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i W ELI-Beamlines in Czechia R,

beamlines .
Dolni Brezany (- LNS
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di » ELIMAIA: a User Beamline
beamlines L/ LNS

Summary of key equipment

| Bwpmentow w2 What users will get

Vacumm Target chamb., plasma 10 PW chamber

chambers mirr. chamb., user station

Focusing 1.5 3 or f/4 lon Beam L3 HALPS L4 ATON

Optics (OAP) [(K)) (L4) Features (PW) 1PW-30J,30 10 PW -2 k),
fsec 130 fsec

Targets thin foils @1Hz Cryog. H @10Hz

(0.01-10 pm) (5-100 pm) TECVAC LI 3-60 MeV/u 3-300 MeV/u

Diagnostics TP ion spectr., TOF Streak cameras
R 8 FA R detectors, optical probes,

[N\ WAFETT-Ta >10° (0.1 nC) >101° (1 nC)

lon beam PMQs, energy selector,  Second beamline I e (Ml s 1-10 ns 0.1-10 ns
transport conventional elements (@30deg) with
lon buncher (?) Energy spread ESy +2.5%
lon beam Faraday cup, ionization Divergence +0 5° +02°
dosimeters Chamber, SEM
_ ) lon Spot Size 0.1-10 mm 0.1-10 mm
Sample In-air and in-vacuum
imadiation @R FESCOIGICOE 1 — 10 HZ 1 shot per minute
. rd YA 4 EUROPEAN UNION =
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o  ELIMAIA & ELIMED d’i;'?

el

Beam line elements: Beam line features:
1) Collection system 1) Tunability (from 5 up to 60 MeV/u) with a controllable
2) Selection system energy spread
3) Standard transport elements (quads and steerers) 2) Large acceptance to minimize losses
4) in air dosimetry and irradiation 3) Flexibility to meet different User requirements
Acceleration Selection, Transport D05|metr¥ &_
& Collection & Diagnostics Sample Irradiation

) ) (E—

ELI Multidisciplinary Applications of laser-lon Acceleration

Dosimetry &

_ Transport irradiation
fransport——— Energy selection - & Focusing

ell D
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. . )
ai N Laser-driven ion beams INFN

beamlines ( - LNS

Target-normal a0
quasi-static
electric field

Angular Distribution

Hot electrons
cloud

* Large proton number: 10"+ 108 erore o)
* Short bunch duration: few psec | |

* High Beam Current: kA 10
* llow Emittance!: 5x103 1 mm mrad

* Wide Angular Aperture: 10 - 20°

10*1 PIC simulations by J. Psikal ——,
* High Energy Spread: AE/E >> 10% Expected @ ELI Beamlines | |
* Low shot-to-shot reproducibilty 1075 5 25 & 25 00 720

energy (MeV)

EUROPEAN UNION
@ Fyzikalni ustav project supported by s OB
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High dose-rate per bunch: ~10° Gy/sec
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I Emit [rms] = U.ZQSS_Pi.rnm.mrad [Norm. ] Emit [rms] =0.2569 Fi.mm.mrad [ Norm. ] all means that the likelihood of particle interactions will be greater resulting
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g . el x European Structural and Investing Funds
'_v I Ka I n I u Stav prc1|ec‘r SUppOFTEd by *** ': Operational Programme Research, wr

Akademie véd CR, v. v. i.

Development and Education

MINISTRY OF ED _,<H(

OUTH AND SPOR



o  ELIMAIA & ELIMED d’i;'?
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Beam line elements: Beam line features:
1) Collection system 1) Tunability (from 5 up to 60 MeV/u) with a controllable
2) Selection system energy spread
3) Standard transport elements (quads and steerers) 2) Large acceptance to minimize losses
4) in air dosimetry and irradiation 3) Flexibility to meet different User requirements
Acceleration Selection, Transport D05|metr¥ &_
& Collection & Diagnostics Sample Irradiation
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) OUTLINE N
beamlines L—/ LNS

el

* Design of the ELIMAIA Collection System
* Design of the ELIMAIA Selection System
* Additional transport elements

* Beam transport simulations

* High resolution Thomson Parabola
— S ———

@ FVZIkaInI UStaV project supported by:

Akademi éd CR,




o OUTLINE )
beamlines L,/ L NS

el

* Design of the ELIMAIA Collection System

[

o

o

o

@ FVZIkaInI UStaV project supported by: otk I\’@r
Akademie véd CR, ' ' e




el

]

m Energy selector )

