
HIGHER ORDER SPIN RESONANCES IN 2.1 GeV/c POLARIZED
PROTON BEAM∗

M.A. Leonova, J.A. Askari, K.N. Gordon, A.D. Krisch, J. Liu, V.S. Morozov†

D.A. Nees, R.S. Raymond, D.W. Sivers, V.K. Wong,
Spin Physics Center, University of Michigan, Ann Arbor, MI 48109-1040, U.S.A.

F. Hinterberger,
Helmholtz-Institut für Strahlen- und Kernphysik, Universität Bonn, D-53115 Bonn, Germany

Abstract

Spin resonances can depolarize or spin-flip a polarized
beam. We studied 1st and higher order spin resonances
with stored 2.1 GeV/c vertically polarized protons. The
1st order vertical (νy) resonance caused almost full spin-
flip, while some higher-order νy resonances caused par-
tial depolarization. The 1st order horizontal (νx) resonance
caused almost full depolarization, while some higher order
νx resonances again caused partial depolarization. More-
over, a 2nd order νx resonance is about as strong as some
3rd order νx resonances, while some 3rd order νy reso-
nances are much stronger than a 2nd order νy resonance.
One thought that νy spin resonances are far stronger than
νx, and that lower order resonances are stronger than higher
order; the data does not support this.

INTRODUCTION

To study the strong interaction’s spin dependence with
polarized proton beams, one must preserve and control the
polarization during acceleration and storage [1, 2, 3]. This
can be difficult due to many 1st and higher order depo-
larizing (spin) resonances. For vertically polarized beams
in flat accelerators, it was thought that vertical spin reso-
nances should be stronger than horizontal, and lower-order
resonances should be stronger than higher-order ones [4].
There were several theoretical attempts to calculate the
strengths of higher order spin resonances [5]. Some 2nd

order and synchrotron-sideband resonances were seen in
electron rings [6] and proton rings [7]. Moreover, a 2nd

order proton resonance was studied in detail at IUCF [8].
We used 2.1 GeV/c polarized protons stored in the

COSY synchrotron for a detailed experimental study of
higher-order spin resonances. Our preliminary νy data was
presented at SPIN 2004 [9], but both the νy data and the
never-presented νx data needed significant reanalysis. The
reanalyzed data presented here suggest that many higher-
order spin resonances, both νy and νx, must be overcome
to accelerate polarized protons to high energies.

In flat circular rings, a beam proton’s spin precesses
around the vertical fields of the ring’s dipole magnets. The
spin tune νs = G γ is the number of spin precessions dur-
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ing one turn around the ring, where G = (g − 2)/2 is
the proton’s gyromagnetic anomaly and γ is its Lorentz
energy factor. Horizontal magnetic fields can perturb the
proton’s stable vertical polarization creating a spin reso-
nance [10, 11]. Spin resonances occur when

νs = kνx + lνy +m, (1)

where k, l and m are integers; νx and νy are the horizontal
and vertical betatron tunes, respectively. Imperfection spin
resonances occur when k = l = 0. Intrinsic spin reso-
nances occur when either k �= 0 or l �= 0, or both; the sum
|k|+ |l| defines each resonance’s order.

EXPERIMENTAL PROCEDURE AND
RESULTS

The experiment’s apparatus, including the COSY stor-
age ring [12], the EDDA detector [13], the electron
cooler [14], the low energy polarimeter (LEP) [15], the in-
jector cyclotron, and the polarized ion source [16], were
shown in Fig. 1 of Ref. [17]. The beam from the polarized
H− ion source was accelerated by the cyclotron to 45 MeV
and then strip-injected into COSY.

Before the injection, the LEP measured the H− beam’s
polarization to monitor its stability. The cylindrical EDDA
detector measured the beam’s polarization in COSY after
crossing the resonances. We reduced its systematic errors
by cycling the polarized source between the up and down
vertical polarization states. The measured initial flat-top
polarization was typically about 75%.

In the COSY ring, the protons’ average circulation fre-
quency fc was 1.491 85 MHz at 2.1 GeV/c, where their
Lorentz energy factor was γ = 2.4514. For these parame-
ters, the spin tune νs = Gγ was 4.395. During injection,
acceleration and at the beginning of the flat-top the beta-
tron tunes νx and νy were kept fixed at 3.575 and 3.525,
respectively. This kept both betatron tunes away from any
1st, 2nd, or 3rd order spin resonances on flat-top. After
reaching the flat-top, we varied the ring quadrupoles’ cur-
rents to vary either νy or νx, while keeping the other tune
fixed; then we measured the polarization.

Figure 1 shows the betatron tunes’ behavior in a typi-
cal COSY cycle, during the higher order vertical (νy) spin
resonance study. We first ramped νy rapidly from 3.525
to some value between 3.51 − 3.71 during 0.5 s, next we
slowly ramped νy through a very small tune range of about

WEP125 Proceedings of 2011 Particle Accelerator Conference, New York, NY, USA

1716C
op

yr
ig

ht
c ○

20
11

by
PA

C
’1

1
O

C
/I

E
E

E
—

cc
C

re
at

iv
e

C
om

m
on

sA
tt

ri
bu

tio
n

3.
0

(C
C

B
Y

3.
0)

Beam Dynamics and EM Fields

Dynamics 04: Instabilities



3.45

3.5

3.55

3.6

3.65

0 2 4 6 8 10 12 14 16

ν
y

ν
x

B
et

at
ro

n 
T

un
e 

( 
ν y , 

ν x )

Time(s)

0.5 s

6 87
3.649

3.65

2s

Δν
y
 =0.002

 
 
 

Figure 1: Typical νy betatron tune ramp during COSY cy-
cle.

