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1 Intr oduction

At the CERN AcceleratorSchool2003at DESY, Zeuthen,a coursewasheld on opticsdesign. This
coursewas intendedasan introductionfor acceleratorphysicistswho want to start the designof ac-
celeratoropticsaswell asfor peoplefrom otherfieldswho would like to geta basicknowledgeof the
principlesof acceleratordesign.

The aim was that the participantsdesigna realisticacceleratoroptics, following plenarylectures
on lattice cells [2], insertions[3] andimperfections[4, 5]. This shouldbe donefollowing a seriesof
stepsin form of exercisestheparticipantshadto solveandimplementin anacceleratordesignprogram
(MAD-X).

After an introductionto MAD-X [6, 7], theparticipantshadto designa periodicmachinewe well
definedproperties.In thesecondpart,correctionschemesfor chromaticity, closedorbit etc. hadto be
definedandimplemented.In the third part, a straightsectionwith a dispersionsuppressoranda low�

-insertionwasinsertedinto theoriginally periodicstructure.The tunability of this latticeandfurther
improvementsto increasetheflexibility werestudiedandimplementedwhererequired.

In this paperwediscusstheproposedsolutionsandshow someof thetechniquesusedin thedesign
of acceleratorlattices.Somereferencesin thisnotecorrespondto examplefilesandthesolutionswhich
will bemadeavailableon theweb[8] andonaCD-ROM [9].
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2 Exercise1

2.1 Problem:

Designamachinefor protonsat amomentumof 20 GeV/cwith thefollowing basicparameters:� Circumference= 1000m,� Quadrupolelength �������
	 = 3.0m,� 8 FODOcells.� Dipole lengthis 5 m, maximumfield is 3 T

Apply the knowledgefrom previous lecturesat this schoolanddefinea lattice cell accordingto the
boundaryconditions(position of dipole magnetsand quadrupoles)and find the optics (strengthof
dipolesandquadrupoles)so that

��� ���� �� is around300m. Implementit into MAD format using
thin lensesfor all elementsandverify thecalculations.

2.2 Solution:

SetupaFODOcell of lengthL like in Fig.1[2]. Thecell lengthis L=1000m/8= 125m. For simplicity

full cell length L

Figure1: Schematicview of asymmetricFODOcell.

theelementscanbedistributedequallyspacedinsidethecell.
Themaximumintegratedfield of a dipole is 15 Tm. At 20 GeV/c this correspondsto a deflection

angleof 0.225. To get a total angleof 2� , we need2� /0.225= 27.9 � 28 dipoles. For 8 cells, we
thereforeneed32 dipoles.We need8 focusingand8 defocusingquadrupolesand32 bendingdipoles,
i.e. 4 dipolespercell. Thebendingangleof thedipolesmustbe ��������� = 0.196349541.

For aFODOcell wegettheexpressionfor thephaseadvance����� perhalf cell:

���! #" �$����%'& �)(+*�,- (+*�, (1)

where�.(+*�, is thelengthof thehalf cell (62.5m) and
- (+*�, thefocal lengthof thehalf cell. theexpressions

for themaximumandminimumbetatronfunction
�

arewritten:

�� & - (+*�,0/
132 �4�5 6" ������%7�89�:" ������% & � (+*�,0/

132 �4�5 6" �$�;��%���! #" �$����% 7�89�:" ������% (2)

and <� & - (+*�,0/
1>= �4�5 6" �$�;��%7�89�:" ������% & � (+*�,?/

1>= �4�5 #" �$����%�4�! #" ������% 7�89�:" �$�;��% (3)
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For �� & ��@�@.A and �.(+*�,B& C��EDGF.A wegetfor �$�;�H& 1 CEDI@�J�@�C�CLK .
Therefore: - (+*�,B& C��EDIFE� �4�5 6" �$�;��% & ����FEDGJ�J�C.A � - & 1�1 �EDIM�M�M�A (4)

this givesfor thefocusingstrengthNO( (positive for focusingandnegative for defocusingquadrupole):

N:(P&
1

��������	 / - & QR@EDG@�@���S�F���J�J�F (5)

Thiscell canbeimplementedin MAD as(EX1/ex1 thick.seq):

circum=1000.0;
ncell = 8;
lcell = circum/ncell;
lquad = 3.00;
lquad2 = lquad/2.;

// forces and other constants;
// element definitions;

// define bending magnet as multipole
mb: multipole, lrad=dummy, l=10.0,knl={2.0*pi/(4*ncell)};

mq: quadrupole, l=lquad;
qf: mq, k1:=kqf;
qd: mq, k1:=kqd;
kqf = .295278e-2;
kqd = -.295278e-2;

// sequence declaration;
cascell2: sequence, refer=centre, l=circum;
start_machine: marker, at = 0;
!

n = 1;
while (n < ncell+1) {
qf: qf, at=(n-1)*lcell + lquad2;
mb: mb, at=(n-1)*lcell+0.15*lcell + lquad2;
mb: mb, at=(n-1)*lcell+0.35*lcell + lquad2;
qd: qd, at=(n-1)*lcell+0.50*lcell + lquad2;
mb: mb, at=(n-1)*lcell+0.65*lcell + lquad2;
mb: mb, at=(n-1)*lcell+0.85*lcell + lquad2;

!
n = n + 1;

}
end_machine: marker at=circum;
endsequence;

In this cell, thecell startsat theentryof the focusingquadrupoleandendsat theentryof thefocusing
quadrupoleof thenext cell. It is repeated >7UTLVWV timesto make thering of 1000m circumference.

Thebendingmagnetsaredefinedasmultipolesandtheirfirst componentis thebendingangle.An al-
ternative,probablysimplerimplementationwouldbeusingonly thinelementslikein (EX1/ex1 thin.seq):
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circum=1000.0;
ncell = 8; // Number of cells
lcell = circum/ncell;
lq = 3.00; // Length of a quadrupole

// element definitions;

// define bending magnet as multipole
// we have 4 bending magnets per cell
mb: multipole,lrad=d,knl={2.0*pi/(4 *nce ll)};

// define quadrupoles as multipoles
qf: multipole,lrad=d,knl={0,0.29527 8e-2 *lq};
qd: multipole,lrad=d,knl={0,-0.2952 78e- 2*lq} ;

// sequence declaration;
cascell1: sequence, refer=centre, l=circum;
start_machine: marker, at = 0;
!

n = 1;
while (n < ncell+1) {
qf: qf, at=(n-1)*lcell;
mb: mb, at=(n-1)*lcell+0.15*lcell;
mb: mb, at=(n-1)*lcell+0.35*lcell;
qd: qd, at=(n-1)*lcell+0.50*lcell;
mb: mb, at=(n-1)*lcell+0.65*lcell;
mb: mb, at=(n-1)*lcell+0.85*lcell;

!
n = n + 1;

}
end_machine: marker at=circum;
endsequence;

Now thecellsstartandendin the 7UTX $Y[Z\TL� of thefocusingquadrupoles.Bothdeclarationcanbeexecuted
with thefollowing MAD commands(EX1/ex1 thin.mad):

TITLE, ’CAS2003 first exercise’;
call file="ex1_thin.seq";

Beam, particle = proton, sequence=cascell1, energy = 450.0,
NPART=1.05E11, sige= 4.5e-4 ;

use, sequence=cascell1;
select,flag=twiss,column=name, s,x,y ,mux ,betx ,

muy,bety,dx,dy;
twiss,save,centre,file=twiss.o ut;
plot, haxis=s, vaxis=betx, bety, colour=100;

stop;

The resultsareprintedto a file Y[]^�4�_� D 8�`�Y andthe graphicaloutput is found in AbadcLefDhg � . Below one
finds theTwisssummaryprintedat theendof theTwisscalculations.Thealternative definitionof the
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quadrupoleswasusedfor this run andwill beusedin all laterexamples.MAD givesamaximum
�

( �� 
and ���i ) in bothplanesof 300m, in goodagreementwith thedesiredparameters.

++++++ table: summ

length orbit5 alfa gammatr
1.000000000e+03 -0.000000000e+00 1.989271491e+00 7.090109959e-01

q1 dq1 betxmax dxmax
7.142528897e-01 -7.335940332e-01 2.999996548e+02 3.646157387e+02

dxrms xcomax xcorms q2
3.211327329e+02 0.000000000e+00 0.000000000e+00 7.142528897e-01

dq2 betymax dymax dyrms
-7.335940332e-01 2.999996548e+02 0.000000000e+00 0.000000000e+00

ycomax ycorms deltap
0.000000000e+00 0.000000000e+00 0.000000000e+00
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3 Exercise2

3.1 Problem:

Startwith thelatticefrom exercise1 andmodify it sothemaximumbetatronfunction �� is around100m.
Thecircumferencemustnot bechanged.

