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&3y - Prologue

0 High gain EUV/X-ray FELs require electron bunch length compression to sub-ps duration.

O When turn-around lattices (arcs) are involved, cost-efficiency suggests to use them as magnetic
compressors, within a compact footprint.

= 1stexample: ERL-driven FEL

= 2" example: FEL-driven Compton source

0 Compactness of arc compressors may lead to:
» Jarge CSR-induced emittance growth

= Jarge MBI gain

L Strategies and design studies for CSR and MBI minimization are presented.

= Recent theoretical and experimental studies

Future Light Sources, 5-9 March 2018, Shanghai, China simone.dimitri@elettra.eu 2
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q o Gone | ERL-FEL Scope

EUV LITHOGRAPHY Nature Photonics 2010

Lithography gets extreme

Christian Wagner and Noreen Harned

Extreme ultraviolet lithography extends photolithography to much shorter wavelengths and is a cost-effective
method of producing more-advanced integrated circuits. Although some infrastructure challenges still remain, this
technology is expected to begin high-volume microchip production within the next three years.

EUV Source Power Progress reaching 55 W
Supporting 43 Wafers/hr, 250 W target to be reached in 2015
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o Compact ERL-FEL

Trieste
Target: ~100 W FEL Charge 100 pC
diagnostics line averaae bower
ge p Initial Bunch Duration 2 ps

Initial Projected Emittance | 0.5 um
undulator

Energy 1 GeV

Current 1 kA

Relative Energy Spread <0.1%

compressive arc

FEL Wavelength (SASE) 13.5 nm

FEL Peak Power ~1 GW

e
N

Compression Factor ~56
Arc R ~0.5m
Proj. Emittance Growth <0.2 um
energy recovery arc 1 1
C = O e ——
. Os;
11+ hiRse| |1 -=8iR |
Future Light Sources, 5-9 March 2018, Shanghai, China J. Akkermans, S. Di Mitri, D. Douglas, andT.'D. Setija, PRAB 20, 080705 (2017). simone.dimitri@elettra.eu | 5
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q letrs e CSR Tail-Head Interaction

/". DIPOLE = Consider 1-D steady-state CSR emission, and linear optics.
v
. (_J.J\fv head = Transient CSR effects and nonlinear dynamics will be included in simulations.
tail @ Radiation catches up 1/3
with electrons ahead RELATIVE ENERGY SPREAD of _  _ 0 94cg.p 2 Ve IR
GAUSSIAN bunch, per DIPOLE: 9 CSR ' ¢y 53
VA
For a SINGLE-PARTICLE: For a BUNCH:
Photon absorption, Newl,fe;“"'o" energy
_ _ amplitude, -
AX = Axgr AX, = 0 P e

\ ﬁ‘ﬁ,phof = -Ndc¢sr

New dispersive | | ________

P ~ trajectory, B .
- Y [ AXnphot = Xy + MO¢sp 7/
Initial betatron . %‘A

Nati Initial reference
osciflation, Xp (dispersive) trajectory, x,
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q e CSR Kick in Single-Particle Motion

* Particle coordinates transform according to: * Calculate the single-particle Courant-Snyder

invariant through the beam line (e.g., DBA):
X+ Ax

Fx'ﬁ+Ax' ?/‘/—.——-—(@-.-\'\C’D

~ Energy-dispersion Change of longitudinal
functions momentum by
- : absorption of radiation

'x3 =—p*"k, ((9C6, -2S,)+ p*"k,(6C, - 25,)

they depend on the — L%, = —p" 08, — p k05, - 2% p¥ ok (6C, ~25,)
dipole bending angle it depends on the 2
0 and radius p bunch length, i.e., 5, = p'"k0+ p' k0
compression factor:
P C, =cos(6/2), S, =sin(6/2)
|1+ hiRsgl

where &, =0.24591,Q/(eyo’}’)

- : : CSR kick
Now calculate the Courant-Snyder invariant... scales with o,

— J3 = VX3t + 20,x5x5" + ox3"?

