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See Kurt Aulenba
her's review of e� � p s
hemes: 27/09/2010
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Lina
/re
ir
ulator - ring s
hemesMax Klein: at ICHEP Paris: Future Ma
hines and Proje
ts 24.7.2010Based on SLC, ILC and LHC experien
e.
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The ring - ring option.Max Klein: at ICHEP Paris: Future Ma
hines and Proje
ts 24.7.2010
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The ring - ring option.Max Klein: at ICHEP Paris: Future Ma
hines and Proje
ts 24.7.2010Based on HERA, LEP, LHC experien
e.
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Pre
ision QCD and Ele
troweak Physi
sMax Klein: at ICHEP Paris: Future Ma
hines and Proje
ts 24.7.2010
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Ring-ring design parametersMax Klein: at ICHEP Paris: Future Ma
hines and Proje
ts 24.7.2010
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Max Klein: at ICHEP Paris: Future Ma
hines and Proje
ts 24.7.2010
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For this talk, the ring-ring option:a super HERA...

The ring-ring option would use 
onventional te
hnology and wouldprovide both polarised ele
trons and positrons.
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LEPPolarisation from the Sokolov-Ternov e�e
t at 46 GeV and above { the highest energy so far!

Verti
al polarisation by the S-T e�e
t, no rotators.\Deterministi
" harmoni
 orbit 
orre
tion.46 GeV, �st � 5 hours
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HERAThe �rst and only e� ring to supply longitudinal polarisation at high energy| via the Sokolov-Ternov e�e
t { also at 3 IP's simultaneously!� 30 GeV, �st � 30 mins. Depolarisation not too strong.Perfe
tly balan
ed parameters
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ZEUS H1

HERA − B

HERMES

P
meas

n0

HERA electron/positron ring 2001 −−

MiniRotator
‘‘Longitudinal’’  polarimeter (LPOL)

‘‘Transverse"  polarimeter (TPOL)
Polarisation verti
al in the ar
s { to drive the Sokolov-Ternov e�e
t
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HERA MiniRotator: Buon + Ste�en

negative helicity

positive helicity

top view

side view

H2

V2

63

o o o

97

367741

o o 36o

IP

e-beam
direction

vertical deflections

horizontal deflections

ORBIT

SPIN

H3 H1

V3 V1

56 m (\short") ! no quads.27 { 39 GeV, both heli
ities, variable geometry

NO INTERNAL QUADRUPOLES!
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Some theory and phenomenology
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� Ele
trons (positrons) in storage rings 
an be
ome spin POLARISED due to emission ofsyn
hrotron radiation: Sokolov{Ternov e�e
t (1964).� The polarisation is perpendi
ular to the ma
hine plane in simple rings.� The maximum value is then Pst = 92:4%:BUT!� Syn
. radn. also ex
ites orbit motion. This leads to DEPOLARISATION!� In any 
ase, the value of the polarisation is the same at all azimuths | time s
ales.
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The T-BMT equation.d~Sds = ~
(
;~v; ~B; ~E)� ~S

Periodi
 solution ^n0 on 
losed orbit.The real unit eigenve
tor of: R3�3(s+ C; s)^n0 = ^n0^n0 is 1{turn periodi
: ^n0(s+ C) = ^n0(s)^n0: dire
tion of measured equilibrium radiative polarisation.Closed orbit spin tune �0: number of pre
essions per turn around ^n0 for a spin on the 
losedorbit. Extra
t from the eigenvalues of R3�3(s+ C; s)
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Spin motions� Protons: largely deterministi
 | unless various noise (e.g.IBS).� Ele
trons/positrons:If a photon 
auses a spin 
ip, what are the other � 1010 photons doing? ===>Sto
hasti
/damped orbital motion due to syn
hrotron radiation+ inhomogeneous �elds+ spin{orbit 
oupling via T{BMT===> spin di�usion i.e. depolarisation!!!Self polarisation: Balan
e of poln. and depoln. ===>P1 � PBK 11 + ( �dep�BK )�1 (PST ! PBK)In any 
ase: ��1dep / 
2N ��1st (a
tually a polynomial in 
2N)===> Trouble at high energy!
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Spin{orbit resonan
es�spin = k + kI�I + kII�II + kIII�III�spin : amplitude dependent spin tune � 
losed orbit spin tune = pre
essions /turn on CO� Orbit \drives spins" ===> Resonant enhan
ement of spin di�usionAT FIXED ENERGY EVEN AWAY FROM RESONANCES!� Resonan
e order: jkI j+ jkII j+ jkIII j� First order: jkI j+ jkII j+ jkIII j = 1 e.g. SLIM like formalisms.� Strongest beyond �rst order:syn
hrotron sidebands of �rst order parent betatron or syn
hrotron resonan
es�spin = k + ki�i + kIII�III ; i = I; II or III� Proton-style resonan
es strengths are NOT helpful for estimating depolarising rates!
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Sidebands of parent �rst order betatron resonan
es: a useful approximation��1dep / A(�0 �Qy)2 ! ��1dep / 1Xms=�1 AB(�;ms)(�0 �Qy �msQs)2A is an energy dependent fa
torB(�;ms)'s: enhan
ement fa
tors, 
ontain modi�ed Bessel fun
tionsIjmsj(�) and Ijmsj+1(�) depending on the modulation index� = (a
 �ÆQs )2in a simple 
at ring.===> very strong e�e
ts at high energy | dominant sour
e of troubleAnalogous formula for sidebands of �rst order syn
hrotron resonan
es.
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� For longitudinal polarisation the polarisation ve
tor must be rotated into the longitudinaldire
tion before an IP and ba
k to the verti
al afterwards ===> spin rotators.� Verti
al bends must be neutralised { otherwise ^n0 is not verti
al =) strong depolarisation� Depolarisation 
an be strongly enhan
ed by misalignments, regions where the polarisationve
tor (^n0) is horizontal between spin rotators et
, et
.....



