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Abstract—The electric field of two dielectric straight circular cylinders containing line charges on their axes
isinvestigated. The cylindrical bodiesin question are parallel and touch each other from the exterior. They have
different dielectric permittivities, charges, and radii. Also, they are surrounded by an arbitrary dielectric
medium. An analytic solution to the respective boundary-value problem is given, and the most important par-
ticular cases are analyzed. Special features of the electric field in the region around the contact of the dielectric
cylinders are studied versus the permittivity of the material used and the relationship between electric charges.
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INTRODUCTION

This article presents an analytic solution obtained
for the electrostatic problem of electric-field formation
in the system of two long and straight dielectric cylin-
ders of circular shape in cross section that touch each
other from the exterior. Line electric charges are
assumed to occur on the axes of these cylindrical bod-
ies. The problem is studied in a general formulation—
that is, the permittivities of the cylinders and of the
ambient medium are arbitrary and the electric charges
are different. Under these conditions, the respective
boundary-value problem is two-dimensional and has a
closed solution that can be obtained by applying effi-
cient methods of the theory of functions of a complex
variable. In thefinal form, the expressions for the com-
plex-valued electric-field strength are given by infinite
series of simple poles of induced charges; in addition,
there are simple poles of real-valued charges. A large
number of known solutions to problems of electrostat-
ics follow from the above solution as particular cases
[1, 2]. Via a limiting transition, one can derive an
expression for a line electric dipole in which charges
have an insulating coating [3].

The problem under study has an obvious application
in electrical engineering. By virtue of the known anal-
ogy of electrostatic fields, the results obtained here can
also be extended to some similar problems in thermal -
conductivity theory, diffusion theory, fluid dynamics,
and some other fields of science.

Thisarticleisorganized asfollows. First, we present
basic expressions for the electric field in the dielectric
cylinders and in the ambient space. After that, we study
special features of electric-field formation and consider
some particular cases. The concluding part of thearticle
contains an analytic solution to the boundary-value
problem and a substantiation of our derivation of basic

formulas. This order of exposition (it is inverse to the
actual sequence of manipulations) makes it possible to
get acquainted with the results of the present investiga-
tion without plunging into the technique and details of
the calculations (for example, in view of the possibility
of applying different methods for solving the problem
being studied).

ELECTRIC FIELD OF THE SYSTEM

A schematic cross-sectional view of the system
being studied isgiven in Fig. 1. In an infinite dielectric
medium of permittivity €,, there occur two long and
straight cylinders having diel ectric permittivities €, and
€5 and radii ry and r,, respectively. Charged filaments
with line charges g, and g, are placed at the cylinder
centers. The cylinders are parallel and touch each other
along the generatrix. In this system, the electric field is
two-dimensional.

Suppose, for the sake of definiteness, that the origin
of the system of Cartesian coordinates x and y coincides

Fig. 1. Dielectric cylinders featuring line charges on their
axes.
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with the center of the cylinder (that is, with the point of
intersection of its axis with a plane orthogonal to it)
whose permittivity is €, and that the x axis is directed
along the line connecting the centers of the cylinders
(Fig. 1). In the following, it will be shown that, in this
coordinate frame, the electric field is given by

k=1 7t

1 0 k-1
Ei(2) = ﬁlkzlg(AleB) [Ql%_rlk_l +3J

-1

+A12Q2% r1 Kk O a] + Q2%_rlk%al%

k+& 0
+A13Q1%_r17a5 } % z0S;
1 1-A
Ex(2) = 21‘[82qu 2T[8212 z [(Alela)k l|:A13Ql

-1 -1- 1]
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Ba(2) = 2ns32—r1—r2+ 2T1s,
— O k-1 k=1 7t
X 1(D12D13) [Ql =l
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+A12Q2% Iy ka]_l}% zU0 S

(z=x+1iy).

Here, E4(2) = E,, — IE; is the complex-valued electric-
field strength in the region exterior to the cylinders
(region S; in Fig. 1); Ex(2) is the complex-valued elec-
tric-field strength within the cylinder having the permit-
tivity €,, the radius ry, and the axial filament of line
charge density q; (region S,); E5(2) is the complex-val-
ued electric-field strength in the cylinder whose param-
gters are g5, I,, and g, (region S3); Q; and Q, are the
reduced charges defined as

Q1 = hi—Apl, Qp = 0, —Aa; ()
the geometric parameter o is given by
_ N :

0= TS (0<6<1); 3

and A, and A5 are the relative dielectric permittivities

_&—-& _ &

12_81+82! 13_8

(1<, A< 1).(4)
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From the last formulas, it follows that

g _ 1+A;p & _ 1+Ag
-0, gy 1-Dg

g, 1
One can see that the electric field of the system
being considered is represented by infinite series of
first-order poles. These poles are generated by induced
(fictitious) charges; there are also two real charges
whose poles are situated at the centers of the circles.
The charged filaments in space correspond to the real
charge sources ¢, and g, in the plane.

In the complex plane, the electric field of a simple
line pole can be represented as
1 G

—1E Y T Snez—a

()

E(2) = E; (z=x+1iy), (6)
where G is the strength of the pole and a is its coordi-
nate.

In expressions (1), the strength of the poles depends
on the line charges g, and g, and on the dielectric per-
mittivities of all elements of the system—that is, €4, €,,
and &5 (A, and A,y); it is noteworthy that this strength
is independent of the geometric characteristics of the
system (ratio of theradii of the cylinders). For ordinary
dielectric materials, the absolute values of the parame-
tersA;, and Az aresmall (JAy,], [A5] < 1), whenceit fol-
lows that the strength of the induced sources decreases
with increasing k; therefore, we can retain afinite num-
ber of termsin the sumsin expressions (1).

All poles are within the segment [0, (r, + r,)] of the
real axis; with increasing k, their density grows as one
approaches, from either side, the point x = r at which
the circles touch each other.

It should be noted that the coordinates of pairs of
poles appearing in expressions (1),

k-0 k
& = M= by = M5 (7)

are related by inversion with respect to the circle of
radiusry: ab, = r2.

In just the same way, the second pair of pole coordi-
nates,

_ k-1 k+6
ST K ®

satisfies the relation of inversion with respect to the cir-
cleof radiusr, (thisisreadily proven by means of some
simple agebra upon transferring the coordinate origin
to the center of the circle characterized by the parame-
terse;andry).

Expressions (1) give a general solution to the prob-
lem being considered. They satisfy all conditions of the
problem. Indeed, the electric field tends to zero for
z — o in the external region; the real charges g, and
g, occur at the centers of the circles; and the normal

Cyk de =14
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SYSTEM OF TWO DIELECTRIC CYLINDERS... 1.

components of the displacement vector and the tangen-
tial components of the electric-field-strength vector are
continuous at the boundaries of the circles, which sep-
arate mediadiffering in permittivity (the boundary con-
ditions can easily be tested by means of computer cal-
culations).

The above solution makes it possible to establish
some special features of electric-field formation in the
inhomogeneous structure being considered. By way of
example, weindicate that, for certain relations between
the parameters of the system, the electric-field strength
has minimain theinterior of the cylinders and increases
toward their boundary at the point where they touch
each other (in the case of a single cylinder featuring a
charged filament on the axis, thefield strength isknown
to be in inverse proportion to the radius). We illustrate
the aforesaid in Fig. 2, which showsthe variation of the
electric-field strength along the x axis at the following
values of the parameters. g, = —20;, €, =1,6,=3,&; =
10 (A, =-0.5and A3 =-0.818182), and r; =1, (0 =
0.5). At these parameter values, the electric-field
strength at the point where the circles touch each other
takes the values of E,, = 2.717949 and E,; = 0.815385.
At the points x = 0.55 and x = 1.3, which are the points
of minimaonthexaxis, we have E,, i, = 1.593578 and
E,s min = 0.568824, respectively. Thecurvesin Fig. 2 are
given in terms of the relative quantities

Ei o3+ = Epoaf(Qi/2mgry), Xo = X/ry. 9)

To avoid encumbering the presentation, the asterisks
on the relative quantities are suppressed.

SOME PARTICULAR CASES

The genera expressions for the electric field in (1)
make it possible to obtain a number of particular solu-
tions, which are of interest in themselves. Some of
these solutions are discussed in the present section
(solutionsto some known problems|[1, 2] arealso given
to test our results).

(i) If the line charges do not have a dielectric envi-
ronment, €, = € (v =1, 2, 3) (A, = A3 = 0), then we
have an elementary system of two parallel charged fila-
ments in a homogeneous medium that are separated by
thedistanceh=r; +r, (the chargeslie onthe x axis, the
origin of the coordinate frame being coincident with the
position of the chargeswhose line density is ;). In this
case, we have

_ q
ED) = 5ne* ez (10)
E(2=E,(2) (v=1,273).

(ii) Let the system being considered consist of one
dielectric cylinder characterized by the parameters ¢,
r,, and g;. The other cylinder and the other charged fil-
ament are absent: €; = ¢; (A3 =0) and g, = 0. In this
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Fig. 2. Variation of the electric-field strength along the x
axis.

Fig. 3. Dielectric cylinder and charged filament.

case, expressions (1) reduce to an extremely simple
form,

o0

Ei(2) = 2mez

(12 =ry),
(11)

E(D) = 5= (Z<1). E(2) = Eq(2)

where g, isthe permittivity of the medium surrounding
the cylinder.

(iii) Expressions (1) provide a solution to the well-
known problem of the electric field of a dielectric cyl-
inder near which there occurs a charged filament paral -
lel to it [1]. Suppose, for the sake of definiteness, that
the parameters of the dielectric cylinder are €, and ry
and that the charged filament has a line charge density
0, (see Fig. 3). In accordance with these conditions, we
must set

0: =0, & =¢€(83=0), h=r,+r,. (12
Asaresult, we obtain
-1 [9 M __1 0O
Ei(2) = 2T[£l[z—h Aqumz Z—I‘i/i’p}
(14 =ry), (13
1-A
£ = 2o (s, ED) = B,
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Fig. 4. Dielectric cylinder carrying aline charge on the axis
and charged filament outside the cylinder.

Fig. 5. Dielectric cylinder carrying a charge on the axis and
metallic wire.

where, as before, €; is the permittivity of the medium
surrounding the cylinder.

(iv) Let only one dielectric cylinder featuring a
charged filament (the parameters of the cylinder aree,,
r,, and g;) bein the system considered originaly. Fur-
thermore, a charged filament that carries a line charge
density g, and which is parallel to the cylinder is situ-
ated at the distance h = r; + r, from the cylinder axis
(see Fig. 4). The solution corresponding to these condi-
tionsis obtained from expressions (1) at €5 = €; (A3 =
0). Specifically, we have

_ 1 0> c11—A12qz A12(42
E2) = Zml[z_h e l/h} (12 >r)),
_ 1 10, 9x(1-Ayp) (14
Ez(z>—2mz[;+ — 2| (dsr),

Es(2) = Ei(2).

Upon setting g, = 0, we arrive at the solution quoted
initem (iii).

(v) Suppose that all of the conditions listed in item
(iv) hold, the only difference being that the filament
carrying the charge density g, is situated at the cylinder
surface, at the point X = r, on the x axis. The electric
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field in this system is obtained from expressions (1) by
settingr, =0and g5 = ¢; (A;3=0).

We have
E,(2) = Znal[ch—flz% Q2(:+A12)] (2 2r),
ED) = o] 2+ B2 sy,

Es(2) = Ei(2).

These expressions also follow from formulas (14)
upon settingh =r,.

(vi) If, in expressions (1), the permittivity €5 is made
totend toinfinity (in electrostatics, thisformal transfor-
mation corresponds to going over from a dielectric to
an ideally conducting material [1]), then we obtain the
solution to the problem where a dielectric cylinder
characterized by the parameterse,, r,, and g, touches a
metallic wire of radius r,, the wire carrying a line
charge density g, (see Fig. 5). For €5 — o (A3 =-1),
expressions (1) assume the form

.1 <0 k-1 k-1 7*
Ei(2) = EZ E(_Alz) [Ql% rlk 1+ 8]
K=1
k_ —1 k —1
+A12Q2%‘HT% +Q2%_r1kT5%
k+&7+ .
_Ql% ry— 0 }E zOS;
1 G, 1-Ag

= ‘ 4
Z%( A12) [ %—rl—jk—aa

1

+Q2% rlkkaj }El z0S;

E;(2) = 0O,
where we now have
Qi = U1 =D Qy = 01+ 0. (17)

Setting g, = 0 in expressions (16), we arrive at the
solution to the problem where a dielectric cylinder fea-
turing a charged filament on the axis touches an
uncharged metallic wire of radius r,. We note that the
electric-field strength in the vicinity of this contact
changes nonmonotonically, developing a minimum.
The graph representing the variation of the electric-
field strength along the x axis is given in Fig. 6; this

zOS;,
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graph was constructed at the same parameter values as
those used for the curvesin Fig. 2, the only difference
being that, now, £; — o (A3 =—1). The dashed curves
correspond to the system at ¢, = 0.

(vii) Upon supplementing the condition in item (vi)
with thelimiting transition e, — o (A, =—1), wetake
into account the equality

Q =Q =0q,+0, (18)
in order to recast expressions (16) into the form
—1
Ei(2) = 2118l Z[%_rlk 1+8%
B k E | +§- r1|<
(19)

_%—rlk—z%_l}, zOS;

E,(2) =0, zOS,; E;(z) =0, zOS,.
Expressions (19) give the solution to the problem of
the electric field of two straight metallic wires having a
circular shape in the cross section, their radii being r,
and r,. The wires touch each other and carry the line

charge density g, + Q.

(viii) From expressions (1), one can obtain the solu-
tion to the problem of the electric field generated by the
following system. A dielectric cylinder featuring a
charged filament on the axis is situated at the interface
of two different media. A schematic view of the system
and its parameters are given in Fig. 7. The solution to
this problem is obtained from expressions (1) upon set-
ting g, = 0 and going over to thelimitr, — o (5 =1).

After some simple algebra, we arrive at

E\(2) = 52
-0 k-1 k—l;]_1
X (A1013) [ ==
30 ailaray

k+ 110
+A13%—rlTlg }% zO0S;;

1
E(D) = e ¥ e

s s+ g L1 D) (1-Duahs) (20)

(=)

x z [(Alels)k_l%_rlk%:E—l] z00'S;;

k=1
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Fig. 6. Variation of the electric-field strength along the x
axisin the system depicted in Fig. 5.
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Fig. 7. Dielectric cylinder featuring aline charge on the axis
and occurring at the interface of two different media.

Es(2) = 5%8;(1 —D13)(1-D1,045)

00

X z [(Alels)k_l%_rlk%]E_l}' 208

k=1

This solution was constructed independently in [4]
for a specially formulated problem. Also, many partic-
ular cases associated with the system being considered
were analyzed in that study.

(ix) Expressions (1) make it possible to obtain afor-
mula that determines the electric field of line dipole
whose charged filaments have dielectric coatings,
which are not identical in general.

Suppose that, in the system considered initially, the
cylinders have equal radii, r, = r, = r. Further, charged
filaments carrying the charge densitiesq; = qand g, =
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—(; occur on the cylinder axes. We place the origin of
the Cartesian coordinates at the point where the circles
touch in the xy plane.

Under these conditions, the following asymptotic
estimates are valid at large distances from the system
(in the plane orthogonal to the cylinder axes):

Z > [rl(2r-1)]% Z > (r/2k) (21)

By using these estimates, we can recast the first
expression in (1) into the form

ke1[R+Ap+ A

_ o«
Ei(2) = =15 5 | (M) 'F
21e, 7 kZl 2k-1 22
2015013+ Dy + Dys[
_ Sk D}’ zO0S,.

Expression (22) determines the electric field of a
line dipole formed by insulated charged filaments. It
was derived and studied in detail in [3].

SOLVING THE BOUNDARY-VALUE PROBLEM

The electric field in the system is determined by the
linear equations of electrostatics,

culE = 0, divD =0, D = ¢E, (23)

where E is the dectric-field-strength vector, D is the
electric-field-displacement vector, and € is the permit-
tivity of the material being considered.

In the plane orthogonal to the cylinder axes,
Egs. (23) aretwo-dimensional; therefore, we can intro-
duce the complex-valued functions

E(2) = Ex—iE,, D(2) =D,-iDy (z=x+1iy), (24)

which satisfy the Cauchy—Riemann equations.

The electric-field vectors E and D and the functions

E(2) and D(2) arerelated as
E =E(?), D=D(2,

where an overbar denotes complex conjugation.

A schematic view of the system being considered is
givenin Fig. 1. Here, the plane of the complex variable
z is partitioned by the circles L, and L, into three
regions S;, S,, and S;, where the dielectric permittivi-
ties are €, €, and &5, respectively. The pointlike
charges g, and g, at the centers of thecirclesL, and L,
serve as the sources of the electric field. Field sources
are described mathematically by simple poles. Thus,
the sectionally analytic function E(2) = {E;(2), EX(2),
Es(2} consists of the analytic function Ei(2) in the
region S; and two meromorphic functions, E,(2) in the
region S, and E;(2) intheregion S;.

At infinity, the electric field disappears; that is,

Ei() = 0.

(25)

(26)
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Themeromorphic functions E,(2) and E5(2) arewrit-
ten as

E(2) = 2+E(2), 208,
B (27)
Es(d) = ;5 +Es(@) (h=r141y), 208,

where A and B are constants and E;(2) and E;(2) are
analytic functionsintheregions S, and S;, respectively.
The constants A and B are given by

-1 g-_1
- 2ms,) B = 2T1g,’ (28)

In the absence of free charges at the interface of dif-
ferent media, the electric charge satisfies standard
boundary conditions: the normal components of the
vector D and the tangential components of the vector E
are continuous. In terms of the function E(2), these con-
ditions are written as

Re{ n(t)e,E (1)} = Re{n(t)e,En(t)},
Im{n(t)E,()} = Im{n(t)E(1)},
tOL,_, (M=23),

where n(t) isaunit normal to the boundary contoursL,
and L,,

(29)

n(t) = rll toL, (t=rleie),
t—r,—1, i
nt) = ———=, tdL,(t=r,+r,(1+e7)),
) = —+ S(t=nendrel), o
0<0O<2m

In an expanded form, the equalitiesin (29) are writ-
ten as

2 2
e1Eu(t) + &, L8 B (D) = eEo(t) + &0 (D),

2

[ 2_
E()-EHED = E-EEED, t0L;

2
r _
& Ea(t) + e, g—"—o Ei(t) = &sEq(t)

1= ) (31)
E() -2 D5 = E)
Q—r,—r
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where we have taken into account the relations

r? rs

1 — 2
o t—r,—r, = t——rl—rz' (32
In order to obtain simplified boundary conditions,
we eliminate one of the functions, for example, E,(t),

from each pair of the relations in (31). As a result, we
arrive at

t =

26,E,(1) = (81 + &) Ex(t) — (2 —£) HH E(D),

tdLy;

(33)
2B, (1) = (&, +€5)E5(t)

r2 D

—(& 53)Et ) E3(t) toL,.

By using relations (4) and (5), we can recast
Egs. (33) into theform

(1+Ap)E (1) = Ex(1) —Alzgf%z?(t), toLy;
(1+A) El(t) (34)
= E5(t) - A13|]: : T Es(t) tUL,.

Thus, acalculation of the electric field in the system
being considered reduces to solving boundary-value
problem (34) subjected to additional conditions (26)
and (27). In the theory of analytic functions, this prob-
lem is referred to as the boundary-value problem of
Riemann conjugation (in the mathematical literature, it
is usually called the boundary-value problem of R-lin-
ear conjugation). In the present case, a solution to the
problem formulated above can be obtained in a closed
form by using conformal-mapping methods and the
analytic-continuation principle. In the process of calcu-
lation, we will obtain a functional equation that has an
exact solution. It is this approach to studying the Rie-
mann boundary-value problem that was developed in
[4-6].

L et us map the z plane onto the { plane by means of
the linear-fractional function

_ _(+1 _ .
2=T(@) = g7 (= +in).

Under this mapping, the circles L, and L, go over to
the straight linesA; = ((: Re( =0) and A, = (¢: Re( =
y), respectively; the point at infinity goes over to the
point { = 1, and theregions S, (v = 1, 2, 3) go over to
theregions Q, in the { plane (see Figs. 1 and 8). Here,
we have used the notation

(35

0 (36)

:1‘:
Y=3
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Fig. 8. Conforma map of the system shownin Fig. 1.
The function
1 zZ+r
(=T = - (37)
Z - I'l

realizes the mapping inverseto (35).
In the mapped plane, the sectionally analytic func-
tion
f(Q) = E(T(Q)) (39)

satisfies, on the contours A; and A,, the boundary con-
ditions

(L+8) 4(1) = 1(0) ~Buafled To(0),

TOA;

(1+89)14(1) (39)

‘,
f3(1) - AlS[TI-(T)—rp f3(1),

For the function f({) at the point { = 1, the condition
in (26) yields

TOA,.

f.(1) = 0. (40)

In accordance with expressions (27), the meromor-
phic functionsf,(¢) and f5(¢) in the mapped plane of the
variable { are written as

Q) = ATTT + 1400,
(4)
f5(Q) = 1),

(—(2r +r1y)lr,

where f,(¢) and f;(¢) are analytic functions in the
regions Q, and Q, respectively, and A’ and B' are the
constantsthat arerelated to the constants A and B by the
equations

(42)
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The function f,({) can be represented in the form that they are given by
f = f1 1(0), 43 -1 (-1
1(0) 1(Q) + £1(Q) (43) () __AZ+1+C1’ W) = BZ 5t 1+Q(47)

where the function f; () is analytic in the half-plane

Rel <y and the function f7 (¢) isanalytic in the half-
plane Rel > 0.

With alowance for relation (43), the equalities in
(39) can be recast into the form

(L+8) F1(0) = F2(1) = ~Buaflsd TolD)

—(1+Ap)fi(r), TOOA;

ry
A13 BI—(.[)

(44)

(L+A3) fo(1) - I’ﬂ f4(1)

fo(r) =

—(1+AR) (), TOM,.

According to the theorem of analytic continuation
as applied to (44), one can introduce two meromorphic
functions:

®(Q)
EU- +0y,) F1(0) - £,(0), ReZ <0

=0
45
S+ 80 fiQ) - AQEW)D f2(-0), Reg 2 0:(45)

w(Q)
%(1+A13)f1(1)—f3(1), Re(<y
— D‘(1+A13)fI(Z)
D | T P
We note that expressions (45) involve the functions
rn _¢-1 ra _ (-1
TQ (v TQ-r-n, zy-1-¢

Of these, the first is analytic for Re > 0, while the
second isanalytic for Re{ <.

From the above formulas, it follows that the func-
tion ®(¢) has a simple pole at the point { = -1 and a
first-order zero at { = 1 (under the conformal mapping
of the z plane onto the  plane, these points appear as
the images of, respectively, the coordinate origin and
the point at infinity). The function W({) possesses sim-
ilar properties.

In the { plane, the meromorphic functions ®(¢) and
Y(Q) admit the existence of simple poles at the points
¢ =-1and { = 2y— 1, respectively; therefore, it can be
stated on the basis of the generalized Liouville theorem

where C, and C, are constants that are determined from
additional conditions—for example, from the behavior
of the functions W({) and ®({) at the points wheretheir
va ues are known. For such apoint, we tekethat a ¢ = 1.
Ananaysisrevealsthat C, = C, =0.

From expressions (43) and (47), it follows that the
sectionally analytic function f(¢) admits the representa-
tion

f(0)

sz(Z) = (1+0) 1) + AFE

¢+

= Efl(Z) = f1(Q) + f1(), O<Rel <y
- . (-1
Q) = (180 50 + Bty
Thus, the problem being considered has been
reduced to that of determining the functions f; (¢) and
f1(€). They will be found consecutively by solving a
functional equation with respect to one of them.

Combining expressions (45) and (47), we obtain
two pairs of equalities,

, Re( <0
(48)

Rel >vy.

£(0) - (1+Ap) Fi(Q) = AS=E

TSk Rel <0;

(1+82) Q) + 5530 Tl )

— -Z—l .
= AZT:L, ReZ>0,

B'({-1)
(-2y+1

0 -1 0 oy-)

(49)

f3(0) = (1+D45) F1(Q) = Re(>vy;

(1+05) fF1(0) + Anqﬁg

_ B~
(-2y+1

Subsequent mani pulations are aimed at deriving one
equality involving one unknown function. In (49), we
make the transformation of symmetry with respect to
the straight line A, in the second equality and the trans-
formation of symmetry with respect to the straight line
A, inthethird equality. As aresult, we arrive at

Rel <y.

(-1

() - (L+Ap)f1(0) = AZTJ.’ Re( <0;

TECHNICAL PHYSICS Vol. 50 No. 11 2005



SYSTEM OF TWO DIELECTRIC CYLINDERS... 1.

2

(1+8) (-0) + T 12(0)

= A'%’, Rel <0;
fo(2y =0~ (1+Ag) fi(2y=0) (50)
- gl tl Z2y1+1, ReZ <y:
(1+ 810 + - 12y -0
- %, Rel <y.

After the elimination of the function f,(¢) from the
first pair of equalities and the elimination of the func-
tion f4(¢) from the second pair, some simple transfor-
mations lead to the relations

2 — —
8B 1@+ (D) = AF], Rel <0
T SR R R HCON G
_ B
- Z_2y+11 ReZ<V1
where
o plohy 1By

From relations (51), one can eliminate one of the

two unknown functions—for example, f (). We then
have

Z+1 D—‘

fi(-0) - AlenQ
(53)
(+1  ALB'(¢+ 1)
(-1 ((-1(C-2y+1)
In this equality, we perform the transformation of
symmetry with respect to the straight line A,. This
yields

= A"

Re( <0.

f1(0) - A12A13Q 0 &= 1 D fl(Z"‘ZV)
(54)
- A (-1 A,B' (¢ - 1)
(+1 (C+D)((+2y-1)
Relation (54) isafunctional eguation with respect to

the unknown function f7 (¢). Its solution can be found
by the method of mathematical induction.

Rel > 0.
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By consecutively substituting into this function an
argument that increases by 2y, we arrive at the relations

_ _elt2y—1  ALB({+2y-1)°
L2y = A oy T 1 Ty + D+ ay—D)

MEAYETASE! E{F&Mj f1(C+4y), (55)

~ _wlFdy—1 ALB(l+4y-1)°
f1(C +4y) _AZ+4y+1_(Z+4V+1)(Z+6V—1)

0, T g+ o),

and so on. After the n-fold application of this procedure
and the use of relations (55), we reduce Eq. (54) to the
form

e
(C+2(k-1)y)*-1

_ 7 O k-1
fi(Q) =(C-1 AphAgs
@ =( )k;E( |

A,B" U
_(Z+2(k—1)y+1)(Z+2ky—1)}E (56)
+ (A12A13)n|:|#|] f1(C+2ny), Rel>0.

LZ + 2ny — 11
Thelast term on the right-hand side of (56) involves
the small parameters |Al, A5, ¥ < 1, the function

1 (Q) tending to zero at infinity; therefore, the residual
term tends to zero asthe number n grows indefinitely. It

followsthat, for n — oo, thefunction f ({) isgiven by

_ B 2 > k-1 A’
Q) =~ ;EA“A“) [(z +2(k=1)y)*-1
(57)
Ap,B" u
T+ 2(k= 1)v+21)(Z +2ky - 1)}5 R

The second unknown function, fI (Q), can be found
from the second equality in (51) by using expression
(57), whereit isfirst necessary to perform the required
transformations. The respective calculations yield

> AL A"
fI = —(Z-1)* APPYAVR 1 =2
@ = «@-1)°y ot [0
(59)
B" 0
T 2ky* D 2k-D)y - 1)}D ReC <v.
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Thus, both unknown functions, f;(¢) and f; (2),
have been completely determined. According to rela-
tions (48), these functions make it possible to obtain
explicit expressions for the sectionally analytic func-
tion (). Upon returning to the plane of the variable z,
we find the required expression for the electric field in
the system being considered.

In terms of the variable z, expressions (58) and (57)
assume the form

k-1
fI(Z) _(5r1) Z |:(A12A13)

ALA"
[13 %_1ka]%rlkm

B" k ot k-=1+§70
ko1t ko) o O }5‘

(59)

k—
O(ApAR)

(Z) - (6r1) Z k—=1+9

[k 1% rlk 1+5D %

A,B" k—1 * k—g7'0
SR i st }E

In these expressions, the terms of the series have the
general form C/(z—p)(z—q), where C, p, and g are con-
stants. Such aterm can be decomposed into the sum of
simple fractions. The application of this operation
makes it possible to recast expressions (59) into the
form [with allowance for the notation specified by (52),
(42), and (28)]

. 1 _
@ = 55 > {(Bud)"
k=1

k+&7t
x [Als(ch —01,0,) %— rlTaa

— (0430, - Clz)% rlk a]_l}g
(60)

fi(2) = Ziz (D)

EMETS

k-1 o*
x[(Ql—Alz%)% rlk 1+5j

_ﬁj—l
—Alz(Ale,%—QZ)% M= Kk O }%

With the aid of these formulas, we have obtained the
expressions for the electric field in (1), which are given
in the second section.

CONSTRUCTIVE METHOD FOR SOLVING
THE PROBLEM BEING CONSIDERED

The rigorous method proposed here for solving the
boundary-value problem in question is based on well-
known statements of the theory of analytic functions.
Albeit requiring meticul ous cal cul ations, the method is
quite straightforward in principle. The expressions that
it ultimately yields for the electric field are simple in
form, not cumbersome, readily amenable to analysis,
and convenient for numerical calculations.

The problem formulated here can a so be studied by
different methods. Among other methods for solving
this problem, the constructive method for analytically
calculating the electric field deserves particular atten-
tionin view of its extreme simplicity and physical clar-
ity of operations at each step of solving the problem.
The essence of the method isasfollows. An analysis of
solutions to a number of model problems featuring line
charge sources gives sufficient grounds to assume that,
in the sectionally homogeneous medium being consid-
ered, the electric field in each region can be represented
as an infinite series of simple poles corresponding to
fictitious charges; in addition, there are two simple
poles corresponding to real charges.

The general expressions for the electric field in the
system can then be represented in the form

3 py .
Ei(2) = 2Trslz Zz k Si

2

1 ql - pvk .
mEZ2—27, " 21, Z Z z-2z,’ 205, (61)

Ex2 = >

— 1 02 pvk
Bs(2) = 27— 2, 2Ttssz Zz 20,

where g, and g, arethe line densities of thereal charges,
p.k are the strengths of the poles, z; and z, are the coor-
dinates of the real charges, and z,, are the coordinates
of fictitious charges.

The appearance of the double sums in (61) is
explained below.

Thus, the problem reducesto that of determining the
unknown quantities p,, and z,,.
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The coordinates z, of fictitious charges can be
determined from theinversion relations. The validity of
this statement was emphasized above in analyzing
basic formulas (1). Two real charges generate two
chains of fictitious charges [they appear in each circle;
therefore, double sums arise in expressions (61)]. The
real charge at the center of one of thecirclesisinversely
mapped in the second circle, the fictitious charge
obtained at this point is mapped in the original circle,
the resulting fictitious charge is then mapped in the sec-
ond circle, and the process of the inverse mappings of
the newly formed charges is repeated infinitely. The
other chain of polesis calculated in just the same way,
but, for the original charge, one takes, in this case, the
charge at the center of the second circle; this chargeis
inversely mapped in thefirst circle, the fictitious charge
is then mapped in the second circle, etc.

In order to establish the rule according to which one
could calculate the strengths p,, of the poles, it is nec-
essary to make use of the auxiliary problem of deter-
mining the electric field in a straight circular dielectric
cylinder near which there occurs a charged filament
paralel to it. The solution to this problem is known [1]
[itisgiveninitem (iii) above]. From the solution to this
problem, one can find an explicit expression for the
strengths of the poles corresponding to fictitious
charges associated with inverse mapping. In this way,
we can determine al unknown elements p,, in expres-
sions (61).

As a matter of fact, the field-calculation algorithm
described immediately above is aversion of the image
method, which is extensively used in the theory of elec-
tromagnetism.

The main drawback of thisalgorithmisthat, in order
to determine the parameters of the kth pole, one has to
calculate consecutively the coordinates of al k — 1
poles preceding it. Although this involves performing
operations of the same type, the implementation of the
algorithm in question is not always convenient in
numerical calculations and in the case where use is
made of asymptotic expansions.

If, however, the problem is solved by the rigorous
method described in the preceding section, the pole
parameters in the resulting analytic expressions are
determined for each pole independently, this simplify-
ing, in many cases, the calculations and the analysis of
the general expressions (1).
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CONCLUSIONS

The present investigation makes it possible to draw
some general conclusions.

The problem addressed in this study has an exact
analytic solution. This solution has been presented
above in a smple form. The physical clarity of the
results simplifies the analysis of the electric field in the
system considered here, which israther complicated for
a theoretical analysis and which is characterized by
many parameters. The latter circumstance explains the
presence of alarge number of particular cases that fol-
low from the general solution.

The calculations presented here have made it possi-
ble to establish some specia features of electric-field
formation in the region around the contact of the cylin-
ders versus the charges and dielectric permittivities of
the cylinder materials and of the ambient medium.
Physically, the presence of a minimum of the electric-
field strength within the cylinders can be explained by
the superposition of the electric fields generated by
each of the two real sources.

It isinteresting to note that the strength of the poles
corresponding to fictitious charges is independent of
the geometric properties of the system and is deter-
mined by its physical parameters exclusively (that is,
by the diel ectric permittivities of the materials used and
by the charges of the filaments).
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Abstract—The volume and surface forces in the system of two long dielectric cylinders touching each other
from the exterior are investigated. Charged filaments on the axes of the cylinders are the sources of the electric
field. Analytic expressions for the forces acting on the cylinders are derived, and the most important particular
cases following from the general solution under various assumptions about the radii of the cylinders, their per-
mittivities, and the line densities of the charges are studied. A constructive method for calculating the forces
that takes into account special features of electric-field formation in the system was proposed on the basis of
the exact solution to the field problem. © 2005 Pleiades Publishing, Inc.

INTRODUCTION

The calculation of forces acting on conducting and
dielectric bodies in electric fields is an indispensable
part of many calculations that must be performed in
developing electrophysical facilities and devices used
in electrical engineering. For such calculations, it is
necessary at first to determine the electric field in the
elements of the structure being considered, and thisis
the most complicated part of the calculations. Only in
individual special cases can onederive, for model prob-
lems, exact solutions that make it possible to analyze
the dependence of the forces on the shape of the con-
ducting and dielectric bodies involved and on the prop-
erties of their materials.

Thisarticle presentsacal culation of theforcesin the
system of two long and straight cylinders of circular
shape that feature charged filaments with various
charges on the cylinder axes. The cylindrical bodies
consisting of isotropic dielectric materials touch each
other from the exterior. In general, they have different
radii and different permittivities. Mechanical (pondero-
motive) attractive or repulsive forces whose properties
and absolute values depend on the parameters of the
system act between the cylinders. Also, surface forces
act at the boundaries of the dielectric cylinders.

In the system under consideration, the forces can be
calculated anaytically on the basis of the solution
obtained in [1] for the field problem under the assump-
tion of isothermal conditions and the assumption that
electrostriction effects are insignificant in the system.
These forces can be calculated by different methods—
for example, with the aid of the Maxwell’ s stresstensor.
However, the simplest way to calculate directly the vol-
ume forces is to consider the interaction of induced
charges with the electric field that is external with
respect to these charges. In the last case, genera

expressions for the forces are represented by double
sums that can sometimes be reduced to simple analytic
expressions. This method for calculating the forces is
motivated by the form of the resulting solution, which
is given by the sum of an infinite number of poles cor-
responding to induced charges that are obtained by
repeatedly constructing the images of the real charges
with respect to the boundary circles.

FORCES OF INTERACTION
BETWEEN THE CYLINDERS

A schematic cross-sectional view and the parame-
ters of the system being studied are presented in [1].
From the solution obtained in [1] for the respective
boundary-value problem, one can see that the electric
field in the system is determined by an infinite number
of induced (fictitious) charges within the cylinders. The
charges within one of the cylinders determine the elec-
tric field of the other cylinder. In addition, there are the
real charges of the filaments on the cylinder axes. The
electric field in the surrounding medium is generated by
all charges of the two cylinders.

The forces acting on the cylinders can be calculated
as the interaction between the charges and the electric
field.

In order to calculate the forces, it is sufficient to use
the expression for the electric field in the region exte-
rior to the cylinders. This expression has the form [see
formulas (1) in [1]]

_ 1 <O k-1 k-1 7*
E.(2) = melE(AlZAB) [Ql%_rlmaj

1063-7842/05/5011-1402$26.00 © 2005 Pleiades Publishing, Inc.
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-1

s 1
+A12Q2%—r1k_aa +Q2%_rlk%a% )

k+ &0 .

Recall that, here, E;(2) = E,; —iE, is the complex-
valued electric-field strength; €, is the permittivity of
the external medium; and A,,, A5, Q;, Q,, and & are
parameters that are defined by the formulas

€1—-& €—83
= = -1< <
AlZ 81+82’ 13 €1+€3 ( l—A12! AlB—l)!
Qi = 01 —Dp0, Q = 9 —Ay30;, 2
r
5= —2—, (0<d8<1),
ry+r,

where €, and €5 are the permittivities within the cylin-
ders having the radii r, and r, and the charge densities
g, and q,, respectively. From expression (1), one can
see that the electric field E;(2) is determined by an infi-
nite series of poles corresponding to fictitious charges
(there are also two poles corresponding to the real
charges situated at the centers of the circles) and having
the general form

1 G,

Ex(2) = 2ngz—-a,

©)

where G, isacharge and a, is its coordinate.

In the plane of the complex-variable, the charges
(further labeled with the subscript m)

Gn = QlAm_ll Gn = AlezAm_l (4)
having the coordinates

m-1 m-20

moitrs T i ®)

where A = A,/\5, and occurring within the circle char-
acterized by the parametersr,, €,, and g, are subjected
to the effect of the electric field produced by the charges
situated within the other circle, which is characterized
by the parameters r,, €5, and g,. The strength of the
electric field generated by these charges and the coordi-
nates of the chargeswill belabeled with the subscript n:

an =T

1 QA" n
E.(2) = o, zz—a ;8 = o,
n
_ (6)
B = LT o nrd
n 2T[€1 Z_ar-1 1 n 1 n

The general term of the force in question (per unit
length of the cylinder) can be written as

an = GmEmn + Gr'nEmn + GmE;nn + GVI“E;nn’ (7)
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~ 1 QzAn_l
mT 2mg 0, —a,’
1 ApQA"" ©
mn — — == (am: Ay a;n)

- 2T[‘(‘;l am_ar'w

In the z plane, each charge within the first circle
(characterized by the parametersr,, €,, and ;) is sub-
jected to the effect of the electric field produced by all
charges situated within the second circle; therefore, the
general expression for theforceis

Fl = Z z an’ (9)

m=1n=1

where the subscript 1 labels the force acting on the first
cylinder, which is characterized by the parameters
defined above (accordingly, thetotal force acting on the
second cylinder is labeled with the subscript 2).

By performing the same operations for the second
cylinder—that is, by considering the interaction of the
external field with the charges within this cylinder—we
can easily derive the equality

F, = —F,. (20

Let us substitute formulas (4)—(8) into expression

(9). After some simple algebra, we obtain

00 00

1 O m+nl 2n(m—l+6)
Fi = —— A AupQir—————
' 2Tr51rlA2mZm:1D oo 1-m-n-5
(n=98)(m-1+9d) , mn
+QuQ A= ATy
2m(n—90) U
+A12Q26—m—n5%

In this expression, the double sums at the factor
Q:Q, can besimplified. Indeed, wefind after somesim-
ple agebrathat

3 [

A’ TAA-3) _
- 1—A[6(1—A)2+6(6 l)] (12)
< [amen N 7 _ AX(3-A)
m;n;[A m+ n} 6(1-0)°
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By using relations (12), we can recast expression
(11) into the form

Q:Q, AB=3) | 505-
[3(1—A)2+( 1)}

Fu= 21er,0(1—A)

- (20T

lnl

2nslr16A

By virtue of the method of derivation, expression
(13) determines the total force acting on the cylinder
characterized by the parameters specified above.
According to relation (10), the force applied to the sec-
ond cylinder is given by the same expression (13) but
with an opposite sign.

If the radii of the cylinders areidentical, r, =r,=r
(6=1/2), expression (13) isradically simplified. In this
case, we have

Q,Q,(A%~6A-3)

F, = 3
12nelr(1—A)
(14)
A13Q1+A12Q2 AT m(2n—-1)
T[Ser z Z|: 1—2(m+n)]
One can show that
AN m(2n—1) _ Az
mZ nZ [ 1-2(m+ n)} - 3(1—A)3' (15)
Therefore, formula (14) assumes the form
-1
3mgr(1-4)°
&r(l-4) (16)

<[ G0~ 68 -3) - 8,5Q1 - 2,03

It is noteworthy that, although the expression for the
electric field is rather cumbersome, the formulafor the
force acting in the system has asimple form, especialy
in the last case.

SOME PARTICULAR CASES

A number of particular solutions that are of interest
in themselves can be derived from the general expres-
sion for theforce in (13) by changing the parameters of
the system.

() Ifwesete, =g, =¢5=€ (A, =03=0), expres
sion (13) reduces to a known formula for the forces of
interaction in the system of two likely oriented straight
charged filaments in a homogeneous medium that are

EMETS

separated by a distance h and which carry the charges
g, and g, (per unit length). Specifically, we have

0102

2T[£1h (h=ry+r1y).

1 17)

(ii) Let the system being considered consist of one
long dielectric circular cylinder characterized by the
parameterse, and r and acharged filament parallel toit.
The charged filament is characterized by aline charge
density g and is situated at a distance h from the cylin-
der. Setting

0, =0, 9,=q9, & =¢& (A;3=0),

18
h=r,+r, r=r; (18)

and using the general expression (13), we then find that
the force acting on the cylinder has the form
2.2
F=—oedl (19)
2ngh(h™=r9)

The force acting on the filament is determined by
the same formula but with an opposite sign. Formula
(19) isgivenin[2].

(iii) For

fp—= (621)’ g, = O! g.=q, r{=r, (20)
expression (13) takes the form
2
A3q°(3-4) 1)

LT Tner(1-2)

This formula determines the force acting on a
dielectric cylinder touching the plane boundary
between two dielectric materials whose permittivities
areg, and ;. The cylinder isof circular shapein across
section orthogonal to itsaxisand is characterized by the
parameters €, and r, and a charged filament of line
charge density g is situated on the cylinder axis. For-
mula (21) was derived in [3].

(iv) Let the dielectric cylinders have equal radii and
equal charges:

rn=r,=r (0=12), q, = g,=q. (22)
According to expression (16), the absolute value of
the repulsive force acting in this case between the cyl-
indersis given by
q°(3+Ap+A—A)
121gr(1-A4)
~ If the charges are equal in magnitude but differentin
sign (g, =0, = 0), we have
|F | q (3 A12 A13_A)
L2 12111 (1-A)

Comparing expressions (23) and (24), one can see
that, for identical characteristics of the dielectric mate-

| = 2| = (23)

(24)
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rials used and equal absolute values of the charges, the
attractive and the repulsive forces between the dielec-
tric cylinders featuring charged filaments on their axes
are in general unequal in absolute value, their values
significantly depending on the permittivities of the cyl-
inders and the surrounding medium. They can be equal
(in absolute value) only in the case of

A = Ay, (25)
which is equivalent to
€, = €585 (26)

Thelast relation meansthat, in this case, the permit-
tivity of the surrounding medium takes an intermediate
value between the permittivities of the materials of the
cylinders.

To illustrate the aforesaid, the dependences F,(4;,)
and F,(A,,), where F, isthe attractive force between the
cylinders according to formula (23) and F, is the repul-
sive force between the cylinders according to formula
(24), are shown in Figs. 1 and 2. The curves are
depicted for two values of the parameter A5 (A3 =0.5
inFig. Land A3 =-0.5inFig. 2) interms of therelative
guantities

2

- _4
Fo = ATig,r
The asterisks are omitted for the sake of brevity.
The symmetry of the curvesthat is observed in these

two figures is a consequence of the equivalence of the
parameters A, and A5 in formulas (23) and (24).

Fare = |F1, 2|/Fo,

(27)

SURFACE FORCES

It is well known that, in inhomogeneous dielectric
bodiesplaced in an electric field, there arise mechani cal
(ponderomotive) forces, whose density is given by

= —% E’grade. (28)

In a sectionally homogeneous medium, this expres-
sion assumes the form

1 €
f= én(sz_sl)[E(zﬂt'*'éE(zﬂn}
(29)
_1 2 & 2
- En(SZ _81)|:E(—)'[ + S_lE(_)ni|s

where
n = exp(iB) (0<6<2m) (30

is the vector of a unit normal to the surface separating
the materials having the permittivities €; and ¢, (the
vector n is directed toward the medium whose permit-
tivity is€,); Ey. and Ey are the tangential components
of the electric-fiel d-strength vector at the boundary sep-
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F

A13 = 05

1 1 1
-0.5 0 0.5 1.0
A12

-1.0

Fig. 1. Dependence of the forces acting between the cylin-
ders on the parameter A4, at A3 = 0.5. The attractive force
F4 and the repulsive force Fy acting between the cylinders
were calculated according to formulas (23) and (24),
respectively.

F

A13 = —05

Fig. 2. AsinFig. 1, but for A;3=-0.5.

arating the materials characterized by the permittivities
&; and &,; and E,, and E, are the normal components
of this vector at the same surface.

In order to calculate the force f at the surface of the
cylinders, we use the expression for the electric-field
strength in the region external to the cylinders, E;(2) [in
formula (29), it is the (+) components of the electric-
field-strength vector that corresponds to E;(2)].

At first, we introduce the rel ative quantities

= qd: 0
E, = — =
* T E, EEO 21gr '

f
fu = (o= &Fq),
0

(31)
z

Zy = —&1 53

_ €123 _ Qo
z 2201

q,
where g, is the dielectric constant and Eq={ E; , E; }

are the components of the electric field on the surfaces
of the cylinders characterized by the parametersry, €,
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and r, €, respectively. Below, we omit asterisks for the
sake of brevity.

In terms of the relative quantities, expression (29)
assumes the form

f = 1A12 [ 12

l + Alz 2
"Toa, fo? }

From the scalar product nE(2), where n isthe vector
of aunit normal to the cylinder of radiusr,, we find the
normal and the tangential component of the electric-
field-strength vector at the boundary contour (they are
labeled with primes). Specifically, we have

Q,(1-wcosB)
1—2wcos0 +w

. 1O
Er(0) = £ 5 00|
k=1

Q,(1—u"cosh)
1-2utcosd +u”?

1—2ucos8 + u?

+A13Q1(1— VCOSG)}EL
1-2vecosd+v? I

(33)

Ei+(0) = §|_n_(§z Dﬁk_l[l 5 o

— 2wcos8 + w?

A,QoU + QzU_1

1-2ucosB+u® 1-utcosB+u?
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Fig. 3. Distribution of the surface forcesin the system char-
acterized by the parameterse, = 1, &, = 2, and 3 = 10. Here,
it isassumed that r{ = r, and q; = g,. We have denoted by
f, the force at the cylinder whose parameters are €, and g
and by f, the force at the cylinder whose the parameters are
€zand g,.
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where

k-1 _ k-9 _k+d
u=—, v=-—

T k=1+9o K k

Theforcedensity at the cylinder of radiusr, is deter-
mined by an expression similar to (32); that is,

€A 2 1+A 2
—_ 1 13 n 13 —n
F=ni, [E“*’ 174, E”“)}'

The components of the electric field at the interface
(they are labeled with primes) are given by

- 1-8 < Oy k-a| Qu(1+wcosh)
En(0) = WA
(8) = de; Z n [1+2wcose+vv2
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(34)
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The direction of the force density f coincides with
the direction of the normal n, but its sign depends on the
values of the parameters A, and Ay5.

In order to illustrate clearly the dependence of the
surface forces on the charges, the graphs of f(8) are
givenin Figs. 3-5. These graphs show the distributions
of the force density at the surfaces of the cylinders of
identical radii, r, = r, (0 = 1/2), at fixed values of the
permittivities of the materials of the system, e, =1, ¢, =
2, and &5 = 10 (A, = —0.333333, A3 = -0.818182).
Here, the forces labeled with the subscripts 1 and 2 are
associated, respectively, with the cylinder characterized
by the parameters €, and g, and with the cylinder char-
acterized by the parameters €; and g,

The curves in Fig. 3 correspond to the case where
the charged filaments have identical line charge densi-
ties(q, = d,). Thedatadisplayed in Fig. 4 were obtained
for the case where the charges of thefilamentsare equal
in absolute value and are oppositein sign (g, = —q,). For

TECHNICAL PHYSICS Vol. 50

No. 11 2005



SYSTEM OF TWO DIELECTRIC CYLINDERS ... II.

f
7.5
£(0+m)
5.0
2.5
/1(8)
. 1
0 I 21
0
Fig. 4. Asin Fig. 3, but for q; = —q5,.
f
3.75
(6 + 1)
2.50
1.25F
f1(6)
| |
0 T 2m

Fig. 5. Asin Fig. 3, but for g, = 0.

Fig. 5, it is assumed that g, = O—that is, there is a
charge in only one cylinder (in that whose permittivity
iIS€,). In order to obtain a clear presentation of the dis-
tribution of the forces at the surfaces of the two cylin-
ders, the dependences,(0) are shifted by an angle of Tt

It is noteworthy that the curvesin Figs. 3 and 5 have
distinct maxima and minima. This distribution of the
surface forces can readily be explained by using the
gualitative pattern of the electric field in the system and
by estimating the polarization phenomenain the dielec-
tric bodies under the conditions adopted here.

Maximum forces arise at ¢, = —q, in the vicinity of
the point where the cylinders touch each other (6 ~
0.2m) (Fig. 4). Approximately the same pattern of the
distribution of the forcesis also observed in the case of
g, =0, thisbeing dueto alarge permittivity of the mate-
rial of the uncharged cylinder (5= 10; €5 > €4, €,).
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CONCLUSIONS

The main objective of the present study was to
establish the dependence of the forces acting in a sys-
tem that includes charged conductors having insulated
coating and which is typical of many applications on
the permittivities of the materials used. Thisproblemis
both of practical importance and of theoretical interest.
The investigation of this problem is significantly sim-
plified owing to the availability of the analytic solution
to the field problem and the derivation of explicit
expressions for the volume and surface forces in the
system under consideration on the basis of this solu-
tion.

The present investigation has revealed that the per-
mittivities of the cylinders featuring charged conduc-
tors within them and the permittivity of the external
medium can affect substantially the magnitude of the
forces in the system without changing their character.
By varying the properties of the dielectric materials,
one can purposefully change, within specific limits, the
distribution of the surface forces at the interface of dif-
ferent media and reduce the effect of the volume forces
between the cylinders.

The conclusion that there exist alternating maxima
and minima of the surface forces at the cylinder sur-
faces in the systems featuring likely charged conduct-
ing bodies (or in the systems not involving a charge on
one of the conducting bodies) is of specia interest. The
calculations have shown that, in the systems where the
cylinders consist of the same dielectric material, the
attractive forcesare not equal in magnitude to the repul-
siveforcesat fixed charges, thisnot being soin only one
particular case.

The model problem being considered admits a gen-
eralization to the case where charged filaments can be
placed not only on the axes of the cylinders and where
there can be several charged filaments rather than one.
Moreover, charged filaments may also be outside the
cylinders. In all of these cases, the electric field in the
system and the respective forces can be calculated ana-
lytically.
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Abstract—Melting of an ultrathin lubricant film under friction between atomically smooth surfacesis studied
in terms of the Lorentz model. Additive noise associated with shear stresses and strains, as well as with film
temperature, isintroduced, and a phase diagram is constructed where the noise intensity of the film temperature
and the temperature of rubbing surfaces define the domains of diding, dry, and stick-dlip friction. Conditions
are found under which stick-dlip friction proceeds in the intermittent regime, which is characteristic of self-
organized criticality. The stress self-similar distribution, which is provided by temperature fluctuations, is rep-
resented with allowance for nonlinear relaxation of stresses and fractional feedbacks in the Lorentz system.
Such afractional schemeis used to construct a phase diagram separating out different types of friction. Based
on the study of the fractional Fokker—Planck equation, the conclusion is drawn that stick-dlip friction corre-
sponds to the subdiffusion process. © 2005 Pleiades Publishing, Inc.

INTRODUCTION

Sliding friction of smooth solid surfaces with athin
[ubricant film in between has recently become a subject
of increased interest [1]. Onereason isthat weakly rub-
bing surfaces are widely applied in a variety of
advanced high-tech products, such as computer memo-
ries, miniature engines, and space-borne devices. A
great insight into the physics of friction has been pro-
vided by experimentswith atomically smooth micasur-
faces separated by an ultrathin organic lubricant layer,
which behaves as a solid under certain conditions [2].
Specifically, intermittent (stick-dlip) motion was
observed [3-6], which is inherent in dry friction and
causes wear and failure of rubbing parts. Such “mixed”
friction conditions arise when alubricant film less than
four molecular layers thick solidifies, being com-
pressed by the walls. The subsequent abrupt transition
to melting takes place when the shear stress exceeds a
critical value (melting due to shear).

Thus, thin molecular films experience the transition
from the solid-like to liquid-like phase 2, 7], the prop-
erties of the latter being impossible to describe even
qualitatively in theterms(e.g., viscosity) characterizing
the properties of anormal liquid occupying alarge vol-
ume. Such films exhibit ayield stress, which is a char-
acteristic of failure in solids, while the times of molec-
ular diffusion and relaxation in them may by more than
10 orders exceed the corresponding values for anormal
liquid or even filmsthat are alittle bit thicker.

Investigation of the effect of noise (fluctuations) on
dliding friction isa so of great fundamental and applied
significance, since in real experiments, fluctuations
critically affect the frictional behavior, for example,

reduce thefriction [1, 8, 9]. Thermal noise, observed in
any experiments, may carry an ultrathin lubricant film
from the stable solid-like state to the liquid-like state
and thus, transform dry frictioninto sliding or stick-slip
friction. Therefore, considerable attention has recently
been given to the effect of noise and uncontrolled impu-
rities present at the friction boundary on static and
dynamic friction [10-12]. It has been shown that sur-
faceswith aregular (periodical) relief have alower fric-
tion coefficient than irregular surfaces.

