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UTILIZING THE EFFECTIVE INTERACTION POTENTIALS TO INVESTIGATE THE HOT THERMAL
RELAXATION INDUCED VIA ION AND ELECTRON TEMPERATURE
OF DT, D®He AND P*1B HOT PLASMA

In this work, the binary model and the effective interaction potentials approach are used to
investigate the hot thermal relaxation induced by the temperature of dense plasma. This model
is significant for thermonuclear combustion, especially for non-isothermal dense hot plasma fuels
such as DT (neutron generator). Therefore, we used the development of this model for the first
time to physically describe two neutron-free fuels D®He and PB. In this study, we examine the
temperatures of electrons (Te) and ions (Ti) individually because the temperature within the
electron and ion subsystems attains equilibrium much more rapidly than the temperature
between electrons and ions. This phenomenon arises from the disparity between the masses of
ions and electrons. Since the simulations and computations for fusion through confinement are
exceedingly intricate due to the multitude of different physical processes that occur, and a
considerable amount of time is required to perform these calculations, we have applied the
method of effective interaction potentials for the first time in this study as this method can
facilitate precise and rapid calculations for dense plasmas. The effective interaction potentials
consist of two components: a) charge overlap effects at extended distances and b) quantum
effects at shorter distances. We compute the stopping power, deceleration time, transfer
coefficients, energy absorption, and temperature relaxation associated with non-isothermal
dense hot plasma of DT, D3He, and P!B fuels, identifying their optimal values.

Keywords: dense, fusion fuel, hot plasma, temperature, interaction potential.
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DT, D3He »kaHe P'B bICTbiIK, N1a3MacbIHblH, MIOHbIK, XaHE 3N1EKTPOHbIK TEMnepaTypachl
apKbl/1bl UHAYKUMANAHFaH bICTbIK TEPMUAJIBIK, PelaKcaLmAHbl 3epTTey YiLiH
TUiMAi ©3apa sapeKeTTecy NoTeHUMan4apbiH nanganaHy

Byn KymbICTa TbIFbI3 MA3a3ma TeMMepaTypacbiMeH WHAYKUMANAHFAH bICTbIK TEPMUABIK
penakcaumaHbl 3epTTey YLWIH eKiflik MO4eNb XaHe TUIMAI e3apa dpeKeTTecy NnoTeHuManaapsl
ToCiNi KONJaHbINAAbL. Byn Moaenb TEPMOAAPObIK *KaHy YLliH, acipece DT (HEMTPOH reHepaTopsbl)
CUAKTbl M30TEPMMANBIK €MEC TbIfbl3 bICTbIK M1a3mMa OTbIHAAPbI YWiH MaHbi3abl. CoHAbIKTaH 6i3
6YN MOLENbAH AaMyblH anfall peT eki HeMTPoHcki3 oTbiH D3He skane PMB dusukansik Typae
cunatTay yWwid nanganaHapik. byn septreyae 6i3 snektpoHaapapiH (Te) kaHe noHaapapiH (Ti)
TeMnepaTypacbiH YKeKe-XKeKke KapacTblpambi3, cebebi 3N1eKTPpOH MeH WOHABIK Kynenepaeri
TemnepaTypa 3/1eKTPOHAAP MeH MOHAAP apacbiHAafbl TeMnepaTypara KapafaHda a14eKkanaa
Kblngam Tene-TeHAiKKe KeTedi. byn KybbiabiC MOHAAP MeH 31eKTPOHAAPAbIH, Maccanapsl
apacbliHAafbl anblpMallblibIKTaH TyblHAAMAbI. LLiekTenreH TepmMoaapoblK CUHTE3AI MOAenbaey
OHEe ecenTeynep KenTereH opTypai OU3MKanbIK npouectepre 6OaliaHbICTbl ©Te Kypaeni
bonfaHAbIKTAH XaHe Oyn  ecenteynepdi OpbiHAAY VYWiH alTapablKTalk  yaKblT  KaxeT
bonfaHabIKTaH, 6i3 Oya 3epTTeyae anfall peT TUIMAI 63apa apeKeTTecy noTeHumanaaps! aaiciH
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KO/14aHObIK, cebebi byn aaic ThiFbI3 Ma3manap YWiH 421 *KIHE XKbl/i1aM ecenTeynepai »KeHinaere
anagbl. Tuimai e3apa opeKkeTTecy MNOTeHUMandapbl €Ki KOMMOHEeHTTeH Typadpl: a) y3ak
KalbIKTbIKTafbl 3apAATapAblH KabaTTacy abdeKTinepi sKaHe 3) KbICKa KallbIKTbIKTafbl KBAHTTbIK,
sdpdektinep. biz DT, D3He xoHe PMB OTbIHAAPbIHLIH, M30TEPMUANDLIK E€MEC TbiFbi3 bICTbIK,
nnasmacbiMeH HalnaHbICTbl TOKTATY KyaTbiH, basynay yakplTbiH, TacbiManaay KoaddUuMeHTTepPIH,
SHEPrMAHbl CiHIpYAi XaHe TemnepaTypaHblH, pefakcauMACbiH ecenTermis, onapablH, OHTaNbI
M3HZEPIH aHbIKTaMbI3.

