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1 Intr oduction

At the CERN AcceleratorSchool2003at DESY, Zeuthen,a coursewas held on optics design. This
coursewasintendedas anintroductionfor acceleratophysicistswho wantto startthe designof ac-
celeratoropticsaswell asfor peoplefrom otherfieldswho would lik e to geta basicknowledgeof the
principlesof acceleratodesign.

The aim wasthat the participantsdesigna realistic acceleratooptics, following plenarylectures
on lattice cells [2], insertiong[3] andimperfectiong4, 5]. This shouldbe donefollowing a seriesof
stepsin form of exerciseghe participantshadto solve andimplementin anacceleratodesignprogram
(MAD-X).

After anintroductionto MAD-X [6, 7], the participantshadto designa periodic machinewe well
definedproperties.In the secondpart, correctionschemegor chromaticity closedorbit etc. hadto be
definedandimplemented.In the third part, a straightsectionwith a dispersionsuppressoanda low
G-insertionwasinsertedinto the originally periodicstructure.The tunability of this lattice andfurther
improvementdo increasaheflexibility werestudiedandimplementedvhererequired.

In this papermwe discusshe proposedsolutionsandshav someof thetechniquesisedin the design
of acceleratofattices.Somereferencesn this notecorrespondo examplefiles andthe solutionswhich
will bemadeavailableontheweb[8] andona CD-ROM [9].



2 Exercisel

2.1 Problem:

Designa machinefor protonsat a momentunof 20 GeV/cwith the following basicparameters:
e Circumference= 1000m,
e QuadrupoldengthZ .. = 3.0m,
e 8FODOcells.
¢ Dipolelengthis 5 m, maximumfieldis3 T

Apply the knowledgefrom previous lecturesat this schooland definea lattice cell accordingto the
boundaryconditions (position of dipole magnetsand quadrupoleskand find the optics (strengthof
dipolesand quadrupolesyothat 3,,., = /3 is around300m. Implementit into MAD format using
thin lensedor all elementsandverify the calculations.

2.2 Solution:
SetupaFODOcell of lengthL likein Fig.1[2]. Thecell lengthis L=1000m/8 = 125m. For simplicity

full cell length L

Figurel: Schematiocview of asymmetricFODOcell.

theelementsanbedistributedequallyspacednsidethecell.

The maximumintegratedfield of a dipoleis 15 Tm. At 20 GeV/cthis corresponds$o a deflection
angleof 0.225. To get a total angleof 27, we need27/0.225= 27.9 — 28 dipoles. For 8 cells, we
thereforeneed32 dipoles. We need8 focusingand8 defocusingquadrupolesand 32 bendingdipoles,
i.e. 4 dipolespercell. The bendingangleof the dipolesmustbe 27 /32 = 0.196349541.

For aFODO cell we getthe expressiorfor the phaseadvances /2 perhalf cell:

L
sin(9/2) = 2 (1)
1/2
whereL, s, is thelengthof thehalf cell (62.5m) and f, ;, thefocallengthof thehalf cell. theexpressions
for the maximumandminimumbetatrorfunction 5 arewritten:

L+ sin(¢/2) I 1+ sin(¢/2)

B =ty cos(¢/2) -z sin(¢p/2)cos(¢/2) (2)
an 1= sin(9/2) 1= sin(o/2)
b= hyz- “cos(6)2) Ly sin(¢/2)cos(¢/2) (3)



For[f = 300mandL,;, = 62.5m wegetfor ¢/2 = 16.07066°.

Therefore:
fig = 62.5/sin(¢/2) = 225.776m — f = 112.888m (4)
this givesfor thefocusingstrengthk; (positive for focusingandnegative for defocusingquadrupole):
1
ki = —— = =+ 0.002952775 (5)
! Lquad'f

This cell canbeimplementedn MAD as(EX1/ex1 thick.seq):
circum=1000.0;

ncell = 8;
Icell = circum/ncell;
lguad = 3.00;

lguad2 = Iquad/2.;

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

/I define bending magnet as multipole
mb: multipole, [rad=dummy, 1=10.0,knl={2.0*pi/(4*ncell)};

mq: quadrupole, I=lquad;
gf: mq, kl:=kdf;
qd: mq, kl:=kqd;

kgf = .295278e-2;
kqd = -.295278e-2;
/I sequence declaration;
cascell2: sequence, refer=centre, I=circum;
start_machine: marker, at = O;
|
n =1;
while (n < ncell+1) {
gf: df, at=(n-1)*Icell + lquadz;
mb: mb, at=(n-1)*Icell+0.15*Icell + lquadz;
mb: mb, at=(n-1)*Icell+0.35*Icell + lquadz;
gd: qd, at=(n-1)*Icell+0.50*Icell + lquadz;
mb: mb, at=(n-1)*Icell+0.65*Icell + lquadz;
mb: mb, at=(n-1)*Icell+0.85*Icell + lquadz;
|
n=n+ 1,
}
end_machine:  marker at=circum;
endsequence;

In this cell, the cell startsat the entry of the focusingquadrupoleandendsat the entry of the focusing

guadrupoleof the next cell. It is repeatedhcell timesto make thering of 2000m circumference.
Thebendingmagnetaredefinedasmultipolesandtheirfirst componenis thebendingangle.An al-

ternatve, probablysimplerimplementatiowouldbeusingonly thin elementdik ein (EX1/ex1_thin.seq):



circum=1000.0;

ncell = 8; // Number of cells

Icell = circum/ncell;

lg = 3.00; /I Length of a quadrupole

/I element definitions;

/I define bending magnet as multipole
/I we have 4 bending magnets per cell

mb: multipole,lrad=d,knl={2.0*pi/(4 *nce I}
/[ define quadrupoles as multipoles
gf:  multipole,lrad=d,knl={0,0.29527 8e-2 *Iq};
qd: multipole,lrad=d,knl={0,-0.2952 78e- 2*Iq} ;
/I sequence declaration;
cascelll: sequence, refer=centre, |=circum;
start_machine: marker, at = 0;
!

n =1,

while (n < ncell+1) {
gf: df, at=(n-1)*Icell;
mb: mb, at=(n-1)*Icell+0.15*Icell,

mb: mb, at=(n-1)*Icell+0.35*Icell;
qd: qd, at=(n-1)*Icell+0.50*Icell,
mb: mb, at=(n-1)*Icell+0.65*Icell,

mb: mb, at=(n-1)*Icell+0.85*Icell,

n=n+1;

}

end_machine: marker at=circum;
endsequence;

Now thecellsstartandendin the centres of thefocusingquadrupolesBoth declaratiorcanbeexecuted
with thefollowing MAD command{EX1/ex1_thin.mad):

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

Beam, particle = proton, sequence=cascelll, energy = 450.0,
NPART=1.05E11, sige= 4.5e-4
use, sequence=cascelll;
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 resultsare printedto a file twiss.out andthe graphicaloutputis foundin madx.ps. Below one
finds the Twiss summaryprintedat the end of the Twiss calculations.The alternatve definition of the
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quadrupolesvasusedfor this run andwill beusedin all laterexamplesMAD givesa maximumg (3,

and By) in bothplanesof 300m, in goodagreemenivith the desiredoarameters.

