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Outlines A light for Science
* Resonance Driving Terms Introductory (15)

e Linear optics errors (10)
1. RDTs Vs beta-beating and phase advance error
2. RDTs measurements & correction

3. Accuracy and precision analysis

« Betatron coupling (107)
1. RDTs measurements & correction
2. Hadron Vs lepton machines

* Nonlinear lattice error (model) (15)

1. Localization & detection of nonlinearities via RDTs

2. RDTs Vs chromatic functions and orbit feed-downs
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* Resonance Driving Terms Introductory (157)
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. Resonance Driving Terms Introductory e gt forscience

Linear lattice phase space (Cartesian coordinates) &
physical meaning of the Twiss parameters

, 2a
All s-dependent,exept ¢ | XA —*V€/7 /,tan299:,y_5
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& Resonance Driving Terms Introductory s st for science

Linear lattice phase space (@ “small” amplitudes)
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. Resonance Driving Terms Introductory e gt forscience

Nonlinear lattice phase space (@ “large” amplitudes)
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s-dependent not sufficient to
retrieve s-independent
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turopean Synchrotron Radiation Facility Andrea Franchi “Resonance Driving Terms”



siifz,

Bt
“

e Resonance Driving Terms Introductory s st for science

Nonlinear lattice phase space (@ “large” amplitudes)

CARTESIAN COORDINATES NORMAL FORMS COORDINATES
AL I S o o v o S IR B T T T T T T T T T ]
S_dependent / N 0.3 _ S-independent

&G 02F .
03} { = ! -
= 0_ - '8 0.1F -
> i | I ]
=] | E oOF .
X — . il
Q.-0.3 1558 -01F .
-06 - | E 02+ -
09 | 03} |

PR T W N WA TR AT TN NN SAY WA SN T (Y N WA S S NN RN T N | | | ) | N | | | ] | L |

-0.03 0 003 006 009 -03 -02 01 0 0.1 02 03

X [m] Re{t} [(m rad)’?]

Stable (nonlinear) motion => closed phase-space curves => it must
exist a transformation that converts (x,px) distorted curves into
circles: Normal Forms transformation whose coefficients are the
Resonance Driving Terms (i.e. generalization of Twiss parameters)
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* Resonance Driving Terms Introductory atshtfor science

Nonlinear lattice phase space (@ “large” amplitudes)

linear case nonlinear case
1. Cartes. phase space ellipse closed distorted
2. C-S transformation Twiss parameters

(real)

3. C-S phase space circle closed distorted
4. Nor. For. transformat. RDTs (complex)
5. Nor. For. phase space circle
6. tune ampltitude indep. amplitude dep.

Stable (nonlinear) motion => closed phase-space curves => it must
exist a transformation that converts (x,px) distorted curves into
circles: Normal Forms transformation whose coefficients are the
Resonance Driving Terms (i.e. generalization of Twiss parameters)
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Resonance Driving Terms Introductory s st for science

Twiss parameters (3, o, ¢, 7)

describe and account for linear focusing lattice

transform phase space elliptic orbits into circles (tune amplitude
independent)

are measurable and deviation from model values reveal errors in
quadrupoles

RDTs j;-k,m

describe and account for coupling & nonlinear focusing lattice
transform phase space distorted orbits into circles (tune amplitude
dependent)

are (most of the time) measurable and deviation from model values
reveal errors in sextupoles, octupoles, etc ...

Stable (nonlinear) motion => closed phase-space curves => it must
exist a transformation that converts (x,px) distorted curves into
circles: Normal Forms transformation whose coefficients are the
Resonance Driving Terms (i.e. generalization of Twiss parameters)
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“ Resonance Driving Terms Introductory e gnt for science

7

How are RDTs f;,,, selected and computed?

multipole kind n  potential term index relations
norm. quad. z 2 z? j+k=2 m+1=0
norm. quad.y 2 y? j+k=0 m+4+1l=2
skew quad. 2 Y j+k=1 m+Ii=1
norm. sext. 1 3 3 j+k=3 m+I0I=0
norm. sext. 2 3 ry? j+k=1 m+I1l=2
skew sext. 1 3 Y3 j+k=0 m+I1I=3
skew sext. 2 3 r2y j+k=2 m+il=1
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Resonance Driving Terms Introductory s st for science

How are RDTs f;,,, selected and computed?

RDT

resonance and
magnetic term

RDT

resonance and
magnetic term
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* scale linearly with (all)
magnet strengths J,, K,, ..

* small denominators depend
on tune resonant condition
G-k) O, +(l-m)Q,=M => name
Resonance Driving Terms

« scale differently on beta
functions
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% Resonance Driving Terms Introductory s srscience

How are RDT f;,, measured? Harmonic analysis of
TbT BPM (complex) data hl,’i =T % ip,
horizontal phase spa|ce Founer transform

le-03 ¢ (1 O) E

, | [-_ideal linear Iattice] '

le-04 3 E

le-05 3 E

px [ (um rad)'?]
amplitude [arbitrary units]

I R S R le-06 . | ' | . | . | ,
-2 -1 0 1 2 0 0.2 04 0.6 0.8 1

X [ (wm rad)'2] frequency [tune units]
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% Resonance Driving Terms Introductory s srscience

How are RDT f;,, measured? Harmonic analysis of
TbT BPM (complex) data he+ =T 1D,

horizontal phase space Fourier transform
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% Resonance Driving Terms Introductory s srscience

How are RDT f;,, measured? Harmonic analysis of
TbT BPM (complex) data het+ =T £ 1p,

horizontal phase space Founer transform
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% Resonance Driving Terms Introductory s srscience

How are RDT f;,, measured? Harmonic analysis of
TbT BPM (complex) data he+ =T 1D,

horizontal phase space Founer transform
I T I I I
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% Resonance Driving Terms Introductory s srscience

How are RDT f;,, measured? Harmonic analysis of
TbT BPM (complex) data he+ =T 1D,

horizontal phase space Founer transform
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OUtIineS A Light for Science

e Linear optics errors (10)
1. RDTs Vs beta-beating and phase advance error
2. RDTs measurements & correction

3. Accuracy and precision analysis
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Linear Optics errors A light for Science

Focusing (quadrupole) errors induce deformation of
phase space ellipse (i.e. of Twiss [ and o) and

betatron phase ¢ along the ring

p () o’ p 0) //
X ,,’/ X R /6/8
Saes S -
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MODEL MEASURED
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¥ )

5 | 5@0‘1) - A¢ij = ¢ — ¢ @BPMsig;
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Linear Optics errors A Light for Science

Focusing (quadrupole) errors 6K, excite half-integer
resonance and the corresponding RDT f,,,, (closely
related to (3-beating and phase errors)

%

mod 2 A (mod)
S BUmeD Sy 10200 w;
w

J2000,j = 8(1 — €4QO)

- O(0K?)

