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Abstract

Spin tracking studies in the MEIC figure-8 collider ion ringe gresented, based on a very preliminary design of thedatiihey provide
numerical illustrations of some of the aspects of the fiRicmncept, including spin-rotator based spin control, aydlut the path towards
a complete spin tracking simulation of a figure-8 ring.
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1 INTRODUCTION 2

1 Introduction

Proton spin tracking studies in the 60 GeV figure-8 ring ofMtelC electron-ion collider (Fig. 1) are presented here.l&dbsummarizes the
nominal parameters of the ring, details can be found in [1].

Arc, 240°

CCB/dispersion suppressor

A re -.'ﬁ‘,rl.
CCp pog

Detector elements

Figure 1: MEIC collider ion ring.

Table 1: Parameters of the 60 GeV MEIC figure 8 collider praiag. Tracking outcomes, see Figs. 4-6, are
added for comparison (column 4).

circumference m 1415.3

energy GeV 60

polarization % >70

horizontal/vertical emittances, normalizedrpym.rad  0.35/0.07

horizontal/vertical3* cm 10/2 10.0/2.0

max. 8 / 3y m 2301/ 2450 2303 /2451
horizontal/vertical tunes 25.79/26.27 25.790/26.260
horizontal/vertical chromaticities, natural -224/-233  223/-233
momentum compaction 1073 5.76 5.30
transition~y 13.18 13.74

These studies were done using a very preliminary designeofattice, however not optimized for the spin dynamics angarticular
not including the system intended for polarization conind/EIC. They can be viewed as simplified numerical illusoas of some of the
aspects of the figure-8 concept on the one hand, and on thehathé they lay out the path towards a complete spin trackinglation of a
figure-8 ring.

In view of serving as a guidance in further use of the simatathaterial, this report discusses various aspects of dlekitrg code used,
Zgoubi [2], including the content of the input data files anthe methods proper to stepwise ray-tracing. A preliminaggubi input data
file has been obtained from translation of a MADX “twiss” filssing MADX2Zgoubi translator [3], an excerpt is given in apgix, page 12.
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Figure 2: Closed orbits, horizontal and vertical. The hamizl orbit
is not exactly zero, since the ray-tracing restitutes witltidiaccuracy
the exact arc of a circle that the trajectory does in a condield
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Figure 4: Optical functions, horizontal and vertical.
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Figure 5: Momentum dependence of orbit length. alsQ(d) = Qo + Q6 + Q"% + Q"°.
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2 Ring optics

This section summarizes paraxial optical data as obtaired preliminary tracking exercises, as well as various {ergn tracking consid-
erations relevant to polarization transport simulations.

2.1 Optical parameters

The ring lattice is linear at the present stage - no sextgpateparticular. Hard edge field models are used, howewvegdrfields may be
introduced for modeling accuracy, if considered useful.

In the following the optical functions are reported, foraefnce, they can be compared to the nominal data in table 1.
Orbits, horizontal and vertical, are first searched, Fig. 2. Thislwauperformed either using the “searchCQO” tool from Zgoubiliox [3]
(a usual multi-turn technique), or using a self-consisbeptit data file based on Zgoubi'EIT * procedure. The vertical orbit is zero in the
present case (although the actual lattice does includevatical localized, short bumps).
The dispersion function®,,(s), D,(s), Fig. 3, can be computed using various methods, for instance

- by transporting the periodical functions, prior deteredrat the origin of the optical structure (by the former “sb&0O”, for instance),
the “OPTICS’command does that [2],

- by difference between paraxial chromatic orbits, usirgy“tietDiffFromFai” tool [3].
Tunes Fig. 6, can be determined from first order mapping or fromtistutn Fourier analysis.

Note that the “searchChroma” tool [3] will produce all of taleove, including Figs. 2-6, in one go.

2.2 Long-term tracking

Tracking at constant energy is addressed in section 3, up@@®Q@0 turns. Figure 13 provides a sample of conservatidheofnvariants.
The main control knob in that is the integration step sizey@lue being a compromise between tracking accuracy andti@GielU The latter
amounts in the present conditions to about 20 turns per de@ma 1.5 GHz CPU (independent of particle number on a CP&tery a
matter of about 3 hours in such exercises as addressed ih3=ig.

