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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. 1@99 American Institute of Physics.
[S1063-785(10900108-1

Superconducting compounds having the compositiorthe migration of oxygen ions between the nearest positions
HgB&Ca,_1CuU,0Osn4 245 (N=1,2,3) have a high supercon- 01-01, 02-02, and O1-02. The results of the calculations
ducting transition temperature and a comparatively simplere given in the first four columns of Table I. It can be seen
crystal structurgP4/mmm space groupThey are therefore that for the vacancy diffusion mechanism, the minimum en-
convenient objects for studying the relationship between suergy barrier exists for the migration of an oxygen ion in the
perconducting and structurédefec) properties. Experimen- Cu—O1 plane. We then studied the interstitial diffusion
tal investigations of the structure of these compounds hav&echanism. We determined the energy barriers for hopping
shown that the superconductivity appears as a result of thef O3 and O4 interstitial ions between nearest positions. The
formation of interstitial oxygen ions. It was established incalculated migration energies are given in the fifth and sixth
diffraction experiments that interstitial oxygen ions are lo-columns of the table. Note that the minimum barrier for mi-
cated at position§1/2 1/2 0 (in the center of the plane gration by the interstitial mechanism was higher than the
formed by the Hg ions™?2 In addition, defects consisting of minimum_migration barrier_for_ the vacancy mgchanism. We
substitutions of Hg ions by Cu ions and interstitial oxygenalso studied how the substitution of Hg by Cu influenced the

ions in positiond 1/2 0 0] (between Hg or Cu ionswere
also observed experimentalfly.

Computer modeling has been used for theoretical calcu-
lations of the energy and structural properties of these
defects>* However, very few studies have been made of the
diffusion properties of oxygen. We are not aware of any
experimental investigations of oxygen diffusion in these ox-
ides. Islam and Winchonly calculated the energy barriers
for two possible paths of oxygen ion migration in
HgBaCaCu;Og, 5. The aim of the present study was to
investigate all possible paths of oxygen ion migration to de-
termine the most probable diffusion mechanism.

The oxide HgBaCuQ,, s was selected for the calcula-
tions which were made using the MOLSTAT computer
progran? in which the molecular statics method is used to
calculate the properties of defects in ionic crystals. The mi-
gration energy was defined as the difference between the
energies of a defect at the saddle point and the equilibrium
position. The parameters of the ion—ion interaction potentials
were taken from Ref. 3. By using these potentials we accu-
rately reproduced the experimentally determfhstucture
of HgBa,CuQ,, 5: after relaxation of the model crystallite,
the ion coordinates of the unit cell corresponded to those
determined experimentally.

The crystal structure of HgB&uUO,, s is shown in Fig.

1. The unit cell is tetragonal and contains two nonequivalent
oxygen ion positions: O1 and O2. Also shown in the figure
are the experimentally determined positions of the interstitial
oxygen ions O3 and O4. We first investigated the vacancy
diffusion mechanism. We calculated the energy barriers foFIG. 1. Structure of HgBZUO,_ 5.
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TABLE I. Migration energies of oxygen ions in HgBauQ, , 5.

Migra- Vacan-— Vacan- Vacan- Vacan- Interstitial Interstitial 03-03 04-04

tion cy cy cy cy ion ion CwHg Cu—Hg
path 01-01 02-02 01-02 02-01 03-03 04-04
Ev,eVv 0.3 1.4 3.2 1.4 3.0 0.9 2.4 1.8

migration energy of the interstitial ions. For this purpose asjon is energetically favorable in b&uO, (Refs. 7 and 8
single Hg ion was substituted by a Cu ion and the migrationyBa,Cu,0, (Refs. 9 and 1) Bi,Si,CaCy0g (Ref. 11), and
barriers for O3 and O4 were calculated near this substitution.  T|,Ba,CaCyOg (Ref. 12. This property may well be a
The results are given in the last two columns of the table. lkommon feature of all superconducting oxides containing
was found that a substitutional defect reduces the migratioCu—0O planes.

energy of the interstitial O3 ion and increases that of the

interstitial O4 ion.

An analysis of the data given in Table | shows that the 0. chmaissem, Q. Huang, S. N. Putiéh al, Physica (212, 259(1993.
lowest barrier is obtained for vacancy migration in the ?J. L. Wagner, B. A. Hunter, D. G. Hinket al, Phys. Rev. B51, 15407
Cu-O1 plane. .Thus’ from the e.nergy point of view, the va- 3S?g?islam and L. J. Winch, Phys. Rev.®, 10 510(1995.
cancy mechanism of oxygen diffusion is the most probablesy 7nang, s v. xu, and C. K. Ong, PhysicaZ62, 13 (1996.
in the oxide HgBaCuQ, ., 5. This result differs from the re-  °J. L. Gavartin, C. R. A. Catlow, A. L. Shlugest al, Modell. Simul.
sults of calculating the migration properties of oxygen ions Mater. Sci. Engl, 29 (1992.

. - 6 .
in HgBa,CaCu,Og., 5 (Ref. 3. Islam and Winch calculated ;’ééé?lfggo"' A.M. Balagurov, V. V. Sikolenket al, Phys. Rev. &5,

the energy b_a”iers for oxygen ion migratio_n by the vacancy7y, L. Allan and W. C. Mackrodt, Philos. Mag. 84, 1129(1991).

mechanism in the Cu—0O plane and by the interstitial mecha®N. v. Moseev, Sverkhprovodimos?, 22 (1994.

nism in the Hg plane. The energy barrier for the interstitialle- S. Islam, Supercond. Sci. Techn8l.531(1990.

diffusion mechanisnk., = 0.68 eV was found to be the low- N. V. Moseev, A. N. Varaksin, and B. N. Goshchitskhbstracts of pa-
M ) . . . . pers presented at Third All-Union Conference on High-Temperature Su-

es_tl. In our calculgmons for the migration of a similar inter- perconductorskharkov, 1991[in Russiaf, FTINT AN USSR, p. 51.

stitial ion the barrier was found to be3 eV. The reason for *!N. V. Moseev, Fiz. Tverd. Tel#St. Petersbung37, 2987 (1995 [Phys.

this difference is unclear since we used the ion—ion interacl—zio'\';j ;‘ateﬂ 1343(}'9985_)]- | Mater. Sci. Eng. 1 (166

tion potentials from Ref. 3. However, the theoretical calcu- - V- Moseev. Modell. Simul. Mater. Sci. En, 1 (1998.

lations showed that the vacancy mechanism of oxygen diffuTranslated by R. M. Durham
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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.
[S1063-785(1900208-9

An important requirement for the widespread application  Figure 1 gives the normalized capacitance—voltage char-
of SiC in high-temperature electronics, optoelectronics, andcteristics of the Al-Si@-SiC structures before and after
the manufacture of radiation-resistant devices is the develognnealing. The structures were annealed in a nitrogen atmo-
ment of a relatively simple technology, with a low processsphere at 623 K for 30 min. It can be seen that after thermal
temperature and high growth rate of high-quality oxide.  annealing the flat-band voltage and the fixed charge in the

The high-temperature thermal oxidation in “dry” and qxide were lower. The disappearance of the hysteresis indi-
“wet” oxygen atmospheres used to fabricate SiC deviceS:ates that the concentration of mobile ions in the oxide is
and integrated circuits is characterized by a very low oxidggqced sharply. Estimates showed that the fixed charge den-

’2 . g
growth rate? The use of plasma-chemical deposition of sity in the oxide wagQ,~ 1.4 1012cm™2 before annealing

SiO, on SiC followed by thermal an_n_eahng in various gases, Qjy~4.2x< 10".cm 2 after annealing, and the density of
was recently reportetl. The deposition temperature was

~ lam—2. avy—1;
maintained at 473 K and the oxide growth rate was 18 A/min,Surface states weld,s~2x 10"cm . ev =in bqth cases.
The presence of a catalyst in the anodizing process

which is fifteen times higher than that reported in Refs. 1 i i ;
and 2. sharply increases the growth rate of the Sil@Owers its for-

In the present paper we report results of an alternativénation tempera_ture, and protects again_st radiation (_jamage
process for obtaining SiQoxide films by catalytic plasma and contamination from the plasma, which makes this pro-
anodization on 6H-SiC crystal structures. cess simpler and more economical compared with other

The substrates wer€00-oriented single-crystan-SiC ~ known methods of forming oxides?
of polytype 6H having the concentrationdNy—N,
~10"%cm™3. The catalyst for the plasma anodizing process
is a layer of yttrium deposited by an electron-beam method
on the chemically pure SiC surface.

The plasma anodizing process was accomplished by af
plying a positive potential to the Y—SIiC structures relative to
the plasma. The anodizing temperature was 573 K, the form
ing current density was constant, and the increase in the vol
age drop at the growing oxide film indicated an increase ir
its thickness. It was observed experimentally that the voltag:
increases linearly with time, and the oxide growth rate de-
pends on the forming current density. This indicates that the
migration of negative oxygen ions and plasma electrons
plays a decisive role in the oxidation mechanism. The oxide
growth rate at a forming current density of 30 mAfcmas
~42 A/min, which is 2.5 times higher than that obtained in
Ref. 3.

