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Abstract—A new sensitive method for imaging of the spatial distribution of microwave intensity is proposed.
The method is based on the imaging of the 6P-recombination continuum of cesium, emitted from a nonequi-
librium plasma of the positive column of gas discharge in a cesium vapor—xenon mixture. It is demonstrated
that the spatial distribution of intensity of 35-GHz microwave radiation measured by this method in a focal
plane of alenswell coincideswith the pattern obtained with the aid of a movable microwave detector. The time
resolution of the proposed microwave imaging system reaches 1 ms. © 2002 MAIK “ Nauka/Interperiodica” .

For solving problems encountered in the develop-
ment of microwave sources and transmission lines,
microwave nondestructive imaging in opague media,
efc,, it is necessary to determine the spatial distribution
of microwave intensity [1, 2]. Methods widely used at
present for investigation of the spatial structure of
microwave fields are based on the thermal microwave
action upon various materials such as filmswith special
phosphors, liquid-crystalline or impregnated paper
screens, etc. [1-4]. Examination of the pattern of
screen heating by means of an IR imager or by measur-
ing changes in the light emission or absorption allows
the spatial structure of amicrowave field to be imaged.

The main disadvantages significantly restricting
possible applications of the thermal methods of investi-
gation of the spatial structure of microwave fields are
slow response (with a characteristic time in most cases
not smaller than 0.1 s) and low sensitivity (with the
energy flux threshold about 102 Jcm? for most versa-
tiletechniques). Because of the low sensitivity, the ther-
mal detection methods cannot be used, for example, to
study the spatial structure of radiation from low-power
and pulsed microwave generators such as magnetrons,
gyroklystrons, and relativistic microwave sources.

Thisstudy isdevoted to the devel opment of methods
for imaging of the microwave beamswith the aid of the
6P-recombination continuum of cesium (6P-RCC) [5—
7] emitted from alayer of nonequilibrium plasmain the
positive column of gas discharge in a cesium vapor—
xenon mixture (Cs—Xe discharge) [8]. We believe that
this imaging technique can be used to create an imager
of millimetric and centimetric waves combining high
sensitivity and good time resolution. Emission in the
6P-RCC falls within a convenient blue region of the
visible spectrum (corresponding to wavel engths below

504 nm), possesses sufficiently large luminosity, and is
not distorted by reabsorption effects [5-7]. The inten-
sity of continuum is directly proportional to the densi-
ties of electrons and cesium ions which are extremely
sensitive to changes in the electron temperatures under
the action of microwave radiation. In addition to being
the source of recombinant radiation, cesium plays an
important role in the formation of charged particlesin
nonequilibrium plasma of the positive column of the
Cs—Xedischarge[5, 6, 9], where theinert gas actsas a
buffer medium.

We have studied the possibility of using 6P-RCC for
imaging of the microwave beams on a setup schemati-
cally depicted in Fig. 1. A planar layer of nonequilib-
rium plasma in the positive column of the Cs—Xe dis-
charge was created in a special discharge tube (DT).
Themiddle part of the DT accommodated arectangular
parallelepiped glued from quartz plates. Two parallel
flat quartz windows 1 with a10 x 10 cm sguare aperture
and a spacing of 2 cm allowed amicrowave beam to be
introduced in and extracted from the DT without distor-
tions. Two flat rectangular anodes 2 and two heated
cathodes 3 were arranged inside glass cylinders (4 and
5) with adiameter of 10 cm, which were glued to oppo-
site edges of the quartz cell. The anodes and cathodes
were spaced by 30 cm. Each pair of electrodes was con-
nected to a separate source of eectric current. The dis-
charge tube was provided with side fingers containing
cesium droplets. For creating a required cesium vapor
pressure, the DT was placed into thermostat 6 and
heated to 80-110°C by blowing with hot air. The tube
was filled with xenon at a pressure of 45 Torr. Thisrel-
atively high gas pressure is necessary to provide for a
local character of the additional heating of plasmaelec-
trons under the action of microwave radiation. The lon-
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Fig. 1. A schematic diagram of the experimental setup (see
the text for explanations).

gitudinal electric field strength E in the positive column
was determined by measuring a potential difference
between electric probes 7. The electron temperature in
the positive column of the Cs—Xe discharge was deter-
mined from the 6P-RCC spectrum [5-8].

Investigations of microwave action upon the posi-
tive column of the Cs—Xe discharge plasma were per-
formed at a current of 1.5 A and a DT temperature of
368 + 2 K. Under these conditions, the positive column
of the Cs—Xe discharge represents a flat homogeneous
plasma layer occupying the whole working aperture of
the tube [8]. In the absence of microwave radiation, the
positive column was characterized by a longitudinal
electric field strength of E; =0.9V/cm, an electron tem-
perature of T, = 0.42 €V, and an electron density of
Ng = 4 x 10* cm 3. Microwave radiation with a fre-
guency of 35 GHz was generated by magnetron 8
(Fig. 1) with a maximum output power in the pulsed
mode of about 20 W (for a pulse duration of 0.1 s). The
radiation was emitted from a horn antenna 9 and
focused by spherical teflon lenses 10 and 11 (with a
diameter of 20 cm and afocal length of 60 cm) into the
center of the positive column of the Cs—Xe discharge.

Dependence of the 6P-continuum emission inten-
sity | on the microwave intensity W incident upon the
discharge plasma was studied with the aid of a photo-
multiplier equipped with a set of input interference
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optical filters transmitting only 6P-RCC.! The results
of these measurements showed that a change in the
6P-RCC intensity Al = | — Iy (Ig is the intensity of
6P-RCC emission in the absence of microwave radia-
tion) was proportional to the incident microwave inten-
sity in the range from 0 to 5 W/cm?. A greater incident
microwave power led to breakdown of the plasmalayer.

The spatial distribution of the 6P-RCC intensity was
studied using a monochrome KS-381 CCD camera 12
(Fig. 1) with an SE-1212 lens. The aforementioned set
of filters 13 (see footnote 1) was placed in front of the
lens. The output signal from the CCD camera was fed
to a FlyVideo EZ98 framgrabber installed in a com-
puter. The spatia distribution of the microwave inten-
sity was restored from the image of the spatial distribu-
tion of the microwave-induced 6P-RCC intensity I (X, y)
upon subtraction of the background distribution 1(X, y)
of the intensity of 6P-RCC emission from the positive
column of the Cs—Xe discharge measured during a
frame preceding to the microwave pulse front (here, x
and y are the longitudinal and transverse coordinates
relative to the discharge current direction).

In order to verify the proposed imaging technique,
we have compared the spatial distribution of the micro-
wave intensity W(X, y) in the focal plane of lens 11,
measured with the aid of a movable calibrated micro-
wave diode, to the pattern of spatial variations of the
6P-RCC intensity Al(X, y) measured using the CCD
camera as described above. The curves of the relative
intensity W/W(O, 0) of the microwave beam (thick
solid curves) and the relative variation of the 6P-RCC
intensity AI/AI(O, 0) (thin solid curves) measured
along the coordinates x and y are presented in Figs. 2a
and 2b, respectively. These profiles were measured
using the microwave intensity at the beam center
W(0, 0) = 3 W/cm?, for which the relative variation of
the continuum emission intensity was Al (0, 0)/1,= 1. As
can be seen from Fig. 2, the distributions measured by
the two methods coincide to within the experimental
error everywhere except for the beam periphery. Eluci-
dation of the reasons for discrepancy between the
results of measurements in the periphera region
requires additional investigation.

The characteristic time of variation of the 6P-RCC
intensity upon fast switch-on of the microwave source,
which was measured by the photomultiplier response,
coincided with the electron heating time and amounted
to a several microseconds. Thus, the time resolution of
the method proposed for imaging of the microwave
beams can be on the order of ten microseconds, while
the energy flux sensitivity threshold can be as low as

1 The set of filters ensured a transmission of 40 + 10% in a wave-
length range from 400 to 500 nm and below 0.1% outside the
390-510 nm interval. In addition, the transmission was below
0.1% in the 450460 nm interval containing lines of the second
resonance transition (7Pz, — 6S;/, 7Py — 6S;)5) in Cs
atoms [5].
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Fig. 2. The profiles of therelative intensity W/W(O, 0) of the
microwave beam (thick solid curves) and the relative varia-
tion of the 6P-RCC intensity Al/AI(O, O) (thin solid curves)

measured in the (a) longitudinal (x) and (b) transverse (y)
directions relative to the discharge current direction.

105 Jem?. Under the conditions of our experiments,
the time resolution was limited by the sensitivity of the
KS-381 CCD camera. At afully opened diaphragm and
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maximum gain, the minimum duration of exposure that
alowed the 6P-RCC emission to be measured was
1 ms, while the energy flux sensitivity threshold was
about 107 Jcm?,
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Abstract—The structure of a photoresist based on aMMA-MAA copolymer was modified by exposure to an
ultrasound with a frequency of 21 kHz and a power density of 300 W/m?. The results of the UV and IR spec-
troscopic measurements show that the ultrasonic processing leads to the formation of C=0 double bonds and
to the growth of absorption in the 260-360 nm wavel ength range. © 2002 MAIK “ Nauka/Interperiodica” .

The development of microelectronicsled to the need
for a lithographic process ensuring increased lateral
resolution, which can be provided by using UV radia-
tion with a shorter wavelength (260-360 nm) as com-
pared to that employed in the conventional process
(350420 nm [1]). For redlization of the new litho-
graphic process, it is also necessary to create photore-
Sists possessing increased sensitivity with respect to the
UV radiation employed, which would provide for a suf-
ficiently high efficiency of the exposure stage. As is
known, methyl methacrylate-methacrylic acid (MMA—
MAA) copolymers are highly sensitive to UV radiation
in the 260—360 nm range, which is due to the presence
of C=0 carboxy groups[2].

The purpose of this study wasto investigate the pos-
sibility of carbon—oxide double bond formation in an
MMA-MAA copolymer photoresist under the action of
ultrasound in air. The C=0 bonds account for the
absorption of electromagnetic radiation in the UV spec-
tral range from 260 to 360 nm [2]. Below we report on
the results of modification of a MMA-MAA copoly-
mer by exposure to ultrasound with a frequency of
21 kHz. The ultrasound was generated by a GZ-33
oscillator and radiated by a magnetostrictive vibrator.
The power supplied to the vibrator was 1.2 W. The sam-
ples of resist were deposited by dropping a copolymer
onto the surface of a sapphire or silicon (KDB-4 grade)
substrates. After a 15-min ultrasonic processing, the
copolymer was spread over the substrate surface by cen-
trifuging at 2500 rpm. Then the resist films were heat-
treated in a convective furnace at 160°C for 30 min [3].
The intensity of the ultrasonic irradiation of the resist
samples was estimated at 300 W/m?.

Changes in the structure of the ultrasound-modified
polymer resist were revealed by measuring the UV and
IR transmission spectra of the film samples. The spec-
tra were recorded on an IKS-22 double-beam spec-
trometer (Russia) in the wavenumber range from 1900
to 700 cm! and on an SF-26 spectrophotometer in the

wavelength range from 200 to 400 nm. The film thick-
nesswas ~1 um + 15 nm as determined with the aid of
aMIl-4 microinterferometer (Russia). Typical UV and
IR transmission spectra are presented in Figs. 1 and 2,
respectively. The effect of processing was determined
by comparing the spectra recorded before and after
exposure of a sample to the ultrasound.

The structure-related changes in the optical proper-
tiesof MMA-MAA copolymer films were observed in
the IR range (Fig. 2) containing absorption bands cor-
responding to the vibrations of C=0 and C-O bonds.
As can be seen from the IR transmission spectra, the
modified film is characterized by a an increase in the
optical absorption in the region of 1700 cm™, which is
probably indicative of the increasing content of C=0
groups in the ultrasound-processed copolymer [4].
Indeed, the IR absorption in the region of 1700 cm is
attributed to the vibrations of carbonyl groups C=0 [5].

In addition, the spectra presented in Fig. 1 show evi-
dence that the exposure to ultrasound led to an increase
in sensitivity of the MMA-MAA resist in the wave-
length range from 260-360 nm, which can be aso
related to the formation of C=0 bonds.

Thus, ultrasonic processing of an MMA-MAA
copolymer resist at afrequency of 21 kHz and a power

]
400
A, nm

1 1 1
250 300 350

Fig. 1. The UV transmission spectra of a MMA-MAA
copolymer film measured (1) before and (2) after ultrasonic
processing.
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Fig. 2. The IR transmission spectra of a MMA-MAA
copolymer film measured (1) before and (2) after ultrasonic
processing.

density of 300 W/m? in air leads to oxidation of the
polymer, which results in increasing sensitivity to UV
radiation in the 260-360 nm wavel ength range.
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Abstract—The effect of fullerenes Cqy and C, on the mobility of charge carriersin conjugated organic sys-
tems are studied. It was established that the carrier mobility in photoconducting fullerene-containing
polyimide films exhibits a tenfold increase as compared to fullerene-free polymer films. A correlation
between fullerene-induced changes in the spectral and photoconducting properties of these filmsis consid-

ered. © 2002 MAIK “ Nauka/Interperiodica” .

Photosensitive media based on conjugated organic
structures occupy an important place in abroad class of
light-controlled systems used in devices for data
recording, storage, and processing—electrically and
optically controlled spatiotemporal light modulators,
including those based on liquid crystals. Advantages of
such organic photoconducting layers are good spatial
resolution and high sensitivity [1].

Considerable attention of researchers engaged in
thisfield is devoted to the use of heterocyclic polymers,
in particular, polyimides (PIs). Thisis explained by the
advantageous combination of photoel ectric and physic-
ochemical characteristics offered by these polymers.
Unfortunately, Pls are characterized by alow mobility
of charge carriers, which is manifested by certain fea
tures in the electric conductivity of Pl-based structures
and is one of the factors limiting the operation speed of
Pl-based liquid-crystalline spatiotemporal light modu-
lators. Therefore, the study of processes making it pos-
sible to increase the mobility of charge carriersin such
polymer mediaisimportant both for basic investigations
of light-controlled optica structures and for practical
applications in the optical data processing systems [2],
where an effective increase of one characteristic must
be provided without significantly impairing other char-
acteristics: for example, an increase in the operation
speed must be achieved with retaining high sensitivity
and spatia resolution.

This study was devoted to determining the possibil-
ity of increasing the charge carrier mobility in polymer
systems by introducing fullerenes in conjugated
organic structures such as polyimide 6B (PI-6B) [3]. As
aresult, we established a correlation between changes
in the photoconductivity and spectral characteristics of

these photosensitive polymers modified (doped) by
fullerenes Cyy and C,.

The experiments were performed with thin films
prepared from 3-6.5% Pl solutionsin tetrachl oroethane
or chloroform by the method of centrifugal casting. The
films were modified by adding fullerenes Cy, and C
with the concentrations varied from 0.1 to 2.5 wt % rel-
ative to the photosensitive polymer component. The
film thicknesses were varied within 2—4 um. Note that
both polymer and fullerenes [4] are well solublein tet-
rachloroethane, which provided for the obtaining of
sufficiently homogeneous films possessing high stabil-
ity under laser irradiation. The polymer films were cast
onto glass substrates above preliminarily deposited
transparent conducting layers; for the electric measure-
ments, gold contacts were applied to the polymer films.
The bias voltage applied to the photosensitive polymer
layers was varied from 5 to 70 V. The current—voltage
(I-V) characteristics were measured for the samples
with various concentrations of fullerene additive under
conditions of variable illumination intensity. The spec-
tral dependence of the photoconductivity was measured
in arange of wavelengths up to the near IR region. The
absorption spectra were measured on a SPEX Model
1403 spectrometer.

The main experimental results are summarized in the
table and in Figs. 1-4. Data in the table represent the
experimentally measured |-V characteristics of plainand
fullerene-modified Pl films. Figure 1 shows a plot of
increase in the charge carrier mobility (calculated from
data of the I-V measurements) of afullerene-containing
thin PI-6B film (relative to the nonmodified sample)
versus bias voltage in the dark (plot 1) and under illu-
mination with the light from an incandescent lamp
(plot 2). The PI sample was modified by introducing
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0.2 wt % of fullerene C,,. Theinset in Fig. 1 shows a
relative increase in the photoconductivity o versus
fullerene concentration in the samples biased to 10 V
and illuminated with pulses of a flash lamp with an
energy of 36 Jand a pulse duration of 0.5 ms.

It should be noted that, in studying the photocon-
ductivity of conjugated organic structures, we concen-
trated mostly on the role of charge carrier mobility
rather than on their concentration. Thisis explained by
the following circumstances. Asis known, the conduc-
tivity activation energy of some conjugated organic
systems, including polyimides|[1, 5], coincideswith the
mobility activation energy: plotted in adoublelogarith-
mic scale, the values of conductivity and mobility
(measured at equal temperatures and electric field
strengths) fit to the same straight line inclined at 45°
relative to the coordinate axes. The constant slope of
the logo versus logu plotisindicative of the constant
concentration of charge carriers, suggesting that a
change in the conductivity o with the temperature and
field strength is completely determined by changes of
the carrier mobility p asafunction of these parameters.
Taking these considerations into account and using the
results of measurements of the current—voltage charac-
teristics of plain and fullerene-modified Pl films, the
charge carrier mobility can be qualitatively estimated
using the Child-Langmuir current—voltage relationship
by the formula[6]

1d®
=10"°—. 1
M RYZ 1)

The results of calculations of the relative changesin
the carrier mobility presented in Fig. 1 reveal aconsid-
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Fig. 1. The plot of increase in the charge carrier mobility of
athin PI-6B film containing 0.2 wt % of fullerene C4q (rel-
ative to the nonmodified samples) versus bias voltage mea
sured (1) in the dark and (2) under illumination from an
incandescent lamp. The inset shows a relative increase in
the photoconductivity o versus fullerene concentration in
the samples biased to 10V and illuminated with pulses of a
flash lamp with an energy of 36 J and a pulse duration of
0.5ms.

erable (by almost one and a half orders of magnitude)
increase in the mobility when the bias voltage increases
from 0 to 70 V. As can be seen, the increase in mobility
ismuch more significant in the dark than in the samples
illuminated with light at a relatively low power. The
increasein photoconductivity (and, following the above
considerations, in the carrier mobility) with increasing

Current—voltage characteristics of the films of pure and fullerene-modified polyimide 6B

Current, A
Bias voltage, V Pure PI Pl +0.2wt % Cyq
dark light dark light

5.00 x 1074 2.77 x 10712 2.50 x 10713 433 x 1012
5 240 x 10713 298 x 10711 1.80 x 10712 5.00 x 10711
10 3.97 x 10713 6.96 x 10711 7.6 x 10712 1.10 x 10710
15 5.05 x 10713 1.01 x 10710 1.70 x 10711 2.30 x 10710
20 6.65 x 10713 1.44 x 10710 2.50 x 10711 3.70 x 10710
30 972 x 10713 2.50 x 10710 5.30 x 10711 8.00 x 10710

40 1.19 x 10712 3.80x 10710 9.00 x 10711 1.40 x 10°°

50 153 x 10712 570 x 10710 1.50 x 10710 2.40 x 107°

60 1.70 x 10722 7.01 x 10710 2.15 x 10710 3.90 x 107

70 2.00 x 10712 8.60 x 10710 2.90 x 10710 6.20 x 1079
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Fig. 2. The spectral dependences of photoconductivity of

thin films of (1) pure PI-6B and (2) the same polymer mod-
ified with fullerene C4q. Theinset shows the spectra of pho-

toconductivity of the films of pure fullerenes Cgy and
Cyo[11].
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Fig. 3. The absorption spectra of 0.3% chloroform solutions

of (2) pure PI-6B, (3) PI-6B containing 0.5 wt % Cgg and
(1) purefullerene Cgg.

intensity of illumination suggests that a similar behav-
ior will be manifested under laser irradiation as well.

We have cal cul ated the absol ute values of the charge
carrier mobility in plain and fullerene-modified sam-
ples. The results of these calculations show that the
introduction of fullerenes leads to atenfold increase in
the mobility. The absolute values were estimated for a
bias voltage of 10V, afilm thickness of d = 2 um, a
dielectric constant of € ~ 3.3, a fullerene content of
about 0.2 wt % C,, and an upper electrode contact area
with a diameter of 2 mm. Under these conditions, the
carrier mobility in a fullerene-modified polyimide Pl
filmis~0.3 x 104 cm?/(V s), while an analogous value

TECHNICAL PHYSICS LETTERS  Vol. 28
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for pure Pl is ~0.17 x 10 cm?/(V s). These values
agree well with the datareportedin[1, 7], where it was
demonstrated that the carrier mobility in pure Pl films
rangesin theinterval from 10-"t0 0.5 x 10° cm?/(V s).
Relationship (1) used for the estimation of charge car-
rier mobility is valid in the case of currents limited by
the space charge. This situation is characteristic of most
of the conjugated organic structures (in particular, Pls)
in which the charge transfer processes are determined
by traps, although formula (1) contains no terms depen-
dent on the illumination intensity. However, taking into
account the aforementioned equality of the activation
energies of conductivity and mobility in PIs, the results
of calculations of the relative changes in the carrier
mobility probably adequately reflect the general trends
in mobility variations. This behavior does not contra-
dict the pattern of changesin the mobility observed for
the other conjugated organic system (fullerene—carba-
zole) [8].

The above analysis is consistent with the process of
complex formation in the polyimide—fullerene system
considered previoudly [9, 10] and agrees with the spec-
tral dependence of photoconductivity presented in
Fig. 2 for thin PI-6B films modified with the fullerene
Cy. Theinset in Fig. 2 shows the spectra of photocon-
ductivity for thefilmsof purefullerenes Cgyand C,,[11].

Thereisaquite good agreement between the results
described above and the absorption spectra of
fullerene-containing Pl films. Indeed, the absorption
spectra exhibit a bathochromic shift and an increase in
the intensity of absorption in the visible spectral range.
Note that the absorption peak of pure Pl occursin the
region of 380—-400 nm. Figure 3 compares the absorp-
tion spectra of pure and fullerene-modified PI in chlo-
roform. As demonstrated above, the introduction of
fullerenes leads to atenfold increase in the mobility of
PI. Asisknown [5], an increase in the carrier mobility
by one order of magnitude may lead to a twofold
growth in the polyconjugation chain length. This cir-
cumstance does not contradict the notions about com-
plex formation in polyimide systems and can be
explained by an increase in the nonbarrier charge trans-
fer pathlength related to the electron transition to
fullerene, rather than to an intramolecular acceptor
fragment of a polyimide molecule.

Thus, the system studied may feature a transition
from intramolecular charge transfer between donor
(triphenylamine) and acceptor (diimide) fragments to
the intermolecular charge transfer between tripheny-
lamine fragment and fullerene molecule, which is pre-
cisely what accounts for the bathochromic shift in the
absorption spectrum. Note that the absorption spectra
of thin films must also reveal this behavior (bathochro-
mic shift), but we failed to obtain sufficiently thin films
(below 0.5 pm) for measuring separate absorption
peaks. The overall shift toward longer wavelength in
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Fig. 4. The absorption spectraof fullerene-containing PI-6B
films cast from tetrachloroethane solutions in comparison
with the spectrum of fullerene C;q. Theinset showsthe gen-

eral view of asample of PI-6B containing fullerene C.

the spectra of fullerene-containing Pl films is demon-
strated in Fig. 4.

Conclusion. We have observed atenfold increasein
the mobility of charge carriersin films of polyimide 6B
as aresult of modification with fullerenes Cq, and Cy,.
It is suggested that this can be related to achangein the
charge transfer pathway: from the intramolecular pro-
cess between donor (triphenylamine) and acceptor
(diimide) to the intermolecular charge transfer between
triphenylamine fragment and fullerene molecule. There
is a correlation between fullerene-induced changes in
the photoconductivity and spectroscopic properties of
the polymer films. The observed behavior isalso corre-
lated with the trends in nonlinear optical properties of
photosensitive fullerene-containing conjugated Pl-based
structures studied previoudy [10].
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Abstract—The parameters of an open discharge operating without anode grid at elevated beam current densi-
tiesare studied. It is demonstrated that the discharge is characterized by an almost 100% efficiency of electron
beam generation in both pul sed and continuous regimes. A mechanism is proposed that accountsfor such ahigh
efficiency, according to which a zone of low potential gradient formed near the cathode blocks the ion current
to cathode, while the electron emission proceeds by the photoemission mechanism. © 2002 MAIK

“Nauka/Interperiodica” .

In the preceding paper [1], we demonstrated that an
open discharge without anode grid possessesin practice
asignificantly greater efficiency of continuous electron
beam generation as compared to other types of gas dis-
charge. In order to elucidate the mechanism of electron
beam generation and determine the limiting character-
istics of the open discharge without anode grid, we have
studied operation of this discharge at high current den-
sities in a quasi-continuous regime.

The experiments were conducted in acell analogous
to that described previously [1], with aworking cathode
areaof ~1 cnm?. It should be recalled that theion current
to the cathodein thiscell is suppressed by a special grid
placed at a distance of d = 1 mm from the cathode,
which consists of dielectric plates spaced by h =2 mm
from each other. This grid decreases the ion-induced
electron emission from the cathode. The experimental
system employed a capacitor with C = 3.3 nF discharg-
ing through a thyratron and the discharge gap; the
scheme was powered either in a pulsed regime (using
rectangular pulses with a duration of 0.5-2 ms) or in a
continuous regime (switched for atime of ~ 15 s). The
discharge operation was stabilized by a ballast resistor
connected in series to the discharge circuit.

Figure 1 shows typical oscillograms of currents to
the anode (I ) and to the electron collector (I). Ascan
be seen, there are three clearly distinguishabl e stages of
discharge operation: (i) initiation, (ii) open discharge
development, and (iii) quasistationary operation. The
initiation stage (t ~ 0-6.5 us) is characterized by alarge
anode current and low efficiency of electron beam gen-
eration. Inthetimeinterval from 6.5to0 12 us, the anode
current exhibits a sharp drop, while the electron beam
generation efficiency increases (up to ~95%). Subse-
quently, despite a gradual decrease in the discharge
voltage, the system features a significant increase in the

discharge current and the el ectron beam generation effi-
ciency.

These results can be interpreted as follows. In the
stage of initiation taking place at a relatively low volt-
age (U < 1.5 kV), the system features a usual “anoma-
lous” discharge with an electron beam generation effi-
ciency of n = 20-40%. Similar to other types of ahigh-
voltage glow discharge [2], this stage is characterized
by a gradua increase in n with increasing discharge
current density and voltage. As the voltage grows, an
increasing proportion of electrons pass to the runaway
regime and, hence, an increasing number of ions are
formed outside the anode unit and recombine before
reaching the cathode. By the time t ~ 10 us, the major
proportion of ions produced in the initiation stage
within the region between the cathode and dielectric
plates have already reached the cathode and, hence,
electrons are mostly supplied to the discharge current
due to photoemission under the action of radiation gen-
erated in the drift space. This stage is characterized by
an extremely high electron beam generation efficiency
(upt0 99.8%for I . ~25mA att =150 us), whichisonly
possible for the photoel ectron emission mechanism.

As can be seen from Fig. 1, the conditions of maxi-
mum electron beam generation efficiency do not coin-
cide with the regime of maximum electron beam cur-
rent. Indeed, the maximum efficiency (irrespective of
theinitial voltage and the maximum electron beam cur-
rent) takes place in the interval of currents about
20-25 mA. An increase in the working gas (helium)
pressure to py. > 8 Torr shifts the region of maximum
electron beam generation efficiency toward greater cur-
rents, which isaccompanied by agradual decreaseinn.
The voltage of the open discharge operation initialy
exhibits a sharp drop, but then increases again (Fig. 2).
The maximum electron beam generation efficiency

1063-7850/02/2806-0454%$22.00 © 2002 MAIK “Nauka/Interperiodica’
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observed in the experiment was n = 99.88% at py, =
8 Torr.

In the system powered by millisecond rectangular
pulses, the region of maximum efficiency shifts toward
greater currents (3040 mA at py. = 7-8 Torr) and a'so
reaches alevel of n = 99.8%.

In the continuous regime, considerable power (up to
~100 W) isdissipated in the drift space and on the elec-
tron collector. This leads to a rapid heating of the cell
which results, in particular, in a change of the working
gas pressure (concentration) in the electron accelera-
tion region. Since the current in the discharge gap and
the voltage across the gap strongly depend on the con-
centration of gas molecules, the electron beam parame-
ters remain unchanged only for 10-15 s. The results of
measurements of the discharge characteristics in this
regime are presented in Fig. 3. As can be seen, the dis-
charge operation voltage in the continuous regime is
somewhat higher and the maximum el ectron beam gen-
eration efficiency is lower (~99.5%) than those in the
guasi-continuous case.

The above results are well consistent with the pho-
toemission mechanism of the electron beam genera-
tion. An excess of the electron beam current over the
anode current 1, compensating the ion current to the
cathode is so large (up to 500 times) that this can by no
means be explained by the ion-induced el ectron emis-
sion such as that in the usual open discharge. In prac-
tice, this implies that the cathode sputtering is very
small and the working life of electron accelerators based
on the open discharge without anode grid can be signifi-
cantly longer as compared to that of systemsimplement-
ing a high-voltage anomalous discharge [2, 3] or the
usual open discharge.

On the other hand, the fact of stronger suppression
of the ion current in the open discharge without anode
grid indicates that the mechanism of electron accelera-
tion and ion neutralization processesin this caseis sig-
nificantly different from that operativein the usual open
discharge. Indeed, the electron beam generation effi-
ciency (with neglect of the grid losses) is given by the
formula[4]

B 1
N= [T+ os(aw/dx)/wy)’

where dw/dx and © are the energy losses of fast elec-
trons and the fraction of such losses spent for the ion-
ization, respectively, and w; is the energy required for
the production of one ion. For helium, ® = 0.51 and
W, =49 eV [5], dw/dx = 47 eV/cm for p,. = 8 Torr and
w = 3 keV for a single electron [6]. Assuming that all
ions formed over a gap length of d = 1 mm (cathode—
dielectric grid spacing) strike the cathode, we obtain an
estimate of N = 95.3% and I/, = 20, rather than n =
99.8% and I ./l,, = 500 as in the experiment.

A key to understanding the mechanism of high-effi-
ciency electron beam generation in the discharge stud-

)
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Fig. 1. Typical oscillograms of the discharge voltage (U),
currents to the anode (I,) and the electron collector (1),

total current (I5), and the electron beam generation effi-

ciency (n) observed at various initia voltages in an open
discharge without anode grid at pe = 8 Torr.

iedisprovided by dataonthe electron trgjectoriesin the
near-cathode region. Examination of the cathode sur-
face showed that ion etching takes place within a nar-
row central zone in the region between the neighboring
plates, rather than over the entire area exposed. The
total width | of the ion-etched zone is much smaller
than the spacing between plates (h = 2 mm): in the sys-
tem studied, | ~ 0.5 mm. Since intense etching takes
place only in the central part of this zone, the effective
width of the etched areais still smaller, I, ~ 0.25 mm.
Thisisindicative of the fact that the ion current to the
greatest part of the exposed cathode surface is sup-
pressed.

