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The study of ICF is important and requires a long time due to the various physical phenomena. One of the phenomena is 
the interaction potentials between ions and electrons that can provide the possibility of studding the fusion plasma more 
accurate. Dynamic properties of dense plasma enables us to evaluate the thermonuclear reaction parameters more accurately. 
In general, in this work we were able to investigate the role of relativistic electrons in DT, D3He, and P11B fusion plasma 
using ICF approach in terms of temperature, distance, and Lorentz factor. The results of our calculations show that the 
calculated parameters in our work for the DT fusion fuel are in good agreement with the results of other groups, which 
shows the validity of our research work. While for the parameters belong to D3He and p11B fuels no references were found 
for comparison, because they have been studied for the first time by the authors of this article. It is hoped that this work can 
be a foundation for further research of aneutronic fuels. 
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1 Introduction 
Nuclear fusion can be accomplished in various 

approaches, provided the fuel is compressed to a 
sufficient density and heated to an adequate temperature 
for enough time. However, two main experimental 
approaches, magnetic confinement fusion (MCF)1,2 and 
inertial confinement fusion (ICF), have received more 
recognition for developing fusion technology3,4. 
Compared to the other energy sources, nuclear fusion 
has many advantages: no greenhouse gas or other 
pollutant emission during operations, no chain reactions, 
baseload production and load-following capabilities. 
These aspects make nuclear fusion extremely promising 
from the point of view of energy production, but it is not 
exempt from concerns and issues. In MCF, magnetic 
fields are a natural candidate for plasma confinement, 
because the electrically charged ions and electrons that 
make up the plasma interact with the magnetic field lines 
and follow well defined orbits, avoiding contact with the 
reactor walls. For example, Princeton fusion systems 
work based on MCF. The Direct Fusion Drive (DFD) 
proposed by Princeton Fusion Systems 12 (United 
States) is a compact fusion engine for space propulsion. 
The goal of DFD is to enable exploration missions in the 
Solar System5-7. The engine is designed to use D3He 

fuel, exploiting a FRC to confine the plasma within a 
linear solenoid coil8-9. The DFD would be highly 
effective because it provides both propulsion and 
electricity production.  

ICF exploits extremely high compressions of solid 
targets to bring the fuel up to ignition conditions 
(n ∼ 1025m−3). Although some concepts exploit non-
thermal acceleration of fuel ions up to suitable energies 
for fusion reactions, the most common approach is based 
on spherical pellets heated uniformly by laser beams. 
The energy burst ablates the outermost layer of the 
sphere, generating an inward shock wave that 
compresses the fuel, with a consequent fuel temperature 
increase up to 1–10 keV. The process takes place in 
extremely short times (∼1 − 10 ns) and the plasma 
confinement is not improved by the presence of external 
magnetic fields. The very short confinement time is 
indeed traded off by the high fuel density. Key enabling 
technologies for IFC are high-power lasers, highly 
efficient lasers, and fuel pellets, even though the 
extension to a power plant requires an effective breeding 
blanket design that must suit the radically different 
design of ICF devices. Contributions of paramount 
importance for ICF advancements, including the first 
ignited plasma ever achieved, have been provided by the 
National Ignition Facility (NIF)10. Additional 
experimental facilities investigating ICF are OMEGA 
(US)11, and Gekko (Japan)12 . 
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The most studied nuclear fusion reactions for 
energy applications are those employing as reactants1 
a plasma of the isotopes of hydrogen (deuterium and 
tritium), 3He or 11B:  D + T → 4

2He + n (17.6 MeV) , 
D + 3

2He → 4
2He + p (18.3 MeV) , and p + 11

5B → 
34

2He (8.68 MeV). Any device that exploits fusion 
reactions requires fuel (and refueling). One of the 
important issue in fusion plasma is thermodynamical 
parameters of DT, D3He, and P11B fusion fuels using the 
interaction potential of fusion particles. Therefore, the 
main purpose of this article is to study this point. 
Therefore, in line with this goal, the paper is structured as 
follows: Section 2 introduces the main nuclear fusion 
fuels which are used in fusion reactors; Section 3 provides 
a theoretical investigation of relativistic electrons in fusion 
plasmas; Section 4 discusses extensively the main 
achievements of thermodynamics and dynamical 
properties of dense fusion plasma via inertial confinement 
fusion and finally the summery is given. 

