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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 electromagnetic elements.

Field map procedures are also cataloged; they provide a mean for ray-tracing through measured fields,
or as well through field maps obtained from numerical simulations of arbitrary geometries with such tools as

POISSON, TOSCA, etc.

MAGNETIC ELEMENTS

Decapole

Dipole
Dodecapole
Multipole
Octupole
Quadrupole
Sextupole

Skewed multipoles
Solenoid
Undulator

Field maps

1-D, cylindrical symmetry

2-D, mid-plane symmetry

2-D, no symmetry

2-D, polar mesh, mid-plane symmetry
3-D, no symmetry

ELECTRIC ELEMENTS

2-tube (bipotential) lens

3-tube (unipotential) lens

Decapole

Dipole

Dodecapole

Multipole

N-electrode mirror/lens, straight slits
N-electrode mirror/lens, circular slits
Octupole

Quadrupole

R.F. (kick) cavity

Sextupole

Skewed multipoles

Field maps

1D, cylindrical symmetry
2-D, no symmetry

DECAPOLE, MULTIPOL

AIMANT, BEND, DIPOLE, MULTIPOL, QUADISEX
DODECAPO, MULTIPOL

MULTIPOL, QUADISEX, SEXQUAD

OCTUPOLE, MULTIPOL, QUADISEX, SEXQUAD
QUADRUPO, MULTIPOL, SEXQUAD

SEXTUPOL, MULTIPOL, QUADISEX, SEXQUAD
MULTIPOL

SOLENOID

UNDULATOR

BREVOL

CARTEMES, POISSON, TOSCA
MAP2D

POLARMES

TOSCA

EL2TUB
UNIPOT
ELMULT
ELMULT
ELMULT
ELMULT
ELMIR
ELMIRC
ELMULT
ELMULT
CAVITE
ELMULT
ELMULT

ELREVOL
MAP2D
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ELECTROMAGNETIC ELEMENTS

Decapole EBMULT
Dipole EBMULT
Dodecapole EBMULT
Multipole EBMULT
Octupole EBMULT
Quadrupole EBMULT
Sextupole EBMULT
Skewed multipoles EBMULT

Wien filter SEPARA, WIENFILT
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INTRODUCTION

The computer code zgoubi 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 and other magnetic or electric devices, and is able as well to handle periodic
structures. Compared to other codes, it presents several peculiarities:

e a numerical method for integrating the Lorentz equation, based on Taylor series, which optimizes com-
puting time and provides high accuracy and strong symplecticity,

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

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

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

e numerous Monte Carlo procedures: unlimited number of trajectories, in-flight decay, photon emission, etc.
e a built-in fitting procedure including arbitrary variables and a large variety of constraints,

e multiturn tracking in circular accelerators including features proper to machine parameter calculation and
survey, simulation of time-varying power supplies.

The initial version of the Code, dedicated to ray-tracing in magnetic fields, was developed by D. Garreta and
J.C. Faivre at CEN-Saclay in the early 1970°s. Tt was perfected for the purpose of studying the four spectrom-
eters SPES T, I1, TIT, TV 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]. Since then many improvements have been implemented. In order to
facilitate access to the program an English version of the manual was written at TRIUMF with the assistance
of J. Doornbos. P. Stewart prepared the manuscript for publication [2]

An updating was necessary for accompanying the third version of the code which featured spin tracking and
ray-tracing in combined electric and magnetic fields; this was done with the help of D. Bunel for the preparation
of the document and lead to the third release [3].

Lately, provisions were introduced for the computation of synchrotron radiation electromagnetic impulse and
spectra. In the mean time, several new optical elements were added, such as electro-magnetic and other elec-
trostatic 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 benefited from extensive development of storage
ring related features.

These developments of zgoubi have strongly benefited of the environment of the Groupe Théorie, Labo-

ratoire National SATURNE, CEA/DSM-Saclay.

The graphic interface to zgoubi (addressed in Part D) has also undergone concomitent extended develop-
ments, which make it a performant tool for post-processing zgoubi outputs.

This manual is intended only to describe the details of the most recent version of zgoubi , which is far
from being a “finished product”.
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1 NUMERICAL CALCULATION OF MOTION AND FIELDS

1.1 zgoubi Frame

The reference frame of zgoubi is presented in Fig 1. Tts 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 particle of charge ¢, relativistic mass m and velocity ¢ in
electric and magnetic fields € and b, is written

=L = g (E+ 7 xb) (1.2.1)

Q | <@t

N RN\
I
E
_|

Ry,

Figure 1: Reference frame and coordinates (Y, T, Z, P) in zgoubi .
OX: in the plane of the reference curve in the direction of motion,
OY': in the plane of the reference curve, normal to O X
OZ: orthogonal to the (X,Y) plane,
W projection of the velocity, #, in the (X,Y) plane,
T = angle between W and the X-axis,
P = angle between W and 7.

Taking
dit
, ds=wvdt, '[[':d—u,
s

where Bp is the rigidity of the particle, this equation can be rewritten

-
u =

[SEN ST

m¥ = mvil = qBpd (1.2.2)
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+ixb (1.2.3)

From position E(MO) and unit velocity (M) at point My, position ﬁ(Mﬂ and unit velocity #(M;) at point
M following a displacement As, are obtained from truncated Taylor expansions (Fig. 2)

- - . . As? - AsS
R(My) & R(Mg) + u(My) As + @' (M) o + ..+ d""(My) ol
Asz A'SS (1.2.4)
’J(Ml) ~ ’J(MQ) + ﬂI(MQ) As =+ ’J”(Mo) 2—' + ...+ 'JI””(MO) 7
The rigidity at M, is obtained in the same way from
As*
(BO)(M1) = (Bo) (Mo) + (Bo)/ (Mo)As + .+ (B) ™/ (Mo) e (1.2.5)
The equation of time of flight is written in a similar manner
dr d*T As? T Ag? AT Ast
T(My) ~ T(Mo) + E(MO) As + 7o (My) —~ + F(MO) N + W(M’O) ar (1.2.6)
d"i d"(Bp)

The derivatives @) = involved in these expressions are calculated as described in

and (Bp)(") =
n v
the next sections. For the sake of computing speed, three distinct software procedures are involved, depending
on whether € or b is zero, or ¢ and b are both non-zero.

Reference

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

-

S b
Admitting that &€= 0, and noting B = B, (1.2.3) reduces to
)

. L () d"u S . .
The successive derivatives #(") = Jon of @ needed in the Taylor expansions (eqs. 1.2.4) are calculated by
s

-

differentiating @’ = @ x B

"x B'+ix B" (1.27)
anm— g« §+3ﬁ”>< §’+3ﬂ">< 5”-|—1I>< B‘/// o
—}-41]'/“ « §’+61I”>< E”—}-4ﬂ” « B“///_+_ﬁ>< B‘////

— 11111 = 1111 2]
U =u'"x B

= d'B
where B(") = .
ds”
- 0B B B B
From dB = g—X dX + g—y dY + Z_Z dZ = Zi:l,S 887 dX;, and by successive differentiation, we get
I Dpa
—~ 0X;
= 9B 0B
B s /
axox; 2 ax;
~ o°B 0’ B dB
" __ - Cay P R, 1" P
B = - 3Xi3Xj8Xk ;U U + 3%: 3Xi3Xj u;uy + ZZ: 5X; u; (1.2.8)
= 0B 9*B
BIIII — U 6 / .
zk:l OX,0X,0X 0%, Tt %; OX;0X;0X; 1
0B "

+4ZL§u”u-+3Za273u'u'+ u
— 0X:0X; P — 0X;0X; T eagx;

From the knowledge of @(Mj) and E(MO) at point My of the trajectory, we calculate alternately the derivatives
of #(My) and E(MO), by means of egs. (1.2.7) and (1.2.8), and inject it in eq. (1.2.4) to get R(Ml) and ©(My).

1.2.2 Integration in electric fields [4]
Admitting that b = 0, eq. (1.2.3) reduces to

(1.2.9)

< | oy

(Bp)'d + Bpi' =

which, by successive differentiations, gives the recursive relations
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(Bp)'i + Bpi’ =

N dlm

!

y

1 !
(Bp)"ti + 2(Bp)'ti’ + Bpi" = (—) €+
v
1’ IR 1
(B )III—‘+ 3(Bp)ll—‘/ + 3(Bp)/ =1/ + Bp—‘l// — <_> €+ 2 <_> é‘l + <_> é‘ll
v v v
( )IIII“+ 4(Bp)lll—‘l + 6(Bp)ll “II + 4(Bp)l “III + Bpﬁ‘llll —
1 1" 1 1" 1 / 1
v v v v

n —

Y heeded in the Taylor expansions (eq. 1.2.4)
Sn

< |

(1.2.10)

that provide the derivatives

- 1\ . 1\ = 1\ =
E+3 —) E'|p, 43 (—) E" |B,,+<—) E" g, (1.2.11)
v
6

Bp Bp B Bp . Bp

1 1" 1 1"t 1 " 1 / 1
ﬁIIIII — <_> E + 4 <_> EI |Bp +6 <_) EII |Bp +4 (_) EIII |Bp + <_) E 1 |Bp
v v v v v

B ! B 1" B 1" B 1" B 1t
_5( p) 17““—10( p) 7jlll_lo( p) 1—[//_5( p) ﬂl— ( p) 71
Bp Bp Bp Bp Bp

= ¢ : o = 1 dre —
where E = Bi’ and ( )(®) |p, denotes differentiation at constant Bp: E(®) |g,= B—d—: These derivatives of
o ds

the electric field are obtained from the total derivative

. OF OF OF _
A = o dX + oo dY + = d7 (1.2.12)

by successive differentiations

sl

O°E OF
" __ = o /
£ 0X:0X; ity + Z ax; i (1.2.13)

L »PE E OF
" __ - . . - - 7 . i 1"
E'" = b 8Xianan uujug + 3 ; 8Xi8Xj u;uj + ZZ: X, u;

etc. asin eq. 1.2.8. These egs. (1.2.11), as well as the calculation of the rigidity, following eq. (1.2.5), involve
d" (Bp)

derivatives (Bp)(”) =—
STL

, which are obtained in the following way. Considering that

dp* _dp® dp dp
= -6 =4 1.2.14
dt a " w? T aw? ( )
p' L . % .
with i q (€4 ¥ x b) (eq. 1.2.1), we obtain
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d . oo oo .
d—fpzq(e+v><b)~p=qe~p (1.2.15)
since (7 x I;) - p = 0. Normalizing as previously with p = pii = ¢Bpid and ds = wdt, and by successive
differentiations, eq. (1.2.15) leads to the (Bp)(")
[P
(B = (1)
ny 1
)= (1) @+t
v v
N N (1.2.16)
(Bp)" =(-) (€-d)+2(—-) (-4) +—(-2)
v v v
.l " .l 1" ! .l
B IIII: _ - = _ —a.—¢l _ —a.—a// _ —a.—a///
)= (1) @+ (s) @ (3) @ el e

oA (e,
Note that the derivatives (€ - ) = c(lF @) can be related to the derivatives of the kinetic energy W by
. o
e
AW = d—f - Fdt = q&- 7 dt which leads to
d"tiw d"(e- i)
= 1.2.1
dsnt1 1™ gsn ( 7
1
1 (n) d ;) v W + mqgc?
Finally, the derivatives <—> = o involved in egs. (1.2.11,1.2.16) are obtained from p = —————,
v sm ' c c
(mg is the rest mass) by successive differentiations, that give the recursive relations
1 _ 1 W+ mgc?
v/ 2 qBp
(1)’ 1 (@) 1(Bp)
v) ~ ¢ Bp v B
g g (1.2.18)

1 1"
9
" >\ " / / " "
1 1 @@ 1\ (Bo) o (1\ (Bn)" 1 (Bp)
v 2 By v Bp v Bp v Bp

1.2.3 Integration in combined electric and magnetic fields

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

(Bp)ii + Bpii' = < + i x b
) v
' 1 -
(Bp)"ii + 2(Bp)'ii' + Bpii" = (-) g+ (-) & + (i x by
v
" 1
1 1 = :
(Bp)"'ﬁ-l- 3(Bp)”ﬂ"-|- 3(Bp)'ﬁ”-|— Bpﬁ”l — (l) 5‘_|_2 (_) e’ + <_> @"H_|_ (ﬁ X )II (1.2.19)
: : v v v :
U+ U+ u' + u'' 4+ Bpu' =
(Bp) "= 4(Bp)///—»/ G(Bp)”_‘” 4(Bp)/ =111 Bp—‘////

1 " 1 " 1 [ 1 .
<_> &+3 <_> &' +3 (_) g4 —gm 4 (g « )///
v v v v :

n —

: needed in the Taylor expansions (1.2.4)

that provide the derivatives
/s
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1 — — (Bp)l
i'=(-] F i x B) — —i
i <v) + (i@ x B) B i
1 ! — 1 = = (Bp), (Bp)”
i"=-) E+(-)E i x B’ -2 i’ — i
(v) + (v) |8, +(i x B')" |y Bp u Bp u
1\" . 1\’ 1 . (Bp)l (Bp)” (Bp)///
T Faol=-) E —_E" ix B)' _ T il — U—y 1.2.20
i = (1) v (L) B+ By +a x Y, -3 s B 2
= 1111 N 1" Al IEntl 1 "
i""=(-) E+3(-) E'|gp+3(=)E" | +{—-) E"]
v v v
. Bp)' (Bp)” (Bp)'” (Bp) "
ix B)" _4( ] o= L a4 )= / =

o - b .
where £ = B;’ B = B’ and (*) |B, denotes differentiation at constant Bp
p
=(n 1 dnée - SN (n 1 - A (n o ¢
™) g, B dr d (i x B)™ |g,= gp(u x By (™). (1.2.21)

These derivatives E™) and B™) of the electric and magnetic fields are calculated from the vector fields
gititk [ giti+k g

E(X, Y, 7), E(X, Y, 7Z) and their derivatives XY 67 and S

following eqs. (1.2.8) and (1.2.13).

1.2.4 Calculation of the time of flight

The time of flight eq. (1.2.6) involves the derivatives dT'/ds = 1/v, d*T/ds* = d(1/v)/ds, etc. that are obtained
from eq. (1.2.18). In the absence of electric field eq. (1.2.7) however redues to the simple form

T(My) = T(Mo) + As/v (1.2.22)

1.3 Calculation of B and its Derivatives

-

B(X,Y,7) and derivatives are calculated in various ways, depending whether field maps or analytic represen-
tations of optical elements are used. The five basic means are the following.

1.3.1 Extrapolation from 1-D axial field map [5]

A cylindrically symmetric field (e.g., using BREVOL) can be described by an axial 1-D field map of its longitu-
dinal component Bx (X,r = 0) (r = (Y?+ Z?)'/?), while the radial component on axis B, (X,r = 0) is assumed
to be zero. Bx (X, r = 0) is obtained at any point along the X-axis by a polynomial interpolation from the map
mesh (see section 1.4.1). Then the field components Bx (X, r), B,(X,r) at the position of the particle, (X, r)
are obtained from Taylor expansions truncated at the fifth order in r (hence, up to the fifth order derivative

9B . C
3‘—5(;( (X,0)), assuming cylindrical symmetry
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T’ZaZBX T’ 6 BX

Bx(X,r) = Bx(X,0) = T 50X (x,0)+ T 00X (x,0) i
B T‘aBX 7"3 aSBX 5 aSBX R
Br(‘X,T)—_E aX (X’0)+EW( ,0) = 384 X5 (X,0)

By differentiation with respect to X 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 coordinates of zgoubi is
gt

W needed 1in the €q. (128)

performed, thus providing the expressions

1.3.2 Extrapolation from Median Plane Fields

In the median plane, Bz (X,Y,0), and its derivatives with respect to X or Y, may be calculated from analytical
models (e.g. in Venus magnet - VENUS, and sharp edge multipoles SEXQUAD 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) =

By (X,Y,0) =

Bx(X,Y,7) = —BX(X Y, —%) (1.3.2)
By (X,Y,7) = —By(X,Y,—-7%)

Bz(X,Y, %) = Bz(X,Y,—-7%)

Accomodated with Maxwell’s equations, this results in Taylor expansions below, for the three components of B

(here, B stands for Bz (X,Y,0))

OB 73 [ 9’B 5B
Bx(X Y 2) =25 — % (axs + axay2>

OB Z3< 3B 83B>

Br(Xv.2) =757 =% \oxay T ve

VAN 9’B 7% (0B 0*B 0*B
Bz (X,)Y,7)=B— — | — + — — 2
2(X.Y.7) 7 <6X2 + aw) t <8X4 teoxzave t aw)
which are then differentiated one by one with respect to X, Y, or Z, up to second or fourth order (depending
on optical element or IORDRE option, see section 1.4.2) so as to get the expressions involved in eq. (1.2.8).

(1.3.3)

1.3.3 Extrapolation from arbitrary 2-D Field Maps

2-D field maps that give the three components Bx (X,Y, Zy), By (X,Y, Zy) and Bz(X,Y, Zy) at each node

(X,Y) of a Zy Z-elevation map may be used. B and its derivatives at any point (X,Y,7) are calculated
by polynomial interpolation followed by Taylor expansions in 7, without any hypothesis of symmetries (see
section 1.4.3 and keywords MAP2D, MAP2D-E).

1.3.4 Interpolation in 3-D Field Maps [6]
In 3-D field maps B and its derivatives up to the second order with respect to X, Y, or 7 are calculated by
means of a second order polynomial interpolation, from 3-D 3 x 3x 3-point grid (see section 1.4.4).

1.3.5 3-D Analytical Models of Fields
In analytical optical elements (such as QUADRUPQO, MULTIPOL, SEXTUPOL, EBMULT, etc.) the three

components of B and their derivatives with respect to X, Y or 7 are obtained at any step along trajectories
from analytical expression drawn from the scalar potential V(X,Y, Z) following
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ete. (1.3.4)

Multipoles
It B, (XY, Z , .
iaY(iajZk’ ) (i+j+k = 0 to 4) in the case of magnetic and

electro-magnetic multipoles with 2n poles (namely, QUADRUPO (n =2) to DODECAPO (n = 6), MULTIPOL
(n =1 to 10), EBMULT (n = 1 to 10)) is [7]

The scalar potential used for the calculation of

. T n—m 7m
0 ele) (X)(YQ + 72 n_ sin (mg) Y A
Vu(X,Y, Z) = (n!)? —1)¢ : : 1.3.5)
( )=t qZ:;( ' 49q!(n + q)! — m!(n — m)! ( :
where G(X) is the longitudinal gradient, defined at the entrance or exit of the optical element by
Go B
G(s)= ———————, Go=—- 1.3.6
() 1+ exp(P(s))’ 0 Rg ( )

and s 1s the distance to the EFB.

Skewed multipoles

A multipole component with arbitrary order n can be tilted independently of the others by an arbitrary angle
Ay, around the X-axis. If so, the calculation of the field and derivatives in the rotated axis (X, Yg, Zg) is done in
two steps. First, they are calculated at the rotated position (X, Yg, Zg), in the (X,Y, Z) frame, as derived from
expression (1.3.5) above. Second, B and its derivatives at (X,YRr, Zg) in the (X,Y, Z) frame are transformed
to the rotated (X, YRr, Zg) frame by a rotation of the same angle A,.

In particular a skewed 2n-pole component is created by taking A, = 7/2n.

1.4 Calculation of B from Field Maps
1.4.1 1-D Axial Map, with Cylindrical Symmetry

Let B; be the value of the longitudinal component Bx (X, » = 0) of the field E, at node 7 of a uniform mesh that
defines a 1-D field map along the symmetry X-axis, while B, (X, r = 0) is assumed to be zero (r = (Y24 72%)1/2),
The field component Bx (X,r = 0) is calculated by a polynomial interpolation of the fifth degree in X, using a
5 points grid centered at the node of the 1-D map which is closest to the actual coordinate X of the particle.

The interpolation polynomial is

B(X,0) = Ag+ A1 X + A3 X% 4+ A3 X3 4+ A4 X* + A5 XP (1.4.1)

and the coefficients A; are calculated by expressions that minimize the quadratic sum
S=3 (B(X,0)=B)’ (1.4.2)
i

Namely, the source code contains the explicit analytical expressions of the coefficients A; solutions of the normal

equations 0S/0A; = 0.

72

B
(X,0) at the actual position X, as involved in eqgs. (1.3.1), are then obtained by differen-

n

tiation of the polynomial (1.4.1), giving

The derivatives
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B
g—y (X,0) = Ay + 245X + 343X + 44, X% 4+ 5A5X*
0°B (X,0) = 245 + 643X + 1244 X7 + 2045 X°
axz T T 3 N s (1.4.3)
d°B
x5 (X:0) = 12045

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

Let B;; be the value of Bz(X,Y,0) at the nodes of a mesh which defines a 2-D field map in the (X,Y) plane
while Bx (X,Y,0) and By (X,Y,0) are assumed to be zero. Such a map may have been built or measured 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. (1.2.8).

zgoubi provides three types of polynomial interpolation from the mesh (option IORDRE); namely, a second
order interpolation, with either a 9- or a 25-point grid, or a fourth order interpolation with a 25-point grid
(Fig. 3).

If the 2-D field map is built up from simulation, the grid simply aims at interpolating the field at a given point
from its 9 or 25 neighbors. If the map results from measurements, the grid also smoothes field measurement
fluctuations.

The mesh may be defined in Cartesian coordinates, (Figs. 3A and 3B) 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) = Ago + A10X + Ag1Y + A X? + A1 XY + AgaY? (1.4.4)

in second order, or

B(X,Y,0) =Ago + A1o X + AnnY + Ao X? + A XY 4 AgaY?
+ A30 X3 + A1 XY + A1 XY? 4 AggV3 (1.4.5)
+ Ao X* 4+ A1 XY + Aps XY ? + A3 XY + AggY?

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

S =Y (B(X,Y,0) - B;;) (1.4.6)

The source code contains the explicit analytical expressions of the coefficients A;; solutions of the normal
equations 95/0A;; = 0.
The A;; may then be identified with the derivatives of B(X,Y,0) at the central node of the grid

1 9+iB
4 = 1 axiavs (000) (147

The derivatives of B(X,Y,0) with respect to X and Y, at the actual point (X, Y, 0) are obtained by differentiation
of the interpolation polynomial, which gives (e.g. from (1.4.4) in the case of second order interpolation)
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0B

0X
0B

oY

()(J Y, 0) = AIO + QAQ(]X + A11Y

(X,Y,O) = A01 + AHX + 2A02Y

etc.

(1.4.8)

This allows stepping to the calculation of E(X,Y, Z) and its derivatives as described in subsection 1.3.2
(eq. 1.3.3).

The special case of polar maps

Tt is necessary to change from polar map frame (R, a, 7) to the Cartesian moving frame (X,Y, 7). This is done

as follows.

In second order calculations the correspondence is (we note B = Bz(Z = 0))

o8 _ 108
0X "~ ROa
0B _oB
oy - OR
B _ 1B 108
0X? T R20a?  ROR
0’B _ 1 0’B 1 0B
85(81/ N R2806R R? Ja
o°'B _0B (1.4.9)
aY? JR? '
#3  _3 9B 208
9X3 T R20adR 3 da
#B__—29'n 0B 198
0X29Y — R?0a? R20R ROR?
B _20B 2 OB
0XdY?2  R3da  R?20adR
®5
A N
In fourth order calculations the relations are the same up to second order, and then
®B 1 ¥B, 3 0B 208
0x3  R? 00®  R? 0adR  R? Oa
PB_ _1 B _20B_10B 1B
dX29Y  R? 0a20R R® 0a? R OR R OR?
OB _1 B 10B_2 OB
dXoY? — R OadR?  R3 da  R? 0adR
®B  _0B
ay’3 " OR3
B _106B 8&B 6 &B 3 OB 3 0B (1.4.10)
X4 ~ R* da* R* da?  R® 9a20R  R? OR®* R?OR '
0B _ 1 8B _3 0B 3 0B _8 B 6 0B
dX39Y  R3 9aP0R R* a®  R? 9adR? R3 0adR R* da
0B _10B_4 @B _20B 208 1 0B 10°B
0X22Y2  R* 9a® R® 9a?0R R2 OR?  R3OR R? 0a?0R*? R OR3
8473 _1 0*B 3 9B i@QB _i@‘lB
0XdY3 R OadR® R? §adR?  R3 0adR R* dat
o'B _0'B
oy ~ OR*
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NOTE: If a particle goes beyond the limits of the field map, the field and 1ts derivatives will be extrapolated by
means of the same calculations, from the border grid which is the closest to the actual position of the particle.
Tts flag IFX is given the value —1 (see section 4.6.8).

W [ fjAXFJ

s @50
> o %e

(A) (B)

B
X 4

Y 4,?

(©)

Figure 3: Mesh in the (X,Y) plane in Cartesian coordinates. The grid is cen-
tered
on the node which is closest to the actual position of the particle.
A: 9-point interpolation grid.
B: 25-point interpolation grid.
C: Mesh in the (X,Y’) plane in polar coordinates.

1.4.3 Arbitrary 2-D Map, no Symmetry

The map is supposed to describe the field é(BX, By, Bz) in the (X,Y) plane at elevation Zy. Tt provides the
components By ;;, Byij, Bz,i; at each node (i, j) of a 2-D mesh.

The value of B and its derivatives at the projection (X,Y, Zy) of the actual position (X,Y, Z) of a particle is
obtained by means of a polynomial interpolation from a 3 x 3 points grid centered at the node (i, j) which is
closest to the position (X,Y)

By(X,Y, Zg) = Ao + A10X + A Y + Ao X” + A1 XY + AgaY? (1.4.11)

where By stands for any of the three components Bx, By or Bz. Differentiating then gives the derivatives
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OB
8—X£ (X,Y, Zo) = Ajg + 2450 X + A1 Y

9’B 4.
W(X,Y,ZO):AM (1412)

etc.

Then follows the procedure of extrapolation from (X,Y, Z) to the actual position (X,Y, 7).
No special symmetry is assumed, which allows the treatment of arbitrary field distribution.

Fourth order polynomial interpolation is available upon request (parameter IORDRE in keyword data list - see
MAP2D, MAP2D-E), using the method above based on eq. (1.4.11 developped up to fourth order in X and Y.

1.4.4 Calculation of B from 3-D Field Map

The vector field E(X,Y, Z) and its derivatives necessary for the calculation of position and velocity of the
particle are now defined by means of a 3-D field map, through second order polynomial interpolation

By(X,Y,7) = Agoo + A100X + Ac10Y + Aco1 Z + As00 X% + Ao2Y? 4+ AgoaZ? + A110XY + A1t X7 + Ao Y Z

(1.4.13)
By stands for any of the three components, Bx, By or Bz. By differentiation of B, one gets
0B
6—); = Aro0 + 2A200X + A110Y + A1n Z
5 (1.4.14)
0°By 9A
Hx2 = 2/200

and so on for first and second order derivatives with respect to X, Y or Z.

The interpolation involves a 3 X 3 x 3-point parallelipipedic 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.

Let ijk be the value of the — measured or computed — magnetic field at each one of the 27 nodes of the 3-D

grid (B stands for Bx, By or Byz), and By(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 coefficient A; of the polynomial expansion of By is obtained by means
of expressions that minimize, with respect to A;, the sum

S:Z(Bl(XaYaZ)_ijk)Q (].4.15)
ijk

where the indices i, j and k 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 coefficients A;;; solutions of the normal equations 85/9A;;, = 0.
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Figure 4: A 3-D 27-point grid is used for interpolation of B and its derivatives
up to second order. The central node of the grid (i = j = k = 0) is
at the closest vicinity of the actual position of the particle.

1.5 Calculation of E and its derivatives

zgoubi calculates ﬁ(X, Y, Z) and its derivatives in various ways, depending whether field maps or analytical
representations of optical elements are used. The three basic means are the following [4].

1.5.1 Extrapolation from 1-D axial field map

A cylindrically symmetric field can be described by an axial 1-D field map of its longitudinal component
Ex(X,r =0) (r = (Y?+ 22)1/2), while the radial component E,(X,r = 0) is assumed to be zero (e.g. in
ELREVOL). Ex(X,r = 0) is obtained at any point along the X-axis by a polynomial interpolation from the
map mesh (see section 1.4.1). Then the field components Ex(X,r), E.(X,r) at the position of the particle,

X,r) are obtained from Taylor expansions to the fifth order in r (hence, up to the fifth order derivative
) y p p
8°Ex

(X,0)), assuming cylindrical symmetry

6X5 7/
1’2 82EX 1’4 84EX
o T’aEX 7"3 83EX 1’5 85EX o
Er(X,r) = =555 (5,00 + 75555 (X,0) = 500 55 (X,0)
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By differentiation with respect to X and r, up to the second order, these expressions provide the derivatives of
E(X,r). Finally a conversion from the (X, r) coordinates to the (X,Y,Z) Cartesian coordinates of zgoubi is
Gitit+k
OXigYigzk

performed, thus providing the expressions needed in the egs. (1.2.13).

1.5.2 Extrapolation from analytically defined axial fields

This procedure assumes cylindrical symmetry with respect to the X-axis. The longitudinal field component
Ex(X,r=0) (r = (Y2 + Z2)1/2), along this axis are derived from differentiation of an adequate model of
the electrostatic potential V(X) (e.g. in EL2TUB, UNIPOT). The longitudinal and radial field components

Ex(X,r), E-(X,r) and their derivati ff-axi 0" Fx O B, btained by Tayl i t

Y Y s Lnel 2Tl L1ves -ax1Ss ——~— P ra— > Lalne > S1 St

x(X,r), . r) an .e r der .va .veq off-axis 52”7 and oz are obtained by Taylor expansions to

the fifth order in r assuming cylindrical symmetry (see eq. (1.5.1)), and then transformed to the (X,Y,7)
ititk |

Cartesian frame of zgoubi in order to provide the derivatives needed in eq. (1.2.13).

OXidYipsk
1.5.3 3-D Analytical models of fields

In analytical elements (e.g. WIENFILT, ELMULT, EBMULT), the three components of E, namely Fx, Ey,
Ez, and their derivatives with respect to X, Y or Z are obtained at any step along trajectories, from analytical
expressions drawn from models of the potential V(X,Y, 7).

Multipoles and skewed multipoles

A right electric multipole is considered to have the same effect as the equivalent skewed magnetic multipole.
Therefore, calculation of the right electric or electro-magnetic multipoles (ELMULT, EBMULT) uses the same
eq. (1.3.5) together with the rotation process as described in section 1.3.5. The same method is used, for
arbitrary rotation of arbitrary multipole component around the X-axis.

1.6 Calculation of E from field maps

1-D axial map, with cylindrical symmetry

The only type of field map treated in the actual version is the 1-D axial map, with cylindrical symmetry. The
same procedure as for the case of magnetic fields is involved (see section 1.4.1).
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2 SPIN TRACKING [8]

The depolarization of a particle beam travelling in a magnetic field b takes its origin in the spin precession
undergone by each particle. This motion of the spin S is governed by the Thomas-BMT first order differential
equation [9]

-

ds

9
dt — m

-

Sx @ (2.1)
where

G=(14+G)b+G(1-y)by (2.2)

¢, m, v and G are respectively the charge, mass, Lorentz relativistic factor, and anomalous magnetic moment
of the particle. b// is the component of b which is parallel to the velocity ¥ of the particle.

These equations are normalized by mtroducmg the same notation as previously. Let b _|| b || and v =|| ¥ ||;
d 1d
ds = vdt is the differential path, —— = Bp is the rigidity of the particle; S = d—S = —d—f is the derivative of
s
the spin with respect to the path.
troducing also B = . By = "L and
ntroducing also B = B )= B an

eq. (2.1) can be re-written in a normalized way

S'=5xa (2.4)
This equation is then solved in the same way as the reduced Lorentz equation (1.2.3). From the values of the

magnetic factor &(My) and the spin §(M0) of the particle at position My of its trajectory, the spin §(M1) at
position My, following a displacement As (fig. 2), is obtained from truncated Taylor expansion

500y 2 (010 + 25 () s 4 25 (a1 A7y PF g B0 Ly A (25
The derivatives S(*) = [(1;:5 of S at My are obtained by differentiating eq. (2.4)
S'=5xa
S"=8"x3+Sxa&
. . . . (2.6)
S"=8"x@d+258" xd+Sxd"
S =S5" 3 +35" x ' +35" x3"+8 x3"
where the derivatives (") are obtained from eq. (2.3).
The last point consists in getting é// and its derivatives. This can be done in the following way. Let 4 = g be
the normalized velocity of the particle, then,
By=(B-a)i
B/;:(J?"ﬂ—i-éqﬁ’)ﬁ—i-(ff iy i’ ] ] ] o
B/7 =(B"-d+2B"-d'+B-d")i+2(B'-d+ B -d')i'+ (B-u)ud”

The quantities , B and their n-th derivatives as involved in these equations are picked up from eqgs. (1.2.7,
1.2.8).






3 SYNCHROTRON RADIATION

zgoubi allows the simulation of two types of synchrotron radiation (SR) related effects namely, on the one
hand energy loss by stochastic emission of photon and the ensuing perturbation on particle dynamics and, on
the other hand calculation of the radiated spectral-angular energy densities as observed in the lab.

3.1 Energy loss and related dynamical effects [10]

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

- the probability of emission,

- the energy of the photon.

The effects on the dynamic of the emitting particle is either limited to the alteration of the energy, or
extended to angular kick effect, following user requested working options ; particle position is supposed not to
change upon emission of a photon. These calculations and ensuing dynamics corrections are performed after
each integration step. In a practical manner, this means every centimer or tens of centimers in smoothly varying
magnetic fields.

Main aspects of the method are developped in the following.

Probability of emission of a photon

Given that the number of photons emitted within a step As can be very low (units or fractions of unit)!

a Poisson probability law
—k

p(k) = )‘k—!e:rp(—k) (3.1.1)

is considered. k is the number of photons emitted over a Af# (circular) arc of trajectory such that, the mean
number of photons per radian expresses as’

20er,

A= 2

8h/3

where 7o = e?/4megmqoc? is the classical radius of the particle of rest-mass mg, e is the elementary charge,

h = h/2x, h is the Planck constant, 8 = v/e¢, Bp is the particle stiffness. X is evaluated at each integration step
from the current values 3, Bp and As, then a value of k is drawn by a rejection method [34, routine POIDEV].

