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Presentations on Spin Transport in PSTP24

« Monday, September 23, 15:50-17:10

- Paolo Lenisq, “Search for Electron Dipole Moments and Axions/ALPS with Polarized
Beams in Storage Rings”

- Riad Suleiman, “Small Polarized Electron Storage Ring for Fundamental Physics
Experiments”

- Vincent Schoefer, “Correction of Partial Snake Resonances with Betatron Coupling aft
the Brookhaven AGS”

- Vera Shmakova, “Impact of the Crab Cavities on Polarization in EIC”

+ Tuesday, September 24, 11:00- 12:20
- Haixin Huang, “Hadron Polarization at EIC™
- Eilad Homwi, “Polarization Transmission fo High Energy at the EIC’s HSR”
- Vahid Ranjbar, “Elecfron Polarization in the RCS at EIC”
- Vadim Ptitsyn, “Electron polarization at EIC"
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Why Polarization

e Study distribution of angular momentum inside protons and neutrons: HERA, RHIC,
LHeC, EIC

SPIN is one of the fundamental properties of matter

All elementary particles, but the Higgs carry spin

Spin cannot be explained by a static picture of the proton

It is more than the number 3 | It is the interplay between the
intrinsic properties and interactions of quarks and gluons

total gluon angular
quark spin spin momentum
f A N\ 7 A \ A
1. /pl 1\ T ¢! 2 I ! LTz Y. Furletova
7h-<P,§IJ5CD IP,§>—7 fodxAZ(x,Q )+ fodxAG(x,Q )+ dex(;LZq+L§) :
~ 30% ~ 40% ~?

Deep study of the eleciroweak interactions with electron-positron linac: ILC, CLIC

Measure gyromagnetic anomalies of particles

Measure electron dipole moment of particles (puts a strong constraint on CP violation)

Measure beam energies very precisely and thereby particle masses
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History of (some) Polarized Electrons and Protons

Machine Name Energy (GeV) Polarization (%)

- VEPP 0.65 80
SPEAR 3.7 90

e J LEP 47 57
PETRA 16.5 70

TRISTAN 29 75

~  HERA 27.5 70
_1GS 12 70

KEK PS 12 >25

AGS 24 70

P SATURNE 3 >75
HERA 920 70

_ RHIC 250 60

Figure of merit in a collider o /L - P? - P}
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Definition of Polarization

. . = 1 le__)lN<§l> R
e Polarization: P = 5] _N (S) is a single-particle spin expectation value.
i

e Spin-1/2 fermions:

- (S) = (W*)Tg&q! (¢ is the vector of Pauli spin matrices and ¥ is the spinor)

_ Ny-N_

- P=r—r<1 (N1 are the numbers of particles in two spin state |%, i%> along a quantization axis)
+ —_

— The polarization for spin-1/2 system is called vector polarization P, characterized by a direction and a
magnitude P

e Spin-1 bosons:
-~ Cartesian vector and tensor spin operators (z is the quantization axis)
. . (010 (0 =i 0 10 0 . ,
— (S) = (¥*)ThS with Sx=5<1 0 1>,sy=5<i 0 —i>,SZ=<O 0 o>,5i,-=5(5isj+sj5i)—55i,-1
0 1 0 0 i 0 0 0 -1

Ny-N_ _ Ny—N_
Ny+No+N_ N

— Vector polarization: P, =

— Tensor polarization : P, = 1 — 3%
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Measurement of Polarization

do dog
dQ 4
pp, pC for pro’rons; dp, dC for deuterons

1

Polarizations extracted using azimuthal
count rate dependence and effective
analyzing powers Ay, (Ayx — 4y,).

e For fast measurement, one can
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calibrate Py, in terms of “left-right”
scattering asymmetry and Py in terms
of “left-right-top-bottom”™ asymmetries
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V. Morozov, experiments @ I[UCF



Vector and Tensor Polarization

« Experimental Demonstration o6 & O S
- Sweeping an RF magnet’s frequency through a spin o : .‘t?\ , - A& :
resonance can rotate the polarization R

. . . CI_> O m,‘ - - - - A
— Spin rotation and Froissart-Stora formula o2l % N E
PV (TL'WfC)Z 0.4 _ fi:! ‘\\ _
— = 2exp _Af/At -1 DRI - ]
V 2 2 06t ; N

