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Summary 

The FORTRAN programme BEATCH deals with the particle 

motion in BEAM TRANSFER CHANNELS. For a•given beam trans

fer channel it can compute trajectories of particles, beam 

envelopes along a channel, the matching of phase-space 

ellipses and momentum compaction, transfer matrices, beta

tron parameters of a periodic magnetic lattice, and the 

geometry of the central orbit of the channel. This report 

describes the fundamental features of the programme and 

provides the necessary infonnation of its utilisation. 

PS/7222 



- 2 -

1. Introduction 

The design of beam transfer channels for cascade 

synchrotrons, such as the NAL l) and the proposed CERN 2) 

Multi-GeV synchrotrons, or for storage rings 3) i presents 

from the computational point of view some new features 

with respect to conventional transfer channels. Firstly, 

because of the greater number of transfers undergone by 

the beam, a good matching of the beam to the acceptance 

of the synchrotron is particularly important. Secondly ? 

such channels may consist of a strong focusing periodic 

magnetic lattice ? with sections at either end for matching 

the input beam to the periodic magnetic lattice of the 

channel and properly shaping the emittance ellipse of the 

output beam. Thirdly, machines being linked by a trans

fer channel may not lie on the same horizontal plane due 

to the site configuration, and hence three dimensional 

calculations for the transfer channel are necessary. 

Finally, a description of the properties of the input and 

of the output beam in terms of synchrotron parameters 

is often required. 

BEATCH has facilities for computing the geometry 

of the central orbit of a three dimensional transfer 

channel in cartesian co-ordin0,tcs, the trajectories of 

particles with respect to the central orbit, the beam 

envelopes in both horizontal and vertical motion, the 

horizontal and vertical transfer matrices over sections 

or the whole of a channel, tt,e horizontal and vertical 

betatron parameters of any periodic magnetic lattice 

within a transfer channel, together with a few auxiliary 

facilities including routines for achieving the matching 

of betatron phase-space ellipses at two points, and 

momentum oo::.1po.ction nc.,tching ,,t ci, prc-d(.;tcrnined point. 

Any desired facility may be called by the use of 

appropriate control cards. 
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2. DESCRIPTION OF THE PROGJU.MMB 

A beam transfer may be made up of any sequence of 

quadrupole lenses, bending magnets and field free sections 9 

which will be referred to as elements. Th8 programme BEATCH 

can be used for a transfer channel with a non-repetitive 

sequence of elements 9 or for a channel with a repetitive 

sequence of elements constituting a periodic magnetic lattice, 

or for a combination of both. A data card has to be given 

for each element of the channel. These data cards 9 stacked 

in the sequence of the elements of the chmmel and preceded 

by two other data cards (the first carryins; a title 9 and the 

second the total number of elements in the channel) form 

a basic stack of cards specifying the channel. 

Figure 1 shows the block diagram of BEATCH. The 

programme is made to execute any or all of its functions 

by means of control cards following thc basic stack 9 the 

relative "input" being supplied on data cards following 

the appropriate control card. The programme consists of 

a number of sub-routines which perform one of the functions 

shown in Fig. 1 9 and which in turn call auxiliary sub

routines. The control cards carry a two character code 1 

which identifies the required. computation 9 followed by 

a heading which is output at the head of the results for 

that part�cular computation. The two character codes used 

are shown as labGls of the corresponding branches of the 

block diagram ( 11b 11 stands for blank). 

The particle optics computations which can be carried 

out and the additionQl facilities provided are : 

i) Tracking of particles relative to the central axis 

of a channel. The momentum dispersion along a 

channel is obtained by tracking trajectories of off

momentum particles. 
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ii) Calculations of the beam envelope along the 

channel. 

iii) Calculation of horizontal and vertical transfer 

matrices between any two clements of the channel. 

iv) Calculation of tl1e betatron parameters of a 

section of channel having a periodic magnetic 

lattice. 

v) Matching of betatron phase-space ellipses in the 

horizontal and vertical planes at one or two 

points along the channel. 

vi) Three-dimensional calculation of the geometry 

of the central trajectory of the channel. 

vii) A modification may be made to one or more sections 

of the basic channel during execution of the 

programme. 

viii) One may obtain a new deck of cards which are 

labelled and serialized. This deck includes any 

modification made to the channel and the results 

of previously executed matching computations. 

ix) Comments may be printed 1 following the output 

of any computations. 

2. 1. Reading in the Parameters of a Beam Transfer Channel 

The programme has been written for beam transfer 

channels containing 6 types of Glements 1 each type of element 

being assigned n. code nu.n1ber for identification. Table 1 

gives the list of elements and their codes. Ono may in-

clude in the channel up to two sections represented by a 3 x 3 

transfer mntrix for the horizontal motion and a 3 x 3 trans

fer matrix for the vertice.l motion. The two sections 2,rG 

characterized by two different code numbers (6 and 7, se8 

Table 1). In prncticc 2 x 3 matrices arc given 9 since the last 

row of these matrices is (0 ? 0 9 1). 
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TABLE 1 

Elements Code 

Field free section 1 

Horizontally focusing quadrupole lens 2 

Horizontally defocusing quadrupole lens 3 

Horizontal bending magnet with parallel 4 
end faces 

vertical bending magnet with parallel 5 
end faces 

Transfer matrix 6,7 

A data card is punched for each element. It 

contains an alphanumeric description of the element, the 

code number for tho typo of ele ment, and the parameters 

of the elements, viz. , length, bending angle, magnetic 

field gradient. Those cards, stacked in the sequence 

of the elements in the beam transfer channel, carry all 

the information relevant to tho beam transfer channel. 

The programme assigns an ordinal number to each of the 

elements. The maximum allowed number of elements is 

limited by dimension statcmonts. 

The structure of the programme allows for the in

sertion of additional typos of elements. However, be

cause of the 3 x 3 matrix formalism which is used by the 

programme, no coupling can be introduced between the beta

tron motion in the horizontal and in the vertical plane. 
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2.2. Tracking of a �article Trajectory 

The tracking of particles relative to the central tra

jectoryofthebeam transfer channel is carried out in the 

horizontal and vertical plan0s by matrix multiplication 

tcchnique;s. The prograrmne uses 3 x 3 matrices derived 

from Penner 4) 
9 assuming bending magnets having parallel 

edges and angles of entry and cxi t eq-i_:J_o,l to half the 

bending angle of the magnet. 

The horizontal input vector of a particle (x 9 x' 9 

�p/p) is multiplie d by the matrices of successive elerwnts 

along the channel to give the vector of the particle at 

tho exit of each clement. Similarly for the vertical 

input vector (z 9 z' 9 6p/p) . The symbols x and z denote 

the horizontal and the vertical displacement with respect 

to the central trajectory of the channel. Their derivatives 

with respect  to the longitudinal co-ordinate are denoted 

by x' and z'. The tracking may be forward over the whole 

beam 9 forward over a section of the bcam 9 reverse over 

the whole beam, or r.::versc over a section of the beam. 

Input for tho tracking routine requires the 

ordinal number of the initial and of the final elements 

of tho section to be tracked; the horizontal displacement 

(x) and slope (x') 9 the vertical displacement (z) and 

slope (z') of tho particle whcr(; it enters the first 

element stntt::d ? and �p/p, (if the first number 0xcceds 

the second number� tho programme carrius out a reverse 

tracking bGtwc1:;;n the. elsmcnts corrcspondint; to these two 

numbers) . Th,c; tracking routinl.; allows for indopcmdont 

scaling of the strengths of one set of focusing quadru

poles and of one set of defocusing quadrupoles. These 

quadrupolcs aru indicated by a spocial control codo on 

the clement card. The effcct of steering clements in 

the channel can be in cluded in the tracking. 
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The tracking routine also has facilities for con

verting the cc-ordinates of the trajectory following the 

last element of the trnckins sequence into normalized 

co-ordino.tvs 5) (Sol; o.lso tho Appendix) . These co-ordinates 

are such that betatron motion is reduced to circular motion 

in the normalized phasc-plo.ne, Therefore ? normalized co

ordinates represent a convenient way of des cribing the motion 

of po.rticles in a strong focusing lo.tticc. 

