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In polarized proton collision experiments, it is highly advantageous to flip the spin of each bunch of
protons during the stores to reduce the systematic errors. Experiments done at energies less than 2 GeV
have demonstrated a spin-flip efficiency over 99%. At high energy colliders with Siberian snakes, a single
magnet spin flipper does not work because of the large spin tune spread and the generation of multiple,
overlapping resonances. A more sophisticated spin flipper, constructed of nine-dipole magnets, was used to
flip the spin in the BNL Relativistic Heavy Ion Collider. A special optics choice was also used to make the
spin tune spread very small. A 97% spin-flip efficiency was measured at both 24 and 255 GeV. These
results show that efficient spin flipping can be achieved at high energies using a nine-magnet spin flipper.
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Introduction.—Experiments of polarized proton colli-
sions in the BNL Relativistic Heavy Ion Collider (RHIC)
[1], as well as a future polarized electron ion collider [2],
need to measure the spin effect at the level of 10−3 to 10−4.
For such high precision measurements, frequent polariza-
tion sign reversal is imperative to avoid systematic errors
from the bunch spin pattern. A spin flipper in each ring is
needed which is capable of reversing the polarization sign
of all bunches without changing other beam parameters.
To avoid polarization loss during acceleration and at

store, high energy polarized proton colliders require full
Siberian snakes, which are specially arranged magnets to
rotate the spin around an axis in the horizontal plane by
180° [3]. For the RHIC, a pair of Siberian snakes is installed
in each ring. The two Siberian snakes are located in the
opposite side of the ring (or separated by 180°), with their
spin precession axes differing by 90°. This configuration
yields a spin tune νs as

1
2
[1], where the spin tune νs, defined

as the number of spin precessions per turn, is given by
νs ¼ Gγ in the absence of Siberian snakes (γ is the Lorentz
factor, G is the gyromagnetic anomaly, and G ¼ 1.7928 for
the protons) [4]. The traditional spin flipping technique
uses a single rf spin rotator that rotates the spin around an
axis in the horizontal plane. The spin rotator can be
implemented as a rf dipole or a rf solenoid. Experiments
done at low energies (from 100 MeV to 2 GeV) have
demonstrated a spin-flip efficiency of more than 99%
[5–8]. The spin flip is achieved by ramping the rf spin
rotator tune νosc across the spin tune νs adiabatically. It
should be noted that such a single spin rotator generates
two spin resonances, one at νs ¼ νosc and one at
νs ¼ 1 − νosc, or the so-called mirror resonance. As long
as the spin tune is sufficiently far from the half integer—
say, at 0.47—then the two spin resonances are sufficiently

far from each other and each one can be treated as an
isolated resonance. This is the case for low energies when
Siberian snakes are not needed and the spin tune is not at
or near the half integer. In high energy polarized proton
colliders such as the RHIC, the spin tune is very close to the
half integer. The two spin resonances overlap, and their
interference makes full spin flip impossible with such a
single rf spin rotator. To reach full spin flip, the mirror
resonance has to be eliminated [9].
Spin flipper configuration.—For the spin flipper to work

with a spin tune near 0.5, it has to induce only one spin
resonance at νs ¼ νosc. In addition, it is critical to eliminate
any global vertical betatron oscillations driven by the ac
dipole to achieve full spin flip [10]. Thus, we have chosen a
spin flipper design which consists of five ac dipoles with
a horizontal magnetic field and four dc dipoles with a
vertical magnetic field, which not only eliminates the
mirror resonance but also forms two closed vertical orbital
bumps and eliminates the global vertical oscillations out-
side the spin flipper [11]. Figure 1 shows the schematic
drawing of the spin flipper design. The first three ac dipoles
form the first closed orbital bump and the last three ac
dipoles form the second closed orbital bump. The middle ac
dipole (no. 3) is used twice. The four dc dipoles yield spin
rotation angles of þψ0= − ψ0= − ψ0=þ ψ0. The rotation
angle ψ0 is given by

ψ0 ¼ ð1þ GγÞBdcL
Bρ

; ð1Þ

where Bρ is the beam particle magnetic rigidity and BdcL is
the integrated B field of each dc dipole. These dc dipoles
create a closed local horizontal bump and leave the spin
tune νs unchanged. The five ac dipoles are operated at a
frequency of about half of the revolution frequency so that
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the tune νosc is in the vicinity of νs. ac dipoles 1–3 and ac
dipoles 3–5 create a local vertical orbit bump with a
þϕosc= − 2ϕosc=þ ϕosc spin rotation sequence. The rota-
tion angle ϕosc is given by

ϕosc ¼ ð1þGγÞBacl
Bρ

; ð2Þ

where Bacl is the integrated B field of the ac dipole. This
configuration induces a spin resonance at νosc ¼ νs while
eliminating the mirror resonance at 1 − νs, therefore
ensuring a single resonance crossing during a νosc sweep
through νs ≈ 1

