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The linearized electron-electron collision operator for the velocity-dependent coefficient of index n =0
in the Legendre expansion in the pitch angle of the electron distribution function of a fully ionized plas-
ma is restated through a redefinition of the dependent variable as an exact differential. Two specific
Coulomb loss terms for particles and energy are brought to evidence in the process of transformation to
the differential form which are associated with the conserving properties of the collision operator. The
inversion of the differential operator can be achieved by simple quadratures. The method is applied to
determine the isotropic component of the electron distribution function in velocity space for a number of

problems of interest in fusion research.
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I. INTRODUCTION

Among the methods that are available to solve the
steady-state Fokker-Planck equation for the distribution
function of the particles in a plasma the one of expansion
in Legendre polynomials appears to have some definite
advantages. For most of the problems of physical in-
terest the plasma is immersed in a magnetic field about
which it is azimuthally symmetric, it being enough to
consider the local dependence of the distribution function
on two coordinates in velocity space, namely, the speed of
the particles and the angle between the velocity vector
and the direction of the magnetic field, usually called the
pitch angle. If the forces driving the plasma out of ther-
modynamical equilibrium are weak, two approximations
can also be made with considerable simplification to the
original problem. First, the ion distribution can be as-
sumed to be known, and described by a function of the
impulsive type as the limit of an infinitely narrow
Maxwellian. Second, the electron distribution function
fe can ‘be taken to be a Maxwellian F, plus a small devi-
ation f,, which can be treated as a perturbation. The
consequence of this latter assumption is twofold. On the
one hand, it permits us to linearize the electron collision
integral C,.(f,,f,), in the sense that the self-interaction
of the perturbation C,,( fe, fe) is neglected and only the
reciprocal effects of the perturbation and _the electron
background distribution function, C,,(f,,F),) and

C..(Fy,f.), are taken into account. On the other hand,
the driving term for collisions, which is in general itself
dependent on the form of the distribution function, can
be approximated by its zeroth-order approximation, and
becomes a known function S (v) in velocity space. These
are schematically the terms of statement of the problem
which we shall take as a reference frame in this paper.

The expansion of the electron distribution function in a
series of Legendre polynomials of the pitch angle,

feV)=Fp(0)+ 3 F, ()P,(cosb) , (1.1)
n=0
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reduces the problem to one of only one variable, the
speed. The advantage of the use of the Legendre polyno-
mials as base functions lies in that they are eigenfunctions
of the linearized collision operator and thus that the ex-
pansion brings the original equation to unfolding into an
infinite set of uncoupled equations for the speed-
dependent coefficients fe (v). In other words, this is pre-

cisely the method by whlch the order of the problem,
which is unusually high in physics problems, can be
brought to appear in its strict minimum. Furthermore,
and as a consequence, boundary conditions which con-
cern the conservation properties of the collision operator
and the related macroscopic physical contents of the
solution are to be applied to only the two first coefficients
fe (v) and fe ); the remaining coefficients of the expan-

sion are dev01d of globally determined meaning and for
them the boundary conditions take the more usual form
of analytical restrictions.

The equations that govern the coefficients fen(v) are of

the integro-differential type. By the simple device of tak-
ing as the dependent variable one of the integrals over
fe (v) already present in the equation rather than the un-

known function itself [1], they can all be restated as pure-
ly differential equations. In regard to their mathematical
structure, they can be classed into three groups.

(1) The equation for the coefficient fe (v). From a

practical point of view, a third-order dlfferentlal equatlon
has to be solved, but the general solution for fe (v) is

constructed from four independent solutions, one of them
being a constant corresponding to the trivial solution of
the differential equation. Of the four arbitrary multiply-
ing constants, two are fixed by boundary conditions
which are to be applied along with the process of deriva-
tion of the solution and which represent constraints that
must by necessity be obeyed if a solution to the perturba-
tion problem is to be found at all; the other two, however,
remain mathematically undetermined as the equation (ei-
ther in the differential or in the original integro-
differential form, but anyway containing the specific driv-
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ing term for collisions) together with its boundary condi-
tions keeps on being satisfied for any values they may
take. Physically, values can be assigned to these free con-
stants by imposing global boundary conditions on the
solution (not the equation) which are specifications of the
number of particles and the energy associated with
D)

The Coulomb collision integral conserves particles and
energy, that is, it is annihilated by the operations of tak-
ing the zeroth- and second-order moments in velocity
space, whatever be the function f to which the collision
operator is applied:

fc.f.ndv=o0, (1.2)

J Coolf s f)im v2dv=0. (1.3)

This means that a precondition for the existence of a
solution is that these same two moments of the non-
Coulomb terms present in the kinetic equation must also
vanish. It turns out, however, that very often there is in-
terest in finding the response of the plasma to a driving
force which plays the role of an energy source; in the
greatest generality we should consider the possibility that
it would also be a particle source. The remedy, in these
cases, is to add one or more ad hoc terms to balance the
particle and energy input from the given external source
in order to guarantee the existence of a solution.

The differential formulation which we shall develop in
this paper sheds light on the question of the conserving
properties of the collision operator. Two specific loss
terms for particles and energy, which do not depend on
the shape of the solution, appear naturally as belonging
to the structure of the Coulomb collision operator and
come multiplied by two arbitrary constants which can be
adjusted in the course of the derivation of the solution to
meet the proper balance with the source. Given their ori-
gin, we shall refer to them as the Coulomb loss terms.
One of the two plays the role of a drain for both particles
and energy, but the other is just an energy sink, which
shows itself to be the very same steady-state time rate of
change of a Maxwellian with a variable temperature of
frequent use [2]. The problem of conservation and bal-
ance should then be better looked at as one of boundary
conditions, and two new arbitrary constants must be add-
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taken differently from the Coulomb ones, the arbitrary
constants with which these come associated must be
chosen to be zero. There is, however, a practical advan-
tage in the use of terms of the Coulomb form in that they
do not demand a particular solution of their own, and
thus do not obscure the effects of an external source
which one intends to study; their only role is to specify
the time rate at which particles and energy must be re-
moved from the system and make sure that a steady-state
solution does exist.

(2) The equation for the coefficient £ (v). This is essen-
tially the Spitzer-Harm problem. It is a fourth-order
differential equation, one which admits two simple in-
tegrals and that can thus be reduced to a second-order
differential equation [1]. The global physical condition to
be preserved is the momentum conservation of the elec-
trons upon mutual collisions in the steady state. A loss
mechanism is provided by the collisions of the electrons
with the ions, which can be made to occur at the same
rate as the momentum input from the external source by
adjusting a normalization constant appearing in the
differential equation. The total momentum and the ener-
gy current carried by the electrons then stem from the
solution.

(3) The equations for fen(v), n=2,3,4,.... These

can be shown to be differential equations of the sixth or-
der. They all have in common the structure of their
singularities and thus represent from a mathematical
viewpoint one and the same problem. No global con-
straint comes about from physical considerations and the
boundary conditions appear as local restrictions on con-
tinuity and finiteness.

The main purpose of this paper is to solve the equation
of the first group, namely, the equation for f, eo(v).

II. EXPRESSION OF THE COLLISION TERM
IN TERMS OF EXACT DIFFERENTIALS

It is convenient to write feo(v) as the product of a func-

tion a (v), which we shall refer to as tlle factorized distri-
bution function, and a Maxwellian: feo(v)=a (V)F g (V).