Tracking output lists ? for each clement ? its 

description o.nd pnramcters ? the horizontal displacement 

(x) and slope (x'), the vertical displacement (z) and slope 

(z') at the exit (in the direction of the tracking) of the 

clement together with the magnitude of any horizontal and 

or vertical abrupt deflection (or 11kick") introduced o.t 

the entrnnce of that clement. If rGquircd the normalized co

ordinates and the normalized amplitudes of oscillation 

following the last element are also computed, for both 

the horizontal and the vertical motion. 

Beam Envelope Calculation 

The beam envelope dimensions and the slope of the 

beam emittance ellipses arc computed at the exit of each 

clement. The beam emittance ellipse is expressed by complex 

numbers 6) (Z-values) and transformed throuc;h each clement 

by matrix multiplication using the transfer matrix of that 

clement. The beam dimensions arc computed for given hori

zontal and vertical cmittnncos. Tho routine may o,lso b8 

used for investigating the effects of gradient ,:errors 

in the quadrupole (;lcme:nts on the boam envolopc. 

Input for the routino requires tho horizontal 

and vertical Z-vo.lucs at the entrance of the initic.l 

clement and the horizontal and vertical bco.m cmittanccs. 
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Altornativo to using these unnormalized Z-valuos as in

put, tho ellipses may be specified using ·horizontal and 

vertical /3 and ex vnlues 7) and giving the normalized Z

valuos 5}_ Inside tho routine, only unnormalized Z-valucs 

arc used for the computations. Elements other than the 

first and last one may bo spu,cified to· start. and respectively 

end the computation. A given number of gradient errors 

may be introduced. 

Output lists the initial half-width and half-height 

and for each clement, its description and pe..ramotors, tho 

half boam-width, hc'.lf bcam-huight, horizontal. ancl vertical 

unnormalized Z-valucs, and tho length of the beam from the 

beginning of the channel up to the exit of the clement. 

If /3 and ex values have boon fed in, them tho output lists 

the normalized Z-valuos (horizontal and vertical) and 

their inverses, c.t tho exit from the last clement of tho 

computation, together with tho /3 and ex values. 

2. 4. Transfer Matrices 

The 3 x 3 horizontal and vertical transfer matrices 

between two clements within the transfer channel arc 

computed by this routin0. Input roquiros the ordinal 

numour of tho clcncnt from the beginning of which the 

transfer matrix is required, and tho ordinal number of 

tho clement at tho end of which the transfer matrix is to 

finish. Output lists the ordinal nurilbcr of those clements 

and the matrices. 

2. 5. Beto. tron Parameters of' a Periodic Magnetic Lattice 

For a section of th0 beam transfer channel which has 

a poriodic lattic0 s�ructuro 9 this routine first 6alculates 

tho horizontal and vortical transfer matrices from the b8-
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ginning of one period to the beginning of the next. 

from each of these matrices according to Courant and 

it calculates the betatron amplitude function /3, a= 

Then 

Snyder 7) 

-(d�/ds)/2 

and the betatron phase advanceµ per period. The Z-va1ues for 

the acceptance ellipsf-::s are also computed fron the values 

of� and a. Input requires the ordinal number of tho first 

and last clements in thc·pcriod. Output lists tho ordinal 

number of these elements, tho transfer matrices, the �-values, 

the a-values, the phase advances and the Z-values for both 

the horizontal and vertical motion. 

2.6. Betatron and Momentum Compaction Matching 

This subsidiary programme uses the strength and 

longitudinal po stion of a nuri1bcr of indcponden tly variable 

quadrupole magnets,designnted matching quadrupoles, to 

match a) the transformed betatron phase-space ellipse 

of an input beam to acceptance ellipses at up to two 

matching points in the channel, and b) the momentum 

dispersion at one point to a required momentum compaction 

at that·point. For matching in betatron phase-space, the 

input and tho acceptance ellipses arc either specified in 

complex numbers or comput8d by tho programme using a 

procedure similar to that duscribed in Section 2.5. A trans

fer matrix is required between matching quadrupolcs. This 

matrix can either be computed by the programme as in Section 

2.4. or be read in directly. 

Momentum compaction matching is achieved in con

junction with the tracking progranlli18. The tracking programme 

gives the normalized amplitudes of oscillation in the 

horizontal and vertical planes (with respect to a specified 

equilibrium orbit) of. an off-monentum particle at a pre

determined point. Ideally, these values should be zero and 

PS/7222 
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the matching process uses the strengths of matching quadru

poles to find a minimum in these normalized amplitudes of 

oscillations. 

The matching programme develops a function 1 F 1 which 

is a combination of horizontal and vertical betatron mis

match factors for both matching points and horizontal and 

vertical momentum compaction mismatch factors. For both 

the horizontal and the vertical motion 9 the programme takes 

as betatron mismatch factors the amplitude of beat os

cillation of the beam size with respect to the matched beam 

size; as momentum compaction mismatch factor 9 it takes the 

final 1 normalized amplitudes of oscillations of the trajectpry 

which is tracked. Weighting factors are given to each of 

these mistatch factors in order to determine the prominent 

factor to be matched. L weighting factor or zero for any 

of the mismatch factors eliminates these from the matching 

process thus reducing the number of requirements to be 

matched. 

The function Fis determined for initial parameters 9 

i.e. position and strengths 9 of the matching quadrupoles. 

This function is minimized using the general purpose mini

mization programme MINUIT 9). This programme incorporates 

three different minimization methods 9 each of which may be 

used alone or in combination with the others depending on 

the behaviour of the function. These methods are outlined 
8) below. For more details the reader is referred to Ref. • 

i) L Monte Carlo search of the minimum. The function 

:B1 is compute: d for random v::.luc s of the po.rQillctcrs, 

chosen according to gaussian distributions centred 

at the initial values of the parameters. Although 

this method is very slow 9 it may be used to dete rmine 

the starting points for subsequent minimizations 9 

in particular wh�n the function is expected to have 

several minima. 
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ii) A minimization using the Rosenbrock method g) This 

method is based on a search of the minimum in each 

of the orthogonal directions of the parameter space , 

followed by the definition of new orthogonal directions 

until the improvement on the minimum is smaller than 

a preset value. This method is reasonably fast even 

when far from tno minimvm. 

iii) A minimization based on a variable matrix method 

by Davidon l0)
9 which proceeds toward the mimimum 

by making successive approximations to the covariance 

matrix. It thun converges simultaneously toward 

the minimum and toward the true covariance matrix. 

This method is extremely fast close to the minimum, 

but is slow and unreliable 9 for badly behaved functions, 

far from the minimum. 

The maximum number of matching parameters is fixed 

by dimension statements. Strengths and displacements of 

different quadrupoles may be denoted by the same parameter, 

so that they remain equal throughout the matching. Minimum 

and maximum values may be assigned to the strengths, as well 

as to the long:Ltudinal displacements of the quadrupoles. Al.so 

the matching process may be requested to determine the maxi

mum beam sizes at the matching quadrupoles for each set of 

parameters set by the minimization programme. If these 

exceed specified upper liI).1i ts of tho beam size 9 the mismatch 

factor is artificially increased, so that different sets 

of parameters aro sought by tho programme. Following tho 

matching programme, the boam envelope through the sequence 

of matching quadrupolos is obtained for a beam of specified 

horizontal and vertical cmittancos. Computations following 

a matching programme take tho matching quadrupole parameters 

computGd by the matching progre.mme, if so specified. 
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The matching need not be used with a complete beam 

data stack, �. e. separate matching computations can be 

carried out by reading in data appropriate to matching only. 

However, momentum compaction matching can only be carried out 

if the matching data has been preceded by appropriate tracking 

data. Out of all the routines,the matching routine is usually 

by far the most time consuming. 

Beam Geometry Computation 

The geometry of the central orbit of the beam trans

fer channel is computed in the cartesian co-ordinates, X, Y, z, 

used for geodetic measurements 9 where Z is the altitude . This 

computation may be carried out forward over the whole beam, 

forward over a section of the beam, reverse over the whole 

beam or reverse over a section of the beam. 

