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1 Introduction

In this Tech. Note RHIC snakes and stable spin direciigts) are re-visited, based on OPERA-computed field maps of thraeor The
numerical simulations so undertaken provide various auaregarding RHIC optics and spin dynamics, in relatioh wibital and focusing
effects resulting from the use of this realistic 3-D repreaon of the snakes. Note that details regarding the algon context at RHIC
complex, often implicit here, can be found in [1].

This work was undertaken in view of investigations follogyithe observation, from polarization measurements peddruring polarized
proton Runs 11, 12, 13, 15, of a significant off-verticaldilthe stable spin precession direction at the pC CNI poletém in both Blue and
Yellow rings, at 255 GeV [2]. This will be subject to a diffeteTech. Note.

RHIC helical snakes are discussed in detail in many pulidinatover the period 1998sarly 2000s [3], amongst which [4, 5] report
on using a magnetic field map to represent a 360 degree twisahéipole module of a snake that comprises four of thoske present
work adopts the latter method, which required the prodaatit3D OPERA maps of the low-field and of the strong-field 366.daodules
of a snake, as well as a complete field map of the 4-module 16rrwatg snake. Having he possibility of using field maps hasrees of
outcomes, found in this Tech. Note, amongst other :

- comparison of particle and spin dynamics across a snaketkdbretical expectations,

- computation of the transfer function from low- and strdiedd helical dipole current to snake angles,

- realistic simulations of orbit and optics effects in RHIC,

- computation of the stable spin precession axis in RHIQJé{sendence on energy, snake angle defects, etc.,

- comparison with polarization properties in RHIC using edtetical local spin rotation.

Prior studies

Two of the earlier studies [4, 5] were based on the use of a 3BRI¥field map of the 2.4 m effective length helix to be constedcfor
RHIC. Yet they do not report on possible production of a rlbke 4-module field map, which we did produce and will ingasé here.
Also, some of the figures in [5] may not have explicitly digtinished between the low-field (maximum field in the 1.3 T ra@end high-field
(maximum field in the 4 T region) modes of operation of an hdinth high-field and low-field cases have been subject toragp@®PERA
computations here, so accounting for saturation effects.

Finally, there is no earlier report of RHIC optics studiesigfRHIC snakes field maps, an aspect that we address heid) dies require
full-length, low- and high-field 3D field maps.

2 OPERA field maps

A principle scheme of RHIC snake is shown in Fig. 4. It is coisgul of four identical, 2.4 m effective length, 360 degreghtihanded
twisted helix modules, low-field dipoles at both ends (maximon-axis field denoted;,,, in the text, common current,,,), a high-field
pair in between (maximum on-axis field denotgg,, in the text, common currer,; ), the field vector is vertical at the ends of the snake.

2.1 Single-map and 4-map snake models
Three OPERA 3D field maps have been computed in the presertabp based on a coil imported from earlier work [4], namely

o Acomplete, 12 meter extent, single field map of the 10.6 nwtake (Fig. 1 - “full-snake” field map in the sequel), unden tifferent
versions, namely using either the 'nodal’ or the (reputedbre accurate) 'integral’ OPERA computation modes

model4hel-a5-100A-322A-06-dec-2016-xd4y-4_4.z-2001000-"02 1 table

integralPatched.table (1)

Currents for this OPERA computation have been séttp = 100 A for the two low-field helix module at snake ends aipg,, = 322 A
for the two high-field ones in-between, values taken in tlenity of the regular snake settings in RHIC in normal pp epien. Field
shown in Fig. 5.

o A 3.6 meter extent field map of a single 2.4 meter helix modkilg.(1), powered at low field, namely OPERA,, = 100 A, field is
shown in Fig. 6,
model3a2a-x-4_y-4 4 z-180180-integral.table (2)

o Same field map, powered at high field, namely OPERA,;, = 322 A, field is shown in Fig. 7,
model3a2a322a-x-4_y-4 4 z-180180-integral.table 3

These OPERA maps are archived/available on C-AD computers a
Irap/latticetools/zgoubi/RHICZgoubiModel/snakeFieldMaps/161ZEgondSeinclSingleHelix

The goal in producing these different maps is to investigate possibly validate (it will be the case) the assumptian #éim assemblage
of 4 independent helix field maps yields equivalent fieldtipr motion and spin motion as the full-snake map (note ithétte former case
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Figure 1: The 4-module full-snake model in OPERA.

Figure 2: The 360-twist helix module model in OPERA.

Figure 3: Spin rotation angle;, and apparent spin rotation axis at
angle¢ to the longitudinal direction.

N
0.764 24 m pN 24m 24m 24m 0.764
o

0.448
0.212

S= 0 0.764 m 3.164 5.776 8.624 11.236 |
3.376 6.224 8.836 12 m

Figure 4: A sketch of RHIC snake layout in the OPERA field cotapan. Each 2.4 m long helix module is represented by angta The
distances shown (meter) stem from the positioning of théecend the four magnets, in the OPERA field map frame.
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Figure 5: Field along the snake axis in the 4-module singi-@PERA model, 100 and 322 Amp OPERA current settings irecisely the
two end and two central helix modules. Extreme on-axis fialdes come out to be, in the low-field helix modite = 1.340, B, = 1.340,

|B| = 1.340 T. in the high-field helix module3, = 3.898, B, = —3.896, | B| = 3.903 T.
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Figure 6: Field along the 360 degree helix axis, case of 100P&£RA current. Extreme on-axis field values come out tdhe= 1.3359,
B, = —1.3364, | B| = 1.3364.

Field along helix module axis, 322 Amp.
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Figure 7: Field along the 360 degree helix axis, case of 322P&£RA current. On-axis peak-field values come out taBhe= —4.0602,
B, = 4.0589, |B| = 4.0677, a not so small 4% difference compared to the complete 4-fachake, Fig. 5.
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the magnetic field in the region between two field maps is talethe linear superposition of the field from both maps). Tterést if this
hypothesis proves valid, at least in the current range of&anI;,,, in the 100 A region andy,;,., in the 320 A region (it will, in a sufficient
extent, see below), is in the flexibility that it brings ofadling independent optimization @f,., and 4., for spin rotation angle and spin
precession axis adjustments - it avoids the time costly ctatipn of 12 m extent maps for differetl;,.,, I5ign) Settings. (Note that in the
case that hypothesis would have proven not to hold, an alieipossibility would have been to interpolate in a smalbéétill-snake maps
computed with different;,.,, I1i4n) COUples.)

In brief (detailse.g. in [6]), RHIC snake is made up of four identical right-handelical dipole magnets (right-handed chirality : the
field is seen rotating clockwise when proceeding along thi& bgis). In addition,

- the magnetic field is vertical at the entrance and exit oftirake,

- its component (respectivel,) B, is symmetric with respect to the (resp. vertical plane at}@eof the snake.

The spin precession axis in this system is in the horizortaley and the orbit bump the system causes is closed.

A note in passing : it is necessary to know the exact positiothe dipole in the field map frame, for its correct positiagim RHIC
lattice, Appendix A discusses that point. A small mis-gosiing can only have negligible effect on optics anyway, darbes not have any
on spin rotation.

