Technical Physics Letters, Vol. 30, No. 4, 2004, pp. 259-261. Trandated from Pis' ma v Zhurnal Tekhnicheskor Fizki, Vol. 30, No. 7, 2004, pp. 1-6.
Original Russian Text Copyright © 2004 by B. Kostishko, Appolonov, Salomatin, A. Kostishko.

Peculiarities of the Oxidation of Porous Silicon
during Aqueous After-Etching

B. M. Kostishko*, S. V. Appolonov, S. Ya. Salomatin, and A. E. Kostishko
Ul'yanovsk State University, U’ yanovsk, Russia
* e-mail: kost@sv.uven.ru
Received August 25, 2003

Abstract—The process of oxidation of the surface of porous silicon in the course of aqueous after-etching has
been studied by monitoring the change in the shape of the inverse self-convolution of a Si Ly3VV peak in the
Auger electron spectrum. It was found that the formation of SiO, in the surface layer of samples proceeds in
several stages. In thefirst stage, silicon suboxides composed of SiO,Si,_, tetrahedra (n = 1-3) are formed on
the surface of silicon quantum filaments. The formation of a SiO, phase stable with respect to external factors
begins only upon 20-h aqueous after-etching and is compl eted within seven days. © 2004 MAIK “ Nauka/Inter-

periodica” .

The process of oxidation of porous silicon (por-Si)
has been extensively studied since 1956 [1], primarily
because this material was employed as a high-ohmic
insulator in the active elements of integrated circuits.
Then, since Canham [2] discovered the photolumines-
cence of por-Si in the visible spectral range, oxidation
of the surface of silicon quantum filaments was used as
ameans of creating radiative centersin por-Si and sta-
bilizing its light-emitting properties [3]. The main
experimental method employed for studying the oxida-
tion kineticsis IR spectroscopy. However, a significant
disadvantage of this technique is that it provides only
data on the total oxygen content in the entire por-Si
layer, which is usually evaluated using the IR absorp-
tion bands related to Si—-O-Si (1100 cm™) and SIO,

(453 and 800 cm™) vibrations [4]. However, there are
cases (e.g., rapid high-temperature oxidation [5] and
oxidation in normal and heavy water [6] or in a chlo-
rine-containing electrolyte [7]) when it is very impor-
tant to obtain information not only about variation of
the total amount of oxygen bonds but on the stoichiom-
etry of silicon oxide as well.

It was recently demonstrated [8, 9] that the process
of agueous after-etching of por-Si is accompanied by
electrochemical dissolution of silicon at the sharp pore
apices, that is, in the region of boundaries between
pores and single crystal silicon. Although both the
thickness and stoichiometry of SO, filmsformed inthe
course of agueous after-etching are important factors
determining the optical and light-emitting properties of
por-Si, no data on the kinetics and peculiarities of this
process have been reported so far.

In this context, we have used Auger electron spec-
troscopy (AES) for studying changes in the electron
structure of the surface layer of por-Si in the course of
aqueous after-etching. Based on these data, we have

determined peculiarities in the growth of SIO, on the
surface of silicon quantum filaments.

The experiments were performed with samples pre-
pared from phosphorus-doped (111)-oriented single
crystal silicon wafers with aresistivity of 32 Q cm, in
which a por-Si layer was formed using a standard pro-
cedure of electrochemical etching in a mixed HF—
C,HsOH (1: 1) electrolyte. The etching was carried out
for 30 min at acurrent density of 20 mA/cm? under illu-
mination with a halogen lamp. The thickness of the
porous layer determined on cleaved samples was about
20 pm. The process of agueous after-etching was stud-
ied in alarge interval of times ranging from 10 min to
168 h, whereby the porous layer thickness increased up
to 180-200 pum. Immediately after this treatment, the
samples were placed into the analytical chamber of an
Auger electron spectrometer (0910S-10-005 type), and
their surfaces were analyzed by AES at aresidual pres-
sure of p = 10~" Pa, amodulation voltage of U, =2V,
and vt =0.6.

It should be noted that the total time of exposure of
the por-Si samples to air did not exceed 10 min. This
limitation was related to the rapid (with a characteristic
time on the order of 30 min) leak of the positive charge
localized at the pore apices, which resulted in termina
tion of the aqueous after-etching process. In addition,
experiments showed that the agueous after-etching pro-
cessisfollowed by quite rapid and effective additional
oxidation of silicon quantum filamentsin air, whereby
the stoichiometric index of SiO, can changefrom 0.7 to
2 within three days.

The change in the SiO, stoichiometry in the porous
layer in the course of aqueous after-etching was deter-
mined using a database on the variation of the inverse
self-convolution of a Si L,3VV peak in the Auger elec-
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Fig. 1. Auger electron spectra of por-Si upon agueous after-
etching for various periods of time: (8) 10 min (1), 15min (2),
30 min (3), 60 min (4); (b) 24 h (1), 72h (2), 168 h (3).
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Fig. 2. Inverse self-convolution of the Si L,3VV pesk in the
Auger electron spectrum of por-Si samples upon agueous
after-etching for various periods of time: (1) 10 min;
(2) 15 min; (3) 24 h; (4) 72 h; and (5) 168 h.
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tron spectrum. This method, described in detail else-
where [10, 11], employs information on the electron
structure (i.e., the position of the valence band top and
the density of electron states on this level) in order to
exclude the influence of adsorbed oxygen-containing
species and determine the stoichiometric index of SIO,
with an error not exceeding £0.05.

Figure 1 shows the Auger electron spectra of por-Si
upon aqueous after-etching for various periods of time.
An analysis of changes of the sample surface composi-
tion and the shape of the inverse self-convolution of the
density of states (Fig. 2) leads to the following conclu-
sions.

A short aqueous after-etching (10-15 min) leads to
an increase in intensity of the AES signal of oxygen.
Note that oxidized silicon is not detected (see spectra l
and 2 in Fig. 1a) and, hence, the amount of oxygen
increases due to adsorption and the growth of subox-
ides (unsaturated oxides) composed of SIO,Si,_, tetra-
hedra (n = 1-3). The peaks of the density of states
related to SIOSi;, SiIO,Si,, and SiO;Si virtually do not
contribute to the Si L,3VV peak [12]. After a 15-min
treatment, the peak of elemental silicon shifts by 3 eV
toward higher energies and the width of the p(E) spec-
trum increases (Fig. 2, curve 2), which is explained by
the accumulation of inhomogeneously distributed neg-
ative charge on the sample surface [13].

A 30-min agueous after-etching makes the surface
charging evident (see spectra 3 and 4 in Fig. 1a), since
the Si L3V line acquires a shape analogous to that
observed for apor-Si surface upon thermal annealingin
vacuum [14]. A shift of the AES peak of silicon to lower
energies suggests that a 30- to 60-min agueous after-
etching leadsto positive charging of the sample surface.
As a rule, this phenomenon takes place due to the
absence of charge transfer channels and the lack of
compensation for the formation of doubly charged pos-
itive surface ions as aresult of the Auger process.

The AES signal of oxidized silicon appears upon
aqueous after-etching for a sufficiently long time. After
a 24-h treatment, the stoichiometric index of silicon
oxideisx=0.7 £ 0.1 (spectrum 1in Fig. 1b; curve 3in
Fig. 2), and a 72-h after-etching increases this value to
x=1.3+ 0.1 (spectrum 2 in Fig. 1b; curve 4 in Fig. 2).
A nearly stoichiometric silicon dioxide on the surface
of silicon quantum filamentsin por-Si is observed only
after a 168-h treatment (spectrum 3 in Fig. 1b; curve 5
inFig. 2).

Thus, we have established that the aqueous after-
etching of por-Si proceeds through the adsorption of
oxygen atoms and the formation of suboxides. For a
period of time within 20 h, this process leads to the
appearance of a high-ohmic surface layer effectively
charged in the course of electron irradiation. As the
after-etching time increases, a SIO, phase begins to
form, but a nearly stoichiometric silicon dioxide on the
surface of silicon quantum filaments appears only after
a sufficiently long time (about seven days).
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Abstract—A fiber-optic polarization modulator based on a piezoel ectric ceramic transducer is considered. The
device employs the phenomenon of photoelasticity, whereby the polarization of light in the fiber is modulated
due to the birefringence variations induced by oscillating transverse pressure applied to the fiber. An analytical
expression for the modulation efficiency is obtained. A high efficiency of the proposed modulator is confirmed
by experimental data. © 2004 MAIK “ Nauka/Interperiodica” .

Using piezoelectric ceramic oscillators, it is possi-
ble to create inexpensive and effective polarization
modulators for the radiation propagating in a single-
mode fiber. These devices employ the phenomenon of
induced linear birefringence, which is usualy
described in terms of orthogonal linearly polarized
modes. Such modulators can be used in Q-switched
optical cavities, amplitude modulators, and polarimet-
ric gauges [1, 2]. In many cases, it is required that a
modulator change the phase difference between eigen-
modes while keeping their amplitudes constant.

In the piezoelectric ceramic—optical fiber system,
the electric voltage applied to the transducer electrodes
can produce modulation of the phase difference
between polarized modes both via a change in the fiber
length and via the phenomenon of photoelasticity,
whereby induced internal mechanical stresses lead to
modulation of the fiber birefringence. The efficiency of
fiber-optic polarization modulators based on piezoel ec-
tric ceramic oscillators can be characterized by the
quantity

_ %%
K = 5 [rad/ (pmm)], )

where 0¢ is the amplitude of the phase difference
between polarized modes in the fiber, dl is the ampli-
tude of oscillations of the ceramic transducer, and L is
the fiber length in the modulator. Being virtually inde-
pendent of the amplitude-frequency properties of the
ceramic material, this efficiency characteristic is espe-
cialy convenient for modulators of the type under con-
Sideration.

We have analyzed different variants of piezoelectric
polarization modul ators and sel ected the most effective
design employing modulation of the induced birefrin-
gence by variations of the transverse pressure applied to
the fiber. According to calculations [3], the induced
birefringence as a function of the applied transverse

pressure is described with good accuracy by the for-
mula

B = 4CsP @

E,’

where Cgis a coefficient characterizing the photoelastic
properties of the fiber (Cg= 2.7 x 10° rad/m at awave-
length of 0.633 um), P isthe applied compressive load
(force per unit length), E; is the Young modulus of the
fiber, and r isthe fiber radius. Figure 1 shows the results
of experimenta verification of the validity of formula(2)
describing B(P).

According to formula (2), achange in the phase dif-
ference between polarized modes in the proposed mod-
ulator is given by the expression

4CDP
CsdP |

00 = ofL = Te b

©)

where a small phase change related to the fiber length
variation isignored. The main difficulty encounteredin
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Fig. 1. A plot of theinduced birefringence 3 versus pressing
force P per unit length. Dotted line shows the results of cal-
culation using formula (2); open circles present the experi-
mental data.
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the determination of the efficiency of a modulator
employing the transverse pressure is related to the fact
that only the transducer oscillation amplitude &l is usu-
aly known and it is necessary to find the relationship
between this value and the applied force variation oP.

In order to establish such a relationship, we have
studied the following model problem of the theory of
elasticity. Consider a cylindrical body (fiber) of length
L confined between two plane-paralléel plates and com-
pressed by a static force P applied to these plates. As
can be seen from Fig. 2, the total displacement | of this
mechanical system is a sum of displacements of the
fiber (v,) and the plates (v,),

| = 2v; +2v,. (@]

Using methods of the theory of elasticity developed
for the contact of cylindrical bodies [4], we obtained
the following expressions for the total displacement
components,

2(1-pH)PO 1 1 O
v, = ————n="—-+In2+Z———7], (6
1= =g, dhaD R TERTh S
2(1-p3)PO 1 1 O
v, = =2 qpd0 ez =5 (6
2= " g, oo > iomy ©

where |,, W, and E,, E, are the Poisson ratios and the
Young moduli of the cylinder and plates, respectively,
and a is the halfwidth of the contact area between cyl-
inder and plate:

2 2
4Pril—p  1-pa
= —_— Tt —.
2 ’\/ n UE E, U ™

Expressions (5) and (6) have been derived assuming
that ais small compared to the cylinder radiusr.

Differentiating | (P), we obtain the following expres-
sion for the efficiency of a modulator employing the
transverse pressure:

_2Cs 1
" TAR) ©

Here, A(P) isadimensionless coefficient of proportion-
ality between &l and dP:

K

- 5p2_
3l = BP—=A(P),

AP) = B-ui+ 21-f
©

TrE,E,
e
P(E; + E;—WIE; —U3E))

E
—[1‘*' Wy + = (1+ P—z)]
E,
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Fig. 2. Schematic diagram illustrating the straining of glass
plates and optical fiber in the proposed modulator (see the
text for explanations).

Fig. 3. Schematic diagram of the polarization modulator:
(1) metal plates; (2) piezoelectric ceramic cylinder;
(3) tightening rods; (4) glass plates; (5) fiber sections with-
out protective jacket; (6) optical fiber.

The above expression indicates that the modulation
efficiency K grows when the fiber stiffness decreases
and the plate stiffness increases. It can also be seen that
operation of the modulator requires a certain initia
pressure P, but the pressure dependence K(P) is rather
weak (logarithmic).

We have studied a prototype of the modulator
employing the transverse pressure mechanism (Fig. 3).
In this mechanical system, a hollow piezoelectric
ceramic cylinder with a length of 5 cm, a radius of
3.7cm, and a wall thickness of 0.4 cm acted upon a
fiber with removed protective jacket. The static press-
ing load could be controlled. Theinteraction length was
L = 8 cm. Oscillations of the ceramic cylinder with an
amplitude of &l were transmitted via glass plates and
produced compression of the fiber. We have evaluated
the efficiency of this modulator using formula (9) with
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The modulation efficiency K = d¢/(8l L) of various polariza-
tion modul ators based on piezoel ectric ceramic oscillators

Mo | variane | Fiberlenath | Efftency
Bending with [1 4.6 8x10™
stretching [5] 0.84 0.0367
Stretching of [6] 0.045 1.48
anisotropic fiber 7] 0.125 0.67
Transverse This study 0.08 2000
pressure

the following parameters of the modulator: r =
62.5 um; E; = 7.7 x 101° N/nm?; E, = 6 x 101° N/m?; 1, =
0.17; y, = 0.25; P = 100 N/m. Numerical calculations
yielded K = 4600 rad/(um m).

The results of experiments confirmed the high effi-
ciency of the proposed polarization modulator. The
experiments were performed with an isotropic fiber
(not requiring orientation in the modulator). The index
of modulation of the phase difference d¢ between
polarized modes was measured using an oscillograph.
The amplitude of oscillations of the ceramic transducer
was measured using a Michelson interferometer with
one arm incorporating the modulator with a mirror
fixed on the top glass plate.

The modulation efficiency of the prototype studied
in abroad frequency range was about 2000 rad/(um m),
with a modulation index of 51t rad and even higher
reached for some frequencies. In addition, experiments
confirmed the weak dependence of the modulation
index d¢ on the constant component of the pressure P.

Comparative experimental values of the modulation
efficiencies of devices employing various principles of
the polarization modulation in optical fibers are pre-
sented in the table. The data taken from various sources
were reduced to the common form K = 8¢/(3I L). Ascan

TECHNICAL PHYSICS LETTERS  Vol. 30
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be seen, the proposed modulator is much more effective
than other devices employing piezoelectric ceramic
oscillators.

Using the transverse pressure, it is also possible to
increase the efficiency of modulators with fibers wound
onto the external surface of the piezoelectric ceramic
cylinder. This can be achieved, for example, with the
aid of ametal shell sgqueezing thefiber. In this case, the
axes of birefringence induced by bending with stretch-
ing of the fiber wound onto the cylinder coincide with
the axes of birefringence induced by the transverse
pressure. In the experiments with optical fibersin pro-
tective jackets, the modulation efficiency increased by
afactor of 15 for piezoelectric ceramic cylinderswith a
radius of 1.6 cm. It should be emphasized that, in the
case of winding a fiber possessing intrinsic birefrin-
gence, the orientation of its axes should be matched
with the direction of induced birefringence in order to
avoid undesired mode coupling [8].
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Abstract—The results of analytical description and numerical simulation show that the Townsend ionization
mechanism (characterized by a constant mean electron drift velocity and energy and by exponential growth in
the number of electrons) is operative even in rather strong electric fields, for which the ionization drag of elec-
trons can beignored. The universal function U, (pd) calculated for nitrogen establishesthe rel ationship between
the critical interelectrode voltage (separating the regions of effective multiplication and significant runaway of
electrons) and the product pd of the gas pressure and interelectrode gap width. The U (pd) curve has two
branches—the upper, characterizing the runaway of electrons, and the lower, describing their loss by drift. A
minimum pd value on the U (pd) curve corresponds to the maximum Townsend coefficient asafunction of E/p.
Using the U (pd) function, an anal og of the well-known Paschen curve characterizing self-sustained discharge
in nitrogen has been constructed. © 2004 MAIK “ Nauka/|nterperiodica” .

Introduction

The Townsend ionization mechanism is character-
ized by exponential growth in the number of electronsas
afunction of the distance from the cathode, at a constant
mean electron drift velocity and energy. Previoudly [1, 2],
it was demonstrated that Townsend multiplication takes
place even in rather strong fields for which the ioniza-
tion drag of electrons in the gas phase can be ignored
and a local criterion for significant electron runaway
(according to the traditional notions [3-5]) is valid.
Based on the results of numerical simulation of the pro-
cess of electron multiplication in helium [1, 2] and
xenon [2], we suggested a nonlocal criterion of the
€lectron runaway.

Further analysis of the mechanism of electron run-
away inagasis presently of importance with aview to
obtaining electron beams of subnanosecond duration
and arecord current amplitude (upto ~70 A in air and
~200A inhelium[6, 7]) at atmospheric pressure. Inthis
paper, based on simple considerations, we elucidate the
reasons for which the Townsend multiplication mecha
nism is still valid in strong electric fields. We will aso
present theresults of cal culationsfor nitrogen, analogous
to those previously reported for the other gases|[1, 2].

Local Criterion of Electron Runaway

Traditional approach. Let us briefly consider the
main factors involved in the loca criterion of electron
runaway (for more detal see, eg., [3, p. 53; 4, p. 71;
5, p. 74]). It isassumed that a steady-state electron flux
from cathode to anode is nearly monoenergetic [5]. The

energies € of electrons occurring in the electric field E

obey the balance equation [3-5]
de _ B
i eE—F(¢g), Q)

where X is the distance to cathode and F(g) is the force
of friction (drag) caused by the collisions of electrons
with atomsin the gas phase. In the nonrelativistic case,
the drag is frequently described using a simple expres-
sion obtained in the Bethe approximation,

_2ne'ZN, 2
F(e) = InDTD’ (2
where Z is the number of electrons in the neutral gas
species (atoms or molecules), N is the number density
of these neutral particles in the gas, and | is the mean
inelastic loss energy. Expression (2), despite the rough
character of this approximation, shows (like more pre-
cise calculations) the presence of a maximum in the
value of F as afunction of the electron energy, F . =
F(€ma)- The maximum of function (2) occurs at €.,
2.721/2. In particular, for helium | = 44 eV and €.,
2.721/2 = 60 eV, while a more exact calculation yields
E€max = 100 eV. For nitrogen, | = 80 eV and €, =
2.721/2 = 109 eV, while amore exact calculation yields
E€max = 103 eV.

According to the traditional approach [3-5], the
condition of electron runaway from a gas consists in
that the electric field has to be sufficiently strong, E >
E.1, where the critical field strength E,, is determined
by the maximum drag as E., = F, /€. In particular,

1063-7850/04/3004-0265$26.00 © 2004 MAIK “Nauka/ Interperiodica’
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proceeding from formula (2), we eventually obtain an
expression for the critical field [4],

E,, = 4me’ZN/(2.721), or

(€)
Equp = 3% 10°Z/(1/eV) VI(cm/Torr),

where p is the gas pressure at 300 K. For example,
E../p = 140 V/(cm Torr) in helium and E./p =
590 V/(cm Torr) in nitrogen. The criterion E > E, is
local, which means that the critical field E,, is deter-
mined only by the properties of neutral gas particles
and the gas density at a given point of the system.

Now we will demonstrate that, in contrast to the
commonly accepted notions, the through flight regime
with continuous acceleration of the main fraction of
electronsin gasesis not realized even for E > E,,4, pro-
vided that the distance to cathode is sufficiently large.

Average electron energy limited by multiplica-
tion. It is necessary to emphasize one important cir-
cumstance: even for E > E,,,, the mean energy of elec-
trons will not infinitely grow with the distance x. The
traditional approach outlined above does not take into
account the multiplication of electrons. In fact, the
mean electron energy €* has to be determined proceed-
ing from an equation taking into account the changein
the number of electrons, rather than from Eq. (1).

In the simplest form, the law of energy conservation
within the approximation corresponding to Eq. (1) can
be written as

*
% = eEN,—F(e*)N,, @)
where Ny(X) is the electron density at a point with the
coordinate x. Taking into account that dNJ/dx = o;N,,
where q; is the Townsend multiplication coefficient,
and using Eq. (4), we obtain

de*
dx

= eE-F(g*) —q,e*. 5

Thisrelation, in contrast to the balance equation (1),
contains the negative term (—a;e*) showing that the
energy supplied by the field is “smeared” over al elec-
trons, including the newborn ones. Therefore, even with
complete neglect of the drag in the gas (for F(g) = 0),
the mean electron energy islimited from above as e* <
er = €E/a;. Accordingly, Eq. (1) cannot be consid-
ered as determining the mean electron energy, and the
electron energy distribution cannot be treated as
monoenergetic. Only when thereis no ionization in the
system (a; = 0), as, for example, in fully ionized
plasma, does the traditiona approach based on Eq. (1)
become valid.

TECHNICAL PHYSICS LETTERS  Vol. 30
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The above considerations imply that, for the main
fraction of eectrons, the Townsend multiplication
regime (for which the fraction of permanently acceler-
ated electronsis small) isrealized even in supercritical
fields (E > Eg4), where, according to the conventional
notions, al electrons are continuously accelerated. Of
course, thereisacertain fraction of fast € ectrons exhib-
iting continuous acceleration; moreover, these elec-
trons can even play asignificant rolein preionization of
the gas. However, the fraction of such electronsat acer-
tain distance from the cathode will become small rela-
tive to the total number of electrons, since the mean
electron energy at this distance ceases to grow. In this
context, let us consider the results of numerical simu-
lation.

Electron Multiplication and Runaway in Nitrogen

Description of the model. We have calculated the
ionization characteristics of nitrogen within the frame-
work of the model described in [1, 2, 8, 9]. According
to this model, electrons were generated on a cathode
with randomly directed initial velocities and the Pois-
son energy distribution with a mean value of g, =
0.2 eV. The equations of motion for all electrons were
solved within small time steps, and the elastic and
inelastic collisions were played with the probabilities
determined by cross sections of the corresponding ele-
mentary events. The cross section and inelastic energy
losses as functions of the initial electron energy are
depicted in Fig. 1. Thetotal cross section of theinterac-
tion of an electron with a nitrogen molecul e was deter-
mined using data from [ 10-13] and the ionization cross
sections were determined using data from [14-17]. We
took into account the excitation of the ten lowest
electron states of a nitrogen molecule (using the data
from [18, 19]) and considered the eight lowest vibra-
tiona levels (by data from [20-22]). The results pre-
sented below refer to the case of plane electrodes
spaced by the distance d and biased by the voltage U.
For a passage to the case of coaxia cylinders, see[9].

The Townsend ionization regime. The results of
our calculations showed that the Townsend ionization
actually takes place, while the runaway electrons are
absent, at all values of the reduced field strength E/p in
the range from 10 to 10° VV/(Torr cm) and a sufficiently
large spacing d between the electrodes. This character
of ionization is confirmed by the fact that the number of
excitation and electron generation events exponentialy
increases with the distance x from the cathode, while
certain constant mean velocity and energy of electrons
are established at a sufficiently large distance from the
cathode. In this range, both the mean electron energy
(e*) and the mean velocity projection onto the x axis
(uy) ceaseto depend on the distance x. The maximum of
the energy distribution for electrons reaching the anode
occursin the region of small energiese* < eU.
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Fig. 1. Plots of (&) the cross sections o of interactions of an
electron with a nitrogen molecule (1, total; 2, ionization;
3, dissociative ionization; 4, excitation of electron states;
5, excitation of vibrational states) and (b, c) the energy
losses Ae for the excitation of vibrational and electron
states, respectively, versus the electron energy € (by data
of [10-21]).

The Townsend multiplication coefficient q; is deter-
mined by the slope of a plot of the logarithm of the
number of ionization events versus current. The q;
value has proved to be proportional to the gas density
(pressure) and can be written in the form o;(E, p) =
p&(E/p). For nitrogen, the function &(E/p) obeys the
experimentally established approximation [5]

§(E/p) = AepdBEE, (6)
where A =12 (cm Torr)™* and B = 342 V/(cm Torr) for

E/p = 100-600 V/(cm Torr) and A= 8.8 (cm Torr) and
B =275 V/(cm Torr) for E/p = 27-200 V/(cm Torr).

However, our calculations showed (Fig. 2) that this
approximation for nitrogen is valid only for relatively
small reduced field strengths E/p < (BE/P)mx =
1500 V/(cm Torr). Asthe E/p value increases above the
critical level, the multiplication coefficient a; beginsto
decrease.
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Fig. 2. Plots of the normalized ionization and drift charac-
teristics versus reduced electron energy E/p for nitrogen:
(8) Townsend coefficient a;/p; (b) mean electron velocity
projection u,; (c) mean electron energy €*. Open circles
show the results of simulation obtained in this study for var-
iousfield strengths at p = 100 Torr (N = 3.22 x 10'8 cm9);
thick solid curve in (@) shows the approximation according
to Eq. (6); dashed curvesrepresent the results of simulations
reported in [18].

1x10> 1x10*

It should be noted that the peak field strength E,,., iS
about 2.5 times the above estimates for E,; (Eqq/p =
590 V/(cm Torr)), but it should be recalled that for-
mula (2) was obtained in a very rough approximation.
In fact, E., determines the condition of a drop in the
Townsend multiplication coefficient for E > E,, rather
than the condition of continuous acceleration of the
main fraction of electrons with increasing distance x. In
this sense, the values of E,,,, presented hereand in [1, 2]
are merely the refined values of E;.

Nonlocal Criterion of Electron Runaway

Critical voltage. The results of our calculations

showed that the Townsend ionization regime is estab-

lished at a certain distance from the cathode x ~ ai_l,
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Fig. 3. Criteriaof the electron runaway, U.(pd) (thick solid
curve), and the self-sustained discharge initiation, Uy, (pd)
for L = In(1 + 1y) = 4.0 (thin solid curve), in nitrogen:
(1) electron runaway region; (1') runaway curve; (2) region
of electron multiplication and self-sustained discharge;
(3) eectron drift region; (3') drift curve. Dash and dash—dot
curves show the experimental data from [5] and [22],
respectively.

which corresponds to the characteristic multiplication
length. For sufficiently small interelectrode distances,

d< ai_l , the pattern of electron multiplication substan-

tidly differs from that in the Townsend regime. A sig-
nificant fraction of electrons are continuously acceler-
ated with increasing distance from the cathode, so that
both the mean velocity projection u, and the mean
energy €* increase with x. The peak of the energy dis-
tribution function for electrons reaching the anode cor-
responds to the maximum energy E = eEd acquired by
the particle upon the flight from cathode to anode.
Recently, we proposed [6, 7], in contrast to the com-
monly accepted notions [3-5], to consider the electron
runaway as predominating when the interelectrode
spacing d is comparable with the characteristic multi-
plication length, that is, with the inverse Townsend

coefficient ai_l: when a;d < 1, the runaway €electrons

dominate in the spectrum of electrons reaching the
anode. Accordingly, the electron runaway criterion
determining the critical electric field strength E, is as
follows:

ai(Ecri p)d = 1. (7)
For plane electrodes (E, = U,/d), we obtain
Pd¢(Es/p) = 1 or pdg(Us/pd) = 1. (8)

This formula implicitly takes into account the
dependence of thecritical voltage U, (corresponding to
the onset of asignificant electron runaway) on the prod-
uct pd of the gas pressure and the interel ectrode spacing
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(Fig. 3). The U (pd) curve separatesthe region of effec-
tive electron multiplication from that of effective run-
away, where electrons can leave the discharge gap
before being involved in the multiplication process.
This curveis universal for the given gas.

Upper and lower branches of the electron loss
curve. The U,(pd) curve, describing the loss of elec-
trons from the system, can be divided into lower and
upper branches (Fig. 3). The turning point, correspond-
ing to the minimum product pd = (pd)i,, wWill be con-
sidered as the boundary between the two branches. It
can be shown that this point corresponds to the maxi-
mum of the &(x) function. Indeed, consider pd asafunc-

tion of U,. For the condition d_cElFJ)d) = 0, relations (8)
imply that &'(X) = 0, which isjust the condition of max-
imum for &(x). Thus, the boundary point determined by
the minimum value of pd on the runaway curve U (pd)
corresponds to the value of the reduced electric field
strength, E/p = (E/P)ma, fOr which the reduced
Townsend coefficient a;/p = &(E/p) reaches amaximum.

The region above the upper branch of the U.(pd)
curve represents the situation when electrons acquire
large energies while traveling over the mean free path
and leave the discharge gap without participating in
multiplication because of adrop in theionization cross
section with increasing energy. For this reason, the
region above this branch may be called electron run-
away (through flight) region, and this branch is natu-
rally referred to as the runaway curve.

In the region under the lower branch of the electron
loss curve, electrons traveling over the mean free path
length acquire relatively small energies, which fall
within theincreasing branch of theionization cross sec-
tion as afunction of the electron energy. In thisregion,
electrons drift from cathode to anode without gaining
energies sufficient for the effective multiplication.
Therefore, the region below the lower branch of the
electron loss curve may be called the electron drift
region, and this branch is naturaly referred to as the
drift curve.

Upper branch of the curve of self-sustained dis-
charge initiation. The curve determining the criterion
of discharge initiation is usually constructed based on
the condition that each el ectron must generate anumber
of ions sufficiently large to provide that the secondary
emission will ensure the production of another electron
on the cathode. Accordingly, the discharge initiation
(gas breakdown) potential U, (pd) is determined by the
condition (see, e.g., [5])
oi(E, p)d=In(1+1/y) or pd&(U,/pd)=L,(9)
where L = In(1 + 1/y) and y is the secondary electron
emission coefficient. Comparing the criteria of dis-
charge initiation and electron runaway, we obtain the
relation U, (pd) = LU (pd/L).
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It should be noted, however, that the character of the
discharge initiation curve U, (pd) is not as general as
that of the electron loss curve U, (pd). The latter curve
is the universal characteristic of a given gas, whereas
the U, (pd) curve depends on the model used to
describe the initiation of discharge. In particular, the
left branch of the Paschen curve depends on the proper-
ties of electrodes.

