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Self Consistent Vlasov-Maxwell Treatment for Sheet Beam in Lab Frame | ]

e Sheet Beam model: f(Z, X, Y, Pz, PX, Py, UO) = 5(Y)5(Py)fL(R, P, Uo).
3D Wave equation

(0% + 0% + 02 —92)E =6(Y)S(R,u), ER,Y =+g,u) =0,

where u = ct, E(R,Y,u) = (Ez, Ex,By), R = (Z,X)" and = d/du.

Vlasov equation

Oufr + R- Or/SL + P. 8pr =0, fL(R7P§UO) = fLo(R,P),

where
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Self Consistent Vlasov-Maxwell Treatment for Sheet Beam in Lab Frame |l ]

Field formula:

S(R,u— [[R—RJ> + (kh)?]'")
[R — RJ2 + (kh)2]"?
where F.(R,u) = (Ez(R,u), Ex(R,u), By (R, u)) and the source is

I

Fr(R,u) = —— <_1>k/Rz dR

cOzpr, + 0uJL 7
S(R,u) = ZoQH(u—uo) | cdxpr+0drx |» o=z Jox)",
a)(JL,Z — aZJL,X

where H is the unit step function.

The Vlasov equation and the self fields are coupled by Qpr, and QJ,

pRu) = [ dPL(RP)

Jo(R,u) = /RQdP(P/mfy(P))fL(R,P,u).
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[ Self Consistent Vlasov-Maxwell Treatment for Sheet Beam in Beam Frame | ]

Beam frame Frenet-Serret coordinates defined in terms of the reference orbit
R,(s) = (Z.(s), X,(s))” in the Y = 0 plane.

Phase space transformation (R, P;u) — (s, ps, x, ps;u)

R = R.(s)+an(s), P = P.(pst(s)+ p.n(s)).

Lab to beam transformation steps

(R,P;u) — (8,05, 2, pz; ) — (U, Ds, T, Dz ) — (2, P2, T, Pas S),

where z := s — B,u and p, := (v — V) /s

Exact relation between lab, f;, and beam, fp, phase space densities

fo(r,p;s) = P_;fL{Rr<S> +an(s), P[ps(p)t(s) + pan(s)]; (s — 2)/6, }-
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[ Self Consistent Vlasov-Maxwell Treatment for Sheet Beam in Beam Frame Il ]

Approximate beam frame equations of motion

/

Z o= —k(s)r, p=F.a(z,3;8) 4+ p.Foa(z,x;8),
' = D, p.. = K(8)p, + Fu(z, 23 9),

where the self forces are

S —Z S — 2

2 ) -t(s), Foo = PCEH(R( T); 5

5 ) " N(s) —cBr(R(s,z); ——)]

Fa = -E(R(s2) )+ n(s).

P,

F, = P C[EH<R<S> )

The associated Vlasov IVP for the evolution of the beam frame phase space density

asz —+—I'/ ’ vrfB +p, ) vpr — 07
fB(rap;()) — fBO(r7 p)
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[ Beam to Lab Density Transformations ]

e To solve Maxwell equations in lab frame must express lab frame charge/current
density in terms of beam frame phase space density

e To a very good approximation

pB(r;s) = pr(Re(s) +an(s); (s — 2)/5,),

thus

pr(R;u) =~ pp(s(R) — Gru, z(R); s(R)).

Replacing s by §,u + z and expanding in z gives pr(R,.(G.u) + M (G,u)r;u) ~
pp(r; Byu + z). Finally, inverting gives (and similarly for Jp)

pr(Ryu) =~ pp(r(R,u);s(R,u)),
JL(R,u) = Bre{pp[s(R) — Bru, z(R); s(R)]t(s(R))
+ 78[s(R) — Bru, z(R); s(R)In(s(R))},

where 15(r, s) = 3, ng p=fB(T, P; 8)dp.
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[ Field in Terms of Beam Frame Density and Causality Issue]

e To solve the beam frame equations of motion we need (ignoring shielding)

Fr(Re(s) + fm@ (s =2)/Br) =

L[ SRl R - R,(s) — n(s)[]
i R —R,(s) — on(s)

To compute this we need p[R; (s — 2)/6. — |[R — R,(s) — zn(s)|], as R varies
over the support of p; in R?, given pp(+;$) for 0 < § < s.