TyiiH cesaep: TbiIfbl3ablK, TEPMOAAPOSBbIK OTbIH, bICTbIK MAa3ma, TemnepaTypa, e3apa
apekeTTecy noTeHumans.
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MUcnonbaoBaHMe adPEKTUBHBIX NOTEHLLMAN0B B3aNMOLENCTBUA 411 NCCNea0BaHWA
ropsaYen Tens08oin penakcaumm, MHAyLMPOBaHHOM MOHHOM U SNEKTPOHHOM
Temnepartypoi ropsadei nnasmel DT, D3He n P11B

B paHHOM paboTte OuHapHad Moaenb M noaxod 3POEKTUMBHbIX MNOTEHLMa 0B
B3aMMOAENCTBMA  WCMOAb3YIOTCA  A1A  WUCCAeA0BaHMA Tropsyelt  TenjoBOM  pesakcauumy,
NHAYUMPOBAHHON TemnepaTypor MJIOTHOM MJiasmbl. 3Ta MOAE/b BaXKHa A5 TepMOAAepPHOro
ropeHusa, 0oCOBEHHO A8 HEM30TEPMUYECKMX MIOTHbIX MNAa3MEHHO-TOPAYMUX TOMANB, TAKUX Kak DT
(HeMTPOHHBIM reHepaTop). NosTOMY Mbl BNEPBbIE MCNOIb30BaAM Pa3paboTKy 3Tol Moaenu Ans
dU3NYECKOro onuncaHna Asyx 6esHenTpoHHbIx Tonams D3He 1 PMB. B gaHHOM Mcce0BaHMM Mbl
paccmaTpuBaem TemnepaTypbl 31eKkTpoHoB (Te) u moHos (Ti) Mo OTAENbHOCTWU, MOCKO/bKY
TemnepaTypa BHYTPU 3N1EKTPOHHOM UM MOHHOM MOACUCTEM AO0CTMraeT pPaBHOBECWUA ropasao
bbicTpee, Yem TemnepaTypa Mexay 3/1eKTpOHaMK U MOHaMUK. DTO siBfieHMEe BO3HMKaeT M3-3a
pa3HMLLbl B Maccax WMOHOB W 3/EKTPOHOB. [lOCKO/MbKY MOAEAMPOBaHME U pacyéTtbl And
TEePMOSAAEPHOrO CUHTE3a B YCA0BUAX YAEPMKAHWA UPE3BblYaHO C/IOXHbI M3-38 MHOMECTBa
Pa3INUYHbIX GU3MYECKMX MPOLECCOB, KOTOPbIE MPOUCXOANAT, U ANS BbIMOAHEHUA STUX PacYETOB
TpebyeTcs 3HaUUTENIbHOE BPEMA, Mbl BNEpPBble MPUMEHUAN B JAaHHOM MCCAeAO0BaHWM METO/,
3bbEKTMBHbBIX MOTEHLMAN0B B3aMMOAENCTBMA, MOCKOJIbKY 3TOT METOJ, MOXKeT obecneuynTb
TOYHblEe N BbICTPbIE PAcYETbI ANA NAOTHOM NAa3Mbl. IPHEKTUBHbIE NOTEHLMANbI B3aMMOAENCTBUA
COCTOAT U3 ABYX KOMMOHEHTOB: a) 3bPEKTOB NepeKpbITUA 3apAA0B Ha BONbLIMX PAcCTOAHUAX U B)
KBaHTOBbIX 3ddeKTOoB Ha 6onee KOPOTKMX paccToaHMAX. Mbl  BblYMCASEM TOPMO3HYIO
cnocobHocTb, Bpems 3ameaneHus, KoadbOUUMEHTbl MNepeHoca, MOrOoWEHNE 3SHEPTUM U
TeEMNepaTypHYIO pPenakcaumio, CBA3aHHble C HEM3OTEPMWUYECKON MOTHOW ropsayer naasmomn
tonaus DT, D*He 1 PY!B, 1 onpeaenaem nx onTUManbHble 3HaYeHMA.