After the plasma anodizing process had been completec
the Y,0; oxide was removed chemically without damaging : L .
the surface of the SiQoxide. -15 -10 -5 0 +5

In order to fab”_cate an MIS Strucwr? Qn the §|§11r_— FIG. 1. Normalized capacitance—voltage characteristics of Al-S8IC
face, Al was deposited by a vacuum resistive method in th@gyctures beforé1) and after(2) thermal annealingd — theoretical char-
form of 1.2 mm diameter dots. acteristic;C/C, is the normalized capacitance for the flat bands.
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The fabrication of high-purity layers of &Ga, _,As solid solutions in the rangesOx<0.38 by
molecular beam epitaxy is reported. The low-temperature photoluminescence spectra of

these layers reveal predominantly the free exciton recombination XheThe 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 thdine intensity on the excitation power density in the range
between & 10" “ and 100 Vcm 2 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 Physids$S1063-785(19)00308-7

The development of communications devices, electroother factor is the high intensity ratio of the exciton recom-
magnetic weapons, radar, and other microwave devices irbination line to that of the band—acceptor transition line. By
corporating high-power gallium arsenide microwave transisusing this high-purity material in pseudomorphic AlGaAs/
tors requires improvements in the main characteristics ofnGaAs/GaAs heterostructures for high-power microwave
microwave transistors: the specific output pow&),(the transistors, it was possible to incredde up to 25V, which
power gain K), the efficiency, the specific slope of the is 25% higher than the values obtained using AlGaAs doped
current—voltage characteristics, and the operating frequendp aroundn=1x10cm™2 and to fabricate transistors hav-
range! The most important overall parameter of a transistoing a specific saturated output pow&=0.9W/mm at
is its specific output power.The specific output power 18 GHz, which is comparable with the power of similar for-
achieved so far in domestic mass-produced Schottky-barriezign transistors?
microwave field-effect transistors using gallium arsenide The layers being studied and the pseudomorphic
structures is 0.5—-0.6 W/mm at 18 GKRef. 3. In order to  AlGaAs/InGaAs/GaAs heterostructures for the microwave
increase the specific power of these transistors, it is necesransistors were grown in a Riber 32P molecular beam epi-
sary to increase both the source—drain current densily ( taxy system with a three-inch substrate holder on semi-
and the breakdown drain—gate voltadé,f. However, we insulating GaA&01) wafers. The sequence of layers in the
know that in the gallium arsenide structures with a uniformlystructure is given in Table I. The initial materials were ultra-
doped channel now used for the commercial manufacture gure arsenic containing<10°% (7N) residual impurities
microwave transistors, it is impossible to increase bdth  supplied by Furukawa Co. Ltd, ultrapure gallium containing
andl (Refs. 2 and % An analysis of published data showed <10 %% (8N) residual impurities, and ultrapure indium
that the highest current densities and breakdown voltages acentaining<10~°% (7N) residual impurities prepared at the
obtained for transistors fabricated using pseudomorphi¢tPTM of the Russian Academy of Sciences, and ultrapure
AlGaAs/InGaAs/GaAs heterostructurésin which the gate  aluminum containing< 10~ *% (6N) residual impurities sup-
is positioned on the wide-gap material and the channel is alied by Vacuum Metallurgical Co. Ltd. After annealing the
highly doped InGaAs ternary solution. The breakdown volt-system at 200 °C for two weeks and cooling the cryopanels
ageU, in these structures is determined by the concentratiomvith liquid nitrogen, a residual gas pressure better than
of background impurities in AIGaAs and by the depth of the10™ 1 Torr was achieved in the growth chamber when the
AlGaAs/InGaAs/GaAs quantum well. molecular sources were in arc-sustaining regimes. These het-

In the present paper we report the preparation of higherostructures were used to fabricate Schottky-barrier field-
purity layers of AlGa, _,As solid solutions containing AlAs effect transistors with a gate length of udn and a channel
in the range 6x=<0.38. A low concentration of background width of 180 and 30@&m. The microwave parameters of the
impurities in the layers is indicated by the narrow widths oftransistors were measured using a Polyana probe system at
the exciton recombination lines, which are almost 1.5 timedrequencies of 12 and 17.7 GHz.
smaller than the lowest experimental values quoted in the Figure 1 shows photoluminescence spectra of intention-
literatur€*® and are no greater than the values calculatedilly undoped GaAs and AGa,_,As layers of different com-
theoretically assuming a random distribution of Ga and Agposition, measured at 4.2 K. The dominant line in the spec-
atoms in the crystal lattice of the Aba _,As layers’ An-  trum of the GaAs layer is the FX line, having its energy peak
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TABLE |. Sequence of layers in a pseudomorphic AlGaAs/InGaAs/GaAs 109
heterostructure for microwave transistors.
L

Layer Thickness, nm 10
n* GaAs(Si: 6x10¥cm3) 40 10k
i GaAs 5 3
i'Alolgge%.szAS 30 R 106 -
n*Ing 1:Gay gsAs channel(Si: 2.8x 108 cm™3) 15 oy
iGaAs 10 g 5L
. o 10
i-Alg 3dGap 6AS 100 2
i GaAs 100 =,

= 10 F
CP (AlAs)5(GaA940% 20 [
i GaAs 300 s
AGChP-10(100) substrate 100 | © ]

2 L 1 3 L i
10

10* 10° 107 10" 10° 10' 10° 10

3

at 1.5151 eV, which is ascribed to the recombination of free R
excitons'! A band—acceptord, A) recombination line be- P, W/cm
tween levels of the .Sha||0.W baCkgroun,d CQI‘bO_I’] ac,ceptor 'BiG. 2. Integral intensity of the free exciton line in,&a _,As (with 1 —
also observed. The intensity of the, @) line is thirty times  x—0.17;2 — x=0.24) as a function of the laser excitation power density.
lower than that of the FX line.

The spectra of the AGa, _,As solid solutions reveal a
dominant asymmetric X line whose energy peak depends on

the composition of the solid solution. The low-energy wing stant,# is the photon energy, aridis the Boltzmann con-
of this line is described by a Lorentz function while the high- stant. The profile of the X line and its temperature depen-

energy wing decays exponentially. The intensity of thedence indicate that this line can be attributed to the

(e, A) line is between two and three orders of magmtudereCOmbination of free excitoriL.

lower than that of the X line. When the measurement tem- . . . . . ,
eratureT is varied between 4.2 and 30K, the profile of the Figure 2 gives the integral intensity of the X lirfe

Ei h-enerav wing of the X Iine.remains un’chanped The ro_zIX(P) as a function of the excitation power density for lay-
9 gy wing X . ged. 1Ne pros, ¢ containing Al fractionx=0.17 andx=0.24. It can be

file of the short-wavelength wing at various temperatUrés

. . . seen that as the power varies betweenlD “ and 100 W
described by the functior a exp(—#w/kT) wherea is a con- -cm 2, the dependencé=1,(P) is a straight line. This in-

dicates that free exciton recombination is the dominant chan-
nel for recombination of nonequilibrium carriers in the
190 1,80 170 1,60 1,50 Al,Ga _,As layers, and the concentration of nonradiative

—— recombination centers is low. We know that the dominant
| 42K | nonradiative recombination centers in@ly _,As layers are
oL 3 2 1 background impurities, oxygen, and intrinsic point
10°¢ E defects® Hence, the low concentration of nonradiative re-
X X EX ] combination centers indicates a low concentration of these
] impurities and defects.

The widths of the X line obtained in the present study at

an excitation power density of>810 3W-cm~? are 30—
50% lower than the lowest values given in the literatlre
l ] and do not exceed the calculated line widths in an impurity-

Energy, eV

w

—
(=)
T
-———
sl

free Al,Ga, ,As solid solution with a random distribution of
Ga and Al atoms in the crystal latti@élhis suggests that the
main mechanism for broadening of the exciton recombina-
] tion lines in the spectra of these layers is the influence of the
10' E J random electric fields generated as a result of the random
E 3 distribution of Al and Ga atoms in the solid solution, and the
concentration of ionized impurities in this material is low.
The low concentration of background carbon and oxy-
oo— gen impurities in these AGa _,As layers is evidently
650 700 750 800 850 caused by the high degree of segregation of these impurities
Wavelength, nm at the surface of layers grown under conditions to sustain

. (3% 1) As superstructures at their surface. Segregation of
FIG. 1. Photoluminescence spectra of GaAs andsa) ,As layers mea-

sured at an excitation power density of 15 mWcand 4.2 K. Composition Car,bon and oxygen was pbserved prewously InG Eil—XAS
of AlLLGa, ,As layersx. 1— x=0:2—x=0.17:3— x=0.27. The arrows  dUring the growth of multilayer quantum-well structures and
indicate the energy positions of the band—acceptor transition lines. is one of the reasons for the deterioration in the quality of the

YT

PL intensity, a.u.
5!\)
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TABLE Il. Results of measurements of the static and dynamic characteris-  To sum up, we have reported the fabrication of ultrapure
tics of field-effect transistors fabricated using pseudomorphic AIGaAs/A| Ga,_,As solid solutions by molecular beam epitaxy in
InGaAs/GaAs heterostructures. X X . :

the range 6x=<0.38, having a low concentration of back-
Static parameter of transistors Value ground carbon and oxygen impurities. The incorporation of
layers of ultrapure AlGa, _,As as the insulator beneath the

Specific maximum saturated drain current 600 . . . .
(at gate voltager 1.5 V), mA/mm gate of a microwave field-effect trans[s'tor increased the
Specific saturated drain current, mA/mm 333 bree_lkdown voltageJ, to _25 V. Th? specific output power
Specific slope, mS/mm 122 achieved for these transistors using pseudomorphic hetero-
Drain current saturation voltage, V rn3 structures is 1.5—2.0 times higher than that of Russian mass-
gz:: Cé’:;’_‘;f‘ \t/)(:letzggévn oltage at —27 produced GaAs transistors, and is comparable with the spe-
— | Wn Vv g .

gate current 1 mA/mm, V o5 cific output power of transistors manufactured abroad.
Dynamic parameters of transistors
Measurement frequency, GHz 12 17.7
gmal!;ggnal gain, dB 7.6 6.8 10. Sergeeva, [Ektronika No. 2, 341997.

pecific output F’O""er 2M. S. Shur,Gallium Arsenide Devices and Circuit®lenum Press, New
under compressioK at 1 dB(P-1), W/mm 0.62 0.78 York, 1987; Mir, Moscow, 1991, 632 pp.
Specific saturated power, W/mm 0.77 0.91 3Novosti SVCh Tekh.. No. 10 ?1'995
Efficiency in terms of supplied power, % 41 60 4A. B. Pashkovski Elektronnaya Tekhnika Serl&ktronika SVCh. No. 4,

- — - 14 (1986.