There is a causality issue here, since the calculation of p;, requires values of pp for
s slightly outside the range 0 < § < s.
This issue can be easily resolved with the following slowly varying approximation

fe(r,p;s) = fa(r,p;s+ A),

where A is of the order of the bunch size.
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[ Field Calculation: Polar Coordinates (at Present) ]

e Transform to polar coordinates (, 6), and then take the temporal argument v in
place of the radial coordinate x: make the transformation R — (0, v) via

R—R=ye(), e(d)=(cosb,sind)”, v=u—][x*~+(kh)?"?.

This conveniently gets rid of the integrable singularity, giving the field simply as an
integral over the source (ignoring shielding)

1

Fu(Ro(s) + M(s)r,5/8,) = =

S/ﬂr 01
dv/ dd S[R(0,v;r,s), v,
Om

where R(#,v;1,5) = R,(s) + M(s)r + (s/8, — v)e(#)
e () integration: superconvergent trapezoidal rule (localization in 6 for v < s/(,)

e v integration: adaptive Gauss-Kronrod rule (non uniform behaviour in v)

The computational effort is O(N,N,N,Ny), where N, and N, are the number of
grid points in z ans x respectively, N, is the number of evaluations for the

v—integration, and Ny is the number of evaluations for the #—integration.
For N, = 1000, N, = 128, N, = Ny = 1000, O(N,N,N,Ny) = O(10'?).
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[ Field Calculation: Search for Improvement]

e Polar coordinates

Optimize subroutine to find support of # integration
For v close to s/(3,, make a change of variable to avoid an adaptive integrator

e Beam frame coordinates (a natural coordinate system to consider)

Let R(7) := R,(s) + 2n(s), where 7 = (z,5)”. Then R — 7 via R = R(7) gives

Fo(R,(5) + zn(s), (s — 2)/6s) =
1 . 14 zk($) N S—2
"I e T RE) R )T,

— [R(7) = R(7)]).

Focusing on E;|, the nonsingular part of the integrand is

S . S—2z

SQ 67"
—B:24(8)) D1p5 () + Dspp(It(s) + (1 + £6(5))[Daps() + Di7s()|n(s)},

— |R(7) — R(T))(1 + 2K($)) = QZOC{[(%

where () = (4,4;4) and 2 = § — s + 2z — B,|R(7) — R(7)|.
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[ Density Estimation: Orthogonal Series Method (at Present) ]

e From scattered beam frame points at s — smooth /global lab frame charge/current
density via a 2D Fourier method.

. 1D orthogonal series estimator of f(x), = € [0, 1]

fr(x) = Zngsz(a:), 6; :/0 oi(x)f(x)dx, ¢o(z) =1,¢;(z) = V2cos(jmz),j =1,2,...

Since f(x) is a probability density (X,X,, random variables distributed via f)

N
~ 1
0; = E{¢;(X)}, thus from Monte Carlo a natural estimate is 6, := N Z i (Xn).
n=1

e The computational effort is O(NJ,J,), where N is the number of simulated
particles, J, and J, the number of Fourier coefficients in z and = respectively.

For N =5 x 10%, J, = 150 and J, = 50, O(N J.J,) = O(10'%).
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[ Density Estimation: Search for Improvement ]

e Cloud in cell charge deposition followed by computation of the Fourier coefficients

of the truncated Fourier series by a simple quadrature (implemented).

The computational effort is O(N') + O(N,N,J.J,), where N is the number of
simulated particles, NV, and N, are the number of grid points in z ans x
respectively, and .J, and J, the number of Fourier coefficients in z and z
respectively.

For Nz = 1000, Nz = 128, J, = 150 and J, = 50, O(N.N,J.J,) = O(10).

Kernel density estimation using standard kernels like bivariate Gaussians or bivariate
compact support kernels (e.g. Epanechnikov kernels).

The computational effort is O(NNsz), where N is the number of simulated
particles and N, N, is the number of grid points inside the circle of radius h (band
width) centered at the scattered particle position z, x.

