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Motivation: Cosmic Nucleosynthesis
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= How were the Heavy Elements from Iron to Uranium made ?

r-process nucleosynthesis:

A . : L
| = farin ‘terra incognita’ of
N . .
et neutron-rich isotopes = high neutron density required:
€ - n, > 1028 cm3
3 ' = neutron capture much faster than 3
O
a decay T(ny) < g
= astrophysical site:
neutron star mergers, supernovae
7 (ccSN 1)
Z =28 5= :
7=20=pgfmr- o pm - Lo o Waiting Point N=126: (n,y) = (y,n)
' _ . .
s=goamm bl S - bottleneck for nucleosynthesis of actinides
729 : e = ’2\'0" = » | -lastregion of r process ‘close’ t_o stability
N=D Neutron number (N) - ~ 15 neutrons from last known isotope

2 P.G. Thirolf, LMU Minchen ECT* Workshop: New Opportunities and Challenges in Nuclear Physics with High Power Lasers, Trento, Italy, July 1-5, 2024



Laser accelerated ions:
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el Complementary to conventional accelerators

oo

- laser-plasma interaction of intense and short laser
pulses with thin foils accelerates ions

- most studied: Target Normal Sheath Acceleration (TNSA)
- acceleration gradients: GV/m - TV/m

electron electron
sheath sheath

\ TARGET /

laser plasma N P

~

interaction ~10 nm — 10 pm

= properties of laser-driven ion bunches: F.H.Lindner, PhD thesis, LMU Munich, 2021

- continuous (exponential) energy spectrum
- several species and charge states
- very short bunch duration (~fs-ps)

- ultra-high particle density
(ultimate limit with RPA: ~ solid-state like)
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1. Production of laser-accelerated heavy (fissile) ions

2. Fission of projectile- and target-like heavy ions

3. Fusion of neutron-rich light fission fragments

Requirements:

Fission-fusion reaction scheme

REACTION TARGET
PRODUCTION TARGET

560 nm 232Th
520 nm CD,

GAP <1 mm

FUSION

70 um CH, 50 pm #2Th

D. Habs, PT et al., Appl. Phys. B 103, 471-484 (2011)
F.H.Lindner, Nucl. Instrum. Meth. B 302, 354-357 (2017)

- lons accelerated with very high density, enabling this reaction scheme

- kinetic energy of fissile species needs to exceed fission barrier at ca. 7 MeV/u

- collective effects in stopping power ?
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r-process Nucleosynthesis near N=126
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82 Pb
81 Tl
80 Hg ] = fusion of 2 neutron-rich fission fragments leads
79 Au . fus max)

78 Pt into very neutron-rich mass region of A=190-200,
77 Ir ~

76 Os 70 N=126

75 Re 0i5
74 W c
73 Ta / A = ca. 15 neutrons from last known isotope

72 Hf Y A

"1 Lo ARTEny - extremely difficult to access (if at all) by

69 Tm ¥ / P i r-process path: conventional acceleration and nuclear reaction
68 Er P /T P4 key bottleneck

6 Ho| | | A 7 P4 i schemes
66 Dy P d A
N= 109 N= 126

D. Habs, PT et al., Appl. Phys. B 103, 471-484 (2011)
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Heavy ion acceleration & detection
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Magnet = individual charge-state resolution obtained

= heavy-ion signal detected inside light-ion region
- may arise from in-target fission fragments

Laser Pulse e

lonBunch

Au Target e ,
¢
Yoke Electrode Detector 2
1
E
s O
= Thomson Parabola Spectrometer (TPS) designed £
for high resolution of heavy ions g 3
) P
= permanent magnet with B=0.85 T Al
= variable electric field up to E=30 kV/cm or | TR 25 nem unheated |
"1 10 % 8 ¥ 6 5 4 3 2 1
= successfully applied during beamtime at PHELIX (GSI) y coordinate [cm]

F.H. Lindner et al., Sci. Rep. 12, 4784 (2022)
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Heavy ion acceleration & detection
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CR39 track analysis:
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= energies above 7 MeV/u reached 52 sMev
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Individual gold charge-state resolution
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lonization
energy [eV]

