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m Outline

— Introduction

» NAFF

« perturbative theory of betatron motion
« SVD fit of lattice parameters
* Resonance Driving Term Analysis

— Applications
« SPS
« DIAMOND Spectral Lines Analysis

— Linear Model
— Nonlinear Model

- ESRF

Most of the material in this lecture from Ricardo Bartolini (Diamond),
Frank Schmidt, R. Tomas (CERN) , Andrea Franchi (ESRF), ...
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omparison reail ia

iICé 10 modae

linear and nonlinear optics
Frequency Maps and amplitudes and phases of the spectral line of the betatron

motion can be used to compare and correct the real accelerator with the model

Closed Orbit Response Matrix

from model

Closed Orbit Response Matrix

measured

A 4

A

LOCO\

fitting quadrupoles, Linear lattice
etc correction/calibration

/

-
~

Spectral lines + FMA

from model

Spectral Lines + FMA

measured

A 4

2

A

R. Bartolini and F. Schmidt in PACOS\

fitting sextupoles
and higher order
multipoles

Nonlinear lattice
correction/calibration

/

Combining the complementary information from FM and spectral line can allow the
calibration of the nonlinear model and a full control of the nonlinear resonances
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Frequency Analysis of Betatron Motion
and Lattice Model Reconstruction (1)

Accelerator Model Accelerator
» tracking data at all BPMs * beam data at all BPMs
* spectral lines from model (NAFF) * spectral lines from BPMs signals (NAFF)
* build a vector of Fourier coefficients * build a vector of Fourier coefficients
— 2 2 2
A= (al(l) v ey B e P @ e Qg B Dse )

Define the distance between the two vector of Fourier coefficients

X ? = Z (AModel (/) = Avseasurea (J) )2
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Frequency Analysis of Betatron Motion
and Lattice Model Reconstruction (2)

Least Square Fit (SVD) of accelerator parameters 0

to minimize the distance y* of the two Fourier coefficients vectors

» Compute the “Sensitivity Matrix” M AA = M6
« Use SVD to invert the matrix M M=U"WV
* Get the fitted parameters O = (VT WU ) AA

MODEL — TRACKING — NAFF —
Define the vector of Fourier Coefficients — Define the parameters to be fitted

SVD — CALIBRATED MODEL
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NAFF algorithm — J. Laskar (1988)
(Numerical Analysis of Fundamental Frequencies)

Given the quasi—periodic time series of the particle orbit (x(n); p,(n)),
— ¢ Find the main lines in the signal spectrum
= v, frequency, a, amplitude, ¢, phase;
* build the harmonic time series

i¢y 2mvin

z,(n)=ae"e

* subtract from the original signal

» analyze again the new signal z(n) — z,(n) obtained e—

The decomposition z(n)= Z a.e”e”™" allows the
=]

Measurement of Resonant driving terms of non linear resonances
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I:IE Frequency Analysis of Non Linear Betatron Motion
A.Ando (1984), J. Bengtsson (1988), R.Bartolini-F. Schmidt (1998)

The quasi periodic decomposition of the orbit

n , )
x(n)=ip(n)=3ce™" ¢ =aqe”
k=

1

can be compared to the perturbative expansion of the non linear betatron motion

x(n)—ip_(n) =21 e PN 0) 4
J+k-1 [+m

_2i;jsjklm QL) > @L)°* =7+, )+ (=120, 49,0
Jkim

Each resonance driving term s, contributes to the Fourier coefficient of a well
defined spectral line

V(S ) = (L= j+K)Q, +(m=1)Q,
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Example spectra for DIAMOND

4 X motion 4 Z motion

Gl g2 10 Spectral Lines detected with
NAFF algorithm

| _ e.g. Horizontal:
L «(1,0) 1.10 103 horizontal tune

« (0, 2) 1.04106 Q,-20Q,

p, (rad)
(o]

p, (rad)
Q

s 0 : s 0 5 «(:3,00 221107 4Q
x(m) x10° z(m) %107 X
o (_ —7
o o (-1,2) 1.3110 2Q,+t2Q,
X motion FFT Z motion FFT . (_2’ 0) 9901038 3 Q
10° ] 10°
N _ *(—1,4) 20810 2Q,+4Q,
£ £
< 107 " 107
10" 10" 1 low emittance lattice
0 02 04 06 08 1 0 02 04 06 08 1 (2 mrad kick in both planes)
QX QZ

R. Bartolini

K'»\.us DEPARTMENT OF
\YJENERGY C. Steier, Beam-based Diagnostics, USPAS 2015, 2015/6/22-25

Office of Science




Early (2000-2002) Work: SPS

BA3
| >
 extraction sextupole (-J@
o . BA4
BA2 /¥ extraction sextupole (+) X\

extraction sextupole ().

