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O B J E C T I V E S
"...it has been proven thatChess Mastersconcentrate on the weakpoints of a move, whilebeginners concentrate toverify their hypothesisinstead of falsifying it..."N. N. Taleb

The Black Swan

The SuperB Factory project aims at the construction of a high luminos-ity, two rings, asymmetric e+e− collider at the center of mass energy ofthe Υ(4S) resonance. The two beams will be stored in a 6.7 GeV HighEnergy Ring (HER) and a 4.2 GeV Low Energy Ring (LER). This projectdiffers from the previous B-Factories, PEP-II [1] operating at SLAC (US)and KEKB [2] at KEK (Japan), for the very high design luminosity of
1036 cm−2s−1, two orders of magnitude higher that the maximum everreached at this energy. For this reason, the SuperB design conceptsare not based on the conventional "high currents and short bunches"approach used in the past accelerators, but will allow reaching such ahigh events rate production thanks to a new collision scheme - the socalled "large Piwinski angle and crab waist", - which has been origi-nally developed by P. Raimondi at the Frascati National Laboratories,and successfully tested there on the DAΦNE Φ-factory [3]. One ofthe ingredients of this scheme is the extremely low beam emittancesrequired: in particular the vertical one is comparable to those achievedin the latest generation Synchrotron Light Sources, such as DIAMONDat RAL (UK)[4] and Swiss Light Source at PSI [5] (Switzerland). Withrespect to these accelerators SuperB has the complication of a FinalFocus insertion where the beams will be focused to extremely low beamsizes for the beam-beam collision, with consequent expected distruptionof the emittance values. For this reason it is very important to study theimpact of a "real" distribution of machine imperfections on the "design"emittance, simulating magnets errors, like misalignments and tilts, aswell as possible errors in the Beam Position Monitors (BPM) that areused to measure the beam orbit.
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The aim of this study is not only to check that such ultra low emit-tances can actually be reached, and the unavoidable machine errors willnot have an impact on the luminosity performances, but also to deter-mine a Table of Tolerances for magnet errors which will be used for themachine construction. It is then crucial to study the influence of sucherrors on the "real" emittances, by simulating the behavior of the acceler-ator under different error conditions and to study a procedure (so called"Low Emittance Tuning") to maintain the emittances at the design val- Low Emittance

Tuningues. In the work presented here different errors and correction elementsdistributions have been considered, as well as different techniques tocalculate the correction kicks to achieve the design emittances, whichfor SuperB are 5 pm (HER) and 6 pm (LER) for the vertical plane, and2 nm (HER) and 2.5 nm (LER) for the horizontal one.In this thesis the work done on the simulation of how relevant beamparameters, such as emittances, closed orbit amplitude, vertical disper-sion, β-beating and beam coupling vary under realistic conditions ofmagnets errors, like misalignments and tilts, will be presented. Thisstudy is focused for simplicity on the High Energy Ring, excluding theFinal Focus (FF) insertion. This choice does not limit the results ob-tained, since the FF region is usually aligned with much more carethan the rest of the machine, due to the presence of critical elementssuch as the final quadrupole doublets, with extremely high gradients,used to focus the beams at the Interaction Point (IP). Moreover thetools developed for this thesis can be easily extended to the study ofthe FF tolerances, work that will be performed in the near future. Theapplication to a simpler machine layout has been chosen in order tocheck the capabilities of this procedure developed "ad hoc". Differentmachine corrections scheme have been studied to determine the mosteconomic, in terms of corrector strengths, and effective way to achievethe needed beam parameters. The analysis has been performed withdifferent distributions of correctors and BPM, and developing different"kicks" calculation techniques.A particular feature of the work presented here is the development of anew method for orbit steering to correct at the same time effects such asbetatron coupling and β-beating, without the insertion of new magnetic Betatron coupling
and β-beating
correction

elements like "skew quadrupoles", as usually done in other storage rings.This technique was applied at LEP (CERN) [6] in the past, but neversystematically used, and no automatic tool was ever developed, such asthe one presented here. The novelty of the method is the use of the ma-chine magnets itself as correcting elements, implemented by selecting



Contents 6
the orbit that generates the minimum distortions and consequently theminimum emittance growth.The final outcome of this work is the Table of Tolerances with the Table of Tolerancesmaximum error sets which can be tolerated in the SuperB acceleratorwithout loss in luminosity. The table is obtained through an optimizationof the correctors and monitors layout and by means of the new orbit-coupling-dispersion correction scheme.Even if this study has been focused on SuperB, however its appli-cation to other storage rings is straightforward, since the software hasbeen developed together with a particularly flexible and user friendlygraphic interface, able to deal with all the steps involved in the opti-mization procedure. This work will continue to implement the study oftolerances for the critical Final Focus section, as well as for the SuperBLow Energy Ring, and its results will be part of the SuperB TechnicalDesign Report to be published in 2011. It is also foreseen the appli-cation of the procedure described in this thesis to an existing storagering, the DIAMOND synchrotron light source, where its efficacy will betested on a real beam.In Chapter 1 the SuperB project will be briefly described, with focuson the accelerator characteristics. In Chapter 2 a description of the LowEmittance Tuning concept and of the possible magnets errors will begiven. Chapter 3 will describe the tool expressly developed for this the-sis and the results of the study are described in Chapter 4. Conclusionsare in Chapter 5, while in the Appendix short descriptions of the mainphysics and machine concepts used in this work are reported.



1 S U P E R B
The paragraphs below summarize the SuperB Factory project, the Physicsmotivations and the accelerator design. For a complete reference see[7, 8, 9, 10].
1.1 PHYSICS
The Standard Model (SM) is the most advanced and confirmed theoryup to today to explain the fundamental interactions of particles. Thesearch for new phenomena violating or confirming this model, like theevidence for the existence of the Higgs boson, is now taking place atlarge experiments as the LHC [11]. High statistics studies of heavyquarks and leptons will have a crucial role to play in the field of SMviolations.New particles can reveal themselves through loops effects in decaysof Standard Model particles such as B and D mesons and τ leptons.Since quantum effects typically become smaller as the mass of the vir-tual particles increases, high-precision measurements are required tohave an extended mass reach. In some instances, in fact, high-precisionmeasurements of heavy flavor decays allow us to probe New Physics en-ergy scales inaccessible at present and next-generation colliders. Flavorphysics is fertile ground for New Physics searches for several reasons.Flavor Changing Neutral Currents (FCNC), neutral meson-antimesonmixing and CP violation occur only at the loop level in the StandardModel and are therefore potentially subject to O(1) New Physics vir-tual corrections. In addition, quark flavor violation in the StandardModel is governed by the weak interaction and suppressed by the smallCabibbo-Kobayashi-Maskawa (CKM) mixing angles. These features arenot necessarily shared by New Physics, which could, therefore, producevery large discrepancy from the standard model prediction in particularcases.These searches in the heavy flavor Physics sector are the motivationof the construction of a Super-B Factory, the next generation asymmetric
e+e− flavor factory with a peak luminosity of 1036cm−2s−1. This factoryis designed to work at the Υ(4S) Center of Mass energy, producing a
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1.1 PHYSICS 8
sample of 75ab−1 BB̄ events, 100 times that of previous experimentslike BABAR [12] and Belle [13]. To show the capability of this highluminosity factory a selection of measurements that will be possible atSuperB is discussed in more detail following [9].
Rare B decaysThe most appealing decays to evidence SM discrepancy are those witha low SM uncertainty that may be described by other New Physics(NP) models. These golden channels are for a large fraction decays ofB mesons with a very small branching ratio. Some of these decays arereported in Table 1.1.

sensitivity

observable NP Scenario current SuperB (75 ab−1)

B(B→ Xsγ) Minimal FV 7% 3%

ACP(B→ Xsγ) Non-Minimal FV 0.037 0.004− 0.005

B(B→ τν) H+ high tanβ 30% 3− 4%

B(B→ Kνν̄) Z-penguins - 16− 20%

B(τ→ µγ) LFV 4.5 10−8 2 10−9

B(τ→ eγ) LFV 1.1 10−7 2 10−9

Table 1.1: Rare B decays (FV = Flavor Violation)

These decays are specific of SuperB since at hadronic colliders thoseevents are not reconstructible and even at SuperB they are not of easydetection. Compared to other lepton colliders, the accuracy on thesemeasurements may be increased significantly compared to that of previ-ous experiments as it is shown in Table 1.1.With these decays it may also be possible to give better constraintson quantities of great interest like the Higgs boson mass. For examplein a scenario with high tanβ the decay B → ντ is strongly affectedby the presence of charged Higgs. The contribution to the amplitude,considering a scalar Higgs field, would be
(1− tan2 β(

M2
B

M2
H+

))2

where M is the mass of the particles and β the unitarity triangle angle(see A.2). Measurement of the branching ratio of this decay with 75ab−1,



1.1 PHYSICS 9
given a hypothetical value of tanβ = 50, may constrain the Higgs masslower bound to the level of the ' 2TeV improving consistently the actualbound around 1GeV.
Time Dependent CP AsymmetriesAnother antenna for the presence of NP is given by time dependentasymmetries [14] in penguin dominated B decay modes. Penguins areone loop contribution to decays where one of the two b quark convertsin a s quark with a one loop diagram as shown in Figure 1.1. In the

Figure 1.1: Feynman diagram of B→ K0∗ ¯K0∗ decay, as an example of pen-
guin diagram

SM the time dependent asymmetries are a direct measure of the angle
sin 2β and are determined to very high order. This leads to a veryaccurate measurement so that the difference between the measurementwith penguins and without them should be equal giving

∆S = sin 2β|b→s − sin 2β ' 0.

The presence of NP particles in the penguins would generate measur-able deviations from zero. The accuracy reached on the measurementof sin 2β|b→s is a key parameter that can be improved consistently atSuperB, observing decays like B → KsKsKs, B → η ′K0 and B → φK0sensible probes for NP. The measurements involving time dependencerequire a boost in the CM to determine the direction of motion and sothe time of decay by the length of the path between particle generationand the point of the decay. For this reason an asymmetric collider isneeded together with a high precision tracking detector like SVT [15].
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CKM ParametersA very strong check for the presence of NP is to verify that the unitarytriangle (see A.2) is indeed a triangle. To measure the angles α, β and
γ the following decays (and similar) are studied:

B0d → J/ΨKs for sin 2β, (1.1)
B0d → π+π− for sin 2α, (1.2)
B0s → D±s K

∓ for sin 2γ. (1.3)With SuperB a very high precision may be reached in these measure-ments, improving of a factor 10 the actual bounds. As shown in Figure1.2, where for the same central values, actual errors and SuperB ex-pected errors are compared: if no consistency is found in the ρ̄ − η̄plane (no overlap of the colored sections), than a new explanation willbe needed, to give sense to the non unitarity of the CKM matrix (seeAppendix).

