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Following the method developed by Bernstein, Greene & Kruskal we obtain
expressions for the distribution function of the trapped particles for a collisionless
plasma, for cases when the plasma is unbounded and bounded (in a cylindrical
waveguide). Figures are drawn showing the relationship between the width and
amplitude of the solitary BGK wave for various cases. Analytic expressions
depicting this relationship are also derived.

0. Introduction

In experiments on @-machines, Lynov et al. (1979) observed the formation
and consequent motion of solitary Bernstein-Greene-Kruskal (BGK) waves.
Similar results were obtained by Turikov (1978), in computer simulation
experiments.

In the present work, we follow Berstein, Green & Kruskal (1957) in obtaining
expressions for the unknown distribution function of the trapped particles. It is
assumed that the distribution function of the untrapped particles and the
electrostatic potential profile are known. The electrostatic potential is chosen in
the form of a standard soliton solution and we investigate the relationship between
the amplitude and width of the solitary BGK wave with the condition that the
distribution function of the trapped particles is non-negative. Propagation is
considered in one dimension only.

The paper is arranged in the following manner. §1 is devoted to the mathe-
matical formulation of the problem. The plasma is taken to be unbounded and
unmagnetized. General expressions are obtained for the distribution function of
the trapped particles. In § 2 expressions are obtained for the distribution function
of the trapped particles for two types of distribution function (step-Type and
Maxwellian) of the untrapped particles. We then derive expressions for & (the
width) and  (the amplitude) of the solitary BGK wave. In § 3 we proceed with an
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analysis of the dependance of ¢ upon 3. In §4 we consider the propagation of
solitary BGK waves when the plasma is magnetized and situated in a cylindrical
wavequide. An expression for the distribution function of the trapped particles
is given for the case when the distribution function of the untrapped particles is a
step function. The relation between & and y for this case is established. The last
section summarizes the results.

1. Mathematical Formulation

In order to investigate the properties of solitary BGK waves we start with the
set of Vlasov-Poisson equations for the electrostatic case. These equations are

i)
V% f"(x’”)'*'%E(x)%fj(x,v) ~0,

2
(fzg‘; = 47m0 E ejf filz,v), (1.1)
E= —6¢/6x.

Equations (1.1) have been written for the one-dimensional case in a frame of
reference moving with the wave. Here f; is the distribution function for the ions
and the electrons only (j = ¢,¢), ¢ is the electrostatic potential, E the electric
field and =, is the unperturbed plasma density.

We are interested in processes for which the characteristic time-scales are
comparable with the period of electron plasma oscillations. Hence the motion of
the ions can be neglected and the Poisson equation becomes

2

z—f;- = 47re'nOU‘i°00 f(@,v)dv— 1], (1.2)

where f(z,v) is the distribution function of the electrons.
Since the energy of an electron in an electrostatic field is an integral of the

motion
’ E = Imv?—e¢ = const.,

we can change from the variable v to E using

. b odv sgno
v=sgn(,,—z(E+e¢))’ dE ~ 2m(E+eg)}t’

Now equation (1-2) can be rewritten as

d*g [f(E) +fE
T 41Teno{f_c¢dE EmE + o))t —1}, (1.3)

where fH(E) and f(E) correspond tov > 0 and v < 0, respectively. This enables
us to take into account any possible asymmetry in the distribution function.

We assume, however, that the potential has a symmetric form corresponding
to experimental results and to the results of computer simulations (see Lynov
et al. 1969; Turikov 1978). For such a case the electrons can be divided into two
groups: (i) for £ < 0, trapped electrons, which oscillate in the area of the localized
wave; (ii) for £ > 0, untrapped electrons.
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Equation (1.3) can now be rewritten as

d2¢ B [f(+) E) +f [f(+) f(—)(E
T_‘immo{f dE EmE ¢ ] dE 2mF+e¢ -1}, (1.4)

where f{)(E) is the distribution function of the trapped electrons corresponding
to £ <0 and fSEUE) is the distribution function of the untrapped electrons
corresponding to £ >

