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Self Polarization in electron Storage Rings

Contents

• Theoretical discovery of radiative polarization.

• Very first evidence of beam polarization.

• Later measurements at higher energy.

• HERA collider experience.

• Summary

Eliana GIANFELICE (Fermilab)
Optics Tuning Workshop, June 27, 2023

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


2/47 P□i?⊖⟲⟳≫≪><

Radiative polarization

A small amount of the radiation emitted by a e±

moving in constant uniform magnetic field is accom-

panied by spin flip.

Slightly different probabilities→ self polarization!

• Equilibrium polarization

P⃗ST = ŷPST |PST| =
|n+ − n−|
n+ + n− =

8

5
√
3

= 92.4%

e− polarization is anti-parallel to B⃗, while e+ polarization is parallel to B⃗.

• Build-up rate
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Prediction of radiative polarization

A 1961 paper by Ternov, Loskutov

and Korovina already predicts self-

polarization.

The famous paper by Sokolov and Ternov

about electrons moving in a homogeneous

constant magnetic field appeared in 1963 in

russian and in 1964 in english translation

http://www.mechanik.tu-darmstadt.de
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P∞ = n1−n2

n1+n2
= 92.4%

'
&

$
%

↗

⇒ e±-beams polarization for free!
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By applying Thomas-BMT equation to the spin of particles circulating in an actual

storage ring, Baier and Orlov in their 1965 paper, pointed out the existence of

depolarising resonances activated by the stochastic photon emissions and consequent

trajectory perturbation (particularly important at high energy)

νspin = m±mxQx ±myQy ±msQs

http://www.mechanik.tu-darmstadt.de
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Baier-Katkov-Strakhovenko (1970) generalized Sokolov-Ternov formulas to the case

where the spin and motion direction are not everywhere perpendicular, however in ab-

sence of spin diffusion.

P⃗BKS = n̂0PBKS n̂0(s) ≡ periodic solution to T-BMT eq. on closed orbit

PBKS = PST

∮
ds n̂0(s) · b̂(s)/|ρ|3∮

ds [1− 2
9
(n̂0(s) · v̂(s))2]/|ρ|3

b̂ ≡ v̂ × ˙̂v/| ˙̂v|

τ−1
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5
√
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9
(n̂0 · v̂)2]/|ρ|3

P⃗BKS and τBKS are known for the unperturbed ring.
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Spin diffusion included by Derbenev and Kondratenko (1973) in semi-classical approxi-

mation.

http://www.mechanik.tu-darmstadt.de
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P⃗DK = n̂0

8

5
√
3

∮
ds < 1

|ρ|3 b̂ · (n̂−
∂n̂
∂δ

) >∮
ds < 1

|ρ|3

[
1− 2

9
(n̂ · v̂)2 + 11

18
(∂n̂
∂δ

)2
]
>

b̂ ≡ v̂ × ˙̂v/|v̂|����↗
periodic solution
to T-BMT eq. on c.o.

��
��
↖ randomization of particle spin
directions due to photon emission

(δ ≡ δE/E)

Polarization rate
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These formulas involve averaging over the beam distribution.

• n̂ is a phase space dependent solution of T-BMT eq. satisfying the condition

n̂(u⃗; s)=n̂(u⃗; s + C).

• The term ∂n̂/∂δ describes the variation of n̂ following a photon emission.
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Tools for radiative polarization computation

• By linearizing orbit and spin motion it is possible to calculate polarization “analyt-

ically” in terms of one turn maps. This formalism has been developed at the end

of the 70s by A. Chao (SLIM) and K. Yokoya. A thick lenses version of SLIM is

D. P. Barber SLICK.

– Only linear resonances!

• The computation of Derbenev-Kondratenko expressions in the general case is tricky

and codes attempting to evaluate them have limitations.

– S. R. Mane wrote SMILE (middle 80s) handling fully 3D spin motion in perturba-

tion theory. This approach required large computing time and had convergence

problem at high energy.

– SODOM by K. Yokoya (1992) computes Derbenev-Kondratenko n̂ and ∂n̂/∂δ

using Fourier expansions. It has similar issues as SMILE.

http://www.mechanik.tu-darmstadt.de
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• Instead of trying to evaluate Derbenev-Kondratenko expression, a statistical ap-

proach is used in SITROS by J. Kewisch (1982). Orbital motion is up to 2d

order and spin motion is not linearized. Initially fully polarized beam is tracked

and stochastic photon emission takes place at user selected machine dipoles. As

polarization evolves as

P (t) = P∞(1− e−t/τp) + P (0)e−t/τp

with
1

τp
≃

1

τBKS

+
1

τd
and P∞ ≃

τp

τBKS

PBKS

SITROS evaluates τp from P (t) and P∞ from τp
τBKS

PBKS

• More recently spin tracking and spin maps have been added to Bmad by D. Sagan.
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First measurements of radiative polarization

As reported by Belbeoch et al., at 1968 USSR Nat. Conf. Part. Acc., the very first

observation was in 1968 with a 536 MeV e+ beam at ACO (Anneau de Collisions

d’Orsay), in operation as e+/e− collider from 1965 to 1973.

