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Resonance driving term analysis ‘N

BERKELEY LAB

Studies on Lattice Calibration With Frequency Analysis of Betatron
Motion

Christoph Steier
Lawrence Berkeley National Laboratory
Most of the material in this lecture from
Ricardo Bartolini (Diamond),
Frank Schmidt, R. Tomas (CERN), ...

e Outline:
*Introduction
- NAFF

- perturbative theory of betatron motion
» SVD fit of lattice parameters

< DIAMOND Spectral Lines Analysis

e Linear Model
Nonlinear Model
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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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Frequency Analysis of Betatron Motion 5:}| ‘f;?
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 e build a vector of Fourier coefficients
A= (al(l) al(\}l)RPM ¢1(1) ¢1(\};PM a1(2) al(\/ZB)PM (01(2) (01(\59)PM )

Define the distance between the two vector of Fourier coefficients

2/2 = Z (AModel (]) - AMeasured (]))2
k
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Frequency Analysis of Betatron Motion ;:}| ‘E}}
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 =M6O
» Use SVD to invert the matrix M M =U"WV
* Get the fitted parameters 6 =(V'W'U)AA

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

SVD — CALIBRATED MODEL
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DIAMOND Layout coceerd) ‘Ei‘i

BERKELEY LAB

Main parameters:
100 MeV Linac
3 GeV Booster (158.4 m)

3 GeV Storage Ring (561.6
m)

——
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24 cell DBA lattice
2 + 1 SC RF cavities
18 straight for ID (5
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6 long straights (8 m)

Commissioning end 2006
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NAFF algorithm — J. Laskar (1988)

_ \
r::}l 1
(Numerical Analysis of Fundamental Frequencies) _\‘

BERKELEY LAB

Given the quasi—periodic time series of the particle orbit (x(n); p,(n)),

— « Find the main lines with the previous technique for tune measurement
= v, frequency, a, amplitude, ¢, phase;
* build the harmonic time series
z,(n)=a,ee’™™"
* subtract form the original signal

* analyze again the new signal z(n) — z,(n) obtained @—

The decomposition z(n)= Zn:akei‘”kez’”vk” allows the
k=1

Measurement of Resonant driving terms of non linear resonances
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Frequency Analysis of Non Linear Betatron Motion r:}l ‘{;}

A.Ando (1984), J. Bengtsson (1988), R.Bartolini-F. Schmidt (1998) ‘\
EERKELEY LAaB

The quasi periodic decomposition of the orbit
x(n)=ip(n)=Xee™ ¢ =aet
k=1
can be compared to the perturbative expansion of the non linear betatron motion

x(n)—ip (n) =21 " >0 4
Jj+k—1 [+m

B 212 jS ikl (21 ) 2 (21 )T ei[(l—j+k)(27Zan+Wx0 )+(m—l)(27zQyn+1//y0)]
Jkim X y
Jjklm

Each resonance driving term s., contributes to the Fourier coefficient of a well

iklm
precise spectral line

V(Sjkzm) — (1_ ] + k)Qx + (m _Z)Qy
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Spectral Lines for DIAMOND low emittance lattice

(.2 mrad kick in both planes)

o X 10% X motion
=
E o0
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X motion FFT
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Spectral Lines detected with

e.g. Horizontal:

*(1,0) 1.10 1073
*(0,2) 1.04 10-¢
*(=3,0) 2.21 107
°(-1,2) 1.31 107
*(-2,0) 9.90 108
°(-1,4) 2.08 108

C. Steier, USPAS, ASU

NAFF algorithm

horizontal tune
Q-2Q,

4 Q,
2Q,+2Q,
3Q,
2Q,+4Q,
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Longitudinal Variation of Driving Term /\I
ongitudinal Variation o g Terms

/ . /14,4_»3

ha=ha_pohpa L
hg=hgaohs_p /’A 7 /13

= Amplitude of Driving Terms not the same
= Amplitude constant between lattice errors
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Early (2000-2002) Work: SPS experiments

BA3

-
. ] N

extraction sextupole (-).

P
BA4
BA2 . extraction sextupole (+)

extraction sextupole (j-).

