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Orbit correction:
• MICADO & SVD from MAD-X

• Hor. corrector at each QF, Vert. corrector at each QD
1598 vertical correctors / 1590 horizontal correctors

• BPM at each quadrupole
1598 BPMs vertical / 1590 BPMs horizontal  

Vertical dispersion and orbit:
• Orbit Dispersion Free Steering (DFS)

Linear coupling:
• Coupling resonant driving terms (RDT)

• 1 skew at each sextupole

Beta beating correction & Horizontal dispersion via Response Matrix:
• Rematching of the phase advance at the BPMs

• 1 trim quadrupole at each sextupole

For n trim quadrupoles which can exercise a small field strength k1, the
weighted SVD can be applied through adding weighting factors f to each mea-
surement of the beta-beat.
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where �y0 is the ideal beta function at the given BPM, Ri,j are elements in the
response matrix.

Correction tools
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Assigning misalignments
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- Misalignments are randomly distributed via a Gaussian distribution, truncated at 2.5 sigma.
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Assigning girder misalignments

- 2 independent DX and DY misalignments for each end of the girder, and which can be used to calculate 
DTHETA and DPHI.

(not to scale)
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<latexit sha1_base64="VRsQzaXY2fc7M9BVXReyoAuTPAQ=">AAAB/HicbVDLTgJBEJzFF+IL5ehlImviiewSjR6JevCIiTwMEDI7NDBh9pGZXiPZ4K948aAxXv0Qb/6NA+xBwUo6qVR1p7vLi6TQ6DjfVmZldW19I7uZ29re2d3L7x/UdRgrDjUeylA1PaZBigBqKFBCM1LAfE9CwxtdTf3GAygtwuAOxxF0fDYIRF9whkbq5gt2+xokMmrf291EwyNO7G6+6JScGegycVNSJCmq3fxXuxfy2IcAuWRat1wnwk7CFAouYZJrxxoixkdsAC1DA+aD7iSz4yf02Cg92g+VqQDpTP09kTBf67HvmU6f4VAvelPxP68VY/+ik4ggihECPl/UjyXFkE6ToD2hgKMcG8K4EuZWyodMMY4mr5wJwV18eZnUyyX3tHR2Wy5WLtM4suSQHJET4pJzUiE3pEpqhJMxeSav5M16sl6sd+tj3pqx0pkC+QPr8wczcpPZ</latexit>

�Yquad

<latexit sha1_base64="t7kCu2hiCCEKp4YIcVZirxtxKcY=">AAAB/HicbVDLSsNAFJ3UV62vaJduBhvBVUmKosuiLlxWsA9pQ5hMJu3QySTOTIQQ6q+4caGIWz/EnX/jtM1CWw9cOJxzL/fe4yeMSmXb30ZpZXVtfaO8Wdna3tndM/cPOjJOBSZtHLNY9HwkCaOctBVVjPQSQVDkM9L1x1dTv/tIhKQxv1NZQtwIDTkNKUZKS55ZtQbXhCkErXvLyx9SFEwsz6zZdXsGuEycgtRAgZZnfg2CGKcR4QozJGXfsRPl5kgoihmZVAapJAnCYzQkfU05ioh089nxE3islQCGsdDFFZypvydyFEmZRb7ujJAayUVvKv7n9VMVXrg55UmqCMfzRWHKoIrhNAkYUEGwYpkmCAuqb4V4hATCSudV0SE4iy8vk06j7pzWz24bteZlEUcZHIIjcAIccA6a4Aa0QBtgkIFn8ArejCfjxXg3PuatJaOYqYI/MD5/AA1fk8A=</latexit>

�Ybend

<latexit sha1_base64="iEhkBZC2R9GOYPQCWfBe/bCm4Gs=">AAAB/HicbVBNS8NAEN34WetXtEcvi63gqSRF0WNRDx4r2A9pS9hspu3SzSbsboQQ6l/x4kERr/4Qb/4bt20O2vpg4PHeDDPz/JgzpR3n21pZXVvf2CxsFbd3dvf27YPDlooSSaFJIx7Jjk8UcCagqZnm0IklkNDn0PbH11O//QhSsUjc6zSGfkiGgg0YJdpInl2q9G6Aa4IrDxUv80EEk4pnl52qMwNeJm5OyihHw7O/ekFEkxCEppwo1XWdWPczIjWjHCbFXqIgJnRMhtA1VJAQVD+bHT/BJ0YJ8CCSpoTGM/X3REZCpdLQN50h0SO16E3F/7xuogeX/YyJONEg6HzRIOFYR3iaBA6YBKp5agihkplbMR0RSag2eRVNCO7iy8ukVau6Z9Xzu1q5fpXHUUBH6BidIhddoDq6RQ3URBSl6Bm9ojfryXqx3q2PeeuKlc+U0B9Ynz/xpJOu</latexit>

