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Abstract

A model of the Alternating Gradient Synchrotron, based om AGS snapramps, has been developed in the stepwise raygtremde
Zgoubi. It has been used over the past 5 years in a humber efeaar studies aimed at enhancing RHIC proton beam pal#oh. It
is also used to study and optimize proton and Helion beanripatéon in view of future RHIC and eRHIC programs. The AGSdabin
Zgoubi is operational on-line via three different applioas, 'ZgoubiFromSnaprampCmd’, 'AgsZgoubiModel’ and ‘gdodelViewer’, with
the latter two essentially interfaces to the former whickhis actual model ’engine’. All three commands are availdigen the controls
system application launcher in the AGS 'StartUp’ menu, onfreponymous commands on shell terminals. Main aspecteohtidel and
of its operation are presented in this technical note, lasieerpts from various studies performed so far are giveillémtration, means and
methods entering in ZgoubiFromSnaprampCmd are develap#tef in appendix.
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1 INTRODUCTION

This technical note is a working document, in addition targiva status of the AGS model in the ray-tracing code Zgoutili {ar from a
finish product’) it is aimed at easing the use, and furthermttgpment, of these software tools.

A model of the Alternating Gradient Synchrotron accountiogpolarized beam lattice aspects has been developed lowgvaist 5-6
years, based on the stepwise ray-tracing code Zgoubi [5e2] App. A). The development of this model started in 200®10 [3]-[11]. It
strongly benefited from the 'AGS On-Line Model’ meeting rince then at C-AD [9]. The resulting software tools have beetensively
used in a number of studies regarding beam and polarizatémsgort simulations, such as the assessment of machingpandquipment
settings for polarized proton RHIC runs [11], non-lineaupling effects induced by the helical snakes at low enerdjysidies and devel-
opments regarding the cold and warm snake field maps [9, 12§ lastrumentation [13], polarization transport from AG@IRHIC injection
kicker [14, 15], and more [11, 16].
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Figure 1: RHIC collider and its injector chain. In the AGSetbold and warm partial snakes, as well as the two tune jump
qguadrupoles, are part of proton beam polarization controigment.

There are several reasons for opting for stepwise integratiethods, amongst the many possible ways of computingirmeaobtics and
tracking polarized particles, motivated in a first approbghhe goal of accurate spin tracking simulations, in refatvith the following :

- two strong helical dipoles ('partial snakes’) are usedhia AGS (Fig. 1) to overcome imperfection and vertical irgitndepolarizing
resonances [12]. These magnets perturb the optics at lowgyet@rbit, focusing, coupling, field non-linearities) [[L1They are difficult to
model analytically, regarding particle and spin transport

- the AGS lattice is based on 240 combined function dipolessé require good field modeling, featuring quadrupole @xtupole
components, reproducing accurately their strength vanatith magnet current (multipole components do not trac& another), possibly
reproducing actual fringe fields. Stepwise ray-tracingditi#es accurate trajectory geometries across these oaaliunction magnets, in
which the magnetic field is constantly varying along arcgaectories,

- the stepwise integration method allows realistic magrfetid models,

- especially, it allows using the OPERA field maps to repretantwo AGS shakes,

- and it allows using measured or OPERA field maps in represggttie various lattice magnets, for instance the 240 madaolds.

In addition, stepwise ray-tracing had proven effectiveaniaus types of exercises, including earlier, similar datian of spin tracking in a
synchrotron [2] and other muon beam decay ring [18], higlag-finear ring optics [19], various studies in large ring6,[21].

The ultimate goals in modeling the AGS are
(i) to provide an understanding of machine optics and spiradyics,
(ii) to assess the effectiveness of, and provide guidandevmrloping, new polarization improvement methods.

The AGS model in Zgoubi can be operated both on-line andidf-Via three different applications, ZgoubiFromSnag@md, AgsZ-
goubiModel and AgsModelViewer [22, 23]. The latter two assentially interfacing programs to the former which is tbial model engine.
To create a model of the ring, ZgoubiFromSnaprampCmd useA@S power supply (so-called) 'snapramp’ data base. It worla similar
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way to the MADX model command 'MadxFromSnaprampCmd’ [244nf which actually those pieces of code that deal with casigar
from snapramp currents to magnet fields have been drawnmiglementation in both ZgoubiFromSnaprampCmd and Zgoultithfee
commands are available from the controls system applicdéioncher in the AGS 'StartUp’ menu, or from the eponymousim@ands on
shell terminals. All three allow producing a model of theeli&kGS, using the live snapramp, or working off-line, usinghared snapramps.

ZgoubiFromSnaprampCmd can be executed in a shell ternaindlyill produce models of the AGS at arbitrary (user spetjfiEnings,
or series of timings, along machine cycle. AgsZgoubiModehiostly a research and development interface, used fotagement of the
model in Zgoubi and its benchmarking against measured AGS ilés essentially based on ZgoubiFromSnaprampCmd eragid on AGS
Controls sdds data file treatment tools (regarding for mstdune, optical functions, chromaticity measuremerdnds). AgsModelViewer is
part of the AGS Controls tools, it also interfaces MadxFromg@ampCmd, as well as the Booster model in MADX - note tha\valdpment
of a Booster model in Zgoubi, based on snapramp records dshaslbeen undertaken recently in the context of future R&HE eRHIC
project physics programs [25]. AgsModelViewer provide®attof post-processing equipments and graphics. Reqgestitodel of the AGS
using AgsModelViewer essentially results in an executitbgnubiFromSnaprampCmd engine at user specified timingasodel of the AGS
at a particular timing takes the form of an input file to Zgqubady for simulation of AGS optics at that particular tigymowever, running
ZgoubiFromSnaprampCmd will deliver in addition variousorbi 1/O files which allow further computations as tune anadforomaticity
scans, optical functions, polarization parameters,-staeind polarized bunch acceleration, etc.

This technical note is organized in the following way :

- Section 2 gives a brief description of ZgoubiFromSnapr@mg, and of the two interfaces AgsZgoubiModel and AgsMoaiér,

- Section 3 addresses the very content of the engine : magrals) use of field maps, various Zgoubi capabilities, etc.,

- Section 4 illustrates this with a series of examples of sthans,

- Section 5 informs on the location of zgoubi and ZgoubiFroa@ampCmd source files, field map files, templates, etc.,-ADC
computers.

Additional details regarding the elaboration of the mogelssibilities of further developments and studies (suchsasg the 240 field
maps of the main magnets, main magnet fringe fields, etcdisceissed in a series of Appendices, as follows :

- App. A: a brief reminder regarding Zgoubi stepwise intégramethod,

- App. B : model of the AGS in Zgoubi, including OCO consid@as ; analytical AGS magnet models ; helical snakes ; trapkiccuracy
considerations, etc.,

- App. C : from AGS snapramps to Zgoubi model : functionninggbubiFromSnaprampCmd,

- App. D : I/O files to/from ZgoubiFromSnaprampCmd and zgoubi

This technical note and the work that it describes lean onsa dicearlier publications at BNL C-AD. A limited amount aréed, with
a tendency to focus on publications more directly relatethése AGS model developments, this is for the sake of effigiem the latter
however, additional references to earlier works, by otheas be found. More material can be found in addition in BNIAD- 'AGS
On-Line Model’ and 'Spin Meeting’ series [9, 10], as well asaiccelerator conference proceedings from 2010 on.
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Table 1:How ZgoubiFromSnaprampCmd operates.

ZgoubiFromSnaprampCmd is a standlone command, on sheliriaignit can also
be interfaced using 'AgsZgoubiModel’ (Sec. 2.2) or 'AgskEldewer’ (Sec. 2.3)

(i) ZgoubiFromSnaprampCmd reads magnet settings from angk@gramp
(a folder that archives current evolution in all power suggli over a machine cycle.
All AGS cycle snapramps are archived in a dedicated AGS Clerdaia base).

(i) ZgoubiFromSnaprampCmd then builds a (series of) 'zgaial input data
file(s) to Zgoubi at a particular (or series of) timing(s),efile per timing. These
zgoubi.dat files are created using an existing template (B@h p. 16).
zgoubi.dat contains the AGS sequence, and appropriate eoagfor Zgoubi to
execute (App. D.3, p. 34).

(iif) Each zgoubi.dat problem is then run, so producing eas outputs, including
a MADX style 'twiss’ file, 'zgoubi. TWISS.out’. These oupasfdre all archived in
dedicated local folders :

- all zgoubi. TWISS.out in the same ./twiss folder,

- the various other output files in a "./model.tttt.zgoulaiies, with ‘tttt’=timing.

(iv) ZgoubiFromSnaprampCmd in addition executes varioua ttaatment, following
user’s requests, such as tune computations, tune and/on@ticity matching to
measured AGS data, plots (as Figs. 2, 3), etc., found in @frititlzgoubi folders.

Some more :

¢ The informations needed by ZgoubiFromSnaprampCmd to apesath as the
shapramp to consider, timing(s), post-execution datattneat to be performed, etc.,
can be specified in two different ways :

- either as an input data file, ZgoubiFromSnaprampCmd.in (Appand App. D.1),
- or as arguments to ZgoubiFromSnaprampCmd (App. D.2).

e Two templates zgoubi.dat files are available (App. 5.1) :
- one for polarized proton runs,
- one for ions.

They essentially differ by the former comprising cold andrwanakes. Which one
to be used is part of the input information to ZgoubiFromSaapCmd.

e There also exists a template input data file ZgoubiFromSmapCmd.in (App. 5.1) |
if ZgoubiFromSnaprampCmd is launched without arguments) fidolder that does
not contain ZgoubiFromSnaprampCmd.in, then that temptatséed by default.
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2 AGS ZGOUBI MODEL COMMANDS

The following sections summarize what can be expected fremmtodel and its two interfaces, and how.

2.1 ZgoubiFromSnaprampCmd

The model of the AGS in the ray-tracing code Zgoubi can bedhaad from a shell terminal under linux/unix, via the comm@gdubiFrom-
SnaprampCmd. The structure of this command was inspired thhe existing MadxFromSnaprampCmd, which provides a maidble AGS
in MADX program [24]. The way ZgoubiFromSnaprampCmd opesas summarized in Tab. 1 (p. 6), more can be found in App. @9p.

Running it produces a 'twiss’ output file, formatted like MXne (see App. D.4). This makes existing interfaces to MAp¢mtional
with both engines with minor additional work, which lead iarficular to straightforward development of Zgoubi AGS ralds a second
engine in AgsModelViewer (Sec. 2.3). The twiss file contansh informations as the optical functions (orbits, berafiunctions, phase
advance, spim, vector, etc.) along the AGS.

Figs. 2 displays a scan so obtained, over a set of timingsetkfinZgoubiFromSnaprampCmd.in :

- horizontal and vertical tunes, prior and next to matchiggubi model tunes to a measured AGS tune-scan,

- coupling strength and penalty value reached by the tunehimeat

- necessary main magnék » p /K p perturbationsd@ Hy, dQV7 in main quadrupole families could be used instead) to haventbdel
tunes agree with measured values (that method is discus#gapi C.3, p. 31).

Fig. 3 displays the residual orbits and the optical functiahextraction, including the extraction bumps at G10 and.H1

The model includes transition gamma quadrupoles (tramsifi at~310 ms, Fig. 2), horizontal tune jump quadrupoles (theieaffs
apparent in Fig. 2AQ, = 0.04 at all Gy £+ Q.. =integer, proton G=1.79284735=Lorentz relativistic factor) , as well as the G10 kicker
and H10 septum extraction bumps (extending aver400 — 550 m, Fig. 3).

The AGS Zgoubi model which produced Figs. 2, 3 has been adlav

/rap/lattice_tools/zgoubi/AgsZgoubiM odel | AgsZ goubi M odel _examples/AGSOptics/ Example 2015 — 05 — 17
comments can be found in the README file therein. It uses th&ABapramp
Joperations/app_store/ RunData/run_fyl5/ full Run/Ags/Snapramp/15Mar08/ppmU serd /15 M ar08 — 0854_f gm_Udcur/
Matching of model tunes uses measured tune scan
Joperations/app_store/ RunData/run_fyl5/ fullRun/Ags/TuneMeter/

TuneScan_Sun_03-08-15.095118_150.000 — 610.000ms/ATM _DAT A/

2.2 AgsZgoubiModel interface

AgsZgoubiModel is an R&D tool used for developing the AGS idgiomodel. An example of interest is in the production of Fig.as
follows.