B?BpAs (3.1.2)

Energy of the photons

These k photons are assigned energies ¢ = hv at random, in the following way. The cumulative distribu-
tion of the energy probability law p(e/e;)de/e. writes

3 e/€c poo
Plefec) = 57/0 // Kyys(x)da (3.1.3)

where Ks/3 is a modified Bessel function and, ¢, = hw, with w, = 27343¢/2p being the critical frequency of
the radiation in constant field with bending radius p ; w. is evaluated at each integration step from the current
values v and p, in other words, this energy loss calculation assumes constant magnetic field 3 over the trajectory
arc As. In the low frequency region (¢/e. < 1) it can be approximated by

12¢/3 (i)]/S

7)(6/&:) = 521/3F(%) €e

(3.1.4)

!For instance, a 1 GeV electron will emit about 20.6 photons per radian; an integration step size As = 0.1m upon p = 10m
bending radius results in 0.2 photons per step.

2This leads for instance, in the case of electrons, to the classical formula \/A§ x 129.5E(GeV)/27 & v/94.9.

3From a practical viewpoint, note that the value of the magnetic field first computed for a one-step push of the particle
(eqgs. 1.2.4,1.2.7) is next used to obtain p and perform SR loss corrections afterwards.
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About 40 values of P(e/e.) computed from
eq. 3.1.3 [35], honnestly spread over a range ¢/e. < 10
are tabulated in zgoubi source file (see figure). In order
to get €/e., first a random value 0 < P < 1 is generated
uniformly, then ¢/e. is drawn either by simple inverse
linear interpolation of the tabulated values if P > 0.26
(corresponding to e/e. > 107%), or, if P < 0.26 from

1/3 1
eq. 3.1.4 that directly gives ¢/¢, = (52127\/1;;))3 with pre-
cision no less than 1% at P — 0.26.

Upon request of SR loss tracking, several optical
elements that contain dipole magnetic field component
(e.g., MULTIPOL) provide a printouot of various quan-

tities related to SR emission, as drawn from classical the- 0 1 2 3 4 5
Cumulative distribution P(e/e.).

oretical expressions, such as for instance,
- energy loss per particle AFE(eV) = %TocvsB(T)Ae, (B
is the dipole field, exclusive of any other multipole com-
ponent or non-linearity in the magnet; A# is the total deviation as calculated from B, the magnet length, and
the reference rigidity BORO(as defined with, e.g., OBJET)
- energy e.(eV) = 3%%%, with p =BORO/B
- energy of radiated photons < € >= ﬁcc,
- r.m.s. energy of radiated photons €,ms = 0.5591¢,,
- number of radiated photons per particle N = AE/ < € >.

This is done in order to facilitate verifications, since on the other hand statistics regarding those values
are drawn from the tracking and printed upon use of the dedicated keyword SYNPRNL.

Finally, upon user’s request as well, SR loss can be limited to particular classes of optical elements, for
instance dipole fields alone, or dipole 4+ quadrupole magnets, etc. These tricks are made available in order to
permit deeper insight, or easier comparison with other codes, for instance.

3.2 Spectral-angular radiated densities [11]

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 (section 3.2.1). This allows calculation® of spectral-
angular densities radiated by particles in magnetic fields (section 3.2.2).

3.2.1 Calculation of the radiated electric field

The expression for the radiated electric field g(ﬁ, 7) as seen by the observer in the long distance approximation
is [12]
. 0 x [(70) - B1) x dfjai]
£, m) = —— (3.2.1)
TEOC ) (1 — () ~ﬂ(t))

where t i1s the time in which the particle motion is described and 7 is the observer time. Namely, when at
position 7(¢) with respect to the observer [or as well at position fi(t) =X - 7(t) in the (O, z,y, z) frame] the
particle emits a signal which reaches the observer at time 7, such that 7 = ¢ + r(¢)/c where r(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 procedures are for the moment implemented in the post-processor zpop
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Figure 5: A scheme of the reference frame in zgoubi together with the vectors entering in the
definition of the electric field radiated by the accelerated particle:
(z,y): horizontal plane; z: vertical axis.
é(t) = particle position in the fixed frame (O, z,y, 2);
X (time-independent) = position of the observer in the (O, z,y, z) frame;
7(t) = X - ]%(f) = position of the particle with respect to the observer;
7(t) = (normalized) direction of observation = 7(t)/|7(¢)];
B = normalized velocity vector of the particle ifc = (l/c)dé/dt.

dr/dt =1—7(t) - f(t) (3.2.2)

The vectors é(t) and E(t) = 24 (eq. 1.2.2) that describe the motion are obtained from the ray-tracing
(egs. 1.2.4). The acceleration is calculated from (eq. 1.2.1)

dB/dt = (q/m) B(t) x b(t) (3.2.3)

Then, given the observer position X in the fixed frame, 1t 1s possible to calculate

—

7(t) = X — R(t) and A(t) = 7(t)/|7(t)] (3.2.4)

The calculation of 77 — E and 1 -7 - E

Owing to computer precision the crude computation of 77 — E and 1 — 1 - 5 may lead to
i—-f=0and1—7-F=0

since the preferred direction of observation is generally almost parallel to 5 (exactly parallel in the sense of
computer precision), while 8 & 1 as soon as particle energies of a few hundred times the rest mass are concerned.

It is therefore necessary to express i — 3 and 1 — 7 - # in an adequate form for achieving accurate software
computation.
The expression for 7 is

il = (g, Ny, n,) = (cos Y cos ¢, cosh sin ¢, sin )
=[1- 2(sin? ¢/2 + sin? 1/2) + 4sin? ¢/2sin? 14 /2,sin ¢(1 — 2sin? 4/2), sin Y] (3.2.5)

where ¢ and 9 are the observation angles, given by
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Tz

/52 2
Tz + Ty

6 = Atg (r—y) and ¢ = Atg
r

T

(3.2.6)

with 7= (rg, 7y, 7.), while E can be written under the form

-

B = (BarBy.B:) = ||/ (B2 = B2 = B2). By B:]
= [\/(1— 1/4% — B2 —ﬂ?),ﬂy,ﬁz} =(1—a/24+a*/8=ad*/16+ ..., B,,8.) (3.2.7)

where a = 1/9? + [7’5 + 2. This leads to

ng=1—¢; and B, =1-¢&;
with
£, = 2(sin® ¢/2 + sin” ¢/2) — 4sin® ¢/2sin” 1) /2
and
e =a/2—a’/8+d/16+ ...
All this provides, on the one hand,
A —f = (~€x +&ny — By, nz — B2) | (3.2.8)

whose components are combinations of terms of the same order of magnitude (¢, and & ~ 1/4% while ny, By, n.
and 3, ~ 1/7) and, on the other hand,

1_ﬁ'525z+5z_nyﬂy —n.0; — esks (3.2.9)
that combines terms of the same order of magnitude (g, &, nyBy and n, 3, ~ 1/4?), plus €, 8, ~ 1/4*.
The precision of these expressions is directly related to the order at which the series

e =a/2—a’/8+ad/16+ ... (a:1/72+/3§+/33)

is pushed, however the convergence is fast since a ~ 1/9% < 1.

3.2.2 Calculation of the Fourier transform of the electric field

The Fourier transforms

FT[E()] = /f(r)e—iwdr
of the o and w electric field components provide the spectral angular energy density

2
PW/06 0 dw = 202 |FT,, (5(7‘))‘ Joc (3.2.10)

They are calculated in a regular way, without use of FFT technics, namely from

FT, [E(n)] Y &lme) e Any (3.2.11)

for two reasons. On the one hand, the number of integration steps As that define the trajectory (egs. 1.2.4), is
arbitrary and therefore in general not of order 2". On the other hand, the integration step defines a constant
time differential element At¢; = As/fc which results in the observer differential time element A7y, which is
also the differential element of the Fourier transform, being non-constant, since both are related by eq. 3.2.2 in
which 8 and 7 vary as a function of the integration step number k.
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Another major point is that A7, may reach drastically small values in the region of the Centra]Npeak of the
electric impulse emitted in a dipole (1 —7i(t) - f(t) — 1/2v?), whereas the total integrated time y,_, A7y 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 to the time delay Zé\;l ATy, that separates photons emitted
at the entrance of the magnet from photons emitted at the exit, but the significant part of it (in terms of energy
. . o 2(1 +y%2)3/% 2p
density) which can be represented by the width 27, = 3¢
small fraction of Zi\;l AT,
The consequence is that, once again in relation with computer precision, the differential element A7y involved
in the computation of eq. 3.2.11 cannot be derived from such relation as A7, = ZZ:I AT, — Zz;ll AT, but
instead must be stored as such beforehand in the couorse of the ray-tracing process.

of the radiation peak [13], is a very
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4 DESCRIPTION OF THE AVAILABLE PROCEDURES

4.1 Introduction

This chapter gives a detailed description of how the zgoubi procedures work, and their associated keywords.
It has been split into several sections. Sections 4.2 to 4.5 explain the underlying content and functioning of all
available keywords. Section 4.6 is dedicated to the description of some general procedures that may be accessed
by means of special data or flags (such as negative integration steps), or through the available keywords (such
as multiturn tracking with REBELOTE).

4.2 Definition of an Object

The description of the object, z.e., initial coordinates of the beam, must be the first element of the input data
to zgoubi .

Several types of automatically generated objects are available, as described in the following pages.
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MCOBJET: Monte-Carlo generation of a 6-D object
MCOBJET generates a set of up to 10* random 6-D initial conditions. Tt can be used in conjunction with the
keyword REBELOTE, which moreover allows generating an arbitrarily high number of initial conditions.

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

BORO = % (kG..cm)

Depending on the value of the next datum, KOBJ, the IMAX (< 10%) particles have their initial random
conditions Y, T, 7, P, X and D (relative momentum) generated on 3 different types of supports, as described
below.

Next come the data
KY KT, KZ, KP,KX

that specify the type of probability density for the 6 coordinates.
KY, KT, K7, KP, KX can take the following values:

1. uniform density, p(z) = 1 if —dz < z < dz, p(x) = 0 elsewhere,

1 22
2. Gaussian density, p(z) = ——=—=e" 2822
vple) = S
. . 3 2 .
3. parabolic density, p(z) = o (1— 507 ) if —=dz <2 < dz, p(x) = 0 elsewhere.
/ x x?

K D can take the following values:
1. uniform density, p(D) = 1 if =6D < D <D, p(D) = 0 elsewhere,
2. exponential density, p(D) = Ngexp(Co + C1l + C2l? + C313) with 0 <1< 1 and —=6D < D <D,
3. p(D) is determined by a kinematic relation, namely, with 7' = horizontal angle, D =D T

Next come the central value for the random sorting,
Yo, To, Zo, Po, Xo, Do

namely, the probability density laws p(z) (z =Y, T, Z, P or X) and p(D) described above apply to the variables
z—z9g (=Y =Yy, T =Ty, ...) and D — Dq respectively. Negative value for Dy is allowed (see section 4.6.9).

KOBJ = 1: Random generation of IMAX particles in a hyper-window with widths (namely the half-extent
for uniform or parabolic distributions (K'Y, KT,... = 1 or 3), and the r.m.s. width for Gaussian distributions
(KY,KT,...=12))

Yy, &1, 6z, dP, dX, 6D
Then follow the cut-off values,; in units of the r.m.s. widths 6V, 7, ... (used only for Gaussian distributions,

KY,KT,..=2)

Nsy, Nst, Nsz, Nsp, Nsx, Nsp

The last data are the parameters

Ny, Cy, Ci, Cy Cs

needed for generation of the D coordinate upon option KD = 2 (unused if KD = 1, 3) and a set of three
integer seeds for initialization of random sequences,

IR1, [R2, 1IR3 (all ~10%)

All particles generated by MCOBJET are tagged with a (non-S) character, for further statistic purposes (e.g.,
with HISTO and MCDESINT).
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KOBJ = 2: Random generation of IY x T [Z [P I X I D particles (maximum 10%) in a hyper-grid. The
input data are the number of bars in each coordinate

vy, Ir, 1z, IP, IX, ID
the spacing of the bars

PY, PT, PZ, PP, PX, PD

the width of each bar

3y, éT, 6z, dP, dX, 6D
the cut-offs, used with Gaussian densities (in units of the r.m.s. widths)

Nsy, Nst, Nsz, Nsp, Nsx, Nsp

This is illustrated in Fig. 6.

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

No, Co, Ci, (3 Cs

needed for generation of the D coordinate upon option KD= 2 (unused if KD= 1, 3) and a set of three integer
seeds for initialization of random sequences, TR1, TR2, and TR3 (all ~ 10°).

All particles generated by MCOBJET are tagged with a (non-S) character, for further statistic purposes (see
HISTO and MCDESINT).

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

gy .

ay, /BYa ?; Niy [J Na/y) if NEY <0]
VA .

az, /BZa ?; Naz [a Nslza lfNEz <0]
€X .

ax, /BX, . NEX [a Nalxa lfNEX <0]

. . . o .1 ?
where a, 3 are the ellipse parameters and ¢/7 the emittance, corresponding to an elliptical frontier %YQ +
Y

20y YT + By T? = ey /7 (idem for the (Z, P) or (X, D) planes). N.,, N., and N., are the sorting cut-offs

(used only for Gaussian distributions, K'Y, KT, ... = 2).

The sorting is uniform in surface (for KY =1, or KZ =1 or KX = 1) or Gaussian (KY = 2 or KZ = 2),

and so on, as described above. A uniform sorting has the ellipse above for support. A Gaussian sorting has the
1 2

ellipse above for r.m.s. frontier, leading to oy = \/Byey/m, op = (—;70[1/)5;//#J and similar relations for

Y

0Oz7,0Xx.

If N. is negative, thus the sorting fills the elliptical ring that extends from |N.| to N/ (rather than the inner

region determined by the N, cut-off, as addressed above).
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Figure 6: Scheme of the input parameters to MCOBJET when KOB.J = 3, 4
A: A distribution of the Y coordinate
B: A 2-D grid in (Y, 7) space.
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OBJET: Generation of an object

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

The first datum is the reference rigidity (a negative value is allowed)
BORO = %

At the object, the beam is defined by a set of particles (maximum 10*) with the initial conditions (Y, T, Z, P,
X, D) where D is the relative momentum.

Depending on the value of the next datum KOBJ, these initial conditions may be generated in six different
ways:

KOBJ = 1: Defines a grid in the Y, T, 7, P, X, D space. One gives the number of points desired,

v, IT, 1z, IP, IX, ID

(maximum 41 in each coordinate: 1Y < 41 ...ID < 41 and such that IY % ITx...x ID < 10*) and the sampling
size

PY, PT, PZ, 6 PP, PX, PD
zgoubi then generates IY % IT « IZ x IP x IX x ID (< 10*) initial conditions with the following coordinates

0, +PY, +2%PY, ..., =+IY/2xPY,
0, +PT, +2«PT, ..., +IT/2xPT,
0, +£PZ, +2«PZ, ..., +I17Z/2+PZ,
0, +PP, +2xPP, ..., +IP/2xPP,
0, £PX, +2xPX, ..., +IX/2xPX,
0, +PD, +2%PD, ..., +ID/2xPD,

In this option relative momenta will be classified automatically for the purpose of the use of IMAGES for
momentum analysis.

The particles are tagged with an index TREP possibly indicating a symmetry with respect to the (X,Y’) plane, as
explained in option KOBJ = 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. Tt may be incompatible with the use of some procedures (e.g. MCDESINT, which involves random
processes).

The last datum is the reference of the problem (YR, TR, ZR, PR, X R, 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 x PD) x BORO.

KOBJ = 1.1: Same as KOBJ = 1 except for the Z symmetry. The initial Z and P conditions are the following

0, +PZ, +2xPZ, ..., x(IZ-1)xPZ,
0, +PP, 2% PP, ..., +(IP—1)x PP,

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

KOBJ = 2: Next data: IMAX , IDMAX . Initial coordinates are entered explicitly for each trajectory. IMAX is
the total number of particles (IMAX < 10*). These may be classified in groups of equal number for each value
of momentum, in order to fulfill the requirements of image calculations by IMAGES. IDMAX is the number of
groups of momenta. The following initial conditions defining a particle are specified for each one of the IMAX
particles

Yy, 17, z, P, X, D, A
where D % BORO is the rigidity (negative value allowed) and ‘A’ is a (arbitrary) tagging character.
The last record IEX (I=1, IMAX ) contains IMAX times either the string “1” (which indicates that the particle
will be tracked) or the string “-2” (indicates that the particle will not be tracked).
This option KOBJ = 2 may be be useful for the definition of objects including kinematic effects.
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KOBJ = 3: This option allows the reading of initial conditions from an external input file FNAME.

The next three data lines are:

IT1, I'T2, ITStep

TP1, TP2, TPStep

YR, TR,ZR,PR,SR,DPR,
InitC

followed by the storage file name FNAME.

IT1, IT2, ITStep specify reading coordinates of particles number IT1 through IT2 by step ITStep.

IP1, TP2, TPStep specify reading coordinates belonging in the sole pass IP1 through TP2 by step IPStep. Indeed,
IP2 > IP1 assumes prior filling of FNAME in the course of a run (e.g., multiturn tracking) involving the keyword
REBELOTE.

YR, TR,ZR,PR,SR,DPR are references added to the values of respectively Y, T, Z, P, S, DP as read from
FNAME.

If InitC= 1 ray-tracing starts from the current coordinatesF (.J, T),
if InitC= 0 ray-tracing starts from the initial coordinates FO(J, I) as read from FNAME.

The file FNAME must be formatted so as to fit the following FORTRAN sequence

OPEN (UNIT = NL, FILE = FNAME, STATUS = ‘0LD’)
DDO1 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.DO+F0(1,I),(F0(J,I),J=2,MXJ),

> -1.DO+F(1,1),F(2,1),F(3,I),
> (F(J,1),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.DO-FO(1,IT),(F0(J,IT),J=2,MXJ),
1 A1,1X,12,1P,7E16.8,

€2  1.DO-F(1,IT),(FO(J,IT),J=2,MXJ),
2 /,3E24.186,

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 /,11,216,7E16.8,

c5 EX,EY,EZ, BORD, IPASS, KLEY, (LABEL(NOEL,I),I=1,2),NOEL
5 /,4E16.8, 16,1X, A8,1X, 2A10, 15)

1 CONTINUE

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

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

TEX(T) : flag, see KOBJ = 2

FO(1-6,I) : coordinates D, Y, T, 7, P and path length of the particle number
I, at the origin. D x BORO = rigidity

F(1-6,I) : idem, at the current position.

IREP is an index which indicates a symmetry with respect to median plane. For instance, if Z(I+1) = —Z(I),
then normally TREP(I 4+ 1) = IREP(I). Consequently the coordinates of particle 7 4+ 1 will not be obtained
from ray-tracing but instead deduced without ray-tracing from those of particle 7 by simple symmetry. This
results in gain of computing time.

KOBJ = 3 can be used directly for reading files filled by FAISCNL, FAISTORE.
If more than 10* particles are to be read from a file, use IMAX < 10* in conjunction with REBELOTE.
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KOBJ = 3.1: Same as KOBJ = 3, except for the formatting of trajectory coordinate data in FNAME which
is much simpler, namely, according to the following FORTRAN sequence

OPEN (UNIT = HL, 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 = 5: Mostly dedicated to the calculation of first order transfer matrix and various other optical
parameters in conjunction with MATRIX or with TWISS. The input data are the stepsizes

pPY, PT, PZ, 6 PP, PX, PD
The code generates 11 particles
0, xPY, +PT, +PZ +PP, +PX, <+PD

These values should be small enough, so that the paraxial ray approximation be valid.
The last data are the initial coordinates of the reference trajectory [normally (YR, TR,Z7R, PR,XR, DR) =
(0,0,0,0,0,1)]. The reference rigidity is DR * BORO (negative value allowed).

KOBJ = 5.1: Same as KOBJ = 5, except for an additional data line giving initial beam ellipse parameters
ay, By, az, Bz, ax,Bx, for further transport of these using MATRIX, or for possible use by the FIT procedure.

KOBJ = 6: Mostly dedicated to the calculation of first, second and other higher order transfer coefficients
and various other optical parameters, in conjunction with MATRIX or with TWISS. The input data are the
step sizes

PY, PT, PZ, PP, PX, PD
to allow the building up of an object containing 61 particles. The last data are the initial coordinates of the
reference trajectory [normally (YR, TR, ZR, PR, XR, DR) = (0,0,0,0,0, 1)]. The reference rigidity of the beam
is DR * BORO.

KOBJ = T7: Object with kinematics
The data and functioning are the same as for KOB.J = 1, except for the following
e ID is not used,

e PD is the kinematic coefficient, such that for particle number I, the initial relative momentum Dy is
calculated from the initial angle 77 following

DI = DR + PD x TI
while 77 is in the range
0, *PT, =+2«PT, ..., *IT/2xPT
as stated under KOBJ = 1

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

ay, /BYa EY/ﬂ-
az, /32, 6z/ﬂ'
ax, /BX, EX/W

where «, 8 are the ellipse parameters and /7 is the emittance encompassed, corresponding to an ellipse with
2
_:—OZYYZ +2ay YT + By T? = ey /m (idem for the (7, P) or (X, D) planes).
Y

The ellipses are centered respectively on (Yo, Tp), (Zo, Po), (Xo, Do).
The number of samples per plane is respectively IX,1Y,17. If that value is zero, the central value above is
assigned.

equation
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OBJETA: Object from Monte-Carlo simulation of decay reaction [14]

This generator simulates the reactions

My + My — M3+ M,y
and then

My, — My + Mg

where M, 1s the mass of the incoming body; M5 is the mass of the target; M3 is an outgoing body; M, is the
rest mass of the decaying body; M5 and Mg are decay products. Example:

p+d—>He+7

n—pt+pu”
The first input data are the reference rigidity
Boro =22
q

an index IBODY 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 OBJETA with
IBODY = 2; they are then stored in a buffer array, and restored as initial conditions at the next occurrence of
OBJETA with IBODY = 3. Note that zgoubi by default assumes positively charged particles.

Another index, KOBJ specifies the type of distribution for the initial transverse coordinates Y, 7; namely either
uniform (KOBJ = 1) or Gaussian (KOBJ = 2). The other three coordinates 7', P and D are deduced from the

kinematic of the reactions.

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

My, My, Ms, M, Ms, Mg

and the kinetic energy 77 of the incoming body (M).
Then one gives the central value of the distribution for each coordinate

Yo, To, Zo, Po, Dy
and the width of the distribution around the central value
3y, 6T, 67, dP, 6D
so that only those particles in the range
Yo—8Y <Y <Yo+dY ... Dg—86D<D<Do+6D
will be retained. The longitudinal initial coordinate is uniformly sorted in the range

—XIL < Xo < XL

The random sequences involved may be initialized with different values of the two integer seeds TRy and TRs

(~ 109).
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4.3 Declaration of options

These options allow the control of procedures that affect certain functions of the code. Some options are
normally declared right after the object definition (e.g. SPNTRK - spin tracking, MCDESINT - in-flight decay),
others are normally declared at the end of the data pile (e.g. END — end of a problem, REBELOTE — for
tracking more than 10*particles or for multi-turn tracking, FIT — fitting procedure).
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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, next line, by NF (< 20), the number of files to be translated.
Then follow, line per line, the NF names of the files to be translated.

Iff a file name begins with the prefix “B_” or “b_", it is presumed “binary”, and hence converted to “formatted”,
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 procedure BINARY only supports files with standard TOSCA magnet code output
format (see keyword TOSCA).



4.3 Declaration of options 45

END or FIN: End of input data list ; see FIN

The end of a problem, or of a set of several problems stacked in the data file, should be stated by means of the
keywords FIN or END.

Any information following these keywords will be ignored.
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FIT: Fitting procedure

The keyword FIT allows the automatic adjustment of up to 20 variables, for fitting up to 20 constraints. It has

been realized after existing routines used in the matrix transport code BETA [15]. Any physical parameter of

any element (z.e. keyword) may be varied. Available constraints are, amongst others: any of the 6 x 6 coefficients

of the first order transfer matrix [R;;] as defined in the keyword MATRIX, and its horizontal (R11Ras— Ri2Ra1)

and vertical (RasRas4 — R34 R43) determinants; horizontal and vertical tunes (if periodical structure); any of the

6 x 6 x 6 coefficients of the second order array [Tj;x] as defined in MATRIX ; any of the 2 x 4 coefficients of the
o-matrix as defined by

011 012
[‘Tij] — | 921 022
033 034
043 044

and any trajectory coordinates F'(.J,I) as defined in OBJET (I = particle number, J = coordinate number =
1 to 6 for respectively D, Y, T, Z P or S =path length).

Tunes vy z and Twiss periodic functions By z,ay z,vy,z are adjustable as well; they are defined by
identification of the full optical structure transfer matrix [R;;] with the Twiss matrix, following [R;;] =

Icos(2mvy, z) + Jsin(2mvy, z) wherein J = < a B )

—y —a
VARIABLES
The first input data in FIT are the number of variables NV | and for each one of them, the following parameters
TR = number of the varied element in the structure
IP = number of the physical parameter to be varied in this element
XC = coupling parameter. Normally XC = 0. If XC # 0, coupling will occur (see below).
DV = allowed relative range of variation of the physical parameter 7P.

Numbering of the elements (IR):

The elements (DIPOLE, QUADRUPO, etc.) are numbered following their sequence in the zgoubi input data
file, for the purpose of the FIT procedure. The number of any element just identifies to its position in the data
sequence. However, a simple way to get IR is to make a preliminary run: zgoubi will then print the whole
structure into the file zgoubi.res with all elements numbered.

Numbering of the physical parameters (IP):
In the elements DIPOLE, AIMANT and EBMULT, ELMULT, MULTIPOL, the numbering of the physical

parameters just follows their sequence, as it is shown here after for DIPOLE: the left column below represents
the input data, the right one the corresponding numbering to be used for the FIT procedure.

Input data Numbering for FIT
DIPOLE

NFACE, IC, IL 1,2,3

TAMAX, IRMAX 4,5

By, N, B, G 6,7,8,9

AT, ACENT, RM, RMIN, RMAX 10, 11,12, 13, 14

A€ 15,16

NC', Cy, C1, Cy, Cs, Cy4, C5 shift 17, 18, 19, 20, 21, 22, 23, 24
w, 8, R, Uy, Us, Ry 25, 26, 27, 28, 29, 30

etc. etc.
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Parameters in SCALING also have a specific numbering, as follows.

Input data
SCALING

IOPT, NFAM
NAMEF

NTy
SCL(I),I=1,NTy
TIM(I), =1, NTy
NAMEF

NT,

SCL(I), I =1, NT,
TIM(I), I =1, NT,

etc. up to NFAM

Numbering for FIT

10[,..., 10+ NT]
10],..., 10+ 2% NT]

2 [,..., 20+ NT]
20 [,..., 204 2% NT3]

etc.

For all other keywords, the parameters are numbered in the following way

Input data
KEYWORD

first line

second line

this is a comment
next line

and so on...

Numbering for FIT

1,2,3,..

10, 11, 12, 13,...

a line of comments is skipped
20, 21, 22,...

30, 31, 32, 33,...

The examples of QUADRUPO (quadrupole) and TOSCA (Cartesian mesh field map) are given below.

Input data

QUADRUPO

IL

XL, Ry, B

XE, AE

NCE 3 CO; Cl; 02; CS; 04; C15
Xs, As

NCS 3 CO; Cl; 02; CS; 04; C15
XPAS

KPOS, XCE, YCE, ALE

TOSCA

ic, IL

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

TIT

IX, IV, IZ

FNAME

ID, A, B, C A", B, C', etc. if ID > 2]
IORDRE

XPAS

KPOS, XCE, YCE, ALE

Coupled variables (X ()

Numbering for FIT

1
10, 11, 12

20, 21

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

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

70, 71, 72, 73

1, 2

10, 11 [,12, 13]

This is text

20, 21

This is text

30, 31, 32, 33 [34, 35, 36, etc if ID > 2]
40

50

60,61,62,63

Coupling a variable parameter to any other parameter in the structure is possible. This is done by giving
X C a value of the form r - pp where the integer part r is the number of the coupled element in the structure

(equivalent to TR, see above), and the decimal part pp is the number of its parameter of concern (equivalent to

TP, see above) (if the parameter number is in the range 1,...,9, then pp must take the form Op). For example,

XC = 20-01 1s a request for coupling with the parameter number 1 of element number 20 of the structure,

while XC' = 20 - 10 is a request for coupling with the parameter number 10 of element 20.
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An element of the structure which is coupled (by means of XC' # 0) to a variable declared in the data list
of the FIT keyword, needs not appear as one of the NV variables in that data list (this would be redundant
information).

X' can be either positive or negative. If XC' > 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 (DV)
For a parameter TP of initial value p, the FIT procedure is allowed to explore the range p(1 + DV).

IcC = type of constraint (see table below).

I,J = constraint (i.e. R;;, determinant, tune; Tj;x; 0;; trajectory #7
and coordinate #£.J)

IR = number of the element in the zgoubi input data file, right after
which the constraint applies

Vv = desired value of the constraint

w = weight of the constraint (smaller W for higher weight)

CONSTRAINTS

The next input data in FIT are the number of constraints, NC' , and for each one of them the following
parameters.

IC=0 : The coefficients 011 (033) = horizontal (vertical) beta values and o35 (044) = horizontal (vertical)
derivatives (& = —f'/2) are obtained by transport of their initial values at line start as introduced using for

instance OBJET, KOBJ=5.1.

IC=0.1 : Twiss functions: o117 = By ,012 = 021 = —ay,029 = Yy, 033 = 7,084 = 043 = —Qz,044 = VZ;
periodic dispersion: o156 = Dy, 096 = Dy, 036 = Dz, 046 = Dy, all quantities derived by assuming periodic
structure and identifying the first order transfer matrix to its Twiss form.

IC=1, 2 : The coefficients R;; and Tj;; are calculated following the procedures described in MATRIX,
option IFOC = 0. The fitting of the [R;;] matrix coefficients or determinants supposes the tracking of particles
having initial coordinates sampled as described in MATRIX (these particles are normally defined with OBJET,
KOBJ = 5 or 6). The same is true for the T3k second order coeflicients (Tnitial coordinates normally defined
with OBJET, KOB.J = 6).

IC=3: Tf 1 < T < IMAX then the value of coordinate type J (J = 1,6 for respectively D, Y, T, Z, P, S) of
particle number 1 (] <I< IZVMX) is constrained. If I = —1 the constraint is the mean value of coordinate of
type J.

IC=4 : The coefficients o117 (033) = horizontal (vertical) beta values and 22 (044) = horizontal (vertical)
derivatives (@ = —f’/2) are derived from an ellipse match of the current particle population (as generated for
instance using MCOBJET, KOBJ=3).

The fitting of the [oy;] coefficients supposes the tracking of a relevant population of particles within an adequate
emittance.

IC=5: If I = —1 then the constraint value is the ratio of particles still on the run. If / > 1 then the constraint
value is the ratio of particles encompassed within a given I-type (I = 1—3 for respectively Y, Z, D) phase-space
surface.
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. Parameters defining the constraints Object definition
Type of constraint
(recommended)
IC I J Constraint
o-matrix 0 1-6 1-6 or; (011 = Py, 012 = 091 = ay, etc.) | OBJET, KOBJ=5 or 6
Periodic (Twiss) 0.1 1-6 1-6 ory (011 = cos py + ay sin py, etc.) | OBJET, KOBJ=5 or 6
coefficients 7 any Y-tune = py /27
8 any Z-tune = pz /2w
First order 1 1-6 1-6 Transport coeff. Rry OBJET, KOBJ=5
parameters 7 any Y-determinant
8 any Z-determinant
Second order 2 1-6 11 - 66 Transport coeff. Ty ; OBJET, KOBJ=6
parameters (j =1[J/10], k= J —10[J/10])
Trajectory 3 | 1-MAX 1-6 F(J,1) OBJET, MCOBJET
coordinates —1 1-6 < F(J,4) >i=1,max
Matched ellipse 4 1-6 1-6 or; (011 = Py, 012 = 091 = ay, etc.) | OBJET, KOBJ=8;
parameters MCOBJET, KOBJ=3
Number of H -1 any Ratio Nyuryived/IMAX OBJET, MCOBJET
particles 1-3 any Nsurvived/IMAX through e;

Table 1: This table shows the constraints available, depending on the values of
IC, I and J. [] denotes the integer part. When IC' = 3, I designates
the particle number and J the coordinate number (i.e., D, Y, T, Z, P

or X).
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OBJECT DEFINITION

Depending on the type of constraint (see Table), constraint calculations are performed either from trans-
port coefficient calculation and in such case need OBJET with either KOBJ = 5 or KOBJ = 6, or from particle
distributions and in this case need object definition using for instance OBJET with KOBJ = 8, MCOBJET
with either KOBJ = 3.

THE FITTING METHOD [15]

The numerical procedure is a direct sequential minimization of the quadratic sum of all errors (i.e., differences
between desired and actual values of the NC' constraints), each normalized by its specified weight W (the smaller
W, 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 of the step size, as well as the optimum direction of variation,
is determined for each one of the NV 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.
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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.

To be documented
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MCDESINT: Monte-Carlo simulation of in-flight decay[16]

As soon as MCDESINT appears in a structure (normally, after OBJET or after CIBLE), in-flight decay simu-
lation starts. It must be preceded by PARTICUL for the definition of mass M; and COM lifetime 7.

The two-body decay simulated is
1—24+3

The decay is isotropic in the center of mass. 1 is the incoming particle, with mass M1, momentum p; = v1 M1 p1¢

(relative momentum Dy = &W with BORO= reference rigidity, see OBJET), and position Y1, Z; in the
q

zgoubi frame. 2 and 3 are decay products with respective masses and momenta Ms, M5 and ps = ya M2 8s¢,

p3 = v3Msfsc.

