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Abstract

Polarization flip simulations have been performed during Rd in parallel to resuming spin flipper experiments in RHT@ey are reported
here, including some guidance they brought.
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1 INTRODUCTION 3

1 Introduction

Spin flip simulations in RHIC were performed in the May-Jueeipd during Run 17, in parallel with RHIC spin flipper expeéants which were
resumed during this very RHIC run.

These simulations have had two significant outcomes :

(i) increasing the AC dipole frequency sweep rate, by a suihisi amount compared to the value initially used during éxperiments,
appears to improve the spin flip efficiency,

(i) in the conditions of the simulation®(g, defect-free ring ; ideal snakes : T8&pin rotation at:45° from the longitudinal axis 180° orbit
angle between the two snakes opposing in RHIC diameteregespin flipper setting including absence of image resamagtc.), the difference
in the dispersion derivative at the two snakes as a sourgamfine spread via the chromatic orbit angles at the sndfesubject to dedicated
RHIC optics settings during Run 17 spin flipper experimengsinot seem of very stringent importance.

These two observations from the simulations were used aglamee : the first one was confirmed experimentally, and thexéndications
from the experiments that the second observation holds.

Section 2 below recalls the principles of the spin flippettaysin RHIC, and introduces the resulting input data to theutations for the
sake of clarity. Section 3 presents the main outcomes oétbiesulations, which Section 4 comments on.

2 Spin flipper in RHIC, simulation conditions

The spin flipper in RHIC is an interleave of four horizontgbalies (“DC rotator” in Fig. 1) and five vertical AC dipoles (Afipole#1-5). Itis
located in the RHIC Blue ring, between “BBQ4" and “BI9_QF3” quadrupoles.

AC dipole #1 AC dipole #2 AC dipole #3 AC dipole #4 AC dipole #5
DC rotator DC rotator DC rotator DC rotator

Figure 1: Layout of the spin flipper [1].

The principles of this spin flipper and its installation in RHare detailed and discussed in Refs. [1]-[5]. The 4 “sptatar” dipoles are DC,
they yield spin y-rotation angles/ — / — / + x¢q respectively, with

do=(1+Gr) or @

Bp
Orbit-wise this defines a closed local horizontal bump apih-#ise, it leaves the spin turig, unchanged.
The 5 AC dipoles are operated at frequetky. = f..,/2, with fractional part in the vicinity of);. ACD1-3 and ACD3-5 ensure the same
+1/ =2/ + 1 X 1hose SPIN x-rotation sequence,
BOSCL
Bp

Orbit-wise, each triplet ensures a local vertical orbit lputields in ACD 2 and 4 aré’80° + ¢, distant in phase.

This configuration induces spin resonanc@at. = Qs while eliminating the image resonancelat Q, therefore ensuringingle resonance
crossingduring Q... sweep througly, ~ % and allowing full spin flip (isolated resonance crossinghia presence of image resonance instea
would otherwise requir€), to be away enough fron§ andQ,. excursion accordingly small).

The strength of this spin-resonance system is

wosc = (1 + G’Y) (2)

le] = Yose sin ¢g sin o 3)
s 2
The crossing speed (rate of sweepRf. throughQg ~ %) is
AQos
o= Qose df = 27N 4)

dg ’

with AQ.s. the AC dipole frequency span atdthe number of turns of the sweep has to be small enough (N large enough) for spins to follov
the flip of the spin precession axis so that the polarizatiatesP; (final) andP; (initial) satisfy

Ll
— =2exp 2 @ —1x~-1 (5)
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D’ lattice :  Momentum dispersion induces spin tune spread, via

Qs = @AD/&

(6)
™ p

with AD’ the difference in D’ at the two snakes [6]. This effect is ddased a cause of loss of polarization during the frequemmesp, in
particular by inducing multiple resonance crossing unbereffect of synchrotron motion - following the sketch in pag

“D’ lattice” optics are aimed at overcoming that effect, msaring minimized\D’ during the ACD frequency sweep. They require dedicatet
possibly lengthy, tunings based on the use of gamma transijtiads [1].

Typically: 5QS/% = 150 x AD’ at 250 GeV, about 10 times less at injection. Thus, assurifig < 102, reducingdQ, at< 10~ level
(namely, small enough by comparison witlt) .., see sketch p. 7) requires a typicaD’ < 70 mrad at injectionAD’ < 7 mrad at store.

DC rotator and AC dipole settings in these simulations aresistent with (although not strictly identical to) Run 17 B®R conditions in
RHIC, Table below.