®Note The dynamic characteristics of the transistor were measured at &g Cooper, K. Anderson, K. Salzman, R. Culbertson, J. Mason, D. Bryant,
source—drain voltage of 7.0V, source—gate voltage3 V, and source— and P. Saunier, iGaAs IC Symposium 992, p. 183.

drain current 220 mA/cm at 12 GHz and at a source—drain voltage of 7.0 V,6p R Greenberg, J. A. del Alamo, J. P. Harbison, and L. T. Florez, IEEE
source—gate voltage-2.0V, and source—drain current 160 mA/mm at  Ejectron Device Lett12 436 (199).
17.7 GHz. D. C. Reynolds, K. K. Bajaj, C. W. Litton, P. W. Yu, J. Klem, C. K. Peng,
H. Morkoc, and J. Singh, Appl. Phys. Le#t8, 727 (1986.
8L. Pavesi and M. Guzzi, J. Appl. Phy&5, 4779(1994.

. : . 9S. M. Lee and K. K. Bajaj, J. Appl. Phy33, 1788(1993.
reverse GaAs/AlGaAs heterojunction compared with that ofox pvatsunaga, IEEE Mijcrjowav(f %uid.)(,\,ave L et 402 (1995.

the forward AlGaAs/GaAs junctiot1® 8. S. Elman, E. S. Koteles, S. A. Zemon, and Y. J. Chi, J. Vac. Sci.
The statistical and dynamic characteristics of transistor§2TeC:nk9'-3 7(;3;(1987)- T Kobavashi. and K. v T

fabricated using these pseudomorphic heterostructures aré;é{7 (015;'79.' uyama, T. Kobayashi, and K. Yamamoto, J. PhyslZ>

given in Table Il. It can be seen that the valuesPondK 13\ chand, S. N. G. Chu, A. S. Jordan, and M. Geva, J. Vac. Sci. Technol.

for our heterostructures are between 1.5 and two times higherB 10, 807 (1992.

than those for mass-produced Russian devices, and are cofh- Chand, S.N. G. Chu, and M. Geva, Appl. Phys. L8, 2874(199D.

parable with the parameters of similar transistors manufac- > - 218ng: €. Y. Li. and S. F. Yoon, J. Cryst. Grova81, 1 (1997).

tured abroad® Translated by R. M. Durham
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High-power broad-band single-mode InGaAsP/InP superluminescent diode

N. A. Pikhtin, Yu. V. II'in, A. Yu. Leshko, A. V. Lyutetski , A. L. Stankevich, |. S. Tarasov,
and N. V. Fetisova

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg, Russia
(Submitted April 29, 1999
Pis'ma Zh. Tekh. Fiz25, 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 p@®enW), a broad

radiation spectrunié5 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 PhysidS1063-785(19)00408-5

Superluminescent diodes are optimum light sources for By studying the radiative characteristics of mesastripe
low-coherence reflectometnand fiber gyroscopésecause superluminescent diodes having different angles of inclina-
of their short coherence length, low internal noise, and broation « of the stripe to the normgbetween 0 and 14°) and
emission spectrum. In this context, the development of sudifferent cavity lengthd., we determined the optimum val-
perluminescent diodes emitting in the range 1300—1550 nraes of these quantitie$igs. 1 and 2 which were 10° and
with high optical output power and efficient coupling into a 1 mm, respectively. It can be seen from Fig. 1 that as the
single-mode optical fiber is quite a topical issue. inclination of the stripe increases, the current at which the

The main problem in obtaining superluminescence emisdiode goes over to the lasing regime increases as does the
sion is to achieve a high gain in the diode without feedbackfraction of the stimulated emission before the lasing thresh-
The most effective methods of suppressing Fabry—Peratld. The half-width of the diode stimulated emission spec-
modes are: depositing an antireflection coating on the frontrum decreases with increasing pump current and this depen-
face of the diodé,incorporating an unpumped absorbing reardence is stronger, the smaller the angle of inclination of the
section*® and forming an oblique mesastripe. stripe. Moreover, the percent modulation of the spectram

The aim of the present study was to determine the opti= (P ax— Pmin)/(Pmaxt Pmin) increases, where ., and P,
mum design of superluminescent diode to obtain superlumiare the maximum and minimum intensities of the peaks in
nescent single-mode emission having maximum power, #he emission spectrum. The valae=0.1 was taken as the
broad spectrum, and low percent modulation. The desigitthreshold point for the transition of the superluminescent di-
was based on a mesastripe laser diaaing an InGaAsP/ ode to the lasing regimé=ig. 1).

InP separate-confinement double heterostructure grown by a It should be noted that the dependence of the differential
modified liquid-phase epitaxy technigfielhe thickness of quantum efficiencyyy of the stimulated emission on the di-
the active region and the waveguides in this structure wasde length(Fig. 2) is fairly steep compared with the similar
800 A and 1um, respectively. The mesastripe laser designdependence for a laser diddebecause of the single-pass
with stripe widthW=4 um provides efficient coupling of operating regime of this diodern{ decreases for small)

the radiation into a single-mode fiber with a coupling effi- and the increased internal optical losseg, decreases for
ciency higher than 50%Ref. 7). Lasers based on this type of largeL). The value ofpy was measured on the straight sec-
structure, emitting at 1300—1550 nm, have a low thresholdion of the watt-ampere characteristic of the diode.

current, high internal and external quantum efficiency, and  The maximum superluminescence power determined for
high cw powers when operated in the zeroth transversen=0.1 percent modulation was 15 mW at the optimum val-
mode’ Our previous investigatioishowed that these lasers ues ofa=10° andL =1 mm.

have an anomalously broad spontaneous radiation and lasing It was possible to increase the range of currents in which
spectrum. The fact that this structure has a broad gain profilthe stimulated emission increases by incorporating an addi-
makes it very attractive for fabricating a high-power, broad-tional section into the diode which acts as an absorber. This
band superluminescent diode. diode design is similar to the two-section laser whose fabri-

In order to obtain superluminescence using the design ofation technology was described in detail in Ref. 10. In this
separate-confinement double-heterostructure InGaAsP/In€ase, the optimum length of the pumping and absorbing sec-
laser diode describe above, we gradually introduced somgons was 1000 and 3Q@m, respectively. Figure 3 gives the
modifications to suppress the lasing regime. We examinetight—current characteristics of a two-section superlumines-
the influence of each modification on the diode operatingcent diode with an inclined stripea=10°). By using this
regime, particularly on characteristics such as the thresholdiode design we achieved cw superluminescence powers of
lasing current, the power and efficiency of the superlumines40 mW (1300 nm rangeand 30 mW(1550 nm range The
cence, the width of the emission spectrum, and the percetalf-width of the spectrum was 60 nm with=0.03 percent
modulation of the spectrum. modulation at maximum powerP.,, and 65nm and
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FIG. 2. Differential quantum efficiency from the exit end as a function of
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600 Tech. Phys. Lett. 25 (8), August 1999 Pikhtin et al.

N is the effective refractive index of the waveguide our Further optimization of the electrical and optical charac-
case®,=237° for a=10°). teristics of the superluminescent diode envisages reducing

Depositing an antireflection coating with 1% reflection the internal optical losses in the heterostructure used to fab-
coefficient on the rear face of the diode did not give anyricate the diode and also depositing an antireflection coating
appreciab|e increase in the stimulated emission power. of reflection coefficient<0.1% on the front face of the

Experiments to study the coupling of superluminescencéliode.
into a single-mode fibefcore diameter & m) were carried
out using a superluminescent diode<1.55um) for which 'R. C. Youngquist, S. Carr, and D. E. N. Davies, Opt. L&%.158(1987.
the angle of inclination of the mesastripe was 10° and the*W. K. Burns, C. L. Chen, and P. P. Moeller, IEEE J. Lightwave Technol.
lengthL=1 mm. An elongated cone with a fused microlens ,-T-1, 98(1983. = .

. . . I. P. Kaminow, G. Eisenstein, and L. W. Stulz, IEEE J. Quantum Electron.
(fokon) was formed at the end of the optical fiber to achieve ;g 493 (1983,
efficient matching between the superluminescent diode andn. s. K. Kwong, N. Bar-Chaim, and T. Chen, Appl. Phys. Léd, 298
the fiber. The crystals were soldered onto a copper heat sinI5<(1989-
° ; ; ; H. Nagai, Y. Noguchi, and S. Sudo, Appl. Phys. Lé&d, 1719(1989.
at an angle of-37° to the end of the sink. Flgu_re 4 gives the 5C. F. Lin. Electron. Lett27, 968(1999.
QP“C?" power meagured at the' exit from the smgle-mode; OP7M. A. Ivanov, N. D. Ilinskaya, Yu. V. Ilin, Yu. A. Korsakova, A. Yu.
tical fiber as a function of the diode pump current. At the join Leshko, A. S. Lunev, A. V. Lyutetski A. V. Murashova, N. A. Pikhtin,
with the fiber we measured the output optical characteristics and I. S. Taf(aso\g]PiS’ma Zh. Tekh. F21(5), 70 (1995 [Tech. Phys.
. . : Lett. 21, 198(1995].
of thef SUperlummescem dloqe dlreCtIY from the. rear end .Ofszh. I. Alferov, D. Z. Garbuzov, S. V. Ztsevet al, Fiz. Tekh. Polupro-
the diode. We.observed an increase in the qpucal rad|at.|onvodn.21, 824(1987) [Sov. Phys. Semicon@1, 503 (1987)].
power of the diode and a narrowing of the stimulated emis-°N. A. Pikhtin, I. S. Tarasov, and M. A. Ivanov, Fiz. Tekh. Poluprovodn.
sion spectrum of the superluminescent diode. Moreover, th%ﬁlgv i98p3,|$t9_94)A[5$m'0‘L)ndﬁlftorfa \/1084(3%93]-\/ 5 Kl N
" . . A. Pikhtin, A. Yu. Leshko, A. V. Lyutetskj V. B. Khalfin, N. V.

transition to Iasmg occurred at lower pump Curren_ts' At a Shuvalova, Yu. V. II'in, and I. S. Tarasov, Pis'ma Zh. Tekh. A3(6), 10
constant pump power of 150 mA, the power at the fiber exit (1997 [Tech. Phys. Lett23, 214 (1997].
was 1mW, the half-width of the emission spectrum was'D. Z. Garbuzov, A. V. Ovchinnikov, N. A. Pikhtin, Z. N. Sokolova, I. S.
40 nm, and the percent modulation=0.03. The coupling-in Tarasov, and V. B. Khalfin, Fiz. Tekh. Poluprovod%, 928(1991) [Sov.
efficiency allowing for the influence of the optical fiber on Phys. Semicond2s, 560 (1992)]

the diode radiation power was 55%. Translated by R. M. Durham
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Pis'ma Zh. Tekh. Fiz25, 23-26(August 12, 1999

