A Light for Science

Characterizing the magnetic lattice
of circular accelerators
via beam position data

(orbit Vs turn-by-turn)
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the physics behind the analysis A Light for Science

How do we characterize guitar strings?

Y0
§/ 10=1(Y0, L(A')TE
L.
X

method 1: geometric (static) approach

1. stretch and hold a string at a given position Y0
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the physics behind the analysis A Light for Science

How do we characterize guitar strings?
Y1
I1=I(Y1, L(x))
HL
X

method 1: geometric (static) approach

1. stretch and hold a string at a given position Y0
2. measure the string distortion /0

3. repeat the measurement at different Y71, Y2, ..., Yn
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the physics behind the analysis A Light for Science

How do we characterize guitar strings?

-

method 1: geometric (static) approach

12=1(Y2, L(x))

1. stretch and hold a string at a given position Y0
2. measure the string distortion /0

3. repeat the measurement at different Y71, Y2, ..., Yn
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the physics behind the analysis A Light for Science

How do we characterize guitar strings?
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method 1: geometric (static) approach

1. stretch and hold a string at a given position Y0
2. measure the string distortion /0
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the physics behind the analysis A Light for Science

How do we characterize guitar strings?

§_/m=l(l/nl L(x))
Y L
X

method 1: geometric (static) approach

1. stretch and hold a string at a given position Y0

2. measure the string distortion /0

3. repeat the measurement at different Y71, Y2, ..., Yn
4

. The linear density L(x) may be inferred from the
distortion response vector (d/7/dY1,d/2/dY2,..., dIn/dYn)
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the physics behind the analysis A Light for Science

How do we characterize guitar strings?

g/ln:l( l/}'z_, L(,\ : ) )
y T_»
X

method 1: geometric (static) approach

Any deviation of dL(x)/dY from
the expected ideal density is
due to string imperfections
and/or damages which can be
localized and diagnosed
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the physics behind the analysis A Light for Science

method 2: harmonic (dynamic) approach

1. pinch a string, let it vibrate freely

turopean Synchrotron Radiation Facility




the physics behind the analysis A Light for Science

method 2: harmonic (dynamic) approach
1. pinch a string, let it vibrate freely

2. record its sound into a spectrum analyzer
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the physics behind the analysis A Light for Science

method 2: harmonic (dynamic) approach
1. pinch a string, let it vibrate freely

2. record its sound into a spectrum analyzer

Frequency Response

3. perform an FFT
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the physics behind the analysis A Light for Science

method 2: harmonic (dynamic) approach
1. pinch a string, let it vibrate freely

record its sound into a spectrum analyzer

Frequency Response

2.
3. perform an FFT .
4. store amplitude and phase of each MM]W\MMM

harmonic (A;,$;)
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Frequency(tz)
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the physics behind the analysis A Light for Science

method 2: harmonic (dynamic) approach

Deviations between ideal and
measured harmonics (A,,$;), as
well as additional ones, are due
to string imperfections and/or
damages which can be localized |
and diagnosed
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from orbit BPM data to linear magnetic model

A Light for Science
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from orbit BPM data to linear magnetic model

A Light for Science
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from orbit BPM data to linear magnetic model  #tignt for science
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from orbit BPM data to linear magnetic model  #tignt for science

FUIEEZHR
(RAEEE)

EFOREAR

close orbit TN
distorted by ~,
another steerer

S oy

turopean Synchrotron Radiation Facility



from orbit BPM data to linear magnetic model  #tignt for science
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from orbit BPM data to linear magnetic model

~F

A Light for Science
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from orbit BPM data to linear magnetic model  #tignt for science
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190, 254400, nppy ) —>Vvertical orbit @ BPMs
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from orbit BPM data to linear magnetic model  atignt for science
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from orbit BPM data to linear magnetic model

A Light for Science

_ )(meas) (ideal) (ideal) (ideal) (ideal)
80,, = O _ Qideal) | | pydead  y(deat)
60,, = 0;;”"‘”) - 0;;""“’ )| | from codes (MADX,AT,...)
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from orbit BPM data to linear magnetic model

A Light for Science

_ ()(meas) (ideal) (ideal) (ideal) [y(ideal)
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60,, = 0;;""‘”) - 0;;""“’ )| | from codes (MADX,AT,...)
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( 50 \ ~ M, _ . from codes (MADX,AT,...)
L SK (44e®) soon from analytic formulas
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from orbit BPM data to linear magnetic model  #tignt for science
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from orbit BPM data to linear magnetic model  #tignt for science

known this linear system can be pseudo-
inverted via Single Value
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from orbit BPM data to linear magnetic model

A Light for Science

known this linear system can be pseudo-
inverted via Single Value
unknown Decomposition (SVD) to infer quad
& bend field errors 8K, & 0K,
‘{ l warning: quad & sext offsets (or
(50 ) e misalignments) affects the |.h.s. . They
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from orbit BPM data to linear magnetic model

A Light for Science

known this linear system can be pseudo-
inverted via Single Value
unknown Decomposition (SVD) to infer quad
& bend tilts 3(quad) & d(bend)
‘l; \ l warning: sextupole offsets (or
(5030, \ g (auad) misalignments) affects the l.h.s. . They
S50 |=Mm are “absorbed” by effective rotations (so
yx skew| A (bend) .
_ 6 that reference and closed orbit are the
\9D, same)
(oxx 0,)
ORM = o) 0 J —> Orbit_Response Matrix
\\ yx Y D/, D, — hor. , ver. dispersion
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from orbit BPM data to linear magnetic model

A Light for Science

Measurement
Tunesl 0.44 | 0.39 Delta f[Hz]] © w==T®ate ditrectory ‘ ptart measuremer«tl Ch
Analysis

Data directory: I/users,ffrancmfESRF;MDT[ZOlS[MDT_ 15_09_29/DAT# Browse... J

— Errors

__Fit Quads. |
C_FitDips. ])
Save ‘

Iriigizd

— Corrections

Correct

Save

!

gl

Zero

| -

Zero ‘

o —

tunes H/V: 36.4400/13.3898
deltap/p: 0.000e+00

modul[HOR]= 0.052024, modul[VER]= 0.031667

2"NuX = 73: 0.0062154
2"NuZ = 29: 0.010403

2"NuX = 72: 0.0045925
2"NuZ = 28: 0.0099104

orbit residual = 0.10124
H disp. residual = 0.0036268

Load...

normal blocks

after fit [mm/A]
Rn(xx,yy) ~ 1E-1

Analysis

Dx

Data directory: |/users,‘franchi!ESRF!MDT/ZOlS/MDT_15_09_29!DATK Initialize...J

— Errors

— Corrections

[

- - Disp.
( ‘ FnQuaus./) [_p_o.o

orbit residual = 0.033447

V¥ disp. residual = 0.00025522
tunes H/V: 0.4399/0.3895
em.H[nm]: 4114 4110 6.335
em.V[pm]: 9.619 0.000 16.013

Typical rms residuals

~ 4E-3
Rs(xy,yx) ~ 3E-2

Retune J
“ FitDips. | C

AL orrect | RDT ~| | V.dispersion [m]: 0.00453078

v in-air V [pm]:
s s 5:13.9095 10:17.6929
Bxe J Axe J 11:14.7150 14: 20.8528
. . 18:20.6606 21:21.9139
Zero I (pitial | Disp. weight | 55 148474 26:17.2116
- 0.4 29:14.0745 31:18.3228

