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Abstract
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The fields, particle motion, and spin precession in the AGS
<snakes have been re-visited. These investigations include
re-computation of 3-D OPERA field maps of the snakes and
= use stepwise ray-tracing tools and methods. There is a series
o of sub-products of this study, amongst others, the transport
5 of the spin stable axis from AGS to RHIC X and Y kicker
g exit, cold snake settings for polarized helion programs, high
£ accuracy 3-D field maps in view of long-term motion and
‘g spin tracking in the AGS for accurate beam polarization
simulations.
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INTRODUCTION

The role of the two helical snakes in the AGS is to z-rotate
—g the spin at each passage, by an angle ¢ ~ 10 — 12 degrees,
2 warm snake case, or ¢ ~ 20 — 28 degrees, cold snake, proton
'é case (about twice as much for helion). This allows over-
S coming depolarizing resonances, of both imperfection type
80 p = integer, and vertical intrinsic type Q, +Q, = integer
2 according to the following principles :

must maintain attrib

2 Under the effect of the snakes during the acceleration
2 cycle, spins undergo resonant flipping each time the spin tune
5]

< satisfies O, =integer (41 times, from Gy = 4.5 at injection
S to 45.5 at extraction), whereas placing the vertical betatron
§ tune @y in the forbidden spin tune gap integer + ¢/2nm,
© as resulting from cos 71Q,, = cos % cos 1Gy, eliminates
§ vertical intrinsic resonances. Non-linear snake resonances
8 0sp£lQ, =integer,! > 2, present in the spin tune forbidden
S gap, are avoided by adjusting Q, with a margin that depends
; on the strength of the neighboring linear resonance.

R On the other hand the stable spin precession direction
% fip is in general at a (small) angle to the vertical around
S the ring. This drives horizontal intrinsic spin resonances,
qi QOsp £ Oy = integer, their effect is minimized by 80 local
CLE)tune jumps, using a pair of fast quadrupoles. AGS optics
o in addition includes coupling sources (e.g., main magnet
f defects, the snakes themselves at low energy), which also
S excite resonances Q) + O = integer.

The extraction Gy value (Gy = 45.5 in recent RHIC po-
2 larized proton runs) is chosen at the optimum match between
28 the periodic 7 at the extraction septum H10 in the AGS,
Zand the vertical periodic 7 at the injection kicker in RHIC.
< The transport from the former to the latter is ensured by the
£ AtR (AGS to RHIC), a non-planar beam line.

Thus, accurate control of beam polarization in the AGS, of
its transport along the acceleration cycle, and of its delivery,
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the closest possible to vertical, at RHIC-Blue and RHIC-
Yellow injection kickers, require an accurate knowledge of
the snake fields and of their settings.

Details regarding the present study, including Helion con-
ditions, can be found in Ref. [1].

ORBIT, OPTICS, SPIN MOTION

Warm Snake

The AGS warm snake, installed in 2004 [2], located in
the E20 straight section, is a normal conducting helical
dipole with double pitch structure (0.4/0.195/0.4 deg/m over
0.39/1.32/0.39 m, entrance/body/exit) designed to ensure
minimized orbit defect [3].

The same 3-D OPERA field map as investigated in Ref. [4]
is used here. It was computed for the nominal operation
conditions, namely, 1.53 T field modulus at the center of the
magnet, 2540 Amp coil current.

Figure 1: 3-D OPERA model of the warm snake [2].

Spin tracking data, as obtained from ray-tracing, are de-
tailed in Figs. 2 and 3. The spin precession is interpolated
at better than 2 103 accuracy (relative to actual tracking
outcomes) from Gy = 4.5 and beyond, and with B in the
vicinity of By, by, see Fig. 3,
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with By = 1.5333 Tesla, Cy = 10.578, C; = —1.284, C; =
34.60. Checking data from earlier studies [4] was part of the
motivations for the present work, discrepancies have been
found, see Ref. [1] for details.

The helix radius in the warm snake is approximated at a
few percent level of accuracy, in Gy € [4.5,50], and with B
in the vicinity of By, by

ey

B C
B.G =——, C=85 2
r(B,Gy)[m] By Gy 2
The first order mapping of the snake on the other hand,
is rigidity dependent. It can be computed from particle
trajectories taken paraxial to the Gry-dependent helical orbits
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Figure 2: Spin components along helical orbits, projections
of a z-rotation.
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Figure 3: Spin precession angle in the warm snake, at var-
ious Gy values, and interpolation function with truncated
B0, CO-C2 data of Eq. 1.

across the magnet. By contrast with spin precession results,
today’s particle optics data come out to be in good agreement
with those established in detail in Ref. [4] and used in the
MADX model of the AGS [5].

Cold Snake

The AGS cold snake, installed in 2005 and first operated in
2006 [6,7], is located in the A20 straight section in the AGS.
Itis a super-conducting helical dipole with double pitch struc-
ture (0.392/0.2053/0.392 deg/mm over 0.393/1.154/0.393 m,
entrance/body/exit), which ensures minimized orbit defect.
The device includes a 0.82 m long solenoid winding aimed
at cancelling the longitudinal field integral f B, ds experi-
enced by the particles on the helical orbit, at Gy = 9. It also
includes a 0.3 m long, 0.008 T.m, vertical corrector at both
ends.