Conclusions

Based on a simple equation taking into account the
multiplication of electrons, it was demonstrated that a
constant mean electron drift velocity is established at a
certain distance from the cathode even when the elec-
tric field strength E is large so that the ionization drag
of electrons can be ignored. Thisimplies that the local
criterion of electron runaway (through flight) failsto be
valid under the conditions of electron multiplication.

These conclusions are confirmed by the results of
numerical simulation of the process of electron multi-
plication and transport in nitrogen. A universal function
characterizing the conditions of electron runaway in
nitrogen has been determined.
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Abstract—Hydrogen saturation of amorphous quasibinary alloys of the TiNi—TiCu system is accompanied by
a catastrophic decrease in their shear moduli. The effect is not related to the formation of new phases or struc-
tural components during hydrogenation. © 2004 MAIK “ Nauka/Interperiodica” .

Introduction. Previousy [1-3], we observed an
unusua phenomenon in iron-based amorphous alloys
oversaturated with hydrogen or deuterium, whereby the
samples reversibly lost strength and passed to the so-
called “quasi-liquid” state. A special feature of this
stateisthat amaterial, while showing aquite significant
resistance to normal stresses, exhibits a catastrophic
decrease in the resistance to shear. However, direct
measurements of the shear moduli of the alloysimme-
diately in the course of hydrogenation encountered dif-
ficulties, the main of which was related to arapid elim-
ination of hydrogen from the samples after termination
of the saturation process.

Nickel titanium aloys, in particular—amorphous
quasibinary aloys of the TiNi—TiCu system, are char-
acterized by arather high coefficient of hydrogen diffu-
sion at 300 K (~10* m?/s) and alarge hydrogen sorp-
tion capacity (much greater compared to that of iron-
based amorphous aloys). Moreover, NiTi aloys are
capable of retaining hydrogen for a sufficiently long
time at 300 K, while complete elimination of hydrogen
from these alloys is observed only on heating above
700-800 K [4]. In this respect, such alloys offer a con-
venient model system for the verification of hypotheses
explaining the nature of the “quasi-liquid” state
observed in hydrogenated amorphous metals.

Experimental. The experiments were performed
with samples of rapidly quenched Tis Ni,sCu,s aloy
ribbons with a thickness of 40-60 um obtained by
methods of melt spinning or planar casting at a cooling
rate of 10°-10° K/s. The results of X-ray diffraction
investigations [5—7] showed that the samples cooled at
arate of 10* K possessed a crystalline structure. Cool-
ing at arate of 10° K/s resulted in complete amorphiza-
tion, while the samples obtained at an intermediate
cooling rate about 10° K/s possessed a mixed amor-
phous-crystalline structure.

The shear modulus was determined using the
method of torsional oscillations at a frequency on the
order of 1 Hz. The period of oscillations was measured
to within 0.01% using a system of photodiodes and the
corresponding el ectronics. The samples were hydroge-
nated as cathodes in a temperature-controlled electro-
chemical cell with a platinum wire anode. The cell was
mounted immediately in the system measuring the
period of oscillations. The process was conducted in an
H,SO, based electrolyte at a cathode current density

varied in the interval from 50 to 800 A/m2.

Resultsand discussion. The influence of saturation
with hydrogen for various times on the shear moduli of
samples occurring in various structural states (crystal-
line, amorphous-crystalline, and amorphous) is illus-
trated in Fig. 1. The hydrogen-induced increase in the
shear modulus of acrystalline sample (Fig. 1a) was pre-
viously observed in a NiTi aloy [4], where the effect
was much less pronounced. It was established that this
phenomenon is related to the hydrogen-stimulated
phase transitions accompanied by the formation of a
high-modulus phase.

Hydrogenation of a sample in the amorphous state
(Fig. 1c) was accompanied by a significant decreasein
the shear modulus in the very first minutes of theinitial
saturation stage. An analysis of the X-ray diffraction
patterns showed neither the formation of new phases
nor the transition from amorphous to crystalline state.
Thus, the observed decrease in the shear modulus can
be related only to the presence of excess hydrogen
(above the equilibrium solubility level) resulting from
the electrochemical saturation process at a cathode cur-
rent density in the indicated range.

The samples occurring in a mixed amorphous-crys-
talline state exhibited a superposition of the effects of
hydrogen on the crystalline and amorphous structural
components (Fig. 1b). Therefore, the influence of
hydrogen on the shear modul us of such samplesismore

1063-7850/04/3004-0270$26.00 © 2004 MAIK “Nauka/ Interperiodica’
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Fig. 1. The influence of the duration of hydrogen saturation

at acathode current density of 50 A/m? on the shear moduli
of TiggNipsCuys aloys in different structural states:

(a) crystalling; (b) amorphous-crystalline; (c) amorphous.

pronounced in alloys with the structure occurring in a
less equilibrium state.

Thus, we have observed for the first time a cata-
strophic decrease in the shear modulus of amorphous
guasibinary aloys of the TiNi—TiCu systeminthe course
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of electrochemical saturation with hydrogen. On the one
hand, thisfact isthe first experimenta evidencein favor
of the assumptions formulated previoudy [1-3] con-
cerning the nature of the reversible loss of shape. On
the other hand, our observations show evidence of a
change of the interatomic interaction forcesin the pres-
ence of a high concentration of hydrogen in materials
with disordered structures. This is a quite substantial
result, since virtually all theories describing the defor-
mation and fracture of alloys in the presence of hydro-
gen (seeg, e.g., [8, 9]) admit a priori that the shear mod-
ulus (entering into many essential relations) remains
constant. The results of our experiments show that such
assumptions have to be seriously verified.
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Abstract—The optical properties of quantum dot arrays in the MBE-grown InAs/GaAs(100) epitaxial sys-
tem with an effective InAs layer thickness of 1.9 monolayers were studied in samples exposed to the beam
of As, for various times after switching off the In beam. The results of photoluminescence measurements
showed that the emission wavelength increased with the exposure time within certain limits. This behavior
agrees with predictions of the kinetic model of the initial stage of quantum dot formation. © 2004 MAIK

“ Nauka/Interperiodica”

In recent years, there has been rapid growth in the
number of publications devoted to the influence of het-
eroepitaxial growth conditions on the structural and
optical properties of quantum dot (QD) arrays. Thisis
related to the need for developing methods for obtain-
ing QD arrays with the properties required in particular
applications. For example, the size of QDsin the hetero-
structuresfor optoel ectronic devices hasto correspond to
the working wavelength, while the QD density must be
sufficient to providefor therequired laser gain[1]. It was
demonstrated both experimentally [2, 3] and theoreti-
caly [4, 5] that the structural parameters of QR arrays
can be controlled by selecting the appropriate growth
conditions, such as the substrate temperature, growth
rate, effective layer thickness, and the time of exposure
to amolecular beam (e.g., of arsenic).

Thisstudy continues systematic quantitative investi-
gation [3-5] of the effect of controllable technological
parameters of epitaxia growth on the properties of QD
arrays in the InAs/GaAs(100) system. We present the
results of photoluminescence (PL) measurements for
InAs quantum dots grown by molecular beam epitaxy
(MBE) on single crystal GaAs(100) substrates. The
effective thickness of deposited InAs, the growth tem-
perature, and the rate of InAs deposition were fixed,
whilethetime of thefinal exposuretotheAs, beamwas
varied.

According to the results of atheoretical analysis[5]
based on the kinetic model of QD formation under the
action of elastic stresses [4], the kinetics of the average
lateral island size variation with time is described by

the following equation in dimensionless variables:

t—t. (L+1+17)
o
—A/éarctanmzi/_lm+%EU(l).

Here, t =ty + top to = Hy/V is the time required for
depositing H, monolayers (ML) of InAs at agiven dep-
osition rate V [ML/q]; t. = H./V isthe time required for
obtaining awetting layer of the critical thicknessH, [1]
(for the system under consideration, H, ~ 1.7 ML); | =
L/Lg; L isthe average lateral size of theislands; and Ly
is the quasi-stationary lateral size upon termination of
therelaxation stage |l asting for about 3tg, wheretg isthe
characteristic relaxation time. It should be noted that
the values of Lg and t; (determined by expressions
derived in [5]) depend on the system energetics, lattice
mismatch, island geometry, effective thicknessH,, sub-
strate surface temperature T, and growth rate V. Assum-
ing that the idland shape in the initial growth stage
remains unchanged and the parameters Hy, T, and V are
maintained constant, the values of L and t, can aso be
considered as constants determined by these parameters.

Sincethe right-hand part of Eq. (1) does not contain
any model parameters, the dependence of | on (t —t.)/tg
(determined through inversion of Eq. (1)) has a univer-
sal form depicted in Fig. 1. For the given values of the
effective thickness, temperature, and growth rate, the
theory predicts a monotonic increase in the average
isand size with the exposure time. For large times
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t~t.+ 3tg, the idand size exhibits saturation and
approaches the quasi-stationary size L = Lg. In the
quasi-stationary state, all substance present in the wet-
ting layer in excess of the amount corresponding to the
equilibrium layer thickness (determined by the balance
of contact and elastic forces in accordance to the
Miuller—Kern criterion [6]) is distributed within the
islands. The adopted theoretical model [4] also predicts
that the relative dispersion of the distribution of islands
with respect to thelateral size decreaseswithincreasing
exposure time.

The experiments were performed in an MBE setup
of the EP1203 type using semi-insulating single crystal
GaAs(100) substrates. In a series of four samples, the
active region was formed by depositing an InAs layer
with an effective thickness of 1.9 ML at a deposition
rate of V = 0.03 ML/s, followed by exposure to the As,
beam for te,, =0, 7.5, 15, and 22.5 s. The substrate tem-
perature during QD layer formation, exposure to
arsenic, and GaAs coatingwas T = 485°C (a5-nm-thick
GaAslayer was deposited in order to avoid indium loss
by evaporation from QDs). The process of InAs QD
deposition was monitored by reflection high-energy
electron diffraction (RHEED). The observed RHEED
patterns showed that a sharp transition from linear to
point diffraction (characteristic of the three-dimen-
sional island growth) in all casestook place after depo-
sition of the InAs layer with a thickness of about
1.7 ML.

In order to eliminate the transport of nonequilibrium
carriersinto a near-surface region and into the substrate
inthe course of optical measurements, the active region
was bounded from both sides by short-period superlat-
ticesAlg,sGa, sAS/GaAs (5 pairs, 25 A/25 A). Finally,
a5-nm-thick protective GaAs layer was deposited. The
buffer layer, superlattices, and the upper GaAs layer
were deposited at a temperature of 600°C. The partial
pressure of As, in the growth chamber did not exceed
1.5 x 10 Pa. The PL spectra were excited by an Ar*
laser (A = 514.5 nm; beam power density, ~100 W/cm?).
The emission was measured with a cooled Ge photo-
diode.

Figure 2 shows the room-temperature PL spectra of
two samples, for which the exposures to arsenic after
QD layer growth were t,, =0 and 7.5 s. The inset in
Fig. 2 presents experimental data showing variation of
the emission wavelength depending on the exposure
time. As can be seen from the PL spectra, anincreasein
tep l€2ds to narrowing (from ~80 to ~30 meV) of the
emission band corresponding to radiative recombina-
tion via the ground state in QDs. This is evidence of a
more homogeneous distribution of the QD size. Obtain-
ing QD arrays with homogeneous QD dimensions is
important in many applications. In particular, thisis a
necessary requirement for the formation of “quantum
molecules’ [7].
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Fig. 1. Universal plot of the reduced average island size
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Size relaxation.
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Fig. 2. Room-temperature PL spectra of an MBE-grown
heterostructures with 1.9-ML InAs quantum dots exposed
to arsenic beam for tg,; = 0 (1) and 7.5 s (2) after switching

off the In beam. Theinset showsthe experimental plot of the
wavelength of emission from QDsversusthe exposuretime.

As the exposure time increases to 15 s, the position
of the PL band maximum on the wavel ength scal e shifts
toward higher values, but further increaseint,,, leadsto
ashift to shorter wavelengths. Theinitial increaseinthe
emission wavelength is explained by the QD size grow-
ing in the course of exposureto arsenic asaresult of the
absorption of substance from the wetting layer. Thus,
the experimental data and theoretical predictions quali-
tatively agree for exposure times up to ~15 s. Then,
since the amount of substance in the wetting layer is
limited, the QD size and, hence, the emission wave-



274

length could be expected to exhibit an asymptotic
behavior (Fig. 1).

However, an increase in the exposure time to te, =
22.5 sleads to a shift toward shorter wavelengths. This
behavior can be explained as follows. Because of the
initial scatter in the QD size, the QDs grow with differ-
ent rates during the exposure to arsenic: the substance
from the wetting layer is attached predominantly over a
perimeter of each island. Asaresult, large QDs grow to
such an extent that the accumulated elastic stresses
induce a dislocation that makes the radiative recombi-
nation mechanism inoperative. Thisexplanationiscon-
firmed by the observed decrease in the integral inten-
sity of emission. Our samples were grown at a rela-
tively low deposition rate (~0.03 ML/s), which allows
QDs of greater size to be obtained in theinitial deposi-
tion stage [3] as compared to the size of QDs grown at
a usua rate of 0.1 ML/s. The wavelength of emission
from the wetting layer decreases with the time of expo-
sure, which is evidence of adecrease in the layer thick-
ness. In order to study the structure of such systemsin
more detail, we are planning to use transmission elec-
tron microscopy (including high-resolution measure-
ments).

Thus, we have theoretically predicted and experi-
mentally verified two tendencies in the formation of
QDs by InAs deposition followed by exposure to the
arsenic beam: (i) an increase in the QD size when the
exposure time increases (in our experiments) to 15 s
and (ii) an increase in the homogeneity of the QD size
distribution. The latter circumstance can be used for the
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formation of structuresin which the homogeneity of the
QD size is a necessary requirement, as in the case of
devices with “ quantum molecules.”
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Abstract—Analytical expressions for the electrostatic potential profile and the main parameters of a particle
energy analyzer of asimple design with cylindrical electrodes are obtained. The regimes of analyzer operation
with maximum energy dispersion in a wide range of the angular width of the field electrode are determined.
The proposed energy analyzer can be successfully combined with the high-dispersion mass analyzer of the
cylindrical mirror type devel oped previously and can be used for focusing a charged particle beam with respect

to velocity. © 2004 MAIK “ Nauka/Interperiodica” .

We have analytically calculated the parameters of a
two-electrode cylindrical electrostatic particle energy
analyzer with the cross section schematically depicted
inFig. 1la. The beam of charged particlesisinjected and
extracted viaa dit in the grounded electrode. In atwo-
dimensional approximation, the electrostatic potential
profilein this device is described by the function

(x—=1)sin& + ycosg

1—(x—1)cosé +ysing
(x-1) y "

d(x) = \ﬁ/[z + arctan

+ arctan

(x—=1)sin& —ycos¢
1—(x—1)cos§—ysinE}’

where V is the field electrode potential and & is the
angular halfwidth of the field electrode (here and
below, al coordinates and linear parameters are
expressed in units of the cylinder radiusr).

In the plane of dispersion of the analyzer (x0z), for-
mula (1) simplifiesto

D) _

2 xtan(&/2)0
~ T[arctan O 5o

5% O )

and expressions for the main parameters in the mirror
regime of operation can be obtained in the form of inte-
grals. In particular, adistance between the points of the
particle entrance (x = 0) and exit from thefield is

_ 2msin(26)

! B

Ecotg—J'P(x)q(x)dx%. 3)
o 24 0

Here, B = -V/®, isthe analyzer gain, @, isthe acceler-
ating potential, 8 isthe entrance angle of the central tra-

jectory, and X, is the coordinate of the turning point of
the trajectory. The latter coordinate is given by the
formula

Xon = Z_nza] - (4)
Js S
1+cotD 28 Dtan2

This expression indicates that the maximum beam
injection angle (for which the trajectory touches the
field electrode, so that x,, = 2r) is

8,, = arcsin./B (5)

irrespective of the angular width of this electrode.

Now, let us determine the shortest distances from
the field boundary to the source (h) and detector (g) of
charged particles, for which the first-order focusing
with respect to the beam divergence angle o is provided
in the dispersion plane (Fig. 1b). This condition can be

sl @ x b)

FINY:

ot ! g ?
L ¥

Fig. 1. Schematic diagrams of a particle energy analyzer
with cylindrical electrodes: (a) cross section; (b) particle
trajectoriesin the plane of dispersion (seethetext for expla-
nations).
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operating in the regime with maximum second-order focus-
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tral trajectory entrance angle 6; (2, 2a) electrostatic field
strength B; (3, 3a) the sum of distances from the source
and detector to the field boundary A; (4, 4a) analyzer base
length L.
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satisfied for arange of h and g values such that the sum
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where E, is the electric field strength in the dispersion
plane of the analyzer; the functions P(x) and g(x) are
defined by the formulas

_ ®(x) _ 1+cos€—x
PX) /\/1+(Dosin29’ %) sn¢ -

The energy analyzer base length (the distance between
the source and the detector) is

L = |+ AcotB. (7)

For the first-order focusing, the main aberration
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term is determined by the second-order coefficient

V2

__ 2
sin’(20)
x{I[2cosB(1 — 8cos®) — ] +2L(5cosB -1} (g
87cos’ exm o) 2 AV
+—— P(X)a(x)|2 - %q (X) = =———=|dx.
Bsin® _([ [ Exsin ZD}

For the analyzer under consideration (aswell asfor any
mirror-type analyzer featuring the first-order focusing
regime), the coefficient of linear dispersion with respect
to the energy depends only on the base length and the
entrance angle of the central trgjectory [1]:

D = L/(2c0s8). )

Using the above formulas, we have calculated the
working parameters in the dispersion plane of a two-
electrode cylindrical energy analyzer in awide range of
the angular width of thefield electrode (50° < § < 150°).
It is most interesting to determine operation regimes
ensuring the second-order focusing with respect to the
beam divergence angle. No such regimes exist for
& < 70°.

Figure 2 presents a diagram of the main parameters
of the energy analyzer operating in the regime with
maximum possible energy dispersion. In the first
branch (& = 70°—125°), each angle correspondsto acer-
tain range of field strengths such that C, = 0. In this
case, a a maximum possible analyzer gain, the
entrance angle of the central trgjectory is maximal,
while the analyzer base length and the distances from
the source and detector to the field boundary are mini-
mal. Therefore, the linear dispersion with respect to the
energy reaches a maximum. For these reasons, at any
angular width of the field electrode, the regime of max-
imum analyzer gain in thefirst branch is optimum from
the standpoint of maximum dispersion (Fig. 2, solid
curves 1-4). However, the absol ute value of this disper-
sionisrelatively small: D = (4.8-3.5)r. Moreover, inthe
region of small angular hafwidth (§ = 70°-80°), the
analyzer dimensions are large, L = (8-6)r, and the
injection angles are small (6 = 25°-35°). In addition,
the beam focusing takes place at the field boundary,
which is inconvenient from the standpoint of arrange-
ment of the particle source and detector. Finaly, the
coefficient of the third-order spherical aberration deter-
mined from the slope of the C, = f(8) curve at the point
where C, = Oislarge: C; = (65—20)r. For these reasons,
it is expedient to use analyzers with the angular half-
widths in the interval & = 100°-120°, where greater
injection angles and shorter base length are combined
with the residual aberrations reduced by two orders of
magnitude: C; = (0.76-0.13)r.

In the second branch, corresponding to & = 125°-150°
(Fig. 2, dashed curves 1a—4a), each angle also corre-
sponds to a range of field strength in which C, = 0 and
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the energy dispersion is maximum for a minimum ana-
lyzer gain. According to the universal formula (9), the
energy dispersion is D = (21.541.0)r. However, the
third-order aberrations are relatively large: C; = (52—
142)r. Thus, in order to obtain a high energy resolution
(characterized by the ratio D/C; for the point sources),
it is most favorable to employ analyzers with & =
100°-120°.

It should be noted that the parameters calculated
above for the analyzer under consideration are close to
the analogous characteristics of a two-electrode ana-
lyzer with one electrode representing a part of acylin-
drical surface and the other electrode being flat [2].
However, the analyzer with two cylindrical electrodes
is favorably combined with the previously developed
high-dispersion mass analyzer comprising a cylinder
made of a magnetic material separated into four parts
along the cylinder generatrix. Two opposite parts are
the magnet poles with arbitrary angular widths, while
the two others are screens occurring at a zero magnetic
potential [3]. When a potential is applied to one of the
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screens (or simultaneously to the screen and the mag-
netic poles) and a beam is injected through the other
screen, an electrostatic field of the type considered
above is formed. This combined electromagnetic field
can provide for the beam focusing with respect to
velocity. In addition, the el ectrostatic component can be
used to provide for a decrease (in the ideal case, full
correction) of the second-order spherical aberration
taking place in the case of a purely magnetic-field
focusing.
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Abstract—The process of grain structure formation and development in ferroelectric ceramics based on
sodium noiobate are considered. Micrographs of the grain boundary regions are described in terms of multi-
fractal parameters. Correlations between the multifractal and structural parameters of ferroelectric niobate
ceramics are found. The process of secondary interrupted recrystallization has been studied. The results have
been used for optimization of the technology of novel ferroelectric materials. © 2004 MAIK “ Nauka/ I nter pe-

riodica” .

We have studied the formation and evolution of
grain structure in the binary system (1 — X)NaNbO4—
xCa,Nb,O; (0 < x < 1.0), where NaNbO; is an antiferro-
electric (AFE) compound with a perovskite structure [1]
and Ca,Nb,O; is aferroelectric (FE) compound with a
stratified perovskite-like structure [2]. The interest in
this system is related to the nonisostructural character
of the components, which makes possible the formation
of intermediate phases with unique electrical proper-
ties. The electrical and mechanical properties of ceram-
ics are determined primarily by their microstructure
(grain structure). In this context, we will consider the
process of grain structure formation, which givesriseto
the secondary interrupted recrystallization. This leads
to anomalously rapid grain growth up to giant dimen-
sions (above 100 um), resulting in self-fracture of the
samples.

The samples were prepared using conventional
ceramic technology and by means of hot pressing. The
microstructure was studied with an optical microscope
(Neophot 21B) using specially prepared lapped sec-
tions subjected to thermal etching.

Thegrain structure of the sampleswas studied using
the method of multifractal parametrization [3, 4].
According to this, the f(a)) spectraand the D, spectra of
generalized dimensions [5, 6] were analyzed on the
approximated black-and-white images obtained for the
parts of micrographs of the sample grain structure. The
calculations were performed for the cells coinciding
with the grain boundaries revealed by thermal etching,
which were assigned unit weights. Only the canonical
spectra[3] obeying the condition Dg, = Dq, for g; < @,
were processed, so that f(a(g = 0)) = maximum = Dy,
f(a(g = 1)) = a(q=1) = Dy; and f(a(ay) < f(a(gy)) and

a(qg,) € a(gy) for g, = g, = 0. Here, q is a parameter
appearing as the power in an expression for the cell
weight used for the calculation of the generating func-
tion of measure [3-6].

The most informative variables for the quantitative
description [3, 4] were the following parameters of the
canonical spectra:

(i) Homogeneity parameter [3] f,, = f(a(qg)) for > 1,
which isacharacteristic of the distribution of unit struc-
tural elements in the Euclidean space containing a
given structure (in the calculations of f(a(q)) for g > 1,
we used g = 40).

(if) Order parameter [3] A, = D; — D, for g > 1,
which characterizes the degree of symmetry breakage
in a given structure with respect to the multifractal
transformation [4]. Here, D, (i.e., D, for q = 1) isthe
value of information dimension [5, 6] (in the calcula-
tions of D, for > 1, we also used g = 40). In our case,
the parameter A,, characterizes the degree of equilib-
rium (stability) of the grain structure, while the param-
eter f,, reflects the level of residual mechanical stresses
arising in the course of recrystallization sintering of the
ceramic material.

It was found that the microstructure of the NaNbO,
ceramicsisisometric (Fig. 1a), with areduced diameter
of the observed cubic sections varying from ~2 to
20 pm. In Ca,Nb,O; ceramics, the grains (with the
length varying within 20-80 pm) have acicular shapes
and are randomly oriented in space (Fig. 1b). We have
determined the interval of compositionsx (0.125 < x <
0.2) in which the microstructure of both types coexist
(quasi-morphotropic region). It should be noted that
acicular grains appear in a single phase (perovskite)

1063-7850/04/3004-0278%$26.00 © 2004 MAIK “Nauka/ Interperiodica’
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region extending up to x = 0.2 [7]. As x varies in the
interval 0.2 < x < 1.0, the system exhibits sequential
crystallization of the structures corresponding to the
empirical formulaA,B,Os, ., With n = 8-4. Therefore,
we may suggest that the perovskite region features the
formation of clusters with stratified structures, the size
and number of which increase on moving “deeper” into
the system.

A comparison of the multifractal parameters deter-
mined in the interval of 0.1 < x < 0.2 for selected
regions with isotropic and acicular grains showed that,
beginning with x = 0.125, the acicular type becomes
more equilibrium. We have obtained nonmonotonic
dependences of the A,, and f,, values on the content of
Ca,Nb,0O,. The extremain these dependences correlate
with the boundaries of the regions of phase transforma-
tionsin the system studied. Figure 2 presentstheresults
of the multifractal analyses together with afragment of
the phase diagram of the (1 — X)NaNbO;—xCa,Nb,0O,
system (0 < x< 0.2) [ 7], showing the following regions:
(1) AFE; (2) AFE + FE; (3) FE; (4) paraglectric. In the
phase diagram (Fig. 2), R(M4) denotes the orthorhom-
bic phase with a fourfold monoclinic perovskite sub-
cell; R(M2) is an orthorhombic phase with a double
monoclinic perovskite subcell; C2 isacubic phase with
superstructure; and C is a cubic phase without super-
structure.

An anaysis of Fig. 2 shows that the minimum of f,,
(and the maximum of A,,) for x ~ 0.05 correspondsto an
AFE—FE transition; the maximum of f,, (and the inflec-
tion on the A,, curve) at x ~ 0.10 reflects a transition to
the two-phase region R(M2) + C2; the inflection on the
f., curve (and a minimum of A,) a x ~ 0.125 corre-
sponds to a transition to the C2 phase; and the mini-
mum of f,, (and amaximum of A,,) at x ~ 0.175 reflects
the transition to the C phase. In the region adjacent to
Ca,Nb,0O; (0.7 < x< 1.0), the extrema of f_, and A,, cor-
respond to the sequential formation of stratified struc-
tures with the formula A, B,O3, , , with n = 6-4.

Thus, changesin the phase state of the system stud-
ied arereflected by variations of the multifractal param-
eters of homogeneity and order of the ceramic grain
structure. It was also established that mutually consis-
tent singularities in the behavior of the homogeneity
(dips) and order (peaks) parameters precede two impor-
tant states in the secondary interrupted recrystalliza-
tion: the formation of giant grains and their merging
into agglomerates. Therefore, the multifractal parame-
ters can revea changes in the grain structure not
explicit from the standpoint of conventional character-
istics, which provides ameans of predicting and avoid-
ing negative recrystallization processes, including
those leading to critical changes in the mechanical
properties of materials. Use of the multifractal
approach for evaluation of the state of the microstruc-
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ture can be useful in simulating the properties and
atomic design of advanced ferroel ectric materials.
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Abstract—We have experimentally studied the antimicrobial action of high-power pulsed discharge in model
solutions, natural water, and waste waters inoculated with E. coli 1257 and MS-2 coli-phage species. It is found
that the efficiency of the antimicrobial treatment decreasesin the presence of suspended macroscopic particles. A
specific energy consumption of 0.02-0.04 kW h/m? has been achieved. © 2004 MAIK “ Nauka/I nter periodica’ .

Introduction. The energy efficiency of the antimi-
crobia treatment of water by periodic pulsed discharges
with apulseenergy of 1-20 Jwasstudied in [1-4]. It was
established that the discharge action had a local char-
acter: the loss of test microbes upon multiply repeated
discharges was observed only in a region adjacent to
the discharge channel. According to the published
data, the specific energy consumption amounted to
0.5-1.0 kW h/m3.

The antimicrobial treatment of a significantly
greater volume of water can be provided by high-power
pulsed discharges with energies on the order of several
kilojoules per pulse. In comparison to the aforemen-
tioned periodic pulse trains, the energy consumption
may decrease because the number of discharges can be
reduced to one, while the volume of water treated in a
single cycle can beincreased. In addition, adecreasein
the number of charge-discharge cycles increases the
working life of the capacitive energy store. A signifi-
cant disadvantage of the latter approach is related to a
considerable increase in the level of thermomechanical
loads upon the electric-discharge setup. Accommoda:
tion of these loads requires finding the optimum design
and technological solutions.

Experimental setup. The experiments were per-
formed in amodel chamber comprising a steel cylinder
with thick walls and volume of ~10 dm?3, connected to
four side channels with a 90° angle between channel
axes (Fig. 1). The channels were made of cone-shaped
parts jointed together. This design allowed the channel
length to be varied from 0.24 to 2 m and the amount of
agueous medium to be reduced to 10-50 dmq. Since the
shock waves entered channels via holes (diaphragms),
the pattern of the shock wave propagation in the model
chamber differs from that in an infinite medium.
According to [5], the difference is most pronounced in

theregion 0.5 <r/r,< 1.5, wherer,isthedistance from
adiaphragm to the shock wave source.

The dectric discharge source was introduced into
the chamber via an insulating flange on the top lid and
connected to a capacitive energy store. The capacitor
bank had a total capacitance of 72 pF, was charged to
24.6 kV, and released an energy of 21.5 kJ per pulse.
The pressure was measured by manganin sensors. The
integral pressure pulse was evaluated using crash type
devices (comprising plungers with needles and a set of
paper disks in cylindrical cases). Figure 1 shows the
results of measurements of the maximum pressure at
the shock wave front plotted in the dimensionless coor-
dinates of p/p, versusr/l, where p. isthe effective pres-
sure calculated for an effective adiabate index of 1.31—
1.45 in the discharge channel [6], r isthe distance from
electrode axisto the point of measurements, and | isthe
interelectrode distance. To within the experimental
error, our results satisfactorily agree with the data
reported for axisymmetric chambers [6].