Figure 1.2: Unitary Triangle Fit

Lepton Flavor Violation (LFV)In the SM, lepton families are not mixing like quark families do for weakinteractions. The observation of a lepton flavor violation in τ decays like
τ→ µγ

,
τ→ eγ



1.1 PHYSICS 11
would be an other clear evidence of NP, and SuperB will be able tostudy those decays. Compared to current B-factories the great amountof data collected by SuperB will be able to increase the sensitivity of afactor 7. Moreover SuperB electron beam will be polarized leading toa consistent improvement in signal separations and if LFV is observedwill give more informations about its features.
Charm PhysicsSuperB is designed to operate at different energies in different up-grades and it will work also as a charmed meson factory with CMenergies of Υ(4S) and Ψ(3770). The cross section for cc̄ production
σ(e+e− → c c̄) ∼ 1.3nb is similar to that of bb̄, but since the energyis lower, luminosity decreases of a factor 10. At this CM energy ob-servation of D0 − D̄0 oscillations is the most appealing probe for CPviolation, but also rare decays are available for study at this energyand CKM matrix elements may still be studied. On the Unitary trianglethere is no improvement since the triangle that involves charm decaysis highly degenerate.
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1.2 ACCELERATOR
The experiments described above require to study events with very lowcross sections. Good statistics and so high precision can be achievedonly if high rates of events are produced. Rate R of events produced atthe interaction point and event cross section σ are related by

R = Lσ (1.4)

where L is the machine Luminosity. To increase the rates high luminos-ity is required. The luminosity for a e+e− collider, when beams cross inthe horizontal plane with an angle θ may be written as 1:
L =

N+N−

4πσy

√
(σz tan θ

2 )
2 + σ2x

fc (1.5)

with
σx,y =

√
βx,yεx,y (1.6)

where fc is the collision frequency, N+ and N− are the number ofparticles in the positron and electron bunches, σx,y,z are the beam rmssizes in the horizontal, vertical and longitudinal directions, εx,y are thebeam emittances, βx,y are the beta functions (in cm) at the collisionpoint in each plane and θ is the crossing angle between the beams atthe interaction point (IP).Very important in SuperB design is to keep beam currents and bunchlength at the same level of actual B-factories, while increasing the lu-minosity, in order to keep power consumption under control. The keyissues for this design are: crab waist scheme and low emittance. Aspecifically designed lattice can reach very low vertical emittance andconsequently high luminosity, that may be further increased by the crabwaist collision scheme to reach 10
36 cm−2s−2 (a factor 100 higher than High Luminosity:

10
36 cm−2s−2the luminosity of today working colliders). The specification of this de-sign will be further explained in the following sections. From the pointof view of low emittance, SuperB can be considered as a "Damping Ring"similar to those designed for the Linear Colliders such as CLIC and ILC,with the complication of a sophisticated Final Focus section to obtainhigh Luminosity.As for other B-factories, the energy of the two rings are different toallow the necessary boost for the decayed particles: the High Energy

1 assuming a NON asymmetric collider



1.2 ACCELERATOR 13
Ring (HER) produces 6.7GeV positrons, while the Low Energy Ring(LER) provides 4.18GeV electrons. In Figure 1.3, the layout of the tworings is shown in one of the proposed sites, i.e. the National Laboratoryof Frascati (LNF), Italy.

Figure 1.3: SuperB at the Frascati site

1.2.1 High Luminosity
In present and future colliders different methods have been used toachieve high luminosity [16].
Conventional methodsAll the present high luminosity factories relied, at least at the beginningof their operation, on standard strategy of choosing beam parameters toachieve high luminosity, strategy that is summarized in the following.According to the expressions for the luminosity L written as a functionof beam-beam tune shifts ξx,y:
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L = Nbf0
N2

4πσ∗yσ
∗
x

(1.7)

= Nbf0
πγ2ξxξyεx

r2eβ
∗
y

(1+
σ∗y
σ∗x

)2

ξx,y =
reN

2πγ

β∗x,y

σ∗x,y(σ
∗
x + σ∗y)

(1.8)

(where γ is the lorenz factor, Nb the number of bunches, f0 the revo-lution frequency, N the number of particles per bunch, re the classicalelectron radius and ∗ indicates quantities calculated at the IP) at agiven energy the key requirements to increase the luminosity are:
• Higher number of particles per bunch N
• More colliding bunches Nb
• Larger beam horizontal emittance
• Smaller beta functions at the interaction point (IP)
• Round beams σ∗x = σ∗y

2
• Higher tune shift parameters.The present factories have obtained their good luminosity performancestrying to fulfill almost all the above conditions as much as possible,a part the use of flat bunches ( σ∗x � σ∗y ) as it is rather difficult toprovide a good dynamic aperture for the round beam case with low betafunctions both in vertical and in horizontal plane at the IP. Besides, inorder to eliminate parasitic collisions (PC), i.e. collision points beforeand after the IP, in multibunch operation, a small horizontal crossingangle was necessary. In the factories a relatively small Piwinski angle
ϕ =

σz

σx
tan

θ

2
< 1 (1.9)

2 This technique is not evident from the formulas above. It requires βx = βy,
εx = εy and νx = νy. The rotational symmetry of the kick from the round oppo-
site beam, complemented with the X-Y symmetry of the betatron transfer matrix
between the collisions, result in an additional integral of motion M = xy ′ − yx ′,
i.e. the longitudinal component of particle’s angular momentum. Thus, the trans-
verse motion becomes equivalent to a one-dimensional motion, with the resulting
elimination of all betatron coupling resonances [17]. In terms of luminosity the
gain is due to the possible strong enhancement of the horizontal tune shift due to
the absence of this resonances.
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was mandatory to avoid excessive geometric luminosity reduction and todiminish the strength of synchrobetatron resonances arising from beam-beam interaction with the crossing angle (see Appendix).A further substantial luminosity increase based on the "standard col-lision scheme" is proposed for SuperKEKB B-Factory in Japan: it relieson pushing currents to unprecedented values (ex. 9A) and on shorteningthe bunches (3 mm). Such approach may result to be hardly possible,due to several limitations such as: 1) an increase of the high ordermodes in the beam pipe (with consequent raise of beam instabilities),2) increase of cavity voltage and higher power consumption due to thevery high currents.However, the very short bunch length allows to have lower β∗y. Sincethe β functions have a waist at the Interaction Point (IP) and a parabolicbehavior (see Figure 1.4), due to the finite beam longitudinal distribu-tion, particles in the tails of the beam "see" a much higher β∗y. As aconsequence the achievable luminosity is reduced. This effect is called
"Hourglass Effect" (see Appendix) and empirically the requirement tominimize it is β∗y > 2σz.

Figure 1.4: Bunch length and β functions at the IP

In order to overcome these limitations several novel collision conceptsand new collision schemes have been proposed, such as: round beamcollision preserving an additional integral of motion [17]; crab crossing
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[18, 19]; collision with large Piwinski angle [20]; longitudinal strong RFfocusing [21] ; collision with traveling waist [22]; crab waist collision[23, 24]. This last scheme as been tested at DAΦNE and has beenadopted for the SuperB factory for his promising qualities.
Large Piwinski Angle and Crab WaistContrary to the conventional strategy, the crab waist collision scheme(CW) requires small emittance εx and larger Piwinski crossing angle.In this scheme there is no need to decrease the bunch length and pushbeam currents far beyond the values already achieved in the present fac-tories. The CW can substantially increase collider luminosity thanks toseveral potentially advantageous ideas: collisions with a large Piwinskiangle, micro-beta insertions and suppression of beam-beam resonancesusing the dedicated ("crab waist") sextupoles.The advantages became clear when considering two bunches collidingunder a horizontal crossing angle (as shown in Figure 1.5).

Figure 1.5: CrabWaist sextupoles off (left) and on (rigth)

In this configuration the CW principle can be seen, somewhat arti-ficially, as a process with three basic steps. The first one is largePiwinski angle. For collisions with ϕ � 1 (see 1.9) the luminosity L Large Piwinski
Angleand the beam-beam tune shifts scale as (see, [25]):

L ∝
Nξy

β∗y
; (1.10)

ξy ∝
N
√
β∗y

σx
√
1+ϕ2

'
2N
√
β∗y

σzθ
; (1.11)

ξx ∝
N

σ2x(1+ϕ2)
' 4N

(σzθ)2
(1.12)

In such a case, if it were possible to increase N proportionally to σzθ,the vertical tune shift ξy would remain constant, while the luminosity
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Figure 1.6: Effect of the Crab Waist Collision scheme

would grow proportionally to σzθ . Moreover, the horizontal tune shiftwould drop as 1
σzθ

increasing beam stability. Differently from previouscolliders, in the crab waist scheme the Piwinski angle is increased bydecreasing the horizontal beam size σx and increasing the crossing an-gle θ. In this way it is possible to gain in luminosity as well, and thehorizontal tune shift decreases. Moreover, parasitic collisions becomenegligible since with higher crossing angle and smaller horizontal beamsize the beam separation at the PC is large in terms of σx. But the mostimportant effect is that the length of the overlap area of the collidingbunches is reduced, since it is proportional to σx
θ (see Figure 1.5).Then second step consists in requiring the vertical beta function βybe comparable to the overlap area size (i.e. much smaller than the bunchlength, but avoiding Hourglass effect):

βy '
2σx

θ
' σz
ϕ
<< σz.So, reducing βy at the IP gives us several advantages:

• Luminosity increase with the same bunch current.
• Possibility of the bunch current increase (if it is limited by ξy),thus further increasing the luminosity.
• Suppression of the vertical synchrobetatron resonances.
• Reduction of the vertical tune shift.Besides, there are additional advantages in such a collision scheme:there is no need to decrease the bunch length to increase the lumi-nosity, as proposed in standard upgrade plans for B- and Φ-factories.
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This will help in solving the problems of High Order Mode (HOM) heat-ing3, coherent synchrotron radiation of short bunches, excessive powerconsumption, etc. Crab WaistHowever, implementation of these two steps introduces new beam-beam resonances which may strongly limit the maximum achievable tuneshifts. The crab waist scheme avoids this problems, so boosting theluminosity: this represents the third step. As it can be seen in Figures1.5 and 1.6, the beta function waist of one beam is oriented along thecentral trajectory of the other one. In practice the CW vertical betafunction rotation is obtained by means of sextupole magnets placed onboth sides of the IP, in phase with the IP in the horizontal plane andat π/2 in the vertical one. The crab sextupole strength K is required tofulfill the following condition:

K =
1

θ

1

β∗yβy

√
β∗x
βx

(1.13)

In the 1.13 the K depends on the crossing angle, the beta functions atthe IP and on the sextupole locations. The crab waist transformationprovides a small geometric luminosity gain due to the vertical beta func-tion redistribution along the overlap area: this gain is estimated to beof the order of several percent. However, the dominating effect consistson the suppression of betatron (and synchrobetatron) resonances alwayspresent in collisions without CW due to the coupling of horizontal, ver-tical and longitudinal motion. Figure 1.7 demonstrates the resonancessuppression, showing the luminosity in tune space with CW sextupolesoff (left) and on (right) [27].This new approach as been tested at the DAΦNE Φ-factory in Fras-cati. A gain in luminosity of a factor of ∼ 3 with respect to the previousrecords [3] was obtained (Figure 1.8) and in complete agreement withsimulations. In Figure 1.9 the luminosity obtained with and without thecrab sextupoles are compared, evidencing the improvement given by thistechnique.This CW scheme, that takes advantage of the large Piwinski angle, isadopted as the key idea to reach the target luminosity at SuperB. Theother stringent requirement comes from the beam emittance that has tobe very small and particularly small in the vertical plane.
3 beam energy losses due to the excitation in RF cavity of frequencies different from

the fundamental frequency of the cavity [26].
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Figure 1.7: Effect of the Crab Waist Collision scheme in tune space. Crab
OFF (left) and Crab ON (right). The wormer color indicate
higher luminosity and the dark bands are the effect of reso-
nances.

Figure 1.8: Luminosity at DAΦNE in the past years. The introduction of
crab waist in 2008 gives an evident improvement in Luminosity.

Theoretically Minimum Emittance (TME) LatticeIn order to obtain the maximum luminosity the "large Piwinski angle andcrab waist collision" scheme is required to be applied with a lattice as
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Figure 1.9: Luminosity versus beam current product at DAΦNE with crab
waist on (blue) and crab waist off (red)

close as possible to the Theoretically Minimum Emittance Lattice (TME)(see equation 1.5). The emittance in the horizontal plane is determinedby the equilibrium between synchrotron radiation damping and quantumexcitation. This can be expressed by [28][29]
εTMEx = Cqγ

2 I5

I2 − I4
(1.14)

Cq =
55 h

32
√
3mec

= 3.8410−13(mrad)

where γ is the Lorentz factor and the I’s are the synchrotron radiationintegrals
I2[m

−1] =

∮ (
1

ρ2

)
ds

I4[m
−1] =

∮
2Dx

ρ3
ds

I5[m
−1] =

∮
γxD

2
x + 2αxDxD

′
x +βxD

′2
x

ρ3
ds,

with ρ the local bending radius, Dx and D ′x the local dispersionand dispersion derivative and αx and βx the Twiss parameters (seeAppendix).
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In the vertical plane if there are no vertical bends the emittance is areduced from of the previous equations, since only quantum effects arepresent.
εTMEy =

13

55

Cq

JyI2

∮
βy

ρ3
ds (1.15)

where Jy is the damping partition number in the y plane, and all quan-tities refer to the vertical plane (x subscripts became y).The TME is the lattice that minimizes these two quantities. Theminimum horizontal emittance is given by
εx =

Cqγ
2θ3b

12
√
15Jx

,

(Jx dumping partition number in the horizontal plane) which is achievedwhen αx = D ′x = 0, βx = Lb√
60

and the dispersion Dx = Lbθb
24 at thecenter of the dipoles with Lb and θb as length and bending angle. Thislast requirement evidences the importance of minimum dispersion in thebending magnet. Figure 1.10 shows a scheme that may be tuned to givethese parameters.