The linearized electron-electron collision operator can
then be written

ed to the original set which, so enlarged, comprises now a CONfof)=CONFpp, . )+ COF, ,Fpp), (2.1
total of six. 0 0
If the compensating terms for particles and energy are where
J
L coyg, 7 y=TeFue) YA 4 2 ot | A | ()= ()] (2.2)
Fee ee Me>J e, v%e xz 3x 4 x 2 3 1 1 ’ .
1 o) 5 _neFyeX) | Ax) LE 1 ' 2.3
T CF s Fase) ) o R el N C Rl £ Ax) |a'(x) | . (2.3)




3878

In these expressions, the free variable is x =v/vp,
where v is the electron speed and vy, is the electron
thermal velocity, defined by vy, =(27T,/m,)'/?, T, being
the electron temperature and m, the electron mass;
Fy.(x) is the Maxwellian distribution:

n, 2

FMe(x)zﬂ—y‘z‘;%"e'e—x , (2.4)

n, being the electron density; the functions J,(x), J,(x),
and J,(x) are defined by

J (x)——;;- (y)y eV dy (n=1,2,4), (2.5)
A(x) is the function
=i *2 _.VZ
Ax)== [ yPe ™ dy 2.6)

and, writing e for the electron charge, I',, is the quantity
defined by T',, =47(InA)e*/m2, which we shall treat, in
accordance with the common practice, as a constant, ig-
noring the (weak) dependence of the Coulomb logarithm
InA on the velocity [3].

The function A(x), which connects to the error func-
tion ¢(x)=(2/V') foexp (—y?)dy through

=¢(x)—x¢'(x),

where the prime represents the derivative with respect to
the argument, plays an important role in the theory of
Coulomb collisions in a plasma. It is an instance of the
functions defined by the integrals:

(2.6

A, (x) ——f e ~Ydy | 2.7)
which will appear frequently in the subsequent analysis.
Properties of the function A(x) and of the functions
A, (x) are given in Appendixes A and B, respectively.

We shall take Eq. (2.1) as representing the full electron
collision term, thus neglecting the contribution coming
from the interaction of the electrons with the ions. This
can be justified as follows. If the plasma is not far from
thermodynamical equilibrium, the width of the ion distri-
bution is typically of the order a=(m,/m; )72, m; being
the ion mass, times smaller than the spread of the elec-
tron distribution, and just a very small fraction of the

|

3/2
™ 2
Zx2—1

2Cee (FMe’fe 3

noVvo

where we have introduced the electron collision frequency

Vo= neree
0T 3
UTe
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electrons with normalized velocities in the range |Ax| < a
would suffer the effect of the details of the structure of
the ion distribution. These few are the only electrons
that could exchange energy with the ions and may be ig-
nored without introducing appreciable error into the re-
sults: the ion distribution function can thus be represent-
ed as an infinitely thin, isotropic Maxwellian, like a Dirac
8 function in velocity space. While giving a term of
electron-ion collisions of the same order of magnitude as
the term of electron-electron collisions in the equations
n=1,2,3,..., this approximation suppresses the ions al-
together from the kinetic equation for the electron distri-
bution function of index » =0. From the point of view of
energy balance no real damage results from this, since the
processes between electrons and ions, in any case, would
not be able to drain out the energy from the electron pop-
ulation at the rate which is introduced by external
sources.

We shall assume that the unknown function a(x)
remains finite at the origin and that it grows less rapidly
than e* as x goes to infinity, so that moments of all or-
ders can be obtained from the distribution function.
Since the Maxwellian distribution must annihilate the
electron-electron collision term, and thus a(x)=1 must
be a solution, in seeking to lower the order of the equa-
tion we reexpress all the integrals J,(x) in terms of a’(x).
This can be achieved by recourse to partial integration,
most simply by first noting that the integrals can be writ-
ten as

J,,(x)=foxa A

and then using the expressions for the A,(x)’s given in
Appendix B. We obtain

ay , (2.5) ¢

-2 —_—s —x2 2 X -y,
Jix=—=a(0) ‘/Fa(x)e = [y
2.8)
Jz(x)=a(x)A(x)—foxA(y)a’(y)dy , 2.9)
Jo(x)= 3a (X)A(x)—Ja (x)x A'(x) =3 [ "A(y)a’(y)dy
l x ’ ’
+4 [CyApa'ydy (2.10)

By substituting these expressions into Eq. (2.2), the
terms in @ (0) and a (x) cancel out, and we are left with

N [ [ e ady = [Tea iy |+ 3 A [ e apay

(2.11)

(2.12)

Upon multiplication by x 2, Eq. (2.3) can be brought to the form of an exact differential:
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3
T 2 d | Alx) _,2,
—;;gixzqgmﬂyfhbk=z; o€ allx) (2.13)
We thus obtain for the total collision term an integro-differential expression in which only a’(x) appears:
3/2,,3
T UT d A(x)_2, 2 , w _.2 x _,2
———nevoe x2COf,,f.)= e *a'(x) gxz—l A(x) {fo e Y a'(ydy _fo e Va'(y)dy
+§A(") [ e aay . 2.14)
We proceed by introducing the quantity 87rv3 x?
—TLe s, for= 2T+ e
_ n,vo x \/77' X
Ku%w——fe Ya'(p)dy +C, , (2.15)

8 £2
where C, is an arbitrary constant, the derivative of which + vV K () —x —1 } ’
is the function

4 ) (2.22)
’ —_ —x* 1

K'(x) ‘/;e a'(x) . (2.16) where

With the replacement U(x)= Alx) ) K'(x A( ) (2.23)
Vo x
3,—y2 - 3 — 2

[ ye ™ apdy =="x’K (x) f YK ()dy With the help of the properties of the function A(x)
2.17) given in Appendix A and from the connection between

for the last integral term in Eq. (2.14), the expression for
the collision operator takes the form

A(x)
2x

1€ ZC(O)(fwfe = %
n.,vo

K'(x) | +A'(x)K (x)

A(x) =,
22 nyK(y)dy

+K () |Fx2-1 A .
(2.18)
We next define the new dependent variable
F(x)= f V2K (p)dy +C (2.19)

where C is another arbitrary constant, the derivative of
which is related to K (x) through

K(x)=

Flx) (2.20)

X

The second and third terms on the right-hand side of Eq.
(2.18) can be combined into a single differential term:

A(x)F'(x) —9 AMX)F(x) _ d
2

x x dx

A by

X

, (2.21)

and we rewrite Eq. (2.18) as

K (x) and F(x) stated in Eq. (2.20) we may show that
U (x) can be written as

Uvx)=12% (2.24)
x dx
where
W(x)= A'(x) (2.25)

A(x)K(X)“‘TF(x) .

Similarly we find that W (x) in its turn can also be ex-
pressed in terms of an exact differential:

F(x)
Alx)

AAx) d

W(x)= <2 dx

(2.26)

This brings the expression for the collision term to the
following final compact form:

) _ 1 d |1 d |Ax) d |F(x)
nevoc f£1)= x2 dx | x dx x2 dx | Alx)
16
+\/1rc x
+-8 K(w)|Zx2=1e . @27
\/— x . .