For N =5 x 10% and N, = N, = 4, O(N'N,N,) = O(10').

e Wavelets-denoising (G. Bassi, B. Terzi¢, PAC09), (implemented).
The computational effort O(M N, N,), where M is the with of the wavelet family, is
comparable to the computational effort for charge deposition + Fourier method.
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[ Interaction Picture ]

e Interaction picture to isolate CSR dynamics.

From I, =F, =0 = (= ®(s/0)¢
" C(l) = (I)(OIS)F, F = (Oanaanx)a
where Fz — le -+ Fzg.

e In component form

Z(l) = —R56<S>Fz—D<S>Fm, p;O = Fz,
vy = (sD'(s) — D(s))F, — sk, P = —D'(s)F, + F,

where D and Rjyg are standard lattice functions.
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[ Numerical Results: FERMIQ@Elettra First Bunch Compressor * ]

Table 1: Chicane parameters and beam parameters at first dipole

Parameter Symbol | Value | Unit
Energy reference particle kb, 233 | MeV
Peak current I 120 A
Bunch charge Q 1 nC
Norm. transverse emittance YeEo 1 (4m
Alpha function Qg 0

Beta function B0 10 m
Linear energy chirp h -126 | 1/m
Uncorrelated energy spread OF 2 KeV
Momentum compaction R 0.057 m
Radius of curvature 00 5 m
Magnetic length Ly 0.5 m
Distance 1st-2nd, 3rd-4th bend L4 2.5 m
Distance 2rd-3nd bend Lo 1 m

* G. Bassi, J.A. Ellison, K. Heinemann and R. Warnock, PRSTAB 12, 080704 (2009)

4>

The Cockceroft Institute
of Accelerator Science and Technology

THE UNIVERSITY eof
W NEW MEXIC(O Accelerator Seminar, CEBAF Center, September 10, 2009, Jefferson Lab, USA



Microbunching Instability in a Chicane: Two-dimensional Mean Field Treatment / Gabriele Bassi Page 15

el AL

THE UNIVERSITY S | Y e \ ™

NATIONAL ACCELERATOR LABORATORY
of LIVERPOOL

Initial 2D Spatial Density
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[ Gain factor]
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Gain := |p(ky, s7)/p(ko,0)|, p(k,s) = [ dzexp(—ikz)p(z,s) and ky = C(sy)ko for
No = 27 /ko. Here C(sy) = 1/(1+ hRs6(sy)) = 3.54, sy = 8.029m.

H. Huang and K.Kim, PRSTAB 5, 074401, 129903 (2002); S.Heifets, G.Stupakov and S.Krinsky, PRSTAB 5,
064401 (2002), G. Bassi, J.A. Ellison, K. Heinemann and R. Warnock, PRSTAB 12, 080704 (2009).
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Spectra Longitudinal Density |
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Spectra Longitudinal Density Il
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Stationary Grid
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2D spatial density and longitudinal force at s = s;
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[ Discussion ]

e FERMI@Elettra microbunching studies at Ao > 40um:

- Very small effect of uBl on mean power and transverse emittance
- Gain factor at long wavelengths shows breakdown coasting beam assumption

- Gain factor at short wavelengths indicates deviations from analytical gain formula

e Work in progress and future work:

Study wavelengths shorter than A\g = 40pum

Study dependence on the amplitude of the initial modulation and on the
uncorrelated energy spread

Study initial perturbation with more than one frequency

Study energy modulations
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[ Computational Issues j

e Intensive memory requirement and expensive computational cost:

Typical simulations done on the parallel clusters ENCANTO in New Mexico and
NERSC at LBNL: N procs = 200-1000, N particles = 2x107-5x108, few hours
of CPU time

Memory requirement: for A\g = 50um store 3D array of dimension

1500 x 128 x 200 on master processor (to avoid massive communications
between slave processors)

e To reduce storage/computational cost:

Analytical work + state of the art numerical techniques:
- Integration
- interpolation