The decay length s1 of particle 1 is related to its center of mass lifetime 7 by

S1 :crn/'y%—l

The path length s up to the decay point is then calculated from a random number 0 < R; < 1 by using the
exponential decay formula
s = —s1/nRy

After decay, particle 2 will be ray-traced with assumed positive charge, while particle 3 is discarded. Its
scattering angles in the center of mass §* and ¢ are generated from two other random numbers 0 < R2 < 1 and
0< R3<1by

6" = 2w (R — 0.5) (—m < 8" <m)
(/):271’R3 (0<¢S2ﬂ')

¢ is a relativistic invariant, and # in the laboratory frame (Fig. 7) is given by

1 in 9%
tanf = — s

n & + cos 6*

B3

B35 and momentum p, are given by

. MP4MZ— M3
2= 2 M, M,

. 1 1/2
%:(1‘72)

Yo =173 (14 B15 cos %)

P2 = MQ\/’y% -1

Finally, # and ¢ are transformed into the angles 75 and Ps in the zgoubi frame, and the relative momentum
1
takes the value Dy = @W (where BOROis the reference rigidity, see OBJET), while the starting position
q
of M2 18 Y2 = Y1 and Z2 = Zl.

The decay simulation by zgoubi obeys the following procedures. In optical elements and field maps, after

each integration step XPAS, the actual path length of the particle, F(6, ), is compared to its limit path length

XPA
s. If s is passed, then the particle is considered as having decayed at F(6,1) — TS’ at a position obtained

by a linear translation from the position at F(6, 7). [Presumably, the smaller XPAS, the smaller the error on
position and angles at the decay point].
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Figure 7: At position M (X1,Y1,Z1), particle 1 decays into 2 and 3; zgoubi then calculates the
trajectory of 2, while 3 is discarded.
f and ¢ are the scattering angles of particle 2 relative to the direction of the incoming
particle 1; they transform to 75 and P; in zgoubi frame.

In ESL and CHANGREF, F(6,7) is compared to s at the end of the element. If the decay occurs inside the
element, the particle is considered as having decayed at its actual limit path length s, and its coordinates at s
are recalculated by translation.

The limit path length of all particles (/ = 1, IMAX ) is stored in the array FDES(6, I), for further statistical
purposes. For the same purpose (e.g., use of HISTO), any particle of type 2 (resulting from decay of 1) will
be tagged with an S standing for “secondary”. When a particle decays, its coordinates D, Y, T, 7, P at the
decay point are stored in FDES(J,I), J =1, 5.

NOTE on negative drifts:

The use of negative drifts with MCDESINT is allowed and correct. For instance, negative drifts may occur in
a structure for some of the particles when using CHANGREF (due to the Z-axis rotation or negative XCE),
or when using DRIFT with XL < 0. Provision has been made to take it into account during the MCDESINT
procedure, as follows.

If, due to a negative drift, a secondary particle reaches back the decay spot of the primary particle from which
it originated, then that primary particle is regenerated with its original coordinates at that spot. Then the
secondary particle 1s discarded while ray-tracing resumes in a regular way for the primary particle which is
again susceptible of decay at the same time-of-flight. This procedure is made possible by prior storage of the
coordinates of the primary particles (in array FDES(J, I)) each time a decay occurs.

Negative steps (XPAS< 0) in optical elements are not compatible with MCDESINT.
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ORDRE: Taylor expansions order

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

.. As®
R~ R0+ﬁ0As+...+rJ§4)5—S‘
o o " L(ay As?
u1Nu0+uéAs+...+ué4)T

which corresponds to third order derivatives of é, since (eq. (1.2.7))

i =d" x B4+3d”" x B’ +3id' x B" +ix B"

and to the third order derivatives of £ (eq. (1.2.11)) as well.

However B, or E", and higher order derivatives may be zero in second order type 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 fasten calculations by limiting the time-consuming
calculation of lengthy (while possibly ineffective in terms of accuracy) Taylor expansions.

In that spirit, the purpose of ORDRE, option 10 = 2 — 5, is to allow for expansions to the ﬁélo) term in

eq. 1.2.4. Default functionning is 70 = 4.

Note the following;:
As concerns the optical elements

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

magnetic field derivatives (see eq. 1.2.8) have been installed in the code according to 605) developement order;
it may not be as complete for some other optical elements, as well as for the possible electric field component
whose field derivatives may not be provided to more than second order.

In electric optical elements field derivatives (eq. 1.2.13) are usually provided to no more than second

order, which justifies saving computing time by not pushing Taylor expansions as high as 11'(()5).

NOTE: see also the option IORDRE in field map declarations (DIPOLE, TOSCA, etc.).
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PARTICUL: Particle characteristics

PARTICUL allows the definition of several characteristics of the particles (mass, charge, gyromagnetic factor
and life-time in the center of mass), that are needed in several procedures, as follows

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

SYNRAD : mass, charge

Electric and Electro-Magnetic elements : mass, charge

The declaration of PARTICUL must precede these keywords.
Note that, in the case of electric or electro-magnetic optical elements, the mass and charge are needed in order
to compute the particle velocity v, as involved in eq. 1.2.3.
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REBELOTE: Jump to the beginning of zgoubi input data file

As soon as REBELOTE is encountered in the input data file, the code execution jumps back to the beginning
of the data file to start a new run, and so on up to NPASS times. When the following random procedures
are used: MCOBJET, OBJETA, MCDESINT, SPNTRK (KSO = 5), their random seeds are not reset, and
therefore independent statistics will add up. REBFELOTE is dedicated either to Monte Carlo calculations
when more than 10%particles are to be tracked (due to IMAX < 10%, see MCOBJET), or to the tracking in
circular machines (e.g. Synchrotron accelerators). The option index K is then used to either generate new
initial coordinates (K = 0 see section 4.6.7), when using MCOBJET or any other generator of random initial
coordinates, or in order that the final coordinates at the last run be taken as the initial coordinates of the next
(K = 99 — see section 4.6.4).

Monte Carlo simulations: normally K = 0. NPASS runs through the same structure will follow, resulting

in the calculation of (1 + NPASS) % IMAX trajectories.

Circular machines: normally K = 99. NPASS turns in the same structure will follow, resulting in the tracking
of IMAX particles over 1 + NPASS turns (Note: for the simulation of accelerators and synchrotron motion, see

SCALING).

Output prints over NPASS runs might result in a prohibitively big file. They may be inhibited by means of the
option KWRIT= 0.

REBELOTE provides statistical calculations and related informations on particle decay (MCDESINT), spin
tracking (SPNTRK), stopped particles (CHAMBR, COLLIMA).
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RESET: Reset counters and flags

Piling up problems in zgoubi input data file is allowed, with normally no particular precaution, except that
each new problem must begin with a new object definition (with MCOBJET, OBJET, etc.). Nevertheless,
when calling upon certain keywords, flags, counters or integrating procedures are involved. It may therefore be
necessary to reset them. This is the purpose of RESET which normally appears right after the object definition
and causes each problem to be treated as a new and independent one.

The keywords or procedures of concern and the effect of RESET are the following

CHAMBR : NOUT = number of stopped particles = 0; CHAMBR option switched off

COLLIMA : NOUT = number of stopped particles = 0

HISTO : Histograms are emptied

INTEG : NRJ = number of particles out of range = 0 (INTEG is the numerical integration
subroutine; NR.J is incremented when a particle goes out of a field map)

MCDESINT : Decay in flight option switched off

SCALING : Scaling options disabled

SPNTRK . Spin tracking option switched off
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SCALING: Time scaling of power supplies and R.F.

SCALING acts as a function generator dedicated to varying fields in optical elements, or potentials in electro-
static devices, or frequency in CAVITE. Tt is normally intended to be declared right after the object definition,
and used in conjunction with REBELOTE, for the simulation of multiturn tracking - possibly including accel-
eration 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 all MULTIPOL’s in the zgoubi optical structure data file. Subsets can be selected by
labeling keywords in the data file (section 4.6.3, page 124) and adding the corresponding LABEL(’s) in the
SCALING declarations (two LABEL’s maximum). The family name of concern, as well as the field versus
timing scaling law of that family (or frequency versus timing in the case of CAVITE) are given as input data
to the keyword SCALING. Up to 9 families can be declared as subject to a scaling law; a scaling law can be
made of up to 10 successive timings; between two successive timings, the variation law is linear.

An example of data formatting is given in the following.

SCALING - Scaling

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

2 2 timings

18131.E-3 24176.E-3  The field increases (linearly) from 18131E-3+ By to 24176E-3% By
1 6379 from turn 1 to turn 6379

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

2

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

BEND - All BEND’s (regardless of any LABEL)

2

18131.E-3 24176.E-3  Same scaling

1 6379

CAVITE - Accelerating cavity

2

1 1.22 1.33352 The synchronous rigidity (Bp)s increases,

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

from 1.22 %(Bp),, to 1.33352 (Bp),, 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
and B; are updated in the following way. Let SCALE(TIMING = N) be the updating scale factor

24.176 — 18.131

ALE(N) = 18.131
5C (V) 313 1+6379 -1

(N—-1)
and then

B(N) = SCALE(N) B,

The cavity R.F. is calculated from

fap = he q4(Bp)s
L (q*(Bp)? + (Mc?)2)1/2

where the rigidity is updated in the following way. Let (Bp),, be the initial rigidity (namely, (Bp),, = BOROas
defined in the keyword OBJET for instance). Then, at turn number N,
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1.22-1
if 1 < N <1200 the ALE(N) =1+ —M —
if 1 <N <1200 then, SC (N) +1+1200_1(N 1)
1.33352 —1.22

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

146379 — 1200 (
and then,

(Bp)s (N) = SCALE(N) - (Bp)s,

from which value the calculations of frp(N) follow.

Note : It may happen that some optical elements won’t scale, for source code developement reasons.
This should be paid attention to.
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SPNTRK: Spin tracking

The keyword SPNTRK permits switching on the spin tracking option. It also permits the attribution of an
initial spin component to each one of the IMAX particles of the beam, following a distribution that depends on
the option index KSO. It must be preceded by PARTICUL for the definition of mass and gyromagnetic factor.

KSO =1 (respectively 2, 3): the IMAX particles of the beam 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 one of the IMAX particles of the beam.

KSO = 5: random generation of IMAX initial spin conditions as described in Fig. 8. Given a mean polarization
axis (S) defined by its angles Ty and Py, and a cone of angle A with respect to this axis, the IMAX spins are
sorted randomly in a Gaussian distribution

pla) =exp [~ 5 vim

and within a cylindrical uniform distribution around the (S) axis. Examples of simple distributions available
by this mean are given in Fig. 9.
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Figure 8: Spin distribution as obtained with option KSO = 5.
The spins are distributed within an annular strip A (standard deviation) at an angle A
with respect to the axis of mean polarization (S) defined by Ty and Py.
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. (A) “4 (B)

n\y
v

dA

Figure 9: Examples of the use of KSO =5.
A: Gaussian distribution around a mean vertical polarization axis, obtained with
Ty = arbitrary, Py = /2, A =0 and §A # 0.
B: Isotropic distribution in the median plane, obtained with Py = +7/2, A = 7/2,
and A = 0.
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SRLOSS: Synchrotron radiation loss

[10]

The keyword SRLOSS allows activating or stopping (option KSR = 1,0 respectively) stepwise tracking of
energy loss by emission of photons in magnetic fields and the ensuing particle energy perturbation. It must be
preceded by PARTICUL for defining mass and charge values as they enter in the definition of SR parameters.

Statistics on SR parameters are perform while tracking, results of which can be obtained by means of

keyword SRPRNL.
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SYNRAD: Synchrotron radiation spectral-angular densities

The keyword SYNRAD enables (or disables) the calculation of synchrotron radiation (SR) electric field and
spectral angular energy density. Tt must be preceded by PARTICUL 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 calculations should start, with the first
data KSR 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, YO, ZO) is specified next to KSR.

Data stored in zgoubi.sre:

(ELz, ELy, ELz): electric field vector g (eq. 3.2.1)
]
(btz, bty, btz) = p = —x particle velocity
e

-

d
(92, 9y,92) = d—f = particle acceleration (eq. 3.2.3)

AT = observer time increment (eq. 3.2.2)

t' =1 —r(t")/c = retarded (particle) time

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

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

NS = step number

I = particle number

LET(I) = tagging letter

IEX(I) = stop flag (see section 4.6.8)

SYNRAD is supposed to appear a second time at the location where SR calculations should stop, with KSR set
to 2. Tt results in the output of the angular energy density f:f PBPW/0é 8¢y Ov (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
(v1, va, N) are specified next to KSR.

Note that KSR = 0 followed by a dummy line of data allows temporary inhibition of SR procedures.
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4.4 Optical Elements and related numerical procedures

AIMANT: Generation of a dipole magnet 2-D map

The keyword AIMAN'T provides an automatic generation of a dipole median plane field map in polar coordinates.
A more recent and improved version will be found in DIPOLE. The extent of the map is defined by the following
parameters, as shown in Figs. 10A and 10B.

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.

w : azimuth of an EFB with respect to ACENT
6 : angle of a boundary with respect to its azimuth (wedge angle)
Ry, Ry : radius of curvature of an EFB

Ui, Us : extent of the linear part of the EFB.

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

R— RM R— RM\? R— RM\?
BZ—T*BQ*(1+N*<RT>+B*<RT> +G*<RT>) (4.4.1)

where N, B and G are respectively the first, second and third order field indices and F is the fringe field
coefficient, while the X and Y components of the field are assumed to be zero on the map mesh.

Calculation of the Fringe Field Coefficient

With each EFB a realistic extent of the fringe field, A, is associated (Figs. 10A and 10B), and a fringe field
coefficient F is calculated. Tn the following A stands for either Ag (Entrance), As (Exit) or A;, (Lateral EFB).
If a node of the map mesh is at a distance of the EFB larger than A, then F' = 0 outside the field map and
F =1 inside. If a node is inside the fringe field zone, then F is calculated as follows.

Two options are available, for the calculation of F'| depending on the value of &.

If ¢£> 0, Fis asecond order type fringe field (Fig. 11) given by

1T (A=s)? . ‘
F_E N ¢ if £<s<A (4.4.2)
1 (A=s)? .
F:]_E Py if —A<s<=¢ (4.4.3)
where s is the distance to the EFB, and

oty S if 0<s<¢ 4.4.4
=2t %3¢ if 0<s< (4.4.4)

1 s . -
in_)\-i-af if —¢<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/ds? at s = +¢ and s = +). For
more accuracy it is better to use the next option.
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LATERAL EFB

EXIT EFB

EXIT FACE
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Figure 10: A: Parameters used to define the field map and geometric boundaries.
B: Parameters used to define the field map and fringe fields.
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If £ = —1, F is an exponential type fringe field (Fig. 11) given by [17]

- exlp e (4.4.6)
where s is the distance to the EFB, and
P(s) =Co+Ch (%) +Cs (%)2 +Cs (%)3 + C4 (;)4 +Cs (%)5 (4.4.7)

The values of the coefficients Cy to C5 should be such that the derivatives of Bz with respect to s be negligible
at s = £, so as not to perturb the extrapolation of B out of the median plane (this restriction no longer holds
in the improved version DIPOLE).

It is also possible to simulate a shift of the EFB, by giving a non zero value to the parameter SHIFT. s is then
changed to s— SHIFT in the previous equation. This allows small variations of the total magnetic length.

Let Fg (respectively Fg, Fr) be the fringe field coefficient attached to the entrance (respectively exit, lateral)
EFB following eqgs. above. At any node of the map mesh, the resulting value of the fringe field coefficient

(eq. 4.4.1) is (Fig. 12)
F =Fgx*x Fgx I,

(Fr, = 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

SR = RMAX - RMIN
~ IRMAX -1
and the angular step by
AT

0= ———
TAMAX — 1
where, RMIN and RMAX are the lower and upper radial limits of the field map, and AT is its total angular
aperture (Fig. 10B). IRMAX and IAMAX 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 parameter NBS, so as to simulate
field defects or shims.

If NBS = —2, the map is globally modified by a perturbation proportional to R — Rg, where Rjg is an arbitrary
radius, with an amplitude ABz/ By, so that Bz at the nodes of the mesh is replaced by

Bz*<1+ABZ R —Rq )

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

ABz 6 — 6,
By AT

Bz*<1+
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Figure 11: Second order type fringe field (upper plot) and exponential type fringe field (lower plot).

Figure 12: Effective value of F for overlapping fringe fields Fy and Fy centered at O1 and Oa.
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Ri+ Ry 61480 .
If NBS > 1, then NBS shims are introduced at positions s 2, ! _; 2 (Fig. 13) [18]

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

o X2
1 (12)
n) " p
Ri+ Ry

where X is shown in Fig. 13, p = — is the central radius, @ and v are the angular limits of the shim, g

and p are parameters.
At each shim, the value of Bz at any node of the initial map is replaced by

By <1-|—F6*FR* ABZ)
Bq

where F' =0 or FR = 0 outside the shim, and 8 = 1 and FR = 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 parameter IORDRE (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 phase is then performed by means of Taylor expansions following the
procedure described in section 1.3.2.

(R1 + R») (01 + 02) .

d
an 5

Figure 13: A second order profile shim. The shim is centered at
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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,YCE = 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 to 7" = 0.

If I =2, it is equivalent to

CHANGREF[XW,YW,T(1)]

so that the new reference frame is at the position (XW, Y W) of the waist (calculated automatically in the same
way as for IMAGE) of the three rays number 1, 4 and 5 (compatible for instance with OBJET, KOBJ = 5, 6
together with the use of MATRIX) while T'(1) is set to zero.

If T =3, it is equivalent to

CHANGREF[XW,YW,T(I)]

so that the new reference frame is at the position (XW,Y W) of the waist (calculated automatically in the same
way as for IMAGE) of the three rays number T1, 12 and 13 specified as data, while T'(1) is set to zero.
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BEND: Bending magnet

BEND is one of the several keywords available for the simulation of dipole magnets. Tt 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 dipole simulation is performed from the magnet geometrical length XL, from the skew angle (rotation wrt.
the X axis, useful for obtaining vertical deviation magnet), and from the field B1 such that in absence of fringe
field the deviation 6 satisfies XL = ZBgﬁD sin(%).
Then follows the description of the entrance and exit EFB’s and fringe fields. The model is the same as for
DIPOLE. The wedge angles Wg (entrance) and Wy (exit) are defined with respect to the sector magnet, with
the signs described in Fig. 14. Within a distance £Xg(+Xs) on both sides of the entrance (exit) EFB, the
fringe field model is used; elsewhere, the field is supposed to be uniform.

If Ag (resp. Ag) is zero sharp edge field model is assumed at entrance (resp. exit) of the magnet and Xg (resp.
Xg) is set to zero. In this case, the wedge angle vertical first order focusing effect (if B1is non zero) is simulated
at magnet entrance and exit by a kick P, = P; — Z; tan(e/p) applied to each particle (Py, Py are the vertical
angles upstream and downstream the EFB, Z; the vertical particle position at the EFB, p the local horizontal
bending radius and ¢ the wedge angle experienced by the particle ; ¢ depends on the horizontal angle T).
Magnet (mis-)alignement is assured by KPOS, with special features allowing some degrees of automatism useful
for periodic structures (section 4.6.5).

g
\A// \ EXIt
Entrance N EFB

/
N

EFB

Figure 14: Geometry and parameters in BEND: X = length, # = deviation,
Wg, Ws are the entrance and exit wedge angles.
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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 fit the following FORTRAN
reading sequence

OPEN (UNIT = NL, FILE = FNAME, STATUS = ‘OLD’ [,FORM=’UNFORMATTED’])
D01 I=1, IX
IF (BINARY) THENW
READ(NL) X(I), BX(I)
ELSE
READ(NL,*) X(I), BX(I)
ENDIF
1 CONTINUE

where IX is the number of nodes along the (symmetry) X-axis, X (I) their coordinates, and BX (I) the values
of the X component of the field. BX is normalized with BNORM factor prior to ray-tracing, as well X is
normalized with a XNORM coefficient (usefull 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.".

X-cylindrical symmetry is assumed, resulting in BY and BZ taken to be zero on axis. E(X,Y, Z) and its

derivatives along a particle trajectory are calculated by means of a 5-point polynomial fit followed by second
order off-axis Taylor series extrapolation (see sections 1.3.1, 1.4.1).

Entrance and/or exit integration boundaries may be defined in the same way as in CARTEMES by means of
the flag 7D and coefficients A, 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. However, it can be used for the reading of any other 2-D median
plane maps, provided that the format of the field data storage file fits the following FORTRAN sequence

OPEN (UNIT = NL, FILE = FNAME, STATUS = ‘OLD’ [,FORM=’UNFORMATTED’])
IF (BINARY) THENW
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, X and JY are the number of longitudinal and transverse horizontal nodes of the uniform mesh, and
X(I), Y(J) their coordinates. FNAME is 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..

The measured field BMES is normalized with BNORM,

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

As well the longitudinal coordinate X is normalized with a XNORM coeflicient (usefull to convert to centimeters,
the working units in zgoubi .

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 parameter IORDRE (IORDRE = 2, 25 or 4, see
section 1.4.2).

In case a particle exits the mesh, its IEX flag is set to —1 (see section 4.6.8 on page 126), however it is still
tracked with the field being eztrapolated from the closest mesh nodes of the map. Note that such extrapolation
process may induce eratic behavior if the distance from the mesh gets too large.

Entrance and/or exit integration boundaries can be defined with the flag 7D, as follows (Fig. 15).
If ID = 1: the integration in the field is terminated on a boundary with equation A’X + B'Y + C' = 0, and

then the trajectories are extrapolated linearly onto the exit end of the map.

If ID = —1: an entrance boundary is defined, with equation A’X 4+ B'Y 4+ C’ = 0, up to which trajectories are
first extrapolated linearly from the map entrance end, prior to being integrated in the field.

If ID > 2: one entrance boundary, and 7D — 1 exit boundaries are defined, as above. The integration in the
field terminates on the last (7D — 1) exit boundary. No extrapolation onto the map exit end is performed in
this case.
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Figure 15: OXY is the coordinate system of the mesh. Integration boundaries may be defined, using 7D # 0:
particle coordinates are extrapolated linearly from the entrance face of the map, onto the boundary A’ X+ B'Y +
C" = 0; after ray-tracing inside the map and terminating on the boundary AX + BY + C = 0, coordinates are
extrapolated linearly onto the exit face of the map if 7D = 2, or terminated on the last (/D — 1) boundary if
ID > 2.
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CAVITE: Accelerating cavity

CAVITE provides an analytical simulation of a (zero length) accelerating cavity; it can be used in conjunction
with keywords REBELOTE and SCALING for the simulation of multiturn tracking with synchrotron accel-
eration (see section 4.6.7). Tt must be preceded by PARTICUL for the definition of mass M and charge q.

If IOPT = 0: CAVITE is switched off.

If IOPT = 1: CAVITE simulates the R.F. cavity of a synchrotron accelerator. Normally the keyword CAVITE
appears at the end of the optical structure (the periodic motion over I7T = 1, NPASS + 1 turns is simulated
by means of the keyword REBELOTE, option K = 99 while R.F. and optical elements timings are simulated
by means of SCALING — see section 4.6.7). The synchrotron motion of any of the IMAX particles of a beam

is obtained by solving the following mapping

Wy — Wy = qf/ sin ¢

where

¢ = R.F. phase; ¢2 — ¢1 = variation of ¢ between two traversals

W = kinetic energy; Wy — W1 = energy gain at a traversal of CAVITE

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

£ = orbit length of the particle between two traversals

Bsc¢ = velocity of the (virtual) synchronous particle

Be = velocity of the particle

/ = peak R.F. voltage

q = particle electric charge.

The R.F. frequency frr 1s a multiple of the synchronous revolution frequency, and is obtained from the input
data, following

Pa— q(Bp)s
7 (P (Bp)? + (Mo)?) 172

where
= harmonic number of the R.F

h
M = mass of the particle
¢ velocity of light.

The current rigidity (Bp), of the synchronous particle is obtained from the timing law specified by means of
SCALING following (Bp); = BORO - SCALE(TIMING) (see SCALING for the meaning and calculation of
the scale factor SCALE(TIMING)). If SCALING is not used, (Bp), is assumed to keep the constant value
BOROgiven in the object description (see OBJET for instance).

The velocity fe of a particle is calculated from its current rigidity

5= q(Bp)
V' (Bp)” + (Me)?

The velocity fBsc of the synchronous particle is obtained in the same way from

_ 9(Bp)s
V@ (Bp)? + (Mc)?

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

Bs
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q(Bp) = VW (W + 2M c?)
Finally, the initial conditions for the mapping, at the first turn, are the following
- For the (virtual) synchronous particle
¢1 = ¢5 = synchronous phase
(Bp)1s = BORO
- For any of the I = 1, IMAX particles of the beam

@11 = ¢s = synchronous phase
(Bp)ir = BORO * Dr

where the quantities BOROand Dy are given in the object description.

Calculation of the coordinates

1/2
Let pr = [pkr + 051 + P71
I, = [p?;”o +p¥r, + pZZIO] /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

be the momentum of particle I at the exit of the cavity, while

1/2
pxr = [p) — W3 — pin)] "

pyr =pvi,, and pzr=pzr, (longitudinal kick)
Xr=X1, Yr=Y, and Z;=2Zp, (zero length cavity)

and for the angles (see Fig. 1)

T] = Atg <p£>
Pxr

Pzr )
Pr=Atg| ———+——
! & <(P§(I + p3 )2

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

(damping of the transverse motion)

AW, = qV sin ¢,

where the synchronous phase ¢, is given in the input data. From this, the calculation of the law (Bp), and the
R.F. frequency frr follows, according to the formulae given in IOPT = 1.

If IOPT = 3: acceleration without synchrotron motion. Any particle will be given a kick

AW = qV sin ¢,

where V and ¢, are input data.

NOTE: Calculation of the closed orbit.

Due to the fringe fields, the horizontal closed orbit may not coincide with the ideal axis of the optical elements.
One way to calculate it at the beginning of the structure (i.e. where the initial particle coordinates have to
be defined) is to ray-trace a single particle over a significantly high number of turns, starting with the initial
condition (Yo = Ty = Zy = Py = 0), and so as to obtain a statistically well-defined phase-space ellipse. The
initial conditions of the closed orbit then correspond to the coordinates Y, and T, of the center of this ellipse.
Next, ray-tracing over one turn a particle starting with the initial condition (Y., T¢, Zo = Py = 0) will provide
the length £ (namely, the F(6,1) coordinate) of the closed orbit.
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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 at YC', ZC and has transverse dimensions £Y I and £7 L such that any particle will be stopped if
its coordinates Y, Z satisfy

Y -YC)Y? >YL?or (Z—-Z2C)* > ZL* if IFORM =1
(Y —-YC)? N (Z — 2C)?
Y L2 AR

>1 if IFORM =2

The conditions introduced with CHAMBR are valid along the optical structure until the next occurrence of the
keyword CHAMBR. Then, if IL. = 1 the aperture is possibly modified by introducing new values of Y C', ZC|
YL and 7L, 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 the EFB’s. For instance, in QUADRUPO
there will be no testing from —Xg to 0 and from XL to XL 4+ Xg, but only from 0 to XL; in DIPOLE, there
is no testing as long as the ENTRANCE EFB is not reached, and testing is stopped as soon as the EXIT or
LATERAL EFB’s are passed.

In polar coordinate optical elements Y stands for the radial coordinate (e.g. with DIPOLE, see Figs. 3C and 10).
Therefore, centering CHAMBR at YC' = RM simulates a chamber curved with radius RM, and having a radial
acceptance RM Y L. The testing is done in ESL (DRIFT) at the beginning and the end, and only for positive
drifts. There is no testing in CHANGREF.

When a particle is stopped, its index IEX (see OBJET and section 4.6.8) is set to the value -4, and its actual
path length is stored in the array SORT for possible further statistical purposes.
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CHANGREF: Transformation to a new reference frame

CHANGREF transports the particles to a new reference frame. It can be used anywhere in a structure. The
new coordinates of the particles Ya, 75, 72 and P, and the path length S» are deduced from the old ones Y7,
Tl, Zl, Pl and Sl by

Ty =Ty — ALE
(Y1 =YCE)cosTi + XCEsinTy
cos Ty
DL? = (XCE — Yasin ALE)* + (YCE — Y1 + Ys cos ALE)?
Zy = Z1 4+ DLtgP
DL

cos Py

Yy =

Ss =51+
Py =P

where, XCF and YCFE are shifts in the horizontal plane along,respectively, X- and Y-axis, and ALE is a
rotation around the Z-axis. DL is given the sign of XCFE — Yysin(ALE). This keyword may for instance be
used for positioning optical elements, or for setting a reference frame at the entrance or exit of field maps.
Effects of CHANGREF on spin tracking, particle decay and gas-scattering are taken into account (but not on
synchrotron radiation).

Old Frame # ‘,"’ ‘\_Ne\u Frame

Figure 16: Scheme of the CHANGREF procedure.
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CIBLE or TARGET: Generate a secondary beam from target interaction

The reaction is 1 + 2 — 3 + 4 with the following parameters

Laboratory momentum pr=0 p2 p3  pa
Rest mass M,y My Mz M,y
Total energy in laboratory Mic? W Wz Wi

The geometry of the interaction is shown in Fig. 17.

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

The position of B downstream is deduced from that of A upstream by a transformation equivalent to two
transformations using CHANGREF, namely

CHANGREF(XCE=YCE =0, ALE=p)
followed by
CHANGREF(XCE=YCE =0, ALE=10-27).
Particle 4 is discarded, while particle 3 continues. The energy loss @ is related to the variable mass M4 by
Q=M+ My — (M3 + M) and d@Q) = —dM,

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

Mic? +Wo = Wa+ W,y
Ps = p3 + ps — 2papscos(f — T)

REFERENCE
AT ENTRANCE

Figure 17: Scheme of the principles of CIBLE (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
# = angle between entrance and exit frames
B = tilt angle of the target
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COLLIMA: Collimator

COLLIMA acts as a mathematical aperture of zero length. Tt causes the identification, counting and stopping
of particles that reach the aperture limits.

Phisical aperture

A physical aperture can be either rectangular (IFORM = 1) or elliptic (IFORM = 2). The collimator is
centered at YC', ZC' and has transverse dimensions £Y . and &7 1. such that any particle will be stopped if its
coordinates Y, 7 satisfy

(Y-YCY >YIL*or (Z—2C)*>ZL* if IFORM =1
(Y -Y0)? (Z-27C)?
Y12 AE

>1 if IFORM =2

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

(h < hyinorh > hmaz)or(v < vy,inorv > vmaz)

wherein, h is path length S if IFORM=6 or time if IFORM =7, and v is 1+DP/P if J=1 or kinetic energy if
J=2 (provided mass and charge have been defined using the keyword PARTICUL).

If IFORM=11 (respectively 12) then ey /7 (respectively ez /m) is to be specified by the user as well as ay z,
By, z. I IFORM=14 (respectively 15) then ay and fy (respectively az, 87) are computed by zgoubi by prior
matching of the particle population, only ey z /7 need be specified by the user.

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

wY? 420y YT + ByT? > ey/m if IFORM =11 or 14
Nz 7%+ 2077ZP + BzP? > ¢z/n if TFORM =12or 15
If IFORM=11 (respectively 12) then ey /7 (respectively ez /m) is to be specified by the user as well as ay 7,

By z. If IFORM =14 (respectively 15) then ay and By (respectively az, 87) are computed by zgoubi by prior
matching of the particle population, only ey 7 /7 need be specified by the user.

When a particle is stopped, its index IEX (see OBJET and section 4.6.8) is set to the value -4, and its actual
path length is stored in the array SORT for possible further statistical purposes (e.g. with HISTO).
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DECAPOLE: Decapole magnet (Fig. 18)

The meaning of parameters for DECAPOLE is the same as for QUADRUPO.
In fringe field regions the magnetic field B(X,Y, 7) and its derivatives up to fourth order are derived from the
scalar potential approximated to the 5th order in Y and 7

Outside fringe field regions, or everywhere in sharp edge decapole (Ag = As =0) , E(X, Y, Z) in the magnet is
given by

Bx =0
By =4Go(Y? = ZHY 7
By = Go(Y* —6Y27% + 7%)

Figure 18: Decapole magnet
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DIPOLE: Generation of a dipole magnet 2-D map
DIPOLE is a more recent, simpler and improved version of AIMANT.

The keyword DIPOLE 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. 10A and 10B.

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

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

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

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

R— RM R— RM\’ R—RM\"

where N, B and G are respectively the first, second and third order field indices and F is the fringe field
coefficient, while the X and Y components of the field are assumed to be zero on the mesh plane.

Calculation of the Fringe Field Coefficient

With each EFB a realistic extent of the fringe field, A (normally equal to the gap size), is associated and a fringe
field coefficient F is calculated. In the following A stands for either Ag (Entrance), Ag (Exit) or Az (Lateral
EFB).

F is an exponential type fringe field (Fig. 11) given by [17]

1
1 +expP(s)
where s is the distance to the EFB, and

P(s)=Co+Cy (%) +Cs (%)2-%03 (;)S-I-Cz} (%)4%-05 (%)5

It is also possible to simulate a shift of the EFB, by giving a non zero value to the parameter SHIFT. s is then
changed to s—SHIFT in the previous equation. This allows small variations of the total magnetic length.

Let Fg (respectively Fs, Fr) 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. 4.4.8) is

.7: = FE * F5 * FL
(Fr, = 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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RMAX — RMIN

OR = —TRMAX — 1

and the angular step by

g AT
T TAMAX — 1

where, RMIN and RMAX are the lower and upper radial limits of the field map, and AT is its total angular
aperture (Fig. 10B). IRMAX and TJAMAX 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 parameter NBS, so as to simulate
field defects or shims.

