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Where are the AGS snakes ?

F. Méot, R. Gupta, H. Huang, N. Tsoupas

BNL C-AD, Upton, LI, NY 11973
July 20th, 2013

Abstract

This note re-visits fields, particle motion, and spin preg@sin the AGS snakes, a work undertaken in preparationg@ttarized proton
RHIC Run 13 (February-June 2013), and in preparation ofréupwlarized helion runs. These investigations includeamputation of 3-D
OPERA field maps of the snakes and use stepwise ray-tracitg aod methods. There is a series of sub-products of thity,stumongst
others, the transport of the spin stable axis from AGS to RKi&hd Y kicker exit, the appropriate settings of the cold gnaken changing
its strength, cold snake settings for polarized helion @ots, and in addition, a series of high accuracy 3-D field nhageen produced, in
view of long-term motion and spin tracking in the AGS for tlae of polarization simulations to come.



CONTENTS

Contents

1

2

5

6

Introduction

AGS snake angles, proton

2.1 Warmsnake . . . . . e e
2.1.1 SPINPreCeSSION . . . . o o vt e e e
2.1.2 BeamoptiCS. . . . . v o e e e e e

2.2 Coldsnake . . . . . e
221 SPINPreCeSSION . . . . . o e e
2.2.2 BeamopliCS. . . . . o o e e e

2.3 Changing snake strengths . . . . . . . . . L e e e
2.3. 1 Warmsnake . . . . . . e e
2.3.2 Coldsnake . . . . . . e

Linear combination of helix and solenoid 3-D maps
Transport of 7, from H10 septum to RHIC kickers
Helion

Conclusion

Appendix

A Spin precession in warm snake

B Spin precession in cold snake

C Cold snake, linear combination of helix and solenoid field raps

D Cold snake, cancellingf B. ds in presence of 68.2% or 71% helix fields

10

11

13

15

16

16

18

18

19



1 INTRODUCTION 3

1 Introduction

A series of questions have arisen, in preparation to theipethprotons RHIC Run 13, and of future polarized heliorsiuagarding the field
settings as well as the spin precession angles in the AGS waadhtryogenic helical partial snakes. This is the main re&siothe present
studies, which consist essentially in re-visiting andifjarg various parameters of the snakes, and assessingapiinum settings. This
work also led to a re-assessment of the periodic stable spzepsion axis in the AGS at extraction, and of its transfgoRHIC ; this is
briefly reported here and will be subject to a detailed corigramech. Note.

New OPERA field maps of the cold snake have been computeddgnitpose of these studies, with various helix and/or sadengrent
settings, they have been archived in dedicated folders in

/rap/lattice_tools/zgoubi/AgsZgoubiModel / snake FieldMaps/coldSnake/ RG Files_Mar2013
The other, original, OPERA field maps of the cold snake haes laechived in additional dedicated folders in
/rap/lattice_tools/zgoubi/AgsZgoubiM odel / snakeFieldMaps/coldSnake/

No new warm snake OPERA maps have been computed up to noaugltht is planned to do so, as discussed in due place in tt
document. All presently available maps, including the osed.here, have been archived in

/rap/lattice_tools/zgoubi/AgsZgoubiM odel / snake Field M aps /warmSnake/

“README?” files in these various folders give a guidance agi® tespective properties and usage of the various maps.

These field maps are instrumental in the modeling of the AG8gihg the ray-tracing code Zgoubi [2], they are part of t&@SPoptical
sequence. In order to allow possible further checks andstigations, the main templates of the optics files as usdukiptesent studies of
spin rotation angles have been archived, for respectiteyptoton snake conditions and the helion conditions, ifdliers

/rap/lattice_tools/zgoubi/AgsZ goubiM odel | snake Field M aps/rotation Angle /proton

Jrap/lattice_tools/zgoubi/AgsZ goubiM odel  snake FieldMaps/rotation Angle/3He

where they can be copied from. A “README” guide can be fouret¢h as well.
The code executable can be found at
/rap/lattice_tools/zgoubi/zgoubi

An extensive logbook regarding these investigations haas baintained, which the present Tech. Note abundantlysr&deit is archived
at
/rap/lattice_tools/zgoubi/AgsZ goubiModel  snakeFieldMaps/rotationAngle/Log-130103/ slides.pdf

An additional benefit of this study is that new field maps wigmsler mesh and longer extent have eventually been compttedienser
mesh brings better precision on field interpolation alondigla trajectories by Zgoubi, and thus on particle and spotion, whereas the
longer extent of the maps allows reaching appropriately field amplitudes at map ends, in the order of 10ppm of the fialdevat the
center of the magnet. Both effects improve the long-terntirtwin tracking accuracy. Worth stressing, in passinge:ghnciple of multiturn
tracking using field maps is fully viable, as proven in moiglithe AGS in Zgoubi with the best magnet models availatdeyely, in addition
to the two snake 3-D OPERA field maps, representing the 240 magnets with as many field maps derived from two sets of 2ibpiane
magnetic field measurements, still allowing efficient anclaate 1000s of turns motion and spin tracking, Ref. [3].