�Xbend

<latexit sha1_base64="PQowTq+8NRnhQJ/An1BOUkAG9Mk=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WWyEnkpSFD0W9OCxgv2AtpTNZtou3WzC7kYIof4VLx4U8eoP8ea/cdvmoK0PBh7vzTAzz485U9p1v63CxubW9k5xt7S3f3B4ZB+ftFWUSAotGvFIdn2igDMBLc00h24sgYQ+h44/vZn7nUeQikXiQacxDEIyFmzEKNFGGtplp38LXBPsdJ1h5oMIZs7Qrrg1dwG8TrycVFCO5tD+6gcRTUIQmnKiVM9zYz3IiNSMcpiV+omCmNApGUPPUEFCUINscfwMnxslwKNImhIaL9TfExkJlUpD33SGRE/UqjcX//N6iR5dDzIm4kSDoMtFo4RjHeF5EjhgEqjmqSGESmZuxXRCJKHa5FUyIXirL6+Tdr3mXdQu7+uVRjWPo4hO0RmqIg9doQa6Q03UQhSl6Bm9ojfryXqx3q2PZWvBymfK6A+szx/oRZOT</latexit>

�Xsext

<latexit sha1_base64="PuHEHIDU1f9FvFQzvrF2ID9ilf8=">AAAB/HicbVDLSgNBEJz1GeNrNUcvg4mQU9gNih4DevAYwTwgCWF20kmGzD6Y6RWXJf6KFw+KePVDvPk3TpI9aGJBQ1HVTXeXF0mh0XG+rbX1jc2t7dxOfndv/+DQPjpu6jBWHBo8lKFqe0yDFAE0UKCEdqSA+Z6Elje5nvmtB1BahME9JhH0fDYKxFBwhkbq24VS9wYkMlpql/qphkeclvp20ak4c9BV4makSDLU+/ZXdxDy2IcAuWRad1wnwl7KFAouYZrvxhoixidsBB1DA+aD7qXz46f0zCgDOgyVqQDpXP09kTJf68T3TKfPcKyXvZn4n9eJcXjVS0UQxQgBXywaxpJiSGdJ0IFQwFEmhjCuhLmV8jFTjKPJK29CcJdfXiXNasU9r1zcVYu1chZHjpyQU1ImLrkkNXJL6qRBOEnIM3klb9aT9WK9Wx+L1jUrmymQP7A+fwAqE5O+</latexit>

�Xquad

<latexit sha1_base64="6Gcd3EG9fmBTyM1HGxfXxJTuOnE=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYCN0VZKi6LKgC5cV7APaECaT23bo5OHMRAih/oobF4q49UPc+TdO2yy09cCFwzn3cu89fsKZVLb9baytb2xubZd2yrt7+weH5tFxR8apoNCmMY9FzycSOIugrZji0EsEkNDn0PUn1zO/+whCsji6V1kCbkhGERsySpSWPLNiDW6AK4KtnuXlDykJppZnVu26PQdeJU5BqqhAyzO/BkFM0xAiRTmRsu/YiXJzIhSjHKblQSohIXRCRtDXNCIhSDefHz/FZ1oJ8DAWuiKF5+rviZyEUmahrztDosZy2ZuJ/3n9VA2v3JxFSaogootFw5RjFeNZEjhgAqjimSaECqZvxXRMBKFK51XWITjLL6+STqPunNcv7hrVZq2Io4RO0CmqIQddoia6RS3URhRl6Bm9ojfjyXgx3o2PReuaUcxU0B8Ynz8EAJOl</latexit>

�Xgir

<latexit sha1_base64="uZUQPu3jmL62NW2VeStbrQIk4qc=">AAAB+3icbVDLSsNAFJ3UV62vWJduBhuhq5IURZcFXbisYB/QhjCZ3rRDJw9mJmIJ+RU3LhRx64+482+ctllo64ELh3Pu5d57/IQzqWz72yhtbG5t75R3K3v7B4dH5nG1K+NUUOjQmMei7xMJnEXQUUxx6CcCSOhz6PnTm7nfewQhWRw9qFkCbkjGEQsYJUpLnlm1hrfAFcFW3/KyMRO55Zk1u2EvgNeJU5AaKtD2zK/hKKZpCJGinEg5cOxEuRkRilEOeWWYSkgInZIxDDSNSAjSzRa35/hcKyMcxEJXpPBC/T2RkVDKWejrzpCoiVz15uJ/3iBVwbWbsShJFUR0uShIOVYxngeBR0wAVXymCaGC6VsxnRBBqNJxVXQIzurL66TbbDgXjcv7Zq1VL+Ioo1N0hurIQVeohe5QG3UQRU/oGb2iNyM3Xox342PZWjKKmRP0B8bnDzlrkzI=</latexit>

�Ygir1

<latexit sha1_base64="1aAfnbhrIxieKKl75FBIE7/4wME=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYCN0VZKi6LKgC5cV7EPaECbTSTt08mDmRgih/oobF4q49UPc+TdO2yy09cCFwzn3cu89fiK4Atv+NtbWNza3tks75d29/YND8+i4o+JUUtamsYhlzyeKCR6xNnAQrJdIRkJfsK4/uZ753UcmFY+je8gS5oZkFPGAUwJa8syKNbhhAgi2HiwvH3HpTC3PrNp1ew68SpyCVFGBlmd+DYYxTUMWARVEqb5jJ+DmRAKngk3Lg1SxhNAJGbG+phEJmXLz+fFTfKaVIQ5iqSsCPFd/T+QkVCoLfd0ZEhirZW8m/uf1Uwiu3JxHSQosootFQSowxHiWBB5yySiITBNCJde3YjomklDQeZV1CM7yy6uk06g75/WLu0a1WSviKKETdIpqyEGXqIluUQu1EUUZekav6M14Ml6Md+Nj0bpmFDMV9AfG5w+wCZNu</latexit>