++++++ table:

length
1.000000000e+03

ql
7.142528897e-01

dxrms
3.211327329e+02

dg2
-7.335940332e-01

ycomax
0.000000000e+00

summ

orbits
-0.000000000e+00

dgl
-7.335940332e-01

Xxcomax
0.000000000e+00

betymax
2.999996548e+02

ycorms
0.000000000e+00

alfa
1.989271491e+00

betxmax
2.999996548e+02

xcorms
0.000000000e+00

dymax
0.000000000e+00

deltap
0.000000000e+00

gammatr
7.090109959e-01

dxmax
3.646157387e+02

g2
7.142528897e-01

dyrms
0.000000000e+00



3 Exercise?

3.1 Problem:

Startwith thelatticefrom exercisel andmodify it sothemaximumbetatrorfunction3 is around100m.
The circumferencenustnot be changed.

3.2 Solution:

For the maximumof the g-functionwe had:

B:fl/Q'

1+ sin(¢/2)
cos(¢/2)

= Ly -

1+ sin(¢/2)

sin(9/2)cos(6/2)

(6)

For a given half cell length L, /, the smallest3 canbe found be differentiatingthe equationand one

obtains:

The solutionis ¢/2 =

sin®(¢/2) + 2sin®(¢/2) — 1 =0

(7)

38.17° andthereforethe minimumB is 3.3302 - L,/,. For the presentcell

lengththis gives: 3., = 206.375m, i.e. we cannotreachthis valuewith the presentattice.
Theonly way to decrease,,;,, is to reducethe cell length,i.e. increase¢he numberof cellsfor a

givencircumference.

We increasehe numberof cellsto 20 andget L, » = 25. With the sameprocedureasbeforewe get
for thephaseadvanceperhalf cell: /2 = 21.56°. With this phaseadvancewe needf; ,, = 68.0m and
f = 34.0m. This givesfocusingstrengthof k; = + 0.0098.

After modifyingtheprevioussequencevith ncell=20andthequadrupolestrengthywe getthedesired

A

Usingthe previous MAD input andwith the necessarynodifications(ncell= 20,k; = = 0.0098,
EX2/ex2_thin.segandEX2/ex2_thin.mad)we getthe outputbelow.

++++++ table:

length
1.000000000e+03

ql
2.395724243e+00

dxrms
2.900240314e+01

dg2
-2.515616751e+00

ycomax
0.000000000e+00

summ

orbits
-0.000000000e+00

dgl
-2.515616751e+00

Xcomax
0.000000000e+00

betymax
1.000267291e+02

ycorms
0.000000000e+00

alfa
1.789932275e-01

betxmax
1.000267291e+02

xcorms
0.000000000e+00

dymax
0.000000000e+00

deltap
0.000000000e+00

gammatr
2.363642010e+00

dxmax
3.441962504e+01

g2
2.395724243e+00

dyrms
0.000000000e+00



4 Exercise3

4.1 Problem:

Startwith thelatticefrom exercise2 andmodify it soyou cancorrectthe chromaticityfor bothplanego

zero. Try first to calculateapproximatelythe requiredstrengthsImplementyour correctionscheman

your previousMAD filesandverify your calculation.UseMAD to computetheexactstrengthsequired
by matchingthe global parameterg)’, and@;, (in MAD names:DQ1 andDQ2). Comparetheresults
with your calculations.

4.2 Solution:

Fromexercise2 we know thatthe horizontalandverticaltunesare¢ - ncell = 21.56 - 2 - ncell = 2.396.
The naturalchromaticityis [2]:

1
& = — —tan(¢/2) -ncell = —2.515
m

The precisenumbersve cangetfrom the MAD summarytable.

For thecorrectionwe needanelementwherethe focusing length f is amplitudedependentg.g.a
sextupolewherethefocusinglength(i.e. thederivative of theforce) dependdinearly ontheamplitude.
Furthermorewe haveto sort theparticlesin amplitudeaccordingo theirmomentum.Thiscanbedone
with horizontaldispersion.Thereforewe putsextupolesin regionswith horizontaldispersion(Remark:
sextupolesin regions without dispersioncan be usedto deliberatelycontrol third order resonances
without affectingthe chromaticity).

In orderto correctboth,thehorizontalandverticalchromaticitiedo zero,we needtwo independent
groupsof sextupoles.A naturalchoiceis next to the quadrupolesWe shall call thetwo groupsSFand
SD, whenthey arenext to thefocusingor defocusingquadrupolesThetunechangedueto a sextupole
is easilywritten:

1 1 o 1 o o
AQ =~ [Bhowds = —— [Bho-DPds = —— [laDuds- P = @ 2
47 47 p 4w p p

For thin lenseghe chromaticitychangeor two groupsof sextupolesis in the horizontalplane:

1 1
AQ, = —— Y kLDIBI+— > kJLDIB?
4w F sextupole 4w D sextupole
or for a periodicstructure
1
AQ; = - 4_ - ncell - (kglstﬁf - kglstﬂzD)
T

For AQ, thehorizontalandvertical 3-functionshave to be exchangedn theformulae.
1
AQ, = — 1 neell (—k5 1 DEBY + kP1,DDBY)

Thesetwo equationsorm a systemof equationwith the two unknowns k" and &2 whenthe desired
AQ' changesaregiven.



Fromthe MAD outputfor the previous exercisewe know the Twiss parameterst the sextupoles
(Tahl). It is clearthat the dispersionfunction at the position of the sextupolesshouldbe large to

D, Ba By

QF | 34.427| 100.027| 46.265

QD | 23.739| 46.265 | 100.027

Tablel: Twissparameterstlattice sextupoles.

minimize the requiredstrengths. Furthermore at the position of the two groups,the horizontaland
vertical 5-functionsshouldbeasdifferentaspossible. Thereforeour choiceto placethe sextupolesnext
to thequadrupolesvasa goodchoice.

Sincewe wantto correctthe chromaticitiego zero,we take:

AQ, = —Q, and AQ, = -Q,

Thenwe solve theabove systemof equationswith the numbersrom thetable.
Wefind: k'l, = 0.017041/ncell andk?l, = — 0.024714/ncell.
To our MAD descriptionfrom the previous exercisewe addthefollowing lines (EX3/ex3.seq):

/I define the sextupoles as multipole
Isex = 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, rad=dummy, knl:={0,0,ksf};

msd: multipole, [rad=dummy, knl:={0,0,ksd};

addchangethedefinitionof our cell:

n = 1,
while (n < ncell+1) {
gf: df, at=(n-1)*Icell;
msf:  msf, at=(n-1)*Icell + lIsex/2.0;
mb: mb, at=(n-1)*Icell+0.15*Icell,
mb: mb, at=(n-1)*Icell+0.35*Icell;
gd: qd, at=(n-1)*Icell+0.50*Icell;
msd: msd, at=(n-1)*Icell+0.50*Icell + Isex/2.0;
mb: mb, at=(n-1)*Icell+0.65*Icell,
mb: mb, at=(n-1)*Icell+0.85*Icell,
|
n=n+1,

This givesthefollowing globalparameters:

++++++ table: summ



length
1.00000000e+03

ql
2.39572424e+00

dxrms
2.91482386e+01

dg2
-6.11732076e-03

ycomax
0.00000000e+00

orbits
-0.00000000e+00

dgl
-6.30299369e-03

Xcomax
0.00000000e+00

betymax
1.00026729e+02

ycorms
0.00000000e+00

alfa
1.78993227e-01

betxmax
1.00026729e+02

xcorms
0.00000000e+00

dymax
0.00000000e+00

deltap
0.00000000e+00

gammatr
2.36364201e+00

dxmax
3.44270344e+01

g2
2.39572424e+00

dyrms
0.00000000e+00

Thechromaticitiesarecorrectedo valuessmallerthan0.01for both planes.We getfor ), (dgl1)=-6.3
10~* and@,, (dg2)=-6.110"".

