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• Global energy demand is rising 

(conventional growth, AI, et.).

• Renewable Energy Sources (RES) face 

limitations:

o Spatial intermittency and low energy density.

o Lack of rotating inertia for grid stability.

o Grid Impact: RES high penetration complicates 

protection systems.

o “OIMBY” factor: renewables aren’t just about 

zeroing your electric bill. They must power 

heavy industry and the AI revolution!

Warning: An RES-only grid is currently 

technically unsustainable.

The complexity of Energy Transition

[1] IEA,2025 https://www.iea.org/data-and-statistics/data-tools/energy-statistics-data-browser, https://www.iea.org/search?q=energy%20consumption%20by%20source  
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Geopolitical risks have a significant impact on the global economic outlook, influencing economic growth, 

inflation, financial markets, and supply chains.

... And the geopolitical scenario 

[2] https://www.spglobal.com/en/research-insights/market-insights/geopolitical-risk
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But… what about Italy?

• On June 4th 2026, Italy’s Chamber of Deputies approved the “Sustainable Nuclear Energy Bill” at its first reading.

• Following Senate approval, the relaunch of the country's nuclear program will become law.

[3] https://www.corriere.it/economia/energie/26_giugno_07/ritorno-al-nucleare-in-italia-perche-non-sara-necessario-fare-un-nuovo-referendum-d3057105-a90d-49ae-875c-f8855891exlk.shtml 

[4] https://www.infobuildenergia.it/approfondimenti/nucleare-in-italia-camera-approva-pro-e-contro/ 
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The nuclear paradigm: fusion and fission

[5] https://www.nrc.gov/materials/fusion/fission-vs-fusion 
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The nuclear paradigm: fusion and fission

In nuclear fusion, light nuclei such as deuterium and tritium 

combine to form a heavier nucleus with a higher binding 

energy per nucleon. Since the final products are more tightly 

bound than the reactants, the excess binding energy is released 

as kinetic energy of the reaction products.

Δ𝐸 = Δ𝑚 ∙ 𝑐2

7
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The nuclear paradigm: fusion and fission

[5] https://www.nrc.gov/materials/fusion/fission-vs-fusion 
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The nuclear paradigm: fusion and fission

[5] https://www.nrc.gov/materials/fusion/fission-vs-fusion 
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In nuclear fission, the opposite process occurs: a very heavy 

nucleus, such as uranium or plutonium, splits into medium-mass 

nuclei that lie closer to the peak of the binding energy curve. 

These fission fragments are more stable and more tightly bound 

than the original nucleus, resulting again in a release of energy.
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[6] https://nucleus.iaea.org/sites/connect/FUSEpublic/SitePages/MCF-%26-ICF.aspx 
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Magnetic (MCF) and inertial (ICF) confinement

Both magnetic confinement fusion (MCF) and inertial confinement fusion (ICF) aim to satisfy the Lawson criterion,

𝑛𝜏𝐸 ≥ 𝑛𝜏𝐸 crit

which requires the product of particle density and energy confinement time to exceed a minimum value for a given 

plasma temperature.

MCF ICF
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Magnetic (MCF) and inertial (ICF) confinement

Both magnetic confinement fusion (MCF) and inertial confinement fusion (ICF) aim to satisfy the Lawson criterion,

𝑛𝜏𝐸 ≥ 𝑛𝜏𝐸 crit

which requires the product of particle density and energy confinement time to exceed a minimum value for a given 

plasma temperature.

ICF

MCF main features:

• a low-density plasma (𝑛 ∼ 1019 − 1020 m−3) is confined using 

strong magnetic fields in a toroidal configuration;

• the plasma is heated to temperatures exceeding 100 𝑀𝐾;

• the plasma must be maintained in equilibrium for relatively long 

timescales, ranging from seconds to minutes.

𝑛 ↓

𝑇 ↑ 

𝜏𝐸 ↑ 
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[6] https://nucleus.iaea.org/sites/connect/FUSEpublic/SitePages/MCF-%26-ICF.aspx 
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Magnetic (MCF) and inertial (ICF) confinement

Both magnetic confinement fusion (MCF) and inertial confinement fusion (ICF) aim to satisfy the Lawson criterion,

𝑛𝜏𝐸 ≥ 𝑛𝜏𝐸 crit

which requires the product of particle density and energy confinement time to exceed a minimum value for a given 

plasma temperature.

MCF

ICF

ICF main features:

• fusion conditions are achieved by compressing a millimeter-scale 

fuel capsule, to extremely high densities (100 − 1000 g cm−3).

