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Finding the parameter range for
the proton-boron fuel ignition for
best gain

Plasma Order
Parameter for ICF
(PB11)

|

Parameters Value

lon Temperature in 150 < T; < 400 keV
a Dilute plasma
lon Temperature in 150 < T; < 440 keV

a Dense plasma (Depends on Z)
Electron Density (1028- 1033 ) e/m3
(n.)

lon Density (n;) Similar to ng
ng/Np =1

Alpha Particle 2.9 MeV

Energy in PB

plasma (Eg)

Ghorbanpour, E., & Belloni, F. (2024). On
the ignition of H11B fusion fuel”




ne [m-]
10+28
10+29
10+30

10+31

10+32

Response regime parameter

kTe[eV]  1.5x10+5

0.0273
0.0273
0.0273

0.0273

0.0273

3.5x10+5

0.0176
0.0176
0.0176

0.0176

0.0176

Plasma perturbation parameter

I

i

n

)

I

I

I

I

"

1

2.9797e-06

9.4226e-06

2.9797e-05

9.4226e-05

2.9797e-04

8.3790e-07

2.6497e-06

8.3790e-06

2.6497e-05

8.3790e-05

Plasma coupling parameter

9.0685e-05

1.9538e-04

4.2092e-04

9.0685e-04

2.0000e-03

3.8865e-05

8.3732e-05

1.8040e-04

3.8865e-04

8.3732e-04

ICF Plasma (P-B) E,=2.9x10+6

electron degeneracy parameter

1.5x10+5

8.8625e+04
1.9094e+04
4.1136e+03

8.8625e+02

1.9094e+02

3.5x10+5

2.0679e+05
4.4552e+04
9.5984e+03

2.0679e+03

4.4552e+02

a-e speed ratio

0.0515 0.0337
0.0515 0.0337
0.0515 0.0337
0.0515 0.0337
0.0515 0.0337
a-i speed ratio
3.0384 1.9891
3.0384 1.9891
3.0384 1.9891
3.0384 1.9891
3.0384 1.9891

a-e Coulomb logarithm

1.5x10+5 3.5x10+5
10.9000 11.7659
9.7487 10.6146
8.5975 9.4633
7.4462 8.3120
6.2949 7.1607

a-i Coulomb logarithm

15.1987 15.3112
14.0474 14.1599
12.8962 13.0086
11.7449 11.8573
10.5935 10.7061

a-e collision frequency

2.5545e+08 7.7364e+07
2.2847e+09 6.9794e+08
2.0149e+10 6.2224e+09
1.7451e+11 5.4654e+10

1.4752e+12 4.7084e+11

[1.5%x10+5 - 3.5x10+5]

a-i collision frequency

1.5x10+5

4.8442e+08
4.4773e+09
4.1103e+10

3.7434e+11

3.3764e+12

3.5x10+5

1.3692e+08
1.2662e+09
1.1633e+10

1.0603e+11

9.5737e+11

a-e mean free path

0.8529

0.0954

0.0108
0.0012

1.4769e-04

4.3826

0.4858

0.0549

0.0062

7.2011e-04

a-i mean free path

0.0164

0.0018

1.9305e-04

2.1198e-05

2.3502e-06

0.0430

0.0046

5.0561e-04

5.5470e-05

6.1435e-06

Electron oscillation frequency

1.5x10+5

5.6415e+15
1.7840e+16
5.6415e+16

1.7840e+17

5.6415e+17

3.5x10+5

5.6415e+15
1.7840e+16
5.6415e+16

1.7840e+17

5.6415e+17

lon oscillation frequency

1.1150e+14

3.525%e+14

1.1150e+15

3.5259%e+15

1.1150e+16

1.1150e+14

3.5259%e+14

1.1150e+15

3.5259%e+15

1.1150e+16

a-i frequency ratio

4.3446e-06

1.2698e-05

3.6864e-05

1.0617e-04

3.0282e-04

1.2280e-06

3.5912e-06

1.0433e-05

3.0072e-05

8.5864e-05
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kTe
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y
I

