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Abstract

RACETRACK is a computer code to simulate transverse nonlinear particle motion
in accelerators; Transverse magnetic fields of higher order are treated in
thin magnet approximation. Multipoles up to 20 poles are included., Energy
oscillations due to the nonlinear synchrotron motion are taken inteo account,
Several additional features, as linear optics calculations, chromaticity
adjustment, tune variation, orbit adjustment and others are available to

guarantee a fast treatment of nonlinear dynamical problems,



1. Introduction

The FORTRAN program RACETRACK was originally developed to get a tool for
investigating the influence of multipole errors in the superconducting dipoles
on particle motion in HERA.l’ 2, 3)
Nonlinear elements are treated in thin magnet approximation. Normal and skew
multipoles up to 20-poles are included. Each multipole strength is defined by
a constant mean value and a random varying part. Systematic and/or random dis-
placement errors of the multipoles can be introduced.

Special attention has been directed to simplify the input procedure to avoid
time waisting error detection. So the tracking program was supplemented by a
optics calculating part, which makes the detection of structure input errors

very easy.

In order to reduce the revolution time, the single element structure is com- .
posed into a block structure consisting of a minimum number of different
blocks, where each block is represented by its transformation matrix only. ‘
Special features have been introduced for the performance of often used opera-
tions. The chromaticity can automatically be corrected or adjusted to desired
values by using two sextupole families. The fractional part of tune can be
varied by changing the strengths of two quadrupole families, Systematic or
random dipole errors can be scaled to give desired rms errors of orbit devi-

ations at monitor positions which can be defined,

The initial coordinates of an ensemble of particles can be explicitly intro-
duced or arranged according to a Gaussian or a rectangular beam,

An ensemble of particles is found to be stable, if all particles over all re-
volutions remain whithin the physical aperture. The aperture is defined by
aperture limiting insertions (either rectangular or elliptieal) which can be
placed at any position and may also have different values. Thus the actusal
gometrically varying aperture can be introduced.

Tracking can be performed for constant energy deviation or by varying the
energy according to the actual nonlinear synchrotron oscillatjions. After each
energy change due to synchrotron oscillations, the calculation of the energy
dependent single element matrices and the composition into blocks is re-

peated,
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An expansion of the presented version of RACETRACK by additional features is
in the test phase and will be published in the next months. There resonace
driving terms and resonace widths may be calculated. A compensation scheme for
3rd integer driving terms is introduced. A Fast Fourier transformation for the
transverse motion is added and different orbit correction modes are implemen-
ted.

2. Analytical Description

Including general fields, the transverse motion of a particle in the nonlinear

lattice can be expressed by

d*x X =
d,Sz' + KxCS) X

e

P-
d'iz . s-—-e— %\7(\
S Kas) P"Bx( 5)

B (2.%,9)

(1)

Xy Zy S horizontal, vertical and longitudinal ceoordinates in a right handed

(z, x, s) coordinate system

kx, kz focusing strengths

Po momentum of the particle

Bx’ BZ transverse components of the additional magnetic field
e elementary charge

Since there exists in general no analytical solution for the equation of
motion anymore, a computer simulation must be performed to investigate the
particle dynamic in the presence of arbitrary field distortions.

Doing this, the equations of motions are solved piecewise for each element and
an ensemble of particles with different initial coordinates is transformed

through the single element structure.
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For linear elements with constant focusing strength and radius of curvature,
the homogeneous part of equation (1) leads to a simple linear transformation
of the trajectory coordinates,

To make the nonlinear equation solvable a thin magnet approximation is used,
that means the integrated effect is concentrated in a magnet element with zero
length:

Ll

d*x . e
I o B(sijecz.x.s)ds

Az ¢ia -
92 e & (0 Butewards
At

1 magnet length

Thus the thin magnet transformation merely changes the direction of the

particle trajectory according to

B .l
Si'_ [ig (3)
B. 1

8"‘ T Bog

It is practical to use a multipole expansion for the analytical description

of the additional magnetic field:

— —_ n-4
B;_ + 1 Bx = Bo Z (\Dn*' 'I.Q.n)(xi' L%) (4)
ns4
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bn’ a, normal and skew multipole coefficients
n=1 dipole

2 guadrupole

ete

Substituting (3) in equation (4), we get for the horizontal and vertical

deflection of the trajectory coordinates due to multipoles

b

{ (bn+ian)(xs i?)n-4l
81‘ =" b

R|x
Tn

( "t a,n)(xﬂ'ﬂn-/(]

For the definition of the initial trajectory coordinates the linear beam size,
i.e, the twiss parameters o and B at the starting point must be calculated.

Therefore first the closed orbit must be found in the presence of all non-
linear elements. It is done in an iterative way with help of the linear trans-

formation matrix M at the design orbit. The best initial guess of the closed

- A =
§o = 22D

orbit is taken as

(6)

and the deviation from this orbit is then given with help of the equations

Mg, + &4,

Jo + Ay,

qa =IMq.

as

Aq. = [lM"/“]-4(qa-q,) (7)
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for one iteration step (?1 is calculated by transforming the initial vector ?5
through the nonlinear structure).