Tracking in the presence of acceleration, up to 400,00Gtusraddressed in section 3.4. The integration step sizthaseto ensure that
the damping do follow the evolution of beam momentum.

3 Spin tracking

The spin tracking studies presented below were done usingliamnary design of the MEIC figure-8 ion collider ring lizt. The lattice did
not include the system intended for polarization contrdWiialC and was not optimized for the spin dynamics. The chofqgaoameters used
in the simulations was completely arbitrary. Thereforesthsimulations do not represent a systematic study of istrealase but should
be viewed as simplified numerical illustrations of some @& #éspects of the figure-8 concept. However, these resultsmtain the main
necessary ingredients of and lay out the path towards a eengpin tracking simulation of a figure-8 ring.

3.1 Particle with zero initial coordinates in an ideal figure8

We start by tracking three particles with zero initial cdoedes and with fully longitudinalS, = 1), radial (S} = 1), and verticalS% = 1)
initial spin orientations, respectively, for 200,000 tsithrough an ideal lattice containing no imperfections.
The following is an excerpt of the related input data list goibi in this particular exercise, for the record.

Generated by MADX -> Zgoubi translator

'OBJET' 0
200138.457119 reference rigidity (kG.cm) = 60000000000.0 000 , G.gamma = 114.6618

2

3 1

0.0.0.00 1 0

0.0.0.00 1 o

00000 1 O

111

"PARTICUL 1
9.3827203E+02 1.602176487E-19 1.7928474 0 0

'SPNTRK’ 2
4

1. 0. 0.

0. 1. 0.

0. 0. 1.

"REBELOTE’ 1023
199999 0.2 99

"END’ 1024

Figures 7 through 9 show the non-zero spin components oftke particles every 100 turns versus the turn number. Eable different
spin orientations remains the same from turn to turn as éggen a figure-8 ring. This validates the applicability ofoZdpi to this kind of
study and demonstrates that it has the necessary numercadipn at least at the level of the chosen number of turns.
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Figure 7: Longitudinal spin componeS, of the first(S% = 1) particle plotted vs. the turn number every 100 turns. Thég@amoves along
the reference orbit in an ideal ring.
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Figure 8: Radial spin componeft, of the seconc{Sé = 1) particle plotted vs. the turn number every 100 turns. Thégamoves along
the reference orbit in an ideal ring.
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Figure 9: Vertical spin component, of the third(S: = 1) particle plotted vs. the turn number every 100 turns. Thég@amoves along the
reference orbit in an ideal ring.
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Figure 10: Longitudinal spin componesfit of the first(S: = 1) particle plotted vs. the turn number every 100 turns withvidial points
connected by a solid line. The particle is launched withahhorizontal and vertical angles both of 0.2 mrad in an lidiea.

1 Ooég?gg}‘ﬁpoﬁ sY Vs. Pass#

1.

0. 99

0. 998 b
0. 997 b
e T

Figure 11: Radial spin componef}, of the secondsé = 1) particle plotted vs. the turn number every 100 turns withvidial points
connected by a solid line. The particle is launched withahhiorizontal and vertical angles both of 0.2 mrad in an lidiea.
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Figure 12: Vertical spin componet, of the third (S¢ = 1) particle plotted vs. the turn number every 100 turns withviidial points
connected by a solid line. The particle is launched withahhiorizontal and vertical angles both of 0.2 mrad in an lidiea.
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3.2 Effect of the betatron oscillations on the particle spin gnamics in an ideal figure 8

We next launch three particles from one of the MEIC intemcioints (IPs), with all three different initial spin oriations, and with initial
horizontal and vertical angles both of 0.2 mrad, which cgpomds approximately to rms horizontal and vertical angpeeads. The particles
are tracked for 200,000 turns and their main spin comporastplotted every 100 turns in Figs. 10 through 12. The figindisate that, for
this order of the number of turns and still without latticeoes, there is no significant effect of the betatron oscillag on the spin motion in
the figure 8 ring. Note that Figs. 7-12 all have the same scales

Generated by MADX -> Zgoubi translator

'OBJET' 0
200138.457119 reference rigidity (kG.cm) = 60000000000.0 000 , G.gamma = 114.6618

2

3 1

0.2.0.20 1 0

02020 1 0

0.2.0.20 1 0

111

'PARTICUL’ 1
9.3827203E+02 1.602176487E-19 1.7928474 0 0

'SPNTRK’ 2
4

1. 0. 0.