Results and discussion. Figure 2 presents general-
ized data on the efficiency of antimicrobial action of
high-power discharges on model agueous media (phys-
iological solution, dechlorinated tap water, and boiled
water), natural water, and waste water inoculated with
E. coli 1257 and MS-2 coli-phage species. The results
of the antimicrobial tests are plotted in the coordinates
of microbe concentration versus specific energy con-
sumption.! The specific energy consumption was cal-
culated as the ratio of consumed energy to the volume
of water within an ovaloid formed by the revolution of
anisobar (theline of equal pressures on the shock wave

1 Comparative microbiological analyses of the initial and treated
media were performed by the research group headed by
Dr. N.A. Rusanova at the Research Institute of Water Supply and
Purification.
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Fig. 1. (@) Schematic diagram of the model chamber and
(b) comparative data on the maximum pressure at the shock
wave front: (1) pressure sensors, (2) cylindrical vessel;
(3) electric discharge gap; (4) cone-shaped channels;
(A) data of this study; (A) data for axisymmetric cham-
bers[6].

front) around the discharge axis in a hypothetical infi-
nite medium. The isobar was determined by an equa-
tion proposed in [6]; the long axis of the ovaloid was
taken equal to the distance R from the model chamber
axisto the channel end. The value of R for which asin-
gle discharge provided for a decrease in the microbe
concentration below 10% dm= was about 0.6 m. For
comparison, Fig. 2 shows the data published for peri-
odic pulsed discharges [1-4].

According to the results of our measurements, the
pressure jump produced by arrival of a shock wave at
the internal wall of a blunt channel end for R 0.6 m
was 10° MPa (averaged over five experiments), which
corresponded to a pressure jump of Ap ~ 0.5 x 10° MPa
at the incident wave front [7]. It should be noted that
this value is qualitatively consistent with theoretical
predictions, according to which the pressure jump at a
shock wave front required for the microbe destruction
isAp > (0.6-1.35) x 10> MPa.

The obtained results indicate that the experimental
setup parameters provided for aregime in which asin-
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1 1
0 0.4 0.8
Specific energy, kW h/m?

Fig. 2. Data on the efficiency of disinfection by pulsed dis-
charges: (¢, O, A) E. coli 1257; (¢, B) MS-2 coli-phage;
(A) datafrom [1, 2]; (I, W) datafrom [3, 4]; (O, @) this
study.

gle discharge led to the destruction of test microbesin
asufficiently large volume of an agueous medium. This
accounts for a significant decrease in the specific
energy consumption for the antimicrobial treatment
compared to thelevel achieved using the regime of low-
energy periodic pulsed discharges (see [1-4]).

In the course of experiments, we observed a
decreasein the efficiency of the antimicrobial treatment
of water containing suspended organic particles. For
example, the specific energy consumption for the disin-
fection of awaste water (containing suspended macro-
scopic particles at aweight fraction of a ~5 x 107°) was
about twice that for waste water with a 0. Calcula-
tions showed that the observed difference could not be
explained by the enhanced damping of shock waves of
by the screening of microbes by suspended macro-
scopic particles. However, taking into account the small
characteristic time required for the microbes to meet a
particle (estimated at ~20 min), we may suggest that
most microbes occur on or inside such particles, which
leads to an increase in the energy required for their
destruction.

Conclusions. We have experimentally studied the
efficiency of antimicrobial action of high-power pulsed
discharge in model solutions, natural (tap) water, and
waste waters inoculated with E. coli 1257 and MS-2
coli-phage species. It is established that a single dis-
charge suffices for decreasing the microbe concentra-
tion to arequired level (below 10° dm3) provided that
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Abstract—The magnetic properties of vanadium films on a single crystal FeNi3 surface have been studied by
Auger electron spectroscopy with spin resolution. It is established that the films exhibit antiferromagnetic
ordering relative to the substrate. The induced magnetic moment of a two monolayer thick vanadium film is
estimated at ~0.35u. Vanadium deposition does not lead to a decrease in magnetization of the iron sublattice

of FeNi;. © 2004 MAIK “ Nauka/Interperiodica” .

In recent years, much attention has been devoted to
the magnetic properties of metal surfaces, interfacia
layers, and superlattices. Such low-dimensional struc-
tures exhibit new basic laws of magnetism and provide
a basis for the creation of novel electronic devices for
commercial applications. Of specia interest are the
interfaces between ferromagnetic and nonmagnetic
metals, the properties of which account for the inter-
layer magnetic exchange interaction and determine the
magnetoresistance of multilayer structures. Convenient
model systems for the investigation of such structures
are offered by superlattices with vanadium playing the
role of a nonmagnetic metal.

By incorporating hydrogen into a thin vanadium
layer, itis possible to increase the crystal |attice param-
eter within 10% in the direction perpendicular to the
superlattice plane. In this way, we can provide condi-
tions for areversible transition from antiferromagnetic
(AFM) to ferromagnetic (FM) exchange coupling
between layers and vice versa controlled by hydrogen
pressure [1]. Using this approach, the passage from
three-dimensional to quasi-two-dimensional magne-
tism can be realized and studied in experiment [2].
Information about the chemical and magnetic structure
of the interface is of principal significance for the
description of this transition.

Vanadium is a paramagnetic metal. However, vana-
dium atoms occurring at the interface with aferromag-
net such as iron may acquire the induced magnetic
moment, the magnitude of which depends on the char-
acter of mixing in the boundary layer [3]. Calculations
performed for thin vanadium films on iron showed that
the induced moment can be rather significant, espe-
cialy in a monolayer thick film where the d-electron
band of vanadium exhibits narrowing as a result of
decrease in the coordination number of near-surface
atoms[4]. When the film thickness exceeds two mono-

layers, the competition between antiferromagnetic
V-V and V—Fe interactions strongly suppresses the
magnetic moments everywhere except for the interfa-
cial atomic layer. The existence of an induced magnetic
moment on vanadium atoms has been confirmed in
experiment [5].

It should be noted that most cal cul ations of the mag-
netic structure of such systems were performed under
the assumption that the interfacial layer was one to
three monolayers thick. In experiment, such a thin
interlayer is very difficult to obtain. Additional prob-
lems are related to the control of atomic intermixing
and determination of the component concentration pro-
filesformed in the course of epitaxial growth.

Below, we report on the results of using the method
of Auger electron spectroscopy (AES) with spin resolu-
tion for the investigations of thin vanadium films
deposited onto a (110) face of an FeNi; single crystal.

The experiments were performed with a spin-polar-
ized electron spectrometer developed by the Surface
Magnetism Group at St. Petersburg State Technical
University. The instrument comprises an original elec-
tron energy analyzer of the cylindrical mirror type com-
bined with a compact electron spin polarimeter imple-
menting the classical Mott scheme [6-8].

A (110)-oriented FeNis; single crystal had the shape
of a square frame with the sides oriented along the
[111] easy axes. The crystal was magnetized to satura-
tion by a pulse of electric current passed through a coil
of seven turns wound around one side of the frame.
Vanadium films were prepared by thermal evaporation
of the metal in vacuum followed by deposition onto a
clean surface of the single crystal substrate at room
temperature. The residual pressure in the vacuum
chamber was on the level of 5 x 10~ Torr.
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SPIN POLARIZED ELECTRON SPECTROSCOPY OF THIN VANADIUM FILMS

The sample films on the single crystal substrate
were studied by measuring the spectra of secondary
(Auger) electrons with spin resolution. The spin polar-
ization of electrons was determined as P = (N' —
NY)/(N' + N*), whereN' (N') isthe number of electrons
with the magnetic moments oriented parallel (antipar-
allel) to the direction of magnetization in FeNis;.

The sample film thicknesses were determined from
dataon theintensities of Auger electron signalsfrom Ni
and V measured during deposition. The experimental
AES peak intensities obeyed the exponential law,
which allowed the absolute thickness of a vanadium
film to be determined provided that the mean free path
of electrons with the energies corresponding to these
peaks are known [9]. The values of film thicknesses
determined from the analysis of intensities of the AES
peaks of Ni andV were in good quantitative agreement
(the difference not exceeding 5%).

However, the rate of decrease in the low-energy
peak amplitude of Fe and Ni in the course of vanadium
deposition did not agree with asimple model assuming
the formation of a homogeneous film of V atoms on a
flat FeNi; substrate. Since the mean free path of low-
energy Auger electrons is about half that of the high-
energy ones, the amplitude of the former AES peaks
was expected to decrease with the thickness of the
vanadium layer at a much greater rate. The experimen-
tal fact that the amplitude of the low-energy AES sig-
nals of Fe and Ni decreased with increasing vanadium
film thickness even slower than that of the high-energy
signals of these elements indicated that either the film
thickness was inhomogeneous or a significant amount
of Fe and Ni atoms was dissolved in the vanadium
deposit. The rate of decrease of the low-energy Fe and
Ni peak intensity with increasing vanadium film thick-
ness alowed the characteristic roughness height to be
estimated at about 10 A.

The spin-resolved AES peaks of V and Fewere mea-
sured for films with a thickness of 1, 2, and
12 monolayers (MLSs). The spin polarization of theAES
signal from Ni was not studied, since it was much less
pronounced than that of the signal from Fe. For the
1-ML-thick film of vanadium, the AES peak of vana
dium did not exhibit spin splitting (to within the exper-
imental error). Figure 1 showsthe typical spin-resolved
AES peak of vanadium (upon background subtraction)
for a 2-ML-thick film. This signal corresponds to the
L;M,3My5 transition involving a single 3d electron. To
the first approximation, the peak shape can be consid-
ered as determined by the density of states of d elec-
trons. Using this assumption, the effective magnetiza-
tion can be estimated from the polarization data.

Ignoring (i) the influence of a hole (2p changing to
3p) present intheV atom on the density of statesin the
valence band and (ii) the contribution of Auger pro-
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Fig. 1. The typical spin-resolved AES signal of vanadium
from a 2-ML-thick film on a (110)FeNi3 single crystal
surface.

cesses with spin reversal, we can estimate the magnetic
moment on aV atom as

S -g

M= NZ—Z
S+8

Mg,

where S and S' are the areas under the Auger peaks of
electrons with the corresponding spin projections, N is
the number of valence electrons per atom, and g isthe
Bohr magneton. This estimate can be refined by cor-
recting the peak shape with allowance for the electron—
electron correlations, but even in that case, quantitative
interpretation of the Auger spectrarequiresintroducing
some fitting parameters[10, 11].

The polarization of the AES peak of vanadium
determined as described above has proved to be nega-
tive, which implies that the intensity of the Auger peak
of electrons with spin down is greater than that for spin
up. Thisisindicative of the AFM ordering of the vana-
dium film relative to the substrate. Estimates gave the
magnetic moment of a vanadium atom about 0.35p.
A weak polarization was also observed for a 12-ML-
thick film, where the moment on a vanadium atom was
less than 0.1ug. The presence of induced magnetic
moment at such along distance from the interface con-
firms the conclusion about interface roughness or the
presence of a sufficiently large amount of Fe and Ni
atoms incorporated into the vanadium film.

Figure 2 presents the Auger signal of iron (also cor-
responding to the LsMxM,s €lectron transition) mea-
sured after deposition of a 2-ML-thick film of vana-
dium. An analysis of the experimental data showed that
the magnetization of theiron sublattice did not decrease
(to within the experimental error) upon deposition of
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Fig. 2. The typica spin-resolved AES peak of iron for a
(110)FeNi3 single crystal covered with 2-ML-thick vana-

dium film.

this vanadium layer. Thus, coating a substrate crystal
with athin layer of vanadium does reduce the magneti-
zation of near-surface iron atoms. After deposition of a
12-ML-thick vanadium film, the total intensity of the
AES peak of Fe was small, which hindered detailed

analysis with spin resolution.
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Abstract—A model of the process of thin multicomponent film deposition by ion—plasma sputtering of amor-
phous and polycrystalline targets has been developed. Using this model, the film deposition rates and the film
thickness homogeneity over the substrate have been evaluated for thin films of high-temperature superconduc-
tors based on'Y Ba,Cuz0; _, (YBCO) ceramics. A comparison of the results of numerical simulations based on
the proposed model and the experimental data on the YBCO film deposition rates showed that the model pro-
vides for a sufficiently correct description of the ion—plasma sputter deposition process. The results were used
for optimization of the technology of ion—plasma sputter deposition of thin multicomponent films. The model
of the deposition processis applicablein the range of sputter ion beam energies up to 1-3 keV, whichisof inter-
est for many basic problems and technological applications involving the process of ion and ion—plasma sput-
tering of multicomponent materials. © 2004 MAIK “ Nauka/Interperiodica” .

Processes involved in the growth of high-tempera-
ture superconductor films have been extensively stud-
ied [1-4]. One of the most effective methods used for
obtaining thin-film structures with preset physica
properties is offered by the ion—plasma sputter deposi-
tion process [5]. A significant difficulty encountered in
the implementation of the technology of high-quality
filmsisrelated to apoor reproducibility of stoichiome-
try, phase composition, and properties depending on
the variable parameters of the deposition regime.

The process of obtaining films using the method of
ion—-plasma sputter deposition can be conditionally
divided into three main stages:

(i) the interaction of ions and atoms of the gas dis-
charge plasma with a multicomponent target and the
formation of aflow of sputtered atomsin the gas phase;

(ii) the transport of sputtered atoms via the gas
phase in the drift space between the target and a sub-
strate;

(iii) the synthesis of a multicomponent material and
the film formation and growth on the substrate.

The first two stages determine the deposition rate,
the homogeneity of the film thickness, and the stoichi-
ometry of thin films of multicomponent materials. The
synthesis and film formation on a substrate are deter-
mined by the atomic composition and structure of the
substrate material and by the substrate temperature.
Therefore, statistical modeling of the process of ion
sputtering of a multicomponent target and the transport
of sputtered atoms viathe gas phase in the target—sub-
strate drift space is necessary and sufficient for optimi-
zation of the deposition rate, the homogeneity of the
film thickness, and the stoichiometry of thin films of

multicomponent materials obtained by the ion—plasma
sputter deposition technique.

Let us consider the first stage in the process of ion—
plasma sputter deposition: the interaction of ions and
atoms of the gas discharge plasma with a multicompo-
nent target and the formation of a flow of sputtered
atoms. According to modern notions of the interactions
leading to ion sputtering, each ion penetrating into the
target material gives rise to a cascade of binary eastic
collisions of displaced atoms, in which the atoms
exchange their energies and momenta. The collision
cascade may result in the transfer of a sufficiently high
energy and momentum to a surface atom, which will
allow this atom to overcomeforces binding it to the tar-
get surface.

In recent years, the progressin microelectronics has
posed the problem of studying the ion and ion—plasma
sputtering of multicomponent materials. For such
materials, the sputtering process cannot be character-
ized by simple sputtering coefficients, because a
depleted near-surface layer is formed in the target. In
this case, a parameter adequately characterizing the
efficiency of sputtering of amulticomponent materia is
the rate of target sputtering and its variation with depth
of the depleted near-surface layer or with the target
mass. In addition, the process of ion—plasma sputtering
of a multicomponent material alters the initial stoichi-
ometry of the near-surface layer of the target. On the
one hand, this changes the composition of the flow of
sputtered atoms. On the other hand, a change in the
composition and properties (in particular, the electron—
ion emission coefficient) of the target surface changes
the integral characteristics of the gas discharge. In the
course of sputtering, the process conditions exhibit sta-
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bilization and, provided that some technological
parameters (such asthe discharge voltage and the work-
ing gas composition and pressure) are maintained con-
stant, asteady-state regime of target sputtering is estab-
lished.

Now, let us consider in more detail the form and
algorithm of the proposed regression model of the ion—
atom collision cascade [6]. Using the method of Monte
Carlo simulation adopted to the process of particle scat-
tering in the course of ion—atom collisions, we simulate
the trgjectory of abombarding ion in the target and cal-
culate the momentum transfer to target atoms as aresult
of the ion—atom pair collisions. By the same token, we
simulate the trajectories of the primary target atoms of
various types displaced due to collisions with the bom-
barding ion and calculate the corresponding energy
losses in each atom—atom pair collision with the sec-
ondary displaced atoms of the target.

Thetrajectories of the displaced target atomsin var-
ious branches of the primary collision cascade are sim-
ulated unless either the energy reduced as a result of
sequential  atom—atom pair collisons will become
lower than the binding energy of atoms of the corre-
sponding type or the trgjectory will crossthe target sur-
face. Theratio of the number of displaced atoms, whose
trajectories cross the target surface in a simulated
branch of the collision cascade, to the total number of
bombarding ions determines the probability for the tar-
get atoms to escape from the surface. The escape prob-
ability depends on the mass, atomic number, and initial
energy of the bombarding ion and on the masses,
atomic numbers, binding energies, and concentrations
of various component atoms of the solid target.

The possibility of simulating the trajectories of sub-
sequent branches in the cascade of displaced atoms is
limited by the computational facilities. However, the
laws established using simulations of theion—atom and
primary atom—atom pair collision branches of the cas-
cade can be expanded by means of regression analysis
to describe the development of all subsequent atom-—
atom pair collision branchesin the cascade of displaced
atoms. Obvioudly, the branches in the cascade of pri-
mary atoms displaced under the action of bombarding
ions include a greater number of collisions and involve
greater initial energies than the subsequent branchesin
the cascade of atoms displaced due to atom—atom pair
collisions. Therefore, the probability of escapefromthe
target surface for atoms in the subsequent branches of
the atomic collision cascade (i.e., the probability for the
atomic trgjectories to cross the target surface) will be
smaller compared to the probability of escape for the
target atoms displaced in the primary collisions with
bombarding ions. The lower the initial energy (and,
hence, the number of atom—atom pair collisions) in
subseguent branches of the cascade of atomic displace-
ments, the smaller the contribution of these branches to
the yield of displaced atoms from the target surface.

TECHNICAL PHYSICS LETTERS  Vol. 30
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For multicomponent targets, variation of the selec-
tive rate of ion sputtering of the jth component in depth
of the target is determined by the relation

_dx _ M;P; .
Vi s dt NaQiiji’

where M; and p; are the atomic mass and density of the
jth component; N, is the Avogadro number; g; is the
charge of abombarding ion; j; istheion current density;
and P; isthe probability for atoms of the jth component
to escape from the target surface under the action of
bombarding ions. In multicomponent targets, the total
rate of sputtering V; is determined by theinertia of sput-
tering of a component with a minimum selective sput-
tering rate Vj;. As can be seen from the above formula,
the main difficulty in determining the rate of sputtering
for multicomponent targets is related to calculation of
the escape probability P; for atoms of the jth compo-
nent. Indeed, the parameter M, /p; is determined by the
experimental conditions, while the ion current density
ji can be measured directly.

Now, let us proceed to considering peculiarities of
the second stage of the ion—plasma sputter deposition
process: the transport of sputtered atoms via the gas
phase in target—substrate drift space. The existing mod-
els of this transport [7] consider the transfer process
from the standpoint of thermalization of particles and
their diffusion and do not provide a strict description of
the distribution of spatial densities, atomic flux intensi-
ties, and particle velocities in the interelectrode space.
Variations in the elastic scattering cross sections and
the scattering angles depending on the relative veloci-
ties of interacting particles complicates the description
of the transport process within the framework of the
classical theory of scattering. For this reason, the
method of Monte Carlo simulations offers the main
approach to investigation of the transport of sputtered
atoms. Simulations (numerical experiments) of the
transfer of particles describe a multistage process
involving the escape of sputtered atoms from a target,
their scattering on atoms of the working gas, and estab-
lishment of a diffusion regime [8]. The complexity of
calculations involved in numerical simulations of the
scattering processes by the Monte Carlo method
depends primarily on the choice of the atomic interac-
tion potential. It is necessary to compromise between
realistic physical description of the interaction pro-
cesses and sufficiently simple computational procedure
to be used for numerical ssimulations.

Previoudly, there were attempts to describe the pro-
cess of elastic scattering of atomic particlesusing apro-
cedure of fitting of an approximate interaction potential
to the real one for a certain distance between particles
accounting for the maximum contribution to the scat-
tering process. However, practically al the proposed
approximate interaction potentials work poorly at large
aiming parameters, leading to overstated values of the
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energy transferred in the course of elastic scattering of
atomic particles. We have developed a model of quasi-
hard spheres [9], which alows the elastic scattering of
atomic particles to be simulated using various interac-
tion potentials, whileretaining relatively high computa-
tion speeds achieved for simulations using the conven-
tional hard model of hard spheres. The procedure pro-
posed for the simulation of elastic scattering restricts
the region of large aiming parameters for thermal ener-
gies of the interacting particles to their gaskinetic
dimensions. For greater energies of colliding particles,
the region of large aiming parameters corresponds to
very small scattering angles and transferred energies
and, hence, does not significantly contribute to the scat-
tering process.

Using the proposed algorithm of simulation of the
transport of sputtered atoms viathe gas phasein the tar-
get—substrate drift space [10], it is possible to evaluate
the energy characteristics and spatia distributions of
sputtered atoms and determine the density and stoichi-
ometry of particle flows in any section of the target—
substrate drift space for the given technological param-
eters of the ion—plasma sputter deposition process.

In order to check the adequacy of the proposed
model of theion—plasmasputter deposition process, we
have used thismodel for optimization of the technology
of thin films of high-temperature superconductors
based on'Y Ba,Cu;0,_, (YBCO) ceramics [5]. For this
purpose, we have studied the film deposition rates and
the homogeneity of the film thickness as functions of
the working gas (oxygen) pressure for a given system
geometry and a preset gas discharge power. The homo-
geneity of the film thickness over the substrate is deter-
mined primarily by the flow of atoms of the heaviest
component—Ba atoms—which are thermalized at a
higher pressure than the relatively light Y and Cu
atoms. Using the results of numerical simulations, we
have compared the intensities of the flux of Ba atoms
(most difficultly sputtered component) at the center of
the substrate holder, jg,(0), and in the zone of target
sputtering, jg.(R), where Risthe distance from the sub-
strate holder center to the sputtering zone center. The
sputtering zone comprised a 15-mm-wide ring with an
outer diameter of 53 mm.

The results of numerical ssimulations based on the
proposed model of the ion—plasma sputter deposition
process are presented in Fig. 1, showing theintensity of
the flux of Baatomsin the substrate plane as afunction
of theworking gas pressure. As can be seen, therelative
intensity of the flux of Baatomsto the substrate surface
under the target erosion zone is virtualy the same as
that at the center for a working gas pressure above
100 Paand does not change with further increase in the
pressure. On the other hand, an increase in the working
gas pressure is accompanied by adecrease in the rate of
delivery of the component atoms to the target surface
and in the film growth velocity. These results alow the
optimum working gas pressure to be chosen so as to

TECHNICAL PHYSICS LETTERS Vol. 30 No. 4

2004

289

jBa(R)/jBa(O), a.u.
1.4~

1.3F

1.2

1.1

1.0

0.9 ! !
30 60 90

]
150
p, Pa

1
120

Fig. 1. Effect of the working gas pressure on the homogene-
ity of the flux of Ba atoms over the substrate holder radius.
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Fig. 2. A comparison of (1) the rate of delivery of a sput-
tered target material to the substrate surface (simulation
results) and (2) theY BCO film growth velocity (experimen-
tal data) as functions of the working gas pressure.

provide for the formation of films with homogeneous
thicknesses at a sufficiently high growth rate.

Using the results of simulations, we have deter-
mined the intensities of atomic fluxes of the target com-
ponents in the substrate plane. The rates of delivery of
the sputtered material to the substrate surface are con-
veniently expressed in units of nm/min, which corre-
sponds to the film growth velocity on a substrate at an
adsorption coefficient of unity. This providesfor acon-
venient comparison of the results of numerical ssimula-
tions of the sputtering process and experimental deter-
minations of the film growth velocity. The correspond-
ing data for various working gas pressures are
presented in Fig. 2. As can be seen from these data, the
technological process parameters were selected so that
the rates of delivery of the target material to the sub-
strate surface (determined by simulations based on the
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proposed model of the ion—plasma sputter deposition
process) coincide to within 10% with the experimen-
tally measured growth velocitiesfor YBCO films. Even
at rather high working gas pressures, there is no signif-
icant re-evaporation of deposited atoms from the sub-
strate surface. Atoms not incorporated immediately
into the crystal structure of a growing YBCO film are
involved in the secondary nucleation and thus built in
the film. An increase in the rate of material delivery to
the substrate |eads to a decrease in the crystal structure
perfection of the growing film and to areduction in the
crystal grain size. Therefore, the rate of the sputtered
material delivery to the substrate must correspond to
the rate of incorporation of atoms into the structure of
the growing film. A disbalance of these rates disturbs
the process of atomic assembly and gives rise to disor-
der in the crystal structure of the deposit.

Thus, we have demonstrated that numerical simula-
tion of the process of ion—plasma sputter deposition
using the proposed model allows optimum technologi-
cal regimes to be selected, which ensures obtaining
high-quality stoichiometric film materials of complex
compositions.
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Abstract—We consider the time required for complete synchronization of two identical one-way coupled van
der Pol-Duffing oscillators occurring in the regime of dynamic chaos. The influence of the initial phase differ-
ence between oscillators on the duration of the process of complete synchronization has been studied. At afixed
phase of chaotic oscillations of the self-excited drive oscillator, the period of time (past the coupling onset) dur-
ing which the complete synchronization regime is established depends on the phase of the self-excited response

oscillator. © 2004 MAIK “ Nauka/Interperiodica” .

The phenomenon of synchronization of self-excited
oscillatory systems attracted the attention of research-
ersfor along time and is still an important problem in
the modern theory of nonlinear oscillations and waves
(see, e.g., [1-6]). In recent years, the duration of the
synchronization process has been extensively studied
for dynamical systems exhibiting both periodic and
chaotic behavior [7-11]. The interest in this problemis
related, in particular, to the extensively developing
direction of research devoted to the use of chaotic sig-
nals for data transmission [12-14].

Thetime required for the complete (full) synchroni-
zation after the onset of external action can be consid-
ered asthe duration of atransient processin a nonauton-
omousdynamical system. Asiswell known, thetransient
process duration in a dynamica system depends on the
initial conditionsand obeys certain laws[15-17]. In self-
excited oscillators exhibiting periodic behavior, theini-
tial conditions can be represented by the phase of oscil-
lations. In particular, it was recently demonstrated [9]
for self-excited oscillatory dynamical systems, both
with a finite (van der Pol oscillator) and with infinite
(distributed active medium of the “helical electron
beam-backward electromagnetic wave’ type) number
of degrees of freedom under an external periodic
action, that the duration of synchronization at the drive
frequency significantly dependson theinitial phase dif-
ference of oscillations in the response (dlave) and drive
(master) systems. Similar results were obtained for the
time of complete synchronization of one-way coupled
identical subsystems occurring in the regime of peri-
odic oscillations [11].

In cases when a response dynamical system occurs
in the regime of chaotic oscillations, the phase of these
oscillations determined by one or another method [5,
18-20] does not uniquely determinethe state of the sys-
tem, although it is still aconvenient characteristic. This

study was aimed at establishing how the time of com-
plete synchronization of two identical one-way coupled
chaotic subsystems depends on the initial phase differ-
ence under otherwise variable initial conditions.

We have studied a model system comprising one-
way coupled van der Pol-Duffing oscillators [21, 22].
As is known [23, 24], one-way coupled oscillators of
thistype (Fig. 1a) exhibit the phenomenon of complete
chaotic synchronization. The drive oscillator is
described by a system of dimensionless differential
equations,

x = v[x—ax-y], y=x-y-z, 2=y, (1)
and the response oscillator is described the system

U = -v[(u)’~au-v] +ve(x-u)o(T-To), @

V=u-v-w, W=pv.

Here, o(§) is the Heaviside function and (X, y, 2) and
(u, v, w) are the dynamical variables characterizing the
states of the drive and response oscillators, respectively.
These quantities are related to the dimensional values

by the following formulas [23, 24]: x = V;/bR; y =
V,.bR; z= iLJb_R3; u=U,;/bR; v =U,/bR; w=
it JbR.

The current—voltage characteristic of the nonlinear
element N is described by a cubic parabola

i(V) = aVv +bV>. ©)
The dimensionless time in the system of Egs. (1) and

(2) is defined as 1 = t/(RC,), and the dimensionless
guantities a, 3, and v are related to the dimensionless

1063-7850/04/3004-0291$26.00 © 2004 MAIK “Nauka/ Interperiodica’
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Fig. 1. A system of one-way coupled van der Pol-Duffing oscillators: (&) schematic diagram; (b) phase portrait of the drive oscil-
lator (1) in aregime of bistable chaos with double-band chaotic attractor for the control parametersa = 0.35, 3 = 300, and v = 100;
(c) projection of the chaotic attractor onto the (y, Z) plane for determining the phase ¢ of chaotic oscillations.

parameters of oscillatorsas a = -1 + aR), B = C,R?/L,
and v = C,/C;; the coupling parameter ise = R/R..

The system of equations describing one-way cou-
pled oscillators (1) and (2) was numerically solved
using the fourth-order Runge—Kutta method with an
integration time step of At = 2 x 107. The control
parameterswere set (by analogy with [24]) equal toa =
0.35, B = 300, and v = 100, for which the system (1)
exhibits bistable chaotic dynamics (Fig. 1b). The cou-
pling parameter was selected equal to € = 1.35, which
ensures settling of the regime of complete synchroniza-
tion of the two subsystems [24].

The one-way coupling of the self-excited drive and
response oscillators was switched on at atime t, when
the transient processesin both subsystems were accom-
plished and the imaging points in the phase spaces
(%, ¥, 2 and (u, v, w) reached the corresponding chaotic
attractors. Prior to this moment, both oscillators
occurred in the state of autonomous self-excited oscil-
lations. The period of time T required for the complete
synchronization was determined as

Ts = Ts—To, (4)
where 1. is the time corresponding to the onset of com-

plete synchronism. A criterion for the complete syn-
chronization was selected in the following form:

J(x—u)2 +(y— v)2 + (z—w)zs 5x 10_3,
Or=x ..

©)

The phase ¢ of chaotic oscillations for each oscilla-
tor was defined as the angle of projection of the chaotic
attractor onto the plane of a new coordinate system:

TECHNICAL PHYSICS LETTERS  Vol. 30

(Y =y, Z =-0.8192x + 0.57352) for the drive oscillator
(Fig. 1c) and (v' = v, w = -0.8192u + 0.5735w) for the
response oscillator (see [5, 18, 19]).

Inthe course of numerical simulation of Egs. (1) and
(2), the coupling between oscillators was aways
switched on at the same moment of time 1, when the
dynamical variables characterizing the state of thedrive
system (1) were x = 0.41009, y = -0.099%4, z =
0.75978, which corresponded to the phase of chaotic
oscillationsin the drive (master) system ¢, = 3174. The
initial conditions (u, v, w) for the response oscillator (2)
at the moment of coupling onset were taken different
for each simulation, but such that the imaging point
would belong to a chaotic attractor and theinitial phase
¢, of the response (dave) system would also be fixed.

The chaotic attractor of each system has two
“bands’ (x < 0and x> Q) corresponding to bistable cha-
otic dynamics, whereby the system exhibits switching
between the two states (Fig. 1b). For this reason, the
duration of synchronization for eachinitial save phase ¢,
was studied separately for the upper and lower band of
the chaotic attractor. Theinitial conditionsfor the drive
oscillator were always taken the same (see above), cor-
responding to the upper (positive) band of the chaotic
attractor.