Once the closed orbit is found, the optics with linearized fields along this
orbit must be calculated; The expansions of equations (5) for quadrupole con-

tributions along the closed orbit (xo, z,) are given by

d

&

X
Xo

85‘ (Xo + X) = 5,(‘ (Xo) +

=k
x

(8)

Qo

81’ -Z
i |z

831 (2042) = by (20 +

By solving the eigenwert equations of the revolution matrix along the closed

orbit the twiss parameters o and B and the fractional. parts of tunes are
found.

The initial trajectory coordinates can then be defined for constant betatron

amplitude and distributed uniformally on the phase ellipses of both planes;

Xi

Xo + ;&\ﬁ C!Dﬁ;‘?xl
A,
Xi = Xo—'ﬂ—x(sm Qu + Ox COS Yx; )
* (9)
2L = 2.+ AaCOSszL

\ [

| A
T, = 29‘_[05“':(SLM£€%1+(1}CO$<P1=L)

vith the starting point parameters

1

X x', z y4 closed orbit
o "o’ To?

o

Gx’ Oy BZ, a, twiss parameters

Ax’ Az betatron amplitudes
Pit 9y3 distribution parameters

Xy xi, z,, zi initial coordinates
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Regarding the initial coupling between bhorizontal and vertical motion,

described by the emittance ratio

o 1’ ‘
<= E Ase = Exufis
A.:; = 8-‘:0];*' (1

the situation is different in the electron case as compared to protons;

For electrons: the equilibrium between quantum excitation and damping gives a
Gaussian particle distribution., With respect to the transverse coordinates x,
z and their derivatives x', z' we have a four dimensional Gaussian distri-
bution. Scraping this distribution along hyperpheres with constant particle
density gives the same reduction in lifetime and therefore the maximum stable
hypersphere in the Gaussian distribution should be found by tracking; The

actual shape of the stability boundary is of minor ihterest;

Thus we are looking for the maximum stable horizontal emittance €0 for ampli-

tudes chosen by the following relations: -
A".l = (C_h[lx c,o:,"Y;a } A%‘ = KEx.ﬁtsinfq’i (11)

QV. distribution parameter

For each amplitude pair the trajectory coordinates are selected according to
equations (9).

In terms of oscillation amplitudes the distribution is quadratic

%:.l- +-ﬁ—ff-;\- = &xo (12)
3 Fl §

and we call it an elliptical distribution;




-8 -

In proton accelerators the emittance ratio is usually defined by the injection
brocedure and in principle one can fill the entire stable acceptance with
particles. But since the calculation of the entire boundary shape is very time
consuming one usually prefers to calculate the maximum stable amplitude Ax (or

emittance Exa) for constant emittance ratio, or

At = Ax K'%i‘ _(13?

corresponding to the diagonal of linear beam size rectangular in amplitude
plane,
We call this a rectangular distribution.

For exploring the stability range in fhe tune diagram around an suitable
working point, in RACETRACK the fractional part of tune may be automatically
adjusted to desired values. The task is activated by introducing an additional-
data block in the input stream;

For two quadrupole families the sensitivity matrix is calculated

(30« 90« |

1Mo. = -g_g; ﬁ | | (1a)-
_ akA aka._

and the correction is performed in an iterative way corresponding to

£3L<4 - - ﬁsch
o Ma

AQA ' (15)

Ak increments in quadrupole strengths

’
AQX 5 desired change in tune,

Similarly the chromaticity may be adjusted to desired values by using two sex-
tupole families. The derivative of the tumes with respect to the relative
energy deviation is cbtained by calculating the tunes for zero and small T Ap/p

momentum deviations.
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For both procedures adjustment is repeated until the difference to the desired
values is below the accuracy parameter, Instead of single type families also
combinations of quadrupole and sextupole families may be used for the optimi-

zation procedure.

Another possible feature of RACETRACK is the introduction of energy variations
according to the actual synchrotron oscillation. For this operation mode cavi-
ties must be introduced in the structure.

Synchrotron phase # and energy E are varied according to the equations

Cavity: En+4 = En + € %@ [Siﬂ(’\'l’f d)n) - Slﬂly]

Gt - 4,

(16)

Arc: En*,l, = En-l-'{

(17}

CbnfL = Cb"‘"" —l.qu_Ce Eﬂ%:to

with U0 total voltage

N, No. of cavities per circumference

L4 synchronous phase

q harmonic number

EO equilibrium energy

e elementary charge

and
Dis) ds .
Ce o= === . = occ/nC for SUpEI‘pE]E‘l?dlC arrange-

qo(s) Lo ment of cavities

O momentum compaction

Py bending radius

After each energy change according to equation {16), the linear trans-
formations are recalculated and the composition into structure blocks is re-

peated;
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3; Data Structure

The code is executed by a set of data blocks according to the tasks to be per-
formed. Each of the blocks has a command which identifies the task, followed
by data specific for the block. At the end of each data block the command
"NEXT" is expected;

The minimum program input ceonsits of the "SINGLE ELEMENTS" list, the "BLOCK
DEF INITION® i.e; the composition of single elements into groups, and the
"STRUCTURE INPUT" of the ring;

Beside these structure definitions, operational blocks are introduced in the

input stream for initating special calculations.,
In the following a detailed definition of all data blocks is given, A compléte

input and output example of the program is given in Appendices 1 and 2; The

end of the data input is assigned by the command "ENDE".in format (Aa);

3,1 Program Versions

Since flexibility and speed of a tracking program are contradicting require-
ments, two versions of the program, either matched for speed or flexibility

are available; Setting the first data card either

to  SPEED
or FLEXIBILITY

the corresponding mode is seclected (default = SPEED); The ipput data of
"SPLED" are compatible with the program mode "FLEXIBILITY", but not vice
VErsa.

