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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 spinflip, while some higher-order νy resonances caused partial depolarization. The 1st order horizontal (νx ) resonance
caused almost full depolarization, while some higher order
νx resonances again caused partial depolarization. Moreover, a 2nd order νx resonance is about as strong as some
3rd order νx resonances, while some 3rd order νy resonances 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 depolarizing (spin) resonances. For vertically polarized beams
in flat accelerators, it was thought that vertical spin resonances 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 higherorder 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∗ The work was supported by grants from the German BMBF Science
Ministry and its JCHP-FFE program at COSY.
† now at Thomas Jefferson National Lab, Newport News, VA 23606

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 resonance [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 resonances 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 storage ring [12], the EDDA detector [13], the electron
cooler [14], the low energy polarimeter (LEP) [15], the injector 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 frequency fc was 1.491 85 MHz at 2.1 GeV/c, where their
Lorentz energy factor was γ = 2.4514. For these parameters, the spin tune νs = Gγ was 4.395. During injection,
acceleration and at the beginning of the flat-top the betatron 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’ currents 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 typical 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
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Figure 1: Typical νy betatron tune ramp during COSY cycle.
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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 resonances 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 order 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 order νx resonance and near several 3rd order νx resonances;
these νx resonances all appear about equally strong.
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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 effect 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 measured 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 centered on EDDA runs.
To test the data’s reproducibility, we tried to measure
polarizations for the same settings several times. However, 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 polarization’s behavior near each resonance. We tried to clarify it by combining points with nearby νy values, except in
the region where the polarization changed very rapidly (between 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 increased 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 combined points.
Figure 2 plots polarization vs. νy for the combination interval of δνy = 7.6 × 10−4 , where 36 points were incorporated. The plot shows clear resonance behavior around sev-
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der νy resonance. It was thought that, for vertically polarized 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 overcome its snake resonances between 100 and 250 GeV/c.
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