Earlier [13, 14], we elaborated upon an idea that the
solidHiquid transition of an ultrathin [ubricant film is
the result of thermodynamic and shear melting. The
associated processes were considered in terms of self-
organization of shear stress and strain fields, aswell as
of the lubricant film temperature, with allowance for
the additive noise of these quantities (Sect. 1). How-
ever, the issue as to whether self-organized criticality
(SOC) [15] may occur in the system was left aside. In
this work, we try to find conditions for SOC using the
Lorentz model, which gives a field representation of a
elastoviscous medium [16].

The SOC conditions arise in the case of a power-
type stress distribution with a fractional exponent.
Therefore, in Sect. 2, we generalize (modify) the
Lorentz system in order to describe, in accordance with
experimental data [2], intermittent melting of a lubri-
cant film and, consequently, the related friction condi-
tions. By analogy with [14], we construct a phase dia-
gram that allows one to trace changesin the domains of
dliding, dry, and stick-dlip friction depending on the
fractional exponent in the modified Lorentz system.
With such a generalization, we describe the behavior of
the system in terms of nonadditive thermodynamics

1063-7842/05/5011-1408$26.00 © 2005 Pleiades Publishing, Inc.
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[17] (Sect. 3). Such an approach can be implemented in
thefractional Lorentz system, where the stress servesas
the order parameter, the conjugate field is reduced to
nonadditive complexity, and the interna energy is a
control parameter. Eventually, it turns out that the stress
distributioninherent in SOC is provided by energy fluc-
tuations. Thisdistributionis, on the one hand, a solution
to the nonlinear Fokker—Planck equation describing the
behavior of a nonadditive system [17] and, on the other
hand, stems from the fractional Fokker—Planck equa-
tion for Levi flights[18]. Contrasting solutions to these
equations, one can establish correlations between the
exponent in the stress distribution (the characteristic
exponent of multiplicative noise), fractal dimension of
the phase space, number of eguations needed to
describe the self-consistent behavior of the system
under the SOC conditions, dynamic exponent, and
Tsallis nonadditivity parameter. It is shown that stick-
dlip friction corresponds to the subdiffusion process.

1. BASIC EQUATIONS AND THE EFFECT
OF NOISE

Rheologically describing a viscoelastic heat-con-
ducting medium [13], we derived a set of kinetic equa-
tions governing the consistent behavior of shear
stresses g, strains €, and temperature T in an ultrathin
[ubricant film between atomically smooth rubbing mica
surfaces. Let us write these equations for o, €, and T
using the following units of measure;

o = PCNo T4
s— 0 T, U7

*T G G On, OV

where p is the lubricant density, ¢, is the specific heat
at constant volume, T, is the critical temperature, ng =
n (T = 2T,) isthe characteristic value of shear viscosity
n, T, = pl%c,/K isthe heat conduction time, | is the heat
conduction length, K is the thermal conductivity, T, is
the strain relaxation time, and G, = ny/t,. The corre-
sponding equations are

(D)

€

1,0 = —0 + e, 2
1.6 = —e+(T-1)0, (3)
1,7 = (T,,—T)—oe+0°. (%)

Here, 1, is the stress relaxation time, T, is the temper-
ature of atomically smooth rubbing mica surfaces, g =
G/Gy < lisaconstant, and G is the shear modulus of
the lubricant. Equation (2) is reduced to the Maxwell
equation for a viscoelastic medium by substituting €/,
for 0g/ot. Expression (3) issimilar to the Kelvin—Voigt
equation [13, 19], which takes into account the depen-
dence of the shear viscosity on dimensionless tempera-
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turen = ny/(T — 1). Expression (4) is the heat conduc-
tion expression that involves heat transfer from rubbing
surfaces to alubricant film, dissipative heating of avis-
cous liquid flowing under stress, and the reversible
mechanocal oric effect in the linear approximation. For-
mally, this set of equations coincide with the synergetic
Lorentz system [20, 21], where the shear stress serves
asthe order parameter, the conjugate field is reduced to
the shear strain, and the temperature isa control param-
eter. As is known, this system is used for describing
thermodynamic and kinetic phase transformations.

In [13], melting of an ultrathin lubricant film
between atomically smooth rubbing mica surfaces is
viewed as aresult of shear stresses spontaneously aris-
ing upon heating of rubbing surfaces above critical tem-
perature T, =1+ g Theinitial reason for self-organi-
zation is positive feedback of T and o with € (see (3))
due to the temperature dependence of the shear viscos-
ity, which causes its divergence. However, negative
feedback of o and € with T (see (4)) is aso of impor-
tance, since it makes the system stable.

In terms of such an approach, alubricant is seen as
a high-viscosity liquid behaving like an amorphous
solid: it has avery high effective viscosity and still can
be characterized by ayield stress [2, 19]. In the solid-
like state, shear stresses g =0, since Eq. (2), describing
the elastic properties in the steady state (6 = 0), is
omitted from consideration. Equation (3), containing
viscous stresses, reduces to the Debye equation, which
describes fast relaxation of the shear strain within the
microscopic time T, = a/lc ~ 102 s, wherea~ 1 nmis
the lattice constant or molecular spacing and ¢ ~
10° m/sisthe speed of sound. In this case, Eq. (4) turns
into the simplest expression for temperature rel axation,
which is free of the terms corresponding to dissipative
heating and the mechanocaloric effect for a viscous
liquid.

If stresses o are nonzero, Egs. (2)—(4) describe all
the above properties for the liquid-like state of the
lubricant. Moreover, if the shear strain is absent, the
rms thermal displacement of atoms (molecules) is
given by [P T/Ga [6]. The rms displacement due to
shear is found from the expression [P 0%a?/G?. The
total rms displacement is a sum of these two displace-
ments provided that temperature fluctuations and
stresses are mutually independent. This means that
melting of a lubricant is caused by both heating and
stresses generated by rubbing surfaces. This supposi-
tion is consistent with the concept of dynamic shear
melting, according to which the solid-like stateisunsta-
ble in the absence of temperature fluctuations. Thus,
strain (stress) fluctuations and temperature fluctuations
should be considered separately. We will assume that,
as the temperature grows, the film becomes progres-
sively closer to the liquid state and the friction force
decreases as a result of a decrease in the molecular
jump activation energy. In addition, the friction force
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Fig. 1. Phasediagram forg=0.5and I = 1.2. Curves 1 and

2 are the boundaries between the domains of stable SF, DF,
and SS(T and C arethetricritical and critical points, respec-
tively).

decreases with increasing the velocity of relative
motion of contacting surfaces, V= lde/dt, since an
increase in the relative velocity causes a rise in shear
stresses according to the Maxwell-type relationship
00/0t = —o/t, + Goe/ot between stress and strain.

In macroscopic Lorentz equations (2)—(4), stress g,
strain €, and temperature T are averaged over a physi-
cally small volume. Fluctuations, which arise over dis-
tances on the order of the heat conduction length, will
be taken into account by introducing stochastic termsin

the form of additive noise intensities 122, 17%¢, and
I]TJZE into the right-hand sides of Egs. (2)—«(4) (here,
intensities |, I, and I; are given in terms of o2, €217,
and (Tk/1)?, respectively, and &(t) is a d-correl ated sto-
chastic function [14, 22]). According to experimental
datafor organic lubricants[2], the stressrelaxation time
under normal pressure is T, ~ 10 s and increases by
several orders of magnitude under a high pressure.
Since the ultrathin lubricant film is less than four
molecular layers thick in our case, the temperature
relaxesto value T,, for time T, that satisfies the inequal-
ity T, <€ T,. Then, in the adiabatic approximation 1, >
1. and 1, [20, 21], Egs. (2)4) take the form of the Lan-
gevin equation [14]

oV

1,0 = f(0) + JI(0)&(t), f=—3, ()

where forcef is specified by the synergetic potential

V = 3(1-g)o +g%t Hin(1+0%)  (6)

KHOMENKO, LYASHENKO

and the effective noise intensity is given by expression

1(0) =1, + (I, + 110%)g’d*(0), @

which follows from the additivity of dispersions of
Gaussian random quantities [22]. The stationary distri-
bution of solutionsto Eq. (5),

P(0) = Z exp{-U(0)} , 8)
depends on normalizing factor Z and effective potential

U(o) = Ini(o) IT(("))d f_—‘;—;’

where V is synergetic potential (6) and (o) is noise
intensity (7) [23].

The equation defining the positions of the maxima
of distribution function P(0) has the form

(1-g)C+g2-T)x* —2g° I x+4g°(I = 1,) = o,)
10

9)

2
X=1+0".

Thus, distribution P(c) does not depend on noise
intensity |, and stresses o: it is specified by temperature
T, of rubbing mica surfaces; noise intensities I, and I
for strain € and lubricant film temperature T, respec-
tively; and parameter g.

With intensity I, fixed, the phase diagram has the
formshowninFig. 1, wherelines1 and 2 arethose lines
where the system loses stability. Above line 1 defined
by the equality

TS = 1+g+29(1,-2l,), (11)

the condition o # 0 is the most plausible and so the
lubricant isin the liquid-like state, which provides sta-
ble diding friction (SF) and, accordingly, dliding of the
surfaces. Below curve 2, which touches straight line 1
intricritical point T with the coordinates

= 2(1+2g7"—2g1)),

Th = &

1 1 (12)
T = ggl0"-1+80L),

function P(0) hasamaximum only at 0 = 0 and we are
dealing with dry friction (DF), which is typical of a
solid-like lubricant film. Between these lines, where
P(0) has maxima at both zero and nonzero stresses,
there lies the domain of stick-dlip (SS) friction, where
the SF-DF and DF-SF transitions periodically occur.
Such transitions characterize intermittent melting of the
lubricant, when it represents a mixture of liquid- and
solid-like states. According to (12), such a scenario is
possible even when temperature T, of rubbing surfaces
is zero provided that the amount of strain fluctuations
exceedsthecritical valuel, = (1 + 2g™)/2g. Under these
conditions, the system behaves as under the SOC con-
ditions[15].
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2. SELF-SIMILARITY CONDITIONS

To further investigate the system, it is necessary to
find probability distribution (8), which is specified by
effective potential (9). Temperature fluctuations (11> I,
and |,) lead us to the expression

P(o) = I7[god(0)]

x exp{17'g" [f(0)od(o)] da}
f(0) = —0(1-g) +9(T,—2)od(0),

(13)

d(o)=(1+0) ™.

Since the integral in (13) tends to a constant in the
limit 0 — 0 and d(o) — 1, distribution (13) has a
power-type asymptotics, P(g) ~ 072 Thus, self-similar
conditions without a characteristic stress scale are
established that are specified by the homogeneous
function

P(y) = y*%P(0),
with integer exponent 2a = 2 [24].

However, this exponent may be fractional in the
general case; specifically, the SOC conditions are char-
acterized by 2a = 1.5. To avoid loss in generality, we
replace order parameter o by 02 (0 < a< 1) inall the
terms of Egs. (2)—«(4). Then, with regard to stochastic

additions, the basic egquations in dimensionless vari-
ablestake the form

y = 00, (19)

1,0 = =0 +ge+ /I E(1), (15)
Te = —g+(T-1)0"+ [l .&(1), (16)
1,7 = (To-T)-0%e+0™+ [I;E(t). (17

Physically, such a replacement of the exponent
means that self-similarity is achieved under the
assumption that stress relaxation is nonlinear and both
positive and negative feedbacks are of fractional char-
acter. The adiabaticity conditions (1, T, << T,) immedi-
ately lead us to the Langevin equation (cf. (5))

1,0 = f4(0) + J1.(0)E(1), (18)
where force f,(0) and noise intensity |,(o) are given by

fa(0) =—0"+9g0"[1~(2~T,)ds(0)],

12(0) =15+ g*(1. + 1:0°)d3(0), (19)
dy(0) =(1+0%)"
The corresponding distribution (cf. (8)),
Z—l
Pa(0) = ; © )exp( -Va(0)), (20)
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is specified by partition function Z with the effective
potential

fa(9) 4o
a( )__.[Ia( )

The extreme points of this distribution are found
from the equation

(21)

Tn—2  2ago”!
n— =+ 280 o) —1(1-0") = =2, (2)
l+o (1+07)
according to which the boundary of the SF domain,
I+ = 2l (23)

meets the condition 0 = 0. Expressions (22) and (23)
are extensions of egualities (10) and (11). It follows
from the above expressions that the results obtained at
a= 1differ littlefrom those obtained in the general case
O<ac< 1 Inparticular, the effect of the random stress
distribution is, as before, insignificant, while strain and
temperature fluctuations have a crucia effect. The
dependence of stationary shear stresses o, on tempera-
ture T,, changes most drasticaly. In the stationary
determinate case, set (15)—17) hasthe solution

oo = [9(1-9) (Tn=2)-1"", (24)
which generalizes the standard root dependence in the
case a = 1 (Fig. 2). As strain noise |, increases, o,
monotonically grows. A rise in | produces a barrier
near g, = 0. In addition, the dependence oy(T,,)
becomes nonmonotonic when I lies above straight line
(23) (Fig. 3). The dashed linesin Fig. 3 cover unstable
values of stresses (o™); the continuous lines and por-
tions of lines, stable values (o). It follows from Fig. 3
that 0™ may take azerovalueonly ata=1or I = 2l;
otherwise, the curves o™(T,,) asymptotically tend to

g<1,

Oy

0.8

04

O 1 1
32 3.6 T,

Fig. 2. Shear stresses o vs. temperature T,,, for g = 0.5 and
a=(1)0.5,(2) 0.7, (3) 0.9, and (4) 1.0.
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zero. Thismeansthat, if I+ > 2l, and a# 1, there always
exists effective potential barrier (21) near the point o, =
0. In other words, either the lubricant experiences the
first-order liquid—solid transition or the DF conditions
setin. At I+ < 2I, and a # 1, SF occurs, which corre-
sponds to a minimum of the potential with o, # 0, since
the barrier reaches a maximum in the physically mean-
ingless domain o™ < 0.

The phase diagram illustrating the state of the sys-
tem at different noiseintensities|, and I (Fig. 4) issim-
ilar to that corresponding to the casea = 1. Asa grows,
the two-phase SS domain, which is bounded by straight
line (23) and abell-shaped curve, expands. Whena =1,
the SF regime at small |, does not occur, unlike in the
case a # 1. In practice, the noise intensity is, asarule,
low, and so friction is expected to reduce in systems
with fractional exponent a.

Figure 5 shows probability distribution (20) corre-
sponding to the points marked in Fig. 4. The positions
of maxima in this distribution are specified by a set of
parametersl,, |4 15, @, g, and T,,,. For point 1 in the two-

KHOMENKO, LYASHENKO

Fig. 4. Phase diagram of the system for T,, = 0; g = 0.5;
I+ and ¢ # 0; and a = 0.50 (dashed curve), 0.75 (continuous
curve), and 1.00 (dotted curve).

phase SS domain, the distribution obeys a power law
(typical of the SOC conditions) with external action
T, = 0. Such conditions correspondtoo < 1, |5, and I,
< | With such values of these parameters, Eg. (20)
reduces to canonical form (14), in which function % (o)
is given by

P (o) = Z'g17'd;*(0)
Lo1-g[l- 2d,(0)] (25)

da(0)(0")* "5

0
xexpEHTg
0

At point 2, distribution P,(o) has maxima at both
zero and nonzero stresses. Hence, point 2 liesin the SS
domain. Point 3 belongsto the DF domain, where P,(0)
has a single maximum at o, = 0. Finally, point 4 liesin
the domain where the probability distribution hasasin-
gle maximum at o, # 0 (SF).

3. FRACTAL AND NONADDITIVE NATURE
OF FRICTION

A feature of distribution (25) is that it is expressed
through integral J ; of fractional power 1 — a (see

the Appendix),
P(0) = Z7g"17d; (o) @
xexpgr”llga)?l (d7(0)[1-g(1 - 2da<o>)]}m

where ' (X) is the gamma function.
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At the sametime, it isknown [18] that an expression
of thistypeisasolution to the fractional Fokker—Planck
equation

o » U |T92 ®
D P(0,t) = DSOP(0,t) + ——=D,
0 M(w)
(27)

x {d(0)[1-g(1—2d,(0))] P (o, t)} Ex

where fractional derivative Qbf (see A.2) implies the
operation inverse to fraction integration (A.1).

Let us multiply equality (27) by ¢*® and average
the result over o. Then, for the average

1
lo| = T,
+o00 (28)
b°0= J’G“@(o, t)do, a>0

with fraction order a = 2, we obtain

loj*0Ot, z = 2—(*),

" (29)

where zis the dynamic exponent.

Here, we take into account the diffusion contribu-
tion aone, which dominates in the long time limit.
Combining equalities (26), (29), and (A.l) yields 1 —
a=w =zw?2,or

Sl
a=1 > -

In the mean field approximation, exponent a in (14)
isa= 3/4. Then, from expression (30), we have

wz =
5

At w = 1, which corresponds to dynamic exponent
z= 1/2, the system evolves without traps in the phase
space. According to (29), thisvalue of zis smaller than
z =1, which is characteristic of ballistic behavior. On
the other hand, fractional Fokker—Planck equation (27)
leads to the diffusion conditions corresponding to z= 2
only when the order of the time derivativeis w = 1/4.

Thus, in the mean field approximation (a=3/4, @ =
1/4), stick-dlip friction with effective traps in the phase
space is established when the order of the time deriva
tive liesin the range 1/4 < w < 1/2 and dynamic expo-
nent zfallsinto therange 1 < z< 2. Essentialy, such a
situation is peculiar to the subdiffusion process, when
the displacement of awalking particle is continuous in
space but occurs discretely (at particular time instants);
hence, the order of the corresponding derivative isfrac-
tional, w< 1. Unlikethissituation, thewalk of aparticle

(30)

(31)
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Fig. 5. Distribution function (20) for a = 0.75, g = 0.5,
Tm =0, I =0, and conditions shown by points in Fig. 4:
(1) 1 =0and I+ =100 (SOC), (2) I = 2 and I+ = 100 (SS),
(3)lg=4and1+=20(DF), and (4) | =4 and | =0 (SF).

at Levi flights (arbitrary, including infinite, displace-
ments) proceeds continuously in time but discretely in
space[25]. In accordance with Fokker—Planck equation
(27), the Levi process is characterized by order w =1
and order @ < 1, the latter being the order of the frac-
tional derivative with respect to the particle coordinate.
To avoid confusion, it should be noted that we consider
hopping in the phase, rather than in the real geometri-
cal, space.

Following [17], let us analyze the system in terms of
nonadditive thermodynamics. It will be assumed that
strain is converted to the system’s complexity, whichis
ameasure of disorder and, by analogy with the Tsallis
entropy, is expressed as

-5 p

q — i
sV=——

(32)
where g # 1 is the nonadditivity parameter.1 Also, the
temperature of the lubricant filmisreplaced by itsinter-
nal energy given by

£9=3 &Q, (33)

LIn the limit ¢ — 1, expression (32) turns into the formula for
conventional entropy, S(p;) = S<1)(pi) = —2,pjInp;. Considering

two independent subsystems A and B yields pﬁB = piAp}3 for the
probability and Skb = S + &+ (1 - ) SED for the

entropy. The latter does not possess the additivity property Sag =
Sa + Sg, unlike the entropy in the conventional sense.
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where distributions Q, = p/ J. p; and {&} are the
eigenvalues of the corresponding Hamiltonian that are
obtained in view of boundary conditions [26].

Such a parametrization allows us to relate exponent
z, order @, and order w with parameter g specifying
expressions (32) and (33) [17]. The evolution of anon-

additive system isrepresented by the nonlinear Fokker—
Planck equation

PBP(0, 1) = D2,PY (0, 1), (34)

where order w and exponent q are fractional, &’ isthe

fractional time derivative, and the units of measure are
taken so asto exclude the effective diffusion coefficient

[27].

For the self-similar normalized function

P(o,t) = 0. P(x);

(35)
o.=0.(t), x=ola,,
where o isthe critical value [28], we have
oo, PO XA (36)

At the same time, the linear fractional Fokker—
Planck equation (cf. (27))

BPP(0,t) = D2P(0, t) (37)
yields[29]
2w-1
_ , _ >0
oo, oo % (38)
D(—(1+2w) X — > 00,

Comparing the first expressions in (36) and (38)
gives therelationship

1+q = 2. (39)

Since the mean value of |g]in (28) is on the order of
o, for self-similar systems, wefind from (29), (36), and
(38) that

1+q = zw. (40)

From the above consideration, it follows that prod-
uct zw < 1 istypicaly less than unity (specifically, in
the mean field approximation, we have (31)); so, condi-
tion (40) holds only if —1 < g < 0. Thus, the given ther-
modynamic system is superadditive (q < 1): the total
entropy exceeds the sum of partial entropies.

Fractional Lorentz system (15)—17) can be
assigned a fractal phase space. To complete the analy-
sis, let us find arelationship between its fractal dimen-
sion D and the exponents and orders of derivativeintro-
duced above. To do this, we take advantage of the stan-
dard scaling relationships [28]

_1 Z[] _ =]
a—Z%HBD, a=1-D (41)
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Comparing the last of them with (30), we find that

wz = 5.

To calculate D, one should take into account that
each of the stochastic degrees of freedom (o, S9, and
&@), the number of whichisn = 3, isassigned a conju-
gate momentum; therefore, a smooth phase space must
have dimension D = 2n. Such a space arises in the
absence of feedback (the simplest case), when its
related exponent a = 0 and noise is additive. As expo-
nent a (which specifies the effective force and noise
intensity in relationships (19)) grows (a > 0), so does
the amount of feedback and the fluctuations (noise)
become multiplicative. Accordingly, the phase space
becomes fractal [23] and its dimension decreases by
(1-4a) times. Eventually, the dimension of the space
where a self-organizing system evolves becomes equal
to

(42)

D = 2n(1-a),
where n = 3 for the Lorentz system.

In the general case, using equalities (30), (42), and
(43), one can find the number of self-consistent sto-
chastic equationsto describe SOC at different feedback
exponents,

(43)

_ 1
n= >
2(1-a)

In the range of interest (a < 1), nindefinitely grows,
starting from the minimal physical value n. = 1, which

corresponds to a = 1 — 1/./2. Such a one-parametric
case was considered in [30]. With afurther increase in
a, the number of degrees of freedom needed to describe
SOC should be augmented. In particular, the case a =
1/2 corresponds to a two-parametric representation of a
self-organizing system [28, 31]. For the Lorentz system
(n=3[21, 32]) to be considered, deeper feedback, a =

1-1/./6, is necessary.

Combining equalities (40), (42), and (43), we come
to afinal expression for the nonadditivity parameter,

1
n(l-a)

Substituting expression (44) for number n of equa-
tions needed to represent the SOC conditions into (45)
yields g = 1 — 2a. Hence, as the amount of feedback
reduces (a declines), parameter q grows. This parame-
ter tendsto amaximal value (g — 1) in systemswith-
out feedback (a — 0). Thus, provided that scaling
relationships (41) from the mean field theory are valid,
(i) one can reproduce the results obtained with various
approaches [33], using expression (44), and (ii) the
thermodynamic system under study is superadditive.

The above consideration has demonstrated that
stick-dlip friction can be described in terms of the con-

(44)

1+q = (45)
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cept of SOC. Under the SOC conditions, the film melts
at the zero temperature of rubbing surfaces. The basic
feature of these conditionsis that the system evolvesin
a self-ssimilar manner and, accordingly, its distribution
function has power-type asymptotics. It has also been
shown that this fact is embodied in the Lorentz system
parametrized by shear stresses, strain, and lubricant
film temperature. With the self-similarity conditions
taken into account, stressrelaxation and feedback in the
Lorentz system acquire afractional character. The asso-
ciated phase diagram separating out the SF, SS, and DF
domains qualitatively coincides with that constructed
for the case when thisrelaxation term and feedbacks are
free of a fractional exponent. It should be noted that,
when this exponent is other than unity, friction can be
reduced if the noise intensity is low. For a system
parametrized by stresses, complexity, and internal
energy, the fractional Lorentz model alows one to
relate the exponent in the stress distribution (multipli-
cative noise), fractal dimension of the phase space,
number of equations needed to represent the system
under the SOC conditions, and Tsallis nonadditivity
parameter. Finally, it has been demonstrated that stick-
dlipfriction isdueto effective traps present in the phase
space and can be identified with subdiffusion, which
one may speak of when the order of the time derivative
in the fractional Fokker—Planck equation is less than
unity (w<1).
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APPENDIX
The integral of fractional order (@ > 0) is defined
as[34]

TOF(x) = f(x) —dx,

&l om (A1

where f(X) is an arbitrary function and '(x) is the
gamma function.

The operation inverse to such integration, PL =
T, iscalled fractional differentiation of order @ >0,
f(X)

1+

POF(x) =

e w) I(x dx'. (A.2)

Intherange 0 < @ < 1, it is convenient to use the
expression

(@) f(x) f(x)dx

QD(;f(X)—I_(l 00).[ 1+u)

(A.3)
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which takes into account that xI'(x) = '(x + 1) for
=-W.
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On One Method of Simultaneously M easuring
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Abstract—The problem of anideal incompressibleliquid flowing in an axisymmetric pipe with across section
varying in space and time is solved. The case when the area of variation of the cross section is represented by
two identical series-connected cylindersisconsidered. It isshown that, if the cross sections of the cylindersvary
with a constant frequency so that one decreases and the other increases, pressure difference oscillations arising
at the ends of the cylinders bear information on both the liquid density and the flow rate in the pipe. The feasi-
bility of designing an instrument based on these results and the choice of its performance parameters are dis-
cussed. It is noted, in particular, that the length of either cylinder must be no less than the pipe mean diameter.

© 2005 Pleiades Publishing, Inc.

Among the variety of liquid and gas flowmeters,
mass flowmeters are usually of primary interest for the
user. These devices measure the oscillations of a flow
whirled in a special manner [1], gyroscopic moments
acting on the moving parts of pipelines or moments of
inertia(Coriolisforces) of turbines (or radia bar rotors)
rotating in aflow to be measured [2], or distortion of the
temperature field in the pipeline heated from the out-
side and washed by the medium to be measured from
theinside[2].

In this paper, we offer anew method to measure the
density and mass flow rate of a liquid. The processes
occurring in this flowmeter alow usto categorize it as
an inertial mass flowmeter that stands out from other
representatives of this class because of its unique prop-
erties. Let us perform tentative theoretical calculations
based on which we shall proceed further.

Consider an incompressible ideal liquid (Fig. 1)
flowing in an axisymmetric pipe the cross section of
which is a function of coordinate and time. Cross-sec-
tional area §(x, t) of the pipe isassumed to be given.

Assuming the flow to be quasi-one-dimensional, we
can write the set of equations for such a flow in the
form [3]

0S, 3(SV)

ot ox O "
oV, 2V _ _1dp
at 0X pox’

Here, p isthe liquid density, S(x, t) is the pipe's cross-
sectional area, and V(x, t) is the velocity averaged over
the cross section. The average velocity is related to the

T Deceased.

mass flow rate as!

Q(x,t) = pV(x, 1)S(x, 1), 2
where p(x, t) isthe pressure averaged over the cross sec-
tion.

If constant of integration C(t) is time-independent
and equal to Qy/p, where Q, isthe massflow ratein the

unperturbed part of the pipe, the first equation of sys-
tem (1) yields

o
B:(t) I 2o = é%%—h—tsd%. 3)

Substituting Eg. (3) into the second equation of (1)
and carrying out appropriate calculations, we obtain

10 19SS (0S [T

St = Soxdy J3ioo .
. 205 1.9°S,

Sattp S i Sl

Of interest is a solution to this equation for the case
when the cross section varies over a part of the pipe by
the law

DSO+G(t X) = So+aosng(|f%sn(wt)
D

S= ©)

SO%HésnDLDsm(oot)E a -L<x<lL,

%ao, a -L>x L>x.

L In this formula, the mass flow rate may have both signs according
to the sign of velocity V(x, t) relative to the x axis.

1063-7842/05/5011-1431$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 2. (1) Flow to be measured, (2) |eft pressure meter, and
(3) right pressure.

Here, & = a)/S,. We shall seek an expression for the
pressure difference between points x = —L, x = 0, and
x=+L; i.e,, Ape(t) = p(0, t) — p(—L, t) and Apyign(t) =
p(L, t) —p(0, t). By way of illustration, Fig. 2 showstwo
phases in variation of the cross section: phase 1 corre-
sponds to time intervals when sin(wt) > O; phase 2, to
those when sin(wt) < O (the positive direction of the x
axis coincides with the flow direction). We linearize
Eq. (4), assuming that & is small and the inequality

QoTt
pPSwL

>1
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is satisfied.? Eventually, we arrive at the following
equation:

op _ dw Lp 0

X Sn«m)%DSDLD 15
250 X, Q3 X
+Q, S cos(wt)stLD+ pSZ,OLS'n(wt)COSDLD

Integrating over x yields an expression for the pres-
sure of a nonviscous liquid flowing within the portion
x O [-L, L] of amoving-wall pipe and obeying law (5)
in the quasi-one-dimensional approximation (the
motion of thewallsissmall, d < 1),

2
6wn|2_ psm(oot)st(TD

p(x, t) = O_0

dwLp
T

+ sin(wt)(x+L)

20wl ©

S cos(wt) %OSDL il 1%

-Qo

+ %)ésm(mt)st(TD + Py,

) i oL
where P, is a constant of integration, which may be
equal, for example, to the hydrostatic pressure.
The pressures at the points of interest are

p(-L,t) = Py,
2, 2
p(0,t) = Swl psin(oot)—Q046(*)Lcos(wt) + Py,
ST
280 L°
p(L,t) = Tpsin(wt)+Po.

Now we construct the desired pressure differences,
Api(t) = p(0, 1) —p(-L, t)

= p&’il‘ sin(wt) — 4Q06—°é|gcos(wt)
Apign(t) = p(+L, 1) —p(0, 1)
= péwz sin(wt) +4Q0§—°Sl|;cos(cot) @
Ap(t) = p(+L,t) —p(-L, 1)
= 2p6°° L sin(wt).

According to formulas (7), if the cross sections of
two series-connected identical portions of a pipewith a

21t will be shown that this stringent condition reduces the practical
value of the results obtained.
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flowing liquid vary harmonically in antiphase so that
the oscillation amplitude is much smaller than the
diameter of the unpertubed part of the pipe, variable
pressure differences arise within those portions. Sepa-
rately measuring the amplitudes of the mutually
orthogonal components of the pressure differences, one
can independently find the density and mass flow rate
of the liquid. From Eq. (7), the amplitude of the in-
phase and orthogonal components are given, respec-
tively, by

Ao = 4Que = [ 3], ©)

In essence, to measure the density and/or mass flow
rate, one should apply identical periodical axisymmet-
ric antiphase impul ses to two series-connected portions
of the pipe perpendicularly to the axis of the pipe
(Fig. 2; such an action on a flow changes its axia
momentum within the portions of interest) and then
analyze a variable pressure difference in any of these
portions. The pressure differenceis dueto axial inertial
forces arising in the moving liquid.

Below, we would like to answer the questions that
inevitably arise in an attempt to implement ameasuring
device.

FORCE PULSER

As an impulse-generating unit (force pulser), we
offer athin elastic cylindrical membrane clamped at its
center and at both ends in such away that the inner sur-
face faces the flow to be measured and the outer surface
isinaclosed cylindrical vessel divided into two strictly
identical isolated semicylinders at the place of the cen-
tral clamp.

It isassumed that each of the isolated semicylinders
is hermetically connected to a bellows through holesin
the outer wall. The free end of one of the bellowsisrig-
idly connected to the free end of the other semicylinder,
and the inner spaces of the semicylinders are discon-
nected and filled with a special bubble-free liquid
(Fig. 3). The joint of the bellows with a baffle in
between will be called the head of the bellows couple.
The case considered in [4] shows that the pressure
dependence of the deflection of the cylindrical mem-
brane is linear. Hence, a sinusoidal pressure variation
above the membrane will cause sinusoidal perturbation
AR of itsradius R,. It can be shown that, if 8, = AR/R,
issmall, the relative increment of the pipe’s cross-sec-
tional area, 6 = ay/S,, may be set equal to & = 23,; hence,
the variation of the cross-sectional areais aso sinusoi-
dal. Thus, asinusoidal displacement of the head of the
bellows couple will lead to asinusoidal variation in the
cross section of the cylindrica membrane. In other
2005
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Fig. 3. (1) Driving oscillator with frequency w, (2) synchro-
nous motor, (3) 12 phase shifter, (4) integrator over the
interval 0 <t < 217w, (5) value proportional to the mass flow
per second, (6) value proportional to the liquid density,
(7) left analyzer, (8) right analyzer, (9) bellows couple,
(10) flow being measured, (11) elastic cylindrical mem-
brane fixed at the center and at the ends, (12) pressure dif-
ference sensor, (13) body of meter, (14) ring chamber her-
metically closed from the inside by the elastic cylindrical
membrane of diameter equal to the pipeline diameter, and
(15) displacement direction of bellows couple head.

words, to make the cross section vary by law (5) isquite
realistic.

Such a balance scheme of flow perturbation by
law (5) is very convenient: the equilibrium position of
the head of the bellows couple does not depend on a
strong variation of the hydrostatic pressure provided
that an external force displacing the head is absent; oth-
erwise, the mass flow rate and the density of the liquid
would have to be measured separately.

How long should length L of the cylindrical mem-
brane be? For a flow about a body vibrating with an
amplitude much less than its characteristic dimension
[5], it is argued that the velocity of the liquid experi-
ences perturbations on the order of the vibrating body
velocity over adistance roughly equal to the dimension
of the body. Then, taking the length of the “breathing”
wall for the length of a vibrating body and setting it
equal to the diameter of the pipe, one can assume that
the flow velocity will vary roughly by the wall velocity
over any cross section of the “modulated” part of the
pipe. That is, al the liquid will have an alternating-sign
momentum over the length of the modulated part.
Accordingly, the length of the measuring device with a
bal ance force pulser must be no less than two diameters
of the pipe. A more accurate selection of the dimen-
sions of the force pulser can be made after a careful
consideration of the flow velocity distribution over the
time- and coordinate-dependent cross section.
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SENSOR

We recommend pressure-difference sensors based
on a single-crystalline silicon membrane. Silicon pres-
sure sensors offer a high precision, sensitivity, and
overload endurance; wide dynamic range; extremely
small hysteresis; and operating reliability. In addition,
they are almost inertialess.

ANALYZER

Anaysis of the signal from the pressure sensor
implies harmonic separation. In general, measuring the
amplitudes of two harmonics with frequency w and
mutually orthogonal initial phasesis atask of spectral
analysis. Such a problem can be solved, e.g., with a
device described in [6].

The amplitude of the variable pressure-difference
component that isin phase with the moving membrane
is proportional to the flow density, and that of the
orthogonal component to the mass flow ratein the pipe.
From the expressions for Apjg(t) and Apyign(t) in (7), it
readily follows that measuring the difference between
the output signals from the left and right analyzers
improves the sensitivity of mass-flow measurement
twofold. Similarly, measuring the sum of the output
signals improves the sensitivity of density measure-
ment by the same factor. A wide variety of different cir-
cuit-design approaches and devicesthat may be applied
to solve this problem saves us any comment on this
issue.

Let us perform a tentative calculation. For pipe
radius R, = 5 cm, driving frequency f = w/2m= 60 Hz,
half-length of the variabl e section of the pipeL =30 cm,
liquid density p = 1 g/lcm?, and relative change in the
pipe diameter o, = 0.005, the partial pressure amplitude
proportional to the density of the liquid is A, = 0.41 x
106 dyn/cm? = 0.41 x 10* mm H,O/cm? = 0.41 atm (see
formula(8)). To calculatethe partial pressure amplitude
proportional to the mass flow rate, we substitute the
value of the mass flow taken with regard to the limita-
tion mentioned above (see footnote 2) into Eq. (9). This
is a critical value starting from which the theory pre-

MAYOROV, ONISHCHUK

sented here adequately describes the processes taking
place in the measuring device suggested. In our case,
thisvalueis Q, = 2.84 x 10° g/s and the partial pressure
responsible for the mass flow rateis Ag = 1.27A,,.

Aswas mentioned above, our theory isinvalid when
0 ~ 1. We suppose that, without this limitation, the
response of the device (pressure difference) will also
depend on both the density and the mass flow rate of the
liquid, possibly in another form. It seems that a rela-
tionship between the components involving the mea-
surands will be more suitable for the combined mea-
surement. This issue will be clarified after solving this
more complicated problem.
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Abstract—The velocity of molecular gas slipping over a spherical surface is calculated by exact analytical
methods including the accommaodation coefficients for the first two moments of the distribution function. An
extension of the BGK approach to the Boltzmann kinetic model for the case of rotational degrees of freedom
is used as the basic equation. © 2005 Pleiades Publishing, Inc.

INTRODUCTION

Description of molecular gases is basically more
difficult than that of simple (monoatomic) gases. [1].
The state of the latter isfully described by the distribu-
tion function specified as afunction of coordinatesr' of
the center of inertia of molecules and their velocitiesv.
For a molecular gas, the distribution function also
depends on rotational and vibrational degrees of free-
dom. Except for ultralow temperatures, the rotational
degrees of freedom of molecular gases can be described
in classical terms. The vibrational degrees of freedom
are described only in terms of quantum theory. How-
ever, for awide temperature range (10-1000 K), it may
be assumed that the vibrational degrees of freedom are
not excited and molecules of the gas are in the ground
state [2].

The kinetic theory of rarefied gas is based on the
Boltzmann equation [2]. Since the fivefold collision
integral appearing on the right of this equation is non-
linear, its exact solutions are impossible to abtain in the
general case. Inlight of this, the Boltzmann equationis
usually replaced by related model equations. The sim-
plest model of the collision integral seems to be the
BGK callision integral

1(f) = Vo(feq—1). (D

Here, f is the gas molecule distribution function, fe, is
the locally equilibrium Maxwellian, and v, is the colli-
sion parameter of the model. For polyatomic gases,
f and f., depend on coordinates r' of the centers of iner-
tia of gas molecules and on their trandational, v, and
rotational, w, velocities.

The BGK model of the Boltzmann kinetic equation
can be generalized for the case of molecular gases,
where rotation is classical and vibration is “frozen,” as
follows. Consider adiatomic gas. A molecule of such a
gas rotates in the plane normal to the vector of rota
tiona moment M of the molecule. In actual physical

problems, the distribution function can be considered
as independent of the orientation of the molecule axis
of symmetry in thisplane[2]. Therefore, the rotation of
amolecule of adiatomic gasisfully described by spec-
ifying the magnitude of the rotational moment vector,
M = Jw (J is the magnitude of the moment of inertia of
amolecule). Then, functionfe, for adiatomic gascan be
written in the form
¢ —pom 3 [_m(v—u)z_ Jw’ }
TR T KpTey 2kgTeq  2kgTey '

where

Ny = J'fu)dwd3v, u= %[J'vfwdwd?’v, )

_ 2 mv-u)® Jo’ 3
Te = SaneJ[ AL+ }fwdood v.
Here, misthe molecular massweight and kg isthe Bolt-
zZzmann constant. Let us turn to the stationary BGK

equation written in the spherical coordinates [2] with
collision operator (1),

Oy Vo0l Vo o0f
or' r'd0 r'snBoo
2 2 2
+v9+v¢i+vq,cote—vrvei @)
r av, r 0V
_VyVeCOtB+ v, vy of _ 3
- av, Vo(feq—T).
We assume that

[TITe—1 <1, AOINT| <1,

JM2Kg ToUg, < 1,

1063-7842/05/5011-1417$26.00 © 2005 Pleiades Publishing, Inc.
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where T, is the temperature at the origin, A isthe mole-
cule free path, and u,, is the mass-averaged gas veloc-

ity.
Then, the distribution function takes the form
f(r,v,w) = fo(v,w)[1+Y(r,v,w)]. 5)

Here,

3/2 2 2
fo(v,00) = n g m 7< J [_ my Jw

DrkgTL keTo o Pl 2kgT. 2KgT

isthe distribution function with parameters specified on
the surface over which the gas dlides, and n,and T, are
the gas concentration and temperature on this surface.

Inview of (2), (3), and (5), we abtain

~5/2
= fo(v, w)%H %HE)TD
mv [ mv2+Joo26T}
X ex + — 6
p[ KoT. = 2KkgTo T ©)
on mv [l kA mv 2+ I’ 510T
= Tolv, w)[“ns T, O 2K,T. ZJT}
where

dn = J’fo(v,w)Y(r,v,w)wdwdsv,

5T =

2 mv? ., Jo’ 3
S J[T + 7} fo(v, W)Y(r, v, o) odady.

Substituting (5) and (6) into (4) and passing to
dimensionless quantities, we arrive at

oY Y Cy aY
5 +Y(r,C, v)+k[ceae 550

+(c:§+c:$)aa +(Cjcoth — cc:e)ace
@

oY
—(C,4CqcotB + c,c¢)a—CJ

= Ik(C, v, C; v)Y(r, C',v)dQ.

Here, | = 2; dQ = 2m32exp(—C? — v?)vdvd®C; k
3Kn/(3./mPr) for thermodynamic dlip or k
2K n/(/rtPr) for thermal dlip,

k(C,v; C',V') = 1+2C [T

|+1/2(C +V2 =1 = 12)(C*+v? =1 = 1/2),

C =v./m/2kgTg; v = ,/I/2ksT; 1 = 3/TIPH/(4N)r

for thermodynamic slip or r = /TtPr/(2\)r" for thermal

LATYSHEYV et al.

slip; A = v (TV2k T9¥2; v, is the kinematic viscosity
of the gas; Kn is the Knudsen number; and Pr is the
Prandtl number.

For a polyatomic gas (number N of atomsin a mol-
ecule is greater than three), the distribution function
depends not only on rotational moment M of the mole-
cule but also on the angles specifying the orientation of
the axes of the molecule about vector M [2]. Therefore,

fo=p. 0_M o (~]1‘32~]3»)ﬂ2
quQT[kBTqu (anBTeq)S/z

xexp[_ mv° _ZLJ@?}
2ksTeq 2KgTeq J'

1 3 3
= Ifd3wd3v, u= —erfd wdv,
n

_ 2 m(v — u) ©
Teq_saneJ[ 2

; }fdoodv

0 m #2(3:3,35)"
[ork TSD (21 To) ¥

1'Ji(*)i2i|
kg Tay |

fo(v, ) = ng

X exp[— my —Zig:
2kg T,

Here, J; (i = 1-3) are the components of the moment of
inertia of gas molecules. Linearizing (8) in view of (5)
and passing to dimensionless quantities, wearrive, asin
the case of adiatomic gas, at Eq. (7) with the only dif-
ference being that, for a polyatomic gas, | = 5/2 and
dQ = 13exp(—C? — v d®vd®C. Thus, the extension of
the BGK model of the Boltzmann equation for molec-
ular gases has been constructed and has form (7).

Next, using this extenson and the two-moment
accommodation boundary condition [4], we will calcu-
late the vel ocity of amolecular gas slipping over asolid
spherical surface with a small radius of curvature
(0.01< Kn=A/R < 04, where R is the dimensiond
radius of an aerosol particle).

For amolecular gas, the two-moment accommoda:
tion boundary condition is written as

Y(r,C,v)|s = 2d,Cq+ 2d,C,Cqy, C,>0,
where d; and d, are found from the conditions
(l—ql)j f(r, C,v)[sC,Codg

C, <0

= - I f(r, C,v)|C,Cqdg,

C, >0

TECHNICAL PHYSICS Vol. 50 No. 11 2005
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(1-a) [ f(r, C,v)|,C’Cqdg
C,0

T

= I f(r, C,v)|.C?Cqdg.
C,>0

Here, dg = 2rm¥2vdvd®C or dg = r3d®vd®C for a poly-
atomic and diatomic gas, respectively, and

f(r,C,v)|s = fo(C,V)[1+Y(r,C,v)|].

For a monoatomic gas, the problem in such a state-
ment was solved in [5]. The case of the gas flow about
adirect circular cylinder was considered in [6]. At ¢; =
g, = a,, the above boundary condition closely approxi-
mates the Maxwell specular—diffuse boundary condi-
tion. In [5], we showed that, for ararefied gas slipping
over aflat solid surface, the discrepancies between the
o, dependences (0, isthe accommodation coefficient of
the tangential momentum) of the thermal and isother-
mal slip coefficients that are obtained with the above
boundary condition and thosegivenin [7] differ by 0.72
and 0.005%, respectively, throughout the o, range.

It is noteworthy that the BGK model of the Boltz-
mann equation, though simple, adequately describes a
first-order dlip (i.e., slip of a rarefied gas about a flat
solid surface). For a monoatomic gas slipping over a
flat solid surface, the thermal and isothermal slip coef-
ficients derived by means of rigorous analytical tech-
niques exactly coincide with those obtained with the

dlipsoidal statistical model, K2 = 1.149996 and

Cf]?) = 1.14665627. It is important here that the ellip-
soidal statistical model in the hydrodynamic limit
yields the true value of the Prandtl number, Pr = 2/3.
For comparison, in [8], where gas molecules are con-
sidered as hard spheres, these coefficients calculated
from the linearized Boltzmann model were found to be

K2 =1.00217 and C'? = 1.11132. Temperature steps
C; equal 2.2037 in the BGK model and 2.12703 in the
model used in [8]. The discrepancy between the values
of K% stems from different approaches to establishing

arelationship between the molecule mean free path in
agas and its kinematic viscosity—the parameters used
in reducing the physical quantities appearing in this
work and [8] to dimensionlessform. In calculating C0

and C; such arelationship is unneeded, and so the asso-

ciated discrepancies are smaller: within 3.17 and
1.69%.

1. PROBLEM DEFINITION
AND BASIC EQUATIONS

Consider an aerosol particle suspended in ararefied
molecular gas flow. Let the center of curvature of the
particle be coincident with the origin of the spherical
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coordinate system with the polar axis aligned with tem-
perature gradient OT away from the surface. Since the
temperature in the gas volume is distributed nonuni-
formly, derivatives 0T/dr and 0T/096 at the surface of the
particle will be other than zero. The first derivative
causes atemperature jump at the surface of the particle;
the other, athermal dlip of the gas over its surface. Let
us assume that the gradient component normal to the
surface slowly varies over the surface. In this case,
quantity 8°T/drad0 is also nonzero and contributesto gas
dlip (the so-called second-order thermal dlip).

Let us also assume that the shear component of the
mass velocity of the flow dowly varies along the nor-
mal to the surface. The nonuniformity of the mass
velocity distribution in the Knudsen layer causes the
gas to flow about the surface (isothermal dip). One
more reason for gas slip about the surface (Barnett dip)
isthe presence of volume thermal stresses. Thus, in the
problem thus stated, derivatives k; = dUg/0r|.,, k, =
0InT/06},, ks = 0°T/0r06|,,, and k, = T,¢/2T|,, are other
than zero.

Following [9], we seek Y(r, C, v) in the form of
expansion in parameter k,

Y(r,C,v) = Y (r,C,v) +kY,(r,C,v)+.... (9

In view of (9), the hydrodynamic parameters of the
gas, specifically, mass velocity component U, that is
normal to the surface, are al so expanded in parameter k,

Upg = U + kU + ... (10)

Substituting (9) into (7) and equating coefficients
multiplying powers of k, we arrive at equationsfor Yy(r,
C,v) and Y,(r, C, V),

oY
cr—rl+vl(r, C,v)

3 (10)
= J'k(C, v; C', V)Y, (r,C,v)dQ,

Y
Cr%—rz +Y,(r,C,v) :J‘k(C, v; C,v)Y,(r,C',v)dQ
2 2 aYl 2 aYl
- (i Chzg + (Creao-CCzs  (12)
oY oY
—(C,Cpo0t0 + CFC¢)a_cﬂ ~Cogg-

Solutions to Egs. (11) and (12) are sought in the
form

Yl(r! va) = Ce¢1(X, Cr)
+Co(Ch+ Cy + V2 =1 =1)d,(x, C,)
+[d3(X, C;) +Y(C*+ V2 =1 = 12)d4(x, C,)] Ky,

(13)
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Ya(r, C,v) = Cos(X, C;) + Co(v? =1+ 1)y(%, C,)

- (14)
+ z b (Ce, Cy)di(X, Cy, V).

k=3

Here, x =r —Rand ¢5(x, C,) and §,(x, C,) are the func-
tions that were constructed for the temperature jump
problem in [10]. Quantities y> = 1/(l + 1/2), b, = (C,,
Cy), and Cy constitute a complete set of orthogonal
polynomials with weight exp(—C?) in the velocity
space. As such polynomias, one can take Hermitean
polynomiaswidedy used inthekinetic theory of gases[3].

Substituting (13) and (14) into (11) and (12) and
integrating the right-hand sides of the resulting equa-
tionsover Cq, C,, and V' yields a set of equations for

¢i(x’ IJ) and qu(X’ IJ-) (I = 11 21 M= Cr)!

09

3%+ 0:00 M) = L [ eP(TI(u Tk, (19

1224 4,00m) = 0,

oy

N Wl h) = = [ ep(r)u(x e

09, 09,

+ U (X W) — ZT +2U¢,(X, 1) — 4——— (16)

—[Da(%, 1) + Y + 12)da(X, )] Ks,

20,0 1) = Ao ) 252 "’2

With regard to the way of linearization of distribu-
tion function (5) and the form of expansions (13) and
(14), the boundary conditions for functions ¢;(x, ) and

Pi(x, W) (i = 1, 2) can bewritten as
¢1(0, ) = 2U8"| —2pk,
s k2 2uHi? - k4, &)
0,00, ) = 2d" +2pd”, p>o, a8)
da(0, 1) = =Kz, $2(0,n) =0, p>0;
Wy(oo, ) = 2U87|, wy (0, p) = 2d(12’+2ud(22>,(19)

H>0,
Wo(eo, ) = 0; Y,(O,p) =0, u>0.

Since desired components U’ | (i = 1, 2) in expan-
sion (10) of the mass velocity of the gas on the particle

LATYSHEYV et al.

surface in parameter k enter into only boundary condi-
tions (17) and (19), we will solve only Egs. (15) and
(16) with boundary conditions (17)—(19).

Thus, calculation of the molecular gas dip velocity
by using the two-moment accommodation condition
has been reduced to the solution of Egs. (15) and (16)
with boundary conditions (17)—(19).

2. BASIC RESULTS

The set of Egs. (15) and (16) with boundary condi-
tions (17)—(19) is solved with the Case method of ele-
mentary solutions [11]. With regard to expansion (10)
and results obtained in [12—14], the desired velocity of
ararefied gas dipping over a spherical surface is writ-
ten (in view of the accommodation coefficients for the
first two moments of the distribution function) in the
form

Ug|s = kUS| + K'US| + ...,
U(el) s = Gisky + (rky + kg,
U<(32) s = Gikg + {5k, + (3K,
' 1) (Jr+ TQ,/2) — (1-1U4)Q
is = (2— QZ) - :

1- T[/4+(1 0p)(1+T04+ /4Q)) °
r

_ (2= 0)(1-TU4YQ, + 12)/2 - (1 - G)/MQy/2 + U
1-T4+(1-q)(1+ W4+ /4Q)

g = (2—0,)
. (2Q5-Q))(1-14) - /n(dy’ ~1)(2+ /mQy)
2(1-104)(2- ) + /M(1— ) (J/TT+2Q;)
(=Y,
_ (2-0,)(1-104)
(2—0p) (1 —TU4) + JA(1 - ) (Q, + J/TU2)’
> = V[Qs + QiQ,],

(5 = 0.5y[(Q—12)er +Q; —2Q;—¢,].

Here, Q, = -1.01619, Q, = -1.2663, Q; = —1.8207 are
Loyalkaintegrals[15]. For diatomic gases, € = 1.2168
and g, = —0.6716. For polyatomic gases, €; = 1.1914
and g, = —0.6525. Thus, for diatomic gases, (3 =
0.5740y and for polyatomic gases, {53 = 0.5873y.

Passing in (20) to dimensional quantities and writ-
ing these expressionsin the form adopted in the kinetic
theory of rarefied gas, we obtain

(20)

Uyl = [cgﬁ”—(ci?)*c(n?Kn]A%‘f_e
rl

<)
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Fig. 1. Coefficients (1) CET?) ag=1(2 CET}) a g =2
and (3) K(TOS) vs. g, for Pr=1.

+[KR —(K%%))*B'Kn]vga(!,_”eT (21)
%InT
* (K0 BavgKngrs — (K Bevknze|

where
c¥ = 0.7524Pr ', K2 = 2Py,
c® = 0.7403Pr Yy,

B = 1.5723Prly, PBg = 2.9454Pr .

Here, (C9)* = 0.7645Pr* and (K!2)* = 0.7662Pr
are the associated coefficients for the case of complete
accommodation of the first two moments of the distri-
bution function (g, = g, = 1), Br = 0.6934Pry for
diatomic gases and Br = 1.7299Pr 'y for polyatomic
gases.

Relationship (21) definesthe vel ocity of amolecular
gas dipping over asphere with asmall radius of curva-
ture.

Itisseen from (21) that taking into account the rota-
tional degrees of freedom of gas molecules renders the
slip coefficients functions of the Prandtl number. For a
monoatomic gas, such adependenceisabsent. For most
gases under normal conditions, Priscloseto 2/3,i.e, to
the value for a monoatomic gas. For example, for N,
and O,, Pr=0.76; for air, 0.7; and for Cl,, 0.64. There-
fore, the velocity of dip over a surface and the rate of
thermophoresis for molecular gases differ from those
calculated for monoatomic gases insignificantly. How-
ever, the above dependence should be bornein mind in
calculation of the rate of thermophoresis for particles
suspended in gases, since Pr for such particles much
differs from 2/3 (for example, for particles suspended
in the steam, Pr = 1.01 at 100°C).
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Fig. 3. Coefficients (1) Br, (2) Pg a q; = 1, and (3) Bg at
01=05vs. 0. Pr=1

Asfor amonoatomic gas [4—6], the dlip coefficients
strongly depend on the accommodation coefficient for
the second moment of the distribution function. In par-
ticular, when g, varies between 0O and 1 at g, = 1, coef-

ficients Cf]?), Cfnl), B', Bg, and B change by 53.67%;

and K'2, by 35.25%. Also, coefficients C© and Bq
significantly depend on accommodation coefficient q;:

when g, variesbetween 0and 0.5at g, = 1, Cﬁ,?) and Bg

change by 44.69% and 38.48%, respectively. The vari-
ation of the dlip coefficients with the accommodation
coefficientsfor Pr = 1isshownin Figs. 1-3.

