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Qutlook

Motivations

Longitudinal geometric wakefield,
- in RF structure

Transverse geometric wakefield,
- in RF structure
- in collimator

Coherent synchrotron radiation

Longitudinal Space Charge,
- microbunching instability
- laser heater



Why are collective effects important?

>

Collective effects establish correlations between bunch slices coordinates,
so that different slices may contribute differently to the FEL process,
thereby affecting the FEL wavelength, bandwidth and intensity.

Correlations tfranslate into transverse projected emittance growth and
enlarged enerqgy spread.

> Minimize collective effects to improve the FEL performance

Each bunch slice has to be ftransversally matched to the design optics for
overlap with the radiation in the undulator, and set at the FEL resonance
energy.

Control of e-beam slice parameters is inferred by the measurement of e-
beam projected values. optics matching (i.e. Twiss parameters) in the
transverse plane, energy chirp in the longitudinal.

Make projected 6- D emittance as close as possible to its (average)
slice value



Geometric wakefields in RF structure: the pictorial view
Electric fields induced by passage of bunch through rf structure:

four snapshots in time

Source particle

P. Craievich, Ph.D. Dissertation
(2010)
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Wakefields in the time domain

How do wakefields affect the beam dynamics?
~ kicking a particle transversely: Ey,Ey, (v, % B) , (¥, X B) |

— Changing a particle energy: E,

Wakefield are complicated functions of time and space (see previous
slide). To simplify the physical picture:

1. Consider the e.m. field generated by a particle ('source’), at a given
location and time. For now, uncouple electric and magnetic field,
fransverse and longitudinal components -> concept of wake (Green)
function.

2. Integrate over the beam charge distribution to calculate the effect of
the entire bunch over a 'test’ particle, at fixed distance w.r.t. the other
'sources’ (ultra-relativisitc approx.) -> concept of wake potential.

3. Integration of the wake potential over length of the structure washes
out some of the complicated behavior.
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Wake Function (also Green function or ‘point-charge wakefield

Longitudinal wake function E-field experienced by

test particle (along

(space-integrated E-field over y direction of motion)
) 1 %4 V
s+ |Az| MKS units: = Xm X —=—=
R C c

L
WL(|AZ|)=—if ds E,(s,t = m
A A 95 o ¢
/ \ Similarly: transverse wake potential
Long. separation (units: V/C)
between source “”sign:  Source-particle . 1 L
and test particles o otter charge w, (7-;’7,,’ Az) _ __j e [E—l' + c(5c‘ 5 E)J_]
of convention 1o
* For a'free particle, E,. = Cq/r?. Thus, W~ C/r
Test particle trails Source particle and it only depends on the cavity geometry and
behind at enters rf structure boundary conditions (e.g., not on the charge
distance |Az] at time t=0 distribution).
|Az| * What is E,? It is the field generated by image-
6_’@ > charges on the cavity inner surfaces (note: for
s relativ. particles the 'direct’ electric field is
boosted-forward in the direction of motion. This
s=0 s=1L has nothing to do with wakefield).

« W, is null on particles ahead of source.
« You find oftenw, [V/C/m] =W,/ L,
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Wake Potential (also ‘bunch wakefield’) and Energy Loss

Wake potential is the voltage drop experienced by a test particle in the bunch,
as a consequence of all beam particles ahead of it:

V,(z) = sz dz’WL(;/z’— zA(z")

/ 7
Bunch charge Coordinate system:
= Nq head
S——o

Z

N~ |

Az=z—-12

AN

Coordinate of  Coordinate of
test particle source particle

1—
— =

MKS units: of mex%x 74

Longitudinal bunch density
(no. particles/m) normalized
tounity [ dz' A(z') = 1

Energy change of test particle by source particle (g = qs = q)
AUq = _qTqSWL = —qZWL [VXC:J OrEV]

Note on sign convention: w, > 0 means energy loss i.e. AU<0

Energy change of test particle by entire bunch (ahead):

AUy, (z2) = —qV,(2) = —Nq* f_zm dz’ W, (z—2z') A(z') [Jorev]

Total energy loss of & by bunch:

b

Utor = f U(z) A(z)dz l.')

ki is called “loss factor"
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Steady-state diffraction model for array of cells (K.Bane et al., SL/

» Infinitely long array of RF cells with cylindrical symmetry.
« The wake is evaluated after traveling a distance > a?/2c,,.
« (Good approx. over wide range of cell parameters; very relevant for FEL linacs.

