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Computer modeling of oxygen migration in HgBa 2CuO41d

N. V. Moseev
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~Submitted January 29, 1999!
Pis’ma Zh. Tekh. Fiz.25, 1–4 ~August 12, 1999!

A molecular statics method is used to calculate the energy barriers for the migration of oxygen
ions. Vacancy and interstitial diffusion mechanisms are considered. The lowest migration
barrier is obtained for the vacancy mechanism. ©1999 American Institute of Physics.
@S1063-7850~99!00108-1#
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Superconducting compounds having the composit
HgBa2Can21CunO2n121d (n51,2,3) have a high supercon
ducting transition temperature and a comparatively sim
crystal structure~P4/mmm space group!. They are therefore
convenient objects for studying the relationship between
perconducting and structural~defect! properties. Experimen
tal investigations of the structure of these compounds h
shown that the superconductivity appears as a result of
formation of interstitial oxygen ions. It was established
diffraction experiments that interstitial oxygen ions are
cated at positions@1/2 1/2 0# ~in the center of the plane
formed by the Hg ions!.1,2 In addition, defects consisting o
substitutions of Hg ions by Cu ions and interstitial oxyg
ions in positions@1/2 0 0# ~between Hg or Cu ions! were
also observed experimentally.1,2

Computer modeling has been used for theoretical ca
lations of the energy and structural properties of th
defects.3,4 However, very few studies have been made of
diffusion properties of oxygen. We are not aware of a
experimental investigations of oxygen diffusion in these o
ides. Islam and Winch3 only calculated the energy barrie
for two possible paths of oxygen ion migration
HgBa2Ca2Cu3O81d . The aim of the present study was
investigate all possible paths of oxygen ion migration to
termine the most probable diffusion mechanism.

The oxide HgBa2CuO41d was selected for the calcula
tions which were made using the MOLSTAT comput
program5 in which the molecular statics method is used
calculate the properties of defects in ionic crystals. The
gration energy was defined as the difference between
energies of a defect at the saddle point and the equilibr
position. The parameters of the ion–ion interaction potent
were taken from Ref. 3. By using these potentials we ac
rately reproduced the experimentally determined6 structure
of HgBa2CuO41d : after relaxation of the model crystallite
the ion coordinates of the unit cell corresponded to th
determined experimentally.

The crystal structure of HgBa2CuO41d is shown in Fig.
1. The unit cell is tetragonal and contains two nonequival
oxygen ion positions: O1 and O2. Also shown in the figu
are the experimentally determined positions of the interst
oxygen ions O3 and O4. We first investigated the vaca
diffusion mechanism. We calculated the energy barriers
5911063-7850/99/25(8)/2/$15.00
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the migration of oxygen ions between the nearest positi
O1–O1, O2–O2, and O1–O2. The results of the calculati
are given in the first four columns of Table I. It can be se
that for the vacancy diffusion mechanism, the minimum e
ergy barrier exists for the migration of an oxygen ion in t
Cu–O1 plane. We then studied the interstitial diffusi
mechanism. We determined the energy barriers for hopp
of O3 and O4 interstitial ions between nearest positions. T
calculated migration energies are given in the fifth and si
columns of the table. Note that the minimum barrier for m
gration by the interstitial mechanism was higher than
minimum migration barrier for the vacancy mechanism. W
also studied how the substitution of Hg by Cu influenced

FIG. 1. Structure of HgBa2CuO41d .
© 1999 American Institute of Physics
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TABLE I. Migration energies of oxygen ions in HgBa2CuO41d .

Migra- Vacan– Vacan- Vacan- Vacan- Interstitial Interstitial O3–O3 O4–O
tion cy cy cy cy ion ion Cũ Hg Cũ Hg
path O1–O1 O2–O2 O1–O2 O2–O1 O3–O3 O4–O4

EM , eV 0.3 1.4 3.2 1.4 3.0 0.9 2.4 1.8
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migration energy of the interstitial ions. For this purpose
single Hg ion was substituted by a Cu ion and the migrat
barriers for O3 and O4 were calculated near this substitut
The results are given in the last two columns of the table
was found that a substitutional defect reduces the migra
energy of the interstitial O3 ion and increases that of
interstitial O4 ion.

An analysis of the data given in Table I shows that t
lowest barrier is obtained for vacancy migration in t
Cu–O1 plane. Thus, from the energy point of view, the v
cancy mechanism of oxygen diffusion is the most proba
in the oxide HgBa2CuO41d . This result differs from the re-
sults of calculating the migration properties of oxygen io
in HgBa2Ca2Cu3O81d ~Ref. 3!. Islam and Winch3 calculated
the energy barriers for oxygen ion migration by the vacan
mechanism in the Cu–O plane and by the interstitial mec
nism in the Hg plane. The energy barrier for the interstit
diffusion mechanismEM50.68 eV was found to be the low
est. In our calculations for the migration of a similar inte
stitial ion the barrier was found to be;3 eV. The reason for
this difference is unclear since we used the ion–ion inter
tion potentials from Ref. 3. However, the theoretical calc
lations showed that the vacancy mechanism of oxygen di
a
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sion is energetically favorable in La2CuO4 ~Refs. 7 and 8!,
YBa2Cu3O7 ~Refs. 9 and 10!, Bi2Si2CaCu2O8 ~Ref. 11!, and

Tl2Ba2CaCu2O8 ~Ref. 12!. This property may well be a
common feature of all superconducting oxides contain
Cu–O planes.
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Catalytic plasma anodization of single-crystal 6H–SiC structures
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The use of catalytic plasma anodization to obtain oxides on the surface of SiC is an original
method, hitherto unused. This method can significantly reduce the process temperature, increase
the oxide growth rate, and improve the properties of the structures, giving a low density of
surface states and a small fixed charge in the oxide. ©1999 American Institute of Physics.
@S1063-7850~99!00208-6#
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An important requirement for the widespread applicat
of SiC in high-temperature electronics, optoelectronics,
the manufacture of radiation-resistant devices is the deve
ment of a relatively simple technology, with a low proce
temperature and high growth rate of high-quality oxide.

The high-temperature thermal oxidation in ‘‘dry’’ an
‘‘wet’’ oxygen atmospheres used to fabricate SiC devic
and integrated circuits is characterized by a very low ox
growth rate.1,2 The use of plasma-chemical deposition
SiO2 on SiC followed by thermal annealing in various gas
was recently reported.3 The deposition temperature wa
maintained at 473 K and the oxide growth rate was 18 Å/m
which is fifteen times higher than that reported in Refs
and 2.

In the present paper we report results of an alterna
process for obtaining SiO2 oxide films by catalytic plasma
anodization on 6H–SiC crystal structures.

The substrates were~100!-oriented single-crystaln-SiC
of polytype 6H having the concentrationsNd–Na

;1018cm23. The catalyst for the plasma anodizing proce
is a layer of yttrium deposited by an electron-beam meth
on the chemically pure SiC surface.

The plasma anodizing process was accomplished by
plying a positive potential to the Y–SiC structures relative
the plasma. The anodizing temperature was 573 K, the fo
ing current density was constant, and the increase in the v
age drop at the growing oxide film indicated an increase
its thickness. It was observed experimentally that the volt
increases linearly with time, and the oxide growth rate
pends on the forming current density. This indicates that
migration of negative oxygen ions and plasma electr
plays a decisive role in the oxidation mechanism. The ox
growth rate at a forming current density of 30 mA/cm2 was
;42 Å/min, which is 2.5 times higher than that obtained
Ref. 3.

After the plasma anodizing process had been comple
the Y2O3 oxide was removed chemically without damagi
the surface of the SiO2 oxide.

In order to fabricate an MIS structure on the SiO2 sur-
face, Al was deposited by a vacuum resistive method in
form of 1.2 mm diameter dots.
5931063-7850/99/25(8)/2/$15.00
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Figure 1 gives the normalized capacitance–voltage ch
acteristics of the Al–SiO2–SiC structures before and afte
annealing. The structures were annealed in a nitrogen at
sphere at 623 K for 30 min. It can be seen that after ther
annealing the flat-band voltage and the fixed charge in
oxide were lower. The disappearance of the hysteresis i
cates that the concentration of mobile ions in the oxide
reduced sharply. Estimates showed that the fixed charge
sity in the oxide wasQ0'1.431012cm22 before annealing
andQ08'4.231011cm22 after annealing, and the density o
surface states wasNss'231011cm22

•eV21 in both cases.
The presence of a catalyst in the anodizing proc

sharply increases the growth rate of the SiO2, lowers its for-
mation temperature, and protects against radiation dam
and contamination from the plasma, which makes this p
cess simpler and more economical compared with ot
known methods of forming oxides.1–3

FIG. 1. Normalized capacitance–voltage characteristics of Al–SiO2–SiC
structures before~1! and after~2! thermal annealing;3 — theoretical char-
acteristic;C/C0 is the normalized capacitance for the flat bands.
© 1999 American Institute of Physics
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Use of high-purity Al xGa12xAs layers in epitaxial structures for high-power
microwave field-effect transistors
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The fabrication of high-purity layers of AlxGa12xAs solid solutions in the range 0<x<0.38 by
molecular beam epitaxy is reported. The low-temperature photoluminescence spectra of
these layers reveal predominantly the free exciton recombination line (X). The narrow width of
the X line, the high intensity ratio of this line to that of the band–acceptor transition line,
and the linear dependence of theX line intensity on the excitation power density in the range
between 131024 and 100 V•cm22 indicate a low concentration of background impurities
in these layers. Using this material in pseudomorphic AlGaAs/InGaAs/GaAs heterostructures for
high-power microwave transistors produced devices with a specific saturated output power
of 0.9 W/mm at 18 GHz. ©1999 American Institute of Physics.@S1063-7850~99!00308-0#
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The development of communications devices, elec
magnetic weapons, radar, and other microwave devices
corporating high-power gallium arsenide microwave trans
tors requires improvements in the main characteristics
microwave transistors: the specific output power (P), the
power gain (K), the efficiency, the specific slope of th
current–voltage characteristics, and the operating freque
range.1 The most important overall parameter of a transis
is its specific output power.2 The specific output powe
achieved so far in domestic mass-produced Schottky-ba
microwave field-effect transistors using gallium arsen
structures is 0.5–0.6 W/mm at 18 GHz~Ref. 3!. In order to
increase the specific power of these transistors, it is ne
sary to increase both the source–drain current densityI 1)
and the breakdown drain–gate voltage (U2). However, we
know that in the gallium arsenide structures with a uniform
doped channel now used for the commercial manufactur
microwave transistors, it is impossible to increase bothU2

andI 1 ~Refs. 2 and 4!. An analysis of published data showe
that the highest current densities and breakdown voltages
obtained for transistors fabricated using pseudomorp
AlGaAs/InGaAs/GaAs heterostructures5,6 in which the gate
is positioned on the wide-gap material and the channel
highly doped InGaAs ternary solution. The breakdown vo
ageU2 in these structures is determined by the concentra
of background impurities in AlGaAs and by the depth of t
AlGaAs/InGaAs/GaAs quantum well.

In the present paper we report the preparation of hi
purity layers of AlxGa12xAs solid solutions containing AlAs
in the range 0<x<0.38. A low concentration of backgroun
impurities in the layers is indicated by the narrow widths
the exciton recombination lines, which are almost 1.5 tim
smaller than the lowest experimental values quoted in
literature7,8 and are no greater than the values calcula
theoretically assuming a random distribution of Ga and
atoms in the crystal lattice of the AlxGa12xAs layers.9 An-
5951063-7850/99/25(8)/3/$15.00
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other factor is the high intensity ratio of the exciton reco
bination line to that of the band–acceptor transition line.
using this high-purity material in pseudomorphic AlGaA
InGaAs/GaAs heterostructures for high-power microwa
transistors, it was possible to increaseU2 up to 25 V, which
is 25% higher than the values obtained using AlGaAs do
to aroundn5131016cm23 and to fabricate transistors hav
ing a specific saturated output powerP50.9 W/mm at
18 GHz, which is comparable with the power of similar fo
eign transistors.10

The layers being studied and the pseudomorp
AlGaAs/InGaAs/GaAs heterostructures for the microwa
transistors were grown in a Riber 32P molecular beam e
taxy system with a three-inch substrate holder on se
insulating GaAs~001! wafers. The sequence of layers in th
structure is given in Table I. The initial materials were ultr
pure arsenic containing,1025% ~7N! residual impurities
supplied by Furukawa Co. Ltd, ultrapure gallium containi
,1026% ~8N! residual impurities, and ultrapure indium
containing,1025% ~7N! residual impurities prepared at th
IPTM of the Russian Academy of Sciences, and ultrap
aluminum containing,1024% ~6N! residual impurities sup-
plied by Vacuum Metallurgical Co. Ltd. After annealing th
system at 200 °C for two weeks and cooling the cryopan
with liquid nitrogen, a residual gas pressure better th
10211Torr was achieved in the growth chamber when t
molecular sources were in arc-sustaining regimes. These
erostructures were used to fabricate Schottky-barrier fie
effect transistors with a gate length of 0.5mm and a channe
width of 180 and 300mm. The microwave parameters of th
transistors were measured using a Polyana probe syste
frequencies of 12 and 17.7 GHz.

Figure 1 shows photoluminescence spectra of intenti
ally undoped GaAs and AlxGa12xAs layers of different com-
position, measured at 4.2 K. The dominant line in the sp
trum of the GaAs layer is the FX line, having its energy pe
© 1999 American Institute of Physics
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at 1.5151 eV, which is ascribed to the recombination of f
excitons.11 A band–acceptor (e, A) recombination line be-
tween levels of the shallow background carbon accepto
also observed. The intensity of the (e, A) line is thirty times
lower than that of the FX line.

The spectra of the AlxGa12xAs solid solutions reveal a
dominant asymmetric X line whose energy peak depends
the composition of the solid solution. The low-energy wi
of this line is described by a Lorentz function while the hig
energy wing decays exponentially. The intensity of t
(e, A) line is between two and three orders of magnitu
lower than that of the X line. When the measurement te
peratureT is varied between 4.2 and 30 K, the profile of t
high-energy wing of the X line remains unchanged. The p
file of the short-wavelength wing at various temperaturesT is
described by the function2a exp(2\v/kT) wherea is a con-

TABLE I. Sequence of layers in a pseudomorphic AlGaAs/InGaAs/Ga
heterostructure for microwave transistors.

Layer Thickness, nm

n1 GaAs ~Si : 631018 cm23) 40
i GaAs 5
i -Al0.38Ga0.62As 30
n1In0.15Ga0.85As channel~Si : 2.831018 cm23) 15
iGaAs 10
i -Al0.38Ga0.62As 100
i GaAs 100
CP ~AlAs!5~GaAs!10320
i GaAs 300
AGChP-10~100! substrate

FIG. 1. Photoluminescence spectra of GaAs and AlxGa12xAs layers mea-
sured at an excitation power density of 15 mW/cm2 and 4.2 K. Composition
of Al xGa12xAs layers,x: 1 — x50; 2 — x50.17;3 — x50.27. The arrows
indicate the energy positions of the band–acceptor transition lines.
e
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n

e
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-

stant,\v is the photon energy, andk is the Boltzmann con-
stant. The profile of the X line and its temperature dep
dence indicate that this line can be attributed to
recombination of free excitons.12

Figure 2 gives the integral intensity of the X linef
5Ix(P) as a function of the excitation power density for la
ers containing Al fractionsx50.17 andx50.24. It can be
seen that as the power varies between 131024 and 100 W
•cm22, the dependencef 5I x(P) is a straight line. This in-
dicates that free exciton recombination is the dominant ch
nel for recombination of nonequilibrium carriers in th
Al xGa12xAs layers, and the concentration of nonradiati
recombination centers is low. We know that the domina
nonradiative recombination centers in AlxGa12xAs layers are
background impurities, oxygen, and intrinsic poi
defects.8,13 Hence, the low concentration of nonradiative r
combination centers indicates a low concentration of th
impurities and defects.

The widths of the X line obtained in the present study
an excitation power density of 331023 W•cm22 are 30–
50% lower than the lowest values given in the literatur17

and do not exceed the calculated line widths in an impur
free AlxGa12xAs solid solution with a random distribution o
Ga and Al atoms in the crystal lattice.9 This suggests that the
main mechanism for broadening of the exciton recombi
tion lines in the spectra of these layers is the influence of
random electric fields generated as a result of the rand
distribution of Al and Ga atoms in the solid solution, and t
concentration of ionized impurities in this material is low.

The low concentration of background carbon and ox
gen impurities in these AlxGa12xAs layers is evidently
caused by the high degree of segregation of these impur
at the surface of layers grown under conditions to sus
(331) As superstructures at their surface. Segregation
carbon and oxygen was observed previously in AlxGa12xAs
during the growth of multilayer quantum-well structures a
is one of the reasons for the deterioration in the quality of

s

FIG. 2. Integral intensity of the free exciton line in AlxGa12xAs ~with 1 —
x50.17;2 — x50.24) as a function of the laser excitation power densi
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reverse GaAs/AlGaAs heterojunction compared with tha
the forward AlGaAs/GaAs junction.14,15

The statistical and dynamic characteristics of transis
fabricated using these pseudomorphic heterostructures
given in Table II. It can be seen that the values ofP andK
for our heterostructures are between 1.5 and two times hig
than those for mass-produced Russian devices, and are
parable with the parameters of similar transistors manu
tured abroad.10

TABLE II. Results of measurements of the static and dynamic charact
tics of field-effect transistors fabricated using pseudomorphic AlGa
InGaAs/GaAs heterostructures.

Static parameter of transistors Value

Specific maximum saturated drain current 600
~at gate voltage11.5 V!, mA/mm
Specific saturated drain current, mA/mm 333
Specific slope, mS/mm 122
Drain current saturation voltage, V 1.121.3
Gate cutoff voltage, V 22.7
Gate–drain breakdown voltage at
gate current 1 mA/mm, V 25

Dynamic parameters of transistors

Measurement frequency, GHz 12 17.7
Small-signal gain, dB 7.6 6.8
Specific output power
under compressionK at 1 dB ~P-1!, W/mm 0.62 0.78
Specific saturated power, W/mm 0.77 0.91
Efficiency in terms of supplied power, % 41 60

aNote: The dynamic characteristics of the transistor were measured
source–drain voltage of 7.0 V, source–gate voltage21.3 V, and source–
drain current 220 mA/cm at 12 GHz and at a source–drain voltage of 7.
source–gate voltage22.0 V, and source–drain current 160 mA/mm
17.7 GHz.
f
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re

er
m-
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To sum up, we have reported the fabrication of ultrapu
Al xGa12xAs solid solutions by molecular beam epitaxy
the range 0<x<0.38, having a low concentration of back
ground carbon and oxygen impurities. The incorporation
layers of ultrapure AlxGa12xAs as the insulator beneath th
gate of a microwave field-effect transistor increased
breakdown voltageU2 to 25 V. The specific output powe
achieved for these transistors using pseudomorphic het
structures is 1.5–2.0 times higher than that of Russian m
produced GaAs transistors, and is comparable with the s
cific output power of transistors manufactured abroad.
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High-power broad-band single-mode InGaAsP/InP superluminescent diode
N. A. Pikhtin, Yu. V. Il’in, A. Yu. Leshko, A. V. Lyutetski , A. L. Stankevich, I. S. Tarasov,
and N. V. Fetisova

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg, Russia
~Submitted April 29, 1999!
Pis’ma Zh. Tekh. Fiz.25, 16–22~August 12, 1999!

An InGaAsP/InP separate-confinement double heterostructure having a broad gain profile was
used to fabricate superluminescent diodes having high optical power~40 mW!, a broad
radiation spectrum~65 nm at half-width!, and low percent modulation (,1%). Using a cw pump
current of 150 mA, 1 mW of superluminescence radiation was obtained at the exit from a
single-mode optical fiber. ©1999 American Institute of Physics.@S1063-7850~99!00408-5#
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Superluminescent diodes are optimum light sources
low-coherence reflectometry1 and fiber gyroscopes2 because
of their short coherence length, low internal noise, and br
emission spectrum. In this context, the development of
perluminescent diodes emitting in the range 1300–1550
with high optical output power and efficient coupling into
single-mode optical fiber is quite a topical issue.

The main problem in obtaining superluminescence em
sion is to achieve a high gain in the diode without feedba
The most effective methods of suppressing Fabry–P
modes are: depositing an antireflection coating on the fr
face of the diode,3 incorporating an unpumped absorbing re
section,4,5 and forming an oblique mesastripe.6

The aim of the present study was to determine the o
mum design of superluminescent diode to obtain superlu
nescent single-mode emission having maximum powe
broad spectrum, and low percent modulation. The des
was based on a mesastripe laser diode7 using an InGaAsP/
InP separate-confinement double heterostructure grown
modified liquid-phase epitaxy technique.8 The thickness of
the active region and the waveguides in this structure
800 Å and 1mm, respectively. The mesastripe laser des
with stripe width W54 mm provides efficient coupling o
the radiation into a single-mode fiber with a coupling ef
ciency higher than 50%~Ref. 7!. Lasers based on this type o
structure, emitting at 1300–1550 nm, have a low thresh
current, high internal and external quantum efficiency, a
high cw powers when operated in the zeroth transve
mode.7 Our previous investigations9 showed that these lase
have an anomalously broad spontaneous radiation and la
spectrum. The fact that this structure has a broad gain pr
makes it very attractive for fabricating a high-power, broa
band superluminescent diode.

In order to obtain superluminescence using the desig
separate-confinement double-heterostructure InGaAsP
laser diode describe above, we gradually introduced so
modifications to suppress the lasing regime. We exami
the influence of each modification on the diode operat
regime, particularly on characteristics such as the thresh
lasing current, the power and efficiency of the superlumin
cence, the width of the emission spectrum, and the per
modulation of the spectrum.
5981063-7850/99/25(8)/3/$15.00
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By studying the radiative characteristics of mesastr
superluminescent diodes having different angles of incli
tion a of the stripe to the normal~between 0 and 14°) and
different cavity lengthsL, we determined the optimum val
ues of these quantities~Figs. 1 and 2! which were 10° and
1 mm, respectively. It can be seen from Fig. 1 that as
inclination of the stripe increases, the current at which
diode goes over to the lasing regime increases as does
fraction of the stimulated emission before the lasing thre
old. The half-width of the diode stimulated emission spe
trum decreases with increasing pump current and this de
dence is stronger, the smaller the angle of inclination of
stripe. Moreover, the percent modulation of the spectrumm
5(Pmax2Pmin)/(Pmax1Pmin) increases, wherePmax andPmin

are the maximum and minimum intensities of the peaks
the emission spectrum. The valuem50.1 was taken as the
threshold point for the transition of the superluminescent
ode to the lasing regime~Fig. 1!.

It should be noted that the dependence of the differen
quantum efficiencyhd of the stimulated emission on the d
ode length~Fig. 2! is fairly steep compared with the simila
dependence for a laser diode11 because of the single-pas
operating regime of this diode (hd decreases for smallL)
and the increased internal optical losses (hd decreases for
largeL). The value ofhd was measured on the straight se
tion of the watt-ampere characteristic of the diode.

The maximum superluminescence power determined
m50.1 percent modulation was 15 mW at the optimum v
ues ofa510° andL51 mm.

It was possible to increase the range of currents in wh
the stimulated emission increases by incorporating an a
tional section into the diode which acts as an absorber. T
diode design is similar to the two-section laser whose fa
cation technology was described in detail in Ref. 10. In t
case, the optimum length of the pumping and absorbing s
tions was 1000 and 300mm, respectively. Figure 3 gives th
light–current characteristics of a two-section superlumin
cent diode with an inclined stripe (a510°). By using this
diode design we achieved cw superluminescence power
40 mW ~1300 nm range! and 30 mW~1550 nm range!. The
half-width of the spectrum was 60 nm withm50.03 percent
modulation at maximum powerPmax and 65 nm and
© 1999 American Institute of Physics
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599Tech. Phys. Lett. 25 (8), August 1999 Pikhtin et al.
m50.01, respectively, at the operating power (1/2Pmax). The
far-field pattern of the superluminescent diode has a sin
lobed profile with half-widthsQ i525° andQ'540° and
does not change over the entire range of pump currents
suring that the radiation is efficiently coupled into the sing
mode optical fiber. Here the intensity maximum is shift
from the normal by the angleQ05arcsin(neff sina), where

FIG. 1. Watt-ampere characteristics in cw regime of separate-confine
InGaAsP/InP double-heterostructure (l51.55mm! superluminescent diode
(L51 mm! with the angle of inclination of the mesastripea: 1 — a50°
~laser diode!, 2 — a55°, 3 — a510°, and4 — a514°.

FIG. 2. Differential quantum efficiency from the exit end as a function
the length of a superluminescent diode based on a separate-confine
InGaAsP/InP double heterostructure (l51.55mm! with the angle of incli-
nation of the mesastripea510°.
e-

n-
-

FIG. 3. Watt-ampere characteristics in cw regime of separate-confinem
InGaAsP/InP double-heterostructure superluminescent diode (L51 mm!
with 10° inclined mesastripe and an absorbing section (L5300mm!.

FIG. 4. Output power from single-mode optical fiber as a function of
Pump current of InGaAsP/InP superluminescent diode (l51.55mm! with
an inclined mesastripe.
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neff is the effective refractive index of the waveguide~in our
caseQ0537° for a510°).

Depositing an antireflection coating with 1% reflectio
coefficient on the rear face of the diode did not give a
appreciable increase in the stimulated emission power.

Experiments to study the coupling of superluminesce
into a single-mode fiber~core diameter 9mm! were carried
out using a superluminescent diode (l51.55mm! for which
the angle of inclination of the mesastripe was 10° and
lengthL51 mm. An elongated cone with a fused microle
~fokon! was formed at the end of the optical fiber to achie
efficient matching between the superluminescent diode
the fiber. The crystals were soldered onto a copper heat
at an angle of;37° to the end of the sink. Figure 4 gives th
optical power measured at the exit from the single-mode
tical fiber as a function of the diode pump current. At the jo
with the fiber we measured the output optical characteris
of the superluminescent diode directly from the rear end
the diode. We observed an increase in the optical radia
power of the diode and a narrowing of the stimulated em
sion spectrum of the superluminescent diode. Moreover,
transition to lasing occurred at lower pump currents. A
constant pump power of 150 mA, the power at the fiber e
was 1 mW, the half-width of the emission spectrum w
40 nm, and the percent modulationm50.03. The coupling-in
efficiency allowing for the influence of the optical fiber o
the diode radiation power was 55%.
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Further optimization of the electrical and optical chara
teristics of the superluminescent diode envisages redu
the internal optical losses in the heterostructure used to
ricate the diode and also depositing an antireflection coa
of reflection coefficient,0.1% on the front face of the
diode.

1R. C. Youngquist, S. Carr, and D. E. N. Davies, Opt. Lett.12, 158~1987!.
2W. K. Burns, C. L. Chen, and P. P. Moeller, IEEE J. Lightwave Techn
LT-1 , 98 ~1983!.

3I. P. Kaminow, G. Eisenstein, and L. W. Stulz, IEEE J. Quantum Electr
19, 493 ~1983!.

4N. S. K. Kwong, N. Bar-Chaim, and T. Chen, Appl. Phys. Lett.54, 298
~1989!.

5H. Nagai, Y. Noguchi, and S. Sudo, Appl. Phys. Lett.54, 1719~1989!.
6C. F. Lin, Electron. Lett.27, 968 ~1991!.
7M. A. Ivanov, N. D. Il’inskaya, Yu. V. Il’in, Yu. A. Korsakova, A. Yu.
Leshko, A. S. Lunev, A. V. Lyutetski�, A. V. Murashova, N. A. Pikhtin,
and I. S. Tarasov, Pis’ma Zh. Tekh. Fiz.21~5!, 70 ~1995! @Tech. Phys.
Lett. 21, 198 ~1995!#.

8Zh. I. Alferov, D. Z. Garbuzov, S. V. Za�tsevet al., Fiz. Tekh. Polupro-
vodn.21, 824 ~1987! @Sov. Phys. Semicond.21, 503 ~1987!#.

9N. A. Pikhtin, I. S. Tarasov, and M. A. Ivanov, Fiz. Tekh. Poluprovod
28, 1983~1994! @Semiconductors28, 1094~1994!#.

10N. A. Pikhtin, A. Yu. Leshko, A. V. Lyutetski�, V. B. Khalfin, N. V.
Shuvalova, Yu. V. Il’in, and I. S. Tarasov, Pis’ma Zh. Tekh. Fiz.23~6!, 10
~1997! @Tech. Phys. Lett.23, 214 ~1997!#.

11D. Z. Garbuzov, A. V. Ovchinnikov, N. A. Pikhtin, Z. N. Sokolova, I. S
Tarasov, and V. B. Khalfin, Fiz. Tekh. Poluprovodn.25, 928~1991! @Sov.
Phys. Semicond.25, 560 ~1991!#.

Translated by R. M. Durham



TECHNICAL PHYSICS LETTERS VOLUME 25, NUMBER 8 AUGUST 1999
Elastic properties of gallium and aluminum nitrides
S. Yu. Davydov and A. V. Solomonov

St. Petersburg State Electrotechnical University
~Submitted April 12, 1999!
Pis’ma Zh. Tekh. Fiz.25, 23–26~August 12, 1999!

The Keating model is used to calculate the elastic constants of GaN and AlN for sphalerite and
wurtzite structures. The following values of the elastic constants~in gigapascals! were
obtained for cubic gallium and aluminum nitride:C115325 and 322,C125142 and 156,
C445147 and 138. ©1999 American Institute of Physics.@S1063-7850~99!00508-X#
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In view of the increasing interest being directed towa
gallium and aluminum nitrides and the lack of experimen
information on their properties,1 theoretical estimates of th
physical characteristics of these compounds are of undou
interest. However, such estimates must be based on a
proven theory, used to describe other semiconductor crys
to provide some guarantee of their reliability. The elas
properties of cubic semiconductor crystals have been
scribed with the best results using the Keating phenome
logical theory~see, for instance, Refs. 2–4 and the literatu
cited therein! and we shall also apply this theory here.

We shall measure the elastic constants in units
C05e2/d4, wheree is the electron charge andd is the dis-
tance between nearest neighbors. In accordance with
Keating theory, the dimensionless elastic constants of a c
crystalci j 5Ci j /C0 have the form

c115~a13b!/4, c125~a2b!/2, c445ab/~a1b!,
~1!

wherea andb are the dimensionless force constants of
central interaction, respectively.@Note that the dimensionles
force constants can be converted to the dimensional o
introduced by Keating by multiplying the former b
C0d/A3).#

The transition from the elastic constants of sphale
crystals to those of the wurtzite modification was describ
in Ref. 5. Using the results obtained in Ref. 5 and the
pressions~1!, we obtain the following expressions for th
dimensionless elastic constants of hexagonal crystals:

c115~a1b!/41ab/~a1b!2D,

c335~3a1b!/1214ab/3~a1b!,

C445b@2a1b2~a2b!2/~5a1b!#/3~a1b!,

c665b~5a1b!/6~a1b!2D, ~2!

c125~3a2b!/122ab/3~a1b!1D,

C135~3a1b!/1222ab/3~a1b!,

D[b~a2b!2/6~a1b!~2a1b!.
6011063-7850/99/25(8)/2/$15.00
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Thus, by using only two force constants we can descr
not only the three elastic constants of cubic crystals, but a
the six constants of hexagonal crystals.

