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Abstract—A stationary effect of the electric-field-induced variation of the transmittance of thin-film disperse
systems was studied theoretically. The systems consisting of a nematic liquid crystal (NLC) and a polymer
(NCAP-type systems) represent flattened spheroid droplets with a bipolar NLC structure. These systems are
characterized by a nonmonotonic dependence of the optical transmittance on the applied field strength for the
normal incidence of light. This dependence isinterpreted within the framework of a proposed phenomenolog-
ical model based on the approximations of single scattering and anomalous diffraction. Experimental verifica
tion of the model is performed for dispersed systems with a poly(vinyl acohol) matrix. A good agreement of
the theoretical and experimental resultsis obtained. © 2000 MAIK “ Nauka/Interperiodica” .

The study of electric-field-controlled attenuation
and scattering of light in dispersed systems represent-
ing the suspensions of droplets of nematic liquid crys-
tals (NLCs) in polymer matrices [1, 2] is an important
modern trend in the optics of liquid crystals. We will
consider NLC/polymer thin-film dispersed systems of
the so-called NCAP (Nematic Curvilinear Aligned
Phase) type formed by droplets of abipolar NLC struc-
ture dightly flattened along the normal m to the film.
If the NLC exhibits positive anisotropy of the dielectric
permittivity Ae > 0 and the electric field E is parallel
to m, then the electrooptical response of such systems
is characterized by a pronounced minimum (some-
times, with oscillations) of the field dependence of the
optical transmittance T(E) [3—7]. This fact can be used
for significant improvement of the contrast ratio of pro-
jection displays based on LC dispersions.

Earlier experiments|[2, 3, 5, 8, 9] madeit possible to
determine a scenario of thefield orientation of abipolar
NLC droplet having the shape of a flattened spheroid
with semiaxesa and b, b < a (Fig. 1a). There are three
stages in this process: (1) azimuth-degenerate orienta-
tion of adroplet director N in the film plane for small
values of the electric field strength (0 < E < Ey);
(1) threshold reorientation of an NLC local director
A (r) in the central part of adroplet at a certain critical
value E(b), with retained initial positions of the poles
in the bipolar NLC structure; (I11) orientational transi-
tion N OE —~ N ||E at afield strength E,(b) = E,,,
followed by smooth increase of the orientation ordering
A (r) adong E. In the case of a strong azimuthal surface

binding of NLC and polymer molecules and/or signifi-
cant anisometry of polymer capsules, it is possible that

E., — o, which impliesthat the orientational process
isrestricted to the stages (1) and (I1) [5, 10].

In thiswork, we have performed for thefirst time an
approximate theoretical analysis of the above-men-
tioned electrooptical phenomena for the case when the
wave vector of the incident light k is parallel to the
direction of the orienting field E. In continuation of our
preceding works[11, 12], we compare the results of the
theoretical analysis with the experimental data
obtained previougly.

With neglect of the effects of multiple light scatter-
ing [13, 14], the transmittance (transparency) of an
NLC/polymer dispersed system for nonpolarized or
linearly polarized light at normal incidence onto alayer
(ko || E) is given by the Bouguer law: T = Tyexp(-T),
where T is the optical thickness of the dispersed
medium and the coefficient T, takes into account the
Fresnel reflection at flat interfaces and the absorption in
transparent electrodes of an electrooptical cell. An
expression for 1, which corresponds to the scenario of
the field orientation of bipolar NLC droplets (Fig. 1a)
can be presented as[11, 12]:

U bi(E)
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Fig. 1. (a) A schematic diagram of structural changesin abipolar NLC droplet of aflattened spheroid shapein an externa electric
field E, showing cross sections by the (N, E) plane. Vector N (droplet director) indicates the direction of aline connecting point
defects of the NLC at the surface of a polymer capsule (see text for further details). (b) Plots of the mean orientation angle 9 of
NLC moleculesin adroplet and the orientation angle & of the droplet director N versus the reduced field strength e.

where 0 < C,, < 1 isavolume fraction of droplets; d is
the thickness of the layer; Q4(E, 3\) and Q,(E, 9,) are
the attenuation efficiency factors for the components
polarized paralel and perpendicularly to the plane
(Ko, N), respectively; h(b) is the droplet size distribu-
tion function; and b.(E) is a droplet size at which the
field of the strength E causes a threshold reorientation

N OE — N || E. Coefficient 1 — C, in the second
term of (1) takesinto account an increase in transparency
(“clarification”) of a dispersed medium a C, — 1
[15, 16].

Let us consider first a field dependence of the
attenuation efficiency factors Q,(E, 9y = 12) and
Q,(E, 8\ = 112) describing the droplets with the orien-

tation N OE at 0< E < E, (stages| and Il in Fig. 1a).
Precise calculation of a vector field of the NLC local
director in a droplet A (E, r) and the corresponding
functions Q,(E) and Q,(E) appears to be a rather com-
plicated physical problem. An approximate solution
can be obtained using a concept of the mean (over the

droplet volume V) direction of orientation of the NLC
molecules n (E) = [0 (E, r)Lj, which makes it possible
to employ a uniform uniaxial anisotropic spheroid with
an optical axis oriented parallel to n (E) as an optical

model of the NLC droplet. In this case, vector N isnot

collinear with the mean orientation direction n(E)
(Fig. 1a, I). Within the framework of this model, the
attenuation efficiency factors Q, and Q, at awavelength
A aregiven, in the approximation of anomal ous diffrac-
tion, by awell-known formula[17, 18]:

Q = 2-4p;'snp; = 4p;(1—cospy), i =1,2, (2)

where

[l _ * ()
%plD = AT\ lb|:%he (8)D_ np:|1 (3)
P20 On, O
_ n,N
NE(D) = (4)
[no + (ne_no)COS 19]
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cosd = - E/E; n, and n, are the NLC refractive indi-
ces for ordinary and extraordinary waves, respectively;
and n, isthe refractive index of the polymer matrix.

The function 9 (E) can be obtained from the solu-
tion of a balance equation for elastic 'k and dielectric
Iz torsional moments acting upon a liquid crystal
inside a droplet: 'y + 'z = 0. We used the simplest
tangential form of the elastic moment [19] Iy =

—i—iTrAZRKtan(ﬁN — 9) and defined the dielectric

moment as g = % TRg%e,(g — en) E’Sin29 , where Ais
a constant close to unity; R = 1%%b is the radius of a
sphere of equivalent volume; K is the mean modulus of
elagticity of NLC; g = 3g/(2¢, + €.c); €c = (g +
2e0)I3; and g, €, and g, arethe principal dielectric per-
mittivities of NLC and the polymer dielectric permittiv-
ity, respectively. In this case, the static equation for &

can be represented as tan(Sy — 9) — %ézsin25 =0,

where @ = gERA™[g(g; — £7)K™]¥? is a reduced field
related to the orientation of n. A solution of this equa
tion at 9 = 1W2 that is of interest for usis given by:

cos’d = (8-1)/e®, ex1. (5)

Figure 1b shows the curves of 9 (e, 9y = 172) and
Iy(e). It is seen that structural changes of a single
bipolar NLC droplet start at & = 1 (E = E,). After that,
a smooth decrease of the angle 9 leads, according
to (3) and (4), to a decrease of a phase delay of an
extraordinary ray in the droplet. At acertain value & =

e. (E = E,), athreshold orientational transition N [

E —» N ||E takes place. We demonstrated earlier [10]
that &, isgivenby &, =[5.7(1 - 1)I2 + 21W,RK2,
where W, is the coefficient of an azimuthal surface
binding of NLC and polymer molecules. The corre-
sponding vaue of b.(E) in (1) is a solution of the fol-
lowing equation:

172
E =

A [5.7K(I2—1)I‘2+2.1WabIZ3} ©

gbl®® €o(€—¢€n)

We used a structural model developed previoudly [11]
(Fig 14, (111)) to describe the oriented state of a bipolar

NLC droplet (N ||E). Assumethat adroplet consists of
acentral part, with auniform uniaxial orientation of the

local director i along N induced by the applied field
E, and an outer part with an undisturbed bipolar orien-

TECHNICAL PHYSICS LETTERS Vol. 26 No. 6

2000

449

tation fi (r) maintained by a strong tangential surface
binding of NLC and polymer molecules. The interface
between these areas is determined by a flattened spher-
oid (inscribed into the droplet) with semiaxes.

a, = a, b, = bel(e+1). 7

Thus, the droplet exhibits a bipolar structure with f (r)

ae=0.If e — o, thedroplet can be considered as
auniform uniaxial anisotropic particle with the orienta-
tion A || E. The corresponding attenuation efficiency
factor Q= ,(9y = 0) is caculated in the approximation
of anomal ous diffraction with the use of egquations (10)
and (12)—<16) from [11] modified so as to take into
account the flattened shape of a droplet.

We carried out an experimental verification of the
proposed model of the transparency variation effect for
NL C/polymer dispersed systems prepared by emulsifi-
cation of a commercialy available mixture of
SZhK-(1-4) cyanobiphenylsin a 10% aqueous solution
of poly(vinyl alcohol) (PVA). A suspension of bipolar
NLC dropletsin athin PVA film was obtained by dehy-
dration. The droplets size distribution function h(b)
exhibited a maximum at b,, = 0.5 pm and could be
described well by ageneralized gammardistribution [20]:

nm)* b1 [_gmg d‘} ®

") = i+ Din] 0,0 by, Pl T b, 0

with the parameters 4 = 4 and n = 0.515. The film was
placed between two glass plates with transparent I TO
electrodes deposited on the inner surfaces. The thick-
ness of the film d and the volume concentration of drop-
lets C, were varied from 15 to 65 um and from 0.15 to
0.45, respectively. A sinusoidal electric field with afre-
quency of 1 kHz and a strength of up to 10° V/um pro-
vided variation of the transparency of the cells. The
transmittance T was measured using aHe-Nelaser (A =
633 nm) at atemperature of 25°C and a detector collec-
tion angle of 20'.

Figure 2a shows the curves of reduced optical thick-
ness 1(E)/C,d (where Tt = -n(T/Ty)) versus field
strength obtained by averaging of the experimental data
for aseries of sampleswith different values of C,and d.
The values of the concentration parameter C,d corre-
spond to alinear fragment of the curve t(C,d, E = 0),
shown in the inset in Fig. 2. The theoretical curve
T(E)/C\d (solid line in Fig. 28) was calculated for the
following set of parameters corresponding to the exper-
imental conditions: ny = 1.52, n, = 1.72, n, = 1L.51, A =
633nm, | =1.5,b,,= 0.5, p=4,n=0.515 K=10"1H,
W, =10"°N/m, g5 =5, g;= 19, and g, = 8. The value of
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Fig. 2. (a) Plots of the reduced optical thickness 1/C,d of an SZhK-(1-4)/PVA thin-film disperse system versus root-mean-sgquare

strength of the applied sinusoidal electric field E with a frequency of 1 kHz at the normal incidence of light with the wavelength
A =633 nm: (symbols) experimental data, (solid line) theoretical calculations (see text for the values of parameters), (dashed line)

theoretical calculationsat &, —» 0. Theinset shows an experi

mental curve of 1(Cyd) at E = 0. (b) Theoretical maps of the optical

thickness 1/C,d and the mean attenuation efficiency factor [@Q(8y = 72) versus the field strength E and the mean droplet size by, .

the fitting parameter was A = 0.5. The dashed curve in
Fig. 2awas calculated for &, —» oo (or b(E) — ),

which corresponds to a static position of poles in the
bipolar structure of adroplet [5].

Figure 2b shows the curves of the optical thickness
T(E)/C\d of a SZhK-(1-4)/PVA system and the mean

attenuation efficiency factor [Q(d = TV2)[= % [Qi(BN=

172) + Q,(8 = 1W2)] versus the field strength E and the
mean size of a droplet by, = MM for a group of
droplets belonging to the orientational states | and 11
(Fig. 1a). It isclearly seen that a nonmonotonic charac-
ter of T(E) istypical of large droplets and is related to
certain features in behavior of the function [Q(E, bs,)[l
The nonmonotonic character of T(E) disappears with
decreasing by, and the corresponding curve T(E)
becomes S-shaped. The calculations show that the
value of the parameter v = bgy(N, — N)A™ that deter-
mines a boundary between the areas of monotonic and
nonmonotonic behavior of T(E) and T(E) isv = 0.2.

Thus, agood agreement between the theoretical and
experimental results provides evidence of the adequacy
of the model proposed for a description of the electric-

field-controlled variation of the transparency of NCAP-
type liquid-crystalline disperse systems.
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The Interaction between Capillary Waves
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with a Tangential Discontinuity of the Velocity Field
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Abstract—The evolution of capillary waves in a system of two liquid layers with a charged interface and the
upper layer with afree surface and finite thickness tranglating at a constant velocity parallel to the semi-infinite
lower layer is studied numerically within the framework of a linear mathematical model of capillary wave
motion. The interacting waves generated at the free surface of the upper layer and at the interface give rise to
an oscillatory instability of the interface, in addition to the Kelvin-Helmholtz instability. The new instability
arisesif the upper layer velocity is sufficiently small. Theincrement of oscillations depends on the density ratio
of the liquids, velocity magnitude, and the charge at the interface. © 2000 MAIK “ Nauka/Interperiodica” .

This paper deds with the instability of a charged
interface between two immiscible ideal liquids with
differing densities, the upper liquid flowing with a con-
stant velocity U parallel to the interface. The problem
was extensively studied by experimenters and theorists
inspired by various applications in geophysics, applied
physics, and chemical engineering [1-6]. However, the
research has been devoted to the case where each of the
liquids occupies a half-space, and little is known about
the instability development if the upper layer hasfinite
thickness.

1. Consider the simplest case of ideal incompress-
ible liquids in the gravitationa field g, the upper layer
of adielectric liquid having finite thickness h. Denote
the densities of the upper and thelower layer asp, and p,,
respectively. Introduce the Cartesian coordinates such
that the XOY-plane includes an unperturbed interface
and the unit vector of the z-axis n, is perpendicular to
the interface and antiparallel to g. Thus, the lower layer
occupies the semi-infinite space z< 0. Let the interface
possess an el ectric charge of density ¢ in the absence of
perturbations from capillary flow.

In this system, the evolution of capillary waves can
be determined upon finding the harmonic potentials Y,
and ), of the velocity field in the upper and the lower
layer, respectively. The equations for Y, and Y, are

=12 )

the boundary conditions being

z=h
oYy _,9¢ , 92
0z ax ot’
oy 1 2 9% @)
P1 atl+png+§pl(E|J 1) _alé——Xz =0,
z=0
0y _ 08, 08 O, OF
0z ax ot’ z ot’
)
o S+ g8+ 5(W ] 3
oy 4 9°
= o G+ oE] + Totke a0

Here, {(x, t) and &(x, t) are the perturbations of the free
surface (in the upper layer) and the interface, respec-
tively, dueto capillary waves; U isthe constant vel ocity
of the upper layer relative to the lower one; a, and a5,
are the surface-tension coefficients of the free surface
and the interface, respectively; and € is the permittivity
of the upper layer [6]. The X-axis is conveniently
directed along U. It is reasonable to seek for Y;, W,
(%, 1), and &(x, t) inthe form

W, = (Aexp(kz) + A,exp(—kz)) cos(kx — wt) + UX;
P, = Bexp(kz)cos(kx —wt); 4

¢ = Csin(kx—owt); & = Dsin(kx—wt).
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Following [6], let us write expressions for the time
dependence of the capillary wave amplitudes for the
free surface and the interface in the context of (1)—(4):

7 = L Reexp{it[kU + (Hkg + Ha,p'k})*1}, (5)
& = {Reexp{[it—kpU
+(Gp(f +pp2pik°U%)) 1}, ©
where

Wi =p1 [gk(p,—p1) + 0k’ —4meok’] = 0,

P1 _ A-A
Gp,—py’ A+ A

_ Asexp(kh) — A exp(-kh)
~ A exp(kh) + A,exp(—kh)’

pE

(o and &, being the initial values of the capillary wave
amplitudes.

Consider the case where the upper layer is so thin
that the velocity field of the capillary flow in this layer
depends on h very dlightly. Then we can assume that G
and H are equal in magnitude but differ in sign. [At any
boundary, the signs of G and H characterize the contri-
butions of the terms with exp(kz) and exp(—kz) to y;,
respectively.] Let us consider the interaction between
waves generated at the free surface and the interface.
Being linear with respect to small perturbations ¢ and &,
the model implies the wave interaction to be resonant,
so that the wave frequencies are the same. From this
fact, we easily arrive at a quadratic equation for H:

H? = H[KU?(g + a,07°kK%) " = 20,05'] + p1p;' = 0. (7)

An analysis of equation (7) indicates that the parameter
space has several regions where both of the roots are
positive. In particular, the roots are positive and differ
in magnitude materially if the coefficient of H is much
larger than the free term. Each of the roots H; is associ-
ated with two stable and two unstable waves, asfollows
from (5) and (6) with G = —H. The waves corresponding
to various H; can easily be differentiated from each
other, since the corresponding instability increments

are approximately proportional to H Jyz and have differ-
ent orders of magnitude. Thus, there may be severa
regions of instability in the parameter spaceif the upper
layer is sufficiently thin. To be specific, let us look at
the dispersion relation of the problem.

2. With dimensionless quantities, substituting (7)
into (2)—6) a p, = a, = g = 1 yields the dispersion
relation

[1+ p,tanh(kh)]w® — 2UK[ 2p, tanh(kh) + 1]

TECHNICAL PHYSICS LETTERS Vol. 26 No. 6

2000

453
k O(kZD

+ tanhkh[GUkZ—— +—}

| patanh(kh)| 6(UK)*~ 4+ TX0

+|<[1+k2+on<2—Wk]-(Uk)z]oo2

—2k’U[2p,kU?tanh(kh) — (1 + k* + ak® —WK)] w

8
- kz[pltanh(kh) ©

ok 42, 0K 2
x|1+—+U Kk +=—+1H1-Kk +Wk}
[ P1 (b, % )

+U2k[1+k2—Wk—pl]} = 0

W= 4no’e ™.

The figure numericaly computed from (8) illus-
trates the pattern of instability devel opment as affected
by the thickness of the upper layer. The real part of w
determines the frequency of the capillary wave,
whereas the imaginary part represents the instability
increment (if Imw > 0) or the damping constant (if
Imw<0).

In panel (@), branches 1-3 refer to the capillary wave
motions from the interface, whereas branches 4 and 5
refer to those from the free surface. It is seen that the
two wave types do not interact with each other. Also
note that branches 4 and 5 are parallel straight lines
whose angle with the U-axis is dictated by the Doppler
effect. Obvioudly, branch 4 corresponds to a wave
directed as U, whereas branch 5 represents a similar
wave traveling in the opposite direction.

Panel (b) is computed for the upper layer thickness
h reduced to about 1. Here, the interaction between
branches 1-3 and 4-5 results in the appearance of new
components 6-10, whereas branches 1, 2, and 4 change
their shape. Branches4, 6, 7, and 9 represent nondecay-
ing waves, whereas branches 8 and 10 contain both peri-
odic exponentialy decaying components (Imw < 0) and
exponentially growing periodic waves (Imw > 0), the
latter implying instability. The unstable branch 10 cor-
responds to the classical Kelvin—Helmholtz instability.
Here, the critical velocity U of the instability onset

goes up as h goes down, as illustrated by panels (a—)
inthefigure. In branch 8, theinstability resultsfrom the
interaction between the capillary waves generated at
the free surface and the interface. The computation
shows that the instability branches 8 and 10 move in
opposite directions as h decreases, branch 8 shifting
toward smaller values of U. The effect becomes more
pronounced with decreasing p,, as seen from panels (b)
and (c).

3. The conclusions of this study are as follows.
There exists the interaction between the capillary
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Fig. 1. Instability development illustrated by the plots of the complex frequency components Rew = Rew(U) and Imw = Imu(U)
vs. the upper layer velocity U at k=1, a; = 0.5, and W= 0for (a) h=5and p; = 0.5, (b)) h=0.9 and p; = 0.5, or (c) h=0.9 and

PL= 0.1.

waves generated at the free surface and the interface, if
the upper layer thicknessis less than the capillary con-
stant of the lower liquid. The interaction leads to the
previously unknown oscillatory instability, the instabil-
ity threshold lowers with the thickness of the upper
layer, although the increment fallsaswell. The effect is
more pronounced if the interface has an uncompen-
sated electric charge.
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On M echanisms of Defect For mation
in Aluminum Crystals Bombarded by Low-Energy Heavy lons
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Abstract—The mechanisms of formation of vacancies and radiation-induced adsorbed and interstitial atoms
in the cascades of atomic collisionsinduced by 25-, 40- and 50-€V Ar and Xe ions normally incident onto the
Al(100) surface at 300 K are discussed within the framework of the molecular dynamics approach. The num-
bers of bulk and surface vacancies formed in the course of a collision cascade exhibit two maximain the case
of Xeions and a single maximum in the case of Ar ions. © 2000 MAIK “ Nauka/Interperiodica” .

The formation of surface and bulk vacancies and
radiation-induced adsorbed (adatoms) and interstitial
atomsin the atomic collision cascades induced by 25-,
40-, and 50-eV Ar and Xeions normally incident onto
the Al(100) surface has been simulated by the molecu-
lar dynamics methods [1].

A modd aluminum crystal consisted of 4032 atoms
arranged in 14 layers and had a lattice parameter of
4.05 A. In the simulation, the periodic boundary condi-
tions were imposed onto the side boundaries [1]. At
high ion energies, a many-body atom—atom interaction
potential was added to the ZBL potential suggested
in[2]. The ion—atom interactions were also described
by the ZBL potential. The temperature was modeled by
setting alayer having a constant temperature at the side
boundaries and on the crystal “bottom” [3]. Interstitial
atoms and vacancies were generated by the algorithm
suggested in[4]. Theinitial coordinates of ionsincident
onto a given region of the surface [5] were calculated
by the law of random numbers. In each case, we made
200 calculationsfor the cascadestaking placeintheini-
tial crystal, every cascade being followed over a time
of 4 ps.

It was established that 40- and 50-eV Ar ions lose
about 90% of their initial energy in thefirst and second
atomic layers, whereas X eions, which penetrate deeper
into the Al crystal, lose about 60% of the energy in the
third and fourth layers. The reflection coefficient of Ar
ions was equal to unity, whereas that for Xe ions
decreased with an increase of the ion energy (0.96 for
25¢eV, 0.73for 40 eV, and 0.44 for 50 eV Xeions). The
simultaneous interactions of an ion with two or three
recoil atoms and atoms from deeper layers of the crys-
tal resulted in the change of the sign of the velocity
component normal to the surface within the time inter-
vals of 0.2-0.4 ps and 0.1-0.2 ps upon the cascade ini-
tiation for Xeand Ar ions, respectively. In this case, the

ion reflection can be considered as completion of the
“way clearing” for aheavy ion by light recoil atoms|[6].

Figure 1 shows that Xe ions generate alarger num-
ber of stable adatoms than do Ar ions irrespective of
their energies. For Xe ions, the maximum number of
adatoms N, is attained somewhat later (within
~0.8-1.0 ps) than that for Ar ions (~0.2-0.6 ps). In the
0.2-0.4 ps time interval, the number of adatoms N is
determined by interactions between an impinging ion
and the primary recoil atoms with the surface atoms,
and, possibly, by the curvilinear atomic collision
sequences emerging at the surface [7]. According to
[8], the threshold energy for generating atomic dis-
placement collision sequences along the [110C0direc-
tions in Al crystals with the potential suggested in [2]
equals 6 eV, and therefore the atomic displacement col-
lision sequences along the [11000directions can arise
even for an ion energy as low as 25 eV. These mecha-
nismsare responsiblefor the formation of ailmost all the
adatoms and, within the 0.2-0.4 ps time interval, are
more effective for Ar than for Xe ions (because the Ar
ions provide for the formation of primary recoil Al
atoms with higher energies and with the velocity com-
ponent in the (100) plane exceeding its normal compo-
nent). The maximum mean sguare displacements of ada-
tomsin the case of Ar ions (not discussed in detail here)
areformed withinthe ~0.5-0.6 psinterval and, thus, con-
firm that the process of adatom formation by Ar ionsis
restricted to the collisional stage of the cascade.

In the case of Xeions, the maximum value of N is
attained due to interactions of the surface atomswith a
reflected ion and recoil atomsformed in the crystal bulk
within the 0.8-1.0 ps time interval. This process is
accompanied by an increase of the mean square dis-
placement of both adatoms and atoms in the crystal
bulk inthe 0.5-1.0 pstimeinterval. The momentum can
be transferred from the bulk to surface atoms within

1063-7850/00/2606-0455%$20.00 © 2000 MAIK “Nauka/Interperiodica’
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Fig. 1. Numbers of adatoms (N,q) formed in amodel Al crystal bombarded with (1) 25-, (3) 40-, or (5) 50-eV Ar ionsand (2) 25-,
(4) 40-, and (6) 50-eV Xeions as functions of the cascade duration.
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Fig. 2. Numbers of surface vacancies (N,, o) formed during the mode! crystal bombardment with (1) 25-, (3) 40-, or (5) 50-eV Ar
ionsand (2) 25-, (4) 40-, or (6) 50-eV Xeions as functions of the cascade duration.

two to three steps of the atomic displacement collision
sequences within the 0.4-0.6 pstimeinterval. If anion
leavesthe crystal, the probability of adatom formationis
higher for Xe than for Ar ions, because the former ions
leave the crystal with an average energy of 2.5-5.5 €V,
whereas the latter ions leave it with an average energy
ranging within 1.5-2.0 eV, depending on their initial
energy. Also, amost no Ar ions can penetrate into the
crystal depth; the Ar ions can be inside the crystal for
only about 0.5 ps irrespective of their initial energy,
whereas 40- and 50-eV Xeions can occur in the crystal
for about 1.2 psand the 25-eV Xeions, for about 0.7 ps,
which is comparable with the time necessary for the
formation of a maximum number of adatomswith max-
imum mean square displacements.

TECHNICAL PHYSICS LETTERS  Vol. 26

Itis seen from Fig. 2, that, irrespective of theinitial
energy of Ar ions, the only maximum in the number of
surface vacancies N, ¢ (vacancies in the first atomic
layer) is attained within 0.2—0.3 ps. The time intervals
of the Ar ion penetration into the crystal and its motion
out of the crystal differ by less than 0.1 ps, which
results in the overlap of the times characteristic of the
operation of various mechanisms of the vacancy and
adatom production and, thus, in the formation of acom-
mon resulting N,, s maximum. In the case of Xe ions,
two N, ¢ maxima are formed, of which the first one
arises within the sametimeinterval asin the case of Ar
ions. The time corresponding to the second N,, ¢ maxi-
mum depends on theinitial energy of ions. Usualy, this
maximum is formed by those Xe ions which penetrate
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into small crystal depths (1-3 atomic layers) and, |eav-
ing the target, possess an energy sufficient for the for-
mation of an adatom and a surface vacancy. Depen-
dence of the number of bulk vacancies N, ,, on the cas-
cade duration is similar to the time dependence of N,, ¢
irrespective of the bombardment conditions.

Data on the rel ocations of atoms show that the num-
ber Ny Of atomsleaving their Wigner—Seitz cellsin the
Xe-induced cascades attain two maxima, whereas in
the Ar-induced cascades, there is only one such maxi-
mum. The times necessary to attain the maximum Nyg
values coincide with the times of attaining the N,, ; and
N, » maxima. Different numbers of the Nys maxima
and, accordingly, of the N, ; and N, ,, maxima, for Ar
and Xeions are associated not only with different char-
acteristic times of the forward and the reverse ion
motion in the crystal, but also with the fact that the
number of atomic relocations from the nth to the
(n—1)th or (n — 2)th layer during the motion of a
reflected Ar ion in the crystal is much smaller than the
number of such relocations for a Xe ion. For example,
at the primary ion energy of 50 eV, the number of inter-
layer atomic relocations along the [100] direction
within one cascade equals to about 3.2 for both Ar and
Xeions moving into the crystal bulk, whereas the num-
bers of reverse relocations (toward the surface) are 5.85
for Xeand only 1.8 for Ar ions.

In the case of Ar ions, a2 ps-long cascade evolution
leads to the formation of a dightly larger number of
interstitial atoms than in the case of Xe ions, which is
explained by a higher probability of development of an
atomic displacement collision sequences along the
[110Cdirectionsby Ar ionsat the collisional stage of the
cascade. Another possible mechanism for the formation
of interstitials in an Al crystal may consist in the relo-
cation of atoms into the crystal for a depth of 1.5-2.0
lattice constants [9, 10]. For 50-eV Ar and Xe ions,
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there are about 0.35 of such migrations per cascade.
The time of formation of the resulting maximum num-
ber of interstitials N;,, (0.2-0.3 ps) isindependent of the
incident ion type and energy and corresponds to the
collisional stage of the cascade development.

The simulations performed for Cu and Ni crystals
under the same bombardment conditions with the use
of the potentials suggested in[11] and [2], respectively,
showed that, usually, only one N, ¢ maximum and one
or two N, maxima can be formed within one cascade.
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Abstract—Data on the chemical shift of the beta decay time constant were used to determine the experimen-
taly justified half-lives of atomic tritium (t;,), = 12.264 + 0.018 year and free triton (i), = 12.238 +

0.020 year. © 2000 MAIK “ Nauka/Interperiodica” .

The beta decay of tritium represents a superallowed
transition of the /2" —» 1/2* type between terms of
the isospin doublet:

*H— JHe+e + +18.6 keV.

A theoretical analysis of this processin the particu-
lar case of a comparatively simple three-nucleon prob-
lem allows us to study various models of intranuclear
interactions. In order to verify adequacy of the existing
notions about the structure of nuclear wavefunctions,
the shape of the intranuclear potential, and the role of
the internucleon meson exchangein the betadecay, it is
necessary to know exact values of the main characteris-
tics of this transition, including the half-life of the free
triton (tritium nucleus).

The excess mass of the second neutron in thetritium
nucleus being very close to the Coulomb energy of the
second proton in the helium nucleus makes the two
isospin states amost completely degenerate. Small
value of the liberated energy makes the beta spectrum
highly sensitive with respect to the structure of the elec-
tron phase space accessible for the beta-electron
(B-electron) appearing in the vicinity of the beta-active
nucleus. The electron environment of a triton affects
the beta decay rate, these changes exceeding in magni-
tude the half-life variations related to differencesin the
accepted models of intranuclear interactions. As a
result, the experimental values of the beta decay half-
life ty, (or the decay time constant A = In2/t,;,), corre-
sponding to the decay of a triton entering into certain
atomic-molecular system, can be used in theoretica
calculations only provided that changes (chemical
shifts) of the decay time constant related to the effect of
electron environment upon the beta processin thetriton
can be measured or calculated with sufficient precision
for the given atomic-molecular system.