In the more general version single multipoles from dipoles up to 20 poles,
normal and skew can be introduced; In addition a nonlinear insertion including
all these multipoles in one element is available; Displacement errors of the
thin magnet elements can be introduced; The aperturellimitation may either be
chosen as rectangular or elliptical and combined with each thin element in-

sertion.
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Monitor positions may be explicitly introduced or combined with other thin
magnet elements; The actual nonlinear synchrotron motion may be included;

In the speed optimized versiom, anly the normal sextupcle for chroma-
ticity-correction and the combined multipole insertions are included, The
closed orbit displacement measurements and aperture limitations are combined
vith the normal sextupoles. Only constant energy tracking can be performed;

The remaining columns (after A4, 8x) may be used for the heading,

3.2 SINGLE ELEMENTS

Input example:

—
SONORpUEA == U

¥mwm&&mommmmma

Linear and nonlinear single elements may be introduced in arbitrary order. A

maximum number of 100 elements is allowed;

3.2;1 Linear S5ingle Element

Each linear single element is defined by the name, label, inverse bending

radius, focusing strength and length.
-1 -2
NAME, LABEL, 1/o [m "1, k[m "], ilm]

Format (A4, I4, 3D12)
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The following magnet types assigned by the label can be used:

label

0 drift space _

1 horizontal bending, wedge- or combined function magnet horizontal
2 guadrupole

3 vertical bending, wedge- or: combined function magnet vertical

4 horizontal bending, sector

5 vertical bending, sector

6 edge focusing

1/p0 > 0 in the horizontal plane is used for the deflection of the normal
bending magnets, In the vertical plane the positive sign indicates a
deflection in the upwards direction '

k < 0 corresponds to a horizontal focusing quadrupcle

The edge focusing element with label 6 is necessarily used if a rectangular
magnet is split to introduce nonlinear insertions in between, It is horizen-
tally défocusing corresponding to a horizontal rectangular magnet. Inverse
bending radius and length for this element are the values of the complete, non
split bending magnet. .

Introducing a negative length at this position, a horizontal focusing element

is produced corresponding to a vertically deflecting wedge magnet.

3.2;2 Nonlinear Single Element

The nonlinear single element is characterized by its name, a  label defining
the ‘type, the mean value of the strength, the rms value of the random
fluctuating part of the strength and the length "zero", which distinguishes
the nonlinear insertion from the linear element, In addition horizontal or
vertical displacements of nonlinear elements, either systematic or statisti-
cally fluctuating, can be introduced (x, x-rms, z, z-rms).

The input has the following form:

NAME, LABEL, STRENGTH [in m-n+l for a 2n-pole],

STRENGTH-rms [m-n+l], LENGTH-0, x[mm]; x-rms {mm]l, z [mm], z-rms [mm]
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Format (A4, I4, 3D12, 4F7).

Positive labels from 1 to 10 are used for horizontal dipoles, normal quadru-

poles and normal multipoles up to 20-poles, i.e.

label "+ n" corresponds to a normal 2Zn-pole "Bn"
Correspondingly negaﬁive labels from - 1 to - 10 are used for vertical di-

poles, skew quadrupoles and skew multipoles up to 20-poles

label "~ n" corresponds to a skew Zn-pole "An"
Label 11 is used for a thin magnet element containing all normal and skew
multipeles up to 20-poles at the same position. Using this element type, the
additional data block "MULTIPOLE COEFFICIENTS" is necessary.

In Appendix 3 all nonlinear transformations are collected,

The input multipole strengths An on Bn in [meter-n+l] are related to the multi-

pole coefficients of equation (1) by

= §
n on
=38 b
n o n
60 deflection of the normal bending magnet

a_, b, multipole coefficients as defined in equation (%)

SPEFD-mode: Only the combined multipole insertion and normsl sextupoles with-

out displacement and field errors are allowed;

3.3 BLOCK DEFINITIONS

. Input example:



et B D e e At ~ Jalndainh At
BLI?JK-}EE:IN'}TI-IDNS ------------------------------------------------------
BL1 DINT GM1 GH1 BI1 GIT DB2 BU1 QI2 QI2 GQI4
DBl BI2 ODB2 BIZ2 QIS DB3 BRIz D1 BUz QI6
BLe DB4 BIz2 DBS BI2 4&I7
BL3 DB BIz2 QI8 :
BL4 DB B/B
BLS B/3
BLA B/6 GB3
BLB B/t GE1
BLC B/68 QJ6
BLD DU3S BUZ QJS QJ4 @QJ3 @J2 DUz BM GJ1 BN

To reduce computation time, structure parts which are identical are composed
into blocks, where during computation each block is represented by its trans.
formation matrix only. A block is defined by its name and the single element
structure in the following form:

BLOCK NAME, ELEMENT NAME, ELEMENT NAME, e

Format (5x, 11{A4, 1x))

The number of elements introduced by one line is less or equal to 10; If more

than 10 elements shall be composed into one block, an arbitrary number of

continuation cards must be used in the following form:

ELEMENT NAME, ELEMENT NAME, ..