Kniouesble cnoBa: NAOTHOCTb, TEPMOSEPHOE TOM/AMBO, ropsAvyas naasma, TemnepaTtypa,
NoTeHUMAN B3aMMOAENCTBUA.

Introduction

In a high-temperature hydrogen plasma via energy exchange between them to

reach the

inertial confinement fusion (ICF) or in the center of
stars, ions undergo fusion reactions to produce
energetic alpha particles. Then, the alpha particles
give their energy to the ions and electrons that make
up the plasma through the Coulomb collision, but
their speeds are different because the electrons are
lighter than the ions. This causes an imbalance in the
temperature of the electron and ion, which causes
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equilibrium temperature. Therefore, the temperature
relaxation of electrons and ions is a key parameter
that must be modeled to accurately describe the
ignition temperature of a thermonuclear plasma [1-4].

Knowledge of the fusion fuel hotspot
temperature is critical to the success of inertial
confinement fusion (ICF) experiments [3]. In
thermonuclear conditions, the fuel is in the form of
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plasma, and the ion (Ti) and electron (Te)
temperatures should generally be distinguished. The
ion temperature can be deduced from the spectrum of
the fusion reaction products [5-7]. Information about
the electron temperature is mainly obtained from the
radiation of the hot blasted plasma, as this radiation is
produced by the free electrons scattered off the ions.
Since the electrons are much faster, it is only their
distribution that dominates the emission spectrum,
which should then provide the basis for inferring Te
[8-9].

Strongly produced plasmas in experiments are
often far from thermal equilibrium. For example,
ultra-cold neutral plasmas and dense plasmas can
have electron and ion temperatures that differ by an
order of magnitude or more [1-5]. In non-equilibrium
plasmas - especially those far from equilibrium - an
extension of the ideal gas kinetic theory is used to
understand the behavior of the plasma [10-12].

In this paper relaxation of temperature, an
additional portion of the state equation and
correlation energy of non-isothermal hot dense
plasmas are investigated according to the effective
interaction potentials method, followed by the
electron-ion effective interaction potentials for a hot-
dense plasma [13-15]. Dense plasma is an active
experimental subject and theoretical research is
carried out because of its importance for ICF. To
obtain a heat-nuclear reaction, study of the transfer
properties and relaxation of time caused by the dense
plasma temperature is required [15]. During a
compression of a target, by a high-energy particle
stream, a non-isothermal plasma with different
electron and ion temperatures, created. [16-19]
Therefore, studying the relaxation of time of the

Effective interaction potential of electron-ion

The dielectric function in the random phase
approximation is given by equation (3):

4me? 4mZ2e?

ek,0) =1— k_ZHRPA(k) - Tnion(k)- 3)
Where I1;,, (k) is the polarization function of the ions
and is obtained from the relation: II;,,(K) =
—n;/(kgT;). Figure 1-a shows that the variations of
IT;on (k) (ion polarization function) as a function of
T; (keV) for the three fusion reactions DT, D*He, and
PHB.

[Trpa (K) is the quantum polarization function of
electrons at a finite temperature, which is given by

electrons and ions is very important. The temperature
inside the electron and ion subsystems reaches
equilibrium between electrons and ions much faster
[20-21].