These expressions can be used in two ways. If the ela
constants for a cubic crystal are known from the expe
ments, by determining the constantsa andb using the for-
mulas ~1!, we can find the values ofCi j for a hexagonal
crystal. Moreover, we can calculateCi j for any relationship
between the wurtzite and sphalerite phases in a mi
crystal.6 Conversely, if the elastic constants of a hexago
crystal have been measured, by determining the constana
and b using the formulas~2!, we can calculate the elasti
constants of a cubic crystal.

The values ofCi j were recently measured for hexagon
gallium nitride.7 By selecting the elastic constantsC13 and
C33 to use for fitting, we obtain the following values of th
dimensionless elastic constants:a54.61 andb51.12. The
experimental and calculated values ofCi j for GaN are given
in Table I. The maximum deviation (;10%) is observed for
C12. For cubic crystals with the values of the force consta
determined above, we obtain the following values of t
elastic constants~in gigapascals!:

C115325, C125142, C445147.

Using the results of Ref. 6, we can show that on cha
ing from a wurtzite to a sphalerite structure, the elastic c
stant C11 increases by approximately 2%,C44 and C66 in-
crease by 5%, andC12 decreases by 5%. Table I also give
data for AlN. As for GaN, the elastic moduliC13 and C33

were used to determine the force constants, which yield
a54.36 andb50.92. Note that the experimental results f
aluminum nitride were taken from Ref. 8, where polycryst

TABLE I. Experimental and theoretical values of the elastic constants~in
gigapascals! for hexagonal GaN and AlN crystals.

C11 C33 C44 C66 C12 C13

Exp. 390 398 105 123 145 106
GaN

Theor. 373 398 105 123 130 106
Exp. 345 395 118 – 125 120

AlN
Theor. 369 395 96 112 145 120
© 1999 American Institute of Physics
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line films were studied. Thus, it is not surprising that t
difference between the experimental and calculated dat
far greater in this case:;7% for C11, 16% for C12, and
19% forC44. For cubic crystals of aluminum nitride we hav
~in gigapascals!: C115322, C125156, andC445138.

It is interesting to note that the elastic modulus of co
pression for a cubic crystalB5(C1112C12)/3 is 203 GPa for
GaN and 211 GPa for AlN. Calculations from first principl
give 195 GPa for both crystals9 which is in good agreemen
with our data.~Note that for hexagonal crystals the value
B given in Ref. 9 is also 195 GPa whereas Ref. 7 giv
B5210 GPa. Therefore, the exaggerated value of the c
pression modulus obtained by us compared with that ca
lated in Ref. 9 is quite consistent.!

In conclusion we note that as before, the Keating p
nomenological approach gives the most accurate results
estimates of the elastic characteristics of semiconductor c
tals. Calculations from first principles are extremely labo
ous while the use of various strong coupling methods~see,
for example, Refs. 3, 4, and 10–12! leads to fairly large
discrepancies compared with the experiment, although t
provide a better understanding of the nature of the elastic
is
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-

u-

-
or
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-
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y.

1Proceedings of the Seventh International Conference on Silicon Carb
III-Nitrides and Related Materials, Stockholm, Sweden, 1997, edited b
G. Pensl, H. Morkoc, B. Monemar, and E. Janzen~Trans Tech, Switzer-
land, 1998!.

2S. P. Nikanorov and B. K. Kardashov,Elasticity and Dislocation Inelas-
ticity of Crystals@in Russian#, Nauka, Moscow~1985!, 250 pp.

3S. Yu. Davydov and S. K. Tikhonov, Fiz. Tekh. Poluprovodn.30, 834
~1996! @Semiconductors30, 447 ~1996!#.

4S. Yu. Davydov and S. K. Tikhonov, Fiz. Tekh. Poluprovodn.30, 1300
~1996! @Semiconductors30, 683 ~1996!#.

5R. M. Martin, Phys. Rev. B6, 4546~1972!.
6S. Yu. Davydov and S. K. Tikhonov, Fiz. Tverd. Tela~St. Petersburg! 37,
2221 ~1995! @Phys. Solid State37, 1212~1995!#.

7A. Polian, M. Grimsditch, and I. Grzegory, J. Appl. Phys.79, 3343
~1996!.

8A. V. Dobrynin, I. P. Kazakov, and G. A. Na�da, Zarub. E´ lektron. Tekh.4,
44 ~1989!.

9K. Miwa and A. Fukumoto, Phys. Rev. B48, 7897~1993!.
10W. A. Harrison, Electronic Structure and Properties of Solids@Russ.

transl.#, Nauka, Moscow~1983!, 382 pp.
11M. Kitamura and W. A. Harrison, Phys. Rev. B44, 7941~1991!.
12M. Kitamura, S. Muramatsu, and W. A. Harrison, Phys. Rev. B46, 1351

~1991!.

Translated by R. M. Durham



TECHNICAL PHYSICS LETTERS VOLUME 25, NUMBER 8 AUGUST 1999
Recombination of preadsorbed oxygen atoms at the surface of solids
V. F. Kharlamov and K. M. Anufriev

Orlov State Technical University
~Submitted March 31, 1999!
Pis’ma Zh. Tekh. Fiz.25, 27–32~August 12, 1999!

Relaxation measurements are used to establish that for a concentration of gas-phase oxygen
atomsn51014cm23 heterogeneous recombination of oxygen atoms at the surface of copper and
zinc sulfide takes place by a mechanism involving recombination of preadsorbed~precursor
state! atoms. A hypothesis is put forward for the existence of a universal mechanism for the
catalytic acceleration of heterogeneous chemical reactions. ©1999 American Institute of
Physics.@S1063-7850~99!00608-4#
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Chemical processes taking place at the interface betw
solids and active gases have been studied by us usi
method of relaxation measurements which involves simu
neously recording the kinetic adsorption curves of the s
stances reacting at the surfaceN(t) and the dynamic reaction
effect F(t)5Pr(t)2P5F11F21F3, where Pr is the gas
pressure at the surface of the catalyst,P is the gas pressure a
the vessel walls,F1 is the momentum flow transferred b
molecules of the reagents and reaction products diffusin
the gas,F2 is the pressure force which is nonzero when
molecules, i.e., the products of the heterogeneous reac
which have left the surface, possess an epithermal exce
translational kinetic energy~recoil effect!, andF3 is the pres-
sure force produced by the temperature difference of the
and the catalyst~radiometric effect!. The values ofF1 andF2

depend linearly on the heterogeneous reaction rateJ and
when the reagent flux is modulated, they vary instan
neously in accordance with the change in reaction rate.
steady-state value ofF3 is proportional to the reaction rat
and its rate of change asJ varies depends on the rate
thermal relaxation of the system.1,2

In the experiments, gas at pressureP530 Pa was
pumped continuously through a glass vacuum chambe1
whose walls could be heated to 500 K~Fig. 1!. Adsorption
measurements were made using a piezoresonance quart
ance with a sensitivity of;1023 ML. The material being
studied was deposited as a layer of thicknessd'0.1 mm on
both sides of a piezoelement2 and the concentrationN of
chemisorbed particles was determined from the drop in
natural frequency of the piezobalancef, which was measured
using a ChZ-54 frequency meter. The temperature coeffic
of frequency of the quartz resonator was 1021 Hz•K21 and
the measurement error caused by heating of the piezoele
by the reaction taking place at its surface was less than
It was established that the adsorption capacity of the nat
surface of the piezoelement (d50) was negligible.

The dynamic reaction effect was measured using an
tomatic balance with magnetic suspension. A 10 mg quan
of the sample was deposited as a layer of thickn
d'0.1 mm on the outer surface of a substrate3 which was
attached by means of a quartz thread4 to a miniature magne
5 suspended inside a glass tube in the magnetic field
6031063-7850/99/25(8)/3/$15.00
en
a

-
-

in
e
on
of

as

-
e

bal-

e

nt

ent
.

al

u-
ty
s

o-

duced by a solenoid6. The substrate3 was made of two
horizontal mica plates of thickness 0.1 mm and diame
15 mm, placed 0.2 mm apart. The gap between the pl
served as thermal insulation so that the heat released
result of the reaction taking place at the surface of the c
lyst led to the establishment of a temperature difference
tween the upper and lower surfaces of the substrate3, which
could be used to measureF3. The position of the magnet5
along the vertical axis was tracked using a differential ph
toelectric detector consisting of two light-emitting diodes7
and two photodiodes8. The signal from the detector was fe
to the control unit for the magnetic suspension, which var
the current in the solenoid9 to automatically compensate fo
changes in the weight of the sample. The current in the
lenoid 9 served as a measure of the dynamic reaction eff
This signal, digitized using an analog-to-digital convert
was fed to a PC which recorded theF(t) curves. The sensi-
tivity of the automatic balance, calibrated using a 1 mg lo
was 2.531028 N with a time constant 1021 s.

The reaction O1O˜O2 was studied using spectrall
pure oxygen obtained by decomposition of KMnO4. The
molecules were dissociated to form atoms using an rf elec
discharge in the gas. The atomic concentration in the re
tion vessel, measured by a thermal probe technique,
n51014cm23. We used ultradispersed copper powder ha
ing spherical particles of mean diameter 100 nm and a fin
dispersed ZnS–Cu phosphor having a specific surface are
;1 m2

•g21. The samples were held in an atomic–molecu
oxygen mixture atT5350 K for 1 h to purify their surfaces
and the sputtering of adsorbed and crystal-forming partic
by O atoms was observed by using the piezobalance.

When the sample was heated by an incandescent l
focused onto the substrate3, the force acting on the substra
from the gas increased smoothly~Fig. 2, curve1!. After the
steady-state flux of oxygen atoms was switched on, an ab
increase in the dynamic reaction effect was observed,
lowed by a continuous increase in the forceF caused by
heating of the catalyst as a result of the exothermic reac
O1O˜O2 taking place at its surface~curves2 and3!. The
initial jump on curves2 and 3 can be used to determine
F11F2.0. Since for heterogeneous reactions we fi
R1R˜R2 andF1.0 ~Refs. 1 and 2! this condition implies
© 1999 American Institute of Physics
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that F2.0, i.e., O2 molecules formed during the reactio
leave the surface of ZnS and Cu with excess kinetic tran
tional energy~as a result of the repulsive interaction betwe
the O2 molecules and the surface!.

After the source of oxygen atoms is switched on, t
surface of the samples slowly fills with chemisorbed ato
and no initial sections of abrupt surface filling are observ
on the adsorption curves; the initial rate of increase inJ (F
;J) is two orders of magnitude higher than the initial rate
filling of the surface with chemisorbed atoms (Nmax)

21dN/
dt5(Dfmax)

21df/dt. The oxygen atoms and molecules com
pete for adsorption sites on the surface; the atoms disp
~Cu! or sputter adsorbed O2 molecules in the reaction O1O

FIG. 1. Schematic of experiments.
a-

e
s
d

f

-
ce

˜O2 ~ZnS!. This leads to the appearance of extrema on
f (t) curves obtained after switching on or off the source
atoms~Fig. 2, curves4 and5!.

When the heterogeneous reaction R1 R ˜ R2 takes
place involving chemisorbed atoms and atoms escaping f
the gas phaseR ~Eley–Rideal and Langmuir–Hinshelwoo
mechanisms!, the following conditions should be satisfied:

t,Nmax~ j g!21, J~ t !5aN~ t !1bN2~ t !, ~1!

wheret is the time taken to establish adsorption equilibriu
after switching on the atomic fluxj, g is the coefficient of
heterogeneous atomic recombination,a and b are
coefficients.2,3 In our experiments we havej 51018cm22

•s21, g51023–1022, andNmax51014cm22 ~Refs. 2 and 4!
which givest,1022–1021 s, which does not agree with th
experimental valuest;10 s~Fig. 2, curves4 and5!. Judging
by the initial jumps on theF(t) curves when the source o
atoms is switched on and off, the reaction rate does not
crease with increasing concentration of chemisorbed ato
Violation of the conditions~1! implies that the reaction take
place via a mechanism involving recombination of prea
sorbed~weakly bound to the surface! atoms whose concen
trationN1 is low: N1!N. An alternative hypothesis, that th
reaction takes place by an impact mechanism 2R1Z˜R
1(RZ)˜R21Z at Z active centers having the concentratio
N2,1012cm22, is ruled out by its requiring physically
meaningless values of the reaction cross sectio
s5gN2

21.(10215–10214) cm2.
In all the cases studied by us the heterogeneous reac

involve preadsorbed particles.3,5–7 On this basis, taking into
account experience gained throughout the world,8,9 we can
put forward a hypothesis on a universal law of heterogene
catalysis: catalytic acceleration of any chemical process
ing place at a solid–gas interface is caused by preadso
particles participating in chemical conversions~in other
words, trapping of incoming gas-phase molecules of a p
ticular species by the surface of a solid in the preadsorp
ff
FIG. 2. Force from the gas~oxygen! acting on the substrate
with deposited copper~1, 2! or zinc sulfide~3! as a function
of the time after switching on (↑) or switching off (↓) the
light source~1! or a flux of oxygen atoms~2, 3!: 4, 5 —
frequency of piezobalance with deposited layer of Cu~4! or
ZnS ~5! as a function of the time after switching on and o
a source of O atoms.
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state abruptly increases the effective cross section of the
erogeneous chemical process!. In this case, the condition
J5n1q is satisfied, whereJ is the reaction rate,n1 is the
concentration of preadsorbed particles of a particular spe
involved in the reaction, andq is a quantity which depend
on the rate constants of the surface reactions and the con
trations of chemisorbed and preadsorbed particles partic
ing in the reaction.
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An analysis is made of an effect involving increased evaporation and toroidal acceleration of
pellets during their repeated injection in a tokamak, caused by an avalanche-like growth
in the population of runaway electrons additionally stimulated by the pellet injection. ©1999
American Institute of Physics.@S1063-7850~99!00708-9#
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Injection of fuel pellets, consisting frozen hydroge
isotopes,1 is being developed to achieve an efficient syst
for injecting fuel into the central part of a tokamak plasm
In a reactor the injection will be a repetitive process, a
frequency of 1–10 Hz. Very few experimental or theoretic
studies have been made of the effects taking place i
plasma in this regime. The first experiments on repeated
let injection carried out in ASDEX-Upgrade2 revealed an
unexpected reduction in the depth of penetration and
creased twisting of the pellet trajectory for those injected
the end of a series. The observed increase in the rat
evaporation and toroidal acceleration~blowing! of the pellets
from the first to the subsequent ones cannot be explaine
terms of standard models, which accurately describe eva
ration and toroidal acceleration of pellets for sing
injection.3,4 In the present study we analyze the change in
conditions of evaporation and toroidal acceleration of pel
when these are injected repetitively in tokamaks. The m
reason for the increased evaporation and toroidal acce
tion of the pellets is assumed to be an avalanche-like gro
in the population of runaway electrons, additionally stim
lated by the pellet injection, caused by close collisions
tween runaway and thermal electrons, i.e., collisions
which a thermal electron receives an energy comparable
the critical energy for transition to the runaway regime.

The rate of generation of runaway electrons as a resu
diffusion in velocity spaceS is determined by the Dreice
parameter«5E/Ecrit , where E is the longitudinal electric
field in the plasma andEcrit is the critical electric field.5

During pellet injection the plasma temperatureTe falls, while
the density ne increases. The plasma conductivity
s;Te

3/2, i.e., E;Te
23/2. As a result«;ne

21Te
21/2 decreases

and the generation of runaway electrons is suppressed.
A second well-known mechanism for the generation

runaway electrons is associated with the so-called avalan
multiplication of runaways as a result of isolated clo
collisions.6 Avalanche multiplication can take place if th
plasma already contains runaway electrons having the
sity nr before the onset of pellet injection. The experime
tally measured energy limitWmax for runaway electrons is
usually a few tens of mega-electronvolts. The cross sec
for Coulomb collision between a relativistic electron and
thermal electron of velocityv!c may be written6 as
(ds/dWs) 5 (e4/8p«0

2mec
2Ws

2), whereWs is the energy ac-
6061063-7850/99/25(8)/4/$15.00
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quired by the thermal electron. The increasenr in the number
of secondary runaway electrons as a result of these collis
may be expressed as (dnr /dt) 5nrnec*0

Wmax(dss/dWs) Pr

3(Ws)dWs. Herenr andWmax are the density and maximum
energy of the runaway electrons, andPr(Ws) is the probabil-
ity that an electron, having acquired the energyWs will be
converted to the runaway regime. Following Ref. 6, we sh
assume that an electron which has acquired above-cri
energy becomes a runaway, while an electron which has
quired a lower energy returns to a Maxwellian distributio
i.e., we assume thatPr(Ws)50 for Ws,Wcrit and Pr(Ws)
51 for Ws.Wcrit . Then, using the well-known expressio
for the critical energy,6 Wc5(mVc

2/2) , Vc
25((2

1Zeff)pe3neln D/mE), and integrating over energies, we ca
estimate the rate of generation of secondary runaway e
trons as in Ref. 6:

dnr

dt
5

nreEc

2mec
2 ln L~21Zeff!

5
nr

t0
,

t05
2mec ln L~21Zeff!

eE
. ~1!

It is important to note that the runaway electron mul
plication time does not depend on the density and is
versely proportional to the electric field in the plasma. Sin
injection leads to an increase in the electric field at cons
current and decreasing temperature, avalanche-like mult
cation of runaway electrons is stimulated.

In discharges with high plasma density the rate of m
tiplication of runaway electrons should be estimated sligh
differently. When the plasma density isne>1014cm23, we
find that «5E/Ecrit is of similar order of magnitude to the
parameterTe /mec

2. In this case, the electrons converted
the runaway regime are relativistic.7 Thus, instead of the
classical expression for the critical energy for the transit
to the runaway regime, we need to use a relativistic exp
sion for the critical energy:Wc5Apc

2c21me
2c4, wherepc is

the critical momentum for transfer to the runaway regim
pc

25me
2Ve

2(12 (Ve
2/c2))21. As a result, we obtain the fol

lowing expression for the critical energy:
© 1999 American Institute of Physics
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FIG. 1. Model evolution of temperature~a!, model evo-
lution of density ~b!, characteristic time for runaway
electron multiplication~c!, and number of runaway
electrons: dashed curve — multiplication without inje
tion, solid curve — multiplication with multiple injec-
tion ~d!.
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2A 1

~a21!
11,

where

a5
Emec

2

EcritT
51.131021

E@V/m#

ne@m23#
. ~2!

Neglecting any losses of secondary runaway electro
we can use the following equation to estimate the increas
their number:

dnr

dt
5

nrcnepe4

2mec
2Wc

5
nr

t1
, t15

2mec
2Wc

cnepe4
. ~3!

In the relativistic case, the critical energy~2! depends
weakly on the electric field and density. Nevertheless, a
the beginning of injection the runaway electron multiplic
tion time becomes shorter because of an increase in
plasma density.

We used a model evolution of the plasma temperat
and density~Figs. 1a and 1b!, typical of an experiment with
multiple fuel pellet injection, to calculate the increase in t
densitynr .

Figure 1c shows the calculated evolution of the tim
constant for exponential multiplication of the runaway ele
tron population and population growth~Fig. 1d! for the case
of constant density and temperature~dashed curve! and for
the values typical of an experiment with multiple fuel pel
injection ~solid curve!. The characteristic times for expone
tial growth of the runaway electron population ist52.5 s
before the onset of injection, and reduces tot51 s after the
onset of injection.

We shall now analyze the influence of runaway electro
on the rate of pellet blowing.

Electrons whose energies far exceed the thermal le
interact with a pellet as follows. Electrons having energ
s,
in

r

he

e

-

s

el
s

higher than 10 keV lose very little energy as they pa
through the neutral cloud.4 Electrons having energies highe
than 300 keV, impinging on the pellet in the direction of th
magnetic field, pass through the pellet, which has a tra
verse dimension of 1.6 mm. They lose approximat
150 keV as they pass through and cause additional isotr
evaporation of the pellet.4 This evidently does not cause an
additional pellet blowing. Thus the additional blowing ma
be caused by electrons having energiesWsth between 10 and
150 keV ~‘‘superthermal’’ electrons!, not by runaway elec-
trons.

In the presence of runaway electrons, superthermal e
trons having energies much higher than the average the
energy but below the critical energy are also generated
close collisions between runaways and thermal electro
Thus, the discharge contains three groups of electro
Maxwellian electrons having the average velocityu5 j /ene

!VT , relativistic runaway electrons, and superthermal el
trons having energies between the average thermal en
and the critical energy for transition to the runaway regim
The growth in the runaway electron population causes
increase in the number of superthermal electrons which m
affect the evaporation and blowing of the pellets.

We shall estimate the density of runaway electrons in
discharge which would be sufficient to double the toroid
displacement. For this purpose we estimatef sth(V) which is
the velocity distribution of superthermal electrons in
plasma having a given runaway electron densitynr , thermal
electron temperatureTe , and densityne .

The rate of generation of superthermal electrons hav
velocities betweenV andV1dV can be calculated by ana
ogy with the rate of runaway electron generation as

I 5nrnev r

dss

dWs

dWsth

dV
5nrnec

e4

2p«0
2me

2c2V3
. ~4!
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Since we are interested in superthermal electrons ha
energies up toWsth max5150 keV, we used the classical e
pression for the energyWsth5(1/2)meV

2. Relaxation of the
superthermal electrons to form a Maxwellian distributi
takes place as a result of a large number of distant electr
electron collisions having the effective frequency

nsth~V!5
1

3~p!3/2

nee
4lnL

«0
2me

2V3
.

The superthermal electrons increase their energy, b
accelerated by the electric field. However since for electr
having energiesWsth,Wsth max5150 keV ,Wc the force of
friction with thermal electrons is much greater than the
celerating electric forceF(V)5meVnsth(V)@eE, we neglect
the acceleration of the superthermal electrons by the ele
field. The superthermal electrons are distributed over ve
ity directions, depending on their energy. Low-energy el
trons are generated as a result of tangential collisions8 and
can initially fly off almost perpendicular to the magnet
field. They then relax to form an isotropic Maxwellian di
tribution. For a rough estimate we shall assume that all
superthermal electrons fly off in the opposite direction to
electric field, and in this velocity half-space their distributio
is isotropic.

The kinetic equation for the velocity distribution of th
superthermal electrons has the following form:

I ~V!52
1

V2

d

dV
~V2f sth~V!nsth~V!V!. ~5!

Here I is a source of superthermal electrons~4!. The
term on the right-hand side is the difference between
fluxes of superthermal electrons entering and leaving an
ement of velocity space as a result of Coulomb collisio
between superthermal electrons and Maxwellian ones. S
stituting Eq.~4! into Eq. ~5! gives

d f

dV
52

3~p!1/2nr

2c ln L

1

V
. ~6!

The solution of Eq.~6! will be a logarithmically decreas
ing distribution of superthermal electrons:

f sth~V!5
3~p!1/2nr

2c ln L
lnS Vc

V D . ~7!

The integration constant in the numerator of the log
rithm is selected so that the distribution function vanishes
critical velocity. The density of superthermal electro
having energies betweenWsth min510 keV and Wsth max

5150 keV can be estimated asnsth5*Vmin

VmaxfsthdV

'nr (3(p)1/2/2 lnL) (Vmax/c) ' (nr /10).
The distribution functions of Maxwellian, runaway, an

superthermal electrons are shown schematically in Fig
We estimate the heat flux of the superthermal el
trons Qsth5*Vmin

Vmax(meV
2/2) V fsthdV'nr (3(p)1/2/2c ln L)

3(me/2)(Vmax
4 /4). The additional rate of evaporation caus

by the superthermal electrons can be estimated as the
flux incident on half the pellet surface directed along t
magnetic field, divided by the sublimation energy:
g

–

ng
s

-

ric
c-
-

e
e

e
l-

s
b-

-
t

2.
-

eat

dNsth

dt
5

Qsthpr p
2

lm /2
.

Here lm515.231023 eV/molecule is the sublimation en
ergy of deuterium. The additional toroidal acceleration of t
pellet can be estimated using the reactive accelera
equation:4

M ~ t !~dvz /dt!5^5cos2u&Umi

dNsth

dt
,

whereM (t) is the pellet mass,dvz /dt is the toroidal accel-
eration,^cos2u&51/2 (u is the angle between the direction o
emission of the atoms from the pellet surface and the toro
direction!, andU'106 cm/s is the escape velocity of the a
oms, estimated as the gas velocity for transition of the flux
supersonic. The density of runaway electrons needed
achieve appreciable toroidal displacement is extremely l
For instance, a runaway electron density of arou
33108 cm23 in a layer several centimeters thick is sufficie
to describe the local enhanced pellet blowing effect obser
in ASDEX-Upgrade.2

The observed doubling of the pellet toroidal displac
ment can only be explained in terms of existing models
assuming a sixfold increase in current density and a 3
increase inTe in the pellet evaporation zone, which cann
be attributed to the negligible expulsion of current from t
plasma periphery cooled by the pellet injection. An estim
of the pellet stopping by the radial temperature and plas
density gradients showed that under existing experime
conditions this effect is also negligible.

To sum up, we have shown that multiple injection
fuel pellets in a plasma creates conditions for accelera
avalanche-like multiplication of runaway electrons. At lo
plasma densities, when the critical energy for runaway
much lower than the rest energy, electron multiplication
accelerated by an increase in the electric field in the plas
which is in turn caused by a drop in temperature after inj
tion. At high densities when the critical energy is compara

FIG. 2. Distribution functions:f M — thermal electrons,f run — runaway
electrons,f sth — superthermal electrons,Tc5200 eV, ne51014 cm23, and
nr533108 cm23.
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with the rest energy, runaway electron multiplication is a
accelerated but as a result of an increase in the plasma
sity.
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The nonlinear problem of the capillary oscillations of a charged droplet is solved to estimate the
characteristic time for the evolution of instability of a droplet carrying critical charge. It is
observed that breakup is delayed because of the hydrodynamic inertia of the droplet. ©1999
American Institute of Physics.@S1063-7850~99!00808-3#
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Studies of the capillary oscillations and stability
charged droplets are of considerable interest for nume
applications in geophysics, scientific instrument manuf
ture, technical physics, and technology.1 However, most the-
oretical investigations have been made using a linear
system of hydrodynamic equations, and

studies taking into account the real nonlinearity of t
phenomenon have only started to appear comparati
recently.2,3 Bearing in mind the nonlinearity of the problem
of calculating the shape of an oscillating droplet at any po
in time, we shall solve the problem of the capillary oscill
tions of a charged droplet, i.e., the Rayleigh problem4 but,
unlike Ref. 4, we shall use a linear formulation in the seco
order of smallness for the amplitudes of various modes.

Let us assume that a droplet of ideal, perfectly condu
ing liquid, having the densityr and surface tensiong, carries
the chargeQ. Linear theory4 assumes that there is a tim
which may be taken to be the initial timet50, when the
droplet shape is described by the second mode of linear
illary oscillations of small finite amplitude« and the velocity
field is zero. The initial droplet is equivalent to a spheric
droplet of radiusR.

Using a spherical coordinate system with its origin at
center of the droplet, the mathematical formulation of t
problem in terms of dimensionless variables in which
liquid densityr[1, surface tensiong[1, and radius of the
equivalent spherical dropletR[1 are taken as unity, is give
by

Dc50, U5“•c,

DF50, E52¹•F,

r˜`: u“Fu˜0,

r 50: u“Cu,`,

2
1

4p R ]F

]n
dS5Q, S~r ,Q,w![H r 511j~u,t !,

0<Q<p,

0<w,2p.

r 511j~u,t !: F5const,
6101063-7850/99/25(8)/2/$15.00
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e

]c

]r
5

]j

]t
1

1

r 2

]j

]u

]c

]u
,

DF2
]c

]t
2

1

2
~“•c!21FE5Fg , FE5

E2

8p
,

t50: r 511j* 1«P2~cos~u!!, c50,

E
V
dv5

4

3
p,

V~r ,u,t ![H 0<r<11j* 1«P2~cos~u!!,

0<u<p, 0<w,2p.

The solution of this problem, which determines the dro
let shape at any time to within terms of the second orde
smallness with respect to the parameter«, has the form:

r 512
«2

5
cos2~v2t !1«cos~v2t !P2~cos~u!!

1
«2

v2
2 ~x12~x11x2!cos~v2t !

1x2cos~2v2t !!P2~cos~u!!1
18

35
«2~x32~x3

1x4!cos~v4t !1x4cos~2v2t !!P4~cos~u!!, ~1!

x1[
4425W

14
, x2[

23W2116

42
, x3[

3625W

v4
2

,

x4[
121W

4~102W!
, W[

Q2

4p
,

v2
2[2~42W!, v4

2[12~62W!.

In formula ~1! the correction of the second order o
smallness to the second mode of the capillary oscillations
an infinitely small denominator forW˜4, v2

2
˜0. Hence for

W54 it is impossible to calculate the shape of the drop
surface directly using formula~1!. Interestingly, for finitet
the limiting form of expression~1! for W˜4 is nontrivial.
© 1999 American Institute of Physics
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This is because limW˜4 v250 and consequently, for finitet
when W˜4 we have: cos(v2t)512v2

2t2/21o(v2
2t2) and

cos(2v2t)5122v2
2t21o(v2

2t2).
Thus, for near-critical values ofW the numerator of the

coefficient of P2(cos(u)) has the same order of smallne
;o(v2

2), as the denominator and this term tends to the fin
value

«2t2~x123x2!P2~cos~u!!5
12

7
«2t2P2~cos~u!!.

Since no singularities occur in the other terms~1! for
W54, we find:

W54:

r 511«P2~cos~u!!2
«2

5
1«2

18

35
sin2~ tA6!P4~cos~u!!

1
12

7
«2t2P2~cos~u!!. ~2!

It can be seen that forW54 in the linear approximation@the
first two terms in formula~2!#, the droplet has an elongate
nonoscillating profile. A slight increase in the parameterW
above the critical valueWc54 causes exponential elongatio
of the droplet with time. ForW,4 the droplet oscillates
stably.

Linear terms with respect to« ~2! in the small left-hand
semineighborhood ofW54 are bounded and the correctio
of the first order of smallness does not exceed the princ
term of the expansion for anyt. This implies that the
asymptotic approximation of the first order of smallness
dimensional with respect tot.

For the expansion of the second order of smallness,
small left-hand semineighborhood ofW54 is a region of
nonuniform asymptotic expansion: for near-critical valu
W˜4 the correction of the second order of smallness w
respect to« in formula ~2! is only small compared with the
preceding terms of the expansion at zero time. Within
characteristic timet;o(«21/2) this correction becomes com
parable to the preceding term of the expansion and with
ther increase int, exceeds this. In accordance with gene
perturbation theory, this means that it is only permissible
use the expansion~2! for small t5o(«21/2).

The expansion~2! cannot be transformed into a uniform
expansion using a renormalization method, which can id
tify temporally periodic solutions of a problem. Thus, f
W54 the motion of the charged droplet surface cannot
periodic. Aperiodic undamped motion can be interpreted
instability.