To get the exact valuesfor the sextupole strengths 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,
NPART=1.05E11,

sequence=cascell3,
sige= 4.5e-4

energy = 45.0,

use, period=cascell3;

match, sequence=cascell3;
vary,name=ksf, step=0.00001,
vary,name=Kksd, 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,
twiss,save,centre,deltap=0.0,f

plot, haxis=s, vaxis=x, y;
stop;

s,bet x,muy,bet y,dx ,dy;
ile=t wiss 2.out ;

10



Theoutputproduced Twisssummary)s:

++++++ table:

length
1.00000000e+03

ql
2.39572424e+00

dxrms
2.91482386e+01

dg2
2.41967395e-15

ycomax
0.00000000e+00

summ

orbits
-0.00000000e+00

dgl
1.07207358e-14

Xcomax
0.00000000e+00

betymax
1.00026729e+02

ycorms
0.00000000e+00

alfa
1.78993227e-01

betxmax
1.00026729e+02

xcorms
0.00000000e+00

dymax
0.00000000e+00

deltap
0.00000000e+00

gammatr
2.36364201e+00

dxmax
3.44270344e+01

g2
2.39572424e+00

dyrms
0.00000000e+00

It canbe seenthatthe chromaticityis now practicallyzero. The valuesfoundfrom the matchingproce-

durewere:

ksf=28.54169767E-04 = 0.017083395/20and
ksd=-1.23874055E-08=-0.024774811/20)
We find thatour original valuesarealreadyvery close!
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5 Exercise4d

5.1 Problem:

Startwith the lattice from the previous exerciseandassumaandommisalignmentf the quadrupoles
of rm.s.0.1 mmin thehorizontaland0.2 mm in the vertical plane. Calculatethe expectedr.m.s. orbit
andverify with MAD.

5.2 Solution:

Assumingthethin lensapproximationpnecancomputether.m.s. orbit distortion. The deflectiondz’,
dueto a (herehorizontal)displacemenf\z; of aquadrupolas:

ozt =k - lguad - Ax
Theorbit response; atapositionj dueto asinglekick dx; atposition: is [4]:

/B3 ,
mws(w@x — (i — 1)) - 05

Here@ is the horizontaltuneand . the phasefunction aroundthe machine.Takingthe averageof the
squaredlisplacementat all positions,andusinganaverages = g:

V8 Lo~ 5
2 5255%2

2 sin(mQ,)

J?j:

<> =(

wherewe got afactor% from averagingcos' (i) andwe write for z,.,,,,:

V<22 > = Ty = 55:5/2

2f 2 sin( 7TQ$
Assuming/ identicalcellswith N; = 2N quadrupolesve canre-writethe sum:

Tpms = \/7 \/ﬁd \/Béxrms

2v/2 sin (7Q.)
VNq 3

/
Trms — - 0x

2v/2 sin(7Q,) Frms

We usethe expressiondor thin lensed2]:

a2 Lcell
7= Sin(9)
and:
bl 4sin(¢/2)
1lquad — L(;ell
andobtainaftersomemathematics:
VN ,

xrms -

V2 sin(1Q,)cos(¢/2) FALrms

For ar.m.s. quadrupoledisplacemenbf 0.1 mm we can usethe above expressionandgetasan
estimatefor z,.,,, =~ 0.5 mmandy,,,, ~ 1.0 mm.
This canbeverifiedwith 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 quadrupolegselectedall elementsstartingwith 'q’) following
Gaussiardistributionswith r.m.s. valuesof 0.1 mmin the horizontaland0.2 mm in the vertical plane.
The SEEDoptionallows to specifythe startingpointfor therandomnumbergeneratar

The MAD summaryis given belov and shovs good agreementvith the expectation. The X,
(xcorms)is 0.48mm andy,.,, is 1.14mm.

++++++ table: summ

length
1.00000000e+03

ql
2.39572424e+00

dxrms
2.92578856e+01

dg2
-2.51838414e+00

ycomax
2.69993776e-03

orbits
-0.00000000e+00

dgl
-2.51838414e+00

Xcomax
1.23559802e-03

betymax
1.00026729e+02

ycorms
1.13922436e-03
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alfa
1.78992963e-01

betxmax
1.00026729e+02

xcorms
4.80265442e-04

dymax
1.25978040e-02

deltap
0.00000000e+00

gammatr
2.36364375e+00

dxmax
3.44619881e+01

g2
2.39572424e+00

dyrms
5.91226626e-03



6 Exerciseb

6.1 Problem:

Startwith the lattice from the previous exerciseandaddthe necessargquipmento be ableto correct
theclosedorbitin bothplanes(usingMAD). Estimatefirstthemaximumnecessargtrengthof theorbit
correctorsaassuminga maximumgquadrupolaisplacemenof 1 mm.

6.2 Solution:

The estimateof the necessargorrectorstrengthis straightforward. The angulardeflectionof the beam
passinghrougha quadrupoleat anoffset Az is:

0 = ki-1-Ax

Assumingthe correctorsext to the quadrupoleanda maximumoffsetof 1 mm, we getabout30 urad.
To allow for someadditionalerrorsof monitors(scalingand positioning)or field errorsfrom dipoles
andaresere we definetherequiredstrengthas 150 prad, which is a rathersafevalue. For the enegy
of 20 GeV of our beamthis requirescorrectormagnetwith anintegratedfield of ~ 0.010Tm, which
caneasilybeprovided (LHC orbit correctorgprovide 1.89Tm).

To correctthe orbit (with MAD or otherorbit correctionprograms)we have to addorbit monitors
andorbit correctordo the lattice. We decideto addonemonitorandonecorrectorat eachquadrupole.
Monitors andorbit correctorsn MAD canbe definedto actonly in oneor in both planes(seeMAD-
X manual). While we want our monitorsto measurethe orbit in both planes,we definehorizontal
correctorsat the focusingandvertical orbit correctorsat defocusingguadrupolesThis needsan extra
(resene) contrikbution to the correctorstrengthsincenot all imperfectionscanbe correctedocally. We
suggesthefollowing sequencasonepossibility (EX5/ex5.seq):

circum=1000.0;

ncell = 20;

Icell = circum/ncell;
lqguad = 3.00;
lguad2 = Iquad/2.;
lsex = .01;

lbopm = 0.001;
lbopm2 = lbpm/2.;
Icor = 0.001;

lcor2 = lcor/2;

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

/I define orbit monitors and correctors

bpm: monitor, | = Ibpm;
ch : hkicker, | = lcor;
cv : vkicker, | = lcor;

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

/I define the quadrupoles as multipole
kgf = .980000e-2;
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kgd = -.980000e-2;
gf: multipole, [rad=dummy, knl={0,lquad*kqf};
qd: multipole, [rad=dummy, knl={0,lquad*kqd};

/I define the sextupoles as multipole

lksf = +0.017041/20.0;

lksd = -0.024714/20.0;

ksf = +0.0;

ksd = -0.0;

/I  ATTENTION: must use knl:= not knl= to match !

