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e T |Ntroduction

In the framework of the Eupraxia Design Study an advanced accelerator facility
EUPRAXIA at SPARC_LAB has been proposed to be realized at Frascati (Italy)
Laboratories of INFN.

Two advanced acceleration schemes will be applied:

« an ultimate high gradient 1 GeV X-band linac and
« aplasma acceleration stage to provide accelerating gradients of the GeV/m order.
A FEL scheme is foreseen to produce X-ray beams within 3-10 nm range.

A 500-TW Laser system is also foreseen for electron and ion production/acceleration
experiments and a Compton backscattering Interaction is planned together with
extraction beamlines at intermediate electron beam energy for neutron beams and
THz radiation production.

See M. ferrario talk today WP1-8 session at 18:00
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=Tl The Linac Layout

Plasma acceleration

Linac O Linac 1 Linac 2 structure Undulator
Gun [~ Cls ‘ Il
L=12m L=10m L=40m
100 MeV 250-400 MeV 3 . Compton Source

L=5m

Linac Tunnel . Undulator Hall
» S-band photoinjector: Gun+2+3 acc. structures
» X-band Linac: 32 structures (50 cm)
» Plasma Acceleration Stage
» Magnetic chicane& Transfer Lines
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="l | inac 1 & 2 parameter list for 3 WP’s

« WP1: Low Charge-High Current from
the Photoinjector: 30 pC-3KA (FWHM)
per bunch with only velocity bunching,
suitable both for Beam Driven and
Laser driven acceleration in Plasma

Beam Parameter

it |12

WP1 WP2 WP3 WP1 WP2 WP3
Gev 001 017 0.17 21 .28 51

Initial energy

« WP2: Low Charge-Low Current from
Photoinjector: 30 pC-100A per bunch,
velocity bunching coupled with a
magnetic  longitudinal compression
stage in the chicane to reach the

Final energy Gev 021 0.28 .55 .55 0.55 1.06

desired current | = 3kA (Hybrid FAGIENEE VA1) m 6.0 10.0
scheme), suitable both for Beam

Driven and Laser driven acceleration Falee=] S E T8l £ e (31 MV/m 200 200 57.0 36.0 26.8 57.0
in Plasma

RF phase (crest at 0) deg 200 -200 -120 -195 0 +15.0

- WP3: High charge-Low Currrent from RWAEIGUECWEHRIICERN % R e I M M

Photoinjector: 200 pC-70 A, with and [ 0 015 022 047 007 006 0.09
without the  longitudinal  bunch A ST G S %

compression in the magnetic chicane el 8l 1 pum 3 20 112 3 4 20
to serve both the SASE-FEL, with
peak current Ipk=2kA, and the
Compton Source in the high flux
operation scheme.
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N 1, (m)

Twiss Parameters for the 3 WP'’s

30 kp tracked with Elegant code
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e T T\iss Parameters & emittance dilution in the
Transfer line to undulator (WP1 case)

e Beam Driven e [aser Driven
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B2l | ONg & Transv Wake field

See M.Diomede “Preliminary RF design of an X-Band LINAC for the
EuSPARC/EuPRAXIA@SPARC_LAB proposals”, this conference

'
=
v

a
_________________ SN S .
Pill box cavity model considered for the wake feld calculations: ( |

a is the iris radius, L is the cell length. The asymptotic values of the
longitudinal and transverse wake functions have been calculated

according to K. Bane SLAC{PUB{7862 (Revised) November 1998 with .
a=3.2 mm)
x10°
0 2 4 6 8 10 12 14 '
1 | | 1 1 I | poc >
—2.5 d
257 Long&Transv wake EUSPARC x-band (a=3.2 mm, L=8.32 mm)|
- 2.0
20 ]
= Geometrical parameters
[5) -15 2
$ 15 3 a[mm)] 2+5
o F10 2 b [mm] |9.828+10.917
o d [mm] | 8,332 (2m/3 mode)
5 .
r [mm] 1
T T T I T 0.0
0 2 4 6 8 10 12 145107 t [mm] 2.5

z (m)

