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Optical elements versus keywords

This glossary gives a list of keywords suitable for the simulation of common optical elements. These are
classified in three categories: magnetic, electric and combined electro-magnetic elements.

Field map procedures are also listed; they provide a means for ray-tracing through measured or simulated
electric and/or magnetic fields.

MAGNETIC ELEMENTS

Cyclotron magnet DIPOLE[S], DIPOLE-M, FFAG, FFAG-SPI
AGS main magnet AGSMM
Decapole DECAPOLE, MULTIPOL
Dipole[s] AIMANT, BEND, DIPOLE[S], DIPOLE-M, MULTIPOL, QUADISEX
Dodecapole DODECAPO, MULTIPOL
FFAG magnet DIPOLES, FFAG, FFAG-SPI, MULTIPOL
Helical dipole HELIX
Multipole MULTIPOL, QUADISEX, SEXQUAD
Octupole OCTUPOLE, MULTIPOL, QUADISEX, SEXQUAD
Quadrupole QUADRUPO, MULTIPOL, SEXQUAD, AGSQUAD
Sextupole SEXTUPOL, MULTIPOL, QUADISEX, SEXQUAD
Skew multipoles MULTIPOL
Solenoid SOLENOID
Undulator UNDULATOR

Using field maps

1-D, cylindrical symmetry BREVOL
2-D, mid-plane symmetry CARTEMES, POISSON, TOSCA
2-D, no symmetry MAP2D
2-D, polar mesh, mid-plane symmetry POLARMES
3-D, no symmetry TOSCA
EMMA FFAG quadrupole doublet EMMA
linear composition of field maps TOSCA

ELECTRIC ELEMENTS

2-tube (bipotential) lens EL2TUB
3-tube (unipotential) lens UNIPOT
Decapole ELMULT
Dipole ELMULT
Dodecapole ELMULT
Multipole ELMULT
N-electrode mirror/lens, straight slits ELMIR
N-electrode mirror/lens, circular slits ELMIRC
Octupole ELMULT
Quadrupole ELMULT
R.F. (kick) cavity CAVITE
Sextupole ELMULT
Skew multipoles ELMULT

Using field maps

1-D, cylindrical symmetry ELREVOL
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2-D, no symmetry MAP2D-E

ELECTRO-MAGNETIC ELEMENTS

Decapole EBMULT
Dipole EBMULT
Dodecapole EBMULT
Multipole EBMULT
Octupole EBMULT
Quadrupole EBMULT
Sextupole EBMULT
Skew multipoles EBMULT
Wien filter SEPARA, WIENFILT
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PREFACE TO THE BNL EDITION, 2012

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

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

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

A series of auxiliary computing tools have been developed inaddition, aimed at making the designer’s
life easier, as, search for closed orbits in periodic machines, computation of optical functions and parame-
ters, tune scans, dynamic aperture scans, spin dynamics data treatment, graphic scripts, etc., and including
dedicated ones regarding,e.g., FFAG and cyclotron design, AGS and RHIC studies, synchrotron radiation
losses and their effects. In addition “python” interfaces are being developed by several users, possibly made
available on web by their authors.

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

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

The initial version ofzgoubi, dedicated to ray-tracing in magnetic fields, was developedby D. Garreta and
J.C. Faivre at CEN-Saclay in the early 1970’s. It was perfectedfor the purpose of studying the four spec-
trometers SPES I, II, III, IV at the Laboratoire National SATURNE (CEA-Saclay, France), and SPEG at
GANIL (Caen, France). It is being used since long in several national and foreign laboratories.

The first manual was in French [1]. Accounting for many developments and improvements, and in or-
der to facilitate access to the program an English version ofthe manual was written at TRIUMF with the
assistance of J. Doornbos. P. Stewart prepared the manuscript for publication [2]

An updating of the latter was necessary for accompanying thethird version of the code which included
developments regarding spin tracking and ray-tracing in combined electric and magnetic fields ; this was
done with the help of D. Bunel (SATURNE Laboratory, Saclay) forthe preparation of the document and
lead to the third release [3].

In the mid-1990s, the computation of synchrotron radiationelectromagnetic impulse and spectra was in-
troduced for the purpose of studying interference effects at the LEP synchrotron radiation based diagnostic
mini-wiggler. In the mean time, several new optical elements were added, such as electro-magnetic and
other electrostatic lenses. Used since several years for special studies in periodic machines (e.g., SATURNE
at Saclay, COSY at Julich, LEP and LHC at CERN, Neutrino Factory rings),zgoubi has also undergone
extensive developments regarding storage ring related features.

These developments ofzgoubi have strongly benefited of the environment of the Groupe Théorie, Lab-
oratoire National SATURNE, CEA/DSM-Saclay, in the years 1985-1995.

The graphic interface tozgoubi (addressed in Part D) has also undergone concomitant extensive devel-
opments, which make it a performing tool for the post-processing ofzgoubioutputs.

The Users’ Guide is intended to describe the contents of the most recent version ofzgoubi, which is far
from being a “finished product”.
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INTRODUCTION

The computer codezgoubi calculates trajectories of charged particles in magnetic and electric fields. At
the origin specially adapted to the definition and adjustment of beam lines and magnetic spectrometers, it
has so evolved that it allows the study of systems including complex sequences of optical elements such
as dipoles, quadrupoles, arbitrary multipoles, FFAG magnets and other magnetic or electric devices, and
is able as well to handle periodic structures. Compared to other codes, it presents several peculiarities, as
follows - a non-exhaustive list :

• a numerical method for integrating the Lorentz equation, based on Taylor series, which optimizes
computing time and provides high accuracy and strong symplecticity,

• spin tracking, using the same numerical method as for the Lorentz equation,

• account of stochastic photon emission, and its effects on particle dynamics,

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

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

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

• built-in fitting procedures allowing arbitrary variables and a large variety of constraints, easily expand-
able,

• multi-turn tracking in circular accelerators including features proper to machine parameter calculation
and survey,

• simulation of time-varying power supplies,

• simulation of arbitrary radio-frequency programs.

The initial version ofzgoubiwas dedicated to ray-tracing in magnetic elements, beam lines, spectrometers.
It was perfected for the purpose of studying, and operating,the four spectrometers SPES I, II, III, IV at the
Laboratoire National SATURNE (CEA-Saclay, France), and, later, SPEG at GANIL (Caen, France).

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

In the mid-1990s, the computation of synchrotron radiationelectromagnetic impulse and spectra was intro-
duced, for the purpose of synchrotron radiation diagnosticR&D at LEP, and further applied to the design of
the SR diagnostics installations at LHC in the early 2000s. In the mean time, several new optical elements
were added, such as electro-magnetic and other electrostatic lenses. Used since several years for special
studies in periodic machines (e.g., SATURNE at Saclay, COSY at Julich, LEP and LHC at CERN),zgoubi
has also undergone extensive developments regarding storage ring related features.

Many developments have been accomplished since the early 2000s in the frame of a number of project
design and beam dynamics studies, as the neutrino factory, lepton and hadron colliders, spin studies at AGS
and RHIC, etc. As a consequence the list of optical elements andthe compendium of numerical methods,
so-called “Glossary of Keywords” list, pp. 7 and 169, has stretched with new simulation and computing
procedures, ranging from fitting (FIT2 procedure ; additional constraints) to overlapping magnetic field
capabilities (DIPOLES, FFAG), spin manipulation (SPINR), optical elements (BEAMBEAM ), radiation
damping tools (SRLOSS) and many others (FAISTORE, MAP2D-E, OPTICS, PICKUPS, TWISS, etc.).

The graphic interface tozgoubi (zpop, Part D) has undergone extensive developments, making it a conve-
nient companion tool to the use ofzgoubi.
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1 NUMERICAL CALCULATION OF MOTION AND FIELDS

1.1 zgoubi Frame

The reference frame ofzgoubi is presented in Fig. 1. Its origin is in the median plane on a reference 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 particleof chargeq, relativistic massm and velocity
~v in electric and magnetic fields~e and~b, is written

d(m~v)

dt
= q (~e+ ~v ×~b) (1.2.1)

Trajectory

Y

M

V

←

←

W
T

0

Z
P

XReference

Figure 1: Reference frame and coordinates (Y , T , Z, P ) in zgoubi.
OX : in the direction of motion,
OY : normal toOX,
OZ : orthogonal to the(X, Y ) plane,
~W : projection of the velocity,~v, in the(X, Y ) plane,
T = angle between~W and theX-axis,
P = angle between~W and~v.
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Noting ()′ =
d()

ds
and taking

~u =
~v

v
, ds = v dt , ~u ′ =

d~u

ds
, m~v = mv~u = q Bρ~u (1.2.2)

whereBρ is the rigidity of the particle, this equation can be rewritten

(Bρ)′ ~u+Bρ~u ′ =
~e

v
+ ~u×~b (1.2.3)

From position~R(M0) and unit velocity~u(M0) at pointM0, position ~R(M1) and unit velocity~u(M1) at
pointM1 following a displacement∆s, are obtained from truncated Taylor expansions (Fig. 2)

~R(M1) ≈ ~R(M0) + ~u(M0)∆s+ ~u ′(M0)
∆s2

2!
+ ...+ ~u ′′′′′(M0)

∆s6

6!

~u(M1) ≈ ~u(M0) + ~u ′(M0)∆s+ ~u ′′(M0)
∆s2

2!
+ ...+ ~u ′′′′′(M0)

∆s5

5!

(1.2.4)

The rigidity atM1 is obtained in the same way from

(Bρ)(M1) ≈ (Bρ)(M0) + (Bρ)′(M0)∆s+ ...+ (Bρ) ′′′′′(M0)
∆s5

5!
(1.2.5)

The equation of time of flight is written in a similar manner

T (M1) ≈ T (M0) + T ′(M0)∆s+ T ′′(M0)
∆s2

2
+ ... + T ′′′′′(M0)

∆s5

5!
(1.2.6)

The derivatives~u(n) =
dn~u

dsn
and(Bρ)(n) =

dn(Bρ)

dsn
involved in these expressions are calculated as described

in the next sections. For the sake of computing speed, three distinct software procedures are involved,
depending on whether~e or~b is zero, or~e and~b are both non-zero.

u (M1)
M1

R (M 1)

u (M0)

R (M
0

)

Z

X
Y

Z

Y

X

M

0

Reference

Figure 2: Position and velocity of a particle in the reference frame.
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1.2.1 Integration in Magnetic Fields

Considering~e = 0 and given~B =
~b

Bρ
, eq. (1.2.3) reduces to

~u ′ = ~u× ~B (1.2.7)

The successive derivatives~u(n) =
dn~u

dsn
of ~u needed in the Taylor expansions (eqs. 1.2.4) are calculatedby

differentiating~u ′ = ~u× ~B

~u ′′ = ~u ′ × ~B + ~u× ~B ′

~u ′′′ = ~u ′′ × ~B + 2~u ′ × ~B ′ + ~u× ~B ′′

~u ′′′′ = ~u ′′′ × ~B + 3~u ′′ × ~B ′ + 3~u ′ × ~B ′′ + ~u× ~B ′′′

~u ′′′′′ = ~u ′′′′ × ~B + 4~u ′′′ × ~B ′ + 6~u ′′ × ~B ′′ + 4~u ′ × ~B ′′′ + ~u× ~B ′′′′

(1.2.8)

where~B(n) =
dn ~B

dsn
.

From

d ~B =
∂ ~B

∂X
dX +

∂ ~B

∂Y
dY +

∂ ~B

∂Z
dZ =

∑

i=1,3

∂ ~B

∂Xi

dXi (1.2.9)

and by successive differentiation, we get

~B ′ =
∑

i

∂ ~B

∂Xi

ui

~B ′′ =
∑

ij

∂2 ~B

∂Xi∂Xj

uiuj +
∑

i

∂ ~B

∂Xi

u ′
i

~B ′′′ =
∑

ijk

∂3 ~B

∂Xi∂Xj∂Xk

uiujuk + 3
∑

ij

∂2 ~B

∂Xi∂Xj

u′iuj +
∑

i

∂ ~B

∂Xi

u′′i

~B ′′′′ =
∑

ijkl

∂4 ~B

∂Xi∂Xj∂Xk∂Xl

uiujukul + 6
∑

ijk

∂3 ~B

∂Xi∂Xj∂Xk

u′iujuk

+ 4
∑

ij

∂2 ~B

∂Xi∂Xj

u′′i uj + 3
∑

ij

∂2 ~B

∂Xi∂Xj

u′iu
′
j +
∑

i

∂ ~B

∂Xi

u′′′i

(1.2.10)

From the knowledge of~u(M0) and ~B(M0) at pointM0 of the trajectory, we calculate alternately the deriva-
tives of~u(M0) and~B(M0), by means of eqs. (1.2.8) and (1.2.10), and inject these intoeq. (1.2.4) so yielding
~R(M1) and~u(M1).

1.2.2 Integration in Electric Fields [6]

Admitting that~b = 0, eq. (1.2.3) reduces to

(Bρ)′~u+ Bρ~u ′ =
~e

v
(1.2.11)

which, by successive differentiations, gives the recursive relations



20 1 NUMERICAL CALCULATION OF MOTION AND FIELDS

(Bρ)′~u+Bρ~u ′ =
~e

v

(Bρ)′′~u+ 2(Bρ)′~u ′ +Bρ~u ′′ =

(
1

v

)′
~e+

~e ′

v

(Bρ)′′′~u+ 3(Bρ)′′~u ′ + 3(Bρ)′~u ′′ + Bρ~u′′′ =

(
1

v

)′′
~e+ 2

(
1

v

)′
~e ′ +

(
1

v

)

~e ′′

(Bρ) ′′′′~u+ 4(Bρ)′′′~u ′ + 6(Bρ)′′~u ′′ + 4(Bρ)′~u ′′′ + Bρ~u ′′′′ =
(
1

v

)′′′
~e+ 3

(
1

v

)′′
~e ′ + 3

(
1

v

)′
~e ′′ +

1

v
~e ′′′

(Bρ) ′′′′′~u+ 5(Bρ) ′′′′~u′ + etc.

(1.2.12)

that provide the derivatives
dn~u

dsn
needed in the Taylor expansions (eq. 1.2.4)

~u ′ =

(
1

v

)

~E − (Bρ)′

Bρ
~u

~u ′′ =

(
1

v

)′
~E +

(
1

v

)

~E ′ |Bρ −2
(Bρ)′

Bρ
~u ′ − (Bρ)′′

Bρ
~u

~u ′′′ =

(
1

v

)′′
~E + 2

(
1

v

)′
~E ′ |Bρ +

1

v
~E ′′ |Bρ −3

(Bρ)′

Bρ
~u ′′ − 3

(Bρ)′′

Bρ
~u ′ − (Bρ)′′′

Bρ
~u

~u ′′′′ =

(
1

v

)′′′
~E + 3

(
1

v

)′′
~E ′ |Bρ +3

(
1

v

)′
~E ′′ |Bρ +

(
1

v

)

~E ′′′ |Bρ

− 4
(Bρ)′

Bρ
~u ′′′ − 6

(Bρ)′′

Bρ
~u ′′ − 4

(Bρ)′′′

Bρ
~u ′ − (Bρ) ′′′′

Bρ
~u

~u ′′′′′ =

(
1

v

) ′′′′
~E + 4

(
1

v

)′′′
~E ′ |Bρ +6

(
1

v

)′′
~E ′′ |Bρ +4

(
1

v

)′
~E ′′′ |Bρ +

(
1

v

)

~E ′′′′ |Bρ

− 5
(Bρ)′

Bρ
~u ′′′′ − 10

(Bρ)′′

Bρ
~u ′′′ − 10

(Bρ)′′′

Bρ
~u ′′ − 5

(Bρ) ′′′′

Bρ
~u ′ − (Bρ) ′′′′′

Bρ
~u

(1.2.13)

where~E =
~e

Bρ
, and( )(n) |Bρ denotes differentiation at constantBρ : ~E(n) |Bρ=

1

Bρ

dn~e

dsn
. These derivatives

of the electric field are obtained from the total derivative

d ~E =
∂ ~E

∂X
dX +

∂ ~E

∂Y
dY +

∂ ~E

∂Z
dZ (1.2.14)

by successive differentiations
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~E ′ =
∑

i

∂ ~E

∂Xi

ui

~E ′′ =
∑

ij

∂2 ~E

∂Xi∂Xj

uiuj +
∑

i

∂ ~E

∂Xi

u′i

~E ′′′ =
∑

ijk

∂3 ~E

∂Xi∂Xj∂Xk

uiujuk + 3
∑

ij

∂2 ~E

∂Xi∂Xj

u′iuj +
∑

i

∂ ~E

∂Xi

u′′i

(1.2.15)

etc. as in eq. 1.2.10. The eqs. (1.2.13), as well as the calculation of the rigidity, eq. (1.2.5), involve

derivatives(Bρ)(n) =
dn(Bρ)

dsn
, which are obtained in the following way. Considering that

dp2

dt
=
d~p2

dt
i.e.,

dp

dt
p =

d~p

dt
~p (1.2.16)

with
d~p

dt
= q (~e+ ~v ×~b) (eq. 1.2.1), we obtain

dp

dt
p = q (~e+ v ×~b) · ~p = q~e · ~p (1.2.17)

since(~v ×~b) · ~p = 0. Normalizing as previously with~p = p~u = qBρ~u andds = vdt, and by successive
differentiations, eq. (1.2.17) leads to the(Bρ)(n)

(Bρ)′ =
1

v
(~e · ~u)

(Bρ)′′ =

(
1

v

)′
(~e · ~u) + 1

v
(~e · ~u)′

(Bρ)′′′ =

(
1

v

)′′
(~e · ~u) + 2

(
1

v

)′
(~e · ~u)′ + 1

v
(~e · ~u)′′

(Bρ) ′′′′ =

(
1

v

)′′′
(~e · ~u) + 3

(
1

v

)′′
(~e · ~u)′ + 3

(
1

v

)′
(~e · ~u)′′ + 1

v
(~e · ~u)′′′

(Bρ) ′′′′′ = etc.

(1.2.18)

The derivatives(~e · ~u)(n) = dn(~e · ~u)
dsn

are obtained by recursive differentiation

(~e · ~u) ′ = ~e ′ · ~u+ ~e · ~u ′

(~e · ~u) ′′ = ~e ′′ · ~u+ 2~e ′ · ~u ′ + ~e · ~u ′′

etc.

(1.2.19)

Note that they can be related to the derivatives of the kinetic energyW by dW =
d~p

dt
·~v dt = q~e ·~v dt which

leads to
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dn+1W

dsn+1
= q

dn(~e · ~u)
dsn

(1.2.20)

Finally, the derivatives

(
1

v

)(n)

=

dn
(
1

v

)

dsn
involved in eqs. (1.2.13,1.2.18) are obtained from

p =
v

c

W +m0c
2

c

(m0 is the rest mass) by successive differentiations, that givethe recursive relations

(
1

v

)

=
1

c2
W +m0c

2

qBρ
(
1

v

)′
=

1

c2
(~e · ~u)
Bρ

− 1

v

(Bρ)′

Bρ
(
1

v

)′′
=

1

c2
(~e · ~u)′
Bρ

− 2

(
1

v

)′
(Bρ)′

Bρ
− 1

v

(Bρ)′′

Bρ
(
1

v

)′′′
=

1

c2
(~e · ~u)′′
Bρ

− 3

(
1

v

)′′
(Bρ)′

Bρ
− 3

(
1

v

)′
(Bρ)′′

Bρ
− 1

v

(Bρ)′′′

Bρ
(
1

v

) ′′′′
= etc.

(1.2.21)

1.2.3 Integration in Combined Electric and Magnetic Fields

When both~e and~b are non-zero, the complete eq. (1.2.3) must be considered. Recursive differentiations
give the following relations

(Bρ)′~u+ Bρ~u ′ =
~e

v
+ ~u×~b

(Bρ)′′~u+ 2(Bρ)′~u ′ + Bρ~u ′′ =

(
1

v

)′
~e+

(
1

v

)

~e ′ + (~u×~b)′

(Bρ)′′′~u+ 3(Bρ)′′~u ′ + 3(Bρ)′~u ′′ +Bρ~u ′′′ =

(
1

v

)′′
~e+ 2

(
1

v

)′
~e ′ +

(
1

v

)

~e ′′ + (~u×~b)′′

(Bρ) ′′′′~u+ 4(Bρ)′′′~u ′ + 6(Bρ)′′~u ′′ + 4(Bρ)′~u ′′′ + Bρ~u ′′′′ =
(
1

v

)′′′
~e+ 3

(
1

v

)′′
~e ′ + 3

(
1

v

)′
~e ′′ +

1

v
~e ′′′ + (~u×~b)′′′

(1.2.22)

that provide the derivatives
dn~u

dsn
needed in the Taylor expansions (1.2.4)
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~u ′ =

(
1

v

)

~E + (~u× ~B)− (Bρ)′

Bρ
~u

~u ′′ =

(
1

v

)′
~E +

(
1

v

)

~E ′ |Bρ +(~u× ~B)′ |Bρ −2
(Bρ)′

Bρ
~u ′ − (Bρ)′′

Bρ
~u

~u ′′′ =

(
1

v

)′′
~E + 2

(
1

v

)′
~E ′ |Bρ +

1

v
~E ′′ |Bρ +(~u× ~B)′′ |Bρ −3

(Bρ)′

Bρ
~u ′′ − 3

(Bρ)′′

Bρ
~u ′ − (Bρ)′′′

Bρ
~u

~u ′′′′ =

(
1

v

)′′′
~E + 3

(
1

v

)′′
~E ′ |Bρ +3(

1

v
)′ ~E ′′ |Bρ +

(
1

v

)

~E ′′′ |Bρ

+ (~u× ~B)′′′ |Bρ −4
(Bρ)′

Bρ
~u ′′′ − 6

(Bρ)′′

Bρ
~u ′′ − 4

(Bρ)′′′

Bρ
~u ′ − (Bρ) ′′′′

Bρ
~u

(1.2.23)

where~E =
~e

Bρ
, ~B =

~b

Bρ
, and(n) |Bρ denotes differentiation at constantBρ

~E(n) |Bρ=
1

Bρ

dn~e

dsn
and (~u× ~B)(n) |Bρ=

1

Bρ
(~u×~b)(n). (1.2.24)

These derivatives~E(n) and ~B(n) of the electric and magnetic fields are calculated from the vector fields

~E(X, Y, Z), ~B(X, Y, Z) and their derivatives
∂i+j+k ~E

∂X i∂Y j∂Zk
and

∂i+j+k ~B

∂X i∂Y j∂Zk
, following eqs. (1.2.14, 1.2.15)

and eqs. (1.2.9, 1.2.10), respectively.

1.2.4 Calculation of the Time of Flight

The time of flight eq. (1.2.6) involves the derivativesdT/ds = 1/v, d2T/ds2 = d(1/v)/ds, etc. that are
obtained from eq. (1.2.21). In the absence of electric field eq. (1.2.8) however reduces to the simple form

T (M1) = T (M0) + ∆s/v (1.2.25)

1.3 Calculation of ~E and ~B Fields and their Derivatives

In this section, unless otherwise stated,~B = (BX(X, Y, Z), BY (X, Y, Z), BZ(X, Y, Z)) stands indiffer-
ently for electric field~E or magnetic field~B.
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~B(X, Y, Z) and derivatives are calculated in various ways, depending whether field maps or analytic repre-
sentations of optical elements are used. The basic means arethe following.

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

This procedure assumes cylindrical symmetry with respect to theX-axis. The longitudinal field component
BX orEX(X, r = 0) (r = (Y 2 + Z2)1/2), along that axis is derived by differentiation of an appropriate
model of the potentialV (X) (e.g., magnetic inSOLENOID, electrostatic inEL2TUB, UNIPOT). The

longitudinal and radial field componentsBX(X, r), Br(X, r) and their derivatives off-axis
∂i+jBX

∂X i∂rj
and

∂i+jBr

∂X i∂rj
are obtained by Taylor expansions to the second to fifth orderin r (depending on the optical

element) assuming cylindrical symmetry (eq. (1.3.1)), andthen transformed to the(X, Y, Z) Cartesian

frame ofzgoubi in order to provide the derivatives
∂i+j+k ~B

∂X i∂Y j∂Zk
needed in eq. (1.2.15).

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

A cylindrically symmetric field (e.g., usingBREVOL, ELREVOL) can be described by an axial 1-D field
map of its longitudinal componentBX(X, r = 0) (r = (Y 2 + Z2)1/2), while the radial component on
axisBr(X, r = 0) is assumed to be zero.BX(X, r = 0) is obtained at any point along theX-axis by
a polynomial interpolation from the map mesh (see section 1.4.1). Then the field componentsBX(X, r),
Br(X, r) at the position of the particle,(X, r) are obtained from Taylor expansions truncated at the fifth

order inr (hence, up to the fifth order derivative
∂5BX

∂X5
(X, 0)), assuming cylindrical symmetry

BX(X, r) = BX(X, 0)−
r2

4

∂2BX

∂X2
(X, 0) +

r4

64

∂4BX

∂X4
(X, 0)

Br(X, r) = −r
2

∂BX

∂X
(X, 0) +

r3

16

∂3BX

∂X3
(X, 0)− r5

384

∂5BX

∂X5
(X, 0)

(1.3.1)

Then, by differentiation with respect toX and r, up to the second order, these expressions provide the
derivatives of~B(X, r). Finally a conversion from the(X, r) coordinates to the(X, Y, Z) Cartesian coordi-

nates ofzgoubi is performed, thus providing the expressions
∂i+j+k ~B

∂X i∂Y j∂Zk
needed in the eq. (1.2.10).

1.3.3 Extrapolation From Median Plane Field Models

In the median plane,BZ(X, Y, 0) and its derivatives with respect toX or Y may be derived from analytical
models (e.g., in Venus magnet -VENUS, and sharp edge multipolesSEXQUAD and QUADISEX) or
numerically by polynomial interpolation from 2-D field maps(e.g., CARTEMES, TOSCA).
Median plane antisymmetry is assumed, which results in

BX(X, Y, 0) = 0

BY (X, Y, 0) = 0

BX(X, Y, Z) = −BX(X, Y,−Z)
BY (X, Y, Z) = −BY (X, Y,−Z)
BZ(X, Y, Z) = BZ(X, Y,−Z)

(1.3.2)

Accommodated with Maxwell’s equations, this results in Taylor expansions below, for the three components
of ~B (here,B stands forBZ(X, Y, 0))
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BX(X, Y, Z) = Z
∂B

∂X
− Z3

6

(
∂3B

∂X3
+

∂3B

∂X∂Y 2

)

BY (X, Y, Z) = Z
∂B

∂Y
− Z3

6

(
∂3B

∂X2∂Y
+
∂3B

∂Y 3

)

BZ(X, Y, Z) = B − Z2

2

(
∂2B

∂X2
+
∂2B

∂Y 2

)

+
Z4
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(
∂4B

∂X4
+ 2

∂4B

∂X2∂Y 2
+
∂4B

∂Y 4

)

(1.3.3)

which are then differentiated one by one with respect toX, Y , orZ, up to second or fourth order (depending
on optical element orIORDREoption, see section 1.4.2) so as to get the expressions involved in eq. (1.2.10).

1.3.4 Extrapolation from Arbitrary 2-D Field Maps

2-D field maps that give the three componentsBX(X, Y, Z0),BY (X, Y, Z0) andBZ(X, Y, Z0) at each node
(X, Y ) of aZ0 Z-elevation map may be used.~B and its derivatives at any point(X, Y, Z) are calculated by
polynomial interpolation followed by Taylor expansions inZ, without any hypothesis of symmetries (see
section 1.4.3 and keywordsMAP2D, MAP2D-E).

1.3.5 Interpolation in 3-D Field Maps [8]

In 3-D field maps~B and its derivatives up to the second order with respect toX, Y or Z are calculated by
means of a second order polynomial interpolation, from 3-D3× 3× 3-point grid (see section 1.4.4).

1.3.6 2-D Analytical Field Models and Extrapolation

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

1.3.7 3-D Analytical Models of Fields

In many optical elements such asQUADRUPO, SEXTUPOL, MULTIPOL, EBMULT, etc., the three com-
ponents of~B and their derivatives with respect toX, Y orZ are obtained at any step along trajectories from
analytical expression drawn from the scalar potentialV (X, Y, Z), namely

BX =
∂V

∂X
, BY =

∂V

∂Y
, BZ =

∂V

∂Z
,

∂BX

∂X
=
∂2V

∂X2
,

∂BX

∂Y
=

∂2V

∂X∂Y
, etc. (1.3.4)

and similarly for~E with opposite sign for the gradients.

Multipoles

The scalar potential used for the calculation of
∂i+j+k ~Bn(X, Y, Z)

∂X i∂Y i∂Zk
(i + j + k = 0 to 4) in the case of

magnetic and electro-magnetic multipoles with2n poles (namely,QUADRUPO (n = 2) to DODECAPO
(n = 6), MULTIPOL (n = 1 to 10),EBMULT (n = 1 to 10)) is [9]

Vn(X, Y, Z) = (n!)2

( ∞∑

q=0

(−1)q
G(2q)(X)(Y 2 + Z2)q

4qq!(n+ q)!

)



n∑

m=0

sin
(

m
π

2

)

Y n−mZm

m!(n−m)!



 (1.3.5)

whereG(X) is the longitudinal gradient, defined at the entrance or exitof the optical element by
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G(s) =
G0

1 + exp(P (s))
, G0 =

B0

Rn
0

(1.3.6)

wherein

P (s) = C0 + C1

( s

λ

)

+ C2

( s

λ

)2

+ C3

( s

λ

)3

+ C4

( s

λ

)4

+ C5

( s

λ

)5

ands is the distance to the EFB.

Skew Multipoles

A multipole component with arbitrary ordern can be tilted independently of the others by an arbitrary angle
An around theX-axis. If so, the calculation of the field and derivatives in the rotated axis(X, YR, ZR) is
done in two steps. First, they are calculated at the rotated position (X, YR, ZR), in the (X, Y, Z) frame,
using the expression (1.3.5) above. Second,~B and its derivatives at(X, YR, ZR) in the(X, Y, Z) frame are
transformed into the new,(X, YR, ZR) frame, by a rotation with angleAn.

In particular a skew2n-pole component is created by takingAn = π/2n.

A Note on Electrostatic Multipoles

A right electric multipole has the same field equations as thelike-order skew magnetic multipole. Therefore,
calculation of right or skew electric or electro-magnetic multipoles (ELMULT, EBMULT, ELMULT ) uses
the same eq. (1.3.5) together with the rotation process as described in section 1.3.7. The same method is
used for arbitrary rotation of any multipole component around theX-axis.

1.4 Calculation of ~E and ~B from Field Maps

In this section, unless otherwise stated,~B = (BX(X, Y, Z), BY (X, Y, Z), BZ(X, Y, Z)) stands indiffer-
ently for electric field~E or magnetic field~B.

1.4.1 1-D Axial Map, with Cylindrical Symmetry

Let Bi be the value of the longitudinal componentBX(X, r = 0) of the field ~B, at nodei of a uniform
mesh that defines a 1-D field map along the symmetryX-axis, whileBr(X, r = 0) is assumed to be zero
(r = (Y 2 + Z2)1/2). The field componentBX(X, r = 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 whichis closest to the actual
coordinateX of the particle.
The interpolation polynomial is

B(X, 0) = A0 + A1X + A2X
2 + A3X

3 + A4X
4 + A5X

5 (1.4.1)

and the coefficientsAi are calculated by expressions that minimize the quadratic sum

S =
∑

i

(B(X, 0)−Bi)
2 (1.4.2)

Namely, the source code contains the explicit analytical expressions of the coefficientsAi solutions of the
normal equations∂S/∂Ai = 0.

The derivatives
∂nB

∂Xn
(X, 0) at the actual positionX, as involved in eqs. (1.3.1), are then obtained by differ-

entiation of the polynomial (1.4.1), giving
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∂B

∂X
(X, 0) = A1 + 2A2X + 3A3X

2 + 4A4X
3 + 5A5X

4

∂2B

∂X2
(X, 0) = 2A2 + 6A3X + 12A4X

2 + 20A5X
3

. . .

∂5B

∂X5
(X, 0) = 120A5

(1.4.3)

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

Let Bij be the value ofBZ(X, Y, 0) at the nodes of a mesh which defines a 2-D field map in the (X, Y )
plane whileBX(X, Y, 0) andBY (X, Y, 0) are assumed to be zero. Such a map may have been built or mea-
sured in either Cartesian or polar coordinates. Whenever polar coordinates are used, a change to Cartesian
coordinates (described below) provides the expression of~B and its derivatives as involved in eq. (1.2.10).

X

Y

(A)

X

Y

(B)

(C)

Y

Y

X
Boo

X
Y X

Boo
X
Y

Boo
X
Y

X
∆R

∆α

Figure 3: Mesh in the(X,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 the mesh (optionIORDRE) ; namely, a second
order interpolation, with either a 9- or a 25-point grid, or afourth 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, the grid in principle simply aims at interpolating
the field and derivatives at a given point from its 9 or 25 neighbors. On the other hand if the map results
from field measurements, the grid also has the virtue of smoothing field fluctuations.
The mesh may be defined in Cartesian coordinates, (Figs. 3A and3B) or in polar coordinates (Fig. 3C).
The interpolation grid is centered on the node which is closest to the projection in the (X, Y ) plane of the
actual point of the trajectory.
The interpolation polynomial is

B(X, Y, 0) = A00 + A10X + A01Y + A20X
2 + A11XY + A02Y

2 (1.4.4)

to the second order, or

B(X, Y, 0) =A00 + A10X + A01Y + A20X
2 + A11XY + A02Y

2

+ A30X
3 + A21X

2Y + A12XY
2 + A03Y

3

+ A40X
4 + A31X

3Y + A22X
2Y 2 + A13XY

3 + A04Y
4

(1.4.5)

to the fourth order. The coefficientsAij are calculated by expressions that minimize, with respect to
Aij, the quadratic sum

S =
∑

ij

(B(X, Y, 0)− Bij)
2 (1.4.6)

The source code contains the explicit analytical expressions of the coefficientsAij solutions of the
normal equations∂S/∂Aij = 0.
TheAij may then be identified with the derivatives ofB(X, Y, 0) at the central node of the grid

Aij =
1

i!j!

∂i+jB

∂X i∂Y j
(0, 0, 0) (1.4.7)

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

∂B

∂X
(X, Y, 0) = A10 + 2A20X + A11Y

∂B

∂Y
(X, Y, 0) = A01 + A11X + 2A02Y

etc.

(1.4.8)

This allows stepping to the calculation of~B(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 elements (e.g., POLARMES, DIPOLE[S]) the field is given in polar coordinates. It is thus
necessary to transform the field and derivatives from the polar frame of the map, (R,α, Z) to the Cartesian
moving frame (X, Y, Z), Fig. 3C. This is done as follows.
In second order calculations the correspondence is (we noteB ≡ BZ(Z = 0))
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∂B

∂X
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1

R

∂B

∂α
∂B

∂Y
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∂B
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∂2B

∂X2
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1

R2

∂2B

∂α2
+

1

R

∂B

∂R
∂2B

∂X∂Y
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1

R

∂2B
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− 1

R2

∂B
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∂2B

∂R2

∂3B

∂X3
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3

R2

∂2B
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R3

∂B
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∂3B

∂X2∂Y
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−2

R3

∂2B

∂α2
− 1

R2
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∂R
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1

R

∂2B

∂R2

∂3B

∂X∂Y 2
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2

R3

∂B

∂α
− 2

R2

∂2B

∂α∂R
∂3B

∂Y 3
= 0

(1.4.9)

In fourth order calculations the relations above are pushedto fourth order inX, Y whereas

∂3B

∂X3
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1

R3

∂3B

∂α3
+

3

R2

∂2B

∂α∂R
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R3
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∂X2∂Y
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R3
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1
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1
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2
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(1.4.10)

NOTE : In case a particle goes beyond the limits of the field map, the field and its derivatives are extrap-
olated using a grid at the border of the map, which is the closest to the actual position of the particle. The
flag IEX attached to the particle (section 4.6.10, p. 166) is then given the value−1.

1.4.3 Arbitrary 2-D Map, no Symmetry

The map is assumed to describe the field~B(BX , BY , BZ) in the (X, Y ) plane at elevationZ0. It provides
the componentsBX,ij,BY,ij,BZ,ij at each node(i, j) of a 2-D mesh.
The value of~B and its derivatives at the projection(X, Y, Z0) of the actual position(X, Y, Z) of a particle
is obtained by means of (parameterIORDRE in keyword data list - see for instanceMAP2D, MAP2D-E)
either a second degree polynomial interpolation from a3 × 3 points grid (IORDRE=2), or a fourth degree
polynomial interpolation from a5 × 5 points grid (IORDRE=4), centered at the node(i, j) closest to the
position(X, Y ).
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To second order for instance

Bℓ(X, Y, Z0) = A00 + A10X + A01Y + A20X
2 + A11XY + A02Y

2 (1.4.11)

whereBℓ stands for any of the three componentsBX ,BY orBZ . Differentiating then gives the derivatives

∂Bℓ

∂X
(X, Y, Z0) = A10 + 2A20X + A11Y

∂2Bℓ

∂X∂Y
(X, Y, Z0) = A11

etc.

(1.4.12)

Then follows a procedure of extrapolation from(X, Y, Z0) to the actual position(X, Y, Z), based on Taylor
series development.
No special symmetry is assumed, which allows the treatment of arbitrary field distribution (e.g., solenoid,
helical snake).

0,0,0

Z (k)

Y
(j)

X
(i)

i=-1

k=1

i=1

j=-1

k=-1

j=1

Figure 4: A 3-D 27-point grid is used for interpolation of magnetic or electric fields and
derivatives up to second order. The central node of the grid(i = 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 field~B(X, Y, Z) and its derivatives necessary for the calculation of
position and velocity of the particle are obtained via second degree polynomial interpolation,

Bℓ(X, Y, Z) = A000+A100X+A010Y +A001Z+A200X
2+A020Y

2+A002Z
2+A110XY +A101XZ+A011Y Z

(1.4.13)
Bℓ stands for any of the three components,BX , BY orBZ . By differentiation ofBℓ one gets
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∂Bℓ

∂X
= A100 + 2A200X + A110Y + A101Z

∂2Bℓ

∂X2
= 2A200

(1.4.14)

and so on up to second order derivatives with respect toX, Y orZ.
The interpolation involves a3× 3× 3-point parallelepipedic grid (Fig. 4), the origin of which is positioned
at the node of the 3-D field map which is closest to the actual position of the particle.

LetBℓ
ijk be the value of the — measured or computed — magnetic field at each one of the 27 nodes of the

3-D grid (Bℓ stands forBX , BY orBZ), andBℓ(X, Y, Z) be the value at a position(X, Y, Z) with respect
to the central node of the 3-D grid. Thus, any coefficientAi of the polynomial expansion ofBℓ is obtained
by means of expressions that minimize, with respect toAi, the sum

S =
∑

ijk

(
Bℓ(X, Y, Z)−Bℓ

ijk

)2
(1.4.15)

where the indicesi, j andk take the values -1, 0 or +1 so as to sweep the 3-D grid. The source code contains
the explicit analytical expressions of the coefficientsAijk solutions of the normal equations∂S/∂Aijk = 0.





33

2 SPIN TRACKING

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

2.1 Introduction

The precession of the spin~S of a charged particle in electric and magnetic fields is governed by the Thomas-
BMT first order differential equation [16]

d~S

dt
=

q

m
~S × ~ω (2.1.1)

with, in the laboratory frame,

~ω = (1 + γG)~b+G(1− γ)~b// + γ(G+
1

1 + γ
)
~e× ~v

c2
(2.1.2)

t, q, m, c, γ andG are respectively the time, charge, relativistic mass, speed of light, Lorentz relativistic
factor and anomalous magnetic moment of the particle,~b and~e are the fields in the laboratory,~b// is the
component of~b parallel to the velocity~v of the particle.
Equation (2.1.1) is normalized by introducing the same notation as for the Lorentz equation, page 18,

namelyb =‖ ~b ‖, v = ||~v||, ~v = v~u, ds = vdt the differential path,
γmv

q
= Bρ the rigidity of the particle,

whereas~S ′ =
d~S

ds
=

1

v

d~S

dt
is the derivative of the spin with respect to the path. This yields

(Bρ) ~S ′ = ~S × ~ω or ~S ′ = ~S × ~Ω (2.1.3)

where, noting~B = ~b/Bρ, ~E = ~e/Bρ,

~Ω =
~ω

Bρ
= (1 + γG) ~B +G(1− γ) ~B// +

βγ

c
(G+

1

1 + γ
) ~E × ~u (2.1.4)

This equation is solved in the same way as the reduced Lorentzequation (1.2.3). From the values of the
precession factor~ω(M0) and spin~S(M0) of the particle at positionM0, the spin~S(M1) at positionM1,
following a displacement∆s (fig. 2), is obtained from truncated Taylor expansion

~S(M1) ≈ ~S(M0) +
d~S

ds
(M0)∆s+

d2~S

ds2
(M0)

∆s2

2
+
d3~S

ds3
(M0)

∆s3

3!
+
d4~S

ds4
(M0)

∆s4

4!
+
d5~S

ds5
(M0)

∆s5

5!
(2.1.5)

2.2 Integration in Magnetic Fields

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

~Ωb = (1 + γG) ~B +G(1− γ) ~B// (2.2.1)

~S and its derivatives~S(n) = dn~S/dsn satisfy the recursive differentiation relations
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~S ′ = ~S × ~Ωb

~S ′′ = ~S ′ × ~Ωb + ~S × ~Ω′
b

~S ′′′ = ~S ′′ × ~Ωb + 2~S ′ × ~Ω′
b +

~S × ~Ω′′
b

etc.

(2.2.2)

with the derivativesdn~Ωb/ds
n obtained by differentiation of eq. (2.2.1). This requires~B// and derivatives,

obtained in the following way,

~B// = ( ~B · ~u) ~u
~B ′
// = ( ~B ′ · ~u+ ~B · ~u ′) ~u+ ( ~B · ~u) ~u ′

~B ′′
// = ( ~B ′′ · ~u+ 2 ~B ′ · ~u ′ + ~B · ~u ′′) ~u+ 2( ~B ′ · ~u+ ~B · ~u ′) ~u ′ + ( ~B · ~u) ~u ′′

etc.

(2.2.3)

The quantities~u, ~B and their derivatives as involved in these equations are known, being sub-products of
the integration of the motion of the particle, eqs. (1.2.8, 1.2.10) p. 19.

2.3 Integration in Electric Fields

In purely electric fields~b = 0, thus eq. (2.1.2) reduces to

ωe =
βγ

c
(G+

1

1 + γ
)~e× ~u (2.3.1)

~S and its derivatives~S(n) = dn~S/dsn satisfy the recursive differentiation relations

Bρ ~S ′ = ~S × ~ωe

(Bρ)′~S ′ + Bρ~S ′′ = ~S ′ × ~ωe + ~S × ~ω′
e

(Bρ)′′~S ′ + 2(Bρ)′~S ′′ + Bρ~S ′′′ = ~S ′′ × ~ωe + 2~S ′ × ~ω ′
e + ~S ′ × ~ω′′

e

etc.

(2.3.2)

that provide the derivativesdn~S/dsn needed in the Taylor expansion (eq. 2.1.5). The derivatives(Bρ)(n) =
dn(Bρ)/dsn above are a sub-product of the integration of the force law (eq. 1.2.18). The derivatives ofωe

(eq. 2.3.1) are obtained by recursive differentiation,

~ω′
e =

(
βγ

c
(G+

1

1 + γ
)

)′
~e× ~u+

βγ

c
(G+

1

1 + γ
) (~e× ~u)′

~ω′′
e =

(
βγ

c
(G+

1

1 + γ
)

)′′
~e× ~u+ 2

(
βγ

c
(G+

1

1 + γ
)

)′
(~e× ~u)′ +

βγ

c
(G+

1

1 + γ
) (~e× ~u)′′

etc.

(2.3.3)

The quantities

(
1

1 + γ

)(n)

in the(ωe)
(n) above are obtained as follows.
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Fromγ2 = 1/(1− β2) it comes(γ + 1)(γ − 1)β2/(1− β2) and then

1

1 + γ
=

(
1

β
− 1

)(
1

β
+ 1

)

(γ − 1)

which is easily differentiated, recursively,
(

1

1 + γ

)′
=

(
1

β

)′(
1

β
+ 1

)

(γ − 1) +

(
1

β
− 1

)(
1

β

)′
(γ − 1) +

(
1

β
− 1

)(
1

β
+ 1

)

γ′

(
1

1 + γ

)′′
=

(
1

β

)′′(
1

β
+ 1

)

(γ − 1) +

(
1

β
− 1

)(
1

β

)′′
(γ − 1) +

(
1

β
− 1

)(
1

β
+ 1

)

γ′′+

2

(
1

β

)′(
1

β

)

(γ − 1) + 2

(
1

β

)′(
1

β

)′
(γ − 1) + 2

(
1

β
− 1

)(
1

β

)′
γ′

etc.
(2.3.4)

The interest of that formulation is that the

(
1

β

)(n)

are already known from the particle dynamics, eq. (1.2.21),

as well as the derivatives
dn+1γ

dsn+1
=

q

m

dn(~e · ~u)
dsn

following eq. (1.2.20), whereas thedn(~e · ~u)/dsn are given by eq. (1.2.19).