Millimeter water droplets can be considered to have l
viscosity and good conductivity.1 For a water droplet (r
51 g/cm3) of radiusR;1021 cm, capillary oscillations hav-
ing an amplitude of the order of an angstrom, i.e.,;1028 cm
have the amplitude«;1027 in dimensionless variables
Thus, the dimensionless time ist;«21/2;33103. In the
selected dimensionless variables the time scale uni
e

al

s

e

s
h

e

r-
l
o

n-

e
s

is

t* 5((rR3)/g)1/2;431023 s, so that the real physical tim
is tp5t3t* ;10 s. This is the time during which the expa
sion ~2! can be used to describe the time evolution of t
surface profile after critical charge has been imparted to
droplet. It is clear from physical concepts that a critica
charged droplet should be unstable. Therefore this valu
tp may be interpreted as an estimate of the time between
droplet becoming charged and the time when it begins
dump some of the charge in order to become stable. T
delay in the onset of instability is caused by hydrodynam
inertia.

It should be noted that this estimate of the characteri
time for the buildup of instability of a critically charge
droplet agrees with the estimate using the results of theo
ical calculations5 where a nonlinear integral equation who
solution yields an estimate similar to that given above, w
derived and solved to describe the time evolution of an
stable droplet using a spherical approximation for its sh
~using qualitative data from Ref. 6!. Both sets of calculations
made using completely different methods not only give
same numerical value of the characteristic timetp for the
buildup of instability of a critically charged droplet but th
analytic dependences oftp on the droplet radiusR, liquid
densityr, and surface tension of its free boundaryg are also
the same, in both cases having the form

tp;R2r1/2g21/2.

This agreement between the estimates confirms the
lidity of the calculations made in Ref. 5 and in the prese
analysis@beyond the asymptotic limits of expression~1!# and
indicates that the results obtained in Ref. 6 making extens
use of qualitative reasoning are also correct.

To conclude, a millimeter water droplet carrying
charge which is critical in the sense of stability, undergo
deformation according to the law~2! within times of the
order of a tenth of a second. Such a large time interval
easily be identified experimentally and the effect can be
corded. In experiments to check the Rayleigh criterion a
study the breakup behavior of a highly charged droplet~see
the review presented in Ref. 1 and the literature ci
therein!, experimenters used droplets an order of magnitu
smaller and because of the inertia of the system with us
electrostatic suspension of the droplet to allow free evapo
tion, no attention was paid to this delay. The observed de
in the breakup of a highly charged droplet may play an i
portant role in devices using charged ion-cluster-drop
beams.

1A. I. Grigor’ev and S. O. Shiryaeva, Izv. Ross. Akad. Nauk Ser. Me
Zhidk. Gaza No. 3, 3~1994!.

2J. A. Tsamopoulos and R. A. Brawn, J. Fluid Mech.147, 373 ~1984!.
3T. G. Wang, A. V. Anilkumar, and C. P. Lee, J. Fluid Mech.308, 1
~1996!.

4Lord Rayleigh~J. Strutt!, Philos. Mag.14, 184 ~1882!.
5A. I. Grigor’ev and S. O. Shiryaeva, Zh. Tekh. Fiz.65~3!, 39
~1995! @sic#.

6A. I. Grigor’ev, Zh. Tekh. Fiz.55, 1272 ~1985! @Sov. Phys. Tech. Phys
30, 736 ~1985!#.
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Energy distributions of electrons emitted from a diamond film under the action
of a strong field

S. A. Pshenichnyuk, Yu. M. Yumaguzin, and R. Z. Bakhtizin

Bashkir State University
~Submitted January 26, 1999!
Pis’ma Zh. Tekh. Fiz.25, 46–52~August 12, 1999!

Results are presented of measurements of the total energy distributions of electrons emitted
under the action of a strong external field from the surface of a thin diamond-like film, fabricated
by ion-beam deposition on a tungsten tip. The data confirm that carriers are injected into the
conduction band of the film and then emitted into vacuum. ©1999 American Institute of Physics.
@S1063-7850~99!00908-8#
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The continuing interest being shown in the study of fie
electron emission from carbon materials derives from
unique emission properties of type IIb natural semicondu
ing diamond,1 and various amorphous carbon and diamo
like films usually prepared by chemical vapor deposition.2 It
has been reliably established that the~111! surface of natural
diamond exhibits negative electron affinity,1 and also that the
stability of the field emission current from the surface
metals coated with a diamond-like film is higher than f
surfaces of pure metals.3 This is because of the extreme
high chemical inertia of a diamond surface and the low sp
tering coefficient of carbon materials under ion bomba
ment.4

So far, however, the mechanisms responsible for
transport of carriers through a semiconducting diamond-
film under the action of a strong (;107 V/cm) external emis-
sion field have not be accurately identified. Valuable inf
mation on the band structure of a diamond-like coating a
the emission process may be obtained by studying the en
distributions of the emitted electrons, for which no reliab
data are available. The aim of the present study is to de
mine the energy distributions of electrons emitted from
surface of a diamond film measured under high vacuum c
ditions from a local emitting section. In the present paper
report results obtained using tungsten-tip field emitt
coated with a thin diamond-like film.

The tip emitters studied were prepared as follows. A t
tip having radius of curvature<1 mm at the apex was fab
ricated from 0.08 mm diameter tungsten wire by elect
chemical etching in an aqueous solution of KOH. The
was then rinsed in distilled water, mounted on a tungs
bridge for heating, and transferred to a high-vacuum cha
ber to deposit the diamond film. The residual vacuum in
chamber~better than 1029 Torr) was obtained using oil-free
pumping systems based on a TRION NMTO-0.1-1 i
pump.

Before the film was deposited, the tip was heated
vacuum to;1500 °C to remove adsorbed contaminants. T
carbon film was deposited by an ion-beam deposition te
nique. The tip was first cleaned by bombardment w
0.5 keV C1 ions for 5 min, the beam energy was then r
6121063-7850/99/25(8)/3/$15.00
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duced to 100 eV, and carbon was deposited on the surfac
the tip for 80 min. The ion beam current density w
0.04mA/mm2. The dose and time of exposure of the tip
the C1 ions was used to estimate the thickness of the car
film on the tungsten surface, which was'15 nm.

After the deposition process, the tip was transferred
the high-vacuum chamber to measure the energy distr
tions and the current–voltage characteristics of the field c
rent. The working vacuum to study the emission propert
was better than 10210Torr. In order to obtain the total en
ergy distribution of the emitted electrons, we used a disp
sion analyzer which could be tuned to a particular part of
total emission pattern. The energy distributions of the em
ted electrons were measured and processed automaticall
ing a computer (Am5386-P75-S, 133 MHz! and CAMAC
modules. The apparatus used to study the emission was
scribed in Ref. 5.

Immediately after installing the tip and applying th
emission voltage, we observed an unstable emission pat
In order to stabilize this, the tip with the deposited film w
heated to around 500°, after which the emission was st
lized but the pattern showed no signs of symmetry.

Figure 1a shows the Fowler–Nordheim characteristic
the total current for the tip with the deposited film. It can
seen that the graph exhibits the nonlinearity typical of
emission from semiconducting or insulating surfaces.6 The
total energy distribution of the emitted electrons obtain
after the weak heating noted above is shown in Fig. 2a
several values of the emission voltage. A characteristic f
ture of this graph is that it has two peaks: the first
'24.5 eV is not displaced as the applied voltage vari
which is typical of the energy distributions for pure met
tips. As an example Fig. 2b shows the energy distribut
obtained for a tungsten tip not coated with a film. Thus, t
high-energy peak may be ascribed to electrons which tun
through the thin diamond film into vacuum from the Ferm
level of the metal, which is also confirmed by the position
this peak and its half-width.

The broad peak having a maximum at around25.9 eV
can be ascribed to the diamond-like film. Its width is pro
ably determined by the fact that for this particular coati
© 1999 American Institute of Physics
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FIG. 1. Fowler–Nordheim characteristics: a — total
current from tungsten tip with diamond film, b — tung
sten tip before~1! and after~2! evaporation of diamond
film, measured for a small section.
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thickness and the existence of a high emission voltage a
surface, the field penetrates completely into the film, caus
tilting of the energy bands over the entire thickness of
film. When emission takes place from the conduction ba
of the carbon layer, the width of the spectrum increases w
increasing applied field since the tilt of the bands increas
as is observed experimentally~Fig. 2a!. This peak also shifts
appreciably as the emission voltage varies, which is typ
of semiconductor emitters. The observed fine structure of
broad peak in the spectra may be attributable to emis
from electronic states associated with structural defects in
diamond film.7

The emitting tip was then heated to 1300 °C to remo
the deposited coating. The energy distribution then obtai
is shown in Fig. 2b. It can be seen that the half-width, po
tion, and only slight shift of the peak with increasing em
sion voltage are consistent with metal behavior. The br
peak ascribed to the film has completely disappeared.
Fowler–Nordheim characteristic~Fig. 1b! obtained from the
same small section as the energy distribution, also indic
that the carbon film has been removed. Note that after the
was heated, the emission voltage increased. Assuming
he
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the geometric profile of the tip remains constant becaus
the low heating temperature compared with the melting po
of tungsten, we can postulate that the work function of
field emitter surface decreases when it is covered with a
mond film.

It is interesting to note that after the carbon film w
removed, the emission pattern acquired symmetry wh
does not, however, correspond to the generally accepted
age of a ‘‘smoothed’’ pure tungsten tip. A similar imag
described in Ref. 8 as ‘‘ribbed’’ or ‘‘dirty carbon’’ is con-
sistent with a tungsten tip with adsorbed vapor of hig
vacuum oil formed as a result of using oil-vapor pumps, as
Ref. 8. Thus, in this case a certain amount of carbon rem
on the tip and does not evaporate at fairly high temperatu
~up to 2500 °C) and applied fields, as was noted in Ref.

To conclude, we have fabricated field emission catho
consisting of a tungsten tip coated with a diamond-like fi
obtained by an ion-beam deposition method. Measurem
of the energy distributions and current–voltage characte
tics have shown that a thin semiconducting layer exists
the surface which reduces the emitter work function and
creases the stability of the emission. This layer can only
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FIG. 2. Energy distributions of field emission electron
a — emitted from a tip coated with a diamond film, ob
tained at various emission voltages; b — after evaporat
of the film at various emission voltages~the spectrum for a
pure tungsten tip~1! is given for comparison.!
l-
.

l.

.
removed at high temperature or by ‘‘stripping’’ the tip, a
though a small fraction of carbon remains on the surface
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Investigation of profiles of implanted Ti atoms over the depth of boron nitride
nanocrystalline ceramic exposed to high radiation doses and fluxes with
subsequent annealing

S. M. Duvanov and V. A. Baturin

Institute of Applied Physics, National Academy of Sciences of Ukraine, Sumy
~Submitted February 11, 1999!
Pis’ma Zh. Tekh. Fiz.25, 53–57~August 12, 1999!

Results are presented of an investigation of distribution profiles of implanted Ti atoms at high
implantation doses~fluence around 1017cm22) over the depth of boron nitride~BN!
nanocrystalline ceramic. It is observed that the concentration maxima of implanted impurities are
shifted into the substrate under post-implantation annealing in vacuum at 950 °C. This
behavior of the implanted impurities in BN is directly the opposite of that observed in earlier
studies of polycrystalline aluminum oxide ceramic exposed to similar ion thermal
treatment. The effective diffusion coefficient of titanium atoms in BN under thermal annealing is
estimated. The Ti/O concentration ratio in the layer modified as a result of implantation and
subsequent annealing at 950 °C is close to stoichiometric TiO2 . A simultaneous increase in the
concentration of carbon and nitrogen atoms in the surface layers of BN samples was
observed as a result of annealing at 830 and 950 °C. ©1999 American Institute of Physics.
@S1063-7850~99!01008-3#
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High-dose, high-current implantation of multipl
charged ions is a powerful method of modifying the init
structure of solids to form a state having a high concentra
of defects and new metastable phases. Here, high-dose,
intensity implantation is taken to mean implantation wh
the ion current density on the target is between a few
tens of milliamperes and the implanted impurity concent
tion is between a few and tens of atom percent. It is inter
ing to use this method to modify pyrolytic boron nitrid
~BN! ceramic because of the possibility of forming therma
stable, electrically conducting coatings1 and compounds suc
as hard cubic boron nitridec-BN and the theoretically pre
dicted superhard compoundb-C3N4 ~Ref. 2!.

Prepolished samples of nanocrystalline ceramic~hexago-
nal prisms between 50 and 200 nm! were implanted with
titanium ions and then annealed in vacuum. The implanta
parameters were as follows: implantation energy 5
150 keV, pulsed ion current density 1022– 1023 A/cm2,
pulse duration 250ms, pulse repetition frequenc
10– 50 s21, ion charge state Ti153%, Ti11580%, Ti111

517%, residual gas pressure in chamber 531023 Pa, and
fluence around 1017cm22 ~Ref. 1!. The samples were an
nealed at 400, 830, and 950 °C using the apparatus desc
in Ref. 3. The annealing time was around 30 min. The c
centration of the main elements forming the initial B
samples was determined by backscattering of helium io
The composition of the BN ceramic is: 37 at.% B, 37 at.%
10 at.% C, and 5 at.% O.

The following set of complementary nondestructi
methods was used to make a quantitative elemental ana
of the modified ceramic samples: Rutherford backscatte
6151063-7850/99/25(8)/3/$15.00
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~RBS! of 4He1 and 1H1 ions, resonant elastic scattering
4He1 and 1H1 ions, proton elastic recoil detection~ERD!,4

and scanning electron microscopy with energy-dispers
x-ray spectroscopy~SEM EDX!. In order to enhance the sen
sitivity of analyzing the concentration of light elements, w
used elastic and resonant elastic scattering of protons at B
N, and O isotopes.

The aim of the present study was to investigate profi
of implanted ions at high implantation doses and to de
mine the diffusion coefficient as a result of subsequent th
mal annealing in vacuum.

The results of an SEM EDX analysis of the light el
ments~B, C, N! shows~Fig. 1! that the carbon peak on th
EDX spectrum, measured for a sample implanted at ro
temperature, is approximately three times the intensity of
peak on the same spectrum for a sample which has un
gone subsequent annealing at 830 °C. This indicates that
bon diffuses toward the surface of the sample as a resu
annealing. This redistribution of the carbon atoms agr
with the results of measuring the depth concentration profi
of H, N, C, O, and Ti for the same samples by RBS a
ERD. An ERD analysis showed that the surface layer o
sample 35 nm thick implanted at room temperature is
riched in hydrogen atoms. Subsequent annealing at 830
reduces the initial hydrogen concentration approximately
times.

An RBS analysis of the samples shows~Fig. 2! that the
implanted titanium atoms are redistributed inside a sam
which has undergone post-implantation thermal annealin
950 °C. However, the distribution profile of the Ti conce
tration over the depth of the same sample annealed at
© 1999 American Institute of Physics
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FIG. 1. Energy spectra of backscattered helium-4 io
having an initial energy of 2 MeV measured for BN
samples implanted with Ti ions with a fluence o
1017 cm22 and annealed at 400~1! and 950 °C~2!. The
arrows indicate the kinematic boundaries of the spec
for the various elements: N — channel number, A —
normalized output
or
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and 830 °C differs negligibly from the profile measured f
the nonannealed sample. Redistribution of the implanted
takes place in a fairly narrow temperature range between
and 950 °C. The effective titanium diffusion coefficient e
tracted from the experimental concentration profiles w
around 8.5310214cm2/s in the temperature range 830
950 °C. The distribution of implanted impurities in the B
samples is the opposite of our earlier result1 where we ob-
served that implanted titanium atoms migrated toward
surface of polycrystalline aluminum oxide (Al2O3) ceramic
samples. These Al2O3 samples were exposed to similar io
thermal treatment.

The coefficient of Ti diffusion in BN suggests that th
migration of the titanium atoms correlates with the migrati
of implantation-induced defects and is similar to radiatio
enhanced diffusion.

Thus, we have obtained the following main results:
Ti
30

s

e

-

We observed that implanted titanium atoms in a B
sample are redistributed as a result of subsequent anne
at 950 °C;

We identified a narrow range of annealing temperatu
830–950 °C where redistribution of implanted atoms is o
served;

The Ti/O concentration ratio in the layer modified as
result of implantation and subsequent annealing at 950 °
close to stoichiometric TiO2 , which indicates that titanium
dioxide is formed;

We observed a simultaneous increase in the concen
tion of carbon and nitrogen atoms in the surface layers of
samples as a result of annealing at 830 and 950 °C;

The effective diffusion coefficient of implanted titanium
was around 8.5310214cm2/s.

The authors are grateful to A. V. Kabyshev for ass
-
FIG. 2. EDX spectra of BN ceramic samples im
planted with Ti ions at room temperature~1! and after
annealing at 830° C for 30 min~2!.
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Investigation of the entrainment of silicon atoms by ‘‘vacancies’’ formed
in an aluminum melt when its surface is exposed to an ion–electron flux

V. A. Kolpakov and A. I. Kolpakov

Samara State Aerospace University
~Submitted March 26, 1998; resubmitted March 17, 1999!
Pis’ma Zh. Tekh. Fiz.25, 58–65~August 12, 1999!

It is established that when a liquid-aluminum–silicon~Al–Si! structure is bombarded with ions
and electrons having energies up to 6 keV, the process of Si dissolution in the aluminum
is slowed. Mechanisms are put forward for the formation of an excess concentration of atomic-
size voids~‘‘vacancies’’!, the formation of a vacancy flux normal to the Si surface, and
entrainment of impurity atoms by this flux. It is shown experimentally that zones completely free
from Si atoms, where the silicon exhibits maximum solubility, in the aluminum may be
formed in the bulk of the aluminum melt. The size of these zones can easily be controlled by the
parameters of the ion–electron flux. ©1999 American Institute of Physics.
@S1063-7850~99!01108-8#
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In studies of the mechanisms for the dissolution of se
conductors in the liquid phase of metals, the problem ar
of controlling the parameters of the diffusion process of
semiconductor atoms in the bulk of the melt. At present,
methods are available for correcting the melting regimes
rectly during the technological process. This problem can
solved by using a high-voltage discharge as the ene
source, which has the distinguishing feature that fluxes
electrons and negative ions are formed almost independe
of the gas-discharge device.1

A liquid-phase metal can be treated as a highly el
gated body which retains the structure of a solid near
melting point.2 Then, despite its instability, this structure ca
contain around 1% atomic-size voids which, like vacant s
in semiconductors, are called2 ‘‘vacancies’’ and have an ac
tivation energy of the order of 0.93–1.2 eV~Ref. 3!.

If the average velocity of the thermal motion of th
liquid-metal atoms is many times lower than the velocity
the charged particles in the ion–electron flux,4 the times
taken for the establishment of the thermal regime in the m
and the annealing are 0.2 s~Ref. 5! and 2–20 s, respectively
so that a liquid-metal atom can justifiably be considered
be fixed relative to a charged particle, and convection p
cesses can be neglected.6 In the present study both condition
are satisfied and thus the Fick second-order equation ca
used for the calculations.7

The samples were silicon–aluminum~Si–Al! structures
consisting of KÉF-32 grade silicon and chemically pure al
minum. The structures were annealed using an electron
beam having a particle energy up to 6 keV, a cross-sec
diameter of 50 mm, and current up to 30 mA. The worki
gas was air. The uniformity of the particle energy distrib
tion over the cross section was better than 98% and the e
tron and ion concentrations were 0.331020cm23 ~Ref. 8!
and 0.331015cm23 ~Ref. 9!, respectively.

The Al temperature was determined using a Promin’ m
cropyrometer, the Si content in the Al was determined
6181063-7850/99/25(8)/3/$15.00
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weighing and using an MAR-2 x-ray microanalyzer, the r
sistivity was measured using a TsIUS-2 device, and the c
ductivity of the structure layers was determined from t
magnitude and sign of the thermo-emf. The distribution
the Si atoms in Al was determined by a metallograp
analysis of cross sections of the samples.

According to Kireev,4 the average energy imparted to a
aluminum atom by an electron is 0.23 eV and that impar
by an oxygen ion is 6.8 keV, which is quite sufficient to for
vacancies.

Taking into account the energies of the oxygen ions a
electrons imparted by them to the Al, and using Refs. 10
11, we can determine the vacancy concentration
131019cm23. This is more than an order of magnitud
higher than the vacancy concentration formed under the
tion of a purely thermal field (1.631018cm23). From this it
follows that a vacancy gradient forms in the Al surface lay

FIG. 1. Variation of Si solubility as a function of temperature for vario
durations of ion–electron irradiation:1 — 2 s, 2 — 40 s, 3 — 60 s, 4 —
90 s, 5 — solubility determined from phase diagramI 53 –30 mA,
U56 kV!.
© 1999 American Institute of Physics
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FIG. 2. Distribution of Si atoms in Al after ion–electron bombardment with a currentI 52.8 mA, accelerating voltageU53.6 kV, and initial Al layer
thicknessh53 mm: a — beginning of motion of Si layer dissolved in melt distorted by mechanical treatment (t52 s!, b — time of motion of the layer of
surface Si atoms in the middle of the Al layer (t53 s!, c — distribution of resistivity over sample profile:1 — 5 element series,2 — 7 element series,3 —
10 element series,I — Al–Si interface.
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whose concentration corresponds to the particle concen
tion in the ion–plasma flux.

When the Al–Si structure is annealed by an ion–elect
beam, a temperature gradient of 70–35°C forms between
layers in the range 1053–1388 K. The existence of these
gradients leads to the formation of a vacancy flux in
direction of the Si surface. Bearing in mind the vacan
mechanism of diffusion, we can predict that Si atoms will
entrained by the vacancy flux.

If we only use the vacancy concentration gradient
determine the duration of the saturation of the melt by
a-

n
he
o

e
y

i

atoms to the saturation level in the Fick equation, we obse
that in this case, the durations of saturation for melting in
uniform thermal field (t1) and under ion–electron bombard
ment (t2) are t151431026 s and t2590 s. An analysis of
these facts indicates that in the first case, the Si atoms e
ing the melt reach its surface almost instantaneously. T
makes it impossible to control the melting process, wh
agrees with known data.12

In the second case, the Si atoms are entrained by va
cies, which leads to slowing of the diffusion process and
solubility of Si (sSi) in liquid Al becomes dependent on th
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irradiation time ~Fig. 1!. An analysis of this dependenc
shows that for irradiation times,90 s, the value ofsSi is
lower than that calculated from the phase diagram of Al–
The maximum difference between these values is observe
t52 s, i.e., when the front of Si atoms is located in the m
as shown in Fig. 2a. From this time onward, it is possible
regulate the quantity of Si in the melt by varying the surfa
irradiation regime.

However, if entrainment occurs, the solidification of
in the irradiation zone should follow different laws to th
outside this zone. In fact, an image of an oblique polish
section of the melt shown in Fig. 2b suggests that the d
dritic Si ribbons near the surface in the irradiation zone
predominantly directed almost normal to the Si surfa
whereas at the beginning of dissolution~Fig. 2a! they are
distributed randomly. The departure from the normal is e
dently caused by the thermal motion during the Al solid
cation process whose duration did not exceed 1–2 s.

The Si atoms in the surface region are weakly bound
the crystal structure and thus have a considerably higher
of dissolution in liquid metals. On entering a vacancy regi
an Si atom begins to be reflected from its inner surfa
being delayed in the vacancy region for some time, dur
which it can become displaced with the vacancy toward
Si surface. On its path the vacancy–Si structure encoun
Si atoms and free vacancies. These readily interact to form
atom complexes and the expansion of the vacancy reg
i.e., the vacancy rapidly stimulates saturation of the m
with Si atoms. This gives rise to some characteristic featu
of the entrainment effect: we only obtain an Al melt with
maximum Si content and it is possible to obtain melt zon
completely free from semiconductor atoms~Fig. 2b!. This
advantage fully explains the mechanism for obtaining Ohm
contacts in Ref. 13. In addition, the linearity of the fronts
surface atoms dissolved in the melt and the Si bulk indica
that the vacancies are distributed uniformly over the fl
cross section, which is clearly attributable to the unifo
particle distribution over the cross section of the ion
electron beam.

Figure 2c shows the distribution of the resistivity ov
the sample profile. Some increase in the resistivity in
rangex50–109.15mm is caused by the formation of a laye
of Si and Al solid solution, formed by atoms of the surfa
layer of the silicon substrate. A chemical analysis of t
structure showed that this layer could only be removed
using a mixture of nitric and hydrofluoric acids, which su
gests that it has semiconducting properties. This is also i
cated by a severalfold increase in the amplitude of
thermo-emf and a change in its sign compared with sim
values for the initial aluminum film. The considerably high
Si content in this zone can only be explained by the h
concentration of atomic-size voids, in which several Si ato
can accumulate, and by the formation of bonds betw
them. This process undoubtedly involves trapping of Al
oms, which leads to the formation of an Al–Si solid solutio
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At high concentrations of these complexes or even wh
they merge, the vacancy generation process ceases an
subsequent growth of the layer thickness is accomplished
the diffusion of Si atoms through the liquid Al layer caus
by the temperature gradient in the Al–Si structure and
thermal motion of the atoms. Ultimately this may result
the formation of a continuous layer having semiconduct
properties. When this layer was removed, we observe
shiny layer of metallic Al (x 5 109.15–109.3mm! which
could be removed using hot sulfuric acid. It should be no
that in similar investigations of an Au–Si structure, this lay
was gold-colored and could be removed using aqua re
etchant.

Abruptly heating and cooling the structure leads to
exponential increase in the dislocation concentration in
Si crystal from 53105 cm22 at the 3.27mm boundary until
these merge near the metal–semiconductor interfacex
5109.3mm! to form dislocation loops and ribbons, whe
the thickness of this layer did not exceed 0.5–0.8mm. The
formation of Cotrell clouds can explain the low resistivity
the rangex 5 109.3–109.6mm ~Fig. 2c!. The dislocations
are bulk-type defects as they move in the irradiation zo
and can thus transfer Al atoms to appreciable distancesX
5109.3–326.6mm!.

To sum up, when an Al–Si structure is bombarded w
low-energy particles, an effect involving entrainment
semiconductor atoms by a vacancy flux occurs in the liq
metal, and the parameters of this effect can easily be c
trolled by varying the electron–ion irradiation regimes of t
melt surface.
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Change in the properties of BT-23 titanium alloy induced by implantation of iron
and zirconium ions followed by exposure to a low-energy high-current electron beam

E. A. Bazyl’, A. D. Pogrebnyak, B. P. Gritsenko, S. V. Sokolov, V. V. Sta ko,
N. V. Sviridenko, and S. N. Bratushka

Sumy State University, Ukraine
~Submitted April 13, 1999!
Pis’ma Zh. Tekh. Fiz.25, 66–73~August 12, 1999!

Atomic physics methods, atomic force microscopy, and testing of microhardness, wear
resistance, and friction coefficient were used to investigate Ti41–V41–Al18 samples implanted
with iron ~60 kV! and zirconium~40 kV! ions, and then exposed to a high-current
electron beam with energy fluxes of 2.7 and 5.5 J/cm2. The maximum concentration of iron ions
is 16.5 at.% at a depth of 85 nm and that of zirconium ions 0.85 at.% at 56 nm. After
double implantation, the friction coefficient decreases and the wear resistance increases. After
implantation and high-current electron beam treatment, the depth of the hardened layer
and the wear resistance increase. ©1999 American Institute of Physics.
@S1063-7850~99!01208-2#
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Promising methods of treating the surface of comp
nents made of fire-resistant materials operated under
cyclic loading, elevated temperature, abrasive wear, and
on, are ion implantation1–5 and treatment with high-curren
electron beams.6–11 These treatments can substantially im
prove various characteristics of components made of ste
titanium alloys, and other materials such as the fatigue lim
fire resistance, resistance to salt corrosion, electrical ero
resistance, and so on.1,5,10,11Ion implantation,12 high-current
electron beam treatment,11 or high-power ion beam
bombardment10 are mainly used separately for this treatme
It should be noted that a considerable number of studies h
been made of the ion implantation of titanium alloys1,5,10,11

and high-current electron beam treatment, but double
plantation of iron and zirconium ions followed by high
current electron beam treatment has only been used in
present study. The aim of the present study was to mak
experimental investigation of the physicomechanical prop
ties of Ti41–V41–Al18 after double ‘‘duplex’’ treatment9 ~im-
plantation of iron and zirconium alloys followed by exposu
to a low-energy, high-current electron beam!.

For the investigations we used samples of BT-23 t
nium alloy measuring 2231832 mm having polished sur
faces. Ion implantation was carried out using a Dian
vacuum-arc implanter atE560 kV for the iron ions and
E540 kV for the zirconium ions, with a pulse duratio
around 200ms and a pulse repetition frequency of 50 H
The low-energy, high-current electron beam irradiation w
provided by a Nadezhda-2 accelerator with beam parame
Eat 5 10–20 keV,j 5102–23103 A/cm2, pulse duration be-
tween 2 and 4ms, in a vacuum of 1025 Torr. The concentra-
tion profiles of the iron and zirconium ions were analyzed
Rutherford backscattering of 2 MeV helium ions. The co
centration profiles of the carbon and oxygen ions were
tained using proton elastic resonance~1.744 MeV! and the
elastic resonance of the16O(14He, 14He)16O reaction at
6211063-7850/99/25(8)/3/$15.00
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around 3.045 MeV. The surface inhomogeneities formed a
result of low-energy, high-current electron beam treatm
and ion implantation were measured using an atomic fo
microscope. The wear resistance was determined by an a
sion test~ball–disk system! at frequency 7.2 Hz and 2.2 N
load which is described in greater detail in Ref. 3. The m
crohardness was measured using a Knoop pyramid nan
dentor at a load of 100 g.

All the implantation regimes and irradiation paramete
are given in Table I. Figure 1a shows the Rutherford ba
scattering spectrum measured for a Ti41–V41–Al18 sample
implanted with iron and zirconium ions. The right-hand si
of the spectrum clearly shows an iron peak and a zircon
peak. An additional analysis made using nuclear-reac
elastic resonance and proton elastic resonance reveale
profiles of the oxygen and carbon atoms in the surface la
~Fig. 1b!. We know that in high-dose, high-intensity implan
tation ~in the pulsed regime! the sputtering of the surfac
increases substantially as the atomic number and ato
mass of the implanted ion increase.1,2 As a result of the im-
plantation~incident iron ion dose 531017cm22) the maxi-
mum iron concentration is only 16.5 at.% and the maxim
zirconium concentration around 0.85 at.%~incident zirco-
nium ion dose 531016cm22). In addition to the implanted
impurities, carbon atoms are implanted in the surface la
from the residual atmosphere of the implanter chamber, t

TABLE I. Parameters for implantation and electron beam irradiation
Ti41–V41–Al18 titanium alloy ~irradiation time 200ms, one pulse!.

Ion current Energy
Dose, cm2 E, kV density, density Eat , tpulse,

No. Fe Zr Fe Zr mA/cm2 W, J/cm2 keV mS

1 831016 531016 60 40 1.8 2.7 10215 4
2 131017 531016 60 40 2.2 5 10218 4
3 531017 531016 60 40 3.5 5 10220 2.5
© 1999 American Institute of Physics
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maximum concentration being around 36 at.%. The conc
tration of oxygen atoms decreases since the oxide film
as a protective shield for the penetration of carbon into
surface layer and for sputtering of the substrate material.
instance, when a 531016cm22 dose of iron ions is im-
planted, the oxygen concentration near the surface~around

FIG. 1. a — Rutherford backscattering energy spectrum obtained u
2.430 MeV He14 for a Ti–V–Al samplesafter implanting a 531017 cm22

dose of iron ions~60 keV! and a 531017 cm22 dose of zirconium ions
~40 kV!; b — energy spectrum obtained by the proton elastic resona
method atEp51.744 MeV to determine the carbon concentration:N —
channel number,A — count.
n-
ts
e
or

30 nm! is approximately 2.5 at.% whereas for a 131017

cm22 dose at the same depth, this concentration is aro
1.4 at.%. Exposure of the Ti–V–Al samples after iron a
zirconium implantation to a 5.5 J/cm2 low-energy high-
current electron beam leads to melting of a surface layer
to 3.5mm thick8,10 and partial evaporation of a surface lay
of a few tens of nanometers. As a result of this treatment,
size of the inhomogeneities increases to 200–220 nm~Fig.
2a!, iron and zirconium become redistributed in the surfa
layer ~i.e., their peak concentration drops!, and the concen-
tration of carbon and oxygen increases at large depths~al-
most up to 400 nm!.

