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Polarized proton beam at RHIC .

 A. Zelenski, Brookhaven National 
Laboratory



Why study the proton (electron) 
spin?

• Spin (intrinsic angular momentum) is a 
fundamental quantum mechanical property of 
elementary particles (like mass, charge).

•  Atoms and nuclei can not exist without the spin.

•   “… without spin and associated with it statistics 
the whole universe would collapse”. 

• S.Tomonaga, “The Story of Spin”.





85 participants, 52 talks. Published AIP Conf.Proc. No.980, 2008



RHIC - High Luminosity (Polarized) Hadron Collider



Integated luminosity for polarized proton 
collisions.











June 24, FILL 10986, 6.18 hr, Int-0.623 pb-1, <L> =28.45∙1030

89%-efficiency

94%-efficiency



Foundations of the SPIN-PHYSICS  at  
RHIC. 

  High-intensity polarized proton source.

  “Siberian snakes” to preserve polarization.

  P-P and P-Carbon CNI polarimeters.

 Theoretical “tools”, QCD calculations.



RHIC: the “Polarized” Collider

 

STAR
PHENIX 

AGS, 24GeVLINAC

BOOSTER, 2.5 GeV

Pol. H-  ion source

Spin Rotators

20% Snake

Siberian Snakes

200 MeV polarimeter

RHIC pC “CNI” 
polarimeters

RHIC

Absolute H-jet
polarimeter

Design goal - 70% Polarization   L max = 1.6 ×  1032 s-1cm-2   50 < √s < 
500 GeV

AGS pC “CNI” polarimeter

5% Snake

Polarization facilities at RHIC.



Polarized beams at RHIC.

OPPIS

LINAC

Booster

AGS

RHIC

1.5-1.7 p/bunch, P 
~65-70%

10∙1011(maximum 40∙1011) polarized H- /pulse.

5∙1011  polarized H- /pulse at 200 MeV, P=85-90%

2∙1011   protons /pulse at 2.3 
GeV

Maximum RHIC bunch intensity ~1.5 1011 
p/bunch
Polarization -60-65% at 100 GeV





Polarized ion sources at 
RHIC.

• Optically-Pumped Polarized H- Ion 
Source (OPPIS).

• Polarized D source for Deuteron 
EDM experiment (proposal).

• Polarized 3He++ ion source on the 
base of EBIS for future eRHIC.



Optically-Pumped Polarized H- Ion Source (OPPIS) at RHIC,
(originally developed in collaboration between KEK, BNL, 

TRIUMF and INR Moscow).
RHIC OPPIS produces 
reliably 0.5-1.0mA
(maximum 1.6 mA) 
polarized H- ion current.
Pulse duration 400 us.
Polarization at 200 MeV 
P = 85-90%.

Beam intensity 
(ion/pulse)

routine operation:
Source         - 1012 

H-/pulse
Linac (200MeV)   - 

5∙1011

AGS                  - 
1.7∙1011

RHIC                 - 
1.4∙1011  

                     

(protons/bunch).

A beam intensity greatly exceeds RHIC limit, which 
allowed strong beam collimation in the Booster, to reduce 
longitudinal and transverse beam emittances.  



Polarized H- ion current pulse out of 200 MeV 
linac.

Faradey rotation 
polarization sinal.

500 uA cuurent
At 200 MeV.
85-hole ECR
Source for the
maximum 
polarization.

400 uS 12·1011 -polarized 
H- /pulse.



SPIN -TRANSFER POLARIZATION IN PROTON-Rb COLLISIONS.

Rb+

H+ H+Proton 
source

Laser-795 nm
Optical pumping
Rb: NL(Rb) ~1014 cm-2 

Sona
transition

Ionizer
cell

H-

Laser beam is a primary source of angular momentum:

10 W (795 nm)                  4•1019 hν/sec              2 A, H0  equivalent 
intensity.

Supperconducting 
solenoid  25 кГс

1.5 kG field
Charge-exchange 

collisions:σ ~10-14   cm2

Na-jet ionizer cell:

NL(Na)~ 3•1015 cm-2 

Electron to proton 
polarization transfer

ECR-29 GHz 
Н+ source

Rb+



SCHEMATIC LAYOUT OF THE RHIC OPPIS.

29.2 GHz ECR
 proton source

SCS solenoid

Probe
laser

Na-jet
Ionizer

cell

Pumping
laser

Cryopumps

Correction coil

Sona-shield

Rb-cellSCS -solenoid



H- beam acceleration to 35 keV at the exit of Na-jet ionizer cell.

