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OUTLINE

>>Self-consistent Parallel Tracking Code SPACE:
>>a) General Description

>>b) Computation of Short- and Long-range Wakes
>>c) Parallel Structure

> Application:
>>Passive Higher-Harmonic Cavity Effects in NSLS-II
> Performance Reduction from Gap in Uniform Fillings
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SPACE*

(Self-consistent Parallel Algorithm for Collective Effects)

> Particle method for the numerical solution of a system of M-coupled Vlasov-
Fokker-Planck equations governing the time evolution of M bunches, each with
an arbitrary bunch population N, (m =0,.., M — 1), subject to collective effects
driven by wakefields in storage rings. M=h, where h 1s harmonic number.

> Allows for the simultaneous study of short- and long-range wakefield effects in
6D phase-space.

> General Features and Capabilities:
> Study of slow head-tail effect + coupled-bunch instabilities for arbitrary fillings.

> Microwave instability/bunch lengthening/TMCI + passive higher harmonic cavity
effects for arbitrary fillings.

>> Chromatic/amplitude dependent decoherence + short-range wakefield effects.
> Localized impedance effects from arbitrary wakefields.
> Transient beam loading for arbitrary fillings.
> Feedback system effects: low level RF + transverse BxB feedback (in progress).
> Efficient methods for density estimation from simulation particles.

* G. Bassi et al., Phys. Rev. Acc. Beams 19 024401, 2016.

& l U.S. DEPARTMENT OF
(6JENERGY vl

3 NATIONAL LABORATORY




COMPUTATION OF SHORT-RANGE WAKE FORrRCE: FOURIER METHOD

The short range wake force F?°, for example, from the horizontal dipole wake function

W,in 4D phase space (longitudinal + horizontal)
+00

Ff(r, ) = Ax[ dt' W, (T — T’)dx(r’, 1, d(r,t)= J dxdodp, x ¥(z,6,x,p, 1), A, = const.

—Oo0

is calculated via Fourier inversion: FS(w, f) = J dr e F(z,1) = iA ZH(-w)d (@, D),

where le(a)) = i[ dr e'*W,(r) and aix(a), ) = [ dre™%d (1,1).

—0o0

) ~ A 2 . . .
Smoothing: F;j’sm“’th (w,t) =F ;f(a), e % ,where a, is a suitable smoothing parameter.

COMPUTATIONAL LLOAD

> With FFT is O(N,log, N,), where Ng 1s the number longltudlnal grid points.
Improved estimate: for a DFT of size N2 ; the classic " 'radix-2" FFT algorithm of
Cooley and Tukey (implemented in SPACE) has a number of flops ~ 5N log, N.

> To be compared with O(/) from particle tracking and particle deposition scheme,
where /" is the number of simulation particles.

> Example: high resolution microwave instability simulations for NSLS-II, with 4" = 15M
distributed over 1000 procs. —> a couple of minutes of CPU time on Cori at NERSC.

&~ f]w,:. LS.
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CoMPUTATION OF LLONG-RANGE WAKE ForcE: TAYLOR METHOD

The long-range wake force F me acting on bunch m for an arbitrary wake function W,
ke M-1

F)ém(T, t) = sz Z Cm/deT'Wl (T — 7'+ alf/l/mT())dx’mr(T/, r— kTO)’ arljlm/ =k + (m —_ m/)M’

k=0 m'=0
is calculated via Taylor expansion, assuming the wake function W,(z) slowly varying

within the support of bunch m’(m’ # m)

k. M-1 Nrp (n)
(T Z) ~ A Z Z ¢ Wl (:mmTO) Z( 1) <l> r”_l(flx>§1,

k=0 m'=0 n=0

where (z"x)k = [dr td, . (t,t —kT)) =— store moments “history".

(COMPUTATIONAL LOAD
> Direct computation on the longitudinal grid is O(k. MN, log, N,) with FFT method.
> To be compared with the computatlonal load of Taylor expans1on 6(k.MNy,N,) >
where Ny, 1s the number of terms in the Taylor expansion.
> Using for the FFT method the number of flops 5N, log, N,, the ratio of the two
computational loads is K = 5log, N,/Ny; .

> In many apphcatlons of interest Np; < 10 thus K > 3.5 with N, = 128.
(G)ENERGY T ATEN
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COMPUTATION OF LLONG-RANGE WAKE ForcE: DiscussioON

>> Method based on Taylor expansion is general and applicable to arbitrary long-range
wake fields.