In considering the process of (3-electron formation
in the phase space of tritium-containing atomic-molec-
ular systems, it is a common practice to take into
account three possible reaction channels: (1) direct for-

mation of electrons with a continuous spectrum;
(2) electrons with a continuous spectrum formed at the
expense of orbital electrons replaced by [-electrons;
(3) decay into bound states, whereby (-electrons are
formed in the shells of daughter atoms. Although the
existing theory developed in [1, 2] is capable, in princi-
ple, of determining the probabilities of decay into
bound states for an arbitrary electron environment of a
triton, the values calculated by various researchers
show satisfactory agreement only for the simplest
atomic systems such as triton (T*) and tritium (T). The
ratio of probabilities for the decay into bound state and
continuum calculated for T*in [3-5] are 1.10, 1.03, and
1.08%, respectively (AAy /A = 1.07 £ 0.04%). A relative
increase in the decay rate, caused by the decay into
bound states, calculated for the T atom in [1-3, 5] is
0.56, 0.69, 0.66, and 0.55%, respectively (AN, /A =
0.62 + 0.07%). The interaction between a (3-electron
and an orbital electron in the fina state leads to the
transfer of the orbital electron to a state in continuum,
while the 3-electron may either stay in the bound state
in the resulting helium atom or occur in an s-state of the
continuous spectrum as well. This electron interaction
must produce an AAy,/A = 0.15% increase the relative
decay rate of triton in the T atom [5, 6]. In tritium-con-
taining systems, where the phase volume accessible for
the beta-electron in the vicinity of triton is deformed by
molecular orbitals, the calculation of exchange correc-
tions to the beta decay probabilities may have only a
qualitative character.

For the direct formation of electrons with a continu-
ous spectrum as a result of the beta decay in the Cou-
lomb field of the nucleus, the effect of electron environ-
ment on the magnitude of the phase-space factor (f) is
described by introducing a parameter of screening of
the nucleus charge by orbital electrons and a parameter
of decrease in the observed upper boundary energy
caused by the excitation of atomic electrons asaresult of
their interaction with the B-electron in the final state [7].
In recent years, a considerable effort of researchersin
solving the task of evaluating the mass of neutrino has
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stimulated theoretical investigations of the atomic
effects taking place in the high-energy part of the beta
spectrum of some tritium-containing atomic-molecular
systemssuchasT, T-, T,, CH5T, etc. [4, 5, 9, 10]. Inthe
case of decay in the ground state of a tritium atom,
about 70% of the electron transitions are to the 1s state
of 3He* ion, ~25% of the transitions—to the 2s state,
~1.3%—to the 3s state, and so on [6, 8]. Asaresult, the
decay rate of triton in the tritium atom increases by
AN/ = 0.50% [4, 5] as compared to the value for the
free triton. The effect of electron screening, producing
perturbation in the low-energy part of the beta spec-
trum, was theoretically studied in detail only for the
decay of triton in the T atom and the T~ ion [5] where
the screening potential is formed by simple electron
configurations, such as ns' in the *He* ion and 157, 257,
or nstmst in the neutral He atom. In the case of T atom,
the screening decreases the decay time constant by
AN = = 0.41% as compared to the value for the free
triton.

Thus, a complete set of theoretical corrections for
the decay half-life, taking into account four possible
atomic effects accompanying the beta process (decay
into bound states, exchange effect, screening of the
nuclear charge by orbital electrons, and excitation of
the orbital electrons) is available only for the freetriton
and free tritium atom. This implies that the absolute
value of the decay half-lifefor the freetriton can be cal-
culated only using the absolute value of this parameter
for the tritium atom, which has to be determined in
experiment. Direct measurement of the decay half-life
for the atomic tritium requires solving a very compli-
cated task of stabilizing free hydrogen atoms over a
period of time comparable with their half-life (the same
circumstance hinders the experimental determination
of decay half- lives of the T* and T~ ions).

An alternative approach to solving the task of exper-
imental determination of the time characteristics of
beta decay in unstable atomic-molecular systems con-
sistsin performing special experiments on measuring a
difference in the decay rates of tritium in two com-
pounds, one of which can be characterized by the abso-
lute value of the decay time constant. Previously [11],
we have suggested a method for determining a differ-
ence between the decay time constants of tritium by
comparing the growth rates of the relative content of
radiogenic helium-3 and the base helium-4 in these
compounds. This method was used to measure a differ-
ence between the beta decay time constants of the
atomic and molecular tritium. According to the experi-
mental scheme, two identical samples of agas mixture,
containing helium-4 and molecular tritium, were pre-
pared and then one sample was modified so as to con-
vert tritium into the atomic state. Thermalized free tri-
tium atoms were obtained by the mechanism of reso-
nance dissociation, whereby T, molecules gained the
energy necessary to break the interatomic bond from
the second-order impact upon collisions with mercury
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atoms excited in an RF discharge. The discharge, initi-
ated by an electric field with a strength of ~100 V/cm
at a frequency of 1 MHz, was maintained for a time
period of 171 min during which 2 x 10% helium-3
atoms are formed in the gas mixtures. The possible
leaks of tritium and helium atoms from the ampules
were detected by proportional counters (sensitivity,
~10°% T atoms) and an isotope mass spectrometer (sen-
sitivity, ~3 x 10% helium atoms). Five series of mea-
surements of the helium isotope ratios were performed
by sequentially admitting the gas mixtures with molecu-
lar and atomic tritium into amass spectrometer chamber.
The relative difference of the beta decay time constant
for the molecular and atomic tritium determined from
thesedatais (A, —A)/A, = 0.00257 + 0.00045 [12]. The
indicated uncertainty corresponds to a single standard
deviation and is related primarily to the scatter of
helium isotope ratios from seriesto series.

Using the above result, we can determine the abso-
lute value of the half-life of atomic tritium, since the
half-life of molecular tritium was measured in direct
experiments. We have taken a weighted average of the
two most recently published (and well mutually consis-
tent) molecular tritium half-lives determined using the
helium isotope method [13] and the decay curve plotted
by measuring the bremsstrahlung radiation of (-elec-
trons [14]: [{ty,),0= 12.296 + 0.017 year. Taking into
account that Aty,/t, = AN for AMA < 1, we obtain
(Aty2)ma = (ty2)m— (t12)a = 0.0316 + 0.0055 year. There-
fore, the absolute value of the half- life of atomic tri-
tiumis (ty,), = 12.264 + 0.018 year with an error deter-
mined almost completely by the uncertainty of [{t,;,),,[]
Since the [{t,,) ,0and (Aty,) values were determined
by the experimental methods taking into account al the
possible beta decay reaction channels, the (t,,), value
determined as described above corresponds to the total
probability of decay in the atomic tritium (including
both the processes leading to the continuous electron
spectrum and the decay into bound states). Therefore,
in using this (t,,), value to estimate the half-life of tri-
ton (ty,,);, we have to take into account al four correc-
tions mentioned above for atomic effectsin the freetri-
tium. Taking into account that each of these atomic cor-
rectionsis much less than unity, the half-life of the free
triton can be determined from the following relation-
ship:

AN, + DA + AN, — DA
(tﬂz)a%l + : h)\ E

AN
= (tl/Z)t%‘ + Tthlr

where the second term in parentheses in the right-hand
part of this equation reflects a changein the (t,,,), value
due to decay into the bound states of *He* ion-the only
possible atomic effect in the decay of the free triton.
Using the above theoretical atomic corrections and the
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experimental value of (ty,),, we obtain the half-life of
the freetriton (ty,,), = 12.238 + 0.020 year. Thishalf-life
characterizes, for example, adecreasein the concentra-
tion of tritium nuclei as aresult of betadecay in afully
ionized hydrogen plasma.

In the case when only the Coulomb field of the
nucleus has to be taken into account (that is, when the
phase-space factor is calculated using the standard
Fermi energy and the decay into bound states is
ignored), the half-life of triton is (ty,), = 12.396 £
0.020 year. This value should be employed, in particu-
lar, for determining the beta decay energy depositionin
a tritiated plasma, where the energy liberated upon
decay into bound states is amost entirely carried awvay
by antineutrinos. The (), value must be also used in
calculating the reduced half-life of triton ft,,, when the
upper energy boundary of theintegration interval in the
phase space is taken equal to the difference of nuclear
masses of tritium and helium-3 (i.e., adifferencein the
binding energies of the orbital electrons in the initial
and final atomic-molecular systemsis neglected). Once
the exact ft,;, value for triton is available, we may also
obtain independent estimates of some fundamental
guantities, such as the ratio of the Fermi and Gamov—
Teller coupling constants in the weak interactions and
the lifetime of the free neutron.
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Abstract—Quantitative parameters of the surface structures and the wear resistance of a ZrO,—Y ,05 ceramic
tested by friction on a steal disk have been determined. It is shown that the friction contact gives rise to quasi-
periodic cracks on the friction surface of the ceramic and leads to the formation of atransfer layer. It is estab-
lished that the wear intensity correlates with the intercrack spacing along the dliding direction and the amount
of the steel counterbody elements on the ceramic surface. © 2000 MAIK “ Nauka/Interperiodica” .

The viscous phase-transformation-hardened ZrO,—
Y ,0O; ceramics are promising materials for various tri-
botechnical applications [1]. A special feature of this
ceramic is the possibility to modify its structure, phase
composition, and mechanical properties over a wide
range and to influence the acting hardening (strength-
ening) mechanism by changing the chemical composi-
tion, sintering mode, and thermal treatment [1, 2].

Itiswell known that the friction occurring in metal—
ceramic couples can give rise to the systems of cracks
on the ceramic surface[3-7]. In particular, it was found
[5, 6] that high-speed friction (4-10 m/s) between a
ZrO,—Y ,05 ceramic and a steel counterbody resultsin
the formation of quasiperiodic cracks on the ceramic
surface dividing it into band fragments. Another impor-
tant feature of the friction and wear in such couplesis
thetransfer of ametal onto the ceramic surface with the
formation of the so-called transfer layer [3-7], whose
role in the surface structure formation and the wear
resistance of the ceramic is not completely understood
as yet. Quantitative information on the characteristics
of the transfer layer and their correlation with the
parameters of the crack structure and the wear intensity
would ducidate the wear mechanisms operative in
ceramic materials under the conditions of high-speed
friction on steel.

Our study was aimed at establishing a relationship
between the characteristics of the transfer layer formed
on the ceramic surface, the parameters of quasiperiodic
cracks formed on this surface, and the wear intensity of
ZrO,-based ceramic during its high-speed sliding over
asteel surface.

We studied the specimens of a ceramic having the
composition 97 mol % ZrO, + 3 mol %Y ,O; prepared
by two methods-three-hour sintering in vacuum at
1750°C and five-hour sintering in air at 1600°C. These
methods, chosen in accordance with the recommenda-
tions given in [2], were dictated by the necessity of

studying the surface structures and the wear resistance
of materials with markedly different grain size and
hardening mechanisms. The material obtained by sin-
tering in air consisted of 0.8-um grains, in which the
hardening occurred mainly by the phase-transforma-
tion-induced mechanism. The other material, obtained
by sintering in vacuum, consisted of 4-um grains, in
which the hardening occurred by the phase transforma-
tion mechanism combined with some other hardening
mechanisms. The physical and mechanical properties
of the ceramics of both types and the specific features
of the hardening mechanisms operative in these materi-
als were considered elsawhere [2].

Thefriction testswere performed by the pin-on-disk
scheme. The counterbody was a disk fabricated from a
cast high-speed steel. The diding velocity ranged
within 4-10 m/s, the pressure varied from 1 to 10 MPa.
Both pressure and dliding velocity were selected by
analogy with other similar tests providing for the for-
mation of a system of cracks on the ceramic surface
dividing it into band fragments [5]. The friction path
was 1000 m irrespective of the test regime. The wear
intensity was measured by the loss in the material vol-
ume related to the friction path.

The microstructure of the ceramic samples was stud-
ied prior to and upon the friction tests on a Neophot 21
optical microscope and a JEOL JSM-84 scanning elec-
tron microscope equipped with a special Link-860
attachment for the electron microprobe analysis.

Figure 1 shows atypical friction surface with quasi-
periodic cracks. Upon measuring the intercrack spac-
ings aong the dliding direction, we determined and
analyzed their distribution. It was established that the
shapes of such distributions were close to that of anor-
mal distribution with pronounced maximum. The aver-
age intercrack spacing changed depending on the fric-
tion regime.
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Fig. 1. Typical cracks on the friction surface of a ceramic.
The arrow indicates the sliding direction.
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Fig. 2. The plots of (a) wear intensity and (b) the intercrack
spacing along the dliding direction versus the concentration
of the elements transferred from the steel disk onto the
ceramic surface, and (c) the wear intensity versus the inter-
crack spacing along the sliding direction.
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The electron microprobe analysis showed that the
friction surface of al the specimens contained the
chemical elements transferred from the steel counter-
body (Fe, V, Cr, Mn, W, and Mo), the concentrations of
which depended on the friction regime. The metallo-
graphy and electron microscopy studies showed that if
the concentrations of elements from the steel disk on
the ceramic surface was|ow, the transfer layer was non-
uniformly distributed over the surface-arge regions of
the ceramic surface contained no transfer layer at all. At
high concentrations of these elements, the transfer
layer uniformly coated the wholefriction surface of the
ceramic.

Figures 2a and 2b show the plots of the wear inten-
sity | and the average intercrack spacing D aong the
dliding direction as functions of the concentration C of
the elements from the steel counterbody on the ceramic
surface. To within the measurement error, the experi-
mental data for both studied materials were described
by the same relationships, which alowed the obtained
results to be analyzed irrespective of the initial struc-
ture of the ceramic and the friction parameters. As is
seen from Fig. 2a, the function I(C) is honmonotonic.
First, with an increase in C, the wear intensity aso
increases. Then, at C > 6%, the growth changes to
decrease and finally, at C > 17%, the wear intensity
slightly increases again. A similar behavior, especially
in the concentration range from 0 to 17%, is also char-
acteristic of the D(C) function. The similar shapes of
the I(C) and D(C) curves suggests a direct relationship
between the | and D values. Indeed, the data presented
in Fig. 2c confirm the presence of such acorrelation: an
increase in D resultsin the corresponding increasein |.
This indicates that the volume of the material removed
from the ceramic surface is determined by the charac-
teristic spacing in the crack system.

One can assume that the above correlations are
caused by the following. The increasein D and | at a
concentration C ranging within 0—6% corresponds to a
situation where the dominating process is the transfer
of the ceramic material onto the steel counterbody. It is
highly probable that this process is favored by a rela-
tively low temperature (below the melting point of the
steel) in the contact zone and arelatively high viscosity
of the transfer layer, which facilitates the “adhesion
detachment” of the ceramic fragments separated by the
cracks. Themaximum at C = 6% in Figs. 2aand 2b cor-
responds to a regime providing the strongest adhesion
seizure because of ahigh diffusion activity of thetrans-
fer layer. This process is accompanied by the develop-
ment of considerable contact stresses, cracking-
induced separation of the fragments, and subsequent
delamination, and detachment of large ceramic frag-
ments. The temperatures attained in the zone of thefric-
tion contact were estimated by a method analogous to
the calculations of Lim and Ashby [8]. These estimates
show that the concentrations C ranging from 0 to 6%
correspond to the temperatures ranging from 700 to
1000°C, i.e., the temperatures lower that the melting
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point of steel, whereas at C > 6%, the temperature
increases and, finally, reaches a level of 2000°C.
Apparently, the formation of maxima on the I(C) and
D(C) curves(Fig. 2a, b) corresponds to the transition of
the solid transfer layer into aquasiliquid state.

A decrease of both D and | with an increase in the
concentration observed for C > 6% correspondsto asit-
uation where the transfer of the material from the steel
counterbody onto the ceramic surfaceis prevailing. The
material transfer is favored by high temperatures
(which can be as high as the melting point of steel)
developed in the zone of the tribological contact. As a
result, a quasiliquid film is formed on the ceramic sur-
face. A continuoustransfer layer formed on the ceramic
surface plays the role of a soft coating increasing the
real sample—counterbody contact area and, thus, pro-
viding a lower level of contact stresses on the friction
surface of the ceramic. As a result, the processes of
stressrelaxation in the surface layers of the ceramic are
accompanied by the formation of a quasiperiodic struc-
ture of cracks separated by small spacings (which is
seen from the moderate wear intensity). A dlight
increase in | a C > 17% seems to be associated with
degradation of the mechanical properties of the subsur-
face layers of the ceramic. This degradation increases
with the temperature in the tribological contact zone.

Thus, our studies proved a certain correlation
between the quantitative parameters of the quasiperi-
odic structure of cracks, the concentration of chemical
elements transferred from the steel counterbody to the
ceramic surface, and wear resistance of the ceramic.
Under the friction conditions studied, there are at |east
two factorsthat influence the intercrack spacing and the

TECHNICAL PHYSICS LETTERS Vol. 26 No. 6
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wear intensity. The first is the adhesion detachment of
fragments of the ceramic at temperatures be low the
melting point of the steel in the tribological contact
zone. The second factor is a decrease of the level of
contact stresses caused by the transition of the transfer
layer into a quasiliquid state at temperatures in the tri-
bological contact zone exceeding the melting point of
the stedl. In this case, the characteristic spacing in the
crack system determines the volume of the material
removed from the ceramic surface.
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Abstract—Radiation-induced defects in a natural type Ila diamond were studied by analysis of the electronic
absorption spectrain the visible range measured upon annealing of the pre-irradiated samplesfor various times
at 550°C. Equations describing the growth and decay of intensity for the absorption peaks of seven defects are

presented. © 2000 MAIK “ Nauka/Interperiodica” .

We have studied the formation of neutron-irradia-
tion-induced defects and their behavior during subse-
quent vacuum annealing in anatural type |1a diamond—
a wide-bandgap photoconductor with a small concen-
tration of nitrogen impurity (>10% cm=) [1]. The radi-
ation defects, produced in a diamond sample (X20) by
exposure to a neutron flux in a nuclear reactor, were
transformed by isothermal annealing at 550°C in avac-
uum of 6 x 10~ Torr for various times (varied within
several tens of hours), with periodic extraction of the
samplefrom thefurnace. In order to provide for a better
resolution of the absorption peaks in the visible rage,
the spectra were measured upon cooling the sample
to 80 K.

Figure 1 shows the optical absorption spectra mea-
sured on the sample upon irradiation in an |R-8 reactor

and subsequent isothermal annealing for t = 10, 20, and
30 h. The spectra exhibit the following clearly distin-
guishable peaks (nm): 741 (1.673 eV; defect type,
GR1) [1-6], 723 (1.713eV) [7],594.4 (2.086 €V) [3, 8],
503.2 (2.463 eV) [1, 3-5], 486 (2.549 eV), 470
(2.638 eV; defect type, TR12) [1, 3, 6], 465 (2.664 €V),
446 (2.781 eV), 429 (2.888 eV; defect type, N3) [3].
Ann additional weakly resolved peak is observed at
657.4 nm (1.837 nm).

As seen from Fig. 1, the annealing results in varia-
tion of the relative peak intensities, including both the
growth of some peaks (594.4 and 503.2 nm; defect
type, H3) and the drop of some others (741 nm (GR1),
and 723, 675.4, 446, and 429 nm). No changes were
observed in intensity of the peaks at 465, 470 (TR12),
and 486 nm), probably, because the annealing duration
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Fig. 1. Variation of the optical absorption spectra (specific absorbance k, mmL, versus wavel ength A, nm) measured at 80 K for the
type lla diamond sample X20 irradiated in the IR-8 reactor and isothermally annealed at 550°C for t = 10, 20, and 30 h.
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Fig. 2. The optical absorption spectra (specific absorbance k, mm, versus wavelength A, nm) measured at 80 K for the type laA
(sample X04) and type I1a (sample $05) diamonds irradiated in the | R-8 reactor and isothermally annealed at 550 °C for t = 50 h.

(several tens of hours at 550°C) was insufficient for
manifestation of the corresponding defect kinetics.

Taking into account that the amount of anneaed
defects (decreasing with increasing annealing time) is
proportional to the area under the absorption peak and
can be described by a sum of two (fast and slow) expo-
nents [4, 5], the density of these defects normalized to
unity can be expressed as

A = (a/(ay + ay)) exp(—/Trag) )
+((a,/(a, + &,)) exp(—t/Tgou).-

The normalized density of unannealed (multiplicated)
defects increases with time as

A = 1-(a/(a; + ay)) exp(—t/Trg)

—(@/(ay + &) exp(—t/Tgon)-

The unknown coefficients a;, a,, T, and Ty, Can be
determined from the experimental data (Fig. 1). Note
that the sum of coefficients at the exponents in equa-
tions (1) and (2) is unity.

An analysis of the experimental data obtained dur-
ing the isothermal annealing (550°C) of a radiation-
induced defect manifested by the peak at 723 nm
showed that the time variation of the defect density can
be described by the equation

Az = 0.56exp(—t/5.25) + 0.44exp(-t/81.59). (3)

Here, the defect density was normalized to unity
according to formula (1) before annealing of the dia-
mond sample (t = 0, A3 = 1). The decay time constants
of the dow components for the defects manifested at
723 and 741 nm were quite close to each other (81.59
and 94.98 h).

)

TECHNICAL PHYSICS LETTERS Vol. 26 No. 6

According to the exponential decay model, a con-
siderable decrease (to a level of exp(—4) J0.02) of the
fast and slow decay components for the 723-nm defect
is observed upon the annealing at 550°C for t = 41,4 =
21.0 handt = 41y, = 326.16 h, respectively.

The density of defects manifested at 594.4 nm
increases with the annealing timein lladiamond by the
law

Asgss = 1-0.30exp(-t/20) —0.70exp(-t/350). (4)

Asisknown, the growth of this defect continues during
the annealing at temperatures up to 1000 K [3]. The
defect structure beginsto breaks at 1100 K and is com-
pletely annealed at 1300 K. The growth of this defect
was not correlated with the behavior of the GR1 defects
(with decreasing density), while thereis adefinite rela-
tionship with the growth reported for H3:

Agms = 0.74exp(—t/12.34) + 0.26exp(~t/94.98), (5)

Aus=1—0.74exp(-t/12.34) — 0.26exp(~t/94.98).(6)

During the annealing at 550°C, the density of GR1
dropsto alevel of exp(—4) = 0.02 after 250 h, while the
density of H3 increases by this time to 0.981 of the
nominal value.

It was reported that the concentration of the TR12
defectsin a sample annealed at 460°C increases during
5 h and then remains constant. No defects with such
dynamicswere observed under our experimental condi-
tions (550°C, 10-30 h) for the times exceeding 5 h.

The absorption peak assigned to the uncharged
vacancies V, (429 nm; GR2, GR3) decreases in the
course of annealing according to equation (1) with the

2000
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coefficientsa;/(a; + a,) = 0.81, T;.4 = 4.48 h, and 14, =
60.40 h.

We have also observed another decreasing peak at
446 nm not previously reported in the literature. The
behavior of this peak is also described by equation (1)
with the coefficients a;/(a; + a,) = 0.37 and the charac-
teristic fast and slow component ties Ty, = 7.24 h, and
Tyow = 330.43 h.

In order to gain additional statistics, we have contin-
uously annedled two other samples (X04, 1aA type;
X05, llatype) for 50 h at the same temperature. After
this prolonged annealing, amplitudes of the peaks at
741, 723, and 675.4 nm significantly dropped and could
be no longer resolved in the spectra. At the same time,
amplitudes of the growing peaks at 594.4 and 503.2 nm
markedly increased, while al the other peaks remained
unchanged, probably, because the annealing tempera-
ture (550°C) was insufficient to modify the defect
structures (Fig. 2).

Thus, we have studied isothermal annealing of the
radiation- induced defects in natural diamonds of the
Ila type and determined coefficients of the equations
describing the dynamics of variation of the density of
defects corresponding to well resolved peaksin thevis-
ible range of the optical absorption spectra. The exper-

TECHNICAL PHYSICS LETTERS  Vol. 26
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imental data reveal the transformation of GR1 defects
into H3.
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Abstract—The mechanism of inelastic quasimicroplastic deformation revealed earlier in solidsin the range of
very low strains (£ = 107 has been considered. The calculation of the energy density of the quasimicroplastic
deformation shows that it proceeds by the mechanism of single structural relaxation events in the vicinity of
point defectsin the lattice. © 2000 MAIK “ Nauka/Interperiodica’ .

We have studied irreversible quansimicroplastic
(QMP) room-temperature deformation in the range of
low strains (¢ = 107°), which is usually considered as
glastic deformation. The QMP deformation was
observed for all types of both plastic and brittle materi-
als characterized by qualitatively opposite trendsin the
physical and mechanica properties and, hence, can be
regarded as afundamental property of solids[1].

The plane-parallel plates of various materials were
tested by the of three-point bending method according
to the loading—unloading scheme with a 1- to 2-s-long
stepwise increase of loading in the range of initial
deformation. The total deformation of loaded samples
was measured by the opticomechanical method, after
which the samples were unloaded and their residual
deformation was measured. No material creep was
observed during these tests. A more detailed descrip-
tion of these testsis given elsawhere [1].

Stresses resulting in the irreversible QM P deforma-
tion (0 = 5 x 10*-10° Pa) are lower by about six orders
of magnitude than the theoretical ultimate shear
strength, by about four orders, than the yield point and
the real ultimate strength, and by two orders than the
stress of microplastic flow in metals (i.e., the minimum
stress giving rise to a dislocation motion [2]) [1]. The
potential Peierls barrier, which should be overcome by
moving dislocations in covalent crystals, is much
higher than the barrier in plastic metals. Calculations
show that the activation energy per unit dislocation
length in copper is smaller by five orders of magnitude
than that in corundum, whereas the critical shear stress
o issmaller by four orders of magnitudein copper than
in corundum. In other words, the critical stresses of the
dislocation motionin copper, 0., andinacovalent crys-
tal, o, arerelated as o, ~ 100 [1, 3], which explainsa
comparatively high brittleness of the covalent crystals.
The calculated value of the critical shear stress o in
covalent crystalsis higher by about five orders of mag-
nitude than the stress of the QMP deformation mea-

sured in our experiments [1]. All these facts indicate
that the mechanism of QM P deformationis of aspecific
nature, not related to the collective motion of disloca
tions. In order to €ucidate the mechanism of QMP
deformation, we have to estimate the energy stored by
asolid during deformation.

The potential energy of elastic stressesin asolid is
a function of the stress and displacement tensors,
which, in the general case, can be represented as

3
dU = 6i, dei' Ky
where G; , ands  arethe components of the stress and
strain tensors, respectively.

Reducing the above expression to the principal axes
of the stress tensor, we arrive at the relationship

3
du = Zﬁiidsii,

where G;; arethe principal stresses and s; are the diag-
onal components of the strain tensor, which, for isotro-
pic media, arerelated as s; = (044/E) — (04 + 033)/E,
where E isYoung's modulus and v is Poisson’sratio.
The energy stored by a solid during deformation can
be estimated under the assumption that, in the first
approximation, 0, = 0,, = 033 = 0. Thus, we obtain

du = 3ads;, ()
si = s(1-2v)/E. 2

Solving (1) and (2) simultaneously, performing
integration (at v = 0.3), and taking into account that
E=2G(1 + v) (where G is the shear modulus), we
arrive at the relationship for estimating the energy den-
sity in asolid undergoing shear deformation

U = 0.50%G.
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A similar expression was used to estimate the elastic
energy density and the mechanical decrement for acop-
per samplein the fatigue tests [4].

Under shear stresses, G = o/tana (where a is the

shear angle) and, therefore, U = 0.5ctana . If adislo-
cation migrates along the dliding direction, the mutual
displacement of two atomslocated on different sides of
the dliding plane is determined as the function s(x) =

s(tana ). The tota path of a dislocation moving in the
Peierls potentia relief isS= ) s(X) = ) s (tana) =
&q, Where g, isthe relative residua strain of the sample
or, in our case, the QMP deformation, which can be
determined experimentally. Therefore, the energy den-

sity of the QM P deformation can be estimated using the
relationship

U, = 0.50¢,,. (3)

The energy density of plastic deformation can be
estimated by the relationship U, = EN, where N = I/V
is the didocation density in the volume V, E =
(Gb2A/4m)In(R/r) is the dislocation energy (where b is
the Burgers vector, R is the dislocation radius, r is the
radius of the dislocation core, and | is the dislocation
unit length). The energy of the dislocation unit length
in copper, determined from the above formula upon the
substitution of the parameters characteristic of copper
samples (G=4.9x 10° Pa, b=2.56 x 101°m, R=1 x
102 m,r =1x10"°m[6]), isE = 4.47 x 10 Jcm.
Taking for a deformed metal N = 102 cm [6], we
obtain for copper U, = 44.7 Jcm?® (which agrees, to
within the order of magnitude, with the latent energy of
deformation in copper experimentally determined at the
average degree of sample deformation 28.8 Jcm? [7]).

The energy densities of the QMP deformation in
various materials, U,, estimated by (3) using the exper-
imentally determined g, values, are given in the table.
It is seen that the U, values of the materials tested are
smaller by 8-10 orders of magnitude than the energy
density of the same material experiencing plastic flow,
U,. Asisaso seen from this table, the QMP properties
are also inherent in some typical brittle materials such
as cast iron, glass, and marble, which are characterized
by the absence of noticeable plastic deformation before

Energy density of the QM P deformation in solids

KOCHEGAROV

fracture. We would like to especially point out the data
on the QMP deformation of polished single-crysta
samples of natural and synthetic quartz, germanium
and silicon possessing, a higher degree of their struc-
tural perfection, a high brittleness, in comparison with
that of the corresponding polycrystal line samples. The
nature of chemical bonding in covalent crystals [1]
excludes any noticeable plastic flow in these crystals
even at high stresses and temperatures|[8, 9]. It wasalso
emphasized [10] that, below a certain temperature
(250°C for germanium and 600°C for silicon), the
mechanism of plastic deformation in covalent crystals
exhibits substantial changes. However, as is seen from
the table, high brittleness of covalent single crystals
does not exclude the manifestation of noticeable QMP
propertiesin these crystals.

Along with the estimates of the activation energy
and the critical shear stress of the dislocation motion
[1], our energy density calculations for the QM P defor-
mation show that the generation of dislocations and the
formation of adidlocation structure during QM P defor-
mation isimpossible even for atypical plastic materia
such as copper. Thus, the QMP deformation has a spe-
cific nature different from the nature of the mechanisms
of macro- and microplastic flow in metals. Comparable
levels of energy losses during the QMP deformation in
materials possessing opposite trendsin the physical and
mechanical properties indicate that the mechanism of
the QM P effect isthe same in various classes of solids.

Variation of the structural and mechanical properties
of solids under various mechanical factors (resulting in
the destruction of their crystal lattice) and the action of
the liquid phase on the crystal structure and strength of
various materials were considered in [11, 12]. It was
shown that mechanical properties of solids are directly
related to the character of imperfections in their real
structure characterized by the presence of various
defects and microdistortions (vacancies, atomsin meta-
stable states, dislocations, crowdions, etc.). Elastic
pulsesin a solid, which can be generated even by very
small mechanical actions, may give rise to substruc-
tural changes in the region of defect localization [12].
The use of the above concepts can help in elucidation
of the QMP mechanism.

