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Optical elements versus keywords

This glossary gives a list of keywords suitable for the semioh of common optical elements. These are
classified in three categories: magnetic, electric and ao@okelectro-magnetic elements.

Field map procedures are also listed; they provide a meamnmayetracing through measured or simulated

electric and/or magnetic fields.

MAGNETIC ELEMENTS

Cyclotron magnet
AGS main magnet
Decapole
Dipole[s]
Dodecapole
FFAG magnet
Helical dipole
Multipole
Octupole
Quadrupole
Sextupole

Skew multipoles
Solenoid
Undulator

Using field maps

1-D, cylindrical symmetry
2-D, mid-plane symmetry
2-D, no symmetry

DIPOLE[S], DIPOLE-M, FFAG, FFAG-SPI
AGSMM
DECAPOLE, MULTIPOL
AIMANT, BEND, DIPOLE[S], DIPOLE-M, MULTIPOL, QUADISEX
DODECAPO, MULTIPOL
DIPOLES, FFAG, FFAG-SPI, MULTIPOL
HELIX
MULTIPOL, QUADISEX, SEXQUAD
OCTUPOLE, MULTIPOL, QUADISEX, SEXQUAD
QUADRUPO, MULTIPOL, SEXQUAD, AGSQUAD
SEXTUPOL, MULTIPOL, QUADISEX, SEXQUAD
MULTIPOL
SOLENOID
UNDULATOR

BREVOL
CARTEMES, POISSON, TOSCA
MAP2D

2-D, polar mesh, mid-plane symmetry POLARMES

3-D, no symmetry

EMMA FFAG quadrupole doublet
linear composition of field maps

ELECTRIC ELEMENTS

2-tube (bipotential) lens
3-tube (unipotential) lens
Decapole

Dipole

Dodecapole

Multipole

TOSCA
EMMA
TOSCA

EL2TUB
UNIPOT
ELMULT
ELMULT
ELMULT
ELMULT

N-electrode mirror/lens, straight slits ELMIR
N-electrode mirror/lens, circular slits ELMIRC

Octupole
Quadrupole

R.F. (kick) cavity
Sextupole

Skew multipoles

Using field maps

1-D, cylindrical symmetry

ELMULT
ELMULT

CAVITE
ELMULT
ELMULT

ELREVOL
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2-D, no symmetry

ELECTRO-MAGNETIC ELEMENTS

Decapole
Dipole
Dodecapole
Multipole
Octupole
Quadrupole
Sextupole

Skew multipoles
Wien filter

MAP2D-E

EBMULT

EBMULT

EBMULT
EBMULT

EBMULT

EBMULT

EBMULT

EBMULT
SEPARA, WIENFILT
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PREFACE TO THE BNL EDITION, 2012

The previous release of the Zgoubi Users’ Guide as a Labrtrdptes from 1997, making the present one
the last in a series of five [1]-[4].

zgoubi has undergone substantial developments since the 4tbreditithe Users’ Guide, in the frame of
a number of projects and of beam dynamics studies, as theihe&actory, lepton and hadron colliders,
spin dynamics investigations at SuperB, RHIC, etc. As well isteof optical elements has grown, and so
did the “Glossary of Keywords” list, pp. 7 and 169, includingw simulation and computing procedures,
which range from constraint-matching to overlapping maigrieelds capabilities to spin manipulations and
other synchrotron radiation damping recipes.

The code has been installed on SourceForge with the coiiborof J. S. Berg, in Sept. 2007, there it is
fully and freely available [5]. The SourceForge packagdwwsand is maintained at the pace of on-going
projects and design studies. It includes the source filespdist-processor prograzpop, as well as many
examples with their input data files (“zgoubi.dat”) and autresult files (“zgoubi.res”).

A series of auxiliary computing tools have been developedddition, aimed at making the designer’s
life easier, as, search for closed orbits in periodic maehicomputation of optical functions and parame-
ters, tune scans, dynamic aperture scans, spin dynamasrdatment, graphic scripts, etc., and including
dedicated ones regardingg, FFAG and cyclotron design, AGS and RHIC studies, synchnotagliation

losses and their effects. In addition “python” interfaceslaeing developed by several users, possibly made
available on web by their authors.

The Users’ Guide is intended to describe the contents of & necent version afgoubi. The code and
its Guide are both far from being “finished products”.

J. S. Berg and N. Tsoupas, BNL, have reviewed the final proofeoptesent document.
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INTRODUCTION TO THE 4th EDITION, 1997

The initial version ofzgoubi, dedicated to ray-tracing in magnetic fields, was develdpeD. Garreta and
J.C. Faivre at CEN-Saclay in the early 1970's. It was perfefgethe purpose of studying the four spec-
trometers SPES I, Il, 1, IV at the Laboratoire National S#RNE (CEA-Saclay, France), and SPEG at
GANIL (Caen, France). It is being used since long in severabnal and foreign laboratories.

The first manual was in French [1]. Accounting for many depeients and improvements, and in or-
der to facilitate access to the program an English versicdgh@imanual was written at TRIUMF with the
assistance of J. Doornbos. P. Stewart prepared the mapiLfscrpublication [2]

An updating of the latter was necessary for accompanyingtting version of the code which included

developments regarding spin tracking and ray-tracing miwoed electric and magnetic fields ; this was
done with the help of D. Bunel (SATURNE Laboratory, Saclay)tfee preparation of the document and
lead to the third release [3].

In the mid-1990s, the computation of synchrotron radiagtecttromagnetic impulse and spectra was in-
troduced for the purpose of studying interference effectisealEP synchrotron radiation based diagnostic
mini-wiggler. In the mean time, several new optical elersemére added, such as electro-magnetic and
other electrostatic lenses. Used since several yearsdorastudies in periodic machinesd, SATURNE

at Saclay, COSY at Julich, LEP and LHC at CERN, Neutrino Factionysi), zgoubi has also undergone
extensive developments regarding storage ring relatedriesa

These developments afjoubi have strongly benefited of the environment of the Groupéeofie, Lab-
oratoire National SATURNE, CEA/DSM-Saclay, in the years 1:9895.

The graphic interface tagoubi (addressed in Part D) has also undergone concomitant exeshsvel-
opments, which make it a performing tool for the post-precegsofzgoubioutputs.

The Users’ Guide is intended to describe the contents of th&t necent version afgoubi, which is far
from being a “finished product”.
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INTRODUCTION

The computer codegoubi calculates trajectories of charged particles in magnetit edectric fields. At
the origin specially adapted to the definition and adjustneéibeam lines and magnetic spectrometers, it
has so evolved that it allows the study of systems includmgmex sequences of optical elements such
as dipoles, quadrupoles, arbitrary multipoles, FFAG m#yaad other magnetic or electric devices, and
is able as well to handle periodic structures. Compared teratbdes, it presents several peculiarities, as
follows - a non-exhaustive list :

e a numerical method for integrating the Lorentz equatiorseldaon Taylor series, which optimizes
computing time and provides high accuracy and strong syetipity,

e spin tracking, using the same numerical method as for theritarequation,
e account of stochastic photon emission, and its effects dicfgmdynamics,

e calculation of the synchrotron radiation electric field apectra in arbitrary magnetic fields, from the
ray-tracing outcomes,

e the possibility of using a mesh, which allows ray-tracingnfr simulated or measured (1-D, 2-D or
3-D) electric and magnetic field maps,

e a number Monte Carlo procedures : unlimited number of trajées, in-flight decay, stochastic radi-
ation, etc.,

e built-in fitting procedures allowing arbitrary variablesda large variety of constraints, easily expand-
able,

e multi-turn tracking in circular accelerators includingfares proper to machine parameter calculation
and survey,

e simulation of time-varying power supplies,

e simulation of arbitrary radio-frequency programs.

The initial version ozgoubiwas dedicated to ray-tracing in magnetic elements, beasms,|lspectrometers.
It was perfected for the purpose of studying, and operatimgfour spectrometers SPES |, |1, IlI, IV at the
Laboratoire National SATURNE (CEA-Saclay, France), anar|é8PEG at GANIL (Caen, France).

Developments regarding spin tracking and ray-tracing mlamioed electric and magnetic fields were im-
plemented, in the late 1980s and early 1990s respectively.

In the mid-1990s, the computation of synchrotron radiaéil@etromagnetic impulse and spectra was intro-
duced, for the purpose of synchrotron radiation diagn@&i® at LEP, and further applied to the design of
the SR diagnostics installations at LHC in the early 2008shé mean time, several new optical elements
were added, such as electro-magnetic and other electcostases. Used since several years for special
studies in periodic machines.j, SATURNE at Saclay, COSY at Julich, LEP and LHC at CERAg)pubi

has also undergone extensive developments regardingstong related features.

Many developments have been accomplished since the edd3s2a the frame of a number of project
design and beam dynamics studies, as the neutrino facptpr and hadron colliders, spin studies at AGS
and RHIC, etc. As a consequence the list of optical elementshendompendium of numerical methods,
so-called “Glossary of Keywords” list, pp. 7 and 169, haststied with new simulation and computing
procedures, ranging from fitting=(T2 procedure ; additional constraints) to overlapping magrfesld
capabilities DIPOLES FFAG), spin manipulation $PINR), optical elementsBEAMBEAM ), radiation
damping tools $RLOSS and many othersFAISTORE MAP2D-E, OPTICS PICKUPS TWISS etc.).

The graphic interface tegoubi (zpop, Part D) has undergone extensive developments, makingiee
nient companion tool to the use odoubi.
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1 NUMERICAL CALCULATION OF MOTION AND FIELDS

1.1 zgoubi Frame

The reference frame agoubiis presented in Fig. 1. Its origin is in the median plane orferemce curve
which coincides with the optical axis of optical elements.

1.2 Integration of the Lorentz Equation

The Lorentz equation, which governs the motion of a partélehargey, relativistic massn and velocity
v in electric and magnetic fieldsandb, is written

ek’ (€+ T xb) (1.2.1)
| o0y
e G
A |
z P
M
~ /| = |
L= — — - \(
| | |
7 _ T
0 L -
Wﬁ X

Figure 1: Reference frame and coordinatésT, Z, P) in zgoubi.
OX :in the direction of motion,
OY : normal toOX,
OZ : orthogonal to thé X, Y') plane,

W : projection of the velocityy, in the(X,Y) plane,
T = angle betweefl” and theX -axis,
P = angle betweehl” andv.
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Noting ()’ = Z—O and taking

S

, ds=wvdt, 4 =-—, mi=mvi=qBpu (1.2.2)

(Bp) @+ Bpa' = S rixb (1.2.3)

From positionR(M,) and unit velocityii(M,) at point M,, position Z(M;) and unit velocityi@(M;) at
point M following a displacemeni\s, are obtained from truncated Taylor expansions (Fig. 2)

5] D _ — As? i1 As®
. . . — 1y As? — 11111 As® ( o )

The rigidity at)M; is obtained in the same way from

As®

(Bp)(My) =~ (Bp)(Mo) + (Bp)'(Mo)As + .. + (Bp) ™ (Mo) - (1.2.5)
The equation of time of flight is written in a similar manner
/ " Asz nmn ASE)

n =

o d d"(Bp) . . . :
The derivativesi™ = d—u and(Bp)™ = (Bp) involved in these expressions are calculated as described
Sn n

in the next sections. For the sake of computing speed, theteat software procedures are involved,
depending on whethetor b is zero, ore'andb are both non-zero.

Reference

Figure 2: Position and velocity of a particle in the refeeframe.



1.2 Integration of the Lorentz Equation

1.2.1 Integration in Magnetic Fields

ConsideringZ = 0 and givené = Bi eg. (1.2.3) reduces to
0
i'=axB

s™

19

(1.2.7)

The successive derivative§®) = d— of 4 needed in the Taylor expansions (eqs. 1.2.4) are calcutgted

differentiatingi’ = @ x B

i" =i x B+ix B’
i" =" x B+2i' x B + i x B”
///XB+3—*//XB/+3I—L*/><B//+I—L’XB///

—

ﬁ//// =1
ﬂ’l//// — ///l X B_’_4—’1// % B/+6—’1/ < é/l+4
wherem — &5
dsm
From
~ OB OB o8 OB
dB = —dX + —dY + — dZ = dX;
ox Ty Y T oz T 2k,
and by successive differentiation, we get
- OB
B/ - - U;
8XZ- N
B Z aX aX
8B
Bl/l =
Zaxax IXy “’“J“”?’Z aan Uit +28X i
9'B B
o 6 Z 0X,0X,;0X,,

B’//// _ ;
Z 6Xi6X-8Xk8Xl ittt

BZ 8X8X

8X 8X

—/ X B,/,—f—ﬁx B//l/

+Z

(1.2.8)

(1.2.9)

(1.2.10)

From the knowledge af( M) andE(Mo) at point)\/, of the trajectory, we calculate alternately the deriva-
tives of@(M,) andB(M,), by means of egs. (1.2.8) and (1.2.10), and inject theseint(i..2.4) so yielding

R(M,) and@(M;).

1.2.2 Integration in Electric Fields [6]

Admitting thath = 0, eq. (1.2.3) reduces to
(Bp)'i + Bpit’ = =

which, by successive differentiations, gives the recersdlations

(1.2.11)
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(Bp)'ii + Bpit' = <
v
1 / —/
@+ 2(Bp)a + B =~ ) €+
(Bp)'i + 2(Bp)d' + Bpii” ( )
v v

1\ 1\ 1
(Bp)"i + 3(Bp)"d’ + 3(Bp)'u” + Bpu" = (;) e+2-) e+ <;> ¢’ (1.2.12)

(%
(Bp) l/l/ﬁ_|_ 4(Bp)//lﬁ/ _'_ 6(310)//6// + 4(Bp)/ﬁ//l + Bpﬁ//l/ —

1 " 1 " 1 / 1
(e et

(% (% (% (%
(Bp) gy 5(B,0) mi 4 ete.

. . odhu . .
that provide the derlvatlveg—u needed in the Taylor expansions (eq. 1.2.4)
S?’l

/

oo (2 p- s

v Bp

' = (1) =z (Bp)' ., (Bp)"
—»//: - E - El _2 —/ —

(5) 0 (0) 1o

N« (1Y a1 BoY . (B, (Bp)"
=/ — - E 2 - El _E// _3 —// _ 3 —/ _ —
a <U> + (U | B + | Bo B " B " B "

1 n . 1 " . 1 / . 1 .
= (1) E+3(3) Bl 3 (1) B 1n+ (5) E71a (12.13)

B o ((BP)" L (BO) ()™

DBp Bp Bp DBp

1 nn 1 " 1 " 1 / 1
ﬁ///// — (_) E + 4 (_) El |Bp +6 <_) El/ |Bp +4 (_) E/// |Bp + (_) E//// |Bp
v v v v v

By Bp)" Bp)" Bp) " Bp) "
_5( p) ﬁ////_ 10( p) ﬁ,/,_ 10( p) 'L_[H_5< p) ﬁ/_ ( p) 'L_[
Bp Bp Bp Bp Bp

- € : L - 1 dre o
whereE = B; and( )™ |, denotes differentiation at constaft : £ |z,= ﬁd_e These derivatives
p ds™
of the electric field are obtained from the total derivative
. OE OF OF
dE = — dX 4+ —=dY + — dZ 1.2.14
ox oy T oz (1.2.19)

by successive differentiations
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, OF
I
zi: ax, "
5 O2E OE
Er=3%" axax, > 7. U (1.2.15)
ij )

. OPE 0°E OF
E/// — _— 3 / ) /'/
% IXOX,0%, T ; IX.0%; T Z ox;

etc. asin eq. 1.2.10. The egs. (1.2.13), as well as the adiloulof the rigidity, eq. (1.2.5), involve
derivatives(Bp)™ = M which are obtained in the following way. Considering that

sm
dp?  dp* . dp dp
- =— &, —p=— 1.2.16
a dt S wP T aw? ( )
H dﬁ — — 7 .
with i q(€+ v xb)(eq. 1.2.1), we obtain
dp - S
S P=a@toxb)-pF=qe-p (1.2.17)

-

since(v x b) - p = 0. Normalizing as previously with' = pu = ¢Bpu andds = wvdt, and by successive
differentiations, eq. (1.2.17) leads to tfigp)™

1 — =
(Bp)’:;( )
n __ 1 ' - 1 - N/
(Bp)" = > (€ U)+;(6 )
1 1 1 !/ 1
(Bp)" = (—) (- @) +2 (-) (€ @)+~ (¢-)" (1.2.18)
v v v
1 " 1 " 1 / 1
B ////: - — = 3 - - —=\/ 3 - _,'_,\,/ __,._,,//
B = (1) @aes(t) @ares(s) @ @
(Bp)””l — etC
(e d) | o -
The derivativege - @)™ = are obtained by recursive differentiation
STL
@ a) =& d+e a
@ 0" =" q+28 -d +&-a" (1.2.19)

-Fdt = g&- % dt which

S

Note that they can be related to the derivatives of the ldrestergyi’’ by diWW =
leads to



22 1 NUMERICAL CALCULATION OF MOTION AND FIELDS

AW d (e )

= 1.2.20
dsn—i-l q dSn ( )
1
nmw 4 (;)
Finally, the derivative{—) =— involved in egs. (1.2.13,1.2.18) are obtained from
v s™
oW +mpc?
C C
(my Is the rest mass) by successive differentiations, thatteeecursive relations
1 B 1 W+ m002
v) & qBp
1\" 1 (g-@) 1(Bp)
v) 2 Bp v Bp
" > 7\ / / "
N _1@Ea (1 @) 15 (1.2.21)
v 2 Bp v Bp v Bp

W' L@ (1 B (1) B 1)
v) & B v Bp v Bp v Bp

1.2.3 Integration in Combined Electric and Magnetic Fields

When bothe andb are non-zero, the complete eq. (1.2.3) must be considerecurstee differentiations
give the following relations

—

(Bp)'d+ Bpi' =< + i xb
v
I 1
(Bp)"ui +2(Bp)'u’ + Bpu" = (—) €+ (—) e+ (u
v

(% b)
1 1 1 "
(Bp)///—’ _I_ 3(Bp) /—’/ 3(Bp)/ﬁ// + Bp,&’/// — (; e _I_ 2 ;> —’/ (;) 5// (,L—L' ) " (1-2.22)

(Bp) ////—’+ 4(Bp + 6 Bp) "1 _|_ 4(Bp)/—’/// _l_ Bpu//// —

" 1 / 1
( ) <_> & +3 ( ) g Ze 4 (1—[ % b)///
(Y [

: . od : .
that provide the derlvatlvegs—z needed in the Taylor expansions (1.2.4)

G’l
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1\ = 5 (Bp)
—/ _ - E — B _ —
! (v) X B) Bp
, 1 = (1) = L= (Bp) ., (Bp)" .
"= (;) E+ (;) E'|g, +(@x B) |, —2 B ' — B W
1 " N 1 /! . 1 . . B !/ B " B "
q" = (_) E+2 (_ E' |Bp —f——E” |Bp —|—(ﬁ>< B)// |Bp _3(Bp) i’ — 3(Bp> i — ( g) i
v v v 0 0 0
— 11 1 " - 1 ! / 1 1N 1 "
=1\ E+3 - E \Bp+3(;)E |5, + > E" |p,
B B) o (B o (B)" L, (Bp)"
B n _4( n 6 " _ 4 / _
(1.2.23)
- — b . .
whereFE = B;’ B = o and®™ |5, denotes differentiation at constaBt
0 0
- 1 d"e L Bun I . =

These derivative&™ and B™ of the electric and magnetic fields are calculated from thetorefields
oititk oititk B

Sxioviozs Moxiaviaze

— —

E(X,Y,Z), B(X,Y, Z) and their derivative
and egs. (1.2.9, 1.2.10), respectively.

following egs. (1.2.14, 1.2.15)

1.2.4 Calculation of the Time of Flight

The time of flight eq. (1.2.6) involves the derivativéE/ds = 1/v, d*T/ds* = d(1/v)/ds, etc. that are
obtained from eq. (1.2.21). In the absence of electric figld £2.8) however reduces to the simple form

T(My) =T(My) + As/v (1.2.25)

1.3 Calculation of £ and B Fields and their Derivatives

In this section, unless otherwise statéfl,= (Bx(X,Y,Z), By(X,Y, Z), B,(X,Y, Z)) stands indiffer-
ently for electric fieldE or magnetic fields.
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E(X, Y, Z) and derivatives are calculated in various ways, dependhegiver field maps or analytic repre-
sentations of optical elements are used. The basic meatisedi@lowing.

1.3.1 1-D (Axial) Analytical Field Models and Extrapolation

This procedure assumes cylindrical symmetry with respetttd X -axis. The longitudinal field component

By or Ex(X,r = 0) (r = (Y2 + Z%)1/2), along that axis is derived by differentiation of an appraier

model of the potential’(X) (e.g., magnetic iSOLENOID, electrostatic inEL2TUB, UNIPOT). The
o e . o O™ By

longitudinal and radial field componenisy (X, r), B, (X,r) and their derivatives off-a —— and

aigl udi ial fi p S (X, 7), By(X,7) | ivativ X o

X5 are obtained by Taylor expansions to the second to fifth order (depending on the optical

element) assuming cylindrical symmetry (eq. (1.3.1)), #meh transformed to theX,Y, Z) Cartesian

i+jtk B
f f i ide th ivati — [ . (1.2.15).
rame ofzgoubiin order to provide the derivativ ST needed in eq. ( 5)

1.3.2 Extrapolation from 1-D axial field map [7]

A cylindrically symmetric field é.g, usingBREVOL, ELREVOL) can be described by an axial 1-D field
map of its longitudinal componertx (X,r = 0) (r = (Y2 + Z%)¥/2), while the radial component on
axis B.(X,r = 0) is assumed to be zerd3x(X,r = 0) is obtained at any point along th€-axis by

a polynomial interpolation from the map mesh (see sectidril]. Then the field componentsy (X, r),
B.(X,r) at the position of the particlé, X, r) are obtained from Taylor expansions truncated at the fifth

5
order inr (hence, up to the fifth order derivati\%% (X, 0)), assuming cylindrical symmetry

T28QBX 484BX
Bx(X,r) = Bx(X,0) — —— (X X,
x(X,7) = Bx(X,0) = =525 (X,0) + =52 (X,0) s
. T&BX 7“3 833X 5 85BX B

Then, by differentiation with respect t&§ andr, up to the second order, these expressions provide the

derivatives ofB(.X, r). Finally a conversion from théX, ) coordinates to theX, Y, Z) Cartesian coordi-
i+j+k§

nates ofzgoubiis performed, thus providing the expressi aiaya‘azk needed in the eq. (1.2.10).

1.3.3 Extrapolation From Median Plane Field Models

In the median plane3;(X, Y, 0) and its derivatives with respect £6 or Y may be derived from analytical
models €.g, in Venus magnet VENUS, and sharp edge multipoleSEXQUAD and QUADISENX) or
numerically by polynomial interpolation from 2-D field mafesg, CARTEMES, TOSCA.

Median plane antisymmetry is assumed, which results in

Bx(X,Y,0) =

By(X,Y,0) =

Bx(X,Y,Z) = —BX(X Y,~2) (1.3.2)
By(X,Y,Z) = ~By(X.Y,~2)

Bz(X,Y,Z) = Bz(X,Y,-2)

Accommodated with Maxwell's equations, this results inldagxpansions below, for the three components
of B (here,B stands forB; (X, Y, 0))
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OB Z* (3B OB
BxX.Y.2) =255 % (8X3 * axaw)
OB 73 ([ 9B 9B
By(X.Y.Z)= 2o~ (8)(2(9}/ + 6Y3> (1.3.3)
72 (B 9*B\ Z' (9'B B 9B
Bo(X.Y.2) =B -~ <8X2 * W} 24 (8X4 2 oxzaye * 8Y4>

which are then differentiated one by one with respectid’, or Z, up to second or fourth order (depending
on optical element olORDREoOption, see section 1.4.2) so as to get the expressionyewol eq. (1.2.10).

1.3.4 Extrapolation from Arbitrary 2-D Field Maps

2-D field maps that give the three componeBts( X, Y, Z,), By (X, Y, Z,) andBz(X, Y, Z,) at each node
(X,Y) of aZ, Z-elevation map may be useB.and its derivatives at any poi(k, Y, Z) are calculated by

polynomial interpolation followed by Taylor expansionsAn without any hypothesis of symmetries (see
section 1.4.3 and keyworddAP2D, MAP2D-E).

1.3.5 Interpolation in 3-D Field Maps [8]
In 3-D field mapsé and its derivatives up to the second order with respedf t& or Z are calculated by
means of a second order polynomial interpolation, from 3-D3x 3-point grid (see section 1.4.4).

1.3.6 2-D Analytical Field Models and Extrapolation

Several optical elements such BEND, WIENFILT (that uses theBEND procedures)QUADISEX,
VENUS, etc., are defined from the expression of the field and dere&in the median plane. 3-D ex-
trapolation of these off the median plane is drawn from Taglkpansions and Maxwell’s equations.

1.3.7 3-D Analytical Models of Fields

In many optical elements such @JADRUPO, SEXTUPOL, MULTIPOL, EBMULTetc., the three com-
ponents ofB and their derivatives with respect6, Y or Z are obtained at any step along trajectories from
analytical expression drawn from the scalar potentigk, Y, Z), namely

BV, V. 9V 9Bx &V 9By PV
X Yo 77097 09X 09X QY  OXoY'

X Iy etc. (1.3.4)

and similarly forE with opposite sign for the gradients.

Multipoles
. _OHTRB (XY, Z .
The scalar potential used for the calculation-ef Xia}giéZ’; ) (1 4+ 7+ k = 0to4) in the case of

magnetic and electro-magnetic multipoles withpoles (namelyQUADRUPO (n = 2) to DODECAPO
(n = 6), MULTIPOL (n = 1to 10),EBMULT (n = 1to 10)) is [9]

i(_l)q GPD(X)(Y? + Z2)q) n_osin (mi) yn-mzm 135)

Va(X,Y, Z) = (nl)? ( 49g!(n + q)! ml(n —m)

q=0

m=0

whereG(X) is the longitudinal gradient, defined at the entrance oraitite optical element by
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Go By

B RO M

(1.3.6)

wherein s 5\ 2 s\ 3 G\ 4 G\ 5
P(s)=Cy+Cy (X) + Oy (X) + (4 (X> +C, <X) + Cs <X)

ands is the distance to the EFB.

Skew Multipoles

A multipole component with arbitrary ordercan be tilted independently of the others by an arbitraryeang
A,, around theX-axis. If so, the calculation of the field and derivativestie totated axi$ X, Yz, Zg) is
done in two steps. First, they are calculated at the rotabsitipn (X, Yz, Zr), in the (X, Y, Z) frame,
using the expression (1.3.5) above. Secdhand its derivatives atX, Yz, Zz) in the (X, Y, Z) frame are
transformed into the new,X, Yz, Zr) frame, by a rotation with angld,,.

In particular a skevn-pole component is created by takidg = 7 /2n.

A Note on Electrostatic Multipoles

A right electric multipole has the same field equations aditkeorder skew magnetic multipole. Therefore,
calculation of right or skew electric or electro-magnetialtipoles ELMULT, EBMULT, ELMULT) uses
the same eq. (1.3.5) together with the rotation process sgitled in section 1.3.7. The same method is
used for arbitrary rotation of any multipole component awdthe X -axis.

1.4 Calculation of E and B from Field Maps

In this section, unless otherwise statétl,= (By(X,Y,Z), By(X,Y, Z), B4(X,Y, Z)) stands indiffer-
ently for electric fieldE' or magnetic field5.

1.4.1 1-D Axial Map, with Cylindrical Symmetry

Let B; be the value of the longitudinal componeBt (X, = 0) of the field B, at nodei of a uniform
mesh that defines a 1-D field map along the symm&trgixis, while B, (X, r = 0) is assumed to be zero
(r = (Y2 + Z%)1/2). The field componenBx (X, = 0) is calculated by a polynomial interpolation of the
fifth degree inX, using a 5 points grid centered at the node of the 1-D map whiclosest to the actual
coordinateX of the particle.

The interpolation polynomial is

B(X,0) = Ag 4+ A1 X + A X% + A3 X? + A X* + A X° (1.4.1)

and the coefficientsl; are calculated by expressions that minimize the quadratic s

S=) (B(X,0) - B’ (1.4.2)

Namely, the source code contains the explicit analyticptessions of the coefficient$; solutions of the
normal equation8S/0A; = 0.

The derlvatlvesﬁ—n(X, 0) at the actual positioX, as involved in egs. (1.3.1), are then obtained by differ-
entiation of the polynomial (1.4.1), giving
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B
g—X (X,0) = A} + 245X +3A3X% +4A,X° + 54 X*
6)Q—B(X 0) = 245 + 6A3X + 124, X° + 2045 X°
gx2 o T 5 ! > (1.4.3)
OB

1.4.2 2-D Median Plane Map, with Median Plane Antisymmetry

Let B;; be the value ofB;(X,Y,0) at the nodes of a mesh which defines a 2-D field map in &)
plane whileBx (X,Y,0) andBy (X, Y, 0) are assumed to be zero. Such a map may have been built or me:
sured in either Cartesian or polar coordinates. Whenever potadinates are used, a change to Cartesian

coordinates (described below) provides the expressidiﬁ afd its derivatives as involved in eq. (1.2.10).

wo o [ ﬂAX%

> @5
> o e

(A)

(C)

Figure 3: Meshin théX,Y") plane. The grid is centered on the node which is closest
to the actual position of the particle.
A : Cartesian mesh, 9-point interpolation grid.
B : Cartesian mesh, 25-point interpolation grid.
C : Polar mesh and moving Cartesian frame.

zgoubiprovides three types of polynomial interpolation from thestm (optiofORDRE) ; namely, a second
order interpolation, with either a 9- or a 25-point grid, dioarth order interpolation with a 25-point grid

(Fig. 3).
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If the 2-D field map is built up from computer simulation, th&dgn principle simply aims at interpolating
the field and derivatives at a given point from its 9 or 25 nbiis. On the other hand if the map results
from field measurements, the grid also has the virtue of smgfield fluctuations.

The mesh may be defined in Cartesian coordinates, (Figs. 38B)dr in polar coordinates (Fig. 3C).

The interpolation grid is centered on the node which is dbsethe projection in theX, Y') plane of the
actual point of the trajectory.

The interpolation polynomial is

B(X, Y, 0) - AOO -+ AlOX -+ A01Y + A20X2 + A11XY -+ A02Y2 (144)
to the second order, or
B(X,Y,0) =Ag + Ao X + AglY + ApgX? + A XY + AgpY?

+ AgoX® + Ay X2Y + A XY? + AggY? (1.4.5)
+ A X+ A1 X3Y + A X2Y? + A3 XY3 4+ Ag Y

to the fourth order. The coefficients;; are calculated by expressions that minimize, with resgect t
A;;, the quadratic sum

S = Z (X,Y,0) — By;)* (1.4.6)

The source code contains the explicit analytical expressad the coefficients!;; solutions of the
normal equation8S/0A4;; = 0.

The A;; may then be identified with the derivativesBf.X, Y, 0) at the central node of the grid

1 0B

(1.4.7)

The derivatives ofB(X, Y, 0) with respect toX andY’, at the actual pointX,Y,0) are obtained by dif-
ferentiation of the interpolation polynomial, which givésg, from (1.4.4) in the case of second order
interpolation)

0B
% (X,Y,0) = Ajg + 240X + ApY

gg (X,Y,0) = Ay + ApX + 2407 (1.4.8)

etc.

This allows stepping to the calculation §f(X, Y, Z) and its derivatives as described in subsection 1.3.3
(eq. 1.3.3).

The Special Case of Polar Maps

In some optical elementg.g, POLARMES, DIPOLE[S] the field is given in polar coordinates. It is thus
necessary to transform the field and derivatives from thargodme of the map.X, «, 2) to the Cartesian
moving frame &, Y, Z), Fig. 3C. This is done as follows.

In second order calculations the correspondence is (welheteB,(Z = 0))
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OB _10B
0X RO
OB _ 0B
oY -~ OR
B _ 1B 10B
0X2 " R20a2  ROR
B 1 &B 10B
ag(ay B 32 dadR  R? O
L _ 9B (1.4.9)
Y2 OR2
9B 3 OB 2 OB
0X3  R2000R  R3 da
OB _20°B_ 10B 1B
0X20Y  R30a?2 R20R ROR2
@b _20B_ 2 9B
0X9Y?  R30a R?20adR
B 0
e B
In fourth order calculations the relations above are pusbéaurth order inX, Y whereas
9B 1B 3 0B 2 OB
0X3 " R3 9a®  R2?2 0adR R3 da
B _ 1 B 209B 10B 1B
0X20Y  R?2 0a20R R 0a?2 R?2OR R OR2
B 1 &8 208 2 &B
0X0Y? R OadR? R3 da  R2? 0adR
P B _ B
oY3 ~ OR3
o'B _10'B 80B 6 OB 3 0B 30B (1.4.10)
oX*4  RY*9a* R* 00?2  R3 0a20R  R? OR?) R3OR
B 1 9B 39B 3 &B 8 9B 6 0B
0X39Y  R3 0a3OR R* 0a® R?2 0adR? R3 0adR  R* da
0B _1®B 4 @B 20B,208 1 0B 1B
0X22Y2  RY 9a? R® Oa20R R?20OR?2 R3OR R?0a20R?> R OR3
O*B 1 9B 3 &B +6 ’B 6 0'B
0X9Y3 — R OadR* R? 0adR?  R® 0adR R* da*
B _ 0B
oY - OR*

NOTE : In case a particle goes beyond the limits of the field map, #id &nd its derivatives are extrap-
olated using a grid at the border of the map, which is the slasethe actual position of the particle. The
flag IEX attached to the particle (section 4.6.10, p. 166) is theargilie value-1.

1.4.3 Arbitrary 2-D Map, ho Symmetry

The map is assumed to describe the fiBidBx, By, B;) in the (X,Y) plane at elevatiotZ,. It provides
the component®x ;;, By,;, Bz;; at each nodéi, j) of a 2-D mesh.

The value ofBB and its derivatives at the projecti¢iX, Y, Z,) of the actual positiof.X, Y, Z) of a particle
is obtained by means of (paramet&RDRE in keyword data list - see for instand¢AP2D, MAP2D-E)
either a second degree polynomial interpolation froBnxa3 points grid (ORDRE=2), or a fourth degree
polynomial interpolation from & x 5 points grid (ORDRE=4), centered at the nod¢ ;) closest to the
position(X,Y).
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To second order for instance

By(X,Y, Zy) = Ago + Ao X + AqY + A X? + A XY + ApY? (1.4.11)

where B, stands for any of the three componentg, By or B. Differentiating then gives the derivatives

OB
a_xf (X,Y, Zy) = A1g + 240X + ApY
9B 1.4.12
8X3§/ (vasz):All ( )
etc.

Then follows a procedure of extrapolation frdid, Y, Z,) to the actual positiofX, Y, Z), based on Taylor
series development.

No special symmetry is assumed, which allows the treatmfeautiatrary field distribution €.g, solenoid,
helical snake).

Figure 4: A 3-D 27-point grid is used for interpolation of nmagjic or electric fields and
derivatives up to second order. The central node of the(grd j = k = 0)
is the closest to the actual position of the particle.

1.4.4 3-D Field Map

When using a 3-D field map, the vector fiei(x Y, Z) and its derivatives necessary for the calculation of
position and velocity of the particle are obtained via secdegree polynomial interpolation,

(1.4.13)
B, stands for any of the three componenits;, By or B;. By differentiation of B, one gets
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0B

8_X£ = Ao + 24200 X + A110Y + Ain Z

5 (1.4.14)
B _ o4

and so on up to second order derivatives with respest,ty” or 7.
The interpolation involves & x 3 x 3-point parallelepipedic grid (Fig. 4), the origin of whichpositioned
at the node of the 3-D field map which is closest to the actusitipo of the particle.

Let B}, be the value of the — measured or computed — magnetic fieldcat@se of the 27 nodes of the
3-D grid (B* stands forBy, By or B;), andB,(X,Y, Z) be the value at a positian¥, Y, Z) with respect
to the central node of the 3-D grid. Thus, any coefficianof the polynomial expansion ds, is obtained

by means of expressions that minimize, with respect;tdhe sum
S =" (B(X.Y.Z) - By (1.4.15)
ijk

where the indiceg j andk take the values -1, 0 or +1 so as to sweep the 3-D grid. Thesgode contains
the explicit analytical expressions of the coefficieAts, solutions of the normal equatiods/0A; ;;, = 0.
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2 SPIN TRACKING

Spin motion tracking was implemented zgoubi in the SATURNE years [10], it has been since used in
a number of studies, including the transport of polarize@nsun the Neutrino Factory [11], polarization
survival in the superB project [12], studies on proton paktion with helical snakes at AGS [13] and
RHIC [14], and in the magic-energy electrostatic ring of thetpn-EDM project [15].

2.1 Introduction

The precession of the sp§10f a charged particle in electric and magnetic fields is goeeiby the Thomas-
BMT first order differential equation [16]

Sx@ (2.1.1)
with, in the laboratory frame,
1 . exv

&= (1+7G)b+G(1—7)b//+’Y(G+_Hy) 2

(2.1.2)

t, q, m, ¢, v andG are respectively the time, charge, relativistic mass, dpédight, Lorentz relativistic
factor and anomalous magnetic moment of the parti;:kandgare the fields in the Iaborator(;// is the
component ob parallel to the velocity’ of the particle.

Equation (2.1.1) is normalized by introducing the same timtaas for the Lorentz equation, page 18,

namelyb =|| b ||, v = ||7]|, T = v&, ds = vdt the differential path,vﬂ = Bp the rigidity of the particle,
q
as 1dS

whereasS’ = o oa is the derivative of the spin with respect to the path. Thedds
S v

(Bp)S'=Sx& or §'=85x0 (2.1.3)
where, notingB = b/Bp, E = &/ Bp,
G- Y (1+70)§+G(1—7)§/+@(G+L)Exﬁ (2.1.4)
Bp c 1+

This equation is solved in the same way as the reduced Loegpiation (1.2.3). From the values of the
precession factag (M) and spinS(M,) of the particle at position/,, the spinS(A/;) at positionM;,
following a displacemeni\s (fig. 2), is obtained from truncated Taylor expansion

_ _ ds 2S As? @3S As®  d*S As* S As®
S(Mh) = S(Mo) + %WO)AS* ds? (Mp) 5 s (Mo) TR (Ms) TR (MO)(25!1 5)

2.2 Integration in Magnetic Fields

In purely magnetic fields = 0 thus eq. (2.1.4) reduces to

(3= (1+7G)B + G(1 —4)B, (2.2.1)

S and its derivatives™ = dS/ds satisfy the recursive differentiation relations
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S’ =3 xQ

S"=8"x G+ S5 xQ

S"=8"xQy+25" x G+ 5 x A
etc.

(2.2.2)

with the derivativesi(}, /ds™ obtained by differentiation of eq. (2.2.1). This requié,s and derivatives,
obtained in the following way,

The quantitiesi, B and their derivatives as involved in these equations argvknbeing sub-products of
the integration of the motion of the patrticle, egs. (1.2.8,10) p. 19.

2.3 Integration in Electric Fields

In purely electric field$ = 0, thus eg. (2.1.2) reduces to

1
g,
c 147

)& x i (2.3.1)

We

S and its derivatives™ = d"S/ds" satisfy the recursive differentiation relations

BpS’” =S x @,

(Bp)'S' + BpS" =5"xXd.+ 5 xd, (2.3.2)

(Bp)"S' +2(Bp)'S" + BpS" = S" x &, +25" x &/ + 5" x & -
etc.

that provide the derivative#'S /ds" needed in the Taylor expansion (eq. 2.1.5). The derivatiges™ =
d"(Bp)/ds™ above are a sub-product of the integration of the force lay 1€2.18). The derivatives of,
(eq. 2.3.1) are obtained by recursive differentiation,

Ql:(%(G+—liv)> €xﬁ+ﬁ—g(G+—1ify)(€xﬁ)'

(B 1 \'. . By 1 N\ . ., By 1 . ., (23.3)
We—( (G+m)) €><U+2(7( m)) (€><u)+7( +m)( )

etc.

" 1 \", .
The quantFues(r) in the (w.)™ above are obtained as follows.
Y
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From~? = 1/(1 — 8?) itcomes(y + 1)(y — 1)3%/(1 — %) and then
(3 () e
1+~ \p s !
which is easily differentiated, recursively,
I 1 e G e T 0
t+y) T \B)\BT )Y 3 B 5
1 1 1 1 ,
(=) = () (Bfl>( D+ (5- )() (‘Q(V} "
1\ /1 1 1\,
2(3) (5)o-v+2(3) () 0-02(G-1) ()
(2.3.4)

(n)
. . 1 . .
The interest of that formulation is that t e—ﬁ) are already known from the particle dynamics, eq. (1.2.21)

VR

| = =

etc.

as well as the derivatives

ds"tl  m  dsn
following eq. (1.2.20), whereas th# (¢ - @) /ds™ are given by eq. (1.2.19).

2.4 Integration in Combined Electric and Magnetic Fields

When bothe andb are non-zero, the complete egs. (2.1.3, 2.1.4) must bedsmesi.
The precession vector (eq. 2.1.4) and its derivatives casplieinto independent, magnetic and electric
components, namely

& =dp+ e, &' =& + ., etc.

As a consequence, the spin vecﬁlés) and its derivatives at locatialr,, prior to aAs push to location\/;
(fig. 2) can be obtained by linear superposition of the sepawalutions for the magnetic case (eq. 2.2.2)
and for the electric case (eq. 2.3.2), namely

Bp S/ =
S X Wy +S X W,
Bp§// _
S X &y + 5 x ) +S5' X & + S x & — (Bp)'S’
Bpgm _
S"x G425 x G +SxT +5"x T +25" x& + 8 x 3! ((Bp)”§’+2(Bp)’§”>
Magnetic field coTnponenL €q: (2'2'2) ) Electric field cogponent, eq. (2.3.2) ’
etc.

(2.4.2)
The process is then completed by applying fhepush, eq. (2.1.5).
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3 SYNCHROTRON RADIATION

zgoubi provides the simulation of two distinct types of synchratradiation (SR) manifestations namely,
on the one hand energy loss by stochastic emission of phaimhshe ensuing perturbation on particle
dynamics and, on the other hand the radiated electro-madietd impulse and its spectral-angular energy
density as observed in the laboratory.

SR loss simulationwas first installed iregoubi in view of beam dynamics studies in the beam delivery
system of the Next Linear Collider [17], based on a method ldgesl in the frame of the ELFE project
(“EU Lab. For Electrons”) [18, 19, 20]. It was next used focluding damping effects in beam studies
regarding various electron-ring and recirculator prggt2, 21].

SR electromagneitc impulse and spectruntomputation was first installed imgoubi for the study of
interference effects at the LEP beam diagnostics minivwig[fl3]. These simulation tools were next used
to design the LHC SR beam diagnostics systems, located iRth&F section [24].

3.1 Energy Loss and Dynamical Effects

Most of the contents of the present section are drawn from[REf.

Given a particle wandering in the magnetic field of an arbjtptical element or field maggoubi com-
putes the energy loss undergone, and its effect on the lgantiation. The energy loss is calculated in a
classical manner, by invoking two random processes thatmapany the emission of a photon namely,

- the probability of emission,

- the energy of the photon.

The effects on the dynamics of the emitting particle eitharoant for the sole alteration of its energy,
or, if requested, include the angle kick. Particle posit®isupposed not to change upon emission of a
photon. These calculations and ensuing dynamics correctice performed at each integration step. In a
practical manner, this requires centimeters to tens ofioetérs steps in smoothly varying magnetic fields
(a quantity to be determined before any simulation, fronveagence trials).

Main aspects of the method are developed in the following.

Probability of Emission of a Photon

Given that the number of photons emitted within a stepcan be very small (units or fractions of a
unit)! a Poisson probability law

p(k) = ——exp(—k) (3.1.2)

is consideredk is the number of photons emitted oveA& (circular) arc of trajectory such that, the mean
number of photons per radian expressés as

1For instance, a GeV electron will emit abou0.6 photons per radian ; an integration step size = 0.1 m uponp = 10 m bending radius results in 0.2
photon per step.
2This leads for instance, in the case of electrons, to theiciformula)/Af ~ 129.5E(GeV)/2r ~ v/94.9.
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~ 20erq
8h/3
wherer, = e? [Amegmoc? is the classical radius of the particle of rest-mags e is the elementary charge,

h = h/2r, his the Planck constant, = v/c, Bp is the particle stiffness) is evaluated at each integration
step from the current valugs Bp andAs, then a value ok is drawn by a rejection method.

A 32BpAs (3.1.2)

Energy of the Photons

These k photons are assigned energies hv at random, in the following way. The cumulative
distribution of the energy probability lay(e/¢.)de/¢. (i.e., the probability of emission of a photon with
energy in0, ¢]) writes®

€/ec
Ple/e.) = 3 Ks/3(x)dx (3.1.3)
o Jo

whereK/3 is a modified Bessel function and,=
hw,, w. = 27373¢c/2p being the critical frequency zeo
in the presence of bending radipsw, is evaluated |
at each integration step from the current valyes
and p, in other words, this energy loss calculation
assumes constant magnetic field over the trajectory
arc As. In the low frequency regiofe/e. < 1) it
can be approximated by

ele,

1 I I 1
0 1 2 3 4 5

12v/3 € Cumulative energy distributioR (e/e.).
P(E/Ec) — —1(_)1/3 (€/€c)

52147 (3) Ce

(3.1.4)

About 40 values of P(e/e.) computed from eq. 3.1.3 [22], honestly spread over a rafige < 10 are
tabulated iregoubisource file (see figure). In order to gét., firsta random valué < P < 1 is generated

uniformly, thene /e, is drawn either by simple inverse linear interpolation @ thbulated values#® > 0.26

52157 (2)
(corresponding te/e. > 1072), or, if P < 0.26 from eq. 3.1.4 that directly gives'c, = (12—\/5)7)3)3

with precision no less tharfdatP — 0.26.

When SR loss tracking is requested, several optical elertfeattsontain a dipole magnetic field component
(e.g, MULTIPOL, BEND) provide a printout of various quantities related to SR eois, as drawn from
classical theoretical expressions, such as for instance,

. 2 . . , .
- energy loss per particlAFE(eV) = §T0073B(T)A0, with B the dipole field exclusive of any other

multipole component in the magné&ty the total deviation as calculated froBy from the magnet length,

and from the reference rigiditgORO (as defined withe.g, [MCJOBJET)

3y3ch

- critical energye.(eV') = P with p =BORO/B
p e
8
- average energy of the photons radiated >= ——¢,,
g ay p e \/56

- rmsenergy of radiated photons,,; = 0.5591¢,,

- number of radiated photons per partidle= AE/ < € >.

This is done in order to facilitate verifications, since oa tther hand statistics regarding those values are
drawn from the tracking and may be printed using the dedickeégwordSRPRNT

SFrom a practical viewpoint, the value of the magnetic field fimmputed for a one-step push of the particle (egs. 1.2.48)li2next used to obtaip and
perform SR loss corrections afterwards.
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Finally, upon user’s request as well, SR loss can be limitegatrticular classes of optical elements, for
instance dipole magnets alone, or dipole + quadrupole niagete. This option is made available in order
to allow further inspection, or easier comparison with ottaes, for instance.

3.2 Spectral-Angular Radiated Densities
Most of the content in the present section is drawn from R&f%.24, 25].

The ray-tracing procedures provide the ingredients necgdser the determination of the electric field
radiated by the particle subject to acceleration, as shaw#ng. 5, this is developed in section 3.2.1. These
ingredients further allow calculating the spectral-aagulensity of the radiatidn this is developed in
section 3.2.2.

Y
{rajectory n® 0
. P Observer
2 Q) %
&
Z ® .
0 X

Figure 5: A scheme of the reference framegoubitogether with the vectors entering in the definition of
the electric field radiated by the accelerated particle :
(z,y) : horizontal plane 3 : vertical axis.
R(t) = particle position in the fixed fram@, z, y, z) ;
X (time-independent) = position of the observer in (B z, y, z) frame ;
7(t) = X — R(t) = position of the particle with respect to the observer ;
7i(t) = (normalized) direction of observation#t) /|7 (t)| ;
3 = normalized velocity vector of the particig/c = (1/c)dR/dt.

3.2.1 Calculation of the Radiated Electric Field

The expression for the radiated electric fié:i(ﬁ, 7) as seen by the observer in the long distance approxi-
mation is [26]

Eir) = 1 () x [(ﬁ(t) —E(t)) « dgg/dt}
dmege r(t) (1 — 7i(t) - g(t))

wheret is the time in which the particle motion is described anid the observer time. Namely, when at
position#(t) with respect to the observer (or as well at posit}%(nt) =X — 7(t) in the O, x,y, z) frame)
the particle emits a signal which reaches the observer atitjrsuch thatr = ¢ + r(t)/c wherer(t)/c is
the delay necessary for the signal to travel from the emispaint to the observer, which also leads by
differentiation to the well-known relation

(3.2.1)

4These calculations have been installed in the post-procepsp.
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o ENMmM o 2pi . dW donega. dphi . dpsi _ (J. s)
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Figure 6: Left: typical shapes of th&, (¢) and&,(t) components of the electric field
impulse (eq. 3.2.1) emitted by a 2.5 GeV electron gn-a 53.6 m circular
trajectory in al = 20 cm-long dipole, as observed in the direction of the
centre of the dipolep = 0, vy = 5 (observation distance= 10 m). Right:
the related spectral angular densiti&3V,, ./0¢ 0y dw (eq. 3.2.10). After
Ref. [25].

r_q_ ii(t) - B(t) (3.2.2)
dt
The vectorsﬁ(t) and E(t) = %ﬁ (eq. 1.2.2) that describe the motion are obtained from thereeing
(egs. 1.2.4). The acceleration is calculated from (a formgpfl.2.1 withe’ = 0)

dg . q — —

Then, given the observer positidhin the fixed frame, it is possible to calculate

=y

7lt) = X~ F(t) and 7i() = (’5;| (3.2.4)

As an illustration, Fig. 6 has been produced uszpgp, it shows the typical shape of the electric field
impulse at the observer, with central peak width [25]

)
—~
~

2p 2,12\3
27, =2 1 /2
T. 3730<+w>

Computation of i — Sand 1 — 77 - §

Owing to computer precision the crude computatiomn of Eandl —1- 5 may lead to
ﬁ—E:Oandl—ﬁ-E:O

since the preferred direction of observation is generdityoat parallel toﬁ (in that case, parallel in the
sense of computer precision), whifex 1 as soon as particle energies of a few hundred times the esst m
are concerned. . .