2.4 Integration in Combined Electric and Magnetic Fields

When both~e and~b are non-zero, the complete eqs. (2.1.3, 2.1.4) must be considered.
The precession vector (eq. 2.1.4) and its derivatives can besplit into independent, magnetic and electric
components, namely

~ω = ~ωb + ~ωe, ~ω
′ = ~ω ′

b + ~ω ′
e, etc.

As a consequence, the spin vector~S(s) and its derivatives at locationM0 prior to a∆s push to locationM1

(fig. 2) can be obtained by linear superposition of the separate solutions for the magnetic case (eq. 2.2.2)
and for the electric case (eq. 2.3.2), namely

Bρ ~S ′ =
~S × ~ωb +~S × ~ωe

Bρ~S ′′ =
~S ′ × ~ωb + ~S × ~ω ′

b +~S ′ × ~ωe + ~S × ~ω ′
e − (Bρ)′~S ′

Bρ~S ′′′ =
~S ′′ × ~ωb + 2~S ′ × ~ω ′

b + ~S × ~ω ′′
b

︸ ︷︷ ︸

Magnetic field component, eq. (2.2.2)

+~S ′′ × ~ωe + 2~S ′ × ~ω ′
e + ~S × ~ω ′′

e −
(

(Bρ)′′~S ′ + 2(Bρ)′~S ′′
)

︸ ︷︷ ︸

Electric field component, eq. (2.3.2)

etc.
(2.4.1)

The process is then completed by applying the∆s push, eq. (2.1.5).
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3 SYNCHROTRON RADIATION

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

SR loss simulationwas first installed inzgoubi in view of beam dynamics studies in the beam delivery
system of the Next Linear Collider [17], based on a method developed in the frame of the ELFE project
(“EU Lab. For Electrons”) [18, 19, 20]. It was next used for including damping effects in beam studies
regarding various electron-ring and recirculator projects [12, 21].

SR electromagneitc impulse and spectrumcomputation was first installed inzgoubi for the study of
interference effects at the LEP beam diagnostics miniwiggler [23]. These simulation tools were next used
to design the LHC SR beam diagnostics systems, located in theIR4 RF section [24].

3.1 Energy Loss and Dynamical Effects

Most of the contents of the present section are drawn from Ref.[17].

Given a particle wandering in the magnetic field of an arbitrary optical element or field map,zgoubi com-
putes the energy loss undergone, and its effect on the particle motion. The energy loss is calculated in a
classical manner, by invoking two random processes that accompany the emission of a photon namely,

- the probability of emission,
- the energy of the photon.

The effects on the dynamics of the emitting particle either account for the sole alteration of its energy,
or, if requested, include the angle kick. Particle positionis supposed not to change upon emission of a
photon. These calculations and ensuing dynamics corrections are performed at each integration step. In a
practical manner, this requires centimeters to tens of centimeters steps in smoothly varying magnetic fields
(a quantity to be determined before any simulation, from convergence 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 step∆s can be very small (units or fractions of a
unit)1 a Poisson probability law

p(k) =
λ−k

k!
exp(−k) (3.1.1)

is considered.k is the number of photons emitted over a∆θ (circular) arc of trajectory such that, the mean
number of photons per radian expresses as2

1For instance, a1GeV electron will emit about20.6 photons per radian ; an integration step size∆s = 0.1m uponρ = 10m bending radius results in 0.2
photon per step.

2This leads for instance, in the case of electrons, to the classical formulaλ/∆θ ≈ 129.5E(GeV)/2π ≈ γ/94.9.
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λ =
20er0

8h̄
√
3
β2Bρ∆s (3.1.2)

wherer0 = e2/4πǫ0m0c
2 is the classical radius of the particle of rest-massm0, e is the elementary charge,

h̄ = h/2π, h is the Planck constant,β = v/c, Bρ is the particle stiffness.λ is evaluated at each integration
step from the current valuesβ,Bρ and∆s, then a value ofk is drawn by a rejection method.

Energy of the Photons

These k photons are assigned energiesǫ = hν at random, in the following way. The cumulative
distribution of the energy probability lawp(ǫ/ǫc)dǫ/ǫc (i.e., the probability of emission of a photon with
energy in[0, ǫ]) writes3

P(ǫ/ǫc) =
3

5π

∫ ǫ/ǫc

0

K5/3(x)dx (3.1.3)
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Cumulative energy distributionP(ǫ/ǫc).

whereK5/3 is a modified Bessel function and,ǫc =
h̄ωc, ωc = 2π3γ3c/2ρ being the critical frequency
in the presence of bending radiusρ ; ωc is evaluated
at each integration step from the current valuesγ
andρ, in other words, this energy loss calculation
assumes constant magnetic field over the trajectory
arc∆s. In the low frequency region(ǫ/ǫc ≪ 1) it
can be approximated by

P(ǫ/ǫc) =
12
√
3

5 21/3Γ(
1

3
)
(
ǫ

ǫc
)1/3 (3.1.4)

About 40 values ofP(ǫ/ǫc) computed from eq. 3.1.3 [22], honestly spread over a rangeǫ/ǫc ≤ 10 are
tabulated inzgoubisource file (see figure). In order to getǫ/ǫc, first a random value0 < P < 1 is generated
uniformly, thenǫ/ǫc is drawn either by simple inverse linear interpolation of the tabulated values ifP > 0.26

(corresponding toǫ/ǫc > 10−2), or, if P < 0.26 from eq. 3.1.4 that directly givesǫ/ǫc =
(5 2

1/3Γ(
1

3
)

12
√
3P

)3

with precision no less than 1% atP → 0.26.

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

- energy loss per particle∆E(eV ) =
2

3
r0cγ

3B(T )∆θ, with B the dipole field exclusive of any other

multipole component in the magnet,∆θ the total deviation as calculated fromB, from the magnet length,
and from the reference rigidityBORO (as defined with,e.g., [MC]OBJET)

- critical energyǫc(eV ) =
3γ3c

2ρ

h̄

e
, with ρ =BORO/B

- average energy of the photons radiated< ǫ >=
8

15
√
3
ǫc,

- rms energy of radiated photonsǫrms = 0.5591ǫc,
- number of radiated photons per particleN = ∆E/ < ǫ >.
This is done in order to facilitate verifications, since on the other hand statistics regarding those values are
drawn from the tracking and may be printed using the dedicated keywordSRPRNT.

3From a practical viewpoint, the value of the magnetic field first computed for a one-step push of the particle (eqs. 1.2.4, 1.2.8) is next used to obtainρ and
perform SR loss corrections afterwards.
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Finally, upon user’s request as well, SR loss can be limited to particular classes of optical elements, for
instance dipole magnets alone, or dipole + quadrupole magnets, etc. This option is made available in order
to allow further inspection, or easier comparison with other codes, for instance.

3.2 Spectral-Angular Radiated Densities

Most of the content in the present section is drawn from Refs. [23, 24, 25].

The ray-tracing procedures provide the ingredients necessary for the determination of the electric field
radiated by the particle subject to acceleration, as shown in Fig. 5, this is developed in section 3.2.1. These
ingredients further allow calculating the spectral-angular density of the radiation4, this is developed in
section 3.2.2.

Y

X
Z

R(t)→

Trajectory

X

←

0

Observer

n(t) r(t)

Figure 5: A scheme of the reference frame inzgoubi together with the vectors entering in the definition of
the electric field radiated by the accelerated particle :
(x, y) : horizontal plane ;z : vertical axis.
~R(t) = particle position in the fixed frame(O, x, y, z) ;
~X (time-independent) = position of the observer in the(O, x, y, z) frame ;
~r(t) = ~X − ~R(t) = position of the particle with respect to the observer ;
~n(t) = (normalized) direction of observation =~r(t)/|~r(t)| ;
~β = normalized velocity vector of the particle~v/c = (1/c)d~R/dt.

3.2.1 Calculation of the Radiated Electric Field

The expression for the radiated electric field~E(~n, τ) as seen by the observer in the long distance approxi-
mation is [26]

~E(~n, τ) = q

4πε0c

~n(t)×
[(

~n(t)− ~β(t)
)

× d~β/dt
]

r(t)
(

1− ~n(t) · ~β(t)
)3 (3.2.1)

wheret is the time in which the particle motion is described andτ is the observer time. Namely, when at
position~r(t) with respect to the observer (or as well at position~R(t) = ~X − ~r(t) in the (O, x, y, z) frame)
the particle emits a signal which reaches the observer at time τ , such thatτ = t + r(t)/c wherer(t)/c is
the delay necessary for the signal to travel from the emission point to the observer, which also leads by
differentiation to the well-known relation

4These calculations have been installed in the post-processor zpop.
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Figure 6: Left : typical shapes of theEσ(t) andEπ(t) components of the electric field
impulse (eq. 3.2.1) emitted by a 2.5 GeV electron on aρ = 53.6 m circular
trajectory in al = 20 cm-long dipole, as observed in the direction of the
centre of the dipole,φ = 0, γψ = 5 (observation distancer = 10 m). Right:
the related spectral angular densities∂3Wσ, π/∂φ ∂ψ ∂ω (eq. 3.2.10). After
Ref. [25].

dτ

dt
= 1− ~n(t) · ~β(t) (3.2.2)

The vectors~R(t) and ~β(t) =
v

c
~u (eq. 1.2.2) that describe the motion are obtained from the ray-tracing

(eqs. 1.2.4). The acceleration is calculated from (a form ofeq. 1.2.1 with~e = 0)

d~β

dt
=

q

m
~β(t)×~b(t) (3.2.3)

Then, given the observer position~X in the fixed frame, it is possible to calculate

~r(t) = ~X − ~R(t) and ~n(t) =
~r(t)

|~r(t)| (3.2.4)

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

2 τc = 2
2ρ

3γ3 c
(1 + γ2ψ2)3/2

Computation of ~n− ~β and 1− ~n · ~β

Owing to computer precision the crude computation of~n− ~β and1− ~n · ~β may lead to

~n− ~β = 0 and1− ~n · ~β = 0

since the preferred direction of observation is generally almost parallel to~β (in that case, parallel in the
sense of computer precision), whileβ ≈ 1 as soon as particle energies of a few hundred times the rest mass
are concerned.
It is therefore necessary to express~n− ~β and1− ~n · ~β in an adequate form for achieving accurate software
computation.
The expression for~n is

~n = (nx, ny, nz) = (cosψ cosφ, cosψ sinφ, sinψ)

=
[
1− 2(sin2 φ/2 + sin2 ψ/2) + 4 sin2 φ/2 sin2 ψ/2, sinφ(1− 2 sin2 ψ/2), sinψ

]
(3.2.5)

whereφ andψ are the observation angles, given by
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φ = Atg

(
ry
rx

)

andψ = Atg

(

rz
√
r2x + r2y

)

(3.2.6)

with ~r = (rx, ry, rz), while ~β can be written under the form

~β = (βx, βy, βz) =
[√

(β2 − β2
y − β2

z ), βy, βz

]

=
[√

(1− 1/γ2 − β2
y − β2

z ), βy, βz

]

= (1− a/2 + a2/8− a3/16 + ..., βy, βz) (3.2.7)

wherea = 1/γ2 + β2
y + β2

z . This leads to

nx = 1− εx andβx = 1− ξx

with

εx = 2(sin2 φ/2 + sin2 ψ/2)− 4 sin2 φ/2 sin2 ψ/2

and

ξx = a/2− a2/8 + a3/16 + ...

All this provides, on the one hand,

~n− ~β = (−εx + ξx, ny − βy, nz − βz) , (3.2.8)

whose components are combinations of terms of the same orderof magnitude (εx andξx ∼ 1/γ2 while
ny, βy, nz andβz ∼ 1/γ) and, on the other hand,

1− ~n · ~β = εx + ξx − nyβy − nzβz − εxξx , (3.2.9)

that combines terms of the same order of magnitude (εx, ξx, nyβy andnzβz ∼ 1/γ2), plusεxβx ∼ 1/γ4.
The precision of these expressions is directly related to the order at which the series

ξx = a/2− a2/8 + a3/16 + ... (a = 1/γ2 + β2
y + β2

z )

is pushed, however the convergence is fast sincea ∼ 1/γ2 ≪ 1 in situations of concern.

3.2.2 Calculation of the Fourier Transform of the Electric Field

The Fourier transforms

FTω[~E(τ)] =
∫

~E(τ)e−iωτdτ

of theσ andπ electric field components provide the spectral angular energy density

∂3W

∂φ∂ψ ∂ω
=

r2

µ0c

∣
∣
∣FTω

(

~E(τ)
)∣
∣
∣

2

(3.2.10)

Fig. 6-right gives a typical example in the case of a short magnet. These Fourier transforms are computed
without resorting to FFT techniques, namely from

FTω

[

~E(τ)
]

≈
∑

~E(τk) e−iωτk ∆τk (3.2.11)

for two reasons. On the one hand, the number of integration steps∆s that define the trajectory (eqs. 1.2.4),
is arbitrary and therefore in general not of order2n. On the other hand, the integration step defines a
constant time differential element∆tk = ∆s/βc which results in the observer differential time element
∆τk, which is also the differential element of the Fourier transform, being non-constant, since both are
related by eq. 3.2.2 in which~β and~n vary as a function of the integration step numberk.
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An additional issue is that∆τk may reach drastically small values in the region of the central peak of the
electric impulse emitted in a dipole,i.e., 1−~n(t)·~β(t) → 1/2γ2, whereas the total integrated time

∑N
k=1∆τk

may be several orders of magnitude larger. In terms of the physical phenomenon, the total duration of the
electric field impulse as seen by the observer corresponds tothe time delay

∑N
k=1 ∆τk that separates photons

emitted at the entrance of the magnet from photons emitted atthe exit, but the significant part of it (in terms

of energy density) which can be represented by the width2 τc = 2
2ρ

3γ3 c
(1+γ2ψ2)3/2 of the radiation peak,

is a very small fraction of
∑N

k=1 ∆τk.
The consequence is that, again in relation to computer precision, the differential element∆τk involved in
the computation of eq. 3.2.11 cannot be derived from such relation as∆τk =

∑n
k=1 ∆τk −

∑n−1
k=1 ∆τk but

instead must be stored as is, in the course of the ray-tracingprocess, 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 availablein zgoubi, their associated “keyword”, and a
brief description of the way they function.

The chapter has been split into several sections. Sections 4.2 to 4.5 explain the underlying content - physics
and numerical methods - behind the keywords, they are organized by 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 functionalities that may be accessed by means of special input data
or flags.
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4.2 Definition of an Object

The description of the object,i.e., initial coordinates of the ensemble of particles, must be the first procedure
in thezgoubi input data file, zgoubi.dat.

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

- non-random object, with various distributions : individual particles, grids, object forMATRIX , etc.
- Monte Carlo distribution, with various distributions as well : 6-D window, ellipsoids, etc.

A recurrent quantity appearing in these procedures isIMAX , the number of particles to be ray-traced. The
maximum value allowed forIMAX can be changed at leisure in the include file’MAXTRA.H’ where it is
defined (that requires re-compilingzgoubi).
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MCOBJET : Monte-Carlo generation of a 6-D object

MCOBJET generates a set ofIMAX random 6-D initial conditions (the maximum value forIMAX is
defined in the include file’MAXTRA.H’ ). It can be used in conjunction with the keywordREBELOTE
which either allows generating an arbitrarily high number of initial conditions, or, in the hypothesis of a
periodic structure, allows multi-turn tracking with initial conditions at pass numberIPASSidentified with
conditions at end of pass numberIPASS− 1.

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

BORO=
p0
q

(kG.cm)

Depending on the value of the next datum,KOBJ, theIMAX particles have their initial random conditions
Y , T , Z, P ,X andD (relative rigidity,Bρ/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 coordinates.
KY , KT, KZ, KP, KX can take the following values :

1. uniform density,p(x) = 1/2δx if −δx ≤ x ≤ δx, p(x) = 0 elsewhere,

2. Gaussian density,p(x) =
1

δx
√
2π
e
−
x2

2δx2 ,

3. parabolic density,p(x) =
3

4δx
(1− x2

δx2
) if −δx ≤ x ≤ δx, p(x) = 0 elsewhere.

KD can take the following values :

1. uniform density,p(D) = 1/2δD if −δD ≤ D ≤ δD, p(D) = 0 elsewhere,

2. exponential density,p(D) = N0 exp(C0 + C1l + C2l
2 + C3l

3) with 0 ≤ l ≤ 1 and−δD ≤ D ≤ δD,

3. p(D) is determined by a kinematic relation, namely, withT = horizontal angle,D = δD ∗ T .

Next come the central values for the random sorting,

Y0, T0, Z0, P0, X0, D0

namely, the probability density lawsp(x) (x = Y, T, Z, P or X) andp(D) described above apply to the
variablesx − x0 ( ≡ Y − Y0, T − T0, ...) andD −D0 respectively. Negative value forD0 is allowed (see
section 4.6.11, page 166).

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

δY, δT, δZ, δP, δX, δD

Then follow the cut-off values, in units of the r.m.s. widthsδY , δT , ... (used only for Gaussian distributions,
KY,KT, ... = 2)

NδY , NδT , NδZ , NδP , NδX , NδD

The last data are the parameters

N0, C0, C1, C2, C3

needed for generation of theD coordinate upon optionKD = 2 (unused ifKD = 1, 3) and a set of three
integer seeds for initialization of random sequences,
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IR1, IR2, IR3 (all ≃ 106)

All particles generated byMCOBJETare tagged with a (non-S) character, for further statistic purposes
(e.g., with HISTO, MCDESINT).

KOBJ = 2 : Random generation ofIMAX = IY ∗ IT ∗ IZ ∗ IP ∗ IX ∗ ID particles on a hyper-grid. The
input data are the number of bars in each coordinate

IY, IT, IZ, IP, IX, ID

the spacing of the bars

PY, PT, PZ, PP, PX, PD

the width of each bar

δY, δT, δZ, δP, δX, δD

the cut-offs, used with Gaussian densities (in units of the r.m.s. widths)

NδY , NδT , NδZ , NδP , NδX , NδD

This is illustrated in Fig. 7.

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

N0, C0, C1, C2, C3

needed for generation of theD coordinate upon option KD= 2 (unused if KD= 1, 3) and a set of three
integer seeds for initialization of random sequences,IR1, IR2, andIR3 (all ≃ 106).
All particles generated byMCOBJETare tagged with a (non-S) character, for further statistic purposes (see
HISTO and MCDESINT).

KOBJ = 3 : Distribution ofIMAX particles inside a 6-D ellipsoid defined by the three sets of data (one set
per 2-D phase-space)

αY , βY ,
εY
π
, NεY [, N ′

εY
, if NεY < 0]

αZ , βZ ,
εZ
π
, NεZ [, N ′

εZ
, if NεZ < 0]

αX , βX ,
εX
π
, NεX [, N ′

εX
, if NεX < 0]

whereα, β are the ellipse parameters andε/π the rms emittance, corresponding to an elliptical frontier
1 + α2

Y

βY
Y 2 + 2αY Y T + βY T

2 = εY /π (idemfor the (Z, P ) or (X,D) planes).NεY , NεZ andNεX are the

sorting cut-offs (used only for Gaussian distributions,KY,KT, ... = 2).
The sorting is uniform in surface (forKY = 1 orKZ = 1 orKX = 1) or Gaussian (KY = 2 orKZ = 2),
and so on, as described above. A uniform sorting has the ellipse above for support. A Gaussian sorting

has the ellipse above for r.m.s. frontier, leading toσY =
√

βY εY /π, σT =

√

(1 + α2
Y )

βY
εY /π, and similar

relations forσZ , σP , σX , σD.
If Nε is negative, thus the sorting fills the elliptical ring that extends from|Nε| toN ′

ε (rather than the inner
region determined by theNε cut-off as discussed above).
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Figure 7: A scheme of input parameters toMCOBJETwhenKOBJ= 2.
Top : Possible distributions of theY coordinate.
Bottom : A 2-D grid in (Y, Z) space.
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OBJET : Generation of an object

OBJET is dedicated to the construction of sets of initial coordinates, in several ways.

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

BORO=
p0
q

At the object, the beam is defined by a set ofIMAX particles (the maximum value forIMAX is defined in
the include file’MAXTRA.H’ ) with the initial conditions (Y , T , Z, P , X, D) with D = Bρ/BORO the
relative rigidity.
Depending on the value of the next datumKOBJ, these initial conditions may be generated in eight different
ways :

KOBJ = 1 : Defines a grid in theY , T , Z, P ,X,D space. One gives the number of points desired

IY, IT, IZ, IP, IX, ID

with IY ≤ nY . . . ID ≤ nD such thatnY × nT × ...× nD ≤ max(IMAX ). One defines the sampling range
in each coordinate

PY, PT, PZ, PP, PX, PD

zgoubi then generatesIMAX = IY ∗ IT ∗ IZ ∗ IP ∗ IX ∗ ID particles with initial coordinates

0, ±PY, ±2 ∗ PY, . . . , ±IY/2 ∗ PY,
0, ±PT, ±2 ∗ PT, . . . , ±IT/2 ∗ PT,
0, ±PZ, ±2 ∗ PZ, . . . , ±IZ/2 ∗ PZ,
0, ±PP, ±2 ∗ PP, . . . , ±IP/2 ∗ PP,
0, ±PX, ±2 ∗ PX, . . . , ±IX/2 ∗ PX,
0, ±PD, ±2 ∗ PD, . . . , ±ID/2 ∗ PD,

In this option relative rigidities will be classified automatically in view of possible further use ofIMAGES[Z]
for momentum analysis and image formation.
The particles are tagged with an indexIREP possibly indicating a symmetry with respect to the (X,Y )
plane, as explained in optionKOBJ= 3. If two trajectories have mid-plane symmetry, only one will be
ray-traced, while the other will be deduced using the mid-plane symmetries. This is done for the purpose of
saving computing time. It may be incompatible with the use ofsome procedures (e.g.MCDESINT, which
involves random processes).
The last datum is a reference in each coordinate,YR,TR,ZR,PR,XR,DR. For instance the reference
rigidity is DR∗ BORO, resulting in the rigidity of a particle of initial condition I ∗ PD to be(DR + I ∗
PD) ∗ BORO.

KOBJ = 1.01: Same asKOBJ= 1 except for theZ symmetry. The initialZ andP conditions are the
following

0, PZ, 2 ∗ PZ, . . . , (IZ − 1) ∗ PZ,
0, PP, 2 ∗ PP, . . . , (IP − 1) ∗ PP,

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

KOBJ = 2 : Next data : IMAX , IDMAX . Initial coordinates are entered explicitly for each trajectory.
IMAX is the total number of particles. These may be classified in groups of equal number for each value
of momentum, in order to fulfill the requirements of image calculations byIMAGES[Z]. IDMAX is the
number of groups of momenta. The following initial conditions defining a particle are specified for each
one of theIMAX particles

Y, T, Z, P, X, D, ′A′

whereD ∗ BORO is the rigidity (negative value allowed) and′A′ is a (arbitrary) tagging character.
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The last recordIEX (I=1, IMAX ) containsIMAX times either the character “1” to indicates that the particle
has to be tracked, or “-9” to indicates that the particle should not be tracked.
This optionKOBJ= 2 may be be useful for the definition of objects including kinematic effects.

KOBJ = 2.01: Same asKOBJ= 2 except for the units, meter and radian in that case.

KOBJ = 3 : This option allows the reading of initial conditions from anexternal 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 nameFNAME.
IT1, IT2, ITStep cause the code to read coordinates of particles number IT1 throughIT2 by stepITStep.
IP1, IP2, IPStepcause the code to read coordinates belonging in the passes range IP1 through IP2, step
IPStep.
YF, TF, ZF, PF, SF, DPF, TiF are scaling factors whereasYR, TR, ZR, PR, SR, DPR, TiR

are references added to the values of respectively Y, T, Z, P,S, DP as read in fileFNAME, so that any
coordinateC = Y, T, Z... is changed into CF*C + CR. In addition a flag character TAG allows retaining
only particles with identical tagging letter LET, unless TAG=’*’ in which case it has no selection effect -
for instance TAG=’S’ can be used to retain only secondary particles following in-flight decay simulations.
If InitC= 1 ray-tracing starts from the current coordinatesF (J, I),
if InitC= 0 ray-tracing starts from the initial coordinatesFO(J, I), as read from fileFNAME.
The fileFNAME must be formatted in the appropriate manner. The followingFORTRAN sequence is an
instance, details and possible updates are to be found in thesource file’obj3.f’ :

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

READ (NL,100) LET (I), IEX(I), (FO(J,I),J=1,6), (F(J,I),J =1,6), I, IREP(I),
> LET(I),IEX(I),-1.D0+FO(1,I),(FO(J,I),J=2,MXJ),
> -1.D0+F(1,I),F(2,I),F(3,I),
> (F(J,I),J=4,MXJ),ENEKI,
> ID,I,IREP(I), SORT(I),D,D,D,D,RET(I),DPR(I),
> D, D, D, BORO, IPASS, KLEY,LBL1,LBL2,NOEL

100 FORMAT(1X,
C1 LET(IT),KEX, 1.D0-FO(1,IT),(FO(J,IT),J=2,MXJ),

1 A1,1X,I2,1P,7E16.8,
C2 1.D0-F(1,IT),(FO(J,IT),J=2,MXJ),

2 /,3E24.16,
C3 Z,P * 1.D3,SAR, TAR, DS,

3 /,4E24.16,E16.8,
C4 KART, IT,IREP(IT),SORT(IT),X, BX,BY,BZ, RET(IT), DPR( IT),

4 /,I1,2I6,7E16.8,
C5 EX,EY,EZ, BORO, IPASS, KLEY, (LABEL(NOEL,I),I=1,2),NO EL

5 /,4E16.8, I6,1X, A8,1X, 2A10, I5)
ENDDO

where the meaning of the parameters (apart from D=dummy real, ID=dummy integer) is the following

LET(I) : one-character string (for tagging)
IEX(I) : flag, seeKOBJ= 2 and page 166
FO(1-6,I) : coordinatesD, Y , T , Z, P and path length of particle num-

berI, at the origin.D ∗ BORO= rigidity
F(1-6,I) : id, at the current position.

IREP is an index which indicates a symmetry with respect to the median plane. For instance, ifZ(I +1) =
−Z(I), then normallyIREP(I + 1) = IREP(I). Consequently the coordinates of particleI + 1 will not be
obtained from ray-tracing but instead deduced from those ofparticleI by simple symmetry. This saves on
computing time.
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KOBJ= 3 can be used directly for reading files filled byFAISCNL, FAISTORE.
If more thanIMAX particles are to be read from a file, useREBELOTE.

Note : In this option, one has to make sure that input data do not conflict with possible use of the keyword
PARTICUL that assigns mass and charge.

KOBJ = 3.01: Same asKOBJ = 3, except for the formatting of trajectory coordinate data inFNAME,
namely, according to the followingFORTRAN 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 MeV/c. 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

whereMASSis the mass in MeV/c andCHARGEis the charge in units of the elementary charge.

Note : For details and possible updates in the formatted read of concern in theFORTRAN, regarding
options 3.01-3.03, see the source file’obj3.f’ .

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

PY, PT, PZ, PP, PX, PD

The code generates 11 particles, with initial coordinates

0, ±PY, ±PT, ±PZ, ±PP, ±PX, ±PD

These values should be small enough, so that the paraxial rayapproximation be valid. The last data line
gives the reference

Y R, TR, ZR, PR, XR, DR

(with DR ∗ BORO the reference rigidity - negative value allowed), which adds to the previous coordinate
values.

KOBJ = 5.01: Same asKOBJ = 5, except for an additional data line giving initial beam ellipse parameters
and dispersions,αY , βY , αZ , βZ , αX , βX ,DY ,D′

Y ,DZ ,D′
Z , for further transport of these usingMATRIX ,

or for possible use by theFIT[2] procedure.

KOBJ = 5.NN: Like KOBJ = 5, except forNN = 02 − 99 references needed in this case (thusNN-1
additional input data lines), rather than just one. Zgoubi will generateNN sets of 11 particles with initial
coordinates in each set takenwrt. one of theNN references.

A subsequent use ofMATRIX would then cause the computation ofNN transport matrices.

KOBJ = 6: Mostly dedicated to the calculation of first, second and other higher order transfer coefficients
and various other optical parameters, using for instanceMATRIX . 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 particles(note : their coordinates can be checked by
printing out into zgoubi.res usingFAISCEAU), whereas a last data line gives the reference

Y R, TR, ZR, PR, XR, DR

(with DR ∗ BORO the reference rigidity - negative value allowed), which adds to the previous coordinate
values.

KOBJ = 7 : Object with kinematics
The data and functioning are the same as forKOBJ= 1, except for the following

• ID is not used,

• PD is the kinematic coefficient, such that for particle numberI, the initial relative rigidityDI is
calculated from the initial angleTI following

DI = DR + PD ∗ TI
while TI is in the range

0, ±PT, ±2 ∗ PT, . . . , ±IT/2 ∗ PT

as stated underKOBJ= 1

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

αY , βY , εY /π
αZ , βZ , εZ/π
αX , βX , εX/π

whereα, β are the ellipse parameters andε/ is the ellipse surface, corresponding to an ellipse with equation

1 + α2
Y

βY
Y 2 + 2αY Y T + βY T

2 = εY /π

(idemfor the (Z, P ) or (X,D) planes).

The ellipses are centered respectively on(Y0, T0), (Z0, P0), (X0, D0).

The number of samples per plane is respectivelyIX, IY, IZ. 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

M1 +M2 −→M3 +M4

and then

M4 −→M5 +M6

whereM1 is the mass of the incoming body ;M2 is the mass of the target ;M3 is an outgoing body ;M4 is
the rest mass of the decaying body ;M5 andM6 are decay products. Example :

p+ d −→3 He+ η

η −→ µ+ + µ−

The first input data are the reference rigidity

BORO= p0/q

an indexIBODY which specifies the particle to be ray-traced, namely M3 (IBODY = 1), M5 (IBODY =
2) or M6 (IBODY = 3). In this last case, initial conditions for M6 must be generated by a first run of
OBJETAwith IBODY = 2 ; they are then stored in a buffer array, and restored as initial conditions at the
next occurrence ofOBJETA with IBODY = 3. Note thatzgoubi by default assumes positively charged
particles.

Another index,KOBJ, specifies the type of distribution for the initial transverse coordinatesY , Z ; namely
either uniform (KOBJ= 1) or Gaussian (KOBJ= 2). The other three coordinatesT , P andD are deduced
from the kinematic of the reactions.

The next data are the number of particles to be generated,IMAX , the masses involved in the two previous
reactions.

M1, M2, M3, M4, M5, M6

and the kinetic energyT1 of the incoming body (M1).
Then one gives the central value of the distribution for eachcoordinate

Y0, T0, Z0, P0, D0

and the width of the distribution around the central value

δY, δT, δZ, δP, δD

so that only those particles in the range

Y0 − δY ≤ Y ≤ Y0 + δY . . . D0 − δD ≤ D ≤ D0 + δD

will be retained. The longitudinal initial coordinate is uniformly sorted in the range

−XL ≤ X0 ≤ XL

The random sequences involved may be initialized with different values of the two integer seedsIR1 and
IR2 (≃ 106).

Possible use ofPARTICUL will have no effect : it will not change the mass and charge assumptions as set
by OBJETA.
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4.3 Declaring Options

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

Some of these options are normally declared right after the object definition, for instance
- SPNTRK: switch-on spin tracking,
- GETFITVAL : get parameter values as saved by earlier run ofFIT[2],

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

others may normally be declared at the end of zgoubi.dat datapile, for instance
- END : end of a problem,
- FIT : fitting procedure.
- REBELOTE : for tracking more thanIMAX particles (the maximum value forIMAX is defined in

the include file’MAXTRA.H’ ).
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BINARY : BINARY/FORMATTED data converter

This procedure translates field map data files from “BINARY” to“FORMATTED” – 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 translated [READformat option, a single digit integer, optional], number ofdata
columns in the file, number of header lines in the file.

If J is not given, theNCOL arrangement should be consistent with the followingFORTRAN READ
statement :

READ (unit=ln, * ) (X7(I),I=1,NCOL)

If J = 1, NCOL should be consistent with the followingFORTRAN READ statement :
READ (unit=ln,fmt=’(1x,ncol * E11.2)’) (X7(I),I=1,NCOL)

Then follow, line by line, the NF names of the files to be translated.

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

In its present state, the procedureBINARY only supports a limited number of read/write formats. Details
concerning I/O formatting can be found in theFORTRAN 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 stacked inthe data file, should be stated by means of
the keywordsFIN or END.

Any information following these keywords will be ignored.

In some cases, these keywords may cause some information to be printed in zgoubi.res, for instance when
the keywordPICKUPS is used.
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FIT, FIT2 : Fitting procedure

The keywordsFIT, FIT2 allow the automatic adjustment of up to 20 variables, for fitting up to 20 con-
straints.

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

Any physical parameter of any element in the zgoubi.dat datalist may be varied. Examples of available
constraints are, amongst others :
- trajectory coordinates in theF (J, I) array, I = particle number,J = coordinate number = 1 to 7 for
respectivelyD, Y , T , Z,P , S =path length, time ;
- spin coordinates ;
- any of the6× 6 coefficients of the first order transfer matrix[Rij] as defined in the keywordMATRIX ;
- any of the6× 6× 6 coefficients of the second order array[Tijk] as defined inMATRIX ;
- any of the4× 4 coefficients of the beamσ-matrix
- transmission efficiency of an optical channel.
- tunesνY,Z and periodic betatron functionsβY,Z , αY,Z , γY,Z , as computed in the coupled hypothesis [30].

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

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

VARIABLES

The first input data inFIT[2] is the number of variablesNV. 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. NormallyXC = 0. If XC 6= 0, coupling will occur (see below)

followed by, either
DV = allowed relative range of variation of the physical parameter IP

or
[V min, V max] = allowed interval of variation of the physical parameterIP

Numbering of the Elements (IR ) :

The elements (i.e., keywordsDIPOLE, QUADRUPO,etc.) as read byzgoubi in the zgoubi.dat sequence
are assigned a number. which follows their sequence in the data file. It is that very number,IR, that the
FIT[2] procedure uses. A simple way to getIR once the zgoubi.dat file has been built, is to do a preliminary
run, since the first thingzgoubi does is copy the sequence from zgoubi.dat into the result filezgoubi.res,
with all elements numbered.

Numbering of the Physical Parameters (IP ) :

All the data that follow a keyword are numbered - except forSCALING, see below.
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With most of the keywords, the numbering follows the principle hereafter :

Input data Numbering for FIT
’KEYWORD’
first line 1, 2, 3, ..., 9
second line 10, 11, 12, 13, ..., 19
this is a comment a line of comments is skipped
next line 20, 21, 22, ..., 29
and so on...

The examples ofQUADRUPO(quadrupole) andTOSCA (Cartesian or cylindrical mesh field map) are as
follows.

Input data Numbering for FIT
’QUADRUPO’
IL 1
XL ,R0,B 10, 11, 12
XE, λE 20, 21
NCE, C0, C1, C2, C3, C4, C5 30, 31, 32, 33, 34, 35, 36
XS, λS 40, 41
NCS, C0, C1, C2, C3, C4, C5 50, 51, 52, 53, 54, 55, 56
XPAS 60
KPOS, XCE, YCE, ALE 70, 71, 72, 73

TOSCA
IC, IL 1, 2
BNORM, X- [, Y-, Z-]NORM 10, 11 [, 12, 13]
TIT This is text
IX, IY , IZ, MOD 20, 21, 22, 23
FNAME This is text
ID, A,B, C [A′,B′, C ′, etc. if ID ≥ 2] 30, 31, 32, 33 [34, 35, 36 [, 37, 38, 39] ifID ≥ 2]
IORDRE 40
XPAS 50
KPOS, XCE, YCE, ALE 60,61,62,63

A different numbering, fully sequential, has been adopted in the following elements :

AIMANT , DIPOLE, EBMULT, ELMULT , MULTIPOL.

It is illustrated here after in the case ofDIPOLE-M :

Input data Numbering for FIT
’DIPOLE-M’
NFACE, IC, IL 1, 2, 3
IAMAX, IRMAX 4, 5
B0,N ,B,G 6, 7, 8, 9
AT, ACENT, RM, RMIN, RMAX 10, 11, 12, 13, 14
λ , ξ 15,16
NC, C0, C1, C2, C3, C4, C5, shift 17, 18, 19, 20, 21, 22, 23, 24
ω, θ,R1, U1, U2,R2 25, 26, 27, 28, 29, 30
etc.
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Parameters inSCALINGalso have a sequential numbering, yet some positions are skipped, this is illustrated
in the example hereafter which covers all possible working modes ofSCALING (all details regarding the
numbering can be found in theFORTRAN subroutinerscal.f ) :

Input data Numbering for FIT Quantities to be varied
(see SCALING for details)

’SCALING’
1 9 1 2 Non relevant

AGSMM *AF *BF Keywords concerned, their labels
-1 3 12 1. 13 1. 14 1. 3 4 5 dB1, dB2, dB3 parameters in AGSMM
7.2135 6 Field factor
1 7 Timing

AGSMM *AD *BD
-1 3 12 1. 13 1. 14 1. 8 9 10
7.2135 11
1 12

AGSMM *CF
-1 3 12 1. 13 1. 14 1. 13 14 15
7.2135 16
1 17

AGSQUAD QH *
3
0.605 0.77 0.879 18 19 20 Field factor
1 2000 10000 21 22 23 Timing

AGSQUAD QV *
3
0.587 0.83 0.83 24 25 26
1 2000 10000 27 28 29

MULTIPOL COH1
1.10 No numbering if 1.10 type of option
./Csnk3D/bumpcentered.scal
1 2
MULTIPOL COH2
1.10
./Csnk3D/bumpcentered.scal
1 4
MULTIPOL KICKH KICV
2
0.1 0.3 30 31 Field factor
1 10 32 33 Timing

MULTIPOL
-1
0.72135154291 34
1 35
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Coupled Variables (XC)

Coupling a variable parameter to any other parameter in the structure is possible. This is done by giving
XC a value of the formr ·ppp where the integer partr is the number of the coupled element in the structure
(equivalent toIR, see above), and the decimal partppp is the number of its parameter of concern (equivalent
to IP , see above) (if the parameter number is in the range 1, 2, ... ,9 (resp. 10, 11, ... 19 or 100, ...), then
pppmust take the form00p (resp.0pp, ppp)). For example,XC = 20 ·010 is a request for coupling with the
parameter number 10 of element number 20 of the structure, while XC = 20 · 100 is a request for coupling
with the parameter number 100 of element 20.

An element of the structure which is coupled (by means ofXC 6= 0) to a variable declared in the data list of
theFIT[2] keyword, needs not appear as one of theNV variables in that data list (this would be redundant
information).

XC can be either positive or negative. IfXC > 0, then the coupled parameter will be given the same value
as the variable parameter (for example, symmetric quadrupoles in a lens triplet will be given the same field).
If XC < 0, then the coupled parameter will be given a variation opposite to that of the variable, so that the
sum of the two parameters stays constant (for example, an optical element can be shifted while preserving
the length of the structure, by coupling together its upstream and downstream drift spaces).

Variation Range

There are two ways to define the allowed range for a variable, as follows.

(i) DV : For a variable (parameter numberIP under some keyword) with initial valuev, theFIT[2] proce-
dure is allowed to explore the rangev × (1±DV ).

(i) [vmin, vmax] : This specifies the allowed interval of variation.

CONSTRAINTS

The next input data inFIT[2] is the number of constraints,NC. A list of the available constraints is given
in the table page 61 ; adding or changing a constraint resortsto theFORTRAN file ff.f .

Each constraint is defined by the following list of data :

IC = type of constraint (see table p. 61).
I, J = constraint (i.e.,Rij, determinant, tune ;Tijk ; σij ; trajectory#I and coordinate#J)
IR = number of the keyword at the exit of which the constraint applies
V = desired value of the constraint
W = weight of the constraint (smallerW for higher weight)
NP NPvalues follow

IC=0 : The coefficientsσ11 (σ33) = horizontal (vertical) beta values andσ22 (σ44) = horizontal (vertical)
derivatives (α = −β′/2) are obtained by transport of their initial values at line start as introduced using for
instanceOBJET, KOBJ=5.1.

IC=0.1 : Beam parameters :σ11 = βY , σ12 = σ21 = −αY , σ22 = γY , σ33 = βZ , σ34 = σ43 = −αZ , σ44 =
γZ ; periodic dispersion :σ16 = DY , σ26 = D′

Y , σ36 = DZ , σ46 = D′
Z , all quantities derived by assuming

periodic structure and identifying the first order transfermatrix with the formIcosµ+ Jsinµ.

IC=1, 2 : The coefficientsRij andTijk are calculated following the procedures described inMATRIX ,
optionIFOC = 0. The fitting of the[Rij] matrix coefficients supposes the tracking of particles withparaxial
coordinates, normally defined usingOBJEToptionKOBJ = 5 or 6.
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Type of constraint
Parameters defining the constraints

Object definition
(recommended)

IC I J Constraint Parameter(s)
# values

σ-matrix 0 1 - 6 1 - 6 σIJ (σ11 = βY , σ12 = σ21 = αY , etc.) OBJET/KOBJ=5,6

Periodic parameters 0.N 1 - 6 1 - 6 σIJ (σ11 = cosµY + αY sinµY , etc.) OBJET/KOBJ=5.0N
7 any Y-tune =µY /2π

(N=1-9 forMATRIX 8 any Z-tune =µZ/2π
block 1-9)) 9 any cos(µY )

10 any cos(µZ)

First order 1 1− 6 1− 6 Transport coeff.RIJ OBJET/KOBJ=5
transport coeffs. 7 i i 6= 8 : YY-determinant ; i=8 : YZ-det.

8 j j 6= 7 : ZZ-determinant ; j=7 : ZY-det.

Second order 2 1− 6 11− 66 Transport coeff.TI,j,k 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, i) >i=1,IMAX

−2 1− 7 Sup(|F (J, i)|)i=1,IMAX
−3 1− 7 Dist|F (J, I)|i=I1,I2,dI 3 I1 I2 dI

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 ofF (J, I) 1 1-2
3.4 1− IMAX 1− 7 |F (J, I)− F (J,K)| (K = 1− IMAX ) 1 K

Ellipse parameters 4 1− 6 1− 6 σIJ (σ11 = βY , σ12 = σ21 = αY , etc.) OBJET/KOBJ=8 ;
MCOBJET/KOBJ=3

Number of 5 −1 any Nsurvived/IMAX OBJET
particles 1− 3 any Nin ǫY,Z,X

/Nsurvived 1 ǫ/π MCOBJET
4− 6 any Nin best ǫY,Z,X,rms

/Nsurvived MCOBJET

Spin 10 1− IMAX 1− 4 SX,Y,Z(I), |~S(I)| [MC]OBJET
10.1 1− IMAX 1− 3 |SX,Y,Z(I)− SOX,Y,Z(I)| +SPNTRK

IC=3 : If 1 ≤ I ≤ IMAX then the value of coordinate typeJ (J = 1, 6 for respectivelyD, Y, T, Z, P, S)
of particle numberI (1 ≤ I ≤ IMAX ) is constrained. HoweverI can take special meaning, as follows.

I = −1 : the constraint is the mean value of coordinate of typeJ ,
I = −2 : the constraint is the maximum value of coordinate of typeJ ,
I = −3 : the constraint is the distance between two different particles.

IC=3.1 : Absolute value of the difference between local and initialJ-coordinate of particleI (convenient
e.g. for closed orbit search).
IC=3.2 : Absolute value of the sum of the local and initialJ-coordinate of particleI.
IC=3.3 : Minimum (NP=1) or maximum value (NP=2) of the localJ-coordinate of particleI.
IC=3.4 : Absolute value of the difference between localJ-coordinates of particles respectivelyI andK.

IC=4 : The coefficientsσ11 (σ33) = horizontal (vertical) beta values andσ22 (σ44) = horizontal (vertical)
derivatives (α = −β′/2) are derived from an ellipse match of the current particle population (as generated
for instance usingMCOBJET, KOBJ=3).
The fitting of the[σij ] coefficients supposes the tracking of a relevant populationof particles within an
appropriate emittance.

IC=5 : The constraint value is the ratio of particles (overIMAX ). Three cases possible :
I = −1, ratio of particles still on the run.
I = 1, 2, 3, maximizationof the number of particles encompassed within a givenI-type (for respec-

tively Y, Z, D) phase-space emittance value. Then,NP=1, followed by the emittance value. The center
and shape of the ellipse are determined by a matching to the position and shape of the particle distribution.

I = 4, 5, 6, same as previous case, except for the ellipse, taken to be the rms matched ellipse to the
distribution. ThusNP=0.
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IC=10 : If 1 ≤ I ≤ IMAX then the value of coordinate typeJ (J = 1, 3 for respectivelySX , SY , SZ) of
particle numberI is constrained.