Measurements of the wear resistance of the samples
der nonlubricated friction after double implantation~Fig. 2b,
curve2! show a slight reduction in the wear. However, aft
exposure to the low-energy high-current electron beam,
wear resistance increases abruptly~curve 3! despite an in-
crease in the surface roughness. Testing to measure the
tion coefficient showed that after double ion implantati
~iron ion dose 531017cm22 and zirconium ion dose
531016cm22) the friction coefficient is reduced more tha
1.8 times. After low-energy high-current electron beam tre
ment, the friction coefficient increases but is lower than t
in the initial state. Measurements of the microhardness us
a nanoindentor~100 g load! revealed an increase in the m
crohardness to 7 GPa at a depth of 180 nm, which is tw
the depth of the ion range. Subsequent low-energy, h
current electron beam treatment~5.5 J/cm2) leads to an even
greater increase in the hardness~to almost 9 GPa! and the
depth of the hardened layer is increased to at least 500
However, the microhardness maximum is shifted into
hardened layer. We can postulate that the double impla
tion of iron and zirconium ions leads to the formation
Fe–Ti–C which reduces the friction coefficient and increa
the wear resistance.13–15 It was shown in these studies th
implantation of Ti and Ti1 C into iron and steel leads to th
formation of Ti2C and TiC carbides and the Fe2Ti phase,
which is inclined to amorphization.

To sum up, implantation of iron and zirconium ions im
proves the operating characteristics of BT-23 alloy such
wear resistance, friction coefficient, and hardness. Sub
quent exposure to a low-energy, high-current electron be
at 5.5 J/cm2 increases the depth of the hardened layer and
friction coefficient.

This work was partly financed by the Ukraine Ministr
of Science and Technology~Raduga Project 7.5.4/73–93
005K/95! and by the Department of Electrical Engineerin
of Nagaoka University of Technology, Nagaoka, Japan.

The authors thank Professor K. Yatsui and A. P. Kobz
for assistance with the experiments.
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FIG. 2. a — Atomic force microscope images o
the surface of a Ti41–V41–Al18 sample after im-
planting a 531017 cm22 dose of iron ions and a
531016 cm22 dose of zirconium ions followed by
treatment with a low-energy, high-current electro
beam with energy flux 5.5 J/cm2, t52.5ms, E
510–20 keV; b — time dependences of materi
wear as a result of friction of a 100 Cr6 steel ba
on the surface of Ti41–V41–Al18 samples:1 —
initial state,2 — after implanting a 131017 cm22

iron ion dose and a 531016 cm22 zirconium ion
dose;3 — after implanting a 531017 cm22 dose
of iron ions and a 531016 cm22 dose of zirco-
nium ions;U — material wear.
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Formation of gas folds during pressing of Y 1Ba2Cu3O72d powder

S. A. Churin

Institute of Microstructure Physics, Russian Academy of Sciences, Nizhni� Novgorod
~Submitted July 16, 1998; resubmitted January 15, 1999!
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Conditions for the formation of density discontinuities during pressing of Y1Ba2Cu3O72d

powder are described. The experimental results are explained using catastrophe theory. It is
hypothesized that the density discontinuities are gas folds formed during pressing.
© 1999 American Institute of Physics.@S1063-7850~99!01308-7#
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One of the obstacles preventing the use of hig
temperature superconductivity is the fabrication of produ
of specified dimensions and high density from hig
temperature superconductor~HTSC! powder. These product
fabricated by pressing are of independent scientific and te
nical interest and also form the initial materials for t
charges used to obtain long HTSC crystals by
Bridgman–Stockbarger method1,3 or zone refining.2 The
crystals thus obtained have a substantially higher critical c
rent density than the initial charges. It was shown in Re
that the presence of pores in the charge leads to a los
crystal stoichiometry during the crystallization process an
variation of the crystal parameters over length. The loss
stoichiometry increases as the concentration and sizes o
pores increases. The formation of long, high-dens
Y1Ba2Cu3O72d charges is thus quite a topical issue. Ho
ever, the fabrication of charges by pressing is accompa
by the formation of various defects, including density d
continuities.

The phenomenon of powder stratification was descri
in Ref. 5 using a continuum model of the pseudoliquefact
of multicomponent media. This phenomenon was explai
by the existence of friction between the powder and the t
walls, which leads to a multivalued distribution of the pow
der flux velocity over the tube length. We shall show that
density discontinuities formed during the static pressing p
cess may also be a gas fold: some of the gas filling the p
in the charge collects in a single plane during pressing. In
present paper we report some results of experiments on
pressing of Y1Ba2Cu3O72d powder and calculations usin
catastrophe theory6,7 which can be used to determine the c
ordinates of the fold formation.

The powder~typical grain size 10mm! was poured into
cylindrical molds 15 or 50 mm in diameter and compac
using a press. The density of the charge did not exceed 2
cm3. After pressing at a pressure of 53104 N/cm2 the den-
sity of the charge increased to 3.5 g/cm3. The piston velocity
during the pressing process was;1 mm/s. After the
;50 mm long finished article was removed from the 15 m
diameter mold, in some cases~at pressures higher tha
13104 N/cm2) this disintegrated into two or three fragmen
1.5–2 cm long. A density discontinuity ran over the cro
sectional surface. The surface of this discontinuity revea
6241063-7850/99/25(8)/2/$15.00
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no steps typical of breaking, and the convexity of the disc
tinuity surface was directed toward the piston. The norma
the discontinuity surface on the symmetry axis coincid
with the axis of the mold. For the 50 mm diameter charge
length of the fragments was several millimeters out of a to
charge thickness of 7–8 mm. In this case, the convexity
the discontinuity surface was directed away from the pis
surface. On either side of the discontinuity, surface the d
sity of the products varied continuously. In order to ma
numerical estimates to determine the coordinates of the f
using catastrophe theory,6,7 we need to find the gas velocit
distribution over the length of the charge during pressi
We shall consider the pressing process in greater detail.
simplicity we shall consider the one-dimensional motion o
powder in a semi-infinite medium. Under the action of t
piston, the powder and the gas filling the pores begin
move, and the porosity of the charge and the gas pressu
it vary. Naturally, the volume of the charge is connected
atmosphere and some of the gas is expelled from the ch
under pressure. However, the gas escape rate dep
strongly on the porosity of the medium and the distance c
ered before the gas reaches the boundary of the charge,8 and
in our case was much lower than the velocity of the pist
Thus, a gas pressure gradient will always exist over
length of the charge during pressing. Under the action of
pressure gradient, the gas begins to move in the pores,
has an average velocity at the exit from a section of thickn
Dj determined by the Darcy law:8

^v&5h21K~P¹^p&1^p&¹P!, ~1!

where h is the viscosity of the gas,K5P33d23(1
2P)22, d is the characteristic pore size,P is the porosity of
the medium,¹P is the porosity gradient of the medium,^p&
is the average gas pressure in the medium,and¹^p& is the
average gas pressure gradient in the medium for the sec
Dj. In expression~1! we neglected the gravitational force. I
order to simplify the following estimates, we shall assum
that the porosity of the charge is constant and the pressu
a function of the charge length and does not vary with tim
In this case, the average gas velocity is:8

^v&'2h21KP¹^p&. ~3!
© 1999 American Institute of Physics
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In order to find the average gas pressure in the powder^p&,
we shall assume that the pressure distribution over the ch
length is given by:9

p~j!5p0S 12expS 2
R2

2nj2D D , ~4!

wherep0 is the pressure at the surface of the piston,R is the
radius of the cylindrical charge, andn is a coefficient which
determines the transfer of vertical load to the side wall of
mold. Expression~4! was derived and checked experime
tally for soil. Its application in the present case can be ju
fied by the fact that soil, like HTSC powder, is a low
plasticity oxide, and therefore it is predicted that they w
exhibit the same behavior under pressing. The pressure in
gas filling the pores of the charge will obviously be low
than that in a powder, but we shall assume that its distri
tion over the length of the mold is also described by the l
~4! to within the constant factor. We shall also assume t
the average pressure in the sectionj i ,j j will be equal to the
pressure at the center of the selected section:^p&'p(^j&). In
this case, the average velocity at the pointj50.5(j i1j j )
will be given by:

v~j!'^v&'h21KPp0 expS 2
4a2

j2 D 8a2

j3
, ~5!

wherea25R2/2n. Since the pointsj i and,j j were selected
arbitrarily, we can assume that the expression for the
velocity ~5! holds for the total thickness of the charge. W
shall then use a standard approach to determine the co
nates of fold formation.6,7 We shall assume that in the se
tion j i ,j j the gas particles propagate at constant velocity~5!.
The coordinate for the beginning of formation of a gas fo
may be determined from:6,7

xs5j1v~j!~ t2t0!, ~6!

wherej is the Lagrange coordinate of the gas flux,t is the
time of motion, andv(j) is the gas velocity in the powde
which is given by~5!. Determiningd^v&/dj and equating
this to zero, we find that forj.(8/3)0.5a the derivative be-
comes negative and forj,(8/3)0.5a it is positive, i.e., in this
case the gas can move toward the piston. Then, finding
second derivative~5! with respect toj and equating this to
zero, we determine the two roots of the algebraic equat
j15(3.5)0.5a andj25(1.5)0.5a. We recall thatj1 andj2 are
the Lagrange coordinates at which a fold begins to form. I
then easy to determine the coordinate of fold formation:

xcr5jcr2
v~jcr!

v8~jcr!
, ~7!

wherejcr is eitherj1 or j2. Performing the necessary calc
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lations we find two values for the beginning of fold form
tion: xcr1'4.48a and xcr2'0.54a. We postulate thatxcr1 is
responsible for fold formation for small mold diameters.
reverse fold does not have time to form for small mold
ameters — a considerable fraction of the gas filling the po
escapes from the charge along the powder–mold interf
For the larger-diameter mold, a reverse fold does not h
time to form and corresponds to the coordinatexcr2. The
density discontinuity over the cross-sectional surface is a
caused by the escape of gas from the charge. Taking
account the boundaries of the mold, the gas pressure d
bution ~4! is a function of the instantaneous radius of t
mold. The expressions given above forj1 andj2 can be used
to check the experimental results numerically. We shall ta
the mold radius to be 0.75 cm andn to be 1. At this point, it
should be noted thatn does not exceed 1. In this case, w
obtaina'0.5 cm andxcr1'2.2 cm, which shows satisfactor
agreement with the experimental results. Performing sim
calculations for the larger, 50 mm-diameter mold, we fi
that the coordinate of reverse fold formation isxkp2'9 mm.
This value differs appreciably from that observed experim
tally because of the approximate nature of the calculat
model and because in our case, the pressure distribu
function ~4! near the surface of the piston differs apprecia
from that proposed in Ref. 9. If the charge is sufficien
long, several successive folds may form, at approxima
equal intervals. The formation of folds can be prevented
evacuating gas from the porous medium to a pressure
than 10 Pa before the beginning of pressing. The forma
of folds is also observed during the pressing of other ma
rials such as Y2O3.

This work was carried out under Project 95032 in t
Superconductivity Section of the Program ‘‘Topical Pro
lems in Physics of Condensed Media.’’
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Dependence of the microwave surface resistance on the structure and thickness of
superconducting cuprate films

S. F. Karmanenko, A. A. Svishchev, A. A. Semenov, I. T. Serenkov, V. I. Sakharov,
and A. V. Nashchekin

St. Petersburg Electrotechnical University, St. Petersburg;
A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
~Submitted March 29, 1999!
Pis’ma Zh. Tekh. Fiz.25, 79–88~August 12, 1999!

An investigation is made of the microwave surface resistanceRs measured at 10 GHz and 77 K,
as a function of the thickness of superconducting epitaxial films of yttrium barium cuprate
grown on lanthanum aluminate substrates by magnetron sputtering. Films between 200 and
1800 nm thick have low valuesRs ~0.3–0.5! mV and do not show any deterioration. The
level of Rs achieved in films of comparatively large thickness is mainly attributable to the low
rate of film growth~0.8 nm/min!. © 1999 American Institute of Physics.
@S1063-7850~99!01408-1#
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Studies of the microwave surface resistanceRs of yt-
trium barium cuprate YBa2Cu3O72d ~YBCO! superconduct-
ing films as a function of the thicknessh were started more
than ten years ago. Then, in the initial period of research
the behavior characteristics of YBCO films in the rf
microwave range, we observed1 a nonmonotonic dependenc
Rs(h) which was later studied in greater detail.2,3 Since then,
interest in this dependence has remained undiminished
cause this subject is not only of scientific value, but also
important practical applications. This is confirmed by a
cent publication4 in which Storket al. reported some dete
rioration in the quality of YBCO films with increasing thick
ness. The depth of penetration of the magnetic fieldlL in a
YBCO film at 77 K is at least 300 nm~Refs. 4 and 5! and
superconducting lines of thickness several timeslL are
needed to transfer a high-power microwave signal with
additional losses. Hence, YBCO films more than 1mm
thick7 are required to develop microwave film devices.

Vendik et al.2,3 observed that the critical thickness
YBCO films is 300–400 nm, and an increase in thickne
causesRs to increase to a high level, incompatible with th
requirements of microwave cryoelectronics. The existenc
a critical thickness was observed when YBCO films we
grown on various types of~100!-oriented substrates havin
the mismatch parameterj52(a12a2)/(a11a2), wherea1

anda2 are the unit cell parameters for the substrate and
material.

Two types of substrate should be distinguished. Struc
ally matched substrates of perovskite compounds have a
match parameterj 1.0–2.0%; for instance, SrTiO3, LaAlO3,
NdGaO3, and a heteroepitaxial BaxSr12xTiO3 layer grown
on an MgO substrate.3 The other type of substrates exhib
strong structural mismatch, such as MgO (j;9%),
zirconium-stabilized yttrium oxide~YSZ, j;6%), and a
heteroepitaxial CeO2 layer on ana-Al2O3 @1012# substrate
~cerium dioxide onr-cut sapphire!.6

The deterioration of the film structure occurs becau
after the critical thickness has been reached, the film gro
6261063-7850/99/25(8)/4/$15.00
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mechanism is impaired and a granular layer forms on
surface. The film becomes two-layered: the lower layer
highly oriented while the upper layer is either misoriented
granular. The growth mechanism is impaired by the build
of stresses in the structure of the YBCO film and th
‘‘sink’’ effect in the network of interfaces formed when th
growth mechanism breaks down. In this way, the def
structure of YBCO films of above-critical thickness becom
stabilized.

The c'-oriented structure is most likely a metastab
phase of YBCO.7 The formation of a granular layer on th
surface is similar to the mechanism for the formation o
‘‘columnar’’ structure, observed on superconducting films
niobium compounds, such as NbN and Nb3Ge~Ref. 8!. If the
width of the layer boundaries between the columns does
exceed the coherence length of the appropriate super
ductor, conditions for a superconducting current are es
lished in the granular structure. A similar structure is resp
sible for the exaggerated values ofRs and the additional
microwave losses, which may be identified in experime
where a static magnetic field is applied to the microwa
cavity.9

The mechanism for the formation of three-dimension
defects in the form of a regular network of pores~pinholes!10

is more favorable for reducing the microwave residual los
in superconducting films. The almost straight-through po
or ‘‘wells,’’ where impurity phases can be identified at th
bottom, play the same role in the stress and impurity sink
the network of intergranular layers. In this case, howev
there are no barriers for the superconducting current and
microwave losses are reduced. A porous defect structure
overcome the micron barrier for the formation of highly o
ented YBCO films, and the presence of a network of thr
dimensional defects has little influence on the characteris
of planar topologies used in microwave cryoelectroni
However, the presence of pores in the films plays a nega
role for other applications. In a porous structure, the no
level increases, such as the low-frequency flicker noise c
© 1999 American Institute of Physics
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FIG. 1. Determination of the component compos
tion of a 1.8mm thick YBCO film ~No. 3118! from
the scattering spectrum of 231 keV nitrogen ion
the ratio of the cationic components Y:Ba:Cu
0.92 : 0.138 : 0.231 or 2 : 3 : 5.
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b —
acterized by the Hooge parametera since a pore is an inde
pendent fluctuator.11 The parametera determines the oper
ating characteristics of antenna microbolometers, i.e.,
detection sensitivity and the equivalent noise power in
submillimeter range.12 Porous films cannot be used in la
ered structures because of possible ‘‘punctures’’ and shor
of the layers. Thick porous films have many advantages,
smooth YBCO films more than 1mm thick are required to
fabricate cryoelectronics devices. Thus, we need to se
for mechanisms of formation in which the epitaxial structu
in YBCO films is stabilized by low-dimensional defects.

In the present study we investigate the growth of epit
ial films more than 1mm thick on LaAlO3~001! ~LAO! sub-
strates. The films were deposited by dc magnetron sputte
of a stoichiometric target. Details of the growth process
the YBCO films were presented in Refs. 3 and 7. The mic
wave surface resistance was measured using a plane–
resonator method~Taber method13! at 10 GHz and 77 K.
Medium-energy ion scattering was used to investigate
structure and composition of the films.3,14 The energy distri-
bution of the scattered ions was analyzed after a 10
230 keV primary H1, He1, or N1 beam had interacted with
the sample. For the analysis we used an electrostatic ana
or semiconductor detector operated in the randomly orien
beam regime, or with channeling along the@001# axis of the
substrate, and we measured the dependences of the refl
ion yield on their energy, Yr(E) and Yc(E), respectively.
The ratio x(E)5Yc(E)/Yr(E), described as the relativ
yield, characterized the perfection of the crystal lattice of
samples.

In order to achieve a two-dimensional mechanism
film growth at the very early stages, as far as 3 ML, t
conditions of formation must be close to equilibrium. A lo
atomic-component flux density and elevated tempera
help to establish more equilibrium conditions of depositio
intensify surface diffusion, and prevent the formation
competingci-phase nuclei. The formation of blocks of alte
native orientation leads to the formation of interblock boun
aries which tend to disrupt the oriented growth mechanis

In the growth regime used, the specific power of t
magnetron discharge was initially set at 30% lower than
rated value, which was;5–6 W/cm2. The discharge powe
e
e
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was increased and the substrate temperature was grad
reduced by 20–30 K over 20–25 min. The substrate temp
ture in the steady-state film growth process was;1000 K.
The results of investigations of ultrathin films showed th
approximately three monolayers formed over this time in
layer-by-layer growth regime~Frank–van der Merwe
mechanism!.14,15 Channeling was observed on the Ba–

FIG. 2. Physical characteristics of YBCO films as a function of thicknessh:
a — microwave surface resistance measured at 10 GHz and 77 K;
relative yieldx of He1 ions of initial energy;200 keV determined from
the intensity ratio of the scattered ion flux in the channeling regime Yc(E) to
the flux in the random orientation regime Yr(E).
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sublattice and the composition of the films was close to s
ichiometric or had a small copper and barium deficit. Pho
micrographs of the surface revealed homogeneous morp
ogy with no islands, pores, or outgrowths.

Cationic and planar defects, i.e., corner and twinn
boundaries, and edge dislocations, can be used to stab
the superconducting phase on substrates with lowj. At cer-
tain stages in the growth, screw dislocations develop, p
moting the evolution of a surface relief. Thermodynam
estimates15 showed that for the growth regimes used, con
tions for the formation of the equilibrium~123! phase do not
exist but various mechanisms of defect formation and st
lization of the perovskite compound are probable. An ana
sis of equilibrium in a YO1.5–CuO–BaO system using meth
ods of geometric thermodynamics showed that the Gi
potentialDG of the~123! phase should be reduced to a min
mum of 50 kJ/g-atom by means of nonequilibrium defec
i.e., by 20–25%. One of the probable mechanisms for
ionic defect formation is the formation of an orthorhomb
phase, assumed to have the composition^235& ~Ref. 15!.
This assumption is based on studies of the cationic com

FIG. 3. Surface morphology of YBCO films of different thickness: a
epitaxial film ;500 nm thick, b — highly oriented surface layer of 1.8mm
thick film ~No. 3118, see Fig. 1!.
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sition of YBCO films grown on LAO substrates. Films ha
ing the highest critical parameters have a low barium a
copper deficit. This conclusion agrees with the experimen
results obtained in Ref. 16. Figure 1 shows the mediu
energy ion backscattering spectrum obtained when YBC
LAO sample No. 3118, having a film thickness of;1.8mm
and Rs'0.3 mV, was bombarded with nitrogen ions. Th
spectrum showed that the film has the composit
Y1.2Ba1.8Cu3O72x , which corresponds to the ratio^235&.

Figure 2a gives the dependenceRs(h) for YBCO/LAO
films grown under steady-state conditions at a rate
;0.8 nm/min. This curve is hyperbolic and does not exhi
extrema similar to those observed for YBCO/BSTO/Mg
films.1–3 For comparison, the dashed curve in Fig. 2a giv
the dependences of the surface resistanceRs /Rs0 measured
earlier, in arbitrary units for whichRs0 is ;5 mV at 60 GHz
and 4.2 K~Ref. 3!.

The monotonic behavior ofRs(h) for film thicknesses
less that 1mm agrees with the dependencexS(h) of the rela-
tive yield measured from the extremum ofx(E) at the sur-
face of the film~near the maximum energy of the scatter
ions!. The graph ofx(E)S plotted in Fig. 2b differs from the
dependence of the surface resistance plotted in Fig. 2a.
layer-by-layer mechanism of YBCO film growth on LAO
substrates is probably achieved up to a thickness of aro
1 mm in the growth regime described above. At;500 nm
thickness, various light formations appear on the surfa
which could decorate interblock and corner boundaries. F
ure 3a shows a photomicrograph of the surface of
;500 nm thick film. This occurs because the free surfa
energy is substantially reduced along lines of planar defe
which promotes the attachment of competing-phase nucle
these defects. When the thickness increases to;1 mm,
screw dislocations begin to reach the surface of the fi
three-dimensional dominant-phase nuclei begin to form,
the layer-by-layer growth is replaced by the growth of is
lated pyramids and columns along the dislocation axis. F
ure 3b shows the surface morphology of sample No. 31
;1.8mm thick, which reveals a cellular morphology wit
isolated microblocks of 250–300 nm. Isolated crystallites
a competing phase measuring around 0.5mm are observed
on the surface. The microblock size of the structurally p
fect phase can be used to estimate their density as;~1–2!
3109 cm2. This estimate agrees with the density of nuc
ation centers of thec'-oriented phase determined in Ref. 1
The formation of microblocks of the dominant phase a
isolated crystallites of the competing phase leads to an
creased yield of scattered ions in the channeled regi
Yc(E). However, this feature of the growth mechanism do
not appear on the curveRs(h). Thicker~greater than 1.2mm!
YBCO/LAO films are most likely ‘‘two-layer.’’ The epitax-
ial layer is transformed into ac'-highly oriented upper layer
having a pyramidal columnar structure in which the micro
lock boundaries contain no competing phases and do
introduce additional microwave losses.

A barium and copper deficit in the YBCO films may b
provided by an ‘‘on-axis’’ film deposition regime at a low
working gas ~argon–oxygen mixture! pressure, 30–40 Pa
When the substrates are positioned in the forward projec
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of the erosion zone, the growing films are exposed to
action of the glow discharge plasma, which results in a sli
deficit of the component most liable to resputtering, i.
barium. The excess yttrium atoms in the crystal lattice
cupy barium positions, which leads to the formation of su
stitutional YBa defects which help to stabilize thec'-oriented
phase. Another mechanism for self-regulation of the fi
composition also appears, in which crystallites of a comp
ing phase~presumably BaCuO2), containing no yttrium at-
oms and possessing dielectric properties, reach the surfa
the film. The structurally perfect orthorhombic phase exp
nuclei of the competing phase to the surface, their size
creasing as the film grows. It should be noted that
competing-phase crystallites can be almost completely
moved from the surface as a result of treatment in orga
liquids or ionic purification~which should be followed by
heat treatment of the films in oxygen!. Measurements of the
electrical parameters of the YBCO films, which are indic
tors of the^235& phase, revealed thatTc reaches 93.5 K, the
Hooge constant has the lowest values yet recorded,;2
31024 at 93 K ~Ref. 12 and 17!, and the microwave surfac
resistance measured at 77 K and 10 GHz is;331024 mV.

To sum up, we have shown that YBCO films up to 2mm
thick can be formed without any increase in the microwa
surface resistance. For epitaxial smooth YBCO/LAO str
tures we observed a change in the growth mechanism
thickness of;~1.0–1.2! mm.

This work was carried out under Projects Nos. 980
and 98031 under the ‘‘Superconductivity’’ Program.

The authors are grateful to I. B. Vendik and O.
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Particle size distribution in a coagulating dusty plasma
I. A. Belov, A. S. Ivanov, D. A. Ivanov, A. F. Pal’, A. N. Starostin, and A. V. Fillipov

‘‘Kurchatov Institute’’ Russian Science Center, Moscow, Russia
~Submitted March 18, 1999!
Pis’ma Zh. Tekh. Fiz.25, 89–95~August 12, 1999!

A modified version of the classical coagulation theory in the diffusion approximation is used to
study some anomalies in the behavior of the particle size distribution function. It is
established that unlike a normal aerosol, in a dusty plasma the dispersion of the distribution and
the average particle size may decrease with time. ©1999 American Institute of Physics.
@S1063-7850~99!01508-6#
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Studies of the particle coagulation process in a du
plasma and in particular, the behavior of the particle s
distribution function are relevant to the problem of mater
transport and surface contamination in the fabrication
semiconductor devices in microtechnology.1–3 Similar prob-
lems arise in areas associated with plasma-chemical t
nologies for the fabrication of powders.4 In this last case,
coagulation is one of the main mechanisms responsible
dust particle growth. The microparticle size distribution
also important for investigations of a nuclear battery usin
dusty plasma formed by micron-size radioactive particles
an excimer gas such as xenon,5 and for developing new tech
nologies for depositing coatings.6 An important difference
between this situation and the usual aerosol is that the
ticles may undergo monopolar charging with comparativ
large charges while conserving the overall electrical neut
ity of the medium.

We know7 that for a monopolar-charged aerosol, elect
static repulsion leads to the separation of like-charged
ticles, reduces the coagulation rate, and causes a drop i
aerosol concentration. The behavior characteristics of
ticles in a dusty plasma are first, associated with the supp
sion of coagulation as a result of monopolar charging
particle sizes smaller than the Debye shielding lengthRd and
second, equalizing this charge for sizes larger thanRd .

On entering a plasma, dispersed particles become n
tively charged because the electron mobility is substanti
higher than the ion mobility. The characteristic partic
charging time is 1025– 106 s ~Ref. 8!. It should be noted tha
the characteristic discharge time, which is determined by
diffusion and drift, is appreciably longer than the tim
given, but is substantially shorter than the characteri
times for variation of the particle size distribution as a res
of coagulation over a wide range of dust particle sizes
concentrationnd . In view of this, the problems of particle
charging and formation of the distribution function can
separated and solved consecutively.

To be specific, we shall consider the case when the
ization in a plasma is created by fast particles. This exam
is typical of the dusty plasma of a nuclear battery5 where
these particles may be electrons ora-particles depending on
the type of radioactivity. The plasma composition is det
mined by the charge conservation equations~the plasma
6301063-7850/99/25(8)/3/$15.00
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quasineutrality condition! and the continuity equations fo
the electrons and ions.5,9 An analysis of these equation
shows that the ratio of the dusty-particle chargesq to their
radius r d and the volume-averaged concentrations of io
N̄1 and electronsN̄2 for a given ionization source powerQ
are functions of the productj5ndr d and are given by the
similarity relations:

N̄25 f 1~j,Q!; N̄15 f 2~j,Q!;
q

r d
5 f 3~j,Q!. ~1!

Assuming thatq;r d , i.e., f 3(j,Q)5const, thenj is propor-
tional to the sum charge collected at the aerosol particles
this case, the relations~1! have a fairly simple meaning, i.e
that the plasma composition is determined only by the sou
power and the total charge collected by the aerosol dispe
in it.

Calculations made using formulas from Ref. 5, taki
into account Eqs.~1!, show that the curve ofq/r d ~Fig. 1!
resembles a slightly broadened Fermi step. It can be s
from Fig. 1 that the ratioq/r d and therefore the particle
floating potentialU5eq/r d are constant over a wide rang
of parameters of the plasma dust component as far as a
tain valuej5j0 , which is determined by the power of th
ionization source. If the initial concentrations and partic
sizes of the aerosol satisfy the conditionj<j0 , then the
inequalityj<j0 holds during the coagulation process, whi
is accompanied by a fall in the particle concentration and
increase in the particle size. This means that the dusty
ticle coagulation process can be studied under the cond
U 5 const.

The coagulation of a polydisperse system with an ar
trary initial particle size distribution is described using a s
lution of the Smolukhovski� system of equations

]nd~r k ,t !

]t
52(

i
S 12

1

2
d ikDG~r i ,r k!nd~r i ,t !nd~r k ,t !

1
1

2 (
i

(
j

G~r i ,r k!u i j
k nd~r i ,t !nd~r j ,t !, ~2!

wherend(r k ,t) is the concentration of particles having rad
betweenr k and r k11 at time t, G(r i ,r j ) are the coagulation
© 1999 American Institute of Physics



a

tes

631Tech. Phys. Lett. 25 (8), August 1999 Belov et al.
FIG. 1. Ratio of charge to radius of dust particles in
xenon plasma as a function of the parameterj. The
numbering of the curves corresponds to different ra
of ionization: (1,2,. . . ,5)̃ Q51019, 1020, . . . ,
1023 m23

•s21.
,

o
a

d by

les.
and
constants of particles having radiir i andr j , respectively,d ik

is the Kronecker delta,u i j
k are the interpolation coefficients

and i , j 51,2,3,. . . ,N ~Ref. 10!.
The influence of the particle charging on the profile

the distribution function was taken into account by renorm

f
l-

izing the coagulation constants in the formulas~2!. This pro-
cedure was carried out using an approached develope
Fuks,7 although the shielded Coulomb potentialw i(r ) was
used as the electrostatic interaction potential of the partic
The ratio of the coagulation constants of the charged
-
-

FIG. 2. Dynamics of variation in particle size dis
tribution per unit volume: a — uncharged polydis
perse aerosol, b — dusty plasma.
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uncharged dust particlesg ik is then given by:

g ik5S E
0

1

expH 1

kT
C ikS r i1r k

x D J dxD 21

,

C ik~r !5eqkw i~r !, ~3!

whereeqk5r kU is the charge of a particle of radiusr k .
The behavior of the coagulation constants of the char

particles in the plasma changes drastically. As the part
size increases, a decrease in the coagulation constants c
by electrostatic repulsion is replaced by an increase cau
by the Debye shielding of the charges. The nonmonoto
dependence of the coagulation constants on the particle
significantly changes the behavior of the particle size dis
bution function with time. Dependences of the concent
tions on the particle sizes, calculated by us taking these
tors into account are plotted in Figs. 2a and 2b. Graphs
nd(r k ,t) for an uncharged aerosol at various times are a
plotted for comparison~Fig. 2a!. The initial distribution was
taken to be a lognormal particle size distribution with a ge
metric standard deviation of two and an average radiur̄ i

51026 m ~the initial total concentration of dust particles
1014cm23). The calculations were made for a plasma hav
the Debye radiusRd58.431026 m and the floating potentia
U50.15 V. The range of variation of the particle siz
(r min51028 m, r max5331025 m) was split intom560 divi-
sions having the relations (m21)ln(rk /rk21)5ln(rmax/rmin).
In order to ensure that the largest particles did not accu
late in the system and distort the distribution function, effe
tive deposition was introduced.