AGS snakes

Their role is toz-rotate the spin at each passage, by an angle 10 — 12 degrees, warm snake casegorc 20 — 28 degrees, cold snake,
proton case (about twice as much for helion). This allows@w®ing depolarizing resonances, of both imperfectioe tYp, = integer, and
vertical intrinsic type), £+ @), = integer [4, 5], according to the following principles :

Under the effect of the snakes during the acceleration cgpias undergo resonant flipping each time the spin tunsfiest),, =integer
(41 times, fromG~y = 4.5 at injection t045.5 at extraction), whereas placing the vertical betatron t(jein the forbidden spin tune
gapinteger + ¢/2r, as resulting frontos 7Q, = cos% cos mG+y, eliminates vertical intrinsic resonances. Non-linearkeng@sonances
Qsp £ 1Q, = integer,l > 2, present in the spin tune forbidden gap, are avoided by tigug,, with a margin that depends on the strengtt
of the local linear resonance [6].

On the other hand the stable spin precession directjpis in general at a (small) angle to the vertical around thg.rifithis drives
horizontal intrinsic spin resonanceg,, = Q, = integer, their effect is minimized by 80 local tune jumpsingsa pair of dedicated, fast
qguadrupoles [7]. AGS optics in addition includes couplingrees (e.g., main magnet defects, the snakes themsellass eergy), which
also excites coupling resonanags, + (), = integer.

The extractionG value (Gy = 45.5 in recent RHIC polarized proton runs) is chosen at the optinmatch between the periodik at
the extraction septum H10 in the AGS, and the vertical péeigg at the injection kicker in RHIC. The transport from the fomtethe latter
is ensured by the AtR (AGS to RHIC), a non-planar beam line A8] update of these AtR data using the new snake field mapséas ¢ a
companion paper [9].

Thus, accurate control of beam polarization in the AGS gifréinsport along the acceleration cycle, and of its deljtbe closest possible
to vertical, at RHIC-blue (down the “X” branch of the AtR) aRdHIC-yellow (“Y” branch) injection kickers, require an agate knowledge
of the snake fields and of their settings.
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2 AGS snake angles, proton

Extensive numerical simulations have been performedudicy the computation of a new series of OPERA field maps ottie snake.
Orbit helices, spin precession, and other snake paramewiking from these simulations may be compared in a @etailay to the initial
studies [10]-[15] using the material available in Ref. [16]

Prior to computing the spin precession, the helical orbfirs, systematically, centered on the snake axis atihevalue of concern,
using the fitting procedure in Zgoubi. The methods and sa#we@ols and files used are discussed in Ref. [16], templdtie datter may be
found in the above mentioned archive folders.

Note - In polarized proton AGS operation, in the case of the colkesna local orbit bump using AGS main magnets back-leg wigslin
partially compensates the orbit defect introduced by tlekeasnup to 300 ms about after injectiaiy ~ 13.5, beyond what the orbit defect
is considered marginal and the correction cancelled. Icéise of the warm snake, since the helix field and thus the @loibit defect are
smaller, a local compensation bump is considered un-nagesss a consequence, the orbit helix in the snakes duringb&GS operation
may not be strictly centered in the snakes, by contrast tavthtking hypotheses, here. Possible effects of such mitgedeg are not part of
the present study.

2.1 Warm snake

The AGS warm snake, installed in 2004 [17], located in the Ef2Q@ight section, is a hormal conducting helical dipolehvdbuble pitch
structure (0.4/0.195/0.4 deg/m over 0.39/1.32/0.39 nraect/body/exit) designed to ensure minimized orbit ddfgc
The same 3-D OPERA field map as investigated in Ref. [15] igl bgee, it is known and archived under the name

“table55.tab”

It was computed for the nominal operation conditions, ngnieb3 T field modulus at the center of the magnet, 2540 Ambceoient, for
additional details see Ref. [17].
Orbit and spin tracking data, as obtained from ray-tracamg,detailed in Figs. 2-6.

Figure 1:3-D OPERA model of the warm snake [17].

2.1.1 Spin precession

Spin behavior, from ray-tracing through the 3-D OPERA maglisplayed in Figs. 5, 6. The characteristics in Tab. 1,r00l8@ are obtained.
The spin precession is interpolated at better thad—> accuracy (relative to actual tracking outcomes) frém = 4.5 and beyond, and
with B in the vicinity of By, by, see Fig. 6 [16, Sec. 1.1],

(B, GY)[deg] = (B/Bo)* [Co + C1 /Gy + C2/(GY)?] 1)
with By = 1.5333 Tesla Cp = 10.578, C; = —1.284, Cy = 34.60

Checking data from earlier studies [15] was part of the natditbins for the present work, discrepancies have been faheg,are briefly
addressed in App. A, details in Ref. [16, Sec. 1.2].