Zy = 120m Q 0.41a"%g"®
(vacuum impedance) d= T
W (geometric factor)
. MKS units:
~ -/ Az
w; (Az) 2 e /d v.m 1_V
ma A s m? C-m
Wakefield through 8-cavity TESLA cryomodule
40,_ N | i T T N v | ML N 1 ' 1 ! I M
20 A
() 0_ ; . .
é ok N~ Long-range wake function] ¢ Accurate determination of wake
> ] potential for actual structure design
—~ | 40F ] . . q.
O} —— bunch charge distribution ; can be done with specialized
N ; numerical codes (e.g. MAFIA).
-80F ‘ . . . . .
Lok Part of wake function 1 * Fit numerical result with analytical
ok ;f“ app_roAxmﬁtji by ] model (e.g., T. Weiland at al,, TESLA
N oL9) = Ae ] Report 2003-19 for the TESLA cav.)
-140 L | . | | " 1 . | L ] L | L

-10 10 30 50 70 90 110 130 150 170 190
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Dependence on bunch shape (longitudinal) and cell iris rigs v,

M. Venturini

2 6

I 0 . e I 0 ........... I 0 e
—_ e — oamne —= | celliris o Qene
E T'ESLA 1.3 GHz rf—wake E IESLA 1.3 GHz rf-wake E . ITESLA 1.3 GHz rf —wake
£ 5 < > s radius ~
> > Q
= Uniform || =, Gaussian o0 Parabolic
_r ~ :
< head % | head | £ head
:)C -IS_ - -15 _ -15
< S < N | A N
-3 =2 -1 0 1 2 3 | -3 =2 -1 0 1 2 3 | -3 =2 -1 0 1 2 3
| z (mm) z (mm) z (mm)
Energy loss along bunch: N oeme
6, 72 Urrr 3 'g' _20. SLAC (S-Band) rf -wake
AUNq(z) = Uy + Uyz + + + .- =
g —40
_IU

|
o
c - S —

« O"-order: average energy loss by bunch. Usually not
an important issue. Can be compensated by adjusting
RF structure voltage.

« 15'-order: affects the linear energy chirp of bunch.
Can be compensated by adjusting the RF structure
phases.

« 277 order: affects the quadratic energy chirp.

and higher: usually stronger than cubic (and higher order) nonlinearities
from RF structure waveform. Contributes to shaping current profile during
compression (e.g., current spikes for large compression factors).

/,‘-g
0

3

cell iris
radms ~10 mn[n
(mm)
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Effects of longitudinal wakefields

3. bunch compressor:
increase of the current

4. accelerator:
reaching the target energy

2. booster accelerator:
reduction space-charge effects

0.04 ‘ -
after |
0.03L . ]
. 0,| cOmpression before
L, 0o compression
o 0.00 4 ,
< Lol linac’s end
0.02
-0.035L i
o WAKES ON
o -1.5-10 -05% 00 05 1.0 1.5 20

2320 < 3000
= ~ Wz
~~231D :_ e L S _aﬂc': ___________
L 2000 P / / A
2300 [ N 5 . ; N 4
F \ 1000 [t ’ % |1|):|—/_\—|:|—/_\—| ]
2290 i N
i 2.5 nC WTESLA cavs (r=17mm) - ® ?
2280 —— ?06 = .fjJ J rl. I?O:I I ngls.—!:or I JT"I\)I 1200.?"l
o / e - /. * Smaller iris ~ higher gradients ~ stronger
1.0 nCin slac cad. (retomm) || Wakefields;
(101 § 4 12_ | . .
o ol | « Stronger wakefields ~ remove the linear
* Bl . ' . . m
§ + g chirp (U’), excite edge current spikes (U™ +
| BC)
21 .
-4 ol . . "
e o q:m;.;., n'm:lm;z -~ ¢ X-band linearizes at 2" order (cancels U").
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Optimization strategies in the presence of w,

TO FEL

nA15Ge
{Hy=0.25005 GeV, NE:0.12§x10
| ' {2)=0.00021
2 ¥
2! \
S o ]
« 5 | e 3<E>—0\ « Take advant
2 > (large) chirg
~0.05 0 0.05 1
z /mm

o =27.785 um (fwhm=81.786)

q ka:O.';’S? kA )
0.6 Tt
5 04 |
0.2
‘ :
° o5 6 oos T
z /mm !
oT phase JiTTer on t=
beam energy.