3.2 Solution:

For themaximumof the
�

-functionwehad:

�� & - (+*�, /
132 �4�5 6" ������%7�89�:" ������% & �.(+*�, /

132 �4�5 6" �$�;��%���! #" �$����% 7�89�:" ������% (6)

For a given half cell length �.(+*�, the smallest �� canbe found be differentiatingthe equationandone
obtains: �4�! kjd" �$����% 2 � �4�5 , " ������% =l1 &m@ (7)

The solutionis �$�;�R& ��M�D 1 JnK andthereforethe minimum �� is 3.3302 / �.(+*�, . For the presentcell
lengththis gives: ����foqp = 206.375m, i.e. wecannotreachthis valuewith thepresentlattice.

Theonly way to decrease����foqp is to reducethe cell length,i.e. increasethe numberof cells for a
givencircumference.

We increasethenumberof cellsto 20 andget �.(+*�, = 25. With thesameprocedureasbeforewe get
for thephaseadvanceperhalf cell: �$���r& � 1 DGF�CLK . With this phaseadvanceweneedf (+*�, = 68.0m and
f = 34.0m. Thisgivesfocusingstrengthsof k ('& Q 0.0098.

After modifyingtheprevioussequencewith ncell=20andthequadrupolestrength,wegetthedesired
����foqp = 100m.

UsingthepreviousMAD input andwith thenecessarymodifications(ncell = 20, k (s& Q 0.0098,
EX2/ex2 thin.seqandEX2/ex2 thin.mad)wegettheoutputbelow.

++++++ table: summ

length orbit5 alfa gammatr
1.000000000e+03 -0.000000000e+00 1.789932275e-01 2.363642010e+00

q1 dq1 betxmax dxmax
2.395724243e+00 -2.515616751e+00 1.000267291e+02 3.441962504e+01

dxrms xcomax xcorms q2
2.900240314e+01 0.000000000e+00 0.000000000e+00 2.395724243e+00

dq2 betymax dymax dyrms
-2.515616751e+00 1.000267291e+02 0.000000000e+00 0.000000000e+00

ycomax ycorms deltap
0.000000000e+00 0.000000000e+00 0.000000000e+00
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4 Exercise3

4.1 Problem:

Startwith thelatticefrom exercise2 andmodify it soyoucancorrectthechromaticityfor bothplanesto
zero.Try first to calculateapproximatelytherequiredstrengths.Implementyour correctionschemein
yourpreviousMAD filesandverify yourcalculation.UseMAD to computetheexactstrengthsrequired
by matchingtheglobalparameterst#u and tvui (in MAD names:DQ1 andDQ2). Comparetheresults
with your calculations.

4.2 Solution:

Fromexercise2 weknow thatthehorizontalandverticaltunesare � /  >7UTLVwV = 21.56K / � /  37�TLVwV = 2.396.
Thenaturalchromaticityis [2]:

xzy & = 1
� Y a  6" ������% /  >7UTLVwV &

= �EDIF 1 F
Theprecisenumberswecangetfrom theMAD summarytable.

For thecorrectionweneedanelementwherethe
- 897[`{�4�! $|}VwTX $|dYU~ - is amplitudedependent,e.g.a

sextupolewherethefocusinglength(i.e. thederivativeof theforce)dependslinearly on theamplitude.
Furthermore,wehaveto �_8�Z9Y theparticlesin amplitudeaccordingto theirmomentum.Thiscanbedone
with horizontaldispersion.Thereforeweputsextupolesin regions]��5YU~ horizontaldispersion.(Remark:
sextupolesin regions ]��5YU~�8�`�Y dispersioncan be usedto deliberatelycontrol third order resonances
without affectingthechromaticity).

In orderto correctboth,thehorizontalandverticalchromaticitiesto zero,weneedtwo independent
groupsof sextupoles.A naturalchoiceis next to thequadrupoles.We shallcall thetwo groupsSFand
SD,whenthey arenext to thefocusingor defocusingquadrupoles.Thetunechangedueto a sextupole
is easilywritten:

� t & = 1
� �

� NL, / e�c � & = 1
� �

� N_, /�� 
� g
g c � & = 1

� �
� NL, � �c � /

� g
g & t u /

� g
g

For thin lensesthechromaticitychangefor two groupsof sextupolesis in thehorizontalplane:

� t u  & = 1
� � ���5� ������ K5� �

N �, V � � � � � 2
1
� � ���5� ����U� K�� �

N �, V � � � � �
or for aperiodicstructure

� t u  & = 1
� � /  >7UTLVwV / " N �, V � � � � � = N �, V � � � � � %

For
� t#ui thehorizontalandvertical

�
-functionshave to beexchangedin theformulae.

� t u i & = 1
� � /  >7UTLVWV / " = N �, V � � � � �i 2 N �, V � � � � �i %

Thesetwo equationsform a systemof equationwith the two unknowns N �, and N �, whenthe desired� tvu changesaregiven.
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From the MAD output for the previous exercisewe know the Twiss parametersat the sextupoles
(Tab.1). It is clear that the dispersionfunction at the position of the sextupolesshouldbe large to

�  �  ��i

QF 34.427 100.027 46.265

QD 23.739 46.265 100.027

Table1: Twissparametersat latticesextupoles.

minimize the requiredstrengths.Furthermore,at the positionof the two groups,the horizontaland
vertical

�
-functionsshouldbeasdifferentaspossible.Thereforeourchoiceto placethesextupolesnext

to thequadrupoleswasagoodchoice.
Sincewewantto correctthechromaticitiesto zero,we take:

� t u  & = t u  a  c � t u i & = t u i
Thenwesolve theabovesystemof equationswith thenumbersfrom thetable.
Wefind: N �, V � & @EDI@ 1 J�@ � 1 �  37�TLVwV and N �, V � & = @EDI@�� � J 1 � �  37�TLVwV .

To our MAD descriptionfrom thepreviousexerciseweaddthefollowing lines(EX3/ex3.seq):

// define the sextupoles as multipole
lsex = 0.00001; // dummy length, only used in the sequence;
ksf := +0.017041/20.0;
ksd := -0.024714/20.0;

// ATTENTION: must use knl:= and NOT knl= to match later !
msf: multipole, lrad=dummy, knl:={0,0,ksf};
msd: multipole, lrad=dummy, knl:={0,0,ksd};

addchangethedefinitionof our cell:

n = 1;
while (n < ncell+1) {
qf: qf, at=(n-1)*lcell;
msf: msf, at=(n-1)*lcell + lsex/2.0;
mb: mb, at=(n-1)*lcell+0.15*lcell;
mb: mb, at=(n-1)*lcell+0.35*lcell;
qd: qd, at=(n-1)*lcell+0.50*lcell;
msd: msd, at=(n-1)*lcell+0.50*lcell + lsex/2.0;
mb: mb, at=(n-1)*lcell+0.65*lcell;
mb: mb, at=(n-1)*lcell+0.85*lcell;

!
n = n + 1;

}

Thisgivesthefollowing globalparameters:

++++++ table: summ
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length orbit5 alfa gammatr
1.00000000e+03 -0.00000000e+00 1.78993227e-01 2.36364201e+00

q1 dq1 betxmax dxmax
2.39572424e+00 -6.30299369e-03 1.00026729e+02 3.44270344e+01

dxrms xcomax xcorms q2
2.91482386e+01 0.00000000e+00 0.00000000e+00 2.39572424e+00

dq2 betymax dymax dyrms
-6.11732076e-03 1.00026729e+02 0.00000000e+00 0.00000000e+00

ycomax ycorms deltap
0.00000000e+00 0.00000000e+00 0.00000000e+00

Thechromaticitiesarecorrectedto valuessmallerthan0.01for bothplanes.Wegetfor t u  (dq1)= -6.3
10� j and t#ui (dq2)= -6.110� j .

