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Advanced accelerator research embedded in independent
national programs (Helmholtz Association)

M T 5 I Accelerator research and development
< (DESY, HZDR, GSI, KIT, HI-Jena, HIB)

* cw superconducting rf accelerators and radiation sources
» plasma accelerators (from acceleration to accelerators)

- Translational research in
e | Jiiadl  radiation oncology (HZDR, DKFZ)

* real-time diagnostics / dosimetry - B
* clinical impact of carbon vs proton therapy g PAm
e advanced accelerators Al B
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L aser plasma interaction basics VA

100TW (30 fs) pulse focused

1=102T W/cm?2 E=1014 V/m
oscillating transverse fields
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L aser plasma interaction basics VA

100TW (30 fs) pulse focused

1=102T W/cm?2 E=1014 V/m
oscillating transverse fields

—

F=¢E+evxB (B, =E,/c)

ponderomotive push ~grad ()




Jrelativistic® laser plasma  PAS [

transparent medium (gas) opaque medium (thin foil)

plasma wake

laser pulse

= |\ =

Co-moving wakefield
-> electron acceleration Quasi-static field
-> jon acceleration

typical scales:
GeV/cm for 5x1018 e/cm? MeV/um on few micron scales
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Lasers for advanced accelerator research

» Diode pumped 150J / 150fs laser Penelope
amplification to >10J operational

» Draco Ti:Sapphire laser dual-beam:

150TW (4J in 30fs routinely on target)
PW (30J on target in 30fs)
commissioning ongoing — 20J on target

Penelope lab

ELBE Electron / X-ray lab

Focus 3-4 ym FWHM 150TW Draco PW
(F/2.5 90deg), ~35fs lon acc. lab

-2 1= 6-1021 W/cm? Penelope diode pumped PW
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Lasers for advanced accelerator research

Nonlinear Thomson scattering
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J. Kramer, et al., MOPVAO11

Electron / X-ray lah

150TW Draco PW

lon acc. lab

Penelope diode pumped PW
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Lasers for advanced accelerator research

» Draco Ti:Sapphire laser dual-beam

Quality control online single-shot and on-target and full power is essential
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Strehl ration on target 0.9
Focus 3-4 ym FWHM

(F/2.5 90deg), ~35fs
= 1= 6-1021 W/cm?
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Lasers for advanced accelerator research

» Draco Ti:Sapphire laser dual-beam

Quality control online single-shot and on-target and full power is essential
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—ZDR

Laser wakefield acceleration with
nC-class bunch charge

electron density

nonlinear wakefield
* nonlinear injection
* beam loading

] acc.field

10 um

and stable laser conditions

may lead to stable high quality bunches




Self truncated ionization injection

= the accelerating medium is doped
by a high-Z gas

. . . 15
= inner shell electrons only ionized |
at the peak of the laser 2l M He |
i “—}:%,

10% L T 10.05
lonisation _ . A1 —
energy (eV) -~ Om,g AAAE N . AiS=—0.00 =

He' 24.6 LA i e, =
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He 24.4
N+ 14.5 ol P, i 1-0.10
N2+ 29.6 | , | L -
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N3+ 47 4 il o
N4+ 7.5
N>+ 97.9
6+ .
N 952 lonized only near the
N7 667 laser peak intensity
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Self truncated ionization injection

= the accelerating medium is doped
by a high-Z gas

. . . 15
= inner shell electrons only ionized
at the peak of the laser b
10.05
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N7 667 laser peak intensity
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Self truncated ionization injection

= the accelerating medium is doped
by a high-Z gas

= inner shell electrons only ionized
at the peak of the laser

!
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lonized only near the
N7 667 laser peak intensity
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Self truncated ionization injection  PAS [

= |njection can be limited by using an unmatched laser spot
= Laser modulation influences the wake,
thus changing the wake pseudo-potential difference
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= |Laser max energy is high enough
= pseudo-potential difference allows trapping

Ulrich Schramm e u.schramm@hzdr.de ® www.hzdr.de ¢ HZDR Mitglied der Helmholtz-Gemeinschaft



High peak current LWFA L A [

nC-level charge in peaked low background distribution
2.5 J, 30 fs, plasma density 3.1x10'® cm= , mixed He + 1% N,
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dQ/dE