2.2 On the single-map full-snake model

The full-snake field map has been computed Wikh.,, Ir.qn) = (1004, 322A) low-field and high-field helix currents respectively. This
results in the field components displayed in Fig. 5.

It comes out, see Tab. 1, that the current-to-field corredpoce in the two high-field helix modulés not the sames in the case of a
single high-field helix. As a result the normalization rudeaictually different from what Tab. 1 provides - and remambé determined...
This might justify an iteration in OPERA computing, so to gle¢ optimal 4-module single-map current setting (“optitrialthe sense
u = 180 deg,¢p = +45 deg, at 255 GeV).

Regarding tracking simulations : itis doable by splittihg L2 meter extent field map in 4 distinct numerical integrategions By, / —
Bhigh/ + Bhigh/ — Biow), t0 independently adjust the fields to get the optimalisettyielding,. = 180 deg,¢ = —45 deg at 255 GeV). Ray-
tracing shows that, bringing the 'splitted snal&;,, B4 vValues to the 1-map modél,,,, and By, 4, ones requires scaling the splitted map
by respectively 0.997 and 1.042, Fig. 8. These scaling faetioies happen to coincide with the ratio, respective336/1.340, 4.060/3.900,
as field extrema are essentially insensitive to the helieg@dtory excursion across the magnets.

Spin tracking also shows (Sec. 3) that this scaling resnlguiasi-identical spin rotation and rotation axis origotatfrom both four
single-helix maps or one 4-module full-snake map models.

From what it can be concluded that the 4-map model is conmeniith marginal effect on actual current values (see Tab. 1)

2.3 Field normalization

Magnetic field measurements have established the corréspoe from feed curretfio,, Inign to maximum field amplitude3;,.,, Bhign
along the 360 degree helix axis, in the case of a single hdlhis allows to account for field saturation as current insesa so giving a
correspondence between OPERA and real-life currents. i kiisplayed in Fig. 8, together with the case of the curretitrgys (100 A and
322 A) in the OPERA map computations.

Note that this correction is only valid to the extent thatragte, high-field helix is assumed to behave in the same maswhen located
in the central region in the snake. As a matter of fact, theoglue single-map OPERA computation shows that this is nattixthe case.
This is discussed further in Sec. 2.2.

Differences are small anyway : at 100 and 322 Amp, the meddave and high-field in the magnet prototype is respectivieB37 T
and 4.066 T (interpolated from the data list in Tab. 1), wher®r these very current values OPERA yields respectieglyer 1.340 T and
3.903 T in the case of the 4-module full-snake (Fig.5), oB&.8 and 4.068 T, single helix case (Figs.6, 7).

2.4 Theory

These OPERA outcomes have been subjected to various caopssvith basic theoretical expectations [7, 8, 9], asWaslo
o The transverse field components along the helical trajgdignoring end field fall-off effects) satisfy, to order pein x, y excursions
(respectively, the horizontal and vertical distance tohtbkx axis) [7],

B, = By cos(ks)
{ B, = BS sin(ks) “)

with &£ = 27/ the helical coil pitch (here\ = 2.4 m, k = 2.618 m~!), s the distance along the helix axiB, the peak transverse field value.
To second order in X, y and including the longitudinal conmgrun

B, /By = cos(ks)(1 + £ (322 + 2)) + E zy sin(ks)
By /By = sin(ks)(1 4+ £ (22 + 3y?)) + E-zy cos(ks) (5)
B;/By = —k(xsin(ks) — y cos(ks))

Given the radial excursions of concern here, namely in 2 cm range at lower energy (see Figs. 9, 11), whilés ~ 1, the non-linear terms
have negligible contribution to the field. As a consequeheditansverse field components do not depend on the eneigig tfustrated in
Fig. 12. Such is not the case for the longitudinal field congm®; which is of first order inz, y.
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Table 1: Left two columns : current to peak-field corresparnade from field measurements of a 360 deg twist
helix ; values between parenthesis are from interpolatiboxed values are optimum ones, as of this study, in
the single-map full-snake model. Col. 3 : low-field and hfg#d current values in the separate, low-field and
high-field helix modules. Col. 4 : current values in the singlap, full-snake OPERA map model. In cols. 3 and
4, (*)'ed current values are the optimal settings, theyd/jel= 180 deg,¢ = +45 deg snake angles at 250 GeV.
OPERA currents in cols. 3, 4 are placed wisds B(T) field values to be understood for the circumstaasthe
OPERA ones.

ITA] B[T] TA]
MEASURED — OPERA —-
4-MAP model 1-MAP model
(9357)  (1.251) *93.6
[(94.25)]  (1.260) *94.3
(99.95)  (1.336) 100
(100.25)  (1.340) 100
102.64  1.372
14382  1.921
185 2.465
226.19  2.994
246.78  3.246
257.08  3.367
267.4 3.485
277.7 3.598
288 3.712
298.3 3.822
(305.8) 3.9 322
308.6 3.929
318.89  4.034
(321.45)  (4.060) 322
[(322.25)  (4.068) *322.7
(322.45)  (4.070) *322.9
329.18  4.138
339.48  4.240
349.76  4.341
370.37 4539

Measured B(I) in RHIC helix.
Nominal low— and high-field settings for 250 GeV.

0 50 100 150 200 250 300 350 400
S T T T d T T T T S
measure -
4.2 extrapolated - vv/v 4.5
4 FOPERA 2-map nominal © vvﬁv - 4
- | 7
3.5 F OPERA 1-map 7 4 3.5
4
— 3k e 4 3
= -
— 2.5} 7 4 2.5
m 2 /V/ -1 2
1.5 F 4 1.5
1 - -1 1
0.5 F - 0.5
0 ] ] ] ] ] ] ] 0
0 50 100 150 200 250 300 350 400
I [A]

Figure 8: Field normalization, a rule to apply to the OPERAdfi@aps. Blue triangles : from field measurements in &3&dst helical dipole.
Red circles : nominal current settings in RHIC and corresipanfield in the 4-map OPERA model, with OPERA curreffs,, , I1:4n) Set to
(93.6,322.9) (as in Fig. 16). Blue squares : from the single-map full-gnadodel, with OPERA currentd;o., Inign) S€t to(100A4, 3224).
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¢ In the three plots below, OPERA current signs in the four modues
are +/-/+/- respectively
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Figure 11: x and y coordinates across the four-map OPERA model
(G~ = 487) (the short segments in the intermediate regions between th
modules are an artifact of the ray-tracing). Note that tharid out hori-
zontal motion coordinates differ slightly (this differenceaches 1 mm at
23 GeV), this is a source of an horizontal closed orbit effeciRHIC.

. The excursion shrinks with increasing energy (Eq. 6 and®ig.