Since the nucleation and motion of dislocations dur-
ing the QMP deformation are impossible because of

No. Material Uy, Jemd | g, 107 ||No. Material Uy, Jem? | g, 1076
1 | Quartz (natural singlecrystal) | 3.4x10%| 0.8 Quartz (syntheticsinglecrystal) | 7.1x10° | 0.4
3 | Silicon (single crystal) 41x10°| 06 | 4 |Silicon (polycrystal) 1.0x107| 1.0
5 | Germanium (single crystal) 32x10%| 09 || 6|Castiron 48x107| 36
7 | Copper 11x107| 1.1 || 8|Glass 30x10%| 08
9 | Marble 30x108| 21 | 10 | Quartz (fused) 21x108| 06
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insufficient energy transferred to a solid, it can be
assumed that the QMP deformation proceeds by the
mechanism of single structural-relaxation eventsin the
vicinity of defects, which requires a considerably lower
energy. Indeed, it is well known that the energy U
required for the generation and migration of point
defects varies within (1.2—4.4) x 1071° J[6]. Therefore,
proceeding from the energy U, absorbed by asolid, one
can state that the QMP deformation, e.g., in a copper
sample, can giverise up to 10* cm point defects. This
is consistent with the data on the number of point
defects formed during the plastic deformation in NaCl
(€ = 10%)—~10*® cm3 [13]. However, atoms occur-
ring in nonequilibrium positions in the region of defect
localization are not located in the potential minimaand,
therefore, can migrate into more stable positions by
overcoming lower energy barriers than those overcome
by an atom located at the crystal lattice site. With due
regard for these facts, one can assume that the energy of
QMP deformation is spent mainly for displacing the
vacancies or atoms from metastable positions in defect
regions of the lattice to more stable positions. This con-
clusion isalso confirmed by data on the migration ener-
gies of defects [6], which, on the average, are amost
half as small as the energies of their generation.
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Abstract—A method of thermostimulated capacitance (TSC) measurements is suggested for the investigation
of trapping centers and energy band structure of powdered luminophors with the recombination emission type.
Expressions were derived for the capacitance of aluminophor layer in a dlit planar structure. A ZnS-n lumi-
nophor was studied using a special sample configuration adapted for the TSC measurements. © 2000 MAIK

“Nauka/Interperiodica” .

Using parallel measurements implementing various
thermoactivated effects, it is possible to determine
parameters of the charge trapping centers and the
energy band structure of semiconductor crystals and
films [1]. Powdered luminophors are predominantly
studied by methods based on the thermoluminescence
(TL) and photostimulated current measurements,
which sometimes fail to reveal the trapping centers
present in the samples.

We believe that implementation of the method of
thermostimulated capacitance (TSC) measurements in
powdered materials would provide for a higher quality
of the impurity monitoring in luminophors used in var-
ious light sources and data display systems. The TSC
method can be based on the phenomenon of the exter-
nal field screening by free charge carriersin a symmet-
ric metal-insulator—-metal structure [2-4]. The capaci-
tance of these structures depends on the applied voltage
and the concentration of free charge carriers.

We have studied the powdered semiconductor mate-
rials by TSC method using specia dlit planar structures
comprising asystem of parallel conducting (aluminum)
interdigital strip electrodes formed by a photolitho-
graphic method on a sitall (glass-ceramic) substrate
(Fig. 1a). A distance between the electrode strips was
comparable to the luminophor grain size (40 um) and
the metal strip width was 16.7 um. Then, the substrate
surface with electrodes was coated with luminophor in
the form of a suspension in ethanol (3-5 g/cm?). Using
this method of application allowed the materia to be
studied in the “pure” form, excluding the possible
effects of binding agents on the electrical properties of
samples. Simplicity of the application and removal of a
luminophor layer made it possible to use the same sub-
strate matrix with various luminophors, which pro-
vided better reproducibility of the other experimental
conditions. Note that the studied systems are somewhat
analogous to the metal—insulator-semiconductor struc-
tures formed on the surface of aluminum contacts as a

result of insulating aluminum oxide layer formation
upon oxidation in air.

Figure 1b shows an equivalent electrical scheme of
the planar structure studied. According to this scheme,
the capacitance of this structureis

CdCI.eq
Cy+2C

where C, o, C;, and C, are the capacitances of the lumi-
nophor layer, sitall substrate, and didectric (insulator)

C =C+ ~Cs+Ci o (1)

(a)

(b)

—i— 4

OO A D
V70 O V772 O
L]

C
s Y ]

Fig. 1. Schematic diagrams of (a) a planar electrolumines-
cent capacitor structure and (b) an equivalent electrical
scheme: (1) glass-ceramic (sitall) substrate; (2) aluminum
electrodes; (3) luminophor layer; (4) insulator layer.

1063-7850/00/2606-0470%$20.00 © 2000 MAIK “Nauka/Interperiodica’
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layers, respectively, and the approximation takes into
account that C, o, < Cy. Since the luminophor is not con-
tinuous, the equivalent capacitance of this layer can be
written, using the Odelevskii relationship for the dielec-
tric permittivity of a Statistical two-component system
(luminophor inair or vacuum) [5], inthefollowing form:

X2 D

%l ¥ (1-x%,)/3+ x,/(C,/Cy —1)1 @
where x, is the layer fraction occupied by luminophor,
C, is the geometric capacitance of the region occupied
by luminophor, C, is the capacitance of a continuous
luminophor layer of the same thickness, and Cy, is the
voltage-independent capacitance of the luminophor
layer (the dielectric permittivity of air istaken equal to
unity). The value of C, can be expressed as [4]

CI — q(Ns+ NJ:V + NSO), (3)
where Ny is the surface density of equilibrium free
charge, N, isthe bound surface charge density, and Ng
isthe surface density of the charge induced by external
factors (temperature, illumination, etc.); in low-con-
ductivity (high-resistivity) semiconductors, Ny << Nq.
Taking into account that N, /U = C,;, we obtain C, =
Co = dNg, /U and

Cl.eq = c:O

X5 0
A I-x)B+xceuigns @
The induced surface charge density can be written as
Ns = N, [4], where ngisthe concentration of nonequi-
librium (minority) free charge carriers and L, is the
size equivalent to the interel ectrode gap. If the function
n, = f(T) has amaximum, then the position of this max-
imum would coincide with that of the curve C ¢, =
Ci&(T) in the temperature region where g(T) = const
(since dC, &/dT = 0 when ang/0T = 0). Therefore, upon
determining the temperature of maximum for C, (T),
we may calculate the energies of levels corresponding
to the trapping centers using the well-known relation-
ships for the thermostimulated current. The TSC
method outlined above can be applied to luminophors
inwhich ionization of the emitting and trapping centers
is accompanied by transitions to the conduction band.

For example, we will present the results of investi-
gation of the trapping centers in a ZnS-In luminophor
by TL and TSC method. The capacitance of the sample
structure was measured by an MPP-300 total conduc-
tivity bridge. For small variations of the sample capac-
itance, the bridge unbalance is proportional to AC,,.
The out-of-balance signal, amplified by alock-in U2-8
amplifier, entered to the Yinput of an N-307 X-Y
recorder, and the thermocouple signal entered the
X-input. The luminophor was excited and the TSC
curve measured under the conditions conventional for
the thermostimulated luminescence and current mea-
surements.

Ce = Co
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Fig. 2. Experimental curves of (1) thermoluminescence and
(2) thermostimulated capacitance for aZnS-n luminophor.

Figure 2 showsthe TL and TSC curves measured for
aZnS-Inluminophor. The TL curve exhibitsthree low-
temperature peaks (T, = 123 K, T, = 183 K, and T; =
228 K) and one peak at elevated temperatures (T, =
383 K), whichissignificantly distorted asaresult of the
temperature-induced luminescence quenching. The
corresponding trapping centers are characterized by the
energiesk; =0.26 eV, E; =0.395 eV, E;=0.492 eV, and
E, = 0.89 eV. A single peak observed in the TSC curve
issituated at T = 383 K.

Using these experimental data, we may refine the
energy band diagram of this luminophor. The TSC
curveindicatesthat the thermal devastation of low-tem-
perature traps is not accompanied by the appearance of
free charge carriers. Therefore, excited states of the
corresponding trapping centers occur in the forbidden
band at a distance of E;, E,, and E; from the ground
state. In the region of positive temperatures on the cen-
tigrade scale, the devastation of traps is accompanied
by the production of free charge carriers which recom-
bine via the conduction bands.
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Abstract—A one-dimensional simulation of the nonlinear diffusion of magnetic field through a shield made of
the solid solution (V1 _xCry),O5 is carried out. Also simulated is the current switching from this shield to load
when the former undergoes a metal—insulator transition. Pronounced steepening of a current pulse edge in the
load circuit is demonstrated to be possible. © 2000 MAIK “ Nauka/Interperiodica” .

This paper continues the study reported in [1],
where a one-dimensional model has been suggested to
describe the diffusion of magnetic field into a substance
experiencing ametal—insulator transition under the Joule
heating conditions, the solid solution (V;_xCry),05
being used as a model substance. The nonlinear dif-
fusion could be exploited in high-current pulse
switches [2]. The device in its simplest form is based
on the magnetic diffusion through a shield situated
between the cavity of a current source and that of a
load circuit.

Theanalytical solutions presented in [1] were essen-
tially derived for the stationary diffusion in infinite
media. To make afurther step toward practice, we con-
sider the case of pulsed current (magnetic field) and a
shield of finite thickness. It would be important to ana-
lyze the switching process in terms of the pulse shape
and shield boundary conditions, although the analysis
can be performed only numerically.

Let acurrent source and an R-L load circuit be con-
nected by a strip line, as shown by Fig. 1. Initially, the
load is shorted out by a rectangular shield made of the
solid solution (V; _xCrx),O3. The solution composition
is specially selected X = 0.0055 so that it undergoes a
metal—insulator transition if heated by about 100 K
above a starting temperature (room temperature). To
roughly estimate the propagation of a current pulse, the
shield may be considered as a transmission line with
distributed inductance and conductance, the line con-
ductivity being variable (Fig. 1).

We consider the current switching from shield to
load as the one-dimensional nonlinear diffusion of the
magnetic field B through the shield, neglecting the edge
effects related to a finite strip width and to possible
instabilities of the phase boundary [3]. The magnetic
field is assumed to depend on the coordinate x and time

t only. Following [1], we write a magnetic field diffu-
sion equation as

%? = rot(u x B) —rot(v,,rotB), (1

wherev,,, = ¢?/4mnoisthe magnetic viscosity and o isthe
conductivity. It has been demonstrated previously that
atypical pulse length, which lies in the microsecond
range, correspondsto asmall Reynolds number [1]. We
may therefore omit the mass transfer term in the right-
hand side of (1), arriving at

0B _ 0 0
i &S’m&% ()

Equation (2) iswritten in ascalar form because B hasa
single component perpendicular to the plane of Fig. 1.

Fig. 1. One-dimensional model of the current switch (the
shield being represented by the hatched box): | = current in
the source, L = load inductance, R_ = load resistance, | =
shield inductance per unit length, and g = shield conduc-
tance per unit length.

1063-7850/00/2606-0472%$20.00 © 2000 MAIK “Nauka/Interperiodica’
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Furthermore, the Joule heat absorbed in the shield
obeys the equation

0Q _ Vm 2
2 = (e’ ©

Asthelast step, we define amodel dependence of o on
Q for (V1_xCry),05. If Q < 350 Jcm®, then ¢ =
10% (Q cm)t. When Q rises from 350 to 357 Jcm?®,
then o linearly decreases to 10 (Q cm)™. At higher Q,
the conductivity remains constant. The value 7 Jcm?
corresponds to the latent heat of the phase transition.
The other parameter valuesareasin [1]. Also recall that
all types of heat transfer in the shield can be neglected,
since the process takes afew tens of microseconds [1].

Equations (2) and (3) with the relation o(Q) consti-
tute the system under study, describing the nonstation-
ary magnetic field diffusion through the shield. Theini-
tial condition for (1) is B(x) = 0. The boundary condi-
tion for the front (source) side of the shield corresponds
to the magnetic field (or current) created by the current
source in the strip. The boundary condition for the rear
(load) side of the shield is dictated by the load deter-
mining a relationship between the magnetic field
strength and its derivatives with respect to x and t.

The main challenge facing the computation of the
diffusion is the abrupt variation in ¢ within a narrow
interval of Q. The current density in the shield changes
sharply at the point of the phase transition giving rise to
asingularity of the discontinuity type. Since [IB is pro-
portional to the current density, we may transform
equation (3) to the integral form:

Q ot
[Vn(a)da = Z-[E%dr, (4
0 0

il

where E = OB is the electric field strength. Since

4mo
vm(Q) isthe known function, the left-hand side of (4) is
a known single-valued function f(Q), so that one can
compute the inverse function g{f[Q(x, )]} = v (X, 1)
prior to computing the diffusion. Thus, the time-depen-
dent distribution of the magnetic viscosity is deter-
mined from

v.(x1) = g{%;IEZdT}. (5)

Note that, unlike the current density, the electric field is
continuous in the vicinity of a metal—insulator inter-
face. That iswhy equations (2) and (5) are easy to solve
numericaly.

We considered two types of the current (magnetic
field) pulses. Thefirst type is a sine wave taken over a
guarter of the period, as exemplified by the discharge of
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Fig. 2. Diffusion of magnetic field through the shield at
L, =38nH/cmand R =102 Q cm (38 nH and 1073 Q for
a strip width of 1 cm, respectively). The field is computed
for (1) the source side of the shield, (2) the section at 1/3 of
the shield thickness, (3) the section at 2/3 of the shield thick-
ness, and (4) the load side of the shield.

a capacitor bank. The second type is characterized by
the power growth B O 1/(t —t;), which istypical of an
MK-2 magnetic-cumulation generator. In the latter
case, we used a variable time step, because the deriva-
tive of the external magnetic field varies rapidly during
a pulse. The pulse sharpening was nearly the same in
both cases. Figure 2 presents the computed magnetic
field as a function of time for different sections of the
shield: the source side (curve 1), the section at 1/3 of
the shield thickness (curve 2), the section at 2/3 of the
shield thickness (curve 3), and the load side (curve 4).
At the source and the load side, the magnetic field is
proportional to the current through the source and the
load, respectively. The dashed line shows the motion of
the meta—insulator interface. Note that the load
receives a current pulse with a materially steeper edge.

The shape of current pulses in the load is governed
by the load parameters. If R, and L, are small (theload
being similar to ashort circuit), then the load shuntsthe
shield when a current wave reaches the load side of the
shield. This results in slowing down the wave and
smoothing the current pulse at theload. If R_or L, is
large (Fig. 2), the voltage across the strip line rises
sharply when a current wave reaches the load side of
the shield. As a result, the current through the shield
returnsto a high level, although the shield haslow con-
ductivity now. A singularity isthusformed at this stage
of the current wave propagation (indicated by the arrow
in Fig. 2). The effect resembles the wave reflection in a
linear network with distributed parameters. However,
the network under study is essentially nonlinear.

In conclusion, we formulate an approximate condi-
tion for shield-doad matching. A current wave moves
through the shield, occupying a layer of thickness Ax
around the metal—insulator interface. The thickness can
easily be estimated from the speed of the interface [1].
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Abstract—It is experimentally demonstrated that the intensity of the radiation-induced luminescence (RIL) of
KU-1 and KI quartz glasses at 450 nm increases more than ten times upon the proton irradiation (proton energy,
8 MeV; doserate, 5 x 10° Gy/s; dose, up to 1.2 x 10’ Gy) to adose of 10° Gy. At a dose exceeding 108 Gy, the
spectral efficiency of the ionizing radiation energy conversion reached ~10° nm= in the maximum of the RIL
band at 450 nm for all types of glasses. After preliminary low-rate y-irradiation (below 0.5 Gy/s), the RIL inten-
sity in the beginning of the proton irradiation and its variation with the proton dose depend on the concentration
of impurities in the quartz glass. The RIL intensity buildup depends on the formation of positively and nega-
tively charged microscopic regionsin glasses. © 2000 MAIK “ Nauka/Interperiodica” .

Radiation action upon wide-bandgap dielectrics
causes recharging of their electron—hole centers by the
radiation-induced charge carriers. This process is
accompanied, as arule, by the radiation-induced lumi-
nescence (RIL) [1, 2]. By studying the variation of the
absolute and relative intensity of bandsin the RIL spec-
tra with increasing radiation dose, it is possible to
assess the mechanisms and kinetics of formation of the
optically active centers in materials. In this work, we
have studied the room-temperature RIL kinetics in
quartz glasses upon proton irradiation (proton energy,
8 MeV; doserate, 5 x 10° Gy/s).

The RIL spectra of quartz glasses consist of three
broad bands peaked at approximately 300, 450, and
645nm [3]. The luminescence bands at 450 and
645 nm are usually related to an oxygen-deficit center
(Si-Si=) and ahole center at the non-bridging oxygen
(2S-0), respectively [1, 3, 4]. We detected the RIL
intensity variation in the course of proton irradiationin
the maximum of the strongest luminescence band at
450 nm. The chemical compositions of KU-1 and two
types of Kl quartz glasses studied in this work are
shown in the table.

Asthe radiation dose increases, the RIL intensity in
KU-1 and KI (1) glasses grows to approximately the
same level with a characteristic time of 500-1000 s
(Fig. 1). By theend of theirradiation (at a total dose of
about 10’ Gy), the RIL intensity increases by afactor of
approximately 20 for KU-1 and 10 for KI (1) relative to
the initial level. At a dose exceeding 10° Gy, the RIL
spectraof glasses corresponded to the published data[ 3].

The concentration of the noninteracting electron—
holetrapsfilled in the course of irradiation, N, isgiven

by the formula:

where D isthedoserate (5 x 10° Gy/s), p isthe density
of the material (2.23 g/lcm?), E._, is the energy of an
electron-hole pair formation (about 2-2.5 Ey), Ejisthe
band gap (about 9 eV) [1]. Let us assume that the char-
acteristic time of RIL intensity buildup (about 10° s) is
equal to the characteristic time 1 of trap recharging.

Then, we arrive at the value Ny ~ 10?2-10% cm2 which
appears to be physicaly unreaistic.

It ismore probable that RIL variations are related to
the process redistribution of the filled electron-hole
traps in the bulk of the glass. Using Al,O5-based mate-
rials, Plaksin et al. [5] demonstrated that the RIL char-
acteristics of wide-bandgap dielectricsarerelated to the
formation of charged microscopic regionsin the bulk of
the material, which influence the charge state of the
optically active centers. In particular, theincrease of the
RIL intensity in the band of the F-centers (415 nm) is
determined by the formation of negatively charged

Chemical composition of glasses

Glass Metal admixtures, at. % OH groups, at. %

KU-1 | Al, Fe, Na(<0.001) 4x1072

Kl (1) | Co, Fe, Mn (<0.1) 2-4x 10

Kl (2) | Zr(0.49), Sr(0.021), As(0.005), 2-4x10%
Mo(0.06), Ba(0.9)

1063-7850/00/2606-0475%$20.00 © 2000 MAIK “Nauka/Interperiodica’
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Fig. 1. Plots of the RIL intensity (A = 450 nm) versus time for proton-irradiated quartz glasses: (a) KU-1, (b) KI ().
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Fig. 2. Plots of the RIL intensity (A = 450 nm) versus time for proton-irradiated quartz glasses upon preliminary y-irradiation:

(a) KI (2) (sguares) and K1 (2) (triangles), (b) KU-1.

regions (containing an excess of the negatively charged
traps) in Al,O5 single crystals upon the proton irradia
tion (proton energy, 8 MeV; dose rate, 5 x 10° Gy/s).
The negative charging of boundariesrelative to the bulk
of grainsin Al,O5 : Cr3* ceramics was manifested by an
increase in intensity of the RIL band of chromium ions
(690 nm). We believe that the increase of the RIL inten-
sity in quartz glasses is aso determined by the forma-
tion of negatively and positively charged microscopic
region in the bulk of the materials. Apparently, such a
nonuniform distribution of the electric charge in
glasses may beretained for along time after irradiation.
Repeated RLL measurements (after two weeks) in an
irradiated sample showed intensive RIL in the begin-

TECHNICAL PHYSICS LETTERS  Vol. 26

ning of theirradiation, followed by aslow increase with
the same characteristic time (500-1000 s) as before.

Under low-intensity irradiation, the volume distri-
bution of the charged el ectron—hole traps depends sig-
nificantly on the concentration of the impurities in
glasses. The Kl (1) glass (in contrast to Kl (2) and
KU-1 glasses) exhibits an optically inhomogeneous
state with visually detectable flaky dark areas with a
typical size of 1 mm upon y-irradiation at a dose of
10* Gy (Co® source with adose rate of 0.5 Gy/s).

Preliminary y-irradiation of quartz glassesleadsto a
high-intensity RIL in the beginning of the proton irra-
diation (Fig. 2). The KU-1 and KI (1, 2) glasses were
y-irradiated to the doses of 108 and 10* Gy and stored at

No. 6 2000
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room temperature for one and four years, respectively.
The RIL intensity of the y-irradiated KU-1 and K1 (1)
glasses (108 Gy and 10* Gy, respectively) increases
with increasing dose of the proton irradiation up to the
level of RIL intensity typical of the glasses that were
not exposed to y-irradiation. The y-irradiated KU-1
glass exhibitsasubstantially smaller characteristic time
of the RIL intensity variation in comparison with the
value for the unexposed glass. On the contrary, an
approximately eightfold drop of the RIL intensity with
the characteristic time of about 100 s takes place in the
y-irradiated Kl (2) glass (10* Gy). Therefore, prelimi-
nary low-rate y-irradiation (below 0.5 Gy/s) reveds
dependence of the RIL intensity and kinetics on the
concentration of impuritiesin glasses.

TECHNICAL PHYSICS LETTERS Vol. 26 No. 6
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Electrical Switching in Metal- nsulator—Metal Structures

Based on Hydrated Vanadium Pentoxide

G. B. Stefanovich, A. L. Pergament, and E. L. Kazakova

Petrozavodsk Sate University, Petrozavodsk, 185640 Karelia, Russia
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Abstract—The phenomenon of switching in sandwich structures based on aV,Os gel was studied. The switch-
ing effect with an S-shaped |-V characteristic is explained by a metal-insulator transition taking place in
avanadium dioxide phase formed in the initial gel film in the course of electroforming. The switching param-
eters (including the threshold voltage) were studied as functions of the temperature and pressure. It is shown
that these switching devices can be used as highly effective microtransducers. © 2000 MAIK “ Nauka/Interpe-

riodica” .

In recent years, there is an increasing interest of
researchers toward the investigation of thin-film non-
crystalline semiconductors. Thisis explained to a con-
siderable extent by the development of the solid-state
electronics actively implementing amorphous, glassy,
and polymeric materials in various elements and func-
tional devices. The materials are frequently obtained, in
particular, by methods of “sol—-gel” technology.

Hydrated compounds of vanadium, such as a vana-
dium pentoxide gd (V,Os - nH,0), are of considerable
interest from the standpoint of practical applications[1].
For example, planar structures based on the V,05 gel
were reported to exhibit a switching effect with an
S-shaped current-voltage (1-V) characteristic [1, 2].

The phenomenon of negative differential resistance
offers potential prospects for the creation of various
electronic devices such as switches, generators, sen-
sors, etc. In many cases, more convenient technical
solutions are provided by sandwich structures of the
metal-insulator—metal (MIM) type, rather than by the
conventional planar systems, which is explained, in
particular, by the general tendency toward miniaturiza-
tion of the equipment [3]. This trend is related to the
requirements of increasing degree of integration,
reducing consumed (and dissipated) power, and grow-
ing speed of operation. However, no datawere reported
on the switching effect in sandwich structures based on
the hydrated vanadium pentoxide. The purpose of our
work was to study the phenomenon of switching in the
M/V,05 gel/M system and the effect of external factors
(temperature and pressure) on the switching parameters.

I'n our work, vanadium oxide was obtained by avari-
ant of the sol-gel method with certain modifications.
A powder of vanadium pentoxide was melted in an
alundum cruciblein amuffle furnace (T,,= 670°C). The
melt was heated to T = 900°C, homogenized at this
temperature for 1 h, and rapidly quenched by pouring
into water at room temperature. This results in the for-

mation of a homogeneous gel-like solution capable of
wetting substrates and spreading over a substrate sur-
face to form a film of relatively uniform thickness.
Upon drying of the solution, this film transformsinto a
xerogel (agel with partly removed water). The air-dried
xerogel films represent a virtually X-ray amorphous
phase with a water content of n = 1.6-1.8 [1]. These
films exhibit a quasi-one-dimensional layered structure
with the V,O5 layers composed of involved fibers
linked by water molecules. Thethickness of V,0Og xero-
gel films may vary within broad limits, ranging from
~100 nm (for the films obtained by spin-coating) to sev-
eral tens of microns.

The MIM structures were prepared by applying
~1-pm-thick gel films onto metal underlayers depos-
ited in vacuum onto glass substrates. The upper elec-
trodes represented a gold-coated wire pressed to the gel
surface (Fig. 1a). It was found that an important factor
consists in selecting ametal for the underlayer (bottom
electrode). Indeed, the planar switches using Al and Cr
contacts exhibited degradation in the course of opera-
tion [2]. We have used Al and Au layers, obtained by
thermal evaporation and deposition in vacuum, or V
layers prepared by magnetron sputtering. Aluminum
and vanadium entered into chemical reactions with
V,0s immediately upon the gel film application, aswas
evidenced by alteration of the film color and etching of
the metal underlayer, although the switching effect in
these systems was till observed. Gold underlayers
have proved to be most inert and were used in the
experiments described below.

The resistance of initial sandwich structures was of
the order of ~10 MQ. Upon electroforming, the 1-V
curves of the samplesbecame S-shaped (Fig. 1b), while
the resistance of the low-conductivity (off) state
decreased to R ~ 0.5 MQ. The process of el ectroform-
ing was qualitatively similar to that reported for the
amorphous semiconductors [4], sandwich structures
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Fig. 1. (a) Schematic diagram of the MIM structure studied: (1) glass substrate; (2) gold underlayer; (3) V,05 gel film; (4) vanadium
dioxide switching channel; (5) pressed Au contact. (b) |-V curves of the MIM structure upon electroforming (T = 293 K).

based on the anodic VO, films[5], and planar structures
based on theV,O5 gel [1]. The switching threshold volt-
age was V, = 1020 V a room temperature and
decreased with increasing temperature. Figure 2 (curve 1)
shows the plot of V,(T), from which it is seen that
Vy, — 0 as the temperature increases to T ~ 330—
340°C. This value amost coincides with the tempera-
ture of the meta—insulator transition in VO, (T, =
341 K) [6]. Thus, we may conclude that switching in
the V,0z gel based MIM structures is related to the
metal—insulator transition in avanadium dioxide phase.
The V(T) curve is satisfactorily described within the
framework of the critical temperature model [6] typi-
cally applied to the materials featuring a metal—insula-
tor transition.

A switching channel composed (completely or
partly) of VO, (Fig. 1a) appearsin theinitia filminthe
course of electroforming [1, 2, 5]. In contrast to purely
stoichiometric VO, single crystals, in which the resis-
tance jump upon the metal—insulator transition reaches
up to five orders of magnitude [6], the resistance of our
samples increased only by a one-two orders of magni-
tude. This fact may indicate that the switching channel
iscomposed not entirely of VO,. The vanadium dioxide
phase developed in the course of eectroforming may
have the shape of filaments or inclusions. In addition,
the transition may be suppressed by deviation from the
VO, stoichiometry in the channel. Note that the elec-
troforming process may be replaced by the laser treat-
ment [ 7], whereby certain areas of the film are exposed
to alaser beam, which may provide for the obtaining of
more stable and reproducible switching parameters.

We have studied the effect of uniaxial compression
on the switching parameters. The pressure was devel-
oped by applying aload F immediately to the gold con-
tact (upper electrode). The results of these measure-
ments are presented by the V,, versus F plot in Fig. 2
(curve 2). As the pressure p increases, the threshold
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voltage drops similarly to the behavior observed in
amorphous semiconductors [4]. The Ry vaue
decreased with increasing F as well. It was difficult to
evaluate the pressure p in our experiments, since the
area of contact was undetermined. A rough estimate,
based on the print diameter D measured on the sample
film surface observed in amicroscope, for aload of F =
0.34 kgf yields D = 50 um and pyu = 4Fg/mD? = 2 x
10° Pa= 20 kbar (g = 9.8 m/s?).

It should be noted that the metal—insulator transition
temperature T, of VO, increases with the pressurep [6],
which must lead in the general case to an increase in
Vi; however, the switching parameters Vy,, Ry, €tc.,
depend not only on the T,, value but on the switching
channel dimensions aswell, the | atter being also modi-
fied by the applied pressure. Note aso that, as demon-
strated in [8], a uniaxial (in contrast to hydrostatic)

F, kgf
4 0.1 0.2 0.3
T

0 1 |
250 260 270 280 290 300 310 320 330 340

T,K

Fig. 2. The plots of threshold voltage Vy, versus (1) temper-
ature and (2) pressure (load) at T = 293 K.
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compression may produce a decrease (rather than
increase) in the transition temperature. Findly, the
resistance of the semiconducting VO, phase may aso
strongly depend on the level of mechanical stresses[9].

In concluding, we would like to comment on the
application aspect of the results presented above. Ele-
ments with an S-shaped |-V characteristic are promis-
ing from the standpoint of creating sensors for various
physical parameters. Moreover, the possible generation
of relaxation oscillations in systems containing these
elements makesit possible to design the frequency-sen-
sitive transducers [5], since the frequency of oscilla-
tions in the system depends on V,, and, hence, on the
external factors. The method of frequency conversion
offers obvious advantages, including high resolution,
stable parameters, convenient output signal processing
and computer interfacing, possibility of remote moni-
toring, high protection level against interference during
the data transfer.

The temperature and pressure dependence of the
threshold parameters of the switching devices based on
vanadium pentoxide sandwich structures suggests their
possible application in thin- film microtransducers sen-
sitive to temperature and mechanical factors related to
pressure (force, shift, etc.). It should be emphasized
that the*“vertical” sandwich MIM configurationismore
convenient for the pressure transducers as compared to
the planar variant, where the signal registration requires
bending of the substrate [8. 9]. The task of finding new
materials for microtransducers has became very urgent
(see, e.g., a specia issue of the Sensor Review journal
[10] specially devoted to this subject). Important
aspects of this problem are compatibility with the
present-day integrated-circuit technology, the possibil-
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ity of creating distributed networks (matrices) of trans-
ducers, and anumber of other requirements specific for
each particular type of sensors[3, 10]. We believe that
the compounds featuring the metal—insulator transition
(especialy vanadium oxides) and switching devices
based on these materials offer a promising base for the
creation of such transducers.
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Stationary States
of a Low-Pressure Inductively Coupled RF Discharge
Near the Quenching Threshold
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Abstract—A refined self-consistent volume-averaged model of a low-pressure inductively coupled RF dis-
charge is proposed. It is demonstrated that taking into account finite dimensions of the near-electrode space-
charge region leads to a double-valued dependence of the equilibrium electron temperature on the discharge
pressure and power. Thereisacritical power level, dependent on the pressure and working chamber geometry,
below which no stationary inductively coupled discharge can exist in the system. The theoretical results show
good agreement with experiment. © 2000 MAIK “ Nauka/lnterperiodica” .

