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Full spin flipping in the presence of full Siberian Snake
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This paper proposes a new design of spin flipper for high-energy accelerators to obtain full spin flip
with the spin tune staying at half integer. The traditional technique of using a single rf spin rotator with a
fixed spin rotation axis and an oscillating spin rotation, either an rf dipole or solenoid, as spin flipper to
achieve full spin flip in the presence of a full Siberian snake has been demonstrated [B. B. Blinov et al.,
Phys. Rev. Lett. 81, 2906 (1998); B. B. Blinov et al., Phys. Rev. Lett. 88, 014801 (2001); V.S. Morozov
et al., Phys. Rev. ST Accel. Beams 7, 024002 (2004); R. A. Phelps, AIP Conf. Proc. 338, 361 (1994);
Ya.S. Derbenev et al., Part. Accel. 8, 115 (1978)]. However, this technique requires one to change the
snake configuration to move the spin tune away from half integer which is not practical for an operational
high-energy polarized proton collider such as RHIC where beam and polarization lifetime are sensitive to
small changes. Based on the conceptual designs to use rf dipoles to achieve full spin flip with the spin tune
at half integer [T. Roser, BNL Report No. BNL-52453, 1994; R. A. Phelps, BNL Report No. BNL-52453,
1994], this paper presents a compact design of a spin flipper for a high-energy accelerator. The theory of

the new spin flipper technique and numerical simulations are also presented.
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I. INTRODUCTION

In order to cancel the systematic errors in experiments of
high-energy polarized proton collisions, one would like to
reverse the spin directions of the two colliding beams
multiple times during the store when data are taken. In
general, a high-energy polarized proton collider employs
full Siberian snakes to avoid the polarization loss during
the acceleration and store. A full Siberian snake is a device
to rotate the spin vector around an axis in the horizontal
plane by 180° [1]. For the Relativistic Heavy Ion Collider
(RHIC) at Brookhaven National Laboratory, two pairs of
full Siberian snakes were installed in the two rings. In each
ring, the two snakes are located 180° from each other with
their spin precession axes perpendicular to each other as
shown in Fig. 1. This configuration yields a spin tune Q, =
% [2] and a vertical stable spin direction around the ring.
Here, spin tune is defined as the number of spin precessions
in one orbital revolution. Since the betatron tunes in cir-
cular accelerators are kept away from half integer to keep
the beam stable, both intrinsic and imperfection depolariz-
ing spin resonances at Gy = kP = Q, and Gy = k are
avoided [3]. Here, G is the anomalous g factor, vy is the
Lorentz factor, k is an integer, P is the superperiodicity of
the accelerator, and Q, is the vertical betatron tune.

The traditional spin flipping technique uses an rf spin
rotator that rotates the spin around an axis in the horizontal
plane. Such an rf spin rotator can be implemented as an rf
solenoid or an rf dipole with horizontally oriented mag-
netic field. In the latter case, the effect of the vertical orbit
oscillation needs to be considered as well which will be
done in Sec. III. For now, only a local rf spin rotator is
considered that does not affect the beam orbit. Also, with-
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out loss of generality, the spin rotation axis is assumed to
be radial. To achieve spin flipping, the rf spin rotator
frequency is swept adiabatically across the beam spin
precession frequency. In this case, the spin precession
equation is [4]

% = [GY9 + ose(0) cos(Qoscd + )T X S, (1)

where Q. is the rf spin rotator tune, which is the oscillat-
ing frequency of the rf spin rotator field in units of the

particle’s revolution frequency. df = %dt, where v is the

speed of the particle and p is the curvature of the bending
dipole. y is the initial phase of the oscillating field and is a
function of the beam particle’s azimuthal position at the
beginning of the rf spin rotator excitation. For two particles
at two different azimuthal locations, the difference of the
initial phases A y is

AX = QOSCAe’ (2)

where A6 is the azimuthal separation of the two particles.
Posc(0) is the amount of spin rotation from the rf spin
rotator located at 6.

d)osc(e) = Z ngsca(e = Oosc — 21n), 3)

n=-—o0

where n is the orbital revolution number and for the ith
turn,

2ari had
f D 8(0 = O — 27n)d6 = 1. 4)
27(i—1) p=— oo
Here, ¢, is the maximum spin rotation.
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FIG. 1. (Color) This is a schematic layout of the RHIC polarized
proton acceleration complex. The polarized H~ beam from the
source gets preaccelerated in the Brookhaven 200 MeV linear
accelerator (LINAC) and stripped injected in the Brookhaven
Booster. The polarized proton beam is then further accelerated in
the Brookhaven AGS and gets injected in the two accelerators of
RHIC. The polarized proton acceleration in the 200 MeV
LINAC is spin transparent. In the Booster, only 3 imperfection
spin resonances are crossed during the acceleration and they are
corrected with the vertical harmonic orbit correctors [11]. In the
AGS, the polarized beam experiences a total of 7 strong intrinsic
spin resonances, 41 imperfection resonances, and 82 horizontal
resonances [12] before it gets extracted into RHIC. Two partial
helical snakes [13] are employed to preserve the beam polariza-
tion [14]. In RHIC, two pairs of full Siberian snakes are em-
ployed in the two accelerators to preserve the beam polarization.
In order to obtain a vertical stable spin direction in the two
accelerators, the two snakes are placed 180° apart with their spin
precession axes perpendicular to each other. This also gives half
integer spin tune at all the energies which keeps the beam away
from all the intrinsic spin resonances and imperfection spin
resonances.