From the Vlasov equatlon (1.1) we see that f((E) = f)(E) which corre-
sponds to a symmetric distribution function for the trapped electrons. Equation
(1.4) can be written in the form of an Abel-type integral equation:

11 a2y [ [fSDE) OB
169) = \gmem 7~ |, B aE et Y o
0 dEf,.(E)
where gleg) = f—e¢ m

and is a known function which can be determined from £ (E) and the dependence
of d®¢/dx® on ¢.
The Abel integral equation has the solution (Smirnov 1958)

~Edg dV

JulE) = ﬂ,} AV —E-T) (1.6)
where V = e¢ and
dg _d@Q 1 © L USOE) +f57 ()]
—V-W”fmfo B =gy (L7
1 d?
where Q = m t—lg

The distribution function of the trapped electrons can be written as

@) (-PaQ v USOE) 415 (B)]
ful) = R [ amn fde( T—VRE + T

(1.8)

Integrating over V in the second term on the right-hand side of (1.7), we finally
obtain

_@mp-FdQ 4V (—E)p LSVE) + 5]

futl) = [ T G [ o

Equation (1.8) can now be used to find an expression for the distribution function
of the trapped electrons (E < 0) if the electric potential ¢ and the distribution
function of the untrapped particles are known.

(1.9)

2. Distribution function of the trapped electrons
The profile of the electric potential is taken as

@(x) = Pysech?2z/1. (2.1)
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Expression (2.1) is a soliton for a particular relationship between ¢, the amplitude
and ! the width. We consider ¢, and ! to be free parameters and will establish a
relationship between them assuming the condition that the distribution function
of the trapped particles is non-negative. This form of the potential (equation
(2.1)) fully corresponds with experimental results (Lynov et al. 1979) and com-
puter simulation results (Turikov 1978). In the above mentioned works the
solitary BGK wave was observed to have a symmetrical bell-shaped form. Using
(2.1) and (1.7) we find that

Q@ 1 . E1%

v E ( - 70) ’
where B, = ymwll, ¥, = eg, and v, is the frequency of the electron plasma
oscillations. Integrating the first term on the right-hand side of (1.9), we get

@m)t (-FdQ AV _ (zm 2F
S T R (] (22)

We first compute f,.(E) when the distribution function of the untrapped electrons
is given by a step distribution function which is normally used in the ‘water bag’
model (Berk & Roberts 1967):

£ (8) = 5, 01— M~ (B/T)}
(2.3)

157 (B) = 501+ M — (B/T))6(1 ~ M +(E/TY)
th

where v, = (27'/m)}, and T is the electron temperature and M = v,/v,. O0(z) is
the Heavyside function. 1, ©30
o) = |
0, z<0.

The quantity M is in some sense an anologue of the Mach number for solitons (in
which case M = vy/vy, where v, is the phase velocity of the wave). However in
our case M can be larger and less than unity.

Using (2.3) for integrating the second term on the right-hand side of (1.9), we get

,[f%f” E' +f‘ "(E")]
27r f d E' -E)

_ (—E) B J‘T(I—M)Z dE’ J’T(1+M)2 dE’ ]
"o, (U @mEERT), ERE-E

ol (Gfom]. s

Using (1.9), (2.2) and (2.4), we find that
1 (32w} Wy 1 L (1=M) L1+ M)
fuelW) = "”m{ 5 (1 2$) +§[tan 7 + tan Wi J} (2.5)

where W = —E/T, § = l/A; (A4 1s the electron Debye radius) and i = ed,/T. It
may be noted that ¢ and  are the dimensionless width and amplitude of the BGK
wave, respectively.
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We now proceed to compute f,.(W) when the distribution of the untrapped
electrons is given by a Maxwellian.

FEUE) = —— exp[ — (B/T)t + My2] (2.6)
m)m

After algebraic manipulations similar to those for the step distribution function,

we get 1 (32WE W\ 1
= —{ ——— — a5 - % -
1l W) = | Z (1= 2+ TP a4 207, <30, (2)
© g—{az+4)?
where I(a,ﬁ):f mdx.
0

The integral I(«,f) cannot be determined analytically except for the case
B =0(M =0). For M = 0 we obtain

1 (32 w
2 f=
where b= s f . eV dy

is the probability integral. Expression (2.8) corresponds to the stationary BGK
waves which have been observed in computer simulation experiments (Lynov
et al. 1979; Turikov 1978).