msf:  multipole,
msd: multipole,
Imsf:  multipole,
Imsd: multipole,

rad=dummy, knl:={0,0,ksf};

[rad=dummy, knl:={0,0,ksd};
l[rad=dummy, knl:={0,0,ksf};
[rad=dummy, knl:={0,0,ksd};

/I sequence declaration;

cascell4: sequence, refer=centre, I=circum;
start_machine: marker, at = O;
I
n =1,
while (n < ncell+1) {
gf: df, at=(n-1)*Icell;
bpm: bpm, at=(n-1)*Icell + lbpm2;
ch : ch, at=(n-1)*Icell + Ibpm + Icor2;
msf:  msf, at=(n-1)*Icell + lIsex/2.0;
mb: mb, at=(n-1)*Icell+0.15*Icell,
mb: mb, at=(n-1)*Icell+0.35*Icell;
gd: qd, at=(n-1)*Icell+0.50*Icell;
bpm: bpm, at=(n-1)*Icell+0.50*Icell + lbpm2;
CV:  Cv, at=(n-1)*Icell+0.50*Icell + Ibpm + Icor2;
msd: msd, at=(n-1)*Icell+0.50*Icell + Isex/2.0;
mb: mb, at=(n-1)*Icell+0.65*Icell,
mb: mb, at=(n-1)*Icell+0.85*Icell;
I
n=n+ 1
}
end_machine:  marker at=circum;
endsequence;

To correctanorbit with MAD, onesinglecommandor 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), the plane,the numberof correctorg5) andsomeoutputfiles are
passedsparameters.

A following executionof a Twisscommandwill make useof the computedcorrectionandgive the
correctedorbit.
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7 EXxerciseb

7.1 Problem:

Startwith the lattice from the previous exerciseandfirst doublethe circumferenceo 2000m andthe
numberof cellsto 40. Changehe phaseadvanceto ¢ = 60° percell. Inserta straightsection:i.e. 2
cellswithoutbendingmagnetsut keepthesamefocusing.Modify now thelatticeto keepthehorizontal
dispersiorfunctionsmall(< 1-2m) alongthis straightsection.At this stagedo notchangehefocusing
propertiesn ary of the cells. Suchstraightsectionswith very small dispersionarevery usefulfor the
installationof RF equipmentwigglers,undulators peaminstrumentationcollimation systemsetc., or
to houseanexperiment.

7.2 Solution:

We increasethe circumferenceby changingthe valuein the MAD input to 2000.0m andthe number
of cellsto 40. We definetwo sectionswithout dipolesand let them be the cells number35 and 36.
Thesedefineour straightsection. Before 35 and behind36 we have to modify the lattice to make a
dispersion suppressor. Two typesof suppressorsve know: missingmagnetdispersionsuppressors
andhalf-field dispersiorsuppressorf3].

To changethe phaseadvance we insertthefollowing linesinto the MAD input (EX6/HFEmad):

match, sequence=cascell6;
vary,name=kqf, step=0.00001;
vary,name=kqd, step=0.00001;

global,sequence=cascell6,Q1 =6.70 O;

global,sequence=cascell6,Q2 =6.65 O;

Lmdif, calls=10, tolerance=1.0e-21;
endmatch;

Our phaseadvancepercell is now closeto 60°. This allows usto usebothtypesof dispersiorsuppres-
sors.

We resene the cells 31 to 34 and 37 to 40 for settingup the dispersionsuppressorsWe do not
changethe strengthsn the quadrupoles,e. we keepthe focusingpropertiesof the FODOcell.

7.2.1 Missing magnetdispersionsuppressor

Fromthe conditionsfor a missingmagnetispersiorsuppressowith 60° phaseadvancewe find thewe
need cellsoneachsideof thestraightsection.Theoutmostcell withoutbendingmagnetsandtheinner
cell with thenormalbendingstrength3]. In the MAD descriptiorthis is doneeasiesby restrictingthe
loop over cellsto theregulararc cellsandaddingthe tuningandstraightsectioncells explicitly .

We haveto becarefulwith thedefinitionof thestrengthof thebendingmagnetdecauséheirnumber
is now not4*ncell. In the caseof the missingmagnetcasea simplecountingis enoughfor thereduced
field suppressothe fields have to be integratedto give 2r. Note that we have no sextupolesin the
diespersiorsuppressorandthe straightsection(EX6/casMM.seq).

/I defines a missing magnet dispersion suppressor
circum=2000.0;

ncell = 40;

Icell = circum/ncell;
lguad = 3.00;
lguad2 = Iquad/2.;
Isex = .0001;
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nnorm = 144;
/I forces

/I element

/I define

mb: multipole,

/I define

kgf =

and other constants;
definitions;

bending magnet as multipole

rad=dummy, knl={2.0*pi/nnorm};

the quadrupoles as multipole

.980000e-2;
kgqd = -.980000e-2;
gf: multipole,

[rad=dummy, knl:={0,lquad*kqf};

gd: multipole, rad=dummy, knl:={0,lquad*kqd};
/I define the sextupoles as multipole

ksf := +0.017041/20.0;

ksd := -0.024714/20.0;

/I ATTENTION: must use knl:= not knl= to

msf:  multipole,
msd: multipole,

[rad=dummy, knl:={0,0,ksf};
[rad=dummy, knl:={0,0,ksd};

/I sequence declaration;
sequence, refer=centre, [=circum;
start_machine:

cascell6:

!

n =
while
gf:
msf:
mb:
mb:
qd:
msd:
mb:
mb:

1;

marker, at = O;

(n < ncell-9) {

af,
msf,
mb,
mb,
qd,
msd,
mb,
mb,

n + 1;

af,

: mb,
: mb,

qd,

. mb,
: mb,

af,

. mb,
. mb,

qd,

at=(n-1)*Icell;

at=(n-1)*Icell + lIsex/2.0;
at=(n-1)*Icell+0.15*Icell,
at=(n-1)*Icell+0.35*Icell;
at=(n-1)*Icell+0.50*Icell,
at=(n-1)*Icell+0.50*Icell
at=(n-1)*Icell+0.65*Icell,
at=(n-1)*Icell+0.85*Icell;

at=(ncell-10)*Icell;

at=(ncell-10)*Icell+0.15*Icel
at=(ncell-10)*Icell+0.35*Icel
at=(ncell-10)*Icell+0.50*Icel
at=(ncell-10)*Icell+0.65*Icel
at=(ncell-10)*Icell+0.85*Icel

at=(ncell-9)*Icell;