If NBS = —2, the map is globally modified by a perturbation proportional to R — Ro, where Ry is an arbitrary
radius, with an amplitude ABz/ By, so that Bz at the nodes of the mesh is replaced by

BZ*<1+ABZ R —Rg )

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

By * <1+ABZ 9—90>

By AT
61+ 0
If NBS > 1, then NBS shims are introduced at positions iz —5 R2, ! —5 2 (Fig. 13) [18]

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

XZ
6:<7+E>ﬂ—7
n) " P’
Ri+ R,

where X is shown in Fig. 11, p = — is the central radius, a and ~ are the angular limits of the shim,

and p are parameters.
At each shim, the value of Bz at any node of the initial map is replaced by

AB
BZ*<1+FW*FR* Z>
By

where F' =0 or FFR = 0 outside the shim, and F§ =1 and FR = 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 parameter IORDRE (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 1.3.2.
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DODECAPO: Dodecapole magnet (Fig. 19)

The meaning of parameters for DODECAPO is the same as for QUADRUPO.
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 in Y and 7

1
V(X,Y,7)=G <Y4 — ?OyzzQ + 24) YZ
. By
with Go == R_g

Outside fringe field regions, or everywhere in sharp edge dodecapole (Ag = Ag = 0) , E(X, Y, 7Z) in the magnet
is given by

Bx =0
By = Go(5Y* —10Y? 2% + 747
Bz = Go(Y* = 10Y?Z? +52%)Y

Figure 19: Dodecapole magnet
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DRIFT or ESL: Field free drift space

DRIFT or ESL allow introduction of a drift space with length X7 with positive or negative sign, anywhere in
a structure. The associated equations of motion are (Fig. 20)

Yg:Yl—}-XL*th

XL
Zg = Zl + — tgP
cosT
XL

cosT * cos P

SAR; = SAR, +

Figure 20: 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 (5) multipole
§ititk E
dXiayiozk

expression of the multipole scalar potential (eq. 1.3.5), followed by a 5 rotation (n = pole order), as described

components (dipole to 20-pole). E and its derivatives (14 j+k < 4) are derived from the general

in section 1.5.3 (see also ELMULT). B and its derivatives are derived from the same general potential, as
described in section 1.3.5 (see also MULTIPOL).

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

Use PARTICUL prior to EBMULT, for the definition of particle mass and charge.

Electrode

’/Maghetuc pole

/r

Figure 21: An example of E, B multipole: the achromatic quadrupole
(known for its allowing null second order chromatic aberrations [19]).
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EL2TUB: Two-tube electrostatic lens

The lens is cylindrically symmetric about the X-axis.

The length and potential of the first (resp. second) electrode are X1 and V1 (X2 and V2). The distance between
the two electrodes is D, and their inner radius is Ry (Fig. 22). X-axis cylindrical symmetry is assumed. The
model for the electrostatic potential along the axis is [21]

V(X):V2gV1th%[+V1;’VQ] ifD=0
h x4+ D
Vo—Vi 1 YR, Vi + Vs .
- n
V(X) 5 25D nCth_D 5 fD#£0

0

(z = distance from half-way between the electrodes; w = 1.318; th = hyperbolic tangent; ch = hyperbolic cosine)
from which the field E(X,Y, 7) and its derivatives are derived following the procedure described in section 1.5.2

Vi+ Vs . . . .
! ;— 2| which disappears when differentiating).

(note that they don’t depend on the constant term
Use PARTICUL prior to EL2TUB, for the definition of particle mass and charge.

V1 V2 X

X1 D X2

Figure 22: Two-electrode cylindrical electric lens.
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ELMIR: Electrostatic N-electrode mirror/lens, straight slits

The device works as mirror or lens, horizontal or vertical. It is made of N 2-plate electrodes and has mid-plane
symmetry.

Electrode lengths are L1, 12, ..., LN. D is the mirror/lens gap. The model for the Y-independent electrostatic
potential is (after Ref. [22, p.412])

B Vi—Vi— sinh(7(X — Xi—1)/D)
V(X,Z2) = E - arctan cos(7Z/ D)

i=2
where Vi are the potential at the N electrodes (and normally V1 = 0 refers to the incident beam energy), Xi
are the locations of the slits, X is the distance from the origin taken at the first slit (located at X1 = 0 between
the first and second electrodes). From V (X, 7) the field E(X, Y, 7) and derivatives are deduced following the
procedure described in section 1.5.3 (page 26).
The total X-extent of the mirror/lens is L = Zf\;l L.
In the mirror mode (i.e., option flag MT = 11 for vertical mid-plane or 12 for horizontal mid-plane) stepwise
integration starts at X = — L1 (entrance of the first electrode) and terminates either when back to X = —LI or
when reaching X = L — Ll (end of the N — th electrode). In the latter case particles are stopped with their
index TEX set to —8 (see section 4.6.8 on page 126). Normally X1 should exceed 3D (possibly sensibly, so that
V(X < X1) have negligible effect in terms of trajectory behavior).
In the lens mode (i.e., option flag MT = 21 for vertical mid-plane or 22 for horizontal mid-plane) stepwise
integration starts at X = — Ll (entrance of the first electrode) and terminates either when reaching X = L — LI
(end of the N — th electrode) or when the particle deflection exceeds /2. In the latter case the particle is
stopped with their index [EX set to —3.

Use PARTICUL prior to ELMIR, for the definition of particle mass and charge.

/Av Y
‘LYILCEEZQZKTAEQ({” .

X, Tgec
tor,

L1 o Iz L2+ X

................. Vi V2 v3
z
....... D
IETTTTITTT NVPPIVTTIITITIIITITS Al X

Figure 23: Electrostatic N-electrode mirror/lens, straight slits, in the case N =
3, in horizontal mirror mode (MT = 11).
Possible non-zero entrance quantities YC'E, ALE should be specified
using CHANGREF, or using KPOS=3 with YCE=pitch, ALE=half-

deviation.
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ELMIRC: Electrostatic N-electrode mirror/lens, circular slits [22]

The device works as mirror or lens, horizontal or vertical. It is made of N 2-plate electrodes and has mid-plane
symmetrys.

Electrode slits are circular, concentric with radii R1, R2, ..., RN-1, D is the mirror/lens gap. The model for the
mid-plane (Z = 0) radial electrostatic potential is (after Ref. [22, p.443])

Y Vi-Vi-1 _m(r— Ri—1)
V(r) = ZZ:; - arctan <smh 5 )
where Vi are the potential at the N electrodes (and normally V1 = 0 refers to the incident beam energy). r is
the current radius.

The mid-plane field E(r) and its r-derivatives are first derived by differentiation, then E(r, 7Z) and

derivatives are obtained from Taylor expansions and Maxwell relations. Eventually a transformation to the
rotating frame provides E(X, Y, 7Z) and derivatives as involved in eq. 1.2.13.
Stepwise integration starts at entrance (defined by RE,TE) of the first electrode and terminates when rotation
of the reference rotating frame (RM, X,Y) has reached the value AT. Normally, R1 — RE and R1 — RS should
both exceed 3D (possibly sensibly, so that V(r < RE) and V(r < RS) have negligible effect in terms of trajectory
tails).

Positioning of the element is performed by means of KPOS (see section 4.6.5).

Use PARTICUL prior to ELMIRC, for the definition of particle mass and charge.

Symmetry

V3

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII Mid-plane

Figure 24: Electrostatic N-electrode mirror/lens, circular slits, in the case N = 3, in horizontal mirror mode.

SNOTE : in the present version of the code, the sole horizontal mirror mode is operational, and N is limited to 3.
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ELMULT: Electric multipole

The simulation of multipolar electric field Mg proceeds by addition of the dipolar (El), quadrupolar (E"Z),
sextupolar (F3), etc., up to 20-polar (F£10) components, and of their derivatives up to fourth order, following

Mp=FEl+E2+E3+ ... + E10

OMp OE1 OE2 OE3 OE10
ax ~ox Toax Toax T T ax
9’Mp  O°E1l  9°E2  O°E3 92E10
oxo7 ~ axoz T oaxoz Taxoz T T axoz
etc.

The independent components E1 to £10 and their derivatives up to the second order are calculated by differen-
tiating the general multipole potential given in eq. 1.3.5 (page 20), followed by a - rotation about the X-axis,
so that the so defined right electric multipole of order n, and of strength [19, 20]

N
v -1

N | —

K, =

ER

(Vi = potential at the electrode, Ry = radius at pole tip, ¥ = relativistic Lorentz factor of the particle) has the

same focusing effect than the right magnetic multipole of order n and strength K, = R”+B (B, = field at
0 P

pole tip, Bp = particle rigidity, see MULTIPOL).

Such — rotation of the multipole components is obtained following the procedure described in section 1.5.3.

The entrance and exit fringe fields are treated separately. They are characterized by the integration zone Xg
at entrance and Xg at exit, as for QUADRUPQO, and by the extent Ag at entrance, Ag at exit. The fringe field
extents for the dipole component are Ag and Ag. The fringe field for the quadrupolar (sextupolar, ..., 20-polar)
component is given by a coefficient Fy (Fa, ..., F1g) at entrance, and Sy (Ss, ..., S1g) at exit, such that the
fringe field extent is Ag % Fy (Ag * Ea, ..., Ag * F1g) at entrance and Ag * Sy (As * S3, ..., As % S1g) at exit.

If Ag = 0 (As = 0) the multipole lens is considered to have a sharp edge field at entrance (exit), and then,
Xg (Xg) is forced to zero (for the mere purpose of saving computing time).

If 5 =0 (S; =0) (¢ =2, 10), the entrance (exit) fringe field for multipole component i is considered as a sharp
edge field.

Overlapping of fringe fields inside the element is treated separately for each component, in the way described

in QUADRUPO.

Moreover, any multipole component Ei can be rotated independently by an angle RX ¢ around the longitudinal
X-axis, for the simulation of positioning defects, as well as skewed lenses.

Use PARTICUL prior to ELMULT, for the definition of particle mass and charge.
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Figure 25: An electric multipole combining skew-quadrupole
(E2 # 0, R2 = m/4) and skew-octupole (F4 #

0, R4 = m/8) components (El =E3=FE5= .. =
E10 = 0) [20].
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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) THENW
READ(NL) X(I), EX(I)
ELSE
READ(NL,*) X(I), EX(I)
ENDIF
1 CONTINUE

where TX is the number of nodes along the (symmetry) X-axis, X (/) their coordinates, and EFX(7) the values
of the X component of the field. EX is normalized with ENORM prior to ray-tracing. As well the longitudinal
coordinate X is normalized with a XNORM coefficient (usefull to convert to centimeters, the working units in
zgoubi .

X-cylindrical symmetry is assumed, resulting in FY and EZ taken to be zero on axis. E(X,Y, Z) and its
derivatives along a particle trajectory are calculated by means of a 5-points polynomial fit followed by second
order off-axis Taylor series extrapolation (see sections 1.5.1 and 1.6).

Entrance and/or exit integration boundaries may be defined in the same way as in CARTEMES by means of
the flag 7D and coefficients A, B, C', A’, B’, C".

Use PARTICUL prior to ELREVOL, for the definition of particle mass and charge.
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MAP2D: 2-D Cartesian uniform mesh field map - arbitrary magnetic field [23]

MAP2D reads a 2-D field map that provides the three components Bx, 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., dipole field with arbitrary Z elevation - the map needs not be a mid-
plane map, solenoidal field, etc.). The data file should be filed with a format that fits the following FORTRAN
reading sequence (presumably compatible with TOSCA code outputs)

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(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 IX (JY) is the number of longitudinal (transverse horizontal) nodes of the 2-D uniform mesh, Z(1) is the
considered Z-elevation of the map. For binary filesy 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 with X-,Y-NORM coefficients (usefull to convert to centimeters,
the working units in zgoubi .

At each step of the trajectory of a particle, the field and its derivatives are calculated by a polynomial inter-
polation followed by a Z extrapolation (see sections 1.3.3, 1.4.3). Entrance and/or exit integration boundaries
may be defined, in the same way as for CARTEMES.
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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 components Ex, Fy, 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 arbitrary Z elevation - the map
needs not be a mid-plane map). The data file should be filed with a format that fits the following FORTRAN
reading sequence

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(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

where IX (JY) is the number of longitudinal (transverse horizontal) nodes of the 2-D uniform mesh, Z(1) is the
considered Z-elevation of the map. For binary filesy FNAME must begin with ‘E_ " or ‘b_’, a flag ‘BINARY’ will
thus be set to . TRUE.”. The field E = (Ex, Fy, Ez) is next normalized with ENORM, prior to ray-tracing.
As well the coordinates X, Y re normalized with X-,Y-NORM coefficients (usefull to convert to centimeters,
the working units in zgoubi .

At each step of the trajectory of a particle, the field and its derivatives are calculated by a polynomial inter-
polation followed by a Z extrapolation (see sections 1.3.3, 1.4.3). Entrance and/or exit integration boundaries
may be defined, in the same way as for CARTEMES.
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MATPROD: Matrix transfer

MATPROD performs a matrix transfer of the particle coordinates in the following way

X; = Z Rz’jXJQ + ZTiijJQXIS
J gk
where, X; stands for any of the current coordinates Y, T, Z, P, path length and dispersion, and X{ stands for
any of the initial coordinates. [R;;] ([Ti;x]) is the first order (second order) transfer matrix as usually involved
in second order beam optics [15]. Second order 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 [R;;] and

[Tijx] matrices in a format suitable for straightforward use with MATPROD.
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MULTIPOL: Magnetic multipole

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

M =Bl+ B2+ B3+ ... + B10

OM 0Bl 9B2 0B3 dB10
X ~ox Tox Tax T T ax
’M  9°Bl  9°B2  9°B3 9’ B10
axoz ~ oxoz " oxoz Toxoz T T axoz
etc.

The independent components él, 52, 53, e B10 and their derivatives up to the fourth order are calculated
as described in section 1.3.5.

The entrance and exit fringe fields are treated separately. They are characterized by the integration zone Xg
at entrance and Xg at exit, as for QUADRUPQO, and by the extent Ag at entrance, Ag at exit. The fringe field
extents for the dipole component are Ag and Ag. The fringe field for the quadrupolar (sextupolar, ..., 20-polar)
component is given by a coefficient Fy (Fa, ..., F1g) at entrance, and Sy (Ss, ..., S1g) at exit, such that the
extent is Ag * Fa (Ag * F3, ..., Ag * F1g) at entrance and Ag * Sy (Ag * S5, ..., Ag * S1g) at exit.

If Ag = 0 (As = 0) the multipole lens is considered to have a sharp edge field at entrance (exit), and then,
Xp (Xg) is forced to zero (for the mere purpose of saving computing time). If F; =0 (S; = 0) (i = 2, 10), the
entrance (exit) fringe field for the multipole component i 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 kick P, = P; — Z1 tan(e/p) applied to each particle (P;, Py are the vertical angles upstream and
downstream the EFB, 7; the vertical particle position at the EFB, p the local horizontal bending radius and ¢
the wedge angle experienced by the particle ; € depends on the horizontal angle T).

Overlapping of fringe fields inside the optical element is treated separately for each component, in the way

described in QUADRUPO.

Any multipole component Bi can be rotated independently by an angle RX¢ around the longitudinal X-axis,
for the simulation of positioning defects, as well as skewed lenses.

(Mis-)alignement of the optical element is assured by KPOS, with special features allowing some degrees of
automatism useful for periodic structures (section 4.6.5).
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OCTUPOLE: Octupole magnet (Fig. 26)

The meaning of parameters for OCTUPOLE is the same as for QUADRUPO. 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 8-th order in Y and 7

960

1
V(X,Y,Z) < Y2+ZQ)+G (Y2+Z2)>(Y3Z—YZ3)
Bo
with Go = —3

0

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

Bx =0
By = Go(3Y?Z — 7°)
Bz = Go(Y? - 3Y Z?)

Figure 26: Octupole magnet
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POISSON:Read magnetic field data from POISSON output

This keyword allows reading a field profile B(X) from POISSON output. Let FNAME be the name of this
output file (normally, FNAME = outpoi.lis); the data are read following the FORTRAN statements hereunder

I1=0
11 CONTINUE
I=1+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 the POISSON output file outpoi.lis but not used here.

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

For the rest, POISSON works in a way similar to CARTEMES.
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POLARMES: 2-D polar mesh magnetic field map

Similar to CARTEMES, apart from the polar mesh frame: 7X is the number of angular nodes, JY the number
of radial nodes; X (/) and Y (J) are respectively the angle and radius of a node (these parameters are similar to
those entering in the definition of the map in DIPOLE).
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PS170: Simulation of a round shape dipole magnet
PS170 is dedicated to a ‘rough’ simulation of CERN’s PS170 dipole.

The field By is constant inside the magnet, and zero outside. The pole is a circle of radius Ry, centered on X
axis. The output coordinates are generated at the distance XL from the entrance (Fig. 25).

Figure 27: 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 is XL. The vertical component
B = Bz(X,Y,Z = 0) of the field and its derivatives in median plane are calculated at each step from the

following expressions

N B_, G _4
B=By|U+—Y + =Y"4+ =Y
0( + R + R% + RS’ )

0B Bg (ﬁ + ‘ZEY + 3%5/2)
0

ay ~ Ry ' " RZ

0’B B G
=By (2= + 6=V

ov? ( B )

8B G

g * R3

and then extrapolated out of the median plane by Taylor expansion in Z (see section 1.3.2).

With option SEXQUAD, U = 0, while with QUADISEX, U = 1.
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QUADRUPO: Quadrupole magnet (Fig. 28)

The length of the magnet XL is the distance between the effective field boundaries (EFB). The field at the pole
tip Rg i1s By.

The extent of the entrance (exit) fringe field is characterized by Ag(As). The distance of ray-tracing on both
sides of the EFB’s, in the field fall off regions, will be + X at the entrance, and + Xg at the exit (Fig. 29),
by prior and further automatic changes of frame.

In the fringe field regions [-Xg, Xg] and [—Xs, Xs] on both sides of the EFB’s, ﬁ(X, Y, Z) and its derivatives
up to fourth order are calculated at each step of the trajectory from the analytical expressions of the three
components By, By, Bz obtained by differentiation of the scalar potential (see section 1.3.5) approximated to
the 8th order in Y and 7.

1 1m 11

G
XY, 7)) = — —(Y? N —— (Y24 222 =
VXY, 7) (G 12 4 +Z)+384( +77) 23040

(G' =dG/dX, G"=d*G/dX?,..)

(Y24 22)3) \ 4

where G is the gradient on axis [17]:

_ Gg . By
Gls) = 14 exp P(s) Ro

and,

P(s)=Co+Ci (5) +C (;)2 +Cy (;)3+c4 (§)4+05 (;)SP(S) =G+ € (3)+ 0 (3)

where, s is the distance to the field boundary and A stands for Ag or Ag (normally, A ~ 2 % Rq).
When fringe fields overlap inside the magnet (XL < Xg + Xg), the gradient G is expressed as

G=Grg+Gs—1

where, G is the entrance gradient and Gg is the exit gradient.
If Ag = 0 (Ag = 0), the field at entrance (exit) is considered as sharp edged, and then Xg(Xs) is forced to zero
(for the mere purpose of saving computing time).

-

Outside of the fringe field regions (or everywhere when Ag = Ag = 0) B(X,Y,7) in the magnet is given by

Bx =0
By = GoZ
By = GoY
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Y

Figure 28: Quadrupole magnet
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Figure 29: Scheme of the longitudinal field gradient G(X).
(OX) is the longitudinal axis of the reference frame (0, X,Y,7) of
zgoubi . The length of the element is X7, but trajectories are
ray-traced from —Xpg to XL + Xg, by means of prior and further
automatic changes of frame.
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SEPARA: Wien Filter - analytical simulation

SEPARA provides an analytic simulation of an electrostatic separator. Input data are the length L of the
element, the electric field E and the magnetic field B. The mass m and charge ¢ of the particles are entered by
means of the keyword PARTICUL.

The subroutines involved in this simulation solve the following system of three equations with three unknown
variables S, Y, Z (while X = L), that describe the cycloidal motion of a particle in £, B static fields (Fig. 30).

wS as C1
X=-R — - —+ —
cos (ﬂc + c> whc "
Y = Rsin ﬁ—}—e —i—Q—FYO
Be w?  w
7 = SSin(Po) + Z(]
. . Fc? Bc¢? .
where, S is the path length in the separator, « = ——— |, w = ———, C1 = Bsin(Tp) cos(Py) and Cy =
¥ my | '

Becos(Ty) cos(Pg) are initial conditions. ¢ = velocity of light, B¢ = velocity of the particle, v = (1 — %)~ 7 and
tane = (Cy + %)/Cl. Yo, To, Zo, Po are the initial coordinates of the particle in the zgoubi reference frame.
Here fBc and ~ 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 index TA in the input data allows switching to inactive element (thus equivalent to ESL), horizontal or
vertical separator. Normally, £, B and the value of By for wanted particles are related by

w,

Figure 30: Horizontal separation between a wanted particle, (W), and an unwanted particle,
(U). (W) undergoes a linear motion while (I) undergoes a cycloidal motion.
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SEXTUPOL: Sextupole magnet (Fig. 31)
The meaning of parameters for SEXTUPOL is the same as for QUADRUPO.

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

G// 5 5 1"t 5 . 5 ZS
X, Y, 7)) = - — (Y Z — (Y 7 Y7 - —

Outside fringe field regions, or everywhere in sharp edge sextupole (Ag = Ag = 0), E(X, Y, Z) in the magnet is
given by

Bx =0
By =2G,YZ
Bz = Go(Y? - 7?)

& i

Figure 31: Sextupole magnet
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SOLENOID: Solenoid (Fig. 32)

The solenoidal magnet has an effective length X7, a mean radius Rg and an asymptotic field By = poNIT/XL
(ie., ffooo Bx(X,r)dX = pgNI, Vr < Ry), wherein Bx=longitudinal field component, N/ = number of
Ampere-Turns, pog = 471077,

The distance of ray-tracing beyond the effective length X, is X at the entrance, and Xg at the exit (Fig. 32).

The field E(X, ), r = (Y2 4+ Z%)'/? and its derivatives up to the second order with respect to X, Y or Z are
obtained after the method proposed in ref. [24], that involves the three complete elliptic integrals K, E and TI.
These are calculated with the algorithm proposed in the same reference. Their derivatives are calculated by
means of recursive relations [25].

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

In particular the field on-axis writes (taking @ = » = 0 as solenoid center)

NI XL/2 —x XL/2+z

Bxle,r=0) =557 N DY N D

and yields the magnetic length

foo Bx (z,7 < Ro)dx 4R2
Lmag = — - = XIz/14+ —2 > XTI,
7 Bx(z=r=0) +XL2>
with 1n addition o
Bx (center) = Bx(z =r=0) = ”072_
XIA/1+ 3

‘ e

Figure 32: Solenoidal magnet.
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TOSCA: 2-D and 3-D Cartesian uniform mesh magnetic field map

TOSCA is dedicated to the reading and treatment of 2-D or 3-D Cartesian mesh field maps as delivered by the
TOSCA magnet computer code standard output.

The total number of field data files to be read is given by the parameter 17 that appears in the data list
following the keyword. Each file contains the field components Bx, By, Bz on an (X, Y) mesh at a given
Z coordinate. IZ = 1 for 2-D maps, and in this case Bx and By are assumed zero all over the map®. For
3-D maps with mid-plane symmetry, /Z should be positive, and thus, the first data file whose name follows in
the data list is supposed to contain the median plane field (assuming Z = 0 and Bx = By = 0), while the next
files contain the next maps in increasing Z order. For arbitrary 3-D maps (and in particular, contrary to what
precedes without mid-plane symmetry assumption) 7Z should be odd and negative, and thus, the total number
of maps (whose names follow in the data list) is |IZ]|, while map number [IZ/2] + 1 is the Z = 0 one.

The field map data files should be formatted following the FORTRAN reading sequence below.

DO 1 K =1, KZ
OPEN (UNIT = HL, 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)

K

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

where, IX (JY, KZ) is the number of longitudinal (transverse horizontal, vertical) nodes of the 3-D uniform
mesh. 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 normalized by means of BNORM in a similar way as in CARTEMES. As well
the coordinates X (and Y, Z with 3-D field maps) is normalized with a X-[Y-Z-]NORM coeflicient (usefull 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 for CARTEMES,

- in the case of 3-D map, by means of a second order polynomial interpolation with a 3 x 3 x 3-point
parallelipipedic grid, as described in section 1.4.4.

Entrance and/or exit integration boundaries between which the trajectories are integrated in the field may be
defined, in the same way as in CARTEMES.

6Use MAP2D in case non-zero Bx, By are to be taken into account in a 2-D map.
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TRAROT: Translation-Rotation of the reference frame

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).
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UNDULATOR: Undulator magnet

UNDULATOR

To be documented

Figure 33: Undulator magnet.
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UNIPOT: Unipotential cylindrical electrostatic lens
The lens is cylindrically symmetric about the X-axis.
The length of the first (resp. second, third) electrode is X1 (resp. X2, X3). The distance between the electrodes

is D. The potentials are V'1 and V2. The inner radius is Ry (Fig. 34). The model for the electrostatic potential
along the axis is [26]

x2 _ X2 _
cosh M cosh “ <m 2 )
V(z) = ve-Vvi In Ro +1n Ro
2D A Gt ) Le =)
cos e cos e

(z = distance from the center of the central electrode; w = 1,318; cosh = hyperbolic cosine), from which the
field E(X,Y, Z) and its derivatives are deduced following the procedure described in section 1.5.2.
Use PARTICUL prior to UNIPOT, for the definition of particle mass and charge.

The total length of the lens is X 14+ X2+4 X342 D; stepwise integration starts at entrance of the first electrode
and terminates at exit of the third one.

Figure 34: Three-electrode cylindrical unipotential lens.
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VENUS: Simulation of a rectangular dipole magnet
VENUS is dedicated to a ‘rough’ simulation of Saturne Laboratory’s VENUS dipole. The field By is constant

inside the magnet, with longitudinal extent X7 and transverse extent Y I; outside these limits, By = 0
(Fig. 35).
Y |
B=0D
+Y b er————
- /-’-
..—:-30 X
U b e XL
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e ~
e )
~
Ly
.
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Figure 35: Scheme of VENUS rectangular dipole.
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WIENFILT: Wien filter
WIENFILT simulates a Wien Filter, with transverse and orthogonal electric and magnetic fields Ey, By or
Ez, By (Fig. 30). It must be preceded by PARTICUL for the definition of particle mass and charge.

The length X7 of the element is the distance between its entrance and exit EFB’s. The electric and magnetic
field intensities Ey and By in the central, uniform field region, normally satisfy the relation

FEq

Pw e

for the selection of “ wanted” particles of velocity fwe. Ray-tracing in field fall-off regions extends over a

Bo =

distance Xg (Xgs) beyond the entrance (exit) EFB by means of prior and further automatic changes of frame.
Four sets of coefficients A, Co — C5 allow the description of the entrance and exit fringe fields outside the uniform

field region, following the model [17]

_ 1
14 exp(P(s))

where P(s) is of the term

rio=curen () e () ven(§) v () s ()

and s is the distance to the EFB. When fringe fields overlap inside the element (i.e. XL < Xg + Xg), the field
fall-off is expressed as

F=Fg+Fg—1

where Fg(Fs) is the value of the coefficient respective to the entrance (exit) EFB.

If Ag = 0 (As = 0) for either the electric or magnetic component, then both are considered as sharp edge
fields and Xp(Xg) is forced to zero (for the purpose of saving computing time). In this case, the magnetic
wedge angle vertical first order focusing effect is simulated at entrance and exit by a kick Py = Py — 7 tan(¢/p)
applied to each particle (Py, P, are the vertical angles upstream and downstream the EFB, 7, the vertical
particle position at the EFB, p the local horizontal bending radius and e the wedge angle experienced by the
particle ; € 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
focusing effects of the non zero longitudinal electric field component.
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YMY: Reverse signs of Y and 7 reference axes

YMY performs a 180° rotation of particle coordinates with respect to the X-axis, as shown in Fig. 36. This is
done by means of a change of sign of Y and 7 axes, and therefore coordinates, as follows

Y2=-Y1, T2=-T1, 7Z2=-71 and P2=-PI1

H/_/
DIFQLE

Figure 36: The use of Y MY in a sequence of two identical dipoles of opposite signs.
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4.5 Output Procedures

These procedures are dedicated to the printing of particle coordinates, histograms, spin coordinates, etc. They
may be called for at any spot in the data pile.
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CLORB: Beam centroid path; closed orbit

CLORB computes the beam centroid path, from average value of particle coordinates as observed at LABEL’ed
keywords.

In conjunction with REBELOTE, this procedure computes by the same method the closed orbit in the periodic
structure as delimited by means REBELOTE.

The LABEL list of concern follows the keyword CLORB.
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FAISCEAU, FAISCNL, FAISTORE: Print/Store particle coordinates

FAISCFEAU can be introduced anywhere in a structure. Tt produces a print of initial and actual coordinates of
the particles at the location where it stands, together with their tagging indices and letters, following the same
format as for FAISCNL (except for SORT(I) which is not printed) .

FAISCNL has a similar effect, except that the information is stored in a dedicated file FNAME (standard name
is FNAME = ‘zgoubi.fai’ for post-processing with zpop). This file may further on be read by means of OBJET,
option KOBJ = 3, or used for other purposes such as graphics (see Part D of the Guide). The data written to
that file are formatted and ordered according to the FORTRAN sequence below

0PEN (UNIT = NL, FILE = FNAME, STATUS = ‘NEW’)
DO 1 TI=1, IMAX
WRITE(HNL,110) LET(I),TEX(I), (FO(J,1),J=1,7),(F(J,I),J=1,7) ,KineticE,
> I(I),IREP(I),SORT(I),Mass,Charge,G-Factor,com-Life-time,unused,RET(I), DPR(I),

> BORO, IPASS ,KLEY,LBL1,LBL2,NOEL
110 FORMAT(1X,A1,I2,1P,7E16.8,
2 /,3E24.16,
3 /,4E24 .16 ,E16.8,
4 /,216,8E16.8,
5 /,E16.8, 16, A8, 2A10, I5)

The meaning of main data is the following (see the keyword OBJET)

LET(I) : one-character string, for tagging particle number 7

IEX, I, IREP(I) : flag, particle number, index

FO(1-6,1) : coordinates D, Y, T, 7, P and path length at the origin of the structure
F(1-6,1) : idem, at the current position

SORT(I) : path length at which the particle has possibly been stopped

(see CHAMBR or COLLIMA)
RET(I), DPR(I) : synchrotron phase space coordinates; RET =phase (radian),
DPR = momentum dispersion (MeV/c) (see CAVITE)
IPASS : turn number (see REBELOTE)

etc.

FAISTORE has an effect similar to FAISCNL, with two more features. On the first data line, FNAMFE may
be followed by a series of up to 10 LABEL’s proper to the elements of the data file at the exit of which the
print should occur; if there is no label, the print occurs by default at the location of FAISTORE; if there are
labels the print occurs right downstream of all optical elements wearing those labels (and no longer at the
FAISTORE location). The next data line gives a parameter TP: printing will occur every IP other pass, if
using REBELOTE with NPASS > IP — 1. For instance the data list

FAISTORE
zgoubi.fai HPCKUP VPCKUP
12

will result in output prints into zgoubi.fai, every 12 other pass, each time elements of the zgoubi.dat data list

labeled either HPCKUP or VPCKUP are encountered.

Note
Binary storage can be obtained from FAISCNIL and FAISTORE. This for the sake of compactness and access
speed, for instance in case voluminous amounts of data would have to be manipulated.

This is achieved by giving the storage file a name of the form b_.FNAME or B.FNAME (e.g., ‘bzgoubi.fai’).
The FORTRAN WRITE list is the same as in the FORMATTED case above.

This is compatible with the READ statements in zpop 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 keyword FOCALE.

IMAGE computes the location and size of the closest horizontal waist.

IMAGES has the same effect as IMAGE, 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 (see OBJET, KOB.J = 1, 2 for instance).

Optionally, for each of these three procedures, zgoubi can list a trace of the coordinates in the X, Y and in
the Y, Z planes.

The following quantities are calculated for the N particles of the beam (IMAGE, FOCALE) or of each group
of momenta (IMAGES)

e Longitudinal position:
FOCALE: X = XL
vazl YixtgTi — (2521 Yi Zi\;1 thi) /N

B}
Zz’l\;1 tg?T; — (ZZ\;1 tQTi) /N
Y =Y + X xtgh

where Y7 and T3 are the coordinates of the first particle of the beam (IMAGE, FOCALE) or the first
particle of each group of momenta (IMAGES).

o Transverse position of the center of mass of the waist (IMAGE[S]) or of the beam (FOCALE), with respect
to the reference trajectory

N N
1 1
YM=_S (Vi+Xtgh) -V =S VM
Ni—l( " ’ ) Ni—l

e FWHM of the image (IMAGE[S]) or of the beam (FOCALE), and total width, respectively, W and WT

N 3
¢ = 1 2 2
W =235 (NZY M; —YM)

i=1

WT = max(Y M;) — min(Y M;)

FOCALEZ, IMAGE[S]Z: Particle coordinates and beam size; localization and size of vertical waist

Similar to FOCALE and IMAGE[S], but the calculations are performed with respect to the vertical coordinates
Z; and P;, in place of Y; and T;.
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HISTO: 1-D histogram

Any of the coordinates used in zgoubi may be histogrammed, namely initial Yy, Ty, Zo, Po, So, Do or actual
Y, T, Z, P, S, D particle coordinates (S = path length ; D may change in decay process simulation with

MCDESINT, or when ray-tracing in £ fields), and also spin coordinates and modulus Sx, Sy, Sz and HgH

HISTO can be used in conjunction with MCDESINT, for statistics on the decay process, by means of TYP.
TYP is a one-character variable. If it 1s set equal to ‘S’ only secondary particles will be histogrammed. If it is
set equal to ‘P’ then only primary particles will be histogrammed. For no discrimination between S-econdary
and P-rimary particles, TYP = ‘Q’ must be used.

The dimensions of the histogram (number of lines and columns) may be modified. Tt can be normalized with
NORM = 1, to avoid saturation.

Histograms are indexed with the parameter N H. This allows making independent histograms of the same
coordinate at several spots in a structure. This is also useful when piling up problems in an input data file (see
also RESET). N H is in the range 1-5.

If REBELOTE is used, the statistics on the 14+ NPASS runs in the structure will add up.

IMAGE[S][Z]: Localization and size of vertical waists
See FOCALE[Z].
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MATRIX: Calculation of transfer coefficients, periodic parameters

MATRIX causes the calculation of the transfer coefficients of the structure, at the spot where it is introduced
in the structure, or at the closest horizontal focus. In this last case the position of the focus is calculated
automatically in the same way as the position of the waist in IMAGE. Depending on option IFOC, MATRIX also
delivers the Twiss functions, tune numbers, chromaticities and other perturbation parameters in the hypothesis
of a periodic structure.

