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In Memory
Ernest D. Courant
1920 - 2020

1948 Courant joined the BNL team that 
was building the Cosmotron
He co-invented and developed the strong 
focusing principle, the basis of most 
modern accelerators including RHIC
“Little did I know when I joined Brookhaven 
back in 1948 that accelerator physics 
would be my whole career,” Courant said 
at the 2010 RHIC/AGS Users’ Meeting.
Courant also coined the name “Siberian 
snake” and first proposed the use of helical 
dipoles for Siberian snakes
Long-term member of the International 
Spin Physics Committee



In Memory
Satoshi Ozaki
1929 - 2017

Master’s degree from Osaka University and Ph.D. from MIT
Developed first multi-purpose detector, the AGS Multi-Particle 
Spectrometer, at BNL
Project leader and Director of the 30 GeV electron-positron 
collider TRISTAN in Japan, the world’s highest energy e+e-
collider at the time
He returned to BNL in 1989 to lead the successful RHIC 
construction project
Central to the establishment of RIKEN BNL Research Center
Strong supporter of the RHIC Spin Collaboration and 
polarized protons in RHIC
2013: Order of the Sacred Treasure, Gold Rays with Neck 
Ribbon for the promotion of Japan-US cooperation in physics



In Memory
Willy Haeberli
1925 - 2021

Ph.D. in Physics from University of Basel (at the time a center of 
nuclear spin physics)
Professor of Physics at University of Wisconsin, Madison
Foundational contributions in spin-polarized beams and targets as a 
tool to study spin effects in nuclear and particle physics. 
Development of pure, spin-polarized gaseous targets of hydrogen or 
deuterium for use primarily in high energy storage rings
RHIC absolute polarimeter using polarized atomic hydrogen
Long-term member of the International Spin Physics Committee
Personal note: Willy was a collaborator in my thesis experiment and 
greatly benefited from his sage advice.



5

Acceleration of Polarized Beams

Progress in accelerator technology is motivated by and has driven 
advances in particle and nuclear physics
This started with Ernest Lawrence’s first cyclotron (1931) and 
continues to this day.
The exploration of spin in nuclei and nucleons required the 
development of polarized sources and the acceleration of polarized 
beams
I will focus on the acceleration of polarized protons from MeVs to 
100s of GeV.
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Spin Dynamics in Rings

Precession Equation in Laboratory Frame: (Thomas [1927], Bargmann, Michel, Telegdi [1959])

dS/dt = - (e/gm) [(1+Gg)B^ + (1+G) B!! ] ´ S       (G=(g-2)/2 : anomalous gyromagnetic ratio)

Lorentz Force equation:

dv/dt = - (e/gm) [            B^ ] ´ v

For pure vertical field: Spin rotates Gg times faster than motion, spin tune nsp = Gg

For spin manipulation: At low energy, use longitudinal fields
At high energy, use transverse fields
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Depolarizing Spin Resonances

Depolarizing resonance condition:
Number of spin rotations per turn = Number of spin kicks away from stable direction per turn
Spin resonance strength e = Number of full spin rotations due to resonance per turn

Imperfection resonance (magnet errors and misalignments):
nsp = n

Intrinsic resonance (Vertical focusing fields):
nsp = Pn± ny P: Superperiodicity [AGS: 12]

ny : Betatron tune [AGS: 8.75]

Weak resonances: some depolarization
Strong resonances: partial or complete spin flip

Illustration by W.W. MacKay



Polarized Proton Accelerations at the ZGS

ZGS (up to 70% at 12 GeV/c):
Weak resonances (emax ~ 0.002)

Timing of betatron tune jump using 
polarization measurement
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The RHIC Accelerator Complex

Highly flexible and 
only US Hadron 
Collider

Injectors also provide 
beams for unique 
applications

RHIC

LINAC
Booster

AGS

Tandems

STAR

PHENIX

Electron lenses
Polarized Jet Target

RF

(Electron cooling)

EBIS

BLIP
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First Effort to Accelerate Polarized Protons in AGS

In the 1980s, Alan Krisch and Larry Ratner led the first effort to polarize the AGS by correcting the 
approximately 50 imperfection and intrinsic depolarizing resonances. This was a truly heroic effort!

