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> Ashkin: “¥Erty b»0OFEA

> Mourou & Strickland: “F v — 7" /X)L X ¥EHE” D FHH

sphere held in place
using optical tweezers FELNRNTT YT ZEAT &I
A. Ashkin and J.M. Dziedzic, Science 235, 1517 (1987)

A AEMREEL (DNA - 2 > /X0 B) %
Eirdiicshr Ly, £EFESTFIC
B NZAET D EMNAIREICE - 7=

©Johan Jarnestad/The Royal Swedish Academy of Sciences
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> Ashkin: “Y¢E >+t b7 FAER

» Mourou & Strickland: “F ¥ — 7" 75JL R ¥Eig” D FBH

\ ‘0| A ’“:: " /,/ A e“
Arthur Ashkin Gérard Mourou Donna Strickland

- i ifi 1 The pulse is compressed
CPA - chirped pulse amplification B b i
dramatically.
Short light pulse The pulse is stretched, The stretched
from a laser. which reduces pulse is amplified.
its peak power:
Grating pair, Amplifier ' Grating pair,
pulse stretcher ¥ pulse compressor

©.Johan Jamestad/The Royal Swedish Academy of Sciences

D. Strickland and G. Mourou, Opt. Commun. 56, 219 (1985)
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Electron A

Characteristic

E
e 103! Unruh/Hawking radiation

Nonlinear QED: Eel =2 mc¢ Eleclroweak Era

Zettawatt Laser B ZehRiE: et-e XA K
Quark Era

Laser Intensity Limit. |

Positron-

iaiAs : Electron Era
Relativistic Optics: v _~c¢

101718 L —H4——FAHRO R

e
Bound Electrons: E=¢~

NA
£
O
2

>
=
@
c
)
4
L=
o
@
@
-
(&)
o
T

T BFPEHRIGEEIC (E>m?)
101415 ~EmEFdon s —0 i
-—— mode-locking : . _t \/_Zl:{[/\/r #* x/,”:
-— Q-switching Atomic Era . I%W\I%Eljﬂ: ;BZ%E

1960 1970 1980 1990 2000 2010
Year
T. Tajima and G. Mourou, Phys. Rev. STAB 5, 031301 (2002)
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- B-decay
- o-Cecay
- y-decay
] - fission
Laser-assisted .
. - fusion
-induced .
- reactions
-controlled .
r q - excitations
~SUPPTESse N - deformation
-affected

- shell structure

- cluster structure

- superheavy nuclei
- huclear matter

- nucleosynthesis
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L —H— « [ EF#% K.W.D. Ledingham, P. McKenna, and R.P. Singhal, Science 300, 1107 (2003)

7|<E E'ﬂz};ﬁ D 'ﬁIJ A Nuclear Excitation by Electron Transition (NEET) B

Isomeric level
[

Isomeric level

L — — CRMA D - T B # C
— Nuclear Battery~ D & A
I nTn3

Nuclear levels of X Atomic levels of X Nuclear levels of X

A. Palffy and H.A. Weidenmdiller, T.J. Burvenich, J. Evers, and C.H. Keitel,
Phys. Rev. Lett. 112, 192502 (2014) Phys. Rev. C 74, 044601 (2006)
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LLaser-induced fusion



— ¥ — e LH2L, ¥ERICEE->THLAEL

d+t—-oa+n+17.6 MeV

¥

5538 Fyﬁ “‘Mbﬁft BRI CAD AR

<y Y

};}Z_ttps:llwww.iter.org/

e.g. ITER (1 — X —) @Cadarache, France e.g. BAXIZF@KRERAKFEL —F — B2 %AT
EBETS X7 & UL LI £ BIRECEE - BEAEC

+ SR & /A (Fast Ignition):
BB ICBEME - B/ SLAL—Y—THaA
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B Z 13
- d(d, n)®He: N. Izumi, et al., Phys. Rev. E 65, 036413 (2002)
— 2 X 10%W/cm?, 7 X 10* neutrons/sr, E, ~ 0.03-3 MeV

- 1B(p, n)1C: J.M. Yang et al., J. Appl. Phys. 96, 6912 (2004)
— 2-3 1020 \W/cm?, 10° neutrons/sr

