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Abstract—The contributionsto four basis densities of polarization distribution for an arbitrary electromagnetic
medium are determined. Mixed polarizabilities given by tensors of up to thefourth rank are considered. Specific
physical examples are discussed. © 2001 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

Electromagnetic properties of some substances
(e.g., crystals [1]) are described predominantly by the
distributions of dipoles. Multipole expansion of the
density of such adistribution differs from expansion of
the current of charges and leads to unusual interaction
of dipole systems with external fields. Comprehensive
analysis of such expansions is not only of academic
interest. It is known [2, 3] that multipole expansion of
current (charge) density within the framework of the
Maxwell-Lorentz electrodynamics involves three
types of basis dipoles: electric Q, magnetic M, and
(polar) toroidal T. An electromagnetic medium without
free and bound charges (p = 0), aswell asunclosed cur-
rents (divj = 0), is described only by magnetic and tor-
oidal polarizations [4]. When describing the distribu-
tion of magnetization in anucleus, Blatt and Weisskopf
(see[5], where they cite earlier works) were apparently
the first to introduce magnetic contributions to toroidal
polarizations by the name “induced electric transverse
moments.” In classifying point groups of magnetic
symmetry of crystals, several authors [6-9] have
pointed to the fact that a toroidal dipole exhibits sym-
metry of a special type. Magnetic substances allowing
toroidal ordering have been referred to as toroics. The
references cited give examples of such magnetic crys-
tals. Recent experimental studies of toroidal polariza-
tion have been made on magnetic piezoelectric
Ga,_,Fe,0;[10] and magnetoel ectric Cr,O4 [11].

In 1986, a family of axial toroidal moments was
included in the apparatus of the electrodynamics of
continuous media [12].1 A short time later, these
moments found prominent application in molecular
physics. In 1991, it was demonstrated [13] that crystal-
lization of some aromatic compounds (e.g., anthracene,
phenanthrene, or pentacene) may produce an axial tor-
oidal microdipole by ordering electric dipoles of atoms

L Historically [8], the basis dipole of this family is sometimes des-
ignated as G.

of acyclic fragment involved in acomplex molecule of
abenzenering C, (Fig. 1). This has made it possible to
give insight into the interaction between microcrystals
of aromatic compounds and an alternating magnetic
field [14]. Such an extraordinary type of electromag-
netic induction is known as aromagnetism.

These advances, as well as the inadequacy of the
theory of the Aharonov—Bohm effect [15] and the dis-
covery of similar effects (see, for example, [16]),
necessitate a more systematic approach to multipole
representation of various configurations that can arise,
for example, in dipole media and to selecting parame-
tersfor the description of electromagnetic properties of
guantum objects like complicated molecules.

In this work, we found complete sets of basis
dipoles for dipole media of most physical importance
[9]. Based on the mathematical fact of their existence,
we demonstrate possible unusual responses of con-
densed matter to uniform and/or dynamic electric and
magnetic fields. This paper isan extension of [12, 17].

CONSTRUCTION OF MULTIPOLE MOMENTS
FOR SPIN (DIPOLE) MEDIA AND THEIR
INTERACTION WITH EXTERNAL FIELDS

L et us consider asystem of continuoudly distributed
elementary electric dipoles that can be described by a
functiond : r O V limited in space and, in the general
case, time-dependent. Assume that internal interactions
in this system or applied external fields lead to the for-
mation and ordering of variously configured aggre-
gates, each consisting of afinite number of elementary
dipoles. We will describe the properties of the aggre-
gates by multipole parameters. The first three termsin
the expansion of the energy of their interaction with
external fields are

W = —{d(nEMT = %r_gdivE—QE—T(d)curlE
\Y
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Fig. 1. (8) Model in which e ectric microdipoles add up to
total dipole moment Q; (b) model of adipole axial toroidal

moment T@ realized in a toroid-shaped dielectric when
electric microdipolesare oriented along the azimuthal direc-

tions; (c) model of adipole poloidal moment P redlizedin
a toroid-shaped dielectric when electric microdipoles are
oriented along the meridional directions; (d) centrosymmet-
ric polarization of a spherica dielectric layer having the

symmetry of a spherical capacitor; scalar moment réz) is

the main multipole characteristic of thisobject; (€) model of
the longitudinal rms radius of the electric dipole moment

r{?) (double cylindrical layer); (f) equatorial section of a
thin-walled torus with magnetic microdipol es on the merid-

ians; poloidal dipole moment P is the multipole charac-
teristic of this object upon its contraction to a point.

—PDcurlcurl E - %Qij(DiEj +0,E) -T0,(curl E),

1 @y (d)
+ = + —» QE-
10rd VdivE + ... QE -T curlE 1)
+PY(Vp—AE)+... —~ -QE+T“H
+PYG-E)+...,

where Q = I d (r)d®r is the conventional total dipole
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electric moment of the system, T@ = (1/2)I(r x d)d®r
is the dipole axia toroidd moment, and P@ =
(1/10)J’[ r(rd) — 2r2d]d® is the dipole polar poloidal

moment (see Figs. 1a-1c).

These three vectors form a basis alowing one to
represent the density of distribution of a given type. In

addition, (1) contains r3 = (r Ed®, a scalar moment

corresponding to the time derivative of the rms charge
radiusin the expansion of the current (i.e., to the double

spherical layer, seeFig. 1d):2 r2 = [[ 2r(rE) + r2E]fr,

the rms radius of the longitudinal component of the
dipole moment Q, generated by the double cylindrical

layer of the dipoles (see Fig. 1e); and Q; and Ti(jd) , the
electric and toroidal quadrupole moments determined
by conventional rules. In (1), al the interactions of the
multipole characteristicswith thefield or its derivatives
arelocal and written for the “ center” of the system.

For theinteraction energy between magnetic dipoles
and an external nonuniform magnetic field, pH is sub-
stituted for dE and we have

W = —Iu(r)H(r)d3r = —MH-T%®curlH

—P%®curlcurlH —%Mij(DiHj +0;H;)

~T¥0(curlH); +...— —MH-TWE (2

—P®(curlj —=H) — —MH -T®curlH
+PWAR™ + ..

It is seen that, according to electromagnetism dual-
ity, the dipole moment Q in Eqg. (1) is replaced by the
dipole magnetic moment M (characterizing an equiva-
lent current loop); T@, by the polar toroidal dipole T®;
and the vector poloidal moment P, by the dipole axial
poloidal moment PW. If the magnetic moments are car-
ried by spin particles (e.g., neutrons), then the multi-
pole expansion of the distribution of their magnetic
moments (in a nucleus or a neutron star) acquires the
primary sense. Zheludev [6] was the first to predict tor-
oidal ordering of spin magnetic momentsin perovskites
within the theory of condensed matter. For ultrathin
films, ordering of magnetic particlesinto closed config-
urations that can be described by toroidal moments
seems to be a rule rather than an exception [18, 19].
Note that exchange interactions between coplanar spins
give rise to the Kosterlitz—Thoul ess | attice of “antitor-
oidally” arranged vortexes.

It is evident that expansions like (1) and (2) can be
obtained for the remaining two fundamental (toroidal)

2In the specific case of zero inner radius, such a configuration is
sometimes called “ hedgehog.”
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dipole distributions t(r) and g(r). It is unlikely that the
resulting high-order vortexes are realized in crystals.
They may form in exotic media where the elementary
carriers initialy possess, for example, toroidal dipole
moments. Recent experimental data indicate that neu-
trinos are apparently Majorano particles forming dense
media (10 cm3). It is known [20, 21] that neutrinos
have only toroidal dipole moments. That coherent exci-
tations in such media, in particular, hadron gravita-
tiona excitations, are a possibility was first indicated
in[22].

VECTOR PARAMETERS
AND NONLINEAR MEDIA

The above discussion is related to so-called linear
electrodynamics. In its terms, elementary objects (e.g.,
dipoles) are controlled by afield or a current of agiven
type upon contact interaction so that the parameters of
the objects remain unchanged. One can also consider
more complex objects consisting of dipoles: quadru-
poles, octupoles, etc. An example of associated macro-
scopic constructions is two or three current loops that
are closely spaced or form a single circuit. Consider a
wire ring shaped like a propeller. In each of the loops,
the electric current generates a magnetic field and the
magnetic properties can approximately be described by
magnetic moments. The energy of local interactions
between the two |oops and an external magnetic field of
arbitrary configuration is then given by

Wi = wH{1} +pH {2}. 3

Here, “locality” meansthat both termsin the abovefor-
mulaare written for the centers of the loops. In addition
to the vectors ; and ,, which relate to the different
loops and are specified at different points {1} and {2}
in the space, we introduce a quadrupole moment of the
system as a symmetric tensor |, of the second rank. As
in the previous section, the parameter W, takes into
account the contribution to the energy from the gradient
of the external magnetic field (i.e., dueto field nonuni-
formity between the centers of the loops). Then Eq. (3)
can be approximately recast as

W = wH{0} + pH {0} + b ;H,{0}. (4)

Now all the terms are written for some middle point
(hereafter, the center of the system). Such arepresenta
tion reflects the essence of multipole expansion.

Assume that the loops are made of a flexible wire.
Then, the magnetic field orienting the magnetic
moments can deform the loops. We take this perturba-
tion into account by introducing the quadrupole polar-
izability o™ of the medium. The additional energy of
local interaction of the system with a magnetic field is
given by the expression

Wy = aigHH {0}, 5)
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which is nonlinear in field in this case. Eventually, we
come to a qualitatively new property of the system of
dipoles. It may be concluded that the external field H;
induces an additional magnetic dipole polarization of

the medium M, = O(i({(“) H;, which can interact with the

field H,. Here, O(i({(") is the quadratic magnetic suscepti-
bility of the medium.

Thus, we introduced a nonlinear interaction
accounting for the nonlinear response of the medium to
a magnetic field. Basically, the tensor o may have an
arbitrary number of subscripts. In the expression for
energy, it must be convolved with the corresponding
symmetric tensor for the vector of the external mag-
netic field strength. A system consisting of electric
dipoles may naturally experience deformations similar
to those described above. If the electric susceptibility
0 is substituted for the magnetic one, the expression
for the energy of interaction with an external electric
field will be completely identical to Eq. (5). Inred sys-
tems, atoms and molecules are in continuous motion
due to external and internal factors. Therefore, interre-
lation between the sources via the fields may give rise
to mixed polarizabilities. For example, in the case of
electromagnetic polarizability, the interaction energy is
given by

Wy, = BSPEH H,. (6)

Bearing in mind the organization of computer mem-
ory, we introduce the polarizability of the third rank,
corresponding to the Hall effect symmetry, and the
respective interaction energy

1
Wy, = Eai(EIm)Ein\]la (7)

where J, isthe external current passing through the sys-
tem.

In particular, this current may be a displacement
current when the system is inside a capacitor. Assume

that the tensor a 5" is asymmetric with respect to sub-
scriptsi and k. Then, for a given experimental configu-
ration, the asymmetric part of the tensor E;H, can be
related to the Poynting vector of light passing through
acrystal with appropriate nonlinear properties. Follow-
ing the preceding considerations, we may introduce the
induced toroidal polarization

1
T, = EaffgﬁEinsaﬁf’“)sj, )

responding to the current J, passing through the crystal.

Indeed, an electromagnetic wave may reorient the
polarization of a ferromagnetic dielectric, turning it
into a weak ferromagnet with a toroidal polarization.
Such behavior is typical of perovskites, manganites
[23], and other complex compounds.
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In experiments, approaches to measuring the toroi-
dal polarization are simpler. For example, Popov et al.
[10] studied the response of Fe-Ga oxide single crys-
tals to a magnetic field. It is known that such materias
combine the ferromagnetic and piezoel ectric properties
(by analogy with elastic loops). The authors of [10]
measured the electric polarization induced in the crys-
tal by amagnetic field H:

P, = a™H,, (9)

(em)

where aj;
bility.

The asymmetric part of the tensor a™ defines the

dipole toroidal moment in accordance W|th the duality
relation

is the tensor of electromagnetic suscepti-

(em)
ij
where e is the Levi-Civita symmetric unit tensor.

The polarization per unit volume of the oxide gives
the dipole toroidal moment [T| = 24 pg A. Similar
results were obtained for Cr,O; magnetoelectric sub-
jected to a strong magnetic field (exceeding the field of
spin flop transition).

(em) —

a —CX - eijka’ (10)

CONTRIBUTIONS OF THE POLARIZABILITIES
TO THE VECTOR POLARIZATIONS AND THEIR
MULTIPOLE EXPANSIONS

In this section, we develop a comprehensive formal-
ism of contributions of the highest (mixed) polarizabil-
ities to four basis densities of polarization distribution
for an arbitrary medium: P, M, T®, and T@. Further
multipole expansion of the energy of their interaction
with external polarizations would generalize the above
formulas for the case of nonlinear media. Based on the
fundamental interactions of each of the polarizations,
we introduce polarizabilities that take into account all
possible mechanisms whereby external fields and cur-
rents induce a given polarization. The most general
expression for electric polarization up to contributions
of the fourth order is given by

P=aYE+al EE+al? : EEE
+..+af™ EH+af™ : EEH +. [3‘””
B(m) HH +B(m) HHH + . B(me)

+ B(me) HHE + ... +y(T) EU(m) +y(T) . Jme

(11)

+ye) MMM Ly BTy HOT

(emr) .

o Y™ EHIM 4 L+ 30 e+ Y 3¢
+87 1 3°3°0%+ ... + 8¢V EJ°
+30™  HI%+ L+ 3™ : EHI®+ .
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Here, dots denote the number of contracted subscripts
in the corresponding tensor, J™:= 1/c(j + D) = curlH,

Jé:=curlE, and subscripts at the polarizabilities denote
their tensor rank. One can passto irreducibl e tensors by

introducing half-sums and half-differences for a{™
and BY™ , etc. For magnetic polarlzatlon, we obtain

M =a™mH+a"

+ agem)

THH+6" : HHH + ..

.+ ﬁ(ze) (E
5(me)

.+ B3
o+ V(T) EU(m) + yg) J J

o (en) .

- tTYs

HE+aS™ : HEE+.

58

+B3

a(me) .

+ B4

~(0 .
tVYy

EE+BY : EEE+.

: EEH +.
(12)

A A L L CHIM P BT

L+ + 80 g

s(er) |

J?JX%+ ... +03  :EJ°
S(m1) | ~(emt) |,

+8 tHJI+...+0s i EHI+.
for toroidal polarlzatl on of magnetic nature,

Ty = ol +ad 3" +al” : 3"+

~(met) .

+ L+ HEI™ +

+ 655)

+ a(3re)

4 [_3(26) E
B(ET) :
HH
cI"H (9 3"E

+ 6(T) o+ 6(T)

J'E+al? : J"EE+.

+8 EE+BY : EEE+.

(e .

+Ba

o(m) .
+Yq

: EEJ"+. y(m)EH+\7(m)
_(Tm? : (13)

HHH + ... + V5

—(tme) .

+ . 4y s J"HE + .

o+ 6(er) :

o+ 6g'meT)

6(T)

+ 6(Smr)

JI°0%+ .
HJI®+. EHJI®+.
and for toroidal polarization of electric nature,

T, =6y we+ad : 7% +al) 1 3°0°0°+.
(e)

+Bz

~(en) |
.+ B3
YV H + y(m)

~(tm)
- tY3

+0: PE+al™ : J’EE+ .

+ Bée)
+B5Y : EEJC+

+y§” : HHH + .

PORS

EE+ps : EEE+.

HH
(14)

- PH +y89 : I°E

~(tme) .

4+ 6(T) ™+ 6(T) gm

4 6(36'[) :

4 6Elmer)

+ o 4y JTHE + .

+ 6(T)

+ 6(3mr)

JTIM EJ"

cHI™+ . EHJ™+ .
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With allowance for dual symmetries, B{™ = B(ze),
&) = 6(;), etc. All the contributions to the polariza-
tions containing vectors J™ and J® are called nonlocal.
In several recent experiments, they were separated from
local effects [24]. In these formulas, some of the field
strength vectors can be replaced by their derivatives.
The rank of the polarizabilities will increase in this
case, and these contributions to the corresponding
polarizations will become nonlocal. A set of nonlinear
cross terms may include not only magnetoel ectric ones,
but also mechanomagnetic, thermoelectric, and others.

Let us proceed to multipole expansion of the vector
polarizationswith regard for the properties of the polar-
izabilities. For this purpose, we use formulas (1) and
(2) for the interaction energy between these polariza-
tions and externa fields. We start from the analysis of
electric polarization. The presence of the electric field
vector in the associated expression modifies the defini-
tion of the multipole moments. The dipole moment Q =

J’P (r)d®r acquires additional terms due to the polariz-

(emt)

abilities al?, o, ..., v§
tribution related to o is

, ... . For example, the con-

QY = ol J’EEd3r. (15)
Such a contribution can be considerable if the

medium exhibits strong nonlinear propertiesand 0((39) is

large. This addition also depends on the integral. In
spherical coordinates, it can be rewritten as

J’Ei Ed’r = IEZerrIninde,

wheren = E/|E|.
Such integrals are common in electrodynamics and

statistical mechanics. They are found from the general
formula

(16)

J By
1 L a7
= I—_—!{éijék...é__|—Bikéj...a')_J+ .}

These integrals become difficult to take if divE =0
or divH = 0. Fields applied to crystals in physica
experiment may be of different natures (in particular, of
different frequencies). Specifically, the Pockels effect,
usually considered as linear, is actually a second-order
effect, since it involves the simultaneous action of a
low-frequency electric field and alight wave where the
electric component usually prevails. The well-known
Kerr effect is believed to be quadratic, because the
refractive index of acrystal isproportional to the square
of the low-frequency refractive field. However, judging
from the expression for interaction energy, thiseffect is
generally of thethird order. One should also distinguish
between static and dynamic effects. In the latter, one
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must take into account sum and difference frequencies,
which may strongly influence the amount of the effect.
Using expression (11), one can easily derive a
formula for Q where all the nonlinear local contribu-
tions are included. If in (11)—(14) we capitalize the let-
ters denoting the nonlocal polarizabilities, the contribu-
tion, for example, from the nonloca polarizability of
the second rank to the dipole moment will be repre-
sented as
QY = AP : ID Ed’r. (18)
The tensor in the integrand can be separated into
irreducible parts. Then its trace, equal to divE, will be
the external charge density distribution. The symmetric
and antisymmetric parts are responsible for interaction
with the quadrupole and axial components of an exter-
nal field, respectively.

CONCLUSION

A comprehensive formalism of such multipole
expansions is easy to develop. The parametrization of
the expression for the interaction energy between a
polarization and an external field will lead to a cubic
lattice infinitely occupying the space, for example, in
the positive directions of the X, Y, and Z axes. On the X
(principal) axis, we will plot the values of the moments
describing a complex electromagnetic system in order
of ascending | polarity. On the Y axis, we will plot the
contributionsfrom theradii (to the power 2n) of thedis-
tributions for each of the moments in order of ascend-
ing power n. Recall that multipole analysis is mathe-
matically based on the theory of generalized functions.
Therefore, in spite of the erroneous views regarding the
domination of the moments, the values of theradii may
appear to be much more important for the description
of a particular system. Specifically, an elipsoidal dou-
blelayer with asmall eccentricity ismore appropriately
described by the rms charge radius than by the electric
quadrupole moment. From the geometrical point of
view, the radii describe the deviation of each of the
I-pole moments from its value specified at the point
with actually zero dimensions [25]. As follows from
[25], both moments and radii could be corrected for
nonlinearity in theinteraction of agiven systemwith an
external field. The corrections can be plotted vertically
in parallel to the Z axis (in order of ascending number
of subscripts in the polarizability tensors) over each
position of the matrix fixing the values of the moments
or radii.

Note that the mgjority of experiments employ either
static or harmonic fields. It should be noted that, to
reveal first-order vortex structures (toroidal dipoles),
the “true” response function (i.e., free of other multi-
poleinteractions) isobtained by applying fieldslinearly
increasing with time. The contributions of the poloidal
dipoles (second-order vortex structures or two-tori
[26]) can be revealed by applying a magnetic field that
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grows quadratically with time. In general, the power in
the time dependence of the field must equal the order of
an n-torus. It isnatural that the response amplitude will
decrease sharply with increasing n owing to the rel ativ-
istic factor (1/c)" in the expression for the energy of
interaction of an n-torus with an external field.

Note that the separation of the vector contributions
is most convenient in analyzing, for example, small-
size crystal objects. The advantages of the method
become even more obvious in studying the el ectromag-
netic responses from low-dimension structures used in
nanotechnol ogy.
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Abstract—A simple model of the classical random walk of particles with a constant speed and anisotropic
angular distribution is used to study the characteristic features of mesodiffusion, that is, of an intermediate stage
between the ballistic regime (short times) and ordinary diffusion (long times). In the extreme case of anisotropy,
namely, walking along a straight line, the process can be described by the telegraph equation, whose solution
contains &-functions accounting for the ballistic component. As the anisotropy becomes less pronounced, the
o-singularity transformsinto afrontal burst (the quasi-ballistic component), beyond which the distribution can
be satisfactorily described by the telegraph approximation. In the other extreme case of isotropic walking, the
frontal burst disappears and the telegraph approximation, contrary to general belief, proves to be cruder than
the diffusion approximation. © 2001 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

Research into the preparation of high-purity semi-
conductor materials with perfect crystal structure gave
birth to a new branch in condensed matter physics, the
study of mesoscopic systems [1-3]. Mesoscopic nano-
structures present a unique possibility to experimen-
tally study thetransfer processin amedium with awell-
defined potential field not perturbed by random impuri-
ties and other defects. The existence of three temporal
intervalsis essentia to this process in which the trans-
fer mechanisms are different: an interval (0, t;) where
the ballistic transfer is dominant; an interval of (t,, «);
aninterval (t,>t,) of ordinary (gaussian) diffusion, and
an intermediate interval (t,, t,) of atransfer mechanism
called mesoscopic diffusion [4], which we will call
mesodiffusion.

The quantum-mechanical analysis of the one
dimensional problem carried out in [4] has shown that
the distinctive feature of mesodiffusion is a deviation
from Fick’s law

j = -0

ox’

which isreplaced in thisregion by the Maxwell—Catta-
neo relationship
i = _p2P_gdi
j = Dax Gat, ©>0.
In combination with the continuity equation

0p _ _0]

ot ox’
it gives an equation for the distribution density p(x, t) of

the particles

0°p

x>

whichis called the telegraph equation. Its solution for a
short-time (for example, instantaneous) source repre-
sents a diffusion front, beyond which there are no dif-
fusing particles, and in the vicinity of which they travel
in the ballistic regime. At long times, the ballistic com-
ponent decays and the remaining part of the solution for
large samples transforms into a gaussian packet that
satisfies an ordinary diffusion equation.

The results obtained in [4] apply, however, to a
rather artificial model of a particle walking along a
fixed x-axis with zero transverse velocity component
and an aternating longitudinal component (the one-
dimensional walk). This model does not distinguish
between the nonscattered particles and those multiply
scattered in one (say, positive) direction of the x-axis,
thus eliminating the differences between the telegraph
and kinetic equations, on the one hand, and creating the
specific d-singularity at the diffusion wave front that is
lacking in the real physical process on the other.

The other extreme case is considered to be the one-
velocity model of isotropic scattering, a time-indepen-
dent version of which was thoroughly studied in con-
nection with its use in neutron physics and nuclear
reactor problems [5—7]. The time-dependent version of
the model is considered in relatively few papers (see
reference in [8-10]) in which the telegraph equation
appears as an approximation. However, the quantitative
analysis of its accuracy has not still been carried out.

The present study considers the class of the mesod-

iffusion models relying on a parameter v 0 [1/./3, 1].
It is assumed that the distribution of the cosine of the

a_p + @(ﬁ)
ot ot?
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angle w between the x-axis and the direction of particle
movement after scattering is independent of the direc-
tion of movement before scattering and has the density

2
W) = L6, st o= L Fz0.)
2 1-v
The initial direction of a particle which starts to
move from the origin of the coordinates at thetimet =0
has the same density distribution. The parameter

1 172
2
v = [J’oozwv(w)doo} _ o+ > L
-1

“+30 T

is the root mean sguare cosine, v = 1/./3 for isotropic
walking and v = 1 for one-dimensional walking. The
smooth dependence of the scattering indicatrix (1) on
the parameter v enables the evolution of distributions
with the variation of v to be followed and a conclusion
about the relationship between the solutions of the dif-
fusion, the telegraph, and the kinetic equations, to be
made.

THE TELEGRAPH EQUATION
AND ONE-DIMENSIONAL MESODIFFUSION

The telegraph equation, derived (as pointed out in
[11]) by Lord Kelvin in connection with the laying of
thefirst transatlantic cable, has the form (in dimension-
less time unitst)

o°f, of,  ,0°f,
+ = V—.

ot> Ot ox°
Its solution f,(X, t) has the meaning of a current at a
point x of the conductor at t. The parameter v isrelated

to the self-induction and the resistance of a conductor
of unit length. Under theinitial conditions

f,(%0) = 8(x), [aF,(x )/at]|,_, = O,

)

it consists of two terms
fo(xt) = fOx 1)+ fO(x 1). )

The first term describes two instant pulses moving
away from the origin of the coordinateswith avelocity v:

fOx, 1) = :—2L[6(x—vt)+6(x+vt)]exp{—t/2}.

The second term gives a continuous part of the solu-
tion that fills the interval between these pulses (vt <

X < Vt):
F9(x, 1) = %[IO(A/(tZ —X2IvA)/4)

+ 1(«/('[2 - X2/V2)/4)/A/t2 —XNPet?,
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Note the following properties of this solution:

fo(x,t)>0, [x <vt,
fo(x,1) =0, |x >vt, @)
vt
J'fv(x, t)ydx = 1, (5)
—-vt
vt
Ixzf\,(x, t)dx = 2v7[t+exp{—t} —=1],  (6)
-vt
(%) Dgy(x 1) = —t—expd2
JATvAt witg o (O
{ — 00,

These turned out to be just the properties needed for
the description of a quite different process—symmetri-
cal random walk along astraight line[12-15], in which
f,(x, 1) has the meaning of the probability density at
timet and the parameter v is the velocity of free move-

ment of aparticle. Theterm f 50) (%, t) describesthe dis-

tribution of the particles which did not change their
direction of movement during timet. They are found at
points x = vt and x = —vt and form the front of the dif-
fusion packet which occupies the interval [-vt, vt]; the
probability to find a particle outside this interva is
equal to zero. At t — oo, the function f,(x, t) tends to

the normal distribution g,(x, t) with the variance 2v%
[13] and satisfies the ordinary diffusion equation

2
at axz

with the initial condition g,(x, 0) = 3(x). Because of its
approximate (asymptotic) nature, the function does not
contain information about the diffusion front, but
describes only the large central part of the diffusion
packet (Fig. 1).

ISOTROPIC MESODIFFUSION

From the physical point of view, however, the one-
dimensional model consideredin [4] provesto berather
artificial, since, as aresult of collisions, the velocity of
areal particle may take other directionsaswell, not just
the ones colinear to the x-axis. We chose the unit of
length in such away that the absolute value of the par-
ticle velocity between collisions (assumed to be con-
stant) would be equal to 1. In the case of one-dimen-
sional walking of such a particle along the x-axis, its
distribution will be described by the density f(x, t). If
the particle acquires anew direction independent of the
previous one and possessing the same distribution as
theinitial one after a collision then the density p(x, t) of
No. 2
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the distribution of its x-coordinate at timet satisfies the
integral kinetic equation [10, 16]

p(x, 1) = pV(x1)

t t

] ] (0) 1o 1 1 (8)
+J’dtJ’dxp (X, t)p(x=x,t-t),

where pO(x, t) is the distribution density of the x-coor-
dinate of the nonscattered particle.

From elementary probabilistic considerations, it can
be found that this random coordinate is uniformly dis-
tributed between —t and t for an isotropic source (we
recall that the velocity is equal to 1)

-1
(O)(X t) — EKZt) exp{ _t} |X| <t (9)
ED, x| >t.
Let Y(x, w, t) bethejoint distribution density of the

x-coordinate and the cosine of the angle between the
particle velocity and the x-axis at timet:

1

J'lp(x, w, t)dw = p(x,t).

It is known [16] that the integral equation (8) with
kernel (9) is equivalent to the integrodifferential Boltz-
mann eguation

l

[§t+w(%+1}l“(x wt) = IllJ(x w, t)dw (10)

with theinitial condition

Wx @ 1) = 35(4).

Expansion in terms of Legendre polynomials

i) = Y (1+ V2P (@Wi(x ),

1

lIJI(X! t) = Ipl(w)w(xi , t)d(k), llJO(X1 t) = p(X! t)

transforms Eq. (10) to a chain of equations

allh 1 6llJ,+1 an| 1
ot 2|+1[(I D% }

Retaining thefirst L + 1 equations and discarding in
the last of them the term dy, . ,/0Xx, we obtain a P,
approximation that is well known in neutron physics
[7-9]. In particular, in the P; approximation,

%_i_a_l-pl _ al-lJl 10Ll)0

3t T ox ' 3t T30x

+1 =, =

+y, = 0.
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Fig. 1. Thedistributions Y(&, t) = tfy(&t, t) (solid curve) and
W'(€, t) =tgy(&t, t) (dashed curve) for one-dimensional ran-
dom walking.

Eliminating Y, from this equation, we obtain an
equation for Y, = p in the form

0’ p dp _ 16 dap
af Ot 3gy
so that
p(Xv t) = fl/ﬁ(xv t) (11)

The presence of v = 1/ J3 is clear since the root
mean square projection of the isotropically distributed
unit vector of the velocity onto one of the axesis con-
sidered. However, the solution of Eqg. (11) according to
the properties (4)—7) is nonzero only in the interval

[-t/./3, t/./3] and has 3-singularities at the boundary
points, whereas the exact solution covers the interval
[-t, t] and at the boundary points has finite discontinu-
ities equal to (2t)‘exp{-t} due to nonscattered radia-
tion (9). Figure 2 shows that in this problem, the tele-
graph approximation describes the transfer process|ess
accurately than the diffusion approximation. This
result, unexpected at first glance, calls for care regard-
ing the conclusions of studies in which the time-depen-
dent diffusion approximation is refined with the use of
the telegraph equation [17, 18].

ANISOTROPIC MESODIFFUSION

As is evident from the foregoing, the relations
between the diffusion and telegraph equations and the
kinetic equation in the considered extreme cases are
opposite in a certain sense; namely, in the one-dimen-
sional case, the diffusion solution is a poorer approxi-
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Fig. 2. The distributions Y(&, t) = tp(&t, t) for isotropic ran-
domwalking. Dots are the results of the Monte Carlo simu-
lation, solid curves are the telegraph approximation, and
dashed curves are the diffusion approximation.

mation, while in the three-dimensional isotropic case,
conversely, the telegraph approximation isless accurate
than the diffusion approximation. A smooth transition
from one case to the other can be conveniently achieved
by taking the angle distribution of a particle after exit
from the source and after each scattering in form (1).

The telegraph approximation in this scheme is easy
to obtain using a Fourier—Laplace transform of the
integral equation (8) with the distribution of nonscat-
tered particles corresponding to the indicatrix of scat-
tering (1):

pQ(x 1) = t'W,(x/t)exp{—t}, [X<t. (12
Asit follows from Eg. (8), the transform
0 t
p(k,A) = IdtIdxexp{ikx—)\t} p(x,t)
0o -
satisfies the equation
Pk A) = (kM1 +p(k M), (13)

where

] t

5”RKA):quvxam{mx-xupwkxn
0

w'dw
1)? + (wk)?

=(a+1)(A+ l)J‘(}\ "
0
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[

nk f"

_a+1 (-1)"
)\+1202n+0(+1D\+1D '
n=

Atk —= 0, thistransform has the asymptotics
A+l
(A + 1) +VK*

Substituting it into Eq. (13) and executing simple
transformations, we obtain

[A*+ A +VK]p(k A) = A+1.

This relationship is nothing else than the Fourier—
Laplace transform of the telegraph equation

pV(k,\) O

0°p , dp _ 20°p
v ot Vg P

with the initial conditions p(x, 0) =
[0p(x, t)/dt]};=o = O.

A comparison of solution (3) aboveto Eq. (14) with
the results of numerical solution of the integral equa-
tion (8) with kernel (12) by Monte Carlo simulation
(see the Appendix) is shown in Fig. 3 in variables & =
x/t and

(14)

o(x) and

W(E 1) = tp(&t, t).

In the top part of the figure, it is seen that even at
v? = 1/2, where the angle distribution linearly depends
on w, intheregion & <v the telegraph solution is closer
to the exact solution than the diffusion one. As the
anisotropy is further increased, a frontal burst appears
in the exact solution, which describes the distribution
of the particles that always move with a positive x-pro-
jection of the velocity. In the limit v2 — 1, this burst
transforms to the limit &-function of the telegraph solu-
tion. At v2 > 0.7 outside the frontal burst, the telegraph
approximation is in good agreement with the exact
solution.

FRONTAL BURST

An analytical description of the frontal burst can be
conveniently obtained using the so-called method of
moments [19, 20]. Let z=t — x be alag of the particle
from the extreme point of thefront t and p*(z, t) thedis-
tribution over zat timet of particlesmoving all thetime
in the positive x-axis direction, more specifically, those
invariably having a positive projection of the velocity
on this axis. For this density, an equation similar to
Eq. (8) will also be valid (corrected for the nonnegativ-
ity of 2):

p'(zt) = p9®z 1)

t t

+ dt' [dzp9(z, t)p'(z—2Z, t—t) 15
{ { p(Z,t)p : :
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where
pP(zt) =t7W,(1-2/t)exp{—t}, O0<z<t. (16)

It is convenient now to perform the Laplace trans-
form over both variables, zand t:

00 0

p(s,A) = IdtIdzexp{—At—sz}pYz, t),
0o o
giving the formula

5 (S,)\) = T (17)

Obvioudly,
[0"07(s,A)/0S"]s=0 = (=1)"M, (M),

where

00

m,(A) = J'eXIO{ —At}m,(t)dt
0

is the Laplace transform of the nth moment of the dis-
tribution p*(z t)

m,(t) = J’z”p+(z, t)dz.

For nonscattered radiation,

1
a+1 w'dw

~(0) —
PN = T s
0

from whence

1
2(1+ N (a+2)

0 - (0) -
'V = 5y M) =

2
(L+ M) +2)(a +3)

and so forth. Differentiating Eq. (17) with respect to s,
we obtain the corresponding expressions for the
moments of the distribution of all particlesforming the
frontal burst:

iy’ (A) =

(a+2)(2:n + 1)%

22N+ 1)(a +2) + (a + 3)
(o +2)%(a+3)(A +1)(2A +1)%
and so forth. The inverse Laplace transform by the res-

my,(A\) = 4

TECHNICAL PHYSICS Vol. 46 No.2 2001
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Fig. 3. The distributions Y(&, t) for t = 5 and the specified
valuesof v-. Thetop plot correspondstoisotropic walk. The
notations arethe same asin Fig. 2. The d-singularitiesin the
telegraph approximation are denoted by vertical arrows.
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Fig. 4. Distributions {s* (&, t) = tp™(Et, t) of particles moving
in the positive x-axis direction. Solid circles are the results
of Monte Carlo simulation; solid curves are approximations
by Eqg. (21) and for particles which changed their x-compo-
nent sign of the velocity at least once. Open circles are the
results of the Monte Carlo simulation.

idue method gives
my(t) = (U2)exp{-t/2},

18

(1) = 5oy e@l 2}, (9
_a-2t+t2,  4(t-2) 3

m = | (o +2)° eI T t’(zl}g)

4(a+1)
(a+2)%(a +3)

Using the obtained relationships for the moments, it
is easy to find the center of gravity of the considered
particle distribution:

exp{-t}.

o — - _ _a+1, 2t
X =t—-z=t-m(t)/my(t) = a+2t = v
whose velocity
x = 2
1+v72
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at v? closeto the limiting value of 1 isonly dightly less
than the velocity of the front formed by the nonscat-
tered particles (16) moving paralel to the x-axis. The
dispersion of the considered packet

0s = 02 = my(t)/m(t) — [my(t)/my()]”

increasesat t —» o as 4(a + Ht/[(a + 2)%(a + 3)], SO
that itsrelative width

2
J(a+1)(a+3)t

tendsto zero with time ast V2. The propagation regime
of such particles will be referred to as quasiballistic. It
alsoincludesparticlesintheballistic regime; that is, the
nonscattered particles whose distribution is given by
density (16) and characterized by afinite surge

3(t) = o, (t)/x(t) O

Ap@ = p0,1) = exp{—t} (20)

The fraction of ballistic particlesin aquasi-ballistic
packet is

n(t) = m’(t)/my(t) = exp{-t/2}.
Except for step (20), the solution of Eq. (15) can be
approximated by the formula

p'(zt) = Zryg‘zf)exp{ t12—(u2)"}.

It meets the normalizing condition

00

J’p+(z, t)dz = (1/2) exp{-t/2}
0
and has the moments

r((n+2)/y)

exp{-t/2}.
2u"T (21y) P{=/2)

J’znp+(z, t)dz =
0

Equating the first and second moments to those
given by Egs. (18) and (19), respectively, we obtain a
system of equationsto determine parametersy and 1 as
functions of t and v?:

my(t)

[my(1)]?

_ __[(8ly)
—2my ()M (21y)

2r (4y)r(2ly) _
[F(3/y)1°

exp{-t/2},

exp{-t/2}.

The results of the numerical calculations of y(t, v?)
and p(t, v?) are presented in the table. In Fig. 4, the
TECHNICAL PHYSICS  Vol. 46

No. 2 2001
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The parametersy and L in formula (21)
t 0.80 0.90 0.95 0.99
Y M Y M Y H Y M

2 0.854 12.69 0.765 35.73 0.729 84.69 0.703 484.8

4 1.103 3.777 0.978 9.908 0.928 22.70 0.892 126.5

6 1.401 1.808 1.229 4.505 1.161 10.07 1111 55.01

8 1.756 1.093 1521 2.622 1.428 5.752 1.362 30.98
10 2.184 0.758 1.861 1.767 1.737 3.822 1.650 20.36
12 2.709 0.573 2.262 1.308 2.096 2.799 1.981 14.78
14 3.378 0.459 2747 1.032 2.521 2.189 2.368 11.48
16 4.280 0.384 0.348 0.851 3.035 1.793 2.828 9.359
18 5.609 0.332 4.129 0.726 3.678 1521 3.391 7.900
20 7.914 0.294 5213 0.635 4.524 1.324 4.107 6.849

approximation

PrE ) = tp (1=t 1)

20,1200 (21)
_ tvzt;é_zlly)é)exp{_uz-mt(l—z))y}

is compared with the results of the Monte Carlo simu-
lation of the distribution of particles moving al thetime
in the positive x-axis direction. Good agreement
between these results enables the solution of the kinetic
eguation to be presented in the form of a sum of the
slowly varying component of the solution of the tele-
graph equation and two bursts Y*(§, t) and W, t),
which are symmetric about the origin of coordinates.

CONCLUSIONS

The main conclusions of the study are as follows.
The spatial distribution of particles emitted by an
instantaneous point source in the case of mesodiffusion
differs from the ordinary diffusion distribution by the
occurrence of afront, beyond which the density is zero.
Thefront moves away from the source with the vel ocity
of afreely moving particle.

In the case of one-dimensional mesodiffusion, there
are d-singularities at both fronts accounting for the bal-
listic regime. Together with the continuous part of the
solution of the telegraph equation, they give an exact
solution of Boltzmann's kinetic equation.

Taking into account the angl e distribution of the par-
ticles results in the disappearance of the singularities
and the emergence instead of well pronounced frontal
bursts in the case of strong anisotropy when v2 > 0.8,
which merge into the background of the smooth com-
ponent at v2 < 0.7. The shape of the surges correspond-
ing to the ballistic regime is well approximated by for-
mula (21).

TECHNICAL PHYSICS Vol. 46
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At v2 > 0.7, the continuous part of the telegraph
equation is in satisfactory agreement with the solution
of the kinetic equation (if € is not too close to 1) and,
together with the above-mentioned approximation of
the frontal burst, can be used as an approximation of the
exact solution.

In the case of weak anisotropy, the telegraph
approximation approximates the exact solution less
accurately than the diffusion approximation.
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APPENDIX

SOLUTIONS OF EQUATIONS (8) AND (15)
USING MONTE CARLO SIMULATION

The analog simulation of the considered process
presents no special problems; however, the obtained
histograms are not very convenient for describing the
density in the region of high gradient. Indeed, in the
analog simulations, the estimation of the density p at
point x* at time t* is obtained by building an elemen-
tary section (layer) of length Ax* in the vicinity of the
point x* and calculating the quantity

N(AX*, t*)

A * txk) =
P(AX*, t*) NAX

(A1)

where N, isthe total number of statistical sampling tra-
jectories; N(Ax*, t*) isthe number of trgjectorieswhich
arefound in the layer Ax* at the moment of time t*.
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The estimator (A1) is not unbiased and its mathe-
matical expectation

1 x
Ax*Ip(X’t )dx

Ax*

MP(AX*, t*) =

is equal to the function p(x, t*) averaged over Ax*
rather than its sought-for value p(x*, t*). According to
the mean value theorem,

1
AX*

_[p(x, t*) = p(x,t*),
Ax*

where X' 0 Ax*, but the exact position of X' is not
known.

This uncertainty is the source of a horizontal error.
Estimator (A1) itself contains a statistical “vertical”
error.

Obviously, the horizontal error component can be
reduced by decreasing Ax*, which in turn resultsin an
increaseinthevertical error. It ispossibleto completely
eliminate the horizontal error from the results by tran-
sition from the analog scheme to the following modifi-
cation of the method. Let

t*

Jy(t*) = [dtfdxh(x, t)p(x.1), (A2)
0

and Xy, Ty, X5, T ...y Xyeys Ty € random coordi-
nates and instants of time of the collisions of the parti-
cle in agiven trajectory; N(t*) is a random number of
collisionsin theinterval (0, t*). It is obvious that

N(t*)
h(t) = 3 h(X, T)

i=1

(A3)

is the unbiased estimate of the functiona (A2)
MJIn(t*) = Ju(t%).
Now represent Eq. (8) in theform
P(X*, t*) = po(X*, t*) + Ju(t*),
where
h(x, t)

According to Egs. (A2) and (A3), the unbiased esti-
mator of the functional J,(t*) is

= Po(X* =X, t* —1).

N(t*)

jh - Z po(x*—Xi,t*—Ti).

i=1

(A4)

Since po(x* — X, t* — T,) in the adopted system of
units describesthe density of the flux and the density of

UCHAIKIN, SAENKO

collisions of nonscattered particles, then estimator (A4)
can be considered as asort of local estimation [21].

=

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21

REFERENCES

I. M. Lifshits, S. A. Gredeskul, and L. A. Pastur, Intro-
duction to the Theory of Disordered Systems (Nauka,
Moscow, 1982; Wiley, New York, 1988).

V. F. Gantmakher and M. V. Feigel’son, Usp. Fiz. Nauk
168, 113 (1998) [Phys. Usp. 41, 105 (1998)].

Direction in Condensed Matter Physics. Physics of
Mesoscopic Systems, Ed. by G. Grinstein and G. Ma
zenko (World Scientific, Singapore, 1986).

S. Godoy and L. S. Garcia-Calin, Physica A (Amster-
dam) 258, 414 (1998).

B. Davison, Neutron Transport Theory (Clarendon,
Oxford, 1957; Atomizdat, Moscow, 1960).

G. I. Marchuk, Computing Methods of Nuclear Reactors
(Gosatomizdat, Moscow, 1961).

K. M. Case and P. F. Zweifel, Linear Transport Theory
(Addison-Wesley, Reading, Mass., 1967; Mir, Moscow,
1972).

A. M. Weinberg and E. P. Wigner, The Physical Theory
of Neutron Chaim Reactors (Univ. of Chicago Press,
Chicago, 1959; Inostrannaya L iteratura, Moscow, 1961).

K. H. Beckurtsand K. Wirtz, Neutron Physics (Springer-
Verlag, Berlin, 1964; Atomizdat, Moscow, 1968).

R. Garcia-Pelayo, Physica A (Amsterdam) 258, 365
(1998).

R. GarciaPelayo, Physica A (Amsterdam) 216, 299
(1995).

P. Frank and R. von Mises, Die Differential- und Integ-
ralgleichungen der Mechanik und Physik (Vieweg,
Brunswick, 1930, 1935; ONTI, Moscow, 1937), Vols. 1, 2.

A. S. Monin, lzv. Akad. Nauk, Ser. Geofiz., No. 3, 234
(1995).

M. Kac, Some Sochastic Problemsin Physicsand Math-
ematics (Magnolia Petrolium Co., Dallas, 1956; Nauka,
Moscow, 1967).

A. S. Monin and A. M. Yaglom, Satistical Fluid
Mechanics (MIT, Cambridge, 1971, 1975; Gidrome-
teoizdat, St. Petersburg, 1992).

V. V. Uchaikin, PhysicaA (Amsterdam) 255, 65 (1998).

S. L. Sobolev, Usp. Fiz. Nauk 167, 1095 (1997) [Phys.
Usp. 40, 1043 (1997)].

V. A. Lykov and V. G. Nikolaev, Zh. Vychid. Mat. Mat.
Fiz. 38, 1907 (1998).

A.Ya. Ender and I. A. Ender, Zh. Tekh. Fiz. 69 (6), 22
(1999) [Tech. Phys. 44, 628 (1999)].

A.Ya Ender and |. A. Ender, Zh. Tekh. Fiz. 69 (9), 6
(1999) [Tech. Phys. 44, 1005 (1999)].

S. M. Ermakov and G. A. Mikhailov, Course of Statisti-
cal Modeling (Nauka, Moscow, 1976).

Trandated by M. Lebedev

TECHNICAL PHYSICS Vol. 46 No.2 2001



Technical Physics, Vol. 46, No. 2, 2001, pp. 147-153. Translated from Zhurnal Tekhnicheskor Fiziki, Vol. 71, No. 2, 2001, pp. 16-22.

Original Russian Text Copyright © 2001 by Chirkov, Ageev.

THEORETICAL AND MATHEMATICAL PHYSICS

On the Natur e of the Ahar onov—Bohm Effect

A. G. Chirkov* and A. N. Ageev**
*Q. Petersburg Sate Technical University,
Politekhnicheskaya ul. 29, &. Petersburg, 195251 Russia

** | offe Physicotechnical Institute, Russian Academy of Sciences,
Politekhnicheskaya ul. 26, . Petersburg, 194021 Russia

Received March 31, 2000

Abstract—It isshown that zero-field potentials may be responsible for the Aharonov—-Bohm effect. A magnetic
field B = curl AT has a physical (gauge-invariant) meaning for field potentials A, whereas acirculation fCAOdr

has a physical meaning for zero-field potentialsA°. © 2001 MAIK “ Nauka/ I nterperiodica’ .

INTRODUCTION

TheAharonov—-Bohm effect, an intriguing quantum-
mechanical phenomenon, was predicted in 1939 and
1949 [1, 2] and then discovered and theoretically
treated in 1959 [3]. Its essence is that a charged quan-
tum particle moving in a region where a stationary
magnetic (or electric) field is absent but the vector (or
scalar) potential is nonzero is subjected to electromag-
netic influence. A deeper insight into the nature of the
Aharonov—-Bohm effect (ABE) has been given in the
course of long-standing discussion [4, 5]. However,
inexact and sometimes incorrect assertions on this
problem are still appearing in the physics literature.
The necessary condition for the ABE is the presence of
gauge-invariant potentials that do not produce €electro-
magnetic fields. Since such potential s (zero-field poten-
tials) must have the form

the function W was, generally speaking, mistaken for
the function of gradient transformation in the vast
majority of works. This resulted in a paradox in both
classical and quantum cases: “..., we may retain the
present local theory and, instead, we may try to give a
further new interpretation to the potentials. In other
words, we are led to regard A(r) as aphysical variable.
This means that we must be able to define the physical
difference between two quantum states which differ
only by gaugetransformation” [3]. In papers devoted to
the ABE, the necessary condition for its existence has
virtually not been discussed. In the stationary case, it
was generally assumed that “a nontrivia topology of
the region of charged particle propagation” is necessary
for the ABE [6].

After the cogent experiments of Tonomuraet al. [7],
the potentialities of studying the stationary ABE had
apparently been exhausted and physicists began to
study the nonstationary ABE [8-12]. In [8, 9], the pos-

sibility of the quasi-ABE occurring in the presence of
solely field potentials was considered. In [10-12], a
variable magnetic flux was specified but corresponding
fields and potentials were not discussed. Nevertheless,
the origin and structure of the fields are of fundamental
importance for the ABE. Indeed, as was shown (see,
e.g., [13]), in the stationary case, the ABE is due to
zero-field potentials, changing only the phase of the
wave function. The necessary condition for the ABE is
the presence of zero-field potentials that cannot be
eliminated by gauge transformation.

The notion of zero-field (redundant) potentials was
first introduced for solving boundary problemsin elec-
trodynamics of anisotropic media [14-16] and is very
seldom encountered in the physics literature. The
authors of [17] argue that “electric and magnetic field
vectors cannot be expressed in terms of vector poten-
tials” in anisotropic media. The conventional approach
to such problems was to use electric and magnetic field
strengths or, for zero scalar potentials, vector potentials
proportional to them as unknown functions (Coulomb
gauge). Such an approach turned out to exclude the
possibility of satisfying boundary conditions in aniso-
tropic mediadue to theintrinsic structure of Maxwell’s
equations (see Section 2).

The use of electromagnetic potentials with nonzero
scalar potential in order to regularly satisfy boundary
conditions was first proposed by academician
Tikhonov in 1959 [18]. The evolution of these ideas has
given rise to a genera method for solving boundary
problems in electrodynamics of anisotropic media,
which isreferred to as the method of redundant poten-
tials [14-16, 19]. Its basic ideais the use of potentials
that do not generate an electromagnetic field to regu-
larly satisfy boundary conditions. The main results of
this method are reported in Sections 1 and 2. However,
even its authors state that “these potentials make no
physical sense, since, being a direct consequence of
gauge invariance, they generate zero electromagnetic
fields’ [19].

1063-7842/01/4602-0147$21.00 © 2001 MAIK “Nauka/ Interperiodica’
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Asisshown in Section 5, zero-field potentials, gen-
eraly speaking, differ from gauge transformation
despite the same form. The fact that two equivalence
relations for vector potentials A and A’ (curlA = curlA'
and A —A' = grady) do not coincidein the genera case
was apparently first mentioned in [20] and rigorously
proven in the cohomology theory [21].

1. ZERO-FIELD POTENTIALS IN A UNIAXIAL
DIELECTRIC MEDIUM
Consider an anisotropic dielectric medium with a
permittivity tensor € = diag(e, €, €,), i.e.,, a uniaxia
medium, which is the simplest special case of a homo-
geneous anisotropic medium.

The free-field Maxwell equations for electromag-
netic potentials have the form (in any gauge)

Mo .

graddivA —AA + “ o —EA+E=Egradd = 0, (1d)
C a at
div[ E*bl 2 + gradd } (1b)

where 0 is the Laplacian operator. Projecting these
equations on the principal axes of anisotropy, we obtain

azAx OZAX pgazAx
- 2 T2
ay> 97 ot
0 A 6 A, . HE 9° o _
6xay 6xaz cotax

(22)

O°A, O°A, A,
0yox 9x* 97
2 2 2
+p_§a A2y+a A uedd _ o
¢ 9t> 0dydz c otdy

(2b)

62Ax+62Ay °A,
0z0x 020y g2
" (20)
6 A, usla A, usla b _
ayz C at C 6'[62 ’

gazAx §62Ay+8_162AZ
coxdt coydt cozdt

2 2 2
+8Q%+sg—q—;+ela——q—2) = 0.