Format (10x, 10(A4, 1x))

The element name corresponds to the name defined in the data block "SINGLE

ELEMENTS"

3.4 STRUCTURE INPUT

Input example:

BL1 BLzA SPe BLZB SFP BLZC BL3A SPB BL3B
BL4 SPH PS BLS PS BLS PSSPV

1B« BL4 SPVU PS5 BLS PS BLS PS SPH BL1Q APT
BL4 SPH PS BLS PS BLS PS SPU BL11 APT

BL4 SPVY PS BLS PS5 BLS PS  SPH BL1R
B4 SPH MPM BLS MPM BLS MPM SPU BL20
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The structure blocks defined above and the nonlinear single elements are
arranged correspanding to the magnet structure, The total number of blocks
+ nonlinear insertions may not exceed 5000, The structure input is given by

cards with maximum 10 block elements in the following form:
BLOCK, BLOCK, NONLINEAR INSERTION, BLOCK ;.;
Format (10x, 10(A4, 1x))

Repetitions of structure parts are introduced by brackets and a multiplying

factor in front of the expression:

N * (BL1l, BLZ2, BL3, SPH
BL4, BL>, BLé, BL7, SPV
BL8, BL9
)
Format  (4x, I3, 1x, Al, 1lx, 10(A4, 1x}
10x, 10{A4, 1x)
8x, Al
)
By this input the block structure in between the brackets will be repeated N

times.

3,5 MULTIPOLE COEFFICIENTS

Input example:

-------- P S SR iy -t
MULTIPOLE COEFFICIENTS- - === mmm - mmmmmmmmsmmmmmmem == o s ss oo m oo
25.8  10.96921 .

0. 8. 0001544 B. 0. BODEE3S

2. 0. 2002833 . 0. PRPSE33

P.0032  ©.000300 O. 0. EEog7

Q. 9.00087 © 2. oae”

3. 0.00007 O 0.000e7

0. 0.00087 @ 0. ERE?

-p.0OBR9  0.00007 O 0. DOBa7

Q. 0.00087 © 9. 000a7

-3.00D48 0.00027 O 0. 000a;

2. 0.00027 © 0. DADB7

NEXT = = o m e s mmrs mmim = s i £ 2 D S m s emo oo
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As already mentioned above, the nonlinear insertion assigned by label 11 in
data block "SINGLE ELEMENTS" introduces nonlinear fields with normal and skew
multipoles up to 20-poles. This data block is used for defining the multipole
strengths of an element with label ll;

The input is given by

RO [mm], DO [mrad] Format (10x, 2F10,
Bl? Bl-rms, Al? Al-rms 10x, 4F10
Big» Bigt™s, Ajgs Apg-Ims | 10x, 4F10)

With Bn and An the systematic norma; and skew multipole strengths and Bn-rms
and An-rms the randomly varying part.

Since the relevant multipoles are normally the result of an integrated field
measurement at radius RO in the bending magnet, the input strengths are

defined as relative deflection strengths at RO, i.e,

Bn,An = (R/Ro)n-4 = 8?\/8,
R=Re

With 60 nominal deflection of the bending magnet

Sn deflection due to multipole 2n

For a nonrelative form of input strengths, DO must be set to 1000, and ROmust be

expressed by the unit of the multipole strength in mm;

Example:
Multipole expressed in for Do RO
[inch™™1] 1000, 25.4
[meter—™+1] 1000, 1000



-17 =

3.6 RANDOM FLUCTUATION STARTING NUMBER

Input example:

———————— L e R T ety B LT TS TR P SNy - S PP S 2
RANDOM FLUCTURTION STARTING NUMBER- - - omooooooomoooooooooo oo 2222270
POPEAPEORDER | 22903 '

For the statistical fluctuation of multipole strengths and multipole displace-
ments a Gaussian random distribution is used. This data block may be used to
set the initial value of the random sequence. It has one data card of the

farm:
RNO format (10x, I20)
If the data block is missing, the initial value will internally be produced

and listed in the output.

3.7 PRINTOUT SELECTION

Input example:

2
PRINTOUT SELECTION- mmmmmmmmm o mmmmmm o = = = m
NEXT =~ = = = o mmmmm wmmm = = mm mm o e = e mm S mm s S —— s es s

Using this data block, the input data will appear in the output list.
The string "PLOT" introduced in the structure defined in data block "STRUCTURE
INPUT" will produce an output with phase space diagrams of the particle motion

at that position.

SPEED-mode: No phase space diagrams are available.
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3.8 LINEAR OPTICS CALCULATION

Input example:

femmdmeoc] csmmpmmmaPemm— b - ORI . SRR SRS
LINEAR OPTICS ca..amnm ----------------------------------------------
ELEMENT

Calculation and printout of linear optics is initiated by this data block;

The input data have the form:
CALCULATION MODE, NG. OF BLOCKS
Format (A4, 6x, 110)

The first parameters defining the output mode can either be the string "BLOCK" .
or "ELEMENT", performing calculation and output for the block structure or the
single element structure; The printout of the optical parameters is given ati
the end of each block or single element. The second parameter defines the
number of blocks for which the calculation of linear optics should be per-
formed. The complete structure is calculated for zero or blank at this posi-

tion.