0. 1. 0.

0. 0. 1.

'REBELOTE’ 1023
199999 0.2 99

'END’ 1024

Figure 13 shows the horizontal and vertical phase-spajEztogies. The trajectories are consistent with the lirgsics parameters at
the observation point, the IP. Note that there is no smeanfitige trajectories, which is an indication that there is yimplecticity violation
in Zgoubi, at least, at this level of the number of turns.

3.3 Misalignment effects

The spin motion in a figure-8 ring by itself is not stable beseaaf the zero-harmonic imperfection spin resonance. The ouatributions
to the strength of this resonance come from the dipole rall\artical quadrupole alignment errors [4]. Thereforepbele simulate the
effects of these two types of errors and their compensation.

3.3.1 Dipole roll error

Suppose that longitudinal beam polarization is requirethatiP, which happens to be the particle launch location insouaulations. We

introduce an imperfection in the lattice by rolling one oéthrc dipoles by 0.2 mrad. Note that we do not then correct ltheed orbit

(essentially vertical, Fig. 14). We track a particle witlitiadly longitudinal spin direction for 200,000 turns. Tlparticle is launched along
the reference orbit. Note, however, that it still underdoetatron oscillations due to the closed orbit distortione €volution of the particle’s
longitudinal spin component is plotted versus the turn nemdvery 100 turns in Fig. 15.

Generated by MADX -> Zgoubi translator

'OBJET' 0
200138.457119 reference rigidity (kG.cm) = 60000000000.0 000 , G.gamma = 114.6618

2

11
00000 1 0
1

'PARTICUL’ 1
9.3827203E+02 1.602176487E-19 1.7928474 0 0

'SPNTRK’ 2
4

1. 0. 0.

'BEND’ SBEN BARC # misaligned (rolled) arc dipole 152

0 .Bend

2.999664890E+02  0.000200000E+00  1.725936705E-01 # skew a ngle of 0.2 mrad
0.00 0.00  0.00000000

4 2401 1.8639 -5572 .3904 0. 0. O.
0.00 0.00  0.00000000

4 2401 1.8639 -5572 .3904 0. 0. O.

#200[299]1200  Bend BARC

300,  -2.588905E-02
'REBELOTE' 1023
199999 0.2 99

END’ 1024

Clearly, the longitudinal polarization direction is noegerved at the IP in Fig. 15. To correct for this effect of thmokk roll error, we
install a zero-length spin rotator at the start of the lattiwhich rotates the spin hly® about the longitudinal axis but does not affect the
orbital motion. Note that such a spin rotator can be inddadigywhere in the experimental straight where the polaozas longitudinal. The
dynamics of the longitudinal spin component in the preserfitke spin rotator is presented in Fig. 16.

'SPINR’
1
0. 1.
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Figure 13: Horizontal (left) and vertical (right) phaseasp trajectory of the particle launched with initial hortal and vertical angles both
of 0.2 mrad in an ideal ring. The phase-space points aresplettery 100 turns, ovérx 10° turns. The matched* values are given at the
bottom of the figure, consistent with data at the IP in table 1.
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Figure 14: Closed orbits, horizontal and vertical, in thegence of a 0.2 mrad roll angle in an arc dipole.
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Figure 15: Longitudinal spin componest, of the particle with St = 1 plotted vs. the turn number every 100 turns. The parti-
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Figure 17: Longitudinal spin componetst, of the particle with F|igure 18: Longitudinal spin component, of the particle with .
i L. 90 = 1 plotted vs. the turn number every 100 turns. The parti-
S! =1 plotted vs. the turn number every 100 turns with individugl . . .° - C
z . RS cle is initially launched along the reference orbit in a rimigh one
points connected by a solid line. The particle is initiabyihched .o . .
along the reference orbit in a ring with one of the arc quadies of the arc quadrupoles misaligned vertically by AG.. The ring
g 9 q contains a spin rotator placed at the launch point, whicatestthe