Low-pressure inductively coupled RF (ICRF) dis-
charge, obtained at aworking gas pressure such that the
mean free path of gas particles exceeds the gas-dis-
charge chamber (GDC) dimensions, is widely
employed in vacuum-plasma etching and deposition
technologies as an effective source of low-energy ions.
Advantages of using |CRF discharge in theion-plasma
etching reactors and ion sources include a high plasma
density (up to 10'? cm), low ion energy scatter (Ag; <
5 eV), relatively low working pressures (p = 10—
1072 Torr), high efficiency (energy lost per ion creation
n ~ 3080 eV), the absence of incandescent parts, a
large working life with reactive gases, and the possibil-
ity of independently controlling theion energy and den-
sity. For these reasons, the number of works devoted to
the experimental and theoretical investigation of the
nature and features of the |low-pressure | CRF discharge
has been rapidly increasing in the past years.

Lee et al. [14] have developed a self-consistent,
volume-averaged model describing the stationary
states of the ICRF discharge, which made it possible to
calculate the plasma parameters, including the electron
temperature (Tg), ion (n;) and el ectron (n,) number den-
sities, ion (j;) and electron (jo) current densities, dis-
chargeimpedance, etc., asfunctions of the external fac-
tors (GDC size and geometry, working gas type and
pressure, power P absorbed in the RF discharge, etc.).
Note that a similar approach to determination of the
plasma parameters in the ICRF discharge was previ-
ously suggested by Bondarenko et al. [5].

The above model assumes that the discharge is
bounded by an equipotential surface of GDC (where
ji = jo and comprises a quasineutral plasma region
(ne=ny), characterized by an isotropic Maxwell elec-
tron energy distribution function (EEDF) and featuring
ionization and excitation of the working gas molecules,

and a collisionless near-wall space-charge region
(n; > ng) where the main plasma—wall potential drop
takes place with an alowance for the smplifications
made in the model; the laws of conservation of the
number of particles and energy in the integral form for
astationary | CRF discharge can be written as

n,ds,

S @
P = eg(T)n,v'(T,) J'nedV+eeT(Te)vB nds,
\Y

nv'(T.) J’nedV = Vg
\%

S

wheretheintegration is performed over the plasmavol-
ume V and surface S. Here, e is the electron charge, V'
isthefrequency of ionizing electron—atom collisions, €,
are the mean electron energy loss due to inelastic colli-
sions[2], er = T2 + 0.5In(M;/m)) isthe kinetic energy
transferred to the GDC wall by an electron-ion pair
(calculated for the Maxwell EEDF), M; and m, are the

masses of ion and electron, vy = (2T./M,)Y? is the ion

velocity at the plasma—deposit interface corresponding
to the Bohm criterion (Bohm velocity).

By averaging of the electron and ion number densi-
tiesover the plasmavolume and surfaceand using alin-
ear approximation of the ionization cross section as
function of the energy [6], equations (1) can be reduced
to the following form:

n v
nd = =2,
2 Ne VI

i 8Te Ui
V(T) = C(U +2T) [=feplt=l @
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Ps = jin(Te);

where C, isthe constant describing theionization cross-
section, U; istheionization potential, d = V/Sisthe geo-
metric parameter, N, is the electron number density
averaged over the volume 'V, n; istheion number den-
sity averaged over the surface S, P = P/Sisthe specific
power, 1 is the energy lost per ion creation. The set of
equations (2) yields a solution for which T, isindepen-
dent of P and is uniquely determined by the similarity

N =¢&+& | = envsg,
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parameter n,d or pd (p = KT, T, =300 K), by analogy
with the well-known result for aglow discharge column
[6], while n,, n;, and j; are directly proportional to P at
a constant value of pd.

These results, albeit well agreeing with experiment
[7, 8] in a broad range of external conditions, cannot
explain the quenching of an ICRF discharge upon
decrease in the working gas pressure and discharge
power. Therefore, it was of interest to develop this
model so as to determine the region of existence of the

10‘:
100 1 L1l LIl 1 L1 1 LI
(d)
10%F
1011
100 1 L1l LIl 1 L1 1 LI
0.1 1 10

Psdy, W

Fig. 1. Numerical solutions of the system of equations (4) for alow-pressure | CRF discharge characteristics T, and j dg asfunctions

of the external parameters pdg and Pgdy : (1) 2; (2) 1; (3) 0.5; (4) 0.125 (Psd5 , W); (5) 1072 (6) 1073, (7) 4 x 107, (8) 2 x 107
(pdp, Torr cm). Dashed curves represent the classical behavior in the limit § = 0. Points in fig. 1c correspond to the experimental

data for Psd(z) =1W.
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stationary states of an | CRF discharge at extremely low
working gas pressures and small specific powers.

Inorder to solvethistask, it isnecessary to refinethe
meaning of the geometric parameter d = V/S and,
accordingly, the similarity parameter pd that uniquely
determines the T, value. For the sake of simplicity and
illustration, we will consider a model of infinite flat
plasma capacitor with an interelectrode spacing 2d,
(the results obtained below are readily generalized to
include the case of cylindrical or spherical geometry).
At large concentrations of charged particles, the thick-
ness of the near-electrode space-chargeregionish < d,
and the plasma volume virtually coincides with GDC,
while the geometric parametersis d = d,. However, in
the limiting cases of low pressure and small power
(and, hence, small plasma density), the value of h
becomes comparable with the interelectrode distance
and can no longer be neglected. In these cases, the size
d determines a halfwidth of a region in the plasma
whered =d, —h.

According to the model under consideration, the
near-wall regions are characterized by n; > n.. An
equation relating the plasma parameters to the thick-
nesshisprovided by the Child—Langmuir “3/2 law” for
acurrent of positive ions with the initial velocity vg in
aflat layer [6]:

h = (9 /M,/2e) "
x[(MvEize+ o)™ —(Mve2e)™ i, (3)

¢sh = ¢pl_2Te,

where ¢4, is the potential drop in the near-wall region,
¢ = 0.5TIn(M;/my) is the plasma-wall potential drop
[6], and 2T, isthe potential drop acrossthe plasma. Tak-
ing into account that d = dy(1 — &), where & = hidy isa
dimensionless layer thickness, we may write equa-
tions (2) in the following form:

ndo = DVeTTiy Po= in(To,
T
£ = (O /MT28) [(To+ ben) ™~ T 5‘5—5—
SHYO0

Figure laillustratesthe solutionsto equations (4) by
afamily of T, versus pd, plots for various vales of the

parameter P<d’, and Fig. 1b presets a family of T, ver-

sus P¢d? for various pd, (working gas, argon; n./f; =
0.3; gas constants C;, U; taken from [6]; function g.(T,)
taken from [9]). As seen from Fig. 1la, taking into
account the size of the near-electrode regions leadsto a
new, double-valued function T pd,) determining the
threshold values of pressure for the region of existence
of the stationary states of plasma at various values of
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Fig. 2. The plots of critical power (ICRF discharge quench-
ing) and dimensionless layer thickness & (for the critical
power of discharge quenching) versus gas (argon) pressure.

Open circles represent the experimental Psdg values.

the parameter PSdS. For the comparison, a dashed

curve in Fig. 1a shows a solution of system (2) for the
T«(pdy) in the limiting case of system (4) for & — 0.

The parameter Psdg, depending both on the power

absorbed by the discharge and on the GDC geometry,
represents essentially an additional similarity parame-
ter for alow-pressure | CRF discharge. For afixed GDC
size, adecrease in the working gas pressure leads to an

increase in the minimum value of Pgd: at which the
plasmamay occur in a stationary state. Figure 2 shows
aplot of (Psd?),, versus (pdy),. Using equations (4),
possessing auniversal character, it is possible to calcu-
late the plasma concentration and the charged particle
current density for an ICRF discharge in a given GDC
and study these values as functions of the external
parameters. Figures 1c and 1d present the curves of

jid5 (pdo) and j; 5 (Psda).

In order to verify the above theoretical results, we
have performed a series of experiments on a vacuum
setup with acylindrical metal GDC (diameter, 250 mm;
length, 60 mm) [7] equipped with an ICRF discharge
ion source [10] corresponding in the first approxima:
tion to aflat capacitor model. The experimental dataon
the current density and the discharge quenching thresh-
old in this ion source were processed in terms of the
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model and are plotted in Figs. 1c and 2. As seen, the
theory and experiment exhibit good qualitative agree-
ment near the ICRF discharge quenching threshold for
pd, < 102 Torr cm. According to our estimates, the
overstated (by a factor of 2-3) threshold values of

(Psdg ) arerelated to considerable (tens to hundreds of

Watts) resistive losses of power in the inductor and in
the generator coupling device and to the RF induced
heating of GDC elements (which is especialy pro-
nounced, asnoted in[11], inthe region of low gas pres-
sures where the inductor potential reaches severa kV).
For the more precise measurements, special calibration
investigations of the RF circuit have to be performed
according to the methods described in [11]. Note also
that the experimental system employed did not revea a
high-temperature branch of equilibrium plasma states
predicted by the theory.

Thus, the further investigations require both the
experimental approach to be improved and the ICRF
discharge model to be refined by introducing correc-
tions for the boundary conditions, redlistic EEDF [8],
and the energy dependence of the inelastic interaction
Cross sections.
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in aLiquid Not Contacting with Potential Electrodes
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Abstract—It is experimentally demonstrated that a contactless exposure of acoholsto a high-strength electric
field givesrise to an optical anisotropy varying with time both during the exposure and upon switching off the
electricfield. The effect isrelated to afield-induced structurization of the liquid and the formation of quasielec-
tret layers with anomal ous relaxation properties. © 2000 MAIK “ Nauka/Interperiodica” .

Anomalous physical phenomena are usualy
observed in structurizable media capable of storing
energy and possessing spatially inhomogeneous physi-
cal properties [1]. An interesting phenomenon of this
type, related to the accumulation of electric energy, is
the behavior of liquids during contactless exposure to
an electric field of high strength (when the electric cur-
rent is small and caused entirely by leakage conduc-
tivity).

We have studied the effect of electric field on the
properties of liquid media. The field was generated by
a source of dc voltage U = 15-20 kV. The upper elec-
trode was separated from the liquid by an air gap, while
the lower electrode was separated from liquid by the
cell bottom [2]. The insulating transparent cell with a
sample of ligquid was placed into a K FK -2 photoel ectro-
colorimeter. The optical scheme of the instrument was
modified by installing an additional polaroid for the
light beam at the output of the illuminator channel. The
sensitivity was improved by using a Shch-300 milli-
voltmeter and taking all the measures necessary to
exclude the electric breakdown and eliminate leakage
currents. The optical absorption was determined as per-
centage of the value corresponding to a neutral state
(with the field switched off). The system response was
measured either upon switching on the high-voltage
source or immediately after switching off the field.

Figure 1 shows the results of experiments with
aqueous glyceral solutions. The duration of exposureto
the electric field was 5 min. During this period of time,
the optical transmission coefficient n virtually attains a
plateau (saturation); after switching off the field, n
gradually restores 100% of theinitial level observed in
the liquid before exposure. The n value exhibited no
variations in pure (doubly distilled) water and varied
only dlightly in chemically pure glycerol. Similar
results were obtained for the monoatomic a cohols not
reported in thiswork.

The experimental results are indicative of the anisot-
ropy, which arises in the alcohol studied and its aque-
ous solutions upon exposure to the field and varies after
switching off the applied voltage, showing anomalous
relaxation behavior over atime period of several min-
utes. The anomal ous relaxation deviates from the Max-
well relaxation 1, = €¢,/y reflecting microscopic polar-
ization processes depending on y and e—conductivity
and permittivity of the medium, respectively (g, is the
dielectric constant). The anomalous relaxation behav-
ior is apparently caused by the microscopic process of
space-charge polarization, whereby the charge carriers
and dipole molecules are initially linked together into
associates and clusters. A directed motion in the elec-
tric field must be preceded by the detachment of charge
carriers from these formations characterized by the
binding energy U. Then, the relaxation time T is evalu-
ated by Frenkel [3]: T = 1oexp(U/KT), where k is the

n, %

12345678 9101112131415 ¢, min
10000 1 T T 1

99.65
99.30
98.95

98.60

98.25

Fig. 1. Time variation of the transmission coefficient n of a
polarized light with A = 750 nm upon switching on (t = 0)
and off (t =5 min) ahigh voltage applied to (1) pureglycerol
(reagent grade) and aqueous glycerol solutions containing
(2) 25 and (3) 50 vol % H50.
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Fig. 2. Schematic diagram of athree-layer capacitor model-
ing theresidual polarization of liquid: (1) air gap; (2) liquid;
(3) insulating layer; (4) potential electrode.

Boltzmann constant and T is the temperature of the
medium.

Previously [4], a similar variation of the potential
difference across a liquid upon switching the field on
and off was observed with the aid of an electric probe
oriented in the field direction. However, this method
cannot reliably characterize the true relaxation time
because the results depend on the input resistance of the
measuring instrument and its amplifier scheme.

We have observed a difference between the relax-
ation processes accompanying the field action and
afteraction, the relaxation time constant T being usually
greater in the latter processthan in the former. This dif-
ference is evidence that the electric field favors the for-
mation of new stable structures in the liquid studied,
possessing electret properties and having large U val-
ues [5]. The oppositely charged quasielectret layers of
heterocharges can form in the surface layers of liquids
acquiring an ordered structure under the action of elec-
trostatic forces and hydrogen bonds [6].

Let us consider features of the formation of these
guasielectret layersin the system studied. Switching on
the electric field leads to deformation and orientation
polarizationsin the medium, which are virtually instan-
taneously set on the experimental time scale. This is
followed by the space-charge polarization [7] charac-
terized by an anomal ous relaxation time of the order of
seconds or minutes. Although the process of the
quasielectret layer formation may involve several
stages (withdrawa of charge carriers from potential
wells, directed charge transfer, near-surface layer for-
mation), the possible stages cannot be resolved on the
integral pattern of variation of the optical response sig-
nal (Fig. 1). The resulting quasielectret field may com-
pensate for the initial field determined by the surface
charge density o and permittivity of the liquid €, (E, =
o/e,€). We will assume that the limiting quasielectret

TECHNICAL PHYSICS LETTERS  Vol. 26
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layers compensate for the applied field in both magni-
tude and direction.

This system can be modeled by athree-layer capac-
itor comprising an air gap |,, aliquid layer |,, and an
insulating layer (glass) |5 the corresponding permittivi-
tiese,, €,, €5 and the electric field strengths E;, E,, E;
(Fig. 2). Our task reduces to evaluating the field
strength E, in aliquid with quasielectret layers.

Applying the Gauss theorem and the second Kirch-
hoff law to the interfaces between layers[7] in amodel
system with short-circuited electrodes, we obtain the
following system of equations:

o
&k, = _EzEz"'8 e
2€a
_ o
€3E; = —EzEz"'s , (1)
2€q

Upon solving this system, we abtain the residual field
strength E, in aliquid with quasielectret layers:

l, |
R

o € E_
E, = —————. @)
€,€q & g,
|2+_Il+_|3

€ &3

In the system studied in our experiments, this field
strength may amount to the value E, = 4.5 x 10° V/m
characteristic of the moment of switching off the
applied field. Theresidual field decaysin the process of
anomalous relaxation (see the right-hand branch in
Fig. 1 for t > 5 min), depending on the conductivity of
liquid and on the charge carrier binding energy in the
quasielectret layers determining anisotropy of the
system.

Apparently, the E, value characterizes rel axation of
the polarized light intensity in the liquid before and
after application of the high voltage. The afteraction
results in restoration of the initial equilibrium state of
100% light transmission characteristic of the isotropic
liquid.

Thus, ahigh-strength electric field acting upon alig-
uid not contacting with the potential electrodes favors
structurization in the liquid composed of asymmetric
(in particular, polar) molecules. The electric field
energy concentrates in the layers possessing residual
space-charge polarization typical of the electret state of
the substance, which is confirmed by the results of
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measurements of the intensity of transmitted linearly
polarized light.
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Two-Channel Helical Arc Formation
between Graphite Electrodes at a Reduced Pressure
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N. I. Chubrik, and S. V. Goncharik
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Abstract—Experiments showed that an electric arc in helium between graphite electrodes (I = 60-120A; L =
3-6 mm; P, = 1-500 Torr) may exist in two different spatia -tempora modes: (i) a stationary mode with axi-
symmetric current channel and (ii) a nonstationary mode with two helical channels emerging from an anode
spot and rotating at 1020 kHz around the side surfaces of cylindrical electrodes. © 2000 MAIK “ Nauka/ I nter-

periodica” .

Our investigations of the process of fullerene syn-
thesis [1] showed that an arc discharge generated in a
buffer gasat low pressure may exist in two modes spon-
taneously switching irrespective of the discharge
parameters. Thefirst mode represented a stationary axi-
symmetric arc and the second appeared as a nonstation-
ary plasma column with periodic brightness pulsations.
Theratio of times of discharge operation in two modes,
as well as the structure and frequency of pulsationsin
the nonstationary stage, depended on the buffer gas
type and pressure P and the arc current I. At Py, =
100 Torr, thearc occursfor approximately equal timein
both modes, while at a pressure below a few Torr only
the nonstationary mode exists. It was suggested [1] that
the nonstationary mode formation may be related to an
overhesating instability in the gas phase.

In order to elucidate the structure of the nonstation-
ary arc mode, we have investigated the arc in a wide
range of discharge parameters using the method of
high-speed photography in a shot-by-shot mode and in
a continuous scan mode, whereby the arc image in var-
ious cross sections was monitored at a time resolution
of upto 10¢s.

Figure 1 shows a sequence of arc images (I = 80 A;
P = 10 Torr) obtained at a frequency of 50 pictures/s

and an exposure time of 10° s (these conditions
excluded distortion of the arc image asaresult of insta-
bility) [1]. As seen, the arc channel is curved and con-
tinuously changes its orientation in space. In addition,
the arc images indicate that no any longitudinal motion
of bright objects takes place in the discharge gap.

An analysis of the instantaneous arc images (Fig. 1)
and their variation in the longitudinal and transverse
sweep mode (Figs. 2a and 2b) showed that the arc
formed under the indicated conditions comprises two
helical channels rotating around the side surfaces of
cylindrical electrodes. The differential brightness of
channels observed in the longitudinal sweep is proba-
bly explained by attenuation of the channel remote
from the point of observation asaresult of light absorp-
tion and scattering in the central region of the arc.

Figure 2 shows a schematic diagram of the rotating
arc (central inset) and the continuous sweep patterns
obtained by method of computer simulation (Figs. 2c
and 2d), corresponding to the experimental observa-
tions. The principal agreement between experiment and
calculations indicates that the proposed model can be
used to describe the behavior of rotating arc in the
range of discharge parameters studied.

Fig. 1. Sequential photographs of thearc (I = 80 A; P = 10 Torr) obtained at afrequency of 50 pictures/s and an exposure time of

108,
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(b)

(d)

Fig. 2. A modd of two-channel helical rotating arc formed between graphite electrodes at areduced pressure (central inset) and the
continuous sweep images of the (a, ¢) longitudinal and (b, d) transverse cross sections of the arc.

A nonstationary character of the arc can be
explained by competition of the physical processes
involved in the supply of vapors and carbon from anode
to discharge gap and their removal from the discharge
zone. A decrease in the gas pressure may give rise to
overhesating instability in the arc plasma with distrib-
uted anode localization because of insufficient heat
removal from the arc. Under certain discharge condi-
tions, this leads to a rapid (~10~° s) transformation of
the arc from stationary to nonstationary mode with the
formation of electrode spots and contracted current
channels. These spots and channels are pushed by the
magnetic field to the side surface of cylindrical elec-
trodes and rotate around the system axis.

Stability of ahelical channel rotating at high speed
increases upon its splitting into two symmetric helical
columns emerged from a common anode spot. The for-
mation of two current channelsincreasing stability of a
plasma formation was previously reported in [2].

The appearance of the anode spot resultsin increas-
ing erosion and growing partial pressure of carbon in
the discharge gap. This, in turn, facilitates heat removal
from the discharge plasmaby way of both radiative and
convective thermal conductivity. As a result, the over-
heating instability decays and the stationary axisym-
metric arc mode restores. Thetransition from stationary
to nonstationary mode and back is repeated during the
entire lifetime of the arc discharge.

The above pattern is indirectly confirmed by the
observed dependence of the arc structure on the buffer

TECHNICAL PHYSICS LETTERS Vol. 26 No. 6
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gas pressure. Indeed, only the two-channel rotating
helical arc exists in the system at a gas pressure below
afew Torr. This fact indicates that the energy removed
from the discharge plasma at such a low pressure is
insufficient to suppress the overheating instability.
A decreasein the radiative and convective thermal con-
ductivity with decreasing gas pressure is consistent
with the commonly accepted notions about transfer
processes in gases and plasmas.

We believe that an investigation of a relationship
between the regions of fullerene formation in an arc-
discharge reactor and the alternating axisymmetric and
rotating helical arc modes may provideimportant infor-
mation on the mechanisms of formation of the third
alotropic state of carbon.

The authors are grateful to G.A. Dyuzhev for fruit-
ful discussions.

This work was supported by the Belarus Republic
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L aser-Induced Graphite Superhardness
and Transformation into Amor phous Carbon
in a Near-Surface Layer of Cast Iron

G.|.Kozlov

Institute for Problems of Mechanics, Russian Academy of Sciences, Moscow, 117526 Russia
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Abstract—An analysis of the microstructure and Raman spectra shows that the formation of superhard struc-
turesin anear-surface layer of cast iron, observed upon aspecial laser treatment of the gray iron surface covered
by athin layer of inductor (copper), is related to the transformation of graphite (present in the cast iron) into
amorphous carbon. A possible mechanism of this process is proposed, which includes the stages of graphite
transition into aliquid phase, supercooling of the liquid carbon, and its transformation into a condensed amor-

phous phase. © 2000 MAIK “ Nauka/lnterperiodica” .

In the previous work [1], we demonstrated an inter-
esting phenomenon of the induced formation of super-
hard structuresin cast iron upon laser processing of the
gray iron surface covered by athin layer of an inductor
(copper).

The induction phenomenon consists in a control
action of the inductor crystal structure on the develop-
ment of laser-induced phase transformations in the
near-surface layers of metalsand alloys contacting with
the inductor in the course of their cooling. We have
demonstrated [1] that the induction effect of copper on
gray iron leads, first, to a substantial saturation of the
surface layer of cast iron with carbon and, second, to
the austenite stabilization. The latter resultsin asignif-
icant decrease of the austenite transformation tempera-
ture and, due to this, in a substantial grain size reduc-
tion in the structures (including carbides and pearlite)
formed in the course of the cast iron cooling, an analy-
sis of the phase composition did not alow us to deter-
mine the main structural components responsible for
the high microhardness. However, this analysis showed
the formation of martensite in small amounts insuffi-
cient for the laser-induced hardening of the gray iron
surface covered by an inductor. The only “prompt”
enabling usto explain high values of the microhardness
was provided by the results of the microstructure anal-
ysis, which revealed the presence of a significant
amount of carbon in a globular form in the zone of
melting.

In this work, we made an attempt at determining
whether these carbon inclusions can be classified as
graphite or represent some other carbon structure. For
this purpose, we measured and analyzed the Raman
spectra of carbon inclusions from the zone of laser
action at thefirst step (i.e., from adepth of 0.5 mm) [1].
Figure 1 compares the Raman spectrum of inclusions
with the spectra of pyrographite and diamond [2]. The

latter spectra exhibit characteristic narrow peaks at
1580 and 1332 cm?, respectively.

Note that the Raman spectrum of the globular car-
bon inclusions exhibits a characteristic two-hump band
that occupies virtually the entire spectral range from
pyrographite to diamond. This can be considered as
evidence of a significant disordering of the graphite
structure in a near-surface layer of cast iron resulting
from laser processing of a gray iron surface covered by
a thin layer of copper. This disordering leads to an
amost complete loss of a long-range order typical of
ordered crystalline structures, size reduction, and ran-
domization of the molecular structures of carbon, that
is, to the amorphization of carbon. Judging by thewidth
of the Raman peaks, the carbon particle sizeis as small
as 50-80 nm, which istypical of nanocarbon.

It isinteresting to compare the Raman spectrum of
these carbon inclusions with the Raman spectrum of
amorphous carbon synthesized from hydrocarbons by,
for example, CVD method [3] (Figs. 1c and 1d). It is
amazing, but the spectra of these two carbon structures
formed under absolutely different conditions appear to
be almost identical, which proves our assumption that
the globular carbon formed by laser processing of gray
iron with athin layer of inductor (copper) deposited on
its surface is essentially an amorphous carbon (glass-
carbon).

A question naturally arises asto what is the mecha-
nism of graphite transformation into amorphous carbon
under laser irradiation of the cast iron surface covered
by a copper layer? Note, first of al, that graphite
present in the cast iron and phase-separated in the
course of crystallization from melt growsfrom one cen-
ter and branches in various directions to form a flaky
structure with strongly curved lobes. For this reason, a
microsection of the cast iron (Fig. 2a) exhibits linear
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Fig. 1. Raman spectra of (a) pyrographite, (b) polycrystalline diamond film, (c) carbon inclusions in the zone of laser action, and

(d) amorphous carbon.

and curved graphite plate lets corresponding to various
cross sections of the graphite flakes.

Figure 2b shows that significant changes of the car-
bon structure take place in a near-surface layer of cast
iron upon the laser treatment of its surface. It is seen
that thelaser action leadsto transformation of theinitial
carbon plate lets of various shapes into globules, some
of these possessing an almost perfect spherical shape.
This process can take pace in a near-surface layer of
cast iron, provided that carbon occursin aliquid state
at a certain time moment after the laser action. This
assumption, based on the analysis of the cast iron
microstructure after the laser action, explains both the
coalescence of carbon into drops (globules) and the
subsequent formation of amorphous carbon. The latter
can be considered as aresult of transition of a strongly
overcooled liquid phase into a condensed state. It is
known that fast cooling of some melts is accompanied
by the formation of an amorphous condensed state
rather than of an ordered crystal lattice.

However, it is likely that, under the conditions of
laser treatment, the liquid phase of carbon can form and
exist only under high pressure. That is why a question
arisesif thereisabasic possibility of realization of high
pressures in our experiments.

The calculation of thermal and phase stresses in a
near-surface layer caused by laser irradiation of the sur-
face of cast iron covered by a copper layer isacomplex

TECHNICAL PHYSICS LETTERS Vol. 26 No. 6 2000

b) 7 b,

Fig. 2. Photographs of gray iron microstructure (magnifica-
tion, x80) showing (a) the structure of graphite platesin the
microsection plane prior to laser treatment and (b) the struc-
ture of amorphous carbon in anear-surfacelayer of castiron
after the laser irradiation.
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problem that needs special consideration. Analysis of
the existing data and estimates of the possible stresses
within the framework of a simplified one-dimensional
model indicated that the laser action and the subsequent
crystallization of cast iron and copper from melt in the
course of cooling can cause stresses amounting to 4 x
10® Pa due to a substantia difference of the thermal
coefficients of linear expansion. Such high stresses can
facilitate the transition of graphite into liquid carbon.

Thus, the mechanism of amorphous carbon forma-
tion in a near-surface layer of cast iron upon laser irra-
diation of the surface covered by copper is prabably
related to severa interesting processes, in particular,
the development of significant thermal stresses in the
course of laser action and subsequent cooling of cast
iron and copper and the transformation of graphite into
the liquid state followed by overcooling of liquid car-
bon and its transformation into an amorphous state.

TECHNICAL PHYSICS LETTERS  Vol. 26

KOZLOV

Note finally the general character of the described
phenomena. Laser action on various combinations of
metals and alloys makes it possible to realize extremal
conditions allowing one to control phase transforma-
tions. This method can be used for directed modifica
tion of amaterial surface aimed at improving its physi-
comechanical characteristics and for the creation of
novel materials exhibiting unique properties.

Theauthor isgrateful to Prof. V. |. Konov and . Vla
sov for fruitful discussions and assistance.
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Structural Featuresand Energy of Small Water Clusters
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Abstract—Caollisions between water clusters (H,0),,, n = 27, with relative velocities V = 1, 3, or 10 km/s and
various initial temperatures, were studied by the molecular dynamics method within the framework of a polar-
ization model. It was found that the clusters may either stick together (at V = 1 km/s), break into fragments
(V =3 km/s), or form compressed (excited) molecules (V = 10 km/s) dissociating into H* and OH™. Inside the
cluster, the chargeis transferred by the H* hopping mechanism. Upon fragmentation, the clusters separate into
H*(H,0); and OH~(H,0); ions. © 2000 MAIK * Nauka/ Interperiodica” .

Processesinvolved in the collisions between weakly
bound molecular clusters play an important role in the
gas dynamics and the physics of atmosphere. Our inter-
est in studying these collisions was inspired by the
experiments [1-5] which revealed the phenomenon of
polar dissociation of the H,O molecules into H* and
OH~in (H,0), clusters, followed by the spatial separa-
tion of charges upon collision of these (H,0), clusters
with solid surfaces. Note that the polar fragmentation
of clusters composed of polar molecules can be a chan-
nel of charged particle production in the atmosphere, an
important factor in the gaso- and aerodynamic investi-
gations, and a possible reason of the aircraft sensor
electrization [6].

Unfortunately, the kinetics of intracluster polar dis-
sociation cannot be studied in adirect laboratory exper-
iment because the characteristic time of this processis
of the order of aperiod of intramolecular vibrations. In
order to solve the problem, we have employed the
method of molecular dynamics (MD), formed (H,0),;
clusters, and studied collisions between these clusters
moving with arelative velocity of V=1, 3, or 10 km/s.
The results of the MD simulations revealed signifi-
cantly nonequilibrium character of the excitation of
water moleculesin clusters. At V = 10 km/s, this exci-
tation led to apolar dissociation of H,O moleculeswith
charge separation inside the clusters. The calculated
probability of separation into ions is small, which is
explained by the small size of clusters. In experiment,
the probability of separation for a water cluster with
n =300 was estimated at ~10~" [2]. In model calcula
tions, asignificant increaseinnishardly possible, since
a rather complicated character of the model of water
molecule leadsto anonlinear (~n3) increase in the com-
putation time.