IC=10.1 : Difference between final and initialJ-spin coordinate of particleI (conveniente.g. for ~n0 spin
vector search).

OBJECT DEFINITION

Depending on the type of constraint (see table p. 61), constraint calculations are performed either from
transport coefficient calculation and in such case requireOBJET with eitherKOBJ = 5 or KOBJ = 6, or
from particle distributions and in this case need object definition using for instanceOBJETwith KOBJ= 8,
MCOBJETwith KOBJ= 3.

THE FITTING METHODS

The FIT procedure was drawn from the matrix transport code BETA [28].It is a direct sequential mini-
mization of the quadratic sum of all errors (i.e., differences between desired and actual values for theNC
constraints), each normalized by its specified weightW (the smallerW , the stronger the constraint).
The step sizes for the variation of the physical parameters depend on their initial values, and cannot be
accessed by the user. At each iteration, the optimum value ofthe step size, as well as the optimum direction
of variation, is determined for each one of theNV variables. Then follows an iterative global variation of
all NV variables, until the minimization fails which results in a next iteration on the optimization of the step
sizes.

TheFIT2 procedure is based on the Nelder-Mead method, it has variousspecificities, details can be found
in Ref. [29].

The optimization process may be stopped by means of a penaltyvalue, 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 effect
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 be specified, parameter values to be assigned
to optical elements in zgoubi.dat.

That file is expected to contain a copy-paste of the data underthe FIT[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 LBL1 LBL2

145 1 4 -3.000E+03 762. 761.9484791 3.000E+03 1.254E-05 MUL TIPOL HKIC DHCB02
182 2 4 -1.000E+03 -231. -230.9846875 1.000E+03 4.182E-06 M ULTIPOL HKIC DHCB08
146 3 4 -1.000E+03 -320. -319.8554171 1.000E+03 4.182E-06 M ULTIPOL VKIC DVCB02
183 4 4 -1.000E+03 528. 527.7249064 1.000E+03 4.182E-06 MUL TIPOL VKIC DVCB08
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 DHCF08
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 I J LMNT# DESIRED WEIGHT REACHED KI2 * 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 * 0 :
# 3 1 4 127 0.0000000E+00 1.0000E+00 2.9184383E-10 5.0696E- 04 * 0 :
# 3 1 5 127 0.0000000E+00 1.0000E+00 3.1142381E-10 5.7727E- 04 * 0 :
# 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 * 0 :
# 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, thus it will not be taken into account. However a
copy-paste from zgoubi.res (which is the case in the presentexample) would not not need any commenting.

Since some of theFIT[2] variables may belong in[MC]OBJET, GETFITVAL may appear right before
[MC]OBJET in zgoubi.dat, to allow for its updating.
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MCDESINT : Monte-Carlo simulation of in-flight decay[31]

As soon asMCDESINT appears in a structure (normally, afterOBJETor afterCIBLE), in-flight decay
simulation starts. It must be preceded byPARTICUL for the definition of massM1 andCOM lifetime τ1.
The two-body decay simulated is

1 −→ 2 + 3

The decay is isotropic in the center of mass. 1 is the incomingparticle, with massM1, momentump1 =

γ1M1β1c (relative momentumD1 =
p1
q

1

BORO
with BORO = reference rigidity, defined in[MC]OBJET),

and positionY1, Z1 in thezgoubi frame. 2 and 3 are decay products with respective masses and momenta
M2, M3 andp2 = γ2M2β2c, p3 = γ3M3β3c.
The decay lengths1 of particle 1 is related to its center of mass lifetimeτ1 by

s1 = cτ1

√

γ21 − 1

The path lengths up to the decay point is then calculated from a random number0 < R1 ≤ 1 by using the
exponential decay formula

s = −s1ℓnR1

After decay, particle 2 will be ray-traced with assumed positive charge, while particle 3 is discarded. Its
scattering angles in the center of massθ∗ andφ are generated from two other random numbersR2 andR3.

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

tan θ =
1

γ1

sin θ∗

β1
β∗
2

+ cos θ∗

β∗
2 and momentump2 are given by

γ∗2 =
M2

1 +M2
2 −M2

3

2M1M2

β∗
2 =

(

1− 1

γ2

)1/2

γ2 = γ1γ
∗
2 (1 + β1β

∗
2 cos θ

∗)

p2 =M2

√

γ22 − 1

Finally, θ andφ are transformed into the anglesT2 andP2 in thezgoubi frame, and the relative momentum

takes the valueD2 =
p2
q

1

BORO
(whereBORO is the reference rigidity, seeOBJET), while the starting

position ofM2 is (Y1, Z1, s1).

The decay simulation byzgoubi satisfies the following procedures. In optical elements andfield maps,
after each integration stepXPAS, the actual path length of the particle,F (6, I), is compared to its limit path

lengths. If s is passed, then the particle is considered as having decayedatF (6, I)− XPAS
2

, at a position

obtained by a linear translation from the position atF (6, I). Presumably, the smallerXPAS, the smaller the
error on position and angles at the decay point.
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Figure 8: At positionM(X1, Y1, Z1), particle 1 decays into 2 and 3 ;zgoubi then proceeds
with the computation of the trajectory of 2, while 3 is discarded.
θ andφ are the scattering angles of particle 2 relative to the direction of the
incoming particle 1 ; they transform toT2 andP2 in zgoubi frame.

In ESLandCHANGREF, F (6, I) is compared tos at the end of the element. If the decay occurs inside the
element, the particle is considered as having decayed at itsactual limit path lengths, thus its coordinates at
s are recalculated by translation.

The limit path length of all particles (I = 1, IMAX ) is stored in the arrayFDES(6, I). For further statistical
purposes (e.g., use ofHISTO) the daughter particle 2 is tagged with an′S ′ standing for “secondary”. When
a particle decays, its coordinatesD, Y , T , Z, P , s, time at the decay point are stored inFDES(J, I),
J = 1, 7.

A note on negative drifts :
The use of negative drifts withMCDESINT is allowed and correct. For instance, negative drifts may occur
in a structure for some of the particles when usingCHANGREF (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
MCDESINTprocedure, as follows.
If, due to a negative drift, a secondary particle reaches back the decay location of its parent particle, then
the parent particle is “resurrected “ with its original coordinates at that location, the secondary particle is
discarded, and ray-tracing resumes in a regular way for the parent particle which is again allowed to decay,
after the same path length. This procedure is made possible by prior storage of the coordinates of the parent
particles (in arrayFDES(J, I)) each time a decay occurs.
Negative steps (XPAS< 0) in optical elements are not compatible withMCDESINT.
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OPTICS : Write out optical functions

OPTICSnormally appears next to object definition, it normally works in conjunction with element label(s).
OPTICScauses the transport and write out, in zgoubi.res, of the 6×6 beam matrix, following optionsKOPT
and ’label’, below.

IF KOPT=0 : Off
IF KOPT=1 : Will transport the optical functions with initial values as specified inOBJET, optionKOBJ=5.01.

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

A second argument, ’label’, allows
- if label = all : printing out, into zgoubi.res, after all keywords of the zgoubi.dat structure,
- otherwise, printing out at all keyword featuringLABEL ≡ label as a first label (see section 4.6.5,

page 162, regarding the labelling of keywords).

A third argument,IMP=1, will cause saving of the transported beta functions into file zgoubi.OPTICS.out.
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ORDRE : Taylor expansions order

The position~R and velocity~u of a particle are obtained from Taylor expansions as described in eq. (1.2.4).
By default, these expansions are up to the fifth order derivative of~u,

~R1 ≈ ~R0 + ~u∆s+ ...+ ~u(5)
∆s6

6!

~u1 ≈ ~u+ ~u ′∆s+ . . .+ ~u(5)
∆s5

5!

which corresponds to fourth order derivatives of fields~B, eq. (1.2.8). and of~E, eq. (1.2.13).

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

In that spirit, the purpose ofORDRE, optionIO = 2 − 5, is to allow for expansions to the~u(n) term in
eq. 1.2.4. Default functioning isIO = 4, stated inFORTRAN 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,) have been installed in the code according to~u(5)

Taylor development order ; it may not be as complete for otheroptical elements. In particular, in electric
optical elements field derivatives (eq. 1.2.15) are usuallyprovided to no more than second order, which
justifies saving on computing time by means ofORDRE, so to avoid pushing Taylor expansions as high as
~u(5).

NOTE : see also the optionIORDRE in field map declarations (DIPOLE-M, TOSCA, etc.).
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PARTICUL : Particle characteristics

Sincezgoubi works using the rigidity, (BORO, as declared in[MC]OBJET), PARTICUL only needs be
introduced (normally, following[MC]OBJET in the input data file zgoubi.dat) when the definition of some
characteristics of the particles (mass, charge, gyromagnetic factor, 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 elements: mass, charge

The declaration ofPARTICUL mustprecedethese keywords.

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

WhenREBELOTE is encountered in the input data file, the code execution jumps,
- either back to the beginning of the data file - the default behavior,
- or (optionK=99.1 or K=99.2) back to a particularLABEL .

ThenNPASS-1passes (fromLABEL to REBELOTE) follow.
As to the last pass, numberNPASS+1, there are two possibilities :

- either it also encompasses the wholeLABEL to REBELOTE range,
- or, upon request (optionK=99.2), execution may exit that final pass upstream ofREBELOTE, at

a location defined by a second dedicatedLABEL placed between the first above mentionedLABEL , and
REBELOTE. In both cases, following the end of this “multiple-pass” procedure, the execution continues
from the keyword which followsREBELOTE, until ’END’ is encountered.

The two functionalities ofREBELOTEare the following :

• REBELOTE can be used for Monte Carlo simulations when more than Max(IMAX ) particles are to be
tracked. Thus, when the following random procedures are used : MCOBJET, OBJETA, MCDESINT,
SPNTRK(KSO = 5), their random seeds are not reset and independent statistics will add up.
This includesMonte Carlo simulations, in beam lines : normallyK = 0. NPASS runs through the same
structure, fromMCOBJET to REBELOTEwill follow, resulting in the calculation of(1+NPASS)∗ IMAX
trajectories, with as many random initial coordinates.

• REBELOTE can be used for multi-turn ray-tracing in circular machinescircular machines : normally
K = 99 in that case.NPASS turns in the same structure will follow, resulting in the tracking of IMAX
particles over1+NPASSturns. For the simulation of pulsed power supplies, synchrotron motion, and other
Q-jump manipulation, seeSCALING.
For instance, using option describedK=99.2 above, a full “injection line + ring + extraction line” installation
can be simulated - kicker firing and other magnet ramping can be simulated usingSCALING.
Using the double-LABEL method discussed above with optionK=99.2, it is possible to encompass the ring
between an injection line section (namely, with the elementsequence of the latter extending fromOBJET
to the firstLABEL ), and an extraction line (its description will then followREBELOTE), whereas the ring
description extends from to the firstLABEL to REBELOTE, with possible extraction, at the last pass, at the
location of the secondLABEL , located between the first one andREBELOTE,

Output prints overNPASS+1 passes might result in a prohibitively big zgoubi.res file. They may be
switched on/off by means of the optionKWRIT= i.j, with i = 1/0 respectively. Thej flag commands
printing pass number and some other information onto the video output, every10j−1 turns if j > 0 ; output
is switched off ifj = 0.

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

Piling up problems inzgoubi input data file is allowed, with normally no particular precaution, except that
each new problem must begin with a new object definition (using MCOBJET, OBJET). Nevertheless, when
calling upon certain keywords, then, flags, counters or other integrating procedures may be involved. It may
therefore be necessary to reset them. This is the purpose ofRESETwhich normally appears right before
the object definition and causes each problem to be treated asa new and independent one.

The keywords or procedures of concern and the effect ofRESETare the following

CHAMBR : number of stopped particles reset to 0 ;CHAMBR option switched off
COLLIMA : number of stopped particles reset to 0
HISTO : histograms are emptied
INTEG : number of particles out of field map boundaries reset to 0
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 in optical elements, potentials in elec-
trostatic devices, RF parameters inCAVITE. It is normally intended to be declared right after the object
definition, and used in conjunction withREBELOTE, for the simulation of multi-turn tracking - possibly
including acceleration cycles.

SCALING acts on families of elements, a family being designated by its name that coincides with the
keyword of the corresponding element. For instance, declaring MULTIPOL as to be varied will result in
the same timing law being applied to allMULTIPOL’s in thezgoubioptical structure data file. Subsets can
be selected by labeling keywords in the data file (section 4.6.5, page 162) and adding the corresponding
LABEL (s) in theSCALING declarations (twoLABEL ’s maximum). The family name of concern, as well
as the scaling function for that family, are given as input data to the keywordSCALING. There is an upper
limit, NFMAX , to the numberNF of families that can be declared as subject to a scaling law,NFMAX can
be changed in theFORTRAN include fileMXFS.H. A scaling law can be comprised of up toNT successive
timings, between two successive timings, a linear interpolation law is used to determine the scaling factor.

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

SCALING - Scaling
1 4 Active.NF = 4 families of elements are concerned, as listed below
QUADRUPO QFA QFB - Quadrupoles labeled ’QFA’ and Quadrupoles labeled ’QFB’
2 NT = 2 timings
18131.E-3 24176.E-3 The field increases (linearly) from 18131E-3∗B0 to 24176E-3∗B0

1 6379 from turn 1 to turn 6379
MULTIPOL QDA QDB - Multipoles labeled ’QDA’ and Multipoles labeled ’QDB’
2 NT = 2 timings
18131.E-3 24176.E-3 Fields increase from 18131E-3∗Bi to 24176E-3∗Bi (∀i = 1, 10 poles)
1 6379 from turn 1 to turn 6379
BEND - All BEND’s (regardless of anyLABEL )
2 NT = 2 timings
18131.E-3 24176.E-3 As above
1 6379
CAVITE - Accelerating cavity
3 NT = 3 timings
1 1.22 1.33352 The synchronous rigidity(Bρ)s increases,
1 1200 6379 from(Bρ)so to 1.22∗(Bρ)so from turn 1 to 1200, and

from 1.22∗(Bρ)so to 1.33352(Bρ)so from turn 1200 to 6379

The timing is in unit of turns. In this example, TIMING = 1 to 6379 (turns). Therefore, at turn number
N, B andBi are updated in the following way. LetSCALE(TIMING = N ) be the updating scale factor

SCALE(N) = 18.131
24.176− 18.131

1 + 6379− 1
(N − 1)

and then

B(N) = SCALE(N)B0

Bi(N) = SCALE(N)Bi0

The RF frequency is computed using

fRF =
hc

L
q(Bρ)s

(q2(Bρ)2s + (Mc2)2)1/2

where the rigidity is updated in the following way. Let(Bρ)so be the initial rigidity (namely,(Bρ)so =
BORO as defined in the keywordOBJET for instance). Then, at turn numberN ,
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if 1 ≤ N ≤ 1200 then,SCALE(N) = 1 +
1.22− 1

1 + 1200− 1
(N − 1)

if 1200 ≤ N ≤ 6379 then,SCALE(N) = 1.22 +
1.33352− 1.22

1 + 6379− 1200
(N − 1200)

and then,

(Bρ)s(N) = SCALE(N) · (Bρ)so
from which value the calculations offRF (N) follow.

NT can take negative values, then acting as an option switch (rather than giving number of timings), as
follows :
• NT = −1 : this is convenient for synchrotron acceleration. In this case the next two lines both contain a
single data (as forNT = 1), respectively the starting scaling factor value, and 1. The current field scaling
factor will then be updated from the energy kick by the cavityif for instanceCAVITE/IOPT=2 is used,
namely,

SCALE(N) = SCALE(N − 1) ∗ Bρ(N)

Bρ(N − 1)

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

MULTIPOL COH1
1.10
./Csnk3D/bumpcentered.scal File name
1 2 Column numbers in the file : col. 2 gives the scaling

factor at rigidity given by col. 1.

Notes :

1. In causing, viaCAVITE, a change of the synchronous rigidity,SCALING causes a change of the refer-
ence rigidity, following (seeCAVITE )

Bρref = BORO−→ Bρref = BORO+ δBρs

2. It may happen that some optical elements won’t scale, for source 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 permits the attribution of an
initial spin component to each one of theIMAX particles of the beam, following a distribution that depends
on the option indexKSO. It must be preceded byPARTICUL for the definition of mass and gyromagnetic
factor.

KSO = 1 (respectively 2, 3) :theIMAX particles defined with[MC]OBJET are given a longitudinal (1,0,0)
spin component (respectively transverse horizontal (0,1,0), vertical (0,0,1)).

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

KSO = 4.1 : three initial spin componentsSX , SY , SZ are entered explicitly just once, they are then
assigned to each one of theIMAX particles of the beam.

KSO = 5 : random generation ofIMAX initial spin conditions as described in Fig. 9. Given a mean
polarization axis (S) defined by its anglesT0 andP0, and a cone of angle A with respect to this axis, the
IMAX spins are sorted randomly in a Gaussian distribution

p(a) = exp

[

−(A− a)2

2δA2

]

/δA
√
2π

and within a cylindrical uniform distribution around the (S) axis. Examples of simple distributions available
by this mean are given in Fig. 10.
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A

Figure 9: Spin distribution as obtained with optionKSO = 5.
The spins are distributed within an annular stripδA (standard
deviation) at an angleA with respect to the axis of mean po-
larization (S) defined byT0 andP0.
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Figure 10: Examples of the use ofKSO =5.
A : Gaussian distribution around a mean vertical polarization axis, ob-
tained withT0 = arbitrary,P0 = π/2, A = 0 andδA 6= 0.
B : Isotropic distribution in the median plane, obtained withP0 = ±π/2,
A = π/2, andδA = 0.
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SRLOSS : Synchrotron radiation loss [17]

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

It can be chosen to allow radiation in the sole dipole fields, or in all types of fields regardless of their
multipole composition. It can also be chosen to allow for theradiation induced transverse kick.

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

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

The keywordSYNRAD enables (or disables) the calculation of synchrotron radiation (SR) electric field and
spectral angular energy density. It must be preceded byPARTICUL 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 SR should start being taken into account,
with the first dataKSR set to 1. It results in on-line storage of the electric field vector and other relevant
quantities in zgoubi.sre, as step by step integration proceeds. The observer position (XO, Y O, ZO) is
specified next toKSR.

Data stored in zgoubi.sre :
(ELx, ELy, ELz) : electric field vector~E (eq. 3.2.1)

(btx, bty, btz) = ~β =
1

c
× particle velocity

(gx, gy, gz) =
d~β

dt
= particle acceleration (eq. 3.2.3)

∆τ = observer time increment (eq. 3.2.2)
t′ = τ − r(t′)/c = retarded (particle) time
(rtx, rty, rtz) : ~R(t), particle to observer vector (eq. 3.2.4)
(x, y, z) = particle coordinates
∆s = 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 where SR calculations should stop, withKSR
set to 2. It results in the output of the angular energy density

∫ ν2
ν1
∂3W/∂φ ∂ψ ∂ν (eq. 3.2.11) as calculated

from the Fourier transform of the electric field (eq. 3.2.11). The spectral range of interest and frequency
sampling (ν1, ν2,N ) are specified next toKSR.
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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 straight axis (lines of constant field are straight
lines).
The field computation routines forAGSMM are the same as forMULTIPOL (details in section 1.3.7,
page 25), howeverAGSMM has the following four particularities :

• There are only three multipole components present inAGSMM : dipole, quadrupole and sextupole.

• The dipole fieldB0 is drawn from the reference rigidity,Bρref , and follows the latter so to preserve
ρ = Bρref/B0 and the orbit deviationL/ρ. In particular,

– in the absence of acceleration,Bρref ≡ BORO, withBORO the quantity appearing in the object
definition using[MC]OBJET,

– in presence of acceleration usingCAVITE,Bρref is changed toBORO×Dref at each passage in
the cavity, withDref the relative synchronous momentum increase, a quantity that zgoubiupdates
at cavity traversal.

• The field indices, quadrupoleK1 and sextupoleK2, are derived from the reference rigidity,Bρref ,
via momentum-dependent polynomials, taken from Ref. [32].

• The AGS main dipole has back-leg windings, used for instancefor injection and extraction orbit
bumps. The number of winding turns and the number of Ampere-turns are part of the data in the input
data list. The intensity in the windings is accounted for in the conversion 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 is required 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 simulation of AGSQUAD uses the same field mod-
elling asMULTIPOL, section 1.3.7, page 25. However amperes are provided as input toAGSQUAD rather
than fields, the reason being that some of the AGS quadrupoleshave two superimposed coil circuits, with
separate power supplies. It has been dealt with this particularity by allowing for an additional set of multi-
pole data inAGSQUAD, compared toMULTIPOL.

The field inAGSQUAD is computed using transfer functions from the ampere-turnsin the coils to magnetic
field that account for the non-linearity of the magnetic permeability [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 plane field map in polar
coordinates.

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

The extent of the map is defined by the following parameters, as shown 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 are defined from geometric boundaries, the shape
and position of which are determined by the following parameters,

ACENT : arbitrary angle, used for the positioning of the EFB’s.
ω : azimuth of an EFB with respect toACENT
θ : angle of a boundary with respect to its azimuth (wedge angle)
R1,R2 : radius of curvature of an EFB
U1, U2 : extent of the linear part of the EFB.

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

BZ = F(R, θ) ∗B0 ∗
(

1 +N ∗
(
R−RM

RM

)

+ B ∗
(
R−RM

RM

)2

+G ∗
(
R−RM

RM

)3
)

(4.4.1)

whereN , B andG are respectively the first, second and third order field indices andF(R, θ) is the fringe
field coefficient (it determines the “flutter” in periodic structures).

Calculation of the Fringe Field Coefficient

With each EFB a realistic extent of the fringe field,λ, is associated (Figs. 11A and 11B), and a fringe field
coefficientF is calculated. In the followingλ stands for eitherλE (Entrance),λS (Exit) or λL (Lateral
EFB).
If a node of the map mesh is at a distance of the EFB larger thanλ, thenF = 0 outside the field map and
F = 1 inside. If a node is inside the fringe field zone, thenF is calculated as follows.

Two options are available, for the calculation ofF , depending on the value ofξ.

If ξ ≥ 0, F is a second order type fringe field (Fig. 12) given by

F =
1

2

(λ− s)2

λ2 − ξ2
if ξ ≤ s ≤ λ (4.4.2)

F = 1− 1

2

(λ− s)2

λ2 − ξ2
if − λ ≤ s ≤ −ξ (4.4.3)

wheres is the distance to the EFB, and

F =
1

2
+

s

λ+ ξ
if 0 ≤ s ≤ ξ (4.4.4)

F =
1

2
− s

λ+ ξ
if − ξ ≤ s ≤ 0 (4.4.5)

This simple model allows a rapid calculation of the fringe field, but may lead to erratic behavior of the field
when extrapolating out of the median plane, due to the discontinuity of d2B/ds2, at s = ±ξ ands = ±λ.
For better accuracy it is advised to use the next option.
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Figure 11: A : Parameters used to define the field map and geometrical
boundaries.
B : Parameters used to define the field map and fringe fields.
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If ξ = −1, F is an exponential type fringe field (Fig. 12) given by [34]

F =
1

1 + expP (s)
(4.4.6)

wheres is the distance to the EFB, and

P (s) = C0 + C1

( s

λ

)

+ C2

( s

λ

)2

+ C3

( s

λ

)3

+ C4

( s

λ

)4

+ C5

( s

λ

)5

(4.4.7)

The values of the coefficientsC0 to C5 should be such that the derivatives ofBZ with respect tos be
negligible ats = ±λ, so as not to perturb the extrapolation of~B out of the median plane.
It is also possible to simulate a shift of the EFB, by giving a non zero value to the parametershift. s is then
changed tos− shift in the previous equation. This allows small variations of the total magnetic length.
LetFE (respectivelyFS,FL) be the fringe field coefficient attached to the entrance (respectively exit, lateral)
EFB following the equations above. At any node of the map mesh, the resulting value of the fringe field
coefficient (eq. 4.4.1) is (Fig. 13)

F(R, θ) = FE ∗ FS ∗ FL

In particular,FL ≡ 1 if no lateral EFB is requested.

The Mesh of the Field Map

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

δR =
RMAX - RMIN

IRMAX − 1

and the angular step by

δθ =
AT

IAMAX − 1

where,RMIN andRMAX are the lower and upper radial limits of the field map, andAT is its total angular
aperture (Fig. 11B).IRMAX andIAMAX are the total number of nodes in the radial and angular directions.

Simulating Field Defects and Shims

Once the initial map is calculated, it is possible to perturbit by means of the parameterNBS, so as to
simulate field defects or shims.

If NBS = −2, the map is globally modified by a perturbation proportionalto R − R0, whereR0 is an
arbitrary radius, with an amplitude∆BZ/B0, so thatBZ at the nodes of the mesh is replaced by

BZ ∗
(

1 +
∆BZ

B0

R−R0

RMAX − RMIN

)

If NBS = −1, the perturbation is proportional toθ − θ0, andBZ is replaced by

BZ ∗
(

1 +
∆BZ

B0

θ − θ0
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 ofF(R, θ) for overlapping fringe fieldsF1 andF2
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If NBS ≥ 1, thenNBS shims are introduced at positions
R1 +R2

2
,
θ1 + θ2

2
(Fig. 14) [35]

The initial field map is modified by shims with second order profiles given by

θ =

(

γ +
α

µ

)

β
X2

ρ2

whereX is shown in Fig. 14,ρ =
R1 +R2

2
is the central radius,α andγ are the angular limits of the shim,

β andµ are parameters.
At each shim, the value ofBZ at any node of the initial map is replaced by

BZ ∗
(

1 + Fθ ∗ FR ∗ ∆BZ

B0

)

whereFθ = 0 or FR = 0 outside the shim, andFθ = 1 andFR = 1 inside.

Extrapolation Off Median Plane

The vertical field~B and its derivatives in the median plane are calculated by means of a second or fourth
order polynomial interpolation, depending on the value of the parameterIORDRE(IORDRE=2, 25 or 4, see
section 1.4.2). The transformation from polar to Cartesian coordinates is performed following eqs. (1.4.9
or 1.4.10). Extrapolation off median plane is then performed by means of Taylor expansions following the
procedure described in section 1.3.3.

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

tered at
(R1 +R2)

2
and

(θ1 + θ2)

2
.
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AUTOREF : Automatic transformation to a new reference frame

AUTOREF positions the new reference frame following 3 options :

If I = 1, AUTOREF is equivalent to

CHANGREF[XCE = 0, Y CE = Y (1), ALE = T (1)]

so that the new reference frame is at the exit of the last element, with particle 1 at the origin with its
horizontal angle set toT = 0.

If I = 2, it is equivalent to

CHANGREF[XW,YW, T (1)]

so that the new reference frame is at the position(XW,YW ) of the waist (calculated automatically in the
same way as forIMAGE) of the three rays number 1, 4 and 5 (compatible for instance with OBJET, KOBJ
= 5, 6, together with the use ofMATRIX ) while T (1), the horizontal angle of particle numberI1, is set to
zero.

If I = 3, it is equivalent to

CHANGREF[XW,YW, T (I1)]

so that the new reference frame is at the position(XW,YW ) of the waist (calculated automatically in the
same way as forIMAGE ) of the three rays number I1, I2 and I3 specified as data, whileT (I1) 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 usingSPNTRK, 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 of dipole magnets. It presents the interest of
easy handling, and is well adapted for the simulation of synchrotron dipoles and such other regular dipoles
as sector magnets with wedge angles.

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

The dipole simulation accounts for the magnet geometrical lengthXL , for a possible skew angle (X-rotation,
useful for obtaining vertical deviation magnet), and for the fieldB1 such that in absence of fringe field the

deviationθ satisfiesXL = 2
BORO
B1

sin θ/2.

Then follows the description of the entrance and exit EFB’s and fringe fields. The wedge anglesWE

(entrance) andWS (exit) are defined with respect to the sector angle, with the signs as described in Fig. 15.
Within a distance±XE(±XS) on both sides of the entrance (exit) EFB, the fringe field modelis used (same
as forQUADRUPO, Fig. 35, p. 133) ; elsewhere, the field is supposed to be uniform.

If λE (resp.λS) is zero sharp edge field model is assumed at entrance (resp. exit) of the magnet andXE

(resp.XS) is forced to zero. In this case, the wedge angle vertical first order focusing effect (if~B1 is non
zero) is simulated at magnet entrance and exit by a kickP2 = P1−Z1 tan(ǫ/ρ) applied to each particle (P1,
P2 are the vertical angles upstream and downstream the EFB,Z1 the vertical particle position at the EFB,
ρ the local horizontal bending radius andǫ the wedge angle experienced by the particle ;ǫ depends on the
horizontal angle T).

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

XL

EFB
Entrance

Exit
EFB

SX

Xreference

W  > 0E

θ

W  > 0S

trajectory

0

X E

Y

Figure 15: Geometry and parameters ofBEND : XL = length,θ = de-
viation, WE, WS are the entrance and exit wedge angles.
The motion is computed in the Cartesian frame(O,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 content must match the following
FORTRAN reading sequence (possible FORMAT updates are to be found infmapw.f ).

OPEN (UNIT = NL, FILE = FNAME, STATUS = ‘OLD’ [,FORM=’UNFORMATTED’])
DO 1 I = 1, IX

IF (BINARY) THEN
READ(NL) X(I), BX(I)

ELSE
READ(NL, * ) X(I), BX(I)

ENDIF
1 CONTINUE

whereIX is the number of nodes along the (symmetry)X-axis,X(I) their coordinates, andBX(I) are
the values of theX component of the field.BX is normalized withBNORM factor prior to ray-tracing,
as well X is normalized with the coefficientXNORM (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 theFORTRAN.

X-cylindrical symmetry is assumed, resulting inBY andBZ taken to be zero on axis.~B(X, Y, Z) and
its derivatives along a particle trajectory are calculatedby means of a 5-point polynomial interpolation
followed by second order off-axis extrapolation (see sections 1.3.2, 1.4.1).

Entrance and/or exit integration boundaries may be defined in the same way as inCARTEMESby means
of the flagID 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 of the measured median plane field
maps of the QDD spectrometer SPES2 at Saclay, assuming mid-plane dipole symmetry. However, it can be
used for the reading of any 2-D median plane maps, provided that the 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, JY)
ENDIF
DO 1 I=1, IX

IF (BINARY) THEN
READ(NL) X(I), (BMES(I,J), J=1, JY)

ELSE
READ(NL,FMT=’(10F8.1)’) X(I), (BMES(I,J), J=1, JY)

ENDIF
1 CONTINUE

where,IX andJY are the number of longitudinal and transverse horizontal nodes of the uniform mesh,
andX(I), Y (J) their coordinates.FNAME is the name of the file containing the field data. For binary files,
FNAME must begin with ‘B ’ or ‘b ’, a flag ‘BINARY’ will thus be set to ‘.TRUE.’ by theFORTRAN.

The measured fieldBMES is normalized withBNORM,

B(I, J) = BMES(I, J)× BNORM

As well the longitudinal coordinate X is normalized with aXNORM coefficient (useful to convert to cen-
timeters, the working units inzgoubi).
The vector field,~B, and its derivatives out of the median plane are calculated by means of a second or fourth
order polynomial interpolation, depending on the value of the parameterIORDRE (IORDRE = 2, 25 or 4,
see section 1.4.2).

In case a particle exits the mesh, itsIEX flag is set to−1 (see section 4.6.10, p. 166), however it is still
tracked with the field beingextrapolatedfrom the closest nodes of the mesh. Note that such extrapolation
process may induce erratic behavior if the distance from themesh gets too large.

Entrance and/or exit integration boundaries can be defined with the flagID, as follows (Fig. 16).

If ID = 1 : the integration in the field is terminated on a boundary with equationA′X + B′Y + C ′ = 0,
and then the trajectories are extrapolated linearly onto the exit border of the map.

If ID = −1 : an entrance boundary is defined, with equationA′X+B′Y +C ′ = 0, up to which trajectories
are first extrapolated linearly from the map entrance border, prior to being integrated in the field.

If ID ≥ 2 : one entrance boundary, andID−1 exit boundaries are defined, as above. The integration in the
field terminates on the last (ID− 1) exit boundary. No extrapolation onto the map exit border isperformed
in this case.
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Figure 16:OXY is the coordinate system of the mesh. Integration boundaries may be defined,
usingID 6= 0 : particle coordinates are extrapolated linearly from the entrance face
of the map, onto the boundaryA′X+B′Y +C ′ = 0 ; after ray-tracing inside the map
and terminating on the boundaryAX + BY + C = 0, coordinates are extrapolated
linearly onto the exit face of the map ifID = 2, or terminated on the last (ID − 1)
boundary ifID > 2.
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CAVITE : Accelerating cavity

CAVITE provides a simulation of a (zero length) accelerating cavity ; it can be used in conjunction with
keywordsREBELOTE andSCALING for the simulation of multi-turn tracking with synchrotronor fixed
field (FFAG, cyclotron) acceleration (see section 4.6.9). It must be preceded byPARTICUL for the defini-
tion of massM and chargeq.

A major effect ofCAVITE on optics settings is the following :

The reference rigidity of a problem, as used when computing optical strengths from field values, sec-
tions 1.2.1-1.2.3, is specified in the object definition by[MC]OBJET. However, in many cases – options
as described below – that reference rigidity will be updatedupon crossing the cavity, by the amount of the
synchronous rigidity increase as induced by the cavity, namely,

Bρref = BORO−→ Bρref = BORO+ δBρs

Note as an illustration of the process, that, in this case, a simple way to have the optical elements have their
strengthsmaintained constant is to useSCALING with the optionNTIM = −1.

If IOPT = 0 : CAVITE is switched off.

If IOPT = 1 : CAVITE simulates the RF cavity of a synchrotron accelerator : the periodic motion over
IP = 1, NPASS+ 1 turns (passes through the structure) is obtained using the keywordREBELOTE, option
K = 99, while RF and optical elements time dependent functionsare simulated by means ofSCALING –
see section 4.6.9.CAVITE may conveniently be locatedat the endof the optical structure, otherwise its
phasing has to be indicated. The synchrotron motion of any ofthe IMAX particles of a beam is obtained
from the following mapping







φ2 − φ1 = 2π fRF

(
ℓ

βc
− L
βsc

)

W2 −W1 = qV̂ sinφ1

where
φ = RF phase ;φ2 − φ1 = variation ofφ between two traversals
W = kinetic energy ;W2 −W1 = energy gain at a traversal ofCAVITE
L = length of the synchronous closed orbit (to be calculated byprior ray-tracing,

see the bottom NOTE)
ℓ = orbit length of the particle between two traversals
βsc = velocity of the (virtual) synchronous particle
βc = velocity of the particle
V̂ = peak RF voltage
q = particle electric charge.

The RF frequencyfRF is a multiple of the synchronous revolution frequency, and is obtained from the input
data, following

fRF =
hc

L
q(Bρ)s

√

q2(Bρ)2s + (Mc)2

where
h = harmonic number of the R.F
M = mass of the particle
c = velocity of light.

The current rigidity(Bρ)s of the synchronous particle is obtained from the timing law specified by means of
SCALING following (Bρ)s = BORO·SCALE(TIMING) (seeSCALING for the meaning and calculation
of the scale factorSCALE(TIMING) ). If SCALING is not used,(Bρ)s is assumed to keep the constant
value BORO as given in the object description (seeOBJETfor instance).
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The velocityβc of a particle is calculated from its current rigidity

β =
q(Bρ)

√

q2(Bρ)2 + (Mc)2

The velocityβsc of the synchronous particle is obtained in the same way from

βs =
q(Bρ)s

√

q2(Bρ)2s + (Mc)2

The kinetic energies and rigidities involved in these formulae are related by

q(Bρ) =
√

W (W + 2Mc2)

Finally, the initial conditions for the mapping, at the firstturn, are the following

- For the (virtual) synchronous particle

φ1 = φs = synchronous phase

(Bρ)1s = BORO

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

φ1I = φs = synchronous phase

(Bρ)1I = BORO∗DI

where the quantitiesBORO andDI are given in the object description.

Calculation of the Coordinates

Let pI = [p2XI + p2Y I + p2ZI ]
1/2 be the momentum of particleI at the exit of the cavity, whilepI0 =

[
p2XI0 + p2Y I0

+ p2ZI0

]1/2
is its momentum at the entrance. The kick in momentum is assumed to be fully

longitudinal, resulting in the following relations between the coordinates at the entrance (denoted by the
index zero) and at the exit

pXI =
[
p2I − (p2I0 − p2XI0)

]1/2

pY I = pY I0 , and pZI = pZI0 (longitudinal kick)

XI = XI0 , YI = YI0 and ZI = ZI0 (zero length cavity)

and for the angles (see Fig. 1)

TI = Atg

(
pY I

pXI

)

PI = Atg

(
PZI

(p2XI + p2Y I)
1/2

)







(damping of the transverse motion)

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

∆Ws = qV̂ sinφs

where the synchronous phaseφs is given in the input data. From this, the calculation of the law (Bρ)s and
the RF frequencyfRF follows, according to the formulae given in theIOPT = 1 case.

If IOPT = 3 : sine RF law, acceleration without synchrotron motion. Any particle will be given a kick
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∆W = qV̂ sinφs

whereV̂ andφs are input data.

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

If IOPT = 7 : fixed frequency RF, quasi- or isochronous acceleration. Was first used for quasi-isochronous,
fixed frequency acceleration in the EMMA prototype linear FFAG [46].
Can be used for cyclotron acceleration.

NOTE. Calculation of the closed orbit :

Due to possible dipole type of optical defects (e.g., fringe fields, straight axis combined function dipoles),
the closed orbit may not coincide with the ideal axis of the optical elements (hence it will be almost every-
where non-zero). One way to calculate it at the beginning of the structure (i.e., where the initial particle
coordinates are defined) is to ray-trace a single particle over a sufficiently large number of turns, starting
with initial conditions taken near the reference orbit, so as to obtain statistically well-defined transverse
phase-space ellipses. The local closed orbit coincides with the coordinatesYc, Tc, Zc, Pc of the center of
the ellipses. A few iterations are usually sufficient (avoidnear-integer tunes) to ensure accuracy. Next,
ray-tracing over one turn a particle starting with the initial condition (Yc, Tc, Zc, Pc) will provide the entire
closed orbit, and as a sub-product its lengthL (theF (6, 1) coordinate in theFORTRAN).
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CHAMBR : Long transverse aperture limitation

CHAMBR causes the identification, counting and stopping of particles that reach the transverse limits of
the vacuum chamber. The chamber can be either rectangular (IFORM = 1) or elliptic (IFORM = 2). The
chamber is centered atYC, ZC and has transverse dimensions±Y L and±ZL such that any particle will
be stopped if its coordinatesY, Z satisfy

(Y − YC)2 ≥ Y L2 or (Z − ZC)2 ≥ ZL2 if IFORM = 1

(Y − YC)2

Y L2
+

(Z − ZC)2

ZL2
≥ 1 if IFORM = 2

The conditions introduced withCHAMBR are valid along the optical structure until the next occurrence of
the keywordCHAMBR. Then, if IL = 1 the aperture is possibly modified by introducing new values of
YC, ZC, Y L andZL, or, if IL = 2 the chamber ends and information is printed concerning those particles
that have been stopped.

The testing is done in optical elements at each integration step, between theEFB’s. For instance, in
QUADRUPOthere will be no testing from−XE to 0 and fromXL to XL +XS, but only from 0 toXL ; in
DIPOLE, there is no testing as long as theENTRANCE EFB is not reached, and testing is stopped as soon
as theEXIT or LATERAL EFB ’s are passed.

In optical elements defined in polar coordinates,Y stands for the radial coordinate (e.g., DIPOLE, see
Figs. 3C, p. 27, and 11, p. 82). Thus, centeringCHAMBR at
Y C = RM simulates a chamber curved with radiusRM, and having a radial acceptanceRM ± YL . In
DRIFT, the testing is done at the beginning and at the end, and only for positive drifts. There is no testing
in CHANGREF.

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

CHANGREF transports particles from a reference plane(O, Y, Z) at path distanceS, to a new one by a
combination of translations and/or rotations. It essentially aims at positioning optical elements with respect
to one another, as setting a reference frame at the entrance or exit of field maps, or to simulate misalignments
(see alsoKPOSoption).CHANGREFcan be placed anywhere in a structure.

Spin tracking, particle decay and gas-scattering are takeninto account inCHANGREF. Energy loss by
synchrotron radiation (SRLOSSkeyword) is not.

There are two “styles” ofCHANGREF, as follows.

The “old style” CHANGREF requires the three dataXCE, YCE, ALE and then gets the new particle
coordinatesY2, T2, Z2, P2 and path lengthS2 from the old onesY1, T1, Z1, P1 andS1 using

T2 = T1 − ALE

Y2 =
(Y1 − Y CE) cosT1 +XCE sinT1

cosT2

DL2 = (XCE − Y2 sinALE )2 + (Y CE − Y1 + Y2 cosALE )2

Z2 = Z1 +DLtgP1

S2 = S1 +
DL

cosP1

P2 = P1

Figure 17: Scheme of theCHANGREF procedure.

where,XCE andY CE are shifts in the horizontal plane along, respectively,X- andY -axis, andALE is a
rotation around theZ-axis.DL is given the sign ofXCE − Y2 sin(ALE ).

The example below shows the use ofCHANGREF for the symmetric positioning of a combined function
dipole+quadrupole magnet in a drift-bend-drift geometry with 12.691 degrees deviation (obtained upon
combined effect of a dipole component and of quadrupole axisshifted 1 cm off optical axis).

Zgoubi data file :
Using CHANGREF, "Old style"
’OBJET’
51.71103865921708 Electron, Ekin=15MeV.
2
1 1 One particle, with
2. 0. 0.0 0.0 0.0 1. ’R’ Y_0=2 cm, other coordinates zero.
1 1 1 1 1 1 1
’MARKER’ BEG .plt -> list into zgoubi.plt.
’DRIFT’ 10 cm drift.
10.
’CHANGREF’
0. 0. -6.34165 First : half Z-rotation.
’CHANGREF’
0. 1. 0. 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.

0 0 5. 1.1 1.00 1.00 1.00 1.00 1.00 1. 1. 1. 1.
4 .1455 2.2670 -.6395 1.1558 0. 0. 0.

0 0 5. 1.1 1.00 1.00 1.00 1.00 1.00 1. 1. 1. 1.
4 .1455 2.2670 -.6395 1.1558 0. 0. 0.
0 0 0 0 0 0 0 0 0 0
.1 step size
1 0. 0. 0.
’CHANGREF’
0. -1. -6.34165 First : Y-shift back ; next : half Z-rotation.
’DRIFT’ 10 cm drift.
10.
’MARKER’ END .plt ".plt" => list into zgoubi.plt.
’FAISCEAU’
’END’

0.0 0.05 0.1 0.15 0.2 0.25

-.1

-.05

0.0

0.05

0.1

Zgoubi|Zpop                                                           Y_Lab (m)  vs.  X_Lab (m)                                                        

  Trajectory                                         

      Optical                                                   a                  x                   i                    s      

Note : The square markers scheme the stepwise inte-
gration in case of±5 cm additional fringe field extent
upstream and downstream of the 5 cm long multipole.

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

Using CHANGREF, "New Style"
’OBJET’
51.71103865921708 Electron, Ekin=15MeV.
2
1 1 One particle, with
2. 0. 0.0 0.0 0.0 1. ’R’ Y_0=2 cm, other coordinates zero.
1 1 1 1 1 1 1
’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.

0 0 5. 1.1 1.00 1.00 1.00 1.00 1.00 1. 1. 1. 1.
4 .1455 2.2670 -.6395 1.1558 0. 0. 0.

0 0 5. 1.1 1.00 1.00 1.00 1.00 1.00 1. 1. 1. 1.
4 .1455 2.2670 -.6395 1.1558 0. 0. 0.
0 0 0 0 0 0 0 0 0 0
.1 step size
1 0. 0. 0.
’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 is1 + 2 −→ 3 + 4 with the following parameters

Laboratory momentum p1 ≡ 0 p2 p3 p4
Rest mass M1 M2 M3 M4

Total energy in laboratoryM1c
2 W2 W3 W4

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

The angular sampling at the exit of the target consists of theNT coordinates 0,±TS, ±2 ∗ TS... ±(NT −
1) ∗ TS/2 in the median plane, and theNP coordinates 0,±PS, ±2 ∗ PS... ±(NP − 1) ∗ PS/2 in the
vertical plane.

The position ofB downstream is deduced from that ofA upstream by a transformation equivalent to two
transformations usingCHANGREF, namely

CHANGREF(XCE = Y CE = 0, ALE = β)

followed by

CHANGREF(XCE = Y CE = 0, ALE = θ − β).