�Ygir2

<latexit sha1_base64="Qf5WaGl3R7Gapvjy6xlHnQyp4FQ=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYCN0VZKi6LKgC5cV7EPaECbTm3bo5MHMRAih/oobF4q49UPc+TdO2yy09cCFwzn3cu89fsKZVLb9baytb2xubZd2yrt7+weH5tFxR8apoNCmMY9FzycSOIugrZji0EsEkNDn0PUn1zO/+whCsji6V1kCbkhGEQsYJUpLnlmxBjfAFcHWg+XlIyYaU8szq3bdngOvEqcgVVSg5Zlfg2FM0xAiRTmRsu/YiXJzIhSjHKblQSohIXRCRtDXNCIhSDefHz/FZ1oZ4iAWuiKF5+rviZyEUmahrztDosZy2ZuJ/3n9VAVXbs6iJFUQ0cWiIOVYxXiWBB4yAVTxTBNCBdO3YjomglCl8yrrEJzll1dJp1F3zusXd41qs1bEUUIn6BTVkIMuURPdohZqI4oy9Ixe0ZvxZLwY78bHonXNKGYq6A+Mzx+xj5Nv</latexit>

�PHIgird

<latexit sha1_base64="QaxGmQhc7iZngaPcl0upcS0X0dc=">AAAB/XicbVDJSgNBEO1xjXEbl5uXxozgKcwERY9BPcRbBLNAMgw9PTVJk56F7h4hDsFf8eJBEa/+hzf/xs5y0MQHBY/3qqiq56ecSWXb38bS8srq2npho7i5tb2za+7tN2WSCQoNmvBEtH0igbMYGoopDu1UAIl8Di1/cD32Ww8gJEviezVMwY1IL2Yho0RpyTMPre4NcEWseu3W8vIeE8HI8sySXbYnwIvEmZESmqHumV/dIKFZBLGinEjZcexUuTkRilEOo2I3k5ASOiA96Ggakwikm0+uH+ETrQQ4TISuWOGJ+nsiJ5GUw8jXnRFRfTnvjcX/vE6mwks3Z3GaKYjpdFGYcawSPI4CB0wAVXyoCaGC6Vsx7RNBqNKBFXUIzvzLi6RZKTtn5fO7Sql6NYujgI7QMTpFDrpAVVRDddRAFD2iZ/SK3own48V4Nz6mrUvGbOYA/YHx+QPPZZQt</latexit>



7Tessa Charles

Misalignments and field errors
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Misalignments are 
randomly distributed via a 
Gaussian distribution, 
truncated at 2.5 sigma.

Type �X �Y �PSI �S �THETA �PHI Field Errors

(µm) (µm) (µrad) (µm) (µrad) (µrad)

Arc quadrupole* 50 50 200 150 100 100 �k/k = 2⇥ 10
�4

Arc sextupoles* 50 50 200 150 100 100 �k/k = 2⇥ 10
�4

Dipoles 1000 1000 300 1000 �B/B = 1⇥ 10
�4

Girders 150 150 - 1000

IR quadrupole 100 100 250 200 100 100 �k/k = 2⇥ 10
�4

IR sextupoles 100 100 250 200 100 100 �k/k = 2⇥ 10
�4

BPM** 40 40 100 - - - -

* misalignments relative to girder placement

** misalignments relative to quadruple placement

<latexit sha1_base64="YVomZh0cQsMXJah5hH71qn1s+98="></latexit>

Type �X �Y �PSI �S �THETA �PHI Field Errors

(µm) (µm) (µrad) (µm) (µrad) (µrad)

Arc quadrupole* 50 50 200 150 100 100 �k/k = 2⇥ 10
�4

Arc sextupoles* 50 50 200 150 100 100 �k/k = 2⇥ 10
�4

Dipoles 1000 1000 300 1000 �B/B = 1⇥ 10
�4

Girders 150 150 - 1000

IR quadrupole 100 100 250 200 100 100 �k/k = 2⇥ 10
�4

IR sextupoles 100 100 250 200 100 100 �k/k = 2⇥ 10
�4

BPM** 40 40 100 - - - -

* misalignments relative to girder placement

** misalignments relative to quadruple placement

<latexit sha1_base64="YVomZh0cQsMXJah5hH71qn1s+98="></latexit>

Type �X �Y �PSI �S �THETA �PHI Field Errors

(µm) (µm) (µrad) (µm) (µrad) (µrad)