CONCLUSIONS

In this work, we calculated the velocity of a molec-
ular gas slipping over a spherical aerosol particle with
a small radius of curvature, using the two-moment
boundary condition in the approximation linear in
Knudsen number. The dip coefficients are shown to
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considerably depend on the Pr number and accommo-
dation coefficient of the second moment of the distribu-
tion function.
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Abstract—A two-component fan-shaped gas jet forming in the discharge gap of a chamber for fullerene pro-
duction is analyzed. Under standard fullerene production conditions, the averaged parameters of the jet can be
found with areasonable accuracy using the well-known solution for an incompressible liquid jet. Based on the
analysis performed in thiswork, asimple model of gap—jet transition, and the full erene formation kinetics con-
sidered earlier, the dependences of the fullerene yield on observable experimental parameters (current, helium
pressure, gap width, and electrode radii) are constructed. The calculated and experimental results are in good
agreement. The analytical data obtained in this work may be helpful in considering the fullerene production
kineticsin areal, finite-dimension chamber of a given geometry. © 2005 Pleiades Publishing, Inc.

INTRODUCTION

It is known that wide application of fullerenes,
which are viewed as promising materials for a number
of advanced technologies, isretarded by their high cost.
While it has been reported that fullerenes can be pro-
duced in industrial amounts by burning-out of hydro-
carbons [1], a major part of this materia is produced
around the world from fullerene soot, which is formed
by an arc discharge between graphite electrodes in a
buffer gas [2, 3]. The disadvantage of this technique
from the commercial standpoint is a high energy con-
sumption [1]; however, its potential is far from being
exhausted. Further refinement of thistechnique may lie
in improving gas dynamics in the discharge chamber.

Such an approach callsfor acareful theoretical anal-
ysis of gas dynamics in the chamber and the fullerene
formation kinetics. The gasdynamic problem can be
solved, e.g., using a quasi-one-dimensional simulation
of plasma parametersin the gap (see, for instance, [4]).
An insight into the fullerene formation kinetics can be
gained by physicochemical simulation of assembling
fullerene molecules from multiring hydrocarbon clus-
ters[5] with subsequent extension of simulation results
for the general process of carbon evolution from atoms
to fullerenes upon cooling the vapor [6]. However, a
combined consideration of fullerene assembling kinet-
ics and gas dynamics in a specific discharge chamber
requires that several subproblems be first solved, at
which this paper is aimed. These subproblems are the
following.

(1) Simulation of the dynamics of a free two-com-
ponent (carbon and helium as a buffer gas) gasjet with
regard to its nonisothermality and fan-type (or radial—
dot [7, 8]) symmetry. The need for tackling this prob-

lemisdue to two reasons. First, the velocity field in the
jet specifiesthe gas flow in the outer (relative to the jet)
space. Second, in our early work [6], the evolution of
the atomic carbon vapor to fullereneswas considered as
the evolution of an impurity present in the free jet of an
incompressible liquid in small amounts. Such a signifi-
cant ssimplification was not substantiated: it was used
just because the theory of free turbulent jets of an
incompressible liquid is rather simple and well devel-
oped [7-9].

(2) Derivation (based on the dynamics simulation
results) of the dependences of the absolute and relative
fullereneyield oninitia velocity V, of the jet at the exit
from the electrode gap, jet initia temperature T,, and

initial concentration N of the carbon vapor (as was
donein[6]).

(3) Finding the fullerene yield as a function of arc
parameters (current, pressure, and gap configuration).
To solve this problem, it is hecessary to devise an ade-
guate technique for converting the results of arc quasi-
one-dimensional simulation to parameters V,, T,, and

n [4], which are not determined from the above sim-
plified model.

L et usoutline the basic features of fullerene produc-
tion from an arc. The discharge is initiated in helium
(hereafter gas) at a pressure of 100-300 Torr, apressure
of 100 Torr being regarded as optimal [3]. Carbon evap-
orating from the anode surface generates a plasma. In
our laboratory conditions, the diameter of graphite
electrodes was equal to 2r, = 6 mm; the optimal width
of the electrode gap was the same, 2b, = 6 mm. In the
developmental setup [10], we used electrodes of larger
diameter, 2r, = 10-12 mm, and an electrode gap of

1063-7842/05/5011-1423$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 1. Discharge gap, jet (dark area) propagating along the
r axis, and coordinate axes.

2by= 2-3 mm. The working pressure was raised to
300 Torr.

As follows from calculations [4], the discharge
plasmais near local thermodynamic equilibrium and its
temperature at the center of the gapis T, = 0.8-1.0 eV.
Under such conditions, carbon exists in the form of
atoms and ions. The carbon vapor cools down away
from the arc, and so one can speak (to a certain degree
of convention) of condensation, which results in the
formation of fullerenes[6] and other components of the
fullerene soot. Fullerenes appear at distance x = 2.0
3.5 cm from the arc axis [11]. Hereafter, x refersto the
radial coordinate in the cylindrical coordinate system
related to the discharge axis; r, to the same coordinate
in the spherical system (Fig. 1); and the discharge axis
runs from the anode to the cathode in the transverse (2)
direction.

The simulation made in [4] helpsin visualizing the
variation of carbon temperature and concentration
across the gap at any given current, pressure, and gap
width. Then, one may evaluate the radial gas-plasma
flow, where the carbon vapor condenses. Observation,
theoretical estimates of the flow initial velocity [6], and
experiments with carbon deposition on probes [11]
show that the flow isaturbulent gasjet. However, under
optimal conditions for fullerene production, the Rey-
nolds number is no higher than 20-50. It is therefore of
interest to analyze both viscous and turbul ent jets under
various conditions.

We assume that the jet forms near the source as a
result of carbon diffusion toward the periphery and con-
vective flow of the buffer gas. Visualy, the jet makes
angle 8, < 12 withthe zaxis (Fig. 1). Thejetisat least
two-component (the carbon and gas), the initial con-
centrations of both components coinciding in order of
magnitude. The components play different rolesin jet
formation. For the carbon, the arc area acts as a source
and any other surfaces as absorbers. As for the gas, its
flow in the absence of pumping is confined within the
discharge chamber. Therefore, taking into account that
the discharge gap is narrow, one can assume without
loss in generality that the radial gas velocity at the exit
from the gap is much lower than that of the carbon
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vapor withinthedomain x ~r,. If it isalso assumed that
total pressure P is constant, the difference between the
component velocities in the two-component system
(thermal diffusion isignored) is given by [9]

DP _Hne , 0T
P-n.TUnc T T0 @

(subscripts C and g refer to carbon and gas, respec-
tively). This difference specifies carbon initial velocity

Vg)), which is virtually coincident with initial mass
velocity V, of thejet (subscript or superscript O refersto
the parameter values at X = rg). In (1), nc is the carbon
concentration, which is defined as the number of car-
bon particles in a unit volume and D is the coefficient
of interdiffusion. Calculation by (1) supports the fact
that VE;O) =V, = 20-50 m/sunder optimal fullerene pro-

duction conditions. This range is consistent with esti-
mates [12] made from radically differing standpoints.

Ve—V, =

VARIATION OF GAS PARAMETERS
IN TURBULENT AND VISCOUS GAS JETS

(i) The procedure of calculating the parameters of a
turbulent two-component gas jet withitsinitial velocity
given that was described elsewhere [7, 8] can also be
applied to afan-shaped jet. Over the main part of the jet
(Fig. 2), theradia massvelocity at thejet axis, Uy, rel-
ative weight concentration & = n-mq/p of the carbon at
the axis, &, axia temperature T,,; and haf-width
0(x) of the jet can be calculated by the method of inte-
gral relations, i.e., using the laws of conservation of
fluxes of momentum, excessive enthalpy i —i,,, and car-
bon:

3(x)
2T[I dzpxu® = 27 ,b,P,Us, )
0

3(x)
2T[I dzpxu(i —i,) = 21robopoUo(ip—is), (3)
0

3(x)
21 I dzpxu& = 21 bypoUoé o 4
0

(p isthe gas mixture density), as well as from the inte-
gral relation for energy [7]

3(x) 3(x)

211%( J' dzpxu® = 2mx J’ dzp DU‘V‘[%. (4)
0 0

These relations should be complemented by the
assumption that the curves of velocity f, = WUy, CON-
centration f; = &/& ., and excessive enthalpy, aswell as
correlation function Wr'V'Oof turbulent pulsations of
radial velocity u and transverse velocity V, have atrans-
No. 11
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verseform. (Hereafter, the subscripts max and co denote
the parameter values at the jet axis and outside the jet,
respectively.) Temperature T,, outside the jet was taken
to be the same throughout the chamber. Such an
assumption isvalid, since the jet originates not only in
the electrode gap but also from a nearby narrow region
on the lateral surface of the anode that is heated to
2000-3000 K. Beyond this region, the anode tempera-
ture sharply dropsto 1200-1500 K, asfollowsfrom the
calculation [4], and so the relative variation of this
parameter outside the jet is much smaller than along its
axis.

If we replace integral relation (4) by the simpler
relationship

qd&/dx = 2/(1+ PulPrer) (5)

with empiric constant g = 0.26 [9] and assume that the
profiles of the excessive enthalpy and concentration f;
are identical, the problem is reduced to solving three
equations for three unknown functions of x, which are
jet half-width &, dimensionless velocity U, . = UnaxdUos
and dimensionless carbon concentration Yia = &mad&os

1
1-f:(1-p) 1
X(X)U 2 [AA T (A :
09[N T T T E Ty
by 1
T 1-&(1-p)
1

X6(X) u maxymaxIdA f u f 3
0

(6)
y 1-f¢(1-p) 1
1-f(1-pt)1-E&ofeyma(l—H)

by 1
T 1-&o(1—p)’
dd _ 2
X = T+ (= Eoymad =)

In (6), gas-to-carbon atomic mass ratio = my/me =
1/3 and parameter T = Ty/T,, characterizes an initia
heating of thejet. Thevelacity distribution over thejet’'s
cross-sectiona area is assumed to obey the Ginevskii
profilef,(A) = 1-8A?+ 6A3—3A*[8]. Asconcentration
and excessive enthalpy profiles, we used the experi-
mentally found relationship f¢(A\) = f,(APr) (Pr = 0.6)
[8], which assumes that the temperature boundary of
the jet is an outer boundary relative to the velocity
boundary. In going from the enthal py profileto thetem-
perature profilein (3) and in the third equation in (6), it
is assumed that both carbon and helium remain mono-
atomic.

System (6) was solved by iterations at each x. In the
particular case of a heated jet of the heavy carbon vapor
striking a light buffer gas, the solution simplifies
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Fig. 2. Structure of aradial—slot jet propagating normally to
the discharge axis: (1) discharge axis, (2) potential core of
the jet, (3) main portion of the jet, (4) fullerene production
region, and (5) axial plane of the jet.
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Fig. 3. Variation of the density of the carbon-buffer gas
(helium) mixture along the jet axis. The jet overheating
parameter T = 6, the carbon relative partial pressure at the
exit from the gap is ng)) TP =23, Tg=0.6eV,and T, =
0.1eVv.

greatly, because the density of the binary gas mixture
variesinsignificantly along the jet axis. Figure 3 shows
thevariation of therelative density of the mixture, p/p..,

calculated for T =6 and P/ ng)) To=3/2 (thesevalues are
typical of fullerene production conditions). In this case,
Po/P. 1IS~1.2(i.e, fairly closeto unity); therefore, asan
initial iteration, one can use the well-known solution
for the main portion of a fan-shaped jet of an incom-
pressible liquid [§],

(7)

Une 1| Bo 1
U A/Kz 12kr, /(leré)—l



1426

Ma _ &max _ Toa = T
No &o To—T,
8
A [ 1 ©
12kr, /(lerg)_l
r
0= 12Kr°EF_;(H 9
where
1 1
A, = Id/\ff,’(/\), Ag = Id/\fu(/\)fa(/\),
0 0

and Kk = 0.01 is a phenomenological parameter of the
theory of turbulence [8] (it is related with parameter a
used in [7] ask = a/10).

As follows from calculations, the relative discrep-
ancy between the velocity curve and initial iteration is
within 15% even early in the main portion of the jet and
decreases further with distance from the source. Such a
result was expected, since the calculations made in [9]
for ajet heated to T = 6 (though in the planar configura-
tion) showed that the velocity decreases relativeto T =
1 by no more than twofold even if thejet gas and buffer
gas are the same (the compensating effect of a heavier
component is absent in this case). Below, it will be
shown that, under conditions appropriate for fullerene
production, the carbon initial concentration and theini-
tial temperature of the gas mixture are so high that the
density of the mixture can be put constant along the jet.

Formulas (6) are valid for a fan-type source, i.e.,
imply the presence of a symmetry plane. The condi-
tions under which the jet makes an angle with the cross
section of the chamber aretypical of the fullerene-pro-
ducing arc geometry. This case can be reduced to equa-
tions for a symmetric jet by making the substitutions
X—>1,Z2—= Y, u—V,andV — Vy+ uy/r [13] (the
coordinate system is shown in Fig. 1, angle 8 is mea-
sured from the positive direction of the z axis).

The solution given by (7)—9) refersto the main por-
tion of the jet. The technique of measuring the variation
of the thickness of the layer where the carbon vapor and
gas mix up at theinitia portion (Fig. 2) and also of the
length of this layer (over which the longitudinal veloc-
ity remains nearly constant) is described elsewhere [8].
Radius x, of theinitia portion, which isfound from the
relationship

(Xa/bo)* = (rolby)* _ A=Ay

2Xo/by T 2AA,°

equals (34)b,. Calculations show that taking into

account the initial portion of the jet influences the final
result insignificantly.

(ii) At low carbon concentrations and initial veloci-

ties of the get, the Reynolds number is no greater than

(10)
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10. Therefore, it is of interest to analyze a viscous gas
jet. Carbon in this case can be considered as a small
impurity. Relevant calculations were performed in [14]
for the plane-parallel geometry using the Dorodnitsyn
transformation [9]. Similar consideration can be
applied to a fan-shaped jet. In the boundary layer
approximation [13, 15], the complete set of equations
for a viscous fan-shaped jet includes the continuity
equation, Navier—Stokes equation, energy balance
equation, and equation of state of gas,

0 0 _

&(pxu) +6_z(va) =0, (11)

au ou _ 0 du
p”ax pVaz 0z7r (12)

0 GTD
TD+pV62E2TD az% a0~ 'kax (13)
P = eT - congt, (14

m

«

where the term o}, (0Vi/dx,) alows for viscous energy

lossesand p, n, and  are, respectively, the density, vis-
cosity, and thermal conductivity of the gas.

If the temperature gradient is high and the gas vel oc-
ity is low, viscous losses in energy balance equation
(14) can beignored. Then, it followsfrom (12) and (13)
that

%g— Ov(r).

In the elementary theory of gases, x/n = 3/2; in the
rigorous kinetic theory of gases, x/n = 15/4 [16]. For
inert gases, X/n = 15/4 is accurate to within 5%, so that
T(r) ~V(0.7r). If Xx/n = 5/2, the radia velocity (u) and
temperature (T) profiles are in full accordance,

T =Tom+T,

™ (15)

this result being valid for both the initial and main por-
tions of the jet.

If (15) holds, set (11){14) has a solution in two
cases. N = ny=const and n ~ T. Sincethe viscosity actu-
aly behaves asn ~ T96[17], it would be of interest to
obtain both solutions and compare the final results.

For n = const, a solution to the continuity equation
a T > Tsistrivia, V/u = —z/x, and the Navier—Stokes
equation

X(0U/AX) — Z(0u/d2) = {x(0%U/0Z)

(where ¢ = Tygn/mPu,) transforms into the equation of
diffusion along an infinite axis after passing to variables
Q =xzand & = x33. For 2b, < ryand x> by, itssolution
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has the form
6bgr U D 22 0
_ ol oUo 3X°7Z D (16)
ZA/T[(X —rd) D 4(x* = ro)]

Hence, it follows that, when the conditions x > r
and T > T, are met simultaneously, the jet width & ~
JX and Upg, ~ 11532,

At n ~ T, system (11)—14) is reduced to the equa-
tions for an incompressible viscous liquid by means of

the Dorodnitsyn transformation V. — V = (p/po)V +
u@@Y/ox)andz— Y= N dy' (p/py); so, thewell-known
solution will suffice provided that arelation between u
and T is specified.

For a fan-type source in an incompressible liquid
[13], the asymptotics for u has the form

u=(w /2vx)/coshzw(z,x)

(17)
where v = 1y/p, and constant w is found from the con-
dition of conservation of momentum in the jet.

For the gas, Eq. (17) with regard to (15) transforms
into an integral equation for u that is easy to solve,

B
J2v o =T

(18)
Jm/2v+«/oo/2v ux
«/(o/2v «/(o/2v Jw/Zv ux
wheree =T /(Ty — T.,).

Sincee ~ 0.1 < 1, thelast term in (18) can be disre-
garded; then, the solution has the form (at |2 < w/up)

EUyX
W Ux + 0

=2 (19)

(i.e., Unx ~ 1/X), which somewhat differs from the law
Unax ~ 1/X3? described in (16). From (19), it follows that
parameter w/u, has the meaning of effective jet width &
at T> T,: it equalssevera centimeters and depends on
x insignificantly. Constant w calculated by (18) isw =

(3UpNofodpo) .
From the definition of mass velocity VL] formula

(1), and the continuity equation, it is easy to find for
carbon concentration n¢ that

. mgP Epnc DTDD
le%‘ICD/D—Dp—TnCDn ?DD O

where VL]=uand W= V.

If ncissmall and variesin the longitudinal direction
much more slowly than in the transverse one (aswell as

(20)
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velocity u in the boundary layer approximation), (20)
reduces to

0 z0
&(unc) _>_<6_z(un°)
21
oz e gz oz 0~

At a constant pressure, the dependence D(T) is
described well by the Fuller—Schletter relation D(T) ~
TL7 [16]. Therefore, we considered two simple cases:
D(T) ~Tand D(T) ~ T2 If D(T) ~ T, (21) transformsto
the form

(c)

X@Z unc) — —"‘(Unc) =0,

which coincides with the equation for velocity u if A =
Dy/u, is substituted for ¢. Hence,

037 3z
% PO

If the density of the carbon vapor islow, its velocity
is given by V. =V — DOIn(ung), so that, at D ~ T,
(Vo) =uzl2xand (V)= u.

Based on these relationships, one can easily show
that the region of the most efficient fullerene production
isto the side of the jet axis. In [6], it was demonstrated
that assembling of a fullerene molecule, which can be
represented as the transformation of its precursor, a
two- or three-ring carbon cluster in a buffer gas, into
fullerene, takes place in a narrow interval near optimal
temperature T, = 0.25€eV. If v=constandn =pv ~T,
thisregion, asfollowsfrom (15) and (19), isthe surface
of revolution of a parabola,

ung D (22)

Topt = = (23)

However, transformation of the precursor into
fullerene is possible only if the carbon has aready
evolved from the atomic state to multiring clusters
[5, 6]. The stages of evolution are assembling of carbon
atoms into chains, twisting of the chains to form ring
clusters, and coalescence of the clusters. These trans-
formations, viewed as chemical reactions, have a low
energy of activation (within 1 eV [5, 6]) and proceed at
an elevated temperature. Therefore, we may assume for
simplicity that total time t' taken to complete all the
stages depends on temperature insignificantly, unlike
the stage of fullerene assembling from multiring clus-
ters, which has ahigh energy of activation and critically
depends on temperature [6]. Therefore, the “readiness”
toassemble, i.e., the presence of multiring clustersin an
amount sufficient for fullerene formation, can be
roughly estimated from the condition t' = t, where t is
the time for which the impurity moves aong the
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Fig. 4. (1) Curve of readiness and (2) curve of efficient
fullerene production.

streamline that passes through a given point with coor-
dinates (x, 2). If n ~ T, these coordinates are related to
initial coordinates (xs, Zg) as z = zg(x/Xg)¥? and the time
of motion along the streamline is given by

_ 2vx° w0 Do’ 1 _:E (24)
W WO 1-udie’ O

The surface of revolution given by (24) at t = t' can
be named the “surface of readiness” While quantity t'
is somewhat conventional, it is clear that the surface of
readiness must cross the axis z = 0 before an optimal
temperatureisreached; that is, an optimal coordinate of
transformation into fullerene, Xy, is larger than quan-
tity (To/Ug)(w?/2vT,y) in (23). Numerical analysis per-
formed with typical values of the parameters showsthat
the surface of readiness (curve 1 in Fig. 4) crosses curve
(23) (curve 2inFig. 4) at z= Z,, < w/uy and runs above
curve (23) at |2 > Zyy. Thus, at |2 > z,y, the clusters can-
not yet produce fullerenes. At the sametime, the carbon
flow velocity near z,, is much lower than near the jet
axis and so fullerenes at point z,, are bound to form
with amaximal rate.

The same result, though after more awkward math-
ematics, was obtained in the turbulent case under the
assumption that the jet density is constant.

FULLERENE YIELD VERSUS DISCHARGE
PARAMETERS

Because of a small variation in the jet density, the
fullerene yields as a function of the jet initial parame-

ters (carbon concentration n{, temperature T,, and
velocity V) isvirtually the same asin [6]: the amount
of fullerenes drastically drops with increasing VE;O) and
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Fig. 5. (4) Relative content of the fullerene in the soot
(fullerene yield), a, vs. the current density in the arc. The
electrode radius is rg = 0.5 cm, 2by = 0.32 cm, and P =

100 Torr (the dashed line fits experimenta data).
(b) Fullerene yield vs. electrode radius ry. The electrode

gap width 2by is (1) 0.20, (2) 0.32, and (3) 0.45 cm.
(c) Fullerene yield vs. electrode gap half-width by at the
optimal current. ro= (1) 0.30, (2) 0.45, and (3) 0.60 cm (the
dashed line fits experimental data).
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decreasing nﬁ;o)

strongey).

The procedure for finding theseinitial parameters at
agiven current and gas pressureisthe following. Using
the earlier developed agorithm [4], we determined the
variation of the carbon concentration and temperature
across the electrode gap (i.e, along coordinate z,
Fig. 1). The gap-averaged values were taken to be the
initial concentration of carbon and initial temperature
at x = 0. To calculate the average concentration of the
carbon, the curves for carbon atoms and ions were
added up at each point.

Theradial run of the temperature and concentration
up to the beginning of the main portion of the jet, x =
X;, Was assumed to obey a power-type law, and the
exponent was found by joining with (8) at point x;. In
thisway, theinitial velocity of thejet at x =, was deter-
mined. It was assumed that the width of the jet varies
linearly intheinterval ry < x < Xy, and the velocity vari-
ation wasfound from the conditionsthat the carbon flux
21X0(X) Ve remains constant.

The calculated dependences of the fullerene yield
on the current, pressure, gap width, and electrode radii
areshownin Fig. 5.

For the reasons noted in [6], the absolute fullerene
yield cannot be calculated exactly. This is because the
barrier due to the Gibbs energy, which must be over-
come when a fullerene molecule is generated, cannot
be calculated with a reasonable accuracy by the meth-
ods of quantum chemistry. Therefore, a in Fig. 5isthe
ratio of the actual yield to the absolute maximum
obtained by calculation.

The dependence of a on the current density (Fig. 5a)
peaks at a current density of about 300 A/cm?, the posi-
tion of this peak being dependent on the other parame-
ters only dlightly. As the electrode radius increases, a
grows insignificantly, all other parameters being the
same (Fig. 5b). Such adependences refl ects the compe-
tition of the following tendencies, which are embodied
in the model suggested: (i) as r, increases, the initia
vel ocity of the carbon jet remains almost unchanged but
the spatial scale of conservation of this velocity in the
potential core expands, thereby diminishing a; (ii) asr,
increases, the carbon vapor concentration in the poten-
tial core decreases more rapidly, which also causes a
decreasein a; and (iii) the discharge heats up, since the
radiation goes outside only from the circumferential
regions of the arc, which occupy a progressively
smaller area. This leads to an increase in both the car-
bon concentration and the initial velocity of the jet, the
former factor having a stronger effect on an increase
ina [11].

Thea versus gap width dependence (Fig. 5¢) isnon-
monotonic. At a narrow gap, o decreases. This is
because the carbon temperature and concentration drop
as a result of shrinkage of the local thermodynamic
equilibrium area. Other factors (adecrease in radiation

, the effect of the latter parameter being
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losses, an increase in factor DP/(P — n:T) in (1) and,
hence, velocity V) play aminor role.

The curves shown in Fig. 5 are consistent with our
experimental data obtained in [3] (dashed lines). The
fullerene yield versus ry (Fig. 5b) was not verified
experimentally. However, the associated curves are in
qualitative agreement with the results obtained in [18].

CONCLUSIONS

The basic results of thiswork are as follows.

(1) The presence of the hot discharge area with a
high carbon density and a low gas density generates a
two-component gas jet.

(2) Evaluation of the gas jet parameters is straight-
forward, sincetheinitial portion of the jet isformed by
the heavier component (carbon) under the conditions of
interest for fullerene production. Accordingly, the den-
sity of the binary gas mixture varies along the jet axis
insignificantly. This allows one to use the well-known
solution for ajet of an incompressible liquid (at least,
as afirst approximation).

(3) Therate of fullerene production is the highest at
the periphery of the jet rather than on its axial plane.
This finding holds true for both the turbulent and vis-
cous jet.

(4) Combined use of the 1D model of the discharge
gap, fan-shaped gas jet analysis, simple model of gap—
jet transition, and simple fullerene production Kinetics
has made it possibleto construct the dependences of the
fullerene yield on the width and radius of the electrode
gap, which are in good agreement with experimental
data.

The analysis performed in thiswork may serve asa
basis for considering the fullerene production kinetics
in areal finite-dimension reactor of a given geometry.
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Abstract—The problem of anideal incompressibleliquid flowing in an axisymmetric pipe with across section
varying in space and time is solved. The case when the area of variation of the cross section is represented by
two identical series-connected cylindersisconsidered. It isshown that, if the cross sections of the cylindersvary
with a constant frequency so that one decreases and the other increases, pressure difference oscillations arising
at the ends of the cylinders bear information on both the liquid density and the flow rate in the pipe. The feasi-
bility of designing an instrument based on these results and the choice of its performance parameters are dis-
cussed. It is noted, in particular, that the length of either cylinder must be no less than the pipe mean diameter.
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Among the variety of liquid and gas flowmeters,
mass flowmeters are usually of primary interest for the
user. These devices measure the oscillations of a flow
whirled in a special manner [1], gyroscopic moments
acting on the moving parts of pipelines or moments of
inertia(Coriolisforces) of turbines (or radia bar rotors)
rotating in aflow to be measured [2], or distortion of the
temperature field in the pipeline heated from the out-
side and washed by the medium to be measured from
theinside[2].

In this paper, we offer anew method to measure the
density and mass flow rate of a liquid. The processes
occurring in this flowmeter alow usto categorize it as
an inertial mass flowmeter that stands out from other
representatives of this class because of its unique prop-
erties. Let us perform tentative theoretical calculations
based on which we shall proceed further.

Consider an incompressible ideal liquid (Fig. 1)
flowing in an axisymmetric pipe the cross section of
which is a function of coordinate and time. Cross-sec-
tional area §(x, t) of the pipe isassumed to be given.

Assuming the flow to be quasi-one-dimensional, we
can write the set of equations for such a flow in the
form [3]

0S, 3(SV)

ot ox O "
oV, 2V _ _1dp
at 0X pox’

Here, p isthe liquid density, S(x, t) is the pipe's cross-
sectional area, and V(x, t) is the velocity averaged over
the cross section. The average velocity is related to the

T Deceased.

mass flow rate as!

Q(x,t) = pV(x, 1)S(x, 1), 2
where p(x, t) isthe pressure averaged over the cross sec-
tion.

If constant of integration C(t) is time-independent
and equal to Qy/p, where Q, isthe massflow ratein the

unperturbed part of the pipe, the first equation of sys-
tem (1) yields

o
B:(t) I 2o = é%%—h—tsd%. 3)

Substituting Eg. (3) into the second equation of (1)
and carrying out appropriate calculations, we obtain

10 19SS (0S [T

St = Soxdy J3ioo .
. 205 1.9°S,

Sattp S i Sl

Of interest is a solution to this equation for the case
when the cross section varies over a part of the pipe by
the law

DSO+G(t X) = So+aosng(|f%sn(wt)
D

S= ©)

SO%HésnDLDsm(oot)E a -L<x<lL,

%ao, a -L>x L>x.

L In this formula, the mass flow rate may have both signs according
to the sign of velocity V(x, t) relative to the x axis.

1063-7842/05/5011-1431$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 2. (1) Flow to be measured, (2) |eft pressure meter, and
(3) right pressure.

Here, & = a)/S,. We shall seek an expression for the
pressure difference between points x = —L, x = 0, and
x=+L; i.e,, Ape(t) = p(0, t) — p(—L, t) and Apyign(t) =
p(L, t) —p(0, t). By way of illustration, Fig. 2 showstwo
phases in variation of the cross section: phase 1 corre-
sponds to time intervals when sin(wt) > O; phase 2, to
those when sin(wt) < O (the positive direction of the x
axis coincides with the flow direction). We linearize
Eq. (4), assuming that & is small and the inequality

QoTt
pPSwL

>1
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is satisfied.? Eventually, we arrive at the following
equation:

op _ dw Lp 0

X Sn«m)%DSDLD 15
250 X, Q3 X
+Q, S cos(wt)stLD+ pSZ,OLS'n(wt)COSDLD

Integrating over x yields an expression for the pres-
sure of a nonviscous liquid flowing within the portion
x O [-L, L] of amoving-wall pipe and obeying law (5)
in the quasi-one-dimensional approximation (the
motion of thewallsissmall, d < 1),

2
6wn|2_ psm(oot)st(TD

p(x, t) = O_0

dwLp
T

+ sin(wt)(x+L)

20wl ©

S cos(wt) %OSDL il 1%

-Qo

+ %)ésm(mt)st(TD + Py,

) i oL
where P, is a constant of integration, which may be
equal, for example, to the hydrostatic pressure.
The pressures at the points of interest are

p(-L,t) = Py,
2, 2
p(0,t) = Swl psin(oot)—Q046(*)Lcos(wt) + Py,
ST
280 L°
p(L,t) = Tpsin(wt)+Po.

Now we construct the desired pressure differences,
Api(t) = p(0, 1) —p(-L, t)

= p&’il‘ sin(wt) — 4Q06—°é|gcos(wt)
Apign(t) = p(+L, 1) —p(0, 1)
= péwz sin(wt) +4Q0§—°Sl|;cos(cot) @
Ap(t) = p(+L,t) —p(-L, 1)
= 2p6°° L sin(wt).

According to formulas (7), if the cross sections of
two series-connected identical portions of a pipewith a

21t will be shown that this stringent condition reduces the practical
value of the results obtained.
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flowing liquid vary harmonically in antiphase so that
the oscillation amplitude is much smaller than the
diameter of the unpertubed part of the pipe, variable
pressure differences arise within those portions. Sepa-
rately measuring the amplitudes of the mutually
orthogonal components of the pressure differences, one
can independently find the density and mass flow rate
of the liquid. From Eq. (7), the amplitude of the in-
phase and orthogonal components are given, respec-
tively, by

Ao = 4Que = [ 3], ©)

In essence, to measure the density and/or mass flow
rate, one should apply identical periodical axisymmet-
ric antiphase impul ses to two series-connected portions
of the pipe perpendicularly to the axis of the pipe
(Fig. 2; such an action on a flow changes its axia
momentum within the portions of interest) and then
analyze a variable pressure difference in any of these
portions. The pressure differenceis dueto axial inertial
forces arising in the moving liquid.

Below, we would like to answer the questions that
inevitably arise in an attempt to implement ameasuring
device.

FORCE PULSER

As an impulse-generating unit (force pulser), we
offer athin elastic cylindrical membrane clamped at its
center and at both ends in such away that the inner sur-
face faces the flow to be measured and the outer surface
isinaclosed cylindrical vessel divided into two strictly
identical isolated semicylinders at the place of the cen-
tral clamp.

It isassumed that each of the isolated semicylinders
is hermetically connected to a bellows through holesin
the outer wall. The free end of one of the bellowsisrig-
idly connected to the free end of the other semicylinder,
and the inner spaces of the semicylinders are discon-
nected and filled with a special bubble-free liquid
(Fig. 3). The joint of the bellows with a baffle in
between will be called the head of the bellows couple.
The case considered in [4] shows that the pressure
dependence of the deflection of the cylindrical mem-
brane is linear. Hence, a sinusoidal pressure variation
above the membrane will cause sinusoidal perturbation
AR of itsradius R,. It can be shown that, if 8, = AR/R,
issmall, the relative increment of the pipe’s cross-sec-
tional area, 6 = ay/S,, may be set equal to & = 23,; hence,
the variation of the cross-sectional areais aso sinusoi-
dal. Thus, asinusoidal displacement of the head of the
bellows couple will lead to asinusoidal variation in the
cross section of the cylindrica membrane. In other
2005
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Fig. 3. (1) Driving oscillator with frequency w, (2) synchro-
nous motor, (3) 12 phase shifter, (4) integrator over the
interval 0 <t < 217w, (5) value proportional to the mass flow
per second, (6) value proportional to the liquid density,
(7) left analyzer, (8) right analyzer, (9) bellows couple,
(10) flow being measured, (11) elastic cylindrical mem-
brane fixed at the center and at the ends, (12) pressure dif-
ference sensor, (13) body of meter, (14) ring chamber her-
metically closed from the inside by the elastic cylindrical
membrane of diameter equal to the pipeline diameter, and
(15) displacement direction of bellows couple head.

words, to make the cross section vary by law (5) isquite
realistic.

Such a balance scheme of flow perturbation by
law (5) is very convenient: the equilibrium position of
the head of the bellows couple does not depend on a
strong variation of the hydrostatic pressure provided
that an external force displacing the head is absent; oth-
erwise, the mass flow rate and the density of the liquid
would have to be measured separately.

How long should length L of the cylindrical mem-
brane be? For a flow about a body vibrating with an
amplitude much less than its characteristic dimension
[5], it is argued that the velocity of the liquid experi-
ences perturbations on the order of the vibrating body
velocity over adistance roughly equal to the dimension
of the body. Then, taking the length of the “breathing”
wall for the length of a vibrating body and setting it
equal to the diameter of the pipe, one can assume that
the flow velocity will vary roughly by the wall velocity
over any cross section of the “modulated” part of the
pipe. That is, al the liquid will have an alternating-sign
momentum over the length of the modulated part.
Accordingly, the length of the measuring device with a
bal ance force pulser must be no less than two diameters
of the pipe. A more accurate selection of the dimen-
sions of the force pulser can be made after a careful
consideration of the flow velocity distribution over the
time- and coordinate-dependent cross section.
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SENSOR

We recommend pressure-difference sensors based
on a single-crystalline silicon membrane. Silicon pres-
sure sensors offer a high precision, sensitivity, and
overload endurance; wide dynamic range; extremely
small hysteresis; and operating reliability. In addition,
they are almost inertialess.

ANALYZER

Anaysis of the signal from the pressure sensor
implies harmonic separation. In general, measuring the
amplitudes of two harmonics with frequency w and
mutually orthogonal initial phasesis atask of spectral
analysis. Such a problem can be solved, e.g., with a
device described in [6].

The amplitude of the variable pressure-difference
component that isin phase with the moving membrane
is proportional to the flow density, and that of the
orthogonal component to the mass flow ratein the pipe.
From the expressions for Apjg(t) and Apyign(t) in (7), it
readily follows that measuring the difference between
the output signals from the left and right analyzers
improves the sensitivity of mass-flow measurement
twofold. Similarly, measuring the sum of the output
signals improves the sensitivity of density measure-
ment by the same factor. A wide variety of different cir-
cuit-design approaches and devicesthat may be applied
to solve this problem saves us any comment on this
issue.

Let us perform a tentative calculation. For pipe
radius R, = 5 cm, driving frequency f = w/2m= 60 Hz,
half-length of the variabl e section of the pipeL =30 cm,
liquid density p = 1 g/lcm?, and relative change in the
pipe diameter o, = 0.005, the partial pressure amplitude
proportional to the density of the liquid is A, = 0.41 x
106 dyn/cm? = 0.41 x 10* mm H,O/cm? = 0.41 atm (see
formula(8)). To calculatethe partial pressure amplitude
proportional to the mass flow rate, we substitute the
value of the mass flow taken with regard to the limita-
tion mentioned above (see footnote 2) into Eq. (9). This
is a critical value starting from which the theory pre-

MAYOROV, ONISHCHUK

sented here adequately describes the processes taking
place in the measuring device suggested. In our case,
thisvalueis Q, = 2.84 x 10° g/s and the partial pressure
responsible for the mass flow rateis Ag = 1.27A,,.

Aswas mentioned above, our theory isinvalid when
0 ~ 1. We suppose that, without this limitation, the
response of the device (pressure difference) will also
depend on both the density and the mass flow rate of the
liquid, possibly in another form. It seems that a rela-
tionship between the components involving the mea-
surands will be more suitable for the combined mea-
surement. This issue will be clarified after solving this
more complicated problem.
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Abstract—In the fourth order of smallness in the amplitude of a periodic capillary—gravitational wave travel-
ling over the uniformly charged free surface of an ideal incompressible conducting liquid of afinite depth, ana-
lytical expressions for the evolution of the nonlinear wave, velocity field potential of the liquid, electrostatic
field potential above the liquid, and nonlinear frequency correction that is quadratic in a small parameter are
derived. It is found that the dependence of the amplitude of the nonlinear correction to the frequency on the
charge density on the free liquid surface and on the thickness of the liquid layer changes qualitatively when the
layer getsthinner. In thin liquid layers, the resonant wavenumber depends on the surface charge density, while
inthick layers, this dependence is absent. © 2005 Pleiades Publishing, Inc.

(1) Nonlinear waves on the charged surface of an
incompressible liquid are the subject of considerable
scientific and applied interest (see, for example,
reviews [1-4]). This phenomenon is most frequently
encountered when the depth of the liquid layer isfinite
[1-4]. Therefore, it would be reasonable to see how the
depth of the layer influences the liquid flow and stabil-
ity of the charged liquid surface. This issue has been
repeatedly considered in the linear statement [5], in the
nonlinear statement for the uncharged liquid surface
[6, 7], and in the soliton statement [8-10]. A variety of
works[11-19] have been devoted to studying nonlinear
periodic capillary—gravitational waves on the charged
surface of an infinitely deep idea liquid. The general
approach to analyzing nonlinear periodic waves on the
free liquid surface has long been formulated, and sev-
eral regular asymptotic methods of investigation have
been developed [20-23], among which the method of
many scales is the most efficient. This method will be
used inthiswork. Here, we aim at finding an expression
for the profile of a nonlinear capillary—gravitational
wave travelling on the charged free surface of an ideal
conducting liquid of afinite depth. The expression will
be sought in the fourth order of smallness in the wave
amplitude, which is assumed to be small compared
with the wavelength (the velocity field potential of the
wave liquid flow and the electrostatic field potential
above the liquid will be sought in the same order of
smallness). Our second goal is to find a nonlinear cor-
rection to the frequency.

Theissues mentioned above are al so topical because
of the fact that the solutions to the related problems
obtained recently for nonlinear periodic waves on the
charged surface of a viscous liquid of both infinite
[24, 25] and finite thickness [4, 26] are very awkward
even in the second order of smallness. Accordingly,

investigation of relations between the physical parame-
tersof anonlinear wavethat isbased on numerical anal-
ysis of these awkward analytical expressions is very
difficult. Therefore, many physical parameters of the
nonlinear wave process on the charged liquid surface
we are interested in, specifically, nonlinear frequency
corrections, are more convenient to analyze using the
ideal liquid model, which gives compact anaytical
expressions up to the fifth order of smallness[19].

(2) Let an ideal incompressible conducting liquid
layer of density p and surface tension coefficient o that
isinfinitein the horizontal direction occupy the domain
0<z<h. Thelayer issubjected to the gravitational field
and an electric field of strength E,, which is collinear
with freefall acceleration g. Unit vector e, of the Carte-
sian coordinate system is directed oppositely to g. Let a
plane wave of small amplitude a, wavenumber k, and
frequency w,

t = 0:&(xt) = acos(kx—wt); ka<1, (1)

travel over the surface of the layer in the positive Ox
direction. This wave disturbs the equilibrium free sur-
face of theliquid, z= h, so that the equation for the sur-
face takestheform z=h + §(x, t).

Mathematically, the problem of nonlinear wave flow
on the surface of an ideal incompressible conducting
liquid of afinite depth bordering a vacuum and placed
in an electrostatic field with strength E, normal to the
free liquid surface is stated as

0<z<h+& Agp =0,
E<z<o: AD = 0,

- .08 0809 _ 09
z=h+& 3t T 9axax _ oz’
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where P, Pg, and P, are the pressure of surface tension
forces under the free liquid surface disturbed by the
flow, pressure of electric field forces, and gravitational
pressure, respectively.

It isassumed that hydrodynamic vel ocities are much
lower than the velocity of electromagnetic waves. In
this approximation, the Maxwell equations for a time-
varying electric field above the time-varying free liquid
surface are reduced to the Laplace equation (with
appropriate boundary conditions) for the electric field
potential above theliquid, since therate of equalization
of the electrostatic potential over the wave-disturbed
surface of an ideally conducting liquid may be taken as
infinitely high.

To uniquely solve the problem stated by (1) and (2),
it isnecessary to set one moreinitial condition. In prob-
lems of thiskind, preset initial conditions may exceed-
ingly complicate a final solution. Therefore, asis cus-
tomary in this case [11-14, 17-26], the second initial
condition will be chosen during the solution of the
problem in such away asto simplify final expressions
for free surface perturbation &(x, t), vel ocity field poten-
tia @(r, t) of the wave flow, and electric field ®(r, t) as
much as possible.

(3) Let us split the problem into several subprob-
lems of different orders of smallness under the assump-
tion that the unknown functions are perturbation & =
&(x, t) of the free surface, velocity field potential ¢ =
@(X, z, t), and electric potential ® = P(X, z, t). We shall
seek them in the form of expansions in small dimen-
sionless parameter € = ak,

§ = g8, +e78,+e°8,+£°E,+0(e),
@ = eq+eQ+ep +e'q +O(e), 3
O = —Eyz+ed, +°D, + D, +e'D, + O(e).

In accordance with the basic idea of the method of
many scales [6, 22, 23], we assume that desired func-

KUROCHKINA, GRIGOR’EV

tions &,(x, 1), (X, z t), and ®,(X, z t) depend not only
on coordinates x and z, but also on time scales, specifi-
cally on the main scale T, = t, and slower ones T, = €,
T, = €%, and T, = €%. In other words,

&n = &n(X, To, Ty, Ty, Ts),
G = O(X 2, Ty, Ty, T, Ty),
O, = D (X 2T, T,,T,,Ty).

Then, according to the differentiation rule for a
function of several variables, operator d/0t of taking the
first time derivative takes the form

0 0 d 2 0 3 0

- 0 o o o 4
i ot ST tEaT, tE AT, TOE). )

Substituting (3) and (4) into (1) and (2) and equating
the coefficients multiplying the terms with the same

powers of € to zero yields problems of the zeroth, first,
second, third, and fourth orders of smallness.

(4) In the zeroth order of smallness, the free liquid
surface remains unperturbed (and is described by the
equation z=h), theliquidisat rest, and the electric field
is uniform throughout the space,

E2
@0501 PE:_é-.’—(_)[a |EDOE_EOEEZ.

(5) Mathematically, the first-order subproblem is
stated as
O<z<h:A@, =0,
h<z<o:A®, = 0,

_ .08 09 _
Z—h.aTO—E—O,

0’8, Eo0®; _
+9951—0§+EE =0,

¢,
pa_TO

0P
L5+ @ =0,

_ 00
z=0: 37

Z—0:.®, —0.

:O,

The first-order subproblem is easy to solve by clas-
sical methods,

1 = S(exp(i6) + Lexp(-iB)), B=kx-wT,,
o = SO Zexp(i0) + Lexp(-i6)), 5
@, = Zexp(k(h—2))(L e (i) + {em(-i6)), K
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> _k 2 Eg'ﬂj
W = F-)tanh(kh)g;gmk -5

where w is the frequency, { = {(T,, T, Tj) is an
unknown complex function of time that is found by
solving the higher order problems, and the bar marks
complex conjugates.

(6) The second-order problem is stated as
O<z<h:A@, =0,
h<z<ow:A®, = 0,

_ . 0% 09, _ 0%, 0908, Eczi_cpl
T AT, az aTl X X pA’
0@, 0252 Eq0P,
—pa +pgé, + G——EIE
L 00", 1 00
=P, ElaT + 3P05 * 3P aat
_ 1% _LE@&D vg, E00®
grnillox  8mUozU ~ “'4m 52
0P filo]
EZ 0 El azl
0Q,
z=0: 37 = 0,

Z—0:®, 0.

Substituting first-order solutions (5) into the inho-
mogeneity functions, one can obtain a solution to the
second-order problem,

£, = f—g(l—(coth(kh))z)zz

+Q(L2exp(2i8) + T exp(=2i8)),

_ iwcosh(2kz) rk

= K sinn(2kn) g k) - o
x(zzexp(Zie)—Zzexp(—zie)), (6)

®, = EEO ((coth(kh)) —1)+E°'4j

+ Eoexp<2k(h—z))%+ of

x (L’ exp(2i8) + {"exp(~2i6)).
Coefficient Q entering in this solution will be
defined below.

When seeking second-order solution (6), we used
the second initial condition: vanishing of the amplitude
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coefficient multiplying a nonlinear correction to the
first-order solution (this correction has the same, not
double, argument of the hyperbolic cosine as the linear
solution).

(7) In the third order of smallness, the related sub-
problem is stated as

O0<z<h:Ag; = 0,
h<z<ow:Ad®; = 0,
08, 0%,
‘0T, o0z oT, 0T,

0<P16§2 _f 0 (91021
Ox 90X toxazax
9 (Pl 9 (Pz 1 26 (Pl

azz E- az _El ’

0@, _ 0,0¢,

’g,

0Q, a(I)z 9 (Pl
" ElaToaz

= P3T, T PaT, TPt

0’ ¢ 1 .o ’q, 09,00,
*PE5T 5.t 2 ElaToa TPax ax

a(Pla (Pl

a(Pla(Pz Y
oz 97

a(Pla 0, o2
0z az

tPhigy X 0x0Z

109,00, 1 adaadbl

1 6¢6¢1+E0 ERON

TN ez 0z A Az 57 Aty

E, ,0°D,
8T[ 1 623

R
EZ 21

1,.,0° ch

_EOES - El az E-2 az El

0Qs

z=0: 37

=0,

Z—>°°:q33—>0.

Substituting first- and second-order solutions (5)
and (6) into theinhomogeneity functions, one arrives at
a solution to the third-order subproblem performing
straightforward, while tedious, mathematical transfor-
mations,

&5 = W(Cexp(3i0) + L exp(-3i0)),
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_ cosh(kz) >
® = hgnn(knyd2 ™ @EZZ
x (Zexp(iB) — L exp(-i0))
BiwW+ NA)cosh(3kz)
~ 3ksinh(3kh)
®; = Z,¢¢exp(k(h—2))(exp(iB) + Lexp(i6))
+exp(3k(h-2)(EoW + =,))

(Cexp(3i6) — L exp(3i6) (7)

x (Lexp(3i0) + L exp(-3i0)).

The solution to the third-order subproblem defines
function ¢ asafunction of time scales T, and T,

= {y(T3)exp(iBo(Ts))exp(i0LT,).  (8)

Cosfficients W, Ay, A\,, =1, =,, and © appearing in
the above expressions will be defined below. Functions
¢, and 3, depending only on T; will be determined by
solving the fourth-order subproblem.

(8) The fourth-order subproblem is mathematically
stated as

O<z<h:Ag, = 0O,
h<z<ow: AD, = 0,

_ .. 0&, 0q
=hi-5r. 5, = Ha
0@, 6224 Eq0®,
_paTO_ng4 axz _4.,.[ az 42
Eoés— P, = Hyg
_ 00,
z=0: 37 0,

Z—>°01q34—>0.

Awkward expressions for inhomogeneity functions
Hy., Hyy, and H,g, which are found by solving first-,
second-, and third-order problems (5)—(8), are given in
the Appendix.

The solution to the fourth-order problem subject to
theinitial condition adopted has the form

&4=@ =9, =0, ¢ =1k Bo=0.

This means that a solution to the general problem
will not contain fourth-order corrections to the pertur-
bation of the free surface of the liquid layer, aswell as
to the hydrodynamic and electrostatic potentials.

(9) A fina solution to problem (1)—(2) of a capil-
lary—gravitational periodic wave traveling over the uni-
formly charged equilibrium (free) surface of a conduct-
ing incompressible ideal liquid (namely, expressions
for free surface perturbation &(x, t) velocity field poten-

KUROCHKINA, GRIGOR’EV

tids @(x, z, t), and electric field potential d(x, z, t) will
be written in dimensionless variables such that p = 0 =
g = 1. In terms of such variables, the characteristic
scales of the dimensional quantities are written as fol-
lows:

e[S e[ e[
=[5l

In the notation accepted, the solution is written in
the form

E, = (pog)”

2
£ = acos(0 +a’ot) + az%(l — (coth(kh))?)
+2a°Qcos(26 + 2a°0t) + 2a°W cos(36),

_ aoocosh(kz)
@ = TSk Sn(@+aey

2wcosh(2kz) 7 Kk
k sinh(2kh) " 4

& coth(kz)
ksmh(kh)E/\z 2(%5'”(6)

a32( =3wW+iA)) cosh(3kz)
3ksinh(3kh)

Zcoth(kh) + OHsin(26 + 2a°6t)

sin(36), 9)

= — . JATMWz + a./4amWexp(k(h — 7)) cos(6 + a°Ot)
2
o[ JTIW
+al 55

((coth(kh))? - 1) + kTS

+ 4% JTWexp(2k(h — z))% + Ocos(20 + 2a°01)

+2a°=,exp(k(h —z)) cos(36)
+2a’exp(3k(h — 2)) (J/4TWW + =,) cos(36),

where frequency w is determined from the dispersion
relation

w = (k+k*=WKk*)tanh(kh)

and

W = Ej/4n/pgo,

is the dimensionless Tonks—renkel parameter charac-
terizing the charge stability of the freeliquid surface.
TECHNICAL PHYSICS Vol. 50
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In nondimensionalized form, the constant coefficients entering into the general solution take the form

_ _—4WK’tanh(2kh) + 2ktanh(kh)(1 + k* ~ WK) H(kh)
32tanh(kh)(1 + k? — WK) — 16tanh(2kh)(L + 4k* — 2WK)

H (kh) =-3tanh(2kh) Wik 3 Wk ®
+ — B +
+ (coth(kh))*tanh(2kh) + 4coth(kh), 2w 8 12)
A = giwkzcoth(ZKh)coth(kh)—3icochoth(2kh) + kw%wth(kh)—Qgcoth(Zkh)coth(kh)
. 1. .2 3k
—iwkQcoth(kh) —giwk (10) (o) —WK*)((coth(kh))? ~D+ 5o
_L _1 2 WK’Q | 5WK* | 9wk’ 3Qk
zlka 16m)k coth(kh), S + 60 + 6 th(kh)—————.
1.2 . (10) Inthelimit h —» oo, the expression for the non-
Ap = Ziwk"coth(2kh)coth(kh) —iwkQcoth(2kh)  |inear wave profile coincides with the solution for an
1 1 infinitely deep liquid [19]; &t W — 0, it transforms
i —Tieok? — Zi3 into the known expression for the profile of a nonlinear
| wkQ coth (kh) 8'mk 8lw keoth(kh) capillary—gravitational wave on the uncharged surface

1. 4 s 1 1 ) of afinite-thicknessideal liquid layer [6]. It was shown
+ Ziw’k(coth(kh))™ + ZiwkQ — —iwk" coth(kh); [6, 19] that the amplitude coefficients of second- and
8 2 16 third-order correctionsto a perturbation of the free sur-

3 face are of resonant character both for an infinitely deep

=, = _kmﬂf+(%, liquid and for a finite-thickness liquid layer. In the

2 (8 former case, the amplitude coefficient of the second-

" ) org?r crc])rrectitl)n i(;lcreagfefﬁ rwon?ntrl]y ?]I I((j2 T 12,

- _ Kk W . 2 while the amplitude coefficient of the third-order cor-
-2 k“/m_NBB +3Q+ 7 (1= (coth(kh) )E rection exhibits the resonance behavior twice: at k2 —»
1/2 and k» — 1/3. Despite expression (9) for &(x, t) is

W = Qkeoth(3kh)Jakeoth(2kh)coth(kh) ~ Pplicableln aw ‘]('ge@%g)omja@‘;;“ﬁffﬁ?ﬂéﬁ?
" nitely in the neighborhoods of the resonances when
+12Q coth(2kh) + 4Q coth(kh) + > +20Q ntanh(kh)(1 + % —WK) .
K . \k —tanh(nkh)(1 + n°k? —=nWk) = 0. =
+ 700t (kh) 5— 18WKC + O (1D Amplitude factor Q resonates at n = 2, and W has

two resonances. at n = 2 and 3. This means that expres-

L 3k 7Wk* sion (9) appliesin the neighborhood of wavenumbers k
wzkcoth(kh) 14k Q+ =+ 7 that are determined from Eqg. (13), since nonlinear cor-
rections must be small compared with first-order quan-

+ 10WK’Q + 4w’kQ coth(2kh) coth(kh) tities. Figures 1la-1d show that the positions of the

internal nonlinear resonances due to nonlinear interac-

4, 2 2 2 tion between gravitational and capillary waves appre-
—w k*(coth(kh)) coth(2kh)H(12w coth(3kh) ciably depend on the liquid layer thickness and surface
charge density (parameter W), the influence of the sur-
face charge increasing as the liquid layer gets thinner.
Inthinlayers (kh < 1), the positions of the internal non-
& linear resonances (i.e., the values of wavenumber k at
0= mkcoth(kh)Dflcoth(Zkh) coth(kh) —Qcoth(2kh)  which the amplitude factor of quadratic (in small
parameter) correction Q to the wave profile indefinitely

0 o grows) depend on Tonks—Frenkel parameter W. In thick

—Qcoth(kh) - == ———coth(kh) coth(kh) layers (kh > 1, Figs. 1c and 1d), the position of the
8 O internal nonlinear resonance of quadratic correction Q

— 4k —36K> + 12WK);
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1440

KUROCHKINA, GRIGOR’EV

Q
(a)
Q
30 ©
20
3
101 1 3
21/, 12
|
0 L | O 1 1 1
L£0.5 1.0 0.5 1.0 5 2.0
10 17 k
-1 “1F 3
312l 1
_20_
Q (b)
10.0 o
75 (d)
2
5.0
2.5 1 !
4 2
0 L — ' 0
0.5 1.0 1.0 1.5 2.0
—2.5¢ 1k k
1 2
~5.0F Al
B _
7.5k

Fig. 1. Dimensionless amplitude factor Q multiplying the quadratic (in the small parameter) correction to the wave profile vs.
dimensionlesswave number k cal culated for various layer thickness h and Tonks—Frenkel parametersW: (a) h=1, W= (1) 1, (2) 0.8,
and (3) 0.5; () h=1,W=(1) 1.1, (2) 1.3,and (3) 1.5; (c) h=5,W=(1) 1.0, (2) 0.8, and (3) 0.5; and (d) h=5, W= (1) 1.1, (2) 1.3,

and (3) 1.5.

does not depend on W. The positions of the interna
nonlinear resonances of the amplitude factor multiply-
ing third-order correction W behave in a similar way.
However, W varies with wavenumber k, parameter W,
and layer thickness h even more appreciably. From
Figs. 1a and 1b, it aso follows that, when the wave-
number varies, the resonance positions shift in opposite
directions a W < 1 and W > 1. With Tonks—Frenkel
parameter W falling into these ranges, coefficient Q
varies with wavenumber k also in qualitatively different
ways (for details of thewaveliquid flow in these ranges
of W, see[17, 19]).