Longitudinal and transverse wakefield calculated for an iris radius of 3.2 mm and a cell length of 8.332
mm.
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WPI1 case: 30 pC beam evolution from Cathode to Undulator

Linac O
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L=12m

Linac 1

Linac 2

Plasma stage

Undulator

100 MeV 250-400 MeV 0.5-1 GeV
' ' —s, [mm.mrad] F automatic cut of particles N
08 outside +40, region
oA [yl
:l ' ---c, [mm] £
; ---o_ [mm] Eo04
§ § e y 0 H 2inside the capillary
: : 2L AR ARARAAR A AT
i : i
. 1 Mei 568 59 57 )
20 40 60 ;0.75-” 1.5
s [m] _ 2 : 3
= 5 E’_
L/tl 0.50 1 =
V ,
0_25/ S S 05
\\ % 10 20 30 40 50 60 °
s [m]




W WPI1 case: Transverse electron beam distribution
(witness bunch)

* before the plasma acceleration ¢ yndulator entrance
(capillary entrance)
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=T | inac BD results for Driver+Witness (WP1

Transverse distribution at the
entrance of the plasma

capillary.
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Linac0 Linac 1 Linac 2 Plasma stage Undulator

WSS biidig x band LI X band Architect simulations for partick

driven plasma accelerated
electron beams (WP1)

L=12m L=10m |L=10m L=15m L=5m L=40m
56=18 mm
100 MeV  250-400 MeV 0.5§ Gev 1-2 Gel/

7

In the plasma capillary

o at plasma entrance at exit
T-Step: hist (witness) 101 e
2,50 | ‘ 40 6 40 6
— | | 20 A n 20 -
< . . 0. | :
—_:‘ 1 750 USSR | ISUSORRRN AR g 0 - ( | ‘ ny/1016 ;01 ( ' # ny/1016
© : = 7 7
_8' Jﬁ : -20 ! -20 1 !
81005 0 005 of T e 0 100 200 o T 0 00 200 °
z [mm] £=Z-ct [um] 3 ct [um]
, witness evolution
witness parameters g
Trailing Trailing - gxx [[ﬁr:‘n]_mar " — %~
Bunch Bunch per mil
End-Capillary 67
Q (pc) 29 29
ox (um) 0.73 1.2 4-
oy (um) 1.3 1.18
oz (um) 3.5 3.3
€x (um) 0.4 0.48 5
gy (um) 0.4 0.81
oF (%) 0.06 0.73
0 T T T T
Courtesy of A. Marocchino & V. Petrillo 0 10 20 27

Z (cm)



Linac0 Linac 1 Linac 2 Plasma stage Undulator

[ HEEETHEEEER- 5C X band ESE] e
L=12m L=10m |L=10m L=15m I L=5m L=40m
56=18 mm
100 MeV  250-400 MeV 0.5§ Gev 1-2 Gel/

L

In the plasma stage

Characteristics of the electron beam at the entrance of the undulator

> ' 0-05 i Best slice 110
30007 Best
2 2500 1 slice 0.04 4 o
2 2000 S 003 g
= 5 ?
< 1500 F 3 002 2
~ 1000 . &
<00 | 0.01 1
0 35 -10 3 b s 0.00
s(um)
(al)
Q(p0) 30
€x (mmmrad) 0.39
&y (mmmrad) 0.309
AE/E (104) 2.49
Loear(A) 3131
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Linac 2 Plasma stage

Linac0 Linac 1 Undulator

FEL Genesis simulation with

L=12m L=10m |L=10m
56=18 mm
100 MeV  250-400 MeV 0.

particle driven plasma

In the un dut&or accelerated electron beams

Choice of the radiation scheme and undulator parameters

The comparison between the possible radiation schemes makes clear that seeding
and cascaded techniques should require a linear space larger than the allocated one
and could be considered for future upgrades. The stringent condition 1) induced us
to consider as primary option the use of a conventional, not segmented
undulator and the operation in the SASE mode, with the possibility of exploiting
the single spike regime for increasing the radiation coherence, combined
potentially with the undulator tapering.