Depending on the value of option IORD, different procedures follow

e If IORD = 0, MATRIX is inhibited (equivalent to FAISCEAU, whatever IFOC).

e If IORD = 1, the first order transfer matrix [R;;] is calculated, from a third order expansion of the

coordinates, for instance
Y Y Y
Yt=(—|T — | To+ =) T3
(7) 7+ (77) 8+ ()

Y Y Y
Y- =—|—=| Tt — T2 =) T
() o+ () - (35) 7

which gives, neglecting third order terms

Y Yt —_v-
R = <ﬁ) =90

e If IORD = 2, fifth order Taylor expansions are used for the calculation of the first order transfer matrix
[R;;] and the second order matrix [T;;]. Other higher order coefficients are also calculated.

The object necessary for the calculation of [R;;] with IORD = 1 may be generated automatically by means
of OBJET with option KOBJ = 5. When using IORD = 2, the object may be generated automatically with
OBJET and KOBJ = 6.

The next option, IFOC, acts as follows

e If IFOC = 0, the transfer coefficients are calculated at the position of MATRIX, and with respect to particle
1 taken as a reference (for instance, Y+ and Tt above are defined for particle [ as Y+ = Y *(I) — Y (1),
and T = T (I) — T(1)).

e If [FOC = 1, the transfer coefficients are calculated at the horizontal focus closest to MATRIX (determined
automatically), while the reference direction is that of particle 1 (for instance, Y+ is defined for particle
Tas Yt =Y (I) — Yiocus, and T is defined as T+ = T*(I) — T(1)).

e If IFOC = 2, no change of reference frame is performed: the coordinates refer to the current frame.
Namely, Yt = Y1 (1), Tt = T*(I), etc.

Periodic structures

e If IFOC = 10 4+ NPeriod, MATRIX calculates periodic parameters characteristic of the structure such
as Twiss functions and tune numbers, assuming that it is NPeriod-periodic; no change of reference is
performed for these calculations. If IFOC = 2 additional periodic parameters are computed such as
chromaticities, beta-function momentum dependence, etc.

These quantities are derived from the first order perturbed and unperturbed transfer matrices as obtained
in the way described above, and by identification with the Twiss form [R;;] = Icos(u) + Jsin(p).
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PLOTDATA: Intermediate output for the PLOTDATA graphic software [27]

To be documented
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SPNPRNL, SPNPRNLA, SPNPRT: Print/Store spin coordinates

SPNPRNL has the same effect as SPNPRT (see below), except that the information is stored in a dedicated
file FNAME (standard is FNAME = ‘zgoubi.spn’ for post-processing with zpop). The data are formatted and
ordered according to the FORTRAN sequence below

OPEN (UNIT = HL, FILE = FNAME, STATUS = ‘HEW’)
DO 1 I=1, IMAX
WRITE (HL,100) LET(I), IEX(I), (SI(J,I)J=1,4), (SF(J,I),J=1,4), GAMMA, I
100 FORMAT(1X, A1, I2, 1P, 8E15.7, /, E15.7, 2I3, I6)
1 CONTINUE

The meaning of these parameters is the following

LET(I),IEX(I) : tagging character and flag (see OBJET)

SI(1-4,1) : spin components SX, SY, SZ and modulus, at the origin
SF(1-4,1) : idem, at the current position

GAMMA . Lorentz relativistic factor

1 . particle number

IMAX . total number of particles ray-traced (see OBJET)

IPASS : turn number (see REBELOTE)

SPNPRNLA has an effect similar to SPNPRNL, with one more feature. The line next to FNAME gives a
parameter P printing will occur every /P other pass, when using REBELOTE with NPASS > IP — 1.

SPNPRT can 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 the IMAX particles, at the location where it stands, together
with their Lorentz factor v, following the format detailed above. The mean values of the spin components are

also printed.
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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 optical parameters ; periodic parameters

TWISS causes the calculation of transfer coefficients and various other parameters, in particular periodical
quantities such as tunes, chromaticies, etc.

If KTWISS = 1, the object necessary for these calculations can be generated automatically by means of OBJET
with option KOBJ = 5. When using KTWISS = 2, the object can be generated automatically with OBJET
and KOBJ = 6.
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4.6 Complementary Features
4.6.1 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 37.

QUADRUPOLE

drift 20em | ____| 4rift S0em spread
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e
| — o
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Figure 37: A. Regular forward ray-tracing, from object to image.
B. Same structure, with backward ray-tracing from image to object:
negative integration step XPAS 1s used in the quadrupole.

4.6.2 Checking Fields and Trajectories inside Optical Elements

In all optical elements, an option index IL is available. It 1s normally set to 0 and in this case has no effect.
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 65, V x B and V2B (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 in zgoubi.plt at each integration step ; this
information can further be processed with zpop”. In order to limit the volume of that storage file (when dealing
with small step size, large number of particles, etc.) it is possible to print out every other 10™ integration step
by taking IL = 2 x 10" (for instance, IL = 200 would cause output into zgoubi.plt every 100 other step).

When dealing with maps (e.g., CARTEMES, ELREVOL ), another option index IC' is available. Tt is normally
set to 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 in zgoubi.map which can further be processed with zpop.

7See Part D of the Guide.
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4.6.3 Labeling keywords

Keywords in zgoubi data file zgoubi.dat can be LABEL’ed, for the purpose of the execution of such procedures
as CLORB, FAISCNL, FAISTORE , SCALING.

Each keyword accepts two LABEL’s, of which the first one is used for the above mentioned purposes. The
keyword and related LABEL[’s] should fit within a 80-character long string on a single line.

4.6.4 Multiturn tracking in circular machines

Multiturn tracking in circular machines can be performed by means of the keyword REBELOTE, put at the
end of the optical structure with its argument NPASS+1 being the number of turns to be performed. In order
that the IMAX particles of the beam start a new turn with the coordinates they have reached at the end of the
previous one, the option K = 99 has to be specified in REBELOTE.

Synchrotron acceleration can be simulated, following the procedure below
- CAVITE appears at the end of the structure (before REBELOTE), with option IOPT= 1
- the R.F. frequency of the cavity is given a timing law by means of SCALING, family CAVITE

- the magnets are given the same timing law Bp(T'), (where T' = 1 to NPASS+1 is the turn number) by
means of SCALING.

Eventually some families of magnets may be given a law which does not follow Bp(T'), for the simulation of
special processes (e.g. fast crossing of spin resonances with independent families of quadrupoles).

4.6.5 Positioning of optical elements and field maps

The last record in most optical elements and field maps is the positioning flag KPOS, followed by the parameterss
XCE, YCE for translation and ALFE for rotation. The positioning works in two different ways, depending
whether they are defined in Cartesian (X,Y, 7) coordinates (e.g., QUADRUPO, TOSCA), or polar (R, 8, 7)
coordinates (DIPOLE).

Cartesian Coordinates:

If KPOS =1, the X-axis of the element coincides with the X-axis of the incoming reference.
If KPOS = 2, the shifts XCFE and YCE, and the tilt angle ALE are taken into account, for the positioning of
the element with respect to the incoming reference, as shown in Fig. 38. KPOS = 2 can also be used to simulate
a misalignment. The effect is equivalent to a CHANGREF transformation placed right upstream the optical
element, followed by the reverse transformation right downstream.
KPOS = 3 option is available for some magnets (e.g., BEND, MULTIPOL); it positions automatically the device
in the following way, convenient for periodic structures. Tt is effective only if a non zero dipole component B1
is present; entrance and exit frames are shifted by YCE (XCE is not used) and tilted w.r.t. the magnet

o either, if ALE£( by an angle ALE,

e or, if ALE=0 by half the deviation §/2 (such that L = 229 sin(§/2) wherein L = geometrical length,
BORO= reference rigidity as defined in OBJET). This is equivalent to the sequence CHANGREF(0,0,-6/2),
CHANGREF(0,YCE,0) right upstream the magnet, followed by CHANGREF(0,-YCE,-0/2).

Polar Coordinates

If KPOS = 1, the element is positioned automatically in such a way that a particle entering with zero initial
coordinates and 1 + DP = Bp/BORO relative momentum will reach position (RM, %) in the element with
T = 0 angle with respect to the moving frame in the polar coordinates system of the element (Fig. 39; see
DIPOLE and POLARMES).

If KPOS = 2, the map is positioned in such a way that the incoming particle will enter it at radius RE with
angle T'FE. The reference frame of zgoubi is positioned in a similar way with respect to the map, at the exit
face, by means of the two parameters RS (radius) and T'S (angle) (see Fig. 10A.).
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o

Figure 39: Positioning of a polar field map when KPOS= 1.

4.6.6 Coded integration step

In several optical elements (e.g., all multipoles, BEND) the integration step (in general noted XPAS) can be
coded under the form XPAS = b.fffE10 in order to allow two different step sizes in the uniform part of the field
(the optical element body) and in the field fall-off regions. b is an arbitrary integer and fff is a 3-digit integer;
they give the number of steps respectively in the body and fringe field regions. For instance 120.012E10 requests
120 steps in the body and 12 in the fringe field regions. The maximum allowed value for fff is 999 steps.

4.6.7 Ray-tracing of an arbitrarily large number of particles

Monte Carlo multiparticle simulations involving an arbitrary number of particles can be performed by means
of REBELOTE, put at the end of the optical structure, with its argument NPASS being the number of passes
through REBELOTE, 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 in REBELOTE.
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Statistics on coordinates, spins, and other histograms can be performed by means of such procedures as HISTO,
SPNTRK, etc. that stack the information from pass to pass.

4.6.8 Stopped particles: the IEX flag

As described in OBJET, each particle ] = 1, IMAX is attached a value JEX(I) of the IEX flag. Normally,
IEX(I) = 1. Under certain circumstances, IEX may take negative values, as follows

—1 : the trajectory happened to wander outside the limits of a field map

—2 : too many integration steps in an optical element
.o ™. .
—3 : deviation happened to exceed 5 inan optical element

—4 : stopped by walls (procedures CHAMBR, COLLIMA)
—5 : too many iterations in subroutine DEPLA

—6 : energy loss exceeds particle energy

—7 : field discontinuities larger than 50% wthin a field map

—8& : reached field limit in an optical element

Only in the case TEKX = —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 21). In all other cases the particle of concern will be stopped.

4.6.9 Negative rigidity

zgoubi can handle negative rigidities Bp = p/q. This is equivalent to considering either particles of negative
charges (¢ < 0), or counter going particles (p < 0), or virtually reversed fields (w.r.t. the field sign that shows
in the optical element data list).

Negative rigidities may be specified in terms of BORO< 0 or D = Bp/BORO < 0 when defining the initial
coordinates with OBJET and MCOBJET.
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AIMANT
AUTOREF
BEND
BINARY
BREVOL
CARTEMES
CAVITE
CHAMBR
CHANGREF
CIBLE
CLORB
COLLIMA
DECAPOLE
DIPOLE
DODECAPO
DRIFT
EBMULT
EL2TUB
ELMIR
ELMIRC
ELMULT
ELREVOL
END

ESL
FAISCEAU
FAISCNL
FAISTORE
FIN

FIT
FOCALE
FOCALEZ
GASCAT
HISTO
IMAGE
IMAGES
IMAGESZ
IMAGEZ
MAP2D
MAP2D-E
MATPROD
MATRIX
MCDESINT
MCOBIJET
MULTIPOL
OBJET
OBJETA
OCTUPOLE
ORDRE
PARTICUL
PLOTDATA
POISSON
POLARMES
PS170

Glossary of keywords

Generation of a dipole magnet 2-D map .......... .. o i 135
Automatic transformation to a new reference frame ............. ... ... 139
Bending magnet ... 140
BINARY/FORMATTED data converter ...............cooiiiiiiiiiiiinnnin.n.. 141
1-D uniform mesh magnetic field map .......... ... ... 142
2-D Cartesian uniform mesh magnetic field map ......... ... .. .. ... o 143
Accelerating cavity . ....... ... 145
Long transverse aperture limitation ........... .. ... ... .. . . 146
Transformation to a new reference frame ....... ... .. ... . 147
Generate a secondary beam from target interaction ........... .. .. ... L 148
Beam centroid path; closed orbit ........ ... . 149
Collimator ... ... 150
Decapole magnet ... ... 151
Generation of a dipole magnet 2-D map ........... ... 152
Dodecapole magnet ... ... 154
Field free drift space ... ... 155
Electro-magnetic multipole ....... ... 156
Two-tube electrostatic lens ... ... 158
Electrostatic N-electrode mirror/lens, straight slits ....................... ... 159
Electrostatic N-electrode mirror/lens, circular slits ............................. 160
Electric multipole ... ... 161
1-D uniform mesh electric field map ........ ... ... 162
End of input data list ;see FIN ... .. 164
Field free drift space ..... ... . 155
Print particle coordinates ............ ... 163
Store particle coordinates in file FNAME ... ... .. .. . 163
Store coordinates every [P other pass at labeled elements ................... ... 163
End of input data List ... 164
Fitting procedure ... i 165
Particle coordinates and horizontal beam dimension at distance XL ............ 166
Particle coordinates and vertical beam dimension at distance XL .............. 166
Gas SCAtbETING ... .t 167
1-D histogram .. ... 168
Localization and size of horizontal waist ....... ... ... .. .. .. .. .. .. . ... 169
Localization and size of horizontal waists .......... ... . .. ... i 169
Localization and size of vertical waists ......... ... ... .. ... i 169
Localization and size of vertical waist ....... ... ... .. ... . . i 169
2-D Cartesian uniform mesh field map - arbitrary magnetic field ............... 170
2-D Cartesian uniform mesh field map - arbitrary electric field ................. 171
Matrix transfer .. ... ... 172
Calculation of transfer coefficients, periodic parameters ........................ 173
Monte-Carlo simulation of in-flight decay ......... ... ... ... ... ... .. ... 174
Monte-Carlo generation of a 6-D object ........ .. .. .. . 175
Magnetic multipole . ... 178
Generation of an object ... . . 179
Object from Monte-Carlo simulation of decay reaction ......................... 181
Octupole magnet . ... .. 182
Taylor expansions order .. ... .. ... ... 183
Particle characteristics ...... .. .. 184
Intermediate output for the PLOTDATA graphic software ..................... 185
Read magpnetic field data from POISSON output ............................... 186
2-D polar mesh magnetic field map ........ .. 187

Simulation of a round shape dipole magnet

129
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QUADISEX
QUADRUPO
REBELOTE
RESET
SCALING
SEPARA
SEXQUAD
SEXTUPOL
SOLENOID
SPNPRNL
SPNPRNLA
SPNPRT
SPNTRK
SRLOSS
SRPRNT
SYNRAD
TARGET
TOSCA
TRAROT
TWISS

UNDULATOR

UNIPOT
VENUS
WIENFILT
YMY

Keywords and input data formatting

Sharp edge magnetic multipoles ......... ... .. . . 189
Quadrupole magnet ... 190
Jump to the beginning of zgoubi input data file ........................... ... 192
Reset counters and flags ... ... 193
Time scaling of power supplies and R.F. ..... ... ... ... ... .. ... ... ... ..... 194
Wien Filter - analytical simulation .......... ... ... ... .. ... .. ... ..., 195
Sharp edge magnetic multipole ... ... ... 196
Sextupole magnet ... .. 197
Solenoid . ... 198
Store spin coordinates into file FNAME ... ... ... . ... .. . 199
Store spin coordinates every TP other pass ...t 199
Print spin coordinates ........ ... ... 199
SPIN racking . ... 201
Synchrotron radiation loss ... ... . 202
Print SR loss statistics ........ooueit i 200
Synchrotron radiation spectral-angular densities ................ ... ... ... ... 203
Generate a secondary beam from target interaction ; see CIBLE ............... 148
2-D and 3-D Cartesian uniform mesh magnetic field map ....................... 204
Translation-Rotation of the reference frame ................ ... . ..., 205
Calculation of optical parameters ; periodic parameters ........................ 206
Undulator magnet ... ... 207
Unipotential cylindrical electrostatic lens ....... ... ... o i 208
Simulation of a rectangular dipole magnet ........ ... ... ... 209
Wien filter .o 210

Reverse signs of Y and 7 reference axes ....... ... ... . i 211
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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 electromagnetic elements.

Field map procedures are also cataloged; they provide a mean for ray-tracing through measured fields,
or as well through field maps obtained from numerical simulations of arbitrary geometries with such tools as

POISSON, TOSCA, etc.

MAGNETIC ELEMENTS

Decapole

Dipole
Dodecapole
Multipole
Octupole
Quadrupole
Sextupole

Skewed multipoles
Solenoid
Undulator

Field maps

1-D, cylindrical symmetry

2-D, mid-plane symmetry

2-D, no symmetry

2-D, polar mesh, mid-plane symmetry
3-D, no symmetry

ELECTRIC ELEMENTS

2-tube (bipotential) lens

3-tube (unipotential) lens

Decapole

Dipole

Dodecapole

Multipole

N-electrode mirror/lens, straight slits
N-electrode mirror/lens, circular slits
Octupole

Quadrupole

R.F. (kick) cavity

Sextupole

Skewed multipoles

Field maps

1D, cylindrical symmetry
2-D, no symmetry

DECAPOLE, MULTIPOL

AIMANT, BEND, DIPOLE, MULTIPOL, QUADISEX
DODECAPO, MULTIPOL

MULTIPOL, QUADISEX, SEXQUAD

OCTUPOLE, MULTIPOL, QUADISEX, SEXQUAD
QUADRUPO, MULTIPOL, SEXQUAD

SEXTUPOL, MULTIPOL, QUADISEX, SEXQUAD
MULTIPOL

SOLENOID

UNDULATOR

BREVOL

CARTEMES, POISSON, TOSCA
MAP2D

POLARMES

TOSCA

EL2TUB
UNIPOT
ELMULT
ELMULT
ELMULT
ELMULT
ELMIR
ELMIRC
ELMULT
ELMULT
CAVITE
ELMULT
ELMULT

ELREVOL
MAP2D
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ELECTROMAGNETIC ELEMENTS

Decapole EBMULT
Dipole EBMULT
Dodecapole EBMULT
Multipole EBMULT
Octupole EBMULT
Quadrupole EBMULT
Sextupole EBMULT
Skewed 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 unformatted FORTRAN READ statement. They may
therefore need be enclosed between quotes (e.g., ‘DIPOLE’).

Text string data such as comments or file names, are read by formatted READ statements. Therefore no quotes
are needed. 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
e the first column states the input numerical variables, indices and text strings,
e the second column gives brief explanations,
e the third column gives the units or ranges of the input variables and indices,

o the fourth column indicates whether the inputs are integers (I), reals (E) or text strings (A). For example,
‘T, 3*E’ means that one integer followed by 3 reals must be entered. ‘A80’ means that a text string of
maximum 80 characters must be entered.






Keywords and input data formatting

AIMANT

NFACE, IC, IL
TAMAX, IRMAX
Bo, N, B, G

AT, ACENT, RM,

RMIN, RMAX

A€

NC, Cy — Cs, shift

(.d+, 6’ R1; U]J UZJ RZ

A€

NC, Cy — Cs, shift

(-d_, 61 Rla Ula U21 R2

Generation of a dipole magnet 2-D map

By = FBy (1 — N (BZEM) 4 g (B_RM)* | G (B-RM) )

Number of field boundaries
IC' = 1,2: print field map
IL = 1,2: print field and coordinates on trajectories

Azimuthal and radial number of nodes of the mesh

Field and field indices

Mesh parameters: total angle of the map; azimuth for
positioning of EFB’s; mean radius; minimum and
maximum radii

ENTRANCE FIELD BOUNDARY

Fringe field extent (normally ~ gap size); flag:
- if & > 0: second order type fringe field with
linear variation over distance &

- if & = —1: exponential type fringe field:

F = (1 4+ exp(P(s)) "

P

(s) = Co+ Ci(3) + Ca(5)* + -+ C5(5)°

NC = 1 4 order of P(s); Cy to Cs: see above;
EFB shift (ineffective if £ > 0)

Azimuth of entrance EFB with respect to ACENT;
wedge angle of EFB; radii and linear
extents of EFB (use | Uj 5 |= 0o when R; 5 = 00)

(Note : A =0, wt = ACENT and 6 = 0 for sharp edge)

EXIT FIELD BOUNDARY
(See ENTRANCE FIELD BOUNDARY)

Fringe field parameters

Positioning and shape of the exit EFB

(Note : A =0, w~ =-AT+ACENT and § = 0 for
sharp edge)

2-3,0-2, 0-2

< 400, < 10*

kG, 3*

no dim.

2*deg, 3*cm

cm, (cm)

0-6, 6%

no dim., cm

2*deg, 4*cm

cm, (cm)

0-6, 6*

no dim., cm

2*deg, 4*cm

135

3+

2¥1

4*E

5*E

2*E

I, T*E

6*E

2*E

1, T*E

6*E



136
if NFACE = 3

A€
NC, Cy — Cs, shift

w™, 8, R, Uy, Us, Ry,
RM3

NBS

if NBS = 0

if NBS = -2
Ro, AB/By

if NBS = -1

60, AB/ By

if NBS > 1

For I = 1, NBS
i

Ri, Ry, 01, 02,

Y, o,y B

IORDRE

XPAS

KPOS

if KPOS = 2
RE, TE, RS, TS

if KPOS =1
DpP

Keywords and input data formatting

LATERAL FIELD BOUNDARY

(See ENTRANCE FIELD BOUNDARY)

Next 3 records only if NFACE = 3

Fringe field parameters

Positioning and shape of the lateral EFB;

RM3 is the radial position on azimut ACENT
Option index for perturbations to the field map

Normal value. No other record required

The map is modified as follows:

AB R—Rg
B transforms to B % (1 + B 7RMAX—RMIN)

the map is modified as follows:

AB 6-6
B transforms to B % (1 + 5. ATU)

Introduction of NBS shims

The following 2 records must be repeated NBS times

Radial and angular limits of the shim; A is unused
geometrical parameters of the shim

Order of interpolation polynomial:

2 = second order, 9-point grid

25 = second order, 25-point grid

4 = fourth order, 25-point grid

Integration step

Positioning of the map, normally 2. Two options:
Positioning as follows:

Radius and angle of reference, respectively,

at entrance and exit of the map.

Automatic positioning of the map, by means of
reference relative momentum

cm, (em) 2*E
0-6, 6* I, *E
no dim., cm

2*deg, hem T*E
normally 0 I

cm, no dim. 2*E
deg, no dim. 2*E

2*¥cm, 2*deg, cm  H*E

2*deg, 4*E
2*no dim.

2,4 or 25 I
cm E
1-2 I

cm, rad, cm, rad 4*E

no dim. E
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LATERAL EFB

EXIT EFB

EXIT FACE

»
> .
0 I \ RS \:l'\/ OF THE MAP

(A) A

\ END FACE
OF THE MAP

(B)

A: Parameters used to define the field map and geometric boundaries.
B: Parameters used to define the field map and fringe fields.
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“n  —E0E A

Second order type fringe field.

EFB

| «— —°
|7 (shift = 0)

I
EFB

hift £ 0
(S||/t ) I\%
Y 0 I;\'

Shift

Exponential type fringe field.
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AUTOREF Automatic transformation to a new reference frame

I 1: Equivalent to CHANGREF (XCE =0, YCE = Y(1), ALE = T(1)) 1-2 I

2: Equivalent to CHANGREF (XW, YW, T(1)), with (XW, YW)
being the position of the intersection (waist) of particles 1, 4 and 5
(useful with MATRIX, for automatic positionning of the first order focus)

being the position of the intersection (waist) of particles 71, /2 and 73
(for instance: /1 = central trajectory, 12 and I3 = paraxial trajectories
that intersect at the first order focus)

3: Equivalent to CHANGREF (XW, YW, T(I1)), with (XW, YW)

ifI=3 Next record only if 7 =3
11,12, 13 Three particle numbers 3*(1-10%)  3*1
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BEND Bending magnet

IL IL = 1,2: print field and coordinates 0-2 I
along trajectories (otherwise IL = 0)

XL, Sk, B1 Length; skew angle; field cm, rad, kG 3*E

Entrance face:
XE, Ae, Wg Integration zone extent; fringe field extent (normally cm, cm, rad I*E
~ gap height; zero for sharp edge); wedge angle

N, Co—Cj Unused; fringe field coefficients: B(s) = B1 F(s) with unused, 6*no I, 6*E
F(s) = 1/(1 4+ exp(P(s)) and P(s) = ?:0 Ci(s/A) dim.
Exit face:
Xs, As, Ws See entrance face cm, cm, rad 3*E
N, Co—Cs unused, 6*no I, 6*E
dim.
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 if KPOS=1)
KPOS = 3:

entrance and exit frames are shifted by YCE
and tilted wrt. the magnet by an angle of

e either ALE if ALE#£0

e or 2 Arcsin(BI XL / 2BORO) if ALE=0

/—\ ~_ Exit
Entrance / EFB

EFB

Geometry and parameters in BEND: XL = length,
f = deviation, Wg, Ws are the entrance and exit
wedge angles.
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BINARY BINARY/FORMATTED data converter

NF Number of files to convert < 20 1

The next N F lines:
FNAME Name of the file to be translated AR0
(begin with “B_” iff binary)
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BREVOL

Ic, 1L,

BNORM, XN
TIT

IX

FNAME'

ID, A, B, C

(A, B', '

B ete., if ID > 2]
IORDRE

XPAS

KPOS, XCE,
YCE, ALE

Keywords and input data formatting

1-D uniform mesh magnetic field map
X-axis cylindrical symmetry is assumed

IC' = 1,2: print the map

IL = 1,2: print field and coordinates along trajectories
Field and X-coordinate normalization

Title

Number of longitudinal nodes of the map

Filename (e.g., solenoid.map)

Integration boundary. Ineffective when ID = 0.
ID=-1,10r > 2: as for CARTEMES

unused

Integration step

KPOS=1: element aligned, 2: misaligned;
shifts, tilt (unused if KPOS=1)

0-2, 0-2

2*no dim.

< 400

> —1, 2%no dim.,
cm [,2*no dim.,
cm, etc.]

2,4 or 25

cm

1-2, 2*cm, rad

IFNAME contains the field data. These must be formatted according to the following FORTRAN sequence:

OPEN (UNIT = NL, FILE = FNAME, STATUS = ‘OLD’ [[FORM="UNFORMATTED’])

DO11=1,IX

TF (BINARY) THEN

READ(NL) X(T), BX(T)

ELSE

READ(NL,*) X(T), BX(T)

ENDIF

1 CONTINUE

where X (7) and BX (I) are the longitudinal coordinate and field component at node (7) of the mesh. Binary file names

FNAME must begin with B_. ‘Binary’ will then automatically be set to . TRUE.".

2*1

2*E

A80

A80

13*F
[,3*E,etc.]

I, 3*E
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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 2*1

IL = 1,2: print field and coordinates along trajectories
BNORM, XN, YN Field and X-,Y-coordinate normalization 3*no dim. 3*E
TIT Title! A80
IX, JY Number of longitudinal (/X) and transverse (JY') < 400, <200 2*1

nodes of the map
FNAME? Filename (e.g., spes2.map) A80
ID, A, B, C Integration boundary. Normally ID = 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 by AX + BY + C = 0. cm, etc.]

ID = 1: integration in the map is terminated

at exit boundary defined by AX 4+ BY 4+ C = 0.

ID > 2: entrance (A4, B,C) and up to ID — 1 exit

(A", B',C", A", B" etc.) boundaries
IORDRE Order of interpolation polynomial 2,4 or 25 1

(see DIPOLE)
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 if KPOS=1)

1Begin “Title” with “FLIP” so as to get the map flipped prior to ray-tracing.
2FNAME contains the field data. These must be formatted
according to the following FORTRAN sequence:

OPEN (UNIT = NL, FILE = FNAME, STATUS = ‘OLD’ [[FORM="UNFORMATTED’))
TF (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 1=1,IX

TF (BINARY) THEN
READ(NL) X(I), (BMES(1,J), J=1, JY)
ELSE
READ(NL,101) X(T), (BMES(1,J), J=1, JY)
101 FORMAT(10 F8.2)
ENDIF
1 CONTINUE

where X (7) and Y (.J) are the longitudinal and transverse coordinates and BMES is the 7 field component at a node (7,.J)
of the mesh. For binary files, FNAMF, must begin with 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, using ID # 0: particle
coordinates are extrapolated linearly from the entrance face of the map, into the plane A’X + B'Y + C’

Keywords and input data formatting

II\; =

&
| &
- P
e mapy = i
EH X Y1 H &
-1 . .
Q%
- L)
. =
- - =
i g
Ll OO
‘-H"\-l'
F o=
LLJ b
0 4
E a. ™ S
gz
F
|y ™
=

0;

after ray-tracing inside the map and terminating on the integration boundary AX + BY + C' = 0, coordinates

are extrapolated linearly to the exit face of the map.
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CAVITE'

10PT
If IOPT=0
X, X

If IOPT=12

If IOPT=2
L, h

V6.
If IOPT=3
X, X

Va (ZSS

Accelerating cavity

AW = qVsin(2rhfAt + ¢5)

Option

Element inactive

unused

frr follows the timing law given by SCALING
Reference closed orbit length; harmonic number
R.F. peak voltage; unused

frr follows AW, = ¢V sing,

Reference closed orbit length; harmonic number
R.F. peak voltage; synchronous phase

No synchrotron motion: AW = quz'nqu
unused; unused

R.F. peak voltage; synchronous phase

1Use PARTICUL to declare mass and charge.

2For ramping the R.F. frequency following Bp(t), use SCALING, with family CAVITE.

0-3

m, no dim.

V, unused

m, no dim.

V, rad

2*unused

V, rad

145

2*E

2*E

2*¥E

2*E

2*E

2*E
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CHAMBR

TA

IFORM, Y12, 71, YC, 7C

Keywords and input data formatting

Long transverse aperture limitation'

0: element inactive

1: (re)definition of the aperture

2: stop testing and reset counters, print
information on stopped particles.

Taken into account only if TA = 1.

IFORM = 1: rectangular chamber; horizontal
(vertical) dimension £Y L (+ZL);

centered at YC', 7C.

TFORM = 2: elliptical chamber; horizontal
(vertical) axis +Y L(+ZL);

centered at YC', ZC.

I Any particle out of limits is stopped.
2When used with an optical element defined in polar coordinates (e.g. DIPOLE) Y L is the radius and Y C stands for the mean

radius (normally, YC' ~ RM).

0-2

1-2, 4*em

I, 4*F
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CHANGREF Transformation to a new reference frame

XCE, YCE, ALE Longitudinal and transverse shifts, 2*cm, deg 3*E
followed by Z-axis rotation

Y2 i

y Y 22

5
/ eV |
g

ll.Or' "(\‘%}'1
PBPUCII‘—G o = - " \‘xL"EB ®

Old Frame f " A New Frame
|

Scheme of the CHANGREF procedure.
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CIBLE, TARGET Generate a secondary beam from target interaction

My, My, M3, Q Target, incident and scattered particle masses; 5*%, 2*deg T*E
Ty, 0, 3 @ of the reaction; incident particle kinetic
energy; scattering angle; angle of the target

NT, NP Number of samples in T" and P coordinates 2*1
after CIBLE

TS, PS, DT Sample step sizes; tilt angle 3*mrad 3*E

BORO New reference rigidity after CIBLE kG.cm E

REFERENCE
AT ENTRANCE

Scheme of the principles of CIBLE (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
f = angle between entrance and exit frames

B = tilt angle of the target
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CLORB Beam centroid path; closed orbit

N 0: 1nactive
> 1: total number of LABEL’s
at which beam centroid is to be recorded

ForI=1, N A list of N records follows

LABEL’s N labels at which beam centroid is to be recorded

strings

149

N*AS8
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COLLIMA Collimator’

IA 0: element inactive
1: element active 0-2 I
2: element active and print information on stopped
particles

Physical-space collimator
IFORM, YL, 7L, IFORM = 1: rectangular collimator; horizontal 1-2, 4*em I, 4*E
YC, ZC (vertical) dimension YL (+£7L);

centered at YC, ZC.

IFORM = 2: elliptical collimator; horizontal

(vertical) axis +YL (+7L);

centered at YC, ZC.

Longitudinal phase-space collimation
IFRM.J, Hpin, Hmaz, IFRM = 6 or T for horizontal variable resp’ S (cm) or Time (us), I, 4*E
Vinin, Vimas J=1 or 2 for vertical variable resp" 14dp/p, kinetic-E (MeV);

horizontal and vertical limits

Phase-space collimator
IFORM, «a, 8, ¢/, N, IFORM = 11, 14: horizontal collimation; horizontal 11-16, no.dim, m I, 4*E
ellipse parameters (unused if 14), emittance, cut-off m.rad, no.dim
IFORM = 12, 15: vertical collimation; vertical
ellipse parameters (unused if 15), emittance, cut-off
IFORM = 13, 16: longitudinal collimation; to be

implemented

! Any particle out of limits is stopped.
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DECAPOLE

1L

XL, Ro, By

XE, AE

NCE, Cy— Cj

Xs, As
NCS, Gy — Cs

XPAS

KPOS, XCE,
YCE, ALE

Decapole magnet

IL = 1,2: print field and coordinates along trajectories
Length; radius and field at pole tip

Entrance face:

Integration zone extent; fringe field

extent (< 2Ro, Ag = 0 for sharp edge)

NCE = unused

Co — C5 = Fringe field coefficients such that

G(s) = Go/(1 + exp P(s)), with Go = Bo/ R}

and P(s) = 32, Ci(s/A)!

Exit face: see entrance face

Integration step

KPOS=1: element aligned, 2: misaligned;
shifts, tilt (unused if KPOS=1)

0-2

2*cm, kG

2*cm

unused,
6*no dim.

