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Microbunching from Shot Noise
iIn Beam Delivery Systems for x-FELS:

Modelling by Vlasov Solver Methods

M. Venturini
Lawrence Berkeley National Laboratory
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What is the microbunching instability? receeed] B

Dispersion turns energy modulation
Into larger charge-density ripples

phase space phase space phase space
AE

I
5

charge density charge density charge density
pQ) p2) pQ)

)

4

Collective effects turn ripples of
charge-density into energy modulation
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Motivations _l

BEREELEY LAaR

 The microbunching instability can cause unacceptable degradation
of beam quality in the longitudinal phase space

« Controlling the instability is important for x-rays FEL design

— Has consequences on design choices/hardware (e.g. ‘laser heater’)
e |tis anissue in particular for FERMI@Elettra

— 150 keV max. uncorrelated energy spread desired in undulators

* Shot noise is the most fundamental (and unavoidable) source of
charge fluctuations seeding the instability

— Other sources may be important but are not considered here.
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Simulating the micrubunching instability ’\ A
is challenging

* The instability is by its nature sensitive to small fluctuations in phase
space density

» Good resolution of phase space needed

 Three distinct methods are currently being used:

— Linear analysis
— Macro-particle simulations
— Vlasov solvers
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Pros & cons of Vlasov solvers m‘

s PIos.
‘Q — Avoids spurious fluctuations caused by finite number of macroparticles
8 _ Can resolve fine structures in low-populated regions of phase space

— More accurate detection of instability

e LOns.
-7 — Computationally more intensive in higher dimension
| @ — Requires simplified modelling of collective forces in low dimension
www—s — Density representation on a grid introduces spurious smoothing.




Three ways of writing the Vlasov equation N

Vlasov Eq. expresses
consefyation of local density in phase space Anatoly Vlasov

along particle trajectories (1908-1975)

,o(z) j f(z E)dE

3
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Propagate density one-step forward: e.g. drift ",_\\ !

p Beam density
at time 1 defined Attime t + At

on grid f =f; we want value of
density on this grid
point

-

In general backward image
does not fall on grid point:
Interpolation needed
to determine f

\_
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Chirped beams pose some technical problems ’\ :

We would like to use a rectangular grid ....

This Is what a chirped
This is the beam we like... beam looks like...

Chirp function
a(z)

|
e
=

Energy)

=44 1185 m
| E=233.08 MeV

1 -05 0 [\5 1 1.5

2o,

p(
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Transform away the Z/E correlation cecee] 5

Transformation to “capped” Chirp function evolves like
coordinates the support of a beam with
zero uncorrelated energy spread

o>
|

Chirp (correlation)
function

Initial chirp function:

a(z, 50) :/ \dppf(%p; 30)// \d'pf(ﬁap; $0) 9
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In transformed coordinates ,—\‘ \
beam density looks good (= it nicely fills the grid)

BEREELEY LAaR

h

Beam density in
Z/E coordinates

$s=36.1185m
E=233.08 MeV

-15 -1 -05 0 05 1 15
q

—
Beam density in the

transformed coordinates
-

Here we can use
a rectangular grid efficiently

-15-1-05 0 05 1 15
A 10
q
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Collective effects & account of effect of ":':hl A
a finite emittance on longitudinal slippage

Starting from the 4D Vlasov equation make some ansa  tz on form
of density function and average over transverse coo rdinates

Fl(2) = —¢®N¢ / dk Z(k)p(k)eikzeR o1/

——
S 2€$H /
H = "‘a:DQ + 20, DD + 3, (D’)Q Length-scale for

emittance-induced

slippage in z
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Collective effects are evaluated using B
impedance models ‘

Space Charge

E = 96 MeV
Impedance

= 130 um

CSR Impedance

—_—
(9]
-
]

A~

ImZ (}/m)

L /E =96 MeV
I, = 300 ym

E=233MeV, 1, = 263 ym

20 40 60 80 100
A (um)

r'(2/3) 1/3
4TR31/3[\[+1](AR)/

* On-axis field from transversely * Model of beam in uniform motion on
uniform charge density with circular orbit
circular cross-section * Free space

