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Abstract

This Note discusses on-going work regarding the modeling of eRHIC ERL in the ray-tracing code Zgoubi. Th
various pieces of the recirculator puzzle, their optical properties and their assemblage into an operational inj
data file in are addressed. The Note reports in particular on preparatory stages toward extensive end-to-end

polarized electron bunch transport simulations, which yield methods, as well a series of preliminary qualitativ
outcomes, discussed as well.
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1 Introduction

This Note discusses on-going work regarding the modelirgdRb1IC ERL [1] in Zgoubi [2, 3]. The various pieces
of the recirculator puzzle, their optical properties aneittassemblage in an operational input data file, toward
extensive electron beam dynamics and polarization simonlgtare addressed. These eRHIC model developments
at the present stage yield methods, as well a series of pnalignqualitative outcomes, which are also discussed.
The June 2015 version of eRHIC ERL (Fig. 1) is considered in teegnt report which, from that standpoint,
is seen also as a follow on of optical studies regarding alieeaersion of eRHIC optics [4], and as such can
serve for optics as well as beam and spin dynamics compareaoaRHIC parameters evolve.
June 2015’s version of the ERL is based on a 1.322 GeV linacpansvo FFAG loops located alongside
RHIC (FFAGL1’ and 'FFAGZ2’ in the sequel). FFAGL1 recirculati® electron bunches 4 times on the way up and

down

4 times on the way dowrD(012 %% 5.300 “2%" 0.012, step 1.322 GeV), FFAG2 recirculates the electron bunches
12 times up and 11 times down (23 circulating beams, from®bt621.164 GeV and down back to 6.622 GeV.
Additional details regarding the FFAG optics based eRHIGcephcan be found in Ref. [5].

The electron beam is taken here at linac entrance at 5.3 GeMh& FFAG2 loop only is considered (the
reason being the greater effects of synchrotron radiatidmeam and spin dynamics), hence the end-to-end cycle
discussed :

down

5.3 25 21.164 “2 5.3 GeV

FFAG Recirculating Electron Rings ERL Cryomodules

1.3-5.3 GeV

6.6-21.2 GeV
& Beam Dump

Energy Recovery Linac,
1.32 GeV

100 meters
—

From AGS

Figure 1: eRHIC ERL with its two recirculation loops alongside RHIC. The top left box
shows a cross-section of the FFAG1 (low energy) and FFAG2 (highggnescirculating
loops. The 1.322 GeV linac is located in RHIC IR2, it is connected to the FFAGsIby a
merger section (resp. spreader) at its upstream (resp. downstnedm) e

In the following, basic properties of the FFAG2 recirculgtioop are first investigated (Sec. 2), from a tracking
simulation viewpoint essentially. Then some aspects @eladditional components of the ERL are discussed,
namely the linac and the spreader and merger sections (BeEinally all these pieces are assembled and the
optics of the ensemble out of the computer model is discus3ed 4). These investigations are concluded with

down

the simulation of a completa3 “% 21.164 “%" 5.3 GeV acceleration-deceleration cycle of a 6D bunch (Sec. 5).
The input data files for the eRHIC ERL tracking simulations asassed in this Note, in particular in Sec. 4, are
available at

/home/owl/fmeot /zgoubi/struct/bnl/eRHIC /eRHIC_Notes/Note_49
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Figure 2: Transverse excursion of the 12 periodic orbits across the FFAG cell magnets, shown in the respective magn
frames (x=0 is the quadrupole axis). The optical axes of the quadrupoles in the arc cell are radially shifted by 13.48 mi
with respect to one another, this ensures 8.73 mrad orbit bending across the cell.
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Figure 3:Magnetic field experienced along the 12 orbits, in the hard-edged model.
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Figure 4: Evolution of the FFAG2 orbits in phase space, Figure 5: Parabolic variation (relative) of the cell periodic

as observed at the center of the drift downstream of QF irprbits length and time of flight. The reference values are for

an arc cell. The blue empty rectangles correspond to the 1 6.5 GeY’ namelyL,c; = 3.36239 m, Tr.y - 11.2157_ns.
design energies. The vertical bars correspond to the 12 design energies.
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DEVIATION AND CURVATURE RADIUS IN QF AND BD

(6.622 to 21.164 GeV lattice.
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Figure 7:Cell tunes and chromaticities versus energy; the vertical bars materialize the 12 design energies. These are pz
of the principles of the linear FFAG cell : tunes decreasing with energy (following in that the focusing strength) since the
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Figure 6: Energy dependence of orbit deviation angle and average curvature radius in arc cell
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Figure 8:Optical functions at 6.622 GeV (left) and 21.164 GeV (right), from stepwise ray-tracing across the FFAG2 cell.
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2 FFAGZ2 recirculation loop

We first summarize the basic optical properties of the kattell (Sec. 2.2). Then the effects of synchrotron
radiation (energy loss and spreading, emittance growthgealuated turn-by-turn in the FFAG2 loop (Sec. 2.3).
(Details of the Monte Carlo method in Zgoubi, and its bencliing;, can be found in [6].) Finally a 23-loop
acceleration-deceleration cycle (12 beams up from 6.622 .1t64 GeV and 11 beams back down to 6.622 GeV) is
performed (Sec. 2.4) for additional characterization dsdia order to allow comparisons with tracking outcomes
in the complete ERL with linac and spreader/merger sectiges.(5).