Arc quadrupole* 50 50 300 150 100 100 �k/k = 2⇥ 10
�4

Arc sextupoles* 50 50 300 150 100 100 �k/k = 2⇥ 10
�4

Dipoles 1000 1000 300 1000 �B/B = 1⇥ 10
�4

Girders 150 150 - 1000

IR quadrupole 100 100 250 50 100 100 �k/k = 2⇥ 10
�4

IR sextupoles 100 100 250 50 100 100 �k/k = 2⇥ 10
�4

BPM** 40 40 100 - - - -

* misalignments relative to girder placement

** misalignments relative to quadruple placement

<latexit sha1_base64="f+fZvzz+e9/VfG8N71sdreMuQ7g="></latexit>

Type �X �Y �PSI �S �THETA �PHI Field Errors

(µm) (µm) (µrad) (µm) (µrad) (µrad)

Arc quadrupole* 50 50 200 150 100 100 �k/k = 2⇥ 10
�4

Arc sextupoles* 50 50 200 150 100 100 �k/k = 2⇥ 10
�4

Dipoles 1000 1000 300 1000 �B/B = 1⇥ 10
�4

Girders 150 150 - 1000

IR quadrupole 100 100 250 200 100 100 �k/k = 2⇥ 10
�4

IR sextupoles 100 100 250 200 100 100 �k/k = 2⇥ 10
�4

BPM** 40 40 100 - - - -

* misalignments relative to girder placement

** misalignments relative to quadruple placement

<latexit sha1_base64="YVomZh0cQsMXJah5hH71qn1s+98="></latexit>

Type �X �Y �PSI �S �THETA �PHI Field Errors

(µm) (µm) (µrad) (µm) (µrad) (µrad)

Arc quadrupole* 50 50 200 150 100 100 �k/k = 2⇥ 10
�4

Arc sextupoles* 50 50 200 150 100 100 �k/k = 2⇥ 10
�4

Dipoles 1000 1000 300 1000 �B/B = 1⇥ 10
�4

Girders 150 150 - 1000

IR quadrupole 100 100 250 200 100 100 �k/k = 2⇥ 10
�4

IR sextupoles 100 100 250 200 100 100 �k/k = 2⇥ 10
�4

BPM** 40 40 100 - - - -

* misalignments relative to girder placement

** misalignments relative to quadruple placement

<latexit sha1_base64="YVomZh0cQsMXJah5hH71qn1s+98="></latexit>

* misalignment relative to girder placement
** misalignment relative to quadrupole placement

<latexit sha1_base64="mIVC76oU/WpXy7ZYwatcNsoH4Mg="></latexit>
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File generation Lattice initialisation
Corrections
as sextupole

strength increase

Final corrections Analysis

Tuning simulations
Tuning simulation
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File generation Lattice initialisation
Corrections
as sextupole

strength increase

Final corrections Analysis
x 100 

Inputs:
• MAD-X template file
• Errors values (yaml file)
• Bash template 
(for HT condor submission)

Python simulation 
configuration

(specify number of 
seeds [default 100])

generates 
• 100 madx files,
• 100 bash files, and,
• 1 HT condor submission file

Tuning simulation
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File generation
Corrections
as sextupole

strength increase

Final corrections AnalysisLattice initialisation

Tuning simulation

Correction macros defined
Insert bpms, correctors, skew quads, trim quads.

VOLTCA1 = 0.0; VOLTCA2 = 0.0;
Sextupoles turned off

Introduce field errors
Beta beating correction (Python)

Introduce arc misalignments
Girder misalignments (Python)
Add BPM roll angle (rotation of coordinate system before and after BPM) (Python) 

Corrections applied:
tune re-matched 
orbit correction
beta-beat correction (Python)
coupling correction (Python)

Introduce IR misalignments

Further correction:
tune re-matched, orbit correction, beta-beat correction, and coupling and     
dispersion correction 
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File generation Final corrections AnalysisLattice initialisation
Corrections
as sextupole

strength increase

Sextupoles set to 10% of their design strength

• Orbit correction 

• Combined coupling and dispersion correction (Python)

• Beta-beating correction applied (Python)

• Sextupole strengths increased by 10%

Iterated over 
many times. 

Constant checking of the 
tunes and orbit avoids 
running into resonances, 
or failure to find the 
closed orbit.

Tuning simulation
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File generation AnalysisLattice initialisation
Corrections
as sextupole

strength increase

Final corrections

Final correction (at 100% design sextupole strength) 

• Additional coupling, dispersion and beta-beating correction applied.

• Step through corrections until beta beating threshold is reached.

• Vary SV cut off values

• Chromaticity correction

Lattice sequence saved. 

Lattice sequence file, error tfs file, copied to eos. 