The results indicate that charging of the particles gen
ally slows the coagulation process. At the same time,
behavior of the distribution function changes qualitative
Initially a small fraction whose coagulation is slowed co
siderably less than the larger particles is rapidly remov
This leads to the appearance of clusters having a ‘‘ca
flower’’ structure, consisting of numerous small particle
Collisions between larger particles are impeded by the res
ing Coulomb barrier. As it moves in the direction of increa
ing particle size, the distribution function appears
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‘‘encounter’’ the Coulomb barrier. However, for particle
whose sizes are comparable to or greater than the De
length, the electrostatic repulsion effect decreases and
coagulation becomes more probable. This leads to the ‘
moval’’ of larger fractions in the particle size distribution
The distribution becomes narrower and the dispersion
creases. Another interesting feature in the behavior of
distribution function under these conditions is that the av
age particle size may decrease with time.

To sum up, the behavior of the particle size distributi
in a dusty plasma is anomalous and has many interes
features which may lead to some unusual physical phen
ena important for the production of a nuclear battery,5 such
as the levitation of a long-lived ‘‘quasiliquid’’ dusty struc
ture in an electrostatic trap. At the same time, the poss
technological applications of these effects are quite cle
especially the possibility of developing control measures
prevent the contamination of surfaces during ion etching p
cesses.

To conclude the author would like to thank V. Yu. Bar
nov, V. E. Fortov, A. V. Dem’yanov, and Yu. V. Petru
shevich for useful discussions of this work.
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A mesoscopic CrNi6 system is used to demonstrate the possibility of transitions from quantum to
classical behavior in thermally stimulated tunneling processes. The main mechanism
responsible for these transitions is assumed to be quantum decoherence produced as a result of
thermal interaction between the spin system and its neighborhood. Results are presented
of calculations of the disruption probability for a mesoscopic system as a function of temperature.
It is shown that the main characteristic which can reveal the decoherence effect is the
nonmonotonic behavior of the disruption probability at low temperatures. ©1999 American
Institute of Physics.@S1063-7850~99!01608-0#
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Interest in transitions of mesoscopic systems from qu
tum to classical behavior~and the reverse! is fully justified
from the applied and general physical point of view. Of la
this interest has been predominantly directed toward
recently discovered high-spin magnetic clusters such
Mn12Ac, CrNi6 , and similar. These systems may be o
served in various quasisteady states, usually separated
potential barrier of a few tens of kelvin. Some time ago
was assumed that the transition between these takes
either by tunneling or by thermal activation. It was also a
sumed that the regions where disruption takes place by e
of these mechanisms can be clearly delimited by temp
ture. However, it then became clear that the potential bar
is always overcome~even at temperatures very close to ze!
by the combined action of both mechanisms, i.e., therm
stimulated tunneling.

The process of overcoming the potential barrier can t
be represented schematically as follows. A system bein
thermal equilibrium with its environment can, at a give
temperatureT, acquire the energyE with a specific probabil-
ity P(E,T). This system can then overcome the barrier w
a probability, sayG(E). It is important to stress that pur
thermal activation as understood classically will not exist
anyE, if only because of the need to allow for above-barr
reflection. Naturally, in this sense so-called first-order tr
sitions from quantum to classical disruption, as discusse
Refs. 1–3, are completely excluded. The total probability
the disruption of a mesoscopic system as a function ofT is
given by

Ptot~T!2E
0

`

P~E,T!G~E!dE.

In most cases, a mesoscopic spin system is sufficiently
described using the model of a particle in a two-well pote
tial. Even in the semiclassical case, assuming a quasicon
ous spectrum,G(E) can only be calculated explicitly at th
bottom of the well. For an arbitrary semiclassical poten
U(x) the corresponding value ofG(E) will be
6331063-7850/99/25(8)/2/$15.00
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G~E!5
v̄

p
expS 2

pE

\v̄ D , ~1!

wherev̄5Am/uU8(x5xmin)u is the frequency of the classica
oscillations at the bottom of one of the potential wells and
condition of validity will be: kT!\v̄. Assuming a Max-
wellian energy distribution, for the asymptotic behavior
Ptot in the limit T˜0 we have

Ptot~T!}expS 2pU0

\v̄ D Gv̄3/2\3/2

~\v̄12pk8l 8!3/2
, ~2!

whereU0 is the barrier height. Expression~2! can only be
used to determine the behavior tendency of the total disr
tion probability at low temperatures. With increasing tem
perature, the probability of a particle acquiring higher ene
as a result of interaction with the thermal system of the cr
tal increases exponentially, and the semiclassical expres
~1! becomes unacceptable. For arbitraryT, a numerical
analysis of the system becomes preferable~see, for example,
Refs. 4 and 5!. The numerical schemes used in these stud
involve analyzing an ensemble of identical particles loc
ized in a two-well potential, calculating the energy distrib
tion of these particles~the quasicontinuous spectrum in th
semiclassical approximation or the discrete spectrum in
quantum case!, calculating the probability of crossing th
barrier, and finally determining the fraction of particles th
have crossed the barrier as a result of tunneling or an ab
barrier transition. The latter gives the total probability
disruption of the system.

These schemes give results which show fairly satisf
tory agreement with the experimental data. However, at
temperatures they predict a monotonic decrease in the
ruption probability with decreasing temperature, whereas
viations of the dependence of the disruption probability fro
monotonic are recorded experimentally at temperatures
low 10 K ~see, for instance, Ref. 6!. We postulate that quan
tum decoherence effects accompanying tunneling are res
sible for this behavior.
© 1999 American Institute of Physics
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FIG. 1. Disruption probability as a function of tempera
ture: 1 — probability of thermally stimulated tunneling
allowing for decoherence,2 — probability of thermally
stimulated tunneling in the absence of decoherence3
— probability of thermally stimulated disruption calcu
lated in accordance with Ref. 6,1 — experimental data
from Ref. 6.
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The influence of decoherence on particle tunneling i
symmetric two-well potential was first described by Gro
mannet al.7 The decoherence effect occurred as a resul
an external periodic forceS sin v̄t acting on the system an
was manifest as the ‘‘freezing’’ of tunneling at certain valu
of S andv̄. The authors of Refs. 8–10 then derived expli
expressions for the tunneling probability in the presence
an external periodic perturbation:

Pdec5PJ0S 2V

\v̄ D , ~3!

whereP is the tunneling probability in the absence of a p
turbation andJ0(x) is a Bessel function. In particular, th
zeros ofJ0(x) determine the parametersV and v̄ at which
tunneling is completely frozen and the particle remains
an arbitrarily long time in one of the wells.

We shall model the interaction between a particle a
the thermal system of a crystal by the interaction with a fin
set of classical harmonic oscillations at frequenciesv̄ i , and
we shall assume that the corresponding oscillation am
tudesAi are proportional to the probability of realizing
particular frequency at a particular temperature. ForVi we
then haveVi5Cn(v̄ i ,T)\v̄ i , whereC is the coupling con-
stant. We shall take the distribution functionn(v̄ i ,T) in the
form (exp(\v̄i)/kT)21)21, which gives for the argument o
the Bessel function:C(exp(\v̄i /kT)21)21. At a given tem-
perature T interaction with ‘‘high-frequency’’ oscillators
(v̄ i*kT/\) has little influence on the modulated tunnelin
probability ~3! because, as the ratio\v̄ i /kT increases, the
Bessel function rapidly tends to unity. Conversely, inter
tion with ‘‘low-frequency’’ oscillators whose fraction in
creases with decreasing temperature, leads to the appea
of fast oscillations in Eq.~3! and consequently causes a
abrupt change in the behavior ofPtot(T) at low temperatures

Detailed calculations confirm this qualitative conclusio
Figure 1 gives the results of comparing the numerical ca
lations of the disruption probability for a CrNi6 system with
the experimental data.6
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First, it should be noted that at low temperatures~below
20 K!, disruption in this system is fairly adequately describ
by thermal-assisted tunneling~curves1 and2!. For compari-
son we also give curve3, which is plotted assuming inde
pendent tunneling and thermal activation processes as
posed by Kerenet al.6 In order to explain the difference
between the behavior of curve3 and the experimental data
the authors6 assumed that a first-order phase transition fr
tunneling to thermal activation takes place near 6 K, althou
the physical reasons for this were not discussed.

Second, we note that sections of nonmonotonic beha
of Ptot(T) are observed atT&10 K as a result of the influ-
ence of decoherence effects~curve 1!. Since the coupling
constantC for these materials is as yet unknown and in o
calculations essentially served as a fitting parameter, deta
agreement between the results of the numerical mode
and the experimental data can hardly be expected. Howe
the behavior of these characteristics may serve as a s
ciently reliable indicator that decoherence does occur. I
then highly desirable to obtain more detailed data on
behavior of the curvePtot(T) below 10 K which could also
be used to refine the coupling constant.
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A model of electron-stimulated desorption is used as the basis to propose a simple theory of
hyperthermal surface relaxation of atoms at metal and semiconducting substrates. The dependence
of the ion flux on the kinetic energy of the scattered atoms is obtained near the ionization
threshold. ©1999 American Institute of Physics.@S1063-7850~99!01708-5#
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The phenomenon of surface ionization under conditio
of thermal equilibrium has been thoroughly studied and
widely used to obtain ion currents.1–3 When an atom or mol-
ecule collides with a metal surface, the ion flux Ji leaving the
surface is determined by the Saha–Langmuir formulas:
positive ion flux J1 is proportional to exp@(f2I)/kBTs#,
wheref is the work function,I is the ionization energy o
the atom~molecule!, kB is the Boltzmann constant, andTs is
the surface temperature. For negative ions we h
J2}exp@(A2f)/kBTs#, whereA is the electron affinity. How-
ever, if neutral particles~neutrals! impinge on a surface a
superthermal velocity, the ion component of the scatte
flux is far greater than that predicted by the Saha–Langm
theory. As the kinetic energy of the incident neutrals
creases, the ion yield increases.4–9 This phenomenon is
known as hyperthermal surface ionization. In the present
per we propose a simple analytical model for hypertherm
surface ionization based on the Menzel–Gomer–Redh
approximation10,11 to describe the reneutralization of ion
leaving a metal surface. We shall consider a neutral part
incident on a metal surface, having the kinetic energyEin . If,
as a result of the collision with the surface, an electron is
transferred from the particle to the metal~or from the metal
to the particle!, the scattered particle remains in the neut
state and leaves the surface with the same kinetic energyEin

provided that the scattering is elastic. However, if an elect
is transferred as a result of the collision, a positive~negative!
ion is removed from the surface with a kinetic energy who
magnitude can be determined from the energy conserva
law:

E~z!5Ein2
e2

4z*
1

e2

4z
, ~1!

wherez is the distance between the surface and the outgo
singly charged ion,z* is the turning point, at which it is
assumed that the neutral becomes ionized, ande is the pos-
itron charge. It follows from Eq.~1! that the threshold energ
E* , i.e., the energy sufficient for the product ion to leave
surface, is given by

E* 5e2/4z* . ~2!

In accordance with the Menzel–Gomer–Redhe
approximation,10,11the probabilityPi of a positive~negative!
6351063-7850/99/25(8)/2/$15.00
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ion leaving the surface without being neutralized by t
metal electrons~without transferring an excess electron
the metal! is

Pi5expF2~2/\!E
z*

`

dz
G~z!

v~z! G , ~3!

where \ is Planck’s constant. The half-width of the io
quasilevelG is given by

G~z!5G* exp@22g~z2z* !#, ~4!

where G* is the quasilevel half-width at the turnin
point and g is the characteristic reciprocal interactio
length.12 The normal ion velocity is

v~z!5A2E~z!/M , ~5!

whereM is the ion mass.
Substituting Eq.~5! into Eq. ~3!, we obtain

Pi5exp~2C S!,

C52A2M ~G* /\eQ! exp~a! ~z* !3/2,

S~«,a!5E
1

`

dx exp~2ax! Ax/~«x11!, ~6!

a[2gz* , x[z/z* , «[~Ein2E* !/E* .

It follows from expression~6! that in the high-energy
limit ( «@1), we have

S~«,a!>a21exp~2a! «21/2, ~7!

which shows complete agreement with the theory of cha
transfer for particles having energies of the order of a f
tens of electronvolts at a metal surface,12,13 where it was
shown that the probability of ion drift is proportional t
exp(2const/v). In the low-energy ~near-threshold! limit
(«!1), we can show that

S~«,a!«˜0>a23/2FG~3/2,a!2
«

2
G~5/2,a!G , ~8!

whereG( i , j ) is an incomplete gamma function.14 Thus, in
the low-energy limit we find

Pi5Pi* P̄i ,
© 1999 American Institute of Physics
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Pi* >expF2AM
G*

\eg3/2
f ~3/2,a!G , ~9!

P̄i>expFAM
G*

\eg3/2
f ~5/2,a!

«

2G ,

where f ( i ,a)5exp(a) G(i,a). For a.2 which is a genera
case, sinceg>1 Å21, we obtainz* >1 Å ~Refs. 4, 12, and
13!, f (3/2,a)>Aa, and f (5/2,a)>(a13/2)Aa.

We know from the theory of charge transfer in the sc
tering of atoms at a metal surface12,13,15that there is a certain
critical distance between the atom and the surfacezc at
which the atomic levelEa intersects the Fermi levelEF sepa-
rating the regions of high (z,zc) and low (z.zc) ionization
probability. The distancezc for the creation of a positive ion
may be determined from

f2I 1e2/4zc50. ~10!

For a negative ion the equivalent equation has the form

c2A2e2/4zc50. ~11!

Clearly the turning and ionization pointz* introduced by us
should satisfy the conditionz* <zc .

In order to analyze the experimental data on hyperth
mal surface ionization we shall determine the energy dep
dence of the logarithm of the ion current in the low-ener
limit

j i5~] ln Ji /]Ein!Ein˜E*
. ~12!

SinceJi}Pi , only the cofactorP̄i from Eq. ~9! makes any
contribution toj i . We obtain

j i5AM
G*

2\eE* g3/2
f ~5/2,a!. ~13!

The experimental data on hyperthermal surface ion
tion will be analyzed as follows. We shall take the expe
mental threshold energyE* and determine the ionizatio
~turning! point z* for it using Eq.~1!. Then, by finding the
critical point zc from Eqs. ~10! or ~11!, we determine
whether these values satisfy the inequalityz* <zc . The next
step is to determine the half-width of the atomic quasile
G* from the experimentally determined slopej i of the curve
of the logarithm of the ion yield, linearized near the thres
old energy.

Table I gives results of an analysis of experiments on
hyperthermal surface ionization of benzene molecules a
oxidized rhenium surface,9 anthracene at the surface
diamond,5,6 and N~C2H4)3N at pure and oxidized~111! plati-
num surfaces.8 It can be seen that in all these cases the
equalityz* <zc is satisfied. The values ofG* are also quite
reasonable: in Ref. 4 where hyperthermal surface ioniza
of alkali metal atoms was studied at an Si~111! surface,
quasilevel half-widths of the order of tenths of an electro
volt were obtained for the adsorption of potassium on gra
ite, 0.1 eV~Ref. 16!.

To sum up, we have proposed a simple analytic exp
sion to describe hyperthermal surface ionization. The hig
ion yield obtained for hyperthermal surface ionization co
-
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pared with surface ionization of particles in thermal equil
rium with a solid can be attributed to the fact that in the fi
case, the energy of the incident particles isEin@kBTs . As
the kinetic energyEin increases, the velocity of an ion mov
ing away from the surface increases and the probabilityPi of
its departing to infinity without being neutralized, increas
It can be shown that this effect is suppressed to some ex
by increased broadening of the quasilevelG* at the turning
point z* since the incident atom will approach closer to t
surface. At the same time, a decrease inz* leads to an in-
creased ionization probability.

For practical purposes it is convenient to use the exp
sion for the ion current

Ji}exp~2C11C2«!, ~14!

whereC152 ln Pi* , C25(1/«)ln P̄i @see Eq.~9!#.
The authors are grateful to U. Kh. Rasulev for use

discussions.
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TABLE I. Experimental data (I , f, E* , eV; j i , eV21) and calculated
results (r * , r c , Å; G* , eV!.

Benzene/ Anthracene/
N~C2H4)3N/Pt~111!

Value rhenium diamond pure Pt oxidized Pt

I 8.82 7.55 7.25
f 7.2 6.1 5.7 5.9
E* 3 3 2 2
j i 3.94 4.14 9.21 6.14
r * 1.20 1.20 1.80 1.80
r c 2.22 2.48 2.32 2.67
G* 0.11 0.08 0.09 0.06
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and the onset of quantum „wave … chaos

A. V. Bogdanov, A. S. Gevorkyan, and A. G. Grigoryan

Institute for High-Performance Computing and Databases, St. Petersburg
~Submitted April 22, 1999!
Pis’ma Zh. Tekh. Fiz.25, 12–22~August 26, 1999!

A new theory is proposed for quantum-mechanical multichannel scattering in a collinear three-
body system. This simple problem is used to show that the principle of quantum
determinism is generally violated and we are dealing with microirreversible quantum mechanics.
Fundamental calculations of quantum~wave! chaos are presented for the first time for the
elementary reaction Li1(FH)˜(LiFH) *˜LiF1H. © 1999 American Institute of Physics.
@S1063-7850~99!01808-X#
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At the early stages in the development of quantum m
chanics, Einstein posed a question which has attracted
versal attention several decades later.1 The question was
how will a classical chaotic system behave in the quant
case? As a clear example, Einstein specifically referred
three-body system.

The present authors have already studied the problem
quantum chaos for quantum-mechanical scattering in a
linear three-body system.2,3 We showed that this problem
can be reduced to the problem of an anharmonic oscill
with nontrivial time ~internal time! which can generally ex-
hibit chaotic behavior. In the present study, we continue
investigations of the problem of quantum chaos using
merical calculations for an elementary chemical reaction

1. FORMULATION OF THE PROBLEM

The problem of quantum multichannel scattering can
represented schematically using a collinear model as follo

A1~BC!n˜5
A1~BC!m

~AB!m1C

A1B1C

~ABC!*˜H A1~BC!m

~AB!m1C

A1B1C,

~1!

wherem and n are the vibrational quantum numbers corr
sponding to the~in! and ~out! scattering channels. It wa
shown in our previous studies2,3 that the problem of quantum
multichannel scattering~1! can be formulated as the evolu
tion of a wave packet on the manifoldM ~fiber bundle of the
Lagrange surfaceSp) in terms of a local coordinate fram
moving onSp

Sp5$x1;x2;2m0~E2V~x1,x2!!.0%,

m05H mAmBmC

mA1mB1mC
J 1/2

, ~2!
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wheremA , mB , andmC are the masses of the correspondi
particles, andE andV (x1,x2) are the total energy and inter
action potential of the system, respectively. The metric
the surfaceSp is introduced as follows:

gik5P2~x1,x2!d ik , P2~x1,x2!52m0~E2V~x1,x2!!. ~3!

The motion of the local coordinate system is determin
by the projection of the motion of a mapping point with th
reduced massm0 onto the extremal rayIext of the Lagrange
manifold Sp . Note that for the scattering problem~1! there
are two extreme rays on the surfaceSp : one connects the~in!
channel to the~out! channel of the regrouping reaction whi
the second connects the~in! and~out! channels of the disso
ciation reaction. We shall subsequently study the regroup
reaction.

We shall introduce the curvilinear coordinate syste
(x1,x2) on the Euclidean spaceR2 along the projection of
the extremal rayĪext such thatx1 varies alongĪext, andx2

varies in the perpendicular direction. In this case, the tra
tory of the mapping point is described by the following sy
tem of second-order differential equations:

x;ss
k 1H k

i j J
Sp

x;s
i x;s

j 50 ~ i , j ,k51,2!, ~4!

where

x;s
i 5

dx8

ds
and H k

i j J
Sp

5
1

2
gklS ]gl j

]xi
1

]gil

]xj
2

]gi j

]xl D .

Equation~4! with the initial conditions

x0
i 5xi~2`!, x0

i 5x;t
i ~2`! ~5!

at any timet has the unique solutionxi(t) andẋi(t), i.e., the
geodesic trajectory and the geodesic velocity.

We shall now make a quantum analysis of the regro
ing process. Note that in the quasiclassical limit this analy
is equivalent to describing the trajectory flux on th
Lagrange surfaceSp . This trajectory flux can be conve
niently studied in a local coordinate system whose motion
determined by the solutionx1(s) of the system~4!. The cor-
© 1999 American Institute of Physics
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responding flux should be quantized in this coordinate s
tem on the fiber bundleM of the Lagrange surfaceSp .

Bearing this reasoning in mind, we can write the Sch¨-
dinger equation for the system of bodies in terms of
moving local frame of reference:4,5

$\2g2
1
2$]x1(s)@g i j g

1
2]x1(s)#1]x2(s)@g i j g

1
2]x2(s)#%

1P2~x1~s!,x2~s!!%C50,

]xi (s)5]/]xi~s!, ~6!

where

g115S 11
l~x1~s!!

r1~x1~s!!
D 2

, g225S 11
x2

r2~x1~s!!
D 2

,

g125g2150, g5g11g22.0. ~7!

In formula~6! l is the de Broglie wavelength onIext, andr1

and r2 are the principal curvatures of the surfaceSp at the
point x1PĪext in the direction of the coordinatesx1 andx2.

The main difference between Eq.~6! and the Schro¨-
dinger equation is that the independent coordinatex1(s) is a
solution of a system of nonlinear differential equations a
thus is not generally a natural parameter. Moreover, un
certain conditions it may be a stochastic function.

Our task is to find a solution of Eq.~6! which would
satisfy the following asymptotic conditions for the comple
wave function of the system of bodies:

lim
(s,x1)˜2`

C (1)~x1~s!,x2!

5C in~n;x1,x2!1 (
mÞn

RmnC in~m;x1,x2!,

lim
(s,x1)˜1`

C (1)~x1~s!,x2!5(
m

SmnCout~m;x1,x2!, ~8!

where the coefficientsRmn andSmn are the amplitudes of the
probabilities of excitation and regrouping, respectively.

The following analytical study of Eq.~6! with the
boundary conditions~8! can only be made after simplifying
this equation.

2. SOLUTION OF THE SCHRÖDINGER EQUATION ON THE
MANIFOLD M„I„u ……

Bearing in mind that the wave function is localize
along the reaction coordinateI, and using the parabolic
equation method6 for this problem, we can express the sol
tion of Eq. ~6! in the form

C (1)~x1~s!,x2!5expS i\21E
0

x2(s)
p~x1!Ag0dx1D

3A~x1~s!,x2!, ~9!

where g05g(x1(s),x2)ux250 and p(x1(s))5P(x1(s),
x2)ux250 .

After transforming the coordinates in expression~6!
s-

e

d
er

t5~E!21E
0

x1(s)
p~x1!Ag0dx1, z5~\E!2

1
2p~x1~s!!x2

taking into account the quasiclassical approximation,7 we
can obtain the complete wave function of the three-part
system in the harmonic approximation

C̃ (1)~n;z,t!5F ~V in /p!
1
2

2nn! uju
G

1
2

exp@ i\21Seff~z,t!#Hn

3FAV in

uju ~z2h!G , ~10!

Seff~z,t!5Scl~t!2Ev
i E

0

t

uju22dt81H ḣ~z2h!

1
1

2
j̇j21~z2h!22

1

2
ṗp21z2J ,

Scl~t!5Et2EE
2`

t H 1

2
@~ ḣ !22V2~t8!h2#1F~t8!hJ dt8,

Ev
i 5\V inS n1

1

2D . ~11!

We recall that the functionj(t) is a solution of the
classical oscillator problem

j̈1V2~t!j50,

V2~t!52S E

p D 2H 1

p2
2

1 (
k51

2 Fp;kk

p
1S p;k

p D 2G J ,

p;k5
dp

dxk
~12!

with the asymptotic behavior

j~t!t˜2`;exp~ iV int2!,

j~t!t˜1`;c1 exp~ iVoutt1!2c2 exp~2 iVoutt1!, ~13!

where t252m0x1/p2 and t152m0x1/p1 are the internal
time in the asymptotic subspacesRin

2 andRout
2 , respectively,

the momenta in the asymptotic form are defined
p75 lim

x1
˜7`

p(x1), and the constantsc1 andc2 are obtained

by solving Eq.~12!.
The functionh(t) is expressed in terms of the solutio

of the homogeneous equation~12!:

h~t!5~2V in!2
1
2@j~t!d* ~t!1j* ~t!d~t!#,

h~2`!5ḣ~2`!50,

d~t!5~2V in!2
1
2E

2`

t

dt8j~t8!F~t8!,

F~t!5
~E!

3
2

\
1
2

1

p Fp;2

p
2

1

r2
G . ~14!
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FIG. 1. Geodesic trajectories and dependence of the in
nal time on the natural parameter for: a — adirect regroup-
ing reaction, b — a direct reflection reaction, and c — a
regrouping reaction taking place via a resonant state.
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Note that in the limitt˜2` the exact wave function
~10! goes to its asymptotic value — the wave function o
harmonic oscillator at the frequencyV in .

3. EXACT REPRESENTATION FOR THE S-MATRIX IN
TERMS OF INTERNAL TIME. PROBABILITY OF A
REGROUPING TRANSITION

We shall analyze an exact representation for theS-matrix
in terms of the complete wave functions of the~in! and~out!
states8

C (1)~n;x1~s!x2!5(
k

SknC
(2)~k;x1~s!,x2!. ~15!

Bearing in mind that the asymptotic wave functions fo
a basis set in theRout

2 space, after projecting expression~15!
onto the asymptotic state in the limitx1

˜1`, we can ob-
tain the following expression:

Smn5 lim
(s,x1)˜1`

^Cout* ~m;x1,x2!C (1)~n;x1,x2!&x2

5 lim
t˜1`

^C̃out* ~m;z1 ,t1!C̃ (1)~n;z,t!&z ,

^ . . . &z5E
2`

1`

dz. ~16!

We have thus obtained a new representation for
S-matrix which is one integration smaller than the stand
one. Since in this case, the variablex1(s) or t plays the role
of the natural parameters ~normal time! in scattering theory,
in expression~16!, following Prigogine,9 by analogy with the
nonsteady-state representation of theS-matrix, we shall call
t the ‘‘internal’’ time of the three-body system
e
d

We shall use the exact representation of theS-matrix
~16! to calculate the amplitude of the probability of a rea
tion transition. Using expression~10! for the complete wave
function and expression~16! for its asymptotic limit, we ob-
tain a final expression for the probability amplitude of t
reaction transition A1(B,C)n˜(ABC)*˜(A,B)m1C,
which takes place via the formation of a resonant comple

Wmn5uSmnu25
~12u!1/2

m!n!
uHmn~b1 ,b2!u2

3exp@2n~12Au cos 2B !#. ~17!

Here the functionHmn(b1b2) denotes a complex Hermit
polynomial and in addition:

b15An~12u!exp~ iB !,

b252An@exp~2 iB !2Au exp~ iB !#,

B5
1

2
~d11d2!2b. ~18!

The variablesu, d1 , d2 , b, and n are determined by the
coefficientsc1 andc2 , and by the solutionj(t) ~see Ref. 10!

c15eid1~V in /Vout!
1
2 ~12u!2

1
2,

c25eid2~V in /Vout!
1
2 @u/~12u!#

1
2 u5uc2 /c1u2,

d5 lim
t˜1`

d~t!5An exp~ ib!. ~19!
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FIG. 2. Irregular pattern of initial values of the total energyE and the coordinatex0
2 for transmitted~white squares! and reflected~black squares! geodesic

trajectories.
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4. INVESTIGATION OF THE DEPENDENCE OF THE
INTERNAL TIME ON THE NORMAL TIME OR NATURAL
PARAMETER

We shall now proceed to prove that chaos may appea
the wave function of three-body systems~10!, which we
shall call quantum chaos. We stress that in this case,
behavior of the transition probability as a function of t
properties of the classical trajectory will also be irregul
For this it is sufficient to show that the solutionx1(s) is
unstable or chaotic for some initial conditions. We made
detailed study of the behavior of the mapping point traject
on the Lagrange surfaceSp for the elementary chemical re
action Li1(FH)n˜(LiFH) *˜(LiF) m1H. The potential in-
teraction surface of this reaction was reproduced us
quantum-mechanical calculations performed in Ref. 11
was shown that if the beginning of the geodesic trajectoryx0

2

in the ~in! channel is fixed~i.e., x1
˜2`), then for the total

system energyE>1.4 eV the behavior of the trajectories@in
the sense that they propagate into the~out! or reflect into the
~in! channels# alternates regularly~Figs. 1a and 1b!.

From E51.4 eV and as far as the threshold reaction
ergy of 1.1 eV, the geodesic trajectories exhibit unstable
havior as a function of energy which sometimes leads
their total mixing in the intermediate region and results in
formation of a resonant complex~LiFH!* ~Fig. 1c!.

Numerical calculations of the leading Lyapunov exp
nent showed that this has positive values for the entire
ergy range. However, from 1.4 eV and above, this expon
increases negligibly. In the energy range between 1.4
1.1 eV the leading Lyapunov exponent increases rap
which indicates that the trajectories diverge exponentia
For this energy range the regular alternation of the propa
ing and reflected trajectories is impaired and a region of
chastic trajectory behavior is formed. Numerical investig
tions in this range showed that this region of chao
trajectory behavior is self-similar relative to scale transf
mation ~Fig. 2!.

For the given initial values, the evolution of the corr
sponding classical problem is chaotic and the motion of
local coordinate system is also stochastic. It is easy to
in
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that in this situation, the behavior ofx1(s) is also chaotic,
and this is also true for the internal timet(x1(s)) which is
essentially the time scale parameter of the quantum evolu
in the three-body system.

It can be shown that the chaotic behavior of the inter
time t(x1(s)) also leads to stochastic behavior of the so
tion of the standard equationj„t(x1(s))…. This also holds for
the representation of the wave function~10! and the transi-
tion probability ~18!. Thus, a strict analysis of the simpl
model of multichannel scattering~1! using the system of
equations~4! and ~6! shows that the principle of quantum
determinism is violated and quantum chaos appears.

Finally, we stress that these results agree with the the
of a transition complex~see Ref. 12! which essentially in-
volves a stochastic description of chemical reactions. In
dition, this representation can also be used to provide
answer to Einstein’s objection regarding the irreducibility
quantum mechanics to classical chaotic dynamics. We h
studied the amplitude of the regrouping probability for t
reaction Li1(FH)n˜(LiFH) *˜(LiF) m1H and we have
shown that in regions where there are many internal-ti
singularities, this is stochastic. We have also shown that
representation satisfies the constraints of going to the lim
including the transition from theQch region to theP region.
This transition takes place as\ tends to zero and for
Ek

i ,Ec .