  

Q(d) Q(d)

s

Q(f) B Q(f)

Figure 1.10: TME Lattice base design.[30]

The vertical emittance is very close to zero. However any misalign-ment error in the magnets, will result in a rise of the vertical emittance.The main source of this rise are the appearance of vertical kicks (seenext chapter) and coupling due to the misalignments. This kick andcouplings spoil the theoretical independence of the orbits in the twoplanes, moving part of the horizontal oscillation in the vertical planeand therefore, increase the vertical emittance. Since the emittances arevery different and particularly, the vertical one is approximately zero,
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these effects may be very large. In fact the influence of such errors in-troduced by magnet misalignments are the main topic of this thesis andwill be simulated extensively.
1.2.2 SuperB Lattice
SuperB main components are the two storage rings: the Low EnergyRing, for electrons at 4.18 GeV, and the High Energy Ring for positronsat 6.7 GeV. SuperB lattice V12[31][32] layout is shown in Figure 1.11.

Figure 1.11: current SuperB V12 Lattice layout for HER and LER

Lattices for both rings are composed by two arcs and a Final Focus. Along straight section connects the arcs on the opposite side of InteractionRegion. The straight section contains injection and Radio Frequencycavities and has space available for other instrumentations. The tworings are on the same plane and have approximately the same length(i.e.1258 m) but they are shifted so to be 2.1 m distant in the arcs. Thisallows ring separation in the tunnel, and two crossing points, one inthe Final Focus for the Interaction Point and the other in the straight
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section, lengthened slightly in the HER lattice to allow for the crossingwithout beam degradation.A list of lattice and machine parameters is presented in Table 1.2.

Table 1.2: Preliminary parameters for SuperB

Parameter Units HER (e+) LER (e-)

LUMINOSITY cm−2 s−1
1,00E+36

Energy GeV 6,7 4,18

Circumference m 1258,4

X-Angle (full) mrad 66

βx @ IP cm 2,6 3,2

βy @ IP cm 0,03 0,02

Coupling (full current) % 0,25 0,25

Emittance x (with IBS) nm 2,00 2,41

Emittance y pm 5 5,8

Bunch length (full current) mm 5 5

Beam current mA 1892 2410

Tune shift x 0,0021 0,0033

Tune shift y 0,0978 0,0978

damping time Long. msec 13,4 20,3

Touschek lifetime min 35 16

Luminosity lifetime min 4,82 6,14

Total lifetime min 4,24 4,44

RF frequency MHz 476

Rev. frequency Hz 2,38E+05

Piwinski angle rad 22,88 18,79

# of bunches # 978

N. Particle per bunch # 5,08E+10 6,46E+10
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ArcsThe lattice of the arcs is a modified Theoretical Minimum Emittance(TME) lattice. There are two different kinds of cells, characterized bythe phase advance (µ) in the x plane: the short cell with µx = 3

2π and
µy = π

2 , shown in Figure 1.12(a) and the long cell, a double minimumemittance lattice, with µx = 3π and µy = π, shown in Figure 1.12(c).The minimum βx and horizontal dispersion in the bending magnets arealso evidenced in Figures 1.12(b) and (d).
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Figure 1.12: Arc Cells for HER V12

The main difference of the cells from a TME is represented by thesplitting of the central dipole into two parts to allow the insertion of anadditional focusing quadrupole, so ensuring a better tunability of thecell.One arc is composed of six of these cell couples, alternating a long anda short cell. This highly periodic lattice helps significantly to amplify
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Figure 1.13: Horizontal emittance versus cell phase advance in the hori-
zontal plane (µx).

the available tune space, allowing for a large variation of the tunesduring operation for luminosity optimization.The choice of a high phase advance is the result of the study shownin Figure 1.13: when the phase advance in the cell is increased thehorizontal emittance decreases. Anyway a trade off has to be found withdynamic aperture, that decreases, due to the chromatic effects introducedby the high phase advance. The strong chromatic effects generated arecompensated introducing strong sextupoles at the beginning and end ofevery cell where beta functions and dispersion are at maximum. In thenext sections it will be shown how it is possible to take advantage ofthis sextupoles for orbit correction. The transport matrix of the long cellis exactly
−I =


−1 0 0 0

0 −1 0 0

0 0 −1 0

0 0 0 −1

 (1.16)

so that the identical sextupoles form −I pairs which provide local can-cellation of the sextupole 2nd order geometric aberrations and the 2ndorder dispersion [33] leaving only the higher order terms due to finitesextupole length and partial overlap of the pairs.
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Final FocusThe Final Focus is the place where beam size, shape and phase aremodified in order to produce collisions. The basic requirements are zerodispersion, zero chromaticity and beams crossing with the same phaseat the IP. These requirements result to be more difficult owing to theconstraint on ultra low βy at IP and to the restricted space availability(since detector needs to be installed as close as possible to the IP).Other problems are originated by the presence of detector solenoid,vacuum requirements and alignments. Figures 1.14 and 1.15 show thelattice in the Final Focus for the High Energy Ring and a zoomed view ofthe Interaction Region. The lattice is derived from the Linear CollidersFinal Focus [34, 35, 36, 37] but with important original elements:
• Crab sextupoles inclusion
• Two sextupoles, in phase with IP at beam waist location, upstreamchromaticity correction sections, so improving the available demag-nification and bandwidth
• All bends are of the same sign
• A different H bending angle before and after the interaction pointto compensate for the ±33 mrad beam crossing angle
• Total bending defined by the polarization constraints at the SpinRotators (spin precession in dipoles), as described later.The requirement of very low beta involves the final quadrupoles to bevery close to the Interaction Point. These are very small (6 mm thick)superconducting magnets, named QD0 [38], ensuring a gradient of -1.025 QD0T/cm (for HER), enough to focus the High Energy Beam. Chromaticity Chromaticity

suppressionsuppression is achieved using sextupole couples as in the arcs, with atransport matrix between them corresponding to −I. Initially the (moresensible) vertical chromaticity is minimized and then the horizontal one.Additional weak sextupoles and octupoles are added to correct secondorder chromaticity, due to off momentum particles. To compensate for Detector
compensationthe effects of Detector solenoid, counter acting solenoids are installedtogether with a tilt compensation applied to the magnets close to theIP. The parameters obtained at the IP are listed in Table 1.3

PolarizationTo understand the NP properties the beams are required to have thehighest possible polarization. Longitudinal polarization is required at
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Figure 1.14: SuperB Lattice functions. HER V 12, Final Focus

the IP, while in the arcs, where there are no vertical bends, only a ver-tically polarized beam travels undisturbed. According to Thomas-BMTequation [39] for spin precession in electromagnetic fields, longitudinally
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Figure 1.15: Layout of Interaction Region. Note the asymmetric scales for
the two axis

HER (e+) LER(e−)

beam energy (GeV) 6.70 4.18

beam current (A) 1.89 2.45

β∗y (mm) 0.25 0.21

β∗x (mm) 26 32

ε∗y (pm) 5.0 5.8

ε∗x (nm) 2.0 2.41

crossing angle (θ) ±33 mrad

Table 1.3: Interaction Point parameters with V12 lattice

polarized particles in a vertical field (horizontal bend) have a precessionof
ψ = (1+

g− 2

2
)
E

me
θ
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where ψ is the precession angle, g−22 is the anomalous magnetic momentfor electrons, E the energy of the particles, me the electron mass and
θ the bending angle of the magnets. This relation imposes a strongconstraint on the total bending in the IR. In the actual design, verticallypolarized electrons are injected in the LER, and a total rotation of 90◦ inthe transverse plane (x-y) is provided by Spin Rotator solenoids beforethe interaction region. Than the horizontally polarized spin precess inthe dipole magnets between the spin rotator and the IP of 270◦ in thehorizontal (x-s) plane arriving at the IP longitudinally polarized. In thecurrent design SR are placed in the LER since the lower energy allowsless drastic changes of the lattice and smaller magnetic fields. The SRare placed between the arcs and the FF and the magnet strengths in theFF are adjusted accordingly to accomplish the needed bending anglesthat provides the 270◦ spin precession. Coupling introduced by thesolenoids is corrected using a FODO cell, tuned to have transformationmatrices in the two planes Tx and Ty

Tx = −Ty =

(
− cosψ −2r sinψ
1
2r sinψ − cosψ

)
where ψ is he total spin rotation given by the solenoids and r = pc

eB .The polarization obtained is of 70% with a life time of 20 minutes.
Long straight sectionThe long straight section opposite to the IP hosts injection and radiofrequency cavities (RF) and it may also be used to change the machinebetatron tunes during operation. Beams are injected in the horizontalplane for both rings. The first 3π cell is made longer to accommodatethe septum at its center and to insert two kickers on both sides of thecell to realize a closed orbit bump. The lattice function are modified asshown in Figure 1.16 to allow more efficient fast kicks. For both ringsthe RF cavities are placed as far as possible from the precedent bend,so that sincrotron radiation load is minimized. There are currently 8 RFcavities for LER and 14 for HER.The beta-functions and dispersion for the complete SuperB HER andLER V12 lattices are shown in Figure 1.17.
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Figure 1.16: SuperB Lattice functions. HER V 12, injection cell

Figure 1.17: SuperB Lattice functions. HER V12 (left) and LER V12 (rigth)



2 LO W E M I T TA N C E T U N I N G
Luminosity is the key feature for the SuperB project. One of the param- Emittanceeters, that mainly influences the Luminosity, is the machine emittancein the two planes (see eq. 1.5).The design emittances for SuperB HER (for example) are of 2 nm radin the horizontal plane and of 5 pm rad in the vertical plane. These val-ues are already inclusive of unavoidable effects increasing the naturalemittance of the lattice, like Intra Beam Scattering (IBS), but are re-quiring a perfect machine lattice. In fact the SuperB "perfect" magneticlattice produces a vertical emittance of 10−38 m rad ( dominated only byquantum effects due to synchrotron radiation), and an horizontal equilib-rium emittance of 1.26 nm rad. Imperfections in the magnets positioning Imperfections in

magnets
positioning

modify these values considerably introducing orbits distortions and cou-pling, that readily increase the vertical and horizontal emittances tovalues even higher then those introduced by IBS. In particular verticalemittance, that is approximately zero in the design project, is stronglyinfluenced by the presence of these errors.It is then important to determine the tolerated alignment errors.The introduction of realistic alignment errors in the lattice produceseffects on the orbits that are not negligible and may lead to the loss ofthe beam even before defining a closed orbit. In the lattice the beam Closed orbit
correctionorbit is controlled by diagnostics instrumentation like Beam PositionMonitors (BPM) and dipole correctors, respectively to define the orbitand to correct it with small local kicks.In practice, by means of an accurate choice of the applied correc-tor strengths it is also possible to choose the orbit which "produces"minimum emittance. This process needs to be simulated and carefullystudied before the accelerator construction. For what concerns the bestorbit definition,this kind of simulations is also useful to improve machineperformance during the running periods.It is extremely important to provide a set of tolerances for alignment,so that at the construction stage the magnets be positioned with therequired accuracy.The whole of efforts to obtain machine emittance nearly approachingthe design values, only knowing the monitor readings and having cor- All the efforts to
obtain the design
emittance

rection dipole kickers as unique tools, is called Low Emittance Tuning(LET). This procedure includes: a) the simulation of magnet misalign-
31
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ments, b) positioning of BPM’s, orbit and coupling correctors in themagnetic lattice, and c) the definition of an algorithm to correct thebeam so to achieve the lowest possible emittance.
2.1 MISALIGNMENT ERRORS
The first step of LET procedure is the simulation of the positioning errorsin the lattice magnets. For any element in the machine the possiblemisalignement errors to be considered are:
• horizontal displacement ∆x
• vertical displacement ∆y
• longitudinal displacement ∆s
• tilt around longitudinal axis ∆ψ
• tilt around horizontal axis ∆φ
• tilt around vertical axis ∆θ

These degrees of freedom are schematically represented in Figures2.1.