Reference orbit and layout
ESS Features

beamlines

(_ LNS

0.5 1 1.5 2 25 3
Length {(m)

Energy resolution for different slit aperiure size

30 . T
= : : 5 mm
E” — 10 mm
= — 15 mm
§ 20 — 20 mm B
2 =
i N
= 10
i
—
LIJ 1 1 1 1 1 1
G[J 1[|?ICI ZLlJCI Br&lﬂ 400 0 1[|?IG ZLlJID 3[1)[! 400
E (MeWiu) E (MeWiu)
I Magnetic chicane based on a bunch compressor scheme B

Path length: 3,168m

Two collimators ¢ = 30 mm, selection slit s x 20 mm.



g  Collection and Selection )

' | . o INFN
< “"gystems matching conditionst t#s

Linearised chicane to define the PMQs set up according the (general) matching conditions:

1) Waist close to the slit on the radial direction M_=0 4 conditions require 4 quads
2) Parallel beam on the transverse plane M,,=0 P Originally they were 2x160 and 2x120
One of the longest was cut in 2 to
3) Fixed beam dimensions at the selection plane (20x20mm) match condition for all energies as
. . . cost effective solution
4) Transmlssllon efficiency of 10% is ensured I Input Beam:
20 PM%_L ESS e 60 MeV
fl |_| +1 Oo .
10 7 _\.a.,/u@\ * +10° uniform
£ i T ——+ q——————1]  angular spread
E © W R S 1] -
RETE Ny —/\ﬂ—- | * ~40 uym diameter
-20 v
0 i 2 3 a Constraints:

sition (m) * Target-Quadl minimum

20 distance: 50 mm
10 3 o S onbes * Minimum distance

E o- I\ T Df T between Quads: 40 mm

> 404 L — AN * Target-ESS distance
. ] H - 2.05m

-20

0 e rureAn uiun . |
) - 1 ] ot Ty
0 1 2 3 4 velopment and Education MIN ‘Hu‘| OF ED I:;::\:\(:"-,

Positi

sition (m)
_{ [




: )
) Collection systems INFN

el

beamlines ‘ LNS
AUl ' 97 T/m
80 mm
120 mm
120 mm| 101 T/m
160 mm

5 PMQs are requested to inject
the different ion beam (H* and
C*®) with different energy in the
selection system

36mm mechanical bore
1,8T/m pole peak field




i m Permanent Magnet Quads
] beamlines = =
Final Design L Lhs
5 — Gradient distribution

NASH 96.2 -100.5
-20 -15 -10 -5 0 5 10 15 20 £
101 é
E 1015 é
) Q
N38UH % n o
§ g
o 1025 ©
C : :
& g‘ 103 :
E‘_ ~=@=Grad [T/m] - 80mm length 1035 ‘E
SIEMALH! o ) 60mmgt :
Model § 104 ;_;
-97.6 -104.5 6

xImml

36 mm magnetic bore
(3 mm shield + 30 mm for the beam — same as INFN design)

Inner Halbach trapezoidal
(149 mm outer diameter, NdFeB N38UH — 27 mm bigger than INFN design)
External array with rectangular blocks

‘266 mm NdFeB N48H — 56 mm smaller than INFN desiﬁn‘

F Zi kal I n II r Stav S EUROPEAN UNION Wr
H . X * European Structural and Investing Funds
_y u prD|ECT SLIPDDFTECI by Operational Programme Research,
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. Permanent Magnet Quads

INFN

1] e Final Design - LNs

Gradient distribution
N48H -06:2 -100.5
-20 20 £
£
o
E -
=
E 1015 ¢
o0 (=]
N38UH £ RTINS
oo =
& g
o 1025 g
. : :
(' . 103 &
\.'.-/ E .
E 97.2 | —@=Grad [T/m] - 80mm length 105 E
SII:MAPH! ] —&—Grad [T/m] - 120mm length [
e TR AN mmans TAs——c % 974 | —®=Grad[T/m]-160mm length %:'J'
© I -104 =
Model & :
-97.6 -104.5 ©
xImml
Gradient uniformity for each PMQ length Integrated Gradient uniformity for each PMQ length
0.03 r 0.09 1.40E-02
Requests R
‘h_l . equests
0.08 1.20E-02 q
0.025
- 0.07
1.00E-02
0.02 " - 0.06
8.00E-03
© L 005 @
__g 0.015 g 6.00E-03
o F 0.04 ©
= 4.00E-03
0.01 - 0.03
2.00E-03
- 0.02
0.005 0.00E+00
Ja, - 0.01 16
-2.00E-03
0 L -0