The results of numerica simulations showed that
the time of complete synchronization for the dynamical
systems with bistable chaotic attractors depends on
whether theinitial conditions in the drive and response
oscillators belong to the like or unlike bands of the cor-
responding chaotic attractor. When the initial condi-
tions are selected on different bands (e.g., the upper
band for the drive oscillator and the lower band for the
response oscillator) of the chaotic attractor, the duration
of complete synchronization depends to a significant

No. 4 2004
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extent on the phase of chaotic oscillations in the
response subsystem (for a fixed initial phase of the
drive oscillator).

These results are illustrated in Figs. 2a and 2b,
showing the distribution of synchronization times T, for
different initial phases ¢ of chaotic oscillations in the
response oscillator. Each distribution is constructed for
100 sets of initial conditions (with the same initial
phase) belonging to the lower band of the chaotic
attractor. As can be seen, the shape of distributions is
close to the & function. This indicates that the time of
complete synchronization in the system described by
Egs. (1) and (2) is determined by the phase of chaotic
oscillations. For variousinitial conditions (belonging to
the lower band of the chaotic attractor) corresponding
to the same initial slave phase ¢, the time of complete
synchronization is also virtually the same.

A somewhat different pattern is observed when the
initial conditions for the response oscillator at the cou-
pling onset time 1, are selected so that the imaging
pointsfall within thelike (in this case, the upper) bands
of bistable chaotic attractors. If theinitial phases of the
drive (¢,) and response (¢,) oscillatorsdiffer rather sig-
nificantly, the distribution of synchronization times,
like that observed for theinitial conditions belonging to
the unlike bands, has a shape close to the & function
(Fig. 2c). However, should theinitial phasesof thedrive
and response oscillators be sufficiently close (for the
imaging points in the like bands of the chaotic attrac-
tors), the distribution of synchronization times “scat-
ters’ (Fig. 2d). In this case, the time of complete syn-
chronization of two one-way coupled subsystems var-
ies within rather broad limits for the same initial phase
of chaotic oscillations of the response subsystem.

This phenomenon is probably explained as follows.
When the imaging points corresponding to the dynam-
ics of drive and response oscillators have close initial
phases and occur in the like bands of chaotic attractors,
the subsystems can be sufficiently close to the state of
complete synchronism. In this case, the time of com-
plete synchronization will be much shorter than that for
the same oscillatorsin theinitial states significantly far
from synchronism. However, the fact that the imaging
points have close initial phases and belong to the like
bands by no meansimplies that the two subsystems are
necessarily close to synchronism, sinceit isknown that
chaotic dynamics is characterized by exponentia
expansion of the phase trgjectories [25]. Therefore, the
synchronization time T, will be comparable with that
for the other initial dave phases ¢.. For this reason, the
distribution f synchronization ties T, acquires the form
depicted in Fig. 2d.

Thus, the time of synchronization of one-way cou-
pled van der Pol-Duffing oscillators occurring in the
regime of chaotic oscillations depends on the initial
phase ¢ of chaotic oscillations in the response oscilla-
tor (at afixed initial phase ¢, of the drive oscillator).
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Fig. 2. Digtributions of the time of complete synchroniza-
tion of one-way coupled van der Pol-Duffing oscillators.
The initial conditions for the drive oscillator are selected in
the upper band of the bistable chaotic attractor and corre-
spond to the initia phase ¢,,, = 3174. Theinitial conditions

for the response oscillator are as follows: (a) lower band,
¢s= 1.03; (b) lower band, ¢p5= 1.73; () upper band, ¢5 =
1.03; (d) upper band, ¢ = 2.78. Each distribution is con-

structed for 100 sets of initial conditions randomly selected
on the corresponding chaotic attractor.

Another important factor is whether the imaging points
corresponding to the states of the drive and response
oscillators occur in the like or unlike bands of the
bistable chaotic attractors at the time 1, of switching on
the one-way coupling between the subsystems. When
the imaging points belong to the unlike bands, the time
T, of complete synchronization is virtually the samefor
al initial conditions corresponding to the same dave
phase ¢s. However, should the imaging points of the
two oscillators occur in the like bands of their chaotic
attractors and have not strongly different initial phases
at the moment of coupling onset, the average time of
complete synchronization decreases and the shape of
the T, distribution becomes different from the & func-
tion characteristic of the situations with other initial
slave phases ..
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Velocities of Nanometer -Scale Displacements
Deter mined Using the Autodyne Signal Spectrum
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Abstract—We have studied the possibility of using an autodyne signal of a quantum-confined semiconductor
structure laser for determining the vel ocities of motions on a nanometer scale. It is suggested to normalize the
laser autodyne signal with respect to additional mechanical oscillations induced in the object at an amplitude
of no less than half of the laser radiation wavelength. In this case, the velocity of displacements can be deter-
mined by measuring the autodyne signal phase increment. © 2004 MAIK “ Nauka/Interperiodica” .

In recent years, it has been demonstrated that lasers
based on quantum-confined semiconductor structures
can be used for determining the characteristics of vibra-
tions on ananometer level [1-4] in various objects. The
field of such applications would be further expanded,
provided that the velocities of motions on a nanometer
scale could be measured as well. Such data are
required, for example, in the characterization of ther-
mal expansion of slowly heated or nanodimensional
objects.

In this context, we have studied the possibility of
using an autodyne signal of a quantum-confined semi-
conductor structure laser for determining the velocities
of motions on a nanometer scale.

The variable informative component of alaser auto-
dyne signa at a feedback level significantly below
unity can be written in the following form [4]:

P = cos(w,t(t)), (D)

where 1(t) is the round trip time of the laser radiation
for thedistance L from laser to the external reflector and
Y, is the resonance frequency of a laser diode without
feedback. If the external refl ector (spaced from the laser
diode cavity by adistance L at thetimet = 0) moves at
avelocity v, the laser signal travel time varies accord-
ing to the law

o 0
(1) = %%LO+ fran @

For normalizing the autodyne signa intensity, we
suggest the signal amplitude to be divided by a maxi-
mum value corresponding to a reflector displacement
by no less than half of the laser radiation wavelength.

Using the normalized autodyne signal, it would be pos-
sible to determine the object velocity v(t) by measuring
P(t) and using relation (1). Unfortunately, methods for
solving such inverse problems are not yet developed.
On the other hand, there are well-developed and veri-
fied methods for solving the inverse problems in the
case of a reflector performing periodic (in particular,
harmonic) oscillations [5]. Thus, upon exciting addi-
tiona mechanical oscillations in the object whose
velocity has to be determined, it will be possible to
measure T, and find the unknown velocity v(t) by solv-
ing the corresponding inverse problem using verified
spectral techniques.

Let harmonic oscillations to be excited in the mov-
ing object studied,

f(t) = Esin(Qt+¢), 3)

where £ and Q are the amplitude and frequency of
oscillations of the external reflector, respectively, and
e istheinitial phase. The autodyne signal travel timein
this system can be expressed as

T(t) = 14(t) + T,8N(Qt +€), (@]

where T, = 2¢/c.

The rate of variation of the amplitude of excited
mechanical oscillations should be much greater than
the object velocity. In this case, theinverse problem can
be solved using the oscillation spectrum measured at
each particular time with neglect of the t, increment
related to the slow mation. Thus, the oscillatory system
comprises a “fast” subsystem, involving the induced
additional oscillations, and a “slow” subsystem per-
forming displacements on a nanometer scale. In deter-

1063-7850/04/3004-0295$26.00 © 2004 MAIK “Nauka/ Interperiodica’
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Fig. 1. Autodyne signal spectrum measured within a time
window equal to five periods of oscillations of the object.

mining T for each particular time interval, the value
of T, can be considered as constant, entering as a
parameter into the total variable 1. Then, the autodyne
signal can be written in the following form:

P(t) = cos(6(t) + osin(Qt +¢)), 5)

where B(t) = wyTo(t) isthe autodyne signal phaseincre-
ment, o = 41, and A is the laser radiation wave-
length.

Let us represent P(t) in the form of expansion with
respect to the Bessel functions,

P(t) = cosBJ,(0) + 2cosB Z J,n(0)cos[2nQt + €]
i n=1 6)
Jon_1(0)cos[(2n—-1)Qt + €],

n=

—2sn0

where J,, are the nth order Bessel functions (n is the
number of the spectral component of the autodyne sig-
nal detected). Let us also expand the autodyne signal
into Fourier series,

P(t) = %ao+ Z{ancosnmt—bnsinnmt}, (7
n=1

where a,, and b, are the expansion coefficients. Equat-
ing the two expansions, we obtain relations for calcula-
tion of the amplitude of longitudinal oscillations of the
object studied:

— }\_2 6(Cn-l-cn+l)
T[Z(Cn + Cn+2)(Cn—1 + C:n+1)’

EZ

(8)

where c, are the coefficients proportional to the spectral
components of the signal (these coefficients can be
determined as described, e.g., in [6]).

Using the expansions of P(t) into series with respect
to the Bessel functions and Fourier harmonics, we can
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calculate the autodyne phase increment using coeffi-
cients ¢, with four sequential numbers n:

2n+ 1)(Con+3+ Cons1)Consa
0,, = arctan[ ( } 9
2n (2n=1) (Can+2+Con)Cons> ®)
or
2n+1)(Cons1+ Con_1)Con+1
0,y = arctanw( } 10
an-t 2n (Con+2 % Con)Con (10)

Formulas (9) and (10) are used when the phase
increment is determined using four sequential ¢, coeffi-
cients beginning with an even and odd number, respec-
tively.

By moving the “window” (i.e., the time interval in
which the measured signal is analyzed) aong the time
axis and calculating the corresponding phase incre-
ments of the laser autodyne signal, we obtain a slowly
varying function 6(t). Using this dependence, we can
determine the object velocity averaged over the given
time window At:

A AB
v (t) TR (11)
The experimental investigation was performed
using an autodyne measuring system employing alaser
diode of the RLD-650 type based on a quantum-con-
fined semiconductor structure operating on a diffrac-
tion-limited solitary spatial mode. The laser parameters
were as follows: output power, 5 mW,; working wave-
length, 652 nm; threshold current 20 mA.

The output radiation of the semiconductor laser
struck a reflector mounted on a sample. The sample
with reflector was driven by a BaTiO; piezoceramic
transducer excited with a signal of an audio-frequency
generator. Part of the radiation reflected from the object
returned to the semiconductor laser cavity. The change
in the laser output power was measured with a photode-
tector. The photodetector signal, passed via an ac filter
and amplified by a broadband amplifier, was processed
by an analog-to-digital converter and fed into a com-
puter for data processing, storage, and display.

For determining the object velocity, it is necessary
to determine the frequency Q, the oscillation ampli-
tude &, and the phase increment 6 of the autodyne sig-
nal. These values were calculated from the measured
autodyne signal components using formulas (8)—(10).
Taking into account that the window At used for the sig-
nal processing has to be, on the one hand, sufficiently
small to provide for the constancy of the phase incre-
ment (6 = const) within this time interval and, on the
other hand, sufficiently large to provide for a good
spectral resolution, we selected At equal to five periods
of the object oscillations (0.05 s).
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Fig. 2. Waveforms of the (1) experimental (initia) and
(2) reconstructed autodyne signals (rms deviation, 0.1).

Figure 1 shows the spectrum of the autodyne signal
measured within atime window egual to five periods of
the object oscillations. Using this spectrum, the fre-
guency Q, oscillation amplitude &, and phase incre-
ment O of the autodyne signal were determined. Then,
theinitial phase was calculated and the autodyne signal
was reconstructed assuming that 6 = const within a At
interval.

Figure 2 presents the autodyne signal reconstructed
as described above in comparison with the measured
waveform. The autodyne signal was separated into
0.05-s-long portions by increasing the forming interval
with a 0.01 s step. The mutual overlap of processed
intervals favors an increase in the accuracy of calcula
tions. An analysis of al such regions gavethetime vari-
ation of the autodyne signal phase increment 6(t),
which had the shape of asloped straight line. A compar-
ison of the theoretical dependence of the phase incre-
ment with the plot constructed by the experimental data
allowed the rate of the thermal expansion of the object
studied to be estimated at 50 nm/s.
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Thus, we have demonstrated that a quantum-con-
fined semiconductor structure laser operating in the
autodyne regime allows the motion of objects moving
with small velocities to be studied on a nanometer
scale, provided that additional mechanical oscillations
areinduced in the object at an amplitude of no lessthan
half of the probing laser radiation wavelength.
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Abstract—Experiments with second-harmonic electron cyclotron resonance plasma heating performed on a
Wendelstein 7-AS stellarator revealed anew regime of the carbon pellet evaporation, whereby sharp peakswith
the characteristic spatial width of afew millimeters appeared on the evaporation rate profile. The peaks were
observed in a peripheral region of the plasmacolumn for an electron density in the central region below and the
heating power above the threshold values. The appearance of these peaks is correlated with the observation of
a superthermal emission in the low-frequency part of the cyclotron radiation spectrum. The observed effect is
related to the excitation of superthermal electrons by the cyclotron radiation of gyrotrons. The energy and

density of the superthermal electron population are estimated at 30-50 keV and 10*-10° cm™3, respectively.

© 2004 MAIK “ Nauka/Interperiodica” .

Superthermal electrons can significantly influence
the properties of a high-temperature plasma in toka-
maks and stellarators [1, 2]. The appearance of such
groups of electrons was detected using cyclotron radia-
tion detectorsin the plasma of aWendelstein 7-AS stel-
larator (W7-AS) operating in the regimes of high-
power (~1 MW) microwave second-harmonic electron
cyclotron resonance heating (ECRH) and a low elec-
tron density (~10* cm) of the plasma[2, 3]. Investi-
gations of the process of carbon pellet evaporation in
such regimes (see [4, 5]) revealed the zones of
enhanced evaporation on a centimeter scale in the
peripheral regions of the plasma column. The effect was
related to an increase in the energy flux to the pellet sur-
face caused by the superthermal electron population.

Below, we describe a qualitatively new regime of
pellet evaporation characterized by sharp cyclotron
radiation emissionsfrom spatial regionson amillimeter
scale and suggest a mechanism describing this phe-
nomenon.

In the experiments under consideration, spherical
carbon pellets with adiameter of 0.40 + 0.01 mm were
accelerated using a DIM-6 injector [6] to a velocity
from 150 to 350 m/s toward the plasma column center.
The pattern of pellet evaporation was monitored from
two directions by several high-speed CCD cameras and
awide-aperture photodetector. The optical filterswith a
transmission band at 720 + 5 nm were used to separate
the dominating CIl line emission, theintensity of which
was assumed to be proportion al to the pellet evapora-
tion rate [7]. The scheme of experiments has been
described in more detail elsewhere[5, 7].

Figure 1 shows the typical evaporation rate profiles
measured along the pellet trajectory (see [7]) for vari-

ous ECRH powers (a) and plasma densities (b). The
coordinate along the pellet trajectory is measured rela-
tive to the center of the vacuum chamber, the positive
direction being toward the center of the W7-AS setup.
Each pellet crossed the separatrix in the region of 16—
14 cm aong the trajectory, depending on the discharge
and injection parameters.

As can be seen from Fig. 1a, the electron density in
the central region ny(0) = 4.5 x 10" cm™ at Pgegy =
400 kW (shot 50055) corresponds to a smooth profile

of the evaporation rate N. As Pgcry increases to
700 kW (shot 50058), the characteristic local enhanced
evaporation zone appearsin the peripheral region of the
plasma column. This zone contains two narrow
(FWHM, ~0.1 cm) peaks with the evaporation rate

morethan fivetimesthe average N value in the smooth
profile. When the Pgcgy vValue is increased to 900 kW
(shot 49966), the zone of enhanced evaporation
expands to 2 cm and the number of peaks increases to
seven.

Figure 1b shows the N (r) profiles for the pellets
evaporated in aplasmawith Pgegy = 900 kW for ng(0) =
(1.8, 4.5, 6.0) x 10'3 cm3. As can be seen from these
data, adecreaseinthe charge density leadsto expansion
of the enhanced evaporation zone and to an increase in
the number of peaksin the evaporation rate profile. The
threshold of disappearance of the zone of local
enhanced evaporation at this power occurs above 6.0 x
102 cm® (the maximum value in the experiments
reported here). Thus, the phenomenon of local
enhanced evaporation was observed under al discharge
conditions studied in this series.
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Fig. 1. (a, b) Profiles of the carbon pellet evaporation rate and (c, d) the corresponding cyclotron radiation spectra (Sindicates the
position of plasma column separatrix) for discharges with fixed (a, c) electron densities and (b, d) ECRH power: (1) shot 50055

(Pecry = 400 kW); (2) shot 50058 (Pecry = 700 kW); (3) shot 49966 (Pecry = 900 KW); (4) shot 49963 (n, = 6.0 x 1013 cm™);
(5) shot 49966 (n, = 4.5 x 10%3 cm™3); (6) shot 49968 (n, = 1.8 x 1013 cm ™).

Figures 1c and 1d show the cyclotron radiation
spectra of discharges corresponding to the evaporation

rate profiles N (r) depicted in Figs. 1a and 1b, respec-
tively. As can be seen, an increase in Pgcry and a
decrease in the n(0) leads to a growth in the intensity
of emissioninthefrequency interval 130-133 GHz cor-
responding to the electron cyclotron resonance region
beyond the plasma column separatrix [2, 3]. Superther-
mal electrons are generated in the cross section of
ECRH power deposition and spread over the whole
magnetic field surface with partial thermalization due
to collisions. In this way, superthermal electrons reach
the injection cross section outside the tore and induce

the effects manifested in the N (r) profiles. Therefore,
pellets produce effective “backlight” of the groups of
superthermal electronsand allow their exact locationin
the plasma to be determined (which is impossible by
means of cyclotron radiation diagnostics).

Having determined the positions of peaks on the
N (r) profile and assuming that the low-frequency part

TECHNICAL PHYSICS LETTERS Vol. 30 No. 4
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of the cyclotron radiation spectrum is related to super-
thermal electrons, we can estimate their energies (Ey)
by measuring the relativistic shift of the frequency of
emission toward lower values. These estimates yield
E ~ 3-20 keV. By measuring the ratio of the evapora-
tion rates inside and outside the peak, it is possible to
evaluate theratio of energy fluxestoward the pellet sur-
face due to thermal and superthermal electrons. Then,
oncethe E4 valueisknown, it ispossibleto estimate the
corresponding electron density as ng [0 ny(TJ/Eg)%?,
where n, and T, are the electron density and tempera-
ture in the background plasma. Using this approach, the
superthermal electron densities responsible for the fea-

tures observed in the N (r) profiles were estimated
within ng ~ 10*%-10'? cm3, This accounts for 1% (for
Ey = 20 keV) to 10% (for Eq = 3 keV) of the back-
ground plasma density.

An dternative estimate can be obtained by assuming
that superthermal electrons are generated at the cross
section of ECRH power deposition from the side of
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strong field on the same magnetic field surfaces that

correspond to peaksinthe N (r) profilesin theinjection
cross section. According to cal cul ations of the magnetic
field configuration of W7-AS, the zone of these mag-
netic field surfaces is displaced ~10 cm from the mag-
netic axis toward the strong field region. Using the res-
onance condition in this region and taking into account
the relativistic mass shift w,, = eB/mycy = 140 GHz, we
estimate the energy of the superthermal electron popu-
lation as 30-50 keV (e is the electron charge, B is the
magnetic induction in the zone of superthermal elec-
tron production, m, is the rest mass of electron, cisthe
speed of light, and vy is the relativistic factor). In this
case, the estimated supertherma eectron dendty
decreasesto ny ~ 10°-10", which accountsfor 0.001-1%
of the background plasma density.

Thus, the regimes of high-power microwave sec-
ond-harmonic ECRH revealed |ocal enhanced evapora-
tion of carbon pelletsin the plasma of aW7-AS stellar-
ator. Behavior of the local enhanced evaporation zones
depending on the plasma parameters and its correlation
with the low-frequency part of the cyclotron radiation
spectrum indicate that the observed phenomenon is
related to superthermal electrons. Estimates based on
the relativistic frequency shift indicate that the
observed effects can be produced by a population of
superthermal electrons with energies in the interval of
30-50 keV and adensity ranging within 10°~10* cm3.
The cyclotron radiation spectra and the positions of

peaks in the N (r) curves show that the plasma under
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local enhanced evaporation may contain superthermal
electrons with the energies within 3-20 keV. Therefore,
it would be expedient to perform additional measure-
ments in the low-frequency part of the cyclotron radia-
tion spectrum (up to 120 GHz), where the emission of
electrons with energies on the order of 50 keV should
be manifested.
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Abstract—We present the results of numerical solution of the Boltzmann equation in a two-term approxima:
tion taking into account both elastic and inelastic electron collisionsin Xe-H, gas mixtures. Using the obtained
electron energy distribution functions, the electron transport properties (drift velocities, mobilities, mean and
characteristic energies, diffusion coefficients) are calculated for the E/N parameter (the electric field strength to
gas density ratio) ranging within several townsends. A similarity rule is derived for the properties of Xe-H,
mixtures of various densities, which allows the electron transport coefficients to be determined for the mixtures
with small (below 4%) hydrogen content. © 2004 MAIK “ Nauka/Interperiodica” .

A promising direction of development of gamma-
radiation spectrometry is related to the creation of new
detectors based on high-pressures ionization chambers
filled with xenon [1]. The main task of gamma spec-
trometry measurements is to determine the intensities of
discrete emission lines from various sources and to iden-
tify these sources. This determines the requirements to
instruments, which should possess a high energy resolu-
tion, high operation speed, high efficiency of the tota
absorption measurements, good working parameters
(smple maintenance, reliability, long working life),
resistance to environmental factors, and low cost.

The performance characteristics of detectors based
on gas-filled ionization chambers depend on the trans-
port properties of el ectrons generated by gamma quanta
in the working gas. The energy resolution, spatial reso-
lution, and operation speed are determined by the abil-
ity of electrons to drift in the working gas at a maxi-
mum velocity and a minimum diffusion blurring. For
optimizing the parameters of working gases (pressure,
temperature, molecular additives) for ionization cham-
bers, it is necessary to study the transport properties of
electrons injected into such media.

Adding molecular hydrogen to inert gases (Ar, Kr,
Xe) iswidely used asameans of increasing the el ectron
drift velocity in gasfilled radiation detectors [2]. This
paper presents the results of calculations of the electron
transport coefficients for Xe—-H, mixtures, based on
numerical solution of the Boltzmann equation for the
electron energy distribution function. Theresults of cal-
culations are compared to the published experimental
data on the drift velocities and the characteristic trans-
verse energies in Xe-H, mixtures [3, 4] and in pure
hydrogen [5]. The electron transport properties are
determined in a broad range of electric field strengths
and molecular admixture concentrations.

The kinetics of electrons moving in molecular and
atomic gases are significantly different. In atomic
gases, electrons with the kinetic energies below 10 eV
exhibit only the elastic collisionswith atoms and lose a
small energy fraction proportiona to & ~ 2m/M < 1,
where m and M are the masses of electron and atom,
respectively. The smallness of parameter & alows the
integral of elastic collisons between electrons and
atoms to be written in a divergent form, thus reducing
the Boltzmann equation to a second-order differential
equation for the symmetric part of the electron energy
distribution function fy(g). Note that the energy losses
during elastic collisions take place for any electron
energies.

The situation is substantially different in molecular
gases, where electrons may exhibit inelastic collisions
with molecules, leading to the excitation of their vibra-
tional and/or rotational degrees of freedom. In these
processes (inelastic collisions of type 1), electrons lose
aconsiderable fraction of their energies, whichisequal
to the quantum ¢; of the corresponding vibrational and
rotational excitation energy. Another characteristic fea-
ture of such inelastic processesisthe existence of acer-
tain threshold, whereby electrons with energies below
the excitation quantum (g < g) are not involved in
inelastic collisions with energy losses. An exception is
the inelastic collision process of type I, whereby an
electron collideswith amoleculein an excited state and
gains the energy equa to that of the corresponding
excitation quantum. The main property of such inelas-
tic processes, which are possible for electrons with any
energy, is that colliding electrons gain a considerable
energy quantum. Inelastic collisions do not lead to dif-
fusion blurring in the energy space (which is the main
condition for writing the collision integral in a diver-
gent form) and are manifested by the passage of an

1063-7850/04/3004-0301$26.00 © 2004 MAIK “Nauka/ Interperiodica’
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electron from the phase volume de at the energy € to
that near the energy € —¢; (for the inelastic collision of
type 1) or near € + g (for the inelastic collision of
typell).

We have solved the stationary Boltzmann equation
for the isotropic part of the electron energy distribution
function fy(€) in a homogeneous (or weakly varying)
electric field E taking into account both eastic and
inelastic collisions of electronswith gasmolecules. The
heating of electrons in the field will be described in a
two-term approximation [6] with neglect of the influ-
ence of the electron density gradient on the distribution
function. Thisis acceptablefor calculations of the elec-
tron mobility U(E/N) and the coefficient of diffusion
D+(E/N) across the electric field. The considerations
below refer to amixture of atomic and molecular gases
with the fraction of molecules X = Ny/N, where N =
Na + Ny is the total concentration and N, and Ny, are
the partial concentrations of atomsand moleculesinthe
gas phase.

The frequency of elastic collisions will include the
interactions of electrons both with atoms and with mol-
ecules. The frequency of energy transfer during elastic
scattering will also take into account the elastic colli-
sions with both atoms and molecules. The integral of
inelastic collisions on the right-hand side of the equation
is proportional to the concentration of moleculesNy,. In
rarefied gases, the electron transport coefficients
depend on the electric field strength and the gas density
intheform of theratio E/N. Thus, the Boltzmann equa-
tion can be written in the following form:

Eﬁe_ZEEDZ £
de 3ENT ga(e)(1—X) + au(e)X

df,

+ TR (L) + (e 5

2[pm )4 2m i
+E R, O (100 * Gan(ENofe) O
1)
+X Y S(a(e) +a(e)efoe)

= XZS((E"‘ &) (e +¢g)fo(e+¢)

+(e—-&)q5(e—¢)fo(e—¢)),

where g,(€) and qy(€) are the known transport cross
sections for the elastic scattering of electrons on Xe
atoms and H, molecules, respectively [7]; M, and My,
are the masses of atoms and molecules, respectively;
qg(€) isthe cross section of inelastic collisions of type |
in which electrons lose the energy €;; and g(g) is the
cross section of inelastic collisions of type |1 in which

TECHNICAL PHYSICS LETTERS  Vol. 30

ATRAZHEV et al.

electrons gain the energy ¢€;. We will take into account
the following inelastic processes. (i) excitation of the
rotational levels of H, molecules with the rotational
guantum numbers J: 0 — 2,1 — 3,2 — 4, and
3 — 5; (ii) type Il impactswith J: 2 — 0,3 — 1,
4 — 3,and 5 — 3; and (iii) excitation of the vibra-
tional level with the vibrational quantum number V:
0—1

The cross sections for the excitation of molecular
rotations and for type Il impacts are given by the Ger-
juoy—Stein formula[8]. Threshold energiesfor therota
tional transitionswere asfollows: £y, =0.0434 €V, €,5 =
0.0727 eV, £,, = 0.107 eV, and €55 = 0.138 eV. The sta-
tigtical factor § determining populations of the rotational
states J of hydrogen molecules can be written as [9]

S, = pyexp(—E,/KT)

) = ,
Z pyexp(—E,/KT)
J

where p; = (2t + D)(t + a)(2J + 1) are the statistical
weights, t is the nuclear spin (t = /2 for H,), anda =0
and 1 for the even and odd J, respectively. The electron
impact excitation of the vibrational degrees of freedom
is characterized by a much higher threshold: €, =
0.52 eV. These cross sections are tabulated [ 7] as func-
tions of the electron energies and cannot be approxi-
mated in terms of elementary functions.

Equation (1) was numerically solved using an algo-
rithm proposed by Dyatko et al. [10]. The obtained
electron energy distribution functionsf,(€) were used to
calculate the electron drift velocities, mabilities, and
transverse diffusion coefficientsfor E/N < 4 Td and any
hydrogen concentration in Xe-H, mixtures. Figure 1
shows calculated plots of the drift velocity versus E/N
in comparison with the available experimental data. As
can be seen, even small (afraction of a percent) hydro-
gen additives lead to a severalfold increase in the drift
velocity of hot electrons. We have performed calcula-
tions for very small molecular impurity concentrations
in order to estimate the minimum amount of H, influ-
encing the electron transport properties in gaseous
xenon. The estimated minimum amount of the molecu-
lar additive is X, = 0.01%.

An analysis of the results of numerical calculations
and the structure of the Boltzmann equation (1) showed
that the electron transport characteristics (mobilities,
mean and characteristic energies, diffusion coeffi-
cients) in gas mixtures with small fractions of the
molecular impurity obey a similarity rule with respect
to the parameter E/(Nx ~/1 —X ) [11]. Thisimplies that
the values of transport coefficients (varying with the

impurity content x for afixed E/N) fit to the same curve
plotted as a function of the similarity parameter

E/(Nx~/1-X). Thisruleisillustrated in Fig. 2, where
the calculated electron mobilities and transverse diffu-
sion coefficientsin Xe-H, mixtures with various hydro-
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W, cm/s gen concentrations are plotted in comparison with the
available experimental data. As can be seen, the values

of NU(E/(Nx~/1-x)) and ND(E/(Nx./1—X)) con-
centrate at the universal curves. Deviations from the
similarity curves are observed for x > 0.04 (4%). This
upper boundary is determined by the ratio of cross sec-
tions of the elastic electron scattering on atoms and
molecules.

109k

In concluding, it should be noted that the results of
our investigation allow the values of the electron trans-
port coefficients to be determined with sufficiently high
accuracy in abroad range of conditions (gas density N,
field strength E, molecular admixture fraction x) for
which experimental data are not available. These data
are very important for developing gamma spectrome-
ters based on high-pressure ionization chambers filled
with xenon.
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Abstract—A new intense band of photoel ectron emission peaked at awavelength of 490 nm has been observed
in granular silver films with a nanoparticle size of 10-50 nm. Coinciding with an optical reflection band, the
new photoelectron emission peak is related to the excitation of surface plasmons in silver nanoparticles. The
guantum yield of photoemission (0.25%) for the new band is approximately equal to that for alongwave band
of the classical silver—oxygen—cesium photocathode. It is demonstrated that the photoelectron emission from
both photoemitters has a common nature and a time constant on the order of several femtoseconds can be

obtained. © 2004 MAIK “ Nauka/Interperiodica” .