® oxtraction sextupole (+)

extraction sextupole (-) |

.___extraction sextupole (+)

v
Py

BA1 >,\Q-kjcker5 extraction sextupole (- BAS
..___f_:_xtrac‘rion sextupole (+)

-

Fast extraction kicker

BAG R. Thomas, et al.
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Linear Coupling in SPS

0.25 T T T | 0.14
Experiment —— .
Tracking { M
02 | 1 M
— 008
g
— 0.15 i S 006
5 _
2 0.04 +
o~ 01+ |
0.02 r
0.05 - | ’
0 | . , 0.04
-0.8 -04 0 0.4 0.8
Skew Quadrupole Strength [A] 0.03 b
E 0.02

0.01

Baseline 26 GeY

E'xperiment —e—
fit m|x-xp|
m=0224 + 0008 ¢
Xp=0.105 +0.008
¢
: ¢
[
$ §{
02 0 02 04 06
Skew Quadrupole Strength [Amps]
Baseline 26 GeV
I " b Skew quadru'poles 00 —=
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Sextupole Driving Terms with Extraction Sext.

The resonance (3,0) introduces the spectral Change polarities of the extraction sextupoles?
line (-2,0).
Longitudinal Position [m]
Longitudinal Position [m] 1000 2000 3000 4000 5000 6000

1000 2000 3000 4000 5000 6000 0.04 i
0,04 T T T T ! !I T
= 8 003
$ 003 =
.
S £ 002]
£ 002 =
S o
3 Py
© 0.01
2 001 5
: Experimental Data (factor 2) ——
Experimental Daia ('a%}gdze)l e 0 .  Model with opposite polarities for ES =wmes=-
O T s 4 : o6 7 &8 1 2 3 4 5 6 7 8
Extraction Sextupoles Extraction Sextupoles

Hardware checks confirmed that these sextupoles

= We have a problem! had opposite polarities.

I(::_'\ U.S. DEPARTMENT OF ’\R‘
& ENERGY C. Steier, Beam-based Diagnostics, USPAS 2015, 2015/6/22-25 ATAPZ) A5y

ACCELERATOR TECHNOLOGY & ]
Office of Science APPLIED PHYSICS DIVISION




m Simulations for DIAMOND

« Horizontal Misalignment of sextupoles
* [ — beating

» Vertical Misalignment of sextupoles
* linear coupling

« Strength errors in sextupoles
* non linear resonances
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Horizontal misalignment of a set of 24 sextupoles with 100 um rms
(P - beating correction)

The generated normal quadrupole components introduce a 3 - beating.

* we build the vector of Fourier coefficients of the horizontal and vertical tune line

 we use the horizontal misalignments as fit parameters

4 4

x 10 x10°

9 7
8 6.5
H tune line g V tune line
7
(no misalignments) : 55 (no misalignments)
/1l JU UUUH
% 200 400 600 Y 200 400 600
x10* 7x10“‘
8 6.5
H tune line 6 V tune line
it
with misalignments : = with misalignments
5
s N W e LJ W
0 200 400 600 o 200 400 559 R. Bartolini
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SVD on sextupoles horizontal misalignments

We build the vector 4 = (alH GO gl Y el )
containing the amplitude of the tune lines in the two planes at all BPMs

We minimize the sum X ? = E (AModel (] ) — AMeasured (] ))2

J

X
1.6 T T T T T 25

08r

06

0.4r

05+

0.2r

0 I I I t 0 I I | I
1 15 2 25 3 35 4 0 5 10 15 20 25

%2 as a function of the iteration number Example of SVD principal values

R. Bartolini
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Fitted values for the 24 horizontal sextupole misalignments

obtained from the SVD

o - 7x10“‘
. 6:5
Blu dots = assigned misalignments . ] no
| 55 |
.. 6 misalignments
Red dots = reconstructed misalignments | i 5 &
S1HA W A 45
4 4
0 200 400 600 0 200 400 600
x10*
i . gmw 7mw
15 . . . 8 . B85 .
° s 6 with
1 . | 7 1 . .
: : 55 misalignments
05+ . i 6 { x
: ' 4 5 | " 45 J h
0 s . U | U
. 4 - 4
s 0 200 400 6( 0 200 400 600
05F i . . s % 10" o 10"
1 . ‘ , 65 )
. s . with
] ]
15 5 10 15 20 25 6 W i | 55 misalignments
IR | wnd comections
45
| il )
" . ‘ 4
0 200 400 600 0 200 400 6
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Blu dots = assigned misalignments

