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A Laser-Accelerated Th Beam is Used to
Produce Neutron-Rich Nuclei Around the
N = 126 Waiting Point of the r-Process
Via the Fission-Fusion Reaction
Mechanism
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LMU

A laser-accelerated Th beam is used to produce neutron-rich nuclei around the waiting
point N = 126 of the r-process via the fission-fusion mechanism

. Radiation Pressure Acceleration (RPA)
«  Atomic stopping of dense ion bunches
. The astrophysical r-process and the N = 126 waiting point

. Experimental setup

D. Habs et al., “Introducing the Fission-Fusion Reaction Process: Using a Laser-Accelerated Th Beam to
produce Neutron-Rich Nuclei towards the N=126 Waiting Point of the r Process”, arXix:1007.1251v1
[nucl-ex], submitted to Appl. Phys. B
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e Major components of ELI-N P,‘,,‘Mp.v

APOLLON laser stand alone v beam stand-alone

« 3-10 PW * E ..=13 MeV (19 MeV)

« 15 fs * 12 kHz

* ~1/min  ring-down cavity for photons

« 1024 W/cm? « warm electron linac, 600 MeV
« ~10" V/m « high brilliance (AE/E, 2107

« high flux (I=10"3s1)

APOLLON + y beam

« E...= 100 MeV

« ~1/min

e flux: 1=108¢s"

« higher harmonics + e bunches

 timing with fibre optics (fs)
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=] Laser acceleration schemes N,.;\Ap_,
LMU Q Former schemes

lon acceleration
TNSA

(target-normal sheath acceleration) s Fastons

« Low conversion efficiency Electon cloud
« Huge lasers are required

Eion ec [

Laser

In laboratory experiments, the Petawatt laser's remendous power produced intense beams
of protons, proving the laser to be a powerful ion accelerator

S.C. Wilks et al., Phys. Plasmas 8, 542 (2001).
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New Acceleration Mechanism,,q\pp.v

I_Mu Q Radiation Pressure Acceleration (RPA)

Optimum ion acceleration Optimum electron acceleration
a, =0 a, ~o-2rxw
ji.iledrons

___________ | -

D=4nm for a, =5 D ~0.65nm for a, =5

Normalized areal electron density: o =(n,-D)/(n -A)= (&j(gj = dimensionless

nC
Normalized vector potential: a; =1A%/1.38x10"Wem™ um® = dimensionless
S.G. Rykovanov et al., O. Klimo et al.,
New J. Phys. 10, 113005 (2008). Phys. Rev. ST AB 11, 031301 (2008).
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LMU

Radiation pressure acceleration
(RPA)

-an

Laser
(circ. pol.)

Target

Dietrich Habs

Cold compression of electron sheet.

Rectified dipole field between electrons and
ions.

Neutral bunch of ions + electrons
lons accelerated.

Solid-state density: 10%4 e cm™

Classical bunches: 108 e cm™

E ol

on Laser
Electrons

Very efficient!
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(RPA)

LMU

radiation pressure = intensity / ¢

high power (101> W)
high intensities (>102" W/cm?)
short acceleration times (10’s

Dietrich Habs

Radiation pressure acceleration

, 100’s fs)
Target 5 nm, 2 um focus: many J rest energy

Photo courtesy The Planetary Society

small intensities (0.14 W/cm?)
“infinite” acceleration times (years)

and s0 would be

sufficient to accelerate it to relativi eeds. In fact, the
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LMU

Max-Born Institute (MBI),

Laser Power: 15 TW (700 mJ in 45 fs)

RPA ion accel. + DLC foils (I),.,\ww

Berlin Focused Intensity: a, =5, Contrast: > 10"
a) |5 — —————— D)jon :
—_ o T lin. = |in,
Z % circ.|| 5 cire.
> i2 X —e= ., lin. o
ﬁ ! L Yt 'l'-".-'"'l"iii'.}'-'.': A =
— ) . = = =
o s}t "fﬁh 5 electron
O A o T ra} |
i* N i g1 spectrum
pas LT == e = = D
: 0
O 5 10 15 20 25 30 35 40 45 50 0.5 1.0 1.5 2.0 2.5 3.0
target thickness {nm) energy (MeV)

Peak at very low target thickness of 5.6 nm Cold target for circular polarization

2
a, o, o= A

A. Henig et al., “Radiation pressure acceleration of ion beams driven by circularly polarized laser pulses”,
Phys. Rev. Lett. 103, 245009 (2009).
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) £

particles (MeV"' msr
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Hot electrons

— carbon C**|
protons

experiment

linear
polarization

10 20 30 40 50 60 70 80 90
energy (MeV)

particles (a. u.)
=

— =456 |
—_—t =221 fs
simulation

carbon C¢*

linear
polarization |

10 20 30 40 50 60 70 80 90
energy (MeV)

) Z
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particles (MeV-' msr'

cold electrons

— carbon C¢*||
protons

experiment

circular
polarization

10 20 30 40 50 60 70 80 90
energy (MeV)

— =456 |
—=221fs

simulation

carbon C&*

circular
polarization

I0 20 30 40 50 60 70 80 90

energy (MeV)
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Experiment

Theory

2D PIC simulations
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<~ RPA ion accel. + DLC foils (IIL),Mpr
LMU MPQ|  Theory