A= 2", (1+£)
2y° 2

v=2000

Courtesy of V. Petrillo



Linac0 Linac 1 Linac 2 Plasma stage Undulator

FEL Genesis simulation with

L=12m L=10m |L=10m L=15m
56=18 mm
100 MeV  250-400 MeV

particle driven plasma
{} accelerated electron beams

Undulator @SPARC LAB
ENEA-Kyma o
%o=1.5 cm, /Radmtlon: A
a,,=0.7 \
K‘,
K=l A= Z"z (1+—)
L.~ 30m 2y 2
E=1 GeV
Characteristics of the electron beam K=2 78 nm
3000 - B.est EphOt:O .44 keV
S 25001 slice o
é 2000 1 I é\
g 1500 1 B 5

s 0 5 b 5
s(um)

Courtesy of V. Petrillo




Linac 0

L=12m

C.6

C.4

N, 1, (m)

5. 8, (m)

Linac 1 Linac 2

L=10m |L=10m L=15m
56=18 mm

100 MeV 250-400 MeV

100

80

&0

40

20

Plasma st3ge

0.5-1 GeV

Plasma

Undulator

In the transfer line- undulator FODO

0

—

guoou L]

i

o 1 2 3

A

s (m)

5

5

'

7
T ek
w SE

e

Rl Y
,{

3
<

L1 L

| |
!
Ul U2 I
|
I VL dl I
[ — |
) o Lrono )

6 T

—— M axis
- ¥ axis

"+ boundaries

- Camm™

Table 3.3.2 — Twiss parameters and matching condition for transport in the undulator with

N=77, 1s=1.5 cm.

Case Energy K A BBy a, B a, By Q¢

(GeV) (nm)| () (m) (m) (m) (m) (T)
A 08 1 459 4274 -0478 0497 3269 4858 3.501
B 145 6.28  4.225 -0.475 0.5 3.167 4775 3.453
C 1 1 294 4289 -0479 0496 3303 4885 439
D 145 4.02 4.258 -0.477 0.498 3.237 4.832 4.358
E 12 1 2.04 4298 -048 0495 3321 49 5.288
F 1.45 2.79 4.276 .0-478 0.497 3.275 4.863 5.256

Courtesy of V. Petrillo



Linac 0

L=12m L=10m

Linac 1

Linac 2

L=15m

Plasma stage

Plasma

Undulator

FEL Genesis simulation with

56=18
100 MeV 250-400 M,Z,\7 0.5-1 GeV [ [ ]
particle driven plasma
Growth of the radiation
Units Paniclel Particlel Parriclel Optimized Lax1d® ET .a.l?n.‘(?’ |t.h|e. lull'}(lhllllrfl:[?rl | At30 m
externa externa externa case 22X N .
injection injection injection with C Wl'ﬁloug ra.tmps T~ 8101 phOtOl’lS
Without With ramp With tapering(d) o [ with taperin ]
ramp(al) 0.5 cm(b) ramp 1 1.0x10 C p S - 6 1011 phOtOHS
cm(c) -
Rms Energy % 052 0.64 0.79 0.52 8.0x10° [—
Spread ;‘ N At 15m,
Peak current kA 31 31 23 31 = 6.0)(108 —5 1011 phS "
Bunch charge oC 30 30 30 30 A F 3.6 101 ph —3.510
Bunch length rms um (£5) 3455 (11.5) | 327(109) | 3.83(12.7) | 345(115) s [ ]
Rms norm. um 041-046 | 047077 | 0.78-15 | 041046 40x10° £7 101 ph ] photons
emittance B -
Slice Length um 139 145 151 139 20x10° (©) =
Slice Charge pC 12 13 11.8 12 :I Ll ] Ll L1l l | ' 1111 I 111 | L1l :
Slice 1;:;::55 % 0.022 0.053 0.055 0.022 0 510 15 20 25 30
Slice norm. pm 0390300 | 048053 | 07064 | 030-0300 z[m]
emittance
Undulator period cm 15 15 15 15 ) s - p=
K 0087 0078 0087 | 0087001z Saturation length m 15-35
p (1d/3d) x 107 2-10 102144 | 184141 219 ; — — 7
Radiation | om (KeV) 270(045) | 2.78(045) | 2.78(045) | 2.79 (0.45) Saturation powel MW 850-1200
wavelength e 3 =
Saturation length m 1425 1425 =35 15-35 Enex gy .llJ 42-65
Saturation power MW 450-770 270-460 170 850-1200 ’ 10 p
Energy W 2349 14624 | 3@30m) | 4265 Photons/pulse x 10 58-91
Photons/pulse x 10%° 33-56. 20.3-335 18 58-91 . ) DY CL
Rel. Bandwidth % 02103 0.1203 04 025055 Rel. Bandwidth /o 0.25-0.55
Rad. Size um 160-180 18025 300 3852 ” 1°.59
Divergence urad 541 5452 3 170240 Rad. Size Lm 48-52
Brilliance per (s mm? 1.06-1.210° | 6.6-2.3 10® 210% 12-3.7 10 oy )
pulse | mrad®bw (%)) Dl‘ €l gence “rad . 170 "40.“'
Brilliance per (s mm- 1.2-3.7 10~
pulse | mrad®bw(%o))”