Red dots = reconstructed misalignments

A\% (@ ENERGY

Office of Science

x10°

0 200 400

0 200 400

x10*

C. Steier, Beam-based Diagnostics, USPAS 2015, 2015/6/22-25

Fitted values for the 72 horizontal sextupole misalignments
obtained from the SVD

no

misalignments

with

misalignments

with

misalignments
and corrections

" R. Bartolini
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Sextupoles gradient errors applied to 24 sextupoles (dK,/K, = 5%)

The sextupole gradient errors spoil the compensation of the third order
resonances, €.2 3Q, =pand Q, —2Q,=p

* we build the vector of Fourier coefficients of the H(-2,0) and H(0,2) line

 we use the errors gradients as fit parameters

x10° x10°

6 12
fﬁ’ﬁ) 1112161 earnphtude ) (0,2) line amplitude
p 5 0 in H plane
. 2 0.4
(no gradient errors) 1 - with gradient errors

0 200 400 600 0 200 400 600

x10° x10°

(-2,0) line amplitude
in H plane

4 (-2,0) line amplitude
in H plane

(no gradient errors) with gradient errors

0 200 400 600 0 200 400 600

R. Bartolini
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SVD on sextupole gradient errors

. o H(-2,0) H(-2,0) H(0,2) H(0,2)
We build the vector A—(al o Qagprr 4 aNBPM)

containing the amplitudes at all BPMs
* the (-2, 0) line in the H plane related to h;,
* the (0, 2) line in the H plane related to h,

We minimize the sum

XZ = 2 (AModel (]) - AMeasured (.]) )2
J

%? as a function of the iteration number

R. Bartolini

A 'O‘”\Ul DEPARTMENT OF
A\% S R C. Steier, Beam-based Diagnostics, USPAS 2015, 2015/6/22-25

Office of Science



Fitted values for the 24 sextupoles gradients errors

obtained from SVD

no with with gradient
Blu dots = assigned misalignments gradient errors gradient errors errors gnd
o corrections
Red dots = reconstructed misalignments
il | ,X10° X100
15 ® 1 .
2 4 08 4
1k s 06 3
. . 2 04 2
0.5+ [ - ® * s ) ° 1 0.2 1
* ¥ 00 200 400 600 0 00 200 400 600
0 e gt . 0 200 400 600
. s ] % 10° 5 <10°
05 n ’ 51 15510 g 10
° ° % 4
1 3 1 3
" ’ : 05 g
1 1
% 5 10 15 2 25 0 0 0
0 200 400 s00 9 200 400 600 0 200 400 600

R. Bartolini
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Measurements: ALS example (raw results

Amplitude of Spectral Line 1 0

T T T T
0 100 120 140 160 180 200
Phase of Spectral Line 10
T T T T T T T
1 1 1 L L 1 1 1 L
0 20 40 60 80 100 120 140 160 180 200
Amplltude of Spectral Llne -2 0
50
401 4
30+ 4
201 4
10 E
0
0 0 12 140 760 780 200
Phase ofSpeciral Llne -2 0
200
100F \ 1
of 4
-100| 4
-200 ! : .
0 20 40 60 00 12 140 160 180 200

#I¥, U.5. DEPARTMENT OF
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. Steier, Beam-based Diagnostics, USPAS 2015, 2015

x10 Amplitude of Spectral Line 10
1.6 T T T T T T T T
14 e
12 A
1F =
0.8 =
0.6 &
0.4 L 1 1 L 1 1 1 1 1
0 20 40 60 80 100 120 140 160 180 200
Phase of Spectral Line 1 0
200 T T T T T T T
100+ 5|
oF -
-100 - =
-200 1 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160 180 200
x10° Amplitude of Spectral Line -2 0
35 T T T T T ;
3l 1
251 1
2l 1
1.5 1
s 4
05 1 Il Il Il 1 1 Il Il 1
0 20 40 60 80 100 120 140 160 180 200
Phase of Spectral Line -2 0
200 T T T T T ;
100 1
of 1
100 - 8
-200 1 Il Il Il 1 L Il Il 1
0 20 40 60 80 100 120 140 160 180 200
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Measurements at Diamond