3.2 TUNE VARIATION

Input example:

el b O LGN
TUNE UARTATION== === nmm === == == = o o = =

oF R.15

o . BAZE
NEXT == == ==t mm s m e e e =

For the investigation of optical structures the tunmes must be varied to avoid
influences of nearby resonances on stable acceptance. As outlined in chapter
2, this data block can be used for varying the fractional tunes by two quadru-

pole families,



- 19 -
The input has the form:

NAME QUADRUPOLE-1, DELTA-QH
NAME QUADRUPOLE-2, DELTA-QV

Format (A4, 6x, F10,
A4, 6x, F10)

By changing the selected quadrupole families the fractional tunes are set to
the required values DELTA-QH and DELTA-QV,

Since there is an ambiguity in the fractional tume calculation, only the range
between - 0.5 and + O;S can be adjusted by this data block in orne step. For
variations beyond these limits the quadrupole strength must slightly be
changed to skip these limits. The output of the fractional tune corresponds to

the deviation from the integer part in the range "integer p 0;5".

3;10 CHROMATICITY ADJUSTMENT

Input example:

———————— Qe tm e @mmmmbmem B mm bl = = == =G g — = == b =T
CHROMATICITY CORRECTION== === =-=mm === == mmm === s m s o m o m e m = =
SPH 1.5
SPU 1.5

e b i

NEXT = === m = = mm 2 = mt S S

Two sextupole families can be used to compensate the chromaticity or to adjust

it to desired values.

The data input has the form:

NAME, SEXTUPOLE-1, CHROMATICITY-H
NAME, SEXTUPOLE-2, CHROMATICITY-V

Format (A4, 6x, F10,
A4, 6x, F10)
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with the sextupole names corresponding to the single element 1list and the

horizontal and vertical chromaticities which should be adjusted;

3,11 COMBINATIONS OF ELEMENTS

Input example:

------------ B A i e EU T - UL Lt Sl bl
COMBINATION OF ELEMENTS-wnmmommmmmm o omm o oemommmemmm e mmmmm o
oF - 8.5 &1

Q0 1.23 QD1 -8.233 @R

SPH 0.8 SPHA

SPU B SPVA
LY, SRR ittt

For the tune variation it is sometimes desirable, instead of varying two fami-
lies, to use combinations of quadrupole families to guarantee for instance an
orthogonal variation of horizontal and vertical tune., Similar for the chroma-
ticity correction it might be useful to keep the ratio of sextupole strengths
constant which are optimized for instance for resonance compensation.

With the data block under consideration the guadrupole types used in "TUNE
VARIATION" or sextupole types used in "CHROMATICITY ADJUSTMENT" may be related

by a fixed ratio to other elements.
Input data:

ELEMENT-0, RATIO-1, ELEMENT-1, RATIO-2, ELEMENT-2, ...

4 lines maximum
Format (A4, 6x, 4(F10, A4, 1x))

ELEMENT-0 is one of the elements used in data blocks "TUNE VARIATION" or
"CHROMATICYTY ADJUSTMENT", For the optimization procedures indicated by these
blocks the ratio to all following elements in the data line (maximum = &

elements) is kept constant according to



- 2] -

_ STRENGTH (FLEMENT=i)
RATIO-i = STRENGTH (ELEMENT-0)

For each of the elements used in the data blocks mentloned, combinations with
other elements may be established,

3,12 ORBIT ADJUSTMENT

Input example:

SRR P SRR - SR e b L L T R Ly SRl bl Bt
CORBIT ADJUSTMENT =~ memm e e e e e R e e m e — e —— S d s — e
1.5 1.5

MON=

MOM=

Dipole errors assigned by label 1 and -1 in the single element list or in-
cluded in the combined multipole insertion with label 11 can be adjusted to
give desired orbit rms Values; The positions of orbit measurement are either
introduced explicitly by the symbol MON in the block "STRUCTURE INPUT", or
given by mapping of the orbit displacement measurement on another insertion as
explained below.

The random and systematic dipole errors will be scaled to give the required

orbit displacements.
Data input:

X-RMS [mm], Z-RMS [mm]
MON = NAME-1
MON = NAME-2

L

Format (2F10/A4, 1x, A4)

The first 1line includes the horizontal and vertical orbit rms values as
desired;

In the second line, and an arbitrary number of following lines the positions
of orbit displacement:z monitors are defined, Nonlinear insertion of type NAME

in the single element list will be the position of orbit measurement.
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SPEED-mode: Only dipole errors in the combined multipole insertion are scaled
and no explicit introduction of orbit measurement by the symbol "MON" is
alloved, The orbit measurement is performed at the positions of normal sextu-

poles,

3,13 INITIAL COORDINATES

Input example:

-------- '|‘---*"--——2-"'"“’“‘"3“"“""’""4""“""‘"""5"“""""'-—S"“"""""“'?"
INITIAL CODRDINATES« o mmmmm o mm o o o e =
TRAJ 18.6 8.0 5.3 D.3
-15.0 1.0 6.7 -g.7
4.9. 2.0 3.5 18
NEXT == = == m = e e eSS s
---------------- PP TR A it Rl bl Al
INITIAL CDDRDINﬁTES ----------------------------------------------------
SET 0.0 2.2 3.0 2.9
0.0 0.9 2.15 e®
NEXT = = = == m = m = =t oot e s
- et ST Tt - At
INITIAL COORDINATES= == === == -nom = o=-s=sos<oomosmomoosooos—ssssoososos
4 15, S0. 0 2.5
4 @ e
NEXT = == = = o S

