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Adiabatic partial Siberian snake turn-on with no beam
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A recent experiment in the IUCF cooler ring studied the adiabatic turn-on of
a partial Siberian snake at 370 MeV, where the spin tune, v, is 2% for all snake
strengths. The snake consisted of two rampable warm solenoid magnets in series
with a superconducting solenoid; this combination allowed varying the snake strength
between about 0 and 25% at 370 MeV. We measured the beam polarization after
varying the snake either once, twice or ten times; we found with good precision that
no polarization was lost. This supports the conjecture that a Siberian snake can be
ramped adiabatically at an energy where the spin tune is a half-integer.

PACS Numbers: 41.75.Ak, 07.77.+p, 29.27.Bd, 29.27.Hj

Acceleration of a polarized proton beam to high energy requires overcoming the
many spin-depolarizing resonances that occur in circular accelerators. The individ-
ual resonance correction technique was quite successful at the ZGS [1], Saturne [2],
KEK [3] and the AGS [4]; however, this technique becomes impractical above beam
energies of about 20 GeV. Fortunately, recent experiments [5-8] demonstrated the ef-



fectiveness of the Siberian snake technique [9], which should simultaneously overcome
all depolarizing resonances at any energy. A Siberian snake forces all depolarizing
effects to cancel themselves by rotating each proton’s spin by 180° on each turn
around an accelerator ring. This spin rotation can be produced by using either a
solenoid magnet, which has a longitudinal field, or a combination of transverse field
dipole magnets, which only distorts the beam orbit inside the snake itself. A trans-
verse Siberian snake is especially effective at energies above 100 GeV. However, at
lower energies the orbit excursions inside a transverse snake become rather large; this
increases the transverse size and cost of the snake dipoles. At higher energies the
Lorentz transformation requires very long solenoids; at 20 TeV a 180° spin rotation
requires a 9 T solenoid about 10 km long. Moreover, at all energies a solenoid snake
focuses the beam and produces strong coupling between the vertical and horizontal
betatron motion.

These orbit problems are especially serious near low-energy injection in medium-
energy accelerators such as the Fermilab Main Injector [10], the SSC Medium Energy
Booster [11], and the Brookhaven RHIC [12]. However, these accelerators need full-
strength Siberian snakes to overcome the many strong depolarizing resonances near
the top energy of their acceleration cycle. Therefore, we experimentally studied the
adiabatic turn-on of a Siberian snake. If adiabatic turn-on causes no depolarization,
then it could be used to simultaneously solve both the depolarization problem and the
orbit problem. The strong higher energy depolarizing resonances could be overcome
by adiabatically turning-on a full snake at about 20 GeV; the weaker low energy
resonances could then be overcome using other techniques [4,10], which do not cause
large orbit excursions at low energy.

In a circular accelerator ring with no Siberian snakes, each proton’s spin precesses
around the vertical field of the accelerator’s dipole magnets; however, any horizontal
magnetic fields can depolarize the beam. This depolarization occurs when the spin
precession frequency, fs, satisfies the resonance condition

fs = fevs = fc(n + mVy)v (1)

where n and m are integers; f. is the protons’ circulation frequency; the vertical
betatron tune, v, is the number of vertical betatron oscillations during each turn
around the ring; and the spin tune, v, is the number of spin precessions during each
turn around the ring. The imperfection resonances occur when m = 0, while the
first-order intrinsic resonances occur when m = +1.

With no Siberian snake, the spin tune is proportional to the proton’s energy

vs = G, (2)

where v is the Lorentz energy factor and G = 1.792847 is the proton’s anomalous
magnetic moment. A recent experiment [7] confirmed that in a ring containing a
partial Siberian snake of strength s, the spin tune obeys the equation
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cos(mvs) = cos(mG7y) cos (7) , (3)
where s = 1 corresponds to a full snake, which rotates the spin by 180°; this behavior
of the spin tune versus the snake strength is shown in Fig. 1 for different beam
energies. For a full Siberian snake, the spin tune is equal to a half-integer at all
energies. For any snake strength, Eq. 3 indicates that the spin tune is equal to a
half-integer whenever the kinetic energy, T, satisfies

T = 370 MeV + k 523 MeV, (4)

where k is an integer. These “half-integer” energies certainly seem best for changing
the snake strength; at other energies the spin tune would change along with the snake
strength and might cross depolarizing resonances.