Pr _3(Py\" _1_3 _wf)®y _ .17 1 : U Oy e

Pk 2 (P{,) 2 2 [2 exp( Af /At ) 1] 2 oal vE :{3:;1)) _&S‘ﬁﬂ,%
TP R -o--(+1.+1) =T B
0.2 :— i '-i-‘;\‘\ ,’,","”% _:
. . ofF _ Liggi ]
 Preservation and control of spin-1/2 vector 2ol AE E R :
polarization = preservation and control of spin-1 | z * g _
tensor polarization ool ¥ A E
- (.!J | l1IOI - I2IOI B .3IOl - l4lOI B I5IOl o

At (s)
V. Morozov, experiments @ COSY
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Spin Dynamics in a Ring Accelerator

Thomas-BMT (Bargmann-Michel-Telegdi) equation in the laboratory frame
d3

= S |a+6nB + (1 +0B +(G y \ExB x S
dt  ym - : Y+y+1 c
e Lorentz Force equation
dv e - R
E = _)/Tn[ BJ_ ] XU
e Spin equation of motion in the rotating frame
ds e - - v \ExgB| .

Usually, electric field contribution to the spin precession is small, therefore

— For pure vertical field, spin rotation is Gy times faster than motion

— For spin manipulation Particle g g
= G(ora)=--1
At low energy, use longitudinal fields 2 -
gy 9 e 1.001159652 0.001159652
e At high energy, use transverse field o 2 799847 4 1790847 4
;'_V(OAK RIDGE | g x| seatarion d 0.85699 -0.14301
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Spin Tune and Depolarizing Resonances

e Spin tune is the number of spin precession per turn in a conventional ring
Vsp = GY
e Depolarizing resonance condition: the spin precession is synchronized with the
frequency of spin perturbing fields
e Resonance types

- Imperfection resonances due to field errors and misalignments

E, =0.441n GeV, E, = 0.523n GeV, E; = 13.12n GeV S
— Intrinsic resonances due to betatron oscillations
Yy
Vsp =N LV ‘
- Coupling and higher-order resonances e | VY
Vsp =N+ vy + mvy, + kvgyy e
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Spin Resonance Crossing

e Spin resonance strength e can be obtained from Fourier amplitfude of the spin
perturbing field divided by 2r (M gy /<3’c0>

B AB, i )
__45[(1+Gy) +(1+G) ] “Ods \ mtocGy/e /BY

- Weak resonances => some depolarization, strong resonances => partial or complete spin flip

- Ifvg, = Gy changes during the acceleration, many resonances crossing cause depolarization.

- At afixed energy, a finite spread of Avg, may overlap with higher-order resonances limifing
polarization lifetfime

% > 0.99, with |&| < 0.056Va for non-adiabatic crossing

e Froissart-Stora formula: R

> 1.8V/a, for adiabatic crossing
— g.resonance strength

— a.resonance crossing speed
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Siberian Snake to Overcome Spin Resonances

3 T =0

« Device rotating the spin by some angle about an axis in 13
horizontal plane (by Derbenev and Kondratenko, 1976) 5 ‘ ]
— A "“full” Siberian snake rotates the spin by 180° ,,
— Overcomes all imperfection and most intrinsic resonances i
e Spin tune with one snake
! cos— : :
vy = Lo [cos(Gym) cos?] Ll
Gy

p=m=>vg =1/2

First Siberian Snake (solenoid) AGS and RHIC helical dipole snakes
Test at IUCF
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RHIC @ BNL (USA)

ized Protons:

Polar

BRAHMS(p)

N

RHIC pC _Uo_a_gm%'

\%,, «— Siberian Snakes

QPHENIX () Spin fipper,_
X STAR ()

Spin Rotators S @ - Aw
(longitudinal g_a_s@ A —

Solenoid Partial Siberian Snakel (Iongiudinal polarization)

" LINAC BOOSTER
Pol.H" Source

. —
200 MeV Polarimeter
"AGS Polarime

Strong AGS Snake
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Polarized Proton in the AGS

e Polarized proton beam in AGS ramps up from 2.4 to
23.8 GeV => Gy varies from 4 to 45