0X oy 0z
L et us use the Chetaev method [16, 19] to study sys-
tem (2). Its determinant, involving the operator coeffi-
cients, isidentically zero. This meansthat the equations
in system (2) arelinearly dependent. In this case, one of
the equations, e.g., the last one, may be eiminated.
Solving the obtained system by the Cramer rule, we

(2d)
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find the equations of differential constraints imposed
on the unknown functions:

d _
G LA = —OLL,0, A3)

where X, = ct and the operators L and L, have the form

L=—+—+——-pe—;, (49)
x> Yy’ 07 = 0x
@ 9> 9 0’
L, = —m+—+——-ug,—, 4b
Yo oy o7 Hlaxé (4b)
_ €,10°
=B
(4c)
A AV i
0% ay* €07 o

Relation (3) implies that the general potentials A
and ¢ are representable as the sums A = Af + A® and
¢ =¢"+ ¢°. The field-producing terms Af and ¢  sat-
isfy the basic (dispersion) relation (irrespective of the
gauge)

LL,LA" =0, LL¢' =0. (5)

The terms A° and ¢°, which identically satisfy sys-
tem (2) but do not satisfy (5), are related by the condi-
tion

dA

% + grad¢’

i.e., they do not generate fields.

In quantum problems, just asin the stationary ABE,
allowing for zero-field potentials causes only a change
in the phase of the wave function. Therefore, the pres-
ence of zero-field potentials is the necessary condition
for the ABE.

In the isotropic case (g, = €), each of the Cartesian
coordinates of the vector potential is an independent
solution of the wave equation. In order to satisfy the
boundary conditions, three independent solutions are
required [9]. Hence, the system of boundary conditions
is closed. For an anisotropic medium, this is not the
case: the introduction of zero-field potentials becomes
a must to satisfy the boundary conditions. This asser-
tion will be clarified in the next section.

2. GENERAL REPRESENTATIONS FOR A VECTOR
POTENTIAL IN A UNIAXIAL MEDIUM

To complete the definition of system (2), we replace
itslast equation by alinear equation in the general form
[19]

LA+ LA, + LA, +Lod = 0, (6)
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which isthe most general gauge condition (L, arelinear
operators of differentiation with respect to coordinates
%) Calculating the determinant of the resulting system,
we find that the potentials have to satisfy the equations

LL,SA =0, LL,S$ =0 (7)
with the operator
-9, 4,9,,9, _0
S= <9x|'x+ay|'y+<3z|'Z 0Xy °

Thus, the general representation of the potentias
hastheformA = A(y, + A, +A°, where

LA, =0, A =0, SA°=0 (8)
and the potentials must satisfy the additional condition

aA
axo

i.e., A= gradW and ¢° = -0W/dx,, where W is any dif-
ferentiable function.

The last equation in (8) is referred to as redundant
[19].

Letusput L, = €gd/0xs (@ andB=x,y,z)and L, =
U0/0X%,. Then, EQ. (6) may be represented in the form of
the generalized L orentz condition

+grad”

diveA’ + paq) 0, 9

and the operator of the redundant equation is given by

2
S = divegrad —p-L. (10)
0Xg

Choosing the tensor & in the form

we obtain

e—. 10a)
€197 ! e (109
For e = e, = ¢, the redundant operator S coincides
with L; fore=¢, and e, = €, S=L,. The former case
coincides with the Chetaev optimal gauge condition
[19]; and the latter, with the Tikhonov condition [18].
In these and only in these cases, the redundant equation
appears, showing up as one of the second-order equa-
tionsinto which the general equation decomposes[19].

For e= ¢, = ¢, genera system (2) takesthe form
LA = 0,

LA, = 0, (113, 11b)
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fo_ 81|:|a Do‘x
LoA, %l eDzlhx ayD (11c)
From these equations,
AP =0 AP=0 A =AY+A? 12

withLAI®Y =0and L,A!® =0inaccordancewith (8).
Fromthelast equationsin (11) and (12), we cometo the

equation
i %L €110 HMf(l) aAf(l)D
2t elpz0 ox oy U

In view of the Chetaev gauge condition, Eq. (13)
yields

(13)

0A," 099"

0%, 0z =0 (14)

i.e, A'® and ¢ '@ coincide with the zero-field poten-
tials. Therefore, Al =0, which resultsin

AAID  HAf®
X + Yy
X ay

Finaly, for the Chetaev gauge condition, the general
representation of the vector potential in a uniaxial

= 0. (15)

medium (for A, ¢ ~ €“Y) has the form [19]
A, = AIY + .ioag);l) (163)

where k, = w/c and " satisfy the redundant equation
L¢(1) —

The general representation for the potentias (16)
makes it possible to solve boundary problemsin elec-
trodynamics of uniaxial media. Unlike the case of an
isotropic medium, here there appears additional condi-
tion (15), relating A, to A, . However, the bound-
ary conditions cannot be satisfied using solely the com-
ponents of the field potentials. Indeed, let it be required
to solve the Fock—Sommerfeld problem of a dipole
field generalized for an anisotropic medium. In this
case, it is necessary to determine seven functions

(bounded at infinity): three components (A, AJ, and
A?) of the vector potential in a vacuum (z < 0), three

components (A;Y, AJ®, and A]Y) of the vector
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potential, and the function ¢f)1) in the anisotropic half-

space (z> 0). Thus, to satisfy the boundary conditions,
we have 14 constants. They can be determined from the
seven conditions of boundedness at infinity. Three
more equations result from continuity conditions for
the vector potential components at z= 0. The continuity
conditions for the normal derivatives of the tangentia
components of the vector potentia yield two additional
eguations. One equation results from relation (15)

between A;Y and A;“. Finally, we should teke into

account the Tikhonov field excitation condition (the
jump of the normal derivative of the vector potential
component that is paralel to the direction of current),
which allows for the presence of adipole.

Thus, one can uniquely solve this problem only by
introducing zero-field potentials. This a'so means that,
along with field potentials, zero-field potentials are also
uniquely determined in a given gauge.

3. RELATION BETWEEN ZERO-FIELD
POTENTIALS AND GAUGE TRANSFORMATION

Letinitial potentialsA and ¢ berelated to each other
by genera gauge relation (6); that is,

3 3
Y LActLed =0, ¢ = —Lglz LA, (A7)
k=1 k=1
and new potentialsA' and ¢' arerelated as
3 3

Y LA Lod' =0, ¢ = (L) Y LA (19)
k=1 =
Here, L,, Ly, Lo, and Ly are any linear operators with
constant coefficients.

Itiswell known that electromagnetic fields E and B
are gauge-invariable:

1oy

cot’

Substituting these expressions into Eq. (18), we
arrive at

A' = A+grady, ¢' =

0 1 .0 ~

Z Ligk —cLe3t = Z (Li—Lobo LA (19)
The last equation represents the condition that must

be satisfied by the function x of gauge transformation if
the potentials are related to each other by gauge condi-
tions (17) and (18). Generaly, this equation differs
from the redundant equation S¥ = 0. The only special
case where Eqg. (19) coincideswith the redundant oneis

the restricted gauge transformation L, = L, and
Lo= Lg.

Finaly, we should take into account that the func-
tion X in gradx must be single-valued (which is always
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true in a simply connected domain), since this is the
only case when the circulations of A and A' coincide:

fAdI = fAdI. (20)

We have come to the conclusion that the equalities
curlA = curlA' and A' = A + grady are equivalent only
in asimply connected domain [21]. In contrast to dif-
ferential equations describing local properties of the
vector fields A and A', condition (20) describes their
global properties.

Thus, even if the redundant equation for zero-field
potentials coincides with that for the function of gauge
transformation, their solutions[in view of (20)] may be
different in multiply connected domains. It is this case
that takes place in the ABE [3].

4. THE STRUCTURE OF THEVECTOR POTENTIAL
IN THE CASE OF MAGNETOSTATIC ABE

In the initial version of the magnetostatic ABE [3],
the influence of the region outside an infinite solenoid
with constant current on electron motion was studied.
Let us consider the structure of the vector potential in
this problem on the basis of the above-developed the-
ory. It is worth mentioning that, if the solenoid is con-
sidered as a smooth thin-walled continuous cylinder,
we can take the entire space to be a homogeneous
anisotropic medium with a conductivity that is nonzero

only inthe e, direction at p = R (p = //x* +y* and the
z axis is aligned with the axis of solenoid symmetry).
The thinner the wire and the less the winding pitch, the
more accurate such a treatment. Therefore, the poten-
tial must have the form A = AT + A%, where Af is the
field-generating potential and A° = gradW is the zero-
field potential.

In the magnetostaticcase (p =Oandp=€e=1),L =
L, = A. The equations of differential constraints (3) will
take the form

a%AAX = (%(AAZ, (21a)

GQZAAy = (%AAZ. (21b)
Hence, either AA, = AA = AA, =0 or

aaéx_aaiz =B =0

Completing the definition of thissystem by operator (6)
with L, = d/0x, L, = d/dy, L, = 0/0z,and L, = 0, i.e., by
the condltlon dIVA 0, we obtain Eqg. (7) in the form
AZA = 0. This means that the operator of the redundant
equationis S= A and coincides with L. By virtue of the
2001
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symmetry of the problem, one can put A, =A, =0 and
A, = Ay(p). Inview of the boundedness of the solution
at the origin, its form in the range 0 < p < R may be
A, =cp (Al = A, and AY = 0). In the outer region
(p > R), the general solution has the form Ay, = c;p +
C,/p. However, one cannot require the potential to be

bounded at infinity, since the system is infinite. Physi-
cally, it is clear that the magnetic field outside the sole-

noid is equal to zero (A; = 0). Therefore, in the outer

region, the redundant equation AA® = O subject to
curl A® = 0 should be solved. This condition selects the
proper solution A,, = c,/p. This fact was not found out
earlier due to the coincidence of the redundant and gen-
eral operators in this problem. In this case, the
Tikhonov condition for field excitation is given by

aAlG _ 6 AZG
op 0P [p=r

_2
cR’

where | is the current per unit solenoid length. This
condition is the same as that of the jump of the mag-
netic field tangential component in the usual statement
of the problem.

Using the Tikhonov condition and the continuity
condition for the potential at p = R, we obtain the final
solution: A, = Ip/cCR(0<p <R)and A, = IR/cp (R<
p< ). The constants in these formulas can be
expressed in terms of the magnetic field flux inside the
solenoid: A, = (P/21R?)p and A,, = P/21p

The potential in the outer region is a zero-field
potential, so that A, = gradW¥. However, since this
region (R < p < o) isdoubly connected, the function W

is multiple-valued and A, dr # 0 despite the fact that

curlA, = 0. Here, the nonequival ence mentioned in Sec-
tion 3 takes place. This means that the Stokes theorem

(in the form §A dr = $Bds, where the contour C

encloses the solenoid in the outer region and Sis the
area inside the contour C) is inapplicable [21]. Never-
theless, thisformulaisincorrectly used in all the papers
devoted to the ABE.

Ouitside the solenoid, the Stokes theorem applies to
the region between two closed contours C, and C, that
enclose the solenoid. A gap between the contours
makes the region simply connected. In this case,

fclAldr = fczAZ = w,, where w, isthe cyclic constant

[21] that equalsthe flux ® = 2 R/c = TIR?B in our case,
where B isthe field inside the solenoid. For arestricted
gauge transformation, the function x of gauge transfor-
mation (the same both inside and outside the solenoid)
has to satisfy the Laplace equation Ax =0 (0< p < o).
Itiswell known[22, 23] that the solution of the Laplace
equation in the entire space subject to x|, - . = Oisiden-
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tically zero. Thus, the potentials A,, and A, are defined
uniquely (in the gauge divA = 0).

5. THE STRUCTURE OF THE VECTOR
POTENTIAL FOR AN AC SOLENOID

Consider nonstationary excitation of an infinite
cylindrical solenoid with infinitely thin walls to illus-
trate the existence of nonstationary zero-field potentials
as a generalization of the stationary magnetostatic
ABE. Choosing acylindrical coordinate frame (p, a, 2)
with the z axis directed along the solenoid axis, we can
represent the volume distribution of current as

i.(p, a,2z) = 1,0(p—R)expi(—na + wt),

Ju(P, 0, 2) 0 (p. ) expi( ) 22)

lp=1:=0,

where Ris the solenoid radius and wisthecircular fre-
guency of the current.

The nonzero components of the vector potential, A,
and A,, have the form [17] (further, we will omit the
factor showing the harmonic dependence on time)

Ap = J'J'a(P')Sin(G —a)G(p, p)dv, (239

Aq = IJQ(P')COS(G —a’)G(p, p)dVv',  (23b)

where G(p, p') = —%[ H (Klp — p') is the Green func-

tion for the Helmholtz equation [17], HY? is the Han-
kel function, and k = w/c.

The integrals appearing in (23) are easily evaluated
using the addition formula for the Hankel functions

[17]:

H® (ky/p? + R? = 2pRcos(a —a'))

- —im(a—a')DHET?)(kR)Jm(kp)’ p< R
= e
2 (kR HP (kp), p>R.

m = —oo0

(24)

Eventually, we obtain

A(X — _iT[ZIORe—ina
© (25a)
 CHR (kR 3, a(kp) + HZy(kR)J,s(kp), p<R

u (2) (2)
. 1(kRH (k) + 3, _1(KRH 24 (kp), p>R,
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Ap — _T[ZZIgRe—ina
(2) (2) (25b)
) EHn+1(kR>Jn+l(kp) ~H? (kR)J,_i(kp), p<R
D (kKR HP 1 (kp) = J,_1(kRHP (kp), p>R.

Inthecasen=0, i.e., in the absence of angle modu-
lation, formula (11) yields

2ir€|ORBH§2’(kR)J1(kp), pP<R
¢ D (kRHP(kp), p>R,
A, = 0.

A, =

(26)

In the stationary case (w — 0), these relations result
in the well-known formulas A, = Jp/cR and A, = JR/cp
(p > R), where J = 21Rl, is the current per unit length
in the solenoid wall.

The only nonzero magnetic-field component corre-
sponding to potentials (26) hasthe form

_2iC1,RKCHY (KR)Jo(kp), p<R

B = C @) @0
[0, (kR)Hg"(kp), P>R,
for aternating current or
B, = T (p<R), B,=0 (p>R) (29

in the stationary case.

In order to divide the vector potential outside the
solenoid into two terms according to (1), we separate
out theterm whose curl isequal to zeroin (12). Thiscan
be done uniquely as follows:

_ 2iTI4R
Aa = =3

L 4ToRI(KR) _
—E e

3,(kR)HE” (kp)
(29)

A+ A,

where Aé isthe component of the field potential, Ag is
the component of the zero-field potential, and

AY (kp) = HY (kp) — 2i/mkp.

Let us write the real parts of the potential compo-
nentsin (29):

ReA!
O _ 0 (30a)
= WJ,(kp) sinwt — [—% + nYl(kp)} coswt ]
kp
O 0
0 _ 2
ReA, = W—coswt, (30Db)

kp
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where
W = 21 yRJ,(kR)
c
and Y; isthe Neumann function.

Inthe stationary case, A; =0and A} = JR/cp. From

the condition of absence of an €electric field, one can
obtain the expression for the scalar zero-field potential:

o 4Tl R
¢ =- c

where a is the azimuthal angle. In the stationary case,
$°=0.

Note that there exists a relation between the sole-
noid radius and the electromagnetic field wavelength.
This relation is defined by the roots of the equation
J,(kR) = 0 and yields the zero field outside the solenoid,
as follows from (15). However, in this nonstationary
case, zero-field potentials also vanish; here, we are
dealing with a closed waveguide. Zero-field potentials
are equal to zero for al n # 0 as well. One can easily
evauate the flux inside the solenoid:

R2m

P = { { B.,(p)pdpda

J,(kR)a, (31)

(32
i4TCR?
14TR o,

—J1(koR)H1” (KoR).

The circulation of the vector A° on any contour
enclosing the solenoid (cyclic constant) is given by

81”1 ,R
W, = fAOdr = cks
C

J1(koR). (33)

Obvioudly, w, # @ in the general (nonstationary)
case. Therefore, their coincidencein the stationary case
(ko — 0) should be considered as accidental.

Generally speaking, this fact completely changes
our understanding of the ABE. The reason for the ABE
is zero-field potentials. A magnetic field B = curl AT has
a physical (gauge-invariant) meaning for field poten-
tials Af, whereas a circulation fCAOdr has a physical

meaning for zero-field potentials A°.
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Abstract—A transformation formulafor wave functions of type Y, (X)) W, (%o), where s, isthe eigenfunction

of a harmonic oscillator for the nth energy level, was found for an arbitrary rotation of the (x;, x,) Cartesian

system. By way of example, matrix elements for contact interaction of two particles in an external harmonic
potential field were calculated. © 2001 MAIK “ Nauka/Interperiodica” .

STATEMENT OF THE PROBLEM

L et us have an isotropic harmonic oscillator of mass
m and fundamental frequency w. Its complete Hamilto-
nian can be represented as the sum of one-dimensional
Hamiltonians describing oscillation along two orthog-
onal axes x; and X,:

H = Hi+Hz,
N 1
H; ﬁ—a—+1mwx j=12 @

The properties of the eigenfunctions of operators

H; are well known [1]. We will take advantage of the
expression for the eigenfunction for the nth energy

level (n=0, 1, 2, ...) normalized to unity:
1 ,.+.n
Wa(X;) = ﬁ(a}) Wo(X)), @)
where
[m_(q] 0 mcoxD
Wo(x) = Bt exp—— 3

is the wave function of the ground state. The quantum
production operator is explicitly written as

af = M@, [ R0
428 0T N 2medx;’ )

and its conjugate (annihilation operator), as

b= B

Our god is to see how the wave functions of type
Wy, (X) Wn, (o) transform when the coordinate system

rotates through an angle x in the plane (x;, X,); in other

©®)

ooax

words, how the wave functions transform in going to
the new (primed) coordinates

Xy = COSXX; + SiNXX,, X, = —SinXX; + COSEX,. (6)

As far as we know, such a transformation has not
been considered in the literature. This is associated
largely with the fact that it is natural to represent the
wave function of an axially symmetric harmonic oscil-
lator asthe product of theradial part, which dependson
the polar radius alone and hence isinvariant under rota-
tions, and afunction like exp(iM¢), where ¢ isan angu-
lar variable and M is an integer. Moreover, the addition
theorem for Hermitian polynomials, or, which is the
same, for eigenfunctions of a harmonic oscillator, has
also not been covered in the mathematical literature
concerning special functions (see, e.g., the comprehen-
sive monograph [2]).

Before calculating the coefficientsin the transform

W, (X)W, () = 3 Ko ()W, ()W (), (7)

ny, Ny
we will point to their obvious properties. First, when

the coordinate axes are rotated, only degenerate states
belonging to the same eigenvalue of the complete

Hamiltonian H mix. Hence, the necessary condition

for Kp'n: (X) to be other than zero is the fulfiliment of
the equality

N +N, = Np+n, (8)

Second, since the basisfunctions arereal, so are the
coefficients of the transform; for them, the unitary
property changes to the property of orthogonality.
Thus, the inverse transform (in going from the new

1063-7842/01/4602-0154%$21.00 © 2001 MAIK “Nauka/Interperiodica’
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coordinates to the old) has the form

()W (%) = 3 Ko (X)W, (X)W, (). (9)

Ny, Ny

CALCULATION OF THE TRANSFORM
COEFFICIENTS
Direct calculation of the coefficients Kzi:i )
implies the definition of the quantum production oper-
ators é'f and é'; in the new coordinates. This is done
by replacing x; in (4) by x; . With (6), we find

AT
4, = cosxa, —sinxa,,

(10)
a, = sin)(él'lT + cosxé';.

These expressions are substituted into the defini-
tionsof W, (%) and Y, (%,). Removing the parentheses
inthe Y, (X)) Wn, (x;) product, collecting similar terms,
and bearing in mind that Yo(X)We(X2) = Wo( X1 )Wo(X3),
we find the coefficient preceding g, (X3 )Wy, (X3) in

the form of a finite sum. After cumbersome computa-
tion using various identities known from the angular
momentum theory [3], we eventually come to

nyny %(n1+n2)

Kam(X) = d3 3 (2X). (1)
2 2 1 2 2 1.
In view of the known property [3]
dun(B) = Ay _u(B),

formula (11) can be recast as

nene %(n1+n )
Knn(X) = d (2x). (12)

1 1
5(n1—n)5(ny —ny)

Here, dy,, isthefunction whereby the Wigner D func-

tion that corresponds to a rotation through Eulerian
angles (a, B3, y) is expressed

Dy (@, B, Y) = exp(=iMa)diy(B) exp(=iM'y).

Under rotation, the wave functions with certain total
angular momentum J and its projection M onto the z
axistransform as

Yin(9', 9", 0')
= Y Wi(3.¢,0)Dyu(a, B.Y)- )

M=-]

The argument of the wave function involves two
angular variables 9 and ¢ and the spin variable o; the
TECHNICAL PHYSICS Vol. 46
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primed quantities are their values in the new (rotated)
coordinate system. In essence, relation (13) defines the
Wigner functions.

We omit a routine procedure of directly computing

the transform coefficients KﬂiQE (x), the more so as

expressions (11) and (12) can be obtained by another,
less trivial but faster, way. It uses isospin formalism,
widely employed in the theory of two-level atom
ensembles[4]. Let usintroduce the operators of isospin
projections onto three orthogonal axes in an auxiliary

(isospin) space:
N DT t o _ doaat ata
I, = E(ala;"‘alaz), l2 = Ié(ala;_alaZ)’
(14

o 1 .t ata
s = 5(818,-8:8,).

It is easy to check that these operators satisfy the
usual commutation relations for angular momentum
[11, 1] = ils; (15)

two other similar relations are obtained by circularly
permutating subscripts 1, 2, and 3. Also, each of the

operators Iy (k=1, 2, or 3) iscommutatively related to
the spin square operator:

(16)

where

Ata

i = %(a1a1+a2a2). (17)

Thus, thewave function Y, (X)W, (%) istheeigen-

function of the operators | and 13, and the eigenvalues
of the operators are 1/2(n, + n,) and 1/2(n; — ny),
respectively.

Now consider a rotation through an angle x in the
(X1, X,) plane. It is evident that

1 1 a
W 00 W () = DX G, ()W, (). (18)
where the variable @ is a polar angle reckoned from the
X, axis toward the x, axis. In addition [1, 3],
9 _,0 0
ap  ox, 20X,
Using definitions (4) and (14), one can show that
Wi, (X)W, (%) = @Xp(=2iXT2) Wy, (X)) Wi, (%2); (19)

in other words, a rotation through an angle x in the
(X4, %) plane is reduced to a rotation through an angle 2x
about the x, axis in the isospin plane. Thus, formula (12)
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and itsequivalent (11) immediately follow from (19) in
view of (13).

MATRIX ELEMENTS OF CONTACT
INTERACTION

By way of example, the relations obtained will be
used in calculating matrix elements of contact interac-
tion. Asisknown [5], in ensembles of ultracold atoms,
where s-wave isotropic scattering of length a dominates
because of the smallness of the collision energy, atomic
interaction can be approximated by the contact pseudo-
potential

u(r —r) = gd¥(r-r, (20)
wherer and r' are the positions of colliding atoms (pis
their reduced mass), g = 21i?ta is the effective inter-
action constant, and 3® is the three-dimensional Dirac
delta function.

To refine the existing theory of degenerate atomic
gasin amagnetic trap [5], it seems of interest to calcu-
late matrix elements of contact interaction using the
basis of eigenfunctions of a harmonic oscillation. Con-
sider two atoms of equal mass m (4 = m/2) that had

guantum numbers n:-‘ before collision (the subscript j =

1, 2 numbers the atoms, while the superscript k= x, y, z
stands for the Cartesian axes directed along the mag-
netic axes of the trap). The quantum numbers after col-
lision will be primed. In the general case, all three fun-
damental frequencies of oscillation aong the axes dif-
fer; we, however, will omit the super- and subscripts at
w to make the mathematical notation simpler. The
desired matrix element is defined as

VIO = 9 Tt (21)
k=x
where
Tn'zn‘lnln2 = del:l;dXlen'z(XZ)qJn'l(X) (22)

X O(Xy = Xo) W, (X1) Wn,(X2)

is the matrix element from the one-dimensional delta
function. Two properties of T, , immediately fol-
low from definition (22). First, this element remains

invariable for any permutation of its four subscripts.
Second, it is other than zero only if thesum n, + n, +

n; + n; iseven.

To compute matrix element (22), we will transform
the coordinates in such away as to separate the center-

MAZETS

of-mass motion of two particles and their relative
motion:

L (x-xy).

2

Formally, this transformation is a rotation through
an angle of T4 in the (x;, X,) “plane” With (7), wefind

X, = %Z(Xﬁ X)), X = (23)

1 Vv YA
Tn'zn'lnln2 = = Kninj(mz)Kninz(n]z)
ﬁvll Vgiv 2

X 6V1v'1l-|Jv'2(0) L|JVZ(0)

(3,,.; is Kronecker's symbol). Substituting the eigen-

functions of a harmonic oscillator in the explicit form
(i.e., expressing them through Hermitian polynomials)
[1] and using the basic result of this work [expression
(11)], one can represent (24) in the form

—3 /MW
Tn'zn'1n1n2 = (_1)J ’ R

%S diizs- o(TU2)diy 225+ 5 -29(T02)

(24)

(25)

L N(29)!(25+27 —2))!
Si(s+J =)%Y’

where sunder the summation sign runsover al integers
for which the arguments of the factorials in (25) are
nonnegative. Hereafter, we introduce the designations

1 A .
Jzé(n1+n2), J =§(n1+n2)’

1 1 1 1 [
M = é(nz_nl)v M :é(nZ_nl)'

After tedious routine rearrangements that follow
from the angular momentum theory [3], (25) isreduced
to aform that is free of the Wigner functions but con-

tains Clebsch—-Gordan coefficients C!™ (such a

JaMyJoMy
form is very convenient when the computation is per-
formed with the Mathematica 3.0 program package,
where the Clebsch—Gordan coefficients are used as
standard functions):

J+J Jg+l

J+J
Tn'zn‘ln2 = ZZ(J + J‘)/\/% z z

1=13=0135 = 13- 313, = max(|35~1|, IM = M)

(I +M'=M+J+T-1)/2

X(—l) ZI—J'+J

LM-M'_JM-M_3,3-7 3,0
xZJ4—M+M'CJMJ'—M'CJ3M—M'IOCJI—J'J'J—I 33313 -3

(26)

TECHNICAL PHYSICS Vol. 46 No.2 2001



TRANSFORMATION PROPERTIES OF WAVE FUNCTIONS 157

J@i=M+ M) (I, +M=M)!
2M[(Ja=M +M)/2]1[J, + M=M")/2]

Here, (= %[(—1)S+ 1] (i.e,(s=1lorQif sisevenor

odd, respectively). Matrix elements for powers of the
difference between the coordinates of two atoms (and,
hence, for the energy of their interaction in the form of
a power series other than pseudopotential (20)) can be
calculated in asimilar manner.
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Abstract—Nonlinear vibrations of a charged drop that are caused by a virtual initial perturbation of the
equilibrium spherical shape of the drop were considered. The perturbation can be proportional to any of thefree
vibration modes. The spectrum and stability of the vibrationswere studied correct to second order of smallness.

© 2001 MAIK “ Nauka/lnterperiodica” .

(1) Charged drop stahility is of considerable interest
in geophysical applications, scientific instrumentation,
technical physics, and engineering [1]. However, most
of the theoretical investigations into the problem were
based on a linear approximation. The nonlinearity of
the phenomenon has been taken into account in analyt-
ica and numerical studies only recently [2-10],
although some results of the nonlinear approach were
also obtained within simpler linear approximations
[11, 12].

We will consider a drop whose electric charge is
smaller than critical in terms of Rayleigh instability.
Let its surface undergo vibrations of large amplitude.
Our aim is to calculate the shape of the drop and the
parameters of surface vibrations. We formulate the
problem in a more general nonlinear form than in
[2-10] and solve it by the multiple scale method up to
terms of second order of smallnessin amplitude of the
initial disturbance of the drop surface. We use a differ-
ent method of satisfying initial conditions than in
[2-10]. It allows usto obtain the solution up to second-
order terms when the initial perturbation is associated
with the excitation of an arbitrary vibrational mode.

(2) Consider adrop of an ideal incompressible per-
fectly conducting liquid with a density p and a surface
tension coefficient o and study the time evolution of its
shape. We assume that the drop is in a vacuum, its
charge equals Q, and its volume equal s the volume of a
sphere of radius R. At the initial timeinstant t = 0, the
equilibrium spherical shape of the drop undergoes a
virtual axisymmetric perturbation of fixed amplitude
that is much smaller than the drop radius and is propor-
tional to one of the Legendre polynomials. We aim at
calculating the spectrum of drop capillary vibrations
occurring under such conditions, i.e., at finding the
shape of the drop at each subsequent timeinstant t > 0.

In what follows, we will use the dimensionless vari-
ablesforwhichR=p=0c=1

Since the initial perturbation of the drop is axisym-
metric and small, we introduce the following simplifi-
cations. The shape of the drop is assumed to be axisym-
metric both at the initial and at each subsequent time
instant, and the equation for the shape of the drop writ-
ten in polar coordinates with the origin at the center of
the drop has the form

r(e,t) = 1+¢(0,t), [ <1. (@)

The motion of the liquid inside the drop is assumed
to be potential. This means that the field of the liquid
velocities V(r, t) is wholly defined by the potential
function Y(r, t); i.e., V(r, t) = V(r, t).

Under the above conditions, the evolution of the
drop is described by the Laplace equations for velocity
potential Y(r, t) and electrostatic potential d(r, t):

AQ(r,t) = 0, AdD(r,t) =0, ), 3)

where A isthe Laplacian, with the boundary conditions

r— 0: Y(r, t) —0, (4)
r—o: ®d(r,t) — 0, (5)
r=1+80,1: % = %—‘f—r—lz(%g(—‘g, (6)
Bp-2¥ - 2(-Vu)+ (VO = Vn,  (7)
D(r, t) = Py(t). (8)

To make system (2)—(8) closed, we formulate addi-
tional conditions:

1063-7842/01/4602-0158%$21.00 © 2001 MAIK “Nauka/Interperiodica’
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conservation of drop charge

f = 1+50,1
—%T[f(an))dS=Q, where S=,0<O@<m (9
S 0<s@<2m,

and conservation of drop volume
2 0 _4
J‘r drsn@dody = 3™
\%

where

0<r<1+§(6,1)
0<O<sT™
O<op<2m

V = (10)

Theinitial conditions for the problem will be set by
taking theinitial axisymmetric perturbation of the equi-
librium spherical surface of the drop in the form

t=0:8(0) = {o+ePy(n) (k=22)

11
M = cos@ (1)

and by equating the initial speed of the surface to zero:

_ o 98(9) _
t=0:=5= =0

In (6)—«(12), Ap is the difference between constant
pressures inside and outside the drop in equilibrium, n
isthe unit normal vector to surface (1), ®4(t) isthe posi-
tion-independent potential on the drop surface, € isthe
amplitude of theinitial perturbation of the drop surface,
P, (1) isthe kth-order Legendre polynomial, and &, isa
constant determined from (10) up to terms of second
order of smallness:

(12)

+0(€%). (13)

2 1

& = ~€ 7D

(3) We will take advantage of the well-known mul-

tiple scale method to solve the problem up to quadratic

terms in the small parameter € [13]. To do this, we rep-

resent the required functions (O, t), (r, t), and d(r, t)

intheform of aseriesin € and assumethat the functions

depend not merely on time but on various time scales
T, =eM; that is,

£(0,1) = Z g™ EM(O, Ty Ty, Tor -.0),
m=0

P(r,t) = zsm, PO, T Ty Ta -..), (14

d(r, t) = z g™ ™0, Ty, Ty Ty ...).

m=0
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Thetimedifferentiation is performed with respect to
each time scale by therule

0.0, 0 20 o
ot~ aT, et TEaT, T O

Substituting (14) into boundary problem (2)—10)
and equating terms of the same order of smallness to
each other in each of the equations, we easily obtain a
set of boundary problems from which one can succes-
sively determine the unknown functions &M, g™, and
®™ wherem=1, 2, 3, .... Since Egs. (2)—«5) arelin-
ear, each of the functions Y™ and ™ from (14) must
obey them. Therefore, these functions, as solutions to
(2)~«5), may be given by

W (r, ©, T, Ty, Ty -..)

00

> DI (To, Ty, Tay 2 ) Po(),

n=1

o™(r,0, Ty, Ty T, ...)

(15

00

- Z FU(To, Ty Ty ) IR (1),

n=0

Successive corrections £M™ to the expression for
drop shape will be sought as a seriesin Legendre poly-
nomias:

£, 0, To, Ty Ty .u)

> 6
= Y M (To, Ty o )Po(W). o

n=1

(4) Up to the zeroth order in ¢, the solution for the
equilibrium system is

E(O)(r! ev TO, Tj_a T21 .
WO, 0, To, Ty, Ty,

..) =0;
) = 0; (17)

o O(r, 0, Ty Ty, Ty, ...) %

as follows from (2)—10).

(5) Up to thefirst order in € (m= 1), boundary con-
ditions (6)—(10) for solutions (15) and (16) to deter-

mine D™, F™ and M™ are transformed to

1) (1)
r = 1: (_?_E__ = a————qJ

0T, or '’
_aw(l)_l_ich(O)[@cD(l)
0T, 4m dr Uor
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d(;:D E(I)D_ (2+A )E(l)
18
w, do? (1) 1o
R dr & = g,
|:aq)(1) . Dqu)(o) cD( )%(1)}
A([ or  Ugr?

T

[ =0, 8= LIS

0

From (18), we easily obtain first-order corrections
to the coefficients of series (15) and (16):

M (To, Ty Ty, ...) = 0,
M (T, Ty, Ty -.2)

(19
= AT, T, ) exp(iw,Ty) +C.c
(n=21),
oM (T, T, T
DO(To Ty Ty ) = 20 To T Ta) gy
oT,
FO(Te Ty, T o) = QMY(To, Ty, Ty, .) (20)

(n=0),

T,)=a,(T,, Ty, ... )expliby(Ty, Ty -.)],

Q*(21)
41v
where c.c. means complex conjugate terms. The func-
tions a, and b, are determined up to higher orders of
smallness. To complete the first-order problem, a, and
b, are set to be constants and derived from initial con-
ditions (11) and (12). It is of interest to find the error of
the first-order approximation of the solution and also

thetimeintervalswhere such an approximationisvalid.
Itisclear that

a (T, Ty ... ) =4, + O(et);
ba(Ty, Tp -..) = bn + O(et),

An(Tl’

o’ =0, wi=n(n-1)[(n+2)-W], w=&

(22)

where &, and by, are constants.

From (14), we have (in the linear approximation in €)
£(0,1) €80, Ty, ay(Ty, ), bo(Ty, )] + O(E”)
or, inview of (22),

£(0,1)=e&M(0,1, &, by) + €O(et). (23)

Theerror inthisexpansionis of the order of the first
term if t = O(e™). The expansion is not valid for t >
O(e™). Thus, (23) is applicable in thetime interval t <

SHIRYAEVA

O(2); the error in this caseis of the order of ~e2. How-
ever, (23) can dso beused in thetimeinterval t < O(e™)
to analyze surface motion if the first-order solution is
comparable to the initial perturbation. A more detailed
estimate of the applicability of (23) can be obtained in
the next (second) order of smallnessin €.

Substituting (23) into initial conditions (11)—13)
with regard for (16) and (19)—<22) and equating the
terms of the same order of smallness to each other, we
easily find

A 1

a, = zénh b,=0(nz1),
where 9§, is the Kronecker symbol (8, = 1, if n =k,
and 0if n £ k).

Eventually, the function describing the surface evo-
[ution in the linear approximation in € has the form

£(0,1) = ecos(wt)P(K) + O(?).

It follows from this solution that, in the first-order
approximation in the perturbation amplitude €, the drop
surface executes harmonic vibrations around the equi-
librium sphere that are associated with the kth (initially
excited) mode.

In the same approximation, the vel ocity and electro-
static potentials have the form

(24)

W(r,1) = —esin(@HP(W) +O(),
(25)
o(r, 1) = $+ ecos(yt) 2Py(1) + O(E?).
r

(6) To find the functions £@(O, t), WA(r, t), and
®@(r, t) (that is, second-order corrections to the solu-
tions), wefirst derive a set of equations that is obtained
from (6)—(10) by equating terms proportional to ~e:

g0, ot
AT, 0T,

_ alIJ(Z)_'_aqu(l) (1)_62(1)6w(1)
o o2 90 90

aw(z) aw(l) aleJ(l) o
- 9T, 0T, ordT,

BT A

30?90
or or

1 l:qalp(l)
_E[D ar O

(1) (1) 2 (0) 42 +(0)
L0, 0P D+2dCD do @

TOor 070300 % Tdar g2

4 o0%0%0" d (D(O)a(b(l)%(l)
*Tar or®  dr? Or
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[qj¢(°)d3¢(0) Bj CD(O) ()\2

(26)

+(2+0q) 8P —28D(1+05)E" = 0,
do© aqn( 1d o©
o 4 [ £@ 4 g® 4 (E(l))} CDEf’,

q)(O) aq)(O)D
Dar ar D

n dcb(z)[acb(l) ot %(1)
[ dr Ugp2
Dld3¢(°)

1 do?  dop
dr’

(2) +
XE dr2 dr 0

+2

(1) 5z (1)
0P 0 }d

X(E(l))z_ ae ae = 01

L

i [£2(0,1) + (£P(0, 1)) ]du = 0.

0

Now, subgtituting (15) and (16) (m = 2), dong with
solutions (17) and (19)—21), into boundary conditions (26),
one abtains differential equations for the coefficients
Mff) (To, T1, Ty, ...). The solutionsto this system do not
have secular termsiif

da, . b, _
T =0 7 -0

Hence, a, and b, do not depend on time T,. Their
dependence onthe “slower” timescales T,, T, etc. can
be found in higher orders of approximation. Finally, the
solution to the equations derived from (26) hasthe form

MP (T Ty, ...) = -y ﬁ{An(Tz, )
X An(To ) +[A(To .. )1 2exp(i20,T,) + C.C.},

(2) _ Cn(Tz, ) .
Mo (T Tp, ) = @:a—————n(TZ, ) +id, (T, )}

. O
X AT, ...)exp(iw,Ty) +c.c.O+ Ny(Ty, Ty, -.2),
O

NP (T Ty, ...) = YA(T,, ...)

> z{AE:.’nAm(Tz,

n=1I=

x exp[i (W + W) To] + AgnAn(To, - )A(T -..)
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x expli(wy—w)To] +c.c.},
)\(+|) - Ymin £ W@ Nimin
T o (o)
(27)

Vo = Kmm[wfn(n—m +1)+2n[I(1 + 1) = 1] +[I(m+1)

—m2m=2n+7) + 3]nVEV} + am,n[%wﬁq + n\%\/},

0 1

— n
Nmin = Kmln%_m"' 1D+ amlna 0

210

Konin = [Co0T7, =—/m(m+ )i + 1)CoC,

O if m+l+n=2g+1,
where g isaninteger,

(-1)°"/2n+ 1g
Comn=4 (g—m)I(g—1)!(g—n)!

. [(29—2m)!(2g—2I)! (2g—2n)! 7"
[ (2g + 1)! }

if m+1+n = 2g(g isaninteger),
C%= /2n+1n!

y (m+1—n)m(m+1) v2
[(n+m—|)!(n—m+|)!(m+| +n+ D( +1)]

e CD™ M z— 1) (n+ 1 —z+ 1))
Z Z(m-z+1)!(n-2)!(I-n+z-1)! "

In the last series, the summation is performed over
all integer z for which the expressions under the facto-
rial sign are nonnegative. The bar over A, in (27) means

the complex conjugate. The Clebsch—Gordan coeffi-

cients CX and C.y) are other than zero only if their

subscripts satisfy the relations [14]
Im=Ilsns(m+1),

o (28)
m+I|+n = 2g (g isaninteger).

The coefficients in series (15) for Y™(r, t) and
®M(r, t) are related to solutions (19) and (27) as fol-
lows:

2
(2) _ 1_[6'\/'” (To, Tz, )
D, (T Ty, o) = n% T

o] 0

xS S MM =1)Kpy = o] 2

m=11=1
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ships.
OMY (T, Toy ) () 0
x MP(Ty, T, ) 0 5
T, (To T, )D t=0 M(l) 8o ME12) - _ﬁ_’
FO(To, Ta ..) = 0, aM® IM®
o= L= =012 ...).
@) @) ot % ot 0n=042.)
Fol(To Ty ...) = Q{M (T, Ty ...)

+ i imem(To, Ty ...)

m=1l=1

x MP(To, Ty . )M (T, Ty, .20}

The coefficients c(T,, ...) and d,(T,, ...) in (27) are
unknown functions of time. Like the functions a, and
b,, they do not depend on the time scales T, and T, . By
analogy with the linear approximation, we complete
the study of the problem in the second-order approxi-
mation in € by assuming that the unknown functions c,,
d,, a,, and b, are constants determined by initial condi-
tions (11)—(13). Then, series (14) for drop surface per-
turbation takes the form

£(0,1)=e8Y(0, Ty, &, bn)

2¢(2) - N ) (29)
tE E' (O! T01 é’na bﬂl 6n1 dn) + SO(S t),

where &,, bn, €, and d, are constants.

Approximation (29) isvalid in thetimeinterval t <
O(1) with an error ~e3. In the time interval O(1) <t <
O(e™), the error is comparable to the second term in
(29), which is of second order of smallness. Therefore,
only the first term, associated with the linear approxi-
mation, remains valid. Thus, approximate linear solu-
tions (24) and (25) are strictly applicable (uniformly
suitable) in the time interval t < O(e™). The entire
expansion (29) can be used in the time interval t < O(e™2)
provided that the term quadratic in € isasmall correc-
tion to the linear term.

The characteristic time scale for the dimensionless
variables adopted is trj= (R®p/0)Y2. It is about 0.004 s

for awater drop of radius 1 mm and about 0.12 swhen
R =1 cm. Hence, (29) adequately describestime evolu-
tion of the water drop shape at timest < 0.01 sfor R=
Immandt<0.3sfor R=1cm. If the perturbation
amplitude € isabout 0.1, solution (24) remains valid up
to times one order of magnitude greater than those
given above.

Substituting (29) in view of (16) into initial condi-
tions (11)13) and equating the terms of the same
order of smallness, we obtain the following relation-

From these expressions and using (19), (20), and
(27), we determine the constants &,,, b, &,, and dn:

A 1

a, = éank, Bn = 0,

= __N N(t=0), d=0(n=0,1,2..).

Then, the coefficients M™ (t) from (19), (20), and
(27) take the final form

MP(t) = 8cos(wgt),

@) ey — 1
Mg (t) = —m[l’f cos(2wt)], 30)
MP(t) = —N,(0)cos(e,t) + Ny(t) (n=1),

(+)

1
Nq(t) = é( kkn+}\kkncos(2(’okt))-

It can be seen that the coefficients Mff) (t) are pro-

portional to the quantities )\kkn Due to (27), the latter
are proportional to the Clebsch—Gordan coefficients

CH and Cp and, according to (28), are nonzero
only if n=2j, wherej =0, ..., k.

Substituting (30) into (29), we find that the evolu-
tion of the drop surface is described up to terms of sec-
ond order of smallness (in the time interval t < O(e™)
by the function

£(0,1) = £cos(6t) Py(11) — e%@ﬁ

x[1+ cos(2ay)] + z [(ck2s + Ak 21) cos(,1) (31)

i=1
8, A cos(2at)) 1P, (1) O+ O(E®
(Akk 2j k k 2j COS(2wyt)) ] 21(U)B (€71).

(7) It follows from (31) that the initial perturbation
of any even or odd kth single mode of capillary vibra-
tions results in the excitation (in the second order of
smallness) of only even modes with numbers from the
interval [0, 2K]. Thisisillustrated in Figs. 1a-1d. These
figures show the time dependences of the amplitudes

Mff) of various second-order modes of charged drop

TECHNICAL PHYSICS Vol. 46 No.2 2001
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Fig. 1. Dimensionless time dependence of the dimensionless amplitudes M 512) of the (1) zeroth, (2) second (principal), (3) fourth,

(4) sixth, (5) eighth, and (6) tenth modes of charged drop capillary vibrationsat W= 3.9. The modes are excited as aresult of second-
order coupling. The initial deformation of the equilibrium spherical shape is due to the perturbation of the (a) second, (b) third,
(c) fourth, and (d) fifth modes. The dimensionless amplitude of the perturbation is €.

capillary vibrations excited as a result of coupling [see
(31)]. Theinitial perturbation of the equilibrium spher-
ical shape is specified by the excitation of modes 2-5
(Figs. 1a-1d, respectively) at W = 3.9. (A spherical
drop becomes unstable when the parameter W attains
the critical value W= 4.) It is seen that a drop with a

charge somewhat smaller than critical may exhibit its
charge instability through a fast increase in the princi-
pa mode amplitude (n = 2). Such behavior isindepen-
dent of theinitial perturbation of the equilibrium spher-
ical shape. Thisresult isin conflict with the predictions
from the linear theory but is in qualitative agreement
with [8], where nonlinear vibrations of a charged drop
were numerically evaluated. When the initial perturba-
tion is associated with the fifth mode, the time depen-
dences of the excitation amplitudes are also in quanti-
No. 2

TECHNICAL PHYSICS Vol. 46 2001

tative agreement with datafrom [8] in the second order
of smallness.

It follows from Fig. 1 that the rate of increasein the
principa mode amplitude growswith the number of the
mode that specifiestheinitial deformation. Asthe num-
ber of this mode increases, so does the tota number of
modes of capillary vibrations due to coupling. Odd
modes are excited only in the third-order approxima-
tion asaresult of coupling between the excited odd kth
mode and second-order even modes produced by the
kth one.

Figure 2 illustrates drop shapes calculated using (1)
and (31) at various dimensionless time instants with W
values closeto critical. In this case, the initial deforma-
tion of the equilibrium spherical shape is specified by
the perturbation of the third (Fig. 2a) and fourth
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Fig. 2. Shapes taken by the drop at various time instants te when the initial deformation € = 0.3 of the equilibrium spherical shape
is due to the virtual perturbation of various modes at W = 3.8. In both figures, curves 1 depict the equilibrium spherical shape and
curves 2, the shape at the initial time instant [the spherical shape deformed by a perturbation of type eP(1)]. (8) n =3 and te =
(3) 0.065, (4) 0.26, and (5) 0.585; (b) n =4 and te = (3) 0.24, (4) 0.36, and (5) 0.57.

(Fig. 2b) modes. The axis of symmetry is horizontal. It
should be noted that, according to perturbation theory,
formula (31) is uniformly suitable when t < €. It fol-
lows from the figures that the restriction on timet is
actually even more stringent. Curves4 in all the figures
were drawn at the boundary of the domain of uniform
expansion applicability. This follows from a compari-
son of the resulting deviation of the drop shape
(curves 4) fromthat at theinitial timeinstant (curves2).
Moreover, the volume of the drop associated with
curves4 isapparently different from theinitial one. Yet,
it is seen that, when the initial deformation of the equi-
librium shape is specified by even Legendre polynomi-
als, itstimeevolution isalso described by even Legendre
polynomials and the shape remains symmetric about the
origin. For large enough t (at the boundary of the domain
where the solution is uniformly suitable), the drop tends
to break down into two equal parts. If theinitial deforma-
tion is dueto odd Legendre polynomias, the drop shape
at each subsequent time instant is asymmetric about the
origin even though only even modes are excited by sec-
ond-order mode coupling. At large t, such drops tend to
break down asymmetrically.

It is clear from physical reasoning that viscosity,
which has not been taken into account in our study,
would lead to damping of all the modes. However, the
damping decrement for higher order modes is larger
than for lower order ones. If a time interva is large
enough, the amplitude of an initially excited higher
order odd mode may go to zero faster than the ampli-
tude of lower even modes excited by it. Then, further
vibrations of the drop and its possible breakdown into
two parts will be symmetric.

It follows from the above discussion and from the
figures that the amplitude of the principal mode of cap-
illary vibrations increases fastest, irrespective of the
form of the initial deformation. The calculations used
in our study are valid as long as the amplitudes of sec-
ond-order modes are smaller than the amplitude of the

initial perturbation. Therefore, an increase in the prin-
cipa mode amplitude to avalue of the order of € means
an extension of the drop into a spheroid with the eccen-
tricity squared, € = 3¢ —5.25¢2 [15]. Even small values
of € ~ 0.1 will lead to a considerable extension of the
drop and, according to [16], to adecreasein theWvalue
critical for the onset of charge instability of thedrop. In
the approximation linear in €?, this critical value for a
spheroidal drop has the form

W, (€9) = 4(1—2€°/7) = 4[1—2(3e — 4.25¢%)/7] (32)

Thus, if the Rayleigh parameter W is close to the
critical value, the drop may become unstable. Let the
Rayleigh parameter of the drop W = W, be dightly
smaller than its critical value W= 4. Then, from (32),

one can find the current dimensionless amplitude a, of
the principal mode when the drop becomes unstable:

a,= Ej—s{ 1-[1-817(1-0.25W,)]"%}.

If, for example, W, = 3.6, the drop becomes unstable
when the dimensionless amplitude of the principal
mode reaches a value of a, = 0.16. Being unstable, the
drop loses some amount of charge by emitting many
fine, heavily charged daughter droplets[1, 17].

(8) It is seen from Fig. 1 that the amplitudes of all
second-order modes oscillate around some midlines
above the abscissa. This means that drop vibrations
occur not around a sphere but around alower symmetry
body. Time-independent terms in (31) specify this
body:

- 210 1
(@) =1-e 5 ok+1)
(33)
‘ 0
- 3
= MekaiPa () O+ O(E™),
=1 O
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1.0

Fig. 3. Bodiesaround which the drop nonlinearly vibrates at
W = 3 when the initial deformation of amplitude e = 0.3 is
duetothevirtual excitation of variousmodes. Curvelisthe
equilibrium spherical shape, and curves 2-5 correspond to
initially excited modes with numbers 2-5.

where k is the number of an initially excited mode.

It is easy to check that the body around which sec-
ond-order vibrations occur is composed only of even
modes independently of the type of first-order modes
excited. Hence, this body is a prolate spheroid, not a
sphere as predicted in the Rayleigh linear analysis [1].
It is interesting that the parameters of such a spheroid
depend on the drop charge, i.e., on the parameter W,

through the coefficients )\i, k2 - 1he shapes of the bod-

iesdiscussed above and cal culated with (33) for various
k are shown in Fig. 3. It is seen that, as the number of
aninitially excited modeincreases, the stretching of the
body around which vibrations take place grows.

(9) The solutions obtained also describe the reso-
nance coupling between individual modes of drop
vibrations that was analyzed in detail in [3]. Such cou-
pling arises when second-order modes oscillate with
frequencies satisfying the condition w?, = j2w’ for
some value of charge Q, where| isan integer and m# n.
Asaresult, the amplitude of one of the modesincreases
in time periodically and infinitely (within our approxi-
mation). In [3], the resonance between the initially
excited fourth and sixth modes at W = 2.67, i.e., when

we = 4w;, was studied. The same resonance takes

place in our study when only the fourth mode is
excited. The time dependence of the amplitude of the
sixth mode excited by the initial generation of the
fourth mode for W = 2.67 and small time intervals is
similar to curve 4 in Fig. 1c. However, Fig. 1c demon-
strates the results of caculation at W = 3.9; here, the
sixth mode amplitude increases because of energy
transfer between modes coupled in the second order. In
a time interval larger than that used in Fig. 1c, the
amplitude of the sixth mode decreases with time. The
time dependence of the sixth mode amplitude is shown
inFig. 4 for comparison. The graphs are constructed for
resonance conditions, W= 2.667 (curve 1), and far from
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Fig. 4. Time dependence of the dimensionless amplitude of
the 6th mode when the 4th modeisinitially excited with € =
0.1 (1) under resonance and (2) far fromiit.

resonance, W= 3.9 (curve 2), when the fourth mode
wasinitialy excited. Thetimeinterval inFig. 4islarger
than in Fig. 1c. The run of the curvesis obviously dif-
ferent. Resonance coupling takes place when terms

with the factors ~(w5, —j2w? )t appear in (31).