» Free space




Example of beam propagation through

a bunch compressor

AN

$=36.1185m
E=233.08 MeV

$s=44.1185 m
E=233.08 MeV

-15 -1 =05 O

-04 -02 0 02
q

0.4

-1.5-1-05 0 05 1 15

Entrance

r :}‘ |||‘
[ BERxELEY LAD| K‘I'.Ll"'l'

CSR
only
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Microbunching instability: determining ,’:\r‘ :
the small-amplitude gain function ‘

Entrance of L1 linac Exit of BC1

Space charge
+ CSR

initial E = 95 MeV
0= 10 KeV
peak curr. = 955 A
compr. factor = 3.52

-0.06-0.04-0.02 0 0.02 0.04 0.06

A

q

| Gain factor is
. about 170

1 s=44.1185m

5.7 um
-0.06 -0.04 -0.02 0 0.02 0.04 0.06

A

q

H-band linearizer

SEElE == lis BCH BC2 SPREADER 14
= l LA LIiMACZ LIMACE LM A
25 [ N e ——




Contact with linear theory validates solver

Ty
[ m |||‘

Small Amplitude Gain Function

(L1 through BC2)

CSR only
(space charge turned off)

Vlasov solver

Tro=10 KeV ’ Discrepancy between 4D linear theory
\_ and Vlasov solver due to approximate
4D Linear theory account of transverse dynamics by
70 5‘0 160 150 260 250 360 7 SO|Ver
A (um) [before compression |
Cn=1 pm CSR + space charge

CSR+ Sp. Ch. |

OE0 =4 keV

O'E():]O keV

2IO 46 6IO
A (um) [before compression | EERMI Two-BC lattice

15
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How do we model shot noise? receer?]

» Place a random perturbation on top of initial smooth distribution on grid

p "
* No. of electrons in phase-space A—— -
cell obey the Poisson statistics:
> Ap
—_ 1/2
Nij _<Nij>+<Nij> ';zij J
®
Normal stochastic N..
process: average=0 1]
variance=1 -1 - — (
I-1 | 1+1

16

f © : ,
ij normalized to unity




Beam dynamics with shot noise for ,’:\r‘ A
Two-BC FERMI@Elettra Lattice ‘

* Initial phase-space
beam has
— uniform z-density,

gaussian energy
density

— + random perturbation
to model shot noise

« Peak current at
extraction I,= 1kA

Simulation
starts here:
E = 96 MeV, g.,= 10 keV, e=1m

\am =-band linearizer

ser heater BC BC2 SPREADER

GUN b LIinacH LINACZ  LINACS LI AT 17
W= " S~ T e
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...beam at exit of BC1

FERMI@Elettra through BC2

° Enel‘gy mOdUIation s=44.1185 m; E=233.005 MeV $s=89.9185 m; E=591.028 MeV
- - . —
induced by collective 80um
effect starts to become =
V i S i b I e G) ey, "-"w-l—“--'.-".-‘-U-'p‘-'\—.-\-'\'I.-'-'F.'"".‘-'\-"'F"‘."—W','l."l"."\“1"\.
>
N
LLl
-0.04 -0.02 0 0.02 0.04 -0.04 -0.02 0 0.02 0.04
q q
$s=94 4185 m; E=591.028 MeV
0.75 0.75
0.5 0.5
0.25 0.25
(o 0 (@ 0
—-0.25 -0.25
-0.5 -0.5
-0.75 -0.75
—-0.015-0.01-0.005 0 0.005 0.01 0.015 —-0.015-0.01-0.005 0 0.005 0.01 0.015
q q

-bhand lineariFper
Laser heater =1 BCz SPREADER
i=I_I-] l (I | [ | R LI A2 (IR Y ) 18
S —a
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.beam at entry of BC2