Simulations by
M. Venturini
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Transvers wake function model (K.Bane et al., SLAC)

Transverse wakefield is generated as the radial symmetry of the e.m. field brought by the
beam is broken (“dipole mode”). Namely, it is excited by a relative misalighment of the beam
respect to the cavity electric axis (coherent betatron oscillations).

“banana shape”
_____ -~ _________________&-_______________________\___> Off'aX|S
_____ R R R et -

= electric axis

* 8;~0.3+0.8mm is a cell geometric

w. (2)= Z,CS, 114 [Z ] Vs \% parameter.
! ma’ S, C "+ wyis the wakefield per unit length
of the cavity, per unit length of
(relative) lateral displacement.
140“-’ wl. —_  SLAC-type "x; ELAC-type
—=1200 — CERN-type — CERN-type

= 1000}

type

« Note: w, is stronger for
shorter bunches, wy is
stronger for longer ones.

800

g

wake functions [V/pC/m
ke functions [VipCim/m]

400§

é@ $O|:> 1 L5

} s [mm]
test particle probe particle

L
g

INSC - 08/2014 simone.dimitri@elettra.eu 12



Single-bunch beam break-up

» Equation of motion for x(z,s) in the presence of wy:

d d 2 T 1 1 1 1
d—[y(s)d—x(z,sﬂ R (8)X(2,5) =1, [ 62 p(2 Yy (Z-2)[X(Z', ) ~ 0, (5)]
S S | g S— \ ' )
acceleration p-focusing charge wake cavity displacement
distribution function relative to the particle
free p-oscillation
« In two-particle model, the bunch « Bunch longitudinal slices feel different
head drives resonantly the tail: wake kicks, which displace them in the
TAIL behaves as transverse phase space, one respect to the
resonantly driven oscillator | other = projected emittance growth

X ew, I
)(2||_|_k2)(2 :Xl T,0'b

.‘f ‘\i EE E E E 3
, Figs. By A. Chao
I fd Yol r}%
- ~ [ i \I 1

Y 4 60, ho Y00
\2\‘?/ ’,' \\./ :' “ S X0
" k2 =0 y ";’ k 5:0 k =-'IT - _.3.
X+ ﬁxl Nt Q 05 5 kOS =TT kOF‘.— 2 T

HEAD obeys Hill's
equation

From r.h.s. of the e.o.m. we extract a
I coefficient that measures the coupling
A o strength of the wake to the bunch.
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Sources of beam-to-linac misalignment

QF Qo
,,,,,,,,, ’DXO 'D Beam is kicked by misaligned
......... : a ~¥0).% quadrupoles, RF  structures and
BPM RF STEERER steerers. Centering it info BPMs is
\ Y )\ Y } usually not the best way to minimize
F 0 D 0  Lalo)wys) transv.wakes

Only BPMs + QUADS randomly misaligned:

---------------------------------------------------------------------------------------------------------------------------------------------------------------------

K r )" | cos(Auy /2):
A(ye) ~ 02 ooy, [76,,NW, (20, )f cel ( J ~1|= cell/ —
20%) o e NN, 2 ma(%/gu){ g s e v

Only RF S'|'r'UC'|'UI"€S r'Cmdomly mISClllgned: ---syst‘ematic RF | 'é”
? """"" random RF ’,0'
_ o = L random BPM 4
L 5 0.2 "‘f
AGE) ~ 02 [zt NW, (20 ) — e (7 f j |l
a(Aystr/Lstr) Vi % 015} '/'
Pair RF structures (random + systematic error). £ ™ /’
] ,
o I:_:B_““““Ea““: i
I 7/f =z ' (4 ”‘m”m,,‘||nlII'l""""““””””“”mII
A(%) ~ 02, [t NW, (207, Jf — ( j Y R i
: - i 4a(A73tr/Lstr) 7/i : oOCf%?"f"--. é 4,1 - ' é é -
L o e o o o o e e e e e = e e e = = = e i = = = - — - |

Final Energy [GeV]

INSC - 08/2014 simone.dimitri@elettra.eu 14



Strategies for suppressing transverse wakefield instability

* Accurate and stable static alignment of machine components. This involves:
fiducialization, piezo, laser tracker; temperature stability, ground motion, etc..

« Induce energy spread (eg. with RF

phasing) to ever-focus the bunch tail
w.r.t. the head (‘Balakin-Novokhatsky-
Smirnov damping’).