This is due to the large difference between the
masses of ions and electrons [22-24]. In this method,
the effective interaction potential, @, which involves
collective screening and quantum effects, is given by
equation (1):

d3k CDaB(r)
Pap(r) = fﬁ e(k,o)

Where ®g(r) is the pair interaction potential and
e(k, o) is the dielectric function. The simplest model
that describes the screening potential of point
charges, is the Yukawa potential, which is given by
equation (2)

eik-r. (1)

Oy(r;n.T) = (2)

%e—kﬂ.

r
Where ky denotes the determinate inverse Yukawa
screening length. The Yukawa potential can be
understood by using the Fermi model or the long
wavelength range of the polarization function, in the
random phase approximation [25]. In this paper, the
results of stopping power, transition coefficients and
temperature relaxation are investigated using the
effective interaction potentials between electrons and
ions in dense plasmas. The effective potential is
deduced by using a long wavelength extension of the
polarization function and quantum potentials, which
implies a limited amount of potential interaction at a
distant distance.

equation (4) [26]:

kx5
1_[RF'A(k' (D) =- 16Te27Z3 [g3(u + Z)
—gs(u—2)]. %)
K
Where: u = kivF Z = I X5 = 3/16(hwp/Ep)?,

kg = (31%n,)/3, w3 = 4mn.e?/m, and v is the
Fermi velocity. Figures 1-b and 1-c show that the
variations of u and Z as a function of T (keV) and
T, (keV)for three fusion reactions DT, D°He, and
PHB, respectively.

Also g3 (x)is obtained from equation (5):

800 = —g3(-0) = |

|
exp(y2/6—m) +1

ydy Xty
| (5)

x—yl’
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ton

 T(keV)

(b)

0

T(keV')
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Figure 1 — Comparison of (a): I;,, (K) (ion polarization function). (b) u, (c) Z, and (d) 0 variations as a
function of T;(keV) and T (keV) for three fusion reactions DT (red), D*He(blue), and P*'B (green)

Where 0 is the degeneracy parameter, 0 =
kgT/Eg and 7 is the chemical potential, defined as
n = w/kgT. In Figure 1-d, we observe the variations
of 6 (the eigenvalue parameter) in terms of T (keV)
for three fusion reactions DT, D®He, and P™B. The
effective interaction potential of an electron-ion is
given by equation (6) [27]:

Ze?

D = [1 — exp(—r/A¢)]. (6)

r
Where Aq = h//mmgkgTe; is  the thermal
wavelength that describes the nature of the electron
wave in the the pair interaction potential, m; is the
reduced mass of the pair particle, and Z is the number

of ion charges. Figure 2 shows that the comparison of
the three-dimensional diagram of variations A
(thermal wavelength) as Tj(keV) and T.(keV) for
three fusion reactions DT, D®He, and P*!B.

In order to describe the non-isothermal plasma at
two temperatures, not only the temperatures of
electrons and ions, but also the electron-ion
temperature, Te;, are required [28,29]. Therefore,
Te; is represented by equation (7) [30]:

Tei = /TeT. )

The effective interaction potential of electron-ion
d; is represented by equation (8):

® Ze? [(1 - A§6B2> (_rB) <1 - ?\geA2> ( A)]
| = exp(—rB) — | ————— | exp(-r
T M2ey?V1— @Kp/Reey?)? I\~ 2AgiB? 1-25A2
Ze?exp(—r/Aq
p(—r/Aei) 8)
I'(l + Cei)
Where A%, BZ, C;, Y* and A2, and k{ obtained from Cei = (kPAZ —kfAZ)/(A2e/2% — 1), (11)
the equations (9) - (14):
vy =kZ +1/2%,, (12)
2 _ 4,2 _ 2)2
B% =y?/2 [1 -J1-(2 kn/keevz)z], (10) k2 = 4mn;Z;%e?/kpT,. (14)
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In Figures 3-a to 3-c, we see that the comparison of and C; in terms of T;(keV) and T.(keV) for three
the three-dimensional diagrams of variations A, B, fusion reactions DT, D®He, and P'B, respectively.
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Figure 2 — Comparison of the three-dimensional diagram of variations A.; (thermal wavelength) as T;(keV)
and T, (keV) for three fusion reactions (a) DT (red), (b) D*He(blue), and (c)P*'B(green)
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Figure 3 — Comparison of the three-dimensional diagram of variations (a) A, (b)B, and (c) C; as a function
of T;(keV) and T, (keV) for three fusion reactions DT (red), D®He(blue), and P*B(green)
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Figure 4-a shows that the variations of y2) parameter as a function of T;(keV) for the three fusion reactions

