-mm-| THE UNIVERSITY OF

INNOVATIONS IN BRIGHT BEAM SCIENCE C H ICAGO

Benchmarking Coherent
Synchrotron Radiation

S. D1 Mitr1, ELETTRA SINCROTRONE TRIESTE

CBB Workshop at UoC, 27-28/10 2017, Chicago, IL simone.dimitri@elettra.eu 1




Elettra P I
Sincrotrone ro Og ue
Trieste

 This is a review with an accent on analytical modelling, and accuracy of predictions relative to
experimental evidences.

= | will skip theoretical derivations and computational algorithms.

| will report about a selection of case studies for linac-driven FELSs.

d CSR will be analysed in terms of transverse (— emittance) and longitudinal instability (— energy
spread, microbunching).

= New paths of research on CSR instability could be identified.
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<Y - CSR Tail-Head Interaction

P receives photons
(test particle in the

bunch head)

q emits photons  f () J The longitudinal E-field comes from
(source particle in V /i - | . ' _
the bunch tail) Curved path ina geometrical considerations.
_ dipole magnet
N J CSR instability is primarily a chromatic
5 effect.
G p
] Effect on transverse emittance can be

= Two particles on same circular path (1-D model), described through linear optics.
= v3s/R >> 1 (steady-state approximation), neray

ENERGY CHANGE ALONG BUNCH, per METER:

au.(z) _ f
dz 31/3211'80 R2/3 ) (z' — z)1

Current spikes or fast rises
enhance the z-CSR field.
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q Energy Loss

= Example: Gaussian bunch in steady-state emission:

0028 x e2ZyeN X~ _0.16MeV Tota | 7z = S0um
Uior = —0. X e“LyC A3 - —0. e ofal energy loss 0 = 300pC
/Z LB = 1m
N OR'/3 0. = 10°
~ — — — O Relati | 5
(0)csr 0.35 X7, > 02/3 0.20% Relative mean energy loss p— &7
ka = 715 A
O5 . =0.7X%X|(8)ssr] =0.14% Relative rms energy spread F =700 MeV

We should be
able to resolve

C. Hall et al., PRST-AB 18, 030706 (2015)

enerqgy loss at

this level

Arc 2 i o
(TBA or Bates cell) = S a0
0.1 GeV,0.1nC, < 1 kA 2 |

E —-2=1 0= |||

g Discrepancy is at

0.1 0.2 0.3 0.4 0 ~ 0.1% level 0.2

st Arc Rep (m)
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* Particle coordinates transform according to:

~ Energy dispersion
functions

Bunch tail
IS hot affected

-0.2 Bunch core l ’
loses enerqgy I A /"

-0.15 -0.10 -=0.05 0.00 0.05 0.1C
Z (mm)

by absorption of radiation

Bunch head
gains ener
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Collapsing the Physics onto RMS Values

Change of longitudinal momentum

RMS EMITTANCE

= )= (ep )

//’
/

Since Ax and Ax’ from CSR field
are correlated, this goes to O.

Is this simplified picture
good enough? At which

level of accuracy?
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S. Di Mitri et al., PRL 110, 014801 (2013)

q S Horizontal Emittance 1. Hara @ FEL'17 and NOCE’17

Dogleg

(almost iIsochronous)

Accuracy of

prediction Is at
Ag, , ~ 0.Tum level

2

gx — 85,0 T gx,()Hx(Sl )Gé,CSRX (QX’/BX’A‘L!X )Sf
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Y. Jiao et al., PRST-AB 17, 060701 (2014)

q s Transient Effects S. Di Mitri, NIM A 806 (2016)

] Steady-state model doesn't account for transient effects, which are relevant over
lengths L, ~ (24R%0,)'/3 ~0.1-1m

dipole & 6 Particle 2
continues to be

affected after
leaving bend

Are these contributions
noticeable In the overall
CSR energy budget?