In our opinion, the mechanism of the ion current
suppression is asfollows. Since the shielded part of the
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10

cathode surface (i.e., that under the plates) can beirra-
diated from the regions between plates and from the
cathode—plate gap, the emitted and accelerated elec-
trons strike the plates and charge them to a potential
corresponding to the operative voltage. As a result, the
field strength in the cathode—pl ate gap sharply decreases
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and theregion of high potential gradient (in which elec-
trons are effectively accelerated) moves away from the
cathode by adistance of ~&. Only in the central triangu-
lar zone of width ~l and height ~d does the applied field
sag into the gap between cathode and plates to produce
acurrent of fastionsto the cathode surface. Outsidethis
zone, ions are neutralized in the course of ambipolar
diffusion not contributing to the current. Asaresult, the
total ion current to cathode decreases in proportion to
~0.51/h.

Taking into account the above considerations, for-
mula (1) for the open discharge without anode grid
must be modified as

_ 1
1, ©8(dwidx) 05Ty’
Wy h

)

The calculation using this formula for py, = 8 Torr
and U = 3kV yields n = 99.8%, in agreement with the
experimental data.

Thus, we have demonstrated that the open discharge
without anode grid, operating with a current of
20-30 mA/cm?, can provide for an electron beam gen-
eration efficiency of n = 99.8%. A mechanism is pro-
posed that is responsible for such a high n value.
According to this mechanism, photoelectrons emitted
from the cathode are accelerated for the most part at a
certain distance from the cathode, rather than in the
near-cathode region. As aresult, fast ions are prevented
from striking the cathode and are mostly neutralized in
the course of ambipolar diffusion, so that the ion cur-
rent to the cathode is almost completely suppressed.
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Abstract—The dynamic characteristics of liquid crystal (L C) structures containing fullerenes Cg, and C,o were
studied, and the effect of fullerenes on the reorientation capacity of liquid crystal molecules was assessed. It is
established that fullerenes Cgy and Co influence the operation time of polymer-dispersed LC cells containing
photosensitive 2-cyclooctylamine-5-nitropyridine molecules. A possible mechanism of reorientation in the sys-
tem is considered, and it is shown that fullerenes can provide for effective switching of the electrooptical
response in such LC cells. Fullerenes have good prospects for use in orienting coatings of various types
employed in the LC technology. © 2002 MAIK “ Nauka/Interperiodica” .

Introduction. The use of liquid crystals (LCs) in
electrooptical switches, laser gates, light modulators,
and some other devices for rea-time-scale operation
requires taking measures providing for fast response,
high contrast, and good modulation properties. As is
known, this complex problem cannot be solved by
merely adjusting separate parameters of LC system
design, since an increase in one characteristic usually
leads to a decrease in some other property. For exam-
ple, anincreasein sensitivity is achieved at the expense
of decreased spatial resolution, while attempts at
increasing the resolution lead to aloss in the response
speed, etc.

This interplay is well illustrated and explained
within the framework of investigations of L C structures
using holographic methods. Asis known, the resolving
power of aholographic grating can be determined using
the dependence of the diffraction efficiency on the spa-
tial frequency. The former characteristic is determined
by the phaserelief profile depth and by correspondence
of thisrelief to the intensity distribution in the grating
created in a photosensitive medium. For a signal writ-
ten in the photosensitive structure of a grating with
sinusoidal variation of the transmission, the intensity I,
of theith order diffraction peak can be described (using
acriterion proposed in [1]) by the expression

I = I (AP —AD,)/2, )

where A®,., — AP, is the phase modulation depth
and J, is the ith order Bessel function of the first kind.
The phase modulation depth is directly proportional to
the LC layer thickness [2]:

A® = 2ndAn/A. @)

Here, disthe LC layer thickness, Anisthe LC birefrin-
gence, and A is the wavelength of light acting upon the
electrooptical medium.

As can be seen from relationships (1) and (2), an
increase in the LC layer thickness leads to a corre-
sponding increase in the phase modulation depth and,
hence, in the electrooptical response. At the sametime,
the conventional way to increasing time characteristics
istoreducethe LC layer thickness. Thus, the possibility
of increasing the operation speed while retaining high
resolution by means of changesin the system design is
problematic. Therefore, alternative ways to optimiza-
tion of the dynamic and modulation characteristics of
L C devices have to be devel oped.

A complex approach to solving the problem of opti-
mization stipulates both selecting a proper operation
mode and the use of special orienting coatings at the
boundaries between layers of the electrooptical device
structure. Thefirst way implies, for example, the use of
a pulsed mode of writing data in the LC layer or a
pulsed supply voltage. The pulsed techniques reduce
polarization processes in the system and prevent LC
molecules from dissociation. Another important factor
is the time delay between the optical and bias voltage
pulses, which has to be matched so as to minimize the
chargerelief spreading and, hence, the system response
time. The second way to optimization consists essen-
tially in modification of the physical conditions at the
solid—L C layer boundary. In the case of using the ori-
enting oxide coatings, an important factor isthe surface
relief geometry, while in using polymeric orienting
films the dominating role belongs to physicochemical
processes at the interface between media with different
electrooptical parameters.

1063-7850/02/2806-0457$22.00 © 2002 MAIK “Nauka/ Interperiodica’



458

top,ms

1

n
10 .

2

3
5+ o

[¢)

0 1 1 1 1 1 1
10 20 30 40 50 60 70

U, v

Fig. 1. The plots of operation time (top) versus amplitude of
the supply voltage pulses for of the polymer-dispersed LC
structures with orienting films (1) free of fullerenes and
(2, 3) containing fullerenes Cgy and Cyq, respectively. The
measurements were performed using voltage pulses with a
duration of 15, = 30 ms and arepetition frequency of 1/T =

0.5Hz

Below we consider the effect of fullerene-contain-
ing orienting coatings on the dynamic characteristics of
polymer-dispersed photosensitive LC systems. It will
be demonstrated that fullerenes Cg, and C,, have good
prospects for effective switching agents in electroopti-
cal LC devices.

Experiment. The investigation was performed in
LC cells of the Stype with 10- to 12-um-thick LC lay-
ers possessing the initial planar orientation. A photo-
sensitive component in the polymer-dispersed system
was 2-cyclooctylamine-5-nitropyridine (COANP), the
room-temperature refractive index of which is closeto
that for an ordinary ray of the LC compositions
employed. The ratio of photosensitive and LC compo-
nents in the composition was 1 : 2. The composition
was plasticized by a nonphotosensitive polyimide of
grade 81A (PI-81A). The structure of COANP was pre-
liminarily sensitized by adding 1-5 wt % fullerene C,
which shifted the absorption edge of COANP into the
region of wavelengths of the radiation source
employed [3]. The electrooptical component was based
on a standard nematic LC possessing positive optical
and dielectric anisotropy: NZhK 1282 (An = 0.164,
Ae =9.9); NZhK 1289 (An = 0.168, Ae = 10); and E7
BDH (An = 0.224, Ae > 0).

Orienting films with a thickness of ~0.5 um were
applied onto the surface of aglass substrate, over apre-
liminarily deposited transparent conducting film of
indium and tin oxides (ITO). The orienting layer was
applied using 2.5 to 3% solutions of PI-81A or PI-81B in
tetrachloroethane. The concentration of the fullerene
(Cqo Or Cyp) additive in thislayer was 0.1-0.5 wt % (rel-
ativeto the dry polyimide weight). Tetrachloroethaneis
a good solvent both for polyimides and for fullerene
clusters[4], which provided for the obtaining of homo-
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geneous orienting coatings. The fullerene-modified Pl
films were applied onto the substrates by centrifuging
and dried for 8-12 h until complete solvent removal.
During the experiments, this layer was oriented by rub-
bing with flannel according to a special procedure.

The electrooptical cells were powered with rectan-
gular pulses possessing an amplitude of A = 10-60V,
aduration of 15, = 5-100 ms, and a repetition fre-
guency of 1/T = 0.5-50 Hz. The system was studied by
measuring the transmission of the radiation of aHe-Ne
laser (A = 633 nm) through a cell placed between
crossed polarizers. The scheme of measurements was
analogous to that reported elsewhere [5]. The elec-
trooptical response rise time was determined for the
first transmission oscillation, in which a transition to
the adjacent extremum on the S curve could be clearly
detected that corresponded to a change by 1 in the
phase delay.

Resultsand discussion. Figure 1 showsthe plots of
operation time (t,,) of the polymer-dispersed LC cells
versus amplitude of the supply voltage pulses, mea
sured for 14, = 30 msand /T = 0.5 Hz. The cell oper-
ation time was determined as the time required for the
electrooptical response to change from 0.1 to 0.9 of the
maximum level. As can be seen, al sample structures
exhibit a decrease in the operation time with increasing
amplitude of the voltage pulse (from 15-20to 60 V). In
practice, this parameter varies within 20% for the cells
with fullerene-containing orienting coatings (cf. curves
1vs. 2 and 3, which refer to sample cellswith the same
numbers). The experiment reveal ed the influence of the
structure of fullerene molecules (Cq, vs. Cy) 0N the
interval of operation times:. the structureswith fullerene
C, provide for somewhat better operation characteris-
tics as compared to that with Cgy. Apparently, both Cgy
and C,, significantly influence the packing of mole-
culesin the LC layer by changing the cohesive energy
of LC dipoleson the surface, but the elongated shape of
C,, probably provides for a higher ordering of the LC
structure already in the initial state, before application
of the electric field.

We can consider the effect of fullerenes on the sur-
face cohesion in terms of the free surface energy den-
sity F, the physical meaning of which is equivalent to
the phase boundary surface tension. In the Rapini
approximation [6],

F. = 1/2W.sin’6. ©)

In this model, the orientation of LC molecules on the
substrate surface is characterized by two parameters: 6,
the average angle of tilt relative to the surface, and W,
the surface cohesive energy. In our experiments, cell 3
exhibited avirtually planar orientation of the polymer-
dispersed LC composition, which was confirmed both
by analysis of the initial transmission portion of the S
curve and by a better contrast observed for this struc-
ture. Thus, asmaller tilt of LC moleculesrelative to the
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substrate surface coated with a film containing
fullerene C,, corresponded to minimization of the sur-
face energy under otherwise equal conditions, includ-
ing a constant absolute value of W;. The latter parame-
ter has a characteristic value for each particular orient-
ing film, which requires further detailed investigation
of the fullerene-containing orienting coatings for appli-
cation in the LC display technology.

It is necessary to point out the following fact. Some
investigations of the rotation ability of fullerenes Cg,
and C,, showed that the rotation frequency is tempera-

ture dependent and amounts to ~10* s at 300 K. For
Ceo molecules excited at 528 nm, the characteristic
rotation times in various solutions were as follows: tol-
uene, 7 = 1.5 ps; o-dichlorobenzene, 10.3 + 1.5 ps,
o-xylene, 13 + 2 ps; and decalin, 3.5+ 1.5 ps[7]. The
rotation of C,, in chlorobenzeneis characterized by 8 +
2 ps[8]. Thus, fullerene molecules can follow changes
of the electric field vector in the light wave at a suffi-
ciently high rate. In our experiments with the sample
structures excited by radiation of a He—Ne laser, the
boundary conditions at the interface between a
fullerene-containing orienting film and electrooptical
layer may vary at arather high rate, which is followed
by accelerated reorientation of the LC director upon
application of the voltage pulse. Note that thistime vari-
ation of the boundary conditions should probably be
taken into account in the analysis based on formula (3),
for example by, introducing an additional term describ-
ing more adequately the complicated character of reori-
entation of moleculesin agiven polymer-dispersed LC
composition.

Ananalysis of the presented in Fig. 1 showsthat the
light action upon the reorientation ability of the struc-
tures studied probably prevails over the electric field
action. As the voltage pulse amplitude exceeds ~40 V,
there is no difference in time characteristics of the sys-
tems containing fullerene additives of various typesin
the orienting film. This circumstance is not at variance
with the previously established fact [9] that better
switching characteristics were observed for polymer-
dispersed LC structures sensitized by fullerenes in
comparison to the usual nematic LC cellswith the elec-
trooptical layer not sensitized by fullerenes. The ability
of fullerene moleculesto follow the orientation electric
field vector in the light wave (or the electric field
strength variations) at a high rate is directly manifested
in the experiments with cells containing fullerenes both
in the orienting film and in the electrooptical layer.

Figure 2 illustrates the possi ble mechanism of reori-
entation in an LC composition, which takes into
account the rotation ability of fullerene molecules.
Here, the system characterized by the reorientation
time t; corresponds to probing the cells without
fullerenes introduced into the bulk of the polymer-dis-
persed LC composition, while the case of t, refersto a
fullerene-sensitized composition. Based on the time
characteristics observed in this study and the results
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Fig. 2. The possible mechanism of reorientation in a poly-
mer-dispersed LC composition, which takes into account
the rotation ability of fullerene molecules: n is the orienta-
tion of LC director; E is the electric field vector of alight
wave or an applied field; t; and t, are the characteristic rota-

tion times (see the text for explanations).

reported previously [9], we may ascertainthat t, <t,. It
should be noted that, in order to simplify the drawing,
fullerenes present in the orienting coating are not
depictedin Fig. 2. The proposed mechanism can bealso
operative in LC structures with fullerene-free orienting
coatings and fullerene-containing electrooptical layers.
Nor do we consider the possible cases of more compli-
cated patterns of molecular alignment. For example,
fullerenes may form charge-transfer complexes with
the donor fragment of a T-conjugated photosensitive
molecule (COANP) [10], thus orienting the molecule,
after which the T-conjugated molecule—fullerene com-
plex alignsthe LC dipoles along the walls.

Conclusions. Thus, the results of our experiments
and model considerations demonstrate the following:

1. Fullerenes significantly influence the process of
reorientation of polymer-dispersed LC compositionsin
the bulk of the electrooptical structure. A possible
mechanism of this reorientation, which takes into
account the rotation ability of fullerene molecules, has
been considered on a qualitative level.

2. A difference in the time characteristics of the
polymer-dispersed L C compositions with variable con-
tent of fullerenes Cg, and Cy, in the orienting film has
been demonstrated. The presence of Cg, or C,, mole-
cules significantly activates processes at the phase
boundaries.

3. The results of this investigation can be used for
the creation of L C-based devices of anew type, operat-
inginareal timescale, and for the development of tech-
nological processesrelated to the synthesis of orienting
polymer and oxide coatings.
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Abstract—The properties of a microstrip line (MSL) on a bilayered substrate containing a thin ferroelectric
layer are theoretically studied. The propagation parameters are calculated using an approach based on a two-
dimensional full-wave electrodynamic model. The influence of the fringing electric field in the ferroelectric
layer on the MSL characteristics is studied. It is shown that correct modeling of microwave devices based on
bilayered substrates with ferroelectric layers must take into account the properties of these layers even despite
very small thickness. © 2002 MAIK “ Nauka/Interperiodica” .

Formulation of the problem and analysis of the
model. In recent years, microwave electronics makes
use of phase shifters employing ferroelectric films,
which represent integrated circuits fabricated by stan-
dard technol ogies without manual assembly and adjust-
ment operations [1, 2]. Such microwave integrated cir-
cuits are based on insulating substrates (sapphire, poly-
crystalline alumina, MgO, LaAlO;) coated with thin
(0.5-1.0 um) ferroelectric layers of (Ba,Sr)TiO;. The
tunable element is implemented in the form a planar
capacitor representing a gap (s = 5-20 um) in the con-
ducting film [3] deposited over the ferroelectric layer.
The capacitance of this planar capacitor iscontrolled by
applied voltage. The ferroelectric film extends beyond
the gap width and covers the whole substrate, which is
explained only by the sequence of technological opera-
tions used for the device fabrication. In order to provide
for a correct modeling of such devices, it is necessary
to know how the presence of a thin ferroelectric layer
influences the propagation characteristics of microstrip
lines (MSLSs).

The simplest model of the electric field distribution
inan MSL (Fig. 1a) formulated in a quasi static approx-
imation [4, 5] is characterized by an effective strip
width (wg) and an effective dielectric constant €.
ThisMSL model is known as the quasi-TEM approxi-
mation, which is correct in the case of lines with the
cross section small reative to the wavelength in the
substrate:

w, hy< 0.05\,/ /g, (1)

where w is the strip width, hy and €, are the substrate
thickness and permittivity, respectively, and A, is the
wavelength in vacuum.

Let us apply this approximation to an MSL with a
bilayered substrate containing aferroelectric layer. The
capacitance per unit length can be calculated as the
capacitance of alayered capacitor:

= EoWer
" hyeg 4 + il 2

Here, &, « isthe effective dielectric constant of the sub-
strate, h; and €; are the thickness and permittivity of the

Cy

(2) (b) y (©)
w, E
e=1 | e=1 =
) sl b b — |
< | ker < | & < < pe < < he
| IR <[EEEKS | h
' i ? a x

Fig. 1. A microstrip line on a bilayered substrate with an upper ferroelectric layer: (a) amodel without fringing field; (b) a model

with fringing field; (c) cross section diagram.
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ferroelectric film, respectively, and gyisthe permittivity
of vacuum. For hy > h; and g5 < &, the second term in
the denominator of formula(2) ismuch smaller than the
first one. Thisimplies that, in the approximation under
consideration, the presence of the ferroelectric film
does not influence the MSL characteristics. In order to
provide for a more correct approach, it is necessary to
take into account that a certain part of the fringing field
is parallel to the ferroelectric layer (Fig. 1b). For this
reason, the electric field energy density in theferroelec-
tric can be g;/e, times greater than that in the substrate.
Therefore, the effect of the ferroelectric layer on the
MSL characteristics must be taken into account even
despite small thickness of this|ayer.

Method of calculation. The wave propagation
parameters in an MSL based on a bilayered substrate
are determined using the full-wave analysis based on
the spectral-domain approach. In the general form, this
method isformulated for cal culating the complex prop-
agation parameters of boxed multi-conductor planar
lines in multilayer media.

The spectral Green functions are calculated within
the framework of the immittance approach [6]. Using a
recursive procedure for calculating the impedance of
each layer (considered as a loaded line section of the
equivalent circuit) for all fundamental modes, it is pos-
sible to construct a flexible algorithm for calculating
the diadic Green functions for an arbitrary number of
layers above and below the electrode interface. Thelay-
ers are characterized by thicknesses and permittivities.

Using the standard spectral-domain notation [7], a
system of linear equations for the fields and current
densitiesin the conducting surface can bewrittenin the
following form:

. 5 sz ~
) “ Ja, e
\7X(an) sz ZXX :];((an) ,
Ta, 2o ©)

V,(x) = J’Ex(x')dx'.

Here, E; x and J, x are the tangential components of
the electric field and current density, respectively; Z =
07 7 0O
|:| ?ZZ %ZX |:|
07y, U
variable (the tilde denotes the Fourier image of the cor-
responding function). Functions describing the tangen-
tial components of the electric current density are
expanded into series with respect to a basis set formed
by the Chebyshev polynomials of thefirst kind. Apply-

is the Green dyad; and a,, is the Fourier
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ing the Galerkin method to solving Eg. (3), we arrive at
a homogeneous system of linear equations

[A(w, k)I[X] = 0, (4)

where [A(w, k)] is the matrix of scalar products in the
corresponding space, [X] is the vector of unknown
coefficients in the expansion of current densities J, and
J, wisthecircular frequency, and k, is the propagation
constant along the transmission line. A nontrivial solu-
tion to (4) determines the value of k, at a given fre-
quency w.

Using the obtained propagation constant, we can
calculate the related modal impedance of the MSL.
Based on the method proposed in [8], it is possible to
determine the power transmitted in the structure with
an arbitrary number of layers. This value is used to
determine the eigenvector of voltages by the formula

1 *
SV, (5)

P =
where asterisk denotes the complex conjugate. The
wave impedance of the line for the fundamental mode
isdefined as Z, = VII.

Figure 1c shows the modd structure of a single
MSL embedded in a three-layer medium. A metal
“box” with idedly conducting walls has the side
dimensionsa =5 mm and b = 10 mm. The calculations
were performed for a frequency of f = 12 GHz. The
results of the calculations are obtained in the form of
the propagation constant of the fundamental mode and
the corresponding wave impedance Z, and, accord-
ingly, of the effective dielectric constant and the effec-
tive strip width on a bilayered substrate:

gar = (KCl0)%, (6)
120mi(h, + hy)
Wyt = ————,
o 7 e (")

where c isthe speed of light in vacuum.

Results and discussion. Figure 2 presents the val-
ues of e4 and Z, as functions of theratio of layer thick-
nesses h;/h, for hy = 500 um and €, = 10. The calcula
tionswere performed for various strip widths (w = 0.25,
0.5, and 1.0 mm) and various permittivities of the fer-
roelectric material (g = 400 and 1000). The &4 and Z,
values obtained for h; = 0 (an M SL without aferroelec-
tric layer) coincide with the results of modeling within
the framework of the quasistatic approach [4, 5]. The
effective strip width wg; is independent of h; and coin-
cides with the wy value obtained in the quasistatic
approximation for h; = 0 [4, 5].

Based on the above analysis, we arrive at the follow-
ing conclusions:

No. 6 2002
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Fig. 2. Theresults of calculations of the effective permittiv-
ity and wave impedance of the model MSL for € = &.

1. The effective permittivity of an MSL on a bilay-
ered substrate with a thin ferroelectric layer signifi-
cantly depends on the ferroelectric layer thickness. A
rough estimation is provided by the formula

h
€qr(Nr) Degr(0) + V_\l;sf! (8)
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where £4(0) is the effective dielectric constant of the
MSL in the absence of the ferroelectric film [4, 5].

2. In the case when the condition (1) isfulfilled, the
presence of athin ferroelectric film virtually does not
influence the effective strip thickness.

The capacitance (C,) and inductance (L;) per unit

length of the line are determined using the well-known
formulas

Z, = JLJIC,, k, = wJL,C, 9)

in combination with relationships (6) and (7), which
yield

Ci = go€ar(hy)Wey/ (hs+ hy),

(10)
L1 = Ho(hs+ he)/We.
These expressions are consistent with the above con-
clusion that C, depends on the thickness and permittiv-
ity of the ferroelectric layer, whereas L, is virtually
independent of the parameters of this layer.
Acknowledgments. The authors are grateful to
I.B. Vendik for valuable advice and comments.
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Abstract—Solutionsfor nonlinear helical electric and magnetic waves and polarization modesin aquartz fiber
arefound. Parameters of these modes (the normal velocity of the wave front and the helix pitch) are calculated
asfunctions of the fiber properties and the amplitude and frequency of the electromagnetic field. © 2002 MAIK

“ Nauka/Interperiodica”

Active media with continuous inflow and dissipa-
tion of the energy supplied from an external source may
support 2D single-arm and multiarm helica waves
(helicons) aswell as 3D wave structures such as simple
and twisted vortices whose centers of rotation form the
vortex filament [1]. In this sense, the optical fiber isa
passive, dissipative medium. However, due to the pres-
ence of interfaces between the fiber core and the clad-
ding, the electromagnetic field existing in this guiding
structure propagatesin the form of modes satisfying (in
the linear case) the trandlation and superposition condi-
tions[2]. Hybrid EH and HE modes, which correspond
to oblique rays in the fiber, possess helicoidal (spiral)
equiphase surfaces [3].

Similarly, density waves existing in a liquid or gas
filling a cylindrical tube propagate in the form of
guided modes, in particular, as helicons [4]. The wave
front of such a mode twists into a helix: the peripheral
parts are retarded, because the wave velocity in the
medium is constant, v = wr = const [1]. Helicons arise
on the surface of avortex cavity in aliquid or gas [3],
etc. The analogy between nonlinear and linear helicons
is very interesting and informative. Helicons arising in
an optically transparent passive medium may be treated
as an example of self-organization of electromagnetic
field due to the nonlinear interaction between the field
and the medium.

An example of self-organized electromagnetic
field actively studied nowadays is offered by vortex
solitons [5, 6]. The dynamics of solitons existing in an
optical fiber can be described by variations of the enve-
lope asafunction of thetime and the longitudinal coor-
dinate [7]. Unlike these objects, nonlinear vortices and
helicons are primarily described by the transverse field
distribution.

Let us consider conditions for excitation of the
polarization waves and electromagnetic helicons in an
optically transparent medium with a homogeneous
refractive index. In steady-state conditions, the phase of
aheliconis@=wt—0(r) + ¢ — Bz where 6(r) isafunc-
tion of the polar radius which describes the shape of the

helix, ¢ is the polar angle, | is the azimuthal index
(topological charge) specifying the number of arms in
the helix, and zisthe longitudinal coordinate. Writethe
system of Maxwell’s equations for the el ectromagnetic
field in a nonconducting dielectric (quartz waveguide),

OxB = 10D 0D =0,
cot’ )
OxE = —1%—? OB = 0,
and the constitutive equation
D = E+4mP, 2

where P = —eNr is the polarization vector of the
medium. Taking into account formula OF + 41t[(P =0,
we obtain from (1) and (2) the following equation:

10°ne _ 10°P
i Tea [DG )= Gar } )

The unit cell of quartz possesses the center of sym-
metry; therefore, the potential of the crystal lattice can
be approximated by the even periodic function U =

—focos O r% , Where ry is the mean atomic radius. The

equation of motion for an optical electron in the atom
situated in a site of the quartz | attice can be written as

d’r dr
mdt2 = -0U- odt—eE 4
where —JU = —f,sin gzr—rm isthe “averaged” restoring

force of the crystal lattice. Let us multiply Eq. (4) by

1063-7850/02/2806-0464%$22.00 © 2002 MAIK “Nauka/ Interperiodica’



HELICONS IN AN OPTICAL FIBER

—eN and divide the result by the electron mass m to
obtain the equation for polarization

d’P

d_ = —f.,sn(gP) + o, dp + VZE, ()
t

™t

wheref,, = f,eN/m, g = 1(21reN), 6,,= o/m, and v =
€?N/m. System (3)—(5) describes nonlinear modes of a
dielectric waveguide. Upon obtaining a solution for the
electric field from (3)—(5), we can find the magnetic
field from (1):

B = ~c[dtE. (6)

Let usfind the solution to system (3)—(5) in the sim-
plest case when vectors of the eectromagnetic field and
polarization have only radial components: E = E(r, ¢, 2)
and P = P,(r, ¢, 2. Then Egs. (3)«5) reduce to the
system

2165 @PPlDPD 4T[6P
%] s OIEDE s e "2 T ror0” ¢ ot?’
()
0°P_, 9P
ot? mat
Representing the field components and polarization

vector asE = Egexp(i@), B = By(i@), and P = Py (i), we
can rewrite system (7) in the form

0°0 ;987,100 " o2 I
or? 'or0 TYar 0.2 i

= —4T[[a ?
or

+ f,sin(gP) = v, ’E.

067,100 .1 .o
EBrD ————Ir—2+|?i|P, (8

2
P- sin(gP) = — Ve
W +i0,w

T =
W + 10,0
Expanding the sine function into the power series as
sin(gP) = gP(1 — P53 /3! + q*Py /5! — PPy /7! +...) =

HgP and substituting the expansion into (8), we obtain
the “dispersion relation”

9’0 _. 987
ar? 'Corl

L 108 _ C
rar

W —we—puqf,+io,m

9)

2 2
2 P-1g . 2 170
"83 * 70 'DC -PB A

Using the notation | = do/dr, we can rewrite Eq. (9) as

dn 4! (1+v)
r

A in+2n- -5 5 0
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wherey = 0 /(0? — Wi — ugf,, + i0,,w). This equation
represents the general Riccati equation. Using the sub-
gtitution n = idIn(u)/dr, we can transform (10) to the
Bessal equation

The solution to Eg. (11) can be written in the form of
the Hankel function u = COH,(nl) (R), where R =

Jo?Ic2—B2(1+y)r and m = JI3(1+y)—y. Using
the inverse subdtitution n = i(du/dr)/lu =
i Jo?lc?—B2(1+y) [dHP (RVAR/HP (R) and inte-

grating the variable n = db/dr, we find the shape of the
helicon:

dinH(R)

G—Ir]d I iR

substituting (12) into formula E = Eyexp(i@), we obtain
the expression for electric field

dr = ilnHY(R); (12)

E, = EHy (Riexpli(wt+19 -B2)].  (13)
Far from the absorption region, formula(13) withy < 1
(m =1) coincides with expressions for spiral chemical
waves [3] and wavesin agas[4].

Substituting (13) into (6), we find the magnetic field:

cBBy

Bq,:—c(%J‘th_ 01D expli(oot + 1§ —B2)]. (14)

The complex Poynting vector for the case under study is

_C - C
S_—T[EXB = 4—_,_[12ErB¢
c g (15)
= 1, PEPo 1 Ry *expliz (ot + 16 - B2)].

The nonlinear polarization modes in the quartz wave-
guide, the electric and magnetic modes (13) and (14),
and the energy flux density (15) represent helicons. For
R > 1, the cross sections of their equiphase surfacesare
the Archimedean spirals: wt — R + |¢ — Bz = const
(Fig. 1). Near thewaveguide axis (at R — 0), thefront
of ahelicon wave is distorted.

Let usfind the velacity of point A in ahelicon which
is separated by distance r from the helix center O [1].
For this purpose, we draw a circle centered at O and
passing through the point A. The velocity of the wave
front crossing this circle equals v, = wr; the velocity of
the normal displacement of the wave front is denoted
by v, (Fig. 2). Thevelocity of circular motionisrelated
to the normal velocity of thewave front as v,, = v, cosa,
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"

\/ X

Fig. 1. Equiphase surfaces wt — 3z = const of ahelicon with
the topological charge| = 4 in the cross section of a quartz
fiber.

where a is the angle between the normal to the wave
front and the tangent line to the circle at the point A.

Taking into account the formula tana = rdg/dr = —n,

we find that cosat = 1/4/1 + tan’a = 1/4/1 +r’n?. The
velocity of normal displacement of the helicon wave
front is determined by the expression

Ve
w
S+ [R(L+y) — P [dInHﬁ,f)(R)/dR]z.