3:16.4488

Load... ‘ Zero I aver.: 17.3318

inhole V [pm]:

— Display Load... ‘ sl

1D25 spot e

skew blocks
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from orbit BPM data to linear magnetic model  #tignt for science

inferred linear model (“effective”, accounting for magnet displ. too)
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from orbit BPM data to linear magnetic model  #tignt for science

inferred linear model (“effective”, accounting for magnet displ. too)

field error
[1e-3/m]

=§ 0-3 - fitted model depends
TE osf ¥ “HH“ - e ) HhighlyonSVDparam.:

= 312 . 614 : 916 : 158 . 1éo — (4) -> R, residual 0.11
I from ORM (2, defau| quadrupole number | (1) -> Ryresidual 0.08
_ 4 L1 from ORM (1,best fit) I
o 2 -
qh) .o\?' -(2] i;‘IL “l'.ll.'l.'il'l.i .l.d"lll.h 'llll .""I;III. I
O— 4 =
qﬂ:) -6 :_ I 1 l 1 _:
3 ]
= 13} ]
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from TbT BPM data to linear magnetic model  atight for science
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from TbT BPM data to linear magnetic model  atight for science

from TbT {MAF) BPM file of MDT May 4 2011 (specal setting *)
I T T T T I T T T T I T T T T I T T T T I

- Frequency Response T Sampie Piu:

— H data (K1 @ 600A) }UJU\JW\/WWM ]

_4 S V data (KV @ 3'5kV) ] i m e e owmom m’m::omm w0 2w w0 %0 B0 ;*

1 1 1 I 1 1 1 1 l 1 1 1 1 I 1 1 1 1 l 1 1 1 1 I 1

0 100 200 300 400 500
*: modified for long decoherence tu m num ber

Magnicude(de)

TbT beam position [mm]
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from TbT BPM data to linear magnetic model  atignt for science

from TbT {MAF) BPM file of MDT May 4 2011 (specal setting *)
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(D
== =

— EOOF
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P
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— H data (K1 @ 600A) | "
_.Vdata(KV@S'SKV) _ R L R

Frequencyt) 2

100 200 300 400 500
*: modified for long decoherence turn num ber
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i normal-quadrupole-like ; . - -
- skew-quadrupole-like horizontal |  H(1.0:@0.44 1 vertical V(0.1)@0.39
1e+00 £ normal-sextupole-like plane 3 le+00 plane 3

skew-sextupole-like
normal-octupole-like

T

V(-1,-1)@0.17

FFT amplitude [arbitrary units]

le-01= H(-2,0)@0.12 E le-01% V(1.-1) V(1.0)
E H(0.-2)@0.22 1 @0.05 0.
[ H(0,1¥@0.39 .
[ H(3.0) H(-1.2) ] 1)
le-02= H(1.-1) A E le-02 .49
= @0.05 H(-1,-1) @032 @034 ; ]
@0.170
1e-03 l ‘ 1e-03 ‘
o ] » 1 y | i i fa, 1 i A
0 005 01 015 02 025 03 035 04 045 05 0 005 01 015 02 025 03 035 04 045 05

frequency [tune units] frequency [tune units]
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from TbT BPM data to linear magnetic model  atight for science

BPM

Storage Ring’s transverse spectra

%) » LIS LN B LS B B SR B R SR L T T T T T i T T i
¥ - normal-quadrupole-like - . . .
5 " skew-quadrupole-like horizontal |  H(1.0/@0.44 4 vertical | vio.1y@0.39
> 1e+00 £ normal-sextupole-like plane E le+00 plane 3
@ - skew-sextupole-like :
5 _ normal-octupole-like V(-1,-1)@0.17
o leOl: H(-2,0)@0.12 0210022 E le 01§ V(1-1) V(1,0) 3
— E - 2 i .05 -
3 i H(0,1)@0.39 @0 @044
= | H(3.0) H(-1.2) ] )
= le02: H{1.1) ' ; E le-02 .49
=3 = @0.05 H-1.-1) @032 @034 E ]
@© ; @0.170
= 1e-03 l 1e-03
& © ".v....lu.l.‘.l © A ki i AL A

0 005 01 015 02 025 03 035 04 045 05 0 005 01 015 02 025 03 035 04 045 05

frequency [tune units] frequency [tune units]
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from TbT BPM data to linear magnetic model

A Light for Science

BPM

Storage Ring’s transverse spectra

:

le-01

le-02

FFT amplitude [arbitrary units]
&

r N B B B LA B B B LR BRI B

- normal-quadrupole-like : . -

" skew-quadrupole-like horizontal H(1.0)@0.44 -

= normal-sextupole-like plane 3

- skew-sextupole-like ]

_ normal-octupole-like ]

= H(-2,0)@0.12 E

E H(0,-2)@0.22 3
H(0.1}@0.39

[ H(3.0) H(-12)

= H{1.-1) ;

3 P 32 0.34

F @0.05 H{-1,-1) @0. @

;‘ | @0.170 | I

005 0.1 013 02 025 03 035 04 045 05
frequency [tune units]
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from TbT BPM data to linear magnetic model  atight for science

BPM

Storage Ring’s transverse spectra

:(7_2' : L B B SR SRR SRR L B B B BN BLEL LN BLEL AL BLEE L BN LA AL BLALELE BLELELEY BLELELEN B
= - normal-quadrupole-like . 4 . .
5 - skew-quadrupole-like horizontal | H(1.0/@0.44 1 vertical V(0.1)@0.39
> le+00 = normal-sextupole-like plane E le+00 plane 3
@ - skew-sextupole-like ] ]
Fol _ normal-octupole-like i 1,-4)@0.17
@ le-01 H(-2,0)@0.12 3 le-01
- H(0.-2)@0.22 ;
g H(0.1)@0.39 -
= H(3.0) H(-1.2) )
= le02: H(1.-1) le-02 .49
g' © @0.05 H(-1,-1) @032 @034 3
@ ' @o 170
l_ _ -
& le 03 c 1e-03 3

0 0.03 0 1 0.13 0'? 0.23 03 0.33 04 045 05 0 005 01 015 02 025 03 035 04 045 05

frequency [tune units] frequency [tune units]
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from TbT BPM data to linear magnetic model  atight for science

BPM

Storage Ring’s transverse spectra

:(7_2' : L L B SR SRR B L B B B T T T T T T T T T
= - normal-quadrupole-like . 4 . .
5 - skew-quadrupole-like horizontal |  H(1.0%@0.44 - vertical V(0.1)@0.39
> le+00 = normal-sextupole-like plane E le+00 plane 3
@ - skew-sextupole-like : ]
5 _ normal-octupole-like i V(-1,-1)@0.17
3, le-01 - H(-2,0)@0.12 H0.21022 E le-Oly V(1-1) V(1,0) 3
g (0-280. H(0.1}@0.39 ] . @044 3
3 5'1)
£ 1e025 H(1.-1) g‘g’ gg e 1e-02 49
g— . @005 H(-1,-1) ]
© [ @o 170
E 1e-03 ieis