FERMI@Elettra through BC2

] s=44.1185 m; E=233.005 MeV $s=89.9185 m; E=591.028 MeV
Charge density 3 | P ——
fluctuations in the few 80pm
%S range by the end Of g e e e o T e
BC1 seed a large = A
energy modulation by L‘j
the time beam enters
BCZ. -0.04 -0.02 0 0.02 0.04 -0.04 -0.02 0 0.02 0.04
q q
$s=94 4185 m; E=591.028 MeV
0.75
0.5
0.25
(@h 0
—-0.25
-0.5
-0.75
—-0.015-0.01-0.005 0 0.0 0.01 0.015 —-0.015-0.01-0.005 0 0.005 0.01 0.015

q q

=-band linearizer

Laser heater B BCz SFRPREADER
= l LIrlAC (I | RN LIrAa2 LIrlAC 19
W= ——/_\-——_{
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d r_.rrrfrr M
.beam after 3@ bend of BC2

FERMI@Elettra through BC2

s=44.1185 m; E=233.005 MeV $s=89.9185 m; E=591.028 MeV
Evidence of saturation : 80
: m
by the exit of the 31 - H
. 7~
bend In BC2 %) -"\--\U“wl—“--*--~—u-|=1—-\'\\- =L’\*~“-‘—W:1--'l~'--\‘H-'L J‘ N ‘ r|\ "‘
:c \ ”1 vl‘ |
N
LLl
-0.04 -0.02 0 0.02 0.04 -0.04 -0.02 0 0.02 0.04
q q
$s=94 4185 m; E=591.028 MeV
0.75 0.75
0.5 0.5
0.25 0.25
o 0 (@) 0
—-0.25 -0.25
-0.5 -0.5
-0.75 -0.75
—-0.015-0.01-0.005 0 0.005 0.01 0.015 —-0.015-0.01-0.005 0 0.005 0.01 0.015
q q

=-band linearizer
Laser heater B = SFREADER
LY I | N l LA LirAC2 LIACE LirACA 20
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...beam at exit of BC2

FERMI@Elettra through BC2

s=44.1185 m; E=233.005 MeV $s=89.9185 m; E=591.028 MeV
e Last bend of BC2 has 3 | —

modest impact. | 80um

T e e At T A AT B s

E (MeV)

-0.04 —0.02 0 002 004 -0.04 —0.02 0 0.02  0.04
q d
$=94.4185 m; E=591.028 MeV
0.75 0.75
0.5 0.5
0.25 | 0.25
Q. 0 o 0
-0.25 -025
=05 -0.5
-0.75 -075
-0.015-0.01-0.005 0 0.005 0.01 0.015 —0.015-0.01-0.005 0 0.005 0.01 0.015
q q

F-band linearizer

Laser heater =1 BCz SPREADER
i=I_I-] l (I | [ | R LI A2 (IR Y ) 21
S —a
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... beam after spreader F\N

 Space charge adds
further energy
modulation in the linac
after BC2

s=164.263m| *

55 5.5
5.4 5.4
ﬁ 5.3 /;]\ 5.3
T 52 T 52
=51 =51
5 5
4.9 4.9
-20 -10 0 10 20 -20 -10 0 10 20
z (um) z (i)
-band linearizer
Laser neater B BCZ SPREADE
SUM b LiMac LIMACZ LIMACE LIFAC 22
[ [ S
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What the minimum achievable uncorrelated ’\ A
energy spread at extraction for FERMI ?

—
-
=
L
o
=
[N
——
>
LY
S
(W
b

.
»
++-*ﬁ*!ﬂ One—BC lattice

1.3 10 12.5 15 175 20 22.5
oo (keV) [at start]

« The One-BC lattice found to meet specifications for beam energy

spread.
P 23




Design of spreader affects microbunching ’_\{‘

Linear Gain
| (from exit of BC thru spreader) | _
200 | « The 1D space-charge model predict
[ | that a fairly small AR, (~ mm) can
g5 s | result into a large gain in the sub um
oy + . . wavelength range
S 400 " Un-optimized
=l *._ | spreader design
) | (ARgg=1mm)
oL 4 T
a 0.5 1 1.5 2

s=201.218 m: E;=1087.7 MeV §=210.918 m: E;=1087.7 MeV

The Vlasov solver shows energy
modulations of almost 1MeV at
exit of Linac for ‘un-optimized’
spreader design

