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Imaginary Time
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Quantum Tunneling &
2C+12C, HoC model, 300 events, E_.,=3.5 MeV

Imaginary Time

* Nuclei stop @ turning points—> Imaginary time evolution
 t=irand P=—iIl > Forces change sign

 Coulomb - attractive

* Nuclear Interaction > Repulsive
* Return to real time = fusion
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Stellar Reaction Rates

Total reaction rate > integration from E,, = - Q = 92.08 keV

NACRE - integration from 0 = x1020-30 higher rates @ 107 K !
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Sub-barrier Resonant

Structures

D. Youngblood, Y. L. et al, Phys. Rev. C 80 (2009) 064318; T. Depastas, S.T. Sun, H. Zheng and A. Bonasera, Phys Rev C 108, 035806
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Sub-barrier Resonant

Structures - Oscillations of the S* factor > collective
resonances
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To take into account resonances modify the
Bass potential as:
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Neck model in imaginary times
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High power laser can be used to generate neutrons
from the fusion reaction
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Nuclear fusion from laser-cluster interaction
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* Most of the laser pulse energy is
absorbed by the atomic clusters.
» Clusters experience Coulomb
explosion after electrons escape.
DD fusion occurs, and 2.45MeV
fusion neutrons are produced.
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Gamow peak approximation near strong resonances
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We discuss the most effective energy range for charged-particle-induced reactions in a plasma environment
at a given plasma temperature. The correspondence between the plasma temperature and the most effective
energy should be modified from the one given by the Gamow peak energy, in the presence of a significant
incident-energy dependence in the astrophysical S factor as in the case of resonant reactions. The suggested
modification of the effective energy range is important not only in thermonuclear reactions at high temperature in
the stellar environment, e.g., in advanced burning stages of massive stars and in explosive stellar environments,
as has been already claimed, but also in the application of nuclear reactions driven by ultra-intense laser-pulse
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Many low-energy nuclear reactions in astrophysics occur in plasmas, in which the nuclei are free of electrons. By contrast, most nuclear experiments involve neutral targets, whose bound electrons produce a “screening effect.” A new
technique uses lasers to remove these unwanted electrons so that low-energy nuclear reactions can be studied directly in laboratory plasma. The authors demonstrate their approach in Physical Review Letters on the deuterium/helium-
3 interaction that helped synthesize elements in the early Universe and could potentially be used to power a future nuclear fusion reactor.

In a typical nuclear reaction experiment, an ion beam is directed at a target containing neutral atoms. The bound electrons provide a screen that reduces the Coulomb repulsion between the positive nuclei. Therefore, laboratory
measurements tend to predict higher reaction rates than would be expected between ionized nuclei. To obtain astrophysically relevant parameters, researchers try to correct their data by estimating the screening effect of the bound
electrons.



operating since 2011
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Figure 4: (color online) Apo/In2 obtained from eq.(4) vs T from eq.(1). Omega and NIF data are derived from the
experiments>, using the Down Scatter Ratio?!- 2, Our results using the DSR method (N4/N3) are given by the open
tnangk: symbols in good agreement with the N3/N2 ratios..
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Figure 5: (color online) The average cross section as function of temperature with Maxwell-Boltzmann distribution,
expressed by eq. (6) . The red points are the experimental cross section data from eq.(9).
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ARTICLE INFO ABSTRACT
Arricle history; We report the highest compression reached in laboratory plasmas using eight laser beams, E or & 12
Received 16 January 2019 kl, Ticser = 2 ns in third harmonic on a CD, target at the ShenGuang-Il Upgrade (SGII-Up) facility in

Received in revised form 19 April 2019
Accepred 23 April 2019
Available online 30 April 2019

Shanghai, China. We estimate the deuterium density pp = 2.0 + 0.9 kg/cm?, and the average kinetic
energy of the plasma ions less than 1 keV. The highest reached areal density App =4.8+ 1.5 g/cm? was

Communicared by F. Porcelli obtained from the measured ratio of the sequential ternary fusion reactions (dd—t+p and t+d—a+n)
and the two body reaction fusions (dd — *He + n). At such high densities, sequential ternary and also
Keywords: quaternary nuclear reactions become important as well (i.e. n(14.1 MeV)+!2C — n'+!12C* etc.) resulting
Laser plasma in a shift of the neutron (and proton) kinetic energies from their birth values. The Down Scatter Ratio
Nuclear astrophysics (DSR-quaternary nuclear reactions) method, i.e. the ratio of the 10-12 MeV neutrons divided by the
Inertia confinement fusion total number of 14.1 MeV neutrons produced, confirms the high densities reported above. The estimated
High-energy-density plasma lifetime of the highly compressed plasma is 52 + 9 ps, much smaller than the lasers pulse duration.

© 2019 Elsevier B\V. All rights reserved.




Laser-initiated ""B(p,a)2a nuclear reaction

- Two main approaches followed to trigger fusion reactions from H and "B in laser-matter

experiments (Scheme A and B)

Scheme A: Laser on target
-H and B plasma by laser pulses on composite

targets: i.e. B-doped plastic, BN or Si enriched
with H and B.
-ns and/or ps/fs laser pulses.

Composite e

7 I\

o particles

m [1] Consoli F. Frontiers in Physics (2020) 8, 561492

Scheme B: Pitcher-Catcher

-Laser accelerated protons sent to a borate

target or to a borated plasma.
-ps or fs laser pulses
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