0 0 03 0 1 O 13 0 2 0 23 0 3 0. 33 04 045 0 5 0 005 01 015 02 025 03 035 04 045 05

frequency [tune units] frequency [tune units]
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from TbT BPM data to linear magnetic model  atight for science

r

—(TbT) IVn (091) |9 ¢n,V(O,1)
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X, FFT
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.
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le+00 £

:

i V(-1,-1)@0.17
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H(0.-2) @0.05
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FFT amplitude [arbitrary units]

le-02 Hi1.-1) | gy = 1e-02 &
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@o 170 i |
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003 01 013 0’? 073 03 033 04 045 05 0 005 01 015 02 025 03 035 04 045 05

frequency [tune units] frequency [tune units]
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from TbT BPM data to linear magnetic model  atight for science

The observables at the nthr BPM

f(TbT) - IHn (1’0) l’ ¢n,H(1,0)
n
ﬁ(idea[) > <
u X,n I Hn (0,1) I, ¢n,H(0,1)
(meas)
¢ ¢n,H(1,0) - ¢n—1,H(1,0)
( )
A¢ e ¢n,V(O,l) - ¢n-1,V(0,1)
( ) (ideal)
6A¢x, _A¢meas ¢zea
6A¢y, — Ad)(meas) _ A¢(zdeal)

-

—(TbT) l Vn (051) |9 ¢n,V(0,l)

Ya FFT

'\/ B, IV,1,0)l, @,va00

.

/6A($ &~ runknown
Px 5K (@uad)
5A_fpy = L' ormat 5 Kl( bend )
\ oD,
known
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this linear system can be pseudo-
inverted via Single Value Decomposition
(SVD) to infer quad & bend field errors
oK, & 0K,




from TbT BPM data to linear magnetic model

A Light for Science

The observables at the nthr BPM

—(TbT) | H n (1’0) |, ¢n,H(1,0) - (TbT) | Vn (0’1) l’ ¢n,V(0,1)
X, FFT | Yn FFT

’ (ideal) ’ (ideal)

ﬁx,n | Hn (O’l) I’ ¢n,H(0,1) ﬁy,n | Vn (I’O) I’ ¢n,V(l,0)

. L
(meas) |_ |Hn(0a1)| (meas) _ _ I /6ny ( *(qua{ runknown
nxy 2 | V (1 0) | ’ ¢n,ny - ¢n,H(0,1) ¢n,V(0,1) 2 — 6
6F yx =P skew é’ (bend)

(meas) IV (1 0) (meas) - 3 6ﬁ \
nyx 2 | H (0 1) ¢n,Fyx ¢n,V(1,0) - ¢n,H(l,0) - Eﬂ: \ —

turopean Synchrotron Radiation Facility

this linear system can be pseudo-
inverted via Single Value Decomposition
(SVD) to infer quad & bend field tilts

Y(quad) & §(bend)




from TbT BPM data to linear magnetic model  atight for science

MDT 29/09/2015: TbT measurement and fit #1 (all at once)

FROM MEASURED DATA

normal block

0.4
o 02 -
O 0AQ, SK (44ad)
(@] O 6A_’ _ Kl
E B ¢y — * normal (SK(bend)

o -0.2 — 0

Ne) oD,
o BPM H-Ph.Ad BPM V-Ph.Ad Dx D
> [rad] (224) [rad] (224) [m] (224) [m] %,224)
© _
GE) skew block

-0. 6}:? xy é(quad)

0.2 Ui start OF . | =Pyl =1

| final coupling ORDTS Fxy & Fyx [] (4*224) 2 kerl g
_ oD,
S
O
]
>
©
-
(@)
©
&
quadrupole errors dipole quadrupole tilts dipole
[1/m] (256) errors [%] (64) [rad] (256) tilts [rad](64)
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from TbT BPM data to linear magnetic model  atight for science

MDT 29/09/2015: TbT measurement and fit #2 (normal 1st, skew 2"9)

04 FROM MEASURED DATA normal block
o 02 -
g 02 B 6A_?>y =L vormal (SK(bend)
- 6Dx 0
o BPM H-Ph.Ad BPM V-Ph.Ad Dx D
> [rad] (224) [rad] (224) [m] (224) [m] %,224)
© _
GE) skew block

-0. 6Ii xy é(quad)

0.2 U start OF . | = Pye| = vena)

| final coupling ORDTs Fxy & Fyx [] (4*224) sD 0
S i _
o oo I I |
> 0.03 - | a
© 0 1
- s |
> -0.03 - I S
E -0.06L I I I .
quadrupole errors dipole quadrupole tilts dipole
[1/m] (256) errors [%] (64) [rad] (256) tilts [rad](64)
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from TbT BPM data to linear magnetic model  atight for science

MDT 29/09/2015: TbT measurement and fit #2 (normal 1st, skew 2"9)

04 | | FROM I\:IEASURED DATA normal block
o 02 | | ~
e | 1] 8K (#)
g 02 B 7 6A_?>y =L vormal (SK(bend)
5 | | | D, 0
o BPM H-Ph.Ad BPM V-Ph.Ad Dx D
> [rad] (224) [rad] (224) [m] (224) [m] 3'224)
©
GE) skew block
-0. ] 6Ijxy é’(quad)
0.2 U start OF . | = Pye| = vena)
| final coupling ORDTs Fxy & Fyx [] (4*224) sD 0
S I | | | fitted model
> 003 | . .
T ok | depends highly on
S 0031 I 1 || nr. of eigen-values
g -0‘06 B | | | N in SVD and
quadrupole errors dipole quadrupole tilts dipole || Weights between
[1/m] (256) errors [%] (64) [rad] (256) tilts [rad](64) Ph-Ade ny & ny,yx
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A Light for Science

Contents

 the physics behind the analysis

* linear magnetic model from orbit BPM data

Inear magnetic moc

Inear magnetic moc

e

e

from TbT BPM data

. comparisons

* nonlinear magnetic model from orbit BPM data

* nonlinear magnetic model from TbT BPM data
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linear magnetic model: comparisons A Light for Science

examples of inferred linear models

field error
[1e-3/m]

1.6 — I ' I ' I ' I ' I ' I ' I S
='8 0.8 —
=gz 0]
E 08F -
-1.6 = I | I . I ! I . I ! I . I I
0 32 64 96 128 160 192 224 256
| from ORM quadrupole number
4 l from TbT data
2 Lyt
0 ins llllllll.."l| .l.- -Ili I. 'il .I I.. --'I—I

)
— 4 “ I' I

-6 — I

field error
°/o]
['\)
I|I|IIIFI|I

I
3¢ |
<1 I n . | J
=28 o l.lll .J ‘ll l | :lll [ ,“'" o LLE I-Ill.l |Il| t
E 15 lll I e I
|
'30 8 16 24 32 40 48 56 64
FROM MEASURED DATA dipole number
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linear magnetic model: comparisons A Light for Science

examples of inferred linear models

error

3/m]
b O W O

T

» different lattice error models can be built starting from
different observables (ORM or TbT)

» different lattice error models can be built with the same
observables but different numerical (SVD) parameters

* is there a way to prefer one approach against another?

3T L | B A

| I 1 | I 1 I | I 1 I | I 1

1
6 |
3r | T ]
g T
= @ T - |IIIIIII |
=M ""‘ T
3 ! |

L

|'lll"ll|“‘l|"'ll'll'f

0 8 16 24 | 32 40 48 56 64
FROM MEASURED DATA dipole number
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linear magnetic model: comparisons

A Light for Science

Is there a way to prefer one approach against another?
1.

