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a powerful tool for particle physics

Polarized Beams

J

” WGy i
Electron Stretcher Accelerator
Physics Institute of Bonn University
Why? Physics with polarized protons/deuterons and electrons
How? a) Beam generation (sources of polarized protons and electrons)

b) Beam acceleration (crossing of depolarizing resonances)
¢) Spin management, energy calibration
Polarized antiparticles, new projects






Matter and Forces
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Quarks and Nucleons

Sub-Structure Spin-Structure

e.g. baryon spectroscopy e.g. parton spin distribution function



Baryon - Spectroscopy

Atomic Physics

205

\\\Q}Q Atom: 1010 m

\'"\_\"

Excitation with Photons:
Line Spectrum
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Hadron Physics
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Hadron: 101> m

Excitation with Photons:
overlapping Resonances
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MeV - GeV E

Linewidth from AE - At > h

— [ Double Polarization Experiments]




How

a) Sources for polarized particles



Spin Filtering?

g
. P Stern-Gerlach Experiment:
Z

Split-up into different separated
beams in case of neutral atoms

@

Charged particles (e, p*): F = g-(;5><J_'_'>") and Ax-Ap_>h

- ‘ | but: |



Polarized Protons

Functional Prinziple:

Atomic Beam Beam Separation lonization

sextupole
dissociator 6-pole fields & RF-transitions  Penning ionizer
LN,-cooled nozzle act as ,,Stern-Gerlach*-polarizer e-removal and acceleration
— thermalized H atoms pol-enhancement by RF-pumping

Haeberli (review), 1967




Polarization Scheme

slow (= 3 meV) atomic beams

Deuteron:
my
Wa F=J+I @+
mg =mJ+mI @ 0 *mJ=+1/2

F=3/2

F=1/2

> m;=—1/2

RF- RF-
|:> 6-Pole Trans. 6-Pole Trans.
(3r5) (2r06)
Electron
State Unpolar Polar
NO. P . .
(1** 6-Pole)
©) 24
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PZ 1/3 1/2 1
|:>Z2 a8 1/9 | 1/6 | 2/3
PZZ -1 -1/2 1

2
PZZ - . 1 1/6 2/3

© D. Eversheim, Uni Bonn




Polarized "H-Atoms

— —

H D
S (1]
Wien - Filter | 4| — Quadrupole-Doublet
6-Pole ~{ }—
Magnets
Cooled Nozzle Solenoid El. Gradient Field - Einzellens Cs-lonizer
\ 2 / i \
> > >< 1 / N
___J__—_.__.—#":/ ] Dl] il
0 8 ettt kit i Bt by & el & "'DT]'_F
i |4 :
\ Cs- Cup Quadrupole-Triplet

Dissociator RF-Transitions Charge Exchang"h Region Neutralizer
H'+ Cs — "H! + Cs”

CBS @ FZJ, © D. Eversheim







High Intensities

Other types of sources in operation, e.d.:

. OPPIS (BNL)

based on polarization transfer:
H"+ Rbt — H' + Rb*

,
U532
mw

. CIPIOS (FZJ)
o | =

based on spin filtering and ] e L e
RF transitions isociator —s{Role | i, [ Exchange fems T e
- - - : Injector
ionization:

D, L=< H,
Ht+D* - *Hi + D H



Polarized Electrons

Functional Principle:

semiconductor ‘ circularly
photocathode polarized
based on GaAs ‘ laser light

Pierce & Meier, 1976

accelerating

voltage

Photoelectron emission from GaAs
polarization transfer from laser photons to emitted electrons




Polarized Electrons

Optical Pumpina:
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Polarized Electrons

As protection layer

Be-nGoAs  8x10" 5nm
Be-AIGaAs 4.75x10" t
Be-InGaAs 5.39x10"
Be-AlGoAs 4.75x10"
Be-InGoA§ 5.39x10"

118 X
Be-AIGaAs 5x10"
Be-GaAs buffer

In-GaAs substrat

92 nm

Removal of the degeneracy:
» local distortions of the lattice (strain)
» multilayer structures (superlattice)

Be-InGaAs/AlGaAs Superlattice
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Polarized Electrons

Vacuum level

N EA~4eV
A
Conduction Conduction
band band ¢ NEA
\V Vacuum level
0 Barrier layer ?
Fermilevel | y j> e T B R
()]
_Fermilevel [ R
Valence band i =
Valence band |
Photocathode | Vacuum Photocathode Cs-O] Vacuum
- )
: ‘ -doped Semiconductor
Semiconductor (p p.
L . . with Cs-O layer