Future Light Sources, 5-9 March 2018, Shanghai, China simone.dimitri@elettra.eu 7
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I/J”WJ'I % 1)1 I j[(Cm—1)2l+a2}34/3—3)2]42ar jc4/3+1 cY - 3)}
T

Look for optimum Twuss parameters at the dipoles (i.e., minimum of the C-S invariant):

B () v J. =0 C=1
[da =0 T = (lj c 3 oA
2/pB, B
6 % aZ,opt (C — 1) == 6ﬂ;=0pt s
b

q S | RMS Emittance Growth

0 2~el‘lipses r'eprese'nt 2nd hwomeﬁts_

IY(C —1] +a2(c -3)
(dﬂz o 'BZOpt_(gj (c* +1)

0.1}
RMS EMITTANCE
O.

Lo =< x> A 2> < xx s > P =< 2 > e | 8
: 0.1}

2 2 H( ) ’ X( A ) i ILHL,'.I'H,,J.I{,,,.{M
& =&+ & H 8 )05 e X\, B Ap ), 1 05 0 05 1

Courtesy of P.Emma x (mm)

x (mrad)

Future Light Sources, 5-9 March 2018, Shanghai, China S. Di Mitri and M. Cornacchia, EPL 109 (2015) 62002. simone.dimitri@elettra.eu | )



&3y - | DBA Arc Compressor

Trieste

6 . . .
If05=1-5 kA —Z—O.5nCTOtaI
. -©-0.5 n steady
180°,125 m @ 2.4 GeV, = 5| (CF=35) 0.5 NG theory |
60m@10 GeV | ¢ -1 .0 k ——0.3 nC total
5 If,0.3‘ . A -©-0.3 nC steady
—at @ (CF=25) % 0.3 nC theory |
= *, 0.1 nC total
o A If,0.1=0-4 kA 0.1 nC steady
. ' ‘ w : ' PS5 CGDJ 3r (CF=9) 0.1 nC theory |
el '.o"i," % k!
o 5\/ \f ml """ e-----" A o 'Y = | .
. _ Most of compression ; ”EJ
LS~ |Gande-growth happens . /. | 2 ,
s (m) 3 in the last cell : g
£ | | T YT
DBA cell = = =8
R56 = 35 mm o : Beam Mean Energy [GeV]
"3 Good starting point for ERL-
FEL but.... the arc is still
Cell Number 50% longer than desired.

Future Light Sources, 5-9 March 2018, Shanghai, China S. Di Mitri, NIM A 806 (2016) 184-192 simone.dimitri@elettra.eu | 9
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FODO Arc Compressor

<<

In order to make it more compact:
1. relax the achromatic condition at each cell (except the last one)

2. relax the optimum-beta condition through the arc (except in the last cell)

3. reduce the number of quadrupole magnets
4. Cancel CSR kicks in the very last cell only (local correction)

diagnostics line 15

=10 |~ % :
/ £ _y: A 3( SC % 3( 5: f>: 34 )<
51 il
undulator cal - ; ; 1 ; .

2 4 6 8 10 12 14 16 18 20
s [m]

mpregsive arc

_—X

—

2 4 6 8 10 12 14 16 18 20
s [m]

——R56
—T56:~d_’_’_'_~dd_’_’_~_

E
w
w
o5t
[<e]
w
x

2 4 6 8 10 12 14 16 18 20
s [m]

ul II'I I'III'I I'III'I I'III'I I'III'I I'III'I I'|II'I I'III'I I'IIII 0

profile
[=]

2 4 0 1 2 3 4 5 & 7 s injector energy recovery arc I
z(m) At
0

J. Akkermans, S. Di Mitri, D. Douglas, and I. D. Setija, PRAB 20, 080705 (2017).

Future Light Sources, 5-9 March 2018, Shanghai, China

2 4 6 8 10 12 14 16 18 20
s [m]
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q o | Semi-Analytical Optimization

1. Calculate CSR kick (Ax;sp, AX'csg) 2. Choose B, and Ap, in the last

at each dipole (steady-state, 1-D,
thin lens approx.)