Start with the observables

BPM phase advance error: Measured Vs Ideal lattice

from RADT/K1200_KV2.1_10_IDEAL “/zf averaged.dat or tune_line_ampli_all K1200 KV2.1_10001_ideal * ave.dat

— i | I I [ s | I I
el | £ § <=2 [ : 'Ei = :
5 oplilleis IS L] l",, e Ll o
[ N T @ £ 4 e y|l . :
N 0.04
© _0.06 | | +— FFT @ 128 tums: rms=14.0 mrad | |
L 777 | |=—= FFT @ 256 tums: rms=13.7 mrad | | I |
0.08 H.— FFT @ 512 tums: rms=13.7 mrad
i T | T I I I T I I | T | I |
S 0.04 -
E 0.02 i _ i -y 3
— P it NP PP TR B e TP
S -0.02 i —
(T) -0.04 i -
> _0.06 _
008" | | | L L F .
0 28 56 34 112 140 168 196 224
BPM #

Initial residuals [10-3]:
R, D, R, D, Ph.Ad.
820 27 356 15 14
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linear magnetic model: comparisons

A Light for Science

Is there a way to prefer one approach against another?
1.

Start with the observables

horizontal [rad]

S& b0

vertical [rad]

-

© o

228858

& © o
2R28c 82

BPM phase advance error: Measured Vs ORM model

from fune_line_ampli_all K1200 KV2.1_1000t resp2 b4 evi50 " ave.dal

| | —e FFT @ 128 tums: rms= 4.4 mrad
- | =—= FFT @ 256 tums: rms= 3.9 mrad

~— FFT @ 512 tums: rms= 3.8 mrad

112 196

BPM #

140 168

Initial residuals [10-3]:
R, D, R, D, Ph.Ad.
820 27 356 15 14

Final residuals [10-3]:
R, D, Ry D, Ph.Ad.
110 3.1 35 0.3 3.8

ORM fit TbT fit
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linear magnetic model: comparisons

A Light for Science

Is there a way to prefer one approach against another?
1.

Start with the observables

horizontal [rad]

S& b0

vertical [rad]

-

© o

22388858

& © o
222Ro8%8

BPM phase advance error: Measured Vs ORM model

from fune_line_ampli_all K1200 KV2.1_1000t resp2 b1_evi50 " ave.dal

| | e— FFT @ 128 tums: rms= 4.5 mrad
- | =—= FFT @ 256 tums: rms= 4.4 mrad

— FFT @ 512 tums: rms= 4.2 mrad

112 140 168 196
BPM #

Initial residuals [10-3]:
R, D, R, D, Ph.Ad.
820 27 356 15 14

Final residuals [10-3]:

R, D, Ry D, Ph.Ad.
110 3.1 35 0.3 3.8
80 3.3 35 0.2 4.2

ORM fit TbT fit
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linear magnetic model: comparisons

A Light for Science

Is there a way to prefer one approach against another?

1. Start with the observables

horizontal [rad]

bbb

vertical [rad]

-

© o

SREBo8E
R

& © o
8828?82

BPM phase advance error: Measured Vs TbT fit

from K1200_KV2.1_10_FIT7_Peak 512/zf averaged.dal

| | — FFT @ 128 tums: rms= 2.4 mrad
- | =—= FFT @ 256 tums: rms= 1.3 mrad

— FFT @ 512 tums: rms= 1.0 mrad

112 140 168

BPM #

196

Initial residuals [10-3]:
R, D, R, D, Ph.Ad.

820 27 356 15 14

Final residuals [10-3]:

R, D, Ry D, Ph.Ad.

110 3.1 35 0.3 3.8
80 3.3 35 0.2 4.2

150 3.6 42 05 1.0
ORM fit TbT fit
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linear magnetic model: comparisons

A Light for Science

Is there a way to prefer one approach against another?

1. Start with the observables

horizontal [rad]

Sb& b0

vertical [rad]

-

oo

SEREBo8E
-

BPM phase advance error: Measured Vs TbT fit B

from K1200_KV2.1_10_FITB15_Peak 512/ averaged.dal

| | — FFT @ 128 tums: rms= 2.7 mrad

- | =—= FFT @ 256 tums: rms= 2.1 mrad

o o o
8828982

— FFT @ 512 tums: rms= 1.9 mrad

| 112
BPM #

140 168

196

224

Initial residuals [10-3]:
R, D, R, D, Ph.Ad.
820 27 356 15 14

Final residuals [10-3]:

R, D, R, D, Ph.Ad.
110 3.1 35 0.3 3.8
80 3.3 35 0.2 4.2
150 3.6 42 0.5 1.0
140 3.6 44 04 1.9
ORM fit TbT fit
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linear magnetic model: comparisons

A Light for Science

1. Start with the observables

Is there a way to prefer one approach against another?

horizontal [rad]

vertical [rad]

(N

BPM phase advance error: Measured Vs TbT fit B

from K1200_KV2.1_10_FITB15_Peak 512/zf averaged.dal

o
€

No clear answer (yet): the error model
fitting the ORM the best results in the

1worst TbhT fit (second line) and vice
| versa (third line).

| Unless we fit both
may have to live with that.

S
St

-0.04
-0.06
-0.08

= =T T =T S =T =T

| 1 I 1 | 1 | 1 | 1 1 1 1

28 56 84 112 140 168 196
BPM #

224

Initial residuals [10-3]:
R, D, R, D, Ph.Ad.
820 27 356 15 14

Final residuals [10-3]:
R, D, R, D, Ph.Ad.
110 3.1 35 0.3
3 80 3.3 35 0.2
X 150 3.6 42 0.5
140 3.6 44 0.4
=worst
ORM fit

3.8
4.2
1.0
1.9

= best
TbT fit
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linear magnetic model: comparisons A Light for Science

Is there a way to prefer one approach against another?

2. Continue with the observables: beta-beating
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linear magnetic model: comparisons A Light for Science

Is there a way to prefer one approach against another?

2. Continue with the observables: beta-beating

B from BPM Ph. Adv. & trans. matrices B from tune line amplitudes @ BPMs
2 —
( 11 ) ey _ VLA ) ey | "
neay _ \(ANAGT  tan QU e IH@0))) ™ 7 | e
! m, _n, ,
—(TbT
m, n, meas) _( 1V,0,]) | ) ideal) |
1 - 1 ? idea
M_a _)2)=(m11 mlz) | Nm(l_)3)=(n11 ”12) y avonlh) ™ ’ﬂ,(cf )
My My Ry Ny _ _
(meas)  BPM calibration dependent
A¢x,21 = ¢2,H(1,0) - ¢1,H(1,0)
* less model dependent (3 only)
« BPM calibration independent * no need of BPM synchroniz.

» model dependent (transfer matrices)
 BPM ph.Adv. cannot be ~n11/2 (tan->)
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linear magnetic model: comparisons

A Light for Science

Is there a way to prefer one approach against another?

