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Determination of the Linear Lattice through
Analysis of turn-by-turn orbit data

Phase Advance Measurements

Christoph Steier
Lawrence Berkeley National Laboratory

* Qutline:
* Motivation
* Different Phase Advance Measurement Techniques:
* Type of excitation
* Method of data recording
* Method of data Analysis
*Examples of Applications
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otivation

Motivation for phase advance analysis is the same as for
other methods we mentioned (direct measurement of beta
functions, orbit response matrix analysis, MIA, PCA, ICA,

resonance driving terms ...)

Desire to understand and control the linear lattice

* Beamsize and divergence
* Nonlinear dynamics is determined by the linear lattice

functions and the sextupoles

* Phase advance measurement can be performed quickly
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The solution can be parameterized by a pseudo-
harmonic oscillation of the form

x; (s)= e /B (s) cos(f (s)+ ¢ ,)
x;(s)=-de‘%cos(¢(s)+¢o>-J%sinw(swo)

where f (s) is the beta function,

a (s) is the alpha function,
¢ ., (s) is the betatron phase, and

¢ IS an action variable

S
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Measurement Techniques \

BERKELEY LAB

* Vary quadrupole strengths and look at tune-changes —
(James’s basic measurements talk)
* Fit orbit response matrix data: LOCO (James’ talk)
* Ping the beam and analyze turn-by-turn data: phase
advance, MIA, ... (this talk, tomorrow, Thursday)
* Resonantly excite the beam and look at turn-by-turn data
*Mostly going to show Cornell example

* Turn-by-turn data also contains coupling information — will mention this
tomorrow
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Direct beta function measurement

BERKELEY LAB

Vary quadrupole strengths and look at tune-changes

Bis computed via

oV, , = P p g
YA

Disadvantages % L
I 300 _ﬁ?{?cli(;? from LOC ol il
Hysteresis — accuracy | ) ﬁ ‘nl
Slow = 2005— ‘:I |||
Limited information — mi_ #\ ||ﬁ\
|:\"‘- '_3;&-;__;-4’ * 3 :IJ; ‘\x‘aﬁ;;—\_ﬁ :L
. —40 0 40
Distance(m)
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Ping and analyze turn-by-turn data

Ping the beam and record turn-by-turn orbit data

X}
/\ N s
\/ Time
Vi
Advantages
Fast
Disadvantages
Decoherence
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Resonant exeitation e

Shake the beam at a betatron sideband and observe the
beam motion (turn-by-turn) at the BPMs

ANV ANNANY
v \/ \/“”‘e

Advantages

Fast
Not limited by damping and decoherence
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Resonant excitation

Cornell system:
* shaker is phased locked
to beam
* shake beam horizontally
and vertically
* analyze the signals from [z

Drive

the BPMs sequentially —l— E;i—_ : |
| Ref. Signal Signal @

Channel e Analyzer Channel
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Phase locked loop \
B phase > low pass filter B> amp
detector
BPM
< VCO [ —=
beam control voltage
shaker

Phase detector compares the frequency of beam
signal and local oscillator, computes the frequency
difference and adjusts the oscillator
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Determination of the Tunes

< Input signal is digitized
“ Take N consecutive turns (say 1024, 16000, ...)
< Compute frequency using fast Fourier transform and interpolation

| Advanced nght Source e
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Determination of the Tunes '
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Input: Turn-by-turn
measured orbit data.

Analysis: Fourier
transform of the turn-
by-turn orbit data to
compute the
frequency, v

N

x(n)= Y ¢ (v.) exp(2mim )

J=1

y(v,)= %nz]le(n) exp(-2mim ;)

| Advanced nght Source
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Figure 1: Single BPM recording the excited horizontal
beam motion (scale: 8 mm peak to peak, time=88.9

psec/turn)

Fast Fourier transform

The frequency corresponding
to the largest value of ¢is
taken as the approximate
tune = |Ov|<1/2N
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Improving the resolution \

BERKELEY LAB

The resolution can be improved by an interpolated FFT.
If one assumes that the shape of the Fourier spectrum
IS known and corresponds to that of a pure sinusoidal
oscillation with tune, v

ot Ly A0
N A(k- 1)+ A(k)f
with a sin window

. Odmk(Q
= x, sinp—n,k= 0,1,2,.... N- 1
Vi k HNH

k-1< N <k

CoL LD 24(k) 1
1 A(k- 1)+ A(k) 2f

int N

(Asseo CERN PS Note 87-1 (1987))
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Improving the resolution

Example: tune = 0.33224
X(i) = sin(21(0.33224)i) y

position

| |
o 200 400 BO0 800 1000 1200

Stral g ht fft turn number

v =0.3320
With interpolation ] A
V=0.332239998  Eao| i

a
033 03305 0331 03315 0332 03325 0333 03335 0334
frequency
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One method (Castro et. al. PAC 1993)
Define two functions C and S using the turn-by-turn
data x and analyzed frequency v.

