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Coherent synchrotron radiation (CSR)

* When a source particle enters a dipole, it emits radiation.

e Retardation condition must be met

for test particle receiving radiation within dipoles.

* Longitudinal field acting on the head particle
from rigid line bunch:

......
. .
.....

2e° : dz' dAZY)
E(2)= S\1/3 _Lo nL/3 ;
4re, (3R*) (z=2)" dz
Z.c iAk"” , 2
Z, o (k)=— 4; e where A = 1.63i —O.94E !
20
2,
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=
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Ya. S. Derbenev et al., DESY Report No. TESLA-FEL 95-05 (1995)
E. L. Saldin et al., NIMA 398, 373 (1997)
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CSR effects on the beam

. Transverse Emlttance Growth

’ ’ ,5 | CSR kick AS ., (2)
| ) U R, oOrR,
5 oxioo | -5.010°% 1 AxCSR ? Ax
-1.0x105} -1.0<10°5L U
-1.040%  -5.0x107 . o(m) 5.0x10°8 1.0<10 -1.090*  -5.010% . (m) 5.00%® 1.000% possible g_growth
Before Bunch Compressor End of Bunch Compressor
Y. Jing et al., PRSTAB 16, 060704 (2013)
* Longitudinal: Microbunching Instability (MBI)
Current Gain=10L, 10%
\f\j\o/}\/\,
| z density modulation
_ g(s) | _10% _
Impedance G(s)= =0 1% =10 CSR(k)U ) R,
energy modulatlon

Z. Huang and J. Wu, Beam Dynamics Newsletter, No. 38
TUOABO2 2
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Overview of mitigation schemes

Mitigation of CSR effects on beam dynamics

Dimension Mitigation schemes Note

Transverse Cell-to-cell phase matching (Douglas, Di Mitri et al.) optics adjustment

Beam envelope matching (Hajima)

Combination of the above concepts, application to DBA/TBA
(Jiao et al.) or bunch compressor system (ling et al.)

Longitudinal bunch shaping (Mitchell et al.) tailoring initial
conditions
Longitudinal | Laser heating (Saldin et al., Huang et al.) Landau damping

enhancement via oy
Magnetic mixing chicane (Di Mitri et al.)

Reversible electron beam heating (Behrens et al.)

Insertion of dipole pair in an accelerator system (Qiang et al.) | take advantage of €,
via R, and R.,
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Overview of mitigation schemes

Mitigation of CSR effects on beam dynamics

Mitigation schemes

Note

Longitudinal

(this presentation)

optics adjustment
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1 Theoretical formulation of CSR microbunching in a single-pass system
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Viasov treatment - a kinetic model

* Particle tracking: straightforward, subject to numerical noise (posing computational load).
* Vlasov method: more efficient in numerical simulation, free from numerical noise.

* Vlasov equation + single-particle equations of motion:

praa b b b et
s s ) 0z s s ) dx s ) dy 3
f/ g

dz__x AN
ds o

jdz (z—z',s)n(z',s)
@:9)6 ﬂ:e
ds ds °
o, ., . 6 de,
I —kp, ($)x + p_\ o —kg, (s)y+ p_\

Including vertical bending is particularly useful for recirculation machines
because such lattices usually contain spreader and recombiner parts.

S. Heifets et al., PRSTAB 5, 064401 (2002) TUOABO?2 4
Z. Huang and K. Kim, PRSTAB 5, 074401 (2002)
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Viasov treatment - a kinetic model

* Linearization of Vlasov equation

* Transform this problem into frequency domain
— modulation of a bunch (i.e. bunching factor) is Fourier component of its bunch distribution

* Track the evolution of the bunching factor, which is used to characterize MBI
 Take into account the relevant collective effects (impedances)

Vlasov equation

linearization \f = fo + f]

Linearized Vlasov equation
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* Transform this problem into frequency domain
— modulation of a bunch (i.e. bunching factor) is Fourier component of its bunch distribution

* Track the evolution of the bunching factor, which is used to characterize MBI
 Take into account the relevant collective effects (impedances)

Vlasov equation ke
d gk(s)EJ.dele k

. o . transform to
linearization \f =fo+ /i frequency

domain S
Linearized Vlasov equation —)lgk (s)= g,(co)(s)—k JO K(s,s")g. (s)ds' ‘

g.(s) |
gV (s=0)|

G(s)= (microbunching gain)