It was realized in the course of the present study that,
instead of the 152 Amp solenoid current value used up to

Figure 4: 3-D model of the cold snake, OPERA simulation.
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int By ds versus Ggamma in full map H(71%) Sol(23.2%).
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Figure 5: Integral of longitudinal field component along the
orbit, it vanishes at Gy = 9. Square markers from Zgoubi
tracking and interpolating spline (solid line).

now, the compensation solenoid setting should instead be
75 Amp about with the 68.2% helix setting (238 A). Orbit
and spin tracking data in the case of a 81 Amp current in
the solenoid (71% helix field map is used), which has the
property of cancelling f B, ds at Gy =9, see Fig. 5 (rigidity
15.396 T.m, helix radius 1.08 cm), are detailed in Figs. 6 and
7. It can be observed that such change in solenoid current is
not innocent in terms of snake strength, it changes the spin
precession by a sensible amount, larger at lower energy.
The spin precession is interpolated at better than 3 1073
accuracy (relative to actual tracking outcomes) from Gy =
4.5 and beyond, and with B in the vicinity of By, by, Fig. 7,

2
u(B,Gw:(E) [Co G, 6 . 6 1 @3

+ +—— ——
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with By = 2.2588 Tesla, Cp = 20.163, C; = 11.997, C; =
40.61, C3 = 99.1.

The helix radius in the 71% helix snake is approximated
at a few percent level of accuracy, in Gy € [4.5,50] range
and with B in the vicinity of By, by

B C
r(B,Gy)[m] = Bo Gy’ C = 100 “
Tracking shows that the linear dependence in B is however
very accurate (notwithstanding any saturation effect, i.e.,
simply scaling the field map data), in the case of the zero
solenoidal field snake, over the all range B[T] < [0,3].

The first order mapping of the snake is rigidity dependent.
It comes out to be quite close to that used in the MADX

model of the AGS [5].

Linear Combination of Helix and Solenoid 3-D
Field Maps

During the present studies regarding the cold snake it has
been verified and investigated further that the magnetic field
in the useful region in the snake, in the case of solenoid
field in 80~150 Amp range, can be obtained by a linear
combination of the helix and solenoid field maps computed
independently, given a small correction on the field ampli-
tude : the combined map has to be multiplied by 1.016, in
order to get agreement on spin precession with full map field,
at better than 0.6%, over the Gy : 4.5 — 50 range, proton.
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£ Figure 6: Spin components along helical orbits, projections
2 of a z-rotation.
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g Figure 7: Value of spin precession angle in the cold snake,
'E 71% helix and 81 Amp solenoid current, at various Gy
<« values, and interpolation function with truncated B0, C0-C3

o

g data of Eq. 3
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% That combination appears to apply over a large range of
<%‘helix and solenoid fields, including regular polarized pro-

ton settings and the substantially different polarized helion
settings [1].

IMAGE IN RHIC OF AGS iy SPIN
VECTOR

The results obtained so far, regarding the transport of 7
i from the AGS H10 extraction septum to RHIC Blue and
m Yellow injection kickers via the AtR line, are summarized
S here. They confirm the validity of the choice for the AGS
2 extraction energy in the latest RHIC runs, Gy = 45.5.

The cold snake follows earlier RHIC run settings, namely,
using a linear combination of 68.2% helix (238 A for a
aximum 350 A) and 21.6% solenoid (~76 A for a 350 A
aximum).

The results are schemed in Fig. 8 which displays the verti-
5 cal projection of the stable spin direction, as obtained from
@ stepwise ray-tracing through the AtR, at three different loca-
E tions : H10 septum in the AGS, RHIC Blue ring injection
>kicker, RHIC Yellow ring injection kicker.

Details concerning this study can be found in Ref. [8].

0 licence (© 2014)
g8 3

nder the terms of t

Content from this work ma

TUPROO077
@ 1222

[0)

IPAC2014, Dresden, Germany JACoW Publishing
doi:10.18429/JACoW-IPAC2014-TUPROO77
n0 at H1O0,

Yellow and Blue. 76 Amp solenoid

T
Y

o
L
&

R R = = |

G.gamma

Figure 8: Vertical component of the stable spin direction, i,
as a function of Gy, as observed at H10 extraction septum
in the AGS, at RHIC-Blue and at RHIC-Yellow injection
kickers. Snake settings : 68.2% helix, 21.6% solenoid fields.

AGS PP OPTIMIZATION

High accuracy 3-D field maps of the warm and cold snakes
have been produced for this study. They also have a longer
extent than the original maps, so to fully encompass the
fall-off regions at snakes ends. Based on these, tracking of
polarized beams over full AGS cycles (150000 turns about)
can be performed, for the purpose of optics and polarization
studies and optimization. The low energy region of the cycle
(below transition), where the snake have a strong effect on the
optics, is addressed in particular in a companion paper [9].
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