All BPMs have turn-by-turn capabilities

« excite the beam diagonally

cn
=

* measure tbt data at all BPMs

—
=
=

« colour plots of the FFT

PM number

—

Q=022 HtuneinH

Q,=0.36 VtuneinV \&_’\

All the other important lines % 0
are linear combination of
the tunes Q, and Q, = |

mQ, +nQ,
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m First attempt at correction ...

'rI:eraﬁnn[O]—llspectrali & mol del[hl.l 2} ma chne[red]

z5

Blue model; red measured

il fi m\ﬁw [ J fi m\ﬂw U i \/fwﬁ\ U\; A first attempt to fit the spectral line
Bl f \f | (-1,1), determined by the

resonance (-1,2), improved the

-

25 EEREEEEEEEEEEE————— agreement of the spectral line with
,.: \v\p J\ A the model

1 h L Y J y L

ot MJ J\f‘f\/ A \”M 4 JV ,m PU a ”J\f 1 However the lifetime was worse by
’ 15%

ltemlio [2] -11 spectral Hne model [bl.lej mamlna[redj

25

The fit produced non realistic large
deviation in the sextupoles (>10%);

15

-

\\H ww W\ W\M W HV, J\WL_

The other spectral lines were
spoiled

EPM number
Potential problems could be that:

 problem is underconstrained (too many sextupole knobs, too few BPMs)
Linear (coupled) lattice errors contributed to variation in driving terms —
however correction only involved sextupoles R. Bartolini
:}” (@ ENERGY C. Steier, Beam-based Diagnostics, USPAS 2015, 2015/6/22-25
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m Using multiple resonance lines

simultaneously
Simultaneous fit of (-2,0) in Hand (1,-1) in V

sextupole variation by family

| Now the sextupole variation is
o1r ' limited to < 5%
UWWWWMM Ww Both resonances are controlled
a1 - Measured a slight improvement in
the lifetime (10%)

0 20 40 60 g0 100 120 140 160

R. Bartolini
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Limits of resonance driving term
measurements

BPMs precision in turn by turn mode (+ gain, coupling and non-linearities)

10 pm with ~10 mA

very high precision required on turn-by-turn data (not clear yet is few tens of um is
sufficient); Algorithm for the precise determination of the betatron tune lose
effectiveness quickly with noisy data. R. Bartolini et al. Part. Acc. 55, 247, (1995)

BPM gain and coupling can be corrected by LOCO, but nonlinearities remain
(especially for diagonal kicks)

Decoherence of excited betatron oscillation reduce the number of turns available
Studies on oscillations of beam distribution shows that lines excited by resonance
of order m+1 decohere m times faster than the tune lines. This decoherence
factor m has to be applied to the data R. Tomas, PhD Thesis, (2003)
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ESRF example

« To overcome BPM resolution and decoherence problem, studying special
case: Zero chromaticity, zero detuning with amplitude -> Almost no
decoherence -> many turns of BPM data

* Not the case one wants to study, but one can calibrate sextupole
strengths here and then apply same correction in nominal lattice

Measurement of sextupolar resonance driving terms
from TbT {MAF) BPM file of MDT May 4 2011 (specal setting *)

LN LR R R N L R R R RN L B B T T T
€
E
C
2
=
2
o
Q
: ‘
)
[
o
5 | — Hdata (K1 @ 600A)
- 4 — V data (KV @ 3.5kV) .
P ST S SR N SN T SO SN Y SN ST SN SN N SN ST S TR NN SO S S SR N
0 100 200 300 400 500 .
*: modified for long decoherence turn numbel' A FranChl
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ESRF example

« Example Spectrum of BPM data is shown below

« Attempt is to reconstruct sextupole strength errors and tilts

M [ It Bt By [ e Rty B
) normal-quadrupole-like - R
c o | skew-guadrupole-like horizontal H(1,00@0.44
3 10 .F normal-sextupole-like plane E
g‘ skew-sextupole-like ]
> normal-octupole-like ]
g T 3 H(-2,00@0.12 H(1,2)@0.22 1
— H(0,-2)@0.22 ) ]
_§ H(0,1)@0.39 :
= 2l H(3,0) H(-12)
5 10 H(1,-1) @032 @0.34
& @0.05 H(-1,-1)
E @0.170 | |