Particle 4 is discarded, while particle 3 continues. The energy lossQ is related to the variable massM4 by

Q =M1 +M2 − (M3 +M4) and dQ = −dM4

The momentum sampling of particle 3 is derived from conservation of energy and momentum, according to

M1c
2 +W2 = W3 +W4

p24 = p22 + p23 − 2p2p3 cos(θ − T )

Figure 18: Scheme of the principles ofCIBLE (TARGET)
A, T = position, angle of incoming particle 2 in the entrance reference frame
P = position of the interaction
B, T = position, angle of the secondary particle in the exit reference frame
θ = angle between entrance and exit frames
β = tilt angle of the target
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COLLIMA : Collimator

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

Physical Aperture

A physical aperture can be either rectangular (IFORM = 1) or elliptic (IFORM = 2). The collimator is
centered atYC, ZC and has transverse dimensions±Y L and±ZL such that any particle will be stopped if
its coordinatesY , Z satisfy

(Y − YC)2 ≥ Y L2 or (Z − ZC)2 ≥ ZL2 if IFORM = 1

(Y − YC)2

Y L2
+

(Z − ZC)2

ZL2
≥ 1 if IFORM = 2

Longitudinal Phase-space Collimation

COLLIMA can act as a longitudinal phase-space aperture, coordinates acted on are selected withIFORM.J.
Any particle will be stopped if its horizontal (h) and vertical (v) coordinates satisfy

(h ≤ hmin or h ≥ hmax) or (v ≤ vmin or v ≥ vmax)

wherein,h is either path lengthS 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 keyword PARTICUL).

Transverse Phase-space Collimation

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

γY Y
2 + 2αY Y T + βY T

2 ≥ ǫY /π if IFORM = 11 or 14

γZZ
2 + 2αZZP + βZP

2 ≥ ǫZ/π if IFORM = 12 or 15

If IFORM=11 (respectively 12) thenǫY /π (respectivelyǫZ/π) is to be specified by the user as well asαY,Z ,
βY,Z . If IFORM=14 (respectively 15) thenαY andβY (respectivelyαZ , βZ) are determined byzgoubi by
prior computation of the matched ellipse to the particle population, so onlyǫY,Z/π need be specified by the
user.

When a particle is stopped, its indexIEX (seeOBJET and section 4.6.10) is set to the value -4, and its
actual path length is stored in the arraySORT for possible further use withHISTO).
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DECAPOLE : Decapole magnet (Fig. 19)

The meaning of parameters forDECAPOLE is the same as forQUADRUPO.
In fringe field regions the magnetic field~B(X, Y, Z) and its derivatives up to fourth order are derived from
the scalar potential expressed to the 5th order inY andZ

V (X, Y, Z) = G(X)

(

Y 4Z − 2Y 2Z3 +
Z5

5

)

with G0 =
B0

R4
0

The modelling of the fringe field form factorG(X) is described underQUADRUPO, p. 132.

Outside fringe field regions, or everywhere in sharp edge decapole (λE = λS = 0) , ~B(X, Y, Z) in the
magnet is given by

BX = 0

BY = 4G0(Y
2 − Z2)Y Z

BZ = G0(Y
4 − 6Y 2Z2 + Z4)

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

DIPOLE provides a model of a dipole field, possibly with transverse indices. The field along a parti-
cle trajectory is computed as the particle motion proceeds,straightforwardly from the dipole geometrical
boundaries. Field simulation inDIPOLE is the same as used inDIPOLE-M andAIMANT for computing
a field map ; the essential difference inDIPOLE is in its skipping that intermediate stage of field map
generation found inDIPOLE-M andAIMANT .

DIPOLE has a version,DIPOLES, that allows overlapping of fringe fields in a configuration of neighboring
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 dipole field is drawn, are defined from geometric
boundaries, the shape and position of which are determined by the following parameters.

ACENT : arbitrary inner angle, used for EFB’s positioning
ω : azimuth of an EFB with respect toACENT
θ : angle of an EFB with respect to its azimuth (wedge angle)
R1,R2 : radius of curvature of an EFB
U1, U2 : extent of the linear part of an EFB.

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

BZ(R, θ) = F(R, θ)∗B0∗
(

1 +N ∗
(
R−RM

RM

)

+ B ∗
(
R−RM

RM

)2

+G ∗
(
R−RM

RM

)3
)

(4.4.8)

whereN , B andG are respectively the first, second and third order field indices andF(R, θ) is the fringe
field coefficient (it determines the “flutter” in periodic structures).

Calculation of the Fringe Field Coefficient

With each EFB a realistic extent of the fringe field,λ (normally equal to the gap size), is associated and a
fringe field coefficientF is calculated. In the followingλ stands for eitherλE (Entrance),λS (Exit) or λL
(Lateral EFB).

F is an exponential type fringe field (Fig. 12, p. 84) given by [34]

F =
1

1 + expP (s)

whereins is the distance to the EFB and depends on(R, θ), and

P (s) = C0 + C1

( s

λ

)

+ C2

( s

λ

)2

+ C3

( s

λ

)3

+ C4

( s

λ

)4

+ C5

( s

λ

)5

It is also possible to simulate a shift of theEFB, by giving a non zero value to the parametershift. s is then
changed tos−shift in the previous equation. This allows small variations of the magnetic length.

LetFE (respectivelyFS,FL) be the fringe field coefficient attached to the entrance (respectively exit, lateral)
EFB. At any position on a trajectory the resulting value of thefringe field coefficient (eq. 4.4.8) is
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F(R, θ) = FE ∗ FS ∗ FL

In particular,FL ≡ 1 if no lateral EFB is requested.

Calculation of the Mid-plane Field and Derivatives

BZ(R, θ) in Eq. 4.4.8 is computed at then×n nodes (n = 3 or 5 in practice) of a “flying” interpolation grid
in the median plane centered on the projectionm0 of the actual particle positionM0 as schemed in Fig. 20.
A polynomial interpolation is involved, of the form

BZ(R, θ) = A00 + A10θ + A01R + A20θ
2 + A11θR + A02R

2

that yields the requested derivatives, using

Akl =
1

k!l!

∂k+lBZ

∂θk∂rl

Note that, the source code contains the explicit analyticalexpressions of the coefficientsAkl solutions of
the normal equations, so that the operationis notCPU time consuming.

B

interpolation
grid

trajectory

m
0

m 1
BB

1 3

2

particleδs

Figure 20: Interpolation method.m0 andm1 are the projections in the median plane of
particle positionsM0 andM1 and separated byδs, projection of the integration
step.

Extrapolation Off Median Plane

From the vertical field~B and derivatives in the median plane, first a transformation from polar to Cartesian
coordinates is performed, following eqs (1.4.9 or 1.4.10),then, extrapolation off median plane is performed
by means of Taylor expansions, following the procedure described 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 version ofAIMANT .

The keywordDIPOLE-M provides an automatic generation of a dipole field map in polar coordinates. The
extent of the map is defined by the following parameters, as shown in 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 are defined from geometric boundaries, the shape
and position of which are determined by the following parameters.

ACENT : arbitrary inner angle, used for EFB’s positioning
ω : azimuth of an EFB with respect toACENT
θ : angle of an EFB with respect to its azimuth (wedge angle)
R1,R2 : radius of curvature of an EFB
U1, U2 : extent of the linear part of an EFB.

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

BZ(R, θ) = F(R, θ)∗B0∗
(

1 +N ∗
(
R−RM

RM

)

+ B ∗
(
R−RM

RM

)2

+G ∗
(
R−RM

RM

)3
)

(4.4.9)

whereN , B andG are respectively the first, second and third order field indices andF is the fringe field
coefficient.

Calculation of the Fringe Field Coefficient

With each EFB a realistic extent of the fringe field,λ (normally equal to the gap size), is associated and a
fringe field coefficientF is calculated. In the followingλ stands for eitherλE (Entrance),λS (Exit) or λL
(Lateral EFB).

F is an exponential type fringe field (Fig. 12) given by [34]

F =
1

1 + expP (s)

wheres is the distance to the EFB, and

P (s) = C0 + C1

( s

λ

)

+ C2

( s

λ

)2

+ C3

( s

λ

)3

+ C4

( s

λ

)4

+ C5

( s

λ

)5

It is also possible to simulate a shift of theEFB, by giving a non zero value to the parametershift. s is then
changed tos−shift in the previous equation. This allows small variations of the total magnetic length.

LetFE (respectivelyFS,FL) be the fringe field coefficient attached to the entrance (respectively exit, lateral)
EFB. At any node of the map mesh, the resulting value of the fringe field coefficient (eq. 4.4.9) is

F(R, θ) = FE ∗ FS ∗ FL

In particular,FL ≡ 1 if no lateral EFB is requested.

The Mesh of the Field Map

The magnetic field is calculated at the nodes of a mesh with polar coordinates, in the median plane. The
radial step is given by
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δR =
RMAX − RMIN

IRMAX − 1

and the angular step by

δθ =
AT

IAMAX − 1

whereRMIN andRMAX are the lower and upper radial limits of the field map, andAT is its total angular
aperture (Fig. 11B).IRMAX andIAMAX are the total number of nodes in the radial and angular directions.

Simulating Field Defects and Shims

Once the initial map is calculated, it is possible to modify it by means of the parameterNBS, so as to
simulate field defects or shims.

If NBS = −2, the map is globally modified by a perturbation proportional to R − R0, whereR0 is an
arbitrary radius, with an amplitude∆BZ/B0, so thatBZ at the nodes of the mesh is replaced by

BZ ∗
(

1 +
∆BZ

B0

R−R0

RMAX - RMIN

)

If NBS = −1, the perturbation is proportional toθ − θ0, andBZ is replaced by

BZ ∗
(

1 +
∆BZ

B0

θ − θ0
AT

)

If NBS ≥ 1, thenNBS shims are introduced at positions
R1 +R2

2
,
θ1 + θ2

2
(Fig. 14) [35]

The initial field map is modified by shims with second order profiles given by

θ =

(

γ +
α

µ

)

β
X2

ρ2

whereX is shown in Fig. 12,ρ =
R1 +R2

2
is the central radius,α andγ are the angular limits of the shim,

β andµ are parameters.
At each shim, the value ofBZ at any node of the initial map is replaced by

BZ ∗
(

1 + Fθ ∗ FR ∗ ∆BZ

B0

)

whereFθ = 0 or FR = 0 outside the shim, andFθ = 1 andFR = 1 inside.

Extrapolation Off Median Plane

The vector field~B and its derivatives in the median plane are calculated by means of a second or fourth
order polynomial interpolation, depending on the value of the parameterIORDRE (IORDRE=2, 25 or 4,
see section 1.4.2). The transformation from polar to Cartesian coordinates is performed following eqs (1.4.9
or 1.4.10). Extrapolation off median plane is then performed by means of Taylor expansions, following the
procedure described in section 1.3.3.
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DIPOLES : Dipole magnetN -tuple, polar frame [38, 39]

DIPOLES works much likeDIPOLE as to the field modelling, yet with the particularity that it allows
positioning up to 5 such dipoles within the angular sector with full apertureAT thus allowing accounting
for overlapping fringe fields. This is done in the following way5.

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 theN = 1 to 5 dipoles of theN -tuple, the 2 effective field boundaries (entrance and exit
EFBs) from which the dipole field (eqs. 4.4.10, 4.4.11) is drawn are defined from geometrical boundaries,
the shape and position of which are determined by the following parameters (in the same manner as in
DIPOLE, DIPOLE-M) (see Fig. 11-A, p. 82, and Fig. 21)

ACNi : arbitrary inner angle, used for EFB’s positioning
ω : azimuth of an EFB with respect toACN
θ : angle of an EFB with respect to its azimuth (wedge angle)
R1,R2 : radius of curvature of an EFB
U1, U2 : 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 all(R, θ) in the median plane (Z = 0), the
magnetic field due a single one (indexi) of the dipoles of aN -tuple magnet can take either form, upon
option,

(i) BZi(R, θ) = BZ0,i Fi(R, θ) (1 + b1i(R−RMi)/RMi + b2i(R−RMi)
2/RM2

i + ...) (4.4.10)

(ii) BZ(R, θ) = BZ0,i +
∑N

i=1 Fi(R, θ) (b1i(R−RMi) + b2i(R−RMi)
2 + ...) (4.4.11)

whereinBZ0,i is a reference field, at reference radiusRMi, andF(R, θ) is the fringe field coefficient, see
below. This field model is proper to simulate for instance chicane dipoles, cyclotron or FFAG magnets, etc.

ACN1

ACN3

AT

ACN2

B2

B1 B3

M

Figure 21: Definition of a dipole triplet using theDIPOLESor FFAG procedures.

Calculation of the Fringe Field Coefficient

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

5FFAG can be referred to as another instance of a procedure based onsuch method.



106 4 DESCRIPTION OF THE AVAILABLE PROCEDURES

F is an exponential type fringe field (Fig. 12, page 84) given by[34]

F =
1

1 + expP (d)

whereind is the distance to the EFB and depends on(R, θ), and

P (d) = C0 + C1

(
d

g

)

+ C2

(
d

g

)2

+ C3

(
d

g

)3

+ C4

(
d

g

)4

+ C5

(
d

g

)5

In addition,g is made dependent ofR (a way to simulate the effect of variable gap size on fringe field
extent), under the form

g(R) = g0 (RM/R)κ

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

Let FE (respectivelyFS) be the fringe field coefficient attached to the entrance (respectively exit) EFB ; at
any position on a trajectory the resulting value of the fringe field coefficient is taken to be

Fi(R, θ) = FE ∗ FS (4.4.12)

Calculation of the Field Resulting From allN Dipoles

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

BZ(R, θ) =
∑

i=1,N

BZi(R, θ) (4.4.13)

∂k+l ~BZ(R, θ)

∂θk∂rl
=

∑

i=1,N

∂k+l ~BZi(R, θ)

∂θk∂rl
(4.4.14)

Note that, in doing so it is not meant that field superpositiondoes apply in reality, it is just meant to provide
the possibility of obtaining a realistic field shape, that would for instance closely match (using appropriate
C0 − C5 sets of coefficients) 3-D field simulations obtained from magnet design codes.

Calculation of the Mid-plane Field Derivatives

Two methods have been implemented to calculate the field derivatives in the median plane (Eq. 4.4.13),
based on either analytical expressions derived from the magnet geometrical description, or classical numer-
ical interpolation.
The first method has the merit of insuring best symplecticityin principle and fastest tracking. The interest
of the second method is in its facilitating possible changesin the mid-plane magnetic field modelBZ(R, θ),
for instance if simulations of shims, defects, or specialR, θ field dependence need to be introduced.

Analytical method [40] :

The starting ingredients are, on the one hand distances to the EFBs,

d(R, θ) =
√

(x(R, θ)− x0(R, θ))2 + (y(R, θ)− y0(R, θ))2

to be computed for the two casesdEntrance, dExit, and on the other hand the expressions of the coordinates of
particle positionM and its projectionP on the EFB in terms of the magnet geometrical parameters, namely
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x(R, θ) = cos(ACN − θ)−RM
y(R, θ) = R sin(ACN − θ)
xP (R, θ) = sin(u) (y(R, θ)− yb)/2 + xb sin2(u) + x(R, θ) cos2(u)
yP (R, θ) = sin(u) (x(R, θ)− xb)/2 + yb cos2(u) + y(R, θ) sin2(u)

with xb, yb, u parameters drawn from the magnet geometry (sector angle, wedge angle, face curvatures,
etc.).

These ingredients allow calculating the derivatives
∂u+vx(R, θ)

∂θu∂rv
,
∂u+vy(R, θ)

∂θu∂rv
,
∂u+vx0(R, θ)

∂θu∂rv
,
∂u+vy0(R, θ)

∂θu∂rv
,

which, in turn, intervene in the derivatives of the compoundfunctions
∂u+vF (R, θ)

∂θu∂rv
,

∂u+vp(R, θ)

∂θu∂rv
,

∂u+vd(R, θ)

∂θu∂rv
.

Interpolation method :

The expressionBZ(R, θ) in Eq. 4.4.13 is, in this case, computed at then× n nodes (n = 3 or 5 in practice)
of a “flying” interpolation grid in the median plane centeredon the projectionm0 of the actual particle
positionM0 as schemed in Fig. 22. A polynomial interpolation is involved, of the form

BZ(R, θ) = A00 + A10θ + A01R + A20θ
2 + A11θR + A02R

2

that yields the requested derivatives, using

Akl =
1

k!l!

∂k+lB

∂θk∂rl

Note that, the source code contains the explicit analyticalexpressions of the coefficientsAkl solutions of
the normal equations, so that the operationis notCPU time consuming.

B

interpolation
grid

trajectory

m
0

m 1
BB

1 3

2

particleδs

Figure 22: Interpolation method.m0 andm1 are the projections in the median plane of
particle positionsM0 andM1 and separated byδs, projection of the integration
step.

Extrapolation Off Median Plane

From the vertical field~B and derivatives in the median plane, first a transformation from polar to Cartesian
coordinates is performed, following eqs (1.4.9 or 1.4.10),then, extrapolation off median plane is performed
by means of Taylor expansions, following the procedure described in section 1.3.3.

Sharp Edge

Sharp edge field fall-off at a field boundary can only be simulated if 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,ω+ = ACENT (resp.ω− = −(AT − ACENT )), together withθ = 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 forDODECAPO is the same as forQUADRUPO.
In fringe field regions the magnetic field~B(X, Y, Z) and its derivatives up to fourth order are derived from
the scalar potential approximated to the 6th order inY andZ

V (X, Y, Z) = G(X)

(

Y 4 − 10

3
Y 2Z2 + Z4

)

Y Z

with G0 =
B0

R5
0

The modelling of the fringe field form factorG(X) is described underQUADRUPO, p. 132.

Outside fringe field regions, or everywhere in sharp edge dodecapole (λE = λS = 0) , ~B(X, Y, Z) in the
magnet is given by

BX = 0

BY = G0(5Y
4 − 10Y 2Z2 + Z4)Z

BZ = G0(Y
4 − 10Y 2Z2 + 5Z4)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 lengthXL with positive or negative sign, anywhere
in a structure. The associated equations of motion are (Fig.24)

Y2 = Y1 + XL ∗ tgT

Z2 = Z1 +
XL
cosT

tgP

SAR2 = SAR1 +
XL

cosT ∗ cosP

Z

Z2

Z1

0

XL

Y1

P

T

Y

Y2

XL/CosT•CosP

X

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 of electric( ~E) and magnetic( ~B) multipole

components (dipole to 20-pole).~E and its derivatives
∂i+j+k ~E

∂X i∂Y j∂Zk
(i + j + k ≤ 4) are derived from the

general expression of the multipole scalar potential (eq. 1.3.5), followed by a
π

2n
rotation (n = 1, 2, 3, ...)

(see alsoELMULT ). ~B and its derivatives are derived from the same general potential, as described in
section 1.3.7 (see alsoMULTIPOL).

The entrance and exit fringe fields of the~E and ~B components are treated separately, in the same way as
described underELMULT andMULTIPOL, for each one of these two fields. Wedge angle correction is
applied in sharp edge field model if~B1 is non zero, as inMULTIPOL. Any of the ~E or ~B multipole field
component can beX-rotated independently of the others.

UsePARTICUL prior toEBMULT, for the definition of particle mass and charge.

Figure 25: An example of~E, ~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 theX-axis.
The length and potential of the first (resp. second) electrode areX1 andV 1 (X2 andV 2). The distance
between the two electrodes isD, and their inner radius isR0 (Fig. 26). The model for the electrostatic
potential along the axis is [42]

V (X) =
V2 − V1

2
th
ωx

R0

[

+
V1 + V2

2

]

if D = 0

V (X) =
V2 − V1

2

1

2ωD/R0

ℓn
chω

x+D

R0

chω
x−D

R0

[

+
V1 + V2

2

]

if D 6= 0

(x = distance from half-way between the electrodes ;ω = 1.318 ; th = hyperbolic tangent ; ch = hyperbolic
cosine) from which the field~E(X, Y, Z) and its derivatives are derived following the procedure described

in section 1.3.1 (note that they don’t depend on the constantterm

[
V1 + V2

2

]

which disappears when differ-

entiating).

UsePARTICUL prior toEL2TUB, for the definition of particle mass and charge.

X1

V1

X2

V2 X

R0

D

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. It is made ofN 2-plate electrodes and has
mid-plane symmetry.

Electrode lengths areL1,L2, ...,LN . D is the mirror/lens gap. The model for theY -independent electrostatic
potential is (after Ref. [43, p.412])

V (X,Z) =
N∑

i=2

V i− V i−1

π
arctan

sinh(π(X −Xi−1)/D)

cos(πZ/D)

whereVi are the potential at theN electrodes (and normallyV1 = 0 refers to the incident beam energy),
Xi are the locations of the zero-length slits,X is the distance from the origin taken at the first slit (located
atX1 ≡ 0 between the first and second electrodes). FromV (X,Z) the field ~E(X, Y, Z) and derivatives are
deduced following the procedure described in section 1.3.7(page 25).

The total X-extent of the mirror/lens isL =
∑N

i=1 Li.

In the mirror mode (optionMT = 11 for vertical mid-plane orMT = 12 for horizontal mid-plane) stepwise
integration starts atX = −L1 (entrance of the first electrode) and terminates either whenback toX = −L1
or when reachingX = L − L1 (end of theN − th electrode). In the latter case particles are stopped with
their indexIEX set to−8 (see section 4.6.10 on page 166). NormallyX1 should exceed3D (enough that
V (X < X1) have negligible effect in terms of trajectory behavior).

In the lens mode (option flagMT = 21 for vertical mid-plane orMT = 22 for horizontal mid-plane)
stepwise integration starts atX = −L1 (entrance of the first electrode) and terminates either whenreaching
X = L − L1 (end of theN − th electrode) or when the particle deflection exceedsπ/2. In the latter case
the particle is stopped with their indexIEX set to−3.

UsePARTICUL prior toELMIR, for the definition of particle mass and charge.

V1 V3

X

X

Z

−L1 O

D

Y

V2

L2+L3L2

Trajectory

ALEYCE
X

Y

Figure 27: Electrostatic N-electrode mirror/lens, straight slits, in the
caseN = 3, in horizontal mirror mode (MT = 11).
Possible non-zero entrance quantitiesY CE, ALE 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. It is made ofN 2-plate electrodes and has
mid-plane symmetry6.

Electrode slits are circular, concentric with radiiR1, R2, ...,RN-1, D is the mirror/lens gap. The model for
the mid-plane (Z = 0) radial electrostatic potential is (after Ref. [43, p.443])

V (r) =
N∑

i=2

V i− V i−1

π
arctan

(

sinh
π(r −Ri−1)

D

)

whereVi are the potential at theN electrodes (and normallyV1 = 0 refers to the incident beam energy).r
is the current radius.

The mid-plane field~E(r) and itsr-derivatives are first derived by differentiation, then~E(r, Z) and deriva-
tives are obtained from Taylor expansions and Maxwell relations. Eventually a transformation to the rotat-
ing frame provides~E(X, Y, Z) and derivatives as involved in eq. 1.2.15.
Stepwise integration starts at entrance (defined byRE, TE) of the first electrode and terminates when rota-
tion of the reference rotating frame(RM,X, Y ) has reached the value AT. Normally,R1−RE andR1−RS
should both exceed3D (so that potential tails have negligible effect in terms of trajectory behavior).

Positioning of the element is performed by means ofKPOS (see section 4.6.7).

UsePARTICUL prior toELMIRC, for the definition of particle mass and charge.

D

Y

R2

R1

RM

Symmetry
axis

X

r

RS

RE

Trajectory

TE > 0

TS < 0

Mid−plane

V1 V3

Z

V2

AT/2

−AT/2

Figure 28: Electrostatic N-electrode mirror/lens, circular slits, in the caseN = 3, in horizontal mirror mode.

6NOTE : in the present version of the code, the sole horizontalmirror mode is operational, andN is limited to 3.
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ELMULT : Electric multipole

The simulation of multipolar electric field~ME proceeds by addition of the dipolar( ~E1), quadrupolar (~E2),
sextupolar (~E3), etc., up to 20-polar( ~E10) components, and of their derivatives up to fourth order, follow-
ing

~ME = ~E1 + ~E2 + ~E3 + ... + ~E10

∂ ~ME

∂X
=
∂ ~E1

∂X
+
∂ ~E2

∂X
+
∂ ~E3

∂X
+ ... +

∂ ~E10

∂X

∂2ME

∂X∂Z
=

∂2 ~E1

∂X∂Z
+

∂2 ~E2

∂X∂Z
+

∂2 ~E3

∂X∂Z
+ ... +

∂2 ~E10

∂X∂Z
etc.

The independent components~E1 to ~E10 and their derivatives up to the fourth order are calculated by

differentiating the general multipole potential given in eq. 1.3.5 (page 25), followed by a
π

2n
rotation about

theX-axis, so that the so defined right electric multipole of order n, and of strength [41, 44]

Kn =
1

2

γ

γ2 − 1

Vn
Rn

0

(Vn = potential at the electrode,R0 = radius at pole tip,γ = relativistic Lorentz factor of the particle) has

the same focusing effect as the right magnetic multipole of ordern and strengthKn =
Bn

Rn−1
0 Bρ

(Bn = field

at pole tip,Bρ = particle rigidity, seeMULTIPOL).

The entrance and exit fringe fields are treated separately. They are characterized by the integration zoneXE

at entrance andXS at exit, as forQUADRUPO, and by the extentλE at entrance,λS at exit. The fringe field
extents for the dipole component areλE andλS. The fringe field extent for the quadrupolar (sextupolar, ...,
20-polar) component is given by a coefficientE2 (E3, ...,E10) at entrance, andS2 (S3, ...,S10) at exit, such
that the fringe field extent isλE ∗E2 (λE ∗E3, ...,λE ∗E10) at entrance andλS ∗ S2 (λS ∗ S3, ...,λS ∗ S10)
at exit.

If λE = 0 (λS = 0) the multipole lens is considered to have a sharp edge field atentrance (exit), and then,
XE (XS) is forced to zero (for the mere purpose of saving computing time).

If Ei = 0 (Si = 0) (i = 2, 10), the entrance (exit) fringe field for multipole componenti is considered as a
sharp edge field.

Any multipole component~Ei can be rotated independently by an angleRXi around the longitudinalX-
axis, for the simulation of positioning defects, as well as skew lenses.

UsePARTICUL prior toELMULT , for the definition of particle mass and charge.
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Figure 29: An electric multipole combining skew-quadrupole ( ~E2 6=
~0, ~R2 = π/4) and skew-octupole( ~E4 6= ~0, ~R4 = π/8) com-
ponents (~E1 = ~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 content must 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(I)

ELSE
READ(NL, * ) X(I), EX(I)

ENDIF
1 CONTINUE

whereIX is the number of nodes along the (symmetry)X-axis,X(I) their coordinates, andEX(I) are the
values of theX component of the field.EX is normalized withENORM prior to ray-tracing. As well the
longitudinal coordinate X is normalized with aXNORM coefficient (useful to convert to centimeters, the
working units inzgoubi).

X-cylindrical symmetry is assumed, resulting inEY andEZ taken to be zero on axis.~E(X, Y, Z) and
its derivatives along a particle trajectory are calculatedby means of a 5-points polynomial interpolation
followed by second order off-axis extrapolation (see sections 1.3.1 and 1.4.1).

Entrance and/or exit integration boundaries may be defined in the same way as inCARTEMESby means
of the flagID and coefficientsA,B, C, A′,B′, C ′.

UsePARTICUL prior toELREVOL, 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 Cartesian mesh field maps representing the
EMMA FFAG cell quadrupole doublet [47].

EMMA can sum up independent field maps of each of the two quadrupoles, with each its scaling coefficient.
The two maps can be radially positioned independently of oneanother atYF , YD respectively, just like the
actualEMMA quadrupoles. In particular,

MOD : operational and mapFORMAT 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 map,interpolatedfrom QF[YF ] and QD[YD] 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 of maps, closest to current(YF , YD)
value, taken from of set of (QF,QD) pairs registered in file FNAME.

The parameters that move/position the maps, as(YF , YD), are accessible from the FIT, allowing to adjust
the cell tunes.

EMMA works much likeTOSCA. Refer to that keyword, and to theFORTRAN 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 dependence ofthe field,
B = B0(r/r0)

k, so-called “scaling”. Note thatDIPOLES does similar job by using a Taylorr-expansion
of B0(r/r0)

k.

TheFFAG procedure allows overlapping of fringe fields of neighboring dipoles, thus simulating in some
sort the field in a dipoleN -tuple - as for instance in an FFAG doublet or triplet. A detailed application, with
five dipoles, can be found in Ref. [38]. This 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 theN = 1 to (maximum)5 dipoles of theN -tuple, the two effective field boundaries
(entrance and exit EFBs) from which the dipole field is drawn are defined from geometric boundaries, the
shape and position of which are determined by the following parameters (in the same manner as inDIPOLE,
DIPOLE-M) (see Fig. 11-A page 82, and Fig. 30)

ACNi : arbitrary inner angle, used for EFB’s positioning
ω : azimuth of an EFB with respect toACN
θ : angle of an EFB with respect to its azimuth (wedge angle)
R1,R2 : radius of curvature of an EFB
U1, U2 : extent of the linear part of an EFB

ACN1

ACN3

AT

ACN2

B2

B1 B3

M

Figure 30: Definition of a dipoleN -tuple (N = 3, a triplet here) using theDIPOLES
or FFAG procedures.

Calculation of the Field From a Single Dipole

The magnetic field is calculated in polar coordinates. At all(R, θ) in the median plane (z = 0), the magnetic
field due a single one (indexi) of the dipoles of aN -tuple FFAG magnet is written

BZi(R, θ) = BZ0,i Fi(R, θ) (R/RM)Ki

whereinBZ0,i is a reference field, at reference radiusRMi, whereasF(R, θ) is calculated as described
below.

Calculation of Fi(R, θ)

The fringe field coefficientFi(R, θ) associated with a dipole is computed as in the procedureDIPOLES
(eq. 4.4.12), including (rigorously if the interpolation method is used, see page 106, or to order zero if the
analytic method is used, see page 107) radial dependence of the gap size
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g(R) = g0 (RM/R)κ (4.4.15)

so to simulate the effect of gap shaping onBZi(R, θ)|R field fall-off, over the all radial extent of a scaling
FFAG dipole (with normally - but not necessarily in practice- κ ≈ Ki).

Calculation of the Field Resulting From All N Dipoles

For the rest, namely, calculation of the full field at particle position from theN dipoles, analytical
calculation or numerical interpolation of the mid-plane field derivatives, extrapolation off median plane,
etc., things are performed exactly as in the case of theDIPOLESprocedure (see page 106).

Sharp Edge

Sharp edge field fall-off at a field boundary can only be simulated if the following conditions are fulfilled :
- entrance (resp. exit) field boundary coincides with entrance (resp. exit) dipole limit (it means in

particular, see Fig. 11,ω+ = ACENT (resp.ω− = −(AT − ACENT )), together withθ = 0 at entrance
(resp. exit) EFBs),

- analytical method for calculation of the mid-plane field derivatives 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 dependence of the field.

TheFFAG procedure allows overlapping of fringe fields of neighboring dipoles, thus simulating in some
sort the field in a dipoleN -tuple - as for instance in an FFAG doublet or triplet (Fig. 31). This 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 theN = 1 to (maximum)5 dipoles of theN -tuple, the two effective field boundaries
(entrance and exit EFBs) from which the dipole field is drawn are defined from geometric boundaries, the
shape and position of which are determined by the following parameters

ACNi : arbitrary inner angle, used for EFB’s positioning
ω : azimuth of an EFB with respect toACN
ξ : spiral angle

with ACNi andω as defined in Fig. 31 (similar to what can be found in Figs. 30 and 11-A).

AT

ACN1

ACN3

ACN2

R0

O

ξ

ω−<0

ω+>0

Figure 31: AN -tuple spiral sector FFAG magnet (N = 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 all(R, θ) in the median plane (Z = 0), the
magnetic field due a single one (indexi) of the dipoles of aN -tuple FFAG magnet is written
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BZi(R, θ) = BZ0,i Fi(R, θ) (R/RM)Ki

whereinBZ0,i is a reference field, at reference radiusRMi, whereasF(R, θ) is calculated as described
below.

Calculation of Fi(R, θ)

The fringe field coefficientFi(R, θ) associated with a dipole is computed as in the procedureDIPOLES
(eq. 4.4.12), including radial dependence of the gap size

g(R) = g0 (RM/R)κ (4.4.16)

so to simulate the effect of gap shaping onBZi(R, θ)|R field fall-off, over the all radial extent of the dipole
(with normally - yet not necessarily in practice -κ ≈ Ki).

Calculation of the Full Field From All N Dipoles

For the rest, namely calculation of the full field at particleposition, as resulting from theN dipoles,
calculation of the mid-plane field derivatives, extrapolation off median plane, etc., things are performed in
the same manner as for theDIPOLESprocedure (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 componentsBX , BY , BZ of the magnetic field at
all nodes of a 2-D Cartesian uniform mesh in an(X, Y ) plane. No particular symmetry is assumed, which
allows the treatment of any type of field (e.g., solenoidal, or dipole, helical dipole, at arbitraryZ elevation
- the map needs not be a mid-plane map).

The field map data file has to be be filled with a format that satisfies theFORTRAN reading sequence
below (in principle compatible withTOSCA code outputs), details and possible updates are to be found in
the source file’fmapw.f’ :

OPEN (UNIT = NL, FILE = FNAME, STATUS = ‘OLD’ [,FORM=’UNFORMATTED’])
DO 1 J=1,JY

DO 1 I=1,IX
IF (BINARY) THEN

READ(NL) Y(J), Z, X(I), BY(I,J), BZ(I,J), BX(I,J)
ELSE

READ(NL,100) Y(J), Z, X(I), BY(I,J), BZ(I,J), BX(I,J)
100 FORMAT (1X, 6E11.4)

ENDIF
1 CONTINUE

IX (JY ) is the number of longitudinal (transverse horizontal) nodes of the 2-D uniform mesh,Z is the
consideredZ-elevation of the map. For binary files, FNAME must begin with‘B ’ or ‘b ’, a flag ‘BINARY’
will thus be set to ‘.TRUE.’. The field~B = (BX , BY , BZ) is next normalized with BNORM, prior to ray-
tracing. As well the coordinates X, Y are normalized withX-, Y-NORM coefficients (useful to convert to
centimeters, the working units inzgoubi).

At each step of the trajectory of a particle, the field and its derivatives are calculated using a second or
fourth degree polynomial interpolation followed by aZ extrapolation (see sections 1.3.4 page 25, 1.4.3
page 29). The interpolation grid is 3*3-node for 2nd order (option IORDRE = 2) or 5*5 for 4th order
(optionIORDRE = 4).

Entrance and/or exit integration boundaries may be defined,in the same way as forCARTEMES.
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MAP2D-E : 2-D Cartesian uniform mesh field map - arbitrary electric field

MAP2D-E reads a 2-D field map that provides the three componentsEX , EY , EZ of the electric field at
all nodes of a 2-D Cartesian uniform mesh in an(X, Y ) plane. No particular symmetry is assumed, which
allows the treatment of any type of field (e.g., field of a parallel-plate mirror with arbitraryZ elevation - the
map needs not be a mid-plane map).

The field map data file has to be be filled with a format that satisfies theFORTRAN reading sequence
below (in principle compatible withTOSCA code outputs), details and possible updates are to be found in
the source file’fmapw.f’ :

OPEN (UNIT = NL, FILE = FNAME, STATUS = ‘OLD’ [,FORM=’UNFORMATTED’])
DO 1 J=1,JY

DO 1 I=1,IX
IF (BINARY) THEN

READ(NL) Y(J), Z, X(I), EY(I,J), EZ(I,J), EX(I,J)
ELSE

READ(NL,100) Y(J), Z, X(I), EY(I,J), EZ(I,J), EX(I,J)
100 FORMAT (1X, 6E11.4)

ENDIF
1 CONTINUE

IX (JY ) is the number of longitudinal (transverse horizontal) nodes of the 2-D uniform mesh,Z is the
consideredZ-elevation of the map. For binary files, FNAME must begin with‘E ’ or ‘b ’, a flag ‘BINARY’
will thus be set to ‘.TRUE.’. The field~E = (EX , EY , EZ) is next normalized with ENORM, prior to ray-
tracing. As well the coordinates X, Y are normalized withX-,Y-NORM coefficients (useful to convert to
centimeters, the working units inzgoubi.

At each step of the trajectory of a particle, the field and its derivatives are calculated using a second or
fourth degree polynomial interpolation followed by aZ extrapolation (see sections 1.3.4 page 25, 1.4.3
page 29). The interpolation grid is 3*3-node for 2nd order (option IORDRE = 2) or 5*5 for 4th order
(optionIORDRE = 4).

Entrance and/or exit integration boundaries may be defined,in the same way as forCARTEMES.



4.4 Optical Elements and Related Numerical Procedures 125

MARKER : Marker

MARKER does nothing. Just a marker. No data.

As any other keyword,MARKER is allowed twoLABELs. Using ’.plt’ as a secondLABEL will
cause storage of current coordinates into zgoubi.plt.
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MULTIPOL : Magnetic multipole

The simulation of multipolar magnetic field~M by MULTIPOL proceeds by addition of the dipolar (~B1),
quadrupolar (~B2), sextupolar (~B3), etc., up to 20-polar (~B10) components, and of their derivatives up to
fourth order, following

~M = ~B1 + ~B2 + ~B3 + ... + ~B10

∂ ~M

∂X
=
∂ ~B1

∂X
+
∂ ~B2

∂X
+
∂ ~B3

∂X
+ ... +

∂ ~B10

∂X

∂2 ~M

∂X∂Z
=

∂2 ~B1

∂X∂Z
+

∂2 ~B2

∂X∂Z
+

∂2 ~B3

∂X∂Z
+ ... +

∂2 ~B10

∂X∂Z
etc.

The independent components~B1, ~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 separately. They are characterized by the integration zone
XE at entrance andXS at exit, as forQUADRUPO, and by the extentλE at entrance,λS at exit. The fringe
field extents for the dipole component areλE andλS. The fringe field for the quadrupolar (sextupolar, ...,
20-polar) component is given by a coefficientE2 (E3, ...,E10) at entrance, andS2 (S3, ...,S10) at exit, such
that the extent isλE ∗ E2 (λE ∗ E3, ...,λE ∗ E10) at entrance andλS ∗ S2 (λS ∗ S3, ...,λS ∗ S10) at exit.

If λE = 0 (λS = 0) the multipole lens is considered to have a sharp edge field atentrance (exit), and then,
XE (XS) is forced to zero (for the mere purpose of saving computing time). IfEi = 0 (Si = 0) (i = 2, 10),
the entrance (exit) fringe field for the multipole componenti is considered as a sharp edge field. In sharp
edge field model, the wedge angle vertical first order focusing effect (if ~B1 is non zero) is simulated at
magnet entrance and exit by a kickP2 = P1 − Z1 tan(ǫ/ρ) applied to each particle (P1, P2 are the vertical
angles upstream and downstream of the EFB,Z1 is the vertical particle position at the EFB,ρ the local
horizontal bending radius andǫ the wedge angle experienced by the particle ;ǫ depends on the horizontal
angle T).

Any multipole component~Bi can be rotated independently by an angleRXi around the longitudinalX-
axis, for the simulation of positioning defects, as well as skew lenses.

Magnet (mis-)alignment is assured byKPOS. 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 forOCTUPOLE is the same as forQUADRUPO. In fringe field regions the
magnetic field~B(X, Y, Z) and its derivatives up to fourth order are derived from the scalar potential ap-
proximated to the 8-th order inY andZ

V (X, Y, Z) =

(

G− G′′

20
(Y 2 + Z2) +

G ′′′′

960
(Y 2 + Z2)2

)

(Y 3Z − Y Z3)

with G0 =
B0

R3
0

The modelling of the fringe field form factorG(X) is described underQUADRUPO, p. 132.

Outside fringe field regions, or everywhere in sharp edge dodecapole (λE = λS = 0) , ~B(X, Y, Z) in the
magnet is given by

BX = 0

BY = G0(3Y
2 − Z2)Z

BZ = G0(Y
2 − 3Z2)Y

Figure 32: Octupole magnet
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POISSON :Read magnetic field data fromPOISSON output

This keyword allows reading a field profileB(X) from POISSONoutput. LetFNAME be the name of this
output file (normally,FNAME = outpoi.lis) ; the data are read following theFORTRAN statements here
under

I = 0
11 CONTINUE
I = I + 1

READ(LUN,101,ERR=10,END=10) K, K, K, R, X(I), R, R, B(I)
101 FORMAT(I1, I3, I4, E15.6, 2F11.5, 2F12.3)

GOTO 11
10 CONTINUE

...

where X(I) is the longitudinal coordinate, and B(I) is the Z component of the field at a node (I) of the mesh.
K’s and R’s are dummy variables appearing in thePOISSONoutput file outpoi.lis but not used here.

From this field profile, a 2-D median plane map is built, with a rectangular and uniform mesh ; mid-plane
symmetry is assumed. The field at each node(Xi, Yj) of the map isB(Xi), independent ofYj (i.e., the
distribution is uniform in theY direction).

For the rest,POISSONworks in a way similar toCARTEMES.
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POLARMES : 2-D polar mesh magnetic field map

Similar to CARTEMES, apart from the polar mesh frame :IX is the number of angular nodes,JY the
number of radial nodes ;X(I) andY (J) are respectively the angle and radius of a node (these parameters
are similar to those entering in the definition of the field map inDIPOLE-M).
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PS170 : Simulation of a round shape dipole magnet

PS170is dedicated to a ‘rough’ simulation of CERNPS170spectrometer dipole.

The fieldB0 is constant inside the magnet, and zero outside. The pole is acircle of radiusR0, centered on
theX axis. The output coordinates are generated at the distanceXL from the entrance (Fig. 33).

Figure 33: Scheme of the PS170 magnet simulation.
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QUADISEX, SEXQUAD : Sharp edge magnetic multipoles

SEXQUAD defines in a simple way a sharp edge field with quadrupolar, sextupolar and octupolar compo-
nents.QUADISEX adds a dipole component. The length of the element isXL . The vertical component
B ≡ BZ(X, Y, Z = 0) of the field and its derivatives in median plane are calculated at each step using the
following expressions

B = B0

(

U +
N

R0

Y +
B

R2
0

Y 2 +
G

R3
0

Y 3

)

∂B

∂Y
= B0

(
N

R0

+ 2
B

R2
0

Y + 3
G

R3
0

Y 2

)

∂2B

∂Y 2
= B0

(

2
B

R2
0

+ 6
G

R3
0

Y

)

∂3B

∂Y 3
= 6B0

G

R3
0

and then extrapolated out of the median plane by Taylor expansion inZ (see section 1.3.3).

With optionSEXQUAD, U = 0, while with QUADISEX, U = 1.
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QUADRUPO : Quadrupole magnet (Fig. 34)

The length of the magnetXL is the distance between the effective field boundaries (EFB),Fig. 35. The field
at the pole tipR0 isB0.
The extent of the entrance (exit) fringe field is characterized byλE(λS). The distance of ray-tracing on both
sides of the EFB’s, in the field fall off regions, will be±XE at the entrance, and±XS at the exit (Fig. 35),
by prior and further automatic change of frame.
In the fringe field regions[−XE, XE] and[−XS, XS] on both sides of the EFB’s,~B(X, Y, Z) and its deriva-
tives up to fourth order are calculated at each step of the trajectory from the analytical expressions of the
three componentsBX , BY , BZ obtained by differentiation of the scalar potential (see section 1.3.7) ex-
pressed to the 8th order inY andZ.

V (X, Y, Z) =

(

G− G′′

12
(Y 2 + Z2) +

G ′′′′

384
(Y 2 + Z2)2 − G ′′′′′′

23040
(Y 2 + Z2)3

)

Y Z

( G′′ = d2G/dX2, ...)

whereG is the gradient on axis [34] :

G(s) =
G0

1 + expP (s)
with G0 =

B0

R0

and,

P (s) = C0 + C1

( s

λ

)

+ C2

( s

λ

)2

+ C3

( s

λ

)3

+ C4

( s

λ

)4

+ C5

( s

λ

)5

P (s) = C0 + C1

( s

λ

)

+ C2

( s

λ

)

where,s is the distance to the field boundary andλ stands forλE or λS (normally,λ ≃ 2 ∗R0).
When fringe fields overlap inside the magnet(XL ≤ XE +XS), the gradientG is expressed as

G = GE +GS − 1

where,GE is the entrance gradient andGS is the exit gradient.
If λE = 0 (λS = 0), the field at entrance (exit) is considered as sharp edged, and thenXE(XS) is forced to
zero (for the mere purpose of saving computing time).
Outside of the fringe field regions (or everywhere whenλE = λS = 0) ~B(X, Y, Z) in the magnet is given
by

BX = 0

BY = G0Z

BZ = G0Y
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Figure 34: Quadrupole magnet

Figure 35: Scheme of the longitudinal field gradientG(X).
(OX) is the longitudinal axis of the reference frame
(0, X, Y, Z) of zgoubi. The length of the element isXL . Tra-
jectories are ray-traced from−XE to XL +XS, 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 found inWIENFILTER.