‘Most of the dipoles .
contribute weakly, and -
°'with the same sign (+,+) o

o011

216

xp [prad]
o

4 The last 3 dipoles

.. make most of the

CSR work, and “18
kicks are (-,-)

17

X [pm]

3 [m]

cell to make the sum of all kicks
— 0.

3. Scan initial Twiss params. for
fine tuning and minimum emittance.

Aﬁx,n [mm mrad]

« [rad]

Future Light Sources, 5-9 March 2018, Shanghai, China  J. Akkermans, S. Di Mitri, D. Douglas, and I. D. Setija, PRAB 20, 080705 (2017).

Current (A)

-0.1 0.0 0.1 0.2 0.3
At (ps)
THEORY: 0.62 um
1-D CODE: 0.73 pm J
y
0 5 10 15 20
s (m)

simone.dimitri@elettra.eu | 11




Trieste

&) .  Nonlinear Dynamics

Q Nonlinearities in longitudinal phase space from: © ig
* incoming RF curvature, £ W 6- —]
* intrinsic Ty, in the arc, o | —
* nonlinear CSR-induced energy chirp. S 1 ‘i
0 Sextupoles can linearize the compression... SN _CSR
..but strengths and positions must be optimized ¢ 0.8 Agy pro.. /S_(H? “"T_\ -3¢ ORDER
for minimizing (chromatic) aberrations. Tg 0'6' | ISR
o 500pC in ﬂne 6 x DBA arc compressor '

Q Alternatively:
= fune upstream RF phase and Ty for
cancelling nonlinearities in the arc compressor

0 20 40 60 80 100 120
s (m)

——— 100pC in ERL FODO arc compressor
and/or... re cone
= ..takes advantage of the leading CSR-induced ﬁ )
linear chirp to compress the bunch head. E
S. Di Mitri and M. Cornacchia, EPL 109 (2015) 62002. e oo A?:'(;S) R N i

Future Light Sources, 5-9 March 2018, Shanghai, China J. Akkermans, S. Di Mitri, D. Douglas, andl. D. Setija, PRAB 20, 080705 (2017). simone.dimitri@elettra.eu 12



q FEL-ICS Scope

> MeV photon energy radiation finds application in:

« Cargo automated radiography (non-intrusive inspection)
* Nuclear detection (high-Z material discrimination, nuclear threats)
» Phase contrast radiography of fusion targets

« Computed tomography of cultural heritage: preservation, investigation
and restoration

PAPYRUS 157-152.

Ox.p- 1.

A<, v, T o Ty h,uNA;\J:r(e-c \1
INNAB € NTPOPHMN IRIAMTAT A
cq)€ ol o ife BANOACENONIIAE e wE—
)f(:cenmc YNTACKNQC.T‘MO'JHANK&TSGM‘_
s TWERATARS M HA BAPOC.-ane -
reeop APAK

------- =N TITGIC0CcE Y
PAOY €PN NTABIATHNTHCS Y eEw C A IANSTIN
TICANAZ KA PONTAN 010 THTA GV AAT 70CCALLE
ONBHCTXIANANAANECOYCANEITE }‘f’“‘"" Act
€IN N OHTE ONAEKATAT KOMRETIO L
coo s NOYLAR FIp.-.€AE - 0YCO €0 T O
YrAPAYXWPICOT AET 170 | Ay TAZWIANOHOS
1R rpocian e

OY sft HEOMEMOMNANIINORCOYENTEONW COYA C
= © T HTOCHTIV.LANAN €PO EPALO
Hyoc)R e 2 EXPHC OMNAIEAENAITHITPOC

ANNHACTCPA vrArMAAAoNc*r»ANONA c

KA BIANY 707 ONO HE OME N PHCIMHG W NOYNTAC

MHAXAAHACIC 2 IA NGO ALENOYCAAAA TOICENEOIC
PNepew o DMOIOYCTwlfAf°N7‘l¢wNmeM('

W,\

Revealing a cat skeleton inside.... Unlocking carbonized Herculaneum papyri..

