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Outline
Analysis of nonlinear dynamics by square matrix method.

Linear lattice correction techniques based on turn-by-turn BPM data:

v Independent Component Analysis (ICA);

v" Driving-Terms-Based Linear Optics Calibration.

AC LOCO - a fast and precise technique for magnet lattice correction.

AC orbit bump method of local impedance measurement.

Real-time redistribution of the fast correctors' strengths to the paired slow correctors.
Lossless crossing of a half-integer resonance.

New unique capability of NSLS-1I BPMs: gated turn-by-turn BPM data.

v' Single-shot measurement of the tune shift with amplitude;

v High-resolution measurement of current-dependent tune shifts.
Low-frequency quadrupole impedance of undulators and wigglers.
Microwave instability studies.

Fast-ion instability at NSLS-II.

Beam dynamics with 3rd Harmonic Cavity.
Self-consistent Parallel Tracking Code.
High-brightness lattice upgrade options for NSLS-II.
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Analysis of nonlinear dynamics by Square Matrix Method.

L.-H. Yu, “Analysis of nonlinear dynamics by square matrix method”,
Phys. Rev. Accel. Beams 20, 034001 (2017)

* Nonlinear dynamics of a system with periodic structure is analyzed using a square
matrix. This is a novel method to optimize the nonlinear dynamic system. The method
is illustrated by examples of comparison between theory and numerical simulation.

e Square matrix Z = MZ,
* One step to high order without iteration UM = e*/+7U

Wo
. . o > - U.' > > L~ > > L) >
* Action-angle approximation W =UZ = : W = e+ W, = ¢!+,
Wm — 1
° Amplitude-dependent tune ¢ Phase space transformation
Action |wo| s nearly a constant: |57 ~0 -
, - Jy =
. wo w1 .\ o : Y
* Frequency fluctuation A = —= — (—)° =0 _
?I.’O U_’O ‘4 )
. . ATV P,
Amplitude fluctuation |5- Yz LR, %

U.5. DEPARTMENT OF omce of s
(@) ENERGY | oo HBSLS 26-27 Apr 2017 BROOKHRAEN | Neconlsychrotron



Phase space manipulation by Square Matrix Method
L-H. Yu, Y Li

* minimization of |Aw / w| 5 particles with initial y increases proportional to initial x
Conventional optimization Square matrix optimization
1000 turns 15000 turns 1000 turns 15000 turns
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Particles diffused into much larger amplitudes. voaomm)

Particles are lost in top Spectrum is much more
left corner wide and complicated. DA is more symmetric ~ Spectrum is narrow.
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|ICA turn-by-turn based lattice tool

X. Yang, X. Huang, “A method for simultaneous linear optics and coupling correction
for storage rings with turn-by-turn beam position monitor data”, NIM A 828, p97-104 (2016).

* The independent component analysis (ICA) method for simultaneous linear optics and
coupling correction turn-by-turn BPM data has been tested at NSLS-II.

* The ICA method is first applied to extract the amplitudes and phases of the projection of
the normal modes on the horizontal and vertical BPM turn-by-turn data, which are then
compared to their model-generated counterparts in fitting.

* The fitting scheme is similar to the LOCO algorithm.

* The method provides similar
precision of BPM calibration ]
and residual errors of linear 295, 4[| -
lattice compared to the | ’
standard LOCO technique.

» Software is ready to release.

* Plan to improve the speed of
calculation using parallel

computing. ICA
-0.05r | LOCO | -
0 200 400 600 800
s (m)

U.5. DEPARTMENT OF omce of s
(@) ENERGY | oo HBSLS 26-27 Apr 2017 BROOKHRAEN | Neconlsychrotron



Driving-terms-based linear optics calibration

Y. Hidaka, B. Podobedov, J. Bengtsson, “Linear optics characterization and correction

method using turn-by-turn BPM data based on resonance driving terms with

simultaneous BPM calibration capability”, NAPAC’16, Chicago, 2016 (TUPOBS52).