(Aﬁﬂx) T 83 { f2000,5} + O(| f2000[°)

Adyij =~ Aqbi@;d 2hg.ij + 4R { f2000,; — f2000,5 }
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Llnear Opt|cs errors A Light for Science
Remark # 1. By minimizing RDT f£,,,, @ BPMs, [3-

beating is automatically corrected, though not
necessarily the phase errors, because detuning term
h.; 1s not observable

CL"Lj :__ Z 5(m0d)5Kw1—|—0(5K12)

J<’w<z

(Aﬁﬂm) T 83 { f2000,5} + O(| f2000")

Adyij =~ Agbg':jd 2hg.ij + 4R { f2000,; — f2000,5 }
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Llnear Opt|cs errors A Light for Science
Remark # 2: It is not true that BPM phase advance

shift depends on the quad errors between BPMs only
(.e.on 4, ;). It depends also on quad errors 6K,

elsewhere via the RDT £,

1
hyij = 1 Z 5(m0d)5Kw1+O(5Kf)
I<w<

(Aﬁﬂm) T 83 { f2000,5} + O(| f2000")

Ay ij ~ ~ APV _op, i T 4R { f2000,s — f2000,5}

x,1)
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Linear optics errors A light for Science

Measuring RDT f,,,, (TbT BPM data)

horizontal phase space

5 [ - Iattice with foc. err. | | |

Px [ (um rad)']
o

| 1 l 1 l 1 | 1 I

2 1 0 1 2
X [ (um rad)2]

CompleX C-STbT Signal @,CL’ — (5?:_’_1 — EE@ COS Aé:l?)/ Sin A¢m
hy = T — 1Py pro = (~Fis +Ticos Ab,)/sin Ag,

assumption: no nonlinear magnets between
BPMs or “low” amplitude !!
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Linear Optics errors A Light for Science
Measuring RDT f£,,,, (TbT BPM data)

horizontal phase space Fourier transform
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Linear optics errors
Measuring RDT f,,,, (orbit BPM data)

A Light for Science
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Linear Optics errors A Light for Science
Correcting RDT f,,,, (and dispersion)

. to be pseudo-inverted
a 1 fz()()() (SVD). Outp.utl is a
> N vector containing the
— — trim strengths of the
23 f 0020 NKC (corrector)

quadrupoles

a, 6D,

meas

Z 5(m0d) 2zA¢;mjjd>

f2000,j = 31— 64me)

2000 from same formula in
vertical plane
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Linear Optics errors A Light for Science
Correcting RDT f,,,, (and dispersion)

meas

-
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vertical pl
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Linear Optics errors A Light for Science

Precision / Accuracy

Precise | statistical [|mprecise
errors
Accurate
®
@
Inaccurate

systematic
errors
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Linear Optics errors A Light for Science

Error contribution to rms B-beating @ ESRF (in %o)

« Statistical errors (precision) the most significant (machine vibrations,
orbit drifts [@ ESRF 15 pm rms => 5%o], ...)

« Systematic (accuracy): SVD on ORM: 3% (simulations over ten sets,
w/wo 10 nm BPM noise)

» Reproducibility (precision): 5%o (H) & 2%0(V) over 5 consecutive ORM
measurements (orbit corrected within 2um rms)

« Lattice non-linearities polluting TbT tune line (from simulations): 1-2%o
accuracy @ lowest kick amplitude

 BPM noise and harmonic analysis of TbT data: depends on methods

Mean error B,-beating B,-beating
Method precision [%o] precision [%o]
TbT @ ESRF 4 4
ORM @ ESRF 6 4

L. Malina et al. , PRAB 20, 082802 (2017)
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Linear Optics errors A Light for Science

Error contribution to rms B-beating @ ESRF (in %o)

« Statistical errors (precision) the most significant (machine vibrations,
orbit drlfts [@ ESRF 15 pm rms => 5%o], . )

. S =

W, [3 beatlng from TbT and ORM analy3|s

-R| differs by ~1% rms (demonstrated PRM

. an‘ accuracy @ ESRF, ALBA, ...) -

accuracy @ lowest kick amplitude
 BPM noise and harmonic analysis of TbT data: depends on methods

OIS A A __O0OL

lets,

Mean error B,-beating B,-beating
Method precision [%o] precision [%o]
TbT @ ESRF 4 4

ORM @ ESRF 6 4
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Linear Optics errors A Light for Science

52 1
g 10F
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OUtIineS A Light for Science

* Betatron coupling (107)
1. RDTs measurements & correction

2. Hadron Vs lepton machines
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betatron Coupling A Light for Science
Measuring RDTs f;,,; & f;,;0 (TOT BPM data)

horizontal phase space

5 | - lattice with bétatlron]codplir'wg[_

px [ (um rad)"]
o

2 1 o0 1 2
X [ (um rad)'?]

CompleX C-STbT Signal @,CE — (f?,—kl — 5@ COS Aéx)/ SlIl A¢£C
Ry = T — 1Py B = (—Fis +Ticos Ag,)/sin Ag,

assumption: no nonlinear magnets between
BPMs or “low” amplitude !!
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betatron Coupling A Light for Science
Measuring RDTs f;,,; & f;,;0 (TOT BPM data)

horizontal phase space Fourier transform
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A Light for Science

betatron coupling
Measuring RDTs f,,,; & f;,;0 (TbT BPM data)

horizontal phase space Fourier transform
5 _[.' lattice with bétatlron]codplir'wg{_ E sk H(-1 O) —
Froor| = 1 [H(0,1)V(1,0) H(0,1) H(0,-1)
10011 = 5 H(1,0)V(0,1)

1 [H(0,-1)V(-1,0) |
|f1010|:§ H(1.0V(0.1 ' 02 04 06 08 1
( ’ ) ( ’ ) frequency [tune units]

1
1001 Zi(ﬁbH(o,l) + Q1,00 — Pv(1,0) — G5V(0,1))

1
71010 :§(¢H(0,—1) T ¢H(1,0)+¢V(—1,0) +¢v(o,1)—|- w)
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betatron Coupling A Light for Science
Measuring RDTs f;,,; & f;,;, (orbit BPM data)

6:1: é;,; O(xx) O(XY)
(O—»’U ) = ORM ( é,u ) 3 ORM = ( O(yx) O(yy) )