SEPARA provides an analytic simulation of an electrostatic separator. Input data are the lengthL of
the element, the electric fieldE and the magnetic fieldB. The massm and chargeq of the particles are
entered by means of the keywordPARTICUL.

The subroutines involved inSEPARA solve the following system of three equations with three unknown
variablesS, Y , Z (while X ≡ L), that describe the cycloidal motion of a particle in~E, ~B static fields
(Fig. 36).

X = −R cos

(
ωS

βc
+ ǫ

)

− αS

ωβc
+
C1

ω

Y = R sin

(
ωS

βc
+ ǫ

)

− α

ω2
− C2

ω
+ Y0

Z = S sin(P0) + Z0

where,S is the path length in the separator,α = −Ec
2

γ
, ω = −Bc

2

mγ
, C1 = β sin(T0) cos(P0) andC2 =

βc cos(T0) cos(P0) are initial conditions.c = velocity of light,βc = velocity of the particle,γ = (1−β2)
−
1

2

andtan ǫ = (C2 +
α

ω
)/C1. Y0, T0, Z0, P0 are the initial coordinates of the particle in thezgoubi reference

frame. Hereβc andγ are assumed constant, which is true as long as the change of momentum due to the
electric field remains negligible all along the separator.

The option indexIA in the input data allows switching to inactive element (thusequivalent toESL), hori-
zontal or vertical separator. Normally,E,B and the value ofβW for wanted particles are related by

B(T ) = −
E

(
V

m

)

βW · c
(m

s

)

Figure 36: Horizontal separation between a wanted particle, (W ), and an unwanted
particle, (U). (W ) undergoes a linear motion while(U) undergoes a
cycloidal motion.
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SEXTUPOL : Sextupole magnet (Fig. 37)

The meaning of parameters forSEXTUPOL is the same as forQUADRUPO.

In fringe field regions the magnetic field~B(X, Y, Z) and its derivatives up to fourth order are derived from
the scalar potential approximated to 7th order inY andZ

V (X, Y, Z) =

(

G− G′′

16
(Y 2 + Z2) +

G ′′′′

640
(Y 2 + Z2)2

)(

Y 2Z − Z3

3

)

with G0 =
B0

R2
0

The modelling of the fringe field form factorG(X) is described underQUADRUPO, p. 132.

Outside fringe field regions, or everywhere in sharp edge sextupole (λE = λS = 0), ~B(X, Y, Z) in the
magnet is given by

BX = 0

BY = 2G0Y Z

BZ = G0(Y
2 − Z2)

Figure 37: Sextupole magnet
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SOLENOID : Solenoid (Fig. 38)

The solenoidal magnet has an effective lengthXL , a mean radiusR0 and an asymptotic fieldB0 =
µ0NI/XL (i.e.,

∫∞
−∞BX(X, r)dX = µ0NI, ∀r < R0), whereinBX=longitudinal field component,NI

= number of Ampere-Turns,µ0 = 4π10−7.

The distance of ray-tracing beyond the effective lengthXL , is XE at the entrance, andXS at the exit
(Fig. 38).

Two methods are available for the computation of the field~B(X, r) and its derivatives.
Method 1 : ~B(X, r), r = (Y 2 +Z2)1/2 and its derivatives up to second order at all(X, Y, Z) are calculated
following Ref. [49], based on the three complete elliptic integralsK, E andΠ. The latter are calculated
with the algorithm proposed in the same reference, their derivatives are calculated by means of recursive
relations [50].

This analytical model for the solenoidal field allows simulating an extended range of coil geometries (length,
radius) provided that the coil thickness is small enough compared to the mean radiusR0.

In particular the field on-axis writes (takingX = r = 0 at the center of the solenoid)

BX(X, r = 0) =
µ0NI

2XL

[

XL/2−X
√

(XL/2−X)2 +R2
0

+
XL/2 +X

√

(XL/2 +X)2 +R2
0

]

and yields the magnetic length

Lmag ≡
∫∞
−∞BX(X, r < R0)dX

BX(X = r = 0)
= XL

√

1 +
4R2

0

XL 2 > XL (4.4.17)

with in addition

BX(center) ≡ BX(X = r = 0) =
µ0NI

XL

√

1 +
4R2

0

XL 2

.

Method 2 : The second method available uses eq. 4.4.17 above as a 1-D model and uses off-axis extrapola-
tion to derive the field and its derivatives at all(X, Y, Z), following the method described in section 1.3.1.

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 Cartesian or cylindrical mesh field maps
as delivered by theTOSCA magnet computer code standard output.

A pair of flags,MOD, MOD2, determine whether Cartesian or Z-axis cylindrical mesh is used, and the
nature of the field map data set.

The total number of field data files to be read is determined by the MOD flag (see below) and by the
parameterIZ that appears in the data list following the keyword. Each of these files contains the field
componentsBX , BY , BZ on an (X, Y ) mesh. IZ = 1 for a 2-D map, and in this caseBX andBY are
assumed zero all over the map7. For a 3-D map with mid-plane symmetry, described with a set of 2-D maps
at variousZ, thenMOD=0 andIZ ≥ 2, and thus, the first data file whose name follows in the data list
is supposed to contain the median plane field (assumingZ = 0 andBX = BY = 0), while the remaining
IZ − 1 file(s) contain theIZ − 1 additional planes in increasingZ order. For arbitrary 3-D maps, no
symmetry assumed, thenMOD=1 and the total number of maps (whose names follow in the data list) is
IZ, such that map number[IZ/2] + 1 is theZ = 0 elevation one.

The field map data file has to be be filled with a format that fits the FORTRAN reading sequence. The
following is an instance, details and possible updates are to be found in the source file’fmapw.f’ :

DO 1 K = 1, KZ
OPEN (UNIT = NL, FILE = FNAME, STATUS = ‘OLD’ [,FORM=’UNFORMATTED’])
DO 1 J = 1, JY

DO 1 I = 1, IX
IF (BINARY) THEN

READ(NL) Y(J), Z(K), X(I), BY(J,K,I), BZ(J,K,I), BX(J,K,I )
ELSE

READ(NL,100) Y(J), Z(K), X(I), BY(J,K,I), BZ(J,K,I), BX(J ,K,I)
100 FORMAT(1X,6E11.2)

ENDIF
1 CONTINUE

IX (JY , KZ) is the number of longitudinal (transverse horizontal, vertical) nodes of the 3-D uniform
mesh. For lettingzgoubiknow that these are binary files, FNAME must begin with ‘B’ or ‘b ’.

In addition to theMOD=1, 2 cases above, one can haveMOD=12 and in that case a single file contains
the all 3-D field map. See table below and theFORTRAN subroutinefmapw.f and its entries FMAPR,
FMAPR2, for more details, in particular the formatting of thefield map data file(s).

7UseMAP2D in case non-zeroBX , BY are to be taken into account in a 2-D map.
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MOD MOD2

MOD ≤ 19 : Cartesian mesh
0 andIZ = 1 none 2-D map, a single data file forBZ(X, Y )|Z=0,

mid-plane symmetry
0 andIZ > 1 none 3-D map, 1+IZ/2 data files of upper half of

magnet, one per (X,Y)|0≤Z≤Zmax
plane,

mid-plane symmetry
0 1, 2, 3 As previous case, just a different reading format
1 none 2- or 3-D map, IZ 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,Z), (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 (Y,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 ofBNORM in a similar way as inCARTEMES.
As well the coordinates X and Y (and Z in the case of a 3-D field map) are normalized by theX-[, Y-,
Z-]NORM coefficient (useful to convert to centimeters, the working units in zgoubi).

At each step of the trajectory of a particle inside the map, the field and its derivatives are calculated
- in the case of 2-D map, by means of a second or fourth order polynomial interpolation, depending

on IORDRE(IORDRE = 2, 25 or 4), as forCARTEMES,
- in the case of 3-D map, by means of a second order polynomial interpolation with a3× 3× 3-point

parallelepipedic grid, as described in section 1.4.4.

Entrance and/or exit integration boundaries between whichthe trajectories are integrated in the field may
be defined, in the same way as inCARTEMES.
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TRANSMAT : Matrix transfer

TRANSMAT performs a second order transport of the particle coordinates in the following way

Xi =
∑

j

RijX
0
j +

∑

j,k

TijkX
0
jX

0
k

where,Xi stands for any of the current coordinatesY , T , Z, P , path length and momentum dispersion, and
X0

i stands for any of the initial coordinates.[Rij] ([Tijk]) is the first order (second order) transfer matrix
as usually involved in second order beam optics [28]. Secondorder transfer is optional. The length of the
element represented by the matrix may be introduced for the purpose of path length updating.

Note :MATRIX delivers[Rij ] and[Tijk] matrices in a format suitable for straightforward use withTRANS-
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 tracking,
particle decay and gas-scattering are taken into account (but not on synchrotron radiation).



142 4 DESCRIPTION OF THE AVAILABLE PROCEDURES

UNDULATOR : Undulator magnet

UNDULATOR magnet. UNDER DEVELOPMENT.



4.4 Optical Elements and Related Numerical Procedures 143

UNIPOT : Unipotential cylindrical electrostatic lens

The lens is cylindrically symmetric about theX-axis.

The length of the first (resp. second, third) electrode isX1 (resp. X2, X3). The distance between the
electrodes isD. The potentials areV 1 andV 2. The inner radius isR0 (Fig. 39). The model for the
electrostatic potential along the axis is [51]

V (x) =
V 2− V 1

2ωD








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
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2
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(
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)
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)
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ω
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2

)
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









(x = distance from the center of the central electrode ;ω = 1,318 ; cosh = hyperbolic cosine), from which
the field ~E(X, Y, Z) and its derivatives are deduced following the procedure described in section 1.3.1.

UsePARTICUL prior toUNIPOT, for the definition of particle mass and charge.

The total length of the lens isX1 + X2 + X3 + 2D ; 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 Laboratory’sVENUS dipole. The fieldB0 is
constant inside the magnet, with longitudinal extentXL and transverse extent±Y L ; outside these limits,
B0 = 0 (Fig. 40).

Figure 40: Scheme ofVENUS rectangular dipole.
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WIENFILT : Wien filter

WIENFILT simulates a Wien filter, with transverse and orthogonal electric and magnetic fields~EY , ~BZ or
~EZ , ~BY (Fig. 36). It must be preceded byPARTICUL for the definition of particle mass and charge.

The lengthXL of the element is the distance between its entrance and exit EFB’s. The electric and magnetic
field intensitiesE0 andB0 in the central, uniform field region, normally satisfy the relation

B0 = − E0

βW c

for the selection of “ wanted” particles of velocityβW c. Ray-tracing in field fall-off regions extends over a
distanceXE (XS) beyond the entrance (exit) EFB by means of prior and further automatic change of frame.
Four sets of coefficientsλ, C0 − C5 allow the description of the entrance and exit fringe fields outside the
uniform field region, following the model [34]

F =
1

1 + exp(P (s))

whereP (s) is of the term

P (s) = C0 + C1

( s

λ

)

+ C2

( s

λ

)2

+ C3

( s

λ

)3

+ C4

( s

λ

)4

+ C5

( s

λ

)5

ands is the distance to the EFB. When fringe fields overlap inside theelement (i.e., XL ≤ XE +XS), the
field fall-off is expressed as

F = FE + FS − 1

whereFE(FS) is the value of the coefficient respective to the entrance (exit) EFB.
If λE = 0 (λS = 0) for either the electric or magnetic component, then both are considered as sharp
edge fields andXE(XS) is forced to zero (for the purpose of saving computing time).In this case, the
magnetic wedge angle vertical first order focusing effect issimulated at entrance and exit by a kickP2 =
P1 − Z1 tan(ǫ/ρ) applied to each particle (P1, P2 are the vertical angles upstream and downstream the
EFB,Z1 the vertical particle position at the EFB,ρ the local horizontal bending radius andǫ the wedge
angle experienced by the particle ;ǫ depends on the horizontal angle T). This is not done for the electric
field, however it is advised not to use a sharp edge electric dipole model since this entails non symplectic
mapping, and in particular precludes accounting for momentum effects of the non zero longitudinal electric
field component.
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YMY : Reverse signs ofY andZ reference axes

YMY performs a 180◦ rotation of particle coordinates with respect to theX-axis, as shown in Fig. 41. This
is done by means of a change of sign ofY andZ axes, and therefore coordinates, as follows

Y 2 = −Y 1, T2 = −T1, Z2 = −Z1 and P2 = −P1

Figure 41: The use ofYMY 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 coordi-
nates, etc. They may be called for at any spot in the data pile.



148 4 DESCRIPTION OF THE AVAILABLE PROCEDURES

FAISCEAU, FAISCNL, FAISTORE : Print/Store particle coordi nates

• FAISCEAU can be introduced anywhere in a structure data list (zgoubi.dat). It produces a print (into
zgoubi.res) of initial and actual coordinates of theIMAX particles at the location where it stands, together
tagging indices and letters, etc.

• FAISCNL produces a lot more information on particles at current location, including spin components,
decay distance, mass, charge, etc. (see list below), and stores it in a dedicated fileFNAME (advised name
is FNAME = ‘zgoubi.fai’ (formatted write) or ‘bzgoubi.fai’ (binary write) if post-processing withzpop
should follow). This file may further on be read by means ofOBJET, optionKOBJ= 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 according to theFORTRAN sequence in the subrou-
tine impfai.f , where details and possible updates are to found. The following is an instance :

OPEN (UNIT = NL, FILE = FNAME, STATUS = ‘NEW’)
IF(BINARY) THEN

DO 2 I=1,IMAX
P = BORO* CL9 * F(1,I) * AMQ(2,I)
ENERG = SQRT(P* P + AMQ(1,I) * AMQ(1,I))
ENEKI = ENERG - AMQ(1,I)
WRITE(NFAI)

1 IEX(I),-1.D0+FO(1,I),(FO(J,I),J=2,MXJ), tag, initial D-1,Y,T,Z,P,S,Time
2 -1.D0+F(1,I),F(2,I),F(3,I),(F(J,I),J=4,MXJ), curren t D_i,Y,T,Z,P,S,Time
> (SI(J,I),J=1,4),(SF(J,I),J=1,4), spin components, ini tial and current
> ENEKI,ENERG, energy
4 I,IREP(I), SORT(I),(AMQ(J,I),J=1,5),RET(I),DPR(I),P S, particle#,loss S,mass,Q,G,life time
5 BORO, IPASS, NOEL, KLEY,LBL1,LBL2,LET(I) BORO, pass#,el ement#,keyword,labels

2 CONTINUE
ELSE

DO 1 I=1,IMAX
P = BORO* CL9 * F(1,I) * AMQ(2,I)
ENERG = SQRT(P* P + AMQ(1,I) * AMQ(1,I))
ENEKI = ENERG - AMQ(1,I)
WRITE(NFAI,110)

1 IEX(I),-1.D0+FO(1,I),(FO(J,I),J=2,MXJ),
2 -1.D0+F(1,I),F(2,I),F(3,I),
3 (F(J,I),J=4,MXJ),
4 (SI(J,I),J=1,4),(SF(J,I),J=1,4),
5 ENEKI,ENERG,
6 I,IREP(I), SORT(I),(AMQ(J,I),J=1,5),RET(I),DPR(I),P S,
7 BORO, IPASS, NOEL,
8 TX1,KLEY,TX1,TX1,LBL1,TX1,TX1,LBL2,TX1,TX1,LET(I), TX1

INCLUDE "FRMFAI.H"
1 CONTINUE

ENDIF

110 FORMAT(1X,

C1 KEX, XXXO,(FO(J,IT),J=2,MXJ)
> 1P, 1X,I2, 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)

C5 ENEKI,ENERG
> ,2(1X,E16.8)

C6 IT,IREP(IT), SORT(IT), (AMQ(J,I),J=1,5), RET(IT), DPR (IT), PS
> ,2(1X,I6), 9(1X,E16.8)

C7 BORO, IPASS, NOEL,
> ,1X,E16.8, 2(1X,I6)

C8 ’KLEY’, (’LABEL(NOEL,I)’,I=1,2), ’LET(IT)’
> ,1X,A1,A10,A1, 2(1X,A1,A ,A1), 1X,3A1)

The meaning of the main data is the following (see the keywordOBJET)



4.5 Output Procedures 149

LET (I) : one-character string, for tagging particle numberI
IEX, I, IREP (I) : flag, particle number, index
FO(1− 6, I) : coordinatesD, Y , T , Z, P and path length at the origin of the structure
F (1− 6, I) : 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 coordinates ;RET =phase (radian),

DPR = momentum dispersion (MeV/c) (seeCAVITE )
IPASS : turn number (seeREBELOTE)
etc. :

• FAISTOREhas an effect similar toFAISCNL, with two more features.
- On the first data line,FNAME may be followed by a series of up to 10LABEL ’s. If there is no

label, the print occurs by default at the location ofFAISTORE ; if there are labels the print occurs right
downstream of all optical elements wearing those labels (and no longer at theFAISTORE location).

- The next data line gives a parameter,IP : printing will occur at pass 1 and then at everyIP other
pass, if usingREBELOTEwith 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 and then at every 12 other pass, each time elements of
the zgoubi.dat data list labeled eitherHPCKUPor VPCKUP are encountered.

Note

Binary storage can be obtained fromFAISCNL andFAISTORE. This is for the sake of compactness and
access speed, for instance in case voluminous amounts of data would have to be manipulated usingzpop.

This is achieved by giving the storage file a name of the formb FNAME orB FNAME (e.g., ‘b zgoubi.fai’).
TheFORTRAN WRITE list is the same as in theFORMATTED case above.

This is compatible with theREAD statements inzpop that will recognize binary storage from that very
radical ’b ’ or ’B ’.
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FOCALE, IMAGE[S] : Particle coordinates and beam size ; localization and size of horizontal waist

FOCALE calculates the dimensions of the beam and its mean transverse position, at a longitudinal distance
XL from the position corresponding to the keywordFOCALE.

IMAGE computes the location and size of the closest horizontal waist.

IMAGES has the same effect asIMAGE, but, in addition, for a non-monochromatic beam it calculates as
many waists as there are distinct momenta in the beam, provided that the object has been defined with a
classification of momenta (seeOBJET, KOBJ= 1, 2 for instance).

Optionally, for each of these three procedures,zgoubican list a trace of the coordinates in theX, Y and in
theY , Z planes.

The following quantities are calculated for theN particles of the beam (IMAGE, FOCALE) or of each
group of momenta (IMAGES)

• Longitudinal position :

FOCALE : X = XL

IMAGE[S] : X = −
∑N

i=1 Yi ∗ tgTi −
(
∑N

i=1 Yi ∗
∑N

i=1 tgTi
)

/N

∑N
i=1 tg2Ti −

(
∑N

i=1 tgTi
)2

/N

Y = Y1 +X ∗ tgT1

whereY1 andT1 are the coordinates of the first particle of the beam (IMAGE, FOCALE) or the first
particle of each group of momenta (IMAGES).

• Transverse position of the center of mass of the waist (IMAGE[S] ) or of the beam (FOCALE), with
respect to the reference trajectory

YM =
1

N

N∑

i=1

(Yi +XtgTi)− Y =
1

N

N∑

i=1

Y Mi

• FWHM of the image (IMAGE[S] ) or of the beam (FOCALE), and total width, respectively,W and
WT

W = 2.35

(

1

N

N∑

i=1

Y M2
i − Y M2

)
1

2

WT = max(YM i)−min(YM i)
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FOCALEZ, IMAGE[S]Z : Particle coordinates and beam size ; localization and size of vertical waist

Similar toFOCALE andIMAGE[S], but the calculations are performed with respect to the vertical coordi-
natesZi andPi, in place ofYi andTi.
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HISTO : 1-D histogram

Any of the coordinates used inzgoubi may be histogrammed, namely initialY0, T0, Z0, P0, S0, D0 or
currentY , T ,Z, P , S,D particle coordinates (S = path length ;D may change in decay process simulation
with MCDESINT, or when ray-tracing in~E fields), and also spin coordinates and modulusSX , SY , SZ and∥
∥
∥~S
∥
∥
∥.

HISTOcan be used in conjunction withMCDESINT, for statistics on the decay process, by means ofTYP.
TYP is a one-character string. If it is set equal to ‘S’, only secondary particles (they are tagged with an ’S’)
will be histogrammed. If it is set equal to ‘P’, then only parent particles (non-’S’) will be histogrammed.
For no discrimination between S-econdary and P-arent particles,TYP = ‘Q’ must be used.

The dimensions of the histogram (number of lines and columns) may be modified. It can be normalized
with NORM = 1, to avoid saturation.

Histograms are indexed with the parameterNH. This allows making independent histograms of the same
coordinate at several locations in a structure. This is alsouseful when piling up problems in a single input
data file (see alsoRESET). NH is in the range 1-5.

If REBELOTE is used, the statistics on the1+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 throughthe optical structure, from theOBJET
down to the location whereMATRIX is introduced in the structure, or, upon option, down to the horizontal
focus closest to that location. In this last case the position of the focus is calculated automatically in the
same way as the position of the waist inIMAGE. Depending on optionIFOC, MATRIX also delivers the
beam matrix and betatron phase advances or (case of a periodic structure) periodic beam matrix and tunes,
chromaticities and other global parameters.

Depending on the value of optionIORD, different procedures follow

• If IORD = 0, MATRIX is inhibited (equivalent toFAISCEAU, whateverIFOC).

• If IORD = 1, the first order transfer matrix[Rij] is calculated, from a third order approximation of the
coordinates. For instance

Y + =

(
Y

T0

)

T0 +

(
Y

T 2
0

)

T 2
0 +

(
Y

T 3
0

)

T 3
0 , Y − = −

(
Y

T0

)

T0 +

(
Y

T 2
0

)

T 2
0 −

(
Y

T 3
0

)

T 3
0

will yield, neglecting third order terms,

R11 =

(
Y

T0

)

=
Y + − Y −

2T0

In addition, if OBJET, KOBJ = 5.01 is used (hence introducing initial optical function values,αY,Z ,
αY,Z , DY,Z , D′

Y,Z), then, using theRij above,MATRIX will transport the optical functions and phase
advancesφY , φZ , following





β
α
γ





at MATRIX

=





R2
11 −2R11R12 R2

12

−R11R21 R12R21 R11R12

R2
21 −2R21R22 R2

22









β
α
γ





at OBJET

∆φY = Atan
R12

(R11βY,objet−R12αY,objet)
, ∆φZ = Atan

R34

(R33βZ,objet−R34αZ,objet)
, (4.5.1)

φY,Z → φY,Z + 2π if φY,Z < 0, given [0, π] Atan determination

and print these out.

• If IORD = 2, fifth order Taylor expansions are used for the calculation of the first order transfer matrix
[Rij ] and of the second order matrix[Tijk]. Other higher order coefficients are also calculated.

An automatic generation of an appropriate object for the useof MATRIX can be obtained using the proce-
dureOBJET (pages 49, 229), as follows
- if IORD = 1, useOBJET(KOBJ = 5[.NN, NN=01,99]), that generates up to 99*11 sets of initial coordi-
nates. In this case, up to ninety nine matrices may be calculated, each onewrt. 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,IFOC, acts as follows

• If IFOC = 0, the transfer coefficients are calculated at the locationof MATRIX , and with respect to
the reference trajectory. For instance,Y + andT+ above are defined for particle numberi asY + =
Y +(i)− Y (Ref), andT+ = T+(i)− T (ref.).

• If IFOC = 1, the transfer coefficients are calculated at the horizontal focus closest toMATRIX (deter-
mined automatically), while the reference direction is that of the reference particle. For instance,Y +

is defined for particle numberi asY + = Y +(i)−Yfocus, whileT+ is defined asT+ = T+(i)−T (ref.)).

• If IFOC = 2, no change of reference frame is performed : the coordinates refer to the current frame.
Namely,Y + = Y +(i), T+ = T+(i), etc.

Periodic Structures

• If IFOC = 10 + NPeriod, then, from the 1-turn transport matrix as obtained in the way described
above,MATRIX calculates periodic parameters characteristic of the structure such as optical functions
and tune numbers, assuming that it isNPeriod-periodic, and in the coupled hypothesis, based on the
Edwards-Teng method [30].

If IORD = 2 additional periodic parameters are computed such as chromaticities, beta-function mo-
mentum dependence, etc.

Addition of zgoubi.MATRIX.out next to IORD, IFOC will cause stacking ofMATRIX output data into
zgoubi.MATRIX.out file (convenient for use withe.g.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 at
LABEL ’ed keywords.

In conjunction withREBELOTE, this procedure computes by the same method the closed orbit in the
periodic structure.

TheLABEL list of concern follows the keywordPICKUPS.
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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 TRI-
UMF PLOTDATA package. However nothing precludes using it with a different aim.

ThePLOTDATA keyword can be introduced at up to 20 locations in zgoubi.dat. There, particle coordinates
will be stored in a local array,FF. They are overwritten at each pass. Usage ofFF is left to the user, see
FORTRAN subroutinepltdat.f.
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SPNPRNL, SPNSTORE, SPNPRT : Print/Store spin coordinates

• SPNPRTcan be introduced anywhere in a structure. It produces a listing (into zgoubi.res) of the initial
and actual coordinates and modulus of the spin of theIMAX particles, at the location where it stands,
together with their Lorentz factorγ and other infos as the mean values of the spin components.

• SPNPRNLhas similar effect toSPNPRT, except that the information is stored in a dedicated fileFNAME
(should post-processing withzpop follow, advised name isFNAME = ‘zgoubi.spn’ (formatted write) or
‘b zgoubi.spn’ (binary write) ). The data are formatted and ordered according to theFORTRAN sequence
found in the subroutinespnprn.f , with meaning of printed quantities as follows :

LET(I),IEX(I) : tagging character and flag (seeOBJET)
SI(1-4,I) : spin componentsSX, SY , SZ and modulus, at the origin
SF(1-4,I) : idem at the current position
GAMMA : Lorentz relativistic factor
I : particle number
IMAX : total number of particles ray-traced (seeOBJET)
IPASS : turn number (seeREBELOTE)

• SPNSTOREhas an effect similar toSPNPRNL, with two more features.
- On the first data line,FNAME may be followed by a series of up to 10LABEL ’s proper to the

elements of the zgoubi.dat data file at the exit of which the print should occur ; if no label is given, the
print occurs by default at the very location ofSPNSTORE; if labels are given, then print occurs right
downstream of all optical elements wearing those labels (and no longer at theSPNSTORElocation).

- The next data line gives a parameter,IP : printing will occur everyIP other pass, when using
REBELOTEwith NPASS≥ IP − 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 otherpass, each time elements of the zgoubi.dat data
list labeled eitherHPCKUPor VPCKUP are encountered.

Note

Binary storage can be obtained fromSPNPRNLandSPNSTORE. This is for the sake of compactness and
I/O access speed by zgoubi or zpop, for instance in case voluminous amounts of data should be manipulated.
This is achieved by giving the storage file a name of the formb FNAME orB FNAME (e.g., ‘b zgoubi.spn’).
TheFORTRAN WRITEoutput list is the same as in theFORMATTED case above.
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SRPRNT : Print SR loss statistics

SRPRNT may be introduced anywhere in a structure. It produces a listing (into zgoubi.res) of current
state of statistics on several parameters related to SR loss presumably activated beforehand with keyword
SRLOSS.
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TWISS : Calculation of periodic optical parameters

TWISS causes the calculation of transport coefficients and various other global parameters, in particular
periodical quantities as tunes and optical functions, in the coupled hypothesis.TWISS is normally placed
at the end of the structure ; it causes a series of up to 5 successive passes in the structure (at the manner of
REBELOTE).

The object necessary for these calculations will be generated automatically if one usesOBJETwith option
KOBJ= 5.

TWISS works in a way similar toMATRIX , iterating theMATRIX process wherever necessary, changing
for instance the reference trajectory inOBJET for dp/p related computations. In particular :

- It assumes that the reference particle (particle #1 of 11, when usingOBJET[KOBJ= 5]) is located
on the closed orbit.This condition has to be satisfied for TWISS to work consistently.

- A first pass (the only one ifKTW=1) through the structure allows computing the periodic optical
functions from the rays.

- The periodic dispersions are used to define chromatic closed orbits at±δp/p. A second and a third
pass (which terminate the process ifKTW=2) with chromatic objects centered respectively on±δp/p chro-
matic orbits will then compute the chromatic first order transport matrices. From these the chromaticities
are deduced.

- Anharmonicities need two additional passes (which terminate the process ifKTW=3). They are
deduced from the difference in tunes for particles tracked on different 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 usually defined by their field) from the reference
rigidity BORO as defined in[MC]OBJET. However usingCAVITE, and indirectlySCALING, may affect
the reference rigidity, following

Bρref = BORO−→ Bρref = BORO+ δBρs

with normally δBρs the synchronous rigidity increase (or decrease). A typicalconfiguration where this
would occur is that of multi-turn tracking in a pulsed synchrotron, 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 this may mean as a function of turn number, see
section 4.6.6), by means of theSCALING keyword.

Eventually some families of magnets may be given a differenttiming law for the simulation of special pro-
cesses (e.g., time varying orbit bump, fast crossing of spin resonances with families of jump quadrupoles).

4.6.3 Backward Ray-Tracing

For the purpose of parameterization for instance, it may be interesting to ray-trace backward from the image
toward the object. This can be performed by first reversing the position of optical elements in the structure,
and then reversing the integration step sign in all the optical elements.

An illustration of this feature is given in the following Figure 42.

Figure 42: A. Regular forward ray-tracing, from object to image.
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 Elements

In all optical elements, an optionIL is available. It is normally set toIL = 0 and in this case has no effect.
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IL = 1 causes a print in zgoubi.res of particle coordinates and field along trajectories in the optical element.
In the meantime, a calculation and summation of the values of~∇ · ~B, ~∇× ~B and∇2 ~B (same for~E) at all
integration steps is performed, which allows a check of the behavior of ~B (or ~E) in field maps (all these
derivatives should normally be zero).

IL = 2 causes a print of particle coordinates and other informations into the file zgoubi.plt at each integra-
tion step ; this information can further be processed withzpop8. In order to minimize the volume of that
storage file (when dealing with small step size, large numberof particles, etc.) it is possible to print out
every other10n integration step by takingIL = 2 × 10n (for instance,IL = 200 would cause output into
zgoubi.plt every100 other step).

When dealing with field maps (e.g., CARTEMES, ELREVOL , TOSCA), an option indexIC is available.
It is normally set toIC = 0 and in this case has no effect.

IC = 1 causes a print of the field map in zgoubi.res.

IC = 2 will cause a print of field maps into the file zgoubi.map which can further be processed withzpop
for plotting and other data treatment purposes.

4.6.5 Labeling Keywords

Keywords inzgoubi input data file zgoubi.dat can beLABEL ’ed, for the purpose of the execution of such
procedures asREBELOTE, PICKUPS, FAISCNL, FAISTORE, SCALING, and also for the purpose of
particle coordinate storage into zgoubi.plt (see section 4.6.4,IL = 2 option).

A keyword in zgoubi.dat accepts twoLABEL ’s. The first one is used for the above mentioned purposes, the
second one (set to “.plt” in that case) is used essentially with MARKER for storage of current particle data
into zgoubi.plt. The keyword and itsLABEL [’s] should fit within a 110-character long string on a single
line (a quantity set in theFORTRAN file prdata.f ).

4.6.6 Multi-turn Tracking in Circular Machines

Multi-turn tracking in circular machines can be performed by means of the keywordREBELOTE. REBE-
LOTE is introduced in the zgoubi.dat data list with its argumentNPASS+1 being the number of turns to be
performed. It will cause a jump of the “multi-turn pointer” back to (details on page 70), either the beginning
of the data list (default case), or to a particularLABEL in that list. From then on, tracking resumes down
to REBELOTEagain, and so forth until the requested number of passes has been reached.

In order that theIMAX particles of the beam start a new pass with the coordinates they had reached at the
end of the previous one, the optionK = 99 has to be specified inREBELOTE.

8See Part D of the Guide.



4.6 Complements Regarding Various Functionalities 163

Synchrotron accelerationcan be simulated, using following the procedure :

- CAVITE appears in the zgoubi.dat data list (normally beforeREBELOTE), with optionIOPT6= 0,

- the RF frequency of the cavity may be given a timing lawfRF (T ) by means ofSCALING, family
CAVITE,

- the magnets are given a field timing lawB(T ), (with T = 1 to NPASS+1 counted in number of turns)
by means ofSCALING.

Eventually some families of magnets may be given a differenttiming law for the simulation of special pro-
cesses (e.g., time varying orbit bump, fast crossing of spin resonances with families of jump quadrupoles).

4.6.7 Positioning, (Mis-)Alignment, of Optical Elements and Field Maps

The last record in most optical elements and field maps is the positioning optionKPOS. KPOSis followed
by the positioning parameters,e.g., XCE, YCE for translation andALE for rotation. The positioning works
in two different ways, depending whether the element is defined in Cartesian(X, Y, Z) coordinates (e.g.,
QUADRUPO, TOSCA), or polar (R, θ, Z) coordinates (DIPOLE).

Cartesian Coordinates :

If KPOS= 1, the optical element is moved (shifted byXCE, YCE and Z-rotated byALE ) with respect to
the incoming reference frame. Trajectory coordinates after traversal of the element refer the element frame.

If KPOS= 2, the shifts XCE and YCE, and the tilt angleALE are taken into account, for mis-aligning
the element with respect to the incoming reference, as shownin Fig. 43. The effect is equivalent to a
CHANGREF( XCE, YCE, ALE)upstream of the optical element, followed byCHANGREF(XCS,YCS,ALS=
−ALE) downstream of it, with computedXCS, YCS values as schemed in Fig. 43.

KPOS = 3 option is available for a limited number of magnets (e.g., BEND, MULTIPOL, AGSMM ) ;
it is effective only if a non zero dipole componentB1 is present, or ifALE is non-zero. It positions
automatically the magnet in a symmetric manner with respectto the incoming and outgoing reference axis,
convenient for periodic structures, as follows (Fig 44).

Both incoming and outgoing reference frames are tilted w.r.t. the magnet,

• either, by an angleALE if ALE 6=0,

• or, if ALE=0 by half theZ -rotationθZ/2 such thatL = 2
BORO
B1

sin(θZ/2), whereinL = geometri-

cal length,BORO = reference rigidity as defined inOBJET.
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XS

XE YS

YE
Y−shift

Figure 44: Case of Cartesian frame optical element. Alignment of a bend by half the
deviation, usingKPOS= 3. (XE , YE) and(XS , YS) are respectively the
incoming and outgoing reference frames.

Next, the optical element is Y-shifted byYCE (XCE is not used) in a direction orthogonal to the new
magnet axis (i.e., at an angleALE + π/2 wrt. theX axis of the incoming reference frame).

ALE > 0

XCE > 0

YCE > 0

XCS < 0

YCS < 0

YS

       XS

       XE

YE

ALE > 0

XCE > 0

YCE > 0

XCS < 0

YCS < 0

YSYE

      XS   XE

Figure 43: Case of Cartesian frame optical element. Left : moving an optical element usingKPOS= 1. Right :
Mis-aligning an optical element usingKPOS= 2. (XE , YE) and(XS , YS) are respectively the incom-
ing and outgoing reference frames.

KPOS= 4 applies to a limited number of optical elements, asAGSMM (AGS main magnet). By default,
it aligns the magnet in a way similar toKPOS= 3, with reference frame Z-rotated byθZ/2 as drawn from

L = 2
BORO
B1

sin(θZ/2). However magnet mis-alignment (alignment errors) are handled in a specific way,

as follows.
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All 6 types of misalignments, namely, X-, Y-, Z-shift, X-, Y-, Z-rotation, can be accounted for, in an arbitrary order. They are
specified using the “new style”CHANGREF method as described in page 96. Longitudinal rotation “XR” is takenwrt. the
longitudinal axis, whereas radial and axial rotations, “YR” and “ZR”, are with respect to an axis going through the center of the
magnet.
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Figure 45: Pitch angle,ϕ, in the“YR” type of rotation, usingKPOS= 4. M is the
new position, in the rotated plane(Y,Znew), of a particle with velocity
~v// ~MoM located at former positionMo in the old,(Y,Zold), plane.M ′,
m, m′ are projections ofM , m′′ is projection ofM ′. T andP are the
horizontal and vertical angles as defined in Fig. 1.p is the projection ofP .
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Figure 46: Positioning of a polar field map, usingKPOS= 1.
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Polar Coordinates

If KPOS= 1, the element is positioned automatically in such a way that aparticle entering with zero initial

coordinates and1 +DP = Bρ/BOROrelative rigidity will reach position (RM ,
AT

2
) in the element with

T = 0 angle with respect to the moving frame in the polar coordinates system of the element (Fig. 46 ; see
DIPOLE-M andPOLARMES).
If KPOS= 2, the map is positioned in such a way that the incoming reference frame is presented at radius
RE with angleTE. The exit reference frame is positioned in a similar way withrespect to the map, by
means of the two parametersRS (radius) andTS (angle) (see Fig. 11A page 82A).

4.6.8 Coded Integration Step

In several optical elements (e.g., all multipoles,BEND) the integration step (in general notedXPAS) can
be coded under the formXPAS = #E|C|S , with E, C, S integers,E is the number of steps in the entrance
fringe field region,C is the number of steps in the magnet body, andS is 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 arbitrarily 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 throughREBELOTE, and (NPASS+1) * IMAX the number of particles
to be ray-traced. In order that new initial conditions (D, Y , T , Z, P , X) be generated at each pass,K = 0
has to be specified inREBELOTE.
Statistics on coordinates, spins, and other histograms canbe performed by means of such procedures as
HISTO, SPNTRK, etc. that stack the information from pass to pass.

4.6.10 Stopped Particles : TheIEX Flag

As described inOBJET, each particleI = 1, IMAX is attached a valueIEX(I) of the IEX flag. Normally,
IEX(I) = 1. Under certain circumstances,IEX may be changed to a negative value byzgoubi, as follows.

−1 : the trajectory happened to wander outside the limits of a field map

−2 : too many integration steps in an optical element (a quantity controlled inMXSTEP.Hinclude file)

−3 : deviation happened to exceedπ/2 in an optical element not designed to allow that

−4 : stopped by walls (proceduresCHAMBR, COLLIMA )

−5 : too many iterations in subroutinedepla.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 caseIEX = −1 will the integration not be stopped since in this case the field outside the map is
extrapolated from the map data, and the particle may possibly get back 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 rigiditiesBρ = p/q. This is equivalent to considering either particles with
negative charge (q < 0) or momentum (p < 0), or reversed fields (wrt. the field sign that shows in the
zgoubi.dat optical element data list).
Negative rigidities may be specified in terms ofBORO < 0 or D = Bρ/BORO < 0 when defining the
initial coordinates withOBJETor MCOBJET.
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Glossary of Keywords

AGSMM AGS main magnet . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . 175
AGSQUAD AGS quadrupole . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . 176
AIMANT Generation of dipole mid-plane 2-D map, polar frame . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . 177
AUTOREF Automatic transformation to a new reference frame . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . 181
BEAMBEAM Beam-beam lens . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . 182
BEND Bending magnet, Cartesian frame . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . 183
BINARY BINARY/FORMATTED data converter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . 184
BREVOL 1-D uniform mesh magnetic field map . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . 185
CARTEMES 2-D Cartesian uniform mesh magnetic field map . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . 186
CAVITE Accelerating cavity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 188
CHAMBR Long transverse aperture limitation . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . .189
CHANGREF Transformation to a new reference frame . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . 190
CIBLE Generate a secondary beam following target interaction . . .. . . . . . . . . . . . . . . . . . . . . . . . . . 191
COLLIMA Collimator . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 192
DECAPOLE Decapole magnet . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . 193
DIPOLE Dipole magnet, polar frame . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . 194
DIPOLE-M Generation of dipole mid-plane 2-D map, polar frame . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . 195
DIPOLES Dipole magnetN -tuple, polar frame . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . .197
DODECAPO Dodecapole magnet . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . 199
DRIFT Field free drift space . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 200
EBMULT Electro-magnetic multipole . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 201
EL2TUB Two-tube electrostatic lens . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 203
ELMIR Electrostatic N-electrode mirror/lens, straight slits . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 204
ELMIRC Electrostatic N-electrode mirror/lens, circular slits . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 205
ELMULT Electric multipole . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 206
ELREVOL 1-D uniform mesh electric field map . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . 207
EMMA 2-D Cartesian or cylindrical mesh field map for EMMA FFAG . . . .. . . . . . . . . . . . . . . . . . . 208
END End of input data list . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . .212
ESL Field free drift space . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 200
FAISCEAU Print particle coordinates . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 209
FAISCNL Store particle coordinates in file FNAME . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . 209
FAISTORE Store coordinates everyIP other pass at labeled elements . . . . . . . . . . . . . . . . . . . . . . . . .. . 209
FFAG FFAG magnet,N -tuple . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . 210
FFAG-SPI Spiral FFAG magnet,N -tuple . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . 211
FIN End of input data list . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . .212
FIT,FIT2 Fitting procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 213
FOCALE Particle coordinates and horizontal beam size at distanceXL . . . . . . . . . . . . . . . . . . . . . . . . 215
FOCALEZ Particle coordinates and vertical beam size at distanceXL . . . . . . . . . . . . . . . . . . . . . . . . . . 215
GASCAT Gas scattering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 216
GETFITVAL Get values ofvariablesas saved from former FIT[2] run . . . . . . . . . . . . . . . . . . . . . . . . .. . . .217
HISTO 1-D histogram . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . 218
IMAGE Localization and size of horizontal waist . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . 219
IMAGES Localization and size of horizontal waists . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . 219
IMAGESZ Localization and size of vertical waists . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . 219
IMAGEZ Localization and size of vertical waist . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . 219
MAP2D 2-D Cartesian uniform mesh field map - arbitrary magnetic field . . . . . . . . . . . . . . . . . . . . . 220
MAP2D-E 2-D Cartesian uniform mesh field map - arbitrary electric field . . . . . . . . . . . . . . . . . . . . . . . 221
MARKER Marker . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . 222
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MATRIX Calculation of transfer coefficients, periodic parameters. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 223
MCDESINT Monte-Carlo simulation of in-flight decay . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . 224
MCOBJET Monte-Carlo generation of a 6-D object . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . 225
MULTIPOL Magnetic multipole . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . 228
OBJET Generation of an object . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . 229
OBJETA Object from Monte-Carlo simulation of decay reaction . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . 231
OCTUPOLE Octupole magnet . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . 232
OPTICS Write out optical functions . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . 233
ORDRE Taylor expansions order . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . 234
PARTICUL Particle characteristics . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 235
PICKUPS Beam centroid path; closed orbit . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . 236
PLOTDATA Intermediate output for the PLOTDATA graphic software . . . .. . . . . . . . . . . . . . . . . . . . . . . 237
POISSON Read magnetic field data fromPOISSONoutput . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 238
POLARMES 2-D polar mesh magnetic field map . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . 239
PS170 Simulation of a round shape dipole magnet . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . 240
QUADISEX Sharp edge magnetic multipoles . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . 241
QUADRUPO Quadrupole magnet . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . .242
REBELOTE ’Do it again’ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . 244
RESET Reset counters and flags . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . .245
SCALING Power supplies and R.F. function generator . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . 246
SEPARA Wien Filter - analytical simulation . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . 247
SEXQUAD Sharp edge magnetic multipole . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . 248
SEXTUPOL Sextupole magnet . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . 249
SOLENOID Solenoid . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . .251
SPINR Spin rotation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 250
SPNPRNL Store spin coordinates into file FNAME . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . 252
SPNSTORE Store spin coordinates everyIP other pass at labeled elements . . . . . . . . . . . . . . . . . . . . . . .252
SPNPRT Print spin coordinates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 252
SPNTRK Spin tracking . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . 253
SRLOSS Synchrotron radiation loss . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . .254
SRPRNT Print SR loss statistics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 255
SYNRAD Synchrotron radiation spectral-angular densities . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 256
TARGET Generate a secondary beam following target interaction . . .. . . . . . . . . . . . . . . . . . . . . . . . . . 191
TOSCA 2-D and 3-D Cartesian or cylindrical mesh field map . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . 257
TRANSMAT Matrix transfer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 258
TRAROT Translation-Rotation of the reference frame . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . 259
TWISS Calculation of periodic optical parameters . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . 260
UNDULATOR Undulator magnet . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . 261
UNIPOT Unipotential cylindrical electrostatic lens . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 262
VENUS Simulation of a rectangular shape dipole magnet . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . .263
WIENFILT Wien filter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . 264
YMY Reverse signs ofY andZ reference axes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . .265
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Optical elements versus keywords
This glossary gives a list of keywords suitable for the simulation of common optical elements. These are classified in three
categories: magnetic, electric and combined electro-magnetic elements.

Field map procedures are also listed; they provide a means for ray-tracing through measured or simulated electric and/or magnetic
fields.