[PC/MeV]

50 100

Parameters

Mean peak energy
Charge in fwhm
Abs. energy width

Divergence

150 200 250 300 350
Energy [MeV]

Mean £ Shot-to-shot jitter
250 MeV + 22.5 MeV

250 pC £40 pC

36 MeV + 11 MeV

7 mrad + 1 mrad
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Charge induced beam loading

= |njection of an optimum bunch shape with a specific charge Q,

A
-6 .
,,,,,,, R . kr = Charge scaling at the
’/ b = o -4 - . agn
. \ optimum loading condition
!t’ rb b -2
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( gs! Qs oC \/F
E L
Tzoufras,et al., PRL. 101,145002(2008)
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Charge tuning via Nitrogen doping

We need to tune the
injected charge at equal
plasma dynamics in order

to study beam loading
effects

Ulrich Schramm e u.schramm@hzdr.de ® www.hzdr.de e
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Charge tuning via Nitrogen doping
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Beam loading improved beam quality
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Beam loading improved beam quality

Beam energy dependence

Increasing charge

— energy and energy spread
decrease

Optimum loading:
— minimum energy spread
@ 300 pC,~6fs — upto 50 kA

A. Kohler, et al., TUPIK004
O. Zarini, et al., TUPIK005
T. Heinemann, et al., TUPIK010
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lon acceleration - TNSA

laser absorption and electron transport and
electron acceleration Debye-sheath formation
(fs-scale)

“4°
‘0

Blow-off
Plasma

T, (I)) ~ MeV

ny ~ 10%2 cm™3
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expansion of the plasma

(ps-scale)
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Proton energy scaling (TNSA, lin. pol.)

— 1=170"fs
— 1,=30fs i

data measured
@ 150 TW Draco

max proton energy [MeV]

1 10 100 1000
laser power [TW]

*T. Kluge et al., PRL 107 (2011), 205003
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Proton energy scaling (TNSA, lin. pol.)

>40 MeV p from
1 um Ti-foil with
20J on target

— 1,=170fs
— 1,=30fs |
data measured
@ 150 TW Draco
1 10 100 1000
laser power [TW]

max proton energy [MeV]

*T. Kluge et al., PRL 107 (2011), 205003
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Thin targets (more localized source)

Laser absorption and Electron transport and
Elektronen acceleration Debye-sheath formation
(fs-scale)
© I 1 .
S 0 © ‘
= U L < Debye-Schicht
s .
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S op r":v‘ R
= on - ©
L
lJm Blow-off
+—>

Plasma

Control electron generation ... pulse contrast
... local shape
... density distribution (foams)

Ulrich Schramm e u.schramm@hzdr.de ® www.hzdr.de ¢ HZDR

Mitglied der Helmholtz-Gemeinschaft




Thin targets (more localized source)

Laser absorption and Electron transport and
Elektronen acceleration Debye-sheath formation
(fs-scale)
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Control electron transport (bulk)
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Enhanced TNSA with ultra-thin foils

‘ (] ‘ THE OHIO STATE UNIVERSITY

Variable thickness (perfect surface) liquid crystal target
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o o RCF data

5le © Thomson Parabola data, all shots

® & Thomson Parabola data, averaged in bins
—— 1D Mora Scaling with a,=16

102 10° 100
target thickness / um

proton cut-off energy / MeV
o

-> onset of (relativistic) transparency
-> up to 10 MeV per Joule energy
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Enhanced TNSA with ultra-thin foils

Variable thickness (perfect surface) liquid crystal target

© o all shots
@ & averaged in bins

Transmitted Light / |

10°
Target Thickness / pm
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® & Thomson Parabola data, averaged in bins
—— 1D Mora Scaling with a,=16
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target thickness / um

proton cut-off energy / MeV
o

-> onset of (relativistic) transparency
-> up to 10 MeV per Joule energy
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Enhanced TNSA with ultra-thin foils

Variable thickness (perfect surface) liquid crystal target

T
o o all shots

Transmitted Light / |

@ & averaged in bins

10°
Target Thickness / pm
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w
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proton cut-off energy / MeV