Numerical simulation data (actual APEX conditions in cotuf)

injection store
Gy 45.5 487
Bp (T.m) 79.37 850.128
ACD strength  (G.m) 102 102 APEX :100 G.m
ACD osc (deg) 0.342 0.336
DC rotatorg,  (deg) 29.9 44.9 APEX : 48%at store
le| (10~%) 2.45 4.32
Qosc Fange 0.49-0.51 0.49-051 APBEXXQ.s. = 0.005

RF systems (MH2z) 9or28 9+ 197 APEX : 9 + 197 at injection andesto

Details of RF conditions during APEX :

Blue 9MHz cavity is the main one for injection and accelenatilt is set at 22 kV at injection and 30 kV at store. The 28 MBAZ1 and
BA?2) are considered off. However 28 MHz has been investijat¢he simulations (not reported here - with a trend to Idspn flip efficiency
due to multiple crossing, sketch in page 7, also discussgg)in

The Landau cavities (BS1 and BS2) are 197 MHz ones and vaiseey@und 10 kV at injection, 15 kV at store. These are the itiomd as
well for the double-RF simulations (see p. 11).

Detailed data for the rotator and AC dipoles in Zgoubi [8] gikeen in page 5. Details of RF conditions are given in dueglagether with
the tracking outcomes (Sec. 3).

Zgoubi input/output files used in these studies can be fomnd i

/rap/lattice_tools/zgoubi/RHICZgoubiModel /spinFlipper

C-AD server folders.
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- ZGOUBI INPUT -

e DC rotators and AC dipoles input data, injection :

AC dipole sweep command :

MULTIPOL ACD1

-88

0.521678913421 0.49 051 1. C Q1 Q2 P
50 3000 20000 3000

MULTIPOL ACD2

-88

0.0 0.49 0.51 1. cCQ1LQ2P

50 3000 20000 3000

Spin flipper sequence :

'MULTIPOL’ ACD1 BI9_DAC3.5

0 .kicker

0.100000E+03 10. -0.0494 0. 0. 0. 0. 0. 0. 0. 0. 0.
.0 .0 1.00 0.00 0.00 0.00 0.00 0. 0. 0. 0.

4 1455 2.2670 -6395 1.1558 0. 0. 0.

.0 .0 1.00 0.00 0.00 0.00 0.00 0. 0. 0. 0.

4 1455 22670 -6395 1.1558 0. 0. 0.
157079632679 0. 0. 0. 0. 0. 0. 0. 0. 0.

#20[4]20  Kick

3 0.0 0.

DRIFT’ DRIF DRIFT_87
36.464200

'MULTIPOL’ DCRot BI9_TH3.4
0 .kicker

0.183000E+03 10. -0.691857780671 0. 0. 0. 0. 0. 0. 0. 0. 0.
.0 .0 1.00 0.00 0.00 0.00 0.00 0. 0. 0. O.

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

.0 .0 1.00 0.00 0.00 0.00 0.00 0. 0. 0. 0.

4 1455 22670 -6395 1.1558 0. 0. 0.
0.000000000 0. 0. 0. 0. 0. 0. 0. 0. 0.

#20[4]20  Kick

10.0.0.

'DRIFT’ DRIF DRIFT_88

109.414800

'MULTIPOL’ ACD1 BI9_DAC3.4

0 .kicker

0.100000E+03 10. 0.101857839 0. 0. 0. 0. 0. 0. 0. 0. 0.
.0 .0 1.00 0.00 0.00 0.00 0.00 0. 0. 0. O.

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

.0 .0 1.00 0.00 0.00 0.00 0.00 0. 0. 0. 0.

4 1455 22670 -6395 1.1558 0. 0. 0.
1.57079632679 0. 0. 0. 0. 0. 0. 0. 0. 0.

#20]4|20  Kick

3 0. 0. 0.

'DRIFT’ DRIF DRIFT_89
82.463600

'MULTIPOL" DCRot BI9_TH3.3
0 .kicker

0.183000E+03 10. 0.691857780671 0. 0.
.0 .0 1.00 0.00 0.00 0.00 0.00 0. 0. 0. O
4 1455 22670 -6395 1.1558 0. 0.
.0 .0 1.00 0.00 0.00 0.00 0.00 0. 0. 0. 0.
4 1455 22670 -6395 11558 0. 0.
0.000000000 0. 0. 0. 0. 0. 0. 0. 0. 0.

#20[4[20  Kick

10.0.0.

'DRIFT’ DRIF DRIFT_90
63.415400

'MULTIPOL’" ACD1 BI9_DAC3.3_1
0 .kicker

50. 10. -0.104915681 0. 0. 0. 0. 0. 0. 0. 0. 0.

.0 .0 1.00 0.00 0.00 0.00 0.00 0. 0. 0. 0.
4 1455 22670 -.6395 1.1558 0. 0.
.0 .0 1.00 0.00 0.00 0.00 0.00 0. 0. 0. O.
4 1455 22670 -6395 1.1558 0. 0.
157079632679 0. 0. 0. 0. 0. 0. 0. 0. 0.
#20]4|20  Kick

3 0. 0. 0.

'MULTIPOL’ ACD2 BI9_DAC3.3_2

0 kicker

50. 10. -0.104915681 0. 0. 0. 0. 0. 0. 0. 0. 0.

0.0 1.00 0.00 0.00 0.00 0.00 0. 0. 0. 0.
4 1455 22670 -6395 1.1558 0. 0.
0.0 1.00 0.00 0.00 0.00 0.00 0. 0. 0. 0.
4 1455 22670 -6395 1.1558 0. 0.
1.57079632679 0. 0. 0. 0. 0. 0. 0. 0. 0.
#20]4|20  Kick

3 0. 0. 0.

