=0.11, Q,=0.22, Q;=0.053 Oide 60°/60° optics with Q,=0.11, Q,=0.22, Q¢=0.053
100 ‘ ‘ ‘ ‘ 0.35

80 1 03t
60

40 0.2

(=]
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C
o
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ifm =~ <YYo X XX Xi XoXP,
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An example (60°/60° January 2018 optics), 8 wigglers, T199%=2.7 h.

Lrms Yrms ngs €x €y |C_ |

(um)  (um) (mm)  (nm) (pm)
w/o skews 26 13 2 0215 05 0.0014

60%/60° (January) Q,=0.129, Q,=0.192, Q;=0.077 60%60° (January) Q,=0.13, Q ,=0.19, Q (=0.08
100 ‘ ‘ ‘ ‘ 0.18

ol | | 0.16 1

— 0.14 ¢
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0.08 1
0.06 1

0 ‘ ‘ 0.04 ‘ ‘ ‘ ‘
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|0n]; s (Mrad)
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P, limiting polarization, but Py;, large enough at 45 GeV.

ifm v~ <YYo X XX Xi XoXP,


http://www.mechanik.tu-darmstadt.de

60°/60° (January) Q,=0.129, Q,=0.192, Q;=0.066
100

Beam size at IP
80 |

o | | Oz Oy Oy
20| , (um)  (nm)  (mm)
!
20 | 1 , analytical 5,716 23.9 3.909
0 ‘ ‘ ‘ SITROS Tracking 8.629 43.6 3.890
R Q R R

z@—*x#*—k—#ﬂﬂ+v+t¥ ka .
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e
©
N
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IS
(@]
o

ifm v« <YYo X XX Xi XoXP,
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Polarization — 80 GeV

For some seeds P, ~0 despite small €, and D,,. Much stronger effect than at 45 GeV.

60%60° (January) Q,=0.097, Q,=0.194, Q4=0.049 45 GeV optics with Q,=0.11, Q;=0.23, Q4=0.07
100 ‘ ‘ ‘ ‘ 100

80 ] 80 +
60 | 60 |

40 t 40 ¢

Polarization [%]
Polarization [%]

20 r 20 |

0L—— 0 ‘ ‘ ‘
181.2 1814 1816 1818 102 1022 1024 1026 1028 103

a*y a*y

Lrms 'yrms ngs Ex Ey |C_ | Lrms 'y'r’ms D'i?{ms €Ex ey |C_ |
(pm)  (pm)  (mm)  (hm)  (pm) (pm)  (pm)  (mm)  (nm)  (pm)
144 11 2 0.792 0.1 < 0.001 26 11 2 0.222 0.5 0.0014

Very small €,, w/o resorting to skew quadrupoles, but P few percent at 80 GeV in linear
approximation, limited by the vertical motion...

ifm v~ <YYo X XX Xi XoXP,
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Spin diffusion in linear approximation:

> al

k=dx,4y,+s

eFitta,y [—D £ i(aD + BD’)]4.y
A @ — 1 3 |
tx,+y ( + CL’)’) eZzﬂ(l/Zl:Qm,y) —1 \/m

eLims

2im(rQsy __ 1 Js

Ars =(1+ a7)e

9V B
/By

s+L ~ ‘
J:I:m’:l:y = / dS,(mo + ilO) ® Kej:zum,y
S

s+ L .
Js = / ds’ (o + ilo) - (§D, + #D,) K

ifm v <YYo X XX Xi XoXP,
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In some short regions f, is much larger than in the rest of the ring.

e Attempts of correcting the f, “spikes” with the skew quadrupoles were unsuccessful

— vertical correctors used instead.

R(fy) 3(fy)
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Polarization improved after f, correction!