Unveiling casting procedures, internal structure
Museo Civico Archeologico di Bologna, Italy V. Mocella at CEA Grenoble 9 9b

and repairs of the Riace Bronzes....
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q Compact FEL-ICS

UV radiation'\\ IP U?CUSIng . Gamma_rays
- ®eses /'H\'\g.v - ?- N~ ? Charge 350 pC
All X-Band Linac [ 2
e- focusing e- dump ReturnArc \® ¢~ | Energy L)
Compressor B Current 0.5 kA
FEL = Projected Emittance <1.0 pm
~22 m Relative Energy Spread < 0.2%
FEL Wavelength (SASE) 150 nm
Trains of electron bunches from an “all X-band” Linac FEL Peak Power ~0.7 GW
travel through an arc compressor to an undulator FEL Average Flux 2x10"% ph/s
emitting UV FEL radiation before being dumped. y-ray Average Flux 1x108 ph/s

|
N7

- Inverse Compton Scattering of UV on trailing e-bunches produces ~10 MeV

Gamma-rays Compression Factor ~15
> Most of UV FEL radiation available to experimentation as well Arc Rss ~0.2m
Proj. Emittance Growth <0.3 um

Future Light Sources, 5-9 March 2018, Shanghai, China M. Placidi, S. Di Mitri, C. Pellegrini, G. Penn, NIM A 855 (2017) 55-60 simone.dimitri@elettra.eu | 14
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< i | Scaling to 2 m Arc Radius

- e-
. ~
7/ Dipoles, °#} 25| < B -
300, 25° | 20l S ¢
B<1.2T ?&k\g Return Arc \% ©-
£ TS Compressor
= €1 FEL
0.05/
5]
21 Quadrupoles ﬁ AV S VA VAN W, x108
g1 <60 T/m — {0 5 2 20
? ~
3 £
0.8 S15 152
4 Sextupoles 8 2 2
g2 < 200 T/m? -8 = 2 10<
- o
0.4 3 i =
‘ 005 5 3
@) =
;-A =03 MM g &
>
< 0 ‘ A ‘ 0
DA, = 0.1 ym 0 200 400 - 600 800 1000

O 1 2 5 < 5 6 / Peak current (A)
s (m)
Future Light Sources, 5-9 March 2018, Shanghai, China M. Placidi, S. Di Mitri, C. Pellegrini, G. Penn, NIM A 855 (2017) 55-60 simone.dimitri@elettra.eu | 15




Elettra
Sincrotrone
Trieste

<<

0 In a multi-dipole line, CSR commonly drives the instability.

Microbunching Instability

[ Optics prescriptions for simultaneously minimizing emittance growth & microbunching gain
include local isochronicity, t-phase advance, small betas, etc.

1500
MERIT Function for MBI
1000 |
£ — | max{ RS- B ey, O
& =|max{Ri;"} el AL -’QDES,GL:TE oo
12 :
1.05
MERIT Function for Ae, cﬂ""“e 1

2 (v S plc -
gx:oH.r(Sl )O‘ 5.05RX (%aﬁwﬂﬂxlf \aﬁ 3

0.951 —s.s.+tr.+drif. CSR
—5.5.+tr.+drif. CSR+LSC
09, 50 100 150
A (um)

—s.s. CSR
—8.s.+tr.+drif. CSR
—s.5.+ir.+drif. CSR+LSC
0 50 100 150 200
A (nm)

M —s.5. CSR

200

EXPERIMENT

@FERMI

C.-Y. Tsai, S. Di Mitri, D. Douglas, R. Li, and C. Tennant, PRAB 20, 024401 (2017).
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S. Di Mitri and S. Spampinati, PRAB 20, 120701 (2017).