We note first that, in addition to a differential operator,
Eq. (2.27) contains two algebraic terms, not depending on
the unknown function, which come associated with two
constants K () and C=F(0). The constant C; =K (0)
introduced at the step of defining K (x) does not contrib-
ute with any term to the transformed operator and is
indeed superfluous, the boundary condition on K (x) be-
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ing already implied by K (). These two terms should be
considered as spontaneous balancing terms for particles
and energy which are built into the structure of the origi-
nal collisional integral and brought to evidence by the
process of reduction to the differential form. Because of
their origin we shall refer to them as the Coulomb loss
terms. If the overall external driving term (which may or
may not include loss mechanisms) does not introduce
particles and energy into the system, they do not have
any role to play, and the constants K (e ) and C must be
chosen to be zero; if, however, the driving term acts as a
source or sink of any or both particles and energy, by
properly choosing the multiplying constants they can be
made to balance the input and save the conserving prop-
erties of the collision operator.

It is useful to give a physical meaning to these spon-
taneous sources. The collisional effects of an isotropic,
monoenergetic electron beam of speed v, interacting with
the plasma electrons can be shown to be described by a
source S (v) of the form

3/2,3
T T g(y)= AX—E) =2
nyVvo X
2 z 2__ —x?
£ 3x lle (x <§)
+ 2 (2.28)
2 %g?—l ¢ " (x>¢6),

where n, is the space particle density in the beam and
§=v, /vy,. Except for the Dirac & function, the effect of
which is to guarantee that particles are not created by
collisions, this source reproduces the form of the
Coulombic loss terms we have just identified in the
differential collision operator. In particular, in the limit
of zero speed electron beam we have

773/2”73%

S(v)

—x2
=3x) _,¢ (2.28a)

2—— (0=x<w®),
nyVo x

and in the limit v, >>vy,:

3/2,,3
T
-—Z€—S(v)=£
npVo §

%xz—l ]e—xz (0<x<w).

(2.28b)

The term of the form e ~* /x in the collision operator
thus describes how electrons of zero speed are created by
collisions in the plasma; and since energy is continually
redistributed among the remaining, fewer particles, it is
accompanied by some net enhancement in the energy
density. That is, it represents a source for both particles
and energy. s On the other hand, the term
—(%xz— 1)e ™ corresponds just to a removal of energy
by the suprathermal particles, the number of which is
vanishingly small.

This latter term is frequently used to counterbalance
the energy input from a source which does not introduce
particles into the system ([2,4,5] among others). It can
also be interpreted as the time rate of change of the

A. FERREIRA 48

zeroth-order electron distribution function caused by a
steady-state removal of its energy:
_ OFy,, _ oF,, dT, __ 31

ot oT, dt

2'-xz——l

3

F,
27'E Me >

(2.29)

where 7; =T,(dT, /dt)™! is the characteristic energy loss
time.

Since the form of the Coulomb loss terms does not de-
pend on the unknown distribution function, they may be
treated on the same footing as the external sources, and
we write for the true collision operator, instead of Egs.
(2.22) and (2.27), the purely differential expressions

3
STV 0 -1 dUu ,
v, Cee (ferfe) 2 dx (2.22')
w3,
v Cforfe)
e’0
_1.d|1d|Ax) d |F(x)
x2dx |x dx x2 dx | Alx) )
(2.27")

Successive integrations of this ‘telescope” third-order
differential operator will uncover F(x) for any given driv-
ing term and introduce three arbitrary constants; a chain
of operations to follow will lead first to K (x) through Eq.
(2.20) and then to a’(x) through Eq. (2.16); finally a last-
step integration will yield the factorized distribution
function a (x) and introduces a fourth arbitrary constant.

It remains to discuss the boundary conditions to be ap-
plied to the collision operator. Conservation of the total
number of particles implies that

J s, frdv=am}, [ 0°° CO(f.,f.)x2dx
=0, (2.30)

which, by Eq. (2.22'), is the same as

o

U(x)| =0.
0

(2.31)

Similarly, the condition that the total energy is con-
served upon mutual collisions of the electrons translates
as

J €S et imo*dv=2mm3, [ 7C S, fx"dx
=0, (2.32)
which, using again Eq. (2.22'), gives by partial integration

-9

fwﬂxzdx =x2U(x) —-waxU(x)dx =0.
o dx 0 0

(2.33)

By substituting U(x) as given by Eq. (2.24) into the in-
tegral on the right-hand side, we get



48 FOKKER-PLANCK SOLUTION FOR THE SPHERICAL ... 3881
o F,(x)=0,
x2U(x)—2W(x)| =0. (2.34)
0 Fy(x)=—A(x)
These conditions must be compatible with the balance (3.3)
of particles and energy in the kinetic equation. Writing 4 i 2
this symbolically as Fax)=Ax) | — [ % _ xyay
© ’ Vi fg Axy) 1/' f AXy)
L(x)+S(x)=Cp'(fesfe) > (2.35)
where S(x) represents the given external source and Fax)=A(x)— fx yidy
L(x) the term of losses, and taking moments of the 4 A% y)

zeroth and second order, we have

bl 2 g 27.— [ © (0 2
fo L (x)x dx+fo S (x)x2dx fo CYO(f,, f.)x2dx

=0, (2.36)
J UL Gxtax + [ 7S Goxtdx = [ “CLO(f,. fxdx
=0. .37

These constraints fix the rates of removal of particles
and energy by L (x), for example by specifying two pa-
rameters 7y and 75 with the meaning of characteristic
loss times; if the Coulombic loss terms are employed, the
characteristic times can be simply related to the con-
stants C and K ( o0 ) by which they come multiplied in Eq.
(2.27). Since Egs. (2.36) and (2.37) do not require a
knowledge of the solution, they are easier to apply than
Egs. (2.31) and (2.34). These latter ones, however, retain
their usefulness, helping to simplify the derivation of the
solution as will be shown subsequently (Sec. IV). We also
postpone to the applications the discussion on the global
boundary conditions to be applied solely to the solution.

III. THE SOLUTIONS
FOR THE COLLISION OPERATOR

A. The general solution

We solve first the homogeneous equation

v,
—COf,. f.)
n.Vo
_1d[1d][ANxd|Fe
x2dx | x dx x?2 dx | Alx)
=0. (3.1)

By repeated integrations we obtain

d x y2d
Fx)= 4,A0) [ 2 y)+A2 x) 57’\’7(;—)

+ A;A(x) , (3.2)

where £ is some reference value of the variable and
Ay, A,, A3 are arbitrary constants. From this we may

construct the following four basic independent solutions
for F(x):

We have explicitly included the trivial solution in the
set since there will be associated with it a nontrivial solu-
tion for the distribution function. The solution labeled
F;(x) is a combination of the two solutions that come
multiplied by 4, and 4, in Eq. (3.2). The reason we
prefer to deal with F;(x) rather than with the single-
integral function (4/V'7) f zy“dy /A*(y) is that the fac-
torized distribution function generated by this latter solu-
tion is singular both at the origin and at infinity, while
the one generated by F;(x) exhibits just the singularity at
infinity, the other being suppressed by a similar singular
behavior at the origin coming from the added F,(x).