® cxtraction sextupole (+)

extraction sextupole (-)

®cxiraction sextupole (+)

BA1  # Q-kickers extraction sextupole (-) ~~ BAS

@ extraction sextupole (+)

Fast extraction kicker
BAG6
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Linear Coupling in SPS

0.25

0.05 +

Exgerim'ent ——
Tracking

-0.8

-04 0

Skew Quadrupole Strength [A]
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Baseline 26 GeV

A
I

BERKELEY LAB

0 ;4 T T T T T
Experiment —e—
fit mix-xg|
012 |
m=0.224 +0.008 ¢
01 F Xp=0.105 +0.008 ]
0.08 }
0.06
% ¢
0.04 +
0.02 ' ]
2!
O i Il 1 1 1-
-0.2 0 02 04 06
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0{34 lI ' & w‘ Tl
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003 t T 4£~
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Pick-up number
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X le Driving Term
Sextupole g Terms

Bare SPS, Qx=26.62 (No decobereﬂce).

Experiment (fact. 1) st
Tracking

o &

; ¥ . ‘
E " A\ j? | —
e | 4 e ng NN
o ' w I

S i
O " A PR N S TR NS T S | PRRNETER NS SR S S
0 1 2 3 4 5 6 7

Longitudinal Position [Km]

= Local discrepancies may be due to unknown
sextupole sources.
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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 m ‘ I L B
0.04 T T T T ! !I T !
5 8 003
3 0.03 2
z £ |
S £ 002t
£ 002 = ;
S ol
(lq N
o b 2 001
2 o001 oo 3 L
= L _ S
Experimental Data (factor 2) —+— Model E:;(;iery;me taafia gfa;i?r %} '—:’:
0 — .., Model ---w--- o L  Viodel with opposite polarities for ES
1 2 3 4 5 6 7 8 T2 3 4 | 8
Extraction Sextupoles Extraction Sextupoles

Hardware checks confirmed that these sextupoles

= We have a problem! had opposite polarities.
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Sextupole Driving Terms with Extraction Sext. N
EEHKELEY Lag
Extraction Sextupoles powered to The closed orbit as measured from pick-ups is
Jededafo — = 80 A, introduced at the extraction sextupoles in the
Data fully decohered = Line reduced by a fac- model.
tor 2.
12 T :.|'A P - T
12 T Trackmg E ”*/; (o 1} ”E[?\Lz }i
#Expenment (fact 2) —e— o i xpenmen (fact
= |}\’ el ] A
I | . - i VI
8 £
% 9
B 4 d S 4t i
3 3
0 1 1 1 1 1 1 O 1 1 1 1 1 1
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7

Longitudinal Position [Km] Longitudinal Position [Km]

=L arge discrepancies: We have a problem! — Improvement due to beta—beating and phase

differences in the model.
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Amplitude of Spectral Lines for low emittance DIAMOND lattice r:}l A
computed at all the BPMs ‘[

Main spectral line (Tune Q,)

y

(-2, 0) spectral line: resonance driving term h,,,, (3Q, = p) at all BPMs

) conjugating fun. coefficient s, at BPMs ; (-2, 0) Line Amplitude vs BPM position
09+ 09+
0.8+ 08+
07+ 07+
06+ 0.6+
2 osf 30.5 H
0.4} 4 0.4H
0.3+ = 0.3H
0.2+ - 0.2H
0.1 1 o1
0 : ! ‘ : : 0 ' ‘ : : :
0 100 200 300 400 500 600 0 100 200 300 400 500 600
S (m) S(m)

« The amplitude of the tune spectral line replicates the 3 functions

e The amplitude of the (- 2, 0) show that third order resonance is
well compensated within one superperiod. Some residual is left
every two cells (57/2 phase advance)