CONCLUSION

The instability of a drop bearing a charge that is
dlightly smaller than critical was studied in the qua-
dratic approximation with respect to the amplitude of
the initial deformation. Due to coupling between vari-
ousmodes of capillary vibrations, thisinstability can be
initiated by virtual excitation of not only the principal
mode but of any mode, no matter whether it is odd or
even. The drop exhibits nonlinear vibrations around a
prolate spheroid, not a sphere as follows from a linear
analysis. In contrast to aperiodic instability of such a
drop, which is a consequence of energy transfer
between excited adjacent modes, vibrational instability
may result from resonance coupling of nonadjacent
modes.
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Abstract—Theinfluence of ionswith different charge signs on the stimulation of silicon etching under plasma
conditions is studied. Fluorine radicals are produced in a glow discharge with a nonuniform pressure. A beam
of positive or negativeionsis created using a Penning ion source. The flow of fluorine radicals and theion beam
are superposed on asilicon surface placed in a high vacuum. Positive ions may be converted into fast neutrals
via resonance charge exchange in the parent gas. It is shown that fast neutrals have the highest catalytic effect.
The catalytic effect of positiveionsis about two times|less. Negativeions occupy the intermediate position. For
thefirst time, it isfound that some kinds of ions (e.g., molecular oxygen) do not accelerate, but rather decelerate
the etching process; i.e., they behave asinhibitors. © 2001 MAIK “ Nauka/lnterperiodica” .

INTRODUCTION

The phenomenon of ion-stimulated etching of sili-
con was discovered more than 20 years ago [1, 2] and,
at present, is widely used in microelectronics [3, 4].
The phenomenon, in essence, isasfollows. When asil-
icon surfaceis bombarded by ions, e.g., argon ionswith
energies of 500-1000 eV, the solid surfaceis sputtered.
Under the above conditions, the sputtering yield is
approximately unity. In microelectronics, this process
is referred to as ion-beam etching and is characterized
by the rate V,,, = dh/dt, where h'is the plate thickness.
Another limiting case is etching by halogen radicals
(F*, CI*, Br*, or I*, fluorine being most often used).
This is a heterogeneous reaction of the gas—solid type.
Silicon is removed as a result of a chemical reaction
proceeding according to the generalized formula Si +
4F — SiF,. Silicon tetrafluoride is a gas that sponta-
neously leaves the surface of the treated material. In
this case, the plasmais only used to obtain fluorine rad-
icals from the molecules of more stable initial gases
(CF,, SFg, etc.). Etching proceeds at a rate of Vg,
which depends on the halogen concentration and the
solid temperature. If the silicon surface is exposed to
the simultaneous action of anion flow and fluorine rad-
icals, etching proceeds at a rate of V,, which may be
several times higher than the sum V,, + V.. The process
is synergistic in character [5, 6] and, hence, is of gen-
eral scientificinterest. It can be observed not only in sil-
icon—hal ogen systems, but also in anumber of gasifica-
tion reactions, such as carbon—oxygen or tungsten—lu-
orine reactions. Keeping in mind the general character
of the results, we nevertheless will focus on the Si—F
system, because it is the most widely used in practice
and, hence, the best studied.

The process of plasmochemical etching can be
divided into the following main stages: (i) delivery of
the working gas molecules to the plasma discharge
region, (i) transformation of the working gas mole-
cules into chemically active particles via dissociation
and ionization, (iii) delivery of the chemicaly active
particles to the etched surface, (iv) physical and chem-
ical adsorption of the chemically active particles on the
surface, (v) the chemical reaction itself, (vi) desorption
of the reaction products from the surface, and (vii)
removal of the reaction products from the plasma
region and vacuum chamber. This comprehensive clas-
sification is given according to [4]. Stages (i), (iii), and
(vii) areimportant for designing plasma chemical reac-
tors but do not directly affect ion stimulation itself.
Stage (ii) may have only indirect influence via the
chemical composition of the reacting system. It worth
noting that mass spectroscopy and optical studies show
[7, 9] that al of the neutral fragments of the molecules
of theinitial gas (asarule, CF, or SF;), aswell astheir
positive and negative ions, have been recorded in an RF
discharge plasma. However, more than 75% of dissoci-
ating CF, molecules decompose into CF; and F* rad-
icals[10].

When analyzing the mechanism for ion stimulation,
most authors restrict themselves to considering stages
(iv)—(vi). Let us consider the possible consequences of
ion bombardment of asilicon surface. In stage (iv), ions
may (&) enhance nondissociative chemisorption due to
the breaking of Si—Si bondsin the crystal lattice, which
results in the formation of free valence silicon bonds,
and (b) cause the dissociation of complex radicals (like

CF; or SF ) absorbed on the surface with subsequent

chemisorption of their fragments. In stage (v), the reac-
tion rate may increase due to surface loosening, which

1063-7842/01/4602-0167$21.00 © 2001 MAIK “Nauka/ Interperiodica’
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leads to both the breaking of Si—Si bonds and the for-
mation of channelsin the treated material, along which
chemical reagents can penetrate into deeper layers. In
stage (vi), ion bombardment may cause forced desorp-
tion of (a) the intermediate reaction products (usually
volatile SiF,), (b) the final product SiF,, and (c) the
nonvolatile products.

There are arguments in favor of each of the effects
listed above. The problem is that the results of each
experiment are usually treated as supporting one of the
mechanisms, but as discarding the other ones. For
example, the authors of [5, 11] conclude that dissocia-
tive chemisorption plays a magjor role, assuming that
surface loosening is of minor importance. The results
of [12-14] contradict this opinion. In 1978, Mauer et
al. [15] showed that ion bombardment may cause
induced desorption of the intermediate reaction compo-
nent SiF,. This concept has been well developed in
recent years. The results of ion-stimulated etching
[16, 17] show that surface bombardment by heavy par-
ticles may result in the complete rearrangement of
chemical bondsin the SF—Si system, which makes the
Situation even more intricate.

Thus, a unified opinion on the mechanism for ion
stimulation of plasmochemical etching of silicon isstill
lacking; therefore, the problem calls for further analy-
sis. Taking into account the previous long-term and
comprehensive investigations, one can expect that only
new approaches may lead to considerable progress. An
attempt at such an approach, aswell as the first experi-
mental results, is described below.

FORMULATION OF THE PROBLEM

Thefollowing fact isworthy of attention. Etching of
silicon in halogen-containing plasma can be acceler-
ated not only by ion flows, but also by electron flows.
The difference is that ion stimulation occurs in amost
any medium, whereas electron stimulation can occur
only in some specific media. Thus, electron beamswith
densities of 2—4 mA/cm? increase the etching rate by a
factor of four to six when CF, or CF,Cl is used; how-
ever, the effect isnot observed in XeF, and Sk plasmas
[11, 18]. This means that it is expedient to investigate
the influence of the ion charge sign on the stimulation
of silicon etching. This problem is of especial interest,
because negative ions are proposed to be used to
improve the treatment of semiconductors (see, e.g.,
[19]).

Finally, when comparing positive and negative ions,
it would also bereasonableto investigate therole of fast
neutrals, which can be regarded as ions with zero
charge.

The prototype of our experimental device was that
used in [5]. Such asystem allows one to imitate plasma
conditions, which offers wide experimental possibili-
ties, becausein areal plasma, it isimpossibleto change
only one of the parameters and hold the other parame-

PAVLOV

ters constant. The design and features of the device are
described in the next section.

Sulfur hexafluoride and oxygen were used as work-
ing gases because they form avery compatible pair. To
study the problem in question, it is necessary to pro-
duce beams of positive ions, negative ions, and fast
neutrals of the same gas with approximately the same
intensities. Fluorine is less appropriate for such pur-
poses. Our investigations showed that in a Penning dis-
charge, which is often used as an ion source, the inten-
sity of the beam of negative fluorine ionsis amost one
order of magnitude higher than that of F* ions. Due to
inevitable loss during charge exchange, we could not
obtain fast neutral sin the necessary amounts. Aswill be
shown below, oxygen is free of these drawbacks. On
the other hand, the silicon etching rate is constant over
awide range of the O, relative concentration in a mix-
ture of sulfur hexafluoride with oxygen, which consid-
erably facilitates the interpretation of the results.
Finaly, the yield of Si atoms per incident ion is much
higher for etching in SFg in comparison with that in
CF,, which facilitates performing the experiments.

As reference beams, we used beams of argon ions
and fast argon atoms, because argon has been used in a
great number of experiments and its properties are well
studied.

EXPERIMENTAL SETUP

As was mentioned above, the prototype of our
experimental device was that used in [5]. The idea of
the experiment is to use two independent sources, one
of which produces an ion flow and the other produces a
flow of radicals. Both flows are superposed on asilicon
surface placed in a high vacuum. In this case, the sys-
tem parameters can be varied independently over a
wide range. The experiments were carried out in a cap-
type device at a background pressure of ~2 x 102 Pa.
A diagram of the deviceis shownin Fig. 1.

We used a Penning discharge with a cold cathode as
an ion source. The source design was similar to that
described in [20]. The source chamber was sealed and
connected to a high-vacuum chamber through a
1.5-mm-diameter aperture. This allowed us to have a
working pressure in the source of 2—10 Pa at a pressure
in the high-vacuum chamber no higher than 102 Pa.
A cdll was placed in the gap of a magnetic core assem-
bled from permanent magnets. The magnetic induction
in the center of the source was ~0.07 T. The character-
istic discharge current was 100-120 mA at adischarge
voltage of 600750V (the cathode diameter was 2 cm,
and the anode length was 2.2 cm). The working gases
were argon and oxygen. Theions were extracted across
the magnetic field. The extractor voltage was 2.5 kV.
The beam was focused by a single lens and then decel-
erated to an energy of 1 keV.

As is known [21], when an ion beam is extracted
from the source into a vacuum, intense ion charge
TECHNICAL PHYSICS Vol. 46
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exchange occurs in the parent gas near the extraction
aperture. Under our conditions, the conversion coeffi-
cient due to this effect can attain 30%. To prevent fast
neutrals from reaching the silicon surface, the beam
was turned through an angle of ~12° by a cylindrical
electrostatic capacitor and then passed through aWinn
filter, which was assembled from permanent magnetsin
an armored case. The transit base was ~6.5 cm. The
magnetic field was almost uniform in the ~4-cm-long
central region, where the magnetic induction attained
0.16 T. Outside of this region, the magnetic induction
dropped steeply. The distance between the plates of the
electrostatic capacitor in the filter was 8 mm. The plates
were 14 mm high. The inlet and outlet dlits of the filter
were rectangular in shape (5 x 12 and 3 x 12 mm in
size, respectively). About 2 cm behind the filter, the
strip beam reached a grounded receiver (Fig. 2). The
upper part of the beam was used to treat the silicon sur-
face. A 2.5-mm-diameter aperture 3 (Fig. 2) inthemain
plate of the receiver was used to monitor the beam
parameters. The system was supplied with an addi-
tional electrode ES, which either suppressed secondary
electron emission or extracted secondary electrons
from collector 2, depending on the voltage applied.
When operating with positive ions, electrode ES was
used to suppress secondary emission.

In the Winn filter, the ion beam was separated either
by mass (O, and O*; O, and O") or by charge (Ar* and
Ar?*). Figure 3 showsthat the source produced negative
and positive oxygen ions in comparable amounts in
both atomic and molecular form. The separation degree
was 70-90%. The beam of argon ions amost com-
pletely consisted of Ar*.

Fast neutrals (Ar°, O, and O° with an energy of
1 keV were produced from positive ions via resonant
charge exchangein the parent gas (Ar* inAr, O, in O,,
and O* in O,). For this purpose, the sides of the electro-
static capacitor of the Winn filter were sealed to obtain
a 64-mm-long tube of a rectangular cross section (8 x
14 mm). In the middle part of the tube, there were aper-
tures for measuring the pressure and the gas flow rate.
Such a design, together with a high-vacuum space
under the cap of the device, formed a charge-exchange
chamber with differential pumping. Theinlet and outlet
dlits of the Winn filter increased the pressure gradient.
At agas pressure of ~0.4 Pain the center of the charge-
exchange chamber, the pressure in the space under the
cap was no higher than 107 Pa.

The degree of beam charge exchange was measured
according to the technique described in [22]. The tech-
nigueis based on the assumption that ions and fast neu-
trals of the same elements gect electrons from the
metal surface with the same efficiency; i.e., their coef-
ficients of secondary emission are the same (k,_, =
k,_o). Strictly speaking, thisis true only in the energy
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Fig. 1. Diagram of the experimental device: (1) ion source,
(2) extractor, (3) single lens, (4) decelerating electrode,
(5) electrostatic turning capacitor, (6, 7) magnet yoke and
electrostatic capacitor of the Winn filter, (8) inlet and outlet
filter dlits, (89) auxiliary €electrode, (10) receiving unit,
(11) cathode, (12) quartz retort, (13) glass tube, (14) auxil-
iary anode, (15) gasinlet, and (i) trajectory of theion beam.

5 4 1
N

Fig. 2. Diagram of the receiving unit: (1) grounded case,
(2) collector, (3) aperture for monitoring the beam parame-
ters, (4) treated silicon plate, (5) shielding case, (i) ion
beam, (ES) electrode for suppression of secondary emission
or extraction of secondary electrons from the collector. The
x- and y-axesin Fig. 1 and the z- and y-axesin Fig. 2 make
the same left-hand Cartesian triple.

range in which kinetic gjection prevails over potential
gjection.

The measurement procedure was as follows. In the
beginning, the gas inlet into the recharging chamber
was shut, an auxiliary electrode 9 (Fig. 1) was
grounded, and the beam losses were almost absent. The
Winn filter wastuned to acertain type of ions, e.g., Ar*.
By varying the voltage polarity on electrode ES, we
could either suppress secondary electron emission or
extract all secondary electronsfrom the collector. Inthe
first case, we abtained the ion current |;, whereasin the
second case, we obtained the collector current I, = I; +
I, (Where | isthe secondary electron current). Then, we
have ki _. = I/l; = (I, = I;))/l;. 1t turned out that this
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Fig. 3. Mass spectra of the ion beam: |; is the beam current
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Fig. 4. Unrechargedion current I;,, electric equivalent of the
flow of fast neutralsl,, and their sum Ig=1;; + 1, asfunctions
of the pressure in the charge-exchange chamber; the work-
ing gasis argon.

parameter varied in a rather wide range; hence, it was
measured more than once at certain time intervals dur-
ing every experiment.

PAVLOV

Then, the gas was supplied to the charge-exchange
chamber. A part of the ions was recharged, while the
other part passed through the chamber unchanged.
When a sufficiently high positive voltage was applied
to electrode 9, all the recharged ions were reflected
from it and were not able to leave the Winn filter. This
can be easily verified by measuring the collector cur-
rent in the regime of suppression of secondary emis-
sion. The measurements showed that the total reflection
was observed at Ug higher than 1100 V. Let us now
changethe polarity of electrode ESto positive and mea-
sure the current of secondary electrons. Since the ions
do not reach the collector, the current |, may be caused
only by the flow of fast neutrals. According to [22], we
have |, = I /k _.. Here, the quantity I, is the electric
equivalent of the flow of neutrals, i.e., the current to the
collector if every fast atom had a charge equal to the
electron charge.

When the gas inlet to the charge-exchange chamber
is open, electrode L is grounded, and secondary emis-
sion from the collector is suppressed, one more param-
eter |, (the current of unrecharged ions) can be mea-
sured. This current was measured only in auxiliary
experiments.

The dependence of |;;, |,,, and their sum |, on the gas
pressure in the central part of the charge-exchange
chamber is shown in Fig. 4. The working gasis argon.
Itisseenthat I, reachesits peak value at P ~ 0.5 Paand
then decreases slowly. The latter is associated with the
scattering of fast neutrals by gas atoms. A similar
dependence is observed for molecular and atomic oxy-
gen, but at a pressure two to three times higher.

We draw attention to two important facts. First, I is
equal to theinitial current of the ion beam (before the
gaswas supplied to the charge-exchange chamber) with
ahigh accuracy in therange P < 0.2 Pa, which supports
the validity of this measurement technique. Second, if
we assume that the measurement error is high, the
intensity of the actual flow of neutrals cannot be higher
than a preset value, because the intensity of the total
flow of neutrals and unrecharged ions cannot exceed
that of the initial positive ion beam.

A glow dischargein agasflow with ahighly nonuni-
form pressure served as a source of fluorine radicals
(Fig. 1). A duraumin cathode 11 with an area of 2 cm?
was placed into quartz bulb 12 with a volume of
~10 cm®, into which SF, gas was input. The bulb was
connected to a vacuum chamber through a 22-cm-long
glass tube 13 with an inner diameter of 8 mm. There
was a side branch at a distance of 6 cm from the tube
end, where the auxiliary anode 14 was placed. At a
standard SF flow rate of 900 cm? Pa/s, the gas pressure
near the cathode was 25-30 Pa and, in the space under
the cap, it was ~7 x 10~ Pa. The auxiliary anode was
used to help initiate the discharge with a highly nonuni-
form pressure. In the normal regime, the voltage across
the discharge was 2.5-3 kV and the current was 4 mA.
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The current was about equally shared between the aux-
iliary anode and the grounded elements of the cap.

Fluorine atoms were obtained due to dissociation of
sulfur hexafluoride moleculesin the positive column of
the discharge. The measurements showed that, outside
of the glass tube, the etching rate of Si, which is deter-
mined by the concentration P*, is described well by the
dependence V, ~ 1/R?, where Risthe distance from the
tube end. The axis of the radical source made an angle
of ~20° with the plane of the receiver plate and with the
silicon surface. The distance between the tube end and
the center of theion beam (Fig. 1) was 2 cm. A perma-
nent magnet was placed behind the receiver plate to
create amagnetic field (~7 x 102 T) directed along the
y-axis (Fig. 1). This field prevented electrons of the
glow discharge from reaching the region where the
beam ions and fluorine radicals interacted with the
treated surface.

MEASUREMENT TECHNIQUE
AND EXPERIMENTAL RESULTS

The etching rate was determined by direct measure-
ments of the etch depth. For this purpose, Si sample 4
was placed on receiving plate 1 (Fig. 2). Its upper part
was protected from the influence of fluorine and theion
beam by casing 5. The interferometer microscope mea:
sured the height of the step between treated and
untreated parts of the sample; usually, it was about sev-
eral microns. Aswas mentioned in the previous section,
the rate of radical etching followed the law V, ~ 1/R?.
For this reason, when the ion beam was switched off,
the profile of the etch depth along the x-axis had the
shape shown in Fig. 5a. The origin of the x-axis was at
the end of the glass tube. When the silicon surface was
simultaneously exposed to theradical andion flows, the
etching was accel erated in the region of their combined
action and a step appeared in the profile of the etch
depth (Fig. 5b). It is easy to extrapolate curvesd and e
and to obtain the value of Ah. The distance R was taken
equal to 2 cm to obtain Ah [(Oh, where h is the depth of
silicon etching by fluorine radicals without ion stimula-
tion.

The yield of silicon atoms per incident ion Y (the
main measured gquantity) was determined as follows.
Let theincrement of the etch depth due to ion bombard-
ment during the time At be Ah. The number of atoms
removed from the surface is determined by the expres-
sion Ng = AhpN,/|., where p and [ are the density and
molar weight of silicon, respectively, and N, is
Avogadro’s number. The number of ions incident per
unit areais N, = jAt/e = |At/eS wherej istheion current
density, | isthe collector current, Sisthe collector area,
and e is the éectron charge. Since the beam current
density was about several microamperes per sguare
centimeter, the value At was typically several hours. It
was impossible to keep the parameters of the source
unchanged over such along period. Hence, instead of
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Fig. 5. Qualitative dependence of the silicon etch depth on
the x coordinate (the point x = 0 is at the end of the radical
source tube; see Fig. 1): (&) the ion source is switched off,
and only the radical source operates; (b) etching is stimu-
lated by the ion flow; and (c) the case when the processis
decelerated by some external factors.

thevaluelAt, itsintegral value ® = (| dt was measured.

To determine it, an integrating scheme was installed in
the collector circuit. To find the yield of silicon atoms
per incident fast neutral atom, we measured the value of
®, in which the current | was replaced with the equiva
lent current |, described above. Asaresult, we obtained
Y = AhpN,eSud. For each type of stimulating particle,
a series of not less than five measurements was per-
formed. The averaged data are given below.

It is known [13] that the yield of silicon atoms
strongly depends not only on the ion mass and ion
energy, but also on the experimental conditions. The
yieldistypically from 4 [5] to 20 [23] for Ar* ionswith
an energy of 1 keV. In our experiments, we obtained
Y(Ar*) =5.7 + 1.3 atom/ion. Since thisvalue was closer
to the results of [5], we used it as areference value.

For fast argon atoms, we obtain Y(Ar®) = 10.6 +
1.5 atom/neutral, i.e., Y(Ar®)/Y(Ar*) 01.85. Thisresult
is unexpected for two reasons. First, as mentioned in
the Introduction, the stimulating influence of ion bom-
bardment is mainly associated with the breaking of
Si—-Si bonds, loosening of the silicon surface, and
induced desorption of the intermediate products of the
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SiF, reaction (x = 1, 2, or 3). The existence of these
effects and their substantial contribution to the etching
process is undoubted. However, this influence is only
mechanical; it cannot depend on the states of the upper
electron shells(recall that theion energy is 1 keV, while
the electron transitions at the upper shells correspond to
energies of one to two tens of electronvolts). This
makes us assume the existence of an additional etching
channel, which has not been previously accounted for.
Second, it is known [24, 25] that when an ion
approaches the surface, it is usualy neutralized before
colliding due to Auger or tunnel processes; i.e., almost
aways, it is fast neutrals that reach the surface. How-
ever, the place, time, and mechanism of neutralization
are different. For this reason, we doubt the validity of
the measurement technique for I, However, as was
shown in the previous section, even if we assume the
presence of a substantia error, the actual flow of fast
neutrals cannot exceed a preset value, because this
would contradict the current balance. On the other
hand, Y ~ 1/j and, consequently, the obtained value of
Y(Ar9) is actualy the lower limit. Therefore, it is
proved that stimulating influence of ion bombardment
on plasmochemical etching of silicon depends not only
on the ion mass and ion energy, but aso on the popula-
tion of its upper electron levels.

The experiments showed that atomic oxygen also
accelerates the etching process. In this case, Y(O*) =
1.9+ 0.2 atom/ion, Y(Q°) = 3.4 + 0.5 atom/neutral, and
Y(O) =2.1+ 0.5 atom/ion. Fast neutrals have the stron-
gest stimulating effect: Y(OP)/Y(O*) O 1.8. Negative
ions take an intermediate position.

Unlike the particles mentioned above, the ions of
molecular oxygen do not accelerate, but decelerate the
etching process. As a result, a hole (rather than a step)
isformed in the etch depth profilein the region exposed
to the beam action (Fig. 5¢). For convenience, this pro-
cess can be regarded as negative catalysis, whereas its
intensity can be characterized by negative values of Y,
because Ah is negative. It was found that al kinds of

molecular oxygen (05, O, , and Og) exhibit properties
of inhibitors with Y(O;) = —2.9 + 0.3 atom/ion,

Y(03) = —2.3 + 0.2 atom/neutral, and Y(O;) = —2.6 +
0.3 atom/ion. Negative ions again occupy an intermedi-
ate position between positiveions and fast neutrals. The
observed decel erating action cannot be directly associ-
ated with the formation of SIO,, which, asisknown, is
etched by fluorine at a much slower rate than pure sili-
con. Such effects are observed in the mixture of Sk and
oxygen only when the relative concentration of O, is
higher than 50%. In our case, the flow of SFz molecules
onto the target is more than two orders of magnitude
higher than that of molecular ions.

The qualitative difference between the influence of
atomic and molecular oxygen is noteworthy. The
former accel erates, while the latter decel erates the pro-

PAVLOV

cess of etching, although the chemical element is the
same. We cannot exclude the possibility that the reason
isthe difference between the ion masses and, hence, the
ion momentum at the same energy. However, it is
unlikely because, as shown in [23], the yield of silicon
atoms per incident ionisavery weak function of theion
energy, at least in the range from 500 to 3000 eV. Solv-
ing this problem requires further investigations.

CONCLUSIONS

Thefirst results of investigations of the influence of
the ion charge sign on the stimulation of plasmochem-
ical etching of silicon show the following.

(1) Among the particles that accelerate the etching
process, fast neutrals have the maximum catalytic
effect. The catalytic influence of positive ions is about
two times less. Negative ions occupy an intermediate
position.

(2) It isfound that some kinds of ions do not accel-
erate, but decelerate the etching process; i.e., they
behave as inhibitors. Among such particles (at energies

of 1 keV) are all kinds of molecular oxygen (O, , O,

and 0)).

(3) The results abtained allow us to conclude that
the effects of loosening the silicon surface and forced
desorption of the intermediate reaction products
incompletely describe the influence of ion bombard-
ment. There should be an additional channel of silicon
etching, whose efficiency depends not only on the
energy and mass of the ion, but also on the population
of its upper electron levels.
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Abstract—The properties of coronadischargein strong water el ectrolytes are studied experimentally. An anal -
ysisof the measured time-integrated spectrum of the corona plasma emission showsthe presence of athin vapor
layer between the plasma and liquid. The time dependences of the layer thickness are derived from the dis-
charge shadowgraphs. The role of the transition layer in the energy conversion processin acoronadischargein
strong electrolytes is determined. © 2001 MAIK “ Nauka/Interperiodica” .

Studies of the electric and hydrodynamic character-
istics of pulsed corona discharges in water electrolytes
[1, 2] showed that, under certain conditions, the
branched spray corona transforms into a continuous
plasma formation, in which the level of hydrodynamic
perturbations is comparable to that in spark underwater
discharges[3]. At initial electricfieldsintherange E, =
10%-108 V/m, the key condition for such a transforma-
tion is the high electrical conductivity of electrolytes
(on the order of 10 S/m). In this case, if the surface of
the point electrode provides an electric-current density
and electric-field strength high enough to ignite a dis-
charge over the entire surface of the point, then a
plasma piston with any given configuration, depending
on the geometry of the point, can be formed in aliquid
[2]. These factors, along with the high stability of the
electric and hydrodynamic characteristics, stimulate
interest in corona discharges in strong electrolytes.
Such discharges possess a high technical potential and
have advantages over other types of electric explosions
in liquids. They can be realized in very small volumes
and are characterized by stable pressurelevels, elevated
resources of the electrode systems, and awider range of
electric conductivity of the mediain which the electric-
explosion energy conversion occurs.

A further investigation of corona discharges in
strong electrolytes requires a detailed explanation of
the mechanism for this phenomenon. In the existing
electrodynamic models of coronadischargein astrong
electrolyte [4, 5], the equivalent circuit for the dis
charge gap isrepresented by two series-connected non-
linear resistors formed by the expanding plasma piston
and liquid. The total resistance varies due to variations
in the plasma-piston radius and nonlinear electric-con-
ductivity distribution, which is related to the tempera-
ture gradient caused by Joule heating. This model is
based on the fact that, using conventional experimental

techniques, it is impossible to divide the total energy
dissipated in the discharge gap into equivalent compo-
nents. In this case, the transition from plasmato liquid
isregarded asajump. However, studies of the underwa-
ter-spark channel show that, between the plasma and
liquid, thereis athin transition layer in which the ther-
modynamic parameters T and p vary gradualy [6, 7].
The existence of such alayer is explained by the facts
that the characteristic pressure in the plasma channel
attains 10°-10° Pa and the water parameters are higher
than the critical ones, so that the channel cannot have a
sharp plasma-iquid boundary.

Studies of a pulsed diaphragm discharge [8, 9]
(which is similar to a pulsed corona discharge because
it occursin the same mediaand also leads to the forma-
tion of a plasma bunch) demonstrate the presence of a
transitional gas layer which plays adecisiverolein the
discharge evolution because of the high current density
near the plasma bunch.

The facts listed above show that it is necessary to
answer the question of whether a plasma-iquid transi-
tion layer arises in a corona discharge in a strong elec-
trolyte when a continuous plasmaregion isformed, and
to study the role of the transition layer in the discharge
evolution.

EXPERIMENTAL SETUP

The experimental setup consisted of electrical and
optical parts. The eectrophysical part was the dis-
charge circuit of a capacitor bank with the parameters
Uy =10-30kV, C=3-6 yF, and L = 2.4 pH. The dis-
charge current and the voltage across the discharge gap
were recorded by an S8-17 oscilloscope with the help
of a coaxial shunt and capacitive voltage divider. The
optical part of the experimental setup (Fig. 1, top view)
consisted of the spectral and shadowgraph sections.

1063-7842/01/4602-0174%$21.00 © 2001 MAIK “Nauka/Interperiodica’



OPTICAL STUDIES OF THE PLASMA-LIQUID TRANSITION LAYER

A discharge was ignited in a discharge chamber, which
was a parallelepiped 240 x 480 x 390 mm in size. The
chamber had three windows made of highly transparent
polished Plexiglas. The chamber material was
Kh18N9T stainless steel. A brass rod electrode (with a
curvature radius of the point of ry = 1.5 mm) insulated
with polyethylene was mounted at the flange of the lat-
eral wall of the chamber. The discharge chamber wall
served as the negative electrode. As an electrolyte, we
used an optically transparent distilled water solution of
NaCl, which was preliminarily settled and filtered. The
salt concentration in the electrolyte varied depending
on the required electrolyte conductivity. In this experi-
ment, it was g, = 10 S/m. One of the windows was
mounted perpendicular to the rod electrode to prevent
defocusing of the optical scheme during the spectral
measurements of the plasmaevolution. With the help of
a deflecting mirror and an intermediate achromatic
quartz lens (f = 75 mm), the optical plasma radiation
was focused at the entrance dlit of a DFS-452 spec-
trograph. The spectrograph recorded the emission spec-
tra over the range 190-1100 nm with a high resolution.
In our experiments, we used a built-in 600-line/mm
grating with maximum reflectivity at a wavelength of
500 nm. Inthiscase, afilm coversthe wavelength range
up to 360 nm, which is convenient when investigating
the overview spectra of little-studied objects. To iden-
tify the spectrum under investigation, we used an
IVS-28 standard spectrum source in whose discharge
chamber an auminum emission with a well-known
spectrum was generated. With the help of a deflecting
mirror and an intermediate lens, the aluminum emis-
sion wasfocused at the entrance dlit of the spectrograph
and was recorded on a free part of the film parallel to
the spectrum under investigation. The mutual position
of the spectrum under investigation and the reference
spectrum was adjusted by a specia film-carrier mecha
nism.

The shadowgraph section, which was devel oped for
the visual identification of athin plasma-iquid transi-
tion layer, operated on the principle of the defocused
diaphragm [10]. A GOR-100M pulsed ruby laser was
used as a light source. Using a plane-parald light
beam, we could partialy prevent the lens effect of the
shock front of the corona discharge. To enlarge the size
of the light spot in which optical nonhomogeneities
were studied, a collimator broadening the light beam to
50 mm was placed between the laser and the discharge
chamber. A receiving Yupiter-36B objective (f =
250 mm) was placed on the optical axis behind the dis-
charge chamber. In the recording part of the optical sys-
tem, aKaleinar-3B objective (f = 150 mm) was used to
produce a sharp image of an object (which was posi-
tioned in the object plane) on the visualizing screen or
on the photorecorder film. The use of the above objec-
tives in the optical system was necessary because of
fairly long (=74 mm) working segments, which is
important for the defocused diaphragm method with a
high resolution (up to 45 line/mm) in the center of the
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Fig. 1. Optica part of the experimental setup: (1) photore-
corder, (2) visualizing screen, (3) recording objective,
(4) receiving objective, (5) visualizing diaphragm, (6) elec-
trode, (7) discharge chamber, (8) collimator, (9) pulsed
laser, (10) adjusting laser, (11) diffraction-grating spec-
trograph, (12) intermediate lens, (13) removable deflecting
mirror, (14) standard spectrum source, (15) intermediate
lens, and (16) deflecting mirror.

light spot. A visualizing screen made of opal optical
glass was placed behind the recording objective. Using
this screen, we could visually observe the image when
adjusting the system or preparing to film and could
check the quality of the device adjustment. For high-
speed photography, we used a VFU-1 photorecorder
with a magnifying lens (5- and 10-fold magnification),
which operated as a streak camera. The optical system
as awhole permitted a resolution of 10°-10%* m. Asa
visualizing diaphragm, a set of grids with astep of 0.05
to 1.0 mm was used. The diaphragm was positioned
directly behind the object, because, in this case, light
rays are deflected at large angles in the transition layer.

All components of the optical system were mounted
on a3750-mm-long optical bench to prevent an adverse
vibration effect. The frame of the optical system lay on
100-mm-thick rubber pads. The discharge chamber
wasinstalled on anindividual platform fastened rigidly
to the laboratory floor and was mechanically isolated
from the optical system to prevent misalignment of the
latter.

In the first stage of adjusting the optical system, we
also carried out an experiment to determine the shape
of the plasma bunch at given parameters of the electric
circuit, point radius, and electrolyte. In this case, the
time evolution of the plasma corona was recorded by a
VFU-1 streak camera in the time loupe regime with a
time resolution of 5 x 10~ s. An |FK-2000 pulsed lamp
was used as the illuminator.

EXPERIMENTAL RESULTS

Frame-by frame photography of the discharge dem-
onstrated that, in the chosen range of electric-circuit
parameters and ¢ = 10 S/m, a plasma bunch produced
with a hemispherical point is shaped like a hemispher-
ica layer. Investigations of the time-integrated emis-
sion spectrum of the continuous plasmaof acoronadis-
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Fig. 2. Time evolution of the Na doublet profile in the
plasma emission spectrum of the corona discharge at differ-
ent values of Ug: (1) 10, (2) 15, and (3) 20kV for C=3 p~

Fig. 3. Shadowgraphs of the corona discharge at different
values of Ug: (a) 29 and (b) 15kV for C =6 pF.

charge have revealed that, against the background of an
intense continuum, awide absorption band correspond-
ing to the sodium resonance doublet is observed in al
of the discharge regimes under study. The band broad-
ens with increasing initial voltage. Figure 2 shows the
time evolution of the Na doublet profilein the emission
spectrum of the corona-discharge plasma, measured
with reference to the known emission spectrum of Al.

BOGUSLAVSKY et al.

Thetotal absorption corresponding to the Naresonance
doublet (A = 589-589.6 nm) is most pronounced when
the initial voltage U, is increased to 15 kV. This indi-
cates that, between the plasma and electrolyte, there is
aboundary gaslayer in which the temperature is nearly
one order of magnitude lower than the plasma temper-
ature and the transition from the plasmato the gaslayer
may occur abruptly. Thefact that the recorded spectrum
does not contain additional absorption lines corre-
sponding to the transitions from the resonant level is
evidence that the emitted radiation passes through a
fairly narrow, weakly absorbing vapor layer in the visi-
ble region.

From the time-integrated emission spectrum
obtained in our experiments, we could not accurately
evaluate the size of the observed transition layer. The
thickness of the transition layer was estimated by
assuming that it is inversely proportional to the coeffi-
cient of continuous absorption in the spectral region
near A = 589 nm. Using the data on the absorption coef-
ficient calculated for alow-temperature oxygen—hydro-
gen plasma[11], we found that, for Xgge = 4 x 10* mm?,
the half-thickness of the gas layer isequal to 6 = 1/x [
2.5 x 102 mm.

Figure 3 shows the shadowgraphs of a corona dis-
charge. The inflection of the diaphragm-grid shadows
is seen against the background of the time evolution of
the plasma bunch. The shadow bands are inflected in
three regions: (i) the compression-wave region, (ii) the
region where the electrolyteis heated, and (iii) thetran-
sition-layer region. At high initial capacitive-storage
voltages, a shock is observed in the compression-wave
region; as the initial voltage decreases, the shock
becomes diffuse. The electrolyte is heated more inten-
sively when the electric parameters ensure a more
intense energy release in the discharge. By the transi-
tion-layer region, we mean the region adjacent to the
plasma where the inflection angle of the grid shadows
becomes negative.

From the shadowgraphs of the discharge, the time
dependences of the thickness of the layer in which the
inflection of shadow bands was observed were calcu-
lated for different discharge-circuit parameters (Fig. 4).
The dependences were calculated taking into account
the inflection of shadows due to the lens effect in the
compression-wave region [7]. The layer thickness
increases rapidly only during the first microseconds
(to 2 ps) of the discharge. For most of operating condi-
tions, the transition layer thickness reaches 0.05 mm
and increases only by the end of the energy release in
the discharge gap. However, we aso observed dis-
charges with high stored energies (U, = 29 kV, C =
6 YF) in which the transition layer thickness reached a
fairly large value of 0.2-0.3 mm.

On the whole, the experimental data on the transi-
tion layer thickness that were obtained using the shad-
owgraph technique agree with the above estimate
obtained from spectral measurements. This fact is evi-
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dence that the plasma-liquid transition layer is cor-
rectly identified in the shadowgraphs.

DISCUSSION

The experimental results obtained allow us to esti-
mate the role of the transition layer in the time evolu-
tion of a pulsed corona and the influence of the pro-
cesses of energy conversion in this layer on the total
energy balance in a discharge. During the evolution of
the plasmabunch in a coronadischarge, the intensity of
surface evaporation of the liquid is governed by radia-
tion, heat conduction, and Joule heating. To determine
the energy that is spent on the formation of the transi-
tion layer and is dissipated in it, we consider the condi-
tions at the plasmadiquid interface, i.e., at the phase-
transition boundary. The temperature T of the liquid
layer adjacent to the transition layer grows due to Joule
heating by the current | flowing through the layer. The
time-dependent distribution of T can be determined
from the one-dimensional heat conduction equation

@T|+ aT|[|_ a a_-rD

or" or

pICv,Dﬁ VrWD_ or +W(t)’ (1)

where p, is the mass density, ¢, isthe specific heat, o

is the thermal conductivity of water, v, is the radial
velocity, and w(t) is the heat-source power density.
In our case, we have

I (1)
(T (1 D)’ @)

The label | stands for the liquid parameters. Similar
relations hold for both the transition-layer region and
the coronal plasma. The continuity conditions for the
current density J, mass and energy flows, potentia ¢,
and temperature T are satisfied at the phase-transition
boundary. A mathematical description of this time-
dependent process with nonlinear boundary conditions
at the initialy unknown phase-transition boundaries,
even with some model simplifications, israther compli-
cated. For this reason, we restrict ourselves to some
estimates in our analysis. We will use the following
estimation parameters: the transition layer thickness
0=25x10*m, thecurrent | =2 x 10* A, the temper-
ature T =5 x 10%-2 x 10* K, the plasma-bunch radius
(including the electrode radius) r, = 4 x 10 m, and the
initial electrical conductivity of the liquid o, = 10 S/m.
This parameters correspond to the regime with high
stored energy. The induced convection of liquid by a
plasma piston may be ignored. The reason is that, in
spite of rather high flow velocities (v, can attain 1/3 of
the speed of sound), convection does not redistribute
thetemperaturein thelocal regionsof interest. Heat can
be transferred through the transition layer from the
plasmato theliquid by convective heat conduction (o =
0.683 W/(m deg)) and dissociative heat conduction,
which, according to [8], is the main heat-conduction

w(t) = 2
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Fig. 4. Thickness of the visualized transition layer at Ug =
(1,3) 29 and (2, 4) 22 kV for C= (1, 2) 6 and (3, 4) 3 F.

mechanism in such systems and for whichwetake oy =
1.4 W/(m deg). For the maximum attainable tempera-
ture gradient, this flow can be estimated as

aAT = 5.46 x 10’ W/m?,
O |t=2x10°k

agAT = 1.12 x 10° W/m?.
) T=2x10%K

In addition, the gas can be heated dueto radiant heat
transfer with g = 0T 4= 3.5 x 10™-9 x 10° W/m?, where
Og is the Stefan—Boltzmann constant. Joule heating in
the transition layer can be estimated from Eq. (2) as

2
10~ 4x10°2 wim’

4rtoyr; S

Even assuming that g, is on the order of the electric
conductivity of water, the power of Joule heating in the
transition layer is 34 orders of magnitude higher than
the heat power transferred from the plasma. In fact, the
temperature and pressure dependences of the electric
conductivity of the vapor of a water solution of NaCl
[12] are such that, at temperatures on the order of
400°C, the conductivity reaches its maximum (nearly
ten times o, for vapor at 100°C) and then decreases
below o, a temperatures on the order of 600°C at

108 Paor 800°C at 2 x 108 Pa. Thismeansthat the el ec-
tric conductivity of the gas in the transition layer is
maximum at both boundaries of the layer and is mini-
mum (below o, for vapor at 100°C) in the center of the
layer. From here, we estimate the electric conductivity
averaged over the layer to be on the order of two to four
times o, for 100°C, which increases the power released
in the layer by one order of magnitude. In this case, the
energy released inthetransitional layer for 10 psisesti-
mated to be on the order of 400 J. Evidently, thisisthe
upper estimate and the actual value may be severd
times lower; however, this estimate shows that the tran-
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Table
t, us I,A Mo, M om do/d dd/d, calculation
1.75 17027 0.0070 21x 10 - 0.155
3.50 18611 0.0080 2.3x 10 0.087 0.108
5.25 17027 0.0085 25x 10 0.080 0.071
7.00 13859 0.0085 2.7x10% 0.074 0.047

sition layer plays an important role in the process of
energy conversion in corona discharges in electrolytes.

Finally, we estimate the role that Joule heating of
water adjacent to the transition layer playsin the layer
formation. We consider a water layer with an arbitrary
thickness x; the only requirement is that x be much less
than r,. The density of the heat flux due to evaporation
from a spherical surface of radiusRis

dR
q= pla[cp(T_TO) + rs]-

Here, risthe specific heat of evaporation and ¢, isthe
specific heat of water. We assume that this flux is com-
pletely provided by Joule heating at the boundary of the
layer. Taking into account that, in our case, theradiusis
R =r, + & (where only the transition layer thickness
changes due to evaporation from the surface) and x and
o aresmall, using Egs. (1) and (2) we can write

dd _ I *dt
X 4rtrioplc,(T—=To) +r1d

Since x is chosen arbitrarily and the main scale
length of the problem is 3, we can substitute x with &
and integrate this expression using the experimental
time dependences of the current and corona radius.
Since the water temperature distribution across the
layer and its time dependence, as well as the phase-
transition dynamics, are unknown, we consider only
the limiting case (water heated to the critical tempera-
ture). Then, we obtain

dd _ I%dt

5 0|réQ
where Q = 418p [c (T, — Ty) + rg]. Here, the label ¢
stands for the parameters at the critical point. The val-
ues of dd/d calculated using this expression and the
experimental values of thetransition layer thicknessfor

one of the regimes with a high stored energy are given
in the table.

A rather close agreement between the calculated
and experimental values confirms that, in the active

stage of the corona evolution, its propagation deep
inside the gap may be largely related to heating and a
phase transition, probably a transition of the second
kind (over thelability line), rather than hydrodynamical
or other processes.

Thus, optical studies of the plasma-liquid transition
layer in a pulsed corona discharge in a strong water
electrolyte have shown that thislayer playsasignificant
(or even decisive) rolein the formation and evolution of
the corona.
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Abstract—Results of an experimental study of the correlation between the accelerating gap parametersin a
plasma source of electrons and the limiting magnitudes of the gas pressure and the voltage applied to the gap
are presented. It has been found that the el ectron beam increasesthe el ectrical strength of the gap. © 2001 MAIK

“Nauka/Interperiodica” .

Theimportance of the problem of beam plasmagen-
eration in the fore-vacuum range of gas pressures for
some technological applications, such as annealing and
melting of materials, electron-beam surface treatment,
and initiating beam-plasma discharges in plasmochem-
istry [1], has stimulated a demand for reliable and effi-
cient electron sources capable of producing an electron
beam at pressures of about 100 mtorr. This problem can
be solved with plasma sources of electrons utilizing a
cold (unheated) cathode discharge [2, 3]. It isthe capa-
bility of producing intense electron beams at elevated
pressures that makes plasma el ectron emitters superior
to hot-cathode systems whose lifetime at such pres-
suresis very short.

Earlier [4—7], we developed a plasmasource of elec-
trons on the basis of a hollow-cathode discharge capa-
ble of producing a stable electron beam with a current
up to 1 A and energy of the order of 10 keV.

The results of experimental investigations aimed at
determining the maximum pressures at which electron
beam generation is still possible are presented in this
paper. Basic factors limiting the operating pressure are
discussed as well.

The plasma source of electrons used in our experi-
ments is shown schematically in Fig. 1. The electron
emitting plasma is formed in the discharge chamber,
which consists of a hollow copper cathode 1 and aflat
hollow anode 2 with an axial emission hole 316 mmin
diameter. To stabilize the plasma boundary and screen
the accelerating field in the discharge system, a fine
metal grid was placed in the anode hole. The mesh
dimension varied from0.25x 0.25t0 1.0 x 1.0 mm. The
geometric transparency of the grid was closeto 70%. In
some cases, the grid was replaced with a perforated
electrode with hole sizes close to the grid mesh dimen-
sions. A beam of electrons was extracted through the
emitting anode hole by applying a voltage across the
accelerating gap between anode 2 and extractor 4. Pres-
sure was increased by admitting a gas (air) into the

working chamber of the setup. This produced equal
pressures in the gas-discharge chamber and in the
region of beam acceleration and transport. The design
of the source and its parameters have been detailed in
[4,7].

The limiting magnitudes of the gas pressure p,,, and
voltage U,,, were registered at the moment immediately
preceding a big increase in current |, (breakdown) in
the circuit of the accelerating voltage source. As could
be expected, the values of p,, and U,,, varied in inverse
proportion. The experiments showed that both quanti-
ties increased with decreasing mesh dimension h and
the distance d between the anode and the extractor, as
illustrated in Figs. 2 and 3. The variation of the break-
down voltage with pressure (Fig. 3) is, in fact, the Pas-
chen curve for a constant distance between the elec-

4@

Uq

Fig. 1. Diagram of the plasma source of electrons.
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Fig. 2. Variation of the maximum operational pressure with
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Fig. 4. Sameasin Fig. 3 at different values of the discharge
current I4, A: (1) 1.0, (2) 0.5, (3) 0.

trodes. It was expected that the presence of an electron
beam in the accel erating gap would facilitate discharge
initiation (breakdown) in the gap due to effective ion-
ization of the residual gas by the electron beam. In the
experiment, however, the breakdown voltage in the
presence of the electron beam in the accelerating gap
turned out to be higher compared to the conventional
Paschen’s breakdown (Fig. 4).

As noted in some papers [8, 9], the basic distinctive
feature of the fore-vacuum operating regime of a
plasma source of electronsisthe high ionization rate of
the gas in the accel erating gap producing a backflow of
ions, which affects the parameters of the electron emit-
ting plasma in such a way that the plasma density
becomes higher. This, in turn, causes an increase in the
emission current and further growth of the gas ioniza-
tion rate. Under certain conditions, an avalanche ion-
ization develops that switches the discharge over from
the anode to the extractor. Following this, the accel erat-
ing gap voltage drops down to a few tens of volts and
the beam collapses.

Growth of the plasma density in the vicinity of the
emission hole also shifts the plasma boundary toward
the extractor, reducing the extent of the space charge
layer in the accelerating gap and, consequently, the
effective length of the accelerating gap (the distance
between the emission boundary in the plasma and the
accelerating electrode). The avalanche growth of the
current and the shift of the plasma boundary are pre-
vented from occurring by the grid, which performsits
stabilizing function for as long as an increase in the
emission current is compensated by the plasma poten-
tial growth and corresponding decrease in the emission
surface area of the plasmadueto expansion of the space
charge layer separating the plasma from the grid elec-
trode [10]. Thus, p,, is determined by the combined
action of the two processes.

We assume that the basic relaxation mechanism of
plasmaionsin the accelerating gap is their recharge by
gas molecules and that the mechanism of ion escapeis
diffusion [9]. Then, taking into account the condition of
plasma quasi-neutrality and confining ourselves to the
one-dimensional case, we obtain arelation between the
plasmadensity n(0) in the emission hole and the current
density j; due to ions exiting the accelerating gap,

_ 3j;iQ [TV
n(0) = ny+ e0, ISTT,’ (1)

where n, is the plasma density in the absence of ion
flow; Q is the total interaction cross section of slow
ions in the plasma; Q, is the cross section for the
recharging of fast ions; and M; and T; are the ion mass
and the plasma ion component temperature, respec-
tively.

Taking into account known relations for a chaotic
electron current from the plasma and for the efficiency
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of ionization by fast-moving electrons, we obtain

. _ en(O)v _ en(0) [BKT,
e = =2~ = T4 T 2
Z = n,Qcd, ©)

where |, is the electron current density at the plasma
boundary; v is the mean thermal velocity of plasma
electrons; T, and m are the electron component temper-
ature and the electron mass, respectively; Z isthe num-
ber of ions produced by an electron in the accelerating
gap; n, is the concentration of neutral moleculesin the
accelerating gap; Q. is the ionization cross section of
the gas molecules for interaction with fast electrons;
and d isthe accelerating gap length.

Then, we can write for the ion current density

8k
n,Qua2hQ) [Hle @

Substituting Eqg. (4) in Eg. (1) and solving the
obtained expression with respect to n(0), we get

 MT?
n© = nfi-nQai fIH . @

Let us determine the thickness of alayer separating
the plasma from the grid within a grid opening, assum-
ing that the anode current in the operating regime of the
electron source is zero. Under such conditions, the
thickness |, of the layer is

I, = 2,/g,U¥2(n(0) JekT,) ", 6)

where U, is the potential drop across the layer, which
depends on the ratio of the mean thermal velocities of
the plasmaions and electrons.

Substitution of Eq. (5) into Eq. (6) gives an expres-
sion convenient for qualitative analysis:

=2 JeOUE’Z(noA/ekT) A-2hoad [T 0

If an approximate equality I, = his adopted asacri-
terion of plasma boundary stability, then in the case
where p = n KT and the dependence of U, on pressureis
weak, the relationships between p,,, h, and d become
clear. Increasing either the gas pressure p or distanced
causes, according to Eq. (7), a reduction of the layer
thickness |, and, consequently, the plasma boundary
stability can be ensured with smaller dimensions h of
the grid opening.

To analyze the role of voltage U, across the accel er-
ating gap, let us turn to expression (1) and note that j;
growswith U, due to better focusing of the electron and
ion beams. Thus, as U, increases, the plasma density
near its boundary increases aswell, with al the ensuing
consequences. From the decrease in |; with increasing
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U,, we conclude that it is necessary to reduce h to pro-
vide the plasma boundary stability.

Enhancement of the electrical strength of the accel-
erating gap due to the electron beam observed in the
experiment (Fig. 4) may be caused by local heating of
the gas in the beam region. At constant pressure, heat-
ing of the gas reduces the gas density and, conse-
quently, the ion backflow [11]. Another possible reason
is overcompensation of the eectron beam, which
causes the formation of a positive space charge in the
accelerating gap [12]. In this case, a substantially non-
uniform distribution of the accelerating field potential
is realized, which is equivalent to a decrease in the
accelerating gap effective length. Under experimental
conditions, the operating point in the space of the accel-
erating gap parameters is on the left branch of Pas-
chen’s curve, and the corresponding decrease in the gas
density and the accelerating gap length due to the flow
of electrons make the electric strength of the gap
higher.

Thus, our investigations have demonstrated the pos-
sibility of producing an electron beam in a system with
a plasma cathode in the fore-vacuum range up to
100 mtorr.
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Abstract—The formalism of phase transition waves is shown to be applicable to the description of both fast
and slow discharges in condensed media. The definitions of a streamer and leader are refined, and the mecha-
nismsfor their formation and propagation are described. The discharge propagation velocitiesin low- and high-
resistivity media are estimated. © 2001 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

An analysis of the available experimental data on
different types of discharges in condensed media
showed that they can be divided into fast and slow dis-
charges. The dischargesin low-resistivity media propa-
gate with velocities no higher than the speed of sound
and should be classified as slow discharges. Fast dis-
charges are formed in high-resistivity media and prop-
agate with supersonic speeds.

In this paper, we present a unified approach to
describing spark discharges as phase transition waves.

PHASE TRANSITION WAVES

The action of strong electric fields on low-conduc-
tivity or dielectric condensed media can result in phase
transitions such as melting and/or evaporation during
the electric or laser breakdown of solid or liquid low-
conductivity media such as dielectric—semiconductors
or semiconductor—metalsin dielectrics or high-resistiv-
ity semiconductors. Under certain conditions, the
above phase transitions propagate in the form of waves
[1-3].

Let us consider phase transition waves whose for-
mation and propagation require both the spatial inho-
mogeneity of the electric field E and mechanisms pro-
viding its propagation in a medium. Let o¢ be the char-
acteristic length of the region in which the electric field
is nonuniform and in which a phase transition occurs,
and some parameter f of a medium (e.g., the interna
energy, density, electric conductivity, or density of cur-
rent carriers) varies steeply. Then, the velocity of the
phase transition wave can be estimated from the
expression [2]

W(E)Oe
Af

where Af = |f. — fol, fo istheinitia distribution of the
parameter f, W(E) is the rate at which this parameter

ud +v, N

varies, and v is the velocity of thermal expansion or
flow of the medium.