2
and producing full spin flip. In the presence

of a mirror resonance, the isolated resonance crossing
condition would otherwise require νs to be far enough
away from 1

2
. The effective spin resonance strength of the

spin flipper ϵk then becomes

ϵk ¼ 2
ϕosc

π
sinψ0 sin

ψ0

2
: ð3Þ

In order to eliminate the global ac dipole driven vertical
betatron oscillations, the currents of the five ac dipoles have
to satisfy Eq. (4) so that they excite only two closed vertical
orbit bumps:

I2 ¼ I0 sinð2πνosciþ χ1Þ;
I4 ¼ I0 sinð2πνosciþ χ2Þ;

I1 ¼
1

2
I0 sinð2πνosciþ χ1 þ πÞ;

I5 ¼
1

2
I0 sinð2πνosciþ χ2 þ πÞ;

I3 ¼ I1 þ I5; ð4Þ

where Ik is the current of the kth ac dipole and i is the ith
orbital revolution. χ1 and χ2 correspond to the initial phase
of ac dipole bumps 1 and 2, respectively. χ1 − χ2 ¼ ψ0 is
the condition for exciting a single isolated resonance at
νs ¼ νosc with the spin flipper.
The ratio of the final polarization (Pf) to the initial

polarization (Pi) after crossing a single spin resonance is
given by the Froissart-Stora formula [12]:

Pf

Pi
¼ 2exp−ðπ=2Þðjϵj2=αÞ − 1; ð5Þ

where ϵ is the resonance strength induced by the spin
flipper, and the crossing speed (rate of sweep of νosc
through νs ≈ 1

2
) is

α ¼ Δνosc
2πN

; ð6Þ

with Δνosc being the ac dipole frequency span and N the
number of turns of the sweep. To reach full spin flip, α has
to be small enough or N large enough for beam particles to
adiabatically follow the flip of the spin precession axis.
Spin tune spread reduction.—Besides eliminating the

mirror resonance and any global vertical betatron oscil-
lation driven by ac dipoles, the reduction of the spin tune
spread is also critical for achieving full spin flip. The spin
tune of a synchrotron with two Siberian snakes installed at
opposite sides of the ring is given by

νs ¼
1

2
þ ð1þGγÞðθ1 − θ2Þ

2π
; ð7Þ

where θ1 and θ2 are the integrated bending angles of the
first half arc and second half arc, respectively. For the on-
energy and on-axis protons, both θ1 and θ2 are equal (π)
and the design-orbit spin tune is 1

2
, independent of the

beam energy. This changes with synchrotron motion
and the resulting momentum spread ðΔp=pÞ [13]. The
change in the bending angles are Δθ1 ¼ ðx01 − x02Þ and
Δθ2 ¼ ðx02 − x01Þ, respectively, where x01 and x02 are the
slopes of the beam trajectory at the first and the
second Siberian snake. The spin tune then becomes
1
2
þ ð1þ GγÞðx02 − x01Þ=π. To the first order, x0 can be

expressed as x0 ¼ D0ðΔp=pÞ, where D0 is the slope of
the dispersion function D, which measures orbit difference
due to momentum offset, and ðΔp=pÞ is the momentum
spread of beam particles. The momentum spread causes a
spin tune spread when the dispersion slopes are different at
the two Siberian snakes:

Δνs ¼
ð1þ GγÞ

π
ðD0

1 −D0
2Þ
Δp
p

: ð8Þ

In the RHIC, this local dispersion slope difference between
the two Siberian snakes is about 0.045 at 255 GeV, which
corresponds to 0.007 spin tune spread for a beam with a
momentum spread of 0.001. This is comparable to the
proposed spin tune sweep range of 0.02. Hence, successful
full spin flipping requires us to match the dispersion slopes.
Since the Gγ values of 24 GeV (Gγ ¼ 45.5) and 255 GeV
(Gγ ¼ 487) differ by a factor of 10, the required ΔD0 ¼
ðD0

1 −D0
2Þ is 10 times smaller at 255 GeV than at 24 GeV

to maintain the same spin tune spread Δνs.