(11) According to expression (9), the wave profileis
nonstationary, because the terms of expression (9) that
are linear and quadratic in the small parameter involve
nonlinear frequency correction a’@© (dimensionless
parameter © is given by (12)). The absolute value and
sign of amplitude factor © depend on wavenumber k,
parameter W, and layer thickness h (Fig. 2). Correction
a’0 to the oscillation frequency of the last (third-order)
term of the total solution for wave profile &(x, t) (see
(9)) changes this term by a quantity of order O(a®).

However, quantities of such a high order are neglected
in the problem, and so the third-order term includes
unperturbed argument ©. Eventually, the phase veloci-
ties of the waves involved in the total solution will be
different. A frequency correction ~a2 that could appear
in the linear term of (9) (recall that the problem is
solved up to terms ~a?) is absent, just as in the case of
nonlinear waves on the surface of an indefinitely deep
liquid [19]. In asymptotic calculations up to a® [19], it
is shown that frequency corrections are proportional to
the small parameter squared and that frequency correc-
tions ~a? and ~a* appear in calculations up to a®.

From expression (10), it follows that the nonlinear
correction to the frequency, aswell asamplitude factors
Q and W, has a resonance form. Dimensionless coeffi-
cient ©, like Q, resonantly grows in the vicinity of
wavenumbers determined from Eq. (13) a n = 2. Fig-
ures 2a and 2b indicate that the positions of resonances
of amplitude factor ® multiplying the frequency cor-
rection appreciably depend on the layer thickness: in
thin layers (kh < 1), the resonance val ue of wavenumber
k depends on the surface charge (on parameter W) (see

TECHNICAL PHYSICS Vol. 50
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Fig. 2. Dimensionless factor © multiplying the nonlinear
correction to the oscillation frequency vs. dimensionless
wavenumber k and Tonks—Frenkel parameter W at liquid
layer depthh =(a) 1 and (b) 5.

Fig. 2a); inthick layers (kh > 1, Fig. 2b), the resonance
value of wavenumber k is virtually independent of the
surface charge. This circumstance is of great impor-
tance for the problem considered: it means that mecha-
nisms responsible for the nonlinear wave flow in thin
and thick layers differ substantially. The dependences
of the nonlinear corrections to amplitudes Q and W on
wavenumber k and Tonks—Frenkel parameter W sup-
port this conclusion.

(12) The profiles of nonlinear waves on the charged
surface of afinite-depth liquid (Fig. 3) differ from those
of the waves on the uncharged liquid surface. That is,
the presence of asurface charge changestheform of the
curves describing the disturbed free surface: a high
density of the surface charge increases the curvature of
capillary wave crests. In addition, the profiles of peri-
odic capillary—gravitational waves on the charged lig-
uid surface vary with the layer thickness. the crests
smooth out as the layer thickens. From Figs. 3aand 3b,
it follows that an increase in the layer thickness may
change the sign of the nonlinear correction to the wave
profile (asis aso evident from Fig. 1).
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Fig. 3. Nonlinear wave profiles calculated at (1) k= 0.5 and
W=0and (2) k=05and W=1.8.h=(a) 1 and (b) 5.

CONCLUSIONS

Our calculation of nonlinear capillary—gravitational
waves traveling over the charged free surface of an
ideal finite-depth liquid layer (performed accurate to
the fourth order of smallnessin wave amplitude) shows
that coefficients Q and W (specifying the wave profile,
wave flow potential, and electrostatic field potential), as
well as amplitude factor @ multiplying the nonlinear
correction to the frequency, have aresonance form. The
positions of internal nonlinear resonances considerably
depend on the liquid layer thickness and surface charge
density, the influence of the latter increasing with
decreasing layer thickness. Asthelayer getsthinner, the
crests of periodic capillary—gravitational waves smooth
out, while a high surface charge increases the curvature
of capillary waves.

APPENDIX

Theright-hand sides of the boundary conditions (z=
h) to the fourth-order subproblem have the form

47 9T, aT, 0T, 0x 0x OX 90X
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Abstract—Condensation of argon—methane and argon—monosilane gas mixtures in pulsed supersonic jetsis
studied experimentally. The signal intensities from monomer and cluster ions are studied as functions of the
stagnation pressure, and the parameters characterizing the flow—condensation transition are determined. Fea
tures of methane clustering are considered. It is shown that silicon—carbon complexes may form in the ternary

mixture. © 2005 Pleiades Publishing, Inc.

INTRODUCTION

Interest in clustering in supersonic jets of methane—
monosilane mixtures with an inert diluent stems from
the fact that these gases are used in plasma-chemical
film deposition, hydrocarbon conversion, waste utiliza-
tion, etc. [1, 2]. Considerable attention is also given to
formation mechanisms of organosilicon complexes|[3].
Earlier, we studied condensation in argon—monosilane
mixtures [4, 5]. Along with hydrogenated silicon and
argon clusters, we observed argon—silane complexes
and found the conditions for their formation in the jet.
It was established that condensation in an argon—
monosilane jet at low stagnation pressures causes the
formation of only monosilane clusters and argon atoms
start depositing on these clusters with an increasein the
jet density. In thiswork, we el aborate upon studying the
initial stages of condensation in pulsed argon jets con-
taining small molecular additives. The datafor Ar + (5—
10)%CH, and Ar + (5-10)%SiH, binary mixturesand a
25%SiH, + 2.5%CH, + Ar ternary mixture are com-
pared with those for pure argon.

EXPERIMENTAL

Experiments were performed on the LEMPUS com-
plex of gasdynamic benches at Novosibirsk State Uni-
versity [6] in the stagnation pressure range P, = 1—
700 kPa at stagnation temperature T, = 295 K. Asin our
previous works [4-7], we employed a pulsed source
making it possible to vary the density of a supersonic
underexpanded jet of a given composition in wide lim-
its. The partia concentrations of the components
behind the sonic nozzle (d;= 0.55 and/or 1 mm) were

measured by the method of molecul ar-beam mass spec-
trometry [8]. Pulsed measurements were taken with a

specialy tailored M S-7303 quadrupol e mass spectrom-
eter. The electron energy in the ionization chamber of
the mass spectrometer was set equal to 40 eV. All the
measurements were performed at a fixed nozzle-to-
skimmer distance (x/d = 175); therefore, the effect of
skimmer interaction was ignored.

The composition of the clusters was determined
from the stagnation parameters of di-, tri-, tetra-, and
pentamers in the argon—methane and argon—monosi-
lane mixtures. Data for condensation in a pulsed jet of
pure argon were both obtained by new measurements
and borrowed from our previous publications [9].

Figure 1 exemplifies the dependence of the mass
peak amplitude for monomersin the 10%SH, + 90% Ar
mixture on parameter Py,d®8. This parameter is com-
monly used for generalizing results on condensation in
argon. As was noted above, nozzles of two diameters
were used in the experiments. Therefore, the basic
parameter varying in awide range was stagnation pres-
sure Py. In the mass spectrum of SiH,, signalsat m/e =
29-32 were recorded. The peak at m/e = 28 (Si*) was
omitted from analysis because of the presence of resid-
ual molecular nitrogen in the setup. It isknown that the

dissociative ionization cross section for SiH, is larger

than that for SiH; under equilibrium conditions
[10, 11]. In this work, as before [7], the spacing
between the peaks due to these two ions remains nearly
the same throughout the stagnation pressure range.
Therefore, both the peak at m/e = 30 and that at m/e =
31 will be assigned to the monomer of monosilane.

Silicon has three stable isotopes: 2Si (92.2%), 2°Si

(4.7%), and *Si (3.0%). The peaks corresponding to
masses of 32 and 33 are usually assigned to di- and tri-

1063-7842/05/5011-1444$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 1. Intensity of the argon and monosilane monomer sig-
nals vs. parameter Pyd®8 for the 90%Ar + 10%SiH, mix-
ture. me = (1) 29, (2) 30, (3) 31, (4) 32, and (5) 40.

hydrates of the heavier isotopes, respectively [12].
Since the error introduced into the ionic signal by
heavier silicon isotopes (*Si and *Si) is small com-
pared with the measurement accuracy, the contribution
of the heavy isotopes were not subtracted.

The same spectrafor the 10%CH, + 90%Ar mixture
areshownin Fig. 2. For methane, the peaks correspond-
ing to CH,, monomers (n = 0-4) are presented. It is
easy to see that the spacing between the peaks due to
CH, and CHj ions also remains amost the same
throughout the range of stagnation pressures (and,
accordingly, local densities at points of measurement).
In what follows, CH, or CH; (m/e = 16 and 15,
respectively) will be used as the methane monomer. As
was expected, the peaksat me= 14, 13,and 12, i.e., for
CH, , CH*, and C*, are much lower. Therefore, we suc-
ceeded in detecting these signals only at high P,. The

relationship between CH' signals for two vaues of

parameter P,d®8 is given in the table. The discrepancy
with the NIST data [13] is not so large that one can
speak of distortion due to condensation.

The results for the monomers in the argon—-methane
and argorn—monosilane mixtures at two component per-
2005

TECHNICAL PHYSICS Vol. 50 No. 11

1445
1
104:'
o A ]
a 2
A3
o 4 .
e 5 .
103:‘ ° 6 .... ° 4]
o ° [ ] ..
ot 0....¢@
.
€ a
° o
@ a
10%E .
E & A‘ A
. 8 A
A
A
06@@0 8A A
508 eeg A
O A
10"k a £
C o A A A
r A
A Py
AM&
AN
AA
L Lol L Lol L Lol
10° 10! 10 10°
POdO'S,kPamm

Fig. 2. Intensity of the argon and methane monomer signals
vs. parameter Pod®8 for the 90%Ar + 10%CH, mixture.
mle= (1) 12, (2) 13, (3) 14, (4) 15, (5) 16, and (6) 40.

centages (5 and 10% of the respective additive in argon)
are compared in Fig. 3. For the dimers and trimers, the
comparison is presented in Figs. 4a and 4b for the
argor—methane and argon—monosilane  mixtures,
respectively. To illustrate the reproducibility of the
results, Fig. 3a plots the data obtained in three experi-
ments performed at different times with the 5% CH, +
95% Ar mixture (2—4). Clearly, the reliability of the
resultsis high. Figure 3 also shows results obtained for
pure argon under similar conditions.

CH; components detected in the mass spectrometry of
methane

Experiment
me,u NIST Pg d”®, kPamm

100 200
12 0.04 0.04 0.02
13 0.105 0.06 0.04
14 0.204 0.19 0.17
15 0.888 0.89 0.94
16 1 1 1
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Fig. 3. Comparison of the monomer components at 5 and
10 vol % of the additives in the argon. (a) Argon—-methane
mixtures; m/e = (1) 15 (mixture 1, 10% CH,), (2) 40 (mix-
ture 1, 10% CHy,), (3) 15 (mixture 2, 5% CHy), (4) 40 (mix-
ture 2, 5% CHy), (5) 15 (mixture 3, 5% CHy), (6) 40 (mix-
ture 3, 5% CHy), (7) 15 (mixture 4, 5% CHy), (8) 40 (mix-
ture 4, 5% CHy), (9) 15 (pure Ar), (10) Nyug [20],
(11) Ny [21]; (b) argon—monosilane mixtures: m/e = (12)
31 (mixture 5, 10% SiH,), (13) 40 (mixture 5, 10% SiH,),
(14) 31 (mixture 6, 5% SiH,), (15) 40 (mixture 6, 5% SiH,),
(9) 40 (pureAr), (10) Nojyg [20], and (1) Nejug [21]-

Variation of the peak intensities with the stagnation
pressure is common to molecul ar-beam measurements
in the supersonic jets under condensation. The point
where the monomer signal intensity versus the stagna-
tion pressure curve deviates from linearity is usually
taken for the onset of clustering (the appearance of
dimers). The region near the local maximum for mono-
mersis considered to be the region of small cluster for-
mation. A further rise in pressure P, favors condensa-
tion and increases the cluster average size. Association
of some of the monomers into clusters and release of
the heat of condensation cause the jet to turn in the
transverse direction. As a result, the gas density at the
axis of thejet drops[14] and the monomer signal inten-
sity in the molecular beam decreases. It is believed that

ZARVIN et al.

the gas flow passes to the regime of developed conden-
sation under such conditions [15].

lonization of the clustersin the detector of the mass
spectrometer by low-energy electrons causestheir frag-
mentation and distorts the mass spectra [16]. Experi-
mental [17] and theoretical [18] insightsinto theioniza:
tion of small Ar,, clusters (n = 9 of less) due to electron
bombardment showed that, as a result of ionization of
an Ar, cluster, a positive charge is localized on the

dimer and the resulting Ar,—Ar,_, complex disinte-

grates, generating Ar, dimer ions and, less probably,
ions of other oligomers. Stability of the dimer is pro-
vided by its high bond energy [16]. Therefore, the sharp
initial increase in the dimer peak intensity is explained
by a substantial contribution of larger fragments to the
signal.

As the stagnation pressure rises further, the clusters
go on growing and their structure and phase state
change[19]. Itislikely that fragmentation of such clus-
ters generates mainly monomer ions. Accordingly, the
signals from di-, tri-, and tetramers decline, while the
signa from monomers first stops decreasing and then
grows. The formation stage of large clustersis charac-
terized by asharp increasein the monomer signal inten-
sity and subsequently in the intensity of the signals
from small clusters.

The dashed curvesin Figs. 3aand 3b fit the experi-
mental datafor the argon cluster sizes, Ny,«, taken from
[20, 21]. Figures by the curves are the numerical values
of the cluster sizes. Obviously, comparison of these
curves with our data is valid only in the case of pure
argon. The minima stagnation pressure at which
dimers can be found in a pure argon jet corresponds to
an argon cluster average size equal to two, in accor-
dance with [20]. The local maximum and minimum in
the argon monomer curve correspond to an average
cluster size of =20 and =100, respectively. At maximal
pressure P, used in this study, the average size of clus-
tersinapureargon jet is expected to reach several thou-
sand.

RESULTS AND DISCUSSION

Comparing the data for the methane-argon and
silane-argon mixtures highlights the difference in the
behavior of the monomers and clusters. It seems likely
that the methane additive has no effect on the initial
stage of argon condensation, unlike the monosilane
additive. In particular, the Ar monomer curves for the
Ar—CH, mixture and pure Ar virtually coincide
throughout the range of parameter P,d°8 (Fig. 3), while
the corresponding curves for the Ar-SiH, mixture and
pure Ar diverge considerably (Fig. 3b). The methane
curve passes through a maximum at the same P, as the
curve for the argon; in the case of monosilane, the peak
shifts noticeably toward lower values of P,d°8.
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Monosilane clusters appear at jet densities much
lower than those casing methane clustering (cf. Figs. 4a
and 4b). Moreover, for small methane clusters, no
extrema typical of the mixtures with monosilane are
observed. However, as the stagnation pressure rises,
covering the range where the monomer signal intensity
grows again, the run of the curves for methane and
monosilane monomers becomes almost identical. In
this range, the clustersrapidly grow.

Since methane and monosilane are small additives
to argon, the signals due to their monomers fade out
with decreasing P,d%8. The extrema in the curves for
the argon and methane monomersin the binary mixture
coincide, which seems to mean that small argon and
methane clusters grow in paralel. We failed to detect a
tangible amount of methane dimers at low let densities
(low values of parameter P,d%8).

In an argon—monosilane mixture, monosilane clus-
ters form first [4, 8]. This decreases the density at the
axis of the jet, and so the argon monomer signal inten-
sity growsmore slowly. Although argon clustersarise at
a later stage than monosilane clusters, clustering as a
whole proceeds at a higher rate.

On a further increase in parameter Pyd®® and,
accordingly, in the jet density, the signal intensity of
both argon monomers and monomers of the additives
rises abruptly for the second time (this is observed for
both binary mixtures). The second abrupt increase in
the monomer signal intensity is routinely explained by
formation of large clusters and their disintegration due
toionization in the detector of the mass spectrometer. It
is assumed that large clusters disintegrate mainly into
monomers [21]. The intensity of the signal from addi-
tive monomers grows faster and even becomes equal to
the argon monomer intensity in the argon-10%
monosilane mixture. It is noteworthy that the curvesfor
the additives are nearly equidistant from that for the
argon. A reason for such behavior in the argorn—monosi-
lane mixture may be prevailing clustering of the addi-
tive, as aresult of which the monosilane monomer sig-
nal might be expected to increase. However, as follows
from our measurements, argon and methane clustersin
the methane-containing mixture grow concurrently. It
is likely that methane clusters in the argon—methane
mixture grow faster than argon clusters. Accordingly,
the intensity of the methane monomer signal in mass-
spectrometric measurements grows more rapidly. On
the other hand, in the monosilane-containing mixture,
monosilane nuclei may be gradualy covered by an
argon “coat,” which generates mixed fragments, such
as argor—monosilane dimers and trimers [4] (Fig. 4b).
The clusters formed in the methane-containing mixture
may have a monoatomic structure. Certainly, other
explanations cannot be ruled out, e.g., those taking into
consideration complex mechanisms of disintegration of
clusters with adifferent size, structure, and phase com-
position. It should also be noted that we failed to detect
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Fig. 4. Amplitudes of the cluster components in the mix-
tures vs. parameter Pod®8. (a) 95% Ar + 5% CH, mixture:

m/e=(1) 28(C,H,, ), (2) 29 (C,Hg ), (3) 30 (C,Hg ), (4) 43
(C3H7), (5) 44 (C3Hg), and (6) 80 (Ar, ); (b) 95%Ar +
5%SiH, mixture: mie = (7) 62 (SiyHg ), (8) 63 (SipHy),
(9) 70 (ArSiH,), (10) 80 (Ar,), (11) 94 (SizH;,), and
(12) 110 (Ar,SiH;).

mixed clustersinthe Ar—CH, mixture, unlikein the Ar—
SiH, one.

The above results on the behavior of binary mixtures
suggest that monosilane may also have a considerable
effect on clustering in the Ar—SiH,—CH, ternary mix-
ture. Figure 5 presents the associated data for a clus-
tered jet of the ternary mixture where methane and
monosilane are small additives (2.5 vol% each) to the
argon carrier. Here, as before, the relative intensities of
the monomer peaks are plotted against parameter
P,d°8. For comparison, Fig. 5 also plotsthe datafor the
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Fig. 5. Variation of the argon, methane, and monosilane
monomer signalsin the ternary mixture in comparison with
the binary mixtures. m/e = (1) 40 (pure Ar), (2) 16 (Ar +
CH,), (3) 40 (Ar + CHy), (4) 31 (Ar + SiH,), (5) 40 (Ar +
SiHy), (6) 16 (Ar + CHy + SiHy), (7) 31 (Ar + CH,4 + SiHy),
and (8) 40 (Ar + CHy + SiHy).

argon monomer in pure argon (solid line) and in the
mixtures (white, gray, and black circles), aswell asfor
the monomers of methane (gray squares) and monosi-
lane (black triangles) in the binary mixtures. As previ-
ously, the peaks at m/e = 16 and m/e = 31 are assighed
to methane and monosilane, respectively. It is seen
from Fig. 5 that the first argon peaksin the ternary mix-
ture (light dots) and in the 95%Ar + 5%SiH, binary
mixture arise at the same value of parameter P,d%8,
whereas the argon minimum for the ternary mixture
coincides with the argon minimum in the 95%Ar +
5%CH, mixture. The data for methane and silane
monomers are fitted (within the measurement error) by
asingle line, the spacing between this line and the line
for the monosilane-containing binary mixture remain-
ing the same: the extrema of these experimental lines
coincide. Thus, clustering in the ternary system pro-
ceeds otherwise than in the related binary mixtures: at
low jet densities (nucleation), it follows the mechanism
typical of the monosilane-containing binary mixture; at
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Fig. 6. Signa half-widths vs. parameter P,d®8: (a) 95%
Ar + 5% CH,, (b) 95% Ar + 5% SiH,4, and (c) 95% Ar +
2.5%CH, + 2.5% SiH,. m/e= (1) 40 (pureAr), (2) 16 (Ar +
CHy), (3) 40 (Ar + CHy), (4) 31 (Ar + SiHy), (5) 40 (Ar +
SiH4), (6) 16 (Ar + CH4 + SiH4), (7) 3L (Ar + CH4 + SiH4),
and (8) 40 (Ar + CH, + SiH).

higher densities (growth of clusters), it proceeds asin
the methane-containing binary mixture.

Using pulsed instrumentation to generate and diag-
nose gas flows with condensation, one can measure not
only thesignal amplitude but also therisetime and half-
width of the pulsed signals from monomers and small
clusters of components in a mixture. It was found [22]
that condensation in the flow changes these parameters.
Monitoring the parameters of a pulsed jet enables one
to separate out stages of condensation.

Figures 6a—6¢ plot half-widths D (in microseconds)
of the monomer signals for the 95%Ar + 5%CH,,
95%Ar + 5%SiH,, and 95%Ar + 2.5%CH, + 2.5%SiH,
mixtures, respectively, against P,d®®. The results for
pure argon are given for comparison. Here, the curves
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for the mixtures deviate from that for pure argon and
the data for the components diverge. Note that charac-
teristic points in the half-width curves correlate with
thosein theintensity curvesfor the corresponding com-
ponents.

An abrupt change in the half-width of the mass-
spectrometric signal from only one component (espe-
cidly if it is a small additive to the system) cannot be
explained in terms of gas dynamics. Aswas mentioned
above, the reason for this effect is disintegration of
clusters in the detector of the mass spectrometer. We
found that the half-width of the signalsfrom small clus-
ters changes insignificantly throughout the range of
parameter P,d®8. Comparing the dependences of the
half-width and intensity of the signals from individual
components (monomers, clusters of the additives and
carrier) on Pyd®8 makes it possible to reveal the differ-
ences in clustering occurring in the mixtures at differ-
ent stages of condensation.

The variation of the signal half-width is convenient
to consider in several ranges of P,d%8.

(1) At small values of P,d®8, when condensation is
absent in al the mixtures, the monomer signal intensi-
ties increase linearly with P,d®8. Half-width D of the
signas from both the argon and small additives
decreases with increasing stagnation pressure only
dlightly, as for the case of a pure argon jet [23]. This
agrees with the statement that argon, being a carrier
gas, specifies the gas dynamics of the pulsed jet in al
the mixtures.

(2) Early in condensation, small clusters (n< 20) are
detected in the jet, which means that the run of the
curves becomes nonlinear and the monomer signals
reach a maximum. The amplitudes of the argon mono-
mer signals in the argon—methane mixture and in the
pure argon coincide, whereas in the argon—monosilane
and ternary mixtures, the argon monomer signals are
lower. The half-width of the monomer signals in the
mixtures, as well as in the pure argon, increases only
dlightly, and the value of D for monomers in the mix-
tures and those in the pure argon jet isthe same. Hence,
condensation in the argon—methane mixture starts at the
same values of P,d%8 asin the pure argon. However, the
intensity of the argon dimer signal in this mixture is
considerably lower than in the pure gas (Fig. 4a), which
indicates simultaneous condensation of the argon and
methane.

With monosilane added to the argon, condensation
starts at lower local densities (lower values of P,d%8).
Small monosilane clusters appear in the flow first
(Fig. 4b) and serve as centers of condensation. Monosi-
lane clustering inhibits argon condensation. As aresullt,
trimers and till heavier clusters of argon are absent in
the jet.

Condensation in ternary mixture starts as early asin
the argon—monosilane mixture, which seems to indi-
cate monosilane-stimulated clustering in the jet.
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(3) As Pyd°® increases, so do the fraction of conden-
sate and cluster mean size. At the same time, the inten-
sity of the monomer signals in al the gas mixtures
declines. Fragmentation in the pure argon leads to an
increase in the monomer signal half-width in propor-
tion to the mean size of the clusters.

In the argon—methane mixture, the signal intensities
increase concurrent with a decrease in the half-width of
the signals from the carrier gas and additive, indicating
simultaneous condensation of both gases. The lack of
signals from methane dimers and trimers may be
explained by alow formation probability of small clus-
ters.

At this stage of condensation, argon condensationin
the argon—monosilane mixture ends in the formation of
dimers, whereas monosilane clusters continue to grow.
Thisisindicated, first, by the considerable drop of the
additive signal intensity compared with the argon inten-
sity (Fig. 1) and, second, by the fact that the half-width
of the argon monomer signal first slightly increases and
then remains constant, whereas the half-width of the
monosilane monomer signal increases by afactor of 2.5
(Fig. 6b).

In the ternary mixture, the equal decrease in the
monomer signal amplitudes synchronously with the
increase in the half-width of the signas may be
explained by jointly condensing all the components
with the formation of multicomponent clusters.

(4) At the stage of developed condensation in pure
gases, the mass fraction of the condensate stops grow-
ing, unlike the cluster average size. Restructuring of
clusters; modification of their phase state; and, eventu-
ally, the change in the fragmentation mechanism cause
the cluster signal amplitude to diminish and the mono-
mer signal amplitude to rise.

The abrupt increase in the amplitude and half-width
of the methane monomer signal in the argon—-methane
mixture testifies that the condensation of the additive
proceeds at a higher rate than that of the carrier. Asthe
stagnation pressure (hence, the jet density) rises, a
major part of the methane turns out to be in the bound
state. As aconseguence, the half-width of the monomer
signals does not increase, athough their amplitudes
continue growing. On a further increase in the density
and persisting supersaturation of the medium, conden-
sation continues owing to the argon: both the amplitude
and half-width of its monomer signal increase.

In the argon—monasilane mixture, the intense con-
densation of the additive continues suppressing the
condensation of the carrier until ailmost all the additive
isinthe bound state. Asthe stagnation pressure (density
of the jet) increases, the intense condensation of the
argon begins and argon atoms deposit on clusters con-
sisting of monosilane molecules. Upon disintegration,
such mixed clusters form argon—silane complexes [4]
and the half-width of the argon monomer signal
increase abruptly.
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In the ternary mixture, the condensation of the car-
rier is also retarded compared with that in the pure
argon, while to a smaller extent than in the argon—
monosilane mixture. So, we can speak of concurrent
condensation of all the three components. The cluster
size (half-width of the monomer signals) saturates as
early asinthe argon—monosilane mixture. However, the
half-width of the signalsis considerably smaller thanin
the binary mixtures, which is an indication of concur-
rent condensation. This processis bound to form mixed
organosilicon complexes. The peaks from cluster frag-
ments with m/e = 46, 54, 69, and 87 that were found in
the ternary mixture at high values of parameter P,d°8
(stagnation pressure) but were absent in the binary mix-
tures may be identified as methane—silane fragments of
large clusters.
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Abstract—A physical model of a self-sustaining reflective discharge is formulated based on the continuity
equation for the electron flux and the equation of energy balance on the hot cathode. The model allows one to
calculate the current-voltage characteristic of a high current reflective discharge with a hot cathode in a wide
range of magnetic fields, discharge cell dimensions, and cathode material work functions. An advantage of the
model isthat it is capable of describing the ordinary operating mode of areflective discharge with cold cathodes
asalimiting case. The model predictsthe existence of two discharge operating modes with thermionic e ectron
emission on the cathode: a low-voltage mode with a high current density and a high-voltage mode with a sig-
nificantly lower current density. It is shown that the low-voltage operating mode can occur in awide range of
the discharge currents, while the discharge voltage can be substantially reduced by using a cathode material
with alow work function. © 2005 Pleiades Publishing, Inc.

INTRODUCTION

The reflective discharge, also known as the Penning
discharge or the Phillips discharge, is an axisymmetric
low-pressure discharge operating in crossed E x B
fields (see [1]). This type of discharge has long been
used in charged particle generators [2-5]), ion pumps
[6, 7], and manometers [1]. An important advantage of
this discharge is the high efficiency of gasionizationin
awide range of the gas pressures, magnetic fields, and
discharge cell dimensions. An analysis of the results
obtained in [2-12] show that the high-voltage low-cur-
rent mode of alow-pressure (p < 103 Torr) Penning dis-
charge is of primary research interest. However, the
high operating voltages make this mode of limited util-
ity for high-purity technologies because of the erosion
of the cathode material under ion bombardment. In this
respect, the low-voltage mode of a reflective discharge
with a hot cathode is more advantageous [2, 5, 12]. In
this case, however, the discharge is non-self-sustaining
and the presence of the cathode heating system signifi-
cantly complicates the design of the discharge cell.
Therefore, a self-sustaining reflective discharge with a
self-heated cathode seems to be more promising [4, 5,
12, 13]. In this case, the heat-insulated cathode is
heated due to ion bombardment rather than by an exter-
nal heat source. Since this type of discharge requires
intense heat release on the cathode, it can operate only
at relatively high currents, which can only be provided
at relatively high gas pressures. It can be expected that
the structure and operating mechanism of such a dis-
charge, which will be further referred to as a high-cur-
rent reflective discharge with ahot-cathode, would sub-

stantially differ from the low-pressure Penning dis-
charge. In recent years, sources of charged [4] and
neutral [13] particles have been created based on a
high-current reflective discharge with a hot cathode.
Since this type of discharge can be efficiently used in
advanced technologies, it is desirable to develop agen-
eral theory that would allow one to calculate the main
characteristics of the discharge cell in awide range of
geometrical and electrophysical parameters.

The interrelation between the ionization and recom-
bination processes in a discharge in crossed E x B
fields, aswell as conditionsthat are necessary to sustain
such adischarge, is generally described by the analytic
model proposed in [14]. However, since the model is
one-dimensional, the results obtained in [14] cannot be
directly applied to real discharge cells, which are typi-
cally axisymmetric. For some reasons, it isimpossible
to calculate the current-voltage (I-V) characteristic of a
real reflective discharge with sufficient accuracy. First,
it is rather difficult to calculate the gas ionization rate
and the motion of charged particles in crossed fields.
Second, athough thelinear model of gasionization and
charged particle drift makesit possible to fairly exactly
evaluate the discharge voltage, it does not allow oneto
calculate the discharge current without incorporating
the external circuit parametersin the model. The incor-
poration of these parameters makes the problem too
specific, so it becomes impossible to analyze the gen-
eral features of the discharge. It was shown in [13] that
the introduction of a central self-heated rod electrode
allows one to calculate the parameters of areal reflec-
tive discharge with sufficient accuracy. On the one

1063-7842/05/5011-1451$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 1. Sketch of a discharge cell: (1) cylindrical anode,
(2) gas-discharge plasma, and (3) disk cathodes.

hand, the heated element complicates the cal cul ation of
the discharge parameters and introduces a significant
nonlinearity in the set of equations describing the dis-
charge. On the other hand, however, the presence of
such an element relates the theoretical model to the
absolute val ues of the temperature and emission current
of the hot element. In the present study, it is shown that
the method proposed in [13] alows oneto calculate the
discharge parameters in crossed E x B fields not only
when the central rod is used as a hot cathode, but also
when the hot cathode is one of the disk cathodes of a
reflective discharge.

PHYSICAL MODEL OF A HIGH-CURRENT
REFLECTIVE DISCHARGE

Let us consider an axisymmetric Penning discharge
cell (of height h) consisting of a hollow cylindrical
anode of radius R and two plane-parallel disk cathodes
biased by the same negative potential relative to the
cathode (see Fig. 1). One of the disk cathodes is
assumed to be hesat-insulated; due to its strong heating,
it can operate in the thermionic mode. The second disk
cathode is assumed to be relatively cold, so its thermal
emission current can be ignored. The discharge cell is
in a uniform external magnetic field, whose field lines
are paralel to the symmetry axis of the system.

The main parameters of such adischarge cell can be
calculated using the following simplified discharge
model.

(i) We consider only a steady-state high-current
mode in which amost the entire voltage drop occursin
a thin cathode sheath. The main discharge space is
occupied by a quasineutral plasma, which will be fur-
ther referred to as a discharge column. The discharge
column is separated from the electrodes by relatively

ZJULKOVA et al.

narrow space-charge sheaths. Such a simplification of
the discharge structure limits the model applicability to
the case of arelatively high plasma density.

(i) It is assumed that the plasma column is weakly
ionized and the density of the neutral gas particles is
independent of the discharge current. This assumption
limits the charged particle density from above by a
value comparable to the neutral particle density.

(iii) In the cathode sheath, the flux of fast electrons
with energies approximately corresponding to the dis-
charge voltage is formed. This electron flux transfers
the energy supplied by the power source to the plasma
and providesthe necessary level of gasionizationinthe
discharge column.

(iv) Gas ionization by the thermal plasma electrons
isignored. Thisisjustified when the discharge voltage
greatly exceeds the gas ionization potential [4]. The
role of the plasmaelectronsin this caseisreduced to the
transport of the electric current to the anode across the
magnetic field.

(v) It isassumed that the ions in the plasma column
are not magnetized and the ion current is distributed
uniformly over the entire cathode surface. Moreover,
the plasma nonuniformity along the height is ignored.
Such an averaging over height significantly simplifies
calculations and, thus, allows oneto efficiently analyze
the general features of the discharge.

(vi) In contrast, the electrons are assumed to be
highly magnetized, so that their diffusion coefficient
acrossthe magnetic field is proportional to the transport
frequency of electron—atom collisions. This approxi-
mation imposes constraints on both the gas pressure
and the magnetic field.

(vii) It is assumed that the temperature of the heat-
insulated cathode is determined by the power balance
between the energy release due to ion bombardment
and radiative heat transfer from the surface. The other
channels of energy removal are disregarded.

CALCULATION OF THE DISCHARGE I-V
CHARACTERISTIC

Thedischarge |-V characteristic can be calculatedin
the same way as in [13]. The flux of fast electrons j;
across the magnetic field in the discharge column is dif-
fusive in character and is described by [14]

, d
js(r) = -0, 20, @

Here, ny(r) istheradial profile of the fast electron den-
sity and Dy is the classical cross-field diffusion coeffi-
cient of fast electrons. Under the above assumptions,
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this coefficient can be estimated as

2
Me\gp [ 20WV.O
D D<3T)D <3TiDeB DZ>]

where e and m are the charge and mass of an electron,
B is the magnetic induction, v; is the mean velocity of
the fast electrons in the discharge column, r . is the
mean electron Larmor radius, U, is the cathode drop
(approximately equal to the discharge voltage), T; isthe
mean time between ionizing collisions of the fast elec-
tronswith gas particles, and 1, isthe electron—atom col-
lisional time.

4mU,
3er,B?

)

For electrons with energies of about a few hundred
electronvolts, the cross section for el ectron-impact ion-
ization of atoms is comparable to the electron transport
cross section; therefore, in Eq. (2), we assume 1, OT;/2.

We consider a steady-state influx of fast electrons
from the cathode surfaces into the plasma due to both
ion—electron emission (y processes) (jy, flux) and ther-
mionic emission (j; flux). These electrons then “ disap-
pear” due to the loss of their energy over a characteris-
tictimet;. Therefore, taking into account the axial sym-
metry of the problem, the time-independent continuity
equation in cylindrical coordinates can be written as

1d(rj () _ 2jy+in_ni(r) o
rodr h T;

Physically, 1; isthetime during which afast electron
with an initia energy E, becomes dow, losing its
energy in collisions with neutral particles and produc-
ing on average U = Ey/E; plasma electrons. Here, E; is
the mean energy spent on the production of one elec-
tron—on pair, which is a characteristic value of a given
gas. Let us assume that E, [0eU,; then, we have 1; =
(eUJ/ENT,.

In solving differential equation (3), it is convenient
to introduce the characteristic diffusion length A, which
determines the distance covered by afast electron with
a characteristic kinetic energy eU, across the magnetic
field during the time 1;,

4mU.

AU, B) = /D¢ty = EB (4)

In our model, the fast-electron diffusion length A is
independent of the gas pressure[13, 14]. If wetakeinto
account that the el ectrons are magnetized incompl etely,
then the parameter A will decrease dlightly with
increasing gas pressure.

Introducing the dimensionless coordinate p = r/A
and substituting Eg. (1) into Eq. (3), we obtain the
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equation for the radia profile of the fast-electron den-
sity,

dn(p) , 1dni(p) _
dp> P dp

If we impose the following boundary conditions at
the anode and the discharge axis,

n(p) = iy +in). ()

dn,

ni(r=R+r.) =0,
dr

=0, (6)

r=0

then the solution to Eq. (5) is

Te . . lo(P) [
n = —(2jyt+ - ,
(P) = F2iy+ind (o) 7)
where |y(p) is the zero-order modified Bessel function
and py = (R+re)/A.

L et uswrite out the steady-state continuity equation
for the flux j of slow electrons, assuming that they are
produced only due to gas ionization by the fast elec-
trons and are lost only on the anode,

1d(pj<(p)) _ ne(p)
i (u+1)7\fT—-

f
We introduce the following notation for the radial
dependences of the currents: J(p) = 2rthpAg(p) isthe
plasma electron current, J.(p) = TIPPA%ejy, is the current
of the fast y-electrons from the cathode, and Jy(p) =
TIP°A%g)y, is the thermionic current of the fast electrons
from the hot cathode.

Integrating Eq. (8) with allowance for the natural
boundary condition J,(0) = O, we obtain the expression
for the radia dependence of the plasma electron cur-
rent,

(8)

1 1i(p) }(9)
2 plo(pg))

where [4(X) and |,(X) are the zero- and first-order modi-
fied Bessel functions, respectively. Analogoudly, inte-
grating Eq. (3) in dimensionless variables with the
boundary conditions J;(0) = 0, we obtain the expression
for the fast-electron current J;(p),

3(p) = 2(u+ D[234(p) + Iu(P)]|

1,(p)
lo(Pg)

The total electron current in the anode circuit, J, =
J(p, = R/A), can be obtained by adding currents (9) and
(10). Assuming that theion flux onto the cathodeis uni-
form, the net current in the cathode circuit J. with
allowance for y-emission and thermionic emission can
be written as J. = Jor, + Ji(1 + V), Where J,. is the total
current at the cathode and Jo, is the total thermionic

31(P) = R[234(p) + Ju(p)] (10
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Fig. 2. Calculated parameters of areflective discharge with
a hot tungsten cathode at two different values of the mag-
netic induction for h=2cm, R=1cm, y=0.1, and B, ~
0.088T: (1) B=0.05T <By and (2) B=0.1T >Bg. The
solid lines show the 1-V characteristics, while the dashed
lines show the hot cathode temperature as a function of the
discharge voltage.
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Fig. 3. Concerning the stability analysis of the operating
modes of areflective discharge with a hot tungsten cathode
forh=2cm, R=1cm,y=0.1,andB=0.1T.

current from the hot cathode. Equating J, to J., we
obtain the self-sustainment condition,

[%w}[wz%—“gﬁ:iggzﬂ =1 (1)

This equation also determines the ratio of the ther-
mionic current to the ion current at the cathode as a
function of the cell size, magnetic induction, and dis-
charge operation voltage, which enter into expression
(4) for the length A.

Assuming that thermal radiation escapesfreely from
the hot cathode and that the energy of theions incident

ZJULKOVA et al.

onto the hot cathode is completely dissipated in it, the
power balance equation can be written as

P = Soer0Th = 1/2eU J... (12)

Here, 0 is the Stephan-Boltzman constant, e; = 0.5 is
the emissivity factor of the hot cathode, and S,y is the
area of the hot cathode radiating surface. It isalso taken
into account that only one-half of the ion current
reaches the hot cathode.

From Eq. (12), we find the temperature of the hot
cathode,

- DeUchc[llm
T = g gl (13)
and the thermionic current,
Jem = TIRCAGToexp(—/KT}), (14)

where ¢, is the work function of the hot cathode mate-
rial and A, = 100 A/cm? K2,

In fact, Egs. (13) and (14) determine the thermionic
current as a function of the ion current at the cathode.
Expression (14), along with equality (11), relates these
currents to one another. The solution of this set of two
equations with two unknowns allows one to find both
the thermionic current and the ion current at the cath-
ode.

Having determined the total ion current at the cath-
ode, we can find the current of y-electrons from the
cathodes, Jy, = yJi., and, finally, the total discharge cur-
rent,

'Jtot = ‘]em+ (1+y)‘]i0' (15)

Thus, we can find the |-V characteristic of a dis-
charge cell with given parameters of the cathode mate-
rial. Because of the assumptions adopted in our model,
the gas density dropped out from all the above equa-
tions; therefore, the calculated |-V characteristic is
independent of the gas pressure. Such adependence can
appear, if we account for, e.g., the relation between the
mean energy E; spent on the production of oneion-elec-
tron pair and the actual kinetics of the ionization pro-
Cess.

RESULTS AND DISCUSSION

Two Modes of a High-Current Reflective Discharge
with a Hot Cathode

An analysis of solutions to the above set of equa-
tions shows that there is a certain critical value of the
magnetic induction, B, that determines the voltage
range within which steady-state solutions for the dis-
charge current exist. It was found that, at B < B, the
solution for the current exists at any voltage in the ther-
mionic mode, while, at B > B, avoltage range appears
within which there are no steady-state solutions for the
current (the“forbidden” zone). Figure 2 showstwo typ-
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ical dependences of the discharge current and hot cath-
ode temperature on the voltage for two different ratios
between B and B, It can be seen that, at B > B, the |—
V characteristic consists of two branches. The first
branch is characterized by high currents and low volt-
ages, whereas the second corresponds to high voltages
and substantially lower currents. Both branches, how-
ever, correspond to high cathode temperatures.

Let us analyze the stability of the two steady-state
operating modes of areflective discharge in the case of
B > B,. The solid lines in Fig. 3 show (in the conven-
tional electrophysics representation) the two branches
of the |-V characteristic that correspond to curves 2 in
Fig. 2. The load curves of the discharge power source
for two values of the ballast resistance are also shown
in the figure by the dashed lines. Let us first consider
the load curve passing through points A and C of the
|-V characteristic. It can be seen that both these points
correspond to stable operating modes. Indeed, if the
discharge current increases, e.g., asaresult of arandom
fluctuation, the discharge voltage will become dightly
lower than that corresponding to the -V characteristic.
In contrast, if the discharge current decreases, the volt-
age will be dlightly higher than that required to sustain
the discharge. In both cases, the current fluctuation will
be suppressed and the discharge current will be stably
maintained at alevel corresponding to the point where
the load curve intersects the I-V characteristic. The sit-
uation is, however, quite different when the intersection
point of the 1-V characteristic and the load curve
(Fig. 3, point B) lies on the segment corresponding to a
negative differential resistance of the discharge. Similar
considerations show that, in this case, steady-state
modes corresponding to the high-voltage branch will be
unstable: asmall current fluctuation would result in the
discharge extinction. Therefore, on the high-voltage
branch of the |-V characteristic, only those points that
lie in the vicinity of the minimum operating voltage
correspond to stable modes, while the entire low-volt-
age branch is stable.

Reflective Discharge with Cold Cathodes
asa Limiting Case

The reasons for the appearance of the above forbid-
den zone are easier to understand by considering how
the discharge current and the hot cathode temperature
vary with varying discharge voltage at a given value of
the magnetic induction. A specific feature of the solu-
tions obtained is that the cathode temperature and the
discharge current decrease rapidly to zero as the dis-
charge voltage approaches the boundary of the forbid-
den zone. Thisalows oneto interpret the boundaries of
the forbidden zone as the ignition voltage of a Penning
discharge with cold cathodes at a given value of the
magnetic induction.
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Fig. 4. Operating voltage of a reflex discharge with a cold
cathode vs. magnetic induction for h = 1 cm and different
values of the discharge cell radius R and the coefficient y:
(1,2) y=0.05and R= 1 and 3 cm, respectively, and (3, 4)
y=0.1and R=1and 3 cm, respectively.

The dependence B(U) for areflective discharge with
cold cathodes can easily be obtained from Eqg. (11), in
which it is necessary to set J.,, = 0. Figure 4 presents
several examples of such curves for a given fast-elec-
tron energy required for one ionization event (E; =
40 eV). The positions of the curves depend primarily on
the discharge cell geometry and the coefficient y. Obvi-
ously, these curves correspond to the low-current mode
of areflective discharge with cold cathodes. This mode
is determined not only by the discharge processes, but
also the parameters of the external circuit and power
source. Similar curves characterizing the region of
existence of alow-pressure Penning discharge are well
known [11, 15-18]; in the one-dimensional version of
asimilar model, they were calculated in [14].

Low-Voltage Mode of a Reflective Discharge
with a Hot Cathode

Inthe (B, U) plane (Fig. 4), the domain of existence
of asteady-state reflective discharge with ahot cathode
is bounded from above by a curve B(U), whose mini-
mum corresponds to the critical value of the magnetic
induction, B

From |-V characteristic 1 in Fig. 2, it can be seen
that, at B < B, a steady-state discharge with a hot cath-
ode can operate in asimply connected domain of volt-
ages. This mode can be efficiently used in devices
intended to operate in awide current range [4, 13]. The
|-V characteristic of a reflective discharge with a hot
cathode has a negative differential resistance, which is
typical of arc discharges. Figure 5 shows an exampl e of
the calculated structure of ahigh-current dischargewith
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Fig. 6. Calculated 1-V characteristics (solid lines) and the
corresponding temperatures of the self-heated electrode
(dashed lines) for a reflective discharge with a hot cathode
made of different materials for h = 1 cm, R= 0.5 cm, and
B=0.08T: (1) LaBg (¢, =2.8€V), () W (¢;,=4.5¢eV), and
(3) Re(¢p,=5.0eV).

a hot cathode: the radial distributions of the fast-elec-
tron density and the current in the electrode gap.

Toillustrate the possibility of reducing the discharge
voltage, Fig. 6 presents examples of the calculated 1-V
characteristics of a discharge cell with a self-heated
cathode for different work functions. These character-
istics indicate that the discharge voltage substantially
decreases with decreasing hot-cathode work function,
as was previously observed experimentally (see, e.g.
[4]). A decrease in the discharge voltage below 100 V
usually results in a sharp decrease in the cathode ero-
sion rate; this extends the cathode lifetime and substan-
tially reduces the amount of impurities emerging from
the plasma source.

ZJULKOVA et al.

Applicability Limits of the Model

Let us determine the applicability limits of our
model with respect to the gas pressure. Since the
plasma column is assumed to be weakly ionized, the
density of neutral particles should be much higher than
that of charged particles. The lower estimate for the
electron density can be obtained from the electron den-
sity near the anode, whichin turn can be estimated from
the discharge current |, the anode surface area 2R,
and the thermal velocity of plasma electrons V. The
upper estimate for the atomic density can be obtained
from the condition that the electrons are magnetized.
The electron—atom collision frequency v, can be esti-
mated from the transport collision cross section o, and
the electron thermal velocity V.. Asaresult, we abtain
the range of gas densities within which our model is
valid: 2I/ThReVy, < n, < eB/M0g, V. Thus, for thedis-
charge parametersfrom Fig. 5, wehave 4 x 10" < n, <
2 x 10 cm=3.

In addition, it is necessary that the thickness of the
electrode sheaths be much less than the discharge cell
dimensions. The cathode sheath thickness d, can be
estimated from the 3/2 law. As a result, we obtain the
limitations on the cell dimensions,

. 27" [4€021R’, a2 2
R’h>dCDDmD 5 1 U. 05%x10° cm.

CONCLUSIONS

We have calculated the |-V characteristic of a high
current reflective discharge with a hot cathode and the
corresponding temperature of the self-heated electrode.
The domain of existence of steady-state modes of a
reflective discharge in the (B, U) plane has been deter-
mined. It is shown that, at sufficiently strong magnetic
fields, two modes of a Penning discharge can exist:
high-current and a high-voltage ones. At sufficiently
weak magnetic fields, the reflective discharge can oper-
ate only in the thermionic mode. The model proposed
allows one to optimize the design of charged- and neu-
tral-particle plasma sources based on this type of dis-
charge.
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Abstract—Cg, fullerene powder and fullerene soot are examined by the method of small-angle X-ray diffrac-
tion. Small-angle diffraction patterns constructed in the Guinier coordinates make it possible to find the radii of
inertia of scattering elements. The small-angle diffraction scattering findings agree well with large-angle X-ray

diffraction data. © 2005 Pleiades Publishing, Inc.

Small-angle X-ray diffraction has been widely used
in studying solid disperse systems, such as powder-like
soots, cods, etc. [1]. However, small-angle X-ray dif-
fraction data should sometimes be compared with inde-
pendent experimental results, since this method is well
developed for only dilute systems of similar equal-size
particles [2]. Here, we took advantage of the fact that
the structure of Cg, fullerene powder can also be exam-
ined by large-angle diffraction [3] and so applied both
X-ray techniques to find the size of its scatterers. The
soot from which the fullerene was extracted was also
studied by both techniques. The results obtained with
these two techniques not only correlate but also com-
plement each other.

EXPERIMENTAL

Ceo fullerene (of purity 99.7%) was obtained by the
Kratschmer—Huffman method [4]. Large-angle diffrac-
tion studies were carried out on a DRON-2.0 diffracto-
meter (CuK, or CoK, radiation) with a graphite mono-
chromator using the Bragg—Brentano scheme. The
samples were prepared by applying a drop of a Cg, or
soot suspension in ethanol on the degreased surface of
cover silicate glass. After the alcohol has evaporated, a
thin powder layer remained on the glass due to adhe-
sion. The glasses with the powder were placed directly
on the goniometer head, and reflection diffraction lines
were recorded under room conditions. From the width
of the reflections, we estimated mean size L, of crys
tallitesin an [hki] direction by the Scherrer formula[1].
In addition, the size of crystallites along the [111]
direction and parameter g;, of lattice paracrystallinedis-
tortions were calculated, in accordance with the Hose-
mann theory [5], by measuring several orders of reflec-
tion from the (111) surface,

(39)° = (39); + (89); = 1/Lpy + (mgy) ' m'/dpy, (1)

where (8S) isfound by the formula
Lo = K/[(2c0sB)/A]36 = 1/(8S). 2

In the above formulas, S= 2(sinB)/A, A isthe X-ray
radiation wavelength, K is a constant close to unity, 20
isthe scattering angle, (0S), and (8S),, are the respective
contributions of the grain size and lattice distortions to
the width of the reflection, mis the order of reflection,
and g, = (Ad,/dhy) istherelative changeininterplanar

spacing dy;. Formula (1) appliesif 2rég’ nm? < 1.

Small-angle diffraction studies were performed in
the transmission mode on aKRM-1 setup with slot col-
limation of the primary X-ray beam. The width of the
beam at itsbasewas 5'. Only Ni-filtered CuK,, radiation
was used. The scattering angles were varied from 12' to
2°. The substrate was a 7.5- to 10-um-thick hydrated
cellulose film covered by a thin layer of silicate adhe-
sive. A thin layer of the powder was more or less uni-
formly distributed over its surface, and the entire com-
position was then rolled by a glassroller. The contribu-
tion of a reference adhesive-covered substrate to
scattering was insignificant compared to the back-
ground in the scattering angle range studied.

According to the Guinier theory, the distribution of
small-angle scattering intensity for X rays scattered by
dilute systems of similar equal-size particles is
described by the formula

1(S) = n“exp(—4TPR’S/3), 3)

where I(S) isthe scattering intensity, n? isthe scattering
capacity per scatterer, R is the radius of inertia, and
Scan be set equal to 26/A (because of the smallness of
the scattering angle).

Formula (3) is valid if the product RS is much
smaller than unity. Taking the logarithm of (3) yields

logl = logn’ - (41°R’S’/3)loge. (4)
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Therefore, experimental scattering curves were first
constructed in the standard coordinates (intensity ver-
sus scattering angle) and then converted to the curvesin
the Guinier coordinates (logarithm of intensity versus
scattering angle squared). From slope a of these curves
inthe Guinier coordinates, theradii of inertiaof scatter-
erswere found. For CuK,, radiation,

R = 0.644(-a)". (5)

It was found experimentally [2] that, for a set of
scattering particles of, e.g., two sorts each with arela-
tively narrow size distribution, the general distribution
constructed in the Guinier coordinates has the form of
abroken line with two respective linear portions.

In taking small-angle measurements, the goniome-
ter was rotated manually and a total of 1000 counts
wererecorded at each fixed scattering angle; so, therel-
ative error of intensity measurement was within 3-4%.

RESULTS AND DISCUSSION

Figure 1 shows the diffraction pattern of the Cyg,
fullerene powder on the glass substrate. The reflections
from the fullerene are much more intense than the scat-
tering from the substrate, and so determination of their
intensities and positions poses no difficulties. Accord-
ing to calculations, the interplanar spacings in the fcc
and hcp lattices are nearly the same but the intensities
of the corresponding reflections differ. The majority of

the most intense peaks can be attributed to the Fm3m
fcc lattice, which is observed at T > 260 K [6], and the
interplanar spacing agrees with the published data [3,
6-9] accurate to 0.001-0.002 nm.

Having constructed a linear dependence of (3S)? on
m* (Fig. 2) for the (111), (222), and (333) reflections by
the least squares method, we find from the point of
intersection of this plot with the vertical axisthat Ly;, =
18 £ 2 nm. The slope of thisline gives g, = 2%.

The grain least size measured from the same reflec-
tions and also from the (220) reflection is 20-30 nm.
Thus, grains in the as-prepared Cg, fullerene are suffi-
ciently perfect and 20-30 nm across, as follows from
the large-angle diffraction scattering data.