- density estimation
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[ FERMI@Elettra First Bunch Compressor 1l ]
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[ FERMI@Elettra First Bunch Compressor lli ]
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2D spatial density in grid coordinates at s = s; for \j = 200um
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2D spatial density in grid coordinates at s = s; for \j = 100um
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2D spatial density in grid coordinates at s = s; for \j = 80um

THE UNIVERSITY of

W NEW MEXIC(O Accelerator Seminar, CEBAF Center, September 10, 2009, Jefferson Lab, USA T —_

-
of Accelerator Science and Technology



Page 29

A 75

i ssi
1 Mean Field Treatment / Gabriele Ba
ea

imensiona

ity i i e: Two-d
icrobunching Instability in a Chican
Micro

ORY
NATIONAL ACCELERATOR LABORAT

¢

>

The Cockceroft Institute

200pum ]

N . Nt
N lfflllffffffffﬂf///////////f///
NN
NN ///////////////////////////
— /ﬂ///////ﬂ/ﬁ%/ﬁ//ﬁ//ﬁ////ﬂ//ﬂ//ﬂ//
H‘%//////ﬁ///////ﬂ/////////
nminnaas
Nk
RN SN
N =

PO
L
ffffffﬁf/fﬁf/”/’”/’%
//ﬂﬂ/ﬂ//ﬂ/ﬂ//// S

N
\

tes at s = Sf for >\0

ina

— \\\\\\\\\\\\\\\\\
K
R

S

///////////’/////////

7 \\\\\\\\\\\\\\\\\\V\\\V\Nﬁnnv-
\\\\\\\\\\\\\\\\\\\\\\\\\\\N\\\\\\\\\\\
/MV////////////////////////M//”/I//"—-
S\ S

\
W
%\

N
SN\ ’/’/’/”’/’ ”,///////

200 \\\\\\\\\\\\\\\\\\V\\V\#ﬁﬁ/-

——————

.
\\\\\\\\~\\

d coord

in gri

Q7777777
A\ www\&kkzz7

-0.2

\\\\\\\\\\\\\
.‘...‘...-\~\\\§\
NS S
= ==~
T =

S,
e
//////f‘ﬂfﬂ—dﬁﬂdﬂfff//ﬂ///

5\\\\
=
\\\\\\\\\\\\\\\\\\\\\\\\
===?5AA\\\\\\\\§§§-/~§AAAAA -
S S S F
= N
S D
41027777,
L]

LLIITITTY
D
—
L7777 W77
——————\——fﬂ—f\ﬂ\ff\\\\\\\\s

~
\\\\\\\\\\\\\\\\\\\\\\\\\
W%ﬂwﬁ%ﬁéﬁ%/ﬁ%ﬂ%ﬁ%f )
2O S,
L/
\\N.\\N\N\\\\\\\\\\g
\s\\\\\\\\\\\\\\\\\\\
Gl

L1
T
77 vl

0.4

\\\\\\\\\\\\\\\
\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

L7
~\\~\\\~\\\\\\
T2z i
=

=

Z

=
\\\\\\\\\\\\\\\\\\\\\\\\\\
\\“““““““““““\\\\\\\\\\\\\\\\ \\\\\\\\\\\\\\\\\\

—
—Z ——
7 \\\\\\\\\\\\\\\\\\\\\\\\“\\N“\\\“\\
\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\h&h\iE\\hh\\hh\
\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\hhhﬁ~=== 17 1
Wi 7 ! _
17
Hhﬁhh\ﬁhﬁﬁhﬁﬁnEE-====== i 1

-0.6

[ Longitudinal force

THE UNIVERSITY
of LIVERPOOL

Lab, USA
2009, Jefferson ,

i CEBAF Center, September 10,

Y 1{;(][[(}5 Accelerator Seminar,

NEW ME

of Accelerator Science and Technology

-



Microbunching Instability in a Chicane: Two-dimensional Mean Field Treatment / Gabriele Bassi

Page 30

ol A

THE UNIVERSITY NATIONAL ACCELERATOR LABORATORY
of LIVERPOOL

Longitudinal force in grid coordinates at s = s for \j = 100um
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Longitudinal force in grid coordinates at s = s for \j = 80um
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