Asis known [1], a maximum of the band of photo-
electron emission (PEE) from thin silver (Ag) films
activated in cesium (Cs) vapor fallswithin the ultravio-
let spectral region (A = 350 nm) and theintensity of this
band strongly depends on the Ag film thickness and
structure. It was demonstrated [ 2] that the PEE intensity
in this band increases approximately by one order in
magnitude when the Ag film activated in Cs hasagran-
ular (rather than continuous) structure, consisting of Ag
nanoparticles with a grain size from 10 to 50 nm. This
increaseis explained by the fact that the PEE process at
A = 350 nm is related to the excitation of surface plas-
mons, which sharply increases in nanoparticles due to
the dimensional effects [3]. The plasma resonance fre-
guency in solids is proportional to the charge carrier
density N and inversely proportiona to the dielectric
permittivity € and the effective mass m* of carriers:
w, = (4riNg%/m*€)V2. Metal nanoparticles may feature
enhanced plasma resonance at the main frequency and
exhibit additional resonances at lower frequencies
caused by a change in the dielectric permittivity of a
finely dispersed medium. The low-frequency reso-
nances can be related, for example, to an oblate shape
of Ag nanoparticles (as manifested in their absorption
spectra [4]) or to the presence of two populations of
nanoparticles of different size (manifested in the reflec-
tion spectra[2]).

This paper reports on the PEE caused by alow-fre-
guency plasma resonance due to the size effectsin sil-
ver nanoparticles.

The preparation of thin granular Ag films, their acti-
vation with Cs and oxygen (O), the measurements of
the PEE quantum yield and optical reflection spectra,
and the surface composition analysiswere performedin
an ultrahigh vacuum (1072° Torr) setup (Riber, France)
with Auger electron spectroscopy (AES) and X-ray

photoelectron spectroscopy (XPS) facilities. Granular
Ag filmswere prepared on thin amorphous underlayers
of aluminum oxide, which provided electric contact
with Ag nanoparticles by means of the tunneling effect.
First, thick (100 nm) aluminum layers were deposited
onto glass substrates and then kept in air for one day,
which resulted in the formation of an approximately
3-nm-thick amorphous aluminum oxide film. Then,
thin (7 nm) Ag films were deposited onto the surface of
aluminum oxide in the Riber setup and the samples
were heated in vacuum for 20 min a T = 300°C.
According to [2], this treatment leads to the formation
of a granular Ag film with nanoparticle dimensions
from 10 to 50 nm. Finally, the granular Ag films were
activated with Cs and O by a conventional method
developed for the negative electron affinity semicon-
ductor photocathodes [5]. The activation procedure
consistsin Csdeposition followed by repeated cycles of
O deposition without switching off the Cs source. This
treatment, ensuring a more pronounced decrease in the
vacuum energy level compared to that achieved by the
activation with Csaone[2], allowed usto observed the
PEE related to alow-frequency plasma resonance.

The measurements of PEE and the reflection spectra
were performed using an unpolarized light beam inci-
dent at 45° onto the sample surface. In the wavelength
range studied (400-800 nm), the PEE quantum yield
Q(A) of Cs-activated continuous 20-nm-thick Ag films
increased with decreasing A (Fig. 1, curve 4). In the
region of A < 430 nm, the Q value exhibited a sharp
growth related [2] to the PEE due to the main plasma
resonance with a maximum at A = 350 nm. A single
admission of oxygen after Cs activation led to a
decreasein the Q value. In contrast, repeated switching
of the oxygen source on and off after theinitial Cstreat-
ment allowed the maximum PEE quantum yield to be
reached. After such a cyclic treatment with oxygen, the

1063-7850/04/3004-0304$26.00 © 2004 MAIK “Nauka/ Interperiodica’



PHOTOELECTRON EMISSION CAUSED BY SURFACE PLASMONS

0, %
0.25

R, %
100

0.20 80

0.15 60

0.10 40

o L&\ )
4
1 1 aa()
400 500 600 700 800
A, nm

Fig. 1. The spectra of (1, 2) reflection coefficient R and
(3, 4) PEE quantumyield Q of (2, 3) granular Ag films acti-
vated with Cs and O and (1, 4) continuous Ag films acti-
vated with Cs.

value of Q increased one to three orders of magnitude
compared to that upon the initial Cs activation (Fig. 2).

The PEE quantum yield spectrum of granular Ag
films exhibited anew PEE band withamaximumat A =
490 nm (Fig. 1, curve 3). This peak was situated in the
region of the minimum of a longwave reflection band
(Fig. 1, curve 2) observed for granular Ag films and
absent in the reflection spectra of continuous films
(curve 1). The full width at half maximum of the PEE
band was about A = 1 eV. Thereflection spectraof gran-
ular Ag films also revealed the beginning of a band
related to the enhanced main plasma resonance at A <
450 nm. The PEE spectraof such filmsdid not show the
beginning of the band due to the main plasma reso-
nance because the deposition of oxygen in the course of
activation of continuous films decreases the intensity of
this PEE band. Aswas shownin [6], thisisexplained by
dissipation of the energy of photoelectrons emerging
into vacuum by tunneling viaapotentia barrier formed
by the activation layer, the thickness of which increases
in the course of cyclic oxygen deposition. As a result,
the shortwave PEE decreases, while the longwave PEE
from the states of lower energy increases as a result of
decrease in the electron work function ¢. The PEE
guantum yield from granular Ag films at A = 490 nm
reaches Q = 0.25%, which is more than ten timesthe Q
value for continuous films.

The appearance of a new intense PEE band in the
granular Ag films activated with Cs and O, which is
peaked at A = 490 nm and coincides with a band of
longwave plasma resonance reflection, indicates that
this PEE isrelated to the excitation of surface plasmons
in Ag nanoparticles. It should be noted that the spectral
position of thisband coincideswith that of aband inthe
absorption spectrum [4] of plasmons excited in oblate
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Fig. 2. A plot of the photosensitivity S of a granulated Ag
film versus the time of activation with Csand O. Symbols |
and Oindicate the moments of oxygen source switching on
and off.

spheroidal Ag nanoparticles prepared by a method
analogous to that used in this study. Investigation of the
reflection spectra [2] showed that the position of the
longwave plasma resonance band depends on the tem-
perature of annealing of thin Ag films upon deposition.
As the annealing temperature (influencing the size of
Ag nanoparticles) decreases, the plasma resonance
band shifts toward longer wavelength and approaches
A = 700-800 nm, corresponding to the maximum PEE
guantum yield of Q = 0.3% observed for a silver—oxy-
gen—cesium (Ar—O—Cs) photocathode [1].

We have studied by AES and X PS the surface com-
positions of the granular Ag films activated with Csand
O, Ag—O-Cs photocathodes, and negative electron
affinity photocathodes with Schottky barriers. The
results of this investigation showed that the surface
compositions of these photoemitters are identical. In
the negative electron affinity photocathodes, a decrease
inthe electron work function ¢ upon the activation with
Csand O is caused to the formation of athin (~1 nm)
dipole layer involving dipoles of Cs" ions and Cs—O—
Cs. Therefore, a decrease in the ¢ value in the case of
granular Ag films can also be related to the appearance
of an analogous layer upon activation.

The PEE from granular Ag films activated with Cs
and O can be considered as the photoemission from a
two-dimensional Ag—O—Cs photocathode. In such a
photocathode, the surface of Ag nanoparticles with
dimensions about 10-50 nm occurring on athin Al,O;
substrate is surrounded by a layer of Cs* ion dipoles
decreasing the electron work functionto ¢ = 2 eV and
by athicker layer of Cs—-O—Csdipoles further reducing
this value to ¢ = 1 €V. The results of investigations
show that the longwave PEE band in such photocath-
odes is related to the excitation of surface plasmonsin
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Ag nanoparticles, while the spectral position of this
band apparently depends on the size, shape, and distri-
bution of these nanoparticles. In the known photocath-
odes, the PEE isdue to abulk three-stage external pho-
toelectric process involving photoelectron generation,
transport to the surface, and escape into vacuum. The
characteristic time constant of such photocathodes is
determined by the transport of photoelectrons to the
emitter surface[1, 5].

In our two-dimensional photoemitter, we deal with
a surface photoel ectric process determined by the exci-
tation of surface plasmons and, hence, the stage of pho-
toelectron transport ismissing. Therefore, thetime con-
stant t can be significantly smaller compared to that in
the conventional photocathodes. In the two-dimen-
sional photoemitter studied, the t value is determined
by the time of plasma wave propagation through a
nanoparticle. For Ag nanoparticles with an average size
of d = 10 nm, thistime can be estimated ast = d/2v =

5 fs, where vg = 10° m/s is the electron velocity on the
Fermi surface. The small relaxation time of the plasma
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wave is confirmed by alarge width of the surface plas-
mon band reaching A = 1 eV (Fig. 1).
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Abstract—The efficiency of thermophotovoltaic converters employing indium nitride (InN) has been evalu-
ated. The results of calculations show that InN based converters are advantageous over the conventional GaSh
devices under the conditions of operation at elevated temperatures. © 2004 MAIK “ Nauka/Interperiodica” .

A true value reported quite recently [1, 2] for the
bandgap width of indium nitride, which had been pre-
viously considered as atypica wide-bandgap semicon-
ductor, alowed the revision of the possible fields of
application of thismaterial. Since the bandgap width of
InN has proved to be much lower (E,= 0.7 eV at 300 K)
than that accepted previously, we may expect that this
material can be used in effective radiation detectors for
the IR range.

This Letter is devoted to evaluation of the efficiency
of InN based thermophotovoltaic (TPV) converters. It
should be noted that experimental data available on the
optical and electric properties of InN refer mostly to
that period when this material was treated as a wide-
bandgap semiconductor. For this reason, our calcula
tionswere performed within the framework of ageneral
thermodynamic approach successfully used for evalua-
tion of the limiting efficiency of solar cells[3].

The efficiency of a TPV converter was defined by
the formula

_ Emaxlph
EE
where
~ gty AT, raVie , 17 _AKTH,
Emax"'qEJld q In|:AkT+li| q g

_AKT, o

Uyg= q In 07,0

and U, is the idle duty voltage. A model source of IR
radiation was the blackbody with the ideal selectivefil-
ter reflecting al photonswith hv < E,. Thetotal surface
radiation density E. and the photocurrent | , were deter-
mined from the spectral density of photons dn,,/d(hv)

of the model source (Fig. 1, curve 1). The saturation
current |, was determined as [4]

- q(n’ + 1)EKT
° 4TPH3C?

It was assumed that the absorption of each photon
with an energy in the interval E; < hv < E; + 0.1 eV
leads to the production of a conduction electron, while
photons with the energies hv > E; + 0.1 eV are
absorbed by the crystal lattice with an increase in the
semiconductor temperature. For comparison, we have
used the same model to perform calculations for acon-
verter based on GaSh, a material widely and success-
fully used in TPV converters. The curves of relative
thermal losses in TPV converters versus blackbody
temperature for InN and GaSb are presented in Fig. 1
(curves 3 and 2, respectively).
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Fig. 1. The spectra distribution of the photon flux density
for amodel source with Tg= 1973 K (1); the fraction of the
source radiation spent for thermal losses versus blackbody
temperature for TPV converters based on (2) GaSb and
(3) InN.
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Fig. 2. Plots of (1, 2) the efficiency A (normalized to the
value at 300 K) of TPV convertersbased on InN and GaSb,
respectively, and (3) the T; value versus source tempera-
ture Tg.

The operation of TPV converters under real condi-
tions involves increased energy flux densities analo-
gous to those encountered in solar cells—converters of
concentrated solar radiation. For this reason, we
adopted the approach to determining the contributions
of various parametersto the temperature dependence of
the TPV conversion efficiency developed in [5].
According to this, the temperature dependence of n is,
inthefirst approximation, fully determined by the char-
acter of variation of the function dU;q/dt = (E;— U;)/T.
It was also assumed that the values of Ey(T) for both
GaSb and InN are constant in the temperature interval
from 300 to 400 K (no data on E4(T) of InN are avail-
able at present). This assumption does not influence the
character of n(T): a decrease in the semiconductor
bandgap width with increasing TPV temperature leads
to aninsignificant change inthe photocurrent | ,,, which
is almost completely compensated by the correspond-
ing growth of 1,. The calculations were performed for
the following parameters: A = 1.5; Eqgss, = 0.70 €V;

Eomn. = 0.72 €V; Ngaep = 3.79[6]; Ny = 2.0[7].

Figure 2 shows the temperature dependences of the
conversion efficiency (normalized to that at 300 K) cal-
culated using the above model with a source tempera-
ture of T, = 1973 K for TPV converters based on InN
and GaSh. As can be seen, the n(T) value for InN does
not vary as strongly with the temperature as does that
for GaSb. Thisis an important result, since an increase
in Tsgivesriseto thefraction of photonsabsorbed in the
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TPV crystal without the production of charge carriers
participating in the photocurrent (thisfraction isaways
greater for Gasb than for InN: cf. curves 2 and 3 in
Fig. 1). A TPV converter based on GaSb will be heated
to agreater extent, since the thermal conductivity of this
materia islower thanthat of INN (k = 0.35W/(cm K) [5]
versus 0.45 W/(cm K) [7], respectively). The therma
conductivity of sapphire (usual substrate material for the
epitaxial growth of InN) amountsto ~1.0 W/(cm K) [8].
By comparing of the efficiencies of TPV converters
based on InN and GaSh at various temperatures, we
determined the temperatures T, above which the abso-
lute efficiency of the InN based converter exceed that of
the GaSb based device in the temperature interval stud-
ied. The plot of T, = f(Ty) is also presented in Fig. 2.

In conclusion, it should be noted that the observed
behavior of n(T) qualitatively agrees with the results of
other researchers (see, e.g., [9]) and does not contradict
published experimental data [10]. On the whole, the
results of our calculations show that TPV converters
based on InN are advantageous at elevated temperatures.
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Abstract—Relations determining the laws of reflection and refraction of a plane wave in the defect field at an
interface between two viscoplastic media are obtained based on the dynamic equations of the continuum theory
of defects. The reflection and transmission coefficients relating the amplitudes of reflected and transmitted
waves to the incident wave amplitude are determined. The obtained relations are applied to a particular case of
media with weakly decaying waves. © 2004 MAIK “ Nauka/Interperiodica” .

Previoudly [1, 2] the laws of propagation of plane
defect waves and the structure of these wavesin avis-
coplastic medium were considered based on defect
field theory. In a continuation of that analysis, let us
take into account processes at an interface between two
such media. Numerous results [3-5] show evidence of
a special role of interfaces in the process of deforma-
tion. Hence, studying the behavior of loaded materias
in the presence of interfacesis an important problem of
the mechanics of deformed bodies.

Aswasdemonstrated in [1, 2], thefield of defectsin
aviscoplastic medium obeying the relation

g=nl 1

satisfies the following system of dynamic equations of
the defect field theory,

Od =0, OO =0,

06 _ I I 2
H—DXI, S(Dxx)——Ba—o,

writteninterms of thelinevectors I; = [l, iy, Ii], &; =
[aix Oy, O], @nd G; =[O, Oy, Gi] Of the corresponding
tensors. Here, n isthetensor of viscosity coefficients, o
is the defect density tensor, | is the defect flux density
tensor, and o is the effective stress tensor; B and Sare
constant quantities; and signs(-) and (x) denote the sca-
lar and vector product, respectively.

In order to uniquely determine characteristics of the
defect field proceeding from preset initial values, the
above equations have to be supplemented by the bound-
ary conditions formulated in the usual way [6]. We

assumethat thenormal (in, @,) and tangential (1, &)

components of characteristics of the defect field at the
interface satisfy the following conditions:
Trj;—Aﬁ = Ol di_aﬁ = 01
1 1 (©)
li =1t =0, S0;,-S04; =0.

Let the interface between two homogeneous media
to coincide with the plane z= 0 in the Cartesian coordi-
nate system. Media occupying the upper (z > 0) and
lower (z < 0) half-spaces are characterized by the sets
of parameters B;, S, n; and By, S;, n,, respectively.
Consider a plane wave with frequency w and the wave
vector K, = kymy (k; = w/V; (where my isthe unit vector
of the normal to the wave front) incident from the first
(upper) medium onto the interface at an angle of 6, rel-
ative to the z axis (Fig. 1). Let the plane of incidence
containing vector K, and the z axis coincide with the xz
plane. Denoting the wave vectors of the reflected and

I,z
I VR
%
mO 90 el my
1
2 X

my
0,

]VT

Fig. 1. The geometry of reflection and transmission of a
plane wave at the interface between two media.
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transmitted waves by K; = k;m; and K, = k,m,, respec-
tively, and introducing the unit vector z, of the normal
to the interface, the defect field can be written as fol-
lows[1, 2]. For the incident wave,

1 = Toexp(—iwt +ikmyr),

a = I_mOfojzlexp(—iooHiklmor), @
for the reflected wave,
Tr = T1exp(=iwt +ik,myr), )
ar = | Ml |Z exp(=iwt +ikmyr),
and for the transmitted wave,
It = lexp(—iwt +ik,m,r), ®)

ar = | myl, |Z,exp(—iwt +ik,myr).

Here, 2, =1/V,, Z,= 1/V,, and V;, V, arethe wave prop-
agation velocities given by the formulas (subscripts are
omitted)

_ IS ingo _ . _ .
V= /E/%L+m = C/J/1+itand = C/(n+i¥),

where n and x are the coefficients of refraction and
absorption, respectively; tand = n/Bw is the loss tan-

gent; and C = ./S/B.
Writing boundary conditions (3) for the tangential
components of the total wave field & and | as

[Zolo] exp(iKqr) +[Zo] 4] exp(iKyr) = [Z,] 5] exp(iKy,r),
[Zo[ Mol ol ] €Xxp(iKor) + [Zo[myl4]] exp(iKyr) @

_ 24

Sz,

we find that the phase factors must obey the relations

[Zo[ M, 1] ] exp(iK,r),

Kimgr|, - = Kimyr|,—o = Komyrf, -
or
k,SinB, = k,sinB, = k,sind,.

From this it follows that the angle of reflection 0, is
equal totheangle of incidence 8, (thelaw of reflection),

8o = 0, (8)

and the angles of refraction and incidence arerelated as
(the law of refraction)

snb, _k; _V,

snf, k, V; ©)

In order to determine the amplitudes of the reflected
and transmitted waves, let usreturn to Egs. (7) and con-
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sider waves having two different linear polarizations. a

horizontally polarized wave with the vector | having
nonzero components perpendicular to the plane of inci-
dence (I =1, =0, l; # 0) and a vertically polarized

wave with the vector T having nonzero componentsin
the plane of incidence (I,; =0, I; # 0, 1 ; # 0). Inthefirst
case, the unknown amplitudes |,, |, satisfy the equa-
tions

lo+1,=1, SZ,(lg—1;)cosB, = S,Z,I,c0s8,. (10)

Solving these equations, we obtain the coefficients
relating the amplitudes of reflected and transmitted
waves to that of the incident wave,

R, = R, = S,Z,co0s6, - S,Z,c0s0,
J " s,Z,cos8,+ S,Z,c0s0,’

3 2S,Z,cos6,
~ S,Z,c080, + S,Z,c0s6,’

(11)
-

g Ty

where R, =14/l and Ty = 1,/14. For the vertically polar-
ized wave, the system of equations (7) yields
(Ig—14)cosB, = I,cos0,,
SiZi(lo+11) = SZ,1,
and the coefficients relating the amplitudes of three

waves (known in electrodynamics as the Fresnel coeffi-
cients[7]) appear as

_ S,Z,c088,—S,Z,cosB,

(12)

R, =R = S,Z,c0s0, + S,Z,c0s6,’ 13
T =T = 2S,Z,c0s8,
v T 57,0080, + S,Z,c080,

Using relation (9), expressions (11) and (13) can be
rewritten as functions of the angle of incidence. In par-
ticular, for the normal incidence (8, = 0),

_S4-S4 _
NSz, T T

Let usapply the general expressions (11) and (13) to
analysis of a particular case of the interface between
two mediawith weakly decaying waves, tand, < 1land

tand, < 1, whereby theratio

\LZ 3 32 1+itan61DCi2 _ SZ_B1

V, Cyl+itand, C, SB,
is real. The coefficients of reflection and refraction
given by formulas (11)—(13) for V,/V; <1 arealso redl,

so0 the phase shift between the incident and reflected
waves is either zero or 1t Figures 2a and 2b show the
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reflection coefficients Ry(6,) and R,(6,) for various
ratios of the model parameters (such that V,/V,; < 1): (1)
SIS, > VoIVy; (I1) S/S, = 1; and (111) S/S, < V,/V,. The
curves of Ry(6y) exhibit no singularities and cross zero
only for V,/V; =1 and S/S, =1, that is, for the two
media with identical properties, whereby the interface
disappears and reflection vanishes. The coefficient
R,(6,) can be alternatively expressed as

_ S,sinB,cos0,— S;sinB,cos8,  tan(B,—¢)
Y " S,sinB,cos0, + S;sinB,c0s0,  tan(B,+ d)

Besides the points where V,/V; = 1 and S/S, = 1, this
expression exhibits an additional singularity at

8+ ¢ =3, where ¢ = %arcsin(SllszsinZGZ). (14)

By jointly solving equations (9) and (14), we determine
the angle of incidence

5 = arcsin[ (Vo) — (S/9) /[ (VM) - (S/9)7,

for which this singularity takes place. The angle 65

corresponds to the total polarization, whereby an arbi-
trarily polarized wave incident at this angle will be
reflected horizontally polarized.

Now, let the reflection take place at an interface
between two media obeying the condition V,/V; > 1,
which, according to relation (9), implies that 6, > 6,.
Then, for sinB, > V,/V,, the quantity

cos8, = J1—(V./V,)’sn’0
2 = 1= (VoIV)?sin’, 5

= +i,/(V,/V,)?sin’8,— 1

isimaginary. This case correspondsto the total internal
reflection from the interface between two viscous
media. The angle 8, satisfying the condition

sing, = x—l (16)
2

is caled the total internal reflection angle. In this case,
sinB, = 1 and the transmitted wave propagates parallel
totheinterface. Let usconsider in more detail the struc-
ture of this wave for the angles equal to or greater than
the limiting value. Using relation (15), the transmitted
wave (6) can be expressed as

T+ = Toexp[—i (ot —k;SinB,x)

— (@Ko (V2/Vy) sin’8, - 1].
This expression describes aplaneinhomogeneouswave
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Fig. 2. Plots of the reflection coefficients (a) Ry and (b) R,
versus angle of incidence for (I-111) V,/V; = 0.6 < 1 and
(1-3) Vo/V;=1.033>1: (1, 1) S}/S; =143, (11,2) §/S, = 1;
(111, 3) /S, = 0.43.

with the phase varying along the x axis and the ampli-
tude exponentially decaying along the z axis.

In Figs. 2a and 2b, curves 1-3 show the reflection
coefficients Ry(6,) and R,(8,) for V,/V; > 1. As can be
seen fromformulas (11) and (13), the case of total inter-
nal reflection correspondsto |Ry| = |R, | = 1, whereby the
intensity of the reflected wave is equal to that of the
incident wave for each component with horizontal or
vertical polarization. The same formulas alow the
phase change between the reflected and incident waves
to be readily calculated as

s VoIV, 2sin?8, -1
2 S,\V,/S,V,cos6,

- VoIV 2sinte, -1
2 S\V,/SV,cos6,

In conclusion, the main results can be formulated as
follows. We have established the relations describing
the laws of propagation of plane waves of adefect field
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across the interface between two viscoplastic media
(i.e., the laws of reflection and refraction of defect
waves) and determined the corresponding reflection
and transmission coefficients. It was demonstrated that
certain relations between the characteristics of two
mediain contact makes possibl e the phenomena of total
internal reflection and total polarization of the reflected
wave. In the former case, the wave of the defect field
and, hence, the plastic strain propagate along the inter-
face and do not penetrate into the second medium. In

the latter case, awaveincident at the angle 65 and pos-
sessing arbitrary nonzero components is reflected with

horizontal polarization, that is, has a nonzero compo-
nent perpendicular to the plane of incidence.
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Abstract—A method of the flow field velocity monitoring has been developed based on the laser Doppler
imaging with chromatic selection of the velocity vector components in an orthogonal coordinate basis set.

© 2004 MAIK “ Nauka/Interperiodica” .

Most important problems in the optical diagnostics
of flows are related to the imaging and measurement of
the flow velocity field. Laser Doppler anemometry
techniques[1] are most suited for the measurement of a
local flow velocity. The known methods of particle
image velocimetry (PIV) [2] involve basic limitations
related to the dependence of the results of measure-
ments on the spatial and temporal frequencies of a
probing set and, hence, on the concentration of cali-
brated particles introduced into the medium studied.
There are many unresolved problems encountered in
the processing and identification of particle tracks.
These methodological and technical limitations cast
doubt on the very possibility of using traditional PIV
techniques for real-time imaging and measurement of
flow velocity fields.

Previoudly [3], we developed a method for the on-
line laser Doppler imaging and measurement of the
flow velocity field. Based on the optical frequency
demodulation of alight field, the proposed method was
later called global laser velocimetry (GLV) [4]. Laser
Doppler imaging of the velocity field of a swirling flow
in the Rank—Hilsh vortex tube was reported for the first
time in [5], where this technique confirmed the exist-
ence of double-helix vortices previously revealed by
the method of Gilbert optics[6].

Recently [7], we proposed a possible solution to the
problem of imaging and measurement of the flow
velocity field in a three-dimensiona coordinate basis
set, based on atemporal selection of the velocity vector
components and a linear transformation of the cross-
sectional image frequency-demodulated in a coherent
light. In this method, the frequency of switching of a
light field forming the “laser sheet” is restricted to the
Nyquist frequency related to the upper boundary of the
power spectrum of the process studied. This Letter
reports on the method of real-time imaging and mea-
surement of a flow velocity field, which is free of the
above limitation.

Figure 1 shows a schematic diagram of the experi-
mental setup comprising a hydrodynamic device form-

ing aswirling flow in a cylindrical channel and a laser
Doppler system imaging the velocity flow field with
chromatic selection of the velocity vector components
in an orthogonal coordinate basis set. The measuring
system employs an argon laser generating blue and
green spectral lines. A dispersion prism splits the laser
radiation into the blue and green beams. Past mirrors
M, and M,, anamorphic optical system (AQS), and mir-
ror M3, the blue beam is transformed into a blue laser
sheet selecting an axial probed cross section in the
transparent cylindrical channel with a water flow per-
turbed by the vortexer. By the same token, the green
beam is transformed by an anal ogous anamorphic opti-
cal system and mirrors M,—Mg into a green laser sheet
adjusted so asto coincide with the blue sheet. Thelight
fields in the blue and green planes are oriented in the
opposite directions,

ko _ K
ky Ky

(o]

where k;, and k, are the wave vectors of the blue and
green light fields, respectively. The laser sheetsillumi-
nate the selected cross section of the flow.

A bichromatic Doppler processor (BDP) with a
coherent feedback is based on a semiconfocal optical
cavity with a mode structure matched with that of the
probing laser in the blue and green spectral regions. The
transmission function of BDP for the blue and green
laser emission lines has a resonance shape. A linear
portion of the corresponding chromatic amplitude—fre-
guency characteristic of BDP is used asthe discrimina-
tion curve. The optical axis of BDP is orthogonal to the
laser sheet. In the output plane, BDP forms an image of
the selected cross section of the flow in a frequency-
demodulated coherent light. The frequency-demodu-
lated image is monitored by a CCD camera. After sep-
aration of the signal into RGB components, the G and
B images are normalized to the corresponding chro-

1063-7850/04/3004-0313$26.00 © 2004 MAIK “Nauka/ Interperiodica’
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Fig. 1. Schematic diagram of the experimental setup: (1) laser; (2) prism; (3) objective lens; (4) optical processor; (5) personal com-

puter; (6) anamorphic optical system.

matic images not subjected to frequency demodulation.
The images are processed in a personal computer.

Thelight field intensity at each point of theimageis
a single-valued function of the projection of the veloc-
ity vector onto the direction of the sensitivity vector K
equal to the difference of wave vectors of the scattered
(kg and incident (k;) light beams (K = K¢ — k;). The
two-dimensional (2D) coordinate basis set isformed by
the vectorsK, and K,

Ky = Kp—BKyg;

Ky =

Kp—BKy,
where Ky, = Ky — Ky, Kg = Kgs —Kg Kps and ks are the
wave vectors of the blue and green scattered beams,
respectively; ky, and k,, are the wave vectors of the blue
and green laser sheet fields forming the spatially coin-
ciding oppositely directed laser sheets; and 3 = ky/k.
Indeed, the cross section probed by alight field with
the wave vector k,, isimaged at the BDP output by a set
of images of the scattering optical inhomogeneities
0(&, N)O(x—&,y—n), where (€, n) are the coordinates
of the optical inhomogeneitiesin the (x, y) plane of the
cross section. Therefore, a frequency-demodulated
image of the cross section selected by the blue laser
sheet can be described as

Wp1(X, Y) = vHKbv(E, nN6eE,n)d(x—&, y—n)dédn
= YKuv(X Y)o (X y),

wheretheintegral istaken over thewhole selected cross
section, wp,(X, y) isthe Doppler frequency shift of the

TECHNICAL PHYSICS LETTERS  Vol. 30

blue light beam forming the point (X, y) in the image at
the BDP output, v(X, y) is the velocity vector at the
point (X, y), and yisthe slope of the BDP discrimination
curve. The factor ¢(x, y) corresponds to the scattering
function in the direction K, which describes the pri-
mary image of the selected cross section (not subjected
to frequency demaodulation). Then, the function

Wp1 (X% Y) _

vocxy) V)

(I)Db(xv y) =

describes a distribution of the relative intensity of the
frequency-demodulated image. From this it follows
that wpy, (X, ) isasingle-valued function of the vel ocity
field component in the direction K :

Vo(x,y) = Kibv(x, YKy, (1)

By the same token, the velocity field component in the
direction of the sensitivity vector K, corresponding to
the green spectral range of the probing laser is

Ve(X,Y) = V(X YK, @

g

Equations (1) and (2) describethefields of the color-
selected velocity vector components in the orthogonal
basis set formed by the sensitivity vectors Ky, and K.
In order to passto a 2D basis set with thex axislying in
the plane of the laser sheet and the z axis perpendicular
tothisplane, itissufficient to apply alinear transforma-

No. 4 2004
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Fig. 2. Laser Doppler imaging of the velocity field of a
swirling water flow: (a, b) images in the (Kp, Kg) and
(Ky, K) coordinate basis sets in the (1) green and (2) blue

laser sheet channels; (¢) stereoscopic reconstruction of the
2D flow vector velocity field (for 3D perception, eyes
should be accommodated to the infinity).

tion to the images v,,(X, y) and v4(X, y). Subtracting and
adding Egs. (1) and (2) yields

V(X Y) = V(X Y)

3

= Vo = i = vk
V(X Y) + Vg(x,Y)

4

= VONHE 8 = Vo = valey) “

Ky KT

Figure 2a shows an example of the optical image of a
2D velocity field in the flow cross section selected by
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the laser sheet plane, constructed in the orthogonal
coordinate basis set (K, K ). Figure 2b presentsthe 2D
velocity field of the swirling flow in the coordinate
basisset (K,, K ). Figure 2c shows a stereo image of the
reconstructed 2D velocity field (for 3D perception, eyes
should be accommodated to the infinity).