Available on-line

(8th International Conference on

High-Energy Accelerators,

CERN, 1971)

Polarization measurement exploited the spin dependence of the Coulomb scattering cross

section: smaller beam losses by increased polarization.

http://www.mechanik.tu-darmstadt.de
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• Polarization was observed in 1972 also at VEPP-2.

• Polarization close to 92% (!) was later measured at

– ACO (1973)

– VEPP-2M (1976) at 500 MeV

(from Yu. M. Shatunov, Polarized Beams at Storage Rings, 2006)

Far from resonances, spin diffusion is negligible at low energy!

http://www.mechanik.tu-darmstadt.de
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Beam energy calibration

At VEPP-2M the method of beam energy measurement by resonant depolarization was

first invented.

(1980)

They used a longitudinal magnetic field for depolarizing the beam.

• Depolarization occurs when spin precession and field frequency are in resonance

νspin =
fexc

frev
+ k

• νspin = aγ (in a planar ring, w/o solenoids)→ Ebeam =
[
k ± fexc

frev

]
E0

a
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Later on polarization was observed at

• SPEAR (SLAC) where a Compton polarimeter was built for SPEAR2

(R. F. Schwitters, Experimental re-

view of beam polarization in high

energy e+e− storage rings, 1979)

• DORIS II (beam energy calibration), PETRA (where “harmonic spin-matching” was

invented), CESR, TRISTAN, LEP (beam energy calibration).

Polarization became ...fashionable!

http://www.mechanik.tu-darmstadt.de
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e± polarization at HERA

HERA was a 6.3 km p/e± collider operating in Hamburg from 1992 to 2007.

The e± ring was conceived from the begin-

ning on for delivering beam longitudinal po-

larization using Sokolov-Ternov effect.

• Planar geometry;

• large number of BPMs and orbit correc-

tors;

• spin rotators for longitudinal polariza-

tion:

– large number of independently pow-

ered quadrupoles for spin matching.
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HERAe Mini-rotator

Several designs considered. Final choice: Steffen-Buon “mini-rotator”.

• Chain of interleaved horizontal and vertical bending magnets.

• Short enough (≃56 m): no quadrupoles needed!

• Spin helicity changed by flipping the sign of the vertical bending magnets:

– magnets mounted on remotely controlled jacks for adjusting their elevation w/o

entering the tunnel.

• Designed to operate between 26.8 and 35 GeV by changing the magnet settings:

– energy changes larger then±100 MeV required a manual machine re-alignment.

Spin transparency for linear spin/orbit motion recovered by spin matching .

For the HERAe mini-rotator with

• Dy ̸= 0 only at the rotators

• n̂0 non vertical only between the rotator pair

; 5 additional optics conditions (for symmetric IR and arcs).

http://www.mechanik.tu-darmstadt.de
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HERAe Mini-rotator in place on the vertically movable jacks

http://www.mechanik.tu-darmstadt.de
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Spin diffusion due to random errors and counter-measures

In a real machine spin transparency is also randomly broken by magnet misalignments

• Quadrupoles

– radial displacement: spin diffusion if n̂0 is not vertical;

– vertical displacement

∗ Dy ̸=0

∗ δn̂0 ̸=0

– roll

∗ Dy ̸=0 if Dx ̸=0

∗ betatron motion coupling ; ϵy ̸=0

• Horizontal bending magnets

– roll ; Dy ̸=0 and δn̂0 ̸=0

The most dangerous is the vertical misalignment of quadrupoles:

• at HERAe, usual closed orbit correction cured spurious vertical dispersion too;

• δn̂0 required special care!

http://www.mechanik.tu-darmstadt.de
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Mais-Ripken formalism.