> For a narrow-band resonator wake, the integration over history can be avoided by
the use of invariance properties under translation of the resonator wake function.

> Alternative method: express a general wake function as a sum of resonators
(Migliorati et al *, tracking code MuSiC).

*M. Migliorati and L. Palumbo, Phys. Rev. ST Accel. Beams 18, 031001 (2015).

PARALLELIZATION: GENERAL STRATEGY

>> M bunches, each with 4" simulations particles, are 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 moments of the bunches.

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

;;;-’1 ‘1 U.S. DEPARTMENT OF ’-'"E"
{8)ENERGY .
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BEAM DYNAMICS WITH A 3RD

Harmonic CaviTy*
(N THE NSLS-II STORAGE RING)

* Presented at the:
NSLS-Il Beam Intensity Review, 24-25 Jul 2018, BNL.
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BENEFICIAL EFFECTS OF A R0
Harmonic Cavity (HC)

>>Bunch lengthening:
>>a) bunch lifetime improvement
>>b) heating reduction of vacuum components
> Anharmonic (quartic) potential for small oscillations:

>>synchrotron frequency spread (Landau damping) helpful
for suppression of longitudinal coupled bunch instabilities

>>No energy spread increase

BROOKHFAIEN
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Ortions FOR A HC SYSTEM

Options

>>Normal-conducting (NC):

> (Optimal operational settings possible, however sensitive to HOM
driven longitudinal coupled bunch instabilities

> Super-conducting (SC):

>>(Good operational settings possible, less sensitive to HOM driven
longitudinal coupled bunch instabilities

Modes of Operation
> Active: HC powered by external generator (expensive)

>>Passive: HC powered by the beam (cheaper)

BROOKHFAIEN
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NSLS-11 1500 MHz SC gre HC

to be* operated in passive mode

Designed by NSLS-II (Jim Rose)
Built by Niowave under an SBIR Phase II Project.

——

07T

(@ENERGY

N

10

*option

considered
for future
operations
Cavity parameters
Freq(rt-mode) MHz 1499.25
R/Q (Pi) Q 88
Q @4.5K | 2.6%108
Accelerating Voltage | MV 1.0
Freq (0-mode) MHz 1478.03
R/Q (zero) Q 0.15
Q @4.5K | 27%108
—— o -
BROOKHFAEN
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Bunch lengthening

THrEORETICAL (MAXIMUM) BUNCH LENGTHENING
FROM A 3r> HC

achievable under optimal conditions: NC HC + uniform fillings

orL _ (F(3/4>)1/2( 24 cos ¢s0 )1/4 1 Beam lifetime (e, = 8pm)
Trm r'(1/4) (m? — 1)w?; cos ¢ N Y
B. Podobedov
Total lifetime vs. rms bunch length at ¢ =8 pm
6.5 9 i , i , Y
°1 7
55 | | 8r // -
5r 4
7 -
- -
45 r S
4t 0556
3 -
25 | ar
2 1 1 1 1 1 1 1
6 8 10 12 14 16 18 20 3

15 20 25 30 35 40 45 50
(J’Z, Ps

or,, (PS)
6,n = 14.5ps (bunch length w/o HC with present NSLS-II operational settings)
0, = 50pS ===l Beam lifetime = 8.3 hours ppoOKHAVEN
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3t HarmoNIC CaviTy IN NSLS-I1

Parameters for the Current Operational 3DWs Lattice

Storage Ring Parameters SC Cavity 2 MAIN cavities
Beam energy E =3GeV Frequency f,=499.68MHz
Average current I[=500mA Voltage V=1.7MV
Gap in the uniform filling Loaded shunt impedance Ry =2.97 MQ
Harmonic number h =1320 Loaded quality factor Qy = 66817
Circumference C=792m
Bunch length w/o HC o= 14.5ps Adding a 3 HARMONIC cavity
Energy spread c,=8.7x10-4
Energy loss per turn U=664keV Frequency 3f;=1499.04MHz
Momentum compaction n=3.76x10-4 Shunt impedance R;; =22880 MQ

Long. radiation damping T.,—11.9ms Quality factor Q,; =2.6x108

* Good bunch lengthening conditions with SC HC are achievable with uniform fillings.
* Performance reduction with\a gap in the uniform filling.