This data block is used to define the number of particles and the initial tra-
jectory coordinates. Three modes may be used., The initial coordinates can
either be introduced explicitly, arranged according to a rectangular beam, or

according to a Gaussian or elliptical beam,

a) Explicit Initial Coordinates

Up to 100 trajectories can be tracked at the same time. Their initial coordi-

nates can be introduced in the following form:

"TRAJ", x1 [mm], x1' [mradl, z1' [mrad], zl' [mrad]
x2 y X2' s Z2 , z2°

Format (A4, 6x, 4F10)
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The string "TRAJ" indicates that explicit initial coordinates are following;
Xiy Z; are the horizontal and vertical initial displacements and xi' and zi'

the corresponding derivatives,

Normally, when using the program for particle tracking in ecircular accele-
rators, the twiss parameters and the closed orbit at the starting point are
calculated by the program, This calculation may be suppressed, if the fol-

lowing parameters are introduced in the data block of consideration.

"SeT", CLO-H, CLO'-H, BETA-H, ALFA-H
CLo-v, CLO'-V, BETA-V, ALFA-V

Format (A4, 6x, 4F10/10x, 4F10)

With the following meaning:

CLO-H,V horizontal and vertical closed orbit deviation at the
starting point

CLO"-H,V derivatives of the closed orbit

BETA-H,V beta values at the starting point

ALFA-H,V alfa values at the starting point

This input mode can be used in combination with the following definitions of
rectangular and elliptical particle distributions as an alternative way to set
the initial coordinates; It will be wused if noncircular structures are
investigated and is also very helpful for error detection in a new structure
input; In combination with the "LINEAR OPTICS CALCULATION", the position of a

lattice input error can easily be detected;

b) Rectangular Distribution

Initial coordinates of a rectangular beam can be introduced by the following

~ data structure:

NP, FIO [degreel, DFI [degree], K

Format (6x, I4, 3 F10)
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That means NP particles are distributed on the horizontal phase ellipse at the
starting point according to equation (9)., The initial betatron phase of the

first particle is FID; The following particles are spaced by DFI,

The same arrangement is used in the vertical plane and each horizontal coordi-
nate is combined with all vertical coordinates. Thus a total number of NP*NP

particles will be introduced in this way.
The amplitude ratio between the vertical and horizontal plane is defined by
the coupling constant or emittance ratio K, Using this kind of particle dis-

tribution, the initial coupling K is constant for all particles,

c) Elliptical Distribution

1f in addition to b} a data line of the following form is introduced:

NPA, PSIO [degree], DPSI {degree]

Format (6x, 14, 2 F10)

the arrangement of initial coordinates is performed corresponding to an
elliptical distribution. The amplitude ratio between vertical and horizontal
motion is not constant anymore, but varying according to equation {11). For
gach of the amplitude combinations an arrangement as outlined in b) is pro-
duced, Thus the total number of tracked particles is given by the product
NPAXNP*NP,

3,14 TRACKING PARAMETERS

Input example:

e D e T B - L e
TRACKING PARAMETERS ~ =~ o+ s = = = ot o o e m oo
100
20 25.0 12.0
S -@.af .01
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The number of revolutions, the starting amplitude and the relative energy

deviation are introduced here in the following way:

NUML Format (6x, 14/
NAP, ASTART, AMP 6x, 14, 2 F10/
IPM, DP+, DP- 6x, 14, 2 F10)

Where NUML is the number of revolutions for which the tracking should be per-
formed. NAP is the number of variations for the horizontal starting amplitude
ASTART at the observation and starting point. The amplitude is varied by
halving the range between maximum stable and minimum unstable amplitude. AMP
is the initial "stable amplitude" for the variation procedure; Usually its

value will be selected to be zero;

If the input value of AMP is negative, an alternative amplitude decrementation
procedure will be initiated. The starting amplitude will then be constantly
reduced by AMP. The number of steps is given by NAP, DP+ and DP- define the
energy rande for which the tracking should be performed. IPM is the number of
energy points for which the calculation will be performed including the mini-
mum energy DP- und the maximum energy DP+. Default value of the starting point
is the initial point given by the structure as defined in data block
"STRUCTURE INPUT",

By introducing the string "GO" somewhere in the structure input, this point

will be taken as new observation and starting point.

SPEED-made: Constant amplitude decrementation with negative AMP is not

allowed,

3;15 LIMITATION OF APERTURE

. Input example:

———————————————————— +—---3--—-+----q—-—-+--——s----+----5-~--+--——7-
LIMITATION OF PERTORE oo memmmmmmmmmmommmocemmamdemeneemen
SPH 28,

SPU RE 28, 28

APT EL = 40. 20
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Each type of thin element insertion defiped in the "SINGLE ELEMENTS" block may

be used as a point of aperture limitation,
Input data:

NAME, LIMIT-TYPE, AP-H [mm], AP~V [mm]

(maximum = 20 elements)

Format (A4, 2x, A2, 2x, 2 F10)
The first string is the name of the element also used for aperture control.
LIMIT-TYPE defines the tvpe of aperture limitation..