0
Vina/Vthe
Vina/Vthi

InAge,
InAg;
Ve
Vai
Age
Agi

101-31
2.0x10+
0.0235
6.1262¢-05
6.8014e-04
1.1817e+03
0.0446
2.6313
7.7411
11.8098
1.1783e+11
2.4448e+11
0.0022
2.9994¢-05
1.7840e+17
3.5259%+15
6.6050e-07

6.9339¢-05

Summary of PB11 Plasma Order Parameter

ICF Plasma (P-B)  E_=2.9x10+

[m-]

[eV]
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Examples of values of density and temperature for the ICF cases

with respect to the interaction between the projectile beam and the
target plasma, the response regime is still linear p < 1 and the
perturbation is weak and confined within a De-Broglie length p < 1

The coupling between the charged particles is weak enough (their
kinetic energy dominates over their potential energy) for the target
plasma to be still considered an ideal plasma (I' < 0, 1)

Pauli exclusion rule’s effects on the target e’s are negligible enough
(their kinetic energy dominates over their Fermi energy) for the target
plasma to be defined non-degenerate, obeying a classical Maxwell-
Boltzmann statistics @ > 1

The projectile beam moves in an low regime with respect to the target
electrons vtha < vthe and in a intermediate with respect to the target
ions viha ~ vthi

The long-range collective effects are more significant than the short-
range binary collisions, in the interactions between the alpha particles

™S

and the target ions more than in the interactions between the alpha
particles and the target electrons (InAae, InAai > 4); this implies

relatively small collision frequencies vae, vai (with respect to the
oscillation frequencies we, wi).




ICF Plasma " ;
P Plms D) B0 PR Summary of Comparisons B/W (P-BI1 & D-T) Results

Examples of values of density and temperature for the ICF cases

10+ 10+
20108 20x10%
0.0235 0.0235
6.1262e-05  1.9373e-4

V] / with respect to the interaction between the projectile beam and the
target plasma, the response regime is still linear § <1 and the
perturbation is weak and confined within a De-Broglie lengthp € 1

The coupling between the charged particles is weak enough (their
kinetic energy dominates over their potential energy) for the target

)
y
I
b \ plasma to be still considered an ideal plasma (I" <0, 1)

LISITeH3 25458600
Vo Vi OGS 005 009
Vm/Vu..- W8 260

ndge [T 7 65898
- L8098 10585

Pauli exclusion rule’s effects on the target electrons are negligible
enough (their kinetic energy dominates over their Fermi energy) for
the target plasma to be defined non-degenerate, obeying a classical
Maxwell- Boltzmann statistics © > 1

- LGesll LBlesl2 ¢ The projectile beam moves in an low regime with respect to the target

electrons vthe < vthe and in a intermediate with respect to the
WOIGTREHRN 2408t 22065es12 g target ions vthe: ~ vehi
- 2526304 0 \ | o

The long-range collective effects are more significant than the short

- i m range binary collisions, in the interactions between the alpha
- 7840e+17  5.6415e+17 ! particles and the target ions more than in the interactions between
- 390506415 111506416 5l the alpha particles and the target electrons (InAae, InAai > 4); this

implies relatively small collision frequencies vae, voi (with respect
to the oscillation frequencies we, @i) and relatively big mean free

paths Aae, Aai.

- 66000 17780e-06
V,i/w, - 693605 19789
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Finding the parameter range for plasma temperature in Geant4

the proton-boron fuel ignition for 4
best gain 1. Integration of custom model
2. Integration Messenger Class
u 3. Setting of Physics List

4. Run Macro file

] :
Plasma Order Monte Carlo (MC) lon-plasma interaction
Parameter for ICF == Simulations: (Selection of === within the Geant4

(PB,I,ll) Suitable Model for Testing) toolkit
Parameters Value Novel Single Scattering/Modified 1. Physics List
: 2. Reaction Model

lon Temperaturein | 230 = T; < 400 keV Li-Petrasso Model . .