BERKELEY LAB

January 16-20, 2006
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Example: DIAMOND with random misalignments (100 um r.m.s ) in 5:}| ‘{;}

chromatic sextupoles to generate linear coupling \

BERKELEY LAB

, . 0.1 mrad kick in both planes
The coupled linear motion in each plane can be

written in terms of the coupling matrix

10" X motion «10* Z motion

a
Il
7~ X\
a0
®o=
a0
N
N——
p, (rad)
() -
e ERLEe
w?"»
5\‘]
/]
gV
p, (rad)
o =
",
";;@mj

e.g. for the horizontal motion

_ S i(9,+6,) —i(,+6,) 2 0 1 2 4 0 1 2
. =x—ip,=ae +a,e + () 10" 2(m x10°
i(4,+8,) ~i(¢,+5,) 10 10
+a,e +a,e X metion EET Z'méfion EET

a5 and a, depend linearly on o

* no detuning with amplitude

Tune Z in horizontal motion Tune X in vertical motion

January 16-20, 2006 C. Steier, USPAS, ASU
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(0,1) spectral line for low emittance DIAMOND lattice computed at all tI~Té\| A

- . . rrerroerr 1]
BPMs (V misalignment errors added to chromatic sextupoles) —N
EEHKELEY LAaB
2R 1/2 1/2 ; o E —iﬂ
Py p L _[ a,(s )( 'ij (&j e T, ds The resonance driving term h,;
2z 0 2 2 contributes to the (0, 1) spectral line in
ihy g0, p horizontal motion

Q- ;
— ips/ R
S1001p = S1001(8) = 251001178

p Q.X - QZ + p 2ﬂ-R p:—oo

(0, 1) Line Amplitude vs BPM position conjugating fun:coefficient s;q5; at BRMs
, ‘ , :

1

095 095

from analytical

from spectral
formula os|

line

0.9

S 0.85) e
S,
08f g
075 g
L
100

0.7
0

S 0.85)

&

0.8

0.75

0.7
0

L 1 it L 1 1 it L 1
100 200 300 400 500 600 200 300 400 500 600
S(m) S(m)

The amplitude of the (0, 1) spectral line replicates well the s dependence of the difference
resonance Q, — Q, driving term
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DIAMOND Spectral Lines Analysis

* Horizontal Misalignment of sextupoles (B — beating)
% Vertical Misalignment of sextupoles (linear coupling)

% Gradient errors in sextupoles (non linear
resonances)

January 16-20, 2006 C. Steier, USPAS, ASU 18
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Horizontal misalignment of a set of 24 sextupoles with 100 um ':}l ‘;;;
rms (B - beating correction) -
P 2

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

X 10 x10*
9 7
g 6.5
H tune line . , V tune line
7
(no misalignments) 55 1 (no misalignments)
6
LI 5
il ol M
4 : : 4 - :
0 200 400 600 0 200 400 600
- 4
g x10 - x10
' . | 6.5
H tune line 6 V tune line
7 "
. . . 55 . . .
with misalignments _ _ with misalignments
i
5 u u 3 4.5
4 ; ;
4 ‘ ‘
0 200 400 600 0 L ol oA
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SVD on sextupoles horizontal misalignments r:}| ‘m

. A H(1,0) H(1,0) V(0,1) V(0,1) )
We build the vector A = (a1 e Qrgpy Q4 e Qpppy

containing the amplitude of the tune lines in the two planes at all BPMs

We minimize the sum X ? = Z (AModel(j )— AMeasmd(j ))2
J

X
16 T T T T T 25

0.8r
0.6-
0.4r

05-

0.2r

0 0

Il Il Il L L 1 L
1 1.5 2 25 3 35 4 0 5 10 15 20 25

x? as a function of the iteration number Example of SVD principal values

BERKELEY LAB
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Fitted values for the 24 horizontal sextupole misalignments

_ \
- [:}I 1]
obtained from the SVD \\

BERKELEY LAB

9x10" 7“0,4
8 6.5
Blu dots = assigned misalignments ; 5 no
5.5 . .
N 5 misalignments
Red dots = reconstructed misalignments 5 &
5
4.5
4 4
0 200 400 600 0 500
10*
2 ; <10 . x10*
15} 3 6.5
. 8 6 .
¢ s with
1r i 7 5.5
. : 5 misalignments
05 ° 6 45
L ] ® .
o " ¥ . u % 600
] ¥ 4
s 0 200 400 600
-05 i 4
‘ . =1 x 10" .
. 7 with
AF ]
1 . " 6.5 L
s . i misalignments
"o 5 1o 1e 2 & r\ - and corrections
I :
45
0 2CI)0 460 600 4

January 16-20, 2006

0

200

400

600
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Fitted values for the 72 horizontal sextupole misalignments