00, ; 00,
O(I x) _ x,] ’ O’(.L’:lj) _ x,] 1 . N
wy 0 6:1:,11) W 0 ey,w ’ <J<As
yx 80: 7 Y1 80: vl
O(} ) _ Y,J O(.;./) _ Y,J 1 <w < Ng

ot a(—):L',’w ’ I a@’!},’w ’

SORM = ORM/(meas) _ gRM(ideal)

pseudo-inverted (SVD)

50(@2)
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5D 3K

- Sy (b Dby )
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s0We) | =8 @ 1/ o100 J 4(1 — e2mi(QuFQu))

D, 0
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betatron Coup"ng A light for Science
Correctlng RDTS f,40; & f1010 (& Vertical dispersion)

P to be pseudo-inverted
a 1f1001 (SVD). Outputis a
> > vector containing the
= —MJ trim strengths of the
a 1f1010 ¢ corrector skew

= quadrupoles
asz

meas

%%
Z J'w 1 \/ﬁ'w I/Bw yei(A(pm»qu:A‘fby,wj)
w
a5 = 11— & @an)
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ay f 1001

aif 1010

asz

betatron coupling

= —-MJ,

meas

A Light for Science

->

Analysis

Correcting RDTs f;,,; & f,,:0 (& vertical dispersion)

Data dlrectory: I/mntdlrectj_machfs;’lluzzo

@ ESRF

Apply correctlon

Errors Correctlor
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wote gt

ESKE betatron coupling
Correcting RDTs f;,,; & f,,:0 (& vertical dispersion)

A Light for Science
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: 1"‘r‘rr|r‘|'~'r-r'r Oij)
P B B S R i
0 50 100 150 200 .
BPM number
|I
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Wahed
......

wote gt

ESKE betatron coupling
Correcting RDTs f;,,; & f,,:0 (& vertical dispersion)

A Light for Science

Analysis

]
Data dlrectory: I/mntdlrectj_machfs;’lluzzo @ ESRF

~Correctlor
0.06 ] . —
—_ after 1st iteration ! ! Retune |
ey T If1001| Correct J RDT ]
L 0os L — |t1010|| |
E Inltlal | |—|Dc|f§'
Zero I
.g) 0.04 B B Load...
[
o 0.03 -
2 on IEI'I'IOI'S ' 0.01
o
o 0.0 o
2 QRIARSQF7 001,
E_ 0.01 : . 0.1
< e OM
0 ] 1 ] ] 1 | ] 1 | ! | .
0 50 100 150 200 an an -~ O1lg
BPM number

wj)
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e et

betatron coupling

A Light for Science

Correcting RDTs f;,,; & f,,:0 (& vertical dispersion)

2 " " ] X
50 100

1 ] )
150

" ] )
200

-
F
- t
=
=

s L

AN A

]

Analysis I
- A Da:a directory: I/mntdlrectj_machfs;’lluzzo @ ESRF
006 - ] y v r | ~Correctlor
— after 2" jteration —— [f1001] Retune |
(¢p) o |f1010| Correct J m
= 0.05
E Inltlal |—|Dc|)s.2 :
(@) Zero
.E 004 Load...
S
O 0.03
‘8 on Ierrlors ' 0.01
O
@ 002 ol
= OPIAREQF7 001,
S 0.0l RIART
&
<C

| BPM number

wj)
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betatron Coup"ng A Light for Science
Correctlng RDTS f,40; & f1010 (& Vertical dlspersmn)

Analysis

Data dlrectory: I/mntdlrectj_machfs;’lluzzo @ ESRF

4 = S

TABLE I. Summary table of the first correction with RDTs of

January 16, 2010. The corresponding horizontal emittance is

e, =Lk, =&, =4 nm. Beta beat refers to the peak value.

Condition €, = 0€, [pm] 3 beat [%]

With 2009 correction 46 + 18 5

All correctors OFF 237 * 122 50

After 1st correction 23.6 £ 6.3 8

After 2nd correction 11.5 4.3 5 )_
0 50 100 150 200 a0 an . Ol —

_BPM number
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A Light for Science

betatron coupling
Hadron Vs lepton machines

~ hadrons

1 . LA A
AQmin - |2_ dS_](S) /)’xﬂve_’(qb.r—ﬁb_v)-l-l(Q_x-—Q_v)s/R ’
jz' o

set tunes

measured tunes

6.3

6.2

T
-IIIIIIIIII..

Qy
Qy

.I
EEEEEEENE
A

400 450

L |cl=aQ

min

A
Y yyadd
=0.055 {

350
time [ms]
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betatron cou pling A Light for Science

Hadron Vs lepton machines
0. -0, ~ hadrons

1 _ DA
AQlIlin — |Zf dSJ(S) ﬁxﬂye (Pr—y)+i(Q:—0,)s/R ,

~ leptons
0 [ ]
€,/€, = 1 fully coupled €,/€, =1%o ultra-low coupling
§ .-.I-- ..... — T 11 — T = T — T T T
° 1
Z o2 RO -l =10} .
® .... ---l © 9| ~]
6.1 -0.”..0.0?.. 1 Qe EEEEEEEE] e s
RS e . R R | i
250 300 350 400 450 S 8 i J
A .
A\63 [rrrrrrrrrre, T Radaakadiy] \[ e a ver omit. (megsured
© Vv, AN = hor. emitt. (from Eq. 30)
5 - » Yy ‘AAA‘ . | _ — ver. emitt. (from Eq. 31)
3 2| Ic=aqQ,, =0055 { A Qul
2 ‘AAA vavv T i _ -]
S AAN Vv i 3
E Jo.1 w‘ | '"VV"T'WI 3r | T
250 300 350 400 450 -0.2 -0.1 0 0.1 0.2
time [ms] A
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betatron Coupling A Light for Science
Hadron Vs lepton machines

1 . LA A
& Cmin = |z_f () 1 /B, et +i(2:=0,)s/ R
7[ o

~ hadrons

?

