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BROOMITAVEN Self-consistent Simulations for Collective Effects
WIMERES Coupled Bunch Instability (CBI) for Arbitrary Fillings

OUTLINE

o NSLS-II Beam Intensity Increasing

o Self-consistent Parallel Tracking Code SPACE

o Coupled Bunch Instability (CBI) for Arbitrary
Filling Patterns
- Theoretical Analysis
- Benchmarking Theory and Simulations
- Measurements of the CBI Driven by the Resistive Wall
Instability in NSLS-II
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Self-consistent Simulations for Collective Effects
Coupled Bunch Instability (CBI) for Arbitrary Fillings

-H BEAM INTENSITY INCREASING

02 Jul. 2014 | 25 mA with CESR-B SC RF cavity 16 Feb. 2016 | First time at 350 mA
11 Jul. 2014 | First time at 50mA 17 Feb. 2016 | Beamline operations begins at 200 mA
14 Jul. 2014 | Shutdown for ID and FE installation 14 Apr. 2016 | Beamline operations begins at 250 mA
03 Oct. 2104 | Start of ID commissioning 18 Apr. 2016 | First time at 400 mA
23 Oct. 2014 | First light on beamline flag! 16 Feb. 2017 | Beamline operations begins at 275 mA
11 Feb. 2015 | Beamline operations begins at 25 mA 05 Apr. 2017 | Beamline operations begins at 300 mA
25 Feb. 2015 | 50 mA with IVU’s magnet gap closed 20 Jul. 2017 | Beamline operations begins at 325 mA
11 Mar. 2015 | First time at 100 mA .
Storagt_a Ring

15 Apr. 2015 | First time at 150 mA Opsratinglatatts
17 Apr. 2015 | Beamline operations begins at 50 mA Beam Current  400.2mA

Lifetime from DCCT 0.00 Hrs Shutters
23 Apr. 2015 | First time at 200 mA Lifetime from BPM s73urs | Disabled
Jul.2015 | Beamline operations begins at 150 mA T
28 Jul. 2015 | First time at 300 mA

A A N R s R Y E NN Jﬁ’w%,,..

Oct. 2015 Start operation with Top Off at 150 mA
04 Jan. 2016 | Start operation with 2" RF cavity
29 Jan. 2016 | Beamline operations begins at 175 mA
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BROOKHAVEN Self-consistent Simulations for Collective Effects SPACE: General Features and Capabilities
oML Coupled Bunch Instability (CBI) for Arbitrary Fillings SPACE: Parallelization

SELF-CONSISTENT PARALLEL TRACKING CODE SPACE*

SPACE

(Self-consistent Parallel Algorithm for Collective Effects)

o Efficient study of short and long-range wakefield effects in 6D
phase-space via parallel processing communications.

Study of slow head-tail effect + coupled-bunch instabilities.
Passive higher harmonic cavity effects with arbitrary fillings.
Landau damping from betatron tune spread.

Microwave instability.

Efficient methods for density estimation from particles.
Localized wakefield effects.

© 06 © © o ¢

* G. Bassi et al., Phys. Rev. Acc. Beams 19 024401, 2016.
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n Self-consistent Simulations for Collective Effects SPACE: General Features and Capabilities
" Coupled Bunch Instability (CBI) for Arbitrary Fillings SPACE: Parallelization

GENERAL PARALLEL STRUCTURE

@ M bunches each with N simulations particles distributed to M
processors.

o Short-range (single bunch) wakefield interaction calculated in
serial (locally).
o Long-range wakefield calculation done in parallel (globally) via

master-to-slave processor communications by storing the
“history” of moments of the bunches.

o For efficient study of microwave instability, the calculation is
done in parallel by distributing N/M simulation particles to M
processors.
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BROOKHAUEN Self-consistent Simulations for Collective Effects Theoretical Analysis
MRS Coupled Bunch Instability (CBI) for Arbitrary Fillings Measurements

ANALYTICAL TREATMENT OF THE CBI FOR ARBITRARY FILLINGS

o Motivation:

- Many storage ring modes of operation require multi-bunch
configurations that differ from uniform fillings: gap in the fillings
for ion clearing (NSLS-II), special multi-bunch configurations
with a single high charge bunch (camshaft) .