The functions K (x) can be evaluated according to Eq.
(2.20) and are

K (x)=0
4 _
Kz(x)=—7ﬂ_e XZ,
(3.4)
4 x x y2d
Kylx)= 2| 4 y'd y’dy
0= vwe \/ﬂ'f§ Az(y) f AXy)
4 x2—1
Vir Alx)
_ 16 _,2pxyidy 4 1
K —_
ax)=""e fg o TV A
By use of Eq. (2.16) the a’(x)’s are obtained as
aj(x)=0
ay(x)=2x,
) (3.5)
’ X dy
aj(x)=— Y
3 f Az(y) \/ﬂfg Ay)
2xe*’
Alx)
v _ 8 x_y2dy
@4(x) VTrxfg Axy)

from which the four independent solutions for the factor-
ized distribution function follow by integration:



3882
a;(x)=1,
az(x)=x2
(3.6)
f AZ y)
4 rxy'd x y2dy
—(14+x?) | —
Vi f§ Az(y) f Axy)
+ ex2 _ e§2
Alx) A’
_ 4 prxy*dy 4 x y2dy
a,(x)=—= ——=X .
ax v fé ANy) Vw £ AXy)
In the limit x —0, we find that
a0=YT 5 voxY , 3.7)
a4(x>——3‘/T”i+0(x) (3.8)
except for constants, and in the limit x — oo, that
ay(x)~e* +0(x7), (3.9)
8 —x2
a,(x)~— 15‘/77_x5+0(e ) (3.10)

A. FERREIRA 48

The function represented by a;(x) is thus finite at the
origin but for large values of the variable grows faster
than allowed by the physical requirements on the solu-
tion, while a,(x), in contradistinction, remains exponen-
tially bounded at infinity but diverges at the origin.

It is convenient to handle expressions for the solutions
in which the singularities, both at the origin and at

infinity, appear neatly isolated from the integrals. This
can be accomplished with the help of the functions
4 rx, 1 97 1 277 1
=— - —=———1\dy,
fA&x0=70 fé'v Ay) 16 yS 40 y* ’
(3.11)
97 1
f4<§,x)———f —KF—I dy, (3.12)
fel&x)= 4 fxy6 —1|dy (3.13)
6> Virde A%(y) ’ ’

which remain finite in the whole domain of the variables
& and x, and in terms of which the singular solutions for
the factorized distribution function can be written as

) — . 2 S . er _ e 4 T_ 7
3(Ex)= fo(E;x)FH(1+x7)[ f2(5x)— fo(&x) ]+ Al AE) +7‘/— (x"—=&")
2 S_gsyp b (g m |1 1| 3w |1 1
+HxD 51/‘( Y T B 4 | 2|’
_ (3.6")
)= V2 f (£ 4 5. Wa |1 1| 4 3 43
a4(§>x) f4(§’x) x f2(§7 5‘/‘7—7_("c g )+ x3 §3 ] 3\/7_T(x § )]
Vw3 ,_ 1|(1_1
T A [ v

Expansions and tables for f,(0;x), f4(0;x), and f¢(0;x)
are provided in Appendix C.

We calculate now the number of particles and the ener-
gy carried by the solutions we have just found. The frac-
tional number of particles and the fractional energy in
the electron distribution function are defined, respective-

ly, by

An 1 2 2
=1 S dx , (3.4
sy ffe vidv= f (x)x%e %dx , (.14
nfi = T f —m,v2f,(v)d
(3.15)

—_fwa(x)x4e
T Yo

In carrying out the integrations over the solutions
a;(&;x) and a4(&;x) we respectively replace the upper
and the lower limit by &, anticipating the domains of the

variable x in which they will contribute to the solution of
a physical problem. The results for the four independent
solutions then are

Anl_ AE1_3
n, = nT, 2°
Any 3 AE, 15
n, 2’ nT, 4°
M3 _tr Lot g g0,
n, 2 Va AE) Wamo S
(3.16)
AE; 21 3 2, 5 & 6
=41 2,84 - — €
n,T, s 2°¢ \/ﬂ(g )A(E) 7\/17'5
3
_3g6(0;§)’
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An WV 1
“—f4<§ )= —fz(g;oo) gulgo0)— 22— =
_wWr1l 2 £ 1
5 £ V& A(§ ’
AE, 3 15 3
T = R i) m T hE )~ JedE )
45vVe 1 21vVm 1 5 £ 1,
16 g 4 & V@© | AE) ’
where
ey — 4 X 4 1 _
gul&x) == fgy AG) 1|ay , (3.17)
=4 x|l 1
ge(Ex)=—= fgy A L (3.18)

The partial integrations that are needed to arrive at these
expressions are facilitated by use of the properties of the
functions A, (x) listed in Appendix B. The small —x ex-
pansion and a numerical table for the newly defined func-
tion g,(0;x) can be found in Appendix C.

B. The particular solution

It may be of interest to have a closed form representa-
tion of the solution of the Fokker-Planck equation for a
general driving term:

COf, =S (x)

We shall assume that S (x) vanishes for 0 =x <§, that
it is no more singular than a Dirac & function at the point
x =g, andzthat it vanishes exponentially for large x:
S(x)~e ™™ for x — . These conditions correspond to
those which we are bound to encounter in all situations of
physical interest. The point x =& may coincide with the
origin.

Using the representation of Eq. (2.22) for the collision
term, the equation to be solved then reads

81Tv3e
L dU _ " ¢ (xy . (3.19)
x? dx nv
The solution is
83,
Ux)= N(x), (3.20)
n.Vo
where
N(x)=f;y25(y)dy (3.21)

is a function which gives a measure of the rate at which
electrons with normalized speeds less than and equal to x
are introduced by the source into the plasma.

We next find W(x), which, from Eq. (2.24), is deter-
mined by

1 dw _ 8mvz,

(3.22)
x dx

—N(x) .
n,vo
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The solution is
L YN (3.23)
n,v
where
P(x)=x2N(x)—2M(x), (3.24)
and M (x), defined by
M(x)= (3.25)

%f;y“S(y)dy ,

represents the power absorbed from the source by parti-
cles with normalized speeds less than or equal to x. Note
that

P'(x)=2xN(x) . (3.26)
To find F(x) we solve Eq. (2.26), which is
AAx) d | F(x) |_ 4mvk
X2 dx | A | vy LY 3.27)
and yields
Fx)= g3 f(y) (3.28)
Ay

By following the steps of Egs. (2.20) and (2.16), the as-
sociated factorized distribution function can easily be
found to be

a(x)=0 (x<§),

. Vo o P) Ve p(y) (3.29)
Yo _Vme"P(x) Va rxye’ Py
a3, YT A 2 fg Ay Y

xy2P(y)
+(1—x?) [(E 2y
S @

4
+ f "X_Zw_)dy
& A(y)

From this formal representation of the solution we see
that the source function P(x) is to be interpreted as an
effective driving force for disturbances to equilibrium; the
definition [Eq. (3.24)] gives it as a measure of the (time
rate of) excess of energy of the particles introduced into
the system by the source within a sphere of normalized
radius x in velocity space if they all had the energy of the
particles lying on the surface with respect to the true en-
ergy content deposited by the source into the internal
volume. The fractional number of particles and the frac-

tional energy can be evaluated as before and are given by

(x>§).