The string "RE" defines a rectangular aperture limitation corresponding to the

inequalities
Xi < AP-H A 2, < AP-V

and "EL" defines an elliptical aperture limitation corresponding ta

X2 2.

AT <
(AP-HY-  (AP-V)* 4

AP-H and AP~V are the horizontal and vertical half apertures respectiuely;

The actual shape of the vacuum chamber can be introduced in this way.

SPECD-mode: Only normal sextupoles can be wused for aperture limitations in

rectangular form.
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3,16 SYNCHRGTRON OSCILLATIONS

Input example:

B e bt ----+-—--2——--+----3--—--+---»—q—---+———-s---—+----5--—-+----?-
SYNCHROTRON OSCILLATIONS:—= == ========ne=m=mmmem oo —ma oo o om o oo
3840, p.0o28 100 15000 25 °.
NEXT~ o= = mm e mmmmm s mmm o = =

The variation of energy according to the synchrotron motion will be activated

by introducing this data block in the input stream,

Data input:
HARM, MOM, COMP, UO [Mv], EQ [MeV], PS10 [degree], FIO [degree]
Format (10x, 6F10)

wvith the meaning:

HARM harmonic number

MOM, COMP momentum compaction

uo accelerating voltage

ED equilibrium energy

PSI0 synchronous phase

FIO starting phase of synchrotron oscillation

The energy variation is performed at each cavity position according to
equations (16) and (17). The initial relative energy deviation is given by DP+
in the data block "TRACKING PARAMETERS",

Default value of the cavity position is the starting point. If more than one
cavity is wanted, the string "CAVY" must be introduced at the desired position

~in the "BLOCK STRUCTURE" input. So far only a supersymmetric arrangement is alloved.

After each energy variation the energy dependent single element matrices are
recalculated and the composition into blocks repeated, If too many cavity
positions are introduced, the advantage of speed increase due to the block

structure may be lost.
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SPEED~mode: Does not contain synchrotron oscillations, Only constant energy

tracking may be performed.

4, References

/1/ HERA Proposal, ECFA 80/42 and DESY HERA 80/01, March 1980

/2/ A, Wrulich, "Aperture Limitations in the HERA Proton Ring due to Nonlinear
Fields", DESY HERA 82/04, April 1982

/3/ A, Wrulich, "Tracking Studies in HERA", DESY HERA 82/07, June 1982
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APPENDIX I MULTIPOLE EXPANSION
DEFLECTION: X = BCNIMRTNI-ACNIWICND
Z= BINIeICNI+ACNINRINT -

.. .DEFLECTION OF NORMAL BENDING MAGNET
BCNJ. . .NORMAL MALTIPOLE COEFFICIENT
ACN]. . .SKEW MULTIPOLE COEFFICIENT

DIPOLE -=> Rl =1
I1

"
[

QUADRLPOLE --> R2 = X
12 =2

SEXTUPOLE --> R3 = x*- Z*
13 = 22X

OCTWPOLE  --» R4 = X*-3K
4 = 3ZX-2°

DECAPOLE  --> RS = xM-gzh%sz"
IS = 4ZX>-u47%X

DOOECAPOLE -->  RE = xB-182*x® +52'%
16 = S2xA-102%%*+2%

14-POLE > R = xb-1sZMlaszinh-z®
17 = e2x%-2e2®x’+62"%

16-POLE  --» R8 = XT-21zMx8+3s2ix? 2%
18 = 7zxb-352®¥iiz125x%-z*
18-POLE = --> R9 = X8-282%%%+ pztxh-z820n*+28

19 = gzX'-5622x5+s6z°%>-827%

KT 3672+ +1 2624 % 5-802 6x3+528%

110 = 92x8-g423%8+1262F%H -36Z210-

28-POLE -=> R1©
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COMBINED ELEMENT ( LABEL = 11 J WITH MULTIPOLES FROM DIPOLES UP
TO 2@-POLES --> BCNIXRIN] =
B, +XU B, +X( B, +X( B, +X{ Bg+X(B, +X( By +X( By X(BX(B,;111))13))
=22 (B, X 3By +X( 6B+ X( 1 BB + XL 15B,+X( 21 Bg+X( 288 ¢+X( 368111111
+Z% [B5+XUSB X011 5B+ XL 3SBg +X( 7OBy +X( 1268,,)311)
-2 ¢{B3+X( PB4 +X( 28B4 +X( 84B,)))
+Z8 [Bg+X( 9B\ o)

ACNIXICNI =
¥Z A, X0 2A +X0 3R, +XCUAS+RESA HXEBAR+XT 7Ag+XI BAFXL 9A,5) 1133113
~Z B[ Ay, #XC 4R+ X01BA +X( 20P +X{ 3SAg +XI SBAG+XL B4A, 11111
+z'51a,-°+xt5ﬁ,,+><ta1a8+xcsseq+xmasa,onn
-ZH{Ag + XU BAY +XI3EA, I
+2]Pe]
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APPENDIX  TI RACETRACK, ~ INPUT EXAMPLE

et B Bmm b Yo mmm oG g e R
FERAE.ECTRUQG’FIESS@tEGCB_LPHQSEm

e e e i ek i ke Al ek Ak ek A R W 4 AN S N e e e e e et et i W e R A R e R e P o A e e A