at=(ncell-9)*Icell+0.15*Icell
at=(ncell-9)*Icell+0.35*Icell
at=(ncell-9)*Icell+0.50*Icell
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mb: mb, at=(ncell-9)*Icell+0.65*Icell
mb: mb, at=(ncell-9)*Icell+0.85*Icell
/l start  dispersion suppressor
gf: df, at=(ncell-8)*Icell;
qd: qd, at=(ncell-8)*Icell+0.50*Icell
gf: df, at=(ncell-7)*Icell;
mb: mb, at=(ncell-7)*Icell+0.15*Icell
mb: mb, at=(ncell-7)*Icell+0.35*Icell
qd: qd, at=(ncell-7)*Icell+0.50*Icell
mb: mb, at=(ncell-7)*Icell+0.65*Icell
mb: mb, at=(ncell-7)*Icell+0.85*Icell
/l end dispersion suppressor
Il begin straight section
gf: df, at=(ncell-6)*Icell;
gd: qd, at=(ncell-6)*Icell+0.50*Icell
gf: df, at=(ncell-5)*Icell;
qd: qd, at=(ncell-5)*Icell+0.50*Icell
/l end straight section
Il start  dispersion suppressor
gf: df, at=(ncell-4)*Icell;
mb: mb, at=(ncell-4)*Icell+0.15*Icell
mb: mb, at=(ncell-4)*Icell+0.35*Icell
qd: qd, at=(ncell-4)*Icell+0.50*Icell
mb: mb, at=(ncell-4)*Icell+0.65*Icell
mb: mb, at=(ncell-4)*Icell+0.85*Icell
gf: df, at=(ncell-3)*Icell;
qd: qd, at=(ncell-3)*Icell+0.50*Icell
/l end dispersion suppressor
gf: df, at=(ncell-2)*Icell;
mb: mb, at=(ncell-2)*Icell+0.15*Icell
mb: mb, at=(ncell-2)*Icell+0.35*Icell
qd: qd, at=(ncell-2)*Icell+0.50*Icell
mb: mb, at=(ncell-2)*Icell+0.65*Icell
mb: mb, at=(ncell-2)*Icell+0.85*Icell
gf: df, at=(ncell-1)*Icell;
mb: mb, at=(ncell-1)*Icell+0.15*Icell
mb: mb, at=(ncell-1)*Icell+0.35*Icell
qd: qd, at=(ncell-1)*Icell+0.50*Icell
mb: mb, at=(ncell-1)*Icell+0.65*Icell
mb: mb, at=(ncell-1)*Icell+0.85*Icell

end_machine:

marker at=circum;

18



endsequence;

7.2.2 Half-field dispersionsuppressor

Thehalf-field dispersiorsuppressois conceptuallyavensimplerandfor aphaseadvanceof 60° percell
we need3 cellson eachsideof the straightsectionwith half the bendingstrength.We follow the same
stratg)y asbeforeandusethefollowing lattice description(EX6/casHEseq):

/I defines a half-field dispersion suppressor
circum=2000.0;

ncell = 40;

Icell = circum/ncell;

lguad = 3.00;

lquad2 = lquad/2.;

Isex = .0001;

nnorm = 148;

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

/I define bending magnet as multipole

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

/I define the quadrupoles as multipole

kgf = .980000e-2;
kgd = -.980000e-2;
gf: multipole, [rad=dummy, knl:={0,lquad*kqf};
gd: multipole, rad=dummy, knl:={0,Iquad*kqd};

/I 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, [rad=dummy, knl:={0,0,ksf};
msd: multipole, [rad=dummy, knl:={0,0,ksd};
/I sequence declaration;
cascell6: sequence, refer=centre, |=circum;
start_machine: marker, at = O;
|
n =1,
while  (n < ncell-9) {
gf: df, at=(n-1)*Icell;
msf:  msf, at=(n-1)*Icell + lIsex/2.0;
mb: mb, at=(n-1)*Icell+0.15*Icell,
mb: mb, at=(n-1)*Icell+0.35*Icell;
gd: qd, at=(n-1)*Icell+0.50*Icell;
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I

I

I

I

I

msd: msd, at=(n-1)*Icell+0.50*Icell

mb: mb, at=(n-1)*Icell+0.65*Icell,
mb: mb, at=(n-1)*Icell+0.85*Icell;
n=n+ 1,

gf: df, at=(ncell-10)*Icell;

mb: mb, at=(ncell-10)*Icell+0.15*Icel
mb: mb, at=(ncell-10)*Icell+0.35*Icel
qd: qd, at=(ncell-10)*Icell+0.50*Icel
mb: mb, at=(ncell-10)*Icell+0.65*Icel
mb: mb, at=(ncell-10)*Icell+0.85*Icel

begin dispersion suppressor
gf: df, at=(ncell-9)*Icell;
mb2: mb2, at=(ncell-9)*Icell+0.15*Icell
mb2: mb2, at=(ncell-9)*Icell+0.35*Icell
qd: qd, at=(ncell-9)*Icell+0.50*Icell
mb2: mb2, at=(ncell-9)*Icell+0.65*Icell
mb2: mb2, at=(ncell-9)*Icell+0.85*Icell

gf: df, at=(ncell-8)*Icell;

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

gf: df, at=(ncell-7)*Icell;

mb2: mb2, at=(ncell-7)*Icell+0.15*Icell

mb2: mb2, at=(ncell-7)*Icell+0.35*Icell

gd: qd, at=(ncell-7)*Icell+0.50*Icell

mb2: mb2, at=(ncell-7)*Icell+0.65*Icell

mb2: mb2, at=(ncell-7)*Icell+0.85*Icell
end dispersion suppressor

begin straight section

gf: df, at=(ncell-6)*Icell;
qd: qd, at=(ncell-6)*Icell+0.50*Icell
gf: df, at=(ncell-5)*Icell;
qd: qd, at=(ncell-5)*Icell+0.50*Icell

end straight section

begin dispersion suppressor
gf: df, at=(ncell-4)*Icell;
mb2: mb2, at=(ncell-4)*Icell+0.15*Icell
mb2: mb2, at=(ncell-4)*Icell+0.35*Icell
qd: qd, at=(ncell-4)*Icell+0.50*Icell
mb2: mb2, at=(ncell-4)*Icell+0.65*Icell
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mb2: mb2, at=(ncell-4)*Icell+0.85*Icell X

gf: df, at=(ncell-3)*Icell;

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

gf: df, at=(ncell-2)*Icell;

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

Il end dispersion suppressor
gf: df, at=(ncell-1)*Icell;
mb: mb, at=(ncell-1)*Icell+0.15*Icell ;
mb: mb, at=(ncell-1)*Icell+0.35*Icell ;
qd: qd, at=(ncell-1)*Icell+0.50*Icell ;
mb: mb, at=(ncell-1)*Icell+0.65*Icell X
mb: mb, at=(ncell-1)*Icell+0.85*Icell X

end_machine: marker at=circum;

endsequence;

15.0 ' ' ' ' Half—field di§persi on suppressor
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Figure2: Horizontaldispersiorwith half-field dispersiorsuppressor
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15.0 . , _Missing magnet dispersion suppressor
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Figure3: Horizontaldispersiorwith missingmagnetdispersiorsuppressor

We canseefrom Figs.2and3 thatthe dispersiorD,, is reducedaswanted.In a secondsteponewould
useindividual control of the quadrupolesn the straightsectionanddispersionsuppressorto getthe
desiredpropertiesandto make the matchingperfect.
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8 Exercise7

8.1 Problem:

Startfrom the previouslatticeanddesigna symmetricinsertionwith alow- 3 sectionin adispersiorfree
region. The 5 shouldbe smallestandshouldhave a waistat an”interactionpoint”. Try to follow these
steps:

e Insertaninsertioninto the previouslattice, usingthe opticswith the half field dispersiorsuppres-
sor. For that,replacethe”straightsection”of the previousexercise.

e Leave 8.5m on eachsideof theinteractionpointemptyfor possibleequipment.

e Designafully symmetricinsertionwith 4 independentjuadrupole®n eachside. Thecorrespond-
ing quadrupole®ntheleft andtheright sideshouldhave the samestrengths.

e Calculatetheinitial settingsfor thesequadrupoledor reasonablealuesof 3, and 3, anda waist
attheinteractionpoint. Correcta possibles-beating.

e Computethe settingsfor your low-3 insertionto geta smallratio of 5,/3, or 3,/3,. Theratiois
limited by the maximumg-functionin the quadrupolesWhich is the smallestratiowhen in the
guadrupoless limited to 1000m ?