Na-jet cell is isolated and biased to –32 keV. The H- beam is accelerated
in a two-stage acceleration system.

-32 kV

H-

35 keV

-28 keV -15 keV



Sodium-jet ionizer cell.

• Reservoir– operational temperature.
• Tres. ~500 оС.
• Nozzle– Tn ~500 оС.
• Collector- Na-vapor condensation: 

Tcoll.~120оС
• Trap- return line. T ~ 120 – 180 оС.

Transversal vapor flow in the  N-jet cell 
Reduces sodium vapor losses for 3-4 orders
of magnitude, which allow the cell aperture
 increase up to 3.0 cm .



Old LEBT & MEBT layout

Optics
box

750 keV

35 
keV



LEBT upgrade for 2009 Run.

23.7deg

Spin-rotator
at 35 keV

Einzel
lens

LS
P

H- source

   Spin-precession will be reduced to minimum required for 
vertical polarization direction in Linac. This should reduce the 
polarization profile generation in LEBT. 
   Significantly smaller beam emittance out of Linac is also 
expected due to improved matching between RFQ and Linac.

RF
Q

Linac



A new 750 keV MEBT line



Sona-transition. 
Polarization 

transfer from 
electrons to 

protons.

Sona-
transitio
n

ECR-zone

Correction 
coil



Sona-transition, P.G.Sona, Energia Nucleare, 1976 
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Bs<<BR ~ R (dB/dZ)  << 2 G/cm – limitation on Bz gradient and beam
                                    BZ=0             size at the zero crossing point.

ΔmF = +/-1 – π- transitions,    ΔmF = 0 – σ- transitions. 



Bz-field component in the Sona-transition region.

Sona-shield
Soft steel cylinder

Mu-metal incert.

Na-jet

-

dBz/dZ<< 0.2 G/cm

Correction Coil

Multiple charge-exchange:   H0     H-      H0        H-



Polarization oscillations in the Sona-transition, Run - 07.

85%

Polarization at 200 MeV vs. Correction 
Coil current

50 A

After Sona-transition upgrade, Run 07
Simulations and field measurements.
A new diam. 4.0” Sona-shield
A new Correction Coil
Optimized positions for shield and CC 
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Off-axis behavior
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Sona-transition simulations, A.Kponou

A.Belov , INR Moscow developed a computer code for calculation of
 hyperfine  sublevels population in variable magnetic field. 
This code was successfully  aplied to the Sona-transition simulations 
in the RHIC OPPIS. 



State 2 (r=5 mm)

State 2 r = 5 mm  CC set pt = 2.63 (65.75 A)
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200 MeV Polarization CC Scan on 4/4/07
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After Sona-transition upgrade, 
Run 07
Simulations and field 
measurements.
A new diam. 4.0” Sona-shield
A new Correction Coil
Optimized positions for shield 
and CC 

97.5%



Polarization vs. ionizer solenoid current with the 12mm collimator.
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Maximum polarization from 
the correction coil scans, 
collim. -12 mm.

160 A ↔1.16 kG,     81.6%  
  (95.9%)

200 A ↔1.45 kG,     84.9%  
  (97.0%)

250 A ↔1.81 kG ,    88.1%  
  (98.1%)  

Expect
ed

23 mm collimator.

200 A ↔1.45 kG,    82.5%    (97.0%)

250 A ↔1.81 kG ,   84.5%    (98.1%)  
A new ionizer solenoid:
250 A ↔1.98 kG ,   90.0%    (98.4%)

Expected



91.2+/-1.5%



200 MeV p-Carbon and p-D 
polarimeter.

D-recoil 
arm

12 deg. 
Proton 
arms



Polarimeter calibration, Run 2002-03,
(after EL installation).

Run # P,  pD P,    pC Ratio

158, April 7 78.6+/-6.5 73.0+/-0.2 1,07

159 79.5+/-4.5 72.8+/-0.2 1.09

160 74.7+/-6.8 72.9+/-0.2 1.03

161 85.6+/-3.7 73.0+/-0.2 1.17

162 79.2+/-3.4 74.0+/-0.2 1.07

169, April 9 78.6+/-5.0 72.5+/-1.5 1.08

174 76.7+/-5.1 73.0+/-1.0 1.05

191, Febr6,2003 90.7+/-7.6 75.5+/-1.5 1.20

197, Febr25, 2003 79.8+/-5.4 64.5+/-0.7 1.23

207, March2,2003 73.3+/-7.8 64.6+/-0.5 1,13

There is a plan to rebuilt proton-deuteron polarimeter
 and repeat calibration in 2010 Run.