DT, D%He, and P'B.
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Figure 4 — Comparison of the variations of (a) y?, (b) D (plasma diffusion coefficient), (c) k (thermal
conductivity coefficient of plasma) and (d) ve¢ (effective collision frequency) as a function of T;(keV) and
T (keV)for the three fusion reactions DT(red), D®He(blue), and P*'B (green)

Stopping power

One of the most important features that describes
the interaction of ions with materials is the stopping
power [30]. Stopping power describes the rate of
kinetic energy loss of the projectile’s direct motion of
the projectile in the material, which is presented by
the equation (15) [31, 32]:

m .
— =8mn (i) “Ecopi Aeie (15)
m;

Where E. = %meivzthe center of mass energy of the

particles is, mg; is the reduced mass of the ions or
electrons. V is relative velocity of the scattered
particles and: p | = Ze?/2E, Also, A.; is Coulomb
logarithm of the electron-ion that is determined by the
scattering angle in equation (16) [33]:

1 oo
Nei=—| sin? )@] pdp. (16)
P Jo 2
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Transfer properties

It is important to study the transfer properties for
ICF and solid-state physics. In particular, the ICF
requires reliable information on the transfer
coefficients, that is, the plasma diffusion coefficient
D, the thermal conductivity coefficient k, which is
obtained from equations (17) and (18) respectively.

kT

D= . (17)
MeVeff
5n.kg’T

k=_—_—2¢8B " (18)
MeVeff

Figures 4-b and 4-c show that the variations of D
(plasma diffusion coefficient) and k as a function of
T (keV) for the three fusion reactions DT, D3He, and
PHB, respectively.

In this paper, the DT and D®He, and P*!B dense
plasmas are considered. The plasma diffusion
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coefficient and the plasma thermal conductivity
coefficient with the effective collision frequency are
related by equation (19):
Veff = (4/3)\/2_1'[64/\‘31/\/ me(kBT)g/Z- (19)
Figure 4-d, shows that the variations of v
(effective collision frequency) in terms of T(keV) for

three fusion reactions DT, DS°He, and PYB,
respectively.

Temperature relaxation

The temperature relaxation in plasma is
calculated for different density values based on the
Coulomb logarithm and using effective potentials
[33-34]. The electron-ion temperature relaxation rate
(rate of energy change) is determined by as the
variations in the mean electron and ion temperatures

2
21 ngngeseg

by the equation (20):

dTe T -Te dT; T —T
dt B Tej Cdt - Tej

(20)

Where t,;the electron-ion interaction is time, which
can be determined from equation (20) and is equation
(21):

3memi kBTe kBTi 3/2
T = ( + ) 1)
8vV2mne? g \ Me m;

Figure 5 illustrates that the comparison of three-
dimensional variations of T, (ion and electron
interaction time) in terms of T;(keV) and T, (keV) for
the three fusion reactions DT, D°He, and PB,
respectively.

The equation of state for plasma is presented by
equation (22):

1/Aee’ — B2 1/Aee” — A2

P = Pijgeal + =

In which P;4ea 1S the ideal gas pressure of the plasma.
Figures 6 and 7 show that the variations of Pjgea
(ideal gas pressure) as a function of T and P (plasma

EF ﬁ-—-‘ﬁ
.- -

“w o4 —— T

T (keV)

"W
w“

T(keV) "

X
3 L kgTupy?y'1 — (2kp/Aeey?)?

TkeV) "

(@) (b)

+P.  (22)

B(1—B%Ag®) A(1 +AZAgg?)

pressure) in terms of T;(keV) and T, (keV) for three
fusion reactions DT, D®He, and P*B, respectively.

- g
T (keV)

(©)

Figure 5 — Comparison of the three-dimensional diagram of variationst,; as a function of T; (keV) and
T.(keV) for three fusion reactions (a) DT (red), (b)D3He(blue), and (c) P*'B(green)

P, | GPa)

= 1

T(keV)
Figure 6 — Variations of P;qeq (ideal gas pressure) as a function of T (keV) for three fusion reactions: (a)
DT, (b) D®He, and (c) P*B
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P(GPa) | |

Y Nr P e

T'Mrlu'_l "

T

,.71““ '
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Figure 7 — Comparisons of the three-dimensional variations of P (plasma pressure) in terms of T;(keV) and
T. (keV) for three fusion reactions (a) DT (red), (b) D*He (blue), and (c) P*B (green)

is obtained from equation (23):
A

Py = 2me?{2ZinineAe;” — NeAee” + ZinineAeie? /[12kpTei (1 + Cep}.