Tuning simulation
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ttbar (182.5 GeV) 4IP lattice, 
after correction strategy: 

FCC-ee emittance tuning results
RMS misalignment and field errors tolerances:

Type �X �Y �PSI �S �THETA �PHI Field Errors

(µm) (µm) (µrad) (µm) (µrad) (µrad)

Arc quadrupole* 50 50 200 150 100 100 �k/k = 2⇥ 10
�4

Arc sextupoles* 50 50 200 150 100 100 �k/k = 2⇥ 10
�4

Dipoles 1000 1000 300 1000 �B/B = 1⇥ 10
�4

Girders 150 150 - 1000

IR quadrupole 100 100 250 200 100 100 �k/k = 2⇥ 10
�4

IR sextupoles 100 100 250 200 100 100 �k/k = 2⇥ 10
�4

BPM** 40 40 100 - - - -

* misalignments relative to girder placement

** misalignments relative to quadruple placement

<latexit sha1_base64="YVomZh0cQsMXJah5hH71qn1s+98="></latexit>

Type �X �Y �PSI �S �THETA �PHI Field Errors

(µm) (µm) (µrad) (µm) (µrad) (µrad)

Arc quadrupole* 50 50 200 150 100 100 �k/k = 2⇥ 10
�4

Arc sextupoles* 50 50 200 150 100 100 �k/k = 2⇥ 10
�4

Dipoles 1000 1000 300 1000 �B/B = 1⇥ 10
�4

Girders 150 150 - 1000

IR quadrupole 100 100 250 200 100 100 �k/k = 2⇥ 10
�4

IR sextupoles 100 100 250 200 100 100 �k/k = 2⇥ 10
�4

BPM** 40 40 100 - - - -

* misalignments relative to girder placement

** misalignments relative to quadruple placement

<latexit sha1_base64="YVomZh0cQsMXJah5hH71qn1s+98="></latexit>

✏x,median = 2.277 nm rad

<latexit sha1_base64="L8k6jsg6dNO66kkKRRyeIciMA28="></latexit>

✏y,median = 0.410 pm rad

<latexit sha1_base64="88/cnXCTGJYPmOAxaoEuq8lQU9o="></latexit>

Type �X �Y �PSI �S �THETA �PHI Field Errors

(µm) (µm) (µrad) (µm) (µrad) (µrad)

Arc quadrupole* 50 50 300 150 100 100 �k/k = 2⇥ 10
�4

Arc sextupoles* 50 50 300 150 100 100 �k/k = 2⇥ 10
�4

Dipoles 1000 1000 300 1000 �B/B = 1⇥ 10
�4

Girders 150 150 - 1000

IR quadrupole 100 100 250 50 100 100 �k/k = 2⇥ 10
�4

IR sextupoles 100 100 250 50 100 100 �k/k = 2⇥ 10
�4

BPM** 40 40 100 - - - -

* misalignments relative to girder placement

** misalignments relative to quadruple placement

<latexit sha1_base64="f+fZvzz+e9/VfG8N71sdreMuQ7g="></latexit>

Type �X �Y �PSI �S �THETA �PHI Field Errors

(µm) (µm) (µrad) (µm) (µrad) (µrad)

Arc quadrupole* 50 50 200 150 100 100 �k/k = 2⇥ 10
�4

Arc sextupoles* 50 50 200 150 100 100 �k/k = 2⇥ 10
�4

Dipoles 1000 1000 300 1000 �B/B = 1⇥ 10
�4

Girders 150 150 - 1000

IR quadrupole 100 100 250 200 100 100 �k/k = 2⇥ 10
�4

IR sextupoles 100 100 250 200 100 100 �k/k = 2⇥ 10
�4

BPM** 40 40 100 - - - -

* misalignments relative to girder placement

** misalignments relative to quadruple placement

<latexit sha1_base64="YVomZh0cQsMXJah5hH71qn1s+98="></latexit>

Type �X �Y �PSI �S �THETA �PHI Field Errors

(µm) (µm) (µrad) (µm) (µrad) (µrad)

Arc quadrupole* 50 50 200 150 100 100 �k/k = 2⇥ 10
�4

Arc sextupoles* 50 50 200 150 100 100 �k/k = 2⇥ 10
�4

Dipoles 1000 1000 300 1000 �B/B = 1⇥ 10
�4

Girders 150 150 - 1000

IR quadrupole 100 100 250 200 100 100 �k/k = 2⇥ 10
�4

IR sextupoles 100 100 250 200 100 100 �k/k = 2⇥ 10
�4

BPM** 40 40 100 - - - -

* misalignments relative to girder placement

** misalignments relative to quadruple placement

<latexit sha1_base64="YVomZh0cQsMXJah5hH71qn1s+98="></latexit>

* misalignment relative to girder placement
** misalignment relative to quadrupole placement

<latexit sha1_base64="mIVC76oU/WpXy7ZYwatcNsoH4Mg="></latexit>

Type �X �Y �PSI �S �THETA �PHI Field Errors

(µm) (µm) (µrad) (µm) (µrad) (µrad)

Arc quadrupole* 50 50 200 150 100 100 �k/k = 2⇥ 10
�4

Arc sextupoles* 50 50 200 150 100 100 �k/k = 2⇥ 10
�4

Dipoles 1000 1000 300 1000 �B/B = 1⇥ 10
�4

Girders 150 150 - 1000

IR quadrupole 100 100 250 200 100 100 �k/k = 2⇥ 10
�4

IR sextupoles 100 100 250 200 100 100 �k/k = 2⇥ 10
�4

BPM** 40 40 100 - - - -

* misalignments relative to girder placement

** misalignments relative to quadruple placement

<latexit sha1_base64="YVomZh0cQsMXJah5hH71qn1s+98="></latexit>

Type �X �Y �PSI �S �THETA �PHI Field Errors

(µm) (µm) (µrad) (µm) (µrad) (µrad)