1/95 correction dipole; 1/10 pulsed quadrupole; main field



First Effort to Accelerate Polarized Protons in AGS (cont’d)

AGS (up to 42% at 22 GeV/c):
Strong resonances (emax ~ 0.03)

Timing of betatron tune jump and adjusting 
dipole correction strength using 
polarization measurement
Setting up polarized proton acceleration to 
22 GeV required:
6 pulsed quadrupole timing scans and
2 × 40 harmonic corrector scans (sin + cos)
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Siberian Snakes (Local Spin Rotators)

d ¹ 0¡ ® nsp ¹ n 

No imperfection resonances
Partial Siberian snake (AGS)

d = 180¡ ® nsp = ½
No imperfection resonances and
No Intrinsic resonances
Full Siberian Snake (Ya.S. Derbenev and A.M. Kondratenko)

Two Siberian Snakes (RHIC): nsp = (a2-a1)/180¡ (a1,2: angles between 
snake axis and beam direction)
Orthogonal snake axis: nsp = ½ and independent of beam emittance

cos(180¡nsp) = cos(d/2) · cos(180¡ Gg)
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Polarized Protons in the AGS Today

Two strong partial Siberian snakes using variable-pitch helical dipoles
Vertical betatron tune at 8.98!
Pulsed quadrupoles to jump across the many weak horizontal spin 
resonances driven by the partial snakes.
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Larry Ratner, Haixin Huang and TR in AGS MCR.
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First Siberian Snake Test at IUCF

Full Siberian snake: 180° spin rotator without changing particle orbit.
First full solenoid Siberian snake with optical correctors: 4 straight and 
4 rotated quadrupoles (0 and 360 degrees betatron phase advance)

VOLUME 63, NUMBER 11 PHYSICAL REVIEW LETTERS 11 SEPTEMBER 1989

First Test of the Siberian Snake Magnet Arrangement to Overcome Depolarizing Resonances
in a Circular Accelerator

A. D. Krisch, S. R. Mane, ' R. S. Raymond, T. Roser, J. A. Stewart, K. M. Terwilliger, i

and B. Vuaridel
Randall Laboratory of Physics, The University ofMichigan, Ann Arbor, Michigan 48109

J. E. Goodwin, H-O. Meyer, M. G. Minty, P. V. Pancella, R. E. Pollock, T. Rinckel, M. A. Ross,
F. Sperisen, and E. J. Stephenson

Indiana University Cyclotron Facility, Bloomington, Indiana 47408

E. D. Courant, S. Y. Lee, and L. G. Ratner
Brookhaven National Laboratory, Upton, New York 11973

(Received 25 July 1989)

We studied the Gy 2 imperfection depolarizing resonance at 108 MeV, both with and without a Si-
berian snake, by varying the resonance strength while storing beams of 104- and 120-MeV polarized
protons at the Indiana University Cooler Ring. We used a cylindrically symmetric polarimeter to simul-
taneously study the effect of a depolarizing resonance on both the vertical and radial components of the
polarization. At 104 MeV we found that the Siberian snake eliminated the effect of the nearby Gy 2
depolarizing resonance.

PACS numbers: 41.80.—y, 07.77.+p, 29.25.Fb, 29.75.+x

In all circular proton accelerators there are certain en-
ergies where the spin precession frequency exactly
matches the frequency with which the protons see depo-
larizing magnetic fields. At these "depolarizing reso-
nances" any horizontal fields can interact coherently
with the spins and rapidly depolarize the beam. The suc-
cessful acceleration of polarized proton beams to GeV
energies at the ZGS, ' Saturne, the AGS, and KEK
required considerable effort to overcome the depolarizing
resonances individually. The number of resonances is
approximately proportional to the energy; thus, at TeV
energies there are thousands of depolarizing resonances,
and maintaining polarization will be very difficult.
An arrangement of magnets, called a Siberian snake,

was proposed to simultaneously overcome all imperfec-
tion and intrinsic depolarizing resonances. On each turn
around the ring, a snake rotates the spin of each proton
by 180' about a horizontal axis. The effects of the depo-
larizing horizontal magnetic 6elds then exactly cancel
themselves on successive turns; this cancellation should
eliminate all depolarization. To test this concept, we
constructed and installed a Siberian snake in the new In-
diana University Cyclotron Facility (IUCF) Cooler
Ring which is shown in Fig. 1.
We recently injected, stored, cooled, stacked, and spin

analyzed 104- and 120-MeV polarized proton beams in
the Cooler Ring. We then studied the effect of the
Gy 2 depolarizing resonance at 108 MeV on these po-
larized proton beams. The stored beams of polarized
protons each had an intensity of about 20 nA and a cycle
period of about 4 sec. We used the CE-01 detector,
which is cylindrically symmetric, to simultaneously mea-
sure the vertical and radial components of the beam po-
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FIG. 1. Diagram of the IUCF Cooler Ring with the Siberi-
an snake test installed. Note the kicker magnets for injection
of polarized beam, the CE-01 detector used as a polarimeter,
the Siberian snake, and the Cooler Ring solenoids. Each arrow
indicates the stable horizontal polarization direction at 108
MeV with the snake on.