To get the exact valuesfor the sextupolestrengths,MAD canbe usedto MATCH thesevalues. An
exampleis givenbelow (EX3/ex3.mad):

TITLE, s=’MAD-X test’;
call file="ex3.seq";
option,-echo;
// option,debug,-echo;

Beam, particle = proton, sequence=cascell3, energy = 45.0,
NPART=1.05E11, sige= 4.5e-4 ;

use, period=cascell3;

match, sequence=cascell3;
vary,name=ksf, step=0.00001;
vary,name=ksd, step=0.00001;
global,sequence=cascell3,DQ 1=0.0 ;
global,sequence=cascell3,DQ 2=0.0 ;
Lmdif, calls=10, tolerance=1.0e-21;

endmatch;

select,flag=twiss,column=name, s,bet x,mu y,bet y,dx ,dy;
twiss,save,centre,deltap=0.0,f ile=t wiss 2.out ;
plot, haxis=s, vaxis=x, y;
stop;
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Theoutputproduced(Twisssummary)is:

++++++ table: summ

length orbit5 alfa gammatr
1.00000000e+03 -0.00000000e+00 1.78993227e-01 2.36364201e+00

q1 dq1 betxmax dxmax
2.39572424e+00 1.07207358e-14 1.00026729e+02 3.44270344e+01

dxrms xcomax xcorms q2
2.91482386e+01 0.00000000e+00 0.00000000e+00 2.39572424e+00

dq2 betymax dymax dyrms
2.41967395e-15 1.00026729e+02 0.00000000e+00 0.00000000e+00

ycomax ycorms deltap
0.00000000e+00 0.00000000e+00 0.00000000e+00

It canbeseenthatthechromaticityis now practicallyzero.Thevaluesfoundfrom thematchingproce-
durewere:
ksf = 8.54169767E-04( = 0.017083395/20)and
ksd= -1.23874055E-03( = -0.024774811/20)
Wefind thatouroriginal valuesarealreadyveryclose!
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5 Exercise4

5.1 Problem:

Startwith thelatticefrom thepreviousexerciseandassumerandommisalignmentsof thequadrupoles
of r.m.s.0.1mm in thehorizontaland0.2mm in theverticalplane.Calculatetheexpectedr.m.s.orbit
andverify with MAD.

5.2 Solution:

Assumingthethin lensapproximation,onecancomputether.m.s. orbit distortion. Thedeflection
� e u o

dueto a (herehorizontal)displacement
� e o of a quadrupoleis:
� e u o &lN:( / V ������	 / � e

Theorbit responsee�� at aposition� dueto a singlekick
� e o at position� is [4]:

e��0&
��oI� �

� �4�5 6" ��tv�% 7U89�O" ��tv
= "�� o = � ��%�% / � e u o

Here t is thehorizontaltuneand � thephasefunctionaroundthemachine.Takingtheaverageof the
squareddisplacementsat all positions,andusinganaverage

� & �� :

� e ,�� & " ��
� �4�5 6" ��tv�% %

, /
1
� ��.� e u ,o

wherewe gota factor (, from averagingcos, (� ) andwewrite for e�� � � :
� � e , � &�e�� � � & ��

� � � �4�5 6" ��tv�% ��)� e u ,o

Assuming� identicalcellswith �^	v&��E� quadrupoleswecanre-writethesum:

e�� � � & ��
� � � ���! #" ��t��% / �^	 ���� e u � � �

e�� � � &
� �^	 ��

� � � �4�! #" �>t��% /
� e u � � �

Weusetheexpressionsfor thin lenses[2]:

�� & �f� � ����4�5 #" ��%
and:

N:( V �����
	^&
� ���! #" �$����%
��� � ���

andobtainaftersomemathematics:

e�� � � &
� �^	� � �4�! #" �>t��% 7�89�:" ������% /

� e u � � �
For a r.m.s. quadrupoledisplacementof 0.1 mm we canusethe above expressionandget asan

estimatefor e�� � �¡  @EDIF mm and¢�� � �£  1 DI@ mm.
Thiscanbeverifiedwith MAD by addingthelines:
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eoption,add=false,seed=2202195 5;
select,flag=error,pattern="q.* ";
ealign dx:=tgauss(3.0)*0.1e-3,dy:=t gaus s(3.0 )*0. 2e-3;

This will assignrandomerrorsin the quadrupoles(selectedall elementsstartingwith ’q’) following
Gaussiandistributionswith r.m.s.valuesof 0.1mm in thehorizontaland0.2mm in theverticalplane.
TheSEEDoptionallows to specifythestartingpoint for therandomnumbergenerator.

The MAD summaryis given below and shows good agreementwith the expectation. The x� � �
(xcorms)is 0.48mm andy� � � is 1.14mm.

++++++ table: summ

length orbit5 alfa gammatr
1.00000000e+03 -0.00000000e+00 1.78992963e-01 2.36364375e+00

q1 dq1 betxmax dxmax
2.39572424e+00 -2.51838414e+00 1.00026729e+02 3.44619881e+01

dxrms xcomax xcorms q2
2.92578856e+01 1.23559802e-03 4.80265442e-04 2.39572424e+00

dq2 betymax dymax dyrms
-2.51838414e+00 1.00026729e+02 1.25978040e-02 5.91226626e-03

ycomax ycorms deltap
2.69993776e-03 1.13922436e-03 0.00000000e+00
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6 Exercise5

6.1 Problem:

Startwith the lattice from thepreviousexerciseandaddthenecessaryequipmentto beableto correct
theclosedorbit in bothplanes,(usingMAD). Estimatefirst themaximumnecessarystrengthof theorbit
correctorsassumingamaximumquadrupoledisplacementof 1 mm.

6.2 Solution:

Theestimateof thenecessarycorrectorstrengthis straightforward. Theangulardeflectionof thebeam
passingthroughaquadrupoleat anoffset

� e is:

� e u & N:( / V / � e
Assumingthecorrectorsnext to thequadrupoleanda maximumoffsetof 1 mm,we getabout30 � rad.
To allow for someadditionalerrorsof monitors(scalingandpositioning)or field errorsfrom dipoles
anda reserve we definetherequiredstrengthas150 � rad,which is a rathersafevalue. For theenergy
of 20GeVof ourbeamthis requirescorrectormagnetswith anintegratedfield of   0.010Tm, which
caneasilybeprovided(LHC orbit correctorsprovide1.89Tm).

To correcttheorbit (with MAD or otherorbit correctionprograms),we have to addorbit monitors
andorbit correctorsto thelattice. We decideto addonemonitorandonecorrectorat eachquadrupole.
Monitorsandorbit correctorsin MAD canbedefinedto actonly in oneor in bothplanes(seeMAD-
X manual). While we want our monitorsto measurethe orbit in both planes,we definehorizontal
correctorsat the focusingandverticalorbit correctorsat defocusingquadrupoles.This needsanextra
(reserve) contribution to thecorrectorstrengthsincenot all imperfectionscanbecorrectedlocally. We
suggestthefollowing sequenceasonepossibility(EX5/ex5.seq):

circum=1000.0;
ncell = 20;
lcell = circum/ncell;
lquad = 3.00;
lquad2 = lquad/2.;
lsex = .01;
lbpm = 0.001;
lbpm2 = lbpm/2.;
lcor = 0.001;
lcor2 = lcor/2.;

// forces and other constants;
// element definitions;

// define orbit monitors and correctors
bpm: monitor, l = lbpm;
ch : hkicker, l = lcor;
cv : vkicker, l = lcor;

// define bending magnet as multipole
mb: multipole, lrad=dummy, knl={2.0*pi/(4*ncell)};

// define the quadrupoles as multipole
kqf = .980000e-2;
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kqd = -.980000e-2;
qf: multipole, lrad=dummy, knl={0,lquad*kqf};
qd: multipole, lrad=dummy, knl={0,lquad*kqd};

// define the sextupoles as multipole
!ksf := +0.017041/20.0;
!ksd := -0.024714/20.0;
ksf := +0.0;
ksd := -0.0;

// ATTENTION: must use knl:= not knl= to match !
msf: multipole, lrad=dummy, knl:={0,0,ksf};
msd: multipole, lrad=dummy, knl:={0,0,ksd};
!msf: multipole, lrad=dummy, knl:={0,0,ksf};
!msd: multipole, lrad=dummy, knl:={0,0,ksd};

// sequence declaration;
cascell4: sequence, refer=centre, l=circum;
start_machine: marker, at = 0;
!

n = 1;
while (n < ncell+1) {
qf: qf, at=(n-1)*lcell;
bpm: bpm, at=(n-1)*lcell + lbpm2;
ch : ch, at=(n-1)*lcell + lbpm + lcor2;
msf: msf, at=(n-1)*lcell + lsex/2.0;
mb: mb, at=(n-1)*lcell+0.15*lcell;
mb: mb, at=(n-1)*lcell+0.35*lcell;
qd: qd, at=(n-1)*lcell+0.50*lcell;
bpm: bpm, at=(n-1)*lcell+0.50*lcell + lbpm2;
cv: cv, at=(n-1)*lcell+0.50*lcell + lbpm + lcor2;
msd: msd, at=(n-1)*lcell+0.50*lcell + lsex/2.0;
mb: mb, at=(n-1)*lcell+0.65*lcell;
mb: mb, at=(n-1)*lcell+0.85*lcell;

!
n = n + 1;

}
end_machine: marker at=circum;
endsequence;

To correctanorbit with MAD, onesinglecommandfor eachplaneis required(EX5/ex5.mad):

correct,flag=ring,mode=micado, error =1.0 e-7,n corr =20,
plane=x,clist="c.tab",mlist="m. tab";

correct,flag=ring,mode=micado, error =1.0 e-7,n corr =20,
plane=y,clist="c.tab",mlist="m. tab";

The desiredalgorithms(MICADO), theplane,the numberof correctors(5) andsomeoutputfiles are
passedasparameters.