. 3. Simulation Setup
a Dilute plasma
lon Temperature in | 200 < T; < 440 keV | Parameters Value (G.eometry,
a Dense plasma (Depends on s) Primary
Electron Density (1028- 1033 ) e/m?3 Temperature (T) (0.5 - 1) MeV Generator Action,
(n.) . o Electron Density (n,) (1024- 1032 ) e/m3 Sensitive
lon Density (n;) Similar to ne lon Density (n;) Similar to ne Detectors)
ng/np =1 np/ny =1
Alpha Particle 2.9 MeV Alpha Particle Energy [0.1-10 ] MeV 4. Analyzing Results
Energy in PB
plasma (Ey) Zylstra, A. B., Rinderknecht, H. G., Frenje, J. A., Li, C.

K., & Petrasso, R. D. (2019).

Ghorbanpour, E., & Belloni, F. (2024). On
the ignition of H11B fusion fuel

Du, B., Kang, D., Zou, S., Liu, C., Deng, L., Ge, F., & Zhu, S. (2024).




Model Comparison for Geant4 Suitability

Goal Implementing Custom Charged-Particle Stopping Power Model into Geant4

Challenge Geant4's standard Electromagnetic (EM) physics models are designed for cold, bound matter. In a
hot fusion plasma, the target electrons are free (fully ionized), requiring a custom energy loss
calculation (dx/dE).

Solution We must override the default Geant4 EM physics by implementing a custom model based on
plasma stopping power theory for (dE/dx) to account for plasma effects.

Required Model the transport of charged particles (e.g., 4He, 1H) through p-11B plasma, the environment
System & required Hot, Dense Plasma (T=200 keV,p=100 g/cm3)
Environment

Feature Modified Li-Petrasso (MLP) Model Single Scattering Model (NSSM)
Nature Stopping Power Theory (Continuous Full Monte Carlo Transport (models individual
Energy Loss, dE/dx). collisions).
Geant4 EASY: Integrates by overriding the COMPLEX: Explicitly "abandons the stopping-power".
Integration G4VContinuousProcess or generating Requires custom G4VDiscreteProcess and potentially
custom dE/dx tables. deep modification of tracking logic to account for

every single scattering event.

Advantage Simplicity & Speed: Computationally High Accuracy: Models the non-Maxwellian response
efficient and the standard way to of the target plasma, which is critical for accurate
introduce custom dE/dx physics in Geant4. fusion reactivity calculations. (Hassan, A.; Cirrone, P.

Includes both binary and collective effects. G. Evaluation of Charged-Particle Stopping Models for Fusion
Plasmas, 2026)

Starting 1. Start with the Modified Li-Petrasso (MLP) implementation in Geant4.
Option 2.Then add the Novel Single-Scattering Model (NSSM) as a second, for High Accuracy.



Expected
Results

Validation
Steps
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(a). At T; = 0.1 keV, MLP predicts up to ~15%

18

20

higher stopping in the Bragg peak region (0.5 MeV

to 3 MeV) compared to NSSM, and approximately

agrees to within (3.1 MeV to 20 MeV).

= MLP Model

107 == NS5 Model

103

LL T
-
-
_______________________

Stopping Power (MeWw/Amg/cm=))

T T
25 50 15 10.0 125 15.0 175 200
Alpha Energy {MeV)

(b). At T; = 200 keV, MLP predicts up to ~10% higher
stopping region (E.> 2 MeV) compared to NSSM, and
relative decrease and approximately agrees when E
increases E.> 20 MeV.

The crucial step is verifying the simulation results against theory.
Analytical Check: Compare the DEDX calculated by ComputeDEDXPerVolume() with tables derived from the

full MLP/NSS analytical models.

Parameter Sweep: Ensure the simulation correctly reflects changes in particle range when T and p are varied.
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