The helicon pitch can be determined from the equa-
tion 6 = (R + hy) — B(R) = 21T, which, in the case under

study, takes the form HS (R + by = HY (R). The
velocity of the wave front and the pitch of the helicon
propagating in a quartz waveguide depend on the fre-
guency of electromagnetic field, the electron plasma
frequency, the amplitude of the polarization wave, and
the topological charge. Thecritical value of the electro-
magnetic field intensity | at which we should take into
account the nonlinear polarization of quartz glassesis

Vo =

TECHNICAL PHYSICS LETTERS  Vol. 28
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Fig. 2. Velocity of the helicon front in the cross section of a
quartz fiber.

at least ~10*2 W/cm? [7]. Thismeansthat heliconsin an
optical fiber can be observed at such field intensities.
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Abstract—A new method for determining the absorption coefficients, refractive indices, and thicknesses of
thin films is proposed. The method is based on the measurement of the angular dependence of the energy ref-
lection coefficient of a light beam upon excitation of the waveguide or leaky modes by a prism coupler.
The features of determination of the parameters of SiO, films on silicon and glass substrates are considered.
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Progress achieved in the field of controlled fabrica-
tion of thin-film structures [1] has made it possible to
use the contact waveguide methods for determining the
parameters of thin films. The corresponding tech-
niques, based on measurements of the propagation con-
stants of the waveguide modes excited in athin film by
aprism coupler, were described in [2, 3]. However, the
originally proposed methods allowed only the refrac-
tive index and thicknesses of a thin film to be deter-
mined.

Below we report on the results of investigations
showing new possibilities in determining the parame-
ters of thin films with complex permittivity, which are
offered by the prism coupling technique. The proposed
approach is based on the measurement of the angular
dependence of the energy reflection coefficient of a
light beam upon excitation of the waveguide or |eaky
modes by a prism coupler, followed by reconstruction
of the complex propagation constants using the results
of these measurements.

Consider a thin film capable of guiding optical
modes, which is situated on asubstrate with adielectric
permittivity €. Let the film contact the base of an equi-
lateral prism as depicted in Fig. 1la. The prism with a
base angle 6, the surrounding medium (atmosphere),
and an air gap of thickness g between the prism and the
waveguide are assumed to possess real permittivities
€y, €5, and g, respectively, such that €, > €, > €,. The
structure is excited by a Gaussian light beam of radius
W, With the beam axis making an angle y with the nor-
mal to the entrance face of the prism. The energy reflec-
tion coefficient for the beam reflected from the prismis
given by the formula R(y) = A(y)r(y), where r(y) is the
coefficient of reflection from the prism base, A(y) =

16K2/(1+K), K = (g,/e,)Tcosy/ /£ /e, — Sin’y ,and T=0
or 1 (for TE and TM polarization modes, respectively) [4].

Generalizing the results obtained in [5], we may
conclude that the complex propagation constant hinthe
case of a resonance excitation of the guided mode can
be restored from the experimental angular dependence
r(y). For the dependence recorded in the angle interval
Yo—a<y<y,+a wherey, is the coordinate of mini-
mum of the function r(y) corresponding to a given
excited mode, the restoration formulais as follows:

sino (o)

h=B+="={pe +ilpi—p(1-8)°(20) T} . ()

Here, B = koJe,cosa, o = 05m — 6 +

arcsin(J/e.€; sinyy),
5 = (g,65") 4/ (Koeg—B?) (Koe, — B,

W = Wo(C0SYe) W1 —E,E5 SN Yo,

and k, = 217\, is the wave number in vacuum. The
quantity p, isaroot of the equation

)

[G(—pl)]‘lReJ’de
0

Yo*a (2)
Ez d Do 5Kon/EaWo(1—1o) ™
=[Ra- [r ) EWo(l—rp) ",
0 I % 0 0 0
Yo—a
where G(t) = i—}Mdr, t=— +ip; 3 =
J2) it-t1./2

—00

Ko /E2 Woa, and ry = r(Yo). Thevalues of p, = plexp(io),
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Fig. 1. Schematic diagrams of (&) a prism coupler and (b) an experimental setup used for recording the angular dependence of the
light beam reflection coefficient: (1) radiation source; (2) collimator; (3) beam splitter; (4) attenuator; (5) polarizer; (6) lens;
(7) prism; (8) gap; (9) thin-film structure; (10) rotary table; (11, 12) photodetectors; (13, 14) step motors; (15) synchronization con-
trol unit; (16) comparator; (17) analog-to-digital converter (ADC); (18) computer.

(0)

o,and p,’ are caculated using the expressions

2| p2|
= —py+ (-1)°/pl + py/OBT(L 1) [G(—py)] ™,

©)

ota

=K dy -
o OA/S_aWOBJ ray

Yo 0
-1
J’ rd\%N ,

Yo—@

(0) _

ps” = 0P, (4)

Wherep =0or1, and
2 1
N = 8|p2|J%HmIde4
0 <
_ O
_Bi%il + J'E[ReG(_ Py +iay) —G(—py)] P%

P = [p.G(—p,) + ~/0.51]
x { (1+ |pg pi)[ pu/OBT+ (1 + p2)G(—p))]} .

Using expression (1), it is possible to restore the
complex mode propagation constants with an allow-
ance for a perturbation introduced by the coupling
prism into the structure studied, that is, the measured
value of h is independent of the gap thickness deter-
mined by the force pressing the prism to the film. Upon
substituting the h values for any of the two modes fea-

TECHNICAL PHYSICS LETTERS  Vol. 28

tured by the film into the corresponding dispersion
equations, we can determine the refractive index n, the
absorption coefficient k for k(e = (n + ik)?), and the film
thicknessd [5].

For performing the angular measurements, we have
designed and constructed an automated setup depicted
in Fig. 1b. In this scheme, the Gaussian beam from a
He-Nelaser (A = 0.6328 pm, wy = 492 um) isincident
onto a coupling prism 7 mounted on a rotary table 10.
The angle of incidence y can be varied using a system
driven by step motor 14. In our experiments, the angu-
lar step of the table rotation was 20 sec of arc. The

R R
1)
41.0
0.8F
0.8
0.6F 0.6
H0.4
0.4F
40.2
0.2F . .
5 6 7
Y, deg

Fig. 2. Angular dependences of the light reflection coeffi-
cient measured for (1-3) a SIO,—Si structure with increas-

ing pressing load (right-hand R scale) and (4) a SiO,—quartz
glass structure (left-hand R scale).
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Table 1. Theresultsof processing angular dependences pre-
sented in Fig. 2 for aSiO, film on a Si substrate

Curve

omber | RENG Rehi |[Imh}| x 10% [Imh%| x 10*
1 1.46489 | 1.46491 131 2.04
2 1.46488 | 1.46491 0.62 2.04
3 1.46490 | 1.46491 0.45 2.04

* hg and h, are the h values restored upon selectingp =0and 1 in
Eq. (3), respectively.

angular dependencer (y) was determined with the aid of
photodetector 12 (driven synchronously with the table
by step motor 13 and measuring the power of a light
beam reflected from the coupling prism device), photo-
detector 11 (measuring the incident beam power), and
unit 16 comparing the two photodetector signals
(unit 16 is synchronized with the step motor control
unit 15). The signal from comparator 16 was digitized
in 10-digit ADC 17 and fed to computer 18 for storage,
processing, and display.

We have studied the thin-film structures of two
types, obtained by RF sputtering of a quartz glass (KV
grade) in an argon—oxygen atmosphere (4 : 1, v/v) onto
silicon (ng = 3.515) or quartz (the same KV glass, n, =
1.4567) substrates. Structures of the first type main-
tained only the leaky modes. The corresponding R(Y)
curves measured for various forces pressing the cou-
pling prism to the substrate (and, hence, for the corre-
sponding outgoing TE modes) are presented in Fig. 2 by
curves 1-3 (increasing curve number corresponds to
decreasing gap width g). The perturbation introduced by
the coupling prism is manifested by the ambiguity of
selecting p in expression (3) [5]. In practice, one has to
chose one of the two values of the propagation constant
(calculated asaresult of processing of the experimental
data), none of which can berejected apriori. Theresults
obtained upon processing curves 1-3 in Fig. 2 show
that the h value corresponding to correct p is stable,
whereas the other varies (Table 1). Using the h values
measured for various leaky modes, we calculated the
SO, film parameters for a SIO, film on a Si substrate:

n=1.47545,k=1.6x 105 d=3.50 um. Thermserrors
of determining n, k, and d values were 1 x 10>, 0.1 x
105, and 0.01 um, respectively (for the errors of

k,' Reh and Imh measurements equal to 6 x 10~ and
0.02|Imhl|, respectively).

Structures of the second type (h, = 1.4567) exhibited
waveguide properties [6] and maintained three
waveguide modes with the TE polarization (Fig. 2,
curve4). Thevaluesof propagation constants measured
for these waveguide modes and the corresponding cal-
culated film parameters are listed in Table 2. The rms

errorsof k;" Reh and kj' Imh measurementswere equal
to4 x 10 and 1.5 x 1077, respectively.

In order to check for correctness of the obtained
results, the parameters of the waveguide films were
determined by independent methods. The optical losses
measured for the third mode with the aid of afiber scan-
ning along the waveguide [7] were 9.7 dB/cm (error,
0.3 dB/cm). The film thickness measured on a profilo-
graph was 3.51 um (error, 0.02 um). As can be seen,
these values agree with the cal cul ated data presented in
Table 2. Since the structures of both types were pre-
pared in a single technological cycle, the sample
parameters must be sufficiently close whichisalso con-
firmed by experiment.

An analysis of the results of experiments with the
films featuring waveguide modes shows that the possi-
bility of correct determination of the system parameters
depends on the degree of localization of the mode fields
which, in turn, depends on An = n,—n and on the film
thickness d. For An = 0.75, the k values coincide (to
within the relative error dk/k = 0.03) with the data for
an analogous waveguide film. For An < 0.75, the dk/k
value varies with the film thickness: for d =2 3.5 pm this
ratio does not exceed 0.05 for SIO, films on a K8 opti-
cal glass substrate. The minimum value of k, which can
be determined with an acceptable accuracy of measure-
ments, is also determined by the outgoing mode | osses.
For aSiO, film with athickness of 2.5 umon aSi sub-
strate, dk/k = 0.1 and 0.03 for k = 10° and 3 x 1075,
respectively. The errors of determination of the refrac-
tive index and film thickness never exceeded 5 x 10
and 3%, respectively. Therefore, use of the proposed
method for determining the absorption of thin filmsfea-
turing only leaky modesis expedient only provided for
a sufficiently large difference of refractive indices of
the substrate and film (at least for An > 0.5). In the case
of small An values, application of this method is expe-
dient for the films with thicknessesd = 5 um. It should

Table 2. The parameters of awaveguide SiO, film on a quartz glass substrate

Mode number Reh/k, [Imhg|, x10™° n kx 10° d, pm
0 1.47335 1.57
1 1.46720 1.49 1.47544 1.57 3.50
2 1.45785 1.15* +1x10° +0.03 +0.004

* The value corresponding to the optical losses of 9.91 dB/cm.

TECHNICAL PHYSICS LETTERS Vol. 28
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be noted that the proposed method can be used for the
investigation of thin metal films guiding plasmon
modes.

Thus, the proposed method of determining the
parameters of thin layers can be of interest in the inves-
tigations of various thin-film structures used in optics,
optoel ectronics, and microel ectronics.

REFERENCES

1. V.N. Sretenskii and V. A. Yudinov, Zarubezhn. Radioéle-
ktron., No. 3, 69 (1996).

2. R.Ulrichand R. Torge, Appl. Opt. 12 (12), 2901 (1973).

3

4.

. T. W. Hou and C. J. Mogab, Appl. Opt. 20 (18), 3184
(1981).

A. B. Sotskii, A. V. Khomchenko, and L. |. Sotskaya,
Opt. Spektrosk. 78 (3), 502 (1995) [Opt. Spectrosc. 78,
453 (1995)].

A. A. Romanenko and A. B. Sotskii, Zh. Tekh. Fiz. 68
(4), 88 (1998) [Tech. Phys. 43, 427 (1998)].

G. T. Petrovskii, V. P. Red’ ko, and A. V. Khomchenko,
Zh. Tekh. Fiz. 54 (10), 2045 (1984) [Sov. Phys. Tech.
Phys. 29, 1199 (1984)].

R. Th. Kersten, Vak.-Tech. 23 (1), 16 (1973).

Trandated by P. Pozdeev

TECHNICAL PHYSICS LETTERS Vol. 28 No.6 2002



Technical Physics Letters, Vol. 28, No. 6, 2002, pp. 471-474. Trandated from Pis' ma v Zhurnal Tekhnicheskor Fiziki, Vol. 28, No. 11, 2002, pp. 58-65.

Original Russian Text Copyright © 2002 by Bezruchko, Ivanov, Ponomarenko, Seleznev.

Experimental Study of Bifurcationsin Systems
with Rapidly Varying Parameters

B. P. Bezruchko, R. N. Ivanov, V. |. Ponomarenko, and E. P. Seleznev
Saratov Branch, Institute of Radio Engineering and Electronics, Russian Academy of Sciences, Saratov, Russia
e-mail: shire@sgu.ru
Received December 3, 2001

Abstract—The period-doubling bifurcations in nonlinear circuits under conditions when the control param-
eter changes rapidly as compared to the oscillation relaxation process were experimentally studied. The
choice of one of the two possible final states differing only in the phase of oscillations was determined. The
results show that real systems with continuous time obey the laws of breakage of the probability symmetry
of the postbifurcation states, which were previously established by numerical experimentsin discrete systems.

© 2002 MAIK “ Nauka/Interperiodica” .

Introduction. Originaly, the term bifurcation
(from Latin for “doubling”) means splitting of the evo-
lution pathway of a system that takes place when acon-
trol parameter of the system attains a certain critical
level. In some cases, the two variants of the postbifur-
cation behavior are equiprobable. For example, having
lost stability, a symmetric cycle exhibits a symmetry
loss bifurcation and splits into two probabilistically
identical mirror-symmetric cycles featuring oscilla-
tions with a double period, which differ only in phase.
In this case, there arises a problem of choosing one of
the two possible pathways under conditions where the
control parameter varies at afinite rate in the presence
of noise. This problem is related to basic phenomena
such as the spontaneous symmetry breakage known in
various natural sciences[1-3].

Below we present the results of observation of the
aforementioned bifurcations in nonlinear oscillation
circuits under conditions when a control parameter
changes within a time shorter than a characteristic
relaxation time of the system.

Depending on the conditions, there are two possible
types of the bifurcation transitions in a system with
noise: stochastic and dynamic [4—6]. Theformer typeis
realized in the limit of negligibly slow variation of the
control parameter. Here, the choice of apostbifurcation
(final) state is fully determined by noise. If the noise
probability distribution issymmetric, thefinal statesare
probabilistically symmetric aswell: p, = p, = 1/2. Tran-
sitions of the pure dynamic type are observed in the
limit of negligibly small noise. In this case, either the
first (p, = 1, p, = 0) or the second (p, = 0, p, = 1) final
state is selected, depending on the initial conditions,
with a unit probability that implies completely predict-
able behavior. In real systems, certain intermediate sit-
uations are realized in which both noise and the rate of
the control parameter variation are significant. Never-

theless, a conditional boundary between stochastic and
dynamic transitions can be defined using a criterion
according to which the possible final state is attained at
apreset probability (e.g., p; = 0.75, p, = 0.25).

Previously [6-8], the phenomenon of breakage of
the probability symmetry of the final statesin a system
featuring dynamic bifurcationsin the presence of noise
was numerically modeled using a one-dimensional
mapping of thetypex, , ; = f(X, + &, r) with aquadratic
function f, in which there were two possible variants of
the periodic motion (differing only in phase) upon a
period-doubling bifurcation. In this mapping, X, is a
dynamic variable, n = 0, 1, ..., N is the discrete time,
and &, isthe noise possessing zero mean (§C= 0), sym-
metric distribution, and the variance o2. The bifurca-
tion (control) parameter r was assumed to vary as
described by a piecewise linear function

0, +Sn, n<N,
r(n) = 0O _ 1)
T1+SN =71, n>N.

Here, Sis the parameter variation rate determined as
S=Ar/N, Ar =, —r; isthe total change in the control
parameter, and N is the number of iterations corre-
sponding to this change. The modeling aimed at deter-
mining the probability p, , of the system falling into a
given final state (with doubled oscillation period),
depending on the noise variance a2 for various Sval ues.
The results were expressed in terms of a critical noise

level of , corresponding to a boundary between sto-
chastic and dynamic transition scenarios, determined as
afunction of the parameter variation rate S

It was demonstrated that the phenomenon of break-
age of the probability symmetry of thefinal statesunder
the conditions of fast period-doubling bifurcation in the
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Fig. 1. Schematic diagrams of the experimental setups used
to study the breakage of the probability symmetry of the
postbifurcation states in (a) an oscillatory circuit with a
semiconductor diode [arrows indicate typical shapes of the
excitation signal for the cases of (1) high and (2) low rates
of the control parameter variation] and (b) aring circuit with
a delayed feedback oscillator: (PC) personal computer;
(DAC) digital-to-analog converter; (ADC) analog-to-digital
converter; (LPF) digital low-passfilter; (NG) noise genera-
tor; (A) amplifier; (SA) summing amplifier; (SC) synchro-
nization circuit; (NE) nonlinear element; (DL) delay line.

discrete models studied is determined by the bound-
aries of the basin of attractions of variousfinal statesin
the phase space, which “move” in response to the con-
trol parameter variation [8]. When the parameter r
changes within a small vicinity of the bifurcation (crit-

ical) value ry, the 62(S) value is represented by a

power function of the type o> = 2y2%, where y =
(dx*/dr)|,¢1 is afactor characterizing the displacement
of boundaries of the basin of attractions of the posthi-
furcation states. The purpose of this study wasto exper-
imentally confirm that real systems with continuous
time obey the laws established previously for discrete
models.

Experimental systems and procedures. The
objects for investigation were as follows (Fig. 1):
(a) anonautonomous dissipative oscillator representing
a nonlinear oscillatory diode circuit (diode resonator)
comprising induction cail L, resistor R, and diode D
(indicated by thick solid linesin Fig. 1a) and (b) aring
autooscillator system of the delayed feedback oscillator
(DFO) type. We empl oyed amixed anal og-digital oscil-

TECHNICAL PHYSICS LETTERS  Vol. 28
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lator scheme combining purely digital nonlinear ele-
ment and delay line with analog filter RC, linked by
analog-to-digital (ADC) and digital-to-analog (DAC)
converters. This scheme alowed the system character-
istics (the shape of nonlinear function F(x) and the
delay time 1) to be readily modified within broad limits
while retaining the other parameters unchanged.

The scheme of the first experiment is depicted in
Fig. 1a. The system was excited with aharmonic signal
of the type V(t) = Vy(t)sin(wt), where V(t) is the vari-
able amplitude and wisacircular frequency, which was
generated by a personal computer linked to a DAC and
an analog low-pass filter (LPF). The harmonic signal
was fed into a summing amplifier together with anoise
signal supplied from the corresponding generator. The
noise was close to normal and possessed azero meanin
the working frequency range. The total signal was
applied to a system studied via a decoupling amplifier.
The control parameter was represented by the signal
amplitude Vy(t), which varied according to a piecewise
linear law

Vg + St, t<T,

Vo(t) = %\/01+ST = Vg t>T. @

Here, V; and Vg, are the initial and final values of the
parameter, Sisthe parameter variation rate determined
as S= AV,/T, AV, =V, — Vg isthe total change in the
control parameter, and T is the time for which this
change takes place (for convenient comparison with the
results of numerical modeling, the rate Swasreduced to
dimensionless form). The output voltage variation pat-
tern was measured using an amplifier linked toan ADC
(synchronized with the excitation signal from the mas-
ter oscillator). Then a personal computer determined
which of the two final oscillation states differing in
phase (shifted in time by the period of oscillations) was
established in the system upon a period-doubling bifur-
cation.

In experiments with the autooscillator system
(Fig. 1b), the ring oscillator signal in the analog part
was summed with a noise component supplied from a
controlled noise generator. Here, the control parameter
was represented by the coefficient r entering into the
characteristics of the nonlinear element of DFO, which
were selected in the form of either

F(x) = r—x ©)
or
F(X) = =x(r +Xx). (@]

The cases of functions (3) and (4) differ in the character
of the dependence of a stationary solution x* of a
period-1 cycle equation on the parameter r. For F(x)
given by formula (4), the derivative y = dx*/dr = O (the
point x* exhibits no shift in the one-dimensional phase
space), whereas for (3) this derivative is nonzero
(y> 0). The parameter r varied in time according to the
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Fig. 2. (a b) Plots of the probability p, of attaining a preset given final state versus noiseintensity logarithm In(og) inthering DFO

system with nonlinear element characteristics of the type (3) and (4), respectively, for S= 6.75 x 107 (1), 13.5 x 107 (2), and

27x1073 (3). (c, d) Experimental logarithmic plots of the critical noiselevel versusrate of the control parameter variationin alarge
AV interval for the diode resonator and the ring DFO system with a nonlinearity of type (3), respectively.

piecewise linear law (1). In the final stage, the postbi-
furcation state was determined as characterized by the
phase shift of established double-period oscillations
(relative to areference signal).

Using the observed output voltage patterns, the
probabilities p, , of falling into one of the two possible
final stateswere determined for all systemsasfunctions
of the noise variance ¢ for various control parameter
variation rates S. In order to accumul ate a sufficient sta-
tistics, necessary for calculating mean probabilities
with an error not exceeding 1%, 2000 experimentswere
run with each set of the noise variance and the parame-
ter variation rate. Finally, the smoothed p; ,(InS)
curves were used to determine the critical noise levels

002 asfunctions of S,

Results and discussion. The results of our experi-
ments showed that, in the general case, both rea sys-
tems studied exhibit the phenomenon of breakage of
the probability symmetry of the final states, provided
that the rate of variation of the control parameter is suf-
ficiently high. Figure 2a presents typical experimental
probabilities for aring DFO system with anonlinearity
of type (3) to fall into agiven final state, plotted versus
the noise level for various control parameter variation
rates. In the region of low rates of the control parameter
variation, even a relatively low noise level leads to
equiprobable final states. As the parameter variation
rate grows, the dynamic processes become more pro-
nounced and the results of the bifurcation transition
become predictable.

TECHNICAL PHYSICS LETTERS Vol. 28 No. 6

By selecting a specia shape of the nonlinear func-
tion F for the ring DFO system, it is possible to provide
for conditions under which the symmetry is not broken
even a high S values. Figure 2b shows the results of
experimentsin this system with anonlinearity of type (4),
when y = 0. Under these conditions, the cycle does not
change upon losing stability: the position of boundaries
of the basin of attraction of the final states is indepen-
dent of the control parameter, and the postbifurcation
states remain equiprobable irrespective of the control
parameter variation rate. This situation is impossible
for the diode resonator circuit, since it is necessary to
ensure that the cycle (having lost stability) would be
independent of the control parameter in athree-dimen-
sional phase space. We failed to provide for this condi-
tion by varying the circuit and excitation parameters.

The above results confirm a relationship between
the appearance of asymmetry and the “motion” of
boundaries of the basin of attractions corresponding to
various final states in the phase space. This behavior is
gualitatively similar to that observed for the quadratic
mappings [8]. It should be noted that, in a broad range
of the control parameter variation, the critical noise

variance of (corresponding to a conditional boundary

between stochastic and dynamic bifurcations) plotted
asafunction of Sin the logarithmic coordinatesis non-
linear (Figs. 2c and 2d). Therefore, this dependence is
not described by a power function (in contrast to what
was assumed in the original theoretical investigations
of this phenomenaon).

2002



474 BEZRUCHKO et al.

Acknowledgments. This study was supported by
the Russian Foundation for Basic Research (project
nos. 00-02-17441and 01-02-06372) and by the US
Civilian Research and Devel opment Foundation for the
Independent States of the Former Soviet Union (CRDF
Award no. REC-006).

REFERENCES
1. V. 1. Gol'danskii and V. V. Kuz'min, Usp. Fiz. Nauk 157
(2), 3(1989) [Sov. Phys. Usp. 32, 1 (1989)].
2. 1. N. Zheludev, Usp. Fiz. Nauk 157 (4), 683 (1989) [ Sov.
Phys. Usp. 32, 357 (1989)].
3. S.A.Akhmanov and A. S. Rosha’, l1zv. Vyssh. Uchebn.
Zaved., Radiofiz. 4 (2), 203 (1961).

4.

5.

R. Kapral and P Mandel, Phys. Rev. A 32 (2), 1076
(1985).
C. Baesens, Physica D (Amsterdam) 53 (2-4), 319
(1991).

O. Ya Butkovskii, J. S. Brush, Yu. A. Kravtsov, and
E. D. Surovyatkina, Zh. Eksp. Teor. Fiz. 109 (6), 2201
(1996) [JETP 82, 1186 (1996)].

O. Ya. Butkovskii, Yu. A. Kravtsov, and E. D. Surovyat-
kina, Zh. Eksp. Teor. Fiz. 113, 369 (1998) [JETP 86, 206
(1998)].

B. P. Bezruchko and R. N. Ivanov, Pis maZh. Tekh. Fiz.
26 (22), 7 (2000) [Tech. Phys. Lett. 26, 982 (2000)].

Trandlated by P. Pozdeev

TECHNICAL PHYSICS LETTERS Vol. 28 No.6 2002



Technical Physics Letters, Vol. 28, No. 6, 2002, pp. 475-478. Trandated from Pis' ma v Zhurnal Tekhnicheskor Fiziki, Vol. 28, No. 11, 2002, pp. 66-74.

Original Russian Text Copyright © 2002 by Bulyarskii, Zhukov, Prikhod’ ko.

Emission from Mn#* lonsin Gadolinium Gallium Gar net
at High Laser Pumping Intensities

S. V. Bulyarskii, A. V. Zhukov, and V. V. Prikhod’ ko
Ul'yanovsk State University, U’ yanovsk, Russia
e-mail: avg@ulsu.ru
Received October 17, 2001

Abstract—The 4T, —= %A, transition in Mn** ion is observed for the first time in the luminescence spectrum
of amanganese-doped gadolinium gallium garnet Gd;Gas0;,:Mn** (GGG:Mn*") crystal under intensive |aser
pumping conditions. It is shown that an increase in intensity of the *T, — %A, transition as compared to that
of the 2E — “A, transition in the luminescence spectra of GGG:Mn** becomes possible because an increase
in the pumping power leads to increasing contribution of the induced transitions. This process is more pro-
nounced in the region of maximum overlap of the bands of 2E — %A, and “T, —= *A, transitions, which
results in enhancement of the phononless line of the latter transition with apeak at 694 nm. It is suggested that
GGG:Mn** can be used as aworking element in continuously tunable lasers. © 2002 MAIK “ Nauka/|nter pe-

riodica” .

Introduction. Transition metal impurities with the
d® outermost electron shell configuration, such as Cr3*,
Mn#, and V?*, still draw the interest of researchers
engaged in the search for new materials to be used as
active mediain solid state lasers. A promising class of
matrices for these impurities is offered by garnet
crystals.

The most thoroughly studied d2 impurity in the gar-
net structureis Cr3* [1, 2]. The luminescence spectra of
chromium contain two characteristic bands: the narrow
R line (corresponding to the 2E —» “A, transition
between terms of the Cr3* ions) observed in the spectra
of garnets at about 695 nm and a broad band in the
region of longer wavelengths (the 4T, — 4A, transi-
tion). Which of the two transitions dominates depends
on the crystal field strength [3].

The outermost electron shell structure of the Mn**
ion issimilar to that of Cr3*. This fact accounts for the
close optical properties. However, both luminescence
and absorption spectra of the manganese ion exhibit
certain distinctions from those of chromium [4—7]. One
of such featuresisrelated to agreater value of the crys-
tal field parameter (Dq) observed for Mn* ionsin crys-
talswith garnet structure [8]. For example, Mn** ionsin
gadolinium gallium garnet (GGG) are characterized by
Dq = 1960 cm (versus Dg = 1585 cm™ for Cr®* inthe
same matrix) [4]. A consequence of this (according to
the Tanabe-Sugano diagram [3]) isthat the 2E — “A,
transition dominates in the luminescence spectra of
Mn*, whilethe T, — #A, transition (typical of chro-
mium in the same matrix) is virtually absent [2].

Below we demonstrate that, under certain condi-
tions (at temperatures above 300 K and high pumping
power), the relative intensity of the 4T, —» %A, transi-
tion increases. The main factors accounting for this
change are (i) a difference in the temperature depen-
dence of the probabilities of 2E — “A, and 4T, —»
4A, transitions and (ii) an increase in the induced radi-
ation intensity.

Preparation of samples and analysis of the lumi-
nescence spectra measured at various temperatures
and laser pumping levels. Manganese-doped gadolin-
ium gallium garnet Gd;GasO.,:Mn* (GGG:Mn*)
samples were prepared as[111]-oriented plane-parallel
plates with ground faces and with lateral dimensions of
~0.5 x 1 cm and a thickness of 0.5 mm. All samples
were transparent in the visible spectral range. Some of
the samples exhibited dlight coloration, which was
explained by the presence of uncontrolled color centers
in the crystal lattice [9].

The concentration of Mn impurity in the samples
was below 0.1 at.%. This circumstance allowed the
complex formation effects (capable of inducing new
lines in the luminescence spectra [10, 11]) to be
excluded from the consideration.

The luminescence spectrawere measured on SDL-2
and DFS-24 spectrometers. The spectra were excited
by radiation of either a constant-wave YAG:Nd laser
(with a wavelength of A =532 nm and a power of P =
200 W) or a pulsed-periodic copper vapor laser (A =
510.6 nm; P = 1000 W; pulse repetition rate, f = 8 kHz;
pulse duration, T = 20 ns). These lasers were selected
because the radiation wavelengths fal within the
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Fig. 1. The luminescence spectra of GGG:Mn** measured

at 300 K and alaser pumping power of (A) P ~10 Wicm?2
and (B) P, ~108 W/cm?.

absorption band of Mn** corresponding to the “A, —»
4T, transition [4]. The luminescence spectrawere mea-
sured at severa fixed temperatures in the range from
100 to 390 K. For this purpose, the samples were either
mounted in a special holder in a cryostat (with a win-
dow ensuring the light beam striking the side face) or
heated with a tungsten coil. The temperature was mon-
itored with a copper—constantan thermocouple.

The luminescence spectra measured at room tem-
perature with small laser pumping power per unit area
(pumping power density, P, ~ 10 W/cm?) for all man-
ganese-doped gadolinium gallium garnet samples dis-
play characteristic bands in the region of 650-700 nm
(Fig. 1, curve A). According to [4, 12], this spectrum
was identified as due to emission from Mn** ionsin the
GGG crystal matrix. The spectrum exhibits well-mani-
fested features due to the 2E — “A, transition, includ-
ing the R line at 663.5 nm [4] and a band of complex
structure in the region of longer wavelengths (with a
maximum at 682 nm), which can be attributed to
vibronic transitions.