It is therefore necessary to express 5 and1l — 77 - 5 in an adequate form for achieving accurate software
computation.

The expression fofi is

1= (Ng, Ny, n,) = (cos ) cos @, cosy sin ¢, sin )
= [1 —2(sin® ¢/2 + sin® ¢/2) + 4sin® ¢/2sin” ¢ /2, sin ¢(1 — 2sin’ ¢ /2),sin¢y] (3.2.5)

where¢ and are the observation angles, given by
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T‘y r,
¢ = Atg (5) andy = Atg (W) (3.2.6)

with 7 = (r,, r,, ), while 5 can be written under the form

—

B = (Bar B B2) = [\ (8 = 82 = 52), By, 8.]

_ [\/(1 — 1/ — 32— 53),@,@] —(1-a/2+a*/8—a* /16 + ... 3,,5.) (3.2.7)
wherea = 1/9* 4 37 + (2. This leads to

n,=1—¢,andg, =1-¢,
with
£, = 2(sin? ¢/2 + sin® ) /2) — 4sin® ¢/2sin? 1 /2
and

(o =a/2—a?/8+a*/16 + ...
All this provides, on the one hand,

ﬁ_g: (_5x+§wany _6yanz _52’) 5 (328)
whose components are combinations of terms of the same ofdeagnitude £, and¢, ~ 1/4? while
ny, By, n, andg, ~ 1/~) and, on the other hand,

1— ﬁ : g =¢&z + gaz - nyﬁy - nzﬁz - 5:559[: ) (329)
that combines terms of the same order of magnitadet(, n, 3, andn. 3, ~ 1/~%), pluse, 3, ~ 1/~4*.
The precision of these expressions is directly relatedaatder at which the series

Eo=0a/2—a?[8+d°/16+ ... (a=1/9"+p; + 57)
is pushed, however the convergence is fast sinsel /v? < 1 in situations of concern.

3.2.2 Calculation of the Fourier Transform of the Electric Field

The Fourier transforms

—

FT,[E(T)] = /E(T)e_indT
of theo andr electric field components provide the spectral angularggneensity

2

PW r? -
_OW__ 7 \pp, (&r)
0pOYOw e (7)
Fig. 6-right gives a typical example in the case of a shortmeagThese Fourier transforms are computed
without resorting to FFT techniques, namely from

(3.2.10)

FT, [E(T)] ~ 3 E(ry) e Ar, (3.2.11)

for two reasons. On the one hand, the number of integratepsats that define the trajectory (egs. 1.2.4),
is arbitrary and therefore in general not of or@t On the other hand, the integration step defines a
constant time differential elementt, = As/fc which results in the observer differential time element
AT, which is also the differential element of the Fourier tfan®, being non-constant, since both are
related by eq. 3.2.2in WhicH andn vary as a function of the integration step number
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An additional issue is thahr, may reach drastically small values in the region of the edmeak of the
electric impulse emitted in a dipoliee., 1—7i(t)-3(t) — 1/2+2, whereas the total integrated ti@ff:l ATy
may be several orders of magnitude larger. In terms of theipalyphenomenon, the total duration of the
electric field impulse as seen by the observer corresporitie tone dela;[j],f:1 ATy, that separates photons
emitted at the entrance of the magnet from photons emittédebaxit, but the significant part of it (in terms

. : 2 I
of energy density) which can be represented by the viidth= 2 37§c(1 +21)2)3/2 of the radiation peak,

is a very small fraction op ;| A7y

The consequence is that, again in relation to computer poggithe differential elemenkr, involved in
the computation of eq. 3.2.11 cannot be derived from suatiosl asA7, = >°1_, A7, — S 7—; A7, but
instead must be stored as is, in the course of the ray-tracowess, for subsequent data treatment.
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4 DESCRIPTION OF THE AVAILABLE PROCEDURES

4.1 Introduction

This chapter gives an inventory of the procedures availablgyoubi, their associated “keyword”, and a
brief description of the way they function.

The chapter has been split into several sections. Secti@rie 4.5 explain the underlying content - physics
and numerical methods - behind the keywords, they are argdriy topics :

- How to defined an object (a set of initial coordinates),

- Available options,

- Optical elements and procedures,

- Output procedures.

Section 4.6 addresses further a series of functionalh@shay be accessed by means of special input date
or flags.
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4.2 Definition of an Object

The description of the objedte.,, initial coordinates of the ensemble of particles, mustiedirst procedure
in thezgoubiinput data file, zgoubi.dat.

Several types of automatically generated objects areadlajl they are described in the following pages
and include,

- non-random object, with various distributions : indivedyarticles, grids, object faWIATRIX, etc.

- Monte Carlo distribution, with various distributions aslines-D window, ellipsoids, etc.

A recurrent quantity appearing in these procedurddl&X , the number of particles to be ray-traced. The
maximum value allowed folMAX can be changed at leisure in the include fMAXTRA.H where it is
defined (that requires re-compilirzgoubi).
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MCOBJET : Monte-Carlo generation of a 6-D object

MCOBJET generates a set dMAX random 6-D initial conditions (the maximum value fWAX is
defined in the include fil&MAXTRA.H’ ). It can be used in conjunction with the keywoREBELOTE
which either allows generating an arbitrarily high numbemdtial conditions, or, in the hypothesis of a
periodic structure, allows multi-turn tracking with iraticonditions at pass numb#PASSidentified with
conditions at end of pass numh&ASS— 1.

The first datum inMCOBJET is the reference rigidity (a negative value is allowed)

BORO= % (kG.cm)

Depending on the value of the next datuQBJ, the IMAX particles have their initial random conditions
Y, T, Z, P, X andD (relative rigidity, Bp/ BORO) generated on 3 different types of supports, as described
below.
Next come the data

KY,KT,KZ,KP, KX, KD

that specify the type of probability density for the 6 cooates.
KY, KT, KZ, KP, KX can take the following values :

1. uniform densityp(z) = 1/20z if —ox < x < dx, p(z) = 0 elsewhere,
2

T
2. Gaussian density(z) = 2022
W) = S
. : 3 2 .
. = —(1-—=— —ox < x < = .
3. parabolic density(x) 45x(1 5x2) if —dx <z <dx,p(x) =0 elsewhere

KD can take the following values :
1. uniform densityp(D) = 1/26D if —6D < D < éD, p(D) = 0 elsewhere,
2. exponential densityy(D) = Ny exp(Cy + C1l + Cyl* + C3l?) with0 <[ < land—6D < D < 4D,
3. p(D) is determined by a kinematic relation, namely, with= horizontal angleD = §D * T.

Next come the central values for the random sorting,
}/ba T07 ZO7 P07 X07 DO

namely, the probability density lawgx) (x = Y, T, Z, P or X) andp(D) described above apply to the
variablest — zo (=Y - Yy, T — Ty, ...) andD — D, respectively. Negative value fdp, is allowed (see
section 4.6.11, page 166).

KOBJ = 1 : Random generation dMAX particles in a hyper-window with widths (namely the haltent
for uniform or parabolic distributiong(Y, KT, ... = 1 or 3), and the r.m.s. width for Gaussian distributions
(KY,KT,...=2))

oy, oT, 6z, oP, 66X, oD

Then follow the cut-off values, in units of the r.m.s. widii$, /7', ... (used only for Gaussian distributions,
KY,KT,...=2)
Nsy, Nsr, Nsz, Nsp, Nsx, Nsp

The last data are the parameters

No,  Co, Cr, Gy G

needed for generation of the coordinate upon optio&A’ D = 2 (unused ifK D = 1, 3) and a set of three
integer seeds for initialization of random sequences,
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IR1, IR2, IR3 (all~10°%

All particles generated bfCOBJET are tagged with a (non-S) character, for further statistiqpopses
(e.g, with HISTO, MCDESINT).

KOBJ =2 : Random generation dMAX = 1Y «IT x [ Z x [P x [ X x I D particles on a hyper-grid. The
input data are the number of bars in each coordinate

Iy, IT, 1Z, IP, IX, ID
the spacing of the bars

PY, PT, PZ, PP, PX, PD

the width of each bar

oY, oT, o7, 6P, 6X, 6D
the cut-offs, used with Gaussian densities (in units of tmest widths)

Nsy, Nsr, Nsz, Nsp, Nsx, Nsp

This is illustrated in Fig. 7.

The last two sets of data in this option are the parameters

N07 CO; Clu 02, 03

needed for generation of thR coordinate upon option KD= 2 (unused if KD=1, 3) and a set oée¢h
integer seeds for initialization of random sequendéd,, I 2, andl R3 (all ~ 10°).

All particles generated b/ COBJE Tare tagged with a (non-S) character, for further statistippses (see
HISTO and MCDESINT.

KOBJ = 3 : Distribution of IMAX patrticles inside a 6-D ellipsoid defined by the three setsatd one set
per 2-D phase-space)

ay, By, X, N [, N, ifN., <0

gy’

& .
az, Bz, ?Z N., [, N, if N., <0]
ax, ﬁXa g?X? NEX [7 NEIX’ if NEX < 0]

whereq, [ are the ellipse parameters andr the rms emittance, corresponding to an elliptical frontier
1 2 .
+ay Y? + 2ayYT + ByT? = ey /7 (idemfor the (Z, P) or (X, D) planes).N,

€y

N., andN., are the

Y
sorting cut-offs (used only for Gaussian distributioRs/, KT, ... = 2).
The sorting is uniform in surface (fd&fY = 1or KZ = 1or KX = 1) or GaussianKY = 2or KZ = 2),
and so on, as described above. A uniform sorting has thesellipove for support. A Gaussian sorting
(1+a%)
By

has the ellipse above for r.m.s. frontier, leadingr{o= /fSyey /7, o7 = ey /m, and similar

relations foroz, op,ox, op.
If V. is negative, thus the sorting fills the elliptical ring thatends from| V.| to V! (rather than the inner
region determined by th&’, cut-off as discussed above).
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Figure 7: A scheme of input parametersW@€OBJETwhenKOBJ 2.
Top : Possible distributions of thé coordinate.
Bottom : A 2-D grid in ', Z) space.
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OBJET : Generation of an object

OBJET s dedicated to the construction of sets of initial coortesain several ways.
The first datum is the reference rigidity (a negative valualmved)

BORO= 2
q

At the object, the beam is defined by a setAX particles (the maximum value fdaMAX is defined in
the include file'MAXTRA.H’ ) with the initial conditions Y, 7', Z, P, X, D) with D = Bp/BOROthe
relative rigidity.

Depending on the value of the next dat&@BJ, these initial conditions may be generated in eight difiere
ways :

KOBJ=1: Definesagridinthe@’, T, Z, P, X, D space. One gives the number of points desired
Iy, IT, I1Z, IP, IX, ID

with 7Y < ny ...ID < np suchthaty x ny x ... x np < maxIMAX). One defines the sampling range

in each coordinate
PY, PT, PZ, PP, PX, PD

zgoubithen generateBVAX = 1Y x IT x IZ « I P x I X = I D particles with initial coordinates

0, £PY, £2«PY, ..., *IY/2xPY,
0, £PT, +2xPT, ..., =+IT/2x PT,
0, +PZ, +2%PZ, ..., +IZ/2%PZ,
0, +PP, +2«PP, ..., +IP/2x PP,
0, £PX, +2«PX, ..., +£IX/2%PX,
0, £PD, #2«PD, ..., *ID/2xPD,

In this option relative rigidities will be classified autotitally in view of possible further use dMAGES| 7]

for momentum analysis and image formation.

The patrticles are tagged with an ind8REP possibly indicating a symmetry with respect to the,Y)
plane, as explained in optiokOBJ 3. If two trajectories have mid-plane symmetry, only ondl e
ray-traced, while the other will be deduced using the mahplsymmetries. This is done for the purpose of
saving computing time. It may be incompatible with the useahe procedure®(Q. MCDESINT, which
involves random processes).

The last datum is a reference in each coordind®, TR, ZR, PR XR, DR. For instance the reference
rigidity is D R+ BORQ, resulting in the rigidity of a particle of initial conditio/ « PD to be(DR + I
PD) « BORO

KOBJ = 1.01: Same aKOB.E 1 except for theZ symmetry. The initialZ and P conditions are the
following

0, PZ, 2+«PZ ..., IZ-1)%PZ,
0, PP, 2«PP, ..., (IP—1)xPP,

This object results in shorter outputs/CPU-time when stuglpiroblems withZ symmetry.

KOBJ = 2 : Next data : IMAX, IDMAX . Initial coordinates are entered explicitly for each tcagey.
IMAX is the total number of particles. These may be classifiedongg of equal number for each value
of momentum, in order to fulfill the requirements of imageccédtions byIMAGES|Z]. IDMAX is the
number of groups of momenta. The following initial conditsodefining a particle are specified for each
one of thelMAX patrticles

Y, T, Z, P, X, D, 'A

whereD x BOROis the rigidity (negative value allowed) and’ is a (arbitrary) tagging character.
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The last recordeX (I=1, IMAX) containslMAX times either the character “1” to indicates that the pagticl
has to be tracked, or “-9” to indicates that the particle sthoot be tracked.

This optionKOBJE= 2 may be be useful for the definition of objects includingekmatic effects.
KOBJ = 2.01: Same aKOBJ 2 except for the units, meter and radian in that case.

KOBJ = 3 : This option allows the reading of initial conditions from external input fileFNAME.
The next three data lines are :

IT1,IT2, ITStep
IP1, IP2, IPStep
YF, TF, ZF, PF, SF, DPF, TiF, TAG
YR, TR, ZR, PR SR DPR TiR
InitC
followed by the storage file nanfeNAME.
IT1, IT2, ITStep cause the code to read coordinates of particles eurnb through/T2 by steplTStep

IP1, IP2 IPStepcause the code to read coordinates belonging in the passgs Ha1through IP2 step
IPStep

YF, TF, ZF, PF, SF DPF, TiF are scaling factors wherea¥R, TR, ZR, PR SR DPR TiR
are references added to the values of respectively Y, T, 3, BP as read in fil&EFNAME, so that any
coordinateC' = Y, T, Z... is changed into CF*C + CR. In addition a flag character TAG allogtaining
only particles with identical tagging letter LET, unlessGA™*’ in which case it has no selection effect -
for instance TAG='S’ can be used to retain only secondartigas following in-flight decay simulations.

If InitC = 1 ray-tracing starts from the current coordindt¢s, /),
if InitC = 0 ray-tracing starts from the initial coordinaté®)(.J, I), as read from fil&FNAME.

The file FNAME must be formatted in the appropriate manner. The followiGRTRAN sequence is an
instance, details and possible updates are to be found sotlree fil€obj3.f’

OPEN (UNIT = NL, FILE = FNAME, STATUS = ‘OLD’)
DO | = 1, IMAX

READ (NL,100) LET (I), IEX(l), (FO@,1),J=1,6), (F(J.I),d =16), I, IREP(l),
> LET(1),IEX(1),-1.DO+FO(L,1),(FO(J,1),d=2,MXJ),
> -1.DO+F(L,1),F(2,1),F(3,1),
> (F(3.,1),9=4,MXJ),ENEKI,
> ID,LIREP(]), SORT(I),D,D,D,D,RET(l),DPR(l),
> D, D, D, BORO, IPASS, KLEY,LBL1,LBL2,NOEL

100 FORMAT(1X,

Cl LET(T)KEX, 1.D0-FO(L,IT),(FO@,IT),J=2,MXJ),
1 A1,1X,12,1P,7E16.8,

C2  1.DO-F(1,IT),(FO(J,IT),J=2,MXJ),
2 1,3E24.16,

C3 ZP+1D3SAR, TAR, DS,
3 1,4E24.16,E16.8,

C4  KART, IT,IREP(IT),SORT(IT),X, BX,BY,BZ, RET(IT), DPR( ),
4 1,11,216,7E16.8,

c5 EX,EY,EZ, BORO, IPASS, KLEY, (LABEL(NOEL,I),I=1,2),NO EL
5 /4E16.8, 16,1X, A8,1X, 2A10, I5)

ENDDO

where the meaning of the parameters (apart from D=dummyl2atlummy integer) is the following

LET(l) : one-character string (for tagging)

IEX(I) : flag, seeKOBJ 2 and page 166

FO(1-6,1) : coordinated), Y, T, Z, P and path length of particle num-
ber, at the origin.D x« BORO= rigidity

F(1-6,1) : id, atthe current position.

IREPis an index which indicates a symmetry with respect to theiameplane. For instance, #(/ + 1) =
—Z(I), then normallylREP(I + 1) = IREP(I). Consequently the coordinates of parti€le 1 will not be
obtained from ray-tracing but instead deduced from thog®adicle / by simple symmetry. This saves on
computing time.
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KOBJ= 3 can be used directly for reading files filled BAISCNL, FAISTORE
If more thanIMAX particles are to be read from a file, BEBELOTE

Note : In this option, one has to make sure that input data doardlict with possible use of the keyword
PARTICUL that assigns mass and charge.

KOBJ = 3.01: Same aKOBJ = 3, except for the formatting of trajectory coordinate datd=NMAME,
namely, according to the followinfORTRAN sequence

OPEN (UNIT = NL, FILE = FNAME, STATUS = ‘OLD’)
1 CONTINUE
READ (NL,* ,END=10,ERR=99) Y, T, Z, P, S, D
GOTO 1
10 CALL ENDFIL
99 CALL ERREAD

KOBJ = 3.02: As for KOBJ=3.01, except for the different format
READ(NL,*) X,Y,Z,PX,PY,PZ
wherePX PY, andPZ, are the momenta in Me¥/ Note that DPR will be ignored in this case.

KOBJ = 3.03: As for KOBJ=3.01, except for the different format :
READ(NL,*) DP,Y,T,Z,P,S, TIME,MASS,CHARGE
whereMASSs the mass in Me\WandCHARGEs the charge in units of the elementary charge.

Note : For details and possible updates in the formatted read aferann theFORTRAN regarding
options 3.01-3.03, see the source Tibj3.f

KOBJ = 5 : Mostly dedicated to the calculation of first order transfeatrix and various other optical
parameters, using for instan8ATRIX or TWISS The input data are the coordinate sampling

PY, PT, PZ, 6 PP, PX, PD
The code generates 11 patrticles, with initial coordinates
0, xPY, +PT, +PZ, +PP, +PX, +PD

These values should be small enough, so that the paraxiapgpximation be valid. The last data line
gives the reference
YR, TR, ZR, PR, XR, DR

(with DR x BOROthe reference rigidity - negative value allowed), which atlilthe previous coordinate
values.

KOBJ =5.01: Same a¥OBJ = 5 except for an additional data line giving initial beam@dle parameters
and dispersionsyy, Sy, az, Bz, ax, Bx, Dy , Dy, Dz, D7, for further transport of these usiddATRIX,
or for possible use by thelT[2] procedure.

KOBJ = 5.NN: Like KOBJ = 5 except forNN = 02 — 99 references needed in this case (tiNfS-1
additional input data lines), rather than just one. ZgouitligenerateNN sets of 11 particles with initial
coordinates in each set takemt. one of theNN references.

A subsequent use @fIATRIX would then cause the computation/dN transport matrices.
KOBJ = 6: Mostly dedicated to the calculation of first, second and otingher order transfer coefficients

and various other optical parameters, using for instaé&R/X. The input data are the coordinate sam-
pling (normally taken paraxial)
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Py, PT, PZ, PP, PX, PD

to allow the building up of an object containing 61 partic(este : their coordinates can be checked by
printing out into zgoubi.res usinGBAISCEAU), whereas a last data line gives the reference

YR, TR, ZR, PR, XR, DR

(with DR x BOROthe reference rigidity - negative value allowed), which sttalthe previous coordinate
values.

KOBJ =7 : Object with kinematics
The data and functioning are the same ad@BJ= 1, except for the following

e /D is notused,

e PD is the kinematic coefficient, such that for particle numbgethe initial relative rigidity D; is
calculated from the initial angl&; following

Dr=DR+ PD x1T;
while T7; is in the range
0, =+PT, +2%PT, ..., +IT/2xPT
as stated undéOBJ 1

KOBJ = 8 : Generation of phase-space coordinates on ellipses.
The ellipses are defined by the three sets of data (one sellipsek

ay, By, éTY/7T
az, Bz, 82/7T
ax, Px, ex/w

whereq, 3 are the ellipse parameters anyds the ellipse surface, corresponding to an ellipse wittaéiqn
1+a3

Y

(idemfor the (7, P) or (X, D) planes).
The ellipses are centered respectively(®h 1), (Zo, Fo), (Xo, Do)-

Y24 2ayYT + ByT? = ey /7

The number of samples per plane is respectively 1Y, I Z. If that value is zero, the central value above
is assigned.
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OBJETA : Object from Monte-Carlo simulation of decay reaction [27]

This generator simulates the reactions

My + My — M3 + M,
and then
M4 — M5 —+ MG

whereM; is the mass of the incoming body\{, is the mass of the targetl/; is an outgoing body 3/, is
the rest mass of the decaying body/; and Mg are decay products. Example :

p+d—>He+n
n— "+
The first input data are the reference rigidity

BORO= py/q

an index/BODY which specifies the particle to be ray-traced, namely MBODY = 1), M5 (IBODY =

2) or M6 (IBODY = 3). In this last case, initial conditions for M6 must be gexted by a first run of
OBJETAwith IBODY =2 ; they are then stored in a buffer array, and restored &alinonditions at the
next occurrence 0OBJETA with IBODY = 3. Note thatzgoubi by default assumes positively charged
particles.

Another index,KOBJ, specifies the type of distribution for the initial transseicoordinate¥’, Z ; namely
either uniform KOBJ= 1) or GaussianKOBJ 2). The other three coordinatés P and D are deduced
from the kinematic of the reactions.

The next data are the number of particles to be genertifdlX , the masses involved in the two previous
reactions.
M17 M27 M37 M47 M57 M6

and the kinetic energy; of the incoming body /).
Then one gives the central value of the distribution for eamtrdinate

Yo, To, Zo, Db, Do
and the width of the distribution around the central value
Y, oT, o6Z, oP, oD
so that only those particles in the range
Yo—0Y <Y <Yy+0Y Dy —0D <D< Dy+0D
will be retained. The longitudinal initial coordinate isifoxmly sorted in the range

—XL < Xy < XL

The random sequences involved may be initialized with cgffié values of the two integer seetl8; and
[RQ (2 106)

Possible use dPARTICUL will have no effect : it will not change the mass and chargeiaggions as set
by OBJETA
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4.3 Declaring Options

A series of options are available which allow the control afious of the procedures and functionalities of
the code.

Some of these options are normally declared right after bieco definition, for instance
- SPNTRK: switch-on spin tracking,
- GETFITVAL : get parameter values as saved by earlier ruRldf2],

some may appear further down in the structure (in zgoul)j.ttatinstance
- MCDESINT : switch-on in-flight decay, could be after a target,
- REBELOTE: for multi-turn tracking, including an extraction line $in for instance,

others may normally be declared at the end of zgoubi.datpiletafor instance

- END: end of a problem,

- FIT : fitting procedure.

- REBELOTE: for tracking more thalMAX particles (the maximum value féaMAX is defined in
the include flEMAXTRA.H' ).
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BINARY : BINARY/FORMATTED data converter

This procedure translates field map data files from “BINARY™EORMATTED” — in the FORTRAN
sense, or the other way.

The keyword is followed by, next data line,

NF[.J], NCOL,NHDR

the number of files to be translateEADformat option, a single digit integer, optional], numberdaita
columns in the file, number of header lines in the file.

If J is not given, theNCOL arrangement should be consistent with the followF@QRTRAN READ
statement :
READ (unit=In, =*) (X7(l),I=1,NCOL)

If J =1, NCOL should be consistent with the followifORTRAN READ statement :
READ (unit=In,fmt="(1x,ncol *E11.2)") (X7(1),1=1,NCOL)
Then follow, line by line, the NF names of the files to be tratesd.

Iff a file name begins with the prefix “Bor “b ", it is assumed “binary”, and hence converted to “format-
ted”, and given the same name after suppression of the pfixar “b_". Conversely,iff the file name
does not begin with “B’ or “b ", the file is presumed “formatted” and hence translated todty”, and is
given the same name after addition of the prefiX'‘b

In its present state, the proced BBNARY only supports a limited number of read/write formats. Detai
concerning I/O formatting can be found in tRORTRAN file "binary.f’
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END or FIN : End of input data list

The end of a problem, or of a set of several problems stackéteidata file, should be stated by means of
the keywords~IN or END.

Any information following these keywords will be ignored.

In some cases, these keywords may cause some informati@npiornited in zgoubi.res, for instance when
the keywordPICKUPS:is used.
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FIT, FIT2 : Fitting procedure

The keywordsFIT, FITZ2 allow the automatic adjustment of up to 20 variables, fomfittup to 20 con-
straints.

FIT was drawn from the matrix transport code BETA [28FIT2 is a simplex method (Nelder-Mead
method), it has been implemented next [29]. One or the otler converge faster, or may have some
advantages/disadvantages, depending on the problem.

Any physical parameter of any element in the zgoubi.dat listtanay be varied. Examples of available
constraints are, amongst others :

- trajectory coordinates in thé'(J, I) array, I = particle number,/ = coordinate number = 1 to 7 for
respectivelyD, Y, T, Z,P, S =path length, time ;

- spin coordinates ;

- any of the6 x 6 coefficients of the first order transfer matfik;;] as defined in the keywortATRIX ;

- any of the6 x 6 x 6 coefficients of the second order arrdy;,] as defined iIMATRIX ;

- any of the4 x 4 coefficients of the beam-matrix

- transmission efficiency of an optical channel.

- tunesvy z and periodic betatron functiorts. z, oy, z, v, z, as computed in the coupled hypothesis [30].

A full list of the constraints available is given in the talplage 61.

FIT, FIT2 are compatible with the use afd., can be encompassed IREBELOTE for successive fitting
trials using various sets of parameters (optior= 22 in REBELOTE).

VARIABLES

The firstinput data iffIT[2] is the number of variablg8V. A variable is defined by a line of data comprised
of

IR = number of the varied element in the structure
IP = number of the physical parameter to be varied in this element
XC = coupling parameter. Normall}¥ C' = 0. If XC' # 0, coupling will occur (see below)

followed by, either
DV = allowed relative range of variation of the physical paraamépP
or
[Vmin, Vmax] = allowed interval of variation of the physical parametét

Numbering of the Elements (R) :

The elementsife., keywordsDIPOLE, QUADRUPO.etc.) as read bygoubiin the zgoubi.dat sequence
are assigned a number. which follows their sequence in tteefdia. It is that very number/R, that the
FIT[2] procedure uses. A simple way to gdt once the zgoubi.dat file has been built, is to do a preliminary
run, since the first thinggoubi does is copy the sequence from zgoubi.dat into the resultdibeibi.res,
with all elements numbered.

Numbering of the Physical Parameters [P) :

All the data that follow a keyword are numbered - exceptSQGALING, see below.
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With most of the keywords, the numbering follows the primeipereafter :

Numbering for FIT

1,2,3,...,,9

10, 11, 12,13, ..., 19
a line of comments is skipped

20,21, 22,...,29

The examples 0QUADRUPO(quadrupole) andOSCA (Cartesian or cylindrical mesh field map) are as

Input data
'KEYWORD’
first line
second line
this is a comment
next line
and so on...
follows.

Input data

'QUADRUPCQO’

IL

XL, Ry, B

XE, A

NCE, Cy, C1, Cy, Cs, Cy, Cs

Xs, As

NCS Cy, C1, Cy, C3, Cy, Cs

XPAS

KPOS, XCE, YCE, ALE

TOSCA

1C, IL

BNORM, X-[, Y-, Z-][NORM

TiIT

IX,1Y,1Z, MOD

FNAME

ID, A, B,C[A, B, C" etc. ifID > 2]
IORDRE

XPAS

KPOS, XCE, YCE, ALE

Numbering for FIT

1

10, 11, 12

20,21

30, 31, 32, 33, 34, 35, 36
40, 41

50, 51, 52, 53, 54, 55, 56
60

70,71,72,73

1,2

10,111, 12, 13]

This is text

20, 21, 22, 23

This is text

30, 31, 32, 33[34, 35, 36 [, 37, 38, 39]iD > 2]
40

50

60,61,62,63

A different numbering, fully sequential, has been adoptetthé following elements :

AIMANT , DIPOLE EBMULT, ELMULT, MULTIPOL.

Itis illustrated here after in the case BIPOLE-M :

Input data

'DIPOLE-M’

NFACE, IC, IL

IAMAX, IRMAX

By, N, B, G

AT, ACENT, RM, RMIN, RMAX
A€

NC, Cy, Cy, Cy, C3, Cy, Cs, shift
W, 9, Rl, Ul, UQ, RQ

etc.

Numbering for FIT

1,2,3
4,5
6,7,8,
10,11
15,16

17,18, 19, 20, 21, 22, 23, 24

25, 26, 27, 28, 29, 30

9
12,13, 14
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Parameters iSCALING also have a sequential numbering, yet some positions grpeskithis is illustrated
in the example hereafter which covers all possible workirngles of SCALING (all details regarding the

numbering can be found in tiIERORTRAN subroutinerscal.f

Input data

'SCALING’

1] 9]

AGSMM *AF *BF

-1 3 12 (1] 13 [1.] 14 [1]

7.2135

1]

AGSMM *AD *BD

-1 3 12 (1] 13 [1] 14 [1]
7.2135

1]
AGSMM *CF

-1 3 12 [1.] 13 [1.] 14 [1]
7.2135

1]

AGSQUAD QH*

3

0.605 [0.77] [0.879

‘1] [ 2000 | 10000
AGSQUAD QV_*

3
0.587] [0.83] [0.83
(1] [ 2000 | 10000
MULTIPOL COH1
1.10
./Csnk3D/bumpcentered.scal
12

MULTIPOL COH2

1.10
./Csnk3D/bumpcentered.scal
14

MULTIPOL KICKH KICV

2
0.1//0.3]
1//10]
MULTIPOL

-1
0.7213515429[L

1

Numbering for FIT

12
345
6

7

8 9 10
11

12

13 14
16

17

18 19
21 22
24 25
27 28
30 31
32 33
34

35

15

20
23

26
29

Quantities to be varied

(see SCALING for details)

Non relevant
Keywords concerned, their labels

dB1, dB2, dB3 parameters in AGSMM
Field factor
Timing

Field factor
Timing

No numbering if 1.10 type of option

Field factor
Timing



60 4 DESCRIPTION OF THE AVAILABLE PROCEDURES

Coupled Variables (X C)

Coupling a variable parameter to any other parameter in thetate is possible. This is done by giving
X (C avalue of the formr - ppp where the integer partis the number of the coupled element in the structure
(equivalent td R, see above), and the decimal parp is the number of its parameter of concern (equivalent
to /P, see above) (if the parameter number is in the range 1, B, (tesp. 10, 11, ... 19 or 100, ...), then
ppp must take the formO0p (resp.0pp, ppp)). For example X C = 20-010 is a request for coupling with the
parameter number 10 of element number 20 of the structuriée WiT' = 20 - 100 is a request for coupling
with the parameter number 100 of element 20.

An element of the structure which is coupled (by mean& 6f # 0) to a variable declared in the data list of
the FIT[2] keyword, needs not appear as one of fié variables in that data list (this would be redundant
information).

X C can be either positive or negative XiC' > 0, then the coupled parameter will be given the same value
as the variable parameter (for example, symmetric quadkspoa lens triplet will be given the same field).

If XC < 0, then the coupled parameter will be given a variation ogpdsithat of the variable, so that the
sum of the two parameters stays constant (for example, atabptement can be shifted while preserving
the length of the structure, by coupling together its uastrand downstream drift spaces).

Variation Range

There are two ways to define the allowed range for a variabl&lews.

() DV : For a variable (parameter numb&P under some keyword) with initial valug the FIT[2] proce-
dure is allowed to explore the rangex (1 + DV').

(1) [Vmin, Vmaz) © This specifies the allowed interval of variation.

CONSTRAINTS

The next input data i/ T[2] is the number of constraint8|C. A list of the available constraints is given
in the table page 61 ; adding or changing a constraint regntke FORTRAN file ff.f

Each constraint is defined by the following list of data :

IC = type of constraint (see table p. 61).

I,J = constraintie., R;;, determinant, tune’;;; ; o;; ; trajectory#I/ and coordinatet.J)
IR = number of the keyword at the exit of which the constraintli@sp

Vv = desired value of the constraint

W = weight of the constraint (smalléV” for higher weight)

NP NPvalues follow

IC=0: The coefficientsr; (033) = horizontal (vertical) beta values ang, (0,44) = horizontal (vertical)
derivatives { = —/3’'/2) are obtained by transport of their initial values at lingrsas introduced using for
instanceOBJET, KOBJ=5.1

IC=0.1: Beam parameterSo:H = ﬁy,O’lg = 091 = —Qy,092 = Vy, 033 = 52,0’34 =043 = —OQz,044 =
vz ; periodic dispersion &y = Dy, 096 = D4, 035 = Dz, 046 = D', all quantities derived by assuming
periodic structure and identifying the first order transfeatrix with the form/cosu + Jsinpu.

IC=1, 2: The coefficientsk;; andT;;, are calculated following the procedures describerRIX,
option/FOC = 0. The fitting of thg R, ;] matrix coefficients supposes the tracking of particles wéhaxial
coordinates, normally defined usi@BJE Toption KOBJ =5 or 6.
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' Parameters defining the constraints Obiject definition
Type of constraint
. (recommended)
IC I J Constraint Parameter(s)
# values
o-matrix 0 1-6 1-6 orJj (0‘11 = ﬁy, 012 = 021 = Qy, etc.) OBJET/KOBJ:5,6
Periodic parameters | O.N 1-6 1-6 o1y (011 = cospy + ay sin uy, etc.) OBJET/KOBJ=5.0N
7 any Y-tune =py /27
(N=1-9 for MATRIX 8 any Z-tune =pz /2w
block 1-9)) 9 any cos(py)
10 any cos(pz)
First order 1 1—-6 1—-6 Transport coeffR; 5 OBJET/KOBJ=5
transport coeffs. 7 i 1 # 8 : YY-determinant ; i=8 : YZ-det.
8 i j # 7:ZZ-determinant ; j=7 : ZY-det.
Second order 2 1-6 11 - 66 Transport coeffT7 ; i OBJET/KOBJ=6
transport coeffs. (j =[J/10],k = J — 10[J/10])
Trajectory 3 1 — IMAX 1-7 F(J,I) [MCJOBJET
coordinates -1 1-7 < F(J,4) >i=1,mMAx
-2 1-7 Sup(|F(J,4)])i=1,max
-3 1-7 Dz’st|F(J, I)"L:Il,IQ,dI 3 11 12 dl
31 | 1-IMAX 1-7 |F(J,I)— FO(J,I)|
3.2 | 1-IMAX 1-7 |F(J,I)+ FO(J, I)|
3.3 | 1—-IMAX 1-7 min. (1) or max. (2) value of'(J, I) 1| 12
34 | 1-IMAX 1-7 |[F(J,I) - F(J,K)] (K=1-IMAX) | 1 K
Ellipse parameters 4 1-6 1-6 org (011 = By, 012 = 021 = ay, etc.) OBJET/KOBJ=8;
MCOBJET/KOBJ=3
Number of 5 -1 any Nyrvived/IMAX OBJET
particles 1-3 any Nin ey 7 x /Nsurvived 1| ¢/m MCOBJET
4-6 any Nin best €Y, Z,X,rms /N.su'rvi'ued MCOBJET
Spin 10 | 1 - IMAX 1-4 Sx,v,z(I), |S(D)] [MC]OBJET
10.1 | 1 — IMAX 1-3 |Sx,v,z(I) — SOx y,z(I)| +SPNTRK

IC=3: If 1 < I < IMAX then the value of coordinate typg(J = 1, 6 for respectivelyD, Y, T, Z, P, S)
of particle number (1 < I < IMAX) is constrained. Howevdrcan take special meaning, as follows.
I = —1: the constraint is the mean value of coordinate of type
I = —2: the constraint is the maximum value of coordinate of type
I = —3: the constraint is the distance between two different pladi

IC=3.1: Absolute value of the difference between local and inifiadoordinate of particlé (convenient
e.g.for closed orbit search).

IC=3.2 : Absolute value of the sum of the local and initielcoordinate of particle.

IC=3.3: Minimum (NP=1) or maximum value/P=2) of the local/-coordinate of particld.

IC=3.4: Absolute value of the difference between lodatoordinates of particles respectivdlyand K.

IC=4: The coefficientsr|; (o33) = horizontal (vertical) beta values ang, (044) = horizontal (vertical)
derivatives ¢ = —3’/2) are derived from an ellipse match of the current particleuybation (as generated
for instance usinddCOBJET, KOBJ=3.

The fitting of the[o;;] coefficients supposes the tracking of a relevant populaifoparticles within an
appropriate emittance.

IC=5: The constraint value is the ratio of particles (oYf&#AX ). Three cases possible :

I = —1, ratio of particles still on the run.

I =1, 2, 3, maximizationof the number of particles encompassed within a gii#type (for respec-
tively Y, Z, D) phase-space emittance value. Th&®-=1, followed by the emittance value. The center
and shape of the ellipse are determined by a matching to #iggoand shape of the particle distribution.

I =4, 5, 6, same as previous case, except for the ellipse, taken teheidmatched ellipse to the
distribution. ThusvVP=0.
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IC=10: If 1 < I < IMAX then the value of coordinate type(J = 1, 3 for respectivelySy, Sy, Sz) of
particle number is constrained.

IC=10.1: Difference between final and initial-spin coordinate of particlé (convenient.g.for 77, spin
vector search).

OBJECT DEFINITION

Depending on the type of constraint (see table p. 61), canstcalculations are performed either from
transport coefficient calculation and in such case reqQBJET with either KOBJ= 5 or KOBJ= 6, or
from particle distributions and in this case need objecinti&dn using for instanc®©BJETwith KOBJ= 8,
MCOBJETwith KOBJ= 3.

THE FITTING METHODS

The FIT procedure was drawn from the matrix transport code BETA [28is a direct sequential mini-
mization of the quadratic sum of all erronse(, differences between desired and actual values foNie
constraints), each normalized by its specified welgih{the smalledV, the stronger the constraint).

The step sizes for the variation of the physical parametepenld on their initial values, and cannot be
accessed by the user. At each iteration, the optimum valtreedftep size, as well as the optimum direction
of variation, is determined for each one of tN& variables. Then follows an iterative global variation of
all NV variables, until the minimization fails which results inextiteration on the optimization of the step
sizes.

The FIT2 procedure is based on the Nelder-Mead method, it has veseficities, details can be found
in Ref. [29].

The optimization process may be stopped by means of a persdilty, or a maximum number of iterations
on the step size or on the call to the function.
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GASCAT : Gas scattering

Modification of particle momentum and velocity vector, performed at each integration step, under the eff
of scattering by residual gas.

Installation is to be completed.
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GETFITVAL : Get values of variables as saved from former FIT[2] run

This keyword allows reading, from a file whose name needs beifsgd, parameter values to be assigned
to optical elements in zgoubi.dat.

That file is expected to contain a copy-paste of the data utideFIT[2] procedure as displayed in
zgoubi.res, normally under the form

STATUS OF VARIABLES (Iteration # 95)

LMNT VAR PARAM MINIMUM INITIAL FINAL MAXIMUM STEP NAME LBLBLR
145 1 4 -3.000E+03 762. 761.9484791 3.000E+03 1.254E-05 MUL TIPOL HKIC DHCBO02
182 2 4 -1.000E+03 -231. -230.9846875 1.000E+03 4.182E-06 M ULTIPOL HKIC DHCBO08
146 3 4 -1.000E+03 -320. -319.8554171 1.000E+03 4.182E-06 M ULTIPOL  VKIC DVCBO02
183 4 4 -1.000E+03 528. 527.7249064 1.000E+03 4.182E-06 MUL TIPOL  VKIC DVCBO08
615 5 4 -3.000E+03 308. 307.6860565 3.000E+03 1.254E-05 MUL TIPOL HKIC DHCF02
651 6 4 -1.000E+03 -114. -113.8490362 1.000E+03 4.182E-06 M ULTIPOL HKIC DHCFO08
616 7 4 -1.000E+03 -78.9 -78.88730937 1.000E+03 4.182E-06 M ULTIPOL  VKIC DVCF02
652 8 4 -1.000E+03 212. 211.8789183 1.000E+03 4.182E-06 MUL TIPOL  VKIC DVCF08

# STATUS OF CONSTRAINTS

# TYPE | J  LMNT# DESIRED WEIGHT REACHED K12 *  Parameter(s)

# 3 1 2 127 0.0000000E+00 1.0000E+00 1.0068088E-08 6.0335E- 01 = 0 :

# 3 1 3 127 0.0000000E+00 1.0000E+00 7.0101405E-09 2.9250E- 01 + O:

# 3 1 4 127 0.0000000E+00 1.0000E+00 2.9184383E-10 5.0696E- 04 » O :

# 3 1 5 127 0.0000000E+00 1.0000E+00 3.1142381E-10 5.7727E- 04 = O :

# 3 1 2 436 0.0000000E+00 1.0000E+00 3.8438378E-09 8.7944E- 02 » 0:

# 3 1 3 436 0.0000000E+00 1.0000E+00 1.5773011E-09 1.4808E- 02 » 0 :

# 3 1 4 436 0.0000000E+00 1.0000E+00 2.2081272E-10 2.9022E- 04 + O :

# 3 1 5 436 0.0000000E+00 1.0000E+00 5.7930552E-11 1.9975E- 05 = 0 :

# Function called 1859 times

# Xi2 = 1.68006E-16 Busy...

A’'# at the beginning of a line means it is commented, thusiit mot be taken into account. However a
copy-paste from zgoubi.res (which is the case in the presemple) would not not need any commenting.

Since some of thé-IT[2] variables may belong iWICJOBJET, GETFITVAL may appear right before
[MCJOBJET in zgoubi.dat, to allow for its updating.



4.3 Declaring Options 65
MCDESINT : Monte-Carlo simulation of in-flight decay[31]

As soon asVICDESINT appears in a structure (normally, at®BJETor after CIBLE), in-flight decay
simulation starts. It must be precededP4RTICUL for the definition of masd/; and COM lifetime 7.

The two-body decay simulated is

1—243
The decay is isotropic in the center of mass. 1 is the incompanrgjcle, with mass\/;, momentunp, =
~v1 M, ¢ (relative momentunD; = ﬁm)wnh BORO = reference rigidity, defined ifl\CJOBJET),
q

and positionY;, Z; in thezgoubiframe. 2 and 3 are decay products with respective masses @ame mta
My, M3 andpy = 2 Mafac, p3 = 3 M30sc.
The decay length; of particle 1 is related to its center of mass lifetimeby

S1 :CT1\/712—1

The path lengths up to the decay point is then calculated from a random nuiiker?; < 1 by using the
exponential decay formula

s = —s1¢nRk,
After decay, particle 2 will be ray-traced with assumed pasicharge, while particle 3 is discarded. Its
scattering angles in the center of méssnd¢ are generated from two other random numbeysand Rs.

¢ is a relativistic invariant, and in the laboratory frame (Fig. 8) is given by

1 sin 6*

m & + cos 6*

23

tanf =

B3 and momentunp, are given by

. MP 4 My — M3
T oMM,

. 1 1/2
5= (1-3%)

Yo =117, (1 4 5155 cos 0%)
D2 = Mz\/’yg —1

Finally, # and¢ are transformed into the anglés and P, in the zgoubiframe, and the relative momentum

@m (whereBORO is the reference rigidity, se®@BJET), while the starting
4q
position of M, is (Y7, Z1, s1).

takes the value), =

The decay simulation bygoubi satisfies the following procedures. In optical elements faegld maps,
after each integration stexPAS, the actual path length of the particé(6, I), is compared to its limit path

lengths. If s is passed, then the particle is considered as having deeay&@, /) — , at a position

obtained by a linear translation from the positiorF&é, 7). Presumably, the smallefPAS, the smaller the
error on position and angles at the decay point.
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\J

Figure 8: At positionV/ (X1, Y}, Z;), particle 1 decays into 2 and 2goubithen proceeds
with the computation of the trajectory of 2, while 3 is disibed.
6 and ¢ are the scattering angles of particle 2 relative to the torof the
incoming particle 1 ; they transform 6, and P, in zgoubiframe.

In ESLandCHANGREF, F'(6, ) is compared ta at the end of the element. If the decay occurs inside the
element, the particle is considered as having decayedaattiisl limit path lengtl3, thus its coordinates at
s are recalculated by translation.

The limit path length of all particled (= 1, IMAX) is stored in the arrafDES(6, I). For further statistical
purposesd.g, use ofHISTO) the daughter particle 2 is tagged with’&h standing for “secondary”. When
a particle decays, its coordinatés Y, T, Z, P, s, time at the decay point are stored FDES(J, I),
J=1,T1.

A note on negative drifts :

The use of negative drifts witMCDESINT s allowed and correct. For instance, negative drifts maypc

in a structure for some of the particles when ust¥Y§JANGREF (due to theZ-axis rotation or a negative
XCE), or when usingDRIFT with XL < 0. Provision has been made to take it into account during the
MCDESINT procedure, as follows.

If, due to a negative drift, a secondary particle reache& bae decay location of its parent particle, then
the parent particle is “resurrected “ with its original cdmrates at that location, the secondary particle is
discarded, and ray-tracing resumes in a regular way fordhnenp particle which is again allowed to decay,
after the same path length. This procedure is made possilpgdr storage of the coordinates of the parent
particles (in array-DES(J, I)) each time a decay occurs.

Negative stepsXPAS< 0) in optical elements are not compatible WMCDESINT.
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OPTICS : Write out optical functions

OPTICSnormally appears next to object definition, it normally wek conjunction with element label(s).
OPTICScauses the transport and write out, in zgoubi.res, of theleam matrix, following optionKOPT
and ‘label, below.

IF KOPT=0: Off
IF KOPT=1: Will transport the optical functions with initial values apecified irOBJET, optionKOBJ=5.01

Note : The initial values IrOBJET[KOBJ=5.01]may be the periodic ones, as obtained, for instance, from
a first run usingATRIX[IFOC=11].

A second argument/abel, allows

- if label = all: printing out, into zgoubi.res, after all keywords of theomfi.dat structure,

- otherwise, printing out at all keyword featurihghBEL = label as a first label (see section 4.6.5,
page 162, regarding the labelling of keywords).

A third argument/MP=1, will cause saving of the transported beta functions ineZgoubi.OPTICS.out.



68 4 DESCRIPTION OF THE AVAILABLE PROCEDURES

ORDRE : Taylor expansions order

The position’ and velocityi of a particle are obtained from Taylor expansions as desdiiteq. (1.2.4).
By default, these expansions are up to the fifth order devevati i/,

Ry ~ Ry + iiAs + ... +a® —67

5) A8

U ~UuU+u'As+...+4 :

which corresponds to fourth order derivatives of fieétmq. (1.2.8). and of, eq. (1.2.13).

However, third or higher order derivatives of fields may beia some optical elements, for instance in a
sharp edge quadrupole. Also, in several elements, no marefittst and second order field derivatives are
implemented in the code. One may also wish to save on congutane by limiting the time-consuming
calculation of lengthy (while possibly ineffective in tesrof accuracy) Taylor expansions.

In that spirit, the purpose dDRDRE option IO = 2 — 5, is to allow for expansions to th&™ term in
eq. 1.2.4. Default functioning i80 = 4, stated iIfFORTRAN file block.f

Note the following :
As concerns the optical elements

DECAPOLE, DODECAPO, EBMULT, ELMULT, MULTIPOL, OCTUPOLE,
QUADRUPO, SEXTUPOL

field derivatives (see eq. 1.2.10 p. 19, eq. 1.2.15 p. 21 baen installed in the code accordingi#®
Taylor development order ; it may not be as complete for otiptical elements. In particular, in electric
optical elements field derivatives (eq. 1.2.15) are usyaibvided to no more than second order, which

justifies saving on computing time by means@®RDRE so to avoid pushing Taylor expansions as high as
7(5)
ur’.

NOTE : see also the optiofORDREIn field map declarationdYIPOLE-M, TOSCA etc.).
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PARTICUL : Particle characteristics

Sincezgoubi works using the rigidity, BORGQ, as declared ifMCJOBJET), PARTICUL only needs be
introduced (normally, followingMCJOBJET in the input data file zgoubi.dat) when the definition of some
characteristics of the particles (mass, charge, gyromagaetor, life-time in the center of mass) is needed,
as is the case when using the following procedures :

CAVITE . mass, charge
MCDESINT : mass, COM life-time
SPNTRK . mass, gyromagnetic factor
SRLOSS : mass, charge

SYNRAD . mass, charge

Electric and Electro-Magnetic elementsmass, charge

The declaration oPARTICUL mustprecedethese keywords.

If PARTICUL is omitted, which is in general the case when ray-tracing ionpurely magnetic optical
assemblies, themgoubi, since it only knows the rigidity, will skip the computatiaf such quantities as
time of flight.
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REBELOTE : 'Do it again’

WhenREBELOTE s encountered in the input data file, the code execution gimp

- either back to the beginning of the data file - the defaultavedr,

- or (optionK=99.1 or K=99.2) back to a particulat ABEL .
ThenNPASS-1passes (fronhABEL to REBELOTE) follow.
As to the last pass, numbBIPASS+] there are two possibilities :

- either it also encompasses the whbBEL to REBELOTErange,

- or, upon request (optioA=99.2), execution may exit that final pass upstreanREBELOTE at
a location defined by a second dedicateABEL placed between the first above mentiodeABEL, and
REBELOTE In both cases, following the end of this “multiple-passb@edure, the execution continues
from the keyword which followsREBELOTE until 'END’ is encountered.

The two functionalities o0REBELOTE are the following :

o« REBELOTE can be used for Monte Carlo simulations when more than M&XK ) particles are to be
tracked. Thus, when the following random procedures ard uselCOBJET, OBJETA, MCDESINT,
SPNTRK(KSO = 5), their random seeds are not reset and independentistaid! add up.

This includesvionte Carlo simulations, in beam lines : normallyX = 0. NPASSruns through the same
structure, fromVICOBJETto REBELOTEwill follow, resulting in the calculation of1 + NPASS) « IMAX
trajectories, with as many random initial coordinates.

o« REBELOTE can be used for multi-turn ray-tracing in circular machiogsular machines : normally
K = 99 in that case.NPASSturns in the same structure will follow, resulting in theckang of IMAX
particles ovei + NPASSturns. For the simulation of pulsed power supplies, syncbnamotion, and other
Q-jump manipulation, seSCALING.

For instance, using option describd99.2above, a full “injection line + ring + extraction line” ingtation
can be simulated - kicker firing and other magnet ramping essirnulated usingCALING.