1A. Einstein, Verh. Dtsch. Phys. Ges.19, 82 ~1917!.
2A. V. Bogdanov and A. S. Gevorkyan, inProceedings of the Internationa
Symposium on Nonlinear Theory and its Applications, Hawaii, 1997, Vol.
2, pp. 693–696.

3A. V. Bogdanov and A. S. Gevorkyan,Multichannel Scattering Closed
Three-Body System as a Example of Irreversible Quantum Mecha,
LANL E-print quant-ph/9712022~Los Alamos National Laboratory
e-Print archive, 1997!.

4A. V. Bogdanov and A. S. Gevorkyan,Multichannel Scattering in a Col-
linear Three-Body System as an Example of Irreducible Quantum
chanics, Preprint No. IVViBD-1-97 @in Russian# Institute for High-
Performance Computing and Databases, St. Petersburg~1997!.

5A. V. Bogdanov, A. S. Gevorkyan, A. G. Grigoryan, and S. A. Matve
~accepted for publication! Int. J. Bifurcat. Chaos.



f

si

ses

641Tech. Phys. Lett. 25 (8), August 1999 Bogdanov et al.
6V. M. Babich and B. S. Buldyrev,Asymptotic Methods in the Problem o
Short Wave Diffraction@in Russian#, Nauka, Moscow~1972!.

7A. V. Bogdanov and A. S. Gevorkyan, inProceedings of International
Workshop QS-96, Minsk, Belarus, 1996, pp. 34–40.

8R. G. Newton,Scattering Theory of Waves and Particles~McGraw-Hill,
New York, 1966!.

9I. Prigogine,From Being to Becoming: Time and Complexity in the Phy
cal Sciences~Freeman, San Francisco, 1980!.
-

10A. I. Byaz’, Ya. B. Zel’dovich, and A. M. Perelomov,Scattering, Reac-
tions, and Decay in Nonrelativistic Quantum Mechanics@in Russian#,
Nauka, Moscow~1971!.

11S. Carter and J. N. Murrell, Mol. Phys.41, 567 ~1980!.
12E. E. Nikitin, Theory of Elementary Atomic Molecular Processes in Ga

@in Russian#, Khimiya, Moscow~1970!.

Translated by R. M. Durham



TECHNICAL PHYSICS LETTERS VOLUME 25, NUMBER 8 AUGUST 1999
Electrical properties of Schottky diodes using high-resistivity CdTe crystals
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The Schottky barrier height is measured for single crystals doped with the halogens Cl, Br, and I
during growth by chemical transport reactions. The measurements are made using a
modification of theF(V) function @N. V. Agrinskaya, Mater. Sci. Eng. B16, 172 ~1993!#
proposed by the authors. ©1999 American Institute of Physics.@S1063-7850~99!01908-4#
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Cadmium telluride is one of the most promising mate
als for fabricating high-efficiency counters for penetrati
radiation.1,2 With a view to realizing this possibility, researc
has been carried out over many years to produce se
insulating single crystals of this compound by adding vap
phase chlorine to a flux. It has recently been established
semi-insulating cadmium telluride can also be prepared u
the chemical transport reaction method, when the halog
themselves participate in the growth process as a constit
component of the carriers used.3 This study is part of a serie
and its aim is to characterize a halogen-doped hi
resistivity material, and specifically to determine the para
eters of Schottky barriers using these single crystals.

A consequence of the high series resistance o
Schottky diode is that the current–voltage characteri
ceases to be linear in the semilogarithmic scale lnI5f(V)
used, in particular, to determine the barrier height.

Norde4 analyzed the influence of the series resistance
the current–voltage characteristic of ann-Si Schottky diode
with a thermionic current mechanism and suggested that
experimental current–voltage characteristic could be
pressed in the form

F~V!5
V

2
2

kT

q
ln

I

AA** T2
, ~1!

which, when plotted graphically, can be used to det
mine the barrier heightwB on the metal side and the serie
resistance of the structure. HereV is the voltage applied to
the diode,I is the current,A** is the Richardson constant,A
is the barrier area,F(V) is the Norde function,T is the ab-
solute temperature,k is the Boltzmann constant, andq is the
elementary charge.

We investigated Me~In,Sn!–p-CdTe diodes (p5108–
1010cm23, T5293 K! having a high base resistance, whi
differ fundamentally from those studied in Ref. 4 because
the diffusion mechanism of current flow caused by the l
hole mobility in p-CdTe @mp<50 cm2/~V•s!#. The current–
voltage characteristics of these structures plotted in the c
dinates lnI5f(U) are nonlinear and determining the base
sistance from theI –V dependence yields multivalued resul
Hence, the search for optimum methods of analyzing theI –
6421063-7850/99/25(8)/3/$15.00
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V characteristics to determine the parameters of a struc
fabricated using high-resistivity materials can be conside
to be highly topical.

In order to measure the barrier height of Me~In,Sn!–
p-CdTe structures, we modified expression~1! to the case of
barriers with a diffusion mechanism of current flow. W
know that in diffusion theory of a metal–semiconduct

FIG. 1. ExperimentalF(V) dependences for two Sn–p-CdTe Schottky di-
odes D1 and D2~curves1 and 2, respectively! using differentp-CdTe ~a!
and evolution of theF(V) function of diode D2 during refinement of the
diffusion potential~b!.
© 1999 American Institute of Physics
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junction the saturation current densityj SD is given by5

j SD5qp`mp

VD

w
expS 2

wb

kTD . ~2!

Herep` is the hole concentration in the bulk of thep-CdTe,
w is the width of the space charge region, andwb is the
barrier height for the semiconductor holes6 ~Fig. 2b!, which
is related to the diffusion potentialVD by

wb5qVD . ~3!

Applying a formalism similar to expression~1!, we denote
the factor before the exponential function in formula~2! by
AD such that

AD5qp`mp

VD

w
. ~4!

The Norde function~1! can then be modified to the case of
current diffusion mechanism which gives

F~V!5
V

2
2

kT

q
ln

I

AAD
. ~5!

By plotting the results of measuring theI –V characteristics
of structures having a current diffusion mechanism in
form ~5!, we can determine the barrier heightwb on the
semiconductor side, unlike expression~1!, and then use this
to determine the barrier height on the metal sidewB ~Ref. 6!
~Fig. 2b!. However, some difficulties are encountered alo
the way becausewb appears directly in Eqs.~4! and~5!. This
can be avoided by using the approximationVD5VI to deter-
mine VD in Eq. ~4!. HereVI is the current cutoff voltage on
the forward part of the current–voltage characteristic plot
in the coordinatesI, V. SinceAD appears in the denominato

FIG. 2. Temperature dependences of the zero-bias differential resistan
diodes D1 and D2~a! and energy model of Me–p–CdTe barrier (wb is the
barrier height forp-CdTe holes andwB is that for metal holes! ~b!.
e

g

d

of the logarithm in Eq.~5!, using this approximation only
gives an error of the second order of smallness when de
mining wb from theF(V) curve.

We checked the efficiency of using the proposed mo
fication of the functionF(V) ~5! to determine the parameter
of Me~In,Sn!–p-CdTe diodes. TheF(V) dependences con
structed using the experimental current–voltage characte
tics of these diodes are plotted in Fig. 1a~curves1 and2!. In
this case, the numerical values ofp` andw for substitution
into Eq. ~4! were determined from measurements of the d
ferential capacitance of the barriers and its dependence
the bias voltage andVI was taken to be equal to the curre
cutoff VD of the current–voltage characteristic. It can
seen that a typical minimum for theF(V) function is ob-
served for curves1 and2. As in Ref. 1, we used the coordi
nates of this minimum to determine the barrier heightwb and
the base resistancer, which are given in Table I. It can be
seen that there is a substantial difference between the
merical values ofwb andVI . In order to determinewb more
accurately, we again constructed theF(V) dependence for
diode D2 using the previously determined valuewb50.25 eV
~Fig. 1b, curves2 and 28). We then obtainedwb50.26 eV,
which only differs by 0.01 eV from the result obtained usin
the approximationVD5VI .

The results obtained using the proposed technique w
compared with results of measuring the temperature dep
dence of the differential resistance of the diode at zero b
~Fig. 2a! using the method from Ref. 7~see Table I!. It can
be seen that the values ofwb obtained independently by eac
method agree to within 0.01 eV. However, a significant d
ference is observed between the value ofr and that estimated
fairly approximately from the current–voltage characterist
We postulate that one reason for this discrepancy is ca
injection in the Me–p-CdTe barriers which is manifest in th
specific behavior of the differential capacitance and
current–voltage characteristic at positive biasV>VD .

To sum up, a method of vapor-phase growth of sem
insulating CdTe single crystals developed by us has b
used to fabricate Schottky barriers with a diffusion mech
nism of current flow, which are potentially useful for deve
oping high-efficiency semiconductor detectors for nuclear
diation.

1E. N. Arkad’eva, O. A. Matveev, Yu. V. Rud’, and S. M. Ryvkin
Zh. Tekh. Fiz.36, 1146~1966!.

2N. V. Agrinskaya, Mater. Sci. Eng., B16, 172 ~1993!.

of

TABLE I. Comparison between the parameters of Sn–p-CdTe Schottky
diodes obtained by analyzing the experimental current–voltage charac
tics* , F(V)** , and the temperature dependence of the differential resista
R0*** .

Diodes VI* , V wb** , eV wb,R*** , eV r * , V r ** , V

D1 0.19 0.31 210 400
D2 0.18 0.25 0.265 200 560

0.26a

D3 0.10 0.25 0.24 33103 3.23103

aRefined value ofwb obtained by repeated plotting ofF(V).



-

644 Tech. Phys. Lett. 25 (8), August 1999 Ukrainets et al.
3G. Ilchuk, N. Ukrainets, B. Datsko, and V. Ukrainets, inAbstracts of

ICCG 12, ICVG 10, Jerusalem, Israel, 1998, p. 311.
4H. Norde, J. Appl. Phys.50, 5052~1979!.
5E. H. Rhoderik,Metal–Semiconductor Contacts~Clarendon Press, Ox

ford, 1978; Radio i Svyaz’, Moscow 1982, 208 pp.!.
6J. I. Pankove,Optical Processes in Semiconductors~Prentice-Hall, Engle-
wood Cliffs, N.J., 1971; Nauka, Moscow, 1973, 456 pp.!.

7V. I. Panichevskaya and V. I. Strikha, Radiotekh. Elektron.20, 1559
~1975!.

Translated by R. M. Durham



TECHNICAL PHYSICS LETTERS VOLUME 25, NUMBER 8 AUGUST 1999
Anomalous backscattering of high-power laser radiation by the flat surface of a solid
A. Yu. Ivanov

Institute of Analytical Instrumentation, Russian Academy of Sciences, St. Petersburg
~Submitted March 26, 1999!
Pis’ma Zh. Tekh. Fiz.25, 29–38~August 26, 1999!

Results of measurements of the backscattering characteristics of high-power laser radiation at flat
randomly rough surfaces of various materials are described for a wide range of radiation
and surface parameters. It is observed that for probe radiation intensities in the range;103–
107 W/cm2 and a pulse duration of;1028 s the scattering pattern becomes anomalous
under various additional conditions. The results are analyzed in accordance with the laws of
structural conditionality, the qualitative boundary, abnormality, and alternation of nonequilibrium.
Possible practical applications of the observed effect are discussed. ©1999 American
Institute of Physics.@S1063-7850~99!02008-X#
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Studies of the interaction of high-power laser radiati
with the surface of solids have recently become increasin
relevant. It is important to determine the properties of s
faces for strain measurements, monitoring surface rough
during the treatment of materials, quality control in las
optics ~such as cavity mirrors, crystals, dispersion eleme
and so on!, in nonlinear optics, lidar, microinterferometry
ellipsometry, and so on.

In order to study the characteristics of light scattering
plane, isotropic, treated rough surfaces of various mater
Besnichenkoet al. developed a universal experimental rig1,2

which could be used to make high-precision on-line m
surements of a vast range of radiation backscattering cha
teristics over an extremely wide dynamic range.

This facility was used to make numerous measureme
of the amplitude, polarization, temporal, and spectral scat
ing characteristics of samples. The measurements were m
using various radiation sources, both coherent and inco
ent, cw and pulsed~with short pulse durations of;1028 s
and a long inverse duty cycle of;106), for various polar-
ization states of the incident wave, at various waveleng
for various sizes and orientations of the illuminated area,
at intensities of;1023–109 W/cm2, which corresponds to a
radiation power of;1023–106 W. The surface being studie
was irradiated by a narrow, parallel light beam with lo
angular divergence of;1023 rad. The scattered radiatio
was also detected in a small solid angle of;1024 rad. The
scattering angle was varied by rotating the sample, i.e.,
scattering angle was equal to the angle of incidence and
angle between the directions of irradiation and observa
was fixed at;2.5°.

Angular dependences of the brightness coefficientb(w)
and the reflectionr(w) and the elements of the 232 rank
Müller @Bik# polarization matrix of the sample surface we
recorded, as well as the angular dependence of the scat
pulse durationt(w). A wide variety of materials having dif-
ferent structures was investigated, including metals and n
metals, with various coatings and different depths of pene
tion of the radiation in the medium, over the roughness ra
Rz1023–102 mm and the spectral rangel 0.26–1.1mm.
6451063-7850/99/25(8)/5/$15.00
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It was found that the backscattering characteristics
intensities between 1023 and 103 W/cm2 and roughness be
tween 1023 and 102 mm in the cw and pulsed irradiation
regimes give the well-known pattern with diffuse, specul
and specular diffuse scattering indicatrices which are
scribed quite satisfactorily by the classical Fresnel a
Rayleigh–Rice scattering theories.3,4

In the intensity range 107–1010W/cm2 the interaction
between the radiation and the solid surface exhibits cle
defined nonlinear behavior. Processes are excited which
erally lead to irreversible thermal deformations of the s
face, such as optical breakdown, local breakdown at mic
inhomogeneities in the surface structure, thermodyna
deformations of the surface, melting and evaporation, c
ting, polishing, and so on. The scattering characteristics n
rally vary, compared with the previous case. These proce
are also fairly well described using well-known theories
nonlinear optics.5–7

At some surfaces of specific materials, incoherent a
nonlinear processes may take place, involving the emiss
of surface bulk particles~such as fluorescence, Raman sc
tering, harmonic generation and parametric frequency c
version, photoionization, various types of photochemical a
optoacoustic processes, and so on!. These processes may als
lead to changes in the light scattering characteristics c
pared with the classical case and are also fairly accura
described using well-known optical theories.8–10 However,
these processes generally exhibit clearly defined resonan
havior and only take place for strictly specific materials.

At the same time, when coherent sources of radiat
~lasers! are used, having short pulse durations of;1028 s
comparable with the characteristic structural times of atom
molecular processes, and intensities of;103–107 W/cm2,
i.e., when the degree of nonequilibrium11 of the ‘‘radiation–
surface’’ system is increased, an unusual scattering pat
appears. The backscattering indicatrices are elongated in
direction of specular reflection~Fig. 1! and the scattered
pulse duration~which is increased up to a maximum of te
times greater than the duration of the incident radiation! ex-
hibits characteristic dependences on the scattering an
© 1999 American Institute of Physics
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FIG. 1.
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with a maximum at;45° whose value is inversely propo
tional to Rz ~Fig. 2!. In addition, the spectral dependenc
b(w), r(w), and @Bik#(w) change to the exact opposite (r
;l2) of the classical case (r;l22) ~Fig. 3!. These charac-
teristics are inversely proportional to the average roughn
Rz and increase with incident radiation powerP0 as follows:
the angular width of the indicatrix increases asDw;P0

21/2

~Fig. 4! while the scattered pulse duration increases ast0

;P0
11/2, and this increase may be two orders of magnitu
Figures 1–4 give experimental data for typical specu

~samples Nos. 3 and 9!, specular-diffuse~sample No. 1! and
diffuse samples~milky glass MS-20!. The arrows indicate
the directions of growth of the average surface roughnes
the sampleRz and the pulse power of the incident laser r
diation P0. The integral expressions

S E E r~w!dwdtD P.103 W

S E E r~w!dwdtD P,103 W
>

~DwDt!P.

~DwDt!P,

>
~Dwr~0!!P.

~Dwr~0!!P,
>1 ~1!
ss

.
r

of
-

proved to be invariant relative to any change in the para
eters of the incident radiation and the surface. This was c
firmed by an additional experiment to measure the integ
absolute reflection coefficients of the surfaces, which are
fined as

r05E
0

`

dtE
0

p

r~w!dw. ~2!

The results suggest that as the degree of nonequilibr
of the ‘‘incident radiation–surface’’ system increases, sp
cifically as the incident radiation intensity increases and
pulse duration decreases, i.e., as these values approach
structural critical constants (t0˜ts

c , P0˜P0
c), the space–

time characteristics of the radiation scattered by the flat,
tropic rough surface of the solid change substantially. T
total energy of the scattered radiation beam does not cha
Energy is merely transferred from the diffuse to the specu
component of the scattered radiation, and this process t
place with some time delay which depends first, on the an
of incidence and the direction of polarization of the incide
wave, the wavelength and intensity of the incident laser
diation, and second on the characteristics of the irradia
surface. This process is elastic, reversible, and does no
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FIG. 2.
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pend on the size and orientation of the irradiated part of
surface. Moreover, no nonlinear and incoherent proce
take place at the surface, typical of high laser radiation
tensities I;10721010W/cm2. However, this anomalou
scattering pattern cannot be explained in terms of the cla
cal Fresnel and Rayleigh–Rice scattering theories, wh
work well for intensitiesI ,103 W/cm2.

Thus, some window effect is observed for which beyo
some qualitative boundaryl˜ls (Rz /l˜l/10) ~Ref. 11!,
t0˜ts;1028 s ~Ref. 12!, and «0˜«s

(I 0˜I c51032107 W/cm2), the surface scattering of lase
radiation becomes anomalous. This is consistent with
laws of qualitative boundary, abnormality, and alternation
nonequilibrium.11,12 The most reasonable physical explan
tion of the observed effect can be put forward in terms of
theory of three-wave interaction of the scattered wave w
the incident wave and a wave initiated by this incident wa
known as a surface electromagnetic wave, during the
namic reversible structural rearrangement of the surface
der the action of high-power laser radiation,13–16 which is
consistent with the law of structural conditionality.17

Following this theory, the lower quality boundaries«s

and ts may be determined from the condition of optimu
reversible dynamic structural rearrangement of the surf
under the action of high-power pulsed laser radiation, a
maximum amplitude of the accompanying surface elec
magnetic wave. These can be determined from:18

H kI0t0>~Rz /l!opt

I 0 /I c564p2~wsp /g!~h/cl!2~12sin wopt!>1,
~3!
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where k'1 is a dimensional constant,wsp and g are the
frequency and half-width of the excited surface-plasm
resonances,h andc are Planck’s constant and the velocity
light in vacuum.

The upper quality boundary for the intensity is dete
mined by the constraint to eliminate any nonlinear proces
which lead to irreversible changes in the surface such
optical breakdown, and so on~see above!.

Quite clearly, this anomalous scattering effect must
taken into account in many different cases: lidar, surfa
quality control during treatment of materials, quality contr
in laser optics, nonlinear optics, spectroscopy, in the the
of interaction between light and matter, and so on. This
fect may serve as the basis for developing new efficient te
nologies using the ‘‘window of quasiequilibrium.’’ These in
clude laser optics where this effect means that mirrors wh
surface quality is considerably inferior to that required
Fresnel reflection may be used. With this in mind, the aut
was able to fabricate a high-power solid-state laser usin
nontransmitting ‘‘poor-quality’’ mirror and an interferenc
pile, made of plane-parallel glass plates, as the exit mirro19
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Possibility of nonequilibrium phase transitions in semiconductors and semiconducting
superstructures in crossed electric and magnetic fields
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An analysis is made of two types of negative differential conductivity in semiconductors and
semiconducting superstructures containingND shallow impurity atomic systems
~centers!, in crossed electric and magnetic fields corresponding to nonequilibrium phase transitions
of ne , wherene is the average density of nonequilibrium carriers~electrons!. It is observed
that these semiconductors and semiconducting superstructures in crossed electric and magnetic
fields may be used to fabricate various semiconductor devices and apparatus, and also
memory elements for the acquisition, storage, and protection of information under extreme
conditions. © 1999 American Institute of Physics.@S1063-7850~99!02108-4#
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The concept of fabricating various semiconductor d
vices and apparatus, and memory elements by modifying
properties of natural systems such as normal atoms and
low impurity atomic systems~centers! created by doping, or
artificial atomic systems, such as excitons and superatom
semiconductors and semiconducting superstructures
crossed electric and magnetic fields is now quite clearl
realistic proposition.1–7 At this point, it should be noted tha
the electronic properties of ordinary atoms are predeterm
by nature, while the electronic properties of superatomic s
tems can be determined artificially.

In principle, atomic systems~such as shallow electroni
impurity centers! of different dimensions, including one
dimensional ~1D!, two-dimensional ~2D!, and three-
dimensional ~3D!, can be formed in semiconductors an
semiconducting structures using crossed electric and m
netic fields.4 Using the effective mass approximation, th
energies of the ground state of these atomic systems
given by

E~3D !52
Z2

2n2

mne4

«2h2
, ~1!

whereZ51 is the effective charge of the atomic impuri
system,mn is the effective electron mass,e is the electron
charge,« is the static permittivity, andh is Planck’s constant
For the ground state, the principal quantum number isn
51.

For a two-dimensional impurity atomic system we ha

E~2D !52
Z2

2~n21/2!2

mne4

«2n2
, n50,1,2, . . . ~2!

For the ground state the principal quantum number isn50.
For the ground state of a one-dimensional impur

atomic system we have

E~1D !52
h2

2mna2a2
52

1

2a2

mne4

«2h2
, ~3!
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where

a5
h2«

mne2
. ~4!

Here a!1 is the parameter from the theory of a on
dimensional hydrogen atom.5

From Eqs. ~1! and ~2!, the binding energiesW(3D)
52E(3D) andW(2D)52E(2D) for the ground state are
related as6,7

W~2D !54W~3D !, ~5!

andW(1D)52E(1D) is given in accordance with Ref. 5

W~ !D !@W~2D !, W~1D !@E~3D !. ~6!

Apart from anomalies~5! and ~6! in the binding ener-
gies, two-dimensional and one-dimensional atomic syste
have anomalous properties in relation to the action of elec
~Stark effect! and magnetic fields~Zeemann effect!.5–7 We
shall not discuss these effects here, but will focus our att
tion on transitions of the type

W~3D !↔W~2D !↔W~1D !, ~7!

W~3D !↔W~2D !; W~2D !↔W~1D ! ~8!

in crossed electric and very strong~up to;100 T) magnetic
fields.4

It is readily established that transitions of the type~7!
and ~8! in the bulk conductivity of a semiconductor and
semiconducting superstructure correspond to the diffe
cases of negative differential conductivity,8 shown for tran-
sitions of type~7! ~Fig. 1, curve1! and type~8! ~curve 2!.
Figure 2 gives a diagram of the process and an example
device, for a GaAs bulk semiconductor and a gallium a
enide quantum well in an Al0.3Ga0.7As u GaAs semiconduct-
ing superstructure with applied crossed electricE and mag-
netic H fields.

We shall assume that in general, the bulk of the Ga
semiconductor and the gallium arsenide quantum well of
Al0.3Ga0.7AsuGaAs semiconducting superstructure conta
© 1999 American Institute of Physics
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FIG. 1. Dependence of the current densityj on crossed
electricE and magneticH fields for two types of nega-
tive differential conductivity:1 — for a transition of
type ~7!, 2 — for a transition of type~8!.
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3D, 2D, and 1D shallow impurity states, respectively. Whe
crossed electricE and magneticH fields are applied, transi
tions of type~7! and ~8! will be observed, shallowND im-
purities will undergo electron impact ionization, and reco
bination will take place when an electron encounters
ionized impurity.

Following Ref. 9, these processes correspond to
scheme

ne1na

a

↔
b

ni12ne ; ne1na5n; ne5ni , ~9!

wherene , ni , andna are the average densities of ele
trons, ionized impurities, and neutral atoms, respectiv
anda andb are the coefficients of electron impact ionizatio
of shallow impurities and recombination of electrons a
ionized impurities in the presence of an electron.

The dynamic generation–recombination equation8,9

corresponding to the scheme~9! have the form

dne

dt
5anena2bne

2ni5~ana2bneni !ne ;

ne5ni ; ne1na5n. ~10!

Here the second equation in the system~10! assumes that the
average numbers of electrons and ionized impurities
equal, and the third assumes that the number of electrons
neutral impurity centers is constant.

It is easy to establish that Eq.~10! can be reduced to th
form

dne

dt
@a~n2ne!2bne

2#ne5~r ne
2gne

!ne , ~11!

where r ne
5a(n2ne) and gne

5bne
2 are the rate constant

for impact ionization and carrier recombination.
-
n

e

,

re
nd

Note that in general in the presence of the fieldsE and
H, the rate constantsr ne

andgne
should be functions of the

strengths of these fields, i.e.,

r ne
5r ne

~E,H !; gne
~E,H !, ~12!

where the coefficients of impact ionizationa and recombi-
nation b also depend onE and H, as is deduced from the
above reasoning.

For instance, in accordance with Refs. 10 and 11,
coefficient of impact ionization is given by the Shockle
formula

a~E,H !5@eE/« i~H !#exp@2« i~H !/eEl#, ~13!

wherel is the mean free path andWi5« i is the threshold
value of the ionization energy which generally increases w
increasingH. For simplicity, we shall neglect the depen
dence ofb on the fieldsE andH, so that

a5a~E,H !; b5b~ne!. ~14!

Equation~11! then becomes

dne

dt
@r ne

~E,H !2gne
#ne . ~15!

FIG. 2. Diagram of process and device using a GaAs semiconductor~1! and
an Al0.3Ga0.7AsuGaAs semiconducting superstructure~2! in crossed electric
E and magneticH fields.
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We can see from Eq.~15! that

for r ne
~E,H !,gne

; ne~`!˜0, ~16!

for r ne
~E,H !.gne

; ne~`!Þ0. ~17!

Thus, it follows from Eqs.~11!–~13! that asE and H
increase, we have cases of nonequilibrium phase transit
from state~17! to state~16! and back in a range of specifi
values ofa(E,H) @sinceW5W(H)] and this is responsible
for the different types of negative differential conductivit
These transitions can be studied in detail using methods f
the physics of open systems described in Ref. 10.

Transitions of the type~16! and ~17! can also be ob-
served for ordinary natural atoms in ultrastrong magne
fields (H'109 T) at the surface of neutron stars.12

In conclusion, it should be noted that transitions of t
type ~7! and ~8! corresponding to the negative differenti
conductivity in Fig. 1, may be used to fabricate various se
conducting devices and apparatus~such as tunnel diodes
Gunn diodes, and so on8!, and also memory elements for th
acquisition, storage, and protection of information under
treme conditions.13
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8E. Schöll, Nonequilibrium Phase Transitions in Semiconductors : Se
Organization Induced by Generation and Recombination Proces
~Springer-Verlag, New York, 1987; Nauka, Moscow, 1991!, 460 pp.

9Yu. L. Klimontovich, Usp. Fiz. Nauk164, 811~1994!; 166, 1231~1996!#.
10L. P. Landsberg and A. Pimpale, J. Phys. C: Solid State Phys.9, 1243

~1976!.
11W. Shockley, Solid-State Electron.2, 95 ~1961!.
12M. A. Liberman and B. Johansson, Usp. Fiz. Nauk165~2!, 121 ~1995!.
13E. P. Prokop’ev, Deposited Paper No. R-4497@in Russian#, TsNII
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A zero-radius potential model is proposed to describe a waveguide in a planar crystal. Two-
dimensional and three-dimensional cases are considered. Layers, waveguides, and coupled
waveguides are described. Explicit model dispersion equations are derived and the spectral
properties are described. ©1999 American Institute of Physics.@S1063-7850~99!02208-9#
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The development of nanotechnology has now reac
the stage where it is possible to fabricate materials impr
nated with periodically distributed small inclusions, for i
stance, in the form of small spherical particles or thin para
filaments. Typical sizes are inclusions of around 100 nm
ameter, where the particles occupy no more than 0.1 of
volume. This has made it possible to fabricate new opt
materials, i.e., photonic crystals~see, for example, Ref. 1!
which have extremely promising applications, especially
fiber optics. However, the theoretical description of the
systems has not yet been sufficiently developed, so the
an urgent need to develop suitable theoretical methods.2–4 In
the present study we propose to use a method of zero-ra
potentials, based on the theory of self-conjugate expans
of symmetric operators,5,6 to describe various waveguid
systems in photonic crystals~see Figs. 1a–1e!.

We shall consider a photonic crystal in the form of
three-dimensional cubic lattice and we shall assume that
sizes of the inclusions are small compared with the wa
length. The model assumes that these inclusions are repl
by zero-radius potentials and that one layer of center
missing from the lattice. We then have a waveguide laye
the polarization is fixed~for example, TM! and we assume a
harmonic time dependence, we can reduce the problem to
Helmholtz equation. In order to construct the model, we sh
first make a separate analysis of the three-dimensional la
and the monomolecular layer. We shall assume thatL is a
Bravais lattice with the basisa1 , a2 , a3 andG is a reciprocal
lattice with the basisb1 , b2 , b3 . We shall consider the clo
sure of the Laplace operator inL2(R3) contracted to a set o
functions which go to zero at the lattice points. This is
symmetric nonself-conjugate operator. ‘‘Switching on’’ th
zero-radius interaction means constructing its self-conjug
expansion. Taking into account the periodicity, we constr
the model operatorDL ~Ref. 5! whose spectrum is absolute
continuous and has the form:

s~2DL!5sac~2DL!@E0
L~0!,E0

L~u0!#ø@E1
L ,`#, ~1!

where

u052
1

2
~b11b21b3!,
6531063-7850/99/25(8)/2/$15.00
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E1
L5minH Eb2

L ~0!,
1

4
ub2u2J .

Hereb2 ,b2P$b1 ,b2 ,b3% is such thatub2u<ubj u, j 51,2,3.
E0

L(0) is the first root of the equation

a5~2p!23 lim
v˜`

F (
gPG,ug1uu<v

uL̂u

ug1uu22k2
24pvG ,

uPL̂, ~2!

where L̂5$s1b11s2b21s3b3PR3,

sjP@21/2, 1/2!, j 51,2,3%,

L̂ is the Brillouin zone,u is the quasimomentum, anda is a
model parameter related to the potential ‘‘force.’’

A similar analysis is performed for the monomolecul
layer.5,7 As a result, we obtain the model operatorDL2

hav-
ing the following spectrum:

s~2DL2
!5sac~2DL2

!

5H @E0
L2~0!,`!, a>aL2

,

@E0
L2~0!,E0

L2~u0!#ø@0,̀ !, a,aL2
,

~3!

whereE0
L2(0), E0

L2(u)5@k0
L2(u)#2 is the root of the equa-

tion

a5~2p!23p lim
v˜`

F (
gPG2 ,ug1uu<v

uL̂2u

ug1uu22k2
22pvG ,

uPL̂2 , ~4!

Jk0
L2~u!>0, @k0

L2~u!#2,uuu2, u052~b11b2!/2.

