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Abstract ' •

In spite of the well spread belief in the field of irrever-

sible thermodynamics, vectorial phenomena couple thermodynamically

with the scalar phenomena. Transport coefficients concerning the

diffusion and the thermal conduction across a strong magnetic

field are calculated in the presence of the deuteron-triton

fusion reaction on the basis of the gas kinetic theory. When

the reaction takes place, the diffusion increases and the thermal

conduction decreases. Effects of the reaction exceed those of

the Coulomb collision as the temperature is high enough.



§1. Introduction .-...'

Although transport phenomena in plasmas have been investigated

in various cases , effects of the nuclear fusion reactions on

the other phenomena have been neglected. The main basis of the

neglect is the Curie-Prigogine theorem of thermodynamics. A

careless application of this theorem leads to the conclusion that

the reaction does not couple thermodynamically with the diffusion

or thermal- conduction in homogeneous magnetoplasmas.

As a matter of course, a nonlinear treatment shows the

coupling. For example, when the density gradient is large, the

system should be considered as an anisotropic system where the

Ourie-Prigogine theorem does not apply. Another example is the

case where the affinity of the reaction is large. In this case,

such terms as are proportional to the product of the affinity

and the density gradient may contribute to the diffusion flux.

Recently, it was recognized that the thermodynamic flux at

a position depends on the forces at different positions as well

as at the same position . This nonlocal relation between fluxes

and forces shows a linear coupling between the reaction and the

other processes even in isotropic systems.

In any case, the reaction should not be treated separately

from the other processes. The purpore of the present paper is

to show that the phenomenological coefficients depend on the

cross section of the reaction. The calculation is based on the

gas kinetic theory.



In the present paper, the phenomenological coefficients of

the diffusion and the thermal conduction in a magnetoplasma are

calculated in the presence of the nuclear fusion reaction:

D + T — > "He + n. . (1.1)

The plasma is composed of electrons, duterons, tritons, and

products of the reaction. The magnetic field applied is assumed

to be uniform and so strong that the Coulomb interaction and the

reaction may be treated as perturbations. Only the case is to be

considered where the qradients of temperature and the density are

parallel to each other and perpendicular to the magnetic field.



§ 2. Phenomenological equations

We take such a coordinate system as the z-axis is in the

direction of the magnetic field and the x-axis is in the direction

of the density gradient which is parallel to the temperature

gradient. Only the x-components of the energy and the particle

fluxes are to be considered, because the y-components are irrele-

vant to the collision and the reaction.

The energy flux q and the particle flux J^ of the i-th

species may be expressed as

q = -Lnob - ELojaj, (2.1)

Ji = -Linb - ILijaj. (2.2)

Here -b and -a^ are the thermodynamic forces defined by

. _ 1 dT
D T dx , (2.3)

1 dni 3 1 dT ,, .,
ai = nT 3x^ " 2 T dx" (2'4)

where T is the temperature in energy units, n^ is the number

density of the i-th species. It should be noted that a^ is the

gradient of the chemical potential divided by T. Hereafter,

the suffixes 1,2 and 3 denote deuteron, triton and a-particle,

respectively. Fffects of electrons on the energy and the ion

fluxes can be neqlected. Neutrons run away of the system

immediately without exchanging the energy with other particles.



In the following sections, the phenomenological coefficients-

are to be calculated to show the effects of the nuclear fusion

reaction on the fluxes.



§ 3. Procedure of Calculation

The distribution function f(v, r, t) of each component

satisfies the kinetic equation of the form

3t 3r 3v 6t

Here t is the time, v the velocity, r the position, and u> = eB/ja

is the gyrofreguency of the particle with the charge e and the

mass m in the magnetic flux density B. The right side represents

the Coulomb interaction and the fusion reaction, and is a

functional of the distribution functions of all species:

' §1 = (!£) + (il)
<St 3t R 3t C ' (3.2)

Since the magnetic field is strong, the right side of eq.

(3.1) can be regarded as a perturbation. The. unperturbed distri-

bution f satisfies the equation

3t 3r 3 v
(3.3)

The solution of this equation can be any function of integrals of
2

motion. In the present case, they are v , x + v /to etc.