0 2 4 6 8 10 12 14 16 -4.00E-03




el] . "»P) PMQs + Mechanics INFN
o (_/ LNS

GAP betwesn magnets 20 4 60 80 100
Forces calculated using Maxwell Stress (N) 3900 1501 716 266/ (1]
Energy [1] 2467 2912 32380 3378 3372
Energy [J] t2mm 3460 3410 3368 3377 3373
Force by Energy difference and displacement (+2mm|[N] 3025 1660) 760 350 105
Force(N)
4500
4000 \
3500 \
3000
= 1500 \
't === Forces calculatad using Maxwell Strass (Nj
£ 2000
—H—Force byEnergy difference and displaczment
1500 [+ 2mm)[N]
1000
500 \
1]
1] 20 40 &0 BO 100 120
GAP (mm)

6 axis system

Vacuum motors with low backlash gear (ratio 100:1)
Absolute potentiometers for position encoding

High precision radiation resistant switches

* High torques vacuum carriages and rails

SIMAPHIT

S ST AT SR TR B

:
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di W ELIMED Collection system

beamlines

Position Simulation GAF

EI L)

&
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€9

C10
cll

@ EyZi kalni ustav project supportec

Akademie véd CR, v. v.i. C'13




o OUTLINE )
beamlines L,/ L NS
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* Design of the ELIMAIA Selection System

o

o

o
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m Emittance Growth and )
ESS acceptance L Lns

el

fd

!
.
=
({)

.
)

[

&
w

o
B e

Norm. rms emittances ( Pi.mm.mrad )

1 2 3 4 5
Position ( m )

Emittance growth limited to the PMQs system and due to filamentations in the PMQs

The highest variations in the emittance are within the first section of the beam-line, namely within
the PMQs. The ESS is design to accept the beam transmitted by the collection system.

EUROF‘EAN UNION
&y Fyzikalni dstav pofct supporied by: [ S msrmee "XOR
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m Emittance Growth and )
ESS acceptance ety

el

beamlines

Norm. rms emittances ( Pi.mm.mrad )

=]
B e

Position ( m )

B (mm/m mrad) 2.7094 2.4484 0.9112
- Emit Norm (mm/mmrad) 29506 39324 2415mm*
% Xmax Ymax X' max Y max




M Energy Selector Features -

el

beamlines (_,-/ LNS
O 06 — 1.226 T 450 23 —448.34 mm 55 mm (shlm)
Good Field Field Curvature Bending angle Drift between
region (GFR) uniformity radius dipoles

____

* Magnet efficiency: 97%
* Packing factor: 99% (1 mm lamination)
* 116x116 mm coil section
(10x10 turns, 0.4 mm of insulator, 4
mm water channel)
* Max current: 300 A
* Total weight: 2.6 Tons
< 28 kWatt in total

Reinforcemente to guarantee —

42 mm inner clearence in the i '\Kﬁr
Operational Prox grammeR rch, sTRY OF EpucATION
vacuum chamber

Dew Ipmet and Educatiol




y  Double Dispersive Mode

el] INFN
beamlines - -
Magnetic Chicane - Lns
\
:
30-20 mm collimator Collimator 2
upstream and downstream

the chicane
(200 mm far from dipoles)

Variable slit aperture size (4
up to 20 mm)

F. Schillaci et al., JINST 11 P08022 (2016)

~
x® ok EUROPEAN UNION
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y  Double Dispersive Mode

' . _ INFN
Magnetic Chicane - LNS

el

§ (. By Collimator 2
SIGMAPHI |

8022 (2016)

S~
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beamlines

el

Calibration at INFN LNS

)

INFN
(_ LNsS

B field [G] | Nominal position [mm] | Measured position [mm] Deviation [%]
36303 127.5 128 0.4
62 MeV 4084,1 1425 143 03
4537,1 160 160.5 0,3
4991.7 177.5 177 -0.3
54455 192.5 193.5 0,5
24 MeV Data for 62 MeV Protons
10 MeV
0,50 Calibration
X 045+
GafChromic films set up on the selection plane 040 ° /‘,/
0,35
0,30 //
0,25 / B ——— Theoretical calibration
0,20 *— Equation 37
0,15 - OFERA
LMS - Data
DJ '1 O I Formula with COMS0L figds
0,0 > Simion=Comsni Fields
0,00+ T T T T T
0 10 20 5V 49 50 60 70

Fyzikalni Ustav

Akademie véd CR, v. v.i.