δn̂0 = αm̂ + βl̂

periodic spin basis
↙ ↘

[α− iβ](s) =
iei[ψ(s)−πνs]

2 sinπνs

s∫
s−C

ds′e−iψ(s′)f(s′) f ≡ d1 − id2

d1

d2

 = L

Fz⃗ − 1

Bρ


∆Bτ (1 + a)

∆Bx(1 + aγ)

∆Bz(1 + aγ)




• z⃗ is the 6-dimensional c.o.;

• ∆B⃗= extra fields along the design c.o.;

• L = 2× 3 matrix of the components of the periodic spin basis vectors, m̂ and ℓ̂,

in the orbital reference system;

• F is a 3× 6 (energy dependent) matrix containing the nominal fields.

http://www.mechanik.tu-darmstadt.de
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f(s) is periodic and can be expanded in a Fourier series

fk =
1

C

∫ C

0

ds f(s)e−i2πks/C

α and β in terms of the Fourier components of f

[α− iβ](s) = −i
L

2π

∑
k

fk

k − νs
ei2πks/C

• δn̂0 increases linearly with energy (aγ factor is also embedded into F);

• n̂0 tilt is more sensitive to the harmonics of the spin-orbit function f close to νs.

The correction consists in compensating these harmonics by powering some of the usual

correction coils. In practice using closed orbit bumps in the arc cells allows to correct

δn̂0 w/o perturbing the orbit everywhere ; harmonic bumps

http://www.mechanik.tu-darmstadt.de
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Correction done empirically by scanning the most important harmonic components.

Expected effect on polarization of harmonic bumps scans:

http://www.mechanik.tu-darmstadt.de
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...and real life:
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Expected effect of harmonic bumps on HERAe polarization

(simulation with δQy
rms=0.3 mm):
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Beam parameters choice

Spin diffusion is larger when the spin-orbit resonance conditions are met

νs = m±mxQx ±myQy ±msQs

; Small fractional parts of betatron tunes are convenient.
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• Same order resonances are not equally strong

• Beam energy not exactly known

; Beam energy scan allows finding best spot for polarization.
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HERAe polarization milestones

• November 1991: first observation of transverse electron beam polarization, ≃10%,

at 26.66 GeV w/o dedicated optimizations.

• 1992: ≃18% after some magnet re-alignments.

• June 1992: 60% after dedicated machine tuning.

– Installation of a spin rotator pair around IP East for HERMES.

• May 4, 1994: Rotators turned

on, polarization reached 65% after

some re-tuning!

http://www.mechanik.tu-darmstadt.de
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First time achievement of longitudinal polarization in a high energy storage ring!'

&

$

%
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After delivering high longitudinal polarization in routine operation
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(E. Aschenauer courtesy)

2 more pairs of spin rotators installed for H1 and ZEUS during the 2000/2001 shut down

for the machine luminosity upgrade, while the compensating solenoids were removed

because of lack of space!
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February 2003: First polarization with 3 rotators pairs!
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Finding a trade-off between luminosity and polarization wasn’t easy!

• Extra non-linear lens (→ tune shift and spread)

• Emittance increase

• Stochastic kicks

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

We have reviewed the milestones of Radiative Polarization in storage rings:

• Prediction by Sokolov-Ternov (1963), after 1961 Korovina et al. paper.

• Very first observations at ACO (1968) and VEPP-2 by exploiting loss rate depen-

dence on polarization.

– Large polarization was observed at low energy, w/o special corrections.

– In PETRA at 15 GeV dedicated orbit correction was successfully experimented.

• Use of beam polarization for precise energy calibration at VEPP-2M, DORIS II,

LEP1.

• The unique experience of the HERA p/e± collider where longitudinal lepton beam

polarization was an integral part of the physics program.

– Now the adventure continues in the US with the EIC design pursued by BNL

and JLab!

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


33/47 P□i?⊖⟲⟳≫≪><

THANKS!
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BACK UP SLIDES
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Polarization measurement exploited the spin dependence of Coulomb scattering cross-

section.

536 MeV positrons

http://www.mechanik.tu-darmstadt.de
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More about δn̂0 correction

Writing explicitly F and assuming for simplicity that there are no solenoids or skew

quadrupoles:
Fz⃗1

Fz⃗2

Fz⃗3

 =


aγ[ x

′

ρy
+ y′

ρx
]− (1 + a) e

p
∆Bs]

(1 + aγ)[( 1
ρ2y
− g)y − e

p
∆Bx]

−(1 + aγ)[( 1
ρ2x

+ g)x + e
p
∆By]

 =


aγ[ x

′

ρy
+ y′

ρx
]

−(1 + aγ)y′′

(1 + aγ)x′′


The 2× 3 matrix L contains the components of the periodic spin basis:

L =

 ℓs ℓx ℓy

−ms −mx −my


Therefored1

d2

 =

 aγℓs[x
′/ρy + y′/ρx] + (1 + aγ)[−ℓxy′′ + ℓyx

′′]

−aγms[x
′/ρy + y′/ρx] + (1 + aγ)[mxy

′′ −myx
′′]


δn̂0 is known if the horizontal and vertical closed orbit are known.
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For establishing a relationship with R. Schmidt for PETRA expressions we shall neglect

the small terms y′/ρx and x′/ρy, use the non-periodic spin basis and assume the ring

is nominally planar (ℓy = my=0)

α− iβ = −i
1 + aγ

2 sinπνs
e−iπνs

s∫
s−C

ds′ (−ℓ0xy
′′ + im0

xy
′′)

As the spin basis components advance only in the bending magnets while y′′ changes

only at the quadrupoles, one can chop the integral in a sum

α− iβ = −i
1 + aγ

2 sinπνs
e−iπνs

N∑
j=1

[sin (νsϕ
b
j)∆y′

j + i cos (νsϕ
b
j)∆y′

j]

ϕbj ≡ cumulative bending angle at sj .