The spectra measured for a high laser pumping
power (P, > 10 kW/cm?) revea a new maximum at
714 nm. No such peak was observed in [4], where the
’E — “A, transition in Mn* was selectively excited.
A comparison of the spectra A and B in Fig. 1 shows
that this band (with a maximum at 710-714 nm) is
present in the luminescence spectrum measured under
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usual conditions (i.e., for alow laser pumping level),
but the peak intensity is small and cannot be distin-
guished from vibronic satellites of the R line [4-7].
Based on the analogy with the spectrum of trivalent
chromiumion [2, 13, 14], it was suggested that the new
peak belongs to the 4T, — “A, transition of Mn** ion
in GGG. Figure 1 (curve B) shows the luminescence
spectrum of GGG:Mn* measured at a pumping power
density of P, ~10° W/cm?. The 4T, — 4A, transition
is manifested by abroad wavy band composed of weak
equidistant peaks. The maximum at 694 nm, which is
almost indistinguishable at a low pumping level, was
attributed to the phononlessline of thelatter transition.

Ananalysis of the shape of theluminescence spectra
of GGG:Mn* measured at various temperatures con-
firmed interpretation of the line peaked at 714 nm as
belonging to the T, — “A, transition. As the temper-
ature increased, the spectral lines exhibited broadening
and (beginning at 250-270 K) the integral intensity of
the whole band sharply decreased (Fig. 2). This varia-
tion of the spectrum cannot be explained only by broad-
ening and splitting (related, for example, to inhomoge-
neity of the crystal [15, 16]) of the band belonging to
the 4T, — %A, transition.

The sharp drop in the integral luminescence inten-
sity beginning at ~250-270 K isindicative of atemper-
ature-activated character of the nonradiative transitions
[17]. Figure 3 shows the experimental plots of the inte-
gral intensity of the’E — 4A, and T, —» %A, transi-
tions versus temperature in comparison with the tem-
perature dependences of the lifetime of the °E level [5].
In the region close to room temperature, thereisasharp
(but not equal) increase in the intensity of both transi-
tions. Taking into account the observed temperature-
induced variation of the luminescence spectrum, redis-
tribution of the room-temperature intensities of the
’E— “A, and 4T, —= “A, transitions observed for
increased pumping power density can be explained by
the laser beam heating of the samples. However, an
analysis of the spectra measured at various tempera-
tures for a high pumping power density (P, ~
10% W/cm?) showed that the laser heating effect cannot
completely account for the redistribution of intensities
of the’E — *A, and “T, — “A, transitions observed
upon changing the laser pumping power. The plots of
theintegral intensities versustemperature differed from
those presented in Fig. 3 only by a21 and 19 K shiftin
thetemperature axisfor the?E — %A, and 4T, —= %A,
trangitions, respectively. In addition, there was an
increase in intensity of the narrow peak at 694 nm
(assigned to the phononlessline of thelatter transition).

Figure 4 shows plots of theintegral intensities of the
’E — %A, and “T, — %A, transitions and the phonon-
less line of the 4T, —= 4A, transition versus pumping
power density. Data for the phononless line refer to the
peak intensity obtained after approximation and back-
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ground subtraction. The behavior observed isindicative
of saturation of the 4T, —» 2E — “A, channel and of
anincrease in intensity of the transitions from the term
4T, directly to the ground term “A,. Indeed, according
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Fig. 3. Temperature dependences of the integral intensities
of the 2E — A, (squares) and T, —= “A, (circles)

transitions and the lifetime of the 2E level (triangles, data
from [4]).
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to [4], the term %E is characterized by alarge lifetime
(t=12msa T=77K).

Anincrease in the peak intensity of the phononless
line, aswell asanonlinear character of variation of the
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Fig. 4. Normalized plots of the integra intensities versus
pumping power density: (1) 2E — “A, transition;
(2) 4T, — %A, transition; (3) phononless line of the
4T, — 4, transition.
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integral intensity of the 4T, — %A, transition depend-
ing on the pumping power density suggest that these
effects are manifestations of the induced optical transi-
tions. The T, — *A, emission is caused both by tran-
sition from the same term and by the more intensive
transitions’E — #A,,. Thisis possible owing to a con-
siderable overlap of the spectral bands of the two tran-
sitions. Note that the overlap is more pronounced in the
vicinity of the phononless line of the 4T, — 4A, tran-
sition than in the long-wavelength range, which proba-
bly accounts for the greater induced emission observed
for the phononlessline.

Conclusion. The*T, — #A, transitionin Mn** ion
was observed for the first time in the luminescence
spectrum of a GGG:Mn** crystal, which is especialy
pronounced under intensive laser pumping conditions.
The transition was identified based on the comparison
of the luminescence spectrum of GGG:Mn** to that of
Cr3 ion, for which this transition is observed both in
GGG and in other garnets in the region of longer wave-
lengths relative to the Rline.

It was shown that an increase in intensity of the
4T, —= “A, transition in the luminescence spectra of
GGG:Mn* is possible owing to an increase in the role
of induced transitions as aresult of increasing pumping
power. This process is more pronounced in the region
of maximum overlap of the?E —» A, and T, — *A,
transitions, which results in enhancement of the
phononless line of the latter transition.

The observed significant homogeneous broadening
of the R line probably makes possible the use of
GGG:Mn* as a working element of solid-state lasers
with continuous frequency tuning.
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Abstract—Dispersion characteristics of the surface hybrid el ectromagnetic-spin waves propagating in alay-
ered structure comprising aferrite film on aferroelectric plate and a metal screen at a certain distance from the
ferroelectric plate surface were experimentally studied. The experimental data are compared to the results of
calculations performed within the framework of apreviously devel oped theory. Thetheoretical and experimen-
tal dispersion characteristics show good coincidence. © 2002 MAIK “ Nauka/Interperiodica” .

Investigations of hybrid el ectromagnetic-spin waves
propagating in layered ferriteferroelectric structures,
which were initiated by Afinogenov et al. [1-4], offer
good prospects for creating microwave devices which
can be continuously tuned by applied electric field [5].
The passage from the conventional spin-wave devices,
where the working parameters are controlled by a con-
stant magnetic field, to systems with the electric-field-
controlled permittivity of aferroelectric layer provides
for a significant increase in the device characteristics.
In comparison to spin wave devices based on ferrite
films, the new structuresimplementing structures of the
ferriteferroelectric type are characterized by a signifi-
cantly higher tuning rate, lower energy consumed for
the control, and smaller dimensions. At present, the
study of wave processes in the layered ferrite—ferro-
electric structuresis especially important in view of the
successful attempts at growing high-quality ferroelec-
tric films on polycrystaline [6] and single crystal [7]
ferrite surfaces.

Previoudly [8, 9], we developed a general theory of
electromagnetic—spin waves (EMSWs) propagating in
layered ferriteferroelectric structures. Within the
framework of this theory, the layered structure geome-
try was analyzed from the standpoint of providing opti-
mum conditions for controlling the dispersion charac-
teristics of EM SWs by changing the permittivity of the
ferroelectric layer. It was shown that the most promis-
ing results are expected from devices employing hybrid
EM SWs propagating in layered structures comprising a
ferrite film on aferroelectric plate and ametal screen at
a certain distance from the ferroelectric plate surface.

Theoretically, the maximum control efficiency corre-
sponds to the case when the frequency range of nonex-
change surface magnetostatic spin wavesis closeto the
cutoff frequency of the first thickness mode TE; of the
transverse electromagnetic waves. The cutoff fre-
guency of the TE; modeis determined by parameters of
the ferroelectric layer and by the spacing between fer-
roelectric surface and metal screen. In the particular
case of an unscreened ferrite—ferroelectric structure,
this frequency is zero.

Despite numerous theoretical papers devoted to
hybrid EMSWs (see [9] and references therein), only a
few experimenta investigations were reported. These
were [1, 3, 4], where the hybridization of electromag-
netic modesin aferroel ectric waveguide with the back-
ward volume [4] and surface [1, 3] spin waves was
studied. In those experiments, the wave process was
observed under the conditions of weak hybridization,
whereby the ferroelectric waveguide was removed far
from theferritefilm surface. Under such conditions, the
hybridization was manifested by a narrow absorption
peak in the amplitude—frequency characteristic, near a
point corresponding to intersection of the dispersion
curves of the electromagnetic and spin waves. In addi-
tion, the dispersion characteristics of the hybrid waves
were measured for decreasing spacing between the fer-
roel ectric waveguide and the ferrite film [3]. However,
the measurements were performed in a narrow range of
frequencies and wavenumbers (in the vicinity of the
point of intersection of the dispersion curves), whilethe
influence of a metal screen on the dispersion of hybrid
waves was not studied at all. Moreover, no experimen-
tal results have been reported to the present which
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Fig. 1. Schematic diagram of the experimental device. See
the text for explanations.

would alow verification of the previously developed
theories describing hybrid EMSWs.

In this context, we have experimentally studied the
dispersion characteristics of the surface hybrid EMSWs
propagating in alayered structures of the ferrite—ferro-
electric—dielectric-metal (FFDM) type and compared
the experimental datato theresults of calculations so as
to assess the adequacy of the previously devel oped the-
ory of hybrid EMSWs.

The surface EMSWs were studied in a device sche-
matically depicted in Fig. 1. The device comprises two
microstrip transmission lines terminating in two short-
circuited spin wave transducers 1 with awidth of 50 pm
and alength of 3 mm. The distance between transduc-
ersis7 mm. Aniron yttrium garnet (IYG) film 2 with a
thickness of L =16.5 um and a width of 3 mm, grown
on a gallium gadolinium garnet (GGG) substrate 3
with athickness of 500 um, is placed above the trans-
ducers. A layered structure comprising ferroelectric
plate 4, dielectric spacer 5 (with a thickness d), and
metal screen 6 is pressed to the ferrite film from below
with the aid of specia clamps. The ferroelectric plate
was cut from abulk sample of barium strontium titanate
(BaySro4TiOg) ceramics. The plate is 3 mm wide,
4.5 mm long, and has a thickness of a = 315 um. This
measuring device was placed into a constant magnetic
field H, oriented parallel to the transducers.

The system described above operates as follows.
The input transducer excites a magnetostatic surface
spin wave (MSSW) which propagates in the ferrite
film, enters the layered FFDM structure, and converts
into a hybrid EMSW. Then the wave exhibited the
inverse transformation and the resulting wave was
received by the output transducer.

The dispersion characteristics of EMSWs were
obtained in two steps. First, the dispersion characteris-
tic of MSSWs was determined with the ferroel ectric—
dielectric-metal structure removed. For this purpose,
the phase—frequency characteristic was measured and
the frequency dependence of the group velocity was
calculated from the slope of this curve. The absolute
wavenumberswere determined under the condition that
the frequency corresponding to the beginning of the
transmission band in the amplitude—frequency charac-
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teristic corresponds to zero wavenumber. During the
data processing, the wavenumbers of MSSWs were
refined by fitting the experimental dispersion curve to
the theoretical one calculated using the Damon-Esh-
bach formula [10]. In the second step, the phase—fre-
guency characteristic was measured with the ferroelec-
tric—dielectric-metal structure gradually approaching
the ferrite film surface up to their close contact with
pressing. In the course of this process, variation of the
frequencies of the characteristic points on the phase-
frequency characteristic (for which the absolute wave-
numbers were determined in the first step) was traced.
Asaresult, we obtained the dispersion curve for waves
propagating sequentialy in the ferrite film, then in the
FFDM structure, and in the ferrite film again. The
required dispersion characteristic of hybrid EMSWs
propagating in the FFDM structure studied was
obtained from the two dispersion curves with an allow-
ance for the distances traveled by the wave in the free
ferrite film and in the FFDM structure.

Figure 2 (points) shows the dispersion characteris-
tics measured for various values of the magnetic field
strength H,, (indicated at the curves). The two parts of
this figure correspond to the cases when (a) the metal
screen is situated immediately on the surface of the fer-
roelectric plate and (b) when the screen is removed.
Filled symbolsrefer to the M SSWs observed in the free
ferrite film with the ferroelectric plate removed, while
open symbols represent data for the EM SWs propagat-
ing in the layered structure. Solid curvesin Fig. 2 show
the dispersion curves of MSSWs calculated using the
Damon-Eshbach formula, while the dashed curvesrep-
resent the results of calculations according to the for-
mulas derived in our theory for hybrid waves [9]. The
theoretical dispersion curves of hybrid waves were cal-
culated for aferroelectric ceramic with the permittivity
€, = 2600. This value was determined by measuring the
capacitance of aflat capacitor formed on aferroelectric
plate analogous to that used in the experimental FFDM
structure.

Ascan be seen from Fig. 2, asignificant deviation of
the dispersion curve of hybrid waves in the metal-
screened ferroelectric plate from that of MSSWsin the
course of H, growth is manifested when the frequency
range of the spin waves shiftsto the cutoff frequency of
the electromagnetic TE; mode (in our case, 4700 MHZz).
In the case of a free ferroelectric plate, this deviation
increases gradually because the TE; cutoff frequency is
zero. As the frequency range of the spin waves shifts
above the cutoff frequency of the TE; mode, the spec-
trum becomes bimodal and, hence, the MSSW energy
is spent for the excitation of waves corresponding to
both branches of the hybridized dispersion curves. This
is manifested by the onset of interference in the initial
portion of the transmission band, which hinders mea-
surements of the hybrid wave dispersion in the interval
of frequencies corresponding to small wavenumbers
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Fig. 2. The experimental and theoretical dispersion characteristics determined for various values of the magnetic field strength Hp

(indicated at the curves). See the text for explanations.

(Afinterval in Fig. 2b). As the field strength H,
increases, the latter frequency interval expands.

A comparison of the experimental datato the results
of theoretical calculations shows good coincidence in
the regions corresponding to small frequencies. As the
wavenumber increases, the experimental dispersion
curves deviate from the theoretical. The theory predicts
a stronger hybridization as compared to that observed
in the experiment. This behavior can be explained by
nonideality of the contact between ferrite and ferroel ec-
triclayers, which leadsto athin air gap between thetwo
surfaces. The long spin waves, for which the electro-
magnetic field amplitude slowly decays with the dis-
tance from the ferrite surface, are less sensitive to this
air gap. On the contrary, the field amplitude of the short
spinwavesdrops sharply over adistance of several hun-
dred microns. In this case, the presence of the air gap
results in a significant decrease of the field penetration
into the ferroel ectric and, hence, in aweaker hybridiza-
tion between spin waves and el ectromagnetic modes of
the ferroelectric plate.

The dispersion characteristics of hybrid EMSWs
were determined for several intermediate values of the
dielectric spacer thickness (d = 110, 220, and 330 um).
These cases aso demonstrated a good agreement
between experimental and theoretical curves. In the
course of experiments, the cutoff frequency of the elec-
tromagnetic TE, modes for each value of the dielectric
layer thickness was determined at the onset of increase
in the wavenumber of the hybrid waves corresponding
to the beginning of the transmission band. The results
of these measurements are represented by points in
Fig. 3, where asolid curve shows the results of theoret-
ical calculations. As can be seen from this comparison,
there is a good agreement between theory and experi-
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ment for small d values. As the distance to the metal
screen increases, there appears a certain misfit. This
behavior can be explained by the existence of |eakage
electromagnetic fields related to finite latera dimen-
sions of the layered structure, which were not taken into
account in the theory. As the dielectric gap width
grows, the thickness of the layered structure becomes
comparabl e to the width and, hence, the influence of the
leakage fields on the hybrid wave properties increases.

The results of this study indicate that the theory of
hybrid electromagnetic-spin waves developed previ-
ously [9] describes the propagation of such waves in

4.0

35

3.0

2.5

2.0 L !
0 50 100 150 200 250 300 35
d, pm

Fig. 3. The experimental and theoretical plots of the cutoff
frequency f. of the electromagnetic TE; mode versus dis-

tance from the ferroelectric plate to the metal screen.
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layered structures of the ferriteferroelectric—dielec-
tric-metal type with agood precision.
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Abstract—Electroluminescence (EL) from sandwich structures with emitting layers based on poly(N-epo-
xypropylcarbazole) (PEPC) doped with a boron difluoride organic dye complex was discovered and studied.
The EL is implemented in heterostructures with Al- or In-based injecting heterojunctions possessing better
technological properties as compared to those of conventional magnesium-silver electrodes. It is established
that EL is controlled by the bulk recombination of charge carriers, whereby dye molecules act as the recombi-
nation centers. The EL efficiency ismaximum in systemswith a50 mass % dye content in a submicron polymer
film. The growth in EL quenching with an increase in the polymer film thicknessis related to accumulation of
the bulk space charge within a short time after the application of electric field. © 2002 MAIK “ Nauka/Interpe-

riodica” .

Developing new materials based on organic poly-
mer filmsfor electroluminescent devicesis currently an
important task because of high practical demands and
considerable problems encountered in the use of exist-
ing materials [1-3]. In order to reproduce the electrolu-
minescence (EL ) effect, it isnecessary to satisfy several
requirements providing for (i) the effective injection of
charge carriers from electric contacts into an organic
polymer film, (ii) the transport of carriers to the recom-
bination centers in the bulk of a polymer, and (iii) the
recombination of carriersaccompanied by the emission
of light quanta.

The main problems in meeting these requirements
arerelated to selecting the proper contact materials and
providing conditions for effective transport of carriers
without trapping in the polymer film bulk and effective
radiative recombination. The well-known EL devices
based on sandwich heterostructures employ for the
most part separate transport and emitting polymer lay-
ers and magnesium-silver cathodes, the fabrication of
which requires a complicated technology.

Below we present the results of investigations
directed toward the creation and characterization of
new electroluminescent materials and compositions, in
particular, the films of poly(N-epoxypropylcarbazole)
(PEPC) doped with a boron difluoride organic dye
(BFI) complex (Fig. 1).

The experiments were performed on samples of
sandwich structures comprising a glass substrate, a
transparent conducting SnO,:1n,0O5 (ITO) film, a dyed
polymer layer (PEPC + N mass % BFI), and an alumi-
num electrode. The dye concentration N was varied

from 1 to 70 mass %. The PEPC + N mass % BFI films
were obtained by casting a chloroform solution con-
taining corresponding amounts of PEPC and BFI onto
ITO-coated glass substrates, followed by drying in a
thermal box for 3 h at 80°C. The polymer film thickness
L wasvaried from 0.5 to 5 um. The metal contacts were
applied onto the polymer film by deposition in vacuum.

The spectra of absorption, photoluminescence (PL),
and el ectroluminescence of the PEPC + N mass % BFI
films were measured in the wavel ength range from 400
to 1000 nm. The€electric current density (j) and theinte-
gral EL intensity (I ), observed on the side of the ITO
film upon the application of voltage to the electric con-
tacts of the sandwich structure, were studied as func-
tions of the magnitude and polarity of the electric volt-
age (U) applied to the contacts, time after switching on
the voltage, and the polymer film thickness. All mea-
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Fig. 1. The structure of components of a photoconducting
polymer system studied: (a) poly(N-epoxypropylcarbazole)
(PEPC); (b) boron difluoride organic dye (BFI).
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Fig. 2. Theplotsof (1) current density j and (2) el ectrolumi-
nescence intensity I versus applied voltage for an ITO-

(PEPC + 50 mass % BFI)-Al structure with L = 0.7 um
(measured for negative polarity of the Al electrode).

surements were performed at room temperature in air
under normal conditions.

The samples of the ITO-PEPC-AI sandwich struc-
ture with a dye-free PEPC layer possess low electric
conductivity, do not show the EL effect, and exhibit
optical absorption in the region of A <400 nm. In con-
trast, the ITO—-PEPC + N mass % BFI)-Al heterostruc-
tures are characterized by a significant el ectric conduc-
tivity which increases with the dye content N. The opti-
ca absorption in the visible spectra range is
determined by the electronic absorption of BFI show-
ing a pronounced vibrational structure. When the BFI
content increases above 1 mass %, the vibrational struc-
ture exhibits considerable smoothening, while the
absorption band broadens and shifts toward longer
wavelengths. As the dye concentration N varies from 1
to 50 mass %, the wavelength corresponding to maxi-
mum absorption changes from 530 to 510 nm, whilethe
fluorescence peak shifts from 612 to 638 nm. This is
evidence of the molecular interactions arising in the
polymer—dye system, with aggregation of dye mole-
culesin the limiting case [4].

Anincrease of the BFI content in the ITOHPEPC +
N mass % BFI)—Al structure leads to the appearance of
EL. The PL and EL spectra coincide. After application
of the voltage U, the I, value rapidly reaches maxi-
mum and then gradualy (within a few seconds or
faster) decreasesto attain a stationary level. The rate of
this decay and the difference between maximum and
guasi-stationary | values increase with the voltage
magnitude. Analogous trends are observed in the

TECHNICAL PHYSICS LETTERS  Vol. 28

DAVIDENKO, ISHCHENKO

behavior of the current density j as afunction of U and
t. However, both therate of |, decay after switching on
the voltage and the relative difference between maxi-
mum and quasi-stationary EL levelsare greater than the
analogous characteristics for the current density. After
switch-off the voltage, exposure of a sample for afew
seconds in the dark, and repeated application of the
voltage, thej and I, values build up to the same maxi-
mum values asin thefirst run and then repeat the decay
kinetics. The current density and the EL intensity also
depend on the polarity of the applied voltage, bothj and
lg. values being greater for the negative polarity of the
Al electrode. As the N value increases (for the same
polymer film L and the electric field strength U/L), the
lg. valueinitially grows, passes through a maximum at
N = 50 mass %, and then decreases. The EL luminance
can reach up to several tens of cd/m?, which makes the
emission detectable to the naked eye at usual room
lighting.

Asthe U value grows, thej and I, increase aswell,
but this variation is nonlinear (Fig. 2). As can be seen
from Fig. 2, the character of the dependence of j on U
changes at U/L ~ 3 x 107 V/m, whereby the slope of the
curve decreases. This is accompanied by the appear-
ance of electroluminescence. When the polymer layer
thickness L is increased (for the same N and U/L), I
also grows to reach amaximum at L = 1 um and then
decreases (Fig. 3). The data presented in Figs. 2 and 3
characterize the behavior I and j as functions of U/L
for the ITOH{PEPC + 50 mass % BFI)-Al structure
samples. Additional investigations showed that both |
and I values increase upon changing the electrode
material from aluminum to indium (cf. curves 1 and 2
in Fig. 3). Asis seen, replacing the aluminum cathode
by indium decreases the threshold value of U/L at
which the EL effect is observed.

The experimental results presented above can be
interpreted within the framework of the following
model. The positive (holes) and negative (electrons)
charge carriers appear in the polymer film as aresult of
temperature- and field-induced injection from elec-
trodes and subsequent drift in the applied electric field.
The conclusion that the charge carrier injection from
the contacts contributes to the j value is confirmed by
the fact that the current increases with decreasing L (for
L <1 pm) and thej versus U/L curve correspondsto the
Richardson—Schottky equation [5]. Since both j and I ¢,
grow with N up to a dye concentration of 50 mass %,
which corresponds to an increase in the degree of
aggregation of BFI molecules, we may suggest that the
drift of holesin the structure studied proceeds basically
by the same mechanism asin the polymer film without
additives[6], that is, by hopping between the carbazolyl
groups of PEPC. The transport of injected electrons,
which is absent in undoped PEPC films, becomes pos-
sible in the doped material and increases with dopant
concentration. Therefore, we may assume that the
transport of nonequilibrium electrons proceeds via BFI
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Fig. 3. The plots of Ig versus U/L for an ITO-(PEPC +

50 mass % BFI)-Al structures with various polymer film
thicknesses, metal electrode materials, and applied voltage
polarities: (1) L = 0.7 um, Al(-U); (1) L = 0.7 um, Al(+U);
(2) L =07 pm, In(-V); (3) L = 1.0 um, Al(-U); (4 L =
3.1 pm, Al(-V).

moleculesand isfacilitated by agrowth in the degree of
dye aggregation.

The EL effect in sandwich structuresisrelated to the
bulk radiative recombination of charge carriers which
takes place in BFI molecules. A decrease in the EL
intensity is caused by thefact that PEPC films doped by
ionic and intraionic dyes contain traps for nonequilib-
rium carriers, which are situated near dye ions [7].
Injected holes may fill the traps in the vicinity of dye
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ions. In such acase, the dye moleculeisnot involved in
the EL effect because the injected electron, being
trapped at this molecule, cannot recombine with the
trapped hole. In addition, our recent investigations [8,
9] of the photoconductivity and luminescence in PEPC
films doped with squarilium dye showed that the traps
can also form near electrically charged moieties of the
dye molecules. Since BFI molecules (like squaraines)
possess a bipolar structure [4], the PEPC films doped
with BFI may contain such traps for nonequilibrium
carriers near electricaly charged moieties of BFI mol-
ecules.
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Abstract—A mechanism of the recombination-stimulated growth of a coupled interstitial—-vacancy disk in a
semiconductor featuring intensive generation and localization of electron—hole pairsis proposed. An expression
is obtained for the growth rate of the dislocation loop as a function of the laser radiation intensity and the
medium temperature. © 2002 MAIK “ Nauka/lInterperiodica” .

Introduction. The process of laser-induced nucle-
ation of didocationsis usually described in terms of the
mechanism of the dislocation formation caused by the
shear strain arising as a result of the spatially inhomo-
geneous laser-induced heating of the crystal [1].

Below we propose a new mechanism explaining the
spontaneous growth of a dislocation loop in a semicon-
ductor crystal in the presence of ahigh concentration of
electron—-hole pairs generated by laser radiation. The
growth of a dislocation loop by this mechanism pro-
ceeds due to the energy of recombination of the elec-
tron—hole pairs. By analogy with the mechanism of
laser-induced point defect production [2—-4], the pro-
posed mechanism can be referred to as the radiation-
stimulated dislocation loop growth.

M odel. Consider a semiconductor inwhich the laser
pumping produces electron—hole pairs and let there
appear a seeding defect. The localization and recombi-
nation of an electron—hole pair at this defect is accom-
panied by the liberation of energy spent on creating an
interstitial—vacancy pair (recombination-stimulated point
defect production) [2—4].

Repesated events of the electron-hole pair localiza-
tion at the laser generated defects, followed by the pair
recombination, energy liberation, and interstitial—
vacancy pair formation lead to the appearance of a pair
of interstitial and vacancy disks (Fig. 1). Let such apair
form and let us consider the growth of this pair medi-
ated by elementary events whereby an atom passes
from the circumference of the vacancy disk v (from the
core of subtraction dislocation) to a state i on the cir-
cumference of the interstitial disk (in the core of the
penetration dislocation) (Fig. 1). Since the initial state
v occursin acontracted region, whilethe final statei is
in an expanded region (Fig. 1), the energy of this atom
in the latter state is higher than in the former state
(Fig. 2). Owing to recombination of the localized elec-

tron—hole pair, the atom performing the v — i transi-
tion surmounts the barrier E, — E,,. (solid arrow in
Fig. 2),where E, is the initial activation energy of the
v — i transition and E,,. is the energy liberated as a
result of recombination (recombination-stimulated
transition v — i). Since the concentration of localized
electron-hole pairs in the vicinity of statei is signifi-
cantly lower than that in the vicinity of state v (see
below), we can neglect the contribution due to the
recombination-stimulated transition i — v and
assume that an atom performing the reverse transition
i —= v surmounts the barrier E; (dashed arrow in
Fig. 2). Below we will assume that E, > E;, but E, —
Eoc <E;.

Since the region of the crysta in the vicinity of statei
(on the circumference of the interstitial disk) is

Fig. 1. Schematic diagram illustrating the formation of cou-
pled intergtitial (I) and vacancy (V) disks. Arrows indicate
the transitions of an atom from crystal state v to defect state
i, for which theloop radiusincreases by one lattice period a.
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expanded [5], the band gap width (I — x transition)
in this region is greater, while the optical absorption
coefficient is smaller than the corresponding values in
the defect-free crystal [5]. At the same time, the region
of the crystal in the vicinity of state v (on the circum-
ference of the vacancy disk) is contracted [5]. There-
fore, the bandgap width in this region is smaller while
the optical absorption coefficient is greater than the val-
uesin the defect-free crystal. Thus, the rate of free car-
rier production as a result of the laser-induced inter-
band transitionsis greater in the vicinity of state v than
inthevicinity of statei. Asaresult, therate of localiza-
tion of the electron—hole pairs and, hence, the concen-
tration of these pairs are also greater in the vicinity of
state v. For this reason, and because E, — E,. < E;, the
rate of v — i transitions exceeds the rate of reverse
(i — v) trangitions. This leads to an increase in the
coupled interstitial-vacancy dislocation disks during
the laser pulse action (Fig. 2).

M echanism. We assume that transitions v ~— i
proceed only from the circumference of radius R, where
R=R(t) istheradius of interstitial-vacancy disksV and
| (Fig. 1). Let n, and n; denote the number of atoms on
the circumferences V and I, respectively. Under the
condition exp(E./KsT) = 1, the kinetic equation for n,
isasfollows:

oy _ n, +yin = Voo
6t - yv v yi i yv - yvonv
1 1 Ev —Eed] @D
- = | =v ex
fexpl 0 @

Yi = &P kgt

Here, 1 isthetransition rate constant, nisthe num-
ber density of atomsin the crystal, n, is the concentra-
tion of localized electron—hole pairsin the same crystal,

n, = Bl (©)]

B is a coefficient characterizing the efficiency of pro-
duction and localization of the electron—hole pairs, and
|_isthelaser radiation intensity. In writing relation (3),
it is assumed that localization of the electron-hole pair
proceeds within period of time much shorter than the
laser pulse duration: 1, < T, (for details, see[6]).

Taking into account relation (3), we can estimate the
average time of the transition v — i after which the
loop radius increases by one lattice period a:

_ |
V' = Yoo 1o = /B, )
Assuming, in accordance with the above model con-
siderations, that v, < vy, and using formulas (4), we
obtain an expression for the growth rate of adislocation
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Fig. 2. An energy diagram illustrating the atomic transitions
between crystal (v) and defect (i) states.

loop during irradiation as a function of the laser radia-
tion intensity and the temperature:

S, o ©

Here, T=T,+ AT, where T, istheinitial temperature
and AT isthe temperature increase due to the laser heat-
ing. For a sufficiently small intensity of pumping
(AT < Ty), the rate v linearly increases with the laser
radiation intensity I, and exhibits an activation depen-
dence on theinitia temperature T,. When the pumping
intensity is sufficiently large (AT = Ty), the dislocation
loop growth rate v, = v(l, ) becomes, according to (5),
astrongly nonlinear function of the laser intensity. For
[ /lo=n/n~102,a=3x10""m,11=10%st E, -
Eec ~ 1.6 x 1071° J, and T~ 1500 K, we obtain an esti-
mate of v~ 1.3 x 102 m/s.