In a quadrupole

quadrupole kick

NS

| In a RF structure |

* Trajectory bumps to make successive
wakefield kicks cancelling each other at
the linac end ('emittance bumps’).

INSC - 08/2014

 Define layout with BPMs, quads and
steerers very close each other and
possibly close to the RF structures.

simone.dimitri@
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< |I |I | ] Ir:ll‘ \| | N :
- - | fl - Y
© 2x108 ! | ! 1 : -
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More on BNS damping

BNS damping requires an energy difference between the head and the tail of the
bunch, i.e. a correalted energy spread (chirp). When a FODO lattice is
considered, the auto-phasing RMS energy spread is:

Choose the arrangement of RF phases
that minimize the transverse emittance
at the linac end:

i 3 NGZWT (2(7Z ),ELceII
5.BNS E tan(A gt /2)

0.015 —————— T

Energy spread profile
for 8 sets of RF phases

— Same quads offset

included for each

i = Sl 2 BNS phase setting
001 |- § _ E - ;
i | g 100 h
) % ! 3 ~ 1
L 5 5 ’; __ P _____,,.__.,_..\\ T
0.005 - | _ 4 g ; - /\\H‘ e /““‘\\\\ ]
| ~ re = 5 .
§ > AV /}?-'\“':___‘—7’ N 1
= s // 8 \\\\ ]
25 -// — .
i Figs. by = 7 N
G_ Stupakov 0 H I I I | I I I | I I I | I | L L M

0 2500 5000

S (m)

7500 10000

kmy

[=1]
=]
-
=

dispersion.

« Drawback 1: 35 has opposite sigh respect to & required for magnetic compression with
four-dipole chicanes - additional complexity for the choice of RF phases.

« Drawback 2: large g5 along the linac contributes to emittance dilution by spurious

* Drawback 3: off-crest RF phasing by BNS lowers the final beam energy.




More on trajectory bumps

* The scheme of bumps for suppressing transv. wakefield may be be affacted by
trajectory jitter;

« Tolerance for the trajectory jitter: the position of each slice centroid varies
less than one unperturbed RMS beam size:

Xa
\ tail Vx (XSC - Xoffset)2 + 2ax (XSC - Xof‘fset )(X sC —X offset)+ ﬂx (X sC —X oﬁ‘set)2 = 8SW,x
AN
‘ Y .
G , where:
i \\‘\\
Xsw o
| ~——

T~— head _ 2 2\ \/ 1 «N ‘ = \2_
L —a oysc =/ (Y3 — Toc) 2\ v Lita (Yo — Tsw) ™ =
XSC
= T . T .. 2
trajectory reference axis J _
2
. 1 «N /i 1¢N [
S = /Pxcos ‘Pr\/N Liz1 { eIsw,x -~ Liz1 Efsw,x]
— Banana shape jitter at linac end
1o 15| .
= " E 10 o
“’ x 05 ...t ..
A ol ' A L L
v s 22 EEETIL, Sy
_ - L | Q -1‘5-/ centroid™ - .| -
Trajectory jitter along the linac | | . . . . . . L
U 20 40 buU BU Tuu 120 140 —3 —2 —1 O 1 2 3
s (m) bunch duration (ps)
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Geometric ‘transverse kick factor’ in a collimator

Collimators are metallic blocks with small apertures to intercept, scatter and absorb
undesired particles at very large B-amplitudes (“halo” particles, |A| > 20c) or off-energy
(18] = 2%). Doing so, they protect the undulator from being hitted by e.m. showers

generate by primary (halo) or secondary particles (from vacuum chamber). The beam core
should pass through the collimators untouched.

 How to measure wy in a collimator:

i. vary beam offset inside it and record the
trajectory variation downstream (average
w+ -kick along the bunch);

ii. vary the beam offset inside it and
measure the emittance downstream (rms
wr-kick along the bunch).

095r

R=] 3

Horiz. Norm. Emittance [mm mrad)

nesr

ke = 2.20 V/pC/mm.

:"/ Motor

08 1 1 1
-3 -2 -1 a 1 2 3

BPM Offset [mm]

I
—
Liapes Tean Liaper
Copper bloc
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Tank upper wall

Copper bar for cooling




Long-range wakefield and multi-bunch beam break-up

The long-range (transverse) wakefield is the extension of the short-range to
multi-bunch patterns. Now, leading and trailing particles in the same bunch are
substitued with leading and trailing bunches in the same bunch train.