2 Nuclear Fusion Fuels 
Fuel can be provided as a gas or as a solid pellet, 

usually stored and processed in loco. For p11B fusion, 
both the reactants are abundant, but this is not the case 
for DT or D3He fusion. Deuterium can be easily 
extracted from water, while tritium is a radioactive 
isotope with a half-life of 12.3 years (meaning that 
hardly any T is available in nature), and 3He is an 
extremely rare element on the Earth. DT fusion 
devices are therefore being designed to produce 
(breed) tritium in the reactor itself by exploiting the 
nuclear reactions between neutrons and lithium. The 
component devoted to tritium breeding is the breeding 
blanket. Each DT fusion reaction produces a neutron, 
which travels almost freely through the plasma until 
reaching the structure surrounding the vacuum 
chamber, where the breeding blanket is located. Most 
of the neutrons are slowed down in the blanket, 
releasing energy in the form of heat and eventually 
being absorbed by the blanket materials. Materials 
with a high content of lithium are used to breed 
tritium according to the reactions : 6Li + n → T + 4He 
(4.8 MeV) and 7Li + n → T + 4He + n′ (–2.5 MeV).  

3He is instead produced by DD reactions or by tritium 
decay. In principle, a D3He fusion device does not 
require a breeding blanket because it relies on an open 
fuel cycle, removing the complexity of a breeding 
blanket from the reactor design but introducing the need 
of an external source of 3He. A large source of 3He is 
found in Moon regolith. Many analyses have been 

carried out on the feasibility of 3He mining from the 
Moon, but only conceptual designs and missions have 
been produced so far because of the high financial risk 
of the projects and lack of validated technologies. 

Boron is much more common than T or 3He on the 
Earth. The main reserves are in Chile, China, Russia, 
and in the US. No supply issues are foreseen in the 
next future at the current rate of consumption. P11B 
energy pursues non-thermal p11B fusion by a 
combination of ultra-high acceleration of plasma 
blocks in a solid target and ultra-high magnetic fields 
(∼10 kT) by high-power lasers. The solid target is a 
small cylinder of hydrogen and boron placed in a 
capacitive coil. Two lasers are required to reach 
ignition conditions. A first laser hits the target, while 
a second laser produces the ultra-high magnetic field 
by interaction with the capacitor coil13. Several 
experiments have been carried out to investigate the 
basic principles of non-thermal fusion14, the 
interaction between PW-scale lasers with fuel block15 
and the optimal scheme (bulk vs. pitcher-catcher)16, 
and the existence of an avalanche reaction in the fuel 
target17. Direct electricity generation is foreseen by 
decelerating the alpha particles exploiting a high 
voltage spherical shell in which the target and the coil 
are located. No fusion power plant is planned for the 
near future, but a roadmap highlighting the most 
important steps (e.g., numerical analysis of capacitor 
coil magnetic field, behavior of materials under kT 
magnetic fields, improvement of PW-class lasers) to 
achieve power production from p11B fusion reactions 
has been developed18. The fusion cross section for the 
aforementioned reactions is reported in Figure 1 as a 
function of the energy. 

Fig. 1 — Experimental cross sections (σ) for the most relevant
fusion reactions 
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3 Theoretical Investigation of Relativistic Electrons 
in Fusion Plasmas  

One of the basic problems in plasma physics is the 
interaction and energy loss of charged particles in 
plasma19, 20. This issue usually emphasizes ions 
(protons, alphas, etc.) in the field of heating and 
ignition, through ICF and internal explosion21-23. The 
concept of fast ignition through ICF considers the 
energy deposition of relativistic fast electrons in non-
isothermal dense hot plasmas of DT, D3He and P11B 
and preheated fuel24, 25. The scattering effects are key 
points for quantitative evaluation of preheated fuel. 
The starting point of these calculations includes the 
examination of the relativistic elastic differential cross 
sections for the scattering of fully ionized electrons 
and ions with charge Z26, 27. Such that these relativistic 
elastic differential cross sections for electron-ion and 
electron-electron scattering are estimated by Eqs (1) 
and (2), respectively28,29: ൬dσdΩ൰ୣ୧ ≈ zଶ4 ൬ r଴γβଶ൰ଶ 1sinସ θ 2ൗ 	…(1) 
z ൬dσdΩ൰ୣୣ 		≈ z (γ+ 1)ଶቆ2ටቀஓାଵ ଶൗ ቁቇସ 				൬ r଴γβଶ൰