;
1

. 01 55568

- . 826962391
-. 88559812
.1234139

- . 857783393
. 25481 8807
~. 13974582
197568499

SEEBERARERY "haeeee

4
9

39

a§§§38388888
8
J

man8;88§§83§§$£ﬁmmm&bbbbbbmm&&&wagg&ﬁ&mﬂ

LN - I =~ R

9
h:
4 —
y
-
=
A 3
OUN=FRLFFNNI LSO 2220040 QROUNEROROMMN

NE

w-

DWW EEOIO=—LL-TNNNNNNRNNNNNNNNVNNES NN
N

gg gggaa%aagaﬁﬂggéég

IR DIo IPm IPQ1 D8 IPGR IPRE2 D9 HGE1 D7 D8

H HFae 07 HWFEF D7 HFRD D7 HFGF 07 HFEo D7
HFGF D7 HFGD DZ HFGF D7 HFQD D72 HA11 D7

H1 D7 HQ11 D7 HFED O HFGQF DP? HFQD D7 HFGF
D7 HFGD D7 HFGF D7 WFED D7 HFQF D7 HFG2

IRI D7 HFQT D9 IPGe IPG2 DB IPGN IPQ1 D1@

ROH HQ12 DE ROGT DS ROGE DS ROG3 D4 ROH]

ROHI ROHl D4 ROGEZ DS ROGE DS RO D6 HAlz

ROV l;éR'MJRIJMER‘I.le.'lJREZ!.JJRL'.’I-IBRUUI:II:J‘G ROQ4 D3 ROGS

ROGG

ROVI ROGE D2 ROGS D3 ROG4 D4 ROV ROH2 ROVD ROVD
ROHZ ROW

BL4 L El D1 B L Q1F

BL4i QaliF L B ot Bl L

BLS L B L GED

BLSI G2D L B L

BLE G20 L B L GFe

BLBI WFe L B L G2D

HCF GFz2 L B L GD2

HCD GD2 L B L GF2
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STRUCTURE  INPUT = = = = = = = = o o o o e e e e e e
IR HF ROH ROV BL4 BLS SPU BLE SPH
47 HCF MPM SPU HCD MPM  SPH
)

BLEI BLSI BL4I ROVI ROMI HFI IRI

MIZXT
PRINTOUT SELECT ION— = = = = o o e e e e e e e e e e e e e e e e e e e
o e
LINEAR OPTICS CALCULAT JON= - = s s m e o m e e e e e e
ELEMENT 13
N T — o = e e e e e -
TUNE UARIAT I ON- = mm e s s e o e o o e e e e e e e e e e e e e e e
QF B.15
@D 2.179
M T = =t o et e e e e e e e e e e e s
CHROMATICITY CORRECT I ON= === = o e e e e e e e e e e
SPH 1.5
SPU 1.5
N T mm e = = e e e e e e e o
INITIAL ORI NAT E S~ = ==~ = o o o e e e e e e e e e e e e e e e e
4 15, gz.0 5
4 Q. 38.2
B T = = e e e e e e e e =
TRACKING PARAMETER S= === == == = o e e e e e e e e e e e e e e
%)
cd 25.0 182.2
S -0.a1 B.e1
T o o e e e e e e e e e e ————
FNDE======ssscooomrmoroosscooormeg s e e e s s e oo o e e s s o e T e e e e e
ORBIT ADTUSTHMENT == ===~ m — o — o e e e i e e e e e e e e e et e e -
1.5 1.5 :
MON=5PH
MON=SPU
i R e ettt T TP
MULTIPOLE COEFFICIENT S~ ~mmmm e e o e e e e e e e e e e mmmem
25.9 10. Pe9S21
a. B.O01544 B 2. PEBRE3S
a. Q. 000833 &. 2. 06ps33
B. a3y 0.008308 2. 0. 00B7
a, Q. guRa” a Q. BERGE;”
Q2. B. BoRR- @ Q. oRBR?
a. Q. b/ a. a. 8esa”
-B0. PEBZg 2. BER~7 Q. g. pRea?
a. a. Beve.? Q2 % 1% 5% g
~0. 0ER4s 0. BRERA B 2. BRER-
. Q. BRRG? 2 B . Ao
M T = = = e e e e e e  — ——————————an
RANDOM FLUCTUATION STARTING NUMBER === === s e e e e e e e
BRPRERDIDRREAT 1 B22903
o e il L T Ty
LIMITATION OF APERTURE -~~~ — === s r e e e e e e e e
SPM  RE 23. 28.
SPU RE 8. c8.
APT EL 40, <@,
N T o o o e e e
COMBINATION OF ELEMENT S- == sm s e e e e e e e e e e e e e s e s s e
aF - B35 QF1
GO 1.234 QD1 -B@.233 @Dz
SPH 2.8 SPHA
Py -B.75 SPUA
T - o e e e e
IHTTIAL COORDINATES-————-— - mo st m e e b c s e
TRAJ 12.6 .8 5.3 B.B
-15.8 1.0 6.7 -B.7
4.9 2.0 3.5 1.8
N X T = == = = = = = = = e e e e e e e e
INITIAL COORDINATES= === = = = s o s oo o ot o m o e o o s o o
SET 8.4 a.e 3.8 B.a
2.9 0. 2.15 2.8
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