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99.6%%% Spin-Flip Efficiency in the Presence of a Strong Siberian Snake
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We recently studied the spin-flipping efficiency of an rf-dipole magnet using a 120-MeV horizontally
polarized proton beam stored in the Indiana University Cyclotron Facility Cooler Ring, which contained a
nearly full Siberian snake. We flipped the spin by ramping the rf dipole’s frequency through an rf-induced
depolarizing resonance. By adiabatically turning on the rf dipole, we minimized the beam loss. After
optimizing the frequency ramp parameters, we used 100 multiple spin flips to measure a spin-flip effi-
ciency of 99.63 6 0.05%. This result indicates that spin flipping should be possible in very-high-energy
polarized storage rings, where Siberian snakes are certainly needed and only dipole rf-flipper magnets
are practical.
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Polarized beam experiments are now an important part
of the programs in storage rings such as the Indiana Uni-
versity Cyclotron Facility (IUCF) Cooler Ring [1], the
MIT-Bates Storage Ring [2], the Brookhaven Relativistic
Heavy-Ion Collider (RHIC) [3], and the DESY ep collider
HERA [4,5]. Frequent reversals of the beam polarization
direction can significantly reduce the systematic errors in
spin asymmetry measurements. An rf solenoid was used
earlier to spin flip a horizontally polarized proton beam
stored in the Cooler Ring containing a Siberian snake [6]
with 97 6 1% spin-flip efficiency [7,8]. However, the
spin rotation due to a solenoid’s magnetic field integral
decreases linearly with energy because of the Lorentz con-
traction of its

R
B dl; thus, a solenoid is impractical for

spin flipping in high-energy rings. Fortunately, the spin
rotation due to a dipole’s magnetic field integral is energy
independent. Therefore, we recently studied an rf dipole’s
ability to spin flip a 120-MeV horizontally polarized pro-
ton beam stored in the IUCF Cooler Ring operating with a
nearly full Siberian snake.

In any flat circular accelerator or storage ring with no
horizontal magnetic fields, each proton’s spin polarization
is vertical as it precesses around the vertical fields of the
ring’s dipole magnets. The spin tune ns, which is the num-
ber of spin precessions during one turn around the ring, is
proportional to the proton’s energy

ns � Gg , (1)

where G � �g 2 2��2 � 1.792 847 is the proton’s gyro-
magnetic anomaly and g is its Lorentz energy factor.

This vertical polarization can be perturbed by the hori-
zontal rf magnetic field from either an rf solenoid or an
0031-9007�02�88(1)�014801(4)$15.00
rf dipole. This perturbation can induce an rf depolarizing
resonance, which can be used to flip the spin direction of
the ring’s stored polarized protons [7–14]. The frequency
fr , at which an rf-induced depolarizing resonance occurs,
is given by

fr � fc�k 6 ns� , (2)

where fc is the proton’s circulation frequency and k is
an integer. Sweeping the rf magnet’s frequency through
fr can flip the beam’s spin direction. The Froissart-Stora
equation [15] relates the beam’s polarization after crossing
the resonance Pf to its initial polarization Pi ,

Pf � Pi

Ω
2 exp

∑
2�pefc�2

Df�Dt

∏
2 1

æ
, (3)

where e is the resonance strength and Df�Dt is the reso-
nance crossing rate, while Df is the frequency range dur-
ing the ramp time Dt.

The apparatuses used for this experiment, including the
rf dipole, the IUCF Cooler Ring, and the polarimeter were
discussed earlier [7–13,16–27] and are shown in Fig. 1.
An rf dipole was also used to manipulate the spin at the
Brookhaven Alternating Gradient Synchrotron [28]. The
120-MeV horizontally polarized proton beam in the Cooler
Ring was obtained using IUCF’s Cooler Injector Polar-
ized IOn Source (CIPIOS) [29] and Cooler Injection Syn-
chrotron (CIS) [30]. The beam polarization was typically
77% after the 7-MeV Linac and was practically the same
at injection into the Cooler Ring.

At 120 MeV, the circulation frequency in the Cooler
Ring was fc � 1.597 84 MHz. With a nearly full Siberian
snake in the Ring, the spin tune ns is very near but not
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FIG. 1. Layout of the IUCF Cooler Ring with its new Cooler
Injector Synchrotron (CIS) and its new CIPIOS polarized ion
source. Also shown in the Cooler Ring are the rf dipole, the rf
solenoid, the polarimeter, and the Siberian snake.

exactly equal to 1
2 . Therefore, at 120 MeV, Eq. (2) implies

that there should be two closely spaced rf depolarizing
resonances centered around

0.5fc � 0.798 92 MHz , (4)

with their frequencies at

f2
r � fc�1 2 ns� ,

f1
r � fc�0 1 ns� .

(5)

Our snake’s strength was about 1.02, which means that it
rotated the spin by 102% of 1800; therefore the spin tune
ns was about 0.510; thus, the f2

r resonance should have a
frequency slightly below 0.5fc.

We first determined that the f2
r resonance’s frequency

was near 0.777 MHz by using our new resonance search
technique [13]:

(i) We first measured the beam polarization after
sweeping the rf dipole through some frequency range
Df, which might flip the spin.
(ii) Then we cut the previous Df range into two equal
halves and measured the polarization after sweeping the
frequency through each half.
(iii) Then we chose the Df range which caused spin flip
and repeated the process.

Figure 2 shows the measured radial polarization plotted
against each sweep’s central frequency; the horizontal bars
show the frequency range Df for each sweep.