80 GeV optics with Q,=0.11, Q,=0.22, Q =0.049

80 GeV optics with Q,=0.11, Q,=0.22, Q4=0.049
with tapering

with tapering
100

1.6
80 t ] Lar
12t

60 1l

0.8 r

0.6 |
L | / ]
200 \/ 0.4 |
0 . ) . - _

: 0.2 -
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a*xy

40

Polarization [%]
[0N] s (Mrad)

181.2 1814 1816 181.8 182
a*y

The larger ng tilt at lower energy may be the reason of the “asymmetry”.
e Harmonic bumps reduces dmg and polarization improved further.

80 GeV optics with Q,=0.11, Q,=0.22, Q¢=0.049

80 GeV optics with Q,=0.11, Q,=0.22, Q;=0.049
with tapering

with tapering
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12t
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1,
09 |
0.8t
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0.6 | ) ] 200 | || E
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0.4 : : : : 0 : 2 :
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ifm v« <YYo X XX Xi XoXP,
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Polarization from tracking for this error realization + corrections

60°/60° (January) Q,=0.11, Q,=0.22, Q;=0.06
100 : : : ‘

80 r
60
40

Polarization [%]

20 r Linear ‘h

SITROS ——
< <

® ®

4 (e

0

V= 980 MV

o g8 Oy of,
(um)  (nm)  (mm)

analytical 12.57 3547 2.52
SITROS Tracking 12.26 51.10 2.53

ifm v« <YYo X XX Xi XoXP,
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Latest simulations

T. Charles misalignments:

IR Quads other Quads Sexts
dx (pm) 50 100 100
oy (pum) 50 100 100
00 (prad) 50 100 100

e BPMs are supposed perfectly aligned to the near-by quadrupole and perfectly cali-
brated.

e Tune shift and coupling are corrected by 1204 normal 4+ 1204 skew thin lenses

quadrupoles.

SITROS can't treat thin lenses — replaced by 5 mm long quadrupoles, in lack of more
space. Code edited for dropping

e magnets shorter than 10 mm in emittance and damped transport matrix calculation;

e quadrupole component of misaligned sextupoles in the closed orbit calculation (for
compatibility with MADX).
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For some seeds the thin lenses substitution went well:

Seed 13, with radiation, B,,=0

m'rms yrms ea: ey
(um)  (pwm)  (pm) (pm)
MADX (thin) 23 22 276.4 0.04

MADX (thick) 35 22 278.4 0.04

Seed 13, with radiation , B,, for 799,=1.7 h

Lrms Yrms €x €y

(um)  (um) (nm) (pm)
MADX (thin) 23 22 2307 0.114
MADX (thick) 35 20 2415 0.114

ifm 21/41
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Seed 1, with radiation, B,,=0

Lrms Yrms €x €y

(um)  (um) (pm) (pm)
MADX (thin) 35 21 2782 0.366
MADX (thick) 35 21 2802 0.375

Seed 1, with radiation , B,, for 7g9,=1.7 h

Lrms Yrms €x €y

(um)  (um) (pm) (pm)
MADX (thin) 35 21 2428 0.281
MADX (thick) 35 21 2446 0.288

ifm =~ <YYo X XX Xi XoXP,
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Seed 1, with radiation and 8 wigglers

Qx Qy Trms Yrms €z €y
(pm)  (pm) (nm)  (pm)
MADX (thick) 0.1457 0.2181 349 215 0.245 0.288
SITF 0.1459 02175 344 207 0.231 10.3 (*)

(*) Due to CV798 ! Dropping it is €,=0.34 pm. Why MADX gives 0.288 pm?

Seed 13, with radiation and 8 wigglers

Qx Qy Trms Yrms €z €y
(pm)  (pm) (nm)  (pm)
MADX (thick) 0.1447 0.2097 352 221 0.241 0.112
SITF 0.1447 02099 352 21.3 0.231 0.394

ifm =~ <YYo X XX Xi XoXP,
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For some seeds the substitution with 5 mm lenses did not work.