• the resulting temperatures and densities are sufficient to initiate 

thermonuclear burn before the fuel disassembles.

• confinement times are therefore extremely short, of the order of 

10−10s, and the process is intrinsically pulsed.

𝑛 ↑

𝑇 ↑ 

𝜏𝐸 ↓ 
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The microbubble implosion (MBI)

[7] M. Murakami, et al., https://doi.org/10.1038/s41598-018-25594-3, https://doi.org/10.1063/1.5093043, https://doi.org/10.1063/5.0068815
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• Microbubble implosion (MBI) is a 

novel theoretical concept proposed by 

Prof. M. Murakami:

• for the generation of ultra-high 

electric and magnetic field;

• by using a target composed of an 

empty nanometric cavity 

surrounded by hydrogen;

• ionized by a fs UHIL pulse.

• Novelty: we proposed to extend the MBI 

concept to the nuclear fusion. 
Envisioned picture showing the MBI event [7] 

https://doi.org/10.1038/s41598-018-25594-3
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The microbubble implosion (MBI)
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The microbubble implosion (MBI)
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0) Initially, we have a multi-layer hollow sphere that has an internal cavity in 

the order of micrometers or lower.

AI-generated image
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The microbubble implosion (MBI)
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The microbubble implosion (MBI)
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1) When the target is irradiated by a femtosecond laser pulse, hot electrons are displaced within the cavity itself.

AI-generated image
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The microbubble implosion (MBI)
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The microbubble implosion (MBI)
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2) The ionization induced by the laser produces an intense charge separation that, in turn, generates a volumetric 

spherically symmetric Coulomb electric field.

AI-generated image
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The microbubble implosion (MBI)
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The microbubble implosion (MBI)
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3) The established charge unbalance will produce an implosion of the cavity walls, where the stagnation density can 

be as high as 1034 𝑚−3.

AI-generated image
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Pros and cons of MBI

Traditional Direct-Drive ICF Microbubble implosion

Laser Energy Large range (it depends…) Low energy

Compression Driver
Laser ablation & shockwaves

(external pressure,
often non-isotropic)

Isotropic Coulomb electric field 
(𝑟−2 dependence) driven by 

charge separation

Timescale
Nanoseconds (10−9𝑠).

Slow enough for fluid dynamics to 
govern behavior.

Femtoseconds (10−15𝑠).
Sub-picoseconds sequence.

Instabilities
Highly susceptible to Rayleigh-
Taylor instabilities, disrupting 

hotspot formation.

Dynamics are completely 
outpaced. Implosion is too fast for 

hydrodynamical phenomena
to develop.

Losses Severe Bremsstrahlung losses.
The working principle may

reduce Bremsstrahlung losses.

23



V. P. Loschiavo | Breaking boundaries: new horizons in inertial confinement fusion | ET2026, June 18th 2026

Proton-boron fusion via MBI

24

Deuterium–Tritium (D–T) Proton–Boron (p–B11) 

Nature of the 
reaction

Neutronic (produces 
radioactive activation 

products)

Quasi aneutronic
(produces clean
alpha particles)

Bremsstrahlung 
Losses

Moderate

Higher (scales with 𝑍2), in 
principle, but the working 

principle may
reduce Bremsstrahlung 

losses.

Ignition 
Difficulty

Standard
High

(smaller fusion cross 
section)

Applications
Primarily electricity 

generation

Electricity generation + 
alpha-particle source for 

medical applications

Cost and 
availability

Expensive/Rare Relatively cheap/Abundant

➢ D + T ⟶ He + n (14.1 MeV)

➢ P + B11 ⟶ 3He (8.7 MeV)

[8] Thomas A. Mehlhorn et al. “Path to Increasing p-B11 Reactivity via ps and ns Lasers”, Laser and Particle Beams (2022), https://doi.org/10.1155/2022/2355629.
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The nano-target architecture: a multi-layer hollow sphere

25
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Numerical analysis: a 1-D hybrid PIC-MD code

26

1) 𝛻𝑟
2𝜙 = 4𝜋𝑒 𝑛𝑒(𝜙) − σ𝑠 𝑍𝑠𝑛𝑠  

2) 𝛻𝑟
2𝜙𝑒 = 4𝜋𝑒𝑛𝑒 𝜙

3) 𝐸 = −𝛻𝜙𝑒

4)
𝑑𝑝𝑖

𝑑𝑡
= σ𝑗≠𝑖

𝑄𝑖𝑄𝑗

𝑟𝑗
2 +

𝑄𝑖
2

2𝑟𝑖
2 + 𝑄𝑖𝐸 𝑟𝑖

5) 𝑛𝑒(𝜙)  = 𝑛𝑒0 1 +
𝛾−1

𝛾

𝑒𝜙

𝑇𝑒0

1

𝛾−1

The system of equations, modeling the MBI as a 1-D phenomenon, has been extended to a three-

species (𝑝, 𝐵, 𝐴𝑢) description:

• The system of equations must be solved for each time step, updating time by time the positions of the 

ions and recalculating the electric field.