larization. We estimated that this polarimeter, with a
4.5-mm-thick skimmer-type carbon target and a
range of ~45', had an effective analyzing power over
its 5' and 17' laboratory scattering angle range of about
25%+ 2% at 120 MeV and 19%~2% at 104 MeV.
Each vertical and radial polarization measurement was
obtained in a run of about 1 h with a statistical error of~ 3% to 5%. The vertical beam polarization before in-
jection into the Cooler Ring was measured using a polar-
imeter' in the beam line between the two IUCF cyclo-
trons and found to be 77%~2% at both 120 and 104
MeV.
At each point in the Cooler Ring there exists a unique
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FIG. 3. The Michigan-IUCF Siberian snake as installed in
the Cooler Ring.

100

50

D

c 0

Snake ON

&nake OFF

/
/ -el)

ply 41
4L i

longitudinal spin rotation, is a type-1 snake that is much
easier to construct at low energy. The Michigan-IUCF
Siberian snake, which is shown in Fig. 3, contains a su-
perconducting solenoid that rotates each proton's spin by
180' about the longitudinal axis. The four outer quad-
rupoles, shown in black, focus the beam to compensate
for the focusing of the solenoid; the four inner skew
quadrupoles, shown in shading, rotate the beam to com-
pensate for the orbit rotation caused by the solenoid.
We injected horizontally polarized protons at 104

MeV by using another superconducting solenoid '3 to ro-
tate the vertical polarization by 90 prior to injection.
At the injection point, the calculated horizontal polariza-
tion direction and the calculated stable spin direction
were both about 30' from the radial direction; these
directions have an uncertainty of about ~ 2'. We then
used the polarimeter to measure both the radial and
vertical polarizations while again varying the longitudi-
nal fB dl using the Cooler Ring solenoids. We operated
the snake without using the eight correction quadrupoles
since it was then easier to store the beam at the previous-
ly untested energy of 104 MeV. This somewhat shifted
the v„and v~ of the Cooler Ring; however, such shifts
should not strongly affect the strength or width of the
Gy 2 imperfection resonance.
We made two sets of measurements at 104 MeV, each

in the appropriate stable spin direction. The circles in
Fig. 4 were measured with the snake solenoid turned off
and with the injection of vertically polarized protons; the
stable spin direction is vertical with no snake. The
squares were measured with the injection of horizontally
polarized protons and the snake set to rotate the polar-
ization by 180' on each turn around the Cooler Ring.
With the snake turned on the stable polarization direc-
tion is always horizontal as shown in Fig. 1. The Siberi-
an snake clearly caused a dramatic change in the effect
of the Gy 2 depolarizing resonance. With the snake off
the vertical polarization decreased very sharply when the
longitudinal field was not exactly corrected to zero; this
peak was about 10 times sharper than the 120-MeV peak
shown in Fig. 2. We also injected horizontally polarized
protons at 104 MeV with the snake off; then both the
measured, but unplotted, vertical and radial polariza-
tions varied rapidly as we changed the longitudinal field.
The width of the P„,„t curve and equivalently the

sharpness of the P„d;,~ zero crossing each give an indica-
tion of the proximity of the Gy 2 imperfection reso-

-0.05 0 0.05
fBdl(T m)

FIG. 4. The beam polarization in each stable polarization
direction at 104 MeV is plotted against the longitudinal mag-
netic field integral in the Cooler Ring solenoids. The circles
are the vertical polarization with the snake off and the injection
of vertically polarized protons. The squares are the radial po-
larization with the snake on and the injection of horizontally
polarized protons. We combined all data into bins of width
0.00115 Tm. There is a systematic normalization uncertainty
of about +'5%. The dashed curve is the predicted behavior.
The straight dashed line is a fit.