-2 -1 0 1 2 B (T) wvs.
x (cm) 4 AT

Figure 9: Projection of the (non-circular) helical motian i
the transverse plane (smaller excursion is in the low-field
magnet), from theory at 22.9 and 250 GeV (solid lines, 1
Eq. 6) and from the 4-map snake model at 23, 100, 250 0
and 300 GeV (markers). Case of 250 GeV-nominal OPERA
peak-field values3;,,, = 1.251 T, Bpign, = 4.070 T.

RHIC snake: trajectory lengthening, vertical offset

T T T T T T 0 0 12
2
Figure 12: B,, B,, B; components of the magnetic field experienced
__along the helical trajectories, at 23, 100, 250 and 300 Gg¢idmposed.

e g B, , are essentially independent of the energy as expetiesyeak any-
E : way, is not (Eq. 5).
£ 2
4 e

o 290ubiLZpop  Pol ari zation conponents vs. s (m
0.5 >
Sy
0.5
0 1 1 1 1 1 1 ~10
50 100 150 200 250 300
kin. E [GeV] 0.0 v

Figure 10: Energy dependence of the orbit lengthening (left \<
vertical axis) and vertical orbit off-centering at snake en -5
trance (right), from theory (solid lines, Egs. 8 and 9, re-
spectively) and from ray-tracing, optimal field 4-map model 1
(markers). 0 2 12

Figure 13: Evolution of the spin components along the hkliegectories
of Fig. 11 (nominal peak-field setting;,., = 1.251 T, Bpign, = 4.070 T).
Four energies represented : 23, 100, 250 and 300 Ggy, are essen-
tially independent of energy, as expected from that verperty of B, ,,.
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Table 2: Trajectory lengtheningd\(s), vertical amplitude of the trajectory in the low- and hifigld helix modules
(Ay), and vertical orbit centering offset at snake entrangg)( case of the 4-map snake model with optimal
fields B;,,=1.251 T andB),;,,=4.070 T (these yielg = 180 deg,¢ = £45 deg at 250 GeV).

Kin.E Gev 22.87 100 250 300

Bp Tm 79.3668 336.7 837.0 1003.8

As mm 2.02 0.112 0.018 0.013

Aylow mm 14.4 3.4 1.4 1.1

AYnigh MM 47 11.1 4.5 3.7

Yot mm 9 2.1 0.86 0.72

« The particle motion is a non-circular helix with coordiraféaking the origin at = 0)

. 6
Y =10+ —szl%p sin(ks) — k%ops (6)

. zh=y,=0

T =m0+ k%p [cos(ks + a) — cos(a)] + [xé + %“p sm(a)} s "% T =10+ k%p [cos(ks) — 1]
Y =yo+ sz—]gp [sin(ks + a) — sin(a)] + [y{) - % COS(O&)} s

with zg, ,z(, Yo,y the initial coordinatese the angle of the field to the vertical at entranee=€ 0 here), Bp the particle rigidity. The

vertical amplitude of the motion over the extenof an helical dipole is

By
= By (")

Ay
which yieldsAyiow, and Aynign that agree with ray-tracing outcomes given in Tab. 2.
» Trajectory lengthening can be derived from the Eqgs. 6 wittrapriate approximations, and writes [8]

A3 B2 +B}2u'gh B 232 B2

low low

+ B3, .
As = = 1 8
5T on2 Bp? 2m2M 42 -1 ®)
with M = 938.272 x 10 eV/c? the particle mass angits Lorentz relativistic factor; the velocity of light. Trajectory lengthening is apparent
in Fig. 9, its energy dependence and comparison with rayjreoutcomes are displayed in Fig. 10.

o The vertical orbit offset at entrance of the snake, necgdearenter the helical trajectory on the high-field helixsaxs approximately

1 Bhi h — 2Blow
~ = Aypniah — Aoy = —gh — 2200w 9
Yoft 5 Yhigh Yo 2% Bp 9)

with Aynien, Ayiow the elevation in respectively the high- and low-field helgg( 7). This energy dependence is displayed in Fig. 10.
Ray-tracing outcomes are in accord, particular valuesdoresRHIC energies are given in Tab. 2.

e The spin transport matri)\/; ;] through the snake provides spin rotatipand spin rotation axisas, a,, a, ),
p = acos((Trace(M) —1)/2), (as,az,ay) = (Msy — Mag, My — M3y, Moy — M)

Here it is obtained by tracking three initially orthogonalarization conditions, along the reference on-momentartigge motion helix.
In the ring case, one-turn mapping (see for instance Tab. 4),

Qsp = spin tune = p / 27

2.5 RHIC snake model

A conclusion of these investigations and comparisons i§ tearesenting the snake by using independent low-fieldhégia-field helix
OPERA maps computed in respectivdly,, = 1004 and;,, = 322A region, which is close to nominal, does function : once thie fie
in the independently computed low-field and high-field heti@dules on the one hand, and the field in the 4 segments of littedgingle-
map of the full-snake on the other hand, are normalized tesdmee maximum low-field and high-field amplitudes, then botidets yield
marginally different fields, trajectories, and spin motalong the snake (the cross-talk pointed out in Sec. 2.2 ikwad has negligible
effect). Details can be found in App. B.

The key ingredients are the appropriate normalizationgh®i;,,, and B4, helix fields, and these are eventually determined from, on
the one hand the requested spin motid80¢ rotation angle and-45° precession axis orientation), on the other handihe> I transfer
functions as discussed above.

Note that, in the matter of flexibility of the modelling, theepious section indicates that the independ®pnt, and By, 4, helix modules
can be represented indifferently by

- either the low-field and high-field segments extracted ftben12 meter extent full-snake field map,

- or the independent OPERA field maps of the low-field and Higla-helix modules,
with specific field scaling factors in each case.
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Four-map model

To conclude this section, Fig. 11 gives the trajectory comtgs across the snake in the 4-map model at 255 GeV, Figand 23 give
respectively the field experienced and spin motion in thea2300 GeV energy range (computation is pushed to 300 GeV tadadhe
275 GeV region as envisaged in the frame of eRHIC EIC profeaf)|

The vertical position of the helical trajectory at entraimte the snakei(e., into the low-field helix) is such as to center the excursion i
the high-field helix, of the order of half the maximum heliadieter (Eqg. 6). Note that the horizontal position at the @xihe snake differs
slightly from zero, its value at the entrance. These orligaté and their compensation in RHIC result in a slightly wvertical stable spin
directioniy around the ring (this is addressed in Sec. 3.3).

These maps are used with the field scaled linearly to ensunmmalpspin angles, namely, here the OPERA current is scaldating
(Biow, Bhign) in the (1.267, 4.07T") region so to yield 180 degrees spin rotation and precessisrat+45 degrees to the longitudinal axis
at 250 GeV in the isolated snake, Fig. 13, this is discusseldduin the next section.

3 Spin rotation

3.1 Full-snake single OPERA map model

Figure 14 displays a scan of the spin rotation angland spin precession axis orientatign over the energy range 23-250 GeV, in the
single-map snake model, case of respectively 'integral’’andal’ OPERA computation mode (field map names in Eq. 1).