e Two partial Siberian snakes generate a spin tune

gap i , A
Vgp = lcos_1 cos()ﬁ) COS(@) cos(Gym) — sin(ﬁ) Sin(@) COS(G)/E)) A
P 2 2 2 2 3 2 0. FiUHHHHH LU A L ‘
> [Hint BRI
~ Vertical tunes are put in the spin fune gap, avoiding £ o7 it ‘W MR M
imperfection and vertical intrinsic resonance conditions with o6 HHLELHEAEHL R Vo
VSP;tn’OTnivy 05 ‘ ‘ ‘ ‘ \ ||;;|||||||| \
~ Horizontal intrinsic resonance vg, = n + v, are weak and erEe ‘f\_,f:i
mostly overcome by the tune jyémpo ___——=777 \
_ ,Fm’ﬁo; v:ﬁm betatron fane 36+v, intrinsic resonance
— The stronger the partial snake, the larger the spin tune gap. = ~
However, a strong snake will deviate the stable spin g (/
direction from the vertical direction 5 =\ E
: 5 o |l E g
» > 65% polarized protons for RHIC 2w z
> ol I
¢, OAK RIDGE | g0 | st T S u E i
National Laboratory | REACTOR | SOURCE H. Huong




Polarized Protons in the RHIC

15

e Polarized proton beams are accelerated from ;mperfecﬁonTrzsong?;:e srength
r oruncorrecited orolt (o = mm
23.8 GeV to up 1o 250 GeV at RHIC

e Imperfection and intrinsic resonance strengths are
calculated without snakes

10 -

Strength

T | T T T T | T T T T | T T T T I T T T T
Intrinsic resonance strength
®* [ for 10@ mm mrad particles N %9 100 200 300
| Energy [GeV]
03 — —] 0.040
Imperfection resonance strength
for corrected orbit (¢ =0.15 mm)
02 —
i i 0.030 +
0.1 L ] =
L . @ 0.020
- J MA ] n
00 B Jjﬁljj 1 1 1 1 1 1 1 1 I_
0 50 100 150 200 250 0.010 L
Gamma
0.000 0 100 200 300
%OAK RIDGE | fig# x| seaeanon Eneray [GeV]
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Siberian Snakes in the RHIC

e RHIC has two full Siberian snakes: 180° apart in orbital

bending angle in the ring and 20° between two snake

axes.

» This orthogonal snake axes lead to vy, = % , Independent
of beam energy and avoiding imperfection and intrinsic

spIN resonances.

« Each Siberian snake has four 2.4 m long superconducting

helical dipoles, with a field up to 4 T.
e 60% polarization has been achieved at 255 GeV

Magnet fields in one Snake Orbits in one Snake

b smake OH Frrag 25 —8, ENAKE 08 Fmap 25

&,y [mm]

%OAK RID |:: 2 4 & & 10 12 0 2 p B 8 0 12
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Snake Resonances

. . 1 .
« Snake depolarizing resonances occur at vy, = S =mtny, mn= iInteger

 Even order snake resonances, n = 2k, are driven by the imperfection resonances

« Odd order snake resonances, n = 2k + 1, are driven by the intfrinsic resonances
Best polarization fransmission

|
| 0.9 . . . . .
[ To* I I I
o873 a.% g * Blue, 2009 ]
= b3t Tai = Yellow, 2009
- o7k % $t 4 5 o BluePoll, 2011
5= St =71 ¢ s BluePol2, 2011 |
o w g YellowPol2, 2011 | -
19 L ] — c
506 = @ 3/4resonance >
¥ B — [s]
= S| |5l it 2
Y05+ = = e —
0 g > > Iu =
- ] Q ~—
2. 1019 0 ~
L 1 g 04— uo_\ o 3 —
z e [ |N] |
- 1 = - o)
et 31— L | —
g° S| |8 i {
- €=193 - Soal |5 5 = N
8 7 by ey w
a 9 Ng=2 s el |2 {
4 ] = = :
1 1 01 | & b= T -
o) |! | | | N IRP { v i ?
0.5 0.6 07 0.8 09 1.0 F | . J J | J | L 4
¥ 0.67 0.6% 0.69 0.7 0.71 0.72
.. vertical tune .
SoALLaTION S. Y. Lee and S. Tepikian M. Bai
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Spin Transparency Concept and its Features

« Figure-8 ring or racetrack with two identical Siberian snakes separated by 180° bends
makes energy-independent v, = 0 (one arc cancels the spin rotation of the other)

« The spin is highly sensitive to small perturbing fields due to closed orbit excursion and
beam emittances

« The high sensifivity makes it easy to control the spin by low magnetic field integrals as
long as induced spin rotation >> spin rotation due to field errors

« A 3D spin rotator (navigator) conducting small rotations about different axes provides
any polarization orientation at any point in the collider ring, has no effect on the orbit
and can perform frequence adiabatic spin flips