OPPIS with Fast Atomic Beam Source

31 2 4 5 6 7 8

General layout: 1- high-brightness plasmatron proton source; 2 – focusing lens; 3- 
H2 neutralizer cell; 4-superconducting solenoid; 5-He ionizer cell; 6-Rb vapor cell; 
7- Sona transition; 8- sodium-jet ionizer cell.

The RHIC OPPIS upgrade with the “atomic H injector
 is funded and will be implemented in 2010-12.



Proton “cannon” of the atomic H injector.

The source produced 3 A ! 
pulsed 

proton current at 5.0 keV. 

~20-50 mA H- current. P=75-80% 
~10 mA ,                       P=85-90%.
~ 300 mA unpolarized H- ion current.

Ion Optical System with “geometrical focusing”.



Beam intensity and polarization in the pulsed OPPIS, 
TRIUMF 1999.

Beam energy, keV 2.0 3.0 4.0

H- ion current, mA 5.0 8.0 14.0

Proton current, mA 16.0 50.0

Polarization, % 55± 5 42± 5 30 ±5

10 kG

25 
kG



OPPIS with the “Fast Atomic Hydrogen Source”
(Towards 100% polarization in OPPIS).

•     Higher polarization is also expected with the 
fast atomic beam source due to: 

     a) elimination of neutralization in residual hydrogen;
     b) better Sona-transition efficiency for the smaller ~ 1.5 cm 

diameter beam;
     c) use of higher ionizer field (up to 3.0 kG), while still keeping the 

beam emittance below 2.0 π mm∙mrad, because of the smaller 
beam – 1.5 cm diameter.

• All these factors combined will further increase polarization in the 
pulsed OPPIS to:

    over 90% and the source intensity to over 10 mA. 
    (A new superconducting solenoid is required).

• The ECR-source replacement with an atomic hydrogen 
injector will provide the high intensity and high polarization 
beam for polarized RHIC luminosity upgrade and for future 
eRHIC facilities.  



 Electron energy range from 3 to 20 GeV
 Peak luminosity of 2.6 × 1033 cm-2s-

 high electron beam polarization (~80%)
 full polarization transparency at all 

energies
 multiple electron-hadron interaction points

PHENIX

STAR

e-cooling (RHIC 
II)

Four e-beam passes

e+ storage ring 
5 GeV - 1/4 RHIC circumference

Main ERL (3.9 GeV per pass)

eRHIC-electron Ion Collider at BNL

Collision of polarized electron
beam with polarized proton, 3He,
heavy ion beams.

The AGS and RHIC “Siberian snakes” 
should  preserve the 3He++ beam
polarization.



EBIS ionizer for polarized 3He gas (proposal).

He(2S)→
He(1S)

He-3 
metastability
-exchange 
polarized cell

P - 80-90%.

Pumping 
laser

1083 nm.

  EBIS-ionizer,

   B~ 50 kG

RFQ

He-transfer line. Valve.

~50·1011  , 3He /pulse. 

2.5·1011 
He++/pulse



Electron Beam Ion Source at RHIC

E-Gun

(10 A)

Drift Tube Structure

Electron Collector
Superconducting 
Solenoid (6 T)

Acceleration 
Tube

What intensity is expected?
Capacity will be 1012 charges/

pulse
  ~ 2-3 x 1011 3He++ ions per 

pulse ?



D-EDM exp’t proposed to 
PAC in May 2008, with 
sensitivity goal of 10−29 e⋅ cm

Spokesperson:  Yannis 
Semertzidis (BNL)

23 collaborating institutions



Polarized beam acceleration in AGS and 
RHIC.







Polarization measurements during the energy ramp in AGS



AGS polarization vs beam intensity



Leif Ahrens talk, at 2009 RHIC retreat



Polarimetry at RHIC.

Low energy polarimeters (Lamb-shift, 200 
MeV).

P-P and P –Carbon CNI polarimeters in AGS 
and RHIC.
Absolute H-jet polarimeter. Y.Makdisi talk this 
afternoon.

Local polarimeters at STAR and PHENIX. 
M.Togawa talk this afternoon.



the left – right scattering asymmetry AN arises from the interference of

the spin non-flip amplitude with the spin flip amplitude (Schwinger)

in absence of hadronic spin – flip contributions

AN is exactly calculable (Kopeliovich & Lapidus):

hadronic spin- flip modifies the QED
“predictions”

interpreted in terms of Pomeron spin – flip
                                    and parametrized as

AN for Coulomb -Nuclear 
Interference.