Heat cleaning and activation in extreme UHV
Lifetime 100 h <« P (H,0,C0,) < 1012 mbar

|




R 25 30V

Photocathode Activation

In-situ deposition of cesium and oxygen in XHV:

%
0V —
o photocathode

“~

. ! .
3.0+ —— cesium h/;j) ion decelerator
. ——oxygen i !
1

] 1 ;
©r 29 ! cesium dispenser
1,5 i and

ar . . silver tube
1,0 45 A :
0,5 / / L—I
0,0 :

time / min laser

''''''''''''''''''''''''
-5 0 5 10 15 20 25 30 35 40 45 50 55 Ihelium-neon



Polarized e-Sources Worldwide

CEBAF (Jefferson Lab, a)
E = 100 keV, P > 80%, | = 200 pA (cw)

Bonn (ELSA, b)
E = 48 keV, P =~ 80%, | = 100 mA (1ps)

Mainz (MAMI, c)
E = 100 keV, P > 80%, | < 40 pA (cw)

Darmstadt (S-DALINAC, d) JSlpNEesis &
E =100 keV, P =22, 1 = 60 pA (cw) B

e
ﬂ Challenge: long photocathode lifetime <> ultimate vacuum required T




How

b) Acceleration of polarized particles



Facilities with Polarized Beams

Protons: Electrons:

- COSY /lJilich (E < 2.4 GeV) ’
« Saturne Il / Saclay (E < 3 GeV)
« KEK PS/Tsukuba (E <7 GeV) y
« ZGS/[Argonne (E <12 GeV)

 AGS/Brookhaven (E <22 GeV) o

 RHIC / Brookhaven (E < 250 GeV)

AMPS [ Nikhef (E < 0.9 GeV)
SHR [/ MIT-Bates (E <1 GeV)
MAMI / Mainz (E < 1.6 GeV)
ELSA /Bonn (E < 3.2 GeV)
SPEAR /SLAC (E < 3.7 GeV)
DORIS /DESY (E <5 GeV)
CEBAF / Jlab (E < 6 GeV)
PETRA / DESY (E < 18 GeV)
HERA [ DESY (E = 27.5 GeV)
SLC/SLAC (E <46 GeV)



Polarization

* Spin : Electrons, Protons, ...

NT +N¢
Vector Polarization

In addition:

3N,
Ny+Ny,+ N,
Tensor Polarization

P=1-




Spin-Precession

Spin < Magnetic Moment:

— € 3
et

B

2m

Spins in Magnetic Fields:

ds .

—=uxhB
Lande-Factor and Gyromagnetic Anomaly:
 Electrons: a=%(g-2)=1,15967-10"3
* Protons: a=%(g-2)=1,792843

« Deuterons: a=%(g-2) =-0,142987



Spin-Precession

{ Spin-Tune:




LINACSs and Recirculators

Example: MAMI / Mainz

RTM 2 é
B1 turns
180MeV

9 x klystrons, 2.45GHz o >
total power@100pA = 280kW

AE=7 5MeV
0 =-16°

18 turns
14 9MeV RTM 3

LINAC Wien filter

B=1.28T

source of pol. e-

AE=9.6M06V 3 ) 5Mev ‘
0.=-22

(0] ®@ © @ |_® @ 0 |e

IQTQTOTOTQTE%T%@) E.Lé, E/BZV, ¢Sin: eBL @
°olelole lole!lelle D yszL

v’ for ,moderate“ energies! ¢

eeeol”@ee}e
y



Spin-Precession in Circular Acc.

1

. | AB/E = 5-10"
=1 GeV : ' '
' . no Synchrotron OscHIatlons

0 ] i ' ~ | ] l )
0 50 100 150 200 250 300 350 400 450 500

Anzahl der Umléufe
4 aS - - . e . N
— = QxS Q =——(1+a)-B
dt m,




Spin-Precession in Circular Acc.

[ Spin-Tune: @, =7a, a:g_—Z]

A 7

<)

Magic Enerqies (y-a = n)

electrons: ¥y =86231-n < AE,;, = 440.6 MeV
protons: y=0.5578'n < AE,;, =523.3 MeV
deuterons: ¥ =6.9936-n AE,;, =13.12 GeV Il




Depolarizing Resonances

(<)

Magic Enerqies (y-a = n)

« electrons: y=86231-n < AE,;, = 440.6 MeV
* protons: y=0.5578'n < AE,;, =523.3 MeV
* deuterons: ¥ =6.9936-n AE,;, =13.12 GeV Il




Depolarizing Resonances




Depolarizing Resonances

‘Enveloppe

Strong Focusing: Betatron Oscillations!