Courtesy of V. Petrillo




Linac0 Linac 1 Linac 2 Plasma stage Undulator

Flasme AR

L:%ZIZOOM:\:/wmzso-%:;nggy o o.l- G:Sm 1-2 Gely o Q-FIUid Simulations Of

{} LWFA external injection

PURCRIBIILGDIR  p ogee
 EMev] 5% 1060 1035
AE/E 7 104 1.2102 7 104

Exponential ramp with characteristic length A, = ----
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Simulations with QFluid!
Plasma density: 10'7 ¢cm™3

Plasma plateau length: 6 cm

¢ ¢ © ¢©

i) length L =1.75 cm
= . . . O, rwkm [HM]
g e e et S ----
(a
. — 2 2 \1/2
> © &~ (an x T&, y )
© peak slice [kA] 2,
C ]
2.5x10" 7
- 121 &, NO ramp 12000 —— &yly no ramp
— i 1 42000
wn &, ramp / dy/y ramp
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o ' P. Tomassini and A.R. Rossi, Plas. Phys. Cont. Fus. 58, 034001 (2016). z (um)



Linac0 Linac 1 Linac 2

L=12m L=10m |L=10m L=15m

In the undulator

Plasma stage

0.5-1 GeV

Plasma

Undulator

7

56=18 mm
100 MeV  250-400 MeV
(a)
w0 Best I
Z w slice
= B
= 1000 .
<
—_ 5004
0

T T T T T T
-0 -8 -6 2 0 2 4

s(um)

Characteristics of the electron beam, case al

LI L L ILI Y L O ILL BL
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Quasi-single structure
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Courtesy of V. Petrillo

®) Best slice

o (8}

(peaw wiu)3

P(4) (arb. units)

o8 6 4

2 0 2 4

1.5x10°

Undulator A,=1.5 cm,
a,=0.8

FEL Genesis simulation

with laser driven plasma
accelerated electron beams

Radiation: A=2.7 nm
Ephot=0.45 keV

At30m

_III\‘\llllllllllllllllll

- Without ramps (a2,

~with ta%

.~ 6.410 photons
- 5.2 10** photons
3.6 10** photons

s(um) 5.0x10° :_3 1011
161 ) 7
C L 1 Withput,ramps, |
— - 5 10 15 20 25
:I T ] LI ] LI ] T 1T [ T T 1T l l: z [m]
3.0x10° =
25%10° & = Growth of the radiation
20x10° = (32) = along the undulator
15x10° =
1.0x10° & (b) =
5.0x10 g— | m (al) | | |_§
265 270 275 280 285

At15m, Speclt(r'gf)density

Quasi-single spike structure

30
(a)
Q(pC) 30
€x (mmmrad) 0.45
&y (mmmrad) 0.49
AE/E (104 1.54
Lpea(A) 2258
z1(m) 12
E(z1) (W) 12
| Nonot(z1) (1011) 1.62
z2(m) 30
E(z2) (W) 27.
Nonotz)(101) | 3.63
Bandwidth(%) 0.15
Divergence(pirad) | 50
Rad. Size (um) 155