When producing a model of the AGS at particular timing(s) ngira cycle, tunes (and chromaticities) will fall some dis&rfirom
measured values. It may be necessary, for spin dynamicestiat instance, to have tight agreement between the twis iSthandled by
matching, with variables for instance K1F and K1D gradiedices in respectively focusing and defocusing main mafgmeilies (and K2F,
K2D for chromaticities), whereas the constraints are meabdata. If such matching is requested, AgsZgoubiModér@eguires the address
of an sdds data file and will then establish the appropriates|iit will create a model using ZgoubiFromSnaprampCmd,witl launch the
matching procedure. This will result in a (series of) zgoddi matched AGS models, ready for further use.

Similar automatic procedures are under development in §gsiModel, for orbit, dispersion, including interfacimgth the automatic
dispersion acquisition application [26]. There are plasall to link AgsZgoubiModel with the AGS Controls autontathromaticity mea-
surement procedure. AgsZgoubiModel on the other hand geesvé convenient environment for developing and testing sew procedures
prior to installation in AgsModelViewer (next section).



2 AGS ZGOUBI MODEL COMMANDS

ZgoubiFromSnaprampCmd. AGS TUNES (after FIT to tune scan)
snapramp: .../rung;yl5/fullRun/Ags/Snapramp/15Mar08/ppmUser4/15Mar08-0854 gmydcur/
This pgm: sources/fitTunesCmd/gnuplot itTunesCmd.cmd
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Figure 2: Top : evolution of the (coupled) tunes along an lecadon ramp, either prior to ('snapR’ curves), or aftdit'l’
curves) the K1F and K1D indices of respectively the focusing defocusing main dipole families have been adjusted for
the model to match measured AGS tunes. Tune jump mode isexggeare, it uses tune jump quadrupoles Qjudf and
Qjump.JO5 located in AGS 'I' and 'J’ superperiods (see Fig. 1). Méddeft vertical axis : coupling strength and tune distance
(after tune matching); right vertical axis : penalty valueached in the tune matching process. Bottom : the relathauat
that main magnet K1F and K1D need be varied in order to havesuned and model tunes agrégi{; andQV P stand for

the fact that main quadrupole current settings can be usalddbpurposed, instead, depending on user’s request).
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AgsZgoubiModel. Timing = 1077 ms

24

beta, (m)
betay (m)

Dx
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* Qx= 8.7413 Qy= 8.9039 Chrox= -22.32 Chroy= 3.26

Figure 3: AGS extraction optics (1077 ms after injectiéhy = 45.5), in presence of the G10 kicker and H10 septum orbit
bumps in350 < s < 550 m - this is for instance the configuration required for deiamy the periodic spin precession vector
lo at H10 for transport to RHIC through the AtR, Sec. 4.2 and Fid8ottom plot : H and V closed orbits are first determined,
the vertical orbit (right vertical axis) is very small in timodel as an orbit bump is maintained at both snakes, whehneas t
H10 and G10 bumps are not perfectly closed (they are desigsiad only two independent power supplies, as found in the
shapramp) so causing some horizontal orbit (left vertigad)a Dispersion functions (middle plot) and betatron fios (top
plot) are then computed from ray-tracing, with these verynd ¥ closed orbits taken as Serret-Frenet frame supportleCir
markers in these figures show pickup locations.
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Figure 4: The AGS ’lattice’ page of AgsModelViewer, at anlgdime in the acceleration cycle. AgsModelViewer can use
indifferently Zgoubi or MADX engine.

2.3 AgsModelViewer interface

The AgsModelViewer [22] is a thin client graphical interéaapplication written in C++ that makes use of a local usezrfate library
developed on top of OSF/Mot@widgets and the commercial XRY (from Quest Software) graphics plotting package. It irteet to the
AGSModelServer, which exists in two instances, one for a NkADodel of the AGS and one for the Zgoubi model of the AGS. Theeys
are generic CDEV servers that collect live or archived dathe@ machine settings or readbacks and build the instamcehé respective
model engines. In the case of Zgoubi, the same ZgoubiFropr@mpCmd infrastructure is used. The model servers argrsdito publish
model results to any requesting client including commane tequests using the cdevCommand interface [27].

The AgsModelViewer is designed to display all the data r@evo the on-line model, see example in Fig. 4, using theéezatapramp.
Once a given set of data is requested, whether from livengsttir from an archive of the settings, the viewer will diggileze magnet currents
and other machine settings, and the model output data irstefl@ourant-Snyder parameters, generated either from tie>Xor Zgoubi
server. The viewer can access both. It also contains a siongi@udinal model, with the intent of connecting the lawgiinal and transverse
models of the accelerators together. This would providegxample, the momentum compaction factor to the longitaidimodel for a more
accurate prediction of the synchrotron frequency as a fomaif time. This feature is part of on-going developmentbe Tiewer is also
designed to make comparisons of the model predictions teunements, so it is capable of reading data logged fromuim&ntation, such
as tune measurements, as a function of time.

3 THE MODEL OF THE AGS IN Zgoubi

A model of the AGS in Zgoubi had been first developed basedanustd Zgoubi procedures [3, 4], it is still operationalvboer some speci-
ficities of the AGS main magnets and main quadrupoles, subhdsleg windings and other snake compensation quadrsigwge motivated
the development of dedicated elements, '’AGSMM’ and 'AGSQ@JAvhereas some other Zgoubi procedures as 'OPERA, 'SQXL, have
been upgraded. These and all other Zgoubi procedures eetpioythe AGS model are discussed below. They all are alsondested in
Zgoubi Users’ Guide [28].

3.1 AGS main magnets - 'AGSMM’ and '"MULTIPOL

Field strength in the AGS main magnets is drawn from momerdependent conversion polynomials (see App. B.2.1). ddhéocsource
files have been copied from MADX and installed in Zgoubi. Tt lead [3] to simulating AGS main dipoles using an optioMULTIPOL,
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namely, a MULTIPOL is recognized as an AGS combined functi@gnet by its first label (App. B.2.2). On the other hand, soifne
AGS main magnets have back-leg windings, and in additionas be seen (Sec. 2.2) that it is desirable to allow pertgrtbiair indices,
K1F,D and K2F,D. for fine tune and chromaticity setting pusg® For these various reasons a specific element, AGSMMdevetoped,
from MULTIPOL, details can be found in App. B.2.2.

3.2 AGS quadrupoles - 'AGSQUAD’

Some of the AGS quadrupoles have superimposed windinggrdy separate power supplies. Drawn from MULTIPOL, a djeeiement
was thus developed, AGSQUAD which allows managing quadespweith up to three independent windings, and overlappfrguadrupole
families, details and example are given in App. B.5.

3.3 Helical snakes - ' TOSCA'

The two AGS helical snakes are simulated using 3-D field mapspated using OPERA, and handled using Zgoubi’'s 'TOSCAcpro

dure [12]. The orbit at the snake requires two consideratiditstly, it has to evolve during acceleration so to mamthie beam helix across
the snake centered on the snake axis (the snakes work aaobfistd, that ensures minimal variation of spin tilt versusmentum, thus the
local orbit bump that ensures helix centering will decreaih increasing energy [12]) ; secondly, so doing, thereais some horizontal

and vertical orbit perturbations, these are cancelledemibdel.

Note the following, in that matter : in real life, the sole da@nake undergoes an orbit bump compensation (it is strpdeiTesla,
compared to 1.5 T in the warm snake). This orbit bump compemss zero-ed when the rigidity is high enough that the topleirturbation
by the snake becomes marginal (as a matter of fact, the talixs decreases with rigidity, it is maximums, 2.5 cm in the cold snake, at
injection,Gy = 4.5 [12]). This is not the case in the AGS Zgoubi model, so far & been deemed desirable to work with zero horizontal ar
vertical orbits over the all AGS ring (apart from the locahka bumps), for that reason the orbit effect of the two snakiedly compensated,
locally, at all energies (see Fig. 31, p. 27).

On the other hand, from the point of view of the model, and mt$aléy in order to allow flexibility in optics and polarizan studies, it
is desirable that these local orbit bump and residual odsitection do not encompass the snake-compensation andtotiireg quadrupoles
located close upstream and downstream of the helix [17}derdo simplify the ramp of the bump during accelerationidations. However,
a local bump encompassing just the snake would involve gtbormp dipoles and so jeopardize (i) the path length andgii) sotion. To
overcome this issue, a trick is used in the model, namelyhé)snake field map is moved horizontally during accelematiy an amount
which is momentum dependent and ensures the centering dfelheon the snake axis, (ii) the remaining small orbit défeccorrected
locally using correctors located right upstream and doseash of the snake, which only require weak field.

Finally, the TOSCA procedure in Zgoubi has been upgradeideéatly superimpose (sum up) several field maps, this chfyabiused to
allow independent current setting (as in real life) in thida¢ SC dipole and SC solenoid in the cold snake [12].

3.4 Time varying power supplies - 'SCALING’

Up to zgoubi-5.1.0 SourceForge download version [29], S only allows varying the field components in a magnet (edgpole to
20-pole in MULTIPOL), all components at once and with all #ane scaling factor, for instance during ramps, or for gp¢ione-dependent
functions. Thus SCALING has been upgraded to allow scalitygita that appears in zgoubi.dat (as is the case for thépFd€edure [28]).
This is applied in the AGS Zgoubi model, in a series of comnsand

e in AGSMM, in order to independently command (and eventufit)yback-leg winding currents, dB/B, dK1/K1 and dK2/K2 fiedthd
index perturbations, injection and extraction orbit burffgg. 3-c), etc.,

e in AGSQUAD, in order to command separate power suppliesnaks compensation quadrupoles for instance, such as theedou
winding quadrupole QEB03 (App. B.5),

e in the element positioning procedure 'CHANGREF’ (a locahobe of frame) to control the horizontal motion of the twok@saduring
acceleration.

3.5 CPU time considerations - integration step size
Two examples :

e The example of Fig. 2, which features 100 timings about,dd#ss than a minute to get the un-tuned models, and an agdidaninutes
to get the 100 models tuned to the tune-scan data, on a C-Apuiem

e An acceleration cycle in the AGS frofiy =4.5 to Gy =45.5 at a rate of 150 keV per turn, approximately 150000 tytims actual

acceleration rate may slightly differ, depending on operatonditions), takes 2 hours to simulate on a 1.6 GHz CPtgjsiparticle, using
3 cm stepsize in the AGS main magnets. This is quite conveimeeneral, for few particle studies on a multipole corecafftomputer, or as
well on multiple CPU units. Zgoubi has been installed on NER®mputers [30] for off-line studies, these provide thasaof CPU cores,
hence allowing tracking as many particles with similar CRhukt- note that some studies are performed launching a feticiesrper core for
more statistics, with still conveniertovernight completion.
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In addition, GPU (Graphic Processing Units) possibilittee under investigation, as GPU cards are nowadays comnawaliable on
personal computers and laptops.

Stepsize

Step size matters in what precedes, as it is the dominaningéea regarding computation time. As a matter of fact, tleeee240 main
magnets in AGS lattice, thus stepwise integration over tigiand 94 inches magnetic lengths is the main time-consyipént in code

CPU multi-particle tracking.

It has been shown [11, Section 4.4.1.1] that 1 cm integratiepsize in the 240 AGS main magnets yields negligible ochafigcourant
invariants (both H and V) over a 150000 turn AGS acceleratiate. With 2 cm stepsize (resp. 3 cm) Courant invariantfescééd by< 2.5%
(resp.< 10% - still convenient in many studies).

Zgoubi transports independently of one another all thrée wpctor components (App. A), the vector has to remain upiteer AGS

cycle tracking range, which is the case at better than coan@dcuracy with integration step size in centimeters s@sae Fig.?? p. ?7?,
Fig. ??p. ??).

4 SAMPLE SIMULATIONS

Extensive on-line and off-line simulations have been gened using the AGS Zgoubi model, most have been subject tcatibns in
accelerator conferences. Polarization studies spetyfibaised on 6-D bunch transport through the AGS cycle, cdioled in [11], these

works are being carried on [31]. Short, sample simulatiomsraproduced here, aimed mostly at giving a taste of thergityeof the
possibilities.