For deuteron and triton, the distribution f should be very close

to the Maxwellian distribution.

We choose the following function as the unperturbed

distribution:



2 *
f (v,x) = n(X) [ — ] exp [- ], (3.4)

2TTT(X) 2T(X)

where n(X) and '•'(X) are arbitrary functions of an integral of

motion X = x + v /ai, the coordinate of the guiding center.

This function means the velocity distribution of the particles

having a common guiding center is Maxwellian.

Assuming the gradients of n(X) and T(X) are small, we can

expand them with respect to v /w to have

m 3 , mv2 bmv2 v
f°(v,x) = n ^ ) ^ 2 exp (- W~)H + U + -7T

Here n means the number density, T the temperature, and b and a

are given by eq.(2.3) and eq. (2.4), respectively. Such a func-

tion was used first by Tamm . This function shall be used for

the right side of ecr. (3.1) .

In order to obtain transport equations, we will consider the

moment equation. We; define the notation A by

= !A f dv /n, (3.6)

where A is a certain quantity of a component. Multiplying eq.

(3.1) by v and g-r.w v , .and integrating with respect to v, we

have for each coipponent



3nv 3 _ r 6 f ^ .
+ 8x ( n V x vy> + w n v x = >vy fitdv'

at 4
(3.8)

We can neglect the first two terms on the left side of .

each equation, compared with the third term having the large

factor to. Therefore, we have the expressions for the flux J of

particles and the flux q of energy:

• f 6f
= Jvy It

dv/o), (3.9)

a = Z|±mv2v || dv/w. (3.10),

For the distribution functions needed to calculate the right

sides, the unperturbed distributions (3.5) are substituted.

Substituting (3.2) into the above two equations, we fined

that the fluxes consist of two kinds of contributions. Therefore,

every linear coefficients L in (2.1) and (2.2) can be expressed

as a sum of two terms:

L = L R + LC, (3.11)

where L is due to the fusion reaction, and L to the Coulomb

interaction.



§ 4. Collision intergral for fusion reaction *

In this section, we will give the explicit expressions of

the collision integrals for the fusion reaction. The reaction

term is given by, for deuteron and tri.ton,

= ~{fi fj

and, for a-particle,

r\ .C 1

4? g 0 ( g ) {4*2)

where g is the relative velocity, & the velocity of the center

of mass, u the unit vector, and v,0 is the magnitude of the

velocity obtained by a-particle through the reaction in the

center of mass system. The quantity o(g) is the cross section

for the fusion reaction between deuteron and triton, which is

isotropic . We can neglect the inverse reaction, because the

reaction products are dilute.

The average r of go(g) over the Maxwellian distribution is

given by
q\

= |r = |go(g) exp (-

T~2/3 exp (-nT~1/3), (4.3)
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—12 3 —1 2/3

where p is the reduced mass, E, = 3.68 x 10 cm s keV ' ,

and n = 19.94 keV1/3.

We need integrals of the form, for the calculation of eq.

(3.9) and eq. (3.10) ,

f 8f,
n,n. R(A) = - A (xr^ B dv. , i == 1,2, (4.4)
1 i. J dt R 1

n,n., S(A) = [ A (ax^)n dv,, (4.5)
1,2 J dt R 3

where A is a certain quantity. Further we introduce the notation

<A> by

<A> = fj A fJ f" go(g) dg d5, (4.6)

where f, and f_ are the Maxwellian velocity distribution functions

normalized to unity of deuteron and triton, respectively.

In the linear approximation with regard to inhomogeneities,

we have the following expressions of the collision integrals:

R(A±) = FiQb + F i i a i + F i 2a 2, i = 1,2, (4.7)

Fi0 = 2^T <vl vly V + 2^T <V2 V2y V ' {4-7'1)



11

F.n = — <v, A.> , (4.7.2)
i 1 ui-j l y i

Fi2 = ̂ < v 2 y V ' (4'7"3)

S(v3y) = R(Gy) , (4.8)

S ( V3 V3y) = I v30R(Gy} + R ( G 2 G
Y
) ' t4'9)

The particle flux due to the reaction is given by, for deuteron

and triton,

-n 1n 2R(v iy)/^ , i = 1,2

and, for ct-particle, by

Similarly, the energy flux due to the reaction is given by

-^1
nln2R(5miViViy)/ui + nln2S'#n3v3v3y)/u3 .