Moreover, we haveE0
L2(0),E0

L2(u0),0 for a,aL2
,

aL2
5

1

8p2
lim

v˜`
F (

gPG2 ,ug1u0u<v

uL̂2u

ug1u0u2
22pvG .

Exactly the same analysis is performed for a linear po
mer. The spectrum of the corresponding model operatorDL1

is:
© 1999 American Institute of Physics
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s~2DL1
!5sac~2DL1

!

5H @E0
a,L1 ,`!, a>2~ ln 2!/2pa,

@E
2

a,L1,E
1

a,L1#ø@0,̀ !, a,2~ ln 2!/2pa,

~5!

where

E
6

a,L152a22H lnF711
1

2
e24paa

1e22paaA1

4
epaa71 G J 2

. ~6!

We then use this scheme to construct a model of the c
ducting layer in a photonic crystal. It is easy to see that
lattice sum in the dispersion equation breaks down into
difference between the corresponding lattice sums for
total crystal and the monomolecular layer. Thus, taking i
account Eqs.~2! and ~4! we obtain the following dispersion
equation:

a5~2p!23S lim
v˜`

F (
gPG,ug1uu<v

uL̂u

ug1uu22k2

24pvG2p lim
v˜`

F (
gPG2 ,ug1uu<v

uL̂2u

ug1uu22k2
22pvG D .

~7!

FIG. 1. Structures being studied: two-dimensional square lattice, with
line of unfilled sites~a!, with three unfilled lines of sites~b!, with two
separated unfilled lines of sites~coupled waveguides! ~c!; three-dimensional
lattice structure~waveguide!, equivalent two-dimensional structure~lattice
with one unfilled center! ~d!; three-dimensional lattice with unfilled line o
sites~waveguide! ~e!.
n-
e
e
e

o

Bearing in mind the behavior of the functions on the righ
hand side of the equation, we conclude that there are ge
ally two zones~a ‘‘crystal zone’’ and a ‘‘layer zone’’! which
cannot intersect. Their position depends on the relations
betweenE0

L2(0), E0
L2(u0), E0

L(0), E0
L(u0), and E0

L @see
Eqs.~1! and~3!#. The states corresponding to the layer zo
describe the propagation of a photon along the layer, i.e.,
waveguide effect.

Exactly the same analysis is made for the wavegu
structure~see Fig. 1c! except that here the role of the seco
term is played by the lattice sum for the linear polyme
which leads to the appearance of a waveguide zone relate
the corresponding zone~5!.

The two-dimensional problems involved in describin
structures consisting of parallel dielectric filaments a
solved similarly. We merely need to replace the Green fu
tion for the three-dimensional space exp(ikugu)/(4pugu) by the
Green function for the planei4 H0

(1)(kugu). Note that if sev-
eral (n) layers rather than one are missing~Fig. 1b!, there are
generallyn waveguide zones, although they may overla
This agrees with the result obtained in Ref. 8. A more co
plex structure consisting of coupled waveguides~Fig. 1c!
may also be considered. In this case, in addition to the zo
a bound state appears which passes from the eigenvalu
the isolated zero-radius potential to the planes. This res
agrees with the results8 for a curved waveguide and agree
with Refs. 9 and 10 for coupled waveguides with nontra
mitting walls.

This work was supported by the RFBR and by the Int
national Science Foundation.
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Observation of a long-range action effect in ion-bombarded GaAs transistor structures
S. V. Obolenski , V. D. Skupov, and A. G. Fefelov

N. I. Lobachevski� State University, Nizhni� Novgorod
~Submitted March 11, 1999!
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Changes in the carrier concentration and mobility in the active layers of Schottky-barrier field-
effect transistors are observed when the structures are bombarded with argon ions on the
nonworking side of the GaAs substrate. ©1999 American Institute of Physics.
@S1063-7850~99!02308-3#
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Various aspects of the ‘‘long-range action effect’’ o
served when solids are bombarded with ions are attrac
continued interest. This is not only because, in many
spects, the controversial aspects of the mechanism for
have now been resolved, but also because of the search
and implementation of, specific methods of using this eff
in practice to modify the structure-sensitive properties of m
terials or elements of functionally completed articles, bo
directly in the implanted zones and at distances consider
greater than the ranges of the implanted ions. Both th
lines of study are important for microelectronics where i
implantation has become an integral part of the technol
for fabricating modern devices, although its influence
their long-range interaction characteristics is not yet cle
The aim of the present study was to investigate how
bombardment on the substrate side influences the param
of the active layers of Schottky-barrier, field-effect trans
tors fabricated on epitaxial gallium arsenide.

Transistors having a gate length of 0.5mm were formed
by the chloride method on structures consisting of a se
insulating AGChPKh-8~001! substrate 60 mm in diamete
and 400mm thick, a 1mm undoped buffer layer, a 0.1mm
Si-doped buffer layer having an electron concentration
331017cm23, and a 0.15mm n1-GaAs contact layer having
a carrier concentration of 1019cm23. The gate and Omhic
contacts were vacuum-deposited layers of Au with a Ti s
layer and an Au–Ge eutectic, respectively.1 The distance be-
tween the nearest contact areas of two neighboring tran
tors was 300mm. The regions of the structure between t
transistors were insulated by proton implantation with
energy being varied in the order 90, 60, 30 eV and the d
at all energies was 3.831013cm22. After the transistors had
been fabricated, the structures were chemically and mech
cally polished on the substrate side to a thickness of 100mm.
Then, half the surface of the wafers on the substrate side
shielded with a metal mask and the other half was bo
barded with 90 eV argon ions at various doses and cur
densities. The temperature of the structures during bomb
ment did not exceed 31065 K. The changes in the transisto
parameters after bombardment were determined from
current–voltage and capacitance–voltage characteristics
der normal conditions and under additional illumination
visible light ~incandescent lamp,W525 W), and also by
6551063-7850/99/25(8)/2/$15.00
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controlling the gate potential of the measured transistor fr
the contact areas of a neighboring one.

The long-range influence of bombardment on the para
eters becomes appreciable at argon ion current dens
higher than 0.5mA/cm2 and dosesF.531015cm22. This
is observed as an increase in the electron mobility and
formation of a steeper distribution profile of the electron co
centration over the thickness of the active layer near the
terface with the buffer~Fig. 1!. Under the additional illumi-
nation, the current–voltage characteristics of these transis
do not depend on whether the current in the channel is c
trolled by its own an external gate~Fig. 2!. The controlled
parameters remain stable when the irradiated structures
held under normal conditions for one month, or when a
nealed in air at 400 K for 1 h.

These results indicate that the impurity-defect compo
tion of the active layers and protonated insulating regions
irreversibly altered when the structures are bombarded on
substrate side. The changes in the transistor parameters
gest that this alteration is predominantly caused by a dro
the concentration of electron scattering centers in the ac
layer which, for example, may be point defect complex
formed during epitaxy.2 It is also caused by the partial an
nealing of the radiation damage responsible for the insula
properties of the protonated regions under the action of
elastic wave field.3,4 The main sources of elastic waves a
the thermal peaks in the ion stopping zone. However, as t

FIG. 1. Depth distribution profiles of the electron mobility~1, 18! and con-
centration~2, 28! before~1, 2! and after~18, 28! argon ion bombardment with
the doseF51016 cm22.
© 1999 American Institute of Physics
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propagate through the entire thickness of the structure,
amplitude of these waves decreases substantially, and
mates made using the results of Ref. 3 show that for our c
the pressure drops fromPmax51.44 GPa~near the therma
peak! to 0.34 MPa in the active layer of the transistors. T
energy of these wavesE51024 eV/at is insufficient to di-
rectly activate the dissociation of impurity-defect complex
Thus, their main role is to excite metastable pileups of po
defects which is accompanied by the annihilation of com
nents of Frenkel pairs, the drift of these to extended sin
and the generation of secondary elastic waves.4,5 These pro-
cesses are most intense near the outer surface and the in
interfaces between the epitaxial layers where the mechan

FIG. 2. Current–voltage characteristics of transistors illuminated and
trolled from an external electrode~1 — Vc50 V, 2 — Vc520.4 V, 3 —
Vc520.8 V) before~filled symbols! and after~open symbols! argon ion
bombardment with the doseF51016 cm22.
he
sti-
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stress gradient is greatest, and consequently the conce
tion of vacancies and interstitial atoms spatially separated
the interface is increased. The incidence of elastic wave
such an interface stimulates the annihilation of unlike po
defects and thus results in the formation of secondary wa
whose amplitude is equal to the hydrostatic component of
self-field of the elastic stresses of the defects, which is on
two orders of magnitude higher thanPmax ~Ref. 6!. Numeri-
cal estimates of the amplitude and energy of the ela
waves propagating through the active layer from the inter
interface give values of 46 MPa and 1.331022 eV/at, re-
spectively, at the free surface of the structure. These wa
can initiate surface sources of point defects3,7 which activate
the transformation of the impurity-defect composition of t
layer and annealing of damage in the protonated regions

1S. V. Obolenski� and G. P. Pavlov, Fiz. Tekh. Poluprovodn.29, 413
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Discrimination of acetone and ammonia vapor using an array of thin-film sensors
of the same type

V. V. Kisin, V. V. Sysoev, and S. A. Voroshilov

Saratov State Technical University
~Submitted March 5, 1999!
Pis’ma Zh. Tekh. Fiz.25, 54–58~August 26, 1999!

It is shown that a gas mixture can be discriminated by using an array of thin-film semiconductor
sensors having variable internal parameters. It is established that a multisensor system
consisting of an array of sensors, fabricated by the same technological process but having a
spread of active-layer parameters, can discriminate between ammonia and acetone vapor impurities
in air. © 1999 American Institute of Physics.@S1063-7850~99!02408-8#
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It is usually assumed that the low selectivity of semico
ductor gas-sensitive materials limits their possible appli
tions in devices for identifying and analyzing gases. Hen
numerous methods have been developed to enhance the
sitivity of gas-sensitive semiconductor layers, including c
clic variation of the operating temperature, doping with va
ous impurities, forming filters on the surface, and so o1

However, a semiconductor sensitive to a single gas is fa
rarely achieved. It is generally possible to talk of ‘‘relative
selectivity, i.e., the sensor responds to the action of a ra
of gases but the absolute values of the responses to t
gases differ considerably. Since some gases cause a
crease in the conductivity of the gas-sensitive layers and
ers cause a decrease, it is not too difficult to identify differ
types of gases. For gases of the same type, the problem
pears at first glance to be insoluble, since a single se
cannot determine whether a change in the conductivity of
layer has been caused by the type of gas or its quantity~con-
centration!.

This aside, the problem can be solved because, e
though not absolutely selective, semiconductor structu
satisfy the constraints imposed on sensors in multisen
odor-discrimination systems. These systems identify diff
6571063-7850/99/25(8)/3/$15.00
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ent gases by analogy with the olfactory system of mamm
and they are therefore called2,3 ‘‘electronic noses.’’ There
has recently been a tendency to construct multisensor
tems using sensors fabricated by a common technolo4

since in principle these be used to produce relatively ch
integrated odor-identification systems in which the sens
and signal processing systems can be formed on the s
substrate.

The aim of the present study was to determine whet
gases of the same type could be distinguished using a m
tisensor system comprising an array of gas-sensitive re
tors, fabricated in the same technological process, but ha
some spread of parameters.

Thin semiconducting films of tin oxide were deposite
by magnetron sputtering on a polished 15315 mm substrate
and equipped with metallization configured such that a
cutting up the wafers, up to 100 chips of triple-electro
resistive gas sensors could be fabricated, each having
topology described in Ref. 5. The dependences of the se
tivity of the active layer to a particular gas on the film p
rameters~thickness and doping level! had clearly defined
maxima.6 Thus, the sensitivity of the films was optimized fo
acetone vapor by selecting the deposition conditions usin
e-
FIG. 1. Schematic of apparatus to study the r
sponse of a multisensor system:1, 2 — cylinders
containing gas mixture and air,3, 4 — high and
low-pressure reducers,5 — flow regulator, 6 —
flowmeter,7 — sensor,8 — measuring unit, and9
— thermostat.
© 1999 American Institute of Physics
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FIG. 2. Normalized signals from sensors formin
multisensor system to three impurity concentr
tions: ethanol~a!, acetone~b!, and ammonia~c! in
air. The signals are normalized to the maximum r
sponse of one of the sensors.
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method described in Refs. 7 and 8. The gas sensitivity
defined as the degree of change in the conductivity of
layer in a test medium relative to the conductivity in pure
~79% N2 and 21% O2).

A schematic diagram of the measuring apparatus
shown in Fig. 1. In order to achieve identical operating co
ditions for all the sensors in the system, these were inse
in a solid copper thermostat. The operating tempera
~around 400°C) was monitored using a chromel–alum
thermocouple and was maintained to within62%. The re-
sponse of the system was studied to the action of three ga
ethanol, acetone, and ammonia vapor, over a wide rang
concentrations (102– 104 ppm). Gas–air mixtures were pre
pared by mixing artificial air and saturated gas vapor in d
ferent proportions. The gas flow rate was selected so tha
actuation times of the sensors in the measuring cham
were fairly short. A typical actuation time determined at 0
of the maximum signal did not exceed 3 min.

Sensors whose active layer was formed in the same t
nological process had a spread of gas sensitivity. In orde
form the multisensor system, we selected six sensors f
the same batch whose sensitivity differed most strongly
the signals from the sensors forming the system are re
sented as a lobe diagram without any significant treatm
~Fig. 2!, it can be seen that it is impossible to distinguish t
response of the system to the action of acetone and eth
vapor. Conversely, the response of the system to the ac
s
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of ammonia is quite different and is easily distinguish
from the response to acetone or ethanol. An analysis of
response of the multisensor system to the action of ga
using a correlation analysis technique described in Re
shows that the responses of the multisensor system to eth
and acetone vapor are well correlated~see Table I!. The re-
sponse to the action of ammonia correlates poorly with
response to the action of ethanol and acetone vapor so
these can be reliably distinguished.

Ethanol and acetone clearly react in approximately
same way with the surface of tin oxide, possibly becau
when they undergo dissociation and oxidation, they fo
various similar radicals so that they are difficult to disti
guish. However, the physical and chemical processes acc
panying the interaction between the surface of tin oxide a
ammonia differ substantially from those accompanying
interaction of the surface with ethanol and acetone. Thus
array of sensors whose active layers have a slightly varia
‘‘internal parameter’’ can identify these gases as a resul
the dependence of the gas-sensitive properties on the
parameters specific to each gas.

To sum up, a difference between the properties of s
sors, even when these are fabricated in the same techno
cal process, can be used to identify various gases even w
these change the conductivity in the same direction, for
ample, to distinguish between acetone and ammonia. A
ir.
TABLE I. Correlation coefficient between responses of multisensor system to three gas impurities in a

Gas Ethanol, ppm Acetone, ppm Ammonia, ppm
1100 5040 10200 960 5930 9680 100 860 6900

Ethanol 0.99 1 1 1 0.99 0.98 20.36 20.31 20.43
Acetone 0.96 0.99 0.98 0.98 1 1 20.24 20.21 20.32
Ammonia 20.44 20.34 20.39 20.43 20.26 20.24 0.99 0.95 1
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the type of gas has been established, it is easy to deter
its quantity since the concentration dependence of the se
sensitivity is usually known for each gas.
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Annealing of aluminum–silicon-dioxide–silicon structures after a-particle bombardment

S. V. Vasin, V. B. Tulvinski , and É. T. Shipatov

Ulyanovsk State University, Russia
~Submitted March 22, 1999!
Pis’ma Zh. Tekh. Fiz.25, 59–62~August 26, 1999!

An investigation is made of the isochronous annealing of Al–SiO2–Si structures in the
temperature range 20–450 °C after bombardment witha-particles from a Cm244 radioisotope
source. In this temperature range it is observed that the positive charge in the insulator falls below
the initial values. The hypothesis is put forward that this effect may be the result of defect
formation and structural rearrangements near the Si/SiO2 interphase boundary during irradiation
and annealing. ©1999 American Institute of Physics.@S1063-7850~99!02508-2#
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Studies of defect generation and annealing processe
MOS structures are highly topical in solid-state electroni
However, despite an appreciable number of experime
and theoretical studies~see, for example, Refs. 1 and 2!,
some problems have not received due attention in the lit
ture. These must include defect generation and annea
processes in the SiO2 film and at the Si/SiO2 interphase
boundary, induced by radiation treatment. These proce
are studied in the present paper.

Samples of MOS capacitors were fabricated us
phosphorus-dopedn-type silicon having a resistivity of 6.5
V•cm. A 100 nm thick oxide layer was grown by therm
oxidation at 1050 °C in a dry oxygen atmosphere with add
3% HCl. Electron beam evaporation was used to deposi
aluminum film on the SiO2 surface, in which 1.131.1 mm
contact areas were formed by photolithography. Ohmic c
tact was provided by depositing a continuous aluminum fi
on the back of the silicon wafer after etching the oxide.
nally, the structures were annealed in a dry nitrogen atm
sphere at 500 °C. The structures were bombarded w
a-particles from a Cm244 radioisotope source (a-particle en-
ergy 4 MeV, fluence 63109 cm22). After bombardment the
samples underwent isochronous annealing (t530 min! in air
in the temperature range 20–450 °C. The parameters o
MOS structures were monitored by measuring the rf~1 MHz!
capacitance–voltage characteristics from which we de
mined the charge density at the traps in the insulatorQot and
the density of surface statesDit at the Si/SiO2 interface~Ter-
man method3!.

The results are plotted in Fig. 1. The ‘‘average’’ dens
^Dit& in Fig. 1b corresponds to the integral densityDit(E) in
the silicon band gapEg in the energy range60.2 eV relative
to the midgap valueEg at the Si/SiO2 interface. It can be
seen from Fig. 1a that during annealing the charge in
insulator reaches its initial~pre-irradiation! values by;80 °C
and continues to fall up to 250–270 °C, so that the minim
charge density is more than two orders of magnitude lo
than that in the unirradiated samples. A further increase
temperature leads to an increase in charge which recove
its initial level at;450 °C.

Before irradiation, the surface-states densityDit(E) at
6601063-7850/99/25(8)/2/$15.00
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the Si/SiO2 interphase boundary within the silicon band g
Eg has a standard U-shaped profile with a broad minimum
midgap. As a result of thea-irradiation, Dit(E) increases
abruptly over the entire widthEg , keeping the same profile
It can be seen from Fig. 1b that the integral density^Dit&,
calculated near the midgapEg (60.2 eV!, decreases continu
ously with increasing temperature, with the maximum slo
at 250–270 °C which corresponds to the minimum on
Not(T) curve.

As the temperature increases to;450 °C, the density of
interphase statesDit returns to its initial level, like the charge
densityQot , which may indicate that the physical process
determining the relaxation ofQot and Dit under post-
irradiation annealing are similar and interrelated.

We postulate that these dependences are mainly a
sequence of the intense defect formation in the Si–S2

FIG. 1. Curves of isochronous annealing of the fixed charge density in S2

~a! and density of surface states at the Si/SiO2 interface~b! of irradiated
structures. The horizontal line gives the values:1 — before and2 — after
irradiation.
© 1999 American Institute of Physics
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structure undera-irradiation, which is intensified by the
presence of appreciable mechanical stresses at the Si/2

interface4 and an increased hydrogen concentration in
SiO2 near the interface.5 Radiation-induced defects, i.e
electron traps and holes in SiO2, are created as a result o
atomic displacements and breaking of Si–Si and Si
bonds, as well as Si–H and Si–OH bonds accompanied
the release of hydrogen atoms which passivated interp
surface states. This results in the formation ofPb centers,
which are the main sources of interphase states, and
leads to the generation ofQot

1 and Qot
2 charges at traps in

SiO2 formed by radiation defects. The positive chargeQot
1 is

made up of the charge of trapped holes and also pro
mainly concentrated near the Si/SiO2 and Al/SiO2

interfaces.5 Under annealing, this charge relaxes rapidly a
result of tunneling and thermal emission processes involv
valence electrons,6 initiation of hopping conduction of the
holes in SiO2, retrapping of protons at broken bonds, a
annealing of the radiation defects.

As far as the negative chargeQot
2 is concerned, the more

mobile electrons in the SiO2 are trapped in smaller quantitie
than the holes, which is confirmed by the sign of the s
charge after irradiation. We know from studies of the opti
charging of Si–SiO2 structures~see, for example, Ref. 7! that
the negative charge in these structures is annealed wit
appreciable temperature delay. Inn-Si as in our case, the
iO
e

by
se

lso

ns

a
g

l

an

delay may be caused by the electrons leaving the traps b
compensated by an influx from the silicon conduction ba
The necessaryn1 layer at the SiO2 interface is created by the
enhanced phosphorus concentration near this boundary.

If these two curvesQot
1(T) and Qot

2(T) are combined,
we obtain the sum curve with a minimum, as can be s
from Fig. 1a. Additional measurements of these structu
after b-particle bombardment from an Sr901 Y90 source
yielded similar results which clearly indicate the importan
of ionization and below-threshold mechanisms of defect f
mation, including the generation of defects as a result
relaxation of mechanical stresses in Si–SiO2 ~Ref. 4!.

1R. A. B. Devine, IEEE Trans. Nucl. Sci.41, 452 ~1994!.
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6P. J. McWhorter, S. L. Miller, and W. M. Miller, IEEE Trans. Nucl. Sc
37, 1682~1990!.
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A procedure is suggested for controlling chaos in quasiperiodically excited systems by stabilizing
an unstable torus, or creating a new one by means of a small action. For this purpose the
controlled system is synchronized with one which is similar but in a state of stable quasiperiodic
motion. The method is illustrated for a quasiperiodically perturbed logistic mapping and a
Duffing oscillator. © 1999 American Institute of Physics.@S1063-7850~99!02608-7#
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1. INTRODUCTION

Controlling chaos is one of the most practically releva
directions in nonlinear physics. The most common meth
is the Ott–Grebogi–Yorke method of stabilizing unstable
riodic orbits1 and various modifications of this.2,3 Its effi-
ciency has been demonstrated for many autonomous an
riodically excited systems. However, the problem of cont
in systems exposed to more complex multifrequency ac
has been left to one side. The present paper is devote
searching for methods of solving this problem in the simpl
case of a biharmonic action with two nonmultiple freque
cies.

We shall analyze some characteristic features which
imposed on the control problem by the quasiperiodicity
the action. Primarily, this results in the absence of unsta
periodic orbits which could be stabilized. The way out he
is to use an unstable torus which can exist in the phase s
of these systems. This is created as a result of bifurcat
such as ‘‘doubling’’ and loss of torus symmetry and afte
transition to chaos, is embedded in a chaotic attractor
exists outside it. However, the standard control proced
either requires a knowledge of the orbit being stabilized
the presence of an oscillator which generates a suitable
erence signal.1,2 A torus is a topologically more comple
object than a cycle and a model of the global dynamics of
system is required to reconstruct it. The construction of s
a model and the search for an unstable torus is in itse
fairly complex problem. Hence it is more productive
search for a suitable reference oscillator. As a reference o
to stabilize an unstable torus, it seems reasonablea priori to
use a torus evolutionally coupled with it, which existed in t
system for other parameters~before loss of stability!. The
aim of the present study is to demonstrate the possibility
implementing this idea. A procedure is describing for sta
lizing an unstable torus or creating a new orbit in its vicin
by locking the controlled system to one which is similar b
in a state of stable quasiperiodic motion. This is illustra
for a quasiperiodically perturbed logistic mapping and a D
fing oscillator.
6621063-7850/99/25(8)/3/$15.00
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2. STABILIZATION OF AN UNSTABLE INVARIANT MAPPING
CURVE

We shall analyze the two-dimensional mapping

xn115 f ~xn ,un!5l2xn
22« cos 2pun ,

un115un1v, mod 1, ~1!

where v5(A521)/2 is the ‘‘golden cross section.’’ This
mapping demonstrates a torus doubling bifurcation an
transition to a strange nonchaotic attractor and chaos.
unstable invariant curve generated by the torus doub
x5w(u), 0<u<1 is embedded in a chaotic attractor~Fig.
1a!. In order to stabilize the invariant curve, we can mod
the mapping~1! as follows:

xn115 f ~xn ,un!1g~xn ,un!,

un115un1v, mod 1, ~2!

where the functiong(x,u) is the control action which mus
satisfy the following two constraints:

g~w~u!,u!50,

E
0

1

lnu f x8~w~u!,u!1gx8~w~u!,u!udu,0.

The first constraint implies that as the trajectory a
proaches the invariant curve, the control action tends to z
while the second implies that the average Lyapunov ex
nent along the invariant curve is negative and the invari
curve becomes stable. The functiong(x,u) may be taken in
the standard form of a proportional control action

g~x,u!5C~x2w~u!!,

whereC is the coupling parameter. Then, in accordance w
the fundamental idea of the method we note that the inv
ant mapping curves~1! in different regions of paramete
space are fairly similar, as we can see from Fig. 1b where
thin line x(u) is the unstable torus of the mapping~1! from
the chaos region, andy(u) is a stable torus from some othe
region. It is easily seen that the following relation holds:

x~u!'Sy~u1t!1B,
© 1999 American Institute of Physics
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FIG. 1. a — Chaotic attractor and unstable torus
mapping~1! embedded in it~1! (l51.2, «50.2); b —
thin line x(u) — unstable torus from region of chaoti
dynamics of parameter space being stabilized (l51.2,
«50.2), thick liney(u) — stable torus of mapping~1!
used as reference trajectory for control (l50.85,
«50.2); c — thin line — unstable torus of mappin
~1!, thick line — torus of mapping~3.1, 3.3! obtained
from ~1! by using the control procedure~for the same
values of the parameters!.
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and the curve from its region of stability can be reduced
the form of an unstable curve from the chaos region with
fairly high degree of accuracy, by means of a proportio
contraction/expansion along thex axis and a shift parallel to
the coordinate axes. The functiong(x,u) thus has the form

g~xn ,un!5C~xn2Syn~un1t!2B!,

where the parametersS and B determine the contraction
expansion and the parallel shift of the invariant curve, ant
is the phase shift. Finally, the mapping can be written in
form

xn115l12xn
21« cos 2pun1C~xn2Syn2B!, ~3.1!

yn115l22yn
21« cos 2p~un1t!, ~3.2!

un115un1v, mod 1, ~3.3!

wherel1 is the value of the parameter for which chaos a
an unstable torus exist in the mapping~1!, and l2 is the
value for which a stable torus exists, which is used as
reference trajectory.

The results of applying the stabilization algorithm a
plotted in Fig. 1c. The thin line gives the unstable invaria
mapping curve~1! and the thick line gives the stable toru
obtained as a result of applying the control procedure. Th
last two lines are almost matched. The accuracy of th
matching depends on the successful choice of paramete
the reference mapping~3.2–3.3! and the coupling param
eters. The dependence of the controlling action decreases
level which is no more than 5% of the variation in the p
rameters needed to transfer the controlled mapping to
region of regular dynamics, which suggests that the con
problem has been solved.
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3. FLUX MODEL

Since a one-dimensional irreversible logistic mapping
not a Poincare´ cross section of any flux, we need to demo
strate separately that the proposed control method can
applied to models in the form of a system of different
equations. As such we take a biharmonically excited Duffi
model, which has many physical analogs:

ẍ12l ẋ1x1x35 f 1 cosv1t1 f 2 cosv2t, ~4!

where v1 /v25(A521)/2. Since a Duffing oscillator pos
sess a symmetric potential, the transition to chaos in
system should be preceded by symmetry-loss bifurcation
the torus. The resulting unstable torus is embedded in a
otic attractor~Fig. 2a!. To stabilize this, we modify Eq.~4!
by adding a control action in a form known as continuo
proportional feedback:2

ẍ12l ẋ1x1x35 f 1 cosv1t1 f 2 cosv2t1g~x,t !, ~5!

g~x,t !5C~x2Sy~ t !!,

wherey(t) is a reference signal obtained by integrating E
~4! numerically for values of the parameters corresponding
the stable symmetric torus regime. These parameters are
termined by trial and error: we decrease the amplitude of
fundamental-frequency signalf 1 until we enter the symmet
ric torus regime, after which finer tuning is achieved by va
ing the amplitude off 2. As a result of the symmetry of the
system, the parametersB and t @see Eq.~3!# are zero and
because of the low sensitivity of the torus to variations in
parameters,S is close to unity.

The results of applying the control procedure are plot
in Fig. 2b. It can be seen that the torus and reference orbi
not agree at all, However, the control action does not exc
8% of the variation in the principal control parameterf 1
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FIG. 2. Cross section of chaotic attractor and unstable to
of biharmonically excited Duffing oscillator(f 1578, f 2

55, l50.1, v151.5) ~a!. Results of applying the contro
procedure: thin line — cross section of reference tor
thick line — stabilized~for the same parameters as a an
b!. Fragment of the cross section of the parameter spac
a biharmonically excited Duffing oscillator (l50.1, v1

51.5) ~c!. 1 — symmetric torus,2 — asymmetric torus,
3 — chaos, and4 — region in which control is possible.
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needed to transfer the system to a state with regular dyn
ics and thus, in this case we can talk of chaos control.

The extent of the region of applicability of the propos
control method can be estimated from Fig. 2c. In regionA
this control procedure can be applied. In regionB this is
impeded by the increasing deformation of the unstable to
since this region is extremely far from the region of existen
of a stable symmetric torus. In regionC, control cannot be
applied because of the device characteristics of the param
space imposed by the quasiperiodicity of the action. The
furcation line of the torus symmetry loss truncates at poinT,
which is the critical point of codimensionality 2. Thus,
transition to chaos can take place in the system without
of symmetry and the creation of an unstable torus~above
point T). Thus, the region of chaos is divided into two se
tions: A–B ~with an unstable torus! andC ~no torus!. These
sections are divided by the linel on which the unstable toru
is disrupted by~preferably! internal contact between the ch
otic attractor boundaries. Thus, in regionC there is no object
to which the stabilization procedure can be applied.

CONCLUSIONS

These results indicate that the proposed chaos con
procedure of stabilizing an unstable torus is effective in s
tems exposed to a quasiperiodic action.
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The proposed method can be used to control chao
real physical systems because of the universal nature of
structures of bifurcation sets of quasiperiodically excited s
tems of various types, which was demonstrated in Ref. 4
a quasiperiodically excited logistic mapping and a dio
resonator in the vicinity of the critical end point of the toru
doubling bifurcation line. Universality implies the presen
of identical regions of existence of regular and chaotic d
namics, unstable orbits, and bifurcation transitions. T
means that the method described can be applied to a sy
of two unidirectionally coupledLR-diode circuits.
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Information transmission using a synchronous chaotic response with filtering
in the communication channel
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A principle is proposed for obtaining a chaotic synchronous response in a driven nonlinear
oscillatory system under conditions where the signal of the driving chaotic system is filtered by the
coupling channel. Music and speech signals are used to demonstrate the efficiency of
applying this principle to transmit information through a channel having a limited frequency
band. © 1999 American Institute of Physics.@S1063-7850~99!02708-1#
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The use of dynamic chaos to transmit information, p
ticularly confidential information, has attracted close atte
tion among researchers.1–7 Among the various proposed sy
tems, success was achieved with a system for nonlin
mixing of an information signal with a chaotic one, intro
duced in Ref. 3 using a ring oscillator8,9 as the chaos source
This system proved effective for transmitting information
the low-frequency10 and radio-frequency ranges,11,12and was
also used in experiments in the optical range,13 where the
chaos source was an oscillator consisting of a laser amp
and a fiber-optic cable as a delayed-feedback element. H
ever, the system3 also exhibits fairly high sensitivity to
amplitude-frequency distortions of the signal in the chann

In order to eliminate perturbations associated w
amplitude-frequency distortions in the channel, it was logi
to use correcting elements in the form of filters with a
sponse the reciprocal of the effective channel filter, at
entrance to the receiving devices. However, studies car
out in Refs. 14 and 15 showed that this approach is inef
tive since, for many of the most interesting cases, an e
solution of the correction problem is either lacking or dif
cult to achieve, and an approximate solution does not g
the desired improvement in the quality of the chaotic s
chronous response.