'DRIFT’ DRIF DRIFT_87
36.464200

'MULTIPOL" DCRot BI9_TH3.2
0 kicker

0.183000E+03 10. 0.691857780671 0.
0.0 100 0.00 0.00 0,00 0.00 0. O.
4 1455 22670 -6395 1.1558 0. 0.
0.0 1.00 0.00 0.00 0.00 0.00 0. 0. 0. O.
4 1455 22670 -6395 1.1558 0. 0.
0.000000000 0. 0. 0. 0. 0. 0. 0. 0. 0.
#20]4|20  Kick

10 0.0

S o

0.
0.

'DRIFT DRIF DRIFT_88
109.414800

'MULTIPOL’ ACD2 BI9_DAC3.2
0 .kicker

0.100000E+03 10. 0.101857834 0. 0. 0.
.0 .0 1.00 0.00 0.00 0.00 0.00 0. 0. 0. O.
4 1455 22670 -6395 1.1558 0. 0.
.0 .0 1.00 0.00 0.00 0.00 0.00 0. 0. 0. 0.
4 1455 22670 -6395 1.1558 0. 0.
1.57079632679 0. 0. 0. 0. 0. 0. 0. 0. 0.

#20]420  Kick
3 0. 0. 0.

‘DRIFT DRIF DRIFT_89
82.463600

'MULTIPOL" DCRot BI9_TH3.1
0 .kicker

0.183000E+03 10. -0.691857780671 0. 0. 0. 0. 0. 0. 0. 0. 0.

.0 .0 1.00 0.00 0.00 0.00 0.00 0. 0. 0. 0.
4 1455 22670 -6395 1.1558 0. 0.
.0 .0 1.00 0.00 0.00 0.00 0.00 0. 0. 0. 0.
4 1455 22670 -6395 1.1558 0. 0.
0.000000000 0. 0. 0. 0. 0. 0. 0. 0. 0.

#20]420  Kick
10.0.0.

'DRIFT DRIF DRIFT_90
63.415400

'MULTIPOL" ACD2 BI9_DAC3.1
0 .kicker

0.100000E+03 10. -0.0494 0. 0. 0. 0. 0. 0. 0. 0. 0.

0.0 1.00 0.00 0.00 0.00 0.00 0. 0. 0. 0.
4 1455 22670 -6395 11558 0. 0.
0.0 1.00 0.00 0.00 0.00 0.00 0. 0. 0. 0.
4 1455 22670 -6395 11558 0. 0.
157079632679 0. 0. 0. 0. 0. 0. 0. 0. 0.
#20[4]20  Kick

30 0.0

AC dipole sweep command :

BEND ACD1

-88

0.785398163 0.49 0.51 1.
50 3000 28000 3000
BEND ACD2

-88

0.0 0.49 0.51 1.

50 3000 28000 3000

Spin flipper sequence :

'BEND’ ACD1
0

100.0000000 1.5707964 -0.0494
0.00 0.00 0.00

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

4 2401 1.8639 -.5572 .3904 0. 0. 0.
#10[200/10

10.0. 0.

'DRIFT’ DRIF 03B9LY

2.1336

'DRIFT’ DRIF 0O3B9L10
17.3228

'DRIFT’ DRIF 03B9L11
17.0078

'BEND’ DCRot

0 .Bend

183.0000000 0.0000000  -7.47658814
0.00 0.00 0.00

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

4 2401 1.8639 -5572 .3904 0. 0. O.
#10]100[10

3 0. 0. 0.

'DRIFT’ DRIF 03B9L12
23.4360

'DRIFT DRIF 03B9L13
23.9268

'DRIFT’ DRIF 03B9L14
17.2720

'DRIFT’ DRIF 03B9L15
17.7800

DRIFT’ DRIF 0O3BIL15X
27.0000

'BEND’ ACD1

0

100.0000000 1.5707964  0.101857839
0.00 0.00 0.00

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

4 2401 1.8639 -.5572 .3904 0. 0. 0.
#10[200/10

10.0.0.

DRIFT’ DRIF 03B9L16
17.7800

DC rotators and AC dipoles input data, store :

'DRIFT DRIF 03B9IL17
19.4818

'DRIFT DRIF 0O3B9IL18
45.2018

'BEND’ DCRot

0 .Bend

183.0000000 0.0000000 7.47658814
0.00 0.00 0.00

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

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

#10[100[10
300 0

DRIFT'"  DRIF 03B9L19
16.9590

DRIFT'"  DRIF 03B9L20
17.3228

DRIFT"  DRIF 03B9L21
2.1336

DRIFT"  DRIF 03BIL21X
27.0000

'BEND' ACD1

0

50.0000000 15707964  -0.104915681

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

#10[200]10

10 0.0

'BEND' ACD2

0

50.0000000 1.5707964  -0.104915681

0.00 0.00 0.00

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

4 2401 1.8639 -5572 .3904 0. 0. O.
#10[200/10

10.0.0.