For velocity field imaging with chromatic selection
of the velocity vector components in a 3D orthogonal
coordinate basis set, it is sufficient to form the third
laser sheet plane using, for example, the radiation of a
laser operating in the red spectral range. The wave vec-
tor k, of the red laser sheet field should be perpendicu-
lar to the wave vectors of the blue (k;,) and green (k)
laser sheets. The RGB signal separation into compo-
nents and their processing are performed as described
above.

The proposed method is the first technique capable
of imaging the dynamic fields of flow velocity vectors
in the orthogonal coordinate basis set, which consider-
ably expands the possibilities of optical diagnosticsin
basic hydrodynamics and gasdynamics as well as in
commercial technologies encountering the problem of
nonperturbative monitoring and control of flowsin flu-
ids and condensed media.
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Abstract—We consider one-dimensional symmetric fractal walk of a particle with free path lengths distributed

according to an asymptotic power law (Ox* ~1) modeling the transport in a strongly inhomogeneous fractal
media. The spatial distribution of particles is determined, which is a Gaussian distribution for a > 2, astable
Lévy distribution for 1 < a < 2, and is confined within afinite segment for a < 1, exhibiting a minimum in the
middle and integrable singularities at the ends. Qualitative differences between these distributions are
explained by the predominance of one of the two competitive processes: diffusion (o > 1) and ballistic (a < 1).
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The transport theory and its numerous applications
(see, e.g., [1]) arebased on asimple model of randomly
walking particles, with their trajectories representing
broken lines consisting of independent random straight
segments called free paths. The distribution of free path
lengths in a homogeneous medium obeys an exponen-
tial law. In inhomogeneous media, an exponential law
describes the distribution of the optical path length
defined as the integral of the interaction cross section
along the path. In the case of a self-similar inhomoge-
neous (fracta) medium modeling porous and some
other media (see, e.g., review [2] and monograph [3]),
the concept of cross section isinapplicable and the dis-
tributions acquire unusual forms. This Letter considers
the ssimplest problem of this kind.

The one-dimensional symmetric walk of a particle
at afinite free motion velocity v ischaracterized by a
density of the distribution of the particle coordinate x at
atimet,

p(x, 1)

t

= %J’[f(X—VT,'[—T) + f(x+ vt t—1)] P(vr)dr,(l)
0

where P(x) = J‘: p (X)dx, p(x) is the distribution density

of the random free path lengths at the end of which the
direction of motion can change with a probability
of /2 and f(x, t) isthe density of callisions (the average
number of collisions on a unit length interval per unit
time). If a particle starts walking from the origin at

t =0, the density of collisionsf(x, t) satisfies an integral
equation [4]

F(x 1) = %J’[f(x—vr,t—T) -
0

+ f(x+ vr, t=1)] p(vT)dt + d(X)d(t).

In a homogeneous medium with exponential distri-
bution of free path lengths, Eq. (2) converts into a dif-
ferential equation in partia derivatives of second order
(telegraph equation) [5]. The automodel solution of this
equation is expressed in terms of modified Bessel func-
tions and transforms into the normal (Gaussian) distri-
bution in the asymptotic case of large times. For an
arbitrary distribution density function p(x) with afinite
second-order moment, the telegraphy equation is satis-
fied with the asymptotic part of the solution.

Previoudly [4, 6, 7], it wasdemonstrated that asymp-
totic automodel solutions exist in the case of fractal

walk with p(x) ~ o gg x@~1, where 0 < a < 2. Below, we
present the results of calculations for such distribution.

Using the Fourier—Laplace transform

[ +o00

P(k.A) = [at [ dxexp(ikx—At)p(x,1).
0 -

integral equations (1) and (2) can be transformed into
algebraic relations of the type

Bk \) = %W(k, Nk ),

1063-7850/04/3004-0316$26.00 © 2004 MAIK “Nauka/ Interperiodica’
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F(kA) = T+w(k A)T(k M),

which can be solved with respect to the transform of the
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[

W(k, A) = J’[e_(“")xcos(kx) J'p(é)di}dx

0

unknown distribution to yield AV
= ————[1-w(k,A)]
W(k ) (AMv) +k
P(kA) = ———e, ©) k - Lo :
v[1-w(k, A)] + ——(V2i AMv —ik) —p(A/v +iK)],
()\/v)2+k2( ) p( )—p( )]
Here, and
POV = [e™p(x)dx
w(k,\) = J’ e M cos(kx) p(x)dx 0
isthe Laplace transform of the free path length distribu-
_ (1/2)[p()\/v—ik)+ BOMV +iK)], ggtna%ensty. Substituting these expressionsinto (3), we
Bk, A) = 2(MV) = (A Iv +iK)p(Alv —ik) — (A Iv —iK)p(A /v +|k) @)

v[k +()\/v)][2 P(A /v —iK) — p(A\ /v +iK)]

According to the Tauber theorem [8], the asymptotic
(t — o) behavior of the density p(x, t) is determined
by the asymptotic (A — Q) behavior of the transform

p(k, A). In the case of fractal walks, we have the fol-
lowing expansions:

p(A) = 1-cA\%, c¢ = (Ala)l(1-a), O<a<l1,
DO\ = 1—mA +c A, ¢, = (A/o()r(2 10‘)

l<a <2,

PA) = 1—mA + (M,/2)A% = c,\°,
MN3-a)
(a-1)(a-2)’
where m, are the moments of the free path length distri-

bution.
Inthefirst case (0 < a < 1), we obtain the expression

c, = (Ala) a>2,

MV —iK)* T + (A +ik)* !
vI(AMV =ik)* + (Alv +ik)® ]
In particular, for a = 1/2, the transform

p(k,A) =

. 1
p(kA) = —————
VMV + K
isreadily inverted to yield
p(x t; 1/2) = ———r (5)
W (vt) = x°

TECHNICAL PHYSICS LETTERS Vol. 30 No. 4

For 1 <a <2, theasymptotics of [Mvk| — Oyields
the transform
Pk A)
_2mi—o(Mv —ik) T = (M +ik) T
vi2my(AIv) —c,(Mv —ik)* —c,(AIv +iKk)]
U 1 )
vI[(Av) + RIK]

where
R = (c,/my)|cos(art/2)|
= [F(2-a)/e" ™ |cos(am/2)|.

Inthis case, theinverse Laplacetransform leadsto a
characteristic function of the random coordinate of the
walking particle that is related to the characteristic

function g (k; a) = exp(—|k|*) of the stable distribution
density g(x; o) as
(k t) _ —RVt“(‘ — @((th)llak)

Reconstructing p(x, t), we obtain

+00 +o00

p(x,t) = —J’ p(k, t)e e gk = > J— —\(th)

1o |@

K &% gk

= (Rvt) g(x(Rvt)™; a, 0),
where g(x; a, 0) isthe symmetric stable density [9].
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Fig. 1. Distribution density p(x, t) for t = 103, v = 1, and
o = 1/2. Solid curve shows the results of calculations by
formula(5); points present the results of Monte Carlo sim-
ulation.

Finaly, for a > 2 we obtain
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Fig. 2. Distribution density p(x, t) for t = 10%, v = 1, and
o = 3/2. Solid curveis constructed using datafrom the table
of stable distribution densities; points present the results of
Monte Carlo simulation.

2m, — My(AV) + Co(MV —iK)® T + c,(AMv +ik)*

p(k,A) = R — —
v[2mA/Iv) —my(AIv)" =K") + c(Alv —iK)" + C,(Alv +iK)']
O 1 =
V[(AIv) + (m,/2m,)K]
which yields REFERENCES
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Figures 1 and 2 show the results of numerical calcu-
lations for a = 1/2 and 3/2 in comparison to the results
of direct simulation using the Monte Carlo method. The
qualitative difference between the distributions can be
explained in terms of the competition between two pro-
cesses: diffusion, corresponding to the expansion CtVe
in the absence of limitations, and ballistic, restricting
the particle position to the [-vt, vt] segment. For a > 1
and large times, the former process is predominating
(rapidly expanding interval [—vt, vt] ceases to influ-
encethediffusion). For a <1, therole of kinematic lim-
itations increases and the distribution concentrates in
the regions adjacent to the boundaries. Originally, adis-
tribution of this kind was obtained by Monte Carlo
method in [10].
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Abstract—An approximate analytical solution of the system of Takagi equations for the amplitudes of dif-
fracted and transmitted wavesis obtained for the backscattering of a plane X-ray wave from an elastically bent
crystal. In the case of diffraction in the reverse direction (strict backscattering), the obtained solution is exact.
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This Letter reports on an analytical solution of the
system of Takagi equations describing the amplitudes
of diffracted and transmitted waves in the case of a
monochromatic X-ray wave backscattering from a bent
ideal crystal.

Consider a plane X-ray wave Eyr, t) =
Eq(r, w)egexp(ikqr —iwt) outgoing from a point source
S(Fig. 1), passing through amonochromator separating
the frequency w, and incident onto a cylindrically bent
crystal at an angle of ¢, with respect to the normal to
the crystal surface at its center. Here, wisthe wave fre-
guency, &, isthe polarization vector, and k,, is the wave
vector of the incident wave. Expanding the X-ray polar-
izability x(r) of the crystal into a Fourier series and
restricting the expansion to the first three terms, we
obtain

X(r) =% xnexp{ih[r —u(r)]} . )

0,th

Here, X, = Xir + 1X;i are the Fourier components of the
X-ray polarizability of theideal crystal and r(x, y) isthe
radius vector of an atom in the unbent crystal. Let us
consider the case of ¢, < |X|2 which corresponds to
the incident wave fully reflected from the crystal in the
reverse direction. When ¢, > |X|[Y3, we may assume
that Bg # TU2. For this case, an analytical solution of the
system of Takagi equations was obtained by
Chukhovskii et al. [1-3]. The diffraction reflection in
the direction of the wave vector k, is elastic and coher-

ent, sothat ki = ki = K2

Let us consider backscattering from a crystal with
one-dimensional bending, whereby hu = k(xR +
Z2IR,). Here, hiisthereciprocal |attice vector of theideal

unbent crystal, u isthe vector of elastic displacement of
atoms in the crystal lattice upon elastic bending of the

crystal, R, istheradius of crystal bending in the diffrac-
tion plane determined by the k, and n vectors, and R, is
the radius expressed via components of the reciprocal
tensor of elastic moduli [4, 5].

Previoudly [6], the system of Takagi equations[7, 8]
was reduced to a second-order differential equation for
the diffracted wave amplitude E,,

d°E,/dZ + A(z)dE,/dz+ B(2)E,(2) = 0, (2)
where

A(2) = Aj+ Az, A = 2i(88)°, A, = 2ikIR,
B(z) = B, +B,z,

B, = K2{ Xo(Xo + @) = XnX_nt /4,
B, = —K*(Xo—0)/R,

o = —4(AB)°, A6 = -T2,

and 6 is the dliding angle for the incident plane har-
monic wave. Equation (2) was obtained for an (X, 2)

region inside the crystal such that x > ztan¢,, where
(according to the above assumption) tand, ~ |Xq Y2

(Fig. 2). In the case of diffraction in the reverse direc-
tion (strict backscattering), whereby ¢, = 0, Eq. (2) is
valid for any x, z

A solution to Eq. (2) has the form of a Fourier
integral,

+00

En(2) = (2ﬂ)_lfdeh(k)exp(ikZ), ©)

1063-7850/04/3004-0319$26.00 © 2004 MAIK “Nauka/ Interperiodica’
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kO
. k,
do!
nJ X
Z

Fig. 1. The geometry of backscattering of a plane mono-
chromatic X-ray wave emitted from source S, incident at an
angle ¢ onto acylindrically bent crystal (n isthe unit vec-
tor of normal to the crystal surface; kq and ky, are the wave
vectors of the incident and diffracted waves, respectively).

o

®o

Z

Fig. 2. Schematic diagram illustrating the boundaries of
applicability of Egs. (2) and (10). Lines OB and OA corre-

spond to the equation [x| = 10tan¢, z. Takagi equationsin

the form (2) and (10) and, hence, the obtained solutions are
valid to the left of OA and to the right of OB.

where
Gh(K) = exp(=ik*/2A,— Akl A, + BokIA3)

. A \-1 )
X (1+ikAy/B,); (iBy) 7,

A; = (ALA,B,— B3 —B A - A))IAS. (5)

As can be readily seen, the G(k) function for the
ideal unbent crystal (A, — 0, B, —= 0) is propor-
tional to the deltafunction d(k—¢; ,), whereg, , arethe
excitation errors for the ideal crystal:

£, = {iA % (-A2+4B,)"} /2. (6)
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The amplitude E,, of the diffracted wave can be pre-
sented both in the integral form (3) and in the form of
an infinite Laurent series. Indeed, expanding the func-

tion (1 + ikA,/B,)3" into series,

(1+ikA,/B,);

° (7)
=1+ 5 {T(n+1+AJIT(A(n+ )} (HkAB,)",

where I (X) is the gamma function, the integral in solu-
tion (3) can be written as

+00

E.(2) = (inBz)'lé [ dkexp(—k*/2|A,))
0

x cos(Ak/ A, — B,k/ A + kz)

° 8
+ z {F(n+1+A)T(A)(n+1)}} (—iAlez)n+l( )
n=0

+o00

n+1
x Idkexp(—k2/2|A2|) cos(A.k/A, — B,kIA; + kz)k"*'g
O

0

Taking in to account that cosx = (Tv/2)Y2J_;,(X), where
J(X) is the (=1/2)-order Bessel function of the real
argument and using the Weber—Sonin formula [9] for
the calculation of integralsin relation (8), we obtain an
expression for the diffracted wave amplitude,

En(2) = (imB,) { (21mA,) “exp(-a’A,)
+ 3 (F(n+ 1+ AT (1+1/2)/T (Ag)(n+1)!) (9)
x 272 A A (FALBY) T FL(L + ni2; U2, -a%AL),

wherea= AJ/A, — B,/ A5 +z>0and ,F,(a; B; 2) isthe
degenerate hypergeometric function. The total dif-
fracted wave amplitude is E\(r) = E\(2E.(X), where
En(X) = exp(—HKX¥/R).

For the transmitted wave amplitude Ey(z) under the

same assumptions as those used in deriving Eq. (2), we
obtain adifferential equation of the second order,

d°Ey/dZ’ — A(2)dEy(2)/dz+ C(2)Ex(2) = 0, (10)
where
C(Z) = C1+C22, Cl = Bl' C2 = _K2XO/RZ'

The fina expression for Ey(2) is given by formula (8)
upon substitutions A, — -A;, A, — -A,, and
Bz - C2.

Theinterval of angles ¢, in which Egs. (2) and (10)
arevalid is determined by the condition

sind E,(2)dE,(X)/dx < cosdEL(X)dE(2)/dz.
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Substituting the explicit form of E;(x), we obtain
tand, < R (2kx)'|dInE,(2)/dZ. (11)

Thisinequality is satisfied, in particular, in the case
of diffractioninthereversedirection (strict backscatter-
ing), whereby ¢, = 0. For ¢, # O, condition (11) isreli-
ably fulfilled for tang, < x/z In the case of adightly
bent crystal with alarge curvatureradius R, whereby the
reflection coefficient is close to that of the flat (unbent)
ideal crystal, inequality (11) reduces to tand, <
Re(2kx), where € is the excitation errors for the ideal
crystal. For the ideal crystal, this angular interval is
very broad and extends beyond the total reflection
region.

In conclusion, it should be recalled that Egs. (2) and
(10) and, hence, the obtained solutions were derived for
anearly normal incidence of the X-ray wave onthe crys-

tal, so that y, = -y, J(1 — $2)Y2 O1. In the case of back-
scattering with directing cosines yp, = -y, < 1 — |Xw /2
(i.e., far outside the total reflection region), the “usua”
dynamical theory of X-ray diffraction is applicable.

TECHNICAL PHYSICS LETTERS Vol. 30 No. 4
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Abstract—The energy barriersfor holeinjection in polymeric nanocomposites representing apoly(p-xylylene)
(PPX) matrix containing dispersed lead or iron nanoparticles were determined by means of photoconductivity
spectroscopy. The barriers for hole injection from metal particles in nanocomposites measured in vacuum are
3.6eV forironand 3.0 eV for lead; upon oxygen admission, these values decrease to ~3.2 and ~2.75 €V, respec-
tively. A shift between the vacuum energy levels of PPX and metal nanoparticles amountsto 1.0 and 0.1 eV for
iron and lead, respectively. The greater value for iron suggests the formation of a surface electric dipole, prob-
ably as a result of the chemica interaction at the metal nanoparticle-matrix interface. © 2004 MAIK

“ Nauka/Interperiodica” .

The transport of charge carriers via the interphase
boundary between a metal (or semiconductor) and an
organic substance is a basic process determining the
efficiency of organic field-effect transistors, organic
light-emitting diodes, and organic photoelectric con-
verters[1], the conductivity of molecular wires[2], and
the functioning of single-electron transistors [3, 4]. In
recent years, much attention has been devoted to
metal (semiconductor)—polymer nanocomposites [5].
Because of the very large area of the interphase bound-
aries between nanoparticles and the polymer matrix in
such materials, the electron properties of this interface
determine the conductivity of polymeric hanocompos-
ites. Examples are offered by the photoconductivity of
systems such as CdSe—polymer [6], CdS—poly(N-vinyl-
carbazole) [7], and CdS—polystyrene [8] and by the
sensor properties of metal (semiconductor)—poly(para-
xylylene) nanocomposites [9].

The electron structure of an interphase boundary is
determined by chemical interactions at the interface
and strongly depends on the chemica nature of this
contact, the technological conditions of its formation,
and the gas atmosphere. Numerous investigations (see,
e.g., [10]) showed that the condition of equal vacuum
energy levels in the contact of an organic solid matrix
and a metal (semiconductor) accepted in the Mott—
Schottky model [11] is usualy not satisfied. A shift
between the vacuum energy levels is evidence of the
formation of a surface electric dipole. The presence of
such surface dipoles must influence the magnitude of
the energy barrier for charge carrier injection. If the sur-
face dipoleis oriented with its negative pole toward the
organic solid, the barrier ¢, for hole injection will

decrease as compared to the value corresponding to the
M ott—Schottky model,

on =

wherel . istheionization potential of the organic com-
pound, W), is the electron work function of the metal
(semiconductor), and A isthe shift between energy lev-
elsrelated to the surface electric dipole formation. The
opposite orientation of the surface dipole will increase
the barrier for hole injection. Factors favoring the for-
mation of surface dipoles (leading to significant shifts
between the vacuum energy levels, amounting up to
A~1eV) asaresult of adsorption of various organic
substances and polymers on metals were considered
in[10, 12, 13].

This Letter reports on the results of investigation of
the electron structure of the metal nanoparticle—poly-
mer matrix interface in nanocomposites representing a
poly(p-xylylene) (PPX) matrix containing dispersed
lead or iron nanoparticles. For this purpose, we have
measured the photocurrent in nanocomposites as a
function of the wavelength and determined the mag-
nitude of the energy barrier for hole injection at the
interface.

The samples were synthesized by co-deposition of
the monomers (p-xylylene) and metal vapors onto a
cooled (77 K) substrate in vacuum. The monomer vapor
was obtained by pyrolysis of paracyclophane at 600°C.
Metal vapors were produced by thermal (for lead) or
electron-beam (for iron) evaporation of bulk sub-
stances. Subsequent heating of the co-deposited mix-
ture to room temperature led to polymerization of
p-xylylene molecules and aggregation of metal atoms,

Iorg_v\/M_Aa (1)

1063-7850/04/3004-0322$26.00 © 2004 MAIK “Nauka/ Interperiodica’
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resulting in the formation of aPPX film containing dis-
persed metal nanoparticles. The average size of metal
nanoparticles estimated by means of wide- and small-
angle X-ray scattering was ~10 nm. The preparation
and structural characterization of nanocomposites were
described in more detail elsewhere[14]. The conductiv-
ity and photoconductivity of nanocomposites were
measured as described in [15].

It was found that the dependence of the relative
magnitude of photocurrent J on the photon energy E in
the exciting light beam (A > 300 nm) obeys the Fowler
law J ~ (E — ¢,,)? (Fig. 1) [16]. The energy barrier for
holeinjection from metal nanoparticleswas~3.6 eV for
iron and ~3.0 eV for lead when the measurements were
performed in vacuum; upon oxygen admission, these
values decreaseto ~3.2 and ~2.75 eV, respectively. The
value of the barrier for hole injection from lead agrees
well with the published data[16]. Assuming the ioniza-
tion threshold of PPX to be 6.9 eV [16] and setting the
electron work function from both iron and lead equal to
4.3 eV [17], we estimate the shifts between the vacuum
energy levels of PPX and the metal as A = -1.0 and
-0.1 eV for iron and lead, respectively.

The chemical potential of PPX cal culated according
to [18] is 4.2 €V, which is greater than the chemical
potential of iron. In this case, there should be a partial
transfer of electron density from PPX toiron, in agree-
ment with the observed direction of a chemical dipole.
No such agreement is observed for lead, but the value
of the shift between vacuum energy levelsfor thismetal
is small and falls within the error limits (£0.1 eV) of
determination of the barrier for hole injection.

One possible factor accounting for the surface
dipole formation is the chemical interaction (e.g., via
chemisorption or bond formation) between the organic
compound and the metal surface [10]. In our case, the
interaction between PPX and the surface of metal nano-
particles may lead to the formation of arene complexes.
The possibility of a chemical interaction between PPX
and iron surface is also confirmed by the results
obtained in [19].

Another possible factor is related to the surface
states of polymer. The density of surface states esti-
mated from the shift of the vacuum energy levels as
described in [20] amountsto N~ 1.1 x 103 cm=2 eV,
A decreaseinthebarrier for holeinjection upon oxygen
admission can be related to the acceptor surface states.
The density of additional charged surface states related
to the adsorption of oxygen on the polymer surface is
Ne—O, = 9 x 10* cm2. These estimates agree with the
published datafor PPX [21]. However, we believe that
the main factor accounting for the decrease in the
energy barrier for hole injection is an increase in the
electron work function of the metal nanoparticle upon
oxygen adsorption.

Using published data on the electron structure of
PPX [16, 22] and the results of measurements of the
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Fig. 1. Plots of the photocurrent versus photon energy of
exciting light in PPX nanocomposites with (1) lead and
(2) iron. The energy barrier for hole injection was deter-
mined by the Fowler formula.
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Fig. 2. A schematic diagram of the electron structure of the
phase boundary in PPX—metal (iron or lead) nanocom-
posites.

energy barrier for hole injection in nanocomposites, it
is possible to construct a diagram of the electron struc-
ture of the interphase boundary between metal nano-
particles and the polymer matrix (Fig. 2).
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Thus, we have shown that a chemica interaction
(e.g., the formation of arene complexes) at the bound-
ary between PPX matrix and iron nanoparticlesleadsto
the formation of an electric dipole resulting in a shift of
the vacuum energy levels between the matrix and
metal. The presence of thisdipole at theinterface hasto
be taken into account in consideration of the transport
properties of polymeric nanocomposites.
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Abstract—We have studied the effect of irradiation with hydrogen and helium ions on the photoluminescence
(PL) of phosphate films doped with ytterbium and erbium. The irradiation with hydrogen ions leads to more
effective quenching of the PL from erbium ions and, for the ion doses ® > 5 x 10% cm, to amore significant
decrease in the PL lifetime as compared to that in the films irradiated with helium ions. The results are
interpreted within the framework of a model assuming the formation of OH groups in ion-irradiated glasses,
which offer an effective channel of nonradiative recombination of the electron excitations in the material stud-

ied. © 2004 MAIK “ Nauka/lInterperiodica” .

Introduction. Highly concentrated phosphate
glasses doped with ytterbium and erbium are promising
materials for planar amplifiers operating in a wave-
length range of 1.5-1.6 um, which is most important
for optical communications. In order to provide for a
maximum use of the pump radiation at asmall length of
the active element and arelatively low erbium concen-
tration (about 1-2 wt %), the crystal is pumped by a
semiconductor laser at 0.96-0.98 um in the absorption
band of ytterbium, after which erbium is excited dueto
a nonradiative energy transfer from ytterbium. One of
the main problems encountered in the development of
such mediaisto ensure the maximum quantum yield of
luminescence from the activator (erbium), because
glasses with maximum quantum yields possess mini-
mum lasing thresholds.

As is known, the luminescent properties of erbium
ions depend to a considerabl e degree both on the matrix
type and on the presence of defects (nonstoichiometry,
broken bonds) and technological impurities (in particu-
lar, OH groups [1]) effectively quenching the lumines-
cence of erbium as a result of the nonradiative energy
transfer via the induced resonance mechanism. Experi-
ments on the samples irradiated with electrons and y
guanta[2] showed that the role of impurity centers pro-
ducing effective luminescence quenching can be played
by the radiation-induced color centers, especialy inthe
case of activators emitting in the short-wavelength
range. However, the influence of radiation defects and
impurities incorporated by means of ion implantation
into glasses activated by ytterbium and erbium, as well

as in planar structures based on such glasses, is till
almost unstudied.

This Letter presents experimental data on the influ-
ence of irradiation with hydrogen and helium ions on
the photoluminescence (PL) of films of highly concen-
trated phosphate glasses doped with ytterbium and
erbium.

Experimental. The sample films were prepared on
fused quartz and soda-ash glass substrates by RF mag-
netron sputtering [3] of the target made of a phosphate
glass containing 6.5 mol %Y b,05; and 1 mal % Er,0;.
The structure of deposited films before and after
annealing was studied by X-ray diffraction on a
DRON-3 diffractometer. All as-deposited films and
those annealed in a temperature range below 650°C
were X-ray amorphous.

The thicknesses and refractive indices of the films
were determined by ellipsometry on an LEF-3M
instrument with a He-Ne laser source (A = 632.8 nm).
The PL spectra were measured using a setup based on
a single-grating monochromator MDR-23 (LOMO
Company, St. Petersburg). The emission was detected
by an InGaAs detector (DILAS Company). The PL
was excited by a 1-W semiconductor laser operating at
0.98 um. The PL lifetimet of erbium, defined asthetime
for which the maximum PL peak intensity decreases by
one order of magnitude, was determined using a conven-
tional method employing pulsed pumping.

In order to increase the quantum yield of lumines-
cence from erbium, the filmswere annealed in dry oxy-
gen in a temperature interval from 400 to 650°C. The

1063-7850/04/3004-0325$26.00 © 2004 MAIK “Nauka/ Interperiodica’
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Fig. 1. A plot of the ratio 1/ty versus irradiation dose for
phosphate films irradiated with (l) helium and (A) hydro-
genions(tgand T arethe PL lifetimesintheinitial and irra-

diated films, respectively). Dashed line shows the character
of decrease in the PL lifetime with increasing dose of
hydrogen ions.

samples annedled at low temperatures (400—450°C)
had alower lifetime of the excited state of erbium com-
pared to that in theinitial glass and exhibited nonexpo-
nential decay of the PL intensity, which was character-
istic of the static mechanism of quenching described by
the Furster—Dexter—Galanin theory [2]. After the
annealing at 500-650°C, the luminescence lifetime
increased 5-10 times to reach 1, 5 ms, which was
close to the value in the initial glass used as the target
for the sample film deposition. The PL intensity (1) per
unit volume of thesefilmswasalso closeto that for bulk
glasses of the corresponding composition, which was
evidence of completed synthesis of the given com-
pound.

The samples of phosphate glass films were irradi-
ated with helium and hydrogen ions. The irradiation

doses ranged from @ . =2x 10" to 1 x 10" cmfor
helium ions and from ® . =5 x 10" to 3 x 10'" cm™?

for hydrogen ions. The ion energies were E(He") =
100 keV (projected ion range, R, = 645.8 nm; AR, =
148.1 nm) and E(H*) = 70 keV (R, = 642.5 nm; AR, =
98.4 nm). Theincident ion beam energies were selected
so as to provide that the projected ion range would be
approximately equal and not exceeding the film thick-
ness. The ion irradiation regimes were selected based
on the results of calculations using the TRIM-91 com-
puter program package. These conditions allowed usto
compare changes in the PL parameters of sampleswith
equal (i) elastic energy losses of the incident ions, (ii)
inelastic energy losses, and (iii) total energy losses for
helium and hydrogen. Equal total amounts of vacancies
produced in the matrix as a result of elastic collisions
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with incident helium and hydrogen ions were observed
for the ion dose ratio ®,/P,,, = 17 : 1; equa inglastic
losses correspond to ®,/®,,. = 1.35: 1; and equal total
losses, to @,/D =1.43: 1.

Results and discussion. The PL spectra of the ini-
tial films measured in awavelength interval from 1.2 to
1.65 um had the shape characteristic of the emission
from erbium centers in an oxygen environment and
exhibited no significant differencesfrom the PL spectra
of theinitial glasses. The PL intensity maximum at A =
1.534 pm corresponds to the transition 41,5, — 15,
in Er¥*ions|[1, 4].

The results of our experiments showed that the PL
intensity | of samples irradiated with helium ions
monotonically decreased with increasing ion dose; for

® . =1x 10" cm? the PL intensity amounted to

approximately half of theinitial value. Inthe doserange
indicated above, the PL lifetime 1 as well as the shape
of the PL spectrum remained virtually unchanged
(Fig. 1).

It should be noted that the intensity of PL from
erbium centers in the glasses doped with ytterbium and
erbium is proportional to the initial donor (ytterbium)
concentration, the probability of energy transfer from
ytterbium to erbium, and the quantum yield of lumines-
cence from erbium. The probability of energy transfer
depends on the presence of additional absorption centers,
such asthe radiation-induced color centers[2]. Sincethe
absorption bands of these centers in phosphate glasses
fall withinthe UV and visible spectral intervals[5] and
the energy of the radiative transition in Yb* (?F,, —>
2F),) isapproximately 1.5 timesthat of thetransitionin
Er3* (4115, — 4l15,), we may expect that the influence
of the radiation-induced color centers on the lumines-
cence is more pronounced for ytterbium than for
erbium. Thus, a decrease in the PL intensity at a con-
stant PL lifetime observed for erbium-doped glassfilms
irradiated with helium ions can be explained by a
decrease in the probability of nonradiative energy
transfer from ytterbium to erbium. In addition, there is
adirect channel for the quenching of PL from erbium
by the radiative breakage of emitting ytterbium and
erbium centers, for example, as aresult of the displace-
ment of oxygen atoms from equilibrium positions.