- Desire to operate with the most stable multi-bunch configuration.

o The treatment is based on the formulation of an eigenvalue
problem defined by the complex frequency shifts of the uniform
filling pattern case.

@ The numerical solution of the eigenvalue problem allows the
study of instability thresholds via the determination of the
eigenvalue with the largest imaginary part.

o As a complementary tool to the computation of the eigenvalue

spectrum we discuss the Gerschgorin Circle Theorem.
o The application of the Gerschgorin Circle Theorem is useful for
A) arapid localization of the eigenvalues in the complex plane.
B) very efficient perturbative studies of uniform filling patterns.
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Self-consistent Simulations for Collective Effects Theoretical Analysis
Coupled Bunch Instability (CBI) for Arbitrary Fillings Measurements

.rRANSVERSE EIGENANALYSIS

The transverse phase space densities ¥, (7, 0, X, py, t), associated to
the m—th bunch with N, particles, satisfy the following system of
M-coupled Vlasov equations for0 < m <M — 1

o, ov,, w? v, Oy 8\11
o M T n o TP T g
+oo M—1
— Ay ZZN’"/ /dT’Wl(T—TI—FaZ/mT())
k=0 m'=0 oo
o ov
X / dx'x py (T’,x’,t— a],;,mTo) ('3p;n =0,
—00

where a¥, = k+ =" and p,(1,x,1) = [ dSdp, (1,8, X, p. ).
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Self-consistent Simulations for Collective Effects Theoretical Analysis

lllllllmll!ll
" Coupled Bunch Instability (CBI) for Arbitrary Fillings Measurements

EQUATIONS FOR THE EVOLUTION OF DIPOLE MOMENTS

The time evolution of the dipole moments (x;,) f drdé dxdp, x¥,,
and (py,) = [ d7dd dxdp, p,V,, is found by integrating by parts the
Vlasov equations using the boundary conditions for ¥,,

+oo M—1

d2
) 4 B ) = ~Ar D (@ To )N (i) (1= b To)
k=0 m'=0
+oo +oo
where f(x f dr f dr'Wi (T — 7" 4+ x)A(T)A(T).

Rearranglng and omlttmg the brackets (x,, understood as (x,,))

TIME EVOLUTION BUNCH CENTROID

(1) + whn (1) = —A, Zf( )N[m+k K] (r—k%),

where [m + k] =m+ k — M| (m + k)/M]|, with | x| the floor function
(gives the largest integer less or equal to x).
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Self-consistent Simulations for Collective Effects Theoretical Analysis
" Coupled Bunch Instability (CBI) for Arbitrary Fillings Measurements

IEQUATIONS FOR THE EVOLUTION OF MODE )~Cu

Defining the mode X, by

M—-1 . | M1 .
i#(t) = me([)e—ﬂwmu/M7 xm(t) — A_4 xu(t)eIZﬂ’mu/M’
m=0 =0

it follows that x,, are coupled and satisfy the equations of motion

TiIME EVOLUTION MODE f\‘#‘
. A = To\
= 2 . x 0\ 2muk/M
¢ = — k—) 1277
X (2) + wpXu () E f<M e

XZ@Q— )ZNQMMW

Remark: for N, = N (uniform filling) the modes x,, are uncoupled.
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Self-consistent Simulations for Collective Effects Theoretical Analysis
Coupled Bunch Instability (CBI) for Arbitrary Fillings Measurements

./lULTI-BUNCH MODE x ¥

The general solution of the non-collective equations of motion
X, (1) + wéfc#(t) = O reads

Fult) = ME 4 e = 2 (£,(0) = =5, (0) )"
2 wg

+ (%M(O) + WL.B}M(O))e—W]

xm € R =X, = Xj;_,, thus define the multi-bunch mode as

1 , A
x,(#)(t) — A_l(iu(t)eﬂﬂmu/M+)~CM_u(t)e—127rmu/M)
L/ 2rmp/M |~ —i2mmp/M
= M(x”(t)e HIM L 5 (1) e 2 )
2 - 2 um - . 2mum
= (Rexu(t) cos — Imx,,(¢) sin )
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BROOKHAUEN Self-consistent Simulations for Collective Effects Theoretical Analysis
st Coupled Bunch Instability (CBI) for Arbitrary Fillings Measurements

PERTURBATIVE SOLUTION

Look for a perturbative solution identifying the perturbation by the
parameter €.