Arc quadrupole* 50 50 200 150 100 100 �k/k = 2⇥ 10
�4

Arc sextupoles* 50 50 200 150 100 100 �k/k = 2⇥ 10
�4

Dipoles 1000 1000 300 1000 �B/B = 1⇥ 10
�4

Girders 150 150 - 1000

IR quadrupole 100 100 250 200 100 100 �k/k = 2⇥ 10
�4

IR sextupoles 100 100 250 200 100 100 �k/k = 2⇥ 10
�4

BPM** 40 40 100 - - - -

* misalignments relative to girder placement

** misalignments relative to quadruple placement

<latexit sha1_base64="YVomZh0cQsMXJah5hH71qn1s+98="></latexit>
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ttbar (182.5 GeV) 4IP lattice, 
after correction strategy: 

FCC-ee emittance tuning results
RMS misalignment and field errors tolerances:

Type �X �Y �PSI �S �THETA �PHI Field Errors

(µm) (µm) (µrad) (µm) (µrad) (µrad)

Arc quadrupole* 50 50 200 150 100 100 �k/k = 2⇥ 10
�4

Arc sextupoles* 50 50 200 150 100 100 �k/k = 2⇥ 10
�4

Dipoles 1000 1000 300 1000 �B/B = 1⇥ 10
�4

Girders 150 150 - 1000

IR quadrupole 100 100 250 200 100 100 �k/k = 2⇥ 10
�4

IR sextupoles 100 100 250 200 100 100 �k/k = 2⇥ 10
�4

BPM** 40 40 100 - - - -

* misalignments relative to girder placement

** misalignments relative to quadruple placement

<latexit sha1_base64="YVomZh0cQsMXJah5hH71qn1s+98="></latexit>

Type �X �Y �PSI �S �THETA �PHI Field Errors

(µm) (µm) (µrad) (µm) (µrad) (µrad)

Arc quadrupole* 50 50 200 150 100 100 �k/k = 2⇥ 10
�4

Arc sextupoles* 50 50 200 150 100 100 �k/k = 2⇥ 10
�4

Dipoles 1000 1000 300 1000 �B/B = 1⇥ 10
�4

Girders 150 150 - 1000

IR quadrupole 100 100 250 200 100 100 �k/k = 2⇥ 10
�4

IR sextupoles 100 100 250 200 100 100 �k/k = 2⇥ 10
�4

BPM** 40 40 100 - - - -

* misalignments relative to girder placement

** misalignments relative to quadruple placement

<latexit sha1_base64="YVomZh0cQsMXJah5hH71qn1s+98="></latexit>

✏y,median = 0.410 pm rad

<latexit sha1_base64="88/cnXCTGJYPmOAxaoEuq8lQU9o="></latexit>

✏y
✏x

= 0.017 %

<latexit sha1_base64="nAxc+fdaen5lU2kXn/cF9JesW1o="></latexit>

Type �X �Y �PSI �S �THETA �PHI Field Errors

(µm) (µm) (µrad) (µm) (µrad) (µrad)

Arc quadrupole* 50 50 300 150 100 100 �k/k = 2⇥ 10
�4

Arc sextupoles* 50 50 300 150 100 100 �k/k = 2⇥ 10
�4

Dipoles 1000 1000 300 1000 �B/B = 1⇥ 10
�4

Girders 150 150 - 1000

IR quadrupole 100 100 250 50 100 100 �k/k = 2⇥ 10
�4

IR sextupoles 100 100 250 50 100 100 �k/k = 2⇥ 10
�4

BPM** 40 40 100 - - - -

* misalignments relative to girder placement

** misalignments relative to quadruple placement

<latexit sha1_base64="f+fZvzz+e9/VfG8N71sdreMuQ7g="></latexit>

Type �X �Y �PSI �S �THETA �PHI Field Errors

(µm) (µm) (µrad) (µm) (µrad) (µrad)

Arc quadrupole* 50 50 200 150 100 100 �k/k = 2⇥ 10
�4

Arc sextupoles* 50 50 200 150 100 100 �k/k = 2⇥ 10
�4

Dipoles 1000 1000 300 1000 �B/B = 1⇥ 10
�4

Girders 150 150 - 1000

IR quadrupole 100 100 250 200 100 100 �k/k = 2⇥ 10
�4

IR sextupoles 100 100 250 200 100 100 �k/k = 2⇥ 10
�4

BPM** 40 40 100 - - - -

* misalignments relative to girder placement

** misalignments relative to quadruple placement

<latexit sha1_base64="YVomZh0cQsMXJah5hH71qn1s+98="></latexit>

Type �X �Y �PSI �S �THETA �PHI Field Errors

(µm) (µm) (µrad) (µm) (µrad) (µrad)