The corresponding spinor equation is

dis(6) i [
= ——| Gyoz t (0
10 S| Gros T o (6)
(Qosc 0+ X)03 4 o= i(Qosc B+ x)03
e e
X 5 0'1]90(9) 5)

with
0 1
717\1 o)
:1 0
0'3 0_1

Equation (5) shows that the spin kick from the rf

spin rotator consists of two terms, ¢r.(0) =
bosl0) p=i(0ucl+ 07 and ¢poy.(6) = Los® ¢iQucl 2003 The

(6)

two terms drive spin resonances at Q; = Q. and Q, =

— Q- When Q. is sufficiently different from %, in a

frame that rotates with Q. the spin kick contributions
from ¢ (0) remain constant, whereas the contributions
from the ¢ (0) term oscillate at 20, and adiabatically
average to zero over many turns. Hence, this becomes an
isolated resonance condition and a full spin flip can be
achieved by adiabatically ramping the rf spin rotator tune
Qs through Qg [5]. This is shown in Fig. 2 as the red line
where the turn-by-turn vertical component of the spin
vector was calculated with a spin tune Q; = 0.47 and a
single rf spin rotator. The maximum spin rotation of the rf
spin rotator was adiabatically ramped from zero to
2.3 mrad in the first 6000 turns at a fixed tune of Q. =
0.46. The rf dipole tune was then adiabatically swept from
0.46 to 0.48. This brought the spin vector from the initially
vertical up direction to the vertical down direction.
However, this isolated resonance crossing condition
does not hold anymore when Q; = % When Q. adiabati-
cally ramps across Q, = %, the polarized beam simulta-
neously crosses the spin resonance at O, = Q. from one
side and the spin resonance at Q, = —Q,. from the op-
posite side. At O, = Oy = %, the contribution from the
P osc () term can cancel the contribution from the ¢ . (6)
term depending on the initial phase y. Thus, a full spin flip
cannot be achieved by adiabatically ramping the rf spin
rotator tune Q. through the beam spin tune Q,. This is
evident from the spin tracking shown in Fig. 2 as the green
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FIG. 2. (Color) This plot shows the spin tracking results of spin
flipping using a single rf spin rotator. For the two data sets (the
red line and the green line) in this plot, the vertical component of
the spin vector is shown as a function of the number of orbital
revolutions. In both cases, the initial spin vector points vertically
and the maximum spin rotation of the rf spin rotator is adiabati-
cally ramped from zero to 2.3 mrad in the first 6000 turns at a
fixed tune of Q; — 0.01. The rf spin rotator tune was then
adiabatically swept from Q; — 0.01 to Q, + 0.01 in 500000
turns and then adiabatically ramped down to zero in another
6000 turns. The red line shows full spin flip when the spin
precession tune Q, is set to 0.47 and the green line shows
depolarization for a spin tune of 0.5.
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line where all the parameters are the same as in the case
shown as the red line, except that the spin tune was set to
o, = % . One could move the spin tune away from % for spin
flipping by detuning the snake settings. However, in prac-
tice, a high-energy collider is operated with very limited
space for spin tune and betatron tune changes and is there-
fore sensitive to any small tune shifts. It is necessary to
develop a spin flipper that functions at the operational spin
tune of 1.

I1. SPIN FLIPPER

The key to achieving full spin flipping with the spin tune
at % is to provide an rf spin rotator that rotates the spin
vector by a constant angle & around an axis that is itself
rotating in the horizontal plane at a frequency of Q.. This
will eliminate the spin resonance at Q, = —(Q.. Similar
to Eq. (1), Eq. (7) is the spin precession equation for an rf
spin rotator with a rotating axis in the horizontal plane:

>

ds
- [Gyﬁ + ql)osc(e)[cos(Qosce + /\/))’5

o
+ sin(Qy. 0 + x)2] X S. (7)

The corresponding spinor equation is then given by
dy(6 i .
M = _§[G70-3 + d)osc(a)e Qo+ X)73 0-1]'7[/(6)

do
®)

Transforming Eq. (8) into the frame that rotates at the same
frequency as the rf spin rotator frequency, namely