ଶ 1sinସ θ 2ൗ 	…(2) 
where β = ୴ୡ, ،	γ = ൫1−ஒమ൯షభమ  and r଴ is the 

classical electron radius, which is follows from the 

relation: r଴ = ୣమ୫బୡమ. The ratio of the differential 

scattering cross sections of relativistic electron-
electron to electron-ion is represented by ℜ (Equ. (3)). ℜ = Z ൬dσdΩ൰ୣୣ ൬dσdΩ൰ୣ୧൘ ≈ (γ+ 1)ଶ൭2ටቀஓାଵ ଶൗ ቁ൱ସ 1Z 	…(3) 

In Fig. 2, we have drawn the two-dimensional 
diagram of ℜ variations in terms of γ for three fusion 
reactions a) DT, b) D3He and c) P11B. 

From the observation of Fig. 2, it can be seen that 
with the increase of the Lorentz factor γ, first R 
increases and then it has a decreasing trend such that 
DT has the highest value but P11B has the lowest 
value. To calculate the effects of multiple scattering, 
the Boltzmann scattering equation according to Eq (4) 
is used30: ப୤பୗ+ V ∙ 	∇= 	n୧ .ሾf(X׬ V.ᇱ S)− f(X. V. S)ሿ σ(|V− Vᇱ|)dVᇱ

... (4) 

where f is the angular distribution function of 
scattered electrons, ni represents the numerical density 
of plasma ions with charge Z and X represents the 
direction in which scattering occurs and s = σଵ(E), 
and σଵ(E)	means the cross-sectional area of total 
scattering, which follows the Eq (5): 

σଵ(E) = σଵୣ୧(E) + Zσଵୣୣ(E) = 4πn୧ ቀ ୰బஓஒమቁଶ ێێۏ
ln⋀ୣ୧	Zଶۍێ +

(ஓାଵ)మ
ቌଶටቀಋశభ మൗ ቁቍర Z		ln⋀ୣୣ቏   ... (5) 

In Fig. 3 we presented the variations of σଵ(E) (total 
scattering cross section) in terms of γ and T in the 
range of 0 ∙ 01 ≤ γ ≤ 10and 1 ≤ T(keV) ≤ 300. 

In Equation 5, which is the equation related to σଵ(E), 
the two quantities  σୣ୧ and σୣୣ are electron-ion and 
electron-electron scattering cross sections, respectively, 
where: σୣ୧ = dσ)׬ dΩ⁄ )ୣ୧ 	dΩ and σୣୣ dσ)׬= dΩ⁄ )ୣୣ 	dΩ (Figs 4 & 5). These figures show the 
two and three-dimensional variations of s(E) (the total 
length of the path traveled by plasma particles) in terms 

Fig. 2 —  Comparison of ℜ (the ratio of the differential elastic cross sections of electron-electron to electron-ion scattering) variations in 
terms of γ for three fusion reactions a) DT, b) D3He and c) P11B 
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of γ for three reactions a) DT, b) D3He and 
c) P11B in the range of 0·01≤γ≤10 and 1≤T(keV)≤300
and the two-dimensional variations of σୣୣ and σୣ୧
variations in terms of γ (σ = σଵ(E)), respectively.

According to the above figures, our calculations 
show that the variations of the total scattering 

cross-section (σଵ(E)) and the variations of the 
electron-electron  and  electron-ion scattering cross-
section in terms of Lorentz coefficient γ and 
temperature T, at different temperatures, initially 
have fixed values, but with increasing γ, at first 
increases and reaches its maximum value at γ≃1 and 
then decreases and the variations of s(E) (the total 
length of the path traveled by the plasma particles ) 
also decreases with increasing temperature but 
increases with increasing γ and has the highest value 
in order of DT, then D3He and finally P11B. Also, in 
equation (5), ⋀ୣ୧ and ⋀ୣୣ are known as the Coulomb 
logarithms of electron-ion and electron-electron, 
respectively, which are determined by the relations ⋀ୣ୧ = λୈ b୫୧୬ୣ୧⁄  and ⋀ୣୣ = λୈ b୫୧୬ୣୣ⁄ .  

In the equations of ln ⋀ୣ୧ and 	ln		⋀ୣୣ, λୈ is called 

Debye length and follows the relation λୈ = ቀகబ୘୬ୣమቁభమ
where ε଴ is the vacuum permeability. 