MAGNETIC ELEMENTS

AGS main magnet AGSMM
Decapole DECAPOLE, MULTIPOL
Dipole[s] AIMANT, BEND, DIPOLE[S], DIPOLE-M, MULTIPOL, QUADISEX
Dodecapole DODECAPO, MULTIPOL
FFAG magnets DIPOLES, FFAG, FFAG-SPI, MULTIPOL
Helical dipole HELIX
Multipole MULTIPOL, QUADISEX, SEXQUAD
Octupole OCTUPOLE, MULTIPOL, QUADISEX, SEXQUAD
Quadrupole QUADRUPO, MULTIPOL, SEXQUAD, AGSQUAD
Sextupole SEXTUPOL, MULTIPOL, QUADISEX, SEXQUAD
Skew multipoles MULTIPOL
Solenoid SOLENOID
Undulator UNDULATOR

Using field maps

1-D, cylindrical symmetry BREVOL
2-D, mid-plane symmetry CARTEMES, POISSON, TOSCA
2-D, no symmetry MAP2D
2-D, polar mesh, mid-plane symmetry POLARMES
3-D, no symmetry TOSCA
EMMA FFAG quadrupole doublet EMMA
linear composition of field maps TOSCA

ELECTRIC ELEMENTS

2-tube (bipotential) lens EL2TUB
3-tube (unipotential) lens UNIPOT
Decapole ELMULT
Dipole ELMULT
Dodecapole ELMULT
Multipole ELMULT
N-electrode mirror/lens, straight slits ELMIR
N-electrode mirror/lens, circular slits ELMIRC
Octupole ELMULT
Quadrupole ELMULT
R.F. (kick) cavity CAVITE
Sextupole ELMULT
Skew multipoles ELMULT

Using field maps

1D, cylindrical symmetry ELREVOL
2-D, no symmetry MAP2D-E

ELECTRO-MAGNETIC ELEMENTS

Decapole EBMULT
Dipole EBMULT
Dodecapole EBMULT
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Multipole EBMULT
Octupole EBMULT
Quadrupole EBMULT
Sextupole EBMULT
Skew multipoles EBMULT
Wien filter SEPARA, WIENFILT
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INTRODUCTION

Here after is given a detailed description of input data formatting and units. All available keywords appear in alphabetical order.

Keywords are read from the input data file by an unformattedFORTRAN READ statement. They be enclosed between quotes
(e.g., ‘DIPOLE’).

Text string data such as comments or file names, are read by formatted READ statements, no quotes should be used in that case.

Numerical variables and indices are read by unformatted READ. It may therefore be necessary that integer variables be
assigned an integer value.

In the following tables

• the first column shows the expected input parameters (actually, their valuesare expected), indices and text strings,

• the second column gives brief comments regarding their meaning and use,

• the third column gives the units or ranges,

• the fourth column indicates whether the expected parametertypes are integer (I), real (E) or text string (A). For example,
“I, 3*E” means that one integer followed by 3 reals is expected. “A80” means that a text string of maximum 80 characters
is expected.
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AGSMM AGS main magnet

IL IL = 1, 2[×10n] : print field and coordinates along trajectories. 0-2[×10n] I

MOD[.MOD2], dL, Type of magnet model1 [type of back-leg winding model2] ; 2*no dim., cm, I[.I], 5*E
R0, dB1, dB2, dB3 unused ; pole tip radius, 10 cm if set to zero ; relative 3*no dim.

error on dipole, quadrupole, sextupole component.

NBLW, Number of back-leg windings ; for each back-leg winding : ≤2, NBLW× I, NBLW×
NBLW times : NW, I number of windings, current. (any, Amp.) (I, E)

Entrance face
XE , λE , E2, E3 Integration zone ; fringe field extent : 2*cm, 2*no dim. 4*E

dipole fringe field extent =λE ;
quadrupole fringe field extent =λE ∗ E2 ;
sextuppole fringe field extent =λE ∗ E3

(sharp edge if field extent is zero)

NCE, C0 − C5 same asQUADRUPO 0-6, 6*no dim. I, 6*E

Exit face
XS , λS , S2, S3 Integration zone ; as for entrance 2*cm, 2*no dim. 4*E

NCS, C0 − C5 0-6, 6*no dim. I, 6*E

R1,R2,R3 Skew angles of field components 3*rad 10*E

XPAS Integration step cm E

KPOS, XCE, KPOS=1 : element aligned, 2 : misaligned ; 1-4, 2*cm, rad I, 3*E
YCE, ALE shifts, tilt (unused ifKPOS=1).

KPOS = 3 : effective only ifB1 6= 0 :
entrance and exit frames are shifted byYCE
and tiltedwrt. the magnet by an angle of
• either ALE if ALE6=0
• or 2Arcsin(B1XL / 2BORO) if ALE=0
KPOS = 4 : same asKPOS = 3 however
with possible X- or Y- or Z-misalignment or -rotation
(under development)

1MOD=1 : centered multipole model ;MOD=2 : long-shifted dipole model ;MOD=3 : short-shifted dipole model.
2MOD2 = 0 (default) : user defined back-leg windings (defined in routine agsblw.f ) ; MOD2 = 1 : actual AGS data are taken, namely : MMA16AD :

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 ; MMB02BF : NBLW = 2, SIGN = 1.D0, NW1 = 12, SIGN = 1.D0,
NW2 = 6 ; MM B03CD : NBLW = 1, SIGN = 1.D0, NW = 10 ; MMB04CD : NBLW = 1, SIGN = -1.D0, NW = 10 ; MMB05A : 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 ; MMA07CD : NBLW = 1, SIGN = -1.D0, NW = 5 ; MMA08C : NBLW = 1, SIGN = -1.D0,
NW = 5 ; MM B01B : NBLW = 1, SIGN = 1.D0, NW = 6 ; MML06A : NBLW = 1, SIGN = 1.D0, NW = 5 ; MML07C : NBLW = 1, SIGN = 1.D0, NW =
5 ; MM A14C : NBLW = 1, SIGN = -1.D0, NW = 5 ; MMA15A : NBLW = 1, SIGN = -1.D0, NW = 5 ; MME06A : NBLW = 1, SIGN = -1.D0, NW = 5 ;
MM E07CD : NBLW = 1, SIGN = -1.D0, NW = 5 ; MME20BD : NBLW = 1, SIGN = 1.D0, NW = 6 ; MMF01BF : NBLW = 1, SIGN = 1.D0, NW = 6 ;
MM F14CF : NBLW = 1, SIGN = 1.D0, NW = 5 ; MMF15AD : NBLW = 1, SIGN = 1.D0, NW = 5 ; MMG08CD : NBLW = 1, SIGN = -1.D0, NW = 5 ;
MM G09BF : NBLW = 1, SIGN = -1.D0, NW = 6.

MOD2 = 1 : User defined - implementation to be completed.
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AGSQUAD AGS quadrupole

IL IL = 1, 2[×10n] : print field and coordinates along trajectories. 0-2[×10n] I

XL ,R0, IW1, IW2, IW3, 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
XE , λE Integration zone ; fringe field extent. 2*cm,9*no dim. 11*E

(sharp edge if field extent is zero)

NCE, C0 − C5 Same asQUADRUPO 0-6, 6*no dim. I, 6*E

Exit face
XS , λS Integration zone ; as for entrance 2*cm, 9*no dim. 11*E

NCS, C0 − 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 ifKPOS=1).
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AIMANT Generation of dipole mid-plane 2-D map, polar frame

BZ = FB0

(

1−N
(
R−RM
RM

)
+B

(
R−RM
RM

)2
+G

(
R−RM
RM

)3
)

NFACE, IC, IL Number of field boundaries 2-3, 0-2, 0-2[×10n] 3*I
IC = 1, 2 : print field map
IL = 1, 2[×10n] : print field and coordinates along trajectories.

IAMAX, IRMAX Azimuthal and radial number of nodes of the mesh ≤ 400, ≤ 104 2*I

B0, N, B, G Field and field indices kG, 3*no dim. 4*E

AT, ACENT, RM, Mesh parameters : total angle of the map ; azimuth for EFBs 2*deg, 3*cm 5*E
RMIN, RMAX positioning ; reference radius ; minimum and maximum radii

ENTRANCE FIELD BOUNDARY

λ, ξ Fringe field extent (normally≃ gap size) ; flag : cm, (cm) 2*E
- if ξ ≥ 0 : second order type fringe field with
linear variation over distanceξ
- if ξ = −1 : exponential type fringe field :
F = (1 + exp(P (s)))−1

P (s) = C0 + C1(
s
λ ) + C2(

s
λ )

2 + ...+ C5(
s
λ )

5

NC,C0 − C5, shift NC = 1 + degree ofP (s) ; C0 toC5 : see above ; 0-6, 6*no dim., cm I, 7*E
EFB shift (ineffective ifξ ≥ 0)

ω+, θ,R1, U1, U2,R2 Azimuth of entrance EFB with respect toACENT ; 2*deg, 4*cm 6*E
wedge angle of EFB ; radii and linear
extents of EFB (use| U1,2 |= ∞ whenR1,2 = ∞)

(Note :λ = 0, ω+ = ACENT andθ = 0 for sharp edge)

EXIT FIELD BOUNDARY
(See ENTRANCE FIELD BOUNDARY)

λ, ξ Fringe field parameters cm, (cm) 2*E
NC,C0 − C5, shift 0-6, 6*no dim., cm 1, 7*E
ω−, θ,R1, U1, U2,R2 Positioning and shape of the exit EFB 2*deg, 4*cm 6*E

(Note :λ = 0, ω− =-AT+ACENT andθ = 0 for
sharp edge)
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If NFACE = 3 LATERAL FIELD BOUNDARY
(See ENTRANCE FIELD BOUNDARY)
Next 3 recordsonly if NFACE = 3

λ, ξ Fringe field parameters cm, (cm) 2*E
NC,C0 − C5, shift 0-6, 6*no dim., cm I, 7*E
ω−, θ,R1, U1, U2,R2, Positioning and shape of the lateral EFB ; 2*deg, 5*cm 7*E
RM3 RM3 is the radial position on azimuthACENT

NBS Option index for perturbations to the field map -2− 0 or ≥ 1 I

If NBS = 0 Normal value. No other record required

If NBS = -2 The map is modified as follows :

R0, ∆B/B0 B transforms toB ∗
(

1 + ∆B
B0

R−R0

RMAX−RMIN

)

cm, no dim. 2*E

If NBS = -1 the map is modified as follows :

θ0, ∆B/B0 B transforms toB ∗
(

1 + ∆B
B0

θ−θ0
AT

)

deg, no dim. 2*E

If NBS ≥ 1 Introduction of NBS shims

For I = 1, NBS The following 2 records must be repeated NBS times

R1,R2, θ1, θ2, λ Radial and angular limits of the shim ;λ is unused 2*cm, 2*deg, cm 5*E

γ, α, µ, β geometrical parameters of the shim 2*deg, 2*no dim. 4*E

IORDRE Degree of interpolation polynomial : 2, 25 or 4 I
2 = second degree, 9-point grid
25 = second degree, 25-point grid
4 = fourth degree, 25-point grid

XPAS Integration step cm E

KPOS Positioning of the map, 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, cm, rad 4*E

at entrance and exit of the map.

If KPOS = 1 Automatic positioning of the map, by means of
DP reference relative momentum no dim. E
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ω+>0

LATERAL  EFB

ENTRANCE  EFB

EXIT  FACE

OF  THE  MAP

EXIT  EFB

REFERENCE

E
N

T
R

A
N

C
E

  F
A

C
E

O
F

  T
H

E
  M

A
P

R1<0

0

R2>0

R 1
>0

ACENT

AT

TS>0

u
2 >0

u
1 <0

θ<0

<0

u
2>

0
R

M

ω −
<0

ω −
<0 R

2 >0

θ<0

u 2>
0

TE  <0

R
1 >0

u 1
<0

RS

(A)

u 1
<0

lateral fringe field

END  FACE

OF  THE  MAP
0

AT

radial lim
it

of th
e map

RMIN

radial lim
it

of th
e map

RMAX

λ
λ

θ

θ 1

θ 2

B=0

B=0

B=0

B=0

exit
fringe
field

λ λ

θ

entrance
fringe field

E
N

T
R

A
N

C
E

  F
A

C
E

O
F

  T
H

E
  M

A
P λ λ

R
1

R
2

R
M

SHIM

R
M

IN

R
M

A
X

(B)

A : Parameters used to define the field map and geometrical boundaries.
B : Parameters used to define the field map and fringe fields.
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F ~ S

EFB

F

1

F ~ S2

0

S

Second order type fringe field.

F

S

EFB

Shift

EFB

(shift = 0)

(shift = 0)

0

1

Exponential type fringe field.
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AUTOREF Automatic transformation to a new reference frame

I 1 : Equivalent toCHANGREF (XCE = 0, Y CE = Y (1),ALE = T (1)) 1-2 I

2 : Equivalent toCHANGREF (XW , YW , T (1)), with (XW , YW )
being the location of the intersection (waist) of particles1, 4 and 5
(useful withMATRIX , for automatic positioning of the first order focus)

3 : Equivalent toCHANGREF (XW , YW , T (I1)), with (XW , YW )
being the location of the intersection (waist) of particlesI1, I2 andI3
(for instance :I1 = central trajectory,I2 andI3 = paraxial trajectories
that intersect at the first order focus)

If I = 3 Next record only ifI = 3
I1, I2, I3 Three particle numbers 3*(1-IMAX ) 3*I
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BEAMBEAM Beam-beam lens

SW, I 0/1 : off/on ; beam intensity. 0-2, Amp I, E
UseSPNTRK to activate spin kicks.

αY , βY , ǫY,norm/π Beam parameters, horizontal. - , m, m.rad 3*E

αZ , βZ , ǫZ,norm/π Beam parameters, vertical. - , m, m.rad 3*E

σX , σdp/p rms bunch length ;rms momentum spread. m, - 2*E

C, α Ring circumference ; momentum compaction. m, - 2*E

QY , QZ , Qs Tunes, horizontal, vertical, synchrotron. -, -, - 3*E

AY , AZ , AX Amplitudes, horizontal, vertical, longitudinal. -, -, - 3*E
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BEND Bending magnet, Cartesian frame

IL IL = 1, 2[×10n] : print field and coordinates along trajectories. 0-2[×10n] I

XL , Sk,B1 Length ; skew angle ; field cm, rad, kG 3*E

Entrance face :
XE, λE,WE Integration zone extent ; fringe field extent (normally cm, cm, rad 3*E

≃ gap height ; zero for sharp edge) ; wedge angle

N , C0–C5 Unused ; fringe field coefficients :B(s) = B1F (s) with unused, 6*no dim. I, 6*E
F (s) = 1/(1 + exp(P (s)) andP (s) =

∑5
i=0 Ci(s/λ)

i

Exit face :
XS , λS ,WS See entrance face cm, cm, rad 3*E

N , C0–C5 unused, 6*no dim. I, 6*E

XPAS Integration step cm E

KPOS, XCE, YCE, ALE KPOS=1 : element aligned, 2 : misaligned ; 1-2, 2*cm, rad I, 3*E
shifts, tilt (unused ifKPOS=1)
KPOS = 3 :
entrance and exit frames are shifted byYCE
and tiltedwrt. the magnet by an angle of
• either ALE if ALE6=0
• or 2Arcsin(B1XL / 2BORO) if ALE=0

XL

EFB
Entrance

Exit
EFB

SX

Xreference

W  > 0E

θ

W  > 0S

trajectory

0

X E

Y

Geometry and parameters ofBEND : XL = length,
θ = deviation,WE , WS are the entrance and exit wedge
angles. The motion is computed in the Cartesian frame
(O,X, Y, Z)
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BINARY BINARY/FORMATTED data converter

NF [.J ], NCol, NHDR Number of files to convert [READformat type, see below], ≤ 20, ≥ 1 , 0− 9 3*I1
of data columns, of header lines.

The nextNF lines :
FNAME Name of the file to be converted. File content is assumed binary A80

iff name begins with “B” or “b ”, assumed formatted otherwise.

READformat :

If FRM not given Format is ’*’
If FRM=1 Format is ’1X,7E11.*’
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BREVOL 1-D uniform mesh magnetic field map
X-axis cylindrical symmetry is assumed

IC, IL IC = 1, 2 : print the map 0-2, 0-2[×10n] 2*I
IL = 1, 2[×10n] : print field and coordinates along trajectories.

BNORM, XN Field and X-coordinate normalization coeff. 2*no dim. 2*E

TITL Title. Start with “FLIP” to get field map X-flipped. A80

IX Number of longitudinal nodes of the map ≤ 400 I

FNAME [, SUM] 1, 2 File name A80

ID,A,B, C Integration boundary. Ineffective whenID = 0. ≥ −1, 2*no dim., I,3*E
[, A′,B′, C ′, ID = -1, 1 or≥ 2 : as forCARTEMES cm [,2*no dim., [,3*E,etc.]
B′′, etc., if ID ≥ 2] cm, etc.]

IORDRE Unused 2, 25 or 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 ifKPOS=1)

1 FNAME (e.g., solenoid.map) contains the field data. These must be formattedaccording to the followingFORTRAN sequence :

OPEN (UNIT = NL, FILE = FNAME, STATUS = ‘OLD’ [,FORM=’UNFORMATTED’])
DO 1 I = 1, IX
IF (BINARY) THEN

READ(NL) X(I), BX(I)
ELSE

READ(NL,*) X(I), BX(I)
ENDIF
1 CONTINUE

where X(I) and BX(I) are the longitudinal coordinate and field component at node(I) 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, pile up file names with ’SUM’ following each name but the last one.e.g., in the following ex-
ample, 3 field maps are read and summed :

myMapFile1 SUM
myMapFile2 SUM
myMapFile3

(all maps must all have their mesh defined in identical coordinate frame).
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CARTEMES 2-D Cartesian uniform mesh magnetic field map
mid-plane symmetry is assumed

IC, IL IC = 1, 2 : print the map 0-2, 0-2[×10n] 2*I
IL = 1, 2[×10n] : print field and coordinates along trajectories.

BNORM, XN,YN Field and X-,Y-coordinate normalization coeffs. 3*no dim. 3*E

TITL Title. Start with “FLIP” to get field map X-flipped. A80

IX, JY Number of longitudinal (IX) and transverse (JY ) ≤ 400, ≤ 200 2*I
nodes of the map

FNAME 1 File name A80

ID,A,B, C Integration boundary. NormallyID = 0. ≥ −1,2*no dim., I, 3*E
[, A′ ,B′, C ′,A′′, ID = −1 : integration in the map begins at cm [,2*no dim., [3*E,etc.]
B′′,etc., if ID ≥ 2] entrance boundary defined byAX +BY + C = 0. cm, etc.]

ID = 1 : integration in the map is terminated
at exit boundary defined byAX +BY + C = 0.
ID ≥ 2 : entrance (A,B,C) and up toID − 1 exit
(A′, B′, C ′, A′′, B′′, etc.) boundaries

IORDRE Degree of interpolation polynomial (seeDIPOLE-M) 2, 25 or 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 ifKPOS=1)

2 FNAME (e.g., spes2.map) contains the field data. These must be formatted according to 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,100) (Y(J), J=1, JY)

ENDIF
100 FORMAT(10 F8.2)

DO 1 I=1,IX
IF (BINARY) THEN
READ(NL) X(I), (BMES(I,J), J=1, JY)

ELSE
READ(NL,101) X(I), (BMES(I,J), J=1, JY)

101 FORMAT(10 F8.2)
ENDIF

1 CONTINUE

whereX(I) and Y (J) are the longitudinal and transverse coordinates andBMES is the Z field component at a node(I, J) of the mesh. For bi-
nary files,FNAME must begin with ’B’ or ’b ’.

‘Binary’ will then automatically be set to ‘.TRUE.’
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OXY is the coordinate system of the mesh. Integration zone limits may be defined, usingID 6= 0 : particle coordinates are
extrapolated linearly from the entrance face of the map, into the planeA′X + B′Y + C ′ = 0 ; after ray-tracing inside the map
and terminating on the integration boundaryAX + BY + C = 0, coordinates are extrapolated linearly to the exit face of the
map.
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CAVITE 1 Accelerating cavity
∆W = qV sin(2πhf∆t+ ϕs) and other voltage and frequency laws.

IOPT[.i] Option. i = 1 causes info output intozgoubi.CAVITE.out 0-7 I

If IOPT=0 Element inactive

X,X Unused
X,X Unused

If IOPT=1 2 fRF follows the timing law given bySCALING

L, h Reference closed orbit length ; harmonic number m, no dim. 2*E
V̂ , X R.F. peak voltage ; unused V, unused 2*E

If IOPT=2 fRF follows∆Ws = qV̂ sinφs

L, h Reference closed orbit length ; harmonic number m, no dim. 2*E
V̂ , φs R.F. peak voltage ; synchronous phase V, rad 2*E

If IOPT=3 No synchrotron motion :∆W = qV̂ sinφs

X,X Unused ; unused 2*unused 2*E
V̂ , φs R.F. peak voltage ; synchronous phase V, rad 2*E

If IOPT=6 Read RF frequency and/or phase law from external file, “zgoubi.freqLaw.In”.

L, Ek Orbit length and kinetic energy at start of acceleration. m,MeV 2*E
V̂ , Φs R.F. peak voltage ; synchronous phase. V, rad 2*E

If IOPT=7 Quasi- or isochronous acceleration.

X, Ek Unused ; RF frequency ; - , Hz 2*E
V̂ , Φs R.F. peak voltage ; synchronous phase. V, rad 2*E

1 UsePARTICUL to declare mass and charge.
2 For ramping the R.F. frequency followingBρ(t), useSCALING, with family CAVITE.
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CHAMBR Long transverse aperture limitation 1

IA 0 : element inactive
1 : (re)definition of the aperture 0-2 I
2 : stop testing and reset counters, print
information on stopped particles.

IFORM[.J], C1, C2, IFORM = 1 : rectangular aperture ; 1-2[.0-1] I[.I], 4*E
C3, C4 IFORM = 2 : elliptical aperture.

J = 0, default : opening is2 ±YL = ±C1, ±ZL = ±C2,
centered atYC = C3, ZC = C4.
J = 1 : opening is2, in Y : [C1, C2], in Z : [C3, C4]

1 Any particle out of limits is stopped.
2 When used with an optical element defined in polar coordinates (e.g., DIPOLE) Y L is the radius andY C stands for the reference radius (normally,

Y C ≃ RM ).
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CHANGREF Transformation to a new reference frame

“Old Style” (Figure below) :

XCE, YCE, ALE Longitudinal and transverse shifts, 2*cm, deg 3*E
followed byZ-axis rotation

“New Style” (example below). In an arbitrary order, up to 9 occurrences of :

XS ’val’, YS ’val’, ZS ’val’, cm or deg up to 9*(A2,E)
XR ’val’, YR ’val’, ZR ’val’

Parameters in theCHANGREF procedure.

Example :

Using CHANGREF "New Style
’OBJET’
51.71103865921708 Electron, Ekin=15MeV.
2
1 1 One particle, with
2. 0. 0.0 0.0 0.0 1. ’R’ Y_0=2 cm, other coordinates zero.
1 1 1 1 1 1 1
’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 le.

2 -> list into zgoubi.plt.
5 10. 2.064995867082342 2. 0. 0. 0. 0. 0. 0. 0. 0.

0 0 5. 1.1 1.00 1.00 1.00 1.00 1.00 1. 1. 1. 1.
4 .1455 2.2670 -.6395 1.1558 0. 0. 0.

0 0 5. 1.1 1.00 1.00 1.00 1.00 1.00 1. 1. 1. 1.
4 .1455 2.2670 -.6395 1.1558 0. 0. 0.
0 0 0 0 0 0 0 0 0 0
.1 step size
1 0. 0. 0.
’CHANGREF’
YS -1. ZR -6.341 First Y-shift back, next half Z-rotate.
’DRIFT’ 10 cm drift.
10.
’FAISCEAU’
’END’
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CIBLE, TARGET Generate a secondary beam following target interaction

M1,M2,M3,Q Target, incident and scattered particle masses ; 5*MeV
c2 , 2*deg 7*E

T2, θ, β Q of the reaction ; incident particle kinetic
energy ; scattering angle ; angle of the target

NT ,NP Number of samples inT andP coordinates 2*I
afterCIBLE

TS, PS,DT Sample step sizes ; tilt angle 3*mrad 3*E

BORO New reference rigidity afterCIBLE kG.cm E

Scheme of the principles ofCIBLE (TARGET)

A, T = position, angle of incoming particle 2 in the entrance reference frame
P = position of the interaction
B, T = position, angle of the secondary particle in the exit reference frame
θ = angle between entrance and exit frames
β = tilt angle of the target
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COLLIMA Collimator 1

IA 0 : element inactive
1 : element active 0-2 I
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[.I], 4*E
C3, C4 IFORM = 2 : elliptical aperture.

J = 0, default : opening is±YL = ±C1, ±ZL = ±C2,
centered atYC = C3, ZC = C4.
J = 1 : opening is, in Y :[C1, C2], in Z : [C3, C4]

Longitudinal collimation
IFORM.J,Hmin,Hmax, IFORM = 6 or 7 for horizontal variable resply S or Time, 2*cm or 2*s, I, 4*E
Vmin, Vmax J=1 or 2 for vertical variable resply 1+dp/p, kinetic-E (MeV) ; 2*no.dim or 2*MeV

horizontal and vertical limits

Phase-space collimation
IFORM, α, β, ǫ/π,Nσ IFORM = 11, 14 : horizontal collimation ; horizontal 11-16, no.dim, I, 4*E

ellipse parameters (unused if 14)2, emittance, cut-off 2*m, no.dim
IFORM = 12, 15 : vertical collimation ; vertical
ellipse parameters (unused if 15)2, emittance, cut-off
IFORM = 13, 16 : longitudinal collimation ;to be
implemented

1 Any particle out of limits is stopped.
2 The rejection boundary is therms ellipse matched to the particle distribution.
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DECAPOLE Decapole magnet

IL IL = 1, 2[×10n] : print field and coordinates along trajectories. 0-2[×10n] I

XL ,R0,B0 Length ; radius and field at pole tip 2*cm, kG 3*E

Entrance face :
XE , λE Integration zone extent ; fringe field 2*cm 2*E

extent (∼< 2R0, λE = 0 for sharp edge)

NCE, C0 − C5 NCE = unused unused, I, 6*E
C0 − C5 = Fringe field coefficients such that 6*no dim.
G(s) = G0/(1 + expP (s)), withG0 = B0/R

4
0

andP (s) =
∑5

i=0 Ci(s/λ)
i

XS , λS Exit face : see entrance face 2*cm 2*E
NCS, C0 − C5 0-6, 6*no dim. I, 6*E

XPAS Integration step cm E

KPOS, XCE, YCE, ALE KPOS=1 : element aligned, 2 : misaligned ; 1-2, 2*cm, rad I, 3*E
shifts, tilt (unused ifKPOS=1)
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DIPOLE Dipole magnet, polar frame

BZ = FB0

(

1 +N
(
R−RM
RM

)
+B

(
R−RM
RM

)2
+G

(
R−RM
RM

)3
)

IL IL = 1, 2[×10n] : print field and coordinates along trajectories. 0-2[×10n] I

AT ,RM Total angular extent of the dipole ; reference radius deg, cm 2*E

ACENT,B0,N ,B,G Azimuth for positioning of EFBs ; field and field indices deg.,kG, 3*no dim. 5*E

ENTRANCE FIELD BOUNDARY

λ, ξ Fringe field extent (normally≃ gap size) ; unused. cm, unused 2*E
Exponential type fringe fieldF = 1 / (1 + exp(P (s)))
with P (s) = C0 + C1(

s
λ ) + C2(

s
λ )

2 + ...+ C5(
s
λ )

5

NC, C0 − C5, shift Unused ;C0 toC5 : see above ; EFB shift 0-6, 6*no dim., cm I,7*E

ω+, θ,R1, U1, U2,R2 Azimuth of entrance EFB with respect toACENT ; 2*deg, 4*cm 6*E
wedge angle of EFB ; radii and linear
extents of EFB (use| U1,2 |= ∞ whenR1,2 = ∞)

EXIT FIELD BOUNDARY
(See ENTRANCE FIELD BOUNDARY)

λ, ξ Fringe field parameters cm, unused 2*E
NC, C0 − C5, shift 0-6, 6*no dim., cm 1, 7*E

ω−, θ,R1, U1, U2,R2 Positioning and shape of the exit EFB 2*deg, 4*cm 6*E

LATERAL FIELD BOUNDARY
(See ENTRANCE FIELD BOUNDARY)

λ, ξ LATERAL EFB is inhibited if ξ = 0 cm, unused 2*E
NC, C0 − C5, shift 0-6, 6*no dim., cm 1, 7*E

ω−, θ,R1, U1, U2,R2, Positioning and shape of the exit EFB 2*deg, 5*cm 7*E
RM3

IORDRE, Resol Degree of interpolation polynomial : 2, 25 or 4 ; no dim. I, E
2 = second degree, 9-point grid
25 = second degree, 25-point grid
4 = fourth degree, 25-point grid ;
resolution of flying mesh isXPAS/Resol

XPAS Integration step cm E

KPOS Positioning of the map, 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, cm, rad 4*E

at entrance and exit of the map.

If KPOS = 1 Automatic positioning of the map, by means of
DP reference relative momentum no dim. E
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DIPOLE-M Generation of dipole mid-plane 2-D map, polar frame

BZ = FB0

(

1 +N
(
R−RM
RM

)
+B

(
R−RM
RM

)2
+G

(
R−RM
RM

)3
)

NFACE, IC, IL Number of field boundaries 2-3, 0-2, 0-2[×10n] 3*I
IC = 1, 2 : print field map
IL = 1, 2 : print field and coordinates on trajectories

IAMAX , IRMAX Azimuthal and radial number of nodes of the mesh ≤ 400, ≤ 200 2*I

B0,N ,B,G Field and field indices kG, 3*no dim. 4*E

AT , ACENT,RM , Mesh parameters : total angle of the map ; azimuth for 2*deg,3*cm 5*E
RMIN, RMAX positioning of EFBs ; reference radius ; minimum and

maximum radii

ENTRANCE FIELD BOUNDARY

λ, ξ Fringe field extent (normally≃ gap size) ; unused. cm, unused 2*E
Exponential type fringe fieldF = 1 / (1 + exp(P (s)))
with P (s) = C0 + C1(

s
λ ) + C2(

s
λ )

2 + ...+ C5(
s
λ )

5

NC, C0 − C5, shift Unused ;C0 toC5 : see above ; EFB shift 0-6, 6*no dim., cm I,7*E

ω+, θ,R1, U1, U2,R2 Azimuth of entrance EFB with respect toACENT ; 2*deg, 4*cm 6*E
wedge angle of EFB ; radii and linear
extents of EFB (use| U1,2 |= ∞ whenR1,2 = ∞)

(Note :λ = 0, ω+ = ACENT andθ = 0 for sharp edge)

EXIT FIELD BOUNDARY
(See ENTRANCE FIELD BOUNDARY)

λ, ξ Fringe field parameters cm, unused 2*E
NC, C0 − C5, shift 0-6, 6*nodim., cm 1, 7*E

ω−, θ,R1, U1, U2,R2 Positioning and shape of the exit EFB 2*deg, 4*cm 6*E

(Note :λ = 0, ω− = −AT+ ACENT andθ = 0 for
sharp edge)

If NFACE = 3 LATERAL FIELD BOUNDARY
(See ENTRANCE FIELD BOUNDARY)
Next 3 recordsonly if NFACE = 3

λ, ξ cm, (cm) 2*E
Fringe field parameters

NC,C0 − C5, shift 0-6, 6*no dim., cm I, 7*E
ω−, θ,R1, U1, U2,R2, Positioning and shape of the lateral EFB ; 2*deg, 5*cm 7*E
RM3 RM3 is the radial position on azimuthACENT

NBS Option index for perturbations to the field map normally 0 I

If NBS = 0 Normal value. No other record required

If NBS = -2 The map is modified as follows :

R0, ∆B/B0 B transforms toB ∗
(

1 + ∆B
B0

R−R0

RMAX−RMIN

)

cm, no dim. 2*E

If NBS = -1 the map is modified as follows :

θ0, ∆B/B0 B transforms toB ∗
(

1 + ∆B
B0

θ−θ0
AT

)

deg, no dim. 2*E
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If NBS ≥ 1 Introduction of NBS shims

For I = 1, NBS The following 2 records must be repeated NBS times

R1,R2, θ1, θ2, λ Radial and angular limits of the shim ;λ is unused 2*cm, 2*deg, cm 5*E

γ, α, µ, β geometrical parameters of the shim 2*deg, 2*no dim. 4*E

IORDRE Degree of interpolation polynomial : 2, 25 or 4 I
2 = second degree, 9-point grid
25 = second degree, 25-point grid
4 = fourth degree, 25-point grid

XPAS Integration step cm E

KPOS Positioning of the map, 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, cm, rad 4*E

at entrance and exit of the map.

If KPOS = 1 Automatic positioning of the map, by means of
DP reference relative momentum no dim. E
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DIPOLES Dipole magnetN -tuple, polar frame
(i) BZ =

∑N
i=1BZ0,i Fi(R, θ)

(
1 + b1i(R−RMi)/RMi + b2i(R−RMi)

2/RM2
i + ...

)

(ii) BZ = BZ0,i +
∑N

i=1 Fi(R, θ)
(
b1i(R−RMi) + b2i(R−RMi)

2 + ...
)

IL IL = 1, 2[×10n] : print field and coordinates along trajectories. 0-2[×10n] I

N ,AT ,RM Number of magnets in theN -tuple ; no dim., I, 2*E
total angular extent of the dipole ; reference radius deg, cm

RepeatN times the following sequence

ACN, δRM 1,B0, Positioning of EFBs : azimuth,RMi = RM + δRM ; field ; deg., cm, kG, 3*E, I,
ind, bi, (i = 1, ind) number of, and field coefficients (ind+ 1)*no dim. ind*E

ENTRANCE FIELD BOUNDARY

g0, κ Fringe field extent (g = g0 (RM/R)κ) cm, no dim. 2*E
Exponential type fringe fieldF = 1 / (1 + exp(P (s)))
with P (s) = C0 + C1(

s
g ) + C2(

s
g )

2 + ...+ C5(
s
g )

5

NC, C0 − C5, shift Unused ;C0 toC5 : see above ; EFB shift 0-6, 6*no dim., cm I,7*E

ω+, θ,R1, U1, U2,R2 Azimuth of entrance EFB with respect toACN ; 2*deg, 4*cm 6*E
wedge angle of EFB ; radii and linear
extents of EFB (use| U1,2 |= ∞ whenR1,2 = ∞)

(Note :g0 = 0, ω+ = ACENT, θ = 0 and KIRD=0 for sharp edge)

EXIT FIELD BOUNDARY
(See ENTRANCE FIELD BOUNDARY)

g0, κ cm, no dim. 2*E

NC, C0 − C5, shift 0− 6, 6*no dim., cm 1, 7*E

ω−, θ,R1, U1, U2,R2 2*deg, 4*cm 6*E

(Note :g0 = 0, ω− = −AT+ ACENT, θ = 0 and KIRD=0 for sharp edge)

LATERAL FIELD BOUNDARY
to be implemented - following data not used

g0, κ cm, no dim. 2*E

NC, C0 − C5, shift 0-6, 6*no dim., cm 1, 7*E

ω−, θ,R1, U1, U2,R2,R3 2*deg, 5*cm 7*E

End of repeat

1 Non-zeroδRM requires KIRD= 2, 4 or 25.
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KIRD[.n], Resol KIRD=0 : analytical computation of field derivatives ; 0, 2, 25 or 4 ; no dim. I, E
n=0 : default,BZ formula (i) above, n=1 :BZ formula (ii).
Resol = 2/4 for 2nd/4th order field derivatives computation
KIRD=2, 25 or 4 : numerical interpolation of field derivatives ;
size of flying interpolation mesh isXPAS/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, cm, rad 4*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
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DODECAPO Dodecapole magnet

IL IL = 1, 2[×10n] : print field and coordinates along trajectories. 0-2[×10n] I

XL ,R0,B0 Length ; radius and field at pole tip 2*cm, kG 3*E

Entrance face :
XE , λE Integration zone extent ; fringe field 2*cm 2*E

extent (∼< 2R0, λE = 0 for sharp edge)

NCE, C0 − C5 NCE = unused unused, I, 6*E
C0 − C5 = Fringe field coefficients such that 6*no dim.
G(s) = G0/(1 + expP (s)), withG0 = B0/R

5
0

andP (s) =
∑5

i=0 Ci(s/λ)
i

XS , λS Exit face : see entrance face 2*cm 2*E
NCS, C0 − C5 0-6, 6*no dim. I, 6*E

XPAS Integration step cm E

KPOS, XCE, YCE, ALE KPOS=1 : element aligned, 2 : misaligned ; 1-2, 2*cm, rad I, 3*E
shifts, tilt (unused ifKPOS=1)
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DRIFT, ESL Field free drift space

XL length cm E

Z

Z2

Z1

0

XL

Y1

P

T

Y

Y2

XL/CosT•CosP

X
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EBMULT 1 Electro-magnetic multipole

IL IL = 1, 2[×10n] : print field and coordinates along trajectories. 0-2[×10n]

Electric poles
XL ,R0, E1, E2, ...,E10 Length of element ; radius at pole tip ; 2*cm, 10*V/m 12*E

field at pole tip for dipole, quadrupole,
..., 20-pole electric components

Entrance face
XE , λE , E2, ...,E10 Integration zone ; fringe field extent : 2*cm, 9*no dim. 11*E

dipole fringe field extent =λE ;
quadrupole fringe field extent =λE ∗ E2 ;
...
20-pole fringe field extent =λE ∗ E10

(for any component : sharp edge if field
extent is zero)

NCE, C0 − C5 same asQUADRUPO 0-6, 6*no dim. I,6*E

Exit face
XS , λS , S2, ...,S10 Integration zone ; as for entrance 2*cm, 9*no dim. 11*E

NCS, C0 − C5 0-6, 6*no dim. I, 6*E

R1,R2,R3, ...,R10 Skew angles of electric field components 10*rad 10*E

Magnetic poles
XL ,R0,B1,B2, ...,B10 Length of element ; radius at pole tip ; 2*cm, 10*kG 12*E

field at pole tip for dipole, quadrupole,
..., 20-pole magnetic components

Entrance face
XE , λE , E2, ...,E10 Integration zone ; fringe field extent : 2*cm, 9*no dim. 11*E

dipole fringe field extent =λE ;
quadrupole fringe field extent =λE ∗ E2 ;
...
20-pole fringe field extent =λE ∗ E10

(for any component : sharp edge if field
extent is zero)

NCE, C0 − C5 same asQUADRUPO 0-6, 6*no dim. I,6*E

1 UsePARTICUL to declare mass and charge.
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Exit face
XS , λS , S2, ...,S10 Integration zone ; as for entrance 2*cm, 9*no dim. 11*E

NCS, C0 − C5 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 ifKPOS=1)
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EL2TUB 1 Two-tube electrostatic lens

IL IL = 1, 2[×10n] : print field and coordinates along trajectories. 0-2[×10n] I

X1,D,X2,R0 Length of first tube ; distance between tubes ; 3*m 4*E
length of second tube ; inner radius

V1, V2 Potentials 2*V 2*E

XPAS Integration step cm E

KPOS, XCE, KPOS=1 : element aligned, 2 : misaligned ; 1-2, 2*cm, I, 3*E
YCE, ALE shifts, tilt (unused ifKPOS=1) rad

X1

V1

X2

V2 X

R0

D

Two-electrode cylindrical electric lens.

1 UsePARTICUL to declare mass and charge.
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ELMIR Electrostatic N-electrode mirror/lens, straight sli ts

IL IL = 1, 2[×10n] : print field and coordinates along trajectories. 0-2[×10n] I

N,L1, ...,LN ,D, MT Number of electrodes ; electrode lengths ; gap ; 2− 7, N*m, m I, N*E, E, I
mode (11/H-mir, 12/V-mir, 21/V-lens, 22/H-lens)

V1, ...,VN Electrode potentials (normallyV1 = 0) N*V N*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 ifKPOS=1) ; 3 : automatic

positioning,Y CE = pitch,ALE = half-deviation

V1 V3

X

X

Z

−L1 O

D

Y

V2

L2+L3L2

Trajectory

ALEYCE
X

Y

Electrostatic N-electrode mirror/lens, straight slits, in the caseN = 3, in horizontal mirror mode (MT = 11).
Possible non-zero entrance quantitiesY CE,ALE should be specified usingCHANGREF, 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[×10n] : print field and coordinates along trajectories. 0-2[×10n] 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 − VA, VB − V Potential difference 2*V 2*E

XPAS Integration step cm E

KPOS NormallyKPOS = 2 for positioning ; 1-2 I
RE, TE, RS, TS Radius and angle at respectively entrance and exit. cm, rad, cm, rad 4*E

D

Y

R2

R1

RM

Symmetry
axis

X

r

RS

RE

Trajectory

TE > 0

TS < 0

Mid−plane

V1 V3

Z

V2

AT/2

−AT/2

Electrostatic N-electrode mirror/lens, circular slits, in the caseN = 3, in horizontal mirror mode.
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ELMULT 1 Electric multipole

IL IL = 1, 2[×10n] : print field and coordinates along trajectories. 0-2[×10n] I

XL ,R0, 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
XE , λE , E2, ...,E10 Integration zone ; fringe field extent : 2*cm, 9*no dim. 11*E

dipole fringe field extent =λE ;
quadrupole fringe field extent =λE ∗ E2 ;
...
20-pole fringe field extent =λE ∗ E10

(sharp edge if field extent is zero)

NCE, C0 − C5 same asQUADRUPO 0-6, 6*no dim. I, 6*E

Exit face
XS , λS , S2, ...,S10 Integration zone ; as for entrance 2*cm, 9*no dim. 11*E

NCS, C0 − C5 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 ifKPOS=1)

1 UsePARTICUL to declare mass and charge.
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ELREVOL 1 1-D uniform mesh electric field map
X-axis cylindrical symmetry is assumed

IC, IL IC = 1, 2 : print the map 0-2, 0-2[×10n] 2*I
IL = 1, 2[×10n] : print field and coordinates along trajectories.

ENORM, X-NORM Field and X-coordinate normalization coeff. 2*no dim. 2*E

TITL Title. Start with “FLIP” to get field map X-flipped. A80

IX Number of longitudinal nodes of the map ≤ 400 I

FNAME 2 File name A80

ID,A,B, C Integration boundary. Ineffective whenID = 0. ≥ −1, 2*no dim., I,3*E
[, A′,B′, C ′, ID = -1, 1 or≥ 2 : as forCARTEMES cm [,2*no dim., [,3*E,etc.]
B′′, etc., if ID ≥ 2] cm, etc.]

IORDRE Unused 2, 25 or 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 ifKPOS=1)

1 UsePARTICUL to declare mass and charge.
2 FNAME (e.g., e-lens.map) contains the field data. These must be formatted according to the followingFORTRAN sequence :

OPEN (UNIT = NL, FILE = FNAME, STATUS = ‘OLD’ [,FORM=’UNFORMATTED’])
DO 1 I = 1, IX

IF (BINARY) THEN
READ(NL) X(I), EX(I)

ELSE
READ(NL,*) X(I), EX(I)

ENDIF
1 CONTINUE

where X(I) and EX(I) are the longitudinal coordinate and field component at node(I) of the mesh. Binary file namesFNAME must be-
gin with ’B ’ or ’b ’. ‘Binary’ will then automatically be set to ‘.TRUE.’
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EMMA 2-D Cartesian or cylindrical mesh field map for EMMA FFAG

IC, IL seeCARTEMES 0-2, 0-2[×10n] 2*I

BNORM, XN,YN, ZN Field and X-,Y-,Z-coordinate normalization coefficients 4*no dim. 4*E

TITL Title. Start with “FLIP” to get field map X-flipped A80

IX, IY , IZ, MOD[.i] Number of nodes of the mesh in theX, Y ≤ 400, ≤ 200, 3*I
andZ directions,IZ = 1 for single 2-D map ; 1, ≥ 0[.1-9]
MOD : operational and mapFORMAT reading mode1

MOD≤19 : Cartesian mesh ;
MOD≥20 : cylindrical mesh ;
.i, optional, tells the readingFORMAT, default is ’*’.

FNAME 1 Names of theNF files that contain the 2-D maps, A80
(K = 1,NF ) ordered fromZ(1) toZ(NF ).

If MOD=0 : a single map, superimposition of QF and QD ones, is built for tracking.
If MOD=1 : a single map,interpolatedfrom QF[xF ] and QD[xD] ones, is built for tracking.
If MOD=22 : a single map, superimposition of QF and QD ones, is builtfor tracking.
If MOD=24 : field at particle is interpolated from a (QF,QD) pair of maps, closest to
current(xF , xD) value, taken from of set of (QF,QD) pairs registered in FNAME...

ID,A,B, C Integration boundary. Ineffective whenID = 0. ≥ −1, 2*no dim., I,3*E
[, A′,B′, C ′, ID = -1, 1 or≥ 2 : as forCARTEMES cm [,2*no dim., [,3*E,etc.]
B′′, etc., if ID ≥ 2] cm, etc.]