0, ~0Q,

-

f1010] < |f1001]

AQpin ¥ |4(Qx - Qy)f1001e_i(¢"‘_¢-")| N 4\Qx - Qnylool .

round beams usually (&€/€, = 1) from injection even
with ultra-low coupling (AQmin @ LHC ~2x10-4)
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betatron CcCOou pling A Light for Science

Hadron Vs lepton machines

- ‘4\
S7(.S

Y

/

) )
f ’ - j‘

—

€,/€, = 1 fully coupled €,/€, =1%o ultra-low coupling

~ leptons

Q,>0,

-

f1010] & |f1001]

E.=C&,+[S8% +8% —25_S, cos(gs + g_)]E,

E,=C¢&,+[S2 +87 —25_S cos(gy — q-)IE,

C = cosh(2P)

?=\/_|f1001|2+|f1010|2 St =—75 |fml

sinh(27P)

1010
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“ -

betatron cou pling A Light for Science

7)) |
S| [R Tomasetal., PRAB 20, 054801 (2017) |—— 3
"g 100 <
n s 3 $ 2 |5
l C n O
10 E n
z ’ 3
o 1F —
S _ ® . $¢i5S
0.1F ¢ ®. P! D
_"c..:-'_cs 0.0l';“ PR 2 ’0‘ v O
5 o
5 | . 2
0.001'5r ¢ %
o001 Lot L
1984 1992 2000 2008 2016
year
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OUtIineS A Light for Science

* Nonlinear lattice error (model) (157)
1. Localization & detection of nonlinearities via RDTs

2. RDTs Vs chromatic functions and orbit feed-downs
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Nonlinear lattice error (model)  Atightforscience

horizontal phase space

I

5| - lattice with sextupoles

1st caveat: measuring
nonlinear RDTs from
complex C-S signal is
affected by a
systematic error in the

reconstruction of p_

| . | . ] . | L |

2 1 0 1 2
X [ (um rad)'”#]

CompleX C-STbT Signal @,CE — 1 — 5@ COS Aém)/ Sln A¢CE
h{L‘ — L — pr ]3;',3; 1+ T, cos Agbx)/sin Ao,

assumption: no nonlinear magnets between
BPMs or “low” amplitude !!

|
2

N
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Nonlinear lattice error (model)  Atightforscience

horizontal phase space Fourier transform
R N IR T 1
|| - lattice with sextupoles 7}
2 . [ — - — —
g le-03 : H(1 ’0) §
g I H(-2,0) '
< = le-04p E
| -, 0 i | _e - g
€ S, H(2,0)
= (o))

-;- 1k . -g le-05 | E
Q- = : ]
3

2+ _ i
| | | L | . | | | m 16—06 I | | L | .| | ) N
-2 -1 0 1 2 0 0.2 04 0.6 0.8 1
X[ (um rad)!2] frequency [tune units]
jklm resonance H-line  V-line | @5 kim | ?klm
1200 10 (2,0) 2| f1200] (21 S e — T
( ’ ) 3 f1200 T ¢1200 %,o D)
2100 (1,0) (0,0) 4| fa100|(21) #510{ let's focus on this
3000 (30 (-2,0) 6 f3000| (212 Dho00 — 200 — §
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Nonlinear lattice error (model)  Atightforscience

horizontal phase space

I

5| - lattice with sextupoles

| L | L ] . | L |

2 1 0 1 2
X [ (um rad)'#]

amplitude [arbitrary units]

H(-2,0)

|f3000|: 6H(1,0)2

Fourier transform
le-03 H(1.0)
- H(-2,0) '
le-04 | E
[ H(2,0)
le-05 3 =
le-06 L - Ll ‘

] | ) L
0O 02 04 06 08 1
frequency [tune units]

2"d caveat: measured RDTs
affected by BPM calibration
error (if unknown)

d1001 = ¢H(—2,0)‘|‘ 2¢H(1,0) + %
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Nonlinear lattice error (model) A tightforscience

h e—iqu (w) —zBAqﬁww 1 (w—1)
w,3000 3000 3000

hw,SOOO — w 2/83/2/16

The RDT amplitude between two BPMs (w-1) & (w)
changes only if there is at least one corresponding magnet
(sextupole in the case of f;,,, ) within the two BPMs =>
This can be used to localize and calibrate magnets !!!

f3000/= éﬁ(—f{)())%

d1001 = ¢H(—2,0)‘|' ngH(l,O) + %
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Nonlinear lattice error (model)  Atightforscience

f3000 @nd sextupole strength measurement @ SPS

SPS turn-by-turn BPM data { PRAB 10, 074001 (2007)
5 ; . . u . ————
_ - — tune line H{1,0)
E & 0.1758
= 0.0001F ;
— =
- 3,
= v I ]
72! =
- 2 le-05k sec. line H(-2,0) §
) 2 0.6484 i
5 =
o
-
= _ = le-06
2200 40 00 800 1000 0 02 04 06 08 1
# of TURNS fractional part of the tune

3rd caveat: sextupole (and higher-order) spectral lines are
close to the background noise for operational setting. @
SPS and ESRF sextupoles were modified to enhance them.
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Nonlinear lattice error (model)  Atightforscience

f;000 @Nd sextupole strength measurement @ SPS

|8 —————— —T T T 7 strong slow-
i E ] 4 1 extraction
161 { i . sextupoles
14| — model |
—  [{*— measured W ’ i artificial jumps
""E 12 # il ~ ] from wrong p),.
— 10} " 3 reconstruction
[ ‘ » o o due to (weak)
—g 8 _ ] 8 S 4 chromatic
' . ' sextupoles
< - o |
4k |
2 - h l:
0 _ . | .

| . | ) | . | . | .
0 10 2000 3000 4000 5000 6000 7000

longitudinal position [m]

PRAB 10, 074001 (2007)
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Nonlinear lattice error (model)  Atightforscience

f;000 @Nd sextupole strength measurement @ SPS

20 ! | 1 [ T T

1hw,3000 = 3/2/16

16H | model —
1 » measured _— |

i L A | i | i | i | i l i
0 1000 2000 3000 4000 5000 6000
PRAB 10, 074001 (2007) | longitudinal position [m]
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Nonlinear lattice error (model)  Atightforscience

f;000 @Nd sextupole strength measurement @ SPS

9 r T ' T ' T ' 3/2
i huw 3000 = Ko 20w,z/16
—_ 7:I model 231: .
= | * measured !
S 6f £ T  a Bl _)—'@
5_ —
3 —
& | JT A
-~
S e RO
® 2F - >
| | =
1 1 &
— L ] . | . | . | . | ] | . _ <
OO 1000 2000 3000 4000 5000 6000 6
(a

PRAB 10, 074001 (2007) longitudinal position [m]
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Nonlinear lattice error (model)  Atightforscience

Caveats & cures when measuring nonlinear RDTs

1. measuring nonlinear RDTs from complex C-S signal is
affected by a systematic error in the reconstruction of p

hZL‘ — 53 — Zﬁx ]3;;,3; — (’ff,;_kl — 52 COS Aqu)/sm A¢m

assumption: no nonlinear magnets between BPMs or low amplitude
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Nonlinear lattice error (model)  Atightforscience