2*cm

0-6, 6*no dim.
cm

1-2, 2*%em, rad

151

3*E

2*E

1, 6*E

2*E
I, 6*E

1, 3*E
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DIPOLE

NFACE, IC, IL
IAMAX, IRMAX
Bo, N, B, G

AT, ACENT, RM,

RMIN , RMAX

A€

NC, Cy — Cs, shift

(.4.)+, 6; Rl; Ul; U2; R2

A€
NC, Cy — Cs, shift

W, 61 Rla U1, U‘2’ R2

Keywords and input data formatting

Generation of a dipole magnet 2-D map

— - 2 - 3
By = FBy (1 — N (B=BM) 4 g (B_RM)* | G (R-RM) )

Number of field boundaries
IC' = 1,2: print field map

IL = 1,2: print field and coordinates on trajectories
Azimuthal and radial number of nodes of the mesh

Field and field indices

Mesh parameters: total angle of the map; azimuth for
positioning of EFB’s; mean radius; minimum and
maximum radii

ENTRANCE FIELD BOUNDARY

Fringe field extent (normally ~ gap size); unused
Exponential type fringe field is used:
F =1/ (14 exp(P(s)))with

P(s) = Co+ Ci(5) + Ca(3)" + ... + C5(5)°

unused; Cp to C5: see above;

EFB shift

Azimuth of entrance EFB with respect to ACENT;
wedge angle of EFB; radii and linear

extents of EFB (use | Uj 5 |= 0o when Ry 5 = 00)
(Note : A =0, wr = ACENT and 6 = 0 for sharp edge)

EXIT FIELD BOUNDARY
(See ENTRANCE FIELD BOUNDARY)

Fringe field parameters

Positioning and shape of the exit EFB

(Note : A=0,w” = —AT+ ACENT and § = 0 for
sharp edge)

23, 0-2, 0-2

< 400, < 200

kG, 3*

no dim.

2*deg, 3*cm

cm, unused

0-6, 6%

no dim., cm

2*deg, 4*cm

cm, unused
0-6, 6*no

dim., cm

2*deg, 4*cm

3*1

2*1

4*E

5*E

2*E

17*E

6*E
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if NFACE = 3

A€
NC, Cy — Cs, shift

w™, 8, R, Uy, Us, Ry,
RM3

NBS

if NBS = 0

if NBS = -2
Ro, AB/B

if NBS = -1

60, AB/ By

if NBS > 1

For I = 1, NBS
Ry, Ry, 0y, 65, A

Y, o, i, B

IORDRE

XPAS

KPOS

if KPOS = 2
RE,TE, RS, TS

if KPOS =1
DP

LATERAL FIELD BOUNDARY

(See ENTRANCE FIELD BOUNDARY)
Next 3 records only if NFACE = 3
Fringe field parameters

Positioning and shape of the lateral EFB;
RM3 is the radial position on azimut ACENT

Option index for perturbations to the field map
Normal value. No other record required

The map is modified as follows:

AB R—R
B transforms to B % (1 —+ B_gm)

The map is modified as follows:

B transforms to B * (1 + %92;0)

Introduction of NBS shims

The following 2 records must be repeated NBS times

Radial and angular limits of the shim; A is unused

Geometrical parameters of the shim

Order of interpolation polynomial:
2 = second order, 9-point grid

25 = second order, 25-point grid
4 = fourth order, 25-point grid

Integration step

Positioning of the map, normally 2. Two options:

Positioning as follows:
Radius and angle of reference, respectively,
at entrance and exit of the map

Automatic positioning of the map, by means of
reference relative momentum

cm, unused

0-6, 6*
no dim., cm

2*deg, bem

normally 0

cm, no dim.

deg,no dim.

2*cm, 2*deg, cm
2*deg,

2*no dim.

2,4 or 25

cm

1-2

cm, rad, cm, rad

no dim.
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I,7*E

T*E

2*E

2¥E

5*E

4*E

4*F
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DODECAPO Dodecapole magnet
IL IL = 1,2: print field and coordinates along trajectories 0-2 I
XL, Ry, Bg Length; radius and field at pole tip 2*cm, kG 3*E

Entrance face:
XE, A\g Integration zone extent; fringe field 2*cm 2*E
extent (< 2R, Ag = 0 for sharp edge)

NCE, Cy— Cj NCE = unused unused, I, 6*E
Co — C5 = Fringe field coefficients such that 6*no dim.
G(s) = Go/(1 + exp P(s)), with Go = Bo/R}
and P(s) = Y1, Ci(s/M)'

Xs, As Exit face: see entrance face 2*cm 2*E
NCS, Cy — Cx 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 if KPOS=1)
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DRIFT, ESL Field free drift space

XL length cm E
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EBMULT! Electro-magnetic multipole
IL IL = 1,2: print field and coordinates along 0-2 I
trajectories

Electric poles

XL, Ro, E1, E2, ..., F10 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

Xg, A\g, FEq, ..., F1g Integration zone; fringe field extent: 2*cm, 9*no dim. 11*E
dipole fringe field extent = Ag;
quadrupole fringe field extent = Ag * Ej;

20-pole fringe field extent = Ag * Fqq
(for any component: sharp edge if field
extent is zero)

NCE,Cy — Cs same as QUADRUPO 0-6, 6*no dim. 1,6*E
Exit face

Xs, As, S2, ..\ Sio Integration zone; as for entrance 9%cm, 9*no dim.  11*E

NCS, Cy — Cs 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, Ry, 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

Xg, A\g, Fa, ..., F1g Integration zone; fringe field extent: 2*¥cm, 9*no dim. 11*E
dipole fringe field extent = Ag;
quadrupole fringe field extent = Ag * Ey;

20-pole fringe field extent = Ag * Fqq
(for any component: sharp edge if field

extent is zero)

NCE,Cy — Cy same as QUADRUPO 0-6, 6*no dim. I,6*E

1Use PARTICUL to declare mass and charge.
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Exit face
Xs, Ag, Sa, ..., Sto Integration zone; as for entrance 2*cm, 9%no dim. 11*E
NCS, Cy — Cy 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 if KPOS=1)

__E_J_.ectr*odc

:/M agﬂetuc pole
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EL2TUB' Two-tube electrostatic lens

IL IL = 1,2: print field and coordinates 0-2 I
along trajectories

X1, D, X2, Ry Length of first tube; distance between tubes; 3*m 4*E
length of second tube; inner radius

Vi, Va Potentials 2*V 2*E

XPAS Integration step cm E

KPOS, XCE, KPOS=1: element aligned, 2: misaligned; 1-2, 2*cm, 1, 3*E

YCE, ALE shifts, tilt (unused if KPOS=1) rad

V1 V2 X

X1 D X2

Two-electrode cylindrical electric lens.

1Use PARTICUL to declare mass and charge.
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ELMIR Electrostatic N-electrode mirror/lens, straight slits
IL IL = 1,2: print field and coordinates 0-2
along trajectories
N,Zl, ..., LN, D, MT  Number of electrodes; electrode lengths; gap; 2 -7, N*m, m
mode (11/H-mir, 12/V-mir, 21/V-lens, 22/H-lens)
Vi, .., VN Electrode potentials (normally V1 = 0) N*V
XPAS Integration step cm
KPOS, XCE, KPOS=1: element aligned; 2: misaligned; 1-2, 2*%cm, rad
YCE, ALE shifts, tilt (unused if KPOS=1); 3: automatic
positioning, YC'FE = pitch, ALE = half-deviation
fY Y
S T .
X .
ety
L1 §) L2 L2+g X
“““““““““““““““““ il V2 V3
Z
,,,,,,, D
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I, N*E, E, T

N*E
E

I, 3*E

Electrostatic N-electrode mirror/lens, straight slits, in the case N = 3, in horizontal mirror mode (M7 = 11).
Possible non-zero entrance quantities YC'E, ALFE should be specified using CHANGREF, or using KPOS=3

with YCE=pitch, ALE=half-deviation.
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ELMIRC Electrostatic N-electrode mirror/lens, circular slits

IL IL = 1,2: print field and coordinates 0-2 I
along trajectories

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 Normally K POS = 2 for positioning; 1-2 I

RE, TE, RS, TS Radius and angle at respectively entrance and exit. cm, rad, cm, rad 4*E

RM .o

......................................... Mid-plane

..........................................

Electrostatic N-electrode mirror/lens, circular slits, in the case N = 3, in horizontal mirror mode.
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ELMULT'

1L

XL, Ry, E1, B2, ..., E10

Xg, A, Fa, ..., E1o

NCE, Cy—Cs

Xs, As, Sa, .. Sto
NCS, Co — Cs

R1, R2, R3, ..., R10
XPAS

KPOS, XCE,
YCE, ALE

Electric multipole

IL = 1,2: print field and coordinates along
trajectories

Length of element; radius at pole tip;
field at pole tip for dipole, quadrupole,
..., dodecapole components

Entrance face

Integration zone; fringe field extent:
dipole fringe field extent = Ag;
quadrupole fringe field extent = Ag % E;

20-pole fringe field extent = Ag * Fqq
(sharp edge if field extent is zero)

same as QUADRUPO

Exit face

Integration zone; as for entrance

Skew angles of field components
Integration step

KPOS=1: element aligned, 2: misaligned;
shifts, tilt (unused if KPOS=1)

0-2

2*¥cm, 10*V/m

2*cm, 9%*no dim.

0-6, 6*no dim.

2*¥cm, 9*no dim.

0-6, 6*no dim.
10*rad

cm

1-2, 2*¥cm, rad

12*E

11*E

1, 6*F

11*E
I, 6*E
10%E
E

I, 3*E

1Use PARTICUL to declare mass and charge.
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ELREVOL'

c, 1L,

ENORM, X-NORM
TIT

IX

FNAME?

ID, A, B, C

(A, B', '

B ete., if ID > 2]
IORDRE

XPAS

KPOS, XCE,
YCE, ALE

Keywords and input data formatting

1-D uniform mesh electric field map
X-axis cylindrical symmetry is assumed

IC' = 1,2: print the map 0-2, 0-2 2*1
IL = 1,2: print field and coordinates along trajectories
Field and X-coordinate normalization 2*no dim. 2*E
Title A80
Number of longitudinal nodes of the map < 400 I
Filename (e.g., elens.map) A80
Integration boundary. Ineffective when ID = 0. > —1, 2%no dim., 1,3*E
ID=-1,10r > 2: as for CARTEMES cm [,2*no dim., [,3*E,etc.]
cm, etc.]
unused 2,4 or 25 I
Integration step cm E
KPOS=1: element aligned, 2: misaligned; 1-2, 2*cm, rad I, 3*E

shifts, tilt (unused if KPOS=1)

1Use PARTICUL to declare mass and charge.
2FNAME contains the field data. These must be formatted according to the following FORTRAN sequence:

OPEN (UNIT = NL, FILE = FNAME, STATUS = ‘OLD’ [[FORM="UNFORMATTED"])

DO11=1,IX

IF (BINARY) THEN
READ(NL) X(I), EX(T)

ELSE

READ(NL,*) X(T), EX(T)

ENDIF

1 CONTINUE

where X (I) and EX (I) are the longitudinal coordinate and field component at node (I) of the mesh.
Binary file names FNAME must begin with B_. ‘Binary’ will then automatically be set to ‘. TRUE.’
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FAISCEAU

FAISCNL

FNAME!

FAISTORE

FNAME!
[, LABEL(s)]

1P

Print particle coordinates

Print particle coordinates at the location where the
keyword is introduced in the structure.

Store particle coordinates in file FNAME

Name of storage file A80
(e.g., zgoubi.fai, or b_zgoubi.fai for binary storage).

Store coordinates every IP other pass [,at labeled elements]

Name of storage file (e.g. zgoubi.fai) [; label(s) of the element(s) A80
at the exit of which the store occurs (10 labels maximum)]. [, 10¥*A10]
Store every IP other pass (when using REBELOTE I

with NPASS > TP —1).

!Stored data can be read again using OBJET, KOBJ = 3.
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FIN, END End of input data list

Any information following these keywords will be ignored
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FIT

NV
ForI =1, NV

IR, IP, XC, DV

NC
For I =1, NC

IC, I, J, IR, VI, WV

Fitting procedure

Number of physical parameters to be varied

repeat NV times the following sequence

Number of the element in the structure;

number of the physical parameter in the element;
coupling switch (off = 0); allowed + range of variation
of the parameter.

Number of constraints

repeat NC times the following sequence

IC, I and J define the type of constraint

(see table below); number of the element
at the exit of which the constraint applies;

value; weight of the constraint (the lower the stronger).

< 200, < 99,
+ 200.99,

relative

0-3, 1-200,
current unit!,
no dim.

Type of Parameters defining the constraint
constraint
IC I J Constraint
Beam matrix? | 0 1-4 1-4 orJ
First order 1-6 1-6 Rrs
transfer 1 7 any Y-determinant
coefficients? 8 any Z-determinant
Second order 2 1-6 11 - 66 17k
transfer (7 =1J/10], k= J — 10[J/10])
coefficients?
Trajectory 3 | 1-MAX 1-6° F(J, 1)
coordinate*
Periodic 4 1-6 1-6 ory®
coefficients? 7 any Y-tune
8 any Z-tune

IThe unit of V is that specified in the corresponding keyword.

2Tt is advised to use OBJET and KOBJ = 5, for the definition of the initial coordinates.

3Tt is advised to use OBJET and KOBJ = 6, for the definition of the initial coordinates.

4For use normally with object definition by OBJET. Thus, I = trajectory number = 1 to IMAX if KOBJ # 2;
I = trajectory number = 1 to 7 if KOBJ = 2.

5J = coordinate number = 1 to 6 for respectively D, Y, T, Z, P or X.

6Twiss functions: 011 = By,012 = 021 = —ay,022 = Yy, 033 = (37,034 = 043 = —ay,044 = 7yz; periodic dispersion:
o16 = Dy, 026 = DY, 036 = Dy,046 = DY,

165
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FOCALE

XL

FOCALEZ

XL

Keywords and input data formatting

Particle coordinates and horizontal beam dimension at distance X1

Distance from the position of the keyword cm E

Particle coordinates and vertical beam dimension at distance XL

Distance from the position of the keyword cm E
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GASCAT Gas scattering

KGA Off/On switch 0,1 I

Al, DEN Atomic number; density 2*E
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HISTO

Ja Xmin; Xmaxa
NBK, NH

NBIL, KAR,
NORM, TYP

Keywords

1-D histogram

J = type of coordinate to be histogramed;
the following are available:
e current coordinates:

1(D), 2(¥), 3(T), 4(7), 5(P), 6(3),
e initial coordinates:

11( Do), 12(Yo), 13(Ty), 14(Zs), 15(Ps), 16(So),
® spin:

21(Sz), 22(Sy), 23(S:), 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
independency of histograms of the same coordinate)

Number of lines (= vertical amplitude);
alphanumeric character; normalization if
NORM = 1, otherwise NORM = 0; TYP = ‘P
primary particles are histogramed, or ‘S’:
secondary, or Q: all particles - for use

with MCDESINT

and input data formatting

1-24, 2% I, 2*¥E, 2*1
current units,

< 120, 1-5

normally 10-40, I, A1, 1, Al
char., 1-2, P-5-Q
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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 of OBJET, KOBJ = 1,2 or 4

IMAGESZ Localization and size of vertical waists

For each momentum group, as classified by

means of OBJET, 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 2*1

IL = 1,2: print field and coordinates along

trajectories
BNORM, XN, YN Field and X-,Y-coordinate normalization 3*no dim. I*E
TIT Title! A0
IX,JY Number of longitudinal and horizontal-transverse < 400, <200 2*1

nodes of the mesh (the Z elevation is arbitrary)
FNAME? File name (e.g., magnet.map) A80
ID, A B, C Integration boundary. Ineffective when I'D = 0. > —1, 2%no dim., 1,3*E
(A, B', ' ID=-1,10r >2: as for CARTEMES cm [,2*no dim.,  [3*E,etc.]
B" etc.,if ID > 2] cm, ete.]
IORDRE Order of polynomial interpolation 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 if KPOS=1)

IBegin “Title” with “FLIP” so as to get the map flipped prior to ray-tracing.
2FNAME contains the field map data. These must be formatted

according to the following FORTRAN read sequence
(normally compatible with TOSCA code QUTPUTS):

OPEN (UNIT = NI, FILE = FNAME, STATUS = ‘OLD")
DO11=1,1JY
DO1T=1,TX
IF (BINARY) THEN
READ(NL) Y(J), Z(1), X(T), BY(T,J), B%(T,J), BX(I,)

ELSE
READ(NL,100) Y(J), Z(1), X(I), BY(I,J), BZ(1,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 elevation of the map, and BX, BY, BZ

are the components of the field.

For binary files, FNAMF must begin with B_;
'Binary’ will then automatically be set to "' TRUE.’
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MAP2D-E

Ic, IL

ENORM, X-, Y-NORM
TIT

IX,JY

FNAME?

ID, A, B, C

(A, B', C'

B etc., if ID > 2]
IORDRE

XPAS

KPOS, XCE,
YCE, ALE

2-D Cartesian uniform mesh field map - arbitrary electric field

IC' = 1,2: print the field map

IL = 1,2: print field and coordinates along
trajectories

Field and X-,Y-coordinate normalization

Title!

Number of longitudinal and horizontal-transverse
nodes of the mesh (the 7 elevation is arbitrary)

File name (e.g., mirror.map)

Integration boundary. Ineffective when ID = 0.
ID =-1,10r > 2 : as for CARTEMES

Order of polynomial interpolation

Integration step

KPOS=1: element aligned, 2: misaligned;
shifts, tilt (unused if KPOS=1)

1Begin “Title” with “FLIP” so as to get the map flipped prior to ray-tracing.
2FNAME contains the field map data. These must be formatted
according to the following FORTRAN read sequence:

OPEN (UNIT = NL, FILE = FNAME, STATUS = ‘OLD")

DO1J=1,7JY
DO1T=1,TX

IF (BINARY) THEN

READ(NL) Y(J), Z(1), X(T), EY(1,J), EZ(1,J), EX(T,J)

ELSE
READ(NL,100) Y(J), Z(1), X(I), EY(1,), EZ(1,J), EX(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 elevation of the map, and EX, EY, EZ

are the components of the field.

For binary files, FNAMFE must begin with B_;
'Binary’ will then automatically be set to . TRUE.’

0-2, 0-2

2*no dim.

< 400, < 200

> —1, 2*%no dim.,
cm [,2*no dim.,
cm, etc.]

2,4

)

cm

1-2, 2*¥em, rad

171

2*1

2*E
A80

2¥1
A80

13*F
[,3*E,etc.]

I, 3*E
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MATPROD Matrix transfer

IORDRE Transfer matrix order 1-2 I

XL Length (ineffective, for updating) m E

For TA =1,6:

R(IAIB), IB=1,6 First order matrix m, rad 6 lines
6*E each

If IORDRE = 2 Following records only 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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MATRIX

TORD, TFOC

Calculation of transfer coefficients, periodic parameters

Options : 0-2, 0-1 or
IORD = 0: Same effect as FAISCEAU > 10

1: First order transfer matrix; periodic beam matrix,

tune numbers if IFOC > 0

2: First order transfer matrix R;;, second

order array T;;5 and higher order transfer

coefficients; periodic parameters, chromaticities, etc. if IFOC > 0

TFOC = 0: matrix at actual position,

reference = particle # 1

1: matrix at the closest first order horizontal focus,
reference = particle # 1

10 + NPER: same as IFOC = 0, and also calculates
the twiss parameters, tune numbers, etc.

(assuming that the DATA file describes one period of a
NPER-period structure).

2*1

173
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MCDESINT! Monte-Carlo simulation of in-flight decay
M1 — M2 + M3

M2, M3 Masses of the two decay products 2*¥MeV /c? 2*E

I, 12,13 Seeds for random number generators 3%~ 10° 3*

© Xy X

Particle 1 decays into 2 and 3; zgoubi then calculates trajectory of 2, while 3 is discarded. # and ¢ are the
scattering angles of particle 2 relative to the direction of the incoming particle 1. They transform to 75 and P,
in Zgoubi frame.

'MCDESINT must be preceded by PARTICUL, for the definition of the mass and lifetime of the incoming particle M1.
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MCOBIJET

BORO

KOBJ

IMAX

KY, KT, KZ, KP,
KX, KD!

YO) TOa ZOa POa
XO) DU

if KOBJ =1

§Y, 8T, 67, 6P,
§X, 0D

Nsy, Ne1, Nsz, Nsp,
Nsx, Nsp

Ng, Cqy, C1, Cs, C3

IR1, IR2, IR3

Monte-Carlo generation of a 6-D object

Reference rigidity

Type of support of the random distribution
KOBJ = 1: window

KOBJ = 2: grid

KOBJ = 3: phase-space ellipses

Number of particles to be generated

Type of probability density

Mean value of coordinates (Dy = Bp/BORO)

In a window

Distribution widths, depending on KY, KT ete.!
Sorting cut-offs (used only for Gaussian density)
Parameters involved in calculation of P(D)

(unused if KD =1)

Random sequence seeds

Hetr=Y,T,Z,Por X. KY, KT, KZ, KP and KX can take the values
1: uniform, p(z) =1 if -6z < z < éz

2: Gaussian, p(z) = exp(—a2/286x2)/8a/27

3: parabolic, p(z) = 3(1 — 22 /8§z2)/48z if -6z < z < éz

K D can take the values

1: uniform, p(D) =1 if =D <z < D
2: exponential, p(D) = No exp(Co + C11+ Col2 + C31®) if =D < = < 8D
3: kinematic, D = 8§D x T

kG.cm

1-3

< 10*
6*(1-3)

m, rad, m,
rad, m, no dim.

m, rad, m,
rad, m, no dim.

units of oy, o,
etc.

no dim.

3*~ 106
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6*1

6*E

6*E

6*E

5*E

3+
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If KOBJ = 2
IV, IT, 17, IP,
IX,ID

PY, PT, PZ, PP,
PX, PD

§Y, 8T, 67, 6P,
§X, 8D

Nsy, Ns7, Nsz, Nsp,
Nsx, Nsp

NO: COa Cla CZ) C13

IR1, TR2, IR3
if KOBJ = 3

ay, By, ey /m, No,,
[, N. if N, <0]?
ey v

a

az, Bz, ez/m No.,
[[ N\ if N, <0
ez z

g

ax, Bx, ex/m, No.,
[N if N, <0
e x x

IR1, IR2, IR3

Keywords and input data formatting

On a grid

Number of bars of the grid
Distances between bars
Width of the bars (%) if uniform,

Sigma value if Gaussian distribution

Sorting cut-offs (used only for Gaussian density)

Parameters involved in calculation of P (D)

(unused if KOBJ = 3)
Random sequence seeds

On a phase-space ellipse'
Ellipse parameters and

emittance, Y-T phase-space; cut-off

Ellipse parameters and
emittance, Z-P phase-space; cut-off

Ellipse parameters and
emittance, X-D phase-space; cut-off

Random sequence seeds

I Similar possibilities, non-random, are offered with OBJET, KOBJ=8 (p- 180)
2With Gaussian density type only: sorting within the ellipse

frontier )
1+ oy

8%

V2 4 2ay YT 4+ ByT2 = X
m

Y

if ]\7(,-€Y > 0, or, if N‘"Ey < 0 sorting within the ring

[INoy [N, ]

m, rad, m
rad, m, no dim.

ibidem

units of oy, o etc.

no dim.

3*~ 106

no dim., m/rad,
m.rad, units of

o(ey)

no dim., m/rad,
m.rad, units of

o(ez)

no dim., m/rad,
m.rad, units of

o(ex)

3*~ 108

6*1

6*E

6*E

6*E

5*E

3+

3*E, T

3*E, T

3*E, T

[1]

3*1
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gaussiar bar
if KOJE—4

Diwtr butien
sither =
uniform har
T OKOJE=3 \—‘ :
2e6Y 2vET
PY
— N -
a Ye ¥
r
'd
Y=5 bars
N
I Z
=1
o
.!-Ci‘(—-r—-r*
—E}#——-éa———éa——ﬂ"_—;—m—
1 1 I |
| | Lt
?' 3 M l -
= = oy i =g IZ=3 bars
| | L
1 [ 1 15 -
.- - A - sl - Ao - ~ i~
(] ¥a ¥

Scheme of the input parameters to MCOBJET when KOBJ = 3, 4

A: A distribution of the Y coordinate

B: 2-D grid in (Y, Z) space.
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MULTIPOL

IL

XL, Ry, B1, B2, ..., B10,

Xg, Ag, Fs, ..., E1g
NCE, Cy - C5
Xg, As, S, ..., S1o
NCS, Cy — Cs

R1, R2, R3, ..., R10
XPAS

KPOS, XCE,
YCE, ALE

Magnetic Multipole

IL = 1,2: print field and coordinates along
trajectories

Length of element; radius at pole tip;
field at pole tip for dipole, quadrupole,
..., dodecapole components

Entrance face

Integration zone; fringe field extent:
dipole fringe field extent = Ag;
quadrupole fringe field extent = Ag % E;

20-pole fringe field extent = Ag % Fqq
(sharp edge if field extent is zero)

same as QUADRUPO

Exit face

Integration zone; as for entrance

Skew angles of field components
Integration step

KPOS=1: element aligned, 2: misaligned;
shifts, tilt (unused if KPOS=1)

for QUADRUPO.

KPOS = 3: effective only if B1 # 0:

entrance and exit frames are shifted by YCE

and tilted wrt. the magnet by an angle of
e either ALE if ALE#£0
e or 2 Arcsin(B1 XL /2BORO) if ALE=0

Keywords and input data formatting

0-2 I

2%*cm, 10%kG 12*E

2*cm,9*no dim. 11*E
0-6, 6*no dim. I, 6*E
2*cm, 9*no dim. 11*E
0-6, 6*no dim. 1, 6*E
10*rad 10*E
cm E

1-2, 2*¥cm, rad I, 3*E
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OBJET Generation of an object
BORO Reference rigidity kG.cm E
KOBJ Option index 1-6 I
if KOBJ = 1[.1] [Non-] Symmetric object
1Y, IT, 17, IP, Ray-Tracing assumes mid-plane symmetry
IX, 1D Total number of points in Y, 7", £7, £ P

[+7, +P with KOBJ = 1.1], £X. IY*¥IT*IZ*IP* 6*1

and +D coordinates (7Y < 20,...,7D < 20) *IX*D < 10*
PY,PT PZ, PP, Step size in Y, T, 7, P, X and momentum cm, mrad, cm, 6*E
PX, PD (PD = éBp/BORO) mrad, cm, no dim.
YR, TR, 7R, PR, Reference cm, mrad, cm, 6*E
XR,DR (DR = Bp/BORO) mrad, cm, no dim.
if KOBJ = 2 All the initial coordinates must be entered explicitly
IMAX | IDMAX total number of particles ; number of distinct momenta IMAX < 10* 2*1

(if IDMAX > 1, group particles of same momentum)
For I =1, IMAX Repeat IMAX times the following line
Y, T, 7, P, X, Coordinates and tagging character of the cm, mrad, cm, 6%E; Al
D, LET IMAX particles (D = Bp/BORO) mrad, cm,

no dim., char.

EX(T =1, MAX ) IMAX times 1 or -2. If TEX(I) = 1, trajectory 1or-2 IMAX 1

number [ is calculated. If TEX (I) = =2, it
is not calculated

If KOBJ=3[.1] Reads coordinates from a storage file
ITi1, IT2, ITStep Read particles numbered TT1 to IT2, step TTStep >1,>1IT1, > 1 3*

(For more than 10* particles stored in FNAME,
use ‘REBELOTE’)

IP1, IP2, IPStep Read particles that belong in pass numbered >1,>1IP1,>13%
IP1 to IP2, step IPStep

YR, TR,ZR, PR, Reference cm, mrad, cm, 6*E

XR,DR (DR = Bp/BORO) mrad, cm, no dim.

InitC 0 to force new starting coordinates to old initial ones 0-1 I

1 to force new starting coordinates to old final ones

FNAME File name (e.g., zgoubi.fai) A80
(KOBJ=3 or KOBJ=3.1 determines storage FORMAT)

If KOBJ = 5[.1] Generation of 11 particles (for use with MATRIX, IORD = 1)
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PY, PT, PZ, PP, Step sizes in Y, T', 7, P, X and D cm, mrad, cm, mrad, 6*E
PX,PD cm, no dim.
YR, TR, ZR, PR, Reference trajectory; cm, mrad, cm, mrad,
XR, DR DR = Bp/BORO cm, no dim. 6*E
Iff KOBJ = 5.1 additional data line
ay, By, az,Bz, ax,Bx Initial beam ellipse parameters 2*(no dim.,m),(?,?)  6*E
If KOBJ =6 Generation of 61 particles (for use with MATRIX, IORD = 2)
PY, PT, PZ, PP, Step sizesin Y, T, 7, P, X and D cm, mrad, cm, mrad  6*E
PX, PD cm, no dim.
YR, TR, 7R, PR, Reference trajectory; cm, mrad, cm, mrad,
XR, DR DR = Bp/BORO cm, no dim. 6*E
If KOBJ =7 Object with kinematics
Iy, IT, 17, IP, Number of points in £V, 7 +7, +P, TY*TT*IZ*TZ*TX* 6*1
IX,ID +X; ID is not used TP < 10*
PY, PT, PZ, PP, Step sizes in Y, T, 7, P and X; cm, mrad, cm, mrad, 6*E
PX, PD P D = kinematic coefficient, such that em, mrad ™!

D(T)= DR+ PD*T
YR, TR,ZR, PR, Reference cm, mrad, cm, 6*E
XR,DR (DR = Bp/BORO) mrad, cm

no dim.

If KOBJ = 8 Generation of phase-space coordinates on ellipses’
1Y, 17, IX Number of samples in each 2-D phase-space; 0< IX,IV,IZ < IMAX, 3*I

if zero the central value (below) is assigned 1<IX %IV %« 1Z < IMAX
Yo, To, %o, Po, Central values (Do = Bp/BORO) m, rad, m, rad, 6*E
Xo, Dq m, no dim.

no dim., m/rad, m.rad 3*E
no dim., m/rad, m.rad 3*E
no dim., m/rad, m.rad 3*E

ay, By, ey /m ellipse parameters and emittances
az, Bz, ez/m

ax, ﬂx, 6)(/71'

! Similar possibilities, random, are offered with MCOBJET, KOBJ=3 (p. 176)
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OBJETA Object from Monte-Carlo simulation of decay reaction

M1+ M2 — M3+ M4 and M4 — 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*1

MG6(IBODY = 3); type of distribution for Yy and Zp:
uniform (KOBJ = 1) or Gaussian (KOBJ = 2)

IMAX Number of particles to be generated (use <104 I
‘REBELOTE’ for more)

My — M;y Rest masses of the bodies 5*GeV/c? 5*E

T Kinetic energy of incident body GeV E

Yo, To, Zo, Po, Do Only those particles in the range cm, mrad, cm, 5*E
Yo=Y <Y <Yy +44Y mrad, no dim.

Do —6D <D< Dg+6D
will be retained

oY, 6T, 67,86P,8D cm, mrad, cm, 5*E

mrad, no dim.

XL Half length of object: —XI < Xoq < XL cm E
(uniform random distribution)

IR1, IR2 Random sequence seeds 2%~ 08 2*1
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OCTUPOLE Octupole magnet
IL IL = 1,2: print field and coordinates along trajectories 0-2 I
XL, Ry, Bg Length; radius and field at pole tip of the element 2*cm, kG 3*E

Entrance face:
Xg, AE Integration zone; 2*%em 2*E
Fringe field extent (Ag = 0 for sharp edge)

NCE, Cy— Cs NCE = unused any, 6*no dim. T, 6*E
Co — C5 = fringe field coefficients
such that: G(s) = Go/(1+ exp P(s)), with Go = Bo/R}
and P(s) = Y20_, Ci(s/N)

Exit face:
Xg, As Parameters for the exit fringe field; see entrance 2*cm 2*E
NCS, Cy — Cs 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 if KPOS=1)

Octupole magnet
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ORDRE Taylor expansions order

10 Taylor expansions of R and i up to @19) 2-b I
(default is TO =4 )
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PARTICUL Particle characteristics

M, @, G, 7, X Mass; charge; gyromagnetic factor; MeV/c?, C, no dim.,s 5*F
COM life-time; unusued

NOTE : Ounly the parameters of concern need their value be specified (for instance M, @ for electric lenss);
others can be set to zero.
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PLOTDATA Intermediate output for the PLOTDATA graphic software [27]

To be documented.
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POISSON Read magnetic field data from POISSON output
IC) 1L IC' = 1,2: print the field map

IL = 1,2: print field and coordinates along trajectories
BNORM, XN, YN Field and X-)Y-coordinate normalization
TIT Title
IX, 1Y Number of longitudinal and transverse nodes

of the uniform mesh
FNAME" Filename (normally, outpoi.lis)

ID, A B, C Integration boundary. Ineffective when ID = 0.
(A, B', C' ID=-1,10r > 2: as for CARTEMES

B etc., if ID > 2]
IORDRE Order of interpolation polynomial
as for DIPOLE
XPAS Integration step
KPOS, XCE, KPOS=1: element aligned, 2: misaligned;
YCE, ALE shifts, tilt (unused if KPOS=1)

IFNAME contains the field map data. These must be formatted according to the following FORTRAN

read sequence:

I=0
11 CONTINUE
I=1+1

READ(LUN,101,ERR=99,END=10) K, K, K, R, X(T), R, R, B(I)
101 FORMAT(T1, 13, T4, E15.6, 2F11.5, 2F12.3)

GOTO TI
10 CONTINUE

0-2, 0-2

3*no dim.

< 400, < 200

> —1, 2*no dim.,
cm [,2*no dim.,
cm, etc.]

2,4 or 25

cm

1-2, 2%cm, rad

where X (7) is the longitudinal coordinate, and B(7) is the Z component of the field at a node (7) of the mesh.

K's and R’s are variables appearing in the POISSON output file outpoi.lis, not used here.

2*1

3*E
A80

2*1

A80

13*F
[,3*E,etc.]

I, 3*E
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POLARMES

Ic, IL

BNORM, AN,RN
TIT

TA, JR

FNAME!

ID, A, B, C
[AI, B, "
B ete., if ID > 2]

IORDRE

XPAS

KPOS

If KPOS = 2
RE,TE, RS, TS
If KPOS = 1
DP

2-D polar mesh magnetic field map
mid-plane symmetry is assumed

IC' = 1,2: print the map

IL = 1,2: print field and coordinates along trajectories

Field and A- /R-coordinate normalization
Title

Number of angular (
nodes of the map

Filename (e.g., spes2.map)

Integration boundary. Ineffective when ID = 0.