\\ -l )
—
Snake | 3D soi
3D spin % B 'spm
navigator ® y navigator
= SNaxis V = 0 with SN off = snake axis v = 0 with SN off

=p=- SN axis

B,®

Snake Il IP

LLATION 3D spin navigator: Yu.N. Filafov et al., PRAB, 24, 061001 (2021)

NNNNNNN
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Simulation and Test of Spin Transparency

S \
1.00 %o %o S
-.-... c?,%.%/ N 4\ S
B//L 0.99 / \ », /
I '\‘z(\lx N /
i ! o 0(,00 & x
0.98 | : | j 2 o &// &
3 i H 7740 ( s
0.97 3 i . :' E E E 1 Polarimeter 6\6(‘/\_/9@?
| jection ool g
extraction ' 3 4 5 6 7 g 7 ions /{
S o

Polarization is stabilized by a single 1.000000 s e
weak solenoid at 8 GeV/c with 0.6 T-m N e Pmt,ons
field vs. fields in conventionall o8l S . L
accelerators ~30 Tm for protons and og ! Acce|eroho rate Um"” |
~100 Tm for deuterons 0.999999 0.95 exy = lumof
0.4} 0o Ap/p =-0.1%, 0, +0.
0 Ve, = 0.01
0.2 275 28 285 |
Polarimeter ) .. O O 20 40 60 8 0 1 OO
’ - . OOOOOOSZ Deuterons
Al ) 3 0

0.999995

Snakes

0.999990} Elﬁy rrrrr 05um o™ = 100um ,,,,,,,,,
RHIC Ap/p——Ol% 0, +O1% 1 g
0999985 """"""""""""""" == —0 003 ,,,,,,,,,,,,,,,,,,,

; ‘ ; p, GeV/c
20 40 60 80 100

5pin precession axis components; Ve,

0.999980

Step Polarization Angle (°) Polarization ratio
initial  46.6+1.7 2.0+32 , ‘ - ! .
midl 379432  -22.0+62 0.81+0.07 ‘ ’ T : "
mid2 403438  -67.6 +3.8 1.06+0.13 o
final  39.6+23  -94.0+23 0.98+0.11 Observed some depolarization
‘ HIGH FLUX | SPALLATION
pOAK RIDGE | s6fdie™ | ddrion H. Huang: IPAC’23 TUOGB3




Eleciron Radiative Polarization — Sokolov-Ternov Effect
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1.333 x1/3

Synchrotron radiation in dipoles: majority of photon

.o . . . . . + _ 5
emission is not associated with a spin flip: =1 ~§2~10712, //

wWrtwyy 0.777 x1/2e*

However, a small amount of radiation cause spin flip witha |

slightly different spin flip rates: 2241 = 2+ 0.924

Wrmtw | - 5\/§ S S

.0001 0.001 0,0t(:m/mco.l 03 1 10
Sokolov-Ternov (ST) effect in a uniform magnetic field: self-polarization with

polarization antiparallel to the guiding dipole field.

S (w/we)

0.01

= Integrated spectral density

- Py = = % = 92 49 with a build-up rate of 1t =

5vV3 Argy®
st = N1+N, B 5\/§

8 me|p|3

Baier-Katkov-Strakhovenko (BKS) in piecewise homogeneous fields:

fig(s)-b(s)
g $ds 1p(5)I3 . : _ 5V3 hrey®
- Ppps = £ with a built-up rate: 131 = —=——¢—
DRS T 53 1-2(a0(5)9)? P St 78 meC

gﬁds lp(s)|3

in the EIC ESR, Py = 82.8% ,Tpks = 36 minutes at 18 GeV

1—(p(5)-8)?

lp()I®

¢ ds
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Eleciron Radiative Polarization - Spin Diffusion
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Derbenev-Kondratenko formula
considers both self-polarization
and spin diffusion.