4.1 Spin motion with tune jumps

Horizontal intrinsic depolarizing resonancesGat + @), =integer are present in the AGS as the stable spin directithied with respect
to the vertical [32, Eq.2.39] as shown in Fig. 5. The 3-padatructure arises from snake configuration, minimum tonf vertical in H10
extraction septum regiors &= 500 m, cf. Sec. 4.2) is atiy = 3n + 1.5. Fig. 6 shows the evolution of the vertical projection of #pen of a
single particle at the end of the AGS acceleration cy€le (: 40.5 — 45.5 region), with (blue) and without (red) horizontal tune junifhe
beneficial effect of tune jumps is apparent.

Similar tracking simulations (single particle as well asibkand particle bunches) along the AGS acceleration cgictesd at determining

optimal machine conditions for best polarization transiois, are now routinely performed, and serve as a guidandetermining machine
settings [34].

90481 L3pgP S_y vs. s (M
1. pp AGS from SnapRamp of 12Feb2615T, sy=0.ln
s S 8.99 ,——v% = s — — 1
0.99 GE-43.5,446.5 ] T L R Vecenond Fal@nanadetina DR RS
8.95 H
0.99 i
8.9
|
0. 985 H
o 885 |
0.98 % H
G= 44.5, 45.5, 47.5, 48.5 O 88 !
0.97 S 8.75 ;%
0.97 8.7
0-96% 105 200 300 400 500 600 700 800 8.65

40.7 . . 42.3 42.7 Gy 433 43.7
Figure 5: Vertical projection of the spify, vector along
the AGS, for variouss~y values. At extractiorGy = Figure 6: Evolution of H and V tunes witty~y (left vertical axis) in the presence
45.5, the tilt angle from vertical is 8.1 degreesdf < of horizontal tune jump, and vertical spin component (rigkis) with (blue) and
s < 340 m and 12.8 degrees over the rest of the ringvithout (red) tune jumps. Tune jumps occur@y + @, =integer, their effec-

The snakes are located at the discontinuities, cold snakesness at mitigating depolarization at resonance angdgsiapparent.
to the left and warm snake to the right.
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4.2 AGS to RHIC spin matching

ZgoubiFromSnaprampCmd is used here to generate a mode Af3B, to determine the optimal injectidfy into RHIC. The model allows
computing the stable spin direction at the AGS extractigritsa H10, in the intervalzy : 42 — 45.5. This is the red curve in Fig. 7 (as
discussed in Sec. 4.1, the stafilgis not vertical in the AGS, Fig. 5). The extraction septum kEl&ts ~ 500 m, whereri; is at~ 13 degrees
from the vertical atzy = 45.5 in the conditions of Fig. 7, for instance.

The periodicii is then transported from H10 to RHIC Blue ring injection lkeckand to RHIC Yellow ring kicker, via the AtR (AGS to
RHIC transport linex 600 m long, with downstream an "X’ branch to Blue ring, and a "Y&lich to Yellow ring [14]). This exercise consists
in a series of steps, as follows :

(i) getthe the periodic orbit in the AGS, including the extian bumps at G10 and H10 (as in the example in Sec. 4.5),
(ii) get the periodic spimi, at H10, after extraction from AGS (G10 kicker on), red cumvéig. 7,

(i) transportriy along the AtR through RHIC-X and RHIC-Y injection sectiorsach to Blue and Yellow injection kickers, respectively
blue and yellow curves in Fig. 7.

Optimal G~ value corresponds @, closest to vertical at RHIC Blue and RHIC Yellow kickers (he stable spin direction in RHIC is
vertical). The standard AGS extracti6fy = 45.5 appears close to optimal.

Simulation of phase (iii) requires AtR and RHIC kickers ai@action settings, the process of automatizing that acdrmorating it in
ZgoubiFromSnaprampCmd is underway, it will be based, lietifie AGS ring, on the acquisition of AtR snapramp data frodatbase
presently under installation.

NO at H10, Y and B kickers

42 43 44 45 46 47 48 49 50
G.gamma

Figure 7: Red curve : vertical component of the periatliprecession vector as observed at septum
H10 in AGS, as a function of beam energy (in units(éf). Blue and Yellow curves : resulting
vertical component at the downstream end of RHIC-Blue antR¥ellow injection kickers, after
transport ofiiy through the AtR.

The Zgoubi files for this exercise have been archived at
/rap/lattice_tools/zgoubi/AgsZgoubiM odel | At R /n0

Studies regarding the effects of orbit defects or large beanittance on the transmissiontffe?t beam polarization along the AtR, in
view of future RHIC and eRHIC project programs, have beeffopered recently, using these tools [15].

4.3 Orbit with survey data

AGS main magnet survey data have been included in the Zgootehfior the sake of comparisons with MADX investigationS][3®efects
accounted for includéx anddy positioning errors, pitch, yaw and roll rotations. Samplécomes and comparisons are displayed in Fig.
More on the outcomes from these survey data can be found jn [36

Including survey data opens the way to orbit simulationgs Thin the plans for future developments of the AGS modelgoubi.

The Zgoubi files for this exercise have been archived at

/rap/lattice_tools/zgoubi/AgsZ goubiM odel | Ags Z goubi M odel _examples/agsWithSurveyData/

4.4 Non-linear coupling with snakes

Fig. 9 shows a simulation in which the tunes, starting clasthé diagonal, are then moved onto ¢ — 2@, resonance line in a few
10* turns, at low, constant, energy. Coupled motion causes hatiolu of the betatron amplitude as the particle approaemesstands on
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ORBITS VERTICAL DISPERSION
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Figure 8: Left: closed orbit in the AGS model resulting framroduction of alignment survey data. Right : vertical eisgon.
Zgoubi and MADX models are superimposed to show their ages¢m

that non-linear resonance line. That resonance line igexkby normal sextupole field component from the 2.1 Tesld sobke, the effect
disappears if the cold snake is turned off (main magnet pektufields have negligible effect, whereas it is much weak#r the 1.53 Tesla
warm snake). The field in the helical dipole, responsibldfiat, writes [37, EQ. 5].

by = —sing + $k*(32% + y?) sin ¢ + Lk%zy cos ¢
by = cos ¢ — £k*(2% 4 3y?) cos ¢ + 1k?xysin ¢ 1)
b, = kysin ¢ + kx cos ¢

with r = /22 + y2 in the centimeter (low energy) to millimeter range (highreryg.

o TUNE DI AGRAM L 1 LS. | (m _vs. Pass#
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Figure 9: Left : beam path in the tune diagram over AGS acatter cycle (red line), and in the present case of coupling
exploration (blue track ending o@, — 2@Q,). Right : modulation of the betatron motion is observed (& gnin phase
opposition) once the particle straddles the resonancetlines numbef x 10* — 7.05 x 10%.

The dipole symmetry non-linearities in the snakes (sexgypmtecapole, etc.) are stronger at larger radius, henaavat Irigidity as the
radius of the helix in the snake decreases (linearly) withnmatum [12, Figs. 2, 8, 13]. Note that, due to the helical getoyrthe skew fields
are also present (Eq. 1).

The exercise of moving the beam on non-linear coupling limees been performed in the AGS during RHIC runs 13-15, to tiyete
qualitatively possible effects at low energy, in the preseaf the snakes, as indicated by the simulations. The erpatal results span
several beam energy values in the low energy range and cah@&se simulations, they can be found in the AGS eLogs andeilubject to
future AGS Tech.-Note. Zgoubi files for these simulationgehlaeen archived at

/rap/lattice_tools/zgoubi/AgsZ goubiModel | Ags Z goubi M odel _examples /| AGSOptics [ coupling/qx.84qy.92(qx — 2qy)

4.5 AGS extraction optics

An AGS technical note on the AGS Extraction is available [3Bje study uses the Raytrace code and the measured field fridyesAGS
magnets. This technical note contains detailed informatiothe extraction bumps and the G10 kicker, and on the magmetdringe fields
included in the extraction calculations. An AGS Zgoubi magleich reproduces these extraction conditions (horiZd@@9 and H11 bumps
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as in Fig. 3-c) has been archived at
/rap/lattice_tools/zgoubi/AgsZ goubiM odel | Ags Z goubi M odel _examples/ AGSOptics | Extraction Bumps_2016 — 06 — 20
comments can be found in the README file therein. It uses th&ABapramp
Joperations/app_store/ RunData/run_fyl5/ fullRun/Ags/Snapramp/15Mar08/ppmU serd /15Mar08 — 0854_f gm_Udcur/

There are essentially two methods to obtain the bump fromudigg@omSnaprampCmd, as follows.

First method :

(i) set timing to 1077 ms in ZgoubiFromSnaprampCmd.in (apiere is given in App. D.1),

(i) run ZgoubiFromSnaprampCmd.

This generates moddl077.zgoubi (renamed [...]J/ExtractionBump816-06-20/model077.zgouhiG09-H11byHand), and this folder
contains a model of the AGS at that timing, namely, zgouhi.da

(i) By default, the backleg windings for G09 and H11 extian bumps are set to very low currents (this is the case inghwlate
zgoubi.dat file given in App. D.3, it can be seen there thateruis are set to, respectively,0762 x 10~ and —.06093 x 10~ Amp).
Hence the next step,

(iv) edit zgoubi.dat, and set the GO9 current to -.0762 Arhp,H11 current to -.06093 Amp.

(v) This much Amps in G09 and H11 main magnet backleg windintjstrigger the required, non-zero, extraction orbit. Aat orbit
coordinates can be found either using the multi-turn CREBEE’) procedure in Zgoubi, or the 'FIT’ procedure [28].

Second method :

What precedes can actually be managed by ZgoubiFromSna@rach(so skipping steps (iv), (v)), by

a/ setting to 1 the 'bump switch’ under '[AGS MODEL DATA], idgoubiFromSnaprampCmd.in (App. D.1), and

b/ setting to 1 the 'closed orbit search’ switch in the foliog/line, this is the example saved

in [...]J/ExtractionBumps2016-06-20/model 077.zgoubi.

This yields a MADX style 'twiss’ file, zmodell077.zgoubi.twiss (saved by ZgoubiFromSnaprampCmd inetb@i77.zgoubi/twiss
folder). Plotting its content yields the optical functicasd orbits in Fig. 10.

. ) Optical functions, from zgoubi.TWISS.out
H and V orbits, from zgoubi.TWISS.out 0 100 200 300 400 500 600 700 800 900
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Figure 10: Orbits (left) and optical functions (right) régwg from -.0762 Amp G09 bump and -.06093 Amp H11 bump exidtyg in an
AGS Zgoubi model straight out of ZgoubiFromSnaprampCmd.
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5 WHERE ARE THE FILES ?

5.1 Template input data file to ZgoubiFromSnaprampCmd

ZgoubiFromSnaprampCmd requires either an input data fjeudiFromSnaprampCmd.in (App. D.1), or arguments (in alaimanner to
MadxFromSnaprampCmd (App. D.2). A template of the formestased at

/rap/lattice_tools/zgoubi/AgsZgoubiM odel /template Z goubi FromSnaprampCmd.in_library/

If ZgoubiFromSnaprampCmd.in is not found in the folder weh&goubiFromSnaprampCmd is launched, then this templatdkén by
default. App. D.1 details the content of ZgoubiFromSnagr@md.in.

5.2 Template Zgoubi AGS sequence file

In order to build a model of the AGS, ZgoubiFromSnaprampCagliires a template zgoubi.dat file that contain the AGS sempetem-
plateZgoubi4ZgoubiFromSnaprampCmd.dat’.
Two templates are maintained at

/rap/lattice_tools/zgoubi/AgsZ goubiM odel /templateZ goubid Z goubi FromSnaprampCmd_library/
for respectively polarized protons and ions, namely
ppmU serd_pp/templateZ goubid Z goubi FromSnaprampCmd

ppmU serl/template Z goubid Z goubi FromSnaprampCmd.dat

If templateZgoubi4ZgoubiFromSnaprampCmad.dat is not doarthe folder where ZgoubiFromSnaprampCmd is launcheuh ¢me of these
two is taken by default, that consistent with particle sfiegiions in ZgoubiFromSnaprampCmd.in (App. D.1).

5.3 Helical snake field maps

New OPERA field maps of the cold snake have been computed,vaitbus helix and/or solenoid current settings [12], thayenbeen
archived in dedicated folders in

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

New warm snake OPERA maps have also been computed, with fesr im order to overcome particle dynamics issues expearibnith
original maps [11]. All presently available maps have beehigsed in

/rap/lattice_tools/zgoubi/AgsZgoubiM odel | snakeFieldMaps /warmSnake/

README files in these various folders give a guidance as tadlpective properties and usage of the various maps.