Computation model. It was necessary to select a
model of water molecule so asto provide for the possi-
bility of studying the polar dissociation of H,O. For this
reason, we have employed a polarization model of Still-

inger and Davis|[7, 8]. According to the model adopted,
the H,O molecule consists of two protons (H*) and a
negatively charged oxygen ion (O%) possessing a sca
lar polarizability. The total interaction potential com-
prises a sum of two terms. Thefirst termis additive and
represents a sum of pairwise interaction potentials for
each pair of atoms in the system. These are the central
potentials, their particular forms depending on the
interacting atoms. At large interatomic distances, these
functions behave like usual Coulomb potentias of
interaction between charged particles. At small spac-
ings, the character of interaction dramatically changes.
The second term represents a nonadditive potential tak-
ing into account a polarization energy related to the
dipole momentsinduced in oxygen atomsin thefield of
other charges and dipoles in the (H,0), cluster. The
motions of atoms were modeled by numerically inte-
grating the system of Newton equations. The integra-
tion time step was 0.1 fs, which is markedly smaller
compared to the period of atomic vibrationsin H,O. All
calculations were performed without truncation of the
potentials.

The collisions were modeled by setting the initial
directions of motion of the whole cluster, whereby the
same velocity vectors were added to all atoms. The
velocity vectors of colliding clusters were parallel and
oppositely directed. The calculations were performed
in the clusters center-of-mass frame of reference.
Because of a significantly nonequilibrium character of
processes involved in the collision, the cluster temper-
ature T was calculated as a measure of the kinetic
energy taking into account only the internal (rotational
and vibrational) degrees of freedom of each molecule.

In order to describe the formation of H*(H,O); and
OH~(H,0); ions in the clusters, we have employed a
“geometric” criterion. According to this, the “molecu-
lar” bond between H* and O~ was considered as bro-
ken if the distance between proton and oxygen
exceeded 1.3 A. On display, thiswas clearly manifested
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Fig. 1. Timevariation of the number density of moleculesin

water clusters colliding at T = 100 K with various relative
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Fig. 2. Time variation of (1) the number of ion pairs N,
(2) the rotational energy, and (3) the vibrational energy of
moleculesin water clusters colliding at arelative vel ocity of
V = 10 km/s and various temperatures T = 20 (a); 70 (b);
130 (c); 200K (d).

by the proton and oxygen no longer belonging to the
same molecule: the proton, spaced by a considerable
distance from the “mother” oxygen and could be
“trapped” by adifferent oxygen atom.

Calculation results. The collisions between
(H,0),; clusters were simulated under the following
conditions; temperature T = 20, 70, 100, 130, and 200°C;
relative velocity V = 1, 3, and 10 km/s.

Figure 1 shows the plots of the number density of
molecules g in the system of colliding clusters versus
the time upon collision t for various relative velocities.
Asseen, g attainsaconstant level for t > 4 psin the sys-
tem of clusters colliding at V = 1 km/s, which indicates
that the two clusters merged together to form a com-
mon system. Note that the time of attaining the level
g = const was longer as compared to that required for
fragmentation of the clusters colliding at V = 3 or
10km/s. This implies that the fragmentation takes
place before the coallision energy would be distributed
among all molecules in the system.

The formation of charged particles was observed
only for V = 10 km/s. It should be noted that the kinetic
energy of clusters colliding at V = 10 km/s is 2.33 eV
per molecule, which is approximately 1/7 of the energy
of polar dissociation of the isolated H,O molecule
(~17 eV), but about four times the threshold energy of
the polar dissociation (autoprotolysis) in water
(0.58 eV—a significant decrease in the energy of polar
dissociation inwater is explained by solvation of the H*
and OH-ions[9]).

Figure 2 shows the time variation of the number of
ion pairs N and therotational vibrational energy of mol-
ecules in water clusters colliding at a relative velocity
V =10 km/s. As seen, despite the continuous (classical)
energy distribution over the vibrational degrees of free-
dom in the model adopted, the collision process exhib-
its a nonequilibrium character. The internal degrees of
freedom have different relaxation times. The maximum
number of ion pairs is observed for t = 0.11-0.13 ps,
while their lifetimeismaximum at T = 130 K.

On display, the pattern of ion pair formation was as
follows. At the time instant of maximum compression,
compressed (excited) groups of molecules appeared
with the OH bond lengths below 1.3 A. In these mole-
cules, the OH bonds exhibited breakage with the for-
mation of H* and OH~ ions. The proton could rapidly
move to the other part of the cluster. The cluster frag-
mentation resulted in separation of the molecular
groups containing H* and OH~. After acertain period of
time, the oppositely charged ions approached each
other due to the Coulomb attraction and recombined.
Note that electric fields and charges always present in
real systems may hinder the recombination of H*
and OH"~.

Since the formation of H* and OH~ions, their solva-

tion, cluster fragmentation, and charge recombination
proceed within comparabletieintervals, the cluster size
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affects not only the kinetic energy of collision, but the
probability of the solvated shell formation and the
degree of fragmentation as well. It was naturally sug-
gested that theion pair formation in colliding clusters of
greater size would begin at lower relative velocities V.
This assumption was confirmed by the results of our
calculations of the collision of (H,0),, with asolid sur-
face[10].

Thiswork was supported by the Russian Foundation
for Basic Research (project nos. 98-02-17804 and
98-02-17845).
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Abstract—A sample of the natural type Iladiamond was pre-irradiated in a nuclear reactor and then annealed
under isothermal conditions at 550°C. The experimental datawere used to calculate a decrease in concentration
of the neutral vacancy defect called GR1, corresponding to a phononless band (PLB) at 741 nm, and an increase
in concentration of the derivative defect H3 with PLB at 503.2 nm for a broad range of annealing times
(0-300 h) and temperatures (100-900°C). Calculations performed using a single activation energy E,, =
2.43 eV for both fast and slow components of the GR1 defect transformati on processindicate that the annealing
of GR1 and the production of H3 are really observable above 450°C (400°C being the threshold temperature).
At 700-900°C, the fast component contributes over the annealing time interval 0.002-0.251 h, after which the
annealing of GR1 is determined by the slow component alone. © 2000 MAIK “ Nauka/Interperiodica” .

The purpose of this work was to assess the possibil-
ity of restoring the electrical properties of neutron-irra-
diated diamonds by means of annealing. Changesin the
material structure were monitored by measuring the
optical absorption spectra containing bands assigned to
the radiation defects. We assumed that the electrical
properties of diamond are related to the content and
behavior of structural defects.

We have studied the dynamics of annealing of the
GR1 defect and production of the derivative defect H3
in the course of isothermal annealing of a neutron-irra-
diated diamond sample in a broad range of tempera-
tures. These data will be used in subsequent analysis,
which falls outside the framework of this experimental
investigation.

A sample of the natural diamond pre-irradiated in an
IR-8 reactor contained a great number of defects,
including GR1. During the exposure, the fluence of fast
neutrons reached 1.5 x 10 cm for E > 3 MeV and
1.3 x 108 cm2 for E > 100 keV, the fluence of thermal
neutronswas 1.97 x 10'8 cm, and y-radiation dose was
3 Grad.

The GR1 defect studied in this work represents a
neutral vacancy [1] (that is, a zero-dimension defect
according to Schottky), which is most simple from the
standpoint of defect monitoring and data interpretation.
On heating the crystal, mobility of this defect increases
to a very large extent. As a result, the GR1 defects
migrate over the sample and emerges at one-, two-, and
three-dimensional defects (e.g., exhibiting annihilation
or emerging under the dislocation extraplane, at the
crystal boundary, or on any other plane). Therefore,
annealing leads to the loss of GR1 defects with the for-

mation of stable complexes with other defects (of both
intrinsic and impurity type). In particular, collision
with an A-type center (a diatomic nitrogen impurity
defect) leads to the GR1 transformation into H3 [3].

Asisknown, annealing of the GR1 vacancy defects
in amaterial is proportiona to the temperature. Trans-
formation of the corresponding absorption bands are
readily observed at 550°C even for a comparatively
short annealing times, while the treatment at 600°C
may |lead to decay of this defect [3]. For thisreason, the
experiment on isothermal annealing was performed at
550°C during atime reaching several tens of hours, at a
10-h step. The treatment was effected in a vacuum of
6 x 1073 Torr. The measurements and calcul ations were
performed both for the annealing of GR1 and the pro-
duction of H3, the derivative defect.

The presence of defects and their concentration
were determined from the optical absorption spectrum
measured in the visible range. In order to suppress the
phonon vibrations of the crystal lattice, the measure-
ments were performed at the liquid nitrogen tempera-
ture. The defect concentration Agr; Was determined as
the areaunder the corresponding absorption band in the
spectrum.

Variation of the GR1 defect concentration Agg; (nor-
malized to unity) with time during theisothermal anneal-
ing can be described by a sum of two exponents [4],
which reflects the two-component mechanism of this
process.

Acri = (a1/(a1 + @y)) exp(—t/Tsay)
+(ay/(a, + @) eXp(—t/Tyo).

)
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By plotting the experimental data in semilogarith-
mic coordinates (Fig. 1), it is possible to separate the
slow and fast components and determine the parame-
ters of equation (1). Then, variation of the normalized
concentration of GR1 defects during annealing of the
natural type lla diamond at 550°C can be presented as
function of the annealing timet (h):

+0.26exp(-t/94.98),

where the fast component is characterized by the time
constant T;,¢ = 12.34 h and the slow component, by
Tyow = 94.98 h.

Using the experimental data obtained for the iso-
thermal annealing at 550°C, we may calculate the time
constants T, and 14, for the annealing at any other
temperature T, assuming that the GR1 defect transfor-
mation in type Ila diamonds retains its two-component
character:

)

Trag = To,ra ©XP(En/ (KgT))
= 1.623 x 10 “exp(28200/T),
Tyow = To,5owEXP(Em(kgT))
= 1.249 x 10 exp(28200/T),

where E,, = 2.43 eV [5] is the activation energy for the
vacancy migration and kg = 8.617 x 107 eV/K is the
Boltzmann constant.

Using the above data, we have calculated the Agg;
values in the temperature interval 100-900°C using
formula (1) with the preexponential coefficients 0.74
and 0.26 taken from formula (2). The results of these
calculations are presented in Fig. 2. Asis seen, anneal-
ing at a temperature above 800°C results in vanishing
of the GR1 band intensity within one hour or less, in
agreement with the published data[5]. The drop of Agg,
at T = 700-900°C takes place within a time interval
0-3 h and is described by a single straight line, which
implies that only one component (slow) contributes to
the process. The action of fast component, markedly
affecting thetotal loss of GR1, isrestricted to annealing
times of the order t [14t;4. For the temperatures T =
900, 800, and 700°C, the corresponding annealing
timesare6.5s, 61.2 s, and 15.1 min, respectively. Note
that isothermal annealing over this short time interval
may be difficult to perform and study because of ther-
mal inertia and some features of the furnace design.

At the temperatures T = 650 and 550°C, contribu-
tion of the fast component (Fig. 1) can be followed up
to atime of t 041, (1.2 and 50 h, respectively, after
which only the slow component is determining the loss
of GR1. For this reason, the curves describing a
decrease in the defect concentration at t > 1.5 and 60 h
(for T = 650 and 550°C, respectively) can be approxi-
mated by straight lines in the semilogarithmic scale
employed. For the annealing at T = 450-500°C, both

©)

(4)
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Fig. 1. Annealing of GR1 defectsin apre-irradiated typella
diamond sample at various temperatures (°C) over atime

period of 0-300 h.
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Fig. 2. Annealing of GR1 defectsin apre-irradiated typella
diamond sample at various temperatures (°C) over atime
period of 0-3 h.

fast and slow stages can be traced over the entire inter-
val of annealing times (0-300 h) studied, since the
characteristic time t 0 41,4 for these temperatures
(452.8 and 5644 h, respectively) exceeds 300 h.

In the temperature range from 100 to 400°C (Fig. 1),
defects of the GR1 type in the natura type lla diamond
are virtually not annealed. Thus, the temperature T =
400°C can be considered as a threshold for the GR1
type defect transformation. Using a lower activation

energy E,fn = 1.68 ¢V [5] for the fast component and
retaining E,, = 2.43 eV for the slow component, we

obtain a slower annealing of GR1, since the time con-
stant of the former process would increase to Tiyy =

6.356 x 101%exp(19500/T). For example, at T = 973 K
(700°C) and E[, = 1.68 eV, we obtain T = 0.3200 h
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Fig. 3. Accumulation of H3 defectsin a pre-irradiated type
Iladiamond sample at varioustemperatures (°C) over atime
period of 0-300 h.

(instead of 0.0627 h with E,, = 2.43 €V). This approxi-
mately equals to Ti4(E, = 243 eV) = 0.3013 h
observed for the annealing temperature T = 923 K
(650°C), which implies a 50-K shift in the annealing
temperature. The existence of two values of the activa-

tion energy (E,, and Erfn) is still unexplained [5], but
produces little effect upon the calculation results.

Accumulation of the H3 defects is described by the
following formula derived using the experimental data
obtained 550°C and assuming the time constants T;.4
and 1y,,, determined for GR1 to bevalid for H3 aswell:

A3=1-0.74exp(-t/12.34) — 0.26 exp(—t/94.98) ,(5)

where the defect concentration A5 is normalized to
unity. Figure 3 shows the curves of the H3 defect pro-
duction calculated by the equation

Az = 1-0.74exp(—t/1:,4) — 0.26exp(-t/Tg4y,) (6)

and plotted in logarithmic coordinates. As seen, the
curves are well approximated by straight lines of the
type f(t) = const - t for the annealing times decreasing
from 300 h at 450°C to, e.g., 1 h at 600°C. Then the
curves attain a plateau (Ayz = 1). The proportionality to
the annealing time is quite understood. I ndeed, expand-
ing the small exponents into series and restricting the
expansion to two terms, we obtain from equation (6)
the following approximate expression valid for any
temperature of annealing of the natural type lla dia-
mond:

Aus = (0.74144, + 0.26T . )t/ (Trag Taow) - @)

For example, the accumulation of H3 at 550°C
(Fig. 3) for t < 3 h is approximately described by for-
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mula (7) as A,z = 6.270 x 1072, with the maximum
error (at t = 3 h) reaching 12%.

Note that, taking into account that defects of the
H3[1] typeareanneded at T > 1073 K (800°C), no cor-
rections for the loss of these defects was introduced
into our calculations.

The total amount of the H3 defects accumulated in

the sample (for t — ) is A;; = 0.644 nm mm?,
which corresponds to about 17% of the initial concen-

tration of GR1 (Agg; = 3.841 nm mm-Y).

The above results indicate that data on the isother-
mal annealing of the pre-irradiated natural type lladia-
mond at 550°C can be used to cal culate concentrations
of the GR1 and H3 defectsin a broad range of temper-
atures (100-900°C). Naturally, the results for 550°C
are independent of the activation energies for the
vacancy migration, because these parameters are
implicitly represented by the values 1;,4 = 12.34 h and
Tyow = 94.98 h obtained from experiment.

A significant decrease in the concentration of GR1
takes place upon the annealing for t 004t (by analogy
with, e.g., the radioactive decay, which is natural since
the two processes are described using identical mathe-
matical formalism). Thus, should the fast component
dominate (700-900°C), the annealing time can be
restricted to t (41;,, otherwise the annealing must pro-
ceed for t 041y, .

The authors are grateful to the personnel of the IR-8
reactor (Kurchatov Ingtitute of Atomic Energy, State
Scientific Center of the Russian Federation) for their
help in sample preparation and to Yu.A. Kashchuk for
the dosimetric control of irradiated diamonds.
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Abstract—The electron—photon shower devel opment in alead plate—emulsion sandwich chamber with atotal
effective lead thickness of 3.5 radiation units was studied for an electron energy of 26 GeV. The experimental
electron multiplication coefficient (PP = 19.4 + 1.4) agrees with a theoretical value (P4 = 20.4) calcul ated
with corrections for the particle scattering and absorption. © 2000 MAIK “ Nauka/Interperiodica” .

Recently, a series of experiments, involving the
method of “far neutrinos’ and detectors with large
masses (=100 tons), have been suggested to revea the
phenomenon of neutrino oscillations. Direct observa-
tion of thev,, — v, oscillationsin the MINOS|[1] and
OPERA [2] projects is expected using lead plate—emul-
sion sandwich detectors weighing about 1000 tons.
Nuclear photoemulsions offer good possibilities for
identifying electronsinthev, + N — e + X reaction
and, hence, the v, —= v, oscillations as well. In the
photoemul sion experiment, the system sensitivity with
respect to thismode islimited only by the v, admixture
inthe v, beam.

Using nuclear photoemulsions provides a good
quality of the primary electron beam rejection from an
admixture of the ® meson decay products. These prod-
ucts are separated as having two or four tracks due to
charged particles, in contrast to a single electron pro-
duced in thev, + N —= e + X reaction. In order to
assess the possibility of electron energy determination
in a hybrid photoemulsion experiments, we have stud-
ied the electron—photon shower development in a lead
plate—emulsion sandwich chamber.

Experimental design. The emulsion chamber com-
prised 22 layers of an R-2T nuclear photoemulsion
spaced by 1-mm-thick lead plates. The total thickness
of lead was 20 mm, the radiation pathlength in lead
being 5.6 mm. The 50 x 50 mm? emulsion plates repre-
sented a sandwich of 180-um-thick cellulose triacetate
films coated from both sides with a 50-um-thick cast
emulsion layers. In order to exclude the contact of lead
with the nuclear photoemulsion, the emulsion layers
were coated with protective gelatin coatings having a
thickness of afew microns.

The assembled chamber was exposed to a beam of
26-GeV electrons extracted from the accelerator of the
Institute of High-Energy Physics. The exposure time
was controlled so as to provide atotal spill of 10* elec-
trons. Thelayers of exposed emulsion reveal the pattern
of the electromagnetic shower development upon pas-
sage through the lead plates.

The tracks in emulsion were visuaized and ana-
lyzed on aMAS-1 setup [3], where the emulsion layers
were scanned in depth and the tracks corresponding the
high-energy electrons incident normally to the emul-
sion surface were unambiguously distinguished. The
normal-incidence emulsion chamber ensures determi-
nation of the electron track direction with good preci-
sion. The chamber design provides for the matched
passage from one emulsion layer to another, with the
coordinate system being rigidly fixed with respect to
the cut plate sides in the chamber. The accuracy of
matching was 10 pm.

Experimental results and discussion. The visua-
ization of tracks began from the first emulsion layer
along the beam propagation direction. Here, the tracks
with directions close to the normal to the emulsion
plane (within a £15° angle) were determined. A total
examination of this layer reveaded the integral pattern
of the emulsion chamber filling by the tracks of elec-
trons from the primary beam. Figure 1 illustrates this
integral pattern by a projection of the track distribution
onto one of the coordinate axes lying in the plane of
emulsion. Here, points show the results of track count-
ing over an 0.1 x 32 mm? band region (0.1 mm is the
size of the objective visua field in one direction, and
32 mm isthe scan length over the emulsion layer in the
perpendicular direction). The solid curve in Fig. 1 pre-
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Fig. 1. Electron track distribution measured in the first
emulsion plate along one of the coordinate axes lying in the
plane of emulsion. Total number of tracks, calculated using
the approximating Gaussian curve, is 3830.

sents approximation of the experimental data by the
expression

_ A
o/
wherex. =23.1+ 0.4 mm, o = 8.6, and Y, = 301. Asis
seen, there is a pronounced background pedestal under
the Gaussian curve. Apparently, this background is
explained by the presence of electrons with different

energies, entering as an admixture into the primary
beam.

In order to study the electromagnetic cascade devel-
opment in the emulsion upon passage through the lead
plates, we have performed analogous integral examina
tion of the penultimate emulsion layer in the emulsion
chamber. Figure 2 showsthe corresponding experimen-
tal dataand theresult of their approximation by aGaus-
sian function. The total multiplicity of particles upon
the electron beam passage through the lead—emulsion
sandwich is determined by the area under this curve.

In order to obtain a correct value of the coefficient
of cascade multiplication in the shower, the experimen-
tal datahaveto be corrected. Thisisrelated primarily to
the background subtraction from the distributions
depicted in Figs. 1 and 2. Since the shower develop-
ment in a cascade essentially reflects variation of the
number of particleswith the energy, we may expect that

Y +Y,,
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Fig. 2. Electron distribution measured in the penultimate
emulsion plate along one of the coordinate axeslying in the
plane of emulsion. Total number of tracks, calculated using
the approximating Gaussian curve, is 74300.

particlesin the beam and in the background are charac-
terized by different multiplication coefficients. In order
to calculate the multiplication coefficient for electronsin
the beam, we must analyze processes involved in their
electromagnetic interaction with the substance [4, 5],
including (1) internal bremsstrahlung radiation, (2) pair
production, (3) Compton effect, and (4) ionization
losses.

Thetotal number of electronsin the cascade with an
energy above E is given by the formula[5]:

N(Eq E, t) = z nP(Ey, E, n, t),
n=0

where P(E,, E, n, t) isthe probability to find n electrons
with energies above E at an absorbing substance depth
t for the primary electron beam energy E,.

Using the reference data from [6], we obtain the fol-
lowing distribution of the absorption losses AE,,(MeV)
as function of the total lead thickness X (mm):

AE,(X) = 14.7-5.4X +0.7X°.

The function of the electron multiplication upon the
beam traveling through a distance t (in radiation units)
in lead can be presented as

n(t) = —4.4+11.9t—2.4t°,
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In our case, taking into account the absorption of
cascade electrons in lead, the electron multiplication
coefficient can be presented in the following form:

3.7

Pp = [n(t)ct,

where the upper integration limit is determined by the
number of radiation unitsin lead and the lower, by the
effect of electron absorption and multiple scattering in
lead.

A fraction of the cascade electrons is lost, besides
absorption, as a result of their multiple scattering by
large angles during passage through the lead plates. The
multiplication coefficient calculated for the cascade
electrons with an alowance for their absorption and
multiple scattering in lead is P = 20.4.

The experimental value of the electron multiplica-
tion coefficient PP was determined using the formula

G,(x)dx
peP = JGtaax 194+14.

B [G(x)0x

where [G, (X)dx is the total number of tracks in the
penultimate emulsion plate (described by the Gaussian
function without background) and J' G, (X)dxistheinte-
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gral distribution of tracksin the first plate of the emul-
sion chamber (background subtracted). The integration
limits are indicated in Figs. 1 and 2. The experimental
value of the electron multiplication coefficient in lead
and the result of calculation with the absorption and
scattering corrections coincide to within the experi-
mental error.

Thiswork was supported by the Russian Foundation
for Basic Research, project nos. 99-02-16195 and
98-02-17428.
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Abstract—Three possible schemes of ahigh-resolution stepped X-ray diffractor have been analyzed, including
those based on the steps of equal angular widths, the steps of equal heights (i.e., distances from the step edge
to the beginning of the next step), and the symmetric steps (where a distance from the step edge to the focusing
circumferenceisequal to the distance from the focusing circumference to the edge of the next step). It is shown
that thefirst and the third schemes provide most stable characteristics. © 2000 MAIK “ Nauka/Interperiodica” .

An X-ray radiation spectrum with simultaneous
beam focusing can be obtained with the aid of a cylin-
drically or sphericaly bent perfect crystals [1-3]. The
methods using cylindrically bent crystals were first
considered long ago [4-8]. The methods used for
focusing the radiation generated in asmall volume (i.e.,
by a point source) provide arather high spectral resolu-
tion. The resolving power is usualy understood as a
dimensionless ratio E/AE or A/AA, where E is the
energy of an X-ray quantum and A is the radiation
wavelength. Denoting the angle formed by the incident
beam and the reflecting atomic plane of the crystal
by 6, we obtain from the Bragg law that the admissible
deviation from the exact Bragg angle, A6, determines
the resolution, A/AA = tan@/A8, and depends on the
crystal mosaicity, the method used for obtaining the
X-ray spectrum, and the area of the reflecting Bragg
surface of the crystal or the so-called diffractor. The
zone of the Bragg (diffraction) reflection is understood
as a set of points on the crystallographic surface for
which, within the given wavelength range (A — AA <
A <A+ AN), the Bragg angle fallswithin 6 — A8 < 6 <
0 + AB.

Thelarger the value of AB, the greater the diffraction
zone area and, as a consequence, the aperture and the
intensity of the spectrum obtained. However, the attain-
ment of a high spectrum intensity is not the only
requirement; it isalso necessary to reach a high spectral
resolution (usually associated with a small reflecting
areaof the crystal). Both conditions can simultaneously
be met by using not one but several crystals. The prin-
ciple of a stepped diffractor, each step of which is an
individual bent crystal, was considered in a number of
works [9-11]. A variant of the high-transmission pseu-
dospherical stepped X-ray diffractor meeting the condi-
tion of a high spectral resolution was first suggested
in [10], where high spectral resolution was attained due
to a constant angular width of each step (A¢ = const).

Previoudly [12, 13], we developed an algorithm for the
computer simulation of diffraction zones for crystals
with various surface curvatures (cylindrical, ellipsoi-
dal, toroidal, etc.). Below, we will systematically ana-
lyze three possible models of stepped X-ray diffractors
providing a high spectral resolution and the relation-
ship between the maximum possible aperture and the
resolving power of adiffractor.

Figure 1a shows a pseudospherical stepped diffrac-
tor similar to that considered earlier [10, 11] and the
optical scheme of the corresponding focusing spec-
trometer. Figure 1b schematically shows a section of
this diffractor by the plane of the focusing circle with
the center at the point O'. The focusing circumference
located in the horizontal plane passes through the point
Sof location of a point radiation source, the upper dif-
fractor point A, (the middle of the central step), and,
finally, the point | of the detector location. The section
of each step by the focusing circle planeisan arc of the
circumference of the radius R = OA(R = R;), with
AB;=AD;, wherei=—N,-(N-1), ... 0, ..., (N-1),
N. Now, introduce the following notation:

Ad; =B i —ai,

® = OB_OBy.

AB, = OASB,,

Theanglesq; |B —q;|, and w determine the location of
the center, the angular halfwidth of the ith step on the
focusing circumference, and the total angular width of
the diffractor, respectively.

Obvioudly, the radiation incident onto the centers of
each step forms the same angle with the tangent. It is
this angle that is called the Bragg angle 6. Denote the
range of the Bragg angle variation (caused by the finite
angular halfwidth £AB; of the ith step) by A8;. In spec-

troscopy, the A¢; value does not exceed 10 rad. Then,
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the approximate formula relating these quantities can
be written as

_ tan® + tanaq;
tan®

tana;
tan®

The maximum A8, value sets the spectral resolution of
adiffractor. Now, we will consider three different mod-
els of a stepped diffractor and compare their limiting
apertures and spectral resolving power.

Thefirst model suggested in our earlier study [10] is
characterized by the steps having equal angular widths,
i.e., Ad; = const(i). The angle w with the vertex at the
point O is divided into 2N + 1 equal angles (Fig. 1b).
Then, the halfwidth of each step is determined as

Ab, A8, = [1 +

}Aei. )

B W
Ad; = 22N+1) 3

The total aperture of such a diffractor (and, therefore,
also the integrated radiation yield) equals the sum of
the apertures of individual steps. In the polar coordi-
nates with origin at the point O, the middle point of
each step lying on the focusing circumference is deter-
mined by the angle a; and theradius R;:

q = WX i
PN+ 1

The angle 6 is determined by the position of the point S
on the circumference. The corresponding maximum
angular width w of astepped diffractor cannot exceed 26.
Now, denote the diffractor height along the Z-axis
by H, then L; = D,B;. The aperture of each step can be
written as

R = Rycosq;. 4

Hx L,
Q, = —sine. )
SA

Then the total aperture of a diffractor consisting of
(2N + 1) stepsis given by the following equation:

. i=N
Q = WX Hsind z COSQ;
&, sn

T R(NFD 2 G0+ a)

Inthelimit (at E/AE — ), we arrive at the following
integral:

(6)

. w/2
0 = H:nej. ' 2(:030( dor
° 2.8+ (7)
_ Hsine[ cos® , sin@, L+ COS(9+G)DTD/2'
R, Lsn(®+a) 2 Ui-cos(6+a)d,,

The apertures calculated by formulas (6) and (7) coin-
cide.

The second model of diffractor suggested in [9] is
characterized by the constant interstep spacing, st =
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Fig. 1. Optical schemefor obtaining an X-ray spectrum and
beam focusing. The XYZ are the reference systems; O' and
O are centers of the focusing circle and the step curvatures,
respectively; Sand | are the points of location of the radia-
tion source and its image, respectively.

R —R . Using the above notation, we arrive at the fol -
lowing expressions for the anglesat i > O:

a; = arccos(1—i(st/Ry)), (8
Ad; = arccos(l—i(st/Ry))

k=i-1
-2y (1) arccos(1 —K(st/Ry)) + (=1)'By. ®)
k=1

At some values of the parameters st and 3, the
guantity A, can acquire anegative value at theith stage
of the construction procedure. However, asis seen from
Fig. 1b, such a solution is impossible. The geometric
considerations show that A¢ =3, —a; and 3, > a;. Thus,
within the framework of this model, it isimpossible to
design a diffractor with arbitrary resolving power
because the latter is determined by the parameter [3,.

Finaly, consider the third (“symmetric”) variant of
a stepped diffractor based on the following principle.
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Fig. 2. Resolving power A/AA as function of the number of
steps, N, for three models of the X-ray diffractor: (a) the
model with A = const, (b) the symmetric model, and (c) the
model with st = const.

The halfwidth of the zeroth step is limited, A, < AB =
(ANA)tanB . Theinitial anglesare oy =0and 3y = Adg.
It is necessary that the following equations would be
fulfilled: B,C, = CD, , ; and, therefore, also DA = AB;.
The angles are related as

cosa; ., = 2¢0sB; —cosa;, Bi., = 20;,,—Bi. (10)

One can readily show that, in this variant of diffrac-
tor, Ad; . 1 <Ad; (in other words, the spectral resolution
of each step it higher than the resolution of the preced-
ing one). Therefore, the total resolution of the diffractor
is determined by the resolution of the central step alone
and does not decrease with increasing number of steps.
Thus, in thismodel, an increase in the number of steps
provides a higher spectral yield without any deteriora
tion of the resolution. Thus, the condition Ad; < AB is
fulfilled, which provides the necessary resolution of the
diffractor. The total number of steps is determined by
the condition |By| £ w/2. The diffractor aperture is
obtained as

TECHNICAL PHYSICS LETTERS  Vol. 26
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Hsinb i:N(Bi—(Xi)COS(Xi

Figure 2 illustrates the resolving power for each dif-
fractor step. Irrespective of the diffractor model used,
thetotal diffractor resolution equalsthe minimum value
of all the step resolutions. We calculated the diffractor
resolution at Ry = 320 mm and 6 = 60°. Obvioudly, for
area diffractor containing three to five steps, differ-
ences between the above models are insignificant.
However, thefirst (A$ = const) and the third (symmet-
rical) models alow one to use any arbitrarily large
number of steps close to its limiting value determined
by the spectral properties (the rocking curve) in order to
attain the maximum possible aperture. However, thisis
not always possible for the second model, where
st =const. The point is that, at a fixed value of the
parameter 3y, the value of st must fall within aninterval
equal to 1% of its absolute value, which provides ful-
fillment of the inequality A¢; > 0. Outside this range,
the construction is inevitably restricted to the first sev-
era stepsonly. Thus, the first and the third models pro-
vide more stable characteristics.
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Abstract—A method for the simultaneous processing of speckle fields generated by several single-fiber mul-
timode interferometers is devel oped. The method uses a multichannel correlation filter based on a single pho-
torefractive crystal. Mutua influence of the neighboring channelsis analyzed, and it is shown that the simulta-
neous processing of several channels can be performed with the help of a single photorefractive crystal, pro-
vided that the interchannel spacing is not smaller than half of the size of the optical field pattern formed in the

crystal plane. © 2000 MAIK “ Nauka/Interperiodica” .