IORDRE If IZ = 1 : as inCARTEMES 2, 25 or 4 I
If IZ 6= 1 : unused

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 ifKPOS=1)

1 FNAME normally contains the field map data. IfMOD=24FNAME(K) contains the names of the QF maps and QD maps, as well as the QF-QD distance
attached to each one of these pairs.
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FAISCEAU Print particle coordinates

Print particle coordinates at the location where the
keyword is introduced in the structure.

FAISCNL Store particle coordinates in file FNAME

FNAME1 Name of storage file A80
(e.g., zgoubi.fai, or bzgoubi.fai for binary storage).

FAISTORE Store coordinates everyIP other pass [, at elements with appropriate label]

FNAME 1 Name of storage file (e.g.zgoubi.fai) [ ; label(s) of the element(s) at the exit A80,
[,LABEL(s) ] of which the store occurs (10 labels maximum)]. If eitherFNAME or firstLABEL [, 10*A10]

is ’none’ then no storage occurs. Store occurs at all elements if first
LABEL is ’all’ or ’ALL’.

IP Store everyIP other pass (when usingREBELOTE I
with NPASS≥ IP − 1).

1 Stored data can be read back fromFNAME usingOBJET, KOBJ = 3.
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FFAG FFAG magnet,N -tuple
UNDER DEVELOPMENT
BZ =

∑N
i=1BZ0,i Fi(R, θ) (R/RM,i)

Ki

IL IL = 1, 2[×10n] : print field and coordinates along trajectories. 0-2[×10n] I

N ,AT ,RM Number of dipoles in the FFAGN -tuple ; no dim., I, 2*E
total angular extent of the dipole ; reference radius deg, cm

RepeatN times the following sequence

ACN, δRM , Azimuth for dipole positioning ;RM,i = RM + δRM ; deg, cm, kG, 4*E
BZ0,K field atRM,i ; index no dim.

ENTRANCE FIELD BOUNDARY

g0, κ Fringe field extent (g = g0 (RM/R)κ) cm, no dim. 2*E
NC, C0 − C5, shift Unused ;C0 toC5 : fringe field coefficients ; EFB shift 0-6, 6*no dim, cm I,7*E
ω+, θ,R1, U1, U2,R2 Azimuth of entrance EFB with respect toACN ; 2*deg, 4*cm 6*E

wedge angle of EFB ; radii and linear
extents of EFB (use| U1,2 |= ∞ whenR1,2 = ∞)

(Note :g0 = 0, ω+ = ACENT, θ = 0 and KIRD=0 for sharp edge)

EXIT FIELD BOUNDARY
(See ENTRANCE FIELD BOUNDARY)

g0, κ cm, no dim 2*E
NC, C0 − C5, shift 0-6, 6*no dim, cm 1, 7*E
ω−, θ,R1, U1, U2,R2 2*deg, 4*cm 6*E

(Note :g0 = 0, ω− = −AT+ ACENT, θ = 0 and KIRD=0 for sharp edge)

LATERAL FIELD BOUNDARY
to be implemented - following data not used

g0, κ cm, no dim 2*E
NC, C0 − C5, shift 0-6, 6*no dim, cm 1, 7*E
ω−, θ,R1, U1, U2,R2 2*deg, 4*cm 6*E

End of repeat

KIRD, Resol KIRD=0 : analytical computation of field derivatives ; 0, 2, 25 or 4 ; I, E
Resol = 2/4 for 2nd/4th order field derivatives computation no dim.
KIRD2, 4 or 25 : numerical interpolation of field derivatives ;
size of flying interpolation mesh isXPAS/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, cm, rad 4*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
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FFAG-SPI Spiral FFAG magnet,N -tuple
UNDER DEVELOPMENT
BZ =

∑N
i=1BZ0,i Fi(R, θ) (R/RM,i)

Ki

IL IL = 1, 2[×10n] : print field and coordinates along trajectories. 0-2[×10n] I

N ,AT ,RM Number of dipoles in the FFAGN -tuple ; no dim., I, 2*E
total angular extent of the dipole ; reference radius deg, cm

RepeatN times the following sequence

ACN, δRM , Azimuth for dipole positioning ;RM,i = RM + δRM ; deg, cm, kG, 4*E
BZ0,K field atRM,i ; index no dim.

ENTRANCE FIELD BOUNDARY

g0, κ Fringe field extent (g = g0 (RM/R)κ) cm, no dim. 2*E
NC, C0 − C5, shift Unused ;C0 toC5 : fringe field coefficients ; EFB shift 0-6, 6*no dim, cm I,7*E
ω+, ξ, 4 dummies Azimuth of entrance EFB with respect toACN ; 2*deg, 4*unused 6*E

spiral angle ; 4× unused

EXIT FIELD BOUNDARY
(See ENTRANCE FIELD BOUNDARY)

g0, κ cm, no dim 2*E
NC, C0 − C5, shift 0-6, 6*no dim, cm 1, 7*E
ω−, ξ, 4 dummies 2*deg, 4*unused 6*E

LATERAL FIELD BOUNDARY
to be implemented - following data not used

g0, κ cm, no dim 2*E
NC, C0 − C5, shift 0-6, 6*no dim, cm 1, 7*E
ω−, θ,R1, U1, U2,R2 2*deg, 4*cm 6*E

End of repeat

KIRD, Resol KIRD=0 : analytical computation of field derivatives ; 0, 2, 25 or 4 ; I, E
Resol = 2/4 for 2nd/4th order field derivatives computation no dim.
KIRD2, 4 or 25 : numerical interpolation of field derivatives ;
size of flying interpolation mesh isXPAS/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, cm, rad 4*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
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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 Fitting procedure

NV Number of physical parameters to be varied ≤ 20 I

For I = 1, NV repeat NV times the following sequence

either :
IR, IP, XC, DV Number of the element in the structure ; ≤MXL 1, ≤MXD , 2*I, 2*E

number of the physical parameter in the element ; ± MXD.MXD 2,
coupling switch (off = 0) ; variation range (±) relative

or :
IR, IP, XC, [Vmin, Vmax] ≤MXL , ≤MXD , 2*I, 3*E

NC [, penalty [,ITER]]3 Number of constraints [, penalty [, number of iterations]]. ≤ 20 [,10−n [,> 0]] I [, E [, I]]

For I = 1, NC repeat NC times the following sequence :

IC, I, J , IR, V 4,WV , IC, I andJ define the type of constraint (see table below) ; 0-5, 3*(>0), 4*I, 2*E,
NP [, pi(i = 1, NP )] IR : number of the element after which the constraint applies ; current unit, I,NP∗E

V : value ;W : weight (the stronger the lowerWV ) 2*no dim.,
NP : number of parameters ; ifNP ≥ 1, pi(i = 1, NP ) : curr. units
parameter values.

1 MXL value is set in include fileMXLD.H.
2 MXD value is set in include fileMXLD.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 gets<penalty, or when the maximum allowed number of iterations is reached.
4 V is in currentzgoubiunits in the case of particle coordinates (cm, mrad). It is in MKSA units (m, rad) in the case of matrix coefficients.
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Type of
constraint

Parameters defining the constraints
Object definition
(recommended)

IC I J Constraint Parameter(s)
# values

σ-matrix 0 1 - 6 1 - 6 σIJ (σ11 = βY , σ12 = σ21 = αY , etc.) OBJET/KOBJ=5,6

Periodic parameters 0.N 1 - 6 1 - 6 σIJ (σ11 = cosµY + αY sinµY , etc.) OBJET/KOBJ=5.0N
7 any Y-tune =µY /2π

(N=1-9 forMATRIX 8 any Z-tune =µZ/2π
block 1-9)) 9 any cos(µY )

10 any cos(µZ)

First order 1 1− 6 1− 6 Transport coeff.RIJ OBJET/KOBJ=5
transport coeffs. 7 i i 6= 8 : YY-determinant ; i=8 : YZ-det.

8 j j 6= 7 : ZZ-determinant ; j=7 : ZY-det.

Second order 2 1− 6 11− 66 Transport coeff.TI,j,k 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, i) >i=1,IMAX

−2 1− 7 Sup(|F (J, i)|)i=1,IMAX
−3 1− 7 Dist|F (J, I)|i=I1,I2,dI 3 I1 I2 dI

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 ofF (J, I) 1 1-2
3.4 1− IMAX 1− 7 |F (J, I)− F (J,K)| (K = 1− IMAX ) 1 K

Ellipse parameters 4 1− 6 1− 6 σIJ (σ11 = βY , σ12 = σ21 = αY , etc.) OBJET/KOBJ=8 ;
MCOBJET/KOBJ=3

Number of 5 −1 any Nsurvived/IMAX OBJET
particles 1− 3 any Nin ǫY,Z,X

/Nsurvived 1 ǫ/π MCOBJET
4− 6 any Nin best ǫY,Z,X,rms

/Nsurvived MCOBJET

Spin 10 1− IMAX 1− 4 SX,Y,Z(I), |~S(I)| [MC]OBJET
10.1 1− IMAX 1− 3 |SX,Y,Z(I)− SOX,Y,Z(I)| +SPNTRK
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FOCALE Particle coordinates and horizontal beam size at distanceXL

XL Distance from the location of the keyword cm E

FOCALEZ Particle coordinates and vertical beam size at distance XL

XL Distance from the location of the keyword cm E
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GASCAT Gas scattering

KGA Off/On switch 0, 1 I

AI,DEN Atomic number ; density 2*E
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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 1-D histogram

J ,Xmin,Xmax, J = type of coordinate to be histogrammed ; 1-24, 2* I, 2*E, 2*I
NBK, NH the following are available : current units,

• current coordinates : < 120, 1-5
1(D), 2(Y ), 3(T ), 4(Z), 5(P ), 6(S),
• initial coordinates :
11(D0), 12(Y0), 13(T0), 14(Z0), 15(P0), 16(S0),
• spin :
21(SX), 22(SY ), 23(SZ), 24(< S >) ;
Xmin,Xmax = limits of the histogram, in units
of the coordinate of concern ;NBK = number of
channels ;NH = number of the histogram (for
independence of histograms of the same coordinate)

NBL, KAR, Number of lines (= vertical amplitude) ; normally 10-40, I, A1, I, A1
NORM, TYP alphanumeric character ; normalization if char., 1-2, P-S-Q

NORM = 1, otherwiseNORM = 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, 2 or 4

IMAGEZ Localization and size of vertical waist
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MAP2D 2-D Cartesian uniform mesh field map - arbitrary magnetic field

IC, IL IC = 1, 2 : print the field map 0-2, 0-2[×10n] 2*I
IL = 1, 2[×10n] : print field and coordinates along trajectories

BNORM, XN,YN Field and X-,Y-coordinate normalization coeffs. 3*no dim. 3*E

TITL Title. Start with “FLIP” to get field map X-flipped. A80

IX, JY Number of longitudinal and horizontal-transverse ≤ 400, ≤ 200 2*I
nodes of the mesh (the Z elevation is arbitrary)

FNAME 1 File name A80

ID,A,B, C Integration boundary. Ineffective whenID = 0. ≥ −1, 2*no dim., I,3*E
[, A′,B′, C ′, ID = -1, 1 or≥ 2 : as forCARTEMES cm [,2*no dim., [,3*E,etc.]
B′′, etc., if ID ≥ 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 ifKPOS=1)

1 FNAME (e.g., magnet.map) contains the field map data.
These must be formatted according to the followingFORTRAN read sequence (normally compatible withTOSCA codeOUTPUTS- details
and possible updates are to be found in the source file’fmapw.f’ ) :

OPEN (UNIT = NL, FILE = FNAME, STATUS = ‘OLD’)
DO 1 J = 1, JY
DO 1 I = 1, IX

IF (BINARY) THEN
READ(NL) Y(J), Z(1), X(I), BY(I,J), BZ(I,J), BX(I,J)

ELSE
READ(NL,100) Y(J), Z(1), X(I), BY(I,J), BZ(I,J), BX(I,J)

100 FORMAT (1X, 6E11.4)
ENDIF

1 CONTINUE

where X(I), Y (J) are the longitudinal, horizontal coordinates in the at nodes (I, J) of the mesh, $Z(1)$ is the vertical eleva-
tion of the map, andBX, BY , BZ are the components of the field.

For binary files,FNAME must begin with ’B’ or ’b ’˜; a logical flag ’Binary’ will then automatically be set to ’.TRUE.’
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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, 0-2[×10n] 2*I
IL = 1, 2[×10n] : 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*I
nodes of the mesh (the Z elevation is arbitrary)

FNAME 1 File name A80

ID,A,B, C Integration boundary. Ineffective whenID = 0. ≥ −1, 2*no dim., I,3*E
[, A′,B′, C ′, ID = -1, 1 or≥ 2 : as forCARTEMES cm [,2*no dim., [,3*E,etc.]
B′′, etc., if ID ≥ 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 ifKPOS=1)

1 FNAME (e.g., ‘‘mirror.map’’) contains the field map data.
These must be formatted according to the followingFORTRAN read sequence - details
and possible updates are to be found in the source file’fmapw.f’ :

OPEN (UNIT = NL, FILE = FNAME, STATUS = ‘OLD’)
DO 1 J = 1, JY
DO 1 I = 1, IX

IF (BINARY) THEN
READ(NL) Y(J), Z(1), X(I), EY(I,J), EZ(I,J), EX(I,J)

ELSE
READ(NL,100) Y(J), Z(1), X(I), EY(I,J), EZ(I,J), EX(I,J)

100 FORMAT (1X, 6E11.4)
ENDIF

1 CONTINUE

whereX(I), Y (J) are the longitudinal, horizontal coordinates in the
at nodes(I, J) of the mesh, $Z(1)$ is the vertical elevation of the map, andEX, EY , EZ
are the components of the field.

For binary files,FNAME must begin with ’B’ or ’b ’˜; a logical flag ’Binary’ will then automatically be set to ’.TRUE.’
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MARKER Marker

Just a marker. No data
’.plt’ as a secondLABEL will cause storage of current coordinates into zgoubi.plt
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MATRIX Calculation of transfer coefficients, periodic parameters

IORD, IFOC Options : 0-2, 0-1 or> 10 2*I [,A]
[, zgoubi.MATRIX.out] IORD = 0 : Same effect asFAISCEAU

IORD = 1 (normally usingOBJET, KOBJ = 5) : First order transfer
matrix ; beam matrix, phase advance if usingOBJET, KOBJ = 5.01 ;
if IFOC > 10 : periodic beam matrix, tune numbers
IORD = 2 (normally usingOBJET, KOBJ = 6) : First order transfer
matrix [Rij ], second order array[Tijk] and higher order transfer
coefficients ; ifIFOC > 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 asIFOC = 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 zgoubi.MATRIX.out file
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MCDESINT 1 Monte-Carlo simulation of in-flight decay
M1 → M2 + M3

[INFO,] 2 M2,M3, τ2 3 [Switch,] ; masses of the two decay products; [-,] 2*MeV/c2, s [A4,] 3*E
COM lifetime of particle 2

I1, I2, I3 Seeds for random number generators 3*≃ 106 3*I

X

Z

Y
1

2

θφ

M

Y

X

Z1,2

1,2

T2T1

P2

P1

1,2

Particle 1 decays into 2 and 3 ;zgoubi then calculates trajectory of 2, while 3 is discarded.θ andφ are the scattering angles of
particle 2 relative to the direction of the incoming particle 1. They transform toT2 andP2 in Zgoubi frame.

1 MCDESINT must be preceded byPARTICUL, for the definition of the mass and lifetime of the incoming particle M1.
2 Presence of ’INFO’ will cause more info on decay kinematics parameters to be printed into zgoubi.res at each decay.
3 τ2 can be left blank, in which case the lifetime of particle 2 is set to zero (it decays immediately, which from a practical point of view means that it is not

tracked).
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MCOBJET Monte-Carlo generation of a 6-D object

BORO Reference rigidity kG.cm E

KOBJ Type of support of the random distribution 1-3 I
KOBJ= 1 : window
KOBJ= 2 : grid
KOBJ= 3 : phase-space ellipses

IMAX Number of particles to be generated ≤ 104 I

KY ,KT ,KZ,KP , Type of probability density 6*(1-3) 6*I
KX,KD 1

Y0, T0, Z0, P0, Mean value of coordinates (D0 = Bρ/BORO) m, rad, m, 6*E
X0,D0 rad, m, no dim.

If KOBJ = 1 In a window

δY , δT , δZ, δP , Distribution widths, depending onKY ,KT etc.1 m, rad, m, 6*E
δX, δD rad, m, no dim.

NδY ,NδT ,NδZ ,NδP , Sorting cut-offs (used only for Gaussian density) units ofσY , σT , 6*E
NδX ,NδD etc.

N0, C0, C1, C2, C3 Parameters involved in calculation of P(D) no dim. 5*E

IR1, IR2, IR3 Random sequence seeds 3*≃ 106 3*I

1 Let x = Y, T, Z, P orX. KY , KT , KZ, KP andKX can take the values

1 : uniform,p(x) = 1/2δx if −δx ≤ x ≤ δx

2 : Gaussian,p(x) = exp(−x2/2δx2)/δx
√
2π

3 : parabolic,p(x) = 3(1− x2/δx2)/4δx if −δx ≤ x ≤ δx

KD can take the values

1 : uniform,p(D) = 1/2δD if −δD ≤ x ≤ δD

2 : exponential,p(D) = No exp(C0 + C1l+ C2l2 + C3l3) if −δD ≤ x ≤ δD

3 : kinematic,D = δD ∗ T
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If KOBJ = 2 On a grid

IY , IT , IZ, IP , Number of bars of the grid 6*I
IX, ID

PY , PT , PZ, PP , Distances between bars m, rad, m 6*E
PX, PD rad, m, no dim.

δY , δT , δZ, δP , Width of the bars (±) if uniform, ibidem 6*E
δX, δD Sigma value if Gaussian distribution

NδY ,NδT ,NδZ ,NδP , Sorting cut-offs (used only for Gaussian density) units ofσY , σT ,etc. 6*E
NδX ,NδD

N0, C0, C1, C2, C3 Parameters involved in calculation ofP (D) no dim. 5*E

IR1, IR2, IR3 Random sequence seeds 3*≃ 106 3*I

If KOBJ = 3 On a phase-space ellipse1

αY , βY , εY /π,NσǫY
Ellipse parameters and no dim., m/rad, 4*E [,E]

[, N ′

σǫY
if NσǫY

< 0] 2 emittance, Y-T phase-space ; cut-off m, units ofσ(εY )

αZ , βZ , εZ/π,NσǫZ
Ellipse parameters and no dim., m/rad, 4*E [,E]

[, N ′

σǫZ
if NσǫZ

< 0] 2 emittance, Z-P phase-space ; cut-off m, units ofσ(εZ)

αX , βX , εX/π,NσǫX
Ellipse parameters and no dim., m/rad, 4*E [,E]

[, N ′

σǫX
if NσǫX

< 0] 2 emittance, X-D phase-space ; cut-off m, units ofσ(εX)

IR1, IR2, IR3 Random sequence seeds 3*≃ 106 3*I

1 Similar possibilities, non-random, are offered withOBJET, KOBJ=8 (p. 230)
2 Works with Gaussian density type only : sorting within the ellipse fron-

tier
1 + σ2

Y

β2

Y

Y 2 + 2αY Y T + βY T 2 =
εY

π

if NσǫY
> 0, or, if NσǫY

< 0 sorting within the ring

[ |NσǫY
|, N ′

σǫY
]
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A scheme of input parameters toMCOBJET whenKOBJ= 2.
Top : Possible distributions of theY coordinate
Bottom : A 2-D grid in (Y,Z) space.
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MULTIPOL Magnetic Multipole

IL IL = 1, 2[×10n] : print field and coordinates along trajectories 0-2[×10n] I

XL ,R0,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
XE , λE , E2, ...,E10 Integration zone ; fringe field extent : 2*cm,9*no dim. 11*E

dipole fringe field extent =λE ;
quadrupole fringe field extent =λE ∗ E2 ;
...
20-pole fringe field extent =λE ∗ E10

(sharp edge if field extent is zero)

NCE, C0 − C5 same asQUADRUPO 0-6, 6*no dim. I, 6*E

Exit face
XS , λS , S2, ...,S10 Integration zone ; as for entrance 2*cm, 9*no dim. 11*E

NCS, C0 − C5 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 ifKPOS=1)

for QUADRUPO.
KPOS = 3 : effective only ifB1 6= 0 :
entrance and exit frames are shifted byYCE
and tiltedwrt. the magnet by an angle of
• either ALE if ALE6=0
• or 2Arcsin(B1XL / 2BORO) if ALE=0
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OBJET Generation of an object

BORO Reference rigidity kG.cm E

KOBJ[.K2] Option index [.More options] 1-6 I

If KOBJ = 1[.01] [Non-] Symmetric object

IY, IT, IZ, IP, IX, ID Ray-Tracing assumes mid-plane symmetry IY*IT*IZ*IP*IX*ID ≤ 104 6*1
Total number of points in±Y , ±T , ±Z, ±P
[+Z, +P with KOBJ = 1.01],±X.
and±D coordinates (IY ≤ 20,...,ID ≤ 20)

PY, PT, PZ, PP, PX, PD Step size inY , T , Z, P ,X and momentum 2(cm,mrad), cm, no dim. 6*E
(PD= δBρ/BORO)

YR, TR, ZR, PR, XR, DR Reference (DR = Bρ/BORO) 2(cm,mrad), cm, no dim. 6*E

If KOBJ = 2[.01] All the initial coordinates must be entered explicitly

IMAX , IDMAX total number of particles ; number of distinct momenta IMAX ≤ 104 2*I
(if IDMAX > 1, group particles of same momentum)

For I = 1, IMAX RepeatIMAX times the following line

Y, T, Z, P, X, D, LET Coordinates and tagging of theIMAX particles ; 2(cm,mrad), cm, no dim., 6*E, A1
If KOBJ = 2.01 input units are different : 2(m,rad), m, no dim.,

IEX(I = 1, IMAX ) IMAX times 1 or -9. IfIEX(I) = 1 trajectoryI is 1 or -9 IMAX I
ray-traced, it is not ifIEX(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 is‘‘READ(NL, * ) Y,T,Z,P,S,DP’’

NN=02 : read FORMAT is‘‘READ(NL, * ) X,Y,Z,PX,PY,PZ’’

NN=03 : read FORMAT is‘‘READ(NL, * ) DP,Y,T,Z,P,S,TIME,MASS,CHARGE’’

IT1, IT2, ITStep Read particles numbered IT1 to IT2, step ITStep ≥ 1, ≥ IT1, ≥ 1 3*I
(For more than104 particles stored inFNAME,
use ‘REBELOTE’)

IP1, IP2, IPStep Read particles that belong in pass numbered ≥ 1, ≥ IP1, ≥ 1 3*I
IP1 to IP2, step IPStep

YF, TF, ZF, PF, Scaling factor. TAG-ing letter : no effect if ’*’, 7*no.dim,char. 7*E, A1
XF, DF, TF, TAG otherwise only particles with TAG≡LET are retained.

YR, TR, ZR, PR, Reference. Given the previous line of data, 2(cm, mrad), 7*E
XR, DR, TR all coordinate C is transformed to C*CF+CR cm, no dim.,µs

InitC 0 : setnew ~R0 = old ~R0, new ~R = old ~R ; 0-1 I
1 : setnew ~R0 = old ~R, new ~R = old ~R ;
2 : saveold ~R in new ~R0, setnew ~R = old ~R0.

FNAME File name (e.g., zgoubi.fai) A80
(NN in KOBJ=3.NN determines storage FORMAT)

If KOBJ = 5[.NN,
NN=01,99] Generation of 11 particles, or 11*NN ifI ≥ 2 (for use withMATRIX , IORD = 1)
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PY, PT, PZ, PP, PX, PD Step sizes inY , T , Z, P ,X andD 2(cm,mrad), cm, no dim. 6*E

YR, TR, ZR, PR, XR, DR Reference trajectory (DR = Bρ/BORO) 2(cm,mrad), cm, no dim. 6*E

If KOBJ = 5.01 additional data line :
αY , βY , αZ , βZ , αX , βX , Initial beam ellipse parameters1 2(no dim.,m), ?, ?, 6*E,
DY , D

′

Y ,DZ , D
′

Z 2(m,rad) 4*E

If KOBJ = 5.NN,
NN=02-99 i = 1 to 98 (if, resply, NN=02 to 99) additional data lines :

YR, TR, ZR, PR, XR, DR Reference trajectory # i (DR = Bρ/BORO) 2(cm,mrad), cm, no dim. 6*E

If KOBJ = 6 Generation of 61 particles (for use withMATRIX , IORD = 2)

PY, PT, PZ, PP, PX, PD Step sizes inY , T , Z, P ,X andD 2(cm,mrad), cm, no dim. 6*E

YR, TR, ZR, PR, XR, DR Reference trajectory ;DR = Bρ/BORO 2(cm,mrad), cm, no dim. 6*E

If KOBJ = 7 Object with kinematics

IY, IT, IZ, IP, IX, ID Number of points in±Y , ±T ,±Z, ±P , IY*IT*IZ*IP*IX*ID ≤ 104 6*I
±X ; ID is not used

PY, PT, PZ, PP, PX, PD Step sizes inY , T , Z, P andX ; PD = kinematic 2(cm,mrad), cm, mrad−1 6*E
coefficient, such thatD(T ) = DR+ PD ∗ T

YR, TR, ZR, PR, XR, DR Reference (DR = Bρ/BORO) 2(cm,mrad), cm, no dim. 6*E

If KOBJ = 8 Generation of phase-space coordinates on ellipses 2

IY , IZ, IX Number of samples in each 2-D phase-space ; 0 ≤ IX, IY, IZ ≤ IMAX, 3*I
if zero the central value (below) is assigned 1 ≤ IX ∗ IY ∗ IZ ≤ IMAX

Y0, T0, Z0, P0, Central values (D0 = Bρ/BORO) m, rad, m, rad, 6*E
X0,D0 m, no dim.

αY , βY , εY /π ellipse parameters and emittances no dim., m, m 3*E
αZ , βZ , εZ/π no dim., m, m 3*E
αX , βX , εX/π no dim., m, m 3*E

1 They can be transported by using MATRIX
2 Similar possibilities, random, are offered withMCOBJET, KOBJ=3 (p. 226)
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OBJETA Object from Monte-Carlo simulation of decay reaction

M1 +M2 −→M3 +M4 andM4 −→M5 +M6

BORO Reference rigidity kG.cm E

IBODY, KOBJ Body to be tracked :M3 (IBODY =1),M5 (IBODY =2) 1-3,1-2 2*I
M6 (IBODY =3) ; type of distribution forY0 andZ0 :
uniform (KOBJ= 1) or Gaussian (KOBJ= 2)

IMAX Number of particles to be generated (use ≤ 104 I
‘REBELOTE’ for more)

M1 −M6 Rest masses of the bodies 6*GeV/c2 6*E

T1 Kinetic energy of incident body GeV E

Y0, T0, Z0, P0,D0 Only those particles in the range 2(cm,mrad), 5*E
Y0 − δY ≤ Y ≤ Y0 + δY no dim.

........
D0 − δD ≤ D ≤ D0 + δD
will be retained

δY , δT , δZ, δP , δD 2(cm,mrad), 5*E
no dim.

XL Half length of object :−XL ≤ X0 ≤ XL cm E
(uniform random distribution)

IR1, IR2 Random sequence seeds 2*≃ 06 2*I
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OCTUPOLE Octupole magnet

IL IL = 1, 2[×10n] : print field and coordinates along trajectories. 0-2[×10n] I

XL ,R0,B0 Length ; radius and field at pole tip of the element 2*cm, kG 3*E

Entrance face :
XE , λE Integration zone ; 2*cm 2*E

Fringe field extent (λE = 0 for sharp edge)

NCE, C0 − C5 NCE = unused any, 6*no dim. I, 6*E
C0 − C5 = fringe field coefficients
such that :G(s) = G0/(1 + exp P (s)), withG0 = B0/R

3
0

andP (s) =
∑5

i=0 Ci(s/λ)
i

Exit face :
XS , λS Parameters for the exit fringe field ; see entrance 2*cm 2*E

NCS, C0 − 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 ifKPOS=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 I, A, I
’label’ : Can be ’all’, ’ALL’, or existing ’LABEL 1(NOEL)’ ;
IMP = 1 causes storage of optical functions in zgoubi.OPTICS.out.
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ORDRE Taylor expansions order

IO Taylor expansions of~R and~u up to~u(IO) 2-5 I
(default isIO = 4 )
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PARTICUL Particle characteristics

M ,Q,G, τ ,X Mass ; charge ; gyromagnetic factor ; COM life-time ; unused MeV/c2, C, no dim., s 5*E

If M is of the form{M1 M2}, then when masses are assigned to particles from a previously defined object, the first half of the
particles are given the massM1, and the second half are given the massM2.
If Q is zero, the reference charge is left unchanged.
NOTE : Only the parameters of concern need their value be specified (for instanceM , Q 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

For I = 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 Read magnetic field data fromPOISSON output

IC, IL IC = 1, 2 : print the field map 0-2, 0-2[×10n] 2*I
IL = 1, 2[×10n] : print field and coordinates along trajectories.

BNORM, XN,YN Field and X-,Y-coordinate normalization coeffs. 3*no dim. 3*E

TITL Title. Start with “FLIP” to get field map X-flipped A80

IX, IY Number of longitudinal and transverse nodes ≤ 400, ≤ 200 2*I
of the uniform mesh

FNAME 1 File name A80

ID,A,B, C Integration boundary. Ineffective whenID = 0. ≥ −1, 2*no dim., I,3*E
[, A′,B′, C ′, ID = -1, 1 or≥ 2 : as forCARTEMES cm [,2*no dim., [,3*E,etc.]
B′′, etc., if ID ≥ 2] cm, etc.]

IORDRE Degree of interpolation polynomial 2, 25 or 4 I
as forDIPOLE-M

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 ifKPOS=1)

1 FNAME (e.g., ‘‘outpoi.lis’’) contains the field map data.
These must be formatted according to the followingFORTRAN read sequence - details
and possible updates are to be found in the source file’fmapw.f’ :

I = 0
11 CONTINUE

I = I+1
READ(LUN,101,ERR=99,END=10) K, K, K, R, X(I), R, R, B(I)

101 FORMAT(I1, I3, I4, E15.6, 2F11.5, 2F12.3)
GOTO II

10 CONTINUE

whereX(I) is the longitudinal coordinate, andB(I) is theZ component of the field at a node(I) of the mesh.
K ’s andR’s are variables appearing in thePOISSONoutput file outpoi.lis, not used here.
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POLARMES 2-D polar mesh magnetic field map
mid-plane symmetry is assumed

IC, IL IC = 1, 2 : print the map 0-2, 0-2[×10n] 2*I
IL = 1, 2[×10n] : print field and coordinates along trajectories.

BNORM, AN,RN Field and A-,R-coordinate normalization coeffs. 3*no dim. 3*E

TITL Title. Start with “FLIP” to get field map X-flipped A80

IA, JR Number of angular and radial nodes of the mesh ≤ 400, ≤ 200 2*I

FNAME 1 File name A80

ID,A,B, C Integration boundary. Ineffective whenID = 0. ≥ −1, 2*no dim., I,3*E
[, A′,B′, C ′, ID = -1, 1 or≥ 2 : as forCARTEMES cm [,2*no dim., [,3*E,etc.]
B′′, etc., if ID ≥ 2] cm, etc.]

IORDRE Degree of interpolation polynomial 2, 25 or 4 I
(seeDIPOLE-M)

XPAS Integration step cm E

KPOS as forDIPOLE-M. Normally 2. 1-2 I
If KPOS = 2
RE, TE,RS, TS cm, rad, cm, rad 4*E
If KPOS = 1
DP no dim. E

1 FNAME (e.g., spes2.map) contains the field data.
These must be formatted according to the followingFORTRAN read sequence - details
and possible updates are to be found in the source file’fmapw.f’ :

OPEN (UNIT = NL, FILE = FNAME, STATUS = ‘OLD’ [,FORM=’UNFORMATTED’])
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 1 I = 1,IX
IF (BINARY) THEN
READ (NL) X(I), (BMES(I,J), J=1, JY)

ELSE
READ(NL,101) X(I), (BMES(I,J), J=1, JY)

101 FORMAT(10 F8.1)
ENDIF

1 CONTINUE

whereX(I) andY (J) are the longitudinal and transverse coordinates andBMES is theZ field component at a node(I, J)
of the mesh. For binary files,FNAME 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[×10n] : print field and coordinates along trajectories. 0-2[×10n] I

XL ,R0,B0 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 ifKPOS=1)

Scheme of the PS170 magnet simulation.
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QUADISEX Sharp edge magnetic multipoles

BZ |Z=0= B0

(

1 + N
R0

Y + B
R2

0

Y 2 + G
R3

0

Y 3
)

IL IL = 1, 2[×10n] : print field and coordinates along trajectories. 0-2[×10n] I

XL ,R0,B0 Length of the element ; normalization distance ; field 2*cm, kG 3*E

N , EB1, EB2, EG1, EG2 Coefficients for the calculation of B. 5*no dim. 5*E
if Y > 0 : B = EB1 andG = EG1 ;
if Y < 0 : B = EB2 andG = 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 ifKPOS=1)
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QUADRUPO Quadrupole magnet

IL IL = 1, 2[×10n] : print field and coordinates along trajectories. 0-2[×10n] I

XL ,R0,B0 Length ; radius and field at pole tip 2*cm, kG 3*E

Entrance face :
XE , λE Integration zone extent ; fringe field 2*cm 2*E

extent (≃ 2R0, λE = 0 for sharp edge)

NCE, C0 − C5 NCE = unused any, 6*no dim. I, 6*E
C0 − C5= Fringe field coefficients such that
G(s) = G0/(1 + expP (s)), withG0 = B0/R0

andP (s) =
∑5

i=0 Ci(s/λ)
i

Exit face
XS , λS See entrance face 2*cm 2*E
NCS, C0 − 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 ifKPOS=1)
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Quadrupole magnet

Scheme of the elementsQUADRUPO, SEXTUPOL, OCTUPOLE, DECAPOLE, DODECAPO
andMULTIPOL
(OX) is the longitudinal axis of the reference frame(0, X, Y, Z) of zgoubi.
The length of the element isXL , but trajectories are calculated from−XE to XL +XS , by means of automatic prior and further
XE andXS translations.
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REBELOTE Jump to the beginning of zgoubiinput data file

NPASS, KWRIT,K[.n], NPASS : Number of runs ;KWRIT = 1.1 (resp. 0.0) switches arbitrary ; 3*I
[, Label1 [, 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 (e.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 pass ;idemfor spin components.
K = 99.1 : Label1 is expected, subsequent passes will start from
element with Label1 down toREBELOTEand so forth ;
K = 99.2 : Label1 and Label2 are expected ; last pass (# NPASS+1)
will end at element with Label2 whereupon execution will jump to the keyword
next toREBELOTEand will be carried out down to’END’ .

If K = 22 1

NPRM Number of parameters to be changed for next runs I

RepeatNPR times the following sequence (tells parameters concerned,and for each its successive values) :

LMNT , PRM, NV*Val Keyword # in zgoubi.dat list ; parameter # under thatKeyword -, -, NV*dim2 2*I, NV*E
(same as for FIT[2], see page 213) ;NV successive values (if
NV < NPASS then last value is maintained over remaining passes).

1 K=22 is compatible with use of theFIT[2] procedure :e.g., allows successiveFITs in a run, with successive sets of optical parameters.
2 V is in currentzgoubiunits in the case of particle coordinates (cm, mrad). It is in MKSA units (m, rad) in the case of matrix coefficients.
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RESET Reset counters and flags

Resets counters involved inCHAMBR , COLLIMA
HISTO andINTEG procedures

Switches offCHAMBR, MCDESINT, SCALING and
SPNTRKoptions
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SCALING Power supplies and R.F. function generator

IOPT, NFAM IOPT = 0 (inactive) or 1 (active) ; 0-1 ; 1-9 2*I
NFAM = number of families to be scaled

For NF=1, NFAM : repeatNFAM times the following sequence :

NAMEF [, Lbl [, Lbl]] Name of family (i.e., keyword of concern) [, up to 2 labels] A10 [,A10[,A10]]

NT NT > 0 : number of timings ; -2, -1 or 1-10 I
NT = −1 : field scaling factor updated byCAVITE ;
NT = −2 : RF law inCAVITE is read from external data file.

SCL(I), I = 1,NT Scaling values (a single one, normally 1, ifNT = −1). relative NT*E

TIM(I), I = 1,NT Corresponding timings, in units of turns (1 ifNT = −1). turn number NT*I
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SEPARA 1 Wien Filter - analytical simulation

IA, XL , E,B, IA = 0 : element inactive 0-2, m, I, 3*E
IA = 1 : horizontal separation V/m, T
IA = 2 : vertical separation ;
Length of the separator ; electric field ; magnetic field.

Horizontal separation between a wanted particle,(W ), and an unwanted particle,(U).
(W ) undergoes a linear motion while(U) undergoes a cycloidal motion.

1 SEPARA must be preceded byPARTICUL for the definition of mass and charge of the particles.
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SEXQUAD Sharp edge magnetic multipole

BZ |Z=0= B0

(
N
R0

Y + B
R2

0

Y 2 + G
R3

0

Y 3
)

IL IL = 1, 2[×10n] : print field and coordinates along trajectories. 0-2[×10n] I

XL ,R0,B0 Length of the element ; normalization distance ; field 2*cm, kG 3*E

N , EB1, EB2, EG1, EG2 Coefficients for the calculation of B. 5*no dim. 5*E
if Y > 0 : B = EB1 andG = EG1 ;
if Y < 0 : B = EB2 andG = 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 ifKPOS=1)
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SEXTUPOL Sextupole Magnet

IL IL = 1, 2[×10n] : print field and coordinates along trajectories. 0-2[×10n] I

XL ,R0,B0 Length ; radius and field at pole tip of the element 2*cm, kG 3*E

Entrance face :
XE , λE Integration zone ; fringe field 2*cm 2*E

extent (λE = 0 for sharp edge)

NCE, C0 − C5 NCE = unused any, 6* I, 6*E
C0 − C5 = Fringe field coefficients such that no dim.
G(s) = G0/(1 + expP (s)), with G0 = B0/R

2
0

andP (s) =
∑5

i=0 Ci(s/λ)
i

Exit face :
XS , λS Parameters for the exit fringe field ; see entrance 2*cm 2*E

NCS, C0 − 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 ifKPOS=1)

Sextupole magnet
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SPINR SPINRTitl

Θx, ΦX Angles that define the spin precession axis. 2*rad 2*E

µ Spin precession angle. rad E
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SOLENOID SOLENOIDTitl

IL IL = 1, 2[×10n] : print field and coordinates along trajectories. 0-2[×10n] I

XL ,R0,B0 Length ; radius ; asymptotic field (=µ0NI/XL ) 2*cm, kG 3*E

XE ,XS 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 ifKPOS=1)
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SPNPRNL Store spin coordinates in fileFNAME

FNAME 1 Name of storage file (e.g., zgoubi.spn) A80

SPNSTORE Store spin coordinates everyIP other pass

FNAME 1 Name of storage file (e.g., zgoubi.spn) [ ; label(s) of the element(s) A80
[,LABEL(s) ] 2 at the exit of which the store occurs (10 labels maximum)]. [,10*A10]

IP Store everyIP other pass (when usingREBELOTE I
with NPASS≥ IP − 1).

SPNPRT Print spin coordinates

Print spin coordinates into zgoubi.res, at the location where this
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 Spin tracking

KSO Various options for initial conditions 1-5 I

If KSO = 1 – 3 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]

If KSO = 4 RepeatIMAX times (corresponding to theIMAX
particles in ‘OBJET’) the following sequence :

SX , SY , SZ X, Y andZ initial components of the initial spin. 3*no dim. 3*E

If KSO = 4.1

SX , SY , SZ X, Y andZ components of the initial spins. 3*no dim. 3*E
These will be assigned to all particles.

If KSO = 5 Random distribution in a cone (see figure)
Enter the following two sequences :

TO, PO,A, δA Angles of average polarization : 4*rad 4*E
A = angle of the cone ;δA = standard deviation
of distribution aroundA

IR Random sequence seed ∼< 106 I

1 SPNTRKmust be preceded byPARTICUL for the definition ofG and mass.
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SRLOSS Synchrotron radiation loss

KSR[.i] Switch ;i = 1 causes info output intozgoubi.SRLOSS.out 0− 1 2*I

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, ,> 105 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 Synchrotron radiation spectral-angular densities

KSR Switch 0-2 I
0 : inhibit SR calculations
1 : start
2 : stop

If KSR = 0

D1,D2,D3 Dummies 3*E

If KSR = 1

X0, Y 0, Z0 Observer position in frame of magnet next toSYNRAD 3*m 3*E

If KSR = 2

ν1, ν2,N Frequency range and sampling 2*eV, no dim. 2*E, I
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TOSCA 2-D and 3-D Cartesian or cylindrical mesh field map

IC, IL seeCARTEMES 0-2, 0-2 2*I

BNORM, XN,YN, ZN Field and X-,Y-,Z-coordinate normalization coefficients 4*no dim. 4*E

TITL Title. Include “FLIP” to get field map X-flipped. Include A80
“HEADER n” in caseFNAME starts withn ≥ 1 header lines.

IX, IY , IZ, Number of nodes of the mesh in theX, Y ≤MXX 1, ≤MXY , 3*I
MOD[.MOD2] andZ directions,IZ = 1 for single 2-D map ; ≤IZ, ≥ 0[.1-9]

MOD : operational and mapFORMAT reading mode2;
MOD≤19 : Cartesian mesh ;
MOD≥20 : cylindrical mesh.
MOD2, optional, tells the readingFORMAT, default is ’*’.

FNAME 1 Names of theNF files that contain the 2-D maps, fromZ(1) toZ(NF ). A80
(K = 1,NF ) If MOD=0 : NF = 1 + [IZ/2], theNF 2-D maps are for0 ≤ Z ≤ Zmax,

they are symmetrized with respect to theZ(1) = 0 plane.
If MOD=1 : NF = IZ, no symmetry assumed ;Z(1) = Zmax,
Z(1 + [IZ/2]) = 0 andZ(NF ) = −Zmax .
If MOD=12 : a singleFNAME file contains the all 3-D volume.
If MOD=20-22 : other symmetry options, seetoscap.f routine...

ID,A,B, C [, A′,B′, C ′, Integration boundary. Ineffective whenID = 0. ≥ −1, cm, I,3*E
A′′, etc., if ID ≥ 2] ID = -1, 1 or≥ 2 : as forCARTEMES 2*no dim. [,idem] [,3*E,etc.]

IORDRE If IZ = 1 : 3, 4, 25, as inCARTEMES; unused ifIZ 6= 1. 2, 25 or 4 I

XPAS Integration step cm E

If Cartesian mesh (see MOD) :
KPOS, XCE, YCE, ALE KPOS=1 : element aligned, 2 : misaligned ; shifts, tilt 1-2, 2*cm,rad I, 3*E
If polar mesh :
KPOS as forPOLARMES. Normally 2. 1-2 I
If KPOS = 2
RE, TE,RS, TS cm, rad, cm, rad 4*E

1MXX, MXY, IZ may be changed, they are stated in the include filePARIZ.H .

2Each fileFNAME(K) contains the field specific to elevationZ(K) and must be formatted according to the followingFORTRAN read sequence (that usu-
ally fits TOSCA codeOUTPUTS- details and possible updates are to be found in the source file ’fmapw.f’ ) :

DO K = 1, NF
OPEN (UNIT = NL, FILE = FNAME(K), STATUS = ‘OLD’ [,FORM=’UNFORMATTED’])
DO J = 1, JY ; DO I = 1, IX

IF (BINARY) THEN
READ(NL) Y(J), Z(K), X(I), BY(J,K,I), BZ(J,K,I), BX(J,K,I) node coordinates, field components at node

ELSE
READ(NL,*) Y(J), Z(K), X(I), BY(J,K,I), BZ(J,K,I), BX(J,K,I) node coordinates, field components at node

ENDIF
ENDDO ; ENDDO

NL = NL + 1
ENDDO

For 2-D maps BX and BY are assumed zero at all nodes of the 2-D mesh,regardless of BX(J,1,I), BY(J,1,I) values. For binary files, FNAME must be-
gin with ’B ’ or ’b ’.
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TRANSMAT Matrix transfer

IORDRE Transfer matrix order 1-2 I

XL Length (ineffective, for updating) m E

For IA = 1, 6 :

R(IA, IB), IB = 1, 6 First order matrix m, rad 6 lines
6*E each

If IORDRE = 2 Following recordsonly if IORDRE = 2

T (IA, IB, IC), Second order matrix, six 6*6 blocks m, rad 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 I,2*E
chromaticities / computation of anharmonicities.
FacD ×D = δp/p value applied, withD the momentum sampling
in OBJET ;FacA : unused.
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UNDULATOR Undulator magnet

Under development, to be documented
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UNIPOT Unipotential electrostatic lens

IL IL = 1, 2 : print field and coordinates along trajectories 0-2[×10n]

X1,D,X2,X3,R0 Length of first tube ; distance between 5*m 5*E
tubes ; length of second and third tubes ; radius

V1, V2 Potentials 2*V 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 ifKPOS=1)
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VENUS Simulation of a rectangular dipole magnet

IL IL = 1, 2[×10n] : print field and coordinates along trajectories. 0-2[×10n] I

XL , Y L,B0 Length ; width =±Y L ; field 2*cm, kG 3*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 ifKPOS=1)

Scheme ofVENUS rectangular dipole.