3. Analysis of the dependence of the width of the BGK wave on its
amplitude

Using expressions obtained in the preceding section we can now establish for
what values of & and ¢ will f,,(W) be non-negative. Expressions (2.5), (2.7) and
(2.6) consist of two terms each on the right-hand side. The second term is always

positive. The first term 39 W
—Wil1-2— d)y
S (1 2 vﬁ) (3.1)
which is determined from the form of the potential (2.1) changes its sign as
W varies from 0 to o (W =(—3mv? +e¢)/T) and W,,,, = . Expression (3.1) has

the largest negative value when W = ¢ which corresponds to the minimum of
fir- Thus, the condition of non-negative f,.(W) can be expressed as

Jul¥h) 2 0. (3.2)
The case when ful) =0 (3.3)
corresponds to observations in the computer simulation experiments (Lynov
et al. 1979; Turikov 1978). So we shall investigate the relationship between & and
¥ for this case.

For a step distribution function for the untrapped particles, we find from (2.5)
and (3.3) that
syt

o= (tan—(1— M) /¢t + tan=Y(1 + M) /yrd)] ¥

(3.4)
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FicUure 1. Dependence of width & of a solitary BGK wave on its amplitude . Curves
(1)-(4) correspond to M = 0, M = 0-5, M = 1.0, and M = 1-5, respectively. The un-
trapped particles have a step distribution function.

When f{*)(E) is Maxwellian we find, using (2.6), (2.7) and (3.3), that

- 2t (my)i
’= (I}, M)+ I8, — M) (3.5)
and, for M = 0, PO i )l (3.6)

[e(1- DY)

Expressions (3.4)—(3.6) correspond to the case of minimum width § for a given
value of the amplitude .

We may also note that, for the case of a soliton solution, doc ¢~ which differs
significantly from the relation between & and y for the BGK wave. The reason for
this difference is that for the soliton the electrons play a passive role, entering the
equation via the Poisson equation. Thus one is free to choose the electron number
density. However, in the case of the solitary BGK wave the electron density is
not a free parameter and, additionally, electron hydrodynamic equations do not
include trapping effects; for this reason the kinetic description via the Vlasov
equation is necessary. (Lynov ef al. 1979; Schamel 1979).

Figures 1 and 2 show the dependence of & upon ¢ for BGK waves. Figure 1
corresponds to the case when f$)(E) is a step function; in figure 2, f§*)(E) is taken
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Froure 2. The same as figure 1 except that the untrapped particles have a Maxwellian
distribution function.

to be a Maxwellian. It can be seen from figures 1 and 2 that dependence of ¢ upon
¥ is not significantly affected by the distribution function of the untrapped
particles, thus making it possible to use an analytically simple form for f§)(E).
We also note that with the increase of M (i.e. increase in velocity v, of the wave)
the width & increases. However, for amplitudes i X 2 the curves tend to flatten
out.

4. BGK waves in a cylindrical waveguide containing a magnestized
plasma

Computer simulations (Lynov et al. 1979) have been used to study the excitation
of solitary BGK waves in cylidrical waveguides. The magnetic field is along the
x axis of the cylindrical waveguide and waves are considered to propagate along
this axis only.

Poissons equation in cylindrical co-ordinates has the form

Rp 10 0p\ 13

@ o (’ a_y) TR
where n = n(z,r, 0) is the electron density at a given point and =, is the unper-
turbed plasma density.