5.4 AGS main magnets field maps
Measured field maps of the different types of AGS main magaretswvailable, their original versions have been archived a
/rap/lattice_tools/zgoubi/AgsZ goubiM odel /mainMagnet Field M aps/original FilesFromNick

A smoothed field version of these maps has been worked outgould for mainly two reasons which are, (i) have a uniform imsige,
(ii) get a smoother field (reduced fluctuations by smoothimyrneasurements), this is discussed in App. B.3.1. TheselZgompatible
versions are stored at

/rap/lattice_tools/zgoubi/AgsZ goubiM odel /main M agnet Field M aps /6 M apsOk For Z goubi

5.5 Zgoubi source and executable
ZgoubiFromSnaprampCmd runs the models it fabricates using
/rap/lattice_tools/zgoubi/zgoubi

This executable is maintained specifically for the boog8f §nd AGS models. Physically this executable is locatéldriolder/rap/lattice toc
the source files are at
/home/owl/ fmeot/zgoubi/SV N/AgsZ goubi M odel _source_copies/

Older versions of the executable are archivegdyriap /lattice_tools/bin/ as well, whereagrap/lattice_tools/zgoubi/zgoubi is normally a
pointer to the most recent one.

However Zgoubi can also be downloaded from SourceForge eparce projects site [29], the version available there istamed
compatible with the AGS model.
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5.6 ZgoubiFromSnaprampCmd and ancillary source files

ZgoubiFromSnaprampCmd source files are in
/rap/lattice_tools/zgoubi/agszgoubimodel / sources

Found in that folder also are various ancillary programs tiha command uses, g., gnuplot files (ingnuplotT emplates or in various
sub-folders).
Examples of ZgoubiFromSnaprampCmd run outcomes can be foun

FExample_ 2012 — 08 — 01

/rap/lattice_tools/zgoubi/AgsZgoubiM odel | Ags Z goubiM odel _examples/ { Erzample_2015 — 05 — 17

6 CONCLUSION

The AGS Zgoubi model is based on stepwise ray-tracing msthod allows detailed simulations and studies regardinigalgiroperties
of, and polarized bunch dynamics in RHIC injector, the AQ®yrilt also allows investigating individual magnetsg., AGS main magnets,
helical snakes, development of new instrumentation, etc.

The AGS Zgoubi model adds to the RHIC model in Zgoubi whichfrasen efficient in simulating snake resonance crossing tigh
precession rates at 255 GeV RHIC top energy [20} & 487 spin precessions over one RHIC turn, of the order of 2+ pséoes per bend),
and for future RHIC and eRHIC project programs [39, 40], aratlds to the Booster model under development [25], useckingibent past
for the simulation of polarized helion transport in view oé4g collisions in RHIC [41]. This confirms the Zgoubi methaslan efficient
tool for the modeling polarized beam transport in RHIC aexabr complex, and for studies in relation with future potg and spin physics
programs at BNL.
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APPENDIX
A Zgoubi method, in short

The integration method in Zgoubi is based on stepwise iatagr of the Lorentz equation using a Taylor series tectmigposition and
velocity vectors of a particle at locatiaW; (s + As) after a stepAs are computed from Taylor expansion of position and veloaitgarlier
location M (s), Fig. 11,

M

Reference

Figure 11: Position and velocity of a particle in Zgoubi refece frame.

N

- - " As . ”_'As

R(My) = R(My) + ) T (M) = u(Mo) + Z T (2)
n=1

nopl
n=1
The Taylor coefficients are the derivatives of the velocitg drawn from the Lorentz equation, namely,

(Bp)'d + Bpit' = € + @ xb, thisyields @
(Bp)'ti +2(Bp)'@ + Bpi' = (L) &+ (L) & + (@ x by, thisyields @ @)
and so forth for «”,u"...

wherein .
, ds=wvdt, ﬁ’:d—u, m@ =mvii = qBpi, b=DB/Bp, &=E/Bp (4)
S
with Bp is the rigidity of the particlem its mass, charge, velocity v, magnetic and electric field8, E. The integration thus requires the
knowledge - and the modeling - of the magnetic/electric fegid its derivatives. Details of the method can be found in [1]

Spin motion is treated in a similar manner, using the previteld ingredients, namely

()" = ds’

= = nS As
My) = S(M, —
S(My) = S(Mo) + 2. g5 (5)
with S” and the recurrent differentiatios(, S”, etc.) drawn from [42]
d§ B q = g & - . = . - - 1 eEX U
Pl Sxaor, §'=5xQ, with Bl =w = (1+~7G)b+ G(1 — )b +~(G + ?) =2 (6)

B Model of the AGS in Zgoubi

B.1 The OCO

Areference line, 'OCO’ (Optimum Closed Orbit), has beenrtdiin the AGS, Figs. 12, 13[43, 44]. The OCO coincides withdlosed orbit
in the straight sections between the 240 main dipoles. ldifhaes themselves, the OCO coincides with the chord of tbeftrajectory, it
is localized by its distance to the socket line (the surveg)li OCO coincides with the optical axis of elements placetié drifts, as tuning
guads, sextupoles, control instrumentation, etc.

The model of the AGS main magnet in Zgoubi sticks to thesecjpies, as shown in the next section : the closed orbit in Bgooincides
with the OCO line, all lenses introduced further in the tatare by default (i.e., in the absence of explicit requasafdifferent alignment)
centered on that line.
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\ / \

Figure 13: This figure [43, Fig. 1] shows the symmetric plaeem
Figure 12: OCO line in the AGS, the reference optical axis [43f the OCO, in positiony, = y(L), and in angley, = y/(L) with
Fig. Al]. The 2" distance at magnet ends is between the ireh afsspect to the socket line. This yields arc length and devias
the effective field boundary (EFB), denotes the distance betweenyiven in Tab. 2. The quantity, in this and Fig. 12 identifies with
the cord of the orbit arc in the magnet, and the survey sotkt| A, in Tab. 2.

toward Center of ring is to the left.
Top left : AD, BD ; right : CF,

~J B bottom left : AF, BF ; right : CD.
towardj /
center§ .
OCOL_’ SOCKET 0oco s SOCKET
yo yo

Figure 14: A and C type of magnet cross sections. A and C arad@s long (iron length). B type is a
shorter versions of A, 75 inches long (iron length). The fegsinows that AD, BD, CD are defocusing, AF,
BF, CF are focusing.

B.2 An analytical model of the AGS main magnet field

There are six different types of straight-axis combinedcfiom dipoles in the AGS ring, Fig. 14, for a total of 240, 20 geperperiod,
12 superperiods. The momentum-dependent quadrupole atupske strengths in these six magnet types are represégted many
polynomials, K (p), K2(p). They have been taken from the MAD model of the AGS [24, 45} mstalled in Zgoubi source code as
part of the definition of the AGS combined function dipol&; (p), K2 (p) account for the variation of the field in the gap during the pam
On the other hand a classical multipole scalar potentialehisdused for AGSMM, AGSQUAD and MULTIPOL in Zgoubi (see n&ecs.),
namely [28, Sec. 1.3.7]

D'(s) D" (s)

- dipole : Vi(s,x,y) = D(s)y — ?(ﬁ + )y + W(z'é’ +4*)?y — ..., D(0)= By
/ i
- quadrupole :Va(s,z,y) = G(s)zy — G1(23) (z% + y*)zy + GSS(:) (2 +y*)?%zy — ..., G(0)=B;/R 7
/
- sextupole : V5(s, z,y) = iS)(3:102 — )y — H'(s) (32 + 22%y* —y*)y + ..., H(0) = By/R?

3 48
D, G, H(s) coefficient inV; — V5 has the role of a longitudinal form factor and allows simialgtsoft field fall-offs, using for instance an
Enge model [28, Sec. 1.3.7],
_ 1
1+ exp(P(d))’

with d the distance to the magnet effective field boundary (EFB],@n— C; coefficients that determine the length and shape of thefall-
(Fig. 28, p. 25). In a hard-edge end-field model, G, H(s) is a Heaviside step, thus the expressions above simplify to

2 5
D, G, H(s) P(d) = Co+Ci% +Cy (d> +ot+ Cs (d> ®)

A A A

o
Vi=Dy, Va=Gay, Vs=—o("—y%y

with D, G, H constants.
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B.2.1 Centered and off-centered multipole models

Modeling the AGS combined function dipole normally uses AB% keyword, however it can also use the standard Zgoubi neutiULTI-
POL [7] from which the former was derived (App. B.2.2). Botykvords are documented in Zgoubi Users’ Guide [28].

The transverse field components in this multipole model ar&veld from the solution of Laplace equation, includinggibi longitudinal
dependence (D(s), G(s), H(s) quantities in Eq. 7).

For all six types of magnets, Fig. 14, the value of the dipal@ponentB,(p) ensures momentum-independent orbit arc geometry in t
magnet, it derives from the geometry of the OCO [44, App. Bffollows.

The straight magnetic lengths in A- (or C- )and B-type magree respectively 94 inches (2.3876 m) and 79 inches (2.60)66I'he
corresponding arc lengths are 94.0030604 inches (2.387$@8d 79.0018181 inches (2.006646 m), respectively [44, Af. The bending
angle values are given in Tab. 2, col. 4.

The overall arc length from Zgoubi ray-tracing, col. 3 in Tapresults in a bending radius bf

[72 x 2.387678 + 72 x 2.387677 4 48 x 2.006646 + 48 x 2.006595 | / 27 = 85.380440 9

72 long F 72 long D 48 short F 48 short D

Arc lengths as obtained from ray-tracing in Zgoubi modelgiven in Tab. 2, col. 3, in very good accord with Refs [43, 44, 4
The quadrupole strengths K1AD, -AF, -BD, -BF, -CD, -CF aravan from momentum-dependent polynomials of the form [45]

K1(p) =q-2/P* +q-1/p+ o+ @ X P+ a2 XP* + a3 X p° +qa X p* + 5 x p° +¢6 x p° (10)
Similarly, for the residual K2 sextupole strength serie\R2 -AF, -BD, -BF, -CD, -CF,
K2(p) = s_3/p° + s_2/p* + s_2/p+ so+ 51 X p+ 82 x p> + 53 x p* + 54 x p* + 55 x p° + 56 x p° (11)

We dispose of two series of coefficients for these K1(p) an(pKgolynomials. A first one is that currently in use in the MAidel of
the AGS and has its origin as described in [45]. The seconésskas been derived, as part of the AGS Zgoubi model develofayfrom the
measured field maps of the main dipole [49] (App. B.3.2), lsathies provide very similar strengths (see Fig. 27).

Note that translators from MADS to Zgoubi, and from MADX to @gpi, written in Fortran, are available [50]. These polynashave
been installed in both translators at an early stage of teselopments, and allowed straightforward comparisohsdsn the two codes.
However such comparisons can be done using AgsModelViewathvallows for either one of the two engines, Zgoubi or MADX.

Table 2: AGS main magnet parameters. Cols. 2, 3, 4 : arc Isrigim [44] and from Zgoubi ray-tracing, bend angle, for tixe s
different magnet types. Col. 5: magnet alignment in Zgowsatisfy OCO and first order mapping requisites ; values i,
yo Value in Fig. 3 and App.ll] in col. 6 are for comparison. Col.arbit off-centering in the ’shifted-quadrupole’ modebgdm
from OPERA field maps. Cols. 8, 9 : typical quadrupole andugete strengths (here, values By = 7.20517 T.m).

Arc length Az Az Sample values
Arc length from ‘centered-multipole’ model 'shifted- takenGy = 4.5
from Zgoubi 0 From ray- From multipole’ —_——
Ref. [44] ray-tracing tracing) [44, Tab. 1] model K Ko
(m) (m) (mrad) (cm) (cm) 02m=2) (103m—3)
BF 2.006646 2.006647 23.5023 -0.3942 0.3929 23.17 4.848 565.0
CD  2.387678 2.387677  27.96503 -0.5539 0.5565 -24.07 -4.866  4.378
AF 2.387678 2.387679  27.96503 -0.5589 0.5565 23.00 4.868 3624.
BD  2.006646 2.006595 23.5023 -0.3917 0.3929 -23.93 -4.844 .0025
CF 2.387678 2.387679  27.96503 -0.5589 0.5565 23.00 4.873 4234,
AD  2.387678 2.387677  27.96503 -0.5539 0.5565 -24.07 -4.863  4.305

Finally, AGSMM (and MULTIPOL as well) model in Zgoubi allowthe simulation of perturbative effects of all sorts as langt field
defects, misalignements, high order multipoles.

