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OU tI | n eS A Light for Science

» Understanding & correcting linear coupling (2009-2010)

* Nonlinear optics & magnet calibration via turn-by-turn
(TbT) BPM data (2010-2013)

 Error analysis of linear optics measurements via orbit &
TbT analysis (2016-2017)

* Applications of AC Orbit data (2016-2019)
* Experience of AC dipole & TbT BPM data (2016-2018)
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Understanding & correcting linear coupling  atigntfor science

* Misconception #1: In the presence of coupling we deal with vertical
emittances (plural is not a typo)

* Misconception #2: Coupling correction is a linear problem not
needing CPU-Iintense random/genetic/non-linear optimizers

* Misconception #3: Guignard formulas don’t apply to modern
synchrotron light sources & damping rings (integer part of tunes

Q>>Qy)

* Misconception #4: “indirect measurements” of vertical emittance
should be avoided
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Understanding & correcting linear coupling  atigntfor science

Vertical emittance in the absence of coupling
Eigen-emittance E: constant along the ring, with Ev=0

Non measurable RMS emittance:

ey = 1/0u(8)0p(s) — 92, (s)

Measurable emittance from RMS beam size:

Ev=Ey=Ey=const.

E, =

_o2(s) _ <3(s) > —(6Dy(s))’
By(s) 3,(5)

With zero vertical dispersion, Ev=Ey=Ey=0
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Understanding & correcting linear coupling  atigntfor science

Vertical emittances Iin the presence of coupling
Eigen-emittance £: constant along the ring, but Ev#0

Non measurable projected s-dependent RMS emittance:
()= /0y (5)p(s) — 92, (s)

Measurable apparent s-dependent emittance from RMS
beam size:

0g(s) _ <y*(s) > —(0Dy(s))?

By(s)= 305 = 5.(5)

Ev=const # E£y(s) # Ey(s)
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Understanding & correcting linear coupling  atight for science

Vertical emittances Iin the presence of coupling

Measurable apparent emittance: E,(s) = ay(s) _ <y?(s) > —(dDy(s))?

/By(s) /83;(5)

Non measurable projected emittance; | €(s)= \/ oy(s)op(s) — og,(s)

—— apparent emittance | | Lattice errors from Orbit
'g' 35 projected emittance H Response Matrix measurement
S - + Accel. Toolbox
— 2 30 -
835 ]
C [ —
S o
= © ) -
e 2 B — )
° g I eigen-
S — emittance
E N Ev=9 pm
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Understanding & correcting linear coupling  atight for science

Vertical emittances Iin the presence of coupling

Measurable apparent emittance: E,(s) = ay(s) _ <y?(s) > —(dDy(s))?

/By(s) /83;(5)

Non measurable projected emittance; | €(s)= \/ oy(s)op(s) — og,(s)

PHYSICAL REVIEW ACCELERATORS AND BEAMS 25, 044001|(2022) |

Demonstration of eigen-to-projected emittance mapping
for an ellipsoidal electron bunch

consider the position-conjugate momentum pair (g, ps),
with # = x, y, z, associated with d.o.f., the moment

invariant e, = [(g%)(p2) — {quf)z]”llis often introduced

In beam
physics, the eigenemittances are a generalization of the

projected emittances to the case of beams with coupled
d.o.f. [8].
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Understanding & correcting linear coupling  atight for science

Coupling correction is a linear problem not needing CPU-
Intense random/genetic/non-linear optimizers

all skew quad correctors OFF g, /g, ~ 5%

— 600 — 0.06 . —————— 17—
£ | | ALL CORRECTORS OFF » — [f1001]] -
= 500 + - E 0.05 — |f1010]|
§ _ oc ]
£ 400 | . £ o004
s | S -
B 300 R g 003
-5' - 4 S B -
o
GQ—J- 200 B | % 0.02
o : ] S - ]
8 100 | - s T i
% - 1 E: 0_ L . | ) ) 1 ) L ] \ 1 1 1 1 |
g 0 0 50 100 150 200
C05 C10 C11 C14 C18 C21 C25 C26 C29 C31 D09 D25 BPM number
a1f1001
: ; a1f1010 | meas = -MJ,,
C*, D*: emittance monitors B
2™y
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Understanding & correcting linear coupling  atight for science