Table 1:Optical parameters of FFGA2 cell. Orbit) and beta function values are at the center
of BD, cell tunes Q,, @Q,) and periodic orbit lengthg). Due to the symmetry;.,, = 0, oz, = 0,

D, =0.
Energy Qu Qy Ba By D, L
(MeV) (1073m) (m (m (10~2m) (m)
6622 -8.74  0.35110 0.27778 0.5095 6.6167 -5.1090 3.362346
7944 -9.42 0.28054 0.20789 0.8866 6.2113 -2.1110 3.362328
9266 -9.47 0.23900 0.16481 1.2112 6.5341 1.6730 3.362319

10588 -8.97  0.21027 0.13456 1.5133 7.1337 6.1010 3.362318
11910 -7.97 0.18887 0.11175 1.8010 7.9243 1.1057 3.362324
13232 -6.53  0.17218 0.09370 2.0774 8.8993 1.6450 3.362336
14554 -4.70  0.15873 0.07887 2.3443 10.0895 2.2205 3.362354
15876 -2.51 0.14763 0.06628 2.6028 11.5624 2.8261 3.362375
17198 -4.87  0.13829 0.05528 2.8537 13.4429 3.4570 3.362401
18520 2.79 0.13030 0.04533 3.0975 15.9732 4.1090 3.362430
19842 5.85 0.12339 0.03598 3.3348 19.6897 4.7787 3.362462
21164 9.15 0.11735 0.02660 3.5659 26.1247 5.4633 3.362497

2.1 Structure of the FFAG2 loop

The structure of the simulated FFAG2 loop is the following :
- It has 6 arcs and 6 long straight sections, following in fREHC 6-periodicity,

- An arc is comprised of 102 identical BD-drift-QF-drift ddebcells with quadrupole optical axes radially shifted

by 13.48 mm with respect to one another to ensure the bensieegdetailed geometry data in App. A, p. 29),

- Five of the six long straight sections (LSS) are identicad @ach comprised of a string of 52 such cells with

guadrupole axes superimposed, these LSS are dispersipalirenergies share a common optical axis, coinciding
with quadrupole axes,

- The dispersion suppressors (DS) between the arcs andfihedeSS are comprised of 18 of these very cells,

with quadrupole axes shifting gradually from zero at the €88, to 13.48 mm at the arc end. Five of these 10
DS sections take the 23 beams (12 recirculations up and 1f)dowwn their respective FFAG optical axes in the
arcs onto their common axis in the downstream LSS, the ot DI have the reverse functionality,

- The remaining LSS (RHIC IR2 region) is occupied by the 120 m¢@dty linac and the spreader and merger
lines (there are no energy loss neither energy spread caati@m cavities in the present simulations),

- Both start and end points of an arc are at the center of a BD magtiese simulations, for convenience,

- The 12 spreader lines at their downstream end as well a2theetger lines at their upstream end are matched

to the 12 sets of FFAG orbit optical functions at the centehefarc cell BD magnet (values in Tab. 1),
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- The spreader at its upstream end and the merger at its deansend are matched to the optical functions at

linac ends,
- The IR6 and IR8 transport sections to collision points at togrgy (21.164 GeV) are not accounted for,

- Path length adjustments (path length is energy dependéme iIFFAG arcs, see Tab 1 and Fig. 5) are taken care

of in the spreader and merger sections,
- On top of what precedes, some artifacts are introduceddegp6D positioning of the bunch at entrance to

these various FFAG2 loop sections, this will be addressediéplace.

2.2 Characteristics of the arc cell

The geometry of FFAG2 cell is detailed in Fig. 2, additionetails can be found in the input data file to Zgoubi
in App. A.

The optical properties of the cell are summarized in a sefiigures, as follows.

- Figs. 2 and 3 show respectively the transverse excursiamdfmagnetic field along, periodic orbits across
the arc cell, for the 12 recirculated energies. It can bemsethat the field varies in a substantial fashion along
the orbit inside a quadrupole at large excursion,

- Fig. 4 : orbit coordinates in phase space, as observed agetiter of the QFBD drift (s = 2.04 m location
in Fig. 3),

- Fig. 5 : parabolic energy dependence of orbit length and tfflight,

- Fig. 6 : energy dependence of the deviation angle and azexagature radius in the two quadrupoles. These
guantities are obtained from the actual orbit deviationraslypced by the stepwise ray-tracing across the BD and
QF cell magnets,

- Fig. 7 : tunes and chromaticities,

- Fig. 8 : optical functions across the cell at lower and higdreergies.

In these figurea is the spin precession rate, with= 1.16 x 10~ the electron anomalous gyromagnetic factor.

2.3 Synchrotron radiation effects, turn-by-turn
2.3.1 Working hypotheses

Turn-by-turn tracking is performed here, without linacther any spreader and merger sections. The FFAG2
recirculating loop in this first approach has the followingériodic form :

FFAG2 =6 x [DS — LSS — DS — ARC] (1)

The essential differences compared to the ERL structurkeddhio Sec. 5 are that,
(i) the linac section has been replaced here by an LSS,
(il) there are no spreader/merger sections, the struceeeriodic and closes onto itself.

Besides, perfect optical alignments are assumed all ardwenBRAG?2 loop.

2.3.2 Orbit outcomes

Figure 9 shows the twelve orbits along FFAG2 as defined in Eactlally, a plot of the centroid positiaris ) of

a 5000-particle bunch), for E=6.622 GeV to E=21.164 Ge\p 4t822 GeV. The 12 orbits are all aligned on x=0
along the 6 long straight sections, whereas in the 6 arcsféayre an energy dependent excursion as discussed
earlier (Figs. 2, 4).
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Figure 9:0rbits along the FFAG2 recirculation loop, for the 12 energies concerfrech bottom to top,
E=6.622 to 21.164 GeV, step 1.322 GeV. Along the 6 long straight sectioaaalyjies have a common
optical axis (x=0). In the arcs the orbit excursion is recorded in the;@P drift, the <mm excursion
observed here at all energies (greater at higher energy) is duegaaal orbit mismatch at the dispersion

SUppressors.
ENERGY LOSS OVER A TURN (21.16 GeV)
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Figure 10:Energy dependence of the single-turn average energy loss (lefeaxi®nergy spread (right
axis) in FFAG2 recirculation loop at the 12 recirculated energies (emptygtean Solid lines (“theor.”)
are for a6 x 120 cells ring, they are obtained from Eq. 3. The lower SR loss in the FFAG2riesydts
from the lesser number of cells per arc, 102, not fully compensated iRHess in the DS sections (18
cells) at arc ends.
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Figure 11:The markers give the single-turn SR induced concentration ellipse surface (the lines are to guide the
eye), horizontal normalized (left vertical axis) and longitudinal (right axis). The starting 6D emittance is zero
for each energy (a point object). Sample phase space plots are given in Figs. 12, 13. The observation point is at
the end of an LSS (Pand D!, ~ 0 there).
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Figure 12: Sample horizontal phase spaces after a FFAG2 loop, as resulf'9ureé 13:Sample longitudinal phase

ing from SR, for 4 different energies. Observation point is at the end of SPaces after a FFAG2 loop, for ini-

long

straight section. The initial 6D emittance in each case was zero. Chrf@l point object. SR causes emit-

maticity induced distortion at 10.6 GeV is conspicuous. SR causes an horizofNcese:/m = }#m normalized and
tal emittances, /7 = 13 nm normalized (lpm geometric) at 6.62 GeV, and /7 = 1.91077eV.s at 6.62 GeV,