Also, b୫୧୬ୣ୧  and b୫୧୬ୣୣ  are the minimum electron-ion 
and electron-electron collision parameters, 
respectively, which are defined by the relations 

Fig. 4 — variations of s (E) as a function of γ and T in the range of 0 01≤γ≤10 and 1≤T (keV) ≤ 300, for three fusion reactions a) DT,
b) D3He, and c) P11B

Fig. 5 — variations of  ો܍܍  andોܑ܍ as a function of γ 

Fig. 3 — variations of  ો૚(۳) (total scattering cross-section) as a
function of γ and T 
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b୫୧୬ୣ୧ = ୞୰బஓஒమ and b୫୧୬ୣୣ = 2(γ+ 1)r଴ ൥ቆ2ටቀஓାଵ ଶൗ ቁቇଶ γβଶ൩൙  . 

Equation (4) has been solved in cylindrical 
coordinates with the assumption that the scattering is 
symmetric. The solution that satisfies the boundary 
conditions is in the form of Eq (6)31: f(θ. S) = 14π෍(2l + 1)ஶ

୪ୀ଴ 	P୪(cosθ)		exp		 ቈ−න σ୪(sᇱ)ୱ
଴ dsᇱ቉	

... (6) 

where P୪(cosθ) is Legendre's polynomial. Using 
the orthogonality condition and considering l=1, 〈cosθ〉 can be obtained by equation (7) where 〈cosθ〉is the average angle of multiple scattering: 〈cosθ〉 = න f (θ. s)Pଵ(COSθ)dΩ = exp ቈ−න sᇱୱ

଴ ds′቉= exp ቈ−න (s′)୉
୉బ ൬dEds൰ିଵ dE቉				 				…(7) 

In Fig. 6, we have drawn the variations of 〈cosθ〉 
(average multiple scattering angle) in terms of γ and T 
in the range of 0·01≤γ≤10 and 1≤T(keV)≤300. 

From the observation of Fig. 6, it is clear that the 
variations of average angle of multiple scattering 
(〈cosθ〉) in terms of the Lorentz coefficient γ and 
temperature T are almost constant at different 
temperatures, and with increasing γ, it increases rapidly 
and reaches a constant value. 〈cosθ〉 relates dE/ds to 
dE/dx by Eq (8) where dE/ds is stopping power along 
the path and dE/dx is the linear stopping power32: ୢ୉ୢ୶ = 〈cosθ〉ିଵ ୢ୉ୢୱ 	…(8)  

In fact, the stopping power comes from interactions 
with plasma electrons and plasma fluctuations. The 
stopping power during the path follows the Eq (9): dEds = −2πr଴ଶm଴cଶn୧Zβଶ ൝ln ቈ(γ − 1)λୈ2ඥ2γr଴ ቉ଶ + 1 + 18 ൬γ − 1γ ൰ଶ− ൬2γ − 1γ ൰ ln2

+ ln	 ቆ 1 ∙ 123βඥ2 kTୣ m଴cଶ⁄ ቇଶൡ				 	…(9) 
In Figs 7 and 8, we have drawn the variations of 

dE/ds (stopping power along the path) in terms of γ 
and T for three fusion reactions a) DT, b) D3He and c) 
P11B in the range of 0·01 ≤γ≤10 and 1≤T(keV)≤300. 

From the observation of Fig. 7 and the calculations 
we have made for the variations of stopping power 
during the path (dE/ds) for the three fusion reactions 
DT, D3He and p11B in terms of γ and T, it can be 

Fig. 6 — variations of 〈ܛܗ܋ી〉 as a function of γ and T 

Fig. 7 — variations of  
 as a function of γ and T for three fusion reactions: a) DT, b) D3He, and c) P11B in the range of 0. 01 ≤ ઻ ≤ 10  ܛ܌۳܌

and 1 ≤ T (keV) ≤300 
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concluded that with increasing temperature, the dE/ds 
value increases and reaches its maximum value at 
γ≃1 and then has a decreasing trend and has the 
maximum value firstly P11B, then D3He and finally 
DT. The linear stopping power, i.e., dE/dx, is a result 
of the effects of multiple scattering, where β and γ are 
relativistic conditions that are related to β = ୴ୡ andγ = (1− βଶ)షభమ  respectively. The total length of the
path that the electrons travel during scattering and 
finally become thermal is represented by R and is 
obtained from equation (10):  R = ׬ ds′଴ୖ = ׬ ቀୢ୉ୢୱቁିଵ 	dE~୏୘୉బ 	…(10)  