Without loss of generality, assume for the perturbative solution the
form

PERTURBATIVE SOLUTION MODE .{‘#

.i'u(l') — Alei(wB—l-eQ)t _I_Aze—i(wﬁ—l-eﬂ)t _ aue—i(wg-l—EQ)l’ 0Oc (C,

where a,, = X,,(0) and we chose A| = 0.
Defining 7! = Im2, w, = Re? and assuming Imx,,(0) = 0, the

multi-bunch mode x,(# ) takes the form

PERTURBATIVE SOLUTION MULTI-BUNCH MODE .\‘,(,,H)

2
" cos(wg + wy)t + sin e sin(wg + wr)t),

where a = 2RexX,(0) /M and we set the perturbation parameter € = 1.
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Self-consistent Simulations for Collective Effects Theoretical Analysis
Coupled Bunch Instability (CBI) for Arbitrary Fillings Measurements

IEIGENVALUE EQUATION

The perturbative solution for X, leads to the eigenvalue equation

Ty i2mpk /M thkTo/M :|
g Q
3 2o (k30)e J
M—1 A T M—1
X k=2 0) 27 pk /M lwngo/M N,e i2em(p’ M)/M:| , = 0.
" Z: [ZWBM §f< M mzo
w#n

or, equivalently

EIGENVALUE EQUATION FOR ARBITRARY FILLING PATTERNS

U M—1
(B—QI)a=0, B, = Z N2 =m/M = ag, .., apyg—1]"

where QU are the eigenvalues of the uniform filling pattern case
By = QU if /' =p,0 otherw1se)

I,Mc
U= ;P ‘)\ M ’ Zt[(pM
b T (B o) v Z [(p +u)wo+w3} i [(PMA+p)wo+ws].
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BROOKHAUEN Self-consistent Simulations for Collective Effects Theoretical Analysis
st Coupled Bunch Instability (CBI) for Arbitrary Fillings Measurements

Solving for the characteristic polynomial p(£2) = |[B — QI| = 0 and
assuming M distinct eigenvalues ,,, the general solution x{,() is

given by
M—1

~ _ —i(w +Qm t
() =) cmayme oI

m=0

where a,, = [agm, -, dp—1 m]T are the eigenvectors associated to the
eigenvalues (2,,,.

Since the sum of the eigenvalues of B is equal to the trace of B, it
follows that the sum of the complex frequency shifts €2, for arbitrary
filling patterns is equal to the sum of the complex frequency shifts Qg
for uniform filling patterns

M—1 M-1 M1
> 0,=TrB = > ,=>) of
pn=0 =0 n=0
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BROOKHAUEN Self-consistent Simulations for Collective Effects Theoretical Analysis
MRS Coupled Bunch Instability (CBI) for Arbitrary Fillings Measurements

GERSCHGORIN CIRCLE THEOREM*

Estimation of eigenvalue spectrum very accurate for strictly
diagonally dominant matrices (off-diagonal terms small with respect
to diagonal terms), i.e. for a n x n complex matrix A = (a;j) for

which n .
|ai| > Z|aij|, 0<i<n.
j=1

J#i

GERSCHGORIN’S THEOREM

If X is an eigenvalue of an n X n matrix A = (aij), then, for some i,
n

A — ajil §Z|a,~j| =r, 0<i<n

j=1
J#i

r; defines the radius of a Gerschgorin row disc. Defining similarly the
radius of a Gerschgorin column disc, we have that all of the
eigenvalues of the matrix A are contained in the intersection of the

union of all the row discs and column discs.
*S. Gerschgorin, Izv. Akad. Nauk. USSR Otd. Fiz-Mat. Nauk 7, 749-754, (1931).
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BROOKHAUEN Self-consistent Simulations for Collective Effects Theoretical Analysis
MRS Coupled Bunch Instability (CBI) for Arbitrary Fillings Measurements

BENCHMARKING THEORY AND SIMULATIONS

Study of the coupled-bunch instability driven by the HOMs of the
7-cell PETRA-III RF Cavity (used during commissioning phase 1 of
the NSLS-II storage ring).