• Only the ions are treated as computational particles. → MD (molecular dynamics)

• The electrons are treated as an ideal gas with a given polytropic index. → PIC (particle in cell)

H

B
Au

void
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Numerical analysis: a 3-D hybrid PIC-MD code (under development)

27

• A 3-D version of the previous PIC-MD code is currently under development.

• Here, just a preliminary result is shown (i.e., particles velocity).
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Reactivity estimation
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Fusion reactivity
(computed with a 1-D hybrid

PIC-Molecular Dynamics code) 

• A novel procedure to evaluate the fusion reactivity

𝜎𝑣  has been proposed [9], that allowed to avoid solving 

the coupled Vlasov system of equations.

• Reactivity is defined as:

• It has been observed a strong dependence of the 

reactivity on the ionization degree of the gold layer, that 

is the main source of electrons. 

𝜎𝑣 ≡ ඵ 𝑓𝑝 𝑣 𝑓𝐵 𝑣 𝑣𝑝 − 𝑣𝐵 𝜎𝑝𝐵 𝑑𝑣𝑝𝑑𝑣𝐵

➢ 𝑓𝑝 𝑣  and 𝑓B 𝑣  are the distribution functions

➢ 𝑣𝑝 − 𝑣𝐵  is the relative velocity

➢ 𝜎𝑝𝐵 is the nuclear cross section

[9] V. Ciardiello, D. Davino, V. P. Loschiavo, “Proton-boron fusion via microbubble implosion: a preliminary study”. In: Laser and Particle Beams 44.11 (Feb. 2026), p. 20003. DOI: 10.3788/LPB.2026.20003.

https://www.researching.cn/articles/OJfb19cb9642ed522d/html
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A parametric analysis of the single target
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• In the framework of pB11 fusion, an alpha particle yield 

of 103 particles/shot × sr can ben achieved (10−9J).

• Energy produced is then computed as the product of 

𝛼𝛾 and the characteristic 𝑄-value (8.7 MeV).

[9] V. Ciardiello, D. Davino, V. P. Loschiavo, “Proton-boron fusion via microbubble implosion: a preliminary study”. In: Laser and Particle Beams 44.11 (Feb. 2026), p. 20003. DOI: 10.3788/LPB.2026.20003.

Energy produced
(computed with a 1-D hybrid PIC-Molecular 

Dynamics code) 

• A parametric analysis has been 

performed considering different 

thicknesses for each layer (outer 

radius fixed to 100 𝑛𝑚)

• The main figure of merit 
considered is the 𝛼-particle yield:

Main result: the breakeven cannot be achieved for a single target BUT the target considered here is 

much smaller than a typical laser spot size (~10 nm vs ~1 µm).

𝛼𝛾 = 3 𝜎𝜈 𝜖𝑆𝐼𝑇𝑁𝑝𝑁𝐵𝑉𝐹

https://www.researching.cn/articles/OJfb19cb9642ed522d/html
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From single to multi-target parametric analysis
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• A further optimization has been 

performed considering a structured 

target.

• The expected alpha particles yield has 

been increased by 3 order of magnitudes.

• Even if the breakeven is still challenging, 

this extremely localized alpha production 

is interesting for applications other than 

energy production [9].

[9] V. Ciardiello, D. Davino, V. P. Loschiavo, “Proton-boron fusion via microbubble implosion: a preliminary study”. In: Laser and Particle Beams 44.11 (Feb. 2026), p. 20003. DOI: 10.3788/LPB.2026.20003.

https://www.researching.cn/articles/OJfb19cb9642ed522d/html
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Further potential applications
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Radiotherapy (PBCT - proton boron capture therapy)

[10] P. Bláha, et al., https://pubmed.ncbi.nlm.nih.gov/34262867/ 

https://pubmed.ncbi.nlm.nih.gov/34262867/
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Realistic laser-matter interaction for MBI

32

[11] V. Ciardiello, D. Davino and V. P. Loschiavo. “Laser intensity scalability analysis for p-B11 fusion via microbubble implosion”. In: Frontiers in Physics, Volume 14 - 2026 (2026). DOI: 10.3389/fphy.2026.1801035.