We then more precisely determined f2
r by measuring

the radial polarization at different fixed rf-dipole frequen-
cies; this measured radial polarization is plotted against the
rf dipole’s frequency in Fig. 3a. The curve is a second-
order Lorentzian fit to the data with a central frequency of
f2

r � 777 580 6 14 Hz and a width w of 775 6 21 Hz.
Figure 3b shows the similar but much more precise data for
the f1

r resonance. The f1
r resonance’s central frequency

is 802 840 6 6 Hz while its width is 867 6 13 Hz. Also
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FIG. 2. The measured radial proton polarization at 120 MeV
is plotted against the range of each frequency ramp; each fre-
quency ramp’s Df range is shown by a horizontal bar. The rf
dipole’s

R
B dl was 0.10 T mm rms; its Dt was 1 s. The arrow

shows f2
r .

notice the very interesting behavior of its vertical polariza-
tion data; the reason for its very clear and sharply asym-
metric behavior, as it crosses zero, needs some theoretical
explanation.

FIG. 3. The measured radial (and vertical) proton polarizations
at 120 MeV are plotted against the rf-dipole’s fixed frequency
for the f2

r (a) and f1
r (b) resonances. The rf dipole’s

R
B dl was

0.10 T mm rms. The solid curves are fits using a second-order
Lorentzian. The dashed curve in (b) is a hand-drawn curve to
demonstrate the interesting behavior of the vertical polarization
when the rf voltage is turned on adiabatically. The arrows show
f2

r and f1
r .
014801-2



VOLUME 88, NUMBER 1 P H Y S I C A L R E V I E W L E T T E R S 7 JANUARY 2002
FIG. 4. The measured radial proton polarization at 120 MeV
is plotted against the rf-dipole ramp time Dt. The rf
dipole’s frequency range Df was 65 kHz, and its

R
B dl was

0.16 T mm rms. The curve is a fit to the data using Eq. (3).
The dashed line shows the polarization with the rf dipole off;
the arrow shows the 100 ms setting used for later studies.

We next studied whether the fast turn-on of the rf dipole
was reducing the stored beam’s current and possibly in-
creasing its emittance; we set the rf dipole’s frequency
to 0.7775 MHz and linearly ramped its voltage from 0 to
280 V, and then back to 0 V, while varying its voltage
turn-on time t and holding its voltage-on time fixed at 1 s.
Above about 10 ms, the beam current is somewhat inde-
pendent of voltage turn-on time; thus, we set the voltage
turn-on time at 10 ms for the later spin-flipping studies.

We then spin flipped the beam by crossing this rf-
induced resonance at f2

r by linearly ramping the rf dipole’s
frequency from f2

r 2 5 to f2
r 1 5 kHz, with various

ramp times Dt, while measuring the beam polarization af-
ter each frequency ramp. The measured radial polarization
is plotted against the ramp time in Fig. 4. This measured
polarization is a good fit to the Froissart-Stora formula
[Eq. (3)], which is shown by the curve. The best fit to the
resonance strength is e � �198 6 2� 3 1026 [31].

To study more precisely the spin-flip efficiency h, we
next performed ten spin flips while varying the rf dipole’s
frequency range Df, its ramp time Dt, and its voltage
V . The beam polarization after ten spin flips is plotted
in Fig. 5 against the rf-dipole’s voltage, with its Df and
Dt set to their optimum values. The dashed curve is a fit
to the formula obtained by taking the 10th power of h �
Pf�Pi in Eq. (3), where Pi and Pf are the initial and final
polarizations after one spin flip:

P10 � Pih
10 � Pi

Ω
2 exp

∑
2�pefc�2

Df�Dt

∏
2 1

æ10

. (6)

After setting Dt, Df, and V to maximize the spin-flip
efficiency, we more precisely determined this efficiency
h by varying the number of spin flips. We measured the
radial polarization after many spin flips while keeping the
ramp time, the frequency range, and the rf voltage all fixed
for each spin flip. This measured radial polarization is
014801-3
FIG. 5. The measured radial proton polarization at 120 MeV
after ten spin flips is plotted against the rms rf-dipole voltage
Vrms. The rf dipole’s frequency range Df was 65 kHz, and its
ramp time Dt was 100 ms. The dashed curve is a fit to the data
using Eq. (6); the arrow shows the 100 V setting used for later
studies, corresponding to

R
B dl � 0.16 T mm rms.

plotted against the number of spin flips in Fig. 6. We fit
this data using

Pn � Pih
n, (7)

where Pn is the measured radial beam polarization after
n spin flips, Pi is the initial polarization, and h is the
spin-flip efficiency. The best fit gave a spin-flip efficiency
of 99.63 6 0.02%; while this technique seems free of any
known systematic errors, we decided to be conservative
and to increase the quoted error to 60.05%. This very high
spin-flip efficiency was probably due to our new ability
to operate the rf dipole at a high voltage by turning it
on rather slowly; this slow turn-on apparently helped to
preserve both the beam current and beam polarization.

FIG. 6. The measured radial proton polarization at 120 MeV
is plotted against the number of spin flips. The rf dipole’s
frequency ramp time Dt was 100 msec; its frequency range
Df was 65 kHz, and its voltage was 100 V rms corresponding
to an

R
B dl of 0.16 T mm rms. The curve is a fit to the data

using Eq. (7).
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In summary, by adiabatically turning on an rf dipole, we
were able to very efficiently spin flip a stored 120-MeV
horizontally polarized proton beam with a nearly full
Siberian snake in the IUCF Cooler Ring. The measured
spin-flip efficiency was 99.63 6 0.05%. This very high
spin-flip efficiency might be further increased by increas-
ing even further the rf dipole’s voltage. In any case, the
present data clearly demonstrate that an rf-dipole spin flip-
per would allow up to 100 spin flips in scattering experi-
ments with polarized beams in rings, which need Siberian
snakes, such as the IUCF Cooler Ring, the MIT-Bates
Storage Ring, Brookhaven’s RHIC, or DESY’s HERA.
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