Vo An____\/ﬂ'
pr = fg A(x) xe* P (x)dx
x*P(x)
+f§ A(x A &
1 wx2P(x o x*N(x)
—_— = Z N d ,
29 A% f Alx)

(3.30)



3884 A. FERREIRA 48
2 rZ2K yvon
feYo AE _3 | Vo An | 3 rex'P(x) COFpo )= —m—-S(x) 4.3)
4mv3, n, T, 2 |43, n, 27 Axx) T Ve
(3.31)  where
212 _
C. The solutions E ?xz—lle ** (0<x <§)
for the “Coulombic balancing terms”
S(x)= 2 4.4)
For sources of the form %52‘3— (E<x <o),
X
Syn=J8 e (3.32)
N T ) E=v, /vy, Z, is the ionic charge in the beam, K, is the
space average of K(8), r is the ratio of Coulomb loga-
Sp(x)= 8 12,2 ¢ |,—x? , (3.33)  rithms: r =In},, /InA,,, and a term of the order of the
Vo |3 ratio of the electron mass to the fast ion mass has been

which appears in Egs. (2.22) and (2.27), we obtain, respec-
tively,

Fy(x)=—1, Ky(x)=0, (3.34)

Fpx)=—1x3 Kp(x)=-—1, (3.35)

and, since in both cases K'(x)=0, the particular solutions
for the factorized distribution function coincide with the
constant solution a;(x) of Sec. III A. It should be noted,
however, that neither of the pairs of functions F(x) and
K (x) above appears in the set belonging to the homo-
geneous differential equation, and in particular that
Fp(0)740 and Ky( o )#0. This indicates that their only
effect is to give room for boundary conditions on the
equation that ensure that the conserving properties of the
collision operator can be preserved in any case.

IV. EXAMPLES OF APPLICATION

A. The ion-beam problem

Besides its practical importance, this problem has a di-
dactic interest in that, because of the form of the source
term, the solution can be expressed just as a combination
of the solutions of the homogeneous Fokker-Planck
differential equation. The perturbative treatment of the
equation requires that the fast ion density n, is much
lower than the electron density in the bulk plasma; con-
sistent with this, we shall assume that, to first order in
n, /n,, the collisional interaction between the electrons in
the plasma and the injected ions can be approximated [6]
by

Coo(fesf5)=Cop(Fpres ) -

Here f, is the distribution function of the fast ions,
which, for a monoenergetic beam, takes the form

(4.1)

7o 30 0) (g “42)
21 v? ’ )
where v, is the speed and K (8) is an arbitrary function
which describes the angular distribution of the ions in the
beam. This leads to the following form for the isotropic
term in the expansion of the collision integral in zonal
harmonics of the pitch angle:

neglected.

Coulomb collisions only being considered, we may ab-
stain from including a source term for the particle density
in the Fokker-Planck equation; energy, however, is
effectively transferred from the injected ions to the elec-
trons in the bulk plasma by collisional interaction, and
balance requires an energy loss term to be included in the
equation, which we shall take to be of the form of Eq.
(3.33). The steady-state Fokker-Planck equation then

reads
C'Sp(x)=COf s f )+ CFrger fb) » 4.5)

where C’ is some constant, or, using the representation of
Eq. (2.22") for the collision operator:

n
+T/§:C %xz——l ]e“xz 4.6)
o

The new constant C =(87v3, /n,v,)C’ may be deter-
mined from the requirement that energy is balanced and
is
| A(E)

£

Now, the driving terms for collisions in Eq. (4.6) are
exactly of the form of the Coulombic sources discussed in
Sec. III, and therefore the solution for the factorized dis-
tribution function can be written down immediately as a
combination of the solutions of the homogeneous equa-
tion. Dividing the domain of the independent variable
into two regions I and II separated by x =§&, we have

ay(x)=A,;+ A,x>+ Aja;(&x) (0<x<§),
ap(x)= A1+ Ax*+ A4a,(&x) (E<x <),

C=2rZ}K, 4.7

e

(4.8)

where the A’s are constants and we have omitted in each
region the solution which would introduce a physically
unacceptable singularity. The associated solution for
F(x), from Egs. (3.3), (3.34), and (3.35), is

B,

Fy(x)=B,+

xs—AzA(x)“l' A3F3(X) >y
4.9)
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’

p B2 3 ’
~B1+—3——x — Ay A(x)+ A Fy(x),

where the B’s are constants. The auxiliary function
W (x), evaluated from Eq. (2.26), is then

Fy(x)

WI(x)=-—747—T—B1e_"2+B2A(x)——3—‘j—732x3e_"2
+‘/i1.TA3(x2—1),

4 s 4 (4.19)
Wi(x)=——=Ble > +Bj A(x)— —o=B}x e *
II(x) ‘/; 1€ 2 (x) 3‘/7—TB2x e
4
+—=4,,
vVt

from which follows, by Eq. (2.24), the expression for
Ul(x):

8 —x2 8 —x2, 8
U](X):‘\/—?TBle * +§‘/——-B2x3e x +—‘7:A3 ,
8 , (4.11)
Uplx)= _B' o +3——‘/——B2x3e_"
We may now determine the arbitrary constants. Tak-

ing the derivative of U(x) and then substituting it into
Eq. (4.6), we find

B,=0,
n
B,=2rZ2K, l—” ‘é[l—A(g)] ,
(4.12)
P2 np

By =3rZK, (n—e }52 )

n
By=—2Z}K, |2 | AL

e ] €&

We next apply the conditions of conservation of parti-
cles and energy by the collision operator, namely, Egs.
(2.31) and (2.34). We obtain

- (4.13)
h
Tﬂ-rKOZbZ {__b_

e

A(S)

A= :

Since S (x) exhibits a jump discontinuity at x =&, U (x)
must be continuous: Uy (§)— Uy(£)=0, a condition au-
tomatically fulfilled for the values found for the con-
stants. Similarly, it can be verified that the requirement
of continuity upon W(x) is already satisfied. Also a'(x)
and a (x) must be continuous across x =¢§, and we get

Al=4,,
Ay=4A, .

(4.14)

With this, the solution for the factorized distribution
function can be written as
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ay(x)=A,+ A,x* (0<x<§g),
_ (4.15)
n
an(x)=A1+A2x2+‘—/21er2K0 [n—” A(E_Qa‘,(g;x)
(<x< ).

There remain undetermined the constants 4, and 4,,
which are fixed neither by analytical requirements on the
solution nor by physical constraints on the equation: the
same as for the equilibrium Maxwellian distribution,
which also depends on two free constants, here they
specify arbitrarily the contents of particle and energy to
be carried by the nonequilibrium distribution function.
To ascribe definite values to 4; and A4, we follow the
usual prescription of perturbation theory [7] by which
only the leading term is to contain the macroscopic infor-
mation of the solution represented by the whole perturba-
tion series. The number of particles and the energy asso-
ciated with a (x) are given by

An _ An, An,
ne ! ne 2 ne
An
+ﬁrKOZ,, A) 1204 L (416
2 e | & e
AE AEI AE2
= A4, 2
ne Te ne Te ne Te
Vi AE)
xm 4.1
+ 5 rKoZ} ' ) € Py T (4.17)

Making use of Egs. (3.16) and imposing An/n,=0,
AE /n,T,=0, we obtain a system of two algebraic equa-
tions which is solved by

4,= L/il"KoZb [‘:i ] —f4(&0)+g4(&5 )
_ VT 1| A)
4 ’
£] ¢ (4.18)
Vo ny
A2— Tﬂ.‘rK()Zb [ne ]
oy YT 1 2TV 1
3 A(E)
it A(§) £

A graphical representation of the solution for a few
particular values of & is given in Fig. 1. We observe that
for £=0 the beam ions become indistinguishable from the
background ions in the bulk plasma, and we expect ac-
cordingly a (x) to vanish identically. This is indeed what
our solution shows, but that would not be the case had
we taken An /n,50, AE /n,T,70.



