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Capture of living bacteria w/o harming them:

©Johan Jarnestad/The Royal Swedish Academy of Sciences

A. Ashkin and J.M. Dziedzic, Science 235, 1517 (1987)

It enabled us to “grab” and move tiny objects 

in biological systems (DNA, protein, etc.) or 

measure force exerts on a motor cell.
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D. Strickland and G. Mourou, Opt. Commun. 56, 219 (1985)
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Advances of Laser Intensity

1017-18

1031 Unruh/Hawking radiation

1960: Invention of laser

1014-15 ~ Coulomb field in an atom

・tunneling ionization

・high-harmonic generation (HHG)

T. Tajima and G. Mourou, Phys. Rev. STAB 5, 031301 (2002)

an electron becomes relativistic (E > mec
2) 

within one laser cycle

breaking the vacuum: e+-e- pair production

Right y-axis: Induced kinetic energy of a charged particle by a laser field (λ=1μm)

(so-called ponderomotive energy)

(W/cm2)

➢ After the invention of CPA, laser intensity has grown dramatically



Laser-assisted

-induced

-controlled

-suppressed

-affected

- ...

What can we do with a laser beam?

- β-decay

- α-decay

- γ-decay

- fission

- fusion

- reactions

- excitations

- deformation

- shell structure

- cluster structure

- superheavy nuclei

- nuclear matter

- nucleosynthesis

- ...

?



At first, I imagined a direct photo-excitation of a nucleus

↓

It seems still difficult :(

but, exciting discussions have already started



A. Pálffy and H.A. Weidenmüller,

Phys. Rev. Lett. 112, 192502 (2014)

Creation of a CN at low spin by zeptosecond laser (1-5 MeV)

→ may pave a new way to proton-rich nuclei

T.J. Bürvenich, J. Evers, and C.H. Keitel,

Phys. Rev. C 74, 044601 (2006)

Proton density of 240Pu1035 W/cm2

Ultraintense (I > 1033 W/cm2) laser may affect proton density

→ role of dynamic AC Stark shifts

K.W.D. Ledingham, P. McKenna, and R.P. Singhal, Science 300, 1107 (2003)

Nuclear Excitation by Electron Transition (NEET)

Creation/distraction of a nuclear isomer

→ may be applied for “nuclear battery”

Examples of direct

laser-nucleus interactions



Laser-induced fusion

then, can we indirectly excite/collide atomic nuclei?



Laser-induced fusion

d + t → α + n + 17.6 MeV

create high-temperature/density by implosion

e.g. GEKKO-XII @ILE, Osaka University, Japan

Inertial confinement fusion (ICF)

https://emira-t.jp/special/1654/

+ “Fast Ignition”

by high-intensity short-pulse laser after the implosion

e.g. ITER @Cadarache, France

Magnetic confinement fusion

need to keep low-density plasma for more than 1s

https://www.iter.org/

Efficient energy production is dreamed (not yet realized)



Actually, (using different processes)

one can induce nuclear reactions by a laser beam!

The physics behind is:

“Laser-Ion Acceleration”

- d(d, n)3He:  N. Izumi, et al., Phys. Rev. E 65, 036413 (2002)

→ 2×1019W/cm2, 7×104 neutrons/sr, En ~ 0.03-3 MeV

- 11B(p, n)11C:  J.M. Yang et al., J. Appl. Phys. 96, 6912 (2004)

→ 2-3 1020 W/cm2, 109 neutrons/sr

- d(d, n)3He, 7Li(d, n)8Be, 12C(d, n)13N:  J. Krása et al., High Power Laser Sci. Eng. 2, e19 (2014)

→ 3×1016 W/cm2, 3.5×108 neutrons/shot, En > 14 MeV

✓ It also generates ps neutron pulse from a tiny region → may be a new neutron source

(see, e.g., B.J. Albright, L. Yin, and A. Favalli, Laser Part. Phys. 36, 15 (2018), and references therein)

For example:



Laser-Ion Acceleration

 After 2000:  Use of I > 1019 W/cm2

✓ 1019 W/cm2 → a few MeV protons:  E.L. Clark et al., Phys. Rev. Lett. 84, 670 (2000)

✓ 1020 W/cm2 → 58 MeV protons:  R.A. Snavely et al., Phys. Rev. Lett. 85, 2945 (2000)

✓ 5×1019 W/cm2 → 430 MeV Pb46+ ions:  E.L. Clark et al., Phys. Rev. Lett. 85, 1654 (2000)

✓ 5×1019 W/cm2 → ~100 MeV O, F ions:  M. Hegelich et al., Phys. Rev. Lett. 89, 085002 (2002)

What happens?