The DTBLOC (Driving-Terms-Based Linear Optics Calibration) algorithm implemented in a Python code.
Input (Observables): 4 frequency components extracted from turn-by-turn (TbT) data & dispersion

functions

Output (fitting parameters): normal & skew quad. errors, BPM errors (hor./ver. gain, roll & deformation).
[terative least-square fitting via SVD with analytical Jacobian based on resonance driving terms (RDTs).
Very fast! Only needs ~5 minutes for data acquisition, processing and fitting (vs. ~1 hour to measure full
ORM for LOCO) at NSLS-II.
Corrected to ~1% beta-beating, dispersion errors of ~1 mm, emittance coupling ratio on the order of 0.1%.
Also works as a validation tool for estimated magnetic and BPM error values.
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Example: For bare lattice, brought &, from 100 pm (all skew
quads off) down to 2-3 pm, while reducing lifetime from 190 to
26 hr for 2 mA/100 bunches, with 2 iterations taking 10 min.
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~  0.000 R . . .
$' —0.001 Application: Table generation for global coupling feedforward
3 o [+— FitDiff. e—e Setpoint Diff| system for C17-1 IVU: after 1 iteration (12 gap values for 25

v omama ® ®  min. meas. & 25 min. proc.), closed-vs-open-gap difference of
(Ao, At) = (+25%, +38%) reduced to (-1%, +11%)
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AC LOCO

X. Yang, V. Smaluk, L.H. Yu, Y. Tian, K. Ha,

“Fast and precise technique for magnet lattice correction via sine-wave excitation of

fast correctors”, Accepted for publication in Phys. Rev. Accel. Beams (2017).

Measurement

« Sine-wave (AC) beam excitation via
fast correctors.

» Possibility of simultaneous excitation of
many correctors with different frequencies.

« Recording BPM fast acquisition (10 kHz) data
(all BPMs — 1 response vector).

« Synchronous detection of the beam
oscillation amplitude.

Correction — standard LOCO technique

« Fitting the measured orbit response matrix
to the model.

* Quadrupole strengths.

« Gains and rolls of BPMs and correctors.

Experimental results

« Afactor of 2 to 5 reduction in the residual beta-
beating and dispersion errors.

« Multi-frequency excitation of 30 fast correctors.

Measurement time: < 2 mins for 10s BPM data.

Noise-induced BPM errors at 20 Hz
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Experimental crosscheck of lattice correction algorithms

V. Smaluk, X. Yang, W. Guo, Y. Hidaka, G. Wang, Y. Li, L. Yang, “Experimental crosscheck
of algorithms for magnet lattice correction”, IPAC’16, Busan, 2016 (THPMR008).

Performance, capabilities and limitations of several

. . . . Algorithm ABJB.  AB,/ Ay, A An,
algorithms for linear magnet optics correction have been 8 ﬂ% ﬂofo v e AW m'r’n n'llryn
studied experimentally at NSLS-II. no corr. 8 10 45 35 18 8
4 algorithms based on turn-by-turn beam position analysis: ~ LOCO 2.1 14 05 02 26 44

. . . 1
v’ weighted correction of betatron phase and amplitude; ~ phaseonly’ 2.3 18 06 0.5 39 9.9
v ind dent ¢ Ivsis: phase&amp. 2.8 1.7 0.7 09 11 78
hdependent component anatysis, ICA 26 16 05 04 50 23
v" model-independent analysis; MIA 28 17 07 10 54 68
v' and driving-terms-based linear optics characterization. DTBLOC 3.0 1.9 04 08 23 45
. . T " "
LOCO algorithm based on closed orbit measurement has no dispersion corrected

been used as a reference.

AC LOCO AC LOCO
10} —=— DC LOCO 1014 DC LOCO
—=—1ICA : ICA
! MIA ! MIA
% —<— DTBLOC DTBLOC

phase&ampl. phase&ampl.

ABx/Bx r.m.s. (%)
ABy/By r.m.s. (%)
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AC orbit bump method of local impedance measurement

V.Smaluk, X. Yang, A.Blednykh, Y.Tian, K.Ha bump
current-dependent orbit distortion Ay(s)= %ky\yo Mcosﬂ u(s) - u(sy)|- m/ﬁ)
/e 2sinmv,,

AC orbit bump: using 4 fast correctors, in-phase 20 Hz sine-wave excitation
» orbit from 10s FA BPM data (synchronous detection);

model ——— meas
* no hysteresis effect, no orbit drift effect. wl
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Real-time redistribution of the fast correctors' strengths
to the paired slow correctors

X. Yang, Y. Tian, L.-H. Yu, V. Smaluk, “Experimental demonstration of the current shifting between fast
and slow correctors in NSLS-II SR when the FOFB on”, NSLS-II Technical Note 242 (2017).

* The maximal kick angle of a fast corrector is 0.015 mrad (limited by PS maximal current of 1.2 A).

* Possible reasons of moving fast correctors to saturation: long-term drift, local bumps, changing ID gaps,
orbit correction.

* We choose 90 slows correctors, which are paired with 90 fast correctors, to perform the shift. Then there is
always a unique solution, which guarantees the convergence.