0.002 during 2 s, with νx fixed at 3.575; then we measured
the polarization. The rapid ramp reduced the effects of the
resonances between the injection tune of 3.525 and the start
of the slow ramp, while each slow νy ramp enhanced the ef-
fect of any spin resonance in that small νy range. We used
Eq. (1) to calculate the positions of 1st, 2nd and 3rd order
resonances that could be studied between the half-integer
3.5 and quarter-integer 3.75 beam blow-up resonances.

The measured LEP asymmetries indicated that the initial
polarization changed by about 10% during the experiment.
Thus, we normalized each final COSY polarization mea-
sured by EDDA to the measured LEP asymmetry for that
data-run. Each EDDA data-run was typically 25 min long;
thus, the LEP data bin sizes were typically ±30 min cen-
tered on EDDA runs.

To test the data’s reproducibility, we tried to measure
polarizations for the same settings several times. How-
ever, when we precisely measured νy after each setting, we
found that they varied at the ±0.0002 level. Thus, there
were many partly-overlapping points that obscured the po-
larization’s behavior near each resonance. We tried to clar-
ify it by combining points with nearby νy values, except in
the region where the polarization changed very rapidly (be-
tween νy values of 3.586 to 3.620). We first combined all
pairs of points that had νy values within δνy = 0.1× 10−4.
To ensure that this did not bias the results, we combined
the data in both the increasing (L-R) and decreasing (R-L)
orders in νy; the two results were identical. We then in-
creased the δνy intervals in steps of 0.1× 10−4; the input
data for each step were the output data from the previous
step. The error and position of each newly combined point
after each step were the properly weighted averages of the
errors and positions of the two combined points; each new
horizontal bar encompassed the slow ramps of both com-
bined points.

Figure 2 plots polarization vs. νy for the combination in-
terval of δνy = 7.6× 10−4, where 36 points were incorpo-
rated. The plot shows clear resonance behavior around sev-
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Figure 2: Polarization normalized to the LEP asymmetry
plotted vs. νy . The horizontal bars show the combined slow
νy ramps. The calculated positions are indicated by dashed
lines for each spin resonance, and by solid lines for each
beam-blow-up resonance. Arrow shows νy at injection.

eral 3rd order resonances, but the behavior around the 2nd

order resonance is still unclear. When we further increased
the combination interval size, the polarization’s behavior
around the narrow resonances was broadened excessively,
as expected.

We observed full spin-flip when the 1st order vertical
(νy) spin resonance was crossed and partial depolarization
near several 3rd order resonances and possibly near a 2nd

order resonance. The 3rd order 8+νx−2νy resonance and
the partly overlapping 15−3νy and 8−2νx+νy resonances
appear much stronger than the 2nd order 2νy−3 resonance.
This suggests that many significant 3rd and possibly higher
order spin resonances must be overcome to accelerate and
store polarized protons above 100 GeV.

We also studied the higher-order horizontal (νx) spin res-
onances by using νx ramps similar to the νy ramps shown
in Fig. 1, with νy fixed at 3.525. The polarizations are
plotted in Fig. 3 against νx. Only 5 pairs of overlapping
points were combined, as earlier described for Fig. 2, at
the combination interval of δνx = 20× 10−4.

Figure 3 shows almost full depolarization at the 1st or-
der spin resonance. Above this resonance, the polarization
increased steadily because this fairly strong resonance was
crossed at increasing Δνx/Δt rates, which decreased the
depolarization [10]; Δνx/Δt increased because the ramp
time Δt was fixed at 0.5 s, while the ramp range Δνx was
increased. We found partial depolarization near a 2nd or-
der νx resonance and near several 3rd order νx resonances;
these νx resonances all appear about equally strong.
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Figure 3: Polarization normalized to the LEP asymmetry
plotted vs. νx. The horizontal bars show the combined slow
νx ramps. The calculated positions are indicated by dashed
lines for each spin resonance, and by solid lines for each
beam-blow-up resonance. Arrow shows νx at injection.

Note that the polarization increased significantly at the
two νx beam blow-up resonances probably because they
removed mostly those beam particles with larger beta-
tron amplitudes, as supported by the sharp decrease in
the measured count rates in EDDA at each blow-up res-
onance. These outside particles were probably more de-
polarized [18] when crossing the strong 1st order reso-
nance; thus, removing them increased the beam’s polariza-
tion while decreasing its intensity.

There have been several theoretical attempts to calcu-
late the strengths of higher order spin resonances [5]; some
calculations suggest that odd order resonances may be
stronger than even-order resonances for rings with Siberian
snakes. It is not yet clear if these theoretical approaches al-
low one to explain our experimental results. We plan to
soon obtain numerical values of the strengths ε.

SUMMARY

We used 2.1 GeV/c polarized protons stored in COSY to
study 1st and higher order spin resonances. We observed
almost full spin-flip when the 1st order νy spin resonance
was crossed and partial depolarization near the 2nd and 3rd

order spin resonances. We also observed almost full depo-
larization near the 1st order νx spin resonance and partial
depolarization near the 2nd and 3rd order spin resonances.
The observed 2nd order νx and several 3rd order νx res-
onances all appear about equally strong; while some 3rd

order νy resonances appear much stronger than the 2nd or-

der νy resonance. It was thought that, for vertically po-
larized protons in flat accelerators, vertical spin resonances
are stronger than horizontal, and lower order resonances
are stronger than higher order ones. The data suggest that
many higher order spin resonances, both horizontal and
vertical, must be overcome to accelerate polarized protons
to high energies; these data may help RHIC to better over-
come its snake resonances between 100 and 250 GeV/c.
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