3886

.
X
e
v:
oA
tE
S
w
ot
2
o
|

-5.00! 1 1 1
0.00 1.00 2.00 3.00 4.00

FIG. 1. Solution for the factorized electron distribution func-
tion for the ion-beam problem. The parameter £ is the ratio of
the ion-beam speed to the electron thermal speed.

B. The electron cyclotron wave problem

As a second example of solution, we determine the
steady-state distribution function of the electrons in a
plasma under the influx of energy of an electron cyclo-
tron wave. For the velocity space diffusion caused by the
wave we adopt the expression deduced by Kennel and
Engelmann [8]:

of.

-1 9 -1y | @710
ot L v, dv, [D“vl 8

k!l

o,

Yy

(4.19)

where v, and v are the electron perpendicular and paral-
lel velocities, D, is a constant in velocity space and is pro-
portional to the wave amplitude squared, @ and o,
represent the wave frequency and the electron gyrofre-
quency, respectively, k, is the wave vector along the
magnetic field, and [/ is an integer that denotes the elec-
tron cyclotron harmonic. Consistent with the lineariza-
tion of the collision operator, we have replaced the elec-
tron distribution function f, on the right-hand side by its
zeroth-order approximation F,,, an approximation
which is justified for small wave amplitudes. The expan-
sion of (4.19) into a series of Legendre polynomials in the
variable cos@=v, /v gives for the isotropic term in veloci-
ty space

(0)
of | —__ " 1
0 x=6), (4.20)
X1 1 8 2 gy —x? '
o ax[(x E)Ve ] (x>€),

where x =v /vy, as before, £ now defines the normalized
phase velocity of the wave,
_o—lo,

’

kv,
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and 7,=v3, /D, is the characteristic diffusion time.
The wave introduces energy into the system but not par-
ticles, and we thus make the quasilinear term to appear
accompanied by a compensating term like the one of Eq.
(3.33). The Fokker-Planck equation then reads

(0

1 3 9
P xz—E Fy(x)= gj,i ) +COf,.f,) . (421
We shall restrict ourselves to the case / =1. Energy

balance gives the relation between the diffusion time and
the energy loss time:
D 8 — §2

— €
TE 3‘/7T

(4.22)

We start by solving for the function U(x), using the
representation of the collision operator stated in Eq.
(2.22'). Since the wave diffusion term exhibits a jump
discontinuity at the wave phase velocity, as in the ion-
beam problem we divide the integration domain into two
regions separated by the coordinate x =§. We write then

Vi 1dU_T | 5, 3| .2,
3 vm'z)x2 dx  7g 5 |e (0=x<§),
— (4.23)
Vo, 1dU_Tp |, 3| .
8 oD x2 dx TE 2
1 2 2y —x?
t g (T
(E<x <)
The solution is
D
"OTDUX(x):—T—xA'(x)-l—Al ,
E
4.24)
r
’VOTDUII(X):_le'(x)+_8T(x2_§2)e—x2+ A2 ,
TE Vo

where 4, and A, are arbitrary constants. In order to
make U (x) a continuous function across x =¢£, as it must
be, we choose A4, = A,= A, a condition from which the
conservation of particles follows as a consequence:
UII( Y )_UI(O)=O'

We next find W (x), which stems from Eq. (2.24), and is
given by

D |3 1 A
=——=|2A 2 ’ A 2+
voTp Wilx) e |2 (x) 2xA(x) + 5 % B,
(4.25)
=—_P _3_ __1_ ’
voTp Wi(x)= ™ 2A(x) 2)cA (x)
+T;47(e_§2—e_"2)——747_;-(x2—§2)e_"2
+§x2+3 ,

where the newly introduced integration constants were
taken to be equal so as to make W (x) continuous across
x =§. With this, the condition of energy conservation by
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the collision operator: x2U(x)—2W (x)|§ =0 furnishes
no information besides the relation already found be-
tween the diffusion time and the energy loss time.

We proceed by solving Eq. (2.26) for F(x) and find

1 7Tp Vo
VoTDFI(x):_ETE —S—AFS(X)
+—‘;—” —‘2‘¥+B Fu(x)—C,A(x)
- (4.26)
=17 s, V7
'Vo'TDFH(x)_ 2 TE 8 AF3(x)
+ ‘/4” ~+B +e 8 |Fylx)+1—£

+x2—2A(x )f"l‘ly—)—czA(x) ,
where C, and C, are arbitrary constants. Since the func-
tions F,(x) and F;(x) give rise to physically unacceptable
singularities for the distribution function at the origin
and at infinity, respectively, we must have (A4 /2)+B =0
from the expression for Fi(x) and 4 =0 from the expres-
sion for Fy(x). Imposing in addition the requirement of
continuity of F(x) across x =§ we have finally

1 7p
VOTDFI('X)—_E—X _‘CA(x) >
TE
4.27)
r
VOTDFH(x)=—l-"~x3+1—§2+x2
2 TE
1 2
I -&
C+ NG Alx)+e 5 Fy(x)
dy
—2A(x) [T22
v

where C is a constant.
The solution for the function K (x) follows from Eq.
(2.20) and is

3 7p 4 _.2
VOTDKI(x)_—E;—;—V—Ece x,
) (4.28)
e Ky 37D 4 eE
o'p I 21 V7 Alx)
4 1 —x2
—_— C X
Vi A(E)
< v2
+—1§e"§2e'_"2f __._yzdy
T £ A4y)
__8 —xzfx ydy
Vi e Aly)

from which, using Eq. (2.16), we obtain a’(x) as
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voTpai(x)=2Cx ,
(4.29)
voTpap(x)=2|C+ 1 x —2—=
oTpEI A(§) A(x)
8 g rxydy x_ydy
— S Ex [TLA gy (T2
V' xfg Ay) xfg A(p)

Note that a'(x) is continuous. So must be the factorized

distribution function, which we find to be
vorpay(x)=D +Cx? (0<x<§),
(4.30)
vorpay(x)=D +Cx*+a,(x) (E<Sx <o),

where

o~
2,(x)= T [(x2— gy (&%) —g3 (&%) +e Fay(gx)

1|1 2 2 1
=) | S 1
3V 1 1
5 § £ x (4.31)

is the particular solution normalized to vy7p, and g,(&;x)
and g3(&;x), defined by

W1
A(y) 4 y3

1|dy, (4.32)

= 4 *
E0=2=[v

1

— -1
Aly) R

(4.33)

4 x
g3(&x)= ‘/ﬂf v’

are regular functions in the whole domain of variation of
& and x. Expansions and numerical tables for g,(0;x)
and g3(0;x) are provided in Appendix C.