8.2 Solution:

To placeaninsertion,we cutthelatticeandaddthe desiredelementdetweertheends.

8.2.1 Elementlayout

For the low-5 insertionwe would like a fully symmetriclayout, i.e. it shouldstartand endon a
guadrupoleof the sametype. We thereforerearrangehe cells slightly to startand endthe insertion
at a defocusingquadrupole.This will sene asa referencej.e. ary changeof the opticsinside must
not effect the opticsat theselimiting quadrupoles.Doing this, we increasehe circumferencedy the
lengthof onehalf cell. The matchingof the insertionwill ensurethatchangesill not propagateout-
sideinto theregularlattice. For thatpurposewe insertmarkers(LEFT, RIGHT) into thelattice at their
position.We have insertedanothemarker (MARK1) to indicatetheendof theregularcells. We choose
the QD of the cell 36 asthe left andthe QD of cell 37 asthe right end. The QF of cell 37 becomes
partof theinsertion(QF4.R).For theinsertionwe use4 symmetricquadrupole®n eachside,equally
spacedy half the cell length. The distance* betweenthe centreof the insertion(IP) andthe closest
quadrupoledepend®n the spacaequirementsWe require8.5 m free spaceon eachsideandtherefore
[* =8.5m + guadrupoléhalflength = 10.0m.

The total length of the insertionbecomes3.5 timesthe cell length (we useone half cell for the
insertion)plus 2 timesthe distancebetweemuadrupoleandIP (I*). The circumferencef the machine
is increasedyy this length. We decideto build a fully symmetricinsertion,i.e. the strengthsof the
correspondinguadrupoleseft andright of theIP arethe same We defineall elementsasthin elements.
The sequencés now asshowvn below (EX7/matl.seq):

circum=2000.0;

ncell = 40;
Icell = circum/ncell;
Icell2 = lcell/2.;

lg = 3.00; /I quadrupole Ilength
Is = 1.1; /I sextupole length
Istar = 10.0;

lins = 4*cell + 2*Istar-Icell2;
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circum=circum+lins+icell2;
/I forces and other constants;

/I element definitions;

nnorm = 146;

ip:  marker;

mb:multipole, Irad:= 5.0, knl:={2.0*pi/nnorm};
mb2:multipole, Irad:= 5.0, knl:={1.0*pi/nnorm};
gf:multipole, Irad:= dummy, knl:={0,lg*kqf};
gd:multipole, Irad:=  dummy, knl:={0,lg*kqd};
ql.l multipole, lrad=dummy, knl:={0,lg*kqgl.1};
g2.l: multipole, l[rad=dummy, knl:={0,lg*kg2.1};
g3.l: multipole, l[rad=dummy, knl:={0,lq*kqg3.1};
g4.:  multipole, l[rad=dummy, knl:={0,lq*kg4.1};
gl.r.  multipole, rad=dummy, knl:={0,lq*kqgl.1};
g2.r:  multipole, l[rad=dummy, knl:={0,lg*kg2.1};
g3.r:  multipole, l[rad=dummy, knl:={0,lq*kqg3.1};
g4.r.  multipole, [rad=dummy, knl:={0,lq*kg4.1};
kgl.r = Kkql.l;

kg2.r = kg2.,

kg3.r = Kkq3.l;

kgd.r = kqgd.l,

/I some guessing for the initial strengths
kql.l = -0.01;

kg2.l = 0.01;

kq3.l = -0.01;

kg4.1 = 0.01;

mscbh: sextupole, I=ls, k2:=ksf;

mscbv: sextupole, I=ls, k2:=ksd;

kqf 1.32813125E-02;

kqd -1.32893092E-02;
ksf = .01;
ksd = -.01;

/I sequence declaration;

cascell5: sequence, refer=centre, I=circum;
start_machine: marker, at = O;
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I

I

n =1;

while  (n < ncell-5) {

gf: df, at=(n-1)*Icell + 0.00*Icell ;
mscbh: mscbh, at=(n-1)*Icell + 0.00*Icell + 1s/2.0;
mb: mb, at=(n-1)*Icell + 0.15*cell X

mb: mb, at=(n-1)*Icell + 0.35*cell X

gd: qd, at=(n-1)*Icell + 0.50*Icell ;
mscbv: mscbv, at=(n-1)*Icell + 0.50*Icell + 1s/2.0;
mb: mb, at=(n-1)*Icell + 0.65*Icell ;

mb: mb, at=(n-1)*Icell + 0.85*cell X
n=n+1;

begin dispersion suppressor

gf: df, at=(ncell-6)*Icell + 0.00*Icell ;
markl: marker, at=(ncell-6)*Icell + 0.00*Icell ;
mb2: mb2, at=(ncell-6)*Icell + 0.15*cell :
mb2: mb2, at=(ncell-6)*Icell + 0.35*Icell ;
qd: qd, at=(ncell-6)*Icell + 0.50*Icell ;
mb2: mb2, at=(ncell-6)*Icell + 0.65*Icell ;
mb2: mb2, at=(ncell-6)*Icell + 0.85*Icell ;
gf: df, at=(ncell-5)*Icell + 0.00*Icell ;
mb2: mb2, at=(ncell-5)*Icell + 0.15*Icell ;
mb2: mb2, at=(ncell-5)*Icell + 0.35*Icell ;
qd: qd, at=(ncell-5)*Icell + 0.50*cell ;
mb2: mb2, at=(ncell-5)*Icell + 0.65*Icell :
mb2: mb2, at=(ncell-5)*Icell + 0.85*cell :
gf: df, at=(ncell-4)*Icell + 0.00*Icell ;
mb2: mb2, at=(ncell-4)*Icell + 0.15*cell ;
mb2: mb2, at=(ncell-4)*Icell + 0.35*cell :
gd: qd, at=(ncell-4)*Icell + 0.50*cell ;
left: marker, at=(ncell-4)*Icell + 0.50*Icell ;
mb2: mb2, at=(ncell-4)*Icell + 0.65*Icell ;
mb2: mb2, at=(ncell-4)*Icell + 0.85*Icell :
end dispersion suppressor

begin straight section, low beta insertion

g4.l: a4l at=(ncell-3)*Icell + 0.00*Icell ;
g3.: g3, at=(ncell-3)*Icell + 0.50*Icell ;
g2.: g2l at=(ncell-3)*Icell + 1.00*Icell ;
ql.l:  qll, at=(ncell-3)*Icell + 1.50*Icell ;
IP: P, at=(ncell-3)*Icell + 1.50*Icell +lstar;
gl.r:  qlur, at=(ncell-3)*Icell +2*|star + 1.50*Icell
g2.r: g2, at=(ncell-3)*Icell +2*|star + 2.00*Icell
g3.r:  g3.r, at=(ncell-3)*Icell +2*|star + 2.50*Icell
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gd.r: g4, at=(ncell-3)*Icell +2*|star + 3.00*Icell ;
/[ end straight section, low beta insertion