A following executionof a Twisscommandwill make useof thecomputedcorrectionandgive the
correctedorbit.
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7 Exercise6

7.1 Problem:

Startwith the lattice from thepreviousexerciseandfirst doublethecircumferenceto 2000m andthe
numberof cells to 40. Changethephaseadvanceto �¤& 60K percell. Inserta straightsection:i.e. 2
cellswithoutbendingmagnetsbut keepthesamefocusing.Modify now thelatticeto keepthehorizontal
dispersionfunctionsmall( � 1-2m) alongthisstraightsection.At thisstagedonotchangethefocusing
propertiesin any of thecells. Suchstraightsectionswith very smalldispersionarevery usefulfor the
installationof RF equipment,wigglers,undulators,beaminstrumentation,collimationsystemsetc.,or
to houseanexperiment.

7.2 Solution:

We increasethe circumferenceby changingthe valuein theMAD input to 2000.0m andthe number
of cells to 40. We definetwo sectionswithout dipolesand let thembe the cells number35 and36.
Thesedefineour straightsection. Before35 andbehind36 we have to modify the lattice to make a
c ��� g TXZ\�4��8� ¥��` g�g Z¦TL�_�_8�Z . Two typesof suppressorswe know: missingmagnetdispersionsuppressors
andhalf-fielddispersionsuppressors[3].

To changethephaseadvance,we insertthefollowing linesinto theMAD input (EX6/HF.mad):

match, sequence=cascell6;
vary,name=kqf, step=0.00001;
vary,name=kqd, step=0.00001;
global,sequence=cascell6,Q1 =6.70 0;
global,sequence=cascell6,Q2 =6.65 0;
Lmdif, calls=10, tolerance=1.0e-21;

endmatch;

Our phaseadvancepercell is now closeto 60K . This allowsusto usebothtypesof dispersionsuppres-
sors.

We reserve the cells 31 to 34 and37 to 40 for settingup the dispersionsuppressors.We do not
changethestrengthsin thequadrupoles,i.e. wekeepthefocusingpropertiesof theFODOcell.

7.2.1 Missing magnetdispersionsuppressor

Fromtheconditionsfor amissingmagnetdispersionsuppressorwith 60K phaseadvancewefind thewe
need2 cellsoneachsideof thestraightsection.Theoutmostcell withoutbendingmagnetsandtheinner
cell with thenormalbendingstrength[3]. In theMAD descriptionthis is doneeasiestby restrictingthe
loopovercellsto theregulararccellsandaddingthetuningandstraightsectioncellsexplicitly.

Wehaveto becarefulwith thedefinitionof thestrengthof thebendingmagnetsbecausetheirnumber
is now not4*ncell. In thecaseof themissingmagnetcaseasimplecountingis enough,for thereduced
field suppressorthe fields have to be integratedto give 2� . Note that we have no sextupolesin the
diespersionsuppressorsandthestraightsection(EX6/casMM.seq).

// defines a missing magnet dispersion suppressor
circum=2000.0;
ncell = 40;
lcell = circum/ncell;
lquad = 3.00;
lquad2 = lquad/2.;
lsex = .0001;
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nnorm = 144;

// forces and other constants;
// element definitions;

// define bending magnet as multipole
mb: multipole, lrad=dummy, knl={2.0*pi/nnorm};

// define the quadrupoles as multipole
kqf = .980000e-2;
kqd = -.980000e-2;
qf: multipole, lrad=dummy, knl:={0,lquad*kqf};
qd: multipole, lrad=dummy, knl:={0,lquad*kqd};

// define the sextupoles as multipole
ksf := +0.017041/20.0;
ksd := -0.024714/20.0;

// ATTENTION: must use knl:= not knl= to match !
msf: multipole, lrad=dummy, knl:={0,0,ksf};
msd: multipole, lrad=dummy, knl:={0,0,ksd};

// sequence declaration;
cascell6: sequence, refer=centre, l=circum;
start_machine: marker, at = 0;
!

n = 1;
while (n < ncell-9) {
qf: qf, at=(n-1)*lcell;
msf: msf, at=(n-1)*lcell + lsex/2.0;
mb: mb, at=(n-1)*lcell+0.15*lcell;
mb: mb, at=(n-1)*lcell+0.35*lcell;
qd: qd, at=(n-1)*lcell+0.50*lcell;
msd: msd, at=(n-1)*lcell+0.50*lcell + lsex/2.0;
mb: mb, at=(n-1)*lcell+0.65*lcell;
mb: mb, at=(n-1)*lcell+0.85*lcell;

!
n = n + 1;

}
qf: qf, at=(ncell-10)*lcell;
mb: mb, at=(ncell-10)*lcell+0.15*lcel l;
mb: mb, at=(ncell-10)*lcell+0.35*lcel l;
qd: qd, at=(ncell-10)*lcell+0.50*lcel l;
mb: mb, at=(ncell-10)*lcell+0.65*lcel l;
mb: mb, at=(ncell-10)*lcell+0.85*lcel l;

qf: qf, at=(ncell-9)*lcell;
mb: mb, at=(ncell-9)*lcell+0.15*lcell ;
mb: mb, at=(ncell-9)*lcell+0.35*lcell ;
qd: qd, at=(ncell-9)*lcell+0.50*lcell ;

17



mb: mb, at=(ncell-9)*lcell+0.65*lcell ;
mb: mb, at=(ncell-9)*lcell+0.85*lcell ;

// start dispersion suppressor
qf: qf, at=(ncell-8)*lcell;
qd: qd, at=(ncell-8)*lcell+0.50*lcell ;

qf: qf, at=(ncell-7)*lcell;
mb: mb, at=(ncell-7)*lcell+0.15*lcell ;
mb: mb, at=(ncell-7)*lcell+0.35*lcell ;
qd: qd, at=(ncell-7)*lcell+0.50*lcell ;
mb: mb, at=(ncell-7)*lcell+0.65*lcell ;
mb: mb, at=(ncell-7)*lcell+0.85*lcell ;

// end dispersion suppressor

// begin straight section
qf: qf, at=(ncell-6)*lcell;
qd: qd, at=(ncell-6)*lcell+0.50*lcell ;

qf: qf, at=(ncell-5)*lcell;
qd: qd, at=(ncell-5)*lcell+0.50*lcell ;

// end straight section

// start dispersion suppressor
qf: qf, at=(ncell-4)*lcell;
mb: mb, at=(ncell-4)*lcell+0.15*lcell ;
mb: mb, at=(ncell-4)*lcell+0.35*lcell ;
qd: qd, at=(ncell-4)*lcell+0.50*lcell ;
mb: mb, at=(ncell-4)*lcell+0.65*lcell ;
mb: mb, at=(ncell-4)*lcell+0.85*lcell ;

qf: qf, at=(ncell-3)*lcell;
qd: qd, at=(ncell-3)*lcell+0.50*lcell ;

// end dispersion suppressor

qf: qf, at=(ncell-2)*lcell;
mb: mb, at=(ncell-2)*lcell+0.15*lcell ;
mb: mb, at=(ncell-2)*lcell+0.35*lcell ;
qd: qd, at=(ncell-2)*lcell+0.50*lcell ;
mb: mb, at=(ncell-2)*lcell+0.65*lcell ;
mb: mb, at=(ncell-2)*lcell+0.85*lcell ;

qf: qf, at=(ncell-1)*lcell;
mb: mb, at=(ncell-1)*lcell+0.15*lcell ;
mb: mb, at=(ncell-1)*lcell+0.35*lcell ;
qd: qd, at=(ncell-1)*lcell+0.50*lcell ;
mb: mb, at=(ncell-1)*lcell+0.65*lcell ;
mb: mb, at=(ncell-1)*lcell+0.85*lcell ;

end_machine: marker at=circum;
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endsequence;