Particle 2 IS

not affected dipole
while 1 1S

still outside

—©— 0.5 nC total

- -©-0.5 n steady
5 % 0.5 nC theory |-
—©— (0.3 nC total

Arc (6 DBA)

-©-0.3 nC steady
4t @ -#0.3 nC theory |-
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-
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. Akkermans et al., PRST-AB 20, 080705 (2017)

q e Example: Compact ERL — UV FEL

Trieste

diagnostics line

CSR kicks are calculated
analytically at each dipole: undulator
0 ey ?3':78 " = A compressive arc
7l ; -2 -1 0 1 2 z{:’::-n} 4 5 6 7 8
4 a5 3 25 2 45 4 05 0 05 1 injector energy recovery arc
X [pem]
&E:!" [mm mrad] . L.0 | I | | | 6
' "1 e THEORY: 0.62 um X,Cn
5 0.8 | _ |
- ID? g 1-D CODE: 0.73 wm | E}/,Cﬂ elegant
Analvtical : N T 0.6 | simulation,
Analytical scan of . Sl " including
| { 0.4 — “ 0.4 :
na .eTmli’r%an.ce Transient
VS. 1NITIAl 1 WISS | D:E 5 - effects
parameters: | “ . _ _ _
ol ' 0 : 10 15 20

-2 -1 0 1 2 3 4 5

o [rad] S (m )
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S. Di Mitri et al., NIM A 608 (2009)
K. Bane et al., PRST-AB 12, 030704 (2009)

FERMI Team, P. Williams,
A. Brynes & ASML, in progress
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1-D codes agree for

0.3 GeV, 0.3nC, < 1kA

de=ey Mild compression N ” _
i Elaga — : g I - * measurement 1 )
% 6 - i‘ . ° measuremeniz 1 _D COdeS ag ree at fU”
= 0.3 GeV, 0.8 nC, 0.5 kKA i} 5t Elegant : : 0
Bs | A ﬁ 4| o csRine compression even (?7?).
E E 4 - IMPACT-Z ' .
: ¢ | 1-D approx. still seems to
2 3 1
E 7 L —
T /. pbe good for o, = (Ra,*)3
1 _ ﬂ'_'!iﬂ:yﬁ,.h%.,_ﬁt. WPV o R 1 - . .
-.,, o (see next slide)
; . . . . . . . . 30 _28 26 24 22 _20
5613 -de-13 -3e-13 -2e-13 -1e-13 0 fe-13  2e-13  3e-13  4e-13 1.1S phase (deg)
osition along bunch (s)
BC1 Anpgle chan Linac Phase Scan Quadrupole Strength Scan
2. 2.0 7
: +E1Iegant +RTFHGK 1-D :Eﬂlzgz::ed ——CSRTRack 1D +Elegant K —e—CSRTrack 1D 0.3 GeV. 0.7 nC.
easurgs <3 KA
15 B g
__"PRELIMINAR
T — A
O
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_4 2 0 2 4 6

BC1 Angle [mrad] LO1 S-band Phase [deg] Q L01.04 K [1/mA2]
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2.3-D Codes

—/

1 1-D model doesn't account for CSR field radial dependence:

= Forcing 6,= 6, leads to the so-called Derbenev criterion:
transverse effects become important when o, > (Ro,%)/3

—energy loss

== 1-D model
bunch shape .
T 0.7 GeV, 0.3 nC, ~kA
; 0 :: -1&“ ) .- i ‘;?: | . 75& s e cr v . P-2.84. m .
- "\ ¢ distance [mm] | 1 .04 U
> 745 elegant ¢ 443 um
£ Wwﬁ;r‘?ﬂ e
3 EMU? $M
5 3. ~ = . -
" | Courtesy of A. " — | L _
Novokatski . 5?'355r_ ___I(_:SRtrack 1D
2-D CSR field modifies the beam 725; ———- 5 495 um
energy distribution. Energy spread | CSRtrack-3D ¢ :im
IS correlated both along z and x. 720" o s . =
-40 -20 O 20 40
t [fs]
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H. Owen et al. for NLS (2008)
C. Prokop et al., NIMA 719 (2013)

_—-—_-—
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S. Bettoni et al., PRAB 19, 034402 (2016)

&y -  Slice Emittance

] Slice emittance growth becomes noticeable in ultra-low emittance beams.