Az,

Y

Tend to consider the wakefield as the sum of many fie/d modes (HOMs) excited by
the first bunches of a train which travel off axis in the accelerating structure:

W, (2) = Z Skwk 2eo, sin “k? [ v 2} = AX; oc gV (instability)
C Cm
The HOMs can be damped with special design of the RF structures:

- detuned structures have slightly different cell-to-cell dimensions to introduce
a frequency spread of each mode, causing decoherence of the wake function;

- very low Q (~20) choke mode structures (NC linacs);

- HOM loop couplers (SC linacs) to couple out frequency modes < GHz and
absorb this power in room temperature loads.



Coherent Synchrotron Radiation: longitudinal wakefield
dipole  Closed-form analytical expression for
%. oo electric field along direction of motion:
ea
(_J\f;fv » two particles on same trajectory path,

tail @ adiation catches up

with electrons ahead « uniform circular motion (steady-state),
« use expressions for retarded-fields
.y4- 00631
. 1.0
14 /087 g 0
f(X) =0forx <0 f(x) = 1—?;7:2 ’;\ 06 . 0,00k K eceemememecemeeeeeeeeeeeeeene
| redx =0 =04 0 N
0 5 10 15

WAKE FUNCTION 0.2 ZOOM  x=3y’s2R
1 4 1 y* (3)/3 z’—z) P ‘

S2
WL'“R(Z"Z)z‘Ef dsBrese = ~Lezane @/ \ 2 7R
0
b ° - 4 6 8 10

@ 1 33z —z
[ 2 ! L ! 2 L _— s
AU(z) = —Ne L dz'Wy, csp(z' —2)A(Z") = (Ne )LB 3%me; R f dz'f ( R )A(z)
ENERGY LOSS ALONG BUNCH

Ne? 2 LB © dZ dA(Z)
= 1 1 ( Vi3 d forx > 1 f
TTE z'—z z' Courtesy o
0 33 R3 M. Venturini
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Gaussian bunch, Transient effects

Particles in the head Particles in the tail

Proportional to 1/3 power of bend radius

Particle 2
continues to
be affected
after leaving
bend

Particle 2 is
not affected
while 1 is still
outside

INSC - 08/2014

simone.dimitri@elettra.eu

gain energy , i are not affected
0.1 Z A .
/\ X, Proportional to bend angle
~ 00 \Z
%
< ~0.1 2 R'30p
3 head tail Uior = —0.028 X Ne“Zc X 3 = —0.16MeV
o
~0.2 z r\
Jr— Total energy loss
02 300mc B | || by Gaussian Inversely proportional to 4/3 power
L= 1m P10 =005 000 005 010 015 bunch through bunch lenath
6y = 10° 2 (mm) dipole unch leng
R =57m
e =715 4 0 Steady-state model doesn't account for

transient effects (in and out of dipoles):

* there are 1D models accounting for them

and implemented in tracking codes.

« Inpractice, the RF settings will have to

compensate for linear and nonlinear
effects induced by CSR.

« The most notable effect of the
longitudinal CSR wake is on the
transverse dynamics.

Courtesy of
M. Venturini
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CSR effect on particle trajectory

In the following, we will adopt a simplified picture for the CSR transverse effect. Experimental
results suggest that it is accurate enough for describing most of the practical cases.

1. Photons are emitted in the beam direction of motion, at any point along the curved
trajectory in a dipole magnet = CSR longitudinal ‘kick’, p,(s) = p,(s) = 8p, csalS)-

DIPOLE electron
Remind: particle transv. motion
: : " 3 bhotons

is the linear superposition of:
- N
X(s) = xB(s) + xn(s) ~————

2. At any point of emission, particle transverse position does not change: Ax = 0. Since the
emission happens in an energy-dispersive region, Axg = —Ax,. That is, the particle starts B-
oscillating (Ax;) around a new dispersive trajectory (—Ax ).

Point of emission,
AXx = AXB+ Ax = 0

New betatron oscillation, with
amplitude Axg omis = =AX

M,emis

‘ Q New dispersive trajectory,
Xpemis =Xn T AX_ .