nance. As shown in Fig. 2, the measured polarizations at
120 MeV agreed rather well with the calculations using
Eqs. (2), (3), and (5). But there was only qualitative
agreement at 104 MeV as shown in Fig. 4. The dis-
agreement at 104 MeV may come from an energy mis-
calibration or from additional imperfection fields. Such
factors are more important at 104 MeV, because 104
MeV is much closer to the Gy 2 resonance than 120
MeV. ' Thus, with no snake the polarization was ex-
tremely sensitive to the imperfection magnetic fields in
the Cooler Ring.
The behavior was totally different when the snake was

turned on to rotate the polarization by 180 . The mea-
sured, but unplotted, vertical polarization was then al-
ways consistent with zero, as expected. However, the ra-
dial polarization maintained a constant value of about
70% at all settings of the imperfection longitudinal field
as shown in Fig. 4. This 70% was close to the calculated
radial polarization at the polarimeter of (77%)cos30'
67%. Note that our variable imperfection field was al-

ways parallel to the longitudinal stable spin direction at
the Cooler Ring solenoid; we hope to soon have a vari-
able radial imperfection field available. ' In summary,
the snake apparently made the beam polarization at 104
MeV independent of the effect of the nearby depolariz-
ing resonance at 108 MeV. We consider these data to be
a strong indication that the Siberian snake concept is
correct.
We also made some preliminary studies of partial Si-

berian snakes, ' which might be especially important at
medium-energy facilities where the depolarizing reso-
nances are fairly weak. Our next goal is to accelerate a

1139



15

RHIC – First Polarized Hadron Collider

Two full Siberian snakes 
per ring preserve proton 
polarization to 255 GeV
Spin direction control at 
detectors with spin 
rotators 
Minimally invasive 
polarimeters; also 
measure polarization 
profiles
Absolute polarimeter 
using world’s most 
intense polarized H jet

STAR

(s)PHENIX

AGS

LINAC BOOSTER

Pol. H- Source

Spin Rotators
(longitudinal polarization)

Siberian Snakes

200 MeV Polarimeter

pC PolarimetersAbsolute Polarimeter (H­ jet)

pC Polarimeter

10-25% Helical Partial Siberian Snake

5.9% Helical Partial 
Siberian Snake

Spin Rotators (long. pol.)

Spin flipper

Siberian Snakes
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BNL - High intensity polarized H- source

Developed as BNL, TRIUMF, KEK, INR collaboration
1.0 mA in 300 µs (1.8 x 1012 protons per pulse); 83% polarization
One source pulse is captured and accelerated for one bunch in RHIC
With inefficiencies and scraping to lower emittance and higher polarization bunch intensity in RHIC is 
2.5 x 1011 polarized protons
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AGS and RHIC Siberian Snakes

AGS Siberian Snakes: variable twist helical dipoles, 1.5 T (RT), built in Japan, and 3 T (SC), 2.6 m long
RHIC Siberian Snakes (funded by RIKEN): 4 SC helical dipoles, 4 T, each 2.4 m long and full 360-degree 
twist

2.6 m 2.6 m
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RHIC Polarimetry

Absolute polarimeter (Pol. Hjet)
Polarized hydrogen jet target allows for 
absolute beam polarization measurement:
Jet target thickness of ~ 1´1012 cm-2 achieved
Jet pol. 92 ± 2 % measured with Breit-Rabi polarimeter
Analyzing power AN ~ 0.044 (24 – 255 GeV)

Relative polarimeters (proton-carbon)
Measure horizontal and vertical polarization profiles
Fast measurements (~ 2 minutes)

Local IP polarimeters (forward neutron production)
Significant asymmetry, calibrated with Hjet
Used to adjust transverse polarization 
component to zero

Target

Beam
TargetBeam e

ePP =

(polarized)
proton beam

scattered
proton

polarized
proton target

or Carbon target

recoil proton
or Carbon
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Polarized Proton Collisions at 255 GeV Beam Energy

Reached ~57% average polarization in 14 
best stores
Little polarization loss on ramp and during 
store
Peak luminosity: 2.5 × 1032 cm-2 s-1
Requires excellent control of orbit, tune 
and coupling  0
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Electron Ion Collider

Use existing RHIC accelerator complex
Up to 275 GeV polarized protons
Existing: tunnel, detector halls & hadron injector 
complex

Add 18 GeV polarized electron accelerator in the 
same tunnel

Achieve high luminosity, high energy polarized 
e-p/A collisions with full acceptance detector 

Strong hadron cooling needed for highest 
luminosities
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Multiple Siberian Snakes for High Energy Rings

Spin rotation of Siberian snake (d) >> Spin rotation of resonance driving fields (strength e)