€/

= 0.7 um normalized (17om geometric) at 21.164 GeV. €z/m = 1pum normalized and; /m =
3.1107"eV.s at 21.16 GeV.
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A drift of the bunch centroid is conspicuous at highest epard-ig. 9 (this inward spiraling disappears in the
absence of synchrotron radiation). Over a path> s, it amounts to [7] (to be investigated further),
sy Tha(s < s;)
< Dy(sy) — [ AR 20 (s >
(1) fsi o(s) s

FE / sy 111(8 — Si)
< D! (s;) + —— Y ds >
o(51) fsi p(s)

a(s:)

OF

(2)

=T(sp < s;) [

with D, D’ the dispersion and its derivative, * > an average over the particle ensemilg first order transport
coefficients, and  the rms energy spread. An orbit oscillaticg+1 mm is visible in the arcs (also present in
the complete ERL simulation, see Fig. 28, p. 21), this is dua stight orbit mis-match between LSS and arc
across the DS sections, this can be reduced however, thepoiainbeing to what degree it has to be to avoid
chromaticity induced emittance increase [4].

2.3.3 SRloss

Fig. 10 shows the SR induced energy loss and spreading oMeA@Zloop. These quantities are obtained by
tracking a 5000-particle bunch with initial null 6D emittan The theoretical (“theor.”) average energy loss and
energy spread in that figure are obtained using [4]

AE[MeV] = 0.96 x 107 15~4 <h§’—D + l?—F) X 6 arcs X 120 cells/arc 3)
PBD PQF
op ~ 1.94 x 10714472 /o4 lor o /ET790)
|pBD| PQF‘

with 120 the number of cells (the very cell discussed in S&). 12ecessary to close a circle given the 8.73 mrad
single cell deviation (in the FFAG2 loop, the orbit closuseensured with 102 cells per arc and 18 cells per DS
section), and withqr, lgp the magnet lengths anghyr, ppp their average curvature radii as obtained from the
stepwise ray-tracing (Fig. 6).

The energy dependence of the SR induced horizontal andilmigal concentration ellipse surface produced
by this 5000-particle tracking is displayed in Fig. 11, esponding single-turn horizontal and longitudinal phase
space portraits are displayed in Figs. 12, 13. Note thatahéribution of momentum spread & has not been
removed, it is however a small quantity since the disperkiantion is negligible at the observation pointd_, at
the end of a long straight section). There is no vertical emde effect{, remains zero) since the present Monte
Carlo SR simulation [6] does not account for the recoil effadtich would however be negligible).

Note that the quantity displayed in Fig. 11 is the surffges) = 47v/A of the concentration ellipse (abusively
called “emittance”), defined by

y(8)z? + 2a(s)wx’ + B(s)z"? = S‘ng) 4)
with a(s) =~ f(s) = 28 y(s) = T A =1%(s)22(s) — 22" (s)

(whereinuo denotes the average) " | (u — u)(v — v)). As a consequence a deformation of the particle distri-
bution in phase space (such as observed for instance in Zaf 10.6 GeV, a chromatic effect in this case) may
induce a change in that quantity whereas the beam emittaogle)\actually not change.

2.4 23-loop up-down cycle in a simplified, 6-arc ring

Still in order to get a sense of orders of magnitude, we calecthis preliminary approach to the ERL simulation
with an up-down tracking in an even simpler loop, a 6-arc riogmprised of & 120 cells, with, at a single
location, a linac simulation by a thin-lens 1.322 GeV boost.
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A particle bunch is, in a row, accelerated in 11 linac pasge$l2 recirculation loops), from 6.622 to
21.164 GeV and decelerated in 11 linac passes (11 recimulmtops) down back to 6.622 GeV. The follow-
ing artifacts are included in the simulation :

after each turn, prior to tackling the next one,

() SR loss is compensated at the linac by giving a turn-dépetenergy kick .322+ A E with AE computed
from Eq. 3,

(ii) the bunch is re-centered in position and angle on theritecal FFAG orbit once per turn, next to the boost
(following the energy dependence of the orbit as displapdeig 4).

Two simulations are performed :

(1) A first one with starting 6D emittance zero (point objedt)e evolution of the horizontal and of the
longitudinal emittances are displayed in Fig. 14. The eattemittance remains zero since photon recoil is not
accounted for in the Monte Carlo SR simulation. Some valuasbeafound in Tab. 2 regarding the cumulated
effect of SR otherwise summarized in Fig. 14.

Fig. 15 (resp. Fig. 16) displays the horizontal (resp. lardjnal) phase space at 21.16 GeV (after 12 recircu-
lations up) and back down to 6.62 GeV (after an additionairidclpasses, decelerating).

Regarding the evolution of longitudinal emittance, in aidditto energy spread as given by Eg. 3 which has
been shown to behave as expected, bunch lengthening over thiedistance, resulting from the stochastic energy
loss, is expected to satisfy [7],

1/2

o 1 51

[ (—E) / (D$<S)T51(Sf — S)‘l‘ D;(S)T52(8f < S) — T56)2 dS
E Lbend s

with the integral being taken over the bends, and D!, the dispersion function and its derivativg, the first

order trajectory lengthening coefficients (indices 5 and1, 2, 6 stand for respectivelyl, x, =, dp/p). Thisis to

be investigated further.

