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First Test of the Siberian Snake Magnet Arrangement to Overcome Depolarizing Resonances
in a Circular Accelerator
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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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stable polarization direction; the polarization should al-
ways return unchanged to this direction after each turn
around the ring. This stable polarization direction may
have radial, vertical, and longitudinal components. The
snake rotates the polarization about the longitudinal
axis. The main effect of the three Cooler Ring solenoids
is also a polarization rotation about the longitudinal axis;
the ring-bending magnets each rotate the polarization
about the vertical axis. All these rotations together pro-
duce an effective spin rotation matrix at each point in the
ring; this matrix gives a fixed spin-precession axis, which
is the only time-stable beam polarization direction at
that point. The calculated stable horizontal polarization
directions at Gy 2 with the snake turned on are shown
in Fig. 1 at various points around the ring.

For a vertically polarized injected beam the magnitude
of the time-average polarization along the stable spin
direction is

P, P cosine,

where P is the injected polarization and ttr is the angle
between the stable spin direction and the vertical. With
no snake, the vertical, radial, and longitudinal com-
ponents of the polarization at the polarimeters are as fol-
lows:

Pycpr P cos

P„d;,t
—P sin(6y8) sinttr costtr,

P ,t„s-Pc os( Gy 8)sin trios ter,

(2)

where G (g —2)/2 1.7928 is related to the proton's
magnetic moment, y E/mc is the energy parameter,
and 0 is the orbital angle around the Cooler Ring. If we
take 8 0 for the snake, then 8-2x/3 for the polarime-
ter and 0 x for the Cooler Ring solenoids as shown in
Fig. 1. Notice that the stable polarization direction an-
gle t|t can be related to the longitudinal fB.dl in the
Cooler Ring solenoids by the formula

tan f [ef8 dl (1 +G) l/2cpl
tanttr

sin(xGy)
(5)

where p is the proton's momentum, e is its charge, and c
is the speed of light.

We tested the polarimeter before the Siberian snake
was installed. The results turned out to be quite interest-
ing; apparently, no one has ever before studied how a
depolarizing resonance simultaneously affects two polar-
ization directions. Both the vertical and radial polariza-
tions at 120 MeV were measured while we varied the
longitudinal magnetic field in the Cooler Ring; thus, we
varied the resonance strength while holding the energy
fixed. We produced a longitudinal imperfection field in
the Cooler Ring by varying the fB dl in the main cool-
ing solenoid and in two nearby compensating solenoids.
The main solenoid's fB dl was typically 0.5 Tm. Fig-
ure 2 contains the data for both variations plotted on a
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single axis using an empirical relative calibration of the
solenoids. " When the correction made this field approx-
imately zero, two things happened simultaneously: The
vertical polarization peaked to its maximum value and
the radial polarization passed through zero. The stable
polarization direction was then vertical. When the
correction was poor, the vertical polarization decreased
significantly while the radial polarization increased to a
positive or negative value depending on the sign of
fB dl. This means that the "stable polarization direc-
tion" rotated as the solenoids were adjusted.

These 120-MeV data show for the first time that non-
vertical stable polarization directions can exist in a
stored polarization beam. At an fB dl of about —0.135
Tm, there is clearly a stable polarization of about 46% at
an angle of about 45 with the vertical. Notice that this
nonvertical polarization value lasts throughout the 3-sec
storage time, which corresponds to about 6X10 turns
around the Cooler Ring. This observation of a stable
nonvertical polarization direction is perhaps the first ex-
perimental hint that the Siberian snake concept may be
correct. One can think of the three Cooler Ring
solenoids as a partial Siberian snake. '

We then made the first study of a depolarizing reso-
nance with a Siberian snake. The results with 104-MeV
polarized protons show that the snake significantly
changes the effect of the nearby Gy =2 depolarizing res-
onance. Exactly on resonance the polarization may be so
sensitive to the horizontal magnetic fields that maintain-
ing polarization may require a Siberian snake; the
snake's 180 spin rotation should dominate the spin pre-
cession near the resonance. At high energy, Siberian
snakes are best made using about eight transverse field
magnets. Fortunately, a solenoid, which gives a 180
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FIG. 2. The vertical and radial components of the beam po-
larization at 120 MeV are plotted against the longitudinal
magnetic field integral in the Cooler Ring solenoids with the
snake oA' and the injection of vertically polarized protons.
There is a systematic normalization uncertainty of about
+ 4%. The dashed curves are the predicted behavior.
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FIG. 3. The Michigan-IUCF Siberian snake as installed in
the Cooler Ring.
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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
G y 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-
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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
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polarized proton beam through the Gy 2 imperfection
depolarizing resonance at 108 MeV and the Gy= —3
+ vy intrinsic depolarizing resonance near 1 79 MeV.
The rather slow Cooler Ring acceleration rate of about
0.1 sec ' will sharply increase the effects of these reso-
nances compared to the AGS, where dy/dt is about 50
sec '. In fact, the Cooler Ring resonances may cause
total spin Ilip rather than depolarization; this might
make the test more difficult, since a spin-Aipped beam is
still fully polarized. Therefore, we plan to improve our
capacity to correct both longitudinal and radial imperfec-
tions. ' This should help us to directly test the ability of
a Siberian snake to eliminate depolarizing resonances
during acceleration. Siberian snakes might then be used
to accelerate polarized protons to very high energy at fa-
cilities such as SSC, UNK, Tevatron, and HERA; they
might also be used at facilities near 100 GeV, such as
RHIC, U-70, KAON, and the AGS.
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