2.1.2 Beam optics

The first order mapping of the snake is rigidity dependentis tomputed from particle trajectories taken paraxial t® @hy-dependent
helical orbits across the magnet. By contrast with spingssion, today’s particle optics data come out to be in gooeesgent with those
established in detail in Ref. [15] and used in the MADX modehe AGS [18]. Some comparisons can be found in Ref. [16, £2§.
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Warm snake. Motion, field, spin precession
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Figure 2:Projection of helical orbits witli:y € [4.5, 50] onto, left : transverse plar{e, y) (positivez is toward the center of the AGS) ; center : horizontal

plane ; right : vertical plane. Starting position in this simulation is, left glot= z...»,y = 0). In addition, left plot : the short arc, top of first quadrant,
represents the spintrotation on these various orbits, details in Fig. 5.
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Table 1: Characteristics of the warm and cold snakes, polarized proton RHICIRuparameters. The warm snake field map is the original on
2003 about [15]. The cold snake ones, in both 152 Amp, 81.2 Ampzanal solenoid current cases, result from new, 2013, OPERA catimus. The
zero current case is documented for all practicle purposes.

Warm snakg” Cold snake
Helix coil current A 2540 248.5 248.5 248.5
(relative to 350 Amp) % - (71 (7D (72)
Solenoid current A - 152 81.2 0
| B| at helix centerBoo T 1.5309 2.2402 2.2598 2.2211
S |§(z)| dz T.m 3.2276 4.4629 45282 4.4467
Straight mag.£ = faxis 2192 m 2.1083 1.9922 2.0038 2.0020
Max. \§(3)| onorbits,Gy : 4.5—50 T  1.5333— 1.5309 ~2.239 ~2.259 2.233+ 2.221
S B=(s)ds, Gy = 4.5 — 50 Tm -0.16—-0.014 -0.04— +0.23 -0.17— +0.11 -0.30— -0.02

(O atGy =~ 5.2) OatGy = 9)

Orbit radius Gy : 4.5 — 50 mm 19.2— 1.6 23.4—1.9 23.4— 1.9 23.6—+ 1.9
Spin prec.¢, Gy : 4.5 — 50 deg 12.04— 10.56 27.62— 20.0 26.0— 20.4 22.50- 19.5
Snake strength % 6.69 5.87 15.34—11.11 14.44- 11.33 12.5- 10.83

(a) Map name : “table55.tab”, as used in Zgoubi input data files.
(b) Map name : “ags-full-coilv5-x06-rerun2-x071-sol-152a-abxby5z10mm.table”ibid.).
(c) Map name : “ags-helical-solenoid-april2013-coilv5-x071-sal2@tintegral-x5y5z10mm.table’iffid.).

Figure 7:3-D model of the cold snake, OPERA simulation.

2.2 Cold snake

The AGS cold snake, installed in 2005 and first operated ir64@0, 20], is located in the A20 straight section in the AGISsla su-
perconducting helical dipole with double pitch structude302/0.2053/0.392 deg/mm over 0.393/1.154/0.393 maeraé/body/exit), which
ensures minimized orbit defect. The device includes a 0.8hmsolenoid winding aimed at cancelling the longitudifielt integral [ B, ds
experienced by the particles on the helical orbitzgt= 9. It also includes a 0.3 m long, 0.008 T.m, vertical correetdnoth ends.

Orbit and spin tracking data in the case of 152 Amp currerién, compensation solenoid, the actual setting in recent RHl@rjzed
proton runs, as obtained from ray-tracing, are detailedgs.B-12.

It was realized in the course of the present study, that thgpemsation solenoid setting should instead be 81.2 Amptdbothe present
71% helix (248.5 Amp helix current), or equivalently shoblel(0.682/0.71)% x 81.2 =74.9 Amp in the case of, Run 13 settings, 68.2%
helix (238 A). Orbit and spin tracking data in the case of @28imp current in the solenoid, which has the property of clince [ B. ds
atG~ = 9, are detailed in Figs. 13-17. It can be observed that suchgehs solenoid current is not innocent in terms of snakengtte it
changes the spin precession by a sensible amount, largevexténergy, cols. 4, 5in Tab. 1 and Figs.12, 17.

2.2.1 Spin precession
Case of solenoid field 152 Amp - From ray-tracing through the 71% helix and 152 Ampere sottBaD OPERA map
“ags-full-coilv5-x06-rerun2-x071-sol-152a-nodal->&a1 0mm.table”

the characteristics in Tab. 1, column 4 are obtained. Sgiaver is displayed in Figs. 11, 12.
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| Zpop y

Cold snake HIx71%-Sol152Amp. Motion, field, spin precession
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Figure 8:Projection of helical orbits witli:y € [4.5, 50] onto, left : transverse plar{e, y) (positivez is toward the center of the AGS) ; center : horizontal

plane ; right : vertical plane. Starting position in this simulation is, left glot= zmin,y = 0).
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Figure 12: Top : value of spin precession angle in the cold snake, 71% helix and
152 Amp solenoid current, at variodsy values, and interpolation function with trun-
cated B0, C0-C3 data of Eq. 2. Bottom : relative difference betweele &mgn tracking
(“angle™) and from interpolatiom(G~) ; the “trunc’d” curve is for the truncated values