The Keating model is used to calculate the elastic constants of GaN and AIN for sphalerite and
wurtzite structures. The following values of the elastic constéintgigapascalswere

obtained for cubic gallium and aluminum nitrid€;,= 325 and 322C;,= 142 and 156,

C4,=147 and 138. ©1999 American Institute of Physid$$1063-785(109)00508-X]

In view of the increasing interest being directed toward  Thus, by using only two force constants we can describe
gallium and aluminum nitrides and the lack of experimentalnot only the three elastic constants of cubic crystals, but also
information on their propertiestheoretical estimates of the the six constants of hexagonal crystals.
physical characteristics of these compounds are of undoubted These expressions can be used in two ways. If the elastic
interest. However, such estimates must be based on a weltonstants for a cubic crystal are known from the experi-
proven theory, used to describe other semiconductor crystalments, by determining the constarisand 8 using the for-
to provide some guarantee of their reliability. The elasticmulas (1), we can find the values of;; for a hexagonal
properties of cubic semiconductor crystals have been decrystal. Moreover, we can calcula@; for any relationship
scribed with the best results using the Keating phenomendietween the wurtzite and sphalerite phases in a mixed
logical theory(see, for instance, Refs. 2—4 and the literaturecrystal® Conversely, if the elastic constants of a hexagonal
cited thereinm and we shall also apply this theory here. crystal have been measured, by determining the conssants

We shall measure the elastic constants in units ofnd 8 using the formulag2), we can calculate the elastic
Co=¢€?/d* wheree is the electron charge ardlis the dis- constants of a cubic crystal.
tance between nearest neighbors. In accordance with the The values ofC;; were recently measured for hexagonal
Keating theory, the dimensionless elastic constants of a cubigallium nitride/ By selecting the elastic constar(®; and

crystalcj;=C;; /Cy have the form Ca3 to use for fitting, we obtain the following values of the
dimensionless elastic constants=4.61 andB=1.12. The
cu=(a+3B)/4, cr=(a—B)2, Ccu=apBl(a+p), experimental and calculated values@f for GaN are given

(1) in Table I. The maximum deviation<10%) is observed for
C,,. For cubic crystals with the values of the force constants
wherea and B are the dimensionless force constants of thedetermined above, we obtain the following values of the
central interaction, respectivelyNote that the dimensionless elastic constantén gigapascals
force constants can be converted to the dimensional ones
introduced by Keating by multiplying the former by C1=325, C.,=142, C4=147.
Cod/3) ]

The transition from the elastic constants of sphalerite
crystals to those of the wurtzite modification was describe
in Ref. 5. Using the results obtained in Ref. 5 and the ex
pressions(1), we obtain the following expressions for the
dimensionless elastic constants of hexagonal crystals:

Using the results of Ref. 6, we can show that on chang-
ng from a wurtzite to a sphalerite structure, the elastic con-
tantC,4 increases by approximately 29, and Cgg in-
‘crease by 5%, an@,, decreases by 5%. Table | also gives
data for AIN. As for GaN, the elastic moduli;5 and Cs5
were used to determine the force constants, which yielded:
a=4.36 andB=0.92. Note that the experimental results for
cu=(a+p)l4+apl(atp)—D, aluminum nitride were taken from Ref. 8, where polycrystal-

Caa=(3a+ B)/12+4aBI3(a+ B),
TABLE |. Experimental and theoretical values of the elastic constants

Cu=p[2a+B—(a—PB)?(5a+B)]/3(a+p), gigapascalsfor hexagonal GaN and AIN crystals.
Cos=B(5a+ B)/6(a+B)~D, @ Cu  Co Cu G Gz Cs
EXxp. 390 398 105 123 145 106
C1o=(3a—B)/12— apl3(a+B)+D, GaN
12 ( “ IB) aﬁ (a ﬁ) Theor. 373 398 105 123 130 106
C13= (3a+ﬂ)/12— 2aﬂ/3(a+,8), AN EXxp. 345 395 118 - 125 120

Theor. 369 395 96 112 145 120
D=pB(a—B)%6(a+B)(2a+p).
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line films were studied. Thus, it is not surprising that the *Proceedings of the Seventh International Conference on Silicon Carbide,

difference between the experimental and calculated data isllI-Nitrides and Related MaterialsStockholm, Sweden, 1997, edited by

far greater in this case=7% for Ci, 16% for Cio, and G. Pensl, H. Morkoc, B. Monemar, and E. Janf&rans Tech, Switzer-

19% forC,,. For cubic crystals of aluminum nitride we have Z'a”d’ 1998. . : .

(in gigapascabs C11: 322, C12: 156, andC44= 138. SP Nikanorov gnd B. K Kardashok]asticity and Dislocation Inelas-
A . ) ticity of Crystals[in Russian}, Nauka, Moscow(1985, 250 pp.

It is interesting to note that the elastic modulus of com- 35 vy pavydov and S. K. Tikhonov, Fiz. Tekh. Poluprovode, 834

pression for a cubic cryst@l=(C;+2C;,)/3 is 203 GPa for (1996 [Semiconductor80, 447 (1996].

GaN and 211 GPa for AIN. Calculations from first principles *s. Yu. Davydov and S. K. Tikhonov, Fiz. Tekh. Poluprovo@@, 1300

give 195 GPa for both crystdlsvhich is in good agreement (1996 [Semiconductor80, 683 (1996].

with our data.(Note that for hexagonal crystals the value of °R- M. Martin, Phys. Rev. B, 4546(1972.

B given in Ref. 9 is also 195GPa whereas Ref. 7 gives S. Yu. Davydov and S.. K. Tikhonov, Fiz. Tverd. Tedfat. Petersbung3?,

B=210 GPa. Therefore, the exaggerated value of the com72221(1993 [Phys. Solid Stat&7, 1212(1999].

3 : . A. Polian, M. Grimsditch, and |. Grzegory, J. Appl. Phyg9, 3343
pression modulus obtained by us compared with that calcu- 199q.

lated in Ref. 9 is quite consiste)t. 8A. V. Dobrynin, I. P. Kazakov, and G. A. Nda, Zarub. Eektron. Tekh4,
In conclusion we note that as before, the Keating phe- 44 (1989.
nomenological approach gives the most accurate results fotK. Miwa and A. Fukumoto, Phys. Rev. B3, 7897(1993.
estimates of the elastic characteristics of semiconductor crys:W. A. Harrison, Electronic Structure and Properties of SolidRuss.
tals. Calculations from first principles are extremely labori- ,"a"s!} Nauka, Moscow1983, 382 pp.
. i . M. Kitamura and W. A. Harrison, Phys. Rev. &}, 7941(1991.
ous while the use of various strong coupling m_ethm’ 12M. Kitamura, S. Muramatsu, and W. A. Harrison, Phys. Revi@31351
for example, Refs. 3, 4, and 10-)leads to fairly large (1997
discrepancies compared with the experiment, although they

provide a better understanding of the nature of the elasticityTranslated by R. M. Durham
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Relaxation measurements are used to establish that for a concentration of gas-phase oxygen
atomsn=10"*cm™3 heterogeneous recombination of oxygen atoms at the surface of copper and
zinc sulfide takes place by a mechanism involving recombination of preads@risslirsor

statg atoms. A hypothesis is put forward for the existence of a universal mechanism for the
catalytic acceleration of heterogeneous chemical reactions19€® American Institute of
Physics[S1063-785(0109)00608-4

Chemical processes taking place at the interface betweatuced by a solenoié. The substrat8 was made of two
solids and active gases have been studied by us using herizontal mica plates of thickness 0.1 mm and diameter
method of relaxation measurements which involves simultai5 mm, placed 0.2 mm apart. The gap between the plates
neously recording the kinetic adsorption curves of the subserved as thermal insulation so that the heat released as a
stances reacting at the surfagét) and the dynamic reaction result of the reaction taking place at the surface of the cata-
effect F(t)=P,(t)—P=F;+F,+F3, whereP, is the gas lyst led to the establishment of a temperature difference be-
pressure at the surface of the catalyis the gas pressure at tween the upper and lower surfaces of the subs8atehich
the vessel wallsF, is the momentum flow transferred by could be used to measuFg. The position of the magné&t
molecules of the reagents and reaction products diffusing imlong the vertical axis was tracked using a differential pho-
the gas/JF, is the pressure force which is nonzero when thetoelectric detector consisting of two light-emitting diodés
molecules, i.e., the products of the heterogeneous reacticand two photodiode8. The signal from the detector was fed
which have left the surface, possess an epithermal excess wf the control unit for the magnetic suspension, which varied
translational kinetic energyecoll effec}, andF; is the pres-  the current in the solenoi@to automatically compensate for
sure force produced by the temperature difference of the gashanges in the weight of the sample. The current in the so-
and the catalydfradiometric effect The values of; andF, lenoid 9 served as a measure of the dynamic reaction effect.
depend linearly on the heterogeneous reaction Jatd  This signal, digitized using an analog-to-digital converter,
when the reagent flux is modulated, they vary instantawas fed to a PC which recorded tR€t) curves. The sensi-
neously in accordance with the change in reaction rate. Thavity of the automatic balance, calibrated using a 1 mg load,
steady-state value d¥5 is proportional to the reaction rate was 2.5<10 8N with a time constant 10's.
and its rate of change akvaries depends on the rate of The reaction @-0—0O, was studied using spectrally
thermal relaxation of the systeht. pure oxygen obtained by decomposition of KMpOrhe