Input requires initial co-ordinates, "gisement" (de

fined as the angle formed by the central trajectory with 

the Y-axis, measured in clockwise direction in grades, where 

100 grades= 90° ) the intital vertical angle (the slope 

measured in radians with respect to the X, Y plane) and the 

ordinal numbers of the inital and of the final element in 

the channc:il between which the geometric computation is r0.,. 

quired. The required co-ordinates and gisement for the end 

of the beam can also be fed in so that the accuracy of the 

position of the end of the beam can be noted. If the first 

ordinal number stated exceeds the second, a reverse geometry 

computation is carried out. 

The output gives the initial co-ordiantes and slopes 

including the initial horizontal angle (the slope measured 

in an anti-clockwise direction in radians with respect to the 

X,Z plane) and the required· final co-ordinates and slopes. 

Then output lists for each element, its description, length, 
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horizontal or vertical bending angle, the X-co-ordinate, 

Y-co-ordinc.to,altitude, gisement, horizontal angle, hori

zontal length (i.e. horizontal projection of the distance 

from the entrance of the initial element) and the bea.m 

length (longitudinal distance from the entrance of the 

first clement) at the exit of that element. 

2. 8. Modification to the Beam Transfer Channel 

Modifications to tho original beam transfer 

channel may be introduced without altering the basic 

stack of cards. The first card following the control 

card specifies tho number of groups of successive elements 

to be changed. This is followed by the appropriate number 

of groups of data cards. Each group consists of a data 

card giving the ordinal number of the first and last elements 

to be changed, followed by the data cards, in sequence, of 

the now elements to be inserted. Tho length of the beam 

may be increased. 

2.9. Summary Print-Out 

A summary of the most significant information re-

lating to a beam transfer channel may be obtained on one 

page of print-out following calculations involving all the 

throe sub-routines for tracking, beam envelope, and geometry. 

Output lists tho relevant initial conditions and for each 

element its description and parameters, the x, x', z and z 1 co-

crdinates of the last tracked trajectory, the half-width 

and half-height of tho beam r,nvelope, the X and Y co-ordinntcs 

and altitude Z of tho central trajectory, and the beam length. 

Also listed is a classified swmnary of tho elements used in 

tho channel, quotinG tho totnl number of field free sections, 

of horizontally focusing quadrupolos, of horizontGlly de-
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focusing qua drupole s, of ho1°izo ntal bending magnots 9 of 

ve rtic al bonding magn8ts 9 and of tr .nsfer matrix elements. 

The programme re quires a control data card for 

each desire d operation to be  carried out 9 each control 

card being followed by tho appropriate data cards before 

the ne xt control card is inse rt(.;d .  Tho first two co·lumns 

of a control card contain two control charac te rs wni ch 

indicate t6e opcratioti to be carried out (Fig . 1 ) . The 

last 78 column s  contain a he ading o r  a sub-he ading , o.s 

c :-:plainc d below . 

A control co.rel having blc.nk control characte r s  

d, ,fines the st2.rt of a basic s tack of data cards roprosenting 

a be am transfer channel, and any number of control and 

a s soci2,ted da ta cards may follow su ch a basic stack. Further

m,Jro any numbe r of beam tran sfe r channels may be included 

b y  following the data for computations on a pre ceding 

channel by a no w blank charac t e r control card and tho stack 

of the dato. cards for the ne w b c ar,1 transfer  channe l. · A 

typi cal stack of data cards would be : 

bb 
I 

I 

I 

I 

MO 
I 

I 

I 

T'n 
I 

I 

I 

I 

BE 

Control Carel for channel data 

Element Data Cards 

Control Card for a mo difi cation of the channe l 

Modification D ata C ards 

C ontrol Card for tracking of a tra j e ctory 

Input Data Cards for tracking 

Control Card for beam 0nvelop e computation 

Input Il ata Cards fo r be am envelop e computation 



bb 
I 
I 

I 

TR 
I 

I 
MH 

I 
I 

BE 
I 
I 

I 
I 

GE 
I 
I 

I 
SU 

ST 
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Control Card for no w channel data 

Element Data Cards 

Control Card for tracking of a trajectory 

Input Data Cards for tracking 

C ontrol Card for be tatron and momentum compaction 

Input Data Cards for matching matching 

Control Card for beam envelope computatio n 

Input Data Cards for beam envelope computation 

Control Card for Ge ometry computation 

Input Data Cards for geometry 

Control Card for a Sum..mary Print-Out 

Control Card to stop exe cution 

The last 78 columns of the bb  control card contain 

in alphanumeric format , a he ading which precedes the out

put of any subsidiary programme. Tho last 78 columns of  

control cards for  subsidiary programmes ,  for example , the 

tracking progrP.mme 9 contain a sub -heading , which is print0d 

Hfte r the l).ca ding. The heading is always printed at tho 

top of a new page . Table 2 at the end of this section 

gives a summary of data cards . 

3 .1. Reading in tho He ading and the Parame ters of a Beam 

Transfer Channel 

The last 78 columns of the blank character control 

card contain in alphanumeric format tt..t heading which will 

be  printed out on any output conc erhing tho chnnnel . Data 

cards for describing a beam transfer channel are read in 

the following order 

a ) FORMAT I 5  

A card with N 1 number o f  elements o f  tho channel. 

Tho maximum value for the: standard version of tho 

progrru��e is 4 00. It is assigned  by DI])l[ENSION statements . 
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b) FORMAT AS 'I 1 2 , F lO • 4 ,  FlO • 7 ,  FlO • 5 1 I lO 

c )  

N cards describing the element s of the transfer 

channel. These cards must be introduced in the 

order in which the ·  e lements are traversed by the. 

beam. Each element is given an ordinal number 

I=l. . . .  N by the programme. Each card describes one 

ele ment and contains in sequence 

ELEMENT 

CODE 

L 

ANGLE 

K 

M 

the name of the element 

the code number describing the type of 

element . Tho code number of each type 

of element is given in Table 1 

the effective length of the e lement , ex

press ed in metres 

the bending angle (horizontal if CODE=4 ,  

vertical if CODE= 5) given to the central 

traj ectory of the channel expressed in 

radians. A scaling of these deflections 

may be successively applied ( see point e 

be low) 

the quadrupole fie ld K = l dBz/dx ! / (Bzr) ,  
- 2 I expresse d in m whe re aB � dx is the 

magnetic fie ld gradient of the element and 

B r  the magnetic rigidity of the particles. 
z 

A scaling of these quadrup_ole  fields may be 

successive ly applied (see point e be low) 

an integer number the use of which is ex

plained at point e below. 

FORMAT lOX 'I 6FlO, 5 

If there is an e lement having CODE=6 ( see Section 2.1. ) 

one must provide two cards containing the elements (from 

left to right and from top to bot tom) of tho mrizontal 2x3 

transfer matrix of this element and the el ements of its 

vertical 2x3 transfer  matrix , respectively. 
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d) Similarly for the clonont having CODE= ?. 

e) FORMAT 4Fl0 • 5 

A card with tho qunntities FH , FV , FF and FD. Tho 

role of the se quanti tics i s  the following for · ,  

bonding angle s of tho magne ts where M= O ,  tho value s 

read in on the data cards arc multiplie d b y  FH for 

horizontal bending magne ts  and b y  FV for vertical 

bvnding magne ts . If  Mfo ,  the vnlues ro ad in remain 

unchange d. Similarly, if M=O ,  the K-valuc s of the 

horizontally focusing or d efocusing quadrupole s  lenses  

ro ad in on the cards aro multipli e d  by  FF or FD 

. resp e c tively. If M� 0 the value s remain unchange d .  

3 .2 .  Tracking of a T raj e c tory 

The last 78 columns of the TR control card contain 

a sub-h0 nd'ing· which  is printed imme diately b e low the heading 

of the transfer channe l in the tracking output. The 

programme computes tho transfer matrice s of the elements 

of the transfer channel and carrie s out the tracking by 

matrix multiplication me thods . Dire c tly after the TR control 

card  the following c·ards arc read in : 

a)  FORMAT 7Fl0 • 5 ,  313 , 11  

A card c ontaining in so quence the quantitie s : 

X ,  X '  the initial horizontal displacement and 

slope of  tho traj e ctory , expre ssed i:n 

mm and mrad r , J cpc c tively 

DP the particle momentum deviat ion b.p/p  ( ex

pres sed in· 0/0 0 ) with  respe c t  to the c entral 

trajec tory (DP=O ) of the transfer channel ,  
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the initial vertical displacement and slope  

of the traj ectory , expressed in mm and mrad 

respectively 

(So c S e c tion 3 . 1. ) to be used for tho tracking . 