)Im()Im( *
2

*
1

had
flipnon

had
flip

had
flipnon

em
flipN CCA −− += φφφφ

∝(µ−1)p          ∝√σpphad

( )
απ

σµ
σ

απ
Z
t

y
y

y

m

Z
A

pA
tot

pA
totp

N 8
1

1

8
2

2/3

2 =−
+

=






 −
+−

−
→

−
25 2

1

2

1

2

1
II ppp µµµ

AN (t)

had

p

had

m
t

s 05 )( φτφ −=



Proton-Carbon CNI polarimeter in 
RHIC.

Ultra thin Carbon 
ribbon Target

(3.5µg/cm2 ,10µm)beam
view

1

34

5

6

RHIC x 2 rings

2

Si strip detectors
(TOF, EC)

30cm • Measuring the recoil carbons from 
• Carbon identification by kinematics 

cut (banana cut)

CpCp ↑↑ →

RL

RL
LR

N

LR
B NN

NN

A
P

+
−== εε

   , 

0.015AN ≈ originates from 
anomalous magnetic moment of  p

Ebeam = 100 GeV
unpublished

Run04



P-Carbon CNI polarimeter. 

11

3344

55

66

22

Polarized 
proton

Recoil 
carbon

Carbon target

↓↑
LL NN or  

↓↑
RR NN or  

↓↑or

Elastic scattering: interference between electromagnetic and 
hadronic amplitudes in the Coulumb-Nuclear Interference (CNI) 
region



The RHIC p-Carbon CNI polarimeter upgrade for 
the beam polarization and intensity profile 

measurements (G.Mahler, S.Bugros)



The CNI polarimeter upgrade for the 
2009 Run.

• Two identical target motion mechanisms and 
detectors assemblies were installed in new 
vacuum chambers in each ring. 

• One polarimeter is used for the vertical 
polarization and intensity profile measurements 
and the other was used for the horizontal profile 
measurements (or vice versa).

•  As a result the systematic polarization, 
polarization profiles and emittance 
measurements were obtained for both the 
vertical and horizontal planes (in previous Runs 
the measurements were limited to one plane, due 
to long target switching time).



 Additional set of detector ports had facilitated new 
detectors development, while keeping the established 
technique intact.

 Two sets of targets extended the period between target 
replacements and reduced the machine downtime. 

 Additional polarization and emittance measurements can 
be done  with extra set of targets (polarization and emittance 
measurements during  the energy ramp).



Measurements with p-Carbon CNI 
polarimeter

• Polarization, polarization profile 
measurements in the scanning mode.

• Polarization losses during acceleration and 
store.

• Polarization decay during store.

• Beam intensity profile (emttance) 
including bunch-by-bunch.

• Emittance measurements cross-
calibrations.

• Emittance measurements on the ramp.



December 4, 2008



New target motion mechanism.



Polarization measurements in RHIC at 100 GeV.

Polarization at 100GeV
in RHIC 60-65%



250 Gev



Yellow, Vertical-15pi, Horiz-13 pi



Blue, Horiz-13.7pi



V-10.8pi, H-12.6pi



Yellow, Vertical-15pi, Horiz-7.5pi



H-jet polarimeter.   

• The H-jet polarimeter includes 
three major parts: polarized 
Atomic Beam source (ABS), 
scattering chamber, and Breit-Rabi 
polarimeter. 

• The polarimeter axis is vertical 
and the recoil protons are 
detected in the horizontal plane. 

• The common vacuum system is 
assembled from nine identical 
vacuum chambers, which provide 
nine stages of differential 
pumping. 

• The system building bloc k  is a 
cylindrical vacuum chamber 50 cm 
in diameter and of 32 cm length 
with the four 20 cm (8.0”) ID   
pumping ports. 



H-JET POLARIMETER SCATTERING CHAMBER.



Hydrogen Gas Jet and Carbon Wire Targets.