2

project supported by:
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y  Not just a magnetic chicane... )
INFN

“"Towards an active energy modulatot_ tns

— Induced Current Density (A/m~™2)

Current ramp from [ _colcurent®
O up to max current
in0.28s (B=1,2T)

el

x10° [

| If the current is changed each

1 second (each laser shot) the system
1 could be used as an active energy

| modulator system

1 Induced sextupole due to the eddy

Induced current density ) =1,15x 10° A/m? | current on the vacuum chamber
| can be neglected after 0.31s

0.9r
0.8F
0.7
0.6F
0.5r
0.4r
0.3F
0.2r
0.1r

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time (s)

Eddy Current Loop



file:///E:/ELIMAIA/EddyCurrents.avi

o OUTLINE ey
beamlines L/ LNS

el

* Additional transport elements

]
]
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@ VZI a nl UStaV project supported by: . otk
Akademie véd CR, ' : VNS D AN Srorrs "




] Quads and Steerers m?;?

beamlines ( - LNS

2030 220 300 220 300 150 275 296 LOO 296 275 150 500

el

Quads Specs: Correctors Specs:

Iron length: 296mm
Packing factor 98%

Effective length: 331.5 mm Z man:(: ’?rc')o Igzlau:sth- o
Gradient (max): 10T/m eometrical length:

l Bore: 70 mm L Y
G FR: 55 mm EUROPEAN UNION &
European Structural and Investing Funds
Operational Programme Research
Development and Educatiot ’J (

\_»_) Akademie véd CR, v. V. i.

Xy steering magnets

project supported by:



o OUTLINE ey
beamlines L/ LNS

el

* Beam transport simulations

]

F k I NS EUROPEAN UNION -
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INFN

el] ) PIC simulation )

ELIMAIA source - ENS

] | |
%™~ pIC simulations by J. Psikal - :llf I
Expected @ ELI Beamlines | |
© | | | | |
10 0 20 40 60 80 100 120

energy (MeV)

Angle °)

o0 20 40

60
I Energy (MeV/)

80 100

Exponential energy distribution
Cut-off 105 MeV

Beam spot size ~ 40um diameter
Uniform angular distribution (£17°
@ 60 MeV)

HUGE ANGULAR APERTURE > 15°

Worst Case Scenario!

EUROPEAN UNION
European Structural and Investing Funds
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) Beam transport -

60 MeV protons - LNs

Example of output beam: Protons with central energy of 60 MeV and 20% spread

30_: ...... B [ S S Y S O S S -

el

203

10_:. ST

0

¥ {mm)

109

204
_30_5 ...... Y [ DU S O 3 A e -

0 1 2 3 4 5 6

30_: ...... [ 1 SO S PP P e e -

20 _f ...... B O 1 I SO 3 OO I8 USROS JOS SRR SR - X(mm) - X'(mrad) Y(mm) - Y'(mrad)

10 3 fay o

¥ (mm)

0

30 3 el B 8 R 1 S IS S | 43 ; “
Beam envelope for reference beam 60 MeV protons ey
and phase space plot at the ESS output :

Reference beam losses ~ 80%

|

o -

@ EyZikallnll l:lStaV project supportec :'II-E'IV-AIIl-lzmtl)llvzm‘;l;w

Akademie véd CR. v. V. i X'max =5.243 mrad Y'max =3.283 mrad Xmax =17.526 mm Ymax =10.841 mm




m Beam transport )

d.i beamlines ’NFN
: : : 60 : MeV

(_ LNS

X (mm)

m 3T/ St2

S S Out of PMQs+ESS used in input for
Position (m) ' > preliminary simulation of last

0 0.5 1 1.5 2 Y{mm) - ¥Y'(mrad
Position (m) ] =

X'(mrad) - Y'(mrad) X(mm) - Y(mm)

. ’ Yo 4 : i i o E - ; ’
@Eymkalmustav E ERN W R S
Akademie véd CR, v. v.i. 3 -2 1 0 1 2 3 e
X'max =1.233 mrad Y'max =2.117 -10 -5 0 5 10

mrad Xmax =7.933 mm Ymax =7.894 mm -




di Beam transport )