2D PIC simulations

a) — —— b)og——m——m——————
carbon C** = " carbon C*
| __006] =45 /’
- U [ ’
£ 004
5002' circular
polarization | R polarization
3.6 38 40 3.0 3.1 32 3.3 34 3.5

electrons

Phase space rotation
Peak in ion spectrum
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] RPA 1on accel. + DLC foils (IV)Mpr
LMU MPQ|  Theory

Hot electrons exploding foil Cold electrons
b)
electron 75 4 electron 75 1=61 fs
density density
20 2 20
15 @ 0 15
>
10 10
. -2 .
linear 5 - circular 5
polarization -4 polarization
5 6 7/ 8 2 3 4 5 6 7 8
x (M) x (M)
d
carbon . ) 4 carbon 4
density density
3 2 3
2 < 0 2
>
: | -2 . |
linear circular
polarization -4 polarization
5 6 7 8 2 5 6 7 8
x (N) x ()
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100

g
o

Laser—ion energy
conversion efficiency [%]

=
—h

0.01

RPA — TNSA
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lon acceleration

T I [ I | [ 1 T T
B N Ultra-thin foils:
L 510" Wiem? NOVA 3x10% |
L + 6x10" | MBI-laser (Berlin)
- - 45 fs
MB| RAL 2x10%°
__ N 251019 . : ;'(r)ig?nt-laser (LANL)
B ' 1x10° i S
ASTRA Trident
L 7x10'8 |
— 3 thin foil RPA =
B | . 2x1018 -
4 thick foil TNSA
1 | | | | | | | |
10 100 10° 10*

Laser pulse duration [fs]

RPA: much higher conversion efficiency at short pulse durations.

Dietrich Habs
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RPA — TNSA

lon acceleration

|
10" W/em? -

10%

NOVA 3x102°

5 Trident

»*
7x10'° o
RAL 2x10°°

10"

A~ protons, TNSA _
% protons, nm foil —
e carbon, nm foil T
m carbon, cluster -

10'[8

1 | | | I

10 100 103 104

Laser pulse duration [fs]
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Stopping power

I_Mu Q of ion bunches with solid state density

Bethe-Bloch formula for individual ion:

2
_dE =4/m, —— Zeffe ln( MY j+ In kv

2 2

dx m,v ek, o,
binary collisions long-range
kp = Debye wave number collective interaction

o, = plasma frequency

a) enhanced stopping (10° X) in low-density targets
dense bunch interacts with collective wake
— reduced fraction of nuclear reaction

b) reduced stopping in solid target

first electrons of bunch kick out electrons of foil like a snow plow.
— enhanced fraction of nuclear reactions.
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Chart of the Nuclides

I_MU MPQ r-process and waiting points

w—»\w-v

Fission-fusion with very dense beams

Radioactive targets + radioactive beam ?
T
Lead (82) —
Platinum
= t
-process 184 ?

Banum
Tellunum

Tin (50) =

- Mass number 195

Mass number 130

82 Beta-decay ™\ i

Nickel (28)—

Number of protons =——3p-

Calcium
(2u)— ' Neulion caplure
20
' 4™ Fusion processesin stars
og 28 Number of neutrons  ————Jpp

« Superheavies: Z=110, T,,=107a?

 recycling of fission fragments ?
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) r-process
I_MU MPO) Solar abundances
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Fission-fusion reaction

very neutron-rich nuclei

vv»\w-v

a) #32Th: production target  232Th: reaction target
150nmx 3pmdiam. . ~50um 7 MeV/u H, C, O, 232Th, beam + 232Th target
~05m
high-pom _______ fFissicnn 1 ) Fission
20 PW high contrast ragments
15 f APOLLON |
10235VM/M' ------- Fusion products H, C, O+ Th — F|_ + FH
| fission fragments in target
CH; backing =3um — C~30pm 232Th 4+ 232Th — fission of beam in F_ + F,
b) 2%Th: productioh target 23232:n:re;laction target Reaction of radioactive short-lived light
I fission fragments of beam +
\\.' et Radioactive short-lived light fission
hzlghl;ziwer Ias:;rg.h R TERELE frag-ments fragments of the ta rget
151s APOLLON laser Fusion products

109 Wiem? (300J) _—" - 2)Fusion:

CH, backing: ~ 3 pm

FL+F, — AZ= 1880

a) Normal Bethe-Bloch stopping . I?ucle| C|2C3)25_?ht0 N=126|;’Va't”’|‘9. point
P =2 FL: FH : unstable oE
b) Reduced Bethe-Bloch stopping H H

Nfissfus = 106
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) Nuclear masses
I_Mu MPQ Theories and experiment
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Tl

Au
Pt

Os
Re

Ta
Hf
Lu
Yb
Tm
Er
Ho

-an

0.001 G, _(max)

4 r process path:

yd key bottleneck

N= 109

- nuclei

N=126
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Penning trap
mass measurements

to Am/m = 108

Phase 1 “._ Phase 2 i

>\ Gas stopping cell
cooler/buncher

Experimental setup

neutron-rich nuclei in fission-fusion

LMU

high—-power

short—pulse transport
laser CAPOLLON’) ~ system

target

mir{or F ‘:
[ |

o concrete
shielding 2m
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Conclusion N,‘Mp.v
New scheme: Radioactive beam + radioactive target produced at the same
time
Perspective: With diode pumping of fiber lasers much higher repetition

rates are possible:
from 1/min — 1 kHz

from PW peak power = kW to MW average power
factories for HIPER, etc. will make pumping devices much
cheaper
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