[ Imperfection Resonance: ) -a = A, n EZ]




Resonances of 15t order

kin. Energy / MeV

-
ra=8-0, ya=10-0 ra=12-0Q
va=0+0 ra=2+0Q,
ya=3 ya=4 ya=>5 ya==6 ya=171
4 4 A 4 4 4 4 4
Univ. Bonn
(P=2)
0 500 1.000 1.500 2.000 2.500 3.000 3.500
L kin. Energy / MeV
-
ya=6-0, ya=0+0. ya=8-0, ya=2+0, ya=10-0,
ya=1 ya=2 ya=3 ya=4 ya=>5 m
A A A 4 4 4 A 4 A 4 COSY
A) )0LICH
optics with
P=2
0 500 1.000 1.500 2.000 2.500 3.000 3.500




Resonance Crossing
gy, e s
Qb Wiy o

horizontally exciting field
P (sinusoidally distributed)

L e N o e e e I W
P [p—om7e8s » t=1.08745 [t=1.215
ay = 2.90 2.97 lay = 2.999
E = 1.2779 GeV — 13087 Ge E = 1.3215 GeV
tum: 0 turn: 562873 [turn: 796064
/[
i
| | / |
0 € o0
VA Z VA
B A A
S~ fﬁv
c
RIS Br eBr
S—
i
B d
( Spin-Flip J i
s o

\y\

ﬂ Crossing Speed: « = ya/o, 1 ﬂ — Resonance Strength ¢ 1




P./P,

Resonance Crossing

Froissart-Stora-Formula

1-0 \I T T
0.8 \
0.6 \ Imperfection Resonance -
0.4 v, EEam S v Intrinsic Resonance -
- : \
0.2
I 2
0.0 : P 7
1 2\ L =2 -1
-0.2 \/ 4
'0-‘5 \ i B 2 B 1
".‘ R a Tle 2
-0.6 el |
L | / o
-0.8 ¥
T TN e | 1
'1-0 el — J L | | fesvwans
0.0 0.5 1 2.0 2.5 3.0 3.5 4,0
lel/ o



Vertical Orbit Excitations

Quadrupole

A
—il !
od

B(s) = a-sin(Qgy0) + b - cos(Q4,-0) T

Take care of the

resonance-driving S R SR S

harmonics y-a=n ! vigmeess o COSY/FZJ e
Ch2 1.00 V M 1.00s Aux S 1.33 V

200mV



Vertical Orbit Excitations

Quadrupole

Q
—il !
o

B(s) = a-sin(Qgy0) + b - cos(Q4,-0) T

Advantages:

> Distortions have only to be sufficiently strong
> No detailed optimization required

Take care of the
resonance-driving

_ Disadvantages:
harmonic y-a=n!

» CO excursions may be to large for available aperture



Synchrotron Oscillations

~ _ _ )
Multiple crossing of 1 — - protons / deuterons - S gryu—
depolarizing resonances| ! (n—: Py ]

due to energy oscillations
\_ Y,

0.6 -

04 -

Oscillation frequency/tune: oz |

» electrons (eLsa): 0
Q=80 kHz +~ Q,~=0.04  _,|
> protons (cosy): o4l RS
Q=05kHz < Q,=0.0006 | % |
[D CD Pl Univ. Bonn L ﬁqﬂjﬂ%

Crossing of (weaker)
sidebands around
Imperfection resonance

J

4 ! ! 1 1 ! ! 1 I 1
3060 3065 3070 3075 3080 3085 3090 3095 3100 3105 3110

Beam energy / MeV




Synchrotron Oscillations

_ _ R
Multiple crossing of

depolarizing resonances

due to energy oscillations
\_ y,

Oscillation frequency/tune:

> electrons (ELsa):
Q=80 kHz < Q,~0.04

» protons (cosy):
Q~=0.5kHz < Q,~= 0.0006

@
(0
Crossing of (weaker)
sidebands around
Imperfection resonance
\_/

Protons: synchrotron sattelites close by
— ,,broader* resonance
— larger values required for full spin flip

1

0.5

-0.5 |

| | |
——— Ohne Synchrotronoszillation
—— Ap/p=1-10",f =450 Hz
—— Ap/p=210",f =450 Hz
| |
0 510" 110° 1.510° 210°

resonance strength (AE = 0.7keV / rev.)