'DRIFT’ DRIF 03B9L22
2.1336

'DRIFT’ DRIF 03B9L23
17.3228

'DRIFT DRIF 03B9L24
17.0078

'BEND’ DCRot

0 .Bend

183.0000000 0.0000000  7.47658814
0.00 0.00 0.00

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

4 2401 1.8639 -.5572 .3904 0. 0. 0.
#10]100|10

3 0. 0. 0.

'DRIFT DRIF 0O3BIL25
45.1530

'DRIFT DRIF O3B9L26
19.4818
'DRIFT DRIF 03B9L27
17.7800
'DRIFT DRIF 0O3B9L27X
27.0000
'BEND’ ACD2
0
100.0000000 1.5707964  0.101857834

0.00 0.00 0.00

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

4 .2401 1.8639 -5572 .3904 0. 0. 0.
#10[200]10

10.0.0.

'DRIFT DRIF 0O3B9L28
17.7800

'DRIFT’ DRIF 03B9L29
19.4818

'DRIFT’ DRIF 03B9L30
45.2018

'BEND’ DCRot

0 .Bend

183.0000000 0.0000000  -7.47658814
0.00 0.00 0.00

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

4 .2401 1.8639 -5572 .3904 0. 0. 0.
#10100/10

3 0.0.0.

'DRIFT DRIF 0O3B9IL31
16.9590

'DRIFT DRIF 03B9IL32
17.3228

‘DRIFT DRIF 0O3BIL33
2.1336

‘DRIFT DRIF 03B9IL33X
27.0000

'BEND’ ACD2

0

100.0000000 1.5707964  -0.0494

000 000 0.00
4 2401 1.8639 -5572 .3904 0. 0. 0.
000 000 0.00

4 2401 1.8639 -5572 .3904 0. 0. 0.
#10[200/10

100 0.
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3 Numerical outcomes

3.1 Injection (Gvy = 45.5)

Fig. 2 shows the two optics tracked, regular Run 17 lattie& (ilot), and D’ lattice (right) using the gamma transitipatch translated from
RHIC MADX model. AD’ can easily be changed by tweaking a sensitive one ofithguadrupole families [1] - this is done here regardless c
possibled 3/ betatron modulation however that tweak is small. Separdtionps at all IPs have been zeroed in the simulations, theioflat.
Snakes are simulated using “SPINR”, pure spin rotationpoallorbit bump.

D’ at snakes 1 and 2 takes the following values :

o without transition gamma quadrupole patch : o with transition gamma quadrupole patch, typical :
SNAKE 1 : +13.713194E-003 rd PV SNAKE 1 : -10.379716E-003 Y
SNAKE 2 : -49.502845E-003 D} — Db = 63.2 mrad. SNAKE 2 : -16.113063E-003 D} — Df = 5.7 mrad.

Spin flip has been tracked with several differéxid’ values. Note that in the non-D’ lattice cad®’ = 63 mrad < 70 mrad, so that in the
presence oflp/p < 1.5 x 1072 it ensures, as seen earliéf), < 1.5 x 1073, smaller than thé\Q... = 0.02 span considered here, so partial
flip can be expected.

Optical functions, from MADX twiss.out Optical functions, from MADX twiss.out
: el | o | mu A, s HMHM M i ]
e “ w“w tw“w \ll mlf W ‘w i H m“ \lm ‘w o 40 “ ‘ \ | 0.5
20 W ol m'%mhllnivl \lmﬂhulﬂl(WJJnuuthW il 20 N”l“w J m MJM ml”l”\iw} I“ IA\JWIlIlIIlI W W nl / o
s [m] s [m]

Figure 2: Blue injection optics, without (left) and withdrit) D’ lattice transition gamma quadrupole patch. In baihes, vertical separation
bumps at IPs have been zeroed, here as well as in the flip sionda

In addition :

- RF frequency is 9 MHz,

- 960 particles are tracked, Gaussian-distributed (treaan a 6-D bunch, polarization is computed as an averagetbat ensemble,

- particles possibly lost in some cases (due to purposaigliing bunch, in small number anyway) are not counted iavkeage polarization.

Orbit:  possible residual orbit induced by the spin flipper (case Gfdd AC bumps not strictly locally closed) may have a deletgsieffect
on the resonance crossing [3]. The two figures below showdhedntal and vertical orbits in the course of a sweep in tlesg@nt simulations,
namely, negligible orbital motion (at a few micro-meterdeat IP6, about two orders of magnitude smaller than thettoetaxcursions of the
particles).

ol nm!\uf\j/ﬁ}ww | m”\ww waw “”‘H\
y UK\UM. I V\Vluﬂn, “ il

e U\u | \V UL . EL;)'Bl il

ii 0 \ | J\WM‘ H “ \H! HH Hm I H

2000 6000 4, L L3 2000. 6000 L4 L
Orbital motion observed at IP6 (left : horizontal, right rtieal), in the conditions of the * regular optic&XQ,s. Sweep of pp. 8, 9.
The 9 MHz RF 6 Hz synchrotron oscillation (13,000 turns ap@u&pparent on the left graph.
In both cases the residual orbit is marginal, well belowm.
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Q-scanAD’=63 mrd - regul. optics. 9 MHz
0.01 T T T T

Q -
Qusc(0.36 s sweesp)—
0.005 |- osc(1.5 s sweep)——— -

Multiple crossing has been identified as a possible cause for polarization
loss during the).s. sweep, this is sketched in the figures on the right (with
simulation conditions of page 8).