1.5 -1 =05 0

Z(um)




YMITaAaucl vildl iairyc l_\r\56 ~

(‘un-optimized’ design) causing

B im

reecerri

QY9 Q11

08B3 Q10 Q12B4

WV edowrs L S0 vexrshon § .2 Jdl

e Two pairs of

B-

1

bends (dogleg);

100 mrad bending
« Each pairis a

perfect achromat

Unoptimized design

25



Spreader design with reduced AR, ' ’\
works OK —

Ql Q3 Q5 Q Q9 Qi1
Bl Q2 Q4B2 Q67 0Q8B3 Q10 Q12B4

Cigh T 100 1t gy .ELDU it

SPREADER #o FEL2

Windows NI 4.0 vers.bon 8.2 3dL ZX0L0T LS AS.AL
- T T

B. B. : D

— 040

- 031 Quadrupoles Q2 and

o Q10 are tuned to provide
e a closed dispersion

e bump and adjust R4 to

S zero. (A. Zholents)

- 041

- 0.50
6.

Simulations for lattice
with this design show
no noticeable rms
energy spread
Increase because of
the spreader

9-4-2007 One BC Linac: 6Apr07Design

26
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Is the predicted effect in un-optimized ’\ .
spreader real?

1D Space-Charge Long. Impedance

 The peak of gain (~0.3 KUm)
corresponds to maximum of
space-charge impedance for

Lh
=

beam in the spreader region
Maximum occurs at
A=2mr /Yy

y=400
1,=400um

Im Z (£2/m)

0.05 0.1 05 1
A (um)

Caveat: | Validity of 1D model of
SC impedance breaks
down for A<~ 2mr.ly

27
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Conclusions ceeeecd] M

A 2D Vlasov Solver as an effective tool for studying the microbunching
instability

e Simulations show that shot-noise alone would cause an energy spread
larger than the desired 150 keV in the Two-BC Lattice for FERMI

— One-BC lattice OK

* Results consistent with 1B macroparticle simulations (J.Qiang) --
preliminary comparisons

» Further studies needed to better delimit use of 1D model of space-charge
(e.g for dynamics through spreader)

28
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Example of interpolation between adjacent ™\ :
grid-points for 1D case )

BEREELEY LAaR

f(g,7+Ar) = f(g— pAT,7)

Beam density | — | Beam density
At later time At present time

Value of f Is determined by
interpolation using e.g. values
of f on adjacent grid points

29
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Beam dynamics with shot noise for ,.',’,I}l

FERMI@Elettra through BC2

° |n|t|al phase_space s=44.1185 m; E=233.005 MeV $s=89.9185 m; E=591.028 MeV
beam has | ' 80um '
— uniform z-density, <
g au S SI an en er gy G) -'\w.-*-\.'-\-‘1.14-\--&-\-xi--1.-'r'\.-a-\-f\1.-‘-,ﬂ-s-\-*.-\-w\.f-»#\.-‘..-\H-1
density =
— +random perturbation WU
to model shot noise |
) Peak Current at -0.04 -0.02 0 0.02 0.04 -0.04 -0.02 0 0.02 0.04
) q q
eXtraCtlon If: 1kA $s=94 4185 m; E=591.028 MeV
 Modest energy 075 075
modulation visible after 05 05| 3
BCl 0.25 025 |
(@h 0 Q 0
—-0.25 -0.25
Simulation 03 ~05
starts here: o 07
_ _ _ —-0.015-0.01-0.005 0 0.005 0.01 0.015 —-0.015-0.01-0.005 0 0.005 0.01 0.015
E = 96 MeV, g.,= 10 keV, e=1m q q
\m H-band linearizer
ser heater B BCz SPREADER
i=I_I-] l (I | [ | R LI A2 (IR Y ) 30
([ T —

i

Two-BC FERMI@Elettra Lattice