2. Continue with the observables: beta-beating

B f

mq

x]1

horizontal [%)]

vertical [%]

-10

Beta Beating: from phase Vs from invariant

~— from BPM phase

== from BPM invariant

I ] I I _ I 1 1

— 3 . ) = > = A__‘— —

a!,_] ¥ '! ;_ 1 ! - 3" T
: s ; 1. 3 il B
- ‘Tj Fi . F i H
' 1 i t 1 H " 7)

2 A ¥ . ] 3
£ 3 =

| "
1y
MDT 29/9/15, courtesy of L. Malina

i E ! % e .
14 i | | % l i d | = /)
s ¢ & : i F
' l ' 1 ' 1 ' 1 ' l ' 1 1 |
28 56 84 112 140 168 196 224
BPM #
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linear magnetic model: comparisons A Light for Science

Is there a way to prefer one approach against another?

2. Continue with the observables: beta-beating

B from tune line amplitudes @ BPMs

meas) beat — xTeaS) _ xifeal) _ IHI(I,O) I _1
x,1 ideal)
B (I H(1,0) 1)
meas) ideal) 2
meas) beat = y.l — Myl _ I‘ll(()’l) | —1
y.l ideal)
B V(0,1 )
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linear magnetic model: comparisons A Light for Science

Is there a way to prefer one approach against another?

2. Continue with the observables: beta-beating

Beta Beating: Measured (from invariant) Vs ideal lattice
from tune_line_ampli_all K1200 KV2 1_10000_ideal * ave.dal
I I

— 8 ==

ST

E 'f A= g

L z a7

g -8 3

’ " [+— from ORM fit (1,150) |

= -16 from ORM fit (4,150) : N

= " | +— from TbT fit (FitB15) from MADX after loading model .
-24 | .~ from TbT fit (Fit7) 0 1 1 1 _

| +— FFT @ 512 ums: nms 4 4% ' ' ' ! !

[ T I T I T I T I T I T ] T ] T i
'o\_o‘ 53_ i 23 i . - 1 : _ ]
— - h 'E. = = = £ £ |!? 1.3 ! g’ .
© o & ;b .| T 4 15 93 | 5 :
o 5} e T R Y 4 | %% IRA".
= i 5% ; * IOTF 13 2
L) -5 - - ' : —
> 5 | £ = |
10 El , I : I \ l \ | , PR B
0 28 56 84 112 140 168 196 224
BPM #
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linear magnetic model: comparisons A Light for Science

Is there a way to prefer one approach against another?
2. Continue with the observables: beta-beating
Beta Beating: Measured (from invariant) Vs ideal lattice
from tune_line_ampli all KiySec-idio. bt 2 i
— | Better agreement between
S~ . | measured B and those from the
£ TbT fit.
- " [+— from ORM fit (1,150)
g -16 i from ORM fit (4,150) ] ]
S g omTeT IS } frg Warn_lng: B from tune line
—Frresizums ms 44% || amplitude may be affected by

. I : calibration errors and high-order
O 5[ C i
s~ | i b 24 g1 4 |terms from sextupoles
J— .;‘§ ‘B ; :;':; A5 .nE" .
S of Y | RF N B LF| corrupting the measurement
E sl T T * | (low kick strength will help)

-10 I 1 1 I 1 I 1 T 1 1 1 T 1 1 i T

0O 28 56 34 112 140 1638 196 224
BPM #
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linear magnetic model: comparisons

A Light for Science

Is there a way to prefer one approach against another?

2. Continue with the observables: beta-beating

Beta Beating: TbT fit Vs ORM fit

RDT/K1200 KV2.1_10 _FITB14 Peak 512beal formuias 150929 “.dat

4 — I I I I I I I =
© B }
S~ 2 - f ta ] ,'

e ! l 1 4 i -
-l(E O s ol | ' fi
c 4 i s l»-. £
('3 2 oy f 2 \ o : l ' _ |
-: | "' -
o 4 |
= < TbT fit (Fitb15) - ORM :rms 1.3%

0T fiL(Fit7) - ORM =rms 1.4% L2# best agreement so far @ ESRF

4 - - I T T T T T T T
T 2 2
0: o : : A 1 1% ‘0 2N i
8 ' , 4 3 g Y. \ ) v - W 1
E = 2 ; N
e 4L -

i I I I I I 1 1 |
0 28 56 84 112 140 168 196 224
BPM #
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linear magnetic model: comparisons A Light for Science

Is there a way to prefer one approach against another?
3. End with practical considerations (@ ESRF)

« ORM measurement requires ~20’ + ~5’ for fit and computation of correction

 TbT measurement are quicker (~1’) but requires BPM switch from slow to
TbT (MAF) acquisition mode, back and forth (~20’)

* In TbT mode we cannot correct the orbit: impossible to check the
effectiveness of a correction without going back to the slow acquisition
mode: very time consuming

« Quality of TbT analysis will dependent on the sextupole setting (i.e. filling
mode): modes with higher chroma and detuning => poorer quality (greater
decoherence, lower spectr. resol.). ORM fit is independent upon the modes

« ORM and TbT [(B-beating deviate of ~1% (rms), well below the measured
overal 4% (rms): presently we are limited by the low number of quad
correctors (32/256), not by the error model
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A Light for Science

Contents

 the physics behind the analysis

* linear magnetic model from orbit BPM data

Inear magnetic moc

Inear magnetic moc

e

e

from TbT BPM data

. comparisons

* nonlinear magnetic model from orbit BPM data

* nonlinear magnetic model from TbT BPM data
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nonlinear magnetic model from orbit BPM data  atignt for science

ideal orbit of particle with bends & quads
== === With nominal energy
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nonlinear magnetic model from orbit BPM data  atignt for science

ideal orbit of particle with bends & quads
= === === With nominal energy
X A - === === With energy deviation (synch. rad., scattering)
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nonlinear magnetic model from orbit BPM data  atignt for science

ideal orbit of particle with bends & quads & sexts
= === === With nominal energy
X A - === === With energy deviation (synch. rad., scattering)

turopean Synchrotron Radiation Facility




nonlinear magnetic model from orbit BPM data  atignt for science

ideal orbit of particle with bends & quads & sexts
= === === With nominal energy
X A - === === With energy deviation (synch. rad., scattering)

K,(1+8) 3K,D,d8 K,;(1+8) 3K,D,d quad. field for 6#0
Ko(1+3) 2K,D,d 3K,(D,5)? 2K,D,5 3K,(D,5)? K,(1+d) dipole field for 8#0

B Q S Q S B

feed-down fields for 8#0 (orbit distortion @ magnet Ax=D,):
quad: K,x?-> K,(x+Ax)?=K,(x+D,8)*=K,x*+(2K,D,8)x  Q->Q+B
sext: K,x3-> K,(x+Ax)3=K,x3+(3K,Dxd)x?+[3K,(DxJ) 2]x S->S+Q+B
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nonlinear magnetic model from orbit BPM data  atignt for science

» off energy additional focusing is provided by sextupoles

* by measuring the ORM off energy information on sextupoles
can be extracted

turopean Synchrotron Radiation Facility




nonlinear magnetic model from orbit BPM data  atignt for science

» off energy additional focusing is provided by sextupoles

* by measuring the ORM off energy information on sextupoles
can be extracted
on momentum 6=0:

approach Nr. 1

60xx — Oi;nea.'r‘) _ Oiideal) ( 66xx\ I (66)01\ = quad)
(meas) (ideal) 66 — 6K1q 66 =M 0
60yy = Oyy - Oyy Yy ~ 7" normal SK (bend) yx T skew| g(bend)
. N 0 N
oD, = Dj(cmeas) _ Dildeal) \6Dx )s o \6Dy )a=o
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nonlinear magnetic model from orbit BPM data