(2) A second one with starting bunch emittane&0 xm normalized transverse, both planes, momentum
spread random uniform ift3 x 10~%, bunch length zero, the evolution of the horizontal and efldngitudinal
emittances are displayed in Figs. 17, 18 respectively. dhghmulation different numbers of particles have been
tried to test the convergence (1k, 5k and 10k), as well as tfierent integration step sizes in the two quadrupoles
(1cm and 3cm). The relative effect is small, the differerscessentially in a slight translation of the curves. Some
values can be found in Tab. 2 regarding the cumulated effé@Rmtherwise summarized in Figs. 17, 18.

Table 2:Some values (orders of magnitude) regarding the cumulated effect ofi BRrsverse and longitudinal motions,
at top energy and back to 6.62 GeV, it & 120 cell ring. The “6.622 (start)” rows give the initial conditions in the two
tracking simulations.

bunch energy €z/m, norm. €, /m, norm e/m gE o}

E
(Gev) (um) (um) (ueVis) (@0~  (mm)
Initial point object
6.622 (start) 0 0 0 0 0
21.16 2.7 0 4.2 3 0.3
6.62 (down end) 4.4 0 7.5 11 0.8
Initial extended object
6.622 (start) 50 50 0 +3, unif. 0
21.16 59 50 6 3 0.4

6.62 (down end) 65 52 10 11 0.9
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Figure 14:Markers in this figure (lines are to guide the eye) give the evolution of horizontal (left vertical axis) and longi-
tudinal (right axis) bunch emittances under the effect of SR in the case of an initial point object (6D emittance zero), over

23-loop end-to-end up-down cycle in a simplified 6-arc ring (6.£221.16477%" 6.622 GeV).
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Figure 15:Sample horizontal phase spaces. SR causes Figure 16:Sample longitudinal phase spaces. SR causes
emittances; /7 = 4.210 %eV.s at21.16 GeV, ang /7 =

an horizontal emittance, /7 = 2.7 um normalized at

21.16 GeV, and, /7 = 4.4 um back to 6.62 GeV.

7.510 %

V.s back to 6.62 GeV.

In both cases, horizontal (left col.) and longitudinal (right col.), phase space portraits are at 21.16 GeV after
loops (top), and back down to 6.62 GeV after deceleration (bottom). Observation point is at the thin-lens lina

The initial 6D emittance in each case was zero.
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The bunch is tracked over a 23-loop end-to-end up-down cycle in a sietpbfiarc ring (6.622% 21.164

6.622 GeV).

down
4)

13

4"=" 6.622 GeV). The various curves correspond to either a different
number of tracked particles (1, 5 or 0.0%), or to different integration step sizes in cell quadrupoles (1 or 3 cm).
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2.5 Polarization

The spin vector is injected horizontal in the ERL, and preegssound the vertical magnetic field at a rateok
(o is the azimuthal angle) in the course of a recirculation l®RRAG2 loop. The 1.322 GeV linac energy ensures
polarization parallel to the longitudinal axis at IP6 an@®.IFDue to energy spread, spin precession undergoes
spreading (“spin diffusion”).

In the following we first assess the effect of SR induced enspgead on spin diffusion (Sec. 2.5.1). Then we
assess spin diffusion for a bunch with nominal transversé@mes and momentum spread (Sec. 2.5.2).

A theoretical approach can be used to check tracking outspasefollows. The solution of the diffusion
eqguations in constant magnetic field writes [8]

AFE? 1 0 0 AFE? S
AEANg | = as 1 0 AEA¢ +wx | as?/2
Ag? a?s? 2as 1 Ag? 0 a?s3/3

a_ 1 i
pEy ~ 0.4406p (with

X. = h/m.c the electron Compton wavelength,= 110+/3/144, Ey = m.c? /e the electron rest mass).

5
wheress is the distance in the field, = %xcreyf’E? ~ 1.44 x 10—27%31472, a =

AFE?
Assuming a starting statp AEA¢ = 0 (this is the case for each energy for instance, in the turn-by
A¢2 s=0
turn tracking, Sec. 2.5.1) yields; = AN Vws (which in passing identifies with the familiarz /£ =
3.81071272/5), so that
—=1/2 wa?s? oS . o)
o =AP? = = —o0g, Or given s=2mp, — = 8.23[rad/GeV/turn] (5)
3 V3 g

2.5.1 Synchrotron radiation effects, turn-by-turn

Spin tracking is performed here in the conditions of Sec, zaBnely, turn-by-turn tracking in the 6-periodic
FFAG2 =6 x [DS — LSS — DS — ARC| (6)

without linac neither any spreader and merger sections.

Tracking results are displayed in Fig. 19. Thez" curve is that of Fig. 10, for comparison with the spin
diffusion angle rms values,. Their ratio takes a quasi-constant vatyg o ~ 10 rad/GeV close to the expected
8.23 rad/GeV (Eq. 5). Noteay« in that plot appears to differ from an integer multiple of 36y (its expected
value) by 12 deg, this stems from the lack of accuracy of SR energy losgpeasation at the linac boost, a small
effect, of little relevance here.

2.5.2 23-loop up-down cycle in a 6-arc ring

We conclude with spin tracking in the conditions of Sec. Bainely, a simple 6-arc ring is considered, comprised
of 6x120 cells, with, at a single location, a linac simulation bghie-lens 1.322 GeV boost. A 5000-particle
bunch is taken from 6.622 to 21.164 GeV in 11 linac passes. IReme displayed in Fig. 20. The cumulated
effect amounts to, ~ 15 degrees at the end of the final 21.1 GeV loop (top-left plobe Top-right and bottom
plots show that the dominant cause in the matter of final [malaon is the injected bunch energy spread.
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Figure 19:Turn-by-turn in FFAG2 loop (markers; the lines are to guide the eye) : final
polarization (<cos A¢ >, left axis) and spin diffusion (g, right axis) in a 5000-particle
bunch (zero size at start of a turn), for the 12 different energies 6.622 to 21.164 GeV,
step 1.322 GeV.
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Figure 20:Evolution of cumulated spin diffusion in the case of a 11 linac-pass acceleration cycle (12 complete
6-arc loops), 6.622» 21.164 GeV, in a simplified 6-arc ring.
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3 Three more pieces

This Section discusses the handling of the three additipeaks needed to complete the ERL, namely, the linac,
spreader, and merger sections.