e NSLS-II operational mode:fractional filling.
ENERGY BROOKHEVEN
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SELF-CONSISTENT SIMULATIONS OF HC EFFECTS WITH

SPACE

Equations of motion for particles in bunch m (0 < m < h — 1) (w/o radiation damping and quantum
fluctuations)

. e UO d
T =no, 0= lVrcos sin(w,,t + ¢, +ywy—0;,) =V (1.t ——], =
( n TOEO g 774 ( f ¢s 774 L) m( ) e dt
where 9, is the load angle, v the detuning angle, NSLS-II RF Phasor
¢, the synchronous phase, and V,, is the total collective

voltage induced by the beam in the main and harmonic
cavities.

V,, and y are determined by

( i. i' \
tany = (1 + —=sin (,bS)tan 0, + — cos ¢,
Lo Lo
%4 .
V,, = 2 (1 + —sin (,bs) . 1e0° o
cos O iy

g J

~ V,r = 3000 kV
where iim = 210/1(a),,f) and iO = Vrf/RL . |(f) = 300 mA

&) ENERGY Beam Loading

Compensation Scheme

270°




SPACE Simurations with HC: UNirorm FiLLiNg 0, =0
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SPACE Simurations witH HC: Unirorm FiLLiNg 0, =0
bunch centroid (BC), bunch length (BL), potential (POT)
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SPACE SimuraTions with HC: 80% FiLLing
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SPACE Simurations with HC: 80% FiLLiNG

bunch centroid (BC), bunch length (BL), potential (POT)
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SPACE SimuraTions witn HC: 80% FiLLing

Af
(HC detuning

frequency)

éaL — ()o

bunch number

40
80
120
160
200
240
280
320
360
400
440
480
520
560
600
640
680
720
760
800
840
880
920
960
1000
1040
1080
1120
1160
1200
1240
1280
J 1320

200

bunch
density
(1)
x10°
20
15
10
5

0

varying load angle

1 1 | | | 1

bunch number

40
80
120
160
200
240
280
320
360
400
440
480
520
560
600
640
680
720
760
800
840
880
920
960
1000
1040
1080
1120
1160
1200
1240
1280

-200

|
18
50 100 50 g 50 100 150
T (ps)

1320
200

sunch
lensity
(1k)

x103
20

(ar= 4skHz )

bunch densities
after 100k turns

bunch number

40
80
120
160
200
240
280
320
360
400
440
480
520
560
600
640
680
720
760
800
840
880
920
960
1000
1040
1080
1120
1160
1200
1240
1280

| | | |

-200 -150 -100 -50

1320
? 50 100 150 200
T (ps)



SPACE Simurations with HC: 80% FiLLing

varying load angle

bunch centroid (BC), bunch length (BL), energy spread (E5)
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SPACE Simurations with HC: 80% FiLLiNg

varying load angle
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SPACE SimuraTions with HC: 80% FiLLineg ((aF = sskHz )

varying load angle
bunch centroid (BC), bunch length (BL), energy spread (E5)

o
HLZOO 0L=_20 9L=—40° ‘
100 r . r 100 . . . . 100 . T .
— — m=520 — m=780 — m=1039) — m=0 — m=260 — m=50 — m=780 — m=1039] — m=0 — m=520 — m=780 — m=1039]
gol @ Af=55kHz, 6, =0° g0l © Af=55kHz, 6, =—20° | gol D Af=55kHz, 6 =—40°
I m m
e = =
< = 60 {1 = 60 |
= =) o
= c c
Q <@ <@
5 5 5 40 ]
c c c
3 > 3
2 2 2
20 8 20 B
0 1 1 1 L L 0 L 1 I
40 60 80 100 60 80 100 0 40 60 80 100
turns (k) turns (k) turns (k)
200 T T T 200 T T T T 200 T T T
— — m=520 — m=780 — m=1039] — m=0 — m=260 — m=520 — m=780 — m=1o39] — m=0 — m=520 — m=780 — m=1039]
150 150 - g 150} - R
9) Af=55kHz, 6, =0° h) Af=55kHz, 6, =—20° i) Af=55kHz, 6, =—40°
~ __ 100 __ 100
n w w
= e e
o o 50 o 50
e o o
5 H £ o0
o} @ 9]
[v) () (v
S S -50 S -50 .
c c =
= > >
° < -100 < 100 E
-150 BC -150 -150 BC B
—-200 : - : —-200 —-200 : : :
40 60 80 100 20 40 60 80 100 40 60 80 100
\ turns (k) turns (k) turns (k) /
80 T T T - 150 T T T T T - 0.22 T r r T
— Af=55kHz, 6, =0 m) — Af=55KkHz, 6, =0° — Af=55kHz, 6, =0
70 1) — Af=55kHz,6,=-20 — Af=55KkHz, 6, =-20 0.20 n) — Af=55kHz,6,=-20
— Af=55kHz, 6, =—40° 100 — Af=55KkHz, 6, =—40 — Af=55kHz, 6, =40
— m =
§: £ 50 1 =
s 1
3 8 0 {1 g 1
5 £ s —
5 £ -50 1 g
Qo a )
-100 8
L ! L ! -150 ! L 2‘1 ! | ! 06 ! L ! ! L
600 800 1000 1200 200 400 600 800 1000 1200 200 600 800 1000 1200