It should be noted that the structure of Cg, fullerene
powders depends on the preparation technique. Korolev
et al. [3] studied seven lots of Cg, fullerenethat differ in
phase composition. They believethat fullerene powders
contain, along with the crystalline phase with perfect
“large” grains, fine“grains’ 2—4 nm across and individ-
ual Cg, molecules. The two additional phases show up
in wide-angle X-ray diffraction patterns as halos under
reflectionsin theinterval 10°-15° and 17°-30°, respec-
tively (for CuK, radiation). In Fig. 1, these halos
(shown asdark areas) are seen not so distinctly asin[3].
Significantly, grains 2 nm across are physically unreal-
istic, sincethe interplanar spacingsin the Cy, lattice are
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10 14 18 22 26 30
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Fig. 1. Large-angle diffraction pattern taken of the Cgg
fullerene powder. Numbers above the peaks are reflection
indices in the fcc and hep (in parentheses) lattices. CuK
radiation.

(39); x 10

45} "

35

25

0 40 80

Fig. 2. (6972 vs. m* (formula (1)) for the Cgy fullerene
powder.

1 002
111 311 H
/ 20 1
W "Wg%wﬁ km
1 1 1 MW*
10 20 30 40 50

20, deg

Fig. 3. Large-angle diffraction pattern taken of thefullerene
soot. Reflection indices (except for (002)) correspond to the
fce lattice of fullerene Cgg. The (002) reflection is that of
graphite. CoK, radiation.

on the order of 1 nm (the molecular diameter exceeds
0.7 nm), so that long-range order cannot arise over a
distance of 2 nm. It seemsthat Korolev et al. [3] meant
clusters consisting of two to four molecules rather than
grains (crystallites).
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Fig. 4. Computer simulation of the electron density distri-
bution over two central cross sections of a Cgq fullerene
mol ecule passing through (a) two and (b) four double bonds
[10].

In the wide-angle diffraction pattern taken of the
fullerene soot (Fig. 3), only four reflections are dis-
tinctly seen, three corresponding to the fcc lattice of
pure Cg, fullerene. The fourth (most intense) reflection
can be assigned to the (002) reflection from the graphite
lattice. The crystallite sizes in the Cg, fullerene and
fullerene soot calculated by the Scherrer formula from
the widths of the (220) and (111) reflections are =20
and =25 nm, respectively. Thus, crystallites in the
fullerene powder and fullerene soot are of the same
Size.

Before turning to the results of small-angle mea-
surements, we note that a Cg, fullerene molecule has
the form of a hollow truncated icosahedron with zero
electron density inside (Fig. 4), as follows from exper-
imental and analytical results[10]. The inner and outer

GINZBURG et al.

() (b)

14.28 A

Din=4A
D=7.14A

Doy =7.14 A

Fig. 5. (a) Cluster of two Cgg molecules (theinner and outer
diameters of the molecule areindicated) and (b) itscylindri-
cal approximation.

I, cps I, cps
80 ‘L‘ 18
"
60 L] 16
°
o 5 e 14
— °
°
20 "u, .. 12
" " augg
1 1 ‘ ..I O
0 40 80 120

¢, min

Fig. 6. Small-angle diffraction patterns taken of the Cg
fullerene powder and fullerene soot.

diameters are, respectively, 0.4 and 0.714 nm (Fig. 5)
[11]. With thisin mind, a C4, fullerene molecule can be
approximated by a spherical sheath with a uniformly
distributed density; then, its radius of inertia equals
0.30 nm.

Figure 6 shows the small-angle diffraction patterns
for the Cg, fullerene powder; Fig. 7, the same patterns
constructed in the Guinier coordinates. It is noteworthy
that curves 1 and 2 have the same sope at very small
angles; theradius of inertiaeguals 10 nm in both cases.
If we assume that scattering particles are cubes with a
uniform density, the edge of the cube is then 20 nm
long. This value is in agreement with the large-angle
diffraction data for the Cg, crystallite size in both the
powder and the soot.
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logl
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16.82 33.64 50.46
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Fig. 7. The same patterns as in Fig. 6 constructed in the
Guinier coordinates. Numbers by different rectilinear por-
tionsindicate the corresponding radii of inertia

Let us now turn to the second portion of curve 1 in
Fig. 7. Here, two straight lines are drawn with regard to
the measurement error: their slopes giveradii of inertia
of =0.9 and =0.3 nm, respectively. Thefirst value corre-
spondswell to clusters consisting of two Cg, molecules.
In fact, let us represent such a cluster as a cylinder of
height H equal to two diameters of a Cg, molecule and
radius R equal to the radius of the molecule (Fig. 5b).
Therelationship R = (R%/2 + H%/3)Y?, whichisvalid for
homogeneous cylinders, yields R = 0.86 nm, in good
agreement with the experimental data. The other value
corresponds to individua Cg molecules, a large
amount of which ispresent in Cg, fullerene powder pre-
pared by the Kratschmer—Huffman method, as follows
from the shape of the amorphous halo observed in
large-angle diffraction patterns [3].
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The second and third rectilinear portions of curve 2
in Fig. 6 correspond to fullerene soot particles with
radii of inertiaof 3 and 2 nm, respectively. Such values
cannot as yet be assigned to any structural element.

Thus, the Cg, fullerene powder consists of grains
=20 nm in size, two-molecule clusters, and individual
fullerene molecules. The fullerene soot aso contains
Cgp grains 2025 nm across.
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Abstract—The subject of study is ultrashort avalanche-produced electron pulses generated in air under atmo-
spheric pressure. The current amplitude of the pulses behind 45-pum-thick AlBe foil exceeds 100 A, and their
FWHM is =0.2 ns. The conditions of generation of ultrashort pulses persist at repetition rates as high as
1.5kHz. A volume discharge initiated in an open coaxial-electrode gas diode by high-voltage nanosecond
pulses generates hard (>60 keV) radiation. © 2005 Pleiades Publishing, Inc.

INTRODUCTION

Pulsed and continuous sources of X rays are being
widely applied in various areas of science and technol-
ogy. Usually, X-ray radiation is generated by stopping
an electron beam on a target made of a heavy metal,
while electron beams are produced in high-voltage
(severa tens of kilovolts) vacuum diodes [1]. It was
reported [2—7] that ultrashort avalanche el ectron beams
(UAEBS) were produced in gas diodes at a pressure of
1 atm or higher. Possible applications of nanosecond
electrons beams were considered in [8, 9].

The UAEB offers unique properties. Upon filling a
gas diode of an appropriate configuration (small dimen-
sions and a low inductance) with atmospheric-pressure
air, the beam current amplitude amountsto several hun-
dreds of amperes and the FWHM of the pulses is no
more than several hundreds of picoseconds[3—7]. Opti-
mized UAEBs were used to initiate a volume discharge
in an atmospheric-pressure CO, laser [8] and excite
cathodoluminescence in crystals [9]. However, the
early experiments on UAEB generation used single
shots or a low repetition rate (no higher than 5 Hz),
while advanced nanosecond high-voltage pulse genera-
tors operate in the pul sed—periodic regime with a pulse
repetition rate of 1 kHz or higher [10, 11]. Specifically,
amechanism of superfast current switching in semicon-
ductors based on tunnel—collision ionization has been
implemented [11]. Terminated by a50-Q load, a pulser
built around this effect generated pulses of amplitude
150-160 kV and duration 1.4 ns with a rate of up to
3 kHz. The pulse rise time was 200-250 ps.

The aim of this work is to study the properties of
UAEBSs produced in gas diodes of different configura-

tions and also the feasibility of producing UAEBs at a
high repetition rate of generating pulses. UAEBs were
generated in an open gas diode with subsequent record-
ing of X-ray radiation.

EXPERIMENTAL

The setup used in our experiments was described
elsewhere[11, 12]. An overvoltage across atunnel—col-
lison sharpener was achieved with an SOS-diode-
based short-pulse generator and intermediate sharpener
[12] operating in the normal collision-ionized wave
mode. The generator provided an output voltage ampli-
tude of 220V with arisetime of about 1 ns. A terminat-
ing tunnel—collision sharpener placed at the beginning
of the transmission line generated in the line a pulse
with arise time of about 250 ps. All the circuits of the
generator were filled with transformer cil. The gas
diode used in the experiments (Fig. 1) wassimilar to the
diode described in [5] and wasimplemented in two ver-
sions: (i) a cathode mounted on a central el ectrode and
an anode made of foil and (ii) an open gas diode with-
out foil, which was used to generate X-ray radiation.

We studied the parameters of the electron beam
and/or X-ray radiation using three cathodes and two
anodes of different configuration. Cathode 1 (5 in
Fig. 1) isatube 6 mm in diameter made of a steel sheet
100 pm thick. Cathode 2 was a steel ball 17.4 mm in
diameter. Cathode 3 was a steel ball 7 mm in diameter,
which was fixed at the end of a steel tube of diameter
6 mm. Planar anode 1 (4 in Fig. 1) was made of AlBe
foil 45 pm thick. As the second anode, we used the
inner metallic surface of the gas diode (3) to provide

1063-7842/05/5011-1462$26.00 © 2005 Pleiades Publishing, Inc.
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10

Fig. 1. Schematic of the experimental setup: (1, 1') dosime-
ter, (2) additional screen, (3) case of gas diode (anode 2),
(4) fail, (5) cathode, (6) gas diode insulator, (7) transmis-
sion line body, and (8) central conductor.

more efficient (compared with the foil) anode cooling
at high pulse repetition rates. In the latter case, the foil
was removed, so that the diode remained open.

Under conditions 1, the gas diode consisted of the
planar anode and cathode 1 or 3. Here, breakdown was
accomplished between the end face of the cathode and
central part of the planar foil anode. The electrode gap
could be varied between 5 and 16 mm. As was aready
noted, when the diode was open (conditions 2), the foil
was removed and breakdown of the air was accom-
plished at alow repetition rate between the end face of
the tube (cathode 1) or lateral surface of the ball (cath-
odes 2 and 3) and the edge of the cylindrical case of the
diode. The electrodes were coaxial. The gap between
the cylindrical surface of the anode and cathode 1 was
equal to 21 mm; cathode 2, 15.3 mm; and cathode 3,

(a)

L ©

1463

20.5 mm. Since the foil was absent under conditions 2,
we could observe and photograph the integral glow of
the discharge. Under conditions 1, we measured the
beam parameters behind the foil. Under conditions 2,
the electron beam was detected and itsrelative intensity
was measured with a VICTOREEN541R dosimeter,
which was placed at a distance of 5 cm from the foil
normally to the axis of the transmission line of the gen-
erator (1 in Fig. 1). In the pulse train mode, the open
diode combined with the dosimeter allowed measure-
ments at a repetition rate of pulsesin atrain of up to
1.5kHz. The number of pulses per train was varied
from 150 to 3000. The dosimeter used in the experi-
ments recorded the electrons and X-ray quanta that
have an energy exceeding 60 keV.

Voltage pulses were detected by capacitive voltage
dividersinserted in the transmission line of the genera-
tor. Current pulses were detected with alow-inductance
collector 2 cm in diameter terminated by a coaxia
cable. The pulses from the divider and collector were
applied to a TDS6604 digital oscilloscope with a
6-GHz transmission band and a recording rate of
20 points per nanosecond (20 GHz). The pulserisetime
in the measuring system did not exceed 100 ns. The
measurements were taken in the single shot mode and
at a pulse repetition rate varying from 1.5 to 1500 Hz.
At arate of 100 Hz or more, the pulses were applied to
the gasdiodein trains.

RESULTS AND DISCUSSION

In the course of experiments, we recorded the inci-
dent and reflected voltage pulses in the transmission

®

.......

(d)

Fig. 2. Waveforms of the (a—) voltage pulses and (d) beam electron current at alow pulse repetition rate. The horizontal scaleis
0.5 ng/div, and the vertical scaleis (a—c) 36 kV/div and (d) 30 A/div.

TECHNICAL PHYSICS Vol. 50 No. 11 2005
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Fig. 4. UAEB autographs behind aluminum foil (a) 10 and
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Fig. 5. Electron energy distribution in the UAEB (the gap
width is 11.7 mm, cathode 1).

line, beam current waveforms behind the foil, and elec-
tron beam “autograph”; measured the X-ray exposure
dose; and calculated the electron energy distribution
behind the foil. Figure 2a shows the waveform of a
pulse from the voltage divider placed in the transmis-

TARASENKO et al.

sion line of the generator. The pulse is unaffected by
reflection from the gas diode due to the elongation of
the transmission line. The pulse voltage and current
amplitudes are, respectively, 156 kV and 3.2 kA, and
the FWHM equals 1.4 ns. The voltage pul se generated
by the gas diode with cathode 1 under conditions 1 is
shown in Fig. 2b, and the current waveform after the
foil is depicted in Fig. 2d. The incident and reflected
voltage pulse amplitudes are, respectively, 134 and 55
kV, which corresponds to amaximal voltage across the
gap of =190kV (at thisvoltage, theresistance of the gas
diode equals =120 Q). Under optimal conditions, the
UAEB amplitude (Fig. 2d) behind the foil exceeds 100
A, and the FWHM is=0.2 ns. The voltage pulse wave-
form for the open diode with cathode 1 is represented
in Fig. 2c. Theincrease in the reflected pulse amplitude
is associated with an extension of the gap and, accord-
ingly, an increase in the gap resistance to =170 Q.
Remarkably, the peak in the voltage pulse waveforms
(Figs. 2b and 2c) is followed by a shallow dip, which
reflects a decrease in the discharge plasma resistance
during the pulse. The current pulse amplitude behind
the foil (cathode 1) versus gap width dependence is
shownin Fig. 3. The highest current is observed at agap
width of 11.7 mm. When cathode 1 was replaced by
cathode 2 in the single shot mode, the optimal gap
shrinks to 7.5 mm and the electron beam current
decreases by =30%.

Note a considerable scatter in the measured beam
current amplitudes, especially under nonoptimal condi-
tions. However, the peak amplitudes were reliably
reproduced from measurement to measurement and the
operating stability of the gas diode was even improved
after pretraining in the pulsed—periodic regime. Here,
we give the maximal amplitudes of the beam current.
Figure 4 demonstrates the autographs of the electron
beam behind Al foil 10 and 70 pum thick. In the latter
case, the number of pulses needed to record the auto-
graph was raised from 450 to 1350. The diameter of the
autograph in the plane of the foil isabout =16 mm. The
electron energy distribution taken by the foil method is
shown in Fig. 5. The distribution after the foil peaks at
an electron energy near 100 keV. A substantial number
of electrons had an energy above 140 keV. Narrowing
of the voltage pulse front compared with the front of
voltage pulses produced in the RADAN-303 accelera
tor [5, 6] increased the UAEB energy.

The most significant result was obtained when the
open diode was studied in the pulsed—periodic regime
(Fig. 6). With cathode 1 (Fig. 6a), the maximal X-ray
exposure dose (within the initial 150 pulses) was
observed at a pulse repetition rate of 1.5 Hz or less. As
the repetition rate was raised, the exposure dose
declined continuously and, eventually, the dosimeter
did not detected X-ray radiation within the initial 450
pulses when the rate achieved 100 Hz. However, with a
further rise in the repetition rate, X rays were detected
again. The second maximum appears at arepetition rate
of =200 Hz. When the repetition rate was increased
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from 0.5to 1.5 kHz, the X-ray exposure dose per initial
150 pulses dropped only twofold.

With cathode 2 (Fig. 6b), the minimal and maximal
doses were observed t repetition rates of 1.5 Hz and
=200 Hz, respectively. When the repetition rate was
raised from 0.5to 1.5 kHz, the X-ray exposure dose per
150 pulses decreased by no more than three times and
was 1.5 times higher than with cathode 1. With cathode 3
(Fig. 6¢), the maximal dose, as with cathode 1, was
observed at a repetition rate of 1.5 Hz; however, the
second maximum appeared at a lower rate, =50 Hz.
Thus, in al the three cases, X-ray radiation was gener-
ated at a high pulse repetition rate and a change in the
repetition rate or cathode design influenced the expo-
sure dose of the X-ray radiation.

With a 5-mm-thick lead screen (2 in Fig. 1) placed
before the dosimeter, X rayswere not detected under all
the conditions. However, when an aluminum screen
170 pm thick was mounted at the same place, the
dosimeter readings changed insignificantly. With the
dosimeter placed in position 1'in Fig. 1 (i.e., behind the
lateral wall of the diode and transmission line), X rays
were not detected over 450 pulses.

Visual observation and photographing of theglow in
the gas diode suggest that the discharge in the diode is
volume and concentrates at the places where the elec-
tric field is dightly enhanced (Fig. 7). With cathode 3,
the discharge is the most homogeneous (Fig. 7c¢) and
the current partially closesto the central part of the ball.
When the pul se repetition rate was low and the number
of pulses per train was small, the volume discharge had
the form of overlapping jets with bright spots at the end
of the tube (cathode 1) [6] or on the spherical surface
(cathode 2), which is at a very short distance from the
anode.

When the pulse repetition rate is high and the num-
ber of pulses per train is large (more than 50), the dis-
charge remains volume but its form changes. The dis-
charge-occupied space between the electrodes starts
expanding, and an additional volume discharge of a
lower density arises between the cathode holder and
inner metallic surface of the cylindrical anode. As the
repetition rate and number of pulses per train grow fur-
ther (1000 or more), bright channels appear in the gap.

It should be noted that the X-ray exposure doses
under conditions 1 (with foil) and conditions 2 (open
gas diode) with cathode 1 differed by as little as 20%;
namely, they equaled 16 and 13 mR, respectively, over
150 pulses following with a rate of 1.5 Hz. In both
cases, the dosimeter was at a distance of 5 cm from the
foil.

Let us discuss the results obtained. When a high-
voltage pulse with a subnanosecond rise timeis applied
to the gap, the plasma front moving from the cathode
toward the anode produces a critical field near the
anode and a UAEB forms [3]. The UAEB amplitude
and energy depend on many factors [6], including the
pulse repetition rate. X-ray radiation with a quantum
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Fig. 6. X-ray exposure dose (over 150 pulses) vs. pulse rep-
etition rate for the open gas diode with cathode (a) 1, (b) 2,
and (c) 3.

energy of >60 keV is generated mainly when the elec-
tron beam stops at the anode. In thiswork, it is for the
first time shown that the conditions for UAEB genera-
tion persist when the repetition rate of pulses, including
those in atrain of 150 pulses, is high (1.5 kHz).

The second maximum in the dependence of the
exposure dose on the repetition rate is due to expansion
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Fig. 7. Pattern of the volume discharge in the open diode with cathode (a) 1, (b) 2, and (c) 3 after one shot.

of the space occupied by the discharge. It appears that,
when the repetition rate is high, the plasma has no time
to recombine in the areas where the current density is
the highest and the UAEB forms under worse condi-
tions (the electric field gradient near the anode weak-
ens). As the current density decreases as aresult of the
discharge area expansion toward the transmission line,
the UAEB forms in areas with alower current density
and X-ray radiation isgenerated at high repetition rates.
Although the exposure dose at repetition rates of
0.5 kHz or higher was smaller than at lower rates, the
dosimeter continuously detected X-ray radiation with a
guantum energy above 60 keV.

CONCLUSIONS

We studied an ultrashort avalanche electron beam
produced in air under atmospheric pressure. It isshown
for the first time that the conditions for UAEB genera-
tion persist at a pulse repetition rate ashigh as 1.5 kHz.
X rays generated by electrons with an energy above
60 keV are detected if nanosecond high-voltage pulses
are employed and avolume discharge isinitiated in an
open gas diode filled with air under atmospheric pres-
sure. The X-ray exposure dose depends on the pulse
repetition rate nonmonotonically (nonlinearly). It
seems that such anonlinear dose—rate dependence may
be used to improve the stability of sharpeners operating
in the pulse—periodic regime. Behind 45-pum-thick
AlBefoil, the UAEB current amplitude exceeds 100 A
at an FWHM of =0.2 ns.
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Abstract—Optoelectrical characteristics of a pulsed-periodic discharge in xenon are investigated experimen-
tally under conditions such that the product of the el ectrode gap length and the gas pressure is in the range of
4-20 Torr cm. High conversion efficiency of the energy deposited into vacuum UV radiation in adischarge sus-
tained by 0.1-ps voltage pulses at a repetition rate of 1-10 kHz is demonstrated. It is shown that this effect is
related to the fast expansion of the negative glow occurring after each discharge ignition. The conditions are
determined under which the discharge is hot accompanied by the heating and sputtering of the cathode. © 2005

Pleiades Publishing, Inc.

Pulsed-periodic discharge in xenon at pressures of
1040 Torr wasinvestigated in [1, 2] asasource of vac-
uum UV radiation in the 145- to 190-nm wavelength
range. The discharge was excited in two-el ectrode gaps
with a distance of 1-5 mm between the cathode and
anode. Zn,SiO, : Mn phosphor was used to convert UV
radiation into visible light. It was shown that the light
power efficiency increases significantly as the duration
of the applied voltage pulses is reduced. At a pulse
duration shorter than 0.2 ps, the light efficiency was
found to be one to two orders of magnitude higher than
that in the negative glow of adc discharge. It was shown
in [3] that the decrease in the duration of the voltage
pulses sustaining a discharge in xenon-filled industrial
gas-dischargeindicator panel cellsfrom 2to 0.3 pswas
accompanied by atwofold increasein the UV radiation
intensity. However, the reason for such an efficient con-
version of the deposited energy into UV radiation
remains unclear.

In [4], the propagation of the negative glow bound-
ary toward the cathode with a velocity of 10%-2.5 x
10° cm/swas observed after dischargeignitioninaNe-
Xe(10%) mixture by voltage pulses with an amplitude
of 190220 V. It is known [5] that the emission of UV
radiation is caused by the processes initiated by elec-
tron-impact gas ionization near the negative glow
boundary. The question naturally arises as to whether
the propagation of the cathode glow boundary can lead
to the production of the excited xenon atoms and
dimersin avolume larger than that in adc discharge.

In this paper, we present results of experiments on
the investigation of the negative glow expansion as a
mechanism for the efficient conversion of the deposited
energy into UV radiation in a xenon discharge sus-
tained by short periodic voltage pul ses.

The experimental setup consisted of two identical
glass cellswith internal dimensions of 20 x 20 x 6 mm.
The inner surface of one of the cells was covered with
a (Eu, BaMgAl,;;0;7; phosphor. Both cells contained
two paralel 20-mm-long 0.15-mm-diameter nickel—
iron alloy wire electrodes separated by 3 mm. The setup
was located in a vacuum chamber with aresidua pres-
sure of lower than 2 x 1076 Torr. The xenon pressure
was measured by aVDG-1 vacuometer.

Voltage pulses with an amplitude of 200-800 V, a
repetition rate of 1-10 kHz, and an FWHM of 60—
450 ns were supplied to the anode. The cathode was
grounded through a 50-Q measuring resistor. The volt-
age pulserisetime (from 0.1U ., t0 0.9U,,,) was 40 ns
and remained unchanged in the course of our experi-
ments. The discharge voltage and current were mea-
sured by a two-channel wideband oscilloscope. The
voltage pulses were supplied to the input of the oscillo-
scope through a frequency-independent divider. A sig-
nal proportional to the discharge current (from which
the signal of the displacement current through the
“cold” discharge gap was preliminary extracted) was
supplied to the second input of the oscilloscope. For
this purpose, the signals from resistors in the cathode
circuit and an RC-circuit connected in series to the
anode (the capacitance being chosen to be equal to that
of the “cold” interelectrode gap) were supplied to the
inputs of adifferential amplifier.

A pulsed optoelectronic amplifier with a 2.8-cm-
focal-length objective producing a twofold magnified
image of the discharge gap was used as a system for
recording the phosphor and discharge radiation with a
spatial resolution of 0.1 mm. In theimage plane, avari-
able-width diaphragm was installed. Immediately
behind the diaphragm, an FEU-115 optoelectronic
amplifier with a 5-ns response time was located. The

1063-7842/05/5011-1467$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 1. Influence of the excitation duration on the character-
istics of a pulsed-periodic discharge: (a) waveforms of the
(2) voltage, (2) current, and (3) phosphor emission intensity
and (b) the dependence of the light power efficiency on the
voltage pulse duration.
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Fig. 2. Expansion of the negative glow after discharge igni-
tion: (1) voltage; (2) current; (3) phosphor emission inten-
sity; (4, 5) optical emission intensity from the anode and
near cathode regions, respectively; and (6) location of the
negative glow boundary.

entire system was mounted on a movable support and
could be displaced in the image plane by using a
micrometer screw. Thelight pulseswere recorded by an
oscilloscope with a 2-ns time resol ution.

Fig. 1a shows waveforms of the voltage U(t); the
discharge current I(t); and the anode current J(t) of the
optoelectronic amplifier, which is proportiona to the
phosphor radiation intensity. The waveforms were
obtained at a 15-Torr xenon pressure and 1-kHz pulse
repetition rate. At the front of the current waveform,
thereisapeak (with an amplitudel ), whichisfollowed
by a rapid drop and the subsequent gradual increase
with a tendency toward saturation. A steady-state dis-
charge current of 1= 0.3, is established about 120 ns
after the beginning of the discharge. The peak current
l,, the steady-state current |, and the amplitude of the
phosphor radiation pulse depend dlightly on the voltage
pulse duration. An increase in the latter results only in
alonger quasi-steady stage of the discharge current.

As a quantitative criterion of the conversion effi-
ciency of the energy deposited in a discharge into UV
radiation, we used the light power efficiency n,

T

| GL
n = &
[umIe

where T is the pulse repetition period.

Figure 1b shows the dependence of the light power
efficiency n on the voltage pulse duration T, at a con-
stant repetition period. The maximum efficiency was
achieved at a voltage pulse duration below 100 ns,
which was insufficient for the formation of a quasi-
steady discharge. In this case, the conversion efficiency
of the deposited energy into UV radiation was four
times higher than that in the case of 1, > 300 ns, when
an anomalous glow discharge was primarily in aquasi-
steady state. Hence, UV sources in xenon are produced
with the maximum efficiency due to the processes that
occur when the negative glow appears, which is accom-
panied by a characteristic peak in the current wave-
form.

Figure 2 shows waveforms obtained in the case of
short voltage pulses (ty = 70 ns) with arepetition rate
of 1 kHz. In addition to the waveforms of the voltage,
current, and phosphor radiation intensity, optical radia-
tion signals from the anode and cathode regions of the
cell not covered with phosphor are aso shown. In order
to determine the dependence of the time at which radi-
ation appears at a distance x between the center of the
recording region and the cathode, the optical system
was displaced from the anode toward the cathode
through 0.1-mm steps. The results of measurements of
the glow boundary propagation are presented in Fig. 2
by circles. The negative glow expands toward the cath-
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odewith avelocity of ~10” cm/s, which istwo orders of
magnitude larger than the drift velocity of xenon ions
under the conditions of our experiments. Anincreasein
the voltage pulse amplitude or a decrease in the xenon
pressure is accompanied by an exponential increase in
the propagation vel ocity of the glow boundary.

A comparison between the propagation velocity of
the glow boundary and the peak amplitude of the cur-
rent |,, aswell asthe coincidence in time of the current
peak and the glow expansion, allows usto interpret the
current flowing through the cathode region when the
glow appears as a displacement current caused by the
contraction of the region between the cathode and the
negative glow. When the pulse repetition period is less
than 50 s, a plateau appears at the front of the wave-
form. As the repetition period decreases, the height of
the plateau increases and the time delay between the
voltage and current pulses decreases to zero. The peak
at the front of the current pulse, which is characteristic
of the negative glow expansion mode, disappears at a
pulse repetition rate above 25 kHz. Investigation of the
spatial distribution of the discharge optical radiation
shows that, at short repetition periods (T < 40 ps), the
aforementioned expansion of the negative glow is
absent. At the same time, the phosphor radiation inten-
sity decreases substantially: at a repetition rate of 100
kHz, it is five times lower than that at a 10-kHz repeti-
tion rate. Similar results were obtained when the xenon
pressure was increased to 70 Torr.

The high conversion efficiency of the deposited
energy into UV radiation in the negative glow expan-
sion mode is confirmed by the following experiment.
First, a pulsed-periodic discharge with a repetition rate
of 10 kHz and, then, a dc discharge were ignited in the
same cell. The discharge conditions were chosen such
that the average light flux emitted by the phosphor was
the samein both cases. The differencein the conversion
efficiencies was evaluated by comparing the average
power deposited in the pul sed-periodic discharge,

1,
PO= UMD, @

and the power Py deposited in the dc discharge. A
comparison of the results presented in the table shows
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Table
Pul sed-periodicdischarge, -
g c 1, = 100 ns DC discharge
sF
é% Ly MA | U, V| PEMW | Ipe, MA | Upg, V. | Ppe, W
15| 34 675 4 5.45 235 1.28
30 54 675 6 5.7 219 1.25

that the efficiency of the UV glow excitation in a
pulsed-periodic discharge is two orders of magnitude
higher than that in a dc discharge.

Thus, in a pulsed-periodic discharge in xenon under
conditions such that each ignition is accompanied by
the propagation of the negative glow boundary toward
the cathode with a velocity of 107 cm/s, the excitation
efficiency of UV radiation is much higher than in adc
discharge. When utilizing this effect, it is desirable to
limit the duration of the voltage pulses by the time at
which the glow approaches the cathode (100 ns under
our experimental conditions). In this mode, the dis-
charge is not accompanied by the heating and intense
sputtering of the cathode. The results obtained open the
way to creating efficient gas-discharge sources of vac-
uum UV radiation without utilizing cathodes with a
protective (e.g., mercury) coating.
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Abstract—~Problems associated with the formation of coherent oscillations of an ensemble of classical oscil-
lators and their superradiance instability are considered. The dispersion properties of an electron bunch and the
conditions for the generation of nonequilibrium radiation are determined in the quasi-steady anharmonic oscil-

lator approximation. © 2005 Pleiades Publishing, Inc.

In an early paper [1], Ginzburg proposed a method
for converting the kinetic energy of relativistic beams
of charged particlesinto electromagnetic radiation. The
method is based on the oscillations of charges in the
field of an external wave (in the undulator field). The
first undul ator source—afree electron laser (FEL)—for
producing coherent optical light was build in the mid-
die of the 1970s [2]. At present, FELs are capable of
generating light over a broad spectral range (see,

e.g., [3]).

Problems concerning the radiative instability of
classical oscillators and their interaction with electro-
magnetic fields were studied in quite a number of
papers (see, e.q., [4] and the literature cited therein).
Sincethe activemediumin an FEL isarelativistic elec-
tron bunch, the formation of thefield of stimulated radi-
ations is a necessary condition for the generation of
laser light. By its very nature, the field of stimulated
radiations is nonequilibrium with respect to the energy
of electron oscillationsin the undulator field; it is gen-
erated as a result of the energy exchange between a
nonequilibrium electromagnetic wave (primary radia
tion) and oscillating electrons (oscillators). In theoreti-
cal papers, the presence of the field of nonequilibrium
radiations in an ensemble of oscillators is attributed to
random processes [5, 6], to the presence of an external
source [7, 8], or to such awidth of the energy distribu-
tion of the beam electrons at which the oscillators can
efficiently exchange their energy via radiative transfer
[9-11]. Kurilko and Ognivenko [12] obtained the fol-
lowing condition for the generation of stimulated (col-
lective) radiation in arelativistic electron beam: N > 1,
where N is the number of electronsin a bunch with a
size equal to the bremsstrahlung wavelength in aframe

T Deceased.

of reference associated with the guiding center of the
bunch.

The objective of the present paper is to determine
the possibility, aswell asthe conditions, for the onset of
the superradiance instability (the superradiance
regime) of arelativistic electron bunch in an undulator
whose parameters are optimal for the generation of the
lowest radiation mode. By the superradiance instability
we mean the generation of nonequilibrium radiation in
an electron gas due to the random fluctuations of the
radiation field that are amplified by the energy
exchange between this field and the oscillating elec-
trons.

Let us consider the generation of electromagnetic
radiation by arelativistic electron bunch (v, = c) witha
space charge density g that movesalong thezaxisinthe
destahilizing undulator field H(2) = q4H,f(2), where gy
isaunit vector in the direction of thefield H(2) and f(2)
isaperiodic function of z. We assumethat v, 1 H(2) and
that the electron bunch is a closed equilibrium system
in which the individual electrons can exchange energy
with a radiation field of any nature. We describe the
electron energy distribution in the bunch by the func-
tion F(y) (with y being the relativistic factor) such that
Ay <y, (wherey, isthe most probable electron energy
for agiven distribution and Ay is the distribution width)
under the additional assumptionsthat there are no Cou-
lomb interactions between the el ectrons, electron losses
are absent, and the parameters of the undulator and of
the electron injector are optimal for the generation of
the lowest bremsstrahlung mode.

In the field of the force F (2) = ev, x H(2)/c, each
bunch electron moves along the vector q, = q, x qy
(whereq, and q, are unit vectorsin the directions of the
force F (2 and the velocity v,) in “its own” potential
well (the electron gas is magnetized in the z direction).

1063-7842/05/5011-1470$26.00 © 2005 Pleiades Publishing, Inc.
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Thisiswhy, for virtually any value of the space charge
density, we can ignore the effects associated with the
fine structure of the electron bunch and thereby can
describe the processes in terms of classical electrody-
namics and field theory.

We consider the dynamics of an individual electron
in the frame of reference associated with its guiding
center (in what follows, this frame of reference will be
denoted by K"). In the frame K', the plane wave of the
undulator field is described by the expression H(t) =
guHe&(t), where &(t) is a bounded function with the
period T,. The field strength of bremsstrahlung from a
point charge, Egg(t), is generaly related to the field
potentials A(t) and ¢ by the relationship Eg(t) =
—dA(t)/(cdt) — [d . Since the scalar potential ¢ pos-
sesses central symmetry in the frame K' and since the
vector potential is given by the expression A(t) =
ev, ()/(cR - v (1)R) (where v, isthe velocity acquired
by the electron under the action of theforceF_ and R is
the position vector from the origin of theframeK' to the
observation point), the oscillating vectors Eg(t) and
H (t) are mutually orthogonal and have the same phase.
In this case, the bunch electrons move in the crossed
fieldsE and H and, in the zdirection, the dielectric con-
stant of the electron gasisreal (thereare no free charges
in the direction of the vector q,). Hence, for a trans-
verse wave propagating along the z axis, the magne-
tized electron gas behaves as adielectric [13].

Let there be an ensemble of N, oscillators near the
ith electron within a volume V, whose dimensions are
determined by the radiation wavelength, and let the
oscillators interact with the field E; of the radiation
emitted by the electron. In turn, the dynamics of theith
electron is influenced by the radiation field of the
ensemble of oscillators. We turn to the quasi-steady
anharmonic oscillator approximation and assume that
the parameters of the system under consideration do not
vary during the period T,. In this case, we can describe
the system by using the Bush theorem of the conserva-
tion of the angular moment of an electron in the case of
radiative interaction in the bunches of oscillators [14].
In the generation regime, each electron of the bunch
simultaneously emits its own bremsstrahlung and
amplifies the radiation that is nonequilibrium with
respect to the energy of its oscillationsin the undul ator
field. The field strength of the bremsstrahlung emitted
by the electron is described by the relationship E,; =

(2gDr2y H2/3)V2 [15]. We take the limit Ay < y, and
assume that the initial oscillations performed by oscil-
lators are incoherent to see that the averaged (over the
volume V,) intensity of the bremsstrahlung emitted by
an ensemble of N,oscillators is directly proportional to
the sum ', Egg . The number N, can be determined
from the synchronization condition in the frame
K: w.At = 1, where w, is the most probable
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bremsstrahlung frequency for a given distribution F(y).
In this case, the ensemble of oscillators in question is
within a volume bounded by a spherical surface of

radius Rs = A./2 and we have N, = gV, = grD3/(6Y>).

SPONTANEOUS RADIATION REGIME

In the laboratory frame of reference, theintensity of
the radiation emitted by an electron bunch isthe sum of
the intensity of spontaneous emissions from the elec-
trons, Ig, in the undulator field and the intensities of
stimulated emission from each of the electrons, I, in
the radiation field of an ensemble of N, neighboring
oscillators. In this case, the total intensity of the lowest
radiation mode generated in a unit volume of the elec-
tron bunch is equal to [15]

Itot(yi) = Isp + Ist
_ 2¢'g 1)
3m’c’

(Hay? + E2N,sin“Awit),

where Aw; = w; — W, isthe characteristic frequency of
the electron injector.

The field strength Eg of the spontaneous emission
from an ensemble of N, oscillators is related to the

intensity 1, = IgN/(4m) by the formula Eg, =
gDlIg/(cy), so we have
EZ. 2
=% = 3Dvore, @
Ho

where D is the undulator period and r, = €/m.? is the
classical radius of an electron.

It follows from relationship (1) that the function
l,t(Y) IS nonmonotonic and has an optimum value at the
point a which the following equality (obtained with
allowance for formula (2)) is satisfied:

W, J6

—_—P =
W’ Jmsn(o—w)t

©)

where wf, = 4mge/m, is the Langmuir frequency of the
electron gas.

In terms of the equations for electron dynamics in
the field H(t) of a plane wave, the function F(y)
describesthe frequency and width of the spectral line of
the bremsstrahlung emitted by an electron. However,
radiative energy exchange is collective in nature and is
largely governed by such parameters of the medium as
the width Aw' of the spectral line of radiation from a
wave packet and the temporal energy-exchange param-
eter At. Consequently, in the frame K', the quantity

Aw =] — w|informulas (1) and (3) should, first of
all, satisfy the uncertainty relation AwAt =T, i.e., Aw' =
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Tc/r n( Wy ), where r, is the mean distance between the
electrons and n(w, ) is the refractive index of an elec-
tron gas at the frequency w, that is most probablefor a
given distribution F(y). Since Aw' = w,Ayly,, We see

that r™" = ey (0, N(w, )AY) = D/(24y), so, inthelimit

la = Ta

= \'/2 = D/(2y,), we obtain Aw' — .
Hence, for r, < A'/2 < Rgand Ay < y,, we have Aw' >
Aw;, which means that the shape of the distribution

function F(y) has essentially no effect on the width of
the spectral line characteristic of the radiative energy
exchange between the éectrons in the bunch. From
relationship (3) we thusreadily find the minimum value
of the refractive index of the electron gas for a trans-

verse radiation wave with the frequency w; propagat-
ing aong the zaxis:

min

n, (w) = |1 = 1.54.

+
8 N |U8N

The dispersion properties of the medium govern its
response to an electromagnetic perturbation. From for-
mula (3) it follows that, along the undulator axis, the
magnetized electron gas is completely opague to the
bremsstrahlung at the frequency . that is most proba-
ble for a given distribution F(y). In such a medium, for
w, > Wy, the field Eg, is attenuated due to its resonant
interaction with the particles of the medium and falls
off to zero at a distance of about ~A; [16]. The elec-
trons absorb the energy of thefield Egs and reemit it, the
phase difference between the emitted electromagnetic
wave and the field Eg, being 172. The result is the for-
mation of the field of nonequilibrium radiations E,, in
an ensemble of oscillators. Since there are no other
mechanisms whereby the energy of thefield Eg;isdis-
sipated, for a monoenergetic electron bunch we can set
Ep(w;) = Egg notethat, in this case, the fields Egg and
E, have the same direction and are polarized to the
same extent. The minimum value of the refractive

index, nJ'" = 1.54, determines the condition for the

existence of the field E, and for the transition of an
ensemble of oscillators to the superradiance regime,
specifically, the condition g, = ./6y>/./mtD, for the
space charge density of the bunch.

SUPERRADIANCE REGIME

The radiative energy exchange between the elec-
tronsin the bunch gives rise to the field of the coherent
oscillations performed by oscillators, whose radiation

PORKHAEYV et al.

intensity is directly proportional to

E2 _ coh |:|
BsSR — O EBS i|:|1 (4)
=1 |:|

where N, = 9xVeon With g being the space charge
density in the superradiance regime and V., being the
volume of the region in which the field of coherent
oscillations executed by oscillators has been formed.

However, for r, ~ A'/2, the spectral range character-
istic of the radiative energy exchange broadens and we
have A, ~ AN'. As a result, the radiative energy
exchange becomes far less efficient; so, within the vol-
ume V,, binary interactions between the oscillators are
most probable. In this case, theregion of coherent oscil-
lations is a spherical layer of radiusry = A'/2 and thick-
nessd =AM At Ay <y, thevolume of thelayer isequal
to Vo, = TD3AY/(2y*) and we have N, = 3AyN, /Y. For
Y =Y., relationship (1) reads

4
Itot(yc) = Isp + Ist = Ze_ggg(Hgy(Z: + EésNgoh)' (5)
3m'c

From relationship (5) we can easily determine the
electron energy that is optimal for superradiance from
the active medium of an FEL. With allowance for for-

mula (2), this energy is equa o

oy =
(2reD7gr2 Ay?/3)Y°. From this it follows that the opti-
mal condition for the generation of coherent radiation
by an electron bunch in the superradiance regime is g

= (3yL/2m@D7r2A¥)Y3. At this value of the space
charge density of the bunch, we have w, < @ and,

moreover, g/gy = (rd /9BTIN'AVY)YS < 1. For the
superradiance regime, we can readily obtain the disper-
sion of an electron gas magnetized in the z direction:

' ON. 12
Neg(®) = /1+B4n3|\|a2 H <113,
coh

Hence, the transition of the active medium of an
FEL to the superradiance regimeis athreshold process
whose characteristic parameter is the frequency of
Langmuir oscillations of the electron gas. The measure
of the threshold level can be the refractive index of the
medium, n, > 1.54, at which the frequency of Langmuir
oscillations of the electron gasis comparable to the fre-
guency of electron oscillations in the undulator field.
Under such conditions, the active medium of the laser
generates radiation that is nonequilibrium with respect
to the energy of eectron oscillations in the undulator
field and the field of coherent oscillations of an ensem-
ble of oscillators forms. In the superradiance regime,
the optimum value of the space charge density of an
electron bunchisn, < 1.13.
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Abstract—Interference between inhomogeneous wavesin a planar waveguide placed in a perfectly conducting
environment is studied. It is shown that the interference flux of copropagating waveguide TM modes behaves
like counterpropagating homogeneous volume waves. The longitudinal and transverse components of theinter-
ference fluxes of co- and counterpropagating waves in the general case result from interference between both
the active and reactive components of thefield. The interference flux of waveguide modes may also be observed
when the partial fluxes of the modes equal zero. © 2005 Pleiades Publishing, Inc.

INTRODUCTION

Interest in wave phenomenaoccurring in mediawith
complex and/or negative material parameters, namely,
€ and 4 [1-5], islargely associated with the problem of
redistributing energy fluxes when an electromagnetic
wave |eaves an absorbing medium for atransparent one
[4, 5]. Thisproblem isintimately related to the effect of
decreased absorption in thin metal filmsdueto interfer-
ence between counterpropagating waves. This interfer-
ence was called “tunnel” [6-8], because the wavevec-
tors of waves traveling in a highly absorbing medium
have an imaginary part. It was shown [9] that interfer-
ing reactive components of wave fields generate inter-
ference fluxes (IFs) even in those directions where the
initial waves do not necessarily transfer the energy. In
the available publications, tunnel interference is ana-
lyzed mostly for the case of homogeneous waves pass-
ing through a layer in the normal direction. However,
interference has a significant effect on propagation of
inhomogeneous waves in various guiding structures. It
was shown [10] that the structure and direction of the IF
in the case of inhomogeneous co- and counterpropagat-
ing waves exhibit intriguing features that are absent
when homogeneous waves interfere. The most impor-
tant guiding structure is a planar waveguide, which can
support both volume [11] and surface [12] inhomoge-
neous waves (modes). The type of wave propagationin
a waveguide depends on the material of its layers and
on the type of propagating mode. Interference between
inhomogeneous waves is easiest to analyze by the
example of modes propagating in awaveguide consist-
ing of aplanar dielectric layer sandwiched inidea con-
ductors, which are barriers for the waveguide mode
field. With such a structure, one can derivefairly simple
analytical expressions for the mode fields and gain
insight into interference between inhomogeneous vol-
ume modesin aguiding structure. In thiswork, we con-

sider interference between TM modes copropagating
and counterpropagating in the waveguide mentioned
above and analyze the effect of the active and reactive
components of the energy flux in the structure.

WAVEGUIDE MODE FIELDS
AND ENERGY FLUXES

Consider a planar waveguiding layer of thicknessd
and permittivity € sandwiched in ideal conductors (the
top layer and substrate). The interfaces coincide with
the planes x = 0 and x = d. Let TM waveguide modes,
which are the subject of analysis here, propagate in the
positive z direction. With regard to the boundary condi-
tions for these modes, the solutions to the Maxwell
equations inside the layer can be written as follows:

Hny = Hocosq,xexp[i(wt—B,2)],

B, - 1 0Hy @)

H koe Ox '’

Enx = E nys nz =
0

where n isthe mode order, k, = w/c, wisthe frequency,
and c isthe speed of light in free space.

The propagation constant and transverse wavenum-

ber of the modes are given by [3,, = (kO EL—q, )sz and

g, = T/d, respectively. Permittivity € and permeability
K of the waveguiding layer are generally frequency-
dependent complex quantities. The projections of the
energy flux density for the TM mode are expressed as

Sw = grRe(EndHi)
@

B0, 2
8nkoRe DH cos qnxexp(ZIman)

1063-7842/05/5011-1474$26.00 © 2005 Pleiades Publishing, Inc.



INTERFERENCE OF CO- AND COUNTERPROPAGATING WAVEGUIDE MODES

Cc
Sﬂx = —%Re( Enszy)

_ _ _COn Ime
161k, e€*

©)

HZsin2q,xexp(2Imp, z).

The energy flux projection onto the z axisis defined
by the wave field active components: it is proportional
to the real part of factor /€, which relates field com-
ponentsE,, and H,,,. If B, and € arereal, thesefield com-
ponents are in phase. The energy flux projection onto
the x axis depends on the wave field reactive compo-
nents: it is proportional to the imaginary part of €. This
component of the energy flux changes sign at points
X = Ti/2q,. At red &, field components H,,, and E,,, are
shifted in phase by 1/2; accordingly, the flux in the x
direction isabsent. It also followsfrom (2) that, when €
is real and negative, flux component S,, and propaga
tion constant 3, have opposite signs and so one can
speak of backward waves [3]. For the mode propaga-
tion constant to be real in this casg, it is hecessary that
the conditions € < 0 and p < 0 be met simultaneously.

Therole of flux component S,,, which appears when
Ime #£0, can be clarified by analyzing an expression for
the thermal power released by a waveguide mode in a
unit volume of alossy medium,

W * * *
Q = _T[[ImS(Eannz+ Eannx+ Imp-HnyHny]

"8
= an + an + Qnyl

where Q,,, is the partial heat release due to a particular
field component.

From the above relationships, it follows that energy
flux component S, is responsible for heat release com-
ponent Q,,, which is associated with field component
E,,. At each point, this component of the energy flux is
directed toward the nearest maximum of Q,,, the max-
ima of Q,, being localized at points x, = (2| + 1)172q,,
Flux component S, is responsible for heat rel ease com-
ponent Q, + Q,,, which is associated with field compo-
nents E,, and H,. The maximaof S,, and Q,, + Q,, are
localized at points x, = IT7q,,. Figure 1 shows the distri-
butions of energy flux components S,, and S, acrossthe
waveguiding layer for the waveguide mode n = 2
(curves 1 and 2, respectively, in the upper part of
Fig. 1), as well as of heat release components Q,,, and
Qnx (curves 1 and 2, respectively, in the lower part) for
this mode (Q,, = 0 at Imp = 0). Hereafter, we take € =
2-105, u=1, and w= 3 x 10 s, Thus, in adissipa-
tive planar waveguide, the x component of the energy
flux provides energy transfer from the nodes to anti-
nodes (the regions of intense heat release) of astanding
wave along the x axis, which arises even if a single
mode propagates in the waveguide. This flux compo-
nent is nonzero even if the wave cannot propagate, i.e.,
when 3, isimaginary, but vanishes in a nondissipative

(4)
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Fig. 1. Distribution of the longitudinal and transverse com-
ponents of the flux and of the heat release components for
the mode n = 2 across the thickness of the waveguide.

medium. The run of S, with the structure parameters
and x coordinate suggests that this dependence is of
interference character.

INTERFERENCE BETWEEN COPROPAGATING
MODES

Let two waveguide modes propagating in the posi-
tive z direction be shifted in phase by ¢ in the planez=
0. For one of these modes (subscript a), field compo-
nents H,,, E,,, and E,, are given by Egs. (1), where H,
should be replaced by Hg,; 0, by n,; B, by By and g,
by qg,. The magnetic component of thefield of the other
wave (subscript b) is given by

Hpy = HopCosg,xexp[i(wt —Byz—¢)]; (5)
for electric components E,, and E,,, Egs. (1) remain

valid.

For the total field, the time-averaged energy flux
density can be represented (according to the principle
of superposition of fields) as asum of the flux densities
for individual modes and IFs,

S, = g-Rel(Eax+ Ep) (H3y + HE)l = S, +S,,+ S,

©)
S, = —g=Rel (Ea, + Ex) (HE, + HE)] = Sy + Sy + ST
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Here, the flux components for each of the modes are
given by relationships (2) and (3), where H, should be
replaced by Hg, or Hg; 0, by n, or n,; B, by B, or By,
and g, by g, or g,. The IF components are expressed as
in C
Szt = 8_T[Re( Eax Ey + beH;y)
c

= EHOaHObcosqaxcosquexp(lmZBz) (7)

x [Re(2pB/€) cos(ReABz—¢)
+Im(AP/e)sin(ReABz—0)],

i C * *
S<nt = _g.[Re(Eaz by+ Eszay)

-___C

x [Ime(2qsinAgx + Agsin2gx) cos(ReABz—6)

+ Reeg(2gsinAgx + Agsin2gx)sin(ReABz-¢)],
WhereBa+ Bb: 2B1 Ba_Bb = AB, qa+ O = 2q1 and Oa—
0 = AQ.

From (7), it follows that the z component of the IF
for identical modes (n, = ny,) isassociated with interfer-
ence between homogeneous waves, i.e., between the
active components, which depend on x and z in the

] @ 415

20

3 o
N 5
108 0.5
(,JN
2
0 1 1 1 1 O
02 ~—04" 06 08
x/d

—10F

10&
5

-5 1 1 1 1 1
0.2 0.4 0.6 0.8 Z/L

Fig. 2. Distribution of (a) the components of the total and
interference fluxes for copropagating modesn, = 2 and n, =
1 aong the thickness of the waveguide and (b) the enve-
lopes of the components along the waveguide.

KUZNETSOV, SEMENTSOV

same way as the single wave flux. For modes with dif-
ferent indices (n, # ny), the IF acquires a z component
due to interference between the reactive components.
For homogeneous waves, this component is present
when counterpropagating waves interfere and is absent
when interference between copropagating ones takes
place. In this case, the active and reactive components
exhibit a similar dependence on x and, along with the
damping, similar (phase-shifted by 172) slowly oscillat-
ing dependences on z (with a period, which isthe recip-
rocal of ReAR).

Note that, if 3 and B/e are purely imaginary (for
example, when mode numbers n, and n, differ signifi-
cantly or the real part of the permittivity is negative),
the waveguide modes cannot propagate and their x
components equal zero. However, the z component of
the IF is other than zero in this case,

S = _Fcko H o3 Hop COSQ,X COST, X

)
x Im(AB/e)exp(Im2Bz)sing.

From (9), it followsthat, depending on ¢, the IF may
be either codirected with both modes (the cocurrent |F)
or counterdirected with both modes (the countercurrent
IF of copropagating modes). In the case of volume
homogeneous waves, such effects are absent for
copropagating waves and arise only when counterprop-
agating waves interfere.

For identical modes, the IF x component is equal to
the flux of either of the modes. This shows up in the
presence of only the reactive component, which
depends on x and z in the same way as the single mode
flux. In the case of various modes, the IF acquires an
active (X) component, which ispresent evenif the fluxes
of individual modesin agiven direction are absent (€ is
real). In this case, the active and reactive components,
along with the damping, exhibit similar (phase-shifted
by 172) slowly oscillating (with a period, which is the
reciprocal of ReAR) dependences on z and somewhat
differing periodic dependences on x. Figure 2a shows
the components of total energy flux S, at z=0 (curve 1),

aswell as components S and SI" of the IF (curves 2
and 3), across the guiding layer for copropagating
modes n, = 2 and n, = 1 of equal amplitude at ¢ = 173
and L = 1 cm. Figure 2b demonstrates the variation of
the envelopes of the component distributions aong the

waveguide. It isseen that component Sft iscomparable

in amplitude to total flux S, in this direction. When
modes are weakly absorbed, the flux along the x axisis
almost completely an interference flux; therefore, the
curvefor S(x) isomitted in Fig. 2: it nearly completely

coincides with the curve for Sft (X) on the scale

selected. Thisis because the x components of thesingle
mode fluxes have only a small reactive component,
which is proportional to Ime, while the x component of

TECHNICAL PHYSICS Vol. 50
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the IF has a large active component, which is propor-
tiona to Ree. Asfollows from (7) and (8), the coordi-
nate dependence of the IF z component is aways
defined by the product of the independent functions of
z and x. When absorption is weak, the same is true for
the IF x component (except for copropagating modes of
the same order with the zero phase shift).

INTERFERENCE OF COUNTERPROPAGATING
MODES

Consider two TM modes propagating along the z
axis toward each other. Let they have phase difference
¢ intheplanesz=-L and z= L. For the mode propagat-
ing in the positive z direction, the magnetic component
of thefield iswritten as

Hay = H,Ccosqgxexp[i(wt —

Baz=B.L)]  (10)

and the electric components are defined by Egs. (1). For
the flux components of this mode, we have

- _C pePay?
Su = gracRefzHesc0s duxexpl 2imB(z+ L)),
(12)
— CJ, Ims
Sox = 16Tk, e€* HoaSiN20.xexp[2imB,(z+ L)].

With regard to a phase difference, the field compo-
nents of the counterpropagating mode obey the follow-
ing relationships:

Hpy = Hopcosguxexpli(wt + B,z— Byl + ¢)],
Bb — i aHy
ko ke oy Boz = ko€ 0X

The energy flux components for this mode are given
by

be = (12)

Soz = _STKORe[ﬁdeObCOS gpX

x exp[-2ImB,(z—-L)],

__CGy Ime (13
Sox = T16Tk £€* HopSin2,x

x exp[-2ImB,(z-L)].