(taken from habil. A. Lehrach)



Synchrotron Oscillations

. _ )
Multiple crossing of 1 -

depolarizing resonances| ! \\-: Py
\due to energy oscillationj

0.6 -

04 -

Oscillation frequency/tune: oz |

» electrons (eLsa): 0
Q=80 kHz +~ Q,~=0.04  _,|
> protons (cosy): o4l RS
Q=05kHz & Q,=0.0006 | % |
[D CD Pl Univ. Bonn \\_ qﬁ,@__

Crossing of (weaker)
sidebands around
Imperfection resonance

J

4 ! ! 1 1 ! ! 1 ! 1
3060 3065 3070 3075 3080 3085 3090 3095 3100 3105 3110

Beam energy / MeV




Crossing of Synchrotron-Sidebands

4 1 ) . . .
Full Spin-Flip no longer possible!
4o . _ Experimental verification at ELSA:
] J accessible region
Ay T hl
- 0 -
S r 1 q
: / \\ SU_‘\"E _
_0,5 : \/ \ s¢ ;{ N 4
] < L\. n
0 10 20 30 40 = L ; i
s/ e
~ o 5 ‘ -
. Modified“ Froissart-Stora Formula: i y —

B -50 | % ! . = }/a,=5 -
P e [ df ) : ey |
— — I ! ! 1 | i I ! ! | L ! I !
_f: 2.e @ 11| 2-e ¢ —] 0.0 0.1 0.2 0.3
P resonance strength ao.u.

@

o)

Beam excitation will only cause partial spin flip — depolarization!
» Reduce resonance strength by proper centering in the quads
» Compensate resonance driving horizontal magnetic fields




CO Correction on the Ramp

vertical beam position / mm in stretcher during ramp E(inj) = 1.200 GeV, E(extr) = 2.350 GeV

2 | I | | I | |
ramp start } ramp stop
Imp.-Res. 3 Imp.-Res. 4 TJ Imp.-Res. 5 :
15 B | ‘ g
=
I e | S 4
~~
-
O 05} |
=
)
o ,
o 0 |
E =
®
] 7
= 12Gev | 235GeV |
—_— Je . i . e
T 1t , _
)
>

>

N

A !
e )

o)

T |
=
—

|
-2 L 1 L L ! L L
450 500 550 600 650 700 750 800 850

Univ. Bonn time / ms



Harmonic Correction

(Imperfection-Resonances)

B(s) = a-sin(Qg,-0) + b - cos(Q,,0) a
>

.\
—l 5



Intrinsic Resonances

y-a=n-P=x Q.

Quadrupol-Magnet
|

- : ‘
-0/% * extraction septa
/ superconducting .O\) DORIS cavity
p solenoid %
/ “a« _ PETRAcavity
' \/ a"’(
,/‘\ ‘
/N
tune jymhp \eg
- quadpdpole \

KR

\ Univ. Bonn ‘

Countermeasures: '

> high superperiodicity P N !

(lattice, machine optics) A I

> reduce vertical beam size A Y
(cooling, skew quads, optics) ik ’9\&

» increase crossing speed
(tune jumping)



Intrinsic Resonances

y-a=n-P=x Q.

Quadrupol-Magnet
|

Countermeasures:
» high superperiodicity P

(lattice, machine optics)

» reduce vertical beam size
(cooling, skew quads, optics)

» increase crossing speed
(tune jumping)

Tune Jumping:

e

Univ. Bonn

Qz
A »
5- o’\; '9{\, N A S
L/ \l\ g/
0 1 2 3 4 5 6 7 g Ya
0 440 880 1750 2640 3500 E [MeV]
0 150 400 640 t [ms]



Tune Jump Quadrupoles

Tune-Jump Quadrupole

* Copper coil air core

e Length 0.6 m

» Max. current £3100 A
» Max gradient 0.45 T/m
* Rise time 10 ps,

« Fall time 10 to 40 ms

COosY
4) j0uicH

C—

x

Univ. Bonn
)

- Tune Jump Quadrupole

Panofsky type quadrupole
with ferrite yoke

vakuum chamber:

resistance:
inductance:

max. pulse current:
max. field gradient:

AL,O, ceramics

with 10 pm titanium coating
(4,298+0.001) mQ2 (DC)
(9,0£0,1) uH (DC)

500A

(1,1241£0,005) T/m

rising edge:
falling edge:

4-14 us
4-20ms




Polarization during Acceleration

—

o
o

polarization

-0.5

| |
'3-1,..4¢*'4F*

7,

| |

| |

- 0+Q
|

&

ya=4

| |

ya=5

| |
| |
2ty

50, |

| I

‘ T

(o],
| |

1Hraﬁﬁ**pT'Hr’

va=6

|
I
10-Q,
|

|
_H*'_‘I."._
|

1500

2000

2500

3000

momentum (MeV/c)
Intrinsic resonances — tune jumps
Imperfection resonances — vertical orbit excitation

ﬂ P> 75% at 3.3 GeV/cT

COSsY
4 )0LicH

© A. Lehrach / FZ]




Polarisation @ 2350MeV, 12.11.2009, 10:54 - 18.12.2009, 8:49

70 _—
60 _—
50 _—

- ( \ .
40— CBELSA/TAPS EIGEIT SIS}

) E =235 GeV

- data taking
oL\ Nov./Dec.2009 [ P ~63.89 %

- | I I I | I

~ A 12/11 19/11 26/11 03/12 10/12 17/12

I ,
L1+ /%

Univ. Bonn



Polarization at ,,highest* energies

Why not having a polarized beam in:

» LEP (@ 100 GeV)?
» HERA-p (920 GeV)?
» Tevraton (1 TeV)?

» LHC (7 TeV)?

None of

» adiabatic spin flip
» harmonic correction
> tune jumping

will work any longer!

Remember:

f Typically, at least every 500 MeV
a depolarizing resonance is waiting for you!

U
Energy spread of the beam > 104 («> >100MeV typ for machines above!)

» large number of resonances, no longer isolated from each other
» strong synchrotron sidebands



Siberian Snakes

partial snake:
0 < y<180°

B full snake:
y = 180°

X
‘ ﬂ Invariant Spin Axis T]’T




Siberian Snakes

Spin Tune Invariant Spin Axis
i ; ; ; ; :
Q - -
B i3 TN 2
/ 360 } 2 (1=180%) N \f /
__/ g of----- J( ____________ _
/ L=
o PP 0.5 E'\\ J 18
? ] — E ......... 18°
~ _ S
-1 TrrassesnrszZo L — = {B0°
k ya k+1 . |
k k+1

Partial Snake:
* Increase of the Resonance Strength by ‘a‘z‘ =x/2%
« Adiabatic Crossing of Imperfection Resonances if x> 27

Full Snake:

* Invariant Spin Axis lies in the Accelerator Plane
* Snake Resonances: k+%=Qy = +|-Q, =+ mQ,

+ 8

g?'

© A. Lehrach / FZ]



Relativistic Heavy-lon Collider RHIC

%

Absolute Polarimeter (HT jet)\A o pC Polarimeters
o

PHOBOS BRAHMS

Siberian Snakes
\
O

\

Spin flipper

Spin Rotators
(longitudinal polarization) ¥\ Spin Rotators

(longitudinal polarization)

LINAC BOOSTER

A

200 MeV Polarimeter x ""«— pC Polarimeter
10-25% Helical Partial Siberian Snake

5.9% Helical Partial Siberian Snake

/

Pol. H™ Source

« Internal Polarimeter

RHIC beam energy: Spin resonances:

100 GeV/u gold AGS: two partial snakes (11° and 45° spin rotators)
250 GeV polarized protons

RHIC: ~1000 spin resonances
-> two full Siberian snakes per ring




PHOBOS | 12000'dock - BRAHMS & PP2PP ( 3)
10:00 o’clock 2:00 o'clock

.:e"tr -

.
N\

PHEN’X{p '-‘ .._' = ~ 7 "' - - e vl - ' Z
8:00 o’clock ; ' o : 7 . STAR

6:00 o'clock
HEP/NP p) ‘m N




Siberian Snakes

AGS snake magnets:
twist helical dipoles 3 T superconducting (left), 1.5 T room temperature (right)

A

fuII’Siberian snake

© A. Lehrach / FZ]




Synchrotron Radiation

Bending magnet

Photon

p-Ap
Particle‘s trajectory

R

Emission of »~Quants:

« Perturbation of the Orbit
(recoil, dispersion)
« Slightly tilted invariant spin axis

—>

Simple

model:

Phase-Space:

longitudinal

horizontal

vertical spin

4. T

il

© J. Buon, CAS 95-06




Polarization Lifetime

Horizontal Polarization:

ENC@FAIR
full snake approach:

E[GeV] = Bltr g7 saees
2.4 2.6 N

Siberian snakes will not work for 10
high energy electron storage rings! 0! - 6 i 7
~ SO. Boldt / Uni Bonn



Synchrotron Radiation

Transition Rates : >
> nospinflip:  w..,w, B
> with spin flip: w, , w .
- ) - N . “\Uf‘%
Probability of a spin-flip transition:
WAV+WVA _ l.(hfoclz <10—10 _ ” b t-
(WM + ww)—i— (wAv + wvA) 3\ E = Very smafl, but.