Holographic correlation filters are promising struc-
tures for the processing of speckle patterns formed by
radiation fields of single-fiber multimode interferome-
ters (SFMI) [1, 2]. In particular, such a filter can be
based on a dynamic diffraction grating recorded in a
photorefractive crystal (PRC) [2]. An important advan-
tage of these correlation filtersistheir adaptability, that
is, the ability of the dynamic grating recorded in the
crystal to adjust itself to uncontrolled low-frequency
variations in the environment. This feature opens a
great field for the practical application of fiber optic
measuring networks.

However, the processing of signals from multidi-
mensional data transmitting and measuring networks,
consisting of a large number of fiber optic measuring
lines (channels), would require alarge number of pho-
torefractive crystals. This substantially complicates the
processing system and makes it more expensive. A pos-
sible solution for this problem consists apparently in
using a single photorefractive crystal for the smulta-
neous processing of signals from several measuring
lines.

In thisregard, the purpose of our work wasto inves-
tigate the mutual influence of incoherent dynamic
speckle fields of several SFMI during the processing of
these fields with the help of a multichannel correlation
filter based on asingle PRC.

The principle of operation of a PRC correlation fil-
ter is as follows. When a coherent optical radiation
enters the PRC, a set of chaotically oriented phased
gratings, resulting from interference of the primary
wave with alarge number of secondary waves scattered
by crystalline defects, is formed within the crystal [2].
Such acomplicated diffraction grating givesrise to the
fanning effect, whereby the power is transferred from

the incident wave to the scattered waves due to diffrac-
tion of the former wave on the chaotic set of gratings.
Intensity of the fanning waves depends on the contrast
m of the interference pattern formed by interference of
the incident and scattered beams.

When another radiation (incoherent to the primary
one) enters the crystal, one more set of chaotically ori-
ented diffraction gratings will be recorded in the bulk
and one more fanning wave will be excited. Based on
the theory [3, 4], one can demonstrate that, for the case
of overlapping domains of mutually incoherent optical
fields, the contrast of the resulting interference pattern
can be expressed as

_ Mo
= T+ko(Q)' @

where m, is the initial contrast of the interference pat-
tern, o(Q) is the parameter describing overlap of the
incoherent field domainsin the crystal, and k isthe con-
stant describing the degree of spatial nonuniformity of
the incoherent field.

Using methods developed in [5], we can show that,
when cross-sections of the optical fields have approxi-
mately circular shapes, the overlap parameter can be
expressed as

m

%T(Zarccosz —ZZA/l—ZZ), (<1,

0, ¢(>1

where { = x/d, x is the spacing between the centers of
the fiber guide end images formed in the crystal plane,
and d isthe linear dimension of the fiber end image.

Formulas (1) and (2) show that, in the case of par-
tidly or totally overlapping optical fieldsfrom different

a({) = @
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Fig. 1. Schematic diagram of the experimental setup: (1) He—-Ne laser; (2) objective lens; (3) single-fiber multimode interferometer;
(4) piezoelectric ceramic element; (5) polarizer; (6) Bi1,TiOyq crystal; (7) photodetector; (8) low-frequency oscillator; (9) lock-in

amplifier.

sources ({ < 1), the homogeneity of the field in the
overlap region increases and the contrast m decreases,
which results in the mutual lowering of intensities of
the fanning waves in both channels.

The mutual influence of channels in a two-channel
adaptive filter was investigated experimentally. Mutu-
aly incoherent radiations of two SFMI (Fig. 1), which
were sinusoidally modulated at frequencies w, and w,
with the help of piezoel ectric ceramic elements, passed
through a polarizer and were focused within the PRC
with an objectivelens. Thefanning signal was collected
by a photodetector and fed to the lock-in amplifiers
tuned, according to [2], to 2w, and 2w,. This ensured
extraction of the contributions from each channel.

Figure 2 shows the amplitudes of fanning signals
measured in each channel asfunctions of theinterchan-
nel spacing. When radiations of different SFMI passing
through the crystal are sufficiently separated from each
other, the level of the fanning signal in each channel
remains almost constant. In the case of substantially
overlapping images of the fiber guide ends, formed in
the crystal input plane (x ~ d/2), we observed substan-
tial lowering (by 3 dB) of the fanning signal in both
channels.

In order to experimentally investigate crosstalk
noises arising at small separationsin both channels, we
placed an abjective lens between the crystal and the
photoreceiver (Fig. 1). As a result, the two channels
were spatially separated inthefar field. The signal from
the photoreceiver placed in the fanning field of the sec-
ond channel entered a selective amplifier tuned to the
operating frequency of the first channel (2w,). This
allowed usto determine the degree of mutual influence
between the channels determined by the interaction of
their optical fields within the crystal. Figure 2 presents
the spectral component of fanning signal in the second

TECHNICAL PHYSICS LETTERS  Vol. 26

channel, corresponding to the operating frequency of
thefirst channel, asfunction of theinterchannel spacing
in the crystal. It was found that the level of this signal
isindependent of the interchannel spacing and does not
exceed thelevel of intrinsic noisein the second channel
(11 dB). This result indicates that there is almost no
interpenetration of the information component between
the channels.

Thus, the results of investigations allow us to infer
that it is possible to process two or more signals of fiber
optic measuring lines (channels) with the help of asin-
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Fig. 2. Fanning signals in different channels (dashed lines)
and the interference pattern contrast (solid line) vs. relative
interchannel spacing: (1) channel no. 1 (wy); (2) channel
no. 2 (wy); and (3) channel no. 1 (wy).
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of YBa,Cu;0,_5 Compound
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Abstract—The orthorhombic structure of compounds of the' Y Ba,Cu;0; _ 5 compositions was studied and the
long-range order parameter of oxygen atomsin the basal plane of the crystal | attice was determined. It is estab-
lished that the critical temperature T is more sensitive to changes in the order parameter than in the (7 — 0)

value. © 2000 MAIK “ Nauka/lnterperiodica” .

One of the most important tasks of the studies of
high temperature superconductors (HTSC) is to
improve the superconducting characteristics of materi-
as. Thevalue of the critical temperature of transition to
the superconducting state (T,) in Y Ba,Cu;0; _ 5 super-
conductorsis determined mainly by the amount of oxy-
gen atoms (7 — &) and their ordering during the forma-
tion of an orthorhombic crystal lattice. The supercon-
ducting properties of theY Ba,CuzO; _ 5 compounds are
usually characterized by the parameter (7 — ). Numer-
ous theoretical and experimental studies show that the
critical temperature T, also depends on the order of
oxygen atoms in the ...—Cu—O—Cu—... chains running
along the b-axisin the basal (110) plane. However, the
long-range order parameter and its value are almost
never considered in the structural studies of HTSC
materials.

The present study is aimed to determine the long-
range order parameter n for oxygen atoms located in
the basal (110) plane and introduce this parameter into
the practice of X-ray diffraction studies of the
Y Ba,Cu;0; _ 5 compound.

Thetheoretical study [1] showed that orthorhombic-
ity (A) of the YBa,Cu;0,_5 compounds is determined
not only by the difference in the a and b lattice param-
eters, but is also a linear function of the long-range

order parameter of oxygen atoms located in the basal
(110) plane. In other words, A(n) = b —a =yn, whence
it followsthat n = Aly, whereyisthe coefficient that can
be determined experimentally from the maximum
value of Ao = (b — &) = 0.0780 A for the stoichio-
metric compound Y Ba,Cu;0;. In the latter compound,
50% of oxygen vacancies in the basal plane are occu-
pied by oxygen atoms and n,, = 0.5, which corre-
sponds to the complete order (all the vacancies along
the b-axis are occupied by oxygens). Thus, we obtain
Y = Do/ Mimax = 0.156.

We performed experimental studiesonY Ba,Cu;O;_5
single crystals grown by the method of spontaneous
crystallization from solution, followed by isothermal
annealing for timet in the oxygen atmosphere at afixed
pressure and quenching to room temperature in the
same atmosphere.

The temperature of the transition to the supercon-
ducting state was measured by the magnetic method
within an accuracy of £0.1 K.

X-ray diffraction studies of the grown crystals were
made on a DRON-3 diffractometer (CuK,, radiation).
The samples contained no additional phases. The a-,
b-, and c-parameters were determined in the asymmet-
ric geometry using the 10.11, 01.11, and 00.11 reflec-
tions with an accuracy of +0.0005 A. The oxygen con-

Table

t,h Te, K 7-5 C A A A n 1(00.11)

0 88.7 6.88 11.6985 0.0680 0.436 300

20 90.4 6.90 11.6930 0.0685 0.439 320

63 91.5 6.92 11.6900 0.0690 0.442 333

110 92.1 6.93 11.6845 0.0700 0.449 340

170 92.3 6.94 11.6780 0.0745 0.477 348

300 925 6.94 11.6755 0.0750 0.481 354
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tent (7 —d) intheYBa,Cu;0; _ 5 | attice was determined
by interpolating the dependences of the lattice parame-
tercon (7—0) and T, on (7 —d) takenfrom[2]. Therel-
ative integral intensities of the 00.11 reflection,
1(00.11), were determined for all samples.

Table showstheresults of the structural study of sin-
gle crystal Y Ba,Cu;0; _ 5 samples.

It is seen that, while approaching the lattice satura-
tion with oxygen, the critica temperature T, of
Y Ba,Cu;0; _5 becomes more sensitive to changes in
the long-range order parameter than in the oxygen con-
tent in the unit cell. The integral intensity of the 00.11
reflection increases with ), which indicates a certain
dependence of the integrated intensity of X-ray reflec-
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tions on the long-range order parameter of oxygen
atomsin theYBa,Cu;0;, _; lattice.
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Abstract—Adsorption of PCl; molecules on the (100)W surface has been studied over a wide temperature
range from 300 to 2000 K. It is shown that adsorption at T > 1100 K results in the formation of a surface tung-
sten phosphide with the WP composition and a surface concentration of phosphorus atoms of (1 + 0.15) x
10> cm. Adsorption of silicon atoms on the surface phosphide at 1300 K resultsin the displacement of phos-
phorus atoms from the surface and their replacement by silicon atoms. © 2000 MAIK “ Nauka/Interperiodica” .

Elements of group V of the Periodic Table, and, first
of al, nitrogen and phosphorus, are usualy considered
as harmful (poisoning) impurities in materials science
[1, 2]. Phosphorusis the element intermediate between
the intertitial and the substitutional elements, but, in
the character of interactions with metal lattices, it is
closer to silicon and sulfur than to nitrogen [3]. At the
same time, in the chemica interactions, phosphorus
often behaves as an analog of carbon [4]. Similarly to
carbides and nitrides, bulk metal phosphides have high
melting points and are characterized by very strong
metal-nonmetal bonding.

However, unlike silicon, carbon, and chalcogens,
the interactions of group V elements with the surfaces
of refractory metals are studied insufficiently. The only
exception is presented by numerous articles on the
adsorption of nitrogen, ammonia, and nitrogen oxides
on platinum [5, 6] and transition metal [7] surfaces,
which were dictated by the practical needs of the heter-
ogeneous catalysis (i.e., the task of studying the mech-
anisms of nitrogen binding). In this context, phospho-
rus is the least studied element: to our knowledge, no
works were devoted to the adsorption of phosphorus on
the surfaces of refractory metals and the related pro-
CeSSes.

1. EXPERIMENTAL

The study was performed on a high-resolution
Auger spectrometer in an ultrahigh vacuum (p ~
107'° Torr) [8]. The specimen was a 1 x 0.02 x 40 mm
polycrystal line tungsten ribbon heated by alternating
current. The ribbon surface was cleaned by cycles of
annealing in ultrahigh vacuum and in an oxygen atmo-

sphere (po, ~ 107 Torr) at 2500 K. The clean ribbon

surface showed only the Auger peaks of tungsten. Dur-
ing cleaning, the ribbon acquired a textured structure,

1 e-mail: gall @msiiofferssi.ru

with a (100)W face emerging at the surface and awork
function typical of this face, ep = 4.65 eV [9]. X-ray
diffraction study showed a high degree of the crystal
face orientation with respect to the surface (99.9%).
The ribbon temperature was measured by a micropy-
rometer. In the nonpyrometric range, it was obtained by
alinear extrapolation of the temperature—current curve.

The surface coverage of phosphorus adatoms was
obtained by adsorption of PCl; molecules. In some
experiments, we also used silicon, which was uni-
formly sputtered over the whole ribbon surface from a
1 x 1 x 40 mm strip parallel to the ribbon surface. We
measured the Auger peaks of phosphorus with E =
121 eV, silicon with E = 92 eV, chlorine with E =
186 eV, and also atungsten triplet with E = 162-177 eV.

2. RESULTS AND DISCUSSION

2.1. Interaction of Phosphorus Trichloride
with the (110)W Surface

Adsorption of PCl; molecules at room temperature
led to the appearance of Auger peaks with the energies
E = 121 and 186 eV corresponding to the LVV Auger
transitions in adsorbed phosphorus and chlorine atoms
[10]. Then the surface was heated with simultaneous
recording of the transformations occurring in the Auger
spectrum.

Variation of the Auger signals of chlorine and phos-
phorus during PCl; adsorption on the tungsten surface
until saturation at 300 K followed by hesating is illus-
trated by Fig. 1. It was found that heating upto T ~
700-1100 K led to gradual removal of chlorine from
the metal surface and to a dight increase in the Auger
signa of phosphorus, probably because of its reduced
screening by chlorine atoms. At T > 1100 K, no Auger
signa of chlorine was observed at all, which could be
caused by its desorption in the form of Cl, molecules.
The above temperature interval is close to that used in
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the vapor phase epitaxy of A;Bs semiconductors [11],
where PCl; molecules are used as an effective agent for
the phosphorus transfer to the surface of a growing
crystal, whereas chlorine plays the part of an undesir-
ableimpurity that can readily be removed from the sur-
face.

2.2. The Formation and Properties
of Surface Tungsten Phosphide

The adsorption of phosphorus trichloride molecules
on (100)W for 2-3 min at Ppe, = 10° Torr and T =

1100 K resulted in the formation of a surface coating of
phosphorus atoms. The Auger signal of phosphorus
attains saturation and coincides with its maximum
value reached upon annealing of the adlayer of PCl,
molecules formed at room temperature. In this case,

IP/IS\, = (3.0 £ 0.3), whereas the intensity of the Auger

signal of tungsten decreases by a factor of ~1.1. Very
weak screening, which is characteristic of the surface
rather than of the bulk chemical compounds, led usto a
conclusion that, in this case, we deal with the adsorp-
tion of P atoms on the surface rather than with the for-
mation of bulk tungsten phosphide.

We al so established that the surface concentration of
phosphorus in this coating was independent of the dep-
osition temperature in the range 300-1200 K, which
was also indicative of the surface rather than of the bulk
nature of the adsorption state formed. It was logical to
call this state surface tungsten phosphide. Under these
conditions, no chlorine was detected on the surface
at all.

2.3. Thermal Sability of Qurface Tungsten Phosphide

As is seen from Fig. 1, the removal of phosphorus
from the surface of tungsten phosphide occurs over a
wide temperature range (1350-2000 K). The mecha-
nism of this process (via dissolution in the bulk and
thermal desorption) is till unclear. However, very high
temperatures lead to an assumption that phosphorus is
removed due to thermal desorption, at least at small
coverages. Assuming that desorption is the first-order
process, the adatom lifetime with respect to desorption
obeys the Arrhenius relationship with the preexponent
factor C = 10%3 s [6]. Thus, one can estimate the des-
orption energy at 0 —> 0 asEy~ 5.7 V.

2.4. Absolute Phosphorus Concentration
in Surface Tungsten Phosphide

In order to clarify the physical nature of the above
phenomenon, we have to measure the absolute phos-
phorus concentration in the surface phosphide. Unfor-
tunately, no standard phosphorus-containing substrates
with independently measured phosphorus concentra-
tion are available, and, therefore, we had to use the
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Fig. 1. Variation of the Auger signal of phosphorus (curve 1,
crosses) and chlorine (curve 2) during the adsorption of
PCl3 molecules on the (100)W face up to saturation at
300K, followed by 10-s annealings at a 100 K step; the
change in the Auger signals of phosphorus (curve 3, dots)
and tungsten (curve 4) during adsorption of PCl5 molecules

on the (100)W surface up to saturation at 1100 K, followed
by 10-sannealings at a 100 K step.

standard substrates with other adsorbates (C, Si, S) as
was done earlier for the S/(100)W system [12]. To cal-
culate the relative elemental sensitivity coefficient for
phosphorus and the above elements, kx/k, , we used the
standard spectragiven in [10].

Asis known, the intensity of the Auger signal from
a homogeneous sample, containing a given component
with the bulk concentration n;, can be calculated by the
formula

li = kinAT, 1

where [; isthe Auger signal intensity of the component
to be determined, k; is the elementa sensitivity coeffi-
cient, A; is the free path of Auger electrons of the ith
component, and T is the transmission function of the
spectrometer. Ignoring all possible effects of the chem-
ical states of the elements on the intensities of Auger
transitions and the possible enrichment of the standard
sample surface with one of the components, we calcu-
lated the ku/k, ratio using the known data. With this
aim, we applied formula (1) to each of the spectra
from [10] and then divided one formula by another.
Upon simple transformations, we arrive at

ke/ka = (Ip/1n)(NaAA)/(NpAp), )
where |3/|2 is the ratio of amplitudes of the Auger

peaks of phosphorus and one of the above nonmetals
taken from handbook [10].
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Fig. 2. Timevariation in the surface coverage with (1) phos-
phorus and (2) silicon during sputtering of Si atoms onto
surface tungsten phosphide WP at 1300 K and (3) the calcu-
lated total concentration of adatoms of both adsorbates. In
both cases 6 = 1 corresponds to a concentration of 1 x

10'® cm equal to the concentration of W atoms on the
(100) face. Silicon flux density is 8.6 x 1012 cm? s7L.

The surface concentration of adsorbate A and its
Auger signal [8] for surface chemical compounds are
related as

o = NakaT. 3

In thisformula, we use the same notation asin (1). Sub-
stituting the calculated ko/k, values into (3) and taking
into account that the surface silicon, sulfur, and carbon
concentrations in the corresponding surface com-
pounds on the (100)W face are the same and equal to
(1 £0.15) x 10'®> cm?, we obtain the average value Np =

(1 £ 0.6) x 10'® cm™. In other words, the compound
formed on the tungsten surface has the approximate
composition WP. Our calculations showed a consider-
able scatter inevitable in determination of the surface
concentrations from the corresponding bulk values.

2.5. Smultaneous Slicon and Phosphorus Adsorption
on the (100)W Face

Experiments on the simultaneous silicon and phos-
phorus adsorption on the (100)W face alowed us to
refine the stoichiometry of tungsten phosphide formed
and confirmed its essentially surface nature.

Our previous studies showed that if nonmetal atoms
of various nature are simultaneously present on the sur-
face of arefractory metal at temperatures characteristic
of the formation of surface chemical compounds, sev-
eral competing processes can occur on the surface [12].
In some cases, these processes can result in simulta-
neous desorption of atoms (S + Si/W, Mo, Re; O +
Si/W, Re) [13-15] and in other cases, in the displace-
ment of some atoms from the surface to the metal bulk
with the formation of solid solutions (C + Si/W, Re,
Mo; S+ C/W, Mo) [8, 15]. These competing processes
were observed only for the surface but not for the bulk
carbides, sulfides, silicides, and oxides [12]. This phe-
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nomenon was used in our previous studies asadiagnos-
tic criterion for distinguishing the surface and the bulk
carbides on Mo substrates.

It was established that silicon deposited onto the
(100)W faceat T = 1300-1400 K displaces phosphorus
from thisface, with the rate of the silicon accumulation
on the surface remaining the same as in the absence of
phosphorus. At a silicon dose equal to Ng = 1 x

10% cm2, phosphorus is completely removed from the
surface, and the surface silicide is formed. The Auger
signals of both adsorbates obey the linear law (Fig. 2)
and, therefore, it islogical to assumethat phosphorusis
displaced from the surface by silicon in the one-to-one
ratio. Obvioudly, Si and P atoms compete for the same
adsorption centers on the metal surface. The total con-
centrations of both nonmetals calculated under this
assumption remain constant during the whole process
(Fig. 2). This fact alows us to refine the phosphorus
concentration in surface phosphide estimated above,
which is equal to the silicon concentration in the sur-
face silicide and amountsto (1 + 0.15) x 10'>cm™. The
displacement effect has never been observed during the
formation of bulk carbides, silicides, or sulfidesfor any
of the adsorbates studied. This seemsalso to betrue for
phosphorus, indicating that phosphorus is in the essen-
tially surface and not the bulk state.

CONCLUSION

Adsorption of phosphorustrichloride on the (100)W
face at 1100-1300 K resultsin the formation of surface
phosphide with the WP composition (relative to the sur-
face metal atoms) and the adsorbate concentration (1 +
0.15) x 10 cm™. Similarly to other nonmetals in the
surface chemical compounds, phosphorus atomsin sur-
face phosphide participate in the competing processes
occurring on the surface and, as a result, are displaced
from the surface by silicon atoms at the temperatures
1300-1400 K.
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Abstract—The adsorption and desorption of carbon monoxide were studied on a tungsten single crystal in a
field electron microscope. The most interesting effects were observed for the CO desorption from the crystal
surface regions contai ning the { 100} W cubic faces. In the course of desorption from these regions, the adsorbed
electropositive film, retaining sharp boundaries, shrank toward the <100> poles. The desorption energy value
(3.4 £ 0.1 eV), determined using the Arrhenius plots for the boundary velocity, is indicative of a considerable
strength of the adsorbed CO film. Behavior of the CO phase desorbing from the { 100} W regions can be con-
sistently explained by assuming that this phase comprises a network of adsorbed CO dipoles oriented perpen-
dicularly to the crystal surface, with the carbon atoms facing vacuum. © 2000 MAIK “ Nauka/Interperiodica” .

In thiswork, we have used the method of field elec-
tron microscopy (FEM) to study the process of carbon
monoxide adsorption and desorption on atungsten sin-
gle crystal. The interest of researchers in such experi-
ments is explained by the possibility of observing the
dynamics of desorption with high spatia resolution.
Using FEM techniques, it is possible to study various
two-dimensional phases formed on the surface of a
rounded single crystal point, differing by the type of
interatomic (lateral) interactions inside the phase. The
attraction between adatoms is typical of some metal
adsorbates studied in the systems Zr-W [1], Hf-W [2],
Hf—-Mo [3], etc., whereas alkali metals with strongly
polarized atoms are characterized by repulsion in the
adsorbed phase, as reported for Cs on W [4], Na on
W [5], etc.

The purpose of thiswork wasto continue with these
investigations for the adsorbed films of gases where, in
principle, the lateral interactions of both types are pos-
sible. It was of special interest to assessthe thermal sta-
bility of adsorbed films.

The initial adsorbed layer was formed by a 1-h
exposure to residual gases in a sedled glass device at
room temperature. For a residual vacuum of ~5 x
107° Torr, this exposure provided an adsorption coat-
ing somewhat greater than monolayer coverage. The
room-temperature emission pattern did not signifi-
cantly differ from that observed for a clean tungsten
surface (Fig. 1a). Weak heating of this sample (to T =
500 K) resultsin atypical pattern (Fig. 1b) with adark
oblique cross along the [1110band lines containing
faces of the {110}, {112}, and { 123} types. According
to Wang and Gomer [6], heating an adlayer of CO onW
in the temperatureinterval T = 300400 K leads to des-
orption of physically adsorbed CO molecules, leaving
only chemisorbed CO on the substrate surface. Similar

patterns, accompanied by a significant increase in the
work function ¢, are typical of the adsorption of many
simple gases, including H,, N,, CO, H,0, O, [7-11].
However, evolution of the emission patterns during
thermostimulated desorption in these systems exhibits
individual features. Behavior observed in our case
(Figs. 1c-1e) indicates that the adlayer contains CO
with an admixture of H,.

Upon further heating the system from the state
depicted in Fig. 1b to T = 640900 K, the dark cross
along the [11100band lines vanishes and a pattern of
pseudoclean tungsten surface arises (Fig. 1c). Accord-
ing to Gomer [12], heating to these comparatively low
temperatures only leads to the complete desorption of
molecular hydrogen from the surface. The Arrhenius
plot for this desorption process (Fig. 2a) yieldsthe des-
orption activation energy Qy = 0.49 + 0.06 eV and the
preexponential factor T, = 8 x 102 s. The activation
energy for molecular hydrogen reported in [12] was

4= 1 eV for coverages in the interval 6 = 0.15-0.45
(in monolayer units) and dropped sharply with increas-
ing coverage to reach Q4 = 0.15-0.2 eV for 6 = 0.6.
Thus, in our case the surface coverage of hydrogen can
be estimated at 6 ~ 0.5.

The further growth of the temperature (T = 1200—
1400 K) leads to CO desorption, which is accompanied
by a characteristic motion of the film front toward
regions around the {001} W cubic faces (Figs. 1d and
1e). Upon reaching the state shown in Fig. 1e, the front
ceases to move and the CO adlayer desorbs, which is
accompanied by the gradual loss of contrast in the emis-
sion pattern. The Arrhenius plot for the CO desorption
(Fig. 2b) yidds Q;=3.43+0.05eV and1,=4x 10?5,

As is well known, CO molecules are mostly
adsorbed on the surface of tungsten without dissocia-
tion and are desorbed in the same mode. Otherwise,

1063-7850/00/2606-0514%$20.00 © 2000 MAIK “Nauka/Interperiodica’
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Fig. 1. FEM images of the tungsten point (point radiusr = 0.6 um) in the course of residual gas adsorption and desorption: (a) initial
clean W surface (U1 = 6350V); (b) after 1-h adsorption of residual gasesand heating at T = 500K, t = 15 s(U4o = 6400V); (c) after
H, desorption at T =900 K, t = 30 s (U1 = 6200 V); (d) after heatingto T = 1265 K, t = 100 s (U1 = 6129 V); (€) after heating to
T=1265K, t =250 s(Uyg = 6100 V). Uyq is the voltage necessary to obtain the emission current i = 10 nA.
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Fig. 2. Arrhenius plots for the thermostimulated desorption of residual gases from tungsten: (a) desorption of H, (initial state,
Fig. 1b; final state, Fig. 1c); (b) desorption of CO (initia state, Fig. 1d; fina state, Fig. 1a).
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heating W in a CO atmosphere would lead to carbidiza-
tion of the metal surface, similar to that observed upon
heating W in the vapors of various hydrocarbons. How-
ever, not one of the works reported previously on the
interaction of CO with W showed evidence of the tung-
sten carbide formation.

There are two interesting points that are worth not-
ing. First, the film of CO adsorbed in the {001} W
regions appears as bright on the emission pattern,
which indicates that the adsorbate decreases the work
function ¢ of these W faces. According to Klein [13],
the adsorption of carbon monoxide markedly increases
the ¢ value of tungsten, which implies that CO mole-
cules are adsorbed with carbon atoms facing the sub-
strate [14, 15]. However, the results of thermodesorp-
tion measurements [6] showed that CO molecules on
(001} W may occur infive different states, including the
primary adsorbed state (desorbed at T4 = 220 K), phys-
icaly adsorbed state (T, = 360 K), and three chemi-
sorbed states 3, B,, and ; with T, = 930, 1070, and
1375 K, respectively. All these states, except for (35,
increase the initial ¢ value of the {001} W face. The
high-temperature [3; state dlightly decreases the work
function beginningwithT>820K (A¢ =-0.1eV a T =
1000 K) and at T > 1200 K the ¢ value reaches the ini-
tial work function level of the {001} W surface. Itisthis
last state, the desorption from which accounts for the
weak contrast observed in Figs. 1d and le.

The second point to be noted is that, as is readily
seenin Figs. 1d and 1e, the desorbing CO film retains a
sharp boundary. Therefore, CO behaves as an adsorbate
with the attractive lateral interaction. Upon reaching
the state imaged in Figs. 1d and 1e, the adsorbate front
(representing the regions of { 310} —{ 311} faces) ceases
to move and the adlayed desorbs, which is reflected by
vanishing of the emission contrast. In theseregions, the
steps are featuring a transition from the {110} and
{112} structuresto {100} terraces. Near these terraces,
the steps are wider and the molecules (CO dipoles)
occur in the potential wells of the substrate at greater
distances from each other. In the regions of {310}—
{311} faces, the dipoles are closer to each other and
may exhibit attractive lateral interactions, mediated by
free C-C bonds, exceeding the possible Coulomb
repulsion between dipoles. This may explain the exist-
ence of a sharp boundary of the adlayer and its motion
over the W crystal point surface in these regions. The
mutual attraction of dipoles does not conform to the
model stipulating their orientation with the carbon
atom facing the substrate and the oxygen atom facing
vacuum, because this arrangement may feature only
repulsive interactions.

In the experiments described above, CO molecules
exhibit desorption rather than sublimation from the
tungsten surface. This is confirmed by the fact that,
after attaining the state corresponding to Fig. le, a
decrease in the temperature is not accompanied by
backward motion of the light front (toward { 112} faces

TECHNICAL PHYSICS LETTERS  Vol. 26

GOLUBEYV, SHREDNIK

and the central {110} face), that is, no two-dimensional
condensation takes place. Finaly, note that the activa-
tion energy of desorption determined in our experi-
ments (3.4 eV) is sufficiently high, which indicates that
the CO film is sufficiently strong. Fracturing this film
would require the energy to be spent both for the break-
age of contacts with the substrate and for the rupture of
bonds inside the adlayer.

All the observed features can be consistently inter-
preted assuming that CO molecules adsorbed on W in
the region of [100[jpoles may form, under certain con-
ditions, a dense network of dipoles oriented perpendic-
ularly to the crystal surface, with the carbon atoms fac-
ing vacuum. This dipole layer exhibits a somewhat
electropositive character. At the same time, carbon
atoms with unsaturated bonds may provide for the
attraction between dipoles. On the other hand, the con-
tact of CO molecules with tungsten via oxygen favors
their nondissociative desorption. The W—C bond of the
carbide type would be stronger than the W-O contact.