When describing the phase transition waves, it is
important to know the mechanism for expelling the
field from the region where the phase transition occurs
and to find the width of the wave front, i.e., the charac-
teristic length of the region in which thefield is nonuni-
form.

STREAMER DISCHARGE
IN A CONDENSED MEDIUM

The fact that plasma channels in diglectrics and
semiconductors propagate with supersonic velocities
exceeding the drift velocities of the current carriers
point to the wave nature of the processes in a streamer
discharge.

A plasmachannel that isformed in ahigh-resistivity
medium in the region with a strong electric field due to
impact ionization, photoionization, or generation of
current carriers by the electric field and that propagates
toward the opposite electrode in the form of an ioniza-
tion wave will be referred to as a streamer.

Streamer propagation in high-resistivity condensed
media exhibits some general features. Dischargeisini-
tiated in regions where the electric field is highly non-
uniform, e.g., a the interfaces with dielectric inclu-
sions, rough electrode surfaces, and electrodes with
small radii. A random distribution of different types of
inhomogeneities on the electrode surfaces and in the
medium itself results in the stochastic nature of
streamer formation and propagation.

In the region where the electric field is strong, the
density of current carriers sharply increases. The one-
dimensional equation for the current carrier density in
Cartesian coordinates has the form

on_ 0(nE) _0°n _ _n
at IJ' ax Daxz - W(E) .l_rv (2)
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where w(E) istherate of electron-hole pair production;
T, is the recombination time; D is the diffusion coeffi-
cient; and 1 and n are the electron mobility and density,
respectively.

From Eq. (2), we can obtain arough estimate for the
ionization wave velocity,

1 D
UD%%)—T—r%E*'a—E"‘VO, ©)

where Wy = W(E a0, Vo = MEmax, and Ny = Ny

In astrong electric field, the ionization rate substan-
tially exceeds the recombination rate and the drift
velocity is much higher than the diffusion velocity.
Thus, theionization wave velocity is determined by the
expression

o
u DW;’] E+ V. (%)

0

Theinequality w(E)/ny> T, determinesthethresh-
old electricfield E* at which thewaveisformed and the
length & of the region in which the nonuniform electric
field at a given voltage is E > E*. The ionization wave
velocity is aways higher than the sum of the drift and
diffusion velocities of carriers. In the case of intense
ionization, it is much higher than this sum. Hence, if a
strong electric field is applied to a high-resistivity
medium, a streamer propagates with supersonic speed.

Theincreasein the electron density at the wave front
is limited in time by the Maxwellian relaxation time
T, = &/0, where g isthe permittivity and o isthe electric
conductivity. Then, the maximum electron density is
determined by the expression

_ ﬂ’ﬂﬂz
o = Bgid (5)

where e is the electron charge.

Correspondingly, the maximum conductivity in the
streamer head is g, (1 (egwy)¥2. During the same time
T, the electric field is expelled to the region in front of
the streamer head. Since the conductivity in the
streamer is limited and the strong electric field at the
streamer front exists for avery short time, the streamer
is a weakly ionized low-temperature plasma channel.
Consequently, the lattices of solid dielectrics or semi-
conductors do not melt during the streamer discharge.
In gas discharge physics, the low degree of ionization
and low temperature of a streamer are used for its defi-
nition.

An important property of a streamer isits self-prop-
agation ability, which is associated with the mechanism
for expelling a strong electric field from the streamer
head. However, the voltage drop along the plasma
channel dictates arapid increase in the applied voltage
as the distance passed by the streamer in the divergent
field increases. Since the streamer is a weakly ionized
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plasma channel, the field is not fully expelled from it.
Hence, a necessary condition for streamer self-propa
gation isthe formation of a space charge in its head.

L et us consider the processes occurring in the anode
region. The electrons are able to leave for the electrode;
this effect isrelated to the so-called field ionization [4].
The higher the electronic work function of the metal
and the electric field near the anode, the higher the field
ionization probability. The departure of electrons
resultsin the formation of apositive space charge. Dur-
ing the time 1, the space charge will shift by a distance
r = (4 + uHETt, where u* is the mobility of the positive
current carriers (ions or holes). The space-charge elec-
tric field E' is determined from Poisson’s equation
divE' = ep/e, where p is the density of the positive cur-
rent carriers. The streamer starts propagating if the
space-charge electric field reaches the threshold value
E* (E'~ E*). The time necessary for satisfying this
condition can be determined from the above relations
by taking into account the rough equality p ~ wy,t. Thus,
the time during which the streamer is formed is esti-
mated as

t=U < g (6)
o+ p)w(ES)

Since no melting or evaporation occursin a streamer
discharge, the slope of the phase trgjectory AP/AT on
the P—T phase diagram must be larger than the deriva-
tive dP/dT taken aong the solid-iquid (or liquid—gas
for liquid media) phase equilibrium curve:

AP _dP
AT < dT’ "
In phasetransitionsin strong electric fields, the elec-
tric field pressure P = eéE?% 2 plays a decisive role. The
area on the phase diagram that corresponds to the con-
ditions in the streamer head is characterized by the
electric field pressure and the temperature, which
increases due to Joule heating. The high local electric
field in the streamer head (E > 10° V/m) corresponds to
apressure of P > 107 Pa. The rates at which the electric

field pressure and the temperature vary are determined
by the following expressions:

dP/ot = eEQE/0t DeE /T, (8)

dT/dt = oE*(pc), (9)

where T; is the time during which the field increases to
the amplitude value, p is the mass density, and c isthe
heat capacity.

Since AP/AT = (0P/at)/(0T/adt), we can find an
upper limit for the time during which the electric field
increases to the threshold value E*:

epcdT

T <—

o dP’ (10)



184

where the derivative dT/dP characterizes how the phase
transition temperature varies with pressure along the
phase equilibrium curve.

From the above considerations, it follows that, for a
streamer discharge to form, the rise time of the applied
voltage pulse must satisfy inequality (10).

One of the most interesting features of a streamer
discharge is the crystallographic orientation of plasma
channel's, whose description sometimes requires rather
sophisticated hypotheses. As an example, it was shown
that in the most thoroughly studied crystals of zinc
selenide and cadmium sulfide, the directions of
streamer discharges coincide with the calculated direc-
tions of synchronization of microwave and light waves
[5, 6]. The microwaves are generated during the propa:
gation of the streamer head as a result of the competi-
tion among different processes, which leads to periodic
changes (oscillations) in the electric field and plasma
density at the streamer front [7].

Although modeling streamer propagation with
allowance for the emission of electromagnetic wavesis
rather complicated, the parameters of a streamer prop-
agating in cadmium sulfide at different voltages can be
estimated using formulas (5) and (6). According to the
experimental data [1], the characteristic size of the
region of astrong electric fieldisdz =5 x 10°m. Then,
the threshold field is E* 03.2 x 108 V/m. For oz = 2 x

10% m, we have E* 03.5 x 108 V/m.

Theelectron drift velocity in cadmium sulfide at E >
108 V/m is saturated and equal to v = 10° m/s [1]. For
D 010" m%sand & = 2 x 105 m, the cal culated min-
imum velocity is Uy, 0 1.5 x 10° m/s. For &z = 5 x
107 m, we have u,,, 01.2 x 10° m/s. These calculated

values coincide with the measured values of the mini-
mum velocity [8].

The characteristic features of the streamer discharge
in cadmium sulfide deduced from formulas (5) and (6)
are asfollows. The streamer startsto format t 3 ns at
amaximum field of E (15.4 x 108 V/m. The strong ion-
izing field is localized within a small region (8¢ = 3 x
105 m) and affects the crystal during very short time
intervals (t 01023 s). The streamer propagation veloc-
ity isu 04 x 105 m/s, the maximum electron density in
the streamer is ny 06 x 10 m3, and the conductivity
in the streamer head iso 02 x 102 S/m.

LEADER DISCHARGE IN A CONDENSED
MEDIUM

The definition of a streamer allows one to define
more accurately the leader discharge. The leader is
known to form in aweakly ionized medium during the
onset of the ionization—heating instability; i.e., the pro-
duction of current carriersisgoverned by Joule heating,
whereas the rate at which they are produced is deter-
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mined by the dependence of the ionization rate on the
temperature.

A plasmachannel that isformed in alow-conductiv-
ity medium due to nonuniform Joule heating of a
plasmaand propagates toward the opposite el ectrodein
the form of ionization wave will be referred to as a
leader. Hence, the leader may propagate along the
aready formed streamer channel. Theleader velocity is
also higher than the drift vel ocity of the current carriers.
The leader is a high-temperature plasma channel.

As an illustration, let us consider the breakdown in
water in the nanosecond range [9]. For a positive elec-
trode potential, the breakdown in distilled water in the
nanosecond range proceeds as follows. Dissociation,
which leads to streamer formation within t < 10 ns,
starts in the local regions with a strong electric field,
which appear near microinhomogeneities on the elec-
trode surface. An increase in the temperature in the
streamer resultsin asharp increase in the probability of
thermal ionization w(T); consequently, conductivity
continues to rise and the streamer channel transforms
into the leader channel.

The minimum time for the streamer formationist [
4 ns. Thereisanarrow peak of thefieldintheionization
wave propagating from the anode to cathode. This peak
is caused by a positive space charge at the streamer
head, as well as by its elongated shape. As aresult, the
field in front of the streamer increases to E [0 2 x
10°V/m for U = 100 kV, interelectrode spacing | =
102 m, and initial conductivity of water o, = 2.76 x
106 S/m. Thefield inside the streamer decreasesto E [J
3 x 10° V/m as the electric conductivity increases. The
streamer propagation velocity is u 02 x 10° m/s; for
U =50kV, we have u 05 x 10* m/s. These values agree
well with estimates obtained using expression (5).

Behind the streamer front, the temperature grows
due to intense Joule heating, which causes ionization
and further increase in the electric conductivity. The
streamer transformsinto aleader, whose velocity isless
than the propagation velocity of the streamer front. The
distribution of the temperature is highly nonuniform
both along and across the plasma channel; the temper-
ature of the channel can attain T 010* K [9].

SLOW SPARK DISCHARGE
IN A LOW-CONDUCTIVITY MEDIUM

An electric breakdown in low-resistivity solid or lig-
uid media may develop in a few microseconds after
applying the voltage due to the melting and evaporation
of the material, which leads to the formation of a gas
plasma. In this case, the solidHiquid—gas—plasma
phase transitions occur consecutively due to Joule heat-
ing in the region where the electric field is nonuniform.
Theinitial scalelength onwhich theelectric field varies
is determined by the configuration of the discharge gap,
which usually rangesfrom 10°to 102 m. Thefield gra-
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dient islimited only by the experimental facilities. The
propagation velocity of the phase transition wave can
be calculated using the rough formula

2
0
uDL—E+v,

oAe (11)

where At is the total change in the specific internal
energy of amedium at the wave front.

It follows from formula (11) that the propagation
velocity of adischargein alow-resistivity medium can
vary over awide range. However, the relation between
the propagation velocity and phase transitions leads to
the following restriction that iswell known from exper-
iments: the discharge propagation velocity in this case
cannot exceed the speed of sound ¢, because phase tran-
sitions in condensed media are accompanied by a
change in the volume. Thus, the formation time of a
slow dischargeislimited from below: T > &/c. The dura-
tion of the applied voltage pulse should be at least
longer than the discharge formation time.

In dow discharges, the electric field pressure
becomesimportant after the transition of the material to
the gaseous state. Since a gas is dielectric, both the
electric field strength and electric field pressure inside
the produced gas bubble are higher than those in the
surrounding low-conductivity medium. The formation
of a slow spark discharge is completed by a gas dis-
charge, which results in plasma production. The elec-
tric field strength and electric field pressure in the
plasma channel decrease, whereas the temperature and
gas-kinetic pressure increase.

CONCLUSION

The definitions of a streamer and leader in con-
densed media are refined. The formation times and
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propagation velocities of slow and fast discharges are
estimated.

A unified approach to describing slow and fast spark
discharges in condensed media as phase transition
waves is proposed, which allows a quantitative expla-
nation of the difference in the discharge propagation
velocities.

It is shown that the medium density changes signif-
icantly only in slow discharges, which is related to the
liquid—gas phase transition.
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Abstract—A comparison between the kinetics of helium desorption upon linear heating of samples saturated
using various regimesis performed, and the effect of dislocations on the retention of helium in materialsis esti-
mated. In order to investigate the effect of the conditions of saturation of materials with helium onitsretention,
samples of austenitic stainless steel OKh16N15M 3B saturated using various methods were studied, namely,
helium irradiation in a cyclotron, in a magnetic mass-separation setup, inside IRT-2000 and BOR-60 reactors,
and using the so-called “tritium trick” technique. The investigations show that when saturation of the samples
with helium is accompanied by the introduction of radiation defects (in wide limits of helium concentrations
and radiation damage), the kinetics of helium evolution from samples of thistypeis adequate to the kinetics of
its evolution from samplesirradiated in areactor. Theinvestigation of the kinetics of helium evolution from the
samples of OKh16N15M3B steel both after a preliminary deformation and in the process of deformation
showed that, in the process of heating, the helium atoms can migrate along dislocation pipes, resulting in asig-
nificant effect on the release of helium and its redistribution in the volume of the material. The activation energy
for helium pipe diffusion in austenitic steel OKh16N15M3B isabout 0.7 eV. Mobile dislocations favor the gjec-
tion of helium onto the surface of the material, to grain boundaries, interphase interfaces, etc. © 2001 MAIK

“ Nauka/Interperiodica” .

INTRODUCTION

It is known that, under the effect of irradiation,
materials can change their physical and mechanical
properties. The main factors that restrict the reserve of
the material service life are radiation swelling, high-
temperature and low-temperature irradiation embrittle-
ment, radiation creep, etc. An important role in these
detrimental phenomena belongs to gaseous products of
nuclear reactions, including helium.

Since the direct irradiation of materials in a reactor
requires much time and material cos, at present, in order
to imitate the accumulation of helium, various express
methods are used, such astheirradiation of materialswith
helium ions of various energies, irradiation with high-
energy electrons and y photons, saturation from a plasma,
etc. Naturally, the question arisesto what extent thisor that
technique is acceptable for adequately simulating reactor
irradiation. In this work, we make an attempt to qudite
tively compare the kinetics of helium desorption upon lin-
ear hesting of samples saturated using various techniques
and to estimate the role of didocationsin the retention of
helium in materias.

EXPERIMENTAL

Theinvestigation of the kinetics of helium evolution
from samples of structural materials in the process of
uniform heating was performed in a high-vacuum mass
spectrometer setup [1]. To study the effects of the con-

ditions of material saturation with helium on its reten-
tion in the material, we investigated samples of an
austenitic stainless steel OKh16N15M3B saturated
with helium using various methods. Upon simul ation of
the effect of reactor irradiation on the properties of a
material, it is insufficient to specify definite values of
the helium concentration and its distribution; one
should also ensure a specified scaling characteristic of
the material damage. This characteristic is determined
by the value of a coefficient K, which is expressed as
the ratio of the rate of helium formation (He, appm/s)
to the rate of production of atomic displacements
(dpals). Thus, for a number of materials, we have
K =0.3appm/dpa for irradiation in a fast reactor
EBR-11 and K = 70 appm/dpafor irradiationinan HFIR
reactor [2].

In order to study the effects of deformation on the
retention of helium in the OKh16N15M3B steel, we
investigated the kinetics of helium evolution from
undeformed materials, from materials subjected to a
preliminary cold working (to 15 and 50%), and in the
process of deformation.

EXPERIMENTAL RESULTS

1. Effect of the Saturation Conditions on the Kinetics
of Helium Evolution from Materials

In order to substantiate the methods of expressimi-
tation of the accumulation and retention of helium in

1063-7842/01/4602-0186%$21.00 © 2001 MAIK “Nauka/Interperiodica’
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structural materials upon reactor irradiation, we per-
formed a comparative analysis of the spectra of gas
evolution from samples of OKh16N15M 3B steel irradi-
ated in acyclotron [3], in an ILU-100 magnetic mass-
separation setup [4], in IRT-2000 and BOR-60 reactors
[5], as well as saturated with helium using the “tritium
trick” method [6]. Upon irradiation in a cyclotron, the
samples were uniformly saturated with helium to con-
centrations of 1 x 10° at. % throughout the volume. The
irradiation temperature did not exceed 400 K.

The saturation of samples in an ILU-100 magnetic
mass-separation setup was performed using bombard-
ment of the material studied with a particles with an
energy of 70 keV to afluence of 3 x 10° ion m=. The
range of a particles with this energy is about 200 nm.
The temperature of irradiation did not exceed 400 K.
The calculated concentration of helium in the near-sur-
face layer was about 1 at. %.

Irradiation of the samples in an IRT-2000 reactor
was performed at temperatures below 420 K to fluences
of 1.1 x 10% neutron m= for fast neutrons (E >
2.6 MeV) and 2.6 x 10?* neutron m for thermal neu-
trons. The experimentally determined helium concen-
tration in samples irradiated in the IRT-2000 reactor
was 3.5 x 10 at. %.

Asthe samplesirradiated in the BOR-60 reactor, we
used pieces cut out from the can of afuel element that
had been irradiated to a fluence of 7.8 x 107 neutron m
(E> 0.1 MeV). The irradiation temperature was about
850 K. The samples were studied both in the initia
state and after the inner layer that was in contact with
the nuclear fuel was etched away. The experimentally
determined concentrations of helium in these samples
proved to be 2.0 x 102 and 1.7 x 10 at. %, respec-
tively. The characteristics of the samples are given in
the table.

Figure 1 schematically displays the spectra of
the rate of helium evolution from the samplesstudiedin
the process of uniform heating at arate of 7 K/min. Fig-
ure la displays the spectrum of helium evolution from
asampleirradiated with a particlesin acyclotron. The
identification of the peaks of the helium thermodesorp-
tion curve is given in [7], where, aong with the study
of the kinetics of helium evolution, electron micro-
scopic investigations of the evolution of the dislocation
structure and the development of helium-induced
porosity were performed. Peak A (activation energy E =
0.7 eV) corresponds to helium release via pipe diffu-
sion along dislocations that emerge onto the surface;
peak B (E = 0.8 eV) corresponds to growth of disloca-
tion loops, their emergence onto the surface, and the
evolution of the related helium through dislocation
pipes; peak C (E = 2.4 eV) is ascribed to helium diffu-
sion by the vacancy mechanism. The activation energy
for the process of helium evolution at temperatures cor-
responding to peaks A and C, which are connected with
helium diffusion, were calculated using the known
method based on the heating of samples at various rates
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Fig. 1. Spectraof the gas evolution rates upon uniform heat-
ing (7 K/min) of samples of OKh16N15M 3B steel saturated
with helium using various techniques: (a) uniform satura-
tion of the entire volume in a cyclotron; (b) irradiation with
o particles using a magnetic mass-separation setup (energy
of helium atoms 70 keV); (c) irradiation in an IRT-2000
reactor; (d) irradiation in a BOR-60 reactor (as-irradiated
state); (€) irradiationin aBOR-60 reactor after etching away
a surface layer from the side that was in contact with the
fuel; and (f) saturation using the “tritium trick” technique.

[8]. The activation energy of helium evolution at atem-
perature corresponding to peak B was calculated from
the rate of growth of interstitial loops [9]. Helium evo-
lution at higher temperatures (at T > 1200 K) may be
related to the migration of helium—vacancy complexes
HeV, . These conclusions are confirmed indirectly by
the results of recent works concerning the investigation
of the evolution and distribution of helium in various
materials [10-12].

Note the compl ete identity of the spectra of the rate
of gas evolution from the samples uniformly saturated
in a cyclotron (Fig. 1a) and those irradiated in the
IRT-2000 reactor (Fig. 1c). The spectrum of gas evolu-
tion from the sampleirradiated with a particles with an
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Fig. 2. Variation of the temperature of the maximum rate of
helium evolution through the vacancy mechanism upon lin-
ear heating of the samples (at arate of 7 K/min) asfunctions
of the depth of a near-surface layer saturated with helium
(solid line, calculated) and the grain size (dashed line,
experiment).

energy of 70 keV exhibits peaks B and C (Fig. 1b). The
absence of peak Ais possibly related to the fact that the
related processisalready realized during theirradiation
due to the near-surface distribution of helium. The shift
of peak C toward lower temperatures can aso be
related to the near-surface distribution of helium [13].

The spectraof therates of helium evolution fromthe
OKh16N15M3B sted samples irradiated in the
BOR-60 reactor (Figs. 1d, 1€) show that helium is
released only at high temperatures exceeding theirradi-
ation temperature. Thisislikely to be dueto therealiza-
tion of processes responsible for gas evolution at lower
temperatures during irradiation. The gas evolution cor-
responding to the initial sample (Fig. 1d) exhibits two
peaks with maxima of the evolution rate at 940 and
1200 K, whereas in the spectrum of helium evolution
from the sample with an etched-away inner layer
(Fig. 1e), only one peak located at 1200 K is present.
Thisdifferencein the kinetics of helium evolution from
these samples is explained by the different distribution
of heliuminthe material. Thus, intheinitial samplethe
inner layer is enriched in helium by the introduction of
a particles from the fuel. In the sample with an etched-
away inner surface, helium is distributed uniformly
throughout the volume of the sample. The peaksin the

Characteristics of the samples studied
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curve of helium thermodesorption from the initial sam-
ple correspond to the same mechanism of diffusion via
vacancies: the first peak is connected with the emer-
gence of helium from the near-surface layer, while the
second peak isrelated to the emergence of helium from
the entire volume of the sample. Figure 2 shows the
variation of the temperature of the maximum rate of gas
evolution (calculated on the basis of [13]) correspond-
ing to helium diffusion by the vacancy mechanism
upon linear heating of the sample at arate of 7 K/min
as afunction of the thickness| of the near-surface layer
saturated with helium that determines the gas evolution
at this stage. It follows from a comparison of data pre-
sented in Fig. 2 with the temperatures of the maxima of
the gas-evolution rate (Figs. 1d, 1€) that the thickness
of thislayer intheinitial sampleisabout 0.5 pm, which
agrees in order of magnitude with the range of a parti-
cles that are incorporated into the steel from the fuel
element [14]. The gas evolution with a maximum at
1200 K, which is controlled by helium evolution from
the volume of the sample, is approximately 10 um,
which agrees with the average grain size in the samples
studied. It was shown in [15] that grain boundaries are
unsaturated traps for inert gases. Therefore, the evolu-
tion of inert gases from materials only occurs from
near-surface grains of the material. Figure 2 displays
the experimentally found temperatures of the maxi-
mum rate of helium evolution from samples uniformly
saturated with helium in a cyclotron as functions of the
depth of evolution and the grain size. This dependence
suggests that helium evolution from irradiated materi-
als occurs only from near-surface layers of the samples
(in this case, the thickness of thislayer isabout 10 pm).
Therest of the helium islikely to be captured by inter-
nal traps such as grain boundaries, dislocations, radia-
tion defects, etc.

Figure 1f displays the curve of the helium evolution
rate from a sample saturated using the “tritium trick”
technique. This thermodesorption curve has two peaks,
which correspond to energies of activation equal to 0.7
and 2.4 eV. This indicates that when saturating the
material using a “damage-free” method, such as the
“tritium trick” technique, the gas atoms that are
retained in the material during the saturation time are

Saturation ) Amount of helium,
technique Energy Temperature, K Fluence, m a % Parameter K [2]
(n,a) [5] Spectrum of the 420 2.0 x 10% 95x 10 400
IRT-2000 reactor
(n,a) [5] Spectrum of the 850 3.8 x10% 20x10°3 0.6
BOR-60 reactor 1.7 x 1073
He* [3] 0-29 MeV 400 1.0 x 10%° 1.0x 1073 4000
He* [4] 70 keV 400 3.0x10%° 1.0
T — 3He[6] 300 50x 10”7
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mainly linked with dislocations and vacancies. The
absence of a noticeable helium evolution at tempera-
tures above 0.85T,,, indicates the absence of stable
helium—vacancy complexes.

Thus, we may conclude that, as to the behavior of
helium in structural materials, the simulation experi-
ments that ensure the simultaneous introduction into
the material lattice of both helium and radiation defects
(in wide limits of helium concentrations and radiation
damage) sufficiently adequately reproduce reactor irra-
diation. Most probably, thisisdueto the stabilization of
definite configurations of radiation defects by helium
atoms. When helium is introduced by damage-free
methods, in each case one should take into account the
specific features of its retention and its mobility. The
neglect of these features can lead to an incorrect treat-
ment of the results obtained. It has been found that
helium evolution upon linear heating of irradiated sam-
ples begins only at temperatures exceeding the irradia
tion temperature. This circumstance can be used to
determine the temperature of sample irradiation.

2. Effect of Deformation on the Retention
of Heliumin Materials

Theinvestigation of the effect of deformation on the
retention of helium in materials was performed using
samples of OKh16N15M3B steel uniformly saturated
with the gas as a result of bombardment with helium
ionsin acyclotron [3] to aconcentration of 1 x 1072 a. %.
The irradiation temperature did not exceed 400 K. The
samples were studied in an austenitized state and after
apreliminary cold deformation to 15 and 50%. Imme-
diately before the experiment, the samples (5.0 x 5.0 x
0.1 mmin size) were subjected to el ectropolishing with
subseguent rinsing in acohal to clean the surface.

Figure 3 displays the curves of helium desorption
(in the process of uniform heating at arate of 7 K/min)
from the austenitized and preliminarily deformed sam-
ples. It is seen from the figure that, in the case of
deformed samples (Figs. 3b, 3c), the low-temperature
peak A, which is ascribed to helium emergence onto the
surface by the mechanism of diffusion along disloca-
tion pipes, becomes higher. The greater the preliminary
deformation, the greater the increase in the height of
peak A. Peak B, which isrelated to the emergence onto
the surface of dislocation loops in the process of their
growth and to the subsequent evolution of helium by
pipe diffusion, becomes somewhat lower. Note that a
significant evolution of nitrogen and of a small amount
of other chemically reactive gases was also observed in
this temperature range, which was likely due to the dis-
solution of Cottrell atmospheres in the process of the
emergence of dislocation loops onto the surface upon
their growth. The contribution of this process to helium
evolution from steel samples upon heating decreases,
as should be expected, with increasing amounts of pre-
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Fig. 3. Spectra of the rates of gas evolution upon a uniform
heating of the samples (7 K/min) saturated with heliumin a
cyclotron: (a) initial state; (b) after apreliminary cold defor-
mation to 15%; and (c) after a preliminary cold deformation
to 50%.

liminary deformation (with increasing density of dislo-
cations).

Simultaneously, we determined the absolute
amounts of helium evolving in the process of isochro-
nous annealings of the samples studied (annealing
duration was 0.5 h) using the method of evaporation of
the sample in a vacuum with subsequent mass-spectro-
scopic recording of the helium evolved [5]. These
investigations showed that the amount of helium
evolved at the low-temperature stage increases with
increasing deformation. The total amount of helium
evolved in the process of isochronous annealings at
temperatures up to 1373 K is approximately the same
for all the samples. Theresults obtained once more con-
firm the assumption that helium evolution at tempera-
tures of 0.27 to 0.3 T, is related to the migration of
helium atoms along dislocation pipes. The greater the
deformation, the greater the number of dislocationsthat
emerge onto the surface of asample, and the greater the
amount of gas, which diffuses along the dislocation
pipes, that evolves from the sample.

To further clarify the effect of dislocations on the
retention of helium in materias, we studied the release
of helium from samples of OKh16N15M 3B steel in the
process of deformation at atemperature of 543 K. This
temperature corresponds to the low-temperature peak
of helium evolution, which was ascribed by us to the
migration of helium atoms along dislocation pipes. To
this end, we designed and constructed, at the cover
plate of the annealing chamber of the high-vacuum
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Fig. 4. Deformation-induced helium evolution from sam-
ples of OKh16N15M3B steel in the process of heating:
(a) variation of the temperature; (b) sample elongation; and
(c) rate of helium desorption.

mass spectrometric setup for studying the kinetics of
gasevolution [1], aspecia attachment that permitted us
to deform the samples studied at various rates in the
range from 10-°to 103 s, The samplesfor the investi-
gation were stamped from a sheet 0.3 mm thick. The
samples were 100 mm in length and 4 mm in width.
The saturation with helium was performed using irradi-
ation with a particlesin acyclotron [3]. Theirradiation
temperature did not exceed 400 K. The helium concen-
tration was 1072 at. %.

The experimental procedure was as follows. First,
the sample was heated to the test temperature (543 K)
and held at thistemperature until helium stopped evolv-
ing. Then, the sample was deformed at arate of 103 s,
The evolution of helium was observed only at the
moment of sample failure. The amount of helium
evolved was very small, at the level of the sensitivity of
the technique, and was most likely related to its evolu-
tion from the fracture surface. The results of this exper-
iment only permit us to make a conclusion on the low
probability of interaction of mobile dislocations with
helium atoms, which, after irradiation of the material
with heliumionsin the accelerator and preliminary iso-
thermal annealing at a temperature of 543 K, are most
likely located in radiation vacancies, which under these
conditions are the main sinks for interstitial helium
atoms. Assuming that the interstitial helium atoms
interact more efficiently with dislocations, we
attempted to “pin” them at dislocations by preliminar-
ily (prior to heating) deforming theirradiated sample at
room temperature. In this case the interstitial helium
atoms, upon subsequent heating, can be trapped by dis-
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locations, which in turn should manifest itself in the
kinetics of its evolution from the sample. Such an
experiment was performed in the following way. An
irradiated sample was fixed in grips in the annealing
chamber and deformed at arate of 5 x 10° s 2. Then, it
was heated at a constant rate of 1.5 K/min to atemper-
ature of 543 K, at which the stage of gas evolution was
observed (which was ascribed by usto the migration of
helium atoms along dislocations), held at this tempera
ture until the gas evolution stopped, and deformed at
various rates up to failure. During the experiment,
changesin the partia pressure of the evolved heliumin
the experimental volume of the setup were recorded.
The results of the investigation are givenin Fig. 4. Itis
seen that room-temperature deformation is not accom-
panied by helium evolution. An increase in the temper-
ature to 543 K leads to insignificant gas evolution.
The activation energy of this process calculated using
the known technique of heating at various rates is E =
0.2 eV [8], which suggeststhat this peak of helium evo-
lution is related to helium release from the materia as
aresult of its diffusion via the interstitial mechanism
[16]. Thisisrelated to the fact that after irradiation part
of the helium atoms are still located ininterstices. After
the heating is stopped, gas evolution is observed during
30 min of isothermal holding, which can be ascribed to
diffusion of helium atoms along dislocation pipes. Fur-
ther deformation at arate of 5 x 10 s for 20 min was
accompanied by helium evolution at a virtually con-
stant rate. A twofold increase in the deformation rate
led to an increase in the gas evolution rate. No increase
in the gas evolution was observed upon sample frac-
ture.

The results obtained suggest the possibility of both
diffusion of helium atoms along dislocation pipes and
the entrainment of helium atoms onto the sample sur-
face with mobile dislocations.

Since the deformation of the samples of
OKh16N15M 3B steel leads to an increase in the evolu-
tion of helium from the material, we can suggest that
deformation at these temperatures may favor the trans-
fer of helium to grain boundaries at temperatures that
are lower than the characteristic temperatures of high-
temperature radiation embrittlement. This may lead to
a degradation of the mechanical characteristics of the
material in the case of thermomechanical 1oading under
conditions of generation and incorporation of helium
atomsinto the surface of materialsin combination with
pulsed temperature actions, e.g., upon plasma disrup-
tion in fusion reactors.

The possibility of pipe diffusion of helium is con-
firmed by the results of [17], where, in particular, the
effect of alternating loading on the kinetics of helium
evolution from the A7 alloy (99.7% pure aluminum)
was studied. The authors of [17] found that upon the
action on the material of an alternating loading (trans-
verse bending of the sample at afrequency of 1 Hz) in
the elastic region (the stresses cal culated from the mag-
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nitude of flexure were 0.6, £1.2, £1.8, and £+2.4 x
107 N/m?); the low-temperature peak of helium evolu-
tion (at ~400 K) was shifted upon uniform heating
toward lower temperatures in comparison with the state
in the absence of aload, and the greater the load, the
greater the shift. At the same time, as the stresses
increase, the rate of helium evolution increases in this
temperature range. The observed changes in the kinet-
icsof gas evolution with increasing mechanical stresses
is ascribed to the fact that upon cyclic loads the trap-
ping of helium with dislocations occurs not only during
the random walking of helium atoms, but also viatheir
approach to the dislocation due to dislocation bowing.
With increasing external |oad, the sag of the dislocation
bowing increases, thereby increasing the probability of
trapping of helium atoms by a dislocation and their
transfer to the surface. An increase in the load leads to
an increase in the absolute amount of helium whose
reemission occurs through dislocations.

CONCLUSION

The investigation of the effect of helium introduc-
tion into the lattice of a material on the kinetics of gas
evolution shows that, as to the behavior of helium in
structural material's, simulation experimentsthat ensure
the simultaneous introduction into the material lattice
of both helium and radiation defects (in wide limits of
helium concentrations and radiation damage) satisfac-
torily describe the effects of reactor irradiation. Most
probably, thisis caused by the stabilization of definite
configurations of radiation defects by helium atoms.
When helium is introduced using damage-free meth-
ods, in each case one should take into account the spe-
cific features of its retention and its mobility in the
material. The neglect of these features can lead to an
incorrect treatment of the results obtained. The fact that
helium evolution upon heating of irradiated samples
begins only at temperatures that exceed the irradiation
temperature can be employed to determine the irradia-
tion temperature.

Theinvestigation of the kinetics of helium evolution
from the samples of OKh16N15M3B steel both after
their preliminary deformation and in the course of
deformation showed that, in the process of heating,
helium atoms can migrate along dislocation pipes,
resulting in asignificant effect on helium evolution and
itsredistribution in the volume of the material. The acti-
vation energy for pipe diffusion of helium in the auste-
nitic OKh16N15M 3B steel is about 0.7 €V. Mobile dis-
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|ocations can favor helium transfer to the surface of the
material, grain boundaries, or interphase interfaces.
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Abstract—The well-known model of current—voltage (I-V) characteristics of a MOS transistor (MOST) in
weak inversion [1] was modified with regard to lateral nonuniformity of the semiconductor surface potential. A
simple technique for determining the fluctuation parameter and the spectral density of interface states from
drain-current (output) and drain—gate (transfer) single-threshold |-V characteristics is developed. Combined
with measurements of the MOST threshold voltage, it makes possible the calculation of the effective oxide
charge. The techniqueisfairly accurate and is useful for IC process control. © 2001 MAIK “ Nauka/lnterperi-

odica” .

INTRODUCTION

It is known that interface states and lateral nonuni-
formity (LN) of the semiconductor surface potential
strongly affect the drain-current and drain—gate charac-
teristics of aMOST [2]. In an effort to account for the
drain—gate curves of a low-voltage CMOS inverter,
Swanson and Meindl [3] developed an approximate
model of the subthreshold |-V characteristics. Over-
straeten, Declerck, and Muls proposed a useful method
for determination of theinterface state density from the
MOST subthreshold |-V characteristics [1]. They
assumed that, under weak inversion conditions, the dif-
fusion component of the current dominates and the
semiconductor potential at the interface is uniform.
However, most MOS structures are actually character-
ized by a random distribution of the interface charge
density [4—7]. Thisresultsin a statistical scatter of the
potential y.. The scatter is usually described by the
Gaussian distribution [4]

P(ys) =

—\2
(ys_ys) :|, (1)

ex
o p[ 207

where y, isthe mean value of the potential and o isits
standard deviation.

The nonuniformity of the surface potential substan-
tialy increases when the transistor is subjected to ion-
izing radiation [8-13]. However, a postirradiation
decrease in the slope of the drain—gate characteristic is
usually associated only with an increase in theinterface
state density [14—16]. Despite the obvious need for tak-
ing into account the lateral nonuniformity of the radia-
tion-induced defect distribution, this has not been done
before.

Itisthe aim of thiswork to develop abasic model of
a weak-inversion-channel MOS transistor [1] with
regard for lateral nonuniformity of the device. A solu-
tion to this problem would allow designersto correctly
treat postirradiation changes in the drain—gate sub-
threshold characteristics and to elaborate a technique
for determining the interface parameters that includes
surface potential fluctuations.

MODEL OF A WEAK-INVERSION MOS
TRANSISTOR

To be definite, consider a p-channel MOST.
The bulk potential @5, surface potentia y,, and drain
voltage Vp are negative in this case. The channel poten-
tial V variesfrom O at the sourceto V, at thedrain. The
rel ationship between the gate voltage V,, surface poten-
tial y,, and potential V at any point of the channel is
written as

sc , KT Dss T
\ =VFB_Q_+Eys+qC %%ys_v%' (2)

Here, Veg = @ — Qu/Coy is the flat-band voltage, @ is
the difference in the work functions between the metal
and the semiconductor, Q; is the fixed oxide charge,
C. is the geometric oxide capacitance, Q.. is the total
charge of the space-charge region (SCR) of the semi-
conductor, and D is the spectral density of interface
states.

Our fluctuation model of the MOST |-V character-
istics in the weak inversion range will be based on the
model put forward in [1], where the formula for sub-
threshold current was derived on assumption that,
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THEORY OF LATERALLY NONUNIFORM MOS TRANSISTOR

under weak inversion, the mobile hole charge Q, in the
SCR is much less than the charge of the depletion layer
(ionized donor impurity) Qg; i.e., Qg = Qg. The deple-
tion layer charge Qg was expanded in a series near the
midpoint of the weak inversion range y, = 1.51InA,
where A = n/N isthe degree of doping of the semicon-
ductor, n; is the intrinsic concentration of charge carri-
ers, and N is the donor concentration. Note that for-
mula (2) incorporates the total space charge Q.., which
includes the charge of mobile minority carriers. It is
clear from the physical considerations that the effect of
surface potential fluctuations on the inversion layer
charge is the strongest. Hence, a more rigorous
approach to the problem would be the expansion of Q.
rather than Qg:

KT
Qsc = gc_acgc(ys_l-Slln)\)v (3)
where Q% and C%. are the SCR charge and capaci-

tance, respectively, for the surface potential y,= 1.5InA.
Substituting (3) into (2) ylelds
_ KT qus KT
V, = [VFB+1.5 L Cox s In 7\}
qus[I qus
Gl G
The value in the bracketsis the MOST gate voltage

Vg at which the surface potential equals 1.5InA. Let us
introduce the notation [1]

(4)

kT
+—(ys—15InA) =L+ —=
5 e )%L

- COX + C:C + qDSS - COX + C:C (5)
COX , COX .
Inview of (5), expression (4) can berecast as
Vy = i+ Ty 1simyn-Lsy. ()
q COX

Eventually, we obtain the relationship between the
surface potential ys and the gate voltage V:

- q \ —VS q_2 ss
Ys = LSIMA+ ==t 4 eV
) @
q V V qV qus

= 1.5InA +

KT n kT Cx+CE+qDg

From Eq. (7), it follows that, at relatively low inter-
face state densities (D << C,,), the surface potential
depends only dlightly on V and depends largely on the
gate voltage and the semiconductor doping level.

We now proceed to an analysis of the MOST |-V
characteristics under weak inversion. In order to find
the charge of mobile holes in the channel under weak
inversion conditions, we write the expression for SCR
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total charge Qg asafunction of surface potential y, and
channel potentia V [17]:

J2e kT
Qe = L [exp(ys) Ys—
y y (8)
+ 3o Hhye+ 0 .- eXpEﬂT%} ,
where

eKT

Lp = [=%

i quD

is the Debye screening length.
This expression can be rearranged to the form

2eXp(—Ys + qV/KT)

et

2exp(— yS+qV/kT)
—Ys—

Taking into account that, in the weak inversion

range, the charge of mobile holes in the channd is
much less than that of ionized donors,

kT
Q= stqNDE(—ys—l)[lm

9)

= QB/\/1+)\

)\2EXp( Ys+ qV/kT)
_ys ,

one can expand expression (9) into a series, leaving
only zero- (Qg) and first-order (Q,) terms:

(10)

Aexp(—ys+ qV/KT
Qu = Q1+ 52T - g+ 0, 1)

where the mobile hole charge Q, is described by the
expression [1]

. qZSSND Dusz

@00 = BTy -0 q

xexp%ln)w =V - YSE (12

= Cy(yT exp%lnx+ LV -y

Here, Cy(y,) is the capacitance of the depletion layer
between the inversion layer and the quasi-neutral inte-
rior of the semiconductor.

If the surface potential is nonuniform, the SCR
(depletion layer) capacitance C, must be averaged over
the surface potentia , which is distributed according to (1).
Asaresult, we cometo the expression for Cy asafunc-
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tion of the mean surface potential y, [18]:

Ys+30 2¢ N 12
Coly) = == [ B 2rl
o(¥9) = 7= | By, 10
ys=30 (13)
xexp[_(ys ‘A }dys
202

Similarly, the total SCR capacitance, through which
the parameters mand n in [18] are defined, is found by
averaging the total capacitance over the surface poten-
tial:

1.5InA + 30
- €s 1

C* =
* J2Lp2mo

exp(ys) —1—A*(exp(-y,) — 1)
Jexp(ys) —Ys— 1+ A2(exp(—ys) + Ys— 1)

2
x exp[—(——————————ys_ 1.52In)\) }dys.
20

15InA-30

e

X

The average surface potential and the gate voltage
are related by Eq. (7). This eguation contains the volt-

age VI, which has the following form for an LN
MOST:
KT

q SS
=15
COX q

KT

Vi = Veg+ 157 1M — &= InA, (15)

COX

where Q3.

15InA +30
. _ ~2aNpLyp
SC ,\/Z'[O' I

is calculated from the formula [18]

[(expy—-y-1)

1.5InA-30

2
uzexp[_(y— 1.5;n)\) }dy
20

(16)
+ A (exp(=y) +y-1)]

Thus, with surface potentia fluctuations taken into
consideration, the charge of mobile holesin the channel
under weak inversion can be given in a form similar
to (12):

Q%5 V) = Coly)S exp%lnx+ -y (17)

Inview of (7), formula (17) can be recast as
_ ~ (o KT _qVe—Vg
Qo = Cul9:)g exp(05INN ) exp| k==t |

(18)

qVv _ q[)ss [ﬂ
ke Cyr + CL, + QD!
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Although the drain current I in the weak inversion
range is of a diffusion character, it can be calculated
from the general expression

Vp

= Ly, fa, (19)

as shown in [19]. Here, Z and L are the channel width
and length, respectively, and L, is the hole mobility in
the channel.

Substituting expression (18) into (19), we obtain the
final expression for drain current in the subthreshold
operating range of an LN MOS transistor:

|- = yA ﬂ[kTDZ (7
D L pm q D S (20)
qVg- fVomg
e }[1_eXpDkTDﬁD}’

where the capacitance Cy(Y;) is given by (13) and m
and n, by (5).

Under weak inversion and for low interface state
densities, the mean surface potential y, corresponding
to a given gate voltage V, is determined by the expres-
sion
V*

Yo = 15In\ + 3 \% (21)

KT

Thus, formula (20) in combination with (13) and
(21) allows oneto calculate the MOST |-V characteris-
tics under weak inversion with regard for the LN of the
surface potential. The form of expression (20) issimilar
to that of the earlier relationship for subthreshold char-
acteristics [1], but the parameters appearing in these
expressions are different. For example, instead of the
depletion layer capacitance Cp, the parametersmand n
in expression (20) contain the total SCR capacitance
C.. including the inversion layer capacitance. In addi-
tion, al of the capacitances in (20) are averaged over
the surface potential.

The basic static parameter of aMOST, the threshold
voltage Vy, is calculated with consideration for surface
potential fluctuations by the formula

KT
PospkT iy,
COX COX q

v, —VFB+2%TI = et 4

(22)

where the threshold SCR charge Q. corresponding to
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the mean surface potential 2InA is given by [18]

«/EqNDLD
J2mo

2InA + 30

[(expy—-y-1)

2InA —30

2
”2exp[—(y_2|2)‘) }dy
20

Qe =
(23)

+ A% (exp(-y) +y—1)]

DETERMINATION OF INTERFACE
PARAMETERS

Expression (20) may be recast in the more compact
form

V,-V* m
I = Ioexp[—k%_%}[l expquTD E} (24)
where

n d<TDZ

Umeq (29)

0= D(YS)
If the MOST drain—gate characteristic is plotted in
the semilogarithmic coordinates Inl, —qV/KT, its slope
isequal to
|§Ia Inly 1

q v, = tanag = — (26)

It should be noted that the parameter n is propor-
tional to the characteristic subthreshold voltage S =

dVgologly, which changes the drain current by one
order of magnitude. Using formula (26), one obtains

_ 0Vy _ 0V, KT
= 3logl. alnIDI nl0 = qnInlO.

As follows from expression (24), as the drain volt-
age grows, the drain current tends to the value

q VY —VS}

IDmax | exp[ kT n I

which is caled subthreshold saturation current. For-
mula (24) can thus be recast as

qVDm

g - |DmaXD “ T

If the MOST subthreshold drain-current character-
istic is plotted in the coordinates

(27)

(28)

(29)

Vv
In%l D q D
IDmax
itsslopeisequal to
tanap = % (30)
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The parameter m can be found by dividing expres-
sion (30) by (26). Using definition (5), one can obtain
an experimenta value of the SCR capacitance in the
midpoint of the weak inversion range by the formula

Ct. = (m-1)C,,. For agiven dopant concentration Np,
the capacitance C¥, depends only on the fluctuation
parameter. Therefore, using the analytical C%, vs. o

dependence [formula (14)] and the experimental CZ,
value, one can calculate the fluctuation parameter o.
Nomogramsiillustrating the C%. vs. o dependences for

different dopant concentrations in the semiconductor
arepresented in Fig. 1. They allow usto find the fluctu-
ation parameter.

If mand n are known, the spectral density D, of
interface states can be calculated. In fact, from the def-
initions of mand n [formulas (5)], we have

D. = Cox+C§c|:D 1|:|_ Cox+(m_1)cox
ss q G’ﬂ_ 0o~
(31)
01 o_ napCup 1 [
Hanap, U7 [tanoy g Hanap, O

The density of interface states from formula (31)
corresponds to the mean surface potential y; = 1.5InA,

i.e., to the midpoint of the weak inversion range. Since
the energy dependence of the interface state density is
weak inthisrange[1, 4], the density can be set constant

C,., 108 Fecm™
10 F
gl
6
Np=10"%cm™3
4F
2 N, =105cm > J
Np=10Fcm™ . ) ) |
0 1 2 3 4 5
o, kT/q

Fig. 1. SCR capacitance in the midpoint of the weak inver-
sionrange C3,. vs. fluctuation parameter o nomograms. Np
is the dopant concentration in the MOST substrate.
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log(1 =1p/lp_ )

-8 1 1 1 1
0 0.1 0.2 0.3 0.4 0

Vpl, V

1
2
3
5

Fig. 2. Output characteristics of the p-channel MOST under
weak inversion. Gate voltage V, = -2V, dopant concentra-
tion in the substrate Np = 10%° ¢m3, oxide thickness dg, =
200 _nm, spectral density of interface states D = 5 x
10%0 cm™2 eV, flat-band voltage Vg = -1 V, and channel
width-to-length ratio Z/L = 1. Thefluctuation parameter o =
(1) 3, (2) 4, and (3) 5.

log(lp)
2L 3

-10

-12

—14 1
5 Vel V

Fig. 3. Transfer characteristics of the p-channel MOST
under weak inversion. The gate voltage Vp =—1V. The other
parameters are the same asin Fig. 2.

with ahigh accuracy. Hence, the value of D found can
be extended to the entire subthreshold range.

Thus, from the slopes of the MOST drain—gate and
the drain-current characteristics plotted in semiloga-
rithmic coordinates, the fluctuation parameter o and the
spectral density D of interface states are found.

With Dg and o known and the threshold voltage V;

determined (for example, by extrapolating the 15 (V)
curveinthe strong inversion region to the V, axis[17]),
the effective oxide charge Q; can be calculated. Indeed,
inview of therelationship Vg = @ — Qu/ Cox, fromfor-

BORMONTOV et al.

mula (22) we obtain

kT
QOt = - QscT - Cox%/T — Qs — ZE In)‘%

(32)

+2qDSS%rIn)\,

where the space charge Q4 is given by formula (23).

Note that, in our method, the MOST interface
parameters have been obtained without using the
assumption [14] that the interface state charge is equal
to zero in the “midgap.”

RESULTS AND DISCUSSION

Results of simulation of the drain-current and drain—
gate characteristics under weak inversion are presented
in Figs. 2 and 3. Thefluctuation parameter o was varied
from 0 to 5; dopant concentration Np, from 10 to
10 cmr3; and interface state density D, from 0O to
10" cm=2 ev-L.

It is seen that the slope of the IN(1 — Ip/lpma) VS.
Vp curve (i.e., the value of myn) increases with g, the
increase becoming significant at o > 3 (Fig. 2). At the
same time, the slope of the Inlp vs. V; curve, i.e, the
value of 1/n, remains almost constant at ¢ < 3 but sig-
nificantly decreases with growing o for o > 3 (Fig. 3).
The effect of o on the threshold voltage shift AV, =
V(o) =V (0 =0) isillustrated in Fig. 4. When g > 2,
the threshold voltage startsto grow markedly. Note also
that the higher the dopant concentration in the substrate
Np, the faster the V5 shift increases with o (Fig. 4).
The effect of surface potential fluctuations on the char-
acteristic voltage Sisshown in Fig. 5. At 0 > 2, Salso
growsrapidly because of anincreasein the SCR capac-
itance C%..

It should be noted that the slope of the drain—gate
characteristics decreases with an increase in both inter-
face state density D and 0. In addition, interface states
shift the MOST threshold voltage, increasing its abso-
lute value.

Let us apply our technique to determine the inter-
face parameters from experimental drain-current and
drain—gate characteristics of a test p-channel MOST.
The transistor was fabricated on a KEF-4.5 silicon sub-
strate (resitivity 4.5 Q cm, phosphorus concentration
10%* cm3). The gate oxide (SiO,) thickness was d,,, =
40 nm. A high LN of the surface potential was achieved
by Cog, Yy irradiation (energy of quantaE, ~ 1.2 MeV).
Plotted in semilogarithmic coordinates, the experimen-
tal drain-current and drain—gate characteristics had
clearly defined linear portions. Their slopes were
tanap, =nv/n=0.89 and tana, =-1/n=-0.75. Using
these values, we calculated the SCR capacitance in the
midpoint of the weak inversionrange, C%, = (m—-1)Cy, =

TECHNICAL PHYSICS Vol. 46
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o, kT/q

Fig. 4. Threshold voltage shift AV due to surface potential
fluctuationsvs. a. dg, = 200 nm; Np = (1) 104, (2) 10°, and
(3) 10 em=.

S, V/decade
0.45F

0.40 -
0.35
0.30 -

0.25 -

0.20 -

0.15

0.10

0 1 2
o, kT/q

Fig. 5. Characteristic subthreshold voltage Svs. 0. (1-3) The

sameasinFig. 4.

1.57 x 108 F/cm?, and then (from the corresponding
nomogram in Fig. 1) the fluctuation parameter c = 2.8.

197

Thus, from static subthreshold 1-V characteristics,

one can estimate the MOST charge parameters having
regard to the LN of the oxide—semiconductor interface.
The method is useful for 1C process control.

=

10.

11

12.

13.

14.

16.

The spectral density of interface states calculated from

formula (31) was found to be D = 7.7 x 10'° cmr? eV2,

Fromthe 1> (V) curve in the strong inversion range,

we also estimated the threshold voltage: V; = -1.6 V.

Finally, substituting the values of V;, Dg, and o into
formulas (23) and (32), we calculated the effective

oxide charge Qy, = 6.15 x 1078 C/cn?.
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Abstract—L aser-induced diffusion (“implantation”) of magnesium atoms into silicon was studied experimen-
tally. Neodymium-glass laser irradiation (A = 1.06 um, T ~ 0.4 ms) was found to increase the diffusion coeffi-
cient and solubility of magnesium in silicon. Current—voltage and capacity—voltage characteristics, as well as
thermostimulated current spectraof [8 + MglLtrystals, were obtained. © 2001 MAIK “ Nauka/Interperiodica” .