Using the doubld-ABEL method discussed above with optiir99.2 it is possible to encompass the ring
between an injection line section (namely, with the elensexuence of the latter extending fradBJET
to the firstLABEL), and an extraction line (its description will then folldREBELOTE), whereas the ring
description extends from to the filsABEL to REBELOTE with possible extraction, at the last pass, at the
location of the secontiABEL, located between the first one aR&EBELOTE

Output prints overNPASS+1 passes might result in a prohibitively big zgoubi.res filehey may be
switched on/off by means of the optidWRIT=i.j, with : = 1/0 respectively. The flag commands
printing pass number and some other information onto theov@litput, every(0’—! turns if j > 0 ; output
is switched off ifj = 0.

REBELOTE also provides information : statistical calculations aalhted data regarding particle decay
(MCDESINT), spin tracking(SPNTRK) stopped particlesSGHAMBR, COLLIMA), etc.
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RESET : Reset counters and flags

Piling up problems iregoubiinput data file is allowed, with normally no particular pratian, except that
each new problem must begin with a new object definition @MCOBJET, OBJETJ. Nevertheless, when
calling upon certain keywords, then, flags, counters orratitegrating procedures may be involved. It may
therefore be necessary to reset them. This is the purpoR&SETwhich normally appears right before
the object definition and causes each problem to be treatet@s and independent one.

The keywords or procedures of concern and the effe®REBSE Tare the following

CHAMBR . number of stopped particles reset toOHAMBR option switched off
COLLIMA : number of stopped particles reset to O

HISTO . histograms are emptied

INTEG : number of particles out of field map boundaries reset to O
MCDESINT : decay in flight option switched off, counter reset

PICKUPS : pick-up signal calculation switched off

SCALING : scaling functions disabled

SPNTRK  : spin tracking option switched off
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SCALING : Power supplies and R.F. function generator

SCALING acts as a function generator dedicated to varying fields ficapelements, potentials in elec-

trostatic devices, RF parameters@AVITE. It is normally intended to be declared right after the objec
definition, and used in conjunction wWitREBELOTE for the simulation of multi-turn tracking - possibly

including acceleration cycles.

SCALING acts on families of elements, a family being designated $yn@me that coincides with the
keyword of the corresponding element. For instance, dedaULTIPOL as to be varied will result in
the same timing law being applied to MIULTIPOL’s in thezgoubi optical structure data file. Subsets can
be selected by labeling keywords in the data file (sectiorb4age 162) and adding the corresponding
LABEL(s) in theSCALING declarations (twd. ABEL’s maximum). The family name of concern, as well
as the scaling function for that family, are given as inpuada the keywordSCALING. There is an upper
limit, NFMAX, to the numbefV F’ of families that can be declared as subject to a scalingNd&AX can

be changed in thEORTRAN include fileMXFS.H A scaling law can be comprised of upAdl’ successive
timings, between two successive timings, a linear intexjiah law is used to determine the scaling factor.

An example of data formatting for the simulation of an aciien cycle in a circular machine is given in
the following.

SCALING - Scaling

1 4 Active. N F' = 4 families of elements are concerned, as listed below
QUADRUPO QFA QFB - Quadrupoles labeled 'QFA and Quadrupoles labeled 'QFB’

2 NT = 2timings

18131.E-3 24176.E-3  The field increases (linearly) from 181341B,30 24176E-3 B

1 6379 from turn 1 to turn 6379

MULTIPOL QDA QDB - Multipoles labeled 'QDA’ and Multipoles labeled 'QDB’

2 NT = 2timings

18131.E-3 24176.E-3  Fields increase from 1813%B;3to 24176E-3B; (Vi = 1, 10 poles)
1 6379 from turn 1 to turn 6379

BEND - All BEND’s (regardless of anifABEL)

2 NT = 2timings

18131.E-3 24176.E-3  As above

1 6379

CAVITE - Accelerating cavity

3 NT = 3timings

1 122 1.33352 The synchronous rigid{t}p) s increases,

1 1200 6379 from{Bp)s, to 1.22x(Bp)s, from turn 1 to 1200, and

from 1.22x(Bp)s, to 1.33352(Bp),, from turn 1200 to 6379

The timing is in unit of turns. In this example, TIMING = 1 to B3 (turns). Therefore, at turn number
N, B andB; are updated in the following way. LE&CALE(TIMING = N) be the updating scale factor

24.176 — 18.131
146379 -1

SCALE(N) = 18.131 (N —1)

and then

B(N) = SCALE(N) B,
B;(N) = SCALE(N)B;,

The RF frequency is computed using

[ L —C DL
L @(Bo): + (MPP)17

where the rigidity is updated in the following way. LeBp)., be the initial rigidity (namely,Bp),, =
BORO as defined in the keywor@BJET for instance). Then, at turn numba,
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122 -1
if 1 < N <1200 then,SCALE(N) =1+ — =~ (N —1
1< < 1200 then W) =1+ =t V- Y

| 1.33352 — 1.22

if 1200 < N < 6379 then,SCALE(N) = 1.22 4 —299) (N — 1200)

1+ 6379 — 1200
and then,

from which value the calculations ¢f;»(N) follow.

NT can take negative values, then acting as an option switthefréhan giving number of timings), as
follows :

e NT = —1: this is convenient for synchrotron acceleration. In tlasethe next two lines both contain a
single data (as foNT = 1), respectively the starting scaling factor value, and le Gtrrent field scaling
factor will then be updated from the energy kick by the cavfitior instance CAVITE/IOPT=2 is used,

namely,
B B Bp(N)
SCALE(N) = SCALE(N — 1) x Bp(N — 1)

e NT = —2: this is convenient for reading an RF law fGAVITE from an external data file, including
usage for acceleration in fixed field accelerators.
e NT = 1.10 : allows taking the scaling law from an external data file rathe following example :

MULTIPOL COH1

1.10
./ICsnk3D/bumpcentered.scal File name
12 Column numbers in the file : col. 2 gives the scaling
factor at rigidity given by col. 1.
Notes :

1. In causing, ViegCAVITE, a change of the synchronous rigidi@CALING causes a change of the refer-
ence rigidity, following (see€CAVITE)

Bp,.; = BORO— Bp,.;y = BORO+ 0 Bp,

2. It may happen that some optical elements won't scale giarce code development reasons. This should
be paid attention to.
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SPNTRK : Spin tracking

The keywordSPNTRK permits switching on the spin tracking option. It also pesnthe attribution of an
initial spin component to each one of thdAX particles of the beam, following a distribution that depend
on the option indeXXSO. It must be preceded WWARTICUL for the definition of mass and gyromagnetic
factor.

KSO =1 (respectively 2, 3) theIMAX particles defined witfMCJOBJET are given a longitudinal (1,0,0)
spin component (respectively transverse horizontal @D, ertical (0,0,1)).

KSO =4 : initial spin components are entered explicitly for each ohthe IMAX particles of the beam.

KSO = 4.1 : three initial spin componentSy, Sy, Sz are entered explicitly just once, they are then
assigned to each one of thdAX particles of the beam.

KSO = 5 : random generation ofMAX initial spin conditions as described in Fig. 9. Given a mean
polarization axis (S) defined by its angl&s and I, and a cone of angle A with respect to this axis, the
IMAX spins are sorted randomly in a Gaussian distribution

pla) = exp [_(1425——14(12)1 /6AV2m

and within a cylindrical uniform distribution around the) @kis. Examples of simple distributions available
by this mean are given in Fig. 10.

Z, /

v
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Figure 9: Spin distribution as obtained with optiki$O = 5.
The spins are distributed within an annular strip (standard
deviation) at an anglél with respect to the axis of mean po-
larization (S) defined b¥, and 7.
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N

(A) “4 (B)

D\

0A

Figure 10: Examples of the use K50 =5.
A : Gaussian distribution around a mean vertical polararatixis, ob-
tained withT, = arbitrary,P, = 7/2, A = 0 andd A # 0.
B : Isotropic distribution in the median plane, obtainedhwiy = +7/2,
A=mn/2,anddA = 0.
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SRLOSS : Synchrotron radiation loss [17]

The keywordSRLOSSallows activating or stopping (optioKSR = 1, 0 respectively) stepwise tracking
of energy loss by stochastic emission of photons in magtietids, following the method described in
section 3.1.

It can be chosen to allow radiation in the sole dipole fieldsincall types of fields regardless of their
multipole composition. It can also be chosen to allow forrdwiation induced transverse kick.

SRLOSSmust be preceded BJARTICUL for defining mass and charge values as they enter in the defini-
tion of SR parameters.

Statistics on SR parameters are computed and updated vaalertg, the results of which can be obtained
by means of the keywor8RPRNT.
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SYNRAD : Synchrotron radiation spectral-angular densities

The keywordSYNRAD enables (or disables) the calculation of synchrotron temigSR) electric field and
spectral angular energy density. It must be precedeBARTICUL for defining mass and charge values,
as they enter in the definition of SR parameters.

SYNRAD is supposed to appear a first time at the location where SRdshtaut being taken into account,
with the first dataKSR set to 1. It results in on-line storage of the electric fieldtee and other relevant
guantities in zgoubi.sre, as step by step integration ga&e The observer positiolk(Q, YO, ZO) is
specified next t&KSR.

Data stored in zgoubi.sre :
(ELz, ELy, ELz) : electric field vecto€ (eq. 3.2.1)

- 1 . .
(btx, bty, btz) = = —x particle velocity
L, C

d . :
(9z, gy, 92) = d—f = particle acceleration (eq. 3.2.3)

AT = observer time increment (eq. 3.2.2)

t' =71 —r(t')/c = retarded (particle) time

(rtz,rty,rtz) : R(t), particle to observer vector (eq. 3.2.4)
(x,y, z) = particle coordinates

As = step size in the magnet (fig. 2)

NS = step number

I = particle number

LET(I) = tagging letter

IEX(I) = stop flag (see section 4.6.10)

SYNRAD is supposed to appear a second time at the location wherel@Rations should stop, witKSR

set to 2. It results in the output of the angular energy dyerﬁi’[ O3W/dp oy Ov (eq. 3.2.11) as calculated
from the Fourier transform of the electric field (eq. 3.2.1’.[i1e spectral range of interest and frequency
sampling {4, v», ) are specified next tSR.
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4.4 Optical Elements and Related Numerical Procedures

AGSMM : AGS main magnet

The AGS main magnet is a combined function dipole with straaxis (lines of constant field are straight
lines).

The field computation routines foA\GSMM are the same as faIULTIPOL (details in section 1.3.7,
page 25), howeveAGSMM has the following four particularities :

e There are only three multipole components prese®@SMM : dipole, quadrupole and sextupole.

e The dipole fieldB, is drawn from the reference rigidity;p,., and follows the latter so to preserve
p = Bp,.r/ By and the orbit deviatiod / p. In particular,

— in the absence of acceleratidsy,.; = BORO, with BORO the quantity appearing in the object
definition using/MC]JOBJET,

— in presence of acceleration usi@g\VITE, Bp,. is changed tdBORO x D,.; at each passage in
the cavity, withD, . ; the relative synchronous momentum increase, a quantity foabiupdates
at cavity traversal.

e The field indices, quadrupol&1 and sextupole<'2, are derived from the reference rigidit#,, .,
via momentum-dependent polynomials, taken from Ref. [32].

e The AGS main dipole has back-leg windings, used for instdoncenjection and extraction orbit
bumps. The number of winding turns and the number of Ampemestare part of the data in the input
data list. The intensity in the windings is accounted forhia tonversion from total ampere-turns in
the magnet to momentum and then to magnetic field.

Note : A consequence of items 2 and 3 is that no field value igired| in defining the AGS main magnets
in the zgoubi.dat input data list.
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AGSQUAD : AGS quadrupole

The AGS quadrupoles are regular quadrupoles. The simnlafidGSQUAD uses the same field mod-
elling asMULTIPOL, section 1.3.7, page 25. However amperes are provided astmpGSQUAD rather
than fields, the reason being that some of the AGS quadrupalestwo superimposed coil circuits, with
separate power supplies. It has been dealt with this p&atiguby allowing for an additional set of multi-
pole data inAGSQUAD, compared taMULTIPOL.

The field INAGSQUAD is computed using transfer functions from the ampere-turtige coils to magnetic
field that account for the non-linearity of the magnetic peatnility [33].
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AIMANT : Generation of dipole mid-plane 2-D map, polar frame

The keywordAIMANT provides an automatic generation of a dipole median plahe fi@p in polar
coordinates.

A more recent and improved version will be foundMPOLE-M. In addition, a similar modelling, that
however skips the stage of an intermediate mid-plane field, iwen be found iDIPOLE[S]

The extent of the map is defined by the following parametershawn in Figs. 11A and 11B,
AT . total angular aperture
RM : mean radius used for the positioning of field boundaries
RMIN, RMAX : minimum and maximum radial boundaries of the map

The 2 or 3 effective field boundaries (EFB) inside the map afieelé from geometric boundaries, the shape
and position of which are determined by the following parterse
ACENT : arbitrary angle, used for the positioning of the EFB'’s.

w . azimuth of an EFB with respect ®CENT
0 . angle of a boundary with respect to its azimuth (wedge angle
Ry, R, : radius of curvature of an EFB

U, Uy : extent of the linear part of the EFB.

At any node of the map mesh, the value of thheomponent of the field is calculated as

R— RM R— RM\? R— RM\*®

whereN, B andG are respectively the first, second and third order field sl@ndF (R, 6) is the fringe
field coefficient (it determines the “flutter” in periodic sttures).

Calculation of the Fringe Field Coefficient

With each EFB a realistic extent of the fringe fieM,is associated (Figs. 11A and 11B), and a fringe field
coefficient F' is calculated. In the following\ stands for eithei; (Entrance),\s (Exit) or \; (Lateral
EFB).

If a node of the map mesh is at a distance of the EFB larger Xh#imen F' = 0 outside the field map and
F = 1inside. If a node is inside the fringe field zone, thiéms calculated as follows.

Two options are available, for the calculation/of depending on the value 6f
If € >0, Fisasecond order type fringe field (Fig. 12) given by

1 (A—s)? .
— <5< 4.
>N if £<s<A (4.4.2)
1 (A—s)* .
_1_ - A< g < — 4.
F=1 >N g if A<s< ¢ (4.4.3)
wheres is the distance to the EFB, and
Sl 5 o<s<e (4.4.4)
=3 Nt E <s< 4.
1 S
F=Z>— if —¢<s< 4.4.
5 aie i £<s<0 ( 5)

This simple model allows a rapid calculation of the fringédfidut may lead to erratic behavior of the field
when extrapolating out of the median plane, due to the disuaity of d>B/ds?, ats = +¢ ands = +\.
For better accuracy it is advised to use the next option.
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LATERAL EFB

ENTRANCE EFB

EXIT EFB

EXIT FACE

(A)

RS \:Ir\‘ OF THE MAP

\ END FACE

(B)

OF THE MAP

Figure 11: A : Parameters used to define the field map and gdoaiet

boundaries.

B : Parameters used to define the field map and fringe fields.
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If £ = —1, F is an exponential type fringe field (Fig. 12) given by [34]

T 1+ exlp P(s) (4.4.6)
wheres is the distance to the EFB, and
P@)—(%—%Cl<§>+(b<§>2+C§(;)3+(h(§>4+6%<§>5 (4.4.7)

The values of the coefficientS, to C5 should be such that the derivatives Bf;, with respect tos be
negligible ats = + ), so as not to perturb the extrapolationl%but of the median plane.

It is also possible to simulate a shift of the EFB, by giving a mero value to the parametghift. s is then
changed ta— shift in the previous equation. This allows small variations &f tbtal magnetic length.

Let F'; (respectivelyFs, F) be the fringe field coefficient attached to the entranceéetively exit, lateral)
EFB following the equations above. At any node of the map méshresulting value of the fringe field
coefficient (eq. 4.4.1) is (Fig. 13)

./—'-(R,Q)ZFE*Fs*FL

In particular,F;, = 1 if no lateral EFB is requested.

The Mesh of the Field Map

The magnetic field is calculated at the nodes of a mesh withrmalordinates, in the median plane. The
radial step is given by

SR — RMAX - RMIN
~ IRMAX —1
and the angular step by
AT
%0 = TaMAX —1

where,RMIN andRMAX are the lower and upper radial limits of the field map, afdis its total angular
aperture (Fig. 11BYRMAX andIAMAX are the total number of nodes in the radial and angular direst
Simulating Field Defects and Shims

Once the initial map is calculated, it is possible to pertiirby means of the paramet&/BS, so as to
simulate field defects or shims.

If NBS = —2, the map is globally modified by a perturbation proportiomwalk — R, where R, is an
arbitrary radius, with an amplitud& B,/ By, so thatB; at the nodes of the mesh is replaced by

BZ*(l—i—ABZ R — Ry )

By RMAX — RMIN
If NBS = —1, the perturbation is proportional to— 6,, and B is replaced by

ABy 0 — 0,
BZ*G*‘BO AT)
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Figure 12: Second order type fringe field (upper plot) and
exponential type fringe field (lower plot).
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Figure 13: Effective value of (R, 0) for overlapping fringe field$; and F>
centered af); andOs.
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If NBS > 1, thenNBS shims are introduced at positior@ i RQ, 0+ 0 (Fig. 14) [35]

The initial field map is modified by shims with second orderfiies given by

) ,X?
9:(7+—) b=
n)op

R+ Ry

whereX is shown in Fig. 14p =

£ andy are parameters.
At each shim, the value @B, at any node of the initial map is replaced by

is the central radiugy and~ are the angular limits of the shim,

0

whereF§ = 0 or R = 0 outside the shim, anfl§ = 1 andF'R = 1 inside.

By * (1+F9*FR*ABBZ>

Extrapolation Off Median Plane

The vertical fieldB and its derivatives in the median plane are calculated bynmeba second or fourth
order polynomial interpolation, depending on the valudefgarametelORDRE(IORDRE=2, 25 or 4, see
section 1.4.2). The transformation from polar to Cartes@ordinates is performed following egs. (1.4.9
or 1.4.10). Extrapolation off median plane is then perfairog means of Taylor expansions following the
procedure described in section 1.3.3.

Figure 14: A second order profile shim. The shim is cen-

(R1 + R2) and (01 + 92).

tered at
2




86 4 DESCRIPTION OF THE AVAILABLE PROCEDURES

AUTOREF : Automatic transformation to a new reference frame

AUTOREF positions the new reference frame following 3 options :

If I =1, AUTOREFis equivalent to

CHANGRERXCE = 0,YCE =Y (1), ALE = T(1)]
so that the new reference frame is at the exit of the last elenvath particle 1 at the origin with its
horizontal angle set t&' = 0.
If T=2,itis equivalentto

CHANGRERXW, YW, T(1)]

so that the new reference frame is at the positi&nl, Y'17) of the waist (calculated automatically in the
same way as fofMAGE) of the three rays number 1, 4 and 5 (compatible for instarite @BJET, KOBJ
=5, 6, together with the use MATRIX ) while T'(1), the horizontal angle of particle numbét, is set to
zero.

If T=3,itisequivalentto

CHANGREEXW,Y W, T(I1)]

so that the new reference frame is at the positignl, Y'11) of the waist (calculated automatically in the
same way as fofMAGE) of the three rays number 11, 12 and 13 specified as data, V() is set to
zero.
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BEAMBEAM : Beam-beam lens

BEAMBEAM is a beam-beam lens simulation, a point transform [36].
Upon option usingPNTRK BEAMBEAM will include spin kicks, after modelling as described in Ref. [37].
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BEND : Bending magnet, Cartesian frame

BEND is one of several keywords available for the simulation pbté magnets. It presents the interest of
easy handling, and is well adapted for the simulation of Bywiton dipoles and such other regular dipoles
as sector magnets with wedge angles.

The field inBEND is defined in a Cartesian coordinate frame (unlike for insdW&OLE[S] that uses a
polar frame). As a consequence, having particle coordsratentrance or exit of the magnet referring to
the curved main direction of motion may require uskOS in particularKPOS=3(in a circular machine
cell for instance, see section 4.6.7, p. 163).

The dipole simulation accounts for the magnet geometrrggthXL , for a possible skew angle (X-rotation,

useful for obtaining vertical deviation magnet), and fa fleld B1 such that in absence of fringe field the

deviationd satisfiesXL = 2 BOROsin 0/2.

Then follows the description of the entrance and exit EFBd &amge fields. The wedge anglé§y
(entrance) andll’s (exit) are defined with respect to the sector angle, with itpessas described in Fig. 15.
Within a distancet X z(+ X ) on both sides of the entrance (exit) EFB, the fringe field medesed (same
as forQUADRUPQ Fig. 35, p. 133) ; elsewhere, the field is supposed to be umifo

If A\g (resp. \g) is zero sharp edge field model is assumed at entrance (regpofehe magnet and(;
(resp. Xs) is forced to zero. In this case, the wedge angle verticdldirder focusing effect (i51 is non
zero) is simulated at magnet entrance and exit by a Rick P, — Z; tan(e/p) applied to each particleq,
P, are the vertical angles upstream and downstream the EFBe vertical particle position at the EFB,
p the local horizontal bending radius anthe wedge angle experienced by the particlelepends on the
horizontal angle T).

Magnet (mis-)alignment is assured BPOS KPOS also allows some degrees of automatic alignment
useful for periodic structures (section 4.6.7).

W.>0 Ws>0

' /
N
\

reference

Entrance
EFB

Figure 15: Geometry and parametersB&END : XL = length,f = de-
viation, Wg, Wy are the entrance and exit wedge angles.
The motion is computed in the Cartesian frafoe X, Y, Z)
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BREVOL : 1-D uniform mesh magnetic field map

BREVOL reads a 1-D axial field map from a storage data file, whose nbontest match the following
FORTRAN reading sequence (possible FORMAT updates are to be founabipw.f ).

OPEN (UNIT = NL, FILE = FNAME, STATUS = ‘OLD’ [[FORM="UNFORMATTED'])
DO 11 =1, IX
IF (BINARY) THEN
READ(NL) X(I), BX())
ELSE
READ(NL,*) X(I), BX(l)
ENDIF
1 CONTINUE

where X is the number of nodes along the (symmetiaaxis, X () their coordinates, an8X(7) are
the values of theX component of the fieldBX is normalized withBNORM factor prior to ray-tracing,
as well X is normalized with the coefficietldNORM (useful to convert to centimeters, the working units
in zgoubi). For binary files,FNAME must begin with ‘B’ or ‘b_’, a flag ‘BINARY” will thus be set to
“TRUE. by the FORTRAN

X-cylindrical symmetry is assumed, resultingt” and BZ taken to be zero on axisé(X, Y, Z) and
its derivatives along a patrticle trajectory are calculdbgdmeans of a 5-point polynomial interpolation
followed by second order off-axis extrapolation (see s&til.3.2, 1.4.1).

Entrance and/or exit integration boundaries may be defimélde same way as IBARTEMESby means
of the flag/ D and coefficientsA, B, C, etc.
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CARTEMES : 2-D Cartesian uniform mesh magnetic field map

CARTEMES was originally dedicated to the reading and processing @ilkeasured median plane field
maps of the QDD spectrometer SPES2 at Saclay, assuminglamd-gipole symmetry. However, it can be
used for the reading of any 2-D median plane maps, providadtiie format of the field data storage file
fits the followingFORTRAN sequence

OPEN (UNIT = NL, FILE = FNAME, STATUS = ‘OLD’ [[FORM="UNFORMATTED'])
IF (BINARY) THEN
READ(NL) (Y(J), J=1, JY)
ELSE
READ(NL,FMT="(10F8.2)) (Y(J), J=1, JV)
ENDIF
DO 1 I=1, IX
IF (BINARY) THEN
READ(NL) X(I), (BMES(,d), J=1, JY)
ELSE
READ(NL,FMT="(10F8.1)) X(), (BMES(,d), J=1, JY)
ENDIF
1 CONTINUE

where, /X andJY are the number of longitudinal and transverse horizontdesaf the uniform mesh,
andX(7), Y(J) their coordinatesFNAME is the name of the file containing the field data. For binargfile
FNAME must begin with ‘B’ or ‘b _’, a flag ‘BINARY’ will thus be set to . TRUE. by thecFORTRAN

The measured fielBMES is normalized withBNORM,

B(I,J) = BMES(I, .J) x BNORM

As well the longitudinal coordinate X is normalized withiX&NORM coefficient (useful to convert to cen-
timeters, the working units ingoubi).
The vector field B, and its derivatives out of the median plane are calculageddans of a second or fourth

order polynomial interpolation, depending on the valuehef parametefORDRE (IORDRE = 2, 25 or 4,
see section 1.4.2).

In case a particle exits the mesh, IEX flag is set to—1 (see section 4.6.10, p. 166), however it is still
tracked with the field beingxtrapolatedrom the closest nodes of the mesh. Note that such extrapolat
process may induce erratic behavior if the distance fronmtbsh gets too large.

Entrance and/or exit integration boundaries can be definidtine flag/ D, as follows (Fig. 16).
If ID = 1 : the integration in the field is terminated on a boundary wighationA’X + B'Y + C' = 0,

and then the trajectories are extrapolated linearly orgcettit border of the map.

If ID = —1: an entrance boundary is defined, with equatibX + B’Y + C” = 0, up to which trajectories
are first extrapolated linearly from the map entrance bomtésr to being integrated in the field.

If ID > 2: one entrance boundary, ahfd — 1 exit boundaries are defined, as above. The integration in the
field terminates on the last D — 1) exit boundary. No extrapolation onto the map exit bordgeidormed
in this case.
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Figure 16:0XY is the coordinate system of the mesh. Integration bourslareey be defined,
using/D # 0 : particle coordinates are extrapolated linearly from thigance face
of the map, onto the boundar/ X + B'Y +C" = 0 ; after ray-tracing inside the map
and terminating on the boundaryX + BY + C = 0, coordinates are extrapolated
linearly onto the exit face of the mapifD = 2, or terminated on the lasf D — 1)
boundary ifID > 2.
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CAVITE : Accelerating cavity

CAVITE provides a simulation of a (zero length) accelerating gavit can be used in conjunction with
keywordsREBELOTE and SCALING for the simulation of multi-turn tracking with synchrotram fixed
field (FFAG, cyclotron) acceleration (see section 4.6.9nust be preceded bBYARTICUL for the defini-
tion of mass M and charge.

A major effect of CAVITE on optics settings is the following :

The reference rigidity of a problem, as used when computiotical strengths from field values, sec-
tions 1.2.1-1.2.3, is specified in the object definition[MCJOBJET. However, in many cases — options
as described below — that reference rigidity will be updateadn crossing the cavity, by the amount of the
synchronous rigidity increase as induced by the cavity,elgm

Bp,.; = BORO— Bp,.; = BORO+ 4 Bp;

Note as an illustration of the process, that, in this casenple way to have the optical elements have their
strengthamaintained constant is to uSECALING with the optionNTIM = —1.

If IOPT = 0: CAVITE is switched off.

If IOPT =1 : CAVITE simulates the RF cavity of a synchrotron accelerator : ths@iermotion over
IP =1, NPASS+ 1 turns (passes through the structure) is obtained usenkegywordREBELOTE option
K =99, while RF and optical elements time dependent functavessimulated by means SSCALING —
see section 4.6.9CAVITE may conveniently be locateak the endof the optical structure, otherwise its
phasing has to be indicated. The synchrotron motion of arnti@fMAX particles of a beam is obtained

from the following mapping
14 L
¢2—¢1=27TfRF<—— )

'R\ Be  Bue
W2 — W1 = qV Sil’l¢1

where

¢ = RF phase y; — ¢; = variation of¢ between two traversals

W = kinetic energy ¥V, — W, = energy gain at a traversal GAVITE

L = length of the synchronous closed orbit (to be calculatepriny ray-tracing,
see the bottom NOTE)

¢ = orbit length of the particle between two traversals

Bsc = velocity of the (virtual) synchronous particle

Bc = velocity of the particle

V = peak RF voltage

g = particle electric charge.

The RF frequencyy is a multiple of the synchronous revolution frequency, anchtained from the input
data, following

_he q(Bp)s
frr = —
L \/¢*(Bp)? + (Mc)?
where
= harmonic number of the R.F
M = mass of the patrticle
¢ = velocity of light.

The current rigidity( Bp) s of the synchronous particle is obtained from the timing laecfied by means of
SCALING following (Bp); = BORO- SCALE(TIMING) (seeSCALING for the meaning and calculation
of the scale factoSCALE(TIMING)). If SCALING is not used,Bp), is assumed to keep the constant
value BORO as given in the object description (S&@8JETfor instance).
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The velocity5c of a particle is calculated from its current rigidity
_ q(Bp)
V@ (Bp)? + (Mc)?
The velocity,c of the synchronous patrticle is obtained in the same way from

V@B + (Mep
The kinetic energies and rigidities involved in these folaeLare related by

a(Bp) = VW (W +2Mc?)
Finally, the initial conditions for the mapping, at the fitstn, are the following

- For the (virtual) synchronous particle

¢1 = ¢, = synchronous phase
(Bp)1s = BORO

- For any of thel = 1, IMAX particles of the beam

$1; = ¢, = Synchronous phase
(Bp)l] = BOROx D[

where the quantitieBORO and D; are given in the object description.

Calculation of the Coordinates

Let p; = [pX% +p3; er?ﬂ]l/2 be the momentum of particlé at the exit of the cavity, whilep;, =

[P%, + PYo, +p2210}1/2 is its momentum at the entrance. The kick in momentum is asdum be fully
longitudinal, resulting in the following relations betwethe coordinates at the entrance (denoted by the
index zero) and at the exit

1/2
Pxi = [p? - (P%O - Pilo)]
pyr = pyi,, and pzr=pzg (longitudinal kick)
X=X, Y=Y, and Z; =27, (zerolength cavity)

and for the angles (see Fig. 1)

Pxi

PZI
P, — Atg (—)
! (P + Py )2

If IOPT = 2 :the same simulation of a synchrotron RF cavity adfoPT = 1 is performed, except that
the keywordSCALING (family CAVITE) is not taken into account in this option : the increase irekn
energy at each traversal, for the synchronous patrticle, is

(damping of the transverse motion)

AW, = ¢V sin ¢,

where the synchronous phaseis given in the input data. From this, the calculation of e (Bp), and
the RF frequencyrr follows, according to the formulae given in th@PT = 1 case.

If IOPT = 3: sine RF law, acceleration without synchrotron motion. Anstipke will be given a kick
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AW = ¢V sin ¢,
whereV/ ando, are input data.

If IOPT = 6 : allows reading the RF frequency and/or phase law from anmaitéle (wih name normally
“zgoubi.fregLaw.In”). See routinesavite.f andscalin.f for details Was first used for acceleration
in scaling FFAG [45].

If IOPT = 7: fixed frequency RF, quasi- or isochronous acceleration. WasiBed for quasi-isochronous,
fixed frequency acceleration in the EMMA prototype lineaAEH46].
Can be used for cyclotron acceleration.

NOTE. Calculation of the closed orbit :

Due to possible dipole type of optical defectsy, fringe fields, straight axis combined function dipoles),
the closed orbit may not coincide with the ideal axis of theagh elements (hence it will be almost every-
where non-zero). One way to calculate it at the beginnindhefdtructurei(e., where the initial particle
coordinates are defined) is to ray-trace a single particke awsufficiently large number of turns, starting
with initial conditions taken near the reference orbit, sat@ obtain statistically well-defined transverse
phase-space ellipses. The local closed orbit coincidds tvé coordinate¥’,, 7., Z., P. of the center of
the ellipses. A few iterations are usually sufficient (avo&hr-integer tunes) to ensure accuracy. Next,
ray-tracing over one turn a particle starting with the aldigondition ., 7., Z., P.) will provide the entire
closed orbit, and as a sub-product its lengtfthe F'(6, 1) coordinate in th&FORTRAN).
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CHAMBR : Long transverse aperture limitation

CHAMBR causes the identification, counting and stopping of padithat reach the transverse limits of
the vacuum chamber. The chamber can be either rectanga@R(/ = 1) or elliptic [FORM = 2). The
chamber is centered &C, ZC and has transverse dimensiah¥ L and+7 L such that any particle will
be stopped if its coordinatés 7 satisfy

(Y —-YC)?*>YL?or(Z—2ZC? > ZL* if IFORM =1
(Y — YC)? N (Z — ZC)?
Y12 ZL?
The conditions introduced witEHAMBR are valid along the optical structure until the next occucesof
the keywordCHAMBR. Then, if IL. = 1 the aperture is possibly modified by introducing new values o
YC, ZC, YL andZL, or, if IL = 2 the chamber ends and information is printed concerningetpasticles
that have been stopped.

>1 if IFORM =2

The testing is done in optical elements at each integratiep, ®etween th&FB's. For instance, in
QUADRUPOthere will be no testing from- X5 to 0 and fromXL to XL + Xg, but only from O toXL ; in
DIPOLE, there is no testing as long as tBBITRANCE EFBis not reached, and testing is stopped as soon
as theEXIT or LATERAL EFB’s are passed.

In optical elements defined in polar coordinat&sstands for the radial coordinate.§, DIPOLE, see
Figs. 3C, p. 27, and 11, p. 82). Thus, center@®idAMBR at

YC = RM simulates a chamber curved with radi®%/, and having a radial acceptanB#/ + YL. In
DRIFT, the testing is done at the beginning and at the end, and onjyoiitive drifts. There is no testing
in CHANGREF.

When a particle is stopped, its ind&#X (seeOBJETand section 4.6.10) is set to the value -4, and its actual
path length is stored in the arr&ORT for possible further use.
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CHANGREF : Transformation to a new reference frame

CHANGREF transports particles from a reference pldoeY, Z) at path distancé, to a new one by a
combination of translations and/or rotations. It essdiiteams at positioning optical elements with respect
to one another, as setting a reference frame at the entraeg# of field maps, or to simulate misalignments
(see alsdKPOS option). CHANGREF can be placed anywhere in a structure.

Spin tracking, particle decay and gas-scattering are takenaccount InCHANGREF. Energy loss by
synchrotron radiation§RLOSSkeyword) is not.

There are two “styles” o°CHANGREF as follows.

The “old style” CHANGREF requires the three dabéCE, YCE, ALE and then gets the new particle
coordinatess, Ts, Z,, P, and path lengtty, from the old ones, 71, Z;, P, andS; using

T, =T, — ALE
(Y1 —YCE)cosTy + XCFEsinTy
cos Ty
DIL? = (XCE — YysinALE)? + (YCE — Y; + Yy cos ALE)?
Zy =71 + DLtgP;
DL |
cos Py

}/2:

So =851+

P,=P
Figure 17: Scheme of theHANGREF procedure.

where, XCF andY C'E are shifts in the horizontal plane along, respectiv&lyandY -axis, andALE is a
rotation around the&/-axis. DL is given the sign o\ CE — Y, sin(ALE).

The example below shows the use@HANGREF for the symmetric positioning of a combined function
dipole+quadrupole magnet in a drift-bend-drift geometiyhwl2.691 degrees deviation (obtained upon
combined effect of a dipole component and of quadrupoleshifted 1 cm off optical axis).

Zgoubi data file : oz Y Lab (m)  vs. X Lab ()
Using CHANGREF, "Old style"

"OBJET’ 0.1
51.71103865921708 Electron, Ekin=15MeV.
2

11 One particle, with
2. 0. 0000001 'R Y_0=2 cm, other coordinates zero. 0. 0%
1111111 .

'MARKER' BEG plt -> list into zgoubi.plt. [\

'DRIFT’ 10 cm drift.

10.

"CHANGREF’ 0.0

0. 0. -6.34165 First : half Z-rotation. i

'CHANGREF’ q]t ! Cal \j

0. 1. 0. Next : Y-shift.

'MULTIPOL' Combined function multipole, dipole + quadrupo le. - or
2 -> list into zgoubi.plt. ¥y

5 10. 2.064995867082342 2. 0. 0. 0. 0. 0. 0. 0. 0.

00 5 11 100 1.00 1.00 1.00 1.00 1. 1. 1. 1.

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

00 5 11 100 1.00 1.00 1.00 1.00 1. 1. 1. 1. -.1

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

0000000000

1 step size 0.0 0.05 0.1 0.15 0.2 0.25

1 0.0 O

CHANGREF: Note : The square markers scheme the stepwise inte-

P. -1. :6.34165 First : Y-shift back ; next : half Z-rotation. ) K X . K -
o 10 em antt gration in case of-5 cm additional fringe field extent

'MARKER' END plt "plt" => list into zgoubi.plt.

FAISCEAU upstream and downstream of the 5 cm long multipole.

'END’

The “new style” CHANGREF allows all 6 degrees of freedom rather than just 3, namely,YX-Z-
shift, X-, Y-, Z-rotation. In additionCHANGREF “new style” allows up to 9 successive such elementary
transformations, in arbitrary order. The “old style” exdengbove is transposed into “new style”, hereafter.
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Zgoubi data file :

Using CHANGREF, "New Style"

'OBJET

51.71103865921708 Electron, Ekin=15MeV.

2

11 One particle, with

2.0. 00000011 R Y_0=2 cm, other coordinates zero.

1111111

'MARKER’ BEG .plt -> list into zgoubi.plt.

'DRIFT 10 cm drift.

10.

'CHANGREF’

ZR -6.34165 YS 1. First half Z-rotate, Next Y-shift.

'MULTIPOL’ Combined function multipole, dipole + quadrupo le.
2 -> list into zgoubi.plt.

5 10. 2.064995867082342 2. 0. 0. 0. 0. 0. 0. 0. 0.

00 5 11 1.00 1.00 1.00 1.00 1.00 1. 1. 1. 1.

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

00 5 11 1.00 1.00 1.00 1.00 1.00 1. 1. 1. 1.

4 1455 2.2670 -6395 1.1558 0. 0. O.
00000O0O0OO0O0O

1 step size

1 0.0 O

'CHANGREF

YS -1. ZR -6.34165 First Y-shift back, next half Z-rotate.
DRIFT’ 10 cm drift.
10.

'FAISCEAU’

'END’
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CIBLE or TARGET : Generate a secondary beam following targetinteraction

The reaction id + 2 — 3 + 4 with the following parameters

Laboratory momentum p; =0 py  p3  pa
Rest mass M, My, Ms; M,
Total energy in laboratory M > W, Wy W,

The geometry of the interaction is shown in Fig. 18.

The angular sampling at the exit of the target consists oftfiecoordinates 0+7'S, +2« T'S... £(NT —
1) « T'S/2 in the median plane, and théP coordinates O£ PSS, £2 x PS... £(NP — 1) x PS/2 in the
vertical plane.

The position ofB downstream is deduced from that 4fupstream by a transformation equivalent to two
transformations usinGHANGREF, namely

CHANGRERXCE =YCE =0, ALE =p)
followed by
CHANGRERXCE =YCE =0, ALE=0-p).
Particle 4 is discarded, while particle 3 continues. Thegnioss( is related to the variable mass, by
Q=M +M— (My+M,) and dQ = —dM,

The momentum sampling of particle 3 is derived from cond@maf energy and momentum, according to

M162+W2 = W3+W4
pi = p% +p§ — 2pop3 cos(0 —T)

R
e, A
. E Ny
R
{2 B
.
< »
REFERENCE S \\
AT ENTRANCE B )
e /9 s
.
P
3
S oy, @
- ‘%&b
- g =)
! x
fut i ?

Figure 18: Scheme of the principlesGIBLE (TARGET)
A, T = position, angle of incoming particle 2 in the entrance nexfiee frame
P = position of the interaction
B, T = position, angle of the secondary patrticle in the exit reriee frame
0 = angle between entrance and exit frames
B =tilt angle of the target
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COLLIMA : Collimator

COLLIMA acts as a mathematical aperture of zero length. It causedehtfication, counting and stop-
ping of particles that reach the aperture limits.

Physical Aperture

A physical aperture can be either rectangul&QRM = 1) or elliptic (FORM = 2). The collimator is
centered a¥'C, ZC and has transverse dimensiaeh¥ L and+~7 L such that any particle will be stopped if
its coordinatey’, Z satisfy

(Y = YC)?>YL*or(Z—2ZC)? > ZL* if IFORM =1

(Y — YC)? (Z— ZC) .
>1 if IFORM =2
vie gz =+ !

Longitudinal Phase-space Collimation

COLLIMA can act as a longitudinal phase-space aperture, coorgiactied on are selected withORM.
Any particle will be stopped if its horizontal (h) and verigv) coordinates satisfy

(h S hmin Orh Z hmax) or (U S Umin orv Z Umax)
wherein, h is either path lengtty if IFORM=6 or time if IFORM=7, andv is either 1+DP/P ifJ=1 or
kinetic energy ifJ=2 (provided mass and charge have been defined using the fPAKRTICUL).
Transverse Phase-space Collimation

COLLIMA can act as a transverse phase-space aperture. Any parilicke stopped if its coordinates
satisfy

wY? 4+ 20y YT + ByT? > ey/m if IFORM =11or14
’yZZQ+2(XZZP+ﬁZp2 > EZ/ﬂ' if IFORM = 12or 15
If IFORM=11 (respectively 12) thery- /7 (respectively, /7) is to be specified by the user as welkasy,
By z. If IFORM=14 (respectively 15) then, andjy (respectivelyn, 5;) are determined bggoubi by

prior computation of the matched ellipse to the particleydation, so onlyy /7 need be specified by the
user.

When a patrticle is stopped, its indé&X (seeOBJET and section 4.6.10) is set to the value -4, and its
actual path length is stored in the an@@RT for possible further use withISTO).
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DECAPOLE : Decapole magnet (Fig. 19)

The meaning of parameters fDECAPOLE s the same as faqQUADRUPQ
In fringe field regions the magnetic fielél( X, Y, Z) and its derivatives up to fourth order are derived from
the scalar potential expressed to the 5th ordéf end 2

Z5
vuxxzyzcujcﬂz_mﬂﬁ+~g)

The modelling of the fringe field form facta@¥ (X ) is described undsQUADRUPQ p. 132.

Outside fringe field regions, or everywhere in sharp edgapae ¢z = \s = 0) , E(X,Y, Z) in the
magnet is given by

Bx =0
By =4Go(Y?* - Z*)Y Z
By = Go(Y* —6Y?Z* + Z%)

Figure 19: Decapole magnet
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DIPOLE : Dipole magnet, polar frame

DIPOLE provides a model of a dipole field, possibly with transversgides. The field along a parti-
cle trajectory is computed as the particle motion procestiaightforwardly from the dipole geometrical
boundaries. Field simulation iIDIPOLE is the same as used WPOLE-M andAIMANT for computing

a field map ; the essential difference IMPOLE is in its skipping that intermediate stage of field map
generation found iDIPOLE-M andAIMANT .

DIPOLE has a versionDIPOLES that allows overlapping of fringe fields in a configuratidmeighboring
magnets.

The dimensioning of the magnet is defined by (Fig. 11, p. 82)

AT : total angular aperture
RM : mean radius used for the positioning of field boundaries

The 2 or 3 effective field boundaries (EFB), from which the dgdeeld is drawn, are defined from geometric
boundaries, the shape and position of which are determipdaetfollowing parameters.

ACENT : arbitrary inner angle, used for EFB’s positioning

w . azimuth of an EFB with respect ®CENT

0 . angle of an EFB with respect to its azimuth (wedge angle)
Ri, R, : radius of curvature of an EFB

U, Uy : extent of the linear part of an EFB.

The magnetic field is calculated in polar coordinates. Atpwsition(R, #) along the particle trajectory the
value of the vertical component of the mid-plane field is gklted using

R— RM R— RM\? R— RM\*®

whereN, B andG are respectively the first, second and third order field esl@ndF (R, 0) is the fringe
field coefficient (it determines the “flutter” in periodic sttures).

Calculation of the Fringe Field Coefficient

With each EFB a realistic extent of the fringe fied(normally equal to the gap size), is associated and a
fringe field coefficientt’ is calculated. In the following\ stands for eitheA (Entrance) \s (Exit) or A,
(Lateral EFB).

F'is an exponential type fringe field (Fig. 12, p. 84) given b#][3
B 1
~ 1+expP(s)
whereins is the distance to the EFB and dependg Bnd), and

o= () v (306 () v () ()

It is also possible to simulate a shift of th#-B, by giving a non zero value to the paramedérft. s is then
changed ta—shift in the previous equation. This allows small variations &f tagnetic length.

Let Fi; (respectivelyFs, F7) be the fringe field coefficient attached to the entrancepéetively exit, lateral)
EFB. At any position on a trajectory the resulting value offtirege field coefficient (eq. 4.4.8) is



102 4 DESCRIPTION OF THE AVAILABLE PROCEDURES

f(R,@) = FE*FS*FL
In particular,F;, = 1 if no lateral EFB is requested.

Calculation of the Mid-plane Field and Derivatives

Bz(R,0)in Eq. 4.4.8 is computed at thex n nodes ¢ = 3 or 5 in practice) of a “flying” interpolation grid
in the median plane centered on the projectignof the actual particle position/, as schemed in Fig. 20.
A polynomial interpolation is involved, of the form

Bz(R, 0) == AOQ + A109 + AOlR + A20(92 + A11(9R + A02R2
that yields the requested derivatives, using

A _LakHBZ
TR 90k

Note that, the source code contains the explicit analyggalessions of the coefficients, solutions of
the normal equations, so that the operai®notCPU time consuming.

2

interpolation
gflaa 0s particle
trajectory

Figure 20: Interpolation method.mo andm; are the projections in the median plane of
particle positionsM, and M; and separated bys, projection of the integration
step.

Extrapolation Off Median Plane

From the vertical field5 and derivatives in the median plane, first a transformatiomfpolar to Cartesian
coordinates is performed, following eqgs (1.4.9 or 1.4.1f9n, extrapolation off median plane is performed
by means of Taylor expansions, following the procedure riesd in section 1.3.3.
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DIPOLE-M : Generation of dipole mid-plane 2-D map, polar frame

DIPOLE-M is a more recent, simpler and improved versioM&VIANT .

The keywordDIPOLE-M provides an automatic generation of a dipole field map inmpmardinates. The
extent of the map is defined by the following parameters, as/shn Figs. 11A and 11B.

AT . total angular aperture
RM : mean radius used for the positioning of field boundaries
RMIN, RMAX : minimum and maximum radii

The 2 or 3 effective field boundaries (EFB) inside the map afieelé from geometric boundaries, the shape
and position of which are determined by the following parters

ACENT : arbitrary inner angle, used for EFB’s positioning

w : azimuth of an EFB with respect ®CENT

0 . angle of an EFB with respect to its azimuth (wedge angle)
Ry, Ry : radius of curvature of an EFB

Ui, Uy, : extentof the linear part of an EFB.

At any node of the map mesh, the value of the field is calculased

R— RM R— RM\? R— RM\*®

where N, B andG are respectively the first, second and third order field eslandF is the fringe field
coefficient.

Calculation of the Fringe Field Coefficient

With each EFB a realistic extent of the fringe fied(normally equal to the gap size), is associated and a
fringe field coefficientt’ is calculated. In the following\ stands for eitheA (Entrance) \s (Exit) or A,
(Lateral EFB).

Fis an exponential type fringe field (Fig. 12) given by [34]
B 1
1+ expP(s)

wheres is the distance to the EFB, and

P (5) s (3 s () v () s ()

It is also possible to simulate a shift of th#-B, by giving a non zero value to the paramedérft. s is then
changed tx—shift in the previous equation. This allows small variations @f thtal magnetic length.

Let F'; (respectivelyFs, F) be the fringe field coefficient attached to the entrancegetvely exit, lateral)
EFB. At any node of the map mesh, the resulting value of thgdriireld coefficient (eq. 4.4.9) is

F(R,0) = Fg* Fs x Fy,
In particular,F;, = 1 if no lateral EFB is requested.

The Mesh of the Field Map

The magnetic field is calculated at the nodes of a mesh withrmalordinates, in the median plane. The
radial step is given by
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SR — RMAX — RMIN
~ IRMAX —1
and the angular step by
AT
%0 = TaMAX —1

whereRMINandRMAX are the lower and upper radial limits of the field map, at¥dis its total angular
aperture (Fig. 11BYRMAX andIAMAX are the total number of nodes in the radial and angular dires:t
Simulating Field Defects and Shims

Once the initial map is calculated, it is possible to modifypy means of the paramet&BS, so as to
simulate field defects or shims.

If NBS = —2, the map is globally modified by a perturbation proportiomal® — R,, where R, is an
arbitrary radius, with an amplitud& B,/ By, so thatB, at the nodes of the mesh is replaced by

BZ*(1+ABZ R— Ry )

By RMAX- RMIN
If NBS = —1, the perturbation is proportional to— 6¢,, and B is replaced by
ABz 0 — 6,
Bz+ (1 "B, AT )

. . " 0, +0 .
If NBS > 1, thenNBS shims are introduced at pOSItIO.’% + R2, L% (Fig. 14) [35]

The initial field map is modified by shims with second orderfies given by

@ X2
9:<’}/+—> 5—2
2 P

R+ Ry

whereX is shown in Fig. 12p =

(£ andp are parameters.
At each shim, the value dB; at any node of the initial map is replaced by

is the central radiusy and~ are the angular limits of the shim,

AB
BZ*(1+F0*FR* Z)
By

wheref'9 = 0 or FR = 0 outside the shim, anfl0 = 1 andF'R = 1 inside.

Extrapolation Off Median Plane

The vector fieldB and its derivatives in the median plane are calculated bynsiefa second or fourth
order polynomial interpolation, depending on the valuehef parametefORDRE (IORDRE=2, 25 or 4,
see section 1.4.2). The transformation from polar to Catesoordinates is performed following egs (1.4.9
or 1.4.10). Extrapolation off median plane is then perfairbg means of Taylor expansions, following the
procedure described in section 1.3.3.
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DIPOLES : Dipole magnet N-tuple, polar frame [38, 39]

DIPOLES works much likeDIPOLE as to the field modelling, yet with the particularity that iboa/s
positioning up to 5 such dipoles within the angular sectahwiull apertureAT thus allowing accounting
for overlapping fringe fields. This is done in the following.