These values of FF and FD will remain unchanged 

for successive calculations for e xample when 

working out bo o.m envelope or matching computations . 

I f  tho da ta card has a zero or blank in the fie ld 

for FF the previous value assigned to  FF wi ll re

main unchanged . Similarly for FD . 

Il tracking s tarts a t  tho point wh cr0 the tra j ectory 

enters the clement I l .  If on t ho data card Il=0 

or blank , tho programme will put Il=l 

1 2  tho tracking ends when the traj ect ory comes out 

of tho c l ement I 2. If on tho data card 1 2= 0  or 

blank , tho programme will put I 2=N . In the case 

where I 2 < Il tho programme carries out a back

ward tracking from tho entrance (for particles 

going backwards ) of tho eleme nt I 2, t o  tho exit 

(for p�rticlo going backwards) of tho cleme nt . I l  

NKI CK 

IN0RM 

at tho entrance (with respect to tho direction 

of  the tracking) of s ome cleme nts , one can give 

to the traject o ry horizontal and ve rtical kicks. 

NKI CK give s tho nuI11bor of points whe re tho kicks 

are given (se c  p oint b belc w) 

in the ca se  whore th0 channe l transfe rs a b e am 

into a strong focusing lat tice ( for example into 

o. synchrotron) , i t  may be  use ful to  cxpr:.; ss the co-

o r dinat e s  of the tra j e ctory at  tho end  o f  tho 

transfer channe l in normalized machine units 

(se c  App endix) . Thi s is doiw when I N0RM=l. If 

thi s is not  ru quiro d one should put IN0Rl'.1 =0 or 

blank . 
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b )  FORMAT 1 5 ,  2Fl0• 5 

NKICK card s, each of which contains the ordinal number 

( I) of an element at the entrance of which a kick mu s t  

b e  given, the horizontal kick and the vertical kick to 

b e  give� at this point ( e xpre s sed in mrad) . 

c ) FORMAT 8Flo. 5 

If INOIDII= l there must follow a card containing in 

se quence 

pn , � ,  a for horizontal motion (BE TAHN , BETJ..H, ALPHAH ) ,  

�- , � , a  for ve rtical motion (BETJ.VN ,  BETJ.V , l.LPHJ .. V) , 

the horizontal momentum compaction function a =6x/ (Ap/ p )  p 
and it s azimuthal derivative a ' =da  / d s  (ALPHJ.P , DALPHAP) . p 
The functions a and a '  give the displacement �x and 

p p 
the slop e �x ' of the e quilibrium orbit of particle s  

having �p/ p=l. The quanti tie s p ,  p and a are given n p 
in me tre s ,  whereas  a and a '  are given in radians . Tho . p 
quantitie s li sted above must be  give n at  the exit from 

eleme nt I 2. 

T he output produce d by the tracking routine consis t s  of 

i )  heading 

ii) sub-heading i. e. the last 7s · · columns of · the TR - contr'ol 

c.:-..rd 

iii) t�� matrice s CODE= 6  and CODE=? , if the se  have b e en 

given 

iv) the value s of FH , FV , FF and FD 

v) DP and the initial co-ordinates X ,  X' , Z and Z '  of 

the traj ectory 

vi) for e ach element the output gives I ,  ELEMENT , CODE, 

the actual H ) K ,  M ,  the actual :e) bending angle . (1.NGLE ) 

x) i . e . the value on the element data card multiplied by FF , FD 
FH and FV according to the type of the element. 
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the co-ordinates of the trajectory at the exit from the 

I-th clemen t  ( x ,  X ' ,  Z and Z ' ) ,  the horizontal (XKICK ) 

and the vertical ( ZKICK) kicks given to the trajectory 

at the entrance of the I-th element nnd tho longitudinal 

distance (BEAM LENGTH ) from tho entrance of tho first 

element of the transfer channe l to the end of tho I-th 

clement . BEAM LENGTH i s  .measured along t .he central 

trajoctory of tho tran sfer chann e l  and is given in 

metro s 

vii) in the case where INORM=l, at tho exit from tho clement 

12 tho output give s tho normalized co-ordinate s (XN, X ' N , 

ZN , Z ' N) and the normalized amplitude s  of oscillation s 

(AXN = J XN2 + X ' N2 and AZN = JzN2 + Z ' N2 ) of the 

trajectory with re spect to tho trajectory having hori

zontal displacement ALPHAP ➔� DP ( expre s sed in mm ),  

horizontal slope DALPHAP ➔} DP ( expre s s od in mrad ) and 

zero vertical displacement and slope. Tho value s of 

BETAHN, BETAH, ALPHAH , ALPHAP, DALPHAP, BETAVN , BE TAV 

and ALPHAV are also printed . The above displacement s , 

slope s and amplitude s  are expre s sed in mm .  

3 .3 .  Be am Envelope Calculation 

The programme compute s  tho shape of the b e am emittance 

ellipses and the beam dimen sion s at the exit of each element 

of the chann e l. The shape of emittance ellipses is de scrib ed 

by complex numbers ZH and ZV (for horizontal and vertical 

motion re' spectivoly) a s  defin e d.  in H c ro ward 1 s paper 6 )  

The computation s arc carried out with tho value s of FF 

and FD previou sly storod in tracking or in reading in the 

channe l. Directly after the BE control card there are 

the following data 

P S/7222 
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a )  FORMAT 8FlO • 5 

For the horizontal and vertical Z-valucs at the 

entrance of the firs t c lomcmt  (ZIII and ZIV )  there is 

a card which contai ns RIH, XIH , R IV, XIV, BETA. .. B ,  ALPHJ.H 9 

BETAV and ALPHAV. 

RIH and XIH are respectively the real and imaginary 

parts of ZIH . In the case  where the horizontal 

normalize d Z-value (i . e. Z -valuc evaluated in a 

normalized phas e-plane) at tho e xit from elem<.mt  1 2  

( sa c  b e low)  is re Quired , the horizontal p and a vcl ues 

at this loca tion (BETAH, ALPHAH ) must be given . If 

no t ,  then these  fields must be left blank . Similarly 

for vertical mo tion. 

b )  FORMAT 2FlO •5 , 315 

A second card contains the Quantit ies : 

EH/PI ,EV/Pl the horizontal and vertical beam emittances 

divided by  n,  expre ssed in mm rnracJ 

1 1 

1 2  

NMOD 

PS/7222 

the ordinal numbe;r of th0 clcr.ient at th.a . 

ontrc,,nc e of whi ch c omputations start 

the ordinal number of the element at  the 

exit of which the computation has to be 

stopped .  If  11  or 1 2  are not specified ,  

Il=l and 12=N 

the gradients of NMOD elements are modifie d 

with respect to the gradients assuncd in the 

prece ding calculation ( se e  po int c be low) 

Aft er the beam envelope calculations, the 

gradients arc resa t to the ir original value . 
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c) FORJIIIAT 1 5 9 Fl0 • 5  

NMOD cards o ach cont8ining the ordinal numbGr of o. 

quo.drupolc lens and its gradiont modification DK/K 

e xpresse d  as a fraction of the nominal gradient K. 

The following output is produce d 

i) hc ading 

ii) sub-heading , i. e . tho content of the last 78 columns 

of the BE control card 

iii) th0 matrices  CODE=6 and CODE= 7 1 if they have b e en 

givon 

iv) FH 9 FV , FF and FD 

v) ZIH 9 EH/PI , ZIV and EV/PI 

vi) for e ach e lcnent the output give s 1 1 ELEMENT 1 the 

nominal K 9 DK/K, AN GLE , the half betatron boam width 

WH 9 the half bet2.tron b eam height WV 9 ZH and ZV at 

t.hc 0 xi t fron the e le L1Cmt and BEAM IBNGTH 

vii) in the caso whe re � . and a-value s have be en reo.d in , 

the, output gives the normalized Z-value s (ZHN and ZVN ) 

and their inverse s (YHN= l/ ZHN and YVN = l/ ZVN) at the 

c xi t. from tho element 1 2 9 as well as the � o..nd a-value s 

at this point. 