However, aAQ,s. = 0.02 sweep inx~ 15,000 turns, with 9 MHz RF, is
about one synchrotron period :

0 - — T =

Qs'lI 2, stc

-0.005 [~ N

¢ [hncos(¢ps)qV 001 \ ! ! ! !
W=\ —F 77— -40000  -20000 0 20000 40000
R 2mEs turn #

Here, R=3833.8 n) = 120 (9 MHz),n = 25.472-0.002 = —4.5x10~*, Q-seanAD'=63 mrd -regul. optics. 28 MHz

cos(¢s) = —1, qV = 20 keV, E; = 23.8 GeV, so that, /27 ~ 6 Hz, oot ‘ [ — ‘ ‘
21/ ~ 12,000 turns. As a consequence]@— 20, 000 turn Q.. Sweep oosl B ey |
as considered in the simulationsy 2 synchrotron oscillations, limits the g

possible number of crossings during the sweep (top figuréenight). S 1 \VAVAVAN VAVAVAVAVY:
Instead, 28 MHz, 200 kV RR), /27 ~ 36 Hz, 27/Qs ~ 2,200 turns, &

yields conditions more prone to multiple crossing, bottoguifé on the 0.005 1" i
right. This is confirmed by simulations (see Ref. [7] for anste). 001 ! ! ! ! !

-40000 -20000 0 20000 40000
turn #

The next pages 8-9 give sample spin flip simulation resulteuations performed on NERSC [9]), for variodsD’ values and sweep
durations. The graphics displayed include spin motionsgtioe resonance for a 50-particle sample (red dots), aravéntage polarization over
960 particles (blue curves), as well as orbital motion naimg of the 6-D bunch tracked.

Beyond showing the efficiency improvement with increasedegwrate, the tracking results in page 9 are an indicatidrsiiia flip can be
obtained withA D’ substantially different from zero - at least in the defeeefrperfect flipper setting conditions of these simulations
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- REGULAR OPTICS (AD’ = 63 mrad), TWO DIFFERENT SWEEP DURATIONS. RF 9 MHz -
(Red dots : sample trajectories. Blue curves : average-o\880 particles)
The two plots below show that the simulations yield subsapin flip efficiency, in spite of a largaA D’ value (regular Run 17 lattice).

¢ REGULAR OPTICS, SWEEP 20,000 TURNS ¢ REGULAR OPTICS, SWEEP 200,000 TURNS
vs. turn#, from zgoubi.fai. Sy vs. turn#, from zgoubi.fai.
6-D bunchAD'=63 mrad - regular optics 6-D bunchAD'=63 mrad - regular optics

08| . o8 vﬁF?\i 1 . , ]

' 0.6 - : d" o 5 ’ e = o -

0.6 - - 0.4 oy ‘ - .

0.4 4 0.2 e 4

- - O o o

0.2 - — 02 R .

0 - -04 i

-0.6 - -

-0.2 i T -0.8 - 7]
0.4 1 1 1 1 1 1 1

0 5000 10000 15000 20000 25000 30000 0 50000 100000 150000 200000 25000(
turn # turn #

- D’ OPTICS, TWO DIFFERENT AD’ VALUES. 9 MHz RF, 100,000 TURN SWEEP -
(Red dots : sample trajectories. Blue curves : average-0\880 particles).
AD’ is varied over a wide range here, it can be seen that the effeitte spin flip efficiency is small, with -0.837 AD’ = 0.6 mrad and -0.814
at AD’ = 13 mrad. Note that in both cases, 200,000 turns sweep ensoestoll 00% spin flip efficiency (seé\ D’ = 13 mrad case above and
next page ; more results in Tab. 1, p. 12).

e AD' = 0.6 mrad e AD' = 13 mrad,
vs. turn#, from zgoubi.fai. vs. turn#, from zgoubi.fai.
6-D bunchAD’=0.6 mrd 6-D bunchAD’=13 mrd
1 o T T T roveeaemmed, | 1
0.8 | b 0.8 b
0.6 - b 0.6 - —
04 b 04 b
0.2 b 0.2 b
o 0 E o ol _
-0.2 - b -0.2 b
-04 b -0.4 b
-0.6 - b -0.6 —
-0.8 b -0.8 b
1 | | " 1 - -
0 20000 40000 60000 80000 100000 12000c 0 20000 40000 60000 80000 100000 12000c
turn # turn #

© TYPICAL BUNCH AND RF CONDITIONS IN ZGOUBI :

Bunch dimensions in the tracking simulations, above and p&ge, are about Am normalizedrms emittance, transverse, 30 ns length anc
dp/p = £1.5 x 10~3 momentum extent. Coordinates are taken Gaussian, truhagge transverse. The three figures below show phase spa
motion of a few particles from the 960 particle bunch, dudngwveep.