In the experiments, gas at pressuR=30Pa was molecules were dissociated to form atoms using an rf electric
pumped continuously through a glass vacuum chaniber discharge in the gas. The atomic concentration in the reac-
whose walls could be heated to 500(Kig. 1). Adsorption  tion vessel, measured by a thermal probe technique, was
measurements were made using a piezoresonance quartz bak=10*cm™ 3. We used ultradispersed copper powder hav-
ance with a sensitivity of~10"3ML. The material being ing spherical particles of mean diameter 100 nm and a finely
studied was deposited as a layer of thicknésg0.1 mm on  dispersed ZnS—Cu phosphor having a specific surface area of
both sides of a piezoelemeBtand the concentratioNl of  ~1 n?-g~ 1. The samples were held in an atomic—molecular
chemisorbed particles was determined from the drop in thexygen mixture alf =350K for 1 h to purify their surfaces,
natural frequency of the piezobalarfcevhich was measured and the sputtering of adsorbed and crystal-forming particles
using a ChZ-54 frequency meter. The temperature coefficierty O atoms was observed by using the piezobalance.
of frequency of the quartz resonator was 16iz-K~* and When the sample was heated by an incandescent lamp
the measurement error caused by heating of the piezoelemeioicused onto the substradethe force acting on the substrate
by the reaction taking place at its surface was less than 1%tom the gas increased smoothlyig. 2, curvel). After the
It was established that the adsorption capacity of the naturateady-state flux of oxygen atoms was switched on, an abrupt
surface of the piezoelemend€ 0) was negligible. increase in the dynamic reaction effect was observed, fol-

The dynamic reaction effect was measured using an auewed by a continuous increase in the forEecaused by
tomatic balance with magnetic suspension. A 10 mg quantityheating of the catalyst as a result of the exothermic reaction
of the sample was deposited as a layer of thicknes®©+0—0, taking place at its surfac&urves2 and3). The
d~0.1 mm on the outer surface of a substrateshich was initial jump on curves2 and 3 can be used to determine:
attached by means of a quartz threetw a miniature magnet F;+F,>0. Since for heterogeneous reactions we find
5 suspended inside a glass tube in the magnetic field prdR+R—R, andF;>0 (Refs. 1 and 2this condition implies

1063-7850/99/25(8)/3/$15.00 603 © 1999 American Institute of Physics
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—0O, (Zn9). This leads to the appearance of extrema on the
m -6 f(t) curves obtained after switching on or off the source of
atoms(Fig. 2, curves4 andb).
9 /Zg \% 8 When the heterogeneous reactiontRR — R, takes
T . place involving chemisorbed atoms and atoms escaping from
7 5 the gas phas® (Eley—Rideal and Langmuir—Hinshelwood
mechanismks the following conditions should be satisfied:

—_ T<Nmafiv) "% I(t)=aN(t)+bN(1), (1)
wherer is the time taken to establish adsorption equilibrium
after switching on the atomic fluk v is the coefficient of

heterogeneous atomic recombinatiors and b are
k}f coefficients>® In our experiments we havg=10%cm?

o 571 y=10"3-10"2, andN,5,=10"cm 2 (Refs. 2 and #
/;// 3 which givesr<10 2-10 s, which does not agree with the
_— experimental values~ 10 s(Fig. 2, curvest and5). Judging
—_— by the initial jumps on thd-(t) curves when the source of
atoms is switched on and off, the reaction rate does not in-

crease with increasing concentration of chemisorbed atoms.
v Violation of the conditiong1) implies that the reaction takes
place via a mechanism involving recombination of pread-
FIG. 1. Schematic of experiments. sorbed(weakly bound to the surfag@toms whose concen-

tration N, is low: N;<<N. An alternative hypothesis, that the

reaction takes place by an impact mechanisn+ZR»R
that F,>0, i.e., @ molecules formed during the reaction +(RZ)—R,+Z atZ active centers having the concentration
leave the surface of ZnS and Cu with excess kinetic translaN,<10?cm 2, is ruled out by its requiring physically
tional energy(as a result of the repulsive interaction betweenmeaningless values of the reaction cross sections:
the O, molecules and the surface o=yN,'>(10"-10"* cn?.

After the source of oxygen atoms is switched on, the In all the cases studied by us the heterogeneous reactions
surface of the samples slowly fills with chemisorbed atomsnvolve preadsorbed particléS-’ On this basis, taking into
and no initial sections of abrupt surface filling are observedaccount experience gained throughout the wdPldve can
on the adsorption curves; the initial rate of increaséd {ir put forward a hypothesis on a universal law of heterogeneous
~J) is two orders of magnitude higher than the initial rate of catalysis: catalytic acceleration of any chemical process tak-
filling of the surface with chemisorbed atombl {,) *dN/  ing place at a solid—gas interface is caused by preadsorbed
dt=(Af,) df/dt. The oxygen atoms and molecules com- particles participating in chemical conversiofi® other
pete for adsorption sites on the surface; the atoms displacgords, trapping of incoming gas-phase molecules of a par-
(Cu) or sputter adsorbed molecules in the reaction©0 ticular species by the surface of a solid in the preadsorption

7 -
F-10,/ 24-10° Hz
1501 ‘ |

FIG. 2. Force from the ga®xygen acting on the substrate
with deposited coppéd, 2) or zinc sulfide(3) as a function
of the time after switching onf() or switching off (|) the
light source(1) or a flux of oxygen atoms2, 3): 4, 5 —
frequency of piezobalance with deposited layer of(@uor
ZnS (5) as a function of the time after switching on and off
a source of O atoms.
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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 injection19@
American Institute of Physic§S1063-785(19)00708-9

Injection of fuel pellets, consisting frozen hydrogen quired by the thermal electron. The increasén the number
isotopes’ is being developed to achieve an efficient systenof secondary runaway electrons as a result of these collisions
for injecting fuel into the central part of a tokamak plasma.may be expressed asdi, /dt) =n,n.c f‘é\’maX(dgs/dws) P,

In a reactor the injection will be a repetitive process, at ax(WgdW,. Heren, andW,,, are the density and maximum
frequency of 1-10 Hz. Very few experimental or theoreticalenergy of the runaway electrons, aRg{W,) is the probabil-
studies have been made of the effects taking place in Ry that an electron, having acquired the eneklyy will be
plasma in this regime. The first experiments on repeated petonverted to the runaway regime. Following Ref. 6, we shall
let injection carried out in ASDEX-Upgradeevealed an assume that an electron which has acquired above-critical
unexpected reduction in the depth of penetration and inenergy becomes a runaway, while an electron which has ac-
creased twisting of the pellet trajectory for those injected afuired a lower energy returns to a Maxwellian distribution,
the end of a series. The observed increase in the rate ¢k., we assume tha®, (W) =0 for Wo<W_ and P,(W,)
evaporation and toroidal accelerati@mowing) of the pellets =1 for W>W,,;;. Then, using the well-known expression
from the first to the subsequent ones cannot be explained ifor the critical energy, Wc:(mvg/z) , ng((z
terms of standard models, which accurately describe evapor 7) wen.In A/mE), and integrating over energies, we can
ration and toroidal acceleration of pellets for single estimate the rate of generation of secondary runaway elec-
injection®*In the present study we analyze the change in therons as in Ref. 6:

conditions of evaporation and toroidal acceleration of pellets

when these are injected repetitively in tokamaks. The main

reason for the increased evaporation and toroidal accelera- dn, n,eEc n,

ftion of the pell_ets is assumed to be an avalam_:he-like g_rovvth dat 2mec?In A (2+ Zes) - E'

in the population of runaway electrons, additionally stimu-

lated by the pellet injection, caused by close collisions be-

tween runaway and thermal electrons, i.e., collisions in 2mCIn A(2+ Zg)

which a thermal electron receives an energy comparable with o= oF : (1)

the critical energy for transition to the runaway regime.

The rate of generation of runaway electrons as a result of
diffusion in velocity spaceS is determined by the Dreicer It is important to note that the runaway electron multi-
parametere =E/E;;, whereE is the longitudinal electric plication time does not depend on the density and is in-
field in the plasma and,, is the critical electric field.  versely proportional to the electric field in the plasma. Since
During pellet injection the plasma temperatiigfalls, while  injection leads to an increase in the electric field at constant
the density n, increases. The plasma conductivity is current and decreasing temperature, avalanche-like multipli-
o~T3? ie,E~T. % As aresults~n, T, *? decreases cation of runaway electrons is stimulated.
and the generation of runaway electrons is suppressed. In discharges with high plasma density the rate of mul-

A second well-known mechanism for the generation oftiplication of runaway electrons should be estimated slightly
runaway electrons is associated with the so-called avalanchdifferently. When the plasma density ig=10*cm 3, we
multiplication of runaways as a result of isolated closefind thate=E/E.; is of similar order of magnitude to the
collisions® Avalanche multiplication can take place if the parameteiT,/mqc?. In this case, the electrons converted to
plasma already contains runaway electrons having the detthe runaway regime are relativisticThus, instead of the
sity n, before the onset of pellet injection. The experimen-classical expression for the critical energy for the transition
tally measured energy limitV,,., for runaway electrons is to the runaway regime, we need to use a relativistic expres-
usually a few tens of mega-electronvolts. The cross sectiorion for the critical energyW,= \/pczcz+ mezc“, wherep, is
for Coulomb collision between a relativistic electron and athe critical momentum for transfer to the runaway regime:
thermal electron of velocityv<c may be writteA as  p2=m2V(1— (VZc?)) 1. As a result, we obtain the fol-
(da/dWg) = (e4/8ws§me02W§), whereW; is the energy ac- lowing expression for the critical energy:

1063-7850/99/25(8)/4/$15.00 606 © 1999 American Institute of Physics
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1 higher than 10keV lose very little energy as they pass
We=mqC (a=1) +1, through the neutral cloutiElectrons having energies higher
than 300 keV, impinging on the pellet in the direction of the
where magnetic field, pass through the pellet, which has a trans-
Em.c? E[V/m] verse dimension of 1.6mm. They lose z_ipproxi_mately_
a= —1.1xX10———— (20 150keV as they pass through and cause additional isotropic

ngm 3] evaporation of the pellétThis evidently does not cause any
dditional pellet blowing. Thus the additional blowing may
e caused by electrons having energiég, between 10 and
150 keV (“superthermal” electrons not by runaway elec-
trons.
In the presence of runaway electrons, superthermal elec-
3 trons having energies much higher than the average thermal
energy but below the critical energy are also generated by

In the relativistic case, the critical enerd®) depends close collisions between runaways and thermal electrons.
weakly on the electric field and density. Nevertheless, afteThus, the discharge contains three groups of electrons:
the beginning of injection the runaway electron multiplica- Maxwellian electrons having the average veloaity j/en,
tion time becomes shorter because of an increase in th&V;, relativistic runaway electrons, and superthermal elec-
plasma density. trons having energies between the average thermal energy

We used a model evolution of the plasma temperatureind the critical energy for transition to the runaway regime.
and density(Figs. 1a and 1 typical of an experiment with  The growth in the runaway electron population causes an
multiple fuel pellet injection, to calculate the increase in theincrease in the number of superthermal electrons which may
densityn, . affect the evaporation and blowing of the pellets.