Coupling correction is a linear problem not needing CPU-
Intense random/genetic/non-linear optimizers

after correction g /g, ~ 1%o
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Understanding & correcting linear coupling  atight for science

Coupling correction is a linear problem not needing CPU-
Intense random/genetic/non-linear optimizers

after c

Nuclear Instruments and Methods in Physics

Research Section A: Accelerators, Spectrometers, | ==

]

0 = .
E J ol : . =
% 9 r="0 ELSEVIER Detectors and Associated Equipment = | o] ]
% g : Volume E?EI 1 lune 2018. I’am&a 1-9
e . .. : |
s °r | Coupling control and optimization at the ]
8 H Canadian Light Source -
(iﬂ; 5L We ]
t 1f calculate the six-dimensional beam envelop matrix and use it to produce a variety of 5’{{;&’
~ o0l o3 objective functions for optimization using th* Multi-Objective Particle Swarm | 200

Optimization (MOPSO) algorithm. MOPSO produces a number of skew quadrupole
configurations that we apply to the storage ring. We use the X-ray synchrotron

. radiation diagnostic beamline to image the beam and we make measurements of
C , C the vertical dispersion and beam lifetime.
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OU tI | n eS A Light for Science

* Nonlinear optics & magnet calibration via turn-by-turn
(TbT) BPM data (2010-2013)
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Nonlinear optics & magnet calibration augntfor science

Measurement of sextupolar resonance driving terms 1 ) G et Syn C h r'on |Zed an d

from TbT {MAF)} BPM filz of MDT May 4 2011 (specal setting ™)

decent® TbT BPM
data in both planes

(R
I

— H data (K1 @ 600A)
-4 — V data (KV @ 3.5kV) -
o w0 w0 a0 so  (*) from nonlinear optics
*: modrfied for long decoherence turn number I TaY
with zero chromaticity and
zero (linear) amplitude-

dependent detuning

ThT beam position [mm]
-
|
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Nonlinear optics & magnet calibration augntfor science
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Nonlinear optics & magnet calibration augntfor science

RDTSs require (x, Px) ,()’, Py)
CRDTs require (x,p5) ,(y,%)

less information, but no
systematic error from p, ,,

3. from the spectral lines
Infer the combined
resonance driving
terms (CRTDs) @ all
BPMs

Combined RDT Resonances Magnetic term
F,, = flO)Ol f101o (1,1),(1,-1) Skew quadrupole
(1)
Fy, = 10)01 f1010 (1,1),(1,-1) Skew quadrupole
Fys3 =3 f 3000 f 1900 (1,0),(3,0) Normal sextupole
Fys) = %)20 — (()11)20 (1,-2),(1,2) Normal sextupole
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*— measured
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4. Compare & fit measured
& model CRDTs
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o || ® measured from CRDTs —®
£ — — from fit : Ko= 0.407"1 e
c 05¢ model : Ko= 0.443*| P i
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relative error [%]

5. Compute your sextupole
error model or calibrate
iIndividual magnets

| | sextupole in bending
magnets: -1.77 T/m

_3 1 ] 1 | 1 | 1 | 1 | 1 | 1 | I
0 28 56 84 112 140 168 196 224

sextupole number




Nonlinear optics & magnet calibration augntfor science

6. (optionally) correct your
sextupole error model &
check beam lifetime

PHYSICAL REVIEW SPECIAL TOPICS - ACCELERATORS AND BEAMS 11, 1D4D[IIZ (2008) I

Correction of multiple nonlinear resonances in storage rings

@ Diamond light source Applying

these sextupole strength corrections to the real machine
resulted in an increase 1n lifetime by 10%. This 1s a clear
demonstration, 1n storage ring light sources, that a deter-
ministic improvement of nonlinear beam dynamics leads to

an 1improvement of the performance of the storage ring.
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Nonlinear optics & magnet calibration augntfor science