W(0) = e/D(Qusc0+X)7s (), 9)
yields
ave) _ i _ i
W - 2 (GY QOSC)0-3\I’(0) ) ¢osc(0)0-1 \If(ﬂ)

(10)

The corresponding spinor transfer matrix of the rf spin
rotator with a rotating axis in Eq. (7) is

M,y = e (/DPoclcos(Qucf+X)or +5in(Qoicb+X) 2], (1)

In practice, the spin flipper using the rf spin rotator with a
rotating axis in Eq. (7) can be approximated by placing a
constant-field spin rotator with a vertical spin precession
axis between two rf spin rotators with fixed rotation axes
and oscillating spin rotations. The spin transfer matrix
through such a spin flipper is given by

Msﬂip = (/D) Powe cO8(Quse 0+ X2) Tt o= (i/2) o3
X e~ (/D) Posc c05(Qosc O x1) 01 (12)
where ¢, is the amount of spin rotation from the spin

rotator and ), are the initial phases of the two rf spin
rotators with fixed axes, respectively. One can prove that

for a small ¢, and
X1~ x2 = 180° + ¢, (13)
M g, in Eq. (12) is equal to
Mg, = e~ /2do03
X e~ (1/2)bose sino[sin(Qosc 0+ x2) 01 =c08(Qose 0+ x2) 2]
(14)

For y, = x + %77, the oscillating spin rotation term in
Eq. (14) is then identical to Eq. (11). The constant rotation
term e~ (/2% does not contribute to the spin flipping.
Equation (14) also shows that in principle, a full spin flip
can be achieved for any ¢, # 0 and the effective maxi-
mum spin rotation of the rf spin rotator becomes

b o Singy. (15)

For ¢y = 90°, the required rf spin rotation g{;m is most
effective and Eq. (14) becomes

Mﬂﬂlp = 67(1/2)(77/2)0'3 e(i/2)$osc[SiH(Qosca+X2)(rl +C05(Qosc0+/\/2)(r2]'
(16)

In a real machine, additional spin rotations around the
vertical direction have to be added to cancel the extra ¢,
rotation in Eq. (14) in order to keep the spin tune un-
changed. Figure 3 shows the schematic drawing of spin
flipper for RHIC with two rf dipoles and a 90° spin rotator
in between. Two 45° spin rotators are arranged on either
side of the two rf dipoles to keep the spin tune unchanged.
With the two snakes in each ring, the spinor one turn map
of RHIC in the presence of the spin flipper is given by

OTM = (—ioy)e W2ACYTIs(—jg )~ 1/2GYT0s pli/2)(m/4)os
X Msﬂipe(i/2)(77/4)03_ (17)

This arrangement not only provides a solution for spin
flipping, but also minimizes the effect on the horizontal
closed orbit. Figure 4 shows the result of spin tracking with
this simple lattice. It shows a full spin flip when Q. is
swept from 0.49 to 0.51. The maximum spin rotation of the
two rf spin rotators is 1.14 mrad. For high-energy polarized
protons, a 90° spin rotator needs a dipole field of 2.7 Tesla-

RF DIPOLE RF DIPOLE (28.5mr)

FIG. 3. (Color) The top view schematic layout of the RHIC spin
flippers. This shows an available straight section of the RHIC
lattice indicating the location of dipoles (DX, D0, D5I, and D50)
and quadrupoles (Q;, i = 1,2...5). The separate spin flippers in
the two accelerators allow independent spin flipping in each ring.
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FIG. 4. (Color) This plot shows the vertical component of the
spin vector as a function of number of orbital turns for spin
tracking done with a simple lattice of two snakes separated by
180° orbital deflections. The maximum spin rotation of each of
the two rf spin rotators is 1.14 mrad and the initial phase between
the two rf dipoles is 90°.

m. This corresponds to a horizontal orbital deflection angle
of 8.2 mrad for 100 GeV and 3.2 mrad for 250 GeV. These
are the typical store energies for RHIC.

Another application of this spin flipper with rotating axis
is to measure the spin tune. Instead of sweeping the rf spin
rotator tune, one can adiabatically induce a coherent spin
precession around the vertical direction by driving the rf
spin rotator at a tune near the spin tune. In this case, the
spin vector gets adiabatically moved away from the vertical
direction with a constant projection on the vertical direc-
tion [3]

D Qx - Qosc
Yoz 7’
\/6 + (Qs - Qosc)
where € = ‘éw is the strength of the spin flipper induced
resonance. The projection of the spin vector on the hori-

zontal direction, on the other hand, oscillates with Q. and
the amplitude of this coherent oscillation is given by

(18)

g _ €
’ \/52 + (Qs - Qosc)z.