Figure 1c shows the calculated evolution of the time  We shall estimate the density of runaway electrons in the
constant for exponential multiplication of the runaway elec-discharge which would be sufficient to double the toroidal
tron population and population growtkig. 1d for the case displacement. For this purpose we estimigg V) which is
of constant density and temperatudashed curveand for  the velocity distribution of superthermal electrons in a
the values typical of an experiment with multiple fuel pellet plasma having a given runaway electron densijty thermal
injection (solid curve. The characteristic times for exponen- electron temperaturg,, and densityn,.
tial growth of the runaway electron population is=2.5s The rate of generation of superthermal electrons having
before the onset of injection, and reducesrtol s after the velocities betwee andV+dV can be calculated by anal-
onset of injection. ogy with the rate of runaway electron generation as

We shall now analyze the influence of runaway electrons

Neglecting any losses of secondary runaway electronﬂﬁ
we can use the following equation to estimate the increase i
their number:

dn, nccngme* n,

2mgC2W,
dt  2mec?w, t’

cngme?

on the rate of pellet blowing. do dW. et
Electrons whose energies far exceed the thermal level |=nrnevrdWS d\;thznrnec > 723" (4)
interact with a pellet as follows. Electrons having energies s 2memeCV
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Since we are interested in superthermal electrons having
energies up tWgy ma= 150 keV, we used the classical ex-
pression for the energWq,= (1/2)m.V2. Relaxation of the
superthermal electrons to form a Maxwellian distribution
takes place as a result of a large number of distant electron—
electron collisions having the effective frequency

) 1 neilnA
14 = Y7 s 45 -
. 3(m)%? sgmgV3

The superthermal electrons increase their energy, being ! | l \ \ ;
accelerated by the electric field. However since for electrons T 10 m] e 11 e |1‘106 T AR
having energie W< Wsih ma= 150 keV <W, the force of Te Woerit  Wmax
friction with thermal electrons is much greater than the ac- _ W,ev
celerating ele_ctrlc force (V) =meVwy(V)>eE, we neglect FIG. 2. Distribution functionsf,, — thermal electronsf, — runaway
the acceleration of the superthermal electrons by the electriGecons £, — superthermal electrond,, =200 eV, n,= 10 cm3, and
field. The superthermal electrons are distributed over velocn, =3x 108 cm 3.
ity directions, depending on their energy. Low-energy elec-
trons are generated as a result of tangential colli§iansl
can initially fly off almost perpendicular to the magnetic
field. They then relax to form an isotropic Maxwellian dis- ~ dNsp Qa5
tribution. For a rough estimate we shall assume that all the dt N/,
superthermal electrons fly off in the opposite direction to the
electric field, and in this velocity half-space their distribution Here \ = 15.2x 10" % eV/molecule is the sublimation en-

frun(W), fsth(W B, (W) Vemdev

is isotropip. _ _ S ergy of deuterium. The additional toroidal acceleration of the
The kinetic equation for the velocity distribution of the pellet can be estimated using the reactive acceleration
superthermal electrons has the following form: equation?
(V)= L d (Vs V) v VIV) (5 dN
BERV-EIVAMEE LA ' M(t)(dv,/dt)=(=co2g)Um —,

dt
Here | is a source of superthermal electrof®. The
term on the right-hand side is the difference between thevhereM(t) is the pellet massjv,/dt is the toroidal accel-
fluxes of superthermal electrons entering and leaving an ekration,(co$6)=1/2 (¢ is the angle between the direction of
ement of velocity space as a result of Coulomb collisionsemission of the atoms from the pellet surface and the toroidal
between superthermal electrons and Maxwellian ones. Sulfirection, andU~10° cm/s is the escape velocity of the at-

stituting Eq.(4) into Eq. (5) gives oms, estimated as the gas velocity for transition of the flux to
df 3(m)¥on, 1 supgrsonic. Th_e density_ of runaway elec_trons needed to
—=— . (6) achieve appreciable toroidal displacement is extremely low.
dv 2¢inA vV For instance, a runaway electron density of around
The solution of Eq(6) will be a logarithmically decreas- 3% 10°cm™ 2 in a layer several centimeters thick is sufficient
ing distribution of superthermal electrons: to describe the local enhanced pellet blowing effect observed
in ASDEX-Upgradé

12
fo(V)= stm |n<ﬁ> 7) The observed doubling of the pellet toroidal displace-
2cin A v ment can only be explained in terms of existing models by

The integration constant in the numerator of the loga-2ssuming a sixfold increase in current density and a 30%
rithm is selected so that the distribution function vanishes alcrease infe in the pellet evaporation zone, which cannot
critical velocity. The density of superthermal electronsPe atiributed to the negligible expulsion of current from the
having energies betweeWgy, ni=10keV and W, max  Pl@SMa periphery cooled by the pellet injection. An estimate

—150keV can be estimated asnsth:fxm.axfsthdv of th(_a pellet §topping by the radial tempgrqture and plasma
12 min density gradients showed that under existing experimental
~n, (3(7) 712N A) (Vax/€) = (n,/10).

The distribution f : M li q conditions this effect is also negligible.
e distribution functions of Maxwellian, runaway, an To sum up, we have shown that multiple injection of

superthe_rmal electrons are shown schematically in Fig. 2f'uel pellets in a plasma creates conditions for accelerated
We estimate t\?e heat2 flux of the super;[/r;ermal eIec'avalanche-like multiplication of runaway electrons. At low

trons  Qgp=J,"(MV /2) VisdV~=n, (3(m)*/2cINA)  plasma densities, when the critical energy for runaway is
X(my2) (V4ma)J4). The additional rate of evaporation causedmuch lower than the rest energy, electron multiplication is
by the superthermal electrons can be estimated as the hemtcelerated by an increase in the electric field in the plasma,
flux incident on half the pellet surface directed along thewhich is in turn caused by a drop in temperature after injec-
magnetic field, divided by the sublimation energy: tion. At high densities when the critical energy is comparable
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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 dropl&999©
American Institute of Physic§S1063-785(19)00808-3

Studies of the capillary oscillations and stability of oy 9E 1 9E au
charged droplets are of considerable interest for numerous —=—+ — 090"

; . . . . e - ar B at r2
applications in geophysics, scientific instrument manufac-
ture, technical physics, and technoldgiowever, most the- oy 1 =
oretical investigations _have bgen made using a linearized A F— i E(V. 92+ Fe=F,, }—EZS_’
system of hydrodynamic equations, and ™
studies taking into account the real nonlinearity of the P _
phenomenon have only started to appear comparatively t=0: r=1+g +ePa(cog0)), =0,
recently?3 Bearing in mind the nonlinearity of the problem 4
of calculating the shape of an oscillating droplet at any point f dv= 3™
in time, we shall solve the problem of the capillary oscilla- v
tloqs of a charged droplet, e, the Raylelgh prokf‘leb‘at, O<r<1+¢, +ePy(cog6)),
unlike Ref. 4, we shall use a linear formulation in the second vy g,t)=
order of smallness for the amplitudes of various modes. O<f=m, Osep<27.

Let us assume that a droplet of ideal, perfectly conduct-
ing liquid, having the density and surface tensiom, carries
the chargeQ. Linear theor{ assumes that there is a time,
which may be taken to be the initial timte=0, when the
droplet shape is described by the second mode of linear cap- &2

The solution of this problem, which determines the drop-
let shape at any time to within terms of the second order of
smallness with respect to the parametehas the form:

illary oscillations of small finite amplitude and the velocity
field is zero. The initial droplet is equivalent to a spherical
droplet of radiusR.

Using a spherical coordinate system with its origin at the
center of the droplet, the mathematical formulation of the
problem in terms of dimensionless variables in which the
liquid densityp=1, surface tensiony=1, and radius of the
equivalent spherical dropl&=1 are taken as unity, is given

by
Ay=0, U=V-y,

AP=0, E=-V-O,

r=1- 3 coS(w,t) + £coq w,t) Po(cog 6))
82
+—(x1— (X1 x2)cog w,t)

w3

18
+ X208 2w,t)) Po(cog 6)) + 3—582()(3— (Xs

+ Xa)COS wyt) + x4C082w,t) ) Py(cOK 0)), 1)
44—5W 23W—-116 36—5W
X15= 14 XzET' X3= wi ,
124w - Q?
XaZqo0-w)' U 4x
w3=2(4—W), i=126—W).

In formula (1) the correction of the second order of

r—o:  |V®|-0,
r=0: |VW¥|<eo,
r=1+£(6,1),
1 aq)dS— _lo=0=
_E§% _Q; S(rlQl()D)z SUSsT,
O=p<2.
r=1+¢&(0,t): d=const,

1063-7850/99/25(8)/2/$15.00

smallness to the second mode of the capillary oscillations has
an infinitely small denominator fa— 4, w5—0. Hence for
W=4 it is impossible to calculate the shape of the droplet
surface directly using formulél). Interestingly, for finitet

the limiting form of expressioril) for W—4 is nontrivial.