= charge-state distributions each display clear maximum
green: number of Au ions integrated from 1.8 — 3.9 MeV/u

17 125nm .
| é
05t | unhaatadé

= considerably higher charge states observed than expected
from field ionization models:

C 1 45 nm

|
05} | heated

H

11 1100 nm

| | heated
|

—> laser peak intensity: ADK formula [1] predicts (field-)
lonization of Au up to 51*

lon Number
(=]
(#]]

- highest charge state measured: 74*5 (in agreement with 11 1300 nm i

- | I

g=72+ from Hollinger et al. Nat. Phot. 14, 607 (2020)) 05 e .

L : A

. 17 1= ' '

= remarkable dependence on target thickness e :

0.5} | :

[1] M. V. Ammosov, N. B. Delone, and V. P. Krainov 1k :;an-l u&héaiea':

Tunnel ionization of complex atoms and of atomic ions in an 05| NI A energies

alternating electromagnetic field. ||| 18 -3.9 Mevi| :

Soviet Physics - JETP, 64(6):1191-1194, 1986 030 35 40 45 50 55 60 65 70 75

F.H. Lindner et al., Sci. Rep. 12, 4784 (2022) Charge state [e]
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Gold ion charge-state distributions
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T P %6.7-7.8MeViu
05+ norm = 82 1
= energy dependent gold ion charge-state distributions: 1F B SESPLFRYAL
single shot on a heated, 100 nm thick gold foil 0.5 © nom=73;
: : . : i )\ | 5.0-57MeViu ]
= jon numbers normalized to respective maximum 05¢ ; norm = 65 1
E 4 ! PTNE ’ -
. i : . . : o 3.9 -5.0 MeV/u t
= Au ion charge states decrease with increasing kinetic energy £ 0.5 norm = 108/?\ i
3 1730-3omevia | i
= |n agreement with simulations that showed lower charge states £ 0.5 [ norm = 165 '
being accelerated to higher energies. S = =
o 2.5-3.0 MeV/u
5 0.5 [ norm = 84
=== faster particles leave target earlier as slower ones, 8 1 i =
. : . ! . . 2.0 - 2.5 MeV/u
which remain longer in high-field region 0.5 | norm = 79
= higher kinetic energy particles keep lower charge state 1 PRSEEana A RS
0.5 norm =6
0

o0 55 60 65 70 75
F.H. Lindner et al., Sci. Rep. 12, 4784 (2022) Charge state [e]
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= field ionization (FI) predicts highest charge state
at 51* (Ni-like)

= observed highest charge state is ~74*

= conducted simulations with EPOCH-PIC code
and new collisional ionization (Cl) branch

= (I brings simulation output closer to experimental
distribution (ion-electron CI included, not ion-ion)

= deviation for thicker targets still under
Investigation
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Modelling the charge-state distribution
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—e— experiment

3:3 4ID 5:2; GID 70
Charge state / e
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M. Afshari et al., Sci. Rep. 12, 1-8 (2022)
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High Fields (HF) Beamline @ CALA
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high-energy part of ATLAS 3000 ATLAS 3000

" BN o |
H‘! ;H f « CPA based Ti:Sa laser
; B — system

* fL=1Hz
« E, =60

-
\“” Ty

CALA floorplan:

HF Cave
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Setup for Au acceleration at CALA
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Target wheel
n H ,
Thomson 0 .
Parabola
_ Spectrometer
Mirror (TPS)

{ - .\ i ; f/2 Parabola

on Hexapod

Microscopes

Lanex Screen ATLAS 3000 beam

(CAWO 0G16, DRZ-high)
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100 nm gold foil
HEATED

heat target to reduce contamination layer

enables more efficient acceleration of Au ions

additional spectrometer to retrieve target temperature

100 nm gold foil
UNHEATED Laser Beam expander L1 M1

e = = ) ¥

Target
—— Data

25 | Fit T=843.6+0.6°C / Spectromeler L3 L2 BS Objective/
= .
£ Fiber l
S L4
= 15 /’/ | — Y
= .
= ) !
£ 101 ﬂ X Stage
£ Camera