Infrared (IR) detectors operating in the atmosphere
transmission ranges (3-5 and 8-14 yum) are still afocus
of interest today. The characteristics and efficiency of
semiconductor IR detectors markedly depend on the
propertiesthat an injected impurity imparts to the semi-
conductor. The most important parameters in this
respect areimpurity levelsin the energy gap, cross sec-
tion of carrier capture by these levels (hence, electron
and hole lifetimes), photoionization cross section, and
electroactive impurity concentration [1].

Due to high manufacturability and high concentra-
tion of electroactive impurity atoms, deep- and shal-
low-impurity silicon has recently started to play a sig-
nificant role as abasic material for photodetectors oper-
ating in the range indicated above. However, in spite of
the advancesin silicon technology, doping of silicon by
certain impurities with traditional methods is often a
challenge. Therefore, modern semiconductor electron-
icswidely employs photonic technologies. Laser irradi-
ation is one of them [2-5].

It iswell known that magnesium is a suitable dopant
for silicon infrared detectors operating in the 8-14 um
range. Being an interstitial impurity, magnesium
behaves as a helium-like double donor with ionization
energies E, = 0.107 and 0.25 eV for the neutral (MgP)
and singly ionized (Mg*) donor states, respectively [6-8].

Hall measurements have revealed another four shal-
low donor levels with ionization energies of 0.04,
0.055, 0.08, and 0.093 eV [8]. The 0.055 and 0.093 eV
levels have also been discovered from photoconductiv-
ity spectra[9]. The presence of the latter level, as well
as of the deep levels indicated above, has been con-
firmed by theoretical study [10]. Hall measurements
performed in [7] on Mg-doped n-silicon have indicated
two plausible electrically different states of magnesium
ions. Thefirst is the amphoteric state with the acceptor
level E. = 0.115 eV, and the second is the donor level
E.=0.227eV.

Reproducibility, uniformity, and degree of doping
are strongly dependent on diffusion source, diffusion
annealing temperature, and cooling rate. However, the
small segregation coefficient and the high vapor pres-
sure of magnesium at the melting temperature of sili-
con greatly hamper the introduction of Mg into silicon
during growth. This has fostered a search for new tech-
niques of doping silicon by magnesium.

It is well known that laser irradiation (with an
energy density W ~ 1 Jecm?) of semiconductor materi-
als gives rise to nonequilibrium effects that are charac-
terized by enhanced migration of impurity atoms dur-
ing short laser pulses[2].

In this paper, we report on laser-induced “implanta-
tion” of magnesium into silicon with aview to product-
ing SilMgbased IR detectors. As a starting material,
we took floating-zone p-Si(111) wafers of thickness
less than 1.0 mm and resistivity p ~ 20-40 kQ cm.
Chemically cleaned wafers were coated by a magne-
sium film evaporated at a pressure of 4 x 10-° mm Hg.
Properly selected deposition rates and substrate tem-
perature (T = 250°C) provided for good adhesion of a
~0.2-um-thick deposited layer.

Then, the covered surface was irradiated by a
focused beam from a Nd-glass free-running laser
(wavelength A = 1.06 pm, pulse width T ~ 0.4 ms).
Laser fluence was chosen according to the wafer sur-
face temperature evaluated from the dependence of the
temperature on the pulse energy and exposure time
[2, 3, 11]. At the fluence W ~ 1.5 Jcm?, the surface is
heated up to the MgSi eutectic temperature, ~950°C for
36.61 wt % Si [12]. Reflowing of the wafer surface was
clearly observed under a microscope. Note that, at
smaller laser fluences, Mg,Si eutectic with 58 wt % Si
(the eutectic temperature is about 637°C [12]) did not
form. The beam scanned only half the wafer surface by
moving the objective table in two perpendicular direc-
tions. The other half of the wafer remained intact. After
irradiation, which most likely resulted in the formation

1063-7842/01/4602-0198%$21.00 © 2001 MAIK “Nauka/Interperiodica’
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of MgSi eutectic, the wafers were placed into a diffu-
sion chamber with a continuous flow of inert gas and
standard thermal diffusion for 10 h at T = 1200°C was
carried out.

After diffusion, the wafers were quickly cooled by
immersion in water at room temperature. Then, the
samples were mechanically and chemically treated. It
was found that the Mg-coated side of the wafer
changed the conductivity type from p to n over the
entire surface. On the back side of the wafers, the con-
ductivity type remained the same as before diffusion
(i.e., p-type). To measure the diffusion depth of Mg
atoms, askew metall ographic section was made and the
conductivity type acrossthe wafer was determined. The
diffusion depth of Mg atoms estimated from the n—p
junction position was found to be L* ~ 650 and L <
500 pm in the irradiated and unirradiated parts of the
wafer, respectively (here, L* and L are the depths of the
n—p junction in the respective parts of the surface).
Along with these measurements, a four-point probe
method was used to determine the sample resistivity,
which turned out to be smaller in the irradiated part
(Fig. 1).

An extension of the doped layer and an increase in
the conductivity of theirradiated part can be explained
asfollows. (1) Laser irradiation causes magnesium sili-
cides, for example, MgSi, to form on the surface. They
may serve as an infinite diffusion source [13]. (2) Laser
irradiation produces a liquid phase on the surface,
wheretheimpurity diffusion coefficient is considerably
larger than in single-crystal (solid) silicon; assuming
that the extension of the magnesium-doped layer is
fully accounted for by the increased diffusion coeffi-
cient in the liquid phase and using the relationship

L*—-L = ./Dt

(where D is the diffusion coefficient and T is the pulse
duration), one obtains adiffusion coefficient in the melt
that exceeds the known values by several orders of
magnitude. (3) Irradiation generates defects (for exam-
ple, silicon vacancies), which not only accelerate diffu-
sion[14, 15], but also increase the ultimate sol ubility of
electroactive magnesium atoms [4]. In addition, ather-
mic, photoinduced diffusion isnot ruled out either [16].

To display the advantages and characteristic fea-
tures of thislaser technique, we studied current—voltage
(I-V) and capacitance-voltage (C-V) characteristics, as
well as thermostimulated current (TSC) spectra, of
laser-irradiated silicon wafers covered by a magnesium
film (G5 + Mg for different laser fluences. To perform
these measurements, we made alloyed Au + 1% Sb and
Al contacts to the n- and p-type sides of the samples,
respectively.

As seen from the |-V characteristics shown in
Fig. 2, irradiation with a laser-fluence W = 1.8 Jcm?
produces a rectifying structure. With an increase in the
laser fluence, the rectifying properties deteriorate,
which may be due to either the formation of magne-
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Fig. 1. Resistivity profiles and n—p junction depths for
(2) unirradiated and (2) irradiated parts of the wafer.
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Fig. 2. -V characteristics of [Si + Mgstructures after irra-
diation with on energy density W= (1) 1.8, (2) 2.4, (3) 2.8,
and (4) 3.3 Jem?.

sium silicides (Mg,Si or MgSi) at W= 1.8-2.5 Jcm? or
magnesium evaporation from the near-surface region at
high fluences (at W > 2.5 Jcm?, silicon melts). The
scatter in the voltages at which the forward current
sharply risesis probably associated with the formation
of magnesium silicides with different potentia barrier
heights. The absence of reverse saturation current in
Fig. 2 is probably related to current leak across the
junction because of a spread in the beam intensity over
the surface area.

The C-V characterigtics for the irradiated samples
were taken at a frequency of 1 MHz (Fig. 3). From
Figs. 2and 3, it followsthat, at W= 1.8 Jcm?, when the
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Fig. 3. C-V characteristics of [3 + Mglktructures after irra-
diation W|th an energy density W = (1) 1.8, (2) 2.4, and
3) 28 Jem?.
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Fig. 5. TSC spectra of irradiated [$i + MgO structures:
(2) with and (2) without illumination.

rectifying properties are the best, the C-V curve (Fig. 3,
curve 1) closely agrees with the theoretical depen-
dence. This curve was used to calculate the concentra-
tion profile N(x) of ionized impurity atoms [17]. From

ARUTYUNYAN et al.

the expression

iz = EJ U, +kTD
C eesOA N(x)

where A is the surface area of atest varactor, U, isthe
barrier height at the metal—semiconductor junction, U
isthereverse bias, and x = (e€,A)/C, one abtains by dif-
ferentiation

¢ _rdcr!
eeg,A2FHUD

N(X) = —

The calculated dependence N(x) is shown in Fig. 4.
It is seen that the impurity atom concentration in the
surface layer, N ~ 10'® cm3, exceeds the known value
of the ultimate solubility of magnesiumin silicon [1].

Torecord TSC spectraat 80 K and above, thewafers
were immersed in aliquid nitrogen cryostat with opti-
cal windows. The samples were in contact with a cop-
per unit having aheater to smoothly vary the wafer tem-
perature. The temperature dependence of the current in
the range indicated above was measured at a heating
rate of ~0.4 K s,

The TSC spectrawere analyzed according to thefol-
lowing procedure [18]. Placed into a vacuum cryostat,
the sample was cooled in liquid nitrogen and then
exposed to light from the fundamental band. Then, the
sample was uniformly heated in darkness, and the tem-
perature variation of the current wasrecorded. Compar-
ing the resulting dependences with those obtained with-
out preliminary low-temperature photoexcitation of the
sample, one can discover TSC peaks due to trap deple-
tion. These data clarify the energy of the traps in the
energy gap. Sometimes, the trap concentrations and
capture cross sections can aso be determined.

Under certain conditions, the initial stage of TSC
growth can be described as

| Dexp(—E,/KT), (1)

where E; is the trap energy reckoned from the edge of
the nearest allowed band [18].

TSC spectra of the irradiated samples with the
deposited magnesium film (L5 + Mgl are presented in
Fig. 5. A peak indicating the appearance of alocal cen-
terisseenat T, = 105 K. Note that laser irradiation of
the reference silicon wafers (without the magnesium
films) does not give rise to the peak in the TSC spectra,
thus pointing to the “magnesium” origin of this peak.
The corresponding energy level determined by for-
mula (1) from the initial stage of TSC growth (Fig. 5,
curve 1) wasequal to E. = 0.13 eV, whereasthat respon-
sible for the equilibrium conductivity of the irradiated
samples (Fig. 5, curve 2) wasfound to be E, = 0.28 eV.
These values are in good agreement with the literature
data for magnesium levelsin silicon [6-8].

Thus, we can argue that laser irradiation of [S + Mgl
samples favors magnesium diffusion into silicon. At
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particular radiation intensities, the conductivity type
changes and rectifying current—voltage characteristics
are observed. The magnesium concentration profile
constructed from the capacitance-voltage characteris-
tics shows that, in the near-surface region, the magne-
sium concentration exceeds the concentration of elec-
troactive magnesium atoms reported elsewhere in the
literature. As follows from the TSC spectra, laser irra
diation [Si + MgUOproduces local centers with ioniza-
tion energiesE. = 0.13 and 0.28 eV.
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Abstract—Rulings of holographic gratings were profiled by interaction of silver with chalcogenide glassy
semiconductors. The shape of the rulings was determined with an atomic force microscope. Angular and spec-
tral dependences of the diffraction efficiency of the gratings were found, and a relation between these depen-
dences and the grating surface pattern was analyzed. © 2001 MAIK “ Nauka/|nterperiodica” .

INTRODUCTION

Profiled (blazed) gratings make it possible to con-
centrate energy in a given spectrum range. Of specia
interest are profiled holographic gratings (PHGS), since
they combine the advantages of ruled gratings with
those of conventional (unprofiled) holographic gratings
(CHGs), namely, high diffraction efficiency in a given
spectrum range and low level of light scattering. One
method of fabricating PHGs is making them from
CHGs. To do this, an initial symmetric grating is usu-
ally etched by an inclined ion beam [1].

The recent trend in CHG technology is the use of
chalcogenide glassy semiconductor (CGS) films [2-5].
These films are high-resolution inorganic photoresists.
Due to light-induced structure transformations, their
solubility, particularly, in organic akaline solvents,
changes. Based on this effect, symmetric CHGs are
obtained when an interference pattern isrecorded (writ-
ten) on a CGS film with subsequent selective etching in
organic alkaline etchants [2-5].

One of today’s problem in this field is the transfor-
mation of symmetric CGS-based CHGs into asymmet-
ric ones. Publication [5] reports PHGs prepared by ion
etching of symmetric CHGs formed on CGSfilms. The
unique properties of CGS films alow for other,
unusual, methods for transforming their surface pat-
tern. In [6, 7], we developed a method of fabricating
blazed HGs. In this method, symmetric rulings of an
initial grating are made asymmetric by using additional
obliqgue monochromatic or polychromatic irradiation
and chemical etching of the irradiated grating.

In thiswork, we made an attempt to fabricate PHGs
through interactions that take place when silver layers
are vacuum-deposited onto CGS films. Ag—CGS inter-
action begins during deposition [8] and continues at a
different rate (depending on a specific Ag—CGS sys-
tem) after the deposition processisterminated [9]. The
metal penetrates into the semiconductor to form a
metal-enriched (to severa tens of atomic percent)

phase. This phase differs in properties from both the
metal and the semiconductor [10, 11]. Profiling was
accomplished by transforming starting symmetric
(unprofiled) HGs written on CGS films. Here, we took
advantage of the fact that the etching selectivity for Ag-
doped CGS filmsis much higher than the photoinduced
selectivity.

In deciding on a CGS material, preference was
given to As,Se;. First, the use of arsenic triseenide
makes feasible writing of a starting symmetric HG by
means of a He-Ne laser [12], which was used in this
work. Second, the rate of interaction between As,Se;
and Ag is one of the highest among CGS-Me systems:
intense interaction proceeds both during and after dep-
osition of the metal even at room temperature [9].

PROFILING TECHNIQUE AND STUDY
OF SYMMETRIC AND ASYMMETRIC
HOLOGRAPHIC GRATINGS

Starting gratings were written on relatively thick
(800—1000 nmy) As,Se; films deposited onto mirrorlike
glass substrates by thermal evaporation of glassy
As,Se;. The gratings were exposed on a holographic
setup based on the wave amplitude division method.
The spatial frequency of the gratings was 600 mm=.
Writing was carried out with a He-Ne laser (A =
632.8 nm). The radiant exposure was ~10 Jcm?.
After exposure, the samples were etched in an amine-
based alkaline solution. During etching, the CGS film
was selectively dissolved with the formation of rulings
of regular shape.

The next procedure was profiling. A thin (1-10 nm)
Ag layer was applied on the gratings at a certain angle
¢ varying from 10° to 80° with respect to the normal to
the grating. The grating was mounted in such away that
the flux of evaporated silver was directed normally to
the rulings. Ag penetrates into the As,Se; layer at the
instant of deposition and also as aresult of subsequent
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chemically and thermally stimulated diffusion to form
a metal-enriched semiconductor layer (reaction prod-
uct). The etch rate of Ag-doped CGS films in akaline
etchants is much lower than for undoped ones; there-
fore, in subsequent etching of the grating, the former
served as a protective mask. Unprotected regions of the
As,Se; layer were etched off, and the grating (rulings)
became asymmetric. In this way, we obtained profiled
(blazed) gratings. Profiling was performed in the same
amine-based etchant, which was used to pattern the
starting gratings.

To estimate the profiling effect, we recorded angular
and spectral dependences of the absolute diffraction
efficiency n for the starting and transformed gratingsin
thefirst diffraction order (n isdefined astheratio of the
first-order diffraction intensity to the incident inten-
sity). Prior to optical measurements, the as-prepared
and profiled gratings were covered by a 100-nm-thick
reflection aluminum film. ) vs. B curves (3 isthe angle
of incidence of light) were taken with an LGN 208 A
laser (A = 632.8 nm, 3 = 0°-80°). Spectral measure-
ments of n were made using Littrow’s autocollimation
scheme. The angle between the incident and diffracted
beams was about 8°; and the spectral range, 400—
800 nm. Both the spectral and angular dependences of
n were measured for s- and p-polarized light (E is per-
pendicular and paralel to rulings, respectively), aswell
as for unpolarized light.

The surface pattern of the gratings was examined
with a Dimension 3000 scanning probe microscope
(Digital Instruments) in the AFM tapping mode.

RESULTS AND DISCUSSION

The geometric and diffraction properties of the as-
prepared and profiled gratings show that the effect of
profiling depends, to some extent or another, on many
process parameters. Among them are the amount of Ag
deposited on the as-prepared grating and the angle of
deposition, time of Ag—As,Se; interaction, thickness of
the As,Se; film on which the initial symmetric grating
iswritten, exposure and etching conditions for prepara-
tion of the starting grating, and etching conditions for
profiling. The fact that the desired effect isrelated to a
wide variety of physical and chemical factors implies
its significant stability. In addition, this alows us to
assume that the properties of PHGs thus obtained can
be varied in wide limits. On the other hand, it becomes
difficult to estimate the relative contribution of the
above factors to the PHG performance. In general, they
can be subdivided into three groups: those associated
with the CGS film (primarily its thickness and deposi-
tion rate), those that govern the fabrication of the sym-
metric grating, and those closely related to Ag—CGS
interaction.

The first two have been much studied. Empiric
experimental studies and numerical simulation of HG
writing in CGS-based inorganic resists have been per-
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Fig. 1. Ruling profile in the initial symmetric holographic
grating.

formed [2, 3]. These experiments and also the simula-
tion of surface patterning suggest that not only the
depth but also the shape of the pattern depends on the
initial thickness of the layers, their properties, exposure
conditions, etch times, and etchant selectivity. Holo-
graphic diffraction gratings with rulings of sinusoidal
and cycloidal shapes have been obtained.

We performed experiments with gratings that had
sinusoidal rulings, which are the most studied. Figure 1
shows a typical AFM image of the starting symmetric
grating with a spatial frequency of 600 mm. As seen
from the image, the shape of therulingsistruly closeto
sinusoidal. The depth of the grooves is hy = 150 nm;
hence, the modulation depth hy/d = 0.09 (the spacing of
the grating is 1667 nm). The distance between identical
points on the tops of the neighboring rulings (surface
distance) is 1700 nm, or 2% greater than the horizontal
distance between the rulings (which equals the spacing
of the grating). The mean angle of inclination of the
facets (facet angle) is ~10°, the steepest being 15°. For
the wavelength and angle-of-incidence ranges used in
the experiments, the diffraction efficiency of such grat-
ings was the same (within the accuracy of measure-
ment: 2% for angular and 5% for spectral measure-
ments) when they were irradiated from opposite direc-
tions perpendicular to the rulings.

Figure 2 shows the profile of atypical asymmetric
grating made from a symmetric one by additional evap-
oration of asilver film of thickness [h,4[= 3.6 nm (this
value is averaged over the grating area) at 50° to the
normal to the substrate surface, and subsequent etch-
ing. Theruling depth in the new, asymmetric, grating is
more than twice that in the initial one, 355 nm, and the
modulation depth is hy/d [ 0.21. The minimum is
469 nm away from the left peak and 1198 nm from the
right one; that is, the projection of the larger facet onto
the substrate surface is nearly three-fourths of the grat-
ing spacing. The smaller facet has a gradually increas-
ing steepness with an average angle of 37°; the steepest
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Fig. 2. Ruling profile in the grating transformed from the
initia grating shown in Fig. 1.
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Fig. 3. Angular dependences of the diffraction efficiency of
the PHG for light polarized parallel to the ruling direction.
A =632.8 nm.

portion is inclined 80° with respect to the substrate.
With the larger facet, the situation differs. It can be
divided into three parts: top (gently sloping), middie
(nearly a plateau), and bottom (the steepest portion).
The height of the gentle (top) portion somewhat
exceeds the ruling half-height; here, the average incli-
nation is about 10°. The inclination of the bottom por-
tion is close to the maximum steepness of the smaller
facet. On average, the larger facet angle is about 16°.

From a comparison between the ruling shapes of the
initial and transformed gratings, it follows that the front
facets of rulings of theinitial grating remain practically
intact. This meansthat the reaction product nearly com-
pletely protected the CGS layer from dissolution during
profiling etching. Thefirst (gentle) portion of the larger
slopevirtually copiesthe profile of theinitial sinusoidal
grating. The back (left-hand in Fig. 2) facets were
affected by etching much more noticeably. Here, small
plateaus correspond to the partialy etched bottom part
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of the left-hand dlope of initia rulings. As we move
upward along the left-hand slope, the etch depth of the
initial grating increases, the PHG bottom lying almost
in the middle of the back slope.

The degree of asymmetry of the profiled grating was
studied by taking the angular and spectral dependences
of the diffraction efficiency . For p polarization, the
angular dependences are plotted in Fig. 3. Here,
curves 1 and 2 were obtained when light was incident
on the larger and the smaller facet, respectively. For
normal incidence (¢ = 0, symmetric arrangement of
diffraction orders), the diffraction efficiencies mea
sured on the two facets differ by a factor of 8.5. This
points to the considerable asymmetry of the ruling
shape. For the larger facet, the maximum efficiency was
observed when the angle of incidence was close to the
mean facet angle. For the smaller one, two pesks
appear: the angular position of one of them (-50°) is
close to the mean slope of this facet, while that of the
other (20°) coincides with the position of the peak from
the larger facet and is likely to be associated with
rereflections of the light incident on the larger facet.
The share of total energy accounted for by conjugate
diffraction ordersis maximal at 20°; in other words, the
maximum amount of light isreflected and rereflected at
this angle. Figure 4 shows the angular dependences for
spolarization. At ¢ = 0, thediffraction efficiency for the
larger and the smaller facet is, respectively, 44 and
8.5%; i.e., the difference is fivefold. Unlike p polariza-
tion, here distinct anomalies are observed. The anom-
ay at B = 15° is associated with the disappearance
(appearance) of the second order; while that at 38°,
with the appearance (disappearance) of the conjugate
order. The anomalies are more pronounced for the
reflection from the smaller facet possibly because of the
greater effect of thelarger facet on the smaller than vice
versa. Thus, the angular dependences in the case of p
polarization more adequately depict the ruling shape.

Spectral dependences of the diffraction efficiency
for unpolarized light that were taken in the autocollima-
tion regime on the larger facet of the rulings (curve 1),
on their smaller facet (curve 2), and for the symmetric
grating (curve 3) are shown in Fig. 5. Throughout the
spectral range (400-800 nm), the diffraction efficiency
for the larger facet exceeds that for the smaller one. For
wavel engths of 620, 660, and 700 nm, these values dif-
fer by afactor of 5.7, 4.5, and 4.5, respectively. Also,
the efficiency for the larger facet exceeds that for the
symmetric grating, except for the short-wave part of the
interval. This means the profiling has a significant
effect between 500 and 800 nm, and at 620 nm, the
effect isthe greatest. If the wavelength 620 nm is taken
as the blaze wavelength, one can determine the blaze
angle ¢,, (the larger-facet angle). This angle is found
from the formula[13]

2dsing, = mA,, (1)
No. 2
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where A, is the blaze wavelength, d is the lattice spac-
ing, and mis adiffraction order.

The blaze angle equals 11°. Comparing the value of
the blaze angle obtained from spectral measurements
with the facet angles, we see that A, nearly coincides
with the slope of the gentle portion of the larger facet.
The peak at the blaze angle is not very pronounced
because the three portions on the larger facet greatly
differ in slope.

Simple geometric simulation of Ag deposition will
allow usto describe Ag—As,Se; interaction in quantita-
tiveterms. Let the x axisbe directed normally to therul-
ings and the y axis, normally to the substrate (Fig. 6).
The density of Ag deposited on the ruling surface (and,
hence, the thickness of the Ag film) depends on the
amount of the metal evaporated and the angle between
the Ag flux and each specific deposition areaon therul-
ing surface. Then, the thickness of the meta at a point
X in the cross section perpendicular to the grating relief
isgiven by

hag(X) = KcosO(X), 2

where K isaproportionality coefficient, which depends
on the amount of Ag deposited, and ©(X) isthe angle of
incidence of the Ag flux on the ruling surface at the
point x.

We dso have

O(x) = ¢ —a(x), (©)
where ¢ is the angle of incidence of the Ag flux on the
substrate that is reckoned from the normal to the sub-
strate and a(X) is the ruling inclination to the flat sur-
face of the substrate at the point x.

Equation (2) isvalid if the sticking coefficient of the
metal is independent of the angle of incidence on the
CGS film surface and on the amount of the metal
deposited. The profile of theinitial sinusoidal grating is
described by the expression

h(x) = (hy/2)(1 + cos(21X/d)), 4

whered isthe grating spacing and h, isthe height of the
profile.

The inclination of this grating to the substrate sur-
face is then expressed as

a(x) = arctan{ [thy/d][-sn(2r/d)]},  (5)

where hy/d is the modulation depth for the initial
grating.

Figure 6 illustrates the distribution of the Ag film
thickness along the ruling of the initial grating. The
thickness was calculated by formulas (2), (3), and (5).
Comparing this distribution with the distortions of the
initial grating due to the metal deposition and subse-
quent etching, one can conclude that etchingisvirtualy
absent for hyg(x) > 3 nm. When h,(x) islessthan 3 nm,
the etch rate sharply grows. Since the Ag films (of
thickness less than 10 nm) deposited on the noninter-
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Fig. 5. Spectral dependences of the diffraction efficiency for
unpolarized light.
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Fig. 6. Profile of aruling of the sinusoidal grating with hg =
150 nmand d = 1667 nm (Y, dashed line) and the distribution
of the Ag deposit along this ruling (hag, solid line). The
mean thickness of the Ag layer is [iagL= 3.6 nm.
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acting substrate are discontinuous (form islands), they
could not play the role of amask during profiling etch-
ing. It appears that protection is provided by the top
metal-doped CGS layer. The Ag thickness critical for
the formation of the mask is seen to be about 3nm. This
value is close to that obtained earlier upon calculating
the Ag amount incorporated into the As,Se; film when
the metal is thermally evaporated on this film [8]. The
etch rateismaximal at the point one-fourth of the spac-
ing away from the top of the ruling back facet, where
the Ag thickness estimated is minimal, 2.3 nm.

From the measurements and simulation of the
shapes of the initial and profiled gratings, an empiric
relationship Ah(h,g) can be derived, where Ah is the
thickness of that part of the As,Se; film dissolved dur-
ing etching and h, isthe amount of the Ag deposit. As
follows from correlation analysis data, this empiric
relationship is fairly accurately approximated by the
sum of two exponentials:

Ah(hyg) = 204.93exp{—(h,y—2.412)/0.125}
+61.51exp{ —(h,y—2.412)/1.553} .

With (6), we simulated the transformation of theini-
tial symmetric gratings into asymmetric ones. The ini-
tial grating was assumed to be sinusoidal with a modu-
lation depth of hy/d = 0.09. Variable parameters were
angle of deposition of Ag particles and the thickness of
the metal deposited.

The simulation confirms experimental data suggest-
ing that the profiling effect takes place in awide range
of these parameters. For example, it was shown that, as
the Ag film getsthinner (at agiven angle of Ag deposi-
tion) and etching of the Ag-doped grating becomes
selective, theinitially symmetric profile transformsinto
an asymmetric one because of a dight (~0.01d) shift of
its maximaand amore considerable (~0.05d) shift of its
minima to the left of the initial grating rulings. The
modulation depth remains practically unchanged in this
case, since the minima and maxima lower roughly
equally. With further decreasing h,4LJthe ruling shape
can be approximated by an asymmetric trapezoid. The
modulation depth in such a grating is somewhat larger
than in the initial symmetric one. As [, [continues to
decrease, the shape becomes nearly triangular, the pro-
jections of the ruling facets on the x axis being about
0.7d for the larger and 0.3d for the smaller. For an
extremely thin Ag film, the larger facet has two drasti-
cally differing slopes because of a sharp increasein the
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etch rate. The maximum ratio of the facet projectionsis
~0.72d/0.28d in this case.

CONCLUSION

Thus, our results indicate that the profile of a holo-
graphic grating can be changed by using Ag-As,Se;
interaction. The blaze angle in the PHGs depends on
the modulation depth of the initial sinusoidal gratings
and also on the angle of deposition and the Ag layer
thickness. By controlling the Ag distribution aong the
ruling cross section through a change in the deposition
angle and the Ag layer thickness, one can substantially
change the grating profile and, hence, the blaze angle,
which specifies the reflection properties of the grating.
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Abstract—An experiment to optimize an ultraviolet (UV)—vacuum ultraviolet (VUV) multiwave emitter using
chlorine molecules and chlorides of heavy inert gases is reported. The emitting medium was an Ar—Kr—Cl,, or
an Ar—Kr—Xe—Cl, (HCI) mixture kept at a pressure ranging from 1 to 30 kPa. Excitation was effected by means
of atransverse volume discharge with spark preionization. Emission spectra were examined. The dependences
of the emission intensity on thetotal pressure of the medium, partial pressures of its components, charging volt-
age, and number of discharge pulseswere studied. It isdemonstrated that such a discharge emits simultaneously
in the 308, 258, 236, 222, 175, and 160 nm bands due to the transitions XeCl(B—X), Cl,(D'-A"), XeCl(D-X),
KrCl(B—X), ArCl(B—X), and H,(B—X), respectively. It was established that the respective intensities are close to
each other if the partial pressures are as follows: P, = 10-20 kPa; Py, xe = 0.4-0.6 kPe; P, = 0.2-0.4 kPa,

Pricr = 0.08 kPa, and Py, = 0.5-1.0 kPa. It was found that the addition of H, to the medium decreases the inten-

sities of the excimer bands, increases the emission resource (to 10* pulses or higher), and expands the operating
wavelength range. The last-named effect is due to Lyman H, bands (at 158-161 nm). © 2001 MAIK

“Nauka/Interperiodica” .

INTRODUCTION

Today, electric discharge excimer lamps offer the
highest power and the best selectivity among sources of
spontaneous emission in the wavelength range 200—
350 nm [1-3]. For this reason, they are widely
employed in microelectronics, high-energy chemistry,
biology, and quantum electronics [4—6]. On the other
hand, the majority of them operate at a single wave-
length determined by the emitting medium. It seems
worthwhile to explore the feasibility of multiwave
lamps, namely, those using particular B—X transitions
of RX* molecules, where RisAr, Kr, or Xeand X isF
or Cl. These sources could find application in pulse
photometry, biochemistry, biophysics, and medicine.
For example, they could serve to calibrate detectors of
short-wave light pulses or to simultaneously treat
selected molecular bonds in compounds having high
chemical or biological activity. We designed such emit-
tersfor the range 353-222 nm. Some of them operate at
222 (KrCl), 249 (KrF), 308 (XeCl), and 353 (XeF) nm,
with F and Cl being provided by CF,Cl, molecules
[7, 8]. Other emitters use multicomponent media (con-
sisting of He, Kr, Xe, HCI, and SFg), which include two
heavy inert gases and differing halogen-containing
molecules [9, 10]. To generate photons with higher

energies, we started looking for ways to expand the
operating range into the VUV region (<190 nm). Early
results were obtained with a source emitting at

258 (Cl3 ) and 175 (ArCl*) nm, the medium consisting
of He (Ne), Ar, and Cl, (HCI) [11].

This paper reports on an experiment to optimize a
UV-VUV emitter operating simultaneously at 308,
258, 236, 222, 175, and 160 nm. Operating mixtures
were composed of Ar, Kr, Xe, Cl, (HCI), and H,.

EXPERIMENTAL SETUP

The medium was excited by transverse volume dis-
charge (TVD). Spark preionization was effected auto-
matically in the interelectrode space. A sketch of the
emitter isshown in [8]. A TVD plasma occupied a vol-
ume of 18 x 2.2 x 1.0 cm®, and the electrodes were
spaced 2.2 cm apart. TVD was initiated by a two-loop
LC circuit including a 30-nF storage ceramic capacitor
and 20 pulse-sharpening ceramic capacitors (KVI-3,
470 pF, 20 kV), the latter providing atotal capacitance
of 9.4 nF. The capacitorswere combined into two banks
sealed with an insulating compound. The banks were
placed near the TV D €l ectrodes and preioni zation spark
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gapsinside adischarge chamber. This excitation circuit
closely resembles the system used for generating fast
ionization waves in pulsed longitudinal discharge [12—
14], since the main part of the circuit has a very small
inductance (less than 10 nH), the discharge plasma is
separated from the grounded shields by a high-permit-
tivity insulator (the compound), and the pulses of TVD
current are narrower than 30 ns.

Spectrawere examined with a 0.5-m vacuum mono-
chromator including a diffraction grating with
1200 lines per millimeter. The reciprocal linear disper-
sion of the spectrophotometer was 1.4 nm/mm. The
emission emerged from the hermeticaly sealed dis-
charge chamber via a CaF, window. The photodetector
was built around an FEU-142 photomultiplier with a
LiF window. The chambers containing the photomuilti-
plier and the grating, respectively, were evacuated to a
residual pressure P < 102 Pa. The monochromator—
photomultiplier system operates in the spectral band
130-350 nm. The spectrophotometer was calibrated
against the continuous emission of H, in the region
165-350 nm.

222 [KrCl(B=X)] nm

175 [ArC1(B—X)] nm

258 [CI5] nm

A, nm

1 1 1
160 200 240
Fig. 1. TVD plasma emission spectrum of the Ar—Kr—Cl,
mixture with Py, = 13.3, Py, = 0.6, and P¢;, = 0.24 kPa.
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EMISSION AND RESOURCE
CHARACTERISTICS

Figure 1 shows an emission spectrum of the TVD
plasma in an Ar—-Kr—Cl, mixture. Note that the UV—
VUV power is emitted largely at wavelengths of 175,
222, and 258 nm, which, respectively, correspond to the
transitions ArCl(B-X), KrCl(B—X), and Cl,(D'-A). If
small amounts of Xe and H, are added to the medium,
the spectrum also exhibits bands at 308, 236, and 158—
161 nm, representing the transitions XeCl(B—X),
XeCl(D-X), and H,(B—X), respectively. (Thethird tran-
sition produces Lyman H, bands.) With the Ar—Cl,
(HCI) mixture, only two bands are pronounced, at 258
and 175 nm. If Cl, is replaced with HCI, the emission
due to Cl,(D'-A") and ArCl(B—X) is less intense for all
of the mixtures. It was found that the intensity at
175 nm ismaximal if the partial pressure of Cl, is0.2—
0.4 kPa and that of HCI, 0.08 kPa. Thisis because HCI
and Cl, have strong and zero VUV absorption, respec-
tively. With the Ar—Cl, mixture, the optimal value of
P(Ar) is within 8-15 kPa at a reasonable level of the
charging voltage U across the storage capacitor (U = 4—
15 kV). If the total pressure P in the mixture is raised
above 30 kPa, the TV D becomesinhomogeneous. As U
isincreased from 5 to 15 kV, theintensity linearly rises
by afactor of 3-5 for all of the bands observed.

Figures 2 and 3 show the intensities emitted in the
excimer bands and the Cl,(D'— A") band against Py, for
the Ar—Kr—Cl, mixture and the Ar—Kr—Xe-Cl, mixture,
respectively. In the former case, arisein Py, t0 20.05 kPa
leads to an increase in the intensity for KrCl(B—X) and
a decrease in that for ArCl(B—X). For Cl,(D'-A), the
radiation yield is maximal at Py, = 0.3 kPa. If Py, =
0.6 kPa, the intensities of the three bands are close to
each other. At Py, < 0.05 kPa, arise in the Kr concen-
tration leads to an increase in the intensity for ArCl(B—X)
(probably, due to changes in disharge parameters such
as n, and Ty). At Py, = 0.05kPa, the decrease for
ArCl(B—X) and the attending increase for KrCl(B—X),
which proceed at equal rates, stem from the fact that Ar
atoms are replaced by Kr atoms in the formation of
excimer molecules. It has been demonstrated [15] that
the largest rate constant k in this process is that of
energy transfer from Ar(3P,) to Kr with the formation
of Kr[5p(3/2),]: k= 5.6 x 1072cm?/s. The process runs
vigoroudly in an Ar—Kr plasma at Py, = 0.1-1.0 kPa,
which agrees with Fig. 2.

With the Ar—Kr—Xe-Cl, mixture (Fig. 3), the inten-
sity curvesrun in amore complicated fashion. As Py, is
increased, the intensity for KrCl(B—X) rises again,
whereas the intensities for XeCl(B—X) and ArCl(B—X)
exhibit apeak if P(Xe) = 0.4 kPaor adecreaseif Py is
larger. For Cl,(D'-A"), the curve has a valley at Py, =
0.4 kPa. Such behavior ismainly dueto energy transfer
from Ar(3P,) to Kr and Xe atoms [15-17] and to spe-
cific features of interaction between excited Kr and Xe
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atoms in aKr—Xe plasma[18, 19]. Compared with the
emitting media of electric discharge excimer lasers and
high-pressure (P = 100 kPa) excimer lamps, the recom-
bination reaction Ar* + CI- + (Ar) — ArCI* + (Ar)
plays a less important part in TVD at P = 1-30 kPa,
since its rate constant may be one order of magnitude
smaller at such low buffer gas pressures (e.g., 10 kPa
rather than 100 kPa) [20]. Instead, theinitial TV D stage
is governed by the “harpoon” reaction Ar(m) + Cl, —
ArCl* + ClI [21, 22], which requires that the plasma
contain excited (metastable) atoms of heavy inert
gases. Thisreaction to produce ArCl(B) may proceed at
arate as high as 7 x 10° cm?s [23]. For P,, = 13.3,
Pxe = 0.4, and P, = 0.24 kPa, the respective intensities
emitted in the excimer bands and the Cl,(D'-A") band
are comparable to each other if P, = 0.4-1.2 kPa. This
result allows using such an emitter in UV-VUV pulse
photometry.

From Fig. 4, where the emission intensity is plotted
against the number of discharge pulses N for the
KrCl(B-X) band of the Ar—Kr—Cl, mixture, one can
evaluate the emission resource (the number of pulses
after which the intensity is halved). In the experiment,
the emission resource was found to be as high as
(1-2) x 10* pulses. The resource characteristic was
obtained under stationary conditions (in the absence of
gas flow), the discharge chamber having a passive vol-
ume of 10 I. The emission resource is determined
mainly by the purity of the buffer gas (we used com-
mercia-grade Ar) and the materials of the electrodes
and the discharge chamber (stainless steel, aluminum,
acrylic plastic, fluoroplastic, and quartz). Intensity fluc-
tuations could be suppressed by pumping fresh portions
of the gas through the emitter at a small rate
(=0.01 m/s). Alternatively, one could employ a solid-
state source of Cl, and aregenerator of the waste emit-
ting mixture; the former would be switched on if the
intensity falls below a given level. Also, note that the
resource of an electric discharge laser operating at
308 (XeCl) and 222 (KrCl) nm and using a He-R-HCl
mixture at P = 100 kPa can be increased by two orders
of magnitude by introducing a small amount of H,
(P4, < 130 Pa) into the lasing medium [24].

To expand the operating band of the emitter by
means of Lyman H, bands, we investigated the effect of
H, on TVD emission. Figure 5 shows the respective
intensitiesintheArCl, H3, and Cl; bands as functions
of Py, for the Ar—HCI-H, mixture. It is seen that the
ArCl* and H, intensities are reduced considerably if
Py, israised to asufficiently high level (0.1 kPa). The
spectrum exhibits Lyman bands, at 158-161 nm, if
Py, > 0.3 kPa. At P, = 0.57 kPa, the ArCI* and H,
intensities are the same. As P, isincreased further, the
Lyman bands become dominant. If a small amount of
H, is added to the Ar—Kr—HCI mixture, the intensity in
the ArCl(B—X) band dlightly decreases and the resource
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Fig. 2. TVD emission intensity vs. Kr partial pressure
at awavelength of (1) 175 (ArCl), (2) 222 (KrCl), and

(3) 258 (CI3 ) nm for the Ar—Kr—Cl, mixture with Py, =
13.3 kPaand P¢, = 0.24 kPa (U = 12.5kV).
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Fig. 3. TVD emission intensity vs. Kr partial pressure
at awavelength of (1) 175, (2) 222, (3) 236, (4) 258, and
(5) 308 nm for the Ar—Kr—Xe—-Cl, mixture with Py, = 13.3,
Pxe=0.4, and P¢, = 0.24 kPa (U = 12.5kV).

characteristic develops a plateau (curve 2 in Fig. 4).
Conseguently, the emission resource increases consid-
erably (N > 10* pulses). The intensities of the RX*
bands fall mainly because of intense energy transfer
from Ar(m) to H, [25] and the reduction of HCI when
the decay products of the former process interact with
H,. With the mixtures containing H,, strong continuous
emission was also observed in the region 200400 nm
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Fig. 4. TVD emission intensity vs. the number of discharge
pulsesat awavelength of (1) 222 (KrCl) and (2) 175 (ArCl) nm
for the (1) Ar—Kr—Cl, and (2) Ar—Kr—HCI-H, mixtureswith
Par = 13.3, Pk, = 0.4, Pgy, = 0.24, Py = 0.12, and Py, =
0.13 kPa.
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Fig. 5. TVD emission intensity vs. H, partial pressure at a
wavelength of (1) 160 [Hy(B-X)], (2) 175 (ArCl), and

(3) 258 (Cl3 ) nm for the Ar—HCI—H, mixture with Py, =
13.3 and Py = 0.12 kPa (U = 12 kV).

at P, = 0.5kPa. Thismay be attributed to the formation
of ArH* molecules[26] or to continuous emission from
H, (@%%; —b3Z;). In this experiment, we were unable
to distinguish between these types of continuous spec-
trum. For longitudinal pulse discharge, which develops
in the form of afast ionization wave, it has been dem-
onstrated that this system offers a strong continuous
hydrogen spectrum in the UV range if P, = 1.33 kPa
and E/N = 100 Td, the excitation rate of the a3 state

of H, being 1.3 x 10%° cm®/s [27]. However, in [27], no

SHUAIBOV et al.

data concerning the efficiency with which VUV emis-
sionisexcited are available. With Ar—Kr—HCI—-H, mix-
tures, these processes lead to a decrease in the intensi-
ties of the excimer bands when the H, concentration is
raised.

CONCLUSION

We have established that a TVD plasma in Ar—Kr—
Cl, and Ar—Kr—Xe—Cl, mixtures is an efficient multi-
wave source of pulsed emission at 308, 258, 236, 222,
and 175 nm due to the trangitions XeCl(B—X), Cl,(D—A),
XeCl(D-X), KrCl(B—X), and ArCl(B—X), respectively.
For a reasonable charging voltage (4-15 kV), the
respectiveintensitiesare close to each other if Py, = 10—
20 kPa, Py, o = 0.4-0.6 kPa, P, = 0.2-0.4 kPa, and
P = 0.08 kPa. With asmall amount of H, added to the
mixture, P, < 0.1-0.2 kPa, the resource characteristic
acquires a plateau and the emission resource increases.
If P, israised above 0.5-1.0 kPa, the intensities of the
bands corresponding to the excimer molecules and

Cl; fall by one order of magnitude and Lyman H,

bands appear at wavel engths of 158-161 nm. The opti-
mal composition of the emitting medium is determined
by the energy transfer processes Ar(m)—Kr, Xe, H,, and
Kr(m)—Xe and by the formation of the ArH* and

H,(a3Z,) molecules,
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Synthesis of Current on a Strip from a Given Realizable
Radiation Pattern
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Abstract—A theory of synthesis of current on a strip from a given realizable radiation pattern is devel oped.
The theory chooses the space of currents from the condition that the near-zone field is limited. The space of
patternsis defined as the image of the space of currents due to current-to-pattern mapping. For these spaces, the
Hilbert structureisintroduced and the basisis constructed. As aresult, the problem of synthesizing current from
a given pattern is reduced to expansion over the basis. A numerical example is considered. © 2001 MAIK

“ Nauka/Interperiodica” .

INTRODUCTION AND STATEMENT
OF THE PROBLEM

A relationship between the density of surface cur-
rentsinduced on both sides of astrip of electrical width
23, j(t), and aradiation pattern F()X) isgiven by theinte-
gral equation [1-3]

1

F(X) = Kaj = aIeXp(iaxt)j(t)dt. )

Real angles correspond to |x| < 1. However, it is
common practice to consider the function F(X) at any
real X.

Equation (1) has been studied in many investiga-
tions. Analytical methods of synthesizing currentsfrom
a given readlizable radiation pattern have been devel-
oped in [2, 3]. Variational methods that calculate cur-
rents producing aradiation pattern close to a given one
(not necessarily realizable) are addressed in [4]. In
these publications, it is assumed that the current j(T)
belongs to the spaceL,; i.e.,

1

_[Ij(t)lzdt < +oo )
-1

or, by virtue of Parseval’s identity,

00

J’IF(x)Ide <400, 3)

—00

However, the selection of the space L, has not been
substantiated in the publications cited above.

Synthesis of current on an unclosed surface has also
been considered in [5], where the current is found with
regard for the Meixner conditions imposed on its edge
behavior. However, to date, methods developed in [5]

have been implemented for closed surfaces, but none
for unclosed surfaces.

Whereas the problem of synthesizing current on a
closed surface from a given radiation pattern has been
covered adequately [6], many problems concerning
unclosed surfaces, in particular, the problem of choos-
ing the space of currents, remain unsolved.

The purpose of this paper is to develop a criterion
for choosing the space of currents, to construct the
space of currents for a strip and the space of radiation
patterns, and to study radiation described by formula (1)
in appropriate spaces.

ENERGY INTEGRAL: H-POLARIZATION
PROBLEM

In this section, we consider the H-polarization prob-
lem: the stripislocated in the planey = O, the generatrix
of the stripis parallel to the zaxis, and the currents (1)
pass paralel to the x axis (perpendicularly to the strip
edge) and vanish at the edge. In our opinion, the space
of currents should be chosen from physical consider-
ations. Namely, we must assume that not only the far-
field power but also the near-field power islimited. It is
the condition that ensures the uniqueness of solutions
to the Maxwell equations[7].

Let usfind acondition that provides the finiteness of
the field power in the near zone. To this end, we inte-
grate the Poynting vector along a closed line | encir-
cling the cross section of the strip and contract thisline
into a segment:

1

P = %J’[E,H*]ndl = —%IEX(T)jt(T)dT, (4)
| -1

where E and H are the fields produced by the currents
i«(T), 2a is the width of the strip, the asterisk means

1063-7842/01/4602-0212%$21.00 © 2001 MAIK “Nauka/Interperiodica’
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complex conjugation, and the normal nisparallel tothe
y axis.

Next, we express the electric field E, in terms of the
current density j,(t) [1] as

£4a0t

E(T) = f‘ Lo px(t) SHP (@l )t
(5)

——[ px(t)H”)(alr —t])dt

and represent the Hankel function in formula (5) asthe
Fourier integral

MO el = | SR -0)
I IxP-1 (6)
JXP-1=id1-x X<l

Substituting (5) into (4) in view of (1) and (6), we
obtain

P =] f‘a" JJ SRR (@)

Energy integral (7) convergesif
+oo| . | ,
X" =TIFOOIdx < +oo. (8)

Asfollowsfrom (8) and (3), thefact that the currents
belong to the space L,[-1, 1] does not suffice for the
field power to befinite. To meet this condition, it isnec-
essary to narrow the space L,[-1, 1].

ENERGY INTEGRAL: E-POLARIZATION
PROBLEM

Consider the E-polarization problem: the currents
jAT) pass parallel to the z axis (parallel to the edge of
the strip) and tend to infinity at the edges. In this case,
integration of the Poynting vector yields

p = %I[E,H*]ndl = —g‘J'Ez(r)j;(r)dr. ©)

We write the electric field E, in terms of the current
density j 1),

E(T) = —3[5 [iAOHE @t -t  (10)

TECHNICAL PHYSICS Vol. 46 No.2 2001

213

and substitute this expression into (9) to obtain

P = lJﬁan
.s8a_oo X

For energy integral (12) to be finite, it is sufficient
that

IF(x)I dx. (11)

[F(X)I?dx < +oo. (12)

"
e

A comparison of (12) and (3) shows that the space
L,[-1, 1] has become narrower: there exist currents that
satisfy (12) but do not belong to L,[-1, 1].

SPACE OF CURRENTS
IN THE H-POLARIZATION PROBLEM

We introduce the space of currents by means of the
operator

+00 1

(A(®) = 3 [ eoslx(r-D]u(tx
o (13)

+00 1

= 50 [ I [ eXp(-x(x ~O)cla.

It is known [8] that the operator A is symmetric and
positive definite and its domain of definition D(A) is
everywhere densein L,[—1, 1]:

(Au, u) 2 y*(u, u), y’>0.

Hereafter, (., .) meansascalar product in L,[—1, 1].
The positive definiteness of the operator A alows one
to introduce the energy space Hy, [9], which is defined
as acompletion of D(A) on the norm

Ou 0 D(A), (14)

[u]® = (Au, u),

and the scalar product in this space is defined as

(15)

[u,v] = (Au, V).

Next, let us establish arelationship between H, and
the Sobolev space H, (-1, 1]), which can be regarded
2

[10] asacompletion of Cy ([-1, 1]) (the set of infinitely

differentiable finite functions with the support [-1, 1])
on the norm

+o00

2 _ 1 ~ 2
IIUII% = ﬁl(lﬂxl)IU(x)l dx, (16)
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where
1

u(x) = Iu(t) exp(ixt)adt.

The positive definiteness of the operator A immedi-
ately yields the equivalence of norms (15) and (16).
Consequently, the energy space H, coincides with the

Sobolev space H, ([-1, 1]). A significant advantage of
2
the norm and the scalar product introduced aboveisthat

they allow oneto analytically introduce an orthonormal
basis of H, [8] inthe form

dn(1) = J%gn[nwccos(r)]; n=12...,

(0, m#n (0
(Abm ) =0

To conclude this section, write the operator A in the
coordinate form:

(Au)(T) = %[(%Iu(t)a%lnﬁdt. (18)

The equivalence of representations (13) and (18) for
the operator A on a dense set is validated by the well-
known expression

1

1 cos[)((r—t)]—ld

A I S—
- (19)
+ICOS[X)((T_t)]dX,

where C is the Euler constant.

SPACE OF PATTERNSIN THE H-POLARIZATION
PROBLEM: BASIS

We introduce Sobolev spaces [11] on the straight

line Hy(—o0, +0) as acompletion of the set Cy (—oo, +)
of infinitely differentiable finite functions on the norm

+00

~ 1 o~
G = 5 [ @+ XDTEO) dx < 4o, (20)

where

+o00

u(x) = Iu(t)exp(ixt)dt.

The constant factor preceding the integral in the
right-hand side of (20) is introduced for convenience.

EMINOV

Designate the Fourier transform for the space Hy(—oo,

+e) as Hs(—o, +0). In the latter, the norm is also
defined by relationship (20). The spaces Hy(—oo, +c0)

and I:|s(—oo, +o00) are Hilbert spaces with the scalar
product

+o00

v = 5 [ @+ T0T00d. (@D

The operator K;, or the Fourier transform as an
operator, which maps from the space H, (-1, 1]) into
2

the space I:|;(—oo, +00), is an isomorphism; this map-
2

ping does not change the norm. Therefore, the image of

H, ([-1, 1]) isaclosed set on which the inverse opera-
2

tor K[l is defined and limited. At the same time, the

Sobolev space H, ([-1, 1]) coincides with the energy
2

space H,, in which the basis is analytically specified.
Therefore, we will assume that the operators act in the
energy space H.

We consider again Eq. (1),
1
F(X) = Kaj = aIeXp(iaxt)j(t)dt, (22)
-1
and map it from the energy space j O H, into the Sobo-
lev spaceF [J I:I; (—o0, +00). Define the space of patterns
2

as theimage of H, due to the mapping K, : Im(K,). On
the set Im(K,), the scalar product is given by

+00

I
(Ko Kav), = o [KauKavixiek, (23)

which is equivalent to scalar product (21). This state-
ment follows from the positive definiteness of the oper-
ator A. The set Im(K,), being a closed set, is a Hilbert
space with scalar product (23).

We define the basis functions f; of this space
through the basis functions ¢, of the space of currents:

fa = Kads. (24)

With definition (17) of the basis functions ¢,, (17)
and the definition of the operator K, the basisfunctions
TECHNICAL PHYSICS Vol. 46
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fo arefound as
fa(X)
()R- DR, =2k

i(—1)k‘1A/4nk@, n = 2k,

where J, are Bessel functions.