Thiswork was supported by the Russian Foundation
for Basic Research, project no. 97-02-18066.
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Abstract—Forces of interaction between the atomic force microscope (AFM) probe and the surface of a solid
are calculated with an alowance for the induced cantilever oscillations. A continuous approximation used in
this work does not take into account discreteness of the sample and probe structures. Calculations have been
performed for various AFM point shapes. It is theoretically demonstrated that the cantilever oscillations
increase the interaction force. © 2000 MAIK “ Nauka/Interperiodica” .

The atomic force microscope (AFM) is one of the
most promising tools in the studies of ultraweak forces
and nanostructure technologies. Steadily developing,
AFM technigues have reached a high leve of perfection
[1, 2]. Anincrease in the resolution is the main task of
any applied probe microscopy. Modern AFMs exhibit a
force resolution of about 1 pN and a spatial (depth) res-
olution of about 1 pm. However, the principles of quan-
tum mechanics yield the limiting values of ~108 N
and ~10% m, respectively [3]. Modulation methods
realized at large scanning distances (exceeding, typi-
cally, 0.5 nm) alow one to increase the resolution. In
this case the measurements of amplitude, frequency,
and phase of cantilever oscillations make it possible to
reconstruct the surface topography. This approach min-
imizes drift, noises, mechanical vibrations, and other
negative factors.

Let us consider an oscillatory regime of the cantile-
ver. Figure 1 shows asine-modul ated voltage applied to
apiezotube. It can be expected that a probetip displace-
ment is described by the formula:

u(z) = acos(kz+w), (D)

whereaistheamplitude, kisthefrequency, and wisthe
phase of oscillations. In the classical mechanics, a har-
monic oscillator is localized in a segment from z to
z+ dz with a probability w(z2)dz given by:

_ 1 dz
w(z)dz = —

)

With an allowance of the distribution function (2), a
mean value of the force acting upon a probe can be

written as:

a

FO= [F(h-Z)w(2)dz 3)

where h is the distance between the probe tip and the
surface (Fig. 1) and F isthe interaction force.

In order to calculate integral (3), it is necessary to
know the force as afunction of the distance. In calcula-
tions, we use a continuous approximation for the van
der Waals forces [4]:

9 dQ _
k= _C%J—J.J.(Z+ h)* ©-

with the integration over the probe volume. Here, C is
the van der Waals interaction constant for two semi-
infinite plates (for characteristic combinations of the
probe and sample materials C falls within a narrow
interval from 0.01to 0.1 eV [5]) and @ is a character-
istic frequency of the absorption spectrum [6].
Expression (4) is valid provided that the probe
dimensions are significantly greater than the scanning

/W

h
—, (4)
811

g

Fig. 1. A schematic diagram of the AFM contact showing
(1) asample and (2) a piezotube.
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F,nN

0.8;

25 3.0 35 40 45
h, nm

Fig. 2. Plots of the interaction force versus distance calcu-
lated (1) by formula (5) and (2, 3) by formula (6) with a =
0.5(2) and 0.7 nm (3).

distance. For this reason, we did not take into account
the Kazimir forces acting upon the cantilever and the
mesoscopic part of the probe. Note that the validity of
this assumption is restricted to the scanning distances
of lessthan 1.5-2 nm [7]. In addition, we renormalized
the van der Waals constant for pairwise atomic interac-
tionsaccording to arule proposed by Moiseev et al. [8].

Upon calculating theintegral (4) and making further
reasonable simplifications, we obtain the following
expression for the point tips of different shapes:

F=20 (5)

where A, is a constant depending on the tip shape and

Parametersin formulas (5) and (6)

Probe tip shape A, $,(h) n
H h

Hemisphere TR,C 2
J(n? =)’

Paraboloid m,C | Sameasfor hemisphere | 2

Cone NRCCIZ % 1

(h*-a%

Pyramid d’Cc/z; | Sameasfor cone 1

oyling R2C (2h’ +a°) 2
inder T —-—
2J(h?=a)°
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the properties of the sample and probe materials, n =1
for a cone and atetragonal pyramid, n = 2 for a hemi-
sphere and a paraboloid of rotation, and n= 3 for acir-
cular cylinder. After substituting (2) and (5) in (3) and
integrating, we arrive at the following expression for
the interaction force:

[(FO= A,0,(h), (6)

where ¢,(h) depends on the geometrical shape of the
tip. The results of calculations are summarized in the
table, where R, isthe radius of a hemisphere or acylin-
der, ryisthe paraboloid curvature radius, d isthe side of
apyramid base, and z; is the height of a cone or a pyr-
amid.

Formula (6) is valid for h? > a2. This condition is
reliably satisfied in a contactless mode at small oscilla-
tion amplitudes. It can be easily demonstrated also that
(5) follows from (6) for a2 — 0, which corresponds to
the case of a static cantilever.

Curves of the interaction force versus distance in
Fig. 2 were calculated for a paraboloid probe at C =
0.03 eV (for aSIO,—SIO, contact) and ro =20 nm. It is
seen that cantilever oscillations may play a significant
role even at large distances (h is about 1 nm) and lead
to an increase in the interaction force. The latter causes
the known artifacts such as “sticking” of the probe to
the sample surface. We arrive at the same conclusion
considering a relative deviation of the force described
by the formula:

AF _ na na

—_— = U-—. 7
O p" ) N v

Formula (7) showsthat the role of oscillationsincreases
with decreasing distance h. Note that the oscillatory
regime appears to be the most critical for a cylindrical
probe.

Thus, an important conclusion proceeds from the
results of the calculations. a “purely” contactless
regime is provided by scanning at small amplitudes of
the cantilever oscillations (a < h/n).

Finally, note that our results can be used for the pre-
cise calibration of AFM prior to force measurements or
for the tip shape determination. However, more accu-
rate calculations imply the knowledge of the depen-
dence of amplitude, frequency, and phase on the scan-
ning distance. Analysis of these and related problems
will follow.
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Hydroxyl Groupsand a-C:H and a-C:H(Me) Structures

V. I. lvanov-Omskii
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Abstract—IR absorption spectra of hydroxyl groupsin a-C:H and a-C:H(Me) (Me = Cu, Co) films grown by
magnetron cosputtering of graphite and metal targets in argon—hydrogen plasma were studied. The hydroxyl
band shape was analyzed using published data on the dependence of the O-H stretching vibration frequency on
the distance from the nearest oxygen atom. It isdemonstrated that the hydroxyl band shapeisrelated to the char-
acter of interaction between an encapsulated metal and a carbon backbone of the film. © 2000 MAIK

“Nauka/Interperiodica” .

Hydrogenated amorphous carbon films are widely
used as coatings, including antireflection and protective
layers in solar power engineering [1, 2]. The presence
of hydroxyl groups inside hydrogenated amorphous
carbon (a-C:H) structure is assumed to be related to
shortcomings of the synthesis methods. Ultrahigh vac-
uum (about 10~° Torr) treatment or aftergrowth anneal-
ing are usually employed so as to eliminate this impu-
rity. The problem is that a characteristic absorption
band of hydroxyl groups decreases optical transparency
of the a-C:H films in the spectral interval of 34 um.
We will demonstrate, however, that the presence of
hydroxyls in a-C:H and, especially, a-C:H(Me) films
makes it possible to characterize the film structures. We
have studied the IR absorption spectra of hydroxyl
groupsina-C:H and a-C:H(Me) (Me= Cu, Co) filmsin
the region of O—H stretching vibrations. The filmswere
grown by magnetron cosputtering of graphite and metal
targets. Growth methods are described in details else-
where [3].

Figure 1 shows the region of vibrational bands of
hydroxyl groups (3100-3700 cm™?) in the absorption
spectra of a-C:H, C:H(Cu) (atomic composition,
30% Cu and 70% C) and a-C:H(Co) (atomic composi-
tion, 40% Co and 60% C) films. All the spectra exhibit
a broad hydroxyl band and a more or less developed
discrete structure, typical of chemical substances of the
hydrate type rather than of disordered structuressuch as
a-C:H. Note the evolution of the hydroxyl band shape
and structure in a series of a-C:H, a-C:H(Cu), and
a-C:H(Co). The bands exhibit asymmetric shape, inho-
mogeneous structure, and a growth of the integral
intensity in the above order. It is likely that a metal
favors an increase in the hydroxyls concentration. An
explicit heterogeneity of the band in the case of
a-C:H(Co) can be related to the formation of hydrates
of a metastable cobalt carbide [4]. Note that Fig. 1 dis-
plays a unique spectrum with the most clearly resolved
structural elements that are much less pronounced in

most of the measurements. One can assume that the
character of meta—carbon interaction determines the
hydroxyl band structure and intensity. Then a lower
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Fig. 1. Absorption bands of hydroxyl groupsin the IR spec-
traof (a) a-C:H, (b) a-C:H(Cu), and (c) a-C:H(Co). Dashed
and thin solid lines shows individual Gaussian components
(seetablefor the parameters) and thick solid lines showsthe
sums of Gaussian components.
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intensity of the hydroxyl band in the case of a-C:H(Cu)
agreeswell with the factsthat copper does not form sta-
ble carbides and its interaction with carbon is charac-
terized by small binding energy [5]. Deconvolution of
the bands into Gaussian components (Fig. 1) allowed
us to perform a more detailed comparison of band
shapes in al the three cases. Reconstruction of the
bands by summing up the corresponding components
was used to check for the accuracy of the fitting proce-
dure. Parameters of the Gaussian components are sum-
marized in thetable. It is seen that the band structure of
the second sample (encapsulated copper) can be fitted
with nearly the same Gaussian components as that of
the third sample (encapsulated cobalt), except for the
additional component at approximately 3440 c. The
latter coincides with the main component in the spec-
trum of a-C:H. Note, however, that the spectrum of
a-C:H(Co) exhibits a spectral feature at this wavenum-
ber that can be related to aweak band masked by strong
absorption. For this reason, we can assume that a spec-
tral component at ~3440 cm belongs to a hydroxyl
group typical of a-C:H itself, while all the other spec-
tral features of the hydroxyl band emerge due to inter-
action with an encapsulated metal.

To elucidate the nature of peculiarities in the
hydroxyl band structure, we used an excellent collec-
tion [6] of the optical and crystallographic data on the
O—H stretching frequency dependence on the distance
d from hydroxyl to the nearest oxygen atom that
exchanges protons with the given hydroxyl group in the
course of H-bond formation. Figure 2 shows a part of
these data in a spectral interval corresponding to the
a-C:H absorption band. It is seen that the experimental
data can be well approximated by afunction

AWN — 3000

d(A) = 271+ 0.OlexpD1—60[r

(D)

where WN isthe wave number (incm™) and disthedis-

Parameters of the Gaussian components (see spectrain Fig. 1)
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Fig. 2. Plot of the distance between a hydroxyl group and
the nearest oxygen atom (H-bond length) versus the compo-
nent wave number in the hydroxyl band contour: experi-
mental datafrom [6] (sguares) and the results of calculation
by operation (1) (solid line).

tance (in angstroms) to the nearest oxygen atom (ion).
The quantity 2.71 A approximately equals a doubled
radius of adoubly charged oxygen ion and corresponds
to the closest packing of oxygen.

Let us analyze the absorption band shapes of
hydroxyl groupsin a-C:H-based structures using equa-
tion (1). Assume that the oscillator strength of the O—H
stretching mode does not change upon introduction of
ametal. Then, the absorption coefficient a(WN) is pro-
portional to the density of hydroxyls in the film:
p(OH) ~ a(WN). Equation (1) relates the wave num-
bers WN of the hydroxyl band components to distances
d between hydroxyl groups and the nearest H-bonded
oxygen atoms. Thistransformation yields adistribution
function of hydroxylswith respect to the H-bond length
or the relative density of hydroxyl groups as afunction
of d (Fig. 3). A similar calculation relates Gaussian

Substance Number of band (W\{\av/l\leﬁﬁmzer) (bAa\r/w\é\?vrlgl_t;) Integlrg|4 g’r‘}ﬁ'g‘s' v, d A
a-C:H 1 3200 50 14 2.745
" 2 3280 50 12 2.77
3 3430 250 25.6 2.86
4 3590 50 16 311
a-C:H(Cu) 1 3220 100 13 2.75
" 2 3330 116 16 2.79
3 3430 100 9.7 2.86
4 3520 116 9.6 2.97
a-C:H(Co) 1 3200 82 11.7 2.745
" 2 3330 183 63.4 2.79
3 3520 184 50.5 2.97
TECHNICAL PHYSICS LETTERS Vol. 26 No. 6 2000
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Fig. 3. Plots of the density of H-bonded hydroxyl groups
versus the H-bond length d (distance between hydroxyl
group and oxygen) for a-C:H (squares); a-C:H(Cu) (trian-
gles); a-C:H(Co) (circles).

components (see table) to the corresponding H-bond
lengths. Thus, the absorption band shape of hydroxyl
groups appears to be determined by their distribution
with respect to the parameter d related to the internal
structure of a-C:H and a-C:H(Me) films.

Oxygen atoms and hydroxyl groups form H-bonds
of various lengthswhich results (seetableand Fig. 3) in
a broad hydroxyl band. A correlation in the mutual
arrangement of oxygen atoms in the film structure,
showing two special mean distances of 2.86 and 3.11 A
accounts for the asymmetric band in the a-C:H spec-
trum. All the samples exhibit an O-O distance of
2.86 A (corresponding to a spectral feature at 3430 cn)
that is likely to be an essential characteristic of the
a-C:H structure grown by the magnetron sputtering of
graphite. In addition, clearly manifested are the oxygen
pairs with interatomic distances of 2.74 and 2.77 A
coinciding with the distances between oxygen atomsin
hexagonal and less symmetric ice phases, respectively
[7]. Metal-free films contain isolated oxygen atoms (at
a distance of about 3.1 A from each other), whereas

TECHNICAL PHYSICS LETTERS  Vol. 26
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introduction of a metal facilitates the formation of
structures with higher density of hydroxyl groups. The
a-C:H(Me) structures exhibit a minimum distance of
2.71 A corresponding to the closest packing of doubly
charged oxygen ions.

Of specia interest is the possibility of detecting
hydroxyl groups at a mean distance between the nearest
oxygen ionsof ~2.9 A typical of liquid water. The plots
in Fig. 3 indicate that such groups are virtually absent
in a-C:H, appear in a-C:H(Cu), and significantly con-
tribute to the a-C:H(Co) structure. Therefore, the anal-
ysis of the IR spectra indicates that no liquid water is
present in the pores of a-C:H grown by magnetron
sputtering of graphite and yields a chaotic distribution
of hydroxyl groups inside this structure (which follows
from alarge width of the band at 3430 cm™). However,
it does not rule out the formation of small amounts of
icein the pores. The metal containing structures exhibit
traces of liquid water: the stronger the interaction of
metal with the carbon backbone, the higher the water
content inside the structure.

Theauthorsaregrateful to T.K. Zvonarevafor grow-
ing the films and to G.S. Frolova for spectral measure-
ments.
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Effects of Molecular Hydrogen, Water Vapor,
and High Vacuum on the Conductivity
and M agnetic Properties of Lanthanum—Calcium Manganite
in the 78-300 K Temperature Range
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Abstract—The conductivity and magnetoresistance in amagnetic field of 0.5 T were studied for thefirst time
in fused samples of a Lay ;Cay 33MNO;_, composition with variable oxygen nonstoichiometry (0.3 = a = 0)

modified by exposure to H,, H,O vapor, and high vacuum (10 Pa). © 2000 MAIK “ Nauka/Interperiodica’” .

Now, it is commonly accepted that the ratio of ions
Mn*/Mn3*/Mn?* is the main parameters determining
the effect of colossal negative magnetoresistance
(CMR) observed in solid solutions of lanthanum and
alkali metal manganite [1]. Equilibrium between vari-
ous charged states 2Mn** = Mn?* + Mn* may shift to
either side upon changing the cation composition
and/or oxygen content in the system.

For a particular series of solid solutions such as
Ly _,CaMnO;_,, theratio of three charged forms of
manganese y,(Mn*") : y;(Mn3*) : y,(Mn?*) can be deter-
mined with an allowance for threefactors, including the
trivia relationship y, + y; + Y, = 1 and the conditions of
electroneutrality and thermodynamic equilibrium.
Assuming the solid solution containing manganese
ions to be ideal and taking into account the charges of
other ions (La*, Ca?*, O%), we obtain the following
expression for the fraction of Mn** ions:

y, = 0.5{4K +d(4K —1)
) 2 o (1)
—[4K —d*(4K - 1)] "} (4K = 1),

where K is the equilibrium constant for the charged
forms of manganeseionsand d = x— 2a; the fraction of
Mnr?* is determined as y, = y, — d. Equation (1) shows
that, at a constant temperature (K = const), all members
of a series of lanthanum—calcium manganite solutions
with equal d will possess the same values of y,. The
electrical and magnetic properties of manganite being
determined to a considerable extent by the content of
Mn*, we may expect that the characteristics of com-
pounds in the above series with the same d values will
be sufficiently close even despite having different x and
o parameters. In particular, the end member of this
series, LaMnO; (x = a = 0) withd = 0 may form asolid

solution with x > 0, nonstoichiometric with respect to
oxygen (a = x/2 > 0).

In this work, we have compared the properties of
compounds LaMnO; and Lag g;Cag 35MNO, g4 4 601 With
respect to the temperature variation of electric conduc-
tivity (resistance) and magnetoresistance measured in
the range from 78 to 300 K. The oxygen nonstoichiom-
etry parameter o was modified, at a constant cation
composition, by exposure to molecular hydrogen. The
extraction of oxygen from oxide under the action of
hydrogen proceeds under the conditions markedly
softer than those accompanying the thermovacuum
treatments. It was also of interest to study the intercala-
tion of protonsinto the lattice, which can be effected, in
principle, by reactions with both H, and H,O (vapor),
although we will restrict consideration in this paper to
the latter factor. Methods employed for the H, and H,O
vapor treatments and the corresponding analytical pro-
cedures were described elsawhere [3]. The experimen-
tal conditions are given in the table. In the case of
hydrogen intercalation, the d value changes as
described by the formulad = x — 2a — h, where h isthe
number of incorporated protons per formula unit
(La, _,CaMnO;_,H,).

The initial materials were Lay g;,Cag 33MN0O, 7o (See
table, sample 5) and LaMnO; (sample 7) synthesized
by the method of induction melting in “cold” crucible
[2]. Theingot (1520 mm in size) was cut into samples
with the dimensions 2 x 2 x 5 mm. The measurements
were performed on a sample placed inside a massive
copper cylinder, the temperature of which was slowly
varied from room temperature down to 78 K. The tem-
perature was measured with a copper—constantan ther-
mocouple. The sample resistance was determined by a
dc four-point-probe technique. The magnetic measure-
ments were performed by placing samples between the
poles of an electromagnet generating a magnetic field

1063-7850/00/2606-0523%20.00 © 2000 MAIK “Nauka/Interperiodica’
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Fig. 1. Temperature variation of the resistance R (numbers
at the curves correspond to sample numbers in the table).
Arrows indicate positions of the maximum CMR effect in
Fig. 2. The inset shows R(d) at 250 K. The dimensionality

factor for all samplesis 10 cm™.

with a strength of 0.5 T. The magnetoresistance was
determined asthe relative difference of resistanceswith
(Ry) and without (R, - ) applied magnetic field: MR =

100(Ris = 0 — Ru)/Ry =0 (%)

The results of our experiments are presented in
Figs. 1 and 2.

The data obtained confirmed vdidity of the above con-
siderations concerning possible similarity in the behavior
of sampleswith equal d values. Indeed, both studied com-

BAIKOV et al.

pounds (LaMnO; and Lag,Cay3sMnO,g44001) having
equal d = 0 exhibit no dependence of the sample resis-
tance R on the magnetic field strength and are charac-
terized by the same trends in R(T) in the temperature
rage studied (78-300 K), which is represented by a
straight linein the coordinates of logR versus T-X. This
behavior is markedly different from the shape of R(T)
in other samples, which exhibits clear variationsin the
region of the magnetic phase transition (arrows at the
curves 1-3, 5, and 6 in Fig. 1 correspond to the maxi-
mum MR in Fig 2, the latter being attributed to T, [1]).
Neglecting this correlation, we might speak of a tran-
sition from intrinsic to impurity conductivity in sam-
ples 2, 3, 5, and 6. However, the fact of negative CMR
is evidence in favor of the transition from conductivity
in a disordered system occurring in the paramagnetic
state to conductivity of the ordered system in the ferro-
magnetic state.

The inset in Fig. 1 shows a typical dependence of
the resistance on the parameter d for La—Ca manganite
samples, plotted in the coordinates of logR versusd at
250 K. The curve exhibits a clear extrema character,
similar to that observed in complex oxide systems with
variable oxygen content during the transition from con-
ductivity of the p-type at ahigh partial oxygen pressure
to that of the n-type at alow oxygen pressure [4]. Judg-
ing by the sign of thermo emf, samples 1 and 3 possess
room-temperature conductivity of the p-type, while
samples 5 and 6 belong to the n-type. We failed to
unambiguously determine the thermo emf sign in sam-
ples 3 and 4. Neverthel ess, we may suggest that a para-
magnetic phase of Layg,Cag13sMNnO;_, withd > 0 has
aconductivity of the p-type, whiled = 0 correspondsto
the intrinsic conductivity and d < 0O, to conductivity of
the n-type (for all samples above 250 K, E; = 0.4 +
0.1eV).

Asfor the behavior of MR as function of the param-

eter d, we note two special features. The first refers to
the magnitude of the CMR effect. Samples 5 and 6 with

Regimes of treatment and compositions of Lg, _,CaMnO;_,Hy, samples

Treatment conditions Parameters upon treatment
No. slarrli]ti F(—I:-* as phase X
P (p?mgr e Pa) temperature, K a h d

1 5 0,, 40 1000 0.33 0 0 0.33
2 1 H,0, 8 520 0.33 0 0.1 0.23
3 1 H,, 1 850 0.33 0.09 0 0.15
4 1 H,, 2 850 0.33 0.16 0 0
5 As synthesized 0.33 0.27 0 -0.21
6 5 Vacuum (107° Torr) | 1000 0.33 0.30 0 -0.27
7 As synthesized 0 0 0 0

* Number of theinitial sample treated asindicated in the third column to acquire parameters indicated in the last three columns.
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[Ry=o—Rul/Ry -, %
30
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Fig. 2. Temperature variation of the relative magnetoresis-
tance MR = 100(Ry = o — Ry)/Ry = 9 (%) (numbers at the
curves correspond to sample numbersin the table).

the n-type conductivity exhibit a markedly lower CMR
in the maximum (6 and 8%, respectively) as compared
to that observed in samples 1-3 belonging to the p-type
(28, 18, and 14%, respectively). The second feature is
related to the temperature variation of CMR in asample
with a = 0.09 obtained upon the extraction of oxygen
by treating with molecular hydrogen. Here, the MR
maximum was shifted by 85 K and the curve exhibited
abroad temperature intervals of large MR values (hote:
adecreaseinthe MRvalueto 5% at T > T, isreached
in sample 1 when the temperature changes by 25 K,

TECHNICAL PHYSICS LETTERS Vol. 26 No. 6
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while in sample 3 the same decrease is observed only
after 90 K). Apparently, this possibility of “controlling”
the CMR affect may be used in applications.

From the standpoint of CMR asafundamental prob-
lem, it isinteresting to consider the temperature varia-
tion of MR in sample 2 which, being stoichiometric
with respect to oxygen, contains incorporated protons
(a =0, h=0.1). Note that the behavior of MR in this
sample is similar to that in sample 1 (a = 0, h = 0), but
differsfrom the pattern observed for sample 3 (a = 0.09,
h=0).

In concluding, it should be emphasized that the
combination of thermochemical factors used in this
work, including molecular hydrogen and water vapor,
has proved to offer an effective means of controlling the
properties of the lanthanum—calcium manganite solid
solutions with constant cation composition.

The authors are grateful to N.F. Kartenko for the
X-ray diffraction analysis of samples.

Thiswork was supported by the Russian Foundation
for Basic Research, project no. 97-03-33466a.

REFERENCES

1. E. D. Nagaev, Usp. Fiz. Nauk 166, 833 (1996) [Phys.
Usp. 39, 781 (1998)].

2. B. A.-T. Melekh, Yu. N. Filin, V. |. Bakharev, et al., in
Proceedings of the IV International Conference “ Crys-
tals: Growth, Properties, Real Sructure, Application”,
VNIISIMS, Aleksandrov, 1999, Vol. 1, pp. 162-165.

3. Yu. M. Baikov, Zh. Neorg. Khim. 43 (1), 27 (1998).
4. V. M. Smyth, Prog. Solid State Phys. 15, 145 (1984).

Trandated by P. Pozdeev

2000



Technical Physics Letters, Vol. 26, No. 6, 2000, pp. 526-527. Translated from Pis' ma v Zhurnal Tekhnicheskor Fiziki, Vol. 26, No. 12, 2000, pp. 64—69.

Original Russian Text Copyright © 2000 by Nikitin.

Optimal Control of Particle Motion
by M eans of a Random Force

A. P. Nikitin
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Abstract—The overdamped motion of a particle controlled by a time-correlated random force in a spatially
periodic potential is studied theoretically. The correlation time of the force is essentially assumed to be much
greater than the time required for the particle to traverse one period of the potential. It is demonstrated that
abimodal distribution of the force optimizes the control for power demand. © 2000 MAIK “ Nauka/ I nter peri-

odica’

Therate of state change of arandom processis often
characterized by acorrelationtime, 1., aswell asby the
predictable time interval: for certain types of noise, a
large 1. indicates that the state changes slowly. This
paper addresses the problem of the one-dimensional
motion of a particle in a spatially periodic potential
dV(x) [1-12] under the overdamping conditions:

k= -, 1)

where x is the particle coordinate and n(t) is a random
force. Let n(t) be avery slow ergodic process. Then we
can use the adiabatic approximation (also known asthe
quasi-static approximation [10]). In the context of solv-
ing equation (1), the idea of the approach is as follows.
Suppose that the particle has traversed several periods
of V(x), shown in Fig. 1, during an observation time 1,
(t, < T1.). Let the random force n(t) vary so slowly that
the probability for n(t) to change appreciably during 1,
isnegligibly small. Then theresultant total velocity v of
the particleisobtained by cal culating the mean vel ocity
v.(n) over the time T, as a function of n, followed by
averaging v.(n) over the values of n assuming that the
force n has a stationary distribution P(n).

Instead of averaging the velocity over the observa-
tion time 1, it may be convenient to take the velocity
v averaged over time T required for the particle to
traverse one spatial period of V(x), which simplifiesthe
computation. Note that v,(n) tends to coincide with v
for 1. — o, i.e,, inthelimit of the infinitely slow vari-
ation of the noise r](t). Indeed,

limv, = lim= 1 dx(t)dt = lim M
To”w Toaoo To
¥
—_ H nL+AX _ |: _ dX(t)
_rllfnmnT+At_T—TI dat =

where L isthe length of one spatial period, Ax (1[0, L),
At O [0, T), and n is a nonnegative integer. Thus, the
adiabatic approximation enables one to reduce calcu-
lating v to determining v+ as function of n.

We aim to answer the following question: what sta-
tionary distribution must have the random force in
order to provide for the energetically optimum control
over the particle motion? In other words, we seek to
maximize the resultant mean particle velocity at amin-
imum intensity of the force.

To thisend, we derive and analyze an expression for
the average velocity v as function of the parameters
characterizing the distribution P(n) and the potential
V(X). The analytical solution to equation (1) is obtained
in this study under the following assumptions.

Assumption 1. The potential V(x) isapiecewiselin-
ear function:

V(X)
_[a(x—Ln), Ln<x<L(n+b/(a+b)); 3
- %—b(x— L(n+1)), L(n+b/(a+b))<x<L(n+1),

wherea>0,b>0,andn=0, £1, £2, .... Note that a
and b characterize the asymmetry of V(x) and that
V(X) = V(L + X).

Fig. 1. Piecewise linear periodic potential V(x): L is the
period, L4 and L, are the length of the low and high slope
portions, Q is the barrier height, where a = Q/L; and
b= Q/I_2
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Assumption 2. The distribution P(n) is symmetric
and defined as

ton + 1/(2A) —aA/2, n=0;
P(n) = O (4)
oan+1/(2A) —aA/2, n<o0,

where Aisthe amplitude of n and a isaparameter such
that -1/A2 < a < 1/A?. If a <0, then P(n) isaunimodal
distribution. If a > 0, then P(n)is a bimodal distribu-
tion. If a =0, then P(n) isauniform distribution.

Assumption 3. The correlation time 1. of the ran-
dom force n is much greater than the time T required
for the particle to travel over a potential period. An
exception is the case where the particle cannot move
over the potentia barriers; thenwe setv = 0.

Assumption 3 enables us to solve the problem
within the adiabatic approximation. Based on an ana-
Iytical solution of (1), we abtain

\Y)
0, A<a;
a((A*-a’)/3—abA+a’b
+ab(b-a)ln|(A+b-a)/b|)
+(1/(2A) — o Al2) (A’[2 — a°[2
<—ab|n|(A+b—a)/b|), a<A<b; (5)
a(b’/3-a’/3—ab’+a’b)
+(UA-0A) (b’ —a’)/4
+aab(b—a)In|(A+b—-a)(—A+b-a)/(ab)|
+(1/A—aA)abln/(-A+b—a)b/(A+b-a)/a)?2,
b<A.

Expressions (5) suggest the following conclusions:

(1) The resultant mean speed v is independent of L
(due to the adiabatic condition).

(2) Thereis amaximum value of v as a function of

the force intensity o, (see Fig. 2). Here, o, = /D,
where D is the second moment of P(n).

(3) The maximum value of v monotonically rises
with a.

(4) The maximum maximorum value of v isattained
with abimodal distribution (a = 1/A?).

(5) Characterized by K = v/g,, the conversion of
noise energy 1 into controlled particle motion is most
efficient if the distribution is bimodal (o = 1/A2).

The last conclusion implies that a bimodal distribu-
tion optimizes the control from the energetic stand-
point, provided the correlation time of the random force
is sufficiently large.

Wethink that the results of this study could be applied

to macroscopic directed transport of particles in the
absence of acongtant gradient of externa forces[11-14].
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Fig. 2. Resultant mean speed of the particle vs. random
force intensity at L = 2it a = 1; b = 2; and o = 1/A? (1),
U(2A?) (2), 0(3), ~L/(2A%) (4), or -UAZ (5).