bunch number

bunch number

5 ()



SPACE Simurations withH HC: go% FiLine 6, =0
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SPACE Smmurations with HCG: go% FiiLine

bunch centroid (BC), bunch length (BL), potential (POT)
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Vorrace INpuceDp By(StaTioNarY) BUNCHES WiTH
DiSTRIBUTION DENSITY AND(ARBITRARY) B

YMMETRIC

UNCH CHARGE

(T, 1) = =0, Z 4y = QOr =

Total voltage acting onbunch n(n =0,---,hA—1)
T . M H UO
Vn (T) = Vgr COS Yy, Sln(a)rfT + ¢s + Y — QL) - Vn (T) _ Vn (T) T
e
where (x =M,H) M main cavity, H harmonic cavity

V, (@) = ay ,, cos(mx)w,,7) + a5 , sin(m(x)w,,7), <= beam loading voltage
R & RY iym(x)
X lbm X x X X lbm X X
An = 0 AT fi, =AY, o, = (A7 S5, + AT ),

Q* D*
where m(x)=1ifx=M,mx)=3ifx=H

Here

a)xTO ®*T,

A¥=1-e 2 cos@’Ty, A} =e 2 sin@’T,, D*=A"+A¥,
and fia= Re{Zx} [, =1m{Z}}, where

Ga(p+n
Zi= 3 B, 00, ) T, o) = 32 (= B,
dp
p=0
i(w) =21, Rel(w), q,= %
and Zis the Heaviside step function.
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YoLTAGE INDUCED BY STATIONARY BUNCHES WITH SAME SYMMETRIC

DisTrRIBUTION DENSITY AND ARBITRARY BUNCH CHARGE
bunch density (BD)
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PERFORMANCE OF STABLE 3RD HC SETTINGS FOR NSLS-I1

30% filling
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90% filling a better choice both in terms of average bunch
lengthening and uniformity (BL + BC) across the train




Discussion™
> A gap in the uniform filling reduces the performance of the HHC.

>>Do we need to operate with the nominal 80% fractional filling?

> (Can the performance of the HC be improved with a “clever” choice
of filling patterns/bunch charge configurations, without affecting the
need for 10n clearing?

* NSLS-Il Beam Intensity Review, 24-25 Jul 2018, BNL.

Future WORK

>>SPACE simulations will be done with arbitrary multi-bunch
configurations, including (simultaneously) the effect of bunch
lengthening induced by short-range wakefields (neglected so far).

> A systematic comparison will be done with simulations/
measurements done at other light sources:

>>Elettra (first to operate with SC third HC)
> ALS (NC third HC)

> Aladdin (NC fourth HC)

> MAX-IV (NC third HC)
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OPERATIONS AT ELETTRA WITH A SUPERCONDUCTING 3RD HC

Elettra . .
q Siceee - Giuseppe Penco - Valencia 5-6 May 2014 ALERT PHYSICAL REVIEW SPECIAL TOPICS - ACCELERATORS AND BEAMS 9, 044401 (2006)
Beam Lifetime improvements

Lifetime Experimental studies on transient beam loading effects in the presence of a superconducting
;2 (hrs) - third harmonic cavity
21 Giuseppe Penco and Michele Svandrlik
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Forcing EQuiLiBrRiuM BY DECREASING RADIATION DAMPING TIME
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