TABLE : Transverse HOMs of the 7-cell PETRA-III RF Cavity

frsMHz | Ry 1, MQm | O, | Ry, 1/Q1,m
860.25 14.77 55700 263.91
867.12 17.5 56800 308.1
869.55 56.1 58200 963.92
870.96 19.7 59400 331.65
1043.53 83.6 40400 2069.31
1047.44 26.2 40900 640.59
1089.13 17.0 49400 344.13
1465.13 15.5 54600 283.88
1545.34 26.8 44300 604.97
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BROOKHAUEN Self-consistent Simulations for Collective Effects
st Coupled Bunch Instability (CBI) for Arbitrary Fillings

IFORM BUNCH TRAIN WITH A GAP
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BROOKHAVEN Self-consistent Simulations for Collective Effects Theoretical Analysis
WY Coupled Bunch Instability (CBI) for Arbitrary Fillings Measurements

SLS-II MEASUREMENTS WITH GAP IN THE FILL PATTERN

(Operational lattice with 3DW gaps closed at zero linear chromaticity)
Calculated CBI threshold from resistive wall impedance I, = 22mA.
Fill Pattern Monitor I, (single bunch current)
|| ||| m|4k|E (R |@f% | ale|| @] Torget Current, mA 25
G e B Uniform I,
M = 688 (gap = 632)
21 ‘ I, = 20.5mA
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BROOKHAUEN Self-consistent Simulations for Collective cts eoreti
MRS Coupled Bunch Instability (CBI) for Arbitrary Fillings Measurements

NSLS-II MEASUREMENTS WITH GAP IN THE FILL PATTERN

Fill Pattern from Oscilloscope Tune Measurement from TBT Data
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I, = 20.5mA
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BROOKHAVEN Self-consistent Simulations for Collective
PR Coupled Bunch Instability (CBI) for Arbitrary Flllmgs

Measurements

NSLS-II MEASUREMENTS WITH GAP IN THE FILL PATTERN

Fill Pattern from Oscilloscope

Fune Measurement from TBT Ddtd

. o

Non-uniform 7;,
M = 600
I, = 24.3mA

sl i) 57 siela

Uniform 7,
M = 352
I, = 20.5mA
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BROOKHAVEN Self-consistent Simulations for Collective Effects
MRS Coupled Bunch Instability (CBI) for Arbitrary Fillings

THANK YOU!
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BROOKHAVEN Self-consistent Simulations for Collective Effects
MRS Coupled Bunch Instability (CBI) for Arbitrary Fillings Measurements

BACK-UP
SLIDES
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Self-consistent Simulations for Collective Effects Theoretical Analysis
Coupled Bunch Instability (CBI) for Arbitrary Fillings Measurements

.LEMENTARY CASE: TWO BUNCHES

For M = 2, and with 2N = Nr, the eigenvalue problem reads

' - NV

NQU V-

‘ Ny + Ny

and is easily solved with eigenvalues

Qi +aV 1
Qoa = 0L 2\ (0 — Q)2+ 4N2OHQY, Qo+ 0 = af +0F,
and corresponding eigenvectors
r T
20VN_

ap = 1, —
| -of -/ - aVp +anzayay
r T

20YN_

a = , 1

OV -0 — /(@ — )2+ an2 ooy
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BROOKHAVEN Self-consistent Simulations for Collective Effects
MRS Coupled Bunch Instability (CBI) for Arbitrary Fillings
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BROOMITAVEN Self-consistent Simulations for Collective Effects Theoretical Analysis
MRS Coupled Bunch Instability (CBI) for Arbitrary Fillings Measurements

ELEMENTARY CASE 2: THREE BUNCHES

In the case M = 3 we discuss the configuration

No = Ny =3N/2,N, = 0, with 3N = Ny, which describes a
configuration with a missing bunch. The corresponding eigenvalue
problem reads

Q-0 af a*Qf ,
1 3
B-oIl=| «aQV V- aQV |=0, a= +T‘/_’
a0y aQy oYy -q
where * denotes complex conjugate. It follows that
3

B — 01| = —0[0? - TrBQ + S (o) + afof + aaf)| ~ o,
where TrB = Qg + Q? + Qg
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