Functions (25) were derived using the integrals of
the products of trigonometric functions and Chebyshev

polynomials of the second kind. The basis functions f§
are orthonormal by construction:

a .a 0, m#n
(fna fm)} =0 (26)
2 Dl, m = n.

Relationship (26) can aso be verified using the tab-
ulated integral

+00

IJm(X)‘]n(X)dX — 2 ..Mm—n

sin TL

X m(m*=n) 2 @)

0

An arbitrary function F belonging to the space of
patterns Im(K,) can be expanded over the orthonormal

basis f2:
+00

Fx) = > (F, fﬁ)%fﬁ(x)-

n=1

From an expansion for the pattern, we immediately
obtain an expansion for the current:

(28)

+o00

M=% fﬁ)%%(T)-

n=1

As aresult, the problem of finding the current from
a given redlizable radiation pattern is reduced to the
problem of expanding over a given orthonormal basis.
Thus, the above-stated problem of finding the current
from a given realizable radiation pattern in the case of
H polarization has been completely solved.

(29)

SPACE OF CURRENTS
IN THE E-POLARIZATION PROBLEM

We introduce the space of currents by means of the
operator

(Lu)(1) = %{Iu(t)lnﬁdt. (30)
O

We also need the weight spaces L, , with the scalar
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product defined as

1

(U V)sq = J’U(t)Wt)Q(t)dt- (31)
a

Consider an operator L that maps the weight space

L, intotheweight space L, ., where p(t) = J1-t.
Chebyshev polynomials of the first kind T,(t) =
cog(n—1)arccos(t)] (n=1, 2, ...) form abasis of the
space LZ’ o while weighted Chebyshev polynomials

T,(t)/p form a basis of the space L, ,. The following
relationship isvalid for the operator L [12]:

(in2,

L(Ta/p)(T) = 0 1
_1Tn(r), n#z1l.

n=1
(32)

Let | denote an identity operator that maps from the
space L, ot into the space L, , and relates a function

u(t) to afunction u(t)/p(t). We consider the operator
IL szp—> Lzyp. (33)

As follows from relationship (32), this operator is
positive. The positiveness (this property alone) of the
operator IL also allows the introduction of the energy
space H, [9], which is defined as a completion of L,
on the norm

[U]® = (ILu, ), (34)
The space H, is a Hilbert space with the scalar

product
[u,v] = (ILu, v),,. (35)

According to (32), the orthonormal basis of this
space has the form

[1 1
min2 /1.2

[2(n—1) cos[(n— 1) arccos(1)]
T /l—TZ ’

_ 0, m#n
(”—LIJmf LIJn) - E}l, m=n.

The power space H, can be shown to coincide with
the Sobolev space H, ([-1, 1]), which is defined as a
2

n=1

Wn(T) =

n>1,

(36)

completion of Cy ([-1, 1]) (the set of infinitely differ-
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entiabl e finite functions with the support [-1, 1]) onthe
norm

2 = A ey, (37)
: 2T[I 1+x|
where

1

u(x) = Iu(t) exp(ixt)adt.

Calculate the Fourier transform of the basis func-
tions:;

1

Kidn = IeXP(iXt)UJn(t)dt

/\/;I[EJO(X),
(-1)" " /2m(2k = 1) I _o(X),
i(—1)" " /ATk I, (X), n = 2.

Using formula (38) and methods presented in [8],
one can easily provethat norms (34) and (37) are equiv-
alent. Note in conclusion that the energy space H, cor-
responds to the E-polarization problem: if the function
describing the current belongs to H,, then energy inte-
gra (12) isfinite.

(38)

n=2k-1

SPACE OF PATTERNS IN THE E-POLARIZATION
PROBLEM: BASIS

The operator K;, or the Fourier transform as an
operator, mapping from the space H, ([-1, 1]) into the
2

Space |:|; (—00, +0), also is an isomorphism; this map-
2
ping does not change the norm. Therefore, the image of

H, ([-1, 1]) isaclosed set on which the inverse opera-
2

tor K;' is defined and limited. The Sobolev space
H, ([-1, 1]) coincides with the energy space H, in
2

which the basis is given analytically. Therefore, we
consider Eg. (1) once more,

1

F(X) = Kaj = Iexp(iaxt)j(t)dt, (39)

and map it from the energy spacej [0 H, into the Sobo-
lev space F [ Hy (=0, +0). Equation (39) differs from
2

Eq. (1) by a constant factor.

EMINOV

We define the space of radiation patterns as the
image of H, due to the mapping K, : Im(K,). In this
space, we introduce a scalar product equivalent to (21)
by the formula

(090)

(40)

fX9X) -
(f, 9)1 —1‘(0)9(0)+2 ]

Xl <1

IX|

" fx)9(x)
t o f e R 0)

IX|

IxI>1
wheref = K,u, g = K,Vv, and C isthe Euler constant.

If for giszeroat x =0 (al functions K, possess
this property at n > 1), scalar product (40) simplifiesto

l

2

(00,
ZnI X

The set Im(K,), being aclosed set, isaHilbert space
with scalar product (40). As follows from (32), the

basis functions g of this space have the form

1

= Iexp(iaxt)tpn(t)dt

Tt
/\/;_230(3)()1

(-1t 2m(2k—1)J,_,(ax), n = 2k—1
i(—1)* t/amkd,(ax), n = 2k.

An arbitrary function F belonging to the class of
realizable patterns Im(K,) can be expanded over the

orthogonal basis ¢

(41)

FOO = 3 €agnx), (42)
where
(F, gn)1
2 n=1

(95 021
2

(F. o), n>1.
2
It should be noted that the basis g, is orthonormal

at n> 1. From an expansion for the pattern, we imme-
diately obtain an expansion for the current:

+00
(M) =5 cy(T). (43)
n=1
TECHNICAL PHYSICS Vol. 46 No.2 2001
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The problem of finding the current from a given
realizable pattern in the case of E polarization has also
been solved completely.

NUMERICAL RESULTS

We consider an example of calculating the current
from a given radiation pattern, e.g., in the H-polariza-
tion problem. L et the pattern have the form

FX) = (1—x2)“”s'n(ax>[ax M %-%g} |

Thisradiation pattern is realizable [2]. By selecting
appropriate M and N, one can obtain various narrow-
beam patterns without secondary lobes (Fig. 1). How-
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ever, in this case, theinequality M < N must be satisfied

(in Figs. 1-4, N = 10). The radiation pattern Fy, () has

only aweak dependence on the length of aradiator a.
However, the radiator length strongly affects other
parameters. Figure 2 plots the radiated-to-total power
ratio against a. At small a, the radiated power is much
smaller than the total power. As a increases, the ratio
grows. Figures 3 and 4 illustrate curves for the current.
At small a, the current oscillates and, as calculations
show, is large. Though narrow-beam secondary-lobe-
free patterns can be produced at small a’'s, such an
approach is extremely inefficient. As a increases, the
current distribution becomes smoother. The narrower
the pattern, the larger a must be to increase the power
ratio and, accordingly, to smooth out the current.
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RADIOPHYSICS

Spectra of Exchange Dipole Electromagnetic—Spin Waves
In Asymmetric M etal- nsulator—Ferromagnetic—I nsulator—
Metal Systems

V. E. Demidov and B. A. Kalinikos
. Petersburg State University of Electrical Engineering, S. Petersburg, 197376 Russia
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Received May 29, 2000

Abstract—Spectra of exchange dipole electromagnetic—spin waves in tangentially magnetized asymmetric
planar-layer metal—insulator—ferromagnetic—nsulator—-metal (MIFIM) systems were studied theoretically. It is
shown that symmetry breakdown due to a difference in the permittivities of the insulating layers may substan-
tially enhance interaction between the spin and electromagnetic waves. This improves the electrical controlla-
bility of the dispersion properties of the spin waves, for example, by varying the permittivity of one of thelayers
that arein contact with the ferromagnetic film. Optimal geometries of the layer structures that provide the best
electrical control are suggested. © 2001 MAIK “ Nauka/Interperiodica” .

Spin waves in ferromagnetic films and layer struc-
tures are used to advantage in various microwave
devices. The bhasic advantage of spin-wave devices is
the possibility of their electrical tuning by varying the
permanent magnetic field applied to the ferromagnetic
film. However, this way of tuning suffers from draw-
backs, such as large dimensions of the magnetic sys-
tems, low speed, and high power consumption. Tuning
of spin-wave devices can be improved by using layer
structures containing both ferromagnetic and ferroel ec-
tric layers. In such structures, a new mechanism of con-
trolling the dispersion characteristics of spin waves
propagating in layer waveguide systems appears, since
ferroelectrics can change their permittivity under the
action of a permanent magnetic field. This mechanism
offers high speed and is not power-hungry.

It seems therefore logical to study the wave spectra
in layer structures in which ferroelectric and ferromag-
netic layers are in contact. Since ferroelectrics are of
high permittivity, a theory of spin waves that includes
electromagnetic delay (which is usualy neglected)
should be elaborated.

In [1], we developed a theory of exchange dipole
electromagnetic and spin waves propagating in sym-
metric layer MIFIM systems. It was shown that such
systems allow the control of the spin wave spectrum by
varying the permittivity of the ferroelectric layers.
Based on this effect, a variety of spin-wave devices for
processing microwave signals tuned through a change
in the constant electric field can be designed. However,
the geometry of the symmetric layer structureis hardly
feasible.

Thiswork is aimed at investigating the spectrum of
exchange dipole electromagnetic and spin waves in

asymmetric tangentially magnetized MIFIM systems
and at finding the optimum geometry that provides the
best controllability and is easy to implement in prac-
tice.

Consider an unbounded plane-parallel layer struc-
ture in the y0z plane (Fig. 1). It includes an isotropic
ferromagnetic film of thickness L that has a saturated
magnetization Mg and a permittivity €, . Thefilmissep-
arated from two perfectly conducting metal screens by
insulating layers of thicknesses a and b and permittivi-
ties €, and €, respectively. The origin is placed at the
center of the ferromagnetic film. It is assumed that the
film is magnetized to saturation by a permanent mag-
netic field of strength H, applied along the z axis. The
spins on the surfaces of the film are assumed to be non-
interacting.

For convenience, we introduce the second coordi-
nate system &n¢ rotated through an angle ¢ about the x
axis. The { axis coincides with the direction of wave
propagation.

x, &

H()

/
N 0 kz\\@
/ 4

Fig. 1. Layer structure geometry.

Ny S~

/

y
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In the structure considered, a dispersion relation for
exchange dipole spin and electromagnetic waves is
derived by jointly integrating the complete set of the
Maxwell equations and equations for magnetization
motion using the Green tensor function formalism for
planar-layer structures [2, 3]. The result is a transcen-
dental equation that relates the eigenfrequency w of the
nth mode of spin waves to the longitudinal wave num-
ber k;:

(Quk— O A [ Qi — 0 (A cos’d + AZ’sin’9)]

(1)
—(W+ wyAYsing)(w—wyAL'sing) = 0,
where
2 2
A§X2—1+ sz il 1 |2<ZyL2 2
y2+k2 Snh(y N (y7 + %) L1+ Bor)

X [Ca(Dp(=1)" + Tp) = C2(Da— To(-1)M],

kzyi 2
SRV (72 + 13 L(L* Bor)

X [Ca(Dp(=1)" + Tp) + Ca(D, = Ta(-1)")],

Xz _ 1

n =

AV = kot _ 1 KoY 2
" yE+k? sinh(y d)NY(y? + k2)*L(1+ o)
3€.Ya LVb y
x[c o tanh(y,a)D(~1)" - tanh(ybb)T}

cﬁELVbtanh(ybb)Dy L:/’atanh(yaa)T( 1)
ZX _ 1 klyi 2

" sinh(yld)N(y2 4 2)2L(1 + Bg)

[ 1%Ztanh(yaa)D( —1)" —y—tanh(ybb)TbD

+ 2 tanh(y,b)D, + L
K (Yob) Y.
[ Vi 2
" y2+k2 sSinh(y d)N(y2 _2)2L(1+ 3oy

L tanh(y,a) Ta(- 1)”5}

<[ ChE Ftanh(y,@)Dy(-1)" - FHtanh(y,b) T,

— 'Y iann(y,b)D, + 1t
A (Yub) Ve

C, = cosh(y,(a+L))(~1)" - cosh(y,a),

tanh(y,a) Ta(~ 1)“5}

DEMIDOV, KALINIKOS

C2 = cosh(y,_b)(-1)" - cosh(y, (b + L)),
C; = sinh(y,(a+L))(-1)"-sinh(y,a),
C; = sinh(y_b)(-1)"—sinh(y (b +L)),

D, = sinh(y.(a+L))

+ \y’—Ltanh(yaa) cosh(y,(a+ L)),

Dy = sinh(y.(b+L))

4 \y’—Ltanh(ybb) cosh(y, (b +L)),

T, = sinh(yLa)—:%tanh(vbb)cosh(vLa),
b

T, = —sinh(y.b) + \y’—Ltanh(yaa) cosh(y,b),
a

N = smh(yLL)%H—tanh(yaa)tanh(ybb)D

+ cosh(yLL)[v tanh(y,b) + ——tanh(yaa)[r

d=a+b+L.

The elements NY, T?, and D! are obtained from N,
T,, and D; by the replacement

Vo &Ya Vi &V
Ya o €Yl Vb o €Y
The other designations are the same asin [1].
In paralel with dispersion relation (1) for the
exchange dipole spin waves, one can deduce a disper-
sionrelation for the natural waves of the structurein the

absence of magnetization in the layer L. For the TE
mode,

€Yo

N
— = O’ 2
v )
and for the TM mode,
y N = 0. (©)]

Note that each of the factors in Egs. (2) and (3)
depends both on wave number k; and on frequency w.

Practical spin-wave devices usually employ two
types of spin waves:. longitudinal waves, propagating in
the direction of the permanent magnetic field (¢ = 0),
and transverse waves, traveling at a right angle to the
field (¢ = 172).

Longitudinal spin waves interact with lower order
TM, electromagnetic waves, which are free of cutoff
[1]. For longitudina spin waves, a dispersion relation
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Fig. 2. Change in the spectra of electromagnetic—spin waves when symmetry breakdown is due to different thicknesses of the a

and b layers.

may relate the slope of the dispersion curve for the TM,,
waves with e, and €. In symmetric MIFIM structures,
such a control mechanism was shown to be inefficient
[1]. As follows from Eq. (1), if the symmetry breaks
down, this mechanism becomes still less efficient,
because any asymmetry weakens interaction between
longitudinal spin waves and electromagnetic TM,
waves.

Transverse spin waves extensively interact with TE;
electromagnetic waves. They have a cutoff frequency
that varies with the permittivity of the ferroelectric
layer. If the cutoff frequency lies close to the frequency
range of long (low-frequency) spin waves, the disper-
sion curve for the spin waves considerably changes.

Thus, transverse spin waves appear to be the most
promising for control of the dispersion by varying the
permittivity of ferroelectrics. Therefore, in subsequent
analysis of asymmetric layer structures, we will con-
sider transverse spin waves alone.

Magnetostatic studies of the dispersion characteris-
tics of spin waves in asymmetric layer MIFIM struc-
tures [2, 3] show that transverse spin waves have the
property of nonreciprocity; that is, their dispersion
characteristics depend on the sign of the longitudinal
wave number k;. One more nonreciprocity mechanism
emerges when electromagnetic delay istaken into con-
sideration. In this case, transverse spin waves propagat-
ing in the opposite directions along the { axis interact
with electromagnetic waves with various efficiencies.

Figure 2 shows the spectrum of transverse electro-
magnetic—-spin waves when symmetry breakdown is
due to various thicknesses of the insulating layers. In
the calculations, the parameter values were as follows:
L =20um, ¢, = 14, €, = €, = 1000, and H, = 3400 Oe.
In Fig. 2a, a = b = 300 ym; in Figs. 2b and 2c, a =
100 pm and b = 500 pm. The thicknesses of the ferro-
electric layers were taken so as not to change the cutoff
frequency of the TE, electromagnetic wave. In Figs. 2b
and 2c, the waves propagate, respectively, in the posi-
No. 2

TECHNICAL PHYSICS Vol. 46 2001

tive and negative directions along the ¢ axis. Dashed
lines are the dispersion curves for TE, electromagnetic
waves and transverse spin waves. In the former case,
the curves were cal culated for the unmagnetized L layer
(fast waves), and in the latter, the magnetostatic
approximation (dow waves) was used. Solid lines
depict the spectrum of the electromagnetic and spin
waves that follows from Eqg. (1). It is seen that, in the
asymmetric layer structure, the transverse spin waves
propagating in the opposite directions of the { axis var-
iously interact with the electromagnetic waves. Com-
pared with the case of symmetric MIFIM structures, for
the waves traveling in the positive and negative direc-
tions, the interaction efficiency grows and diminishes,
respectively. This can easily be explained by consider-
ing the cross-sectional distribution of the magnetic
fields h; and h;, which provide interaction between
transverse spin and TE, e ectromagnetic waves. It turns
out that the polarizations of these fields for both waves
mainly coincide in one case and differ in the other.

Figure 3 shows the variation of the spectrum of the
transverse spin waves when symmetry breakdown is
associated with different permittivities of the layers.
Here, L =20 pm, ¢, = 14, a = b = 300 pm, and H, =
3400 Oe. In Fig. 3a, €, = €, = 1000; in Figs. 3b and 3c,
€, = 1630 and ¢, = 14. Asin the case when the layers a
and b are heterogeneous in thickness, a difference in
their permittivities causes the nonreciprocity of the
waves traveling in the opposite directions of the { axis.
For those traveling in the negative direction, interaction
is stronger; while for those propagating in the negative
direction, weaker, as compared with the symmetric
structure.

The above analysis implies that the asymmetric
structure can provide stronger interaction between
transverse spin and electromagnetic waves. Note also
that the layer structure shown in Fig. 3c is quite feasi-
ble: the properties of the layers L and b are close to
those of epitaxia Y1G films grown on GGG substrates.
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Enhanced interaction between electromagnetic and
spin wavesin asymmetric layer structures makesit pos-
sible to improve the efficiency of controlling the spec-
trum of exchange dipole spin waves by varying the per-
mittivities of the layers. Thus, the asymmetric layer
structures offer greater promisefor deviceswith electri-
cally tunable properties.

Figure 4 exemplifies the control of the dispersion
characteristics of transverse spin waves traveling in the
negative {-axis direction. Here, the permittivity of the
layer a in the asymmetric layer structure (L = 20 pm,
€, =14, a=b =300 um, and €, = 14) varies from 1400
to 800. The calculation is made for the permanent mag-
netic field Hy, = 3000 Oe. The dashed line is the disper-
sion curve of the spin waves in the magnetostatic

w/21, GHz
11.0

10.5

10.0

9.5 200

150

100
k(, CI’I]71

Fig. 4. Control of spin wave dispersion characteristicsin the
asymmetric layer structure.

approximation, and solid lines show dispersion curves
obtained from Eq. (1) at various e, (the associated val-
ues are indicated by figures).

A comparison of our Fig. 4 with Fig. 4in[1], show-
ing the control of the dispersion characteristics for
transverse spin waves in the symmetric structure,
clearly pointsto abetter controllability of the spin wave
spectrum in the asymmetric structure. As e, varies, the
spin wave dispersion curve changes in a much wider
range of longitudinal wave numbers. Moreover, in the
asymmetric structure, the frequency range of the upper
branch of hybridized dispersion curvesis higher thanin
the symmetric one. This provides single-mode propa-
gation of transverse spin waves throughout the range
of e,.

Thus, the asymmetric structures are candidates for
spin-wave devices intended for processing microwave
signals. They are easier to fabricate and offer better tun-
ing capabilities than the symmetric ones.
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A Charged Ellipsoidal Bunch in a Magnetic Field
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Abstract—The states of along rotating charged ellipsoidal bunch in alongitudinal uniform magnetic field are
studied. The states are described using two integrals of motion that couple the transverse velocities x and y
with the x and y coordinates; the frequency wy = eH/mc (where H isthe total magnetic field); and the quantities
w; and w,, which characterize the Coulomb repulsion in the x and y directions. It is shown that equilibrium
states with a high charge density per unit length (v = 1) can exist. © 2001 MAIK “ Nauka/Interperiodica” .

Rapid progressin accelerator technology during the
last few decades has required the devel opment of meth-
ods for solving problems related to the dynamics of
charged particles under different conditions. Of specia
interest are situations in which charged particles inter-
act with the self-fields of dense bunches. In this paper,
a charged bunch rotating in a magnetic field is studied
with alowance for the interaction of the particles with
the self-field of the bunch.

Note that the behavior of long charged-particle
bunches (or beams) with élliptic cross sectionsin alon-
gitudinal magnetic field isas yet poorly investigated. In
[1], abeam with an eliptic cross section in a magnetic
field in the presence of an external quadrupole structure
was studied. A nonsteady ellipsoidal bunch in the
absence of amagnetic field was investigated in [2].

Diamagnetic properties of beamswith circular cross
sections were studied within the so-called rigid rotator
model [3]. In this paper, the elipsoidal bunch is
described using another model that differs from the
rigid rotator model in that the average angular velocity
is assumed to depend on the angle. The effect of the
interaction delay, which may be important for dense
bunches, is also studied.

1. We consider the motion of charged particlesin a
magnetic field aligned with the z-axis with alowance
for repulsion caused by the particle space charge. Let
the x- and y-axes be directed along the principal axes of
the dlliptic cross section of a rotating bunch. In this
case, the equations of motion have the form

G Al . W 00
i-320+ o) 3B+ 3 = B~
)
W 00
V+X(20 + W) — yBﬂ ”D = Bvi—fgy,

where © istheangular rotational velocity of the bunch,
wy = eH/me, H is the total magnetic field, and the

parameters w, and w, describe the Coulomb repulsion
of the particlesin the ellipsoidal bunch.

In the frame of reference related to the principal
axes, we have

W = vc? W = vc?
' R(R+R) 7 R(R+R)
where
_ 3¢’°N
v = 2
mc'R,

is the charge density per unit length and N is the total
number of particlesin the bunch. It isassumed that on-
gitudinal size of the bunch is much larger than itstrans-
versedimensions (R, > R,, R).

Equations (1) have periodic solutionsx ~ €% andy ~
et with
W2 +20° + 200, — W — w?

2 _
Qi, = 2

)

2 2

2
W -
iJB@ Sy 3 (0 —2(0] + W) g5 -

From Eq. (8), which will be derived below, it fol-
lows that physically allowable (real) values of R,/R,
can be obtained when

2 2 2
W+, Wy > Wy
—_— ¢ _ _1 = _—— = >
5 7 Wy 7 KO 0.
This inequality substantially limits the domain of
parameters in which nonsteady equilibrium states can
exist. Taking into account the relationship

2
(A: wl_wg)!
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it also follows from Eq. (8) that © + w/2 = wi/w,

which resultsin real valuesof Q. If © and Wy, arecon-
stant, then Egs. (1) have the following invariants:

O . W+ 0' 40w, O
I} = X+ (0 + 20) —5———y0
0 W, +0 +0w,+Q7 U

+ E (wy +20)Q,

. O’ + 0wy, + wfxg
02+ O° + Oy, + Q2

Q, D’

W +0 +0w, O
xO

W +0 + 0w, +0Q% 0

] .
l, = Y- (0w, +20)
O

. E (wy +20)Q, O’ +Owy, + wgyg
[0+ O° + Oy + Q2 Q, '

Setting

I = oyl +agly,

where o, , are positive constants representing the dis-
tribution function in the form

f = kd(1—vp),

and integrating this function with respect to velocities,
we obtain that the density is nonzero in an éliptic
region in the x and y coordinates. The complete expres-
sion for the integral of motion | is

| = AX%+ By? + 2C,xy + 2C,xy + DX2 + EY?, (3)

where
2 2
_ (wy +20) Q;
A =0yt 0—5— Pt
(O +0Owy +w; +Q3)
N2 2
B = (W, +20) Q; .
- 1 . . 21
(6" + Ow, +w; +0F)’
Ci = (@, +20)(0° + Owy, +w;)
O [l
jra— TR 0
O +0w, +w,+ Q] O +0w, +w; + Q50

-2 .
0"+ 0w, +

C, = Ci (4)

-2 .
O+ Owy + W

D = (6 + 0w, + &)’

"\ 2
Oa (g +20) O
X+ ——
Q; (0 +0w,+w;+Q35) 0
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E = (0" + 0w, + )’
At 2O a
O+ 0w, +wo+ Q%) Q30
For the distribution function specified above, the

semiaxes of the elliptic cross section of the bunch are
determined by the formulas

a, U
4+ 22

V2026 + Ou, + Wl + Q2)°

0,0,(0° + O, + W) (Q2 - 02)”

()

v202(6° + Ou, + Wl + Q)

a,0,(0° + O, + W) (Q2 - Q2)°

>R, A

The expressions for 3, and w5 and Eq. (5) yield

R = Vle(.92 + 0w, + 0 + Qg)z
T Ja0,(0% + Oy, + w?)(QF - Q)

N
(wy +20) Q
(O +0Owy +w; +Q))

(6)
= Je—2,

22
W4/ Wy + 0y

R = Von(ez + 0w, + w3 + Qf)z
’ «/O(laz(ez"'ewH + W) (QF - Q)

(00 +20)°Q}
X 1.5 . 2 2.2
(0 + 0wy + w; +Q5)
w

- ﬁc—l_
W, /007 + 05

Below, we consider the case §, —= 0; i.e,,

Ql = Qz = Qo, |60/Qo| < 1

Then, from Egs. (6) and (7), it follows that

volﬁc < linarotating frame of reference. Dividing
Eq. (6) by Eq. (7) resultsin the equation

+a; (7)

Sy N — (8)

2. Let us calculate the longitudinal magnetic self-
field of the bunch. The coordinates x; and y; in the rest
frame are related to the coordinates x and y in the rotat-
ing frame of reference with the axes aligned with the
2001

TECHNICAL PHYSICS Vol. 46 No. 2



A CHARGED ELLIPSOIDAL BUNCH IN A MAGNETIC FIELD

principal axes of the eliptic cross section of the bunch
asfollows:

X, = XC0SO® —ysin®, Yy, = Xsin® + ycosO.
Integrating the expressions
1 Jx (1 )(rlDr p)dr’

A, = o ,

_1 J'yl(r')(rmf'u)df'
P = EI re

and taking into account the equalities

C - C eN
ly, y=—§2x, Po—4n—
3RRR

X = —

we obtain

— 2T'--RnyPOD ﬂ:z O
Ax1 - C(RX+ Ry)EP(l[RXDB @

. @DI €0s20

% 0]sin20
+R +e} y[RXDB 4522 (9)

YOA 2

j:l L+ cos2070
RVD A @D—z } %

_ 2nRR,p, 0
no C(Rx+ Ry)|:| !

1+ cosZ@ DCZ
[ ~ofR

1= cosZ@DCl @E\?} (10)

%Q +®%Q}S|n2®m

- yl[DB i
From Egs. (9) and (10), we find the magnetic self-
field of the bunch
aAyl
0X,

0A,
ay;

The external field is characterized by Q. =

eH®9/mc, and the self-field is characterized by the dif-
ference wy — Qy, which can be expressed as follows:

(in) _

z

-Q, = VvO+ Wi RS Rop

AR, +R, BR, +R U (11)
According to Egs. (4), for § — 0, we have
Cl |:| Cz .
APk F ok
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Using expressions (9), Eq. (11) can be transformed
into

—Q, = vO-V|Q. (12)

Taking into account the interaction delay in the
lower order approximation leadsto the correction to the
bunch potential

po dr'

®P(xy, yy) = Pl b (X2 —y?)

x [ (X, —y2) cos20 + 2x,y, Sin20)]

(13)
_ 6’p, erRR

2C XyR+R

x [(X; —y?) cos20 + 2x,Y,Sin20].

3. Let us analyze Egs. (8) and (12) taking into
account the relationship

2K+ T2 (14)
which follows from the condition
_ 5+ 25 o0
=0 B+ 5> 05
From Eq. (8), it follows that
é+% = ﬂg
2wy
and
Q. = |90 _ %
ey 2
When o}, > 2w}, Eq. (12) yields
(02
Q, = wy(1+v)—2v=, (15)
Wy

The external field is attenuated by rotating particles

sothat Q,, > w,. For wf < 2w}, the sets of Egs. (8) and

(12) have no real solutions. When the delay of the elec-
tric field is taken into account, Egs. (9), (10), and (12)
and the equality

yield the following expressions for (of and wf:

2 Cim
W] = @E?—+RyADD

(16)
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> R+R,

Accordingly, instead of Eq. (8), we obtain

Rx_w2+veg9+ > Kog [0+ 5 Ko (18)

R, e ) .
Y w§+vega+—2ﬂ+KOE e+92'i+K0

(17)

2
L, ok &2, g Sim
ERy+@EPXB+RyADD

It follows from here that
. w - () 2 .
2t + 7“%9 + QJH = wj-velQy. (19)

The external field can be found from the following
Set:

(4+v)O° + %a[wH(v —1)+Qy(v +2)]

, (20)
W, V-
PR Qe = 0
2 _ 2
g
O = (21)
Wy —Qy
Wy + 2=

Assuming that the term v©O|Q,| in Egs. (18) and
(19) issmall, for the external field we obtain

a2 0 _ O
WE 02 0
Wop, B2 oy

oy wﬁ

QH:O‘)H-'-VB‘OH_ . (22
where the term proportiona to v, is aways positive;
i.e, when the delay in the potential is taken into
account, the attenuation of the external field is stronger
than in the case when the delay isignored.

4. The particle velocities in the rest frame are

CHIKHACHEV

X, = (Xx—y©)cosO — (y + xO)sin®,
Y, = (X—y©)sin® + (y + x0) cosO.
Since the average quantities satisfy the relationships
Gy 5= S

the maximum average particle velocities in the rest
frame are

(X1)max = %—Ko ys (Y1) max = %"' KO%QX’
where

= Voo _ Ve,
00,02’ 00, W2

When o, > o, and Wy = w;/2, the inequalities

(X1)max < cand (y1)max < carevalidforv = 1.

The mean-square velocities are on the order of v,
(note that v, < ¢ at any v). This means that dense
bunches can be confined by the external field. The par-
ticles in a long bunch expand rather slowly along the
field lines.

Thus, in this paper, the states of along charged high-
density bunch rotating in a magnetic field have been
studied and the effect of the interaction delay on these
states has been estimated.
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Abstract—The effects of electric and magnetic field intensities, the triggering-pulse droop rate, and the elec-
trode diameter on the processes of electron beam formation and generation were studied experimentally. The
results of mathematical simulation of the secondary-emission multiplication of the electron flow are presented.
Tubular electron beams with a wall thickness of 1.5-2 mm, a current density of 1-70 A/cm?, and a particle
energy of 5-100 keV were obtained. It was shown that several el ectron bunches could be obtained during asin-
gle voltage pulse. © 2001 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

The pul se and mean power of microwave sources, as
well astheir servicelife, depend on the type of the cath-
ode [14]. It is well known that magnetron diodes
based on cold secondary-emission metal cathodes have
a prolonged service life (~100000 h [2]) and provide
high density electron emissions (~50 A/cm? [4]). These
diodes have a rather simple design and can be effec-
tively used as microwave sources. However, certain
effects relevant to beam generation in magnetron
diodes are insufficiently understood, both theoretically
and experimentally. In particular, the process of space
charge formation in the anode—cathode gap in crossed
electric and magnetic fieldsis virtually obscure [5]. To
solvethis problem, physical processesin the magnetron
diode in the magnetic field exceeding the Hull cutoff

field (Hyy = 6.72(U)Y3r (1 r/r2)]™, whereH isthe
longitudinal magnetic field (Oe); U is the voltage
across the diode (V); and r, and r, are the cathode and

anode radii (cm), respectively) should be studied both
theoretically and experimentally.

The goal of this work was to study the processes of
electron layer formation near the secondary-emission
metal cathode and electron beam generation in a mag-
netron diode.

EXPERIMENTAL SETUP AND METHODS

Parameters of the electron beams generated by mag-
netron diodes were studied using the experimental
setup shown in Fig. 1. The setup consisted of a high-
voltage pulse modulator (1) (voltage amplitude, 5-
200 kV; pulse duration, 2-10 ps; triggering pulse
amplitude, up to 15 kV; triggering pulse duration,
~70 ns); a high-voltage generator (2) for inducing sec-
ondary emission (amplitude, up to 3.5 kV; duration, 1—

10 ns); afocusing solenoid (4) (magnetic field intensity,
up to 3500 Oe; longitudinal nonuniformity, ~8%); a
vacuum chamber (3) containing a secondary-emission
diode with a central copper cathode (5) and a tubular
stainless-steel anode (6) (electrode length, 100-
140 mm; pressure in the chamber is maintained at a
level of <107 torr using an ion pump); an indication
system consisting of current and voltage detectors and
aFaraday cup (7) with a calorimetric power meter; and
a synchronization system. The electron energy was
determined by measuring the electron absorption by
aluminum foil. The beam spot size was measured using
the beam spot image on X-ray film and molybdenum
foil. The electron beam produced by the magnetron
diode powered by a pulse modulator at a pulse repeti-
tion rate of 10-50 Hz was studied.

Secondary emission was induced both by an exter-
nal voltage pulse applied to the anode from separate
pulse sources (U = 1-15KV, tyqp ~ 2-100 ns) and by a
voltage surge droop in the initial part of the cathode
voltage pulse (self-triggering). The amplitude of this

Fig. 1. Diagram of the experimental setup.
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U, kV

Fig. 2. Oscillograms of the cathode voltage pulse: (1) mod-
ulator idling; (2) beam generation mode; and (3) Faraday
cup beam current mode.

surge varied from 10 to 100 kV; the droop duration was
about 1 ps (Fig. 2).

EXPERIMENTAL RESULTS
AND DISCUSSION

1. Electron beam formation. The processes of
electron beam formation were studied using magnetron
diodes with different values of the ratio r,/r; (1.2-15).
Typical oscillograms of the cathode voltage pulse and
Faraday cup beam current obtained using a magnetron
gun(r,=21.3cm;r.=0.25cm) areshowninFig. 2. Sec-
ondary emission was induced by the cathode voltage
pulse surge droop. As seen from the oscillograms, the
electron layer isformed and the beam is generated upon
the surge droop. The process of beam current genera-
tion during the voltage droop occurs in two stages: a
relatively slow voltage droop (hundreds of nanosec-
onds) and a fast voltage droop (nanoseconds or tens of
nanoseconds). During the first stage (curve 1), auto-
electronic emission and accumulation of autoelectrons
in the anode—cathode gap occur (idle run of modulator).
During the second stage (curve 2), the electron layer is
formed and the beam is generated. It should be noted
that duration of the slow droop stage depends on the
electric intensity E. A decrease in the electric intensity
from 120 to 40 kV/cm caused an increase in the slow
droop stage duration from 250 to 600 ns.

Autoelectrons are emitted during the slow droop
stage. The energy of the electrons moving in a decreas-

VOLKOLUPOV et al.

ing electric field and a static magnetic field along cyc-
loidal trajectroriesincreases. This causes electron bom-
bardment of the cathode. As the electric field near the
cathode decreases, at a certain moment the electron
energy becomes sufficient for removing secondary
electrons with a secondary-emission coefficient o
greater than one. Secondary electrons can be removed
both by electronswith the energy of 0.3—1 keV incident
at aright angle and by electrons with lower energies
incident at smaller angles. Oncethe el ectrons have been
emitted, the stage of fast voltage droop begins. This
stage is characterized by an avalanche-like increase in
the number of bombarding and knocked-out electrons.
A sharp increase in the number of electrons causes a
decrease in the voltage level, thereby enhancing the
voltage droop rate. As a consequence, the energy of
electrons bombarding the cathode increases and
reaches a point where o > 1. This causes a further
increase in the number of electrons near the cathode
until adynamic equilibrium is attained, and the electron
layer near the cathode is formed. On attaining equilib-
rium, the stage of steady-state secondary-electron mul-
tiplication begins and the beam is generated. It was
revealed experimentally that the beam was generated
when the electron-drift velocity v = E/H was equal to
0.1-0.2 s (depending on experimental conditions).

It wasfound experimentally that the fast droop stage
duration and, therefore, the beam current buildup time
depended on the anode and cathode diameters and the
voltage droop rate and duration. For example, if the
cathode diameter exceeded 0.2 cm, the anode diameter
exceeded 2.2 cm, the droop duration was 0.1-0.5 ps,
and the droop rate exceeded 20 kV/us, the beam current
pulse buildup time exceeded 10 ns. Experiments with
magnetron diodes with cathode and anode diameters of
0.2 and 1.0 cm, respectively, showed that the beam cur-
rent was generated within a shorter time interval (1-
10 ns). The duration of the time interval was equal to
the droop duration. The droop rate was 1200-
300 kV/ps. At such a high droop rate, the number of
primary autoelectrons is rather small. However,
because of a high pulse droop rate, the energy of these
autoelectrons acquired in 10-20 gyroperiods reaches a
value at whicho > 1.

Collective motion of electrons during their multipli-
cation can cause space charge oscillations. This
becomes possible at the steady-state stage, when the
space charge reaches a certain minimum density and
the electron layer begins to shield the cathode, which
results in potential sagging in the anode—cathode gap
and a decrease in the eectric field strength near the
cathode. The energy of electronsis changed as a result
of their interaction with the fields induced by space-
charge oscillations. The noise accompanying this inter-
action can be observed in the beam current pulse. It was
found experimentally that the noise was stronger when
a large-diameter cathode (80 mm) was used; i.e., the
noise increased with decreasing electric intensity. The
noise amplitude reached 20% of the beam current
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amplitude. The noise wave period was equal to several
nanoseconds.

2. The dependence of the beam generation cur-
rent on the diode dimensions. The dependence of
electron beam parameters on the diode dimensions was
studied. The cathode diameter d ranged from 2 to
80 mm:; and the anode diameter D, from 10 to 140 mm.
The values of the Faraday cup beam current |, cathode
voltage U, and the magnetic field intensity H for vari-
ous anode and cathode diameters are given in the table
for eight modifications of the magnetron diode. The
electric field strength near the cathode varied from 20
to 125 kV/cm (at a constant voltage pulse amplitude).
It was found that the beam current obeyed the Lang-
muir—Child law. At a given voltage, the beam current
amplitude could be maximized by tuning the magnetic
field strength. Electron beams with a current ranging
from 1 to 50 A and a particle energy ranging from 5 to
100 keV were obtained.

At the initia stages of beam generation, short
(~1 ps) surges were observed on the beam current pulse
plateau. These surges were caused by gas desorption
from the cathode surface and gas ionization [4]. After
the diode was aged, the beam current pulse amplitude
and shape remained invariant.

The dependence of the beam current on the cathode
diameter is shown in Fig. 3. These curves were
obtained at a voltage of 24 kV and anode—cathode dis-
tance of 5 (curve 1) and 20 mm (curve 2). It can be con-
cluded from these curves that the beam current is
inversely proportional to the logarithm of the ratio
between the anode and cathode diameters. Thisresultis
in good agreement with the dependence obtained for
classical magnetrons[6]. As seen from Fig. 3, the beam
current decreases with increasing anode—cathode dis-
tance. However, one of the advantages of the diode is
that it operates at rather low magnetic intensities
(<1000 Oe). In this case, the magnetic coil heating is
insignificant, so that it is not necessary to adjust the
magnetic field. In addition, this allows a magnetron
diode with specified parameters (current, magnetic
field intensity, and dimensions) to be designed.

3. Effect of electric and magnetic fields on elec-
tron beam for mation. The effect of the magnetic field
strength on beam generation at a constant cathode volt-
age amplitude was studied. There was a sharp rise, a
plateau, and a sharp decrease in the Faraday cup beam
current amplitude with increasing magnetic field. Such
behavior was caused by changes in the electron trajec-
tories and processes of energy accumulation by elec-
trons in the anode—cathode gap in an increasing mag-
netic field. If the anode—cathode spacing was signifi-
cantly larger, the dependence became smoother. This
allowed beam current tuning over a wide range. The
experimental data for the magnetron diode (anode
diameter, 50 mm; voltage, 60 kV) are giveninthetable.
It follows that the current can be varied from 0.5 to
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Fig. 3. Dependence of the beam current on the cathode
diameter.

10A by changing the magnetic field strength from
1100 to 2000 Oe.

The diode working range dependence on the cath-
ode voltage amplitude at agiven magneticintensity was
studied. It was found that an approximately 20% varia-
tion in the voltage amplitude had virtually no effect on
the process of electron beam formation in a static mag-
netic field. As the cathode voltage approached the AU
limit from above or bel ow, the conditions for beam gen-
eration were violated, and the voltage pulse instability
caused secondary emission breakdown (Fig. 4).

The use of this effect in experiments with a magne-
tron diode with anode and cathode diameters of 78 and
40 mm, respectively, alowed the beam current to be
completely modulated in amplitude at a carrier fre-
guency of 1 MHz (Fig. 5). For this purpose, sinusoidal
modulation of the voltage pulse peak was performed,
and electron bunches were obtained at the diode output
on the dips of the sinusoid. Complete modulation of
current at a carrier frequency of =1 MHz was also
attained in experiments with a magnetron diode of the
same dimensions by tuning the magnetic field distribu-
tion over the diode axis. Multispiking generation of the
electron beam could be attained by varying the ampli-
tude and longitudinal distribution of the magnetic field.

Table

d, mm D, mm U, kv I,A H, Oe

2 10 7 16 2100

5 26 32 14 1900

5 50 60 1 1400

5 50 60 10 2000

16 50 17 5 600

40 50 30 50 2200

40 78 100 50 1800

80 100 19 8 1100
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Fig. 4. Oscillograms of the cathode voltage U and beam cur-
rent |; the cathode diameter is 5 mm, the anode diameter is
26 mm, and H = 1800 Oe.
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Fig. 5. Oscillograms of the beam current | and cathode volt-
ageU; H = 700 Oe.
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Fig. 6. Shape of the anode voltage pulse.

For example, an electron beam pulse with an amplitude
of ~15 A and duration of 8 uswas obtained at a cathode
voltage of 55 kV and a magnetic intensity of ~1150 Oe
(cathode diameter, 40 mm; anode diameter, 78 mm). As
the magnetic intensity decreased to 700 Oe, the beam
current pulse assumed a spiky shape with a generation
period of ~1 ps and a current amplitude of 30 A (dura
tion of each spike was 10-30 ns).

VOLKOLUPOV et al.

The beam spot size on the collector was measured.
It was determined that the beam cross section consisted
of concentric rings with a uniform azimuthal intensity
distribution. The beam diameter was approximately
equal to the cathode diameter, and the beam wall thick-
nesswas 1-2 mm. Therefore, the energy of electronsin
the electron layer was about 0.5-1 keV, which approx-
imately corresponded to the maximum secondary emis-
sion coefficient for copper. Experiments with amagne-
tron diode with a cathode 80 mm in diameter showed
that, if the cathode was exposed to a nonuniform mag-
netic field with atransverse component (about 5%), the
beam spot image was partly sharp and partly fuzzy. The
thicknesses of the sharp and fuzzy parts were about 2
and 3—4 mm, respectively. This fuzziness was caused
by the nonuniformity of the magnetic field.

THEORETICAL STUDY OF THE ELECTRON
FLOW MULTIPLICATION

Theoretical simulation of the secondary emission
development and the steady-state stage of the second-
ary-emission cathode operation was performed to study
specific features of the processes occurring in a magne-
tron diode. The steady-state stage was analyzed using a
three-dimensional mathematical model of a magnetron
diode. The model was based on a self-consistent set of
simultaneous differential equations of motion (for elec-
tron flow) and the Poisson equation (for calculating the
space-charge forces).

The magnetron diode simulated by this model was
assumed to have the following parameters. cathode
diameter, 5 mm; anode diameter, 26 mm; peak anode
voltage (0 <t <t,), 75 kV; anode voltage plateau (t, <
t< t3), 35 kV; voltage droop duration (t; <t < t,),
1.25ps; voltage plateau duration, 60 ps; magnetic
intensity, 2000 Oe; and cathode length, 90 mm. A linear
approximation of the shape of the voltage pulse applied
to the anode is shown in Fig. 6. The value of the anode
voltage within the interval t, <t < t; was taken as the
working value. The large-particle method described in
[7] was used to study the dynamics of the electron flow
formation processes.

Consider specific features of electron processes in
the magnetron diode. These processes are nonsteady
(secondary-emission multiplication occurs at the anode
voltage pulse surge droop (t; <t < t,)). On the other
hand, the spatial distribution of the electron flow should
be studied using a three-dimensional cylindrical coor-
dinate system (r, ¢, z). The mathematical model of the
magnetron diode is based on the self-consistent set of
simultaneous equations of motion for the electron flow

ov
a_tr = nEy(t) + rvi—wcrvq,,
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where v, , ,arethe electron velocity components, . =

nB, is the cyclotron frequency, and n = e/m is the
reduced electron charge; and on the Poisson equation
(for calculating the space-charge field)

190U, 10°U  9°U _ p
rorCor0" r2 o> ¥ 07 €’ @
where p = p(r, ¢, 2) isthe space charge (SC) density.

The set of simultaneous equations (1) and (2) was
solved in the quasi-stationary approximation for a con-
stant anode voltage within the limits of the motion
equation integration step (beginning at t = t,). The step
was taken to be AT = (1/10)T,, where T, = 210w, isthe
cyclotron oscillation period. The equation of motion
was solved numerically using the Runge-Kutta method
of the fourth order. The quiet start model [8] was used
asthe model for determining theinitial coordinates and
velacities of the particles in the magnetron diode inter-
action space.

The Poisson equation (2) was solved by the Hock-
ney method of finite differences using fast Fourier
transforms [9, 10] at given initial and boundary condi-
tions. Numerical differentiation of the SC potential at
the nodes of the finite-difference mesh was used for
determining the electrostatic field intensity E, =
—gradU. Discrete values of the SC potential (least-
squares method) were locally smoothed to reduce fluc-
tuations of the calculated SC field.

Theresults of the simulation are presented in Figs. 7
and 8. The energy distribution of the primary electrons
(large particles (macroparticles) with a charge of g =
0.8 x 107*2 C) and the theoretical approximation of the
experimental dependence of the secondary-emission
coefficient for copper on the primary electron energy
[11] are shownin Fig. 7. As seen from Fig. 7, the num-
ber of low-energy macroparticles (i.e., particles with
energy corresponding to o < 1) is more than 60% of the
total number of macroparticles bombarding the cath-
ode. The presence of low-energy particles affects the
SC field distribution near the cathode surface (within a
distance equal to the selected mesh size Ar = (r, —
r.)/32). Changesin the number of low-energy particles
affect the cathode current (limitation of emission by the
SC field). The number of macroparticles with energies
higher than the first critical potential (i.e., the energy
for which ¢ > 1) depends on the voltage applied. The
macroparticle energy increases with increasing voltage.
It should be noted that the critical potential value used
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Fig. 7. (1) Dependence of the secondary-emission coeffi-
cient ¢ on the particle energy and (2) dependence of the
number of primary electrons N, on the particle energy
(Ua/Ug =0.7).

N
-
N

2

Fig. 8. Uy/Ug = (1) 0.7; (2) 0.5; and (3) 0.3.
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for voltage normalization was determined from the
Hull cutoff field. For the magnetron diode under study,
the critical potential was found to be 139 kV.

The theoretical radial distribution of the SC density
in the diode interaction space and the experimental
radial distribution of the beam intensity at the collector
surface are shown in Fig. 8. The maximum SC densities
in the three cases under consideration were calcul ated:
inthefirst case, p/py, = 0.19; in the second case, p/py, =
0.16; in the third case, p/p,,, = 0.1, where p,, isthe Bril-
louin density of the space charge. In the third case
(U, /U, = 0.3), the theoretical and experimental distri-
butions of SC density are in satisfactory agreement.
The presence of electrons in the paraxial region is
caused by cycloidal motion of electrons.

Numerical simulation of secondary-electron emis-
sion from the cathode surface at the steady-state volt-
age stage (t, < t < t3) was performed. The secondary-
electron emission was caused by bombardment of the
cathode with primary electrons with energies of 300,
560, and 700 eV. The plateau voltage was equal to U =
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Fig. 9. Time dependence of the number of electronsin the electron layer (E = 300 eV).
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Fig. 10. Time dependence of the number of electronsin the electron layer (E = 700 eV).
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Fig. 11. Time dependence of the potentia in the middle of
the anode—cathode gap.

40 kV; the magnetic field intensity, H = 2000 Oe. A hot
cathode was the source of primary electrons. When the
hot cathode had worked for several nanoseconds, it was
switched off. The initiated process of electron multipli-
cation was studied. When the energy of the primary
electrons reaches 700 eV, irregular disturbances of the
electron density of the space charge occur with a delay
of >30 ns (Fig. 10). If the energy of the primary elec-
trons is about 300 eV, these disturbances are insignifi-
cant (Fig. 9). These results are in qualitative agreement
with the results presented in [5]. As seen from the
obtained results, the secondary-emission coefficient of
the cathode material should be maximal at an incident
electron energy of ~500 eV. Thetime dependence of the
potential in the middle of the anode—cathode gap is
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givenin Fig. 11. Asseenin Fig. 11, there is a decrease
inthe potential caused by thermoel ectronsin the begin-
ning of the curve. When thermionic emission ceases,
the accumulated electrons disperse, causing a dlight
increasein the potential. Then, thereisadecreasein the
potential (the duration of the decrease is 10-15 ns)
caused by the completion of transient processes and
formation of the space charge maintained by the sec-
ondary emission.

The results of calculations are in satisfactory agree-
ment with the results of experiments on electron beam
generation using magnetron diodes.

CONCLUSION

It was shown that magnetron diodes with metal sec-
ondary-emission cathodes can be used to generate
straight electron beams with high current densities.
Tubular electron beams with a current density of up to
50-70 A/cm?, the outer diameter of 3.5-84 mm, awall
thickness of 1.5-2 mm, and a particle energy of 5
60 keV were obtained (pulse duration was 10 ps). It
was revealed experimentally that a beam current pulse
train could be generated using a single voltage pulse.
Magnetic field variation was shown to alow 10- to
20-fold tuning of the current. The processes of electron
multiplication and the steady-state stage of secondary
emission were studied theoretically. It was shown that
magnetron diodes could be used as electron sources for
high-power microwave devices and charged-particle
accelerators. They also can be used as fast high-voltage
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switches with characteristic commutation times of sev-
eral nanoseconds.
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Abstract—Exposure characteristics that were obtained when growing variousfilms on natural low Miller index
surfaces of several crystals were collected and analyzed. An evolution theory that explains their special form
was constructed. Thetype of dose characteristics obtained suggests that the surface underwent areconstruction,
i.e., anonequilibrium phase transition that occurs on the surface. A quantitative analysis of the experiments
available has been performed. In particular, a quantitative estimation was obtained of to what extent coverage
with lead hinders the oxidation of the surface of a nickel crystal. Upon intense light or electron irradiation of
silicon, divacancies are the predominant centers of the formation of point and extended radiation defects, as
well as of local regions of melting. For some two-dimensional systems (divacancies, sulfur atoms on the sur-
faces of passivated semiconductors, oxide films), delay times and evolution times for the self-organized struc-
ture formed were determined. © 2001 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

The processes of film nucleation in an open growth
system on a crystal surface are characterized by peri-
odic fluctuations of the adatom concentration. Various
ways of the development of two-dimensional nuclei of
anew phase, e.g., by the mechanism of Volmer—\Weber
or Stranski—Krastanov, are possible, but the predomi-
nant factor alwaysisthe appearance of large-scale peri-
odic fluctuations [1].

In recent works [2, 3], magnetic films were applied
(using a shrouded sublimation source cooled by liquid
nitrogen) on the surface of semiconductors such as Ge
and GaAs subjected to sulfide passivation. Analogous
evaporation of oxygen onto the surface of pure and
lead-covered nickel was performed in [4]. Passivation
of the silver surface with chlorine upon the evaporation
in an ultrahigh vacuum was studied in [5]. At present,
automated methods of controlling growth surfaces are
widely developed. One of such methodsis based on the
measurement of the temporal dependence of the inten-
sity of electron-diffraction patterns [6] (which is stud-
ied in our work as well). These investigations con-
firmed the result known from biology [7] and econom-
ics [8] according to which the properties of open
systems are connected with the character of their
microscopic interactions more closely than in the equi-
librium case. Nevertheless, one can usualy reveal the
general empirical regularities. This work is devoted to
their explanation for the case of thin films. In particular,
the role of evaporation temperature upon film prepara-
tion is discussed. On the one hand, with increasing
evaporation temperature (e.g., upon deposition of mag-
netic films or upon passivation or oxidation), a signifi-
cant interdiffusion of the main contacting components
occurs. In this case, the magnetic moment of the iron

film vanishes and the superlattice becomes destroyed.
On the other hand, with decreasing evaporation temper-
ature, thefilm grown (e.g., aphotocathode) provesto be
very coarse and highly defective because of the
decreased diffusion along the surface of contact. The
magnetic structure of afilm or the crystal structure of
individual layers of a photocathode without deteriorat-
ing the sharpness and flatness of the layer boundaries
can be preserved by using buffer layers.