-3

w 10 1 NTON S

0 0.()5 ().l ().15

02 025 03 035 04 045 05

frequency [tune units)

A\% (@ ENERGY

vertical
plane

V(0,3)@0.17
V(1,-

V(1,-1)

0 005 01 015 02 025 03

V(0,1)@0.39

0. 35 04 045 05

frequency [tune units]

A. Franchi

ATAPD) TSy
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ESRF example

—_— K1@600A KV@3.5kV May420@!—‘r over 512 turns (only)
T T T | L L L B

from Quadrupoles (lunes)

— l from tilted Quadrupoles (coupling) H(1,0)@0.4395
= from Sextupoles '
© 0.1 from lilted Sextupoles
: ~ H{+-2,0)@0.1211
X 0.01 H{0,+-2)@0.2216 H(+3,0/@0.3185
'._ H(0.,1)@0.3892
& (0.001
0.0001 - - -
005 01 015 _ 02 025 03 035 04 045 05
H(1,-1)@0.0503 H(-1,-1)@0.1713
- rrrrr it 1T 7T T 1Tt T
B V(0,1)@0.3892 i
';:‘ 0.1 E
@, V(-1 -1)@0.1713 .
—  0.01
N V(1,-1)@0.0503
I._
L 0.001
L
0.0001
0O 005 01015 027025 03 035 04 045 05

V(+-2,00@0.1211 V{0,+-2)@0.2216

C. Steier, Beam-based Diagnostics, USPAS 2015, 2015/6/22-25

A. Franchi
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ESRF example

S

T o

X ool

'._

- 001
0.0001

:: 0.1

3,

001

N

'—

L. 0001

L
0.0001
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FT over 512 turns {only)
— K1@600A KV@3.5kV May 4 201§ bp 419
T T T |' [T 17 T 7 T

from Quadrupoles (lunes)

from tilted Quadrupoles (coupling)
from Sextupoles '
from tilted Sextupoles

H{+-2,0)@0.1211
H{0,+-2)@0.2216 H(+-3,0)@0.3185
H(0,1)@0.3892

H(1,0)@0.4395

vl vl vl

TTT

1 1 I 1 l

H(1,-1)@0.0503  H(-1,-1)@0.1713
T [ T I T l T l T l T I T I T l T l T

V{0,1)@0.3892

T 17T

T IIHmI

V(-1,-1)@0.1713

V(1,-1)@0.0503

0 005 01 015 027025 03 035 04 045 0.

V(+-2,00@0.1211 V({0,+-2)@0.2216

005 0.1 015 02 025 03 035 04 045 0

ACCELERATOR TEC!
APPLIED PHYSICS




ESRF coupling

Coupling correction via Resonance Driving Terms

2%
Z J 1 /,Bwﬁwei(Aﬁbm,mq:A(f)w.y)
w v vy

Fyw = =41 = ezriaom0)
Bu | error lattice model (quad tilts, etc. fi rbit Respons .
Mati urn-by-turn BPM data) => RDTs and D\
F =(a,*f,001, @:*F1010, @,°Dy) , a,+a,=

1. Evaluate response matrix of the available skew correctors M

2. Find via SVD a corrector setting J that minimizes both RDTs and Dy

(Plots courtesy of A. Franchi)
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ESRF coupling

Coupling correction via Resonance Driving Terms

— —
a,=0.7 (2010), 0.4 (2011)
a1 /1001
-2 . > a,;+a,=1
alflOlO meas MJc’
> Different weights on f,,,, and
a, Dy f.010 tried, best if equal.
Bul | erl = le 1 2 , rbit Re A

Matrix or turn-by-turn L PM data) => RDTs and Dy
F fi001> @1 1010, @5 DY) , a;ta,=
Evaluate response matrix of the available skew correctors N

2 Find via SVD a corrector settlng J that minimizes both RDTs and Dy
J =M F to be pseudo-inverted

(Plots courtesy of A. Franchi)
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m ESRF coupling