610 © 1999 American Institute of Physics
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This is because lig_,4 w,=0 and consequently, for finite  t.=((pR%)/¥)*~4x 10 s, so that the real physical time
when W—4 we have: cosft)=1—wst?2+0(w5t?) and istp=txt,~10s. This is the time during which the expan-
c0S(2w,t) =1—2w3t?+0o(wt?). sion (2) can be used to describe the time evolution of the
Thus, for near-critical values & the numerator of the Surface profile after critical charge has been imparted to the
coefficient of P,(cos@)) has the same order of smallnessdroplet. It is clear from physical concepts that a critically

~o0(w3), as the denominator and this term tends to the finitecharged droplet should be unstable. Therefore this value of
value t, may be interpreted as an estimate of the time between the

droplet becoming charged and the time when it begins to

12 dump some of the charge in order to become stable. This

£%t?(x1—3x2)P,(cog 6))= 782t2P2(cos{ 6)). delay in the onset of instability is caused by hydrodynamic
inertia.

It should be noted that this estimate of the characteristic
time for the buildup of instability of a critically charged
droplet agrees with the estimate using the results of theoret-
ical calculation3 where a nonlinear integral equation whose
W=4: solution yields an estimate similar to that given above, was

derived and solved to describe the time evolution of an un-

&2 ,18 stable droplet using a spherical approximation for its shape
r=1+ePy(cod )~ ¢ +e 3_55'n2(t\/6) P4(cog0)) (using qualitative data from Ref)8Both sets of calculations
made using completely different methods not only give the
same numerical value of the characteristic titgefor the
buildup of instability of a critically charged droplet but the
analytic dependences of on the droplet radius, liquid
It can be seen that faV=4 in the linear approximatiofthe ~ densityp, and surface tension of its free boundaryre also
first two terms in formulg2)], the droplet has an elongated, the same, in both cases having the form

Since no singularities occur in the other terfis for
W=4, we find:

12 9.2
+7s t“P,(coq 0)). (2

nonoscillating profile. A slight increase in the parameétér t ~R2pl2y =112

above the critical valu®V.=4 causes exponential elongation P '

of the droplet with time. FoW<4 the droplet oscillates This agreement between the estimates confirms the va-
stably. lidity of the calculations made in Ref. 5 and in the present

Linear terms with respect to (2) in the small left-hand analysigbeyond the asymptotic limits of expressidn] and
semineighborhood oWV=4 are bounded and the correction indicates that the results obtained in Ref. 6 making extensive
of the first order of smallness does not exceed the principalse of qualitative reasoning are also correct.

term of the expansion for any. This implies that the To conclude, a millimeter water droplet carrying a
asymptotic approximation of the first order of smallness ischarge which is critical in the sense of stability, undergoes
dimensional with respect to deformation according to the law2) within times of the

For the expansion of the second order of smallness, therder of a tenth of a second. Such a large time interval can
small left-hand semineighborhood ¥¥=4 is a region of easily be identified experimentally and the effect can be re-
nonuniform asymptotic expansion: for near-critical valuescorded. In experiments to check the Rayleigh criterion and
W—4 the correction of the second order of smallness withstudy the breakup behavior of a highly charged drofdee
respect toe in formula (2) is only small compared with the the review presented in Ref. 1 and the literature cited
preceding terms of the expansion at zero time. Within théherein, experimenters used droplets an order of magnitude
characteristic timé~o(e %) this correction becomes com- smaller and because of the inertia of the system with using
parable to the preceding term of the expansion and with furelectrostatic suspension of the droplet to allow free evapora-
ther increase in, exceeds this. In accordance with generaltion, no attention was paid to this delay. The observed delay
perturbation theory, this means that it is only permissible tan the breakup of a highly charged droplet may play an im-
use the expansiof2) for smallt=0(s ~*?). portant role in devices using charged ion-cluster-droplet

The expansiori2) cannot be transformed into a uniform beams.
expansion using a renormalization method, which can iden-
tify temporally periodic solutions of a problem. Thus, for
W:.4 .the mOt.Ion. of the charged d.rOpIet Surfa.ce cannot belA. I. Grigor'ev and S. O. Shiryaeva, lzv. Ross. Akad. Nauk Ser. Mekh.
periodic. Aperiodic undamped motion can be interpreted as zpigk. Gaza No. 3, 31994.
instability. 2J. A. Tsamopoulos and R. A. Brawn, J. Fluid Medd.7, 373 (1984.

Millimeter water droplets can be considered to have low °T- G- Wang, A. V. Anilkumar, and C. P. Lee, J. Fluid Mec30§ 1
viscosity and gqod condyctivit’y.For' a Water droplet,;( 4(L109rzaR'ayleigh(J. Struts, Philos. Mag.14, 184 (1882,
=1 g/cm?) of radiusR~10"*cm, capillary oscillations hav- 55|, Grigorev and S. O. Shiryaeva, zh. Tekh. Fif53), 39
ing an amplitude of the order of an angstrom, €108 cm (1999 [sic].
have the amplitudee~10‘7 in dimensionless variables. SA. I. Grigor'ev, Zh. Tekh. Fiz.55, 1272 (1985 [Sov. Phys. Tech. Phys.
Thus, the dimensionless time ts-&~Y?~3x1C. In the 30, 736(1983)
selected dimensionless variables the time scale unit i$ranslated by R. M. Durham
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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. 1899 American Institute of Physics.
[S1063-785(109)00908-9

The continuing interest being shown in the study of fieldduced to 100 eV, and carbon was deposited on the surface of
electron emission from carbon materials derives from theahe tip for 80min. The ion beam current density was
unique emission properties of type llb natural semiconduct9.04uA/mm?. The dose and time of exposure of the tip to
ing diamond! and various amorphous carbon and diamondthe C" ions was used to estimate the thickness of the carbon
like films usually prepared by chemical vapor deposifign.  film on the tungsten surface, which wasl5 nm.
has been reliably established that ttié¢1) surface of natural After the deposition process, the tip was transferred to
diamond exhibits negative electron affinftgnd also that the the high-vacuum chamber to measure the energy distribu-
stability of the field emission current from the surface oftions and the current—voltage characteristics of the field cur-
metals coated with a diamond-like film is higher than forrent. The working vacuum to study the emission properties
surfaces of pure metafsThis is because of the extremely was better than I0:°Torr. In order to obtain the total en-
high chemical inertia of a diamond surface and the low sputergy distribution of the emitted electrons, we used a disper-
tering coefficient of carbon materials under ion bombard-sion analyzer which could be tuned to a particular part of the
ment? total emission pattern. The energy distributions of the emit-

So far, however, the mechanisms responsible for theéed electrons were measured and processed automatically us-
transport of carriers through a semiconducting diamond-likeng a computer (AmX% 86-P75-S, 133 MHzand CAMAC
film under the action of a strong<(10’ V/cm) external emis- modules. The apparatus used to study the emission was de-
sion field have not be accurately identified. Valuable infor-scribed in Ref. 5.
mation on the band structure of a diamond-like coating and Immediately after installing the tip and applying the
the emission process may be obtained by studying the energymission voltage, we observed an unstable emission pattern.
distributions of the emitted electrons, for which no reliableIn order to stabilize this, the tip with the deposited film was
data are available. The aim of the present study is to deteheated to around 500°, after which the emission was stabi-
mine the energy distributions of electrons emitted from theized but the pattern showed no signs of symmetry.
surface of a diamond film measured under high vacuum con-  Figure 1a shows the Fowler—Nordheim characteristic of
ditions from a local emitting section. In the present paper wehe total current for the tip with the deposited film. It can be
report results obtained using tungsten-tip field emittersseen that the graph exhibits the nonlinearity typical of the
coated with a thin diamond-like film. emission from semiconducting or insulating surfat@he

The tip emitters studied were prepared as follows. A thintotal energy distribution of the emitted electrons obtained
tip having radius of curvatures1 um at the apex was fab- after the weak heating noted above is shown in Fig. 2a for
ricated from 0.08 mm diameter tungsten wire by electro-several values of the emission voltage. A characteristic fea-
chemical etching in an aqueous solution of KOH. The tipture of this graph is that it has two peaks: the first at
was then rinsed in distilled water, mounted on a tungsten~—4.5eV is not displaced as the applied voltage varies,
bridge for heating, and transferred to a high-vacuum chamwhich is typical of the energy distributions for pure metal
ber to deposit the diamond film. The residual vacuum in theips. As an example Fig. 2b shows the energy distribution
chamber(better than 10° Torr) was obtained using oil-free obtained for a tungsten tip not coated with a film. Thus, this
pumping systems based on a TRION NMTO-0.1-1 ionhigh-energy peak may be ascribed to electrons which tunnel
pump. through the thin diamond film into vacuum from the Fermi

Before the film was deposited, the tip was heated inevel of the metal, which is also confirmed by the position of
vacuum to~ 1500 °C to remove adsorbed contaminants. Thehis peak and its half-width.
carbon film was deposited by an ion-beam deposition tech- The broad peak having a maximum at around.9 eV
nigue. The tip was first cleaned by bombardment withcan be ascribed to the diamond-like film. Its width is prob-
0.5keV C" ions for 5min, the beam energy was then re-ably determined by the fact that for this particular coating

1063-7850/99/25(8)/3/$15.00 612 © 1999 American Institute of Physics



Tech. Phys. Lett. 25 (8), August 1999 Pshenichnyuk et al. 613

1000 3 ; a
4 |
N \
@ S PN
< 1903 Nt
" ]
1 )

0,59 0,63 0,67 0,71 0,77 0,83 0,91 1,00

119, 1k FIG. 1. Fowler—Nordheim characteristca — total
current from tungsten tip with diamond film, b — tung-
sten tip beford1) and after(2) evaporation of diamond