The dimensioning of the magnet is defined by

AT : total angular aperture
RM : mean radius used for the positioning of field boundaries

For each one of thé/ = 1 to 5 dipoles of theN-tuple, the 2 effective field boundaries (entrance and exit
EFBs) from which the dipole field (egs. 4.4.10, 4.4.11) is drase defined from geometrical boundaries,

the shape and position of which are determined by the foligwparameters (in the same manner as in
DIPOLE, DIPOLE-M) (see Fig. 11-A, p. 82, and Fig. 21)

ACN; : arbitrary inner angle, used for EFB’s positioning

w . azimuth of an EFB with respect #8CN

0 . angle of an EFB with respect to its azimuth (wedge angle)
R1, Ry : radius of curvature of an EFB

Ui, Uy : extent of the linear part of an EFB

Calculation of the Field From a Single Dipole

The magnetic field is calculated in polar coordinates. At(&l6) in the median plane4 = 0), the
magnetic field due a single one (indgxof the dipoles of aV-tuple magnet can take either form, upon
option,

(i)  Byzi(R,0) = Bzo; Fi(R,6) (1+ by,(R— RM;)/RM; + by,(R — RM;)%/RM? + ...) (4.4.10)
(i) Bz(R,0) = Bzo; + Son, Fi(R,0) (by,(R — RM;) + by (R — RM;)? +...)  (4.4.11)

whereinBy, ; is a reference field, at reference radis/;, andF (R, §) is the fringe field coefficient, see
below. This field model is proper to simulate for instanceahe dipoles, cyclotron or FFAG magnets, etc.

Figure 21: Definition of a dipole triplet using tHi&/POLES or FFAG procedures.

Calculation of the Fringe Field Coefficient

In a dipole, a realistic extent of the fringe field,is associated with each EFB, and a fringe field coefficient
F is calculated.

SFFAG can be referred to as another instance of a procedure baseatlomethod.
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Fis an exponential type fringe field (Fig. 12, page 84) giverjda}

1
1+ exp P(d)
whereind is the distance to the EFB and dependsg Bn¢), and

r-cosa(g)ea () va(g) alf) <o (5)

In addition, g is made dependent at (a way to simulate the effect of variable gap size on fringkl fie
extent), under the form

F =

g(R) = go (RM/R)"

This dependence is accounted for rigorously if the intexppoh method (see below) is used, or else to order
zero (derivatives ofi(R) are not considered) if the analytic method (below) is used.

Let F; (respectivelyFs) be the fringe field coefficient attached to the entrancepéetively exit) EFB ; at
any position on a trajectory the resulting value of the ferfigld coefficient is taken to be

Fi(R,0) = Fg x Fg (4.4.12)

Calculation of the Field Resulting From all N Dipoles

Now, accounting forN neighboring dipoles in aV-tuple, the mid-plane field and field derivatives are
obtained by addition of the contributions of thedipoles taken separately, namely

Bz(R.0) = Y Bz(R.0) (4.4.13)
i=1,N
" By(R, 0) " By(R,0)
R A S A 2 i h ) 4.4.14
a6kt 00k ( )

Note that, in doing so it is not meant that field superpositioas apply in reality, it is just meant to provide
the possibility of obtaining a realistic field shape, thataofor instance closely match (using appropriate
Cy — C5 sets of coefficients) 3-D field simulations obtained from metglesign codes.

Calculation of the Mid-plane Field Derivatives

Two methods have been implemented to calculate the fieldat®es in the median plane (Eq. 4.4.13),
based on either analytical expressions derived from thenetageometrical description, or classical numer-
ical interpolation.

The first method has the merit of insuring best symplecticitygrinciple and fastest tracking. The interest
of the second method is in its facilitating possible changéise mid-plane magnetic field modBl; (R, 6),

for instance if simulations of shims, defects, or spe&id field dependence need to be introduced.

Analytical method [40] :

The starting ingredients are, on the one hand distances t6RBs,

d(R> 9) = \/(%(R, ‘9) - xO(Rv 9))2 + (y(R> 9) - y0<R7 9))2

to be computed for the two casésance dexit, @aNd on the other hand the expressions of the coordinates of
particle positionV/ and its projectionP on the EFB in terms of the magnet geometrical parametersglyam
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z(R,0) = cos(ACN —0)— RM

y(R,0) = Rsin(ACN —0)
zp(R,0) = sin(u) (y(R,0) = y)/2 + zp sin’(u) + (R, 0) cos’(u
yp(R,0) = sin(u) (z(R,0) — 23)/2 + yp» cos®(u) + y(R, ) sin®(u

with x;,, v, u parameters drawn from the magnet geometry (sector angligevangle, face curvatures,

etc.).

. : : . Lovt 0) ovtv 0) outv 0) ovtv 0
Thesemgredlentsallowcalculatlngthederlvatla (R, 0) 9""y(R,0) 9"T'xo(F,6) 0" "yo(R, )

guore 7 90uOrv a;JrUFa%‘%r” ’8%3”0“%7”’9 ’
which, in turn, intervene in the derivatives of the compoduadctions (7,9) , P(R,9) ,
o0vorv o0vorv
9"t d(R,0)
00wore

Interpolation method :

The expressioB (R, 6) in Eq. 4.4.13 is, in this case, computed atthe n nodes ¢ = 3 or 5 in practice)
of a “flying” interpolation grid in the median plane centerex the projectionn, of the actual particle
position M, as schemed in Fig. 22. A polynomial interpolation is invalyef the form

Bz(R,0) = Ay + A1gf + At R + Agyf* + A1OR + A R?
that yields the requested derivatives, using
1 akJrlB
~ kN 06Fort

Note that, the source code contains the explicit analyggpressions of the coefficients,; solutions of
the normal equations, so that the operat®notCPU time consuming.

Akl

B,

interpglation
grld 3s particle
trajectory

Figure 22: Interpolation method.mo andm, are the projections in the median plane of
particle positionsM, and M; and separated bys, projection of the integration
step.

Extrapolation Off Median Plane

From the vertical field5 and derivatives in the median plane, first a transformatiomfpolar to Cartesian
coordinates is performed, following eqgs (1.4.9 or 1.4.1i9n, extrapolation off median plane is performed
by means of Taylor expansions, following the procedure mesd in section 1.3.3.

Sharp Edge

Sharp edge field fall-off at a field boundary can only be sinadaf the following conditions are fulfilled :
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- entrance (resp. exit) field boundary coincides with entrance (resp. exit) dipole limit (it means in
particular, see Fig. 11" = ACENT (resp.w™ = —(AT — ACENT)), together withd = 0 at entrance
(resp. exit) EFBS),

- analytical method for calculation of the mid-plane field derivatives is used.
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DODECAPO : Dodecapole magnet (Fig. 23)

The meaning of parameters fPODECAPOQOIs the same as fA(QUADRUPQ

In fringe field regions the magnetic fie[a(X, Y, 7Z) and its derivatives up to fourth order are derived from
the scalar potential approximated to the 6th ordériandZ

1
V(X,Y,Z) = G(X) (Y4 - §OYQZ2 - 24) YZ

The modelling of the fringe field form fact@¥(.X) is described undeQUADRUPQ p. 132.

Outside fringe field regions, or everywhere in sharp edgesdapole iz = \s¢ = 0) , E(X, Y, Z) in the
magnet is given by

Bx =0
By = Go(5Y* —10Y?Z* + Z"Z
By = Go(Y* —10Y?Z* + 52%)Y

Figure 23: Dodecapole magnet
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DRIFT or ESL : Field free drift space

DRIFT or ESL allow introduction of a drift space with lengkL with positive or negative sign, anywhere
in a structure. The associated equations of motion are 28ig.

Yo =Y; + XL +tgT

XL
Jo =1
2 1+COST

SAR, = SAR;, +

tgP
XL

cosT * cos P

Figure 24: Transfer of particles in a drift space.
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EBMULT : Electro-magnetic multipole

EBMULT simulates an electro-magnetic multipole, by addition eteic(E) and magneti¢ 3) multipole
. i+jtk f
components (dipole to 20-pole} and its derivatives————— (i + 7 + k& < 4) are derived from the
general expression of the multipole scalar potential (€85}, followed by a2— rotation @ = 1,2,3,...)
n

(see alscELMULT). B and its derivatives are derived from the same general pateas described in
section 1.3.7 (see alsdULTIPOL).

The entrance and exit fringe fields of theand B components are treated separately, in the same way a:
described undeELMULT and MULTIPOL, for each one of these two fields. Wedge angle correction is

applied in sharp edge field modelf#1 is non zero, as iIMULTIPOL. Any of the E or B multipole field
component can b& -rotated independently of the others.

Use PARTICUL prior to EBMULT, for the definition of particle mass and charge.

Electrode

,/M agnetuc PO[Q

Yy

Figure 25: An example of, B multipole : the achromatic quadrupole
(known for its allowing null second order chromatic aberra-
tions [41]).
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EL2TUB : Two-tube electrostatic lens

The lens is cylindrically symmetric about thé-axis.

The length and potential of the first (resp. second) eleeta@ X1 andV'1 (X2 andV'2). The distance
between the two electrodes i3, and their inner radius i, (Fig. 26). The model for the electrostatic
potential along the axis is [42]

V(X):%gvlth—ig {+VI;V2} it D=0
Chw:c—l—D
Vo=V 1 Ry Vi+ Vs, .
X) = fD
V(X) 5 2WD/RO€nChwx_D [—1— 5 } if D#0

0

(z = distance from half-way between the electrodes= 1.318 ; th = hyperbolic tangent ; ch = hyperbolic
cosine) from which the field’ (X, Y, Z) and its derivatives are derived following the procedurecdbed
Vi+Va

in section 1.3.1 (note that they don’t depend on the conmealmt[ } which disappears when differ-
entiating).

UsePARTICUL prior to EL2TUB, for the definition of particle mass and charge.

X1 D X2

Figure 26: Two-electrode cylindrical electric lens.
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ELMIR : Electrostatic N-electrode mirror/lens, straight sl its

The device works as mirror or lens, horizontal or vertical.isimade of N 2-plate electrodes and has
mid-plane symmetry.

Electrode lengths aréd, 12, ..., LN. D is the mirror/lens gap. The model for theindependent electrostatic
potential is (after Ref. [43, p.412])

N . : : :
Vi—Vi—1 sinh(7(X — Xi—1)/D)
V(X,Z) = E ——— arct
(X, 2) T arctan cos(nZ/D)

=2
whereVi are the potential at thd” electrodes (and normallyl = 0 refers to the incident beam energy),
Xi are the locations of the zero-length slifs,is the distance from the origin taken at the first slit (lodate

at X1 = 0 between the first and second electrodes). Fyii, Z) the field E(X, Y, Z) and derivatives are
deduced following the procedure described in section Iadge 25).

The total X-extent of the mirror/lens i = > | L.

In the mirror mode (optioMT = 11 for vertical mid-plane oMT = 12 for horizontal mid-plane) stepwise
integration starts ak = — 1 (entrance of the first electrode) and terminates either volaek to.X = — 1

or when reachingl = L — L1 (end of theN — th electrode). In the latter case particles are stopped with
their index/EX set to—8 (see section 4.6.10 on page 166). Normalyshould exceedD (enough that
V(X < X1) have negligible effect in terms of trajectory behavior).

In the lens mode (option flayT = 21 for vertical mid-plane otMT = 22 for horizontal mid-plane)
stepwise integration starts &t = — L1 (entrance of the first electrode) and terminates either wiaching

X = L — LI (end of theN — th electrode) or when the particle deflection exceeds In the latter case
the particle is stopped with their indék’X set to—3.

UsePARTICUL prior to ELMIR, for the definition of particle mass and charge.

Y Y
VCE ™l JALE
X o
- X
L1 o 2 L2+L3
‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ V1 Y V3
Z
,,,,,,,, D
FRTTrTreses T T S X

Figure 27: Electrostatic N-electrode mirror/lens, stnaiglits, in the
caseN = 3, in horizontal mirror modeN/T = 11).
Possible non-zero entrance quantitéS E, ALFE should be
specified usingCHANGREF, or usingKPOS=3 with YCE
andALE =half-deviation matched to the reference trajectory.
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ELMIRC : Electrostatic N-electrode mirror/lens, circular s lits [43]

The device works as mirror or lens, horizontal or vertical.isimade of N 2-plate electrodes and has
mid-plane symmet

Electrode slits are circular, concentric with raftil, R2, ..., Rn-1, D is the mirror/lens gap. The model for
the mid-plane ¥ = 0) radial electrostatic potential is (after Ref. [43, p.443])

N . : :
V(r)= Z VizVim _WVZ_l arctan (sinh mlr = Ri—a) _;Z_l)>
i=2

whereVi are the potential at th& electrodes (and normallyl = 0 refers to the incident beam energy).
is the current radius.

The mid-plane field=(r) and itsr-derivatives are first derived by differentiation, the¥r, Z) and deriva-
tives are obtained from Taylor expansions and Maxwell iatat Eventually a transformation to the rotat-
ing frame providesi (X, Y, Z) and derivatives as involved in eq. 1.2.15.

Stepwise integration starts at entrance (define®byTF) of the first electrode and terminates when rota-
tion of the reference rotating frant& M/, X, Y') has reached the value AT. Normally]l — RE andR1 — RS
should both excee8lD (so that potential tails have negligible effect in termsrafdctory behavior).

Positioning of the element is performed by mean&BfOS (see section 4.6.7).
Use PARTICUL prior to ELMIRC, for the definition of particle mass and charge.

RMo.

Symmetry

axis

V3

.......................................... Mid-plane

Figure 28: Electrostatic N-electrode mirror/lens, ciezulits, in the casé’ = 3, in horizontal mirror mode.

6NOTE : in the present version of the code, the sole horizantabr mode is operational, an¥l is limited to 3.
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ELMULT : Electric multipole

The simulation of multipolar electric fieldl; proceeds by addition of the dipoleﬁl), quadrupolarEQ),
sextupolar £3), etc., up to 20-polaf£10) components, and of their derivatives up to fourth ordetofol
ing

Mp=FEl+E2+E3+ ... + E10

OMp OEl 0E2 OE3 9E10
X ox Tox Tox T T ax
My O’El  O°E2  9°E3 8?E10
0X07Z _ ox0Z " oxoz T oxoz 7 T oxoz
etc.

The independent componenfSl to £10 and their derivatives up to the fourth order are calculatgd b
differentiating the general multipole potential given op .3.5 (page 25), followed by-a- rotation about

n
the X -axis, so that the so defined right electric multipole of ordeand of strength [41, 44]

(V,, = potential at the electrodé?, = radius at pole tip;y = relativistic Lorentz factor of the particle) has
. . : : B, .
the same focusing effect as the right magnetic multipoledé: and strength,, = g, (B,, =field
0 P
at pole tip,Bp = particle rigidity, see/ULTIPOL).

The entrance and exit fringe fields are treated separatbfy @re characterized by the integration zéfe
at entrance and g at exit, as foQUADRUPQ and by the extentz at entrance) at exit. The fringe field
extents for the dipole component axg and\g. The fringe field extent for the quadrupolar (sextupolar, ..
20-polar) component is given by a coefficidii (Es, ..., Eqo) at entrance, and, (Ss, ..., S10) at exit, such
that the fringe field extent iz x Ey (A * Es, ..., A\g x Eqo) at entrance andg * Sy (Ag * S5, ..., Ag * S1g)

at exit.

If Az = 0 (\s = 0) the multipole lens is considered to have a sharp edge fieddtedince (exit), and then,
Xg (Xg) is forced to zero (for the mere purpose of saving computime}i

If £, =0(S; =0) (i =2, 10), the entrance (exit) fringe field for multipole componeért considered as a
sharp edge field.

Any multipole componenﬁz’ can be rotated independently by an angl&: around the longitudinak -
axis, for the simulation of positioning defects, as well kevglenses.

UsePARTICUL prior to ELMULT, for the definition of particle mass and charge.
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Figure 29: An electric multipole combining skew-quadrlq)qIEQ #*
0, R2 = n/4) and skew-octupol¢E4 # 0, R4 = 7/8) com-
ponents £1 = E3 = E5 = ... = E10 = 0) [44].
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ELREVOL : 1-D uniform mesh electric field map

ELREVOL reads a 1-D axial field map from a storage data file, whose nbmest fit the following
FORTRAN reading sequence

OPEN (UNIT = NL, FILE = FNAME, STATUS = ‘OLD’ [[FORM="UNFORMATTED'])
DO 1 I=1, IX
IF (BINARY) THEN
READ(NL) X(I), EX())
ELSE
READ(NL,*) X(I), EX(I)
ENDIF
1 CONTINUE

wherel X is the number of nodes along the (symmetkigaxis, X (1) their coordinates, an8 X (1) are the
values of theX component of the fieldE X is normalized withENORM prior to ray-tracing. As well the
longitudinal coordinate X is normalized withXdNORM coefficient (useful to convert to centimeters, the
working units inzgoubi).

X-cylindrical symmetry is assumed, resultingii’ and £ Z taken to be zero on axisE(X, Y, Z) and
its derivatives along a particle trajectory are calculdigdneans of a 5-points polynomial interpolation
followed by second order off-axis extrapolation (see s&stil.3.1 and 1.4.1).

Entrance and/or exit integration boundaries may be defimé¢llel same way as IGARTEMESby means
of the flag/ D and coefficientA, B, C, A', B/, C".

Use PARTICUL prior to ELREVOL, for the definition of particle mass and charge.
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EMMA : 2-D Cartesian or cylindrical mesh field map for EMMA FFAG

EMMA is dedicated to the reading and treatment of 2-D or 3-D Caesiesh field maps representing the
EMMA FFAG cell quadrupole doublet [47].

EMMA can sum up independent field maps of each of the two quadsypuald each its scaling coefficient.
The two maps can be radially positioned independently ofasraher at’, Y, respectively, just like the
actualEMMA quadrupoles. In particular,

MOD : operational and mapORMAT reading mode ;
MOD <19 : Cartesian mesh ;
MOD >20 : cylindrical mesh.

MOD=0 : a single map, including QF and QD, is read for tracking.

MOD=1 : a single mapinterpolatedrom QF[Y] and QD[Yp] ones, is built.

MOD=22 : a single map, including QF and QD, is read.

MOD=24: field at particle is interpolated from a (QF,QD) pair cdips, closest to curre(Yx, Yp)
value, taken from of set of (QF,QD) pairs registered in fileARMNE.

The parameters that move/position the mapsYasY), are accessible from the FIT, allowing to adjust
the cell tunes.

EMMA works much likeTOSCA Refer to that keyword, and to tHl®ORTRAN file emmac.f , for details.
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FFAG : FFAG magnet, N-tuple [38, 39]

FFAG works much likeDIPOLES as to the field modelling, apart from the radial dependendkefield,
B = By(r/ro)*, so-called “scaling”. Note thaDIPOLES does similar job by using a Taylerexpansion
of BO(’T’/To)k.

The FFAG procedure allows overlapping of fringe fields of neighbgraipoles, thus simulating in some
sort the field in a dipoléV-tuple - as for instance in an FFAG doublet or triplet. A detiapplication, with
five dipoles, can be found in Ref. [38]. This is done in the wascdided below.

The dimensioning of the magnet is defined by

AT . total angular aperture
RM : mean radius used for the positioning of field boundaries

For each one of thé&v = 1 to (maximum)5 dipoles of theN-tuple, the two effective field boundaries
(entrance and exit EFBs) from which the dipole field is drawena@efined from geometric boundaries, the
shape and position of which are determined by the followim@meters (in the same manner aBIROLE,
DIPOLE-M) (see Fig. 11-A page 82, and Fig. 30)

ACN; : arbitrary inner angle, used for EFB’s positioning

W . azimuth of an EFB with respect #8CN

0 . angle of an EFB with respect to its azimuth (wedge angle)
Ri, Ry : radius of curvature of an EFB

Uy, Uy : extent of the linear part of an EFB

Figure 30: Definition of a dipoléV-tuple (NV = 3, a triplet here) using thBIPOLES
or FFAG procedures.

Calculation of the Field From a Single Dipole
The magnetic field is calculated in polar coordinates. At&ll9) in the median planex(= 0), the magnetic
field due a single one (indeX of the dipoles of av-tuple FFAG magnet is written

BZi(Ra 9) = BZO,iE<R7 9) (R/RM)Ki
wherein B, ; is a reference field, at reference radiis/;, whereasF (R, ) is calculated as described
below.
Calculation of F;(R, 6)

The fringe field coefficientF; (R, #) associated with a dipole is computed as in the procefROLES
(eq. 4.4.12), including (rigorously if the interpolatiorethod is used, see page 106, or to order zero if the
analytic method is used, see page 107) radial dependenice gap size
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g(R) = go (RM/R)" (4.4.15)

so to simulate the effect of gap shaping Bp;(R, )| field fall-off, over the all radial extent of a scaling
FFAG dipole (with normally - but not necessarily in practice ~ K).

Calculation of the Field Resulting From All NV Dipoles

For the rest, namely, calculation of the full field at pagigosition from theV dipoles, analytical
calculation or numerical interpolation of the mid-planddiderivatives, extrapolation off median plane,
etc., things are performed exactly as in the case oD#tOLES procedure (see page 106).

Sharp Edge

Sharp edge field fall-off at a field boundary can only be siradaf the following conditions are fulfilled :
- entrance (resp. exit) field boundary coincides with erteafresp. exit) dipole limit (it means in
particular, see Fig. 11y™ = ACENT (resp.w~ = —(AT — ACENT)), together withy = 0 at entrance
(resp. exit) EFBS),
- analytical method for calculation of the mid-plane fieldidatives is used.
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FFAG-SPI : Spiral FFAG magnet, N-tuple [39, 45]

FFAG-SPIworks much likeFFAG as to the field modelling, apart from the axial dependenchefield.

The FFAG procedure allows overlapping of fringe fields of neighbgrdipoles, thus simulating in some
sort the field in a dipoleV-tuple - as for instance in an FFAG doublet or triplet (Fig).3Ihis is done in
the way described below.

The dimensioning of the magnet is defined by

AT : total angular aperture
RM : mean radius used for the positioning of field boundaries

For each one of thé&v = 1 to (maximum)5 dipoles of theN-tuple, the two effective field boundaries
(entrance and exit EFBs) from which the dipole field is dranendefined from geometric boundaries, the
shape and position of which are determined by the followiagmeters

ACN; : arbitrary inner angle, used for EFB’s positioning
w . azimuth of an EFB with respect #8&CN
£ . spiral angle

with AC'N; andw as defined in Fig. 31 (similar to what can be found in Figs. 30 HRrA).

Figure 31: AN-tuple spiral sector FFAG magnéeV(= 3 here, simulating active field
clamps at entrance and exit side of a central dipole).

Calculation of the Field From a Single Dipole

The magnetic field is calculated in polar coordinates. At(&ll6) in the median plane4 = 0), the
magnetic field due a single one (indgof the dipoles of aV-tuple FFAG magnet is written
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Bz,(R.0) = Bzy,; Fi(R.0) (R/Ry)™
wherein By ; is a reference field, at reference radiid/;, whereasF (R, ) is calculated as described
below.
Calculation of F;(R, 6)
The fringe field coefficientF;( R, 0) associated with a dipole is computed as in the proce@UROLES
(eq. 4.4.12), including radial dependence of the gap size
g(R) = go (RM/R)" (4.4.16)

so to simulate the effect of gap shapingBp; (R, 0)|x field fall-off, over the all radial extent of the dipole
(with normally - yet not necessarily in practice = K;).

Calculation of the Full Field From All N Dipoles

For the rest, namely calculation of the full field at partiptesition, as resulting from th& dipoles,
calculation of the mid-plane field derivatives, extrapolatoff median plane, etc., things are performed in
the same manner as for tBBPOLES procedure (see page 106).
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MAP2D : 2-D Cartesian uniform mesh field map - arbitrary magnetic field [48]

MAP2D reads a 2-D field map that provides the three componBrtsBy, B, of the magnetic field at
all nodes of a 2-D Cartesian uniform mesh in(@h Y') plane. No particular symmetry is assumed, which
allows the treatment of any type of field.g, solenoidal, or dipole, helical dipole, at arbitratyelevation

- the map needs not be a mid-plane map).

The field map data file has to be be filled with a format that Batisthe FORTRAN reading sequence
below (in principle compatible witfFOSCA code outputs), details and possible updates are to be found i
the source filéfmapw.f’
OPEN (UNIT = NL, FILE = FNAME, STATUS = ‘OLD’ [[FORM="UNFORMATTED)
DO 1 J=1,3Y
DO 1 I=1,IX
IF (BINARY) THEN
READ(NL) Y(J), z, X(I), BY(1,d), BZ(1,J), BX(l,J)
ELSE
READ(NL,100) Y(J), Z, X(I), BY(1,J), BZ(1,3), BX(l,J)
100 FORMAT (1X, 6E11.4)

ENDIF
1 CONTINUE

I1X (JY) is the number of longitudinal (transverse horizontal) e®df the 2-D uniform mesly is the
considered’-elevation of the map. For binary files, FNAME must begin wgh ' or ‘b ', a flag ‘BINARY”
will thus be set to . TRUE.. The field = (Bx, By, Bz) is next normalized with BNORM, prior to ray-
tracing. As well the coordinates X, Y are normalized with Y-NORM coefficients (useful to convert to
centimeters, the working units zgoubi).

At each step of the trajectory of a particle, the field and as\étives are calculated using a second or
fourth degree polynomial interpolation followed byZaextrapolation (see sections 1.3.4 page 25, 1.4.3
page 29). The interpolation grid is 3*3-node for 2nd ordepti@n IORDRE = J or 5*5 for 4th order
(option/IORDRE = 4.

Entrance and/or exit integration boundaries may be defingtle same way as faFARTEMES
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MAP2D-E : 2-D Cartesian uniform mesh field map - arbitrary electric field

MAPZ2D-E reads a 2-D field map that provides the three componErtsEy, E of the electric field at
all nodes of a 2-D Cartesian uniform mesh in(@h Y') plane. No particular symmetry is assumed, which
allows the treatment of any type of field.g, field of a parallel-plate mirror with arbitrary elevation - the
map needs not be a mid-plane map).

The field map data file has to be be filled with a format that Batishe FORTRAN reading sequence
below (in principle compatible witifOSCA code outputs), details and possible updates are to be found i
the source filéfmapw.f’
OPEN (UNIT = NL, FILE = FNAME, STATUS = ‘OLD’ [[FORM="UNFORMATTED)
DO 1 J=1JY
DO 1 I=1,IX
IF (BINARY) THEN
READ(NL) Y(J), z, X(I), EY(1,d), EZ(1,J), EX(,J)
ELSE
READ(NL,100) Y(@J), z, X(I), EY(1,d), EZ(1,J), EX(,J)
100 FORMAT (1X, 6E11.4)

ENDIF
1 CONTINUE

IX (JY) is the number of longitudinal (transverse horizontal) e®adf the 2-D uniform mesly is the
considered-elevation of the map. For binary files, FNAME must begin Wih’ or ‘b ', a flag ‘BINARY’
will thus be set to . TRUE.". The fieldt = (Ex, Ey, Ez) is next normalized with ENORM, prior to ray-
tracing. As well the coordinates X, Y are normalized wkh Y-NORM coefficients (useful to convert to
centimeters, the working units @goubi.

At each step of the trajectory of a particle, the field and asvétives are calculated using a second or
fourth degree polynomial interpolation followed byZaextrapolation (see sections 1.3.4 page 25, 1.4.3
page 29). The interpolation grid is 3*3-node for 2nd ordesti@n IORDRE = J or 5*5 for 4th order
(optionIORDRE = 4.

Entrance and/or exit integration boundaries may be defingtle same way as faLARTEMES
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MARKER : Marker

MARKER does nothing. Just a marker. No data.

As any other keywordMARKER is allowed twoLABELs. Using '.plt' as a secondABEL will
cause storage of current coordinates into zgoubi.plt.
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MULTIPOL : Magnetic multipole
The simulation of multipolar magnetic fieltl by MULTIPOL proceeds by addition of the dipolaﬁ(),

quadrupolar B2), sextupolar £3), etc., up to 20-polar&10) components, and of their derivatives up to
fourth order, following

M =Bl+ B2+ B3+ .. +B10

OM 9Bl 0B2 0B3 OB10
oxXx " ox Tox Tox T T ax
O2M _ 92B1 N 92 B2 N 9*B3 - 92B10
0X0Z — 0X0Z ' 9XoZ ' 9Xoz T ' 9XdZ
etc.

The independent componeris, B2, B3, ..., B10 and their derivatives up to the fourth order are calculated
as described in section 1.3.7.

The entrance and exit fringe fields are treated separatédlgy @re characterized by the integration zone
X atentrance and’g at exit, as fotQUADRUPQ and by the extentg at entrance)s at exit. The fringe
field extents for the dipole component arg and\s. The fringe field for the quadrupolar (sextupolar, ...,
20-polar) component is given by a coefficidiit (Fs, ..., E1p) at entrance, anfl; (Ss, ...,.S19) at exit, such
that the extent iz x Ey (Mg x Es, ..., Ag * Eqp) at entrance anfdlg x Sy (Ag * S5, ..., Ag * Sqg) at exit.

If Az = 0 (\s = 0) the multipole lens is considered to have a sharp edge fiedtednce (exit), and then,
X (X5s) is forced to zero (for the mere purpose of saving computimeg}i If £; = 0 (S; = 0) (: = 2, 10),

the entrance (exit) fringe field for the multipole compongérs considered as a sharp edge field. In sharp
edge field model, the wedge angle vertical first order foqugifiect (if B1 is non zero) is simulated at
magnet entrance and exit by a kiek = P, — Z; tan(e/p) applied to each particley, P, are the vertical
angles upstream and downstream of the EEBjs the vertical particle position at the EFB the local
horizontal bending radius andhe wedge angle experienced by the particle@lepends on the horizontal
angle T).

Any multipole componenéi can be rotated independently by an angI&: around the longitudinak -
axis, for the simulation of positioning defects, as well ke lenses.

Magnet (mis-)alignment is assured BPOS KPOS also allows some degrees of automatic alignment
useful for periodic structures (section 4.6.7).
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OCTUPOLE : Octupole magnet (Fig. 32)

The meaning of parameters f&ICTUPOLE s the same as foQUADRUPQ In fringe field regions the
magnetic fieldB(X, Y, Z) and its derivatives up to fourth order are derived from thedascpotential ap-
proximated to the 8-th order ii andZ

G// Gl///
V(X,Y,Z) = (G ~ 50 Y2+ Z%) + 90 (Y2 + 22)2) (Y32 —YZ?)
: By
th Gy = —
wi 0 R%

The modelling of the fringe field form factar (X ) is described undsPQUADRUPQ p. 132.

Outside fringe field regions, or everywhere in sharp edgesdapole iz = \s¢ = 0) , E(X, Y, Z) in the
magnet is given by

Bx =0
By = Go(3Y?* - 2% Z
By =Go(Y? -32%)Y

Figure 32: Octupole magnet
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POISSON :Read magnetic field data fromPOISSON output

This keyword allows reading a field profile(.X') from POISSONoutput. LetFNAME be the name of this
output file (normally,FNAME = outpoi.lis) ; the data are read following tiF®ORTRAN statements here
under

=0
11  CONTINUE
l=1+1
READ(LUN,101,ERR=10,END=10) K, K, K, R, X(I), R, R, B(l)
101 FORMAT(I1, I3, 14, E15.6, 2F11.5, 2F12.3)
GOTO 11

10 CONTINUE

where X(l) is the longitudinal coordinate, and B(l) is the Zquonent of the field at a node (I) of the mesh.
K’s and R’s are dummy variables appearing in B@/SSONoutput file outpoi.lis but not used here.

From this field profile, a 2-D median plane map is built, witreatangular and uniform mesh ; mid-plane
symmetry is assumed. The field at each node Y;) of the map isB(X;), independent ot (i.e., the
distribution is uniform in th&” direction).

For the restPOISSONworks in a way similar tatCARTEMES
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POLARMES : 2-D polar mesh magnetic field map

Similar to CARTEMES apart from the polar mesh framel X is the number of angular nodegy” the
number of radial nodesX (1) andY (/) are respectively the angle and radius of a node (these paramete
are similar to those entering in the definition of the field mapIROLE-M).
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PS170 : Simulation of a round shape dipole magnet

PS170is dedicated to a ‘rough’ simulation of CERRIS1 70spectrometer dipole.

The field By is constant inside the magnet, and zero outside. The poleiisla of radiusRk,, centered on
the X axis. The output coordinates are generated at the distXihcom the entrance (Fig. 33).

Figure 33: Scheme of the PS170 magnet simulation.



4.4 Optical Elements and Related Numerical Procedures 131

QUADISEX, SEXQUAD : Sharp edge magnetic multipoles

SEXQUAD defines in a simple way a sharp edge field with quadrupolatupelar and octupolar compo-
nents. QUADISEX adds a dipole component. The length of the elemeniLis The vertical component
B = Bz(X,Y,Z = 0) of the field and its derivatives in median plane are calcdlatesach step using the
following expressions

N B G
B=B,(U+ =Y +—=Y*+ —Y3
0( "R "®W TR >
OB N _B G
— =By = +2=5Y +3Y?
Y 0(R0+ R TR )

2
a—B:Bo(QE—i—GGY)

Y2 R: RS
B G
—— =68y —
oY’ R}

and then extrapolated out of the median plane by Taylor estpann Z (see section 1.3.3).
With option SEXQUAD, U = 0, while with QUADISEX, U = 1.
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QUADRUPO : Quadrupole magnet (Fig. 34)

The length of the magne{L is the distance between the effective field boundaries (BFB)35. The field
at the pole tipR, is By.

The extent of the entrance (exit) fringe field is characegtiay \ p(\s). The distance of ray-tracing on both
sides of the EFB's, in the field fall off regions, will be X at the entrance, ant X at the exit (Fig. 35),
by prior and further automatic change of frame.

In the fringe field region$— X ., X z] and[— X, X 5] on both sides of the EFB'$;(X, Y, Z) and its deriva-
tives up to fourth order are calculated at each step of thectay from the analytical expressions of the
three component8y, By, B, obtained by differentiation of the scalar potential (seetiea 1.3.7) ex-
pressed to the 8th order inand~.

G// " nn

G
_ e v 2 AR 22
V(X,Y,Z)—(G o (VP 20 o (VP 20— s

( G"=d*G/dX?,..)

(Y2 + 22)3) YZ

whereG is the gradient on axis [34] :

6= S i G-
and,
ro=Gieas (5 res () ran () v () e () P = () v ()

where,s is the distance to the field boundary akdtands for\g or Ag (normally, A ~ 2 x R).
When fringe fields overlap inside the magi&lL < X + Xg), the gradienti is expressed as

G=Gg+Gg—1

where,G ¢ is the entrance gradient ag) is the exit gradient.

If Az = 0 (\s = 0), the field at entrance (exit) is considered as sharp edgeldhenX z(X5) is forced to
zero (for the mere purpose of saving computing time).

Outside of the fringe field regions (or everywhere whgn= \s = 0) E(X, Y, Z) in the magnet is given
by

Bx =0
By - G()Z
Bz = GyY
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Figure 34: Quadrupole magnet
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Figure 35: Scheme of the longitudinal field gradi€ftX ).
(OX) is the longitudinal axis of the reference frame
(0, X,Y, Z) of zgoubi. The length of the element L. Tra-
jectories are ray-traced fromX g to XL + Xg, by means of
respectively prior and final automatic change of frame.
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SEPARA : Wien Filter - analytical simulation

Note : simulation by stepwise integration can be fountMEENFILTER.
SEPARA provides an analytic simulation of an electrostatic separénput data are the length of

the element, the electric field and the magnetic fiel@. The massn and chargey of the particles are
entered by means of the keywaPRARTICUL.

The subroutines involved ISEPARA solve the following system of three equations with threenawn
variablesS, Y, Z (while X = L), that describe the cycloidal motion of a particle il B static fields
(Fig. 36).

o wS asS Cl
X——RCOS<%+€)—M—BC U
Y = Rsin ﬁ—ke —g—%—l—Yo

Be w2  w
Z = SSin(Po) + ZO
. . Ec? Bc? )
where, S is the path length in the separator= ——— , w = ———, C; = Gsin(Tp) cos(Py) andCy =
Y mry

1
Becos(Ty) cos(Fy) are initial conditionsc = velocity of light, 5S¢ = velocity of the particley = (1 — 62)_5
andtane = (Cy + g)/Cl. Yo, Tv, Zy, P, are the initial coordinates of the particle in thgoubireference
w

frame. Here5c and~ are assumed constant, which is true as long as the changenoémbiom due to the
electric field remains negligible all along the separator.

The option indexX/A in the input data allows switching to inactive element (tegsivalent toESL), hori-
zontal or vertical separator. Normalll, B and the value oby, for wanted particles are related by

B(T) = WE”Z)W,L)

S

)

Figure 36: Horizontal separation between a wanted paytidle, and an unwanted
particle, (U). (W) undergoes a linear motion whilé/) undergoes a
cycloidal motion.
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SEXTUPOL : Sextupole magnet (Fig. 37)

The meaning of parameters fSEXTUPOL is the same as fa@QUADRUPQ

In fringe field regions the magnetic fie[a(X, Y, Z) and its derivatives up to fourth order are derived from
the scalar potential approximated to 7th ordeYiand~Z

G// " ZB
XY.Z) = — (Y’ + 2+ — (Y2 4+ 272 (VP72 - =—
vz - (6-Sor ey e Co e 2p) (viz- 2

The modelling of the fringe field form fact@¥(.X) is described undeQUADRUPQ p. 132.

Outside fringe field regions, or everywhere in sharp edgéupele \p = \s = 0), E(X,Y, Z) in the
magnet is given by

Bx =0
By =2GYZ
By =Go(Y? - 27)

Figure 37: Sextupole magnet
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SOLENOID : Solenoid (Fig. 38)

The solenoidal magnet has an effective lengih, a mean radius?, and an asymptotic field3, =
uoNI/XL (i.e., ff"oo Bx(X,r)dX = poNI, Vr < Ry), whereinBx=longitudinal field componenty /
= number of Ampere-Turng,, = 4710~".

The distance of ray-tracing beyond the effective len¥th is X at the entrance, and’s at the exit
(Fig. 38).

Two methods are available for the computation of the fié(ck, ) and its derivatives.

Method 1 :B(X,r),r = (Y2 4 Z2)!/? and its derivatives up to second order at(&ll Y, Z) are calculated
following Ref. [49], based on the three complete ellipticcgrals X, £ andIl. The latter are calculated
with the algorithm proposed in the same reference, theivakires are calculated by means of recursive
relations [50].

This analytical model for the solenoidal field allows sintirlg an extended range of coil geometries (length,
radius) provided that the coil thickness is small enoughpmam®d to the mean radiug,.

In particular the field on-axis writes (taking = » = 0 at the center of the solenoid)

NI XL/2 - X XL/2+ X

B =0 = | U - xrr i R N R

and yields the magnetic length

L [7°. Bx(X,r < Ry)dX
T By(X =1 =0)

4R?
= XL1\/1+ X—Lg > XL (4.4.17)

with in addition
poN 1

[ 4R
XLy/1+ —2
+ XL2

Method 2 : The second method available uses eq. 4.4.17 abavé-® model and uses off-axis extrapola-
tion to derive the field and its derivatives at @, Y, Z), following the method described in section 1.3.1.

Bx(cente) = Bx(X =r=0) =

‘ X

Figure 38: Solenoidal magnet.
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SPINR : Spin rotation

Spin precession, a local transformation.

The precession is defined by its axis and its value.
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TOSCA : 2-D and 3-D Cartesian or cylindrical mesh field map

TOSCA is dedicated to the reading and treatment of 2-D or 3-D Camesi cylindrical mesh field maps
as delivered by th&# OSCA magnet computer code standard output.

A pair of flags,MOD, MOD2, determine whether Cartesian or Z-axis cylindrical meshsidy and the
nature of the field map data set.

The total number of field data files to be read is determinedheyMOD flag (see below) and by the
parameter/ Z that appears in the data list following the keyword. Eachhefse files contains the field
componentsBy, By, Bz on an (X, Y) mesh./Z = 1 for a 2-D map, and in this casey and By are
assumed zero all over the nfafror a 3-D map with mid-plane symmetry, described with a §2tD maps

at variousZ, thenMOD=0 and/Z > 2, and thus, the first data file whose name follows in the data lis
is supposed to contain the median plane field (assudirg 0 and By = By = 0), while the remaining
17 — 1 file(s) contain thelZ — 1 additional planes in increasing order. For arbitrary 3-D maps, no
symmetry assumed, theWilOD=1 and the total number of maps (whose names follow in the dstpi$i
IZ, such that map numbéfZ/2] + 1 is theZ = 0 elevation one.

The field map data file has to be be filled with a format that fisRWRTRAN reading sequence. The
following is an instance, details and possible updatesaabe found in the source filénapw.f’

DO 1 K =1, KZ
OPEN (UNIT = NL, FILE = FNAME, STATUS = ‘OLD’ [[FORM="UNFORMATTED'])
DO 1 J =1, JY
DO 11=1, IX
IF (BINARY) THEN
READ(NL) Y(J), Z(K), X(I), BY(J,K,D), BZ@,K,l), BX(J.K,I )

ELSE
READ(NL,100) Y(J), Z(K), X(I), BY(J,K,D), BZ(J.K ), BX({J KD
100 FORMAT(1X,6E11.2)
ENDIF
1 CONTINUE

IX (JY, KZ) is the number of longitudinal (transverse horizontal ticaf) nodes of the 3-D uniform
mesh. For lettinggoubiknow that these are binary files, FNAME must begin with’'8&r ‘b .

In addition to theMOD=1, 2 cases above, one can haD=12 and in that case a single file contains
the all 3-D field map. See table below and tR@RTRAN subroutinefmapw.f and its entries FMAPR,
FMAPRZ2, for more details, in particular the formatting of firedd map data file(s).

“UseMAP2D in case non-zer®x, By are to be taken into account in a 2-D map.
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MOD MOD2

MOD < 19 : Cartesian mesh

Oand/Z =1 none 2-D map, a single data file fd8;(X,Y")|z—o,
mid-plane symmetry

Oand/Z >1 none 3-D map, 1+1Z/2 data files of upper half of
magnet, one per (X,Y)<z<z,... plane,
mid-plane symmetry

0 1,2,3 As previous case, just a different reading format

1 none 2- or 3-D map, I1Z data files, one per (X,Y)
plane, no symmetry assumed

1 1,2,3 As previous case, just a different reading format

12 0 3-D map, single file, upper half of magnet,
symmetry with respect to (X,Y) mid-plane

12 1 3-D map, single file, whole magnet, no
symmetry assumed

12 2 3-D map, single file, 1/8th of the magnet,
symmetry wrt. (X,Y), (X,2), (Y,Z) planes

3 none AGS main magnet field map, 2-D, mid-plane

symmetry assumed
MOD > 20 : Cylindrical mesh

20,21 3-D map, single file, half a magnet, cyl.
symmetry with respect to (,Z) plane
22,24 3-D map, single file, half a magnet, cyl.

symmetry with respect to (X,Y) mid-plane

The field B = (Bx, By, Bz) is normalized by means @dNORM in a similar way as inCARTEMES
As well the coordinates X and Y (and Z in the case of a 3-D fielgpyraae normalized by thx-[, Y-,
Z-INORM coefficient (useful to convert to centimeters, the workingsiin zgoubi).

At each step of the trajectory of a particle inside the map figld and its derivatives are calculated

- in the case of 2-D map, by means of a second or fourth ordgnpaoiial interpolation, depending
on IORDRE(IORDRE = 2, 25 or 4), as foCARTEMES

- in the case of 3-D map, by means of a second order polynont&iiolation with & x 3 x 3-point
parallelepipedic grid, as described in section 1.4.4.

Entrance and/or exit integration boundaries between wthiehrajectories are integrated in the field may
be defined, in the same way asOARTEMES
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TRANSMAT : Matrix transfer
TRANSMAT performs a second order transport of the particle coorégiatthe following way

Xi =Y RyX)+) TipX)X}
j Jik
where,X; stands for any of the current coordinatésr’, 7, P, path length and momentum dispersion, and
X? stands for any of the initial coordinate§k;;] ([T};x]) is the first order (second order) transfer matrix
as usually involved in second order beam optics [28]. Secwoddr transfer is optional. The length of the
element represented by the matrix may be introduced fordhggse of path length updating.

Note : MATRIX delivers|R;;] and[T;;;] matrices in a format suitable for straightforward use WilRANS-
MAT.
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TRAROT : Translation-Rotation of the reference frame
UNDER DEVELOPMENT. Check before use.

This procedure transports particles into a new frame by translation and rotation. Effect on spin trackil
particle decay and gas-scattering are taken into account (but not on synchrotron radiation).
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UNDULATOR : Undulator magnet

UNDULATOR magnet. UNDER DEVELOPMENT.
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UNIPOT : Unipotential cylindrical electrostatic lens

The lens is cylindrically symmetric about thé-axis.

The length of the first (resp. second, third) electrod&is (resp. X2, X3). The distance between the
electrodes isD. The potentials aré1 and V2. The inner radius iR, (Fig. 39). The model for the
electrostatic potential along the axis is [51]

i X2 X2 T
cosh cosh
Vi(z) = V22 _DV1 In ROXZ +In R0X2
v w (35 —+ 7) w (x — 7)
cosh ——~ cosh ——~
L Ro RO -

(z = distance from the center of the central electrode=; 1,318 ; cosh = hyperbolic cosine), from which
the field £(X, Y, Z) and its derivatives are deduced following the procedurerie=d in section 1.3.1.

UsePARTICUL prior to UNIPOT, for the definition of particle mass and charge.

The total length of the lens i¥1 + X2 + X3 + 2 D ; stepwise integration starts at entrance of the first
electrode and terminates at exit of the third one.

Figure 39: Three-electrode cylindrical unipotential lens
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VENUS : Simulation of a rectangular shape dipole magnet

VENUS is dedicated to a ‘rough’ simulation of SATURNE LaboratoryY&NUS dipole. The fieldB, is
constant inside the magnet, with longitudinal ext&htand transverse exteatY L ; outside these limits,
By = 0 (Fig. 40).

+Y1 e

—YL -~ N

Figure 40: Scheme dfENUS rectangular dipole.
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WIENFILT : Wien filter

WIENFILT simulates a Wien filter, with transverse and orthogonalteteand magnetic field&y, B, or
Ez, By (Fig. 36). It must be preceded IBARTICUL for the definition of particle mass and charge.

The lengthXL of the element is the distance between its entrance andERISEThe electric and magnetic
field intensitiestyy and B, in the central, uniform field region, normally satisfy théateon

Ey

Pwc
for the selection of “ wanted” particles of velociBy; c. Ray-tracing in field fall-off regions extends over a
distanceX (Xg) beyond the entrance (exit) EFB by means of prior and furtbh&maatic change of frame.
Four sets of coefficients, Cy — C;5 allow the description of the entrance and exit fringe fieldsmle the
uniform field region, following the model [34]

B[):

B 1
1+ exp(P(s))

whereP(s) is of the term

S 5\ 2 5\3 5\4 5\°
Pis)=Co+Ci(3)+ G (3) +G(5) +ai(35) +6(3)
ands is the distance to the EFB. When fringe fields overlap insideetement (e, XL < Xz + Xg), the
field fall-off is expressed as

F=Fp+Fs—1

whereF(Fys) is the value of the coefficient respective to the entranci) (EkB.

If \g = 0 (As = 0) for either the electric or magnetic component, then both@msidered as sharp
edge fields and\z(X) is forced to zero (for the purpose of saving computing timie) this case, the
magnetic wedge angle vertical first order focusing effesinsulated at entrance and exit by a kiek =

P, — Z;tan(e/p) applied to each particle, P, are the vertical angles upstream and downstream the
EFB, 7, the vertical particle position at the EFB,the local horizontal bending radius aadhe wedge
angle experienced by the particle depends on the horizontal angle T). This is not done for thetet
field, however it is advised not to use a sharp edge electpalelimodel since this entails non symplectic
mapping, and in particular precludes accounting for moomargffects of the non zero longitudinal electric
field component.
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YMY : Reverse signs ofY and Z reference axes

YMY performs a 180rotation of particle coordinates with respect to ftieaxis, as shown in Fig. 41. This
is done by means of a change of signvondZ axes, and therefore coordinates, as follows

Y2=-Y1, T2=-T1, 72=-7Z1 and P2=-Pl

DIFOLE

DIFGLE

Figure 41: The use df MY in a sequence of two identical dipoles of opposite signs.
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4.5 Output Procedures

These procedures are dedicated to the storage or printing of particle coordinates, histograms, spin co
nates, etc. They may be called for at any spot in the data pile.
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FAISCEAU, FAISCNL, FAISTORE : Print/Store particle coordi nates

e FAISCEAU can be introduced anywhere in a structure data list (zgdabi. It produces a print (into
zgoubi.res) of initial and actual coordinates of IMAX particles at the location where it stands, together
tagging indices and letters, etc.

e FAISCNL produces a lot more information on particles at currenttiooaincluding spin components,
decay distance, mass, charge, etc. (see list below), aresstan a dedicated filENAME (advised name
is FNAME = ‘zgoubi.fai’ (formatted write) or ‘bzgoubi.fai’ (binary write) if post-processing wittpop
should follow). This file may further on be read by meansOBJET, option KOBJ 3, or used for other
purposes such as graphics (see Part D of the Guide).

The data written to that file are formatted and ordered adegitd theFORTRAN sequence in the subrou-
tineimpfai.f  , where details and possible updates are to found. The foltpis an instance :

OPEN (UNIT = NL, FILE = FNAME, STATUS = ‘NEW)
IF(BINARY) THEN
DO 2 I=1,IMAX
P = BOR®CLY *F(Ll) * AMQ(2.)
ENERG = SQRT®PP + AMQ(L,l) *AMQ(L,1)
ENEKI = ENERG - AMQ(L,])

WRITE(NFAI)
1 IEX(1),-1.DO+FO(1,1),(FO(J,1),J=2,MXJ), tag, initial D-1,Y,T,Z,P,S,Time
2 -1.D0+F(1,1),F(2,1),F(3,1),(F(3,1),J=4,MXJ), curren t D_i,Y,T.Z,P,S,Time
> (S1(3,1),J=1,4),(SF(J,1),J=1,4), spin components, ini tial and current
> ENEKI,ENERG, energy
4 LIREP(I), SORT(l),(AMQ(J,1),J=1,5),RET(l),DPR(l),P S, particle#,loss S,mass,Q,G,life time
5 BORO, IPASS, NOEL, KLEY,LBL1,LBL2,LET(l) BORO, passt#,el ement#,keyword,labels
2 CONTINUE
ELSE
DO 1 I=1,IMAX
P = BOR®CL9 *F(1,) *» AMQ(2,)
ENERG = SQRT(PP + AMQ(L,l) *AMQ(L,1))
ENEKI = ENERG - AMQ(1,l)
WRITE(NFAI,110)
1 IEX(1),-1.D0+FO(1,1),(FO(J,1),d=2,MXJ),
2 -1.DO+F(L,1),F(2,1),F(3,1),
3 (F(3,1),9=4,MXJ),
4 (S1(3,1),3=1,4),(SF(J,1),J=1,4),
5 ENEKI,ENERG,
6 ILIREP(l), SORT(I),(AMQ(J,1),J=1,5),RET(I),DPR(l),P S,
7 BORO, IPASS, NOEL,
8 TX1,KLEY,TX1,TX1,LBL1,TX1,TX1,LBL2,TX1,TX1,LET(I), TX1
INCLUDE "FRMFAILH"
1 CONTINUE
ENDIF
110 FORMAT(1X,
C1 KEX, XXXO,(FO(J,IT),J=2,MXJ)
> 1P, 1X,12, 7(1X,E16.8)
c2 XXX,Y,T *1.D3,
> ,3(1X,E24.16)
C3 Z,P+1.D3,SAR,TAR

> ,4(1X,E24.16)

c4 SXo, SYo, SZo, So, SX, SY, Sz, S
> 8(1X,E15.7)

cs ENEKI,ENERG
> 2(1X,E16.8)

c6 ITIREP(IT),  SORT(IT), (AMQ(J,),J=1,5), RET(IT), DPR (IT), PS
> 2(1X6),  9(1X,E16.8)

c7 BORO, IPASS, NOEL,
> 1X,E16.8, 2(1X,6)

cs 'KLEY’,  (LABEL(NOEL,Iy,1=1,2), LETATY
>  IXALAL0AL,  2(1IXALA Al), 1X,3A1)

The meaning of the main data is the following (see the keyw@BJET)
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LET(I) . one-character string, for tagging particle number

IEX, I, IREP(I) : flag, particle number, index

FO(1-6,1) : coordinatedD, Y, T', Z, P and path length at the origin of the structure
F(1-6,1) . idem at the current position

SORT(I) . path length at which the particle has possibly been stopped

(seeCHAMBR or COLLIMA)
RET(I), DPR(I) : synchrotron phase space coordinatB&;T =phase (radian),
DPR = momentum dispersion (MeV/c) (SEAVITE)
IPASS . turn number (seREBELOTH
etc. ;

e FAISTOREhas an effect similar t6AISCNL, with two more features.