As for copropagating modes, the time-averaged
energy flux density for thetotal field can be represented
as a sum of the single mode fluxes and the IF. Accord-
ing to (7) and (8), the IF components for counterpropa
gating waves are given by

g‘znt

o= k ——Hy,Hg, C0sq, xcosq,xexp[Im(ABz + 23L)]

x EReE%%cos[ Re(2Bz—-ABL) —¢]
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- Re%%%cos[ Re(2Bz+ ABL) — 6] (14)

+ |m5%%5in[Re(ZBz—ABL) - 0]
+ |mB%%sjn[Re(zgz+ ABL) — ] Et

SR HoaHopexp[IM(ABz + 2BL)]

m

x {Ime(2qsin2gx + AgsinAgx)

x cos[Re(2Bz—ABL) + ¢]

+ Reg(Agsin2gx + 2qsinAgx)
x sin[Re(2Bz+ ABL) +¢] }.

If the modes are identical, the zcomponent of the | F
contains only the reactive component, which oscillates
along the zaxis and depends on x in the same way asthe
single mode flux, as follows from (14). At different
modes, the IF has also an active z component. The
active and reactive components exhibit the same peri-
odic dependence on X, the same damping (at Im, #
ImpB,), and dightly different oscillating dependences
on z (with an oscillation period proportiona to
(Re2B)™). Unlike the IF for copropagating waves and
individual waves, the damping of the IF for counter-
propagating wavesisweak, since it depends on the dif-
ference between the imaginary parts of the mode prop-
agation constants. When Imf3, = Imf3,, the IF of coun-
terpropagating waves becomes undamped.

If B and /e are purely imaginary, the z components
of the single mode fluxes vanish, while the zcomponent
of the IF is other than zero for different modes,

S'Znt - BZBD

e =7 0aH 0, C0SA.XCOS, X

(15)

8nk
x exp[Im(ABz+ 2BL)] sind .

Depending on phase difference ¢, this component
may propagate in both the positive and negative direc-
tion along the z axis. It differs from the corresponding
flux of homogeneous waves in that it weakly decays
along the z axis when Imf3, # Imp,. For the same
modes, the z dependenceis absent and the flux becomes
undamped.

For identical counterpropagating modes, the x and z
components of the IF are purely reactive, oscillate
along the zaxis, and depend on x in the same way asthe
single mode flux. When the modes differ, the IF takes
an active component along the x axis, which persists
even when the single mode fluxes in this direction are
absent (¢ is real). In this case, the active and reactive
components exhibit the same damping (at Imp, #
Im[3,) along the z axis, the same (phase-shifted by 172)

(16)
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Fig. 3. Distribution of (a) the components of the total and
interference fluxesfor counterpropagating modesn, = 2 and
n, = 1 along the thickness of the waveguide and (b) the
envel opes of the components along the waveguide.

oscillating dependence on z (with an oscillation period
proportional to (Re2p)™?), and dightly different peri-
odic dependences on x. Figure 3a shows the compo-
nents of total energy flux S, (curve 1), as well as com-

ponents S," and S, of the IF (curves 2 and 3), across
the guiding layer at z= 0 for counterpropagating modes
n=2andn,=1lat ¢ =1/3and L =1 cm. Figure 3b
demonstrates the variation of the envelopes of the com-
ponent distributions along the waveguide at x/d = 0.2.
In this case of different modes, the flux along the x axis
isan almost totally interference flux for the samereason
as in the case of copropagating waves. From (14) and
(15), it follows that, when absorption is weak, the IF
reactive component is small and can be neglected.
Therefore, its coordinate dependence is defined by the
product of the independent functions of zand x.

KUZNETSOV, SEMENTSOV

CONCLUSIONS

Thus, the interference fluxes of different modes
propagating in a planar waveguide differ in properties
from the same fluxes of homogeneous waves. For dif-
ferent waveguide modes, both the longitudina and
transverse components of the interference flux consist
of two parts, one associated with interference between
the reactive components of the field and the other with
interference between the active components. For homo-
geneous waves, each of the projections of the interfer-
ence flux is either purely active or purely reactive. Dif-
ferent copropagating waves exhibit energy interference
effects inherent in only counterpropagating homoge-
neous waves. These features of interference fluxes may
be helpful in designing and applying waveguides and
integrated optical devices.
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Abstract—The propagation of electric and magnetic fields and of the Poynting vector in the near zone (Fresnel
zone) of an electric dipole, a loop, and a dipole-loop pair is considered. The dimensions of al radiators are
much smaller than the radiation wavelength. It is shown that the ideas of the field distribution (polar diagram)
in the far zone cannot be applied to the properties of the field in the Fresnel zone. The radiated-power fraction
that is absorbed by an object whose electrodynamic properties are close to those of biological mediais found
at adistance from the radiator to the absorbing object on the order of several millimeters. © 2005 Pleiades Pub-

lishing, Inc.

In recent years, considerable attention has been
given to studying fields in the near zone (Fresnel zone)
of a radiating dipole [2], especialy antennas whose
dimensions are much smaller than the radiation wave-
length [3]. Thisisdue, in particular, to the development
of antennas for mobile telephones[4], since the user of
amobile telephone isin the near zone of the ultrahigh-
frequency radiator entering into the composition of the
telephone apparatus. The distribution of electric and
magnetic fieldsin the Fresnd zone differs substantially
from the field distribution in the far zone (Fraunhofer
zone [1]), the latter being described by the polar dia-
gram of an antenna. Therefore, the field distribution in
the Fresnel zone of a radiator whose dimensions are
smaller than the radiation wavelength requires a dedi-
cated study.

A radiator such that al of its dimensions are much
smaller than the radiation wavelength will be referred
to here as amicroradiator. For a microradiator, one can
consider an individua dipole or aloop. Of particular
interest is a device combining a small dipole and a
small loop. Such a combination makes it possible to
obtain directed radiation without using superdirectivity
effects [3]. In the far zone of radiation, a combination
of adipole and a loop ensures a polar diagram in the
form of acardioid featuring zero radiation in the direc-
tion of themain ray of the antennabeing considered [5].
It isof particular interest to clarify the question of how
the strengths of the electric and magnetic fields of such
a pair of radiators change in the near zone (Fresnel
Zone).

STRENGTHS OF THE ELECTRIC
AND MAGNETIC FIELDS
OF A MICRORADIATOR IN SPHERICAL
COORDINATES

Let usconsider an electric dipole of lengthl < A and
a circular loop of radius a > A. Figure 1 shows the
arrangement of the radiators with respect to the chosen
coordinate frame [5]. We would like to emphasize that,
traditionally, fields generated by aloop are determined
for aloop lying inthe xy plane. In our case, theloop lies
intheyzplane. By using known relationsfor going over
from the radiating current to the vector potential and the
field-strength vectors[6], we obtain the strengths of the

Fig. 1. Dipole and loop (microradiator elements) in spheri-
cal coordinates.

1063-7842/05/5011-1479$26.00 © 2005 Pleiades Publishing, Inc.
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Microradiator type

Coefficients used Microradiator type
A= .2 B=0 Loop
A=0 B=.2 Dipole
A=1 B=1 Loop—dipole pair

magnetic and electric fields of an electric dipole aligned
with the zaxis and aloop lying in the yz plane.

For an electric dipole of length |, we have

iklsin® 10k
H(8,1) = lap—go L+ e ™,
He(8,1) = 0, @
H,(6,r) =0,
| cosB R
E(6,r) = Zolgp— ot %l * |krD "

iklsin® 1 1 O -k
Eo(8,1) = Zolgpgo— i+ g @

Eo(6,1) = 0.

For a magnetic dipole represented by a loop of
radius a, the results are

2 . )
He(9,6,1) = |,00p@(—1+kzrz—ikr)e"”,
4r
_ a coscb cosO 2.2 —ikr
He(d,0,1) = I|oop4—(1 Kr“+ikr)e ™ ,(3)
r
H.(4,06,r) =0,

Eq(¢,0,r) = ZOI|00p(ka) E-]ll Ikrl:lsn.]q)e—lkr

E($,8,r) = Zolhoop—g, (ka) %l % cosd cosfe ™, (4)

(a) (b) (c)
120 120 120
150, 150, 150,
0 180 0 180
210 330 210 330 210 330
240 5757300 240 5757300 240 5557300
¢, deg ¢, deg ¢, deg

Fig. 2. Polar diagramsin thefar region for microradiators of
three types: (a) dipole, (b) loop, and (c) dipole-loop pair.
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E (¢,0,r) = 0.

Here, we have used the following notation: r isthe dis-
tance between the center of radiation and the point of
observation and ig, and I, are the currents in the
dipole and the loop, respectively. The wave number is

_ 21
k=55 (5)

where A is the wavelength in a free space.

Let us find the sum of the fields radiated by the
dipole and the loop arranged in such a way that their
phase centers coincide and that the phase difference
between the dipole and loop currentsis 90°. We have

Eo(9.6.1) = Zo7[ ApfL+ o

+BpHL+ = —mﬂsne} e,

coscl)

(6)

50(0.0.1) = %[Apg“iﬂsinwose}e—‘kg )

He(9,6,1) = —%[Ap%[ s 110

ikr (kr)zj
(8)
x sinclncose}e"kr
_1 1 10
Hy(0,6,r) = F[Ap%hrikr (kr)ﬂcosq)
. 9)
+Bp%l+—msme} e’
Here, we have used the following notation:
ka ki

po =18 o=, g

We note that the factors Ap and Bp have the dimen-
sions of a current. The table gives the sets of coeffi-
cients A and B for various microradiator types.

If the value of p = 0.01779 A is chosen, the total
active power radiated by each of the aforementioned
radiator is 1 W. The polar diagrams of each of the
microradiators in the far zone (kr > 1) are shown in
Fig. 2 for the equatorial plane (6 = 172).

COMPLEX FLUX OF THE POYNTING VECTOR
THROUGH A SPHERICAL SURFACE
SURROUNDING A MICRORADIATOR

Let us consider the flux of the Poynting vector
through a sphere of radius r surrounding a microradia-
TECHNICAL PHYSICS Vol. 50
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tor occurring in afree space. We have

2nmn

Po(r) = ‘([‘([[Ee(fb,e, r)Hg (4.6.1) a1

—E4(9,6,r)H5 (9,6, r)]r’sinededo,

where asterisks denote complex conjugation. The
dependence of the real and imaginary parts of the
Poynting vector flux on the radiusr is shownin Fig. 3
according to formula (11). We note that Re[Pqy(r)] is
formally afunction of r, but, in fact, it does not depend
on r. Thisis a consegquence of the energy-conservation
law and confirms the validity of the analytic expres-
sions for Eg(¢, 6, r) and Hy(9, 6, r). For kr < 0.1, the
imaginary part of the Poynting flux vector, Im[Py(r)],
for an individual dipole or an individual loop exceeds
its real part; as one approaches the center of radiation,
the former may exceed the latter by severa orders of
magnitude. This suggests that alarge amount of pulsed
electromagnetic-field energy is accumulated in the
antenna whose dimensions are much smaller than the
radiation wavelength. At the same time, the imaginary
part of the Poynting flux vector, Im[Py(r)], for kr < 0.1
in the case of adipole-loop pair is closeto zero. Thisis
likely to indicate that the reactive energies of the dipole
and the loop compensate each other.

DISSIPATION OF ELECTROMAGNETIC ENERGY
BY AN ABSORBING OBJECT
IN THE MICRORADIATOR FRESNEL ZONE

Let us consider the dissipation of electromagnetic
energy by an absorbing object that has the shape of a
sphere and is placed in the Fresnel zone of the microra-
diator being considered (see Fig. 4a). The absorbing
object coversthe radiation flux within the cone of open-
ing angle 4a, where

1 RO

a = arcsm
R+

(12)

Here, Ristheradius of the absorbing ball, whiler isthe
distance from the center of the radiator to the surface of
the ball.

For the sake of definiteness, we assume that the rel-
ative magnetic permeability of theball isy, = 1 and that
its dielectric characteristics at a frequency of 1-2 GHz
correspond to the values of €, (150 and ¢, 01 (Q m)~™..
The chosen parameters correspond to the properties of
biological objects [7]. In order to simplify the evalua-
tion of relevant integrals, we will calculate the absorp-
tion by using a simplified scheme that is illustrated in
Fig. 4b. Inisolating the central part of the cone, we have
considered that, in the externa part of the conethelines
of force of the spherical wave radiated by the microra-
diator are orthogonal to the surface of the absorbing
ball and are strongly weakened at the dielectric charac-

TECHNICAL PHYSICS  Vol. 50

No. 11 2005

1481

P, W
1000
2
100
10
1
1
0.1 | | |
0 5 10 15 20

r, mm

Fig. 3. Dependence of the (1) real and (2) imaginary parts
of the Poynting vector flux on the distancer to the radiator
center. The imaginary part of the flux is positive for the
loop, but it is negative for the dipole. The respective two
dependences coincide in magnitude. For the dipole-oop
pair, theimaginary part of the Poynting vector flux does not
exceed 0.01 W in magnitude.

2R
|
|
40(r)

Fig. 4. (a) Arrangement of the (1) microradiator and an
absorbing element near it and (b) simplified scheme of this
arrangement for calculating the absorbed power.

teristics specified above. In the central part of the cone,
the lines of force of the spherical wave are tangential to
the surface of the ball and are therefore continuous at
the interface of the free space and the absorbing ball.

For kr < 1, the interaction of the electric field with
the absorbing object is of a quasistatic character. In
view of this, it would be illegitimate to consider the
presence of incident and reflected waves in spherical
coordinates at a distance from the radiator center much
shorter than the radiation wavel ength. We now consider
a sphere of radius r surrounding the microradiator. At
the surface of the sphere, one can introduce the charac-
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Fig. 5. Distribution of the lines of force of the electric field

on a planar conducting surface having conductivity o(SlJR

and containing an inserted disk of conductivity O(SZJR .

teristic impedance Z;,., in the Fresnel zone as the ratio
of Eg(d, 6, r) to Hy(9, 6, r) at aspecific small distance
r and arbitrary angles ¢ and 6 [2]. For kr < 1, the char-
acteristic impedance Z;,., becomes a pure imaginary
quantity whose modulus may exceed Z, substantially.
Upon averaging, we can set Z;,, = 2Z, with an accept-
able degree of accuracy. We assume that, in accordance
with Fig. 4b, the cone of opening angle 4a cuts, from
the sphere surrounding the microradiator, a spherical
segment whose surface impedance is determined by the
properties of the absorbing object,

7o o | 1WH
SR o tiwgE,

where g, and [, are, respectively, the electric permittiv-
ity of the free space and its magnetic permeability and
o,and €, are, respectively, the conductivity and therel-
ative dielectric permittivity of the absorbing-object
material.

Let us consider the question of how the lines of
force of magnetic and electric fields penetrate into an
absorbing object. Within the cone of opening angle 4a,
the lines of force of the magnetic field are tangential to
the surface of the object; from this and from the known
boundary conditions, it follows that, at the surface of
the object, they generate asurface current that is numer-
ically equal to the magnetic-field strength. Further, the
irradiated ball surface, which issingled out by the cone
of opening angle4a, will be considered as aconducting
segment surrounded by a weakly conducting medium.
In the quasistatic approximation, the electric field
causes a polarization of this segment, thisleading to the
weakening of the field strength at its surface. To an
acceptable degree of precision, we can assume that the
spherical segment cut by the cone of opening angle 4a

(13)
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can be replaced by a plane disk. Figure 5 displays the
distribution of the lines of force of the electric field on
a plane conducting surface having the conductivity

o(slu)R and containing an inserted disk of conductivity

G(SZL}R . By solving Laplace’s equation [8], one can show

that thefield strength in the disk planeisuniformand is
given by

2EOU'[

(2 41 °

= —_— (14)
1+ 0gRr/030Rr

in

The above considerations make it possible to calcu-
late the power that is absorbed by an absorbing object
situated near a microradiator. We have

Paps(d0, 80, 1)

o+ aBy+a

T : (15

== S(¢, 0, r)sin6dédg,

4¢0J.—0‘eo‘[0‘

where
2 2

sip.0.r) = el 20l @00 g7

, [2Eo(0.6, 1"+ [2E4(9.8.1)|*

201+ 22| Re(Zgir)
Zsur

¢, and 6, are the anglesthat, in the system of spherical
coordinates introduced above, determine the direction
from the center of the microradiator to the irradiated
segment of the absorbing object; and the factor 14
reflects the ratio of the area of the circle used in the
model to the area of the square specified by the limits
of integration in (15).

We will now find the ratio of the power absorbed by
the absorbing object to the total power radiated by the
microradiator as afunction of the distance between the
radiator center and the surface of the absorbing object.

We have
_ Pabs(q)O’ 60’ I’)
K($o B0, r) = Re[Po(r)] + Pas($o. 60, 1)

The parameter K(¢,, 6y, 1) is known as the specific
absorption coefficient. We note that, at a small distance
from the microradiator to the absorbing-object surface,
it may turn out that P(do, 8y, ) > Re[Py(r)]. In this
case, the microradiator radiation resistance will grow
owing to a strong coupling to the absorbing object.

Figure 6 shows the specific absorption coefficient as
a function of the distance between the microradiator
and the absorbing-object surface at 8, = 172 for three
microradiator types considered here. For a dipole-loop
pair, the specific absorption coefficient is given for two
directions corresponding to the maximum and the zero
of the relevant cardioid (¢, = 0 and T, respectively).

(16)
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From the graph in Fig. 6, one can see that, at the dis-
tance between the radiator center and the absorbing-
object surface on the order of 1-3 mm, the bulk of the
radiated power goes to the absorbing object. With
increasing distance, the absorption decreases sharply,
falling below 1% even at a distance as small as 10 mm.
In[9], the relative power absorbed by a phantom mim-
icking the head of ahuman being was measured at afre-
guency of 1800 MHz, the distance from the radiator
center to the outer surface of the absorbing object being
taken to be 4.7 mm [7]. The measurement showed that
the experimental phantom absorbs 24% of the total
radiated power. The point corresponding to this mea-
surement is shown in Fig. 6.

DISCUSSION OF THE RESULTS
AND CONCLUSIONS

We will now proceed to discuss some specia fea
tures of the distribution of electric and magnetic fields
in the near zone of microradiators. First of all, we will
consider the dependence of the electric- and magnetic-
field strengths on the azimuthal angle ¢, in the equato-
rial plane 6, = W2 of a dipole-oop pair. In order to
obtain an integrated characteristic of the dependence
being discussed, it is convenient to consider the angular
dependence of the specific absorption coefficient at var-
ious distances between the microradiator center and the
absorbing-object surface. Figure 7 showsk (b, 8, 1) as
afunction of ¢, at 6, = 172 for three different distances.
At r = N2, k(bg, 6y, 1) is the square of the function
describing the cardioid—that is, it replicates the polar
diagram of the microradiator in the far zone. At r = A/8,
the ratio of K(0, 8, r) to K(1, By, r) is approximately
equal to 3, while, at r = A/15, thisratio is close to unity.
Thediagramsin Fig. 7 show how strong the distribution
of the field in the near zone of a microradiator differs
from the respective distribution in its far zone. For a
single dipole or asingle loop, the ratio of k(0, 8,, r) to
K(TT, By, ) isequal to unity at any value of r. Thus, we
seethat, for r < A/15, the fraction of the power absorbed
in the absorbing object takes the same value for aloop,
adipole, and adipole- oop pair, although the polar dia-
gram of the pair in the far zone has the form of a car-
dioid. At first glance, it therefore seemsthat, in what is
concerned with the absorption of the power of ultra-
high-frequency radiation in a closely lying absorbing
object, a dipole-oop pair does not have advantages
over asingle dipole or asingle loop. However, we note
that the gain factor for adipole or aloop such that either
has dimensions much smaller than the radiation wave-
lengthisG = 1.5, whilethe gain factor for adipole-oop
pair is G = 3[4, 5]. This means that, if the microradia-
tors used generate identical field strengths in the far
zone, the absorbed power in the absorbing object istwo
times smaller in case of a dipole-loop pair than in the
case of asingle loop or asingle dipole.
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Fig. 6. Specific absorption coefficient as a function of the
distance between the microradiator and the absorbing-
object surface at 8y = 102 for three microradiator types con-

sidered in the present study: adipole-loop pair at ¢pg=(1) O
and (2) tand (3) adipole or aloop. The point represents an
experimental result.

(a) (b) ()

120 29 60 12029 60 120 29 60
150 30 150 30 150 30
180 0 180 0 180 0
210 330 210 330 210 330

240 5757300 240575300 240 575 300

¢, deg ¢, deg ¢, deg

Fig. 7. Dependence of K(¢q, Bq, r) on ¢ at 6 =1W2 forr =
(a) A/15, (b) A/8, and (c) A/2.

We would like to emphasize that the imaginary part
of the Poynting vector flux through a sphere surround-
ing a microradiator grows extremely fast as the radius
of the sphere decreases. It can be shown that, for asin-
gle dipole or a single loop, the ratio of the imaginary
and real parts of the Poynting vector flux determinesthe
quality factor of the radiator being considered. By way
of example, we indicate that, for aloop of radius a =
10 mm, the radiation resistance at afrequency of 2 GHz
is6 Q [6], while its reactive resistance under the same
conditionsisabout 150 Q, which correspondsto aqual-
ity factor of Q = 25. From Fig. 3b, we find that, at r =
10 mm, Im[Pgy(r)] 015, while Re[Py(r)] = 1. Thus, we
seethat, if r isequal to theradiator size (r = a), thenthe
ratio of Im[Pg(r)] to Re[Py(r)] is on the same order of
magnitude as the microradiator quality factor. The dis-
tinction between these quantities can be explained by
the fact that part of the reactive energy is stored in the
field components E.(8, r) and H,(8, r), which do not
take part in the formation of the Poynting vector flux.
The explanation for the extreme smallness of theimag-
inary part of the Poynting vector flux for amicroradia-
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tor in the form of a dipole-oop pair is expected to be
much moreinvolved. The absence of theimaginary part
of the flux does not mean that the radiator quality factor
is close to zero. The point is that the imaginary part of
the flux vanishes in the case of the exact equality of the
amplitudes of the currents in the dipole and in the loop
(A=Binour case). Only at afixed frequency isit pos-
sibleto ensure the equality of the amplitudes of the cur-
rentsinthereactiveloads, adipole and aloop, by means
of corresponding matching devices. In other words, the
problem of the quality factor for the system in question
becomes dependent on the characteristic of the fre-
guency dependence of the dipole and loop supply cir-
cuits.

We have considered special features of the distribu-
tion of the electric and magnetic fields in the Fresnel
zone of microradiators represented by a dipole, aloop,
or a dipole-oop air, whose polar diagram in the far
zone hasthe form of acardioid. The main conclusionis
that the ideas of thefield distribution (polar diagram) in
the far zone cannot be applied to the properties of the
fields in the Fresnel zone. For the radiators considered
here, the special features of the Fresnel zone manifest
themselves within a sphere of radius A/8, naturally in
the case where the dimensions of the radiators do not
exceed the radius of this sphere. If a microradiator is
situated within a distance of several millimeters from
the surface of an absorbing object whose electrody-

VENDIK, PAKHOMOV

namic properties are close to those of biological media,
the fraction of the absorbed power (specific absorption
coefficient) at afrequency of 1-2 GHz can be ashigh as
20-30%.
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Abstract—The height of an extra low-energy maximum in the energy distribution of electrons tunneling from
crystalline carbon fibers and carbon nanotubes is studied as a function of emitter heating and emitter rotation
relative to the energy analyzer axis. The relationships found are related to emission from electron states on the
surface of the reconstructed nanocrystals and nanotubes. © 2005 Pleiades Publishing, Inc.

INTRODUCTION

In the previous works [1, 2], we described the phe-
nomena of spontaneous (current-related) thermofield
reconstruction (CTFR) and induced thermofield recon-
struction (ITFR) of an carbon nanocrystal emitting in
an electric field of appropriate (autoemission) sign. The
essence of the former is that the anode voltage and
field-emission probe current from an emitting carbon
nanocrystal may be increased to a certain threshold
over which the probe current sharply drops (roughly by
one order of magnitude) and the field-emitted electron
energy distribution (FEED) exhibits an extra low-
energy maximum shifted by 0.45-0.50 eV toward
lower energies relative to the main one. Heating of the
emitter to =1000 K recovers the FEED and restores the
praobe current [1].

The latter phenomenon is typical of field emitters
made of metals and semiconductors. In this case, heat-
ing of the nanocrystalline emitter subjected to avoltage
of autoemission sign causes reconstruction of itstip and
shifts the total current—voltage characteristic. Further
heating almost restores the initial position of the char-
acteristic, since the emitter slightly blunts. In our previ-
ous experiments [2], upon heating the nanocrystalline
carbon emitter, as well as upon CTFR [1], the field-
emission probe current decreased by one order of mag-
nitude, the current—voltage characteristic shifted down,
and the FEED exhibited an extra maximum shifted by
0.45-0.50 eV toward lower energies relative to the
main one. A further smooth rise in the field-emission
current to some threshold value led to the spontaneous
restoration of the probe current—voltage characteristic
and FEED. The position of the characteristic and the
energy distribution did not change after this procedure
had been repeated many times.

The decrease in the probe current after ITFR and
CTFR was explained by the effect of surface electron
states (SESs) of type | arising near the Fermi level and
producing an additional barrier and also of SESs of

type I, which lie 0.45-0.50 eV below the Fermi level
and areresponsible for the extralow-energy peak in the
FEED.

Such assumptions are based on the results of study-
ing SESs on tungsten, silicon, and germanium emitters
[3-5]. It was found that the density of SESs and the
height of the extralow-energy peak inthe FEED, which
isproduced by the electrons emitted from the SESs, are
extremely sensitive to emitter heat treatment. It was
also established that the height of the extra maximum
depends on the angle between an emitter face probed
and the axis of an energy analyzer. Analytical calcula-
tions of the extra maximum for electrons emitted from
the (100)W face are in good agreement with experi-
mental data on the assumption that the SES energy dis-
tribution is Gaussian [6].

In this work, we check the hypothesis of the pres-
ence of SESs on the emitting surface of reconstructed
carbon nanocrystals and nanotubes. The second goal of
this study is to see how the height of the extra low-
energy maximum depends on the emitter heating and
angular position of the emitter relative to axis of an
energy analyzer. The objects of investigation areVMN-
RK crystalline carbon fibers annealed at 900°C and car-
bon nanotubes applied on W foil by electrophoresis.

EXPERIMENTAL

A fiber =1 mm long was attached to a narrow strip
cut of tantalum foil by Aquadag (the strip was welded
to a tungsten bow), dried, and heated in a vacuum at
=1000 K. The field cathode thus produced was intro-
duced through alock into a USU-4 ultra-high-vacuum
chamber equipped with afield electron microprojector
and an electrostatic energy-dispersion anayzer, the
secondary emission multiplier of which operated in the
electron count mode.

1063-7842/05/5011-1485$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 1. (@) 1-V characteristics of the carbon fiber: (1) after
stripping off the surface layer by the current pulse; (2) after
10-min heating; (3) after rapid rise in the emitter current to
5 YA; and (4-6) after 10-, 20, and 30-min heating of the
reconstructed nanocrystal, respectively. (b) Energy distribu-
tion of electrons emitted from the carbon nanocrystal:
(2) after stripping off the surface layer by the current pulse
and 10-min heating and (4-6) after 10-, 20, and 30-min
heating of the reconstructed nanocrystal, respectively.

After locking, the cathode (emitter) was “formed”
under arough vacuum by raising the total emission cur-
rent to 150 pA. Such aprocedure allows nanocrystalsto
emerge on the emitting surface viaremoval (sputtering)
of amorphous carbon under the action of residua gas
ions [7]. Then, in an ultrahigh vacuum, the emitting
layer on the fiber surface was stripped off several times
by ponderomotive forces arising when a current pulse
of =130 pA was applied until the emissionimage, asin-
gle spot at the center of the projector screen, appeared.
This spot was directed to the probing diaphragm of the
analyzer. The emitting surface of the samples was
cleaned by heating the tungsten bow to 1000 K. The
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Fig. 2. Height of the extra maximum in the FEED vs. emit-
ter angular position relative to the analyzer for the (a) first
and (b) second sample of the reconstructed nanocrystal.

same heating was used to activate SESs. The FEED was
measured with the technique described in [8]. The
probe current—voltage characteristics were constructed
based on the values of the electron current passing
through the energy analyzer and corresponding anode
voltages U..

Electron emission from carbon nanotubes was
observed at the edge of a2.0 x 0.5-mm curved strip cut
of the W foil. The strip was welded to a supporting
nickel tube, rinsed in ethanol, dried in the lock cham-
ber, and introduced into the vacuum chamber. Once the
entire vacuum chamber had been heated and the pres-
sure in the chamber had been decreased to 5 x
107° Torr or lower, a voltage was applied to a ballast
resistor between the high-voltage supply and emitter
and the carbon nanotubes were heated by the Joule heat
due to the emission current. CTFR of the nanotube
region probed was al so carried out after applying avolt-
ageto the ballast resistor.
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Fig. 3. (a) Initia energy distributions of electrons field-emitted from the carbon nanotubes, (b) energy distributions of electrons
field-emitted from the nanotubes subjected to current-related thermofield reconstruction, (c) probe 1-V characteristics of the nano-
tubes (1) before and (2) after current-related thermofield reconstruction, and (d) the height of the extra maximum in the FEED vs.
emitter angular position relative to the analyzer for the reconstructed nanotube.

RESULTS AND DISCUSSION

After the surface layer of the emitter had been
stripped off in an ultrahigh vacuum, the -V character-
istic of the nanocrystal was measured by scanning the
FEED (Fig. 1a, curve 1). Within 10 min of subsequent
heating of the emitter at 1000 K, the emitter image
stopped flickering and the FEED was measured again.
The energy distributions had one maximum (Fig. 1b),
and its FWHM increased from 0.30 to 0.45 eV as the
anode voltage was raised from 1800 to 2500 V. The -V
characteristic of the heated sample is represented by
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curve2inFig. la. Thefact that curves1 and 2 run close
together suggests that stripping the surface layer off in
an ultrahigh vacuum does make the emitting surface of
the nanocrystal pure.

CTFR was accomplished by increasing the anode
voltagein severa stepsfor ashort time, after which the
energy distribution of electrons emitted from theregion
probed was checked. An extra low-energy peak in the
distribution, which is shifted by 0.45-0.50 eV toward
lower energies relative to the main one, appeared after
the total emitter current reached a value of 5 pA. By
scanning the FEED in the anode voltage range from
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2000to0 2600V, |-V characteristic 3 (Fig. 1a) wastaken.
This curve demonstrates that the emission current from
the carbon nanocrystal decreased by one order of mag-
nitude. Then, the emitter was heated to 1000 K and kept
at this temperature for 10 min three times, and the
FEED was taken after each heating. The measurements
made at U, = 2200V (Fig. 1b) show that the extralow-
energy maximum lowers after each heating and the
energy interval between the maxima expands from 0.4
to 0.5 eV. The related |-V characteristics are presented
inFig. la

Using an arm with four degrees of freedom, the
emitter was rotated in the horizontal plane by +1°, —1°,
and —2° (the initia position is 0°). Angles—2° and +1°
correspond to the left- and right-hand edges of the
emission spot from the nanocrystal. The FEEDs shown
in Fig. 2aindicate that the height of the extramaximum
depends on the angular position of the emitter relative
to the energy analyzer with the interval between the
maxima remaining constant.

The dependence of the extra peak height in the
FEED taken of the reconstructed carbon nanocrystal on
the emitter heating and emitter rotation was checked on
the second sample of the same carbon fiber. To recon-
struct the nanocrystal, the total emission current was
increased to 5 pA and simultaneously the sample was
heated to =1500 K by applying a voltage to the bow for
a short time. In this case, too, the extra peak height
changes when the emitter is heated to T = 1000 K and
depends on the emitter rotation relative to the energy
analyzer. When the emitter is rotated, the interva
between the main and extra maxima changed by 0.3—
0.4 eV (Fig. 2b).

In another series of experiments, we studied the car-
bon nanotubes applied on the W foil by electrophoresis.
Examination of the nanotubesin a JEM 100S transmis-
sion electron microscope showed that they are closed
and have semispherical tops.

After the vacuum chamber and emitting nanotubes
had been warmed by Joule heat, the emission pattern
represented a number of aligned oval spots. One stably
emitting spot was directed to the probing aperture of the
energy anayzer, and the FEEDs were measured in the
anode voltage range from 2580 to 3140 V. The mea-
sured distributions are seen to be narrow and have asin-
gle peak (Fig. 3a). Asthe anode voltagerises, the distri-
bution shits toward lower energies and its FWHM
increases from 0.30 to 0.35 eV. The current—voltage
characteristic (curve | in Fig. 3c) islinear. The carbon
nanotube probed was categorized as “metallic.”

To carry out the CTFR of the area probed, the anode
voltage was raised in steps until the total emission cur-
rent sharply dropped from 420 to 350 nA. Subsequent
scanning revealed an extra low-energy peak in the
FEED. As the anode voltage increases from 2700 to
3380V, the extra peak dightly grows and the interval
between the maxima expands from 0.3 to 0.4 eV
(Fig. 3b). The voltage dependence of the probe current
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(curvell inFig. 3c) indicates adecrease in the emission
current by one order of magnitude, i.e., that the probed
area of the nanotube has been reconstructed. Figure 3d
plots the relative height of the extra maximum versus
the emitter rotation relative to the energy analyzer inthe
angular range from —3° to +1°. Under rotation, the
interval between the maxima varies within 0.3-0.5 eV.

A total of five emission spots from three foils with
nanotubes were studied. As the anode voltage
increased, the FEED shifted toward lower energiesin
proportion to either the probe current (metallic proper-
ties of the nanotubes) or the anode voltage (semicon-
ductor properties). Unlike nanocrystalline carbon
fibers, al the nanotubes were reconstructed at an emis-
sion current from one hundred to severa hundreds of
nanoamperes. This confirms the compelling fact that
heat removal from the nanotube top is inferior to that
from a nanocrystalline carbon fiber.

Thus, our study demonstrated that the height of an
extra low-energy maximum in the energy distribution
of electronsfield-emitted from carbon nanocrystalsand
nanotubes depends on the emitter heating and emitter
angular position relative to the energy analyzer. Thisis
consistent with the assumption that the electrons
involved in the distribution are emitted from states on
the field emitter surface.

CONCLUSIONS

We studied VMN-RK nanaocrystalline carbon fiber
annealed at 900°C. The nanocrystals were recon-
structed by raising the total emission current to 5 pA
and heating them at =1500 K. Asaresult, their emission
current decreased by one order of magnitude and an
extra low-energy peak appeared in the FEED, whose
energy position is 0.45-0.50 eV below the position of
the main maximum. The FEED taken of the recon-
structed nanocrystals suggests that the height of the
extrapeak depends on the heat treatment conditions. As
the heating duration grows, the peak lowers, indicating
the possibility of recovering the normal energy distribu-
tion of electrons emitted from the carbon nanocrystal.

Another subject of investigation was carbon nano-
tubes with semispherical tops. It was found that they
are proneto current-rel ated thermofield reconstruction:
when the anode voltage reaches some threshold, the
emission current from the nanotube top drops by nearly
one order of magnitude and an extra low-energy peak
appears, whose energy position is 0.45-0.50 eV below
the position of the main maximum.

The FEEDs taken of reconstructed samples upon
rotating about the energy analyzer axis show that the
height of the extra maximum depends on the angular
position of the emitting nanocrystals and nanotubes.
This counts in favor of the assumption that the extra
maximum is due to the electrons emitted from surface
states of the reconstructed samples.
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From the dependences of the extralow-energy max-
imum on the heating duration and emitter angular posi-
tion relative to the analyzer, the interval between the
extra and main peaks in the FEED is estimated as 0.3—
0.5 eV for the samples of both types.
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Abstract—The rate of Li* ion transport in an insulating solid electrolyte film on the Li metal surface versus
electric field (<107 V/cm) and temperature (in the range 238-343 K) is studied. The dependences found in this
work are shown to reflect structural disorder in the electrolyte film material. Disorder causesaspread inthe site-
to-site hopping length and time. © 2005 Pleiades Publishing, Inc.

The transport properties of dielectric ion-conduct-
ing films covering the metallic lithium surface are of
great practical interest, since Li—film—solution struc-
tures are used in lithium cells with a nonagueous el ec-
trolyte[1]. The chemica composition of asolid electro-
Iyte film on lithium is rather complex and depends on
the composition of a surrounding solution. The thick-
ness of the film varies between 107 and 10° cm, its
ionic conductivity ranges between 10° and 10° (Q
cm)~, and its electron conductivity islessthan 1022 (Q
cm)~. Even at the early stage of investigation it was
found that electrical processes in Li—film—solution
structures are described well in terms of the concept of
carrier injection into the surface layer, which increases
its ionic conductivity under a voltage [2, 3]. In this
work, the author elaborates upon the model mechanism
of ion transport in solid electrolyte films on lithium and
contrasts theoretical results with experimental data.

EXPERIMENTAL DATA

Experiments were carried out with hermetically
sealed cellsassembled in dry argon. The cells contained
a lithium electrode to be tested, a small amount of an
electrolyte, and polarizing and measuring electrodes. A
solid electrolyte layer was formed on the surface of the
lithium electrode by keeping it in the electrolyte for
1 month. As electrolytes, we used concentrated solu-
tions of LiClO, in propylene carbonate (PC) and buty-
rolactone (BA), where a film consisting of lithium car-
bonate Li,CO; and lithium oxide Li,O forms, and solu-
tions of LiBF, in BA, which produce a film consisting
of lithium oxide Li,O and lithium fluoride LiF. Mea-
surements were taken in the temperature range from
-35 to 70°C with a temperature control accuracy of
0.1°C. To protect the surface films from damage, the
electrode tested was polarized by short direct current
pulses of amplitude from 108to 102 A. The sametech-
nique was applied to determine the thickness of the

films, which was found to vary between 5 and 40 nmin
our case. The current pulse minimum width needed to
compl ete the transient and establish a constant potential
jump varied within 0.5 and 10 ms.

For al the samples, the results were qualitatively
similar. To illustrate the generality of the approach
being developed, we present the results for films of dif-
ferent compositions. Figure 1 plots typical j—V curves
(j isthe current density) in the log— og coordinates. The
final results did not depend on the current sense. No
hysteresis was found in heating—cooling cycles, aswell

logj [mA/cm?]
2L

1 1
-0.5 0.5
logV [V]

1
-1.5

Fig. 1. Current—voltage characteristics of the Li—film—solu-
tion structures at atemperature of (1) 30, (2) —18, (3) —27°C
(the LiBF4—BA electrolyte).

1063-7842/05/5011-1490$26.00 © 2005 Pleiades Publishing, Inc.
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asintaking the j—V curvein the forward and backward
directions. In the general case, an ohmic dependence |
~V, observed at low V, changes to a power-type depen-
dencej ~ V" at high voltages, with exponent n smoothly
varying with temperature. Such behavior is characteris-
tic of injection currents [4]. General current density j is
asum of ohmic current j, = o;,V/L and injection current

jinj1
I = Jao*in- 1

The temperature dependence of ionic conductivity
o, is of activation character with constant energy of
activation w,

0 |
o, = epH 2 2

where k is the Boltzmann constant, T is the absolute
temperature, and coefficient o, dependson thesample's
history.

For the films obtained in the LiCIO,—PC, LiClIO,—
BA, and LiBF,—BA solutions, the measured activation
energies were close to each other, namely, 0.59 + 0.03,
0.58+ 0.05, and 0.54 + 0.05 eV, respectively (hereafter,
the confidence interval s are given with a 95% probabil -
ity).

Thus, injection current j;; can be viewed as an
increase of the total current over the ohmic (conduc-
tion) current. When the j—V curves are represented in
the coordinates logji;—logV (Fig. 2), the injection
current is seen to strictly follow the power-type depen-
denceji, ~ V. The form and temperature run of thej—-V
curves are nearly the same for all the samples, despite
the chemical composition of the surface filmsis differ-
ent. This suggests that a mechanism of charge transfer
in solid electrolyte films does not depend on their com-
position and structure.

THEORETICAL

Consider current passage through a thin homoge-
neous insulating layer of low ionic conductivity that is
sandwiched between high-conductivity materials (the
situation meeting experimental conditions). The
steady-state profiles of electric field strength & and the
concentrations of intrinsic, ny, and injected, Niny» carri-
ers (bearing a charge of +1 as Li* ions) in a film of
thickness L along coordinate x (0 < x < L) satisfy the
Poisson and continuity equations. In the 1D case, these
equations have the form [4]

dé _ 9niy
dx ssol’ )
] = gd&(HaNo + MigNi) (4)
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Fig. 2. Injection current-voltage characteristics of the Li—
film—solution structures at a temperature of (1) 40, (2) 25,
(3) 0, and (4) —27°C (the LiCIO4—BA electrolyte).

where q is the absolute charge of carriers, g and iy
are the respective mobilities of intrinsic and injected
carriers, and €g, is the permittivity of the film material.

Let us integrate the set of Egs. (3) and (4) on the
assumption that the film iskept under constant potential
V and the boundary x = O infinitely long injects carriers
(then, &(0) = 0), which all have the same mobility in the
film (Uq = Wiy = W). The result of integration coincides
with experimentally observed dependence (1),

_ ONGHV | HeesE!
L 2L

where &, isthefield strength at the absorbing boundary
x=L.

Since o, = qunyand &, = V./2/L [4], formula(5) can
be recast as

= Jo¥ Jin )

Vo peg V2
:“'T+“L—g. 6)

Expression (6) meets the experimental dependences
(Fig. 1) at only one temperature when n = 2. The reason
for such adiscrepancy seemsto bethefollowing. Equa-
tion (4) implies that carriers of a given sort have the
same mobility, i.e., when subjected to an electric field,
aretransferred through a given layer for the sametime.
Thisassumption workswell for single crystalsbut turns
out to be inadequate for the surface layer covering the
lithium surface. This surface layer incorporates various
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components, which form very rapidly; hence, the struc-
ture of thelayer isheavily disordered. A specific feature
of disordered solids is awide spectrum of times of ele-
mentary events, which characterizes many of their
time-dependent properties[5]. Thisfeature is unrelated
to details of the atomic or molecular structure of solids
and therefore specifies their general behavior. Disorder
gives rise to a specia type of transport when the trans-
port rate becomes a fractional -power function of time,
frequency, distance, or voltage, the exponent being con-
tinuously dependent on both material properties and
experimental conditions [5-18]. Based on the experi-
mental temperature dependence of the rate of charge
transport through the films on lithium, one can suppose
that such anomalous transport in a strong electric field
takes place in our case too.

Let us derive an expression for the voltage depen-
dence of theinjection current in asolid film with intrin-
sic conductivity using the notion of transition time T.
The current density is generally given by

j = qnv = gnL/t, @)

where 0 and v are the mean concentration and drift
velocity of charge carriers.

The numerator of (7), gnL, is the total charge of
mobile carriers per unit surface area of the film. Then,
T isthetime of transit of carriers from one boundary of
the sampleto the other. Under the ohmic conditions, the
concentration is uniformly distributed across the film
and equals intrinsic concentration ng;, hence, jo =
gnoL/to- A similar formula holds for the injection cur-
rent, injected charge qny,; L confined in the film being
related to the voltage across the sample by the formula
for a plane capacitor whose capacitance is roughly

faqual to the geometric capacitance of the film; that is,
Jinj = qninjL/Tinj = SSOV/LTinj.

According to (1), the total current is a sum of these
two components,

. _qgnoL | eggV
== + Tl (8)

A more exact expression can be obtained by solving
the set of Egs. (3) and (4). Since the time it takes for
particles of sort i to transit through alayer of thickness
L isgiven by

g

1 1dx
T, = =[z=2dg, 9
e ©
the transit timefor intrinsic carriersis
g = %%anL+E—8°5;ui”% (10)
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and that for injected carriersis

I = 1noL Ko
m = 70

+ ssOELE. (@D

inj
Combining (10) and (11) yields

j = ﬂ- + S_S_O_E_'-. (12)
Tq Tin
Infinal expression (12), mobility in explicit formis
lacking. The difference between Egs. (8) and (12) is
minor, because ¢, closely approximates the electric
field mean strength.

For charged particles migrating in a disordered
solid, the functional dependencet =f(V, L, T) may both
coincide with and differ appreciably from this depen-
dencein an ordered crystal lattice [5-7]. Charge trans-
port may be both normal and anomalous, depending on
the material and experimental conditions. The differ-
ence between them shows up most vividly in experi-
ments on determining the transition time [5-13]. In the
case of normal (Gaussian) transport, T linearly depends
onratio L/,

T = L/Y;

that is, carriers possess a certain mobility.

In the case of anomalous (dispersion) transport, a
train of charge carriersis characterized by alarge dis-
persion (on the order of the sample's thickness) and the
transit time becomes a nonlinear function of L/¢: T ~
(L/&)Ye, where 0 < a < 1. The notion of drift mobility
loses the physical meaning: this parameter calculated
from the transit time turns out to be dependent on the
sample thickness instead of being dependent on the
material properties [6, 7]. Experiments aimed at deter-
mining the transit time in various disordered materials
show that normal and anomalous transports may be
observed in the same material at different temperatures
[5-10].

The theoretical models accounting for anomalous
transport expl oit the assumption that disordered materi-
als feature a spread in the spacings between neighbor-
ing localized sites and/or a spread in potential barriers
separating these sites. Accordingly, there appears a
wide variety of times of elementary events accompany-
ing the charge motion in adisordered material [15-18].
In the multiple sticking model, charge transfer proceeds
through multiple capture of carries by and their escape
from localized centers. If the crystal lattice is disor-
dered, sticking centers (levels) will be distributed over
energy. For the level exponential occupation, the j—V
curveisgiven by

(13)

joviryetree (14)
where
a = T/T, (15)
TECHNICAL PHYSICS Vol. 50 No. 11 2005
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that is, exponent nisequal ton=1+ T/T, where T, is
the distribution parameter [4, 14-17].

Another model, the model of stochastic transport,
considers the charge motion as a random hopping pro-
cess, when even small fluctuations of the hopping
length cause a wide spread in hopping times; in other
words, the hopping time distribution is due to hopping
length fluctuations rather than to hopping energy fluc-
tuations[6]. According to thetheory of stochastic trans-
port, the transport can be considered as a sequence of
hops from site to site (a site may be a defect, localized
center, etc.). If the sitesare equally spaced (the hopping
lengths are the same), the hopping frequency has cer-
tain value v. If, however, distance r between neighbor-
ing sites that are accessible for a hopping carrier varies
about some mean value r, the hopping frequency will
tangibly depend on the site spacing: v(r) ~ exp(—/Ryi),
where Ry is the effective radius of localized centers.
Calculation of the group velacity of carriers hopping in
an electric field between randomly distributed centers
results in the following expression for the transition
time:

_coLp (]
T = VoEi(E)D eXpEkTD (16)
where
2
:ERE‘ [In(vor) I"(‘)T} (17)

cisafactor on the order of unity (c = 0.92 at a = 0.5);
wy IS the mean potential barrier between sites; v isthe

hopping frequency; and I () is the mean group dis-
placement in the direction of the electric fields per hop,
which is proportional to & [6].

The proportionality coefficient can be found based
on the fact that, in going from anomalous transport to
normal one (a = 1), expression (16) is bound to trans-
form into (13), where the mobility depends on the
microscopic parameters of transport [19],

_argy

_ 0 g7
=T

TierD): (18)
Hence, | = quE/kT and we arrive at an expression
for the transition time,

_ COLKTOYe o
"l Pt

Associated numerical factors on the order of unity,
which depend on the number of nearest neighboring
sites and correlation effects [19], are embodied in v,.
Next, assuming that ¢ = 1 and & = V/L, we substitute
expression (19) for 1, into (8) to obtain an expression
for the injection current (accurate to a factor on the
order of unity) in a disordered solid for the case of

(19)
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anomal ous transport when hopping is characterized by
one value, wy, of the potenti a barrier,

VEtlo

Jln] =Vo€€or L Bﬂ

While the models of multiple capture and stochastic
transfer are based on different assumptions, they use an
identical mathematical formalism [5, 14-17]. The
physical patterns are also the same. In turns out in both
cases that particles in a disordered solid travel over a
distributed network of unegqual paths. Some of the par-
ticles cross the sample fairly rapidly (short routes),
while others stay in the sample for long, moving
through widely spaced sites (longer hopping times). As
the voltage across the samplerises, progressively wider
spaced sites (requiring increasingly longer hopping
times) become involved in the transport process. Such
a situation may be viewed as a change in the relation-
ship between the free charge and trapped (fixed) charge
or asachangein the mean effective mobility of carriers.
Eventually, the effective mobility becomes dependent
on the electric field strength and sample thickness. The
difference in the expressions for a (formulas (15) and
(17)) reflects different model assumptions. The theory
ishelpful whenintrinsic and injected carriesare dissim-
ilar in nature and migrate with different velocities but
independently and without recombination (which may
occur, for example, when the electron current coexists
with the intrinsic ionic conductivity).

P kTD (20)

THEORY VERSUS EXPERIMENT

The form and temperature run of the current—volt-
age curves for tota current j and injection current j,
(Figs. 1 and 2) suggest that anomalous transport of car-
riersin the disordered solid films on lithium. Let us see
whether the temperature variation of exponent nin the
dependence j;; ~ V" correlates with the theoretical pre-
dictions. Both modelsgiven =1+ L/a. However, in the
model of multiple capture, parameter a is given by for-
mula (15), which yields a straight line issuing from the
origin in the coordinates (n — 1) — T, while in the sto-
chastic transport model, formula(17) for a islinearized
in the coordinates (n — 1)°° — T (see Fig. 3a). The
temperature run of exponent n in the dependence ji,; ~
V" satisfied Eq. (17) and did not satisfy Eq. (15) for all
the samples studied.

Now let us check whether the temperature variation
of the current—voltage curves agrees with the genera
behavior predicted by the stochastic transport theory.
Expressions (2) and (20) suggest that the current
depends on T exponentially and effective activation
energy wy =—kd(Inj)/d(T) does not depend on the volt-
age in the intrinsic conductivity range of the film,
remaining equal to wg, = —kd(Ing;)/d(T™). As the volt-
age grows, w, is bound to change from wy, to the effec-
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Fig. 3. Temperature dependences of (&) exponent n in the relationship jip; ~ V", (b) the logarithm of total current j, and (c) the log-

arithm of injection current ji; (the LiCIO4—PC electrolyte).

tive activation energy of the injection current, w, =
—kd(Inj;;)/d(T™). According to (17) and (20),

= o] 1 prRer?™  HaroVH] kT

Wy = wo[l ZGOGD InEkTL T (21
Experimental dependences logj—T* and logj,;—
T for different voltages are shown in Figs. 3b and 3c.
The slope of the straight lines in Fig. 3b remains con-
stant in the intrinsic ionic conductivity range and
changes markedly with increasing V, approaching the

slope of the current in Fig. 3c. From Eq. (21), it follows
that effective activation energy w,; depends on mean
potential barrier wy, being overcomein the hopping pro-
cess and, at the same time, is acomplicated function of
a, T, and V, remaining constant only in a narrow V-
dependent temperature range. Under our experimental
conditions, the voltage across the sample was varied
significantly while T and a only dlightly.

The voltage dependence of the effective activation
energy is shown in Fig. 4. For all the samples, w, isa
linear function of the potential in accordance with (21).

TECHNICAL PHYSICS Vol. 50
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The slopes of the curves (n—1)"Y2=a, —b,/T (Fig. 3a)
and w,; = a,—b,InV (Fig. 4) areinterrel ated and, asfol-
lows from (17) and (21), must correlate in view of the

equality 2kb, b, /al¥2 = 1, in which the mean value

of /al0= h — 100n the temperature range under study
should be taken. Our measurements on lithium-based

ion-conducting films gave 2kb1b§1 (Ya)¥2 = 1.00+
0.05.

Thus, one can state both qualitative and quantitative
agreement between equations derived from the theory
of stochastic transport in adisordered solid and experi-
mental data for the field and temperature effect on the
rate of carrier transport through a solid electrolyte film
on lithium. This allows usto find transport microscopic
parameters wy, ro, Ry, and vy asfollows. Let

2 1/a
: rovl v
Wi, = Jinj/[q - i (22)
[KTL
Then, (20) can be recast as
INW;; = In(voegy) — wy/KT, (23)

where v, contains the numerical factor on the order of
unity. According to (23), all valuesof variable W, hav-
ing the dimension of conductivity, are the same at a
giventemperature and al the experimental j;;—V curves
must be fitted by the same straight line in the coordi-
nates InW,,—T~* provided that hopping is characterized
by one potential barrier wy,. In calculations, parameters
g, L, and 1 are assumed to be given. We introduce atrial
valueof ry, calculate aset of Wi, by (22), and, based on
this set, find optimal values of coefficients v, and w, by
(23). Using Eq. (17), Ry and T are found from known
coefficients a; and b, . Then, we compare the calculated
value of T with the given one, change r, toward the
desired (given) value of T, and repeat the procedure
again and again until these two values of T coincide.

Figure 5 plots InW; against T at the final sage of
calculation. The slope corresponds to potential barrier
mean height wy, = 0.22 eV. All pairs j;—V measured at
one temperature give, as was expected, the same value
of W,;. The plot is almost a straight line but may curve
if the temperature range is considerably extended.
Therefore, the assumption that one value of the poten-
tial barrier for hopping particles prevails in the films
can be adopted only as afirst approximation.

Processing of the whole data array resultsin the fol-
lowing. The potential barrier hasasmallest spread from
sample to sample: the mean value of this parameter is
Wy = 0.24 £ 0.035 eV. The spread in the calculated val-
ues of parameters Ry and rg is much larger; however,
ratio Ry/ro appearing in the analytical equations is
nearly the same for most of the samples, 0.245 + 0.045.
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The logarithm of the hopping frequency is logv, =
105+ 0.7 [s 7.

The parameters were calculated for € = 8.9 (the per-
mittivity of Li,O as the basic component of the film)
and T = 1 ms (the approximate duration of the transient
at V=1V). Itisof interest to mention how the calcu-
lated parametersvary with € and 1. A changein € causes
a proportional change in L, ry, and Ry, with all other
parameters remaining the same. When 1t changes by
one order of magnitude, v, changes two to four times
and wy, Iy, and Ry by 5-25%.

