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Berkeley Lab Accelerator Simulation Toolkit

BeamBeam3D: A Parallel Colliding Beam Simulation Code

Some key features of the BeamBeam3D
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Multiple-slice model for finite bunch length

New algorithm -- shifted Green function --
efficiently models long-range collisions

e Parallel particle-field based decomposition
to achieve perfect load balance

* Lorentz boost to handle crossing angle
* Arbitrary closed-orbit separation

http://blast.lbl.gov « Multiple bunches, multiple collision points
Head-on collision _ -
— O — e Linear transfer matrix + one turn
chromaticity
Long-range collision . . .
e Conducting wire, crab cavity, e-lens
a» .
compensation model
am»— * Feedback model

* Impedance model

Crossing angle collision
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Efficient Green’s Function Method to the Poisson Equation for

Beam-Beam Force Calculation (1)

()= G(r.r)p(r')dr
¢(7‘i) = hi'ZN;G(Vi — I ),O(Vi')

1
G(X,Y) =—§Iog(><2 +y°)

Direct summation of the convolution scales as N4 1111
N — grid number in each dimension

{2)ENERGY | scence apsueo pivsicsovision. A T AP




Efficient Green’s Function Method to the Poisson Equation for

Beam-Beam Force Calculation (2)

Hockney's Algorithm:- scales as (2N)?log(2N)

= Ref: Hockney and Easwood, Computer Simulation using Particles, McGraw-Hill Book Company, New York, 1985,

Oc(7i) = hZ} Ge(ri—rr)pe(ri)

o)1)= @e(ri) fori = 1, N
Shifted Green function Algorithm:

p(r)= | G(r.r)p(r)dr’

Gs(r,7')=G(r+rs,r'")
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Good Agreement between the Numerical Solution from the

Shifted Green Function and the Analytical Solution
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Efficient Green’s Function Method to the Poisson Equation (3)

(Integrated Green function Algorithm for large aspect ratio)

e (ri) = gGi(ri — ) pe(rr)

20

Gi(r,r") = GJ(r,r") dr'
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A Fully Symplectic Space-Charge Model with Gridless

Spectral Method

multi- partlcle Hamlltonlan H(ry,ra, -, p1,P2, ", 5)

= Yoet2eg ZZ’.+ZQQ

dr; (9H space- charge external focusing/acceleration
ds op; Coulomb potential

dp; OH dq — _[H]

dS - 8]_"2' dS ’

A formal single step solution
¢(r) = exp(=7(: H:))¢(0) H=H*H,

C(1) = exp(—7(: Hy : +: Hs :))C(0)

C(1) = M(7)(0)
= M(7/2) Mo (T)M (7/2)¢(0)
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Symplectic Space-Charge Model Avoids Numerical Grid

Heating

Hy = ——
, 260 ab y\ 7 y\ S\ /Ylnl sin Oélmj
sm(ﬁmyj) Sln(c\fzﬂﬁ’i) Sin(3my:)
M,
pm(’:") - pxl( B Ta%wz Z Z ’Ylm
sin(agx;) sin(Gmny;) COS(CY[.GC@') sin( B yi)

1 4 6771

pyi(T) = pyi(0) — T__wy y: y: p)
€0 ab F ; - /Ylm

sin(aya;) sin(fmy;) sin(aga;) cos(Bmy:)

transverse emittance evolution
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emittance growth (%)
(@)

PIC model

symplectic‘ model

FD PIC

symplectic model
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J. Qiang, “A Symplectic Multi-Particle Tracking Model for Self-Consistent Space-Charge Simulation,” Phys. Rev. ST Accel. Beams 20, 014203 (2017).
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Electron-lon Collider Needs High Luminosity but Crossing Angle
Collision Degrades Luminosity

1 tan(6. /2)o,

V1+@? o,
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Crab Cavity Recovers the Geometric Luminosity Loss

T erebin crab in T

90 r'degree

egree

0,

degree

crab aul

crab oul 9

!

RF voltage:
cE, tan(%)
a)\/ﬂx,crabﬂ;

V =
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Thin Lens Approximation for Crab Cavity Deflection

NUYER
Px™1 — Px" qEV sin(wz" /)
z"t=2"

SE" = SE" av cos(wz" /c)x"

S
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An Application Example of LHC Upgrade Using Crab Cavities

T”*Ji” crab i T
l\\ 1 crabcavity RF voltage:

P
/ cE, tan(%)
0, V = =
Tur'cbuu/ efab out T a)\/ﬁx,crabﬂx
o ™~
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One Turn Transfer Map with Beam-Beam and Crab Cavity

M=Mb M1 Mc,; M1t M M2t Mc, M2

Mb: transfer map from head-on crossing angle
beam-beam collision
Mc, ,: transfer maps from crab cavity deflection
M1-2: transfer maps between crab cavity and collision point
M: one turn transfer map of machine
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Crab Cavity Helps Improve Luminosity (1)

Luminoisty Evolution with 0.15 mrad Half
Crossing Angle with/without Crab Cavity
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Crab Cavity Helps Improve Luminosity (2)

Luminosity vs. Beta* for LHC Crab Cavity Compensation

luminosity vs. beta® with 400.79 MHz crab cavity
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RF Noise in the Crab Cavity Causes

Emittance Growth and Luminosity Degradation

X. oc V. sin(Kz. + o)

C v,
Ot order error (phase error): X = ——tan | — 599
Wee 2
1st order error (voltage error): I ~
X, oc OV, sin(kz,) = oV kz.
white noise offset collision drives emittance growth
de
£ (1 n .