Arc quadrupole* 50 50 200 150 100 100 �k/k = 2⇥ 10
�4

Arc sextupoles* 50 50 200 150 100 100 �k/k = 2⇥ 10
�4

Dipoles 1000 1000 300 1000 �B/B = 1⇥ 10
�4

Girders 150 150 - 1000

IR quadrupole 100 100 250 200 100 100 �k/k = 2⇥ 10
�4

IR sextupoles 100 100 250 200 100 100 �k/k = 2⇥ 10
�4

BPM** 40 40 100 - - - -

* misalignments relative to girder placement

** misalignments relative to quadruple placement

<latexit sha1_base64="YVomZh0cQsMXJah5hH71qn1s+98="></latexit>

* misalignment relative to girder placement
** misalignment relative to quadrupole placement

<latexit sha1_base64="mIVC76oU/WpXy7ZYwatcNsoH4Mg="></latexit>

Type �X �Y �PSI �S �THETA �PHI Field Errors

(µm) (µm) (µrad) (µm) (µrad) (µrad)

Arc quadrupole* 50 50 200 150 100 100 �k/k = 2⇥ 10
�4

Arc sextupoles* 50 50 200 150 100 100 �k/k = 2⇥ 10
�4

Dipoles 1000 1000 300 1000 �B/B = 1⇥ 10
�4

Girders 150 150 - 1000

IR quadrupole 100 100 250 200 100 100 �k/k = 2⇥ 10
�4

IR sextupoles 100 100 250 200 100 100 �k/k = 2⇥ 10
�4

BPM** 40 40 100 - - - -

* misalignments relative to girder placement

** misalignments relative to quadruple placement

<latexit sha1_base64="YVomZh0cQsMXJah5hH71qn1s+98="></latexit>

Type �X �Y �PSI �S �THETA �PHI Field Errors

(µm) (µm) (µrad) (µm) (µrad) (µrad)

Arc quadrupole* 50 50 200 150 100 100 �k/k = 2⇥ 10
�4

Arc sextupoles* 50 50 200 150 100 100 �k/k = 2⇥ 10
�4

Dipoles 1000 1000 300 1000 �B/B = 1⇥ 10
�4

Girders 150 150 - 1000

IR quadrupole 100 100 250 200 100 100 �k/k = 2⇥ 10
�4

IR sextupoles 100 100 250 200 100 100 �k/k = 2⇥ 10
�4

BPM** 40 40 100 - - - -

* misalignments relative to girder placement

** misalignments relative to quadruple placement

<latexit sha1_base64="YVomZh0cQsMXJah5hH71qn1s+98="></latexit>
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ttbar (182.5 GeV) 4IP lattice, 
after correction strategy: 

FCC-ee emittance tuning results
RMS misalignment and field errors tolerances:

Type �X �Y �PSI �S �THETA �PHI Field Errors

(µm) (µm) (µrad) (µm) (µrad) (µrad)

Arc quadrupole* 50 50 200 150 100 100 �k/k = 2⇥ 10
�4

Arc sextupoles* 50 50 200 150 100 100 �k/k = 2⇥ 10
�4

Dipoles 1000 1000 300 1000 �B/B = 1⇥ 10
�4

Girders 150 150 - 1000

IR quadrupole 100 100 250 200 100 100 �k/k = 2⇥ 10
�4

IR sextupoles 100 100 250 200 100 100 �k/k = 2⇥ 10
�4

BPM** 40 40 100 - - - -

* misalignments relative to girder placement

** misalignments relative to quadruple placement

<latexit sha1_base64="YVomZh0cQsMXJah5hH71qn1s+98="></latexit>

Type �X �Y �PSI �S �THETA �PHI Field Errors

(µm) (µm) (µrad) (µm) (µrad) (µrad)

Arc quadrupole* 50 50 200 150 100 100 �k/k = 2⇥ 10
�4

Arc sextupoles* 50 50 200 150 100 100 �k/k = 2⇥ 10
�4

Dipoles 1000 1000 300 1000 �B/B = 1⇥ 10
�4

Girders 150 150 - 1000

IR quadrupole 100 100 250 200 100 100 �k/k = 2⇥ 10
�4

IR sextupoles 100 100 250 200 100 100 �k/k = 2⇥ 10
�4

BPM** 40 40 100 - - - -

* misalignments relative to girder placement

** misalignments relative to quadruple placement

<latexit sha1_base64="YVomZh0cQsMXJah5hH71qn1s+98="></latexit>

Type �X �Y �PSI �S �THETA �PHI Field Errors

(µm) (µm) (µrad) (µm) (µrad) (µrad)

Arc quadrupole* 50 50 300 150 100 100 �k/k = 2⇥ 10
�4

Arc sextupoles* 50 50 300 150 100 100 �k/k = 2⇥ 10
�4

Dipoles 1000 1000 300 1000 �B/B = 1⇥ 10
�4

Girders 150 150 - 1000

IR quadrupole 100 100 250 50 100 100 �k/k = 2⇥ 10
�4

IR sextupoles 100 100 250 50 100 100 �k/k = 2⇥ 10
�4

BPM** 40 40 100 - - - -

* misalignments relative to girder placement

** misalignments relative to quadruple placement

<latexit sha1_base64="f+fZvzz+e9/VfG8N71sdreMuQ7g="></latexit>

Type �X �Y �PSI �S �THETA �PHI Field Errors

(µm) (µm) (µrad) (µm) (µrad) (µrad)