Some patrticles may be lost (this is apparent in the phasesjmiow) depending on RF conditions such as voltage, havieeereduced
number (a few percent), and in this case they are not takeraotount in computing the average polarization. It has loéserved (not shown
here) that, taking a smaller bunch, half the transversersians displayed in the figures below, same longitudinakphspace, has marginal
effect on final polarization.
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- INJECTION, D’=13 mrad, 9 MHz RF. FROM TOP TO BOTTOM : DECREASIN G SWEEP RATE TOWARDS P¢/P; > —1-

A systematic scan of the sweep rate is illustrated, showiadimits of slow sweep (multiple crossing, top plot) and faseep P /P; > —1).

With AD’ = 13 mrad, a 200,000 turn sweep, 2.6 seconds, cagedf,. = 0.02, ensures spin flip, equivalent to 50,000 turns, 0.6 secoadtab
inthe AQos. = 0.005 APEX conditions.
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e SWEEP 200,000 TURNS

Sy vs. turn#, from zgoubi.fai.
6-D bunchAD'=13 mrd

e T T ]
B | | & :_:;;:«M‘ B
0 20000 40000 60000 80000 100000 12000¢
turn #
e SWEEP 100,000 TURNS
vs. turn#, from zgoubi.fai.
6-D bunchAD'=13 mrd

20000 40000 60000

turn #

80000

100000 12000¢

e SWEEP 50,000 TURNS

Sy vs. turn#, from zgoubi.fai.
6-D bunchAD'=13 mrd

L L
10000 20000

L L
40000 50000

1
30000
turn #

60000

e SWEEP 10,000 TURNS

Sy vs. turn#, from zgoubi.fai.
6-D bunchAD'=13 mrd
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0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000
turn #

e SWEEP 2,000 TURNS

Sy vs. turn#, from zgoubi.fai.
6-D bunchAD'=13 mrd, sweep 2000 turns

Il Il Il Il Il Il Il Il Il
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
turn #

e A match (Fig. below) of P¢, P;) data out of the simulations on the left, using

€|?

P _m It
L ooexp 2@ 1

P;
with @ = AQusc/(N x 27) andAQese = 0.51 — 0.49 = 0.02, yields

le| = 2.35402 x 1074

Injection, 9 MHz RF, D'=13 mrd

Simulations =
Fit

P/,
o
T 1T 17T 1T 1T 1T 1777

|
10000
Numb .

il
100000

of sweep turns

e On the other hand, the numerical simulation hypotheseselyam

Bosc L
'(/)osc = (1 =+ GV)EiS;

givenG~y = 45.5, Bp = 79.4 T.m, Bys. L = 0.0102 T.m, and

=597 x 1073

BL
b0 = (1+ Gv)B— = 0.5215 rd, 29.9 deg
P
givenBL = 0.4866 x 1.83 T.m, yield a resonance strength value within 4% of the match
value above, namely
Po

sin ¢q sin —
oo 5

wOSC

s

=92.445 x 1074

e The Table below compares the present simulation condifmr®9% spin flip efficiency,
and Run 17 APEX conditions :

BoscL o ‘ AQosc forrn|>n5?9%/lo'?llip ofctngagv(\)/gep

(G.m) (deg) (0=%) (turns) (s)
simulations 102 29.9 2.35 0.02 194,000 2.48
APEX 100 29.9 2.40 0.005 47,000 0.60
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3.2 Store Gy = 487)

Fig. 3 shows typical D’ optics conditions for these simuas, namely, taken from C-A/AP-478 [1]. Snakes are simdlating “SPINR”, pure
spin rotation, no local orbit bump.
D’ values at snakes 1 and 2 in the original lattice are :

SNAKE 1 : -21.041930E-003 Y
SNAKE 2 : -18.937173E-003 D — D3| = 2.1 mrad.

Note thatAD’ = 2.1 mrad< 7 mrad, so thab Qs < dp/p (see page 4), well withihQ.s. = 0.02, a small amplitude which favors absence
of multiple crossing.
Spin flipping has also been simulated for the following D’'ues :

SNAKE 1 : -7.0955449E-004
SNAKE 2 : -2.3282297E-002 |D, — Dj| = 22.5 mrad.

and withAp/p € [-3 x 1074, +3 x 107%]. In that caséQ, = %AD’% ~ +10~3, well within the sweep\ Q. = 0.02.

Optical functions, from zgoubi.TWISS.out

0 500 1000 1500 2000 2500 3000 3500 4000
2500 T T T T T T T 10
H H H H H H 8
2000 [ 6
— ; ; ; ; ; ; : 1 4
= | | | | |
Pl 10 (T VT CATN e Wy i B
o v Ay e 10
I % W v 3
3 1000 o [ S e fr e [ : 1-2 =
@ - -4
500 fr I e S S o - -6
ol | | | | | N
Bx 1 , Bw , ﬂx —— n oA
0 -10
0 500 1000 1500 2000 2500 3000 3500 4000
s [m]

Figure 3: D’ lattice optics used in C-A/AP-478.