A Light for Science

» off energy additional focusing is provided by sextupoles

* by measuring the ORM off energy information on sextupoles
can be extracted

on momentum 6=0:

approach Nr. 1

60 — O(meas) _ O(ideal) (66 \ _ (66 \ _

§ J(lcfﬂeas) J(C:deal ) =" oK 1( e =" 6 P
60yy = Oyy - Oyy 60_.yy =M normal S I_f((,b""d) 6q_yx M skew é’(bend)
6D, = D= — pied | \8: ), g 8D, ), ,
off momentum 6#0:

(80, (6K (80, ) [ §low)

A -(bend) A _ N (bend)

60},), M'normal 6KO 60yx _— M'skew 0

= r-(sext) " N (sext)

\&D, ) | 6K 8D, | 0
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nonlinear magnetic model from orbit BPM data  atignt for science

» off energy additional focusing is provided by sextupoles

* by measuring the ORM off energy information on sextupoles
can be extracted
on momentum 6=0:

approach Nr. 1

60xx — Oi;nea.'r‘) _ Ogcdeal ) ( 66xx\ I (66)01\ = quad)
(meas) (ideal) 66 — 6K1q 66 =M 0
50yy = Oyy - Oyy yy = normal 6 Iz(be"d) yx - skew é(bend )
. N 0 N
oD, = Di"was) - Dildeal) \ oD, )a =0 / \ 6Dy )a =0
/

turopean Synchrotron Radiation Facility




nonlinear magnetic model from orbit BPM data  atignt for science

» off energy additional focusing is provided by sextupoles
* by measuring the ORM off energy information on sextupoles

can be extracted

approach Nr. 2

(60, _

= 5K #a
“2.}’)’ = Mnormal (5Eébend)
\ 0D, )s o

|

(6?10’\ g(quad)
60_3&: =M skew é (bend)
\9D, 5

turopean Synchrotron Radiation Facility
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nonlinear magnetic model from orbit BPM data  atignt for science

» off energy additional focusing is provided by sextupoles

* by measuring the ORM off energy information on sextupoles
can be extracted

approach Nr. 2

on momentum 6=0:

— \ ~ \ -\ (fit)
0. s (005 o (B
60_.», =M normal 6 E(() bend) 60yx =M skew é (bend) » D

\6Dx)a=o \6Dy)a=o \F’O’/a=o
off momentum o#0 :
( \(ﬁt)

6?xx\ 6121(quad) (6?40’\ é(quad) ( é
60_.yy =M normal( ) 60yx =My, g bend) » D
ny

\6 ")aaeo \6D>’}a¢o \

)6:0
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nonlinear magnetic model from orbit BPM data  atignt for science

» off energy additional focusing is provided by sextupoles

* by measuring the ORM off energy information on sextupoles
can be extracted

approach Nr. 2

on momentum 0=0:

( B\(ﬁt)
( g"B/ \(ﬁt) i -\ (model) ’ D
gl_;a (é '\ (é l\ 6E§sext) \ny/6=0
= | D' -|D' =§| = xt
01_*:' d90 1—5' : 1—5' ' N off momentum 6#0 :
| %) Fo') ) e
T to be pseudo-inverted -\ 5
\F"y)a;eo

chromatic terms
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nonlinear magnetic model from orbit BPM data  atignt for science

» off energy additional focusing is provided by sextupoles

* by measuring the ORM oft
can be extracted

approach Nr. 2 —
~—— /on momentum 6=0:

being tested @ ESRF

( B \(ﬁt)
- (fit) D
/. 55 é e (S I‘<'(sext) \F"y /6=0
‘7%6 = |D'| -|D' =3 -(fm)
_. 1—5' : 1_5' ' 6 off momentum 6#0 :
dF, \x ) \x ) 3
\ 66) ( ﬁ \(ﬁt)
T to be pseudo-inverted | P
\F"y)a;eo

chromatic terms
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nonlinear magnetic model from orbit BPM data  atignt for science

from MADX-PTC
or \
analytic formulas

(8B \ 7 ~ \(fi) (mod el)

B .
- . . (6K
D ! ! | 2
¢ /(96 = |D i l_? \ é(sext)
F, )

OF F
\"/aa) Fy') 1

from 2 ORM measurements & fits

turopean Synchrotron Radiation Facility




—— model (PTC ideal sextupoles)

or

300 (., measured (ORM +-150Hz) i
from MADX-PTC S 200 F

analytic formulas

( - \(ﬁt)

B (131
~ . X
Do | = [D] S

oF F.'
\%) \ "o )

(/o)

O

>

l{m)

©

F‘ .

% 0 28 56 84 112 140 168 196 224
= BPM number

from 2 ORM measurements & fits
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A Light for Science

Contents

 the physics behind the analysis
* linear magnetic model from orbit BPM data

* linear magnetic model from TbT BPM data

* linear magnetic model: comparisons
* nonlinear magnetic model from orbit BPM data

* nonlinear magnetic model from TbT BPM data
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nonlinear magnetic model from TbT BPM data  atignt for science

\ kX2 S S S VA
(quad) (quad+sext)

<V
XV

Fourier transform Fourier transform

— T T T T T T T T — T T T T T T T T
£ 1e03} - £ je03} -
| F B
= r ] =
= i = i
] <
= 1le-04 3 3 = 1le-04 E E
E F 7 E F 3
[<b] I 1 [<b] I
g 1e-05 ¢ E g 1e-05 ¢ =
g | ‘ g |
S 1e-06 L ' : ' ' | S Je06 ! ' L

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

frequency [tune units] frequency [tune units]
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A Light for Science

\ kX2 S S S VA
(quad) (quad+sext)

T /\%4

can we transform Pxg
these closed curves LY

(X,p,) in circles (C,p;)? H

<V
XV

Fourier transform Fourier transform

— T T T T T T T T —_— T T T y T 4 T
[7Z) [%2)
= 1le-03 F - = 1le-03 | =

F 3 [ - o 3
= : : —> s f —
= I ] = i
© <
= 1le-04 3 3 C = 1le-04 E E
E F 7 E F 3
[} I [<b) I
g 1e-05 ¢ E g 1e-05 ¢ =
% le_06 | 1 1 1 1 (U 16‘06 -I 1 1 I 1

0 0.2 0.4 0.6 0.8 1 (8] 0.2 0.4 0.6 0.8 1

frequency [tune units] frequency [tune units]
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nonlinear magnetic model from TbT BPM data  atignt for science
\ /KX k1x2+k2x3 (Y

Resonant Drlvmg Terms ﬁ Courant-Snyder
parameters when nonlinear magnets are to be E

included (i.e. @ “large” amplitudes) X
I I
P can we transform Pxg
‘\ these closed curves 4\
- | (X,py) in circles (C,p,)? >
X S0% X
Saqg \\\Q‘/
- Fou e t, anlsfo 'm . . a)\ ® - ' . F9uriler t‘ranlsfor'm . .
_-g\ 1le-03 _ 4) -og 1e-03
_-g 1e—04;— C g le-04
% 1e-06(; 0I2 014 0I6 0I8 1 % 16_06(;I 0I2 0I4 IOI6 0|8 1

frequency [tune units] frequency [tune units]
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from TbT {MAF) BPM file of MDT May 4 2011 (specal setting *)