• 2-D Particle In Cell (PIC - EPOCH) models for studying the laser target interaction have been used.

• A laser intensity of 𝐼 = 1018 is already sufficient and for higher values there is a plateau.

• A novel figure of merit, i.e. the Synchronism Action (SA), has been defined.

𝑆𝐴 𝑅0, 𝐼 ≡
1

𝜔𝐻
0 𝑡𝐻

𝑖𝑚𝑝
𝑅0, 𝐼 − 𝑡𝐵

𝑖𝑚𝑝
𝑅0, 𝐼 ± Δ𝑡

max
𝑛𝐻 𝑅0, 𝐼

𝑛𝐻
0 max

𝑛𝐵 𝑅0, 𝐼

𝑛𝐵
0

𝑅0 = 1 𝜇𝑚

https://www.frontiersin.org/journals/physics/articles/10.3389/fphy.2026.1801035/full
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Next steps and network [1/3]
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1) Further numerical analyses

Prof. Masakatsu Murakami
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Next steps and network [2/3]
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2) Target manufacturing

Dr. Michael Londesborough
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Next steps and network [3/3]
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3) Experimental campaigns

Dr. Daniele Margarone

AI-generated image
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• No easy solutions to the “Energy Transition” problem.

• The concept of the MBI has been applied to the nuclear fusion giving promising 

preliminary results.

• An improved 3-D MD-PIC code is currently under development. 

• International collaborations have been established to advance analytical and 

numerical modelling and to design experimental tests.  

• The ultimate goal is to apply for an experimental campaign to have a proof of 

principle. 

Conclusion

36
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Thanks for your attention

loschiavo@unisannio.it 
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Definitions

40

➢ 𝜎𝜈  is the reactivity [𝑐𝑚3/𝑠];

➢ 𝜖𝑆 is the stoichiometric efficiency [−]; 

➢ 𝐼𝑇 the nuclear cross section;

➢ 𝑁𝑝 and 𝑁𝐵 are the average densities of the 

species during the interaction time [𝑐𝑚−3];

➢ 𝑉𝐹 is the average final volume to which the 

system is compressed [𝑐𝑚3].

𝛼𝛾 = 3 𝜎𝜈 𝜖𝑆𝐼𝑇𝑁𝑝𝑁𝐵𝑉𝐹

𝜶-particle yield

𝑆𝐴 𝑅0, 𝐼 ≡
1

𝜔𝐻
0 𝑡𝐻

𝑖𝑚𝑝
𝑅0, 𝐼 − 𝑡𝐵

𝑖𝑚𝑝
𝑅0, 𝐼 ± Δ𝑡

max
𝑛𝐻 𝑅0, 𝐼

𝑛𝐻
0 max

𝑛𝐵 𝑅0, 𝐼

𝑛𝐵
0

Synchronism Action (SA)

➢ 𝜔𝐻
0  is the hydrogen plasma frequency;

➢ 𝐼 is the laser pulse intensity; 

➢ max(𝑛𝑠 𝑅0, 𝐼 ) is the maximum stagnation density at the implosion time 𝑡𝑠
𝑖𝑚𝑝

, found 

within a circular domain Ω ⊆𝑅2 with a radius of 𝑟𝑑 = 0.1 𝜇𝑚 centered at the target 

origin;

➢ 𝑛𝑠
0 is the initial density for the species s ∈ 𝐻, 𝐵 .
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Numerical analysis framework

41
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The “synchronism action” (SA) figure of merit
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Fission: The Essential 
Bridge

• VALCOE Analysis: When system costs 
are included, Nuclear is the most 
competitive low-carbon source.

• High power density: About 400 fission 
plants in the world produces 9% of the 
global energy demand

• Technology Status:

    - Current: Gen II and Gen III (highly 
reliable).

    - Future: Gen IV (expected ~2030) and 
SMRs.

43[2]: EUROSTAT, https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Nuclear energy statistics
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Magnetic (MCF) vs inertial (ICF) confinement

https://www.iter.org/node/20687/jet-beats-its-own-record, https://lasers.llnl.gov/science/achieving-fusion-ignition 

MCF

Record JET
ICF

Record NIF
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Pros and cons of MBI
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