7.2.2 Half-field dispersionsuppressor

Thehalf-fielddispersionsuppressoris conceptuallyevensimplerandfor aphaseadvanceof 60K percell
we need3 cellson eachsideof thestraightsectionwith half thebendingstrength.We follow thesame
strategy asbeforeandusethefollowing latticedescription(EX6/casHF.seq):

// defines a half-field dispersion suppressor
circum=2000.0;
ncell = 40;
lcell = circum/ncell;
lquad = 3.00;
lquad2 = lquad/2.;
lsex = .0001;

nnorm = 148;

// forces and other constants;
// element definitions;

// define bending magnet as multipole
mb: multipole, lrad=dummy, knl={2.0*pi/nnorm};
// define bending magnet with half strength
mb2: multipole, lrad=dummy, knl={1.0*pi/(nnorm)};

// define the quadrupoles as multipole
kqf = .980000e-2;
kqd = -.980000e-2;
qf: multipole, lrad=dummy, knl:={0,lquad*kqf};
qd: multipole, lrad=dummy, knl:={0,lquad*kqd};

// define the sextupoles as multipole
ksf := +0.017041/20.0;
ksd := -0.024714/20.0;

// ATTENTION: must use knl:= not knl= to match !
msf: multipole, lrad=dummy, knl:={0,0,ksf};
msd: multipole, lrad=dummy, knl:={0,0,ksd};

// sequence declaration;
cascell6: sequence, refer=centre, l=circum;
start_machine: marker, at = 0;
!

n = 1;
while (n < ncell-9) {
qf: qf, at=(n-1)*lcell;
msf: msf, at=(n-1)*lcell + lsex/2.0;
mb: mb, at=(n-1)*lcell+0.15*lcell;
mb: mb, at=(n-1)*lcell+0.35*lcell;
qd: qd, at=(n-1)*lcell+0.50*lcell;
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msd: msd, at=(n-1)*lcell+0.50*lcell + lsex/2.0;
mb: mb, at=(n-1)*lcell+0.65*lcell;
mb: mb, at=(n-1)*lcell+0.85*lcell;

!
n = n + 1;

}
qf: qf, at=(ncell-10)*lcell;
mb: mb, at=(ncell-10)*lcell+0.15*lcel l;
mb: mb, at=(ncell-10)*lcell+0.35*lcel l;
qd: qd, at=(ncell-10)*lcell+0.50*lcel l;
mb: mb, at=(ncell-10)*lcell+0.65*lcel l;
mb: mb, at=(ncell-10)*lcell+0.85*lcel l;

// begin dispersion suppressor
qf: qf, at=(ncell-9)*lcell;
mb2: mb2, at=(ncell-9)*lcell+0.15*lcell ;
mb2: mb2, at=(ncell-9)*lcell+0.35*lcell ;
qd: qd, at=(ncell-9)*lcell+0.50*lcell ;
mb2: mb2, at=(ncell-9)*lcell+0.65*lcell ;
mb2: mb2, at=(ncell-9)*lcell+0.85*lcell ;

qf: qf, at=(ncell-8)*lcell;
mb2: mb2, at=(ncell-8)*lcell+0.15*lcell ;
mb2: mb2, at=(ncell-8)*lcell+0.35*lcell ;
qd: qd, at=(ncell-8)*lcell+0.50*lcell ;
mb2: mb2, at=(ncell-8)*lcell+0.65*lcell ;
mb2: mb2, at=(ncell-8)*lcell+0.85*lcell ;

qf: qf, at=(ncell-7)*lcell;
mb2: mb2, at=(ncell-7)*lcell+0.15*lcell ;
mb2: mb2, at=(ncell-7)*lcell+0.35*lcell ;
qd: qd, at=(ncell-7)*lcell+0.50*lcell ;
mb2: mb2, at=(ncell-7)*lcell+0.65*lcell ;
mb2: mb2, at=(ncell-7)*lcell+0.85*lcell ;

// end dispersion suppressor

// begin straight section
qf: qf, at=(ncell-6)*lcell;
qd: qd, at=(ncell-6)*lcell+0.50*lcell ;

qf: qf, at=(ncell-5)*lcell;
qd: qd, at=(ncell-5)*lcell+0.50*lcell ;

// end straight section

// begin dispersion suppressor
qf: qf, at=(ncell-4)*lcell;
mb2: mb2, at=(ncell-4)*lcell+0.15*lcell ;
mb2: mb2, at=(ncell-4)*lcell+0.35*lcell ;
qd: qd, at=(ncell-4)*lcell+0.50*lcell ;
mb2: mb2, at=(ncell-4)*lcell+0.65*lcell ;
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mb2: mb2, at=(ncell-4)*lcell+0.85*lcell ;

qf: qf, at=(ncell-3)*lcell;
mb2: mb2, at=(ncell-3)*lcell+0.15*lcell ;
mb2: mb2, at=(ncell-3)*lcell+0.35*lcell ;
qd: qd, at=(ncell-3)*lcell+0.50*lcell ;
mb2: mb2, at=(ncell-3)*lcell+0.65*lcell ;
mb2: mb2, at=(ncell-3)*lcell+0.85*lcell ;

qf: qf, at=(ncell-2)*lcell;
mb2: mb2, at=(ncell-2)*lcell+0.15*lcell ;
mb2: mb2, at=(ncell-2)*lcell+0.35*lcell ;
qd: qd, at=(ncell-2)*lcell+0.50*lcell ;
mb2: mb2, at=(ncell-2)*lcell+0.65*lcell ;
mb2: mb2, at=(ncell-2)*lcell+0.85*lcell ;

// end dispersion suppressor

qf: qf, at=(ncell-1)*lcell;
mb: mb, at=(ncell-1)*lcell+0.15*lcell ;
mb: mb, at=(ncell-1)*lcell+0.35*lcell ;
qd: qd, at=(ncell-1)*lcell+0.50*lcell ;
mb: mb, at=(ncell-1)*lcell+0.65*lcell ;
mb: mb, at=(ncell-1)*lcell+0.85*lcell ;

end_machine: marker at=circum;

endsequence;
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Figure2: Horizontaldispersionwith half-fielddispersionsuppressor.
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Figure3: Horizontaldispersionwith missingmagnetdispersionsuppressor.

We canseefrom Figs.2and3 that thedispersionD is reducedaswanted.In a secondsteponewould
useindividual controlof thequadrupolesin thestraightsectionanddispersionssuppressorsto get the
desiredpropertiesandto make thematchingperfect.
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8 Exercise7

8.1 Problem:

Startfrom thepreviouslatticeanddesignasymmetricinsertionwith alow-
�

sectionin adispersionfree
region. The

�
shouldbesmallestandshouldhave a waistat an”interactionpoint”. Try to follow these

steps:� Insertaninsertioninto thepreviouslattice,usingtheopticswith thehalf field dispersionsuppres-
sor. For that,replacethe”straightsection”of thepreviousexercise.� Leave8.5m on eachsideof theinteractionpoint emptyfor possibleequipment.� Designafully symmetricinsertionwith 4 independentquadrupolesoneachside.Thecorrespond-
ing quadrupoleson theleft andtheright sideshouldhave thesamestrengths.� Calculatetheinitial settingsfor thesequadrupolesfor reasonablevaluesof

�  and
��i

anda waist
at theinteractionpoint. Correctapossible

�
-beating.� Computethesettingsfor your low-

�
insertionto geta small ratio of

�  /��i or
��i

/
�  . Theratio is

limited by themaximum
�

-functionin thequadrupoles.Which is thesmallestratio when �� in the
quadrupolesis limited to 1000m ?

8.2 Solution:

To placeaninsertion,wecut thelatticeandaddthedesiredelementsbetweentheends.

8.2.1 Element layout

For the low-
�

insertionwe would like a fully symmetriclayout, i.e. it shouldstart and end on a
quadrupoleof the sametype. We thereforerearrangethe cells slightly to startandendthe insertion
at a defocusingquadrupole.This will serve asa reference,i.e. any changeof the optics insidemust
not effect the opticsat theselimiting quadrupoles.Doing this, we increasethe circumferenceby the
lengthof onehalf cell. Thematchingof the insertionwill ensurethatchangeswill not propagateout-
sideinto theregular lattice. For thatpurposewe insertmarkers(LEFT, RIGHT) into thelatticeat their
position.Wehaveinsertedanothermarker (MARK1) to indicatetheendof theregularcells.Wechoose
the QD of the cell 36 asthe left andthe QD of cell 37 asthe right end. The QF of cell 37 becomes
partof the insertion(QF4.R).For the insertionwe use4 symmetricquadrupoleson eachside,equally
spacedby half thecell length. ThedistanceVW³ betweenthecentreof the insertion(IP) andtheclosest
quadrupoledependson thespacerequirements.We require8.5m freespaceon eachsideandthereforeVW³ = 8.5m + quadrupolehalf length = 10.0m.