TUOABO2 5
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— Beam (read from ELEGANT) riives. Y
if yes above, calculate stage gain coefficient d_m? (1-Yes, 0-No) 0
beam energy (GeV) 454 G I
only calculate stage gain spectrum? (can speed up calculation) (1-Yes, 0-No) - [}
] — ot sttt 5 ene7 (68,000 U « volterra mat
compresslon factor 8.8187 if yes above, specify ultrarelativistic or non-ultrarelativistic model? (UR:1, NUR:2) 1
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include any RF element in the lattice? (1-Yes, 0-No) 0
initial vertical alpha function 0
if yes above, include linac geometric impedance? (1-Yes, 0-No) 0
chirp parameter (mA-1) (z < 0 for bunch head) 30.83 istibution? (1-coasting, 2 ,
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: ~OUTRUT SETTING for the study and was benchmarked
Plot
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scan_numo2 ° Run <Student Version> : volterra_plotter
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Plot lattice function vs. s RiGvs. s B
Plot compression factor C(s)
Plot peak current evolution I_b(s)
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Features:
H 4 plot density gain function G(s) 1
1. general (linear) lattice = |
2 . fa St plot density gain function G(s) with lattice o I
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lattice optimization if microbunching gain is e
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. . Plot energy modulation function
3. graphical user interface

LN : P—
0 5 0 15 20
s (m)
WVirginiaTech jefferdon Lab

Invent the Futurs

Plot energy modulation function with lattice O F

Plot energy modulation spectrum

Note: if want to edit/save plots, use "OUTPUT SETTING-Plot" in GUI_volterra
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Summary of mathematical formulas

@ Integral form of the linearized Vlasov equation:

g.(s) |
(0)(S — O)|

G(s)=

|5:9)=8(5)+ || K (5.8, (5’

K(s,s'")= ik 1(s)

C(s" R (s'— s)Z(kC(s ",s ') X [Landau damping]

A

_ 1,2 R2 ' R2 , !
[Landau damplng] = CXP{ 2k lgxo(ﬁxORgl(S’S‘)_F%)_*—gyO(ﬁyORSZS(S’S‘)+%]—FG;R%(S,S‘):I}
x0 y0

R (s' > 5)= R ()= R (5)+ R, (s"R,(5)— R, ($)Rs, (") +Ry; (s )Rs, (5) — Ry;(S)Rs, (5")

R, (s,8)=C(s)R,,(s)—C(s"R,,(s") fori=1,2,3,4,6

TUOABO2 6
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@ Integral form of the linearized Vlasov equation:
_ O g ' N g,(s) |
8u(5)= 8" (5)+ | K(s,5)g,(s")ds Gs)=|m
(s=0)
ik 1(s) ;
K(s,s')= C(s" Ry (s'— s)Z (kC (s"),s' ) [Landau dampmg]
[Landau damping]:exp{j €.0)) BoRs (5,5 R52(S S') ‘ﬁyoRss( R54(S +) s 526(8,5')}}
intrinsic beam spread: {transverse emittances} {energy spread}

R (s' > 5)= R ()= R (5)+ R, (s"R,(5)— R, ($)Rs, (") +Ry; (s )Rs, (5) — Ry;(S)Rs, (5")
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Summary of mathematical formulas

@ Integral form of the linearized Vlasov equation:

R (s'"—5)

We aim to make this relative momentum compaction small around isochronous arc.
Small R, (s'—s)= small K(s,s")= small g,

TUOABO2 6
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Linear optics analysis

* Linear transport matrix from emission site (s;) to receiving site (s)

6x6 6x6

-1
5,8 0—s . 0—ss.
R, =R;" (R}

* Consider the simplest case: {dipole-achromat/straight-dipole}

* The momentum compaction term

|| 35i=Ls silyo, [ Br o sL, [ Br
R, (s, > sf)—[( > B.5; + \ 7 )sml//ﬁ +( > N 7 )cosy/ﬁ}sf

where we have made thin-dipole approximation and assumed achromaticity of the

in-between section.