The beam will get polarized in a while dueto w., > w . !

_fz_ . W. —W, 8
Sokolov-Ternov-Effect: P(r)=PST(1—e % J with P, = ' = = 92.4%
W +W s 5\/§
Rise time: 7, | — cnfr))”
1 1

171 4 epol 1
Depolarizing effects: P, =P, —**— and —=—+
z-P + z-aiepc!ﬂ 4 z-P z-aﬂ@z)c}ﬂ




Polarization Rise Times

Some Accelerator Facilities:

» BESSY | /Berlin (0.8 GeV) 100 1
7=150 min, P > 75% 90 _
> SPEAR/SLAC (3.7 GeV) 80— //
=15 min, P > 70% S 70 Y/
> CESR/ Cornell (4.7 GeV) 5 50 L
7=300 min, P > 75% ‘_g 40 /
» DORIS/DESY (5.0 GeV) - 30 /
r=4min, P = 80% ?8 [
» PETRA/DESY (16.5 GeV) o L i L
r=18 min, P > 80% 0 50 100 150 200
> HERA/DESY (27.5 GeV) Time / min
=35 min, P = 70%
> LEP/CERN (46.5 GeV) [ Useful for energy calibration... ]

=300 min, P =57%

ﬂ Polarization comes ,,for free*, but that may take some time ... T




HERA with long. polarization

““Transverse” polarimeter (TFOL)

HERA - B

ZEUS

Y
/

MiniRotator

\

“*Longitudinal® polarimeter (LPOL)

HERA MiniRotator:
56 meters ,,short“, no quadrupoles
27 — 39 GeV, both helicities

Fay
nD
HERMES / \ 0
~1F_*"'_—__

= 7 p :
.E (LK1
|y
o
= 03

\ =
= o
E 04 ::

H1 H &
w ¢ o colliding bunches
/ 0.2 : * non-colliding bunches
]
(1 9 |
3I3 4 EI{'- EIH 3IU 32
time (h)
i TH3 TH2 THI
op view e T P -
) — 4] i T
- i 1 horizontal dellections ’
J Degative helicity
side view 4 vertical deflections

c-bcam
direction
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How

C) Spin management, energy calibration



Spin Flip with RF Fields

CP /7~ spin oscillation frequency: \
A A _
_y’ ~— Oy = Bpe,) A
,_ Resonance condition:
- _
Spin-Flipper: W_ = Oy’ (k+ 7/'3-)
Oscillating horizontal B-field

\ @, = O, (K+1-y-a) /

U Generation of rotating B-field by linear oscillating horizontal B-field (superposition!) 7

Causes depolarizing resonance: e ~
Y 1es Slow resonance crossing
longitudinal: & ;= == | B by slowly varying the
oscillation frequency
- _ e Itya rpms of the spin-flipper
ransverse: &5 4 = > [ Bdl \ P Pp Y



Spin Flip with RF Fields

Slow ,,Froissart-Stora* Transition

(Av over At) causes spin flip:

(mevy)?

— 2.p Av/At

Vector Polarization:

~u|o

. P
Tensor Polarization: -~ =

-1

e

Py /R

05 -

(vector polarization)




Results from COSY / FZJ

RF Solenoid

1
LEE 0.8 71
067

[ Bl = 0.69 Tmm
No influence on CO, but only useful at low Lorentz-y
RF Dipole 102
3
WE 1
10°1

[ Bl = 0.54 Tmm
Enhancement by Lorentz-y, causes CO distortions

L L I L B
PRELIMINARY {
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Results from COSY / FZ)

Spin flippin

Resonance strength

SRS MM LML Mt RN b |||||ﬁ|
osf & Lo 3| ®y P i
y B . = 1 i | (1/3,-1) I
Sl | ; S 1
T S e ',‘"
02 % i‘ — mg 1k * (+1,+1) ; ‘!
o> OF mosle o o o o - x - I
[ 2§ & \\w L
02F X O\ = W a) / \
o ]
04 F " -
TN ; ol ]
r % Pus ) o
-0.6 i } —e—( 0, 0) Q“*—Q,.‘,_g ]
L --m--(-%, 0) ]
[ ~ gy o) ]
ot i.. e §§¥ : i
YR N ; . ]
gL . o § 5 & § g
- 0: ; 23" g j_ b4 g C
o A e L .
02F g% " - 0.8 e Allspin states averaged -
-0.4:-,} i\\; . AP N BT B BT T I
06 F é I S 355 36 365 3.7 3.75 3.8 3.85
[ 1 p=1.85 GeV/c (Deuterons)
o b b A 1=().28, A/2=100 Hz Q,
0 10 20 30 40 50 > _
A [B,<d1=0.6 T'mm