Not @ESRF: minor lifetime 6. (optionally) correct your
Increase In low-intensity-per- sextupole error model &
bunch mode, detrimental for check beam lifetime
Touschek-dominated modes

PHYSICAL REVIEW SPECIAL TOPICS - ACCELERATORS AND BEAMS 11, 1[]4DE]|Z (2008) I

Correction of multiple nonlinear resonances in storage rings

@ Diamond light source Applying

these sextupole strength corrections to the real machine
resulted in an increase 1n lifetime by 10%. This 1s a clear
demonstration, 1n storage ring light sources, that a deter-
ministic improvement of nonlinear beam dynamics leads to

an 1improvement of the performance of the storage ring.
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skew sextupole CRDTs

7. (for fun) measure

second-order terms

normal octupole CRDTs

*—e measured . [ with large coupling
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e From dg /d§
0.4} ! .
. » From dn, /d§
03l e From d,@y/d& and dz, /ds
—Fit d3 /d - ¢ = 0.190 (m" A
0.2 |- |~Fit dn /dé - ¢ = 0.149 (m 2A Aty
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pased sextupole calibration
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OU tI | n eS A Light for Science

 Error analysis of linear optics measurements via orbit &
TbT analysis (2016-2017)
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Precision / Accuracy

Precise Imprecise

Accurate

Inaccurate

O3
O®

L. Malina et. al. PRAB 20, 082802 (2017)
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Error analysis of linear optics measurements atignt for science

@ le-02 T T T T T T T T le-02 T T 7 | ]
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T 1e-02 : . : le-02 —Xx0=2.7 mm y0=0.8 mm sextupoles OFF| | i
= tune line - H(1.0)@0.44 - —_ [ 1 = L
> coupling line horllzgntal 1.0 velmcal V(0.1)@0.39 T osl 1% .l i
S 1e03) plane 1e-03 | plane E s r E L
'E E 03 — é 3L i
‘“—5 > F < L
o le04y le-04 é 0 3 0
- ©
= = = s i
= =4 03 - = 3 =
g— 1e-05 1e-05 = z : 1
© T s 1% et b
E le-06 le-06 L | L L | | L ] 0 1 L | L L. !
0 005 01 015 02 025 03 035 04 045 05 0 005 01 015 02 025 03 035 04 045 05 0 28 56 84 112 140 168 196 224 0 28 56 84 112 140 168 196 224

frequency [tune units] frequency [tune units] BPM # BPM #
low beam excitation

incompatible with
ultra-low coupling

large beam excitation
incompatible with strong
chromatic sextupoles

https://arxiv.org/abs/1603.00281
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FIG. 4. Simulated artificial f-beating computed by N-BPM
from single-particle simulations of the ESRF storage ring lattice

L. Malina et. al. PRAB 20, 082802 (2017)
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TbT & tune ampli

TbT & tune phase  orbit & ORM

BPM calibration
BPM synchro.
Nonlinear. & chroma
time consuming

model dependent

L. Malina et. al. PRAB 20, 082802 (2017)

measured B-functions

best precision TbT: 0.4%
best precision ORM: 0.5%
best accuracy ORM-TbT: ~1%
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Error analysis of linear optics measurements auignt for science

TbT & tune ampli | TbT & tune phase| orbit & ORM
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Error analysis of linear optics measurements auignt for science

TbT & tune ampli | TbT & tune phase| orbit & ORM

(meas) _ H(mod) cot A(f)(meas) —cot A(ﬁ(meas)

— +O(SK,)
: b ot ATV _cot Ag{Te?

Castro’s formula (no error ok, between BPMs, model needed)

time consuming

model dependent
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Error analysis of linear optics measurements auignt for science

TbT & tune ampli | TbT & tune phase| orbit & ORM

(meas) _ A(mod) cot A(b(meas) —Cot Aé(meaS)
1 S (mod) (mod) 7
cot Agiy " —cot Agys T + (h12—h13)

+O(0K?)