Centered multipole —  This model assumes the superimposition of independentedigoadrupole and sextupole field components (Eq.
all with a common multipole axis.

The dipole field component for the six different types of dgsds determined from the geometry of the OCO as describedeakhe field
strengths K1, K2 are computed using Egs. 10, 11.

In addition, all six magnet types have to be slightly shiftegda small amounf\z, column 5 in Tab. 2, determined by ray-tracing, in orde
to cause their transfer matrices as of Zgoubi to identiffnZWtAD ones. Satisfyingly, that amount happens to be praltyi@entical with the
yo shift in Bleser’s Fig. 3, value given in Appendix Il, Ref. [4dnd reproduced for comparison in the present Tab. 2, col.6.

This model yields very good agreement with MADX, at all tig#, see for instance tune scan in Fig. 20 and detaifsyat= 45.5 in
Tab. 3, cols.2, 3.

1This result is reasonable, considering earlier publistatd da bending radius of 3361.4503 inches, 85.380838 m, érmat with the 94.0030604 in. and 79.0018181 in.
arc lengths of [44, App. IV] (a 0.4 mm difference with Eq. 9). &dius of 85.380840 m is quoted, later, in [46, 47, page 2]qungths taken from [44], stating in addition
"This value should be consistent with other calculationaliout 0.5 millimeters’.




B MODEL OF THE AGS IN ZGOUBI 21

Off-centered multipole —  This model assumes the dipole componBgtto be due to the OCO being positioned atawhhocdistance
Axog from the axis in a quadrupolar field, as sketched in Fig. 1&aig,

By = BlAl'Oﬁ'/R + B2(AZEOH)2/R2

Multipole shiftsAzog in Tab. 2, column 7, have been determined from pole profilergetry, taken from the OPERA model of the dipoles

Pole shape,

AD-type AGS magnet

T T T T H
1 Pole proflle Vo
Flt (x-a)ty ---- - :
Vert. try plang------: 7
vvvvvvvv"vv Bleser OCO
Zgoubi OCO --
............... Zg.oubJ bﬂam %

0 -5 -10 ~-15 -23
x (cm)

Rl

Figure 16: Pole profile in the OPERA model of AGS BD- and AD-
X type dipole.

-~
e
~

Pole shape, AF-type AGS magnet

T 1 T T T

OCO line

. T T
I Pole profile v

Fit, V = (x-a)*y

Vert. symmetry plane

cm)
[\JO[\)»&O‘\
T

Figure 15: Off-centering of the beam (on the OCO I|ne) N S S
in the off-centered multipole model. ,4 i

Figure 17: Pole profile in the OPERA model of AGS BF- and AFetyp
dipole.

(Fig. 16, 17) : the virtual multipole axis is obtained by ntahg the profile by a potential of the form
Va(z,y) = (z — Azos) y (12)

(neglecting the sextupole component, of little effect).eTdrigin of the referential fol/ (z, y) is taken at Bleser’s 'socket line = 0 in
figs. 16, 17. This yields, from Zgoubi closed orbit to BlesédCO [44, 43], a residual -0.31 mm (outward) in long D-typeotes (fig. 16),
-1.45 mm outward in long F-type dipoles (fig. 17). The diffege in Azog between long and short F-type (resp. D-type) is 1.77 mi
(resp. 1.42 mm), close enough to Bleser’s value of 1.63 mnbdtin. Ring parameters resulting from the off-centered ipoik model are
shown in Tab. 3, column 4. The beam in the AGS is circulatingnterclockwise, dispersion is negativegxis is oriented toward ring center,
to the left in Figs. 16, 17). The super-period geometry isgaied in Fig. 19.

In that process of finding the offsé&tz o that yield the expected orbit deviation in each one of thep@s$yof main magnets, tH€1 index
is also adjusted, to ensure transport matrices identicdledVIAD model ones. Eventually, a difference with MAD, rigiddependent, is
observed in the tune values, for instacg, ~ 0.03, 6Q), ~ 0.06 atGy = 45.5, Tab. 3, col. 4, this is still to be understood.

In this model in its present state a small residual orbitfis(lecould be better cancelled with residual adjustment\afog values), it is
displayed in Fig. 18.

Finally, this 'off-centered’ model has not been exploitgdto now, preference has been given to the 'centered’ oneagsaes with MAD
data and this was deemed useful in a preliminary approadietd&S. Exploring the former, which is based on a better mofitie AGS
main magnet, remains to be undertaken.

B.2.2 AGSMM

The procedure AGSMM in Zgoubi has been derived from MULTIP©Ispecifically simulate the AGS main magnet. It uses the Jaatte
model, App. B.2, p. 19, and takes its magnetic field and irdi€é(p) (quadrupole),K2(p) (sextupole), from built-in transfer functions
K1-AD, -AF, -BD, -BF, -CD, -CF and K2-AD, -AF, -BD, -BF, -CD,CF (Egs. 10, 11). Fields and indices are therefasepart of the input
data in AGSMM, Tab. 4, by contrast with MULTIPOL. Neither tsetlength, since it is known for each one of the six types obléip, each
one is identified in zgoubi.dat by the label that follows tleg\kord AGSMM ('AO1BF’ in the present case). The completectiure of the
AGSMM data list in zgoubi.dat is shown in Tab. 4.
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Table 3: AGS parameters in the two multipole models, cedtécel.3) and off-
centered (col.4), bare lattice, no snakésy = 45.5, hard-edged magnets. Data
from the MADX model are shown for comparison (col. 2). Orhiteoptical func-
tions (last 4 rows) are taken at entrance of AO1BF. Note théte centered model the
orbit is quasi-zero, whereas the residual orbit in the efftered model isz 1 mm
peak-to-peak (Fig. 18).

MAD Zgoubi
centered off-centered
multipole multipole

Orbit length (m) 807.0913 807.0913 807.0894

Qx 8.68727 [8].68747 [8].65178

Qy 8.73440 [8].73463 [8].67572

Q'x -23.28 -23.27 -23.44

Qy 3.935 3.935 4.307

o 0.01408 0.01408 0.01419

Periodic functions at '‘Begin SuperA’ :

Zeo, Tl (MM, mrad) 0,0 ~0,0 0.43, 0.06

Ba, By (M) 19.77,11.77 19.77,11.77 19.86,11.86

Oy, Qy -1.57,1.03 -1.57,1.03 -1.57, 1.03

D,, D! (m,rad) -2.06,-0.147 -2.05,-0.147 -2.09,-0.147
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Ei 18: Residuak 1 k-to-peak orbit i thé:igure.1_9: An AGS super—_peri_od in Zgoubi, in thg off—centémultipole_model.
ure esicu mm peax-to-peak orbit In The origin of the super-period is at (0,0) on Zgoubi OCO lifke beam circulates

off-centered multipole model. ,
counter-clockwise.

AGSMM by default uses the centered multipole model, howevewitch might be introduced if desired, so to allow changmghe
off-centered multipole model.

The optics of the 'bare AGS’ (the AGS with the sole main maghean be compared to the MADX model, it comes out very gool
at all rigidities, as displayed in Fig. 20. Further compamis with the bare model in zgoubi and parameterization ofAGS tunes and

gqéognap?ms@ ¢apyke foreseen, based on [47].

Measured field maps (see App. B.3) have allowed producingfiefdifall-offs in Enge model (Eg. 8). These fringe fields ¢snaccounted
for in both AGSMM and MULTIPOL based main magnet models. Thal@ation of their impact on beam and spin dynamics has ner be
especially investigated, so far.

B.2.4 Tracking accuracy

To conclude with AGSMM and MULTIPOL models in the AGS latti¢ke figures below display sample phase space and spinrigpoker
an acceleration cycle from 9 to 32 GeV (above 8.5 GeV, so tidaye gymnastics for simplicity), at a rate of 150 keV/turn, for aricle
launched withe, ~ ¢, ~ 0.2 pm normalized, using an integration step sixe = 1 cm (in Eq. 2 for motion, Eq. 5 for spin - p. 18). It can be
checked that the damping does sati§fy: = C'*, whereas spin resonance crossings, in a row, do fl#fillP; = 2 exp(—nez /2a) — 1 (e is
the resonance strength and can be computed from thin lenslnaedails and values can be found in [3]is the crossing speed).
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Table 4: Structure of AGSMM data list in zgoubi.dat. Line fBlow allows introducing defects on length, figld
or field indices, with respect to the transfer functions (Bds 11). Line (2) accounts for the existence of backleg
windings (1 or 2), as occurs in some of the AGS main magnetsf@aneach winding, its number of turns and
intensity. Line (9) allows various misalignments, it candeenbined with roll angles of any of the 3 multipoles,
line (7). For the rest, AGSMM data are as for MULTIPOL [28].

AGSMM AO01BF

0.0.0.0.0. ! (1) dL/L, gap, db/b, dK1/K1, dK2/K2,
2100.10. ! (2) Number of back-leg windings, N, I, N, I,
10.04.00.80.0.0.0.0.0.0.0. I (3) Entrance fringe fieleeakt

30.26242 4.10587 -1.03861 0. 0. 0. 0. ! (4) Enge coefficients
10.04.00.80.0.0.0.0.0.0.0. I (5) Exit fringe field extent

30.26242 4.10587 -1.03861 0. 0. 0. 0. ! (6) Enge coefficients

0.0.0. I (7) Roll angle of multipoles

2.0 Dip MM_AO01BF I (8) Integration step size

40.0.0.0.0. I (9) Misalignment: X-shft, Y-shft, Z-rot, 2%, Y-rot

ZGOUBI MODEL, FROM SNAP RAMPS - Au, 10 June 2011, 10:45
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Figure 20: Tunes over AGS cycle from Zgoubi, compared withDDXAones, a case of Gold ion optics
settings taken from archived AGS snapramp data (2011).
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B.3 AGS main magnet from measured field maps

We dispose of two series of measured field maps, half the magrggh (Fig. 23), vertical field component in the mediamglgor respectively
the A- and C-type magnets, 13 currents each, rangirlg in 5850 Amperes. A B-type series is derived from the A-type one by shantg
the central region of the field map. Reverse focusing forra#té seriescf. Fig. 14, is obtained by x-flipping the field data. A completepma
is obtained by(z, z) vertical plane symmetry.

B.3.1 New, interpolated field maps

The mesh size in all these mapsiis = 0.1 inch transverse and, longitudinallsz = 0.25 inch in highd B/dz regions, 1 inch in flat field
regions (end and body). However Zgoubi prefers uniform mssthese maps have been converted to new sets with idembidaldistances
over the all mesh, namelAz = 0.1 inch, Az = 0.25 inch. From a practical point of view, the old mesh geometry b@en maintained in
the new field maps, and the missing nodes have been added.

The field at all nodes, existing and new, in the new maps, has inéerpolated using a second degree polynomial &ne &interpolation
grid, thus ensuring a smoothing of the measured data, widek dot cause noticeable change at the old nodes while egsusmoothing
which is favorable to long-term tracking accuracy. Foramse in the case of the 3550 Amp, A-type field map, during tl@eepolation
processes, the maximum difference in field value betweemlth@odes and their new counterparts was found to be lessQtTaGauss.
General results so obtained over the 30 measured field majalde are shown in Fig. 24. As an illustration an AGS D/H isaleconstructed
and yields the field in Fig. 25.

Some residual oscillation of the data is visible at magndseamplified by: = 5 cm off-mid plane extrapolation, in Fig. 26 (very low-
field region, a marginal contribution to overall deviatiokllow much that affects the large amplitude particle and dgiramics, and whether
additional smoothing would be useful or not at field fallspfthis still remains to be investigated. Anyway stablekitag over thousands
of turns is obtained using these maps as they are (see FigA3@eat advantage of these measured field maps is that tbeidpra very
realistic model, in particular for the computation of pashxjuantities as orbit, spifiy vector, tunes, chromaticities, as this is a matter c
1-turn mapping.