3. 4 .  Transfe r  Matrice s 

'.:·he MX control car d is foll owe d by a card (FORMAT 21 5 ) 

containing two inte gers Il  and 1 2. The routine gives the 

horizontal and vertico,l transfer  matrice s AH and AV from the 

entrance of the ele ment 1 1  to the cxi t of  the clement 1 2  :a: 1 1. 
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B etatron Parame ters 

This routine compute s tho b e tatron parame te rs of 

a periodic lattice. Th8 LA control c ard is followed by 

a card (FORMl.T 21 5) co:cte.ining the numbers Il  and 1 2 :.!: 1 1  

of  th e first and o f  the last clement in the pe riod. Tho 

routine works out the horizontal and vertical transfer 

matrices from tho ontranco of 1 1 to tho exit of 1 2 .  From 

these matricC:s it de duces tho bo to.tron functions J3 and a: (7 ) 9 

tho betatron phase advance µ and the Z-values for both 

the ho rizontal and th0 vertical be tatron moti on (6 ) .  

Matching 

3 . 6 . l .  Gene ral D escription 

Le t us consider three locations 1, 2 and 3 situated 

in this azimuthal sequence in tho channel  and another 

loaction 4 situated ·anywhe re d('wnstream from 1 .  

At 1 the beam ha s assigned horizontal and vertical emittance 

e llipses  and dispersion acc ording to particle momentum . 

The routine do tcrminos the strength and the location 

(calle d 1 1 :r::m.tching pc.rame ters" ) of a nunber of quadrupo le s 

( "matching quadrupolos")  such that the second of the 

following conditions and optionally all of  the othe rs ar� 

satisfied 

i )  

i i i) 

P S/ 7 222 

at 2, the emittance e llipses have an assigne d  shape 

(be tatron natching ) 

at 3 ,  tho emittance ellipse s have an assigne d shape 

(be tatron matching) 

at 4, the beam has an assigned dispersion according 

to particle momentum (momentum compaction mat ching) . 
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Since e ach of those conditions implies  four constraints ? 

in ord e r  to be satisfie d it re quire s at le ast four avail

able matching paramete rs ( L e. strengths or locations of 

ma tchin�s quadrupolE,s) upstream to the corrc spen ding poi nt. 

The computer time n, quirod i ncrGasos rapidly when  in

c re asing the numbe r of parr.nctc rs. H ence one should handle 

the raininum nurabe r  of paramc.,tcrs at the s&'TI.C time : whe n

eve r  possible one  should group the L1atching quadrupo le s 

in  diffe rent groups such that e ach group is used in  

connection with only sorac of the points i)  to iii) . 

Matching is then carrie d  out using each of these groups 

se parately. Let us consider, for example , the case whe re 

4 coincides with 3 ? where all the conditions i) ? i i ) and 

iii)  have to be t:.atisfi cd and who re in the section fron 1 

to 2 thc rG is a sufficient nunbG :r of parat10tc rs to satisfy 

condition i) and in the section 2 to 3 the rG is a sufficie nt 

numbe r of paro.metcrs to satisfy conditions ii) and iii) . 

In this case it is convenient to use the qua drupoles from 

1 to 2 only for matchi ng at 2 an d to  u se the quadrupoles 

from 2 to 3 for the other matchings . 

The matching is carri e d  out by me ans of an iterative 

procedure . At e ach step tho program.me MINUIT S) calls 

o. sub -routine FCN (belonging to BEATCH ) ? which give s back 

the value of a function F to be ninimize d ? correspondi ng 

to the curre nt paranete rs. Tho function F is defin ed as 

the sun of six mismtach factors (LH , AV 1 AHM 9 AVM ? AXN 

and LZN ) describod b o low 9 each of then rmltipli c d  by n 

we ighting factor (FAH 1 FAV 9 Fli.HM ? FAVM 1 FLXN and FAZN).  

The mismatch factors are define d  as follows : 

i) If  at least one of the two we ighting factors FAHM 

cmd FAVM is diffe rent from zero ? at po i nt 2 the sub

routine FCN compares the emittance: e llipses ? obtained  

with the current paramcte rs 9 to tho re quire d  cnittancc 
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ellip se s. Then it work s out the b e ta tron mismatch 

factor on the horizontal plane (ARM) and on the 

vertical plane (AVM ).  Following H ereward 6 ) the se  

mismatch factors arc define d  a s  tho  radius of the 

circle circumscribe d to the normalized emi ttance 

ellip se of Qrua �. Thi s factor j called A in Here 

ward's paper, give s the r.iaximum beam size in the 

periodic lattice. 

ii ) .At point 3 tho ;beta.tr.on mismatch factors in the 

hori zontal plane (.AH )  and in the vertical plane 

(.AV ) are computed in a simil.ar way. 

iii) The momentum compaction matching at point 4 is ob

tained a s follows . ·At each s tep the routine re-

pea  t s  with a ne w so t of parame ters the la.st  tracking 

execute d by  the programme ( Section 3 . 2 . ) . The initial 

co- o r din�te s spe cifi� din the last  tracking mus t  be  

such that the tra j ectory has zero amplitude of be ta

tron o scillation wi th re spect to a given traj ectory 

(e quilibrium orb i t  in the case where I+ i s  the firs t 

element of a channel which tran sfers the beam out of 

a circular accelerator).  At tho exit of I 2  ( point 4 )  

tho sub-routine works out the nornalizc d amplitude s 

of o scillations AXN an d .A.ZN_ with re spect to the tra j e ct

ory having horizontal di splacement and slope ALPHAP * DP 

and DALPHAP * DP an d z.ero vertical displaccnent and 

slop e . A perfec t momentum compaction oatching i s  

achieve d if AXN and AZN are zero. Tho computations 

of AXN and .A.ZN are carrie d out if at  least  one of the 

two weighting factors  FAXN and FAZN i s  diffE:rent from · 

zoro. 

One may as sign maximum allowe d value s WHMAX and WVMAX 

for the half be tatron width and for tho half be ta tron heigh t ,  

re spec tively , a t  the matching quadrupolc s ,  i n  which case the 
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horizontal and vertical b eam emi ttance s divide d by n (EH/PI 

and EV/PI) have to be g iven and the beam size is compute d 

at  each s tep. If WHMAX and WVMAX are set equal to  zero 

of left blank , the beam size is computed only when matching 

is finished. In order to save computer time , whenever 

possible Fl.HM , FAVM, FAXN , FAZN , WHMAX and WVMAX should 

be zero. 

The section of the channe l  which i s  involved in 

the matching is called the "matching section" ( i t  could 

also consist of  all the channe l) .  The matching section 

is made up of  "matching quadrupoles 11 and 11interquadrupo le  

sections" a s  specified below. In azimuthal se quence one 

has loca tion  1 7 an inte rquadrupole section ,  NQUAD matching 

quadrupoles each followed by an interquadrupole  section 

and location 3. Location 2 is described on  data cards 

as a quadrupole having CODE=O ( all the o ther quantitie s 

on the quadrupole data card are in this case  irrelevant 

and the leng th L is se t equal to  zero ). The position of 

location 4 is specified by the tracking routine. The 

to tal number of parame ters (NPLR ) and of quadrupo les 

(NQUAD) are given. Their maximum values are fixed by 

dimension s tatements and are equal to 15 in the s tandard 

version of the programme. 