FIG. 1. The schematics of the proposed high energy spin
flipper. It consists of five ac dipoles and four dc dipoles.
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The transition tune jump quadrupoles in the arcs were
identified as effective elements for matching the dispersion
slopes at the two Siberian snakes [14]. Four trim quadru-
poles in each of the six RHIC arcs were adjusted so that the
dispersion slope difference is very small and the distortion
of β functions and tunes would be minimal [15].
Experimental results.—The spin flipper experiment was

carried out at two different energies, injection at 24 GeV
and store at 255 GeV. The 9 MHz rf cavity is the major rf
system for beam operation both at injection and during
acceleration. It was set to 22 kV at injection and 30 kV at
store. A second “Landau” rf system ran at 197 MHz to
maintain beam stability [16]. Its voltage was around 10 kV
at injection and 15 kV at store. The bunch intensity was
1.5 × 1011 protons, with 111 bunches filled in one ring. The
polarization was measured with the RHIC polarimeter [17].
The operation parameters of the spin flipper are listed in

Table I. At injection, the beam can be refilled quickly, so
that many experiments, such as flip efficiency with differ-
ent ΔD0 values, flip efficiency with different driving tune
sweep speeds, were carried out at injection. Because of the
larger beam size and larger orbit oscillation amplitude
driven by the spin flipper at injection, the spin flipper could
not be run at its full strength. With a local closed orbit bump
of 26 mm, the spin flipper dc dipole current could be run at
900 A out of a maximum current of 1500 A.
Static measurements.—In static measurement, the polari-

zation was measured as a function of the driving tune. The
spin flipper was on for 3 sec, with the driving tune fixed
then the polarization was measured. The measured polari-
zation was the equilibrium polarization, which dropped
when the driving tune was near the spin tune.
The spin tune spread is represented by the width of the

polarization dip in Fig. 2. The polarization was completely
lost when the driving tune was at the spin tune. The width
of the polarization dip is related to the spin flipper
resonance strength. The static model of the resonance
width is also plotted for 24 and 255 GeV in Fig. 2. For
the ΔD0 suppressed lattice, the model width for 24 GeV
matches well with the experimental data, while the mea-
sured width is wider than the static model for the 255 GeV
case. This may indicate additional sources of spin tune
spread at 255 GeV. At 24 GeV, the spin tune spread is
greatly reduced, with the suppression of ΔD0 declining
from 0.074 to 0.003. This is a direct confirmation of the
effect of ΔD0 at the two Siberian snakes on the spin tune

spread. The good agreement between model, which has
no spin tune spread, and experiment data for 24 GeV with
the ΔD0 suppression lattice indicates that, at least in this
measurement, the spin tune spread is consistent with zero,
which also puts a limit on any possible spin tune spread due
to transverse orbital amplitude [18]. In addition, there is no
polarization dip at 1 − νs ¼ 0.498 for the large ΔD0 case.
This result at injection implies that the mirror resonance has
been suppressed by this spin flipper design. The 255 GeV
spectrum shows a polarization dip at the mirror resonance
location, but it is not as deep as the primary resonance
(near 0.496). The polarization loss at the mirror resonance
implies that the local ac orbit bumps were not fully closed.
As a result, the mirror resonance strength was weakened
but the resonance was not completely eliminated.
Sweep measurements.—In a sweep measurement, the

driving tune was swept for, typically, a 0.005 tune range
over certain time (such as 1 sec). The polarization was
measured before and after each sweep. At injection, the
final to initial polarization ratio was measured with ΔD0 as
low as 0.003. The spin flipper was set to sweep from 0.4995
to 0.5045, and the spin tune was 0.5025. The final to initial
polarization ratio was measured as a function of ΔD0, and
the results are shown in Fig. 3. The spin flipper sweep time
was fixed at 3 sec during these measurements. It clearly
demonstrates that the ΔD0 suppression is critical to achieve
high spin-flip efficiency. With a normal lattice where the
ΔD0 was large, the polarization was lost just with a single
spin flipper sweep.
With the 0.005 tune sweep range and the given spin

flipper strength, a 99% spin-flip efficiency is predicted for a
sweep time of 0.6 sec or slower at 24 GeV from Eq. (5) and

TABLE I. Parameters for the dc and ac dipoles at two different
energies. The ac dipole strength is similar for the two energies,
but the dc dipole strength and the induced resonance strength are
different. ϕosc is given in units of radians.

Energy Bρ Bacl ϕosc BdcL ψ0 ϵk

24 GeV 79.4 Tm 0.01 Tm 0.005 86 0.89 Tm 29.9° 0.000 24
255 GeV 850 Tm 0.01 Tm 0.005 74 1.48 Tm 48.8° 0.000 57
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FIG. 2. The measured spin tune spectra for normal and ΔD0
suppression lattices at 24 GeV and for a ΔD0 suppression lattice
at 255 GeV. At 24 GeV, spin tune νs ≈ 0.502 and the mirror
resonance is at 1 − νs ≈ 0.498. At 255 GeV, νs ≈ 0.496 and
1 − νs ≈ 0.504. The difference in width between the two model
resonance widths (dashed lines) is due to the different resonance
strengths (see Table I).
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numerical simulations [19]. The final to initial polarization
ratio from Eq. (5) for the given spin flipper strength at
injection is plotted in Fig. 4 as solid line. But this is an
oversimplified model. In reality, the synchrotron motion
and residual spin tune spread can have an impact on the
final spin-flip efficiency. The measured spin-flip efficien-
cies for three different sweep times are also shown in Fig. 4.
Each efficiency is the average of 10–12 spin flips. The best
final to initial polarization ratio was obtained with a 1 sec
sweep time: −97.5� 1.9%. This is close to the simple
model prediction of −99%. At 0.5 sec, the final to initial
polarization ratio is expected to be slightly worse due to a
faster crossing speed, and the measured value −95� 2.6%
is indeed slightly smaller. For the slowest sweep time, 3 sec,
the final to initial polarization ratio is only −92.0� 1.5%.