(a) Tipical misplacement in X-S plane. (b) Tipical misplacement in X-Y plane.

(c) Tipical misplacement in Y-S plane. (d) Tipical monitor reading errors.

Figure 2.1: Possible misalignment errors in a ring
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Displacements and tilts around the beam axis (∆ψ) are studied. Theseerrors, when applied in different elements, have different influences onthe beam behavior. For example a displacement in the x plane of aquadrupole produces the effect of a kick in the horizontal plane, whilethe same displacement in a sextupole is equivalent to the introductionof a new quadrupole in the lattice. This may be seen directly from theequations describing the effect of the elements on the orbit. The effectof an "ideal" quadrupole is to provide a kick in both transverse planesgiven by

x ′ = −kx

y ′ = kywhere (x,y) are the ideal orbit coordinates, k is the quadrupole strengthand x ′ = dx/d s and y ′ = dy/d s are the position divergences. In thecase of a displacement error (∆x,∆y) the orbit variations x ′ and y ′ may Quadrupole
misalignmentbe written as:

x ′ = −k(∆x+ x)and
y ′ = +k(∆y+ y)which may be solved leading to
x ′ = −k∆x− kx

and
y ′ = +k∆y+ kyshowing that the effect of the displacement is to have in each plane eitherthe quadrupole focusing effect and a kick proportional to the displace-ment of the quadrupole. The vertical kick introduced by this imperfectiongenerates vertical dispersion and so vertical emittance growth.The same may be seen for a sextupole of strength Ks. The orbitvariation is described by
x ′ = Ks(x

2 − y2)

y ′ = −2Ksxywhere the inclusion of misplacement (∆x,∆y) leads to
x ′ = Ks(x

2 − y2) − 2Ksx∆x+ 2Ksy∆y+Ks(∆x
2 −∆y2) (2.1)

y ′ = −2Ksxy+ 2Ksx∆y+ 2Ksy∆x− 2Ks(∆x∆y) (2.2)
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In this case at the sextupole location a fictitious quadrupole of strength Sextupole

misalignment2Ks∆x and a fictitious skew quadrupole of strength 2Ks∆y are gener-ated together with small kicks in the two planes.In general, all misalignments may be described as new elements inthe lattice and this allows an easy discussion and understanding ofthe effects produced on the beam behavior. The influence of kicks af-fect only orbit and dispersion, while the introduction of horizontal sex-tupole displacement introduces quadrupole components that modify the
β-functions of the lattice. The worst effect on the emittances is the cou-pling effect due to skew quadrupoles terms deriving from quadrupole tilts(∆ψ) and vertical sextupole displacements. The coupling introduced inthe equations of motion in the two planes "transports" part of the oscilla-tion from the horizontal to the vertical plane (see Appendix), producinga very sharp vertical emittance growth emphasized by the big differencebetween the emittances.These errors are not in practice independent so it is necessary tostudy them when they are present at the same time in the lattice, asit is in reality. In the optic of the construction of a table of tolerances,to evidence the contribution to the final emittance of every kind of er-ror, in the simulations, the effect of the different errors will be studiedindependently and then the presence of all wished imperfection will beconsidered in a cumulative simulation. In this way it will be possible toevidence the most influent kind of misalignments and to give less tighttolerances to the least influent ones.To simulate these errors in the perfect machine lattice, random valueswith a truncated gaussian distribution, with a properly selected variance
σ, are extracted. The distribution is truncated at 2.5 σ to avoid the effect Truncated

distribution
at 2.5 σ

of tails that are unlikely to exist, and would spoil the simulations. Figure2.2 shows an example of the effective distribution of misalignments inthe horizontal plane applied to the quadrupoles of SuperB arcs lattice.
This distribution of errors is realistic if every element of the latticeis positioned separately. In the case of SuperB this is not the case.Quadrupoles and sextupoles are often on the same support, reducing alot the relative misalignments between the two magnets. This is alsotrue for the Final Focus Interaction region elements that are placed onthe same support, due to the small space availability. Worst case

misalignmentIn the following simulations, this kind of correlation is never takeninto account. As a consequence two elements, that in practice will bemisaligned by 50µm one respect to the other in the simulations mightresult misaligned by 500µm. Therefore the final tolerances proposed
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Figure 2.2: Distribution of applied vertical alignment errors on
Quadrupoles. Truncated Gaussian at 2.5σ

by the simulations will be more restrictive respect to the really neededones.
Monitor reading errorsLET is meant to simulate real "beam orbits": for this reason it is nec-essary to include in the simulations also monitor reading errors that Monitor reading

errorswill affect orbits reconstruction, producing a wrong knowledge of theeffective machine performance and suggesting a wrong correction to beapplied. The errors on the BPM may be of two kinds (Figure 2.1 (d)):
• turn by turn reading error (resolution)
• scale calibration error (electronics)

Turn by turn errors are introduced in the simulations systematically forall the necessary orbit readings, randomly selecting this values formgaussian distributions.The scale errors may be further subdivided in two classes: offseterrors, represented by ∆x and ∆y for BPMs and amplification errors(multiplicative factors in front of every reading). Only monitor offsetsare considered in the simulations that will be presented, while scaleamplification errors will be introduced in future simulations.



2.2 CORRECTION PATTERN 36
2.2 CORRECTION PATTERN
Once the machine magnets are misaligned, the closed orbit varies andmay be out of control: this affects the beam emittance. Therefore it isnecessary to include in the lattice corrector magnets and diagnostics tomeasure and correct the closed orbit.The position and number of these elements that would lead to thebest correction and orbit sampling is an other parameter which has to bechosen during the LET procedure. The sampling and correction schemesrepresent difficult choices, even if some key rules may be followed:
• Put monitors at every Quadrupole and Sextupole
• Put correctors in high beta regions

The condition on monitor positions is due to the fact that quadrupole areresponsible for orbit focusing, i.e. particles in these elements reach themaxima or the minima of the orbits according to the sign of quadrupole.Therefore quadrupoles are optimal sampling points to determine thepath followed by the particles. However, for sake of simplicity in thesimulations the monitors are ideally placed nearby the quadrupoles1.The requirement for monitors at the sextupoles is determined by thestrong effect that their imperfections generate on the orbit and by therelevance that this elements have on the correction. In fact monitors inthe sextupoles allow to tune the orbit more precisely to avoid (or takeadvantage of) the quadruple and skew quadrupole fields generated bytheir misplacements or by off axes orbit.Often in the lattice quadrupole and sextupole are in couple and inthis cases only one monitor is sufficient.The second condition has to be verified in order to optimize the influ-ence of the dipole correctors (see Appendix). So, ideally, an Horizontal(Vertical) Corrector should be placed near a Focusing (Defocusing)2Quadrupole. At the same time the opposite (Horizontal correctors nearDefocusing quadrupoles) has to be true in order to control the orbit di-vergence. Since a compromise needs to be found and this has to be truefor both planes, if the correctors are bidirectional, the central point be-tween two quadrupoles of opposite sign is the best compromise position,if it is available.
1 This is also required by the simulation code that does not allow element superpo-

sition.
2 focusing and defocusing are defined in the horizontal plane
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Anyway these are indicative recipes, as other elements are presentin the lattice and therefore the choice of the position is not a "freeparameter".The simplest procedure to determine the optimal correction pattern isto use, as a starting point, all possible correctors and monitors, fillingall available spaces in the lattice. Then the least influent monitors andcorrectors are removed and the correction procedure is run again toevaluate the new pattern. This iterative procedure can be repeated.In our simulations a comparison will be made using two different setof correctors and monitors. The correctors installed have no physicallength at the moment, but they are inserted in the lattice only if enoughspace for a true element is available.

2.3 STEERING PROCEDURE
Correction is the third final step of LET. At this stage a technique isdeveloped to calculate the particular set of kicks ensuring the lowestpossible emittance. Obviously different corrections lead to different or-bits and to different final emittances; the difference among different kickselections will be shown to outline the importance of this passage.In the present simulation two previously used techniques will be used,together with a new techniques proposed by P.Raimondi. These proce-dures are known as Orbit Free Steering, Dispersion Free Steering [40],and, the new one, Coupling and β-beating Free Steering. All the tech-niques relay on the construction of Response Matrices.
2.3.1 Response Matrix technique
As an example, let us concentrate on the Orbit Response Matrix (ORM)used in Orbit Free Steering . If M monitors and N correctors are avail- Orbit Free

Steeringable, the ORM is an M×N matrix, where each element represents thechange in orbit at the monitors given the change of a single corrector.In matrix formalism, we may write:
~R = ORM ~K ; (2.3)

where ~R is the BPM readings vector and ~K is the vector of the kicks.In the linear approximation the matrix is determined as ORMi,j = ∆Ri
∆Kj

,i.e. the measurement change at the ith BPM (i from 1 to M) due to thechange of the jth corrector kick of ∆Kj (j form 1 to N).
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To calculate the correction it is necessary to invert the relation 2.3,but this is not possible for non-squared matrices. In this case ORM maybe decomposed in it’s singular value decomposition (SVD) [41], given by: SVD

svd(ORM) = TSVt

where T and V are respectively an M×M and a N×N orthogonalmatrices (T tT = 1 and VtV = 1) and S is a diagonal M×N matrix.The following relations exist, defining Singular Left vectors u (M com-ponents) and Singular Right vectors v (N components)3:
ORMt u = σv (2.4)
ORMv = σu (2.5)

where u are columns of T , v are columns of V and σ are the elements of
S. The vectors v and u represent respectively the kick singular vectorsand the monitor reading singular vectors: according to equation 2.5,when a kick singular vector v is applied to the accelerator the responseis proportional to the corresponding monitor reading singular vector.There are many possible decompositions, so in general is selected theone for which the elements of S are in decreasing ordered.The solutions of the equation that describes the perfect orbit given aparticular monitor readings vector ~R Correction kicks

evaluation
~R+ ORM ~K = ~0 (2.6)

may now be determined, obtaining the correction kicks:
~K = −VS−1T t~R. (2.7)

where S−1 is the pseudo inverse of S which is formed by replacingevery non zero entry by its reciprocal and transposing the resultingmatrix.Very small eigenvalues σi (large i) correspond to singular solutions Singular solutions
regularizationof the system 2.6, where combinations of correctors (the kick singularvectors associated to that σ) lead essentially to localized small bumpsin the measured orbits as shown in Figure 2.3. For this reason, thecorrection is regularized setting to zero the 1

σi
in S−1 that correspondto the smaller singular values σi.In Figure 2.4 a simulation on SuperB lattice shows how the rms mon-itor readings after correction and the rms kick strength applied, vary,

3 there are at most min(M,N) singular values, and a corresponding number of sin-
gular vectors
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Figure 2.3: Effect of some Kick singular vectors on the orbit in the vertical
plane (N = M = 168).

using an increasing number of kick singular vectors in the correctionand regularizing to zero the rest of the solutions (for every i in the xaxis the kicks vectors form i to N are regularized). The typical elbowpattern is observed, making evident that tuning the correction to usea lower number of kick singular vectors leads to an optimal correctionwhile keeping small rms kicks.Response matrices are widely used in accelerator Physics. In effectthe ORM matrix can be used to perform other studies, like the detectionof misbehaving monitors or the calculation of linear optics[42].The other techniques presented in the following are modifications ofthe ORM, defined to consider parameters related to non linear effectsof elements in the lattice, like sextupoles.
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2.3.2 Dispersion Free Steering
The calculations of the kicks described above is improved by the intro-duction of Dispersion Free Steering. This technique applies the same Dispersion Free