After termination of the laser pulse (I, = 0, n, = 0),
the localized electron excitationsin the vicinity of state
v are absent (E. = 0) and the rate of thei — v tran-
sition (dashed arrow in Fig. 2) becomes greater than
that of the reverse transition v — i (because E; < E,).
Asaresult, the dislocation loop radius after termination
of the laser pulse starts decreasing (annihilation of the
interstitial dislocation disk). Using formula (2), we
conclude that the dislocation loop radius decreases at a
rate of v, = (a/t) exp(-E; /kgT).

Conclusion. Previoudly [7], we developed a model
of a slow temperature switching wave (with a velocity
on the order of 102 m/s) propagating in a solid with
nonequilibrium (laser-induced) defects. This model
was used [8] for the interpretation of aslow (~102 m/s)
propagation of the permittivity pulse in a medium
excited by pulsed laser radiation. The nonequilibrium
defectsin [8] were assumed to be the laser-induced dis-
location loops, the formation of which was not consid-
ered. The above consideration provides for a possible
mechanism of the laser-induced generation and annihi-
lation of such loops.
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Abstract—The process of cooling of aBi-2223/Ag ribbon after secondary sintering at 1000 K is studied by the
method of acoustic emission (AE). The acoustic response is observed below 500 K and increases in intensity
with decreasing temperature. It is established that the AE signal variation reflects the plastic flow in the silver
coating caused by a difference between the thermal expansion coefficients of silver and the ceramic core of the
Bi-2223/Ag ribbon. © 2002 MAIK “ Nauka/Interperiodica” .

Previoudly [1], we reported on the process of sec-
ondary sintering of a Bi-2223/Ag ribbon studied by the
method of acoustic emission (AE). During the thermal
treatment, an AE signal from heated ribbons was
detected in the temperature range from 840 to 930 K,
which reflected the process of liquid-phase healing of
the cracks appearing in the ribbon material in the course
of rolling. The process of subsegquent cooling remained
unstudied. However, the final mechanical properties of
commercia ribbons significantly depend on the post-
sintering cooling conditions. In view of the successful
use of the AE method in [1], we have applied the same
technique to investigation of the process of cooling of
Bi-2223/Ag ribbons after the secondary sintering stage.

The experiments were performed on 10-mm-long,
3-mm-wide, 0.250-mm-thick samples of a Bi-2223/Ag
ribbon fabricated using the standard powder-in-tube
(PIT) technology [2]. The AE measurements were per-
formed as described elsawhere [3]. The samples were
fixed with a high-temperature glue composition on the
edge of a cylindrical acoustic waveguide and intro-
duced into afurnace. A piezoelectric sensor made of a
TsTS-19 ceramicswas glued to the opposite edge of the
waveguide occurring outside the furnace. The samples
were heated at arate of 5 K/min up to 1000 K, kept at
this temperature for 20 h, and cooled at the same rate.

In the heating mode, the AE signals from ribbon
samples were observed in the temperature range from
84010 930K asreportedin[1]. On cooling, the acoustic
response appears below 500 K (seefigure); the AE sig-
nal intensity N increases with decreasing temperature.

Thegrowth of N obeys the exponential law and contin-
ues until complete cooling down to room temperature.
Quantitative analysis of the experimental data leads to

the following expression describing the temperature
variation of the AE signal intensity:

N(T) = 2 x 10°exp(—0.02T),

where T is the current temperature.

In order to explain the appearance of the AE signal,
let us estimate the relative deformation of the silver
coating and the ceramic core of the Bi-2223/Ag com-
positeribbon. Thethermal expansion coefficientsof sil-
ver and Bi-2223 ceramics aong the a axis are ag =
20.5x10°%Ktand a,=13.6 x 106K, respectively [4].
In view of the high plasticity of silver (yield stress,
65 MPa) and sufficiently large strength of the sintered
ceramics (ultimate strength, 150 MPa) [5], it isthe sil-
ver component that experiences expansion relative to
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Temperature variation of the AE signal intensity N in the

course of cooling of a Bi-2223/Ag ribbon after annealing
for 20 h at 1000 K.
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the ceramic core in the course of cooling. Therefore, we
can estimate the relative deformation of silver at 0.35%
for the ribbon samples cooled from 1000 to 500 K. This
tensile strain exceeds the apparent elastic limit (0.2%)
for metals. As is known, the transition from elastic
expansion to plastic flow in metalsis usually accompa-
nied by the acoustic emission [6-8].

Based on the data obtained, we can explain the
observed AE emission as follows. In the course of pro-
longed high-temperature annealing, the ribbon com-
prising asilver coating on a ceramic core features ther-
mal diffusion of the components and converts into a
metal—ceramic composite. In the course of cooling, the
difference in the coefficients of thermal expansion
resultsin the devel opment of mechanical stressesin the
ribbon. These stresses are manifested by significant
straining of a more plastic silver coating. When the
strain exceeds acritical level, silver featuresatransition
from elastic expansion to plastic flow. Thisis accompa-
nied by the formation of misfit dislocations which serve
as a source of the acoustic emission. As the ribbon is
cooled, the strain grows and the number of dislocations
increases, which ismanifested by theincreaseinthe AE

intensity N . Note asignificant difference in the behav-

ior of the AE intensity N during the production and
multiplication of dislocations in this study and in the
course of crack healing observed in [1]. A comparison

TECHNICAL PHYSICS LETTERS  Vol. 28
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of these data suggests that the dislocation multiplica-
tion energy is higher by at least one order of magnitude
than the crack healing energy.
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Abstract—Special features of calculation of the flow parameters behind a nonstationary oblique shock wave
moving in astream of absolutely nonviscous gas are considered. The wave intensity at which the stream behind
the shock wave may exhibit singularitiesis determined. The problem of calculating a nonstationary shock wave
configuration formed during the interaction of a supersonic jet with an obstacle is solved. © 2002 MAIK
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Many gasdynamic problems [1-3] encounter the
task of determining the parameters of flow f, behind a
shock wave propagating in a gas stream, given the
parameters of flow f; (velocity u,, static pressure p;,
density p,, temperature T,, etc.) in front of the wave,
the vel ocity w of the shock wave along a straight trajec-
tory making an angle a with the gas stream direction,
and the angle o of the wave dope relative to the trajec-
tory (Fig. 1a).

The main parameter of the problem is the shock
wave intensity

_ P2 _ in— D|:|2 _y-1
J 0. (1+s)D a, O €, € yEL (D)
which depends on the components of velocities uy, =
usin(c — a) and D = wsino normal to the wave front
and on the thermodynamic variables of the initia
stream (sound velocity a; and adiabatic index y). A
physically justified condition J = 1 posesrestrictions on
the determining parameters, which will be considered
below.

Using the conditionsfor dynamic consistency onthe
shock wave front [1-3], we can readily determine the
Rankine-Hugoniot adiabate of the shock wave; estab-
lish relationships between specific enthalpies, tempera-
tures, sound velocities, and the shock wave intensity,

E:E)—2:J+s h_2:1-_2:?_§:£:"](1+8‘])(2)
pr 1+ed h T, g2 E~ J+e

and derive expressions for the normal velocity compo-
nents

D = Uln+X|al, U, = u1n+x(1_s)alg _:II_H’

(©)
_ [ J+e
e

where x = £1istheindex of wave propagation direction.

Expressing the velocity components through the
angles 6, = 0 — a and 3 and using the condition u;, =
Uy, we determine the stream velocity u, behind the
shock wave:

4 C0STe
tcos(o,—B)

(4)

U, =

Formulas (3) and (4) yield a relationship between the
angles 3 and o, for the oblique shock wave:

(L=g)(1-1/1)

tan(o.,—B) = tano,+ ) - oS
1 e

(%)

Combining formulas (4) and (2), we obtain a relati-

Uy w B 2
03=01 Iy T 2
: o[ % T T,
Dy =
3

Fig. 1. The flow geometry for (a) an oblique shock wave
moving downstream at a velocity w in a stream of velocity u,
(b) overexpanded supersonic stream incident onto an infi-
nite flat obstacle, and (c) triple shock wave configuration
moving down a supersonic stream.
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Fig. 2. Plots of the angle 3 of the stream rotation behind the
shock wave versus the sloping angle o of the wave.

onship
COSO, J+eg
tcos(o,—B)N I(1 +€J)
between the Mach number M, = u,/a, behind the shock
wave and that (M; = u,/a;) in theinitial stream.
Setting J = 1in Eq. (1), we obtain aformula
Mp —X

1

M, = M

(6)

o, = arcsin @)
which relates the Mach numbers My = D/a; and M; > 0
to theangle 6, = o, between the direction of the oncom-
ing stream and the weak discontinuity front. Note that,
in contrast to the case of aweak stationary shock wave
(Mp = 0) for which g, = arcsin(1/M,) is fixed, the o,
value in the nonstationary case may vary within the
interval [—172, 172]. In the nonstationary case, the inter-
val o, [0 (0, 7v2] corresponds to aweak opposite shock
wave, whiletheinterval o, 0 [-172, 0) correspondsto a
weak cocurrent shock wave. The specia value o, = 0
refers to the case of a weak shock wave propagating
perpendicularly to the oncoming stream, whereby the
stream does not influence the shock wave (which prop-
agates as if the stream were absent).

Thevalue of J =1 corresponds to the minimum pos-
sibleintensity of the shock wave. A maximum intensity
is attained for the J values corresponding to a forward
shock wave (o = 172). Let us fix the Mach number
M; >0 and analyze the behavior of the main gasdy-
namic parameters for various My and J = 1, restricting
the consideration to x = —1.

As can be seen from formula (7), the range of Mp
(x =-1) islimited from above by My = M, — 1. For this
Mp value, the stream can feature only a weak disconti-
nuity with J = 1 and o = 172, which either propagates

TECHNICAL PHYSICS LETTERS  Vol. 28

OMEL’CHENKO, USKOV

upstream (for M < 1) or is carried downstream (for
M > 1). Asthe Mp, value decreases, the lower boundary
0, given by formula (7) goes down to reach zero for
Mp = -1 and the value o, = —1v2 for My =M, — 1. For
Mp <—M; — 1, an oblique shock wave with an intensity
J>1lexissforany o O [-172, 172].

Figure 2 shows the o([3) curves constructed for var-
ious Mp < M; — 1, where M; = 3. As can be seen, the
character of these curves significantly depends on the
Mp value. For Mp O (M M, — 1), the shape of o(3)

(curves 1-3) isqualitatively the same asin the case of a
stationary shock wave (Mp = 0, dashed curve). For
Mp < Mpj there always exists a shock wave which

causes the stream to deviate by any preset angle f [
[0°, 180°] (curves 5-8).

The special Mach number M corresponds to the

case whereby the M, value becomes zero behind the
forward shock wave (curve 4). Using formulas (1) and
(3), we can readily obtain a relationship between M

and the Mach number M, of the oncoming stream:

M. = (1-28)M; — /M: + 4(1—¢)?

* 2(1-¢) ' ®

For Mp < M[j the stream behind the forward shock

wave is rotated by 180°; for o < 172, the angle of rota-
tion varies within the interval 3 [J [0°, 180°]. For Mp <
—M; — 1, al the o(p) curves originate from the point
(0°, —90°) and come to the point (180°, 90°).

In practical problemsinvolving nonstationary shock
waves, the analysisis usually performed using reversal
of the wave motion [3]. The passage from a laboratory
coordinate system to that related to the moving shock
wave simplifiesthe problem by reducing the analysisto
a simpler case of the jump in compression [2]. How-
ever, thistransformation is not always possible in com-
plicated cases involving the interference of oblique
shock waves. For example, consider a shock wave con-
figuration encountered in the study of nonstationary
processes in jet streams [4]. When a homogeneous flat
stream is outgoing from a profiled overexpanding noz-
Zle (n, = p/p, < 1), there appears a straight oblique
compression jump 1 (Fig. 1b) at the nozzle edge. In the
case of an efficiently small n, value, this shock wave
exhibits irregular reflection from the stream axis. As a
result of this reflection, there appear the Mach jump 3,
the reflected oblique jump 2, and the tangential discon-
tinuity T separating the stream behind jumps 2 and 3.
For the sake of simplicity, let us assume that reflection
of the obliquejump givesriseto astationary Mach con-
figuration of the shock waves in which the branching
jump 3 is orthogonal to the current lines of the oncom-
ing stream.

L et such a stream come onto an infinite flat obstacle
(Fig. 1b). Aswasdemonstrated previoudly (see, e.g., [9]),
the dynamic and total pressures in the supersonic
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stream past the jumps 1 and 2 may significantly exceed
the corresponding values behind the straight jump 3 in
asubsonic flow. A large difference between these value
may result in that the tangential discontinuity T would
instantaneously “stick” to the obstacle surface and
block the subsonic flow. Asaresult, the“ sticking” point
will give rise to a curvilinear shock wave 4 interacting
with the Mach jump 3 and propagating upstream. This
will lead to a shift of the shock wave 2 containing the
specia point T with the branching jump 3 (Fig. 1c).
Thus, we arrive at the problem of describing the stream
behind the shock wave 2.

In order to solve this problem, note that the shock
wave 2 propagates along a tragjectory coinciding with
the line of jump 1 at a velocity of w = D,/sihc, =
Dy/sing;, where D, and D are the velocities of shock
waves 2 and 3, respectively; o, and 0, =102 + 0, arethe
angles between vector w and the surfaces of discontinu-
ities2 and 3, respectively; and o; isthe sloping angle of
jump 1 (Fig. 1c). The shock wave 3 moving upstream at
arelative velocity of Mp; < 0leadsto anincreasein the
wave intensity,

2
J; = (1+s)[§sin(03—aa)—gsin03} -

= (1+€)(M—Mpg)’ —¢,

where a; = 0, is the angle between vector w and the
oncoming stream velocity u. As a result, the intensity
J, = J4/J; of the shock wave 2 increases as well, this
leading to a change in the angle o, related to J, by the
formula (1)

Jp = (L+€)(MSn0o,e—Mp,) —,

0-29 = 0-2_Cx2.

9)

Here, M, isthe Mach number behind jump 1 and a, =
0, — B; is the angle between vector w and the stream
velocity u; behind jump 1. Upon numerically solving
Eqg. (9), we can calculate 0, and, hence, determine [3,,
the angle of stream rotation (5) by shock wave 2.

Inthe general case, the angle 3, differsfrom (35, the
angle of stream rotation behind theimmobilejump 2in
the stationary Mach configuration. As aresult, the con-
ditions of dynamic consistency at the tangential discon-
tinuity T separating the streams are broken. To restore
these conditions, we have to admit that the initial
straight jump 3 acquires curvature in the vicinity of the
triple point T in the course of the shock wave mation.
The curvature must provide both for the condition of
equal pressures and for the collinearity of current lines
above and below the tangential discontinuity Tt
(Fig. 1c). Assuming that the velocity w at which the
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shock wave 3 moves aong jump 1 is still related to the
velocity D of the shock wavein thevicinity of the sym-
metry axis as D; = wcoso,, we arrive at a system of
equations for determining the gasdynamic parameters
of flow at the branching point T (Fig. 1c):

J3 = 31J,, Bs = Bo—Bs (10)

Here, the intensities J, and J; are calculated by formu-
las (9), while J; is determined as

J; = (L+¢€)(Msino,,— M, sings)’—¢,

Oz = O03—05, M, = w/a,

and theangles 3, and 3; are determined using formula(5).
The results of calculations showed that, as the velocity
D, of the Mach jump 3 grows, theintensities J,, J; and
the angles [3,, B; monotonically increase. A more com-
plicated behavior is observed for the angle o5 describ-
ing the slope of jump 3 at the point T: the function
045(Mps) initially (at small |Mpg|) decreases from oy =
90° + o, then exhibits a minimum, and eventually
increases again tending to 0, as Mp; — M where
Mpis given by formula (8). At the point Mp; = M the
derivative of the function a3(Mp3) exhibits discontinu-
ity; for Mp3 < M the o3 value monotonically decreases
with increasing |Mpgl. It should be noted that, for
[Mps| > [M[], the stream behind jump 3 changes direc-
tion to the opposite and the gasdynamic parameters in
the vicinity of point T have to be calculated using,
instead of Egs. (10), the system of equations

J3 = J1J,, - = B—Bs.
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Abstract—The effect of higher anisotropy constants on the orientational phase transitionsin the domain walls
(DWs) in orthoferrites of the G,F, typeis studied. Equations of the reduced description of the DW structurein
the vicinity of the transition point (determined by the equality of two independent second-order crystallo-
graphic anisotropy constants) are constructed, which are analogous to the Slonczewski equations for uniaxial
ferromagnets. It is established that, in addition to DWs of the known (ab and ac) types, stable DWswith differ-
ent spin rotation planes may exist depending on the rel ationshi ps between fourth-order anisotropy constants.
In some cases, the DW spectra may contain an antisymmetric local level in addition to the DW translational

mode. © 2002 MAIK “ Nauka/Interperiodica” .

Weak ferromagnets, including rare earth orthofer-
rites, are highly promising media for information tech-
nologies. In this context, it is of interest to study the
specia orientational phase transitions in the interna
structure of domain walls (DWSs) accompanying
changes (induced by temperature of some other factor)
in constants of the crystallographic magnetic anisot-
ropy. A transition of thistype was probably observed by
Zalesskii et al. [1].

Thetheory of such transitionswas devel oped mostly
by Farztdinov et al. [2, 3]. However, thetransition pointin
thistheory was determined using the condition of equality
of the energies of various domain structures. In terms of
Hubert and Schaefer [4], this corresponds to the equilib-
rium thermodynamic approach. Below we develop asim-
ple theory vaid in the vicinity of the trangtion point.
Using thistheory, analogousto the Slonczewski equations
for uniaxial ferromagnets [5], one can readily determine
the intermediate DW structures and evaluate their local
stability.

Let us restrict the consideration to an orthoferrite in
the G,F, state (with the antiferromagnetic vector | in the
domains being collinear to the x axis; the coordinate axes
X, Yy, and zcoincide with the crystall ographic axes a, b, and
C, respectively). We use an approximate theory with the
unit vector | (magnetization vector excluded) and the
effective Lagrangianintheform (for details see, e.g., [6]):

Mo

P =
2y 0k

i2— o,
~ 1 2. 1,22 2),2 1
P = éA(DI) +§(Kb |y+ KLY (1)

1, )4 (4)(2,2 (4),4
+Z(Kbb|y+2Kbc|y|z+ chlz)-

Here, M, is the magnetization of sublattices in the
orthoferrite; y is the magnetomechanical (gyromag-
netic) ratio; we = ya/M,, a ~ 10° erg/em® and A ~
107 erg/cm being the homogeneous and inhomoge-
neous exchange constants, respectively; K are the
renormalized anisotropy constants of the second (j = 2,

K® ~10° erg/lem?, positive) and fourth (j = 4, K ~
0.1Kk?

malizes K? and does not enter (1) explicitly). Analo-

gous representations, developed for magnets of other
types, arewidely used in thetheory of DW spectra[7, 8].

For definiteness, let the DW plane be perpendicular
tothey axis. Then, according to Eqg. (1), there exist one-
dimensional DWs with a single angular degree of free-
dom ¢(y) of two simple types, ab and ac, characterized
by the 180° rotation of | (y) inthe ab (xOy) and ac (zOx)
planes, respectively. In particular, for ab-DW,

) orders (the Dzyaloshinsky constant renor-

coshp = —/1+ K tanhy/,/1 + K, tanh’y,

¢'(y) = sind./1+Ky,sn’0,

where the angle ¢(y) is counted from the x axis; the
lengths are measured in the units of Ay, = JA/K? (the
effective width of ab-DW); and kg, = K@ /2K (.

Equation (1) yields two separate equations for the
amplitudes of small oscillations dl:

)

A d?
Qzél”v O = L”‘ [|6|”’ DE E— d_y2 + V”’ |:|(y)E6IHY D;
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Vi(y) = ¢™(y)/9'(y),
VoY) = (-2+ KR/KP)sin¢
—3(KWr2kPysin*e + KP/KP,
where 3|, (y) are small amplitudes in the spin rotation

plane xOy and in the perpendicular plane; Q? =

u)zMolyooEK(z) and w are the unknown resonance fre-

guencies. The analogous results for ac-DWs are pre-
sented below in a somewhat different context.

Thelocal stahility of ab-DWs described by Egs. (2)
is determined by the condition of positiveness of the

corresponding operator: Ly > 0. With an allowance for
the condition K? > |[K™ |, the eigenvalue problem (3)

in the zero approximation (K¥ = 0) reducesto apoten-

tial of thetype 1 — 2/ cosh’ y (well known in the DW
theory). For this potential, the lower eigenvalue is zero
and the corresponding symmetric eigenfunction is

6I%(y) = 1/(./2coshy). Taking into account the lowest

powersin K® inthe expansion of V(y), we obtain the

following condition of stability in thefirst-order pertur-
bation theory:

K® —KP +2(K -k /3>0. (4)

Now let us determine the discrete level s of the oper-
ator E” .Asisevident from theform of V|(y) in Egs. (3),
alower eigenfunction of L; is the symmetric function

6I%(y) ~ ¢'(y) corresponding to the eigenvalue w = 0
(trandational level of the spectrum). In order to deter-
mine additional levels [9], note that (also due to the
form of Egs. (3)) this operator can be represented as

L|| A'A= (d/dy + ¢"/¢")(—d/dy + ¢"/9"). (5)

Introducing the new dependent variable Am”(y), we
obtain a relationship equivalent to the initial one, but
with a different potential:

Viy = 1+ 2K .o/ cosh’y(1 + K, tanh’y). (6)

Now it is evident that an additiona level exists if
Kap < 0. For |Ky| < 1 (as in the case under consider-
ation), the shallow level approximation isvalid. In this
approximation, the potential (6) can be replaced by the
delta function 1 — (8|K,|/3)d(y), which yields

16 o
9 abv

The DW structure and the corresponding spectrum are
presented in the figure (constructed for k,, = —0.1),
where the calculated eigenvalue differs from that given

4
Q"= 1-3k5,  8lj(y) Dtanhyexperz|kallVE. (7)
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The structure and eigenfunctions of ab-DWSs (for Ky, =
-0.1): (1) angle ¢(y) calculated by formula(2); (2) potential
V1(y) calculated by formula (3); (3) non-normalized lower
(Q =0) eigenfunction ~ ¢'(y); (4) antisymmetric eigenfunc-
tion (Q% = 0.98, see (6)).

by (7) only in thethird decimal digit and the eigenfunc-
tions fully coincide on the drawing scale employed.

In order to study the transition region, where Kf) =

Kff) and the DWswith two angular degrees of freedom

may exist, let us represent the anisotropic termsin (1)
responsible for the transition as

i(Kff) +KPsin’s + i(Kg% —K®)sin’8 cos2y. (8)

Here, vector | is replaced by the angular variablesin a
spherical coordinate system with the polar angle
counted from the x axis and the azimuthal angle @
counted from the y axis (normal to the DW plane). In
this representation, the second (difference) term is

small (~Kff)) and the problem acquires the small

parameter € = |[K? — K@ (K® + K®). Formulated
in this way, the problem formally coincides with the
problem of 180° DWsin astrongly anisotropic uniaxial
ferromagnet (the parameter € corresponds to 1/Q,
where Q > 1isthe so-called quality factor of the uniax-
ial ferromagnet). Asis known, the latter case admits a
simple description of a spatial (non-one-dimensional)
low-frequency dynamics based on a reduced theory
(with excluded coordinate y) employing the Sloncze-
wski equations.

In the vicinity of the transition, we may take sind =
Ucoshy/A (where A = J2A/(K? +K®@)). Upon

averaging the energy density over y, which is the sim-
plest procedure for passing to the Slonczewski equa
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tions, we obtain the surface energy density o replacing
@ inEg. (1):

O .
0 = AFA(D, )+ (K +KP)sin'y
O
9)
. . 0
+ %[Kfj{fcos% +2KWsin"peos’y + K@sin'y] O
O

Note that, according to Eq. (1), the characteristic Bloch

line widths A = J2A/(K? —K®@) [2] for the DW of
orthoferrites significantly exceed the DW width A. In
this approximation, real DWs with two angular degrees
of freedom are replaced by one-angle walls. The small
corrections ~¢ can be constructed within the framework
of the general procedure of deriving the Slonczewski
equations [10].

Let us restrict the consideration to homogeneous
states of the DWs described by Eq. (9). The ab-DW
state type correspondsto Y = 0, Ttand the local stability

condition azo/aqf >0 coincides with inequality (4)
following from exact perturbation theory. According to
Eq. (9), the ac-DW state corresponds to Y = £11/2 and
thelocal stability condition analogousto (4) is

K@ -K® + 2k -k?)/13>0. (10)

In addition to the simple DWs of the ab and ac
types, the equation do/dy = 0 admits some other solu-
tions (states) corresponding to
Ke” =Ky + 13(Kee — Ko

K -2k

cos2y = 3 , (11)

which are stable provided that

2 2 4 4 4 4 4
KP —KP - 13(KY - KD <KD -2k +KD. (12)
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The results of this study indicate that the transitions
between ab and ac DWs in orthoferrites are accompa:
nied by a number of interesting effects. The transitions
may appear as “extended” (cf. thelocal stability condi-
tions (4) and (10)), whereby new states (phases) of
DWs (possessing two degrees of freedom and approxi-
mately described by Egs. (11)) can arise inside aregion
with the dimensions ~max|K®|. In addition, an anti-
symmetric high-frequency mode (7) localized at the
DW can be excited provided that the fourth-order
anisotropy constants obey certain additional condi-
tions.
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Abstract—The single and double ionization cross sections of hydrogen and helium atoms colliding with rela
tivistic structural heavy ions are calculated within the framework of the eikonal approximation. By structural
ionsareimplied those containing partly occupied el ectron shells. It is shown that an allowancefor thefinite size
of charged ions leads to significant changes in the ionization cross sections as compared to those determined
for the point ions possessing the same charges and energies. © 2002 MAIK “ Nauka/Interperiodica” .

Many experiments on heavy particle accelerators
involve partly stripped relativistic ions possessing large
charges and high energies (see, e.g., [1-7] and refer-
ences therein). The usual calculation schemes describe
such screened ions as point charges. Theoretical inves-
tigations of the excitation or ionization of target atoms
under the action of partly stripped ions described as
finite-size charged particles with a certain electron
structure are rather few. In fact, the projectile incident
upon a target should be considered as an extended
structural particle with dimensions on the order of the
size of electron shells occupied by electrons corre-
sponding to a stationary ion charge, rather than as a
point charge.

However, the strong field of a multicharge ion can-
not be considered using the perturbation theory (see,
e.g., [8]) within the framework of a widely employed
method of classical trgjectories. Applicability of this
method, whichisstill insufficiently justified proceeding
from the first principles[9], is only confirmed by com-
parison to experiment. A nonperturbative quantum-
mechanical analysis of this situation within the frame-
work of a sudden perturbation approach attempted by
Yudin[10, 11] allowed theionization probabilitiesto be
determined within alimited interval of impact parame-
ters, while the total ionization cross sections were
determined by recourse to a semiempirical procedure
of renormalization in the Born approximation.

In this study, we have developed a nonperturbative
method for calculating the ionization and excitation
cross sections of target atoms interacting with partly
stripped relativistic multicharge ions considered as
extended charges using the eikonal approximation and
the method of solution matching proposed previously
[12-14]. For illustration, we applied the proposed
method to calculation of the cross sections for the sin-
gleionization of hydrogen and the double ionization of
helium atoms. It will be shown that an allowancefor the

extended ion charge leads to significant changes in the
ionization cross sections as compared to those deter-
mined in the case of projectiles considered as point
charges possessing the same charges and energies. It
should be noted that we decline from discussing the
processes of excitation and loss of electrons belonging
to projectile ions, which are now under extensive exper-
imental and theoretical investigation (see, eg., [15, 16]).

Consider anonrd ativistic (both before and after col-
lision) N-electron atom resting at the origin of the coor-
dinates. Asdemonstrated in[12, 13], a cross section for
the transition of this atom from state |00into state [nC]
upon collision with arelativistic ion moving at a veloc-
ity v can be described in the small-angle eikonal
approximation as (here and below we use the atomic

system of units)
O>

= J’d2b<n

The scattering Coulomb potential U = U(X, b; {r}) is
considered asafunction of both theion coordinatesR =
(X, b), expressed through the impact parameter b, and
the set of positions of the atomic electrons{r_} (a=1,
..., N). The Coulomb interaction of the partly screened
ion occurring at the point R, with N; atomic electrons
located at the points r, on the corresponding shells, is
described by the potential [11, 17-19]

UR;{rg)

On

e

1—exp%i;IU(x, b; {r3 )3
ovJ 0

_ Lz(1-v),  Zv 0l
B E'ra_m -'-|ra_|:e|exp|])\|ra R| .
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Fig. 1. Theionization cross section for ahydrogen atom col -

liding with partly stripped uranium ions U®*. solid and
dashed curves refer to extended and point ions with the
same charge and energy, respectively; the black circle

shows the experimental result for C% + H collisions [5].

Here, A isthe screening parameter, bearing the physical
meaning of an effectiveion radius, which is determined
by the formula

1-vI77¥% )

g = 0, 3(31%/50)I (1/3) = 0.48,

where v = N,/Z is the relative number of electrons in
theion.

A specia feature of collisions between multicharge
ions and atoms is that the inelastic cross sections are
usually rather large and significantly exceed the atomic
dimensions. Taking this circumstance into consider-
ation, we can assume that r/R < 1 and write the inte-
gral in expression (1) as

_iV_J;UdX = iqua,

q - 22*[1+ v b, [m]b

©)

vb 1—vA O]

where vector g has an evident meaning of the momen-
tum transferred to atomic electrons from a projectile
ion with an impact parameter b, Z* = Z(1 —v) is the
effective (apparent) ion charge, and K;(x) is the Mac-
donald function.

First, let us consider the collision of a relativistic
structural multicharge ion with a hydrogen atom. Fol-
lowing [12, 13], the cross sections of inelastic pro-
cesses can be described using the method of solution
matching, which alows the final formulas to be
expressed in an analytical form. The wholeinterval 0 <
b < 0 of possible values of the impact parameter b can
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be divided into two regions:

(A)O<b<b, (B)by<bh<oo;

b,Ovy, y=1/J(1-p*, P = vlc, (4)

which correspond to small and large values of the
impact parameter (c isthe speed of light). In theregion
of small impact parameters (A), a strong field of the
multichargeion can be described within the framework
of the perturbation theory and the cross section can be
calculated by formula (1). In the region of large impact
parameters (B), the field of the projectile ion can be
considered asweak and described asthefield of a point
charge Z*, while the cross section can be calculated
using perturbation theory. Calculating o, in both
regions (4) and summing the results, we obtain the total
cross section. Note that knowledge of the exact bound-
ary between regions (A) and (B) is insignificant
because the dependence of o, on by in each of the two
regionsislogarithmic. Thisensures correct matching of
the corresponding contributions, so that the particular
form of the dependence of g, on by is eliminated from
the final expression.