misaligned vertically by 1im. spin by2° about the longitudinal axis.
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.2 \lertical quadrupole alignment error

next do a similar study of the effect of the vertical quadie alignment error. We misalign one of the arc quadrupedztcally by

10 um. We then track a particle with initially longitudinal spilirection launched along the reference orbit for 200,000suThe resulting
behavior of the longitudinal spin component as a functiothefturn number is shown in Fig. 17.

Generated by MADX -> Zgoubi translator
'OBJET' 0
200138.457119 reference rigidity (kG.cm) = 60000000000.0 000 , G.gamma = 114.6618

2
11
.0 .0

1
'PART

000 1 0

ICUL’ 1

9.3827203E+02 1.602176487E-19 1.7928474 0 0
'SPNTRK’ 2

4

1. 0. 0.

'CHANGREF'
ZS 0.001 # introduce vertical offset in cm

'MULTIPOL" QUAD QMQB # 0.01 mm vertically misaligned quadru pole 170
0 .Quad
50.000000 10.00 0.0000000000  -0.4426033548 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0. 0. 6.00 3.00 1.00 0.00 0.00 0.00 0.00 0. 0. 0. O.
6 .1122 6.2671 -1.4982 3.5882 -2.1209 1.723
0. 0. 6.00 3.00 1.00 0.00 0.00 0.00 0.00 0. 0. 0. O.
6 .1122 6.2671 -1.4982 3.5882 -2.1209 1.723

0.0.0.0.0.0.0.0.0.0.

#30[200[30 Quad QMQB

10.0.0.

'CHANGREF'

ZS -0.001 # remove vertical offset

'REBELOTE’ 1023

199999 0.2 99

'END’

1024

The longitudinal spin direction is again not preserved . Bi7. Similarly to the dipole roll case, we restore the londjnal polarization

direction by inserting a spin rotator at the beginning ofldtéce, which rotates the spin 2y about the longitudinal axis leaving the orbital
motion unaffected. Note that a greater spin rotation argjlesed in this case to attain better polarization presemvaiihis is not a general

pro

perty of this kind of error but depends on the parametetiseoring, which have not been optimized in this version & Iéttice for the

spin dynamics in any way. The spin motion with the spin rateshown in Fig. 18.

'SPINR’

1
0. 2.

3.4 Spin dynamics during acceleration in a figure-8 ring

In this section we simulate the spin dynamics during acagtar in the figure-8 ring. We insert a single zero-length B¥ty with parameters
chosen such that it accelerates a proton beam trom= 114.5 (p = 59.9153 GeVie) to Gy = 115.5 (p = 60.4387 GeV/e) in 200,000 turns
with a synchronous phase 26° (see appendix). We first accelerate a particle with inititdhgitudinal spin on the reference orbit in an
ideal figure-8 ring. The longitudinal spin component is fdtversusz~ every 100 turns in Fig. 19. Since the figure-8 ring is ideal ted
numerical accuracy is adequate, the spin remains longilithiroughout the acceleration process.

Generated by MADX -> Zgoubi translator

'OBJET’ 0
199855.9041 # G.gamma=114.5, p=59.91529274 GeV/c, E=59.9 2263895 GeV

2

11
00000 1 0
1

"PARTICUL 1

9.3827203E+02 1.602176487E-19 1.7928474 0 0
"SPNTRK’ 2 'SPINR’
4 1

1. 0. 0. 0. 5
CAVITE'

2

1415.3172372 165.0 # closed orbit length [m], harmonic numb

7650.745651 2.79252680319093  # accel. to G.gamma=115.5, p =60.43869817 GeV/c, E=60.44598077 GeV in 200k turns

'REBELOTE’ 1023

199999 0.2 99

'END’ 1024

We next simulated acceleration of a particle in a figure-§ virth the same 0.2 mrad dipole roll error as discussed inmsest3.1. The

particle with initially longitudinal spin is launched algrthe reference orbit. As in the earlier study, there is ngaoorbit correction. The
resulting longitudinal spin component is plotted veréasevery 100 turns in Fig. 20.