264 Keywords and input data formatting

WIENFILT 1 Wien filter

IL IL = 1, 2[×10n] : print field and coordinates along trajectories. 0-2[×10n] I

XL , E,B,HV Length ; electric field ; magnetic field ; m, V/m, T, 3*E, I
option : element inactive (HV = 0) horizontal 0-2
(HV = 1) or vertical (HV = 2) separation

Entrance face :
XE, λEE

, λBE
Integration zone extent ; fringe field 3*cm 3*E
extents, E and B respectively (≃ gap height)

CE0–CE5 Fringe field coefficients forE 6*no dim. 6*E
CB0–CB5 Fringe field coefficients forB 6*no dim. 6*E

Exit face :
XS , λES

, λBS
See entrance face 3*cm 3*E

CE0–CE5 6*no dim. 6*E
CB0–CB5 6*no dim. 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 ifKPOS=1)

1 UsePARTICUL to declare mass and charge.
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YMY Reverse signs ofY andZ axes

Equivalent to a 180◦ rotation with respect toX-axis

The use ofYMY in a sequence of two dipoles of opposite signs.





PART C
Examples of input data files

and output result files
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INTRODUCTION

Several examples of the use ofzgoubi are given here. They show the contents of the input and outputdata files, and are also
intended to help understanding some subtleties of the data definition.

Example 1: checks the resolution of the QDD spectrometer SPES 2 of SATURNE Laboratory [53], by means of aMonte Carlo
initial object and ananalysis of imagesat the focal plane with histograms. Themeasured field mapsof the spectrometer are used
for that purpose. The layout of SPES 2 is given in Fig. 47.

Example 2: calculates thefirst and second order transfer matricesof an 800 MeV/c kaon beam line [54] at each of its four foci:
at the end of the first separation stage (vertical focus), at the intermediate momentum slit (horizontal focus), at the end of the
second separation stage (vertical focus), and at the end of the line (double focusing). The first bending is represented by its 3-D
mappreviously calculated with the TOSCA magnet code. The second bending is simulated withDIPOLE. The layout of the line
is given in Fig. 48.

Example 3: illustratesthe use ofMCDESINT andREBELOTEwith a simulation of thein-flight decay

K −→ µ+ ν

in the SATURNE Laboratory spectrometer SPES 3 [31]. The angular acceptance of SPES 3 is±50 mrd horizontally and±50 mrd
vertically; its momentum acceptance is±40%. The bending magnet is simulated withDIPOLE. The layout of SPES 3 is given
in Fig. 49.

Example 4: illustrates the operation ofthe fitting procedure: a quadrupole triplet is tuned from -0.7/0.3 T to field valuesleading
to transfer coefficients R12=16.6 and R34=-.88 at the end of the beam line. Other example can be found in [55].

Example 5: shows the use of thespin and multi-turn tracking procedures, applied to the case of the SATURNE 3 GeV syn-
chrotron [7, 10, 56]. Protons with initial vertical spin (~S ≡ ~SZ) are accelerated through theγG = 7 − νZ depolarizing
resonance. For easier understanding, some results are summarized in Figs. 51, 52 (obtained with the graphic post-processor
zpop, see Part D).

Example 6: showsray-tracing through a micro-beam linethat involvesmagneto-electrostatic quadrupolesfor the suppression
of second order (chromatic) aberrations [6]. The extremelysmall beam spot sizes involved (less than 1 micrometer) reveal the
high accuracy of the ray-tracing (Figs. 53).

Many more examples can be found on thezgoubi development web site [5].
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1 MONTE CARLO IMAGES IN SPES 2

Former Saclay/SATURNE and CERN QDD mass spectrometer [53].

Figure 47: SPES 2 Layout.
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zgoubi data file.

SPES2 QDD SPECTROMETER, USING FIELD MAPS; MONTE-CARLO OBJECT WITH MOMENTUM GRID.
’MCOBJET’ 1
2335. REFERENCE RIGIDITY.
2 DISTRIBUTION IN GRID.
10000 NUMBER OF PARTICLES.
1 1 1 1 1 1 UNIFORM DISTRIBUTIONS
0. 0. 0. 0. 0. 1. CENTRAL VALUES OF BARS.
1 1 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. 0. WIDTH OF BARS.
1. 1. 1. 1. 1. 1. SORTING CUT-OFFS (UNUSED)
9 9. 9. 9. 9. FOR P(D) (UNUSED)
186387 548728 472874 SEEDS.

’HISTO’ 2
1 .997 1.003 80 1 HISTO OF D.
20 ’D’ 1 ’Q’
’HISTO’ 3
3 -60. 60. 80 1 HISTO OF THETA0.
20 ’T’ 1 ’Q’
’HISTO’ 4
5 -60. 60. 80 1 HISTO OF PHI0.
20 ’P’ 1 ’Q’

’DRIFT’ 5
41.5
’CARTEMES’ QUADRUPOLE MAP. 6

0 0 IC IL.
-.96136E-3 1. 1. BNORM, XNorm,YNorm

++++ CONCORDE ++++
39 23 IX IY.
concord.map field map file name, quadrupole
0 0 0 0 NO LIMIT PLANE.

2 IORDRE.
2.5 XPAS.
2 0 0 0 KPOS.
’DRIFT’ 7
21.8
’CHANGREF’ POSITIONING OF THE 8
0. 32.5 -35.6 1-ST BENDING.
’CARTEMES’ 9

0 0
1.04279E-3 1. 1.

++++ A1 ++++
117 52
a1.map field map file name, first dipole
0 0 0 0

2
2.5
2 0 0 0
’CHANGREF’ POSITIONING OF THE 10
0. -28.65 -27.6137 EXIT FRAME.
’DRIFT’ 11
33.15
’CHANGREF’ POSITIONING OF THE 12
0. 27.5 -19.88 2-ND BENDING.
’CARTEMES’ 13

0 0
1.05778E-3 1. 1.

++++ A2 ++++
132 80
a2.map field map file name, second dipole
0 0 0 0

2
2.5
2 0 0 0
’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

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
2 3 4 5 6 7 8 9

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 IEX,D,Y,T,Z,P,S,time : 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 T T T TT T T T T T T T TT TT
14 TT T TT T TTTT TT T TTTTTT TTTT TTTT TT T TTT TTT
13 TTTTTT TTTTTTT TTTTT TTT TTT T TTTTTTTTTTTTTTTT TTTTT TTTTTTTT
12 TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT
11 TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT
10 0000000000000000000000000000000000000000000000000 000000000000000000

9 TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT
8 TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT
7 TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT
6 TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT
5 TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT
4 TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT
3 TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT
2 TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT
1 TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT

123456789012345678901234567890123456789012345678901 234567890123456789012345678901
2 3 4 5 6 7 8 9

TOTAL COMPTAGE : 10000 SUR 10000
NUMERO DU CANAL MOYEN : 51
COMPTAGE AU " " : 128
VAL. PHYS. AU " " : 3.331E-15 (MRD)
RESOLUTION PAR CANAL : 1.50 (MRD)

PARAMETRES PHYSIQUES DE LA DISTRIBUTION :
COMPTAGE = 10000 PARTICULES
MIN = -49.99 , MAX = 50.00 , MAX-MIN = 99.98 (MRD)
MOYENNE = 0.3320 (MRD)
SIGMA = 29.04 (MRD)

TRAJ 1 IEX,D,Y,T,Z,P,S,time : 1 0.9980 0.000 -30.24 0.000 44 .63 0.0000 0.0000

*************************************************** *******************************************
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*************************************************** *******************************************
4 HISTO

HISTOGRAMME DE LA COORDONNEE PHI
PARTICULES PRIMAIRES ET SECONDAIRES
DANS LA FENETRE : -60.00 / 60.00 (MRD)
NORMALISE

20
19
18
17 PP P P P
16 P P P PP PPPPP PPPP PPPP PPP PPPP P P
15 PPPP PPP PPP PP P PPPPPP PPPPPPPPPPP PPPP PP P PPPPPPP P
14 PPPP PPP PPPP PP PPPPPPPPPPP PPPPPPPPPPPPPPPP PPP PP PPPPPPPPP
13 PPPP PPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPP PPPPPPPPPPPPP
12 PPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPP
11 PPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPP
10 0000000000000000000000000000000000000000000000000 000000000000000000

9 PPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPP
8 PPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPP
7 PPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPP
6 PPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPP
5 PPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPP
4 PPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPP
3 PPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPP
2 PPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPP
1 PPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPP

123456789012345678901234567890123456789012345678901 234567890123456789012345678901
2 3 4 5 6 7 8 9

TOTAL COMPTAGE : 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 IEX,D,Y,T,Z,P,S,time : 1 0.9980 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 HISTO OF

HISTOGRAMME DE LA COORDONNEE Y
PARTICULES PRIMAIRES ET SECONDAIRES
DANS LA FENETRE : -0.5000 / 2.000 (CM)
NORMALISE

20
19
18
17 Y
16 Y Y
15 Y Y
14 Y Y
13 Y Y
12 Y Y
11 Y Y
10 0 0 0 0

9 Y Y Y Y
8 Y Y YY Y
7 Y YY YY YY
6 Y YYY YY YY YY
5 YY YYY YY YY YYYY
4 YY Y YYY YYY YY YYYY
3 YY YY YYYYY YYY YYYY YYYYY
2 YYYYYY YYYYYY YYYY YYYYY YYYYYY
1 YYYYYYYYYYYYYYYYYYYYYYYYYYYYYYY YYYYYYYY YYYYYYYY

123456789012345678901234567890123456789012345678901 234567890123456789012345678901
2 3 4 5 6 7 8 9

TOTAL COMPTAGE : 10000 SUR 10000
NUMERO DU CANAL MOYEN : 51
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 = 1.652 , MAX-MIN = 1.800 (CM)
MOYENNE = 0.7576 (CM)
SIGMA = 0.4621 (CM)

TRAJ 1 IEX,D,Y,T,Z,P,S,time : 1 0.9980 0.2475 74.43 -6.2488 E-03 -6.929 697.41 0.0000

*************************************************** *******************************************
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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.

Figure 48: 800 MeV/c kaon beam line layout.
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zgoubi data file.
800 MeV/c KAON BEAM LINE. CALCULATION OF TRANSFER COEFFICIENTS.

’OBJET’ 1
2668.5100 AUTOMATIC GENERATION OF
6 AN OBJECT FOR CALCULATION
.1 .1 .1 .1 0. .001 OF THE FIRST ORDER TRANSFER
0. 0. 0. 0. 0. 1. COEFFICIENTS WITH ’MATRIX’
’PARTICUL’ 2

493.646 1.60217733E-19 0. 0. 0. KAON M & Q, FOR USE IN WIEN FILT ER
’DRIFT’ 3

35.00000
’QUADRUPO’ Q1 4
0

76.2 15.24 13.6
30. 30.
4 0.2490 5.3630 -2.4100 0.9870 0. 0.
30. 30.
4 0.2490 5.3630 -2.4100 0.9870 0. 0.

1.1
1 0. 0. 0.

’DRIFT’ 5
25.00000

’QUADRUPO’ Q2 6
0
45.72 15.24 -11.357

30. 30.
4 0.2490 5.3630 -2.4100 0.9870 0. 0.
30. 30.
4 0.2490 5.3630 -2.4100 0.9870 0. 0.

1.1
1 0. 0. 0.

’DRIFT’ 7
-1.898

’TOSCA’ 3-D MAP THE OF FIRST 8
0 0 BENDING MAGNET

1.0313E-3 1. 1. 1. B, X, Y, Z NORMALIZATION COEFFCNTS
1D map at z=0, from TOSCA
59 39 1 0
bw6_0.map
0 0. 0. 0.
2

1.1
1 0 0 0
’CHANGREF’ 9
0. -70.78 -43.8

’FAISCEAU’ 10
’DRIFT’ 11

-49.38
’OCTUPOLE’ 12
0

10. 15.24 .6
0. 0.
4 0.2490 5.3630 -2.4100 0.9870 0. 0.
0. 0.
4 0.2490 5.3630 -2.4100 0.9870 0. 0.
.4
1 0. 0. 0.

’SEXTUPOL’ SX1, COMPENSATION 13
0 OF THE Theta.Phi ABERRATION
10. 15.24 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’ 14
50.0

’WIENFILT’ FIRST VERTICAL WIEN FILTER 15
0

2.16 55.E5 -.0215576 2
20. 10. 10.
0.2401 1.8639 -0.5572 0.3904 0. 0.
0.2401 1.8639 -0.5572 0.3904 0. 0.
20. 10. 10.
0.2401 1.8639 -0.5572 0.3904 0. 0.
0.2401 1.8639 -0.5572 0.3904 0. 0.
1.

1. 0. 0. 0.
’DRIFT’ 16

30.
’QUADRUPO’ Q3 17
0

45.72 15.24 -6.34
30. 30.
4 0.2490 5.3630 -2.4100 0.9870 0. 0.
30. 30.
4 0.2490 5.3630 -2.4100 0.9870 0. 0.

1.1
1 0. 0. 0.

’DRIFT’ 18
10.0

’MULTIPOL’ SX2 + OCTU, COMPENSATION 19
0 OF THE D.Phi AND D2.Phi
10. 15.24 0. 0. -8. 1.2 0. 0. 0. 0. 0. 0. ABERRATIONS AT VF1

0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0.
4 0.2490 5.3630 -2.4100 0.9870 0. 0.
0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0.
4 0.2490 5.3630 -2.4100 0.9870 0. 0.

0. 0. 0. 0. 0. 0. 0. 0. 0. 0.
.4

1 0. 0. 0.
’DRIFT’ 20

90.0
’MATRIX’ TRANSFER COEFFICIENTS 21
2 0

’COLLIMA’ FIRST VERTICAL FOCUS, 22
2 MASS SLIT

2 14.6 .15E10 0. 0.
’DRIFT’ 23

20.0
’QUADRUPO’ Q5 24
0

45.72 15.24 10.93
30. 30.
4 0.2490 5.3630 -2.4100 0.9870 0. 0.
30. 30.
4 0.2490 5.3630 -2.4100 0.9870 0. 0.

1.1
1 0. 0. 0.

’DRIFT’ 25
10.0

’MULTIPOL’ COMPENSATION OF 26
0 ABERRATIONS AT VF2

10. 15.24 0. 0. 0. 1. 0. 0. 0. 0. 0. 0.
0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0.
4 0.2490 5.3630 -2.4100 0.9870 0. 0.
0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0.
4 0.2490 5.3630 -2.4100 0.9870 0. 0.

0. 0. 0. 0. 0. 0. 0. 0. 0. 0.
.4
1 0. 0. 0.

’DRIFT’ 27
10.0

’QUADRUPO’ Q6 28
0

45.72 15.24 -11.18
30. 30.
4 0.2490 5.3630 -2.4100 0.9870 0. 0.
30. 30.
4 0.2490 5.3630 -2.4100 0.9870 0. 0.

1.1
1 0. 0. 0.

’DRIFT’ 29
50.0

’WIENFILT’ SECOND VERTICAL WIEN FILTER 30
0

2.16 -55.E5 .0215576 2
20. 10. 10.
0.2401 1.8639 -0.5572 0.3904 0. 0.
0.2401 1.8639 -0.5572 0.3904 0. 0.
20. 10. 10.
0.2401 1.8639 -0.5572 0.3904 0. 0.
0.2401 1.8639 -0.5572 0.3904 0. 0.
1.

1. 0. 0. 0.
’DRIFT’ 31

30.0
’QUADRUPO’ Q7 32
0

45.72 15.24 -6.44
30. 30.
4 0.2490 5.3630 -2.4100 0.9870 0. 0.
30. 30.
4 0.2490 5.3630 -2.4100 0.9870 0. 0.
1.1
1 0. 0. 0.

’DRIFT’ 33
25.00000

’QUADRUPO’ Q8 34
0

45.72 15.24 8.085
30. 30.
4 0.2490 5.3630 -2.4100 0.9870 0. 0.
30. 30.
4 0.2490 5.3630 -2.4100 0.9870 0. 0.

1.1
1 0. 0. 0.

’DRIFT’ 35
40.0

’COLLIMA’ SECOND VERTICAL FOCUS, 36
2 MASS SLIT

1 17. .2E10 0. 0.
’MATRIX’ TRANSFER COEFFICIENTS 37
2 0
’DRIFT’ 38
-25.0
’DIPOLE-M’ SIMULATION OF THE MAP 39

3 0 0 OF THE SECOND BENDING MAGNET
150 60 (UPGRADED VERSION OF ’AIMANT’)
18.999 0. 0. 0.

79.3329 17.7656 140.4480 110. 170.
15. -1.
4 .1455 2.2670 -.6395 1.1558 0. 0. 0.
0.00 21.90 1.E6 -1.E6 1.E6 1.E6
15. -1.
4 .1455 2.2670 -.6395 1.1558 0. 0. 0.

-43.80 -21.90 -1.E6 -1.E6 1.E6 -1.E6
0. 0.
4 .1455 2.2670 -.6395 1.1558 0. 0. 0.

-43.80 -21.90 -1.E6 -1.E6 1.E6 -1.E6 1E6
0 NO SHIMMING
2 SCD ORDER INTERPOLATION

2.5
2
147.48099 -0.31007 147.48099 0.31007

’DRIFT’ 40
-15.00000
’QUADRUPO’ Q9 41
0

35.56 12.7 -13.69 -13.91
30. 25.4
4 0.2490 5.3630 -2.4100 0.9870 0. 0.
30. 25.4
4 0.2490 5.3630 -2.4100 0.9870 0. 0.

.5
1 0. 0. 0.
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’DRIFT’ 42
25.00000

’QUADRUPO’ Q10 43
0

35.56 12.7 11.97
30. 25.4
4 0.2490 5.3630 -2.4100 0.9870 0. 0.
30. 25.4
4 0.2490 5.3630 -2.4100 0.9870 0. 0.

1.1
1 0. 0. 0.

’DRIFT’ 44
200.0

’MATRIX’ TRANSFER COEFFICIENTS 45
2 0 AT THE FINAL FOCUS
’END’ 46

Excerpt of zgoubi.res : first and second order transfer matrices 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 ):

1 11 7.34 1 21 -1.78 1 31 1.399E-02 1 41 1.456E-02 1 51 0.00 1 61 36 .3
1 12 -1.78 1 22 -530. 1 32 -1.308E-03 1 42 -1.743E-03 1 52 0.00 1 6 2 12.3
1 13 1.399E-02 1 23 -1.308E-03 1 33 -0.611 1 43 -0.522 1 53 0.00 1 63 -2.771E-02
1 14 1.456E-02 1 24 -1.743E-03 1 34 -0.522 1 44 0.163 1 54 0.00 1 6 4 -2.211E-02
1 15 0.00 1 25 0.00 1 35 0.00 1 45 0.00 1 55 0.00 1 65 0.00
1 16 36.3 1 26 12.3 1 36 -2.771E-02 1 46 -2.211E-02 1 56 0.00 1 66 2 .88

2 11 -303. 2 21 3.81 2 31 3.684E-02 2 41 3.581E-02 2 51 0.00 2 61 14 4.
2 12 3.81 2 22 -62.9 2 32 -5.821E-04 2 42 -1.638E-04 2 52 0.00 2 62 -0.759
2 13 3.684E-02 2 23 -5.821E-04 2 33 1.05 2 43 1.94 2 53 0.00 2 63 -1 .031E-02
2 14 3.581E-02 2 24 -1.638E-04 2 34 1.94 2 44 6.70 2 54 0.00 2 64 -4 .285E-02
2 15 0.00 2 25 0.00 2 35 0.00 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 2 6 6 -65.3

3 11 -0.145 3 21 2.158E-02 3 31 20.6 3 41 86.0 3 51 0.00 3 61 -0.201
3 12 2.158E-02 3 22 64.6 3 32 1.61 3 42 0.496 3 52 0.00 3 62 8.793E- 02
3 13 20.6 3 23 1.61 3 33 0.710 3 43 0.128 3 53 0.00 3 63 39.1
3 14 86.0 3 24 0.496 3 34 0.128 3 44 64.8 3 54 0.00 3 64 7.17
3 15 0.00 3 25 0.00 3 35 0.00 3 45 0.00 3 55 0.00 3 65 0.00
3 16 -0.201 3 26 8.793E-02 3 36 39.1 3 46 7.17 3 56 0.00 3 66 1.46

4 11 -8.254E-02 4 21 1.146E-02 4 31 10.7 4 41 47.3 4 51 0.00 4 61 -0 .127
4 12 1.146E-02 4 22 33.0 4 32 0.787 4 42 0.157 4 52 0.00 4 62 3.566E -02
4 13 10.7 4 23 0.787 4 33 0.365 4 43 6.774E-02 4 53 0.00 4 63 17.5
4 14 47.3 4 24 0.157 4 34 6.774E-02 4 44 33.1 4 54 0.00 4 64 1.05
4 15 0.00 4 25 0.00 4 35 0.00 4 45 0.00 4 55 0.00 4 65 0.00
4 16 -0.127 4 26 3.566E-02 4 36 17.5 4 46 1.05 4 56 0.00 4 66 0.715

5 11 568. 5 21 -7.67 5 31 -5.970E-02 5 41 -5.682E-02 5 51 0.00 5 61 -251.
5 12 -7.67 5 22 225. 5 32 1.283E-03 5 42 6.947E-04 5 52 0.00 5 62 2. 77
5 13 -5.970E-02 5 23 1.283E-03 5 33 19.2 5 43 10.2 5 53 0.00 5 63 0. 215
5 14 -5.682E-02 5 24 6.947E-04 5 34 10.2 5 44 1.59 5 54 0.00 5 64 0. 129
5 15 0.00 5 25 0.00 5 35 0.00 5 45 0.00 5 55 0.00 5 65 0.00
5 16 -251. 5 26 2.77 5 36 0.215 5 46 0.129 5 56 0.00 5 66 112.

HIGHER ORDER COEFFICIENTS ( MKSA ):

Y/Y3 5784.8
Y/T3 9.40037E+05
Y/Z3 0.70673
Y/P3 0.42104

T/Y3 -18607.
T/T3 1.04607E+05
T/Z3 -0.10234
T/P3 5.25793E-02

Z/Y3 32.161
Z/T3 18.425
Z/Z3 -872.50
Z/P3 -785.20

P/Y3 15.460
P/T3 7.5264
P/Z3 -409.98
P/P3 -389.15
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3 IN-FLIGHT DECAY IN SPES 3

Figure 49: Layout of SPES 3 spectrometer.
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zgoubi data 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. 0.
’DIPOLE’ 6
2
80. 208.5 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.

15. 0. -65. 0. 0. -65.
46. -1. EXIT EFB
4. .14552 5.21405 -3.38307 14.0629 0. 0. 0.
-15. 69. 85. 0. 1.E6 1.E6
0. 0. LATERAL EFB (INHIBITED)
4. .14552 5.21405 -3.38307 14.0629 0. 0. 0.
-15. 69. 85. 0. 1.E6 1.E6 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. 0.
’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.
20 ’y’ 1 ’S’
’HISTO’ MUON MOMENTUM SPECTRUM 12
1 .2 1.7 60 3 AT FOCAL PLANE.
20 ’d’ 1 ’S’
’REBELOTE’ (49+1) RUNS = CALCULATION OF 13
49 0.1 0 (49+1) * 200 TRAJECTORIES.
’END’ 14
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Excerpt of zgoubi.res : histograms of primary and secondary
particles at focal surface of SPES3.

*************************************************** ************************************
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 Y Y Y
16 Y YYYYY YY YYY Y YY Y Y YYYY
15 Y YYYYY 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 P P 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

123456789012345678901234567890123456789012345678901 2345678901
3 4 5 6 7 8

TOTAL COMPTAGE : 9282 SUR 10000
NUMERO DU CANAL MOYEN : 55
COMPTAGE AU " " : 264
VAL. PHYS. AU " " : 0.000E+00 (CM)
RESOLUTION PAR CANAL : 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)

*************************************************** ***********************************

*************************************************** **********************************
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 yy
16 y yy
15 y y y yyy y
14 y y y y yyyy y
13 y yyy yy yyyy y
12 yy y yyy yyy yyyyy y y
11 yyy y yyy yyy yyyyy y y y
10 000 0 000 000000000000 0 00

9 yyyyy yyy yyyyyyyyyyyy y y yy
8 yyyyyyyyyy yyyyyyyyyyyyyy y yy
7 yyyyyyyyyyyyyyyyyyyyyyyyyyy y yyy
6 yyyyyyyyyyyyyyyyyyyyyyyyyyy y yyyy
5 y yyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyy yyy
4 y yyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyy
3 y yyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyy
2 yy yy yyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyy
1 yy yyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyy

123456789012345678901234567890123456789012345678901 234567890
3 4 5 6 7 8

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 M)
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 23456789
3 4 5 6 7

TOTAL COMPTAGE : 605 SUR 10000
NUMERO DU CANAL MOYEN : 46
COMPTAGE AU " " : 16
VAL. PHYS. AU " " : 8.250E-01
RESOLUTION PAR CANAL : 2.500E-02

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

*************************************************** *********************************
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Figure 50: Vary B in all quadrupoles, for fitting of the transfer coefficientsR12 andR34 at the end
of the line. The first and last quadrupoles are coupled so as topresent the same value of
B.

zgoubi data file.

MATCHING A SYMMETRIC QUADRUPOLE TRIPLET
’OBJET’ 1

2501.73 RIGIDITY (kG.cm)
5 11 PARTICLES GENERATED FOR USE OF MATRIX
2. 2. 2. 2. 0. .001
0. 0. 0. 0. 0. 1.

’ESL ’ 2
200.

’QUADRUPO’ 3 3
0
40. 15. -7.
0. 0.
6 .1122 6.2671 -1.4982 3.5882 -2.1209 1.723
0. 0.
6 .1122 6.2671 -1.4982 3.5882 -2.1209 1.723
5.
1 0. 0. 0.

’ESL’ 4
30.

’QUADRUPO’ 5 5
0
40. 15. 3.
0. 0.
6 .1122 6.2671 -1.4982 3.5882 -2.1209 1.723
0. 0.
6 .1122 6.2671 -1.4982 3.5882 -2.1209 1.723
5.
1 0. 0. 0.

’ESL’ 6
30.

’QUADRUPO’ 7 7
0
40. 15. -7.
0. 0.
6 .1122 6.2671 -1.4982 3.5882 -2.1209 1.723
0. 0.
6 .1122 6.2671 -1.4982 3.5882 -2.1209 1.723
5.
1 0. 0. 0.

’ESL’ 8
200.

’MATRIX’ 9
1 0

’FIT2’ VARY B IN QUADS FOR FIT OF R12 AND R34 10
2 # OF VARIABLES
3 12 7.12 2. SYMMETRIC TRIPLET => QUADS #1 AND #3 ARE COUPLED
5 12 0. 2. PRMTR #12 OF ELEMENTS #3, 5 AND 7 IS FIELD VALUE
2 1.E-10 # OF CONSTRAINTS, PENALTY
1 1 2 8 16.6 1. CNSTRNT #1 : R12=16.6 AFTER LAST DRIFT (LMNT #8)
1 3 4 8 -.88 1. CNSTRNT #2 : R34=-.88 AFTER LAST DRIFT

’END’ 11
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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 LBL2
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 I J LMNT# DESIRED WEIGHT REACHED KI2 * 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

*************************************************** ****************************************
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Figure 51:Tracking over 3000 turns. These simulations exhibit the first order parameters and motions as produced by the multi-turn ray-
tracing.
(A) Horizontal phase-space: the particle has been launched near to the closed orbit (the fine structure is due toY − Z coupling induced by
bends fringe fields, also responsible of the off-centering of the local closed orbit - at ellipse center).
(B) Vertical phase-space: the particle has been launched withZ0 = 4.58 10−3 m,Z′

0 = 0. A least-square fit byγZZ2 +2αZZZ′ +βZZ
′
2 =

εZ/π yieldsβZ = 2.055 m,αZ = 0.444, γZ = 0.582 m−1, εZ/π = 12 10−6 m.rad in agreement with matrix calculations.
(C) Fractional tune numbers obtained by Fourier analysis forεY /π = εZ/π ≃ 12 10−6 m.rad:νY = 0.63795, νZ = 0.60912 (the integer
part is 3 for both).
(D) Longitudinal phase-space (“(DP, phase)” in Zgoubi notations): particles with initial momentum dispersion of5 10−4 (1), 10−3 (2),
1.6510−3 (3) (out of acceptance), are accelerated at 1405 eV/turn (Ḃ = 2.1 T/s); analytical calculations give accordingly momentum accep-
tance of 1.65 10−3.

Figure 52:Crossing ofγG = 7− νZ , atḂ = 2.1 T/s.
(A) εZ/π = 12.2 10−6 m.rad. The strength of the resonance is| ε |= 3.3 10−4. As expected from the Froissart-Stora formula [57] the
asymptotic polarization is about 0.44.
(B) The emittance is nowεZ/π = 1.2 10−6 m.rad; comparison with (A) shows that| ε | is proportional to

√
εZ .

(C) Crossing of this resonance for a particle having a momentum dispersion of 10−3.
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zgoubi data file (beginning and end).
SATURNE. CROSSING GammaG=7-NUz, NUz=3.60877(perturbed)
’OBJET’
5015.388 834.04 MeV, proton
2

4 1
6.2E-02 6.5E-02 .458 0. 0. 1.00 ’o’ EpsilonY/pi ˜ 0. (Closed o rbit)
0.356 0.379 .458 0. 0. 1.0005 ’1’
0.647 0.689 .458 0. 0. 1.001 ’2’
1.024 1.09 .458 0. 0. 1.0016 ’3’
1 1 1 1
’SCALING’
1 4

MULTIPOL
2 CROSSING GammaG=7-Nuz+/-14E, E=3.3E-4
5015.388E-3 5034.391E-3 AT 2.1 T/s, IN 3442 MACHINE TURNS,
1 3442 FROM 834.041 TO 838.877 MeV
QUADRUPO
2
5015.388E-3 5034.391E-3
1 3442
BEND
2
5015.388E-3 5034.391E-3
1 3442
CAVITE
2
1. 1.00378894 RELATIVE CHANGE OF SYNCHRONOUS RIGIDITY
1 3442

’PARTICUL’
938.2723 1.6021892E-19 1.7928474 0. 0.

’SPNTRK’
3
’QUADRUPO’ QP 1 5

0
46.723 10. .763695 .763695 = FIELD FOR BORO=1 T.m
0. 0.
6 .1122 6.2671 -1.4982 3.5882 -2.1209 1.723
0. 0.
6 .1122 6.2671 -1.4982 3.5882 -2.1209 1.723
#30|50|30 Quad
1 0. 0. 0.
’ESL’ SD 2 6
71.6256

’BEND’ DIP 3 4 3 7
0

247.30039 0. 1.57776
20. 8. .04276056667

4 .2401 1.8639 -.5572 .3904 0. 0. 0.
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 8
71.6256
’MULTIPOL’ QP 5 9

0
48.6273 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
1 0. 0. 0.

’ESL’ SD 2 10
71.6256

’BEND’ DIP 3 4 3 11
0

247.30039 0. 1.57776
20. 8. .04276056667

4 .2401 1.8639 -.5572 .3904 0. 0. 0.
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 12
71.6256
’QUADRUPO’ QP 1 13

0
46.723 10. .763695
0. 0.
6 .1122 6.2671 -1.4982 3.5882 -2.1209 1.723
0. 0.
6 .1122 6.2671 -1.4982 3.5882 -2.1209 1.723
#30|50|30 Quad
1 0. 0. 0.
’ESL’ SD 2 14
71.6256

’BEND’ DIP 3 4 3 15
0

247.30039 0. 1.57776
20. 8. .04276056667

4 .2401 1.8639 -.5572 .3904 0. 0. 0.
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
48.6273 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
1 0. 0. 0.

’ESL’ SD 2 18
71.6256

’BEND’ DIP 3 4 3 19
0

247.30039 0. 1.57776
20. 8. .04276056667

4 .2401 1.8639 -.5572 .3904 0. 0. 0.
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 20
71.6256
’QUADRUPO’ QP 1 21

0
46.723 10. .763695
0. 0.
6 .1122 6.2671 -1.4982 3.5882 -2.1209 1.723
0. 0.
6 .1122 6.2671 -1.4982 3.5882 -2.1209 1.723
#30|50|30 Quad
1 0. 0. 0.

’ESL’ 22
392.148

’MULTIPOL’ QP 5 23
0

48.6273 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
1 0. 0. 0.

’ESL’ 24
392.148

’QUADRUPO’ QP 1 25
0

46.723 10. .763695
0. 0.
6 .1122 6.2671 -1.4982 3.5882 -2.1209 1.723
0. 0.
6 .1122 6.2671 -1.4982 3.5882 -2.1209 1.723
#30|50|30 Quad
1 0. 0. 0.
’ESL’ SD 2 26
71.6256

’BEND’ DIP 3 4 3 27
0

247.30039 0. 1.57776
20. 8. .04276056667

4 .2401 1.8639 -.5572 .3904 0. 0. 0.
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 28
71.6256
’MULTIPOL’ QP 5 29

0
48.6273 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
1 0. 0. 0.

’ESL’ SD 2 30
71.6256

’BEND’ DIP 3 4 3 31
0

247.30039 0. 1.57776
20. 8. .04276056667

4 .2401 1.8639 -.5572 .3904 0. 0. 0.
20. 8. .04276056667 20. 8.

4 .2401 1.8639 -.5572 .3904 0. 0. 0.
#30|120|30 bend 3 0. 0. 0. -.1963495408

::::::::::::::::::::::::::::::::::::::::::::::::::: ::::::::::::::::::::::::

’ESL’ 84
392.148
’CAVITE’ 85

1
105.5556848673 3.
6000. 0. SIN(phis) = .234162, dE=1.40497 keV/Turn.

’FAISCNL’ 86
b_zgoubi.fai
’SPNPRNL’ 87
zgoubi.spn
’SPNPRT’ 88
’REBELOTE’ 90
2999 0.1 99 TOTAL NUMBER OF TURNS = 3000

’END’ 91
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Figure 53:Upper plot: 50-particle beam tube ray-traced through a double focusing quadrupole doublet typical of the front end
design of micro-beam lines. Initial conditions are :Y0 = Z0 = 0, anglesT0 andP0 random uniform within±0.2 mrad, and
momentum dispersionδp/p uniform in±3 10−4.
Lower plot: (D) sub-micronic cross-section at the image plane of a 4000-particle beam with initial conditions as above, obtained
thanks to the second-order achromatic magneto-electrostatic quadrupole doublet (the image size would be∆Y ≈ ∆Z ≈ ±50µm
with regular magnetic quadrupoles, due to the momentum dispersion). Note the high resolution of the ray-tracing which still
reveals image structure of nanometric size.
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zgoubi data file.

MICROBEAM LINE, WITH A MAGNETO-ELECTROSTATIC QUADRUPOLE DOUBLET.
’MCOBJET’ RANDOM OBJECT DEFINITION 1
20.435 RIGIDITY (20keV PROTONS).
1 DISTRIBUTION IN WINDOW.
200 NUMBER OF PARTICLES.
1 1 1 1 1 1 UNIFORM DISTRIBUTION.
0. 0. 0. 0. 0. 1. CENTRAL VALUE, AND
0. .2e-3 0. .2e-3 0. 0.0003 HALF WIDTH OF DISTRIBUTION.
10. 10. 10. 10. 10. 10. CUT-OFFS (UNUSED).
9 9. 9. 9. 9. 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.
10.2 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. 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.
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
1 0. 0. 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. 0. 0. 0. 0. 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
1 0. 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 ’Z’ 1 ’Q’
’FAISCNL’ RAYS ARE STORED IN rays.out 11
rays.out FOR FURTHER PLOTTING.
’REBELOTE’ RUN AGAIN, FOR RAY-TRACING 12
19 0.1 0 A TOTAL OF 200 * (19+1) PARTICLES.
’END’ 13

zgoubi.res file.

*************************************************** *************************************************** **************************
12 REBELOTE RUN AGAIN

Multiple pass,
from element # 1 : MCOBJET /label1=RANDOM /label2=OBJECT to REBELOTE /label1=RANDOM /label2=OBJECT
ending at pass # 20 at element # 12 : REBELOTE /label1=RUN /lab 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):

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 =p/q, such that dev.=B * L/rigidity
mass (MeV/c2) : 938.27230
momentum (MeV/c) : 6.1262621
energy, total (MeV) : 938.29230
energy, kinetic (MeV) : 1.99998909E-02
beta = v/c : 6.5291616518E-03
gamma : 1.000021316
beta * gamma : 6.5293008252E-03
electric rigidity (MeV) : 3.9999376635E-02 =T[eV] * (gamma+1)/gamma, such that dev.=E * L/rigidity

*************************************************** *************************************************** **************************
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*************************************************** *************************************************** **************************
3 DRIFT DRIFT. 3

Drift, length = 500.00000 cm

TRAJ #1 IEX,D,Y,T,Z,P,S,time : 1 2.999865E-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

*************************************************** *************************************************** **************************
4 DRIFT DRIFT. 4

Drift, length = 59.00000 cm

TRAJ #1 IEX,D,Y,T,Z,P,S,time : 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

*************************************************** *************************************************** **************************
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

*** 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 ef. rigidity & particle) = 2.907949E-06 s

*************************************************** *************************************************** **************************
6 DRIFT DRIFT. 6

Drift, length = 4.90000 cm

TRAJ #1 IEX,D,Y,T,Z,P,S,time : 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

*************************************************** *************************************************** **************************
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

*** 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

*************************************************** *************************************************** **************************
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9 HISTO HISTOGRA

HISTOGRAMME DE LA COORDONNEE Y
PARTICULES PRIMAIRES ET SECONDAIRES
DANS LA FENETRE : -5.0000E-06 / 5.0000E-06 (CM)
NORMALISE

20
19
18 Y
17 Y
16 Y
15 Y
14 YYY Y
13 Y YYY YY YY
12 YYYYYY YYYYYYYY Y
11 Y Y Y YYYYYYYYYYYYYYYYY YY Y Y
10 0 0 00000000000000000000000 00 0 0

9 Y YYYY YYYYYYYYYYYYYYYYYYYYYYYYYY Y YY
8 Y YYYY YYYYYYYYYYYYYYYYYYYYYYYYYYYY Y YY
7 YYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYY
6 YYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYY
5 YYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYY
4 YYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYY
3 YYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYY
2 YYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYY
1 YYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYY

123456789012345678901234567890123456789012345678901 2345678901
3 4 5 6 7 8

TOTAL COMPTAGE : 4000 SUR 4000
NUMERO DU CANAL MOYEN : 51
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 M)
MOYENNE = -2.8531E-08 (CM)
SIGMA = 1.8619E-06 (CM)

TRAJ #1 D,Y,T,Z,P,S,IEX : 1.0002E+00 9.0257E-07 -2.3996E- 01 -1.0770E-06 1.7947E+00 6.09300E+02 1

*************************************************** *************************************************** **************************
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 ZZ
12 ZZ ZZ
11 ZZ ZZZ
10 00 000

9 ZZZZ ZZZ
8 ZZZZZZZ Z Z ZZZZZZ
7 ZZZZZZZ Z Z ZZZZZZZZZ
6 ZZZZZZZZZZZZZZZZZZZZZ
5 ZZZZZZZZZZZZZZZZZZZZZ
4 ZZZZZZZZZZZZZZZZZZZZZ
3 ZZZZZZZZZZZZZZZZZZZZZZZ
2 ZZZZZZZZZZZZZZZZZZZZZZZ
1 ZZZZZZZZZZZZZZZZZZZZZZZ

123456789012345678901234567890123456789012345678901 2345678901
3 4 5 6 7 8

TOTAL COMPTAGE : 4000 SUR 4000
NUMERO DU CANAL MOYEN : 51
COMPTAGE AU " " : 169
VAL. PHYS. AU " " : 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 M)
MOYENNE = -3.8539E-09 (CM)
SIGMA = 1.1232E-06 (CM)

TRAJ #1 D,Y,T,Z,P,S,IEX : 1.0002E+00 9.0257E-07 -2.3996E- 01 -1.0770E-06 1.7947E+00 6.09300E+02 1

*************************************************** *************************************************** **************************
11 FAISCNL RAYS ARE

Print[s] occur at

*************************************************** *************************************************** **************************
12 REBELOTE RUN AGAIN,

**** FIN D’EFFET DE ’REBELOTE’ ****
IL Y A EU 20 PASSAGES DANS LA STRUCTURE

# PARTICULES ENVOYEES : 4000

*************************************************** *************************************************** **************************
PGM PRINCIPAL : ARRET SUR CLE REBELOTE

*************************************************** *************************************************** **************************





PART D
Running zgoubi and

its post-processor/graphic interface zpop





291

INTRODUCTION

Thezgoubi package, including this guide, examples, thezpop graphic/analysis post-processor, is available on web [5].
The zgoubi FORTRAN package is transportable; it has been compiled, linked and executed over the years on several

types of systems (e.g. CDC, CRAY, IBM, DEC, HP, SUN, VAX, UNIX, LINUX).

An additionalFORTRAN code,zpop, allows the post-processing and graphic treatment ofzgoubi output files.zpop has been
routinely used on DEC, HP, SUN stations, and is now on UNIX andLINUX 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 theFORTRAN source files (normally, just run the Makefile), to create the executablezgoubi.

zgoubi is written in standardFORTRAN, mostly 77, therefore it does not require linking to any library.

1.1.2 The post-processor and graphic interface package zpop

Compile theFORTRAN source files (normally, just run the Makefile).

Link zpop with the graphic library, libminigraf.a [58]. This will create the executablezpop, that is to be run on an xterm type
window.

1.2 Running zgoubi

The principles are the following:

• Fill up zgoubi.dat with the input data that describe the problem (see examples, Part C).

• Runzgoubi.

• Results of the execution will be printed into zgoubi.res and, upon options appearing in zgoubi.dat, into several other outputs
files (see section 2 below).

1.3 Running zpop

• Runzpopon an xterm window. This will open a graphic window.

• To access the data plotting sub-menu, select option 7.

• To access the data treatment sub-menu, select option 8.

• An on-line Help provides some information regarding the available post-processing procedures (Fourier transform, ellipti-
cal fit, synchrotron radiation, field map contours, tune diagram, etc.).

2 STORAGE FILES

When explicitly requested by means of the adequate keywords,options, or dedicatedLABEL ’s, extra storage files are opened by
zgoubi (FORTRAN “OPEN” statement) and filled.

Their content can be post-processed using the interactive programzpop and its dedicated graphic and analysis procedures.
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Thezgoubi procedures that create and fill these extra output files are the following (refer to Part A and Part B of the guide):

• KeywordsFAISCNL, FAISTORE: fill a ‘.fai’ type file (normally named [b]zgoubi.fai) with particle and spin coordinates
and a lot of other informations.

• KeywordsSPNPRNL, SPNSTORE: fill a ‘.spn’ type file (normally named [b]zgoubi.spn) with spin coordinates and other
informations.

• OptionIC = 2, with field map keywords (e.g.CARTEMES, TOSCA) : fill zgoubi.map with 2-D field map.

• OptionIL = 2, with magnetic and electric element keywords: fill zgoubi.plt with the particle coordinates and experienced
fields, step after step, all along the optical element.

• Using the keywordMARKER with ’.plt’ as a secondLABEL will cause storage of current coordinates into zgoubi.plt.

Typical examples of graphics that one can expect from the post-processing of these files byzpopare the following (see examples,
Part C):

• ‘.fai’ type files

Phase-space plots (transverse and longitudinal), aberration curves, at the position whereFAISTOREor FAISCNL appears
in the optical structure. Histograms of coordinates. Fourier analysis (e.g. , spin motion, tunes, in case of multi-turn
tracking), calculation of Twiss parameters from phase-space ellipse matching.

• zgoubi.map

Isomagnetic field lines of 2-D map. Superimposing trajectories read from zgoubi.plt is possible.

• zgoubi.plt

Trajectories inside magnets and other lenses (these can be superimposed over field lines obtained from zgoubi.map). Fields
experienced by the particles at the traversal of optical elements. Spectral and angular distributions of synchrotron radiation.

• zgoubi.spn

Spin coordinates and histograms, at the position whereSPNPRNLappears in the structure. Resonance crossing when
performing multi-turn tracking.
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A. Moalem, F. Ḿeot, G. Leleux, J.P. Penicaud, A. Tkatchenko, P. Birien,A modified QDD spectrometer forη meson decay
measurements,NIM A289 (1990) 168-175

[54] P. Pile, I-H. Chiang, K. K. Li, C. J. Kost, J. Doornbos, F.Méot et als.,A two-stage separated 800-MeV/c Kaon beamline,
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