OPERA current setting in this field map (S0, Inigh) = (1004, 322A) (respectively +/-/+/- and -/+/-/+ current sign series ie th
successive 4 helical dipoles fer= —45° and¢ = +45° from the longitudinal axis), so yielding on-axis peak-figllue (Biow, Brigh) =
(1.347,3.90T) as shown in Tab. 1. In this scan, the helical trajectory iswaéned centered on the axis in the high-field helix modutedla
currents (by changing the entranggalue), as shown in Fig. 14.

In order to assess the scaling needed3p,, B4 for recovering the required 180deg/45deg spin rotatioarpaters in the 250 GeV
region, the 12 meter extent map has been splitted into fa@pendent motion integration sections covering respaygtihe four low-field
and high-field regions, about 3 meter long each. The negessaling on fields comes out to be 0.94504 and 1.0441, régplgcimeaning
(see Tab. 1 which compares the various configuration),

optimal maximum fields : By, = 1.26 T', Bp;gn = 4.068 T,
OPERA currentsIjo,, = 94.3 A, Ip;qn = 322.7 A
real-life currents :Ijo,, = 94.25 A, Ipqn = 322.25 A,

Note that maximum on-axis field values fourf,,, = 1.260 T" and By, = 4.068 are close to the 4-map model ones, see Sec. 3.2. Th
resulting energy-dependencedgdtaxis) andu (rotation) angles in this “single-map, splitted” model ispdayed in Fig. 15.

3.2 Four-map snake model

Figure 16 displays a scan of the spin rotation angle and sptegsion axis orientation, over the energy range 23-380iGthe 4-map snake
model with low-field and high-field helix modules indepentiigscaled to providd ., ¢) = (180deg 45deg. These results are practically
invariant with the current sign series in the successiveiddialipoles, respectively +/-/+/- and -/+/-/+ fgr= —45° and¢ = +45°.

These nominaly, ¢) = (180deg 45deg) values in the 250 GeV region are obtained viith36419 A and1.002754 scaling on respectively
the I;,,, = 100 A and Ip;g, = 322 A OPERA maps (field map names in Eq. 2, 3), meaning (see Tab.idhvaompares the various
configuration),

optimal maximum fields : Bj,,, = 1.251 T, Bpgn = 4.070 T,
OPERA currents Ijo,, = 93.6 A, Ipign = 3229 A
real-life currents :1jo,, = 93.57 A, Ipign = 322.45 A,

During the scan the helical trajectory is maintained cexttem the axis in the high-field helix module at all currents¢banging entrancg
value), in the manner shown in Fig. 9.
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Figure 14: Single-map full-snake OPERA model, native aursetting(1;o., Inign) = (1004, 322A4) (using field maps listed in Eq. 1). Left:

case of 'nodal’ OPERA computation mode, right : case of tiné# mode, reputedly more accurate.
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Figure 15: Optimized single-map full-snake OPERA modeh-(“i
tegralPatched.table”;.e., that of Fig. 14-right used splitted into
4 segments for independent low- and high-field scaling), RARE

Figure 16: Optimized 4-map OPERA model (using field mapsdist

in Egs. 2, 3), OPERA currents scaled &g, 93.6 A, Inigh =

currents scaled tol,,, 94.3 A, Inign 322.7 A
(real-life currents: Ij,, = 94.25 A, Inign = 322.25 A after
Tab. 1).

Orbit effects of RHIC snake

322.9 A (real-life currents: Iy, = 93.57 A, Ipign = 322.45 A
after Tab. 1).

Spin rotation by RHIC snake segment
including V-orbit centering and H-orbit compensation

E [GeV]

150

300

-170
-171
-172

[deg]

HVHV -&-

0 100 200 300 400 500 600
0.2 1 1 1 1 1 1
i H i 70
— 0 —
ko) 11 o
: 1= &
£ -0.2 £
E ], E
% -0.4 -4 >
= 4-5 =
g - £
E 0.6 16 E
T O N OO SOSOOOUOOS SRRSO SOOI SO 77 >
- -8
1 i i i i i _
0 100 200 300 400 500 600
Gy

Figure 17: A scan in energy of orbit effects at the snake. Lesftical
axis : givenz; = 0 andz}, = 0 incoming orbit, one gets’f ~ 0
whereasr ¢ varies from—1 mm atGy = 45.5t0 ~ —0.1 mm atG~y
in the 250 GeV region. Right vertical axis : upon centeringhaf
vertical orbit on the high-field snake axis, with initial dag; = 0,

-173 [ f
“174 X
-175
-176
-177
-178
-179
-180

Spin rotation

Figure 18: A scan in energy of spin rotation in the snake-emars
beam line segment [BI®F11 - BI9TV4] in RHIC Blue, given
vertical incoming spin and helical trajectory verticallgrtered on
high-field helix axis, with nominal snake currentse(, for (u,¢) =
(180, +45) degree at 250 GeV, yielding = 179.79, ¢ = +45.22 at
G~ = 45.5). The vertical bar atzy = 487 is Run 17 store energy.

coordinateg; (entrance) ang; at the exit of the snake remain equal Two corrector schemes for orbit zero-ing are scanned : HVHY a
while y; ~ 0, thus the snake induces negligible vertical orbit defect.vVHH, the latter yields closest approach80° rotation, the former

yields a 4 degree spin rotation defect.



Table 3: This table gives the dependence ¢éxis orientation) ang (spin rotation) angles ofy,,, andIy,, currents (in Amgre). It has been generated using the 4-map snake model
(field maps listed in Egs. 2, 3, also the model that yields¥hedependence of Fig. 16). The same field maps are used of caurSSNAKE 1" and “SNAKE 27, their settings in RHIC

ring only differ by I;,,, andy;g4, current signs being permuted : current signs +/-/+/- in SIEAK -/+/-/+ in SNAKE 2. Currents are OPERASs, they can be eoted to real-life (a
marginal effect) using Tab. 1. In a direct triedraz, y) attached to the snake, withalong the snake axig, (which is contained in the (s,x) plane) is counted with respethes axis,
positive counter-clockwise.

NOILVLO4 NIdS €

® ¢ Versusliow, Inign iIN SNAKE 1 (currents : +/-/+/-) and SNAKE 2 (-/+/-/+)