Combining Egs. (1), (2), and (20), we can write a
general expression for the j—V characteristic of Li—
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Fig. 6. Experimental j—V characteristics (circles) vs. anayt-
ical curves (continuous lines) for the Li—film—solution
structure (the LiClO,—PC electrolyte) at L = 7.90 nm, og =
2614 (Q cm)™L K, w; = 0.5357 eV, wy = 0.2125 eV, Ry=
0.080 nm, rg = 0.404 nm, and vy = 1.521 x 101% s, The
temperature is (1) 70, (2) 55, (3) 40, (4) 25, (5) 12.5, (6) 0,
(7) -17, and (8) —35°C.

film—solution structures in a wide ranges of current,
voltage, and temperature,

o —la
- _V[%, 090 HaroVe 0 9
=y Footisvenlod o),

where dimensionless parameter a is given by (17).

As the temperature grows, so does a, and, at a = 1,
Eq. (24) passesinto Eqg. (6) for normal transport.

The validity of the calculations was checked by the
inverse procedure, i.e., by calculating the j—V curves
using the parameters found. For the same set of trans-
port microscopic parameters, the experimental curves
and analytical ones calculated by EqQ. (24) coincide
throughout the ranges of current, voltage, and tempera-
ture, asfollowsfrom Fig. 6. The small divergence of the
ohmic portions can be eliminated by taking into
account the variation of activation energy w; with tem-
perature. The model suggested in this work provides a
general approach to solid-state lithium-based structures

CHURIKOV

the electric properties of which are controlled by sur-
face ion-conducting layers.

CONCLUSIONS

The field and temperature dependences of the Li*
ion transport rate in solid electrolyte films on lithium
have provided an insight into a transport mechanismin
such films. An ion transport model is suggested that
includes the effect of injection current and material dis-
order. This model is shown to provide a good fit to the
experimental data.
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Abstract—Magnetoresistive ceramic and thick- and thin-film Lag SrgsMny ;1 _,Fe03 4 5 (X =0, 0.04) samples
are studied by X-ray diffraction, ®Mn nuclear magnetic resonance (NMR), resistivity measurements, and mag-
netic measurements. Their rhombohedrally distorted (R3 c) perovskite structure is found to contain anion and

cation vacancies and nanocluster defects. Their broad asymmetric >Mn NMR spectra support high-frequency
el ectron-hol e exchange between Mn®* and Mn** and the fact that their environments are different dueto ahigh
defect concentration and high structural inhomogeneity. Iron doping and an increase in the annealing tempera-
ture result in a decrease in the temperatures of the metal—semiconductor and ferromagnet—paramagnet phase
transitions and an increase in the magnetoresistive effect (MRE). The low-field MRE in the low-temperature
region (~100 K) in the ceramics and thick film is explained by tunneling in crystallite boundaries. An analysis
of the effect of iron and the annealing temperature on the activation energy confirms the conclusion regarding
a defect system of the perovskite structure and the presence of several mechanisms of activation processes. ©

2005 Pleiades Publishing, Inc.

INTRODUCTION

Among numerous compositions of the manganite—
lanthanum  perovskites La’ AZ'Mn3* Mn. O3, 5
(where A?* is Ca?¥, Sr?*, Ba?*, or Pb?*) [1-5], the most
promising compositions from the scientific and applied
points of view are strontium-doped manganites [6-8].
These compositions are characterized by the maximum
peak temperatures T, of the magnetoresistive effect
(MRE) occurring near the temperatures of the metal—
semiconductor (T,,,o) and ferromagnet—paramagnet (T¢)
phase transitions. Scientific and applied interest in
these materials is warmed by the fact that the unique
relation between electrical and magnetic phenomena
near these phasetransitions[9-11] isstill amystery and
also by possible application of the manganite-antha-
num perovskites in transducers and sensors.

In most works, ceramic[12, 13] or thin-film[14, 15]
stoi chiometric manganite sampleswere investigated. In
[16, 17], we showed that the most promising composi-
tions should contain excess hyperstoichiometric man-
ganese with respect to the A-sublattice cations of the
perovskite structure. Therefore, it isinteresting to com-
pare the structure and properties of ceramic and thick-

and thin-film nonstoi chiometric manganite- anthanum
perovskites with excess manganese, whose structural,
resistive, and magnetic features are also controversial.

EXPERIMENTAL

The LaygSrosMn,;_,FeOs3. 5 Samples were pre-
pared from a mixture of the powders La(OH); (C63/m,
a=6.537 A, c = 3865 A) and SICO; (Pnma, a =
5.107 A, b=8.414 A, c = 6.029 A) and the analytical-
grade manganese oxides Mn;O, (14,/amd, a = 5.76 A,
c=9.44 A) produced in Belgium or at the Dnepropetro-
vsk chemicals plant (in the latter case, the oxide con-
tains an iron impurity). Due to the presence of the iron
impurity, the composition of the second batch of man-
ganite-lanthanum perovskites corresponded to the
molar formula L gy gSrgsM N osF€y.405 + 5 We chose this
manganese-containing raw material to check the possi-
bility of using less scarce and cheaper raw materialsfor
the production of magnetoresistive transducers. The
samples of both batches were sintered at 1000°C for
22 h.

The ceramic samples (samples C) (d =10 mm, h=
3 mm), including targets (d = 25 mm, h = 6 mm) for

1063-7842/05/5011-1497$26.00 © 2005 Pleiades Publishing, Inc.
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Table1. Structure type, lattice parameter, magnetic ordering temperature T, metal—semiconductor phase transition temper-
ature T,,, MRE peak temperature T,,, and magnetoresistive effect MR in a magnetic field H for the ceramic (C), thick—film

(F), and thinilm (f) Lag Srg sMny _xFe, 05 samples

Structural data MR (T, H =2 kOe), %

Sample X Te, K | ATo, K | Tpe K | Tp(H), K

type a A a T=100K| T=T,
C1250 | O R3c 7.745 | 90.32° 343 | 269-362| 366 |[357(2kOe)| 8.1 1.3
C1350 | © R3c 7.744 | 90.31° 357 | 313-370 - |357(2k0e)| 105 23
C1500 | © R3c 7.742 | 90.30° 355 | 342-370| 348 ([352(2kOe)| 95 1.0
F1250 | O R3c 7.749 | 90.29° 345 |312-356| 367 |[358(2kOe)| 83 1.3
C1250 | 0.04 R3c 7.766 | 90.33° 320 |257-352| 250 ([330(5kOe)| 85 1.2
F1250 | 0.04 R3c 7.751 | 90.30° 327 |260-355| 250 (330(5kOe)| 85 6.0
f 004 | Pseudo | 3.870 - - - 245 |175(2k0Oe)| 45 6.2

cubic 200 (5 kOe)

laser sputtering, were sintered from compacts at
1250°C for 22 h, 1350°C for 3.5 h, and 1500°C for 3 h.
The thick polycrystalline films (samples F) were pre-
pared using masks:. a paste was applied onto an alumi-
num-oxide substrate containing 94-95% Al,O;, 2.5%
S0O,, 1.96% MnO, and 0.48% Cr,05. This paste was
baked at 1250°C.

The thin  (~2000 A)  singlecrystal
L&y gSrosMn, geFep 405 5 films (samples ) were fabri-
cated by laser sputtering of the ceramic target of the
second batch onto a single-crystal LaAlO; substrate
with a pseudocubic structure (a = 3.787 A) and the
(400) crystallographic surface orientation.

The samples were studied by the following meth-
ods. (i) X-ray diffraction (on a DRON-3 diffractometer
using Cu radiation) was used to determine the phase
compositions of the samples (with an error of 3%) and
the type and parameters of perovskite crystal lattice
(with an error of 0.1%). (ii) The four-probe method was
used to determine the electrical resistivity p and therel-
ativeresistance R= Ry /Ro73 . o (With an error of 0.5%)
over awide temperature range (77-450 K). (iii) A mag-
netic method was used to find the temperature depen-
dence of therelative differential magnetic susceptibility
Xac (With an error of 3%). (iv) ®®*Mn NMR using the
spin—echo technique was performed at atemperature of
77 K to determine the resonance spectral frequency
(with an error of 0.1%), the magnetic and valence states
of the manganeseions, and the difference between their
environmentsin the ceramic samples. (v) A magnetore-
sistive method was used to determine the magnetoresis-
tive effect MR = (py — pu)/Pg, Where pg istheresistivity
(or the relative resistance) at H = 0 and py, istheresis-
tivity in amagnetic field H = 2 or 5 kOe.

RESULTS AND DISCUSSION

The X-ray diffraction data demonstrate that, unlike
the LaygSrg,Mn,; ;05,5 samples studied earlier [18],
the Lag SrpsMn; 1 _Fe0s ., 5 samples of both composi-
tions (x = 0 and 0.04) are virtualy single-phase and
consist of a perovskite-like rhombohedral distorted

(R3c) structure. Table 1 gives the lattice parameters a
and a; the phase transition temperatures Ty, T, and T,;
and the magnetoresistive effects of the ceramic and
thick-film samples of thefirst (La, gSr,sMn; 103, 5) and
second (LaygSrg3sMNy g6F€0.0405+ 5) compositions. The
differencesin the lattice parameters and the phase tran-
sition temperatures for the compositionswith x = 0 and
0.04 arerelated to the effect of iron, whose ionic radius
islarge, and these differences between the ceramic and
film are related to different values of their oxygen non-
stoichiometry & [19]. The low T and T, temperatures
of the samples of the iron-containing batch are caused
by Feionslocated in octahedral positions; they disturb
the Mn®*-Mn* interaction, which agrees with [20].

To reved the role of iron in the formation of the
structure and properties of the
LaygSrosMn, ;- ,Fe05, 5 (X = 0, 0.04) ceramic sam-
ples, we performed **Mn NMR studies. Figure 1 shows
the ®>Mn NMR spectra of the ceramic sampleswith x =
0 and 0.04. A comparison of these spectra by making
allowance for the mechanism of defect formation [16],
valence states, and their distribution allowed us to find
their molar formulas (see Table 2). Computer decompo-
sition and analysis of the ®Mn NMR spectrum of the
ceramic sample shown in Fig. 1 demonstrate that the
average frequency for the composition with x = 0 is

F, = 3783 + 0.3 MHz and that for x = 0.04 is F, =
375.2 + 0.3 MHz. A lower resonance frequency in the

TECHNICAL PHYSICS Vol. 50 No. 11 2005
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broader spectrum of theiron-doped sampleindicatesits
higher nanoinhomogeneity.

Itisinteresting to analyze the effect of the annealing
temperature of the ceramic samples on their relative
differential magnetic susceptibility x,. and the T deter-
mined from these data (Fig. 2). The character of the
Xao(T) temperature dependencesin Fig. 2 indicates fer-
romagnetic ordering of the samples below the Curie
temperature T.. The T temperature was determined
from the position of an inflection point in the X,(T) in
the region of ferromagnetic ordering; that is,

9Xac(T)
oT

which corresponds to the maximum rate of ordering of
the magnetic moment under the action of a measuring
fieldh= 0.1 Oewith amodulation frequency of 600 Hz.
The width AT, of the magnetic phase transition corre-
sponds to the temperature range from the maximum
magnetic susceptibility in the x,.(T) dependencesto the
temperature of transition into a paramagnetic state
(Xac = 0). According to Table 1, an increase in the sin-
tering temperature of the ceramics from 1250 to 1350
and 1500°C resultsin an increase in T and a decrease
in Ts This behavior is thought to be due to different
effects of the oxygen nonstoichiometry and the defect
concentration on the magnetic and resistive properties.
The effect of anion vacancieson the decreasein T, can
explain its lowest value (T, = 245 K) for the incom-
pletely oxidized thin laser film, whose crystal lattice
became pseudocubic because of ahigh concentration of
anion vacancies (Table 1). The decrease in AT with
increasing sintering temperature (Table 1) is related to
adecreasein theinhomogeneity, whichis caused by the
clustering of excess manganese. Aswas shownin [16],
this manganese substantially increases the magnetore-

= max,
T=T¢

sistive effect in the sdf-doped manganite
Ly _,Mn;,,O; and the doped manganites
(LaygSro2)1-xMny 05 [18] and

(Lay7Cay3); - Mn, ., O [21], which are nearest to our
composition. The neutron diffraction studies of the
samples of the batch with x = 0.1 [22] supported their
single-phase state. In this case, in the presence of
hyperstoichiometric manganese, the perovskite
structure contains mesoscopic cluster nanodefects
[16, 23, 24].

The effect of the sintering temperature on the resis-
tivity and the metal-semiconductor phase transition
temperature T, Of the LaygSrysMn, ;05,5 Ceramics
and thin film isillustrated in Fig. 3. An increase in the
sintering temperature is seen to decrease T,,,,, and this
decrease is more substantial as compared to the
decreasein T (see Table 1). A comparison of the phase
transition temperatures T, T,,, and T alowed us to
draw an interesting conclusion: the MRE peak temper-
ature T, islocated between T,,,c and Tc. The T, temper-
atures of the ceramics (366 K) and the thick film
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Fig. 2. Temperature dependences of the relative differential
magnetic  susceptibility X, of the  ceramic

Lag gSrg.3Mny 103 samples sintered at (a) 1250, (b) 1350,
and (c) 1500°C and of (d) the Lag gSrg sMny 103 thick film
annealed at T = 1250°C.

(367 K) sintered at 1250°C are virtualy the same
(Fig. 3). A lower T, valuein the ceramics sintered at a
higher temperature (1500°C) is caused by higher oxy-
gen nonstoichiometry, i.e., by ahigher concentration of
anion vacancies.
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Fig. 3. Temperature dependences of the resistivity pg of the
ceramic LaggSrg3Mny 103 samples sintered at (a) 1250,
(b) 1350, and (c) 1500°C and of (d) the Lag gSrg3Mn; 103
thick film annealed at T = 1250°C. The dashed lines show
the p(T) dependences with the corresponding values of E,.

The temperature dependences of the magnetoresis-
tive effect in the ceramic samples sintered at various
temperatures and in the thick film are illustrated in
Fig. 4. It is seen that the magnitudes of MRE near T,
and T, for the ceramics and thick film are similar and
they depend relatively weakly on the sintering temper-
ature.

Interestingly, the MREs at 77—100 K in both ceram-
ics and thick film are significantly (afew times) higher
than those at T, (Table 1). Since the nature of the MRE
in the low-temperature region is related to a tunneling
effect in crystallite (grain) boundaries, its magnitude
Ap/p, should depend on the crystallite size, which, in
turn, isafunction of the sintering temperature and dura-
tion. We are planning to determine the crystallite size
and to study its effect on the MRE in the low-tempera-
ture region to reveal the nature of this phenomenon,
which has not been observed in single crystals[25, 26],
including thin-film single crystals [27, 28].

We fabricated and studied thin-film laser-sputtered
samples only for the second system, which contained
an iron impurity. Figure 5 shows the temperature
dependences of the relative resistance and MRE of the
iron-doped (C) and thick-film (F) samples prepared at
1250°C and of the thin (f) laser films
L&y sSro3sMN; gsF€ 0405+ 5 AScompared to thefirst sys-
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Fig. 4. Temperature dependences of the MRE of the
ceramic LaggSrg3Mny 105 samples sintered at (a) 1250,

(b) 1350, and (c) 1500°C and of (d) the Lag gSrg3Mny 103
thick film annealed at T = 1250°C.

tem, the Fe impurity is seen to decrease T, of the
ceramic and thick-film samples (the decrease in the lat-
ter sampleisgreater). The low phase transition temper-
ature T, of the laser film isrelated to both the effect of
Fe and higher oxygen nonstoichiometry, i.e., to ahigher
concentration of anion vacancies in the lattice of the
incompl etely oxidized laser film. It should be noted that
Fe doping leads to a substantial decreasein T and T,,.
The thick-film and Fe-doped thin-film samples have
higher MRE magnitudes as compared to the impurity-
free LaygSrosMn, 05, 5 Samples. The low-temperature
MRE in the iron-doped ceramic and thick-film
LayeSrosMny gsF€0403: 5 samples is dlightly sup-
pressed as compared to the first system (Figs. 4, 6).

The mode that is most widely used to describe the
kinetic properties of rare-earth manganites and other
magnetic semiconductors having colossal magnetore-
sistive effect is the model of phase separation [9, 10].
Phase separation on amicroscopic level isrelated to the
formation of localized charge states (polarons, mag-
netic polarons, ferrons) due to a strong effect of elec-
tron—phonon interaction, high degree of polarization in
acrystal, and a high defect concentration in its crysta
lattice because of the presence of point defects (anion
and cation vacancies) and clusters. In this case, the
physical foundation of galvanomagnetic phenomenais
the kinetic theory of low-mobility semiconductors [29,
30]. Large-scale phase separation is caused by the for-
mation of conducting ferromagnetic (FM) regions
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Fig. 5. Temperature dependences of the relative resistances
Ry of the (a) ceramic, (b) thick-film, and (c) thin-film
Lag gSro.3MNy ggFen 040z samplesin a zero magnetic field.

The dashed lines show diffusion processes with the corre-
sponding values of E,.

(drops) inside a dielectric matrix. Such large-scale
phase separation in the spin system of a low-doped
La _,Sr,MnO; (x = 0.07) manganite single crystal was
detected by studying elastic neutron scattering [31]. It
was related to the formation of =200-A ferromagnetic
regions spaced =420 A apart. The appearance of con-
ducting regions separated by dielectric leadsto asignif-
icant role of tunneling effects. As the FM drops grow
and the distance between them decreases, percolation
processes become important. They arerelated to charge
transfer via conduction electrons overcoming energy
barriers at the boundaries of FM drops rather than via
tunneling or diffusion of magnetic polarons through a
crystal. This mechanism begins to operate when the
interdrop distance becomes shorter than the tunneling
length. For the case of small-scale phase separation,
this mechanism begins to operate when the magnetic-
polaron (ferron) size is comparable with the lattice
parameter. It is characteristic that the temperature
dependences of the resistivity for these three processes
have the same shape. The only difference consistsin the
fact that, upon tunneling and in the percolation model,
the activation energy has the Coulomb nature of inter-
action and it is equa to half the height of the energy
barrier that must be overcome to ensure charge transfer
from one phase-separated region to another [32].

Therefore, data on activation energy E, are impor-
tant to reveal the effect of | attice defects, including both
point and cluster defects, on the electrical and magnetic
properties of semiconductor materials [33]. The classi-
cal theory of magnetic semiconductors [34] includes
three main mechanisms for an activation process:
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effect AR/R, of the (a) ceramic, (b) thick-film, and (c) thin-
film Lag gSrg sMny geFen.0403 samples in magnetic fields
of 2and 5 kOe.

() the activation energy caused by local-potential fluc-
tuations due to defects (impurities, vacancies), (2) the
activation energy caused by electron—phonon interac-
tion, and (3) the activation energy caused by p—f and/or
p—d exchange. To make the physical picture of the pro-
cesses that occur in rare-earth manganites more com-
plete, these three mechani sms should be complemented
by the effect of tunneling in intercrystallite regions in
the ceramic samples and the effect of tunneling related
to spin transfer from one ferromagnetic drop to another
for large-scal e phase separation.

It is known that, in a paramagnetic region (T > T,),
the temperature dependences of the resistivities of man-
ganite-lanthanum perovskites can be described with a
good accuracy by an activation process of the diffusion

type[33, 34]:
_ kT E.

p - nezDexp[kT}’ (1)
where D = a? is the diffusion coefficient, e is the
charge, and n is the charge concentration.

In this case, charge transfer occurs via jumps
between localized states spaced a apart at afrequency v.

Table 2 gives the values of E, determined from the
temperature dependences of the resistivity (for x = 0)
and the relative resistance (for x = 0.04). The curves
calculated by Eq. (1) areshownin Figs. 3and 5for each
sample as dashed lines. As is seen from Table 2, iron
doping increases E, over the whole temperature range
of the paramagnetic state. The activation energy is
mainly contributed by the first mechanism. The activa-
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Table 2. Molar formulas of the defect structure and the activation energy E, of the ceramic (C), thick-film (F), and thin-film
(f) manganite-lanthanum perovskites Lay gSrgsMn, 1 _xF&,05 . 5 (X=0, 0.04)

Sample X E,, meV Molar formulas of the clustered perovskite structure
3+ o2+ \,(0) 3 4 2 4 2- ()
C 1250 0 64 { LaOIWSr oEgV 0?10} AlM no.:s7M no.J;g] s(M ”054'\/I nOI)4)c102.85VOE.115
C 1350 0 6
C 1500 0 108
F 1250 0 61
3+ w2+ \,(0) 3 4 3 2 4 2= ()
C 1250 0.04 146 { LaOE7Sr o.Egv 0?10} AlM no.:ssM no.+29FeoI)4] s(M noI)4M nO.:)4)cloZ.85V oe.lls
F 1250 0.04 142
f 0.04 106

tion energies of the ceramic (C 1250) and thick-film
(F 1250) samples with the same iron content are virtu-
aly the same. The lower E, energy of the thin-film (f)
sample with x = 0.04 can be explained by the absence
of the contribution of tunneling effects in intercrystal-
lite regions to the activation energy. The nonmonotonic
character of the dependence of E, on the annealing tem-
perature for the ceramic sampleswith x = 0 is of partic-
ular interest. The low value (E, = 6 meV) of sample
C 1350 with x = 0 (Table 2), ametallic character of its
Po(T) dependence (Fig. 3), and its resistivity (which is
an order of magnitude lower than those of C 1250 and
C 1500) indicate an optimum defect structure, a more
uniform defect distribution, and an optimum crystallite
size (which resultsin adecrease in the fraction of inter-
crystallite regions in the samples sintered at 1350°C) in
this sample. It is aso of interest that this sample fea-
tures the maximum values of MRE in both the high-
temperature region (at T,) and at T= 100K (Table 1).

An increase in the activation energy upon iron dop-
ing indicates the breaking (weakening) of the electron—
hole exchange in manganese—-oxygen (exchange) and
manganese—manganese (superexchange) bonds due to
a higher degree of electron localization near trivalent
iron ions. Tunneling effects should play a specific role
in MRE [32], which isevidenced by the character of the
MR ~ H?/T° dependences shown in Fig. 6 for samplesC
1250 and F 1250 with x = 0.04, namely, by the absence
of apeak near T, at H = 2 kOe. For this class of manga-
nites, a magnetic field of =2 kOe is close to the satura-
tion field at which the magnetic moments of domainsin
the film samples and the magnetic moments of crystal-
lites in the ceramic samples are arranged aong the
applied field. As follows from Fig. 6, the main mecha
nism of the appearance of MRE at H = 2 kOe in the
ceramic samples is tunneling in grain boundaries, and
the presence of a peak in MR(T) for the thin-film sam-
ple indicates the predominant role of the effect of spin
fluctuations near T on the scattering mechanism of
charge carriers, whose contribution decreases asamag-
netic field is applied.

Thus, in contrast to classic magnetic semiconduc-
tors with a giant magnetoresistive effect [36], in rare-
earth manganites one has to take into account all types
of interactions that have magnetic, lattice, and tunnel-
ing characters. Their contributions change depending
on the composition, annealing temperature, size, and
type of samples.

CONCLUSIONS

We studied ceramic, thick- and thin-film samples of
manganite- anthanum-—strontium perovskites
LaygSrosMn, 1 _FeOs (X = 0, 0.04) by X-ray diffrac-
tion, resistivity measurements, magnetic measure-
ments, °Mn NMR, and magnetoresistive measure-
ments and established the following.

(2) All the samples have arhombohedrally distorted
perovskite structure, and its lattice parameters depend
on the composition, sintering temperature, oxygen non-
stoichiometry, concentration of anion vacancies, and
the Mn®*/Mn** ratio of the samples.

(2) The change in the metal-semiconductor phase
transition temperature T, the increase in the Curie
temperature T, and the decrease in the temperature
range AT of transition into a magnetically ordered
state with increasing annealing temperature of the
ceramic samples can also be explained by changes in
the oxygen nonstoichiometry and in the Mn3*/Mn*
ratio and by different effects of defects on the magnetic
and resistive properties.

(3) The iron-containing samples have lower phase
transition temperatures T, and T and higher magni-
tudes of MRE.

(4) Relatively high magnitudes of the low-field
MRE of the ceramic and thick-film samplesat T = 77—
100 K are accounted for by tunneling in grain (crystal-
lite) boundaries.

(5) Analysis of the ®*™Mn NMR spectra of the
ceramic samples with x = 0 and 0.04 confirmed high-
frequency electron-hole exchange between Mn3* and
Mn* and the conclusion concerning a high defect con-
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centration in the crystal lattice, which contains anion
and cation vacancies and nanocluster defects.

(6) The MRE is maximum in the iron-doped film
samples.

(7) Analysis of the effects of the sintering tempera-
ture of the ceramic samples and an iron impurity on the
activation energy and the temperature dependences of
the resistivity and MRE showed that magnetic, lattice,
and tunneling interactions coexist in the magnetoresis-
tive manganite- anthanum perovskites.
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Abstract—The possibility of growing single-wall carbon nanotubes from ring carbon clusters that appear at a
certain stage of cooling carbon vapor is discussed. Such a technique could allow one to grow single-wall nan-
otubes without introducing a macroscopic amount of a catalyst and to retain nanotubes open during their
growth. An analysis performed using semiempirical quantum-chemical methods shows that, when catalyst
atoms interact with the edge of an already formed nanotube surface, the bonds of these atoms with carbon tend
to occupy positionsnormal to the generatrix of the nanotube. Thissituation isnatural for transition-metal atoms,
sincethey favor the destruction of pentagonal cycles at the edge of the surface. The destruction mechanism con-
sists in the fact that pentagons incorporate carbon atoms from the outside and become hexagons. The depen-
dence of this tendency on the type of catalyst atom is considered. © 2005 Pleiades Publishing, Inc.

INTRODUCTION

In any event, the modern processes of producing
carbon nanotubes (NTs) are related to the mechanism
of carbon precipitation from the melt supersaturated by
carbon (the vapor-iquid—drop (VLD) mechanism). In
the processes of chemical decomposition of carbonifer-
ous substances, this mechanism is realized intention-
aly, and it is realized spontaneously in arc-discharge
and laser methods. The unavoidable disadvantage of
these methods is the presence of macroquantities of a
metal in the final product, at least, at one of the tube
ends. In some cases, such metalic particles can be used
for practical purposes (e.g., for magnetic data storage
[1]); in most other cases, they are removed, which is
accompanied by loss or damage of a huge number of
tubes.

Therefore, methods of NT growth that are not based
on the VLD mechanism are attractive. One of the alter-
nativesis CVD of small carbon fragments on large sub-
strate-free carbon clusters, e.g., rings [2, 3]. In [2, 3],
this growth was described qualitatively, and the authors
of [4] tried to quantitatively describe it, but as applied
to arather large well-shaped nanotube cage.

The idea of [2, 3] consists in the following: gas-
phase molecules of ametal carbide Me,C,,, (e.g., CoC,)
attach to doubly bound carbon atoms at the edge of an
aready formed nanotube surface and form the next
layer (circle) of hexagons (Fig. 1a). However, penta-
gons can easily form under these conditions. The possi-
ble mechanisms of their destruction or blocking were
studied in [4] (the Lee-Tomanek scooter mechanism).
In the Lee-Tomanek mechanism, a catalyst atom tem-
porarily substitutes for a deficient carbon atom and
waits for the arrival of another carbon atom to be dis-
placed by it. When simulating this process, the authors

of [4] assumed that a significant portion of an NT was
assembled; therefore, the description is independent of
the type (microparticle on a substrate or a ring) of
nucleation centers for nanotube growth. For the mech-
anism to operate, an NT must be open from at |east one
end. Then, if NTs grow from rings according to this
mechanism and if the whole catalyst is supplied to the
atomic phase, NTs are open from both sides. This is
important for practical growing of NTs, since there is

Co
%
e

/ C

Fig. 1. Nucleation of (a) apentagon and (b) ahexagon when
an MeC, moleculeis trapped by the edge of an NT surface
(the circles stand for metallic (Co) atoms).

1063-7842/05/5011-1504$26.00 © 2005 Pleiades Publishing, Inc.
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no longer need to remove lumps of amorphous carbon
and solidified drops of catalytic metal.

Theinitial stage of NT growth, namely, the fixation
of the first hexagonsto aring isonly declared in [2, 3]
and isignored in [4]. Moreover, those authors did not
discuss the sensitivity of this mechanism to the choice
of catalyst, which manifests itself obviously in experi-
ments, and conditions for the mechanism of NT growth
from rings to be actualized.

The simulation [5] of the mechanisms of fullerene
formation indicates that ring carbon clusters without
foreign noncarbon atoms cannot be nucleation centers
for fullerenes. The situation changes in the presence of
a catalyst, and the effect of a catalyst can be of two
kinds. (1) In the initial stage of assembling, catalytic
atoms fix hexagons to a ring; then, for a large number
of hexagons, these atoms also fix pentagons, providing
the growth of afullerene molecule. (2) Catalytic atoms
fix hexagons in the course of assembling and block the
appearance of pentagons, as in the scooter mechanism
of [4].

In the former case, fullerene growth can be stimu-
lated, and, in the latter, the growth of single-wall NTs
can be stimulated. Any general considerations cannot
prohibit the possibility of experimental conditions
under which both cases can be realized.

In this work, we aimed at studying the dependence
of the reactions used to assemble NTs on the type of
catalyticatomsand at estimating theinterval of external
conditions required for nanotube growth.

Hereafter, a catalyst is taken to be any noncarbon
atom (it is designated by symbol Me (metal)) even in
the caseif, in contrast to iron group metal atoms or plat-
inoids, it has no catalytic properties with respect to NT
growth.

For studies, we used the AM1 and PM1 quantum-
chemica methods for carbon clusters that included
third period element atoms (Ca, As, Si) and atoms of
elements of the first complete period (Zn, Ga, Ge, As,
Se). These methods give sufficiently reliable configura-
tions and characteristics for clusters containing carbon
atoms, and we used their results without any modifica-
tions.

The configurations of carbon compounds with ele-
ments of the first long period (Mg, S, ..., Zn) were
studied semiquantitatively by the ZINDO-I method of
a HYPERCHEM 6.3 package. The ZINDO-I method
gives reasonable lengths and energies for metallic ele-
ment—carbon bonds. However, for purely carbon mole-
cules and large carbon fragmentsin carbon—metal clus-
ters, thismethod gives strongly distorted configurations
and wrong binding energies. Therefore, for configura-
tions with alarge number of carbon atoms and several
metal atoms, their formsand energies were estimated as
follows. The configuration of a carbon cage with ele-
ments Zn, ..., As located at the sites of metal Me was
calculated by the PM3 method; then, these Zn, ..., As
atoms were replaced by Me atoms and optimization
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was performed by ZINDO only with respect to the Me-
atom positions for a fixed carbon cage. The binding
energy E of the configuration obtained was estimated in
terms of molecular mechanics from the relation

E— ES\MI — EZINDO_ EgINDO;
whence, we have
E — EZINDO+ (Eng—EglNDo). (1)

In Eg. (1), E#'NPO is the binding energy calculated
by ZINDO; Eo™* and E5"°° are the binding energies

of the cluster carbon cage calculated by PM3 and
ZINDO

ZINDO, respectively. For the calculation of Ej; :
optimization was not carried out and aready configura-

tion was used. The difference E;™" — E5"°° can be

named as a defect of the ZINDO method. The use of
Eq. (1) implies that metal atoms weakly deform the
structure of the carbon cage cal culated by PM 3 and that
the metal-atom positions with respect to the carbon
cage iswell determined by ZINDO.

The difference in the binding energies between two
configurations with the same atoms can be calcul ated
by ZINDO without the manipulation described above.
Itisimportant that resultsin both cases agree with each
other.

The criterion of adequacy of the dependences cal cu-
lated was their (at least approximate) retention when
metal atoms were replaced by the elements calculated
by PM3 (i.e., Zn, Ga, Ge, etc.). Unfortunately, the only
element that can be calculated by both methods (AM1
and PM3) iszinc.

THE INITIAL STAGE OF NANOTUBE
GROWTH—FIXATION OF A HEXAGON
TO A RING

The quantum-chemical simulation showsthat, inthe
absence of acatalyst, the embedding of the C, molecule
into aring and the formation of a hexagon (Fig. 2) are
possible and energetically favorable. However, the dis-
solution of the C, moleculein thering, which isaccom-
panied by an increasein its size by two atoms (or three
atoms in the case of the C; molecule) is much more
favorable (by about 1.5-2 V).

Thesituation changesin the presence of acatalyst of
the Zn—Gatype. For example, when the ZnC, molecule
forms a hexagon, the energy decrement is 1.5 eV
greater than that in the case of itsdissolution in thering.
The same result remains qualitatively the same for
“real” cataysts, such asFe, Co, and Ni.

When a sufficient number of hexagons formsin the
ring, the atoms of both hexagons and retained ring sec-
tionstake part in further reactions of entrapment of car-
bon fragments from the outside (Fig. 3). Both penta-
gons (A — B) and hexagons (F — D) can form
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Fig. 2. Ring carbon cluster with a hexagon—the nucleation
center of a nanotube in the mechanism proposed.

?

/

M€C2 j M€C2

T

D %
’i
"
Fig. 3. Possible cases of the attachment of the C, molecule
to the hexagon—ring section joint.

%

Fig. 4. Isomer with two hexagons and four zinc atoms (cir-
cles) located approximately in the surface formed by the
generatrix of the nanotube (“planar” isomer).

under these conditions. The simulation demonstrates
that, in both cases, the appearing configuration with
two polygons is stable if a pentagon or a hexagon is
fixed by at least two catalyst atoms. Otherwise, the

ALEKSEEV, DYUZHEV

common bond of two polygons breaks and the process
of assembling a nanotube terminates (D — E).

Further smulation shows that clusters having two
polygons and several catalyst atoms can have several
isomers, depending on the type of the catalyst atoms.
Along with the isomers where catalyst atoms are
approximately located as the continuation of the gener-
atrix of the nanotube surface (hereafter, they are called
“planar,” Fig. 4), there appear isomers where catalyst
atoms are located at almost the maximal distance away
from the surface formed by the generatrix. During opti-
mization, catalyst atoms, which have at least one free
valence, find additional bonds with carbon atoms that
were not taken into account in the initial configuration.
Hereafter, such isomers are called “inverted.” The ori-
entation in Fig. 5 is chosen so that both hexagons are
virtually invisible and that the position of catalyst
atoms (circles) is most clearly visible. Among the four
Zn catalyst atoms, only the bond of atom 1 with the
nearest angular carbon atom is located at arather acute
angle with respect to the nanotube axis.

Obvioudly, this inverted isomer does favor NT
growth. On the one hand, the angular carbon atoms,
which have only two neighboring carbon atoms, are
rather stable due to bonds with metal atoms. On the
other hand, the bonds of the catalyst atoms are saturated
and do not trap carbon atoms coming from the outside
to the edge of the growing nanotube. On the contrary,
planar isomers cannot transform into an NT, since the
saturated bonds of the catalyst atoms trap the flux of
carbon fragments from the outside and form chaotic
structures.

The energies of the inverted and planar isomers
were compared using the elements Zn, Ga, Ge, As, and
Se within the framework of the PM 3 method.

In the case of As, there is only an inverted specific
configuration: all As atoms are beyond the surface
formed by the generatrix; however, each As atom is
bound to only one angular carbon atom. When going
along the period from right to left (As — Ga— Zn,
etc.), we constructed various isomers, in which some
catalyst atoms occupy the planar positions and others
occupy the inverted positions. Figure 6 shows the dif-
ference AE in the absolute values of the binding ener-
gies of the planar and inverted isomers as a function of
the catalyst-atom position in the periodic table (the first
complete period). It is seen that the planar isomers are
more favorableto the right of zinc (Fig. 6, curve 3). For
Ga, however, the planar isomer does not exist, and it
only generates the inverted isomer. For Zn, the advan-
tage of the planar isomer is almost zero.

When going to real catalyst atoms (where an appear-
ing configuration cannot be completely optimized by
guantum-chemical methods), we used the procedure
described above: catalyst atomswerelocated inall con-
figurations considered above at the sites of Zn, ..., As
atoms, and the configuration of acarbon cage wastaken
to be unchanged. Then, for each configuration of the
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carbon cage, we optimized the positions of only cata-
lyst atoms by ZINDO. As a result, we determined a
conventionally optimum configuration and, then, the
most conventionally optimum configuration among all
the carbon-cage configurations; in all cases, the binding
energy was calculated by both methods described
above. The difference in the binding energies between
the optimum planar and optimum inverted configura-
tionsis shown in Fig. 6 (curve 1). Curve 2 corresponds
to the energy difference calculated by ZINDO without
additional computation. The advantage of the inverted
configuration is obvious.

This situation is natural for atoms of the transition
triad, where the valence can be different (change by
one), the bonds of valence p and s electrons are weak,
the d-electron correction to the valence is uncertain,
and a large number of atomic bonds compensate for
prominent atomic positions. Different catalyst-atom
configurations are spatially closer than those in the pla-
nar configuration, and their displacements should be
easier. However, itisnatural that, within the framework
of this dependence, the competition between the num-
ber of catalyst-atom bonds and the distorted valence
angles along the period can be very nontrivial.

CAN A CATALYST GIVE AN IMPETUS
TO FULLERENE GROWTH?

The effect of a catalyst on the initiation of NT
growth described above can be successfully realized if
hexagon formation is more favorable than pentagon
formation in the stage of coalescence of islands appear-
ing along the radius of the initial ring. Figure 7 shows
the difference OEy, in the energies of the configurations
with a pentagon or a hexagon attached to the first hexa-
gon (Fig. 3, configurations B and D, respectively). As
above, we assumed that there are no other hexagons
along the radius of the ring. We compared optimum
configurations at different numbers of catalyst atoms.

As is seen from Fig. 7, the binding energies of the
configurations with a pentagon or a hexagon are virtu-
aly equal in the cases of As and Ge. Pentagons are
favorable in the cases of Ga and Zn; in the case of Zn,
they are lessfavorable than in the case of Ga. However,
for Zn, the planar isomer is more favorable, which pro-
hibits the growth of both fullerenes and nanotubes,
since there is no place for a coming carbon atom. Gal-
lium, which has the only inverted configuration with a
hexagon or a pentagon, can have catalytic properties.
However, this might be a purely computation effect.

As going to real catalysts, pentagons become less
favorable than hexagons. This means that a catalyst
moves a ring carbon cluster toward nanotubes rather
than fullerenes. It is interesting that this tendency
depends only weakly on the number of catalyst atoms
(three or four).

This result shows that it is impossible to use well-
known catalysts to stimulate fullerene growth when
TECHNICAL PHYSICS  Vol. 50
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Fig. 5. Isomer with two hexagons and four zinc atoms (cir-
cles) whose bonds are aimost orthogonal to the surface
formed by the generatrix of the nanotube (“inverted” iso-
mer).

AE, eV
10+

Fe Co Ni Cu

7Zn GaGe As Se

2k
4k

3

Fig. 6. The difference AE in the absol ute values of the bind-
ing energies of the planar and inverted isomersasafunction
of the catalyst-atom position in the periodic table (the first
complete period). Configurations with two hexagons and
four catalyst atoms. (1) ZINDO with additional computa-
tion (smoothed curve plotted by points), (2) ZINDO without
additional computation (calculated points are not shown),
and (3) the PM 3 method.

using not only atoms of the iron group but also plati-
noids, which cannot be simulated by quantum-chemi-
cal methods.

MECHANISMS OF SUBSTITUTING A HEXAGON
FOR PENTAGON IN THE CASE OF A LARGE
ASSEMBLED NANOTUBE FRAGMENT

Figure 8 shows a fragment of the edge of a large
growing carbon NT (the edge is located on the top of
each picture, and the formed nanotube “body” is shown
at the bottom). If a pentagon forms during the reaction
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Fig. 7. The difference dEy, in the absolute values of the
energies of the configurati onswith two hexagons and a pen-
tagon placed at the site of one of the hexagons (Fig. 3, con-
figurations B and D) as afunction of the catalyst-atom posi-
tion in the periodic table. Solid (»), dashed (0), and dotted
(#) curves are plotted for two, three, and four catalyst
atoms, respectively.

of attachment of a carbon molecule to the edge (Fig. 8,
A), two basic directions of further reactions are possible
for trapping the next C, molecule.

o
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(A) The extreme carbon atom (atom 1) attached to
the pentagon of the C, molecule (Fig. 8, B) fixes the
nearest carbon at the edge of the surface (Fig. 8, D) to
form ahexagon. The earlier appeared pentagon is fixed
in this case.

(B) The carbon atom nearest to the fragment
(atom 2) occupies a place in the bridge of a pentagon
and complementsiit to form a hexagon (Fig. 8, C). The
pentagon is destroyed.

In the absence of a catalyst, version A is more ener-
getically favorable, and version B is favorable in the
presence of a metallic catalyst. This result is obtained
by using both molecular-dynamics simulation and
ZINDO. It can be explained by the fact that the energet-
ically unfavorable existence of the prominent carbon
atom (Fig. 8, atom 1in D") is partly compensated due to
the saturation of the bonds of this atom by catalyst
atoms. On the other hand, there is no energy increment
induced by pentagonal cycles and the related surface
curvature.

The behavior of the difference in the total binding-
energy increment as a function of the element ordinal
number for this reaction approximately corresponds to
Fig. 7. Thus, well-known catalysts are seen to be pref-
erable. Another argument for the well-known catalysts

&

/J‘

-
o

Fig. 8. Possible ways for the formation of apentagonal cycle at the edge of the surface of a growing nanotube upon trapping the C,
molecule. The ways B — C, B —= D show the evolution of the edge of the surface without catalyst atoms. The ways B' —

C', B' — D' show the evolution with catalyst atoms (circles).
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consistsin the following. The substitution of a hexagon
for a pentagon should be accompanied by the rupture of
the carbon—catalyst bond, and the energy of thisbond is
substantially lower for the well-known catalysts
(Fig.9).

The basic mechanism of pentagon destruction is
analogous to the mechanism of [4], and it is redlized
under the following additional conditions: (i) catalytic
atoms fixing an NT edge occupy the inverted positions
and (ii) the total concentrations of carbon (in the form
of atoms, the C, and C; molecules, and a Me,C,, car-
bide) and catalyst (in the form of atoms and molecules
of the same carbide) are intimately related.

The first condition is met by the proper choice of a
catalyst. Moreover, this condition specifies the upper
boundary of a carbon flux. Indeed, catalyst atoms that
occupy positions in the continuation of the generatrix
of the nanotube (as in the case of the planar configura-
tion) and break the following assembling of the nano-
tube appear in the case when a new layer (circle) of
hexagons has formed on the NT edge and when the cat-
alyst atoms fixed to the previous layer have not moved
to the edge. If the angular carbon atoms on the edge
interact with surrounding carbon atoms from the vapor
within thetimeit takesfor this motion to occur, the pen-
tagons have no time to be fixed by the catalyst atoms
and become embedded in the growing surface. A
fullerene cap appears, and the nanotube growth ceases.
Therefore, a necessary condition for assembling nano-
tubes is a strong degree of rarefaction of the carbon

vapor.

On the other hand, the catal ytic vapor should also be
rarefied; otherwise, nanotube growth is blocked by cat-
alyst atoms.

The maximum allowable concentrations of carbon
(N,) and catalyst (Nye) atoms can be estimated from the
relations

(ONV) ™ >1;,  (0NyVr) ' >T1,, (2)

where T1; is the time of jumping of the inverted catalyst
atoms to newly appearing angular carbon atoms at the
edge of the nanotube surface and ¢ isthe average cross
section of trapping small fragments by the edge of the
surface (carbon and metal atoms that enter into the
compositions of carbon clusters and Me,C,, clusters
alsoincluded in N, and Nye).

FORMULATION OF AN EXPERIMENT TO GROW
NANOTUBES FROM CARBON CLUSTERS

If the quantum-chemical results correspond to the
real situation, nanotube growth from rings can be real-
ized in the framework of an arc-discharge method.
However, the formation of a discharge should differ
from that used for nanotube growth from supersatu-
rated drops.
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Fig. 9. The binding energy of a carbon atom with an atom
from the first complete period (as well as with Mg, Al, Si,
S, and P atoms).

(i) First, nucleation centers (rings) must appear. To
this end, the number of metal atoms in the early stages
of nucleation (atoms — chains — rings) should be
minimum, so that rings rather than nuclel for carbon—
metal drops appear. The allowable concentration of
metal atomsin the region of generation of carbon rings
from chainsisdetermined by the condition that theratio

of the concentration N¢ of chains “loaded” by metal
atoms to the concentration of “pure” chainsislow. On
the order of magnitude, the equilibrium N¢ /N ratiois

W 0T . P
et thov oPoro ©

where E ~ 1.3-1.7 eV isthe decrease in the total bind-
ing energy caused by the attachment of a carbon cluster
to a catalyst atom, N is the metal-atom concentration,
(T/hnD)8 is the ratio of the vibrationa partition func-
tions of the loaded and pure chains, and NLis the aver-
age vibration frequency in the chain considered as a
system of harmonic oscillators.

At T=0.2eV, the upper boundary of the metal-atom
concentration is estimated to be 10 cm. As the tem-
perature decreases, this requirement becomes more
stringent. However, in any case, this condition does not
look too stringent.

(if) When moving to the region of a dense metallic
vapor and NT growth, formed ring carbon clusters must
not be destroyed; that is, the temperature of thisregion
has to be low.

From this standpoint, a steady-state low-tempera-
ture glow discharge or periphery areain ametallic tar-
get evaporated by laser radiation is optimum. The first
versionis preferred, sinceit provides controlled evapo-
ration of nanotubes on a substrate in the strong electric
field of anear-electrode layer.

(iii) Thus, the conditions of growing NTsfrom agas
phase are, to a certain degree, conflicting with the con-
ditions of growing NTs from a carbon—metal drop

N¢ [
N Nk
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supersaturated by carbon. In the latter case, drops
should first be formed and deposited onto a substrate
surface. In the case of growing from rings, nanotubes
grow before deposition on the surface. They should be
deposited on a substrate as a finished product, and this
process creates additional difficulties.

(iv) Our consideration demonstrates that single-wall
carbon nanotubes can grow from rings only in the pres-
ence of acatalyst. Attemptsto simulate the process that
only involves carbon atoms or small carbon molecules
were made in the initial stage of investigation of nano-
tubes [6] and later (e.g., see [7]); however, no experi-
mental evidence of this process has been obtained.

CONCLUSIONS

(1) Intheinitial stage of growth of carbon NTs and
ring clusters, the role of catalyst atoms consists in
blocking the “dissolution” of small carbon fragmentsin
aring.

(2) When the edge of a formed nanotube surface
interacts with catalyst (Me) atoms, the Me-C bonds of
these atoms tend to occupy positions that are normal to
the generatrix of the nanotube. This situation is natural
for transition-metal atoms, which favor the destruction
of pentagonal cycles at the edge of the surface via the
incorporation of carbon atoms from the outside; thus,
they become hexagons.

(3) During normal nanotube growth, the “inverted”
catalyst atoms have time to move to the edge of the sur-
face to follow newly attached carbon atoms (radicals).
When the influx of catalyst atoms is sufficiently high,
NT growth ceases, since the edge has no time to be
annealed: the bonds of carbon atoms supplied to the

ALEKSEEV, DYUZHEV

edge of the nanotube areimmediately “ blocked” by cat-
alyst atoms, which occupy both the inverted configura-
tions and the configurations on the surface formed by
the generatrix. On the other hand, the inverted catalyst
atoms that are aready bound to the nanotube have no
time to reach the edge of the nanotube to follow carbon
atoms; therefore, they fill the inside of the tube.

(4) When the influx of carbon atoms is sufficiently
high, a catalyst has no time to manifest itself, and the
nanotube is closed by a pentagonal cap.

Thus, the formation of an NT with open ends
requires a very accurate combination of external condi-
tions, namely, the concentrations of catalyst and carbon
atoms and the temperature.
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Abstract—It is suggested that the selectivity of crystal-like structures (semiconductor superlattices, photonic
crystals, and phononic crystals) be raised by apodization of their edges. The transmission and reflection coeffi-
cientsillustrating the efficiency of this approach are presented. © 2005 Pleiades Publishing, Inc.

Artificial periodic structures similar in properties to
natural crystals have been extensively developed in
recent years. These structuresform abasisfor advanced
integrated signal processing devices, most of which
have nanometer dimensions. Of crystal-like structures
(CSs), semiconductor superlattices, where electrons
behave as de Broglie waves; photonic crystals for elec-
tromagnetic waves; and phononic crystals for elastic
waves have become the subject of special interest. In
crystals and CSs, constructive interference between
reflected waves results in forbidden frequency bands
where waves cannot propagate (gaps for el ectrons, pho-
tons, and phonons). Such frequency filtering allows one
to control wave propagation in CSs and, hence, greatly
extends the potential for signal processing.

CS-based devices are being put into mass produc-
tion. Commercial fiber waveguides built around photo-
nic crystals offer unique properties[1]. Synthetic opals
show great promise as optical photonic crystals [2].
High-frequency one-dimensional phononic crystals for
surface acoustic waves that are made in the form of
periodically arranged relatively deep grooves on the
substrate surface make it possible to improve the per-
formance of acoustoelectron devices[3].

High selectivity isacritical issuefor good CS-based
devices. This parameter of multielement structures can
be raised by apodization, i.e., by changing the ampli-
tudes and phases of locally excited or reflected waves.
In [4], amplitude apodization of rf photonic crystals as
models of more complicated optical photonic crystals
has been considered.

In thiswork, the author suggests an effective way of
edge amplitude apodization for CSs. Both construc-
tively and technologically, such alocal apodization is
much simpler than standard apodization distributed
over the structure.

In CSs, reflection of wavesisdueto thefact that dif-
ferent CSregions have different wave properties, which
are characterized by wave impedances. Impedance
ratio r, = Z,/Z,, where Z;, and Z, are the impedances of

CSregions, specifies local reflection coefficient r = (r,
—1)(r; + 1). Quantity r, and the arrangement of local
reflectors define the CS spectral characteristics [5].
Local reflectors over a CS period are responsible for
frequency response h(F) of the reflection coefficient of
the period, where F = f/f, and f; is the mean frequency
of the first forbidden band. Function h(F) defines the
oscillation damping of the reflection (R) and transmis-
sion (T) coefficientsin allowable bands of the material.

Figure la illustrates a correspondence between
curves R(F) and h(F) for a standard (nonapodized) CS.
Local reflectors of opposite polarity are arranged in
time half-period. The value r, = 2.8 for photonic crys-
talsis the boundary of the optical contrast necessary to
complete the forbidden band for photons [6].

Fig. 1. Frequency dependences of reflection coefficient R
for a 1D CS (continuous lines) and reflection coefficient h
for an equivalent reflector of a period (dashed lines).
(a) Nonapodized CS and (b—d) edge apodization versions
S—S4. The number of layersis 15, and r; = 2.8.

1063-7842/05/5011-1511$26.00 © 2005 Pleiades Publishing, Inc.



T
1.0+
0.5F
0 1 1
0.20 0.35 0.50
E, eV

Fig. 2. Transmission coefficient T of theAl,Ga, _ ,AS/GaAs
superlattice vs. electron energy E (1) for edge apodization
version s, and (2) without apodization.

The decay of sidelobesin the R(F) curve dependson
exponent n of the characteristics h(F) = ¢"(F). The
value n = 1 corresponds to the case considered above,
where areflector of a period is composed of two local
reflectors in antiphase. We designate the structure of
such aperiod reflector ass; ={r; —}.Forn>1, aperiod
reflector isbound to have amore complicated structure.
Let each of thelocal reflectors be replaced by aresona-
tor. Then, we obtain the structure s, = {r/2; —r; r/2},
which corresponds to n = 2. Compared with the initial
structure, here only thereflection coefficients of thetwo
edgelocal reflectorsare changed (0.5r). Thefactor mul-
tiplying the reflection coefficient is the weight coeffi-
cient of alocal reflector. A structure withn= 3, s;, is
formed by two structures s,/2 of opposite polarity,
which are arranged in time half-period. Their weight
coefficients measured from the CS edges are 0.25 and
0.75. For n = 4, a reflector of a half-period with the
structure s, = {r/8; —3r/8. 3r/8; —r/8} isneeded. In this
case, the weight coefficients for edge local reflectors
equal 0.125, 0.5, and 0.875.

Figures 1b—1d show the efficiency of CS edge
apodization versions s,-s,. It is seen that edge apodiza-
tion greatly improves the CS selectivity.

Transmission coefficient T of aCSisgivenby T =

J1-R. In highly selective allowable bands of a CS,

whereR < 1, T= 1 —R?2. Thus, the oscillation damp-
ing of the transmission coefficient depends on function

NELIN

$2"(F) with an exponent twice aslarge asthat appearing
in the related function for the reflection coefficient.
According to the model of equivalent reflectors [5],
¢(F) = |sin(Tt=/2)|.

Figure 2 plots the energy dependence of the trans-
mission coefficient for an Al,Ga, _,As/GaAs superlat-
tice where the thickness of the layers equals, respec-
tively, 10 and 15 lattice constants of GaAs in the [100]
direction (2.82665 A [7]). The number of barriersis 15,
and the barrier height isV = 0.2 eV. The effective elec-
tron mass in the barrier is m; = (0.0665 + 0.0835x)m,
[8]; inthewell, m, = 0.0665m,. Here, m, is the mass of
anelectronat rest and Vand x arerelated asV = 0.7731x
[9]. Since the electron wave impedance depends on

energy, Z ~ JE—-V [10], the apodization procedure
was carried out for the mean energy (0.36 €V) of the
allowable energy band. Edge apodization substantially
improves the efficiency of electron passage over a bar-
rier.

CSs were simulated with the model [1], which is
appropriate for wave structures, including CSs, of dif-
ferent complexity.

Edge apodization makes it possible to considerably
raisethe CS selectivity and still does not complicate the
design, which is of great importance for advanced CS-
based devices.

REFERENCES

1. www.blazephotonics.com; www.crystal-fibre.com.

2. V. G. Golubev, V. A. Kosobukin, D. A. Kurdyumov,
et al., Fiz. Tekh. Poluprovodn. (St. Petersburg) 35, 710
(2001) [Semiconductors 35, 680 (2001)].