SPIN2010, Jueli
h, 1 September 2010. 24'
&

$
%

=) Linear spin mat
hingSkip the invariant spin �eld and the Derbenev-Kondratenko formula for today!Heuristi
s instead!N.B. this is not the trivial business of ensuring that a spin behaves as required in a string of dipoles!!~S � ^n0(s) + � ^m0(s) + �^l0(s)�; �: 2 small spin tilt angles | have subtra
ted out the big rotations!

^M8�8 = 0� M6�6 06�2G2�6 D2�2 1Aa
ting on ~u = (x; x0; y; y0; l; Æ) and �; �

This is the SLIM formalism for estimating depolarisation analyti
ally at �rst order (Chao 1981).To minimize depolarisation:minimize appropriate bits of G2�6 for appropriate stret
hes of ring===> lots of independent quadrupole 
ir
uits.
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‘big photon noise’
spin−orbit tracking

Orbit excitation

also beam−beam

‘big photon noise’

6x6 covariance matrix

Choose

‘‘Main’’

8x8 damped 6x6 damped

misalignments

‘big photon noise’

orbit tracking 
linearised M−C

and control files
Read optic/layout

non−linear M−C

3−D spin
with

orbit tracking 

6x6 damped
linearised M−C

with

Also: acceleration and spin flipOld + New
(done)

== = = old (SLICK) (in progress)
New

as in analytical (D−K)

−−> equil. 6x6 cov. mat.
as in analyticalττ τ

damping    constants

8x8 covariance mat.

New
(done) = Planned

dep −−> P−−> eq
dep−−> P−−> eq

τ

from symp. E.V.s
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Polarisation with

linearised spin

motion using 8x8
matrices + D−K
−−analytical
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Correct the C.O.

6x6 formalism

Final C.O.

linearised optic
6x6 symplectic 

wrt C.O.
eigenvectors

damping constants
Robinson theorem

damping times

6x6 damped
linearised optic

wrt C.O.

3 emittanceseigenvectors
Dispersions

‘‘in line’’
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���
���

���
���
���

The structure of SLICKTRACK

tunes

also beam−beam

‘big photon noise’
orbit tracking 
linearised M−C

6x6 damped

−−> eq
−−> Pdep−−>eq

−−> Pdep

‘‘Main’’

3−D spin
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Spin 
oordinates^S =p1� �2 � �2 ^n0 + � ^m+ �^lEstimating depolarisation by M-C simulation �2 + �2 << 1�P � �12�(< �2 + �2 >) = �12�(�2� + �2�) =) dPdt � �12 = �12 ddt (�2� + �2�)Spin{orbit 
ovarian
e matrix0BBBBBBBBBBBBBBBBBBB�
�2x �xx0 : : : : j : :�x0x �2x0 : : : : j : :: : : : : : j : :: : : : : : j : :: : : : : : j : :: : : : : �2Æ j : :� � � � � � � � �: : : : : : j �2� �����x: : : : : : j ��� �2�
1CCCCCCCCCCCCCCCCCCCA
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Spin{orbit maps for se
tionsFor linearised spin motion (SLIM/SLICK):^M = 0� M6�6 06�2G2�6 D2�2 1AThe G2�6 � (x;x0;y;y0;�l; Æ)T delivers 
hanges to the 2 small angles � and �For full 3{D spin motion: ^M = 0� M6�6 06�3G3�6 D3�3 1AThe G3�6 � (x;x0;y;y0;�l; Æ)T delivers rotations around ^n0; ^m0; ^l0The beam{beam (non{linear) ki
ks are applied at single points
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Some advi
e to 
al
ulaters:

Software, for linearised spin motion, that does not intrinsi
allyin
lude syn
hrotron motion and whi
h does not in
ludemisalignments and orbit 
orre
tion is useless above a 
ouple of GeV.