= 4me(n —mn,,)
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We assume that the potential at the surface of the waveguide is zero:

¢(x» 7'0) =0

where 7, is the radius of the waveguide. For such boundary conditions ¢ and x are
expressed as

g0 = 20,009 o L)

n(z,r,0) = Zn x)J, (pl”, )e“’"

where J, is the first- order Bessel function and p,, is the uth root of J,. We further
assume that only the zeroth radial mode Jy(py,7/7,) is excited (see, for example,
Trivelpiece & Gould 1959; Manheimer 1969). Thus Poisson’s equation can be

rewritten as &g
—J;‘or = k1 Poo() + dmengy() (4.1)
2-404
where KL= vy ~ —0
7o To

Under the assumptions made, the distribution function of the electrons can be

written 9 £@,7,0) = o)+ (s 0) Sk, ) (42)
where Fj(v) is the unperturbed distribution function. The potential ¢ can be
expressed as ($2,7) = $ual@) Jolea ). «3)

Equations (4.2) and (4.3) are substituted in the Vlasov equation for the stationary
case and we obtain

af""J(ch )+ ;‘dg""J(kl )a (9) +fog kL 7)1 = 0. (4.4)

Multiplying this equation by rJy(r) and integrating over r from 0 to r,, we get

Lynov et al. 1979
Ly : %’ € d¢006F ai%a_fo_o =0 (4.5)
6x mdzx ow  mdr o '

Jwa rJ3(k, r)dr

where a=%r ~0.72

f " v I3k, 7) dr
[}

The above expression can be written in more standard form for a one-dimensional
Vlasov equation, if we use the substitution

fla,v) = Fy(v)+ afor, ¢ = adgy(2).

As a result, (4.5) and (4.1) respectively can be written as

oI eddof (4.6)

61 mdt ) ’

C(Z;é k2 § = 4men, U‘:’ flx,v)dv— 1], (4.7)
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F16ure 3. The same as figure 1 except that the untrapped particles have a step
distribution function and the plasma is in a cylindrical waveguide.

It may be noted that the distribution function f has been normalized to 1. We see
from the above equations that a plasma in a cylindrical waveguide differs from an
unbounded plasma by the presence of the term — k2 & in (4.7).

The function Q(V) (see (1.7)) now becomes

o) = g (F5-124).

8men,

In order to write down an expression for f,. (W), we repeat the same procedure as
in §1 and obtain

FulW) = {32%(1 21)+1[t“'lu)+tan—l(1+M)—xi2W*]}

MV¢h 82 alﬁ 2 Wé Wé
(4.8)
Whel‘e K-L = k..LAd'
The dependence of & upon ¥ for the case f,,(W) = 0 is given by
Slay? (4.9)

= tan— (1= M)/(ay)d) + tan—X((L+ M) /(agh)E) — &2 4(a)i ]t

From (4.9) we note that the width of the solitary BGK wave increases with a
decreasein r, (increasein «, ) for a given value of . Figure 3 shows the dependence
of & upon yr for parameters for a step distribution function for ;). The numerical
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values of ¢ and  correspond very well with those in the computer simulation
experiments (see Lynov et al. 1979; Turikov 1978).

From equation (4.9) we see that, owing to the presence of the factor — 4«3 (ayr)}
in the denominator, there is an upper limit on the maximun value of . For the
case M = 0, when (i ax)? ~ 1 the maximum value for ¥ is given by

Vmax = ’}w‘.ﬂl-

The physical explanation of this upper limit is that for small values of r, longi-
tudinal perturbations in the density of the plasma will contribute mainly to
perturbations in the radial component of the electric field. Thus a small longi-
tudinal component cannot support a stationary distribution of electrons in the
region of the BGK wave.

5. Conclusions

Following the method of Bernstein, Greene and Kruskal (1957), we have
investigated some properties of stationary BGK waves. The main results of the
work can be summarized as follows.

First, we obtained expressions for the distribution functions of the trapped
particles for the cases of step and Maxwellian distribution of the untrapped
particles.

Secondly, using the condition of a non-negative distribution function of the
trapped particles we found the relationship between the amplitude and the width
of the solitary BGK wave. The difference between this relation and that for a
soliton solution was noted.

Thirdly, we also investigated the properties of the BGK waves propagating
along the magnetic field for a plasma in & cylindrical wave-guide. The relation
between the maximum possible amplitude of the BGK wave and the radius of the
cylindrical waveguide was also established.

Fourthly it was noted that these results are in close agreement with the results
of computer simulation experiments.
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