The average distance traveled along the primary path 
of the electron (or penetration depth) is represented by 〈X୔〉, which is determined by equation (11): 〈X୔〉 = ∑ eି୬ ׬ 〈cosθ〉୉౤శభ୉౤ ቀୢ୉ୢୱቁିଵ୬ୀ଴ dE		 	…(11)	

In Fig. 8, we have drawn the variations of 〈X୔〉 
(penetration depth) in terms of γ and T for three 
reactions a) DT, b) D3He and c) P11B in the range of 
0·01≤γ≤10 and 1≤T(keV)≤300. 

From looking at Fig. 8, we can see that the changes 
in penetration depth (〈X୔〉) for the three fusion 
reactions DT, D3He and P11B in terms of the Lorentz 
coefficient γ and temperature T are a constant value at 
different temperatures, but with increasing γ, it 
decreases and DT, D3He and P11B have the highest 
value respectively. Also, the variations of the ratio of 
total length of the path that electrons travel during 
scattering and eventually become thermal, to the 
distance along the initial path of the electron 

(or penetration depth), i.e. 
ୖ〈ଡ଼ౌ〉, in terms of γ and T for

three fusion reactions DT, D3He and P11B in the range 
of 0·01≤γ≤10 and 1≤T(keV)≤300 are given in Fig. 9. 

From observing the variations of 
ୖ〈ଡ଼ౌ〉 for the three 

fusion reactions of DT, D3He and P11B in terms of 
γ and T (Fig. 9), it is clear that the maximum value of ୖ〈ଡ଼ౌ〉 is related to DT, D3He, and P11B, respectively. 

4 Thermodynamics and Dynamical Properties of 
Dense Fusion Plasma via Inertial Confinement Fusion  

Knowing the dynamical and thermodynamics 
properties of dense plasma enables us to calculate and 
design the thermonuclear reaction more accurately. It 

Fig. 8 — two and three-dimensional variations of 〈X୔〉  as a function of γ and T for three fusion reactions: a) DT, b) D3He, and c) P11B in 
the range of 0. 01 ≤ γ ≤ 10 and 1 ≤ T (keV) ≤300 

Fig. 9 — variations of  
 as a function of γ and T for three fusion reactions: a) DT, b) D3He, and c) P11B in the range of 0·01≤γ≤10 and  〈۾܆〉܀

1 ≤T (keV) ≤300 
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is clear that considering the effective interaction 
potentials of particles is important for calculation of 
plasma properties. Therefore, these effective 
interaction potentials, which include charge screening 
effects at large distances as well as quantum 
mechanical effects at short distances, have been 
investigated in this article. 

4.1 Effective Interaction Potentials 
Since plasma particles interact with each other and 

with electrons, the interaction between them is 
characterized by the following effective interaction 
potential33  :  Φ஑ஒ(r) = ୞ಉ୞ಊ୰ටଵି൫ଶ஛ಉಊ ୰ీ⁄ ൯మ ൫exp(−rB)− exp(−rA)൯	 ... (12) 

where α, β are the types of particles (ions or 
electrons) and 	Zα, Zβ are the atomic numbers of α,  

β particles. The expression 	λ஑ஒ = ħ ඥ4πm஑ஒk୆T⁄  is 
the thermal wavelength of both α and β particles and 

the expression m஑ஒ = mαmஒ ቀmα +mஒቁ⁄  is related 

to the reduced mass, and rୈ is the Debye radius and it 

is given by rୈ = ቀகబ୘୬ୣమቁభమ . In Figures 10, 11 and 12, we 

plotted the variations of  Φୣ୧(r) (electron-ion 
effective interaction potential), Φୣୣ(r) (electron-
electron effective interaction potential) and Φ୧୧(r) 
(ion-ion effective interaction potential) respectively, 
in terms of r and T for three fusion reactions a) DT, b) 
D3He and c) p11B in the range of 0≤r(μm) ≤4 and 
1≤T(keV)≤300. A and B follow Eqs (13) and (14), 
respectively: Bଶ = ଵଶ஛ಉಊమ ቆ1− ට1 − ቀଶ஛ಉಊ୰ీ ቁଶቇ	 		…(13)  