The character of variation of the PL parametersin
the course of hydrogen bombardment was substantially
different from that observed for the irradiation with
helium ions. In particular, there was more (about ten-
fold) effective PL quenching at a hydrogen ion dose of

® . = 10" cm? and complete suppression for @ . >

3 x 10Y” cm™. The dose dependence of the PL lifetime
in the films irradiated with hydrogen ions to doses
below @ . =5 x 10 cm? was close to the behavior

observed for the samples irradiated with helium ions.
This fact indicates that the PL lifetime in this dose
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range is weakly controlled by the elastic and inelastic
radiative processes. However, an increase in the dose
above this level led to arapid decrease in the PL life-
time (Fig. 1), which can be related to switching of an
additional channel of the PL quenching. This is con-
firmed by the experimental data presented in Fig. 2. As

can be seen, the PL decay time for .. 25X 10%6 cmr?

significantly decreases and the PL decay curve exhibits
asubstantially nonexponential character.

An analysis of the experimental data suggests that
the films irradiated with H* ions to doses above 5 x
10'¢ cm? show evidence of a chemical interaction of
the matrix with incorporated hydrogen. Calculations
indicated that the ion bombardment leads predomi-
nantly to the displacement of oxygen atoms from equi-
librium positions. This oxygen can react with hydrogen
ions to form OH groups offering an effective channel
for the nonradiative relaxation of electron excitationsin
the material studied [1]. This conclusion agrees with
the results of calculations devoted to the influence of
hydroxy groups on the PL lifetime in bulk phosphate
glasses [4]. For the level of erbium doping Ng, > 5 x
10%° cm3, the presence of OH groups introduced into
the matrix under equilibrium conditionsis significantly
manifested at a concentration of about Ngy = 5.2 %
10 cm 3. In our case, the content of erbium ion irradi-
ated films amounted to Ng, = 2 x 10?° cm and the aver-
age concentration of hydrogen over the implanted layer
thickness (R, + AR;) was 5 x 10?° cm™ (for a hydrogen
ion dose of 4 x 10% cm), 1.1 x 10°* cm2 (for anion
dose of 8 x 10 cm™), and 4 x 10%* cm~3 (for an ion
dose of 3 x 107 cm™). Thus, al hydrogen ion doses
provide for the conditions of OH group formation in a
concentration of no lessthan 5 x 102° cm3. However, it
was pointed out that the influence of such groups was
manifested only beginning with doses above 5 x
10% cm2. This circumstance suggests that, under our
experimental conditions, only a part (~1%) of incorpo-
rated H* ions form OH groups in the implanted layers.

The above results show that the irradiation of oxy-
gen-containing phosphate films with hydrogen ions
leads to a more effective PL quenching compared to
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Fig. 2. The PL intensity decay kinetics in phosphate films
(1) in the initial state and (2-4) upon irradiation with
70-keV hydrogen ions to a dose of ® = 1 x 1016 (2), 5%
106 (3), and 1 x 10%7 cmi? (4).

that provided by helium ions. This effect can be related
to the formation of OH groups by analogy with the pro-
cess taking place in bulk phosphate glasses [1].
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Abstract—We have studied the electrical and galvanomagnetic properties of p-PbSe single crystals irradiated
with fast neutrons. Changes in the temperature dependence of the resistivity and the Hall constant show evi-
dence of the metal—semiconductor electron transition. Subsequent annealing at 350-390 K leads to a partia
recovery of theinitial properties and the reverse electron transition. © 2004 MAIK “ Nauka/Interperiodica” .

Theirradiation of semiconductors with high-energy
particles (electrons, neutrons, protons) leads to the
appearance of new energy levels in the electron spec-
trum, which are related to the formation of structural
defects[1]. The redistribution of electrons between the
main energy bands and the levels related to these
defects may result in a significant variation of the
chemical potential &, leading to achange in the density
of charge carriers, the type of conductivity, and some-
times to the metal—semiconductor electron transitions
[1-3]. In contrast to the case of chemical doping, which
may |lead to the same manifestations, the effects of irra-
diation can be eliminated by low-temperature anneal-
ing [3]. Thus, theirradiation with high-energy particles
offers an effective method of modification and probing
of the electron structure of narrow-bandgap semicon-
ductor materials [3, 4].

This paper reports on the results of investigation of
the effect of fast neutron bombardment on the el ectrical
properties of lead selenide (p-PbSe). Lead chalco-
genides are narrow-bandgap direct-band semiconduc-
tors widely used in photodetectors, lasers, and light-
emitting diodes operating in the middle and far IR spec-
tral range, offering the best thermoelectric propertiesin
theintermediate temperatureinterval of 600-1000 K [1].
Recent investigations showed that the elements of high-
sengitivity far IR (20200 pm) detectors based on
doped lead chalcogenides can successfully compete
with the analogues based on the classical materials—
germanium and silicon [5]. In advantage to the latter
materials, lead chalcogenides possess a much higher
radiation resistance, which is related to a high density
of states stabilizing the Fermi level [5]. PbSeis charac-
terized by a minimum bandgap width (E; = 0.27 €V) in
comparison to the other lead chalcogenides[1].

The experiments were performed on p-PbSe single
crystals with a hole density of p = 2 x 10*® cm3. The
samples were irradiated with fast neutrons possessing
energies above 1 MeV to afluence of ® =1 x 10*° cm?
at atemperature of T =320 £ 5 K. After irradiation, the
electrical contacts were ultrasonically applied to the
samples with an indium-based solder. The resistivity p
and the Hall constant R were measured by the conven-
tional Montgomery technique (representing amadifica-
tion of the Van der Pauw method) in a broad range of
temperatures T = 1.7-390 K and stationary magnetic
fields B = 0-13.6 T in a specia setup (Oxford Instru-
ments) [3]. The neutron-irradiated samples were sub-
jected to sequential annealings at temperatures up to
T =390 K. Treatments at higher temperatures were not
performed because of the possible diffusion of indium
from contacts into the sample bulk.

The irradiation of p-PbSe single crystals with fast
neutrons led to an increase in p and to reversal of the
sign of the temperature coefficient of resistance, which
is evidence of atransition of the metal—semiconductor
type (Fig. 1). The transition was accompanied by a
sharp growth of the Hall constant R and a change in its
temperature dependence, which acquired a nonmono-
tonic character (these data are not presented here). Sub-
sequent annealing showed a tendency to restoration of
the initial properties (Figs. 1, 2). The temperature
dependences of the resistance of two neutron-irradiated
samples exhibited alocal minimum at T = 80 K, which
shifted toward higher temperatures in the course of
annealing (Fig. 1b).

For a qualitative description of the observed kinetic
effects, we used simple expressions valid within the

1063-7850/04/3004-0328%$26.00 © 2004 MAIK “Nauka/ Interperiodica’
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Fig. 1. The temperature dependence of the resistivity of
p-PbSe (sample N1) (a) before neutron irradiation and
(b) after the irradiation and annealing a& T = 360 K:
(1) B=0; (2 B=13.6 T. Theinset to Fig. 1a shows semi-
logarithmic plots of the resistivity versus temperature after
20-min annealings: (1) before irradiation; (2) after irradia-
tionwith fast neutronsto ® = 1 x 101° cm2; (3-6) after sub-
sequent annealings at T = 350 (3), 360 (4), 370 (5), and
380K (6). The inset to Fig. 1b shows the relative variation
of resistivity in amagnetic fieldat T=4.2 K.

framework of a single-band model for weak magnetic
fields[6, 7],

R=—; (1)

22 = (uB)'A, @
where R is the Hall constant, a, and A, are constant
guantities depending on the scattering parameter r,
Ap/p isthe magnetoresistance, p isthe hole density, and
M is the hole mobility.

Using formulas (1) and (2), we estimated the hole
mobility from the results of measurements of the Hall
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Fig. 2. The temperature dependence of the hole mobility in
p-PbSe (sample N1) determined from (1) the Hall effect and
(2) the magnetoresistance measurements after irradiation
and annealing (see the text): (1) beforeirradiation; (2) after

irradiation with fast neutronsto ® = 1 x 10*° cm~2 and sub-
sequent annealing for 20 min at T = 360 K. Theinset shows
the temperature dependences of the Hall mobility in p-PbSe

(sample N2): (1) after irradiation to ® = 1 x 10%° cm™;
(3-6) after subsequent annealings for 120 min at T =
340 (2), 355 (3), 370 (4), and 385 K (5).

effect 4y = R/p and the magnetoresistance Ap/p
(Fig. 2). In the initial state, holes are degenerate and
obey the Fermi—Dirac statistics. For this reason, the
Hall factor a, in formula(2) tendsto unity and the coef-
ficient A, = (T&/3)(KT/€)?r?isinversely proportional to the
sguare of the degree of degeneracy &/KT, where k is the
Boltzmann constant and & is the chemical potentia [6].
The values of mobility estimated using formula (2)
from the temperature dependence of p in the magnetic
fieldsB=0and 13.6 T (Fig. 1a) were about two orders
of magnitude lower than the Hall mobilities p,,, which
is explained by the smallness of the ignored coefficient
A, < 1. The temperature dependence of 1 evaluated
from data on the Hall effect (Fig. 2) and the magnetore-
sistance (not presented) are mutually consistent if the
variation of A, with increasing temperature T is taken
into account. In the region of T =50 K, the u(T) curves
(Fig. 2) correspond to the case of scattering on acoustic
phonons (r = -1/2) [1].

The magnetoresistance of irradiated samples exhib-
ited a quadratic dependence on the magnetic field B
(seetheinset in Fig. 1b). For thisreason, it was possible
to determine the hole mobility with sufficiently high
accuracy using formula (2) and the p(T) curves mea-
sured at B =0 and 13.6 T (Fig. 1b). The mobilities pu
evaluated from the magnetoresi stance data and the Hall
effect (for A, = 0.61 and a, = 1.18 corresponding to the
scattering on acoustic phonons) exhibited identical
temperature variation at high (T > 200 K) temperatures
(Fig. 2). At the same time, their behavior in the region
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of T=100 K significantly differed, which wasindicative
of the possible contribution due to charge carriers of
another type [6] not taken into account by formula (1).
We believe that charge carriers of the second typein the
irradiated samples are electrons at the defect levels.

After the neutron irradiation, the hole mobility
exhibited a decrease (Fig. 2). The temperature depen-
dence of the hole mobility in irradiated samples, esti-
mated from the results of magnetoresistance measure-
ments, can be approximated by a curve calculated with
allowance of a mixed mechanism of scattering on
acoustic phonons (at high temperatures) and charged
centers (at low temperatures) [6]. The hole mobility
increased with the annealing temperature (Fig. 2),
which reflected a decrease in the density of defects.

The main features of the metal—semiconductor tran-
sition in p-PbSe revealed by our experiments coincide
with those of the analogous transitions observed previ-
ously under the action of irradiation or chemical substi-
tution in other narrow-bandgap materials, such as
HgTe, _,S[7] and Bi, Te; [3], with different crystal and
electron structures. The metal—semiconductor transi-
tions in these substances are reversible and the temper-
ature dependence of resistance is displayed by a series
of like curves with variable opes (see the inset in
Fig. 1a) [3, 7]. The curves of R(T) and p(T) usualy
exhibit local maxima reflecting the two-band character
of the conductivity [3, 7, 8]. Differences between the
experimental curves of R(T) for these materials are
mostly related to the different values of E,.

The temperature dependences of the resistance and
the Hall constant of p-PbSe single crystals can be ade-
quately described, especialy intherange of T> 100K,
in terms of the model of a two-band semiconductor
with impurities, where the densities of electrons (n) and
holes (p) are given by the expressions[8, 9]

172

_ Py’
n= 50 [DED +(4AA,)° exp e kTD} ,
L e O
p = _EJ’[DzD +(4AA, ) eXp - kTD}

Here, ny isthe difference between the concentrations of
donor and acceptor impurities; Ey is the thermal semi-
conductor bandgap width; and A, and A, are the densi-
ties of states in the electron (conduction) and hole
(valence) bands depending on the temperature as
A. , ~ T¥2for asimple parabolic dispersion law. Rela-
tions (3) explain the decreasein p and Rwith increasing
temperature even for E; = O (zero-bandgap semicon-
ductors [7]). In HgSel_XS(, where the conduction and
valence bands overlap, theirradiation cannot reduce the
electron density below the limiting level of ~2 x
10 ¢cm~3 [8]. In Bi,Te; possessing a small semicon-
ductor bandgap width E; = 0.145 eV, the irradiation
with fast electrons changes the conductivity type from
p to n, whereby the chemical potential level & raises
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from the valence band to the conduction band, and
alters the sign of n, in formulas (3) [3]. In p-PbSe,
where the semiconductor bandgap width is twice as
large, the chemical potential & level remains at the
valence band top and the hole conductivity type is
retained.

It was established [4, 10-16] that the irradiation of
narrow-bandgap semiconductors with high-energy par-
ticles (electrons, protons, a particles) allowsthe charge
carrier density to be varied within broad limitsand even
the conductivity type to be changed (from p to n). The
positions of energy states related to the radiation
defects produced by the el ectron bombardment of PbSe
were studied using gal vanomagnetic measurementsat a
high hydrostatic pressure[16]. Inlead selenide and lead
aloys, theirradiation with electrons, protons, or a par-
ticles produces defects related to vacancies in the sele-
nium sublattice and possessing donor properties. For
this reason, the irradiation leads to an increase in the
electron density and to inversion of the conductivity
type [4]. However, the inversion p —» n does not take
place in materials with a high density of holes (p = 5 x
10% cm3) [14], which suggests that there exists a lim-
iting density of donors (n ~ 10" cm™) that can be cre-
ated by such irradiation [4].

Since our single crystals of p-PbSe possessed a
higher density of holes (2 x 10'® cm~), it becomes clear
why the neutron irradiation did not change the type of
conductivity. The high density of charge carriersinlead
chalcogenidesis usually related to deviations from sto-
ichiometry [1, 4, 13], which providefor alarge value of
Ny in formulas (3). As can be seen from Figs. 1 and 2,
the hole density p decreases upon neutron irradiation
but still remains positive because the amount of intro-
duced donorsis significantly lower than ny.

The gradual recovery of the initial propertiesin the
course of annealing of theirradiated lead chal cogenide
observed in our experiments agrees with the data
reported previously by other researchers (see, e.g., [4])
for the same temperature interval (360400 K). A
decrease in the mobility of holes (especially pro-
nounced at low temperature) in p-PbSe in the course of
the metal—semiconductor transition upon irradiation
and during subsequent annealing reflects ahigh density
of radiation defects. A similar decrease in © was
observed for HgSe, _,S, during a transition from zero-
bandgap semiconductor to semimetal with increasing
concentration of sulfur atoms playing the role of addi-
tional structural defects [7]. Variations (usually not
greater than twofold) in the carrier mobility in PbSe
crystals were also observed for the other types of radi-
ation (electrons, protons, a particles) [4]. In our exper-
iments, a decrease in W upon the irradiation was much
more pronounced (Fig. 2). This fact indicates that the
conductivity of irradiated samples is related to the
statesin disordered regions of the crystal. However, the
absolute values of p after the neutron irradiation are
still high (Fig. 2). Based on the observed u(T) curves,
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we may suggest that the thermoel ectric quality and effi-
ciency of p-PbSe in the working temperature range
T>600 K will aso not be significantly decreased by
irradiation.

Theresults of our experiments model changesin the
electron structure and charge carrier parameters taking
place in PbSe upon the introduction of various concen-
trations of impurities and radiation defects (including
those for the radiation of other types) [4]. These data
can be used for the development of the technology of
production of thermoelectric and optoelectronic
devices based on this material.
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Abstract—A fully planar element for selective excitation and detection of various modesin a multimode chan-
nel waveguide has been manufactured and tested. A mode multiplexer/demultiplexer based on this element will
providefor the mode data compression in fiber-optic communication lines employing multimode fibers. © 2004

MAIK “ Nauka/Interperiodica” .

This paper addresses the problem of increasing
informative capacity of the fiber-optic communication
lines employing multimode fibers. In recent years,
research has been directed to selective excitation of and
data transmission via a single mode of a multimode
fiber (see, e.g., [1-4]). However, using selective excita-
tion of modes, it is possible to provide for an additional
increase in the informative capacity of a communica
tion line. This can be achieved by application of the
method of mode data compression, whereby groups of
selected modes are used as independent data transmis-
sion channels.

Unfortunately, the development of this method is
hindered by the lack of effective means of selectively
exciting modes in a multimode fiber. The available
devices are mostly intended for excitation of the lowest
modes, while selective excitation of the other modes
leads to significant complication and the loss of effi-
ciency of such systems [1-6]. Moreover, most of the
known devices cannot simultaneously and indepen-
dently excite the modes of various orders. Some
devices are rather sophisticated and their implementa-
tion is still in the stage of calculation of the design
parameters and working characteristics [6, 7].

Recently [8], anew approach to the selective excita
tion of modesin optical fibers has been proposed based
on a passive integrated optics device caled the mode
multi plexer/demultiplexer. According to this, the selec-
tive excitation of modes in a multimode fiber is
achieved through the excitation of desired modes in a
multimode channel waveguide optically matched with
the fiber. The device comprises a multimode channel
waveguide, a planar selective coupling element, and a
set of single-mode channel waveguides acting as sepa-
rate input/output data channels. The selective element
providesfor the optical coupling of each preset mode of
the multimode channel waveguide to the corresponding
separate single-mode channel waveguide, thus ensuring

selective excitation and detection of separate modes of
amultimode channel waveguide.

This Letter presents the results of experiments with
thefirst prototypes of the new planar sel ective coupling
element.

Figure 1 presents a schematic diagram of the selec-
tive element and shows the ray tracing in the regime of
detecting modes of a multimode channel fiber. The
selective coupling element is a passive, fully planar
device designed as a longitudinal coupling element.
Theprinciple of operationisessentially the same asthat
of an input/output prism widely used in integrated
optics. The function of a bulk prism in this device is
performed by a single-mode planar waveguide region
with arefractive index increased relative to that of the
channel waveguide. In this scheme, each mode of the
channel waveguide forms a directed beam in the plane
of the planar element, the beams of different modes
being directed at various angles relative to the channel

/ l / l / 4

, /77
cC B A

Fig. 1. Schematic diagram illustrating operation of the
sel ective coupling element in the regime of detecting modes
of a channel waveguide: (1) single-mode planar prism;
(2) multimode channel waveguide (see the text for explana-
tions).
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waveguide axis. The angle of deviation a;; for each
beam is determined from a simple relation cos(a;;) =
N;/N,, where N;; and N, are the effective refractive indi-
ces of the given mode M;; of the channel waveguide and
the mode propagating in the single-mode planar region,
respectively. The higher the mode order of the channel
waveguide (i.e., the lower the N;; value), the greater the
sloping angle a;;. Thus, the selective coupling element
provides for the spatial separation of converted modes
of the channel waveguide depending on the mode order.
This allows the proposed element to be used as amode
demultiplexer for separating the mode data channels.

Owing to the principle of reversibility of passive
optical elements, the proposed selective coupling ele-
ment can also be used as the mode multiplexer. In this
case, the optical excitation in the reverse direction is
performed by planar beams propagating at the angles
a;; relative to the channel waveguide axis. Arriving at
the tunneling region of the planar prism, each beam
excites amode of the corresponding order in the multi-
mode channel waveguide. By independently exciting
the modes of various orders, it is possible to obtain sev-
eral independent mode data channels in the same chan-
nel waveguide, thus providing for the mode compres-
sion of data.

The samples were prepared by means of ion
exchange in the substrates of commercia glass K8.
Multimode channel waveguides were formed in a
KNO; melt. Single-mode planar prisms were obtained
using melts containing 0.2-0.5% AgNO;. The proto-
type operation in the regime of mode detection was
studied by focusing a light beam on the edge of a mul-
timode channel waveguide, which simultaneously
excited a set of modes of various orders. The mode
composition was checked with the aid of a usua
input/output coupling prism. The patterns of modes
extracted from the waveguide structure were observed
on atransverse screen and monitored by photodetector
array. By sequentially placing the control prism in var-
ious sites (indicated by arrows A—C in Fig. 1) along the
selective element, it was possible to observe gradua
passage of the radiation power from modes of the chan-
nel waveguide to the corresponding planar beams.

These observations showed that the selective cou-
pling element operates as a longitudinal distributed
optical coupling device. Measurements performed at
the end of the coupling element confirmed complete
conversion of the channel waveguide modes into the
corresponding planar beams. Figure 2 showsthe typical
oscillogram of an output signal of the photodetector
array registering a series of spatially separated planar
beams outcoupl ed by the control prism located at site C
(Fig. 1). Each pesak displays the transverse intensity
profile of the corresponding planar beam representing a
solitary mode of the channel waveguide. As can be
seen, the beams are quite well spatially resolved and
can be readily selected. The rightmost peak in Fig. 2
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Fig. 2. The typical pattern of intensity distribution for sev-
era planar beams separated by the selective coupling ele-
ment and measured using a photodetector array.

corresponds to the fundamental mode of the channel
waveguide. The beam divergence in the planar
waveguide was estimated by the results of measure-
ments of the divergence of the beams extracted from the
waveguide taking into account the experimentally
determined values of N,. For various samples, the
angles of divergence of separate planar beams fell
within 5'—10" at atotal angular width of the set of beams
(including fiveto eight beams) reaching 2°. Theangular
spacing of beams corresponding to the low-order chan-
nel modes coupled to the planar waveguide was within
15'-30'.

Thus, the proposed device provides for the effective
spatial selection of modes of the channel waveguide
with respect to the mode order. Note that, by analogy
with traditional prism couplers, the angular width of the
set of beams and the angular spacing of beams can be
increased by decreasing the difference between N, and
N;. In practice, the difference N, — Ny, for the lowest-
order mode should be reduced to aminimum level reli-
ably reproduced by the available technology used for
the fabrication of planar elements.

In order to check for operation of the coupling ele-
ment in the regime of selective mode excitation in the
channel waveguide, aplanar light beam wasfed into the
planar prism by means of a usua input/output prism
coupler in position C (Fig. 1). The pattern of modes
excited in the channel waveguide was observed using
another control prism located in position A. By varying
the angle of incidence of the planar beam relative to the
channel waveguide axis, it was possible to provide for
the conditions of matching (a;) of the given planar
mode and the modes of various orders in the channel
waveguide. The planar selective coupling element has
proved to be capable of sequentially exciting separate
modes in the multimode channel waveguide.

In conclusion, the experimental samples of a new,
fully planar selective coupling element based on a pla-
nar prism showed performance in the regimes of selec-
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Abstract—We have studied the effect of the magnitude of the voltage applied to a gas-filled diode on the for-
mation of a subnanosecond pulsed el ectron beam at atmospheric pressure. It istheoretically demonstrated that
an increase in the interelectrode voltage leads to a decrease in the charge transferred by the beam. This may
result in a decrease in the amplitude of the beam current at a pulse duration below the time resolution of the
detection system. © 2004 MAIK “ Nauka/Interperiodica” .

Introduction. Recently [1-6], we demonstrated
that subnanosecond el ectron beams with current ampli-
tudes reaching tens and hundreds of amperes and ener-
gies of up to severa tens or hundreds of kiloelectron-
volts can be abtained in gas diodes filled with helium,
air, nitrogen, or CO,—N,—He mixtures at atmospheric
pressure driven by voltage pulses with short leading
fronts. It should be noted that the beam current ampli-
tudes obtained previously in gas-filled diodes at atmo-
spheric pressure (seereview [9]) did not exceed afrac-
tion of an ampere. It wastheoretically shown [7, 8] that
the criterion of electron runaway in gas discharge
exhibits a substantially nonlocal character and corre-
sponds to a situation when the electron multiplication
length (equal to the inverse Townsend coefficient [10])
is comparable with the interelectrode distance. It was
established [3] that, as the pulse generator voltage
amplitude and the voltage drop across the gap increase,
the electron beam current behind the foil first increases
but then begins to decrease.

This study was aimed at elucidating the effect of the
magnitude of the voltage applied to a gasfilled diode
on the beam current amplitude and at establishing fac-
tors responsible for adecrease in the beam current with
increasing electric field in the discharge gap.

Experimental setup. The experiments were per-
formed with the nanosecond pulse generator RADAN-303
[11] having an output wave impedance of 45 Q, which
produced voltage pulses with an amplitude from 50 to
170 kV in a matched load (in the open circuit regime,
the amplitude reached 340 kV). The voltage pul ses had
afull width at half maximum (FWHM) of ~5 nsand a
front width of ~1 ns. With this generator, the voltage
applied to the discharge gap could be smoothly
controlled by varying the gap width. The gas-illed
diode design was similar to that described in detail else-
where [1-4, 6]. The electron beam was extracted from

the diode via a ~40-um-thick AlBe foil or via a grid
with a geometric transparency of ~20%. The cathode-
anode spacing in this system could be set within 13—
20 mm. The diode was filled with air at atmospheric
pressure. Signals from a capacitive voltage divider, the
electron beam collectors, and shunts were measured
using adigital oscillograph of the TDS-684B type with
abandwidth of 1 GHz and a sensitivity of 5 G/s (which
corresponds to 5 pointg/ns). The discharge was photo-
graphed using adigital camera.

Experimental results. Similar to what was reported
in [1-6], an electron beam with a current amplitude of
severa tens of amperes was obtained at atmospheric
pressure within a short front of avoltage pulse generat-
ing an inhomogeneous electric field in the air-filled
diode with small-size cathode. The dischargein the gap
had the form of volume columns based on bright cath-
ode spots. The discharge current amplitude reached
severa kiloamperes and was dependent on the drive
generator voltage. The electron beam arose at the volt-
age pulsefront and had an FWHM not exceeding 0.3 ns

(Fig. 1).

We have thoroughly studied the dependence of the
beam current on the generator voltage for the diodes
with foil and grid anodes. In both series of measure-
ments, the beam current exhibited a decrease when the
generator voltage exceeded 210 kV. Figure 2 shows
plots of the beam current behind the foil or grid versus
open-circuit voltage of the generator. Under the condi-
tions studied in thiswork (aswell asin the experiments
describedin[3]), both the voltage drop on the discharge
gap and the discharge current initially increased in pro-
portion to the open-circuit voltage of the generator.
Photographs of the discharge gap showed that the shape
of discharge did not significantly change when the gen-
erator voltage was varied. Thus, for a given interelec-
trode distance and the same cathode, the electron beam
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Fig. 1. Oscillograms of (1) the voltage and (2) the electron
beam current in a gas-filled diode (voltage amplitude scale,
45 kV/div; current amplitude scale, 20 A/div; time scale,
1 nd/div).
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Fig. 2. Plots of the electron beam current Iy, behind
(1) a40-pm-thick AlBe foil and (2) a grid with ageometric
transparency of 20% versus the open-circuit voltage U of
the generator.

current started decreasing when the voltage applied to
the discharge gap exceeded a certain threshold.

It should be noted that, when the beam current
reached the maximum, the voltage drop on the gas
diode ceased to change significantly and the beam cur-
rent rapidly vanished. This fact indicates that the opti-
mum conditions for the electron beam formation are
retained only during a very short period time, within
fractions of a nanosecond.

Theoretical model and results. According to the
experimental data reported previoudly [3], ionizationin
the discharge gap is inhomogeneous, whereby the ion-
ization regions appears as jets. Such ajet can be mod-
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eled by acircular sector of the cylindrical geometry. In
order to elucidate the mechanism of breakdown in the
discharge gap, we used a one-dimensional diffusion—
drift model described indetail in[12]. According to this
model, ionization takes place between coaxial cylindri-
cal electrodes withry <r <r;, wherery and r, are the
radii of the internal and external electrodes, respec-
tively. The plasma formation and the electric field
screening were described in terms of the equations of
momentum transfer, the equations of continuity for
electrons and ions, and the Poisson equation for the
electric field strength. The field dependences of various
guantities entering into the model equations (ionization
frequencies, drift velocities, diffusion coefficients)
were described using approximated relations obtained
in[13].

The results of calculations showed that, in the case
of almost flat electrodes(d=r, —ry << r,), theionization
wave propagation is possible only for sufficiently low
voltages and, hence, small Townsend multiplication
coefficients a; (a;d < 1). For such electrodes, propaga-
tion of the ionization wave from cathode to anode
appears only when an initial excess ionization takes
placein acertain region near the cathode. Indeed, bright
plasma formations were experimentally observed near
the cathode in al regimes. The condition of appearance
of the ionization wave corresponds to a situation when
electrons leave the discharge gap without significant
multiplication. Otherwise (a;d > 1), the rate of bulk
ionization exceeds the rate of electron drift and the
wave does not travel over a significant distance during
the ionization period.

In the case of electrodes having the shape of coaxial
cylinders with a small radius of the cathode (d = r, —
ro > ry), the ionization wave is formed for both small
and large voltages and propagates due to the field inho-
mogeneity rather than the electron drift: the greater the
field strength, the higher the ionization rate. In such
regions, the plasmadensity rapidly growsto alevel cor-
responding to the field screening, after which the ion-
ization rate ceases to increase.

Thewave of ionizationin aninhomogeneousfieldis
illustrated in Fig. 3. Note that the wave of increasing
plasma density is preceded by the wave of increased
electric field strength at the anode. An anal ogous cal cu-
lation was carried out for the same conditions and the
voltage U(t) doubled for the timest > 1 ns. The results
were qualitatively similar to those presented in Fig. 3
for the lower voltage. Despite atwofold increasein the
voltage, the field strength near the anode at the time of
arrival of the ionization wave did not change substan-
tially. However, the time of the ionization wave travel
to anode significantly decreased.

The results of model calculations allow the mecha-
nism of the electron beam formation to be outlined as
follows. Following [3], we assume that electrons
involved in the beam are formed within a near-anode
layer with a thickness of ~1/a;. This take place when
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Fig. 3. Radia profiles of (a) the electron density N and

(b) electricfield strength E at the moments of timewhen the
ionization wave approaches the anode: t = 1.3 (1), 1.4 (2)
and 1.5 ns (3); curve (4) shows the field strength profile in
the empty space calculated by the formula E(r) =
=U/(rIn(rg/ry)) for U = 100 kV, ro = 0.25 mm, and rq =
8 mm. The voltage applied to electrodes U(t) varies with
time as depicted in Fig. 1.

the ionization wave reaches the anode and the field
strength in this layer increases. However, arrival of the
ionization wave to the anode leadsto asharp drop in the
field strength in this region, although the voltage
between electrodes remains unchanged. Obvioudly, this
breaks the conditions of beam generation.