To preserve the longitudinal polarization during accelera we insert a spin rotator as in the earlier studies, Whatates the spin by°

about the longitudinal axis. To better understand the sphafbior, we accelerate at the same rate as before for 40ty0@)thus covering
twice the energy range, frofiy of 114.5 to 116.5. The longitudinal spin component as a fanaif Gy is shown every 200 turns in Fig. 21.
The nature of this behavior needs further study and undetistg but the dips in the graph probably correspond to thatpan energy
of stronger zero-harmonic spin resonance strength. Kijrfaly. 22 plotsG~ and kinetic energy, respectively, from the same simulasi®n
functions of the turn number every 200 turns to confirm thatkeration was simulated correctly.
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Figure 20: Longitudinal spin componefi, of the particle with
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Figure 19: Longitudinal spin componesi of the particle withS: = 1 plotted
vs. Gy every 100 turns with individual points connected by a sadlé. The
particle moves along the reference orbit in an ideal ring.
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Figure 21: Longitudinal spin componeAft. of the particle with
St = 1 plotted vs.G~ every 200 turns, over 400,000 turns, with
The particle is initially launched along the reference tirba ring
with one of the arc dipoles rolled by 0.2 mrad. The ring cardai
a spin rotator placed at the launch point, which rotates pielsy

5° about the longitudinal axis.
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Figure 22: G~ (left) and kinetic energy (right) plotted vs. the turn numbeery 200 turns, over 400,000 turns. The particle is ithtia
launched along the reference orbit in a ring with one of tleedgwoles rolled by 0.2 mrad.
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0. 0. 1000 4.0 0.800 0.00 0.00 0.00 0.00 0. 0. 0. O.
4 1455 22670 -6395 1.1558 0. 0. O.
0. 0. 0. 0.0.0.0 0. 0.0
#30400130  Dip SBFFBR
3 0.0 0. 0  30000000000E-02

Appendix - Zgoubi input data file

0.500000
. . N ’DRIF;I;QBOOI(DJ!;(IJF OFFB6

The following lists the top and bottom parts of the Zgoubiungata worFr —ore  orrer
file for the 60 GeV MEIC proton ring, including acceleration. %

The start/end points of the lattice are at one of the two IPs. B orre Us

The multi-turn tracking is ensured by thREBELOTEkeyword  _50.000000 3

. A . . MULTIPOL" QUAD QFFB1_US
at the end of the data list, the acceleration is provided@AVITE' o .Qua
120.000000 10.00 0.0000000000 -0.4290012400 0.0 0.0 0.0 O. 0 0.0 0.0 0.0 0.0

located right above SCALING in the top part of the data list ensureg o s 300 100 000 000 000 000 0. 0. 0. 0.

1122 6.2671 -1.4982 3.5882 -2.1209 1.723

the ramping of the magnet fields (scaling of the strength&viing o o. 600 300 1.00 000 0.00 000 0.00 0. 0. 0. 0.

T . , , 6 .1122 6.2671 -1.4982 3.5882 -2.1209 1.723
the rigidity kick by 'CAVITE’. 0.0.0.0.0.0.0.0.0. 0.
#301480[30  Quad QFFB1_US

. 10.0. 0.
Generated by MADX -> Zgoubi translator DRIFT’ DRIF OFFB1_US
'OBJET 360.000000
199855.9041 # G.gamma=114.5, p=59.91529274 GeV/c, E=59.9 2263895 GeV
2 "CAVITE'
11 2
00000 1 0 1415.3172372 165.0 # closed orbit length [m], harmonic numb er
1 7650.745651 2.79252680319093 # accel. to G.gamma=115.5, p =60.43869817 GeVic,