This study was carried out under the auspices of the
Ministry of High Education of the Russian Federation
(Basic Natural SciencesProgram, project no. 97-0-8.3-47).
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Anomalous Temperature Dependence

of the Cavitational Strength of Water
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Abstract—It is experimentally demonstrated for the first time that the temperature variation of the cavitational
strength of water exhibits an extremal character with a minimum at 35-40°C and a maximum near 50°C. The
further increase in the temperature is accompanied by decreasing cavitational strength and increasing absorp-
tion of the shock waves. A mechanism explaining this phenomenon is proposed, which is based on the concept
of microscopic gas bubbles retained by convective flows, the vel ocity of which grows linearly with the temper-
ature and exceeds the velocity of equilibrium bubble flotation at 50°C. © 2000 MAIK “ Nauka/Interperiodica” .

Experimental data available on the temperature
dependence of the cavitational strength of water are
rather contradictory. For example, the curve of ultimate
negative pressure versus temperature presented in [1]
exhibits an extremal character with a maximum near
15°C, while the dependence reported in [2] is linear,
and that in [3]—nonlinear but monotonically decreas-
ing. These discrepancies are apparently explained by
imperfect methods used in the early works and can be
removed only by correct independent experiments. We
have sdlected a capacitance technique [4] reflecting
integral dynamics of the whole cavitation cluster, with
amaximum error of the cavitation threshold determina-
tion not exceeding 8-10%. The method is applicable
even for the study of cavitational processesin nontrans-
parent suspensions [5].

Figure 1 shows a schematic diagram of the experi-
mental setup. A shock waveisgeneratedin cell 1 by the
pressure of a pulsed magnetic field on the conducting
membrane 3, which transfers the pressure into liquid.
The magnetic field is generated by discharge of alow-
inductance capacitor battery 10 in the flat coil 4 placed
between the shock membrane 3 and copper disk 5.
Controlled discharge gap 8 allowsthe shock wave pres-
sureto be varied from 1 to 10 Mbar. Resistor 9 (R) pro-
vides for the production of asingle pressure pulse. The
plane shock wave with a duration of 4-5 s propagates
intheform of a25- to 30-mm-diam disk toward the free
surface of water 2. Reflection of the shock wave from
the surface gives rise to a discharge wave propagating
downward and initiating the growth of cavitation
nuclel, which leads to the formation of a cavitation
cluster under the free water surface [4]. The cell can be
heated through a massive flange 6 by three heating ele-
ments 7.

An advantage of this experimental setup is the
absence of wall effects upon the process studied.

Indeed, for a cell diameter of 80 mm and a water col-
umn height of 25 mm, the process of shock wave reflec-
tion from the free water surface terminated 20-30 us
before the unloading wave arrived to the near-surface
region. The experiments were performed with distilled
water allowed to stand for not less than 24 h prior to
experiment. By setting a controlled value of current
through the heating elements 7, water in the cell could
be heated within 20-30 min to a definite temperature,
which was subsequently maintained virtually constant.
At every temperature, water was allowed to stand for
2 h (until the process of gas evolution ceased, which
was evidence for the air—water system to reach the state
of thermodynamic equilibrium. In order to reduce the
evaporation of water, cell 1 was non-hermetically
closed with aLavsan film. Air bubbles evolved on heat-
ing were removed from the cell floor and walls with a
pipette. The capacitive transducer 11 had atemperature
equal to that of water.

The shock wave parameters and the experimental
results are presented in Fig. 2, where curve 1 describes

Fig. 1.
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dynamics of the free water surface X(t) upon reflection
of the discharge wave in a pre-cavitation regime and
curve 2 is a profile of the free water surface velocity
(obtained by differentiating curve 1), which corre-
sponds to the shock wave profile in the absence of cav-
itation. The AA lineindicates the time instant when the
shock wave reflects from the free surface. The rise of
the free surface (curve 1) to a certain level reflects the
elastic stretching of water in the field of a discharge
wave propagating downward. Curve 3 correspondsto a
threshold loading, which resultsin theinertial develop-
ment of the cavitation cluster at 18.5°C, as evidenced
by the appearance of anonzero slope U in the curve of
the free surface displacement [4-6]. This slope,
observed on the right of the AA boundary linein Fig. 2,
is related to an increase in the bubble size and in vol-
ume of the loaded water sample.

For the experimental scheme employed, the slope U
of al curves showing the free surface displacement
kinetics is related to the specific volume of bubbles a
by asimplerelationship a = U/c[5] (whereU isthefree
surface velocity and c isthe velocity of sound in water)
characterizing the intensity of cavitation. The appear-
ance of a nonzero slope U is selected as a criterion of
the cavitation onset, and the amplitude of the corre-
sponding shock wave is considered as a threshold
amplitude [6]. Curves 4-9 reflect dynamics of the free
water surface at various temperatures of water in the
system studied (33, 42, 52, 66, 74, and 84°C, respec-
tively). Initially, an increase in the temperature leads to
aseveral-fold increaseinintensity of the cavitation pro-
cess (cf. curves 4 and 5 in Fig. 2, corresponding to 33
and 42°C) as evidenced by the U angle criterion. How-
ever, the intensity of cavitation at 52°C drop to almost
the initial level, which reflects increasing cavitational
strength of water. Further increase in the temperature
again increasestheintensity of cavitation and leadsto a
sharp growth in absorption of the shock wave intensity,
asseen from the drop in amplitude of the free water sur-
face displacement upon the shock wave reflection
(curves 7-9).

Absorption of the shock wave is usualy related to
increasing gas content in the medium [4], while a
decrease in the cavitational strength of water is caused
by the growth of cavitation nuclei [2]. In order to pro-
vide for a correct comparison of intensity of the cavita-
tion development at various temperatures, the initial
amplitude of the shock wave at 52 and 66°C was
increased so as to make the free water surface displace-
ment equal to the initial value at 18.5°C. The character
of the observed temperature-dependent variation
remained unchanged.

The drop in the cavitational strength of water
observed upon heating to 42°C can be explained by
increasing equilibrium radius of microscopic gas bub-
bles aways present in water [7, 8], determining the cav-
itational strength and theinitial dynamics of the cavita-
tiona process development. It would be reasonably to
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assume that the microscopic gas bubbles grow in size
on heating. At 50°C, the bubble size increases so as to
cause their flotation and a drop of the cavitational
strength of water. This was confirmed by a sharp
increasein the number and size of gas bubbles growing
on the cell floor and walls in the course of heating to
50°C. As the water temperature increases above this
level, the rate of gas evolution considerably decreases.
Increasing temperature is accompanied by exponential
growth in the saturated water vapor pressure and by a
significant decrease in the surface tension o. This facil-
itates the development of cavitation on mechanical
inclusions and may compensate, on reaching certain
temperature, for the “lack” of microscopic free gas
bubbles in the medium, thus providing for the experi-
mentally observed decrease in the cavitational strength
of water. However, the fact of a sharp increase in
absorption of the shock wave energy beginning with a
temperature of 66°C (Fig. 2, curves 7-9) can be
explained by the increasing gas content a in water.

We may suggest that the equilibrium radius of stable
microscopic gas bubbles in water is a nonmonotonic
function of the temperature, with a maximum near
52°C, but a more probable assumption is that the equi-
librium radius growing with the temperature results in
increase in the bubble flotation velocity V. Proceeding
from equality of the Stokes and Archimedes forces, this
velocity can be expressed as

V = 2pgR’/9n, (1)

where p isthe density, n isthe dynamic viscosity of lig-
uid, Risthe current radius of microscopic bubbles, and
g isthe acceleration of gravity. Assuming that the bub-
bles are formed by the ideal gas and the number of gas
molecules N does not vary with the temperature, we
may use arelationship (P, + 20/R)411R%3 = NKT, which
implies that R ~ TY2 for 20/R > P, and R ~ T3 for
20/R < P, (where k is the Boltzmann constant and P,
is the atmospheric pressure). According to equation (1)
the stable cavitation nuclei have Ry = 1.5 p [8] for
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20/Ry= P, and their subsequent growth leads to R >
20/P, and V ~ T23, This implies that the heating-
induced growth rate of the cavitation nuclei is dower
than the rate of increase in the velocity of convective
flows, which is alinear function of the temperature for
a horizontal layer [9] and reaches a level of severa
mm/s at 40-60°C. This velocity is sufficient for the
microscopic bubbleswith adiameter of 10-30 umto be
retained in the volume. This effect may explain a sharp
growth in the gas content and the corresponding
increase in the shock wave energy absorption observed
in water at 66°C and above.

The final judgment on the operative mechanism of
these phenomena can be made only upon accomplish-
ing additional experimental investigations. It is inter-
esting to note that a minimum in the cavitationa activ-
ity of water at 52°C exactly coincides with the maxi-
mum of cavitational erosion and the maximum
efficiency of cleaning contaminated surfaces in aque-
ous solutions of detergents. Probably, there existsafun-
damental relationship between these phenomena and
the anomal ous behavior of the compressihility of water,
which decreases with increasing temperature below
50°C and begins to grow with the temperature above
thislevel [10].

Thus, an original experimental scheme employedin
this work and advantages of the capacitance measuring
technique allowed us to minimize the statistical scatter
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of the cavitation thresholds and reveal true trends in
their temperature dependence for water.
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Abstract—The spectrum of the photoinduced exoel ectron emission (PEE) current from heat-treated ribbons of
aFe;,Co,1B15 amorphous metal alloy was studied. The shape and intensity of the PEE spectrum depend on the
material treatment conditions. It is suggested that internal stresses and surface oxidation are the main factors
affecting the PEE spectrum. © 2000 MAIK “ Nauka/Interperiodica” .

The stable interest in amorphous metal alloys
(AMAS) isexplained by their possessing a unigue com-
bination of properties and offering the ability of wide
practical applications. One of the main tasks of investi-
gations devoted to AMASs consistsin assessing stability
of their properties with respect to thermal treatments.
The purpose of our work was to study the kinetics of
temperature induced structural changesin AMAs of the
Fe;,Co,.B15 system by the method of photoinduced
exoelectron emission (PEE). The AMA samples were
obtained by rapid quenching from melt and had the
form of 10- to 20-mm-wide 30-pum-thick ribbons. The
PEE measurements offer a method highly sensitive
toward structural changesin AMASs upon their thermal
treatment [1-3]. At the same time, the effect of thermal
treatment on the spectrum of exoelectron yield (or the
initial exoemission photocurrent [4]) I1(A) has remained
virtually uninvestigated.

The PEE spectra were studied on an experimental
setup described in detail elsewhere [5]. The measure-
ments of the PEE current | as function of the stimulat-
ing light wavelength A were performed for the initial
(not heat-treated) ribbons and the samples heat-treated
in vacuum (10 Pa) and cooled to room temperature
(the latter samples were measured either immediately
or after holding for 24 h at room temperature).

In thiswork, we have studied the PEE spectra of the
AMA samples were heat-treated in the following
regimes.

1. A sample was heated in vacuum to a temperature
of 970 K markedly exceeding the base aloy crystaliza-
tion temperature [3]. The I(A) spectrum was measured
upon cooling the sample to room temperature. The
thermal treatment resulted in increasing PEE current
intensity in the entire wavelength studied. Figure 1
shows the PEE yield spectrum normalized to the maxi-
mum value in the heat-treated sample (i.e., the relative
initial exoemission photocurrent versus light wave-

length). The subsequent 24-h holding at room tempera-
ture resulted in a significant decrease in the | value.

2. A sample was heated in vacuum to atemperature
of 690 K, corresponding to theinitial stages of the base
aloy crystallization [3], and measured upon cooling to
room temperature. Thisthermal treatment also resulted
inincreasing PEE current intensity as compared to that
for theinitial sample (Fig. 2), but to even greater extent
than in the preceding case. The subsequent 24-h hold-
ing at room temperature resulted in a significant
decreasein the | value over the entire wavelength range
studied.

3. A sample was heated under isothermal conditions
inair at 470 K for 100 or 200 h and then cooled to room
temperature and measured. (Fig. 3). Here, the | value of
the heat-treated samples increased in the entire wave-

I, a.u.
1.0&

0.8
0.6
0.4

0.2

0
260 270 280 290 300 310 320 330 340

A, nm

Fig. 1. Plots of therelative initial exoemission photocurrent
versus excitation light wavelength for a Feg,Co,1B45 alloy:
(2) initial sample; (2) sample heat-treated in vacuum at
970 K and measured upon cooling to room temperature.
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Fig. 2. Plots of therelative initial exoemission photocurrent
versus excitation light wavelength for a Feg,Co,1B45 alloy:
(2) initia sample; (2) sample heat-treated in vacuum at
690 K and measured upon cooling to room temperature;
(3) heat-treated sample kept for 24 h under isothermal con-
ditions at room temperature.

0 ! 1
260 270 280 290 300 310 320 330 340
A, nm

Fig. 3. Plots of therelative initial exoemission photocurrent
versus excitation light wavelength for a Feg,Co,1B15 alloy:
(2) initial sample; (2, 3) samples heat-treated under isother-
mal conditions in air at 473 K for 100 and 200 h, respec-
tively, and measured upon cooling to room temperature.

length range as compared to that of initial ribbon, the
effect enhancing with the duration of isothermal expo-
sure.

The results described above can be interpreted as
follows. An increase in the initial exoemission photo-
current intensity after thermal treatmentsisrelated to a
decreasein the exoel ectron work function E of the sam-
ple surface. A change AE in the exoel ectron work func-
tion can be estimated by the formula

AE = (fic/AL)AN,

TECHNICAL PHYSICS LETTERS  Vol. 26
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where c isthe velocity of light, A, isthe average value
of the excitation light wavelength for the same level of
the exoelectron yield from the initial and heat-treated
samples, and AA is the difference of the light wave-
length for the samelevel of signal intensity intheinitial
and heat-treated samples. For the Fe;,Co,,B;5 aloy
heated to 970 K, we obtain for A,, = 300 nm a wave-
length shift of AA = 20 nm, which corresponds to an
0.25 eV decrease in E as compared to the value in the
initial sample. At the same time, the treatment at 690 K
leads to an 0.60 eV decrease in E (assessed at A,, =
280 nm), while theisothermal treatment in air at 470 K
for 200 h decreases the E value by only 0.20 eV.

Summarizing the experimental data obtained, we
may suggest that an increase in the exoelectron yield |
upon thermal treatment of AMA samples in the first
two regimesisrelated to the level of internal stressesin
the samplesincreasing asaresult of crystallization pro-
cesses [6]. Indeed, a decrease in the exoelectron work
function with increasing level of internal stresses in
crystalline alloyswasreported in [4, 7]. The isothermal
holding at room temperature is accompanied by relax-
ation of the crystallization-induced internal stresses,
which leads to decreasing exoelectron yield. The
increase in the exoel ectron yield upon isothermal heat-
ing of the AMA samplesin air can be attributed to the
process of surface oxidation.

Thus, the heat-treatment-induced increase in the
photoinduced exoelectron current is always related to
changes in the surface structure of AMA caused by this
treatment. The maximum growth in the exoelectron
emission intensity in the entire wavelength range of the
exciting radiation (as well as the most pronounced
change in the electron work function) was observed in
AMAstreated at temperatures corresponding to theini-
tial crystalization stages. This is explained by an
increase in the level of internal stresses caused by the
crystallization processes.

REFERENCES

1. G. Z. Gorecki, Poverkhnost’, No. 7, 63 (1993).

2. V. |. Boldyrev, A. S. Vekdler, and O. V. Lemzyakov,
Neorg. Mater., No. 11, 1300 (1998).

3. V. I. Boldyrev, A. S. Vekder, N. I. Noskova, et al., Fiz.
Met. Metalloved. 87 (5), 83 (1999).

4. G. L. Sagaovich, V. P. Melekhin, and Yu. D. Dekhtyar,
Exoelectron Spectroscopy of Defects in Solids (NTO,
Riga, 1981).

5. V. S Kortov, A. |. Slesarev, and V. V. Rogov, Exoemis-
sion Control of the Surface of Articles upon Processing
(Naukova Dumka, Kiev, 1986).

6. V. |. Boldyrev and A. S. Vekdler, l1zv. Vyssh. Uchebn.
Zaved. Fiz., No. 9, 94 (1999).

7. L. Griinberg, in Exoelectron Emission (InostrannayalL it-
eratura, Moscow, 1962), pp. 118-144.

Trandated by P. Pozdeev

No. 6 2000



Technical Physics Letters, Vol. 26, No. 6, 2000, pp. 533-534. Trandlated from Pis' ma v Zhurnal Tekhnicheskor Fiziki, Vol. 26, No. 12, 2000, pp. 82-85.

Original Russian Text Copyright © 2000 by Baikov.

Electrical Phenomena
in a Hydrogen-Containing Heter ogeneous System Palladium—
Strontium Cerate-Barium-Yttrium Hydrocuprate

Yu. M. Baikov

| offe Physicotechnical Institute, Russian Academy of Sciences, . Petersburg, 194021 Russia
Received February 11, 2000

Abstract—The proton conductivity of barium-yttrium hydrocuprate H,YBa,Cuz07 ., (x< 2, -0.1<y < 0.1)

was determined for the first time. The proton conductivity (10°° Scm™ at 470 K, with an activation energy of
—0.6 eV) accounts for 0.1% of the total dc conductivity. Owing to the proton conductivity of strontium cerate
(H,SrCey0Y 103, 2< 0.1) and hydrocuprate layersin the Pd/cerate/hydrocuprate/cerate/Pd sandwich structure,
this heterogeneous system exhibits the properties of an electric accumulator with emf = 0.6-1.2 V. © 2000

MAIK “ Nauka/Interperiodica” .

Important components of heterogeneous systems
studied within the framework of the “Hydrogen Ener-
getics’ research and development program, one of the
science and technology priority directions, are the
intermediate compounds capable of providing effective
electrical and/or chemical contacts between essentially
dissimilar materials, for example, between meta
hydride based hydrogen sources with electron conduc-
tivity and oxide membranes with proton conductivity.
Unfortunately, no material s possessing el ectron- proton
conductivity, especially at moderately high tempera-
tures (200—400°C) are practicaly available.

In this context, it was interesting to try a barium-
yttrium hydrocuprate composition H,YBa,Cus0; .,
(x< 2, 0.1 £y <£0.1) as a mixed eectron-proton
conductor. This attempt was based on the phenomenon
of high diffusion mobility of hydrogen in this com-
pound previously discovered by the author [1]. The
hydrogen self-diffusion coefficient in this compound is
108 cm?/s at 470 K, which, according to the Nernst—
Einstein law, corresponds to a proton conductivity of
the order of 10 S/cm. Since the total (electronic
p-type) conductivity of the above hydrocuprate at 470 K
is markedly greater (102 S/cm) [2], it might be
expected that the proton conductivity will account for
about 10%. However, this effect was not reported until
now. This circumstance gave impact to the experiments
described below.

Teion (proton) component contribution to the total
conductivity was evaluated by a well-known method.
According to this, a sample of the material studied
(hydrocuprate) is pressed between solid el ectrolyte lay-
ers possessing atransfer number for the corresponding
ions (protons) of the order of unity. In this work, the
role of solid electrolyte was played by H,SrCe, Y 1,05
(z<0.1) referred to bel ow as strontium cerate. The cur-

rent-carrying electrodes were made of Pd, the hydride-
forming properties of which were expected to provide
for the symmetry of the measuring cell during the dc
conductivity measurements. However, it was found that
the Pd/cerate/hydrocuprate/cerate/Pd sandwich struc-
ture was polarized by dc current and retained the emf
for alarge time (one day or even longer). This phenom-
enon rendered the cell an object of investigation rather
than merely atool.

Ceramic cerate and cuprate pellets with a diameter
of 10 mm and a thickness of 1 mm were prepared by
method of solid-state reactions involving the corre-
sponding oxides. The edge surfaces of the samples
were coated with palladium black and pressed between
Pd foil. The reference electrodes (~100-pm-thick wire
probes) were placed between pellets. Cerate pellets
were saturated with hydrogen by exposure to water
vapor at high temperatures (2.7 kPa, 850 K, 24 h) prior
to assembling a measuring cell. Then the cell was
placed in avessel connected to a pumping stage and a
gas admission system. The hydrogenation of cuprate
and Pd was effected immediately in the measuring ves-
sel (27 kPa, 450 K) as described in [2].

A summary of the main experimental results,
clearly illustrating the observed features of conductiv-
ity of the whole cell and its parts is presented in the
table. Prior to the cuprate hydrogenation, the total cell
resistance at 470 K could hardly be measured because
of avery low electron conductivity of theinitial cerate
(108 S/lem [3]), whereas the proton conductivity of
hydrogenated cerate was blocked by cuprate. As the
cuprate hydrogenation proceeded, the situation
changed and, when the hydrogen content in the cuprate
reached x = 1.8, the cell resistance dropped by two
orders of magnitude. The resistance of the cuprate
layer, measured separately with the aid of reference
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Resistances (kQ) of the whole cell and partial resistances of
component cerate and cuprate layers with respect to the el ec-
tron and proton conductivity before and after hydrogenation

Layer
Charge carrier Cdl
cerate cuprate

Before hydrogenation
Electrons >25000 10° >25000
Protons 200 00

After hydrogenation
Electrons 25000 0.1
Protons 200 100 300

wire electrodes, increased upon the hydrogenation by
almost five orders of magnitude to reach 100 Q. This
behavior is fully consistent with the hydrogenation-
induced drop in the conductivity of cuprate reported in
[2]. At the same time, the resistance of the cuprate layer
determined from the voltage drop across this layer and
the overal current passing through the whole cell was
about 100 kQ.

The above results are most simply explained by
hydrogen intercalation into the cuprate layer, rendering
it a proton-conductor and creating a through proton
conductivity channel across the cell (blocked, prior to
hydrogenation, by the purely electron-conducting layer
of YBa,CuzO,). Therefore, the conductivity of the
cuprate layer operating in the cell is reasonably
assigned to the proton conductivity component of
hydrocuprate. This conductivity was 10° S/cm at
470 K, which is lower as compared to the estimate
based on the diffusion coefficient (see above). Thetotal
conductivity of the cuprate layer, measured without
cerate layers blocking the electron current, was
1073 S/em. Thus, the proton conductivity contribution
does not exceed 0.1% of the total dc conductivity.

The phenomenon of polarization, observed for the
whole cell upon prolonged passage of a dc current
through the sample structure, was rather unexpected,
since the cell was initially symmetric. Moreover, the
hydrogenated Pd was initially suggested to maintain

TECHNICAL PHYSICS LETTERS  Vol. 26
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the symmetry, by serving as a source of protons on the
anode and their acceptor, on the cathode. However, it
was found that an emf of the order of 1V was devel-
oped across the cell electrodes, which retained almost
unchanged value in some cases over a time period of
not lessthan 100 h. The sign of thisemf could be deter-
mined by polarization with a reverse current. It was
established that the emf of a cell polarized at 470 K in
water vapor was 0.8-1V, and reached up to 1.2V upon
polarization in an oxygen atmosphere (or an oxygen-air
mixture). The gas medium, to which the cell was
exposed, not only determined the magnitude of emf,
but influenced stability of the cell operation in the
open-circuit regime as well. Indeed, the value of emf
generated upon exposure to water vapor at apressure of
0.2-2.5 kPa was retained for many days. At the same
time, the emf generated in the cell exposed in the atmo-
sphere of H, or O, (air) dropped at 470 K to 100 mV
within a few hours. Detailed mechanisms of this phe-
nomenon and the possibility of using sensitivity of the
cell to the gas phase composition in chemical sensors
are now investigated.

Thedischarge currents of the resulting el ectric accu-
mulator in a load or in the short-circuit regime are
determined by internal resistance of the cerate layers.
In our experiments, these currents reached tens of
nanoamperes at 470 K. By increasing the working tem-
perature and using cerate compositions possessing a
higher conductivity (such as, e.g., BaCe; _,Nd,O,), itis
possibleto pass to microampere currents at a voltage of
1V, which may be of interest for practical applications.

Thiswork was supported by the Russian Foundation
for Basic Research, project no. 97-03-33466a.
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Abstract—A mathematically correct approach to the analysis of Pocklington's equation for thin electric vibra-
tors, based on the theory of singular integral equations, is suggested. A new singular integral equation is
obtained for the derivative of the surface current with respect to the longitudinal coordinate. Numerical treat-
ment demonstrates rapid convergence and computational simplicity of the proposed method. © 2000 MAIK
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The design of electric vibrators normally entails
computing current distribution. Pocklington’s and Har-
rington’s integro-differential eguations as well as
Hallen’sintegral equation are available for this purpose
[1-3]. The most widely employed technique to solve
these equationsis the method of moments together with
its modifications, using appropriate basis and weight-
ing functions. In our opinion, the main disadvantage of
this approach is that singular kernels (written in an
implicit form) are replaced by regular (Fredholm) ker-
nels to obtain the Fredholm-type integral equations of
the first kind. Solving these equations is known to
present an I11-posed problems[4]. Also, it remainsto be
proven that the result obtained is a true solution of the
origina problem and has physical significance. Asafur-
ther step in development of this approach, Eminov [5]
suggested a new class of basis functions (called the
eigenfunctions of an integro-differential operator) to be
used in solving such problems. However, use of the
new functions considerably complicates the numerical
algorithm.

In contrast, this study rests on the mathematical for-
malism of the theory of singular integral equations
developed in the context of microstrip lines and dlot-
lines for SHF and EHF integrated circuits [6, 7]. Spe-
cifically, we use an algorithm to transform Pockling-
ton’s equation into a singular integral equation with a
singularity of the Cauchy type[8].

Formulation of the Problemin Terms
of an Integral Equation of the First Kind

Consider a straight wire of length 2| and radius a
with the feed pointsz=1,—band z= I, + b, as shown
in Fig. 1. The antenna is excited by an rf oscillator.
A singular integral equation will be derived within the
framework of acommonly accepted thin electric vibra-
tor approximation (a << |, A). According to this, the lon-

gitudinal electric current density n; and the equivalent

magnetic current density n, in the gap are replaced by
a thin filament of the longitudinal electric current
1,(2) = 2man; (2). Flowing in the axis of the wire, the
current is assumed to be continuous in the gap and to
vanish at the ends of the vibrator. We neglect the edge
currents of the cylinders. At p = a, the E, component of
the electric field produced by the current filament is zero
foral zO [, 1], except for a 2b-wide gap region, where
we set E, = E®Y(2), the latter denoting an external field.

Being independent of ¢, the radiation can be
described by Pocklington’s equation [1]

Dd2 20 e_iVR _ ext
EHTZ_ZJFV 0 IZ(z)mdz' = dwegeE  (2), (D)
el
where R = J/(z—2)%+a°, y2 = K, k = wic is the

lop+b
lo—b |

/

—_ e -

2a

Fig. 1.
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wavenumber, and € and [ are the permittivity and per-
meability of the environment, respectively.

According to awell-known Green'’s function expan-
sion[5]:

—iyR

e
R

- "if "D y—ah - y?)
x HP (-iavh® —y?)dh,

where Jy(x) and H(Z) (X) are the Bessel function of the
first kind and the first-order Hankel function of the sec-
ond kind, respectively. Substituting this expression into
equation (1), we arrive at the integral equation

)

|
J'Iz(z')Gl(z, Z)dz = weg,E%(2), ©)

where
Gi(2.2) = g [ (V' =) 3u(-ialn’—y?)
x H{? (-ial/h® —y?)e " Idh,

Equation (3) is a nonhomogeneous integral equation of
thefirst kind.

(4)

Sngular Integral Equation

Obviousdly, the integrand function G,(z, Z) in (4)
grows as |h| if |h| —= o so that the integral diverges.
To eliminate the divergence, let usreplace 1 ,(2) in equa-

tion (3) by its derivative |, = dl,/dz Since I(-I) =
I(1) = 0 (zero current at the vibrator ends), we can write

Ilz(z')eihzdz' = ;—JI (2)e"™dz. (5)

Using (5), we recast (3) as

|
We,eEX(2) = Ilg(z)e(z, Z)dz, (6)

where

—|h(z Z)

G(zz) = B J' g(h)dh, (7)
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g(h) = it —ia/h’—y?)
x H?(<ia/h? = y?).

In order to solve equation (6), let us determine the
asymptotic behavior of g(h) for |n| — . Using repre-
sentations of the Bessel and Hankel functions of the
complex argument [9],

(8)

I3 = 1500, HEP(%) = 2Ko(9),
we obtain,
lim g(h) = sgn(h), ©
where
=0 =3

The corresponding asymptotic kernel is

00

G.(272) = J’sgn(h) e, (10)
Using the relationship [10]
}e“““ Agn(hydh = Az (11)
we obtain
G.(272) = m. (12)

Thus, thekernel G, (z, Z) inequation (6) implicitly has
asingularity of the Cauchy type (12) and, hence, (6) is
asingular integral egquation.

After simpletransformations, (6) can be rewritten as

z(i)

4iwe,eE™(2) = = Sz + II (2)K(z 2)dz, (13)

where
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K(Z’ Z') = 2|_T[J' eih(Z'—Z)Ag(h)dh,

2 2
—h .
ag(h) = T—=-35(-iavh’-y?)

x HE? (<iavh?=y?) + sgn(h).

Relationship (13) is a singular integral equation of
thefirst kind for determining I,, the integrand function
in the kernel (14) tending to zero as |h| — o due to
Ag(h) —= 0. To our knowledge, no such eguation has
been reported.

(14)

Solving the Singular Integral Equation:
Numerical Results

Let the vibrator be symmetric: |, = 0. To solve the
singular integral equation, we will define new variables
Tand Tt asfollows: z=Itand Z =I1". With J(1') = I, (IT"),
equation (13) becomes

100(0)
T-1
° (15)
= 4iwe,eE™ (1) I IJ(T')K(T, T)dt' = F(1),
-
where
K(1,T) = ﬁ [ " Pag(nan. (16)

Applying the inversion formula of the Cauchy inte-
gral to singular integral equation (15) yields [6].

by 2
J(1) = = 1 Z[aOT—I _[1::
TW1l-T1

F(T')dl’}, a7

where g, is an unknown constant. This quantity is eval-
uated from the condition that |, vanishes at z= - and
z=1, whichimplies

J(t)dt = 0.
J

This expression also states that the total charge on the
vibrator is zero. Being a nonhomogeneous Fredholm
equation of the second kind, (17) lendsitself to numer-
ical treatment readily.
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Based on (17), we have computed the surface cur-
rent density. Figures 2 and 3 show typical distributions
of the real part (solid curves) and the imaginary part
(dashed curves) of 1, for I/A = 1/4 or 1/2, respectively,
with b/l = 1/200 and a/A = 1/400. The computation was
carried out under the assumptions that E®* is uniform
over the gap and that we,eE' = a/\. The results agree
well with [11].

CONCLUSION

We suggested a correct approach to analysis of a
thin electric vibrator, using singular integral equations
to compute surface current density. This strategy pro-
vides for a considerably improved convergence of the
solutions and eliminates the phenomenon of relative
convergence that may occur take place in solving the
Fredholm-type equations of thefirst kind [6, 7]. In prin-
ciple, the technique presented here makesit possible to
theoretically estimate the accuracy of the solution. The
approach can be extended with ease to coupled vibra-
torsin the free space or over conducting surfaces.
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