3. L. Dhar and J. A. Rogers, Appl. Phys. Lett. 77, 1402
(2000).

4. M. J. Erro, M. A. G. Laso, T. Lopetegi, et al., Fiber
Integr. Opt. 19, 311 (2000).

5. E. A. Ndlin, Zh. Tekh. Fiz. 74 (11), 70 (2004) [Tech.
Phys. 49, 1464 (2004)].

6. K. Buschand S. John, Phys. Rev. E 58, 3896 (1998).

7. T.K. Gaylord, E. N. Glytsis, and K. F. Brennan, J. Appl.
Phys. 65, 2535 (1989).

8. K. Nakamura, A. Shimizu, K. Fujii, et al., IEEE J. Quan-
tum Electron. 28, 1670 (1992).

9. D. W. Wilson, E. N. Glytsis, and T. K. Gaylord, IEEE J.
Quantum Electron. 29, 1364 (1993).

10. A. N. Khondker, M. R. Khan, and A. F. M. Anwar,
J. Appl. Phys. 63, 5191 (1988).

11. C. Christopoulos, The Transmission-Line Modeling
Method: TLM (IEEE, Piscataway, 1995).

Translated by V. |saakyan

TECHNICAL PHYSICS Vol. 50 No. 11 2005



Technical Physics, Vol. 50, No. 11, 2005, pp. 1513-1514. Translated from Zhurnal Tekhnicheskor Fiziki, Vol. 75, No. 11, 2005, pp. 122-123.

Original Russian Text Copyright © 2005 by Makhnii.

SHORT

COMMUNICATIONS

Semiinsulating Layersof Cadmium Telluride

V. P. Makhnii
Fed' kovich National University, ul. Kotsyubinskogo 2, Chernowvtsy, 58012 Ukraine
e-mail: oe-dpt@chnu.cv.ua
Received November 15, 2004

Abstract—Tin diffusion into cadmium telluride substrates having different types and values of conductivity is
used to fabricate layers with aresistivity of ~10'° Q cm at 300 K. © 2005 Pleiades Publishing, Inc.

A unique combination of the physical and chemical
properties of cadmium telluride makesit promising for
ionizing radiation detectors operating near room tem-
perature [1]. One of the most challenging problemsin
thisfield isto grow crystals and/or films having a near-
intrinsic conductivity. This problem is usually solved
by doping of growing cadmium telluride by chlorine. In
thisway, CdTe crystals with resistivity p = 10°-10° Q cm
at 300 K can be obtained [2]. A higher resistivity (p =
5 x 10° Q cm) can be reached when CdTelCl Csamples
are additionally compensated by copper atoms|[3]. The
main disadvantage of the materia thus produced is a
severe degradation of its electrical performance at tem-
peratures above 100°C. Such temperatures are typical
in creating ohmic, including low-temperature indium,
contacts. Moreover, high-resistivity samples require
that measurements be taken at high temperatures. Note
that, to one degree or another, the degradation shows up
in both CdTelClcrystals and crystals doped by Cl or
Cu. In this work, the author reports the fabrication of
high-resistivity cadmium telluride layers with a high
long-term and temperature stability and present their
basic electrophysical properties.

Starting 4 x 4 x 1-mm substrates were cut from
Bridgman-grown bulk cadmium telluride crystals. The
type and value of conductivity were varied during
growth by doping with In or Cl impurities and by devi-
ation from stoichiometry. Diffusion layers were
obtained by annealing the substratesin the saturated tin
vapor at 650-950°C. Annealing was performed in a
seded quartz ampoule evacuated to 10 Torr with a
charge and a substrate at the opposite ends. Before
being placed into the ampoule, the substrate was
mechanically polished and then chemically etched in a
K,Cr,0;: HNO; : H,O0=2:5: 10 solution with subse-
guent rinsing in deionized water [3, 4]. Indium contacts
to the samples had symmetric linear 1-V characteristics
inthevoltagerange 0.1-100V. Theresistivity was mea-
sured by the two-point probe method in the temperature

range 300450 K, and energy position E of electrically
active centers was found from the p(T) dependence.

The values of p listed in the table were measured at
300 K; subscripts 0 and T designate the parameters of
the starting and annedled substrates, respectively,
which were averaged over five samplesin each batch of
crystals.

Thelack of data on the diffusion coefficient of Snin
CdTe may introduce a high error in p measurements,
sincethe diffusion layer thicknessis not known exactly.
Therefore, electrophysical measurements were taken
from the samples where Sn atoms diffused through the
whole substrate. At the annealing temperatures used,
through diffusion is accomplished in =4 h [3]. Finding
the diffusion coefficient of tin in cadmium telluride,
which is an independent and complicated task, espe-
cialy with regard to point intrinsic and impurity
defects, is beyond the scope of this work.

As follows from the tabulated data, the activation
energies for all the samples are virtually the same, irre-
spective of the parameters of the starting crystals. This
indicates that the conductivity of the CdTelSn[Jsub-
strates is specified by the same deep center. This center
is likely to be a complex including a Sn atom and an
intrinsic defect, since E; is independent of the nature
and composition of the dopant. The tendency of p; to
increase with p, can be explained by a higher purity of
the as-prepared high-resistivity crystals compared with
the low-ohmic (doped) crystals.

Electrophysical properties of cadmium telluride crystals

tic\:/iq[r;jtl;/%e Dopant | pg, Q cm|p, Qcm| Ey, eV | E, eV
n In 1010 10%° - 0.75
n Absent 10 10% 0.04 0.76
n » 108 2x10°| 0.1 0.75
n » 108 |4x10°| 058 | 0.76
p » 107 4x109| 0.65 0.76

1063-7842/05/5011-1513%$26.00 © 2005 Pleiades Publishing, Inc.
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Thus, obtaining CdTelBnOdiffusion layers with a
near-intrinsic conductivity is quite feasible. Note that
the conductivity of the diffusion layers is independent
of the type and value of the conductivities of the as-pre-
pared crystals and of the intrinsic and impurity defect
composition in them. By varying the process parame-
ters, e.g., the diffusion time, one can easily control the
layer thickness. Finally, all the CdTel$nlkamples dem-
onstrate a long-term and temperature stability: their
electrophysical performance does not change after one-
year storage under normal conditions and after thermal
cycling in the range 300450 K. Such properties of the
material make it promising for designing resistive and
barrier detectors of different types.
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Abstract—Results are presented from measurements of the electromagnetic field of a high-frequency capaci-
tive discharge operating in air and argon at atmospheric pressure. The experimental results are compared to
those obtained for a high-frequency torch discharge. © 2005 Pleiades Publishing, Inc.

In [1], amodel of a high-frequency torch discharge
was proposed according to which the discharge oper-
ates at the expense of dissipation of a symmetric sur-
face transverse magnetic (TM) wave propagating along
the discharge channel. It was assumed that the ampli-
tude of the electromagnetic wave decreases exponen-
tiadly along the channel. In order to explain the pro-
cesses occurring in a high-frequency capacitive dis-
charge, it was proposed in [2] to consider the
propagation of two TM waves (direct and reflected
ones) along the discharge channel. The measurements
of the electromagnetic field of a high-frequency torch
discharge [3] demonstrated the presence of the field
components characteristic of a surface TM wave and
the absence of the field dissipation along the discharge
channel. In order to interpret these results, it was sup-
posed that both a direct and areflected TM wave were
present in the torch discharge channel, which was then
confirmed experimentally in [4].

The similarity between torch and capacitive dis-
charges allows oneto use asimilar approach in describ-
ing them. However, there is a discrepancy between the
estimated parameters of these discharges in different
studies. Therefore, in the present study, we performed
measurements of the electromagnetic field of a high-
frequency capacitive discharge and compared them to
those of a high-frequency torch discharge.

I'n our measurements, we used capacitive and induc-
tive probes that could be displaced in the radial and
axia directions relative to the discharge channel. Fig-
ure 1 shows a schematic of the experimental setup. A
copper rod 1 mmin diameter and 3-5 mm in length was
used as a capacitive probe. Three copper wire loops
wound on a 10-mm-diameter Teflon cylinder were used
as an inductive probe. The probe signals were fed to an
oscilloscope or phase-meter, depending on the type of
the measured quantity.

The discharge was excited in a 36-mm-diameter
cylindrical quartz chamber enclosed by 70-mm-diame-
ter ring el ectrodes | ocated at adistance of 200 mm from
one another. The electromagnetic field frequency was
35.5 MHz, and the discharge power was varied from
1.5t0 2.0 kKW.

The measurements showed that four components of
the electromagnetic field are present in the near zone of
a high-frequency capacitive discharge: the axial and
radial components of the magnetic field (H, and H,)
and theradial and axial components of the electric field
(E, and E)). The presence of a magnetic field compo-
nent was established by rotating the inductive loop in
the corresponding plane relative to the discharge chan-
nel. Figure 2 showstheradial profile of theratio Hy/H..
Measurements of the ratio Hy/H, showed that, without
dischargeignition, there was only theradial component
of the magnetic field. With a discharge, the ratio Hy/H,
increased as the inductive probe approached the dis-
charge zone (see Fig. 2). This indicates that the field

Fig. 1. Schematic of the experimental setup: (1) discharge,
(2) probes, (3) measuring instrument, and (4) reference sig-
nal generator.

1063-7842/05/5011-1515$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 2. Radial profile of the ratio Hy/H, at z= 100 mm.

E,, V/m
600 +

500 |-
400 -
300 F Ml
200 |

100 [

1
0 20 60

100

260 300
Z, mm

140 180 220

Fig. 4. Axial profiles of theradial component of the electric
field of a high-frequency capacitive discharge in argon for
r =(1) 30 and (2) 50 mm.

components characteristic of asymmetric TM wave are
predominant near the discharge channel (r = 1.5-
2.0 mm).

Figures 3 and 4 show the axial profiles of the radial
component of the electric field of high-frequency
capacitive dischargesin air and argon, respectively. The
axial profiles of the other field components are similar
in shape. The axial coordinate is counted from the
upper edge of the high-frequency electrode. It can be
seen from Figs. 3 and 4 that three zones can be distin-
guished in the axial profiles of the field components.
The first zone is located near the high-frequency elec-
trode, where the field amplitude decreases rapidly
along the discharge axis. The length of this zone is
comparable to the radius of the high-frequency elec-
trode. It isthiszonein which asurface TM wave forms.
In ahigh-frequency torch discharge, the formation zone
of a surface TM wave is practically absent. This is

Fig. 3. Axid profiles of the radial component of the electric
field of a high-frequency capacitive discharge in air for r =
(2) 30 and (2) 50 mm.
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1
100
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0 20 40 60 80

Fig. 5. Radid profiles of the radial component of the elec-
tric field of a high-frequency capacitive discharge in air for
z=(1) 30, (2) 110, and (3) 170 mm.

related to the torch discharge el ectrode being acylindri-
cal conductor along which a surface TM wave propa-
gates. In a capacitive discharge, the surface TM waveis
excited by aring el ectrode, whose electromagnetic field
contains the radial component of the magnetic field.

The formation zone of the surface TM wave is fol-
lowed by a region where the field amplitude changes
insignificantly. The axial distribution of the field com-
ponents in this region can be represented as a superpo-
sition of two electromagnetic waves. awave excited by
the high-frequency electrode and that reflected from the
grounded electrode. The closer to the discharge axis,
the flatter the axial profile of the field amplitude. In the
axial region, the field amplitude varies only dightly.
This is especially pronounced in an argon discharge.
Moreover, in the case of an argon discharge, a dlight
growth of the field amplitude along the discharge axis
is observed as the discharge power is increased. This

TECHNICAL PHYSICS Vol. 50
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can be explained by the higher conductivity of argon
plasma[5] compared to that of air plasma: in an argon
discharge, the dissipation of an electromagnetic wave
propagating along the discharge axis is lower and the
contribution of the reflected electromagnetic wave in
the field distribution is larger.

The third region in the axial distribution of the field
components is characterized by a drop in the field
amplitude near the grounded el ectrode dueto its shield-
ing effect. The grounded electrode has little effect on
the discharge operation as awhole. In air, the decrease
in the field amplitude caused by the grounded electrode
results in the termination of the discharge channel. On
the other hand, this effect is absent in an argon dis-
charge. Presumably, the electromagnetic wave is
reflected from the end of the discharge channel rather
than from the grounded el ectrode.

Figure 5 shows the radial profiles of theradial com-
ponent of the electric field of a high-frequency capaci-
tive dischargein air. Asin the case of ahigh-frequency
torch discharge [3], this profile, except for the zone
adjacent to the high-frequency electrode (curve 1), can
be described by a Hankel function (curves 2 and 3).

Similarly, the axial distributions of the phases of the
field components in a capacitive discharge differ from
thosein atorch discharge[3] only in theinitial segment
of the discharge channel.

Therefore, the spatial distribution of the electromag-
netic field of a high-frequency capacitive discharge is
similar to that of a high-frequency torch discharge,
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except for the zone adjacent to the high-frequency elec-
trode. Our measurements indicate that the field ampli-
tude near the channel of a capacitive discharge, where
the energy of the surface TM wave is localized, varies
significantly along the discharge axis. Therefore, the
torch and capacitive discharges can be described in a
similar way. A certain difference in the electrodynamic
properties of the torch and capacitive discharges can be
associated with the termination of the channel of the
latter by the grounded electrode. This in turn causes
certain changesin the axia distribution of the discharge
parameters.
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Abstract—The effect of different parameters of a plasma channel with an increasing or a decreasing density
on the onset and behavior of the ion hose instability is investigated using the distributed-mass model. © 2005

Pleiades Publishing, Inc.

At present, investigations are being carried out on
application of relativistic electron beams (REBS) in
various areas of science and engineering, such as the
development of new types of charged particle accelera-
tors, the solution of the controlled thermonuclear fusion
problem, the development of high-power sources of
electromagnetic radiation (including free electron
lasers), and space research.

Particular attention is paid to the problem of trans-
porting REBsin gas—plasmamediaby means of an arti-
ficial plasma channel produced by ionizing the neutral
component of the background gas by UV radiation
from an auxiliary laser [1, 2].

It iswell-known that, when the duration of the beam
pulse is comparable to the characteristic bounce period
of the ions of the plasma channel in the potential well
of the beam, the evolution of the beam—channel system
is governed by the common dynamics of therelativistic
beam electrons and channel ions. Both theory and
experiment show that, in such circumstances, condi-
tions in the beam—channel system may become favor-
able for the onset of various instabilities, the most dan-
gerous of which istheion hose instahility (IHI) [3-8].

The propagation of an REB in a gas—plasma
medium is described by very complicated equations
and thus can be studied analytically only in afew special
cases. This is why numerical simulations (along with
experiments) play akey role in the relevant studies.

In our earlier paper [9], we investigated the dynam-
ics of the development of the IHI of an REB propagat-
ing along aplasma channel in the form of a sequence of
straight channels. In [10], we studied the characteristic
features of the development of the IHI of an REB in a
plasma channel with periodic density variations.

In the present paper, we analyze the dynamics of the
IHI of an REB propagating in a plasma channel with an
exponentially increasing (or decreasing) density.

We simulated the development of IHI by using the
distributed-mass model, which was developed in [11,
12] and was implemented in [3] in order to study the
guiding of a beam along a conventional uniform ion
channel having aradius larger than the beam radius.
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Fig. 1. Time evolutions of the coordinate Y of the centroids
of the beam segments at the distances x = (a) 0.12Ag;,
(b) 0.63Ag;, and (c) 1.25Ag; from the beam front in aplasma
channel with an exponentially decreasing density.
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Fig. 2. Time evolutions of the sccoordinate Y of the cen-
troids of the beam segments at the distances x = (a) 0.12A;,
(b) 0.63\;, and (c) 1.25Ag; from the beam front in aplasma
channel with an exponentially increasing density.

The characteristic features of the devel opment of the
IHI of an REB in a plasma channel with a decreasing
density areillustrated in Fig. 1, which showsthe results
of computations of the time evolution of the transverse
coordinate Y of the centroids of three fixed beam seg-
ments located at different distances from the beam
front, x=0.12, 0.63, and 1.25A; (where Ag; isthe wave-
length of oscillations of the channel ions about the
beam). The total beam length was 2A;, and the longitu-
dinal scale on which the density in the plasma channel
decreases was 5800\ ;. The radial profiles of the beam
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electron density and the density of the channel ions
were both assumed to be Gaussian. The characteristic
radii of the beam and the ion channel were assumed to
be the same.

From Fig. 1 we see that, in each of the three beam
segments, the transverse oscillations of an REB grow in
amplitude. Asin the case of propagation of an REB in
a uniform channel, the IHI is of a convective nature.
The instability develops fairly slowly and thereby does
not hinder the beam propagation over distances on the
order of 30Age.

Theresults of numerical simulations of the devel op-
ment of the IHI of an REB in a plasma channel with an
increasing density are illustrated in Fig. 2. From this
figureit is clear that, in the case in question, the trans-
verse oscillations of electrons in the three beam seg-
ments grow in amplitude at a significantly faster rate
than in the previous case, with the result that the beam
can be guided over shorter distances, on the order of
10Age.
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Abstract—It follows from an earlier work of the authors that taking into account plasma compressibility may
stabilize the flow of plane and cylindrical plasmajetsunder certain conditions. Subsegquent analysis and numer-
ical calculation have shown that such conditions are unfeasible. Thus, compressibility destabilizes aplasmajet.

© 2005 Pleiades Publishing, Inc.

In [1], it was shown that the dispersion relation for
the natural oscillation of an ideally conducting slightly
compressible plasma jet has the form

[VG(3)(1+¢) +1]E°—2af +a°

. o (1)
—VG(3)(1+€)b?—b2 = 0,

where € is a small quantity that includes the effect of
compressibility on the stability of the jet and the run of
function G(d) depends on the jet configuration: for a
planejet, G(d) = tanhd monotonically growsfrom O to
1; for acylindrica jet, G(J, &) = 15(0)K,(3)/1,(d)K(d)
monotonically decays from o to 1 when & varies from
0to 0.

The critical velocity of the jet above which the jet
becomes unstable isfound by equating the determinant
of thisequation to zero [1]. The effect of compressibil-
ity on jet stability depends on the sign of difference

Aaﬁr between the sguares of the critical velocities of
compressible and incompressible (€ = 0) jets,

vbi[G'(3) ~B’]
T6) €, 2
where 3 = b,/vb, is the parameter that specifies flow

conditions that are optimal in terms of MHD stability
versus jet configuration.

Nag =

It is seen that the sign of Aa , which depends on the

signs of [G*(d) — 3?] and €, may be positive under cer-
tain conditions. This means that compressibility has a
stabilizing effect.

T Deceased.

Subsequent cal cul ations showed, however, that such
conditions are unfeasible: having found an explicit
expression for € by formulasin [1], we obtain

2 _ _1Vbi[G(3) +vB7

B8 = ST VGE) + 1]
i (©)
><[vc;(eS)Jr 1 5 25 D}
Wy vG(d)ui-  sinh23]
F(®)
20+ 3
15+
10|
5F 2
ol 1
(I) 015 110 115 210 215 3Ig
. S Ky (3)  Kq(d)
Figure. (1) F(8) = 1- 255 . (D F(8) = NORCAGL
15(8)  1,(8)
d@) F@) = L= — L2
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for aplane jet and negative throughout the range of &. Hence, compress-
ibility destabilizes a plasma jet of any configuration

4 2. 2 2. .2 -yt
AR = vbi[G(d) + VB %k; Gz(a)[1+§[|<1(6) under any flow conditions.
NGO+ g 2 20Ko(3)
‘(s 5 1o (4) REFERENCES
—K°(6)5}+ 1 2[1+§’H°(5)—%E}D 1. I.A. Zhvaniya, V. G. Kirtskhaliya, and A. A. Rukhadze,
1(OH vG(s)u? 1(3)  1o(0)-17 Zh. Tekh. Fiz. 74 (11), 132 (2004) [Tech. Phys. 49, 1525
2004)].
for acylindrical jet. ( L
Since the functions plotted in the figure are positive,
one can argue that the right-hand sides of (3) and (4) are Trandated by V. saakyan
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Abstract—A simple and universal criterion of the efficiency of energy loss by thermal radiation is obtained for
the class of small conducting particles, including, in addition to metals and graphite, the majority of carbides
of metals important for practical applications, such as tungsten and titanium carbides. © 2005 Pleiades Pub-

lishing, Inc.

In recent years, the volume of investigations and
developments in the realms of nanotechnol ogies, nano-
materials, and nanosystems has been growing vigor-
ously worldwide[1]. The production and application of
nanopowders, which are used in metallurgy, microelec-
tronics, and the food industry, are one of the important
linesin nanotechnol ogies. The production of nanopow-
ders and their use frequently involves heating nanopar-
ticlesto high temperatures, in which case one naturally
expects intense thermal radiation.

At the sametime, thereis presently great interest in
dust plasmas [2] and dust in thermonuclear facilities
[3], where micro- and nanoparticles are heated to high
temperatures, so that loss by radiation may play a sig-
nificant role in the energy balance of particles.

In calculating the energy balance of nanoparticles, it
isillegitimate to employ the Stefan—Boltzmann law for
the radiation from a black ball, since this law yields
strongly overestimated results at particle dimensions
smaller than the radiation wavelength. The energy loss
of atomic clusters by radiation was discussed in a
review article of Smirnov [4].

In order to calculate the energy loss of asmall bodly,
one can employ the Kirchhoff law for equilibrium ther-
mal radiation [5]. The thermal radiation from abody of
temperature T in the circular-frequency interval dwis

hw’

4n30389%) 0
'o

where o(w) isthe effective absorption cross section at a
frequency w, c is the speed of light, T is the tempera-
ture, and k is the Boltzmann constant.

Following [5], we can express the cross section for
radiation absorption by a ball of volume V in terms of

the electric permittivity a, and the magnetic perme-
ability a,, normalized to the volume. As a result, we

dT(w) = 4mco(w) dw, D

arrive at

o(w) = TXay+ap)Vv. @

In the case of conducting bodies, the magnetic com-
ponent is dominant, and it is precisely this component
that will be taken into account below for this reason.

Although genera dependences of the absorption
cross section on particle parameters could not be
obtained [6] within Mie theory, which provides the
most consistent approach to the scattering and absorp-
tion of electromagnetic radiation on small particles, an
approximate method based on taking into account the
radiation penetration depth into a medium can be
employed in the case of conducting spheres[5]. Within
this approach, the magnetic permeability for asphere of
radius r, depends on the dimensionless parameter
(ro/d), where d = c/(2mowyV? isthe radiation penetration
depth in a conductor, as

o = 98° [, _Tosinh(2ry/8) —sin(2r,/3) @
me mmﬁ: 6wQOmym%Qmmﬂ'

At small values of the radius (ry/d < 1; this condi-
tionisalso realized at low frequencies), one can usethe
approximation

PR O =
m20mE

The respective approximation at large values of the
particle radius (ry/d > 1, this condition is also realized
at high frequencies) is
. 98 _ 9
" 1em?  16Try./2Mow

2
ro0w
10¢?

(4)

a

()

where o is the static conductivity of the material used.
The dependences specified by Egs. (3)—5) are depicted
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in Fig. 1. Upon substituting high-energy approximation
(5) into theintegral of (1) for the radiation, the particle
radius ry drops out from the final expression, in just the
same way asin the case of blackbody radiation.

By introducing the dimensionless parameter p,

_To /2T[0kT
p - C ﬁ ’ (6)

which takes into account the conductivity of matter, its
temperature, and the particle radius, and performing
integration with respect to the frequency, we can go
over from expression (1) to

16T°rg
=350, U

The dependence of the integral J(p) on the dimen-
sionless parameter p, which is defined in (6),

x*dx
e—1

J(p) = .[0(31( p/X) (8)
0

isillustrated in Fig. 2. In (8), we have employed the
dimensionless variable x = Zw/KT. It should be noted
that J(p) ~ I/p for p > 1, which correspondsto the case
of high temperatures or large particle radii, and that
J(p) ~ p? for p < 1. In the latter case, the quadratic
asymptotic behavior reflects a high-power dependence

of the normalized cross section cr(oo)/(nrg) onthesmal

radii of spherical particles; this dependence also fol-
lows from cal culations within Mie theory [6].

For the sake of clarity, it is convenient to normalize
the expression for the intensity of thermal radiation to
the intensity of blackbody radiation:

I 80kT
— = roJd(p). 9
= 5 red(P) (©)
In view of the aforementioned asymptotic behavior
J(p) ~ Up, the normalized intensity (emissivity) in the
case of large particles is independent of the radius and
depends only slightly on temperature. The surviving
temperature dependenceis explained by the inaccuracy
of the above model of radiation absorption by conduct-
ing balls at high temperatures.

The dependence of the normalized emissivity
(degree of blackness) 1/I, on the particle radiusr at the
temperatures of T= 1773, 1273, and 773 K for copper
microparticlesis shown in Fig. 3 with allowance for the
temperature dependence of the conductivity of matter
[7]. Similar results for graphite microparticles at the
temperatures of T= 2773, 2273, 1273, and 773 K are
giveninFig. 4.

The dependence of the emissivity normalized to the
blackbody emissivity, I/1, (degree of blackness), on the
size of spherical particles reflects the cubic dependence
of the normalized absorption cross section on theradius
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netic permeability normalized to the volume on the dimen-
sionless parameter (rq/d) (1) inthe case of the exact formula

and in the cases of the (2) low-frequency (ro/6 <€ 1) and
(3) high-frequency (rg/d = 1) approximations.
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Fig. 2. Dependence of the integral J(p) with respect to the
radiation frequency on the dimensionless parameter p =

(ro/0)(2mokT/h) Y2,

for nanoparticles; with increasing particle size, this
dependence approaches a constant value that agrees
with values quoted in reference books. For molten cop-
per of temperature in the range 1100-1300°C, the
degree of blacknessis from 0.13 to 0.15 [8], this being
in good agreement with the results of the calculations
for particles of radius in excess of 1 pum (Fig. 3). For
graphite at atemperature of 500°C, the degree of black-
nessis 0.71 [9], which is in accord with the results of
the calculations within the chosen model of radiating
conducting balls. The exaggerated results on the radia-
tion from graphite at high temperatures should be
attributed to the inaccuracy of the model. The model
used is valid in the region of radiation frequencies at
which w/(2m) < o. At high frequencies, the normalized
cross section that is derived for the absorption on a
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Fig. 3. Normalized emissivity of copper particles at thetem-
peratures of (1) 773, (2) 1273, and (3) 1773 K.
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Fig. 4. Normalized emissivity of graphite particles at the
temperatures of (1) 773, (2) 1273, (3) 2273, and (4) 2773 K.

spherical particle by using the asymptotic expression
(5) can be recast into the form o(w)/(nré) =

3[w/(21o)]Y2. In a more accurate model of radiation
absorption by a conducting medium, the respective
asymptotic expression additionaly involves terms of
order w/(21o) [6]; in the case being considered, the
inclusion of these terms would lead to an improvement
of the agreement with experimental data at large radii
of particlesat high temperatures. It should be noted that
the condition of applicability of the approach used is
well satisfied in the case of meta carbides, which is of
importance for practice.

In either of the above examples, we seefrom Figs. 3
and 4 that, with decreasing particle size, the emissivity
of particlesfor p < 1 falssubstantially short of that pre-
dicted by the Stefan—Boltzmann law. Thus, the dimen-
sionless parameter p = (r,/c)(2okT/%)Y? characterizes
the emissivity of small conducting particles as a func-
tion of their dimensions and conductivity.

We note that, albeit being small in relation to black-
body radiation, radiation from nanoparticles exceeds
radiation from the same amount of a gas and can there-
fore be used as a source of light [4].

MARTYNENKO, OGNEV

In the case of dielectric particles, it is hardly possi-
ble to construct arather simple dependence of the radi-
ation-absorption cross section on the radius of a spher-
ical particle. However, some results obtained on the
basis of Mie theory for the scattering and absorption of
an electromagnetic wave by absorbing spherical parti-
cles [6] suggest that the absorption cross section
changes only dlightly for wavelength values satisfying
the condition 2IA(n—1)/ry < 6, wherenistherefraction
index of matter. Since, according to the Wien displace-
ment law [8], the maximum of the thermal-radiation
spectrum at elevated temperatures corresponds to the
wavelength A, = B/T, a significant decrease in the
emissivity of dielectric particles should be expected for
particles of radiusin theregionry < (n—1)B/T.

CONCLUSIONS

The efficiency of the energy loss of hot conducting
particles, including, in addition to metals and graphite,
the majority of metal carbides important for applica-
tions, such as tungsten and titanium carbides, which
possess a high electrical conductivity [10], depends
greatly on their dimensions. For dimensions smaller
than the wavelength at the maximum of the thermal-
radiation spectrum, the efficiency of losses by radiation
depends both on the temperature T and on the conduc-
tivity o of the particle material. The universal criterion
p = (ry/c)(2mokT/A)Y? > 1 makes it possible to deter-
mine the applicability range of the Stefan—Boltzmann
law for losses by radiation as the radius of aconducting
particle decreasesto dimensions of ry < A, = B/T.
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Abstract—It is shown that, when irradiated by light on one side, both as-prepared samples of molybdenum foil
and those annealed in the temperature range 75-900°C change their microhardness on the other (nonirradiated)
side. Annealing influencesthe relative variation in the microhardness under the action of asingleirradiation and
multiple irradiations, the changes being dependent on the annealing temperature. Recrystallization annealing
increases the relative change in the microhardness and makes the microhardness variation under irradiation—
relaxation cycling regular, whereas |ow-temperature annealing breaks this regularity. The results demonstrate
that the state of defectsin theinitial state of the metal is of crucial importance in the phenomenon. © 2005 Ple-

iades Publishing, Inc.

In[1-4], we found a new effect: a change in micro-
hardness H of one side of a metal foil upon irradiation
of the other side by light. This effect was qualitatively
explained by the fact that photoelectrons trapped in a
native oxide (NO) film that is present on the foil gener-
ate deformation waves under the action of Coulomb
forces that appear as a result of violation of local elec-
troneutrality near the traps. Having penetrated into the
metal, the waves modify the defect subsystem and,
thereby, change H. Krivelevich [5] proposed a phenom-
enological theory of transformation in systems with
more than one local minimum of the free energy that
appliesin our case (if the effect of deformation waves
is taken into account). He showed that an energy flux
incident on such a system may cause a long-range
change of the“switching wave’ typeinitsstructure and
properties. This theory implies a relation between the
amount and character of the effect, on the one hand, and
theinitia state of the system, on the other. The state of
the system (foil) can be changed by annealing. Relevant
experiments are necessary to uncover the mechanism
behind this phenomenon. In particular, it wasfound that
light does not affect the state of the NO-free surface;
therefore, it is necessary to see what the role is of the
metal structureitself in this effect.

The effect is characterized by relaxation of H after
irradiation. Sometimes, the microhardness recovers to
the initial (or close to initial) value and changes again
upon repeat irradiation. If the defect system in the metal
isimportant, the variation of H at irradiation—relaxation
cycling (photocycling) can be expected to depend on
the state of the defect system.

In this work, molybdenum foils are used to study
how annealing influences (i) H variation under irradia-

tion and (ii) the reproducibility of this variation at pho-
tocycling.

We experimented with 50-um-thick rolled molybde-
num foils. According to X-ray diffraction data, thefoils
were textured and had an average grain size of more
than 1 um. Illumination was accomplished by a 20-W
incandescent lamp with the filament 5 cm distant from
the foil. The foils were annealed in air (T,,, < 150°C)
and in adried nitrogen flow (Ty,, = 200°C) for 30 min.
Despite the protective atmosphere, we could not avoid
additional oxidation. After each annealing, the oxide
was removed in HCl and irradiation was carried out
after thetime (2 h or longer) it takesfor anew NO layer
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Fig. 1. Dose dependence of the relative changein themicro-
hardness.
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Fig. 2. Relative changesin the microhardness of the as-pre-
pared foils, AH/Hg, and of the foils annealed at different
temperatures, AH/H; . The first circle refers to AH/H; the
others, to AH/H;. Hy is the microhardness of the as-pre-
pared foil, and H, is the that of the annealed foil.

to grow. With such a procedure, we exclude annealing-
induced transformations in the oxide.

The microhardness was measured with a PMT-3
device at an indentation load of 50 g. The load chosen
after recording an H-oad curve was a tradeoff between
a high accuracy of H measurement (deep indentation)
and asmaller amount of the effect (athicker layer being
probed) at high loads. The results were averaged over
five indentations, and the diagonals of the indentations
were measured twice. Based on the estimation of sys-
tematic and random errors, achangein H exceeding 4%
of theinitial value was considered significant.

Figure 1 shows the dose dependence of the relative
changein H on therear side of thefoil (withinthelimits
of experimental error, no changes in H on the front
(irradiated) side were detected). When calculating the
dose (energy density), we assumed that the radiation
power equals 50% of the total power. Two features are
noteworthy: the nonmonotonic run of the dose depen-
dence and the trend of the H change to zero at high
doses. Both features were observed and discussed ear-
lier for permalloy-79 [1-4]. The behavior of H in Mo
demonstrates that these features are not accidental (the
reasons for such behavior are beyond the scope of this
work). The datain Fig. 1 were used to choose the dose
for further experiments.

After the as-prepared foils had been annealed, their
microhardnesses changed. The range of annealing tem-
peratures can be divided into three subranges: in the
first subrange (to T, = 150°C), H increases; in the sec-
ond subrange (150-850°C), it virtualy returns to the
initial value; and in the third subrange (above 850°C),
the microhardness drops below the initial value. The
behavior of H indicates that the metal structure
changes. Therange of decreasing H (above 850°C) cor-
responds to temperatures of ~0.4T,,,, where T,, is the

TETELBAUM et al.
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Fig. 3. Changes in the microhardness of the as-prepared
samples (upper curve) and the samples annealed at different
temperatures during photocycling. Odd and even numbers
in the abscissa axis correspond to the postirradiation and
postrelaxation states, respectively.

melting point (in K). This correspondence means that
the decrease in H is related to recrystallization, which
occurs just in this temperature range [6]. The behavior
of H at lower T,,, may be associated with processes
occurring in the subsystem of point defects (largely in
Cottrell atmospheres).

Figure 2 shows the T,,, dependence of the relative
microhardness variation at aradiation energy density of
3 Jcm? (theirradiation timeis 100 s). Shown alsoisthe
value of AH/H,inthe as-prepared foil. It is seen that the
magnitude and even the sign of the change depend on
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whether the foil was annealed and, if so, on the anneal-
ing temperature. Interestingly, after recrystallization
annealing, the effect of illumination on H is twice as
large as that for the as-prepared samples. At other val-
ues of T, the amount of the effect, on the contrary,
decreases down to its complete disappearance. After
irradiation, the changes relax to zero in approximately
afew hours.

The results of repeated irradiations performed after
aging (relaxation) also depend on annealing itself and
on the annealing temperature. In the as-prepared sam-
ple, relaxation returns the microhardness to its initial
value and, upon repeated irradiations (photocycling), H
each time increases to a value that is close to that
achieved upon the first irradiation (Fig. 3). In the sam-
plesanneaedintherange T,,, = 75-800°C, the changes
in H upon photocycling turned out to be irregular
(poorly reproducible from cycle to cycle). As an exam-
ple, Fig. 3 shows the results for T,,, = 300°C. Such
behavior was also observed at other annealing temper-
aturesinthisrange. At T,,, = 900°C, the situation is dif-
ferent; after annealing of the foil at a temperature
dightly above the recrystallization temperature, H
again starts varying in aregular (sawtooth) manner.

Thus, preannealing has a substantial effect on the
photosensitivity of the foils. This finding demonstrates
asignificant role of the state of defectsin the metal and
is consistent with the phenomenological model [5],
according to which the effect depends on the initial set
of “order parameters.” On the whole, the results agree
with our qualitative model [1-4], where a changein H
isrelated to the modification of the defect system under
the action of radiation-induced deformation waves (this
relation is rather complicated). However, one cannot
rule out the situation where the effect weakens or even
disappears at annealing temperatures well above 0.4T,,
(where the system approaches its equilibrium stete), as
was observed in the case of Cu—Ni foils [7]. This sug-
gests that the system has to be slightly out of equilib-
rium in the initial state for the effect to arise. A more
detailed explanation of the above dependences callsfor
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adeeper insight into the state of defects before and after
annealing.

From the applied standpoint, our results demon-
strate that the metal can be returned to the radiation-
induced state by repeated irradiations. Another impor-
tant conclusion is that the amount of the effect can be
both high and negligible in the same material, depend-
ing on conditions. These facts should be taken into
account in both practice and research.
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Abstract—Granulated gold films activated by cesium and oxygen are found to produce an intense photoelec-
tron emission band about 100 nm wide at a wavelength of 530 nm with a sensitivity of about 4 mA/W in the
visiblerange. Thisband islikely to be associated with excitation of surface plasmons. The results obtained indi-
cate that, owing to surface photoeffect, gold films activated by Csand O can be used as fast photocathodes with
atime constant of several femtoseconds. © 2005 Pleiades Publishing, Inc.

It isknown that absorption and reflection of light by
thin granulated metallic films (unlike by bulk metals) in
the visible range are accompanied by the formation of
absorption bands due to size effects [1]. As was shown
in [2], granulated films of Au nanoparticles exhibit an
absorption band near 600 nm and a similar band is
observed in films of Ag nanoparticles near 500 nm [3].
According to [2, 3], these bands are due to the excita-
tion of surface plasmons in metallic nanoparticles hav-
ing the shape of oblate spheroids. The ratio of the sub-
strate area filled by nanoparticles to the total area was
equal tof=102for Au[2] andf=0.5for Ag[3], which
indicated the vertical growth of Au nanoparticleson the
substrate surface (their average sizewasz=3-4nm). In
[4], we detected intense photoelectron emission (PE)
near 500 nm from Ag particles activated by Cs and O,
which is likely to be caused by surface plasmons
excited in such spheroids. In this case, photoelectron
transport to the surface is absent; therefore, one can
expect a small time constant (of about several femto-
seconds) for photocathodes based on metallic nanopar-
ticles. This time constant is specified by the time it
takes for a plasmon to pass through ananoparticle. The
production of such photocathodes is now becoming a
topical problemin view of recent advancesin femtosec-
ond photoelectronics—a burgeoning area of science
and technology [5]. Moreover, metallic photocathodes
are the most convenient to produce femtosecond elec-
tron pulses by means of powerful pulsed lasers, since
they offer ahigh thermal conductivity, electric conduc-
tivity, and specific heat. Such cathodes are exemplified
by massive photocathodes with an inactivated surface
that operate in the reflection mode at glancing inci-
dence of alight beam on the surface. They exploit the
surface photoeffect under one- [6] and multiphoton
[7, 8] excitation. However, the sensitivity of these pho-
tocathodes is low: for continuous Au films, it is about

3 PA/W at A =250 nm [6] and 1072 pA/W at A =800 nm
[7].

The purpose of this work was to generate surface-
plasmon-induced PE from granulated Au films in the
visible range and compare this effect with the proper-
ties of bulk Au samples and with PE from Ag nanopar-
ticles studied in [4].

The production of granulated Au films, their activa-
tion by Csand O, recording of PE and reflectance spec-
tra, and examination of the film surface compositions
by Auger electron spectroscopy (AES) and X-ray pho-
toelectron spectroscopy (XPES) were carried out at a
pressure of 10%° Torr using the same technique as that
applied for production of Ag films [4]. An Au film of
thickness d = 7 nm was evaporated onto a thin (d =
3 nm) Al,O4 film grown on athick (d= 100 nm) Al film.
The Au film was then heated at T = 300°C for 20 min.
The films thus obtained are usually granulated, as evi-
denced by X PES spectra, where the Al,, and Al s peaks
from the substrate are approximately equal to the Auy
peak from the Au nanoparticles. Since the elemental
sensitivity coefficients of the Al peaks are roughly one
order of magnitude lower than those of the correspond-
ing Au peaks, we have f = 0.1, which indicates vertical
growth of the nanoparticles. The Au films were acti-
vated by Cs and O without switching off the Cs source.
Contrary to the case of Ag films, the O source, which
increased the pressure in the chamber by about
ten times, was switched on only at the fina stage of
activation, after sensitivity Shad dropped by 30% of a
maximum value reached upon activation by Cs alone
(Fig. 1, timeinstant 2). With the O source switched on,
sensitivity Srose by one to two orders of magnitudein
both the granulated and continuous Au films. To maxi-
mize the sensitivity in the red spectral range, the films
were activated first by white light and then by the light
passed through a KS-19 red filter (A = 700 nm; Fig. 1,

1063-7842/05/5011-1528$26.00 © 2005 Pleiades Publishing, Inc.
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time instant 1). PE was excited by nonpolarized light
incident at an angle of 0°, and the reflected light inten-
sity was measured at an angle of 45° to the normal to
the film surface.

Spectral sensitivity S(A) of the continuous films acti-
vated by Cs and O in the range under study (A = 400—
800 nm; Fig. 2, curve 2) is about ten times higher than
that of the films activated only by Cs (Fig. 2, curve 1).
Spectrum S(A) for these films consists of one broad
band with a maximum (S,, = 1.8 mA/W) at A, = 30 nm.
This corresponds to quantum yield Q = 0.52% relative
to incident photons. Asfollowsfrom Fig. 2, the spectral
range of this PE band (curve 2) nearly coincides with
spectral range R(A) of the reflection band. The mini-
mum of the latter, R = 40%, liesat A < 500 nm (curve 4).
According to [9], this reflection band is due to inter-
band absorption of light in the volume of Au.

S(\) spectra taken of the granulated films activated
by Cs and O contain a new long-wavelength PE band
(Fig. 2, curve 3) about 100 nm wide with a maximum
at A, =530 nm. The sensitivity inthismaximumis §,, =
3.9 mA/W, which corresponds to Q = 0.9%. As com-
pared to the continuous films, the PE intensity of the
short-wavelength band in the granulated films rises to
S, = 4.3 mA/W (Q = 1.24%), and the reflection band
edge shifts toward longer waves (from 570 to 750 nm).
The minimum of the reflection band declines to R =
26% at A =480 nm (Fig. 2, curve 5).

The appearance of the new intense PE band with a
maximum at A, = 530 nm, whose spectral range (Fig. 2,
curve 3) coincides with that of the reflection band
(Fig. 2, curveb), inthe granulated Au films activated by
Csand O may be explained by the excitation of surface
plasmons in Au nanoparticles, just as in similar Ag
films [4]. Unlike the Ag films, the Au films do not
exhibit a volume plasma resonance at A = 330 nm
because of intense interband absorption, which begins
at A <550 nm [9]. Therefore, unlike in the case of Ag
[4], we could not reveal a distinct band due to surface
plasmons in the reflection spectra of the granulated Au
films because of the shading effect of the band associ-
ated with interband absorption. Another dissimilarity
fromtheAg filmsisasignificant increasein the PE sen-
sitivity in the continuous Au films activated by both Cs
and O up to S= 1.8 mA/W in the visible region versus
S = 0.19 mA/W for the films activated by Cs aone
(Fig. 2; curves 2 and 1, respectively). Since PE in these
films is caused by interband transitions and the work
function after activation by Csand O is lower than that
after activation by Cs aone, alarger number of photo-
electrons reach the surface and escape into a vacuum
before their energy becomes lower than the vacuum
level because of scattering. The different results of acti-
vation of the Au and Ag films by cesium and oxygen is
likely to be related to the difference in their chemical
properties. Ag is active with respect to O, forming
Ag,0 oxide, and inactive with respect to Cs, whereas
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Fig. 1. Variation of the granulated Au film sensitivity with
time of activation by Csand O. The Cs source operates con-
tinuoudly. Indicated arethetimeinstants at which (1) KS-19
light filter is introduced, (2) oxygen source is switched on,
and (3) oxygen source is switched off.
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Fig. 2. Sengitivity (S and reflectance (R) spectra of the Au
films: (1) continuous film activated by Csaone, (2) contin-
uous film activated by Cs and O, (3) granulated film acti-
vated by Cs and O, (4) continuous film, and (5) granulated
film.

AuformsaCsAu compound but isinactive with respect
to O.

The AES and XPES studies show that the chemical
composition of the surface of the Cs- and O-activated
Aufilmsisidentical to that of the Ag films[4]. There-
fore, asin the Ag films, the decrease in the work func-
tion of the Au films is caused by a thin (about 1 nm)
dipolelayer consisting of Cs*ion dipolesand Cs—-O-Cs
dipoles.

Thus, anew intense PE band associated with surface
plasmons appears in granulated Au films. At the maxi-
mum of this band (A, = 530 nm), we have S= 4 mA/W,
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which is severa orders of magnitude higher than the
sensitivity of photocathodes made of inactivated con-
tinuous metal films [6, 7]. Since photoelectron trans-
port to the surface is absent, both Au and Ag granulated
films activated by Cs and O can be used as photocath-
odes with a resolution of a few femtoseconds for time
analysis of fast processes and for generation of pulsed
electron beams. Since the granule size islow and verti-
cal growth of Au nanoparticlesis slow, semitransparent
and low-resistivity Au films evaporated onto atranspar-
ent substrate, e.g., onto a SnO, film on quartz, may
serve as effective metallic photocathodes operating in
the transmission mode in the visible spectral range.
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Abstract—The properties of a lens antenna are calculated by the equivalent-current method (second equiva
lence principle). A Luneberg lens formed by glass bricks is considered. The results of these calculations are
compared with experimental data. The possibility is considered of applying the above theoretical method to cal-
culating lens antennas where there is arandom deviation of the dielectric constant from a preset distribution. ©

2005 Pleiades Publishing, Inc.

In the present study, we consider antennas of the
Luneberg lens type—that is, a spherical lens character-
ized by central symmetry and a refraction coefficient
changing along the radius. It enables one to create a
cophased distribution of the field over the antenna aper-
ture, the amplitude distribution of the field at the lens
aperture becoming constant for aspecific polar diagram
of the feeding antenna. The advantages of Luneberg
lenses, such as electromechanical scanning over atotal
sector of angles without rotating the antenna as a dis-
crete unit and the possibility of creating multiray sys-
tems by using one lens, are due to central symmetry.
However, the technology of manufacturing such lenses
is rather complicated. This problem is partly solved by
going over from a continuous distribution of the refrac-
tion coefficient to a stepwise one—that is, to aspherical
lens formed by layers from a homogeneous dielectric
material or to alensfrom bricks (thelatter isconsidered
in[1] and in the present article).

In this study, we determine the diffraction field at a
Luneberg lens by using the equivalent-current method
(the second equivalence principle proposed by Kontor-
ovich). The method essentially consists in that the
dielectric field generating a secondary field is replaced
by a system of equivalent currentsin avacuum.

Let us consider one of the Maxwell equations,
curlH = j<¢E + 4—nje,
c c

wherej. isan outside electric current.
This eguation can be recast into the form

curlH = j%)soE +jet j(i)(s—so)E

4Tt | 411,
_1_80E+_Je CJe!

where

jo = i2(e—e)E

isan equivalent current.

For afree space, g, = 1; therefore, we have

Je = ] 4n(e 1E.
For another Maxwell equation, we can perform sim-
ilar transformations by introducing an equivalent mag-

netic current.
In accordance with the equivalent-current method,

we can represent the polar diagram of the lens being
considered in the form

in

F (8, = HJo(kr'gnegnel)

2 E(6, r)(e(r)—1)
xd(r, 0,0, 0 dodr’ 1
(r, )resin Vo) r'y (O

d(r,8,0;) = exp(jkl,)exp(jkr'cos(0)cos(0,)),

where 0, isthe angle between the direction to the obser-
vation point and the axis connecting the center of the
lens and the feeding antenna, 6 and r' are coordinates of
an integration point within the body of the lens (the
radius of thelensistaken to be unity), kisthewave vec-
tor, E(6, r') isthe electric-field strength at an integration
point, and | is the electric length of the ray going from
the feeding antenna to the integration point.

The Bessal function in the integrand on the right-
hand side of (1) arises upon integration over angle ¢.
The amplitudes E(6, r") and the phases ki, of the rele-
vant rays were calculated at individual points with a

1063-7842/05/5011-1531$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 1. Geometry of the problem: (1) observation point and
(2) feeding antenna.

step of 1° in angle 6 and a step of 0.01 in the radius.
Also, we employed the principle of geometric optics(in
order to determine the trgjectories of the rays) and the
energy-conservation law. Theintegral in (1) was evalu-
ated by means of Simpson’s rule. In representing the
fieldinform (1), it was assumed that the field within the
body of the lensisindependent of the angle ¢ (acorru-
gated horn was used for afeeding antenna).

Let us consider a lens fabricated by the Konkur
enterprise in accordance with [2]. This lens was made
from bricks having different dielectric constants. The
type of abrick is chosen in such away asto ensure the
closest proximity of its dielectric constant to the dielec-
tric constant of the Luneberg lens at the radius equal to
the distance between the lens center and the center of
this brick. The shape of abrick isshownin Fig. 2.

The faces of the bricks generate two sets of parallel
vertical planes. If we now assume that the coordinates
of the brick centersin the horizontal plane are integers,
then it turns out that, if their sum is even, the coordi-
nates of the brick centers in the vertical direction are
also integers. Otherwise, the bricks are shifted in the
vertical direction by half their height.

Figure 3 shows the coordinate dependence of the
refraction coefficients in alens from bricks (solid line)
and a Luneberg lens (dotted curve).

A lens from bricks can be considered as a low-tur-
bulent random medium. There exist approximate meth-
ods for calculating such media. The Rytov and Born
approximations[3] for aspherical wave and alow level
of fluctuations of the refraction coefficient (thegraphis
given in Fig. 4) are the most popular approximations.
One can see from Fig. 3 that the deviation of the refrac-
tion coefficient from the preset one does not exceed
4%; therefore, it would be legitimate to use the afore-
mentioned approximations.

Since the number of nominal values of the dielectric

constant is usually small, the number of regions where
the dielectric constant differsfrom anideal law ismuch

SHANNIKOV et al.

Fig. 2. Shape of abrick.

greater. Moreover, the signs of the deviation of the
dielectric constant in neighboring regions are opposite
(see Figs. 3, 4). Therefore, one can expect that fields
associated with errors in integration will generate a
rather small total field, so that the polar diagram of a
lens from bricks will not differ substantially from the
polar diagram of the respective ideal Luneberg lens
(Fig. 5).

The Born approximation, which was used in the
present study, can be represented as

u(r) = Uo(r)+J’k2G(r—r')UO(r')nl(r')dV‘, 2

where Uy(r) is the field of the Luneberg lens (undis-
turbed lens), Uy(r") is the field within the body of the
lens, ny(r") is the deviation of the refraction coefficient
from the preset continuous one (see Fig. 4), G(r —r') is
the Green’s function for afree space, and k is the wave
number.

Expression (2) differsfrom expression (1) in that the
unperturbed value of the field is used there for the field
itself in the integrand.

In the case being considered, it is not reasonable to
use the Rytov approximation because the jumps in
Uy(r) may be quite sizable (above 50 dB). The point is
that, appearing in the denominator [3, 4], U(r) gives
rise to large numbers in the integrand. This leads to
unreliable results since the number of decimal places
admitted by a computer isfinite.

Theintegral in (1) was calculated by the method of
rectangleswith astep of 1° in angle © and astep of 0.01
in the radius. The integral in (2) was evaluated by the
method of rectangles aswell, but, in contrast to the pre-
ceding case, use was made of a cubic grid chosen in
such a way that there were five grid points over the
length of abrick.

One can see from Fig. 4 that the presence of bricks
leads to the appearance of an additional background in
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Fig. 3. Refraction coefficient (x =0, z=0).
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Fig. 5. Polar diagrams of (solid curve) the Luneberg lens
and (dotted curve) the lens from bricks at a focal length of
f = 1.4R, where Risthe radius of the length. The remaining
parameters are D/A = 18.3 and D = 2R, A being the wave-
length.

the region of far side (E,) and back radiation at alevel
of from 40 to 45 dB. The average level of this back-
ground can be estimated by cal culating the power asso-
ciated with this background. Indeed, both the linear
dimensions and the positions of the regions where there
are deviations of the dielectric constant are quasiran-
dom, their linear dimensions being on average equal to
half the brick length. It follows that, upon performing
summation of the fields from these regions in power
[without regard to phases] and normalization to the
maximum field, we obtain

iy An N2 k_ZD2 .
/\/ZH{{EZME(G, r)r?sin(8);-5 dodr

Enoise - E !
max

E2 = 2Olog(Enoisae)- (3)

TECHNICAL PHYSICS Vol. 50 No. 11 2005

1533

ny
0.06

0.04 -

0.02 |-

-0.02

—-0.04 IR T A N T N NN SN N N SR N
-65 -45 -25 -0505 25 45 65

Fig. 4. Deviation of the refraction coefficient (y =0, z=0)
within alens formed by bricks from the value correspond-
ing to the Luneberg lens.
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Fig. 6. Averaged theoretical polar diagram (solid curve) and
one of the realizations (dotted curve).

Thisformulais a corollary of formula (1). The fac-
tor k?/4m is the coefficient of proportionality between
the amplitude of the equivalent current and the ampli-
tude of the field E generated by this current in the far
zone.

For the lens being considered, the level of the back-
ground in terms of the field was —46 dB.

In order to confirm the possibility of employing the
proposed approach, we have measured the polar dia-
gram of alensbuilt from bricks. In order to increasethe
dynamical range of these measurements, we used a
synchronous detection in processing arelevant signal in
a computer. The developed code made it possible to
perform an appropriate treatment of resulting data and
to construct the polar diagram of the antenna.

It should be noted that the experimental polar dia-
grams of the antenna were determined for various ori-
entations of the feeding antenna with respect to the
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Fig. 7. Experimental (solid curve) and theoretical (dotted
curve) polar diagrams of the lens from bricks.

brick planes. We can state that we are dealing with indi-
vidual realizations of arandom process. Thisprocessis
not steady-state; therefore, it is reasonable to compare
averaged theoretical and experimental polar diagrams.

In our experiment, the lens was always arranged in
such a way that the brick faces not containing tenons
and mortises (see Fig. 2) lay inthe plane of angle 6,. By
rotating the lens about the vertical axis, we then
obtained a new realization.

Figure 6 shows the calculated polar diagrams (the
solid and dotted curves represent, respectively, the

SHANNIKOV et al.

polar diagram averaged over four realizations and the
polar diagram for one of the realizations). One can see
that the distinction between specific realizations is
insignificant.

For alensfrom bricks, Fig. 7 displaysthe theoretical
(represented by the solid curvein Fig. 6) and the exper-
imental polar diagram averaged over the angle 0,. The
averaging was performed in awindow of size 10°, this
window being moved over the entire range of the angle
8,, with the exception of the segment |6;| < 20°—that
is, over the region of far side lobes.

From this graph, one can see that the approach out-
lined in the present article yields reliable results over
the entire sector of angles. This method may be used to
calculate the fields of dielectric antennas belonging to
different types and featuring random deviations of the
dielectric constant from a preset one.
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