The resulting ionization cross section of a hydrogen
atom is asfollows (cf. [13]):

20,vy Bh .
r]Z*Q)i _-Z—D! ( )

*2
Gi = 81'[%7\,%[’]
"4

wheren = expB = 1.781 (B = 0.5772 is the Euler con-
stant), w, = 0.711 is the so-called “mean” ionization
energy [13], A; = 0283, and a; are coefficients calcu-
lated by the formula

v expaL V- b02nbdb | Ck|exp(iqr)| 00D ©
$8T[Z*20 I 0O

Notethat formula(5) coincidesin form with the expres-
sion obtained [13] for the ionization by collision with a
point charge Z*. However, in the case of the point
charge, the coefficients a; = 3.264 are independent of
the ion charge and vel ocity [13]. In contrast, by virtue of
the transferred momentum determined by formula (3),
the a; values for the extended charge depend both on
the ion velocity v and on the relative number of elec-
tronsv. Figure 1 showstheionization cross sectionsfor
a hydrogen atom interacting with partly stripped ura-
nium ions U%*. The cross sections were calculated by
formula (5) for ions with Z = 92 and the number of
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electrons N; = 86 corresponding to the apparent ion
charge Z* = 6, while the screening parameter A = 0.116
(in atomic units) was determined by formula (2).

Now let us consider the double ionization of a
helium atom. According to [12, 13], calculation of the
corresponding cross section does not require using the
method of solution matching. The double ionization
cross section can be determined directly by formula(1),
in which the integration with respect to d%b can be
extended over the whole plane of theimpact parameter:

2+

? W
= [[f| B kol exp(iafra+ )0, 00°d’k, d’k,d’b.

Here |k,, k,[isthe wave function of ahelium atom with
two electrons in the continuum possessing the
momenta k; and k,; |0, OOis the wave function of
helium in the ground state. In the calculation, the wave
functions were represented as symmetrized products of
the hydrogen-like one-electron wave functions of
helium with the same effective nuclear charge Z, = 1.97
(according to [13], this effective charge ensures a good
agreement with the experimental data for the double
ionization of helium by impact with afully stripped rel-
ativistic ion). The results of these calculations are pre-
sented in Fig. 2, which shows the double ionization
cross section of helium by partly stripped iron ions
Fe'>* of various energies. The cross sections were cal-
culated by formula (7) for an ion with Z = 26, N, =11,
Z* =15, and A = 0.096 determined by formula (2).

As can be seen from Figs. 1 and 2, the effect of
extended ion charge increases with the energy of pro-
jectiles and leads to a considerable increase in both sin-
gle and double ionization cross sections as compared to
the valuesfor the point charge. Thisbehavior of theion-
ization cross sections is quite clear from the general
physical considerations. Indeed, in the case of large
impact parameters, an impinging ion interacts with
atomic electrons like a point charge equal to the appar-
ent charge of the screened ion (in our notation Z*). In
the collisions with small impact parameters, the ion
interacts with electrons as the fully stripped charge Z.
The cross section reflects contributionsfrom all regions
of theimpact parameter. Since Z is greater than Z*, the
atomic electrons effectively interact with an ion pos-
sessing a charge greater than Z*. This results in an
effectiveincrease in the cross section, which can besig-
nificant for Z > Z*.

In order to evauate the effect of the ion charge
extension, let us introduce the relative increment x, =
(Gi = Oipoint Ti(pointy), Where 0oy is the ionization
cross section of hydrogen by a point ion possessing the
same charge Z* and relative velocity as the extended
ion. Let r be the effective radius such that ;g = TT2
Based on the simple geometric considerations
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Fig. 2. The double ionization cross section for a helium

atom colliding with partly stripped iron ions Fe'®*. Solid
and dashed curves refer to extended and point ions with the
same charge and energy, respectively; black circle shows

the experimental result for Fe'>* + He collisions [6].

(whereby the screened ion is considered as a ball of
radius A), the cross section of an extended ion can be
evaluated as o; ~ T(r + A)?. Then, for A < r (which is
valid in the cases studied above), we readily obtain an
estimate for ,, using the calculated val ues of Gj i) fOr
ionization by the point ion and A for the effective ion
radius: Xy ~ 2Mr = 212N 0 poim] Y% Thus, as the
Oipoiny ValUe decreases with the energy, the relative
increment X, grows. As can be seen, the cross sections
in Figs. 1 and 2 are consistent with these conclusions.
This behavior is probably common for all cross sec-
tions of the inelastic processes accompanying the colli-
sions of relativistic structural heavy ions with atoms.
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Abstract—A new method for the thermal stabilization of parameters of devices employing magnetostatic
waves (MSWs) in ferrite filmsis proposed. The method is based on the dependence of the temperature coeffi-
cient of frequency on the magnetizing field orientation relative to the crystall ographic axes of the film. Possi-
bilities of the new method are demonstrated for the iron yttrium garnet films, the properties of which allow the
thermal stability of frequency-selective MSW devices to be significantly improved. © 2002 MAIK

“ Nauka/Interperiodica” .

The most effective methods for the thermal stabiliza-
tion of parameters of devices employing magnetostatic
waves (MSWs) in ferrite films are based on the tempera
ture-induced variations of the demagnetizing field in the
film [1, 2]. These methods pose significant restrictions
on the design of MSW devices, requiring either soped
orientation of the film in the magnetic field or specially
selected (“thermostabl€”) dimensions of the film.

The purpose of this study was to develop a method
for the thermal stabilization of the frequency of back-
ward volume magnetostatic waves (BV M SWSs) in atan-
gentially magnetized cubic ferrite film. It was assumed
that the film size allows the effect of demagnetizing
field on the temperature-induced frequency variations
of BVMSWs o be ignored. According to [2], the tem-
perature-compensating effect of the demagnetizing
field is pronounced when the ratio of film thickness to
lateral size in the magnetization direction is greater
than 0.1. When thisratio is on the order of 0.01, the tem-
perature-induced frequency shift is close to the values
characterigtic of afilm with infinite lateral dimensions.

The proposed method is based on the dependence of
the temperature coefficient of frequency (TCF) on the
magnetizing field orientation relative to the crystallo-
graphic axes of the film.

The main source of thermal instability of the MSW
characteristics is the temperature dependence of the
saturation magnetization of ferrite. At first glance, it
appears that the proposed method can be realized only
in strongly anisotropic materials where the magnetic
anisotropy field is on the same order of magnitude as
the saturation magnetization. However, at present, the
main material for the spin-wave electronics is yttrium
iron garnet (Y1G) belonging to weakly anisotropic fer-
rites. Possibilities of the new method will be demon-
strated in application to the YIG films.

Let us consider the factors influencing the tempera-
ture-induced shift of the BV M SW frequency in anisotro-
pic ferrite films. In constructing a theoretical model, we
will proceed from the dispersion equation in a zero-
exchange approximation derived in atraditional way [3].
Inthecaseof M Onandk || M, where M is the mag-
netization vector, n is the film normal, and k is the
wave vector, the MSW dispersion equation can be

written as [4]
tan% kd g2 he
1 + p’XX

/\/_lexD
where d is the film thickness and ., is the magnetic
permeability tensor component in the coordinate sys-
tem (X, y, 2 with the axesx || n and z || M. The latter
guantity is given by the formula

(D

f2_ 2
IJ'XX = flz fz’ (2)

where f is the variable frequency, f, and f, are the long-
wave and shortwave boundary frequencies of the
BVMSW spectrum

f 2
fgo = [Het MONG, = NG)
x [H,+ M(N§, — N3,) + 4TM —H ] — (MN,,)?,
[|f5[|2 _ c c
[ED - [HZ+M(Nyy_sz)]

x [H,+ M(N§, —N3,) —HJ —(MN,)?,

g=2.8 MHz/Oeisthe gyromagnetic ratio, H, isthe pro-
jection of the external magnetic field onto the direction
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kd where rI;hn = H + NpqH, is the internal effective field

. 125  strength.
T Figure 1 showsthe plots of a(f) and kd(f) calcul ated
v 12.0 using the parameters of Y1G single crystals [5, 6]. Note
Vo that the effect of the crystallographic magnetic anisot-
\ \ ropy onthe TCF isrelated both the product N, H. and
pam 115 tothetemperature derivative. The contribution to a due
aoot to the term Ny, @H,/dT increases with decreasing H,.
-~ N \ 110 From this it follows, in particular, that the difference
D between o 1,0and O gp(the subscript refersto the ori-
Y / /\\/\ entation of M) increases with decreasing magnetization
ﬁ\‘\_\LD/IID oo~ Y, 10 Ilr]dc(ij;renglt:h. Tlhls feature is confirmed by analysis of

YR e datain Fig. 1.
10— YR L ! I 0 The most interesting situation takes place for apqyq
02 04 06 20 22 24

flATMg

Fig. 1. The temperature coefficient of frequency (solid
curves) and the principal mode dispersion (dashed curves)
of BVMSWsiin ferrite films calculated for 41iM = 1750 G,
He = —42 Oe, d(4rM)/dT = —4.0 G/K, and dH./dT =
0.4 Ce/K; oy = (V4rM)[d(41tM)/dT]; magnetization direc-
tionsindicated at the curves.

of vector M, Nicj are the effective demagnetizing fac-

tors of the crystallographic magnetic anisotropy, H, =
2K /M isthe uniaxial normal anisotropy field with the
first constant K, [3], and 471iM is the saturation magne-
tization of the ferrite crystal.

Let us simplify description of the crystallographic
orientation of M by considering the magnetization
directions coinciding with the third- and fourth-order
symmetry axes of theferrite crystal. Inthiscontext, fur-
ther analysis refers to the films of cubic ferrites with a
surface oriented in the { 110} direction. In this case, the
film plane contains the symmetry axes [111Cand (1000
The effective demagnetizing factorsfor these directions
are described by the relationships

M(Nix_Ngz) = M(N;y_Ngz) = HcNqurEI!
N, = 0,
where H, = KJ/M is the cubic anisotropy field with the

first constant K, Ni117= —4/3, and Nygon= 2; note also
that H,= H.

An expression for the temperature derivative df/dT
can be obtained from formulas (1) and (2), taking into
account that kd = const and, hence, du,/dT = 0. After

simple transformations, we obtain the following
expression for the TCF:

1df _ 1[5_92&24; 1 d(4mM)

a

fdT ~ 2| 2 g4nM dT

21,2 2 (3)
0 g Hi%N[p dH. 4nMH,;,g°d(H,/4TM)

i Hi:rd_TC_ len aT |
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and 0005 pOSsessing the opposite signs. In this case,
there is a “thermostable” crystallographic direction
between the tangent axes [1110and [100C] for which
df/dT = 0. It should be noted that we assume a continu-
ous dependence of a on the angles determining the ori-
entation of vector M. An analysis based on the laws of
dispersion describing the general case with an arbitrary
crystallographic orientation of M [7, 8] confirms the
absence of discontinuitiesin the angular dependence of
o. Using the method described in [7], it isalso possible
to calculate the external field H proceeding from the
given “thermostable” direction M and theinternal field
strength.

Let usanalyzethe signs of 0 q;-and 005 FOr Y1G,
the condition a;,4< 0 isvalid for any H in the entire
frequency spectrum of BVMSW frequencies. On the
contrary, the condition opgyn= 0 leads to restrictions
with respect to H and f values. In particular, the TCF
values will be nonnegative in the entire BVMSW fre-
guency spectrum provided that the minimum oy
value attained at the longwave boundary (f = f,) is non-
negative:

(df,/dT) 00,2 O.

Using the expressions derived above and accomplish-
ing the necessary transformations, we obtain

H < H,

4TiM . (dH /dT)
d(4TM;,)/dT + 4(dH /dT)

4mM 4 = 4TIM —H,,.

Ho = —2[

o

Thus, the theoretical analysis predicts the existence
of athreshold field strength H = Hy below which o0
is positive in the entire BVMSW frequency spectrum
(fs < f <1). In particular, for YIG this value is Hy =
670 Oe.

The experiments were performed with a 10.6-um-
thick YIG film possessing the lateral dimensions 15 x
15 mm grown on agadolinium gallium garnet substrate
oriented in the {110} direction. Note that the ratio of
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Fig. 2. Experimental plots of the principal mode frequency
versus temperature for BVM SWs with two wave vectorsin
aYIG film magnetized along the tangent axes [1110and
[1000in the external magnetic field with a strength of H =
350 Oe.

film thicknessto lateral sizeistwo orders of magnitude
smaller than the value [2] for which the demagnetizing
field effect is significant. The results of measurements
arepresented in Fig. 2. The character of the experimen-
tal curves is consistent with the concepts developed
above: the sign of TCF exhibits inversion in a small
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magnetization field, when the field orientation changes
between the tangent axes [111and [100L]

Using the properties of ferrite films described
above, it is possible to improve the thermal stability of
frequency-selective MSW devices. In addition, by
properly selecting the crystalographic orientation of
the film surface and the magnetization direction, it is
possible to provide for the mutual compensation of
both positive and negative variations of the parameters
of other elements of MSW devices.
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Abstract—A theoretical model is developed for the process of energy exchange between a spherical drop and
anonequilibrium plasma. It is demonstrated that, in a certain range of the plasma parameters, a quasistationary
temperature of the drop can be maintained in two different heat exchange regimes. In one of these, the energy
flux from plasmato drop is compensated by cooling due to the thermal emission of electrons; in the other, the
energy supply is equilibrated by intensive evaporation of the drop material. The two regimes, characterized by
certain quasistationary temperatures, are separated by atemperatureinterval featuring unstabl e states of the sys-
tem. The particular realization of one or another quasistationary regimeis determined by theinitial temperature

of the drop. © 2002 MAIK “ Nauka/Interperiodica” .

The prablem of determining the temperature of
macroscopic particles occurring in a plasma, which is
very important for numerous applications, has been
repeatedly discussed in the literature. Boxman and
Goldsmith [1] calculated the temperature of macropar-
ticles in a nonequilibrium vacuum arc plasma without
an alowance for the process of thermionic emission
and obtained understated values of the temperature.
The later theories [2, 3] took into account the thermi-
onic processes on the particle surface, but the equilib-
rium argon plasma had a relatively low degree of ion-
ization and the temperatures were not high enough to
produce intensive evaporation of the particle material.

Recently, Batrakov et al. [4] experimentally estab-
lished for thefirst time that metal drops leaving a cath-
ode spot of the vacuum arc exhibit intensive evapora-
tion and convert into plasma bunches in the immediate
vicinity of the cathode surface. The purpose of this
study was to provide for apreliminary theoretical anal-
ysis of the possibility of such phenomena.

We will consider the process of heat exchange
between a macroparticle occurring in anonequilibrium
near-cathode metal plasma of the vacuum arc, where
the density of charged particles is significantly greater
than 10'® cm3. It was demonstrated [2] that an impor-
tant factor in the heat exchange between metal drops
and surrounding plasma is that the hot drop can emit
thermoelectrons. Being sufficiently intense, this pro-
cess can significantly influence the potential of the drop
relative to the plasma. The flow of electrons and, hence,
the flux of thermal energy from plasma to the metal
drop is exponentially dependent on this potential. As a
result, the drop emitting electrons can heat to a higher
temperature than the same drop not involved in the ther-
mionic emission. The thermionic cooling becomes,

together with the cooling due to evaporation of atoms
from the drop surface, the main channel of heat removal
from the drop. Thus, we can suggest that there are two
possible regimes of heat exchange between a metal
drop and plasma: (i) the usual regime with arelatively
large negative floating potential, whereby the main
channel of energy remova from the drop is thermal
radiation, and (ii) an emission regime with arelatively
low (compared to the therma electron energy kT,)
floating potential, whereby the main channel of heat
exchangeisrelated to the flow of evaporated atomsand
emitted electrons.

It will be specially indicated that the transition from
the usual to emission regime takes place in a certain
interval of plasma densities and possesses a hysteresis
character.

Let us consider an immobile spherical drop occur-
ring in a sufficiently dense nonequilibrium plasmawith
the knownion density n,, averageion charge Z, and the
electron and ion temperatures T, > T;. The drop radius
is assumed to be sufficiently small compared to the
mean free path of the plasma particles, but still much
greater than the field screening radius rp =

JeokTo/q°n, (Where e, is the dielectric constant and g

is the elementary charge). Under these conditions, the
drop can be considered a Langmuir probe, the station-
ary parameters of which will be independent of the
radius[3].

Within the framework of this model, we have calcu-
lated a dimensionless stationary floating potential of
the drop Yy = q|@l/kT,, which is determined by the bal-
ance of charged particle flows, and a stationary temper-
ature of the drop T, determined by the balance of
energy fluxes. The calculation was performed with an
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allowance for the thermal energy fluxes from plasmato
particles, the thermal effects related to the evaporation
of atoms and the emission of electrons, the liberation of
energy due to the recombination of ions on the drop
surface, and the radiative energy losses.

Expressionsfor the flows of electrons(rgI )andions

(Fip' ) from the plasmato awall are well known [5]. In

the general case, these quantities are complicated func-
tions of the drop potential and the plasma parameters.
Inthelimiting cases, the systemiswell described by the
simple approximated rel ationships

MY = 4nR°Zn,,/8KT JTmf (W),
P = 4nR%n,, /8KT./TIM f,(Wy).
Here, m and M are the masses of electrons and ions,

respectively; f, = exp(—)y)/4 and f;, = 0.3, /T./T; for
Py> 1 fo=exp(—Pg)/2and = 1/2for 0 < Py< 1. An
analysis showed that the floating potential of the emit-
ting drop in a nonequilibrium plasma does not change
sign; this conclusion was confirmed by the results
reported in [2].

In contrast to the approach employed in [2], we have

calculated the flow of thermoelectrons I'g" with an

allowance for the Schottky effect (a decrease in the
electron work function of amaterial exposed to astrong
electric field) and avirtual cathode effect, whereby the
thermionic current is limited by the space charge field.
In the latter case, we al so took into account the effect of
the virtual cathode upon the flow of electrons from

plasma ( FE' ). At high temperatures of the drop, when

the current of thermoelectrons is effectively limited by
the space charge, an electric double layer is formed at
the drop surface. The calculation showed that the elec-
tron current density is completely determined by the
ion current from plasmaand can be calculated by asim-
ple formula

(D)

rem= /M/mr?, )
Thus, at low temperatures T, the drop possesses a

relatively large potential (i, and the emission flow g
obeys the Richardson—Dushman law. At high tempera-
tures, the potential 4 sharply decreases and the thermi-
onic flow is determined by relationship (2). It is this
limitation of the emission current that renders the ther-
mionic cooling mechanism incapable of stabilizing the
drop temperature, so that the effective heat removal is
provided by evaporation of the drop material. It should
be noted that the presence of the virtual cathode may
explain the difference of the effective electron work
function of tungsten (=6 eV), observed for a sample
placed in a dense plasma [3], from the commonly
accepted value (4.5 eV).
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L et uswrite approximate expressions for the energy
fluxes considered in the proposed model, comprising
the thermal energy flux W™ supplied from plasma
(heating the drop) and the flux of removed energy Wo"t
(cooling the drop):

W= B (W) (0 + 2KT,)
TP (We) (9ot 12— Z0c + Zqgy + 2KT)),
W= FET(Ty) (9 + 2KT )
+ T3 (T) (Gt 2KT) + W(T,).

Here, ¢, is the effective electron work function calcu-
lated with an allowance for the Schottky effect, ¢,isthe
energy of evaporation per atom, and |, is the energy of
the Z-fold ionization of an atom. Theflow of evaporated

atoms Iy (T, was calculated proceeding from the

known temperature dependence of the saturated vapor
pressure, while the radiative energy flux Wa(T,) was

assumed to be proportional to T .

We have analyzed a solution of the combined sys-
tem of equations describing the balance of charge and
energy of the drop with unknown 4 and T, values:

M (We) = TP (Wy) + FEM(Ty),
W(Wg) = WP (W Ta).

This system always possesses at |east one solution.
The solutionsfor low and high temperatures of the drop
correspond to the well-known regimes [2]. A new type
of possible solutions appears in the region of interme-
diate temperatures T,, where the floating potentia of
the drop exhibits a smooth decrease. In thisregion, sys-
tem (5) usually admits three possible solutions.

This can beillustrated by an example of calculation
of the temperature of a tungsten drop in a plasma with
parameters close to those in a vacuum arc. Figure 1
shows the temperature variation of the energy fluxes
and the floating potential of the drop. As can be seen,
there are three points of intersection of the curves
Win(T,) and W°(T,), which correspond to a certain
“equilibrium” temperature of the drop. The middle
point corresponds to an unstable equilibrium. At a
small deviation from the middle equilibrium point, the
energy balance is broken in an irreversible manner.
Upon a spontaneous decrease in the temperature, the
energy W"(T,) supplied from plasma becomes smaller
than the energy W°“(T,) removed from the drop, so that
the cooling will continue. Upon a spontaneous increase
in the temperature, W"(T,) > W°(T,) and the tempera-
ture would grow further. The two other equilibrium
points are stable with respect to the temperature fluctu-
ations and, hence, may correspond to physically realiz-
able states.

©)

(4)

©®)
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Fig. 1. Theplotsof (1) thefloating potential Y4 and the qua-

sistationary energy fluxes (2) W™ and (3) WO versus tem-
perature T calcul ated for aspherical tungsten drop in avac-

uum arc plasma with the parameters n = 3.5 x 10 cm =,

Z=2,andKTg=4¢€V.
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Fig. 2. The plot of a quasistationary temperature of atung-
sten drop Ty versus plasma density ng.

Figure 2 showsthe plots of equilibrium temperature
of the tungsten drop calculated as a function of the
plasma density. The middle region of the Ty(ng) curve
corresponds to unstable states, while the upper and
lower branches of the curve represent stable solutions.
As can be seen from this figure, ambiguity of the sta-
tionary temperature of the drop may take place only in
a limited interval of the plasma densities. The formal
selection of a particular stationary solution of the sys-
tem (5) is determined by theinitial temperature: should
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this temperature be above the “unstable” point, the sta-
tionary temperature is determined on the upper branch;
for an initial temperature below the “unstable” point,
the stable temperature is found on the lower branch.
From the standpoint of physics, the curvein Fig. 2 is of
large value for estimating the rate of material evapora
tion from microscopic drops gjected from a cathode
spot of the vacuum arc.

Since the drops are gected from a region of high
plasma density, the drop temperature (at a sufficiently
small velocity) must tend to stationary solutionsin the
vicinity of the upper branch of the Ty(n,) curve, up to
relatively low plasma densities (n, = 10'> cm3). Even
if the initial temperature was not very large, a slowly
moving drop will be heated up to T4 > 4000 K and this
high temperature will be maintained during a suffi-
ciently long time. As aresult, slowly moving drops far
from the cathode spot may be significantly smaller in
Size as compared to theinitial particles.

On the contrary, relatively fast drops flying across a
region of high plasma density may be not strongly
heated and possess a quasi stationary temperature in the
vicinity of the lower stable branch of the T,(n) curve.
The rate of evaporation of such (relatively cold) drops
will be significantly lower as compared to the case of
slow drops considered above, and their dimensions will
not change significantly ascompared to theinitia values.

We have used system (5) to calculate the tempera-
tures of drops of various materials. It was found that
most metals, including copper, and carbon (graphite)
show qualitatively the same behavior of Ty(n,) as does
tungsten. Only readily evaporated metals such as gal-
lium exhibited no region featuring ambiguous solutions
for the temperature. This is quite clear since the heat
exchange by evaporation in such metalswould stabilize
the drop temperature before a flow of thermoelectrons
will arise capable of decreasing the floating potential
and increasing thethermal energy flux from the plasma.
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Abstract—The conditions of existence and the dispersion properties of anoncollinear TM el ectromagnetic sur-
face wave propagating at the moving interface between a low-temperature isotropic collisionless plasma and
vacuum are studied. It isfound that the boundary motion shifts the surface wave normal out of theinterface and
inclinesit toward the direction of motion. The possibility of using the moving interface for a substantial trans-
formation of the TM surface wave spectrum in the cutoff frequency region is pointed out. © 2002 MAIK

“ Nauka/Interperiodica” .

Recent studies [1-6] showed that moving solid
phase boundaries are capable of guiding specific non-
collinear acoustic modes. The noncollinearity of these
modes is manifested by the wave normal being shifted
out of the interface plane and forming an acute angle
with the direction of motion. The well-known and
repeatedly confirmed concept of L.I. Mandel’shtam
that oscillatory and wave processes are similarly mani-
fested in different physical systems [7] alows us to
assume that this property isinherent not only in acous-
tic waves. We expect that, under proper conditions,
electromagnetic, plasma, and other surface waves will
demonstrate similar behavior.

This communication shows for the first time the
possibility for noncollinear electromagnetic surface
waves to exist at the plasma—vacuum interface moving
with a nonrelativistic velocity. Note that we consider
TM electromagnetic surface waves whose behavior at
the stationary (immobile) interfaces between plasma
and dielectric mediawas studied in sufficient detail [8].

The sharp plasma-vacuum interface can roughly be
treated as a geometrical model of the photoionization
front traveling in a rarefied interstellar medium at the
boundary of the shadow formed behind amoving atmo-
sphereless cosmic body.! In the absence of an external
magnetic field, the illuminated region can be treated as
alow-temperature isotropic plasma[9] and the shadow
zone, as a vacuum.

The collisionless cold isotropic plasma occupying
the region y > V. in the laboratory frame of reference
x0yz (where V, = Bc, Vs isthe velocity of the interface,
cisthe speed of light, and t istime) hasthe current den-
sity j = —enyv, where the electron velocity v is deter-

1 Another example of this kind is the ionized gas behind the front
of ashock wave.

mined from the equation of motion dv/ot = —eE/m,.
From the Maxwell equations, we obtain that the electric
field E in the plasma satisfies the equation

2 2
—1—2‘2—[25 + curl(curlE) + %E = 0. (D)
c” ot c
Here, Q. = (41e’n,/m,)Y? is the plasma frequency, ng is
the electron density, e is the electron charge, and m, is
the electron mass. Thefield Eqin vacuum (aty < V) is
the solution to Eqg. (1) with Q.= 0.

It is convenient to consider aTM surface wave with
fildsE = (E, E,) and E, = (E, E}”) using the rest
frame XxOyz with the Z axis situated in the interface
plane and the y axisnormal to theinterface. For B < 1,
we can assume without loss of accuracy that the frames
xOyz and XxOyz arerelated by the Galilean transforma-
tion:x=X,z=2,t=1,andy=y + V.. Thenitfollows
that, after passing to the rest frame, we should change
only thetime variable: /0t — d/0t —V0/dy . Inview
of this change and the fact that fields E and E, arefinite
(E, Eo ~ exp(i@y), where @, = kX — Qt), we obtain
from (1) that

E. = Eoexp(ig)exp(-sy),

_ ik . (2
By = oo (y>0),
EY = E exp(io) exp(spY),
o _ ik . 3
y __ip+soEX (y<0)-
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Fig. 1. Genera pattern of the spectrum of a TM surface
wave propagating at the moving plasma—vacuum interface.

Here, =@ + py isthe phase of the TM wave written
taking into account the noncollinearity of its wave nor-
mal; k; and p = kg are the longitudinal and transverse
components of the wave vector, respectively; and Q is
the oscillation frequency measured in the interface rest
frame.

The degree of noncollinearity is determined by the
parameter p defined as

Q_B
c1-p*

Formula(4), together with Egs. (2) and (3) and therela-
tions

2 2 Qi 1 | a2 Q°
- = y = - k — T
S So Cz(l— BZ) So 1— Bz (1 B ) Il C2 (5)

provide for the description of changesin the dispersion
properties and structure of a TM surface wave (per-
ceived by an observer situated in the interface rest
frame asan “incursion” of plasma) that is adequate for
the adopted nonrelativistic relation between the inertial
frames of reference. Expressions for the magnetic field
components which are involved in the standard bound-

ary conditions of continuity at y = 0 are given by

p= (4)

H, = o—K=(P=9) >0, (6)
== oL@+ pv)—svg > Y7
. 2
HO = o N-(ip*s) EY, §<0. (7)

(ip +)[i(Q + pVs) + 5V

These formulas were derived from the Maxwell equa-
tions curlE = —0H/at and curlE@ = —9H©/at with
account for Egs. (2) and (3). Matching the magnetic

field components (6) and (7) a ¥ = 0 and using the
equality E,|;_, = E|;_, = Eo, wearrive (after split-
ting the obtained dispersion relation into the real and
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imaginary parts) at the following equations:

Q2 s S+ S
e = g(1- , 8
PV So B)p2+ > (8)
Q2 W’ 2 St
sp——=2— = Lp1- , 9
B(A)2+SZV§ CZB( B)p2+ > 9

where w = Q + pV, = Q/(1 — B?) is the oscillation fre-
quency in the laboratory frame of reference.

Equations (8) and (9) give no way of deriving astan-
dard dispersion relation w = w(K) for afixed 3 # 0. The
reason is that the system obtained is overdetermined
because we neglected electron callisionsin the plasma.
For the collisionless plasma, arelationship between the

total wave number K = (kﬁ + pA)Y? and w can be

obtained assuming applicability of the nonrelativistic
approximation in the asymptotic limit 3 — 0. Then (9)
isidentically satisfied and (8) yields, in thefirst approx-
imation to S, = Splg=0 and S = s|3~ (with account for

the equality (s + s)/(p? + st) = Q2/u?S, ), the follow-
ing formula:

6= OB
(1)2 + 52[3202

As aresult, the frequency dependence of the amplitude
decay factor for the TM wave in vacuum can be written
as

5~ — e g'(1-28)"
o(1-B")E*(1-28%) + BA(1-E%)’
where & = w/Q,. Using (10) and (5), we can readily
determine al remaining characteristics of the TM
wave, including the relationship w = w(K).
Solid linesin Fig. 1 depict typical spectraof the TM

surface wave for slowly (curve Il) and very slowly
(curve 1) moving plasma boundary. The upper limit of

these curves is the cutoff frequency w* = Q././2; the
lower limit is the dashed curve representing the spec-
trum of a TM surface wave propagating at the static
boundary (in the shortwave limit, it approaches the cut-
off frequency [8]). From the left, these curves are
bounded by the dashed straight line w = Kc depicting
the spectrum of volume electromagnetic waves in vac-
uum. The motion of the plasma boundary causes a
looplike turn of the dispersion branches, which is a
characteristic of the doubly degenerate modes. In this
case, as can be seen from Fig. 2, it is the turning point
of the loop at which we observe the maximum localiza-
tion of the field oscillations in the TM surface wave.
Similar featureswere observed in the spectrum of amag-
netoelastic surface wave propagating at the moving
domainwall of aferromagnetic material studiedin[4, 5],
where these effects were explained by degeneracy of

(10)

No. 6 2002



A NONCOLLINEAR TM SURFACE WAVE

5oc/Q,

0.1
0.60

0.72
wQ,

Fig. 2. Frequency characteristics of the localization coeffi-
cient s, of the TM surface wave propagating at the plasma—
vacuum interface, calculated for B = 0.05 (1) and 0.1 (2).
The upper and lower dashed curves depict functions s(w)
and so(w) for the motionless interface, respectively.
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the spectral doubl et formed by the line of the ferromag-
netic resonance (FMR) for near-boundary magneto-
static oscillations and the shortwave edge (separated
due to the magnetostriction) of the spectrum of a mag-
netoelastic surface wave propagating at the stationary
domain wall.