Aଶ = 12λ஑ஒଶ ቌ1 +ඨ1− ቆ2λ஑ஒrୈ ቇଶቍ							 		…(14) 
We have given the results of our calculations in 

Figs 10 -11. From their observation, we find that the 
variations of effective electron-ion interaction 
potential (Φୣ୧(r)) and the effective ion-ion interaction 
potential (Φ୧୧(r) ) and the effective electron-electron 
interaction potential (Φୣୣ(r)) for all three fusion 
reactions DT, D3He and P11B in terms of the 
interaction distance r and temperature T, such that at 
first all of mentioned interaction potentials increase 
and then decrease. Also, in Figure10, P11B has the 
maximum value of Φ୧୧(r), , then D3He, and finally 
DT. While in Figure 11, Φୣୣ(r) for all three fusion 
reactions have the same value, but in Figure 12, P11B 
has the maximum value of Φ୧୧(r), then D3He, and 
finally DT. 

Fig. 10 — variations of  ઴(ܚ)ܑ܍ (electron-ion effective interaction potential) as a function of r and T for the three fusion reactions: a) DT,
b) D3He, and c) P11B in the range of 0≤r (μm) ≤4 and 1≤T (keV) ≤300

Fig. 11 — variations of  ઴(ܚ)܍܍ (electron-electron effective 
interaction potential) as a function of r and T in the range of 0≤r 
(μm) ≤4 and 1≤T (keV) ≤300 for the three fusion reactions DT,
D3He, and P11B 
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4.2 Thermodynamical Properties of Dense Plasma in ICF 
Based on the effective interaction potentials, 

the pair correlation functions with exponential 
approximation are given by: g஑ஒ(r) = exp ቆ−Φ஑ஒ(r)k୆T஑ஒ ቇ	 			…(15) 

Where, Φ஑ஒ(r) is the effective interaction potential 
of α and β particles. Figure 13 shows the variations of 
a) gୣ୧(r)  (electron-ion pair correlation function), b)gୣୣ(r) (electron-electron pair correlation function),
and c) 	g୧୧(r) (ion-ion pair correlation function) as a
function of r and T in the range of 0≤r(μm) ≤4 and
1≤T(keV)≤300.

The results of our calculations as shown in 
Figure 13  show that the variations of electron-ion pair 
correlation function (gୣ୧(r)) and electron-electron pair 
correlation function (gୣୣ(r)) and ion-ion pair correlation 
function (g୧୧(r)) according to the interaction distance r 
and the temperature T(keV), is a fixed value at different 
temperatures and has almost the same value for all three 
fusion reactions mentioned. Pressure, P, and energy, E, 

are thermodynamical properties of plasma and are 
obtained through pair correlation functions and effective 
interaction potential such that are determined by 
equations (16) and (17), respectively [34]: P = P୧ୢ − 23π ෍ nୟୟୀ୧.ୣ ෍ nୠୠୀ୧.ୣ න ∂Φୟ.ୠ(r)∂r gୟ.ୠ(r)rଷdrஶ

଴  

… (16) 

E = E୧ୢ − π ෍ nୟୟୀ୧.ୣ ෍ nୠୠୀ୧.ୣ න Φୟ.ୠ(r)gୟ.ୠ(r)rଶdr	ஶ
଴

... (17) 

In Table 1, we have made a comparison between 
the numerical values of thermodynamical properties 
P and E of the fusion plasma obtained from the Eqs 
(16) and (17) for the three fuels D3He and P11B.

From the calculated numerical values, we find that
with increasing the temperature for the three fusion 
reactions of DT, D3He and P11B, the pressure (P) and 
energy (E) increase, such that the maximum values of 
P are belong to P11B, D3He and finally DT, 

Fig. 12 — variations of  Φ୧୧(r) (ion-ion effective interaction potential) as a function of r and T for three fusion reactions: a) DT, b) D3He, 
and c) P11B in the range of 0≤r(μm) ≤4 and 1≤T(keV)≤300 