_ \
obtained from the SVD 5:}| ‘m

BERKELEY LAB

X 10 x10
9 7
8 6.5
Blu dots = assigned misalignments ; 5 no
56 . .
. misalignments
Red dots = reconstructed misalignments 5 &
2 45
x10" 4 4
4 0 200 400 600 0 200 400 600
x10° x10°
3+ 7
* ' " 65
2 J ° 6 Wlth
. ®e e L d . .
e .« 8 : . o misalignments
e o o0 Ve LI ™ 6
G ] .0 ." ‘.3 ..o e o e .
° Py eede o X 5
0 0.. “‘o had 0: o* L = . .‘ ° : . & ‘0 45
. 8 o o o o, . *e * 4 ‘ : 4 ;
by, ®ee® * 8 e o ® i 0 200 400 600 0 200 400 600
° - . .
* ] x10° x10° .
L .« . 9 7 with
. 8 6.5 .
5 | ‘ ‘ ‘ ‘ ‘ | salignments
0 10 20 30 40 50 60 70 80 7 6 .
- 1 corrections
6
5
5 Y
4 4
0 200 400 600 0 200 400 600

January 16-20, 2006
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Vertical misalignment of a set of 24 sextupoles with 100 um ':}l ‘;;;

rms (linear coupling correction) —\

BERKELEY LAB

The generated skew quadrupole components introduce a linear coupling.

® we build the vector of Fourier coefficients of the (0, 1) line in the H plane

» we use the vertical misalignments as fit parameters

1 1

(0,1) line amplitude 05 (0,1) line phase in H
in H plane plane
. . 0 0
(no misalignments) (no misalignments)
05 05
g 200 400 600 o 200 400 600
: : x10° : :
(0,1) line amplitude * % (0,1) line phase in H
in H plane , 7 2 | plane
with misalignments with misalignments
2 1 0 1
1 1 -2
0 : : -4 ‘ ‘
0 200 400 600 0 200 400 600

January 16-20, 2006 C. Steier, USPAS, ASU
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SVD on sextupole vertical misalignments 5:}| ‘t??

BERKELEY LAB

We build the vector A = (a " (0,1)

H(0,1) H(0,1) H(0,1) )

aNBPM 1 o NBPM

containing the amplitude and phase of the (0, 1) line in the H planes at all BPMs

. o~ \2
We minimize the sum X = Z (AModel (J) = Avteasurea (J ))
J

x10°

2.5

0.5+

0

I I I I I I
1 2 8 4 5 6 7 8

x? as a function of the iteration number

08r

06+

0.4r-

0.2-

I I I I
5 10 15 20 25

Example of SVD principal values

January 16-20, 2006
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Blu dots = assigned misalignments

Red dots = reconstructed misalignments

LR ]

January 16-20, 2006

Fitted values for the 24 vertical sextupole misalignments
obtained from SVD

05

05

rN

BERKELEY LAB

e

no

misalignments

with

ilignments

600

I T T T ST

with

alignments
corrections

600
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Fitted values for the 72 vertical sextupole misalignments r:}l A
obtained from SVD ‘

BERKELEY LAB

0.5 05
Blu dots = assigned misalignments . . no
- misalignments
Red dots = reconstructed misalignments s 05 &
10 200 400 600 10 200 400 600
4X104 T T T T T T T 7X1075 4
6
2
. 5 with
. 4 0
2r . . " I . misalignments
LS . . -2
LY [ L4 2
L] L] L 3
. ¢ : ° .‘ = o . ¢ 1 -4
ven e . e %e 0 200 600 0 200 400 600
o " . ¥ ° . - ® “‘0 . .‘ 0‘ .' .
0‘0,‘00,"'0" 0 5 * $ e 5
. e % % ‘o‘:. s " 15x10 4
. o’ ° e & F R
e . e % « ° with
e® o g0 L o
2 . .
: « 0w g . " 1 misalignments
L
® , Il Il Il Il * Il Il M
-20 10 20 * 30 40 50 60 70 80 0 and CorreCtlonS
0.5
-2
. Wﬂ h(\ﬂ Y | |
0 200 400 600 0 200 400 600

January 16-20, 2006 C. Steier, USPAS, ASU 26



]