/' begin dispersion suppressor

qd: qd, at=lins+(ncell-3)*Icell + 0.00*Icell ;
right: marker, at=lins+(ncell-3)*Icell + 0.00*Icell ;
mb2: mb2, at=lins+(ncell-3)*Icell + 0.15*cell X
mb2: mb2, at=lins+(ncell-3)*Icell + 0.35*cell X
gf: df, at=lins+(ncell-3)*Icell + 0.50*Icell ;
mb2: mb2, at=lins+(ncell-3)*Icell + 0.65*Icell ;
mb2: mb2, at=lins+(ncell-3)*Icell + 0.85*cell X

|
qd: qd, at=lins+(ncell-2)*Icell + 0.00*Icell ;
mb2: mb2, at=lins+(ncell-2)*Icell + 0.15*cell ;
mb2: mb2, at=lins+(ncell-2)*Icell + 0.35*cell ;
gf: df, at=lins+(ncell-2)*Icell + 0.50*Icell ;
mb2: mb2, at=lins+(ncell-2)*Icell + 0.65*cell X
mb2: mb2, at=lins+(ncell-2)*Icell + 0.85*cell X

|
qd: qd, at=lins+(ncell-1)*Icell + 0.00*Icell ;
mb2: mb2, at=lins+(ncell-1)*Icell + 0.15*cell ;
mb2: mb2, at=lins+(ncell-1)*Icell + 0.35*cell X
gf: df, at=lins+(ncell-1)*Icell + 0.50*Icell ;
mb2: mb2, at=lins+(ncell-1)*Icell + 0.65*Icell ;
mb2: mb2, at=lins+(ncell-1)*Icell + 0.85*cell ;

/I end dispersion suppressor

|

I

/I start of regular cell
qd: qd, at=lins+(ncell)*Icell + 0.00*Icell ;
mscbv: mscbv, at=lins+(ncell)*Icell + 0.00*Icell + 1s/2.0;
mb: mb, at=lins+(ncell)*Icell + 0.15*cell X
mb: mb, at=lins+(ncell)*Icell + 0.35*cell X

end_machine: marker at=circum;

endsequence;

8.2.2 Initial parameter settings

Theinitial strengthof theinsertionquadrupolesasto be calculatecbr matchedwvith MAD. Thiscanbe
donewith thefollowing commandsequenc€EX7/matla.mad):

TITLE, s='MAD-X test’;

call file="matl.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=Kkq1.l, step=0.00001,

vary,name=Kkqz2.l, step=0.00001;
vary,name=Kkq3.l, step=0.00001;
vary,name=Kkq4.l, step=0.00001;
constraint,range=left,seque nce=c asce lI5,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=markl/end_machine;
plot, haxis=s, vaxis=dx,range=markl/end_mach ine;
match, sequence=cascell5;
vary,name=Kkqf, step=0.00001;
vary,name=kqd, step=0.00001;
constraint,pattern=""qgf.*", seque nce=casce II5, betx= 86.5 ,bety =29. §;
constraint,pattern=""qd.*", seque nce=casce II5, bety= 86.5 ,betx =29. §;
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=markl/end_machine;
plot, haxis=s, vaxis=dx,range=markl/end_mach ine;
stop;

Herewe consideronly the lattice betweerour markersie ft andright. This significantlysimplifiesthe
matching. However, now we do not considera closedsolutionandwe have to give the initial optics
parametersait the beginning of therange.The Twissfunctionsj, and3, atthesemarkers(i.e. the QD)
we know from the unperturbedattice. The 3, andj3, atthethird marker ( theIP) we setinitially to 20
and80 metres.Thesearetypical valuesfor thel* = 10 m we have chosen.

For the correctionof the 3 beatingwe have variedthe strengthof the mainquadrupole®QD andQF
andrequestedhe horizontalandvertical 3-functionsthe sameat all quadrupolesi.e. no beatingatall.

Below we shawv an alternatve matchingprocedure.Sinceour insertionis definedfully symmetric,
it is sufficientto matchonly onehalf like (the constrainto, = «, = 0 will enforcethe symmetry)
(EX7/matlc.mad):

TITLE, s=MAD-X test’,
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call file="matl.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=Kkq1l.l, step=0.00001;

vary,name=kqg2.1, step=0.00001,

vary,name=kqg3.1, step=0.00001;

vary,name=Kkq4.l, step=0.00001;

constraint,range=left,seque nce=c asce lI5,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=markl/end_machine;

plot, haxis=s,  vaxis=dx,range=markl/end_mach ine;

match, sequence=cascell5;
vary,name=kqf, step=0.00001;
vary,name=kqd, step=0.00001;

constraint,pattern=""gf.*", seque nce=casce II5, betx= out- >bety ,
bety=out->betx;
constraint,pattern=""qd.*", seque nce=casce II5, 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=markl/end_machine;

plot, haxis=s, vaxis=dx,range=markl/end_mach ine;

stop;
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In this examplewe alsodemonstratéhe useof the SAVEBETA option. The opticsparameterganbe
calculatedat a specifiedposition (PLACE), given a name(LABEL) andre-usedin later calculations
(e.g. asmatchingconstraints)ike in our example. It canbe usedwith the BETAO commandor by
directly accessinghevariousparameterdjk e in our example.

For the matchingwe have to give somewell educatedjuesdor the strengthsof the quadrupolesve
wantto match.In particularthe signandthe orderof magnitudeof the strengthmustbe approximately
correct. Startingwith no or totally wrong valuescould leadto unphysicalor no resultof the matching
procedureWe find for the strengths:

kgla.l = -8.70994188E-03;
kg2.l = 1.48084944E-02;
kqg3.l = -1.45673434E-02;
kg4.| = 1.19074354E-02;

andimplementtheminto the sequenc€EX7/mat2.seq)In theFigs.4to 7 we have thegraphicalresults
of our effort.  We shaw the horizontalandvertical 3-functionsaroundthe insertionandfor the full
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Figure4: Matcheds* section.We shav the horizontalandvertical 5-functionaroundtheinsertion.
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Figure5: Matcheds* section.We shawv the horizontalandvertical 5-functionfor the full machine.
machinen Figs.4and5. Thefunctionsaresymmetricaswantedandmatchedo thearcs.

In the Figs.6and7 we show the horizontaldispersionD,.. Over the full lengthof the insertionthe
dispersions practicallyzeroandfully matchedo themachine.
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Figure6: Matcheds* section.We shav thehorizontalD,.-functionaroundtheinsertion.
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Figure7: Matcheds* section.We shaw the horizontalD,,.-functionfor thefull machine.

8.2.3 Tuning range (flat beams)

We would like to increasethe ratio of the vertical and horizontal 5-functionsand find the possible
limits. After insertingtheinitial valuesinto the sequenceéleclarationye cansetup the matchingof 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 = betaO 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,betaO=beta 0_in i

vary,name=Kkq1l.l, step=0.00001;
vary,name=Kkqz2.l, step=0.00001;
vary,name=Kkq3.l, step=0.00001;
vary,name=Kkq4.l, step=0.00001;
constraint,range=ip,sequenc e=cas cell 5,bet x=2. 0,bet y=600,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=markl/end_machine;

plot, haxis=s,  vaxis=dx,range=markl/end_mach ine;

stop;

We shav againanotherpossibility for the matchingstrategy. We usethe SAVEBETA optionto store
theopticsparameteratthebeginningof the machineandstartfrom there.We requirethe derivativesof
both S-functionsto be zeroanddefinethe wantedhorizontal 3-function 5, in the matchingprocedure.
Thevertical 5-function g, will automaticallyadjust. As anillustrationwe show the 3-functionsfor the
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Figure8: Matcheds* section.We shawv the horizontalandvertical 5-functionsfor thefull machine.

full machineandin theinsertionfor 3, = 2.0m and$, = 600.0m in the Figs.8and9. (Thisis notthe
maximumratio or optimum,just for illustration.)
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Figure9: Matcheds* section.We shaw the horizontalandvertical 5-functionsin theinsertion.
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9 Exercise8

9.1 Problem:

Usethelattice from exercise7 andtry to answetthefollowing questions.

e Canyou make theratio of 3,/4, or 3,/53, to becomel (e.g. 5, = 5, = 50m) ? Whatis the best
you cando ?