Steeringconcepts described for Orbit Free Steering to the study of the dispersion.The Dispersion Response Matrix (DRM) is defined as:
~η = DRM ~K. (2.8)with ~η the dispersion at monitors, calculated as

~η =

~R+∆EE
− ~R−∆EE

2∆EEwhere ~R may be the x or y coordinates at monitor and ∆E
E = 2.5 10−3 isa small energy deviation (since the dispersion is defined as the changein orbit due to a energy deviation).In order to use a common set of kicks ~K to correct a particular mea-surement of ~R and ~η, the system of equations 2.6 may be rewritten as:(

(1−α) · ~R
α ·~η

)
+

(
(1−α) ·ORM
α ·DRM

)
~K = ~0 (2.9)

with α the relative weight between the two sets of equations. Thecalculation of the correction kicks ~K follows the procedure explained
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above ( see 2.7), via the SVD pseudo inversion of the response matrixextended to include dispersion.Dispersion is influenced by orbit bumps all over the machine, so thebumps may be corrected if the dispersion that they generate is corrected.Also the dispersion correction by itself is useful, to reproduce the designdispersion value, since (as explained in the first chapter) the minimumemittance lattice is determined by a cell lattice that has minimum dis-persion in the dipole.
2.3.3 Coupling and β-beating
The Response matrices introduced above are limited to the correction ofeffects generated by the dipole kicks introduced by misalignments. Thecoupling introduced by quadrupoles tilts (∆ψ) and sextupoles verticalmisalignments and the additional quadrupole field introduced by thesextupoles horizontal displacements (or off axis orbit), are only partiallycorrectible with this schemes. Usually new skew quadrupoles are in-serted in the lattice to correct coupling and quadrupole strengths aretuned to minimize the β-beating effect due to the additional quadrupoleterms. Anyway the Response Matrix may be extended to obtain a bet-ter control on these effects with a new technique called Coupling and
β-beating Free Steering.Without additional correctors or skew quadrupoles it is possible tomeasure two new quantities, ~C and ~β, related to coupling and β-beating. Coupling and

β-beating Free
Steering

These quantities are calculated as follows:
~C =


~x+∆V−~x−∆V

2∆V

~y+∆H−~y−∆H
2∆H

 (2.10)

~β =


~x+∆H−~x−∆H

2∆H

~y+∆V−~y−∆V
2∆V

 (2.11)

where ∆H and ∆V are two fixed kicks applied in the horizontal or in thevertical plane while ~x and ~y are column vectors corresponding to theorbit coordinate at the BPMs. For example the notation ~x−∆H represents
~x in presence of a fixed kick in the Horizontal plane of value −∆H.
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Two new response matrices, CRM and βRM are built to satisfy therelations:

~C = CRM ~Ky (2.12)
~β = βRM ~Kx. (2.13)

where ~Kx,y are kicks vectors in the two planes. Every entry of thismatrices is obtained using two correctors at the same time: the one thatprovides the kick necessary for the calculation of 2.10 and 2.11, that isthe same for all elements of the matrix, and the one used to determinethat particular response matrix column.The set of correctors strengths ~K is now requested to constrain alsothis new quantities, leading to a further modification of equation 2.9:(1−α−ω)~Rx
α~ηx
ω ~β

+

 (1−α−ω)ORMx

αDRMx

ωβRM

 ~Kx = ~0 (2.14)

(1−α−ω)~Ry
α~ηy
ω ~C

+

 (1−α−ω)ORMy

αDRMy

ωCRM

 ~Ky = ~0 (2.15)

whereω determines the influence of the new equations on the correctionlike the parameter α for Dispersion Free Steering4 and the subscripts
x, and y refer to the matrices and vectors restricted in the horizontal orvertical plane.To avoid that at some BPMs ~C and ~β are zero, due to the sinu-soidal oscillation introduced by the fixed correctors (see Appendix A.1),a further correction is introduced, where the fixed kicks ∆H and ∆Vare applied by correctors with a phase advance of approximately 90◦with respect to those used to calculate ~C and ~β. The complete set ofequations is now:

(1−α−ω)~Rx
α~ηx
ω ~β

ω ~βπ/2

+


(1−α−ω)ORMx

αDRMx

ωβRM

ωβRMπ/2

 ~Kx = ~0 (2.16)


(1−α−ω)~Ry

α~ηy
ω ~C

ω ~Cπ/2

+


(1−α−ω)ORMy

αDRMy

ωCRM

ωCRMπ/2

 ~Ky = ~0 (2.17)

4 α+ω 6 1
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where π/2 indicates the use of the different correctors.Equations 2.16 and 2.17 ensure the selection of the orbit that mini-mizes dispersion, coupling and β-beating, leading to the minimum verti-cal emittance. This is obtained taking advantage of the passage of the The minimum

vertical emittance
orbit

beam off axis in the sextupoles, that generates in the vertical plane askew quadrupole field and in the horizontal plane a quadrupole field (seeq. 2.1 and 2.2).The effect of the correction is shown evidently in Figure 2.5 where theset of tolerated misalignments (i.e. Table 4.3) is applied and correctedwith weights ω = 0.01 and α = 0.49, using 65 eigenvectors and 114correctors. The optimization of this values is described later.In the plots are shown the beta functions for SuperB HER latticewithout Final Focus, after misalignments are applied and after correction.The oscillations induced by the misalignments are clearly mitigated aftercorrecting with the new system of equations, resulting in an effectiveimprovement of the final emittance.
Reiteration of steeringTo apply the wright correction Response Matrices need to be measuredor simulated. In the case of simulated measurement with SuperB latticeeach Response Matrix requires ∼ 45 minutes (with 150 correctors) to befixed. For this reason the matrices used for the calculation of correctionare not the perfect ones that would describe the machine in the currentstate, but often are previously calculated matrices. On the other hand,in practice, matrices do not change much: so even if imperfections maychange in time, the same matrices can be used. For these reasons, toimprove the results of the correction it is wise to re-iterate the correction. Re-iterate

correctionIn this case the kicks ~Kn+1 applied at n+ 1 iteration will be:
~Kn+1 = svd (M)−1

(
~R+M~Kn

)
(2.18)

where ~Kn are the previous kicks, ~R is the readings vector and M theResponse Matrix used. This way to proceed is very useful since it maybe possible to calculate all the matrices from the ideal lattice and usethem to correct orbits generated in a real accelerator, only using theBPM experimental responses.
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Figure 2.5: Beta functions in SuperB HER lattice without final focus, with
114 correctors and monitors in both planes. Without misalign-
ments (top), with misalignments before correction (center) and
after correction (bottom).
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2.3.4 Comparison of Correction Schemes
To show how the correction works in more detail, Figures from 2.6 to2.9 show the effect of the different corrections on rms closed orbit, ver-tical dispersion, vertical pseudo coupling (effect of horizontal kick onvertical orbit, calculated as in CRM response matrices), and horizontal
β-beating calculated as βx−βxDesign

βxDesign
.
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Figure 2.6: Comparison of corrections: Closed Orbit rms
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Figure 2.7: Comparison of corrections: Vertical Dispersion rms

Correction
comparisonIn the Figures the applied error variances range from 0 to 300µm forquadrupoles and sextupoles (on both planes) and from 0 to 300µradfor quadrupole tilts. All the plots on the left side are before correctionand those on the right side are after correction. The blue lines show thecorrection using only orbit steering (O), the green ones considering onlydispersion and orbit free steering (O+D) , and the red ones include allthe correction schemes (O+D+C). All corresponding simulations havethe same seed for the random misalignment of magnets, and so the
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Figure 2.8: Comparison of corrections: influence on horizontal kick on ver-
tical orbit rms
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Figure 2.9: Comparison of corrections: βy−βyDesign
βyDesign

rms

same magnet misalignments. In this way the correction comparison ismade on exactly the same orbit with the three different schemes. Allthe corrections relay on the basic relation ~R+ORM ~K = ~0 where ORMis modified at need and the vector ~R represents the responses of themonitors. This response may be influenced by the misalignment applied(~RL) or by the errors present on the monitors (~RM). So the relation maybe rewritten as
(~RL + ~RM) +ORM ~K = ~0 (2.19)To investigate also the influence of ~RM the effect of BPM offset with avariance of 300µm fixed for every simulation but with changing seed, isshown in the Figures (Legend+Offset).In the Figures from 2.6 to 2.9 it is evident that the use of the correc-tion including all the response matrices leads to a deprecation of theorbit rms of a factor ∼ 4, but at the same time improves rms dispersion,coupling and β-beating of a factor 10 to 100.
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These observations are not influenced by the presence of monitoroffsets. In fact orbit is never less then the magnitude of these errors, butsince dispersion coupling and β-beating are calculated by difference oftwo measurements, correction is not influenced by the presence of theseerrors. The lowest

vertical emittanceFinally the simulated emittances are plotted in Figure 2.10. The useoff all the corrections generally ensures the lowest vertical emittanceand therefore this is the best correction scheme to be used in presenceof misalignments.
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Figure 2.10: Comparison of corrections: εy

The price to pay is the need to measure six response matrices. Fiveof these matrices require a double time for calculation, since they areobtained by difference of two orbits. So a factor ∼ 10 in time for themeasurement of the matrices is required compared to the time neededfor pure orbit steering. This problem may be solved by the calculation ofmatrices from design. The time is still long but it does not need the useof the accelerator. The matrices for the design machine are producedand then may be used reiterating the correction.
As described in this chapter, in LET procedures a great amount ofvariables enter into play to determine the best emittance in front of aset of misalignments. For this reason all the passages explained abovehave been included in a single graphical interface, that enables an easyapproach to the LET procedures together with a good flexibility in thesimulations to be made. The capability of the interface are explained indetail in the next chapter.
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To implement the LET procedure Mad-X[43] and MATLAB[44] are used.Mad-X may be used alone to apply LET, implementing misalignments,installing the new elements, applying correction and doing iterations.Anyway MAD-X does not allow complete freedom. The are three mainlimitations given by the use of this code:
• No flexibility in changing the correctors and monitor schemeThis operation requires to install the elements either one by one orby means of macros, but both methods require to act on the latticestructure by hand, while it would be wise to have a procedure ableto realize the same kind of positioning even if the lattice itself ismodified. This is very important in project design phase, whenfrequent modifications are applied.
• Fixed Correction Correction may not be handled to include DRM,CRM and βRM. As described in the previous chapter, the correc-tion scheme used is very sensible and it is important to be ableto tune it appropriately to have a optimal selection of kick values.
• Limited plots Plots are limited to few internal variables reducingdrastically the graphical capabilities, and the ability to show dif-ferent variables for the same simulation without producing everytime the plots for all variables.

Anyway the use of Mad-X is necessary for the simulations of the accel-erator. All the parameters of interest, like emittance, dispersion, closedorbit, ecc. are still calculated within this code.To solve the problems raised by the use of Mad-X and allow furtherimprovements like the capability to calculate the Response Matrices, aMatlab Graphical User Interface (GUI) was developed ( a screenshot ofthe tool is shown in figure 3.1).This interface is capable to realize:
• Interactivity with Mad-X, graphic interface and Mad-X input

definition This solves the first problem. It is possible to define ormodify the correctors and monitor distribution in the acceleratorin a very quick way. The elements are installed in the lattice
48
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Figure 3.1: Matlab tool built and used for simualtions

sequence using a Mad-X macro written on the simulation inputfile by Matlab.
• Dispersion coupling and β-beating Free Steering Matlab sup-ports all the calculations relative to the correction and feeds theresults to Mad-X. Also the response matrix calculation may betriggered from the interface, so that Matlab writes on the Mad-Xinput all the commands necessary for the measurement of the or-bits and then reads the output files to build the matrices, that aresaved and may be reloaded in next simulations.
• Show and save plots All the variables of interest are stored infiles produced by Mad-X. Matlab displays this information in themost appropriate way, according to the kind of simulation wanted(single or multiple errors) and may also give informations aboutthe correction procedure, like kick values at every simulations. Theplots of interest may then be saved and edited offline. This maybe done at any time since the program saves all the simulationsin folders with all the necessary files, and allows, for example, tosuperimpose simulation results for easier comparisons.
• Analyze ANY sequence This is a major advantage of the in-terface. The tool may quickly analyze any ring, i.e. it is notexclusively dedicated to SuperB.
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• Multiple errors in any element Also the description of errorsrequires to modify the code in Mad-X considerably. Using the GUIthe errors may be defined simultaneously for any element with thedesired distribution variance, so that, for example, quadrupole andsextupole alignment errors may have different distributions in thesame simulation.
• Varying variances To determine the tolerated values it is inter-esting to analyze the behavior of the lattice when the variance ofthe simulated errors changes. This may be done using Matlab inan easier way compared to the use of nested macros and loopsin Mad-X, that is actually limited to no more than two level ofnesting.
• Interaction Region Errors Since the Interaction Region needsspecial care, it may be wished to assign different misalignmenterrors to this region, or to study the effects produced in the FinalFocus by errors in the arcs. This is again possible using the GUIto define the Mad-X input for this purpose.