T T T T T T T | T T T T T T T T T T T T T

— Hdata (K1 @ 600A)
— V data (KV @ 3.5kV)

o

— EOOF

—

0 N0 w0 60 80 1000

1
[o——
)
/)
0,
04
o
G
e
Magniuds
. 5 o - ~
P
:

S ample Plucked G uis Valesly

100 1400 1600 1800 2000 2200 2000 2600 2600

1 1 l 1 1 1 1 l 1 1 1 1 I 1 1 1 1 [ 1 1 1 I 1
100 200 300 400 500
*: modified for long decoherence turn number
E 3 LB B B BLELEL AL BRI NN BN B T LA BN ELES B B B LA B B T
I - normal-quadrupole-like . . . .
5 - skew-quadrupole-like horizontal |  H(1.0:@0.44 1 vertical V(0.1)@0.39
> le+00 = normal-sextupole-like plane E le+00 plane E
@ - skew-sextupole-like .
5 _ normal-octupole-like V(-1-1)@0.17
© le01: H(-2,0@0.12 3 le-01F V(1.-1) V(1,0)
— E H{0.-2)@0.22 1 @0.05 0.
% i H(0,1}@0.39 !
= [ H(3.0) H(-1.2) 1)
= le02: H(1.-1) ' o E le-02 .49
g_ = @0.05 H(1.-1) @0.32 @0.34 :
(] @0.170
= 1e-03 l 1e-03
& -.,..,.l..l.‘.| A i AL A
0 005 01 015 02 025 03 035 04 045 05 0 005 01 015 02 025 03 035 04 045 05

frequency [tune units]
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nonlinear magnetic model from TbT BPM data  atignt for science

H(1,0)|]=2(21, )2
V(0,1 )|=1/2(2|y)1/2
H(-2,0)|=(2l,)  [Fnss
H(0,-2)[=(2l))  [Fns2
V(-1,-1 )|=(2|x2|y)1/2 Fnst
V(1,-1 )|=(2|x2|y)1/2 Fnso

similar relations for
phases g: F=IFle

LI — LA B S B R B | LR N R L e B e e LI I I I B B B R B B B R L B B B

—_——
t normal-quadrupole-like

le-03 4

. . I A a 't i A L6l f 1 f ‘\ A
005 0.NJO.15 08025 03 035 04 5 05 0 N5 01 0o8VMO02 025 0 _ v 045 05
frequency [tune units] frequency [tune units]
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[
®

(=]
w

‘o

= ! - . - . .

3 | skew-quadrupole-like horizontal HI1.0)Q0.44 I vertical V({0.1)0.39

2> 1e+00 £ normal-sextupole-like plane 7 let00F plane E
@ E skew-sextupole-like 3 ; 3
5 _ normal-octupole-like I V(-1-1)@0.17 ]
o le0l: H(-2,0)@0.12 E le-01% E
— E HiA2)@0.22 3
@ i H(0.1)@0. ]
'g L . 1 2.-1)
= . H(3.0}) H(-1,2) . _——
e— 2= - > 3 = 02 4 > V.

= le-02 E H(1.-1) @0.32 @0.34 E le-02 : : . @0549
£ . @0.05 E i 1 :
(]

|_

L

(IR

0




nonlinear magnetic model from TbT BPM data  atignt for science

from linear from H(1,0)|="4(21,)"?
lattice =~ magnet

B model calibration V((),1)|=1/2(2|y)1/2
O
g B Falset | H2,0)=2L)  [Fyss
qE) M2(3,(P) X (Z(Sext) H(O,-2)|=(2|y) FNSZ
é 1(B,9) > K(sext) V(-1 a'1)|=(2|x2|y)1/2 Fnst
S o(B, @) x Ky(sext) A\= v,
= V( 1’ 1)| (2|X2|y) FNSO

* e I e B B B B B i
l \ - [ vertical V(0.1)0.39

_— MNS K2 le+00— plane “

;
5!
2
“
3
8.
|

V(-1,-1)@0.17

le-01 %

[a—
(4]
&
o
111y 1

H{3.0} H{-1.2)

le-025 H{1.-1) @0.32 @0.34

_ 1 re02) (-2.0) 0-2) @0.49
E @005 E 5 1 1E :

le-03 4

. I [ A s ! f i ) A
005 0.NJO.15 08025 03 035 04 @ 5 05 0 025 03 0, v 045 05
frequency [tune units] frequency [tune units]
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nonlinear magnetic model from TbT BPM data  atignt for science

frolmttl_inear ml‘;;f:\\et H(1,0)|="(21,)"2
attice

B mode| calibration V((),'] )|=1/2(2|y)1/2

)

'8 3(3,([)) X (Z(SeXt) H('2v0)|=(2|x)

CIEJ M2(3,(p) X <2(SeXt) H(O _2)|=(2| )

s 1(B,@) % Ky(sext) 4 (o

o V(-1,-1)|=(21,21,

g o B9V Koot | v 1,1)1=(21,21) Y Fs
g 1 FNsmod = Mns K3 it roam
% le-01 4 - | _
%1@02 - -> b
£ _ —

i eof FNS,meas FNS,mod — MN

frequency [tune units] v frequency [tune units| ¥
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A Light for Science

Fnsal

T T T T

vertical

frequency [tune units]
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025 03 035 04 045 05

— 60 L A .

S : B
U= 40 - ! ,

20 b 1 | | ] ] ] ) |
100

— 80 F
2
— 40

30 T I L} I T I 1 I T I T L} b I -

C% 20 E 1 K .!‘;; o ‘ ) - ir? N T E’é I C
Ll‘_z 10 IE"',;E 5 ECET E r ‘t K ,.’..!;.’ : 1 ! :E'J;-:;‘ "‘ £ ‘!
(\l'_‘ O 1 | L l L | 1 l 1 | L - ] . 1 l .
- O 28 56 84 112 140 168 196 224
k=3 BPM number

> 1e+00 £ normal-sextupole-like plane 3 le+00

@ - skew-sextupole-like

5 _ normal-octupole-like

ﬁ le-01= H(-2,0)@0.12 0022 = le-01

§ 0. H(0.1)@0.39

= H(3.0}) H(-1,2)

= le02: H(1.-1) iy E le-02

g_ ; @0.05 (.- @0.32 @0.34

«© 1

o . _

w 1e-03 : le-03 s

L

Andrea Franchi

plane

V(-1,-1)@0.17

o) Vi2.1)
20.22
0 @0.27

V{0.1)@0.39

IR

Lol

1)
49

01 0.8 02 075 03 035 04 045 05

frequency [tune units]
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nonlinear magnetic model from TbT BPM data