The maintenance of stable growth of the energeti-
cally unfavorable free surface of iron upon gas-phase
deposition of fcc iron films on a sulfided (100) surface
of semiconductors|2, 3] isascribed to theinteraction of
sulfur atoms with the growing surface. The decreasein
the growth entropy appears to be due to the floating out
of a sulfur layer on top of the surface. The processes
that occur on the surface are controlled by Auger elec-
tron spectroscopy (AES) [2—4] and low-energy electron
diffraction (LEED) [2, 3]. In spite of the great impor-
tance of the problem from the viewpoint of practical
application and the large number of theoretical models
[9, 10Q], the evolution processes that determine the
adhesion of thin films with low-index surfaces (sur-
faceswith low Miller indices) have yet been clarified at
present insufficiently.

On amicroscopic level, the guarantee of the forma-
tion of anideal film on a semiconductor surface appears
to consist in that the applied atoms have no electron
orbitals that could produce energy levelsin the forbid-
den zone of the main crystal. In this case, no charge
transfer occurs onto the bonding orbitals, and the ada-
toms can freely move along the surface or a boundary.
It is exactly upon such movement that the above-men-
tioned coarse-scale fluctuations arise that serve as a
basis for the formation of clusters of a new phase, just
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as upon the diffusional decomposition of solid solu-
tions[1]. On the whole, the main factor that determines
the structure, morphology, and sharpness of the grow-
ing film is the diffusion of the lighter atoms (sulfur,
oxygen) along the boundary between the heavier sub-
stances (semiconductor and iron, nickel, and lead). For
example, the probability of the formation of sulfide
bonds on a semiconductor surface upon sulfiding is
determined by the diffusion of oxygen vacanciesin the
oxidefilm [11]. Thethree-dimensional diffusion theory
of growth that was applied in [4] to the case of oxida-
tion of pure nickel failed in explaining the first plateau
in the exposure dependence of the intensity of the oxy-
gen Auger peak. The exposure curve of oxidation of
nickel with alead coating [4] cannot be interpolated at
all; no model can be associated with the experimental
points. The authors of [2, 3] aso give no approximation
for the exposure dependence that they obtained for the
intensity of the LEED pattern. All this was done in the
present paper. We show that a satisfactory agreement
between the theory and experiment can be obtained
assuming that the evolution processes on the surface
begin from the coalescence of a pair of diffusing ada
toms. The grid of nanoclustersthat arisesin the process
of deposition on the surface is determined by the num-
ber of initial protopairs. Formally, the situation is asiif,
during the entire process of condensation of adatoms,
the critical nuclel contain only one pair of adatoms.

STRANSKI-KRASTANOV THEORY
OF EVOLUTION PROCESSES

The adhesion of iron filmsto sulfided (100) surfaces
of semiconductorsis stabilized owing to the continuous
segregation of sulfur through an ordered ¢ (2 x 2) iron
layer. The stabilization of the process, as follows from
the similarity of dose characteristics, occurs aso upon
oxidation of the (100) nickel surface; here, the move-
ment normal to the surface occurs inward. In both
cases, the key event is the formation of molecules such
asFeS, and NiO,, eg.,

Fe+2S = FeS,. 1)

Suppose that only the lightest adatoms (sulfur, oxy-
gen) participate not only in the transverse motion but
also in the movement aong the interface, whereas the
migration of heavy atoms (iron, lead) is absent. Upon
the deposition of an iron film, diffusional motion in the
preliminarily adsorbed layer of sulfur atomsisinitiated
and is accompanied by the floating of sulfur on top of
the free surface in the perpendicular direction. The dif-
fusion occurs according to the equation

an
ot
Here, nisthe concentration of adatoms per unit surface
area; D isthe coefficient of atomic diffusion paralel to

the surface; T is the lifetime of atoms on the surface
with respect to desorption; G(n) is the rate of genera-

+div(nbF —DOn) = G(n)—?. @)
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tion of adatoms on the surface; F is the elastic force
[12] due to the lattice-parameter dependence on the
film composition; and b is the mobility. The quantities
G(n) and F in Eq. (2) are considered to be functions of
the concentration n. According to reaction (1), the for-
mation of one sulfide bond that favors the adhesion of
the iron film (coating) to the sulfided semiconductor
substrate requires the simultaneous localization of two
sulfur atoms at one immobile iron atom. The nickel
oxide has a variable composition NiO, with x = 0.98—
1.7 and therefore [13] can be regarded as a solid solu-
tion of two compounds, namely, NiO and NiO,. Thus,
the probability of the independent localization of a pair
of oxygen atoms near one nickel atom is important for
the formation of the oxide film aswell.

The homogeneous lattice chemical reactions, such
as the formation of complex secondary radiation
defects[14, 15], or oxidation or synthesis of molecules
(e.g., by Eq. (1)), satisfy the balance equation

n
T 3

Inthetwo-dimensional case[11, 15-17], Eq. (3) can
lead to abistability of the atomic coating, i.e., toitsten-
dency to be in one of two states with different steady-
state concentrations n. For thisto occur, it is necessary
that the rate of generation G(n) of primary quasiparti-
cles be a nonlinear function of the concentration n.
Among the variety of open systems, objects of thistype
occur quite frequently. Thus, the transition to bistable
solutions of the homogeneous balance Eg. (3) occurs,
e.g., in the case of heat-conducting [16] or optical [17]
systems, as well as upon radiation defect formation
[14, 15]. Such a structural phase transition can be due
to the fact that the formation of chemical bonds at the
initial and final stages of a reaction occurs at different
rates. For example, the formation of iron sulfide FeS
molecules is a process with a higher activation energy,
characterized by asmaller probability G, than the prob-
ability of attachment (G,) of a sulfur atom to a layer
that already contains such molecules. This means that
G, > G, and that the curve of the G(n) function has the
form shown in Fig. 1 by the solid line. The existence of
several stages of oxidation was reliably established,
e.g., for the oxidation of nickel with oxygen [4] or sil-
ver with chlorine [5]; they were shown to include
(2) chemisorption of an oxidizer on the free surface,
(2) complete oxidation of the surface up to the forma-
tion of one or several monolayers of an oxide, and (3) a
slow thickening of the oxide film.

The multistage character of the reaction causes a
nonmonotonic reaction rate as a function of n, which
corresponds to a nonlinear G(n) dependence. As was
indicated above, Eq. (3) can havethree solutionsif G(n)
is nonlinear. Among the solutions shown in Fig. 1, cor-
responding to “sparse” (n)), intermediate (n.), and
“dense’ (n,,) states of the system of adatoms or other
guasiparticles, two extreme solutions represent stable

G(n) =
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G(n)

ny ne ny n

Fig. 1. Schematic dependences of the incoming (G(n), solid
line) and outgoing (n/t, dashed line) terms of the kinetic
Eq. (2) on the concentration of particles n. Along the hori-
zontal axis, stable (n and ny,) and unstable (ng) solutions of
the stationary homogeneous Eq. (3) are indicated; along the
vertical axis, the limiting values of G; and G, for the func-
tion G(n) are given.

states. In the intermediate range of concentrations n, <
n < n;, the balance Eq. (3) leads to bistability of the
homogeneous state of the system. The arising instabil-
ity of solutions of the diffusion Eq. (2) can be consid-
ered by analogy with bifurcations known from hydro-
dynamics[18].

Two regimes of the loss of stability of solutions of
differential equations are known from hydrodynamics,
which differ intheir symmetry [18]. Their experimental
effects are quite various; for surfaces, they consist in
the formation of geometrical patterns of various shapes.
They are observed, e.g., on metallic electrodes upon
electropolishing [19] or in the form of local melting
regions on illuminated silicon [20]. The regime of iso-
tropic turbulence of the Qouette flow (e.g., in the space
between coaxial cylinders) corresponds in the case of
Eq. (2) to zero élastic force F = 0. Thisregime |leads to
atransformation of closed isolines. Another regime that
admitsalinear analysis of stability using the Lyapunov
criterion (see, e.g., [21]) is characterized by plane sym-
metry and corresponds to Poiseuille flow [18]. The
Lyapunov exponents transform a laminar flow into a
turbulent regime; a generalization of this law onto the
phase space determines anew characteristic time of the
system [22]. It is exactly the plane regime that is real-
ized upon growing iron films on the surface of semicon-
ductors such as Ge and GaAs. Upon the floating out of
the layer of sulfur atomsthat passivates the boundary of
the semiconductor through the layer of iron atoms, the
concentration n is maximum at the boundary and falls
off to vanish at the free surface because of evaporation.
Thiskinetic stateis described approximately by the set-
tling of alinear gradient dn/ox = const. Asthe x axis, the
perpendicular to the surface plane was taken. By per-
forming aFourier transform with respect to the longitu-
dinal coordinate y, which is oriented paraléd to F
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[15, 18], we obtain the following expression for thelin-
ear addition to the steady-state concentration:

dn = A(t)exp{i(ky —wt)} f(X), (4)

where k and w are the wave vector and the frequency of
the wavelike disturbance.

In the same approximation, we represent the func-
tions G(n) and F(n) in theform of expansionsinasmall
addition on:

F(n) = Cdn, G(n) = E%+v%6n. )

Here, Cisthe coefficient of the linear expansion that is
determined by the elastic force [12] that is due to the
effect of the irradiating beam of particles, and the fre-
guency v is defined as

_ 3G _1

S on T ©)

Substituting Egs. (4)—(6) into Eqg. (2), we obtain (for

details, see[15]) that alongitudinal waveis established
along the surface; for a constant gradient on/ox, it is
characterized by the frequency w = knCb and damping
y = k°D —v. Therefore, the condition sufficient for the
solutions to Eq. (2) to be stable in the Lyapunov crite-
rion sense isasignificant sink of particles, i.e.,

1_0G

Condition (7) isfulfilled in the region of the extreme
roots n, and n,, where the chemical lattice reaction
occurs steadily and uniformly. If the sink of particlesis
insufficient, so that v > 0, then a negative damping is
possible, y=k?D —v < 0. Thisoccursin the central por-
tion of Fig. 1, where, in a certain region near the inter-
mediate root of Eq. (3), the straight line n/t has aslope
that is smaller than that of the G(n) curve. If the stabil-
ity criterion (7) isviolated, the amplitude A(t) increases
in accordance with the Lyapunov exponent [22]
because of the negative damping y. However, this
growthislimited by the nonlinear nature of Eq. (2). The
equation for the squared modulus of the amplitude A(t)
averaged over the wave period, which describesits sat-
uration, can be obtained by the Landau method [18].
Certainly, there are restrictionsinherent in this method,
but the comparison with the experiment [2-4] (see
bel ow) indicates that apparently all of these restrictions
are met. It is the real boundary of stability found from
the Lyapunov criterion [21, 22] that should be deter-
mined by that unique type of disturbances and by the
same frequency w(K) that yield zero damping (y=0). In
this case, we can expand the averaged temporal deriva-
tiveof |AP, i.e., [B|A[/tL]in A, in which, for the reasons
that wereindicated in [18], it is sufficient to retain only
afew lowest terms that do not vanish upon averaging.
The terms of odd orders in amplitude A necessarily
contain a periodic factor and vanish upon averaging.

TECHNICAL PHYSICS Vol. 46
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Among thetermsof even, e.g., fourth, ordersin A, there
are terms such as A?A*2 = |A%, which do not vanish
upon averaging.

Note here, returning to the restrictions of the
method, that the above temporal derivatives of the type
[d]A|%/otCare direct analogs of the “ probabilities of tran-
sition per unit time” that are calculated in perturbation
theory on the basis of the nonstationary Schrodinger
equation of quantum mechanics [23]. In this sense, the
Landau method is applicable to nondegenerate sys
tems. At atemperature close to absolute zero, any sys-
tem is in a nondegenerate state. For open systems, the
analog of temperature appears to be the intensity of an
external action, so that the theory that is developed here
is applicable for the case of negligibly small external
flows. In economics [8], the conclusions that will be
made bel ow may be of interest in the area of insufficient
financing. Our interest in the squared modulus |AP in
thiscaseisrelated to the fact that the probability of coa-
lescence of a pair of atoms per unit area or of the for-
mation of other similar microstructures, e.g., divacan-
cies, is proportional to the statistical weight, i.e., the
number of combinations Cﬁ =n(n—1)/2. By averaging
the expansion of this number into a seriesin the ampli-
tude A, we obtain precisely |A]%, and the rate of genera-
tion of sulfide bonds, molecules of FeS, or NiO,, or
divacanciesin silicon wafersis equal to

ONw _ 1/9|A
o 2<_at - ®

Thisrateis given by the average temporal derivative
from the quantity of this type. By writing the Landau
constant a, which was introduced in [18] in a similar
expansion, through the limiting concentration of dou-
ble bonds N, we abtain

9
Rt e 9

where 1, is the characteristic time determined by the
Lyapunov exponent [22].

It was shown previously [11, 15] that coarse-scale
fluctuations &n are settled in the system after thistime,
which lead to the evolution of the structure of semicon-
ductor wafers and, in some cases, can be observed in
the form of characteristic patterns on the surface. The
solution to Eq. (9) isthe exposure dose characteristic of
the evolution type

N NOW
WS TH expl(te— )/t

Scaling considerations permit us to unambiguously
correlate the parameters of deposition of the films in
[2—4] or burning out of molten regionsin [20] with the
theoretical constants that describe them; actually, this
has already been done in Eg. (10). Since Eqg. (9) isa
first-order differential equation, its integration results

(10)
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Fig. 2. Time variation of the intensity of the [1/2, 1/2]
S/Fe(100) diffraction reflection in the process of iron depo-
sition at 150°C. The experimental points are given accord-
ing to [2]; the curve was obtained by the least-squares
method using Eq. (10). The adjustable parameters are a =
to/T, = 1.66 and b = 1/, = —0.37 min ™.

in asingle constant, which is designated in Eg. (10) as
exp(ty/T)). There are grounds to believe that the con-
stant t, that occursin thisequation is precisely that time
that is required for the kinetic energy that is necessary
to “swing” a corresponding fluctuation to be accumu-
lated. For example, a delay t; can take place between
the beginning of the bombardment of the surface with
iron atoms and the floating out of sulfur atoms from the
surface because of the inertia of the latter ones. The
delay time t, may be considered independent of the
intensity of the externa action I, in particular, of the
density of the flux of atoms from the outside. Note the
dependence of the evolution time T, on the intensity of
action |. Taking into account what we said above about
the smallness of the external action |, we perform an

expansion of the reciprocal timeinto aseriesin|: 1" =
& + nl, where & and n are positive phenomenological
constants. To complete the consideration of the Stran-
ski—Krastanov theory of evolution processes, we note
that it is exactly that mechanism that is realized upon
growth of lateral structures such as quantum filaments
and quantum dots. They are formed via the diffusion
mechanism of the development of a single monolayer,
which is accompanied by decomposition through the
Stranski—Krastanov mechanism. On the contrary, for
growing superlattices, avicina surface should be used
[24], and, in this case, thermal diffusion leads to the
destruction of the growth steps.

ANALY SIS OF EXPERIMENTAL RESULTS

The structure of iron films deposited on passivated
surfaces of semiconductors was controlled in [2, 3] by
the method of low-energy electron diffraction (LEED).
The above theory permits one to describe the character-
istic evolution type of the exposure characteristic con-
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Fig. 3. The height of the oxygen Auger peak as afunction of
the time of oxygen deposition onto a pure nickel surface
(100). The experimental points are given according to [4];
the curve was obtained by the least-squares method using
Eq. (10). The adjustable parameters are a = ty/t; = 2.77 and
b= 1/, =-0.33min ..
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Fig. 4. Same asin Fig. 3 for the case of oxygen deposition
onto a(100) surface coated with lead. The adjustable param-

etersarea = to/T, = 1.84 and b = 1/1; =-0.038 min ™.

structed using LEED investigations. Upon oxidation of
pure and |ead-coated surfaces of nickel [4], the intensi-
ties of the oxygen Auger signal were measured, which
were proved to depend on the exposure time too. In the
latter case, the lead film also was subjected to a partial
oxidation; the process of oxidation consisted in the dif-
fusion of oxygen into the space between the nickel and
thelead films. On the whole, the situation was the same
as upon the deposition of iron films on the sulfided sur-
face. A satisfactory agreement between the theory and
the experiment indicates the nonuniform reconstruction
of semiconductor and metallic surfaces in the process
of deposition.

Figure 2 displays the intensity of the signal of dif-
fraction reflections from a square lattice of sulfur atoms
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on the surface of iron (S/Fe(100) [1/2, 1/2] LEED
spots) in the process of iron deposition at atemperature
of 150°C according to [2]. In the process of deposition
of iron and floating of sulfur atoms, a chain is formed
around pairs of sulfur atoms, and, in thisway, a cluster
of the square lattice of sulfur atoms is formed. We
assume that the brightness of the S/IFe(100) [1/2, 1/2]
LEED spotsis proportiona to the number of nanoclus-
ters that are formed in this way, i.e., to the number of
the initial pairs (FeS, molecules). The straight line in
Fig. 2 represents the fitting of the dose dependence of
the above diffraction reflections using Eq. (10). In the
caption to Fig. 2, we give the numerical values of the
coefficients that describe the straight liney = a + bt (fit-
ting parameters); the corresponding evolution time T, =
—1/bfor Fig. 2 turned out to be T, = 2.70 min. It wasthe
fulfillment of the conditions of the theory of partialy
inhomogeneous reconstruction of the surface (see
Eqg. (10)) that, in our opinion, predetermined the reten-
tion of magnetic propertiesof thefilms[2]. Itisof inter-
est that this high quality was obtained at a moderate
temperature of deposition T = 150°C, which turned out
to be possible due to the advantages of the technique of
sulfiding [11]. The adjustable delay time proved to be
tey = 4.48 min. The magnetic structure of the film is
controlled by the formation of sulfide pairs inside the
film. The division of the entire iron layer into domains
with alow (n)) and a high (n,) concentration of sulfur
explains the retention of the magnetic properties of the
film upon its saturation with sulfur. In this case, the
magnetic domains become closed through the regions
with alow concentration of sulfur n;.

Figures 3 and 4 display dose characteristics of the
processes of oxidation of the pure and lead-coated sur-
faces of nickel. The straight lines represent the fitting of
the experimental data points (squares) obtained by
Auger spectroscopy using Eqg. (10) by the linear least-
squares method. The evolution time 1, = —1/b was
obtained to be 3.00 min for the pure surface (Fig. 3) and
26.3 min for the surface coated with lead (Fig. 4). The
delay times t, also differ by about an order of magni-
tude, namely, ty; = 8.3 minfor the pure surfaceand ty, =
48.4 min for the surface coated with lead. The good
agreement between the experiment and the theory
developed, just asin the case of iron films, indicates the
high quality of the films; oxygen films were deposited
at room temperature. The differencein thetimesfor the
two different regimes of oxidation characterizes the
protecting effect of the lead coating and aso confirms
the adequacy of the theory.
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Abstract—The kinetics of sorption of atomic hydrogen by pyrolytic, quasi-single-crystal, and RGT commer-
cial-grade graphite was studied. The processes of sorption and subsequent thermal outgassing are shown to pro-
ceed in asimilar manner for all the three types of graphite. Thermal desorption spectra obtained during linear
heating of hydrogen-saturated samples have two peaks. A mathematical model including features of the thermal
desorption kinetics that are observed when heating is terminated is suggested. According to this model, two
types of traps with binding energies of 2.4 and 4.1 eV are present in graphite. The physical justification of the

model is given. © 2001 MAIK * Nauka/Interperiodica” .

INTRODUCTION

Over recent years, most of studies on hydrogen—
graphite interaction have been concerned with applica-
tions, namely, with the use of graphite for protecting
the first wall of fusion reactors. Therefore, interactions
of several-keV hydrogen ion beams with commercial-
grade graphites have largely been considered. A large
body of both experimental and theoretical datais avail-
able in thisfield [1-12]. In these works, emphasis has
been given to chemical erosion of the graphite surface
[8, 13-18]. Asto desorption, only that of hydrocarbons
has been studied extensively in spite of the fact that the
amount of hydrogen incorporated into hydrocarbons
leaving the surface during thermal desorption is much
smaller than the amount of hydrogen desorbed as H,
molecules. In addition, in most of the studies it is
assumed that atomic hydrogen—graphite interactionisa
purely surface process and the possibility of hydrogen
dissolution in graphite is usually ignored. We believe
that, when graphite is exposed to an atomic hydrogen
flux, the possibility of hydrogen dissolution may mark-
edly increase in comparison with the situation when
equilibrium molecular hydrogen is involved. At least
some hydrogen atoms may occur beneath the adsorbent
surface even at room temperature. Unfortunately, the
simulation of atomic hydrogen sorption by graphite
with volume processes taken into account has been
reported only in two of the works cited above [17, 18].

As was noted, most of sorbed hydrogen molecules
leave graphite as H, molecules as the temperature rises.
Available literature data on the kinetics of this process
are, however, scarce and refer mostly to the estimation
of the number of hydrogen molecules from thermal
desorption spectra (TDS). The only attempt to deter-
mine the energy of activation of desorption was based
on the a priori assumption that this processis of adis-
sociative nature [8]. Therefore, is was the aim of this
work to determine the kinetic and energy parameters of
desorption processes that take place after the graphites

have been irradiated by atomic hydrogen. Based on the
kinetic information, one can develop models of pro-
cesses occurring in this system and, in particular, sepa-
rate surface and volume effects contributing to atomic
hydrogen sorption.

MATERIALS

Commercia-grade RGT graphite (p = 2.20-
2.26 g/cm?) contains about 7.5 at. % of titanium and is
produced by unidirectional hot pressing of carbon-tita-
nium powder [19]. Most of the RGT grains are disk-
shaped and lie parallel to the basal plane of the graphite
lattice. The mean grain sizeis about 10 pum.

Pyrolytic graphiteis of density p = 2.186 g/cm?. On
amicroscale, it hasalayered structure with a spacing of
0.5-1.0 pm in the growth (c-axis) direction because of
the step growth kinetics. We studied two types of pyro-
Iytic graphite that differed in temperature of final
annealing: true pyrolytic graphite (PG) and quasi-sin-
gle-crystal graphite (QSCG). The former looked like
commercial-grade graphite with a rough surface.
QSCG had a much smoother and shiny surface, which
indicates its higher structural order.

EXPERIMENTAL

The sorption/desorption kinetics was studied with
thermal desorption spectrometry. Graphite samples
were made in the form of ribbons measuring 1 x 40 x
0.5 mm. The surface of the ribbon was parallél to the
basal graphite plane. The sample was attached to
current leads and placed into a vacuum chamber.
Theresidual (mainly hydrogen) pressure was kept at
1028 torr. The temperature, which can be varied accord-
ing to a specified law, was measured with a W/WRe
thermocouple. The desorbed hydrogen was detected by
a magnetic sectorial mass spectrometer. Prior to sorp-
tion experiments, the samples were annealed for along
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time at 1200°C. At the end of annealing, the tempera-
ture was momentarily raised to 1400°C.

Purified hydrogen was supplied to the chamber
through a diffusion filter. Atomization was carried out
when the gas passed near a 100-ym-diam. tungsten fil-
ament heated to 2500°C. The filament was arranged
paralel to the sample at a distance of 5-8 mm so that
the atomic hydrogen flux struck the surface parallel to
the basal plane of the sample. The irradiation dose was
calculated with regard for the inlet hydrogen pressure,
atomization yield, and mutual arrangement of the sam-
ple and the atomizer.

The probability of hydrogen atomization on tung-
sten heated to 2100°C was taken equal to 0.3[20]. Dur-
ing exposure, the hydrogen pressure was 1072 torr. The
flux of hydrogen atoms toward the front side of the
sample was estimated at 5 x 10'3 H%(cm? s) in view of
the experiment geometry.

EXPERIMENTAL RESULTS

Unlike the RGT samples [21], the PG and QSCG
samples did not sorb molecular hydrogen at pressures
below 5 torr and temperatures below 600°C. During
linear heating, noticeable desorption of H, was
observed only after these graphites had been irradiated
by atomic hydrogen. A typical postirradiation TDS for
the PG is presented in Fig. 1. For the other types of
graphites, the spectra are similar. No marked differ-
ences were also observed in the atomic hydrogen sorp-
tion kinetics. Dependences of the sorbed hydrogen
guantity on the sorption temperature and irradiation
dose for al the three graphites are much the same. The
structure of the graphites and their purity seemtoinsig-
nificantly affect the sorption/desorption kinetics with
atomic hydrogen involved.

Two TDS peaks at 850 and 1250°C in Fig. 1 are
related to hydrogen release from two states with differ-
ent binding energies. The temperatures of the desorp-
tion peaks were independent of the initial hydrogen
concentration, indicating the first order of the desorp-
tion kinetics. If heating is linear and the kinetics is of

the first order, In(a/T2) should vary linearly with
E/KT,, (a istherate of heating, T,, isthe temperature of
the desorption maxima, E; isthe energy of activation of
desorption, and k is the Boltzmann constant) [22].
From the slope of this dependence, one easily obtains
the energy of activation of desorption. For the first
state, the energy of activation estimated for three rates
of heating was found to be 2.4 eV. For the second state,
the energy of activation can be estimated only roughly,
since the temperature of heating was closeto that of the
second desorption peak (at repeated heating to higher
temperatures, the sample rapidly broke down). The
value of E, for the second state was evaluated at about
4 eV. Note that the above energies of activation were
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Fig. 1. Typica TDS of PG irradiated by hydrogen atoms.
Linear heating with arate of 25 K/s.
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Fig. 2. TDS obtained after sorption of HO when linear heat-
ing was terminated at different temperatures. PG, heating
rate 25 K/s.

obtained under the assumption that hydrogen is present
only on the surface.

In the next series of experiments, the sorption con-
ditions were identical, but the final heating tempera-
tures were different (Fig. 2). When heating was termi-
nated (Fig. 2, curves 1-4), the desorption rate began to
fall sharply, the time of fall being aimost independent
of the final temperature of heating. Within 10-20 s, the
desorption rate decreased to severa percent of its max-
imum; i.e., hydrogen release was nearly completely
stopped. The desorption rate sharply decreases in spite
of the fact that the sample still contains alarge amount
of hydrogen, which is released at a subsequent rise in
the temperature (Fig. 3, curves 1-3). In the experiments
the results of which areillustrated in Fig. 3, the sample
was first heated to some intermediate temperature,
which was kept for 45 s, and then heating was contin-
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Fig. 3. TDS obtained after sorption of HO when linear heat-
ing was first terminated at different temperatures and then
continued to 1200°C. PG, heating rate 25 K/s.
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Fig. 4. TDS of PG irradiated by ~200-eV H* ions. Linear
heating was terminated at 1000 and 1200°C, heating rate
25K/s.

ued at the same rate to 1200°C. After the second heat-
ing, the remaining hydrogen was totally released, its
amount being practically the same as in the case when
it was desorbed at similar temperatures but under con-
tinuous heating. The kinetic characteristics of hydrogen
release also remained unchanged. These features were
typical of al three graphites.

Such an unusual desorption kinetics cannot be
explained in terms of classical desorption from surface.
For the first-order desorption kinetics, when heating is
stopped, the desorption rate must decrease exponen-
tially with atime constant proportional to exp(—E4/KT);
hence, at E; = 2.4 eV, the rate of fall at 600°C and
800°C would differ by several orders of magnitude.

DENISOV, KOMPANIETS

It should be noted that the unusual hydrogen desorp-
tion kinetics was also observed after the graphites had
been irradiated by ~100-eV hydrogen ions. The hydro-
gen was desorbed in the same temperature interval; the
desorption rate sharply dropped after heating had been
terminated; and after the second risein the temperature,
the remaining hydrogen was entirely desorbed. The
only difference was the absence of two distinct peaks

(Fig. 4).

DISCUSSION

An adequate kinetic model is the first step toward
understanding basic processes underlying gas—solid
interaction. The model of choice must take into consid-
eration the following. Upon irradiation, hydrogen is
implanted into graphite part way down the surface (tens
of nanometersfor ion energies of severa hundred elec-
tron volts [6]), and mass transfer conclusively plays a
part in the outgassing process. Since the process kinet-
ics are similar after irradiation by atoms and by ions,
one can suggest that a considerable fraction of hydro-
gen atoms penetrates into the volume of the sample;
hence, the outgassing kinetics also includes masstrans-
fer in the bulk of the graphite. Note, however, that all
the features of the hydrogen evolution kinetics (for
example, the presence of two peaks) cannot be covered
by the simple diffusion model.

Thus, graphite outgassing should be described in
terms of at least three processes two of which are
strongly temperature-dependent (i.e., have a large
energy of activation) and show up as the TDS peaks.
Thethird one, which isresponsible for adecreasein the
desorption rate when heating is stopped, must depend
on temperature only slightly. This may be hydrogen
diffusion between adjacent graphite layers [23]. This
process requires a very small activation energy largely
because these layers are loosely bonded and spaced at
more than 3 A apart. From our estimates [24], the
energy of activation of diffusion in RGT graphiteis no
more than 0.5 eV. Therefore, the following model
seems to be the most plausible. During sorption of the
atoms or ions, a hydrogen-saturated layer of some
thickness forms beneath the surface and two sorts of
traps arise in the graphite. These traps, having large
energies of activation, capture the hydrogen. Upon
heating, the hydrogen escapes from the traps into the
mobile phase, with its migration over the sample being
accompanied with reverse trapping. It is aso assumed
that the rate of desorption from the surface far exceeds
the rate of the other processes and is not the limiting
stage of outgassing.

To mathematically represent this model (diffusion
with reverse capture by traps of two sorts), we used a
set of differential equations from our previous work
[25].

Calculations which follow substantiate the determi-
nation of the activation energy of hydrogen detrapping
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using the slope of the In(a/ T,Zn) vs. UT,, curve. Within

the model suggested, we evaluated TDSfor linear heat-
ing with various rates. The energy of hydrogen evolu-
tion from traps of the first sort was assumed to be
24¢eV, and the diffusion coefficient was varied
between 107 and 104 cm?/s. It turned out that the slope

of the |n((X/Tr2n) vs. 1/T,, curve obtained in the model

was practically coincident with that of the curve con-
structed from experimental data (Fig. 5). Therefore, the
value of 2.4 eV was taken as the energy of hydrogen
evolution from traps of thefirst sort. Also noteworthy is
that the energy of activation of detrapping can be deter-
mined without knowing the exact value of the diffusion
coefficient. As the diffusion coefficient value, we took
the one obtained in experiments on sorption of molec-
ular hydrogen by RGT graphite: D = 10 cm?/s [24].
As follows from calculations, with such a diffusion
coefficient and the saturated layer thickness of the order
of the RGT grain size, thefallsin the desorption curves
when heating is switched off are adequately described
if unactivated capture by traps of thefirst sort hasatime
constant of 25 s

Capture by traps of the second sort must be of an
activation nature, since transitions from one state to the
other were observed at none of the rates and final tem-
peratures of heating used. The model adequately
describes both thermal desorption under linear heating
to 1200°C and thermal desorption fallswhen heating is
terminated (Fig. 6). The parameter values used were as
follows: preexponential in the expression for diffusion
coefficient D, = 107 cm?/s, energy of activation of dif-
fusion Ey = 0, preexponentials in trapping rate con-
stants for traps of the first and second sort r; = 25 and
r, = 7.0 x 10’ s%, energies of trapping activation for
traps of the first and second sort E, = 0 and E,, =
2.0 eV, preexponentialsin detrapping rate constants for
traps of the first and second sorts b, = 2.0 x 10 and
b, =5.0 x 103 s, and energies of detrapping activation
for traps of thefirst and second sort E, =2.4and E,, =
4.1eV.

Note that the vast mgjority of studies where hydro-
gen ion—graphite interaction was simulated points to
the necessity of considering hydrogen capture by traps
localized in the bulk of graphite. The binding energies
of trapped hydrogen vary in wide limits: from 0.5 to
45eV [1-3,5, 7-11, 26-31].

The nature of the traps and specific sorption/desorp-
tion processes still remains unclear. Dangling bonds of

carbon atomsinthe (1010) and (1120) planes seem to
be the most probable sites of hydrogen sorption. Linear
defects like dislocations (dangling boundaries of
graphite layers) may readily form in graphite because
of creeping of one layer on another during pyrolysis.

The C—H bond energy on the (1010) graphite planeis
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Fig. 5. In(a/TZm) vs. UT,, for the first desorption peak

within the diffusion—recapture model. D = (®) 107, (1)
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Fig. 6. Model TDS calculated for fina linear heating tem-
peratures (1) 730, (2) 770, (3) 820, (4) 1050, (5) 1100,
(6) 1140, and (7) 1190°C. Heating rate 25 K/s.

higher than on the (1120) plane by 0.8 eV [32]. Thus,
the difference in bond energy per molecule for the dif-
ferent planes at the boundary of a graphite layer is
1.6 eV. Thisvaueisin good agreement with the above
results.

We believe that hydrogen capture by the traps of the
first or the second sort can be related to the production
of C—H bondswith carbon atoms belonging to edge dis-

locationsonthe (1120) or (1010) planes, respectively,
in the bulk of graphite. During sorption, transport of
hydrogen in the form of atoms saturates dangling bonds
of the edge didlocations to the maximum possible
extent. During thermal desorption, the hydrogen is
detrapped in the form of molecules and migrates along
graphite layers until it reaches the crystallite boundary
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and leaves the material through the pore network, grain
boundaries, or other macrodefects.

It should be noted that thisis only a possible physi-
cal interpretation of the mathematical model. Basically,
thermal desorption spectrometry cannot elucidate the
physical nature and location of the traps. In layered
structures like graphite, sorption/desorption processes
proceed in a rather unusual manner. For example, for-
eign atoms and molecules may be accumulated in large
amounts between graphite layers [33]. Unfortunately,
intercalation in the hydrogen—graphite system has yet
received little attention. One can assume, however, that
hydrogen atomsfalling between graphite layers recom-
bine to form molecules and become “blocked” in inter-
planar gaps. In this case, hydrogen release would
require either molecule dissociation or severe deforma-
tion (up to local destruction) of the graphite plane;
hence, energy must be spent to activate desorption. To
confirm the validity of the above assumptions, atomic-
hydrogen-induced modifications of the graphite surface
must be examined.

CONCLUSION

Thus, when atomic hydrogen interacts with PG,
QSCG, and commercia-grade RGT graphites, sorp-
tion/desorption processes are virtualy independent of
the material type, being governed by processes in the
bulk. Hydrogen release during heating iswell described
by the mathematical model including diffusion with
reverse capture by traps of two sorts. Physically, the
traps are treated as dangling bonds of edge dislocations

on the (1120) and (1010) planes. Diffusion of atoms
goes both along and across graphite layers, while
molecular diffusion takes place in interplanar gaps
only.
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Abstract—The strength of ametal under the action of short pulsesis of great interest. Meanwhile, the problem
concerning the magnitude of atensile stress that |eads to cleavage has not yet been solved theoretically. In this
paper, an attempt is made to clarify, using the mathematical simulation method, the parameters of pulse radia-
tion that can yield the clearest answer to the question of which of the existing theories of strength works best
in metallic materials subjected to short pulses of micro- or nanosecond range. Recommendation are given on
the optimal experimental design. © 2001 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

The strength of a metal under the action of short
pulses of micro- or nanosecond rangeis of great practi-
cal interest. Meanwhile, the question of the magnitude
of atensile stressthat leads to cleavage has not yet been
solved theoretically. There are facts [1] that favor the
kinetic theory of strength [2]. Some authors [3] believe
that the strength attainable in the submillimeter rangeis
independent of the pulse duration and is a result of
motion of elementary carriers of plastic deformation.
Thefina choice of this or that theory must be made on
the basis of an analysis of additional experimental data.
It would be convenient to extract such data from exper-
iments on the effects of pulse penetrating radiation on a
flat plate using the interferometric method of measur-
ing the velocity of motion of the back surface of atar-
get. In this case, the understanding of gas-dynamics
processes that occur upon the absorption of energy in
the target would favor the correct interpretation of the
results obtained. In this work, we made at attempt,
using the mathematical simulation method, to clarify
the variation of which parameters of pul se radiation can
yield the clearest (from the viewpoint of the problem
stated) results. Recommendations are given on the opti-
mal experiment design.

RESULTS AND DISCUSSION

There exist numerous types of devices based on
pulsed sources of penetrating radiation that can be
employed for generating compression waves in metal-
lic targets (relativistic electron beams [4], lasers [5],
X-ray sources based on Z pinches [6], etc.). The radia-
tions differ in penetrating power, which can arbitrarily
be characterized by parameters such as the average
mass coefficient of absorption X, the pulse duration

Touiser @Nd the power of the heat flux on the surface q.
By varying one or two of these parameters, we can
change (in certain limits) the criterion of momentari-
ness [7] and, consequently, the amplitude of the shock
pulse in metal. Of practical interest is the dependence
of thetimefor which the metal existsin the state of ten-
sion on the pulse parameters, as well asthe intervals of
X Tpuser @A g in which one can distinguish the exact
instant at which spalling occurs.

We describe the formation and propagation of a
compression wave in the target by a set of equations of
gas dynamics, which, in the Lagrangian coordinates s =

P (§)dg (where p isthe density, x isthe Euler coordi-

nate, and & is the integration variable), has the follow-
ing form:

o(Up) _dv ax _ , dv _ p

3t ~os ot Vot oy WO
o 0v_ow T
L CONVER I ONC)

p=1fu(pT), €=1(p.T), k=pfir(p, T). (6)8)

Here, tisthetime; v isthe velocity; p, the pressure, €,
theinternal energy; W, the heat flow due to thermal con-
ductivity; Q, the specific energy contribution; k and A,
the thermal diffusivity and thermal conductivity coeffi-
cients, respectively; f, and f;, the thermal and caloric
equations of state, respectively, taken from [8]; and f,,
the dependence of the thermal conductivity on the den-
sity and temperature, which is defined asin [7], using
the dependences from [9, 10]. The energy contribution
Q was calculated by the Bouguer law

Q = goxexp(—xs)f,, 9)
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Fig. 1. Distribution of pressure over the thickness of the
plate at various time moments.
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Fig. 2. Velocity fields inside the target at various time
moments.

where q, is the dengity of the energy flux on the surface;
X 1S the mass-averaged absorption coefficient (a constant
quantity); and f, isafunction of the temporal shape of the
pulse, which approximately was assumed to be

t

pulse

1—‘1—

, t<2t,
f, = s (10)
0, t>2te.

Theinitial conditions for the above set of equations
had the form

V(O! S) = 01 p(o! S) = va
p(0,s) = po; T(O,8) = T,

On the surface (s = 0), the following boundary con-
ditions were used:

(11)

p(t,0) = po, W(t,0) = 0g(T*~Tp), (12

ANDREEVA, KOLGATIN

where og is the Stefan—-Boltzmann constant and T, is
the initial temperature.

On the second surface (s = s), we have

P(t;Sw) = P, T(tsw) = To. (13)

The set of gas-dynamics equations (1)—13) was
solved by the finite-difference method [11]. To provide
the stability of calculations, alinear artificial viscosity
was used. As a sample for the investigation, a copper
plate 7 mm thick was taken. In order to answer the
guestion posed at the beginning of the paper, the ampli-
tude and the duration of the energy pulse, aswell asthe
magnitude of the mass absorption coefficient, were
varied.

Figure 1 displays the evolution of a compression
wave in the plate under the effect of a radiation pulse
with the parameterst, s = 1 s, X = 2.8 m?/kg, and g, =
6 x 103 W/m?. Curve 1 refers to the time moment t =
0.5 us (radiation maximum); curve 2 refers to the
instant ;e = 1.0 ps (the end of the pulse); curve 3, to
the instant t, = 2.0 Us; curve 4, to t,,, = 2.6 ps; and
curve5, 10 tye = 3.1 Us. At the initial stage, there is
formed apressure peak at thewall (curve 1), which then
propagates to the target depth (curves 2, 3). After the
compression pulse emerges onto the free back surface
of the target, a rarefaction region is formed near it
(curve 5). The size of the rarefaction region is virtualy
independent of the parameters of the radiation pulse
such asty,; and X, whereas the amplitude of the tensile
stressis mainly dependent on g,. The maximum tensile
stress and the rate of deformation are observed at a
point that is located about 2.0 mm from the back sur-
face (this corresponds to the distance passed by the
sound in a period equal to half the pulse duration).

The pressure in the plate can be estimated from the
velocity of motion of the back surface, which in turn
can be measured by the interferometric methods [12].

The velocity fields at various time moments for the
variant under consideration are shown in Fig. 2. At the
initial stage, an evaporated gas layer is stripped off
from the front surface of the target; the velocity of this
layer in the coordinate system chosen is negative,
whereasin the condensed medium aflow isformed that
is directed toward the radiation flow (curves 1, 2). As
the shock wave propagates into the metal, the velocity
of therear surfacefirst increases gradually (curves 3, 4)
and then decreases (curve 5).

The alowance for the fracture of the target material
was performed according to both above-mentioned the-
ories. According to the first of them (the temporal the-
ory of strength [2]), the material servicelife dependson
the applied stress and temperature, which activate the
process of breaking interatomic bonds. According to
the second theory [3], the strength properties of the
material in a submillimeter range are the result of
motion of elementary carriers of plastic deformation
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such as dislocations, disclinations, and grain bound-
aries.

The simulation of fracture in terms of the temporal
theory of strength was performed by the following
algorithm. After the temperature, velocity, density,
Euler coordinate, internal energy, and pressure have
been calculated, the elements of the array of deforma-
tion rates were calculated at a new time step at each kth
point of the difference scheme:

(Pe(t) = p(t=0t)) |

b(k) = (-1)" R,

(14)

then, for points where the pressure proved to be nega-
tive (p,(t) < 0), the data obtained were compared with
the limiting value of by In this variant of the calcula-

tion, the scabbing occurred after bpreached alimiting
value equal to [1]

kbar

In the second variant of the calculation, the fracture
condition was assumed to occur when the negative
pressure at one of the nodes of the difference mesh
o(K) = (-1)p,(t) reached the limiting value equal to [1]

o0 =50 kbar. (16)

If the conditions of the target fracture were fulfilled
at the kth node, then the following boundary conditions
were set at thisnode, p(t, s) = poand T(t, s) = Ty, and
the subsequent calculation was performed only for the
nodes from the (k + 1)th to the last node.

Figure 3 displaysthe variation of the velocity of the
back surface V,, accessible for the experimental deter-
mination as a function of time. Curve 1 corresponds to
calculations using Eq. (15); curve 2 was calculated by
Eqg. (16). It is seen that in the second case fracture
occurs later. If the material does not fail, the V,(t)
dependence falls off smoothly (curve 3in Fig. 3). Note
that the presence of scabbing ssmulated by any of the
two models under consideration leads to a discernible
difference in the calculated dependence for V,,.

Conditions necessary to check which of the theories
is valid can be judged from Fig. 4, which gives the
results of numerical simulation of scabbing on the rear
surface in awide range of the pulse parameters ty, X,
and q,. The lower surface corresponds to condition (15);
the upper one, to condition (16). It is seen that, at the
given values of thetensile strength, thereisasignificant
gap between the surfaces in the whole interval of the
pulse parameters. When the pulse parameters fall into
this gap, the scabbing or the retention of the integrity of
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Fig. 3. Time dependence of the velocity of the rear surface
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Fig. 4. Surfaces of the rear scabbing.

the sample can serve as arguments in favor of this or
that physical model of fracture.
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Abstract—A modified procedure for determining the bearing capacity or maximum admissible pressure on a
friction unit has been developed. The new feature of the procedure is atest of the wear capacity of a material
asafunction of pressure. The procedure has been tested on fluoropl astics doped with full erene-containing soot
lubricated with water. F-4 fluoroplastic with 1% fullerene-containing soot added to it shows a 30% higher bear-

ing capacity. © 2001 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

The subject of thiswork, which isthe bearing capac-
ity of modified fluoroplastics under friction, happensto
be at the junction of two branches of science—the
physics of strength and polymer materials science. The
bearing capacity of a material under friction is, in
essence, a test of its strength under more complicated
test conditions than simple stretching, compression,
bending, and so on. It is, in fact, a shear deformation
accompanied by contact interactions, often in the pres-
ence of alubricant (producing awedging action around
microcracks or the Rebinder effect), which does not
affect the main features of the phenomenon.

In the pioneering work of Khrushchov [1] a proce-
dure has been devel oped for determining the maximum
admissible pressure P, on a material, which isrun-in
as one of the counterfaces in a friction unit. But the
actual quantity P, defined in this procedure is the
strength characteristic of the material, which, by anal-
ogy with the bearing capacity of afriction unit (defined
as the maximum admissible pressure on afriction unit,
exceeding which may cause scouring), we call the bear-
ing capacity of a material. Note that there is one more
closely related performance characteristic: the maxi-
mum admissible operating pressure of a friction unit

P\ . Thisparameter isusually chosen to be lower than
the bearing capacity of afriction unit by some arbitrary
guantity so that the wear of afriction unit is small or

close to zero at pressures of P < Py, .

The purpose of this work was to modify the proce-
dure for determining the bearing capacity of materials
proposed in [1] to adapt it to new promising materials
such as fullerene-containing fluoroplastics.

The procedure for determining P, proposed in [1]

is based on the stepwise loading of a planar specimen
pressed against the periphery of adisk rotating at acon-

stant speed (Fig. 1). In the specimen, a crater forms of
length U that increases with time. The crater depth is
always much less than the disk diameter. Initially, the
specimen is loaded with a small load F = g. In the
beginning, the counterfaces are nonconformal, their
contact areais extremely small, and the unit pressure at
the contact is very high. Asthe crater deepens, the pres-
sure drops rapidly and the crater length asymptotically
approaches a constant value (Fig. 1a). As soon as the
measured crater length stops increasing (the so-called
stable crater), aload F = 2q is instantly applied to the
friction unit. The crater length first increases rapidly,
then the process slows down, and the crater length
asymptotically approaches a new stable value. At the
moment when the higher load is applied, the pressure P
jumps up and then decreases (as the contact area grows
due to attrition), finally settling at a higher level.

In a similar way, loads F = 3q, 4q, and so on are
applied to the friction unit, and the above process is
repeated until, starting with a load g, = hq, the ulti-
mate pressure on the stabilized crater no longer
increases at thisand still higher loads. Furthermore, the
pressure seldom stays at the level reached; more often,
it dropswith every new load despite further increasesin
the rate of attrition and the crater length.

In Fig. 1b, a diagram is given of the crater lengths
and pressuresin U, P coordinates. To afirst approxima-
tion, the crater areais equal to the area of its projection
on the specimen plane; therefore, F = PUb (where b is
the crater width). Lines F = const in U, P coordinates
are hyperbolas (point 1 lies on hyperbola F = q,
points 1', 2 on hyperbola F = 2q, and so on). The line
linking points 1, 2, 3, etc., is the locus of points corre-
sponding to the lengths of stable craters. Area A can be
defined as corresponding to friction with low wear;
area B, to friction with imperfect lubrication (boundary
friction); and area C, to pressures unattainable for the
given friction unit.

1063-7842/01/4602-0249$21.00 © 2001 MAIK “Nauka/ Interperiodica’
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Fig. 1. Schemes of displaying the dataused in [1]: (a) presentation of the dependence of the crater length U and pressure P on test
duration (or the number of disk rotations); (b) same datain U-P coordinates; in the inset: schematic of the friction unit.
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Fig. 2. Test results for six commercial purity metalsin [1].

Figure 2 showsthe diagramsin U, P coordinatesfor
six commercial purity metals (lead, tin, cadmium, zinc,
and copper) lubricated with kerosene [1]. The U-P dia-
gram (magnitude of P,,, Slope of theinitial part of the
U(P) curve, the curve behavior at F > g, and so on)
proved to be typical for agiven friction unit, especially
of a metaldubricant combination. It has been found
that the P, values do not correlate with the Brinell
hardness.

The existence of P, has as yet no physical expla-
nation. An assumption made in [1] is that the surface
temperature of the specimen can rise up to the metal
melting point (or the temperature which destroys some
protective layer at the surface) for a short time after the
application of aload in excess of ... The local tem-
perature rise was discussed in a number of works and
has been observed experimentaly [2].

However, our opinion, as well as that of the author
of [1], isthat such alarge temperature rise under abun-
dant lubrication is unlikely to occur. In our studies, a
hypothesis has been propounded that shear deforma-
tion can lower the melting point of crystal grains at the

surface. According to this hypothesis[3], any structural
changesin apolycrystalline specimen which hinder the
migration of dislocations and the process of shear
deformation of crystallites should cause an increase in
P, This approach makes the lack of correlation
between P, and the Brinell hardness in metals com-
prehensible [1].

This experimental technique has a number of draw-
backs. The wear particles sinking to the crater bottom
can be abrasive; as the crater becomes deeper, the fric-
tion of the lateral surfaces against the crater walls
becomes more significant, and building the U-P dia-
gram is quite laborious. In this study, an attempt has
been made to eliminate the above drawbacks of the
technique and apply the modified technique to some
new and promising materials. The basic approach isthe
sameasin [1].

EXPERIMENTAL TECHNIQUE

A friction shaft-plane unit (Fig. 1) was used in the
tests. This arrangement provides an easy escape for the
TECHNICAL PHYSICS  Vol. 46
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wear particles from the tribological contact zone; no
lateral friction problems arise asthe wear groove width
a (which is an analog of the crater length in [1])
increases in size. The tests were carried out in a stan-
dard 2070 SMT-1 roller friction machine. The specimen
tested was arectangular plate 10 mm thick clampedin a
specialy designed holder. The plate was approached
from below by aroller of diameter D = 46 mm and thick-
ness 16 mm made of wear-resistant chromium-nickel-
molybdenum steel of grade 18Kh2NChMA (GOST
4543-71) rotating at w = 400 min~t, which corresponds
to alinear diding velocity of 1 m/s. The roller width
was alwayslarger than the specimen width b. Theroller
was submerged 2 mm into a 200 ml water bath. Lubri-
cation with water prevented the surface temperature
from rising; even at the heaviest loads, the water tem-
perature in the bath did not exceed 50°C, which is too
low to cause significant changes of the tribological
characteristics of the specimens studied.

The tests were carried out for two experimental set-
ups. In setup | (basic), the specimen and the roller were
in contact along a line. The initial load F was 100 N.
The friction torque M was continually monitored.
Every 300 s, the test was interrupted, the groove width
a was measured under an optical microscope, and then
the specimen was loaded with a higher load. It was
determined beforehand that 300 sisenough timefor the
groove width and the pressure at the contact to reach a
guasi-stable value. The load was increased to a maxi-
mum of 1600 N in increments of 200 N. From the mea-
sured wear, the groove width nominal pressures in the
beginning (P, and end (P,) of the loading step were
determined. As distinct from work [1], a P,(F) depen-
dence was built using the obtained data. The load value
beyond which the quantity P, stopped to grow was
assumed to be the maximum admissible load and the
corresponding P, the maximum admissible pressure.

In tests with setup 11, relatively small area grooves
of various widths were first abraded to determine the
linear wear rate |, at different initial loads. Note that I},
depends not only on pressure, but also on the initial
load. Therefore, for the data comparisons to be correct,
we carried out tests for the same load F = 1600 N,
which is the highest of the loads in the range investi-
gated. As will be seen below, in tests with setup 11, an
additional criterion, the closeness of I, to zero, could be
applied for estimating the maximum admissible pres-
sures, which is especially important in cases where the
guantity P, could not be determined unambiguously
from P4(F) data.