of CO-C3 of Eq. 2, the “rel. diff.” curve, for comparison, is at camgr precision on
matched CO-C3 data.
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Cold snake HIx71%-Sol81Amp. Motion, field, spin precession
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Figure 13: Projection of helical orbits wittGy € [4.5,50] onto, left : transverse plang:, y) (positivez is toward the center of the AGS) ; center :
horizontal plane ; right : vertical plane. Starting position in this simulation fsplet, (x = zmin,y = 0).
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Figure 17: Top : value of spin precession angle in the cold snake, 71% helix and
81.2 Amp solenoid current, at variosy values, and interpolation function with trun-
cated BO, CO-C3 data of Eq. 3. Bottom : relative difference betweele &mgn tracking
(“angle™) and from interpolation.(G~) ; the “trunc’d” curve is for the truncated values

of CO-C3 of Eq. 3, the “rel. diff.” curve, for comparison, is at camgr precision on
matched CO-C3 data.
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The spin precession is interpolated at better thad—> accuracy (relative to actual tracking outcomes) frém = 4.5 and beyond, and
with B in the vicinity of By, by [16, Sec. 4.1], Fig. 12,

(B, Gv)[deg.] = (B/Bo)* [Co + C1/Gv + Ca/(Gy)? + C3/(Gv)?] )
with B, = 2.2387 Tesla Cjp = 19.506, C; = 22.039, Cy = 39.251, C = 108.7

Aremark: comparisons with earlier studies [10]-[12] show discrepes this is briefly discussed in App. B, details in Ref. [$6¢. 4.2].
It was found in particular that the longitudinal field intatf B. ds along the helical trajectory does not cancetat = 9 with the RHIC
Run 13 settings (152 A solenoid current for a 68.2% helix fieldich corresponds to 164 Amp about for a 71% helix). A soiéwcarrent of
about half the value was found to actually be the correcinggetbr that, namely, as obtained from tracking in combinettfimaps (details in

App. D),
76.0 A for a 68.2% (238 A) helix,

82.5 Afora 71% (248 A) helix,

Note the following :
(i) These solenoid currents are in the ratio of the squarhehelix fields : 82.5(68.2/71)? ~ 76.1, this is discussed in Sec. 2.3.2.

(i) The 82.5 A solenoid current in the 71% helix case herightly differs from the value used elsewhere in the text28Amp. The reason
is simply that the latter results from an earlier, rougheeasment, however, tracking shows that the first valueyjell ds = 1.810~° T.m
atGy = 9, whereas the second one yielfiB, ds = —2.3 10~3 T.m, both contributing in as marginal a way to coupling, aayw

Case of solenoid field 81.2 Amp - From ray-tracing through the 71% helix and 81.2 Ampere sute8-D OPERA map
“ags-helical-solenoid-april2013-coilv5-x071-sol-2R-integral-x5y5z10mm.table”

the characteristics in Tab. 1, column 5 are obtained. Sgiaver is displayed in Figs. 16, 17.
The spin precession is interpolated at better thad—3 accuracy (relative to actual tracking outcomes) frlé@m = 4.5 and beyond, and
with B in the vicinity of By, by [16, Sec. 4.4], Fig. 17,

(B, Gv)[deg.) = (B/Bo)? [Co + C1/Gv + C2/(Gv)? + C3/(Gv)?) ®)
with B, = 2.2588 Tesla Cp = 20.163, Cy = 11.997, Cy = 40.61, Cs — 99.1

2.2.2 Beam optics

The first order mapping of the snake is rigidity dependentoihes out to be quite close to that established in detail fn[R&] and used in
the MADX model of the AGS [18]. Matrix comparisons can be fdun Ref. [16, Sec. 4.5].

2.3 Changing snake strengths

Changing the strength of the AGS snakes has an effect onzé@fihe spin tune gag;¢/2, with ¢ the one-pass spin precession angle, an
on the strength of the horizontal resonances via the otientaf the stable precession axig. This may have an effect on the polarization
transmission along the acceleration cycle.

Changes in periodi@, in the AGS would in addition change the orientationigfalong the AtR line. One can therefore think of margin:
for optimization of the verticallity ofi, at RHIC X and Y kickers.

This makes it desirable to investigate changes in both waughtald snakes.

2.3.1 Warm snake

Changes in the warm snake strength in the 10-20% range maynyguted using Eq. 1 as a first approach, neglecting the sftésiaturation
(the excitation curve is not too far from linear, with the geat 1.53 Tesla field).

Further dedicated simulations including OPERA maps atérigh lower currents are however desirable. It is planneddikyhat out in
the future.

Changing the warm snake would in addition require re-tunimglocal compensation quadrupoles, in the low energy gaheoAGS
cycle. This is mainly a matter of dedicated ray-tracing satians, following the methods in [16], using the approf@i®@ PERA maps and
Zgoubi input data files as archived in the folders listed in.Se
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2.3.2 Cold snake

Changes in the cold snake are easier to compute since theyt dequire a new OPERA field map : as shown earlier and disddasther in
Sec. 3, a linear combination of the helix and solenoid fielgpsn@mes a 1.016 correction factor in the case of solendid ifie80~150 Amp
range) can be used instead. However this requires takinguotount the constraint of the cancellation/d?. ds (at Gy = 9 or else), which
determines the solenoid current.