llow 60.0 64.0 68.0 72.0 76.0 80.0 840 880 92.0 96.0 100.0 104.0 108.0 112.0 116.0 120.0 124.0 128.0 132.0 136.0 140.0
I'hi gh
286.0 145.8 147. 2 147.5 147.8 148.1 148. 5 148.9 149. 4 149. 8 150. 3 150. 8 151. 4 151.9 152.5 153.1 -26.2 -25.6 -24.9 -24.1 -23. 4 -22.6
290.0 144. 4 145.7 146.0 146. 3 146.7 147.1 147.5 147.9 148. 3 148. 8 149. 3 149.9 150. 4 151.0 151. 6 -27.8 -27.1 -26.4 -25.7 -24.9 -24.1
294.0 143.0 144. 2 144.5 144.9 145. 2 145. 6 146.0 146. 4 146. 8 147. 3 147.8 148. 3 148.9 149.5 -29.9 -29.3 -28.7 -28.0 -27.3 -26.5 -25.8
298.0 141.5 142.7 143.0 143.3 143.7 144.0 144.4 144.8 145.3 1457 146.2 146.7 147.3 -32.1 -31.5 -30.9 -30.3 -29.6 -28.9 -28.2 -27.4
302.0 139.9 141.2 141.5 141.8 1421 142.5 142.8 143.2 143.7 144.1 144.6 145.1 -34.3 -33.8 -33.2 -32.6 -31.9 -31.3 -30.6 -29.9 -29.1
306.0 138.4 139. 6 139.9 140. 2 140.5 140.9 141.2 141. 6 142. 1 142. 5 143.0 143.5 -36.0 -35.4 -34.8 -34.2 -33.6 -33.0 -32.3 -31.6 -30.8
310.0 136.8 138.0 138.2 138.5 138.9 139.2 139.6 140.0 140. 4 140.8 141. 3 -38.2 -37.7 -37.1 -36.5 -36.0 -35.3 -34.7 -34.0 -33.3 -32.6
314.0 135.1 136. 3 136.6 136.9 137.2 137.5 137.9 138. 3 138.7 139.1 -40. 4 -39.9 -39.4 -38.9 -38.3 -37.7 -37.1 -36.5 -35.8 -35.1 -34.4
318.0 133.5 134.6 134.9 135.2 135.5 135.8 136.2 136.6 137.0 137.4 -42.1 -41.7 -41.1 -40.6 -40.1 -39.5 -38.9 -38.2 -37.6 ~-36.9 -36.2
322.0 131.8 132.9 133.2 133.4 133.8 134.1 134.4 134.8 135.2 -44.4 -43.9 -43.4 -42.9 -42.4 -41.9 -41.3 -40.7 -40.1 -39.4 -38.8 -38.1
326.0 130.1 131.1 131.4 131.7 132.0 132.3 132.7 133.0 -46. 6 -46. 1 -45.7 -45.2 -44.7 -44.2 -43.7 -43.1 -42.5 -41.9 -41.3 -40.6 -39.9
330.0 128. 3 129. 4 129.6 129.9 130.2 130.5 130.9 131.2 -48. 4 -48.0 -47.5 -47.0 -46.6 -46.0 -45.5 -45.0 -44. 4 -43.8 -43.1 -42.5 -41.8
334.0 126.5 127. 6 127.8 128.1 128. 4 128.7 129.0 -50.6 -50.2 -49.8 -49. 4 -48.9 -48. 4 -47.9 -47. 4 -46.8 -46.3 -45.7 -45.0 -44. 4 -43.7
338.0 124.7 125.7 126.0 126.2 126.5 126.8 127.2 -52.5 -52.1 -51.7 -51.2 -50.8 -50.3 -49.8 -49.3 -48.7 -48.1 -47.5 -46.9 -46.3 -45.6
342.0 122.9 123.9 124.1 124. 4 124.7 125.0 -54.7 -54.3 -53.9 -53.5 -53.1 -52.7 -52.2 -51.7 -51.1 -50.6 -50.0 -49. 4 -48.8 -48.2 -47.5
346.0 121.0 122.0 122.2 122.5 122.8 123.1 -56.6 -56.2 -55.8 -55.4 -55.0 -54.5 -54.1 -53.6 -53.0 -52.5 -51.9 -51.3 -50.7 -50.1 -49. 4
350.0 119.1 120.1 120.3 120. 6 120.9 121.2 -58.5 -58.1 -57.7 -57.3 -56.9 -56.5 -56.0 -55.5 -55.0 -54.4 -53.8 -53.3 -52.6 -52.0 -51.3
354.0 117.2 118. 2 118.4 118.7 119.0 119.3 -60. 4 -60.0 -59.7 -59.3 -58.8 -58.4 -57.9 -57. 4 -56.9 -56.3 -55.8 -55.2 -54.5 -53.9 -53.2
358.0 115.3 116.3 116.5 116.8 117.1 117. 4 -62.3 -62.0 -61.6 -61.2 -60.7 -60.3 -59.8 -59.3 -58.8 -58.2 -57.6 -57.0 -56.4 -55.8 -55.1
® 1 Versuslioy, Inign iN SNAKE 1 (currents : +/-/+/-). For SNAKE 2 (currents : -/Hf) reverseu sign.

llow 60.0 64.0 68.0 72.0 76.0 80.0 840 880 92.0 96.0 100.0 104.0 108.0 112.0 116.0 120.0 124.0 128.0 132.0 136.0 140.0
I'hi gh
286.0 149. 3 155. 5 156.7 158.1 159. 6 161.1 162. 6 164. 3 166. 0 167.8 169.7 171.6 173.7 175.7 177.9 179.9 177.6 175. 3 172.9 170. 4 167.9
290.0 151.5 157.5 158.8 160. 1 161.5 163. 0 164. 6 166. 2 167.9 169. 7 171.5 173. 4 175. 4 177.5 179. 6 178. 2 176.0 173.7 171. 3 168. 8 166. 3
294.0 153.5 159.4 160.7 162.0 163.4 164.9 166.4 168.0 169.7 171.4 173.2 175.1 177.1 179.1 178.8 176.7 174.4 172.1 169.8 167.4 164.9
298.0 155.5 161.3 162.5 163.8 165. 2 166. 6 168.1 169. 7 171. 4 173.1 174.9 176.7 178. 6 179. 4 177.3 175. 2 173.0 170.7 168. 4 166.0 163. 6
302.0 157. 4 163. 1 164. 3 165. 6 166. 9 168. 3 169. 8 171.3 172.9 174. 6 176. 4 178. 2 179.9 178.0 175.9 173.8 171.7 169.5 167. 2 164.8 162. 4
306.0 159. 2 164. 8 166. 0 167. 2 168.5 169. 9 171.3 172.8 174. 4 176. 1 177.8 179. 6 178. 6 176. 7 174.7 172. 6 170.5 168. 3 166. 1 163.8 161. 4
310.0 161.0 166. 4 167.5 168. 7 170.0 171.3 172.8 174. 2 175.8 177. 4 179. 1 179. 2 177. 4 175.5 173.5 171.5 169.5 167. 3 165. 1 162. 8 160. 5
314.0 162.6 167.9 169.0 170.2 171.4 172.7 174.1 175.5 177.0 178.6 179.7 178.0 176.3 174.4 172.5 170.6 168.5 166.4 164.3 162.0 159.7
318.0 164.1 169. 3 170. 3 171.5 172.7 174.0 175.3 176. 7 178. 2 179.7 178.7 177.0 175.3 173.5 171.6 169.7 167.7 165.7 163. 6 161. 4 159.1
322.0 165. 6 170.5 171.6 172. 7 173.9 175.1 176. 4 177.8 179. 2 179.3 177.8 176.1 174.5 172. 7 170.9 169.0 167. 1 165.1 163. 0 160. 9 158. 7
326.0 166. 9 171.7 172.7 173.8 174.9 176. 1 177. 4 178.7 179.9 178.5 177.0 175. 4 173.8 172.1 170.3 168. 5 166. 6 164. 6 162. 6 160.5 158. 4
330.0 168. 1 172.7 173.7 174. 8 175.9 177.0 178.2 179.5 179. 2 177.8 176. 3 174. 8 173. 2 171.5 169. 8 168. 1 166. 2 164. 3 162. 4 160. 3 158. 3
334.0 169. 2 173.7 174. 6 175.6 176. 7 177.8 179.0 179. 8 178.5 177. 2 175.8 174. 3 172.8 171. 2 169.5 167.8 166. 0 164.2 162. 3 160. 3 158. 3
338.0 170. 2 174.5 175. 4 176.3 177. 4 178. 4 179.6 179. 3 178.0 176.7 175. 4 174.0 172.5 170.9 169. 3 167.7 166. 0 164.2 162. 3 160. 4 158.5
342.0 171.1 175. 2 176.0 176.9 177.9 178.9 180.0 178.9 177.7 176. 4 175.1 173.8 172. 3 170.9 169. 3 167.7 166. 1 164. 3 162. 6 160. 7 158. 8
346.0 171.9 175.7 176.5 177. 4 178. 3 179.3 179.7 178. 6 177. 4 176. 3 175.0 173.7 172. 3 170.9 169. 5 167.9 166. 3 164.7 162.9 161.2 159. 3
350.0 172.5 176. 2 176.9 177.8 178.6 179. 6 179.5 178. 4 177. 4 176. 2 175.0 173.8 172.5 171.1 169.7 168. 3 166. 7 165.1 163. 5 161.8 160. 0
354.0 173.0 176. 4 177.2 178.0 178.8 179.7 179. 4 178. 4 177. 4 176. 3 175. 2 174.0 172.8 171.5 170. 2 168. 8 167. 3 165. 8 164. 2 162.5 160. 8
358.0 173. 4 176. 6 177.3 178.0 178.8 179. 6 179.5 178. 6 177.6 176. 6 175.5 174. 4 173.3 172.0 170.7 169. 4 168. 0 166. 5 165. 0 163. 4 161. 8