- d(d, n)3He, “Li(d, n)®Be, 12C(d, n)13N: J. Krasa et al., High Power Laser Sci. Eng. 2, e19 (2014)
— 3% 101 W/cm?, 3.5 X 108 neutrons/shot, E, > 14 MeV

v NERBEES S E AR OEBEBEBEBTHET/OLZANEE S - neutronsources L THEIFENTLS
(see, e.g., B.J. Albright, L. Yin, and A. Favalli, Laser Part. Phys. 36, 15 (2018), and references therein)

TDHEBRICHBIDON
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> 2000E ICHEBINA, EA4AF v E—L G MeV) A E

O 2000 LAET: Nd:glass or CO, lasers; ~101416 W/cm?2; ~ns pulses

Vv A F Y DOILEIZIITOENRD SF ST U/ SJ. Gitomer et al., Phys. Fluids 29, 2679 (1986)

v LhAL, /BN EERICES L5 E: L8 0L ~100 keV/nucleontE E

MeV%&#BR % Tx/ILF—%H D100BED
O 20004 LARE: 1> 10 W/ecm?>DF]FH LAV A ABERED/ L AETHEINS

v 1019 W/ecm? — EiMeV D5 F: E.L. Clark et al., Phys. Rev. Lett. 84, 670 (2000)

v' 1020 W/cm? — 58 MeV D [FZF: R.A. Snavely et al., Phys. Rev. Lett. 85, 2945 (2000)

v’ 5X 10 W/cm? — 430 MeV DPb**A 7 >: E.L. Clark et al., Phys. Rev. Lett. 85, 1654 (2000)

v’ 5x101 W/cm2 — #7100 MeV DO, FA 7 >: M. Hegelich et al., Phys. Rev. Lett. 89, 085002 (2002)
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Target
\

Fast ions

Electron cloud

An artist’s view, taken from: A. Macchi, M. Borghesi, and M. Passoni, Rev. Mod. Phys. 85, 751 (2013)



-

— Y — A F K Pl

> THIMMREETDIE, BAANICERI NS, FEFITRUVEL (F1umICTV/m)

5 AN

Cartoon: A. Macchi, M. Borghesi, and M. Passoni, Rev. Mod. Phys. 85, 751 (2013)

Front (Vacuum) Target Rear (Vacuum)

Hot e

current
Backward ; Forward

Accelerated lons — Accelerated lons

Hole Boring Return
(RPA) current

Target Normal Sheath Acceleration (TNSA); Strong Charge Separation Field (SCSF)

IEEERB A — Radiation Pressure Acceleration (RPA); Laser Breakout Afterburner (BOA)

R‘BEINTWS

B — ~IEINIE (Beat Wave Acceleration) — L —H —fiig45 102 (Laser Wakefield Acceleration)

T. Tajima and J.M. Dawson, Phys. Rev. Lett. 43, 267 (1979)
Y. Kitagawa et al., Phys. Rev. Lett. 68, 48 (1992)



L —H — A A 00K : R 3D Particle-in-cell (PIC) simulation
> FRAMREEL DL, BAEIICE

Cartoon: A. Macchi, M. Borghesi,

Front (Vacuum) Tal
Hi

Backward

Accelerated lons _ _ — .
T. Esirkepov, M. Borghesi, S. V. Bulanov, G. Mourou, and T. Tajima,

= Phys. Rev. Lett. 92, 175003 (2004)

Hole Boring Return

(RPA) current e  sheath
(TNSA)

K4 Target Normal Sheath Acceleration (TNSA); Strong Charge Separation Field (SCSF)

MRERE D — Radiation Pressure Acceleration (RPA); Laser Breakout Afterburner (BOA)
B 2

ERINTND £ — bIEANE (Beat Wave Acceleration) — L — 3 —fi#fi5 i0iR (Laser Wakefield Acceleration)

T. Tajima and J.M. Dawson, Phys. Rev. Lett. 43, 267 (1979)
Y. Kitagawa et al., Phys. Rev. Lett. 68, 48 (1992)
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“Bragg peak”
> BUBEEMEOERERRN
200 MeV protons
4800 MeV carbon ions =) NTERNAY L NV A
> [BFREDAEBE - ENTFIRDABE
» Positron Emission Tomography (PET)