Fig. 13 — variations of (a) (ܚ)ܑ܍܏  (electron-ion pair correlation function), (b) 	(ܚ)܍܍܏ (electron-electron pair correlation function), and 
(c) .as a function of r and T in the range of 0≤r(μm) ≤4 and 1≤T(keV)≤300 (ion-ion pair correlation function) (ܚ)ܑܑ܏	
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respectively, while the maximum value of E are 
belong to DT, P11B and finally D3He, respectively. 
These thermodynamic relationships are used to solve 
the Huguenot equation [35]: H(V. P. E) = E− E଴ + 1 2ൗ (V− V଴)(P + P଴) = 0	    ... )18(

where 	P଴ = 0  and ρ଴ = 0 ∙ 171 ௚ୡ୫య		and  E଴ = −15 ∙ 886 ୣ୚ୟ୲୭୫. In fact, E଴, V଴ and P଴ are the 

initial energy, the initial volume and the initial plasma 
pressure, respectively, while E, V and P, are final 
energy, final volume and final plasma pressure, 
respectively. 

4.3 Dynamical Properties of Dense Plasma in ICF 

One of the important parameters to describe the 
interaction of ions with materials is the energy of the 
projectile. The stopping power is a parameter that 
determines the average energy loss of fast electrons or 
ions in the plasma and is determined by Eq (19): ୢ୉ୢ୶ = 8πn ൬ஜಉಊ୫ಊ൰Eୡbଶୄ ⋀஑ஒ	    … )19(  

where Eୡ = 1 2ൗ m஑ஒvଶ is the energy of the center
of mass, v is the relative velocity of the scattered 
particle, ⋀஑ஒ is Coulomb's logarithm and bୄ is the 

collision parameter, which is determined by: bୄ = ൫Z஑Zஒeଶ൯ 2Eୡ⁄ .[36,37] In Fig. 14, we plotted 
the variations of dE/dx (stopping power) in terms of 
γ and T(keV) for three fusion reactions a) DT, 
b) D3He, and c) P11B in the range of 0.01 ≤ γ ≤ 10
and 1 ≤ T(keV) ≤ 300,respectively.

From the graphs in Fig. 14, it is clear that the changes 
in the stopping power (dE/dx) for the three fusion 
reactions DT, D3He and P11B in terms of Lorentz 
coefficient γ and temperature T(keV), increase with 
increasing temperature and with increasing γ, first 
increase and then decreases and D3He has the highest 
dE/dx value, followed by P11B and finally DT. The 
Coulomb logarithm is determined based on the effective 
interaction potential of particles through the scattering 
angle of the pair Coulomb collision. By introducing the 
center of mass in the collision process, the Coulomb 
logarithm is written as Eq (20)38,39: ⋀஑ஒ = ଵୠమ఼ ׬ sinଶ ቀ஘ౙଶ ቁ ∙ bdb		ୠౣ౗౮଴   ... )20(   

where, b୫ୟ୶ = rୈ is the maximum impact 
parameter. The scattering angle of the center of mass 
can be obtained from the well-known formula (21): θୡ = π − 2b׬ ୢ୰୰మ ቀ1− ஍ಉಊ(୰)୉ౙ − ୠమ୰మቁିଵ ଶൗஶ୰బ        … )21(   

Table 1 — Comparison of the numerical values of the thermodynamic properties of P and E of the fusion plasma obtained from the 
calculations of the Eqs (16) and (17) for the three fuels DT, D3He and P11B in the range of 0≤r(μm)≤4 and 1≤T(keV)≤300 

DT DT D3He D3He P11B P11B 

T(keV) P(Gpa) E(MeV) P(Gpa) E(MeV) P(Gpa) E(MeV)
50 280 1.53 400 2.50 480 4.10
100 570 3.22 620 4.52 670 8.22
150 880 4.82 895 7.31 898 12.46
200 989 6.51 967 9.92 975 16.37
250 1010 8.12 1013 12.43 1035 20.63
300 1077 9.70 1082 14.95 1093 25.32

Fig. 14 — variations of 
ୢ୉ୢ୶ (ெ௘௏ఓ௠ ) (stopping power) as a function of γ and T for three fusion reactions: a) DT, b) D3He, and c) P11B in the 

range of 0.01 ≤ γ ≤ 10  and 1 ≤ T(keV) ≤ 300 
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In Eq (21), Φ஑ஒ(r) is the effective interaction 
potential and r଴ is the distance of the closest path for 
the impact parameter b. In fusion reactions, to absorb 
the energy of α particles, the size of the fuel must be 
greater than the range ρr. This range of particles is 
obtained by Eq (22) and Fig.15  shows the variations 
of ρr (particle range) in terms of γ and T for three 
fusion reactions a) DT, b) D3He, and c) P11B in the 
range of 0·01≤γ≤10 and 1≤T(keV)≤300: ρr = ׬ ቀ ୢ୉஡ୢ୶ቁିଵ dE୉బ୉     … )22(   