3.1 Linac
3.1.1 Chambers matrices

Transport through the linac cavities uses “Chambers matr[8¢ the corresponding source code has been copied
from the Saclay code BETA [10], where it had been implementedHe design of the “ALS2” linac [11], the
interest being the resulting reliability.

These matrices take the following form :
e For both planes (x stands indifferently for x or y) :

( " ) B cqs(u) — v/2sin(u) cos(¢) vW; sin(u) cos(9) ( . ) -
) - _SLI%/%/? (2 cos(¢) + m) ﬁ(cos(u) + v/2sin(u) cos(¢)) ).

with u = log(W,/W;)/(v/8cos(9)), v = V8Leaw/(W, — W;), Wi, W, respectively the incoming and outgoing
kinetic energiesl.., the cavity length¢ the particle phase at the cavity.

o If (W, — W;)/W; < 1 the matrix is used under the simplified form

( v )m _ ( ﬂmg/m) Lﬁv\vf%/)m ) ( z ) (8)

T i

e The code allows working with determinant 1 matrices, oladiby renormalizing the transport coefficients by
the square root of the matrix determinant.

3.1.2 Tracking particles on invariants

This is a preliminary test. It uses the structure and bearditions in the ERL simulations, next Sections, namely :

- a 42 cavity linac, L=120 m,

- cavity parameterg,,, = 1.7749 m, voltage 314.762 MV, RF frequency 422.26 MHz,

- launch point is at linac entrance,

- symmetric beta functions are considered (this is an ayitthoice), namelyy;,, = 1, 3;/, = L = 120 m,
resulting in minimums = 60 m at linac center, s=L/2.

Typical tracking results consistent with spreader and ereogtical settings in the ERL (this is discussed in
Sec. 3.2) are displayed in Fig. 21.

3.1.3 Bunch transport

We complete this preliminary “benchmarking” of the dynasnadong the linac with Figs. 21, 23, which display
(satisfactory) sample results for a 2000-particle bunahdport, with starting paraxial transverse conditions and
§E/E uniform random ink=107%, 0; = 2 mm. Note that the transverse and longitudinal phase spadastained
also constitute a reference for comparison with transpddanes, for a nominal size bunch, through the complete
ERL as discussed further in Sec. 5.1.
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Figure 21:An initial 1000-particle bunch with all transverse particle coordinates taken on a fixed
invariantyxz?+2axz’+ B2 = €/7 (x stands for x or y¢,, = €, = 25 mum, normalized, 6.622 GeV
here) is tracked from entrance to exit of the linac. The figure shows horizontal (left plot) and vertical
(right plot) phase spaces at entrance (converging ellipse), middle (circle) and exit (diverging ellipse).
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Figure 22:Top : horizontal (left) and vertical (right) transverse phase space at linac endsi{keéllipse :
linac entrance, 19.8 GeV ; bluens ellipse : exit, 21.2 GeV). Bottom: horizontal (left) and vertical (right)
beam bundle through the linac feature equal beam amplitude at both ends, and minimized waist at center.
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Figure 23:Longitudinal phase space in (left, 19.8 GeV) and out of linac (right, 21.2 GeV).
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3.2 Spreader and merger sections

The 12 spreader lines (linac to FFAG2 arc) and 12 merger (lREAG2 arc to linac) in the ERL ensure a series
of optical functions : orbit positioning, optical matchibgtween linac and FFAG2 loop. ¢., beta functions and
horizontal dispersion which is non-zero on FFAG side), patigth (as it is energy dependent in the FFAG loop)
and R56 adjustments.

In these simulations, see next Secs. 4, 5, we use a singlgndesiall spreader and merger lines, namely,
the 21.164 design shown in Fig. 24, symmetrized for spreadererger use. Using that very line at different
rigidities is essentially, model wise, a matter of scalirdds with energy. One consequence though is that, except
for the 21.164 GeV spreader and merger lines, SR effects bhasvepin dynamics can’t be evaluated (bending
radii, possible presence of a vertical chicane, and soner apects, have to be optimized separately.( SR
has to be minimized) for each spreader/merger line). Naethe design of the spreader/merger lines is done in
such a way as to minimize chromaticity induced emittancevtrgpossibly by adding sextupoles), this is under
study.

Bx,y’ Ny, yr from zgoubi.OPTICS.out

300
250
E 200
> 150
m_ 1
s 100
(el

50

Figure 24:Optical functions in the 21.164 GeV spreader line (connected to the linac kefth® the FFAG2 loop to the
right). 8, = 8, = 120 m ando, = o, = 1 to the left, and (see Tab. ), = oy, = 0, 3, = 3.5659 m, 3, = 26.1247 m,

D, = 546 x 1072 m, D!, = 0 to the right. The symmetric of this line is taken for the 21.164 GeV merger. Thgat ve
line is used for all energies, with magnet settings scaled accordingly. Nbigeontinuities are observed in the optical
functions, these are artifacts, located at, and duer t0,rotations (vertical bends) and rotations (negative horizontal
bends).

4 ERL optics, complete

The lattice in the up-down ERL tracking simulations has tHevang form

Observation point

ERL = merger + + linac + spreader + FFAG2 9)

~
RHIC IR2 region

with
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1 1
FFAG2 = ARC-DS-1LSS + ELSS—DS—ARC—DS—aLSS + 1LSS—DS—ARC (10)

N /
'

4 times
and

ARC — 102 x [IBD — drift — QF — drift — 1BD] (11)

Note in particular, compared to the “simplified 6-arc” siains in Secs. 2.3 and 2.5.1, the absence of DS
sections in IR2 region in this complete ERL layout (actually fodly complete, see below, but close enough that
it delivers a qualitative overview of the ERL model to be ewaliy achieved, and of various outcomes to be
expected).

Some more details regarding the optical structure in tmskition of the complete ERL :

An arc is comprised of 102 identical doublet cells (Eq. 1ithwuadrupole optical axes radially shifted by
13.48 mm with respect to one another to ensure 8.73 mradgpér cell (optical properties as described
in Sec. 2.2, geometry details in App. A, p. 29).