 Before 2000:  Nd:glass or CO2 lasers;  ~1014-16 W/cm2;  ~ns pulses

✓ laser acceleration of ions was known from the 1970s:  S.J. Gitomer et al., Phys. Fluids 29, 2679 (1986)

✓ however, ns pulse irradiated on a thin foil produces ions with energy ~100 keV/nucleon

1010-13 ions (> MeV) emerge with ps pulse duration

➢ A new production method of heavy-ion beams (> MeV), discovered in 2000



Laser-Ion Acceleration:  Image 

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



Laser-Ion Acceleration:  Mechanism 

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

➢ The main cause is, a super-strong electric field at the rear side (TV/m, ~1μm)

T. Tajima and J.M. Dawson, Phys. Rev. Lett. 43, 267 (1979)

Y. Kitagawa et al., Phys. Rev. Lett. 68, 48 (1992)

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

→ Radiation Pressure Acceleration (RPA);  Laser Breakout Afterburner (BOA)

Beat Wave Acceleration) → Laser Wakefield Acceleration)

Various acceleration

mechanisms have 

been proposed
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➢ The main cause is, a super-strong electric field at the rear side (TV/m, ~1μm)

Laser-Ion Acceleration:  Mechanism 

T. Esirkepov, M. Borghesi, S. V. Bulanov, G. Mourou, and T. Tajima,

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

3D Particle-in-cell (PIC) simulation

T. Tajima and J.M. Dawson, Phys. Rev. Lett. 43, 267 (1979)

Y. Kitagawa et al., Phys. Rev. Lett. 68, 48 (1992)

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

→ Radiation Pressure Acceleration (RPA);  Laser Breakout Afterburner (BOA)

Beat Wave Acceleration) → Laser Wakefield Acceleration)

Various acceleration

mechanisms have 

been proposed



Laser-Ion Acceleration:  Applications 

➢ Proton (ion, hadron) cancer therapy

➢ Proton/neutron radiography

➢ Neutron source

➢ Fast ignition of ICF

➢ Radiation breeding

➢ Positron Emission Tomography (PET)

U. Amaldi and G. Kraft, Rep. Prog. Phys. 68, 1861 (2005)

“Bragg peak”

E.g.) In case of 200 MeV protons, most energy is deposited to the last 20mm before stopping

➢ ... and, nuclear physics?



An example of a novel idea:

Laser-ion acceleration may provide a new progress 

in exotic nuclear physics

“Fission-fusion” reaction



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

- RPA acceleration → Ions with solid density (1022-1023/cm3);  it is ~1014 times larger than a conventional accelerator

- Circular polarization → quasi-monoenergetic ion beams

- 1.2×1023 W/cm2 → 232Th is accelerated E = 7 MeV/nucleon (e.g. at ELI-Nuclear Physics Project in Bucharest)



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

Production of N-rich nuclei in this region was discussed

- RPA acceleration → Ions with solid density (1022-1023/cm3);  it is ~1014 times larger than a conventional accelerator

- Circular polarization → quasi-monoenergetic ion beams

- 1.2×1023 W/cm2 → 232Th is accelerated E = 7 MeV/nucleon (e.g. at ELI-Nuclear Physics Project in Bucharest)



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

◆ In the paper, “fusion of two fission fragments” of 232Th was proposed

➢ There should be other extraordinary/unconventional (interesting) possibilities!

- RPA acceleration → Ions with solid density (1022-1023/cm3);  it is ~1014 times larger than a conventional accelerator

- Circular polarization → quasi-monoenergetic ion beams

- 1.2×1023 W/cm2 → 232Th is accelerated E = 7 MeV/nucleon (e.g. at ELI-Nuclear Physics Project in Bucharest)



Cosmology

・Acceleration ⇔ Gravity

・Unruh/Hawking radiation

(horizon physics)

Particle physics

・Exploration of axions

・Beyond the standard model

(strong CP problem)

Nonlinear QED

・(e+-e-) pair production

・(μ+-μ-), (π+-π-)

・...

Astrophysics

・ “Laboratory Astrophysics”

・Create extreme conditions

・High-temp. fluid & plasma

Other applications

・hadron therapy, PET

・proton/neutron radiography

・fusion → energy production

・...

✓ Strong-field science has shown remarkable progress and it will continue for sure

➢ Both nuclear and laser physicists should sit together and discuss the coming future

➢ Use of high-intensity lasers (with or without conventional accelerators) may be

a new key for exploring exotic nuclear physics in the coming 10-20 years

Takeaway messages:

Nuclear physics

Summary

We should start thinking!
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