4!
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3.3 Orbit compensation

We comment here on a noticeable effect on spin rotation, theebeam line segment comprising the snake and the orbéctors, induced
by the vertical orbit centering and horizontal orbit comgetion at the snake.

In the preceding sections RHIC snake is taken isolated. Higshows that the snake introduces a noticeadsléd (I mm) horizontal
dipole defect (in and out coordinates are different). THeatfis much weaker for the vertical motion. However, oncembimed with the
vertical centering of the reference orbit on the snake axigltical correctors, the compensation of that horizodiable defect by horizontal
correctors causes the spin rotation to depart fron? I8@r the snake+correctors beam line segment.

This is illustrated in Fig. 17 which shows the orbit effectostly horizontal) of the snake taken isolated (snake ctsrare nominal here,
for (u,¢) = (180, £45) degree at 250 GeV), and in Fig. 18 which gives the spin ratatioough RHIC snake+correctors segment (here, in
Blue, 95.8 m from “BIQQF11" quadrupole to “BI9TV4” vertical corrector, including snake 1). That beam IsEgment encompasses two
vertical correctors upstream of the snake, for verticatex@mg of the helical trajectory on the snake axis, as wetlhashorizontal and two
vertical correctors downstream of the snake, to respdgtiveally close the vertical orbit bump and compensate tiake induced horizontal
dipole effect. Two arrangements of the downstream correeti@ assessed, namely HVHYV (interleaved) and VVHH. Therlabnfiguration
(vertical bump closed prior to horizontal dipole compeir@mgtminimizes the departure frod80° spin rotation over the snake+corrector
segment.

This non180° spin rotation causes a small tilt of the periodic stable gssmn axigiy from vertical around the ring, this is discussed
further in Sec. 4.

4 InRHIC

This Section re-visits RHIC in the presence of the snakasgukeir OPERA field maps, and in some cases, for the sakengpardson with
field map outcomes, using instead a pure spin rotation, exefrgmy orbital effect (SPI NR” keyword in Zgoubi [13]).

The OPERA model is the optimized 4-map one, with OPERA cusrBp,, = 93.6 A, I, = 322.9 A ensuring(p,¢) = (180, £45) in
the 250 GeV region, Sec. 3.2 and Fig. 16.

Optics and polarization parameters obtained from rayirtgpassume a defect-free ring, including the local vertardit bumps at the
snakes, and including or not, as specified in due place, thieakorbit separation bumps at the 6 IPs. These optics iwgr&onditions are
summarized under the form of figures, at injection pp. 15ab8, at store pp. 17-19.

Tab. 4 details the basic optical parameters and spin motigpepties using snake field maps (some results RhNR instead are also
given for comparison). Three things to note there, regarttie use of the field map snake model :

- snake angles are optimized for store energy, and thera@irexactly,, = 180 deg,¢ = +45 deg at injection (the latter a source of spin
tune shiftAQ,, = Zeoeker”Ponniey

- the shake induces a small horizontal dipole effect (Fiy- COmpensating it with nearby correctors induces a sniiadiftthe stable spin
precession direction, Sec. 3.3 and Fig. 18.

- under the effect of the vertical positioning of the orbisagke entrance (for centering in the high-field helix mosluéind of the local
compensation of the horizontal orbit defect, the spin foteis slightly changed compared to the isolated snake case.

Tab. 5 details the spin components and in particular thecattilt, at IP6, IP8, H-jet and pC polarimeters. It can besetved that the
periodic spin precession direction is not vertical, witlparticular a 3.84 degree tilt (resp. 2.06 deg) at IP6 and tRgexction (resp. at store,
in spite of the perfect setting of the two snakes at that energhe bulk of the effect at 250 GeV stems from the x-rotafiothe vertical
steerers used to close the vertical bumps at the snakesjeatian energy the effect of non-nominal snake angles 179.79, ¢ = +45.22
(see Tab. 4) adds to the latter. The rightmost column in Tatsd shows an small effect on spin tune, greater in the 250 iBedeling. A
way to avoid this would be for the optimization of the snakeents, fory = 180 deg,¢ = +45 deg setting, to encompass the vertical orbit
bump at the snake.

4.1 Injection optics

Injection optics used here is derived from Run 17 files, oi@difrom translation of RHIC model in MADX (note that K1 and K#lices in
the bends are set to zero in Zgoubi).