N

‘ (] ‘ THE OHIO STATE UNIVERSITY

oL

o o RCF data

5le © Thomson Parabola data, all shots

® & Thomson Parabola data, averaged in bins
—— 1D Mora Scaling with a,=16

102 10° 100
target thickness / um

-> onset of (relativistic) transparency
-> up to 10 MeV per Joule energy
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Enhanced TNSA with ultra-thin foils

‘ (] ‘ THE OHIO STATE UNIVERSITY

Variable thickness (perfect surface) liquid crystal target
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target thickness / um

Transmitted Light / |

-> onset of (relativistic) transparency

_ 10° -> up to 10 MeV per Joule energy
Target Thickness / um
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—ZDR

How can we increase the average yield

high repetition rate lasers
continuous target support
debris mitigation

For “best performance” 10 MeV / Joule
seems to be a “limit”’, enhancement
multiplication open challenge
aram
# neLmnovrz
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ROSSENDORF




Cryogenic hydrogen target

TPS

3Jin30fs
@ 1 Hz

debris-free pure proton target
Flow speed ~ 100 m/s

— Repetition rate > 1 Hz
Different geometries and gases

RCF & Scint.

S. Goede et al., PRL in press
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debris-free pure proton target
Flow speed ~ 100 m/s

— Repetition rate > 1 Hz
Different geometries and gases *ops +10ps +20ps  +35ps

Mitglied der Helmholtz-Gemeinschaft

Cryogenic hydrogen target

S. Goede et al., PRL in press

& Scint.

@ transversal and longitudinal
™ auxiliary phase locked ps-

probe laser @ 515 nm, 1.6 ps
3Jin30fs )

@ 1 Hz

" r X \ Ub ) h bl
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TNSA with frozen hydrogen jets

=

o
[
=]

[
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€0

Particle Number / sr/ MeV

108

- planar jet
| = cylindrical jet
A == 2um Ti foil

10 12

14

Energy / MeV

« stability challenging

* pure beam with competitive energy

e debris-free

* 1Hz operation demonstrated
* heavy ions (He)
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Capture and transport of TNSA beams

Dosimeter

Target

Solenoid 1  Solenoid 2

20 J on Ti- target

9.6 33.0
!

Ulrich Schramm
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Capture and transport of TNSA beams

scatter foil
Laser
Target
Solenoid 1  Solenoid 2 |
RCF-Stack
proton focus
0.20 Depth dose and lateral distribution 18.6 MeV
compliant, efficiency and stability ‘
- to be improved l‘

single solenoid

Dose per shot
(=]
o

0,05

0,00

double

0,5 10 15 20 25 30 35 40 45 50
Depth [mm]
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Capture and transport of TNSA beams 1 DR ‘
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Sk Contnent @ 24 kVA |
-> 20 T max. B-field

Stable operation @ 3,6x10° mbar

Experiment : max. 17 KA @ 18 kV
L8 NG N S JEPE

Pixel detector: J Metzkes, et al, RSI 87, 083310 (2016)
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Capture and transport of TNSA beams i-iZDR ‘

5x5mm?2 ,pixel* (9 energies)

Protonen-: ’ 23 2 kA max. c0|I Current @ 24 kV
e e Y. -> 20 T max. B-field
Stable operation @ 3,6x10° mbar

Experiment :max. 17 KA @ 18 kV
Q3 G NS S g JRFE

Pixel detector: J Metzkes, et al, RSI 87, 083310 (2016)
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Capture and transport of TNSA beams

I

E=3.75 MeV E = 8.4 MeV E =9.5 MeV E=10.5 MeV

Ez11.2MeV E~121MeV ~13MeV

23 2 kA max. COI| current @ 24 kV
-> 20 T max. B-field
Stable operation @ 3,6x10° mbar

Experlment max. 17 KA @ 18 kV
R TSRO NS N /Y AN

Pixel detector: J Metzkes, et al, RSI 87 083310 (2016)
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—ZDR

* Dresden Petawatt operational,
yet many open projects at 100 TW level

» Unprecedented peak curents (nC-class charge) by
lonizuation injection with strong beam loading
-> PWFA driver ...

A. Kohler, et al., TUPIK004
O. Zarini, et al., TUPIK005
T. Heinemann, et al., TUPIK010

* lon/ Proton acceleration at 10 MeV / Joule (25 MeV max)
with various schemes o
VA
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