From the equations of the helical wiggler field [21],

B, = 2By [Io(kr) — (i/kr)I1 (kr)] sin(f — kz)
By = (2B /kr)I; (kr) cos(0 — kz) (4)
B, = —2ByJ;(kr) cos(6 — kz)

and fromr o By, Ji(kr) ~ kr to first order, one get8, « B3. As a consequence the compensation solenoid field has tovféif - as
does the strength in the case of a full snake in first appraieman passing [22] :

2 ) 1, ZGec [ Bds
— /T2 —1 X5, 2 h oy=(1+— ~01, h
o/ + X X~ (with x (+Y%)MPW o 0.1, herg %)

Numerical data as obtained from Zgoubi tracking, regargiegession angle &ty = 45.5, proton, accounting for cancellation ¢B. ds
atG~ = 9, are displayed in Tab. 2.

Table 2:Varying the helix field in a-10% range around 71% helix setting. Case of polarized protéhat= 45.5. Cols. 4-6
give the resulting precession angle : cols. 4, 5 account for negesslanoid strength to canc¢lB. ds at Gy = 9, whereas
cols. 6, 7 assume pure helix.

71% Helix Solenoid field cancelszz dsatGy =9 Solenoid field is 0

Field Solenoid current  Snake angleGity = 45.5 | Snake angle afy = 45.5

variation (350A) (A) | (deg.) variation (%) | (deg.) variation (%)
-10% 0.188  65.75| 16.61 -18. 15.90 -18.6
-5% 0.209  73.28| 18.47 -9.5 17.68 -9.5

0 0.232 81.2 | 2041 0 19.54 0

+5% 0.256  89.55| 22.43 +9.9 21.48 +10
+10% 0.281  98.29| 24.55 +20.3 23.51 +20.4

3 Linear combination of helix and solenoid 3-D maps

During the present studies regarding the cold snake it haxs berified and investigated further that the magnetic fielthé useful region in
the snake, in the case of solenoid field ir8®0 Amp range, can be obtained by a linear combination of éti® hnd solenoid field maps

PROTON SPIN PRECESSION, COLD SNAKE, Hlx71%, Sol81.2A
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Figure 18:Proton spin precession angle from the combination of the helix and soleragid (“Combi” curve) and from the full helix+solenoid field map
(“Full map” curve). The combined ma3| value (2.225 T) is normalized to the full map one (2.258 T), an empifabr 1.016. The right vertical axis
shows the remaining relative difference in precession angle once th@mnealization has been done, showing a maximum 0.6% at |afirgst
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computed independently, given a correction on the field aogd, Figs. 18, 22 :
combined map field has to be multiplied by 1.016, in order toageeement, on spin precession, with full map field

at better than 0.6%, over tligy : 4.5 — 50 range, proton.
That combination appears to apply over a large range of laglik solenoid fields, including regular polarized protoriisgs and the
substantially different polarized helion settings. Tlsisletailed in respectively Refs. [16, Sec. 4.2-4.4] (prptord [16, Sec. 5] (helion).
The keyword TOSCA' in Zgoubi does allow such linear combination of an arbitrauynber of field maps. It is compatible with tHe T’
procedure [2] thus allowing a matching of the coefficientshia linear combination for various types of constraints rdst,ofocusing, field
integrals, etc. Details can be found in [16, Secs. 4, 5]

4  Transport of 77y, from H10 septum to RHIC kickers

The results obtained so far, regarding the transpomydfom the AGS H10 septum to RHIC kickers via the AtR line, armsuarized here.
They confirm the validity of the choice for the AGS extractiemergy in the latest RHIC run&/y = 45.5 [23]. Details can be found in a
companion paper [9].

The warm snake field map “table.55.map” has been used, giepas displayed in Tab. 1. The cold snake follows the Rum#iZRun 13
settings, thus using a linear combination of 68.2% helix8(2¥or a maximum 350 A) and 43.4% solenoid (152 A for a 350 A maxin),
namely (see App. C for details on the nomenclature)

G x [ A x ags-full-coilv5-x06-rerun2-x071-integral-x5y5z10ntahle

+ B x ags-full-sold3-only-nodal-x5y5z10mm-wasactuallyeigtal.tabl€
with G =1.016, A =0.9606, B = 0.434

Fig. 19 shows the beam orbit in AGS at extraction, as it is dieethe computation of the periodi¢,, in presence of the G10 kicker and of
the H10 septum bumps (respectively dubbed “G09” and “H11").