The total length of the insertionbecomes3.5 times the cell length (we useonehalf cell for the
insertion)plus2 timesthedistancebetweenquadrupoleandIP ( V ³ ). Thecircumferenceof themachine
is increasedby this length. We decideto build a fully symmetricinsertion,i.e. the strengthsof the
correspondingquadrupolesleft andright of theIP arethesame.Wedefineall elementsasthin elements.
Thesequenceis now asshown below (EX7/mat1.seq):

circum=2000.0;
ncell = 40;
lcell = circum/ncell;
lcell2 = lcell/2.;
lq = 3.00; // quadrupole length
ls = 1.1; // sextupole length
lstar = 10.0;
lins = 4*lcell + 2*lstar-lcell2;
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circum=circum+lins+lcell2;
// forces and other constants;

// element definitions;

nnorm = 146;

ip: marker;

mb:multipole, lrad:= 5.0, knl:={2.0*pi/nnorm};
mb2:multipole, lrad:= 5.0, knl:={1.0*pi/nnorm};

qf:multipole, lrad:= dummy, knl:={0,lq*kqf};
qd:multipole, lrad:= dummy, knl:={0,lq*kqd};

q1.l: multipole, lrad=dummy, knl:={0,lq*kq1.l};
q2.l: multipole, lrad=dummy, knl:={0,lq*kq2.l};
q3.l: multipole, lrad=dummy, knl:={0,lq*kq3.l};
q4.l: multipole, lrad=dummy, knl:={0,lq*kq4.l};

q1.r: multipole, lrad=dummy, knl:={0,lq*kq1.l};
q2.r: multipole, lrad=dummy, knl:={0,lq*kq2.l};
q3.r: multipole, lrad=dummy, knl:={0,lq*kq3.l};
q4.r: multipole, lrad=dummy, knl:={0,lq*kq4.l};

kq1.r := kq1.l;
kq2.r := kq2.l;
kq3.r := kq3.l;
kq4.r := kq4.l;

// some guessing for the initial strengths
kq1.l = -0.01;
kq2.l = 0.01;
kq3.l = -0.01;
kq4.l = 0.01;

mscbh: sextupole, l=ls, k2:=ksf;
mscbv: sextupole, l=ls, k2:=ksd;

kqf = 1.32813125E-02;
kqd = -1.32893092E-02;

ksf = .01;
ksd = -.01;

// sequence declaration;

cascell5: sequence, refer=centre, l=circum;
start_machine: marker, at = 0;
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!
n = 1;
while (n < ncell-5) {
qf: qf, at=(n-1)*lcell + 0.00*lcell ;
mscbh: mscbh, at=(n-1)*lcell + 0.00*lcell + ls/2.0;
mb: mb, at=(n-1)*lcell + 0.15*lcell ;
mb: mb, at=(n-1)*lcell + 0.35*lcell ;
qd: qd, at=(n-1)*lcell + 0.50*lcell ;
mscbv: mscbv, at=(n-1)*lcell + 0.50*lcell + ls/2.0;
mb: mb, at=(n-1)*lcell + 0.65*lcell ;
mb: mb, at=(n-1)*lcell + 0.85*lcell ;

!
n = n + 1;

}
// begin dispersion suppressor

qf: qf, at=(ncell-6)*lcell + 0.00*lcell ;
mark1: marker, at=(ncell-6)*lcell + 0.00*lcell ;
mb2: mb2, at=(ncell-6)*lcell + 0.15*lcell ;
mb2: mb2, at=(ncell-6)*lcell + 0.35*lcell ;
qd: qd, at=(ncell-6)*lcell + 0.50*lcell ;
mb2: mb2, at=(ncell-6)*lcell + 0.65*lcell ;
mb2: mb2, at=(ncell-6)*lcell + 0.85*lcell ;

!
qf: qf, at=(ncell-5)*lcell + 0.00*lcell ;
mb2: mb2, at=(ncell-5)*lcell + 0.15*lcell ;
mb2: mb2, at=(ncell-5)*lcell + 0.35*lcell ;
qd: qd, at=(ncell-5)*lcell + 0.50*lcell ;
mb2: mb2, at=(ncell-5)*lcell + 0.65*lcell ;
mb2: mb2, at=(ncell-5)*lcell + 0.85*lcell ;

!
qf: qf, at=(ncell-4)*lcell + 0.00*lcell ;
mb2: mb2, at=(ncell-4)*lcell + 0.15*lcell ;
mb2: mb2, at=(ncell-4)*lcell + 0.35*lcell ;
qd: qd, at=(ncell-4)*lcell + 0.50*lcell ;
left: marker, at=(ncell-4)*lcell + 0.50*lcell ;
mb2: mb2, at=(ncell-4)*lcell + 0.65*lcell ;
mb2: mb2, at=(ncell-4)*lcell + 0.85*lcell ;

// end dispersion suppressor
!
// begin straight section, low beta insertion

q4.l: q4.l, at=(ncell-3)*lcell + 0.00*lcell ;
q3.l: q3.l, at=(ncell-3)*lcell + 0.50*lcell ;
q2.l: q2.l, at=(ncell-3)*lcell + 1.00*lcell ;
q1.l: q1.l, at=(ncell-3)*lcell + 1.50*lcell ;

IP: IP, at=(ncell-3)*lcell + 1.50*lcell +lstar;

q1.r: q1.r, at=(ncell-3)*lcell +2*lstar + 1.50*lcell ;
q2.r: q2.r, at=(ncell-3)*lcell +2*lstar + 2.00*lcell ;
q3.r: q3.r, at=(ncell-3)*lcell +2*lstar + 2.50*lcell ;
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q4.r: q4.r, at=(ncell-3)*lcell +2*lstar + 3.00*lcell ;
// end straight section, low beta insertion
!
// begin dispersion suppressor

qd: qd, at=lins+(ncell-3)*lcell + 0.00*lcell ;
right: marker, at=lins+(ncell-3)*lcell + 0.00*lcell ;
mb2: mb2, at=lins+(ncell-3)*lcell + 0.15*lcell ;
mb2: mb2, at=lins+(ncell-3)*lcell + 0.35*lcell ;
qf: qf, at=lins+(ncell-3)*lcell + 0.50*lcell ;
mb2: mb2, at=lins+(ncell-3)*lcell + 0.65*lcell ;
mb2: mb2, at=lins+(ncell-3)*lcell + 0.85*lcell ;

!
qd: qd, at=lins+(ncell-2)*lcell + 0.00*lcell ;
mb2: mb2, at=lins+(ncell-2)*lcell + 0.15*lcell ;
mb2: mb2, at=lins+(ncell-2)*lcell + 0.35*lcell ;
qf: qf, at=lins+(ncell-2)*lcell + 0.50*lcell ;
mb2: mb2, at=lins+(ncell-2)*lcell + 0.65*lcell ;
mb2: mb2, at=lins+(ncell-2)*lcell + 0.85*lcell ;

!
qd: qd, at=lins+(ncell-1)*lcell + 0.00*lcell ;
mb2: mb2, at=lins+(ncell-1)*lcell + 0.15*lcell ;
mb2: mb2, at=lins+(ncell-1)*lcell + 0.35*lcell ;
qf: qf, at=lins+(ncell-1)*lcell + 0.50*lcell ;
mb2: mb2, at=lins+(ncell-1)*lcell + 0.65*lcell ;
mb2: mb2, at=lins+(ncell-1)*lcell + 0.85*lcell ;

// end dispersion suppressor
!
!
// start of regular cell

qd: qd, at=lins+(ncell)*lcell + 0.00*lcell ;
mscbv: mscbv, at=lins+(ncell)*lcell + 0.00*lcell + ls/2.0;
mb: mb, at=lins+(ncell)*lcell + 0.15*lcell ;
mb: mb, at=lins+(ncell)*lcell + 0.35*lcell ;

end_machine: marker at=circum;
endsequence;

8.2.2 Initial parameter settings

Theinitial strengthof theinsertionquadrupoleshasto becalculatedor matchedwith MAD. Thiscanbe
donewith thefollowing commandsequence(EX7/mat1a.mad):

TITLE, s=’MAD-X test’;
call file="mat1.seq";
option,-echo;