For efficient burning, the net energy generated in
hot spots should be positive. The energy generated
inside the hot spot must compensate for all energy
losses. The energy losses inside the hot spot are due
to electron-ion collisions, Compton scattering,
bremsstrahlung radiation, and radiation. At higher
densities required for ignition, the temperature is
reduced. Now, if we consider, in addition to the ion
temperature T;(keV) and the electron temperature T,
(keV), the radiation temperature T.(keV) that is the
radiation from the hot spot, we will describe the
plasma with a three-temperature model [35-38].

The initial hot spot, has radius r, and volume Vj,.
The initial temperature T, and the initial density

o™
EMeV) 1 aa i
E(MeV) .

rlem) *° riem)

(23)

po are defined by other parameters. The total internal

energy of ions in a hot spot at time t is given by the
equation (24):

Ei = poVCyiKpT. (24)

In which Cy; is a special ion heat at a fixed value,

T; (keV) is the ion temperature, and V is the volume

at time t. Figure 8 shows that the comparison of the

three-dimensional variations of E; (total internal

energy of ions in hot spot) as a function of r (cm) and

T, (keV) for three fusion reactions DT, D°He, and
PB, respectively.

E(MeV]

" T (keV)

-

"TkeV)

riem)

(b) (©)

Figure 8 — Comparison of the three -dimensional diagram of variations E; (total internal energy of ions in the
hotspot) as a function of r and T;(keV) for three fusion reactions (a) DT (red), (b) D®He(blue), and (c) P*'B

(green)

The rate of E; can be expressed as equation (25):

dE,
- = ti(r. Ti .Te )

T (25)

Where, g, is the net energy production rate of ions
per unit volume, which depends on the radius of the
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hot spot, r, at time t, the ion temperature, T; (keV),
and the electron temperature, T, (keV), and V =

%m‘3, where V is the volume of the fuel pellet. The
classical values of the specific ion heat in a constant

3 k . .
volume:Cy; = = = and the specific electron heat in a
i

2 m
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3 7 _ _ - ) . .
constant volume: Cy, = : m_B In which kg is specmc1 rféigol energy in a constant volume is:

i . = Cyr=— T, Figures 9-a and 9-b, shows that the
Boltzmann's constant, m; is the mean mass of ions,Z V"~ po r- g

is the average atomic number. It is assumed that the ~ variations of E,. (specific relation energy) and Cy;,
plasma is completely ionized. The specific radiation ~ (specific relation heat) as a function of T, (keV),
energy is: E. = (1/p,)(4 og/c)TE, in which c is the ~ respectively.

speed of light and the oy is Stefan constant. The
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600 250
500
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2 (Mev) 400 e
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300 \ £
100
200
g
100 =4 0
L 2 3 4,58 7 B 7 14 1 2 3 4 5 6 7 8 910
TI,(ko\'] Tr(kc\-'jn
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Figure 9 — Variations of (a) E,. (special relation energy) and (b) Cy,. (special relation heat)
as a function of T,.(keV)

Net Energy Release Rates than the size of the hot spot, it is assumed that all this
energy is deposited in the hot spot. The energy loss of

The net energy release rates for ions are ions due to ion-electron collisions has been
characterized by the relation (26): investigated, and A.; = Cye X v¢q Is the energy
transfer coefficient from electron to ion in which v¢q

qi(xT; . Te) = S; = Aje(Ti = Te)-  (26) s the frequency of ion collisions with electrons.

WhenT; = T, the energy transfer by collisions is

Where S; denotes the energy deposition to ions.  zerg, The collision frequency is given by equation
Because the size of the alpha particle is much smaller (7).