The 2 T-m superconducting Siberian snake solenoid, the polarimeter and the
Cooler Ring’s operation with polarized protons were discussed earlier [5-8, 13]. To
allow us to adiabatically vary a Siberian snake’s strength, we recently built two ram-
pable warm 0.2 T-m solenoids of 1026 turns each. These warm solenoids were placed
in series with our superconducting snake solenoid as shown in Fig. 2. The snake
strength, s, for a solenoid magnet of NI ampere turns is given by

po(l + G)
© 10479 p NI, (5)
where gy = 471077 T-m A~! and p is the proton’s momentum in GeV/c. The
superconducting solenoid was operated at 37.1 A, which made it about a 12.5% snake
at 370 MeV using the earlier calibration [14].

The polarized proton beam was then injected into the Cooler Ring at 200 MeV
which is well above the Gy = 2 imperfection depolarizing resonance [5] near 108 MeV
and the Gy = 7 — v, intrinsic depolarizing resonance [6] near 177 MeV. The beam
was next accelerated to 370 MeV with the superconducting solenoid current fixed at
37.1 A. During this acceleration the superconducting solenoid decreased from being
about an 18% snake at 200 MeV to about a 12.5% snake at 370 MeV. After the beam
reached 370 MeV, the two warm solenoid magnets varied together from 0 to -165 A
each, which is about a —6.2% snake each; then they varied together in the opposite
direction to become about a +6.2% snake each. As shown in Fig. 3, this process
varied the total snake strength of the three solenoids between about 0% and 25%.

For a Siberian snake turn-on to be adiabatic, the stable spin direction must change
much more slowly than the time for a proton to circle the ring; thus the snake turn-on
time At must satisfy the relation

1
At> —. 6
t>>fc (6)



This adiabatic requirement was certainly satisfied for our 1 s ramp time shown in
Fig. 3; the At was about 10° times slower than the inverse of the protons’ circulation
frequency f. which was 2.4 MHz at 370 MeV.

The transverse beam polarization, P, = /P2 + P2, is plotted against the number

of adiabatic turn-ons and turn-offs in Fig. 4. With a 0% snake, the stable spin
direction was vertical; the 25% partial Siberian snake tilted the stable spin direction
by about 23° [15]. Once the beam reached 370 MeV, where the spin tune was 23,
there was no depolarization as we turned the 25% partial Siberian snake on and off.
As shown in Fig. 4, the beam polarization measured after either one, two, or ten
adiabatic snake changes was exactly the same, within our precision of about 2%.

This experimental data supports the conjecture that the strength of a Siberian
snake can be varied adiabatically without depolarizing the beam at an energy where
the spin tune is a half-integer. Thus, the proton’s spin precession axis appears to
follow the motion of the stable spin direction during the adiabatic turn-on or turn-
off of a partial Siberian snake. This adiabatic Siberian snake turn-on capability
could allow much more efficient acceleration of polarized proton beams at medium-
energy accelerators such as the Fermilab Main Injector [10], the SSC Medium Energy
Booster [11], or the Brookhaven RHIC [12].
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FIG.1. The spin tune, vy, is plotted against the snake strength, s, for different values
of G~ using Eq. 3.
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Location of the two warm rampable solenoids, the superconducting solenoid,

and other relevant hardware in the IUCF Cooler Ring.
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FIG. 3. The waveform for the Siberian snake ramp. The superconducting solenoid
current was fixed at 37.1 A, which was about 12.5% of a full snake at 370 MeV, while the
two warm solenoids were varied together up and down from jointly forming a -12.5% snake

(-165 A each) to a +12.5% snake. Thus, the total snake varied repeatedly between 0 and
25%.
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FIG. 4. The transverse polarization, P, = /P2 + PZ, at 370 MeV is plotted against
the number of times the 25% partial Siberian snake was turned on or off. The dashed line
is the best fit to the data; the data shows no depolarization within our 2% precision.