# E=60.44598077 GeV in 200k turns

PARTICUL 'MARKER'  COMPLETE_STAR\$END
9.3827203E+02 1.602176487E-19 1.7928474 0 0 "FAISCEAU'
'SPNTRK "SPNPRT’
4 'REBELOTE’
1. 0. 0. 399999 0.2 99
'FAISCEAU' END'

'FAISTORE'
b_zgoubi.fai
1

'FAISCEAU

'SCALING’
12
BEND

199.8559041
1
MULTIPOL

199.8559041
1

'MARKER’  MARK COMPLETE_STAR\$START
'SPINR’

1

0. 5.

'DRIFT'"  DRIF OFFB1
500.000000

'MULTIPOL' RBEN RBFFBR

0 .Dip

100.000000 10.00  0.05996000 0. 0. 0.0.0. 0.0 0 00

0. 0. 1000 4.0 0.800 0.00 0.00 0.00 0.00 0. 0. 0. 0.

4 1455 22670 -6395 1.1558 0. 0. O.

0. 0. 1000 4.0 0.800 0.00 0.00 0.00 0.00 0. 0. 0. 0.

4 1455 22670 -6395 1.1558 0. 0. 0.
0. 0. 0. 0.0.0.0 0. 0.0

#301100130  Dip RBFFBR

3 0.0 0.0 -2.9980044910E-03

'DRIFT’ DRIF OFFB2
100.000000
'MULTIPOL’ QUAD QFFB1
0 .Quad
120.000000 10.00 0. 00  -0.2637371346 0. 0. 0. 0. 0. 0. 0. 0.0

0. 0. 600 3.00 1.00 0.00 0.00 0.00 0.00 0. 0. 0. O.
6 .1122 6.2671 -1.4982 3.5882 -2.1209 1.723

0. 0. 600 3.00 1.00 0.00 0.00 0.00 0.00 0. 0. 0. O.
6 .1122 6.2671 -1.4982 3.5882 -2.1209 1.723
0.0.0.0 0.0. 0 0.0. 0.

#30/480130  Quad QFFB1

10.0. 0.
'DRIFT’ DRIF OFFB3
100.000000
'MULTIPOL’ QUAD QFFB2
0 .Quad
240.000000 10.00 0. 00 0.1520851633 0. 0. 0. 0. 0. 0. 0. 0.0

0. 0. 6.00 3.00 1.00 0.00 0.00 0.00 0.00 0. 0. 0. O.
6 .1122 6.2671 -1.4982 3.5882 -2.1209 1.723
0. 0. 6.00 3.00 1.00 0.00 0.00 0.00 0.00 0. 0. 0. 0.
6 .1122 6.2671 -1.4982 3.5882 -2.1209 1.723
0.0.0.0. 0.0 0.0.0.0.
#30960[30 Quad QFFB2
10.0.0.
'DRIFT’ DRIF OFFB4

100.000000
'MULTIPOL’ QUAD QFFB3
0 .Quad
120.000000 10.00 0. 00 -0.1058604401 0. 0. 0. 0. 0. 0. 0. 0.0
0. 6.00 3.00 1.00 0.00 0.00 0.00 0.00 0. 0. 0. 0.
1122 6.2671 -1.4982 3.5882 -2.1209 1.723
0. 6.00 3.00 1.00 0.00 0.00 0.00 0.00 0. 0. 0. O.
1122 6.2671 -1.4982 3.5882 -2.1209 1.723
0.0.0.0. 0.0 0.0.0.0.
#30]480[30  Quad QFFB3

10.0.0.
'DRIFT’ DRIF OFFB5

399.500000
'DRIFT’ DRIF OFFB5_

0.500000

'MULTIPOL' RBEN SBFFBR
0 .Dip
400.000000 10.00 -0.14997750 0. 0. 0.0.0.0. 0 0 00

0. 0. 10.00 4.0 0.800 0.00 0.00 0.00 0.00 0. 0. 0. 0.
4 1455 22670 -6395 11558 0. 0. O.
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