The neutron flux and the contribution of neutron to the energy

flux are independent of the gradients of density and temperature.

The phenomenological coefficient is composed of two terms

as shown by eq (3.11). The term due to the reaction is given

as follows.
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R R
For the deuteron flux -L, ~b - L., a.,- LR

I* - " l n 2 -

.R _ " l l l 2 2 2 n l n 2 m2

R P R
For the triton flux -Log*3 ~ L21al ~ L22a2

nln2
L21

J22
^2

n,n.

cv2y2>

n.n, m.

For the a-particle flux - L32a2

nln2

nln2
•'32

ly y

G >

.R
J30

n,n0 m, -
-£-±{-±<v?v G
2TU, Uj 1 ly y w2 2 2y y

R
For the energy flux ~Loob -



nln2

nln2

nl n2
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nln2

nln2

nln2
G. G2G.

Loo
nln2

nln2 1

, v, v?

1 ...2

m2

m-

- M - im,|v?A{^Bl-<v?v,..G..>2m33v30{2T^<vlvlyGy
mo

nl n2
lvlyG V

All quantities of the form <A> are tabulated in Tables 1 and 2.
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§ 5. Collision integrals for Coulomb interaction

The Coulomb interaction term is given by the Boltzmann

Collision term

,9fi,

where the prime means that the velocities are replaced by the

velocities c-fter the collision, S is a vector perpendicular to g,

b being the impact parameter, and db is the differential cross

section for the Coulomb scattering. The contribution of this

term to fluxes can be obtained analogously to previous section.

The results are listed below, which apply to many component

plasmas as far as the distributions are given by (3.5).

4_ _ ,eie
j,2'2.T1_.

lJi£t j#.

C 4 eiei 2
TSTmTST

2,
3 '

l.n.n.i
e i e

T
j? TiFf.Ln A *" s

I

m i

+

+ m .
i

m
x m .

1
u i

•• +

5m i

m.

+

+

2m.
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00
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m. m.

T2

2
m-i

2 0 m . m j ( - - l

2
m.

2
1

n . )

+
2

+ ft•̂  O

2
m.f — J L

" 1 . "

2
mT

X

Here lnA is a Coulomb logarithm1-4)
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§ 6. Concluding remarks

The results are illustrated in Fig. 1, which shows the
P C

temperature dependence of the ratios (i,j) = L.. /(L../lnA).

Since the Coulomb logarithm In A has the values about between 20

and 30, it is known that the reaction is more effective than the

Coulomb scattering for the thermal conduction and the thermal

diffusion at the temperatures above 30 keV for L.,, above 60 keV

for I'00» and 100 keV for IHQ' respectively. It is also noted

that the reaction has a greater contribution to the thermal

conduction than to the diffusion (compare (0,1) with -(1,0) in

Fig. 1). The reason is that a-particles produced by the reac-

tion flow with high energy.
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Table 1

(1)

notations:

= v2<i> + M?,<g2>

m l m2 2 3T
= —, M., = —, vQ = —

(2)

(3)

(4) M2 - | M 1 M 2 ) v

(5) - Mx)v2<g2>

(6) <(v1-V2)2>

(9) M2) - HM1M2](|vJ<g2>

- M1M2v
2<g4>) -

(10)

( |M 2
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Table 2

(1) <1> = r

(2) <g2> = ( v ^ M ^ ) (5 + 2nT"1/3)r

(3) <g4> = (v2/9M1M2)
2(55 + 28nT~1/3 + 4nV" 2 / 3)r

(4) <g6> = (v2/9M1M2)
3(935 + 530nT~1/3 + 108n2T"2/3 + 8n3T"1)r
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Figure Caption

Fig. 1 The ratios (i/j) of the reaction parts L.. to the

Coulomb ones L.. divided by the Coulomb logarithm InA

of the kinetic coefficients are plotted as the functions

of the temperature.
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