- On the first data lineFNAME may be followed by a series of up to IRBEL’s. If there is no
label, the print occurs by default at the locationf#tISTORE ; if there are labels the print occurs right
downstream of all optical elements wearing those labeld (enlonger at th&AISTORE location).

- The next data line gives a parametep, : printing will occur at pass 1 and then at every other
pass, if usihngREBELOTEwith NPASS> IP — 1.

For instance the following data input in zgoubi.dat :

FAISTORE
zgoubi.fai HPCKUP VPCKUP
12

will result in output prints into zgoubi.fai, at pass 1 andrhat every 12 other pass, each time elements of
the zgoubi.dat data list labeled eittePCKUP or VPCKUP are encountered.

Note

Binary storage can be obtained frdfAISCNL and FAISTORE This is for the sake of compactness and
access speed, for instance in case voluminous amountseofvdatd have to be manipulated usingop.

This is achieved by giving the storage file a name of the forANAME or B_.FNAME (e.g, ‘b_zgoubi.far’).
The FORTRAN WRITElIist is the same as in theORMATTED case above.

This is compatible with thdREAD statements irzpop that will recognize binary storage from that very
radical 'b’ or 'B _.
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FOCALE, IMAGE]S] : Particle coordinates and beam size ; localzation and size of horizontal waist

FOCALE calculates the dimensions of the beam and its mean traregpes#ion, at a longitudinal distance
XL from the position corresponding to the keywdfr@CALE.

IMAGE computes the location and size of the closest horizontadtwai

IMAGES has the same effect #8IAGE, but, in addition, for a non-monochromatic beam it calcedads
many waists as there are distinct momenta in the beam, @o\itht the object has been defined with a
classification of momenta (s€2BJET, KOBJ 1, 2 for instance).

Optionally, for each of these three procedummubican list a trace of the coordinates in the Y and in
theY’, Z planes.

The following quantities are calculated for thé particles of the beam/IMAGE, FOCALE) or of each
group of momentalUAGES)

e Longitudinal position :
FOCALE: X = XL
Zi]\il Y« tgl; — (Zi\;l Yi Zz]\il thz’) /N

2
ST - (SN ) /N
Y =Y+ X *tgly

IMAGE[S] : X = —

whereY; andT; are the coordinates of the first particle of the bedmAGE, FOCALE) or the first
particle of each group of momentdMAGES).

e Transverse position of the center of mass of the walMAGE[S]) or of the beam FOCALE), with
respect to the reference trajectory

N N
1 1
YM = N;(nJrthTi) Y = N;YMZ-
e FWHM of the image [MAGE[S]) or of the beam FOCALE), and total width, respectively)’ and
wT

N | —

N

1
W=235(—=Y Y M?-Y M?
(v aerar)

WT = max(YM;) — min(YM;)
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FOCALEZ, IMAGE[S]Z : Particle coordinates and beam size ; localization and size of vertical waist

Similar to FOCALE andIMAGE[S], but the calculations are performed with respect to the vertical coordi-
natesZ; and F;, in place ofY; andT;.
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HISTO : 1-D histogram

Any of the coordinates used irgoubi may be histogrammed, namely initig}, Ty, Zo, Py, So, Do OF
currentY, T, Z, P, S, D particle coordinatesy = path length ;D may change in decay process simulation
with MCDESINT, or when ray-tracing i fields), and also spin coordinates and mod#lys .Sy, Sz and

—

S|

HISTOcan be used in conjunction WiMCDESINT, for statistics on the decay process, by meanBYa?.
TYP is a one-character string. If it is set equal to ‘'S’, only setary particles (they are tagged with an’'S’)
will be histogrammed. If it is set equal to ‘P’, then only patr@articles (non-'S’) will be histogrammed.
For no discrimination between S-econdary and P-arentgbestil YP = ‘Q’ must be used.

The dimensions of the histogram (number of lines and colymay be modified. It can be normalized
with NORM = 1, to avoid saturation.

Histograms are indexed with the paramdt#i. This allows making independent histograms of the same
coordinate at several locations in a structure. This is as&ful when piling up problems in a single input
data file (see alsRESET). NH is in the range 1-5.

If REBELOTEIs used, the statistics on the-NPASSruns in the structure will add up.
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IMAGE[S][Z] : Localization and size of vertical waists

See FOCALE[Z].
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MATRIX : Calculation of transfer coefficients, periodic para meters

MATRIX causes the calculation of the transfer coefficients thrabgloptical structure, from th@ BJET
down to the location wher®ATRIX is introduced in the structure, or, upon option, down to thezontal
focus closest to that location. In this last case the pasibiothe focus is calculated automatically in the
same way as the position of the waist MAGE. Depending on optioOC, MATRIX also delivers the
beam matrix and betatron phase advances or (case of a pestadsture) periodic beam matrix and tunes,
chromaticities and other global parameters.

Depending on the value of optid®RD, different procedures follow

e If IORD =0, MATRIX is inhibited (equivalent t¢:AISCEAU, whateverlFOC).

e If IORD = 1, the first order transfer matrj®;;] is calculated, from a third order approximation of the
coordinates. For instance

Y Y Y Y Y Y
Yt=(—) T — | 717 — ) 713 Y- =—(=—] T — 12— (=) T3
<To> °+(T3> 0+(T3) 0 n) et \we) 1)

will yield, neglecting third order terms,

In addition, if OBJET, KOBJ = 5.01 is used (hence introducing initial optical functicalues,oy. z,
ay.z, Dy.z, Dy 7), then, using the?;; above MATRIX will transport the optical functions and phase
advance®y, ¢z, following

B Rfl —2R11 Ryo R%g B
o = _R1%R21 RiaRo Rnfu «
T/ at MATRIX 1t —2Rn Ry Ry T/ at oBIET

ng R34
s A¢ 7z = Atan s
(RllﬁY,objet - RlQCYY,objet) (R3SBZ,objet - R3404Z,objet)

Ady = Atan (4.5.1)

by.z — ¢yz + 21 if dyz < 0,given [0, 7] Atan determination

and print these out.

e If IORD = 2, fifth order Taylor expansions are used for the calcutaticthe first order transfer matrix
[R;;] and of the second order matiik;;;|. Other higher order coefficients are also calculated.

An automatic generation of an appropriate object for theaigdATRIX can be obtained using the proce-
dure OBJET (pages 49, 229), as follows

- if IORD =1, useOBJET(KOBJ = 5[.NN, NN=01,99]), that generates up to 99*11 setadafal coordi-
nates. In this case, up to ninety nine matrices may be caéxjlaach onevrt. to the reference trajectory of
concern.

-if IORD = 2, useOBJET(KOBJ = 6) that generates 61 sets of initial coordinates.
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The next option/FOC, acts as follows

e If IFOC = 0, the transfer coefficients are calculated at the locaifoWATRIX, and with respect to
the reference trajectory. For instand&’ andT* above are defined for particle numbeasY+ =
Y*(i) — Y(Ref),andT+ = T (i) — T(ref.).

e If IFOC = 1, the transfer coefficients are calculated at the hor&@datus closest tMATRIX (deter-
mined automatically), while the reference direction ig thiethe reference particle. For instangée!
is defined for particle numbeérsY ™ = Yt (i) — Yiocus While Tt is defined ag™* = T (i) — T'(ref.)).

e If IFOC = 2, no change of reference frame is performed : the coomelnafer to the current frame.
Namely,Y* =Y * (i), Tt = T* (i), etc.

Periodic Structures

e If IFOC = 10 + NPeriod then, from the 1-turn transport matrix as obtained in thg wescribed
above MATRIX calculates periodic parameters characteristic of thestre such as optical functions
and tune numbers, assuming that iNReriodperiodic, and in the coupled hypothesis, based on the
Edwards-Teng method [30].

If IORD = 2 additional periodic parameters are computed such asndtidties, beta-function mo-
mentum dependence, etc.

Addition of zgoubi.MATRIX.out next to IORD, IFOC will cause stacking oMATRIX output data into
zgoubi.MATRIX.out file (convenient for use withg. gnuplot type of data treatment software).
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PICKUPS : Beam centroid path; closed orbit

PICKUPScomputes the beam centroid location, from average value of particle coordinates as observed «
LABEL ’ed keywords.

In conjunction withREBELOTE, this procedure computes by the same method the closed orbit in the
periodic structure.

The LABEL list of concern follows the keywor®ICKUPS
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PLOTDATA : Intermediate output for the PLOTDATA graphic software [52]

PLOTDATA was at the origin implemented for the purpose of plotting particle coordinates using the TR
UMF PLOTDATA package. However nothing precludes using it with a different aim.

The PLOTDATA keyword can be introduced at up to 20 locations in zgoubi.dat. There, particle coordinat:
will be stored in a local arraysF. They are overwritten at each pass. UsagEfois left to the user, see
FORTRAN subroutinepltdat.f.
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SPNPRNL, SPNSTORE, SPNPRT : Print/Store spin coordinates

e SPNPRTcan be introduced anywhere in a structure. It producesiadiginto zgoubi.res) of the initial
and actual coordinates and modulus of the spin of/M&X particles, at the location where it stands,
together with their Lorentz factor and other infos as the mean values of the spin components.

e SPNPRNLhas similar effect tPNPRTexcept that the information is stored in a dedicatedANAME
(should post-processing wittpop follow, advised name i$NAME = ‘zgoubi.spn’ (formatted write) or
‘b_zgoubi.spn’ (binary write) ). The data are formatted andeoed according to thEORTRAN sequence
found in the subroutinepnprn.f , with meaning of printed quantities as follows :

LET(I),IEX(1) : tagging character and flag (SE¥BJET)

Si(1-4,1) . spin components X, SY, SZ and modulus, at the origin
SF(1-4,1) . idem at the current position

GAMMA . Lorentz relativistic factor

| . particle number

IMAX . total number of particles ray-traced (SB@8JET)

IPASS . turn number (se®REBELOTE)

e SPNSTOREhas an effect similar tSPNPRNL with two more features.

- On the first data lineFNAME may be followed by a series of up to IABEL’s proper to the
elements of the zgoubi.dat data file at the exit of which thetghould occur ; if no label is given, the
print occurs by default at the very location SPNSTORE; if labels are given, then print occurs right
downstream of all optical elements wearing those labeld (@nlonger at th&SPNSTORHocation).

- The next data line gives a parametéf, : printing will occur everyl P other pass, when using
REBELOTEwith NPASS> [P — 1.

For instance the following data input in zgoubi.dat :

SPNSTORE
zgoubi.spn  HPCKUP VPCKUP
12

will result in output prints into zgoubi.spn, every 12 otlpaiss, each time elements of the zgoubi.dat data
list labeled eitheHPCKUP or VPCKUP are encountered.

Note

Binary storage can be obtained fraé##NPRNLand SPNSTOREThis is for the sake of compactness and
I/0 access speed by zgoubi or zpop, for instance in case wodws amounts of data should be manipulated.
This is achieved by giving the storage file a name of the foreNAME or B_.FNAME (e.g, ‘b_zgoubi.spn’).
The FORTRAN WRITE output list is the same as in tH®ORMATTED case above.
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SRPRNT : Print SR loss statistics

SRPRNTmay be introduced anywhere in a structure. It produces a listing (into zgoubi.res) of curre

state of statistics on several parameters related to SR loss presumably activated beforehand with key
SRLOSS
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TWISS : Calculation of periodic optical parameters

TWISS causes the calculation of transport coefficients and varather global parameters, in particular
periodical quantities as tunes and optical functions, exabupled hypothesisTWISS is normally placed

at the end of the structure ; it causes a series of up to 5 ssicegsasses in the structure (at the manner of
REBELOTE).

The object necessary for these calculations will be geeératitomatically if one use8BJE Twith option
KOBJ 5.

TWISS works in a way similar taATRIX , iterating theMATRIX process wherever necessary, changing
for instance the reference trajectory@BJET for dp/p related computations. In particular :

- It assumes that the reference particle (particle #1 of HenusingOBJET[KOBJ= 5} is located
on the closed orbitThis condition has to be satisfied for TWISS to work consigyent

- A first pass (the only one IKTW=1) through the structure allows computing the periodic @tic
functions from the rays.

- The periodic dispersions are used to define chromatic dloggts at+dp/p. A second and a third
pass (which terminate the proces&ifW=2) with chromatic objects centered respectivelydaip/p chro-
matic orbits will then compute the chromatic first order sport matrices. From these the chromaticities
are deduced.

- Anharmonicities need two additional passes (which teat@rthe process KTW=3). They are
deduced from the difference in tunes for particles trackedlifferent transverse invariants, horizontal or
vertical.
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4.6 Complements Regarding Various Functionalities

4.6.1 Reference rigidity

zgoubicomputes the strengths of optical elements (they are ysilefined by their field) from the reference
rigidity BORO as defined ifMCJOBJET. However usingCAVITE, and indirectlySCALING, may affect
the reference rigidity, following

Bp,.f = BORO— Bp,.y = BORO+ 0 Bp;

with normally 6 Bp, the synchronous rigidity increase (or decrease). A typoalfiguration where this
would occur is that of multi-turn tracking in a pulsed syrathon, where in general strengths have to follow
the acceleration (see section 4.6.6).

4.6.2 Time Varying Fields

Fields can be varied as a function of time (in some cases thjsmean as a function of turn number, see
section 4.6.6), by means of tt®CALING keyword.

Eventually some families of magnets may be given a diffetiemhg law for the simulation of special pro-
cessesd.g, time varying orbit bump, fast crossing of spin resonancéls families of jump quadrupoles).

4.6.3 Backward Ray-Tracing

For the purpose of parameterization for instance, it maytezeésting to ray-trace backward from the image
toward the object. This can be performed by first reversiegibsition of optical elements in the structure,
and then reversing the integration step sign in all the apgtements.

An illustration of this feature is given in the following Rige 42.

QUADRUPOLE

drift 20em | drift 50em spread
point object T
A)
QUADRUPCLE
spread drift 50cm drift 20crm , Point

object lj—_/— fffffff image
| ]

(B

Figure 42: A. Regular forward ray-tracing, from object to gea
B. Same structure, with backward ray-tracing from image
to object : negative integration step XPAS is used in the
quadrupole.

4.6.4 Checking Fields and Trajectories Inside Optical Elerants

In all optical elements, an optiofi is available. It is normally set t&l. = 0 and in this case has no effect.
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IL = 1 causes a print in zgoubi.res of particle coordinates andl diing trajectories in the optical element.
In the meantime, a calculation and summation of the valués off, V xﬁé angV2§ (same forﬁ) at all
integration steps is performed, which allows a check of thleavior of B (or E) in field maps (all these
derivatives should normally be zero).

IL = 2 causes a print of particle coordinates and other informatioto the file zgoubi.plt at each integra-
tion step ; this information can further be processed wjibhp®. In order to minimize the volume of that
storage file (when dealing with small step size, large nunobgarticles, etc.) it is possible to print out
every otherl0" integration step by takingl. = 2 x 10" (for instance,/L = 200 would cause output into

zgoubi.plt everyl 00 other step).

When dealing with field map®(g, CARTEMES ELREVOL , TOSCA, an option indexIC' is available.
It is normally set tolC' = 0 and in this case has no effect.

IC' = 1 causes a print of the field map in zgoubi.res.

1IC = 2 will cause a print of field maps into the file zgoubi.map whiemdurther be processed wigpop
for plotting and other data treatment purposes.

4.6.5 Labeling Keywords

Keywords inzgoubiinput data file zgoubi.dat can RABEL 'ed, for the purpose of the execution of such
procedures aREBELOTE, PICKUPS FAISCNL, FAISTORE SCALING, and also for the purpose of
particle coordinate storage into zgoubi.plt (see secti64/L = 2 option).

A keyword in zgoubi.dat accepts tWABEL's. The first one is used for the above mentioned purposes, the
second one (set to “.plt” in that case) is used essentially MIARKER for storage of current particle data
into zgoubi.plt. The keyword and itSABEL['s] should fit within a 110-character long string on a single
line (a quantity set in thEORTRAN file prdata.f ).

4.6.6 Multi-turn Tracking in Circular Machines

Multi-turn tracking in circular machines can be performgdneans of the keywor®@ EBELOTE REBE-
LOTE is introduced in the zgoubi.dat data list with its argumERASS+1 being the number of turns to be
performed. It will cause a jump of the “multi-turn pointeratk to (details on page 70), either the beginning
of the data list (default case), or to a particllBEL in that list. From then on, tracking resumes down
to REBELOTE again, and so forth until the requested number of passesgesisrbached.

In order that thdMAX particles of the beam start a new pass with the coordinaggshtaad reached at the
end of the previous one, the optigh = 99 has to be specified IREBELOTE

8See Part D of the Guide.
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Synchrotron accelerationcan be simulated, using following the procedure :

- CAVITE appears in the zgoubi.dat data list (normally bef@EBELOTH, with option/OPT 0,

- the RF frequency of the cavity may be given a timing Ifw-(7") by means ofSCALING, family
CAVITE,

- the magnets are given a field timing 1daW7"), (with 7" = 1 to NPASS+1 counted in number of turns)
by means ofSCALING.

Eventually some families of magnets may be given a diffetieming law for the simulation of special pro-
cessesd.g, time varying orbit bump, fast crossing of spin resonancéis families of jump quadrupoles).

4.6.7 Positioning, (Mis-)Alignment, of Optical Elements ad Field Maps

The last record in most optical elements and field maps isdB#ipning optionKPOS. KPOSis followed
by the positioning parametersg, XCE, YCE for translation andALE for rotation. The positioning works
in two different ways, depending whether the element is @dfin Cartesiari.X,Y, Z) coordinates€.g,
QUADRUPOQ, TOSCA, or polar R, 9, Z) coordinates RIPOLE).

Cartesian Coordinates :

If KPOS= 1, the optical element is moved (shifted X E, YCE and Z-rotated byALE) with respect to
the incoming reference frame. Trajectory coordinates &fwersal of the element refer the element frame.

If KPOS= 2, the shifts XCE and YCE, and the tilt angle ALE are taken into account, for mis-aligning
the element with respect to the incoming reference, as showviaig. 43. The effect is equivalent to a
CHANGREF( XCE, YCE, ALE)upstream of the optical element, followed G /ANGREF(XCS,YCS,ALS=
—ALE) downstream of it, with computeXCS, YCSvalues as schemed in Fig. 43.

KPOS = 3 option is available for a limited number of magne¢sgy, BEND, MULTIPOL, AGSMM ) ;

it is effective only if a non zero dipole componestl is present, or ifALE is non-zero. It positions
automatically the magnet in a symmetric manner with resjoeitte incoming and outgoing reference axis,
convenient for periodic structures, as follows (Fig 44).

Both incoming and outgoing reference frames are tilted.vitrd magnet,

e either, by an angléLE if ALE #£0,

BORO .

e or, if ALE=0 by half theZ-rotationd, /2 such thatl, = 2 sin(fz/2), whereinL = geometri-

cal length,BORO = reference rigidity as defined @BJET
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Figure 44: Case of Cartesian frame optical element. Aligmnroéa bend by half the
deviation, usingKPOS= 3. (Xg,Yg) and(Xg,Ys) are respectively the
incoming and outgoing reference frames.

Next, the optical element is Y-shifted byCE (XCE is not used) in a direction orthogonal to the new
magnet axisi(e., at an angleALE + 7/2 wrt. the X axis of the incoming reference frame).

NS

YE YS

YE %S

\ YCE>0

/ -

; ”i XE - ;

PRSP L XCE 3|0 XE ; XS
: XCS <0 } <~

L ! 1 XCS <0

.................................................

YCE>0

Figure 43: Case of Cartesian frame optical element. Leftvingpan optical element usingPOS= 1. Right :
Mis-aligning an optical element usitPOS= 2. (X, Yr) and(Xs, Ys) are respectively the incom-
ing and outgoing reference frames.

KPOS = 4 applies to a limited number of optical elements ABSMM (AGS main magnet). By default,
it aligns the magnet in a way similar t6POS = 3, with reference frame Z-rotated Iy /2 as drawn from

BORO . . . .
L= sin(fz/2). However magnet mis-alignment (alignment errors) are leahith a specific way,
as follows.
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All 6 types of misalignments, namely, X-, Y-, Z-shift, X-, YZ-rotation, can be accounted for, in an arbitrary ordereyTare
specified using the “new styleCHANGREF method as described in page 96. Longitudinal rotation “X&takenwrt. the
longitudinal axis, whereas radial and axial rotations, "Rd “ZR”, are with respect to an axis going through the ceafdéhe
magnet.

X new

Figure 45: Pitch anglep, in the"*YR” type of rotation, usingKkPOS= 4. M is the
new position, in the rotated plan®’, Z,..,), of a particle with velocity
E//M;M located at former positiod/,, in the old, (Y, Z,4), plane. M’,
m, m’ are projections of\/, m/ is projection of M’. T and P are the
horizontal and vertical angles as defined in Figp Is the projection ofP.

o

Figure 46: Positioning of a polar field map, usikKOS= 1.
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Polar Coordinates

If KPOS= 1, the element is positioned automatically in such a way thperticle entering with zero initial

. o . AT . .
coordinates and + DP = Bp/BOROrelative rigidity will reach position RM, 7) in the element with

T = 0 angle with respect to the moving frame in the polar coordisalystem of the element (Fig. 46 ; see
DIPOLE-M andPOLARMES.

If KPOS= 2, the map is positioned in such a way that the incoming referémne is presented at radius
RE with angleTE. The exit reference frame is positioned in a similar way weéhpect to the map, by
means of the two parametelRs (radius) andl'S (angle) (see Fig. 11A page 82A).

4.6.8 Coded Integration Step

In several optical elementg.g, all multipoles,BEND) the integration step (in general not¥&AS) can
be coded under the fortdPAS = #E|C|S , with E, C, S integersE is the number of steps in the entrance
fringe field region,C is the number of steps in the magnet body, &id the number of steps in the exit
fringe field region.

4.6.9 Ray-tracing of an Arbitrarily Large Number of Particl es

Monte Carlo multi-particle simulations involving an arhitily large number of particles can be performed
using MCOBJET together withREBELOTE put at the end of the optical structure, with its argument
NPASSbeing the number of passes throl@BBELOTE and (NPASS+1) * IMAX the number of particles

to be ray-traced. In order that new initial conditiods, ", T, Z, P, X) be generated at each pagS~= 0

has to be specified IREBELOTE

Statistics on coordinates, spins, and other histogramsegrerformed by means of such procedures as
HISTO, SPNTRK etc. that stack the information from pass to pass.

4.6.10 Stopped Particles : TheEX Flag

As described irDBJET, each particld = 1, IMAX is attached a valutEX(]) of the IEX flag. Normally,
IEX(I) = 1. Under certain circumstancd&X may be changed to a negative valuezigpubi, as follows.

—1 : the trajectory happened to wander outside the limits ofld freap

—2 :too many integration steps in an optical element (a quaotihtrolled iInMXSTEP.Hinclude file)
—3 : deviation happened to exceed? in an optical element not designed to allow that

—4 : stopped by walls (proceduréHAMBR, COLLIMA)

—5 :too many iterations in subroutirdepla.f

—6 : energy loss exceeds particle energy

—7 : field discontinuities larger than 50% within a field map

—8 :reached field limit in an optical element

Only in the caséEX = —1 will the integration not be stopped since in this case thd beltside the map is
extrapolated from the map data, and the particle may pgsgéilback into the map (see section 1.4.2 on
page 27). In all other cases the particle will be stopped.

4.6.11 Negative Rigidity

zgoubi can handle negative rigiditieBp = p/q. This is equivalent to considering either particles with
negative chargeg(< 0) or momentum § < 0), or reversed fieldswrt. the field sign that shows in the
zgoubi.dat optical element data list).

Negative rigidities may be specified in termsBORO < 0 or D = Bp/BORO < 0 when defining the
initial coordinates withOBJET or MCOBJET.
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AGSMM
AGSQUAD
AIMANT
AUTOREF
BEAMBEAM
BEND
BINARY
BREVOL
CARTEMES
CAVITE
CHAMBR
CHANGREF
CIBLE
COLLIMA
DECAPOLE
DIPOLE
DIPOLE-M
DIPOLES
DODECAPO
DRIFT
EBMULT
EL2TUB
ELMIR
ELMIRC
ELMULT
ELREVOL
EMMA
END

ESL
FAISCEAU
FAISCNL
FAISTORE
FFAG
FFAG-SPI
FIN
FIT,FIT2
FOCALE
FOCALEZ
GASCAT
GETFITVAL
HISTO
IMAGE
IMAGES
IMAGESZ
IMAGEZ
MAP2D
MAP2D-E
MARKER

Glossary of Keywords

AGS MaiN MAGNET . ..o e e e et e 175
AGS qQUAIUPOIE . .. e 176
Generation of dipole mid-plane 2-D map, polarframe ........................... 177
Automatic transformation to a new reference frame .............................181
Beam-beam [eNS ... .. . e 182
Bending magnet, Cartesian frame ........ ... e 183
BINARY/FORMATTED data CoOnVerter .........c..uueeieieeeeeeieiiiiintmmnn. 184

1-D uniform mesh magnetic fieldmap ... 185
2-D Cartesian uniform mesh magnetic fieldmap .........ccouueooeoooooo.......186
AcCCelerating Cavity . ... 188
Long transverse aperture limitation ............c.oicmme e 189
Transformation to a new reference frame .......... .. oo, 190
Generate a secondary beam following target interaction......................... 191
CollMAtOr .. e 192
Decapole magnet ... ... 193
Dipole magnet, polar frame . ...ttt 194
Generation of dipole mid-plane 2-D map, polarframe ........................... 195
Dipole magnetV-tuple, polar frame ... e 197

Dodecapole magnet . ... ... i e 199
Field free drift Space .. ...t s e e 200
Electro-magnetic multipole . ... e e 201
Two-tube electrostatiC IeNS ... ... . e e 203
Electrostatic N-electrode mirror/lens, straight slitS ... .. ...........oo ot 204
Electrostatic N-electrode mirror/lens, circular slitS ................ ... .oia... 205
Electric muUItipole . ... o e 206
1-D uniform mesh electricfieldmap ...........c i e 207
2-D Cartesian or cylindrical mesh field map for EMMAFFAG .................... 208
Endof inputdata list . ... 212
Field free drift Space . ... 200
Print particle coordinates . ... 209
Store particle coordinates infile FNAME .. ......... .o 209
Store coordinates evey” other pass at labeled elements ...................... 209

FFAG magnetN-tuple . ... 210

Spiral FFAG magnetiV-tuple ... ... ... 211

End of input data list .. ... oo e 212
Fitting ProCeAUIe . ... i i e 213
Particle coordinates and horizontal beam size atdist&hte ....................... 215
Particle coordinates and vertical beam size atdisténfe.......................... 215
GaAS SCAMEIING . . oottt et e e e 216
Get values olvariablesas saved from former FIT[2]run ........... ... ... ... ......217

1-D hiStOQram ... ... e 218
Localization and size of horizontal waist .. .........oiiiiiiiiiii e, 219
Localization and size of horizontal waists . ........ ..o, 219
Localization and size of vertical Waists ............iiiiiii i 219
Localization and size of vertical waist .............euuiiiiiiiiii i 219
2-D Cartesian uniform mesh field map - arbitrary magnetidfiel................... 220
2-D Cartesian uniform mesh field map - arbitrary electricffiel ..................... 221

MarK O o 222
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MATRIX
MCDESINT
MCOBJET
MULTIPOL
OBJET
OBJETA
OCTUPOLE
OPTICS
ORDRE
PARTICUL
PICKUPS
PLOTDATA
POISSON
POLARMES
PS170
QUADISEX
QUADRUPO
REBELOTE
RESET
SCALING
SEPARA
SEXQUAD
SEXTUPOL
SOLENOID
SPINR
SPNPRNL
SPNSTORE
SPNPRT
SPNTRK
SRLOSS
SRPRNT
SYNRAD
TARGET
TOSCA
TRANSMAT
TRAROT
TWISS
UNDULATOR
UNIPOT
VENUS
WIENFILT
YMY

Keywords and input data formatting

Calculation of transfer coefficients, periodic parameters.......................... 223
Monte-Carlo simulation of in-flightdecay ................. ... ... ... ..., 224
Monte-Carlo generation of a 6-D object ......... ... 225
Magnetic multipole . ... e 228
Generation of aN 0DJECE . ... ... 229
Object from Monte-Carlo simulation of decay reaction . ......................... 231
OCtUPOlE MaAagNEt ... ot e s e 232
Write out optical functions . ... 233
Taylor eXpansions Order . . ... ... e 234
Particle characteristiCs . ... ... . 235
Beam centroid path; closed orbit .......... .. 236
Intermediate output for the PLOTDATA graphic software .......................... 237
Read magnetic field data froPOISSONoOUtpUL .........c.cvvvriieii i, 238
2-D polar mesh magneticfield map ...t 239
Simulation of a round shape dipole magnet ......... ..., 240
Sharp edge magnetic multipoles . ... ... e 241
Quadrupole Magnet .. ... e 242
DO It AQAIN .ottt e 244
Reset counters and flags . ..ot e 245
Power supplies and R.F. function generator ..........ccoeeioiiineiiieann 246
Wien Filter - analytical simulation ............. .. oo 247
Sharp edge magnetic multipole ... ... 248
SeXtUPOIE MaAgNEt ... e 249
SOlENOIA . . o e 251
SPINTOMALION .. 250
Store spin coordinates into file FNAME . ... ... .. 252
Store spin coordinates evefy’ other pass at labeled elements .................... 2.25
Print sSpin COOrdiNates . ... ...t e e e e 252
SPINrACKING oo e 253
Synchrotron radiation 10SS . ... ...ttt i e e 254
Print SR I0SS StatiStiCS ... ... i e e 255
Synchrotron radiation spectral-angular densities . ... ... ... .. 256
Generate a secondary beam following target interaction......................... 191
2-D and 3-D Cartesian or cylindrical meshfieldmap ............................ 257
Mt tranS el ... e 258
Translation-Rotation of the reference frame ... . . L 259
Calculation of periodic optical parameters .........coceiiiiiiiii . 260
Undulator magnet . ... 261
Unipotential cylindrical electrostaticlens ..., 262
Simulation of a rectangular shape dipole magnet ..... ..o oo .....263
LAY 1= o 1= 264

Reverse signs df andZ reference axes ...t 265
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Optical elements versus keywords

This glossary gives a list of keywords suitable for the smtioh of common optical elements. These are classified gethr
categories: magnetic, electric and combined electro-etigyalements.

Field map procedures are also listed; they provide a meanayfdracing through measured or simulated electric anmdagnetic

fields.

MAGNETIC ELEMENTS

AGS main magnet
Decapole
Dipole[s]
Dodecapole
FFAG magnets
Helical dipole
Multipole
Octupole
Quadrupole
Sextupole
Skew multipoles
Solenoid
Undulator

Using field maps
1-D, cylindrical symmetry

2-D, mid-plane symmetry
2-D, no symmetry

2-D, polar mesh, mid-plane symmetry

3-D, no symmetry
EMMA FFAG quadrupole doublet
linear composition of field maps

ELECTRIC ELEMENTS

2-tube (bipotential) lens

3-tube (unipotential) lens

Decapole

Dipole

Dodecapole

Multipole

N-electrode mirror/lens, straight slits
N-electrode mirror/lens, circular slits
Octupole

Quadrupole

R.F. (kick) cavity

Sextupole

Skew multipoles

Using field maps

1D, cylindrical symmetry
2-D, no symmetry

ELECTRO-MAGNETIC ELEMENTS

Decapole
Dipole
Dodecapole

AGSMM

DECAPOLE, MULTIPOL

AIMANT, BEND, DIPOLE[S], DIPOLE-M, MULTIPOL, QUADISEX
DODECAPO, MULTIPOL
DIPOLES, FFAG, FFAG-SPI, MULTIPOL

HELIX

MULTIPOL, QUADISEX, SEXQUAD

OCTUPOLE, MULTIPOL, QUADISEX, SEXQUAD
QUADRUPO, MULTIPOL, SEXQUAD, AGSQUAD
SEXTUPOL, MULTIPOL, QUADISEX, SEXQUAD
MULTIPOL

SOLENOID

UNDULATOR

BREVOL
CARTEMES, POISSON, TOSCA
MAP2D
POLARMES
TOSCA
EMMA
TOSCA

EL2TUB
UNIPOT
ELMULT
ELMULT
ELMULT
ELMULT
ELMIR
ELMIRC
ELMULT
ELMULT
CAVITE
ELMULT
ELMULT

ELREVOL
MAP2D-E

EBMULT
EBMULT
EBMULT



172

Multipole
Octupole
Quadrupole
Sextupole

Skew multipoles
Wien filter

EBMULT
EBMULT
EBMULT
EBMULT
EBMULT
SEPARA, WIENFILT

Keywords and input data formatting
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INTRODUCTION

Here after is given a detailed description of input data fating and units. All available keywords appear in alphilaébrder.

Keywords are read from the input data file by an unformaB@RTRAN READ statement. They be enclosed between quotes
(e.g, ‘DIPOLFE).

Text string data such as comments or file names, are readiafied READ statements, no quotes should be used in that case

Numerical variables and indices are read by unformatted RHAmMay therefore be necessary that integer variables be
assigned an integer value.

In the following tables
¢ the first column shows the expected input parameters (&gtthair valuesare expected), indices and text strings,
¢ the second column gives brief comments regarding their mgamd use,
¢ the third column gives the units or ranges,

¢ the fourth column indicates whether the expected paranygies are integer (1), real (E) or text string (A). For exaepl
“1, 3*E” means that one integer followed by 3 reals is expdct&80” means that a text string of maximum 80 characters

is expected.
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AGSMM

IL
MOD[.MOD?2], dL,
Ry, dB1, dB2, dB3

NBLW,
NBLW times :NW, |

XE! AEy E21 E3

NCE, Cy — Cs

Xs, As, 52, 53
NCS Cy — C5
R1, R2, R3
XPAS

KPOS XCE,
YCE, ALE

1MOD=1 : centered multipole model\fOD=2 : long-shifted dipole model MOD=3 : short-shifted dipole model.
2MOD2 = 0 (default) : user defined back-leg windings (defined in rautigsblw.f

AGS main magnet

IL = 1,2[x107"] : print field and coordinates along trajectories.

Type of magnet modél[type of back-leg winding modé] ;
unused ; pole tip radius, 10 cm if set to zero ; relative
error on dipole, quadrupole, sextupole component.

Number of back-leg windings ; for each back-leg wirglin
number of windings, current.

Entrance face

Integration zone ; fringe field extent :
dipole fringe field extent Ag ;
guadrupole fringe field extent xg * E5 ;
sextuppole fringe field extent xg x F5
(sharp edge if field extent is zero)

same aQUADRUPO

Exit face
Integration zone ; as for entrance

Skew angles of field components
Integration step

KPOS=1: element aligned, 2 : misaligned ;

shifts, tilt (unused iKPOS=1).

KPOS=3: effective only if B1 # 0 :

entrance and exit frames are shiftedY6@E

and tiltedwrt. the magnet by an angle of

e either ALE if ALE=£0

e or 2Arcsin(B1 XL /2BORO) if ALE=0

KPOS=4: same aKPOS= 3 however

with possible X- or Y- or Z-misalignment or -rotation
(under development)

175
[@-R0™] I
2*no dim., cm, I[.1], 5*E
3*madi
<2, NBLW x I, NBLW x
(any, Amp.) (I, E)

2*cm, 2*no dim. 4*E

0-6, 6*no dim. [, 6*E

2*cm, 2*no dim.  4*E

0-6, 6*no dim. I, 6*E
3*rad 10*E
cm E
1-4, 2*cm, rad I, 3*E

); MOD2 = 1: actual AGS data are taken, namely : MWL6AD :

NBLW =1, SIGN = 1.D0, NW =10 ; MMA17CF : NBLW =1, SIGN = 1.D0, NW =10 ; MMA18CF : NBLW =1, SIGN =-1.D0, NW =10 ; MMA19BD :
NBLW =1, SIGN =-1.D0, NW =12 ; MMA20BD : NBLW =1, SIGN = 1.D0, NW =12 ; MMBO02BF : NBLW = 2, SIGN = 1.D0, NW1 = 12, SIGN = 1.DO0,
NW2 =6 ; MM_BO3CD : NBLW =1, SIGN = 1.D0, NW =10 ; MMBO4CD : NBLW =1, SIGN =-1.D0, NW =10 ; MMBO5A : NBLW =1, SIGN =-1.D0,
NW =10 ; MM_K19BD : NBLW = 1, SIGN = 1.D0, NW = 6 ; MMK20B : NBLW = 1, SIGN = 1.D0, NW = 6 ; MML13CF : NBLW =1, SIGN = -1.D0,
NW =5; MM_L14C : NBLW =1, SIGN = -1.D0, NW =5 ; MMAO7CD : NBLW = 1, SIGN = -1.D0, NW =5 ; MMAO8C : NBLW = 1, SIGN = -1.DO,
NW =5; MM_BO1B : NBLW =1, SIGN = 1.D0, NW = 6 ; MMLO6A : NBLW =1, SIGN = 1.D0, NW =5 ; MMLO7C : NBLW =1, SIGN = 1.D0, NW =
5; MM_A14C : NBLW =1, SIGN =-1.D0, NW =5 ; MMA15A : NBLW =1, SIGN =-1.D0, NW =5 ; MMEO6A : NBLW =1, SIGN =-1.D0, NW =5 ;
MM _EO7CD : NBLW =1, SIGN =-1.D0, NW =5 ; MME20BD : NBLW = 1, SIGN = 1.D0, NW = 6 ; MMFO1BF : NBLW =1, SIGN = 1.D0, NW =6 ;
MM _F14CF : NBLW = 1, SIGN = 1.D0, NW =5 ; MMF15AD : NBLW = 1, SIGN = 1.D0, NW =5 ; MMGO8CD : NBLW =1, SIGN =-1.D0, NW =5 ;
MM _GO9BF : NBLW =1, SIGN =-1.D0, NW = 6.

MOD2 = 1: User defined - implementation to be completed.



176 Keywords and input data formatting

AGSQUAD AGS quadrupole

IL IL = 1,2[x10"] : print field and coordinates along trajectories. (&2 I
XL, Ry, IW1, IW2, IW 3, Length of element ; radius at pole tip ; current in windings ; 2*cm,3*A 5*E
dIW1,dIW2,dIW3 relative error on currents. 3*no dim 3*E

Entrance face
X, \g Integration zone ; fringe field extent. 2*cm,9*no dim. 11*E
(sharp edge if field extent is zero)

NCE, Cy — C5 Same afQUADRUPO 0-6, 6*no dim. I, 6*E
Exit face

Xg, As Integration zone ; as for entrance 2*cm, 9*no dim. 11*E

NCS Cy — C5 0-6, 6*no dim. I, 6*E

R1 Roll angle 10*rad 10*E

XPAS Integration step cm E

KPOS XCE, KPOS=1 : element aligned, 2 : misaligned ; 1-2, 2*cm, rad I, 3*E

YCE, ALE shifts, tilt (unused IKPOS=1).



Keywords and input data formatting

AIMANT

NFACE, IC, IL

IAMAX, IRMAX
By, N, B, G

AT, ACENT, RM,
RMIN, RMAX

A€

NC, Cy — Cs, shift

wt, 0, Ry, Uy, Us, Ry

A€
NC, Cy — Cs, shift
w™,0, Ry, Uy, Uz, Ry

RM RM

Number of field boundaries
IC =1,2: print field map

IL = 1,2[x10™] : print field and coordinates along trajectories.

Generation of dipole mid-plane 2-D map, polar frame
By = FBy (1 ~ N(EzRM) i p (RfRJVI)Z +G(

R—RM
RM

Azimuthal and radial number of nodes of the mesh

Field and field indices

Mesh parameters : total angle of the map ; azimuth for EFBs
positioning ; reference radius ; minimum and maximum radii

ENTRANCE FIELD BOUNDARY

Fringe field extent (normally~ gap size) ; flag :
- if £ > 0 : second order type fringe field with
linear variation over distancg

- if £ = —1: exponential type fringe field :

F = (1+exp(P(s)))*

P(s) =Co+ C1($) + Ca(3)* + ... + C5(3)°

NC =1 + degree oP(s) ; Cy to C5 : see above ;
EFB shift (ineffective if¢ > 0)

Azimuth of entrance EFB with respect &a&CENT ;
wedge angle of EFB ; radii and linear
extents of EFB (useU; 2 |= oo whenR; 5 = o0)

(Note : A = 0, w™ = ACENT andd = 0 for sharp edge

EXIT FIELD BOUNDARY
(See ENTRANCE FIELD BOUNDARY)

Fringe field parameters
Positioning and shape of the exit EFB

(Note : A = 0, w~ =-AT+ACENT andf = 0 for
sharp edge

')

177
2-3,0-2, 0-2x10" 3%
< 400, < 10* 2%
kG, 3*no dim. 4*E
e@*d*cm 5*E
cm, (cm) 2*E
0-6, 6*no dim.,cm |, 7*E
2*deg, 4*cm 6*E
cm, (cm) 2*E
0-6, 6*no dim.,cm 1, 7*E
2*deg, 4*cm 6*E
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If NFACE =3

A€

NC, C() — 05, shift
w™,0, Ry, Uy, Us, Ry,
RM3

NBS

IfNBS =0

If NBS = -2
Ro, AB/B,

If NBS = -1

60, AB/B,
IfNBS > 1

For =1, NBS
Ry, R, 01,02,

v, 04 1, B

IORDRE

XPAS

KPOS

If KPOS =2
RE, TE,RS, TS

IfKPOS =1
DP

LATERAL FIELD BOUNDARY

(See ENTRANCE FIELD BOUNDARY)
Next 3 record®nlyif NFACE = 3

Fringe field parameters

Positioning and shape of the lateral EFB ;
RM3 is the radial position on azimuhCENT

Option index for perturbations to the field map
Normal value. No other record required
The map is modified as follows :
AB R—R
B transforms taB = <]. + Em)

the map is modified as follows :

AB 60—6
B transforms taB x (1 + B, AT“)

Introduction of NBS shims

The following 2 records must be repeated NBS times

Radial and angular limits of the shim\;is unused
geometrical parameters of the shim

Degree of interpolation polynomial :

2 = second degree, 9-point grid

25 = second degree, 25-point grid

4 = fourth degree, 25-point grid

Integration step

Positioning of the map, normally 2. Two options :

Positioning as follows :
Radius and angle of reference, respectively,
at entrance and exit of the map.

Automatic positioning of the map, by means of
reference relative momentum

Keywords and input data formatting

cm, (cm)

0-6, 6*no dim., cm

2*deg, 5*cm

2-0o0r >1

cm, no dim.

deg, no dim.

2*cm, 2*deg, cm

2*deg, 2*no dim.

2,250r4

cm

1-2

m, rad, cm, rad

no dim.

2*E
I, 7*E

7'E

2*E

2*E

5*E

4*E

4*E
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LATERAL EFB

ENTRANCE EFB

EXIT EFB

EXIT FACE

V) ’p
0 I \ Rs \:lv\‘ OF THE MAP

(A) "570\

‘ END FACE
OF THE MAP

(B)

A : Parameters used to define the field map and geometricatlaoies.
B : Parameters used to define the field map and fringe fields.
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Keywords and input data formatting

FA
1

I\\\\ EFB
| Ve
N
| F~S
: F~s?
| S
1 1 -+ |
_A _EO E A

Second order type fringe field.

Fa
| 1

| EFB

<+
| I (shift = 0)
EFB
(shift £ 0)
| | >
"y A

Shift

L

Exponential type fringe field.



Keywords and input data formatting

AUTOREF

IfI=3
I11,12,13

Automatic transformation to a new reference frame

1: Equivalent toCHANGREF(XCE = 0,YCE =Y (1), ALE =T(1))  1-2

2 : Equivalent tocCHANGREF (XW, YW, T(1)), with (XW,YW)
being the location of the intersection (waist) of particlegd and 5
(useful withMATRIX , for automatic positioning of the first order focus)

3: Equivalent tocCHANGREF(XW, YW, T(I1)), with (XW,YW)
being the location of the intersection (waist) of particlés72 and3
(for instance 11 = central trajectory/2 and I3 = paraxial trajectories
that intersect at the first order focus)

Next record only ifl = 3
Three particle numbers 3*(1-IMAX)

3%

181



182 Keywords and input data formatting

BEAMBEAM Beam-beam lens

SW, | 0/1: off/on ; beam intensity. 0-2, Amp I, E
Use SPNTRKto activate spin kicks.

ay, By, €v.norm/T Beam parameters, horizontal. -, m, mrad 3*E

oz, Bz, €Zmnorm/T Beam parameters, vertical. -, m, m.rad 3*E

X5 Tdp/p rmsbunch length rms momentum spread. m, - 2*E

C, a Ring circumference ; momentum compaction. m, - 2*E

Qy, Qz, Qs Tunes, horizontal, vertical, synchrotron. - - 3*E

Ay, Az, Ax Amplitudes, horizontal, vertical, longitudinal. .y - B*



Keywords and input data formatting

BEND

IL

XL, Sk, B1

XE! )\E! WE

N, Co—Cs

Xg, As, W

N, Co—Cs

XPAS

KPOS, XCE, YCE, ALE

Bending magnet, Cartesian frame

IL = 1,2[x107"] : print field and coordinates along trajectories.

Length ; skew angle ; field

Entrance face :
Integration zone extent ; fringe field extent (normally
~ gap height ; zero for sharp edge) ; wedge angle

Unused ; fringe field coefficientsB(s) = B1 F'(s) with
F(s) = 1/(1+ exp(P(s)) andP(s) = 37, Ci(s/ V)’

Exit face :
See entrance face

Integration step

KPOS1 : element aligned, 2 : misaligned ;
shifts, tilt (unused IKPOS=1)

KPOS=3:
entrance and exit frames are shifted WgE
and tiltedwrt. the magnet by an angle of
o either ALE if ALE#£0
e or 2 Arcsin(B1XL / 2BORO, if ALE=0

W >0 Wg>0
reference XL ‘2(
“5\60\0‘\1 \ a

S
Entrance R
EFB
Geometry and parameters &END : XL = length,

0 = deviation,Wg, Wg are the entrance and exit wedge
angles. The motion is computed in the Cartesian frame

(0,X,Y,Z)

[6-20"]

cm, rad, kG

cim, cad

unused, 6*no dim.

cm, cm, rad

unused, 6*no dim.

cm

1-2, 2*cm, rad

183

3*E

3*E

I, 6*E

3*E

I, 6*E

I, 3*E



184 Keywords and input data formatting

BINARY BINARY/FORMATTED data converter

NF|.J], NCol, NHDR  Number of files to converfREADformat type, see below], <20,>1,0—-9 3*1
of data columns, of header lines.

The next NF lines :

FNAME Name of the file to be converted. File content is assumedyinar A80
iff name begins with “B or “b ", assumed formatted otherwise.

READformat :

If FRM not given Format is '*
If FRM=1 Formatis '1X,7E11.*



Keywords and input data formatting

BREVOL

IC, IL

BNORM, XN

TITL

IX

FNAME [, SUM] % 2
ID, A, B, C

[1 Ala Bla Cla

B, etc.,ifID > 2]
IORDRE

XPAS

KPOS XCE,
YCE, ALE

1-D uniform mesh magnetic field map
X-axis cylindrical symmetry is assumed

IC' = 1,2 : print the map

IL = 1,2[x10"] : print field and coordinates along trajectories.
Field and X-coordinate normalization coeff.

Title. Start with “FLIP” to get field map X-flipped.

Number of longitudinal nodes of the map

File name

Integration boundary. Ineffective whetD = 0.
ID=-1,10r>2: as forCARTEMES

Unused

Integration step

KPOS=1 : element aligned, 2 : misaligned ;
shifts, tilt (unused IKPOS=1)

0-2, 0-Zx 10"]

2*no dim.

<400

> —1, 2*no dim.,
cm [,2*no dim.,
cm, etc.]
2,250r4

cm

1-2, 2*cm, rad

1 FNAME (e.g, solenoid.map) contains the field data. These must be formattaatding to the followingFfORTRAN sequence :

OPEN (UNIT = NL, FILE = FNAME, STATUS =‘OLD’ [ FORM="UNFORMATTED’])

DO1l1=1,IX
IF (BINARY) THEN

READ(NL) X(l), BX(l)

ELSE

READ(NL,*) X(1), BX(l)

ENDIF
1 CONTINUE

185

2%

2*E

A80

A80

1,3*E
[,3*E,etc.]