The DC rotator and AC dipole settings in these store sinuiatare detailed in page 5.

In particular,
o AC dipole strength is set to 102 G.m (100 G.m in Run 17 APEX),
< DC rotator strength is set to 4%48.8 in RHIC APEX) for appropriate resonance strengtor full spin flipping,
o the ACD#2-ACD#4180° + ¢ phase relationship is set accordingly.

In addition :

- double RF frequency is considered here : 9 + 197 MHz, res@ieB80 kV and 15 kV (data and figure below),
- 960 particles are tracked, polarization is the average ttnes ensemble,

- particles possibly lost (due to excessive bunch size) areaunted in the average polarization.

The next page gives spin flip simulation results (simulatiparformed on NERSC [9]), for various sweep durations.
The graphics displayed include spin motion across the eesmnfor a 50-particle sample (red dots), and the averageipation over 960
particles (blue).

¢ TYPICAL BUNCH AND RF CONDITIONS IN ZGOUBI :

Bunch dimensions in the tracking simulations, next page a@iout 2.5um normalizedrms emittance, transverse, 30 ns length dpdp =
+3 x 10~* momentum extent. Coordinates are taken Gaussian, traxesaes truncated at2 The figure below shows longitudinal phase spac
motion of a few particles from the 960 particle bunch, dudngweep.
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3833.8459 { 120. , 2520. } ! double RF, 9 + 197 MHz

{ 30.d3, 15.d3 } 3.14159265359 I voltages Longitudinal motion, typical.
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- STORE, D'=22.5 mrad, DOUBLE-RF 9 + 197 MHz (30 + 15 kV) -
FROM TOP TO BOTTOM : INCREASING SWEEP RATE, UP TO CAUSING P¢/P; > —1-

With AD’ = 22.5 mrad, a 40,000 turn sweep, 0.5 seconds, ensures spin fligatEmi to about 8,000 turns, 0.11 second, in&@,,. = 0.005
APEX conditions.

e SWEEP 60,000 TURNS

S/ vs. turn#, from zgoubi.fai.
6-D bunch, D’ lattice

double RF - 84 and 197 MHz e A match (Fig. below) of P¢, P;) data out of the simulations on the left, using

P, _zleg?
F:Zexp 2 @ 1

L L
10000 20000

with @ = AQose/(N x 27) andAQuse = 0.51 — 0.49 = 0.02, yields

) :
30000 40000 50000 60000 70000
turn #

oTTT T T T T

le| = 5.15757 x 1074,
e SWEEP 28,000 TURNS

S/ vs. turn#, from zgoubi.fai.
6-D bunch, D’ lattice
double RF : 9.4 and 197 MHz

Store, 9 + 197 MHz RF, D'=2.1 mrd

=
4

Simulations =
Fit

I I B |
o
oo

5000 10000 15000 20000 25000 30000 35000 40000
turn #

0
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e SWEEP 5,000 TURNS -0.8 . .

SV i from zgounLfal 100 1000 10000 10000¢
double RF : 9.4 and 197 MHz
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e On the other hand, the numerical simulation hypotheseselyam

S
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-0.4

BOSCL
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givenG~ = 487, Bp = 850 T.m, Bys.LL = 0.0102 T.m, and

=5.86 x 107

Il Il Il Il Il Il
0 2000 4000 6000 8000 10000 12000 14000 —
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e SWEEP 1,000 TURNS
%, vs. turn#, from zgoubi.fai.

-D buncl ’ lattice BL
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1

givenBL = 0.7476 x 1.83 T.m, yield a resonance strength value within 2% of the match
value above, namely

Pose sin ¢ sin P _ 5.06345 x 1074
™

2

L Il Il Il Il Il Il Il Il
0 1000 2000 3000 4000 5000 6000 7000 8000 9000
turn #

e The Table below compares the present simulation condifmr®9% spin flip efficiency,
e SWEEP 500 TURNS and Run 17 APEX conditions :

5/ vs. turn#, from zgoubi.fai.
6-D bunch, D’ lattice

double RF : 9.4 and 197 MHz
T BOSCL ¢0 € AQOSC
Lo A i I

minimal N duration
for > 99% flip  of the sweep
(G.m) (deg) (07%) (turns) (s)
simulations 102 45.1 5.16 0.02 40,400 0.52
APEX 100 48.8 5.68 0.005 8,300 0.11

1 1 1 1 1 1 1
1000 2000 3000 4000 5000 6000 7000 8000
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3.3 A summary table

12

Table 1 below summarizes results obtained for typical casemgst the various spin flip simulations performed.

The gquantities varied here afeD’ and the num

ber of turns of the sweep. Other parameters : Rieney and voltage)Q,.«., bunch size,

etc., are as specified earlier at either injection, with iripalar momentum spreafip/p € [—1.5 x 1073, +1.5 x 10~3] (Sec. 3.1) or store with
momentum spreadp/p € [-3 x 1074, +3 x 10~] (Sec. 3.2).