Note that the magnetic field sign in the snake determinesdheo§the orbit. The present +/-/+/- and -/+/-/+ currentrsign the 4 modules
of respectively snake 1 and snake 2 (clockwise from IP6 irepBlteld identical orbit bump at the snakes (Fig. 19) to thetsured during
RHIC operation, and as obtained from MADX Run 17 model as @&li. 27). This is considered to validate the snake currigmissin the
present field map based simulations.
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Table 4: Optical parameters, snake angles and spin@ypeat injection and at store, using snake field maps (“*OPER®S)o Results
with pure-rotation snake model$PI NR’ rows) are also given for comparison. The rightmost two ouhs give, respectively, the actual
difference between between the closed orbit angles at tileesrin the Zgoubi model, and the expected perturbationitdas on spin tune,

0Qsp-

orbit wave numbers chromaticities 1 10) Qsp | Az %M/'
length (m) Qu Qy §a &y (mrad)
Injection, Run 17 optics, no IP bumps(Figs. 19-22)
SPINR 3833.8422 28.690 29.680 522 54.0 22.6574 180 +45 0.49977 =0 0
OPERA 3833.8462 28.687 29.743 68.5 55.1 22.6577 179.7945.22 0.49987 25 0.073
(6 =4 mm) © =0.063)

250 GeV, Run 17 optics, no IP bumpgFigs. 29, 30)
SPINR 3833.84153  28.685 29.675 21.3 236 237778 180445

OPERA 3833.84157 28.685 29.676 21.3 236 23.7778180 +45 0.48248
(6 = 0.04 mm) ©=1073)

255 GeV, ppllv7 optics, with IP orbit bumps(Figs. 33-35)
OPERA 3833.8415 28.685 29.674 2.1 2.1 23.834%:180 +45  0.50000

Table 5: 7i, vertical tilt value, at various locations along the ring @ection and at store, in the
presence of the snakes at nominal setfing) = (180, £45). Snakes are represented either using
their OPERA field maps, or using a pure, theoretical, spiatimh. The “Maximum tilt” indicated
excludes the regions of the snakes.

Tilt of 7iy with respect to vertical (deg.)

Using snake field maps Using
pure rotation

IP bumps  IP bumps IP bumps

zero-ed set set

Injection, Run 17 optics

Injection kicker 3.84 2.59 2.7
H-jet 1.12 1.42 15
pC polrmtr 1.12 1.37 15
Maximum tilt 3.84 4 4.3
Refer to figure : 24 26 28
250 GeV, Run 17 optics

IP6 1.92 0.25
IP8 1.92 0.33
H-jet 2.35 0.22
pC polrmtr 2.35 0.75
Maximum tilt 2.35 17
Refer to figure : 32 39
255 GeV, ppl1v7 optics

IP6 2.81

IP8 2.92

H-jet 1.44

pC polrmtr 3.87

Maximum tilt 18

Refer to figure : 37
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4.1.1 Using snake field maps, IP bumps zero-ed

The results are summarized in a series of figures :

- Fig. 19 : H and V orbits are zero except at the snakes, whesedte as displayed in Fig. 9, centered on the high field halss a

- Fig. 20 : optical functions in the Zgoubi model, using sn@EERA maps (they are identical to the MADX model, this gogbait saying),
- Fig. 22 : a zoom on the IP6-IP8 region, showing marginalotffé the snake fields on the paraxial horizontal focusing,

- Fig. 21 : a zoom on the IP6-1P8 region, showing significaféctfof the snake fields on the paraxial vertical focusinduting a change in
the vertical tuney, (col. 4, rows 4, 5 in Tab. 4),

- Figs. 23, Fig. 24 : the former displays the longitudinal, and transverse horizontal,,, components of the periodic precession axjs
around RHIC. They are not zerori, is tilted with respect to the vertical axis, with the snakesedmining essentially two regions with
respectively 3.84 degrees and 1.12 degree tilt, Fig. 24 abd5l

This tilt of 7, is correlated to the orbit bump at the snake, to its compenmsadnd to the actual spin tilt by the snake 180 deg., as
discussed earlier (Sec. 3.3 and Figs. 16, 17, 18).

Optical functions, from zgoubi.TWISS.out
Orbit, from zgoubi.TWISS.out
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Figure 19: Snake induced orbitin RHIC is cancelled usindrepsn  Figyre 20: Optical functions in RHIC at injection, with stesk Ver-

and downstream orbit correctors, essentially vertical. tical plane is slightly perturbed by the snakes, see Figs221
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Figure 21: IP6-IP8 region of the horizontal optical funasoin Figure 22: IP6-IP8 region of vertical optical functions iHFRC at

RHIC at injection, with and without snakes. injection, with and without snakes.
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Figure 23: Horizontal components (red), . (blue) of the stable Figyre 24: Vertical tilt ofii, around RHIC resulting from the orbit

spin precession axi% around RHIC Blue. Snake settings are Opt'maéump at the snakes, their compensation, and the agtwalue at
for 250 GeV (as in Fig. 16). injection.
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4.1.2 Using snake field maps, IP bumps set

Compared to the previous Section, vertical orbit sepamnatad IPs are added. The brute translation from MADX RHIC Rémribdel used
here results in a slight residual orbit, in both planes (Bf), which we choose to live with, as it is small. OPERA masieed, the orbit is
centered on snake axis at the snakes prior to installingthleessections in that model.

Fig. 26 shows, as in the previous IP bump-free case (Fig. &s8entially two regions of V-tilt values, yet now with adilital local
extrema, in the regions of the rise and fall of the IP sepamatumps. The particular values @ tilt at the injection kicker, H-jet and pC
polarimeter can be found in Tab. 5.

n, tilt around RHIC
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s [m] Figure 26: Vertical tilt ofiiy around RHIC. Snake currents are nom-

inal for 255 GeV so resulting at injection ih = F45.22 deg. in
respectively snake 1, 2, and = 179.84 deg. €f. Fig. 16, for
G~ = 45.5). Theri, tilt extrema of about 14 deg at the two snakes
have been cut out.

Figure 25: H and V orbits in RHIC at injection, Run 17 optics
model. Snakes field maps are used here.

4.1.3 Using theoretical spin rotation, IP bumps set

This simulation uses the&sPlI NR' keyword in Zgoubi, a pure spin rotation, to represent theksis (no orbital effect), instead of field maps.
The model used is the same as in Sec. 4.1.2, only the snakebéen replaced bysPI NR' on the one hand, and on the other hand the local
orbit bump at the snake locations is that from the MADX model,, artificially built using local correctorsot resulting from snake fields,
as these are absent). IP bumps are in place as well (Fig. 27).

Snake angles are nominal hege= 45 deg. in respectively snake 1, 2, and= 180 deg.7iy behavior, Fig. 28, comes oguantitatively
closeto the field map case (Fig. 26), which indicates thatihevertical tilt observed here results from the presence IPgsunthis is the
effect discussed in Sec. 3.3, Fig. 18. This is corroborayetth® store energy case, Fig. 39, where the absence of orbppdbat the snakes in
the MADX model (residual orbit bumps at the snakes are smaliosie, not subject to local compensation Fig. 38)

The patrticular values af, at injection kicker, H-jet and pC polarimeter can be foundai. 5.