A Light for Science

——e measured

—— model (ideal lattice) L residual=7.7 1

IFnsal

gl

100
— 80 F
2
— 40
30 T T T T T T ' T T T — T g
<= 20 kL L I ' , . ¥ F
@D L ENA T A (XIS A B ) _ N T n
L= 10 [SOVAWRAN W AW AAN R DR AR WA '!'(-.,"-'-.-.
r—— O 1 | 1 | 1 | 1 | 1 | | 1 | 1
« ) AL B AL LA B LA LA
- (0] 28 56 84 112 140 168 196 224 -
£, BPM number vertical V(0.1)@0.39
> le+00 = normal-sextupole-like plane E le+00 plane 3
@ - skew-sextupole-like ; 3
5 _ normal-octupole-like V(-1.-1)@0.17
o le0l: H(-2,0)@0.12 = le-01
— F 1@0.22
8 I H(0,1}@0.39
= [ HI3.0) H(-12) - )
= 1e02:5 H(1.-1) - < - le-02 (0.-2) 49
ol E ) ., @0.32 @0.34 E i Vi2.1) :
£ r @0.05 (-1.- . @0.27 1
«© 1
|._ _ -
& 1e-03 ] 1le-03 1 \
025 03 035 04 045 05

15 084025 03 035 04 045 05

frequency [tune units]
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A Light for Science

e—e measured

60 [ — model (with lattice errors @‘p T
R 40 ..  afimea e Bt ]
L= 5" WY 3’8 more than 50%
of the RDT
= modulation
=
— stems from
100 focusing errors
— 80} :
2 60 (beta beating)!!
L= 40
30 | . . . . . T model with perfect
20 k% At & - | : B
10 FVA n A AN A AN WA R Vi 7 sextupoles
) 1 | | | | | : L . | k I . i
0 28 56 84 112 140 168 196 224 ]
BPM number vertical V(0.1)@0.39 1
1e+00 £ normal-sextupole-like plane le+00 £ plane E
£ skew-sextupole-like C 1
_ normal-octupole-like V(-1-1)@0.17 ]

._.
(4]

&
[Wry

L AR

H(-2,0)@0.12

E @0.05

FFT amplitude [arbitrary [m/?] |FNSO‘

15 0.

turopean Synchrotron Radiation fFacility

2)@0.22

H(0.1)@0.39

H{3.0} H{-1.2)
@0.32 @0.34

. 025 03 035 04 045 05 0
frequency [tune units]

le-01%
le-02 5

le-03 4
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Lededabl

! i AL .}
025 03 035 04 045 05

frequency [tune units]
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nonlinear magnetic model from TbT BPM data

A Light for Science

—e measured

60 [ — model (with lattice and sextupole errors) residual =1.8
&K 40
L= 20
O i 1 l 1 l 1 l 1 l 1 l 1 l 1 l 1
— 60 E T .- T T T T T — 1 ]
CCI\I) B = r [ - 3 i
LI__Z 40 i ]
20 &= 1 ) 1 1 1 I 1 , ]
100
“— 80 ¥
2
— 40
0T T T T T T model with fitted
= 20 kL= - ( . : ‘|
D 1 i ’l' A 3 7k ) - 2 . {r: A - wl 3
(E 10 [EEpERE S L A AR A T B A T R sextupole errors
r— O 1 1 1 L 1 L 1 1 1 1 - | 1 | 1
(Y] . LELELEN B LAY BN ELES BUELELEY BUBLELEN B 3
- 0] 28 56 84 112 140 168 196 224 . 1
=3 BPM number vertical V(0.1)@0.39
> 1e+00 £ normal-sextupole-like plane E le+00 plane 3
@ - skew-sextupole-like : ]
5 _ normal-octupole-like V(-1,-1)@0.17
@ le-01: H(-2,0)@0.12 3 le-01 .
— - |@0.22 E
8 [ H{0.1}@0.39 i
= | H(3.0) H(-1.2) )
= le02: H(1.-1) ' ; E le-02 .49
=3 E @0.05 (.- @0.32 @0.34
o A
l_ _ -
n 1e-03 ¢ le-03 Mah WY, ) ‘ \
01 002 025 03 035 04 045 05

025 03 035 04 045

0.5

frequency [tune units]
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A Light for Science

2 . . . .
‘ fit of 224 sextupole errors | | S4C15 calibration
1 ____________________________ 3 T T T T T T T T T T T
_ & [|—— model :K,=0.0241" '
X E | v measured from CRDTs ]
5 0 % | = — fromfit 1 K,=0.0238" i
= c |
o o
o s 1St _
= -1F------=-=-=--f-----pb------g-===—- o
S +1% specification L g+ -
o i - c |
(@)
2+ S4C15-16 S4C29-30 | [2 ™[ I
| | sextupole in bending | 0 . . . L . L . . . 1 .
magnets: -1.77 T/m 0 20 40 60 80 100 120
3 P T S S S S sextupole current [A]
0 28 56 84 112 140 168 196 224
sextupole number
0.6 F . - .
> 05| standardS24model: 0443 1 | calibration of sextupole correctors
e 04 .
< 03 B — — 1 T T T T T T T T
< o2k - ] NE | @ ;neast.JtredKfrorg g;D;I's ]
A i 1 |E ogH——- fromfit : K,=0.381* a
= %F i | [Z **[l = - model :Kp-0383" AT
g c8 24 c16 c32 c3 23 9 29 | |2 ool g ]
© o P
O 05 S20model: 0.383 1 8 04r //‘* i
< 04E — — 5| (S [ //'
o 03f I I I I ] 8 021 /'*‘ main S20 sextupole @| |
= 02F 1€ ¢ -~ 178.6 A(7.87m2) |
< N ] —
© O'é 3 E OH/ ' 0.5 ' 1 ' 1.5 ' 2
c8 24 c16 32 corrector sextupole current [A]
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nonlinear magnetic model from TbT BPM data  atignt for science

*—e measured [ with large coupling e—e measured with large couplin
30 l— model (with lattice errors)[ T T ™ T l 30 L— model (with lattice errors & sextupole 'tilts)J T g] P g|

|Fssal
|Fsssl

|Fssol
|Fssol

|Fss1|
|Fsst |

0 28 56 84 112 140 168 196 224
BPM number

0 28 56 84 112 140 168 196 224 | 1

BPM number E 14
skew-sextupole-like - ' 3
normal-octupole-like

[m72] [Fssp]

T

V(-1,-1)@0.17

le-01= H(-2,0)@0.12 H0.2@0.22 E le-01 V(1,0) 3
i ’ ' H(0.1)@0.39 @044 ;
[ V(2.-1)
H(3.0) H(-1,2) |
le-02 @0.32 @034 1e-02 : @0549

1e-03

FFT amplitude [arbitral[m772] [Fego]

01 01§ P2 025
freqdency [tul fit of 224 sextupole tilts
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nonlinear magnetic model from ... A Light for Science

ORM analysis TbT analysis
 observables: chromatic terms » observables: resonant driving terms
* better for lifetime (tbc * better for calibration of nonlinear

experimentally) magnets & DA (tbc experimentally)

* linear system to be solved linear system to be solved

 requires at least 2 measurements
at 0=0 & 070, or d=zx¢

» works with BPMs in normal orbit

requires 1 measurement at 6=0

requires BPMs switch to TbT (MAF)

mode mode
* resolution independent upon * resolution dependent upon
sextupole setting sextupole setting (high chroma =>
low accuracy)
» for octupoles & higher-order * you may characterize octupoles &
multipoles you need several higher-order multipoles with a single

measurements at large o measurement
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