Fig. 20 displays the vertical projection of the stable spiaation, as obtained from stepwise ray-tracing throughAtR, at three different
locations : H10 septum in the AGS, RHIC Blue ring injectionker, RHIC Yellow ring injection kicker. It also displaysealsame quantities,
as obtained from spinor algebra, for comparison.
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Figure 19:Beam orbit in AGS ring at extraction, from A0 to L20, including G10 kicked&d10 septum
extraction bumps, followed by a final ring section from AO to exit of H1ftam.
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Figure 20:Vertical component of the stable spin directiah, as a function of3y, as observed at H10 in
the AGS, at RHIC-Blue and at RHIC-Yellow injection kickers. Top : fromazibi ray-tracing, bottom : from
spinor algebra.
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5 Helion

Helion settings differ from proton due to the different aradaus magnetic moment, G = -4.18. Present plans foresee 4&Ré strength in
both warm and cold snakes as a possibility. Such value regjgirbstantially different fields, compared to proton isgti

The following investigates again, what comes out of the daedbfield map used in the previous sections, at such suimtdigtance
from the design helix field (71%), compared to a full 3-D OPE&putation with the nominal 54% helix field for 15% strengtalion.

The combined case uses (see App. C for details on the nonemjla
G x [ A x ags-full-coilv5-x06-rerun2-x071-integral-x5y5z10ntahle

+ B x ags-full-sold3-only-nodal-x5y5z10mm-wasactuallyeigtal.tabl€

with a global scaling factor G=1 to start with, A=0.7602 selgling a 54% helix field, and B=0.228 yielding a solenoid eatB50 x 0.228 =
79.8 Amp that compensates the longitudinal field on the helichlt@t Gy = 9. From that combination, field modulus at magnet cente
comes out to be 1.6942 Tesla.

On the other hand, a newly computed OPERA full map, 54% helik#.6 Amp solenoid current,
ags-helical-solenoid-may2013-coilv5-x054-sol-gR-integral-x5y5z10mm.table

shows a field modulus at magnet center of 1.7207 Tesla, incaaft.7207/1.6942=1.016 again with the combined maps,faddvas found
earlier with proton settings (Sec. 3).

The spin precession is interpolated at better than 0.6%racg(relative to tracking outcomes from the full map witidiaormalized to
the combined case, 1.6942 T), fraiy = 7.5 and beyond, and witlB in the vicinity of By = 1.6942 Tesla, by, Fig. 22,

(B, Gy)ldeg.] = (B/B0)? * [26.931 — 3.2055/(Gv) — 116.708/(G)* — 4171.7/(Gv)?] (6)

Additional details concerning this study can be found in.igE8, Sec. 5].
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Cold snake, Helion settings. Motion, field, spin precession
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Figure 21:Top left : projection of helical orbits witli:y € [7.5, 60] onto the transverse plarie, y). Top right : transverse field components along these
orbits. Bottom left : longitudinal field components along the orbits. Bottomtrigbpin precession from tracking (markers) and interpolation function
Eq. 6.
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Figure 22:Helion spin precession angle from the combined helix+solenoid field n@pngbi H, S” curve) and from the
full helix and solenoid field map (“Full map” curve). The full m&p| value (1.72 T) has been normalized to the combined
maps one (1.694 T), an empirical factor of 1.016. The right veréigis shows the remaining relative difference in precession
angle once this re-normalization has been done, showing a maximunmed16¥estG-y.
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6 Conclusion

The AGS warm and cold snake field maps have been re-visitedy o@mparisons have been performed with earlier works akgeld in
C-AD Tech. Notes [10]-[15], they are reported in detail inf R&6].
The results so obtained have been summarized in the presemt Note.

This study has resulted in a series of findings, as follows.

- in the case of the warm snake field map, CA-AP Note 136 givemkesstrength in the low rigidity region which is larger thahat is
obtained today using (i) the same field map and (ii) two déffeertracking codes, Raytrace [26] and Zgoubi, which do agiideeach other.
The difference observed in the computed snake strengtbases with decreasing rigidity, Fig. 23 and Tab. 3 in App. A.

- same observation for the cold snake field map case, CA-AB N2} and Ref. [11] give a snake strength in the low rigidigior which
is larger than what is obtained today, using the same fieldsrang either Raytrace or Zgoubi, which again agree with etiwdr,d=ig. 25 and
Table 4 in App. B.

- today’s data derived from 3-D field maps using Zgoubi prewigtical parameters (first order mapping and other orbiieskans in the
shakes) in good agreement with tracking outcomes found fn[[Rg] as to the warm snake and in Ref. [10, 12] as to the coddken

- the compensation solenoid in the cold snake has been edaratto now with a current of 152 Amps. It appears that theireddield,
in order to compensate the longitudinal helix field compameiy = 9 with a 68.2% helix, is actually 76 Amps, half the Run 13 value,

- a change in solenoid setting is not innocent in terms of ppaession, it changes snake strength at all energies,acerfjys. 12 and 17
an cols. 4-6 in Tab. 1,

- it has been established for the cases studied that a glcddaig factor of about 1.016 has to be applied, when fakingat map by linear
combination of separate pure helix and pure solenoid OPE&A fnaps, for solenoid fields in 850 Amp range, in order to restore the
optics and spin precession resulting from a complete hstilenoid OPERA computation, Secs. 2.3.2, 3, 5. That 1.0@r@ction factor was
found to be valid even for a large change in the helix fieldyfiaroton (71% helix) to helion (54% helix), Secs. 3, 5.

Besides, it is planned to re-compute warm snake field maplaidimg different current settings in view of further protand helion spin
dynamics studies. The first order matrices in the MADX modehe AGS will be re-computed using these new sets of OPERAsnaapl
the ray-tracing code Zgoubi.