This tool is actually a deep mixture of Mad-X and MATLAB but Mad- Deep mixture of
Mad-X and
MATLAB

X is responsible for all the simulations. The schematic description ofthe procedure followed by the tool is described in Appendix.
3.1 TESTS OF MISALIGNMENTS
A few tests of the application of the misalignments via the Interfacedescribed in the previous section were performed to be confident in theuse of the tool. Two situations of misalignment with predictable resultswere considered:
• With no vertical misalignments, no vertical orbit is expected. InFigure 3.2 the Mad-X output for orbit and dispersion for a machinewith random misalignments with 100 µm rms in the x plane forSextupole and Quadrupoles is shown. As expected, there is no Yorbit nor Y dispersion.
• If only tilts in quadrupoles exist, the orbits will not be affected,while in the Y plane dispersion will appear.Figure 3.3 shows orbit and dispersion when 300 µrad rms tilt areapplied to quadrupoles. The simulation appears to work properly.
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(a) Orbit . (b) Dispersion.

Figure 3.2: Mad-X output for 100 µm X rms misalignment for
Quadrupoles and Sextupoles. No correction applied

(a) Orbit . (b) Dispersion.

Figure 3.3: Mad-X output for 300 µrad rms tilt for Quadrupoles. No cor-
rection applied

To further check that the misalignments are applied correctly the in-troduction of theoretical predictions, in presence of particular kinds ofimperfections, can be useful. The quantities introduced are: the Orbit
Amplification Factor due to quadrupole vertical displacements and the re-lations between vertical emittance and sextupole vertical misalignmentsand quadrupole tilts [45][46]. Amplification

Factor
• In presence of quadrupole misalignments (yquad) the root meansquare amplitude of the errors and that of the orbit (yco) are re-lated by the amplification factor A as:√

〈y2co〉 = A

√〈
y2quad

〉
(3.1)



3.1 TESTS OF MISALIGNMENTS 52

A2 ≈
〈βy〉

8 sin2(πνy)

∑
quads

βy(K1L)
2 (3.2)

where νy is the vertical tune, the angle brackets represent theaverage around the machine and K1L is the integrated strength ofthe quadrupoles. The Closed Orbit amplitude is highly influencedby the particular set of misalignments used, so the error distribu-tion is wide and the amplification factor of equation 3.2 representsthe average over a large number of machines.In Figure 3.4 a linear fit is applied to the distribution of rms orbitobtained by 10 simulations for 10 different misalignment variances,showing how, for small errors, the simulations agree.

Figure 3.4: Amplification Factor: Closed orbit amplification due to
quadrupole vertical displacements

• The second theoretical prediction involves sextupole misalignments.These errors, as discussed in the second chapter, introduce in thelattice the equivalent of a quadrupole in the horizontal plane, askew quadrupole in the vertical plane and two kicks. This affectsthe orbit in both planes of the machine, introducing coupling and
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β-beating. The vertical emittance is linked to the rms verticaldisplacement of the sextupoles by the following relation
εy ≈

〈
y2sext

〉 Jx [1− cos 2πνx cos 2πνy]

4Jy [cos 2πνx − cos 2πνy]
2
εx

∑
sexts

βyβx(K2L)
2

+
〈
y2sext

〉 Jzσ
2
δ

4 sin2 πνy

∑
sexts

βyη
2
x(K2L)

2 (3.3)

where J are the partition numbers, ν the tunes, β the beta func-tions, ε the emittances and K2L the integrated strength of thesextupoles. In the second term σδ is the rms energy spread and
ηx is the horizontal dispersion. Also this equation considers aver-aging over many machine sets of errors, and again the distributionof emittances will be wide. Figures 3.5 shows these distributionsobtained simulating 10 different set of misalignments for 10 dif-ferent error variances. A quadratic fit of the simulations and thecurve described by equation 3.3 are superimposed for comparisonto the simulations.

X=Y
sext

Figure 3.5: Influence of Vertical sextupole displacements on vertical emit-
tance (m rad)

• Also quadrupole tilts in the transverse plane (∆ψ), may be ana-lyzed in the same way, and theory again gives an estimate of the
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effect of these errors on vertical emittance. The relation betweenvertical emittance and quadrupole tilts θquads is:
εy ≈

〈
θ2quads

〉 Jx [1− cos 2πνx cos 2πνy]

4Jy [cos 2πνx − cos 2πνy]
2
εx

∑
quads

βyβx(K1L)
2

+
〈
θ2quads

〉 Jzσ
2
δ

4 sin2 πνy

∑
quads

βyη
2
x(K1L)

2 (3.4)

that is exactly the same as the previous one, except for the pres-ence of integrated kick strengths over all quadrupoles. The com-parison of 3.4 with simulations (quadratic fit) is shown in Figure3.6.

X=θ
quads

Figure 3.6: Influence of Quadrupole Tilts on vertical emittance (m rad)

The second terms of equations 3.3 and 3.4 are due to the influenceof horizontal dispersion on emittance. The quadratic fit is in fairagreement with theory.
This analysis confirms that simulations are consistent with theory.



4 TO L E R A N C E S
With the LET procedure it is possible to determine the emittance ob-tained in an accelerator with realistic conditions of misalignments. Whileup to now the final parameters, (and specifically emittance), ere studiedfor different initial misalignments, the aim of this chapter is to deter-mine the set of misalignments that may be tolerated by an acceleratorwithout exceeding the design values of emittance. This study is piv-otal in the design of the machine, since it allows to determine at whichlevel of precision the elements need to be placed in order to obtainthe designed Luminosity. In the analysis performed all the errors areconsidered simultaneously, producing a realistic simulation of the corre-sponding effects, as the correlations among the different imperfectionsare also taken into account.
4.1 ANALYSIS SETTINGS
ElementsAll the analysis has been performed for the SuperB lattice but the FFsection. The Final Focus is not currently considered due to complica-tions given by strong quadrupoles and high beta-functions. For thisreason a more sophisticate tuning procedure has to be developed evenif the same tools may be used.The lattice β function (black βx and red βy) and the dispersion (green)under study are shown in Figure 4.1.Through the GUI, 168 monitors and correctors are installed in bothplanes: they are placed at every quadrupole, sextupole and octupole, ifthe constraint of a free space of at least 40 cm is fulfilled. At the centerof this available space the corrector is placed.The resulting distribution is abundant for the arcs where there areabout 6 correctors per cell. For this reason studies on the optimalminimization of the correctors layout are useful. An example of theresult obtained with a restricted set of four correctors and monitors percell is shown at the end of this chapter.

55
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Figure 4.1: Lattice for SuperB (Version V12) without final focus

CorrectionTo apply the correction we need to measure the matrices for orbit steer-ing, and to set the optimal parameters for correction. Figure 4.2 showsthe orbit, dispersion, coupling and β-beating response matrices used forthe calculation of the correction kicks.Two independent kicks are applied to calculate the response matrixin the two directions. The kicks used are: in the X plane 10 µrad, inthe Y plane 5µrad. This is chosen because the βy is generally largerthan βx especially in the region where the fixed kicks (see section 2.3.3)used for calculation of the coupling and β-beating response matrix areselected (long straight in the lattice). With this choice the amplitudeof the oscillation induced by the fixed correctors (see appendix A.1) isapproximately the same for the two directions. There is no effect on thecalculation of the Orbit and Dispersion Matrices given by the selectionof this particular kick values.To use the matrices for the correction in the form described in 2.16,it is necessary to determine the best values of three parameters: the"relative" weights α and ω and the number of kick singular values to beused (kick eigenvectors). To determine the optimal values of the weights
α and ω Table 4.1 reports the vertical emittance εy for various couplesof relative weights .
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(a) Orbit Response Matrix.

(b) Dispersion Response Matrix.

(c) Coupling Response Matrix (y plane).

(d) β-beating response matrix (x plane).

Figure 4.2: Response Matrices
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DFS (α)

CFS (ω) 0% 10% 20% 30% 40% 50% 60% 70%

0% (0) 9.641 2.324 0.152 0.461 0.847 1.129 1.293 1.354

0.5%(0.00125) 3.307 0.0484 0.0307 0.024 0.021 0.021 0.023 0.025

1% (0.0025) 3.612 0.052 0.039 0.033 0.028 0.025 0.022 0.021

4% (0.01) 1.481 0.061 0.043 0.043 0.042 0.041 0.039 0.038

8% (0.02) 5.284 0.155 0.054 0.047 0.044 0.043 0.042 0.043

12% (0.03) 7.375 0.401 0.067 0.052 0.046 0.044 0.044 0.044

40% (0.1) 3.377 1.238 0.732 0.537 0.394 0.117 0.082 0.065

80% (0.2) 16.113 1.683 1.116 0.824 0.710 0.628 0.547 0.482

Table 4.1: εy pm rad vertical emittance for various relative weights. Every
entry is result of one simulation with 100 µm vertical misalign-
ment in the vertical plane corrected only in the vertical plane.
Bold entries for εy < 6× 10

−2 pm rad. CFS is Coupling and β-
beating Free Steering and DFS is Dispersion Free Steering

Every entry is result of one simulation with 100 µm vertical misalign-ment in the vertical plane for quadrupoles and sextupoles, corrected onlyin the vertical plane with 65 eigenvectors. The same seed is used for allsimulations. The "relative" weight omega is a misleading quantity sinceit’s influence is 4 times bigger than that of the parameter α since itappears in front of four matrices instead of only one. As a consequencein the Table 4.1 is reported an effective percentage of influence on thecorrection.To help in the selection of the weights the entries that are below
6× 10

−2 pm rad are evidenced in bold. The very broad minimum areaallows to select among these values with freedom. In this sense thevalues chosen in this region are optimal for all simulations performedalso with different variances of error distributions. It is also evident fromthe Table that using the two methods alone (first row and first column)does not lead to optimal results. The selected values for the simulationsare α = 0.49 and ω = 0.01, being at the center of the vertical emittanceminimum area.Figure 4.3 shows vertical emittance (decreasing, left log scale) andrms vertical kicks strength (increasing, right linear scale), for the three
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different orbit steering techniques, as a function of the number of kick sin-gular vectors used in the SVD inversion of the Response Matrices (seesection 2.3.1). This vectors are ordered for decreasing eigenvalues andit is expected that the last kick singular vectors are small and localizedbumps and do not influence the correction, while in fact they increasethe root mean square kick. For this reason they may be excluded formthe calculations.