AGS field map model is installed in ZgoubiFromSnaprampCiingtjll has to be exploited.

A\ d
B (&) New mesh, 0.1, 02572 i ' T AT — ]
% - F Max.|Bap-Bnterp|(Ggiiss) m H
| 1F B a s © EESg g 7
| b, . B
C L0 8 - e N o ]
-2000
2010
s(cm) 205, 8
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Figure 23: Typical measured field map data. Coordinate $igi{o Figure 24: Average relative difference, and maximum défere
tudinal, x is transverse horizontal. in Gauss, over all mesh nodes, over the 30 available field maps
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Figure 25: Typical field along the OCO in a D/F map doublet, Gjgire 26: Vertical field along an arc parallel to the OCO, 5 cm
distance to the socket line. off median plane, as obtained by extrapolation from the pighe

data.

B.3.2 K1 and K2 polynomials

These field maps have been used to determine, based on Zggubiacing, the quadrupole strengthsl(7) and sextupole strengths
K2(TI) [49], see results foiK1(T) displayed in Figs. 27, together with polynomials as foundeiference [45], for reference (similar, close
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polynomial coefficients, are obtained féf2(7)). The correspondence between magnet curgrdnd reference momentumin the ring,

4.88 = s T A p— “
- ilv\ ~
4871 F o X D T R S
o L= \ x_
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(@] X \
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4.83 1 N
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Figure 27: K, versus current in (top) A- and (bottom) C-type magnets.Soles
are the strengths from Ref. [45], dashed lines are datar@gtdiom Zgoubi ray-
tracing, the difference is marginal. Similarly, close paynials are obtained for
Ko (I).

can also be found in Ref. [46], thus allowing matchiiid (p) and K2(p) with polynomials of Egs. 10, 11. Differences observed betwihe
original K'1(p) and K2(p) series and those obtained from Zgoubi ray-tracing [11, TRbhsB2 in App. B] are marginal.

B.3.3 Fringe field coefficients

AGSMM and MULTIPOL support fringe fields, based on Enge mdéej. 8). Enge Coefficients have been drawn from the measuelked fi
maps, as follows.

The effective field boundaries in the AGS main magnets ai@éat?2 inches from the iron end, outward, following Bleség, E2 [44, 43],
resulting in effective lengths of 90+4 inches, long dipddeand C types, Fig. 14), and 75+4 inches, short dipole (B typd&e zero of the
%—magnet measured field maps coincides with the iron edge.

The fringe field study reported here is for the b3550.mpajitynagnet field map, current 3550 Amp, other field maps ane@ctsrido
not differ significantly, so far as low order optics is corn.

%g?%i,!ﬁ%“’p Field fall-off v.s. distance (m

Figure 28: Field fall-off from b3550.mpa measured field msgu@res) and its interpolation with the Enge
exponential model (solid line). The EFB (vertical line) adivkred by the matching falls 2.13 inches from
the origin of the field map (which is at the ion), in good acceith Bleser's 2” (Fig. 12).
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Based on the definition of the EFB, namely,

/EFBG(s)ds:/B ds—/B G(s)ds = dEFB_dB—/Bg(S)dS

A EFB EFB A
and computingf:‘B G(s) ds numerically from field map data, one gets the distance
dgrp = —5.40cm = —2.13 inches (13)

from the EFB to the origin in the map frame, very close to Biss2inches from the iron to the EFB (Figs. 12, 13, p. 19).
The figure shows the interpolation of the fall-off from b35%@a field map with Enge exponential model limited here tegtooefficients,

Cp = 0.26242,C = 4.10587,Cy = —1.03861 (14)

Comparisons of the AGS model using field maps or using AGSMI thiese thre€’y — C5 remain to be undertaken.

B.3.4 Tracking in field maps, thousands of turns

Sample multiturn tracking results are shown in Figs. 29, Be stability limit in these transverse phase spaces steans [imited field
map size (over-extrapolation of field values out of the mapis clear however that the field map extent is large enoughetareasonable
tracking quality, over a few 1000 turns range, far beyondibeacupation region. These tracking samples also showlikaddcuracy on
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Figure 29: Numerical stability limits, horizontal (top) Gwvertical
phase space (bottom).

motion computation using measured field maps is reasonablgyh to yield first order machine parameters, chromat&itSpin motion and
resonance effects also are within reach using measureahfagd, Fig. 30, as crossing ofay =integer orGy £ v, =integer resonance takes
3 ~ 4 thousand turns.

B.4 AGS main magnet from OPERA field maps
3-D OPERA field maps of the AGS main magnets are available [Bi¢y have been archived at

/rap/lattice_tools/zgoubi/AgsZ goubiM odel /mainMagnet Field M aps/

Their handling is as discussed in the previous case of meddietd maps, App. B.3.

A better motion computation accuracy ('symplecticity’)eispected as the mesh is tighter, and field is smooth by cantrdsmeasured
maps. OPERA maps should allow beam and polarization trangpough the entire acceleration cycle, about 150000stufts a matter of
fact,

- cold and warm snake 3-D OPERA maps are routinely used in &8 fodel, and in studies requiring full cycle, 150000 tumga-
tions [11],

- it has been shown in various other occasions that computtetirfiaps do give access to accurate long-term tracking, ieveighly
non-linear context, as tens of thousand of turns in FFAG reegusing 3-D OPERA maps [52, 53].
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B.5 AGSQUAD

The procedure AGSQUAD in Zgoubi has been derived from MUIOIPto specifically simulate the AGS quadrupoles, and in paldir
multiple windings with independent power supplies, up te¢h It uses the potential model(s, z,y), Eq. 7, p. 19. Whereas MULTIPOL
requires fields at pole tip, AGSQUAD requires winding cutgsenThe field is computed from the ampere-turns in the coilsgusansfer
functions that have been copied from the MADX model softwamd have their origin in reference [45]. The multipole wimgliprocedure
allows overlapping of quadrupole families. As an illustat this is the case of the double-winding quadrupole BIB, Tab. 5, which
belongs in both the tuning quadrupole family and the colksmmampensation quadrupoles family.

Table 5: Structure of AGSQUAD data list in zgoubi.dat. 8B3 is an instance of a multiple-winding quadrupale,
two in its case, with current values 11=-296 Amp, 12=9.1189mp, row 3 in the list.

AGSQUAD QPBO03 I'label

0 .Quad

39.088 10. -296. 9.1187916 0. 0.0 0.0 0.0 ! length, bore gsadlly 12, 13, d11/11, dI2/12, dI3/13
0.0.0.0.0.0.0.0.0.0.0. ! hard edge entrance

6.1122 6.2671 -1.4982 3.5882 -2.1209 1.723 ! entrance Bogficents (unused, here)
0.0.0.0.0.0.0.0.0.0.0. ! hard edge exit

6.11226.2671 -1.4982 3.5882 -2.1209 1.723 ! exit Enge @iefiis (unused)
0.0.0.0.0.0.0.0.0.0.

#1010/10 Quad QPB03 I number of steps in in-fringlkody out-fringe
10.0.0.

B.6 Helical shakes

The two AGS helical snakes are simulated using their 3-D Q®&#td map.

The OCO at the snake requires two considerations : firstlyastto be moved during acceleration so that the helicalctiaje across
the snake be maintained centered on the snake axis ; sectmalyrbit defect that snakes introduce has to be corredteceal life, it is
only corrected for the cold snake (the warm snake is weakég)vever, in most simulations so far it has been considersitat#e to work
with zero orbit around the ring (but for the two local snakenips), for that reason the orbit effect of the two snakes iy tdmpensated,
locally, Fig. 31. On the other hand, from the point of viewea$ manipulation of the model, and in order to allow flexiyilin optics
and polarization studies, it is desirable that this lochitdsump and residual orbit correction do not encompassrhkescompensation and
other tuning quadrupoles which are located close upstreahdawnstream of the helix. Doing so presents the advantegeatchange in
guadrupole settings will not affect the orbit bumps. Howevrick is used instead of introducing strong local bumpptép at snake ends (this
would noticeably affect the time-of-flight as well as spintian), namely, (i) the snake field map is moved horizontallying acceleration,
by an amount which is momentum dependent and ensures thexriognf the helix on the snake axis, (ii) the remaining, $nuabit defect
is corrected locally using weak correctors located righstrgam and downstream of the snake. Being weak, these aésidhit corrections
have negligible effect on orbit length (revolution freqag)) and on spin motion.
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Figure 31: Zero x and y closed orbits around the AGS ring wittal orbit bumps at
the cold (left) and warm (right) snakes (including a very Bnyat non-zero y-bump),

in the standard AGS Zgoubi model. Here atinjecti@n, = 4.5. The bumps decrease
to less than 2 mm at extractio@@;y = 45.5 (snakes operate at constant field).
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B.7 Symplecticity tests

Long-term tracking is required in assessing depolarizifepes in AGS, involving large motion invariants, ¢,. On the other hand, Zgoubi
does not use any simplectization method, accuracy of ngaleritegration is controlled essentially via step sizej passibly Taylor series
extents in&, @, S in the integrator (App. A). This imposes keeping an eye ongguoiicity of motion - and spin - tracking.
A model of the AGS obtained from 10 June 2011 ppmUserl snapséms been built for that, using ZgoubiFromSnaprampCnakesn
and skew sextupoles are off, chromaticity sextupoles ardba centered-multipole model (App. B.2.1, p. 20) is useithie model.
General parameters of the ring, from Zgoubi with snap rantings, are as follows ;

circumference (m) 807.0909
transitiony 8.472
tunes x, y 8.721, 8.785
chromaticities x, y -14.8,-2.16

A 150000 turns acceleration cycle is performed, at adate= 150 kV/turn, starting from 9 GeV (so to avoid transition-gamnpeics region,
not relevant in the present study) to 31.807 GeV. The intemratep size i\s ~ 1 cm in all optical elements. The tracking is realized for
paraxial rays, starting invariants, e, ~ a fewl0~8rm.rad. Results are shown in figure 32 and Tab. 6. The agredmeéméen numerical
and expected damping is within 1%) - regardless of poss#nel]) effects as non-linear coupling, sextupole fieldssThan indication of
appropriate quasi-symplectic behavior of the integraitiotme present numerical conditions.
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Figure 32: Left column : damped horizontal (top) and vett{t®ttom) particle excursions over
a 144500 turn acceleration cycle with theoretical envedop®) x +/po/p superimposed (blue
curves) for comparison. Right column : the related horiab(tbp) and vertical (bottom) phase
spaces, showing damped particle motion.
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Figure 33: Evolution of the spin components as a functionnefrgy (), for starting§ = §y, from 9 GeV to 31.807 GeV. From left to
right : S; (longitudonal),S, (transverse horizontal);, (vertical).
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Table 6: Damping results, after 90530 and 144500 AGS turgh 8,/¢, (rwo 5)
ande,, /¢, (row 7) appear to closely satisfyp damping (row 3). Note that the lattice
is non-linear (main contributions : lattice sextupoles &vdak) K, component in
main magnets), which may contribute to the observed deywgitbm conservation of
normalized concentration ellipse surface, to be detertchine

turn # 1 90530 144500
kinetic E (GeV) 9 m(45.5-1)/G  31.807
Bp/Bp, 1 2.445 3.308
rms €, (10~87 m.rad) 8.431 3.429 2.528
€20/ €x 1 2.459 3.335
TMS €, (107 m.rad) 8.908 3.614 2.661
€yo/€y 1 2.465 3.348

Spin behavior is shown in Fig. 33. The departuré $f + 52 + 52) from 1 over the 144500 turns is below computer precision.

These results indicate that, with careful installation gbﬂbl input data it is possible to realize full acceleratibroughout AGS cycle
with satisfactory tracking accuracy of both motion and sfinis example does not include the snakes in AGS latticeghliemextensive tests
and tracking simulations have been performed [11, Sectibri 4] [34] which assessed the accuracy of the trackingaegnce of the snakes,
and showed convenient Courant invariant behavior over teten@~ : 4.5 — 45.5 AGS acceleration cycle.

C From AGS snapramps to Zgoubi to the AGS model : functionning of ZgoubiFrom-
SnaprampCmd

This appendix comments on the functioning of ZgoubiFronpBampCmd command.

There are two possible ways to specify the input data to ZifwsamSnaprampCmd,
- either via an input file, a specimen is given in App. D.1,
- or via arguments in a similar way to MadxFromSnaprampCnigkyTare listed in App. D.2.