2011: Towards ultra-small vertical emittance

‘ 2011, with 64 skew quad correctors ‘

£ | w
o 60
£ =
£ s50ft a
€ T >
& 40 6
£ o
& o 0
Q 5_ ]
Q " (88|
a | Z
= T
£ 4 o
3 | =
= 3_
(0]
. N o o o o o o
S N $ SN $ S N N

(Plots courtesy of A. Franchi)
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ESRF sextupoles

Reconstructed sextupole resonance driving terms

Measurement of sextupolar resonance driving terms
from TbT(MAF) BPM file of MDT July 19 2011 (special setting)

= measured

50 T T T 1

N

— 40

= 30

5 20

10

'Q'IOO g‘

;; 80 ;;15

= 60; glo

= 40} = 5
i L | 1 | 1 l 1 0_ 1 L | Il I 1
0 56 112 168 224 0 56 112 168 224
BPM number [start @ cell4] BPM number [start @ cell4]

A 7 s oeraxruen o
A\% N C. Steier, Beam-based Diagnostics, USPAS 2015, 2015/6/22-25
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ESRF sextupoles

Comparison with model prediction based on calibrated linear lattice (ORM/TBT)

Measurement of sextupolar resonance driving terms
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ESRF sextupoles

Measurement of sextupolar resonance driving terms
from TbT(MAF) BPM file of MDT July 19 2011 (special setting)
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« After fit of sextupole strength, reached good agreement with model prediction
based on calibrated linear lattice (ORM/TBT)

« Sextupole families with bigger error tentatively identified as ones with small error
in hysteresis standardization loop

A. Franchi
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m Summary

« Resonance driving term analysis provides quantitative
information about nonlinearities in the machine
* Allows to measure the local distribution of the dominant nonlinearities

* However, it does not give a direct information about how harmful the
nonlinearities are

- Theoretically it can provide a method similar to orbit
response matrix analysis (or phase advance, ...)

* Measures not just the normal+skew gradient distribution,
but also the sextupole, (octupole), ... distribution

eInitial success to use the spectral lines to recover the linear and nonlinear
machine model with a Least Square method at DIAMOND, ESRF, (ALS)

* SPS (few very large nonlinearities) worked well. Also applied elsewhere
(Diamond, ESRF, ALS) with some resulting improvements.
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m Further Reading

* Proceedings of the 2008 workshop on nonlinear dynamics, held at
ESRF: http://www.esrf.eu/Accelerators/Conferences/non-linear-
beam-dynamics-workshop

 R. Bartolini, et al. ‘Measurement of Resonance Driving Terms by
augrgét))y-Turn Data , Proceedings of PAC 1999, 1557, New York

« W. Fischer, et al. ‘"Measurement of Sextupolar Resonance Driving
Terms in RHIC’ , Proceedings of PAC 2003, Portland

« R. Bartolini and F. Schmidt, LHC Project note 132, Part.
Accelerators. 59, pp. 93-106, (1998).

« F.Schmidt, R. Tomas, A. Faus—Golfe, CERN-SL-2001-039-AP
Geneva, CERN and IPAC 2001.

« M. Hayes, F. Schmidt, R. Tomas, EPAC 2002 and
CERNSL-2002-039-AP Geneva, 25 Jun 2002.

 F. Schmidt, CERN SL/94-56 (AP) Update March 2000.

« R. Bartolini and F. Schmidt, CERN SL—Note-98-017 (AP).
« A. Franchi, private communication 2012, to be published
 A. Franchi, et al, PRSTAB 17, 074001 (2014)
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I:IE Real Lattice to Model Comparison

Accelerator

Model

Accelerator

* Closed Orbit Response Matrix (LOCO-like)
* Frequency Map Analysis

* Frequency Analysis of Betatron Motion (resonant driving terms)
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amond Light orc

« Diamond is one of the newer light sources and located in
Great Britain: 3 GeV, 2.75 nm horizontal emittance

« Extensive beam diagnostics equipment
— all BPMs have high resolution turn by turn ability
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Amplitude of Spectral Lines for low emittance DIAMOND lattice computed at all

the BPMs
Main spectral line (Tune Q,) (-2, 0) spectral line: resonance driving term h;,, (3Q, = p) at all BPMs
Pyfuncton vs BPM pesiton 1 conjugating fun. coefficient s, at BPMs ) (2, 0) Line Amplitude vs BPM position
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T T well compensated within one superperiod. Some residual is left
L A every two cells (5m/2 phase advance)

R. Bartolini
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