I, 3*E

where X (/) and BX([) are the longitudinal coordinate and field component at nddg of the mesh. Binary file names must be-
gin with FNAME 'B ’ or’b . ‘Binary’ will then automatically be set to . TRUE.".
2 Sumperimposing (summing) field maps is possible. To do so, pildaipdimes with 'SUM’ following each name but the last oeg, in the following ex-
ample, 3 field maps are read and summed :

myMapFilel SUM
myMapFile2 SUM
myMapFile3

(all maps must all have their mesh defined in identical coordiframe).
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CARTEMES

IC, IL

BNORM, XN,YN
TITL

I1X,JY

FNAME 1
ID, A B, C

[A/ B/ O/ A//
B etc.,ifID > 2]

IORDRE
XPAS

KPOS XCE,
YCE, ALE

2-D Cartesian uniform mesh magnetic field map
mid-plane symmetry is assumed

IC =1,2: print the map

IL = 1,2[x10™] : print field and coordinates along trajectories.

Field and X-,Y-coordinate normalization coeffs.
Title. Start with “FLIP” to get field map X-flipped.

Number of longitudinal { X)) and transverseJY")
nodes of the map

File name

Integration boundary. NormallyD = 0.

ID = —1: integration in the map begins at
entrance boundary defined byX + BY + C = 0.
ID = 1: integration in the map is terminated
at exit boundary defined by X + BY + C = 0.
ID > 2:entrance f, B,C)and up tol D — 1 exit
(A", B',C’, A", B", etc.) boundaries

Degree of interpolation polynomial (sSE§POLE-M)
Integration step

KPOS=1 : element aligned, 2 : misaligned ;
shifts, tilt (unused iKPOS=1)

Keywords and input data formatting

0-2,0-2x10" 2

3*no dim. 3*E
A80

<400, < 200 2%

A80
> —1,2*nodim., |, 3*E

cm[,2*no dim.,  [3*E,etc.]
cm, etc.]

2,250r4 |
cm E

1-2, 2*cm, rad I, 3*E

2 FNAME (e.g, spes2.map) contains the field data. These must be formatteaiamzgto the followingFORTRAN sequence :

OPEN (UNIT = NL, FILE = FNAME, STATUS =‘OLD’ [FORM="UNFORMA TED’])

IF (BINARY) THEN

READ(NL) (Y(J), J=1, JY)

ELSE

READ(NL,100) (Y(J), J=1, JY)

ENDIF

100 FORMAT(10 F8.2)

DO 11=1,IX

IF (BINARY) THEN

READ(NL) X(l), (BMES(1,J), J=1, JY)

ELSE

READ(NL,101) X(I), (BMES(1,J), J=1, JY)

101 FORMAT(10 F8.2)

ENDIF

1  CONTINUE

where X (I) and Y (J) are the longitudinal and transverse coordinates BMES is the Z field component at a nodél, J) of the mesh. For bi-
nary files,FINAME must begin with 'B’ or 'b ".
‘Binary’ will then automatically be set to . TRUE.’
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Y op
I
| |
1 15}:’
| & |
i e !
S & i
T l:J{I\IfI . 5:"':
- ] o
L Fﬂlﬂgl'l L|_'Iu:
L - uz :}(
e . U L4y
—_ h ' , Lo — ==t
———_ ) = = I
T . L !
i = e TS I |
. T
Lo :5_ I h l
o * ~L |
E a ot S !
i H: ra -éb -"'H-..,; :
N = c? r ‘d;
- 1 rF
(i % ot / o ,SSK
o ! r
— A
= L Fa
b

OXY is the coordinate system of the mesh. Integration zonedimiy be defined, usingD # 0 : particle coordinates are
extrapolated linearly from the entrance face of the map, iné planed’ X + B’Y + C’ = 0 ; after ray-tracing inside the map
and terminating on the integration boundatyX + BY + C' = 0, coordinates are extrapolated linearly to the exit facehef t
map.
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CAVITE ! Accelerating cavity
AW = qVsin(2rhfAt + ) and other voltage and frequency laws.

IOPTL.i] Option.: = 1 causes info output integoubi.CAVITE.out 0-7 I

If IOPT=0 Element inactive

X, X Unused

X, X Unused

If IOPT=1 2 frr follows the timing law given bySCALING

L, h Reference closed orbit length ; harmonic number m, nodim. E 2*
vV, X R.F. peak voltage ; unused V, unused 2*E

If IOPT=2 frr follows AW, = ¢V sing,

L, h Reference closed orbit length ; harmonic number m, nodim. E 2*
V, ¢s R.F. peak voltage ; synchronous phase V, rad 2*E
If IOPT=3 No synchrotron motion AW = ¢V sing,

X, X Unused ; unused 2*unused 2*E

V, ¢s R.F. peak voltage ; synchronous phase V, rad 2*E
If IOPT=6 Read RF frequency and/or phase law from external file, “zgfvagLaw.In”.

L, Ey Orbit length and kinetic energy at start of acceleration. Vray 2*E

V, &, R.F. peak voltage ; synchronous phase. V, rad 2*E
If IOPT=7 Quasi- or isochronous acceleration.

X, By Unused ; RF frequency ; -,Hz 2*E

V, &, R.F. peak voltage ; synchronous phase. V, rad 2*E

1 UsePARTICUL to declare mass and charge.
2 For ramping the R.F. frequency followinBp(t), useSCALING, with family CAVITE.



Keywords and input data formatting

CHAMBR

IA

IFORM[.J], C1, C2,
C3,C4

Long transverse aperture limitation *

0 : element inactive

1: (re)definition of the aperture

2 : stop testing and reset counters, print
information on stopped patrticles.

IFORM = 1: rectangular aperture ;

IFORM = 2 : elliptical aperture.

J=0, default : opening i +YL = +C1,+ZL = +C2,
centered a¥C = C3, ZC = C4.
J=1:openingig,inY :[C1,02],inZ:[C3,C4]

1 Any particle out of limits is stopped.
2 When used with an optical element defined in polar coordinates OIPOLE) Y L is the radius and C stands for the reference radius (normally,

YC ~ RM).

1-2[.0-1]

189

ILI], 4E
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CHANGREF
“Old Style” (Figure below) :

XCE, YCE, ALE Longitudinal and transverse shifts,

followed by Z-axis rotation

“New Style” (example below). In an arbitrary order, up to 9 occurrences of :

XS val’, YS val’, ZS val’,
XR val', YR val’, ZR val’

Transformation to a new reference frame

Keywords and input data formatting

2*cm, deg

cm or deg

Example :
Using CHANGREF "New Style
'OBJET’
51.71103865921708 Electron, Ekin=15MeV.
2
11 One particle, with

—

|

o7
=

[f’;.‘_....._.:—;..
7y New Froms

Parameters in th€HANGREF procedure.

2.0. 0000001 KR
1111111

Y_0=2 cm, other coordinates zero.

'"MARKER’ BEG .plt -> list into zgoubi.plt.
'DRIFT’ 10 cm drift.
10.
'CHANGREF
ZR -6.34165 YS 1. First half Z-rotate, Next Y-shift.
'CHANGREF’
0. 1. 0.
'MULTIPOL’ Combined function multipole, dipole + quadrupo

2 -> list into zgoubi.plt.

5 10. 2.064995867082342 2. 0. 0. 0. 0. 0. 0. 0. O.
00 5 11 1.00 1.00 1.00 1.00 1.00 1. 1. 1. 1.
4 1455 22670 -.6395 1.1558 0. 0. O.

00 5 11 1.00 1.00 1.00 1.00 1.00 1. 1. 1. 1.
4 1455 22670 -.6395 1.1558 0. 0. O.
000O00OO0OO0OO0OO

.1 step size

1 0.0 O

'CHANGREF

YS -1. ZR -6.341 First Y-shift back, next half Z-rotate.

‘DRIFT’ 10 cm drift.

10.
'FAISCEAU’
'END’

3*E

up to 9*(A2,E)



Keywords and input data formatting

CIBLE, TARGET

My, Ma, M3, @Q
15,0, 8

NT,NP

TS,PS, DT

BORO

Target, incident and scattered particle masses ;

@ of the reaction ; incident particle kinetic

energy ; scattering angle ; angle of the target

Number of samples ifi and P coordinates
after CIBLE

Sample step sizes ; tilt angle

New reference rigidity afte€IBLE

Generate a secondary beam following target irteraction

Mgs 2*deg

3*mrad

kG.cm

e o BF
=] \,.’f(2
p——
{2 P
-
II L
p
REFERENCE S5 \\
AT ENTRANCE E T
e o TS
"
.
]
-~ '9“%1}« =
- ‘%&E'
Vel $§ 1 o
I 1 x
fut H ¢

Scheme of the principles @I/BLE (TARGET)

A, T = position, angle of incoming particle 2 in the entrance nexfiee frame

P = position of the interaction

B, T = position, angle of the secondary patrticle in the exit ifiee frame

# = angle between entrance and exit frames
B = tilt angle of the target

T*E

2%

3*E

191



192 Keywords and input data formatting

COLLIMA Collimator 1

IA 0 : element inactive
1: element active 0-2 |
2 : element active and print information on stopped
particles

Physical-space collimation
IFORM[.J], C1, C2, IFORM = 1 : rectangular aperture ; 1-2[.0-1] I[.1], 4*E
C3,C4 IFORM = 2 : elliptical aperture.

J=0, default : opening iYL = +C1, +ZL = +C2,

centered a¥C = (3, ZC = (4.

J=1:openingis,inY {C1,C2],inZ:[C3,C4]

Longitudinal collimation

IFORM.J H,ir, Hinaz,  IFORM = 6 or 7 for horizontal variable re8pS or Time, 2*cm or 2*s, I, 4*E

Vinin, Vinas J=1 or 2 for vertical variable re¥plL+dp/p, kinetic-E (MeV) ; 2*no.dim or 2*MeV
horizontal and vertical limits

Phase-space collimation
IFORM, o, 8, ¢/, N, IFORM = 11, 14 : horizontal collimation ; horizontal 11-16, no.dim I, 4*E
ellipse parameters (unused if 4 )emittance, cut-off 2*m, no.dim
IFORM = 12, 15 : vertical collimation ; vertical
ellipse parameters (unused if 5)emittance, cut-off
IFORM = 13, 16 : longitudinal collimation to be
implemented

1 Any particle out of limits is stopped.
2 The rejection boundary is thansellipse matched to the particle distribution.



Keywords and input data formatting

DECAPOLE

IL

XL, Ry, By

XEg, g

NCE Cy — Cs

Xs, As
NCS Cy — Cs

XPAS

KPOS, XCE, YCE, ALE

Decapole magnet

IL = 1,2[x107"] : print field and coordinates along trajectories.
Length ; radius and field at pole tip

Entrance face :

Integration zone extent ; fringe field

extent € 2Ry, Ag = 0 for sharp edge)

NCE = unused

Cy — C5 = Fringe field coefficients such that

G(S) = G()/(]. + exp P(S)), with G() = B()/Ré

andP(s) = 327_, Ci(s/N)’

Exit face : see entrance face

Integration step

KPOS&1 : element aligned, 2 : misaligned ;
shifts, tilt (unused iItKPOS=1)

[6-20"]

2*cm, kG

2*cm

unused,
6*no dim.

2*cm
0-6, 6*no dim.

cm

1-2, 2*cm, rad

193

3*E

2*E

I, 6*E

2*E
I, 6*E

E

I, 3*E
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DIPOLE

1L
AT, RM

ACENT, By, N, B, G

A€

NC, Cy — Cs5, shift

w+y 91 Rln Ulr U2! R2

A€
NC, Cy — Cs, shift

w™,0,R,U1,Us, Ry

A€
NC, Cy — Cs, shift

w™, 0, Ry, Uy, Uz, Ry,
RM3

IORDRE, Resol

XPAS

KPOS

If KPOS =2
RE, TE,RS, TS
If KPOS =1
DpP

Keywords and input data formatting

Dipole magnet, polar frame

_ / _ 2 _ 3
By = FBy (1+ N (Z58M) + B (B8 + G (2501)°)

IL = 1,2[x10™] : print field and coordinates along trajectories. [6-20™] I
Total angular extent of the dipole ; reference radius deg, cm 2*E
Azimuth for positioning of EFBs ; field and field indices ddgg, 3*nodim.  5*E
ENTRANCE FIELD BOUNDARY

Fringe field extent (normally: gap size) ; unused. cm, unused 2*E

Exponential type fringe field” = 1/ (1 + exp(P(s)))

with P(s) = Cp + Cl(i) + Cz(i)z + ...+ 05(§)5
Unused ( to C5 : see above ; EFB shift
Azimuth of entrance EFB with respect &aCENT ;
wedge angle of EFB ; radii and linear

extents of EFB (use€U; 2 |= co whenR; 5 = o0)

EXIT FIELD BOUNDARY
(See ENTRANCE FIELD BOUNDARY)

Fringe field parameters

Positioning and shape of the exit EFB

LATERAL FIELD BOUNDARY
(See ENTRANCE FIELD BOUNDARY)

LATERAL EFB is inhibited if¢ = 0

Positioning and shape of the exit EFB

Degree of interpolation polynomial :

2 = second degree, 9-point grid

25 = second degree, 25-point grid

4 = fourth degree, 25-point grid ;
resolution of flying mesh iXPAS/Resol

Integration step
Positioning of the map, normally 2. Two options :
Positioning as follows :

Radius and angle of reference, respectively,

at entrance and exit of the map.

Automatic positioning of the map, by means of
reference relative momentum

0-6, 6*nodim.,cm |,7*E

2*deg, 4*cm 6*E

cm, unused 2*E
0-6, 6*nodim.,cm 1, 7*E

2*deg, 4*cm 6*E

cm, unused 2*E
0-6, 6*nodim.,cm 1, 7*E

2*deg, 5*cm T*E

2,250r4;nodim. |I,E

cm E

1-2 I

m, rad, cm, rad 4*E

no dim. E



Keywords and input data formatting

DIPOLE-M

NFACE, IC, IL

IAMAX , IRMAX
By, N, B,G

AT, ACENT, RM,
RMIN, RMAX

A€

NC, Cy — Cj, shift

UJ+, 91 Rl; Ull U21 R2

A€
NC, Cy — Cs, shift

w, 91 Rly Ul! U2! R2

If NFACE =3

A€

NC, Co — C5, shift
w™,0,R,U1,Us, R,
RM3

NBS

IfNBS =0

If NBS = -2
Ro, AB/By
IfNBS = -1

60, AB/By

Generation of dipole mid-plane 2-D map, polar frame
Bz = Fho (14 N (57) + B ()" + 6 (7

Number of field boundaries

IC =1,2: print field map

IL = 1,2 : print field and coordinates on trajectories
Azimuthal and radial number of nodes of the mesh
Field and field indices

Mesh parameters : total angle of the map ; azimuth for
positioning of EFBs ; reference radius ; minimum and
maximum radii

ENTRANCE FIELD BOUNDARY

Fringe field extent (normally= gap size) ; unused.
Exponential type fringe field” = 1/ (1 + exp(P(s)))
with P(s) = Co + C1(3) + Ca($)* + ... + C5(3)°
Unused () to C5 : see above ; EFB shift

Azimuth of entrance EFB with respect &aCENT ;
wedge angle of EFB ; radii and linear

extents of EFB (useU; 2 |= oo whenR; 5 = o0)

(Note : X = 0, w™ = ACENT andé = 0 for sharp edge

EXIT FIELD BOUNDARY
(See ENTRANCE FIELD BOUNDARY)

Fringe field parameters

Positioning and shape of the exit EFB

(Note : A = 0,w™ = —AT+ ACENT and# = 0 for
sharp edge

LATERAL FIELD BOUNDARY

(See ENTRANCE FIELD BOUNDARY)

Next 3 record®nlyif NFACE = 3

Fringe field parameters

Positioning and shape of the lateral EFB ;
RMa3 is the radial position on azimuthCENT

Option index for perturbations to the field map
Normal value. No other record required
The map is modified as follows :

B transforms taB * (1 + A?? R—Ry )

RMAX—-RMIN

the map is modified as follows :

AB 6—6
B transforms taB * (1 + 5o ATO)

")

2-3,0-2, 0-2x10"]

< 400, < 200

kG, 3*no dim.

2 gegn

cm, unused

0-6, 6*no dim., cm

2*deg, 4*cm

cm, unused
0-6, 6*nodim., cm

2*deg, 4*cm

cm, (cm)

0-6, 6*no dim., cm
2*deg, 5*cm

normally O

cm, no dim.

deg, no dim.
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3%

2%

4*E

5*E

2*E

I,7*E

6*E

2*E
1, 7*"E

6*E

2*E

I, 7*E
7*E

2*E

2*E
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IfNBS > 1
Forl=1, NBS
Rlv R21 911 921 )\
V., 1, B
IORDRE
XPAS

KPOS

If KPOS =2
RE, TE,RS, TS
If KPOS =1

DP

Introduction of NBS shims

The following 2 records must be repeated NBS times

Radial and angular limits of the shim\;is unused
geometrical parameters of the shim

Degree of interpolation polynomial :

2 = second degree, 9-point grid

25 = second degree, 25-point grid

4 = fourth degree, 25-point grid

Integration step

Positioning of the map, normally 2. Two options :

Positioning as follows :
Radius and angle of reference, respectively,
at entrance and exit of the map.

Automatic positioning of the map, by means of
reference relative momentum

2*cm, 2*deg, cm

2*deg, 2*no dim.

2,250r4

cm

1-2

m, rad, cm, rad

no dim.

Keywords and input data formatting

5*E

4*E

4*E
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DIPOLES Dipole magnet N-tuple, polar frame
() Bz = N, Bzo; Fi(R,0) (14 b1,(R— RM;)/RM; + by, (R — RM;)?/RM? + ...)
(i) Bz = Bzg,; + Zf;l Fi(R,0) (by,(R— RM;) + by, (R — RM;)* + ...)

IL IL = 1,2[x10™] : print field and coordinates along trajectories. [6-20") I
N, AT, RM Number of magnets in th&'-tuple ; no dim., I, 2*E
total angular extent of the dipole ; reference radius deg, cm

RepeatN times the following sequence

ACN, 6RM 1, By, Positioning of EFBs : azimutliRMl; = RM + §RM ; field ; deg., cm, kG, 3*E, |,
ind, b;, (i =1,ind) number of, and field coefficients (ind + )*nodim.  ind*E

ENTRANCE FIELD BOUNDARY
9o, K Fringe field extent{ = go (RM/R)") cm, no dim. 2*E
Exponential type fringe field” = 1/ (1 + exp(P(s)))
with P(s) = Cy + 01(3) + C2(§)2 + ...+ 05(3)5
NC, Cy — Cs, shift Unused () to C5 : see above ; EFB shift 0-6, 6*no dim.,cm  |,7*E
wt, 0, R, Uy, Us, Ry Azimuth of entrance EFB with respect &CN ; 2*deg, 4*cm 6*E
wedge angle of EFB ; radii and linear
extents of EFB (useU; » |= oo whenR; ; = c0)

(Note : go = 0, w" = ACENT, # = 0 and KIRD=0 for sharp edge

EXIT FIELD BOUNDARY
(See ENTRANCE FIELD BOUNDARY)

9o, K cm, no dim. 2*E

NC, Cy — Cs, shift 0 —6,6*nodim.,cm 1, 7*E

w—,0, Ry, Uy, Uz, Ry 2*deg, 4*cm 6*E
(Note : g9 = 0, w™ = —AT+ ACENT, 6 = 0 and KIRD=0 for sharp edge

LATERAL FIELD BOUNDARY
to be implemented - following data not used

9o, K cm, no dim. 2*E
NC, Cy — Cs, shift 0-6, 6*nodim.,cm 1, 7*E
w™,0, Ry, U, Us, Ry, R3 2*deg, 5*cm TE
End of repeat

1 Non-zero§ RM requires KIRD= 2, 4 or 25.
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KIRD[.n], Resol

XPAS

KPOS

If KPOS =2
RE,TE, RS, TS
IfKPOS =1

DP

Keywords and input data formatting

KIRD=0 : analytical computation of field derivatives ; 0,5@r4;nodm. I, E
n=0 : default,B; formula (i) above, n=1 B, formula (ii).
Resol = 2/4 for 2nd/4th order field derivatives computation
KIRD=2, 25 or 4 : numerical interpolation of field derivats/e
size of flying interpolation mesh i¥PAS/Resol
KIRD=2 or 25 : second degree, 9- or 25-point grid
KIRD=4 : fourth degree, 25-point grid

Integration step cm E
Positioning of the magnet, normally 2. Two options : 1-2 I

Positioning as follows :

Radius and angle of reference, respectively, cm, rad, an, ra 4*E
at entrance and exit of the magnet

Automatic positioning of the magnet, by means of

reference relative momentum no dim. E



Keywords and input data formatting

DODECAPO

IL

XL, Ry, By

XEg, g

NCE Cy — Cs

Xs, As
NCS Cy — Cs

XPAS

KPOS, XCE, YCE, ALE

Dodecapole magnet

IL = 1,2[x107"] : print field and coordinates along trajectories.

Length ; radius and field at pole tip

Entrance face :

Integration zone extent ; fringe field
extent € 2Ry, Ag = 0 for sharp edge)

NCE = unused

Cy — C5 = Fringe field coefficients such that
G(S) = G()/(]. + exp P(S)), with Gy = B()/Rg

andP(s) = 30_, Ci(s/\)!

Exit face : see entrance face

Integration step

KPOS&1 : element aligned, 2 : misaligned ;

shifts, tilt (unused iItKPOS=1)

[6-20"]

2*cm, kG

2*cm

unused,
6*no dim.

2*cm
0-6, 6*no dim.

cm

1-2, 2*cm, rad

199

3*E

2*E

I, 6*E

2*E
I, 6*E

E

I, 3*E
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DRIFT, ESL Field free drift space

XL length cm E




Keywords and input data formatting

EBMULT *

IL

XL, Ry, F1, E2, ..., E10

Xg, A, B, ..., g

NCE, Cy — Cs

XS" A;S"I 521 "'1510

NCS Cp — Cs

R1, R2, R3, ...,R10

XL, Ry, B1, B2, ..., B10

XE! AE! E21 ---!Elo

NCE, Cy — Cs

Electro-magnetic multipole

IL = 1,2[x107"] : print field and coordinates along trajectories.

Electric poles

Length of element ; radius at pole tip ;
field at pole tip for dipole, quadrupole,
..., 20-pole electric components

Entrance face

Integration zone ; fringe field extent :
dipole fringe field extent A ;
guadrupole fringe field extent Xz x E5 ;

20-pole fringe field extent Ag * E1q
(for any component : sharp edge if field
extent is zero)

same aQUADRUPO

Exit face
Integration zone ; as for entrance

Skew angles of electric field components

Magnetic poles

Length of element ; radius at pole tip ;
field at pole tip for dipole, quadrupole,
..., 20-pole magnetic components

Entrance face

Integration zone ; fringe field extent :
dipole fringe field extent Ag ;
guadrupole fringe field extent xg * E5 ;

20-pole fringe field extent Ag * E1q
(for any component : sharp edge if field
extent is zero)

same afQUADRUPO

1 UsePARTICUL to declare mass and charge.
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(620"

2*cm, 10*V/m 12*E

2*cm, 9*nodim. 11*E
0-6, 6*no dim. 1,6*E

2*cm, 9*nodim. 11*E
0-6, 6*no dim. I, 6*E

10*rad 10*E

2*cm, 10*kG 12*E

2*cm, 9*no dim. 11*E
0-6, 6*no dim. 1,6*E



202 Keywords and input data formatting

Exit face
Xg, Mg, So, ..., 510 Integration zone ; as for entrance 2*cm, 9*no dim. 11*E
NCS Cy — Cs 0-6, 6*no dim. I, 6*E
R1, R2, R3, ..., R10 Skew angles of magnetic field components 10*rad 10*E
XPAS Integration step cm E
KPOS XCE, KPOS=1 : element aligned, 2 : misaligned ; 1-2, 2*cm, rad I, 3*E
YCE, ALE shifts, tilt (unused iKPOS=1)

__E{.ectr*ode

//M agnetuc po[e

/f




Keywords and input data formatting

EL2TUB ! Two-tube electrostatic lens
1L IL = 1,2[x107"] : print field and coordinates along trajectories. (620"
X1, D, X5, Ry Length of first tube ; distance between tubes ; 3*m

length of second tube ; inner radius
Vi, Vo Potentials 2%\/
XPAS Integration step cm
KPOS XCE, KPOS=1 : element aligned, 2 : misaligned ; 1-2, 2*cm,
YCE, ALE shifts, tilt (unused IKPOS=1) rad

Ro
B Vi | [ V2 X
X1 D X2
- > < > >

Two-electrode cylindrical electric lens.

1 UsePARTICUL to declare mass and charge.

203
I
4*E
2*E
E
I, 3*E
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ELMIR

IL

N,LL, ...,LN, D, MT

Vi, ..,VN
XPAS

KPOS XCE,
YCE, ALE

Electrostatic N-electrode mirror/lens, straight sli ts

IL = 1,2[x10"] : print field and coordinates along trajectories.

Number of electrodes ; electrode lengths ; gap ;
mode (11/H-mir, 12/V-mir, 21/V-lens, 22/H-lens)

Electrode potentials (normallyl = 0)

Integration step

KPOS=1 : element aligned ; 2 : misaligned ;
shifts, tilt (unused itKPOS=1) ; 3 : automatic

positioning,Y C'E = pitch, ALE = half-deviation

iy,
iy,

Keywords and input data formatting

(020" |

2—T7,N*m,m I, N*E, E, |

N*V N*E
cm E

1-2, 2*cm, rad I, 3*E

-L1

Lt
KX

V2

L2

V3

L2+L3

...........................

Electrostatic N-electrode mirror/lens, straight slitsthe caseV = 3, in horizontal mirror mode /T = 11).
Possible non-zero entrance quantii6§' £, ALE should be specified usil@HANGREF, or usingkPOS=3 with YCE and
ALE =half-deviation matched to the reference trajectory.
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ELMIRC Electrostatic N-electrode mirror/lens, circular sl its
IL IL = 1,2[x107"] : print field and coordinates along trajectories. (620" I
R1, R2, AT, D Radius of first and second slits ; total deviation 4*m 4*E
angle ; gap 2*m, rad, m 4*E
V—-VAVB-V Potential difference 2*V 2*E
XPAS Integration step cm E
KPOS Normally K POS = 2 for positioning ; 1-2 I
RE, TE, RS, TS Radius and angle at respectively entrancexnd e cm, rad,cm,rad  4*E
RMa.
Traje
Y
Symmetry
””””” axis |
V3
IIIIIIIIIIII Mid-plane D

Electrostatic N-electrode mirror/lens, circular slitsthe caseéV = 3, in horizontal mirror mode.
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ELMULT *! Electric multipole
IL IL = 1,2[x10"] : print field and coordinates along trajectories. (&7 I
XL, Ry, E1, E2, ...,E10 Length of element ; radius at pole tip ; 2*cm, 10*V/m 12*E

field at pole tip for dipole, quadrupole,
..., dodecapole components

Entrance face

Xg, g, B, ..., Eqig Integration zone ; fringe field extent : 2*cm, 9*nodim. 11*E
dipole fringe field extent A ;
quadrupole fringe field extent Xz x F> ;

20-pole fringe field extent 2 g * E1g
(sharp edge if field extent is zero)

NCE, Cy — Cs same afQUADRUPO 0-6, 6*no dim. |, 6*E
Exit face

Xs, As, S2, ..., S10 Integration zone ; as for entrance 2*cm, 9*no dim. 11*E

NCS Cy — Cs 0-6, 6*no dim. I, 6*E

R1, R2, R3, ..., R10 Skew angles of field components 10*rad 10*E

XPAS Integration step cm E

KPOS XCE, KPOS=1 : element aligned, 2 : misaligned ; 1-2, 2*cm, rad I, 3*E

YCE, ALE shifts, tilt (unused itKPOS=1)

1 UsePARTICUL to declare mass and charg, _ .
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ELREVOL !

IC, IL

ENORM, X-NORM
TITL

IX

FNAME 2

ID, A, B, C

[1 Ala Bla Cla

B, etc.,ifID > 2]
IORDRE

XPAS

KPOS XCE,
YCE, ALE

1-D uniform mesh electric field map
X-axis cylindrical symmetry is assumed

IC = 1,2 : print the map

IL = 1,2[x10"] : print field and coordinates along trajectories.
Field and X-coordinate normalization coeff.

Title. Start with “FLIP” to get field map X-flipped.

Number of longitudinal nodes of the map

File name

Integration boundary. Ineffective whetD = 0.
ID=-1,10r>2: as forCARTEMES

Unused

Integration step

KPOS=1 : element aligned, 2 : misaligned ;
shifts, tilt (unused IKPOS=1)

1 UsePARTICUL to declare mass and charge.
2 FNAME (e.g, e-lens.map) contains the field data. These must be formattedding to the followingFORTRAN sequence :

OPEN (UNIT = NL, FILE = FNAME, STATUS =‘OLD’ [ FORM="UNFORMATTED’])

DO11=1,1X

IF (BINARY) THEN
READ(NL) X(1), EX(l)
ELSE
READ(NL,*) X(1), EX(l)
ENDIF
1 CONTINUE

0-2, 0-Zx 10"]

2*no dim.

<400

> —1, 2*no dim.,
cm [,2*no dim.,
cm, etc.]
2,250r4

cm

1-2, 2*cm, rad

207

2%

2*E
A80
I
A80

1,3*E
[,3*E,etc.]

I, 3*E

where X (I) and EX(I) are the longitudinal coordinate and field component at n¢He of the mesh. Binary file nameSNAME must be-

gin with 'B_"or’b . ‘Binary’ will then automatically be set to . TRUE.’
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EMMA

IC, IL
BNORM, XN,YN, ZN
TITL

IX,1Y,1Z, MODLi]

FNAME 1
(K =1, NF)

ID,A B, C
[! A/l B/l C/’
B, etc.,ifID > 2]

IORDRE

XPAS

KPOS XCE,
YCE, ALE

Keywords and input data formatting

2-D Cartesian or cylindrical mesh field map for EMMA FFAG

seeCARTEMES 0-2, 0-4x10"] 2%
Field and X-,Y-,Z-coordinate normalization coefficients *nd dim. 4*E
Title. Start with “FLIP” to get field map X-flipped A80
Number of nodes of the mesh in thg YV <400, < 200, 3%
andZ directions,/ Z = 1 for single 2-D map ; 1, > 0[.1-9]

MOD : operational and mapORMAT reading modé
MOD<19 : Cartesian mesh ;

MOD>20 : cylindrical mesh ;

.I, optional, tells the readinGORMAT, default is ™.

Names of theV F’ files that contain the 2-D maps, A80
ordered fromZ(1) to Z(NF).

If MOD=0 : a single map, superimposition of QF and QD ones, is buiiltricking.

If MOD=1 : a single mapinterpolatedrom QF[xr] and QD p] ones, is built for tracking.
If MOD=22 : a single map, superimposition of QF and QD ones, is farikracking.

If MOD=24: field at particle is interpolated from a (QF,QD) pair cdps, closest to
current(zr, xp) value, taken from of set of (QF,QD) pairs registered in FNAME

Integration boundary. Ineffective whdiD = 0. > —1,2*nodim., |,3*E

ID=-1,10r>2: as forCARTEMES cm [,2*no dim., [,3*E,etc.]
cm, etc.]

If IZ =1:asinCARTEMES 2,250r4 |

If IZ #1: unused
Integration step cm E

KPOS=1 : element aligned, 2 : misaligned ; 1-2, 2*cm, rad I, 3*E
shifts, tilt (unused itKPOS=1)

1 FNAME normally contains the field map data.MfOD=24 FNAME(K) contains the names of the QF maps and QD maps, as well as the Qis@afce
attached to each one of these pairs.
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FAISCEAU

FAISCNL

FNAME!

FAISTORE

FNAME 1
[LABEL(S)]

P

Print particle coordinates

Print particle coordinates at the location where the
keyword is introduced in the structure.

Store particle coordinates in file FNAME

Name of storage file
(e.g, zgoubi.fai, or bzgoubi.fai for binary storage).

Store coordinates everyIP other pass [, at elements with appropriate label]

Name of storage fileg(g.zgoubi.fai) [ ; label(s) of the element(s) at the exit

of which the store occurs (10 labels maximum)]. If eitf@&AME or first LABEL
is 'none’ then no storage occurs. Store occurs at all elesnEfitst

LABEL is all or 'ALL.

Store everylP other pass (when usirgEBELOTE
with NPASS> IP — 1).

1 Stored data can be read back frétNAME usingOBJET, KOBJ = 3.
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A80

A80,
[, 10*A10]
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Keywords and input data formatting

FFAG FFAG magnet, N-tuple
UNDER DEVELOPMENT
By =¥, Bros Fi(R,0) (R/Rar)"™
IL IL = 1,2[x10™] : print field and coordinates along trajectories. [620™] I
N, AT, RM Number of dipoles in the FFAG/-tuple ; no dim., I, 2*E
total angular extent of the dipole ; reference radius deg, cm
RepeatV times the following sequence
ACN, 6 RM , Azimuth for dipole positioning Rs; = RM + 0RM ; deg, cm, kG, 4*E
Bz, K field atRy, ; ; index no dim.
ENTRANCE FIELD BOUNDARY
go, K Fringe field extent{ = go (RM/R)") cm, no dim. 2*E
NC, Cy — Cs, shift Unused y to C5 : fringe field coefficients ; EFB shift 0-6, 6*no dim, cm |,7*E
wt, 0, Ry, Uy, Us, Ry Azimuth of entrance EFB with respect &&CN ; 2*deg, 4*cm 6*E
wedge angle of EFB ; radii and linear
extents of EFB (useU; 2 |= co whenR; 3 = o0)
(Note : gg = 0, wt = ACENT, 0§ = 0 and KIRD=0 for sharp edge
EXIT FIELD BOUNDARY
(See ENTRANCE FIELD BOUNDARY)
go, K cm, no dim 2*E
NC, Cy — Cs, shift 0-6, 6*no dim, cm 1, 7*E
w, 91 Rl’ Ul! U21 R2 2*deg, 4*Cm 6*E
(Note :gg = 0, w~ = —AT+ ACENT, 6 = 0 and KIRD=0 for sharp edge
LATERAL FIELD BOUNDARY
to be implemented - following data not used
go, K cm, no dim 2*E
NC, Cy — Cs, shift 0-6, 6*no dim, cm 1, 7*E
w™, 0, Ry, U1, Uz, Ry 2*deg, 4*cm 6*E
End of repeat
KIRD, Resol KIRD=0 : analytical computation of field derivatives ; 0,5ar4, I, E
Resol = 2/4 for 2nd/4th order field derivatives computation o dim.
KIRD2, 4 or 25 : numerical interpolation of field derivatives ;
size of flying interpolation mesh i¥PAS/Resol
KIRD=2 or 25 : second degree, 9- or 25-point grid
KIRD=4 : fourth degree, 25-point grid
XPAS Integration step cm E
KPOS Positioning of the magnet, normally 2. Two options : 1-2 I
If KPOS =2 Positioning as follows :
RE, TE,RS, TS Radius and angle of reference, respectively, cm, rad, ain, rad*E
at entrance and exit of the magnet
If KPOS =1 Automatic positioning of the magnet, by means of
DP reference relative momentum no dim. E



Keywords and input data formatting

FFAG-SPI

IL

N, AT, RM

Repeat\N times the following sequence

ACN, 0RM,
BZO! K

do, K
NC, Cy — Cs, shift
wT, &, 4 dummies

go, K
NC, Cy — Cs, shift
w™, &, 4 dummies

go, K
NC, Cy — Cs, shift
w, 01 Rly Ull UQ! R2

Spiral FFAG magnet, N-tuple
UNDER DEVELOPMENT
Bz =Y Bzo; Fi(R.0) (R/Rar)™

IL = 1,2[x10™] : print field and coordinates along trajectories.

Number of dipoles in the FFAG/-tuple ;
total angular extent of the dipole ; reference radius

Azimuth for dipole positioning Rs,; = RM + dRM ;
field at Ry ; ; index

ENTRANCE FIELD BOUNDARY

Fringe field extentd = go (RM/R)")

Unused {j to C5 : fringe field coefficients ; EFB shift
Azimuth of entrance EFB with respecAtGN ;

spiral angle ; 4x unused

EXIT FIELD BOUNDARY
(See ENTRANCE FIELD BOUNDARY)

LATERAL FIELD BOUNDARY
to be implemented - following data not used

End of repeat

KIRD, Resol

XPAS
KPOS

If KPOS =2
RE,TE,RS, TS

If KPOS =1
DP

KIRD=0 : analytical computation of field derivatives ;
Resol = 2/4 for 2nd/4th order field derivatives computation
KIRD2, 4 or 25 : numerical interpolation of field derivatives ;
size of flying interpolation mesh XPAS/Resol
KIRD=2 or 25 : second degree, 9- or 25-point grid
KIRD=4 : fourth degree, 25-point grid

Integration step
Positioning of the magnet, normally 2. Two options :

Positioning as follows :

Radius and angle of reference, respectively,

at entrance and exit of the magnet

Automatic positioning of the magnet, by means of
reference relative momentum

[6-20"]

no dim.,
deg, cm

deg, cm, kG,
no dim.

cm, no dim.
0-6, 6*no dim, cm
2*deg, 4*unused

cm, no dim
0-6, 6*no dim, cm
2*deg, 4*unused

cm, no dim
0-6, 6*no dim, cm
2*deg, 4*cm

0,5@r4;
o dm.

cm

1-2

211

I, 2*E

4*E

2*E
I,7*E
6*E

2*E
1, 7"E
6*E

2*E
1, 7"E
6*E

I, E

cm, rad, ain, ra 4*E

no dim.
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FIN, END End of input data list

Any information in zgoubi.dat following these keywords will be ignored
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FIT, FIT2
NV
Forl=1, NV

either :
IR, IP, XC, DV

or:
IR: IP1 ch [szna Vmax]

NC [, penalty [,ITER]
For1=1,NC

IC,1,J,IR, V4 WV,
NP [, pi(i =1, NP)]

Fitting procedure

Number of physical parameters to be varied <20 I
repeat NV times the following sequence

Number of the element in the structure ; <MXL 1, <MXD, 2%, 2*E
number of the physical parameter in the element ; + MXD.MXD 2,
coupling switch (off = 0) ; variation ranget relative

<MXL, <MXD, 2*|, 3*E

Number of constraints [, penalty [, number of iterations]]. <20[10~"[>0]] I[LE[ ]
repeat NC times the following sequence :

IC, I andJ define the type of constraint (see table below) ; 0-5-3% 4*|, 2*E,
IR : number of the element after which the constraint applieurrent unit, I,NPxE
V . value ;W : weight (the stronger the lowét’ V) 2*no dim.,

NP : number of parameters ; ¥ P > 1, p;(i = 1, NP) : curr. units

parameter values.

1 MXL value is set in include filMXLD.H

2 MXD value is set in include fildXLD.H Data is of the form “integer.iii” with i a 1-digit integer.

3 FIT[2] will stop when the sum of the squared residuals getenalty or when the maximum allowed number of iterations is reached.
4 V is in currentzgoubi units in the case of particle coordinates (cm, mrad). It is in®Aunits (m, rad) in the case of matrix coefficients.
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Parameters defining the constraints

Type of Object definition
constraint ) (recommended)
IC I J Constraint Parameter(s)
# values
o-matrix 0 1-6 1-6 ory (011 = By, 012 = 021 = ay, €tc.) OBJET/KOBJ=5,6
Periodic parameters | O.N 1-6 1-6 o1y (011 = cospy + ay sin py, etc.) OBJET/KOBJ=5.0
7 any Y-tune =py /27
(N=1-9 for MATRIX 8 any Z-tune =pz /2w
block 1-9)) 9 any cos(py)
10 any cos(pz)
First order 1 1-6 1-6 Transport coeffRy 5 OBJET/KOBJ=5
transport coeffs. 7 i 1 # 8 YY-determinant ; i=8 : YZ-det.
8 i j # 7:ZZ-determinant ; j=7 : ZY-det.
Second order 2 1-6 11 - 66 Transport coeffTr ; i OBJET/KOBJ=6
transport coeffs. (j =[J/10],k = J — 10[J/10])
Trajectory 3 1 — IMAX 1-7 F(J,I) [MC]OBJET
coordinates -1 1-7 < F(J,1) >i=1,IMAX
—2 1-7 Sup(|F(J,4)])i=1,mMAx
-3 1-7 Dist|F(J, I)|i=r11,12,d1 3 11 12 | dl
3.1 | 1-—IMAX 1-7 |F(J,I)— FO(J,I)|
3.2 | 1-—IMAX 1-7 |F(J,I)+ FO(J, I)|
3.3 | 1—IMAX 1-7 min. (1) or max. (2) value of'(J, I) 1| 12
34 | 1-IMAX 1-7 |F(J,I)— F(J,K)| (K=1-IMAX) | 1 K
Ellipse parameters 4 1—-6 1—-6 o1y (011 = By, 012 = 021 = ay, etc.) OBJET/KOBJ=8;
MCOBJET/KOBJ=
Number of 5 -1 any Nourvived/IMAX OBJET
particles 1-3 any Niney 7. x /Nsurvived 1| ¢/m MCOBJET
4-6 any N’L’ﬂ best ey, 7z, X, rms /Nsu'r'uived MCOBJET
Spin 10 1 — IMAX 1—-4 Sx,v,z(I), \§(I)| [MCJOBJET
10.1 | 1— IMAX 1-3 |Sx,v,z(I) — SOx y,z(I)| +SPNTRK
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FOCALE Particle coordinates and horizontal beam size at disance X L
XL Distance from the location of the keyword cm E
FOCALEZ Particle coordinates and vertical beam size at disince XL

XL Distance from the location of the keyword cm E
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GASCAT Gas scattering

KGA Off/On switch 0,1 |

AlI, DEN Atomic number ; density 2*E



Keywords and input data formatting 217

GETFITVAL Get values ofvariables as saved from former FIT[2] run

FNAME Name of storage file. Zgoubi will proceed silently if not found. A
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HISTO

J: Xmina Xmax,
NBK, NH

NBL, KAR,
NORM, TYP

Keywords and input data formatting

1-D histogram

J =type of coordinate to be histogrammed ; 1-24, 2* I, 2*E, 2*I
the following are available : current units,
e current coordinates : < 120, 1-5

1(D), 2(Y), 3(T), 4(Z), 5(P), 6(5),
e initial coordinates :
11(Dy), 12(Yy), 13(Tp), 14(Zo), 15(Py), 16(Sp),
e spin :
21(Sx), 22(Sy), 23(S7), 24(< S >) ;
Xmin» Xmax = limits of the histogram, in units
of the coordinate of concerlBK = number of
channels NH = number of the histogram (for
independence of histograms of the same coordinate)

Number of lines (= vertical amplitude) ; normally 10-40, 1A, Al
alphanumeric character ; normalization if char., 1-2, B-S-

NORM =1, otherwissNORM =0 ; TYP =P’ ;

primary particles are histogrammed, or ‘S’ :

secondary, or Q : all particles - for use

with MCDESINT
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IMAGE Localization and size of horizontal waist

IMAGES Localization and size of horizontal waists

For each momentum group, as classified by
means ofOBJET, KOBJ =1, 2 or 4

IMAGESZ Localization and size of vertical waists

For each momentum group, as classified by
means ofOBJET, KOBJ=1,2o0r4

IMAGEZ Localization and size of vertical waist

219
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MAP2D

1C, IL

BNORM, XN,YN
TITL

I1X,JY

FNAME1

ID, A, B, C

[1 AI! Bl! Cl!

B, etc.,ifID > 2]
IORDRE

XPAS

KPOS XCE,
YCE, ALE

Keywords and input data formatting

2-D Cartesian uniform mesh field map - arbitrary magnetic field

IC = 1,2 : print the field map 0-2, 0-4x10"] 2%
IL = 1,2[x10™] : print field and coordinates along trajectories

Field and X-,Y-coordinate normalization coeffs. 3*no dim. 3*E
Title. Start with “FLIP” to get field map X-flipped. A80
Number of longitudinal and horizontal-transverse <400, < 200 2%

nodes of the mesh (the Z elevation is arbitrary)

File name A80

Integration boundary. Ineffective whet = 0. > —1,2*nodim., |,3*E

ID =-1,10r>2: as forCARTEMES cm [,2*no dim., [[3*E,etc.]
cm, etc.]

Degree of polynomial interpolation, 2nd or 4th order. 2,4 I

Integration step cm E

KPOS=1 : element aligned, 2 : misaligned ; 1-2, 2*cm, rad I, 3*E

shifts, tilt (unused itKPOS=1)

1 FNAME (e.g, magnet.map) contains the field map data.
These must be formatted according to the followff@RTRAN read sequence (normally compatible wit®SCA codeOUTPUTS- details
and possible updates are to be found in the sourcéfrfilgpw.f' ) :

OPEN (UNIT = NL, FILE = FNAME, STATUS = ‘OLD’)

DO1J=1,J3Y
DO11=1,1IX

IF (BINARY) THEN

READ(NL) Y(J), Z(1), X(1), BY(1,3), BZ(1,3), BX(1,J)

ELSE

READ(NL,100) Y(J), Z(1), X(1), BY(1,d), BZ(1,J), BX(1,J)
100 FORMAT (1X, 6E11.4)

ENDIF
1 CONTINUE

where X(I), Y(J) are the longitudinal, horizontal coordinates in the at modd,J) of the mesh, $Z(1)$ is the vertical eleva-
tion of the map, andB X, BY, BZ are the components of the field.

For binary filesFNAME must begin with 'B’ or’b_""; alogical flag 'Binary’ will then automatically be set toTRUE.’
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MAP2D-E 2-D Cartesian uniform mesh field map - arbitrary electric field

iC, IL IC =1,2: print the field map 0-2, 0-Zx10™] 2%
IL = 1,2[x10™] : print field and coordinates along trajectories

ENORM, X-,Y-NORM  Field and X-,Y-coordinate normalization coeffs. 2*no dim. 2*E

TITL Title. Start with “FLIP” to get field map X-flipped. A80

IX,JY Number of longitudinal and horizontal-transverse < 400, < 200 2%

nodes of the mesh (the Z elevation is arbitrary)

FNAME 1 File name A80

ID, A, B, C Integration boundary. Ineffective whetD = 0. > —1,2*nodim., |,3*E

[, A, B, C’, ID=-1,10r>2: as forCARTEMES cm [,2*no dim., [,3*E,etc.]
B, etc.,ifID > 2] cm, etc.]

IORDRE Degree of polynomial interpolation, 2nd or 4th order. 2,4 I
XPAS Integration step cm E

KPOS XCE, KPOS=1 : element aligned, 2 : misaligned ; 1-2, 2*cm, rad I, 3*E
YCE, ALE shifts, tilt (unused IKPOS=1)

1 FNAME (e.g, “mirror.map”) contains the field map data.
These must be formatted according to the followf@RTRAN read sequence - details
and possible updates are to be found in the sourcéfrfilgpw.f’

OPEN (UNIT = NL, FILE = FNAME, STATUS = ‘OLD’)
DO1J=1,JY
DO11=1,IX
IF (BINARY) THEN
READ(NL) Y(J), Z(1), X(l), EY(1,3), EZ(1,d), EX(1,J)
ELSE
READ(NL,100) Y(3), Z(1), X(1), EY(1,3), EZ(1,3), EX(1,J)
100 FORMAT (1X, 6E11.4)
ENDIF
1 CONTINUE

whereX (I), Y (J) are the longitudinal, horizontal coordinates in the
at nodeqI, J) of the mesh, $Z(1)$ is the vertical elevation of the map, B, EY', EZ
are the components of the field.

For binary files FNAME must begin with 'B’ or’b_"; alogical flag 'Binary’ will then automatically be set toTRUE.’
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MARKER Marker

Just a marker. No data
".plt’ as a second ABEL will cause storage of current coordinates into zgoubi.plt



Keywords and input data formatting

MATRIX

IORD, IFOC
[, zgoubi. MATRIX.out]

Calculation of transfer coefficients, periodic param eters

Options : 0-2,0-1or> 10
IORD=0: Same effect aBAISCEAU

IORD =1 (normally usingDBJET, KOBJ = 5) : First order transfer

matrix ; beam matrix, phase advance if us@8JET KOBJ=5.01;

if IFOC > 10 : periodic beam matrix, tune numbers

IORD = 2 (normally usingDBJET, KOBJ = 6) : First order transfer

matrix [R;;], second order arra{; ;| and higher order transfer

coefficients ; iffFOC > 10 : periodic parameters,

IFOC = 0 : matrix at actual location,

reference= particle # 1

IFOC =1 : matrix at the closest first order horizontal focus,
reference= particle # 1

IFOC =10 + NPER : same a§0OC = 0, and also calculates
the Twiss parameters, tune numbers, etc.

(assuming that the DATA file describes one period of a
NPER-period structure).

Including 'zgoubi.MATRIX.out’ will cause printout to zgdni. MATRIX.out file

223

2+ [,A]
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MCDESINT * Monte-Carlo simulation of in-flight decay
M1 — M2 + M3

[INFO, 2 M2, M3,72°% [Switch] ; masses of the two decay products; [-]2*Me¥/s [A4)] 3*E
COM lifetime of particle 2

11,12,13 Seeds for random number generators ~305 3*

Xy X

Particle 1 decays into 2 and Zgoubithen calculates trajectory of 2, while 3 is discard@é@nd ¢ are the scattering angles of
particle 2 relative to the direction of the incoming pasidl. They transform t@: and P, in Zgoubi frame.

1 MCDESINT must be preceded bJARTICUL, for the definition of the mass and lifetime of the incoming pdetM1.
2 Presence of 'INFO’ will cause more info on decay kinematicapaaters to be printed into zgoubi.res at each decay.

3 72 can be left blank, in which case the lifetime of particle 2 isteezero (it decays immediately, which from a practical poifwiew means that it is not
tracked).
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MCOBJET

BORO

KOBJ

IMAX

KY,KT,KZ,KP,
KX,KD?

}/Uv TO! ZO: PO:
Xo, Do

IfKOBJ=1

oY, 8T, 0Z,6P,
0X,0D

Nsy, Nst, Nsz, Nsp,
Nsx, Nsp

NO: COI Cl! CQ! CS

IR1,IR2,IR3

Monte-Carlo generation of a 6-D object

Reference rigidity

Type of support of the random distribution
KOBJ 1 : window

KOBJ 2 : grid

KOBJ= 3 : phase-space ellipses

Number of particles to be generated

Type of probability density

Mean value of coordinate$X, = Bp/BORO)

In a window

Distribution widths, depending oRY’, KT etc.?

Sorting cut-offs (used only for Gaussian density)

Parameters involved in calculation of P(D)

Random sequence seeds

llete=Y,T,Z,PorX. KY, KT, KZ, KP andK X can take the values
1: uniform,p(z) = 1/26z if -6z <z < §z

2: Gaussianp(z) = exp(—=z2/20z2)/6x\/2m

3: parabolicp(z) = 3(1 — 22 /§2?)/46zx if —6x < x < 6=

K D can take the values

1: uniform,p(D) = 1/26D if —6D < z < 8D
2: exponentialp(D) = No exp(Co + C1l 4+ C2l? 4+ C313) if —=6D < x < 6D

3: kinematic,D = 6D x T

kG.cm

1-3

< 10%

6%(1-3)

m, rad, m,
rad, m, no dim.

m, rad, m,
rad, m, no dim.

unitsef o,
etc.

no dim.