The procedure, which is applicable to horizontal (X) and vertical (Y) planes separately, is the following:
1. Varying one of 90 slow correctors paired with
the fast correctors in bipolar mode +0.5 A .
’ Al of all d sl t d).
find the orbit difference AX. e O 47 PAITRC TTowW forreeror fri )
2. Correction of the orbit difference AX using all 90 +—slow 06

Sum 7 of all horizontal fast correctors (blue) and

fast correctors and the model orbit response matrix.
The resulting vector of the fast corrector currents is
one column of the slow-to-fast matrix M;_, .

3. Repeating steps 1 and 2 for all those 90 slow correctors
to obtain the full 90x90 slow-to-fast matrix M;_, .

4. Inverting the square matrix M;_,-to obtain the
fast-to-slow matrix M.

Thus the vector of additional currents Al of these 90 slow
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Lossless crossing of a half-integer resonance

G-M. Wang, T. Shaftan, J. Rose, V. Smaluk, Y. Li, B. Holub, “Experiments of lossless crossing-resonance
with tune modulation by synchrotron oscillations”, NAPAC’16, Chicago, 2016 (WEPOBG6)).

* Modern high-performance circular accelerators require sophisticated corrections of nonlinear beam
dynamics. The beam betatron tune footprint may cross many resonances, which may cause particle loss
and reduce dynamic aperture.

* The half-integer resonance poses concerns in many accelerators, such as modern synchrotron light
sources, heavy ion medical accelerators and non-scaling FFAG accelerators.

* Our results convincingly demonstrate that particles can cross a half-integer resonance without being lost if
the passage is reasonable fast and the resonance stopband is sufficiently narrow.
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Gated turn-by-turn BPM data

B. Podobedov, W.X. Cheng, K. Ha, Y. Hidaka, J. Mead, O. Singh, K. Vetter. “Single micron single-bunch

turn-by-turn BPM resolution achieved at NSLS-1I"’. IPAC’16, Busan, 2016 (WEOBBO0I).

Single-bunch resolution of NSLS-II BPMs was improved by an order of magnitude to about one micron

turn-by-turn at 1 nC per bunch by special processing of ADC signals.
The new capability of resolving turn-by-turn signals from up to 8 bunches stored in the ring 1s useful for

sensitive measurements of collective effects or single particle dynamics.
Having this capability on all NSLS-II RF BPMs is valuable for sensitive measurements of collective

effects and non-linear beam dynamics. It allows us to simultaneously measure bunches with different
charges (or kick amplitudes) thus eliminating harmful effects of machine drifts.

3 turns of raw ADC data; 0.5 mA single bunch

Resolution vs. ADC signal window length

1 x10* . .
ilot t filter OFF :

2 pllotfone TTer 10 0.5 mA single bunch X

=

§o v v- o c

@)

o 310 samples 3: 8+ xxx

< c X

At per turn , ; hel x X
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()
x

1000 f g —_— - x i
2 pilot tone filter ON ||, samples S o~ default (no WlndOW)
3 g N = 4+ x
3 o x
Q x %X
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-1000 £ ‘ . , ‘ 2 . . . . 1 .
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Single-shot measurement of the tune shift with amplitude
Y. Hidaka, W. Cheng, B. Podobedov, NAPAC 2016.

Accuracy of conventional amplitude-dependent tune shift measurement is affected by short-term
tune jitter and long-term machine drift.
Place trains of bunches in a ring with or without gaps to sample different amplitudes

with a single pulse of a kicker.

Now we need to obtain TbT data for each train kicked with different amplitude.
v" Data Type #1: New unique NSLS-II BPM capability: Gated turn-by-turn .
(TbT) BPM data that resolve groups of bunches within a turn. Pinger Electron
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v Data Type #2: Use bunch-by-bunch (BxB) data from BxB feedback system. pulse f\;unch train
" i ADC 250

= Sim
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Error Bars

|

* Successful single-shot tune shift
measurements obtained.
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 Combination of BxB data with
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o Qe T - D B clear distortion around v, =0.2
T ool 1 (5v, resonance).
Eooms * Also single-shot dynamic
- & oo aperture (DA) measurement is
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U.S5. DEPARTMENT OF om f o ron
(D ENERGY | Sne HBSLS 26-27 Apr 2017 o o e