ID =-1,10r > 2: as for CARTEMES

Order of interpolation polynomial
(see DIPOLE)

Integration step

as for DIPOLE. Normally 2.

187
0-2, 0-2 94T
3*no dim. 3*E
AR0

< 400) and radial (X100

A80

> —1, 2%no dim., I,3*E
cm [2*no dim.,  [,3*E,etc.]

cm, etc.]

2,4 or 25 |
cm E
1-2 1

cm, rad, cm, rad 4*E

no dim. E

IFNAME contains the field data. These must be formatted according to the following FORTRAN sequence:

OPEN (UNIT = NL, FILE = FNAME, STATUS = ‘OLD’ [[FORM="UNFORMATTED"])
TF (BINARY) THEN

READ(NL) (Y(J), =1, JY)

ELSE

READ(NL,100) (Y(J), J=1, JY)

ENDIF

100 FORMAT(10 F8.2)

DO 11=1,IX

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

ELSE

READ(NL,101) X(T), (BMES(1,J), J=1, JY)
101 FORMAT(10 F8.1)

ENDIF

1 CONTINUE

where X (7) and Y (.J) are the longitudinal and transverse coordinates and BMES is the 7 field component at a node (7,.J)
of the mesh. For binary files, FNAMEF must begin with B_ .‘Binary’ will then automatically be set to ‘. TRUE.’



188 Keywords and input data formatting

PS170 Simulation of a round shape dipole magnet

IL IL = 1,2: print field and coordinates along trajectories 0-2 I

XL, Ry, Bg 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 if KPOS=1)

Scheme of the PS170 magnet simulation.
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QUADISEX Sharp edge magnetic multipoles
By |z=0= By (1 + }%Y—i‘ Rﬁgy? + %Yg)

IL IL = 1,2: print field and coordinates along trajectories (-2 I
XL, Rg, By 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

ifY >0: B=FEBIl and G = EG1,;
fY <0: B=FB2and G = FEG2.

XPAS Integration step cm E

KPOS, XCE, KPOS=1: element aligned, 2: misaligned; 1-2, 2*cm, rad 1, 3*E
YCE, ALE shifts, tilt (unused if KPOS=1)
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QUADRUPO Quadrupole magnet
IL IL = 1,2: print field and coordinates along trajectories 0-2 I
XL, Ro, By Length; radius and field at pole tip 2*cm, kG 3*E

Entrance face:
XE, A\g Integration zone extent; fringe field 2*¥cm 2*E
extent (~ 2R, Ag = 0 for sharp edge)

NCE,Cy — Cs NCE = unused any, 6*no dim. T, 6*E
Cy — C5= Fringe field coefficients such that
G(s) = Go/(1 + exp P(s)), with Gy = By/ Ry
and P(s) = Y20_, Ci(s/N)

Exit face
Xs, As See entrance face 2*cm 2*E
NCS, Cy — Cs 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 if KPOS=1)
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Quadrupole magnet

EnLr‘ance EXIL

EF8 G Xl EFB

S N B B

S | K |

P ] N

/ N

Ao A
e | | A
,)(F g i | : XL*‘X;
5 R X5 | Xs |

A

Scheme of the elements QUADRUPQO, SEXTUPOL, OCTUPOLE, DECAPOLE, DODECAPO

and MULTIPOL

(OX) is the longitudinal axis of the reference frame (0, X,Y, Z) of zgoubi .

The length of the element is X, but trajectories are calculated from —Xg to XL + Xs, by means of automatic
prior and further Xg and Xg translations.
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REBELOTE Jump to the beginning of zgoubi input data file
NPASS, KWRIT, K Number of runs; KWRIT = 0 inhibits the arbitrary, 3*
FORTRAN WRITE statements; K = option 0-1, 0 or 99

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 = 99: the coordinates resulting from the previous
run are used as initial coordinates for the

next run; idem for spin components.
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RESET

Reset counters and flags

Resets counters involved in CHAMBR, COLLIMA
HISTO and INTEG procedures

Switches off CHAMBR, MCDESINT, SCALING and
SPNTRK options

193
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SCALING Time scaling of power supplies and R.F.

IOPT, NFAM IOPT = 0 (inactive) or 1 (active); 0-1; 1-9 2*1
NFAM = number of families to be scaled

For NF=1, NFAM: repeat NFAM times the following sequence:

NAMEF Name of the family (i.e., keyword of concern) A8
NT Number of timings 1-10 I
scrLI), I=1,NT Scaling values relative NT*E
TIM(I),I=1,NT Corresponding timings. Out of this range, turn number NT*I

the scaling factor is 1.
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SEPARA' Wien Filter - analytical simulation
TA, XL, E, B, IA = 0: element inactive 0-2, m, I, 3*E
IA = 1: horizontal separation V/m, T

TA = 2: vertical separation;
Length of the separator; electric field; magnetic field.

w,

Horizontal separation between a wanted particle, (W), and an unwanted particle, (U7).
(W) undergoes a linear motion while (U) undergoes a cycloidal motion.

1SEPARA must be preceded by PARTICUL for the definition of mass and charge of the particles.
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SEXQUAD Sharp edge magnetic multipole
_ N B vy2 G 3
BZ |Z:0— BO (R_0Y+R_§Y +R_3Y )

IL IL = 1,2: print field and coordinates along trajectories 0-2 I
XL, Ry, By 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=EBI and G = EGT,
fY <0: B=FEB2and G = EG2.

XPAS Integration step cm E

KPOS, XCE, KPOS=1: element aligned, 2: misaligned; 1-2, 2*¥cm, rad 1, 3*E
YCE, ALE shifts, tilt (unused if KPOS=1)
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SEXTUPOL
1L

XL, Ro,Bq

XE, AE

NCE,Cy — Cs

Xs, As
NCS, Cy - Cs
XPAS

KPOS, XCF,
YCE, ALE

Sextupole Magnet

IL = 1,2: print field and coordinates along trajectories

Length; radius and field at pole tip of the element

Entrance face:
Integration zone; fringe field
extent (Ag = 0 for sharp edge)

NCE = unused

Co — C5 = Fringe field coefficients such that
G(s) = Go/(1 + exp P(s)), with Go = Bo/R2
and P(s) = S0_, Ci(s/\)!

Exit face:
Parameters for the exit fringe field; see entrance

Integration step

KPOS=1: element aligned, 2: misaligned;
shifts, tilt (unused if KPOS=1)

7

Sextupole magnet

0-2

2*cm, kG

2*cm

any, 6%
no dim.

2*cm
0-6, 6*no dim.
cm

1-2, 2%cm, rad

197

3*E

2*E

1, 6*E

2*E

1, 6*E

I, 3*E
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SOLENOID Solenoid

IL IL = 1,2: print field and coordinates along trajectories 0-2 I

XL, Ry, Bg Length; radius; asymptotic field (=poNT/XL) 2*cm, kG 3*E
Xg, 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 if KPOS=1)

‘ e
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SPNPRNL Store spin coordinates in file FNAME

FNAME' Name of storage file (e.g. zgoubi.spn) A80
SPNPRNLA Store spin coordinates every I P other pass

FNAME' Name of storage file (e.g. zgoubi.spn) A80
P Store every TP other pass (when using < NPASS |

REBELOTE with NPASS > IP — 1)

SPNPRT Print spin coordinates

Print spin coordinates at the location where this
keyword is introduced in the structure.

IFNAME contains the spin coordinates and other informations, stored following the FORTRAN sequence below:

OPEN (UNIT = NI, FILE = FNAME)
DO 1 T=1, IMAX

WRITE(NT,100) LET(T),TEX(T),SX0(T),8YO(T),SZ0(1),80(1),$X(1),SY(T),SZ(T),S (1) ,v,],IMAX,, TPASS NOEL
100 FORMAT(1X, A1, 12, 1P , 6E15.7, /, E15.7, 213, 16)

1 CONTINUE

where SX, SY, SZ are the spin components (suffix O stands for origin). S = (SX2 4+ SY?2 4 §72)!/2, 4 = Torentz factor,
I = particle number, MAX = total number of particles per pass, IPASS = pass number (as incremented by REBELOTE),
NOEL = position of the keyword SPNPRNL[A] in the zgoubi.dat data list. See OBJET and SPNTRK for more details.
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SRPRNT Print SR. loss statistics
into zgoubi.res
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SPNTRK!
KSO

If KSO=1-3

If KSO =4

Sl‘a Sya Sz
If KSO =5

TO, PO, A, §A

IR

Spin tracking
Initial conditions options

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]

Repeat IMAX times (corresponding to IMAX
particles, cd ‘OBJET’) the following sequence:

X, Y and Z components of the spin

Random distribution in a cone (see figure)
Enter the following two sequences:

Angles of average polarization:

A = angle of the cone; § A = standard deviation
of distribution around A

Random sequence seed

Spin distribution as obtained with option KSO = 5
The spins are distributed within an annular strip § A (standard deviation)

at an angle A with respect to the axis of mean polarization (S) defined by Ty and Py.

ISPNTRK must be preceded by PARTICUL for the definition of G and mass.

1-5

3*no dim.

4*rad

< 106

201

3*E

4*E
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SRLOSS Synchrotron radiation loss

KSR, IR Switch; seed 0—1,>10° 2*1
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SYNRAD

KSR

If KSR = 0
D1, D2, D3
If KSR = 1
X0, Y0, Z0
If KSR = 2

vy, Va, N

Synchrotron radiation spectral-angular densities

Switch
0: inhibit SR calculations
1: start
2: stop

Dummies

Observer position in frame of magnet next to SYNRAD

Frequency range and sampling

0-2

2*eV, no dim.
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3*E

3*E

2*E, T
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TOSCA 2-D and 3-D Cartesian uniform mesh magnetic field map
IC, IL see CARTEMES 0-2, 0-2
BNORM, Field and X- (if 77 = 1 below), or X-,Y-,Z-
XN [[YN,ZN] (if 17 # 1) -coordinate normalization 2[4]*no dim.
TIT Title!
IX, 1Y, 17 Number of nodes of the mesh in the X, YV < 400, < 200,
and 7 directions. 77 =1 for 2-D maps; 3< 17|
17 < 0 for 3-D maps with no symmetry hypothesis.
FNAME? Names of the N F files containing the maps,
(K=1,NF) ordered from Z(1) to Z(NF).

If17 >0: NF =1+[17/2], the NF maps are symmetrized
with respect to the Z(1) = 0 plane.

If 17 < 0: NF = |IZ|, no symmetry assumed; Z(1) = Zpaz,
Z(1+[112]/2]) = 0 and Z(NF) = —Zpmas -

ID, A, B, C Integration boundary. Ineffective when ID = 0. > —1, 2%no dim.,
(A, B, ¢’ ID=-1,10r >2: as for CARTEMES cm [,2*no dim.,
B" ete., if ID > 2] cm, etc.]
IORDRE If 17 =1: asin CARTEMES 2, 4 or 25

If I7 # 1: unused

XPAS Integration step cm
KPOS, XCE, KPOS=1: element aligned, 2: misaligned; 1-2, 2*cm, rad
YCE, ALE shifts, tilt (unused if KPOS=1)

Begin “Title” with “FLIP” so as to get the map flipped prior to ray-tracing.
?Fach file FNAME(K) contains the field map at elevation Z(K) and must be
formatted according to the following FORTRAN read sequence

(that normally fits TOSCA code QUTPUTS):

DO 2 K =1,NF
OPEN (UNIT = NL, FILE = FNAME(K), STATUS = ‘OLD’ [FORM="UNFORMATTED’))
DO 1 J=1, IY
DO 1T=1,1X
IF (BINARY) THEN
READ(NL) Y(J), Z(K), X(T), BY(J,K,T), BZ(J,K,T), BX(J,K,T)
ELSE
READ(NL,100) Y(J), Z(K), X(T), BY(J,K,T), BZ(J,K,T), BX(J,K,T)
100 FORMAT(1X, 6F11.2)
ENDIF
1 CONTINUE
NL = NL + 1
2 CONTINUE

where X (I), Y(J), Z(K) are the longitudinal, horizontal and vertical coordinates and BX,

BY, BZ are the components of the field at node (I, J, K) of the mesh. For 2-D maps

$B'X$ and $BY$ are assumed zero at all nodes of the 2D mesh, regardless of BX(J,1,T), BY(J,1,T) values.
For binary files, FNAMEF must begin with B_.‘Binary’ will then automatically be set to ‘. TRUE.’

Keywords and input data formatting

2*1

2[4]*E
A80

3*

A80

I,3*F
[,3*E,etc.]

E

I, 3*F
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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 optical parameters ; periodic parameters
KTWISS Options : 0-2 2*1
0: No effect

1: First and second order quantities are computed
2: Higher orders
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UNDULATOR

1L

XL, Sk, Bl

Xg, Ar, W

N, Co—Cs

Xs, As, Ws

N, Co—Cs

XPAS

KPOS, XCE,
YCE, ALE

Undulator magnet

IL = 1,2: print field and coordinates

along trajectories (otherwise IL = 0)

Length; skew angle; field

Entrance face:

Integration zone extent; fringe field extent (normally

~ gap height; zero for sharp edge); wedge angle

Unused; fringe field coefficients: B(s) = B1 F(s) with
F(s) = 1/(1+ exp(P(s)) and P(s) = 3/, Ci(s/})’

Exit face:
See entrance face

Integration step

KPOS=1: element aligned, 2: misaligned;
shifts, tilt (unused if KPOS=1)

Undulator magnet.

0-2

cm, rad, kG

cm, cm, rad

unused, 6*no
dim.
cm, cm, rad

unused, 6*no
dim.

cm

1-2, 2%cm, rad

207

3*E

3*E

I, 6*E

3*E

1, 6*E

E

I, 3*E
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UNIPOT Unipotential electrostatic lens

IL IL = 1,2: print field and coordinates 0-2 I
along trajectories

X1, D, X5, X3, Rg Length of first tube; distance between 5*m 5*E
tubes; length of second and third tubes; radius

Vi, Va 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 if KPOS=1)

“.f?ﬂ-f\




Keywords and input data formatting

VENUS

1L
XL, YL, By
XPAS

KPOS, XCE,
YCE, ALE

Simulation of a rectangular dipole magnet

IL = 1,2: print field and coordinates on trajectories

Length; width = +Y L; field

Integration step

KPOS=1: element aligned, 2: misaligned;
shifts, tilt (unused if KPOS=1)

0-2
2*cm, kG
cm

1-2, 2*%em, rad

+Y1

=YL

VENUS

XL

Scheme of VENUS rectangular dipole.

209
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WIENFILT'

IL

XL, E, B, HV

XE; /\EE ) /\BE

Cro—CEgs
Cpo—Chs

XS; AEs ) ABs
Cro—CEgs
Cpo—CBs

XPAS

KPOS, XCE,
YCE, ALE

Wien filter

IL = 1,2: print field and coordinates
along trajectories (otherwise I = 0)

Length; electric field; magnetic field;
option: element inactive (HV = 0) horizontal
(HV = 1) or vertical (HV = 2) separation

Entrance face:
Integration zone extent; fringe field

extent (~ gap height)

Fringe field coefficients for F
Fringe field coefficients for B

Exit face:
See entrance face

Integration step

KPOS=1: element aligned, 2: misaligned;
shifts, tilt (unused if KPOS=1)

1Use PARTICUL to declare mass and charge.

0-2

m, V/m, T,
0-2

3*cm

6*no dim.
6*no dim.

3*em
6*no dim.
6*no dim.

cm

1-2, 2*cm, rad

Keywords and input data formatting

3%E, T

3*E

6*E
6*E

3*E
6*E
6*E

I, 3*E
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YMY Reverse signs of Y and 7 axes

Equivalent to a 180° rotation with respect to X-axis

The use of Y MY in a sequence of two identical dipoles of opposite signs.






PART C
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and output result files
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INTRODUCTION

Several examples of the use of zgoubi are given here. They show the contents of the input and output data
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 [31], by means
of a Monte Carlo initial object and an analysis of images at the focal plane with histograms. The measured
field maps of the spectrometer are used for that purpose. The design of SPES 2 is given in Fig. 40.

Example 2: calculates the first and second order transfer matrices of an 800 MeV/c kaon beam line [32] 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 map previously calculated with the TOSCA magnet code.
The second bending is simulated with DIPOLE. The design of the line is given in Fig. 41.

Example 3: illustrates the use of MCDESINT and REBELOTE with a simulation of the in-flight decay
K—pu+v

in the SATURNE Laboratory spectrometer SPES 3 [16]. The angular acceptance of SPES 3 is £50 mrd
horizontally and £50 mrd vertically; its momentum acceptance is £40%. The bending magnet is simulated
with DIPOLE. The design of SPES 3 is given in Fig. 42.

Example 4: illustrates the functioning of the fitting procedure: a quadrupole triplet is tuned from -0.7/0.3 T to
field values leading to transfer coefficients R12=16.6 and R34=-.88 at the end of the beam line. Other example
can be found in [33].

Example 5: shows the use of the spin and multiturn tracking procedures applied to the case of the SATURNE
3 GeV synchrotron [5, 8, 29]. Protons with initial vertical spin (S 57) are accelerated through the vyG' = 7T—vy
depolarizing resonance. For easier understanding, some results are summarized in Figs. 44, 45 (obtained with
the graphic post-processor, see Part D).

Example 6: shows ray-tracing through a micro-beam line that involves electro-magnetic quadrupoles for the
suppression of second order (chromatic) aberrations [4]. The extremely small beam spot sizes involved (less
than 1 micrometer) reveal the high accuracy of the ray-tracing (Figs. 46).
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1 MONTE CARLO IMAGES IN SPES 2

Figure 40: Design of SPES 2.
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SPES2 WITH FIELD MAPS

"HCOBJET’
2335.
2
200
1 1 1 1 1 1
0. 0. 0. 0. 0. 1.
1 1 1 1 1 5
0. 0. 0. 0. 0. .001
0. 50.e-3 0. 50.e-3 0.
1. 1. 1. 1. 1. 1.
9 9.9.9.9.
186387 548728 472874
YHISTO’
1 .997 1.003 80
20 D0 1@
YHISTO’
3 =-60. 60. 80
20 T 1 QR
YHISTO®
5 -60. 60. 80
20 P 1 QR
'DRIFT’
41.5
’CARTEHMES®
00
-.96136E-3

++++ CONCORDE ++++
39 23
../spes2/concord.map
0 000
2
2.5
2000
"DRIFT’
21.8
JCHANGREF’
0. 32.5 -35.6
’CARTEMES’
00
1.04279E-3
L Y
117 52
../spes2/al.map
0 000

000
CHATIGREF
0. -28.65
'DRIFT’
33.15
’CHATIGREEF’
0. 27.5 -19.88
’CARTEMES’

00

1.05778E-3
Tt A2 44t
132 80
../spes2/a2.map
0 000

2
2.5
2

’

-27.6137

2
2.5
2000
’CHAIGREE’
41. -81.
’DRIFT’
3.55
JHISTO’

2 -5 2. 80 1
20 v 1
’REBELOTE’

9 0.1 0

YEID’

-21.945

0.

zgoubi data file.

HOOTE-CARLO MOMENTUM GRID OBJECT.

REFERENCE RIGIDITY.
DISTRIBUTION IN GRID.

IUMGER OF PARTICLES.

UITFORM DISTRIBUTIONS

CENTRAL VALUES OF BARS.
OVHBER OF BARS 1IN HOHENTUH.
SPACE BETHEEI HOHENTUH BARS.
WIDTH OF BARS.

SORTING CUT-OFFS (UNUSED)

FOR P(D) (UINUSED)

SEEDS .

HISTO OF D.

HISTO OF THETAO.

HISTO OF PHTO.

QUADRUPOLE HAP.
Ic TIL.
BIORH.

X TIY.

10 LIHIT PLAUE.
TORDRE .

XPAS.

KPOS.

POSTITIONTONG OF THE
1-ST BENDTNG.

POSITIONTING OF THE

EXIT FRAHE.

POSITIONTOG OF THE
2-1D BEIDTOG.

POSITIONING OF THE
EXIT FRAHE.

HISTO OF Y :

SHOWS THE RESOLUTION

OF THE SPECTROMETER.

(941) PASSES, FOR RAY-TRACTIG
(941)%200 TRAJECTORIES.

10

11

12

13

14

15

16

17

18

1 MONTE CARLO IMAGES IN SPES 2

Excerpt from zgoubi output : histograms of
initial beam coordinates.

2 HISTO
HISTOGRAHHE DE LA COORDONOEE D
PARTICULES PRIHATRES ET SECOODATRES
DADS LA FEIETRE : 9.9700E-01 / 1.0030E+00
TNORMALISE
20
19
18 D
17 D D
16 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
123456789012345678901234567890123456789012345678901234567890123456789012345678901
2 3 4 5 6 7 8 9
TOTAL COMPTAGE H 2000 SUR 2000
TNUHERD DU CANAL HOYED 51
COMPTAGE AU " " H 394
VAL. PHYS. AU V' " : 1.000E+00
RESOLUTION PAR CANAL : 7.500E-05
PARAMETRES PHYSIQUES DE LA DISTRIBUTION :
COMPTAGE = 2000 PARTTICULES
MIOD = 9.9800E-01, MAX = 1.0020E+00, HAX-MTO = 4.0000E-03
HOYENNE = 9.9999E-01
STGMA = 1.4158E-03
3 HISTO
HISTOGRAMHE DE LA COORDOOOEE THETA
PARTTCULES PRTHATRES ET SECOODATRES
DANS LA FENETRE : -6.0000E+01 / 6.0000E+01 (HMRD)
TNORMALISE
20
19
18
17 T T
16 T T T T T
15 T TT T T T
14 T T T TT T TT T
13 T T T T TT TTTT T TT T
12 T TTT T TTTT TTTT T T TT TT TT TTTT
11 T T TTTTT TTTT T TITTT TT TT TIT T TTTTT TTT TT TTTT
10 00 00 0000000 00 0000 0000000 000000 000 0 000000000 00 0000 O
9 TTTTT TTTTTTTTTTTTTTT TTTTTTTTTTTTTTTTT TTT TTTTTTTTTTTTTTTTTTTIT T
8 TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT
7 TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT
6 TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT
5 TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT
4 TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT
3 TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT
2 TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT
1 TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT

123456789012345678901234567890123456789012345678901234567890123456789012345678901

TOTAL  COM
TUHERD n
COMPTAGE

VAL. PHYS.
RESOLUTTON

2 3 1 5 6
PTAGE H 2000 SUR 2000
U CANAL HOYEN H 51
AT " " H 32

AT " :  0.000E+00 (HRD)
PAR  CANAL :  1.500E+00 (HRD)

PARAMETRES PHYSIQUES DE LA DISTRIBUTION :

COMPTAGE =
MIN = -4.9880E+01, HAX =
HOYENIE =

SIGHA = 2.8881E+01 (HRD)

2000 PARTICULES

4.9955E+01, HAX-HMIO

3.1889E-01 (HRD)

7 8

9.9835E+01 (HRD)

9



4 HISTO

HISTOGRAHHE DE LA COORDONOEE PHT
PARTICULES PRIMATRES ET SECONDATRES

DAIS LA FENETRE : -6.0000E+01 / 6.0000E+01 (HRD)
TNORMALTSE
20
19
18 P
17 P
16 P P P
15 P P PPP P P P
14 P PP P PP PP P P P P P
13 PPP PPPP P P PP PPPP P P PPP P P P PP P
12 PPP P PPPPPP P P P P PP PPPP P PP PPPP P P PPP P P PP
11 PPP PP PPP PPPPPPPPPPP P PPPPP PPPP P PP PPPP P P PPP PP PP PP
10 000000 000 000000000000 0 0000000000 00000 0000 0 00000 00000 000
9 PPPPPPP PPP PPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPP PPPPPPPPPPPPPPPPP
8 PPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPP PPPPPPPPPPPPPPPPP
7 PPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPP PPPPPPPPPPPPPPPPP
6 PPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPP
5 PPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPP
4 PPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPP
3 PPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPP
2 PPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPP
1 PPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPP
123456789012345678901234567890123456789012345678901234567890123456789012345678901
2 3 4 5 6 7 8 9
TOTAL COMPTAGE H 2000 SUR 2000
TNUHERD DU CANDAL HMOYED H 51
COMPTAGE AU " " H 25
VAL. PHYS. AU V' " : 0.000E+00 (MRD)
RESOLUTION PAR CANAL :  1.500E+00 (MRD)
PARAMETRES PHYSIQUES DE LA DISTRIBUTION
COMPTAGE = 2000 PARTICULES
HIN = -4.9968F+01, MAX = 4.9980F+01, HAX-HMIN = 9.9949E+01 (HRD)
MOYENNE = 1.8122E-01 (MRD)
STGHA = 2.8843E+01 (HRD)
.
Excerpt of zgoubi output : the final
. ]
momentum resolution histogram at the
spectrometer focal surface.
HISTOGRAMHE DE LA COORDOOOEE Y
PARTTCULES PRTHATRES ET SECOUDATRES
DAIS LA FENETRE : -5.0000E-01 / 2.0000E+00 (CH)
TORHALT.
20
19
18 Y
17 Y Y
16 Y Y
15 Y Y
14 Y Y
13 Y Y
12 Y Y
11 Y Y Y
10 0 0 0 0
9 Yy Y Y Y
8 Yy Y Y Yy
7 YYy Y Yy Yy
6 YY YYy Yy Yy YYYY
5 YY y YYy YYy Yy YYYY
4 YY y YYYY YYy Yy YYYY
3 YYY YY YYYYY YYYY YYYY YYYYY
2 YYY YYY YYYYY YYYYY YYYYY YYYYYY
1 YYYYYYYYYY YYYYYYYYYYYYYYYYYYYY YYYYYYYYYY YYYYYYY ¥
123456789012345678901234567890123456789012345678901234567890123456789012345678901
9
TOTAL COMPTAGE H 2000 SUR 2000
TNUHERD DU CADAL HOYED H 51
COMPTAGE AU v v H 48
VAL. PHYS. AU V' v ¢ 7.500E-01 (CH)
RESOLUTION PAR CADNAL : 3.125E-02 (CH)
PARAMETRES PHYSIQUES DE LA DISTRIBUTION
COHMPTAGE = 2000 PARTICULES
MIN = -1.3931F-01, HAX = 1.6491F+00, HAX-HMIN = 1.7884E+00 (CH)
MOYENNE = 7.5224E-01 (CH)
STGHA = 4.6760E-01 (CH)
TRAJ #1 D,Y,T,Z,P,S,TEX : 9.9900E-01 3.5955E-01 -8.0215E+01 9.8989E-02 2.0665E+00 7.46951E+02 1

219
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2 TRANSFER MATRICES ALONG A TWO-STAGE SEPARATION KAON BEAM LINE

2ROCJCTION
TARGET
Q1 02 =1
_H_:. 'Y ! : -
S E W SEPARATOR
a5 a3
VASS
ﬁ . LT
N Q%
P
T
Q7
Q8 —WASS
ﬁ’/sm 2
TwO STAGF SZ3ARATIC =
BOC WeV/c 235"

KACN BEAM -

= S

Q10

|,( 4.Cm ~) |
- I _—FINAL
FOCLS
|

Figure 41: Design of 800 MeV /c kaon beam line.



zgoubi data file.

800 MeV/c KAON BEAM LINE. CALCULATION OF TRANSFER COEFFICIENTS.

’O0BJET’
2668.5100

6

' N B B
0.0.0.0.0.
"PARTICUL’

493.646 1.60217733E-19 0. 0. 0.

'DRIFT’
35.00000
*QUADRUPO’

0

76.2 15.24
30. 30.
4 0.2490

JDRIFT’
25.00000
JQUADRUPOLE’

0

45.72 15.24

*TOSCA’
00

0. .001
1.

AUTOHATIC

GENERATION OF

Al OBJECT FOR CALCULATION

OF THE

Q1
13.6
5.3630 -2.4100 0.9870 0. 0
5.3630 -2.4100 0.9870 0. 0.
92
-11.357

5.3630 -2.4100

5.3630

1.0313E-3 1. 1. 1

1D map at z=0, from TOSCA

59 39 1
bw6_0.map
0 0.0.0.
2
1.1
1000
>CHATGREE®
0. -70.78 -43.8
YFATSCEATD’
’DRIFT’
-49.38
’OCTUPOLE’
0
10. 15.24 .6
0. 0.
41 0.2490 5.3630 -2.4100 0.9870 0. 0.
0. 0.
41 0.2490 5.3630 -2.4100 0.9870 0. 0.
4
1 0.0.0.
»SEXTUPOL’ SX1, COMPESATION
0 OF THE Theta.Phi ABERRATION
10. 15.24 2.4 AT VFL
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.
PDRIFT?
50.0
PUTENFILT FIRST VERTICAL WIED FTLTER
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.
PDRIFT?
30.
>QUADRUPO’ 03
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.
PDRIFT?
10.0
HULTIPOL’ $X2 + 0CTU, COMPENSATION
0 OF THE D.Phi AND D2.Phi
10. 15.24 0. 0. -8. 1.2 0. 0. 0. 0. 0. 0.  ABERRATIONS AT VFL
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.
41 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’
90.0
JHATRTX? TRAUSFER COEFFICTENTS
20

-2.4100

0.9870 0. 0.

0.9870 0. 0.

FIRST ORDER TRANSFER
COEFFICTENTS WITH

THATRIX

3-D HMAP THE OF FIRST

BEIDTOG

2

KAOD H & Q, FOR USE IO WIEN FILTER

3

8

HAGIET
B, X, Y, Z normalization coefficients

14

15

19

JCOLLTHA’
2
2 14.6
'DRIFT’
20.0
*QUADRUPO’
0

.15E10 0. 0.

15.24 10.93

5.3630 -2.41

4 0.2490 5.3630
1.1
1 0.0.0.
JDRIFT’
10.0
JHOLTTPOL’
0
10. 15.24 0. 0. 0. 1.

00 0.

-2.4100 0.

FIRST VERTTCAL
HASS SLIT

FOCUS,

[

9870 0. 0.

9870 0. 0.

COMPENSATION OF
ABERRATTONS AT VF2

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.
PDRIFT’
10.0
’QUADRUPD’ 6
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’
50.0
PHIENFILT® SECOID VERTICAL WIED
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’
30.0
’QUADRUPD’ 97
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’
25.00000
*QUADRUPD’ 8
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
PDRIFT’
10.0
>COLLTHA® SECOID VERTICAL FOCUS,
2 HASS  SLIT
1 17. .2E10 0. 0.
HATRIX® TRAISFER COEFFICIENTS
20
’DRIFT’
-25.0
’DIPOLE’ STHULATION OF THE HAP
200 OF THE SECOID BEIDING
150 60 (upgraded version of keyword ’ATHAIT’
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
2
2.5
2
147.48099  -0.31007 147.48099  0.31007
DRIFT’
-15.00000
’QUADRUPD’ Q9
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

FILTER

22

23

24

25

26

27

28

29

30

33

34

39

HAGIET

40

a1
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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
THATRIX? TRANDSFER COEFFICTENTS 45
20 AT THE FIDAL FOCUS
JEID’ 46

Excerpt of zgoubi output : first and second order transfer matrices and higher order coefficients
at the end of the line.

FIRST ORDER COEFFICIENTS ( HKSA ):

3.60453 -4.453265E-02  -3.049728E-04  -1.165832E-04 0.00000 -5.229783E-02
-2.05368 0.270335 4.700517E-05  1.763910E-05 0.00000 -9.561918E-02
2.240965E-05  -8.687757E-07  -3.60817 -1.731805E-02 0.00000 -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 1.00000 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 COEFFICTENTS ( HKSA ):

111 7.34 121 -1.78 131 1.399E-02 1 41 1.456E-02 1 51  0.00 161 36.3

112 -1.78 122 -530. 132 -1.308E-03 1 42 -1.743E-03 1 52  0.00 162 12.3

113 1.399E-02 1 23 -1.308E-03 1 33 -0.611 143 -0.522 153 0.00 1 63 -2.771E-02

114 1.456E-02 1 24 -1.743E-03 1 34 -0.522 144 0.163 154  0.00 1 64 -2.211E-02

115 0.00 125 0.00 135 0.00 145  0.00 155  0.00 165 0.00

116  36.3 126 12.3 136 -2.771E-02 1 46 -2.211E-02 1 56  0.00 166 2.88

2 11 -303. 221 3.81 231 3.684E-02 2 41 3.581E-02 2 51  0.00 261 144

212 3.81 222 -62.9 2 32 -5.821E-04 2 42 -1.638E-04 2 52  0.00 2 62 -0.759

213 3.684E-02 2 23 -5.821E-04 233 1.05 243 1.94 253 0.00 2 63 -1.031E-02

2 14 3.581E-02 2 24 -1.638E-04 2 34 1.94 244 6.70 254 0.00 2 64 -4.285E-02

215 0.00 225 0.00 235 0.00 245 0.00 255 0.00 265 0.00

216 144. 2 26 -0.759 2 36 -1.031E-02 2 46 -4.285E-02 2 56  0.00 2 66 -65.3

3 11 -0.145 321 2.158E-02 3 31 20.6 341 86.0 351 0.00 3 61 -0.201

312 2.158E-02 3 22 64.6 332 1.61 342 0.496 352 0.00 3 62 8.793E-02

313 20.6 323 1.61 333 0.710 343 0.128 353  0.00 363 39.1

314  86.0 324 0.496 334 0.128 344 64.8 354 0.00 364 7.7

315 0.00 325 0.00 335 0.00 345  0.00 355 0.00 365 0.00

3 16 -0.201 326 8.793E-02 3 36 39.1 346 7.17 356 0.00 366 1.46

411 -8.254E-02 4 21 1.146E-02 4 31  10.7 441 473 451 0.00 461 -0.127

412 1.146E-02 4 22  33.0 432 0.787 442 0.157 452 0.00 462 3.566E-02

413 10.7 423 0.787 433 0.365 443 6.774E-02 4 53  0.00 4163 17.5

414 47.3 424 0.157 434 6.774E-02 4 44 33.1 454 0.00 464 1.05

415 0.00 425 0.00 435 0.00 445  0.00 455 0.00 465 0.00

416 -0.127 426 3.566E-02 4 36 17.5 446 1.05 45 0.00 466 0.715

5 521 -7.67 5 31 -5.970E-02 5 41 -5.682E-02 5 51  0.00 561 -251

5 5 22 225. 5 32 1.283E-03 5 42 6.947E-04 5 52 0.00 5 62 2.77

5 5 23 1.283E-03 5 33 19.2 5 43 10.2 5 53 0.00 5 63 0.215

5 5 24 6.947E-04 5 34 10.2 5 44 1.59 5 54 0.00 564 0.129

5 5 25 0.00 5 35 0.00 5 45 0.00 5 55 0.00 5 65 0.00

5 5 26 2.77 5 36 0.215 546 0.129 5 56 0.00 5 66 112,

HIGHER ORDER COEFFICTENTS ( HKSA ):

Y/¥3 5784.8
Y/T3 9.40037E+05
Y/73 0.70673
Y/P3 0.42104
T/Y3 -18607 .
T/T3 1.04607E+05
T/73 -0.10234
T/P3 5.25793E-02
Z/Y3 32.161
Z/T3 18.425
z/73 -872.50
Z/P3 -785.20
P/Y3 15.460
P/T3 7.5264
P/73 -409.98

P/P3 -389.15
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3 IN-FLIGHT DECAY IN SPES 3

4ORIZONTAL TRAJECTORIES

Figure 42: Design of SPES 3.
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zgoubi data file

SIMULATION OF PION IN-FLIGHT DECAY 1IN SPES3

’MCOBJET? 1
3360. REFERENCE RIGIDITY (PION).