8v2n

3KBTm)

\/_e‘*NA ln(/\el)m (1 KT, T, (27)

Where m, is the mass of the electron, e is the ions) and v, (frequency of ion collisions with
electron charge, N, is the Avogadro’s number, andZ  electrons) as a function of T;(keV) and T, (keV) for
and A are the atomic number and atomic weight three fusion reactions DT, D3He, and PB,
respectively. Figures 10-a and 10-b, show that the respectively.
comparisons of the three-dimensional variations of The Coulomb logarithm In(Ag;) is obtained by
Ag; (energy transfer coefficient between electronsand  using relation (28):

_ -1
In(A 1L (A 1/2T3/2 2+ <3kB )1/2 28
n(Aei) = max 2e3\ZnNp, € 2ap \ mgc? (28)

where af is a structure constant.
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Figure 10 — Comparisons of the three-dimensional variations of (a)Aei (energy transfer coefficient between
electron and ion) and (b) v (frequency of ion collisions with electrons) as a function of T;(keV) and
T.(keV) for three fusion reactions DT (red), D*He(blue), and P1!B(green)

Electrons radiation energy exchanges, q., also change the
electron temperature. Therefore q. signifies that the
Apart from the energy given directly to electrons  energy release of electrons in a fuel can be expressed

by charged particles, the electron-ion and electron-  as relation (29):

Qe(®.T; . Te. Ty ) = Se + Aje (T — Te) — (Aer + A (Te — Tp). (29)
The coefficient A.,, which determines the energy Where Nj,, is the total number of ions per cm3,
transfer  coefficient between electrons and and S, is the energy deposition of electrons in the
radiation, is given by equation (30): fuel. Figure 11 shows that the variations of A.,. (the
energy transfer coefficient between electron and
25 N2 7Z%e®p,] / 2mkg 1/2 radiation) as a function of T, (keV) for three fusion
Aw =2|% ( ) @o : 3 i i
er 3 " hmyc? oKy, (30) reactions DT, D®He, and P!!B, respectively.
| u
A A .
( i % N 10 20 30 ] 50 l'..l
sh i v I -'I‘Iu‘_,"’ v o) J17] "“l' N Mo " X
(a) (b) ()

Figure 11 — Variations of A, (the energy transfer coefficient between electrons and radiation) as a function
of T.(keV) for three fusion reactions: (a) DT, (b) D*He, and (c) P!'B
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Apart from radiation, the electron can transmit energy
through scattering. The energy transfer coefficient A,
IS as equation (31):

AC = g L()'BNel"gKBTlfl-.
3 mgc?

(31)
Where N, and r. respectively represent the number of
electrons per cm® and the classical radius of the
electron. o is Stefan's constant [34]. The unit factors

Aje, Aer,and A, is i Figure 12 shows that the

T cm3skeV’ o
variations of A, (energy transfer coefficient) as a

function of T,.

Radiation

The net energy gain of the radiation component
(qr) is given by equation (32). Figure 13, shows that
the comparisons of three-dimensional variations of q,.

qr(X- Te -Tr) = (Aer - Ac)(KBTe - KBTr) -

*3 4
Trl keV')

(b)

700

600

500

400

300

200

100

5 6 7 8 9 10
T, (keV)

Figure 12 — Variations of A, (energy transfer
coefficient) as a function of T, (keV)

(net energy gain of radiation component) as a
function of T.(keV) and T.(keV) for three fusion
reactions DT, D®He, and PMB, respectively.

3GBKBT;L

PoX

(32)

T
T e 4
T (keV)

‘¢

TAkeV) " * % T (kew)

(©)

Figure 13 — Comparisons of the three-dimensional diagram of variations q, (net energy gain of the radiation
component) as a function of T.(keV) and T, (keV) for the three fusion reactions (a) DT (red), (b)
D3He(blue), (c) and PB (green)

Results and discussion

It is clear that from the presented figures, the
variations of interaction time of ions and electrons
(te1) and plasma pressure (P) for the three fusion
reactions DT and D3He and PM"B as a function of
Tij(keV) and T.(keV), t; is fixed at different ion
temperatures and decreases with increasing the
electron temperature ,while P decreases at different
ion temperatures and increases with increasing
electron temperature. The highest value of T is

belongs to PB, followed by DT and D°He,
respectively. Meanwhile, the maximum value of P, is
belong to PB, D°®He and DT, respectively.
Additionally ,our calculations related to variations of
Z, plasma degeneracy parameter (0), plasma effective
interaction potential (y2), ideal gas pressure (Pigeal),
plasma diffusion coefficient (D), plasma thermal
conductivity coefficient (k) as a function of T (keV),
for the three DT and D*He and P!B fusion reactions,
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show that the similar behavior such that with
increasing temperature, they remain fixed initially
and then increased. The highest values for Z, 6, k,
Pigea1 and D are belong to P¥B, D*®He, and DT,
respectively. While maximum value of y2, belongs to
DT, followed by D*He and PB, respectively.
Furthermore, this paper addresses the variations
of key plasma parameters in terms of ion temperature
T;(keV) and the electron temperature T, (keV), such
as u, the effective collision frequency (vess), Hion (K)
(ion polarization function), thermal wavelength (A¢;),
A, B and C; for three fusion reactions of DT , D*He