New formula (with error ok, between BPMs, model needed)

I 3-BPM
B N-BPM
B A N-BPM

!

ATS LHCBH1 ATS LHCB2 HLLHC Simulations E g&mod) 6K, 1 sin Agb(mOd)
B* = 10ecm B* = 10cm B* = 15em I | ) )
T <w<]j
lewic || ;. _ -

ij —

mean errorbar [%]

sin” A@E?Od)

A. Wegscheider et. al. PRAB 20, 111002 (2017)
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Error analysis of linear optics measurements auignt for science

TbT & tune ampli  TbT & tune phase| orbit & ORM

|

BPM calibration
BPM synchro.
Nonlinear. & chroma
time consuming

model dependent
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OU tI | n eS A Light for Science

* Applications of AC Orbit data (2016-2019)
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Applications of AC Orbit data A light for Science

TbT & tune ampli  TbT & tune phase  orbit & ORM
ESRF ORM column: AC Vs DC | |

« 1072 (ORM V) steerer #1

/

— -AC/3.8
—— DC n.n. Now22

analysis

5

[m/A]
o

-5

0 50 100 150 200 250
steerer

measurement

Orbit response matrix (ORM) @ESRF:
~1 h (DC steerer excitation + numerical response?*)
~3" (AC steerer excitation + analytical response™)

* . :
http://arxiv.org/abs/1711.06589 respon_se " N & S (large mat”(.:es)
(AC excitation pioneered @Diamond)
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Applications of AC Orbit data A light for Science

skew quad Vs 1D26 u35a gap via AC ORM o calibrating skew quad corrector S13/C1 via AC ORM
. Al= gy | — model calibration ~slope=5.80E-3 [1/(mA)] )RM
£ de04 -0 measured from ORM fit wrt gap@100MM | e = 0 measured slope=(6.26+-0.06)E-3 [1/(mA)]
Al Vertical Emittance jump [pm] = Vertical Emittance jump [pm]
£ D 0001 |->0.02T
qg; 4e-04 |->0.008 T . 5
= 2.4 ] 7
n 3 0
E 3e-04 . I -'§
© | >
o I%’ 0.001
_'G_'_) B | —
c 3e-04 c time dir. of variation
£ 81 B2 -0m2; -
Q 2¢-04 — —
c 10 12 current varlatlon [A]

beam-based measurement of skew- Orbit response matrix (ORM) @ESRF:
guadrupole fields induced by ~1 h (DC steerer excitation )
undulators & skew quad correctors ~3" (AC steerer excitation )
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Applications of AC Orbit data A light for Science

Digression: fast AC beam-based quadrupole alignment orbit & ORM
derived & applied to ALBA light source (120 quadrupoles):

« serial DC steerer excitation:  5h, precision ~50 um
« parallel AC steerer excitation: 10, precision ~15 um

applied to sextupoles too.

T T T T T J

Z. Marti e. al. PRAB 23, 012802 (2019)
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OU tI | n eS A Light for Science

* Experience of AC dipole & TbT BPM data (2016-2018)
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Experience of AC dipole & TbT BPM data euagnt for science

Betatron coupling described by two CRDTs

Fxy =(f1001 = f1010") & Fyx =(f1001" - f1010”)
Measurement with low chroma (0,0) & detuning sext. optics

compare (g,/e,~1%0.) ORM model ...

— ORM model (fi las) —— ORM model (f 1
0,02 —— ORMmode Gormuls)]_ AMPLITUDE . |. ) PHASE
= '_'? 7_ |
0.015| — - N
_ g :
—_ N
i |
= 3 |
o0 2
= | _
0 | ! | | ] ! | ]
8 | | I | I L S —
— 7— —
- ]
02 -
0.02f £ 6f " N
= 0.015 5 :
&l o __
= 001 3 .
w2 -
0.005 2 I
0 | 0_ ! | A | A | | | ) | ! | ! )
56 84 112 140 168 196 224