1,€mis

/

Initial betatron
oscillation, Xg

Initial reference
(dispersive) trajectory, x,,
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Emittance growth in the single-kick approximation

3. 3p, csk is correlated with z along the bunch, as «
depicted by w;_ sz (see previous slides): ~|;|Ehjf|;|;.;|+
« different slices feel different CSR kicks, 2 A

= the slice centroid's invariant is increased

(projected emittance) / / 5
 all particles at the same z (slice) feel the same ijl) | *
CSR kick, J

= the slice emittance is preserved (see later)

4. The projected emittance is increased by the slices misalignment in the phase
space (bending plane only). Use the ‘beam matrix’ fo compute the CSR single-kick

effect: 2
X 2\ _ 2
( ﬁ>\ /<Axﬂ>—<Axn>
[ 2 2 V2 alske
&P +1N°05 e — &YX +1]1] O cor
& =| det 1+ a? =&, 1+ — 072 cn,
— & + N1y Gg,CSR €o — n' o-g,CSR O\/ €o P

H = |n? + (B'+an) ]/ takes care of the coupled betatron and dispersive motion;

2 _ (ﬁ T is the CSR-induced energy spread relative to the reference energy
E and it goes like «<1/0; where 1 > 1 (1=4/3 for Gaussian bunch).
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4-dipoles magnetic compressor

« Assume the following realistic * o, shorter (c;csp larger)

»

between 34 and 4™ dipole;

« H-function is larger at the
entrance of the 4t dipole,

assumptions:
- Small bending angle, 6<1;
- Beam waist in the second half of

the chicane. and H = 62,
Note: CSR > 0252
ion i ' H , PO°C5 cr
propagation in drifts || ¢ = &y [l+—02 n = &| 1+ ’
can be important, but g 2¢&, _
it is neglected herel 4th dipole
200 T T T T T T - y .
* measurement at 10 Hz (a) 7 -I-
"é‘ measurement at 1 Hz i 6f *  measurement 1
4 150t Elegant measurement 2
= ¢ CSRtrack 5t Elegant
Bl O IMPACT-Z - ¢ CSRtrack
.L:J 100l i 4 o IMPACT-Z
2 &3
=
0 5|
|22] L
S 50
a4 1t
&
0 1 i 1 1 i i 0 L L L L " L
-30 _28 _26 _24 22 20 Figs. By K. -30 -28 -26 -24 -22 -20
L1S phase (deg) Bane et al. L1S phase (deg)

INSC - 08/2014 simone.dimitri@elettra.eu 24



Optimization of the compressor design
« At which energy shall I insert my magnetic chiccmes?

L1 L2
- - 51.E1 - 62,E2
83, E’%
e\ [oce \
CHE- - - B ---- e —
C
Pl cavities cavmes

ler Ry, <00 smaller Req, ()
SMmatier Fse weaker BBU
|:> weaker CSR |:> smaller AU, and
nonlinear E-chirp
« Which geometry for the four dipoles?

_ _ « Are 3D and transient effects important?

T ‘E’
E £ 8
= =
= 2
& @ i
2 = E 7
= 3 !
= =
o =} =]
T o2 T o2 8 sl
02 -01 0 01 02 02 -01 0 01 02 =
time (ps) time (ps) g
4 -
0.1 0.04 =
[:¥]
o 3f
0.05
& 8
E: =
£ E e
5 o
-0.05 w o 1F
—0.102 e o 1 0.2 -0.04 0 1 L I L 1 1 L L
0z 01 - - 02 <01 0 031 02 5613 -4a-13 3013 2613  -1e-13 0 1e-13  2e13 313 4e-13
time (ps) . b time (ps) position along bunch (s)
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Multi-bend transfer line

Hyz =7

-

T ﬂxw'x_[\/ﬂjx'ﬁ%xﬁ]

Double bend achromatic lines are often used to
bring the e-beam from the linac end to the
undulator.  Optics design  may include:
achromaticity, isochronicity, matching section,
time-compression, diagnostics, collimation....

1. Write down the particle coordinates (x,x’)
with C-S formalism. Initial invariant is zero.

2. While traversing a dipole, add the CSR
induced n-terms to the initial B-coordinates.

& CF=8
o CF=16
===-Eq.6, CF=16
— Eqg.8, CF=8
—0— |ApL- 7|

50 is corresponds to an increase of the

1.2 1.4 1.6
K1 [1/m?]
| \° 171

"

/

1.8

145 rticle C-S invariant:
M40 D
lag & X, =10 =4/2J, 5, COSA,U‘A#:O =\ 2J.p,
180 2 - '55—/&(100% +sinA I
los s 1 =11 ) ( 1 H ,UXA#:O 1 )
120 8
15 E @
1" ,5% 2 ' 2 2
19 2J, =y, X; + 20X % + X = H0c
0
2
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LSC impedance (frequency domain)

