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Abstract: The experiment by Steinke et al. prove that sub-picosecond CPA laser pulses 

produce energy densities above 10
12

 J/cm
3
 for generation of non-thermal, nonlinear-force 

driven pressures much higher than the thermal pressures above 50Million 
o
C temperatures 

usually needed for fusion energy in power reactors.   
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Fusion energy generation is based on following equation of motion for the force density f 

 

          f  =  -p  +  fNL                                                                                                     (1)                                                                

 

where p is the gas-dynamic thermal  pressure given by the product of plasma density and 

temperature T and a second term of the nonlinear force fNL caused by electric and magnetic 

laser fields E and H, the plasma frequency and the optical refractive index n.  This is given 

as fNL= M with Maxwell’s stress tensor M 
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2
+H

2
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2
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These forces fNL are nonlinear, because they relate the mechanical force density with the 

squares of force quantities E and H of the electric and magnetic laser field respectively. 

Usually the pressure in the plasma p is given by the temperature T.  For fusion T has to be 

around or far above 50 Million degrees Celsius. During the last 60 years, these temperatures 

have been reached in laboratories, however not long enough to build a generator for 

electricity.  

     When the laser was discovered in 1960, its very extreme energy density during extremely 

short times and in very small volumes was the hope, that the second term in Eq. (1) may 

produce a pressure high enough to be larger than the thermal pressure p by the nonlinear 

force fNL at a laser interaction with plasma.  

     Since 1963, measurements showed the nonlinear force and plasma motion at laser 

interaction separately to the expected linear processes of plasma heating [1][2]. The CPA 

(Chirped Pulse Amplification) was discovered [3], honoured with the 2018 Physics Nobel 

Prize to Donna Strickland and Gerard Mourou, providing now laser pulses of picosecond 

(millionth of a millionth second) and much shorter durations having a power of 10 Petawatt 



equal to about thousand times of the power of all global electricity generators together during 

the time of a picosecond.   

     Computations of the nonlinear force in 1978 showed that the nonlinear force can dominate 

according to Eq. (1) over thermal forces in plasmas of million degrees (see Figs. 10.18a&b in 

[1], or drawn together in Fig. 8.4 of [2]) resulting in nearly solid density plasma blocks by the 

ultrahigh acceleration of about 100,000 times higher than from thermal heating and 

expansion of plasma under thermal pressures using the largest laser on earth. Sauerbrey [4] 

had to use CPA laser pulses with results close to the predicted earlier calculated [1] 

accelerations.  

     The case that for nuclear fusion the nonlinear non-thermal forces result in higher pressures 

than usual thermal pressures can directly be calculated from an experiment [5] where 

subpicosecond laser pulses of 1.2 Joule energy were completely converted in a 18nanometer 

diamond layer into highly energetic directed ions as result of the dielectric caused plasma 

block acceleration [6]. The energy density E in the interaction volume was  

 

           E  =  6.55x10
12

J/cm
3
.                                                                                  (3) 

 

These processes are from experiments [5] when a 45fs laser pulse of 810 nm wave length and 

3×10
19

 W/cm
2
 intensity was hitting a diamond layer of 18nm thickness. Within 2.3% of the 

laser vacuum wave length more than 99% of the laser energy was converted into plasma 

energy, detected with directed C
+6

 ions of 71MeV energy. The nonlinear force driven plasma 

block acceleration by a dielectric explosion worked with a swelling factor of 5 [6]. The whole 

energy of 1.2 J of the laser pulse was converted into the uncompressed solid state diamond 

layer. The electromagnetic energy density in the volume with a focus diameter of 3.6 m had 

a volume of 1.83×10
-13

 cm
3
 of the interaction volume corresponding to an energy density E 

of Eq. (3). 

     This is a clear case of the predominance of the nonlinear-force determined non-thermal 

pressure acceleration and is orders of magnitudes higher than thermal equilibrium pressures 

at fusion temperatures. It is another experimental example of Eq.(1) where the equation of 

motion is not determined by the first term of the RHS of (1), as it was seen form the 

numerical results of Fig. 8.4 of [2], in agreement with the subsequent measured ultrahigh 

plasma acceleration of Sauerbrey [4], repeated by Földes et al [7] and the clearly nonlinear 

measurements of Badziak et al. [8] dominating over the differing linear thermal properties 

[9]. It is a further example [10][11] that the nonlinear plasma block acceleration at conditions 

with high dielectric swelling factors close to the critical density needs the inclusion of the 

dielectrictic effects in PIC computations [12]. 

     These results confirm in retrospect the design of a laser boron fusion reactor, Fig. 16 of 

[13] based on the use of CPA laser pulses where the co-authorship of  Mourou was essential. 

The plasma block acceleration results in a five orders of magnitudes elevated energy gain 

above the classical thermal-equilibrium boron fusion [14][15]. This has to be added up to the 

increase by further  four orders due to the avalanche multiplication of the boron reaction [16] 

to confirm a nine orders increase of the fusion gains over the classical values [16] as 

measured [13][17]. This increase of the fusion gain by measured nine orders of magnitudes 



above the classical values leads to the road map [18] for an environmentally clean, safe, low-

cost and abundant laser boron fusion reactor design for electricity generators.   