Each matching quadrupole has two variable para

me ters , name ly the gradient K and the displa cement  S 

( taken positive is forward dire c ted al ong the beam) _  'from 
a posi tion which is defined by initially assigning the int er

quadrupo le sectio ns. Ea ch matching quadrupole is characterized 

by two parame ter indices : the gradient index KP > 0 and the 

displacement index LP :i!: o .  T.he  actual quadrupo le  gradient 

and displacemer.t are repre sen ted by the KP-th parame ter and 

by the LP- th parameter , respectively ,  which are vari ed 

in order to minimize the function F .  The initial 
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values of the pare.meters arc part of  the de.ta re quire d, by 

MINU IT .  Quadrupo le:  s having the se.mc KP arc gi vcn the snruc 

strength and quadrupo lo s having th" sru;1c LP arc gi vc:m the 

same displacement. One can in thi s way , for cx2.r.1plc, 9 dis

place rigidly a doublet of  quadrup oles  in order to achieve 

matching. Quadrupoles having LP=O arc ke p t  in a fixe d 

position .  The minimizing program.so incorpo rates facili tics 

which allows lower nnd upp or  limits to the values to be 

assume d by tho parameters. 

I f  one gives the ordinal nwnbor  IQ of the quadrupole: ,  

then after matching the IQ-th c lement of tho transfer 

chnnnc l is given a gradient e qual to tho computed gra dient 

11 K (  OUT) 1 1 for that que.drupole  9 is azimuthally displace d b y  

tho compute d displacement 11 S (OUT ) "  and at tho same time its 

M.;;valuc is set equal to 1 9 such that the bro.diont is not 

modifie d by FF and FD. 

The intcrquadrupolc sections arc made up of  e lements 

of fixe d locations and strenghts. In the computations the y 

arc represente d by transfer  matrices. If one gives the 

ordin2.l number 1 1  and 12 at tho first and Jn.st c lonc nts 

of cm interqua drupole section , tho sub-routine coraputes the 

transfer matrices for zero momentun deviation 9 and if 

momentum compaction no.tching is also require d �  for mor.1entur:1 

deviation DP • .Altcrnativc ly 9 instead  of sp ocifying i l  and I 2 9 o ne 

can give directly the o l omonts of  these r.mtriccs ,  to bo 

used for both the values of noncntum deviation. 

For the de scription of c lements o f  tho natching section 

one can thoroforo re:fur to o, tr2.nsfcr channe l previously 

intro duced 1 or one can describe thorn conplotely in the 

matching routine. In the first case tho computed  values 

for the po.ramo tcrs can bu use d for further cor.1putations on 

tho transfer channe l. In tho second case the rno.tching is 

coCTplete ly separated fron tho other coraputations which arc 

porforno d. 
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3 . 6 . 2 .  Input Data 

The following data must be provide d : 

a )  data. cards re quire d b y  MINUIT (se e Ref. 8) 

FORMAT ( BAlO) Ti tlo Card - Any BCD characte rs, se rving 

as a title for the print-out 

FORMAT (I10 9 Al0 , 4Fl0 • 5 )  Paramo tcr Cards 

Col . 1-10 Parameter Number a s  reference d 

in FCN 

Col . 11-20 Name for the parametor 

Col. 21-30 Starting value 

Col. 3 1-40 Approximate error or step  sizo . .  

Col. 41-50 

C ol. 5 1-60 

(if ze ro , parameter is constant) 

Lowe r bound on paramoter
}

if both 
blank 

Uppe r bound on paramete r not bounde d 

One blank card  signals end of para.moto rs cards - Noto 

paranetc r cards wust be in order of  incrco.sing parar.ieter 

numbo r ,  but they need not include all parame ters numbers 

if some numbers arc not use d by FCN . 

Points b)  to h) refe r to data re quired by FCN 

b) FORMAT SFl0 . 5 

n, en.rd whi ch ren.cls in FAH , FAV , FAXN , FAZN , FLHM , FAVM , 

WHMLX ? WVMAX 

c)  FORMLT 8Fl0 • 5 

a card which conto.ins RIH , XIH ,  RIV, XIV ,  BETAIH , 

LLPHLIH , BETLIV nnd LLPHL.IV . 

During the matching cor;1putations , the pr9gro.mme mekes 

use  of unnornnlize d Z -valuc s. The re are thru e ways o f  

feeding i n  the horizontal and vertical unnormalize d z 

valucs at location 1 ,  nar.icly ZIH=RIH+i •XIH e,nd ZIV=RIV 

+i • Z IV 
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The y can be read in directly on tho data cards , in 

which case BETAlH or respe ctively BETAlV must be 

zero.  

The y can be  re ad in as no rmalized values and converted 

by  the programme into unnormalized values by using (se e 

Appendix) the specified values of the radial and vertical 

betatron functions at point 1 (BETJ.lH , l1LPHJ.lH , .BETAlV 

and ALPHJ.IV). 

The third way is described at point d below. 

- cl) FORMAT 2I5 

If the previous card is blank then one read s  in a 

second card with the quantities Il and 12 � 1 1, which 

are the ordinal numbers of the first and last elements 

of a period of the magnetic lattice. The Z-values are 

computed by means of these two numbers , a proce dure 

similar to that described in Se ction 3 . 5 . 

e) FORMAT 8FlO • 5 

FORMAT 215 

If FAMH or FAMV are different from zero one reads  in 

1 card or  2 cards , as described at points c) and d) 

above. 

f )  FORMAT 8FlO • 5  

FORMAT 2I5 

The data. for the Z-values ZOH and ZOV at location 3 

are read in as described at po ints c) and d) above , 

even when FAH or FAV are zero. 

g) FORMAT 2FlO • 5 ,  15 

The horizontal and vertical beam emittance EH/PI and 

EV/PI (expressed in mm mrad )  and the number of matching 
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quadrupoles NQUAD (including location 2 ) are read 

in. I f  the interquadrupole sections and the matching 

quadrupoles are identical and in the same order as 

after a previous matching (including quadrupole dis

placeme nts given by the matching routine ) where the 

elements  have been defined ? it is sufficient to put 

NQUAD=O. No further cards are in this case re qui red 

by the matching routine ? except those require d .at 

point i) below. 

h ) A se quence of cards describing 9 an interquadrupole 

se ction 9 a matching quadrupole (or location 2) 9 an 

interquadrupole section 9 etc. There are a total of 

NQUJ.D matching quadrupoles and NQUAD + 1 interquadru

pole sections. The se quence ends with an interquadru

pole section. 

Interquadrupole Section 9 FORMAT 215 9 6Fl0• 5 

For an interquadrupol0 section one reads in a card 

containing 11 9 12 and the elements ( from le ft to 

right and from top to bottom) of the matrix AH . If  

11=0 or 1 2=0 9 AH re presents th0 horizontal transfer 

matrix of the interquadrupole se c tion ; the vertical 

transfer matrix must be given on a subse quent card , 

with the same format. If  IlfO and I2f0 9 the trans-

fer matrix is computed by the programme 9 as described 

in Section 3 . 4 ; no further card is required to describe 

the interquadrupole section. 

Matching quadrupole 9 FORMJ.T L.8 9 1 2 9 5Fl0 ° 5 9 315 

For a matching quadrupole one reads on a card the 

name of the quadrupole , CODE 9 L 9 SMIN 9 SM1.X 9 KMIN 9 
KMAX 9 KP 9 LP and IQ . The physical boundarie s  for the 

parameters K and L are actually set in the MINUIT cards. 

The value s SMIN 9 SMJ�X 9 KMIN and KMAX are simply output in 

the print-out pro duced by the routine FCN (see below). 
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i) MINU IT "command" cards (se e Ref. 8) which de termine 

the method of minimization .  

3 .  6. 3. Output 

The output of the matching routine can be  divide d into 

two parts which give : 

a) MINUIT  output, giving information ( such as the total 

no. of ste�s required e tc. ) ,  conce rning the minimiza

tion process. If the minimization was unsuccessful 

no further output is given .  

b) FON output. Starting on a new page one fin0s : 

Thci description of the matching section, pre ceded 

by the heading and sub-heading. 

Mismatch factors , weighting factors , maximum allowed 

beam size and beam emittances. 

Matching section after matching. T his part of the 

output gives the computed gradients and displacements , 

the horizontal and vertical half betatron beam size 

(WH and WV) through the matching section as well as 

the Z-values ( ZH and ZV) and the beta tron functions 

(BETAH, ALPHAH , BETAV and ALPHAV) which describe the 

emittance ellipses . 

3 . 7 .  C omputation of the Geometry of the Channe l 

T his sub-routine calculate s the c o - ordinrcto s and the 

slopes of  the central trajectory of the channel wi th respect 

to the cartesian co-ordinate sys tom  X, Y ,  Z used for geodetic 

measurements. The co-ordinate Z will al so be  called ALT ITUDE. 