S it

|: \/%(coswﬁ+aisinwﬁ) Jﬂfﬁisiny/ﬁ

oo . +a,—a/ L( . )
—Msmlyﬁ —MCOSI[II‘. B, COSlI/ﬁ—afSlnli/ﬁ

Ly

l//ﬁ :l//f_l//i

TUOABO2 7
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Linear optics analysis

* Linear transport matrix from emission site (s;) to receiving site (s)

R, =R;" (R} )_1

6x6 6x6 6x6

* Consider the simplest case: {dipole-achromat/straight-dipole}
* The momentum compaction term

R56(si%sf):[(s s B.5; +S’L”“ \/7)s1nl//f ( \/l;jf)coswﬁ}

where we have made thin-dipole approximation and assumed achromaticity of the

in-between section.
* Our goal is to make the momentum compaction small along isochronous arc.
« Sufficient conditions to achieve the goal:
— (1) small g functions are preferred within dipoles
— (2) but try to avoid small a functions within dipoles
— (3) choose W, close to ~m (or its integer multiple)
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[ Conditions for CSR microbunching gain suppression
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Conditions for CSR Gain Suppression
R, (s, — sf)(oc,ﬁ,y/ﬁ): [(s";;b BB+ \/%)sim//ﬁ +(s;)'§ \/%)cosy/ﬁ}sf

|R56(Si o sf)l, G=5m |R56(Si — sf)l, 6=30m
~0.035 6— 0.05
10.03
5 1 0.04
10.025
£e) 4 0.03
— 3
0.01 2
0.01
0.005 1
 ———
-5 0 5
.

(1) small g functions are preferred (within dipoles)

Note: shaded area for |R56(sl. %sf)| <0.025 m. More shaded area give more flexibility for arc desién.
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Conditions for CSR Gain Suppression

Ry (s; — Sf)(a’ﬁ’l//ﬁ): |:(si;ng BB, +

IF{%(Si — sf)l, G=5m

—=0.035

-0.03

- 0.025

0.02

0.015

0.01

0.005

8Lyt & : 8Ly, &
o2 \' B, )Sll’ll//ﬁ +( Py \, B, )COSI//ﬁ:|Sf

|R56(S. — sf)l, 6=30m
~0.05

10.04

0.03

0.02

0.01

Q.
|

(1) small g functions are preferred (within dipoles)

Note: shaded area for |R56(sl. %sf)| <0.025 m. More shaded area give more flexibility for arc desién.
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Conditions for CSR Gain Suppression
R (s, — sf)(a,,B,l//ﬁ): [(s’;;b BB, + S"IL)%“" \/%)sim//ﬁ +(s;§b \/%)cosy/ﬁ}sf

IR%(Si — sf)l, a=1
6 )
5
—~ 4 '
©
©
— 3
=
2
1 :
0
5 10 15 20 25 30
8. (m)

IRSG(Si — Sf)l, a=5

0.1

0.04

0.02

(1) small g functions are preferred (within dipoles)
(2) small a functions should be avoided (within dipoles)
(3) choose W, close to ~m (orits integer multiple)

Note : shaded area for |R56(sl. —>sf)| <0.025 m. More shaded area give more flexibility for arc design.
9
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Conditions for CSR Gain Suppression
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IR%(Si — sf)l, a=1
6 0.04
5
0.03
—~ 4
©
9 et
—_3 0.02
=
2
0.01
1
0
5 10 15 20 25 30
8. (m)

IRSG(Si — Sf)l, a=5

0.1

0.04

0.02
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Note : shaded area for |R56(sl. —>sf)| <0.025 m. More shaded area give more flexibility for arc design.
9
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Conditions for CSR Gain Suppression

At the moment we limit ourselves to the special case of
{dipole-achromat/straight-dipole}.

* The relation between the proposed conditions and the suppression of MBI
for general beamline lattice still needs further investigation.

* A heuristic connection comes from our previous work on multi-stage
behavior of MBI: the microbunching gain always develops and gets
amplified from lower-stage interactions.

— MOPO087, FEL 15; TUICLH2034, ERL Workshop 2015

 Work is underway.
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Examples

 Below we examine the proposed conditions by the following two sets of
comparative example lattices.

f —_— ~ ~ Y, - ~
Example 1 Example 2 Example 3 Example 4
Wy description (see next slides) ~)or~m ~ 7t/2 ~0or~7m
between dipoles between dipoles between dipoles
R description larger R, smaller R larger R, smaller R,
global isochronous local isochronous | local isochronous | local isochronous

TUOABO2 11
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Fxample 1 & 2: high-energy recirculation arcs