Beam, particle = proton, sequence=cascell5, energy = 20.0;

use, period=cascell5;

match, sequence=cascell5,range=left /IP, betx= 28.1 6,alf x=-0 .596,
bety=86.97,alfy=1.7373;
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vary,name=kq1.l, step=0.00001;
vary,name=kq2.l, step=0.00001;
vary,name=kq3.l, step=0.00001;
vary,name=kq4.l, step=0.00001;
constraint,range=left,seque nce=c asce ll5,b etx= 28.2, bety =87.0 ;
constraint,range=IP,sequenc e=cas cell 5,bet x=20 .0,al fx=0 .0,

bety=80.0,alfy=0.0;
constraint,range=right,sequ ence= casc ell5, betx =28.2 ,bet y=87. 0;
Lmdif, calls=100, tolerance=1.0e-21;

endmatch;

select,flag=twiss,clear;
select,flag=twiss,column=name, s,x,y ,mux ,betx ,alf x,muy ,

bety,alfy,dx,dpx;
twiss,save,file=twiss0.out;
plot, haxis=s, vaxis=betx, bety;
plot, haxis=s, vaxis=dx;
plot, haxis=s, vaxis=betx, bety,range=mark1/end_machine;
plot, haxis=s, vaxis=dx,range=mark1/end_mach ine;

match, sequence=cascell5;
vary,name=kqf, step=0.00001;
vary,name=kqd, step=0.00001;
constraint,pattern="ˆqf.*", seque nce= casce ll5, betx= 86.5 ,bety =29. 8;
constraint,pattern="ˆqd.*", seque nce= casce ll5, bety= 86.5 ,betx =29. 8;
Lmdif, calls=100, tolerance=1.0e-21;

endmatch;

select,flag=twiss,clear;
select,flag=twiss,column=name, s,x,y ,mux ,betx ,alf x,muy ,

bety,alfy,dx,dpx;
twiss,save,file=twiss0.out;
plot, haxis=s, vaxis=betx, bety;
plot, haxis=s, vaxis=dx;
plot, haxis=s, vaxis=betx, bety,range=mark1/end_machine;
plot, haxis=s, vaxis=dx,range=mark1/end_mach ine;

stop;

Herewe consideronly thelatticebetweenour markers VWT - Y andZ9�5|�~�Y . This significantlysimplifiesthe
matching. However, now we do not considera closedsolutionandwe have to give the initial optics
parametersat thebeginningof therange.TheTwissfunctions

�  and
��i

at thesemarkers(i.e. theQD)
we know from theunperturbedlattice. The

�  and
��i

at thethird marker ( theIP) we setinitially to 20
and80metres.Thesearetypical valuesfor thel ³ = 10 m wehavechosen.

For thecorrectionof the
�

beatingwehavevariedthestrengthof themainquadrupolesQD andQF
andrequestedthehorizontalandvertical

�
-functionsthesameat all quadrupoles,i.e. nobeatingat all.

Below we show analternative matchingprocedure.Sinceour insertionis definedfully symmetric,
it is sufficient to matchonly onehalf like (theconstraint́�µ& ´ i & @ will enforcethesymmetry)
(EX7/mat1c.mad):

TITLE, s=’MAD-X test’;
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call file="mat1.seq";
option,-echo;

Beam, particle = proton, sequence=cascell5, energy = 20.0;

use, period=cascell5;

match, sequence=cascell5,range=left /IP, betx= 28.1 6,alf x=-0 .596,
bety=86.97,alfy=1.7373;

vary,name=kq1.l, step=0.00001;
vary,name=kq2.l, step=0.00001;
vary,name=kq3.l, step=0.00001;
vary,name=kq4.l, step=0.00001;
constraint,range=left,seque nce=c asce ll5,b etx= 28.2, bety =87.0 ;
constraint,range=IP,sequenc e=cas cell 5,bet x=20 .0,al fx=0 .0,

bety=80.0,alfy=0.0;
Lmdif, calls=100, tolerance=1.0e-21;

endmatch;

select,flag=twiss,clear;
select,flag=twiss,column=name, s,x,y ,mux ,betx ,alf x,muy ,

bety,alfy,dx,dpx;
savebeta, label=out, place=right;
twiss,save,file=twiss0.out;
plot, haxis=s, vaxis=betx, bety;
plot, haxis=s, vaxis=dx;
plot, haxis=s, vaxis=betx, bety,range=mark1/end_machine;
plot, haxis=s, vaxis=dx,range=mark1/end_mach ine;

match, sequence=cascell5;
vary,name=kqf, step=0.00001;
vary,name=kqd, step=0.00001;
constraint,pattern="ˆqf.*", seque nce= casce ll5, betx= out- >bety ,

bety=out->betx;
constraint,pattern="ˆqd.*", seque nce= casce ll5, betx= out- >betx ,

bety=out->bety;
Lmdif, calls=100, tolerance=1.0e-21;

endmatch;

select,flag=twiss,clear;
select,flag=twiss,column=name, s,x,y ,mux ,betx ,alf x,muy ,

bety,alfy,dx,dpx;
twiss,save,file=twiss1.out;
plot, haxis=s, vaxis=betx, bety;
plot, haxis=s, vaxis=dx;
plot, haxis=s, vaxis=betx, bety,range=mark1/end_machine;
plot, haxis=s, vaxis=dx,range=mark1/end_mach ine;

stop;
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In this examplewe alsodemonstratetheuseof theSAVEBETA option. Theopticsparameterscanbe
calculatedat a specifiedposition(PLACE), given a name(LABEL) andre-usedin later calculations
(e.g. asmatchingconstraints)like in our example. It canbe usedwith the BETA0 commandor by
directlyaccessingthevariousparameters,like in our example.

For thematchingwehave to givesomewell educatedguessfor thestrengthsof thequadrupoleswe
wantto match.In particularthesignandtheorderof magnitudeof thestrengthmustbeapproximately
correct.Startingwith no or totally wrongvaluescould leadto unphysicalor no resultof thematching
procedure.We find for thestrengths:

kq1a.l = -8.70994188E-03;
kq2.l = 1.48084944E-02;
kq3.l = -1.45673434E-02;
kq4.l = 1.19074354E-02;

andimplementtheminto thesequence(EX7/mat2.seq).In theFigs.4to 7 wehave thegraphicalresults
of our effort. We show the horizontalandvertical

�
-functionsaroundthe insertionandfor the full
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Figure4: Matched
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Figure5: Matched
� ³ section.Weshow thehorizontalandvertical

�
-functionfor thefull machine.

machinein Figs.4and5. Thefunctionsaresymmetricaswantedandmatchedto thearcs.
In theFigs.6and7 we show thehorizontaldispersionD . Over the full lengthof the insertionthe

dispersionis practicallyzeroandfully matchedto themachine.

29



1700. 1800. 1900. 2000.
¶

2100.
¶

2200.
¶

s (m)·

s· MAD-X 1.11  20/08/03 15.42.58

-1.

0.0

1.

2.

3.
Â4.
Ã5.
Á6.
¸7.

8.
¹9.
Ä10.

11.

Dxº (m¾ )

Dx

Figure6: Matched
� ³ section.Weshow thehorizontalD -functionaroundtheinsertion.

0.0 500.
Á

1000. 1500. 2000.
¶

2500.
¶

s (m)·

s· MAD-X 1.11  20/08/03 15.42.58

-1.

0.0

1.

2.
¶3.
Â4.
Ã5.
Á6.
¸7.

8.
¹9.
Ä10.

11.

DÅ xº (m¾ )
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� ³ section.Weshow thehorizontalD -functionfor thefull machine.