Input data files to Zgoubi (zgoubi.dat in the following) fomadel of the AGS at one or more arbitrary timings are createchfan
AGS snapramp (of which the address is part of the input daZgéabiFromSnaprampCmd),e., a set of files (Fig. 34), records of the time
dependence (Fig. 35) of all magnet power supplies over th8 g¢gle. Conversion from snapramps to magnet fields in zgdaibis taken
care of by the 'conversion’ procedure, a translation to faorof MadxFromSnaprampCmd one [24]. ZgoubiFromSnaprantp@roduces
one zgoubi.dat input data file to Zgoubi per timing 'tttt’ cheone saved in a dedicated folder model.tttt.zgoubi (Fy. 3

Once zgoubi.dat is available, ZgoubiFromSnaprampCmditansl produces a MADX-style twiss file for each timing, zgoulkVISS.out,
with the very format of MADX one (App. D.4, p. 35). These twiiles are all stored in a single twiss folder (Figs. 36, 37)adfition to
these, the machinery produces various other files stordwimbdel.tttt.zgoubi folders, including

- TWISS. bruteFromSnapramp.res, an early result of Zgoubi exetutio

- fitTunesCmd.res : in case a tune match has been requesteai{a$ ZgoubiFromSnaprampCmd input data), it containstreespond-
ing results - this is the case that produced Fig. 2, p. 8, a N&SB.res is produced in that case,

- 'track.dat’ : allows 6-D bunch tracking at the particulaieegy corresponding to timing=tttt. Note that it also alspwvith little modifi-
cations, to accelerate a 6-D bunch from and to arbitraryniis

- various plots (as in Fig. 38).
and some other subproducts of the run. These various outcareeaimed at investigating beam optics and polarizatioramaycs in close
relationship with experimental data taking.

C.1 Magnet models

Three different models are available for the AGS main magaey can be chosen for the AGS model, that is part of the inptd tb
ZgoubiFromSnaprampCmd.
These are (App. B.2.2, p. 21)
(i) AGSMM,
(i) MULTIPOL,
both in either the centered- or off-centered multipole ni¢dpp. B.2.1, p. 20),
(iii) field maps,
- either measured (App. B.3, p. 24)
- or from OPERA simulations (App. B.4, p. 26).
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Figure 35: A plot of the content of horizontal quadrupole ilgmower supply file ("Htunel’ file

in the snapramp folder, Fig. 34) (three variants of the degasaved : 'set’, 'cur’ and 'ref’. 'cur’ is
a measurement of the magnet current, it is the one used bybgromSnaprampCmd, it provides
data at millisecond intervals).

47goubiFromsnaprampcnd . d

Figure 37: The content of a twiss folder, namely, a series ADM

Figure  36: . A_ specimen ZgoublFromSnaprampCmgltyle twiss files, one per timing (sample in App. D.4), simita
model.tttt.zgoubi series, and twiss folder outcome. The- COMadxFromsnapramp command outcome

tent of a model.tttt.zgoubi folder is displayed in Fig. 38.
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Figure 38: The content of a model.tttt.zgoubi folder. Thiaraple is archived at
/rap/lattice_tools/zgoubi/AgsZ goubiM odel | Ags Z goubi M odel _examples /| AGSOptics/ Example_2015 — 05 — 17.
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Other magnets found in AGS lattice are

- quadrupoles, simulated using AGSQUAD (App. B.5, p. 27),

- sextupoles, simulated using MULTIPOL,

- partial snakes, simulated using their 3-D field maps and@®grocedure (App. B.6, p. 27),
- tune jump quadrupoles, simulated using MULTIPOL.

Correctors are not included in the standard model. Shotlid erors be included, orbit correctors could use MULTIPOL

C.2 Power supply settings

The scaling of these magnets to follow the snapramp powegxgtime evolution is obtained using SCALING (p. 11), a conrmdapparent
in the top region of zgoubi.dat and other TWISS.res files imtloglel.tttt.zgoubi folders (App. D.3). SCALING controls

- the orbit and focusing snake compensation quadrupoles,

- the jump quadrupoles,

- the F and D quadrupole families,

- the G10 and H10 extraction bumps (these are set for instabtiening=1077 ms in Fig. 3, p. 9),

- the~,,-quads,

-dK, p/K;y r anddK, p/ K1 p errors,
and so forth. Main magnefs; (p) and K> (p) indices are determined by the reference momentum (App2Bp221).

App. D.3 gives excerpts of AGS sequence model in Zgoubi, thighelements above and their data list.

C.3 Matching to measured tunes and/or chromaticities

A possible request to ZgoubiFromSnaprampCmd is the magabiirthe tunes to external data.§., measured). Perturbationds; /K,
anddK, /K, are part of SCALING data list (App. D.3) and are used as thechiiag variables. There is a similar possibilities regagdin
chromaticities, usingK, » /Ky p anddK, p /K2 p Which are also part of SCALING data list.

The accuracy of the agreement between for instance measitbd one hand and AGS model tunes on the other hand (or cticgieg)
is controlled via the value of a ’penalty’ in Zgoubi’s fittiggocedure, in the example of Fig. 2 the penalty has been tati, 3 x 1077,
at all timings, so to yield margin&@l)measured — @moder ). dK1F/K1F and dK1D/K1D relative changes necessary to getlggreement are
usually within+10~3 of the unperturbed K1F, K1D values, at all timings, as it is ¢Ase in the example of Fig. 2. Such matching over abo
100 timings covering the AGS cycle, in that example, taketheforder of a minute, total, to complete - quite compatibithwperation
timescales (CPU time consumption is discussed in Sec. 3.5).
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D /O files to/from ZgoubiFromSnaprampCmd
D.1 ZgoubiFromSnaprampCmd.in

ZgoubiFromSnaprampCmd.in, input data file to ZgoubiFroagampCmd. This is taken from the archived example

/rap/lattice_tools/zgoubi/AgsZ goubiM odel | Ags Z goubi M odel _examples/AGSOptics/ Example_2015 — 05 — 17

# In this file :

# - Any line starting with '# is a comment, ignored by the prog ram.

# - The program looks for occurences of some '[KEY_STRING]. If any expected 'KEY_STRING' is missing

# the program - in principle - takes default actions.

# If an expected '[KEY_STRING]' is found, any non-commented line is expected to be part of the expected arguments to that K EY_STRING. Any mis-match
# will most probably jeopardize the execusion, e.g. some arg uments missing.

# Some basic guidance :

# - If [TEMPLATE DATA FILE] is not found in here, then thentemp lateZgoubi4ZgoubiFromSnaprampCmd.dat is takne from libr ary,
# Irapl/lattice_tools/zgoubi/AgsZgoubiModel/templateZ goubi4ZgoubiFromSnaprampCmd_library/ppmUser4_pp, wit h the following rul
# - either the ion species can be determined from snapramp dat a, then library is known: either ppmUser4_pp or ppmUserl
# - otherwise, thentemplateZgoubi4ZgoubiFromSnaprampCm d.dat will be taken from pp library i.e. ppmUser4_pp

# - Timing list, under [TIMINGS], can be either of the form : 10 0 1200 50, or ‘file timingFile’ with

# timingFile containing a list of timings (at list 1 column, f irst column is timing list, in milliseconds).

# - In order to account for the G09-H11 extraction bump in the A GS,

# set 'bump switch’ to 2, and the following line ’look for c.o. ' switch to 1.

#

T,

[SYSTEM CALLS] #it# Executed first

# Link to snake and main magnet field map folders

system  In -sf /rap/lattice_tools/zgoubi/AgsZgoubiModel /snakeFieldMaps/TOSC3D/ .

# Next line is because ~, used in [J/zgoubi/beamat.f, is /hom elhere/fmeot on acnlin4f instead of /home/owl/fmeot

system In -sf /home/owl/fmeot/zgoubi/current/coupling/ ETparam “/zgoubi/current/coupling/

# save possible previous run

system mkdir -p save_model

system chmod 775 save_model

system rm -rf save_model/ *

system mv -f model_ * save_model

system mv -f twiss save_model

S,

[SNAP RAMP DIRECTORY] ### Has to be of either _cur or _ref type .

loperations/app_store/RunData/run_fy15/fullRun/Ags/ Snapramp/15Mar08/ppmUser4/15Mar08-0854_fgm_U4cur/

#i##HH#  ppmUserd @ will take latest snapramp

#

### Below : address of the template zgoubi.dat file

### If none is given, then ZgoubiFromSnapramp will take defa ult file from

# [rapl/lattice_tools/zgoubi/AgsZgoubiMc late. goubi4ZgoubiFromSnaprampCmd_library/ppmUserl/, or fro m

# same/ppmUser4_pp/, with ppmUserl or ppmUser4_pp choice d etermined from particle type depending on snapramp.

### All subsequent zgoubi.dat files needed by ZgoubiFromSn aprampCmd will be built using that template.

# [TEMPLATE DATA FILE]

# [cfs/z/rapl/lattice_tools/zgoubi/AgsZgoubiModel/tem plateZgoubi4ZgoubiFromSnaprampCmd_library/ppmUserl/ templateZgoubi4ZgoubiFromSnaprampCmd.dat
S,

[TIMINGS]

file ./tuneScan

# 1077 1077 10 ## (i) either all integers : initial timing, fin al, step

# file ./2015_Jan_07_14:43:35/tuneScan  ## (i) or ‘'file fi leName’ with 'fileName’ containing at least a first column w ith timngs in sequence.

#

[GNUPLOT OPTICS TABLE]
1 ### 0/1 : plot content of ./twiss/ namely, gnuplot < [..]Jtw iss/plot_OpticsTable.cmd

#

# Information below,

# First line :

# modMM : 0/1/2 ags main magnet model -> as is / AGSMM 2 MULT / TOS CA field maps ;
# MOD2 : 0/1/2/3 -> as is, centered, long-shifted, short-shi ftd ; |

# CH : 1/2 -> Bleser's or Dutheil's | to p conversion coefficie nts

# Line 2 :

# bump switch (0/1/2/3) : off / H10 / G9-H11, nrmal (2 PS) / G9-H 11, closed (12 PS).
# Note : if switch .ge.0, then you may want next line to start wi th 1.

# Line 3 :

# 0 or1:1->look for c.o. (geometrical, chromatic...)

# optional 0 or 1 : request dp/p (steering command : -.315d-3 p er Volt) ;

# dp/lp / dR value (=1/ alfa *R 7 1/128.45 +.014 ~ 1/1.8 ~ 0.556e-3/mm), for possible snapramp’s radius to dpp conversion - both effects add up

#

[AGS MODEL DATA]

0 01 ### modMM : 0/1/2 ; MOD2 : 0/1/2/3 ; ICH : 1/2

0 ### bump switch : 0 (off) / 1 (normal, 2 PS) / 2 (closed, 12 PS)

0 0.d0 0.556e-3 #i### 0/1 (closed orbit search) ; dp/p ; (dp/p / d R) value

11 ### quad model : 1/2 for AGSQUAD/MULTIPOLE. [Jump quads ac tive : 1/0 for yes/no - default = 0]

### db0 values for the 6 MM types - WARNING : in this case, may ne ed to cancel with SCALING[AGSMM[-1 3 13 0. 14 0. 15 0]]

0. 0. 0. 0. 0. O

### dbl values for the 6 MM types

1 1. 1 1 1 .

### db2 values for the 6 MM types

1. 1. 1. 1. 1. 1.

1 ### (0/1) : compute optical functions (delivered in zgoubi. TWISS.out) assuming coupled formalism (no/yes = 0/1)

#

[FIT TUNES] ## Create file fiTunes.dat in each model_xxxx.z goubi directory. Then run it w/ tunes constrained to tabble b elow.

11-11 ! Generate fitTunes.dat (0/1), run it (0/1) up<->down (1/-1), gnuplot (0/1)
'FIT2
2 nofinal ! will not perform run with fitted variables

4 5 0 [5

1, 5.e-1] I in SCALING, vary dk1/kl of +F type main magnets

4 12 0 [ 1, 5.e-1] I in SCALING, vary dk1/kl of +*D type main magnets

2 3.0000E-7 1000 ! # constraints, penalty, max # of calls to fu nction

010 7 7 95 0.72 1.000000 O

010 8 8 956 0.876 0.800000 O

### Netxt line :

# - either 'HERE’ so will take the values above,

# - or, address of a table where target tunes are to be found (ex trapolation in that table will occur if its timings don't coi ncide with range above),
# for instance a tune scan log in Controls data base.