,and PMB. Our calculations regarding these
parameters show that with increasing ion temperature
and electron temperatures, they exhibit similar
behavior, decreasing initially, then becoming fixed
and finally reaching their maximum values. The u
value of D®He> PY B >DT, Also, the numerical
values variations of parameters vg¢r, A, B, Agj, and Cy;
are the similar such that D®He>DT>P'B, but the
numerical values for I1;,, (k) is DT> D®He >P!'B .A
summary of the results of our calculations for
different key parameters is provided in Table 1.

Table 1. Summary of the results of our calculations for different parameters

Quantity DT range D*He range P!B range Results
u 0<u <100000 0<u <25000 O<u <1200 D%He > P"B > DT
Z 0< Z <0.00009 0< Z <0.0004 0< Z <0.008 P1B > D%He > DT
0 0< 6 <0.10 0<6<0.18 0<0<0.6 P1B > D3He > DT
Mion (k) | 0< Mo, (k) <1.2 0< Mjop (K) <0.6 0< Mo (k) <0.6 DT > D°He, P1B
Aej 0< A, <2200 0< Aqj <5000 0< 2.; <1800 DT > D°He > PB
A 0<A <17 0<A<28 0<A<16 D3He > DT > P!B
B 0<B <12 0< B <20 0<B <11 D3He > DT > P!B
v? 0<y? <3.826 0<vy? <3.826 0<y? <3.825 DT, D3He> PYB
Cej 0< G <3 0< C¢ <700 0< Cq <14 D3He > DT > P!B
D 0< D<0.000012 0< D <0.00005 0< D <0.00100 P1B > D%He > DT
k 0< k <0.000006 0< k <0.00025 0<k <0.005 P1B > D°He> DT
Veff 0< Veff <1800 0< Veff <700 0< Veff <120 D3He > DT > PB
Tej 0<te <24 0< T <1 0< 1, <30 P“B > DT > D°He
Pideal 0< l:)ideal <1 0< 1:)ideal <1.8 0< Pideal <6 PUB > D3H€> DT
P <0.99999999995 | 0< P <0.99999999998 0< P <0.99999999999 P1B > D%He> DT
oP
E; 0< E; <0.00007 0< E; <0.00014 0< E; <0.00018 D3He > P"B > DT
E, 0<E, <700 0<E, <700 0<E, <700 Independent on
selected fuel
Cyr 0< Cyr <300 0< Cy, <300 0<Cy, <300 Independent on
selected fuel
Aei 0< A,; <0.10 0< A4 <0.5 0< A,; <0.18 D3He > P'B > DT
Veq 0<veq <2.4 0<veq <0.5 0<veq <1 D*He > DT > P!'B
Agr 0< A, <64 0< A, <180 0< A, <800 PUB > DT > D°He
Ac 0< A, <700 0< A, <700 0< A, <700 Independent on
selected fuel
qr 0< g, <30000 0< g, <35000 0< g, <60000 P“B > D®He > DT
Conclusions

It can be seen from our calculations that the total
ion internal energy in the hotspot of the fuel pellet of
radius r rises with increasing ion, electron and
radiation temperatures for all three-fusion reactions
DT, D3He and PMB. The specific radiation energy,
specific radiation heat and energy transfer coefficient
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are functions of radiation temperature and increase
with rising radiation temperature for these reactions.
The energy transfer coefficient between electrons and
radiation is a function of the electron temperature,
which increases with rising electron temperature for
each of selected fusion reactions. The net gain
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depends on the radiation temperature and the electron
temperature, which enhance with increasing electron
and radiation temperatures for all of selected nuclear
fusion reactions .The quantities energy change

of ion collisions with electrons decrease with
increasing electron temperature for each of
mentioned reactions, while they increase with rising
ion temperature.

parameter between electrons and ions and frequency
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