3*~ 106

225

6*1

6*E

6*E

6*E

S*E

3%
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If KOBJ =2
1Y, IT,1Z, 1P,
IX,ID

PY,PT,PZ, PP,
PX,PD

0Y,6T,07,0P,
0X,0D

Nsy, Ns7, Nsz, Nsp,
Nsx, Nsp

NO! CO! Cly CQ! C3
IR1,IR2,IR3

If KOBJ =3

ay, By, ey /T, No.,
LN, ifN, <02
€y Y

az, Bz,ez/m No.,
[ N ifN, <0]?
ey €z

ax, Bx,ex/m No_
[, N;gX if No,  <0] 2

IR1,IR2,IR3

On agrid

Number of bars of the grid
Distances between bars
Width of the bars+) if uniform,

Sigma value if Gaussian distribution

Sorting cut-offs (used only for Gaussian density)

Parameters involved in calculation B{ D)
Random sequence seeds
On a phase-space ellipsé

Ellipse parameters and
emittance, Y-T phase-space ; cut-off

Ellipse parameters and
emittance, Z-P phase-space ; cut-off

Ellipse parameters and
emittance, X-D phase-space ; cut-off

Random sequence seeds

1 Similar possibilities, non-random, are offered WBBJET, KOBJ=8 (p. 230)
2 Works with Gaussian density type only : sorting within thigosk fron-

tier

1+ 02
+2 Y y2

Y

if No,, > 0,0r,if No,

12y YT + ByT? = X
v

< 0 sorting within the ring

[Nowy |, N2, ]

m, rad, m
rad, m, no dim.

ibidem

unitsof or,etc.

no dim.

3*~ 109

no dim., m/rad,
m, unitsofy )

no dim., m/rad,
m, units @fz)

no dim., m/rad,
m, uniterof x )

3*~ 106

Keywords and input data formatting

67

6*E

6*E

6*E

5*E

3*

4*E [,E]

4*E [,E]

4*E [,E]

3%
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Distrbution
&ither or b
inif bar gaussiar kar
S RO \—- ; it KDJB—4
1
DxEY 2HEY
1 [
a Y Y
IY=5 bars
P Z
k=1
&
z*ﬁ‘(—j—r
N S = SO =S O
1 1 1 1 1
| | | L7
. 7g ; Ay _
-+t - —-t-—]t— IZ=3 bars
| | | |
I - 1 1. A=
S
o Y Y

A scheme of input parameters MCOBJETwhenKOBJ 2.
Top : Possible distributions of thé coordinate
Bottom : A 2-D grid in {, Z) space.
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MULTIPOL Magnetic Multipole
IL IL = 1,2[x10"] : print field and coordinates along trajectories [6-207) I
XL, Ry, B1, B2, ..., B10, Length of element ; radius at pole tip ; 2*cm,10*kG 12*E

field at pole tip for dipole, quadrupole,
..., dodecapole components

Entrance face

Xg, g, B, ..., Eqg Integration zone ; fringe field extent : 2*cm,9*no dim.  11*E
dipole fringe field extent A ;
quadrupole fringe field extent Xz x F> ;

20-pole fringe field extent Ag * E1g
(sharp edge if field extent is zero)

NCE, Cy — Cj same afQUADRUPO 0-6, 6*no dim. |, 6*E
Exit face

Xs, As, S2, ..., S10 Integration zone ; as for entrance 2*cm, 9*no dim. 11*E

NCS Cy — Cs 0-6, 6*no dim. I, 6*E

R1, R2, R3, ..., R10 Skew angles of field components 10*rad 10*E

XPAS Integration step cm E

KPOS XCE, KPOS=1 : element aligned, 2 : misaligned ; 1-3, 2*cm, rad I, 3*E

YCE, ALE shifts, tilt (unused itKPOS=1)

for QUADRUPQ

KPOS= 3 : effective only ifB1 #£ 0 :
entrance and exit frames are shiftedY6@E
and tiltedwrt. the magnet by an angle of
e either ALE if ALE£0

e or2Arcsin(B1 XL /2BORO) if ALE=0
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OBJET Generation of an object

BORO Reference rigidity

KOBJ[.K2] Option index [.More options]

If KOBJ = 1[.01] [Non-] Symmetric object

IY, IT, 1Z, IP, IX, ID Ray-Tracing assumes mid-plane symmetry

Total number of points intY, +7', + 7, + P
[+Z, +P with KOBJ = 1.01], £ X.
and+D coordinates{Y < 20,..../D < 20)

PY, PT, PZ, PP, PX, PD Stepsizeiry, T, Z, P, X and momentum
(PD= 6Bp/BORO)

YR, TR, ZR, PR, XR, DR Reference DR = Bp/BORO)
If KOBJ = 2[.01] All the initial coordinates must be entered explicitly

IMAX , IDMAX total number of particles ; number of distinct momenta
(if IDMAX > 1, group particles of same momentum)

For1=1, IMAX RepeatMAX times the following line

Y, T,Z P, X, D, LET Coordinates and tagging of tH&IAX particles ;
If KOBJ = 2.01input units are different :

229
kG.cm E
1-6 |
IYIT*Z*IP*IX*D < 104 6*1

2(cm,mrad), cm, nodim. 6*E

2(cm,mrad), cm, no dim. 6*E

IMAX < 104 2%

2(cm,mrad), cm, nodim., 6*E, Al
2(m,rad), m, no dim.,

lor-9 IMAX |

>1,>1IT1,>1 3*
>1,>IP1,>1 3%
7*no.dinghar. 7*E, Al
2(cm, mrad), 7*E
cm, no djm.,
0-1 I
A80

IEX(I =1, IMAX) IMAX times 1 or -9. IfIEX(I) = 1 trajectory! is
ray-traced, it is not ifEX(I) = —9.
If KOBJ=3[.NN,
NN=00...03] Reads coordinates from a storage file
NN=00 (default) : [b]zgoubi.fai like data file FORMAT
NN=01: read FORMAT i$READ(NL, *) Y,T,Z,P,S,DP”
NN=02 : read FORMAT isREAD(NL, =) X,Y,Z,PX,PY,PZ"
NN=03 : read FORMAT iSREAD(NL, =) DP,Y,T,Z,P,S,TIME,MASS,CHARGE"
IT1,IT2, ITStep Read particles numbered IT1 to IT2, step ITStep
(For more thari0* particles stored ifFNAME,
use REBELOTE)
IP1, IP2, IPStep Read particles that belong in pass humbered
IP1to IP2, step IPStep
YF, TF, ZF, PF, Scaling factor. TAG-ing letter : no effect if *,
XF, DF, TF, TAG otherwise only particles with TAGLET are retained.
YR, TR, ZR, PR, Reference. Given the previous line of data,
XR, DR, TR all coordinate C is transformed to C*CF+CR
InitC 0 : setnew EO = old EO, new R =old R ;
1: setnew EO =old R,new R = old R ;
2 : saveold R in new Ry, setnew R = old Ro.
FNAME File name €.g, zgoubi.fai)
(NN in KOBJ=3.NN determines storage FORMAT)
If KOBJ = 5[.NN,

NN=01,99] Generation of 11 particles, or 11*NN if/ > 2 (for use withMATRIX , IORD = 1)
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PY, PT, PZ, PP, PX, PD Stepsizesiy’,T, Z, P, X andD 2(cm,mrad), cm, nodim. 6*E
YR, TR, ZR, PR, XR, DR Reference trajectonfiR = Bp/BORO) 2(cm,mrad), cm, nodim. 6*E
If KOBJ =5.01 additional data line :
ay, By, az, Bz, ax,Bx, Initial beam ellipse parametets 2(no dim.,m), ?, ?, 6*E,
Dy,D%, Dy, D/, 2(m,rad) 4*E
If KOBJ = 5.NN,
NN=02-99 i = 1 to 98 (if, resf’, NN=02 to 99) additional data lines :
YR, TR, ZR, PR, XR, DR Reference trajectory # iR = Bp/BORO) 2(cm,mrad), cm, nodim. 6*E
If KOBJ =6 Generation of 61 patrticles (for use withMATRIX , IORD = 2)
PY, PT, Pz, PP, PX, PD Step sizesity’,T, Z, P, X andD 2(cm,mrad), cm, nodim. 6*E
YR, TR, ZR, PR, XR, DR Reference trajectoryl) R = Bp/BORO 2(cm,mrad), cm, nodim. 6*E
If KOBJ =7 Object with kinematics
1Y, IT, 1Z, IP, IX, ID Number of points intY, +7,+7, +P, IYHITHZMP*IX*ID < 10% 6%l
+X ;1D is notused
PY, PT, PZ, PP, PX, PD Stepsizesiy’, T, Z, P andX ; PD = kinematic 2(cm,mrad), cm, mrad  6*E
coefficient, such thab(T') = DR+ PD x T
YR, TR, ZR, PR, XR, DR Reference DR = Bp/BORO) 2(cm,mrad), cm, nodim.  6*E
If KOBJ =8 Generation of phase-space coordinates on ellipsé
1Y, 1Z,1X Number of samples in each 2-D phase-space ; 0<IX,IY,IZ<IMAX, 3%
if zero the central value (below) is assigned 1<IX 1Y x1Z < IMAX
Yo, To, Zo, Py, Central valuesiy = Bp/BORO) m, rad, m, rad, 6*E
Xo, Do m, no dim.
ay, By, ey /m ellipse parameters and emittances nodim., m, m 3*E
az,Bz.ez/m no dim., m, m 3*E
ax, Bx,ex/m nodim., m, m 3*E

1 They can be transported by using MATRIX
2 Similar possibilities, random, are offered wifCOBJET, KOBJ=3 (p. 226)
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OBJETA

BORO

IBODY, KOBJ

IMAX

M,y — M
T

Yo, To, Zo, Py, Do

oY, 0T, 6Z,0P,0D

XL

IR1,IR2

Object from Monte-Carlo simulation of decay reaction
M1+ M2 — M3+ M4andM4 — M5+ M6
Reference rigidity

Body to be tracked M3 (IBODY=1), M5 (IBODY =2)
M6 (IBODY =3) ; type of distribution fory and 2, :
uniform (KOBJ 1) or GaussianKOBJ 2)

Number of particles to be generated (use
‘REBELOTE for more)

Rest masses of the bodies
Kinetic energy of incident body
Only those particles in the range
Yo —0Y <Y <Y, +4Y

Dy —6D <D < Dy+ 686D
will be retained

Half length of object .— XL < Xy < XL
(uniform random distribution)

Random sequence seeds

kG.cm

1-3,1-2

< 10%

6*GeV/c?
GeV

2(cm,mrad),
no dim.

2(cm,mrad),
no dim.

cm

2%~ ()°

231

2%

6*E

5*E

5*E

2%
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OCTUPOLE Octupole magnet
1L IL = 1,2[x10™] : print field and coordinates along trajectories. [6-20") I
XL, Ry, By Length ; radius and field at pole tip of the element 2*cm, kG 3*E

Entrance face :
X, A\ Integration zone ; 2*cm 2*E
Fringe field extentXz = 0 for sharp edge)

NCE, Cy — C5 NCE = unused any, 6*no dim. I, 6*E
Cy — C5 =fringe field coefficients
such that G(s) = Go/(1 + exp P(s)), with Go = By/R}
andP(s) = Y0_, Ci(s/\)

Exit face :
Xs, As Parameters for the exit fringe field ; see entrance 2*cm 2*E
NCS Cy — C5 0-6, 6*no dim. I, 6*E
XPAS Integration step cm E
KPOS XCE, KPOS=1 : element aligned, 2 : misaligned ; 1-2, 2*cm, rad I, 3*E
YCE, ALE shifts, tilt (unused ItKPOS=1)

Octupole magnet
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OPTICS Write out optical functions

IOPT, label,IMP IOPT = 0/1: Off/On. Transport the beam matrix ; 0-1, string, 0-1 A I
'label’ : Can be 'all’, "ALL’, or existing 'LABEL 1(NOEL)’;
IM P =1 causes storage of optical functions in zgoubi.OPTICS.out.
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ORDRE Taylor expansions order

10 Taylor expansions aft and up to@(/©) 2-5
(default isTO = 4)
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PARTICUL Particle characteristics

M,Q,G,7,X Mass;charge ; gyromagnetic factor ; COM life-time ; unused eWt2, C, nodim., s 5*E

If M is of the form{M1 M3, then when masses are assigned to particles from a preyidefshed object, the first half of the
particles are given the mab&l, and the second half are given the mikz

If Q is zero, the reference charge is left unchanged.

NOTE : Only the parameters of concern need their value befggme{for instancelM, @) when electric lenses are used) ; others
can be set to zero.
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PICKUPS Beam centroid path; closed orbit
N 0 : inactive
> 1: total number ofLABEL’s >0 I

at which beam centroid is to be recorded
Forl=1,N A list of N records follows

LABEL's N labels at which beam centroid is to be recorded N string(s N*A10
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PLOTDATA Intermediate output for the PLOTDATA graphic software

To be documented.
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POISSON

1C, IL

BNORM, XN,YN
TITL

IX,IY

FNAME1
ID, A, B, C

[1 AI! Bl! Cl!

B, etc.,ifID > 2]

IORDRE

XPAS

KPOS XCE,
YCE, ALE

Keywords and input data formatting

Read magnetic field data fromPOISSON output

IC =1,2: print the field map 0-2, 0{%10™]
IL = 1,2[x10™] : print field and coordinates along trajectories.

Field and X-,Y-coordinate normalization coeffs. 3*no dim.
Title. Start with “FLIP” to get field map X-flipped

Number of longitudinal and transverse nodes < 400, < 200
of the uniform mesh

File name

Integration boundary. Ineffective whetD = 0. > —1, 2*no dim.,

ID=-1,10r>2:asforCARTEMES cm [,2*no dim.,
cm, etc.]

Degree of interpolation polynomial 2,250r4

as forDIPOLE-M

Integration step cm

KPOS=1: element aligned, 2 : misaligned ; 1-2, 2*cm, rad

shifts, tilt (unused iItKPOS=1)

1 FNAME (e.g, “outpoi.lis”) contains the field map data.
These must be formatted according to the followff@RTRAN read sequence - details
and possible updates are to be found in the sourcéfrfilgpw.f’

1=0
11 CONTINUE
I=1+1

READ(LUN,101,ERR=99,END=10) K, K, K, R, X(I), R, R, B())
101 FORMAT(I1, 13, 14, E15.6, 2F11.5, 2F12.3)

GOTO 1l
10 CONTINUE

whereX (1) is the longitudinal coordinate, arfd(1) is the Z component of the field at a nodé) of the mesh.
K's andR’s are variables appearing in tfROISSONoutput file outpoi.lis, not used here.

2%

3*E
A80

21

A80

[,3*E
[,3*E,etc.]

I, 3*E
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POLARMES

IC, IL

BNORM, AN,RN

TITL

IA, JR

FNAME 1

ID, A, B, C

[1 Ala Bla Cla

B, etc.,ifID > 2]
IORDRE

XPAS

KPOS

If KPOS =2
RE,TE,RS, TS
IfKPOS =1

DP

2-D polar mesh magnetic field map
mid-plane symmetry is assumed

IC = 1,2 print the map

IL = 1,2[x10"] : print field and coordinates along trajectories.
Field and A-,R-coordinate normalization coeffs.
Title. Start with “FLIP” to get field map X-flipped
Number of angular and radial nodes of the mesh
File name

Integration boundary. Ineffective whetD = 0.
ID=-1,10r>2: as forCARTEMES

Degree of interpolation polynomial
(seeDIPOLE-M)

Integration step

as forDIPOLE-M. Normally 2.

1 FNAME (e.g, spes2.map) contains the field data.
These must be formatted according to the followi#f@RTRAN read sequence - details
and possible updates are to be found in the sourcéfrfilgpw.f’

OPEN (UNIT = NL, FILE = FNAME, STATUS =‘OLD’ [ FORM="UNFORMA TED’])

IF (BINARY) THEN

READ(NL) (Y(J), J=1, JY)

ELSE

READ(NL,100) (Y(J), J=1, JY)

ENDIF

100 FORMAT(10 F8.2)

DO11=1IX

IF (BINARY) THEN

READ (NL) X(l), (BMES(1,J), J=1, JY)

ELSE

READ(NL,101) X(I), (BMES(1,d), J=1, JY)

101 FORMAT(10 F8.1)

ENDIF
1 CONTINUE

239
0-2, 0-Zx 10" 2%
3*no dim. 3*E
A80
<400, < 200 2%
A80
> —1,2*nodim., 1,3*E
cm [,2*no dim., [,3*E,etc.]
cm, etc.]
2,250r4 |
cm E
1-2 I

cm, rad,cm,rad  4*E

no dim. E

whereX (I) andY (J) are the longitudinal and transverse coordinatesBMES is the Z field component at a nodd, J)

of the mesh. For binary file&§NAME must begin with ‘B’ or ’b . ‘Binary’ will then automatically be set to *. TRUE.’
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PS170 Simulation of a round shape dipole magnet

IL IL = 1,2[x10"] : print field and coordinates along trajectories. (&2 I

XL, Ry, By Length of the element, radius of the circular 2*cm, kG 3*E
dipole, field

XPAS Integration step cm E

KPOS XCE, KPOS=1 : element aligned, 2 : misaligned ; 1-2, 2*cm, rad I, 3*E

YCE, ALE shifts, tilt (unused iKPOS=1)

Scheme of the PS170 magnet simulation.
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QUADISEX

IL
XL, Ry, By

N, EB1, EB2, EG1, EG2

XPAS

KPOS XCE,
YCE, ALE

Sharp edge magnetic multipoles
By |7—0=Bo (1+ &Y + BY? + &°)

IL = 1,2[x10™] : print field and coordinates along trajectories. [@-20"]

Length of the element ; normalization distance ; field 2*cia, k 3*E
Coefficients for the calculation of B. 5*no dim. 5*E
ifY>0:B=FEBlandG = EG1;

if Y <0:B=FEB2andG = EG2.

Integration step cm E
KPOS=1 : element aligned, 2 : misaligned ; 1-2,2*cm,rad |, 3*E

shifts, tilt (unused iKPOS=1)

241
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QUADRUPO

IL

XL, Ry,By

XEg, AE

NCE Cy — C5

Xs, As
NCS Cy — C5

XPAS

KPOS XCE,
YCE, ALE

Keywords and input data formatting

Quadrupole magnet

IL = 1,2[x10"] : print field and coordinates along trajectories. (&2 I
Length ; radius and field at pole tip 2*cm, kG 3*E

Entrance face :
Integration zone extent ; fringe field 2*cm 2*E
extent & 2Ry, Agp = 0 for sharp edge)

NCE = unused any, 6*no dim. I, 6*E
Cy — Cs= Fringe field coefficients such that

G(S) = Go/(l + exp P(S)), with Gy = Bo/Ro

andP(s) = 30_, Ci(s/\)

Exit face
See entrance face 2*cm 2*E

0-6, 6*no dim. I, 6*E
Integration step cm E
KPOS=1 : element aligned, 2 : misaligned ; 1-2, 2*cm, rad I, 3*E

shifts, tilt (unused ItKPOS=1)
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Quadrupole magnet

Entrance Exil

EFB G X EF8

: U S L ;

AN N

o RS

L/ N

A A
e | | AN
X0 i ‘ DXk
el e 6 x|

AL

Scheme of the elemen@UADRUPQ SEXTUPOL, OCTUPOLE DECAPOLE DODECAPO

andMULTIPOL

(OX) is the longitudinal axis of the reference fraifte X, Y, Z) of zgoubi.

The length of the element KL, but trajectories are calculated fromX g to XL + X g, by means of automatic prior and further
X andXg translations.
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REBELOTE Jump to the beginning of zgoubiinput data file

NPASS KWRIT, K[.n], NPASS : Number of runsKWRIT = 1.1 (resp. 0.0) switches arbitrary ; 3*

[, Labell [, Label2]] (inhibits) FORTRAN WRITEs to .res and to screen ; 0-1;0, 22,99 2A10
K option :

K = 0: initial conditions (coordinates and spins)

are generated following the regular functioning

of object definitions. If random generators are

used €.g.in MCOBJET) their seeds will not be reset.

K = 22 next run will account for new parameter values in
zgoubi.dat data list, see below.

K =99 : coordinates at end of previous pass are used as initial
coordinates for the next pasglemfor spin components.

K =99.1: Labell is expected, subsequent passes will start from
element with Labell down tREBELOTE and so forth ;

K =99.2: Labell and Label2 are expected ; last pass (# NPASS+1)
will end at element with Label2 whereupon execution will juto the keyword
next toREBELOTE and will be carried out down t&END’.

IfK=22"1
NPRM Number of parameters to be changed for next runs I
RepeatN PR times the following sequence (tells parameters concernednd for each its successive values) :

LMNT, PRM, NV*Val Keyword # in zgoubi.dat list ; parameter # under tKatyword -, -, NV*dim? 2*], NV*E
(same as for FIT[2], see page 213YV successive values (if
NV < NPASS then last value is maintained over remaining passes).

1 K=22 is compatible with use of theIT[2] procedure e.g, allows successivEITs in a run, with successive sets of optical parameters.
2 V isin currentzgoubi units in the case of particle coordinates (cm, mrad). It is in®Aunits (m, rad) in the case of matrix coefficients.
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RESET

Reset counters and flags
Resets counters involved @®HAMBR, COLLIMA
HISTO andINTEG procedures

Switches off CHAMBR, MCDESINT, SCALING and
SPNTRK options

245
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SCALING

IOPT, NFAM

For NF=1, NFAM :
NAMEF [, Lbl [, Lbl]]

NT

SCL(I), I =1,NT

TIM(I),I =1, NT

Keywords and input data formatting

Power supplies and R.F. function generator

IOPT= 0 (inactive) or 1 (active) ; 0-1;1-9
NFAM = number of families to be scaled

repeatNFAM times the following sequence :

Name of family {.e., keyword of concern) [, up to 2 labels]

NT > 0: number of timings ; -2,-1or1-10
NT = —1: field scaling factor updated bQAVITE ;

NT = —2: RF law in CAVITE is read from external data file.

Scaling values (a single one, normally INfI" = —1). relative

Corresponding timings, in units of turns (1M7T" = —1). turn number

2%

A10 [,A10[,A10]]

NT*E

NT*I
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SEPARA! Wien Filter - analytical simulation
TA XL, E, B, IA =0: elementinactive 0-2, m, I, 3*E
IA = 1: horizontal separation Vim, T

IA = 2: vertical separation ;
Length of the separator ; electric field ; magnetic field.

m|

Horizontal separation between a wanted partidig,), and an unwanted particlé/).
(W) undergoes a linear motion whi{&) undergoes a cycloidal motion.

1 SEPARAmust be preceded BRARTICUL for the definition of mass and charge of the particles.
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SEXQUAD Sharp edge magnetic multipole
_ N B 2 G v3
By |7=0=Bo (#Y + &Y? + §V°)

IL IL = 1,2[x10™] : print field and coordinates along trajectories. [6-20"] I
XL, Ry, By Length of the element ; normalization distance ; field 2*ci@, k 3*E
N, EB1, EB2, EG1, EG2 Coefficients for the calculation of B. 5*no dim. 5*E

ifY>0: B=FBlandG = EG1;
if Y <0:B=FEB2andG = EG2.

XPAS Integration step cm E

KPOS XCE, KPOS=1 : element aligned, 2 : misaligned ; 1-2, 2*cm, rad I, 3*E
YCE, ALE shifts, tilt (unused iKPOS=1)
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SEXTUPOL
1L

XL, Ro,By

XE, AE

NCE, Cy — Cs

Xs, As
NCS Cy — Cs
XPAS

KPOS XCE,
YCE, ALE

Sextupole Magnet

IL = 1,2[x10"] : print field and coordinates along trajectories.

Length ; radius and field at pole tip of the element

Entrance face :
Integration zone ; fringe field
extent Qg = 0 for sharp edge)

NCE = unused

Cy — C5 = Fringe field coefficients such that
G(S) = Go/(l + exp P(S)), with Go = BO/R(Q)
andP(s) = Y27, Ci(s/\)’

Exit face :
Parameters for the exit fringe field ; see entrance

Integration step

KPOS=1: element aligned, 2 : misaligned ;
shifts, tilt (unused iItKPOS=1)

Sextupole magnet

[6-207]

2*cm, kG

2*cm

any, 6*

no dim.

2*cm

0-6, 6*no dim.

cm

1-2, 2*cm, rad

249

3*E

2*E

I, 6*E

2*E

I, 6*E

I, 3*E
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SPINR SPINRTItl

0., Px Angles that define the spin precession axis. 2*rad 2*E

1 Spin precession angle. rad E
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SOLENOID SOLENOIDTIitl

IL IL = 1,2[x107"] : print field and coordinates along trajectories. (620" I

XL, Ry, By Length ; radius ; asymptotic field (s NI /XL) 2*cm, kG 3*E

XEg, Xsg Entrance and exit integration zones 2*cm 2*E
XPAS Integration step cm E

KPOS XCE, KPOS=1: element aligned, 2 : misaligned ; 1-2, 2*cm, rad I, 3*E
YCE, ALE shifts, tilt (unused IKPOS=1)

'
‘ '
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SPNPRNL Store spin coordinates in fileFNAME

FNAME * Name of storage fileg(g, zgoubi.spn) A80
SPNSTORE Store spin coordinates every P other pass

FNAME * Name of storage fileg(g, zgoubi.spn) [ ; label(s) of the element(s) A80
[,LABEL(s)] ? at the exit of which the store occurs (10 labels maximum)]. 10FAL0]
1P Store everyl P other pass (when usinrgEBELOTE I

with NPASS> IP — 1).

SPNPRT Print spin coordinates

Print spin coordinates into zgoubi.res, at the locationretieis
keyword is introduced in the structure.

1 FNAME =none’ will inhibit printing.
2 If first LABEL =none’ then printing will be inhibited.
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SPNTRK 1
KSO
IfKSO=1-3
IfKSO =4

Sx, Sy, Sz

If KSO=4.1
Sx, Sy, Sz
IfKSO =5
TO, PO, A, A
IR

Spin tracking
Various options for initial conditions

KSO =1 (respectively 2, 3) : all particles
have their spin automatically set to (1,0,0) —
longitudinal [respectively (0,1,0) — horizontal
and (0,0,1) — vertical]

RepeatMAX times (corresponding to th&AX
particles in OBJET) the following sequence :

X, Y andZ initial components of the initial spin.

X, Y andZ components of the initial spins.
These will be assigned to all particles.

Random distribution in a cone (see figure)
Enter the following two sequences :

Angles of average polarization :

A = angle of the conedA = standard deviation
of distribution aroundd

Random sequence seed

1 SPNTRKmust be preceded BRARTICUL for the definition ofG and mass.

1-5

3*no dim.

3*no dim.

4*rad

< 10°

253

3*E

3*E

4*E



254 Keywords and input data formatting

SRLOSS Synchrotron radiation loss
KSRI.i] Switch ;i = 1 causes info output integoubi.SRLOSS.out 0-1 2%
STR1, STR2 Options :STR1 ="ALL’ or ‘all’ or a particular KEYWORD ; 2*A

STR2 = 'scale'will scale fields with energy loss.

Option seed 1: loss entails dp only 1-3,,>10° I
2 : loss entails dp and kick angle
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SRPRNT Print SR loss statistics into zgoubi.res
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SYNRAD

KSR

IfKSR=0
D1, D2, D3
IfKSR=1
X0,Y0, Z0
If KSR =2

v, vo, N

Synchrotron radiation spectral-angular densities

Switch
0 : inhibit SR calculations
1: start
2 : stop

Dummies

Observer position in frame of magnet next3¥NRAD

Frequency range and sampling

Keywords and input data formatting

0-2 I

3*E

3*m 3*E

2*eV, no dim. 2*E, |
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TOSCA

1IC,IL

BNORM, XN,YN, ZN
TITL

IX,1Y,1Z,
MOD[.MOD2]

FNAME 1
(K =1, NF)

ID, A B,C[, A, B, C,
A", etc.,if ID > 2]

IORDRE

XPAS

2-D and 3-D Cartesian or cylindrical mesh field map

seeCARTEMES

Field and X-,Y-,Z-coordinate normalization coefficients

Title. Include “FLIP” to get field map X-flipped. Include

“HEADER n” in caseFNAME starts withn > 1 header lines.

Number of nodes of the mesh in thg Y
andZ directions,/ Z = 1 for single 2-D map ;
MOD : operational and mapORMAT reading modé;

MOD<19 : Cartesian mesh ;
MOD>20 : cylindrical mesh.

MOD2, optional, tells the readinGORMAT, default is *'.

257

0-2, 0-2 2%
*nd dim. 4*E
A80

<MXX1, <MXY, 3*
<1z, > 0[.1-9]

Names of theV F files that contain the 2-D maps, frof(1) to Z(NF). A80
If MOD=0: NF =1+ [IZ/2],theNF 2-D maps are fob < Z < Z,,,42,

they are symmetrized with respect to tél) = 0 plane.

If MOD=1: NF = IZ, no symmetry assumedZ(1) = Z,.az,

Z(1+[1Z/2)) =0andZ(NF) = — Zpmas -

If MOD=12 : a singleFNAME file contains the all 3-D volume.

If MOD=20-22 : other symmetry options, sescap.f

Integration boundary. Ineffective whdi = 0.
ID =-1,10r>2: asforCARTEMES

routine...

If IZ=1:3,4,25,asiIlCARTEMES; unused iflZ # 1.

Integration step

If Cartesian mesh (see MOD) :

KPOS, XCE, YCE, ALE KPOS&1 : element aligned, 2 : misaligned ; shifts, tilt

If polar mesh :
KPOS
If KPOS =2

RE,TE,RS, TS

IMXX, MXY, IZ may be changed, they are stated in the includePARIZ.H .

as forPOLARMES Normally 2.

> —1,cm, 1,3*E
2*no dim. [jdem [,3*E,etc.]

2,250r4 |

cm E

1-2, 2*aad I, 3*E
1-2 I

cm, rad, cm, rad 4*E

2Each fileFNAME(K) contains the field specific to elevatigf( K') and must be formatted according to the followiRGRTRAN read sequence (that usu-

ally fits TOSCA codeOUTPUTS- details and possible updates are to be found in the soureénfdpw.f’

DOK=1,NF

OPEN (UNIT = NL, FILE = FNAME(K), STATUS = ‘OLD’ [[FORM="UNFCRMATTED)

DOJ=1, JY; DOI=1,1IX

IF (BINARY) THEN

READ(NL) Y(3), Z(K), X(I), BY(J,K,I), BZ(J,K,I), BX(J,K,])

ELSE

READ(NL,*) Y(J), Z(K), X(I), BY(J,K, 1), BZ(J,K,I), BX(J,K,1)

ENDIF

ENDDO; ENDDO
NL=NL+1
ENDDO

):

node coordinates, field components at node

node coordinates, field components at node

For 2-D maps BX and BY are assumed zero at all nodes of the 2-D magrdless of BX(J,1,1), BY(J,1,l) values. For binary flEZNAME must be-

ginwith'B_"or’b .
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TRANSMAT

IORDRE

XL

ForiTA=1,6:
R(IA,IB),IB=1,6
If IORDRE =2

T(IA, IB, IC),

Matrix transfer

Transfer matrix order

Length (ineffective, for updating)

First order matrix
Following recordnly if IORDRE = 2

Second order matrix, six 6*6 blocks

Keywords and input data formatting

1-2

m, rad

m, rad

6 lines
6*E each

36 lines
6*E each
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TRAROT Translation-Rotation

TX,TY,TZ, Translations, rotations 3*m, 3*rad 6*E
RX,RY,RZ
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TWISS Calculation of periodic optical parameters

KTW, FacD, FacA KTW =0/1/2/3: Off asMATRIX / computation of 0-3, 2*any [,2*E
chromaticities / computation of anharmonicities.
FacD x D = §p/p value applied, withD the momentum sampling
in OBJET ;FacA : unused.
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UNDULATOR Undulator magnet

Under development, to be documented



262

UNIPOT

IL

X11D1X21X31 RO

Vll ‘/2
XPAS

KPOS XCE,
YCE, ALE

Unipotential electrostatic lens

IL = 1,2 print field and coordinates along trajectories

Length of first tube ; distance between
tubes ; length of second and third tubes ; radius

Potentials
Integration step

KPOS=1 : element aligned, 2 : misaligned ;
shifts, tilt (unused iKPOS=1)

Keywords and input data formatting

[6-20"]

5*m 5*E
2*V 2*E
cm E

1-2, 2*cm, rad I, 3*E

V.‘?—Q




Keywords and input data formatting

VENUS

IL
XL,YL, By
XPAS

KPOS XCE,
YCE, ALE

Simulation of a rectangular dipole magnet

IL = 1,2[x107"] : print field and coordinates along trajectories.

Length ; width =tY L ; field

Integration step

KPOS=1 : element aligned, 2 : misaligned ;
shifts, tilt (unused iKPOS=1)

[6-20"]
2*cm, kG

cm

1-2, 2*cm, rad

+YL

YL

AL

Scheme oVENUS rectangular dipole.

263

3*E

I, 3*E
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WIENFILT !

IL

XL,E,B,HV

XE, AEp) ABg

Cro—CEs
Cpo—Cps

Xs, AEg, ABg
Cro—CEs
Cpo—Cps

XPAS

KPOS XCE,
YCE, ALE

Keywords and input data formatting

Wien filter

IL = 1,2[x10"] : print field and coordinates along trajectories. (&2 I
Length ; electric field ; magnetic field ; m, V/im, T, 3*E, |
option : element inactiveH{V' = 0) horizontal 0-2

(HV =1) orvertical HV = 2) separation

Entrance face :
Integration zone extent ; fringe field 3*cm 3*E
extents, E and B respectively(gap height)

Fringe field coefficients fofy 6*no dim. 6*E
Fringe field coefficients foB 6*no dim. 6*E
Exit face :
See entrance face 3*cm 3*E
6*no dim. 6*E
6*no dim. 6*E
Integration step cm E
KPOS=1 : element aligned, 2 : misaligned ; 1-2, 2*cm, rad I, 3*E

shifts, tilt (unused itKPOS=1)

1 UsePARTICUL to declare mass and charge.
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YMY Reverse signs ofY” and Z axes

Equivalent to a 180rotation with respect td -axis

DIFOLE

DIPCLE

The use o MY in a sequence of two dipoles of opposite signs.
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INTRODUCTION

Several examples of the use zgoubi are given here. They show the contents of the input and odfgat files, and are also
intended to help understanding some subtleties of the d@ditaittbn.

Example 1: checks the resolution of the QDD spectrometer SPES 2 of SANEJRaboratory [53], by means ofonte Carlo
initial objectand amanalysis of imageat the focal plane with histograms. Theasured field mapsf the spectrometer are used
for that purpose. The layout of SPES 2 is given in Fig. 47.

Example 2: calculates théirst and second order transfer matriceban 800 MeV/c kaon beam line [54] at each of its four foci:
at the end of the first separation stage (vertical focushairttermediate momentum slit (horizontal focus), at the ehthe
second separation stage (vertical focus), and at the er difie (double focusing). The first bending is representeidst3-D
mappreviously calculated with the TOSCA magnet code. The ssebemding is simulated witB/POLE. The layout of the line
is given in Fig. 48.

Example 3:illustratesthe use oMCDESINT and REBELOTEwith a simulation of then-flight decay
K—p+v

in the SATURNE Laboratory spectrometer SPES 3 [31]. The Emgicceptance of SPES 3i$0 mrd horizontally and:50 mrd
vertically; its momentum acceptanceig0%. The bending magnet is simulated wiBWPOLE. The layout of SPES 3 is given
in Fig. 49.

Example 4: illustrates the operation dlfie fitting procedurea quadrupole triplet is tuned from -0.7/0.3 T to field vallessding
to transfer coefficients R12=16.6 and R34=-.88 at the entdebéeam line. Other example can be found in [55].

Example 5: shows the use of thepin and multi-turn tracking procedureapplied to the case of the SATURNE 3 GeV syn-
chrotron [7, 10, 56]. Protons with initial vertical spuS(— S,) are accelerated through th&s = 7 — vz depolarizing
resonance. For easier understanding, some results areasizadhin Figs. 51, 52 (obtained with the graphic post-pssoe
zpop, see Part D).

Example 6: showsray-tracing through a micro-beam linat involvesmagneto-electrostatic quadrupolés the suppression
of second order (chromatic) aberrations [6]. The extremsatall beam spot sizes involved (less than 1 micrometerpidiie
high accuracy of the ray-tracing (Figs. 53).

Many more examples can be found on gg@ubi development web site [5].
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1 MONTE CARLO IMAGES IN SPES 2

Former Saclay/SATURNE and CERN QDD mass spectrometer [53].

FOCAL SURFACE

SHES 2

Figure 47: SPES 2 Layout.
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zgoubi data file.

SPES2 QDD SPECTROMETER, USING FIELD MAPS; MONTE-CARLO OBJ®/ITH MOMENTUM GRID.

'MCOBJET' 1
2335. REFERENCE  RIGIDITY.

2 DISTRIBUTION IN GRID.

10000 NUMBER OF PARTICLES.

11 1 1 1 1 UNIFORM DISTRIBUTIONS

0. 0. 0. 0. 0. 1 CENTRAL VALUES OF BARS.
11 1 1 1 5 NUMBER OF BARS IN MOMENTUM.

0. 0. 0. 0. 0. .001 SPACE BETWEEN MOMENTUM BARS.

0. 50.e-3 0. 50.e-3 0. O. WIDTH OF BARS.

101 1 1 1 1 SORTING CUT-OFFS (UNUSED)

9 9.9.9 09 FOR P(D) (UNUSED)

186387 548728 472874 SEEDS.

HISTO! 2
1 997 1003 80 1 HISTO OF D.

20 D 1 Q

HISTO! 3
3 -60. 60. 80 1 HISTO OF THETAO.

20 T 1 Q

HISTO! 4
5 -60. 60. 80 1 HISTO OF PHIO.

20 P 1 Q

'DRIFT’ 5
495

'CARTEMES’ QUADRUPOLE  MAP. 6
00 Ic L.

-96136E-3 1. 1.

++++ CONCORDE ++++
39 23 IX Y.

concord.map field map file name, quadrupole

BNORM, XNorm,YNorm

0 000 NO LIMIT PLANE.

2 IORDRE.

25 XPAS.

2000 KPOS.

'DRIFT’ 7
21.8

'CHANGREF’ POSITIONING OF THE 8
0. 325 -35.6 1-ST BENDING.

'CARTEMES’ 9
00

1.04279E-3 1. 1.

+HH+ AL

117 52

al.map field map file name, first dipole

0 000

2

25

2000

'CHANGREF’ POSITIONING OF THE 10
0. -28.65 -27.6137 EXIT FRAME.

'DRIFT’ 11
33.15

'CHANGREF' POSITIONING OF THE 12
0. 275 -19.88 2-ND BENDING.

'CARTEMES’ 13
00

1.05778E-3 1. 1.
A2

132 80

a2.map field map file name, second dipole

0 00O
2
25
2000

'CHANGREF' POSITIONING OF THE 14
41. -81. -21.945 EXIT FRAME.

'DRIFT" 15
3.55

'HISTO’ HISTO OF Y : 16
2 -5 2. 80 1 SHOWS THE RESOLUTION

20 Y 1 'Q OF THE SPECTROMETER.
'END’ 17

1 MONTE CARLO IMAGES IN SPES 2

Excerpt from zgoubi.res : histograms of initial beam

coordinates.
2 HISTO
HISTOGRAMME DE LA COORDONNEE D
PARTICULES PRIMAIRES ET SECONDAIRES
DANS LA FENETRE : 0.9970 / 1.003
NORMALISE
20
19
18
17 D D D D D
16 D D D D D
15 D D D D D
14 D D D D D
13 D D D D D
12 D D D D D
11 D D D D D
10 0 0 0 0 0
9 D D D D D
8 D D D D D
7 D D D D D
6 D D D D D
5 D D D D D
4 D D D D D
3 D D D D D
2 D D D D D
1 D D D

D D
123456789012345678901234567890123456789012345678901 234567890123456789012345678901
3 5 8

TOTAL COMPTAGE 10000 SUR 10000

NUMERO DU CANAL MOYEN . : 51
COMPTAGE AU " " : 2038
VAL. PHYS. AU " " : 1.000

RESOLUTION PAR CANAL 7.500E-0
PARAMETRES PHYSIQUES DE LA DISTRIBUTION :
COMPTAGE = 10000 PARTICULES
MIN = 0.9980 , MAX = 1.002 , MAX-MIN = 4.0000E-03
MOYENNE =  1.000
SIGMA = 1.4108E-03

TRAJ 1 IEXD,Y,T,ZP,Stime : 1 0.9980 0.000 -30.24 0.000 44 .63 0.0000  0.0000

3 HISTO

HISTOGRAMME DE LA COORDONNEE THETA

PARTICULES PRIMAIRES ET SECONDAIRES

DANS LA FENETRE : -60.00 / 60.00 (MRD)

NORMALISE

20
19
18
17 T T
16 T T T T
15 TT T TT T T T T TT T T 1T
14 T TIT T TIIT 1T T TTITTTT TTTT T1TT 7T T TTT TTT
13 TTTTTT TTTTTTT TTTTT TTT TTT T TTTTTITTTTTITITITT TTTTT TTTTTTT
12 TTTTTTTTTITTTITTTITT I TTI I TT I T T I T T I T T I T I T T I TTTITTI T TITI T TN T I TTTITTTITTTITTTTT
11 TTTTTTTTTTTTTITTITTTI T T T I T T T T T T T T T T I TT I TT I TTI T TIT I TT TN TT I TTITITTTITTTITTTTT
10 0000000000000000000000000000000000000000000000000 000000000000000000
9 TTTTITTITITTITTTI T T T T T T I T I T T I T I T T I T T T T T I TITTITT AT TTIITTITITTIITTIT
8 TTTTITTITITTI T T T I T T T I I T I T I T I I T I T T I T T I T I TTITT AT TITTITTTITITITITTIT
7 TTTTTTTTTITITITTI T T I I T I I T I T T I T I I T I I T I I I T T T I I I I TTITI I T O TTITTITI T TTITTITITTTTT
6 TTTTTTTTTTITT T TITTI T T T I I T I T T I I I T I I I I I T T T T I TTITI T T T TTOTTTTITTTITITTTTTTTT
5 TTTTTTTTTTITTTITITTI I T I I I T I T I I I T I I T I I I I T I T T I TTITI T T I TTOTTTTITTTITITTTITTTTT
4 TTTTTTTTTTI T T T TITTI I T T I I I I I I I I T T I T I I I I T I T I I TTITI T T I T T OTTTTITTTTITTTTITTTT
3 TTTTTTTTTTTTTI T T T T T T T I T I I I T I T T I T T I I T I I T I T T T T I I T AT TITTTITITTITTI I T T T
2 TTTTTTTTTTITTTITT I TTI I T I TTI I T I I T I I T I T T I T T I T T T I T I TT I T O TTTTITTITITTTITTTITTT
1 TTTTTTTTTTTTTITTTITT I T I TTI I T T I T T T T I T T T T T T T T T TITTITTTIT O TTTTITTITTTTITTTITTT

123456789012345678901234567890123456789012345678901 234567890123456789012345678901
5 8

TOTAL COMPTAGE

NUMERO DU CANAL MOYEN
COMPTAGE AU " " : 128

VAL. PHYS. AU " " 3.331E-15 (MRD)
RESOLUTION PAR CANAL : 1.50 (MRD)

10000 SUR 10000

PARAMETRES PHYSIQUES DE LA DISTRIBUTION :
COMPTAGE = 10000 PARTICULES
MIN = -49.99 , MAX = 50.00
MOYENNE = 0.3320 (MRD)
SIGMA =  29.04 (MRD)

, MAX-MIN =  99.98 (MRD)

TRAJ 1 IEX,D,Y,T,ZP,Stime : 1 09980 0.000 -30.24 0.000 44 .63 0.0000  0.0000




20
19
18
17
16
15
14
13
12
11

PNWAOO~N®

4 HISTO

123456789012345678901234567890123456789012345678901

TOTAL COMPTAGE

HISTOGRAMME DE LA COORDONNEE PHI
PARTICULES PRIMAIRES ET SECONDAIRES

DANS LA FENETRE :  -60.00 /' 60.00 (MRD)
NORMALISE
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PPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPP
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2 3 4 5 6 7 8

10000 SUR 10000

NUMERO DU CANAL MOYEN : 51
COMPTAGE AU " " : 163

VAL. PHYS. AU " 3.331E-15 (MRD)
RESOLUTION PAR CANAL : 1.50

PARAMETRES PHYSIQUES DE LA DISTRIBUTION :

COMPTAGE = 10000 PARTICULES

MIN = -50.00 , MAX = 49.99  , MAX-MIN =  99.99 (MRD)
MOYENNE = 0.2838 (MRD)
SIGMA =  28.75 (MRD)
TRAJ 1 IEXD,Y,TZPStime : 1 09980 0.000 -30.24 0.000 44 63 0.0000  0.0000

Excerpt from zgoubi.res : the final momentum resolution
histogram at the spectrometer focal surface.

16 HISTO

PRRRRRPEEN
PNWAUO~N®OO

=
PNWAOO~N®OO

123456789012345678901234567890123456789012345678901

TOTAL COMPTAGE

HISTO OF

HISTOGRAMME DE LA COORDONNEE Y
PARTICULES PRIMAIRES ET SECONDAIRES

DANS LA FENETRE : -0.5000 ! 2.000 (C™m)
NORMALISE
Y
Y Y
Y Y
Y Y
Y Y
Y Y
Y Y
0 0 0 0
Y Y Y Y
Y Y YY Y
Y YY YY YY
Y YYY YY YY YY
YY YYY YY YY YYYY
YY Y YYY YYY YY YYYY
YY YY YYYYY YYY YYYY YYYYY
YYYYYY YYYYYY YYYY YYYYY YYYYYY

YYYYYYYYYYYYYYYYYYYYYYYYYYYYYYY YYYYYYYY  YYYYYYYY

2 3 4 5 6 7 8

10000 SUR 10000

NUMERO DU CANAL MOYEN

COMPTAGE AU " : 246

VAL. PHYS. AU " : 0.750 (CM)
RESOLUTION PAR CANAL © 3.125E-02 (CM)
PARAMETRES PHYSIQUES DE LA DISTRIBUTION :

COMPTAGE = 10000 PARTICULES

MIN = -0.1486  , MAX = 1652 , MAX-MIN =  1.800 (M)
MOYENNE = 0.7576 (™)
SIGMA = 0.4621 (™)

TRAJ 1 IEX,D,Y,T.Z,P,Stime : 1 0.9980 0.2475 74.43 -6.2488 E-03 -6.929  697.41 0.0000

234567890123456789012345678901

9

234567890123456789012345678901

9
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2 TRANSFER MATRICES ALONG A TWO-STAGE SEPARATION KAON BEAM LINE

800 MeV/c kaon beam line at BNL Alternating Gradient Synchrotron [54]. The line includes two separation Wien filters

A LESB3
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D1 e
Q3 Q4 Q> Q6 = —
L A 5 kL HS2
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Figure 48: 800 MeV/c kaon beam line layout.



zgoubi data file.

800 MeV/c KAON BEAM
'OBJET’

2668.5100

6

1 .1 .1 .10 .001
0.0.0. 0.0 1.

LINE. CALCULATION OF TRANSFER COEFFIQES.

AUTOMATIC GENERATION OF

AN OBJECT FOR CALCULATION
OF THE FIRST ORDER TRANSFER
COEFFICIENTS  WITH 'MATRIX’

'PARTICUL’

493.646 1.60217733E-19

'DRIFT

35.00000
'QUADRUPO’
0

76.2 1524

'QUADRUPO’

0
45.72 15.24
30. 30.

'TOSCA’
00
1.0313E-3 1. 1.

13.6

5.3630

5.3630

-11.357

5.3630

5.3630

1.

0. 0. 0.

-2.4100

-2.4100

-2.4100

-2.4100

1D map at z=0, from TOSCA

59 39 10
bw6_0.map
0 0.0.0.
2

11

KAON M & Q, FOR USE IN WIEN FILT

0.9870

0.9870

0.9870

0.9870

B, X, Y, Z NORMALIZATION COEFFCNTS

Q1

Q2

3-D MAP THE OF FIRST
BENDING MAGNET

1000
'CHANGREF

0. -70.78 -43.8
'FAISCEAU'

'DRIFT

-49.38

'OCTUPOLE’

0

10. 1524 6
0.

. 0.2490 53630 -2.4100 09870 0. O

4
0.
4 0.2490 5.3630 -2.4100 0.9870 0. 0.
4
1
SX1, COMPENSATION
0 OF THE Theta.Phi
10. 1524 2.4 AT VF1
0. 0.0.0.
4 0.2490 5.3630 -2.4100 0.9870 0. 0.
0. 0. 0.0
4 0.2490 5.3630 -2.4100 0.9870 0. 0.
4
1 0. 0 0
"DRIFT'
50.0
"WIENFILT’
0
2.16 55.E5
20. 10. 10.
0.2401 1.8639
0.2401 1.8639
20. 10. 10.
0.2401 1.8639
0.2401 1.8639
1.
1. 0. 0. 0.
"DRIFT’
30.

'QUADRUPO’ Q3
0

FIRST VERTICAL WIEN FILTER

-.0215576 2

-0.56572
-0.5572

-0.5572
-0.5572

4572 1524 -6.34
30. 30.
4 0.2490
30. 30.
4 0.2490
11
1 0.0 0
'DRIFT’
10.0
'MULTIPOL'

53630 -24100 09870 0. O

5.3630 -2.4100 0.9870 0. O.

SX2 + OCTU, COMPENSATION

0 OF THE D.Phi AND D2.Phi
10. 1524 0.0.-8 12 0.0.0.0.0.0. ABERRATIONS AT VF1
0.0.0.0 0.0 0.0 0.0.0.0.

4 0.2490 53630 -24100 09870 0. O
0.0.0.0 0.0 0.0 0. 0.0.0.
4 0.2490 5.3630 -2.4100 0.9870 0. O.
0.0.0. 0.0 0. 0 0.0 0.
4
1 0.0 0
'DRIFT’
90.0
'MATRIX TRANSFER COEFFICIENTS
20

ABERRATION

ER

10
11

12

13

14

15

16

17

18

19

20

21

'COLLIMA’
2
2 146
'DRIFT’
20.0
'QUADRUPO’
0

\15E10 0. 0.