1 DISTRIBUTION IN WINDOW.

200 BUNCHES O0OF 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-0FFS (UNUSED)

9 9. 9. 9. 9. UNUSED.

186387 548728 472874 SEEDS.

PARTICUL’ 2
139.6000 0. 0. 26.03E-9 O. PION MASS AND LIFE TIME

’MCDESINT’ 3
106.66 0. PION -> MUON + NEUTRINODECAY
136928 768370 548375

YESL”’ 4
77.3627

’CHAMBR’ STOPS ABERRANT MUONS. 5

1
1 100. 10. 245. O.
’DIPOLE’ 6
200
180 130
30 0. 0. 0.
80. 33. 208.5 140. 350.
46. -1.
4. .14552 5.21405 -3.38307 14.0629 0. 0. O.
15. 0. -65. 0. 0. =-65.
46. -1.
4. .14552 5.21405 -3.38307 14.0629 0. 0. O.
-15. 69. 85. 0. 1.E6 1.E6
0
2
4.
2
164.755 .479966 233.554 -.057963
’CHAMBR’ 7
2
1 100. 10. 245. O.
’CHANGREF’ TILT ANGLE OF 8
0. 0. -49. FOCAL PLANE.
’HISTO’ TOTAL SPECTRUM (PION + MUON). 9
2 =170. 130. 60 1
20 Y 1 7Q7

’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 7y7 1 ’S)

’HISTO’ MUON MOMENTUM SPECTRUM 12
1 .2 1.7 60 3 AT FOCAL PLANE.

20 ’d> 1 8’

’REBELOTE”’ (49+1) RUNS = CALCULATION OF 13
49 0.1 O (49+1)%200 TRAJECTORIES.

’END’ 14
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Excerpt of zgoubi output : histograms of pri-
mary and secondary particles at focal surface of
SPES3.

9 HISTO TOTAL SPECTRUM 11 HISTO Huon SPATTAL
HISTOGRAMME DE LA COORDONOEE Y HISTOGRAMHE DE LA COORDONNEE Y
PARTICULES PRIMATRES ET SECODODAIRES PARTICULES SECONDAIRES
DAIS LA FENETRE : -1.7000E+02 / 1.3000E+02 (CH) DAIS LA FENETRE : -1.7000E+02 / 1.3000E+02 (CH)
TNORHALISE TNORHALISE
20 20
19 19
18 18 ¥
17 Y Y Yoy Y 17 y vy
16 ¥ YYYYY YY YYY Y YY Y Y YYYY 16 ¥ ¥y
15 Y YYYYY YYYYYYYYYYYYYY YYYYYYYY YY 15 y vy Yy v
14 YYYYYYYYY YYYYYYYYYYYYYYYYYYYYYYYYYYY 14 Y OYY Y YWY ¥
13 YYYYYYYYY YYYYYYYYYYYYYYYYYYYYYYYYYYY 13 Y OOYYY YY YYY Y
12 YYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYY 12 YYY YYY YYY YYYYY Y ¥
11 YYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYY 11 YYY Y VYY YYY YYYY Y Y ¥
10 10 000 0 000 000000000000 0 00
9 YYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYY 9 YYYYY YYY YYYYYYYYYYYY Y Y VY
8 YYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYY 8 YYYYYYYYYY YYYYYYYYYYYYYY ¥ ¥Y
7 YYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYY 7 YYYYYYYYYYYYYYYYYYYYYYYYYYY ¥ ¥Y¥Y
6 YYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYY 6 YYYYYYYYYYYYYYYYYYYYYYYYYYY ¥ YY¥Y
5 YYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYY 5 Y YYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYY YYY
4 YTV YYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYY 4 Y YYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYY
3 YYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYY 3 Y YYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYY
2 YYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYY 2 YYYY  YYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYY
1 TV Y YYYYYYYYYYYYYYYYYYYYYYYYYYYYYYY 1 YY  YYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYY
1234567890123456789012345678901234567890123456789012345678901 1234567890123456789012345678901234567890123456789012345678901
3 4 5 6 7 8 3 4 5 6 7 8
TOTAL COMPTAGE B 9887 SUR 10000 TOTAL COMPTAGE H 605 SUR 10000
TNUHERD DU CANAL HMOYED B 55 TNUHERD DU CADAL HOYED H 50
COMPTAGE AT " " B 281 COHPTAGE AU " " : 14
VAL. PHYS. AT V' " : 0.000E+00 (CH) VAL. PHYS. AU " : =2.500E+01 (CH)
RESOLUTION PAR CANAL ¢ 5.000E+00 (CH) RESOLUTION PAR CANAL ¢ 5.000E+00 (CH)
PARAMETRES PHYSIQUES DE LA DISTRIBUTION : PARAMETRES PHYSIQUES DE LA DISTRIBUTION :
COHPTAGE = 9887 PARTICULES COHPTAGE = 605 PARTICULES
MIN = -1.6687E+02, HAX = 9.4131E+01, HAX-HMIN = 2.6100E+02(CH) HIN= -1.6687F+02, HAX = 9.4131FE+01, HAX-HIN = 2.6100E+02 (CH)
HOYENNE = -9.2496E-01 (CH) HOYENNE = -2.2782E+01 (CH)
SIGHA = 5.3583E+01 (CH) STGHA = 5.4452FE+01 (CH)
10 HISTO PION SPATTAL 12 HISTO Hoon HOHENTUH
HISTOGRAMME DE LA COORDONOEE Y HISTOGRAMHE DE LA COORDONNEE n
PARTICULES PRTIMATRES PARTTICULES SECOUDATRES
DAIS LA FENETRE : -1.7000E+02 / 1.3000E+02 (CH) DADS LA FEIDETRE : 2.0000E-01 / 1.7000E+00
TNORHALTSE TNORHALISE
20 20
19 19
18 P 18 a a
17 P PP PP P 17 d d
16 PP PP PPP P PP P P PPPPP 16 d dd
15 P PPPPP PPPPPPPPPPPPPPPPPPPPPPP PP 15 dad dad
14 PPPPPPPPP PPPPPPPPPPPPPPPPPPPPPPPPPPP 14 ddd d dd
13 PPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPP 13 ddd d dad dad
12 PPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPP 12 ddd d dd dd
11 PPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPP 11 ddd d ddd 4 dd
10 10 0000 0 000 0 00

PPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPP
PPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPP
PPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPP dddddddddddddddddddddd

PPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPP dddddddddddddddddddddddd ddd

9 9 ddddd ddddd dd dd

8 8

7 7

6 6

5 PPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPP 5 dddddddddddddddddddddddddddddd
4 4

3 3

2 2

1 1

ddddddddddddddd ddddd

PPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPP ddddddddddddddddddddddddddddddddd

PPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPP ddddddddddddddddddddddddddddddddd 4
PPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPP

dddd
PPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPP
1234567890123456789012345678901234567890123456789012345678901 1234567890123456789012345678901234567890123456789012345678901
3 4 5 6 7 8 3 4 5 6 7 8

TOTAL COMPTAGE H 9282 SUR 10000 TOTAL COHPTAGE B 605 SUR 10000
TNUHMERD DU CANAL HMOYED H 55 TNUHERD DU CADAL HOYED H 46
COMPTAGE AT " " H 264 COHPTAGE AU v " B 16
VAL. PHYS. AU v " : 0.000E+00 (CH) VAL. PHYS. AU " " : 8.250E-01
RESOLUTTON PAR CANAL : 5.000E+00 (CH) RESOLUTION PAR CANAL :  2.500E-02
PARAMETRES PHYSTQUES DE LA DISTRIBUTION : PARAMETRES PHYSTQUES DE LA DISTRIBUTION

COMPTAGE = 9282 PARTICULES COHPTAGE = 605 PARTICULES

M= -9.5838FE+01, MAX = 9.3504F+01, HAX-HTN = 1.8934F+02 (CH) HID = 3.7184E-01, HAX = 1.3837E+00, HAX-HIN = 1.0119E+00

HOYENTUE 4.9971E-01 (CH) HOYENNE = 8.1693E-01
STGHA = 5.3215E+01 (CH) STIGHA = 2.2849E-01
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4 USE OF THE FITTING PROCEDURE

200 OM QD (30| QF |20| QD 200 OM

Figure 43: Vary B in all quadrupoles, for fitting of the transfer coefficients Ri5 and R34 at
the end of the line. The first and last quadrupoles are coupled so as to present
the same value of B.

zgoubi data file.

HATCHING A SYMHETRIC QUADRUPOLE TRIPLET

*OBJET’ 1
2501.73 750MeV/c PROTONS

5 11 PARTICLES FOR USE OF HATRIX

2. 2. 2. 2. 0. .001

0. 0. 0. 0. 0. 1.

YESL ’ 2

200.

JQUADRUPO’ 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

10.0.0

YESL? 4
30.

*QUADRUPOD’ 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.

10.0.0.

YESL> 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.

10.0.0.

YESL? 8
200.

THATRIX 9
10

YFIT? VARY B IN0 QUADS FOR FIT OF R12 AID R34 10
2 FIRST ORDER TRAUSFER COEFFICIENTS

3 12 7.12 2. SYMMETRIC TRIPLET => QUADS #1 AOD #3 ARE COUPLED

5 12 0. 2. PARAMETER #12 OF ELEHENTS #3, 5 AID 7 IS FIELD VALUE
2

1 12816.6 1 FIRST CONSTRAINT: R12=16.6, AFTER ELEMENT #8 (LAST DRIF
1 348-.881 SECOOD COOSTRATNT: R34=-.88

EID’ 11
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Excerpt of zgoubi output : first order transfer
matrices prior to and after fitting.

F R F KKK Kok KRR KK Rk KRRk KKk ok KK Rk KRk KK Rk KRk R KRk ok Kk Rk K
TRANSFER MATRIX WITH STARTING CONDITIONS

MATRICE DE TRANSFERT ORDRE 1 ( MKSA )

5.43642 17.02625 0.00000 0.00000 0.00000 0.00000
1.67617 5.43442 0.00000 0.00000 0.00000 0.00000
0.00000 0.00000 -1.27013 -0.97430 0.00000 0.00000
0.00000 0.00000 =-0.62915 ~-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

F A F KKK Kok KRR KRk KKk Rk KKk Rk KK Rk KK Rk KK Rk KRk R KRk ok K Rk K

STATE OF VARIABLES AFTER MATCHING

VARIABLE ELEMENT 3, PRMTR #12 :
COUPLED WITH ELEMENT 7, PRMTR #12

STATUS OF VARIABLES
LMNT VAR PARAM MINIMUM INITIAL FINAL MAXIMUM STEP
3 1 12 -8.384E+00 -6.986E+00 -6.98648097E+00 -5.590E+00 2.424E-16
5 2 12 2.585E+00 3.230E+00 3.22956371E+00 3.877E4+00 1.208E-16
STATUS OF CONSTRAINTS

TYPE I J LMNT# DESIRED WEIGHT REACHED KI2
1 1 2 8 1.6600E+01 1.0000E+00 1.6600000E+01 8.2185E-02
1 3 4 8 -8.8000E-01 1.0000E+00 -8.8000000E-01 9.1781E-01

K F K EE R AR FR R FF R KRR Rk R Rk Rk Rk Kok bk Rk ok Rk ko Rk kR Rk ok Kk
FINAL RUN, WITH NEW VARIABLES
9 MATRIX 9
Frame for MATRIX calculation moved by :

XC = 0.000 CH , YC = 0.000 CM , A = 0.00000 DEG ( = 0.000000 RD )
Path length of particle #1 : 580.0000 m

MATRICE DE TRANSFERT ORDRE 1 ( MKSA )

5.272531 16.600000 0.000000 0.000000 0.000000 0.000000
1.614433 5.272531 0.000000 0.000000 0.000000 0.000000
0.000000 0.000000 -1.244124 -0.880000 0.000000 0.000000
0.000000 0.000000 =-0.622552 =-1.244124 0.000000 0.000000
0.000000 0.000000 0.000000 0.000000 1.000000 0.000000
0.000000 0.000000 0.000000 0.000000 0.000000 1.000000
Determinants : DetY-1 = =-.0000011112
DetZ-1 = =-.0000000156
R12=0 at -3.1484 meters
R34=0 at -0.7073 meters

First order sympletic conditions (expected values = 0) :
-1.1112E-06 -1.5616E-08 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00
EE R T e R e R S S E e P LSS S TR L LS ST
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5 MULTITURN SPIN TRACKING IN SATURNE 3 GeV SYNCHROTRON

X (rad) Vs. X (m TUNES
g T
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Figure 44: Tracking over 3000 turns. These simulations exhibit the first order parameters and motions as produced by
the multiturn ray-tracing.

(A) Horizontal phase-space: the particle has been launched near to the closed orbit (the fine structure is due to Y — 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 with Zo = 4.58 107 m, Z} = 0. A least-square fit by
7ZZ2-|-2ryzZZ'+ﬂzZ12 =ez/m yields Bz = 2.055 m, az = 0.444, vz = 0.582 m_l7 ez[m =12 107% m.rad in agreement
with matrix calculations.

(C) Fractional tune numbers obtained by Fourier analysis for ey /7 = ez/m ~ 12 107® m.rad: vy = 0.63795,
vz = 0.60912 (the integer part is 3 for both).

(D) Longitudinal phase-space (DP, phase): articles with initial momentum dispersion of 5 1071 (1), 1072 (2), 1.65 10~°
(3) (out of acceptance), are accelerated at 1405 eV /turn (B = 2.1 T/s); analytical calculations give accordingly momen-
tum acceptance of 1.65 1072,

TURN  NUMBER

L y i .
500 7000 1500 2000 2500 2000

Figure 45: Crossing of vG =7 — vz, at B=21 T/s.

(A) Ez/ﬂ' =12.2 107% m.rad. The strength of the resonance is | € |= 3.3107*. As expected from the Froissart-Stora
formula the asymptotic polarization is about 0.44.

(B) The emittance is now ez/m = 1.2 107 m.rad; comparison with (A) shows that | € | is proportional to Vez.

(C) Crossing of this resonance for a particle having a momentum dispersion of 107°.



zgoubi data file (begining and end).

SATUROE. CROSSING GammaG=7-0Uz, NUz=3.60877(perturbed)
’O0BJET’
5015.388
2
4 1
6.2E-02 6.5E-02 .458
0.356 0.379 .458
0.647 0.689 .458
1.024 1.09 .458
1111
YSCALTNG
1 4
HULTIPOL
2
5015.388E-3 5034.391E-3
1 3442
QUADRUPO
2
5015.388E-3 5034 .391E-3
1 3442
BEND
2
5015.388E-3 5034 .391E-3
1 3442
CAVTTE
2
1. 1.00378894
1 3442
"PARTICUL’
938.2723 1.6021892E-19 1.7928474 0. 0.
’SPOTRK”
3
*QUADRUPO’ Qr 1
0

834.04 MeV, proton

1.0005 °1°
1.001 2
1.0016 3

cooo
cooo

AT 2.1 T/, TO 3442 MACHTINE TOURIDS,
FROM 834.041 TO 838.877 HeV

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|50130 Quad

10.0.0.
YESL? sD 2
71.6256
BEID’ DIP 3 4 3
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[120130 bend 30.0.0.-.1963495408

YESL> sD 2
71.6256
"HULTIPOL’ QP 5

0
48.6273 10. 0. -.77319 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 RESOOTAICE.
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|50130 Quad
10.0.0.
YESL> sD 2
71.6256
’BEID’ DIP 3 4 3
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
YESL? sD 2
71.6256
JQUADRUPO’ gp 1
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|50130 Quad

10.0.0.
YESL> sD 2
71.6256
’BEID’ DIP 3 4 3
0

247.30039 0. 1.57776
20. 8. .04276056667

4 .2401 1.8639 -.5572
20. 8. .04276056667

4 .2401 1.8639 -.5572

#30[120130 bend 30.0. 0. -.1963495408

YESL? sD 2
71.6256
JHULTTPOL’ Qp 5
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|50130 Quad
10.0.0.

1.00 ‘o’ EpsilonY/pi ~ 0. (Closed orbit)

CROSSTNG GammaG=7-Nuz+/-14E, E=3.3E-4

RELATTVE CHANGE OF SYNCRHONOUS RTIGIDTITY

.763695 = FIELD FOR BORO=1 T.m

-.77319=-.765533+QUAD DEFECT
FOR EXCITING THE DEPOLARIZING

10

11

14

15

16

17

229

YESL? sD 2 18
71.6256
YBEID’ 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.
#301120]30 bemd 3 0. 0. 0. -.1963495408
PESL? sp 2 20
71.6256
»QUADRTPO’ 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
30150130 Quad
10.0.0.
YESL? 22
392.148
PHULTTPOL’ 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.
30150130 Quad
10.0.0.
PESL? 24
392.148
*QUADRTPD’ 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
30150130 Quad
10.0.0.
PESL? sp 2 26
71.6256
YBEID’ 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
YESL? sD 2 28
71.6256
PHULTIPOL’ 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.
30150130 Quad
10.0.0.
PESL? sD 2 30
71.6256
YBEID’ 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.
#301120130 bemd 3 0. 0. 0. -.1963495408
PESL? 84
392.148
»CAVITE? 85
1
105.5556848673 3.
6000. 0. STN(phis) = .234162, dE=1.40497 keV/Turn.
PFATSCIL? 86
b_zgoubi.fai
»SPIPRIL? 87
zgoubi.spn
»SPIPRT? 88
*REBELOTE’ 90
2999 0.1 99 TOTAL DUHBER OF TURDS
PEID? 91
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Figure 46: Upper plot: H0-particle beam tube ray-traced through a double focusing quadrupole doublet typical
of the front end design of micro-beam lines. Initial conditions are : Yy = 7y = 0, angles 7y and Py random
uniform within £0.2 mrad, and momentum dispersion dp/p uniform in £3 104,

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 electro-magnetic quadrupole doublet (the inage size
would be AY ~ AZ ~ £50pum 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.



zgoubi data file.

MICROBEAM LTNE, WITH AN ELECTROMAGIETIC QUADRUPOLE DOUBLET.

"HCOBJET®
20.435
1
200
1 1 1 1 1 1
0 0. 0. 0. 0
0. .2-3 0. .2-3 0 0.0003
10. 10. 10. 10 10 10
9 9. 9. 9. 9.
186387 548728 472874
PPARTICUL’
938.2723 1.60217733E-19 0. 0. 0.
’DRIFT’
500.
’DRIFT’
59.
YEBHULT’
0

10.2 10. 0. -9272.986 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.

10.2 10. 0. .89493 0. 0. 0. 0. 0. 0. 0.
0. 0. 0. 0. 0. 0. 0. 0.0.0.0.

6 .1122 6.2671 -1.4982 3.5882 -2.1209 1.723
0. 0. 0. 0. 0. 0. 0. 0.0.0.0.

6 .1122 6.2671 -1.4982 3.5882 -2.1209 1.723

0. 0.0.0.0.0.0.0.0.0.

.8

10.0.0.

JDRIFT’

4.9

JEBHULT’

0

10.2 10. 0. 13779.90 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.

6 .1122 6.2671 -1.4982 3.5882 -2.1209 1.723
0. 0. 0. 0. 0. 0. 0.0.0.0.0.

6 .1122 6.2671 -1.4982 3.5882 -2.1209 1.723
0.0.0.0.0.0.0.0.0.0.

.8

10.0. 0.

*DRIFT’

25.

HISTO®

2 -BE-6 5E-6 60 2

20 v 1R

HISTO®

4 -5E-6 5E-6 60 2

20 02 1R

PFATSCIL’

rays.ont

?REBELOTE’

19 0.10

PEID?

zgoubi output file.

RAIDOM OBJECT DEFIOITION 1
RIGIDITY (20ke¥ PROTOOS).
DISTRIBUTION TN HIODOW.
NUHBER OF PARTICLES.
UNTFORM DISTRIBUTION.
CENTRAL VALUE, AID
HALF WIDTH OF DISTRTBUTTON.
CUT-OFFS (UNUSED) .

FOR P(D) - UNUSED.
SEEDS .

PARTICLE HASS AID CHARGE 2
FOR TOTEGRATION TH E-FTELD.

DRIFT. 3

DRIFT. 1
FIRST ELECTROMAGIETIC 5
QUADRUPOLE.
0. ELECTRIC Q-POLE COMPONENT.
ENTRAOCE EFB, SHARP EDGE.
EXIT EFB, SHARP EDGE.
0. HAGIETIC Q-POLE COMPOUNENT.

ENTRANCE EFB, SHARP EDGE.

EXIT EFB, SHARP EDGE.

DRTIFT. 6

SECOOD ELECTROMAGIETTC 7

QUADRUPOLE.
0.
0.
DRIFT. 8
HISTOGRAM 9
OF THE Y COORDTUATE.
HISTOGRAM 10

OF THE Z COORDTUATE.

RAYS ARE STORED TO RAYS 11
FOR FURTHER PLOTTTHG.
ROUD AGATH, FOR RAY-TRACTHG 12
TOTAL OF 200%(19+1) PARTICLES.

LE PASSAGE SUTVANT EST LE 20-EHME

(ET DERNTER) PASSAGE DANS LA STRUCTURE

1 HCOBJET RAIDOH OBJECT
Reference magnetic rigidity =

20.435 KG*CH

Object built up of 200 particles

Digtribution in a Window

Central values (HKSA mmits):
Yo, To, Zo, Po, Yo, BR/BORD

Width ( +/- , HKSA units )
DY, DT, DZ, DP, DX, DBR/BORD :

Cut-offs ( * +/-Width )
oy, 1T, 0z, P, 10X, OBR/BORD :

0.000E+00 0.000E+00 0.000E+00 0.000E+00

0.000E+00 2.000E-04 0.000E+00 2.000E-04

0.000E+00

0.000E+00

1.0000E+00

3.0000E-04

0.0

2 PARTICUL PARTICLE HMASS

PARTICLE PROPERTTES :
Hasse = 938.27230000000 HelV/c2
Charge = 1.6021773300000D-19 C

231
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3 DRIFT DRIFT.
ESPACE LIBRE = 500.00000 CH
TRAJ #1 D,Y,T,Z,P,S,TEX : 1.0002E+00 1.7062E-02 3.4124E-02 -2.6802E-02 -5.3603E-02 5.00000E+02 1
4 DRIFT DRIFT.
ESPACE LIBRE = 59.00000 CH
TRAJ #1 D,Y,T,Z,P,S,TEX : 1.0002E+00 1.9075E-02 3.4124E-02 -2.9964E-02 -5.3603E-02 5.59000E+02 1
5 EBMULT FIRST
————— HULTTPOLE H
LONGUEDR DE L’ELEMENT : 10.200 CH
RAYOD DE GORGE RO = 10.00 CH

V-DIPOLE = 0.000000E+00 V

V-QUADRUPOLE -9.272986E+03 ¥V

V-SEXTUPOLE 0.000000E+00 V

V-0CTUPOLE 0.000000E+00 V

V-DECAPOLE 0.000000E+00 V

V-DODECAPOLE 0.000000E+00 V

V-14-POLE = 0.000000E+00 V

V-16-POLE 0.000000E+00 V

V-18-POLE 0.000000E+00 V

V-20-POLE = 0.000000E+00 V

LEOTILLE A GRADIENT CRENEAU

————— HULTIPOLE -
LONGUEVR DE L°ELEHENT : 10.200 CH
RAYON DE GORGE RO =  10.00 CH
B-DIPOLE = 0.000000E+00 k6
B-QUADRUPOLE. 1.894930E+00 kG
B-SEXTUPOLE 0.000000E+00 kG
B-OCTUPOLE 0.000000E+00 kG
B-DECAPOLE 0.000000E+00 kG
B-DODECAPOLE. 0.000000E+00 kG
B-14-POLE = 0.000000E+00 kG
B-16-POLE 0.000000E+00 kG
B-18-POLE 0.000000E+00 kG
B-20-POLE = 0.000000E+00 kG
LENTILLE A GRADTENT CRENEAT
Tntesratiou step : 0.80 cm
6 DRIFT DRIFT.
ESPACE LTBRE = 4.90000 CH
TRAJ #1 D,Y,T,Z,P,S,TEX : 1.0002E400 1.1032E-02 -8.0508E-01 -4.5922E-02 -1.6008E+00 5.74100E+02 1
7 EBMULT  SECOID
————— HULTIPOLE
LONGUEUR DE L’ELEMENT : 10.200 CH
RAYON DE GORGE RO =  10.00 CH
V-DIPOLE = 0.000000E+00 ¥
V-QUADRUPOLE 1.377990E+04 ¥
V-SEXTUPOLE 0.000000E+00 ¥
V-0CTUPOLE 0.000000E+00 ¥
V-DECAPOLE 0.000000E+00 ¥
V-DODECAPOLE 0.000000E+00 ¥
V-14-POLE = 0.000000E+00 ¥
V-16-POLE 0.000000E+00 ¥
V-18-POLE 0.000000E+00 ¥
V-20-POLE = 0.000000E+00 ¥
LENTTLLE A GRADTENT CRENEAT
————— HULTIPOLE
LONGUEUR DE [’ELEMENT :  10.200 CH
RAYON DE GORGE RO =  10.00 CH
B-DIPOLE 0.000000E+00 k6
B-QUADRUPOLE = -2.815920E+00 kG
B-SEXTUPOLE 0.000000E+00 k6
B-OCTUPOLE 0.000000E+00 k6
B-DECAPOLE 0.000000E+00 k6
B-DODECAPOLE 0.000000E+00 k6
B-14-POLE = 0.000000E+00 k6
B-16-POLE 0.000000E+00 k6
B-18-POLE 0.000000E+00 k6
B-20-POLE = 0.000000E+00 k6
LENTILLE A GRADIENT CRENEAT
Tntegration step : 0.80 cm
8 DRIFT DRIFT.
ESPACE LIBRE =  25.00000 CH

TRAJ #1 D,Y,T,Z,P,S,TEX : 1.0002E+00 9.0257E-07 -2.3996E-01 -1.0770E-06 1.7947E+00 6.09300E+02 1
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9 HISTO HISTOGRA
HISTOGRAHHE DE LA COORDONOEE Y
PARTICULES PRIMATRES ET SECONDATRES
DANS LA FENETRE : -5.0000E-06 / 5.0000E-06 (CH)
TNORMALTSE
20
19
18 Y
17 Y
16 Y
15 Y
14 YYy Y
13 Y Yyy YY YY
12 YYYYYY YYYYYYYY Y
11 Y v Y YYYYYYYYYYYYYYYYY YY Y v
10 00 00000000000000000000000 00 [ ]

9 Y YYYY YYYYYYYYYYYYYYYYYYYYYYYYYY Y Yy
8 Y YYYY YYYYYYYYYYYYYYYYYYYYYYYYYYYY Y YY
7 VY Y Y YYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYY
6 VY Y Y YYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYY
5 VY Y Y YYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYY
4 VY Y Y YYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYY
3 Y Y Y Y YYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYY
2 Y Y Y Y YYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYY
1 Y Y Y Y Y Y YYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYY

1234567890123456789012345678901234567890123456789012345678901

3 4 5 6 7 8
TOTAL COMPTAGE H 4000 SUR 4000
TNUHERD DU CADAL HOYED H 51
COMPTAGE AU " " H 109
VAL. PHYS. AU V' " ¢ 0.000E+00 (CH)
RESOLUTION PAR CANAL : 1.667E-07 (CH)

PARAMETRES PHYSIQUES DE LA DISTRIBUTION
COMPTAGE = 4000 PARTICULES
MIN = -3.4326E-06, HAX = 3.4347E-06, HAX-MTIN = 6.8674E-06 (CH)
HMOYENNE = -2.8531E-08 (CH)
STGHA = 1.8619E-06 (CH)

TRAJ #1 D,Y,T,Z,P,5,TEX : 1.0002E+00 9.0257E-07 -2.3996E-01 -1.0770E-06 1.7947E+00 6.09300E+02 1

10 HISTO HISTOGRA

HISTOGRAMHE DE LA COORDOUOEE Z

PARTTICU PRTHATRES ET SECOUDATRES

DAIS LA FENETRE : -5.0000E-06 / 5.0000E-06 (CH)
TORHALTSE

20

19

18

17 Z
16 A A
15 77 A
14 77 A
13 77 77
12 77 77
11 77 777
10 00 000

9 2777 777

8 77777772 7 7 277777

7 277727277 7 7 77711ZL77
6 2777272227777777220207
5 7277272222777 77220207
4 7277272222777777220207
3 277777272222777777227202
2 277777722227777777727202
1 277772727222277777772272702

1234567890123456789012345678901234567890123456789012345678901

3 4 5 6 7 8
TOTAL COMPTAGE H 4000 SUR 4000
TNUHERD DU CADAL HOYED H 51
COMPTAGE AU v v H 169
VAL. PHYS. AU " v ¢ 0.000E+00 (CH)
RESOLUTION PAR CANAL : 1.667E-07 (CH)

PARAMETRES PHYSIQUES DE LA DISTRIBUTION
COMPTAGE = 4000 PARTICULES
MIN = -1.9150E-06, HAX = 1.9110E-06, HAX-MINI = 3.8260E-06 (CH)
HMOYENNE = -3.8539E-09 (CH)
SIGHA = 1.1232E-06 (CH)

TRAJ #1 D,Y,T,Z,P,5,TEX : 1.0002E+00 9.0257E-07 -2.3996E-01 -1.0770E-06 1.7947E+00 6.09300E+02 1

11 FATSCIL RAYS ARE
Print[s] oceur at

12 REBELOTE RUN AGATH,

#kkkx  FIN D’EFFET DE °REBELOTE’ k%
L. Y & EU 20 PASSAGES DANS LA STROCTURE
# PARTICULES ENVOYEES H 4000

PGH PRTNCTPAL : ARRET SUR CLE REBELOTE







PART D

Running zgoubi and
its post-processor/graphic interface zpop
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INTRODUCTION

The basic zgoubi FORTRAN package is transportable; it has been compiled, linked and executed on several
types of computers (e.g. CDC, CRAY, IBM, DEC, HP, SUN, VAX).

An additional FORTRAN code, zpop, allows the post-processing and graphic treatment of zgoubi output
files. zpop is routinely used on DEC, HP and SUN stations.

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 the FORTRAN source file zgoubi.f | to create the executable zgoubi.

zgoubi.f is written in standard FORTRAN , therefore it is not necessary to link with any Library, except maybe
a local math. lib.

1.1.2 The post-processor and graphic interface package zpop
Compile the FORTRAN source files zpop*.f.

Link zpop with the graphic library, libminigraf.a [28]. This will create the executable zpop, that can run on
xterm type window.

1.2 Running zgoubi

The principles are the following:
o fill zgoubi.dat with the input data that describe the problem (see examples, Part C).
e Run zgoubi.

e 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

e Run zpop on an xterm window. This will open a graphic window.
e Select options displayed on the menu.
e To access the graphic sub-menu, select option 7.

e An on-line Help provides all necessary informations on the post-processors (Fourier transform, elliptical
fit, synchrotron radiation, field map contours, etc.).

2 STORAGE FILES

When explicitly requested by means of the adequate keywords, or options, extra storage files are opened by
zgoubi (FORTRAN “OPEN” statement) and filled. Their content is afterwards read and post-processed when
executing zpop and its dedicated graphic menu options.
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The zgoubi procedures that create and fill these extra output files are the following (refer to Part A and Part B
of the guide):

o Keywords FAISCNL, FAISTORE: fill a ‘.fai’ type file (normally named zgoubi.fai) with particle coordi-
nates and other informations.

e Option IC' = 2, with field map keywords (e.g. CARTEMES, TOSCA) : fill zgoubi.map with 2-D field

map.

e Option /L = 2, with magnetic and electric element keywords: fill zgoubi.plt with the particle coordinates,
and experienced field, step after step, all along the optical element.

e Keyword SPNPRNL[A]: fill a ‘.spn’ type file (normally named zgoubi.spn) with spin coordinates and
other informations.

Typical examples of graphics that one can expect from the post-processing of these files by zpop are the
following (see examples, Part C):

e ‘fai’ type files
Phase-space plots (transverse and longitudinal), aberration curves, at the position where FAISCNL ap-
pears in the optical structure. Histograms of coordinates. Fourier analysis (e.g. tune numbers in multiturn
tracking), calculation of Twiss parameters from phase-space ellipse matching.

e zgoubi.map

Isomagnetic field lines of 2-D map. Superimposing trajectories read from zgoubi.plt is possible.

e 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. Synchrotron radia-
tion.

e zgoubi.spn

Spin coordinates and histograms, at the position where SPNPRNL appears in the structure. Resonance
crossing when performing multiturn tracking.
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