» Name

ge R,
al isochronous

0

T
20

local isochronous

Example 1 Example 2 Unit -
(large Rse) (small Rs)
Beam energy 1.3 1.3 GeV
Beam current 65.5 65.5 A
Normalized emittance 0.3 0.3 um
Initial beta function 35.81 65.0 m
Initial alpha function 0 0
Relative energy spread (uncorrelated) | 1.23 x 107 1.23 x 107
Chirp 0 0 m’
Example 1 Example 2
=8 1.5 =
E —B,—B,_n) " E
= 60 y 1 c
s S
£ 40 05 G
520 0 2
= ~0.50
0.5
3 small Ry,
o
055 100 200 00055 100 200 140
s (m) s (m)
TUOABO2

D. Douglas et al., arXiv:1403.2318
D. Douglas et al., IPAC’15 (TUPMAO038)

12
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. preservation, bad gain suppression

Example 2: good €, preservation, good gain suppression

1 Example 1
avoid small s og5® * = = = =
|a| function § O «® =" =" =" =" a¥f
E —05 [ | [ | [ | [ | [ ] [ |
o5 10 15 20 24
index of dipoles
] E‘l - m mm mm Em mm mm l
p functions as =10
. C
small as possible .8
C 5
C
E | N | | N | | N | | N | | N | | N |
@ i i i i
OO 5 10 15 20 24
index of dipoles
2 - : 2
phase difference 8.4 L
close to mn G VAR T B SR R VAN
g0-5 .lb l.:ll".:’é:l.l', ;'I.Il*.-':i.l bl.l_‘I
Z Y N 4
ZI m m smo m ™ _
% 5 20 24

10 15
index of dipoles

B function (m) o, tunction

Dispersion (m)

o
N

Example 2
4 imple
2. - u - u - u - [ . [ - 'y
O.
_2 - = - u - u - | - [ | - ]
%5 10 15 20 24
index of dipoles
8
7.5 ----llllll--ll--ll--ll-
7 . . . .
0 5 10 15 20 24
index of dipoles
P y T A
% 10.05
% R T N N N
% 1-0.05
4
2 . .

10 15
index of dipoles

Dispersion (m)

13
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Example 1: bad €, preservation, bad gain suppression
Example 2: good €, preservation, good gain suppression

« 107 .Example. 1
ol -300 pC
400 pC
‘e | -500pC

__E_I:Emlttance grows up

0 . : : : Example 2
0 50 100 150 200 250
s (m) 6 emittance well preserved
Xx10
4| ~300 pC
400 pC [
s —-500 pC
wé 0.5t B B
L] L
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Example 1: bad €, preservation, bad gain suppression
Example 2: good €, preservation, good gain suppression

« 107 .Example. 1
ol -300 pC
400 pC
‘e | -500pC

__E_I:Emlttance grows up

Example 2

% 50 100 150 200 250
s (m) 6 emittance well preserved
Xx10
4| =300 pC
400 pC _
s —-500 pC
E0.50 i
L
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Example 1: bad €, preservation, bad gain suppression
Example 2: good €, preservation, good gain suppression

> Microbunching gain spectrum at the end of the arc

300 . - - 1.05 . .
Example 1 Example 2
200} o large CSR gain 1 T\~~~ €SRgain=1
Gl Gl
100} - 0.95¢
0 ' ' ' 0.9 - - -
0 50 100 150 200 0 50 100 150 200
A (um) A ()
» Microbunching gain development along the arc
400 . . . . 2 . . .
— linear Vlasov solver with s.s. CSR, A =20 um —linear Vlasov solver with s.s. CSR, A =20 um
300l glllaneEaé X'n???fai‘é'.ﬁ‘ér thr? ss. gSsF?, ;\: :g) %? | .| o ELEGANT tracking with s.s. CSR, A =20 um ExXam ple 2_
200} Example 1
Q)
100}
O ~ PP
0 50 100 150 200 0 50 100 150 200
s (m) s (m)
Up to 70M macroparticles are used for pELEGANT tracking for Example 1. 15

Each dot in G, even takes several hours after careful numerical convergence is obtained.
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Example 3 & 4: mid-energy recirculation arcs