After the GE control card two further data cards are required : 

P S/7 2 22 
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a) FORMAT 5Fl0 • 5, 215 

This first data card gives 

T,he initial X 9 Y 9 Z co-ordinates . 

The initial "GISEMENT" 9 defined as the angle formed 

by the central trajectory with the Y-axis , measured 

in the clockwi se direction in grade s (100 grade s = 90 °) .  

The initial vertical angle (VERT . ANGLE), which i s  

the slope wli. th respect to the X 9 Y plane , measured 

in radians. 

The ordinal numbers (Il and 1 2) of the first and last 

elements for the geometric calculation. I f  on the 

data card Il=O or blank , the programme sets Il=l. 

If on the data card 1 2=0  or blank , the programme 

sets I2=N. I f  I 2<Il , the programme computes the 

geometry in a reverse . direction along the beam line 

(N.B. In this case the initial giseme nt must still 

be given as for the forward direction of the beam) . 

b) FORMAT 5Fl0 •5 

The second data card gives the required final X, Y ,  

Z co-ordinates and the require d final gisement and 

vertical angle. These are not use d by the programme 

but simply output in order to permit n quick estimate 

of the accuracy of the geometry of the channel . 

The output consists of 

i )  heading 

ii) sub,-heading , i.e. last 78 columns of the GE control 

card 

iii) FH and FV 
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iv) the initial and �he required final X ,  Y ,  ALTITUDE , 

GISEMENT, HOR. ANGLE and VERT . ANGLE. The H OR. 

AN GLE is the angle (in radian s) formed by the 

central traj ecto ry of the channel with the X-axis 9 

me asured in the ant:t - cloc-bvi ne dire ction.· 

v )  I ,  E LEMENT , L 9 ANGLE , X, Y ,  ALTITUDE 9 HOR. LENGTH 

( horizontal pro j ectio n  of the distance from the 

entrance of the 1 1-th clement ) HO_R. ANGLE, GISEMENT 

and BEAM LENGTH at the exit from each element. 

Modification of the Transfer Channel 

The last 78 columns of the MO control data card 

contain the heading for tho modified transfer  channel. 

Directly after this MO card must follow : 

a )  FORMAT 1 5  

A card containing NMOD 9 the number o f  groups of  

elements to  be  modified. Each of these groups 

consists of elements having consecutive ordinal 

numbers. In order to modify only the factors FH, FV , 

FF and FD, NMOD=O. 

b )  FORMAT 215, FORMAT A8 9 1 2 ,  Fl0• 4 ,  Fl0• 7 ,  Fl0• 5 9 1 10 

NMOD sets of data cards . Each of these se ts 

describes a group of elements to be modified and 

consists of 

a card ( FORMAT 215) , containing 11 and 1 2 , which 

are respectively the o rdinal number_s of the first 

and last elements of the group. I f  1 2= 11 or 1 2=0  

(in which case the pro graI111ne puts 1 2= 1 1) the group 

consists of the element 1 1 .  In the case I2>N 9 tho 

total number of elements 9 N ,  is increased to 1 2. 
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(I 2-Il+l )  cards of the typo de scribed in Section 3 . 1 .  

describing the elements of the group to b e  modified. 

The se  cards must be in the orde r in  whi ch  the eleme nts 

are traversed by tho beam . 

c) If, among tho modified elements , there is a card 

having C ODE=6 its horizontal and vertical transfer 

matrices must be given as de scrib ed in Section 3 .1. 

d) Similarly if there is a card having C ODE=7. 

e) A card containing FH ? FV, FF and FD as de scribed in 

Section 3.1. 

Summary Print-Out 

The sub-routine prints out parts of the output 

obtained from the la st Tracking, Beam and Geometry cal

culations, as described below . 

i) heading of the transfer channel 

ii) elements of the horizontal and vertical transfer 

matrices of the elements having CODE=6 and CODE=7, 

if such elements exist 

iii) DP and initial co-ordinates X, X ' ,  Z and Z '  o f  the 

last trajectory which has be en tracked 

iv) ZIH ,  EP/PI ? ZIV  and EV/PI 

v)  I ,  ELEMENT, L, K ,  ANGLE, X,  X ' , z ,  Z '  (co-ordinates 

of tho last tracked traj ectory with respect to the 

central trajectory of the channel ) WH , WV (horizontal 

and vertical betatron half be am size) , X, Y ,  ALT ITUDE 

(co-ordinates of the central trajectory of the channel 

with respect to tho geodetic reference system) and 

BEAM LENGTH 
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vi ) tho total number of field fre e sections ( ss ) , of 

horizontally focusing and defocusing quadrupoles 

( QHF and QED) , of horizontally and vertically 

bending magnets (HBM and VBM) , and of transfer 

matrix clements (MAT ). 

3 .10. · S�riali .zihg Labelling and Punching of  a D eck 

This routine is usGd to punch a labelled and 

serialized deck of cards describing tho last transfer 

channel which has b o on re ad in. One can assign new 

values of the scaling factors , FR , FV, FF and FD. In 

thi s case the programme modifies b ending angles and 

quadrupole gradients punched on data cards , such that 

when multiplied (if M=O) by the no w scaling factors they 

give the same actual gradients as the previous deck having 

different gradients and scaling factors punced on the 

cards. 

The columns 61 to 70 of the SE control card con

tain tho label , which is punched on columns 61 to 70 of 

the cards describing the elements of the transfer channel. 

C olumns 71 to 80 of the punche d cards contain the ordinal 

number I. After tho SE control card one must have a card 

(FORMAT 4Fl0• 5)  containing the re quired values of FH , FV , 

FF and FD. The punched clement cards have the same format 

as  when reading in a channe l. 

3 . 11. Comment Cards 

Tho contents of the last 78 columns of the CO 

control card are printe d immediately after having skipped 

a line , 
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4 ,  C onclusion 

The programme BEATCH has bo en e xtensively used , 

for the de sign of  the transfer channels whi ch lea d the 

p roton b eam delive red by the CERN Protron Synchrotron to 

ea ch of  the CERN Interse cting Storage Ring s  or to the 

new Experimental Hall . The programme has b e en currently 

run on  the CDC 640 0 and 6 600 C ompute rs and i s  in-

cluded in the CERN Progra.rnae Library .  
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A P P E N D I X 

Normalized Systems of Units 

· Denoting by s  the distanc e  along the equilibrium 

orbit and by x eithe r tho radial or the vertical component 

of the displaceme nt from tho e quilibrium orbit , the general 

expro ssion of the betatron os.cillation in an alte rnating 

gradient synchrotron is : 

x (s ) = a J � ( s ) cos ['Y (s ) + o ]  , (Al ) 

where � (s )  is the betatron amplitude function , 'Y (s) = J (ds/�) 

is  the betatron phase function and a and o are arbitrary 

constant s .  · In terms of tho "normalized" displac�ment 

and of the longitudinal co-ordinate '¥ ,  the betatron oscillation 

is reduced to a harmonic oscillation . � is a c onstant n 
which has the same dimensions as � ,  such that x has the same 

dimensions as x .  � also acts a s  a scaling factor . n 

J.ccording to E q .  ( 1:..2) , at any particular azimuth 

the phase -plane (x, x '  = dx/ ds ) linearly transfort1s into 

the "normalized" phase plane (x , x '  = dx/ dtji ) . In matrix 

notation : 

; 
/ 

\ I 
- \ 

( 
X 

\ 
X 

\ i = N (1.3 . )  
\_ x ' )  x • )  
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The matrix N is expressed  by 

N == J-y; C : )  · (A4 ) 
, � 

where a: == - (d�/ds)/2 . The de terminant of N is �n· The 

inverse matrix of N is 

-1 1 

c. : )  N 
J��n 

The matrix for the transf ormation of the phase 

plane ( x 9 x ' ) from an azimuth s
1 

to an azimuth s
2 

is 

expressed as : 

( c o s� 

\_-sin'¥ 

sin'¥ '

) cos'l' 

(A5 ) 

(A6 )  

where 'l' == 'l! ( s
2
) - 'l! (s

1
) .  This shows that on the normalized 

phase-plane particle s rotate on a circle centred  on .the ir 

equilibrium orbit. 