Caveats & cures when measuring nonlinear RDTs

1. measuring nonlinear RDTs from complex C-S signal is
affected by a systematic error in the reconstruction of p

h’iE — ,CZ' — Zﬁx ﬁ:i,a: — (vai+1 — 53 COS Agbx)/sm AQbm

assumption: no nonlinear magnets between BPMs or low amplitude

solution 1 (SPS, RHIC): combine signal from 3 BPMs to

cancel out error in the reconstruction of p,.. No good
when BPM phase advance multiple of 90° (IRs)
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Nonlinear lattice error (model)  Atightforscience

Caveats & cures when measuring nonlinear RDTs

1. measuring nonlinear RDTs from complex C-S signal is
affected by a systematic error in the reconstruction of p

h’iE — ,CZ' — Zﬁx ﬁ:i,a: — (vai+1 — 53 COS Agbx)/sm AQbm

assumption: no nonlinear magnets between BPMs or low amplitude

solution 2 (ESRF): FFT on real C-S signal 1z only.
Combined RDTs (CRDTs) can be measured

K 3/2 6_3":A¢m,bw eiA¢m,bw
F _3f _f* — w,2Mbw,x _

NS3 =37 3000~ J 1200 Z 16 L] — ebmQz ] — ¢i2mQa
w

- e . > pseudo-inverted
FNS,meas _ FNS,mod — MNSAI<2 (SVD)
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Nonlinear lattice error (model)  Atightforscience

Caveats & cures when measuring nonlinear RDTs

2. Measured RDTs affected by BPM calibration errors (if
unknown)

| f3000!= 5}@?5?%
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Nonlinear lattice error (model)  Atightforscience

Caveats & cures when measuring nonlinear RDTs

2. Measured RDTs affected by BPM calibration errors (if
unknown)

H(—2,0) | - _9.
f3000/= 615%(1,0)2 H(-2,0) = 1%(120())) = 6| f3000| /21

solution 1 (SPS, RHIC): measure calibration-free [:I,

repeat measurement @ different kicker strengths, i.e.\/ 2/,

and infer | f;,,,| from slope of linear fit Vs V 2[; | i.e.tune
line amplitude H(1,0).
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Nonlinear lattice error (model)  Atightforscience

Caveats & cures when measuring nonlinear RDTs

05 . :
2. 00 Prediction —+— (if
ur 0.045 + Experiment % ) _
0.035 ; ]
|f1 =) I IRV 21
< 003 | z
N
| 0.025
=9 T 002
re 0.015 21,
3 0.01 une
_ 0.005 @ SPS
li 0
0 0.5 15 2

R. Tomas, PhD Thesis (2003)
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Nonlinear lattice error (model)  Atightforscience

Caveats & cures when measuring nonlinear RDTs

2. Measured RDTs affected by BPM calibration errors (if
unknown)

| f3000!= éﬁ(ﬁgﬁ%

solution 2 (ESRF): infer BPM calibration errors from ORM
fit and use them on TbT data. Remark # 1: not significant

impact @ ESRF (errors ~ 1-2%). Remark # 2: is assumes

that DC calibration errors are frequency independent
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Nonlinear lattice error (model)  Atightforscience

Caveats & cures when measuring nonlinear RDTs

3. sextupole (and higher-order) spectral lines are close to
the background noise for operational setting.

SPS BPM spectrum
LA L B
— tune line H(1,0)
oy 0.1758
= 0.0001
=
L]
%) L
=
2 1e-05t sec. line H(-2,0)
= 0.6484
E
-]
[
B le06
0 02 0.4 0.6 0.8 [
fractional part of the tune
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Nonlinear lattice error (model)  Atightforscience

Caveats & cures when measuring nonlinear RDTs

3. sextupole (and higher-order) spectral lines are close to
the background noise for operational setting.

solution (SPS & ESRF): Use SPS BPM spectrum
modified (non-operational) P tne ne 1.0
sextupole setting to carry RDT i
measurement £ o so e 2
 romalquadnpdedie M Do Ho@o4d |
100 E normal-sextupole-like plane 3

F skew-sextupole-like
[ normal-octupole-like

H(-2,00@0.12 H(1,2)@0.22
H(0,-2) @0.22

H(0,1)@0.39
H(3,0) H(-1,2)
F - H(1,-1)
5 @0.05 @0.32 @034
@0170
.............

frequency [tune units]

impractical @ LHC

—
o
.'_.

._.
=
[L»

FFT amplitude [arbitrary units]

—
o
d.a
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Nonlinear lattice error (model)  Atightforscience

Caveats & cures when measuring nonlinear RDTs

3. sextupole (and higher-order) spectral lines are close to
the background noise for operational setting.

solution (SPS & ESRF): Use SPS BPM spectrum
modified (non-operational) ||z | [uemesn
sextupole setting to carry RDT
measurement

tune line H(1,0)
0.1758

o
S
=

sec. line H(-2,0)
0.6484

FFT amplitude [a.u. log]
o
S

2
<
(=

impractical @ LHC

<

02 0.4 0.6 0.8 l
fractional part of the tune

4. @ LHC & RHIC AC dipole is used instead of pulsed
kicker: AC dipole alter the content of sextupole (and
higher-order) spectral lines, theory not yet avaliable
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Nonlinear lattice error (model)  Atightforscience
Measurement of nonlinear CRDTs @ ESRF

L normal-quadrupole-like

[ skew-quadrupole-like horizontal H(1,0)@0.44
100 £ normal-sextupole-like plane

beam-based

E skew-sextupole-like
[ normal-octupole-like

10" F H(2,0)@0.12  H(1,2)@0.22
f HOAB02 a0 sextupole error model
' H(3,0) H(-1,

107§ HO-D 0o Ko

FFT amplitude [arbitrary units]

0 005 01 015 02 025 03 035 04 045
frequency [tune units]

FFT on real C-S E os} o
u ~ - - ]
sighal r only. 5 ol *,/ ]
o -
e 0.4 —
x E i A )
Fns3=3f3000—f 12001 E "
g 0.2 /* main S20 sextupole @| |
c S 178.6 A ( 7.87 m-2)
O/ " 1 1 1 L | L |
0 0.5 1 1.5 2
PRAB, 17, 074001 (2014) corrector sextupole current [A]
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Nonlinear lattice error (model)  Atightforscience

i7) i normal quadrupole -like
€, | skew-quadrupole-like hOI’IZOﬂta| H(1,0)@0.44
; 10" F normal-sextupole-like plane
L skew-sextupole-like b I ' I_b d
_S [ normal-octupole-like ea ase
L 0k H(1, 2)@0.22
5 107 H(-2,0@0.12 H(1,2) t I d I
s HOR)@022 o 1)@030 Sextupolie error mode
2 o H3,0) H(-1,2)
- — 2 — y
= 107 F H(O.-1)
g. E @005 @0.32 @0.34
©
o3
L 107 ¢