In the present paper we propose a new approach to
extraction of information by means of a chaotic synchrono
response in a nonlinear oscillatory system in the presenc
the filtering properties of the channel, and we report the m
results of an investigation of the information extraction p
cess. The idea of the approach is to incorporate elem
having filtering properties equivalent to those of the chan
in the transmitter~driving chaotic system! and receiver
~driven nonlinear oscillatory system!.

A functional diagram demonstrating the principle of o
taining a chaotic synchronous response and extracting
information component from the chaotic signal~Fig. 1! con-
sists of a transmitter I, a detector II, and a coupling chan
III which filters the incoming chaotic signal from the info
mation component. The transmitter incorporates a nonlin
subsystem1 consisting of an instantaneous-response non
ear converter and a first-order low-pass filter~Fig. 1b! and a
6651063-7850/99/25(8)/3/$15.00
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linear subsystem2 comprising a second-order low-pass filt
~Fig. 1c!, a summator and filter3 ~Fig. 1d! whose properties
are equivalent to those of the channel filter. The recei
consists of the same elements with the summator replace
a subtractor. If element3 is eliminated from the transmitte
and receiver, and the coupling channel is considered to
ideal, the system is reduced to that introduced in Ref. 3.

In the presence of a chaotic synchronous signal and
absence of an input information signal, i.e.,S50, the signal
leaving the subtractor in the detector isSf5U2Z250. If we
consider the propagation of an information signalSÞ0
through the circuit elements, we can confirm that the inf
mation signal at the detector exitSf is a copy of the signalS

FIG. 1. Schematic of transmission system: I — transmitter, II — receiv
and III — coupling channel.
© 1999 American Institute of Physics
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FIG. 2. Power spectra and signal fragments for a sig
power/chaos power ratio of26 dB: a — information signal
S, b — sum U of chaotic and information signals afte
channel filter, and c — information signalSf .
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passed through the filter3. It thus remains for us to deter
mine: ~a! whether the ring oscillator remains a source
chaos when the additional filter3 is introduced;~b! whether
it will be possible to obtain a chaotic synchronous respo
in the detector; and~c! whether the chaotic synchronous r
sponse is stable in the strong or weak sense~this determines
the presence or absence of on–off intermittence16–18and also
the level of distortions of the information signal in the dete
tor!.

Let us assume, to be specific, that III and therefore3 are
second-order bandpass filters. Then, the normalized e
tions for the information transmission system are:

TẊ11X15F~Z1!,

Ÿ11a1Ẏ11Y15X1 ,

Z̈11a2Ż11v2Z15v2~Ẏ11Ṡ!,

Ü11a2U̇11v2U15v2~Ẏ11Ṡ!, ~1!

TẊ21X25F~U !,

Ÿ21a1Ẏ21Y25X2 ,

Z̈21a2Ż21v2Z25v2Ẏ2 .
f

e

-

a-

The first three equations in~1! describe the transmitter, th
fourth describes the channel, and the last three describe
detector. The first equation describes the nonlinear s
system 1 consisting of a series-connected instantaneo
response nonlinear converter having the characteristic

F~U,m!5m@ uU1Su2uU2Su1~ uU21u2uU11u!/2#, ~2!

wherem is a parameter, and a first-order low-pass filter; t
next equation describes the linear subsystem comprisin
second-order low-pass filter; the third equation describes
second-order bandpass filter of the oscillator; the fou
equation describes the same filter but for the propagatio
the signal through the coupling channel,S is the information
signal, andY11S is the signal entering the channel and
the entrance of the transmitter bandpass filter.

Thus, the driving system in Fig. 1 is an the oscillat
with a first-order low-pass filter, a second-order low-pa
filter, and a second-order bandpass filter. We know19 that in
these oscillators there is a region of chaotic oscillations an
region of hyperchaos, so that condition~a! is satisfied.

The system of equations~1! has a solution whose trajec
tories in twelve-dimensional phase space lie entirely in
seven-dimensional hyperplane determined by the conditio
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X15X2 , Y15Y2 , Ẏ15Ẏ2 , Z15U, Ż15U̇. ~3!

If these solutions are stable under the action of sm
perturbations, the steady-state oscillations of the driven
tem induced by the chaotic action of the driving system ar
chaotic synchronous response. In order to obtain a cha
synchronous response and extract information, we used
hyperchaos regime of the transmitter with the parameterm
535, T50.2, a150.3, a250.2, andv52.5. A necessary
condition for the existence of a chaotic synchronous
sponse is that the first Lyapunov exponentl1

2 of the detector
should be negative. Direct calculations show that the ne
sary condition for locking stability is satisfied, and therefo
condition ~b! is satisfied. However, this is not sufficient
ensure stability of the chaotic synchronous response in
strong sense: the attractor of the system may have trajec
sections which are unstable in the transversal direction to
hyperplane of the locking attractor, which leads to on–
intermittence, i.e., randomly aperiodic disruptions of t
locking regime.

Calculations made using a technique used in Ref.
showed that in this case the locking attractor has no sect
with local instability transversal to the hyperplane, the sy
chronous response is stable in the strong sense, and no
off intermittence occurs.

Computer experiments on information transmission w
carried out using music and speech audio signals, and d
onstrated the high precision of reconstructing the informat
component of the signal. Figure 2 shows correspond
power spectra and signal fragments.

To conclude, the proposed principle for obtaining a ch
otic synchronous response in the presence of the filte
properties of the channel is effective. The principle has b
demonstrated for a transmission system where the infor
ll
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tion signal is mixed with the chaotic one but it cannot
used in other information transmission systems, using ch
for example in transmission systems with switching betwe
chaotic regimes.

This work was supported by the Russian Fund for Fu
damental Research~Grant No. 97-01-00800!.
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Modulational method of eliminating the zero shift of a fiber ring interferometer induced
by polarization nonreciprocity
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A new method is proposed to eliminate the zero shift of a fiber ring interferometer induced by
polarization nonreciprocity. This method is based on periodic modulation of the
polarization state of nonmonochromatic radiation at the entrance to the interferometer ring
system. Numerical estimates are given. ©1999 American Institute of Physics.
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One of the main factors limiting the accuracy of me
surements of angular rotation speed using fiber ring inter
ometers ~FRIs! fabricated using single-mode fiber-opt
waveguides is the zero shift of the interference between
counterpropagating waves at the FRI exit, caused by the
larization nonreciprocity of the FRI ring system.1–3 As the
fiber temperature of the FRI ring system varies, its leng
birefringence, and therefore its polarization nonreciproc
vary, which leads to a change in the zero shift or ze
drift.1,2,4,5Various methods are used to reduce the zero s
and drift in FRI systems, including polarizers,1,2,4,5 non-
monochromatic radiation depolarizers,6–8 or polarizers and
depolarizers together.9–12

The aim of the present study is to propose a method
eliminating the zero shift of an FRI induced by polarizati
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nonreciprocity which is based on periodic modulation of t
polarization state of the nonmonochromatic radiation at
FRI entrance. In this case, no polarizers and depolarizers
required in the FRI system.

Note that these simple FRI systems were conside
earlier,3,13,14 but either the zero shift was estimated3,14 or it
was assumed that there is a zero drift for the linear conv
sion of the change in the angular velocity into a change
the intensity of the interference signal,13 but the possibility of
eliminating the zero shift of the FRI by polarization mod
lation was not considered.

We write an expression for the zero shiftw in an FRI
system without a polarizer~see Fig. 1! whose ring system is
fabricated using a single-mode fiber-optic waveguide of
bitrary birefringence:3
w5arctan
sin~a11a2!sin 4x cos~a12a222h!Sl1sin 2~a11a2!cos 2xS3

2@cos2~a11a2!10.5 sin 2~a11a2!sin 2x#
, ~1!
en-
that

RI
bso-
ign
ly
of
n
lar
ion
nal

s
m-

-
the
wherex and a1,2 respectively characterize the ellipticity o
the natural polarization modes of the FRI ring system and
orientation of the major axes of the ellipse at the ends of
ring system relative to some arbitrarily selected direction,
example, the plane of the end of the ring system,Sl

5AS1
21S2

2 is the linear component of the polarization of th
nonmonochromatic radiation at the FRI entrance,h is the
azimuth ofSl relative to a selected direction, andS3 is the
circular component of the polarization of the nonmonoch
matic radiation at the FRI entrance (Si are the components o
the Stokes vector of the radiation15!. Expression~1! is valid
whenL@ l dep, whereL is the length of the FRI ring system
l dep5l2/DlDn is the depolarization length of the nonmon
chromatic radiation in the fiber,l is the average wavelengt
of the radiation source,Dl is its spectral width, andDn is
the refractive index difference in the slow and fast axes
the fiber.

We shall now analyze expression~1!. The denominator
e
e
r

-

f

~1! does not depend on the polarization state at the FRI
trance, whereas the dependence of the numerator is such
if a mutually orthogonal polarization state exists at the F
entrance rather than some given polarization state, the a
lute value of the numerator will remain the same but its s
will be reversed. In fact, the two, generally elliptic, mutual
orthogonal polarization states differ by the principal axis
the ellipseh being turned through 90° and by the directio
of the ellipse circumference, i.e., by the sign of the circu
component of the polarization. Thus, when the polarizat
state of the radiation changes to the mutually orthogo
state, the first term in the numerator of expression~1!
changes sign as a result of a change in the value of 2h by
180° (Sl does not change! while the second term change
sign as a result of a change in the sign of the circular co
ponent of the polarizationS3.

Note that the change in the sign ofw and the conserva
tion of its modulus when the polarization state changes to
© 1999 American Institute of Physics
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mutually orthogonal state will only take place in an F
without a polarizer.

If the polarization state is modulated periodically~either
harmonically or as a square wave! at the FRI entrance an
the output signal is analyzed by averaging over a time c
siderably greater than the modulation period, the value ow
will only be caused by the Sagnac effect, i.e., by the rotat
of the FRI and the contribution of the polarization nonre
procity is averaged. If some type of modulator of the ri
system length is used in the FRI,16,17 the modulation fre-
quency of the polarization state should be much lower t
that of the ring system length.

At present various devices are available for modulat
the polarization state of light in a single-mode fiber, who
operating principle is based on the photoelastic effect18 or
the Kerr effect.19,20 When an integrated-optic phase modu
tor is used,20 it is best to use an FRI system with a
integrated-optic beam splitter.21 The modulator should be po
sitioned between the first and second beam splitters in
FRI circuit ~see Fig. 1!. The ellipticity of the polarization at
the modulator exit may be arbitrary but one condition m
be satisfied: the axis of the polarization ellipse must be
ented at an angle of 45° to the axes of birefringence of
modulator.

We shall estimate the zero shift and drift in the propos
FRI system assuming that the polarization state at the
trance is not ideally modulated, i.e., the polarization state
different half-periods are not completely orthogonal. W
shall assume that at the modulator exit, almost linear po
ization (S1'1, S3'0.01) with the azimuthh'0°6pN/2,
whereN is an integer, exists in one half-period. In the seco
half-period the azimuth changes not by 90° but by 85°, wh
the circular component of the polarization changes its s
and its absolute value changes by 5%~the negligible change
in the absolute value of the linear component of the po
ization is insignificant in this case!. We shall assume that th
FRI ring system is 500 m long, the diameter isD510 cm and
the parameters of the radiation source arel50.8mm and
Dl520 nm. Here we shall consider two types of sing
mode fiber in the FRI ring system: fibers having strong bi
fringence Dn5331024, h51025 m21 and fibers having
weak birefringenceDn51026, h5531022 m21. For the
estimates we shall also assume that the orientation of
intrinsic axes of birefringence of the fiber at the FRI exit
a1521°, a252° for the fiber with strong birefringenc
and a1525°, a2510° for the fiber with weak birefrin-
gence~for these last fibers exact orientation of the axes

FIG. 1. Schematic of fiber ring interferometer:1 — radiation source,2 —
beam splitters,3 — ring system, and4 — photodetector.
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birefringence is difficult to achieve!. At this point we note
that the casea15a2 is the optimum from the point of view
of reducing the zero shift.1,2 The FRI zero shift in units of
degrees per hour is related to the interference phase sh
the counterpropagating waves as follows:2 DV
5(105Dwlc)/(pLD).

We shall estimatex in expression~1!. Using the results
of Refs. 2 and 15, we can show that forhldep!1 ~fiber with
strong birefringence! uxu<Ahldep and for hldep'1 and
hldep@1 ~fiber with weak birefringence! we haveuxu<p/4.

Estimates made using expression~1! yield the following
results: 1! for a fiber with strong birefringence, the zero sh
is 531021 deg/h, and the zero drift 1021 deg/h; 2! for a fiber
with weak birefringence~in this case it is impossible to iso
late the constant zero shift of the FRI! the zero drift is'40
deg/h. These estimates were made for an isotropic b
splitter at the entrance to the FRI ring system. If the line
dichroism of this beam splitter is 1–2%, the zero shift a
drift in both cases may increase by approximately an orde
magnitude. The birefringence of the beam splitter may a
substantially increase the zero shift and drift of the FRI.
principle, however, it is always possible to select modulat
parameters of the polarization state such that at the entr
to the FRI ring system the polarization states in the differ
half-periods are mutually orthogonal.

This work was supported by RFBR Grant No. 96-1
96742.
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An analysis is made of an electrically neutral system of two small positive charges surrounded
by a common cloud of Boltzmann-distributed electrons. This system, which simulates
macroparticle interaction in a dusty plasma, is called a Debye quasimolecule. Calculations are
made of the force and potential interaction energy of shielded dust particles as a function
of the distance between them. It is shown that the electron shells are polarized so that the forces
of attraction of the dust particles in a Debye quasimolecule predominate over the forces of
repulsion of their like charges. This may occur up to distances equal to the size of the dust
particles. It is concluded that metastable dusty liquids and crystals cannot exist when the
electron clouds of the charged particles obey a Boltzmann distribution. ©1999 American
Institute of Physics.@S1063-7850~99!02908-0#
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INTRODUCTION

A plasma in which charged micron-sized particles pla
significant role~a so-called dusty plasma! is interesting for
fundamental and applied research.1–4 In view of the large
charge which may be acquired by finely dispersed particle
dusty plasma becomes essentially nonideal even at comp
tively low particle densities. Plasma-dust crystals, drople
and clouds may form in such a plasma.

In theoretical analyses of a dusty plasma, particular
portance should be attached to studying dust particles
rounded by electron clouds. A dust particle surrounded by
electron cloud is an analog of an atom in the kinetics
gases. The shell of such a dusty atoms may be polarize
follows from general reasoning that at fairly large distanc
between like-charged particles~nuclei of dusty atoms! the
attractive polarization forces should predominate over
repulsive forces. By analogy with the situation encounte
in the interaction of normal atoms, it is natural to assume t
at short distances, the forces of repulsion of like-charged d
particles begin to predominate. This should result in the
istence of stable dust molecules and also liquid and crys
line structures of dust particles surrounded by elect
clouds.

Quite clearly, the switch from attraction to repulsion
distances of the order of the Debye length is observed
perimentally. Otherwise, dusty structures could not for
However, it is shown in the present study that if the elect
distribution in a cloud surrounding dust particles is in th
modynamic equilibrium, the dust particles can only attra
From this it follows that the existence of real dusty structu
is caused by the nonequilibrium state of their electr
clouds.

A charge surrounded by a cloud of electrons having
Boltzmann distribution was previously described by us a
Debye atom,5 as opposed to a Thomas–Fermi atom in wh
the electrons are degenerate. Here we consider a syste
two charges surrounded by a common cloud of Boltzma
6701063-7850/99/25(8)/3/$15.00
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distributed electrons. This system could be logically calle
diatomic Debye molecule. However, it has been shown t
this system is unstable. In atomic physics and atomic co
sion theory the term quasimolecule is used in these ca
Thus we shall call these dust particles in a cloud
Boltzmann-distributed electrons a Debye quasimolecule.

INITIAL EQUATIONS

The potentialw and field strengthE in a Debye atom and
a Debye quasimolecule are described by the Poisson e
tion and the Boltzmann distribution for the electronsNe

5Ne0 exp(w). The initial equations then have the form:

~¹E!52exp~w!, E52¹w, ~1!

where¹ is the Hamiltonian vector operator.
Here we use dimensionless quantities: the length is m

sured in Debye radiir D5(Te/4pe2Ne0)1/2, whereNe0 is the
free electron density in the absence of an external field,e is
the electron charge,Te is the electron temperature, the p
tential is measured in units ofTe /e, and the field strength is
measured inTe /erD .

On the basis of the experimental conditions3 whereNe0

52.531010cm23, Te50.146 eV51700 K, we have for the
characteristic values: r D50.002 cm, Te /e50.146 V,
Te /erD580 V/cm. For a dust particle of average radiusr 0

50.4mm (r 0 /r D50.02) and chargeZpe5500e we have the
field strength at the particle surfaceE05Zpe/r 0

254.5
3104 V/cm (E0erD /Te5550).

From the formal point of view, the analysis of a Deby
molecule and a Debye quasimolecule only differ in terms
the geometry of the problem. Assuming a spherically sy
metric electron cloud, a Debye atom5 was successfully ana
lyzed by solving the one-dimensional Poisson equation~1!.
In order to analyze a Debye quasimolecule, we shall ass
that the problem is symmetric relative to thez axis connect-
ing the nuclei. It is then sufficient to analyze the tw
dimensional equation~1!.
© 1999 American Institute of Physics
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We also note that the main aim of analyzing the Deb
molecule is to find the dependence of the resultant elec
static force acting on the dust particles on the distance
tween them.

METHOD OF SOLUTION

The two-dimensional Poisson equation~1! was solved
using the POTENTsIAL program package, developed for
ser isotope separation6,7 to model the extraction of ions from
a plasma via the electrode system~see also Ref. 8!. In par-
ticular, these programs calculate the spatial distribution
the potentialw, the electron densityNe , and the electric field
E for given positions and potentials of arbitrarily distribute
conducting electrodes of rectangular cross section. The P
son equation is solved by a method of iteration in a fo
similar to that described in Ref. 9. For the analysis o
Debye molecule, the program package was modified so
the Poisson equation could be solved not only in planar
also in cylindrical geometry.

For the analysis of a Debye molecule the charged d
particles were simulated by small cylindrical conducti
electrodes. The boundary conditions were set by the pote
w0 at these cylinders. In addition, zero potential was a
surface some distance from the electrodes simulating
dust particles.

After determining the spatial distribution of the potent
and the field, the results were processed using Mathcad.
aim of this processing was to find the charge at the electr
Zp and the electrostatic forceF(d) acting on the electrode
whered is the distance between the centers of the electro
The potential interaction energy of the electrodes~i.e., the
term of the Debye quasimolecule! was determined by inte
grating overU(d)5*d

`F(x)dx. The electrode charge wa
calculated using the Gauss theorem, as the vector of the
intensity flux across the electrode surface. The force of
electric field acting on the electrode was determined by in
grating the electric pressureE2/8p on the surface of the
conductor.

RESULTS

A cylindrical region of radius 4r D and 8r D was specifi-
cally analyzed in the calculations discussed below. The
ameter and height of the electrodes simulating the dust
ticles were taken to be equal to some valuer 0, wherer 0 was
fairly small r D /r 0550. The distance between the electrod
was varied in the ranged52r 0–1.5r D . The results of the
calculations are given for large electrode chargesZp@10.

The distribution of the potentialw and the electron den
sity ne[exp(w) have a form which can be guessed quali
tively beforehand. The electrons are concentrated at the
face of the electrodes, to a considerable extent shielding t
charge. However, a significant fraction of the electro
builds up at the center of the axis of the Debye quasimo
cule. This is responsible for the effective attraction of t
dust-particle nuclei. It is found that attraction occurs over
entire range of states considered.

The calculations showed that the electrode chargesZp

are proportional to the potentialw0 at them and the tota
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force acting on the electrode from the other electrode and
electron cloud is proportional to the square of the volta
and thus the charge:F(r )}w0

2}Zp
2 . This allowed the force

and the interaction energy of the nuclei to be expresse
terms of certain universal functions:

F~d!5 f ~d/r D!~Zpe/r D!2, U~D !5u~d/r D!~Zp
2e2/r D!.

The universal functionsf (x) andu(x) are plotted in Fig.
1. The factors (Zpe/r D)2 and Zp

2e2/r D determine the force
and potential interaction energy of the point defects at a
tance equal to the Debye length.

CONCLUSIONS

The results of tabulating the force and the interact
energy of dust particles in a Debye quasimolecule are u
versal for fairly large distances between them:d.5r 0. For
shorter distances, the results depend on the specific sha
the electrodes. In addition, at short distances the polariza
of the charge at the electrode becomes substantial. Howe
we are specifically interested in large distances between
nuclei d@2r 0, which are found in the experimentally ob
served dusty structures.

The results of the calculations indicate that at least
distances substantially larger than the sizes of the dust
ticles, attractive forces predominate. This has a logical
planation. The electron density of a Debye atom increa
abruptly on approaching its nucleus~for further details see
Ref. 5!. Thus, as the nuclei come closer, an increasing nu
ber of electrons accumulate at the center of the molec
The force of attraction of the nuclei to these electrons ac
mulated on the axis of the molecule predominates over
Coulomb repulsion force of the nuclei. Note that this fund
mentally distinguishes a Debye quasimolecule from an o
nary molecule in which the electron motion is described
quantum laws rather than by classical ones. This is beca
by virtue of the quantum-mechanical uncertainty princip
the electron density in real atoms does not increase with
bound near an atomic nucleus. In particular, if we use
Thomas-Fermi electron distribution rather than a Boltzma
one, the forces of attraction at short distances between
nuclei are replaced by forces of repulsion.

Estimates show that in dusty structures the quantu
mechanical effects for the electrons are very weak. He
under equilibrium conditions, dusty structures would not
stable. As a result of the collision between two Debye ato
with an impact distance shorter than the Debye length, th
atoms should undergo mutual trapping followed by spi
motion until the nuclei collide. In atomic collision theory th
effect is known as orbiting. Thus, the characteristic dec
time of a dusty plasma consisting of Debye atoms would
t5(pr D

2 vpNp)21, where vp and Np are the characteristic
velocity and density of the dust particles. Under the expe
mental conditions3 we have mp;2310212g, vp

;(2Te /mp)1/2;0.5 cm/s, and Np;531027cm23, from
which it follows thatt;431023 s.

Since in practice dust droplets and crystals are lo
lived, it must be assumed that the electron clouds around
dust particles in these experiments do not obey a Boltzm
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FIG. 1. Universal functions characterizing the dependence of the fo
~solid curve! and the potential energy~dashed curve! of the interaction
between the nuclei of a Debye quasimolecule as a function of
distance between themx5d/r D. The dotted curve corresponds to th
function 0.5@exp(210•(x20.2))22exp(25•(x20.2))#, which ap-
proximates this force. The dot-dash curve corresponds to the func
0.05@exp(210•(x20.2)) 24•exp(25•(x20.2))], which approxi-
mates the potential energy~term!.
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distribution, i.e., the electrons are thermodynamically n
equilibrium. In other words, there must be anomalously f
electrons having a high absolute negative energy. Note
this behavior is obtained for the metastable distribution
tained by modeling the dynamics of many Coulom
particles.5,10–12

The authors thank Yu. I. Syts’ko for modifying th
POTENTsIAL program package.
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A model is proposed for the first time for the propagation of an isolated~soliton-like!
concentration wave of point defects in a crystal exposed to laser pulses. It is shown that this
isolated concentration wave is formed as a result of a nonlinear concentration dependence of the
defect source function which is caused by a reduction in the activation energy for defect
formation near clusters when the elastic stress field is taken into account. Conditions for the
excitation of an isolated concentration wave, its profile, and propagation velocity are
determined. ©1999 American Institute of Physics.@S1063-7850~99!03008-6#
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We know that the action of high-power laser pulses o
solid may lead to the generation of point defects~vacancies
and interstitial sites! whose density is considerably high
than the thermodynamic equilibrium level. It was shown
Refs. 1–4 that under certain critical conditions, the po
defect concentration may undergo complex dynamic chan
which result in various types of self-organization of localiz
structures: point-defect clusters or point-defect density su
lattices~and also static deformation of the lattice!. In an en-
semble of defects with fairly high density, as a result of t
nonlinear concentration (s-shaped! dependence of the point
defect generation function from crystal-lattice sites, it m
be possible to observe the propagation of a defect-den
switching wave which transfers the system from a state h
ing some minimum densitynmin to a state having a maxi
mum densitynmax ~Refs. 3 and 4!. Concepts of the bistable
behavior of a point-defect system have been used to inter
the phase transition from the crystalline to the amorph
state under the action of laser pulses which do not ca
melting of the lattice~solid-state amorphization!.3,4

In the present paper we propose a model for the exc
tion of isolated concentration waves of point defects in
crystal initially containing point-defect clusters. Critical co
ditions for the excitation of a density wave are determin
and its profile and propagation velocity are estimated.

We shall make a theoretical analysis of the excitation
an isolated concentration wave, using a nonlinear system
equations which describes the joint dynamics of point
fects and clusters. Assuming that the main processes con
ling the time behavior of the defect density are generati
diffusion, and recombination, we have in the on
dimensional case~for simplicity!:

]n

]t
5maRn2

n

t
1D

]2n

]x2
. ~1!

In Eq. ~1! the first term allows for the strain-stimulate
generation of point defects by spherical clusters, whereR is
the cluster radius,m54pN0V0

21, N0 is the cluster density
V0 is the atomic volume,a5KV2D/kT, K is the elastic
6731063-7850/99/25(8)/2/$15.00
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modulus,V is the activation volume for point-defect forma
tion, D is the diffusion coefficient of the point defects,k is
the Boltzmann constant, andT is the temperature. The sec
ond term describes recombination at centers~recombination
velocity: b5b0 exp(2W/kT)5t21, b05rnd0

2, t is the point
defect lifetime,r is the density of recombination centers,n is
the Debye frequency,d0 is the lattice period, andW is the
activation energy for defect diffusion! and the third term de-
scribes their spatial diffusion.

The equation describing the dynamics of the time var
tion of the cluster sizes as they undergo ‘‘deformation eva
ration’’ is given in the form:

]R

]t
52

an

R
1DR

]2R

]x2
, ~2!

whereDR is the cluster diffusion coefficient. SinceDR!D,
we shall subsequently neglect the mobility of the clusters

Converting in Eqs.~1! and~2! to the self-similar variable
j5x1nt, we obtain

n
]R

]j
52

an

R
, ~3!

n
]n

]j
2D

]2n

]j2
5maRn2bn. ~4!

Integrating Eq. ~4! and introducing the function
h(j)5*2`

j ndj, we obtain:

n
]h

]j
2D

]2h

]j2
5maE

2`

j

R~j!n~j!dj2bh. ~5!

From Eq.~3! we have

aE
2`

j

Rndj5
n

3
@R3~2`!2R3~j!#5

n

3
@R0

32R3~j!#.

~6!

Substituting Eq.~6! into Eq. ~5! gives
© 1999 American Institute of Physics
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n
]h

]j
5D

]2h

]j2
1w~R,h!, ~7!

wherew(R,h)5mn(R0
32R3(j))2bh.

For the derivativewh8 we havewh853maR2b. Quite
clearly we havewh8 (0)53maR02b.0, if aR0.b/3m.
Bearing in mind that the functionR(h,n,R0) decreases with
increasingh, we havewh8 (h),wh8 (0). From this it follows
that there is a single valueh* .0 such thatw(h* )50.

Thus, we have reduced the problem~1! and ~2! to the
Kolmogorov–Petrovski�–Piskunov problem.5 By analogy
with this problem, we can confirm that in the system of clu
ters and point defects, a wave may be excited whose velo
has the lower limit

n052AD~3maR02b!. ~8!

Since dh/dj5n(j) and for j˜7` dh/dj˜0, the
point-defect density wave is an isolated~soliton-like! wave
propagating at the minimum velocity~8!.

It follows from formula ~8! that 3maR0.b. Thus, in
order for an isolated defect concentration wave to be exc
in the crystal, the initial cluster size must exceed some c
cal level:R0.R* , whereR* 5b/3ma.

We shall now determine the profile of the isolated co
centration wave. From Eq.~3! we haveR25R0

222ah/n.
We then expressR(h) in the form of an expansionR'R0

2ah/nR01 . . . and substitute into Eq.~7!. Retaining terms
of the order ofa2, we obtain the following wave equation

n
dc

dj
5D

d2c

dj2
1ma~R02R* !c~12c!,

wherec5ah/nR0(R02R* ).
The exact solution of this equation has the form:

c~j!5@11~A221!exp~2j/d!#22. ~9!

Returning to the variablen(j), we finally obtain for the pro-
file of the isolated concentration wave

n~j!5Aexp~2j/d!@11~A221!exp~2j/d!#23, ~10!

where A520p(A221)(N0R0
3/d0

3)(12R* /R0)2 and d
5A6D/ma(R02R* ) is the width of the isolated concentra
tion wave. Quite clearly we haven(j)˜0 for j˜7`.

For the velocity corresponding to the wave equat
~10!, we obtain:

n55Ama~R02R* !D/2. ~11!

It follows from Eqs. ~7! and ~11! that n5n0(11D),
-
ity

d
i-

-

D!1. This confirms that formula~10! satisfactorily de-
scribes the profile of the isolated concentration wave.

On analyzing formulas~10! and ~11!, we note that the
conditions for the formation of an isolated defect concent
tion wave, its profile, and propagation velocity depe
strongly on the initial cluster sizes. When the initial clust
radius is larger, the defect density wave propagates a
higher velocity and has a steeper maximum than a w
propagating in a medium with a smaller initial cluster radiu

In conclusion, we note that an isolated concentrat
wave can also propagate in the model

]R

]t
52F~R,M !n1DR

]2R

]x2
,

]n

]t
5S~R!F~R,M !n2

n

t
1D

]2n

]x2
,

which is a generalization of the model~1! and ~2!.
HereF(R,M ) is a monotonic function ofR, $M% is a set

of parameters characterizing the medium, andS(R) is the
cluster surface area.

It has thus been shown that isolated concentration wa
of point defects can propagate in a system of point defe
and clusters described by Eqs.~1! and~2!. The phenomenon
is a threshold process and takes place when the initial clu
size in the irradiated crystal exceeds a certain critical va
which is determined by the density of recombination cente
the elastic modulus, the dilatational volume of the point d
fects, and the temperature of the medium. For values of
parameters typical of vacancy-type point defe
kT50.04 eV, D51026 cm2

•s21, KV55 eV, N051014

cm23, andr51010cm22, the critical cluster radius and th
wave propagation velocity areR* 5331027 cm and
n50.6 cm/s, respectively. The quantitative conclusions
the present study can be used to plan experiments on
trolling the defect buildup process in materials exposed
high-intensity laser irradiation.
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