[m
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]

[r
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]
Number of kick singular vectors

Figure 4.3: Vertical emittance and applied kick rms as a function of the
number of kick singular values used. The dotted black lines
are built using only orbit correction (o), the segmented ones
using Orbit and Dispersion Free Steering (o+d, α = 0.5), and
the red lines add to the blue ones Coupling and β-beating Free
Steering (0+d+c+β, α = 0.5, ω = 0.01)

The correction applied in the simulations uses 65 kick singular vectorsout of 168.In Figure 4.3 the improvement given by the use of CRM and βRM Re-sponse Matrices is again evident, producing for any set of kicks applied,vertical emittances a factor 10 better than Dispersion Free Steering anda factor 100 better then Orbit Free Steering.
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4.1.1 Correction reiteration
Having set all the parameters for a single correction, the optimal schemefor correction reiteration must be determined.In the previous chapter it has been shown that all response matricesare calculated when errors are still not applied to the lattice to allow aspeedier computation. This choice has two advantages: firstly it allowsto proceed in the calculation only once and not for every different set oferrors; secondly it allows to be sure that the calculation will terminate.The disadvantage is that the response matrices obtained are not perfectfor the misaligned lattice. To solve this problem correction reiterationis applied following equation 2.18.In the SuperB cell lattice without misalignments, the nonlinear effectdue to sextupoles should cancel. To limit the effect of "imperfect" sex-tupoles on the orbit a pre-correction is performed with sextupoles off. Pre-correctionPre-correction steering may also be reiterated. In Table 4.2 is shownthe obtained vertical emittance varying the number of iterations with sex-tupoles on and off, for vertical misalignment of quadrupole and sextupolewith 100 µm variance.

iterations

sxt off sxt on εy (pmrad) time (s)

1 1 6.526 10−2 23.6

1 2 2.371 10−2 37.8

1 3 3.290 10−2 48.4

1 4 4.094 10−2 60.1

2 1 3.655 10−2 35.8

2 2 3.876 10−2 47.2

2 3 4.501 10−2 59.8

2 4 1.584 10−2 73.8

Table 4.2: Vertical emittance obtained with different correction reiterations

The choice of the number of iteration is also driven by time issues.Good correction and time consumption are obtained for 1 iteration ofpre-correction and 2 iterations of complete correction.
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4.2 TOLERANCE TABLE
To study the machine tolerated errors, the analysis considers all the tol-erated errors at the same time and not one by one. Furthermore there isno comparison with the machine model in the correction scheme, so nofitting procedures are to be used, but only data from simulations or ex-perimental measurement, if available. The errors that will be consideredare: quadrupole tilts (∆ψ), quadrupole and sextupole misalignments (∆xand ∆y) and monitor offsets.The aim of the computation is to define the values of the rms misalign-ments that, will produce, after correction, vertical emittances of less than5 pm rad and horizontal emittances of less than 2 nm rad.Many procedures may be used to define these tolerated errors. Ev-idently the different misalignments are strictly correlated both by thecoupling (introduced in the orbit by imperfections like tilts and verticaldisplacements of sextupoles) and by the alignment systems that may beused. For this reason it is important to study the error kinds separatelyand then merge the results in a single simulation to evidence the influ-ence of the single errors and determine the maximum tolerated valuesfor every one of them. The following procedure is used:

1. misalignments of sextupoles, misalignments of quadrupoles, tiltsof quadrupoles and BPM offsets are analyzed separately for in-creasing variance form 100 to 500 µm or µrad (5 simulations for6 different variances). The emittance obtained after correction forthese errors are shown in Figure 4.4.
2. a smaller interval of variances is selected, for all the differenterrors, close to the region that leads to emittances distributioncompletely contained under 0.1 pm rad.
3. these interval of variances are applied together and the toleratedvalues are selected as the maximum ones giving a distributioncompletely contained under the 0.5 pm rad threshold.

As a result of this analysis the combination of all the imperfections givesa vertical emittance of less than 1pm for the tolerated values.Figure 4.4 shows that with the use of the new correction schemethat considers also coupling and β-beating (see 2.3.3), errors like mon-itor offsets and quadrupole displacements have small effect on the finalemittance and the tolerated values may be higher.On the other hand the big influence of sextupoles misalignments wasexpected either owing to the particular lattice composition of SuperB
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Figure 4.4: Vertical Emittance (m rad) vs: misalignments of sextupoles,
misalignments of quadrupoles, quadrupole tilts and BPM off-
set errors. Every point is the average of 5 simulations.

either to the fact that sextupoles are used with this correction scheme ascorrectors themselves so that their positioning becomes more relevant.The tolerated values resulting from the procedure above are listed inTable 4.3.
rms BPM misalignment 400 µm

rms quadrupole vertical misalignment 300 µm

rms quadrupole tilt 300 µrad

rms sextupole vertical misalignment 150 µm

rms sextupole horizontal misalignment 150 µm

BPM horizontal resolution 1 µm

BPM vertical resolution 1 µm

Table 4.3: Tolerance table for εy < 1× 10
−12 m rad vertical emittance
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The emittances obtained applying at the same time all the values ofTable 4.3 (but the BPM resolutions) are shown in Figure 4.5, before andafter correction. All the simulations presented lead to values of the verti-

Figure 4.5: Vertical emittance (m rad) in presence of misalignments tilt and
BPM offset errors from Table 4.3. 50 simulations

cal emittance lower than 1 pm rad, and on the average 0.184 pm rad areobtained. For the same simulations, the average horizontal emittance is1.27 nm rad and the distribution is contained under 1.35 nm rad. For thedetermined tolerated values both the emittances distributions are muchlower than the thresholds determined by IBS (5 pm rad for the verticalemittance and 2 nm rad for the horizontal emittance) while the errorsapplied are well within the achievable technology limits.
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4.2.1 Monitor Reading Errors
Monitor resolution errors influence the orbits to be corrected and forthis reason they need special care and understanding.To evidence the effect produced by the BPM resolution these errorshave been studied in the perfect lattice (so that, looking back at 2.19,only ~RM is present). Their influence on the vertical emittance beforeand after correction is shown in Figure 4.6.

Figure 4.6: Vertical emittance (m rad) due only to increasing BPM reading
error before and after correction

Before correction the emittance increases due to the application ofkicks to the perfect orbit in the pre-correction: the orbit readings arenon zero, due to the BPM errors, so the kicks applied are effectivelyonly spoiling the orbit. After correction there is no improvement, sincethe quantities used for correction have random values. While monitoroffsets are fixed throughout all the simulation and in the case of dis-persion coupling and β-beating (defined by a difference of orbits) theireffect systematically cancels, for monitor reading errors the influenceis unpredictable and changes at every orbit reading. This sensitive in-fluence on the other hand may became useful since it allows to detectmisbehaving BPMs using the Response Matrices (see for example [47]).Including a 1 µm BPM reading error, the simulations of the imperfec-tions in Table 4.3 returns a wider distribution but still gives values notmuch grater than those obtained using perfect monitors ( Figure 4.7 ).
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Figure 4.7: Vertical emittance (m rad) in presence of misalignments, tilts,
BPM offset errors and BPM resolution from Table 4.3. 50 simu-
lations.

4.3 SMALLER SET OF CORRECTORS
To show the relevance of the distribution of BPM and corrector magnets,the same procedure is applied removing particular correctors and mon-itors from the previous disposition. The set of installed elements nowcounts 114 horizontal and vertical correctors and monitors (instead of168), placed as in the complete simulation. The analysis is performedusing the same correction parameters and misalignment variances (Ta-ble 4.3). The number of kick singular vectors used is changed to 50 tooptimize kick rms and final vertical emittance. The vertical emittanceobtained before and after correction for 50 simulations is summarized inFigure 4.8.The average final vertical emittance, with this smaller set of correctors,is 2 times larger than the one obtained with the complete set and thedistribution overruns the 1 pm threshold for a 5%. The reduced numberof correctors and monitor is an advantage for cost and operation, but onthe other hand, diagnostics and handles on the machine behavior arenever in surplus in an accelerator. A trade off has to be found.
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Figure 4.8: Vertical emittance (m rad) in presence of misalignments, tilts,
BPM offset errors and BPM resolution from Table 4.3, with a
smaller set of 114 correctors and monitors instead of 168. 50

simulations.

On the other hand by this simulation it is clear that the number ofcorrectors and monitor may be reduced without affecting the correction.



5 C O N C L U S I O N S
"I have made the wrongmistakes" Thelonious Monk(after an unsatisfactoryJazz improvisation)

Misalignments, tilts and resolution of BPM influence the performanceof SuperB collider, affecting the final vertical emittance and drasticallyreducing the machine achievable luminosity. For this reason it is criticalto determine how well magnets have to be placed and which kind ofcorrection should be applied to achieve results as close as possible tothe design.In this thesis the analysis of alignment imperfections has been per-formed considering everything that may influence the final emittance:the position of the diagnostic and correctors and the calculation of thecorrection.This procedure, called L.E.T., has been carried on by means of a newtool with a graphical interface, ensuring the analysis to be developedin an easy, fast and flexible way. The tool relies on Matlab and Mad-X,(used respectively for interface and simulation) and may either set all theparameters of the simulations and calculate all the necessary quantitiesautomatically, including the Matrices necessary for the correction. Thesame tool is also an interface to the simulations result, so allowing tohave access to many relevant variables (for example the final verticalemittances).All the simulations are performed considering only information re-trieved from monitors and the correction of the orbit generated by ran-dom misalignments is performed using only dipole correctors (no cou-pling correctors). The values of the correction kicks are obtained viaSingular Value Decomposition (SVD) of a composition of Response Ma-trices for orbit (ORM), dispersion (DRM), coupling (CRM) and β-beating(βRM). Three different possible correction schemes are analyzed, and itis shown that the introduction of Coupling and β-beating Free steering Coupling and
β-Beatingis fundamental for the final results, enabling the correction to minimizethe emittance.
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5 Conclusions 68
The correction calculation is tuned for best performance and appliedsystematically to determine the maximum tolerated misalignments forSuperB HER arcs quadrupoles and sextupoles and the needed BPMresolution.An interval of tolerated values is determined independently for everymisalignment studied, setting a low threshold respect to the total tar-get. This intervals are then further optimized (to obtain a single valuefor every imperfections) in a simulation where all the imperfections arestudied at the same time. This allows to have tolerated values that con-sider correlations between the imperfections and that lead to simulationsalways under the design value.Applying random distributions of errors with the determined toleratedvalues of misalignments to the design lattice a vertical emittance (aftercorrection) of 0.183 pm rad is achieved, much lower than the design of5 pm rad. This incites for further simulation of further errors, like the εy < 5 pm radintroduction of the Final Focus magnets and the study of field errors.Also the effect of BPM reading errors, that influence the correctioncalculation, are investigated showing that currently available monitorsmay be used in SuperB design without influencing the tolerated valuesof misalignment. The tolerances reported are for the SuperB HER butthe same procedures are being applied to LER: in the present StudyFinal Focus is not included.To evidence that optimization is possible a different scheme of correc-tion with a smaller number of monitors and correctors was also simulatedand compared to the "complete" one. After removing one third of the in-stalled correctors and monitors the average vertical emittance is doublewith respect to the complete set, but still one order of magnitude underthe design limit.The tolerances obtained in this thesis are necessary to determine theachievable Luminosity in realistic conditions of machine imperfections,to determine the optimal corrector and monitor distribution and to definean adequate correction method. The new correction method requires tobe tested on a true beam, and the DIAMOND light source has acceptedto give machine time in this purpose. In fact the results obtained arefocused on SuperB Arcs but the procedure and tool developed may berapidly and easily used by any accelerator.



A T H E O R Y B A C KG R O U N D S
"Whatever is not expresslyforbidden is mandatory."R.P Feynman

A.1 ACCELERATOR THEORY
Some definitions that may be useful for a reader that does not haveany background on accelerator physics are listed here. For a completeresume of Accelerator Theory and formulae see [48] and [26].
Local Reference System
The local reference system used in circular accelerators is shown infigure A.1

Figure A.1: Local Reference System

The reference orbit consists of a series of straight line segments andcircular arcs. It is defined under the assumption that all elements areperfectly aligned. The accompanying tripod of the reference orbit spansa local curvilinear right handed coordinate system (x,y,s).
69
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The local s-axis is the tangent to the reference orbit. The two otheraxes are perpendicular to the reference orbit and are labelled x (in thebend plane) and y (perpendicular to the bend plane)

Twiss parameters.
Twiss parameters describe the motion of particle of an acelerator interms of the ellipse occupied in the phase space (x,x’). This parametersare β, α and γ function.