0 005 01 015 02 025 03 035 04 045
frequency [tune units]

0:5 dard S24 model: 0.443

0.4
0.3
0.2
0.1

0

c8 24 c¢c16 ¢c32 3 23 c9 c29

I T

|

TTTTTTTI

0.6
0.5
0.4

standard S20 model: 0.383 _
03
0.2

0 I I I I i

0.1
PRAB, 17, 074001 (2014) c8 c24 c16 c32

calibration factor [1/(Am?2)]

lllll]lllll
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FFT amplitude [arbitrary units]

Nonlinear lattice error (model)

i normal quadrupole -like
| skew-quadrupole-like
10~ E normal-sextupole-like
E skew-sextupole-like

[ normal-octupole-like

10° 3 H(-2,0)@0.12

horlzontal
plane

H(1, 2)@0.22
H(0,-2) @0.22
H(0,1)@0.39

H(3,0) H(-1,2)

2L
10 F H(1.-1) @0.32 @0.34

@0.05

0 005 01 015 02 025 03 035 04 045
frequency [tune units]

PRAB, 17, 074001 (2014)

turopean Synchrotron Radiation Facility

H(1,0)@0.44

relative error [%]

o

]
[y

beam-based
sextupole error model
(strength)

A Light for Science

| | sextupole in bending

magnets: -1.77 T/m

| L | L | L | L | : | L |

28 56 84 112 140 168
sextupole number
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FFT amplitude [arbitrary units]

Nonlinear lattice error (model)

i normal quadrupole -like
0 | skew-quadrupole-like hOI’IZOI"Ita| H(1,0)@0.44
10~ F normal-sextupole-like plane
L skew-sextupole-like
[ normal-octupole-like
10 E H(-2,0)@0.12 H(1,2)@0.22
H(0,-2)@0.22
H(0,1)@0.39
. H(3,0) H(-1,2)
2 L ,
10 H(11'1) 2 4
@0.05 H(-1.1) @0.32 @0.3
@0.170
107 F

PRAB, 17, 074001 (2014)

turopean Synchrotron Radiation Facility

tilts [mrad]

A Light for Science

beam-based

sextupole error model

(tilt)

=

[ rms=13mrad|

| | 1 |
84 112 140
sextupole number

56

168 196
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Nonlinear lattice error (model)  Atightforscience

E normal-quadrupole-like ]
[ skew-quadrupole-like horizontal H(1,0)@0.44 1

10~ F normal-sextupole-like plane 3
E skew-sextupole-like f bea m _ based

[ normal-octupole-like

10'1? H(-2,0)@0.12 :51 2@332 - OCtUpOIar model (|n

H(0,1)@0.39

i H(3,0 -1, -
e ity 1 | quads)

F @0.05 H(-1,-1)
@0.170

FFT amplitude [arbitrary units]

5 04 045 05 Quad K3 [m—3]
family (average &+ rms)

QF2 4.4+ 1.6
QD3  —69+0.7
QD4 2.5+0.8
QF5 -22+14
QD6 —-04+24
QF7 4.0+3.3

0 005 01 015 02 025 03
frequency [tune units

PRAB, 17, 074001 (2014)
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Nonlinear lattice error (model) A tightforscience

RDTs Vs chromatic functions and orbit feed-downs

The strengths of nonlinear magnets (K,, J,, K, ...)
can be inferred “directly” from the (C)RDTs via TbT
BPM data, though with all aforementioned caveats.
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Nonlinear lattice error (model) A tightforscience
RDTs Vs chromatic functions and orbit feed-downs

The strengths of nonlinear magnets (K,, J,, K, ...)
can be inferred “directly” from the (C)RDTs via TbT
BPM data, though with all aforementioned caveats.

Alternatively, their strengths can be inferred from a
linear analysis (focusing & coupling) after making the
beam cross the nonlinear magnets off-axis (Ax, Ay),
via feed-down fields:

oK | =2(K,Ax+ J,Ay) o] =2(J,Ax+ K,Ay)
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Nonlinear lattice error (model) A tightforscience

RDTs Vs chromatic functions and orbit feed-downs

The strengths of nonlinear magnets (K,, J,, K, ...)
can be inferred “directly” from the (C)RDTs via TbT
BPM data, though with all aforementioned caveats.

Alternatively, their strengths can be inferred from a
linear analysis (focusing & coupling) after making the
beam cross the nonlinear magnets off-axis (Ax, Ay),
via feed-down fields:

oK | =2(K,Ax+ J,Ay) o] =2(J,Ax+ K,Ay)

(Ax, Ay) can be generated by going off energy op/p
(via dispersion Ax=D_op/p ), with orbit bumps or
controlled distortion, with crossing angle orbit @ IRs

turopean Synchrotron Radiation Facility



Nonlinear lattice error (model) A tightforscience

chromatic functions
oK =2(K,Ax+ J,Ay) oJ 1 =2(J,Ax+ K,Ay)

(Ax, Ay) generated by going off energy op/p (via
dispersion Ax=D _dp/p ).

* O9p/p error from &, /fr- (very accurate!) and momentum
compaction (1% w.r.t. model @ ESRF)

* D_@ sextupole not observable, fit needed from data @
BPMs

« effective analysis only for chromatic sextupoles with
large dispersion, not for harmonic.

» dependence of Twiss upon dp/p, i.e. chromatic functions
and coupling as observables.
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Nonlinear lattice error (model) A tightforscience

chromatic functions

M

98:(7) . B(7) Z
= _B:r ] K-m — Km D-m 2o m,x C QA r.mj 2 98
9B, (j) By (5) ZM

) ~ I Ay =y | e ) L

as By(J) 2sin (27Qy) — (Km,1 — Em,2Dm,z) Bm,y c08 (2A¢y mj — 27Qy)

. . vV /33' T - 1 .

() = _sz ] 1 E Km - _Km D-m T Dm xy/ .Bm z COS A r.mij — x
DI(J) (J) + SlIl(TfQI) — 11 2 :2 y 3 3 (’Ob( ¢) W g ﬂ.Q ) )
D’ i it mor mpli xpression

, Is a bit more complicated expressio @ ESRF

from meas. & fit of standard on-energy ORM

from meas. & fit of 1 or 2 off-energy ORM
the dispersive off-axis orbit across sextupoles introduces
additional focusing (d5/do) and dispersion (D’).
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Nonlinear lattice error (model) A tightforscience

chromatic functions

M

08:() _ | mon . Bali) ) | .