1. Suppose we have a high frequency perturbation with wavenumber k = 2w /42 ona
beam: I(z) = Iy[1 + A cos(kz)].

2. Density wave induces energy modulation Ay=AE/mc? over a distance L, (rigid
bunch; ultra-relativistic approx.) = define the LSC impedance per unit length:

_ .- T Z(B)| .
Ay(z) = 4m T LA ~ sin(kz)
4 0 phase space
phase space phase space

AE AE A
— \N\ WLz
4 Z

charge density

charge density charge density
pz) pQ)

p(2)
TN N T N N wz
¢ Dispersion, like in magnetic compressors, r
transform energy- into density-modulation

_ 1% R .
Z(k) = Ef ANz Wy s (Az)e™ A2 =

_ “Microbunching Instability”,
_ iZog 1-¢p K1(&p) with: W, ¢ (AZ) = wisc(Az) see later
) -Wisc =,

= L
T¥Tb $b ¢p = krp /v, and K; modified Bessel function
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Collective effects: impedance budget

CSR impedance is the largest at
high frequencies but overall CSR
effect is smaller than LSC
because dipoles are short
compared to rest of machine.

RF impedance dominates at low
frequencies (macroscopic effects
on the bunch).

" Peak is at 22X ~ 1 I\ Ep =_2205(:)Mev .
500 - rp = 250pum
£ 100 Q%\
2 50 3 >
—: [
: ST
ﬂ 10 valid for 7— <1
i .
onger wavelengths
€ ' mm) 1000
Courtesy of =
M. Venturini | <
£ 100
Zoew = 20 (0.41 + i0.23) (kR)'/3 | S
CSR—R_R(- +i0.23)(kR) S
_ 1Zo 1-4p K1(p) N 10
LSC — :,

Zpr associated with:

W, 1'[(12 exp( VZ/Zl)

INSC - 08/2014

1

Spectrum of o, = 1mm
smooth gauss bunch

1T

LSC:

E, =200MeV
rp = 250um
ya

CSR:

RF Structures |
(SLAC Linac) | |
a=11.6mm
z; = 1.5mm
Bandiofiinterest
J'Jf rIJ-J ”l} J 111
I [1Stability \ ]
10 100 1000
A (mm™)
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Microbunching instability

e

Small irreqularities of charge density
(e.g., shot noise) are the most

E o6l s with CSR ia fundamental source of the instability.
S5 0.4] e m ks Bk e g » First observed in simulations (M.
S 55 . Borland); Importance pointed out by
o | : Saldin et al.. Early 2000s.
© 0.0 5”‘\% . Seeded by i larities i
o eeded by irregularities in
5 020 o Ei longitudinal beam densities, amplified
S _0.4] . primarily by LSC + presence of
€ ol without CSR dispersive sections (BCs).
= o8l ™. . . l
_ -0.10 -0.05 0.00 0.05 0.10 0.04
E'gﬂ:sz' Arrival time (ps)
—0.035
Main adverse effect of micro- §
bunching s
instability is growth in energy g %
spread: >
- limits SASE performance, o |
- Degrades HG in seeding methods,
- reduces longitudinal coherence of J. Qiang |
radiation 0% 04 0 ¥ 04 06

2 ) 0
bunch length (ps)

INSC - 08/2014 simone.dimitri@elettra.eu 30




Microbunching Gain, linear approximation

LSC active in Linac section

Courtesy of

A

Iy 1Z(k)|

G=4m

1,/° Zgy BC/

n
Ll

M. Venturini
_CSR active + Dispersion in BC
= = G = derles
S1 S2
o S Api/pi
p)

(|Rsg|Ck)e(CkRs605)" /2

Gauss uncorrelated

from dispersion
in magnetic
compressor

Induces energy
modulation
through the linac

modulated at wavelengths
close to the maximum gain

Gain is exp. Suppressed at short
wavelengths, e.g. by large
uncorrelated energy spread
(longitudinal Landau damping)

INSC - 08/2014

energy spread

50 |

Final phase space appears J}

Theory vs, macroparticle simulations

oo = 0.005 MeV
€xn = | um ]

I[hb,=73A
~980A

$ Ckpeak~1/R5606 _
100 200 300 400 500
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Microbunching Gain, beyond linear approximation courtesy of
« Effect compounded by repeated compression through bunch compressors.
In first approx.: Geor = Gpecr X Gpez X
+ If instability is large effects beyond the linear approximation used here can