There are several reasons for this. First, with a slower
sweep speed, multiple spin resonance crossings with
different resonance crossing speeds can happen due to
synchrotron oscillation. This would result in a worse final
to initial polarization ratio. Second, the polarization loss
from weak higher order depolarizing resonances would be
larger with a slower sweep speed.
With the smaller beam size at 255 GeV, the spin flipper

can run at its full strength. The dc dipole current was
1500 A. At 255 GeV, the spin-flip efficiency was measured
for three different ΔD0 values. With a regular lattice where
ΔD0 ¼ 0.045, the polarization was completely lost with a
single spin flipper sweep. With ΔD0 ¼ −0.003, the final to
initial polarization ratio was around −36.7� 6.6%. The
above two measurements were done with a 3 sec sweep
time. It is clear that further reduction of ΔD0 is necessary.
As at injection energy a faster sweep speed gave better
spin-flip efficiency, the experiment at 255 GeV for ΔD0 ¼
0.0001 was carried out with a sweep time of 1 and 0.5 sec.
With the 0.005 tune sweep range and the given spin flipper
strength, the Froissart-Stora formula and numerical simu-
lations predicted that a −99% final to initial polarization
ratio could be reached with an optimum sweep time of
0.11 sec at 255 GeV. The final to initial polarization ratio
from the given spin flipper strength at 255 GeV is plotted in
Fig. 4 as a dashed line. The spin-flip efficiencies for the two
different sweep times are also shown in Fig. 4. As before,
each efficiency is the average of 10–12 spin flips. The
better final to initial polarization ratio is at the 0.5 sec sweep
time: −97.2� 3.1%. This is close to the simple model
prediction of −99%. For the slower sweep time of 1 sec, the
final to initial polarization ratio is −90.2� 2.8%. Similar to
the 24 GeV case, the final to initial polarization ratio is
worse with a slower sweep speed.
The spin flipper was also tested with a sweep time

of 0.5 sec for a tune sweep ranging from 0.4935 to 0.5065.
For this set of data, ΔD0 ¼ 0.0001. This driving tune range
covers primary resonance at the spin tune of 0.496, and its
mirror resonance at 0.504. The final to initial polarization
ratio was measured as −100.8� 9.8%. This is close to a
full spin flip but with a large statistical error. Since the
sweep range was 0.013 and the sweep time was 0.5 sec, the
resonance crossing speed was faster. It seems that covering
the mirror resonance may be fine. Since the orbit closure
was adjusted just before this measurement, it is likely that
the mirror resonance was indeed eliminated. More accurate
measurements are needed to confirm this result.
Conclusions.—It has been shown that the nine-magnet

spin flipper eliminated the mirror resonance. With the
lattice for which the dispersion slope difference at the two
Siberian snakes is greatly suppressed, a spin-flip efficiency
of over 97% has been achieved for a polarized proton beam
at 24 and 255 GeV in the presence of two full Siberian
snakes. High spin-flip efficiency has been achieved by
the nine-magnet spin flipper with the dispersion slope
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FIG. 3. The average final to initial polarization ratio for a 3 sec
sweep time at injection as a function of ΔD0 at the two Siberian
snakes. The small ΔD0 is critical for full spin flip.
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FIG. 4. The average final to initial polarization ratio at 24 and
255 GeV. The solid line is the polarization flip ratio from Eq. (5)
for the resonance strength 0.000 24, and the filled points are the
average spin-flip efficiencies for three different sweep times at
24 GeV. The dashed line and open points are for 255 GeVand the
resonance strength 0.000 57.
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difference at the location of the two Siberian snakes as
0.003 at 24 GeV and 0.0001 at 255 GeV. Simulations are
under way to quantify the sensitivity of spin-flip efficiency
to the dispersion slope difference. The limited experimental
data may indicate that a large driving tune sweep range
covering the mirror resonance is possible. The spin-flip
efficiency at 255 GeV could be further increased with a
faster resonance crossing speed, either by a wider range or a
shorter sweep time. These results demonstrate that the nine-
magnet spin flipper will work for polarized proton experi-
ments at the RHIC or a future electron ion collider.
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