FEL simulation with

Undulator & =1.5 Radiation: =287 First saturation at 15 m
. =1. adiation: A=4. nm .
Case with 200 pC nautator 4, cm with 9.1 10! photons
a,=0.7 E,...=0.43 keV
;20(XJ (") (l)g ] b) 0~05 EI TTT I TTTT TTTT TTTT TTTT TTTT ] TTT _’L At 35 m'
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s(pm) s(um) 007510 15 20 25 30 35 QO 200
z (m) &x (mmmrad) 4.05
Characteristics of the electron beam Growth of the radiation &, (mmmrad) 3.75
TTTTTTTT |||||l||||l||||||||||||||||l||||||I||r|'|‘g1—the undUIator AE/E(10_4) 1.8
6)(109 é_ LA B L B B B 12x10< ;At i6 m| I I E Ipeak(A) 1788
sx10° & At 16 m ~ 1.0x10° ' - zi(m) 16
S0 e p densi £ | spectral E E(z1) () 64
z 3x10° E— ower densit '; 8-0)(10; = denSity E Nonot(z1) (101) 9.1
= - E_ SASE s 6.0><10‘ T SASE E 22(m) T
71 structure = 400 Estructure E E(z2) (W) 192
1x10° - 20x10' - B Nenot(z1)(1011) 27.5
E T W N N I B — -
0 2 40 60 8 100 284 285 286 287 288 289  Bandwidth(%0) 0.16
s (um) A (nm) Divergence(urad) || 27
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Courtesy of V. Petrillo
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="l X hand structures misalignement effect,
Placet code (A. Latina CERN)

g, [mm.mrad]
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C. Vaccarezza
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Steerer + BPM

Beam error kick

v’ Static errors:

= 70 um (x,y) random misalignment on RF’s structures and magnetic
elements

= 150 um misalignment kick to the beam, ex. girder to girder
= 100 random simulated machines
v" Dynamic errors:
= Quad strength errors 0.1% rms
= Sterer kick errors 0.1% rms (1 urad rms)
= 100 random machine for each static arrangement
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¢ End of line (capillary/undulator) entrance:
“»*Centroid distribution

*Beam spot size, emittance & energy spread
distribution

*» Along the linac:

*Min,Max & Mean : trajectory, beam size,
emittance & energy spread
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End of line beam size: WP1-2-3 results
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Mq End of line beam size: WP1-2-3 results w
BPM misalignment (£ 3 um)
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=Tl 1 d Of line centroid : WP1-2-3 results
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=T Fd Of line centroid : WP1-2-3 results w BPM
misalignment (£ 3 um)
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="l Trajectory steering example wo DSF
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St "=l Trajectory envelope: WP1,2,3 results
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Minl< x>, Moxl<x> 1, Meonl<x>] (m})
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=Tl Bcam envelope: WP1,2,3 results
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="l Bcom envelope: W
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Energy spread along the linac: WP1,2,3 results
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=T Static plus dynamic errors summary table

- WP1 (@capillary in) | WP2(@capillary in) | WP3(@undulator
|n)

Q (pC)
E (GeV) 0.5 0.5 1.0
Oc, (um) 0.5 0.4 10
O, (um) 0.3 0.3 30
o, (um) 2 1 30
StDevo, (um) 0.03 0.1 10
o, (um) 1 1 40
StDevo, (um) 0.01 0.02 5
o5 (%) 0.07 0.08 14
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=T Conclusions

« The X-band Linac for the EUPRAXIA@QSPARC_LAB is under design

» This stage focuses on three different WP’s nominal requirements and
IS meant to explore the line acceptance and robustness

« BD studies and FEL simulations have been presented for the nominal
cases

« As first test bench the active elements (RF & magnetic) misalignments
have been considered.

* These first results give an indication on the required tolerances and
machine operation scenario (ex. active element and trajectory
feedback ) .

* Next steps will include RF phase and amplitude jitters, and
Photocathode laser energy and pointing jitters.

* The space charge effects taken into account so far only on the
nominal wps will be also considered.
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Twiss parameters of the FODO cell for the L1

and L2 linac
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