Proton spin-flip efficiency: 99.92+0.04%
Deuteron spin-flip efficiency: 97 + 1%
© A. Lehrach / FZJ



relative polarization

Energy Calibration
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Beam energy from flipper oscillation frequency:

v v known
- g (K:Q
measured ?Sf C?'fe" ( a)

Nominal beam momentum 3150.5 [MeV/¢]
Revolution frequency 1403 832 = 6 [Hz]
Spin-resonance frequency 1011810+ 15 [Hz]
Orbit length 183.4341 = 0.0002 [m]
Relativistic y factor 1.9530 = 0.0001

Reconstructed beam momentum 3146.41 = 0.17 [MeV,’c]|

solenoid frequency (normalized) [kHZ]
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Coming:

Polarized anti-particles, new projects



New Projects

e*/e” - Collider:

» International Linear Collider (500 GeV)
» CERN Compact Linear Collider (3 TeV)
— polarized positrons

p/p-Collider:

— polarized antiprotons @ HESR/GS'PQ@M& EWS

Electron-lon-Collider:

» ELIC @ CEBAF / Jefferson Lab
> eRHIC @ RHIC /BNL

» ENC @QHESR / GSI
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Layouf a 500 GeV

797 klystrons 4
15MW, 139us | | |

drive beam accelerator
2.38 GeV, 0 Gl 3

2.5km
delay loop »

I Drive Beam ' @

. 4 4 797 klystrons
circumferences [ |' ( 15 MW, 139 ps
delay loop 73.0 m
CR12922m drive beam accelerator
CR2 4383 m 38 G .0G .

2.5 km
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decelerator, 24 sectors of 876 m
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6‘\/\- e~ main linac, 12 GHz, 100 MV/m, 21.02 km

2.75km
e* main linac TA

- e
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CR combiner ring

TA  turnaround

DR damping ring

PDR predamping ring

BC bunch compressor
BDS beam delivery system
P interaction point

- durmp e~ injector,

2.86 GeV

booster linac, 6.14 GeV

| Main Beam '

et injector,
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Layout at 3 TeV




Generation of Polarized Positrons

Idea: Circularly polarized y — longitudinally polarized e~ and e*

4 )
\ = <
10...60 MeV\f\j
M
e+
\_ ~0.4 X0 (Ti or W) Y,

Methods to produce circularly polarized photons:

Helical Undulator Compton Backscattering
| A L \\' -II o I:;;(k\‘ ((\
‘ \ {il 7 {J.: \(} 2 ve?
BN f(_":? Y
- Circularly Polarized :r,_ _(/;ffj -
3 ‘, \ A -Pho‘[ons 1E/e”)\ji\ij i =~
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Demonstration Experiments

E166 @ SLAC: 46.6 GeV e- beam

v, e = j00f
Toro HSB, WS[L:I:I:E:IEI:EWIZI:I Heor . E 803
BPM, OTR |:|-:-:-:-:-:-:-:IBPM2 HSB, . t—g 605
g 40:—, = e
Helical undulator: 3 °© € . o
(1m long, A=2.25mm, K=0.17, aperture .g’ 20:_ ......... Ziggﬁtgg §- ';gllg?iig?igg
0.9mm) ® Y S S I S R
E_. (MeV)
KEK-ATF: 1.28 GeV e~ from ATF with maximum enerav of 56 MeV
2nd harmonic of TAG laser - gy
(C ompton scattering) ¢ beam (Pair creatiDID
Polarized e
olarized e
1.28GeV Polarized y-ray H Polarized e"
i -, « +, Tungsten e
¢ beam Emax= 56 MeV¥
Circularly Polarized
Laser Light <— Spin
A =532nm




ile 11 Positron Source Layout

Pre-accelerator

~147 GeV e~ Target QN Booster Linac
(cryomodules to boost energy to 5 GeV)
150 GeVe™
— —
4 L3

Helical
Undulator f t w & v Dump

< OMD captureRF E
Collimator puure e~ Dump =
(upgrade) (125 MeV) Damping Ring

7

=@~ CLIC Compton Linac

» Compton backscattering inside a CO, laser amplifier cavity
f » Production of 1 photon per electron (demonstrated at BNL)
CO, amplifier
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i
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312 pulses ~ 'Meraction point » 10 consecutive Compton IPs to accumulate y flux