1 1 1 ‘ 1 | L 1 | 1 | |
0 286 56 8 112 140 168 196 224
BPM number BPM number
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Betatron coupling described by two CRDTs

Fxy =(f1001 - f1010%) & Fyx =(f1001* - f1010™)
Measurement with low chroma (0,0) & detuning sext. optics

compare (g,/e,~1%0) ORM model with TbT harmonic analysis

___|— ORM model (formulas) AMPLIT U DE | — ORM model (formulas)
0.02— d=(-1e-3,-1e-3) gain=(0.2,2.0) — 8—— 8=(-1e-3,-1e-3) gain=(0.2,2.0) SV, PHASE —
- |— 8=(5e-3,-5e-3) gain=(1.0,7.0) SVD cutoff=(10,10) —_ 7 [ |— &=(5e-3,-5e-3) gain=(1.0,7.0) S cutoff=(10,10)| _
0.015 T 6L ]
Rl
& - N
0.01
S >4 m n
o 3
0.005 T 2 ﬂ
; 5 P |
0 \ | 0 | | | | | L,
0.025F ‘ ' ' ' ‘ ! ! = 8 | i S | R
0.02 ) T -
Tl 86 ]
R 5 |
= 0.015F —_
2 =l A
= 001 3 /L
o 2
0.005 B = s
O 1 v 1 1 | 1 | 1 | 1 I 1 0 | 1 | 1 | | 1 | 1 | 1 | 1 )
0 28 56 84 112 140 168 196 224 0 28 56 84 112 140 168 196 224

BPM number BPM number
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Betatron coupling described by two CRDTs
Fxy =(f1001 - f1010%) & F¥x =(f1001™ - f1010")
Measurement with large chroma (8,13) operational optics
compare (g,/€,~1%0) ORM model with TbT harmonic analysis

|Fxyl

| Fyx|

tEuropean Synchrotron Radiation facility

0.03

0.02

0.01

0.03

0.02

— ORM model (formulas)

— 04=(1e-3,1e-3) gain=(1.5,3.0) 8

AMPLITUDE

— 8=(2e-3,2e-3) gain=(3.0,3.0) SVD cutoff=(10,10)

0.01F

L | 1 L | 1
28 56 84 112

L ] L
140 168

BPM number

-
196

224

arg{Fxy} [rad]

arg{Fyx} [rad]

— ORM model (formulas)

8[| 8=(1e-3,1e-3) gain=(1.5,3.0) SVO PHASE

T |— 8=(2e-3,2¢-3) gain=(3.0,3.0) SVD cutofi=(10,10)] -

6 - l | | '] | _

5 i ' | |

4 i l 1 ’ | i F. ;I I ]

3 ! 01l | ‘ 1 ‘

2 | [ \ | | H 1|

1 AN {1 !

0 L | | |

8 i T T | ]

r a

o .

5 i

4

g |

2 -

! |

0 i | | P | | | L

112 140 168 196

BPM number

224




Experience of AC dipole & TbT BPM data euagnt for science

1st experimental observation: AC dipole tuning tedious with high chromaticity: beam
lost with setting used for low-chroma optics.

High (8,13) chroma sextupole optics:
RAD OFF & ON (multi-particle simulations)

horizontal betatron TBT spectrum (d=-0.05, AT mutipart. track.)
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3 Experience of AC dipole & ThT BPM data » usnt for science

| artificial f-beating from harmonic analysis of multi-particel tracking data (D) |

7 = | . | . | . 2"d experimental &

) B _ ' ion:
X g - 1 numerical observation:
B — d=-0. ad.& Diff. ©
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O U tI | n eS A Light for Science

» Understanding & correcting linear coupling (2009-2010)

* Nonlinear optics & magnet calibration via turn-by-turn
(TbT) BPM data (2010-2013)

* Error analysis of linear optics measurements via orbit &
TbT analysis (2016-2017)

* Applications of AC Orbit data (2016-2019)
* Experience of AC dipole & TbT BPM data (2016-2018)

Thank you for your attention
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