8.2.3 Tuning range (flat beams)

We would like to increasethe ratio of the vertical and horizontal
�

-functionsand find the possible
limits. After insertingtheinitial valuesinto thesequencedeclaration,wecansetup thematchingof the
insertionlike (EX7/mat2.mad):

TITLE, s=’MAD-X test’;
call file="mat2.seq";
option,-echo;

Beam, particle = proton, sequence=cascell5, energy = 20.0;

use, period=cascell5;

select,flag=twiss,clear;
select,flag=twiss,column=name, s,x,y ,mux ,betx ,alf x,

muy,bety,alfy,dx,dpx;
savebeta, label = beta0_ini, place = start_machine;
twiss,file=twiss1.out;
plot, haxis=s, vaxis=betx, bety;
plot, haxis=s, vaxis=dx;
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match, sequence=cascell5,beta0=beta 0_in i;
vary,name=kq1.l, step=0.00001;
vary,name=kq2.l, step=0.00001;
vary,name=kq3.l, step=0.00001;
vary,name=kq4.l, step=0.00001;
constraint,range=ip,sequenc e=cas cell 5,bet x=2. 0,bet y=60 0,alf x=0. 0,

alfy=0.0,dx=0.0,dpx=0.0;
Lmdif, calls=100, tolerance=1.0e-21;

endmatch;

select,flag=twiss,clear;
select,flag=twiss,column=name, s,x,y ,mux ,betx ,muy ,bety ,dx, dy;
twiss,save,centre,file=twiss2. out;
plot, haxis=s, vaxis=betx, bety;
plot, haxis=s, vaxis=dx;
plot, haxis=s, vaxis=betx, bety,range=mark1/end_machine;
plot, haxis=s, vaxis=dx,range=mark1/end_mach ine;

stop;

We show againanotherpossibility for the matchingstrategy. We usethe SAVEBETA option to store
theopticsparametersat thebeginningof themachineandstartfrom there.Werequirethederivativesof
both

�
-functionsto bezeroanddefinethewantedhorizontal

�
-function

�  in thematchingprocedure.
Thevertical

�
-function

��i
will automaticallyadjust. As anillustrationweshow the

�
-functionsfor the
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Figure8: Matched
� ³ section.Weshow thehorizontalandvertical
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full machineandin the insertionfor
�  = 2.0 m and

��i
= 600.0m in theFigs.8and9. (This is not the

maximumratio or optimum,just for illustration.)
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9 Exercise8

9.1 Problem:

Usethelatticefrom exercise7 andtry to answerthefollowing questions.� Canyou make theratio of
�  /��i or

��i
/
�  to become1 (e.g.

� }& ��i
= 50 m) ? What is thebest

youcando ?� Replacetheinnermostquadrupoleby aquadrupoledoubletandre-assessthelastquestion.� For discussiononly: whatstepsdoyouproposeto getsomethinglike
� Æ& ��i

= 10m (or smaller)
?

9.2 Solution:

While flat beamswith a large
�

ratio aretypically usedin eÇ e� colliders,in hadroncolliderswe often
useroundbeams,i.e. thehorizontalandverticalbeamsizesarethesameor very similar. Our setupis
not madefor sucha schemebut small improvementsarepossible.In Figs.10and11 we have tried to
match

�  and
��i

bothto
�  =

��i
= 50 m. It canbeseenthatwe did not fully succeedandfurthermore,

we have createda very strongbeatingaroundthe machinethat cannotbe corrected. We shall try to
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Figure10: Matchroundbeamsat interactionpoint with a singlequadrupolemagnetQ1. We show the
horizontalandvertical

�
-functionsfor thefull machine.
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Figure11: Matchroundbeamsat interactionpoint with a singlequadrupolemagnetQ1. We show the
horizontalandvertical
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improve the layout slightly by addinganotherquadrupolenext to the innermostinsertionquadrupole
like (EX8/matdoub.seq):

q4.l: q4.l, at=(ncell-3)*lcell + 0.00*lcell ;
q3.l: q3.l, at=(ncell-3)*lcell + 0.50*lcell ;
q2.l: q2.l, at=(ncell-3)*lcell + 1.00*lcell ;

// additional quadrupole Q1A.L
q1a.l: q1a.l, at=(ncell-3)*lcell + 1.50*lcell - lq;
q1.l: q1.l, at=(ncell-3)*lcell + 1.50*lcell ;

IP: IP, at=(ncell-3)*lcell + 1.50*lcell +lstar;

q1.r: q1.r, at=(ncell-3)*lcell +2*lstar + 1.50*lcell ;
// additional quadrupole Q1A.R

q1a.r: q1a.r, at=(ncell-3)*lcell +2*lstar + 1.50*lcell + lq;
q2.r: q2.r, at=(ncell-3)*lcell +2*lstar + 2.00*lcell ;
q3.r: q3.r, at=(ncell-3)*lcell +2*lstar + 2.50*lcell ;
q4.r: q4.r, at=(ncell-3)*lcell +2*lstar + 3.00*lcell ;

Welet thestrengthbeindependentbut with left right symmetry. Theresultof thisadditionalquadrupole
canbeseenin Figs.12and13. This time thebetatronfunctionscaneasilybematchedto
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Figure12: Match roundbeamsat interactionpoint with Q1 doubletmagnet.We show thehorizontal
andvertical

�
-functionsfor thefull machine.

� ³ & � ³i = 50.0m.

50.0m. Not only arethe
�

-functionsequal,alsotheinducedbeatingis largely reducedto anacceptable
level.
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10 Exercise9

10.1 Problem:

For theoperationtheopticsusuallyneedssome”knobs” for fine tuning,suchastuneor dispersion.� Thedispersioncanbecomeslightly mismatched.Insertindividually poweredquadrupolesinto the
dispersionsuppressorto controlthedispersionbeating.

10.2 Solution:

10.2.1 Fine tuning of horizontal dispersion

We can further improve the lattice by addingmatchingquadrupolesin the dispersionsuppressorre-
gion to control thehorizontaldispersionandfinally matchingthechromaticityto zero: Theadditional
quadrupolesin the dispersionsuppressorregion becomenecessarywhen the phaseadvanceper cell
deviatesfrom the nominal60K . We usethe roundbeamoption with the doubletquadrupolefrom the
previousexercisefor this optimization(EX9/matfine.seqandEX9/matfine.mad).

TITLE, s=’MAD-X test’;
call file="matfine.seq";
option,-echo;

Beam, particle = proton, sequence=cascell5, energy = 20.0;

use, period=cascell5;

match, sequence=cascell5,range=left /IP, betx= 28.1 6,alf x=-0 .596,
bety=86.97,alfy=1.7373;

vary,name=kq1.l, step=0.00001;
vary,name=kq2.l, step=0.00001;
vary,name=kq3.l, step=0.00001;
vary,name=kq4.l, step=0.00001;
vary,name=kq1a.l, step=0.00001;
constraint,range=left,seque nce=c asce ll5,b etx= 28.2, bety =87.0 ;
constraint,range=IP,sequenc e=cas cell 5,alf x=0. 0,

betx= 50.0,
bety= 50.0,
alfy=0.0;

constraint,range=right,sequ ence= casc ell5, betx =28.2 ,bet y=87. 0;
Lmdif, calls=100, tolerance=1.0e-21;

endmatch;

select,flag=twiss,clear;
select,flag=twiss,column=name, s,x,y ,mux ,betx ,alf x,muy ,bet y,alf y,dx ,dpx;
savebeta,label=beta0_ini, place=start_machine;
twiss,save,file=twiss1.out;
plot, haxis=s, vaxis=betx, bety;
plot, haxis=s, vaxis=dx;
plot, haxis=s, vaxis=betx, bety,range=mark1/end_machine;
plot, haxis=s, vaxis=dx,range=mark1/end_mach ine;

match, sequence=cascell5,beta0=beta 0_in i;
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! vary,name=kq1a.l, step=0.00001;
! vary,name=kq1.l, step=0.00001;
! vary,name=kq2.l, step=0.00001;
! vary,name=kq3.l, step=0.00001;
! vary,name=kq4.l, step=0.00001;

vary,name=kqfd1l, step=0.00001; // match quads for dispersion control
vary,name=kqfd2l, step=0.00001; // match quads for dispersion control
constraint,range=ip,sequenc e=cas cell 5,bet x=50 .0;
constraint,range=ip,sequenc e=cas cell 5,bet y=50 .0;
constraint,range=ip,sequenc e=cas cell 5,alf x=00 .0;
constraint,range=ip,sequenc e=cas cell 5,alf y=00 .0;
constraint,range=ip,sequenc e=cas cell 5,dx= 0.0;
constraint,range=ip,sequenc e=cas cell 5,dpx =0.0 ;
Lmdif, calls=100, tolerance=1.0e-21;

endmatch;

// finally get the chromaticity right
match, sequence=cascell5;

vary,name=ksf, step=0.00001;
vary,name=ksd, step=0.00001;
global,sequence=cascell5,DQ 1=0.0 ;
global,sequence=cascell5,DQ 2=0.0 ;
Lmdif, calls=10, tolerance=1.0e-21;

endmatch;

select,flag=twiss,clear;
select,flag=twiss,column=name, s,x,y ,mux ,betx ,alf x,muy ,bet y,alf y,dx ,dpx;
twiss,save,file=twiss2.out;
plot, haxis=s, vaxis=betx, bety;
plot, haxis=s, vaxis=dx,vmin=0.0,vmax=15.0;
plot, haxis=s, vaxis=betx, bety,range=mark1/end_machine;
plot, haxis=s, vaxis=dx,vmin=0.0,vmax=15.0,r ange =mark 1/en d_machine ;

stop;

TheFigs. 14 and15 show theresultof this D optimisation.Thereis no significantmismatcharound
thewholemachine.
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