The transformation of the complex numbers Y == 1/ z 

which describe the emittance ellipses (6) 9 from the un

normalize d phase-plane (Y ) to the normalize d phase-plane 

(Y) is : 

y � Y - i o:  (A7 ) 
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where � and a are the betatron functions ( 7 ) . In the 

normalized phase-plane an emittance ellipse which is 

matched to the betatron functions of the lattice i s  re 

presented by a circle . Therefore it is characterized by 

y = 1. 
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TABLE 2 .  DATA CARDS 

DATA FOR READIN G  Hf 1� CHLNNEL ( SECTION 3 . 1 )  

C ONTROL CL.RD 

N CL.RDS 

ONLY IF L.MONG PREVIOUS C L.RDS L.N 

ELEJVIENT Hl.S CODE== 6 OR 7 

TRJ,.CKING ( SEC T I ON 3 . 2 ) 

CONTROL C L.RD 

NKICK CL.RDS 

bb 9 REL.DING 

N 

ELENIENT , C ODE 9 L ,  L1TGLE 9 K ,  M 

( 2x3 H ORI ZONTli.L Ml.TRIX 

l 2x3 VERT IC LL MLTRIX 

FH 9 FV 9 FF 7 FD 

TR 9 SUB -HE18)IN G  

X , X ' , DP 9 Z 9 Z '  9 FF , FD 9 I l 9 I 2 9 NKI CK 9 INORM 

I , HOR . KICK , VERT . KICK 

ONLY IF INORM== l BE TJ..HN , BETJJI , J...LPHJ.H 9 BETLVN 9 BE TL.V 9 1..LPHJ.V 9 L.LPHJ,.P 9 Dl:..LPHLP 

BE1Jv1 ENVELOPE CL.LCULli.T I ON S ( SECTION 3 . 3 ) 

C ONTROL Cl.RD 

NMOD CL.RDS 

TRI\.NSFER ML.TRI CE S  (?ECTION 3 .  4 )  

C ONTROL C J.RD 

BETLTRON PJ.RLMETERS ( SEC T ION 3 . 5 )  

C ONTROL Cl...RD 

BE , SUB -BE L.DING 

RIH 9 XIH , RI V ,  XIV 9 BETJ.H 9 1.LPHL.H , BETLV 9 LLPHLV 

EH/PI 9 EV /PI 9 I l 9 I 2 ,  mvroD 

I 9 DK/K 

MX 9 SUB -HEJ.DING 

1 1 9 1 2  

LL. 9 SUB -HELDING 

1 1 9 1 2  

F ORM.AT 

L. 2 9 L8 9 71.10 

1 5  

J,.8 , I2 , F l0 . 4 , F l0 . 7 �  
lOX i 6Fl0 . 5F l 0 . 5 , I lO 

10X 9 6Fl0 . 5  

4F l0 . 5  

l.2 9 1.8 9 7Ll0 

7Fl0 . 5 9 3 I3 9 I l  

I 5 , 2F l0 . 5  

8Fl0 . 5  

L.2 9 J.8 ? 71.10 

8F l0 .  5 

2F l0 . 5 9 3 1 5 

I 5 9 F l0 . 5  

J.2 9 L8 7 7Ll0 

21 5 

L 2 9 L8 9 71.10 

21 5 



TABLE 2 ( C ont inue d )  

MATCHING ( SECTION 3 .6)  

CONTROL C JJtD MH ? SUB- HELD ING 

* -lt- * INSERT FIRST LOT OF DJ.Tl .. CI.RDS FOR MINUIT -le -:.- -:;- SEE REFETIEl:CE 8 

Z-VALUES 2 ZIH 2 ZIV I.T LOCATION 1 

CJ.RD 1 ( Z '  S GIVEN ) 

IF CJ.RD 1 I S  BLL.NK THEN READ 

CARD 2 ( Z I S COMPUTED) 

Z-Vl.LUES 2 ZMH 9 ZMV J.T LO CATION 2 

ONLY IF FL.MB OR FLr!J.V f 0 

C L.R]) 1 

CL.RD 2 

Z-VJ,.LUES 2 ZOH 2 ZOV L.T LOCATION 3 

Cl�RD 1 

c:1.RD 2 

FLH ? Fl�V 9 FLXN , Fl.ZN i Fl.HM ? Fl: .. VM 9 WHMLX i WVM.J.\.X 

RIH ? XIH 9 RIV i XIV i BETLIH , LLPHLIH 9 BETLIV 9 L.LPHLIV 

11 9 1 2  

EH/PI 9 EV/PI 9 NQUL.D 

CLRTIS F·OR DTT3R'QUJJ)RUPOLE SEC T .  (1) Il i 1 2 �  L.H Ml.TRIX , 

AV MLTRIX 9 

CL.RD FOR Ml..TCHHTG QUJJ)RUPOLE 

INTERQULDRUPOLE SECTION 

( 1) NJ:..ME 9 CODE 9 L ,  SMIN 9 SMJJC 9 KMIN i KML.X 9 KP 9 LP 9 IQ 

MJ .. T CHING QUL.DRUPOLE 

MATCHING QUJJ)RUPOLE 

INTERQUJJ)RUPOLE SEC'rION 

( 2 )  

( 2 )  

(NQUJ,.1) ) 

(NQUlill+l )  

➔c -:;- ➔c INSERT MINUIT ' COMMli.ND I TILTL. CL.RDS -l', -le -le SEE REP:CRClTC:C 8 

GEOMETRY { SECTION }. 7 )  

CONTROL Cl.RD GE 9 SUB-HE/J)IN G  
X ?Y ? Z ? GISEWIENTi VERTICl .. L "·_IJGLE (nnTILL )  9 1 1 9 1 2 

X 9 Y 9 Z 9 GI SEWIEN'I, VERTICLL LNGLE 9 (F INLL ) 

FORMAT 
L2 ? LB ? 7Ll0 

BFl0 . 5  

8Fl0 .5  

215 

BFlO . 5 

2 1 5  

BFl0. 5 

215 
2Fl0 . 5 9 1 5  

215 9 6Fl0 . 5 

10X 9 6F l0 . 5 

L8 9 1 2 9 5Fl0.5 9 3 15 

1.2 , L.8 9 7L.10 
5Fl0 .5 9 215  
5 Fl0 .5 

r 

• 
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TLBLE 2 ( C ontinue d )  

MOTIIFI CJ.TION OF CHANNEL ( SECT I ON 3 .  8 )  

C ONTROL CJ..R]) 

THEN FOLLOW NMOD SE T S  OF DATJ. 

( 1 2- I l+l ) CL.RD S 
ONLY IF L.MON G PREVIOUS Cl.RDS 1.N 

E LEMENT Hl.S C ODE= 6 OR 7 

SUMll/Il.RY PRINT - OUT ( SEC TION 3 . 9 ) 

C ONTROL C :'..R.D 

SERI!.LI ZING L. DECK ( SECTION 3 . 10 )  
CONTROL C L.RD 

C OMMENT ( SECT ION 3 . 11 )  

C ONTROL CL.RD 

M¢ ,  SUB -HEJJHNG 

1TTu10D 

I l , 1 2  � 
rLEMENT , CODE , L ,  LNGLE , � ! 2x3 HORI ZON •I' J.L ML.TRIX 

2x3 VERT ICJ.L l'MTRIX 

FH , FV 9 FF , FD 

SU 

S:E ( Li.BEL I S  IN COLUI\!INS 61- 70 ) 

FH , FV , FF , FD 

Cc/. , COMJI/IENT 

1 SET 
OF DA TJ. 

FORMJ.T 

li2 , 1.8 ,  7 J..10 
1 5  

• 

21 5 

� B ,1 2 , F l0 . 4 , F l0 . 7 , F l0 . 5  
lOX , 6F l0 . 5  I lO 

lOX , 6F l0 . 5  
4F l0 . 5  

A 2 , A8 , 7Al0 

1. 2 , 1.s ,  11...10 

4Fl0 . 5  

1. 2 , L. 8 7 711.lO 

• 