The computation of new field maps is undertaken bearing irdrtfiat long-term multi-turn 9-D tracking of particle and sphotion
require finer mesh and longer extent than the old field mapggepin order to ensure highest accuracy of field interpatefrom the 3-D
mesh. This is necessary for a sound use of the stepwiseaeingrmethod to model the AGS ring, especially in the lowrgneart of the
acceleration cycle where the helical orbit in the snakestresa radius of 15-25 mm.
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Discrepancies with earlier published data, found durirggiesent study, are discussed here.

In Fig. 23,

- the “AP#136” curve is from Ref. [15], representingB, v) = (B%)2 (C1 + C2/~+?), with B=B0, C1 = 10.453 C2 = 27.673. Snake
strength in CA-AP#136 was computed using SNIG [27] and OPBHAfield maps.

See also C-AD MAC, Nov. 8-9 2004, AGS Cold Snake Commissipsiides, where one finds :

“New warm helical snake, B=1.53 T, strength 8.3% (15 degifjattion, 5.9% (10.6 deg) at extraction, data obtainedgi$6NIG” code

tracking in OPERA field map. “

- whereas the “Fit" curve, on top of Zgoubi tracking data (keas, “W-snake”), useg(B,~) = (B/B0)? (C1 + C12/y + C2/+?),
taking B=B0, C1 =10.58413, C12 = -0.816718, C2 = 11.0849k8s#rength 6.7% at injection, 5.9% at extraction.

“C-AD Note 136" precession and orbit data values in Tab. 3fewen Tables 1 and 2 therein. By contrast with spin precession
agreement with Zgoubi data as to orbit geometry is good) &g cols. 6-8 in Tab. 3.

Table 3:Spin precession in the warm snake, detailed data from tracking. In egirdprecession data from CA-AP#136 (black numbers)
can be compared with Zgoubi outcomes (blue numbers). The differieicreases with decreasing rigidity. Cols. 6-8 compare paraxial
transport data, the agreement is good.

geometry is ok !
Bp/Bp(Gy = 4.5) G~ y 1 (deg) L ds maxx  maxy
C-AD Note 136 (%) | (mm) (mm) (mm)
Zgoubi
0.99527469 4.48211837 2.5 15.06029 8.37| 3.4638 18.7709 19.45
12.03852 6.69 | 3.4534 18.56 19.34
1.502203956 6.45425046 3.6 12.345959 15114 12.458 12.85
11.19923 1.5071 12.26 12.75
2.481637751 10.39851463 5.8 11.184056
3.447732692 14.3427788 8 10.884765 0.286 5.35 5.59
10.6719 0.29 5.33 5.55
4.540190075 18.82489717 10.5 10.752696
8.676603671 35.856947 20 10.62500
10.85064630 44.82118375 25 10.607894 5.89 0.02883 1.7180 1.7764
10.56448 5.87 | 0.02875 1.693 1.7625
11.01524059 45.5 25.3786 - -
10.56092 0.0160

Comparison with data from Raytrace -

method (Taylor series [2]).

Essentially the numerical integrator in the ray-tracinge®aytrace (RK4) differs with Zgoubi

The same 3-D map, “table.55.map”, is used with the two codé® same initial coordinates (that yield helix centered nake axis,
Fig. 2) are taken. Fig. 24 shows the agreement between thedues, at better than 1% level.
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Figure 23:Spin precession discrepancy, warm snake (a plot of the data in Tab. 3)
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Figure 24:Warm snake. This plot shows that Raytrace data confirm Zgoubi ones.
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Figure 26:Cold snake. This plot shows the general agreement between Ragtrd@goubi outcomes.
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B Spin precession in cold snake

Discrepancies with earlier published data, found durirgtesent study, are discussed here.

Three of the original field maps of the cold snake are avalabl

- a full map of the helix+solenoid magnet, “ref+sole.tab”,

- two independent maps, pure helix and pure solenoid, résplc“table for_Helix_3T.tab”, “tablefor_Solen3T.tab”. The latter had
been obtained by substation of the former (obtained fronmdécdted OPERA run) from a full 3-D field map of the helix+sa@hmagnet.

Field integral, in the case “ref+sole.tab” mag?p:ath Bds = 4.38827 T.m. Plateau is at B=2.20 T.

Taking Run 13 settings instead, using the other two map$x B8l2% (238 Amp)+ solenoid 42.3% (151.5 Amp) fpam Bds =
4.3014765 T.m. Plateau is at B=2.14 T.
Note : this comparison of the two maps, full and combined sduat discuss the unexpected, unphysical, field data fuab&ined from
“ref+sole.tab”, details in Ref. [16, Sec. 2.2].