References: 

[1] H.Hora, Physics of Laser Driven Plasmas, Wiley, New York 1981 

[2] H. Hora, Laser Plasma Physics 2
nd

 Ed. SPIE Bellingham, WA 2016 

[3] D. Strickland, G. Mourou. Compression of amplified chirped optical pulses. Opt. Comm.65 (1985) 

219 

[4] R. Sauerbrey. Acceleration of femtosecond laser produced plasmas. Physics of Plasmas 3, (1996) 

4712 

[5] S. Steinke, A. Henning, M. Schnürer, T. Sokollik, P.V. Nickles, D. Jung, D. Kiefer, R. Hörlein, R. 

Schreiber, T. Tajima, X.O. Yan, M. Hegelich, J. Meyer-Ter-Vehn, J.Sandner and D. Habs, 

Efficient ion acceleration by collective laser-driven electrodynamics with ultra thisn fooil targets. 

Laser and Particle Beams 28, (2010) 16 

[6] Hora, H. Laser and Particle Beams 30, (2012) 325 

[7] I. Földes, J.S. Bakos, K. Gal, Y. Juhasz, M. A. Kedves, G. Koscis, S. Syatmari, G. Verex. 

Properties of high Harmonics generation by UV laser pulses on solid surfaces.Laser Physics 10 

(2000) 264  

[8] J. Badziak, A.A. Kozlov, J. Makowski, P. Paris, L. Ryz, J. Wolowski, E. Woryna, & A.B. Vankov. 

Investigation of ion streams emitted from plasma produced with a high power picoseocond laser. 

Laser and Part. Beams 17 (1999) 323 

 [9] H. Hora H., J. Badziak, F.P. Boody, R. Höpfl, K. Jungwirth, B. Kralikowa, J. Kraska, L. Laska, P. 

Parys, V. Perina, M. Pfeifer, K. Rohlena, J. Skala, J. Ullschmied, J. Wolowski, E. Woryna. 

Effects of ps and ns. laser pulses for giant ion source,  Optics Communications, 207 (2002) 

[10] H. Hora, Skin-depth theory explaining anomalous picosecond-terawatt laser plasma interaction 

II, Czechoslovak Journal of Physics, 53, (2003) 199 

[11]  H. Hora, G.H. Miley, M. Ghoranneviss, B. Malekynia, N. Azizi, Laser-optical path to nuclear 

energy without radioactivity: Fusion of hydrogen-boron by nonlinear force driven plasma blocks. 

Optics Communications  282 (2009) 4124 

[12] X. Yanxia, Jiaxiang Wang, Heinrich Hora, Xin Qi, Yifan Xing, Kei Yang &Winjun Zhu. Plasma 

Block acceleration based upon the interaction between double targets and an ultra-intense 

linearly polarized laser pulse. Physics of Plasmas 25 (2018) 043102 

[13] H. Hora, G. Korn, L. Giuffrida, D. Margarone, A. Picciotto, J. Krasa, K. Jungwirth, J. 

Ullschmied, P. Lalousis, S. Eliezer, G.H. Miley, S. Moustaizis and G. Mourou.  Fusion energy 

using avalanche increased boron reactions for block ignition by ultrahigh power picosecond laser 

pulses. Laser and Particle Beams. 33 (2015) 607. 

[14] H. Hora, G.H. Miley, N. Azizi, B. Malekynia, M. Ghoranneviss, X.T. He, Nonlinear Force 

Driven Plasma Blocks Igniting Solid Density Hydrogen Boron: Laser Fusion Energy without 

Radiaoactivity.  Laser and Particle Beams 27, (2009) 491 

[15] H.Hora, G.H. Miley, M. Ghorannevss, B. Malekynia, N.Azzi, X.T. He, Fusion Energy without 

Radioativity of Solid Hydrogen-boron(11) Fuel. Energy and Environmental Science, 3, (2010) 

479 

[16] Shalom Eliezer, Heinrich Hora, Georg Korn, Noaz Nissim and Josè Maria Martinez Val. 

Avalanche proton-boron fusion based on elastic nuclear collisions. Physics of Plasmas 23, 

050704 (2016) 

[17] A. Picciotto, D. Margarone, A. Velyhan, P. Bellini, J. Krasa, A. Szydlowski, G. Bertuccio, Y. 

Shi, A. Margarone, J. Prokupek, A. Malinowska, E. Krouski, J. Ullschmied, L. Laska, M. 

Kucharik  G. Korn. Boron-proton nuclear-fusion enhancement induced in boron-doped silicon by 

low contrast pulsed.  Phys. Rev. X4 (2014) 031030, 

[18] H. Hora, S. Eliezer, G.J. Kirchhoff, N. Nissim, J.X. Wang, P. Lalousis, Y.X. Xu, G.H. Miley, 

J.M. Martinez-Val, W. McKenzie, J. Kirchhoff . Road Map to Clean Energy Using Laser Beam 

Ignition of  Boron-Hydrogen Fusion. Laser and Particle Beams, 35, (2017) 730. 
 

(published on website HB11 Energy on 9 May 2019) 

http://www.hb11/