G. Stupakov, SSC-560 (1991).
T.Sen and ). Ellison, PRL 77, 1051 ‘f’ Alex"thln NIMA391,73 {I‘??ﬁ}
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Some Physical Parameters Used in the Simulations

Physical parameters

g (norm.)
pick-up gain
Tunes

Chromaticity
B*

2.5 um
0.05/0.05
62.31/60.32
0-4

15-60 cm
0.59 mrad

0.011 - 0.022
1.1-2.2x10%
2




Emittance Blow-up due to Phase or Voltage White Noise

Np = 2.2 x 1011, beta* = 0.49 m

emittance blow-up from phase error 8¢-5  gpittance blow-up from voltage error 5e-5.
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Luminosity Degradation due to Phase or Voltage White Noise

crab cavity white noise tolerance level ~10°

Lum. degradation rate vs. phase noise amp.  Lum. degradation rate vs. voltage noise amp
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In order to have a good luminosity lifetime ~ 20 hours,
the white noise amplitude needs to be kept below the level of a few 10-°.
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In Reality, the Noise in Crab Cavity Is hot White Noise, but with

Frequency Dependence

Phase and Amplitude Noise

Power Spectrum
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M - Frequency-Dependent Crab Cavity Noise

le-05 nd

le-06 |

0 20000 40000 60000 80000 100000 120000 14000¢

ttttt \UL)C/}

le-07/ -

nolse spectrum

le—08 |

1le—09 |

‘le_‘lo I I 1 1 L
10 100 1000 10000 100000 le+06 le+0/

frequence

frequency (Hz)

”:r} / DEPARTMENT OF Offi f DDD
i ENERGY | scionce AT A AV =

BERKELEY LAB



Frequency Dependent Noise also Causes Emittance Growth

RMS Emittance Evolution with Different Noise Amplitudes

o q_ Np=22x10" beta* =0.15m
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nominal noise amplitude = 3 x 104
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Frequency Dependent Noise also Causes Luminosity Degradation

Peak Luminosity Evolution with Different Noise Amplitudes
Np = 2.2 x 1011, beta* = 0.15 m
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Noise Induced Luminosity Degradation Shows Strong

Dependence on the Beta Function at IP

CC Noise Induced Lumi. Degradation with vs. beta*
(with nominal noise amplitude)
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strong dependence on the beta function at IP
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Noise Induced Luminosity Degradation Shows Weaker

Dependence on the Bean Intensity

CC Noise Induced Lumi. Degradation with vs. Intensity
(with nominal noise amplitude)

30 Dbk —

on | S =0.15m

20T

15}

1o} /

1 1.2 1.4 1.6 1.8 2 2.0 2.4
intensity (10711)

e

. degradation rate (Z/hr)

lum
o

weaker dependence on the beam intensity

o~ o AR e oF | Office of ACCELERATOR TECHNOLOGY & DDD
BERKEF:LJ ENERGY Science APPLIED PHYSICS DIVISION AT/AP




Noise Induced Luminosity Degradation Not Sensitive to Machine

Chromaticity
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Crab Cavity also Has RF Multipole Errors

Normal Quadrupole
wz
Ax = —bzxcos(— + s+ ‘»bRF,quad]
wz”
Ay = brycos (T + s "‘(PRF,quad)
b . (WZ
Ab = > (xz - yz) Sln(? +ps+ (PRF,quad]

w
c

Normal Sextupole
Wz
AX = —b3 (x2 —3/2) cos (T + s+ (PRP.sext]
Wz
Ay =2bsxycos (7 +¢ps+ (rbREseXt]

b ) wz w
Ad = ?3 (x3 - Sxyz) Sm(T +Ps +¢REsext)

c
Normal Octupole
wz
Ax = —Dby (x3 — Sxyz) cos [T + s +¢REoct)
Wz
Ay’ = by [3x2y—y3)COS (T + s+ ﬁbREoct]

b . (wzZ w
AS = I4 (x4 _6x2y2 +y4)sm(7 +(Ps+(PRF,0Ct) ?

Skew Quadrupole

Ax' = —byycos (% +hs+ SbREquad)
Ay =—byxcos (TZ + s +(pREquad)
Ad = bzxysin(% + s+ (PREquadJ %
Skew Sextupole

Ax' = =2byxycos (w—: + g +¢REsext)
AY = b3y ‘xz)cos(% + s +(PREsext)

b: o (wZ
Ab =-— ?3 (y3 - 3J/x2) 5111(7 s+ (PREsext)

RS

c

Skew Octupole

Axl =—by [y% +3x2y) Cos(% +(Ps+(PRF,oct]
Ay’ = —b4 (SJ/ZX—XQ’)COS(% +(PS+(PREDCt]
AS = by (ﬁy—ysx)sin(% +¢’5+¢’REoct) -
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Large Sextupole Errors Cause Fast Luminosity Degradation

Luminosity evolution with different RF sextupole errors
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Decapole Error Does Not Cause Fast Luminosity Degradation

Luminosity evolution with different RF decapole errors
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Conclusions

* Crab cavities can be used as effective devices to compensate
geometric luminosity loss.

Thank You!

r-”:r” A DEPARTMENT OF Offi f ))
Sl ENERGY | scionce weueo prvsics ovison AN T AP

BERKELEY LAB