Gas Jet Target Carbon Wire Target

Beam Cross Section


  

€  

r 
p 

FWHM~1.8mm

Average Pave Peak Ppeak



Beam and target are both protons
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H-Jet polarimeter 

Ptarget is measured by Breit- Rabi Polarimeter

<5%

Elastic scattering: Interference between 
electromagnetic and hadronic amplitudes 
in the Coulumb-Nuclear Interference (CNI) 
region
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HJet: Identification of Elastic 
Events

 proton beam

Forward scattered
proton

proton 
target recoil proton

Array of Si detectors measures TR & ToF of recoil proton. 
Channel # corresponds to recoil angle θR.
Correlations (TR & ToF ) and (TR & θR )  the elastic process 

71

BLUE 
beam

YELLO
W 
beam

Energy vs Channel #

ToF vs Energy



H-Jet: Identification of Elastic Events

Ch#1

α  source for 
energy calibration 
241Am(5.486 MeV) 

 proton beam

Forward scattered
proton

proton 
target recoil proton

Array of Si detectors measures TR & ToF of recoil proton. 
Channel # corresponds to recoil angle θR.
Correlations (TR & ToF ) and (TR & θR )  the elastic process 

Ch#2Ch#3Ch#4Ch#5Ch#6Ch#7Ch#8Ch#9Ch#10Ch#11,12Ch#13
Ch#16Ch#1-1

6

θR
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#16
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m
L≈cal.ToF



H-Jet polarimeter: AN in pp

( ) 2*Im had
NF

em
NF

had
SF

had
NF

em
SFNA φφφφφ +≈

24 GeV: calculations with no 
hadronic spin flip amplitude 
contribution are not consistent with 
data

100 GeV: calculations with no 
hadronic spin flip amplitude 
contribution are consistent with 
data

More data to come: 
24 GeV: take more data in Run9/10
31 GeV: finalize analysis of data from Run6
250 GeV: take data in Run9/10

target

target

P
A ppN

ε
=

24 GeV

100 GeVPLB638, 450

Preliminary
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H-jet is an ideal polarimeter !

• High (~4.5%) analyzing power in a wide energy range (23-250 
GeV).

• High event rate due to high intensity (~100 mA) circulated 
beam current in the storage ring (~6% statistical accuracy in 
one

     8hrs. long fill). High polarized H-jet density in RHIC ABS.
•  Non-destructive.
• No scattering for recoil protons.
• Clean elastic scattering event identification.
• Straightforward calibration with Breit-Rabi polarimeter.
• Most of the false asymmetries are cancelled out in the ratio:

               P beam =( 1/A)Beam asym / Target asym Problem.
 Polarization dilution by H2, H2O and other residual 
gases.
Largest source of systematic error.



Polarization measurements in RHIC with the 
H-jet polarimeter. 

PTarget

APP

PB

ApC

PB – beam 

polarization 

Exp.asymm.(pp)

22-250 GeV beam energy.

± 5% absolute accuracy.

Analyzing power 
measurement

Exp.asymm.(pC)

Measured to ±1% accuracy by the BRP 
and background evaluation.



√S=200 GeV, 2009 Run.  Polarization in Yellow 
Ring



√S=200 GeV, 2009 Run.  Polarization in Blue 
Ring



Polarized H-Jet: AN 

Weak (if any) 
energy dependence 
⇒ 
pp elastic 
scattering in CNI 
region is ideal for 
polarimetry in wide 
beam energy range

pp-CNIUsed for 
polarization 

measurements

24 GeV: PRD 79, 094014(2009)
31 GeV: Preliminary, Run 2006
100 GeV: PLB 638 (2006) 450
250 GeV: Preliminary, Run 2009



PHENIX local polarimeter, 
(M.Ogawa talk this afternoon).





PHENIX Local Polarimeter, Run 2009

Blue beamYellow 
beam

Left-Right

Up-Down

Left-Right

Up-Down

5 min data !
(in scaler mode)

Precisely monitor bunch-by-bunch polarization and 
polarization vs time in a fill (for transversely polarized 
beams)

Asymmetry vs bunch #



STAR Local Polarimeter
BBC: Asymmetry vs bunch 
#

Monitors spin direction in 
STAR collision region
Capable to precisely monitor 
bunch-by-bunch polarization 
and polarization vs time in a 
fill



Polarization measurements on the energy ramp 
to 250 GeV.



Vertical tune scan at 250 GeV.

Vertical tune



250 GeV,  Yellow/H-Jet



June 24,2009, FILL 10987, 4.75 hr, Int-0.554 pb-1, <L> = 32.4∙1030 
1/cm2 s







LHC HI starts

Luminosity upgrade:

Further luminosity 
upgrades (pp, low-E)

RHIC-II science by-
passing RHIC-II project

Opportunity for up-
grade or 1st EIC stage

RHIC, RHIC-II, LHC-HI and EIC 
         science share a common 

theme…

EIC = Electron-
Ion Collider; 
eRHIC = BNL 
realization by 
adding e beam to 
RHIC

S.Vigdor
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