Table 4:Spin precession in the warm snake, detailed data from tracking.
Gy gl 1 (deg)
Bp/Bp(Gy = 4.5) JPARC Note!)
Zgoubi (2) — x (342
Zgoubi (3)

0.99527469 4.4821 2.5 29.401
28.910 27.35
23.32

1.502203956 6.4542 3.6 23.727
25.529 24.15
20.92

2.481637751 10.398 5.8 20.479
22.397 21.19
19.499

4.540190075 18.8249 10.5 19.064
20.528 19.42
18.726

11.01524059 45.5 25.3786 18.549
19.620 18.56
18.286

(1) Using JPARC Note hypotheses B0=2.5T, C1 =25.17,

C12=0, C2 =93.47, with here B=2.14T.

(2) “ref+sole.tab” map. In Zgoubi, the map is scaled by Oi&lding | B| on
plateau=2.20T ; further scaling to 2.14 on plateau is dygldan col. 5

(3) tablefor_Helix_3T.tab + tablefor_Solen.tab map combination,
with helix 68.2%, solenoid 42.3%, field on plateau 2.14 T.

Comparisons with Raytrace data - The same, 3-D maps are used with the two codes. The samé @utiedinates (that yield helix
centered on snake axis) are taken. Fig. 26 shows the agrebatamen the two codes.

C Cold snake, linear combination of helix and solenoid field maps

The 'TOSCA' procedure in Zgoubi allows combining several 3-D field mapith each one its scaling coefficient, and applying an &alakd
global scaling coefficient to the result. For instance, ia piesent case of concern of a pair of helix and solenoid fieldanthat linear
combination takes the form

G x| A x ags-full-coilv5-x06-rerun2-x071-integral-x5y5z10ntahble
@ B x ags-full-sold3-only-nodal-x5y5z10mm-wasactuallyeigtal.table | @)

A "principle of linear combination” was first assessed [1§]using the pure helix map with 71% current on the one hand (&= 7),
and on the other hand the pure solenoid map with current 152//380Amp = 43.4% (B=0.434). These conditions are thoseefdhowing
full 3-D field map, used for comparison in that assessment :

ags-full-coilvs5-x06-rerun2-x071-sol-152a-nodal-x&¢Bmm.table

The tracking outcomes of that full map are those displayambin4 of Tab 1.
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Note that, for that particular setting, helix 71% and soldr8.4%, the field integral$ B.ds on trajectory come out to be :
Gy | [B.ds(T.m)
7.5 | 9.18407052E-02
10 1.35670277E-01"
45.5 | 2.32933972E-01

It results from tracking in the linear combination of the tmaps that the integral &y = 9 can be cancelled using instead 23.2% solenoi
field (81.20 Amp), B=0.232 in Eq. 7. Following that change irffom 0.434 to 0.232) a difference in field modulus appeats/éen the
combined map and the full 3-D one, 2.2584 Tesla in the formensus 2.2252 Tesla in the latter, hence a necessary gorrdattor (the
global G factor, Eq. 7§7 = 2.2584/2.2252 = 1.016 for the former to be a better approximation of the latter.

In matter of spin precession, this normalization of the ciorad map’s| B| value to the full map’s one (or the other way) by that 1.01
factor, results in a marginal residual difference in spiegaission angle, as displayed in Fig. 18 (proton) and Figh@toh).

D Cold snake, cancellinngZ ds in presence of 68.2% or 71% helix fields

The use of combined helix+solenoid field maps, and in pdeica G=1.016 global field scaling factor (Eq. 7) as introdlbelow, are
discussed in Sec. 3 and in App. C.

In order to represent the cold snake in the case of a 68.2% &eti solenoid current set to candéB. ds, the combination in Zgoubi
takes the form (using the notations in Eq. 7)

1.016 x[ 0.9606 x ags-full-coilv5-x06-rerun2-x071-integral-x5y5z10ntaile
S¥
B x ags-full-sold3-only-nodal-x5y5z10mm-wasactuallyeigtal.table |

given A = 68.2/71 = 0.9606 helix field scaling. Tracking yield® = 0.2172 solenoid field scaling((2172 x 350 = 76 Amp.) so to cancel
/B, dsatGy =9.

In order to represent the cold snake in the case of a 71% hedixalenoid current set to canckB. ds, the combination takes the form
(using the notations in Eq. 7)

1.016 x[ ags-full-coilv5-x06-rerun2-x071-integral-x5y5z10ntahle
¥
B x ags-full-sold3-only-nodal-x5y5z10mm-wasactuallyegutal.table |

given A = 1 helix field scaling. Tracking yield® = 0.2357 solenoid field scaling((2357 x 350 = 82.5 Amp.) so to cancel B, ds at
Gy =9.

Two remarks

(i) The solenoid currents are in a rati®172/0.2357 ~ 0.922 which identifies with the squared ratio of the helix field&8.2/71)? ~ 0.923,
the reason is discussed in Sec. 2.3.2.

(ii) The solenoid current in the 71% helix case here, 82.5 Ahgs been worked out more precisely, this is the reason fagta difference,
+1.6%, with the value used in the text, 81.2 Amp. Trackingrehthat the former value yieldfB, ds = 1.8 1075 T.m atG~y = 9, whereas
the latter yields/ B, ds = —2.310~3 T.m. Conclusion : the second integral is anyway close endaiglero that the goal the ensuing effect
on coupling in the AGS can be neglected.
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