Five long straight sections (LSS) are comprised of a stoh§2 such cells with quadrupole axes super-
imposed instead. These LSS are dispersion free, all esesbmre a common optical axis (as in Fig. 9),
aligned on quadrupole axes.

The dispersion suppressors (DS) between arcs and eaclf tnefive LSS are comprised of 18 of these
cells, yet with quadrupole axes shifting gradually fromazat their LSS end, to 13.48 mm at their arc end.
Six of these DS take the 23 beams (12 recirculations up, 1hjfram their respective FFAG optical axes
in the arcs onto their common axis in the downstream LSS, tther & DS have the reverse functionality.

The remaining straight section is occupied by the 120 m,ad&ylinac and the spreader and merger lines
(along RHIC IR2 region, see Fig. 1). There are no energy loskeregnergy spread compensation cavities
in the present simulations.

Both start and end points of an arc are at the center of a BD méggell), for convenience.
The spreader at its downstream end as well as the mergengistream end

— steer the beam respectively onto and from the (non zero) FétA(Es (see Figs. 2, 4, p. 4),
— are matched to the optical functions at the center of theel&® magnet (Tab. 1).

The spreader at its upstream end and the merger at its deansend are matched to the optical functions
and dispersion at linac ends.

The beam transport to the IPs at IR6 and IR8 at top energy (21GHY) is not accounted for, instead the
21.164 GeV recirculation is treated like a regular one, $irtgking the bunches back to deceleration phase
for energy recovery.

Path length adjustments (path length is energy dependéinéiFFAG arcs, see Fig. 5) are taken care of in
the spreader and merger sections.

Perfect optics alignments are assumed everywhere. Maretidicial 6D positioning of the bunch is intro-
duced at various locations, this will be addressed in detallue place. Note also, in the following simulations
the entrance point to the linac is the starting point of thicapsequence in Zgoubi, the “Observation point” in
Eq. 9.

The optics properties are summarized in Figs. 25-28, th@eapto be well maintained compared to the
individual optical module properties as discussed edflier, celland FFAG2 loop, Secs. 2.1, 2.2; linac, Sec. 3.1 ;
spreader/merger, Sec. 3.2).
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Orbits, from zgoubi.OPTICS.out
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Figure 25:This figure shows the 12 recirculated orbits (obtained by actually tracksiggée particle) from 6.622 to
21.164 GeV, d2 x 3.887 km long path. Each one of the 12 “steps” in this plot represents a complét&UER(Eq. 9),
3.887 km long. In the arcs the orbit behaves as detailed in Fig. 9, withggouanging from~ —1.35 cm at 6.622 GeV
(left hand end) to~+0.9 cm at 21.164 GeV (right hand end). In the 5 long straight sections bettheercs and in the
linac straight between two “steps”, the orbit coincides with the x=0 axis in thueei

Bx,y’ Ny,yr from zgoubi.OPTICS.out
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Figure 26:This figure shows the betatron functions (computed from the transpadt sémple particles) from 5.3 to
21.164 GeV. The-200 m spikes are in the spreader and merger sections (see Fig. 24). The [b2@ linac section
cannot be distinguished, squeezed between spreader and merger iasbetatron function valugg = 5, = 120 m

at both ends (see Fig. 27). The 12 regions between the spikes ardtadrigAG2 recirculating loop, betatron functions
there increase from (see Tab. 1, p,&) 3, =0.51/6.61 m amplitude at 6.622 GeV (leftmost 3.887 km section on the
figure) tog, /B, = 3.57/26.1m at 21.164 GeV (rightmost). The right vertical axis is for the dispersiaotfans;D, is
non-zero along short chicane segments only, in the spreader and hiveggeD,. is in few centimeter range; the small
D, oscillation from 15 km on is due to a slight mismatch, a very small effect anywal) cm, see Fig. 28).
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¢ 5.310 6.622 GeV linac and spreader optics

Bx,y' Nk, yr from zgoubi.0OPTICS.out
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Figure 27:Details of the optical functions (betatron, left axis, and dispersion, right axis), in the case of the65%622 GeV

linac energy step. Thg,, 8, parabolas at left hand are in the linac (120 m long). The linac is followed by a spreader line
which ends up steering the beam on its 6.622 GeV orbit in the FFAG2 loop on the way up. The FFAG2 loop extends i
the s > 230 m region (at right hand), with betatron amplitudes 5, = 5.6, 6.6 m and dispersion function amplitude

—5 ~+3 mm (see Fig. 8, p. 5). The latter features-1.5 m excursion in the spreader (see Fig. 24, p. 18).

¢ 19.842 to 21.164 GeV merger-linac-spreader optics

B,y Ny from zgoubi.OPTICS.out
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Figure 28: Details of the optical functions (betatron, left axis, and dispersion, right axis), in the 19:822.164 GeV
region. Thes,, 3, parabolas in the middle region are in the linac. The linac section is preceded by a merger and followe:
by a spreader line, with, upstream and downstream of the latter, respectively, beam steering from and onto its respectiv
19.842 and 21.164 GeV orbit in the FFAG2 loop. The FFAG2 loop extends in the2600 m ands > 42950 m regions,

with vertical betatron amplitude$, = 20 m to the left,3, = 26 m to the right (Tab. 1) and, superimposed, an oscillation
resulting from cumulated mismatch. The dispersion function-ha® cm oscillation in the FFAG loop, due to cumulated
upstream mismatch.
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5 Tracking the ERL

In this concluding section, the full ERL layout is consideratith optical settings as discussed in Sec. 4 :

Observation point

ERL = merger + + linac + spreader + FFAG2
RHIC IﬁrQ region

with FFAG2 as in Eqg. 10. As pointed earlier, some artifacts lmitations are imposed on the modeling of the
ERL, at this stage of its development, as follows.