5
— T M. Weiser, MSc thesis, 2021

1000 1200 1400 IGbO 1800 2600
Wavelength [nm]

V. Kratzer, MSc thesis in prep., 2024
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Au acceleration @ CALA
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Au acceleration @ CALA
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CALA

— DRZ-high Lanex screen (1.5 mm pinhole)
o, - P 300 nm FormVar
50: 50: SEemEe = protons@HF:
1000 (P RERPRS 3 1000 : typ. Epax—21-24 MeV

1500 EReE CAWO Lanex screen
(1.5 mm pinhole)

400 nm Au ; 650mW
0O -

““““

2000 1

0 500 1000 1500

0 500 1000 1500

no target heating 300 nm Au; 400 nm Au; 100
0 — gSOOmW heating 0750mWhatig

= Online diagnostics: :

200

Lanex screen + camera 500 e 500 -
1000 O ';';- 1000 B
= DRZ-high LANEX: 300
+ higher brilliance 2000 2000 e -
- high (X-ray) 2500 1 2500 | 2500 : 400
background _— 3000 B
- 0 500 1000 10 ' 0 500 1000 1500 0 100

0 500 1000 1500
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Au acceleration @ CALA
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- ’ . ; — 06+ a0
— 054
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x coordinate / mm

 individual charge states resolved: g~ 20-37 (PHELIX: g= 50-72)
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Fission Stage of “Fission-Fusion”
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= start with laser-driven p-induced fission

= challenges:

- strong EMP at laser-target interaction Pressure
.. ) gauge [~
- radiation protection O

* method:
- use established method from radiochemistry MFC 1
and neutron sources (research reactors): i
- neutrons produce fission fragments in Cf-249 N,
- transport fission fragments from target via N N | B W avhaust
gas flow to shielded y spectroscopy
(HPGe) detector MFC2
CO
- charcoal trap delays fragment flow Dry ice

J. Even et al., Radiochim. Acta 2014; 102(12): 1093-1110
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= experimental realization using laser acceleration:

- laser accelerated protons induce fission in
secondary target (later also heavy-ion induced
fission)

- PHELIX laser (GSI): 200 J, 500 fs, 10! protons/pulse

- pressure: 1 bar; gas: He/Ar 1:1
- transport time: 18 s, flow rate: 0.5 I/min

PHELIX target chamber

Titanium window

Gas-flow Thickness: 25 pm
in

Uranium target
container

HPGe-

Protons detector

Gas-flow
out

Uranium targets
Thickness: 15 um

Carbon filter
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Counts/100

Fission Stage of “Fission-Fusion”

R
CALA

detection of volatile fission fragments

— 27s

electron-positron annihilation &5

139y, B-decay to

136m o
139¢5 (39.68 s) | p-decay to

136xe (46.6 s)

\ — 2385
|

140Cs B-decay to
140Ba (63.7 s) :

' 137Xe B-decay to| |

\ 137CS (3.82 min) I

100 200 300 400
Energy in keV

500 600

P. Boller et al., Sci. Rep. (2020), 1-9, 10(1)
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- CALA — ATLAS 3000 laser:
60 J, 27 fs, 10° protons/pulse

Fission Fragment Transport @ CALA

~11,5 m PTFE tube 6 mm

: Valve @
- (air) pressure: 1 bar
(@in p _ @ /é/ ¢ Charcoal filter
- transport time: 12 s - t Pressure gauge
_ meter
- flow rate : 3.6 I/min oW Mete
Vacuum HPGe detector
Ti window I I target box
N Pixel det.
Protons 238
I I Ti window
~3.6 I/s
2x3 238U targets: ~14 m PTFE tube 6 mm Elow meter
each 1.3 mg/cm? : @ /é/ = Membrane
pump
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Offline Test: »2Cf

Xe-139-40 s

Xe-138-9.14 h

v Xe-138 —14.14 min

/ Xe-137 — 3.81 min

200 400 600 800
Energy [keV]