96 = B:r (j) + 9 sin (Zme) .r;:l (K-m,l Km,2D-m,x-) JBm,:r Cos (QAC.b:r,-mJ 2 QI)
) to be pseudo-inverted (SVD)

6,By(J) ~ —— ) ‘ mj — QﬁQy)
2 ( 673/ \ (5 D) (5 \(medeD) |

D.’r(.}) - al_jaé é é 6E§se.xt) d)m.mj - ﬂ'Qm) )

Das| =D -|D'] - é(sM]
D’y s a \5F% ) o) \Fy) @ ESRF

frommeas. & Tt or Standara on-energy ORNT

from meas. & fit of 1 or 2 off-energy ORM
the dispersive off-axis orbit across sextupoles introduces
additional focusing (d5/do) and dispersion (D’).
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Nonlinear lattice error (model)  Atightforscience

chromatic functions

—— model (PTC ideal sextupoles) « — measured (direct)

. 300 |.- . measured (ORM +-150Hz) B T . ]

S 200 F . Sextupole
z% 108 R Calibration
100 ] from
w SOF T T T T T o T e T T Chromatic
60 ' | . :

!; 40y i} . ‘ HEE functions
5 20 BV VTRJIATY ViR MF RAL TNAATY Wb (off-energy
-zg ' ' ' ' ' ' ' ' ORMSs)

_04 ] | 1 ] | ] | ] | ] | ] | |
0 28 56 84 112 140 168 196 224

BPM number
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Nonlinear lattice error (model)  Atightforscience
chromatic functions

0.5
dg /ds
0.4 somey ° Sextupole
. e From dnx/dd . C |b t
o From dg /ds and dn,/ds ° alipration
>3 x from
~Fit dg, /d5 - c = 0.190 (m2A?) .
0.2 2p-1 Chromatic
—~ functions
g (off-energy
— 0 ORMs)
V4
0.1 The calibration
| factor from
-0.2 magnetic
measurements is

1

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
Current (A)

1
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Nonlinear lattice error (model)  Atightforscience
chromatic functions

_ 1001 T. H. B. Persson et al., PRAB 16,081003 (2013) measurem.
g 1 | | & correction
8 ] of chromatic
= : coupling via
skew
(a)Beam 1 sextupoles

100F : @ LHC (TbT
= 80} :
T sl | | |BPM data)
S 40 T
ﬂ 20_ -

%

Longitudinal location [km]
(b)Beam 2
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A Light for Science

Nonlinear lattice error (model)

orbit feed-downs

 tune response to bump on sextupoles (G. Franchetti et

al., PRSTAB, 11, 094001, 2008) [*]

» betatron phase advance response to off-axis orbits @

sextupoles (W. Guo et al, PRAB 21, 081001, 2018) [*]

3 _I || L ’|| I Il l ||r| LI I ll |1_ msr

2 T O£ -+ F T T3

— - 1 L e fit
— Fi+ T4 Lo+ 4T 1 N
1: T a5y ..-‘_# o -
:_'Jl- * T _..,__ *"'—0—44--0--.-_:
€ — =N 1] - T4 A
— T 4 7 - —
= O L% L% e T (A =
— -~ Uy * H I X d—_,_ -+
> _1 - T RIS Sl = T mT —
— T+ 'l 1 ]
:-v_., .._E c N - - - 2= i o :
-2 C-TT = 4L TET T <+ =T A7TL T 3
: - - - -, :
-3 u| L1l I L1l l L1 1l I L1 11 I L1l l_._l L1 11 I L1 1l I L1l |—E
0 100 200 300 400 500 600 700 800

s (m)

[*] these methods may suffer from degeneracy
issues (several sextupoles within an orbit bump)
and no knowledge of orbit offsets (Ax, Ay) @ sexts

Kz (1/m?3)

0

-1t

‘| "

1 Inpul
+*

SE

@ NLS I

6 10 20 30 40 5|0
Power Supply Index
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Nonlinear lattice error (model) A tightforscience

orbit feed-downs

* response to off-axis orbits (Ax, Ay) on sextupoles &
octupoles generated by crossing-angle schemes @
colliders’ IRs (E.H. Maclean et al., CERN-ACC-2019-0029) []

* tune Vs crossing angle  oK,=2(K,Ax+ Jsz) +3K(Ax*+Ay?)

° _
AQm,n & fwm Vs crossing angle 2(J2Ax+ K,Ay)
0.004 , _ ———
i 2017 W|th by correctlon bt | S o | @ LHC
Ix 2015, no b, correction e s
0.002 - 4 ] .
cg>. i nIIIIll-'I %
xx <
Q0000 ex*TT “hed Y 0
O = '-;. -
2 e, 5
-0.002 | '1.1 H.E." o[ 2017 correction == |
I ; o2 2018 correction ==
0 e q00 o 100 200 200 -100 0 100 200
IR1 vertical crossing angle [urad] IP1 vertical crossing angle

[*] goal is to correct nonlinearities @ IRs with operational * optics , not
possible to use strong magnet to enhance RDTs (not used)
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Outlines A light for Science
* Resonance Driving Terms Introductory (15)

e Linear optics errors (10)
1. RDTs Vs beta-beating and phase advance error
2. RDTs measurements & correction

3. Accuracy and precision analysis

« Betatron coupling (107)
1. RDTs measurements & correction
2. Hadron Vs lepton machines

* Nonlinear lattice error (model) (15)

1. Localization & detection of nonlinearities via RDTs

2. RDTs Vs chromatic functions and orbit feed-downs
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A Light for Science

EXTRA SLIDES
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A Light for Science

EXTRA SLIDES
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. Resonance Driving Terms Introductory sust orscience

ESRF

Nonlinear one-turn map (OTM from turn N to N+7)

hm,j: — 1T + Zﬁx — /2Jx€$i(¢m+¢m,0)
) normal form
Cq,:: Y, 21(]'6 Z(¢q+¢q’0) Cgordai]na(zesS

~ . | s-dependent s-independent R
M OTM OTM (rotation)
. H :| phase-space S-
c deformation |" independent
detuning H-
R phase-space with - €
linear rotation amplitude
n=gtktitm s-dependent

F = Z Z fjklmCﬁ; +Ck Cl Gy | normal forms

n>2 jkim transformation
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Linear Optics errors A Light for Science