Accurate impedance measurements using gated turn-by-turn BPM data

B. Podobedov, W.X. Cheng, Y. Hidaka,

-4
IPAC’16, IBIC’16. 35—
——bunch 1
* At NSLS-II, transverse tunes could be measured very 3t Av,, =(6.0 + 1.9)*1e-5 —bunch 2| |
accurately, <1076, but tune stability is only ~10, S
— I 1 7; JU 1A M A ﬂ,]"k'.)"‘;:‘!‘._!'%.. 1 1An ah “( "’r\“ 1M
N~ 2.5 AN ST o A T
*  We figured out how to accurately measure tunes of N i ‘Y“,' A I K ol p ol B LR
different charge bunches stored together. < Ll L‘ il Y‘ 1 I Tl | i l‘ - l,. .
i = il | 1"'1'4\‘\ il x\"w "‘Yll' t“m\*
« Example: ping two stored bunches. nigh Gy W H' 18 [ | it l kAR
. 151
From simultaneously recorded TbT Two bunches:
positions get the tunes of each bunch. Al 0.25mAand 0.75 mA
« Tune difference is resolved to few units of 10, oS 0 20 40 60 680 100 120 140 160 180
=> Very small current-dependent tune-shifts can be measured. " [ 000755 N2 |
_ : - HAV N NSLS- l,l,,,m,,e,a,su,rem,e,,nt,for ,,,,,,,,,,,,,, |
.—> Combined with local bumps we can measure very small 07 FYN 100 bunch low current train
impedances of vacuum chamber components -.y™\_ tune resolution down to 2x107
n 10 LN | |
resolve tunes to 10° Z
! l ) E/e N0t
ékkick = 4][5(1/10wa _Vhin) A ﬁ
f Qb < X > 106}
get kick factors as low as 10 V/pC/m*
* _ — 107 1 i2 ‘3
assumed 1 nC, =4 m, 3 GeV, 0=20 ps 10 N of Turns 10
(@) ENERGY | i HBSLS 26-27 Apr 2017 BROOKHAVEN | vors orororr



Low-frequency quadrupole impedance of undulators and wigglers

A. Blednykh, G. Bassi, Y. Hidaka, V. Smaluk, G. Stupakov, “Low-frequency quadrupole
impedance of undulators and wigglers”, Phys. Rev. Accel. Beams 19, 104401 (2016).

Damping wiggler chamber cross section with magnet ZIVU (4 4 n? 1492 (d —1 )2 £
gap closed, d,, > t,,+ b, and t,, K b,,. Qx,y( ) = 12¢(d — t) + (n)

Magnet 2

B = o @) =i (1425 )
twy O < by, > Aluminum zov x d) = =i 1+ f n
_/—.—O; Ox.y 12¢cb? d?
N oL
Al/x,y 4 E/eﬁx’yImZQxy(O)
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Microwave instability studies
A. Blednykh, B. Bacha, G. Bassi, Y. Chen-Wiegart, W.X. Cheng, O.V. Chubar, A.A. Derbeney, V.V. Smaluk,

“Microwave instability studies in NSLS-11", NAPAC’16, Chicago, 2016 (WEAICQ05).

A. Blednykh, B. Bacha, G. Bassi, W. Cheng, K. Chen-Wiegart, O. Chubar, M. Rakitin, V. Smaluk,

M. Zhernenkov, “Numerical and experimental studies of the microwave instability”, NSLS-1I Technical Note 239 (2017).

Synchrotron nght Monltor (SLM)
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Fast ion instability at NSLS-II

W. Cheng, Y. Li, B. Podobedov, “Experimental evidence of ion-induced instabilities
in the NSLS-II storage ring”, Accepted for publication in NIM A (2017).

Numerous evidence of fast-Ion instability has been observed at NSLS-II.
Instability improves with vacuum conditioning, but it is still present, esp. at low ¢,
Touschek lifetime increases along the bunch train => implies vertical beam size blow-up.

Bunch-by-bunch feedback cures the centroid motion, not the beam size blow-up =>

could be a challenge for higher brightness light sources.
Sx/Sy with different bunch train lengths

38-fill Average Touschek lifetime scaled to 0.5 mA/bunch
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Beam dynamics with 3rd Harmonic Cavity