» Proton/neutron radiography
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U. Amaldi and G. Kraft, Rep. Prog. Phys. 68, 1861 (2005)
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CABZEDREREINTWLB EWLS —DDH:

“Fission-fusion” reaction



“Fission-fusion” reaction? D. Habs, P.G. Thirolf, M. Gross et al., Appl. Phys. B 103, 471 (2011)

- RPANNRIERE — E(RZFE (102-10B/cm3) D A 7+ > R 7% £ Fk; BE D INRE: D~10%E (AE E T~107%)
- F3{m Yt — quasi-monoenergetic ion beams
- 1.2 X108 W/cm?2 — 232Th7% E = 7 MeV/nucleon (2 IR % (ELI-Nuclear Physics Project in Bucharest %z 8 )

Appl Phys B|(2011) 103: 471-484 Appll&d PhySiCS B
DOI 10.1007/s00340-010-4261-x .
Lasers and Optics

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

D. Habs - P.G. Thirolf - M. Gross - K. Allinger - J. Bin -
A. Henig - D. Kiefer - W. Ma . J. Schreiber

D. Habs - P.G. Thirolf (E<) - M. Gross - K. Allinger - J. Bin -

A. Henig - D. Kiefer

Fakultit fiir Physik, Ludwig-Maximilians Universitédt Miinchen,
85748 Garching, Germany

e-mail: peter.thirolf @physik.uni-muenchen.de

D. Habs - W. Ma - J. Schreiber
Max-Planck-Institut fiir Quantenoptik, 85748 Garching, Germany




“Fission-fusion” reaction? D. Habs, P.G. Thirolf, M. Gross et al., Appl. Phys. B 103, 471 (2011)

- RPANDIREERE — BEARZRE(1022-10B/cm3) D A # > R & £ B, 1BE D INEREF D~101462 (% E T~107/%)
- F3{m Yt — quasi-monoenergetic ion beams
- 1.2 X108 W/cm?2 — 232Th7% E = 7 MeV/nucleon (2 IR % (ELI-Nuclear Physics Project in Bucharest %z 8 )

Lead (82) —»

Platinum ——g+==

R-process

Mass number 195

Mass number 130

Nickel (28)—»
P Beta-decay ™\ )

Calicium o
(20)=—* :4‘ "8 Neutron capture

P

Number of protons =3

Number of NeUtronNs sy




“Fission-fusion” reaction?

D. Habs, P.G. Thirolf, M. Gross et al., Appl. Phys. B 103, 471 (2011)
- RPANNRIERE — E(RZFE (102-10B/cm3) D A 7+ > R 7% £ Fk; BE D INRE: D~10%E (AE E T~107%)
- F3{m Yt — quasi-monoenergetic ion beams

‘E/_\

- 1.2 X108 W/cm? — 22Th% E = 7 MeV/nucleon(Z A& 9 % (ELI-Nuclear Physics Project in Bucharest % 78 7E)
i

N TlE, 22Tho |fission fragments@l =% X DIFAH 2 & | ZIEEL TW5

Production target
1.210°W/cm?
32fs, 273 J,8.5 PW

Reaction target
232Th:

560 nm

high-power, high-contrast
APOLLON laser :

focal spot: diam. ~ 3 um

22Th: ~5 mm

1.0-10%2 W/cm-
32fs,23 J, 0.7 PW

Fusion products

CD,: 520 nm
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bLLIFL—Y—cHICHWS Z EIZL S,
FILWIFYF v IRYMEBE~DENREITSDTIL?

v ERRE BRI (Strong-Field Science) IZBEE F L WEE A XRITTWL5

4 Nonlinear QED )
- (e*-e") pair production
(W), ()

\_ /

4 I

Other applications

- hadron therapy, PET
- proton/neutron radiography
- fusion — energy production

a

\_

Nuclear physics

I TEBZN?

N

W

7

L

Particle physics

- axion DIEZR
- fEERA Z B R YR
(strong CP problem)

N

W

Astrophysics

 CERETEYEE
 EBE CERRIEEFS

=282 o= N, Ay
CEEE - 77 ATE

Cosmology

- IRE S E NG
- Unruh/Hawking#& 57
(horizon physics)
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