The ratio of Eq. (18) and Eq. (19) directly measures the
difference between Q, and Q. and vanishes at O, = Q..
With a fast polarimeter like the RHIC relative carbon
polarimeter [6,7], the horizontal and vertical asymmetry
(a quantity which is proportional to the spin vector projec-
tion on the vertical and horizontal direction) can be re-
corded on a turn-by-turn basis. The constant vertical
asymmetry divided by the Fourier component of the turn-
by-turn horizontal asymmetry measurement at Q. is pro-
portional to the difference between Q, and Q... Knowing

19)

O, then gives Q,. The advantage of this technique is that
this is an adiabatic spin manipulation and can preserve the
beam polarization. Hence, this technique is ideal for mea-
suring the spin precession tune at the store energy of a
high-energy accelerator.

III. DRIVEN BETATRON OSCILLATION EFFECT
ON SPIN MOTION

At high energy, an rf spin rotator with fixed axis is
realized as an rf dipole magnet. Therefore, in addition to
exciting coherent spin precession, an rf dipole with the
horizontally oriented magnetic field also induces a coher-
ent betatron oscillation in the vertical plane [8,9]. When the
rf dipole is turned on adiabatically at a fixed frequency, the
driven betatron oscillation at location s is given by

" Bgs.L
yamp(s): Z %

[ 9,
X By(S)By(SOSC) |Q§ —n+ QOSC)zl , (20)

where s, is the location of the rf dipole, B.L is the
amplitude of the integrated field strength of the rf dipole,
Q, is the vertical betatron tune, n is an integer, 3,(s) and
By (sosc) are the vertical beta functions at the location of the
observation and the rf dipole, respectively. The sum of n
from —oo to o0 in Eq. (20) reflects the fact that in principle
the localized rf dipole kick excites all the harmonics at n +
Qs+ In reality, the driven coherent oscillation is domi-
nated by the harmonic near the betatron tune. For the case
when Q. is very close to the betatron tune, i.e., n +
Qose = Oy, Eq. (20) becomes [9]

_ Bos.L
47TBple - (l’l + Qosc)l

This driven betatron oscillation introduces additional
spin kicks from all the quadrupoles that can either enhance
or reduce the strength of the resonance induced by the rf
dipole. The spin resonance strength of this driven betatron
oscillation is proportional to the nearby intrinsic spin reso-
nance strength (amplitude of the spectral line at kP * Q,
of the spin perturbations Fourier spectrum [3]) and the
amplitude of the driven betatron oscillation given by
Eq. (20). For accelerators like RHIC where the spin pre-
cession tune is half integer, the rf dipole tune then is
required to be swept through half integer for the spin
flipping. However, since in general the betatron tune is
kept away from half integer for stability reasons, the am-
plitude of the driven oscillation is insignificant and this
effect, as well as the resulting contribution to the rf dipole
spin resonance, is negligible. For RHIC, the strength of the
strongest intrinsic resonance at the store energy of Gy =
191.5 or Gy = 477.84 is about 0.001 for a beam with an
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FIG. 5. (Color) This plot shows the vertical component of the
spin vector as a function of number of orbital turns for a
simulation done using SPINK with the RHIC lattice with all the
quadrupoles included. The layout of the spin flipper setup is
similar to what is shown in Fig. 3. Instead of a ¢, = 90° spin
rotator in between the two rf dipoles, a ¢y = 30° spin rotator is
used for this tracking and the amplitude of the spin rotation of

the two rf dipoles ¢, was increased to 2.28 mm-mrad with a
phase difference of y; — x, = 210°.

rms emittance 2.57 mm-mrad. The amplitude of the
driven oscillation of rf dipoles with 40 Gauss-m amplitude
and 210° phase difference is about one-tenth of the beam
rms size, giving a strength from the driven betatron oscil-
lation of about 0.000 03 for a lattice without snakes. This is
negligible compared to the effective maximum spin rota-
tion of the two rf dipoles of 0.0012. With snakes, the effect
of driven betatron oscillation on spin motion is further
reduced. Figure 5 shows the numerical simulation result
with the RHIC lattice with all the quadrupoles included
using the spin tracking code SPINK [10] which does the full
tracking of both orbital motion and spin motion. Hence, it
calculates not only the spin motion directly from the rf
dipole, but it also calculates the spin motion from the
focusing quadrupole fields that comes from the rf dipole
induced coherent betatron oscillation. The full spin flip
shown in Fig. 5 confirms that the effect of the driven
betatron oscillation on the spin motion is negligible. In
this calculation, a ¢, = 30° spin rotator was chosen in
order to use the existing dipole magnets.

IV. CONCLUSION

This paper presents a new spin flipper design for opera-
tional colliders like RHIC where the spin tune is % It
demonstrates through theoretical derivation as well as
numerical simulations that a full spin flip can be achieved
without moving the spin tune away from % . This design can
also be used to measure the spin tune in high-energy
polarized proton accelerators.
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