¢ Replaceheinnermostjuadrupoleby a quadrupoledoubletandre-assesthelastquestion.

e Fordiscussioronly: whatstepsdo you proposeo getsomethindike 3, = 3, = 10 m (or smaller)
?

9.2 Solution:

While flat beamswith alarge 3 ratio aretypically usedin e e~ colliders,in hadroncolliderswe often
useroundbeamsj.e. the horizontalandvertical beamsizesarethe sameor very similar. Our setupis
not madefor sucha schemebut smallimprovementsare possible.In Figs.10and 11 we have tried to
matchg, andg, bothto 3, = 3, = 50 m. It canbe seenthatwe did not fully succeedandfurthermore,
we have createda very strongbeatingaroundthe machinethat cannotbe corrected. We shalltry to

MMM

s (m)

Figure10: Matchroundbeamsat interactionpoint with a singlequadrupolanagnetQ1. We show the
horizontalandvertical 3-functionsfor thefull machine.3; = 3; = 50.0m.
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Figurell: Matchroundbeamsat interactionpoint with a single quadrupolemagnetQ1. We show the
horizontalandvertical 3-functionsin theinsertion.3; = ; = 50.0m.
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improve the layout slightly by addinganotherquadrupolenext to the innermostinsertionquadrupole
like (EX8/matdoulbseq):

gd.l: a4l at=(ncell-3)*Icell + 0.00*Icell ;
g3.: g3, at=(ncell-3)*Icell + 0.50*Icell ;
g2.: g2l at=(ncell-3)*Icell + 1.00*Icell ;
// additional guadrupole  Q1A.L
gla.l: qlal, at=(ncell-3)*Icell + 1.50*Icell - g;
gl.l:  qll, at=(ncell-3)*Icell + 1.50*Icell ;
IP: P, at=(ncell-3)*Icell + 1.50*Icell +Istar;
gl.r: qlur, at=(ncell-3)*Icell +2*|star + 1.50*Icell ;
/l additional guadrupole  Q1A.R
gla.r: qlaur, at=(ncell-3)*Icell +2*|star + 1.50*Icell + 1g;
g2.r: g2, at=(ncell-3)*Icell +2*|star + 2.00*Icell ;
g3.r.  g3.r, at=(ncell-3)*Icell +2*|star + 2.50*Icell ;
gd.r. g4, at=(ncell-3)*Icell +2*|star + 3.00*Icell ;

We let thestrengthbeindependeniut with left right symmetry Theresultof thisadditionalquadrupole
canbeseenin Figs.12and13. Thistime the betatronfunctionscaneasilybe matchedo 3; = 3; =
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Figure12: Match round beamsat interactionpoint with Q1 doubletmagnet. We show the horizontal
andvertical 3-functionsfor thefull machine 3; = 3; = 50.0m.

50.0m. Not only arethe S-functionsequal,alsotheinducedbeatingis largely reducedo anacceptable
level.
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Figure 13: Match round beamsat interactionpoint with Q1 doubletmagnet. We show the horizontal
andvertical 3-functionsin theinsertion.3; = 3; = 50.0m.
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10 Exercise9

10.1 Problem:

For the operationthe opticsusuallyneedssome”knobs” for fine tuning,suchastuneor dispersion.
e Thedispersiorcanbecomeslightly mismatchedinsertindividually poweredquadrupolegnto the
dispersiorsuppressoto controlthedispersiorbeating.
10.2 Solution:
10.2.1 Fine tuning of horizontal dispersion

We canfurther improve the lattice by addingmatchingquadrupolesn the dispersionsuppressore-
gion to controlthe horizontaldispersiorandfinally matchingthe chromaticityto zero: The additional
quadrupolesn the dispersionsuppressoregion becomenecessaryhenthe phaseadvanceper cell
deviatesfrom the nominal60°. We usethe round beamoptionwith the doubletquadrupoldrom the
previous exercisefor this optimization(EX9/matfine.se@ndEX9/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=Kkq1l.l, step=0.00001;
vary,name=Kkqz2.l, step=0.00001;
vary,name=kq3.1, step=0.00001;
vary,name=kq4.l, step=0.00001;
vary,name=kqgla.l, step=0.00001;
constraint,range=left,seque nce=c asce lI5,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 yalf 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=markl/end_machine;
plot, haxis=s, vaxis=dx,range=markl/end_mach ine;
match, sequence=cascell5,betaO=beta 0_in i
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vary,name=kgla.l,
vary,name=Kkq1.l,
vary,name=Kkqz2.l,
vary,name=Kkq3.l,
vary,name=Kkq4.l,
vary,name=kqfddll,
vary,name=kqgfd2l,

constraint,range=ip,sequenc
constraint,range=ip,sequenc
constraint,range=ip,sequenc
constraint,range=ip,sequenc
constraint,range=ip,sequenc
constraint,range=ip,sequenc

step=0.00001,;
step=0.00001,
step=0.00001,
step=0.00001,
step=0.00001,

step=0.00001; /[ match quads for

step=0.00001; /[ match quads for
e=cas cell 5,bet x=50.0;
e=cas cell 5,bet y=50.0;
e=cas cell 5,alf x=00.0;
e=cas cell 5,alf y=00.0;
e=cas cell 5,dx= 0.0;
e=cas cell 5,dpx =0.0 ;

Lmdif, calls=100, tolerance=1.0e-21;
endmatch;
/I finally get the chromaticity right
match, sequence=cascell5;
vary,name=Kksf, step=0.00001,
vary,name=Kksd, step=0.00001;
global,sequence=cascell5,DQ 1=0.0 ;
global,sequence=cascell5,DQ 2=0.0 ;

Lmdif,
endmatch;

calls=10,

select,flag=twiss,clear;
select,flag=twiss,column=name,
twiss,save,file=twiss2.out;

tolerance=1.0e-21;

s,X,y ,mux ,betx ,alf x,muy bet y,alf

plot, haxis=s, vaxis=betx,
plot,  haxis=s,

plot, haxis=s, vaxis=betx,
plot, haxis=s,

stop;

bety;

vaxis=dx,vmin=0.0,vmax=15.0;
bety,range=markl/end_machine;
vaxis=dx,vmin=0.0,vmax=15.0,r

ange =mark 1/en d_machine ;

dispersion control
dispersion control
y,dx ,dpx;

The Figs. 14 and 15 show theresultof this D, optimisation. Thereis no significantmismatcharound

thewholemachine.
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Figurel4: Matcheds* section.We show the horizontaldispersioraroundthe machine.
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Figurel5: Matcheds* section.We show the horizontaldispersionn theinsertion.
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