Asfor a decrease in the beam current with increas-
ing peak voltage applied to the electrodes (Fig. 2), it
would apparently be more correct to speak of a
decrease in the amount of charge transferred by the
beam rather than in the current as such. Indeed, it was
experimentally impossible to determine current pulse
durationsbelow 0.3 ns. Therefore, even if the beam cur-
rent is greater, while the transferred charge is smaller
because of a short pulse duration (below 0.3 ns), the
result will appear as a decrease in the beam current
because of the finite time resolution of the detection
system. A decrease in the charge transferred by the
beam with an increase in the applied voltage can be
explained by adecreaseinthetimerequired for theion-
ization wave to travel over the region of electron beam
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generation within anear-anode layer having athickness
of ~1/a;. This possibility is qualitatively confirmed by
the results of model calculations.

Conclusions. The results of our experiments con-
firmed that, asthe electric field strength in the discharge
gap grows, the electron beam current in the gas-filled
diode initialy increases, reaches a maximum, and
beginsto decrease. An analysis of the theoretical model
adopted showsthat an increase in the voltage applied to
the electrodes leads to a decrease in the charge trans-
ferred by the beam. This may appear as a decrease in
the current amplitude if the current pulse duration is
smaller than the time resol ution of the detection system
(0.3 ns in this study). Thus, by varying the voltage
applied to agasdiode, it is possiblein principle to con-
trol the duration of subnanosecond current pulses.
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Abstract—The main laws of the macroscopic localization of plastic straining in a bce alloy Fe-3% Si on the
stage of linear strain hardening are considered. It is established that the strain localization exhibits awave char-
acter and the velocity of propagation of the strain localization wave is determined. The law of dispersion of the
waves of localized plastic straining isfound for polycrystalline aluminum and for iron-based alloysin both sin-
gle crystal and polycrystalline states. © 2004 MAIK “ Nauka/Interperiodica” .

As is known [1], the process of plastic straining in
metals and alloys exhibits a localized character in al
stages of plastic flow. In recent years, it was established
that different forms of the macroscopic inhomogeneity
of plastic straining are sequentially manifested on the
passage along the o(g) (stress-strain) curve [2, 3].
Experiments performed for a sufficiently broad class of
pure metals and aloys in both single crystal and poly-
crystalline states showed that there existsauniquerela-
tionship between the character of plastic strain localiza-
tion and the law of strain hardening 6 = do/de = 6(¢).
According to this, each stage of plastic flow corre-
sponds to a definite pattern of strain localization. A
change in the law of strain hardening leads to the
appearance of a new form of localized straining. The
above findings indicate that the development of plastic
flow is accompanied by a spontaneous localization of
straining, the form of which isclosely related to the law
of plastic flow operative in the corresponding stage of
strain hardening. The observed forms of strain localiza-
tion spontaneously appear in the course of tension at a
constant rate, that is, result from self-organization of
the plastic flow process [4].

A very interesting pattern of strain localization is
observed in the stage of linear strain hardening, where
0 = congt. In this case, the spatiotemporal pattern of
inhomogeneous plastic flow acquires the form of an
autowave propagating along the sample characterized
by the velocity V,,, and by the wavelength A. These val-
ues were previously measured in the experiments per-
formed on single crystals of y-Fe [5-7], single crystals
of Cu and Ni [8], and polycrystalline samples of Al [9]
and Zr [10]. The results of these experiments showed
that the wave propagation velocity in the linear harden-
ing stage is inversely proportional to the coefficient of
strain hardening,

Vaw =

G
5! (1)

with the proportionality factor G = 6.3 x 10~" m/s.

The af orementioned materials do not include metals
or aloys with body-centered cubic (bcc) crystal lat-
tices. For this reason, the main attention in this study
was concentrated on the laws of wave processes accom-
panying the plastic flow in abcc Fe-3% Si adloy in sin-
gle crystal and polycrystaline states.

The samples were tensile tested in an Instron 1185
machine at 300 K and a constant straining rate of € =

1.2 x 10* sL. The strain localization was analyzed by
methods described in [11, 12]. According to this, the
field of displacement vectorsr (X, y) on the front surface
of asample was monitored by the method of two-expo-
sure speckle interferometry [11] with a 15-s step (0.2%
of the overall strain) beginning with a yield point and
up to the sample breakage. Then, the distributions of
longitudinal, transverse, shear, and rotation compo-
nents of the plastic distortion tensor 3; at all points of
the sample surface were determined by numerical dif-
ferentiation with respect to coordinates. Finaly, the
local strain distributions over the whole sample or
along the axial line were constructed for various
moments of time or various levels of deformation. The
most convenient component of the 3; tensor was the
local elongation in the direction of tension (x axis),
£ = du/dx, whereuisther vector component along the
X axis. By constructing and analyzing the spatial (X, y)
and spatiotemporal €,(X, t) patterns, it is possible to
determine positions of the strain localization zones, trace
their evolution with time, and compare this behavior to
the sequence of stagesin the plastic flow curve o(g).

In both single crystal and polycrystalline samples of
the Fe-3% Si aloy studied, the plastic flow was local-
ized in certain active zones (plastic strain foci) occupy-
ing regular positions along the sample, while virtually
no straining was devel oped in the regions between such
foci. In the stage of linear strain hardening, the active
zones move along the axis of the sample. By monitor-

1063-7850/04/3004-0338%$26.00 © 2004 MAIK “Nauka/ Interperiodica’



DISPERSION OF THE PLASTIC STRAIN LOCALIZATION WAVES

Vi X 10, m/s

20F
15F
10
50 L 2
*
1 1 1 1 1 1 1
0 50 100 150 200 250 300 35

G/0

Fig. 1. The general relationship (1) between the autowave
velocity and strain hardening coefficient in the stage of lin-
ear strain hardening [5-8] and the experimental points for
single crystal and polycrystalline samples of abcc aloy Fe—
3%Si.

ing the spatia positions X of the local peaks of €,, on
the axis of tension at various times t, the autowave
propagation vel ocity V,, can be determined asthe slope
of the X(t) plot [6, 8].

It was found that the experimental points for booth
single crystal and polycrystalline becc Fe-3% Si sam-
ples fal rather close to the general relation V,,,(0), as
shown in Fig. 1. This provides additional evidence for
the validity of Eq. (1). The possible origin of the V,, ~
6! relation in the stage of linear strain hardening was
described in[6, 8]. Considering the nature of wave pro-
cesses involved in the plastic straining of solids, it is
natural to compare this behavior to the thoroughly stud-
ied phenomenon of plasticity waves[13]. However, the
shape of the V,,,(6) relation isindicative of the basic dif-
ference between the two wave processes, since the plas-

tic wave velocity behaves as V,,, = ,/8/p, ~8Y2 where
P, isthe material density [13]. The difference between
thelawsV,, ~ 6t and V,, ~ 6Y2 suggests that our exper-
iments have revealed a new type of wave processes
involved in the plastic straining, which are referred to
as the plastic strain localization waves.

The experimental method used for determining the
velocity of motion of the plastic strain foci allows both
the wavelength A (or the wavenumber k = 217A) and the
time period T (or the frequency w = 217T) of the wave
process to be simultaneously determined [6]. For the
materials under consideration, a dispersion relation
between the wavenumber k and the circular frequency
w (see Fig. 2) has the following form,

w = ak’ + bk +c, 2

where a, b, and ¢ are constants characteristic of the par-
ticular groups of materials (see table). Relation (2)
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Fig. 2. Experimental pointsand generalized dispersionrela
tions for strain localization waves in the stage of linear
strain hardening (1) polycrystalline Al; (2) Fe-18% Cr—
13% Ni single crystals (containing 0.35 and 0.5% N), Fe—
13% Mn (containing 0.93 and 1.03% C), and Fe-3% Si.

describes the dispersion law for the wave process
accompanying localized plastic flow in the stage of lin-
ear strain hardening, which can be reduced to the
canonical form w = 1 + k? [14]. The quadratic form of
relation (2) is characteristic of the so-called nonlinear
Schrédinger equation [15] frequently used for the
description of self-organization processes in nonlinear
systems.

The above laws allow the observed spatiotemporal
regularities of inhomogeneous plastic flow to be identi-
fied neither with elastic waves nor with plasticity
waves. Therefore, it ismost probable that the observed
behavior is related to the autowave phenomena in the
form of self-organization or self-ordering spontane-
ously arising in a deformed medium [16].

Description of the spontaneous generation of struc-
tures (including deformation structures) in open sys-
tems featuring propagation of an energy flow is among
the central problems in modern physics. The localiza-
tion of plastic straining can be (and has to be) consid-
ered as an autowave process of the new type spontane-
oudly arising in a strained medium featuring an energy
flow. The laws of self-organization processes of such
type have been studied in physical, chemical, and bio-
logical systems. A comparison shows that the auto-

Parameters of the dispersion relation (2) for the bcc materials
studied

Lattice > 1
Metal/alloy type a, m9/s b,ms |cs
PolycrystallineAl | fcc 79x107|-1.7x 1073|105
(Fig. 2, curve 1)
Fe-based alloys | bec/fec | 2.2 x 108 | 5.6 x 1076 | 0.01
(Fig. 2, curve 2)
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waves of localized straining are generally analogous to
the dissipative structures—the basic concept of syner-
getics introduced by Nicolis and Prigogine [4].

In the course of continuous stretching of a sample at
a constant rate, several types of such wave processes
can take place one after another, with a unique relation
between the character of a wave pattern and the law of
strain hardening operative in each particular stage of
this process. The change in the macroscopic patterns of
plastic strain localization can be considered as a result
of transformation of the autowave pattern. Thistransfor-
mation is based on processes occurring on alower-scale
(didocation) structural level of astrained material.
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Abstract—Giant Maxwell-Wagner relaxation of the magnetoel ectric susceptibility and the magnetoel ectric
voltage coefficient was observed in a ferrite—piezoel ectric composite. The relaxation frequency of the magne-
toelectric susceptibility of this material can be controlled within broad limits by varying the volume fractions
of the components and by modifying their properties. The maximum value of the magnetoel ectric susceptibility
of the composite studied exceeds the values known in other materials. © 2004 MAIK “ Nauka/Interperiodica” .

Ferritepiezoelectric composites are capable of
exhibiting properties that are absent in the initial com-
ponents—in particular, the magnetoel ectric (ME) effect
caused by the interaction of magnetic and electric sub-
systems via elastic deformations [1, 2]. When such a
material is exposed to a magnetic field, magnetostric-
tion of the magnetic phase gives rise to the induced
polarization via piezoelectric effect in the electric sub-
system, while exposure to an externa electric field
leads to induced magnetization. The accumulation of
free charges at the interfaces between components
givesriseto dielectric dispersion and losses in alternat-
ing electric fields, which is known as Maxwel |-Wagner
relaxation. Recently, Rodchenko and Turik [3] consid-
ered the dielectric and piezoelectric relaxations in lay-
ered composites of the ferroelectric—polymer type,
whilerelaxation of the elastic constantsin layered polar
dielectrics was analyzed in [4].

This paper isdevoted to the M axwel [ -\Wagner rel ax-
ation of parameters of the ME effects in ferrite—piezo-
electric composites. We will consider this relaxation
process in a multilayer composite of connectivity type
2-2 [5] comprising magnetostrictive and piezoelectric
components.

Deformation, electric polarization, and magnetic
induction in the magnetostrictive and piezoelectric
phases can be described by the following system of
equations,

"s = *s;°T; + "d,"E,,

"§ = mSjmTj + " "Hy,

"D, = "d"T, + ¢, E,,

"D, = g, E

(D)

n’

ka = kaanm

"By = "0 T+ ", Hop,

where S, PT;, PE,, PDy, PHy, PB and ™S, ™T;, MEy, Dy,
PH,, ™B, are the components of strain, stress, electric
field, electric induction, magnetic field, and magnetic
induction in the piezoelectric and magnetostrictive
phases, respectively; Ps;, Pdy, Pgy, PUy, are the compli-
ance coefficients, piezoelectric moduli, dielectric per-
mittivities, and magnetic permeabilities of the piezo-
electric phase; and s, "0y, M€k, "Mk € the compli-
ance coefficients, piezomagnetic moduli, dielectric
permittivities, and magnetic permeabilities of the mag-
netostrictive phase. Taking into account the finite elec-
tric conductivity of both components, Pe;; = Pe —iPy/w
and Me;; = Me — iMy/w, where Py and My are the conduc-
tivities of piezoelectric and magnetostrictive phases,
respectively, and w is a circular frequency of the elec-
tric field, which is much smaller than the electrome-
chanical resonance frequency.

General formulas for determining the effective
parameters of a composite can be obtained by averag-
ing expressions for the components of strain and the
electric and magnetic induction. In the absence of
applied mechanical stresses, we obtain

S = dgEc+ auHy,
Dk = eknEn+aannv (2)
Bk = uann+aknEna

whereE,=vPE,+ (1-V)"E,,H,=VvPH,+(1-v)™H,,
S=vP§+(1-V)"S, Dy=VvPD+ (1 -Vv)™Dy, By =

1063-7850/04/3004-0341$26.00 © 2004 MAIK “Nauka/ Interperiodica’
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Fig. 1. The frequency dependence of the (1, 3) real and
(2, 4) imaginary parts of the ME susceptibility of the NFO—
PZT composites with v = 0.001 (1, 2) and 0.9 (3, 4).

vPB + (1 — v)™B,; Vv is the volume fraction of the
piezoelectric component; d; and g, are the effective
piezoelectric and piezomagnetic moduli, respectively;
& and Y, are the effective dielectric permittivities and
magnetic permeabilities, respectively; and a,, is the
ME susceptibility of the composite.

We assume that the composite consists of thin

piezoel ectric and magnetostrictive layers parallel to the
OX,; X, plane. The piezoel ectric phaseispolarized along

PETROV et al.

the OX; axis, which is parallél to the direction of the
alternating electric field with the circular frequency w.
The biasing and alternating magnetic fields are oriented
along the OX; axis. The boundary conditions are asfol-
lows[2]:

D, = "D,
vhT, = 1-v)"T,,

B;="B;, "§="5, "$="5,

3
vhT, = (1-v)"T,. ®)

The general character of the frequency dependence
of the ME susceptibility is determined by the Debye
formulas

Oy = Olg3—illy,
Az = Gl3w+A0(13/(1+002T(2,); (4)
oty = AQWT,/(1+wT2),

where A3 = 0139 — O3, iSthe relaxation strength; o159
and a3, arethe static (for wt, < 1) and high-frequency
(for wt, > 1) ME susceptibilities, respectively; and 1,
isthe relaxation time.

The static and high-frequency ME susceptibilities
and the relaxation time can be determined by solving
Egs. (1) and (2) with the boundary conditions (3).
Assuming that the piezoelectric phase possesses the
symmetry com, while the magnetostrictive phase pos-
sesses a cubic symmetry, we obtain the following final
expressions:

Y (1-v)("g, + "oy) dy

O30 =

"ev P dy (1-v)("gy, + "oy)

(VL =v) +"YWI(Ts + "su)v + P+ Psn) (=)}

O3, =

_ "ev+fe(1-v)

[v™e +Pe(L— V)] [(Msp+ "su) v + (Pspp + Psyp) (1 - v)] = 2Py (1 - v)*

©)

2(1-v)?Pd%,

v+ Py(L-v) [v("sp+"sn) + (Psp+ Pan)(L- )Y v+ Py(1-v)]

For example, let us consider acomposite consisting of
polarized ferroelectric ceramic based on lead zirconate
titanate (PZT) and anickel ferrospingl (NFO). Thevalues
of parameters of the material components are asfollows:
Ps;; = 16.3 x 10 m?/N, Ps;, = -5 x 102 m?/N,
Pg==7.22 x 10712 m?/N, Ps;; = 17.3 x 10722 m?/N,
M5, =153 x 1072 m?N, Ms, = -5 x 1012 m?/N,
Mgs =—1880 x 10712 m/A, Mgy, = 556 x 1072 m/A,
Pdy = -175 x 102 m/V, Pdy; = —400 x 10712 m/V,
Mg/l = 3, Pele, = 1750, Mele, = 10, My = 107° (Q m)1,
andPy=10"13(Q m)=.

TECHNICAL PHYSICS LETTERS  Vol. 30

Figure 1 illustrates the giant relaxation of the ME
susceptibility. The large relaxation depth istypical of a
composite with the piezoel ectric component character-
ized by a high permittivity and the magnetostrictive
component possessing a high conductivity. In the case
of Me/fe < 1 and Py/My < 1, the maximum relaxation
depth is observed for a volume fraction of the piezo-
electric phase v, = [(Psyy +Ps;o)/ sy + Msp)[YA(PyI™y) 2.
Assuming that the components possess equal compli-
ances, we obtain v, = (Py/™y)Y2, For Py/My < v < 1, the
static ME susceptibility approaches the maximum pos-
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sible value equal to (Mq;, + Mg;1)Pdsy/(PS1 + Psyy). For a
composite with the given volume fraction v, =
(Ph/™h)¥2 = 10 (where Ph and ™h are the thicknesses of
the piezoel ectric and ferrite components) and the limit-
ing ME susceptibility is 0.94 x 102 gm. The large
value of the static ME susceptibility is related to the
high electric field strength in the piezoelectric compo-
nent at asmall thickness of PZT layers, to the consider-
able conductivity of the ferrite layer, and to high inter-
nal mechanical stresses PT; and ™T; (j = 1, 2). These
stresses are induced by the electric field in the piezo-
electric component. The maximum ME susceptibility
for the composite under consideration exceeds the val-
ues known for other materials (for example, the ME
susceptibility of chromium oxideis 1.1 x 10! g/m).

In the case of aweak piezod ectric effect (pdg1 [[(Psy; +
Ps,)Pe] < 1), the relaxation time according to (5) for
PyMy < v/(1 — v) is determined primarily by the time
required for charging the capacitance of the piezoelec-
tric layer via the resistance of the ferrite layer: 1, =
(Pe/™y)(1 — v)/v. As the volume fraction of the piezo-
electric phase increases, the relaxation time rapidly
decreases. An increase in the piezoelectric effect gives
riseto the second terminthe expressionfor 1 in Egs. (5)
describing the contribution of the piezoel ectric compo-
nent. The mechanical stresses PT; and PT, lead to the
appearance of an additional charge on the capacitance
of the PZT layer due to the transverse piezoelectric
effect. Thisresultsin adecrease in thetime required for
charging this capacitance and, hence, in the ME suscep-
tibility relaxation time. According to formulas (5), the
relaxation time and the relaxation frequency w, = /1,
corresponding to the maximum value of the imagi-
nary part of the ME susceptibility can be controlled
within broad limits by varying the volume fractions of
the material components and by modifying their pro-
perties.

The frequency dependence of the ME voltage coef-
ficient ag + = Ey/H; isdetermined by the Debye formu-
las analogous to expressions (4),

Og7 = Qg r—i0gT,
Qg7 = GE,Too+AaE,T/(1+w2Tc21T); (6)

n 2
Og 1 = AOg 70T/ (1+ W Tor),
where

Agg 1 = Og 1o

_ 4 pdal( 1-v) (mchz + mchl)
[(Mspo + "su)V + (Pspp + Psyy) (1= V)] — 2Py (1—v)

TECHNICAL PHYSICS LETTERS Vol. 30 No. 4
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% 2(1—v)°d3;
Vv VIV (st sy) + (Pspp + Psy)(1-v)]

Tat

In contrast to the case of ME susceptibility, the real
part of the ME voltage coefficient increases with the
frequency, which corresponds to the inverse relaxation
(Fig. 2). The relaxation depth is maximum for v = 0.5.

In the case of aweak piezoelectric effect (d§1/[(ps11 +

Ps;; + Ps,)Pe] < 1), the relaxation time is determined
primarily by the time required for discharge of the
capacitance of the piezoelectric layer viaits own resis-
tance, 1,7 = Pe/Py (1,7 > T,), and isindependent of the
volume fraction of components. As the piezoelectric
effect grows, the relaxation time according to (6) drops.
Thisisfavored by adecreasein charging of the capaci-
tance of the piezoelectric layer under the action of
mechanical stresses PT; and PT, arising due to the
applied magnetic field. As the conductivity of the
piezoelectric layer increases to 107° (Q m)~, the relax-
ation frequency grows up to 100 Hz.

Thus, the layered ferrite-piezoelectric composite
exhibits giant relaxation of the ME susceptibility and
the ME voltage coefficient, which is normal in the
former case and inverse in the latter case. The relax-
ation time and the relaxation frequency of the ME sus-
ceptibility can be controlled within broad limits by
varying the volume fractions of the material compo-
nents and by modifying their properties. The maximum
value of the magnetoel ectric susceptibility of the com-
posite studied exceeds the values known in other mate-
rials. The obtained results can be used for selecting the
working frequency range in which the ME susceptibil-
ity and the ME voltage coefficient reach maximum
values.

G'E, T — GHE’ Ts mV/A

300
200

100

£10° Hz

Fig. 2. The frequency dependence of the (1, 3) rea and
(2, 4) imaginary parts of the ME voltage coefficient of the
NFO-PZT compositeswith v =0.1 (1, 2) and 0.5 (3, 4).
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Abstract—Freon 22 (CF,HCI) clusters have been found upon gasdynamic cooling of these molecules in a
pulsed supersonic beam. A method for diagnostics of the cluster beams of freon 22 has been devel oped based
on the phenomenon of UV multiphoton ionization in combination with the time-of-flight mass spectrometry
and the IR photodissociation of clusters. The velocities of directed motion and the longitudinal and transverse
velocity components of the thermal motion of (CF,HCI),, clustersin abeam of freon 22 were measured for var-
ious stagnation pressures Py. The degree of beam clusterization was estimated. © 2004 MAIK “ Nauka/lnter-

periodica” .

The method of carbon isotope separation (*3C/*°C)
based on the IR multiphoton dissociation of freon 22
(chlorodifluoromethane, CF,HCI) under the action of a
CO, laser has been implemented in practice [1]. Inves-
tigations aimed at increasing the efficiency and selec-
tivity of the laser isotope separation technology are
continued. One possible way to higher selectivity isvia
narrowing of the IR absorption spectra of molecules
upon their gasdynamic cooling in a pulsed supersonic
beam [2-5]. However, deep cooling may give rise to
clusterization accompanied by a significant change in
parameters of the molecular beam [6], which resultsin
the loss of isotopic selectivity of the laser isotope sepa-
ration process.

In connection with this, it is important to develop
methods for determining the parameters of supersonic
beams of freon 22 molecules and studying their charac-
teristics under the conditions of possible clusterization.
This paper presents one of the possible methods
employing photoionization time-of-flight (TOF) mass
spectrometry.

The measurements were performed using a setup
described in detail elsewhere[7]. The geometry of mea-
surements is illustrated in Fig. 1a. A supersonic beam
was generated by a pulsed electromagnetic nozzle PN
(Genera Valve) with an orifice diameter of d = 0.8 mm
and apulsewidth (FWHM) AT = 200 ps. The beam was
passed via a skimmer with a diameter of dg = 0.66 mm
(situated at a distance of AZyg = 38.5 mm from the noz-
zle output) and directed to theionization chamber of the
mass spectrometer. At a distance of AZgy; = 96.5 mm
from the skimmer input cross section, the beam inter-
sected with the mutually perpendicular axes of the mass
spectrometer (0Y) and the beam of focused (f = 12 cm)
pulsed (7 ns) UV laser radiation (A = 232 nm) used for

the photoionization. The vibrational excitation of mol-
ecules was produced by IR radiation of a pulsed
(150 ns) CO, laser. By changing the delay between the
nozzle triggering and the UV laser pulse, it was possi-
ble to measure the TOF spectrum St, y = 0) of the
molecular beam (i.e., the density of particles in the
beam passing through the detection zone). By shifting
the detection zone along the QY axis at a fixed delay
time, it was possible to measure the particle density
profile §y) in the transverse direction (across the
beam).

The presence of clustersin the molecular beam was
manifested by their dissociation under the action of IR
radiation at an energy flux density much lower thanthe IR
multiphoton dissociation (MPD) threshold for freon 22
(see below). In addition, the experiments showed that
the main products of UV multiphonon ionization (MPI)
are ions with the mass-to-charge ratios M/e = 31 (CF¥)
and 51 (CF,H*). While the former signal §31) may
contain contributions from both monomers and clus-
ters, thelatter signal §(51) at E;,, = 100270 pJ (dyy =
10-27 Jen?) for A= 232 nm is entirely due to the
monomers. This fact alows the behavior of monomers
and clustersin the beam to be traced separately.

The velocity U of directed motion of clustersin the
beam was determined by measuring the delay between
thetime (tp) of appearance of the front of a step pertur-
bation “mark” in the detection zone Z, and the moment
(t,r) of this perturbation induction at the skimmer input
(Z9): U = AZg/(tp — tig) (Figs. 1b and 1c). The pertur-
bation mark was produced by IR photodissociation of
clusters under the action of CO, laser radiation in asta-
tionary beam flow in the skimmer region. The IR radi-
ation energy density (®, = 0.4 Jcm?) was much lower

1063-7850/04/3004-0345$26.00 © 2004 MAIK “Nauka/ Interperiodica’
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Fig. 1. () Schematic diagram of the experimental arrange-
ment: PN, pulsed nozzle; Sk, skimmer; IR and UV, pulsed
infrared and ultraviolet laser beams, respectively; 0Y, the
axis of TOF mass spectrometer; (b) TOF spectrum simula-
tion: F(t, Zg) source function at the skimmer input pulse-
modulated at t = t|g; t, Zp), TOF signalsin the detection
zonecalculated for two val uesV =10 and 30 m/sof thelon-
gitudinal thermal velocity component; (c) experimental
TOF signal (black points) measured for Py = 245 kPa,
Eyy = 340 pJ, Ayy = 2315 nm, ®g = 0.4 Jem?, vjg =
1037.4 cm™, and tir = 604 ps (tp = 797.2 ps corresponds

to U =500 + 1.5 m/s) in comparison to the results of model
caculations for V) =17 (1), 9.8 (2), and 5.4 m/s (3).
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Fig. 2. Particle density profiles across the beam in the detec-
tion zone: experimental distributions of the cluster signal
component intensity (in relative units) for two values of the
stagnant pressure Py (symbols) and the results of model cal-
culationsfor various values of the transverse thermal veloc-
ity components V; (curves).
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than the threshold of dissociation of CF,HCI molecules
(=3 Jen?) [5].

The longitudina (V}) and transverse (V) compo-
nents of the thermal velocity of clustersin a beam of
freon 22 were determined by comparing experimental
data to the results of numerical simulations: V, was
evaluated from smearing of the S(t, y = 0) step along the
0Z axis (Fig. 1b) and V, from the shape of the beam
density profiles y) in the transverse direction (Fig. 2).
The calculations were performed assuming that the dis-
tribution of particle drift velocities in front of the
skimmer was described by an elliptical Maxwell dis-
tribution [6]. For description of the transverse profile,
the beam was considered as expanding (with the radius
R, in the detection zone determined from the experi-
mental geometry) and additionally broadened by the
transverse thermal motion (Fig. 2).

Figure 1c shows the experimental (P, = 245 kPa)
and calculated TOF spectra of clusters. As can be seen,
the experimental spectrum is described quite well by a
model curvewith V| = 9.8 m/s. Figure 2 presents exper-
imental transverse distributions of the cluster signal
component measured for two values of the stagnation
pressure, P, = 196 and 294 kPa, in comparison to the
profiles calculated for various V values. As can be
seen, the experimental curves are well described by the
model distributions with V5 = 10 and 2 m/s, respec-
tively.

The results of measurements performed for the
beams obtained using various stagnation pressures are
presented in the table. In addition to the values of clus-
ter velocities (U, V| V), the table gives data on the gas
consumption per pulse (AQ), the cluster signal intensity
(%) and its ratio to the monomer signal intensity
(8%/Sy)p @ the beam center (paraxial region) in the
detection zone, and the fraction of condensed mole-
culesat the skimmer input (the degree of clusterization)
estimated as ks = (&/(& + Su))s-

As can be seen from data in the table, the average
drift velocity in a beam formed under the conditions of
developed clusterization (P, = 190 kPa) fallswithin U =
501 + 5 m/s and rather weakly depends on the stagna-
tion pressurevaried in theinterval of P, = 190-380 kPa.
A weak dependence on Py is also observed for V) (the
average value being about 10 m/s). In contrast, the
transverse velocity component V; of the thermal
motion in this pressure interval exhibits a more than
tenfold variation. The V value determines the drop in
the particle density at the beam center in the detection
zone caused by the thermal transverse beam blurring
(blurring factor). According to the results of calcula-
tions, the influence of this factor in the experimental
geometry adopted becomes significant for V; > 2 m/s
and is negligibly small for lower transverse velocities.
It isthisfactor that accounts for the rapid growth in the
cluster signal component intensity S (see table) with

No. 4 2004



THE FORMATION AND CHARACTERIZATION OF FREON 22 CLUSTER BEAMS 347
Table
Py, kPa AQ, Pam?® < au. U, m/s Vi, m/s Vg, m/s (S/Sw)o Ks
392 130.26 x 1078 9300 145
343 114.66 x 10°° 7300 505 10 <1 13.8 0.22
294 99.99 x 106 6000 506 10 2 10.7
245 97.33x 1078 3700 500 9.8 55 9.3
196 85.33x 107 1500 497 14 10 4.4
147 73.33x10°° 550 2.0

the pressure up to P, = 290 kPa (the latter correspond-
ing to V¢ = 2 m/s). At Py, = 343 kPa, the clusters have
Ve = 1 m/sand the blurring factor is insignificant.

In contrast, monomers at the same pressure exhibit
abroad transverse profile (not depicted in Fig. 2), from
which their average transverse velocity can be esti-
mated as V, = 30 m/s. With this transverse velocity
component, the blurring of monomers results approxi-
mately in a50-fold decreasein their density at the beam
center in the detection zone. Thisfactor accountsfor the
measured value of (S-/S,)p . Taking thisinto account, it
ispossibleto estimate the degree of beam clusterization
at the skimmer input. For example, at Py = 343 kPa, the
central part of the beam at the skimmer input contains
22% cluster molecules. Because of the difference
between V¢ and Vp, (and, hence, between the corre-
sponding blurring factors), these molecules provide for
a 14-fold greater contribution than monomers in the
detection zone. One of the factors responsible for the
difference between V- and Vq, is the difference in
masses of the monomers and clusters. Assuming that
the transverse temperatures of both componentsin front
of the skimmer are the same, we can roughly estimate
the average number of molecules in a cluster as n =

(Vom/Voe)?. As the stagnation pressure is varied in the
range from 190 to 340 kPa, n: changes approximately
from 10 to 90.

Thus, using the proposed method based on the UV
MPI and IR photodissociation in combination with

TECHNICAL PHYSICS LETTERS Vol. 30 No. 4
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TOF mass spectrometry, we reveal ed clusterization of a
molecular beam of freon 22 and determined the main
parameters of the cluster beam.
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