Measuring B-beating from BPM phase advance
(FFT of TbT data)

BPM phase advance = difference between the phase
of the tune spectral line measured @ 2 BPMs

Castro’s formula (@LEP), assumes no error between
2 BPMs

B(meas) (mod, COt Agmeea’S) cot A¢ meas)

: cot Agbg{wd) cot Agb (mod)

Measurement error depends thus on the unknown
guadrupole error. Iterations are needed
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Linear Optics errors A light for Science

Measuring B-beating from BPM phase advance
(FFT of TbT data)

Modified Castro’s formula (@QESRF, LHC) accounts
for quadrupole error between 2 BPMs

(meas) _,B(mod) cot A¢(meas) cot A¢(meas)
' - od) (mod) —
cot A%l cot Agzy " + (ha1 —hs1)

+O(6K7)

(mod) 2 (mod)
Z ’8 6Kw Sin A¢ not observable, though

Ri: — :Fj<'w<" useful in simulations (HL-
VA sin2 A¢(moal) LHC) and to estimate
measurement error
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Linear Optics errors A Light for Science

Measuring B-beating from BPM phase advance
(FFT of TbT data)

—— MADX - Castro’s form. : rms=0.25% p-t-p=2.1%
—— MADX - newformula :rms=0.06% p-t-p=0.9%

~ T | _

X 0.5 —

% i

s Y

S |

N 0. i

@)

< -l 1 | | N
1 I I T

g ]

'g 0.5 1

el

<] 0Op

S

= -0.5

q>_) .
-1 . 1 . | 1 | . | . 1 . | l | L

4] 28 56 84 112 140 168 196 224
BPM number
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Linear Optics errors A Light for Science

increasing precision in measuring 8 function

The N-BPM method (meas) _ glmod) Ot AP T _cot AplTers)
1 mo o
TABLE III. Systematic error of the measured f-function at arc cot A¢( d) cot AQ()( d)

BPMs for using different BPM combinations. The phase advance
between consecutive BPMs is approximately /4.

BPM combination Systematic error (%) LH C 201 6

A probed, A used, A unused

AAAAA 0.3 . ' '
:Q:ﬁﬁ 04 5-[HEE Neighboring BPM method
AAAAA o || N-BPM method
AAAAAAA 1 =
AAAAAAA 1.4 §
AAAAAAA 1.7 <
AAAAAAA 1.8 =
AAAAAAA 7.9 E
AAAAAAAAAAA 223 3
AAAAAAAAAAA 1.3 S
AAAAAAAAAAA 1.9 3
AAAAAAAAAAA 6.1 <
AAAAAAAAAAA 1.0
AAAAAAAAAAA 3.0
:ﬁﬁﬁﬁ:ﬁﬁzﬁﬁ o 0= Wiection Flattop  B* =0.6m  ATS 0.2m
AAAAAAAAAAA 1.6
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Linear Optics errors A Light for Science
Measuring B-beating from BPM phase advance or

tune amplitude (FFT of ThT data)

(mea,s) (mod) cot A¢(meas) cot Aqs(meas)
' cot Ag/521 cot Aqﬁ(mOd)

model & BPM synchronization *

A(I)zg — Aqu - 5¢(mm) dependent

BPM calibration € independent

2
(meas) (mod) |H(19 O)J‘ O(E 2

model & BPM synchronization

*' @ ESRF 0.1 us p-t-p over independent
2.82 us revolution time BPM calibration € dependent
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Llnear Opt|cs errors A Light for Science

K|Ck Amplitude artificial B-beating
from TbT data

- Limited by non-linearities — simulation [T1c measured BEM

phase advance

(meas) (mod) €Ot AG\ T —cot Ay

1 - M1
cot A¢(m0d) ot Aqb(mOd) betatron BPM
phase advance +
non-linear terms

1 Simulated kicks
—_ @B=38m
}E .
ol 0.73 mm
3 1.46 mm
3 2.92 mm
4.32 mm

0 100 200 300 400 500 600 700 800
Longitudinal location [m]
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aaaa

ESKE Linear optics errors B

Kick Amphtude artificial B-beating
from TbT data
- Limited by non-linearities — simulation
- However has to be high enough
« with respect to BPM resolution
« Decoherence and number of turns

1 Simulated kicks
- @B=38m
g ]
ol 0.73 mm
= 1.46 mm
3 2.92 mm
4.32 mm

Longitudinal location [m]

turopean Synchrotron Radiation Facility Andrea Franchi “Resonance Driving Terms”



Linear Optics errors A Light for Science

Kick Amplitude

artificial B-beating
from TbT data

Limited by non-linearities — simulation
However has to be high enou

SBPM resolution

w

with respect ta

Decoherence and number of tu

e Libera BPMs
~10 ym/\Hz (TbT, 353 kHz)
Vs
~10 nm/vHz (ORM, 10 Hz

aqn)

AB, /B, [Yeo]

1 Simulated kicks

| @PB=38m

0.73 mm
1.46 mm
2.92 mm

4.32 mm

Longitudinal location [m]
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ESRE Linear optics errors

Kick Amplitude artificial B-beating
from TbT data

However has to be high enough

« with respect to BPM resolution
. number of turns

Limited by non-linearities — simulation

The measured BPM
phase advance

betatron BPM phase
advance + non-linear

40 T T L T T T L4
f iﬁl B i K # L7 terms
4 : : :
5 0.73 mm
c 1.46 mm
g 0 ™ 2.92 mm
» -2 LHC TbT data 4.32 mm
—4
0 500 1000 1500 2000
Number of turns
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A Light for Science
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ESKE Linear optics errors B

Kick Amphtude artificial B-beating
from TbT data
- Limited by non-linearities — simulation
- However has to be high enough
« with respect to BPM resolution

- Decoherence a G ~1/N? (TbT)

¥ 1 Simulated kicks

| @PB=38m

0.73 mm
1.46 mm
2.92 mm

4.32 mm

AB, /B, [Yeo]

Longitudinal location [m]
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Linear Optics errors A light for Science

a possible way out: the AC dipole

* long TbT signal good
LHC TbT data | | — ACDipole — Single Kick |~ for cleaning before

harmonic analysis =>
greater spectral res.

* |ow excitation
| | | amplitude => non-
0 500 1000 1500 linearities avoided

* N0 emittance blowup

* perturbations from AC
dipole to be

accounted for

0 1000 2000 3000 4000 5000 6000
Number of turns

Y [mm]

—-1.0
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momentum reconstruction A Light for Science
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