For the TM surface wave, the FMR lineis replaced
with the cutoff frequency. Since the region w < w* con-
tains only the branch corresponding to the TM surface
wave, the nature of the second degenerate mode is
unclear. Let usconsider now thefrequency range w> w*.
Equation (8) with B = 0 has a formal solution in the
band w* < w < Q.. This solution has the form of non-
propagating TM oscillations with amplitudes increas-
ing along the plasma boundary (the case of purely
imaginary k). Obviously, this solution does not meet
the requirement of finite amplitudes of the fields (2),
(3), (6), and (7) and must be ignored as nonphysical. At
the sametime, this solution hasan important feature: its
cutoff frequency, like that of the TM surface wave, isa
limiting frequency; the only difference is that it repre-
sentsthe lower (rather than the upper) edge of the spec-
trum. Thus, these solutions have a singular relation on
the line w = w*. Because of the mode conversion
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caused by the boundary motion, this fact is of basic
importance.

This circumstance allows us to treat the increasing
TM oscillations as a missing (virtual) oscillation mode
which degenerates with the TM surface wave at 3 # O.
Due to the Doppler frequency lowering and the tilt of
the wave normal, a segment of the branch near w*
enters the physically allowed spectral region (w < w*),
where it forms the return (upper) part of the turning
loop in the dispersion curve.

In conclusion, we should note that the TM surface
waves propagating at the moving plasmaboundary also
possess some other featurestypical of noncollinear sur-
face waves [1-6]. These waves demonstrate the rel ativ-
ity of spectral representation depending on the observer
position and have acommon upper spectrum edge point
in the plane w—K (the bold point in Fig. 1) at which the
oscillations become totally delocalized. When the
velocity of the supporting boundary increases, the
degree of delocalization grows along with the phase
velocity, i.e., the spectral characteristics of these oscil-
lations approach those of the volume waves. In addi-
tion, the motion of the supporting boundary causes an
increase in the specific (calculated per unit area of the
boundary) mean energy of the TM surface wave. There
are certain differences as well: for example, because of
the absence of the partial components similar to near-
boundary electric [1-3] or magnetostatic [4, 5] oscilla
tions, fields of the TM surface wave do not exhibit Dop-
pler frequency shifts; asaresult, no beatsin the oscilla
tion fields can be observed.
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Abstract—Caorrelation of the parameters (delay times, peak intensities) of counterpropagating superfluores-
cence pulsesis studied within the framework of a one-dimensional theoretical model depending on the sharp-
ness of boundaries of the excitation region. The concentration N, of the initially excited active centers is
described by a smoothed profile (decaying to zero within the h_and h, wideintervals at the left- and right-hand
ends of the sample, respectively), rather than by a rectangular profile. It is established that variation of the
excitation region boundary widths h, does not eliminate the observed correlations. Moreover, the correla-
tions can significantly increase for the samples with alength of L = nA/2, where nis any natural number and
A is the resonance light wavelength. The oscillating dependence of the parameters of counterpropagating
superfluorescence pulses on the h, values and a significant asymmetry of these pulses for h_ # h, are dis-

cussed. © 2002 MAIK “ Nauka/Interperiodica’ .

A thorough investigation of the mechanisms
involved in reflected radiation field formation isimpor-
tant for better understanding and application of some
phenomena known in coherent and nonlinear optics.
One of such phenomena is the superfluorescence (SF)
effect representing two light pulses emitted in the oppo-
site directions from an extended inverted region (sam-
ple) possessing an elongated shape. The counterpropa:
gating SF pulses exhibit correlation (experimentally
observed, e.g., in [1, 2]) explained by a resonance
reflection of the light field from the sample boundaries,
where the inversion varies in ajumplike manner [3-7].
Previous investigations based on this concept [8-11]
revealed a strong dependence of the coefficient of cor-
relation between the delay times of counterpropagating
SF pulses on the sample length L, being a multiple of
the resonance radiation wavelength A/2: the correlation
was maximum for L equal to an odd number of A/4 and
was virtually absent for L proportional to A/2.

A close problem [7, 12-18] is related to the phe-
nomenon of induced SF initiated by an external pulse
with an intensity exceeding the level of quantum noise
in the system [19]. It was demonstrated [13-18] that a
pulse of sufficiently small area can predominantly
induce emission either in the forward or in the back-
ward direction relative to that of the initiating pulse
propagation. This is valid for a sample length close to
L =nA/2, while even small deviationsfrom thisrelation
lead to nearly complete symmetry of the counterpropa
gating SF pulses.

In this context, it was of interest to study the role of
sharpness of the boundary of the excitation region on
the degree of synchronization of the counterpropagat-
ing SF pulses.

The SF from an ensembl e of two-level active centers
(atoms) was described using a system of one-dimen-
siona semiclassical equations for the locally averaged
Bloch vector components Z(x, 1) and R(x, T) of an
atomic system,

9Z _ —}ER* +c.c, — =

ot 2 ot~ 4 (D

and the integral form of the wave equation for adimen-
sionless complex electric field amplitude,

L/2
E(xT) = L™ [ dyexp(-ikix-yl) R, T- %B, @)
-L/2 ¢

where T = t/t; is the current time normalized to a char-
acteristic time scae of the pulse t. =

ficl(2mwy,d2,No L); % and c are the Planck constant and
the speed of light, respectively; w,, and d,, are the fre-
quency and dipole moment of the optical transition
between the working levels |10and |20 No = N/(SL) is
the average concentration of initially excited atoms; N
isthe total number of atoms; S; isthe sample cross sec-
tion; k = wy,/c = 217A is the wave number; and A isthe
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ON THE STABILITY OF SYNCHRONIZATION

resonance light wavelength. The Bloch vector compo-
nents are expressed as

_ Dy (D)
Z(x 1) = NOAV(X)].D%(X)[F)ZZ(T) P ()],
, o 3
R(x, T) = %&2) S PR,
0 i0av(x)

where pfﬂ@, (1) are elements of the density matrix of the
jth atom at the time 1; AV(x) = AXS; isthe macroscopic
averaging volume centered at the point x; and €(x, t) =
h/(i2d;,t.) exp(iot)E(X, T) + c.c. isthe electric field.

Note that Egs. (1) and (2) correspond to the rotating
wave approximation, whereby the amplitudes E(X, 1),
R(X, 1), and the inversion Z(x, 1) are considered as
dowly varying over the period of field oscillation
21Mw,,. The concept of splitting of the polarization
and field into waves with smoothly varying ampli-
tudes [20-22] propagating in opposite directions
(along the sample) is not employed. The proposed
approach allows the resonance reflection of the field
from the sample ends [4] to be adequately described
without recourse to phenomenological reflection coef-
ficients [20-22].

Using the method of Haake et al. [23] generalized to
the case of variable N, we obtain the following initial
conditions for the dynamic quantities involved in the
semiclassical approach:

E(x,0) = 0, Z(x0) = C(x),
[R*(le O)R*(XZ! 0) T R*(Xnv O)R(yl! O)R(y21 0) e R(ynv 0)]

:[%} T COwS(u-yICi) (@)
{yy Yo ¥b

X O(Xz = Y2) - C(X1)O(Xn — Vi),
n=12...,

which correspond to the deterministic character of the
electric field and inversion and to stochastic polari-
zation. The angle brackets denote averaging over to the
ensemble of readlizations of the initial polarization;
the sum contains n! permutations of the coordinates
{y1 Y2 - Yab [23]; C(x) = No(x)/No; and &(¢) is the
Dirac delta. For a homogeneous initial inversion,
C(x) = 1 and Egs. (4) coincide with the corresponding
expressionsin [23].

Below we describe the results obtained using the
simplest way of varying the sharpness of boundaries of
the excitation region. According to this, Ny(x) was
taken constant in the central part of the sample and it
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linearly decayed to zero within the “smoothing” inter-
vals h_and h, at the left- and right-hand ends of the
sampl e, respectively. In other words, the profile C(x) of
the initial inversion density possessed a trapezoidal
shape.

Based on the numerical solution of Egs. (1) and (2)
with the initial condition (4) in the approximation of
L/(ct.) < 1 (vaid for not too long samples [20]), we
have calculated an ensemble of the SF pulse realiza-
tions and determined the correlation coefficientsfor the
normalized delay times 1, and the peak intensities |, =
|E(£L/2, 1,)[%2 of the right-hand (+) and left-hand (-)
pulses,

K. =K(t,, 1) (5)
= Q- 3.0(t - B[Ot - @030 - 87",

and the anal ogous correlation coefficients for the inten-
sities, K, = K(l,, 1).

The results presented in Fig. 1 for a symmetric ini-
tial inversion profile C(x) show that the delay times
(and peak intensities) of the counterpropagating SF
pulses exhibit correlation (anticorrelation) possessing
an oscillating character depending on the length of the
“smoothing” intervals h_ = h,. The minima of correla-
tion and anticorrelation are observed a h, = mA/2
(Fig. 1a, L = 22\, m being an integer) and at h, = nA/4
(Fig. 1b, L = 21.75\, n being anatural number), respec-
tively. It is obviously important to take this circum-
stance into account in the experiment, since the results
of observationsfor the synchronism of the counterprop-
agating SF pulses may be significantly dissimilar for
the intervals h, differing (under otherwise equal condi-
tions) by A/4 in the former case (Fig. 1a) and by A/8 in
the second case (Fig. 1b).

The observed characteristic features in behavior of
the numerically determined correlation coefficients (the
positions of extrema, doubling of the modulation fre-
quency, and morerapid decreasein this frequency for a
sample with L = 21.75\ as compared to that with L =
22)\) are explained by the enhancing or compensating
effect of the interference of secondary waves. This
interference can be characterized (asit was donein [9]
for the case of h, = Q) by the correlation coefficient K,
for intensities |, |_ at the beginning of the process:

Ko = |J|2,

1 Oexp[U(h_/L-1/2)] —exp[-U/2]

J =
DU%g h_/L (6)

exp[U(1/2-h,/L)] —exp[U/2] O
+ O
h,/L B
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Fig. 1. Dependence of the correlation between the counter-
propagating SF pulses on the width h_ = h, of the “smooth-

ing” intervalsintheinitial inversion density profile for sam-
ples with the total number of initially excited atoms N =

10%° and the lengths L = 22A (@) and 21.75A (b): (1) corre-
lation coefficients of delay times K(t4, T_); (2) correlation

coefficients of peak intensitiesK(l,, 1_); (3) scaled intensity
correlation coefficients AKq at the beginning of the process
calculated by formula (6) for A =5 x 10°.

where D = 1 — 0.5(h_/L) — 0.5(h,/L) and U = i2kL
(Figs. 1 and 2). This expression was derived using two-
and four-point correlators (n =1, 2) in Eq. (4). Note that
the“smoothing” for L = 22 increasesthe correl ation of
delay times K, (compared to the case of h, _ ), whichis
significant (K, = 0.5) evenfor h_=h, = L/2 = 11A.

The results presented in Fig. 2 for a nonsymmetric
profile C(x) indicate that a change in the “smoothing”
interval at the left-hand end of the sample (h_# 0, h, =0)
leads to asymmetry and oscillations in parameters of
the counterpropagating SF pulses. The right-hand pulse
possesses, on the average, a greater delay time and a
smaller peak intensity (Figs. 2a and 2b). The average
time delays (and peak intensities) are maximum (mini-
mum) for h_ = nA/2 (Figs. 2a and 2b). Dependence of
the correlation coefficients on h_ (Fig. 2c) is qualita-
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tively the same asin Fig. 1aand remains just as signif-
icant for the experimental results.

The calculations showed that the influence of the
initial inversion density profile upon synchronization of
the counterpropagating SF pulses is insignificant for
small N and becomes important when N exceeds a cer-

tain threshold value of N (thisis reflected by Fig. 2d,

where we can take N ~ 108). This behavior can be
explained asfollows. At asmall N, reflection of thefield
from the sample ends (more precisely, from the bound-
ary intervals of length h, near the corresponding ends)
are amost insignificant. For theinitial stage of the pro-
cess (Z(x, T) = Z(x, 0) = C(x)), we obtain a solution

L = B0 @

L/2 +L/2 172

E.(1) = Lt I dyR, (Y, O)IOEQ[iE J' dXC(X)} E,
y

-L/2

which proves to be relatively weakly dependent on the
shape of the C(x) profile (theinitial polarization is rep-
resented asR(y, T) = R.(y, T)exp(—iky) + R (y, )exp(iky)
in the approximation of slowly varying amplitudes;
1{&} isthe modified zero-order Bessel function of &).

Should N exceed thethreshold N (roughly estimated as
N~ (kL)*for h, =0, see[10, 11]), the system features a
multipath field amplification regime in which the
reflections become important. In this case, the process
dynamics is determined to a considerable extent by
interference of the secondary waves and significantly
depends (as considered above) on the intervalsh, .

The asymmetry of the counterpropagating SF pul ses
can be explained as follows. As the h_ value increases,
the efficacy of thefield reflection from the left-hand end
of the sample drops, while that from the right-hand end
(wherer 4 ~ (kL)™, see[10,11]) remains unchanged. As

aresult, theintensity of emissionfor N> N andh> A
is determined by the field amplification in the single-
path regime at the right-hand end and in the double-
path regime at the left-hand end [10, 11]. This differ-
ence accounts for the accelerated development of the
left-hand SF pulse.

In concluding, it should be noted that the results of
calculations confirmed a significant effect of the spatial
inhomogeneity in the initial inversion on the induced
SF regime. This phenomenon offers additional possi-
bilities for controlling the parameters of SF pulses. In
particular, for initiating pulses of small area, it is possi-
ble to modify the C(x) profile so as to obtain signifi-
cantly asymmetric counterpropagating SF pulses in a
sample of length L = (2n + 1)A/4.
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Fig. 2. Effect of thewidth of theleft-hand “ smoothing” interval h_ (for h, = 0) onthe (a) average delay time [@..L](b) pesk intensities
I,.Cland (c) correlation coefficients of counterpropagating SF pulses (notation and parameters are the same asin Fig. 1, except for

the scaling factor A = 3 x 10%; (d) plot of the delay time correlation coefficient K; versusthe total number of initially excited atoms

N for h_=2.25\ (1) and 0 (2).

Thus, it was demonstrated that the degree of auto-
synchronization of the counterpropagating SF pulses
can be significant for ahigh density of theinitial inver-
sion with “smoothed” boundaries of the excitation
region. The nontrivial dependence of the parameters of
counterpropagating SF pulses on the sample length, as
well as on the magnitude and distribution of the initial
inversion density, should be taken into account during
the experimental investigations of both the SF proper
and the induced SF phenomena.
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Abstract—The surface energy and the electron work function are cal culated for thin films of alkali metal alloys
within the framework of the electron gas model using the electron distribution function at the film—vacuum

interface. © 2002 MAIK “ Nauka/Interperiodica” .

The results of investigations of the surface proper-
ties of thin films of metal aloys [1-6] show evidence
for the presence of the size effects in the surface com-
position, surface energy, and electron work function of
the films. It was of interest to study the influence of an
external electric field on the manifestations of these
size effects in the surface properties of thin films of
metal alloys. To our knowledge, such data were never
reported in the literature.

Let us consider the film of a binary substitution
aloy of the A,B; _, type with athickness L, within the
framework of the virtual crystal method [7]. According
to this model, the surface segregation at the aloy—vac-
uum interface leads to the formation of a modified sur-
face layer of thickness D with a positive charge density
Ng = [XQa + (1 —X)Qg] ™ (Fig. 1), where X, is the sur-
face concentration of the alloy component A; Q, and
Qg arethe Wigner—Seitz cell volumes of the alloy com-
ponents A and B, respectively. Denoting a positive
chargedensity insidethefilm by n,, we can describethe
electron density distribution at the interface by the
function

mo(l exp(—BZg)cosh(Bz)), z<Zg,
n(z) = (1
[ﬂos'nh(BZG)eXp( Bz), z>Zg,

where (3 is the variation parameters determined from the
condition of minimum surface energy o = mirta (B, ny);
B.n

z is the coordinate along the normal to the sample sur-
face, measured from the middle of the film; and Z; is
the coordinate of the Gibbs interface determined from
the condition of electroneutrality of the system:

[

J’ [n_(2) + n.(2)]dz = E/41n, 2

Zs = LI2—(1-ng/ny)D = E/4TIN,. 3

The electrostatic potentia ¢(2) on the alloy—vacuum
interface is determined from the Poisson equation,
which can be written as

S—4n[n(z)—no] O0<z<L/2-D,
41n(z) —n L/I2-D<z<Zgs,
Pora7 < EAmn@—nd, o
[1—4Tr[n(z) nJ, Zg<z<L/2,
D—4Trn(z), z>L/2
for Z; < L/2,and as
H4nn(z) —ny), 0<z<L/2-D,
41[n(z) —n L/2-D<z<L/2,
o20/d7 D— [n(z) —nd,
D—4T[n(z) L/2<z<Zg,
D—4Trn(z), z>7Zg

for Z5 > L/2. The Poisson equations (3) and (4) have to
be solved with the boundary conditions for ¢ and ¢' at
the film—vacuum interface.

The total surface energy of the film can be calcu-
lated in the homogeneous background approximation
by the formula

o) = 2[{wIn.(2] ~win.(2)]} dz
. (6)
+[0(2In.(2) - n.(] dz,
0

where w[n(2)] is the kinetic energy density of a nonin-
teracting gas (with a correction for the field inhomoge-

1063-7850/02/2806-0515%$22.00 © 2002 MAIK “Nauka/Interperiodica’
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Fig. 1. The distributions of (1) ion and (2—4) electron
charges at the film—vacuum interface for the Nag 5K 5 aloy

film with athickness of L = 7.935 x 10719 m in an externa
field with the strength E = 0 (2), 2.6 x 107 (3), and —2.6 x
107 Viem (4).
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Fig. 2. Plots of () the surface energy o; calculated by for-
mula (6) and (b) electron work function ®; calculated by
formula (7) versus the Nag 5K 5 alloy film thickness for
the field strength E = —2.6 x 107 (1, 6), 0 (2, 5), 2.6 x
10" Viem (3, 4).

10.8

neity) and the exchange—correlation interaction energy
(with anonlocal correction).

The electron work function is calculated by a for-
mula derived using the sum rule

TECHNICAL PHYSICS LETTERS  Vol. 28
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®; = —¢(L/2-D) —(n/ny)
x[$(L/2) —d(L/2—D)] + E/(8Tmn,) —e(ny),

where e(ny) is the density of the kinetic, exchange, and
correlation energies; ¢(L/2 — D) and ¢(L/2) are the elec-
trostatic potential ¢(z2) onthe boundary planesz=L/2—-D
andz=L/2.

Figure 2 presents the results of calculations using
formulas (6) and (7). The datain Fig. 2a show that the
surface energy of the film decreases with increasing
film thickness both in the presence and in the absence
of an externa field. A field directed toward the film
(E > 0) decreases the surface energy since the fraction
of the electron distribution outside the film grows; for
E <0, the surface energy of the film increases.

Figure 2b showsthe electron work function of afilm
of the NaysKy5 aloy. As can be seen from this figure,
the size dependence of the work functionisthe samein
the presence and in the absence of thefilm. The electron
work function increases for E > 0 and decreases for
E <0, which is explained by the interplay of two fac-
tors. On the one hand, the field with E > 0 favors a
decrease in the work function; on the other hand, this
field reduces the surface segregation of potassium,
which isthe alloy component possessing a lower work
function. It is the latter factor that produces a net
increase in the work function for E > 0 and a decrease
forE<O0[7].

(7)
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Abstract—The possibility of using ammoniaas a source of nitrogen for the molecular beam epitaxy (MBE) of
AlGaAsN/GaAslayerswas studied. It is shown that nitrogen is not incorporated into the GaAslayersin abroad
range of the MBE conditions studied. The incorporation of nitrogen is possible in the presence of aluminumin
the growing film. The molar fraction of nitrogen in the growing material is equal to that of aluminum, provided
that the supply rate of ammonium is sufficiently high. Theoretical estimates are confirmed by the experimental

data. © 2002 MAIK “ Nauka/Interperiodica” .

Introduction. One of the currently important prob-
lems in the technology of A"'BY semiconductor com-
pounds is to develop GaAs-based device structures
capable of emitting in the 1.3-um wavelength range.
Recent progressin providing for highly effective radia-
tive recombination and high material gain in such struc-
tures shows good prospects for creating vertical-cavity
surface-emitting lasers meeting all requirements to
radiation sources for local fiber optic communication
lines.

One of the promising ways to solve the above prob-
lem isthe use of heterostructures with InGaAsN quan-
tum wells[1], which isrelated to an anomalously sharp
decrease in the bandgap of (In)GaAs upon introducing
afew percent of nitrogen into this composition. To the
present, the best characteristics of surface-emitting
lasers with both strip and vertical-cavity geometry
employing InGaAsN quantum wells were obtained in
heterostructures grown by the method of molecular
beam epitaxy (MBE) [2, 3].

Traditional sources of nitrogen for MBE growth are
offered by plasmas of various types generated in RF
discharge, electron cyclotron resonance, and dc plasma
sources. Researchers studying the MBE process with
these sources frequently pointed out a drop in the pho-
toluminescence intensity observed upon the incorpora-
tion of nitrogeninto (In)GaAslayers[4-6], which |eads
to inferior characteristics of such structures as com-
pared to those of lasers with InGaAs quantum wells.
One of the main reasons for this fact is the presence of
high-energy nitrogen ions bombarding the surface of
the growing film, which results in the appearance of
nonradiative recombination centers. Using nitrogen-
containing gaseous compounds which decompose
immediately on the surface can solve this problem
since the presence of high-energy particles is elimi-
nated. However, the MBE growth at relatively low tem-

peratures may give rise to problems related to the
degree of decomposition of the nitrogen-containing
compounds employed.

Therefore, it is important to study the alternative
sources of nitrogen for the MBE process. For example,
Maclean et al. [7] suggested employing 1,1-dimethyl-
hydrazine. Below we report on the results of investiga-
tion of the possibility of using ammonia as a source of
nitrogen during MBE growth of nitrogen-containing
layers on gallium arsenide substrates.

Nitrogen incorporation into Ga(Al)As layers.
The greater the amount of energy liberated inthe course
of areaction, the more readily and faster the reaction
proceeds. In order to elucidate the possibility of incor-
porating nitrogen into GaAs layers, we have cal cul ated
the temperature variation of the Gibbs free energy
AG(T) as aresult of the formation of GaAs and GaN
compounds via reactions

Ga+ 1/4As, 0 GaAs, D
Ga+ NH; [0 GaN + 3/2H,. 2

For reaction (1), the AG(T) values were calculated
using the temperature dependence of the equilibrium
constant K reported in [8]:

K = exp EA—GD. 3

For reaction (2), the calculation was performed using
the datataken from [9]. Theresults of these calculations
arepresentedin Fig. 1. As can be seen, the AG(T) plots
for the formation of GaN occur above those for GaAs
in the whole interval of temperatures typical of the
MBE process, which indicates that it is energetically
more favorable for gallium to react with arsenic than
with nitrogen. Thus, the growth of GaAsN layers with
nitrogen supplied from ammonia decomposed on the

1063-7850/02/2806-0517$22.00 © 2002 MAIK “Nauka/ Interperiodica’
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Fig. 2. A plot of the relative growth rate of GaAs versus
pressure in the growth chamber (related to the NH3 flow

rate).

surface of the growing material must be complicated as
a result of basic limitations concerning interaction
between the components under consideration.

One possible way to bypass the basic problem
related to the incorporation of nitrogen into GaAs lay-
ers consists in introducing aluminum into the growing
layer. The AG(T) curvefor theformation of AIN viathe
reaction

Al +NH; O AIN + 3/2H, 4
calculated using the data from [9] is also presented in

TECHNICAL PHYSICS LETTERS  Vol. 28
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Fig. 1. In the temperature interval of interest, the curve
of AG(T) for AIN is below the plots corresponding to
GaAsand GaN, aswell asbelow the curvefor AlAscal-
culated using relationship (3) and the data from [10].
Therefore, the formation of AIN under these conditions
is energetically the most favorable and, hence, alumi-
num can be used to ensure the incorporation of nitrogen
into (Al)GaAs layers.

As noted above, the increased interest in growing
GaAsN layersismostly related to the possibility of pro-
viding for a significant longwave shift of the lumines-
cence peak as compared to that in pure GaAs. The lay-
ers of GaAs (essentially, AlIGaAsN) containing nitro-
gen incorporated with the aid of aluminum acting asthe
activator may probably also shift the luminescence
peak toward longer wavelengths relative to the GaAs
emission. Indeed, a 1% additive of aluminum in GaAs
produces a shortwave shift by ~13 meV, while 1% of
nitrogen gives alongwave shift of about 170-200 meV.

Thus, theresults of cal culations show that the incor-
poration of nitrogen from ammoniainto GaAs presents
atechnically difficult task. However, adding aluminum
to the growing layer may facilitate the incorporation of
nitrogen into the modified AlGaAs matrix. These theo-
retical estimates were experimentally confirmed.

Experimental. The samplesweregrowninan MBE
system of the EP-1203 type equipped with solid-state
sourcesof Group I11 (Al, Ga, In) and GroupV (As,) ele-
ments. Nitrogen in the form of ammonium was sup-
plied from a Riber gas inlet system (RGS Model 608
350 82X) connected to the growth chamber by a metal
pipe. Gaseous ammonia was purified with a Millipore
filter and admitted via a Mass Flow Controller system
with a maximum gas flow rate of up to 200 standard
cubic centimeter per minute (st cm3/min).

The substrate temperature T during the growth of
Ga(Al)AsN layers could be varied from 400 to 700°C.
The growth rate was about V = 1 monolayer per second
(ML/s). The partial pressure of arsenic in the growth
chamber was P ~ 5 x 107 Pa. The flow rate F of ammo-
nium could be varied from 0.2 to 200 st cm®/min. The
epitaxial film thicknesses ranged within 0.5-1 pm.

MBE of GaAsN layers. In most cases, the GaAsN
layerswere grown by simultaneously supplying ammo-
nia and arsenic, with the growth conditions (substrate
temperature, ammonia flow rate) varied within broad
limits indicated above. The content of nitrogen in the
grown layers was determined by methods of X-ray dif-
fraction (rocking curves measured at the (004) reflec-
tion), Raman scattering, and electron probe microanal-
ysis (EPMA). None of these techniques showed evi-
dence of nitrogen incorporated into GaAs layers. Since
the flux of ammonium molecules was sufficiently large,
we have studied the effect of the ammonium flow rate
on the GaAs growth. As can be seen from the data pre-
sented in Fig. 2, increasing the ammonium flow rate
above 20 st cm3/min leads to a significant decrease in
the GaAs flow rate. This is not accompanied by NH4
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decomposition on the crystal surface: ammonium only
hinders the access of gallium vapor to the substrate,
rather than provides for the incorporation of nitrogen
into the growing layer.

In order to decrease the competition between
arsenic and nitrogen for the chemica binding to gal-
lium, we studied growth under conditions of intermit-
tent arsenic and gallium flows. It was expected that
ammonium would more effectively interact with gal-
lium when the supply of arsenic is suspended. How-
ever, the pattern of high-energy electron diffraction
observed in the absence of arsenic flow was typical of
the growth under metal-stabilized conditions (clear
4 x 2 structure). This was evidence that ammonium
does not interact with gallium and nitrogen is not incor-
porated into the growing layers. These conclusions
were confirmed by measuring the content of nitrogen
using the aforementioned methods: nitrogen was not
detected.

Thus, the growth of GaAsN layers by MBE using
ammonium as a source of nitrogen is an extremely dif-
ficult problem. Theoretical predictions are confirmed
by the experimental data.

MBE of AlGaAsN layers. A series of AlGaAsN
layers was grown at T = 600°C, a standard pressure of
arsenic in the growth chamber, and a variable flow of
ammonia (see above). In most cases, the content of alu-
minum in the AlGaAs layers was about 20%. We have
also studied the effect of ammonia on the growth of
AlAs.

The content of nitrogen and aluminum in most of
the samples was determined by EPMA. It was found
that nitrogen is incorporated into the Al(Ga)As layers.
Subsequently, these results were confirmed by the data
of other methods (secondary ion mass spectrometry,
Auger electron spectroscopy, X-ray diffraction). In
addition, it was established that an increase in the
ammonium supply rate does not lead to achange in the
content of aluminum.

Figure 3 showsaplot of theatomic ratio of nitrogento
aluminum versus the flow rate of ammonium. Black cir-
cles represent the experimental data for Al,,GaygASN,
bars indicate the error of measurements, and the curve
shows the results of interpolation. As can be seen from
these data, the N/AI ratio tends to unity when the
ammonium flow rate increases above 10 st cm3/min
(the gas phase pressure in the growth chamber exceeds
10 Pa). Thus, in asufficiently large flow of ammonia,
each atom of aluminum is capabl e of trapping one atom
of nitrogen. The use of this growth regime provides for
the effective incorporation of nitrogen from ammonia
into the growing layer. The content of nitrogen in the
sampl es determined by EPMA varied within 18-22%.

In order to check whether the results presented in
Fig. 3 are characteristic of compounds with other alu-
minum contents as well, we studied the growth of
AlAsN layers. The postgrowth analysis of components
in the samples showed an absence of arsenic (point 2in
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Fig. 4. Comparative data for Algo,GaAsNggy and
Alg»GaAs: (a) typical X-ray diffraction patterns; (b) pho-
toluminescence spectra.

Fig. 3). Thus, attempts at growing AlAsN lead to the
formation of abinary compound with AIN stoichiome-
try. This result confirms the universal character of the
data presented in Fig. 3 and shows agreement between
theoretical predictions and the experimental data.