8 MS<| ob (A 3))
Par = —57

S

1 2. ano  11(07\?
95d5<—|p<s>|s(1‘6("‘5>2+ﬁ(%) )>

ot =30 g i )
ESE

S

Tak = 8 mgC

a/\ 2
spin-orbit coupling function: (aa)



Eleciron Polarization — Equation and Calculation

ds

. . _ e = = Y E'Xﬁ =
« Thomas-BMT Equation: — = o [(1 + Gy)B, + (1+ G)B) + (Gy + y+1) - ] XS

dt
d§ — - ~ -
- rrin Q(x, Px» Y, PyZ, 0, S) XS = QX 0y Y, Pyz, 0)(s) X S

iy (s): stable spin direction for particles on the closed orbit (periodic solution of Thomas-BMT equation)

Ai(s): invariant spin field (ISF) or stable spin direction, when particles return to the same phase space.

e SLIM Algorithm (by Chao and Barber ) calculates ( )2 using orbit and spin eigenvectors,
iIn a linear approximation of orbit and spin Motions #u; s) = Ay(s) + a(y; s)m(s) + Bw; )I(s)

R A

y' Mexe 0 2_
o (S1)=<GZ6:66 DZiz)(SLSo) o |(S0) => (ﬁ) 4 %=1 (Im X 11,111 Vi Wies)?

5
\5/ \5/
e Spin matching by minimizing (3—';’)2 to make the spin transparent to the orbital motion can

be applied to extend the equilibrium polarization and depolarization time.
%OAKRIDGE
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Polarized Electrons: HERA @ DESY

« HERA (1992-2007)
- 820-920 GeV protons
- 27.5GeV electrons/positrons

“Transverse" polarimeter (TPOL)

HERA-B \

ISF on the closed orbit fi,

S
/N

MiniRotator “Longitudinal” polarimeter (LPOL)

90
80
70
60

Spin Rotators Off ———our——> // <— Spin Rotators On —,

t
Ly

Polarizotion [%)

} $
50 z
40 ‘A *
30 4”Pok:lrizcﬂion build-up .
20 t ti 1.5h Longi.ludtnol
ime 1. Polarizotion
10 Transverse Polarization ot HERMES I.P.
0 TS B SR DU/ SR SR
7 8 9 1w 7 13 14
Time (hl
3, OAK RIDGE | s | eayseter
National Laboratory | REACTOR | SOURCE DP Borber

ETRA

P
-

ORBIT TH3 TH THI
top view = e : == = 1:--- :
= i ! horizontal deflections

negative helicity
side view T | vertical deflections +
|

V3 R

pesitivebelicity \/grtical bump ~2cm
63° 97° 36°
SPIN LA # A SN

e-beam
direction

A I Iz i P
41° 77° 36°

HERA Mini-Rotator; Buon + Steffen

56 m (“short”) — no quads.

27 — 39 GeV, both helicities at the IP, variable geometry



Polarized Electrons: EIC @ BNL

. . . . . oY
Unique Electron Polarization Design in {1 (OVO Sol ¢
the EIC ESR: V -—f
— Electrons: 5-18 GeV => ST time varies 9// ¥y = ayb,
3! S
— Elec.’rr.on bun;hes with two opposi’re polarization 5 <y, = ayb,
are injected info and stored in the ESR ]
~ Polarization is vertical in arcs to avoid spin ° " cieemen tan g, = + cos Pz
diffusion and longitudinal at IP for experiments V= cos(s + ) cos(h — 1h2)
- Interleaved solenoid and dipole fields spin cos ¢, = coty; coty,
rotators rotate spin between vertical and _
|Ongi_|.udino| direcﬂons 10010 C‘iev épthS ‘- Qx=?'12’ ‘Qy=0.10, QS‘=0.O42 00 esr - Qx=0.12, Qy=0.10, QS=O.046
P
- Spin matching is implemented fo preserve high _ g 1§§ 7 _ 80l
equilibrium(asymptotic) polarization and extend g wol® g o0 |
the depolarization (polarization relaxation) time ‘g wl g ol
—- Regular replacement of electron bunches & ,| 8 20 |
down to a few minutes at 18 GeV is needed to N | -
obtain a high average polarization 216 21.8 22 22.2 224 226 228 23 ° 40 402 404 406 408 41

a*Y a*Y
+ Spin matching is performed to minimize depolarization at 18 GeV area
» Longitudinal spin matching can not be done perfectly at 10 GeV. However,

the depolarization at 10 GeV areais ~16 times slower. Thus, averaged

SPALLATION polarization >70% can still be achieved under the imperfect spin matching
SOURCE
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Summary

« Collision of polarized beams offer a unique probe to study and understand the
fundamental structure of matter and original mass.

« Decades of contfinuous effort all around the world makes highly polarized beams
generated, accelerated, maintained, manipulated and measured in an
accelerator.

« What is not covered in this talk
— Spin rotators
- Spin flipping
- Spin matching
— Machine and beam effects on the polarization
— High order depolarizing resonances
- Spin fracking
- And more
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Thank you for your attention !
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