For the sake of completeness, injection snake anfjles¥45.22 deg. in respectively snake 1, 2, and= 179.84 deg. of the field map
case (se&’y = 45.5 region in Fig. 16) have also been simulated, a case not sheva) however the effect ofi, and its local extrema
appears to be marginal.

ny tilt around RHIC
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o ous x =y = ; ; ; ; Figure 28: Vertical tilt ofii, around RHIC. Snake angles are nomi-
o 500 1000 1500 2000 2500 3000 3500 4000 nal hereg = F45 deg. in respectively snake 1, 2, amd= 180 deg.
s [m] Note that changing t¢ = F45.22 deg. in respectively snake 1, 2,
Figure 27: H and V orbits in RHIC at injection, Run 17 opticsandp = 179.84 deg. instead, as in the field map case (Sec. 4.1.2
model. Snakes are theoretical spin rotators here - not fiajgsm and Fig. 16 atGy = 45.5) has marginal effect ony. Note that,

compared to Fig. 26, the locdl, tilt extrema of about 14 deg at the
two snakes are absent, @Bl NRis used here.
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4.2 Store optics
4.2.1 Using snake field maps, IP bumps zero-ed

Store optics used here, 250 GeV, is derived from Run 17 MADesfithe main difference is in K1 and K2 indices in RHIC maindmset to
zero. In the present case, orbit bumps at IPs have been dero-e

The particular values ofj tilt at IP6, IP8, H-jet and pC polarimeter can be found in Tab.
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Figure 29: Snake induced orbit in RHIC is cancelled usingreps

and downstream orbit correctors, essentially vertical.

Figure 30: Optical functions in RHIC at store, with snakes.
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Figure 31: Horizontal components (red), S, (blue) of the stable
spin precession axify along RHIC, store optics, case of optimal

. oY |Figure 32: Vertical tilt ofrig around RHIC, case of interleaved snake
shake settings (as in Fig. 16).

bump corrector scheme.
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4.2.2 Using snake field maps, ppl1v7 optics

The store optics considered here, 255 Gé&Y (= 487), is derived from ppl11-v7 MAD model, already used in the jraseveral investigations
regarding polarization transport in RHIC [12]. A differencompared to the previous section is that it includ2s @m random orbit, in both
horizontal and vertical planes (this however has margimglact oniiy). The orbit separation at IPs induces local extrem&pét the rise

and fall of the bumps. The particular values#ftilt at H-jet and pC polarimeter can be found in Tab. 5.
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Figure 33: Horizontal and vertical orbits in RHIC. The oritmps at the snakes are apparentd150 m and~3100 m.
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Figure 35: Optical functions in RHIC at store, with snakes.
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Figure 36: Horizontal componens (red), S, (blue) of the stable Figure 37: Vertical tilt ofiiy around RHIC, case of interleaved snake

spin precession axifi, along RHIC, store optics, case of optimapump corrector scheme. Note that the vertical tiligexceeds 16 de-
snake settings (as in Fig. 16). grees locally, in the region of IPs 10, 12, 2 and 4.
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4.2.3 Using theoretical spin rotation, IP bumps set

This simulation uses th&PI NR' keyword in Zgoubi to simulate a pure spin rotation by thek&sa(no orbital effects), instead of the latters’
3-D field maps. The vertical orbit centering bumps at the saale zero in the store energy Run 17 MADX model (Fig. 38)hasdsidual
orbit induced by the snakes is considered negligible. IPgsuane in place (Fig. 38).

Compared to Sec. 4.2.8 tilt is quasi-zero in the arcs (not exactly zero due to regiidrertical orbit) as SPINR does not introduce any
orbit effect so avoiding the interleaved H/V orbit compeimaeffect discussed in Sec. 3.3 (Figs. 17, 18). Local exérefri, are present at
the rise and fall of IP separation bumps. The particularesbfri, tilt at H-jet and pC polarimeter can be found in Tab. 5.
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Figure 38: H and V orbits in RHIC at store, Run 17 optics model Figure 39: Vertical tilt ofiiy around RHIC. Snake angles are nomina
Snakes are theoretical spin rotators here - not field maps. ¢ = F45 deg. in respectively snake 1, 2, and- 180 deg.

5 Conclusion

Spin dynamics in RHIC is modeled using OPERA field maps toasgnt the helical snakes. This allows detailed insight aptiical and
polarization parameters, including orbit, focusing andquic spin precession axis.

Modeling the snakes in RHIC by means of their field maps shbasthe stable spin direction around the ring is titled2by 4 degrees,
depending on the location, energy (injection, store) anthervertical orbit centering scheme at the snakes.

One goal of this work was to develop the necessary materadeessing a possible origin of the up to 16 degrees tilt unedst the pC
CNI at store in RHIC Blue ring. Preliminary investigationavie shown that orbit defects, snake current mis-settingsiomnentum offset,
cannot explain such strong tilt as it would require theseetpiohibitively large. This will be subject to further iniggtion.



A LONGITUDINAL POSITION OF THE SNAKE IN THE FIELD MAP FRAME 20

APPENDIX

A Longitudinal position of the snake in the field map frame

In the full-snake single map, the vertical central-planesyetry of the 4-module set happens to be slightly shifteth waspect to the origin
of the field map, which has been taken at the center of the mah,rfé. 40.

This can be taken into account if desired in positioning taklfimap in the RHIC optical sequence. We chose here to ighatértstead,
as spin does not rotate in a drift space.

Field along snake axis, 100 322 Amp setting
50000 T T T T T
40000
30000
20000
10000

> -10000
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-40000
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Figure 40: Vertical field component along RHIC snake axis,EQR map. Plotting the forwardK(z)) and backward
(—B(800 — z)) field distributions shows a= 35 mm shift (half the distance between any two neighboring pgaio the
right, of the 4-module set vertical field symmetry plane witkpect to the center of the field map.

B “Splitted full-snake” OPERA model in zgoubi

The following is the input data file to zgoubi, for the optimion of, independently of one another, the low- and higli-fi@lues in the
four separate regions of the single-map full-snake OPERAehoThe method is based on the use of the 'droite de coupechhique in
zgoubi [13, see the Index].

It can be seen that only one field map, the full-snake map Msaaded in the data list. The 'droite de coupure’ methodvadldefining a
limited integration region within the map, namely, betwé&en vertical planes defined by their intersection (the ‘taie coupure’) with the
median plane.

The resulting particle motion, field and spin componentsssthe snake are displayed in Figs. 40, 42.
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Figure 41: Left : a superimposition of the projection of treital motion in the transverse plane (the small helicgétimry is
along the low-field modules) obtained from, on the one haerdtipiece splitted 12 m extent full-snake field map, and on the
other hand the 4-map assembly. Right : a superimpositioneaB}, and B, field components along the helical trajectory in the

previous two cases. Maximum field amplitudes have been ndamaao the same values in both cases, 1.337 T (low field) and
4.065 T (high field).
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Figure 42: Spin motion at 255 GeV through, superimposedherote hand the 4-piece
splitted full-snake OPERA map, on the other hand the 4-ms@mably, both with fields as
of OPERA computation (prior to any fine tuning). Startingsigivertical,(S;, Sy, S;) =
(0,1,0). Matrix computation from spin transport yields close résutamely, in the first
case : spin rotatiop = 178.159 deg, precession axis at -44.064 deg from longitudinal,
in the second case : spin rotatigpn= 177.477 deg, precession axis at -44.522 deg.
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