Seed 17, 45 GeV

MADX (thin)  34.3
MADX (thick)  35.4

Yrms Ja: Jy Js Ex Gy

(em)  (pm) (nm)  (pm)
21.7 1.001 1.000

23.3 1200 1.395 1.402 0.234 845

1.998 0.240 0.14

Those seeds have been skipped.

ifm 24/41
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Tessa 45 GeV optics with 8 wigglers for T199,=1.7 h, seed 1.

Polarization [%]

Polarization [%6]

ifm 25/41

45 GeV Q,=0.146, Q,=0.218, Qz=0.054, 1=1.7 h seed 1
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Tessa 45 GeV optics with 8 wigglers for 7199,=1.7 h, seed 13.

Polarization [%]

Polarization [%6]

ifm 26/41

Q,=0.145, Q,=0.210, Q¢=0.054, 1=1.7 h, seed 13
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45 GeV Q,=0.145, Q,=0.210, Qz=0.054, 1=1.7 h
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Tessa 45 GeV optics with 8 wigglers for T199,=1.7 h, seed 112.

Polarization [%]

Polarization [%6]

ifm 27/41

Q,=0.142, Q,=0.215, Q¢=0.054, 1=1.7 h, seed 112
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Q,=0.142, Q,=0.215, Q¢=0.054, 1=1.7 h, seed 112
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Beam size at FRF.1

103

(o Oy
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188.7

analytical 1.021

1.947

SITROS Tracking 264.1



http://www.mechanik.tu-darmstadt.de

Tessa 45 GeV optics with 8 wigglers for T199,=1.7 h, seed 116.

Q,=0.145, Q,=0.217, Q¢=0.054, 1=1.7 h, seed 116 Q,=0.145, Q,=0.217, Q¢=0.054, 1=1.7 h, seed 116
100 w \ ‘ : 10

ol N o1

60 r 6 f

40 r 4

Polarization [%]
[0N] s (Mrad)

20 f | 2 [

\\ 7 /’J,“ ]

O \j“ ‘\‘ 0 D — Y "
102 . 103 102 102.2 1024 102.6 102.8 103
a*y

a*y

Qy=0.145, Q,=0.217, Q4=0.054, 1=1.7 h seed 116 Beam size at FRF.1
100 ; :

80 | WN%\W*\ ¥ 1 O Oy Oy
[ 1] FarS |

60 | n AN

!

ol A ] (um)  (pm)  (mm)

\
+ H
|

20 r ’

onear ’ analytical 183.3 9.863 5.855

72 o

> B, % % B % SITROS Tracking 259.7 3.313 5.915

Polarization [%6]

0

ifm =~ <YYo X XX Xi XoXP,
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80 GeV
The same 45 GeV optics have been scaled to 80 GeV

e no wigglers

e no tapering (from previous simulations it seemed not crucial):

— main circuits adjusted for compensating the sextupoles feed-down effect.
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80 GeV optics with Q,=0.14, Q,=0.22, Q4=0.05

80 GeV optics with Q,=0.14, Q,=0.22, Q¢=0.05
without tapering

without tapering
100
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ifm - <YYo X XX Xi XoXP,
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Although the orbit is well corrected there are small regions where

[—Dy + i(ayDy + IBD;)]

VBy

is large.

(a, Dy+B, D'y)/ VB, [Vm]

ifm v~ <YYo X XX Xi XoXP,
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Seed 112

80 GeV optics with Q,=0.14, Q,=0.22, Q4=0.05 80 GeV optics with Q,=0.14, Q,=0.22, Q4=0.05
seed 112, no tapering

seed 112, no tapering
100

80
60

40

Polarization [%]
[0N] s (Mrad)

20

0 al S . .
181 . 181.4 181.6 181.8 182
a*y

181.4 181.6 181.8 182
a*y

Rl s

ifm =~ <YYo X XX Xi XoXP,
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Seed 112
Beam size at FRF.1

Oy Oy oy
(pm)  (pm) (mm)
0140, 0. ) ) analytical 3449 1.670 3.321
=0. , Qy—0.217, Q4=0.050, 1=1.7 h seed 112

| | | | SITROS Tracking 248.7 3.164 3.309

S
=
Ke]
=
©
N
=
<
[e)
o

4
P Hﬁi | | ’ Extrapolating tracking results to IP1

< < <
¥ Y, %

(o8 Oy Oy
(pm)  (pm)  (mm)
analytical 119 0.011 3.311
SITROS Tracking 8.58 0.208  3.299

ifm »~ <YYo X XX Xi XoXP,
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Seed 116

Polarization [%]

80 GeV optics with Q,=0.14, Q,=0.22, Q4=0.05
seed 116, no tapering

100

80 ]
60 .
40 b 1
20 P .