It remains to specify values for the constants C and D,
which again we shall do by demanding that the perturba-
tion to the distribution function be void of particles and
energy. The result is

Vo
D= = Tlg1(& ) +es(E )] —h(g )
et ‘_f4<§;oo>+g4(§;w N1
4 ¢
3V 1
=%t 2 -1/,
AR l
_ (4.34)
,‘/
C=~Tvg1(§;w)
_e ) 3Wr 1, 21vVrw 1 4
te W Nalfe)t =y £ 10 ¢ Wat
3V 1 1,
2 £ A(E) ’
where
2A'(y)
hgx)= [ 2P, (4.35)
3 f§ A) ly
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FIG. 2. Solution for the factorized electron distribution func-
tion for the electron cyclotron wave problem. The parameter &
is the ratio of the wave phase speed to the electron thermal
speed.

and is tabulated in Appendix C. Graphs of the factorized
distribution function are given in Fig. 2.

We take this as a case study for the question of the glo-
bal boundary conditions on the equation and the conserv-
ing properties of the operator. We note, from Eq. (4.27),
that F;(0)=0, and from Egs. (4.28) and (4.22), that
K;(00)=0, indicating that the solution indeed meets the
conditions of overall balance of particles and energy.
Had we omitted the energy loss term in Eq. (4.21), under
the same requirements of continuity of U(x) and W(x)
of necessity, we would have found, instead of Eq. (2.34),
that

§ e %

2 —
x2U(x)—2W (x)|¢ Vi vy

1
af o |0 (0<x<§)
S(x)=— ——‘ ={_M £ |8(x—& 2
ar |, /23 1 x x
Te L

where {=w/kyvr, and 7 =v3,/D; is the electron
diffusion time in velocity space. To counterbalance the
energy that is fed by this source into the system, we as-
sume a sink of the same Coulombic form that we have
been using throughout. The characteristic removal time
T must be chosen in accordance with

T_L:_S_gle_éz .

- (4.38)
TE

Vo

The source in this case is a combination of the
Coulombic balancing terms, and the solution may
proceed as in the ion-beam example, the only difference

A. FERREIRA
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apparently confirming that C2(f,f), as given by Eq.
(2.22'), acts as an energy source. The terms depending on
7p /T would not have appeared during the derivation of
the solution and, in particular, they would be missing in
Egs. (4.28) for K(x), which would pass to furnish
with the change a non-null result, namely,
voTpKpp( o0 )=4/V'me 5. But this means that the col-
lision term that has actually been used is not the one of
Eq. (2.22'), but rather the one of Eq. (2.27), that is, con-
taining an inhomogeneous term that shows itself to be the
precise reproduction of the energy loss term which had
been omitted: in one way or another, whether or not we
have written it explicitly, it creeps into our equations to
ensure that energy is conserved by the collision operator.
There is no solution that does not imply an energy bal-
ance between sources in the Fokker-Planck equation;
and, as can be seen from the present example, that solu-
tion is not modified in the least by the “suppression” of
the energy loss term, since the constant terms depending
on 7p /7g in Eq. (4.28) would be eliminated anyway when
taking the derivative of K (x) in the operation of finding
a'(x).

C. Diffusion by electron Landau damping
of radio frequency waves

As a final example we consider a quasilinear diffusion
term of the form proposed by Fisch and Karney [9]:

afe aF'Me
ot av,

d

_9 o _
w Oy

kII

D8 v, , (@436

where D; is a constant and f, on the right-hand side has
again been replaced by F,,,. Expansion in zonal harmon-
ics gives the source term

, (4.37)
e X (E<x<w),

being that, because of the Dirac & function, U(x) and
a'(x) are no longer continuous, but exhibit a finite jump
at x =£. We merely quote the result for the factorized
distribution function:

voTpap(x)=A;+ 4,x? (x<§&),

R (4.39)
2+ é 2__
ae)

vorpan(x)= A;+ A,x &)
+E% FaEx) (x>6),

where
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FIG. 3. Solution for the factorized electron distribution func-
tion for the problem of electron Landau damping of radio fre-
quency waves. The parameter £ is the ratio of the wave phase
speed to the electron thermal speed.

A= 8 Egy(& o) — f4(& )]

1|V, e
+g A(€) s ¢
(4.40)
— g2 —£2 . _ g2 | S
2 §e f2(§’w) g A(é.) 1]
e |3Vml 2vVm, | 4 e
te s e 10 S| wEte

For £—0, the constants 4, and A4, and the complete
solution all vanish. A pictorial representation of the
solution for a few values of § is given in Fig. 3.

V. SUMMARY

The main result of this paper is substantiated in Eq.
(2.27"), which expresses the collision term for an isotropic
distribution function in velocity space as an exact third-
order differential operator. The general solution for the
factorized distribution function can be constructed from
a combination of the four independent functions de-
scribed by Egs. (3.6). The particular solution for any
given driving term in the kinetic equation finds its repre-
sentation in Eq. (3.29). The conditions of particle and en-
ergy conservation upon mutual collisions of the electrons
translate as Egs. (2.31) and (2.34), respectively. The
Maxwellian distribution function is a solution in the equi-
librium of the isolated system and in the presence of
sources of the form of Egs. (3.32) and (3.33), correspond-
ing to the rate at which electrons are generated with zero
and with infinite speed, respectively, by collisions in the
bulk Maxwellian. These Coulombic sources can be used
to balance particles and energy introduced by arbitrary
sources and guarantee the existence of a steady-state solu-
tion to the kinetic equation.
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APPENDIX A: THE FUNCTION A(x)
The function A(x) is defined by

4 X 5 2
Alx)=—F= y Al
(x) Yo fo yee Vdy (A1)
and is related to the error function
2 x _.2
= —_— y
d(x by fo e Vdy
through
Alx)=¢(x)—x¢'(x) . (A2)
The first two derivatives of A(x) are
4 .2
AN(x)=—=x2%"*", (A3)
(x ‘/7—Tx e
r 2 ’
A'(x)= ;—Zx Allx) . (A4)
Particular values taken by A(x) are
A(0)=0, (A5)
Al )=1. (A6)

The following expansions for A(x) are convergent for
0<x < o0:

4 © x2n+3
A = — —1 n_- s A7
= 2 T G 3 (A7
4 _2 & 2"
A =" x 2n+3’
(x) byomld n§0 o T3> (A8)
A=1— 2 e+
x)=1— x
Vi
1 7 1 7 2 npnty
x+ x+ x+ x+ x+ x+ x+
(A9)
For large x, the asymptotic expansion of A(x) is
2 52
Alx)~1— —=xe™*
Vi
1 had (2n —1)M
X 1+2x2+21(_1)n oy 2n+2 }
n—
(A10)

For small values of x the following power series expan-
sions can be used:

4 3 4 2 7 2 9

Alx)= —x3— —=x+ —=—xT— —
* Vo 5V x WV x 27V x
1 1
+ H— =xB+ -, (A11)
66Vm . 390Va
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100 , _ A'(x)
Ag(x)=2¢(x)=2A(x)+—— it (B3)
0.80— — 2 ’
Aglx)=—2= — A B4)
Alx) ‘/17- 2x
. A8 (1= x B0 The explicit forms of the ones of use in this paper are
0.40}— — 1 A'(x)
A - —A’ - > 5
3(x)= ‘/W > A'(x) 222 (B5)
0.0~ . Ayx)=3A(x)—ixA'(x), (B6)
o 1 > oy A(x)
00055 1.00 z.loo x:oo AS(X)_\/—‘}_T—Ex A’ (x —A'(x) —xz_ ) (B7)
=15 —1x3Ar —3 '
FIG. 4. The function A(x). Agx)=FAM) =7 x A x) —gx Allx) (B8)
12 1 3
A == 40 2 L2 _ ’
,(x) Vo T 2x A'(x) 5% A(x)—3A'(x)
A'(x)
2 v 16 ¢ 32 ¢ 736 o 1856 —3—, (B9)
= x6_ 22 8,4 197 —_=o7Y 2
A= o T Tsr ™ T sasn 28357 x
Ag(x)=18A(x)—1x°A’"(x)—Ix>A’'(x)— Bx A'(x) .
17 504 x14_ 1984 X16+ cee (A12) 8 3
72765 270277 (B10)
1 _ 3ol V71 153V | 22TVw g Useful relati he derivati
A(x) 4 x3 20 x 1400 21000 seful relations among the derivatives are
_ 4909V s 132751Vim g .. AL(x)=(n—2x2)A,_(x)= | L —2x |A}(x) . (B11)
10780 000 700 700 000 x
(A13)
1 _ 9_7TL 27 1 1 5137 1, 401w APPENDIX C: EXPANSIONS AND TABLES
AXx) 16 x6 40 x* 1400 x?2 3500 FOR FUNCTIONS DEFINED BY INTEGRALS
113137 , 1461517 4, For the functions introduced in the main text the fol-
+ 539000 F © 87587500 + ’ (Al4) lowing expansions are valid for small values of x:
Alx) _3_6 24 5, 16 ;s 1504 4 4 rx 1 97 1 277 1
— = ———x+—x x>— x (0;x)= 2 —_— = ——1]d
Alx) x 5 175 2625 1010625 /2 vV f y AXy) 16 yb 40 p* y
11456 — — —
T e ran A X T, (A15) 513V 401V 1 11313V
65690 625 = + 3+ 5
i - S~ 350 © ' 2625 ' 673750
X
e 3\/77' 1 +6 7Ti+327 L 146151‘/7_rx7 4 i <
Alx) 4 x3 5 x 350 153278 125 Wr©
1234V 5
+———x"+ (A16) 97 1
2625 0;x)= —————1|d
. Jul0x)= ‘/_ S Az(y) 16 y¢ g
A graphical representation of A(x) is given in Fig. 4.
_2Vr 171vV7 01V7T
APPENDIX B: THE FUNCTIONS A, (x) =710 *T 350 4375
The functions A, (x) are defined by N 1313V7 4 .5 <)
A (x)———f yreYdy (n=0,1,2,...). (BI) 943250 sV
Writing A(x) for A,(x), they can be evaluated recur- fs(O;X)——fx 6 dy
sively by means of the expression AZ
1,3, n—1 _9r WVr 5 513Vr 401V7r 5
A,(x) > X A(x)+ ’An_z(x) n x + 0~ + 1750 * 6125
(n=2,3,4,5,...), (B2) 4
. + = x7, (C3)
knowing that s
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TABLE 1. Values of the functions f(0;x), g3(0;x), g,(0;x), and % (0;x).
x fe6(0;x) g5(0;x) 24(0;x) h(0;x)
0.0 0.000 00 0.000 00 0.00000 0.000 00
0.2 0.81053 0.603 93 0.060 58 0.059 52
0.4 1.702 29 1.224 86 0.24720 0.23241
0.6 2.772 17 1.863 45 0.56671 0.50220
0.8 4.13645 2.50602 1.016 40 0.84322
1.0 5.91396 3.129 15 1.576 67 1.223 46
1.2 8.18771 3.70504 2.209 13 1.608 42
1.4 10.954 99 4.207 51 2.86093 1.96595
1.6 14.088 85 4.61774 3.474 63 2.27110
1.8 17.33962 4.928 46 4.00121 2.509 88
2.0 20.39321 5.14508 441133 2.68047
2.2 22.969 65 5.28317 470018 2.79128
24 2491242 5.36329 4.883 65 2.85653
2.6 26.21878 5.40547 4.988 63 2.89129
2.8 27.002 27 5.42562 5.04276 2.908 05
3.0 27.42217 5.434 34 5.06793 291536
3.2 27.623 80 5.43778 5.078 52 291826
34 27.710 80 5.43900 5.082 56 2.91930
3.6 27.744 64 5.43941 5.083 95 2.91965
3.8 27.756 52 5.439 52 5.084 39 291975
4.0 27.760 30 5.43956 5.084 52 2.91978
4.2 27.761 39 5.43956 5.084 55 291978
4.4 27.761 68 5.43957 5.084 56 291978
4.6 27.76175 5.43957 5.084 56 291979
0 27.76176 5.43957 5.084 56 291979
4 N 1 3V 1 quicker convergence:
g,(0;x) — - ——1|dy
Virdol | Aly) 4 3 . 4 o, 1
Fa=—= [Ty | ——1dy, (C8)
- 2x+ix3 227 s __4909 4 mox o [ AT
350 26250 18 865 000
_..._L_xl’ (C4)
vV TABLE II. Values of the functions f,(x), f4(x), and g,(x).
(0; x)____fx 3 —1|dy x Fa(x) Falx) Z1(x)
0 A(y) 0.5 19.074 28 15.138 36 4.38248
4 0.6 12.781 31 13.264 65 3.31295
=3x +ix3+ 193 sy 227 7 ... —%: , 07 9.16173 11.75148 2.54608
1750 36750 T 03 6.844 52 10.45771 1.973 66
(C5) 0.9 5.243 45 9.307 25 1.53501
1.0 4.07526 8.25739 1.19323
. 1.2 2.50058 6.37563 0.71178
84(0;x)="7= ‘/_ S A(y) —1\dy 1.4 152067 4.73540 0.41140
3 9 51 207 1.6 0.89473 3.33897 0.22728
— 2 4 6 8__ 1.8 0.500 83 2.20999 0.11872
2% 20" T 300" T 22000" 2.0 0.26339 1.36005 0.058 12
4 S 2.2 0.12895 0.772 40 0.02649
=" (C6) 24 0.058 40 0.402 63 0.01118
Vi 2.6 0.024 37 0.19201 0.004 36
A ) 2.8 0.009 35 0.083 63 0.00157
h (0= [ "% y;) dy 3.0 0.00329 0.03325 0.00052
3.2 0.00107 0.01207 0.00015
=3, 3 e 4 6y 2 s .. (©7) 34 0.00032 0.004 00 0.000 04
2 10 175 2625 3.6 0.00009 0.00121 0.00001
For large values of x, Tables I and II can be used. Be- 3.8 0.00002 0.00033 0.00000
cause f,(0;x), f,(0;x), and g,(0;x) converge too slowly 4.0 0.00001 0.00008 0.000 00
to their limiting values as x — o, numerical values are 4.2 0.00000 0.00001 0.00000
© 0.000 00 0.00000 0.000 00

instead tabulated for the closely related functions of
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f4(x)=‘/i7rfxmy4 —1|ay, (C9)

1
A3(y)

dy . (C10)

o )=—4 =, 1 _
a== [y gy !

It is useful to know that
f>(0;0)=0.108 16 ,
f4(0;0)=9.65452 , (C11)
g.(0;0)=—0.98113.

*Present address: Instituto de Ciéncias, Escola Federal de
Engenharia de Itajuba, Av. BPS 1303, 37500-000 Itajuba,
MG, Brazil. FAX: 55(035) 6291140.
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