N N
C:= z x;cos(2niv) and S = z x; sin(2m i )
=1 =1

Then the amplitude, A, and phase uare

] 2JC? + S? ST

A and |l = -COtﬁEH

Amplitude is not as reliable as the phase
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Determination of the 3-functions — Method 1 Q

N
(Castro et. al. PAC 1993)

Ox0 0Om; m,00x0 Ox0 0On, n,00x0
0.0 =10 oo .0 0.0 =0 oo .0
Dx D2 D m22 E“:Ix Dl , Dx D3 Dn21 n22 E“:Ix Dl
[ [
H (cos¢f+ a,sing ] JB B, sing , H
R.=
’ H- taa, sing NNy ! cos¢ ﬂ"(cos¢ -a ,sing )H
f fi A fi
i VB JB 8, V8, I

Using the ideal values for the machine and the measured phases

(COtw 1~ coty 13) (COt‘IJ 1*2 - coty 13) + coty 1*2 coty , - coty , coty 1*3
(cotw ., - coty 13) (cotgll , - coty 13)

. - . .
uantities with * are meq‘sdgggce,dtlngsig g\g;rceuy are jdeg]

June 16-20 2008 C. Steier. USPAS Annanolis 15

anda =q,

B, =8,




e

reerrerer ‘m

(Castro et. al. PAC 1993)
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Error in the determination N

BERKELEY LAB

Uncertainty in the phase

First there is noise of the BPMs, O,

phase advance efror versus signal omplitude

_|

-~
\W
>

A5
]
g%
E:ﬁ
=
gz
2
157 theoretical phase error (eq. 1}
EI-!'.'I
o
5 o o
ol . : d i ,
0 500 1000 1500 2000 2500 3000 asm 4000
signal ampitude Imbcromy
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Phase Determination 2 (Cornell)

“* Use digitized position signal, then
The phase of the reference signal at turn n is used to
construct sine cosine references

Rsin(n) = sin @-r'cf(n)
R(‘.()H(n) = CO8 {r;j-rcf(n)
% Convolute the beam signal with these (digital lock-in) and integrate
Results are used to solve for the lattice functions

r = Ag\/fBa cos(nw, + ¢q),

y = —Au/B(Caa cos(nw, + ¢q) + Cia sin(nw, + ¢4)).
A — ‘“‘H
y Au\} Jﬂ ‘\“’(:* 'l'-"-\': "J)h

/ . r.f'h
y i

In practice assume 3 = 3(design) and solve for ¢ and C};.

| Advanced nght Source I
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Determination of the pfunctions — Method 2 el

Sagan et. al. PRST 2000

General relationship between beta and phase
1 dop

f ds

The relative error in the beta function can be calculated
from 5B : d(5(0)

IBdesign d(pdesign

0 :8 = ﬁmeas B leesign

5¢ = 0 neas ~ 0 design

- Advanced Light Source ' —
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Determination of the 3-functions — Method 2 /\I ‘“

BERKELEY LAB

Sagan et. al. PRST 2000

To do the differentiation,
one can use a spline fit to
Interpolate between
measured datapoints

| Advanced nght Source I
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rrection
Correction S

“* In order to correct the lattice error one can now compare
the measured phase advance (or the derived beta function
beating) with a lattice simulation code

“* Use any multiparameter fit to vary quadrupole strengths
(or potentially skew quads, ...) to make model agree with
measurement

“* One important optimization is to select the best set of
fitparameters (plus need enough adjustable quadrupoles,
or orbit offsets in sextupoles, ...) to implement correction

% Corrections are made using:

* Quadrupole strengths (in CESR all quadrupoles have
independent power supplies)

* Interaction Region Quadrupole rotation angles

Advanced nght Source .
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Correction of the beta beating — Method 2
Before After

40 20
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Location of Quadrupole Errors

Assume that one is

.. 18¢p  aregionfit b region fit
suspicious about a /
certain area. Take two l
areas around the | yuy
region and fit to free / iii | U
waves. See where the | SAVAS I
amplitude begins to : o I
change. «—aregion —>i s, Sy <——Db region —>

5(s) = {{:a sin 2¢(s) + 1, cos20(s) +C, s€ A
7 T8 sin20(s) 4+ my cos26(s) + C, s € B
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Location of Quadrupole Errors
Assume that one Is _ Pl o tegion || regior

suspicious about a 4 ' ,

certain area. Take two %_

areas around the
region and fit to free
waves. See where the
amplitude begins to

Scl)g, (degrees)

change.
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_ 40 o)
e 20
o b regior
ﬁ 0
£ 20
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Detector Index
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Example of another Method: Single turn kick f%

BERKELEY LAB

phase advance measurement, wiggler openiclosed, VT 82 phase advance measurement, wiggler open/closed, compensated 2, v, =92

005 005

A, [2a]
Ady, [2n]

¢, [27]

A, [27]
i, 2]

“* Phase advance measurements allow to very quickly (few seconds)

verify whether a (precomputed) compensation of a local lattice
distortion works

“* Example shown above is the systematic focusing change due to a
wiggler

| Advanced nght Source e
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Phase advance as independent test

phase advance error

i i
o 200 400 BOD 800 1000 1200 1400 1600 1800 2000

{0 T T A R S S

DE - 1 1 I I I
—+— LOCO model-nominal ‘ : ' ' '
—+— measured-nominal s S N

0.1 f--

Ay

'
1 1 1 1 1 ' 1
1 1 1 ¥ : 1 !
0 e enee- e o - TP oy ol R IR R
b, T 1
5 My Ll 1 1 i T L 1 1
. 1 1 (' ., 1 1

01 P AR

0.2
o 200 400 BOD 800 1000 1200 1400 1600 1800 2000

29 -Mar-2005 19:51:26 s - position [m]

% Can compare a phase advance measurement with the predictions
of an accelerator model, which has been calibrated using orbit
response matrix analysis (this morning) or MIA (tomorrow)

“* Particularly helpful in complicated/large accelerators (b-factories)

] Advanced nght Source
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Summary

* Using resonant excitation and analysis of turn-by-turn data,
lattice function measurements can be done quickly and
accurately

Further reading:
* P. Castro et al., PAC93 conference proceedings 2103
(1993)
*Asseo, CERN PS Note 87-1 (1987)
*D. Sagan et al
*PRST 2 074001 (1999)
*PRST 3 092801 (2000)
*PRST 3 102801 (2000)
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