OTR Intensity [a.u.]

present
1.3 ym
new
! 1.2 ym
8—— ; ‘ ' '
=<=:Standard optics
- { === New optics
L)
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5 \“ 150
L)
|‘ g
5 \‘ 5100
\ 3
\‘ g)
4+ \ 5 50
\‘ a S
3 %
S 0 1 2 3 45 10
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2+ .
|
L I
" =
0 : ‘ ‘ : ;
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LH Pulse Energy [1J]
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q Conclusions

J1-D steady-state analytical formulas guide to the design of compact arc compressor:

= Ag,, ~ 0.1 um accuracy of prediction (vs. codes) for E > 300 MeV, I < kA.
» Optics control of CSR kicks is well-established.
> Starting point for MOGA-like optimizations: Ag,, ~ 0.01 pm ?!

d Emittance and microbunching control at once:

= Some more complexity in the optics design: validation is in progress for
isochronous lines.

= New path of research for arcs with large Rs,.

Future Light Sources, 5-9 March 2018, Shanghai, China simone.dimitri@elettra.eu 17



Thank you for Your attention

Discussion is very welcome



q References

1. S. Di Mitri and M. Cornacchia, " Transverse emittance-preserving arc compressor for high-brightness
electron beam-based light sources and colliders”, EPL 109 (2015) 62002.

2. S. Di Mitri, "Feasibility study of a periodic arc compressor in the presence of coherent synchrotron
radiation”, NIM A 806 (2016) 184—192.

3. J. Akkermans,S. Di Mitri, D. Douglas, and I. D. Setija, "Compact compressive arc and beam switchyard for energy
recovery linac-driven ultraviolet free electron lasers"”, PRAB 20, 080705 (2017).

4. M. Placidi, S. Di Mitri, C. Pellegrini, G. Penn, "Compact FEL-driven inverse Compton scattering gamma-ray
source”, NIM A 855 (2017) 55-60.

5. C.-Y.Tsai, S. Di Mitri, D. Douglas, R. Li, and C. Tennant, "Conditions for coherent-synchrotron-radiation-induced
microbunching suppression in multibend beam transport or recirculation arcs”, PRAB 20, 024401 (2017).

6. S.Di Mitri and S. Spampinati, "Microbunching instability study in a linac-driven free electron laser spreader
beam line", PRAB 20, 120701 (2017).

Future Light Sources, 5-9 March 2018, Shanghai, China simone.dimitri@elettra.eu 19



Elettra
Sincrotrone
Trieste

<<

CSR Transient and 3-D Effects

Q CSR transient effects are relevant over lengths L, ~ (24R%0,)Y/3 ~0.1-1m

dipole ) ) P.artlcle 2
continues to be
affected after
1 Particle 2 is leaving bend
not affected dipole

while 1 is
still outside

0 CSR 3-D effects are relevant for Derbenev-parameter > 1

3-D model 1-D approximation

Future Light Sources, 5-9 March 2018, Shanghai, China

= Stupakov’s model for transient
field is substantially correct.

» 3-D effects tend to alleviate the
projected emittance growth.

» Deeper analytical and simulation
insights in B. Van der Geer’s
talk, TODAY WG-C

2-D CSR field modifies the beam

energy distribution. Energy spread
is correlated both along z and x.
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Shielding

0 Shielding of CSR field would require pipe gap as small as

< 2 mm or so.
J. Esberg et al. for CERN (2015)

PLACET

O
o 2"ng:ielcllr.g;,helghtsrfmm|‘ AERERERER RSN RS zax;sci:leldlnghelghtSJ&mmr EREER RN LR EREN

15 = R4 I5E- 7
o 3 o

5? é 10 5; o
10 = 10
-I.i% é -I5§
-25%— —E -25%—
-??abb",}j‘ab",}éob"ijbé““""“"}Aab“}s‘ob"éa_oo g -%Bb",}5‘0‘0",}505‘“"“'$""""""‘}5'ob"éqoo
K[| TI [[>||2A — s+ Ki<| i > e+
e \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 plate distance, the shielding wake can start to

inferact with the tail of the bunch.

e | arge difference between Bmad and new PLACET implementation for small plate

separations.
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D. Sagan et al. (2009)
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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)
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