Note that due to the large beam size, in partic

ular large nmeume spread, up to 10% of the beam is lost in the 200,000 tngaases. Large

momentum spread could be the cause for the maximum efficigirmyout 95% found in the 0.6-13 mrad range, this is to be tiyai®d further.

Table 1: A summary oP;/P; values in some of the spin flip simulations performed. lhjtialariza-

tion P; is taken at the end of t
value after theA Q.. sweep.

he 3000 turn AC-dipole up ramp, finahpzdtionP; is the asymptotic

Injection
D’ (mrad) Number of turns of the ACD sweep
200,000 100,000 50,000 20,000 10,000
0.6 -0.947/0.9995 -0.837/0.9995
4.8 -0.946/0.9995
13 -0.944/0.9995 -0.814/0.9995 -0.472/0.9995 0.53/®999
63 -0.449/0.9995 +0.180/0.9995
Store
D’ (mrad) Number of turns of the ACD sweep
60,000 28,000 5,000 1,000
0.0 -0.985/0.992
2.1 -0.982/0.992  -0.924/0.992
22.5 -0.967/0.992 -0.908/0.992 +0.080/0.992 +0.763/2.99

As summarized in Tab. 1, the simulations show weak deperdeispin flip efficiency omAD’, namely (figure below),

- at injection, efficiency= 94 ~ 95% over the range explored6 < |[AD’| < 13 mrad,

- at store, efficiency: 97 ~ 99% over the range exploréd< |[AD’| < 22 mrad.

For the record, the number of turns of the “fast sweep”, rethgly 200.000 and 60,000, has been determined by itsigigléh theory, 99%

spin flip, see bottom right tables in pp. 9 and 11 r

espectively

These results seem in contradiction with APEX measuremegttarization is lost during the sweepAD’ is not at mrad level or less [10,

11]. This needs further investigation.

99.5
99
98.5
98
97.5
97
96.5
96
95.5
95
94.5
94

Flip efficiency (%)

__ store —&—
injection —--&--

15
| AD’ | (mrad)

20 25

AD’ dependence of spin flip efficiency.
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4 Conclusions

These simulations show the following :

(i) All the simulations performed (much more than summatiirethis note), covering varioudD’ values including non-D’ lattice, various
RF frequencies including double RF, various transversel@mgitudinal beam sizes up to such sizes as to generate dgaldmeam loss, show
improved flip efficiency with resonance crossing spaed AQ.s./27N on the high side.

This has been confirmed experimentally,

- in a first trial at injectionG~y = 45.5, with sweep time decreased from 3 second as in usage (abd@@Bturns for a frequency span of
0.005,i.e, AQosc/At = 0.005/3 = 0.0017 s~ 1), 92 % flip efficiency, down to 1 sec (0.065 ') and further to 0.5 sec (0.64 ') both yielding
97.5 % flip instead [10],

- in a second trial at storézy = 487, with a flip efficiency 0f90 % for a 1 second sweep, a®d % for 0.5 second sweep [11] with no
indication that the latter is a lower limit.

(i) APEX measurements at injection [10] show an optimal spidetween 0.5 and 1 second, in accord with simulations wyiiell
~ 0.6 second for 99% flip efficiency given the APEXQ,s. value (page 9). APEX measurements at store [11] indicatetiieasweep du-
ration could be decreased further below 0.5 second, in doeth simulation data that yield an optimal 0.11 second sweep for 99% flip
efficiency given the APEXAQ.s. and¢, values (page 11).

The optimum is between two limits : number of turns N smallayio (greater) to avoid multiple crossing, large enough (smatgrto

2
ensure2 eXp(—%%) — 1~ -1.

(iii) The numerical simulations show significant tolerameeAD’, in the limit thatdQ, (Eq. 6) is maintained well withilA Q. sweep range.
This is illustrated in the injection casAD’ < 13 mrad (p. 8 and Tab. 1, p. 12), which satisfi®b’ < 70 mrad so maintainingQs < ép/p ~
1.5 x 10~3 (bottom right plot in p. 8). In a similar manner at store, slations with AD’ up to 22 mrad{Qs ~ 3.4 x Ap/p ~ 0.001) yield
high efficiency spin flip (p. 11 and Tab. 1).

The numerical simulations indicate one thing in that respec

- a non-smallAD’ value may not be in itself an overriding cause of the poor ffiitiency which seems correlatively obtained in the
experiments : the mechanism of multiple crossing that |&gsontributes inducing may be overcome for instance byefastveep as discussed
in (i) and (ii). Tests were planned at 255 GeV during the #AGREX, based on the fact that4® % flip efficiency had been obtained with
3 second sweep (andD’| = 3 mrad) [11], a value expected to be substantially improveti faster sweep, however APEX time allotted, time
spent on tuning\D’ optics, and other machine downtime did not allow verifyihgtt

Understanding the details of these spin flip dynamics sitimula, and answering the various questions they raisefedgliire more investi-
gations. This includes, as part of the plans, more simulatio the very spin flipper and bunch conditions of Run 17 APEX.
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