Expanding y′ in a Fourier series with ϕbj as parameter, one finds that the important

harmonics are those close to νs.

In practice, it seems difficult to extract such harmonics from the BPMs readings.

However, at LEP those harmonics were extracted from the BPMs reading and a “deter-

ministic” correction applied.
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Rotator spin matching

A flat machine is spin transparent. The presence of rotators breaks the transparency:

• n̂0 ̸= ŷ between rotator pairs leads to spin diffusion in the involved quadrupoles;

• vertical dispersion introduced by vertical bending magnets or by solenoids (through

coupling) leads to a finite vertical beam dimension; spin diffusion in the quadrupoles

of the whole ring.

Spin transparency for linear spin/orbit motion may be recovered by spin matching .

It consists in designing the focusing structure so that the spin direction does not depend

on the particle orbital coordinates.

For the HERAe mini-rotator with

• Dy ̸= 0 only at the rotators

• n̂0 non vertical only between the rotator pair

for symmetric focusing around IP (before upgrade) and arc center ; 5 additional optics

conditions .
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Reliability: sharpen your weapons!

• Limited polarization tuning possibility during luminosity operation: keeping (verti-

cal) closed orbit below 1 mm rms value w/o affecting the luminosity ; “lumicor”.

• Meticolous book keeping

– record of golden orbit;

– tracking of beam energy changes due to different horizontal corrector settings;

– run-to-run tracking of harmonic bump settings;

– analysis of harmonic content of changed vertical corrector settings.
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Beam-beam effects on HERAe Polarization

• Extra non-linear lens (→ tune shift and spread)

• Emittance increase

• Stochastic kicks
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1996: First hints of beam-beam effects on HERAe polarization when

• βpz =0.7 m→ 0.5 m

• Ip ≃ 70 mA.

A Qy change by -6×10−3 allowed to recover polarization!
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Larger the luminosity, smaller the polarization!
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Hints of beam-beam effect on polarization: polarization grows more slowly than expected

from Sokolov-Ternov effect:

0

10

20

30

40

50

60

70

4 5 6 7 8 9 10 11 12 13
Time [h]

HERA-e Polarisation on Sunday May 30 2004

Polarisation: measured data [%]
Polarisation: simulation [%]

L/Ie [arbitrary units]

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


44/47 P□i?⊖⟲⟳≫≪><

Importance of synchrotron tune

Energy spread enhancement of synchrotron side bands

ξ =
(aγ
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Rotator spin matching

A flat machine is spin transparent. The presence of rotators breaks the transparency.

• Vertical dispersion introduced by vertical bending magnets or by solenoids (through

coupling) leads to a finite vertical beam dimension ; spin diffusion in the whole

ring quadrupoles

• n̂0 ̸= ŷ between rotator pairs leads to spin diffusion in the involved quadrupoles

Spin transparency may be recovered by spin matching : it consists in designing the

focusing structure (quadrupoles) so that globally the spin direction does not depend on

the orbital coordinates.

G2×6 matrix relating spin orientation wrt n̂0 to the 6 orbital coordinates∆α

∆β

 = G y⃗

In a flat machine:

Gx ≡ 0 Gs ≡ 0 Gy ̸= 0 but y = 0

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

y ̸= 0

and

Gx and Gs ̸= 0 between rotator pairs

(from M. Berglund PhD Thesis)
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In terms of Twiss functions the conditions for spin transparency are

∆±x = ∆±y = ∆±s=0

∆±x,±y(s) = (aγ + 1)
e∓iµx,y

e2iπ(ν±Qx,y) − 1

[−D ± i(αD + βD′)]x,z√
βx,y

J±x,±y(s)

∆±s = (aγ + 1)
e±iµs

e2iπ(ν±Qs) − 1
Js

with

J±x,±y =

s+L∫
s

ds′(m̂0 + il̂0) ·

ŷ
√
βx

x̂
√

βy

Ke±iµx,y

Js =

s+L∫
s

ds′(m̂0 + il̂0) · (ŷDx + x̂Dy)K
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