TNSA-like protons - Lhs

Angular divergence = 5° (FWHM)

Transmission efficiency ~12% (9,2e7 H*/bunch)

Dipole 2 Dipole 3

— Dlpolel _—ﬁ_

Dipole 4

I Black = H+ in E = [54-66] MeaW
Blue = H+ E = 54 NMeV
Green = H+ E = 66 Meay

BT BT P B BB O BEeeeeeee



di Beam transport )
TNSA-like protons - Lhs
Angular divergence = 5° (FWHM)

Transmission efficiency ~12% (9,2e7 H*/bunch)

Dipole 3

Source
— Quad Out

— Beamline Output

— Selection Plane (after slit)

N% (MeVv )




di Beam transport )
TNSA-like protons LS

Angular divergence = 5° (FWHM)

Transmission efficiency ~12% (9,2e7 H*/bunch)

Dipole 2 Dipole 3
— Dpole ‘—ﬁ_

I
Source

— Quad Out
— Beamline Output
— Selection Plane (after slit)

N% (MeVv )




di Beam transport )
TNSA-like protons LS

Angular divergence = 5° (FWHM)

Transmission efficiency ~12% (9,2e7 H*/bunch)

Dipole 2 Dipole 3
— Dpole ‘—ﬁ_

I
Source

— Quad Out
— Beamline-Output

I

\

\

\

T — Seféction Plane (after slit)
| T

N% (MeVv )




)
Beam transport .

)
ei . .
TNSA-like protons LS
Angular divergence = 5° (FWHM)

Transmission efficiency ~12% (9,2e7 H*/bunch)

Dipole 2 Dipole 3
PMCOs Dipole 1 I
/ Cipole 4

Source
— Quad Out
— Beamline-Output
ction Plane (after slit)

N% (MeVv )




INFN

TNSA-like protons - Lhs

Angular divergence = 5° (FWHM)

di W Beam transport )

Transmission efficiency ~12% (9,2e7 H*/bunch)

Dipole 2 Dipole 3
Dipole a
I
Source 100
— Quad Out 25 a0
| — Beamline Output a0
' . . =0
! — Selection Plane (after slit) 15
I | T '?D
i - ‘ | 1o H
S | | 5 - o
%
- ] I —————— E o e S L =0
L
2 | | N -
| | L 30
IR W IS 15
I E m
| | - )
100 120

energy (MeV)




o OUTLINE )
beamlines L,/ L NS
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* High resolution Thomson Parabola
F= P Y
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Thomson Parabola spectrometer is a fundamental diagnostic in laser-driven accelerators as it

give information on the energy and charge state of all the ion species in the accelerated bunch
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Acceleration Selection, Transport Dosimetn{ &_
& Collection & Diagnostics Sample Irradiation

—__

No space for an on-axis spectromete, but Dipole 1 in the chicane is independently calibrated
This Dipole can be used a magnetic deflector for a Thomson Parabola and it can resolve protons
up to 300 MeV and carbons up to 75 AMeV
Two main problems have been faced in designing the electric deflector:

1. Inner chamber clearance cannot be less than 30 mm — huge gap and high voltage

2. Reference orbit cannot be modified > no side structures for the electrodes
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Electric Field Distribution
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The electric field peak is 5,88x103 V/mm.
The electrical breakdown limit in air:
4,36x10* V/mm (Paschen's Law)
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Pneumatic expansion cushions placed between two metal structures with a groove to guide the electrode in the chamber
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* Beam line elements have been designed considering all possible
issues

(For PMQs: demagnetization, thermal stability, secondary neutron flux and forces between magnets. Realization is in
progress.

For Dipoles: field uniformity along the reference trajectory, effective length variation and eddy currents. Final design is
in progress.)

* Beam line performances are satisfactory

(At least 107 particles per pulse transmitted in the wanted energy range.)

* Beam line setup optimization in progress

(Final design of the magnets and precise input beam features to improve optics and PMQs+ESS matching.)

* Beam output features to be improved

(MC simulations for improving of the beam homogeneity with passive elements)

* Upgrades:

(ESS in TP configuration in prototyping phase, antisimmetric ESS configuration and second beamline for sub nsec
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* Beam line elements have been designed considering X@sible

issues

(For PMQs: demagnetization, thermal stability, secondary neutron flux

progress.

For Dipoles: field uniformity along the reference traject riation and

in progress.) \
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http://www.eli-beams.eu/
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