= 3-D effects are weakened in "pencil” beams...

= _.but charge density is higher (space charge forces ?)

: : - - ; _ CSRTrack-3D
= Slice linear optics mismatch ,sxa07  CSRTrack-1D FUTAE
. o = Uncompressed
i 35F | 5
= Chromatic aberrations 3
—C =1, Hor —C =15
— 2 ——C =15, Ver 3
= ——C =15, Hor E s
0.2 GeV, 0.2 nC, <0.2 kKA ~ 5l 5
1000 — —=— Uncompressed , | sl 2r
i = 7 g st -
300+ 15 -1 -05 0 05 1 15 ] ,
S (m) -4 -3 ~2 ~] 0 l 3
X 10 (m) ][}_4
600} X107
f 0.8 .
400} 3D + Beam Optics
_06f Mismatch
200 & E
0.4}
0) | | | | ! 0.2F
—15 —10 -5 0 5 10 15
Slice number |
15 0.5 0 0.5 1 1.5
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< 2 Mmm Or So.

Brad
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J. Esberqg et al. for CERN (2015)
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Without shielding, There is some discrepancy between Bmad and PLACET.

PLACET with no shielding shows perfect agreement with ELEGANT (E. Adli).

When decreasing the parallel plarte distfance, The shielding wake can start 10
INTeract with the tail of tThe buncn.

L arge difference between Bmad and new PLACET implementation for small plate

Fii
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D. Sagan et al. (2009)

| Ll ~ Free Space Formula
—0.6 | B Shiclded Formula -
—10 —3 0 D 10

FIG. 14. (Color) Realistic magnets: Parameter set E (JLab TH2

magnet) line (top), set F (CESR analyzer magnet) (bottom).
Bmad agrees with the CSR-wake formula Eq. (53) better than
the other codes at the bunch tail.

V. Yakimenko et al. @ ATF (2012)

EXp.
Plates gap [mm)]

.- '.... .15

100

Energy spectrum [KeV] Energy spectrum [KeV]
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C.-Y. Tsai et al., PRAB 20, 024401 (2017)
&YW - CSR-Microbunching: Theory

1 CSR amplifies microbunching gain typically driven by longitudinal space charge force. In a multi-
dipole line, CSR can even dominate the instability gain.

1 Theoretical prescriptions on beam optics were found for minimizing both the CSR-induced
emittance growth and microbunching gain (local isochronicity, n-phase advance, small betas, ecc.).

1500

200 200 -s.s. CSR
E 150 € 150 —s.s.+tr.+drif. CSR
MERIT FUNCTION ;5; 00 é oo 1000 + —s.5.+tr.+drif. CSR+LSC
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.f — 1INax J[ ;}TT} Aﬂﬂ E Al 0 50 1{050 200 0 50 100 150 200 W 200 T
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< - Final Remarks

J 1-D steady-state analytical formulas guide to the design of e-beam lines (chicanes, transfer lines, arcs).
= 05~ 0.1%, Ag,,, ~ 0.1 um accuracy of prediction for E > 300 MeV, ¢, > 10s um, Q < 0.5 nC (I < kAs)
= Control of CSR-induced emittance growth through beam optics is well-established

= Predictions get worse at lower beam energies, and with multiple bends In long beam lines

 1-D approximation seems to be ok for a relaxed Derbenev criterion even
= 3-D effects are expected to raise at full compression

= Pjcture Is unclear to me yet

J Proposal of research lines:
= Systematic investigation of 1-D vs. 3-D effects (codes benchmarking, experimental accuracy)
= Validation of the CSR-driven microbunching gain vs. beam optics

= Direct characterization of CSR-induced distortions in (z,E), (z,x) and (z,x’) phase space.
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Thank you for Your attention
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