4572 1524  10.93

5.3630 -2.4100  0.9870

5.3630 -2.4100  0.9870

'MULTIPOL’

0

0. 1524 0.0. 0. 1. 0.0.0.0.0

. 0. 0.0.0.0.0.0.0.0.0.
0.2490  5.3630 -2.4100

. 0. 0.0.0.0 0.0 0. 0.0.
0.2490  5.3630 -2.4100

0.0.0.0. 0.0.0.0.0.0.

4

1 0.0 0

'DRIFT’

10.0
'QUADRUPO’
0

1
0.
4 0.9870
0.
4

0.9870

4572 1524 -11.18

5.3630 -2.4100  0.9870

5.3630 -2.4100  0.9870

WIENFILT

0
216 -55.E5 .0215576 2
20. 10. 10.

FIRST VERTICAL FOCUS, 22

MASS  SLIT
23

Qs 24

0. 0.

0. O

25

COMPENSATION OF 26

ABERRATIONS AT VF2
0.

0. 0.

0. O

27

Q6 28

29

SECOND VERTICAL WIEN FILTER 30

0.2401
0.2401
20. 10.
0.2401
0.2401

1.8639
1.8639
10.
1.8639
1.8639

1
1. 0. 0. 0.
'DRIFT’

30.0
'QUADRUPO’

0
4572 15.24
30. 30.

'DRIFT’

25.00000
'QUADRUPO’
0

4572 15.24
30. 30.

'DRIFT’
40.0
'COLLIMA
2
1 17.
'MATRIX
20
'DRIFT’
-25.0
'DIPOLE-M’
300
150 60

.2E10

18.999 0. 0.
17.7656  140.4480

79.3329
15. -1.
4 1455

2.2670

-0.5572  0.3904 0.
-0.5572  0.3904 0.

-0.5572  0.3904 0.
-0.5572  0.3904 0.

-6.44
53630 -2.4100

5.3630 -2.4100

8.085
5.3630 -2.4100

5.3630 -2.4100

0. 0.

0.

31

Q7 32

09870 0. O.

09870 0. O

33

Q8 34

09870 0. O.

09870 0. O

35

SECOND VERTICAL FOCUS, 36
MASS  SLIT

TRANSFER COEFFICIENTS 37
38
SIMULATION OF THE MAP 39

OF THE SECOND BENDING MAGNET
(UPGRADED VERSION OF 'AIMANT’)

110. 170.

-6395 1.1558 0. 0. O.

0.00 2190 1.E6 -1.E6 1.E6 1.E6

15. -1.

4 .1455
-43.80
0. 0.
4 1455

2
25
2
147.48099
'DRIFT’
-15.00000
'QUADRUPO’
0
35.56 12.7
30. 254
4 0.2490
30. 254
4 0.2490
5
1 0.0 0

2.2670

2.2670

-13.69

-0.31007 147.48099

-13.91
5.3630 -2.4100

5.3630 -2.4100

-6395 1.1558 0. 0. 0.
-21.90 -1.E6 -1.E6 1.E6 -1.E6

-6395 11558 0. 0. O.
-43.80 -21.90 -1E6 -1.E6 1.E6 -1.E6 1E6
0

NO SHIMMING
SCD ORDER INTERPOLATION

0.31007
40

Q9 4

09870 0. O

09870 0. O.
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'DRIFT 42
25.00000

'QUADRUPO’ Q10 43
0

3556 12.7 11.97

30. 254

4 0.2490 5.3630 -2.4100 0.9870 0. O.

30. 254

4 0.2490 5.3630 -2.4100 0.9870 0. O.

11

1 0.0 0.

'DRIFT 44
200.0

'MATRIX TRANSFER COEFFICIENTS 45
20 AT THE FINAL FOCUS

'END’ 46

Excerpt of zgoubi.res : first and second order transfer matrces and higher order coefficients at the end of the line

FIRST ORDER COEFFICIENTS ( MKSA ):

3.60453 -4.453265E-02  -3.049728E-04  -1.165832E-04 0.000 00 -5.229783E-02
-2.05368 0.270335 4.700517E-05 1.763910E-05 0.00000 -9.5 61918E-02
2.240965E-05  -8.687757E-07 -3.60817 -1.731805E-02 0.000 00 -7.815367E-02
1.185290E-05  -4.356398E-07 -2.05043 -0.286991 0.00000 -3 .983392E-02

-0.387557 2.313953E-02  -2.264218E-05  -8.015244E-06 1.00 000 0.374917

0.00000 0.00000 0.00000 0.00000 0.00000 1.00000
DetY-1 = -0.1170246601, Detz-1 = 0.0000034613
R12=0 at  0.1647 m, R34=0 at -0.6034E-01 m

First order sympletic conditions (expected values = 0) :
-0.1170 3.4614E-06 -1.8207E-04 3.0973E-05 4.6007E-04 -8. 0561E-05

SECOND ORDER COEFFICIENTS ( MKSA ):

111 734 121 -178 131 1.399E-02 141 1456E-02 151 0.00 161 36 .3
112 -178 122 -530. 132 -1.308E-03 1 42 -1.743E-03 1 52 0.00 16 2 123
113 1.399E-02 1 23 -1.308E-03 1 33 -0.611 1 43 -0.522 153 0.00 1 63 -2.771E-02
114 1456E-02 1 24 -1.743E-03 1 34 -0.522 144 0.163 154 0.00 16 4 -2.211E-02
115 0.00 125 0.00 135 0.00 145 0.00 155 0.00 165 0.00

116 363 126 123 136 -2.771E-02 1 46 -2.211E-02 1 56 0.00 166 2 .88

2 11 -303. 221 381 2 31 3.684E-02 2 41 3581E-02 251 0.0 261 14 4.
212 381 222 -629 2 32 -5.821E-04 2 42 -1638E-04 2 52 0.00 2 62 -0.759

2 13 3.684E-02 2 23 -5.821E-04 2 33 105 243 194 2 53 0.00 2 63 -1 .031E-02
2 14 3.581E-02 2 24 -1638E-04 2 34 194 2 44 670 2 54  0.00 2 64 -4 .285E-02
215 0.00 225 000 235 000 2 45 0.00 2 55 0.00 2 65 0.00

2 16 144 2 26 -0.759 2 36 -1.031E-02 2 46 -4.285E-02 2 56 0.00 26 6 -65.3

3 11 -0.145 321 2158E-02 331 206 341 860 351 0.00 3 61 -0.201

3 12 2158E-02 322 646 332 161 3 42 0.49 352 000 3 62 8.793E- 02
313 206 323 161 333 0.710 343 0.128 353 0.00 363 391

314 86.0 3 24 0.496 3 34 0128 3 44 6438 3 54 0.00 364 717

3 15 0.00 325 0.00 335 0.00 3 45 0.00 3 55 0.00 3 65 0.00

3 16 -0.201 3 26 8793E-02 336 391 346 717 356 0.00 366 146

4 11 -8.254E-02 4 21 1.146E-02 4 31 107 4 41 473 4 51 0.00 4 61 -0 127

4 12 1.146E-02 422 330 4 32 0.787 4 42 0.157 4 52 0.00 4 62 3.566E -02
413 107 4 23 0.787 4 33 0.365 4 43 6.774E-02 4 53  0.00 463 175

414 473 4 24 0157 4 34 6.774E-02 4 44 331 4 54 0.00 4 64 105

415 0.00 425 000 435 000 4 45 0.00 4 55 0.00 4 65 0.00

4 16 -0.127 4 26 3566E-02 436 175 4 46 105 4 56 0.00 4 66 0715

511 568 521 -7.67 5 31 -5970E-02 5 41 -5.682E-02 5 51  0.00 5 61 -251.
512 -7.67 522 225 532 1.283E-03 5 42 6.947E-04 552 0.00 562 2 7

5 13 -5970E-02 5 23 1.283E-03 533 192 543 102 553 0.00 563 0. 215

5 14 -5.682E-02 5 24 6.947E-04 5 34 102 544 159 554 0.00 564 0. 129
515 0.00 525 0.00 535 0.00 545 0.00 555 0.00 565 0.00

516 -251. 526 277 536 0215 546 0.129 556 0.00 566 112

HIGHER ORDER COEFFICIENTS ( MKSA ):

YIY3 5784.8
Y3 9.40037E+05
Y/Z3 0.70673
Y/P3 0.42104
TIY3 -18607.

T/T3 1.04607E+05
TiZ3 -0.10234

T/P3 5.25793E-02
ZIY3 32.161
z/73 18.425
/23 -872.50

Z/IP3 -785.20

PIY3 15.460
PIT3 7.5264
PIZ3 -409.98

PIP3 -389.15
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3 IN-FLIGHT DECAY IN SPES 3

HORIZONTAL TRAJECTORIES

BRO=1.07T.M

Figure 49: Layout of SPES 3 spectrometer.
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'END’

3

zgoubidata file

SIMULATION OF PION IN-FLIGHT DECAY IN SPES3 SPECTROMETER

"MCOBJET 1

3360. REFERENCE RIGIDITY (PION).

1 DISTRIBUTION IN  WINDOW.

200 BUNCHES OF 200 PARTICLES.

1 1 1 1 1 1 UNIFORM DISTRIBUTION

0. 0. 0. 0. 0. 1. CENTRAL VALUES OF BARS.

5e-2 50.e-3 .5e-2 50.e-3 0. 0.4 WIDTH OF BARS.

1 1 1 1 1 1 CUT-OFFS (UNUSED)

9 9.9 9 9 UNUSED.

186387 548728 472874 SEEDS.

"PARTICUL’ 2

139.6000 0. 0. 26.03E-9 0. PION MASS AND LIFE TIME

'"MCDESINT 3

105.66 0. PION -> MUON + NEUTRINODECAY

136928 768370 548375

ESL’ 4

77.3627

"CHAMBR'’ STOPS ABERRANT MUONS. 5

1

1 100. 10. 245. O.

'DIPOLE’ 6

2

80. 2085 TOTAL ANGLE AT, CENTRAL RADIUS RM

33.  30.0.0.0. CENTRAL ANGLE, FIELD, INDICES

46. -1. ENTRANCE EFB

4, 14552 5.21405 -3.38307 14.0629 0. 0. 0.

5. o -65. 0. 0. -65.

46. -1. EXIT EFB

4. 14552 5.21405 -3.38307 14.0629 0. 0. 0.

-15.  69. 85. 0. 1E6 1.E6

0. 0. LATERAL EFB (INHIBITED)

4. 14552 5.21405 -3.38307 14.0629 0. 0. 0.

-15.  69. 85. 0. 1E6 1E6 1E6

2 10.0 2ND DEGREE INTERP., MESH 0.4 CM

4, STEP SIZE

2

164.755 .479966 233.554 -.057963

"CHAMBR’ 7

2

1 100. 10. 245. O.

'"CHANGREF’ TILT ANGLE OF 8

0. 0. -49. FOCAL PLANE.

"HISTO! TOTAL SPECTRUM (PION + MUON). 9

2 -170. 130. 60 1

20 Y 1 Q

"HISTO! PION SPATIAL SPECTRUM 10

2 -170. 130. 60 2 AT FOCAL PLANE.

20 P 1 P

HISTO! MUON SPATIAL SPECTRUM 11

2 -170. 130. 60 3 AT FOCAL PLANE.

20y 1S

"HISTO! MUON MOMENTUM SPECTRUM 12

1 2 17 60 3 AT FOCAL PLANE.

20 d 1 ¢

'"REBELOTE’ (49+1) RUNS = CALCULATION OF 13

49 01 0 (49+1) =200 TRAJECTORIES.

14

IN-FLIGHT DECAY IN SPES 3



Excerpt of zgoubi.res : histograms of primary and secondary

particles at focal surface of SPES3.

PP ———

9 HISTO TOTAL SPECTRUM
HISTOGRAMME DE LA COORDONNEE Y
PARTICULES PRIMAIRES ET SECONDAIRES
DANS LA FENETRE : -1.7000E+02 /  1.3000E+02 (CM)
NORMALISE
20
19
18
17 Y YY Yoy Y
16 Y OYYYYY YY YYY Y YY Y Y OoYYYY
15 Y OYYYYY YYYYYYYYYYYYYY YYYYYYYY YY
14 YYYYYYYYY YYYYYYYYYYYYYYYYYYYYYYYYYYY
13 YYYYYYYYY YYYYYYYYYYYYYYYYYYYYYYYYYYY
12 YYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYY
11 YYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYY
10 0000000000000000000000000000000000000
9 YYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYY
8 YYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYY
7 YYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYY
6 YYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYY
5 YYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYY
4 YYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYY
3 YYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYY
2 YYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYY
1 YYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYY
123456789012345678901234567890123456789012345678901 2345678901
3 4 5 6 7 8
TOTAL COMPTAGE 9887 SUR 10000
NUMERO DU CANAL MOYEN : 55
COMPTAGE AU " . : 281
VAL. PHYS. AU " . 0.000E+00 (CM)
RESOLUTION PAR CANAL 5.000E+00 (CM)
PARAMETRES PHYSIQUES DE LA DISTRIBUTION :
COMPTAGE = 9887 PARTICULES
MIN = -1.6687E+02, MAX = 9.4131E+01, MAX-MIN = 2.6100E+02(C M)
MOYENNE = -9.2496E-01 (CM)
SIGMA = 5.3583E+01 (CM)
10 HISTO PION SPATIAL
HISTOGRAMME DE LA COORDONNEE Y
PARTICULES PRIMAIRES
DANS LA FENETRE : -1.7000E+02 /  1.3000E+02 (CM)
NORMALISE
20
19
18 P
17 P PP P P P
16 PP PP PPP P PP PP PPPPP
15 P PPPPP PPPPPPPPPPPPPPPPPPPPPPP PP
14 PPPPPPPPP PPPPPPPPPPPPPPPPPPPPPPPPPPP
13 PPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPP
12 PPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPP
11 PPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPP
10 0000000000000000000000000000000000000
9 PPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPP
8 PPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPP
7 PPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPP
6 PPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPP
5 PPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPP
4 PPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPP
3 PPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPP
2 PPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPP
1 PPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPP

TOTAL COMPTAGE

NUMERO

COMPTAGE AU "
VAL. PHYS. AU " "
RESOLUTION PAR CANAL

123456789012345678901234567890123456789012345678901 2345678901
3 6 8

9282 SUR 10000
DU CANAL MOYEN
. : 264

0.000E+00 (CM)
5.000E+00 (CM)

PARAMETRES PHYSIQUES DE LA DISTRIBUTION :

COMPTAGE = 9282 PARTICULES

MIN= -9.5838E+01, MAX = 9.3504E+01, MAX-MIN = 1.8934E+02 (C M)
MOYENNE = 4.9971E-01 (CM)

SIGMA = 5.3215E+01 (CM)

B
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11 HISTO MUON SPATIAL
HISTOGRAMME DE LA COORDONNEE Y
PARTICULES SECONDAIRES
DANS LA FENETRE : -1.7000E+02 /  1.3000E+02 (CM)
NORMALISE
20
19
18 y
17 y vy
16 y yy
15 y vy vy |y
14 Y O YY Y oWy y
13 YWY Wy Y
12 VYOV OYYY YYY YWY Y Y
11 YYY Y YYY VY YWY Y Y
10 000 0 000 000000000000 O 00
9 YYYYY YYY YYYYYYYYYYYY Y Y VY
8 YYYYYYYYYY YYYYYYYYYYYYYY Y VY
7 YYYYYYYYYYYYYYYYYYYYYYYYYYY ¥ YYY
6 YYYYYYYYYYYYYYYYYYYYYYYYYYY Y YYYY
5 Y YYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYY YYY
4 Yo YYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYY
3 Y YYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYy
i YYYY YYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYY
VY YYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYY
123456789012345678901234567890123456789012345678901
3 4 5 6 7
TOTAL COMPTAGE : 605 SUR 10000
NUMERO DU CANAL MOYEN : 50
COMPTAGE AU " " : 14
VAL. PHYS. AU " . : -2.500E+01 (CM)
RESOLUTION PAR CANAL 5.000E+00 (CM)
PARAMETRES PHYSIQUES DE LA DISTRIBUTION :
COMPTAGE = 605 PARTICULES
MIN= -1.6687E+02, MAX = 9.4131E+01, MAX-MIN = 2.6100E+02 (C
MOYENNE = -2.2782E+01 (CM)
SIGMA = 5.4452E+01 (CM)
12 HISTO MUON MOMENTUM
HISTOGRAMME DE LA COORDONNEE D
PARTICULES SECONDAIRES
DANS LA FENETRE :  2.0000E-01 /  1.7000E+00
NORMALISE
20
19
18 d d
17 d d
16 d dd
15 dd dd
14 ddd d dd
13 ddd d dd dd
12 ddd d dd dd
11 ddd d ddd d dd
10 0000 0 000 0 00
9 ddddd ddddd dd dd
8 ddddddddddddddd ddddd
7 dddddddddddddddddddddd
6 dddddddddddddddddddddddd ddd
5 dddddddddddddddddddddddddddddd
4 ddddddddddddddddddddddddddddddddd
3 ddddddddddddddddddddddddddddddddd  d
2 ddddddddddddddddddddddddddddddddddd dddd
1 dddddddddddddddddddddddddddddddddddddddd

123456789012345678901234567890123456789012345678901
4

TOTAL COMPTAGE

NUMERO DU CANAL MOYEN
COMPTAGE AU " " : 16
VAL. PHYS. AU " " 8.250E-01
RESOLUTION PAR CANAL 2.500E-02

605 SUR 10000

PARAMETRES PHYSIQUES DE LA DISTRIBUTION :

COMPTAGE = 605 PARTICULES

MIN = 3.7184E-01, MAX = 1.3837E+00, MAX-MIN = 1.0119E+00
MOYENNE = 8.1693E-01

SIGMA = 2.2849E-01

R AR AR TR KRR AR

23456789

234567890
8

M)
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4 USE OF THE FITTING PROCEDURE

40 40 40

200 M QD |30 QF | 30| QD

200 O

Figure 50: Vary B in all quadrupoles, for fitting of the tramstoefficientsk;» and R34 at the end
of the line. The first and last quadrupoles are coupled so peesent the same value of

MATCHING A SY
'OBJET’
2501.73

5

2. 2. 2. 2.
0. 0. O. 0.
'ESL

200.
'"QUADRUPCO’

©

15. -7.

0.

1122 6.2671
0.

1122 6.2671

RO ®O MO

0. 0. 0.
'ESL’

30.
"QUADRUPCO’

©

15. 3.

0.

1122 6.2671
0.

1122 6.2671

RO O®OAO

0. 0. 0.
'ESL’

30.
'"QUADRUPO’

o

15. -7.

0.

1122 6.2671
0.

1122 6.2671

RPUOO®O MO

0. 0. 0.
'ESL
200.
'MATRIX’
10
'FIT2

12 712 2.

12 0. 2.

1.E-10

128166 1.

348 -88 1.
'END’

PERPNOOWN

B.

zgoubi data file.
MMETRIC QUADRUPOLE TRIPLET
RIGIDITY (kG.cm)
11 PARTICLES GENERATED FOR USE OF MATRIX

0. .001
0. 1

3

-1.4982 3.5882 -2.1209 1.723

-1.4982 3.5882 -2.1209 1.723

-1.4982 3.5882 -2.1209 1.723

-1.4982 3.5882 -2.1209 1.723

-1.4982 3.5882 -2.1209 1.723

-1.4982 3.5882 -2.1209 1.723

VARY B IN QUADS FOR FIT OF R12 AND R34

# OF VARIABLES
SYMMETRIC TRIPLET => QUADS #1 AND #3 ARE COUPLED
PRMTR #12 OF ELEMENTS #3, 5 AND 7 IS FIELD VALUE
# OF CONSTRAINTS, PENALTY
CNSTRNT #1 : R12=16.6 AFTER LAST DRIFT (LMNT #8)
CNSTRNT #2 : R34=-88 AFTER LAST DRIFT

10

11



Excerpt of zgoubi.res : first order transfer matrices prior
to and after fitting.

TRANSFER MATRIX WITH STARTING CONDITIONS :

MATRICE DE TRANSFERT ORDRE 1 ( MKSA )

5.43427 17.0254 0.00000 0.00000 0.00000 0.00000
1.67580 5.43425 0.00000 0.00000 0.00000 0.00000
0.00000 0.00000 -1.27003 -0.974288 0.00000 0.00000
0.00000 0.00000 -0.629171 -1.27004 0.00000 0.00000
0.00000 0.00000 0.00000 0.00000 1.00000 0.00000
0.00000 0.00000 0.00000 0.00000 0.00000 1.00000

STATE OF VARIABLES AFTER MATCHING :

LMNT VAR PARAM MINIMUM INITIAL FINAL MAXIMUM STEP NAME LBL1
3 1 12 -21.0 -7.00 -6.972765137 7.00 1.707E-04 QUADRUPO 3
7 1 120 -6.97 -7.00 -6.972765137 7.00 1.707E-04
5 2 12 -3.00 3.00 3.229344585 9.00 1.266E-04 QUADRUPO 5

STATUS OF CONSTRAINTS (Target penalty =  1.0000E-10)

TYPE | J LMNT# DESIRED WEIGHT REACHED K12 *  Parameter(s)
1 1 2 8 1.6600000E+01 1.0000E+00 1.6599981E+01 * 0
1 3 4 8 -8.8000000E-01 1.0000E+00 -8.8000964E-01 * 0

Fit reached penalty value 8.4374E-11

MATRIX, WITH NEW VARIABLES :

5.27056 16.6000 0.00000 0.00000 0.00000 0.00000
1.61443 5.27450 0.00000 0.00000 0.00000 0.00000
0.00000 0.00000 -1.24205 -0.880010 0.00000 0.00000
0.00000 0.00000 -0.622553 -1.24620 0.00000 0.00000
0.00000 0.00000 0.00000 0.00000 1.00000 0.00000

0.00000 0.00000 0.00000 0.00000 0.00000 1.00000

BLR
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282 5 MULTITURN SPIN TRACKING IN SATURNE 3 GEV SYNCHROTRON

5 MULTITURN SPIN TRACKING IN SATURNE 3 GeV SYNCHROTRON
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Figure 51:Tracking over 3000 turns. These simulations exhibit the first ordearpeters and motions as produced by the multi-turn ray-
tracing.

(A) Horizontal phase-space: the particle has been launched near to the olbd (the fine structure is due 16 — Z coupling induced by
bends fringe fields, also responsible of the off-centering of the Idoaéd orbit - at ellipse center).

(B) Vertical phase-space: the particle has been launchedAyita 4.58 1073 m, Z}, = 0. A least-square fit by 2 Z> + 20, Z 7' + 622'2 =
ez/myields Bz = 2.055 M,z = 0.444, vz = 0.582m ™!, ez /m = 12 10~°® m.rad in agreement with matrix calculations.

(C) Fractional tune numbers obtained by Fourier analysigfotr = cz/m ~ 12 107° m.rad: vy = 0.63795, vz = 0.60912 (the integer
part is 3 for both).

(D) Longitudinal phase-space (P, phase)” in Zgoubi notations): particles with initial momentum dispersionsof0~* (1), 1072 (2),
1.6510~2 (3) (out of acceptance), are accelerated at 1405 eV/fdre=(2.1 T/s); analytical calculations give accordingly momentum accep-
tance of 1.65 10°.

P )

LA L I LY L L
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- =]
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500 1000 1500 2000 2500

(=]

Figure 52:Crossing ofyG = 7 — vz, atB = 2.1 T/s.

(A) ez/m = 12.2 107° m.rad. The strength of the resonance is |= 3.3 10~*. As expected from the Froissart-Stora formula [57] the
asymptotic polarization is about 0.44.

(B) The emittance is now /7 = 1.2 10~° m.rad; comparison with (A) shows that | is proportional to/ez.

(C) Crossing of this resonance for a particle having a momentum disperfsi@r d.



zgoubi data file (beginning and end).

283

ESL sb 2 18
71.6256
SATURNE. CROSSING GammaG=7-NUz, NUz=3.60877(perturbed) 'BOEND' DIP 343 19
'OBJET
5015.388 834.04 MeV, proton 247.30039 0. 1.57776
2 20. 8. .04276056667
4 1 4 2401 1.8639 -5572 .3904 0. 0. O.
6.2E-02 6.5E-02 458 0. 0. 1.00 ‘o' EpsilonY/pi ~ 0. (Closed o rbit) 20. 8. 04276056667 20. 8.
0.356 0.379 458 0. 0. 10005 "1’ 4 2401 1.8639 -5572 .3904 0. 0. 0.
0.647 0.689 458 0. 0. 1.001 2 #30]120[30  bend 3 0. 0. 0. -.1963495408
1.024 1.09 458 0. 0. 10016 '3 ‘ESL sb 2 20
1111 71.6256
'SCALING’ "QUADRUPO’ QP 1 21
14 0
MULTIPOL 46.723 10. .763695
2 CROSSING GammaG=7-Nuz+/-14E, E=3.3E-4 0. 0.
5015.388E-3 5034.391E-3 AT 2.1 T/s, IN 3442 MACHINE TURNS, 6 1122 6.2671 -1.4982 3.5882 -2.1209 1.723
1 3442 FROM 834.041 TO 838.877 MeV 0. 0.
QUADRUPO 6 .1122 6.2671 -1.4982 3.5882 -2.1209 1.723
2 #30/50/30 Quad
5015.388E-3 5034.391E-3 1000
1 3442 ESL’ 2
BEND 392.148
2 "MULTIPOL’ QP 5 23
5015.388E-3 5034.391E-3 0
1 3442 48.6273 10. 0. -.765533 0. 0. 0. 0. 0. 0. 0. 0.
CAVITE 0. 0.0.0.0. 0.0. 0.0. 0.0
2 6 .1122 6.2671 -1.4982 3.5882 -2.1209 1.723
1. 1.00378894 RELATIVE CHANGE OF SYNCHRONOUS RIGIDITY 0. 0.0.0.0. 0.0 0000
1 3442 6 .1122 6.2671 -1.4982 3.5882 -2.1209 1.723
'PARTICUL' 0. 0. 0. 0. 0. 0. 0.0 0.0
938.2723 1.6021892E-19 1.7928474 0. 0. #30[50[30 Quad
"SPNTRK’ 10. 0 0
3 'ESL’ 24
"QUADRUPO' QP 1 5 392.148
0 'QUADRUPO’ P 1 25
46.723 10. .763695 763695 = FIELD FOR BORO=1 T.m 0
0. 0. 46.723 10. .763695
6 .1122 6.2671 -1.4982 3.5882 -2.1209 1.723 0. o
0. o 6 .1122 6.2671 -1.4982 3.5882 -2.1209 1.723
6 .1122 6.2671 -1.4982 3.5882 -2.1209 1.723 0. o
#30[50|30 Quad 6 .1122 6.2671 -1.4982 3.5882 -2.1209 1.723
10.0 0. #30/50/30 Quad
'ESL! sD 2 6 10 0.0
71.6256 ESL sD 2 26
'BEND' DIP 3 43 7 71.6256
0 'BEND’ DIP 3 4 3 27
24730039 0. 157776 0
20. 8. .04276056667 247.30039 0. 157776
4 2401 18639 -.5572 .3904 0. 0. 0. 20. 8. .04276056667
20. 8. 04276056667 20. 8. 4 2401 1.8639 -5572 .3904 0. 0. O.
4 2401 18639 -.5572 .3904 0. 0. 0. 20. 8. .04276056667 20. 8.
#30|12030  bend 3 0. 0. 0. -.1963495408 4 .2401 1.8639 -5572 .3904 0. 0. 0.
ESL sD 8 #30[120130 bend 3 0. 0. 0. -.1963495408
71.6256 ESL sb 2 28
'MULTIPOL’ QP 5 9 71.6256
0 MULTIPOL’ QP 5 29
48,6273 10. 0. -.765533 0. 0. 0. 0. 0. 0. 0. 0. 0
0. 0.0.0.0..0.0 0.0.0. 0. 48.6273 10. 0. -765533 0. 0. 0. 0. 0. 0. 0. 0.
6 .1122 6.2671 -1.4982 3.5882 -2.1209 1.723 0. 0.0.0.0 0.0 0. 0. 0. 0.
0. 0.0.0.0. 0.0. 0.0.0.0. 6 .1122 6.2671 -1.4982 3.5882 -2.1209 1.723
6 .1122 6.2671 -1.4982 3.5882 -2.1209 1.723 0. 0.0.0.0. 0.0. 0.0.0. 0
0.0 0.0 0.0. 0.0.0.0. 6 .1122 6.2671 -1.4982 3.5882 -2.1209 1.723
#30/50[30 Quad 0. 0. 0.0.0. 0. 0.0 0.0
10.0 0. #30[50|30 Quad
ESL sD 2 10 10. 0.0
71.6256 ESL SD 2 30
'BEND' DIP 3 43 1 71.6256
0 'BEND’ DIP 3 4 3 31
24730039 0. 157776 0
20. 8. 04276056667 247.30039 0. 1.57776
4 2401 18639 -.5572 .3904 0. 0. 0. 20. 8. .04276056667
20. 8. .04276056667 20. 8. 4 2401 1.8639 -5572 .3904 0. 0. O.
4 2401 18639 -.5572 .3904 0. 0. 0. 20. 8. .04276056667 20. 8.
#30]|120[30 bend 3 0. 0. 0. -.1963495408 4 2401 1.8639 -5572 .3904 0. 0. 0.
S D 2 12 #30[120130 bend 3 0. 0. 0. -.1963495408
71.6256
"QUADRUPO’ QP 1 13
0
46.723 10. .763695 ESL' 84
0. 0. 392.148
6 .1122 6.2671 -1.4982 3.5882 -2.1209 1.723 ’ClAVITE' 85
0. 0.
6 .1122 6.2671 -1.4982 3.5882 -2.1209 1.723 105.5556848673 3. )
#30]50|30 Quad 6000. 0. SIN(phis) = .234162, dE=1.40497 keV/Turn.
10.0 0. 'FAISCNL 86
'ESL’ SD 2 14 b_zgoubi.fai
71.6256 "SPNPRNL’ 87
'BEND’ DIP 3 4 3 15 zgoubi.spn
0 "SPNPRT’ 88
24730039 0. 157776 "REBELOTE’ 90
20. 8. .04276056667 2999 0.1 99 TOTAL NUMBER OF TURNS = 3000
4 2401 1.8639 -5572 .3904 0. 0. O. END 91

20. 8. .04276056667 20. 8.
4 2401 1.8639 -.5572 .3904 0. 0. 0.
#30]120[30  bend 3 0. 0. 0. -.1963495408

'ESL sD 2 16

71.6256

'MULTIPOL’ QP 5 17
0

486273 10. 0. -765533 0. 0. 0. 0. 0. 0. 0. 0.
0. 0.0.0.0. 0.0. 0.0.0.0.

6 .1122 6.2671 -1.4982 3.5882 -2.1209 1.723

0. 0.0.0.0. 0.0. 0.0.0.0.

6 .1122 6.2671 -1.4982 3.5882 -2.1209 1.723
0.0.0.0.0.0. 0.0.0.0.

#30/50[30 Quad

100 0.
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6 MICRO-BEAM FOCUSING WITH E x B QUADRUPOLES
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Figure 53:Upper plot 50-particle beam tube ray-traced through a double fogugiradrupole doublet typical of the front end
design of micro-beam lines. Initial conditions ar&; = Z, = 0, anglesly and P, random uniform within+0.2 mrad, and
momentum dispersiofip/p uniform in £3 10~%.

Lower plot (D) sub-micronic cross-section at the image plane of a 4000ef@mbeam with initial conditions as above, obtained
thanks to the second-order achromatic magneto-eledimgtadrupole doublet (the image size would®E ~ AZ ~ +50um
with regular magnetic quadrupoles, due to the momenturredigm). Note the high resolution of the ray-tracing whith s
reveals image structure of nanometric size.



zgoubi data file.

MICROBEAM LINE, WITH A MAGNETO-ELECTROSTATIC QUADRUPOQEBRET.

'MCOBJET'

20.435

1

200

1 1 1 1 1 1
0. 0. 0. 0. 0. 1.

0. .2e-3 0. .2e-3 0. 0.0003
10. 10. 10. 10. 10. 10.

RANDOM OBJECT DEFINITION 1
RIGIDITY (20keV PROTONS).
DISTRIBUTION IN WINDOW.
NUMBER OF PARTICLES.
UNIFORM DISTRIBUTION.
CENTRAL VALUE, AND
HALF WIDTH OF DISTRIBUTION.
CUT-OFFS (UNUSED).

9 9.9.9 09 FOR P(D) - UNUSED.

186387 548728 472874 SEEDS.

'PARTICUL’ PARTICLE MASS AND CHARGE 2
938.2723 1.60217733E-19 0. 0. 0. FOR INTEGRATION IN E-FIELD

'DRIFT’ DRIFT. 3

500.

'DRIFT’ DRIFT. 4

59.

'EBMULT' FIRST MAGNETO-ELECTROSTATIC 5
0 QUADRUPOLE.

102 10. 0. -9272.986 0. 0. 0. 0. 0. 0. 0. 0. ELECTRIC Q-POLE COM PONENT.

0. 0. 0. 0. 0. 0. 0. 0.0.0.0.

6 .1122 6.2671 -1.4982 3.5882 -2.1209 1.723
0. 0. 0. 0. 0. 0. 0. 0.0.0.0. EXIT EFB, SHARP EDGE.

6 .1122 6.2671 -1.4982 3.5882 -2.1209 1.723

0.0.0.0.0. 0.0 0. 0.0

10.2 10. 0. 1.89493 0. 0. 0. 0. 0. 0. 0. 0. MAGNETIC Q-POLE COMPO NENT.
0. 0. 0. 0. 0. 0. 0. 0.0.0.0. ENTRANCE EFB, SHARP EDGE.

6 .1122 6.2671 -1.4982 3.5882 -2.1209 1.723
0. 0. 0. 0. 0. 0. 0. ©0.0.0.0. EXIT EFB, SHARP EDGE.
6 .1122 6.2671 -1.4982 3.5882 -2.1209 1.723

0. 0.0.0. 0.0.0. 0. 0.0.
8

ENTRANCE EFB, SHARP EDGE.

100 0

'DRIFT’ DRIFT. 6
4.9
'EBMULT’ SECOND MAGNETO-ELECTROSTATIC 7
0 QUADRUPOLE.
10.2 10. 0. 13779.90 0. 0. 0. 0. 0. 0. 0. 0.
0. 0. 0. 0. 0. 0. 0.0.0.0.0.
6 .1122 6.2671 -1.4982 3.5882 -2.1209 1.723
0. 0. 0. 0. 0. 0. 0.0.0.0.0.
6 .1122 6.2671 -1.4982 3.5882 -2.1209 1.723
0.0.0.0.0.0. 0000 0.0.0.0.
10.2 10. 0. -2.81592 0. 0. 0. 0. 0. 0. 0. 0.
0. 0. 0. 0. 0. 0. 0.0.0.0.0.
6 .1122 6.2671 -1.4982 3.5882 -2.1209 1.723
0. 0. 0. 0. 0. 0. 0.0.0.0.0.
6 .1122 6.2671 -1.4982 3.5882 -2.1209 1.723
0.0.0.0. 0.0 0.0.0.0.
8
10.0.0.
'DRIFT’ DRIFT. 8
25.
'HISTO' HISTOGRAM 9
2 -5E-6 5E-6 60 2 OF THE Y COORDINATE.
20 Y 1 'Q
'HISTO’ HISTOGRAM 10
4 -5E-6 5E-6 60 2 OF THE Z COORDINATE.
20 27 1 Q
'FAISCNL’ RAYS ARE STORED IN rays.out 11
rays.out FOR FURTHER PLOTTING.
'REBELOTE’ RUN AGAIN, FOR RAY-TRACING 12
19 010 A TOTAL OF 200+ (19+1) PARTICLES.
'END’ 13
zgoubi.res file.
[ ——————————
12 REBELOTE RUN AGAIN
Multiple pass,
from element # 1 : MCOBJET /labell=RANDOM Nabel2=OBJECT to REBELOTE /labell=RANDOM /label2=OBJECT
ending at pass # 20 at element # 12 : REBELOTE /labell=RUN Nab el2=AGAIN
End of pass # 19 through the optical structure
Total of 3800 particles have been launched

Next pass is # 20 and last pass through the optical structure

1 MCOBJET RANDOM OBJECT
Reference magnetic rigidity = 20.435 KG *CM
Object built up of 200 particles

Distribution in a Window
Central values (MKSA units):

[rrT——————

FRR AR AR AR R

Yo, To, Zo, Po, Xo, BR/BORO : 0.000 0.000 0.000 0.000 0.000 1.0 00
Width ( +/- , MKSA units ) :
DY, DT, DZ, DP, DX, DBR/BORO : 0.00 2.000E-04 0.00 2.000E-04 0 .00 3.000E-04
Cut-offs  ( * +/-Width ) :
NY, NT, NZ, NP, NX, NBR/BORO : 1.00 1.00 1.00 1.00 1.00 1.00
Type of sorting :
Y, T, Z P, X, D: Uniform Uniform Uniform Uniform Uniform Unif orm
[
2 PARTICUL PARTICLE MASS
Particle properties :
Mass = 938.272 MeV/c2
Charge = 1.602177E-19 C
Reference data :
mag. rigidity (kG.cm) : 20.435000 =pl/q, such that dev.=B * L/rigidity
mass (MeV/c2) : 938.27230
momentum (MeV/c) : 6.1262621
energy, total (MeV) H 938.29230
energy, kinetic (MeV) © 1.99998909E-02
beta = vic :  6.5291616518E-03
gamma : 1.000021316
beta * gamma © 6.5293008252E-03
electric rigidity (MeV) : 3.9999376635E-02 =T[eV] *(gammat1)/gamma, such that dev.=E * L/rigidity

HRE kAR R AR
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R R A AR

3 DRIFT DRIFT. 3
Drift, length = 500.00000 cm
TRAJ #1 IEX,D,Y,T.ZP,Stime : 1 2999865E-04 -2.027052E- 02 -4.054104E-02 -9.359114E-02 -1.871823E-01  5.0000001E +02  2.55365E+00
Cumulative length of optical axis =  5.00000000 m at ; Time (fo r ref. rigidity & particle) =  2.554417E-06 s
FETT—————————
4 DRIFT DRIFT. 4
Drift, length = 59.00000 cm
TRAJ #1 IEX,D,Y,T,ZP,Stime : 1 2.999865E-04 -2.266244E- 02 -4.054104E-02 -1.046349E-01 -1.871823E-01 5.5900001E +02 2.85498E+00
Cumulative length of optical axis = 5.59000000 m at ; Time (fo r ref. rigidity & particle) = 2.855839E-06 s
F————————
5 EBMULT FIRST ELECTRO-MA
----- MULTIPOLE :
Length of element = 10.200000 cm
Bore radius RO = 10.000 cm
E-DIPOLE = 0.0000000E+00 V/m

E-QUADRUPOLE = -9.2729860E+03 V/m
E-SEXTUPOLE = 0.0000000E+00 V/m
E-OCTUPOLE = 0.0000000E+00 V/m
E-DECAPOLE = 0.0000000E+00 V/m
E-DODECAPOLE = 0.0000000E+00 V/m

E-14-POLE = 0.0000000E+00 V/m
E-16-POLE = 0.0000000E+00 V/m
E-18-POLE = 0.0000000E+00 V/m
E-20-POLE = 0.0000000E+00 V/m
Entrance/exit field models are sharp edge
FINTE, FINTS, gap : 0.0000E+00  0.0000E+00  5.0000E+00
----- MULTIPOLE
Length of element = 10.200000 cm
Bore radius RO = 10.000 cm
B-DIPOLE = 0.0000000E+00 kG
B-QUADRUPOLE = 1.8949300E+00 kG
B-SEXTUPOLE = 0.0000000E+00 kG
B-OCTUPOLE = 0.0000000E+00 kG
B-DECAPOLE = 0.0000000E+00 kG
B-DODECAPOLE = 0.0000000E+00 kG
B-14-POLE = 0.0000000E+00 kG
B-16-POLE = 0.0000000E+00 kG
B-18-POLE = 0.0000000E+00 kG
B-20-POLE = 0.0000000E+00 kG
Entrance/exit field models are sharp edge
FINTE, FINTS, gap : 0.0000E+00  0.0000E+00  5.0000E+00
#  \Warning : sharp edge model, vertical wedge focusing approxi mated with first order kick. FINT at entrance = 0.000
ok Warning : sharp edge model, vertical wedge focusing approxi mated with first order kick. FINT at exit = 0.000
Integration step : 0.8000 cm
Cumulative length of optical axis =  5.69200000 m; Time (for r of. rigidity & particle) =  2.907949E-06 s
F—————
6 DRIFT DRIFT. 6
Drift, length = 4.90000 cm
TRAJ #1 IEX,D,Y,T,ZP,Stime : 1 2.839285E-04 -1.310701E- 02 9.564949E-01 -1.603604E-01 -5.590035E+00 5.7410014E+ 02 2.93210E+00
Cumulative length of optical axis = 5.74100000 m at ; Time (fo r ref. rigidity & particle) = 2.932982E-06 s
F——————————
7 EBMULT SECOND ELECTRO-MA
----- MULTIPOLE
Length of element = 10.200000 cm
Bore radius RO = 10.000 cm
E-DIPOLE = 0.0000000E+00 V/m
E-QUADRUPOLE = 1.3779900E+04 V/m

E-SEXTUPOLE 0.0000000E+00 V/m

E-OCTUPOLE = 0.0000000E+00 V/m
E-DECAPOLE = 0.0000000E+00 V/m
E-DODECAPOLE = 0.0000000E+00 V/m
E-14-POLE = 0.0000000E+00 V/m
E-16-POLE 0.0000000E+00 V/m
E-18-POLE = 0.0000000E+00 V/m
E-20-POLE = 0.0000000E+00 V/m
Entrance/exit field models are sharp edge
FINTE, FINTS, gap : 0.0000E+00  0.0000E+00  5.0000E+00
----- MULTIPOLE
Length of element = 10.200000 cm
Bore radius RO = 10.000 cm
B-DIPOLE = 0.0000000E+00 kG

B-QUADRUPOLE = -2.8159200E+00 kG
B-SEXTUPOLE = 0.0000000E+00 kG
B-OCTUPOLE = 0.0000000E+00 kG

B-DECAPOLE 0.0000000E+00 kG
B-DODECAPOLE 0.0000000E+00 kG
B-14-POLE 0.0000000E+00 kG
B-16-POLE 0.0000000E+00 kG

B-18-POLE = 0.0000000E+00 kG

B-20-POLE 0.0000000E+00 kG
Entrance/exit field models are sharp edge
FINTE, FINTS, gap : 0.0000E+00  0.0000E+00  5.0000E+00
#  \Warning : sharp edge model, vertical wedge focusing approxi mated with first order kick. FINT at entrance = 0.000
Hkk Warning : sharp edge model, vertical wedge focusing approxi mated with first order kick. FINT at exit = 0.000
Integration step : 0.8000 cm

Cumulative length of optical axis = 5.84300000 m ; Time (for r ef. rigidity & particle) =  2.985092E-06 s

R R R




9 HISTO

PRrRRRRRRERPRN
oOrNWhUON®®OO

PNWAOO~N®O

HISTOGRA

HISTOGRAMME DE LA COORDONNEE Y
PARTICULES PRIMAIRES ET SECONDAIRES

DANS LA FENETRE : -5.0000E-06 /  5.0000E-06 (CM)
NORMALISE

<=<=<=<

YYY Y

Y YYYy YY YY

YYYYYY YYYYYYYY Y
Y Y Y YYYYYYYYYYYYYYYYY YY Y Y
0 0 00000000000000000000000 00 00
Y YYYY YYYYYYYYYYYYYYYYYYYYYYYYYY Y YY
Y YYYY YYYYYYYYYYYYYYYYYYYYYYYYYYYY Y YY
YYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYY
YYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYY
YYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYY
YYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYY
YYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYY
YYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYY
YYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYY

123456789012345678901234567890123456789012345678901 2345678901
7 8

TOTAL COMPTAGE : 4000 SUR 4000
NUMERO DU CANAL MOYEN :

COMPTAGE AU " " : 109

VAL. PHYS. AU " 0.000E+00 (CM)
RESOLUTION PAR CANAL : 1.667E-07 (CM)

PARAMETRES PHYSIQUES DE LA DISTRIBUTION :
COMPTAGE = 4000 PARTICULES

MIN = -3.4326E-06, MAX = 3.4347E-06, MAX-MIN = 6.8674E-06 (C

MOYENNE = -2.8531E-08 (CM)
SIGMA = 1.8619E-06 (CM)

TRAJ #1 D,Y,T,.ZP,SJIEX : 1.0002E+00 9.0257E-07 -2.3996E- 01 -1.0770E-06 1.7947E+00
10 HISTO HISTOGRA
HISTOGRAMME DE LA COORDONNEE Z
PARTICULES PRIMAIRES ET SECONDAIRES
DANS LA FENETRE : -5.0000E-06 /  5.0000E-06 (CM)
NORMALISE
20
19
18
17 z
16 z z
15 zz z
14 zz z
13 zz 7z
12 zz zz
11 zz 772z
10 00 000
9 77227 772z
8 72777777 7 Z 277777
7 2777777 7 Z 777777777
6 277777777777777777777
5 2Z7777777777777777777
4 2Z7777777777777777777
3 ZZ777777777777777777777
2 27777777777777777777777
1 Z7777777777777777777777
123456789012345678901234567890123456789012345678901 2345678901
3 7 8
TOTAL COMPTAGE : 4000 SUR 4000
NUMERO DU CANAL MOYEN : 51
COMPTAGE AU " " : 169
VAL. PHYS. AU d 0.000E+00 (CM)
RESOLUTION PAR CANAL : 1.667E-07 (CM)
PARAMETRES PHYSIQUES DE LA DISTRIBUTION :
COMPTAGE = 4000 PARTICULES
MIN = -1.9150E-06, MAX = 1.9110E-06, MAX-MIN = 3.8260E-06 (C
MOYENNE = -3.8539E-09 (CM)
SIGMA = 1.1232E-06 (CM)
TRAJ #1 D,Y,T,.ZP,SJIEX : 1.0002E+00 9.0257E-07 -2.3996E- 01 -1.0770E-06 1.7947E+00
11 FAISCNL RAYS ARE
Print[s] occur at
12 REBELOTE RUN AGAIN,
ok FIN DEFFET DE 'REBELOTE’ ek
IL Y A EU 20 PASSAGES DANS LA STRUCTURE
# PARTICULES ENVOYEES : 4000

PGM PRINCIPAL : ARRET SUR CLE  REBELOTE

M)

6.09300E+02

M)

6.09300E+02

1

H Rk AR

1

kR kAR R

[rrT—————

kR R Rk

P
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PART D

Running zgoubi and
its post-processor/graphic interface zpop
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INTRODUCTION
Thezgoubipackage, including this guide, examples, zpep graphic/analysis post-processor, is available on web [5].

The zgoubi FORTRAN package is transportable; it has been compiled, linked aaduted over the years on several
types of systems (e.g. CDC, CRAY, IBM, DEC, HP, SUN, VAX, UNIXINUX).

An additional FORTRAN code,zpop, allows the post-processing and graphic treatmemgoiubi output files.zpop has been
routinely used on DEC, HP, SUN stations, and is now on UNIX laiNlUX systems.

1 GETTING TO RUN zgoubi AND zpop

1.1 Making the Executable Files zgoubi and zpop
1.1.1 The transportable package zgoubi

Compile and link thFORTRAN source files (normally, just run the Makefile), to create tkecatablezgoubi.

zgoubiis written in standardFORTRAN mostly 77, therefore it does not require linking to anydity:

1.1.2 The post-processor and graphic interface package zpo

Compile theFORTRAN source files (normally, just run the Makefile).

Link zpop with the graphic library, libminigraf.a [58]. This will cege the executablzpop, that is to be run on an xterm type
window.

1.2 Running zgoubi

The principles are the following:
e Fill up zgoubi.dat with the input data that describe the fEob(see examples, Part C).
e Runzgoubi.

¢ Results of the execution will be printed into zgoubi.res,anmbn options appearing in zgoubi.dat, into several othgnds
files (see section 2 below).

1.3 Running zpop

e Runzpopon an xterm window. This will open a graphic window.
e To access the data plotting sub-menu, select option 7.
e To access the data treatment sub-menu, select option 8.

e Anon-line Help provides some information regarding theilate post-processing procedures (Fourier transforliptiel
cal fit, synchrotron radiation, field map contours, tune diag etc.).

2 STORAGE FILES

When explicitly requested by means of the adequate keywopti®ns, or dedicateHABEL's, extra storage files are opened by
zgoubi (FORTRAN “OPEN” statement) and filled.

Their content can be post-processed using the interaatdgrgamzpop and its dedicated graphic and analysis procedures.
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2 STORAGEFILES

Thezgoubiprocedures that create and fill these extra output files arfottowing (refer to Part A and Part B of the guide):

KeywordsFAISCNL, FAISTORE: fill a‘.fai’ type file (normally named [bjzgoubi.fai) with particle and spin coordinates
and a lot of other informations.

KeywordsSPNPRNL, SPNSTORKEiill a ‘.spn’ type file (normally named [zgoubi.spn) with spin coordinates and other
informations.

Option IC' = 2, with field map keywords (e.gCARTEMES TOSCA) : fill zgoubi.map with 2-D field map.

OptionI L = 2, with magnetic and electric element keywords: fill zgoulbinith the particle coordinates and experienced
fields, step after step, all along the optical element.

Using the keywordARKER with ".plt’ as a second. ABEL will cause storage of current coordinates into zgoubi.plt.

Typical examples of graphics that one can expect from thegragessing of these files lzpop are the following (see examples,
Part C):

“.fai’ type files

Phase-space plots (transverse and longitudinal), almeri@irves, at the position wheFAISTORE or FAISCNL appears

in the optical structure. Histograms of coordinates. Fauanalysis (e.g. , spin motion, tunes, in case of multi-turn
tracking), calculation of Twiss parameters from phasessdlipse matching.

zgoubi.map

Isomagnetic field lines of 2-D map. Superimposing trajéetoread from zgoubi.plt is possible.

zgoubi.plt

Trajectories inside magnets and other lenses (these caipbaraposed over field lines obtained from zgoubi.map)ldBie
experienced by the particles at the traversal of opticahelds. Spectral and angular distributions of synchrotagimation.
zgoubi.spn

Spin coordinates and histograms, at the position wiS#8/PRNLappears in the structure. Resonance crossing when
performing multi-turn tracking.
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