KICKER

KICKER

MAIN LINAC

wet

4

S. Di Mitri, PRSTAB 17, 074401 (2014)

MATCHING
FoDo SECTION
Example 3 Example 4
=4 1 2 1 =
é 0 £ | Name Example3 | Example4 | Unit
c 0.5 05 §
-5—3 2 10 ' | beam energy 150 120 MeV
S 0 0 o
= | chirp 0 0 m1
=05 10 207 % 10 2070
bunch current (peak) 80 80 A
0.05 0.01 ) -
. normalized emittance (H/V) | 0.4/0.4 0.4/0.4 um
£
0 o 0 Uﬂ_uﬂ relative rms energy spread 1.33x10° | 1.33x10°
|Te]
o
-0.05 -0.01 rms bunch length ~2.5 ~2.5 ps
0 10 20 0 10 20
s (m) s (m) bending radius 1.5 0.5 m
TUOABO2 16
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xample 3: good €, preservation, bad gain suppression

Example 4: good €, preservation, good gain suppression

avoid small
|a| function

p functions as
small as possible

phase difference
close to mn

" Example 3 4 Example 4
) . : .
|
|
5 " . - 1§79 ' '
8 O ™ " . | 8 O
= I . . g 2
3 3 -2 m [ ] ]
= | ) . I
D _ _ 10 12 "0 2 4 6 8
index of dipoles index of dipoles
E E
C (e - -
22 =F "oy
8 - | | | 8
S u | | L -
; = u = u 5
% — 5 10 12 © , & 6 8
index of dipoles index of dipoles
2, .6 2, A
E E
(0] (0]
S 1 5 0.4 = 21.5 €
: ’ | <5 | . - c
S 1 .02 35 1 R w8l 3
| ... ° “‘o ----- o: ©----- o k 2 ‘;“ L2
505 m m " mm ® ww® uaf0 OSo0s e
Z Z
=2 Pz [ | ™ [ ]
0 0420802 G g1 17

4 6 8
index of dipoles

4
index of dipoles
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Example 4: good €, preservation, good gain suppression

aX 10° . . .
~200 pC Example 3
ol 300 pC
‘© “| —-400 pC
Tx
w 1 i
G " " "
0 5 10 15 20
s (m)
emittance preservation seems ok
6 Example 4
oX 10 _ . .
—-200 pC emittance well preserved
1.5 -300 pC
=3 -400 pC
\./>< 1 N
0.5} 'E; I R
O " " "
TUOABIQ 5 10 15 120

S. Di Mitri, PRSTAB 17, 074401 (2014) S (m)
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Example 4: good €, preservation, good gain suppression

aX 10° . . .
~200 pC Example 3
ol 300 pC
‘© “| —-400 pC
Tx
w 1_
0 5 10 15 20
s (m)
emittance preservation seems ok
6 Example 4
oX 10 _ . .
—-200 pC emittance well preserved
1.5 -300 pC
=3 -400 pC
\./>< 1 N
0.5 —
O " " "
TUOABIQ 5 10 15 120

S. Di Mitri, PRSTAB 17, 074401 (2014) S (m)
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xample 3: good €, preservation, bad gain suppression
Example 4: good €, preservation, good gain suppression

» Microbunching gain spectrum at the end of the arc

2
15¢ Example 3 - 1 gl Example 4
ol 10y o 1
o[ 0.5 -
moderate CSR gain CSR gain= 1
% 50 700 150 200 b 50 100 150 200
A (um) A (um)
» Microbunching gain development along the arc
40 : : :
a0l EXample 3 3 Example 4 '
—~ /-\2- i
@ o0} Q)
o g’ | i
10}
0
O — 1 L | 1 1 1 1 1 . . .
0 5 10 15 TuoAB02 O 5 10 15 19
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O Summary and Conclusion
Example 1 Example 2 Example 3 Example 4
Y, description ~0 or ~ ~ /2 ~0 or ~ 7
between dipoles between dipoles between dipoles
R description larger Ry, smaller R larger R, smaller R,
global isochronous | local isochronous local isochronous local isochronous
transverse emittance bad good good good
longitudinal bad good bad good
microbunching gain TUOABO2
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Summary and Conclusion

v' Transverse: emittance growth; Longitudinal: MB gain enhancement

S

Linear Vlasov solver for study of MBI for general linear beamline lattices

v’ Sufficient conditions for CSR microbunching suppression
» prefer small § (within dipoles)

» avoid small a (within dipoles)
> keep y close to mz (between dipoles)

v" lllustration of two sets of comparative examples to confirm the conditions

(\

Optics impact on microbunching development
v' More systematic study under way
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