Artifacts

« Artificial bunch centroid centering is applied along the ERkifig Zgoubi's “AUTOREF” keyword), as follows :
- at exit of any of the 12 merger lines. €., at entrance of linac) :

- (i) horizontal (x,x’) and vertical (y,y’) bunch centeringn zero (a substitute to beam steering onto linac
optical axis),

- (if) bunch centering on design momentum (this stands fifi@al compensation of SR loss in the upstream
FFAG arc and merger line),

- (iii) time centering so that at any stage in the accelenatieceleration cycle bunches will enter the linac
centered on the RF crest,
- at exit of any of the 12 spreader lines : bunch centering oreati FFAG orbit (a substitute to beam steering),
centering on design momentum (this stands for artificial mensation of SR loss in the spreader),
- at entrance to each of the five LSS¢(, going from arc to straight) : horizontal (x,x’) and verti¢gy’) bunch
centering on zero (this cancels (i) SR induced orbit in tles,aand (ii) induced orbit by the DS section).

« Limitations in the model in relation with these artifactsdanmith other approximations which they entail, in-
clude :

- SR is switched off in all (and there only) spreader and meliges except in the top energy spreader and
merger lines, 21.164 GeV. As a consequence, except forttieg, kneir contributions to SR induced energy losses
and related beam and spin dynamics effects are not accoianted

- same for spin tracking, switched off in all (and only theBe§22 to 19.842 GeV spreader and merger lines.

5.1 Way up, 6.622 10 21.164 GeV
5.1.1 Beam ellipses at linac ends

Correct behavior of the tracking is first assessed at linas eade hundred particles evenly distributed on paraxial
invariant with = 120 m, a = +1 (both horizontal and vertical) are launched at linac emeanith E=5.3 GeV,
for a 12 linac-pass tracking up to 21.164 GeV. Betatron dagqpias been inhibited in this case (Chambers
matrices, Eq. 7, are normalized to determinant 1).

It results from the tracking that beam ellipse parameterare 3 = 120 m, « = +1 at a few % level at both
linac ends, both planes, all the way from 5.3 to 21.164 Ged/Fsg. 29.

5.1.2 5000-particle bunches at linac ends

A 5000-particle bunch is tracked here. We show that traisgvand longitudinal bunch emittances, as observed at
linac ends, behave in a reasonable manner - details requihef investigation.

Initial bunch emittances, at 5.3 GeV, areu@3 transverse, zero longitudinal (both length and dE/E zero)
Linac damping is accounted for, SR as well.

Results are displayed in Figs. 30, Figs. 31.
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Figure 29:The figure shows a superimposition of 12, 100-particle bunches, at linac entrance (each
100 particle set is spread on a converging ellipse, all 12 ellipses do superimpose) and the same
bunches at linac exit (each 100 particle set is spread on a diverging ellipse, all 12 ellipses do super-

impose).
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Figure 30:Bunch transverse emittances (non normalized)@andy,, 8,, «, parameters are given
at the bottom of the plot for each energy. These parameters appear to be well preservéd, with
betatron damping as expectede(; same normalized emittances at linac entrance and exit).
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Figure 31:Bunch longitudinalr-ms emittance (inueV.s) is given at the bottom of the plot for each energy.

It appears to behave reasonably well (simulation wise) all the way from 5.3 to 21.16 GeV. Initially zero (at
5.3 GeV),¢; remains small at top energy (bottom right plot) - growth mechanisms include SR, details require
further investigation.
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5.2 Up-down cycle in the FFAG2 stage ERL
5.2.1 Linac damping off and SR off

In order to ensure that input data files for the 24 linac passdgo-end tracking are set up correctly, a preliminary
up-down cycle is performed with linac damping off and symtion radiation off. A 2000 particle bunch is
tracked, initial bunch emittance is

ﬁac, norm — By, norm. = 23 Tem, o), = 07 op =20

Transverse emittances are expected to be preserved, agitutbnal beam size growth is expected to be com-
mensurate with SR induced growth observed in the case of#re todel, Sec. 2.4.

Tracking results are displayed in Figs. 32, 33. In Fig. 32adig@e is represented by an empty box marker, it
can be seen that at each energy the 2000 boxes superimpésetlperat that scale. Fig. 33 shows phase space
details at the end of the acceleration-deceleration cyeek to 5.3 GeV. This tracking demonstrates the preser-
vation of the orbits and of the transverse emittances, arall $somgitudinal emittance growth, over a complete

down

5.32521.164" %" 5.3 GeV cycle.

Note that no symplecticity issue is expected: trackingadisé here is very short compared to routinely 100
thousands of turns tracking trials performed for protorapahtion studies in RHIC, using similar integration step
size, and non-linear optics.

5.2.2 Linac damping and SR set

A important aspect at this stage : there has been no optimizeffort regarding bunch transmission, this is out
of the scope of the present stage which concerns the settinfthe data and data files for end-to-end simulation
studies. Instead, bunch transmission studies and optimrizare planned to lean on the tools so developed,
amongst others.

This said, tracking is performed here with synchrotronatdn and with unnormalized Chambers matrices
(i.e., betatron damping accounted for). The results are disgdlaype commented in Figs. 34, 35.

Fig. 34 shows that the bunch undergoes noticeable (at tie stthe figure) energy spreading beyond pass
18 ~ 19 (markers no longer superimpose).

Transverse emittance growth observed in Fig. 35 requingsduinvestigation, this is part of the end-to-end
simulation work planned. The large extent and sine-likéodi®n of the bunch in longitudinal phase space at the
final energy after deceleration, 5.3 GeV, can be seen in ttterblot in Fig. 35. It can be compared with the SR
free case, bottom plot in Fig. 33.

Fig. 36 shows the evolution of SR energy loss over 23 reatmns from 5.3 to 21.1 GeV and back to
5.3 GeV. For the record, because their design is not optiirazehe time that these simulations are performed,
SR is maintained off in all spreader and merger lines.