Sextupoles gradient errors applied to 24 sextupoles (dK,/K, = ':}l A
5%) : |

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

X x10°

1.2

1

10°
0s (0,2) line amplitude
06 in H plane
04
02 with gradient errors
200 400 °
10°
200 M MOO

(0,2) line amplitude
in H plane

(no gradient errors)

o - N W R OO

0 600 0 200 400 600

x x10°

(-2,0) line amplitude
in H plane

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

(no gradient errors) with gradient errors

o — N w S w

0 600 0 200 400 600

January 16-20, 2006 C. Steier, USPAS, ASU
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SVD on sextupole gradient errors /\| ‘;;‘:

BERKELEY LAB

. ~ (. .H(=20) H(=2,0) H(0,2) H(0,2))
We build the vector A = (a] e Angpy G e Qrppiy

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

e the (0, 2) line in the H plane related to h,,,

We minimize the sum

ZZ = Z (AModel (]) B AMeasured (]))2
J

¥? as a function of the iteration number
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Fitted values for the 24 sextupoles gradients errors obtained ':}l A

‘m

from SVD

no with with gradient

= i isali : : errors and
Blu dots = assigned misalignments gradient errors gradient errors :
corrections

Red dots = reconstructed misalignments

x10° t
10
6 1 o
5 5
15 !
. 4 08 4
il s 06 3
s
. 2 04 2
s .
0.5 . - ° s . 1 02 1
. s 0 0
0 200 400 600 O 200 400 g0 O 600
0 s g 8
# g ® x10° 105 x10
3 15
0.5 s ’
. . 4 4
Ak 3 1 3
2 2
15 s 05
1 1
2 I
0 5 10 15 20 25 0 G 0
0 200 400 600 Oy 200 400 g0 0 200 600
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Fitted values for the 72 sextupoles gradients errors obtained "\I A

from SVD

no

with

e

reerereerr ‘m

BERKELEY LAB

with gradient

Blu dots = assigned misalignments gradient errors gradient errors errors gnd
. . corrections
Red dots = reconstructed misalignments
Gx10’E 1_2x10'5 6)(10'E
2 5 1 5
. = 4 08 4
15r . n g 3 06 3
1 . . * 2 0.4 2
b : i [ ® . ® L4
. . %t 5 . 5. » 1 02 1
osp em * 8 RS 3 % Lo, 0 0 0
. L ° . 0 200 400 600 0] 200 400 600 4] 200 400 600
- . | o y 8 . .
0: '.. e % . . ‘e ® :'.‘ < § X 10° 15107 52107
05 . K . P . : . . . : .
e » e b v .' ‘. . ' . 4
. ; . : 3
13 . . 05 2
. 1 5
_20 10 20 30 4‘0 5‘0 60 70 80
00 200 400 600 00 200 400 600 00 200 400 600
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ALS example (very early results)

4000 T T T T
3000 e
2000 4
1000 e
0 L L L L L L L L L
0 20 40 60 80 100 120 140 160 180 200
Phase of Spectral Line 10
200 T T T T T
100
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-200 1 1 1 1 1
0 20 40 60 80 100 120 140 160 180 200
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40 [\
301 \ ) ﬂ
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2} \ J
ﬂ \ x
N \ v
0 42 1
0 20 40 % 80 700 120 140 760 180 200
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i

“M \\[/LXJU& t
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( v w \)U Tl

200 I I |
0 20 40 60 80
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%107 Amplitude of Spectral Line 10
16 ‘ T T \ \
14r
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0.4 1 1 1 I 1 1 1 1 1
0 20 40 60 80 100 120 140 160 180 200
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Summary /—N
EERKELEY LaB

* Resonance driving term analysis provides quantitative information
about nolinearities in the machine

* It 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, ...) to measure not just the
gradient and skew gradient distribution, but also the setxupole,
(octupole), ... How well this will work experimentally is not quite
clear, yet:

-Can we use the spectral lines to recover the LINEAR and NON
LINEAR machine model with a Least Square method?

» SPS with a few very large nonlinearities worked well. Diamond
simulations look encouraging. ALS measurements so far sesem BPM
resolution limited.

January 16-20, 2006 C. Steier, USPAS, ASU
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BERKELEY LAB
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