Figure A.2: Twiss parameters

The β function describes the amplitude of the oscillations in the ac-celerator at every location.
Emittance
Emittance ε is the area of the ellipse in phase space occupied by theparticle of the beam. A small emittance represents a beam that occupieslittle space and has very small transverse momentum. In the case ofelectron beams this quantity is determined by the equilibrium betweenthe synchrotron radiation damping and the quantum fluctuations[26].
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Dispersion
The displaced equilibrium orbit for momentum p = p0 +∆p is given interms of the momentum dispersion function D,

x(s) = D(s)
∆p

p0with D(p, s+C) = D(p, s) (C is the Circumference and s the positionon it.). D satisfies an inhomogeneous Hill’s Equation
D" + (Kx

p0

p
−
1

ρ2
∆p

p0
)D =

1

ρ

p0

pwhere ρ is the radius of curvature for p0, and Kx represents the strengthof the quadrupoles in the ring.
Coupling
The equation of motions in the transverse planes are:

x" +Kx(s)x = S(s)y+ R(s)y ′ +
1

2
R(s) ′y

y" +Ky(s)y = S(s)x+ R(s)y ′ +
1

2
R(s) ′ywith

S =
B ′skew
Bρ

R =
Bs

Bρ

B ′ =
∂B

∂x
B ′skew =

∂Bskew

∂x
R ′ =

∂R

∂sThe S and R terms arise from skew quadrupole and solenoidal fields. Theequations are linear periodic coupled equations, and show the influenceof one orbit on the other.
Tune
The number of oscillations per turn in a cyclic accelerator is the tune,

ν =
1

2π

∮
ds

βTune may not have any value in an accelerator. To avoid resonances(see [26]), for which the influence of magnetic elements would deter-mine beam loss after some turns, this quantity needs to be an irrationalnumber.
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Figure A.3: νy = 2.5. Quadrupole effect in the vertical plane if tune is
multiple of half integer, known as half-integer resonance.

For example let us take Figure A.3 where is shown, in the transversevertical phase space (normalized), the effect of a focusing quadrupolewith a tune of νy = 2.5. At every turn the divergence y ′ (β is constant)and the position y increase, causing beam loss. This is called a secondorder or half integer resonance. For sextupoles this is true if the tuneis a multiple of 1/3 (third order resonance) and, in general, consideringal multipoles, the tunes need to be irrational numbers to avoid thisresonances. Any way, higher order resonances are not strong producingeffects only after many turns.If motion is coupled it may be possible to arise also sum and differencebetatron resonances. Those are described by:
mνx ± lνy = nwhere m, l,n are integers with m, l 6= 0.Tune diagrams as in Figure 1.7 may be built to show the best tunesto chose to have a large available working area.

Synchrobetatron resonances
Synchrobetatron resonances are due to coupling between the longitu-dinal and transverse motion. Those arise when the following relationamong the transverse (x,y) and longitudinal (s) tunes ν subsists:

mνx + lνy + kνs = n
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where m, l,k,n are integers with m, l,k 6= 0. This resonances reducelifetime drastically and limit the performance of circular accelerators.The main mechanism for excitation of this resonances are: dispersion insextupoles, dispersion in RF cavities and beam beam interaction at acrossing angle.
Dipole Kick
The effect of a dipole kick producing a deflection θ on the orbit is thefollowing:

y(s1) =
1

2
β(s1)θ(s1) cotπν(where ν is the tune) giving a sinusoidal orbit. The consequent orbitvariation expressed in terms of Twiss parameters is

y ′(s1) =
1

2
θ(s1) [1−α(s1)cotπν]

Figure A.4: Dipole kick

Hourglass effect
We may write the luminosity at the IP as

L =
2I2B

4πe2f0εβ∗

√
k ′

k
H(r,ν0,α) (A.1)

r =
β∗
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]
(A.3)
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where H is the hourglass effect, I the beam currents, B the number of Flat Beam

hourglass effectbunches and K0 the modified Bassel function.Plot of the effect for α = 0.0025 and ν0 = 0.065 is shown in Figure A.5.
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Hour glass effect for flat beam alpha=0.0025 nu=0.065

Figure A.5: Hourglass effect in function of r = β∗

σs

From this equation it is clear that βy needs to be not smaller thanthe bunch length to avoid a luminosity reduction due to hourglass effectwhile high luminosity is evidently obtained decreasing the bunch length
σs as it is clear from equation A.1 [49].More generally, for an asymmetric collider this effect is defined by[50]

L
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∫+∞
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(A.4)

t2x =
2(σ∗2x+ + σ∗2x−)

(σ2s+ + σ2s−)(
σ∗2x+

β∗2x+
+
σ∗2x−

β∗2x−
)

(A.5)

where a similar equation for ty holds, +/− indicates the energy andthe ∗ indicates the IP. These relations confirm in the general case thatsmaller β for both beams leads necessary to smaller bunch length toavoid the influence of Hourglass effect.
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Synchrotron Integrals
Beam parameters in a storage ring are modified by the emission pro-cess of synchrotron radiation. These effects are governed by radiationintegrals.
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ds
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1
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ρ3
ds,

γ is the Lorenz factor. Integrals are taken around the ring, ρ is the localbending radius, D and D ′ the local dispersion and dispersion derivativeand α and β the Twiss parameters.
Flat beams
For the parameterization of flat beams, we take

εx = ε

εy = kε

β∗y = β∗

β∗x =
β∗

k ′

ν0 =
ασs√
β∗xε

= ασs

√
k ′

εβ∗

where ε is the equilibrium emittance, k << 1 is the coupling parameter,
k ′ =

β∗y
β∗x

<< 1 is the flatness parameter, and α is the half crossingangle.
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A.2 CKM
In the Standard Model (SM) there are 3 families of quarks, (u,d), (c,s)and (t,b). While strong interactions occur only within families, conserv-ing flavor, weak interactions may mix flavors. This mixing is described Mixing and CKMby The Cabbibo-Kobayashi-Maskawa Matrix:

VCKM =

 Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb


so that  d ′

s ′

t ′

 = VCKM

 d

s

t


are the eigenstates of weak interactions.The VCKM matrix has to be a unitary matrix (VV† = 1) due to localgauge invariance and conservation of baryon number. To account forthis the following relations need to be true:

V∗udVcd + V∗usVcs + V∗ubVcb = 0 (A.6)
V∗udVtd + V∗usVts + V∗ubVtb = 0 (A.7)
V∗cdVtd + V∗csVts + V∗cbVtb = 0 (A.8)
VudV

∗
us + VcdV

∗
cs + VtdV

∗
ts = 0 (A.9)

VudV
∗
ub + VcdV

∗
cb + VtdV

∗
tb = 0 (A.10)

VusV
∗
ub + VcsV

∗
cb + VtsV

∗
tb = 0. (A.11)The matrix may be written in the Wolfstein parameterization (third order)as:

VCKM =

 1− λ2

2 λ Aλ3(ρ− iη+ iηλ
2

2 )

−λ 1− λ2

2 − iηAλ4 Aλ2(1+ iηλ2)

Aλ3(1− ρ− iη) −Aλ2 1


where λ,A,ρ and η are the 3 parameters and the phase. The variables

λ and A are well known since they are determined by the Cabibbo angle,so the attention is focused on ρ and η. Equations from A.6 to A.11 maybe represented in the complex plane in the so called unitarity trianglesas in Figure A.6.This triangle (eq. A.11) is the most appealing among the 6 possiblesince the sides are of the same order of magnitude λ3.



A.3 TOOL OPERATIONS 77

Figure A.6: Unitary Triangle

A.3 TOOL OPERATIONS
Below is a schematic description of the procedure followed by the toolto realize the simulations.
• Define Input All the commands for Mad-X are written by Matlabon the input file, reading from the interface the settings to be ap-plied for elements installation, misalignment, number of iterationsfor simulations and correction parameters. The interface itself trig-gers same preventive calculations to retrieve information from thesequence loaded as the elements names and their positions. Atexecution of the Start button everything is fixed and the input fileis fed to Mad-X.
• Install Elements Any element in the sequence may be selectedto have a corrector, a monitor or a skew quadrupole installed af-ter it. Matlab, recognizes if there is free available space in thesequence and gives instructions to Mad-X to place the elementat the center of that space. A constraint on the minimum amountof free space after the element is also possible to be sure thatthe space necessary for the real element to be installed is avail-able. This operation is done only for the first simulation and thecomplete sequence is saved to be used directly in the other sim-ulations. SuperB does not have correctors and monitors installedin its present version, so in the analysis they are all set via the
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interface. If the lattice already contains BPM, correctors and skewquadrupoles, they will of course be considered in the simulations.
• Calculate Matrices If the calculation of response matrices is re-quired, Matlab adds at the beginning of the input the necessarycode to calculate all the orbits and before correction takes placeit uses the produced files to build the response matrices that willbe used in the simulations. This calculation takes place only once,before misalignments are applied to the lattice.
• Simulate It is possible to set simulations for any range of vari-ances, to decide the number of simulation iterations for a singlevariance and the number of steps to be taken in the given range.For this purpose the code repeats the following procedure chang-ing the seed of misalignments at the beginning of every simulation:

– Apply Misalignments Misalignments are applied to theelements in the machine. The values of the different mis-alignments for every element are selected from truncatedgaussians with the variances determined by the current stepwithin the intervals defined by the user for that particularelement and error. To start the correction a first reading ofthe machine orbits is made with sextupole off.
– Apply BPM reading errors Turn by turn errors are imple-mented at this stage using Matlab. At every reading givenby MadX, Matlab adds a random value distributed as thedesired resolution. In the construction of the response matri-ces, these errors are not taken into account, like all the otherimperfections.
– Correction re-iteration For what concerns the Steering pa-rameters the GUI enables a quite flexible interface. Relative Steering Settings

on the GUIweights α and ω may be set independently while keepingthe constraint that their sum is at most 1. It is also possibleto build a plot to determine the optimum number of eigenvec-tors setting the starting point and the number of eigenvectorto study via the scan edit button. The plot obtained may thenbe seen via the plot interface. The correction parameters areloaded and correction re-iteration is performed according tothe settings given by the user following these two steps:∗ Apply Correction Matlab calculates the correction in-dependently in the two planes and rebuilds a new Mad-Xinput to calculate the effect of the correction.
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∗ Read orbits At the end of every simulation with correc-tion applied all the quantities constrained by the cor-rection are recalculated for reiteration of the procedure.The twiss command is used to determine the orbits atthe BPM and the emit command is used to calculate theemittances.∗ BPM errors Turn by turn reading errors are appliedagain.It is also possible to apply a pre-correction of the orbit (reit-eration is also possible) with sextupoles off.

– Store Results The last measured parameters are stored infiles.
• Plot Results The user may now ask for a number of variable tobe plotted in the interface. The quantities that may be shown andeventually saved are (in both planes):

– emittance
– rms orbit
– rms dispersion
– orbit at monitors
– dispersion at monitors
– measured coupling at monitors
– measured beating at monitors
– measured coupling at monitors
– response matrices
– applied misalignments
– relative difference from design dispersion
– maximum dispersion
– rms coupling
– rms β-beating (βu−βuD

βuD
)

– β-beating
– square sum of coupling matrix elementsAll these quantities, except for matrices, are shown before andafter correction. The tool automatically selects the best kind ofplot according to the number of steps selected for the simulations.In the case of a single variance histograms of the of the wishedparameter are plotted. While, for multiple steps, plots like thosepresented for the correction scheme comparison in chapter 2 areproduced, where the dot is the average of the distribution, and the
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error bars represent the 5th and 95th percentile of the distributionobtained for that particular set of misalignment variances.

More tool capabilities
The tool developed has also other capabilities developed under the in-fluence of parallel activities. These are:
• Convert sequence of misaligned elements to SLIM compatible for-mat, and convert SLIM to MADX
• Draw view of sequence as parallelepipeds of different colors (onefor every element)
• Plot from previously saved file
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