In every version of the tests (kind of setup, fluoro-
plastic specimen, load and pressure magnitudes), three
to eight experiments were carried out. The resulting
characteristics represent arithmetic means of the data
for the particular version of the test. Relative values of
the root-mean-square error for the arithmetic means of
tribological characteristics are ~5% for nominal pres-
sures P, ~6% for friction coefficients, and ~10% for the
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Fig. 3. Schematic of the friction unit test: (1) specimen;
(2) specimen holder; (3) rotating steel disk; (4) water bath;
aisthe width of the wear groove.

wear intensities. Details of the processing of measure-
ment dataand cal culations of thetribological character-
istics have been given in earlier works [3-5].

MATERIALS AND PREPARATION
OF SPECIMENS

Materials for the tribological tests were grade F-4
polytetrafluoroethylene (GOST 10007-80) and an
F-4K20 composite (TU6-05-1412-76), which isapoly-
tetrafluoroethylene containing 20 wt % of coal coke.
All tested materials also contained 1 wt % fullerene
soot introduced under the same conditions as the coal
coke.

Thefullerene soot was produced in the plasma of an
electric arc [6]. About 8% of a fullerene mixture
(mainly Cg, and C,, in the ratio ~75/25) was extracted
from the soot using toluene as a solvent. The soot intro-
duced into the fluoroplastics was that which remained
after extraction, and it still contained a considerable
amount of higher fullerenes (~12%) [7]. About 1% of
fullerene soot was introduced in the material under
study under the same technical conditions as when
introducing coal coke.

RESULTS AND DISCUSSION

In tests using setup I, it was found that following
every increase in the load F, the rate of wear processes
taking placein the tribological contact rapidly declines
and stabilizes. As a result, the wear groove width a
(analog of the crater length in [1]) and depth hinitially
increase drastically and afterwards, as the contact test
goes on, change only slightly. The wear rate of the tri-
bological contact is determined by the pressure, which
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Fig. 4. Dependence of the pressure P at the end of test step
on theload F applied to the specimen. (1) F-4 fluoroplastic;
(2) F-4 + 1% fullerene soot (F-4Szh1l); (3) fluoroplastic
composite F-4K20; (4) F-4K20 + 1% fullerene soot
(F-4K20Szh1).

depends on the contact area. Alongside theincrease and
subsequent stabilization of the wear groove depth and
the tribological contact area, a rapid decrease and lev-
eling off of the pressure in the tribological contact
occurs. Thus, the growth of thetribological contact area
and lowering of pressure areinterrelated; their rates and
ultimate values depend on the load on the contact and
the wear groove width, the latter being, in turn, the
function of the wear resistance of the material.

In Fig. 4, P,(F) curves for the fluoroplastic speci-
mens are shown. It is seen that P, initidly risesasF is
increased and that, at F values of 800-1000 N, P, levels
off at different levels.

One exception is the starting F-4 fluoroplastic, for
which two stable pressure levels have been observed:
P,=8MPaa F=400N and P, = 11 MPa at F =
1400 N. But, as shown below, low wear is observed at
pressures of P, < 11 MPa, so this value should be taken
as the maximum admissible value.

For the F-4K20 fluoroplastic containing 20% car-
bon coke, the admissible pressure is higher (~14 MPa),
possibly due to significant transformation of the defor-
mation mechanism of the polytetrafluoroethylene crys-
tallites. The presence of numerous defects due to the
coke impurity makes the didocation mechanism of
shear less effective.

It isremarkable that the introduction of just 1% soot
produces an even dightly greater rise of the admissible
pressure to P, = 15 MPa. The cause, in our opinion, is
the high chemical activity of fullerenes, whichispartic-
ularly seen in the formation of afullerene-polymer net-
work on the friction surfaces [5].

At least two mechanisms of the growth of P, involv-
ing fullerenes can be suggested. According to one,
fullerenes penetrate only amorphous regions of the
amorphous-crystalline network where its points are
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Fig. 5. Dependence of the linear wear rate |, on pressure
in the contact: (1) F-4; (2) F-4Szhl, (3) F-4K20;
(4) F-4K20SZh1.

located. According to the other, the full erenes penetrate
the crystallites, which induces high concentrations of
dislocations in them, thusimpeding shear deformations
of the crystallites and of the material asawhole. Which
of the two mechanismsis applicable can be determined
using different structural methods, and such an attempt
will be undertaken in our next study. In a recent report
[8], a simple technique for identifying the easiest slip
planesin polymer crystallites was proposed. Thistech-
nigue can be used for estimating the effect of fullerenes
on the susceptibility of polymer crystallites to shear
deformation.

Introduction into F-4K20 of the fullerene soot
strengthens this material till further: the admissible
pressure risesto 16 MPa.

In Fig. 5 the results of the tests for setup Il are
shown. The introduction of 1% fullerene soot resulted
in asignificant reduction of the linear wear rate for the
same pressures. by a factor of 2-3 in F-4 (specimen
F-4S7h1) and afactor of 1.3-1.7 in F-4K20 (specimen
F-4K20Szh1). In thisfigure, it is seen that at P < P,
the quantity |, approaches zero. Using the data in
Fig. 5, an unambiguous choice of P, value for the F-4
fluoroplastic could be made. Note that, in contrast to
metals, pressures in excess of P, are quite feasible,
but the wear rates will be higher. Therefore, operating
pressures for amaterial can be only those below P,

CONCLUSIONS

To conclude, a modified procedure for determining
the bearing capacity of amaterial in afriction unit has
been proposed. In addition to the dependence of pres-
sure on the applied load, this procedure yields data on
the linear wear rate as afunction of pressure. Therange
of admissible pressures for a material or its bearing
capacity is defined as a range in which the pressure is
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not rising (with increasing load) and the wear is not
high.

1

2.
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Abstract—The object of investigation was an integrated pressure transducer with adifferential pressure-sensi-
tive element based on two parallel-connected p-channel dual-drain MIS transistors. The transistors were made
on the planar side of a silicon membrane with the rigid central region near the edges of membrane's thin part
(valley). The optimum design of the transducer and its basic characteristics were determined. © 2001 MAIK

“Nauka/Interperiodica” .

The progressively growing demand for semiconduc-
tor pressure transducers [1] stimulates a search for new
types of high-sensitivity elements that combine low
power consumption and low intrinsic noise. In the pre-
viouswork [2], we studied the sensitive elements based
on silicon field-effect dual-drain pressure-sensitive
transistors subjected to uniform uniaxia e€lastic
mechanical strain.

In thiswork, we consider a more general case when
the strain varies linearly with the MIS transistor
(MIST) channel length. Such a distribution of elastic
strain occurs in the valley of a specialy shaped rigid-
center membrane upon membrane loading. It has been
shown [3, 4] that this membrane, combined with a dif-
ferential sensitive element, decreases the effect of “par-
asitic” mechanical stresses due to transducer packag-
ing. Moreover, it also provides a linear output charac-
teristic of high-sensitivity thin-membrane transducers,
in which the bending of the membrane upon loading is
comparable to its thickness.

In what follows, we will optimize the design of the
pressure transducer with a differential sensitive ele-
ment built around two parallel-connected p-channel
dual-drain MISTs. The schematics of the silicon mem-
brane and the crystallographic orientation of the tran-
sistor channels are given in Fig. 1. The pressure-sensi-
tive transistors are placed on the planar side of the
membrane near the edges of itsthin part (valley). When
the membrane is loaded uniformly and the transistors
are placed symmetrically about the plane passing
through the center of the valley so that it is paralel to
the edges of the valley and perpendicular to its plane,
elastic mechanical stressesin thevicinity of the devices
are equal in magnitude and oppositein sign [3, 4].

Figure 2 shows the layout and the connection dia-
gram of the sensitive element. With appropriate bias
voltages (U,, Ug) applied and in the absence of pres-
sure, the drain currents of transistors T, and T, are the

same, since their layout and geometries are identical;
hence, the output signal U, (Fig. 2) is zero provided
that load resistances are equal: Ry; = Ry, = Rp.

When pressure is applied, the membrane converts
the load distributed over the surface to uniaxial elastic
tensile (compressive) strain in the regions where the
transistors are located. Because of this, the mobility i,

4 (100)

A

N\
N\
N\

Fig. 1. Arrangement of the sensitive element on the mem-
brane and the crystallographic orientation of the transistor
channels: 1, dual-drain MIS strain-sensitive transistors (S
source; D1 and D2, drains); 2, rigid central island; 3, valley;
and 4, membrane support.
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of mgjority carriers (holes) becomes anisotropic and
additional strain-induced transverse and longitudinal
electric fields arise in the FET channel [2]. They cause
current disbalance in the drain circuits, as a result of
which the output current appears.

Below, we caculate a strain-induced potential
change in the MIST channel and the relative, S;, and
absolute, S,, sensitivities of the transducer (S; is aso
called the conversion efficiency).

Let the MIST channel be bounded by the regions

OsxslL,, -LJ/2<ys<L /2, 0<z<L, (1)

The potential will be calculated under the following
assumptions and simplifications.

(i) The conductivity in the xy plane is anisotropic
dueto uniaxial elastic mechanical stress % aligned with
the [110] direction (Fig. 1). The Z(x) dependence has
theform [3, 4]

Z(X) = Zo(ko + kyX/L,), @)
where |k, [kq| < 1 and kyZ, is the mechanical stress at
the point x = 0.

(i) Elastic mechanical stresses and the anisotropy
parameter [2]

a(x) = MyuZo(ky +kyx/IL)I2 = ag(ky + kyX/Ly) (3)
(M, is the piezoresistive coefficient of shear for p-Si)
are sufficiently low. Hence, theinequality maxja(x)| < 1is
valid (in calculations, a, will be set equal to 0.06) and
the conductivity tensor components can be written as

Oy = 0y, 00(x), 0, = 0, = a(X)a,. (@]

(iii) The transistor channel is relatively thin (L, L,
> L), anditsconductivity inthe smooth approximation
[5, 6] isgiven by

o(x)

UpsUosx O
2 0L,

~Ug)* -2 -Us—

where C is the capacity per unit area of the gate—semi-
conductor structure, Upg is the potential difference
between the source and the drain, U is the cutoff volt-
age (gate voltage at which the channel conductivity
vanishes), and Ug is the gate voltage. We assume that
Ups< Uc—Ug (Upg Ug, Ug > 0) and thetransistor isin
the on state.

In view of the above simplifications, the potential
distribution ¢(X, y) in the channel can be considered as
quasi-planar; then, in the first approximation with
respect to the anisotropy parameter, the spatial distribu-
tion of the potential is expressed as

o0 , 0% , 3In(0(x))dd _ ©
axz ayz aX aX
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with the boundary conditions
e 20 0<I> _
x=0,L, ¢y =0, ¢(Lx, y) = Ups. (8)

Equations (6)—(8) are solved by the Fourier method:

d(x,y) = Uc—Ug
9
DS stX_'_ D(x, y)(,)

—J(UC—UG)Z—Z%JC—UG—U—

2 0L,

where

_ 23 UZDS 0

P(x,y) = ';[—HJDs—mD

Fu(k, Ue, U, Upd)
Z ncosh(mnL,/2L,)

(10)
[Ty, CTINX]
nh O D

Fn(k1 UC! UG! UDS)
_ J_ (ko + ky2) sSin(1mnz)
24/ 1-[2(Uc~Ug) ~Upgl Upsl(Uc—Ug)’

Figure 3 depicts the distribution of the transverse
potentia difference Ad(x) along the channel when the
anisotropy parameter depends in various ways on the
coordinate x:

Ad(X) = 0(x Ly/2)-d(z -L,/2)

= ®(x, Ly/2) —d(x,-L,/2).
Theform of the anisotropy parameter is seen to con-
siderably affect the longitudinal distribution of Ad(X).

Note that a problem similar to Egs. (6)—(8) was numer-
ically solved for the case when conductivity anisotropy

dzgll)

(12)

Fig. 2. Layout and connection diagram of the transistors.
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Fig. 3. Distribution of the transverse potentia difference
along the channel. Upg =3V and Uz — Ug = 5 V. Coeffi-
cients ky and k; in the expression for the anisotropy param-
eter a(x) = ag(kg + kXL, are (1) kg =1, k; = 0; (2) kg =0,
ki =1; and (3) kg =k, = 0.5.

Sy, 10711 V/Pa

9l

ol 3
A

0 05 10 15 20 25 30

Ly/L,

Fig. 4. Sy asafunction of the channel geometry. (1)3) the
sameasinFig. 3.

Sk, 10710

1
0 02 04 06 08 10 12 14
Ly/L,

Fig. 5. Sgasafunction of the channel geometry. (1)—(3) The
sameasinFig. 3.

was induced by an external magnetic field. The Ad(x)
curvefor uniform strain (k, # 0, k; = 0) agreeswell with
the numerically calculated distribution of Hall voltage
in the channel of an M1S magnetotransistor [7].

Now let us calculate the conversion efficiency Sg
and the absolute sensitivity S, of the pressure trans-
ducer. Let the drains D1 and D2 be separated by a gap
W (Fig. 1) and havethesamewidth L = (L,—W)/2. The
values of S, and S; are found by integration [2]:

-W/2

P
Sa = 2CU,Rp(Uc—Ug—Upys) j Ix (Lo X)dy, (13)
-L /2
(Uc—Ug-—
219

S = Cu, Uog) " I (L ydy. (14)

-L,/2

Here, 12, = 13, = |3 arethedrain currents of transis-
tors T, and T, in the absence of strain:

U
= u,C L, BJ —-Ug - DS DS (15)
Integrating Eq. (13) and (14) in view of Eq. (10) and
(11) yields

g, = Mas(Uc=Us—UoglL,

2 (Uc-Ug)lp
(Uc—Ug—Upg)L

(Uc—-Ug)Lo

Y, (16)

S, = 2M ISR, Y, (17)

where

(=1)"Fa(k UC:U@ ps)

nZ

8 cosh(T[nW/ZLX)_1
[cosh(nnLVIZLx) }

The absolute and relative sensitivities of the strain-
sensitive transistor as functions of the channel geome-
try are shown in Figs. 4 and 5. The run of the S, vs.
L,/L, curveisalmost the same for the uniform and non-
uniform distributions of mechanical strain (Fig. 4): S,
monotonically increases and saturates at L, /L, > 2. For
k; = O, this is consistent with the similar analytical
dependence for an MIS magnetotransistor [7]. The
dependence of S; on L,/L, (Fig. 5) features a peak at
L,/Ly = 0.1-0.2 for the nonuniform case (k, # 0). From
the curvesrepresented in Figs. 4 and 5, one can find the
optimal value of L, /L, at which & and S, are maximal.

Figures 6 and 7 depict analytical dependences of S,
on the drain—source, Upg, and gate-source, Ug, poten-
tial differencesfor CRpp, = 1072 AsUpsgrows(Fig. 6),
the absolute sensitivity linearly increases and peaks at

(18)
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S4, 10711 V/Pa
6 -
1
_ 2
3
4 -
2 -
1 1 1 1 1 1 1 ]
0 1 2 3 4

UDS’V

Flg 6. SA VS. UDstr UC_ UG =5V.

Ups = (Ue — Ug)/2. The run of curves 1-3 to a great

extent is defined by the dependence I%(UDS) [expres-
sions (15) and (17)]. With an increase in Ug, S, drops
practically linearly (Fig. 7, curves 1-3). As follows
from formula (16), S is virtually independent of Upg
and Ug.

To conclude, consider briefly one more basic prop-
erty of apressure transducer: linearity of the load char-
acteristic. It isknown [3, 4, 8] that possible reasons for
the nonlinearity of piezoresistive membrane transduc-
ersare nonlinear conversion of pressureto elastic strain
by that part of the membrane where the sensitive ele-
ment is located and also nonlinearity of the piezoresis-
tive effect. Experimental and theoretical studies [3, 4,
8] suggest that the nonlinearity of the load characteris-
tic due to the above reasons is greatly reduced by the
differential design of the sensitive element, where one
of the transistors is under compression and the other,
under stretching.

Thus, the design of the pressure transducer pro-
posed in this work increases the absolute sensitivity
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S4, 10711 V/Pa
8 —

Ug, V

Fig. 7. Spvs. Ug for U =10V and Upg= 3 V.

twofold and provides a better linearity of the load char-
acteristic compared to the single-transistor design [2].
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Abstract—A simple X-ray diffraction technique for determining the easiest slip planesin amorphous-crystal-
line polymer grains is suggested. The efficiency of the technique was demonstrated with polyethylene and

polyamide-6. © 2001 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

Determination of the easiest dip planesin solidsis
acomplex, while well-established, procedure. Usualy,
bulk single crystals are deformed and then examined
with electron microscopy, aswell as el ectron and X-ray
diffraction methods [1-4]. In the case of polymers,
many small single crystals grown in dilute solutions are
settled out on plastic substrates that are subsequently
deformed [4].

It would be logical to assume that the easiest slip
planes observed in polymer single crystals are also
present in mosaic polycrystals; however, this statement
isin doubt. Moreover, in polymer crystals, the easiest
dlip planes usually coincide with planes of chain fold-
ing, and the direction of the latter depends on growth
conditionsfor both bulk single crystalsand single-crys-
tal grains. At least, folding planes in the crystals and
grains may differ. Therefore, determination of dip
planes (and the easiest dlip planes, in particular) in
polycrystalline polymer materials seemsto be atopical
problem, since thisis necessary for abetter understand-
ing of deformation mechanisms in amorphous—crystal-
line polymers.

In thiswork, we present a simple technique for find-
ing the easiest dip planes in amorphous—crystalline
polymers.

EXPERIMENTAL

First, a sufficiently thick highly oriented amor-
phous—crystalline film of a crystallizable polymer is
formed by any one of the preparation procedures. Its
thickness, dictated by transmission X-ray diffraction
analysis, usually ranges from 0.1 to 2 mm. Thick films
are structurally more uniform; in addition, substrate
effectsare avoided in this case. Highly oriented crystal-
lites are prepared, for example, by orientation drawing
at temperatures sufficient for crystallization or recrys-

tallization processes to occur [4]. Macromolecules in
the crystallites are then oriented largely along the draw-
ing direction. If thefilmisamorphized or does not crys-
tallize during the orientation process (for example, if
orientation drawing is carried out at temperatures
below the glass-transition temperature), it can be
annealed. The annealing conditions should be selected
in such away asto preserve the preferential orientation
of the molecules along the drawing direction (e.g.,
annealing can be performed at a fixed length of the
specimen). The need for initially thick films may show
up a this stage as well, since the film geometry must
prevent planetexturing of the crystallites. Itisdesirable
that the film texture be axia relative to the texture axis,
which coincides with the direction of macromolecules
in the crystallites. When an X-ray beam isincident nor-
mal to the drawing direction, a large-angle diffraction
pattern for such filmsissimilar to arotating-crystal pat-
tern and exhibits a set of curved reflections on the layer
lines (primarily on the zero layer line, or equator). The
equatorial reflections are those from crystallographic
planes parallel to the axes of macromolecules. It isjust
along these planes that share strain in polymer crystals
takes place [4].

Once the highly oriented amorphous—crystalline
film has been prepared, the next orientation drawing
(reorientation) is carried out at a large angle (from 20°
to 70°; 45° seems to be the best) to the direction of the
first drawing. To make this procedure easier, apieceis
cut out of theinitial specimen in such away that itslong
sides make the given angle with thefirst drawing direc-
tion (Fig. 1a).

During the second drawing, diffraction patterns are
taken from strained specimens from time to time. The
X-ray beam remains perpendicular to the specimen all
thetime. A typical changein the large-angle diffraction
pattern is demonstrated in Figs. 1b and 1c. The diffrac-
tion pattern turns toward the direction of the second

1063-7842/01/4602-0258%$21.00 © 2001 MAIK “Nauka/Interperiodica’
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(b) (©)

Fig. 1. (8) Specimen preparation: Wy, direction of thefirst orientation drawing of the polymer film at atemperature T,; W5, direction
of the second orientation drawing at T,; and o, angle between these directions. (b) Large-angle X-ray diffraction pattern for theini-
tial specimen (after the first drawing); 1 and 2 are equatorial reflections. (c) Large-angle X-ray diffraction pattern for the specimen
stretched in the direction Ws; the reflections are turned toward this direction, reflection 2 from the easiest slip planes being ahead of

reflection 1.

drawing, but the equatorial reflections from the easiest
dlip planes are ahead of those from other planes: the
former are rotated through a larger angle toward the
second drawing axis. Note that such a criterion for
determination of the easiest dlip planesisvalid not only
for reversible but also for low plastic strains.

In addition, slip, or shear strain, inside the crystal-
lites may lead to radial broadening of reflections from
the dip planes; this effect is, however, noticeable only
for intense reflections. Moreover, it shows up only
when reorientation occurs in a system of highly ori-
ented crystallites where the macromolecule axis is
aligned with the texture axis. If these axes do not coin-
cide or the angle of reorientation is close to right angle,
shear strain of the crystallites may cause the reverse
effect: radial narrowing of the reflections [5].

RESULTS AND DISCUSSION

Polyethylene. First, we applied our technique to
low-density polyethylene. Grains of commercia poly-
ethylene of molecular weight M = 25 x 10° were used
to mold 1.4-mm-thick films. The operating temperature
and pressure were 200°C and 5 MPa, respectively. The
films were quenched in room-temperature water. Then,
they underwent uniaxial stretching to an elongation by
a factor of 5 (first orientation) at T, = 85°C and to an
elongation by a factor of 9 at T, = 20°C. Next, speci-
mens cut out of the films at various angles a to the first
orientation direction (Fig. 1a) were subjected to step
strain (second orientation) at temperatures T, = 20 and
85°C in a specia chamber inside the X-ray chamber.
After each step, the stressed specimens were held for
12 h and large-angle diffraction patterns were recorded
on aflat X-ray film. The X-ray beam was directed nor-
mally to the X-ray film plane. Ni-filtered CuK, radia-
tion was used.

TECHNICAL PHYSICS  Vol. 46
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Figure 2 shows atypical large-angle diffraction pat-
tern obtained under recoverable strain (~50%) in the
experiments with T,/T, = 85/20 for a = 75°. The
200 reflection is an angle W ahead of the 110 reflection
when they rotate toward the vertical direction of a new
equator. Like 110, other equatorial reflections, hkO and
0kO, are aso left behind. The same is true for the
100 reflection of the monoclinic modification of the
polyethylene (the closest to the center of the pattern).
Thelast-named reflectionislikely to appear because of
martensitic transformation. The azimuth angle of

\\ 110

' 200

Fig. 2. Large-angle X -ray diffraction pattern for the polyeth-
ylene specimen after thefirst drawing at T, = 85°C and after
uniaxial elastic stretching (~50%) at an angle a = 75° to the
first drawing direction for T, = 20°C. At the center, the asso-
ciated low-angle pattern is shown.
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Fig. 3. Thesameasin Fig. 2 for the specimendrawn at T, =

20°C and stretched to 50% at T, = 20°C for a = 45°. The
residual strain after load removal is 15%.

advance W is small, no more than several degrees. This
means that slipping along other paratropic planes pro-
ceeds with almost the same easiness; specificaly, it
obviously proceeds along the (110) planes.

The (110) reflection is the most intense; therefore,
its radial broadening is seen immediately from the dif-
fraction patterns without any measurements. Under

(a

GINZBURG, SULTANOV

elastic strain, this broadening is known to reversibly
change[6]. It isassociated with shear strain of the crys-
tallites due to intracrystallite slipping. The sign of the
shear strain is the distorted low-angle diffraction pat-
tern at the center of Fig. 2.

Similar results were obtained for the other tempera-
ture conditions of thefirst and second drawings. T,/T, =
20/20 and 85/85. In Fig. 3, alarge-angle pattern for the
20/20 series is depicted; the strain of the specimen,
50%, is not fully recoverable: after load removal, the
residual strain was ~15%. However, in this case, too,
the 200 reflection leads and the angle of advance W is
small. The low-angle diffraction pattern at the center of
Fig. 3isanindication of the shear strain in the crystal-
lites.

In polyethylene, the (110) plane is the most closely
packed. Usually, it is aso the easiest dip plane. In our
case, however, the easiest dlip planeis (200), second in
packing density [7]. It appearsthat here the (200) plane
is the folding plane, which in many ways explains the
results observed.

Thus, in highly oriented mosaic amorphous—crystal -
line polyethylene, at least two dip systems, (200)[001]
and (110)[001], are present, the former being the sys-
tem of easiest dip. Thisis consistent with the literature
data[7].

For right-angle reorientation (o = 90°), one might
expect the (200)[020] dlip system; however, this system
was not revealed. The crystallites first were at short-
term unstable equilibrium and then were separated into
two sets with the (200)[001] and (110)[001] dip sys-
tems.

Polyamide-6. In polyamide-6, the macromolecule
axes are aligned with the b axis. Intermolecular interac-
tionin polyamide-6 is known to strongly depend on the
crystallographic direction because of hydrogen bonds

(b)

Kl

[002]
s 200
~ ‘r 7/

)
Wi
. "
4

W [002]

Fig. 4. Large-angle X-ray diffraction pattern for the oriented polyamide-6 film annealed at 200°C and then uniaxially stretched (sec-
ond drawing) at an anglea = 45° to theinitial orientation at T, = 20°C; the second drawing was performed in the horizontal direction.
Thestrain € = (a) 0, (b) 22% (fully recoverable strain), and (c) 300% (irreversible strain to prerupture with necking).
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formed in the (002) planes. Slipping transverse to these
planesis therefore greatly hindered in polyamide-6.

L et us see how thiswell-known situation isreflected
in experiments using our approach. Polyamide-6 spec-
imens were prepared by annealing (2 h, 200°C) ori-
ented commercia PK-4 films of fixed length. Further
procedures were the same as with the polyethylene.

Figure 4 demonstrates large-angle diffraction pat-
terns obtained after reorientation under room condi-
tions for a = 45°. When the strain was recoverable
(~22%), the angles of rotation for the equatorial reflec-
tions drastically differed: the 002 reflections turned
through nearly 30°, while the positions of the
200 reflections remained almost unchanged. Hence, the
easiest-dlip plane is (002).

Two points seem to be noteworthy in our opinion.
First, note that the 200 reflections turn insignificantly
even at a subseguent plastic strain of 300%, when the
002 reflections are set on a new equator. Second, the
002 reflections markedly broaden in the radial direc-
tion. In the case of plastic strain, this may be associated
with melting of initial crystallites and the nucleation of
new, smaller, ones; for elagtic strain, this indicates the
presence of shear strain in the crystallites.

Thus, our approach was tested on two polymers
with extremely different intermolecular interactions. It
can be assumed that the vast mgjority of other crystal-
lizable polymers are close to those studied or lie in
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between by intermolecular interaction force. It isthere-
fore hoped that our technique for determination of eas-
iest dip planes in mosaic amorphous—crystalline poly-
mers will be applied to studying other crystallizable
polymers.
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Abstract—L uminescent properties of Pbl, and Pbl,: 0.5 mol % MnCl, crystals under X-ray or N,-laser exci-
tation are studied experimentally. The measurements are performed at temperatures ranging from 85 to 295 K.
For Pbl, crystals under laser excitation, spectral bands with peaks near 495 and 512 nm, respectively, are
observed at 85 K. With X-ray excitation at the same temperature, luminescence is observed in the 515- and
715-nm bands. The doping decreases the intensity in the 515-nm band, increasesit for longer wavelengths, and
shifts the highest peak to 700 nm. At 85 K, the doping has an insignificant effect on the excitation energy accu-
mulated by trapped electrons. Certain Pbl, crystals also exhibit a peak in aregion of 580-595 nm. This peak
becomes much higher if the crystal is treated with an N, laser at room temperature or if it is heated to 450
485 K. Asthe measurement temperature risesfrom 85 to 295 K, luminescence intensity decreases considerably.
With X-ray excitation at room temperature, the yield of Pbl, : Mn [luminescence peaked at 660 nm for doped
crystals is about three times larger than the yield peaked at 555 nm for nondoped crystals. The spectral curves
and underlying radiative processes are discussed. © 2001 MAIK “ Nauka/Interperiodica” .

The luminescence from Pbl, crystals excited by
X-ray pulses was addressed in [1]. With temperature
raised from 77 to 293 K, it was revealed that the emis-
sionintensity decreases by afactor of ~25 and the spec-
tral peak shifts from 520 to 550 nm. A remarkable fea-
ture of the crystals is that the temperature rise has an
insignificant effect on the pulse luminescence decay
time, which is 0.4 ns a most. The high density and
short luminescence decay time of Pbl, crystals suggest
that they may be used as fast scintillators. Regarding
the activated Pbl, crystals, little attention has been
given to their luminescent properties under pulsed or
stationary X-ray excitation.

Thisexperimental study examines the luminescence
from Pbl,: Mn crystals under stationary excitation by
X-rays or laser radiation. We used an LGI-21 nitrogen
laser operating at A = 337.1 nm. Our aim wasto explore
the effect of Mn doping on the accumulation of excita-
tion energy by trapped electrons, the specific light
yield, and the luminescence spectrum for temperatures
ranging from 85 to 295 K.

The crystals were grown by the Stockbarger—Bridg-
man technique [2]. During their growth, the melt was
doped with ~0.5 mol % MnCl,. The starting material
(Pbl,) was of analytical-grade purity and was further
purified by oriented crystallization [2]. Luminescent
properties of the crystals were studied according to the
technique described in [3].

First, let us consider the luminescence spectra of
nondoped crystals. With laser excitation at 85 K, we
detected an intense narrow band with a peak near
512 nm and a faint band centered at 495 nm. With X-
ray excitation at the same temperature, the spectrum

consists of bands at 515-520 and 715 nm. Some of the
specimens also exhibited a peak in the region of 580—
595 nm under both types of excitation (see curve 1 in
Fig. 1). This peak becomes much higher after the crys-
tal (in the cryostat) is heated to 450485 K or treated
with N, laser radiation at room temperature. These
crystalsretain their luminescent propertiesfor about six
months in storage at the laboratory.

If the measurement temperature israised from 85 to
295 K, luminescence decreases considerably. With X-
ray excitation at room temperature, the spectral curve
has alow-intensity band centered at 555 nm and awide
plateau between 640 and 780 nm (seecurve 2in Fig. 1).

I, arb. units

600 700 800 A,nm
Fig. 1. Luminescence spectra of a Pbl, crystal under X-ray
excitation for (1) 85 and (2) 295 K.
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Similar shapes have spectra obtained with laser excita-
tion near the higher temperature limit.

At 85 K, trapped electrons accumulate a small
amount of energy during laser or X-ray excitation.
When the temperature is raised to 295 K, nonelemen-
tary peaks were observed in the thermoluminescence
curves at about 117 K.

Now, let us proceed to Mn-doped Phl, crystals.
Consider the case of X-ray excitation. At 85 K, lumi-
nescenceintensity was found to decrease by threetimes
in the 515-nm band and to increase for longer wave-
lengths, with the highest peak shifted to 700 nm
(curvel in Fig. 2). The plateau between 590 and
610 nm stems from a peak at 595 nm, which character-
izes the thermally treated Pbl, crystals.

A rise in temperature crucially reduces the peak at
700 nm. Specifically, for 150-295 K, its height is about
5% of that for 85 K. At 295 K, the spectrum is charac-
terized by a low-intensity wide nonelementary band
centered at 660 nm (curve 2 in Fig. 2). At thistempera-
ture, the specific light yield is about three times larger
than that of nondoped crystals. The energy accumu-
lated under X-ray excitation is small again.

Let us consider laser excitation. At 85 K, the spec-
trum has a low-intensity band centered at 700 nm as
well as an intense narrow band at 515 nm (curve 1 in
Fig. 3). If the temperature israised to 295 K, the lumi-
nescence intensity is strongly quenched and the crystal
emits at wavelengths longer than 550 nm (curve 2 in
Fig. 3). The faling segment of the spectral curve indi-
cates emission peaks at 660 and 700 nm.

Figure 4 shows the luminescence intensity in the
bands at 515 and 700 nm against temperature for the
case of laser excitation. It is seen that the two curves
differ markedly. As temperature increases from 85 to
180 K, the intensity in the 515-nm band decreases rap-
idly and monotonically (curve 1), whereas that in the
700-nm band increases dlightly until 95 K is reached
and then decreases monotonicaly (curve 2). Eventu-
ally, intensity fallsto avery low level in both cases.

Thus, the above results demonstrate that doping
with Mn changes the Pbl, luminescence spectrum. For
laser excitation, a new band arises. For X-ray excita
tion, the intensity is redistributed in favor of longer
wavelengths. At low temperatures, asimilar effect was
observed in crystals doped with Cdl,. Based on [4-7],
we reason that interstitial Mn ions have a valency of 2.
No luminescence from Mn?* centersin the crystals was
observed near the lower temperature limit. This may
stem from the fact that the excited states of doping ions
are in the conduction band or that the dopant forms no
efficient recombination centersthat could compete with
those of the matrix [8].

Some authors attribute the edge emission at 512 nm

to I, centersin Pbl, [9, 10]. The low-intensity peak

located near 495-500 nm is associated with the radia-
tive relaxation of free excitons. If Pbl, isirradiated with
TECHNICAL PHYSICS Vol. 46
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1, arb. units

il |

A, nm

500 600 700 800
Fig. 2. Luminescence spectra of a Pbl, : Mn crystal under

X-ray excitation for (1) 85 and (2) 295 K.

1, arb. units
1

//I | | | d
500 600 700 800 A, nm

Fig. 3. Luminescence spectra of a Pbl, : Mn crystal under
laser excitation for (1) 85 and (2) 295 K.

photons corresponding to band-to-band absorption, an
induced signal can be detected at 77 K. The signal rep-
resents electron paramagnetic resonance (EPR) and
exhibitsalinewith ag-factor of 2.009. ThisEPR signal
isascribed to Pb* centersin Pbl,. They result from elec-
tron trapping by irregular Pb? ions located near
extended defects or at sites where lead-iodine bonds
are broken. Another EPR signal, which has a compli-
cated nature and reflects hyperfine interaction, is asso-
ciated with a hole trapped by two |- ions with the for-

mation of an |, molecular ion [10, 11].

In single crystals and polycrystals of Phl,, the
715-nm band has a high quantum yield mainly under
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I,
1.0

0.5

100

Fig. 4. Normalized luminescence intensity vs. temperature
for (1) the 515- and (2) the 700-nm band in the case of a
Pbl, : Mn crystal under laser excitation.

optical excitation near the absorption band edge. It is
conceivable that the EPR signal with g = 2.009 and the
red band of photoluminescence have a common mech-
anism, since they both obey a boat-shaped temperature
characteristic in arange of 80—150 K [10]. In al likeli-
hood, the red band is caused by defects in the crystal
bulk, and the photoluminescence probably stems from
recombination. This explains why a nondoped perfect
Pbl, crystal does not luminesce in the 715-nm band
when it is irradiated with an N, laser operating at a
wavelength for which the crystal offers strong intrinsic
absorption in a near-surface layer, but does luminesce
when it isirradiated with X-rays, which have a higher
penetrating power.

Based on [10], one could associate thisoptical emis-
sion with the 3P, — 1S, radiative transitions in Pb?*
ions induced by the recombination of holes with Pb*
electron-trapping centers. Investigating the photovol-
taic properties of Pbl, crystals has revealed that this
material isan n-type semiconductor if itstemperatureis
below 180 K [12]. Otherwise, it is a p-type semicon-
ductor. We therefore suggest that the 715-nm emission
is produced by the recombination of electrons and the
holes confined to halogen ions in the neighborhood of
Pb* ions. The latter ions are associated with anionic
vacancies[13] that are always present in Pbl, asaresult
of the volatilization of iodine during crystal growth
[14]. In short, we connect the 715-nm emission with a-
centers (see also [15]). Since M?* has a smaller ionic
radius compared to Po?* [16], the presence of Mn?* ions
in aPbl, crystal causes lattice disordering and hence a

KRAVCHUK et al.

rise in the concentration of the centers of long-wave
luminescence both in the bulk and near the surface.

An abrupt decrease in the intensity—temperature
characteristic measured at 515 nm may result from the
temperature-stimulated delocalization of holes from V,
centers [8]. Some of the holes are then trapped by
deeper centers; hence, adight increase in the curve for
700 nmisobserved. In this band, luminiscence quench-
ing near the higher temperature limit may be induced
by both the temperature-stimulated delocalization of
holes from the centers, followed by their radiationless
recombination at deep electron-trapping centers, and
ionic and photochemical processes|[2].

A peak in the region 580-595 nm, which is charac-
teristic of anear-surface region in nondoped crystals, is
probably related to oxygen [17]. As noted above, this
peak can be made higher by heat or laser treatment of
the crystal. The luminescence intensity markedly
decreases as the temperature rises from 85 to 200 K.

We also studied the kinetic properties of lumines-
cence from Pbl, crystals under 3-, y-, or X-ray excita-
tion according to the techniques described in [1, 17].
The results agree with [1]. This allows us to infer that,
for the 515- to 520-nm and the 555-nm band, doped
crystals under X-ray excitation also have a short lumi-
nescence decay time (1, = 0.5 ns). The longer lumines-
cence decay time (1, = 1.5 x 10 s) of nondoped crys-
tals measured between 500 and 800 nm at room tem-
perature seems to stem from the radiative relaxation of
excitons confined to defects.
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Abstract—A discharge system with peripheral discharge chambers (Penning cells) and common hollow cath-
ode with only one cell supplied with power is studied. It is shown that a jumpwise transition from a dark dis-
chargeto aglow discharge is accompanied by the penetration of plasmainto the hollow cathode. © 2001 MAIK

“ Nauka/Interperiodica” .

Due to a high plasma density in a glow discharge
with ahollow cathode, such discharges are widely used
as plasma sources of charged particles [1, 2]. In this
paper, we study adischarge system with an annular hol -
low cathode and two peripheral discharge chambers
(Penning cells) [3], one of which is supplied with
power, whereas the anode of the other chamber is con-
nected to the cathode (Fig. 1). The penetration of the
plasma into the hollow cathode was established by the
ion current from a single probe, which was set at the
end of the hollow cathode near the aperture of the
working cell. The discharge was ignited at a residual
pressure of air in the vacuum chamber.

Experiments show that the transition from a dark
discharge to a glow discharge occurs in a jump. At a
pressure of 13.3 Pa and voltage of 70V, the discharge
current | changes rapidly from 1-50 pA to 1-10 mA
and the discharge voltage V falls by 5-10 V. This tran-
sition is accompanied by penetration of the plasmainto
the hollow cathode, the probe current being 1 pA. The
absence of the effect of ahollow cathode at low current
isrelated to the fact that, in this case, the charged parti-
cles do not enter the hollow cathode from the Penning
cell. The plasma and electrons do not penetrate into the
hollow cathode because of the drop in the cathode
potential in front of the cathode aperture, whereas the
penetration of ions is hindered by their scattering in
front of the aperture due to the specific shape of the
boundary of the cathode dark space.

As the current increases, the length L of the region
of the cathode voltage drop decreases. At certain criti-
cal parameters of the reflex discharge, the cathode dark
space shrinks so that theion shell in front of the hollow
cathode aperture breaks and the plasma penetrates into
the cathode. The condition for penetrating isL < R,
where Ris the radius of the hollow cathode [1].

The maximum current of the dark discharge attained
200 pA at a discharge voltage of 950V and a pressure
of 8 Pa; in this case, the probe current was zero. The
dependence of the discharge current on the voltage at a

pressure of 11.7 Pais shown in Fig. 2. When the glow
discharge was ignited at the minimum value of the dis-
charge current required for this type of a discharge to
exist (1-1.4 mA), there was plasma.in the hollow cath-
ode and the probe current attained 8 pA. Asthe current

Fig. 1. Diagram of the discharge system: (1) hollow cath-

ode, (2) anode, (3) flat cathode, (4) permanent magnet, and
(5) probe.

I, A
100 -

10—1 -

10—2 -

]
400
V.,V
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0 100 200 300

Fig. 2. The discharge current | vs. voltage V at a pressure of
11.7 Pa
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Fig. 3. The decrease in the voltage after the ignition of a
glow discharge vs. pressure.

decreased further, the glow discharge transformed into
the dark discharge; in this case, there was no plasmain
the hollow cathode and the probe current was zero.

The decrease in the voltage after the ignition of a
glow discharge versus pressureis shown in Fig. 3. The
higher the ignition voltage, the larger the decrease in
the voltage; the ratio AV/V ranges within 0.5-1.

Figure 4 presents the dependence of the discharge
voltage on the argon pressure for different values of the
discharge current in the case when only one cell is sup-
plied with power, whereas the other cell isinsulated. At
a constant discharge current, the discharge voltage
decreases with increasing pressure.

Thus, it is experimentally shown that, in the dis-
charge system under study, plasma penetrates into the

TECHNICAL PHYSICS Vol. 46 No.2 2001

267
V.,V
400
300 -
\N\\%‘ s
\\‘\‘2
L
2
100 ~ ‘\Q\-.\.
I
1 1 ]
0 10 20 30

P, Pa

Fig. 4. Dependence of the discharge voltage V on the argon
pressure P for different values of the discharge current: | =
(1) 10, (2) 50, (3) 100, (4) 150, (5) 200, and (6) 250 MA.

hollow cathode when the discharge switches from the
dark mode to the glow one.

REFERENCES

1. Yu. E. Kreindd’, Plasma Sources of Electrons (Atomiz-
dat, Moscow, 1977).

2. A.S.Metel’, in Proceedings of the 1st All-Union Confer-
ence on Plasma Emission Electronics, Ulan-Ude, 1991,
p. 77.

3. E. . Gyrylov and A. P. Semenov, Zh. Tekh. Fiz. 65 (1),
189 (1995) [Tech. Phys. 40, 106 (1995)].

Translated by N. Ustinovskii



Technical Physics, Vol. 46, No. 2, 2001, pp. 268-269. Trandlated from Zhurnal Tekhnicheskor Fiziki, Vol. 71, No. 2, 2001, pp. 139-140.

Original Russian Text Copyright © 2001 by Ovsyannikova, Fishkova.

BRIEF COMMUNICATIONS

Energy Filter in the Form of a Three-Electr ode Plane Capacitor
with End Diaphragms

L. P. Ovsyannikovaand T. Ya. Fishkova
| offe Physicotechnical Institute, Russian Academy of Sciences, S. Petersburg, 194021 Russia
e-mail: L.Ovsyannikova@pop.ioffe.rssi.ru
Received April 27, 2000

Abstract—An electrostatic system based on a plane capacitor is suggested to provide monochromatization of
the beams of charged particles. In addition to monochromatization, this system also straightens the beam tra-
jectory. The parameters of the system are calculated numerically within a broad range of variation of its

strength. © 2001 MAIK “ Nauka/Interperiodica” .

Two-€electrode plane capacitors are widely used for
the energy filtration of charged particles. For this pur-
pose, the capacitor should be operated in the mirror
mode with the beam inlet and outlet through its plate.
A number of electrodes with linear potential variation
are placed along the edges to provide field homogene-
ity. To simplity the system design, these electrodes can
be replaced by end diaphragms, with a potential equal
to the potential of any of the capacitor plates. Although
both the linear dispersion and energy resolution of such
adeviceareon par with similar characteristicsof aclas-
sical plane capacitor, the former has a much simpler
design than the latter [1]. To ensure angular beam
focusing in the mirror mode, both the source and the
detector of the charged particles should be near the
capacitor. However, in some cases, this requirement
cannot be met.

X, mm

In the preceding works [2, 3], we studied the work-
ing modes of an energy filter based on a cylindrical
capacitor as charged particles entered through the end
electrode. This system allows a more convenient
arrangement of the source, detector, and other ele-
ments. If the beam intersects the capacitor axis at two
points (double intersection), this system provides a
straight beam-propagation trajectory. In this case, the
system is of considerable interest for developing cer-
tain physical devices based on the monochromatic
beams of charged particles.

The goal of thiswork was to solve similar problems
using plane electrodes. The cross section of the sug-
gested deviceis composed of three plane-parallel plates
and two plane end diaphragms and is shown in Fig. 1.
The diaphragms are placed close to the outer plane
electrodes, and their holes are coated with grids to
allow the beam to enter and exit. Fieldmaking poten-

-15

Fig. 1. A three-electrode plane capacitor with end diaphragms providing a straight trajectory of beam propagation.
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Fig. 2. Parametersof the system shownin Fig. 1 asfunctions
of its strength: (1) distance from the axis to the beam
entranceand exit in case of an axial beam trgjectory; (2) sys-
tem length; and (3) linear energy dispersion.

tials are applied to the outer electrodes, whereas both
the inner plate of the capacitor and the end diaphragms
are grounded. The length of the system is several times
longer than its width.

The geometrical electric parameters of the system
were calculated numerically using the TEO computer
program for a plane problem [3]. If the beam inlet
direction is paralel to the longitudinal axis of the sys-
tem and the inlet site is a a certain distance from the
axis, the strength of the system and its total length
should be chosen to meet the following condition: the
focused beam spot size at the site of the first intersec-
tion should be as large as possible, whereas the output
beam should be as parallél as possible. Therefore, this
system provides a straight trajectory of beam propaga-
tion and its energy filtration according to the size of the
first dit in the middle plate.

The results of numerical calculations of the param-
eters of the energy filter described above are given in
Fig. 2. In these calculations, the distance between the
plane electrodes and the gap between the outer and end
electrodes were taken to be a = 10 mm and s = 0.2a,
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respectively. The tragjectories of propagation of an elec-
tron beam with an initial energy of ;= 100 €V in one
of the working modes of the deviceare shownin Fig. 1.

The parameters of the system were chosen to make
theinlet and outlet coordinates of the axial beam trajec-
tory equal to one another: x = x, = X; (Fig. 2, curve 1).
In this case, dependence of the total length of the sys-
tem L onitsstrength eV/e, (whereV isthe potential dif-
ference between the outer and middle plates of the
capacitor) is characterized by curve 2 (Fig. 2), whereas
the dependence of the coefficient of linear dispersion
D = Az¢y/Ac ischaracterized by curve 3 (Fig. 2). It fol-
lows from Fig. 2 that the stronger the system, the
smaller its length and dispersion and the closer the
beamistoitsaxis. If theinlet size of aparalel beamis
AXy = 0.1a, the size of the beam at the first intersection
site does not exceed 0.02a, whereas the outlet size of
thebeamis Ax < 1.2Ax,. Theexit angle of the axial tra-
jectory in any working mode does not exceed 0.5°, and
the maximum deviation of peripheral trgjectoriesisless
than £3°.

The energy filter with straight beam trajectory
described in this work is based on a three-electrode
plane capacitor with end diaphragms. The parameters
of the energy filter are close to those of asimilar system
based on a cylindrical capacitor. In terms of design
characteristics, thisenergy filter is compatible with var-
ious optoelectronic systems composed of plane ele-
ments. It should be noted that such purely electrostatic
systems are similar to a Wien filter with crossed elec-
trostatic and magnetic fields.

REFERENCES

1. L. P. Ovsyannikova and T. Ya. Fishkova, Zh. Tekh. Fiz.
65 (3), 113 (1995) [Tech. Phys. 40, 288 (1995)].

2. L. P. Ovsyannikova and T. Ya. Fishkova, Zh. Tekh. Fiz.
62 (5), 179 (1992) [Sov. Phys. Tech. Phys. 37, 582
(2992)].

3. L. P. Ovsyannikova, S.V. Pasovets, and T. Ya. Fishkova,
Zh. Tekh. Fiz. 62 (12), 171 (1992) [Sov. Phys. Tech.
Phys. 37, 1215 (1992)].

Trandated by K. Chamorovski?



Technical Physics, Vol. 46, No. 2, 2001, pp. 270-271. Trandated from Zhurnal Tekhnicheskor Fiziki, Vol. 71, No. 2, 2001, pp. 141-142.

Original Russian Text Copyright © 2001 by Askerzade.

BRIEF COMMUNICATIONS

The Effect of Boundary Conditions on the Super conducting
Transition Critical Temperaturein Superlattices

. N. Askerzade

Institute of Physics, Academy of Sciences of Azerbaijan, pr. Dzhavida 33, Baku, 370143 Azerbaijan
Received May 15, 2000

Abstract—For asuperconducting superlattice consisting of aternating layers of two material swith thicknesses
aand b, an analogue of the Cooper formulais obtained for boundary conditionsin the general form. The effect
of the boundary conditions on the critical temperature is studied, and the possibility of order parameter local-
ization in the layerswith ahigher critical temperature is demonstrated. © 2001 MAIK * Nauka/Interperiodica” .

The phenomenon of high-temperature superconduc-
tivity has recently generated interest in experimental
[1, 2] and theoretical [3-5] investigation of supercon-
ducting superlattices. The advanced deposition tech-
niques enable one to produce artificial superlattices
with smoothly varying parameters. Therefore, superlat-
tices have a great potentia for simulating properties of
layered superconductors.

Let a superlattice consist of two aternating super-
conducting layers A and B of thicknesses a and b and
have atotal period L = a + b. In the classical statement
of the Cooper problem, the boundary conditions
imposed on the wave function (WF) of a Cooper pair
are the continuity of the WF and its first derivative at
the interface:

1 P4

A
EDaZDA 1A~ 1)

l'pA = LIJB! - mBDGZDB’

where m, g isthe effective mass of charge carriers and
subscripts A and B relate to the materials on each side
of theinterface.

Suppose that the critical temperature in layer A, Tea,
is higher than in the other, Tg. In the general case, the
WEF and its derivative on one side of the interface
should be joined with a linear combination of W and
0W/0z at its other side:
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| isan arbitrary constant length, and Tag stands for the
transition matrix at the interface.

It is interesting to trace a relationship between the
transition matrix and the superlattice critical tempera-
ture. For this purpose, we will study the effect of the
boundary conditions upon the density of states on the
Fermi surface and, hence, upon T, (a, b) in terms of the
BCS theory in the effective mass approximation. Such
a method was applied within the Eliashberg approach
[6] to derive the critical temperature for an ellipsoidal
Fermi surface.

We consider the Debye frequencies and the con-
stants of four-fermion interaction in the BCS theory to
be the same; this assumption is justified because of a
weak dependence of T, on wy and on the order of the
electron—phonon interaction constants (the weak cou-
pling model). The layers are considered to differ in
mass only. Due to the periodic structure of superlat-
tices, the carrier masses can be renormalized and the
concept of longitudinal and transverse effective masses
can be introduced [7]. Then, employing the transition
matrix method, the electron spectrum is readily
obtained from the solution of the Schrédinger equation
for the wave function envelope satisfying the general-
ized boundary conditions. The effective masses at dif-
ferent points of a Brillouin zone can be found by
expanding the energy in terms of the wave vector. Anal-
ysisshowsthat, at the top of amini-Brillouin zone, lon-
gitudinal and transverse masses are expressed as

m,sinhkb
k(a+b)C2

my = 4)

where

2 2,2 4,2 .2 =2
h = ((tp+a'ty) + (1 +t07)

- Z(thltlz + G_lt21t22) COthK b,
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Mo = my8+mg(1-0),
2 i ®)

g - _Ca a%H sinkap
2(a+Db) ka O

C2 = 2(a+ b)%a%l_ + ——-S'E:a5+ b[slnth +10
0

O kb 0
1+ cosk b0
+ COSKa K

The other designations follow [7]. The effective
constant of interaction in the BCS expression for criti-
cal temperature

1/ gt

T, = Zoge (©)

can be evaluated from

A = Ngi(0)g. (7)

Introducing the longitudinal and transversal effec-
tive mass means that the Fermi surface is an ellipsoid.
For this spectrum, the density of statesis given by

Ngt(0) = %;«/mnmm- (8)

A feature of our model isthat the effective massand,
hence, the critical temperature depend on the general-
ized boundary conditions. Let us trace the behavior of
the T, (a, b) function derived in view of the expressions
for m and my. The generalized boundary conditions
lead to the localization of the order parameter: asa [0 O,
T, tendsnot to Tz but to T* > T g, where T* is defined

by elements of the transition matrix T ag . As this takes
place, the high-T. layers behave as planar defects,
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where the order parameter islocalized. A similar situa-
tionisobserved in bulk superconductors[8], whereitis
reasoned by the presence of Tamm levels. With ordi-
nary boundary conditions (1), the order parameter
localization does not occur and we come to the Cooper
limit; i.e, T. smoothly varies between T, and Tg.
These results are of interest for the interpretation of
experimental data on order parameter localization on a
dislocation network [1].

In conclusion, by choosing a transition matrix, one
can control the minizone structure of an electron in a
superlattice and, consequently, the density of states on
the Fermi surface. The latter parameter, in turn, is
responsible for the localization effect experimentally
observed in superconducting superlattices.
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