— Without filter
With Filter

1000 1200 1400

ECT* Workshop: New Opportunities and Challenges in Nuclear Physics with High Power Lasers, Trento, Italy, July 1-5, 2024



wowie: Fission Stage of “Fission-Fusion”
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= sensitivity optimization: * transport of non-volatile species:
cooling of charcoal filter adhesion to aerosols or
iIncrease gas flow & reduce transport time conversion to volatile species by CO admixture
Nitrogen — 0.5 |/min Nitrogen — 0.15 I/min + CO 0.35 |/min
I g 108 “I/™Xe
400 T (- KF 105 "Te e ¢ 5Tn.':: Fi 135}‘-’# “Ru
Ae | | o, Mo 107r | ioe Spa |1|:E| 1
il onf e
] T
f"ﬂ"if"'i""-'r“l'ﬂ"‘ e H“J'“MW%JM ‘l'"“'"'l'lll ﬂﬂy‘-l ¥ 100 rﬁur-m“rm it et N wt-f"w om0 *-r-T' Wi
> 50 100 150 200 - ' - - -
= 13-1m| ::‘-ﬁ 5&_ 134 01 00 mgﬂhq 15|:| . 200
Wy A ! . T 144
g I.E |1:19 Fxe I w3 000 Mﬂf Te 11' ""Rh Hh TG+ WTG _Tnf | La “5e
> 100 xe) xe*se it TR A B O
g m""'-‘*‘-;wﬂ L‘-'h"' Tl*r‘r-r- % i“"-f'l‘ LAy Y A, f wd' e bk } s *l A1 1] I "| |
2 ' ¥ il %"‘W FAH L d"""" bl g 100 4 Fanvenlo i ""-r‘s'r '.J'Hh_ﬁ-".-"r'l el gl Y HvJ WAV M-L’_r.
3 138 250 300 350 400 = 250 ., 300 350 400
&) K:;E? 3 gL 1By TG 14 'Cs 134)
1 * 140 t i 1
100¢ | Xe b '-'35 vioe e © 100 “Xe ' “u:e O
. Mlﬁul Xe | i ‘hﬂw‘lﬂ*’ "Jl"hlljl'f WW&WW WMIMM
! : l | : 10 T T T T L
TDD 800 S00 1000 500 OO 700 800 900 1000
E [keV] E [keV]
J. Even et al., Radiochim. Acta 2014; 102(12): 1093-1110
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Conclusion and Next Steps
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= towards “Fission-Fusion”:
- detection of laser-accelerated gold ions achieved with energies exceeding 7 MeV/u

- ion bunch density estimate: 1013 Cm% at 1 mm from target

1016 Cm% at 0.1 mm from target

(already 3-6 orders of magnitude higher than at LHC collision point)

- Individual charge-states resolved, challenging ionization models
—> impact of collisional ionization revealed for PHELIX pulses (500 fs),
unclear situation for CALA pulses (lower g observed for 28 fs pulses)

- setup for laser-driven, p-induced 238U fission in commissioning

= ongoing/next steps:
- further optimizing online detection of gold ion acceleration at CALA (28 fs, 60 J)
- Investigating potential collective effects of ion bunch density on stopping range
- online characterization of laser-driven p-induced fission
ECT* Workshop: New Opportunities and Challenges in Nuclear Physics with High Power Lasers, Trento, Italy, July 1-5, 2024
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Open Questions & Challenges
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Temporal Laser Contrast focused intensity: 1021 — 1022 W/cm? (> 1023 W/cm? envisaged)

target ionization : beyond = 101° W/cm? = i
> (temporal) contrast needed: >102- 1013 - 1ns main_pulse
PHELIX: ~ 10%2for 0.5-20 ps pulses, = :
ELI-NP: 1013 @ -100 ps (goal) po :

CALA (no plasma mirror): ~ 1010
1 ASE :
T i |
Rep-rated targetry liquid film targets

cryogenic hydrogen jet targets

metal/plastic foil target wheel

mass-limited targets: microspheres in Paul trap
droplets

Reprate-capable ion CMOS pixel detectors (e.g. RadEye): ok for protons,

diagnostics (EMP resistant) lons: radiation damage
CMOS+scintillators: limited light yield

LANEX scintillating screens + CCD camera: limited sensitivity, resolution
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Thank you for your attention !
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