In this relation, E0 is the initial energy of the 
particles. It should be noted that this range is 
expressed in terms of (

୥ୡ୫మ). For a more accurate 

description of thermonuclear fusion, parameters such 
as the average scattering angle, 〈cosθ〉, stopping 
time,tୢୣ୮୲୦and ion penetration depth,ρx should also 
be introduced. The stopping time of ions in the 
plasma is determined by Eq (23) and Fig.16  shows 
the variations of tୢୣ୮୲୦ (stopping time) in terms of 
γ and T for three fusion reactions a) DT, b) D3He, and 

c) P11B in the range of  0.01 ≤ γ ≤ 10 and 1 ≤T(keV) ≤ 300, respectively.tୢୣ୮୲୦ = ׬ ቀୢ୉ୢ୲ቁିଵ୉బ୉ (dE)            .... )23(  

Also, from the calculations we have done to 
determine ρr and stopping time (tୢୣ୮୲୦) for three 
fusion reactions DT, D3He and P11B in terms of 
Lorentz coefficient γ and temperature T, it is 
concluded that these graphs have a similar behavior, 
i.e., reduced at different temperatures But with the
increase of γ, they first increase and then decrease, 
and the maximum value of ρr at first is belong to 
D3He, then P11B, and finally DT, and the maximum 
value of tୢୣ୮୲୦ at first is belong to P11B, then D3He, 
and finally DT. The penetration depth of plasma 
particles with the initial energy of E0 can also be 
calculated using Eq (24) and Fig. 17  shows the 
graphs of ρx (penetration depth) in terms of γ and 
T for three fusion reactions a) DT, b) D3He, and 
c) P11B in the range of 0.01≤γ≤10 and 1≤T(keV)≤300,
respectively:
 

ρx = ׬ 〈cosθ〉 ቀ ୢ୉஡ୢ୶ቁିଵ dE୉బ୉       … (24) 

Fig. 15 — variations of ρr(g/cm3) (particle range) as a function of γ and T for the three fusion reactions: (a) DT, (b) D3He, and (c) P11B in 
the range of 0·01≤γ≤10 and 1≤T(keV)≤300. 

Fig. 16 — variations of tୢୣ୮୲୦(ݏ݌) (stopping time) as a function of γ and T for three fusion reactions: a) DT, b) D3He, and c) P11B in the 
range of  0.01 ≤ γ ≤ 10 and 1 ≤ T(keV) ≤ 300 
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According to Fig. 17, the calculations show that the
changes in range or penetration depth (ρx) for the 
three fusion reactions DT, D3He and P11B in terms of 
Lorentz coefficient γ and temperature T, at different 
temperatures, decreased, but with the increase of γ, ρx 
increased. and at 1≃ γ it reaches its maximum value 
and has a decreasing trend and the highest value of ρx 
at first is belong to P11B, then DT and finally D3He.  

5 Conclusion 
Thermodynamical relationships calculated based 

on the effective interaction potential, which includes 
collective effects and quantum mechanical effects, 
have been used to obtain the solution of the Huguenot 
equation. The stopping time depends on the initial 
energy values, density and temperature of the fuel. 
The effect of temperature on the average deviation 
angle is more important than the effect of temperature 
on the density of particles. The development of the 
method of effective interaction potentials is important 
because it provides a deeper understanding of the 
physics of dense plasmas. It can also provide fast and 
accurate calculations for changes in various physical 
properties. Therefore, the issues mentioned above 
need to be addressed in future works. 

In general, in this work we were able to find the 
thermodynamical properties of the three fusion plasma 
parameters DT, D3He, and p11B in terms of temperature, 
distance, and Lorentz factor. The results of our 
calculations show that the calculated parameters in our 
work for the DT fusion fuel are in good agreement with 
the results of other groups, which shows the validity of 
our research work. While for the parameters belong to 
D3He and p11B fuels no references were found for 
comparison, because they have been studied for the first 
time by the authors of this article. It is hoped that this 
work can be a foundation for further research of these 
fuels without neutrons. 
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