G. Bassi

Storage Ring Parameters

Theoretical Bunch Lengthening from Active 3rd HC

bunch lengthening « for an equilibrium distribution p. in 6
quartic potential

Bunch lengthening factor u

6.5

55
5

Beam energy E =3GeV o Tl _ (F(3/4))1/2( 24 cos (“Jeo )1/‘4 1 i‘ "
Average Current [=500mA - Omm r{/4) (m? = L)uy; cos @) '" B
Number of bunches M = 1000 where I' is the Gamma function, o, , = ;]—05 is the equi- B P ST T
) librium bunch length with only the main cavity, and o, is o (po)
Harmonic number h=1320 the equilibrium bunch length with the Landau cavity. The Simulations of active HC
Circumference C=792m For the NSLS-II with 6.=14.5ps}| u=3.7 + bunch lengthening
Bunch length w/o HC o= 14.5ps (uniform fillings)
Energy loss per turn U=664keV Bunch lengthle (;l Hsl;gl ::Zasurements: SF‘I;(L)\l?glftjér;:]l::aitﬁgesdv;i;r;;hsuzzgfnt
Long. radiation damping Traq—11.9ms (W.Cheng, B. BIe)lcha, Mar 4, 2016) R . 37 HC OFF o
SsCC avity System . v Single lI)unch length vs. Ib § :
2 MAIN cavities+ 3 HARMONIC cavity . §'§§§M§5 . : -
0w n
RF frequency (main) f¢=499.68MHz ” N : "o 0z 04 oe os RGN
RF frequency (3™ harmonic)  3f ;= 1499.04MHz %su g‘f“; B i EE 37 HC ON o
RF voltage (main) V=1.23MV : ‘ @* * % .
Beta coupling B =9615 : o ;@j*+ :’ :
Shunt impedance (main) R, =33375MQ : 0@{**¥ : -
Quality factor (main) Q, =78000 ° j; %0 o2 0a o5 oo gt e 1
Shunt impedance (Landau) R, = 22880 MQ ) T L .
Ib [mA] Bunch lengthening from 3 HC weakly
Quality factor (Landau) Q, = 2.6x108 affected by longitudinal Impedance
@ENERGY |2 HBSLS 26-27 Apr 2017 DROMIHBIEN, | S




Self-consistent Parallel Tracking Code SPACE

(Self-consistent Parallel Algorithm for Collective Effects)

G. Bassi, A. Blednykh and V. Smaluk, “Self-consistent simulations and analysis of the coupled-bunch
instability for arbitrary multi-bunch configurations”, Phys. Rev. Acc. Beams 19, 024401, (2016).

General Features and Capabilities
» Efficient study of short and long-range wakefield effects in 6D phase-space.
» Study of slow head-tail effect + coupled-bunch instabilities.
» Passive higher harmonic cavity effects with arbitrary fillings.

* Microwave instability. Efficient density estimation methods from particles.

General Parallel Structure
* M bunches each with N simulations particles distributed to M processors.

» Short-range (single bunch) wakefield interaction calculated in serial (locally).

* Long-range wakefield calculation done in parallel (globally) via master-to-slave processor
communications by storing the “history” of bunch moments.

* For efficient study of microwave instability, the calculation is done in parallel by distributing
N/M simulation particles to M processors.

Future Additions
* Model transverse feedback system, ion effects, LLRF.
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High-brightness lattice upgrade
W. Guo, E. Blum

*  Minimizing <H>:
- theoretical limit: 1nm vs 2nm; theoretical minimal £ : 0.25m vs 0.68m;
- Not effective, 10-15% reduction limited by the sextupole strength. i

* Relaxing the achromat condition(long straights only): theoretical 0.7nm = 2
- 50% reduction achievable while maintaining similar lattice functions; £
- Damping wiggler sections must be dispersion-free;
- ID provides excitation rather than damping;
- Users of the long straights will not benefit.

O 10 20 30 40 50

* 4-bend achromat: major upgrade, challenging s (m)
nonlinear optimization, emittance 0.5nm. nux: 34.286 nuy: 15.161 exO: 0.96 nm
Cx 2.6 Cy: 3.1 ac:3.21e-04
* Emittance reduction by changing damping partition: ol i —:
v" Increase dipole current by about 5-10A; I J} A A [\ /ﬂ\ [\\ : "
v" Peak orbit change is about -6mm; Eoszg B | e [ B D
v Rematch the quadrupoles. o 10 f
v’ 3-pole wiggler beamline needs to be realigned. ol o

The angular deviation is 0.7mrad (pointing outboard); 6 10 20 30 40 50
. . . dpl-vl Wed Jan 18 11:45:57 EST 2017
however it stays within the present front end

acceptance of 3.25mrad.

v" Ray tracing and top-off must be redone to ensure m
radiation protection. Inm 0.06% 1.58 1.42

‘\: Interlock values must be re-set. > am 0.05% 1.0 20

Emittance with 3-DW is 0.6nm
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Summary

« Linear lattice correction.

* Nonlinear beam dynamics.

« Orbit correction and feedbacks.

« Beam diagnostics methods.

» Collective effects, impedances and instabilities.
« Beam dynamics with 3rd Harmonic Cauvity.

* New light-generating devices.

* Injector optimization.

» High-brightness lattice upgrade.

« UED/UEM project (LDRD).

« Beam-beam interaction studies for a ring-ring based electron-ion collider (LDRD).
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Thank you for your attention!
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