In the case of AIGaAsN layers grown using alarge
flow of ammonia (>10 st cm®/min), the growth mecha-
nism changes from two-dimensional (layer growth) to
three-dimensional (island growth). Therefore, high-
quality epitaxial layers of AlGaAsN can hardly be
obtained by MBE with a high flow rate of ammonium
(>10 st cm®/min). The layers of planar morphology
were grown using a low ammonium flow rate (below
5 st cm3/min). Figure 4a shows the typical X-ray dif-
fraction pattern of a sample with the composition
Alg2,GaAsN ;- The pattern of thickness oscillations
and small width of the diffraction peak are indicative of
a high structural perfection of the epitaxia layer. The
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content of nitrogen was determined by a shift of the
X-ray diffraction peak of Al,,,GaAsN relativeto that of
Alg,,GaAs. Figure 4b shows aphotoluminescence (PL)
spectrum of the same samples. A 30-meV shift of the
PL peak of Aly,,GaAsN relativeto that of Al ,,GaAsis
also indicative of the incorporation of nitrogen into the
AlGaAslayer.

We believe that using sampleswith alow content of
aluminum (about 1%) will probably allow one to con-
trol the content of incorporated nitrogen on a level of
1%, which is required for the application of a material
in the active region of devices emitting in the near IR
range. However, growing AlGaAsN compounds with
high structural perfection and relatively low aluminum
content will require further optimization of the growth
regimes. This is related to certain limitations of the
accuracy of the composition control in the course of the
epitaxial process imposed by technical characteristics
of the MBE setup.

Conclusion. We have demonstrated the possibility
of incorporating nitrogen into GaAslayersusing alumi-
num as the activator of ammonium decomposition on
the surface of the growing layer. Theoretical predic-
tions, according to which GaAlAsN (but not GaAsN)
layers can be grown using ammonia as the source of
nitrogen, were confirmed by experimental data on the
MBE of these compounds. AlIGaAsN layerswith ahigh
aluminum content (up to 22%), as well as AIN layers,
were obtained. It was established that, under certain
conditions, the growing layer incorporates one nitrogen
atom per aluminum atom. This will probably allow the
controlled growth of AlGaAs layers with relatively low
(~1%) content of incorporated nitrogen supplied in the
form of ammonia. These materials are intended for use
in the active regions of lasers emitting in the near IR
range.
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Abstract—An equation of state of areal gas, obtained using the principle of minimum Gibbs free energy,
agrees with the law of corresponding states. It is shown that this law isvalid in systems of particles charac-
terized by equal values of the clusterization energies and the ratios of enthalpy on the surface to that in the

bulk. © 2002 MAIK “ Nauka/Interperiodica” .

Introduction. The law of corresponding statesis a
well-known empirical relationship [1,2] indicative of
the possibility of writing the equation of state for agas
in terms of the universal dimensionless variables. The
necessary condition isthat the interactions between gas
particles must be described by similar potentials. Based
on the dimensionality considerations, Smirnov [3]
determined the coefficients (expressed via parameters
of theinteraction potentials) which allow the state of an
inert gas to be described by a single curve on the phase
diagram.

Recently [4], we derived an equation of state for a
real gaswith an alowance for the clusterization process.
Using this equation, we described the experimental iso-
therms of water vapor [4] and some inert gases [5] and
determined the parameters of interaction between par-
ticles in the clusters. The calculated values showed
good agreement with experimental data on the heat of
evaporation and with the results of quantum-mechani-
cal calculations.

Inthis paper, wewill consider mutual consistency of
the model developed previously and the law of corre-
sponding states and find a criterion for applicability of
these relationships to inert gases.

A model of the system of particleswith an allow-
ance for the cluster formation. Previously [4], we
devel oped a thermodynamic model describing the pro-
cess of clusterization in area gas. Assuming the gasto
obey a lattice model and excluding the second phase
formation, the Helmholtz free energy can be expressed
asfollows[4]:

N
F= giN; —KTInW, (D)

2
where N; is the number of monomers, N; (i = 2) isthe
number of clusters composed of i particles, g, is the
energy of asingle particle, g, (i = 2) is the energy of a
cluster containing i particles, N is the total number of

cellsinthe lattice, N' is the total number of particlesin
the system, and W is the thermodynamic probability.

Assuming that the number of cells is much greater
than the number of particles (N > N'), one can writethe
thermodynamic probability as [4]

W = |_|D1[| (2)
(N- N)'|‘|N'('>

Using the Lagrange method of undetermined multi-
pliers to minimize the Helmholtz free energy (1) with
an allowance for the particle number conservation,

-SIN =0, 3)
=1

we arrive at the following expression for the number of
clusters containing an arbitrary number i of particles:

1 0 9@) —Aig

Ni = N p[l T al i>1, (4)
N
N, = exp% glk_l_ B ©)

where A is the Lagrange factor determined upon solv-
ing Eq. (3) related to the particle number conservation
condition. Sincetheinitial energy level isarbitrary, the
free energy of asingle particle g, will be taken equal to
zero.

An equation of state can be readily obtained within
the framework of the above model using the Maxwell
relationship between the gas pressure p and the free
energy F:

MaLin ©)

p= @\BT
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Fig. 1. Isotherms of inert gases. Ne (T = 40 K); Ar (T =
150 K); Kr (T =210 K); Xe (T =290 K); symbols represent
the experimental data[10]; solid curves show the results of
calculations [5].

In the case under consideration, V = Nv, (where v,
is the minimum volume accommaodating one particle).
Differentiating the free energy with respect to N, we

obtain
N;
pv, = szN_' (7

This equation of state coincides with that obtained by
Mayer [2] and agrees with the Dalton law: the partial
fractions are independent and inversely proportional
to N.

Thelaw of corresponding states. Proceeding from
the dimensionality considerations, Smirnov [3] deter-
mined the coefficients which allow the pressure versus
temperature relationship to be constructed in reduced
coordinates. In these coordinates, the P-T curves of
various inert gases virtually coincide.

Now wewill demonstrate that the equation of state (7)
is consistent with the law of corresponding states and
the relationships for dimensionless thermodynamic
parameters coincide with the results obtained in [3].
Assume that the free energy of a cluster can be
expressed as [5]

g = —(h—=sT)i +0i2/3, i>1, (8)

where h is the enthalpy of bonds between neighboring
particles, s is the vibrational entropy of particlesin a
cluster, and o isthe cluster surface energy per particle.
Aswas demonstrated in [3], the surface energy param-
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eter inaclosely packed cluster isrelated (irrespective of
the lattice type) to the enthalpy of bonds as o = 1.33h.

Now let us consider the equation of state (7) for con-
sistency with the law of corresponding states. Accord-
ing to formula (8) for the cluster energy, a relationship
between the macroscopic parameters T, p, and v can be
described by a system of equations

pVO (9)

N 1 0 (h—sT)i —ai”® + Al
=KkT| — &P 0l

i22

1 0 (h-sT)i—aci”+Ad _,,
N1+Z|ilNi_lexpEr T E—N. (10)

i22

Passing from A to a dimensionless variable y such
that

1 OAN—sTU

y = Nexpg—?g, (11)
we can transform Egs. (9) and (10) to
041, <y O hi—oi”ﬁ}
pvo = kT{yexpEk- ) Sexp- 0/ (12
0 1 y O hi—oi®d _ N
exp—+ - ex = —. (13
YePL 2 - *PE N

Introducing the parameter o such that o = ah and
using the dimensionless parameters p* = pvy/h, T* =
KT/h, and n* = N'/N, we eventually obtain

09, <y .0 @-ai®0
p* = T*|yexpO—0+ ) s expi———=——1|, (14)

i22
i

. .2/3
i—ai U
( 2 )% - n*. (15)

O 41 y 0
exp+-+ . ex
YSPEIG T LT P
The dimensionless macroparameters introduced
according to the given model are fully analogous to the
parameters derived proceeding from the dimensionality
considerationsin [3].

Thus, the only parameters characterizing a particu-
lar system are the entropy sand theratio a = a/h of the
surface energy to the enthalpy of aparticlein acluster.
However, as demonstrated in [3], the parameter a is
constant and independent of the lattice type for closely
packed clusters with the same character of interaction

No. 6 2002
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in the bulk and on the surface. Asfor the entropy sof a
particlein the cluster, this parameter must be also iden-
tical in systems with a close character of interactions.

The latter conclusion can be illustrated as follows.
Figure 1 presents the p—v isotherms calculated [5]
using the above model. Data in the table show that the
corresponding clusterization parameters agree well
with the experimental data on the heat of evaporation
(g4,) and with the results of quantum-mechanical calcu-
lations (€4uan) - AS Can be seen, the entropy of clusteriza-
tion isvery close for the four inert gases studied. Devi-
ationsfrom the mean value lead to an uncertainty below
10% in the pressure (for fixed n* and T*), which is a
quite acceptable result.

It is possible to outline an analogy with the process
of melting in solids. Asis known, the entropy of melt-
ing for metalsis virtually independent of the nature of
a solid (the Compton—Richards rule) and amounts to
approximately two entropy units [8]. Moreover, the
entropies of melting S, 4; for the crystals of elements
representing groups possessing like electron structures
[8, 9] are also quite close (seetable). It isinteresting to
note that data on the entropy of melting are similar to
the results of calculations of the entropy of clusteriza-
tion (see table). On the one hand, this coincidence is
accidental because the two quantities refer to different
processes (melting of crystalsversus evaporation of lig-
uids) and, hence, cannot be compared. On the other
hand, thermodynamic parameters of the crystal melting
and liquid evaporation processes are related to the
potential of interaction between particles and must
reflect certain correlations. These relationships cannot
be established within the framework of the model under
consideration and we restrict this analysis to pointing
out close coincidence of the entropies of clusterization
and melting.

The above conclusions were verified in the case of
inert gases, for which the p—v isotherms were con-
structed in dimensionless coordinates at nearly critical
temperatures (for inert gases, T* = 0.167 [3]). An exact
equality is impossible since no detailed experimental
data on the equation of state are available. For argon,
krypton, and xenon, the experimental isotherms [10]
were recalculated (using the parameters and densities
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Fig. 2. Reduced logarithmic plots of the pressure p* versus
specific volume v* = 1/n* for inert gases at temperaturesin
thevicinity of thecritical point T* =0.149 (Ne), 0.154 (Ar),
0.161 (Kr), and 0.165 (Xe).

in the liquid state from the table) by the formulas

* — pAfmp
hp, (16)
V* = poV,

where m, is the proton mass, A, is the relative atomic
mass, and p, is the density of substances in the liquid
state. For neon, the relationship was calculated using
formulas (14) for parameters from the table.

Figure 2 shows the results of calculations plotted in
the p* versus v* coordinates. As can be seen, the exper-
imental data agree even in the region of small specific
volumes, which is evidence of the validity of the con-
clusions derived in this study.

Thus, based on the above conclusions, we may
ascertain that systems featuring the same character of
interactions between particles must possess equal
parameterssand a. Their states can be described by the
same curve on the phase diagram constructed in
reduced coordinates.

Calculated and experimental thermodynamic parameters of inert gases

Gas h, meV s, k €ary MeV [3] €quant» MEV (6] | po, kg/md [7] Ter K [7] Shat: K [8]

Ne 23 —1.68 18 - 1247 445 1.64

Ar 75 -1.56 68 - 1400 150.7 1.69

Kr 100 -1.81 94 103 2413 209.4 1.70

Xe 135 -1.72 131 145 2987 289.7 1.71
TECHNICAL PHYSICS LETTERS Vol. 28 No.6 2002
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Abstract—It isestablished that bismuth crystals under the simultaneous action of a constant magnetic field and
current pulses exhibit a correlation between the microhardness and the mobility of twinning dislocations. It is
shown that application of the external fields favors tranglation of the twinning dislocations along the twin—
matrix boundaries. © 2002 MAIK “ Nauka/Interperiodica” .

Establishing correlations between the microhard-
ness (H) and the mobility of dislocations in crystals
under the action of externa fields is of interest in the
physics of microindentation processes and el ectroplas-
tic deformation. The formation of an indenter impres-
sion is determined by the plastic deformation of acrys-
tal in response to the concentrated load. In the case of
bismuth crystals, the work of theload applied to therod
with anindenter is spent for the formation of both adis-
location rosette and a system of wedge-shaped twins
around the impression.

Recently we reported [1] that the microhardness of
bismuth crystals decreases under the action of a con-
stant magnetic field and the electric current pulses. Pre-
vioudly [2] it was established that the length of wedge-
shaped twins under these conditions significantly
increases. Therefore, it was of interest to study a corre-
lation between the microhardness and the mobility of
twinning dislocations in bismuth.

It is known that the samples of bismuth with high
hardness are characterized by a low mobility of dislo-
cations [3]. However, in some cases, the decrease in
microhardness is related to broadening of the disloca
tion rosettearms (i.e., to the dislocation spreading away
from the narrow rows), rather than to an increasein the
mobility of dislocations. The wedge-shaped twins
formed in crystals of the bismuth type under the action
of a concentrated load offer a good model object for
studying this situation. All twinning dislocationsin this
system are localized at the twin—matrix interface.

The crystals of bismuth were grown by the Bridg-
man technique using a reagent grade initial material.
The samples in the form of rectangular prisms with
dimensions 10 x 5 x 5 mm were obtained by cleavage
of the ingot. The wedge-shaped twins of the
{110} [0010system were produced by pressing with a
standard diamond indenter on the (111) cleavage plane

of the bismuth crystal sample. The microhardness was
measured with the aid of a PMT-3 instrument equipped
with aspecial devicethat ensured fixation of the sample
in an external field. The experimental setup was
described in detail elsewhere [4].

The configuration of external applied fieldsand con-
centrated load was as follows. First, the sample was
exposed to a constant magnetic field (B=0.2T) and a
concentrated load of P = 0.14 N was applied for 20 s.
Then the current pulse was passed with a duration of
t,= 4 x 10 s and an amplitude of j, = 0-50 A/mm?.
The vectors of load P, current density j, and magnetic
induction B were mutually perpendicular. Thej and B
vectors lay in the (111) cleavage plane. The points on
the experimental curves were obtained by averaging
over the results of measurements of the dimensions of
wedge-shaped twins formed around 20 impressions.
The relative experimental error did not exceed 3%.

It was demonstrated in [3] that an adequate charac-
teristic of mobility for the ensembles of dislocationsis

y=L/d
1.4
1.2+
1.0
0.8
0.6 ——]
0.4F )
0.2F
1 1 1 1 ]
0 10 20 30 40 50

jp, A/mm?

Fig. 1. Plots of the twinning dislocation mobility y versus
current pulse amplitude j, for (111) bismuth crystals with

(2) positive and (2) negative charging of the surface.
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Fig. 2. Plots of the microhardness H versus mobility y for

(111) bismuth crystals with (1) positive and (2) negative
charging of the surface.
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Fig. 3. Plots of the twinning dislocation start stress P/L?
versus current pulse amplitude j, for (111) bismuth crystals

with (1) positive and (2) negative charging of the surface.

provided by the parameter y = L/d, where L isthe didlo-
cation rosette arm length and d is the indenter impres-
sion size (rather than by the absolute L value). In our
study, L isthe wedge-shaped twin length.

As can be seen from the data presented in Fig. 1, the
action of a constant magnetic field and pulsed current
on the bismuth crystalsincrease mobility of the ensem-
bles of twinning dislocations (in al figures, the open

TECHNICAL PHYSICS LETTERS  Vol. 28
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squares refer to the positive charge appearing on the
(1112) plane as a result of the Hall polarization, while
black sguares correspond to negative charging of the
same crystal face).

In order to check for the existence of a correlation
between H and y values, we plotted the H(y) curves
(Fig. 2). Ascan be seen from thisfigure, theincreasein
yisaccompanied by asignificant decreasein the micro-
hardness. Anincreasein the indenter impression sizeis
probably related to the field-stimul ated twinning effect.

The observed increase in plasticity of the bismuth
crystals is accompanied by decreasing stresses corre-
sponding to the start of twinning dislocations. It was
pointed out [5] that the parameter P/L2 has adimension
of stress and agrees in the order of magnitude with the
twinning dislocation start stress. As can be seen from
the behavior of curves presented in Fig. 3, the value of
P/L? decreases with increasing amplitude of the current
pulse j,.

Thus, the results of our investigation showed that
simultaneous action of the constant magnetic field and
current pulses favors trangation of the twinning dislo-
cations along the twin—-matrix boundary. Thisisaccom-
panied by a correlation between microhardness and
mobility of the twinning dislocations.

REFERENCES

1. A. I. Pinchuk and S. D. Shavrei, Fiz. Tverd. Tela
(St. Petersburg) 43 (8), 1416 (2001) [Phys. Solid State
43, 1476 (2001)].

V. S. Savenko, A. I. Pinchuk, V. V. Ponaryadov, and
V. B. Zlotnik, Vestn. Beloruss. Gos. Univ., Ser. 1, No. 2,
27 (1995).

3. D. Z. Grabko, Yu. S. Boyarskaya, and M. P. Dyntu,
Mechanical Properties of Bismuth-Like Semimetals
(Shtiintsa, Kishinev, 1982).

4. A.l. Pinchook and V. S. Savenko, J. Appl. Phys. 86 (5),

2479 (1999).

5. V.I. Bashmakov and V. S. Savenko, lzv. Vyssh. Uchebn.
Zaved., Fiz., No. 7, 29 (1980).

N

Trandated by P. Pozdeev

No. 6 2002



Technical Physics Letters, Vol. 28, No. 6, 2002, pp. 527-529. Trandlated from Pis' ma v Zhurnal Tekhnicheskor Fiziki, Vol. 28, No. 12, 2002, pp. 85-90.
Original Russian Text Copyright © 2002 by Kraak, Minina, Savin, Ilievsky, Sorenson.

Positive Delayed Photoconductivity
in Double Heter ostructures Al,:Ga,cAGaAFAl,-Ga,AS
of the p-Type

W. Kraak, N. Ya. Minina*, A. M. Savin, A. A. llievsky, and K. B. Sorenson

Moscow State University, Moscow, 119899 Russia
* e-mail: min@mig.phys.msu.su
Received November 8, 2001

Abstract—~Positive delayed photoconductivity was observed for thefirst timein double p-type heterostructures
Al 5Gay sAYGaAF Al sGay sAS upon exposure to the radiation of ared light-emitting diode. In this state, the
concentration and mobility of two-dimensional holes are increased 1.5 and 1.7 times, respectively, as compared
to theinitia dark values. The delayed photoconductivity can be explained by the presence of deep electron traps

located above the Fermi level at the inverted heterointerface. © 2002 MAIK “ Nauka/Interperiodica” .

Previously, Chou et al. [1] reported that exposure of
asingle p-type heterojunction GaAgAl,sGa, sAsto the
radiation of a red light-emitting diode (LED) at liquid
helium temperature gives rise to a negative photocon-
ductivity (NPC), which exhibited a dow relaxation to
theinitial dark level upon switching off the LED.

Here we report for the first time on the phe
nomenon of positive delayed photoconductivity
(PPC) observed in double p-type heterostructures
Al sGay sAS/GaA /Al sGa, sAs, which differ from the
structure described in [1] by the presence of a second
(inverse) heterojunction.  Investigations of the
GaAg/AlAs superlattices revedled intriguing differ-
ences between the electronic properties of normal
(AlGaAson GaAs) and inverse (GaAson AlGaAs) het-
erojunctions. This difference is attributed to the segre-
gation of impurities at the interface and to the appear-
ance of intrinsic defects during growth near the inverted
heterointerface [2, 3]. To our knowledge, the possible
influence of such defects on the photoconductivity and
related transient processes was not studied so far.

The samples of a double p-type heterostructure
Al sGay sASGaAFAl GaysAs were grown by MBE
in the[001] direction and modulation doped with Beto
a concentration of 2 x 10 m= in a 100-A-thick active
AlGaAs layers on both sides of the GaAs quantum well.
The samples had a rectangular shape with a surface
mesastructure of the Hall bar configuration formed by
photolithography. The dark concentration of two-dimen-
siona (2D) holesat T=1.5K was N = 2.7 x 10% m?,
and the dark carrier mobility waspu =7.0m?/(V s). The
photoconductivity was excited by a red LED with a
photon energy of hv = 1.9 eV.

The 2D hole concentration during the transient pro-
cess was calculated using the results of measurements
of the Hall effect. In addition, the hole concentration in

both initial (dark) and PPC states was determined by
measuring the Shubnikov—de Haas oscillations and the
guantum Hall effect. Coincidence (to within 2%) of the
data obtained from measurements of the Hall effect and
from observations of the quantum effects indicates that
the PPC is not related to the parallel conductivity
reported in [4].

Upon illumination with ared LED (Fig. 1, point 1),
the samples of Al,:Ga,sAYGaAAl,sGaysAS passed
into an NPC state analogous to that described in [1] for
a single normal heterointerface. However, a transient
process observed after switching off the LED (point 2)
converted the double heterostructure into a PPC state,
rather thaninto theinitial dark stateasin[1]. Inthe PPC
state, the 2D hole concentration and mobility were
greater by factors of 1.5 and 1.7, respectively, than the
corresponding dark values. The initial state could be
restored by heating the samples from liquid helium to
room temperature, followed by cooling to 1.5 K.

Thetransient processfrom NPC to PPC stateisnon-

exponential and well obeys the logarithmic relation-
ship [1]:

+A0[Ing_Tt°+ lg}y Q)

where R is a current resistance of the sample, R, isthe
resistance at the timeinstant (t = t) of switching off the
LED, Ao isthe amplitude factor, and t isthe relaxation
time constant. In Fig. 1, the open circles show the
results of fitting with the parameters 1/R, = 0.495 kQ,
Ao =0509kQ, 1=6s,andy=0.51.

Since the energy of the LED radiation quantum is
1.9 eV, while the bandgap of AlysGaysAs at 4.2 K is
2.14 eV, direct transitions from the valence to conduc-
tion band are impossible. Following [1], we suggest
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Fig. 1. NPC and PPC effects (solid curve) in adouble p-type
heterostructure  Alg 5Gag sAS/GaAs/AlgsGagsAS  upon
exposure to the radiation of ared LED; dashed line shows
the dark resistance level; open circles show the results of fit-
ting theory to experiment; the black point shows the resis-
tance 45 min after switching off the LED. The inset shows
a schematic energy level diagram illustrating the course of
processes under illumination (see the text for explanations).
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Fig. 2. The contributions of various scattering mechanisms
(indicated by arrows) to the experimental inverse mobility
L/p(N) (curve 1) measured during the transition from NPC
to PPC state. Open circles show the results of calculations
(see the text for explanations).
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that neutral donorlike levels (3 on the inset in Fig. 1)
can exist dightly above the Fermi level (FL) at the nor-
mal heterointerface 4 of the system studied. Excited
from these levels to the conduction band under the
action of the electric field operating at the heterojunc-
tion, electrons fal into the GaAs quantum well and
recombine with 2D holes, thus decreasing the hole con-
centration. When the LED is switched off, arelaxation
process takes place due to the holes tunneling back to
the quantum well from excited donorlike levels at the
normal heterointerface.

As noted above, the PPC state in the double hetero-
structure studied is characterized by a greater 2D hole
concentration as compared to that in the initial (dark)
state. Since the double p-type heterostructures
Al sGay AJGaAFAl GaysAs differ from a single
p-GaAg/Al,sGaysAS interface by the presence of the
inverted junction, we may suggest that a certain amount
of electrons are captured by the traps (5 on theinset in
Fig. 1) localized at the inverted heterointerface 6 situ-
ated above the Fermi level. Assuming (asin[1]) that all
holes from the excited donorlike levels return to the
guantum well and adopting the charge conservation
condition, we conclude that the total concentration of
2D holes in the PPC state must be higher as compared
to the dark level.

According to the deep-level transient spectroscopy
data of Krispin et al. [3], there is a series of four deep
levels acting as electron trapsin theinverted n-type het-
erointerface GaAs/Al,Ga, _,As grown by MBE. Since
the appearance of electron traps described in [3] is not
related to the presence or absence of impurities in
AlGaAs (the concentration of traps depends only onthe
concentration of aluminum and on the growth condi-
tions), we may suggest that such defects exist in
p-Al,Ga, _ As aswell and account for the PPC effect.

Once the 2D hole concentration and mobility in the
guantum well at any time instant are known, we can
estimate the contributions of various scattering mecha-
nisms to the mobility. According to the Matthiessen
rule, the total mobility is

1/p = 1pg + Upg + s + Ups + ppe,  (2)

where Ug;, Ui, Has Mrs: @nd Upe are the mobility contri-
butions related to the scattering on remote impurities,
background impurities, acoustic phonons, and surface
roughness and to the piezoelectric scattering, respec-
tively. The prs value was calculated according to [5],
while the other scattering mechanisms were described
using the approach developed in [6] for a 2D electron
gas at low temperatures.

It was found that variation of the hole concentration
N and mobility p during the transition from an NPC to
PPC state (Fig. 2) can be adequately described assum-
ing that (i) a certain amount of electrons are captured
during exposureto the LED radiation by thetrapslocal-
ized at the inverted heterointerface and (ii) the concen-
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tration of 2D carriersin the quantum well increases dur-
ing thetransient process dueto the holestunneling from
donorlike levels at the normal heterointerface. The
results of calculation of the total inverse mobility
1/u(N) for the transient process are depicted in Fig. 2
(open circles) together with contributions of the partial
scattering mechanisms to the total experimental 1/
value. As can be seen, the background impurity (surface
charge) is the main scattering factor at the hetero-
junction.

It should be noted that the background impurity
(surface charge) concentration Ng, in the PPC state is
2.4timesas small asthe dark value, which qualitatively
agrees with the assumption concerning the capture of
electrons by deep traps during exposure to the LED
radiation.
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Abstract—An analytical expression describing equilibrium spheroidal deformation of acharged drop exposed
to parallel aerodynamic and electrostatic fields is derived based on the principle of minimum potential energy
of aclosed system in the equilibrium state. The expression relates eccentricity of the spheroid to the electro-
static field strength and the streamlining flow velocity. © 2002 MAIK “ Nauka/Interperiodica” .

The study of deformation and stability of liquid
dropsin externa fields (electric, gravitational, aerody-
namic) is of considerable interest from the standpoint
of numerous applications in geophysics, technical
physics, scientific instrument building, and various
technologies (see, e.g. [1] and referencestherein). Asis
known [1-3], aliquid drop exposed to a homogeneous
electrostatic field deforms so that its shape resembles a
spheroid elongated in the field direction. At the same
time, alaminar gasflow streamlining such adrop would
make it oblate in the flow direction. Indeed, according
to the Bernoulli equation, the pressure drop caused by
the flow streamlining a spherical surface is maximum
near the equatorial cross section.

Not dwelling on the interplay of the two opposite
trends, let us consider the role of intrinsic charge of a
liquid drop in the process of deformation in electro-
static and aerodynamic fields. In the presence of an
electrostatic field only, the charge enhances deforma-
tion of the drop [3]. The effect of a charge on the drop
deformation in a streamlining flow has not been stud-
ied so far.

Formulation and solution of the problem. Let a
spherical drop of incompressible liquid with aradius R
possessing a charge Q and a surface tension o be
exposed to a homogeneous electrostatic field E, and
streamlined by the laminar flow of a gas with a density
p and avelocity U || E,. Thefield deformsthe drop into
an elongated spheroid, whereas the gas flow tends to
render the spheroid oblate. We assume that the ratio of
the E, and U valuesis such that the former trend domi-
nates and the drop has the shape of an elongated spher-
oid with an eccentricity e. Let us evaluate the contribu-
tions of E,, U, and Q to the equilibrium eccentricity
value. The analysis will be performed in a spherical
coordinate system with the origin at the drop center.

An expression for the total potential energy of the
drop includes contributions due to the surface tension [ 3]

U, = 2nR%a(1-)" (1 + (1 - %) Parcsine);

the intrinsic charge energy [4]

2
U, = ZQ—Re_l(l—ez)ﬂsarctanhe;
the energy of polarization in thefield E, [4]
3
Ug = —ER—© :
6 (1-¢€")(arctanhe—e)

and the energy in the aerodynamic flow
U, = —J’pu(e)rzcos_zysinGdedq)dr,

where p, is the aerodynamic pressure on the surface of
the elongated spheroid [5]:

. 2
sin0 )
[1-€e*(2-€®)cos’0]

u? .
Pu = pT(l_O-SCo) ?

C,=2e°(1—¢€°)(arctanhe—eg).

In the above equations, the angle 6 is measured relative
to the E, direction; cosy is the cosine of the angle
between the normal to the drop surface and the radial
unity vector n, of the spherical coordinate system; the
integration with respect to Ris performed from zero to
the surface of the elongated spheroid:

r(8) = R(1-e) "} (1-e’sin’8) ™~

The expression for U, is obtained by integrating (over
the same spheroidal surface) the work of the force p,dS
acting upon the elementary surface area dS =
r’sinfdéd¢/cosy and shifting this area along the nor-
mal by dn = dr/cosy.
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Using the principle of minimum potential energy of
a closed system in the equilibrium state (the system
under consideration is closed at a large distance from
the drop) and equating to zero the derivative of thetotal
potential energy with respect to eccentricity, we obtain
an expression for the square eccentricity minimizing
the potential energy:

2= 9 (Wit —We).
6 (1-W)

w=ERo™; We=pU°Ro™; W=Q%/16moR’.

As can be seen, the square of the eccentricity is neg-
ative for E; = 0. This corresponds to the drop being
oblate in the flow direction. In this situation, as well as
in the case of U = 0 and E, # 0, the intrinsic charge
increases the degree of deformation. For U =0, E; =0,
and Q # 0, the drop is undeformed. Thus, the intrinsic
charge of aliquid drop, while not inducing deformation
of the drop by itself, enhances equilibrium deformation
of the drop in an external force field.

Inthegeneral caseof Q#0, Ey# 0, and U # 0, when
adrop with nonzero charge moves in an external elec-
tric field at afinite velocity (sufficiently small to ensure
a laminar character of the gas flow streamlining the
drop surface), the drop can retain a spherical shape for
w/Tt = We and an arbitrary charge (below the critical
Rayleigh charge [1]). For witt > We, the drop deforms
to acquire an elongated shape, while for witt < We the
spheroid becomes oblate. Observations under the con-
ditions of a stormy cloud reveal drops of al the three
possible types, including spheres and elongated and
oblate spheroids [6].
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Conclusion. A liquid drop in a laminar flow of an
ideal incompressible fluid streamlining the surface
tends to become an oblate spheroid with the symmetry
axis paralel to the flow direction. The presence of an
intrinsic electric charge renders the drop more oblate
(increasesthe eccentricity). Exposed to ahomogeneous
electrostatic field (without a streamlining fluid flow),
the liquid drop deformsto become the elongated spher-
oid and the intrinsic charge increases the degree of
elongation aswell. In the presence of both external fac-
tors, there is a competition between the trends of flat-
tening in the hydrodynamic flow and elongating in the
electrostatic field. At a certain ratio of the electrostatic
field strength and flow velocity, the drop may retain a
spherical shape.
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