Arc quadrupole* 50 50 200 150 100 100 �k/k = 2⇥ 10
�4

Arc sextupoles* 50 50 200 150 100 100 �k/k = 2⇥ 10
�4

Dipoles 1000 1000 300 1000 �B/B = 1⇥ 10
�4

Girders 150 150 - 1000

IR quadrupole 100 100 250 200 100 100 �k/k = 2⇥ 10
�4

IR sextupoles 100 100 250 200 100 100 �k/k = 2⇥ 10
�4

BPM** 40 40 100 - - - -

* misalignments relative to girder placement

** misalignments relative to quadruple placement

<latexit sha1_base64="YVomZh0cQsMXJah5hH71qn1s+98="></latexit>

Type �X �Y �PSI �S �THETA �PHI Field Errors

(µm) (µm) (µrad) (µm) (µrad) (µrad)

Arc quadrupole* 50 50 200 150 100 100 �k/k = 2⇥ 10
�4

Arc sextupoles* 50 50 200 150 100 100 �k/k = 2⇥ 10
�4

Dipoles 1000 1000 300 1000 �B/B = 1⇥ 10
�4

Girders 150 150 - 1000

IR quadrupole 100 100 250 200 100 100 �k/k = 2⇥ 10
�4

IR sextupoles 100 100 250 200 100 100 �k/k = 2⇥ 10
�4

BPM** 40 40 100 - - - -

* misalignments relative to girder placement

** misalignments relative to quadruple placement

<latexit sha1_base64="YVomZh0cQsMXJah5hH71qn1s+98="></latexit>

* misalignment relative to girder placement
** misalignment relative to quadrupole placement

<latexit sha1_base64="mIVC76oU/WpXy7ZYwatcNsoH4Mg="></latexit>

Type �X �Y �PSI �S �THETA �PHI Field Errors

(µm) (µm) (µrad) (µm) (µrad) (µrad)

Arc quadrupole* 50 50 200 150 100 100 �k/k = 2⇥ 10
�4

Arc sextupoles* 50 50 200 150 100 100 �k/k = 2⇥ 10
�4

Dipoles 1000 1000 300 1000 �B/B = 1⇥ 10
�4

Girders 150 150 - 1000

IR quadrupole 100 100 250 200 100 100 �k/k = 2⇥ 10
�4

IR sextupoles 100 100 250 200 100 100 �k/k = 2⇥ 10
�4

BPM** 40 40 100 - - - -

* misalignments relative to girder placement

** misalignments relative to quadruple placement

<latexit sha1_base64="YVomZh0cQsMXJah5hH71qn1s+98="></latexit>

Type �X �Y �PSI �S �THETA �PHI Field Errors

(µm) (µm) (µrad) (µm) (µrad) (µrad)

Arc quadrupole* 50 50 200 150 100 100 �k/k = 2⇥ 10
�4

Arc sextupoles* 50 50 200 150 100 100 �k/k = 2⇥ 10
�4

Dipoles 1000 1000 300 1000 �B/B = 1⇥ 10
�4

Girders 150 150 - 1000

IR quadrupole 100 100 250 200 100 100 �k/k = 2⇥ 10
�4

IR sextupoles 100 100 250 200 100 100 �k/k = 2⇥ 10
�4

BPM** 40 40 100 - - - -

* misalignments relative to girder placement

** misalignments relative to quadruple placement

<latexit sha1_base64="YVomZh0cQsMXJah5hH71qn1s+98="></latexit>



16Tessa Charles

Vertical dispersion

Before correction
(without sextupoles)

After full global correction
(with sextupoles)

Dy, rms = 3.90 mm

After orbit correction, before full corrections (without sextupoles)
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After corrections, ttbar 4 IP lattice:



Still to do… (there are many things)
• Establish the most realistic modelling for BPM errors and resolution (e.g. non-linear responses, calibration measures for 

rotated BPMs, non-Gaussian BPM offset distributions, BPM orthogonality)

• DA calculation with chromaticity correction

• Solenoid imperfections to be considered

• Tapering imperfections

• IP local corrections and elsewhere (e.g. SY sextupoles)

• Non-linear corrections: lifetime, DA, chromatic aberrations, amplitude detuning, RDTs, etc.

• Design of global knobs for control of fundamental parameters e.g.: Tunes, chromas, coupling, chromatic coupling, amp. det., 
etc.

• Profiling simulation and look towards speeding up algorithm

• Simulate optics measurements

• BPM resolution to be included

• Apply correction technique to low energy, Z lattice

• Determine how to apply measure optics quickly

• LOCO could be too slow on such a large machine 

• AC dipole method may run into problems due to strong damping

• Simulation of commissioning process
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Summary
In a simulation campaign, we systematically studied a wide combination of magnet tolerances for field errors, 
alignment of individual magnets as well as girders.

The correction algorithms developed in this context represent a powerful correction tools and lead to 
successful convergence for a large majority of the applied errors seeds. And, most importantly, the lead to 
values of coupling and emittances that lie within the requirements of the machine design. For a standard set 
of misalignments, the final median vertical emittance achieved is 0.410 pm rad and horizontal emittance of 
2.277 nm rad.

This work is ongoing.
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Thank you 
for your attention.
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