Imperfection resonances:   e µ Energy;    Intrinsic resonances:   e µ ÖEnergy

Emax/GeV ÖEmax/GeV
Partial snakes (AGS, d ~ 27° ) e < 0.07 24 5
Two full snakes (RHIC) e < 0.5 250 16
16 full snakes (LHC?) e < 4 7000 84

Intrinsic resonance strengths increase slowly and can be addressed with multiple snakes
Imperfection resonance strengths increase faster and require ever better vertical orbit corrections
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Multiple Siberian Snakes (cont’d)

S.R. Mane showed that for a single strong intrinsic resonance the spin tune does not depend on the 
beam emittance if the snake axes angle increases in equal steps from one snake to the next. 
This may be a good starting point for a multiple snake design.

2 Snakes (RHIC)
Da = 90°

4 Snakes (HERA-p)
Da = 45°

6 Snakes (EIC)
Da = 30°, 90°

8 Snakes (HERA-p)
Da = 22.5°, 67.5°

16 Snakes (LHC, 2 per arc)
Da = 11.25°, 33.75°, 56.25°, 78.75°

2 Snakes (RHIC)
'D = 90q

4 Snakes (HERA-p?)
'D = 45q

6 Snakes (Tevatron?)
'D = 30q

8 Snakes (HERA-p?)
'D = 22.5q

16 Snakes (LHC, 2 / arc)
'D = 11.25q

FIGURE 6. The top part shows two snake configurations showing the snake rotation axis for 8 equally
spaced snakes[16]. The bottom part shows snake configurations of equally spaces snakes with rotation axis
with steadily increasing angle[17]. Such configurations have been shown to have an emittance independent
spin tune in a single resonance model

ith snake pair, respectively. After satisfying the above conditions these parameters can
then be chosen to maximize the beam polarization of particles with large betatron
amplitude. This was first examined by K. Steffen[15]. Later, many configurations for
4 and 8 snakes were examined for optimum performance of the HERA-p machine by
G. Hoffstaetter[16]. Two of the best configurations are shown in the top part of Fig. 6.
S. Mane[17, 18] showed that snake configurations with rotation axis angle that increase
by equal amounts around the ring preserve the property of the two snake configuration
of RHIC that the spin tune is independent of the beam emittance for a single resonance
and should therefore be a promising configuration with minimized amplitude dependent
spin tune shift in the presence of multiple spin resonances. The bottom part of Fig. 6
shows such configurations up to 16 snakes, which would be applicable to LHC with one
snake pair per arc.
The increasing strength of intrinsic resonances can be overcome with an increasing

number of properly configured Siberian snakes. However, the random residual orbit
distortions, after orbit corrections have been performed, drive imperfection resonances
that are unaffected by Siberian snakes. S.Y. Lee and E.D. Courant[19] have shown that
the maximum tolerable strength for such a resonance is about 0.05. For RHIC this
corresponds to about 250µm rms residual orbit error, which is achievable. However,
for LHC this translates to a very challenging 10µm rms residual orbit error.
Finally the strong focusing quadrupoles of the final focusing triplet of colliders will

add spin precession for large amplitude particles leading to a reduced polarization at the
interaction point. As Fig. 7 shows this can become a significant effect at high energy
colliders.
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Global Imperfection Resonances – the Ultimate Energy Limit?

Residual orbit distortion after orbit correction drives imperfection resonance with a strength that is not 
affected by (multiple) Siberian snakes 
Resonance strength needs to be less than 0.05 ( S. Y. Lee and E. D. Courant, Phys. Rev. D 41, 292 
(1990))
At RHIC (250 GeV) this corresponds to ~250 μm residual orbit error (OK)
At LHC (7 TeV) this corresponds to  ~10 μm residual orbit error !  (LHC orbit accuracy ~ 200 μm)
Need beam-based quadrupole offset measurement, same as minimized vertical dispersion
Flatten actual beam orbit using H and V beam position monitors and correctors at each quadrupole:

BPM
Quad Corrector

Correct orbit to minimize kicks:
Orbit going through center of BPM’s
Orbit without kicks
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Summary

Exceptional progress in polarized proton acceleration from a few MeV to colliding polarized 
protons at 510 GeV based on seminal contributions from Ernest Courant, Satoshi Ozaki, 
Willy Haeberli and many, many more.

The ultimate limit for polarized proton acceleration might be if the depolarization can occur in a 
single turn from a ”random” destructive orbit distortion pattern. The only remedy is an 
extremely flat beam orbit, which is likely not feasible at energies beyond the LHC.