Study of uB-instability for FERMI: Longitudinal phase space, current profile at selected points

] | 1
‘ e artranan ~f TOY 075 N
: exit of BC1 entrance of BC2 : end of linac
. _ 0.5} '
; ; m | 'y .:l\l.' "\I \ N.ﬁr | — U‘ZSE'
0 [ [ 'YW ﬂ WYY % '
AW A [ f
E \ZJ A -“'V VA \ M. Is' "I E 0f
€ Sl A/ Ws‘r U wyvl I,' a0 _g2s!
V'™ Al M ;
' \ 05|
s=44.1185 m 5=89.4185 m _0.,’,5;
-0 =10 0 10 20 -0 =10 0 10 2 -0 -5 0 5 )
z (pm) 7 (im) z (pm)
55 55
1.82 1.82 54 54
|
0.5005 18 18 a 53 < 53
N 05 S S g 52 g5
= = 178 = 178 =51 =5
5 0.4905 = 17 I ~ 176 3 >
0.499 1.74 1.74 42 49
0 <10 0 — -20 10 0 10 -0 -1 0 10 20
2 (um) -40 =20 0 20 40 -40 =20 0 20 40 2 (um) Z (4m)
v z (um) z (¢m)

-band lineafizer
Laser heater BC BC2 SPR ER
= l LI LI a2 LIMAC3 LI A
e | s i s m— O

[0 [ |
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Longitudinal Landau damping

— Through chicane, particles separated in energy by s move away from each
other: Az = Rg4075.

— This washes away clumps of charge (bunching) on the scale 1 if Az > %
—Leads to condition CkRsq05=1 (exponential suppressionin above Eq. ).

G=4nm ﬁ Lg Z(k ,—(CkRs5605)%/2
Fig. by IA ZOYBC
M. Venturini
Optimum ‘heating
1, | 1| | |
250 I : There is an optimum of
2 I ¥l T“F_ BC luttice ’/ beam heating at low
2 Stronger | energy
2,200 | 4 oeres | o
> ins abl|lty| | | +
2 1so | ? Lowest bound to final
E I \ slice energy spread is
b —
o = Cagg
+l ;ﬂ" One— BC."{H??CE'
} 10 12.5 15 175 20 225
oo (keV) [at start]
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Laser Heater

Laser pulse

e In fundamental
Gaussian mode

* co-propagating with

Courtesy of
M. Venturini

800-nm laser

Short-undulator

| i i - |
— < 50 cm B . .
10 cm lanoIe : : dlpole 2cm

e-beam)
& — | e
e-beam —=> 10cm r°
|
. —~ 7 ~ gy
'd‘lpole 120 cm

rd ‘ mm '

5 2 z'=zZ+ R51x+ Rgox" + R546
L) (0% + D)
mec K[JJINy 4,

e-beam Laser rms
rms size spot size

PL=2PO

Required laser
pulse peak-power

If angular spread is large the phase-space
randomizes and energy spread becomes

truly uncorrelated: |Rsy|0,, > 4; /27



Beam heating at FERMI

Data collected by S. Spampinati et al.
a) Input laser table (Ti:Sa, 783nm, 20ps)

— e
e I | s e

¥ ;

b) Magnetic chicane for y-injection (3.5°)
c) Cromox targets for e-/ y spatial overlap
d) Undulator (L=0.4m, Au =40mm, K=0.9)

g) Output laser table

© L Suppression of ubi:

e
LN Y x10*
4_
d Beam heating:  Calibration, o, vs. P: asf
120 . . . . ‘ . ‘ . ‘ 3,:

e
TEladis

o
[
T

PeEis

40+

o

Added Energy Spread (ke
=]
Intensity an CCD
i [
T -

a0 O_Z(X) P K 1 % 50 kev
ol o, = j T, 2 *L'*ichz[‘]‘]]ds’ ost+2 8 keV —>
0 Ux + O-r (X) PO 70 Gr (X) -l
0 | L | 1 L | L L I Dm“¢§ooob00‘000»00000|00..t40.t0*00‘0»0 1
318 319 320 2 0 2 4 & B 0 12 4 16 18 0 "02 04 06 08 1 12 14 1B 18
Energy (e Laser Energy (J) % 10° : Laser Energy(l) i 10-5
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Thank You for Your kind attention

Questions and Comments are
Welcome !
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