—&@- CLIC e* Injector with Compton Ring

Compton RiInQ:

E =1.06 GeV e* DR 1100 turns makes 312 bunches
C =46.8m 5 86 GeV/ with 4.4x10° e*/bunch

Ve = 200 MV

frp =2 GHz

Bcp = 0.05m

e* PDR and
Accumulator
ring

156 ns/turn, 312 bunches
with 6.2x10° e/bunch

\ Drive Linac  RF gun

Injector Linac
2 GHz

Compton 2 GHz . Pre-injector
ring TY/e t Linac for e* \
— ) 200 eV
_ - 8 \ 156 ns x1100 turns
YAG %mg ~h4>;10 2 GHz ~ 4x106 pol. > 170 ps pulse length
Laser cavity photons et/turn/bunch for both linacs

/turn/bunch



,',IE Spin rotation and helicity reversal @ 5GeV

K. Moffeit et al., SLAC-TN-05-045 -> fast reversal before DR (5 GeV)

B «icker Magnet Spin Direction

LTR Solenoid
‘ B M t
SdiMacie Right Left
Il Solenoid ~3.5m Off o® o® Off @ ®
. Quadrupole off o® o® On l- I
On Off —)
Focus Reflectol .
Reflector \;?:::5 “ =%  Quads ! Positron
@ _ ouads 1 — LINAC
@ e+ Solenoid e+ Bend e+ Solenoid

System 1 System System 2
®
O
Positron Damping Ring
® 5 GeV i A

Bend Magnet for
Solenoid Line with
positive Field

parallel spin rotation
beam lines for randomly
selecting e+ polarization;

Bend Magnet for
Solenoid Line with
positive Field

|

Spin Direction

T o

From polarized

pair of kicker magnets is e | Posiron sourcs
turned on between pulse-trains T e e* LTR Solencid Kicker for Solenoid
Line with negative K Moffeit 10 Feb 2005
Field

“Compton source”:
fast helicity reversal for e+ by reversing polarization of laser




FAIR@ GSI/ Darmstadt
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Future HESR Upgrade Options
Polarized Proton-Antiproton Collider
P@@P’ % Antiﬂn EXpgAiments
HesR 15 GeV/c — 3.5 GeV/N X

Spin Filtering
Antiproton Polarizer (APR)
Asymmetric Collider

tune jump Quads,
partial snake

Pt

new
70MeV linac

Linac \
7 M) )ULICH ‘ ot
B — s eSynchrotron spin rotators

Polarized Electron-Nucleon Collider ENC

full snake

eCooI 8. 2MV

Accelerator Working Group:

HESR
(15GeVl/c,
y = 16)

around IR

O
=1 —
eRing (3.3GeV)

A. Lehrach, Polarized Beams at Julich



Polarized Antiprotons

. _, » _» _» P beam polarization
Otot = Og *+ 0,°P*Q + 0"(P-k)(Q"K) Q target polarization
k || beam direction

For initially equally populated spin states: T (m=+%) and { (m=-%)
transverse case: longitudinal case:

Cpw =0pt0, -Q G =0 £ (o, + C7||) -Q

Figure of merit: P%|
= Two beam life times

Unpolarized
antiproton beam \A

Polarized H°
target

A. Lehrach, Polarized Beams at Julich



Polarization of a Stored Beam by Spin-Filtering

Experiment with COSY / schematic

e
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ELECTRON
COOLER

D-CLUSTER
TARGET &

DETECTORS
Spin-
flipper

POLARIZED
H - GAS TARGET

i

COSY Cycle

« Stacking injection at 45 MeV

* Electron cooling on

* Acceleration to 49.3 MeV

« Start of spin-filter cycle at PAX: 16 000 s

* PAX ABS off

* ANKE cluster target on

* Polarization measurement (2 500 s) at ANKE
* Spin flips with RF Solenoid

* New cycle
with different direction of target polarization

PAX Collaboration

COSY Cycle / schematic
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Conclusions:
what should be remembered?

(Spin dynamics is complicated ?! ©)

Generation of polarized beams:
» Sources for polarized protons/deuterons and electrons
» Self polarization of electrons in storage rings

Acceleration of polarized beams:

» Depolarizing resonances «<» compensation measures
» Spin management — precise energy calibration

There are new projects on the horizon ...

Thank you for your attention!