Software that 
annot, in addition, a

ount for full 3-D spin motion,and whi
h therefore 
annot 
onsistently a

ount for syn
hrotronsidebands, is useless above about 10 GeV.
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A �rst look!!
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Flat ring with verti
al polarisation near 60 GeV

� Qx = 123:83� Qy = 85:62� �v
o = 75 mi
rons� R.m.s. tilt of ^n0 � 4 mrad near the peak polarisation.No harmoni
 
losed-orbit spin mat
hing so far.� Radiative energy loss: 430 MeV per turn� a
0 �
0
0 � 0:13.
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Qs = 0:06; � � 5 An example of just one misalignment
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Qs = 0:1; � � 1:9. An example of just one misalignment
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Energy dependen
e of maximum polarisation| an example of just one misalignment
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Summary on the 
at ring

� Initial 
al
ulations suggest that verti
al polarisation would not be impossible with modernvery good alignment.� The dependen
e on Qs is qualitatively as expe
ted.� The attainable equilibrium polarisation is highest at low energy as expe
ted.
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Longitudinal polarisation

� Need rotators ==> need serious spin mat
hing.� Rotators must be 
ompatible with the 
ontraints of the environment.� Do Siberian Snakes help to suppress the e�e
t of syn
hrotron sidebands by suppressing theos
illations of a
 ?� Naive use of snakes kills the Sokolov-Ternov polarisation!� So need asymmetri
 distribution of radiation.� Try the Derbenev-Grote s
heme (1995).



SPIN2010, Jueli
h, 1 September 2010. 36'
&

$
%

A suggestion by Ya. Derbenev and H. Grote

n means ^n0 here !!!



SPIN2010, Jueli
h, 1 September 2010. 37'
&

$
%

LHeC rotators
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=) very strong depolarisation { of 
ourse!

But we 
an swit
h spin-orbit 
oupling o�/on to see what does what: the G matrixSo make the intera
tion region and rotators spin transparent in software.Diagnosti
s! { sin
e 1982
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The D{G set-up near 60 GeV

� Qx = 124:36� Qy = 88:80� �v
o = 75 mi
rons� R.m.s. tilt of ^n0 � 8 mrad near the peak polarisation. No harmoni
 
losed-orbit spinmat
hing so far.� Radiative energy loss: 586 MeV per turn� a
0 �
0
0 � 0:13.� An ideal thin lens snake whi
h is transparent for orbital motion.� �0 is almost independent of ma
hine energy: around 0:41 (not 0:5 { be
ause of the rotators).
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Perfe
t alignment and with the IR G matrix o�Qs = 0:1
 0

 10

 20

 30

 40

 50

 60

 70

 80

 90

 100

 135  135.5  136  136.5  137  137.5  138

P
ol

ar
iz

at
io

n 
(p

er
ce

nt
)

aγ0

Equilibrium polarizations with misalignments

Sokolov-Ternov  Polarization
Total Polarization (linear approx.)

Total Polarization (M-C)



SPIN2010, Jueli
h, 1 September 2010. 41'
&

$
%

An example of just one misalignment and with the IR G matrix o�Qs = 0:06
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An example of just one misalignment and with the IR G matrix o�Qs = 0:10
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Summary on the model ring with rotators and a snake

� The maximum S-T polarisation is limited by the need for the asymmetri
 radiationdistribution.� In these 
al
ulations ^n0 is tilted from the verti
al twi
e as mu
h as for the 
at ring =) lowerpolarisation 
ompared to the maximum S-T polarisation.� With this rotator, ^n0 is tilted in the ar
s away from design energy.� Initial indi
ations that the snake supresses the syn
hrotron sidebands. Mu
h moreinvestigation needed.� |- the �rst time in the �eld that this topi
 has been invstigated.� Essential to provide opti
al spin mat
hing of the IR and ar
s | obviously!.� The dogleg rotator �ts the need to bring the ele
tron beam down to the proton beam.� A pra
ti
al snake design is needed.� Opti
al spin mat
hing is a big but ne
essary 
hallenge.� Harmoni
 
losed orbit spin mat
hing should be tested.� In any 
ase it would be essential to align the ring extremely well { but modern rings do havegood alignment.
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This has been a very �rst look but:

with modern alignment and the use of theDerbenev-Grote s
heme,opti
al spin mat
hingwill be well worth pursuing as the next step.
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