Note that, as part of the artifacts discussed in page 22 hasnalways present themselves on phase with RF
crest at linac entrance.
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Figure 32:Average kinetic energy of a 2000-particle bunch
at entrance and exit of the linac (hence two markers per passrigure 34: Average kinetic energy of the 2000-particle
aligned vertically), as a function of pass number (each particlebunch, at entrance and exit of the linac (hence two marke
is represented by an empty box). The bunch remains wellper pass), as a function of pass number (each particle is re
confined (ech box is a superimposition of 2000) from 5.3 GeV resented by an empty box). The bunch appears to undergo :

injection up to 21.164 GeV and back down to 5.3 GeV. rious energy spreading from pak~13 on to final 5.3 GeV.
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Figure 33:Phase spaces back to 5.3 GeV, horizontal (top), Figure 35:Phase spaces at 5.3 GeV after 24 recirculation:
vertical (middle) and longitudinal (bottom). The former two horizontal (top), vertical (middle) and longitudinal (bottom).
feature a preserved 2B normalized emittance, the latter The effects of SR are substantial.

shows very small final longitudinal emittance.
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SR ENERGY LOSS IN FFAG2
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Figure 36: Evolution of SR energy loss over 23 recirculations from 5.3 to 21.1 GeV and back to 5.3 GeV.
There are various causes to the non-symmetry of the “per pass” curve with respect to pass number 12, this is
to be investigated further.

5.3 Polarization

The polarization state out of these simulation data file preparations, for a 5000 particle bunch at top energy af
acceleration from 5.3 t0 21.164 GeV, is displayed in Fig. 37, in both SR off and SR on cases.

e Bunch polarization at collision energy, 21.164 GeVe
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Figure 37:Bunch polarization states (5000 particles) at top energy, SR off (top row) and SR on (bottom row).
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6 Prospects

Preliminary developments of a computer model of eRHIC ERL fmaen discussed, the modeling uses the ray-
tracing code Zgoubi, it is based in the present report ondhe 2015 optics version of eRHIC. This preliminary
computer model includes various approximations and relieartifacts at various locations along the layout, in
various aspects as beam steering and alignment.

However this model is under continuous development,

- itis updated as eRHIC parameters evolwg (, linac energy, FFAG rings optics),

- artifacts and limitations will be removed as the informat{design of the various optical modules, details of
bunch manipulations, etc.) becomes available,

This model allows preliminary and qualitative, yet thorbug many aspects, investigations regarding methods
for, and outcomes of, the simulation of end-to-end polariekectron bunch transport and energy recovery in
eRHIC ERL.

The development of this model in Zgoubi will improve with #nn the details of lattice optics and bunch
dynamics, and will accompany the evolution of eRHIC layoutrtker computer code developments aimed at
refining the polarized electron bunch transport simulatimrclude main potential collective effects as BBU and
other halo generation mechanisms.
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Appendix
A FFAG2 arc cell in Zgoubi

The deviation in the cell i8..; = 07 + 0p = 8.731028 mrad, whatever the energy (the sum of the two quantities
1.6564835E-03, 2.7090305E-03, below, times 2). The FFABR In the ERL is comprised of 6 arcs formed with
a series of 102 such cells. (On the other hand, 120 cells aessary to close the circle in the case of the simple
6-arc model used in Sec. 2.4.)

Note also that the average curvature radiug, >= (prfr + pplp) /0. = 341 m, depends only marginally
upon energy, since the dispersion function is small (argtledoes not change much with energy). This quantity
is used in estimating spin diffusion using Eq. 5.

The radial shift of the BD (defocusing) and QF (focusing) metgr{Figs. 2, 3) is accounted for in the present
simulations via a dipole component and no shift at all (artity choice, proceeding the other way would be as
valid). Namely, the dipole component in the combined fure®BD magnet data below?, = 0.0293364 kG, is
equivalent to a radial shift of &, = —0.5225857 T/m gradient quadrupole bxzp = Bp/Gp = —5.61 mm ;
the dipole component in the combined function QF magBet,= 0.0293343 kG, is equivalent to a radial shift
of aGr = +0.3728876 T/m gradient quadrupole byxzr = Br/Gr = +7.87 mm, in the opposite direction,
hence a 13.48 mm inter-axis distance between the two qualéreguivalents (prior to their respecti#g andd
tilting).

' DRI FT
9. 652479
"MJLTI POL" BD
0 .Dp ! b 0 (kG b 1 (kG
112. 9301 10. 00 0. 0293364 -0. 5225857 0. 0.0 0.00.00.00.00.00.0
0. 0. 10.00 4.0 0.8 0. 0.00 0.00 0.00 0. 0. 0. 0. I Entrance fringe field
4 1455 2.2670 -.6395 1.1558 0. 0. O.
0. 0. 10.00 4.0 0.8 0. 0.00 0.00 0.00 0. 0. 0. O. I Exit fringe field
4 .1455 2.2670 -.6395 1.1558 0. 0. O.
0. 0. 0. 0. 0. 0. 0. 0. 0. O.
1. Dip BD2_A01 2 I Integration step size (cm
3 0. 0. -1.6564835000E-03 I Tilt angle theta D2
"DRI FT”
19. 304957
"MULTI POL" QF
0 .Dp ! b_ 0 (kG b 1 (kG
184. 7002 10. 00 0. 0293343 0. 3728876 0. 0.00.00.00.00.00.00.0
0. 0. 10.00 4.0 0.8 0. 0.00 0.00 0.00 0. 0. 0. O. I Entrance fringe field
4 .1455 2.2670 -.6395 1.1558 0. 0. O.
0. 0. 10.00 4.0 0.8 0. 0.00 0.00 0.00 0. 0. 0. O. I Exit fringe field
4 .1455 2.2670 -.6395 1.1558 0. 0. O.
0. 0. 0. 0. 0. 0. 0. 0. 0. O.
1. Dp QF2_A01 2 I Integration step size (cm
3 0. 0. -2.7090305000E- 03 I Tilt angle theta_F/2
"DRI FT DLHH2_AO01 DRI F
9. 652479

B Alinac cavity in Zgoubi

The length datum[ = 1.7749 m here, is not used in the transport matrix, it is given thqughthe purpose of
time of flight updating.

" DRI FT’ CAV_UP
1.41994249041e2
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" CAVI TE
10 PRI NT
1.7749 422260000. 0 I Cavity length; RF frequency
31476190. 4762 1.57079632679 +1 I RF voltage; phase; matrix nodel option

'DRIFT"  CAV_DO 01
1. 41994249041e2
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