PX
P’ \/
0 ) .

181 181.2 1814 1816 181.8 182

a*y

Same problem as seed13.

ifm 34/41

80 GeV optics with Q,=0.14, Q,=0.22, Q4=0.05
seed 116, no tapering

10
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[0N] ;s (Mrad)
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Summary

Due to the demanding IR optics design and the machine size, establishing a closed orbit

and keeping a stable machine look challenging.

e Beam polarization is obtained “for free” through Sokolov-Ternov effect.

— At 45 GeV wigglers are required to get 799, =~ 2-3 h.
They do not harm polarization.

e P, depends on how well is the machine aligned/corrected, requirements becoming
stricter at high the energy.

— Extremely well corrected orbit/optics is required for a large chromatic machine
with [3;‘:0.8 - 1 mm as FCC-ee to work and meet required performance.
x This benefits also polarization, but a special attention may be needed for
[—Dy £ i(ay Dy + ﬂyD;)]/\/ﬂiy
in particular at 80 GeV.
- A puzzling effect to be cross-checked with a different code (Bmad).

ifm »~ <YYo X XX Xi XoXP,
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THANK YOU!
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Polarization wigglers

Tp may be reduced by introducing wigglers:

1 5{/ ds _|_/ ds
T+ =Fx~
i gip |Pd|®  Jwig |Pw!?

Polarization

] fdsB'ﬁ’0

lp|3

B 543 f}gds#

Peo

ng = Y in a perfectly planar ring.

Constraints:
e =’ = 0 outside the wiggler = fwz.g ds B,, = 0 (vanishing field integral)
e © = 0 outside the wiggler = fwig ds sB,, = 0 (true for symmetric field)

o P large = fwig ds B3 must be large

ifm =~ <YYo X XX Xi XoXP,
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The LEP polarization wigglers:

h-[..-l:l o, <

B.® || B.®

- ]_J2e = = /2t

For 4 LEP-like wigglers with By /B_(=L_/L)~ 6 and BT=0.7T
it is 710 ~2.9 h at 45 GeV.
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Horizontal emittance

1
— %d3—2
P
BxD?? + 20, D, D! + ~,D?

|p[?
Even if located where nominally D_,=0, wigglers may increase the horizontal emittance

I5 — ds

The effect is small for the 60°/60° deg FODO.

For the 1 mm (3* optics (90°/90° deg FODO) the horizontal emittance at 45 GeV
increases from 90 pm to 500 pm.

The emittance increase can be mitigated by choosing a shorter wiggler period, A,,.
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Polarization formulas

The Derbenev-Kondratenko polarization rate

751125?%2 <|,,1|3[1——< 9"+ 15 (55) >

may be written as

—1 ~1 ~1 ~1
Tok — T, = TBks T T4

with

4 5v3 rey2h 1
TBKS — C ds—2 [1 -
8 myo Id

T e ds <
¢ 8 moC Tl

1 5V37r.A%h 1 [11<8ﬁ 2
18

ol
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Similarly for Py

8 §d3<#5-(ﬁ—3—ﬁ)>
5\/_§ds<|l3[1——(n )2 + ( )2

Ppk = Ny

Td Tp
P, = Ppx ~ Ppks = Ppks
TBKS + Td TBKS

Approximations done
e 7. - v Is evaluated on the closed orbit

e b. has been neglected. In general it is small.

ifm «~ <X XX XX X X X XXr,
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