### Note : values of the tunes should be 8+fraction. Otherwis e change fortran in fitTunesCmd.f at lines
# write(lunw, *) 101 77 954 °Qx-8" 1. 0 ", ‘write(lunw, *) 01 88 954 'Qy-8’ 1. 0"
#HERE nmr will force tunes to the fractional values above s Qx=0.72, Qy=0.876

JtuneScan

### Give numbers of columns in that table, for timing Qx Qy
124
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D.2 ZgoubiFromSnaprampCmd with arguments

These arguments are essentially under development, yairggdired from MadxFromsnaprampCmd ones, and expectedniction in a
similar way.

The short list below shows some of them.

More, may be, by running ZgoubiFromSnaprampCmd -help

parameter name: -accelerator string
parameter name: -zgoubidir string
parameter name: -modeldir string
parameter name: -nocalculations switch
parameter name: -noblw switch
parameter name: -gammajump switch
parameter name: -bare switch
parameter name: -timeSelect float
parameter name: -timeSteps float
parameter name: -timeFile string
parameter name: -ppmuser integer
parameter name: -snapramp string
parameter name: -survey switch
parameter name: -extractionBump switch

parameter name: -snakesOnOff string: 'none’ ’cold’ 'warm’ 'both’



D /O FILES TO/FROM ZGOUBIFROMSNAPRAMPCMD

D.3 zgoubi.dat
AGS model in zgoubi: input data file to Zgoubi, taken from thehéved example
/rap/lattice_tools/zgoubi/AgsZ goubiM odel | Ags Z goubi M odel -examples/AGSOptics/ Example 2015 — 05 — 17

AGS, polarized protons. 2 snakes. t = 180 ms. Radius= 9.669mm

'GETFITVAL ! Get dK1 and dK2 values from earlier FIT 1

fitvals.data

'OBJET' LBL_OBJfit 2

7414.0948663265181

5 ! Create a set of 11 particles for TWISS computation

.01 .01 .01 .01 0. .0001 Origin : searchCO_only

0.0 0.0 0.0 0.0 0.0 1.0E+00 'o’

'OPTIONS’ 3

11 ! options

WRITE OFF

'PARTICUL’ 4

9.38272000E+02 1.60217649E-19 1.79284735E+00 0. 0.

'FAISCEAU’ 5

'SCALING’  LBL_SCLfit ! Power supply settings 6

121 ! dKs as in MadX

AGSMM-AF *BF +CF I# of params to Bchanged. dBO/BO (FIT#4) dB1/B1 (FIT#5) dB 2/B2

-1 3 13 0. 14 -2E-3 15 0.

1.000000 ! AGSMM_F_scal

1

AGSMM+AD *BD *CD !# of params to Bchanged. dBO/BO (FIT#11) dB1/B1 (FIT#12) dB2/B2

- 3 13 14 -2e-3 15 0.

1.000000 ! AGSMM_D_scal

1

AGSQUAD QMW_ I# of params 2Bchanged.

-1 1 15 0.0 ! (FIT#18)

1.000000 | QUAD_H_scal (FIT#19)

1

AGSQUAD QV_ QP.* # of params 2Bchanged.

-1 1 15 0.0 ! (FIT#23)

1.000000 | QUAD_V_scal (FIT#24)

1

MULTIPOL  QJUMP:_

-1 'CHANGREF' CSNKE 87
1.000000 I QJump_scal YS 0.

1 'DRIFT’ CSNK 88
MULTIPOL ~ SXHx 0.

-1 'TOSCA’ ! Cold snake, two field maps superimposed : 89
7.41409487E+00 00 ! couupling compensation solenoid and helix

1 10.15 1. 1. 1. ! 10.15 yields precession equal to that of full h Ix+sol m
MULTIPOL SXV* HEADER_9 ! 68.2% hix : 0.960563380 = 68.2/71

-1 321 29 29 15.2 0.960563380282 0.2173

7.41409487E+00 TOSC3D/Csnk3D/rameshFiles/b_helix

1 TOSC3D/Csnk3D/rameshFiles/b_sol

AGSMM MM_F08CD MM_F09BF MM_GO02BF MM_GO03CD MM_G16AD GMM_Gbiwl / G9 bump 0000

-1 1 22 -.0762e-99 ! Amp. (FIT "#31 ?) 2

1.0 ! G9_bump_scal 1

1 2 0. .00 0. o

AGSMM MM_H04CD MM_HO5AF MM_H18CF MM_H19BD MM_I12BD K@M_I13blwl / H11 bump 'DRIFT’ CSNK 90
-1 1 22 -06093e-99 U Amp.  (FIT "#35 ?) 0.

1.0 ! H11_bump_scal 'CHANGREF' CSNKO 91
1 YS 0.

MULTIPOL COH1 S

1.10 'AGSMM’  MM_L20BD 962
/TOSC3D/Csnk3D/rameshFiles/CHREF_+_dipol CORR_65.7_ 21.7 0

14 300 0.00000E+00 1.00000E+00 1.00000E+00 1.0

MULTIPOL COV1 21 10 10

1.10 0. 0. 10.00 4.0 0.800 0.00 0.00 0.00 0.00 0. 0. 0. 0.
./TOSC3D/Csnk3D/rameshFiles/CHREF_+_dipolCORR_65.7_ 21.7 4 1455 22670 -6395 1.1558 0. 0. O.

15 0. 0. 10.00 4.0 0.800 0.00 0.00 0.00 0.00 0. 0. 0. O.

MULTIPOL COH2 4 1455 22670 -6395 1.1558 0. 0. 0.

1.10 0.0.0.0. 0.0 0.0.0.0.

/TOSC3D/Csnk3D/rameshFiles/CHREF_+_dipol CORR_65.7_ 21.7 3.0 Dip MM_L20BD

16 4 0.0 0. 0.0

MULTIPOL COV2 'DRIFT D10 963
1.10 152.3839

ITOSC3D/Csnk3D/rameshFiles/CHREF_+_dipol CORR_65.7_ 21.7 'DRIFT D10 964
17 152.3839

MULTIPOL WOH1 'MARKER'  #End 965
1.10 'FAISCEAU' 966
TOSC3D/Wsnk3D/New_JPei_NTsoupas/CHREF_+_dipolCORR.s  cal_fLfT_NN_2.5mm 'FAISCEAU’ 967
14 'OPTIONS’ 968
MULTIPOL WOV1 11 ! options

1.10 WRITE ON

TOSC3D/Wsnk3D/New_JPei_NTsoupas/CHREF_+_dipolCORR.s  cal_fLfT_NN_2.5mm "TWISS’ 969
15 2 1. 1. coupled

MULTIPOL WOH2 'FAISCEAU’ 970
1.10 'MATRIX 971
TOSC3D/Wsnk3D/New_JPei_NTsoupas/CHREF_+_dipolCORR.s  cal_fLfT_NN_2.5mm 1 11 coupled

16 'END’ ! Generated by searchCO_only

MULTIPOL WOV2

1.10

TOSC3D/Wsnk3D/New_JPei_NTsoupas/CHREF_+_dipolCORR.s  cal_fLfT_NN_2.5mm

17

CHANGREF WSNKE

112

TOSC3D/Wsnk3D/New_JPei_NTsoupas/CHREF_+_dipolCORR.s  cal_fLfT_NN_2.5mm

11 13

CHANGREF WSNKO

112

TOSC3D/Wsnk3D/New_JPei_NTsoupas/CHREF_+_dipolCORR.s  cal_fLfT_NN_2.5mm

11 12

CHANGREF CSNKE

112

/TOSC3D/Csnk3D/rameshFiles/CHREF_+_dipol CORR_65.7_ 21.7

11 13

CHANGREF CSNKO

112

ITOSC3D/Csnk3D/rameshFiles/CHREF_+_dipol CORR_65.7_ 21.7

11 12

'MARKER'  #Start 7

'AGSMM’  MM_A01BF 8

0

3 00 0.00000E+00 1.00000E+00 1.00000E+00 1.0

21 10. 10

0. 0. 10.00 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. 10.00 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.

3.0 Dip MM_AO1BF

4 0.0 0. 0.0

'DRIFT D2s 9

60.9515



D.4 twiss style output file

Below are given specimen 'twiss’ files out of Zgoubi modeft(mlumn) and of MADX (right).
This is the example that yielded the data in Tab. 3, p.22.

From Zgoubi

NAME
TYPE
SEQUENCE
PARTICLE
MASS
CHARGE
ENERGY
PC
GAMMA
KBUNCH
BCURRENT
SIGE

SIGT
NPART

LENGTH
ALFA
ORBIT5
GAMMATR
Q1

Q2

DQ1

DQ2
DXMAX
DYMAX
XCOMAX
YCOMAX
BETXMAX
BETYMAX
XCORMS
YCORMS
DXRMS
DYRMS
DELTAP
IC|

o

Q2
SYNCH_4
SYNCH_5
TITLE
ORIGIN
DATE
TIME

CISISISIIIIGISISISISISISISIS IS IS I I ISISICISISISISISIS IS IS IS NI ISISISISISISISIS)

%05s

%05s

%04s

%00s
%le
%le
%le
%le
%le
%le
%le
%le
%le
%le
%le
%le
%le
%le
%le
%le
%le
%le
%le
%le
%le
%le
%le
%le
%le
%le
%le
%le
%le
%le
%le
%le
%le
%le
%le
%le
%le
%12s
%12s
%08s
%08s

"TWISS"
"TWISS"
"RING"
0.9382720300
1
23.81205323
23.79356057
25.37862419

[

PRrpRroHPO

807.0913352
0.1408082374E-01
-0
8.427251768
0.6874760247
0.7346319946
-23.27320541
3.935319544
-1.45440820E+00
0.00000000E+00
3.60583628E-06
0.00000000E+00
2.24495842E+01
2.23288848E+01
7.36215843E-05
0. not computed
2.16717197E-01
0.00000000E+00
0.00000000E+00
0.000000000
0.000000000
0.000000000
0. not computed
0. not computed

"Zgoubi model"

"twiss.f"

[B.rho=

[+ integer]
[+ integer]

@ DXMIN
@ DYMIN
@ XMIN
@ YMIN
@ BTXMI
@ BTYMI

79.36677440

%le
%le
%le
%le
%le
%le

]

-2.18433912E+00
0.00000000E+00

-2.52524594E-04
0.00000000E+00
1.03304874E+01
1.02767768E+01

From MADX

NAME
TYPE
SEQUENCE
PARTICLE
MASS
CHARGE
ENERGY
PC
GAMMA
KBUNCH
BCURRENT
SIGE

SIGT
NPART

LENGTH
ALFA
ORBIT5
GAMMATR
Q1

Q2

DQ1

DQ2
DXMAX
DYMAX
XCOMAX
YCOMAX
BETXMAX
BETYMAX
XCORMS
YCORMS
DXRMS
DYRMS
DELTAP
SYNCH_1
SYNCH_2
SYNCH_3
SYNCH_4
SYNCH_5
TITLE
ORIGIN
DATE
TIME

(CIEISISINICICISISISISINISICISISISISISISICISISISISINISISINICISISIGISICISIOISIOIGIOISISISIC)

%05s "TWISS"
%05s "TWISS"

%04s "RING"
%00s "
%le 0.93827203
%le 1
%le 23.81205303
%le 23.79356037
%le 25.37862397
%le 1
%le 0
%le 0
%le 1
%le 0
%le 1
%le 1
%le 1
%le 807.0912776
%le 0.01407617439
%le -0
%le 8.428643412
%le 8.687271439
%le 8.734404125
%le -23.28718234
%le 3.934658921
%le 2.174115564
%le 3.425769232e-17
%le 0
%le 0
%le 22.44943504
%le 22.32820695
%le 0
%le 0
%le 1.826520812
%le 2.026103014e-17
%le 0
%le 0
%le 0
%le 0
%le 0
%le 0

%35s "AGS for Online Model
%19s "MAD-X 3.04.14 Linux"
%08s "03/06/16"
%08s "13.56.49"

(VHS, KAB, NM)"

a

ANWDdWVHJdYNSNOHH19N09DZ WOHH/OL S3TI4 O/

g€
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