10 3 i b film, measured for a small section.
] 14
1
X 1
B 014 |
¥ .
=
oot E \-\-
0,001 l .
0,33 0,34 0,36 0,37 0,38 .0,40 0,42 0,43 )45
11U, 1kV

thickness and the existence of a high emission voltage at ththe geometric profile of the tip remains constant because of
surface, the field penetrates completely into the film, causinghe low heating temperature compared with the melting point
tilting of the energy bands over the entire thickness of theof tungsten, we can postulate that the work function of the
film. When emission takes place from the conduction bandield emitter surface decreases when it is covered with a dia-
of the carbon layer, the width of the spectrum increases wittmond film.
increasing applied field since the tilt of the bands increases, It is interesting to note that after the carbon film was
as is observed experimentalllfig. 29. This peak also shifts removed, the emission pattern acquired symmetry which
appreciably as the emission voltage varies, which is typicatloes not, however, correspond to the generally accepted im-
of semiconductor emitters. The observed fine structure of thage of a “smoothed” pure tungsten tip. A similar image,
broad peak in the spectra may be attributable to emissiodescribed in Ref. 8 as “ribbed” or “dirty carbon” is con-
from electronic states associated with structural defects in theistent with a tungsten tip with adsorbed vapor of high-
diamond film’ vacuum oil formed as a result of using oil-vapor pumps, as in
The emitting tip was then heated to 1300 °C to removeRef. 8. Thus, in this case a certain amount of carbon remains
the deposited coating. The energy distribution then obtainedn the tip and does not evaporate at fairly high temperatures
is shown in Fig. 2b. It can be seen that the half-width, posi{up to 2500 °C) and applied fields, as was noted in Ref. 8.
tion, and only slight shift of the peak with increasing emis-  To conclude, we have fabricated field emission cathodes
sion voltage are consistent with metal behavior. The broadonsisting of a tungsten tip coated with a diamond-like film
peak ascribed to the film has completely disappeared. Thebtained by an ion-beam deposition method. Measurements
Fowler—Nordheim characteristi€ig. 1b obtained from the of the energy distributions and current—voltage characteris-
same small section as the energy distribution, also indicatetics have shown that a thin semiconducting layer exists on
that the carbon film has been removed. Note that after the tighe surface which reduces the emitter work function and in-
was heated, the emission voltage increased. Assuming thateases the stability of the emission. This layer can only be
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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. Fiz25, 53—-57(August 12, 1999

Results are presented of an investigation of distribution profiles of implanted Ti atoms at high
implantation dosesfluence around dcm™2) over the depth of boron nitrideéBN)

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 stoichiometrig .TEOsimultaneous 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.1989 American Institute of Physics.
[S1063-785(19)01008-3

High-dose, high-current implantation of multiply (RBS) of “He" and'H" ions, resonant elastic scattering of
charged ions is a powerful method of modifying the initial “He™ and*H™ ions, proton elastic recoil detectigERD),*
structure of solids to form a state having a high concentratiomnd scanning electron microscopy with energy-dispersive
of defects and new metastable phases. Here, high-dose, highray spectroscopySEM EDX). In order to enhance the sen-
intensity implantation is taken to mean implantation whensitivity of analyzing the concentration of light elements, we
the ion current density on the target is between a few angsed elastic and resonant elastic scattering of protons at B, C,
tens of milliamperes and the implanted impurity concentra{N, and O isotopes.
tion is between a few and tens of atom percent. It is interest-  The aim of the present study was to investigate profiles
ing to use this method to modify pyrolytic boron nitride of implanted ions at high implantation doses and to deter-
(BN) ceramic because of the possibility of forming thermally mine the diffusion coefficient as a result of subsequent ther-
stable, electrically conducting coatirlgsd compounds such mal annealing in vacuum.
as hard cubic boron nitride-BN and the theoretically pre- The results of an SEM EDX analysis of the light ele-
dicted superhard compoungC;N, (Ref. 2. ments(B, C, N) shows(Fig. 1) that the carbon peak on the

Prepolished samples of nanocrystalline cerafinéxago-  EDX spectrum, measured for a sample implanted at room
nal prisms between 50 and 200 hwere implanted with  temperature, is approximately three times the intensity of the
titanium ions and then annealed in vacuum. The implantatiopeak on the same spectrum for a sample which has under-
parameters were as follows: implantation energy 50-gone subsequent annealing at 830 °C. This indicates that car-
150keV, pulsed ion current density 19-10 3 A/cm?, bon diffuses toward the surface of the sample as a result of
pulse duration 25@s, pulse repetition frequency annealing. This redistribution of the carbon atoms agrees
10-50s*, ion charge state Ti=3%, Ti**=80%, Ti"**  with the results of measuring the depth concentration profiles
=17%, residual gas pressure in chambet1® 3Pa, and of H, N, C, O, and Ti for the same samples by RBS and
fluence around Tcm 2 (Ref. 1). The samples were an- ERD. An ERD analysis showed that the surface layer of a
nealed at 400, 830, and 950 °C using the apparatus describgdmple 35nm thick implanted at room temperature is en-
in Ref. 3. The annealing time was around 30 min. The conriched in hydrogen atoms. Subsequent annealing at 830°C
centration of the main elements forming the initial BN reduces the initial hydrogen concentration approximately 1.5
samples was determined by backscattering of helium iongimes.

The composition of the BN ceramic is: 37 at.% B, 37at.% N,  An RBS analysis of the samples sho{#&g. 2) that the
10at.%C, and 5 at.% O. implanted titanium atoms are redistributed inside a sample

The following set of complementary nondestructive which has undergone post-implantation thermal annealing at
methods was used to make a quantitative elemental analys#0 °C. However, the distribution profile of the Ti concen-
of the modified ceramic samples: Rutherford backscatteringration over the depth of the same sample annealed at 400

1063-7850/99/25(8)/3/$15.00 615 © 1999 American Institute of Physics
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FIG. 1. Energy spectra of backscattered helium-4 ions
having an initial energy of 2 MeV measured for BN
samples implanted with Ti ions with a fluence of
10 cm™2 and annealed at 40Q) and 950 °C(2). The
arrows indicate the kinematic boundaries of the spectra
for the various elements\ — channel number, A —
normalized output
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and 830 °C differs negligibly from the profile measured for =~ We observed that implanted titanium atoms in a BN
the nonannealed sample. Redistribution of the implanted T$ample are redistributed as a result of subsequent annealing
takes place in a fairly narrow temperature range between 83&t 950 °C;

and 950 °C. The effective titanium diffusion coefficient ex- We identified a narrow range of annealing temperatures

tracted from the experimental concentration profiles wag30-950 °C where redistribution of implanted atoms is ob-
around 8.5 10 *cm?/s in the temperature range 830— geryved:

950 °C. The distribution of implantEd impUritieS in the BN The Ti/O concentration ratio in the |ayer modified as a

samples is the opposite of our earlier reJ;u\IVhere we ob result of implantation and subsequent annealing at 950 °C is
served that implanted titanium atoms migrated toward the o - R o

) . . . Close to stoichiometric Ti®Q which indicates that titanium
surface of polycrystalline aluminum oxide (A&);) ceramic

samples. These AD; samples were exposed to similar ion d'ox\';\j/e |sbforme(;, il ) in th
thermal treatment. e observed a simultaneous increase in the concentra-

The coefficient of Ti diffusion in BN suggests that the tion of carbon and nitrogen atoms in the surface layers of BN
migration of the titanium atoms correlates with the migrationSamples as a result of annealing at 830 and 950°C;
of implantation-induced defects and is similar to radiation- ~ The effective diffusion coefficient of implanted titanium

enhanced diffusion. was around 8.8 10" “cné/s.
Thus, we have obtained the following main results: The authors are grateful to A. V. Kabyshev for assis-
2) N
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8000

FIG. 2. EDX spectra of BN ceramic samples im-
planted with Tiions at room temperatui® and after

4000 annealing at 830° C for 30 mi(®).

T y ]
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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 zZh. Tekh. Fiz25, 58—65(August 12, 1999

It is established that when a liquid-aluminum-silic@i—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. €99 American Institute of Physics.
[S1063-785(109)01108-9

In studies of the mechanisms for the dissolution of semiweighing and using an MAR-2 x-ray microanalyzer, the re-
conductors in the liquid phase of metals, the problem arisesistivity was measured using a TslUS-2 device, and the con-
of controlling the parameters of the diffusion process of theductivity of the structure layers was determined from the
semiconductor atoms in the bulk of the melt. At present, nonagnitude and sign of the thermo-emf. The distribution of
methods are available for correcting the melting regimes dithe Si atoms in Al was determined by a metallographic
rectly during the technological process. This problem can b@&nalysis of cross sections of the samples.
solved by using a high-voltage discharge as the energy According to KireeV, the average energy imparted to an
source, which has the distinguishing feature that fluxes ofluminum atom by an electron is 0.23 eV and that imparted
electrons and negative ions are formed almost independentf}y an oxygen ion is 6.8 keV, which is quite sufficient to form
of the gas-discharge device. vacancies.

A liquid-phase metal can be treated as a highly elon- Taking into account the energies of the oxygen ions and
gated body which retains the structure of a solid near th&/€ctrons imparted by them to the Al, and using Refs. 10 and
melting point? Then, despite its instability, this structure can 11 we can determine the vacancy concentration as
contain around 1% atomic-size voids which, like vacant sites 10*cm™. This is more than an order of magnitude
in semiconductors, are calftivacancies” and have an ac- figher than the vacancy.concentrangn f?ngd under the ac-
tivation energy of the order of 0.93—1.2 dRef. 3. tion of a purely thermal f|elq (1810 cm ). From this it

If the average velocity of the thermal motion of the follows that a vacancy gradient forms in the Al surface layer,

liquid-metal atoms is many times lower than the velocity of
the charged particles in the ion—electron ffuthe times
taken for the establishment of the thermal regime in the melt K
and the annealing are 0.ZRef. 5 and 2—-20 s, respectively, 1573 L
so that a liquid-metal atom can justifiably be considered to
be fixed relative to a charged particle, and convection pro- /4:75
cesses can be neglecfeh the present study both conditions
are satisfied and thus the Fick second-order equation can be/j? 3
used for the calculation’s.

The samples were silicon—aluminui®i—Al) structures 7275
consisting of KEE-32 grade silicon and chemically pure alu-
minum. The structures were annealed using an electron—ion 173
beam having a particle energy up to 6 keV, a cross-section 1073
diameter of 50 mm, and current up to 30 mA. The working
gas was air. The uniformity of the particle energy distribu- L L 1 ] L L 1
tion over the cross section was better than 98% and the elec- 0 0f g2 03 9405 06 Q7 &+ 10° %

tron and ion concentrations were &30%°cm 2 (Ref. 8
5~m—3 : FIG. 1. Variation of Si solubility as a function of temperature for various

and 0.3<10cm (Ref. 9, rESpecnyely' . ., . durations of ion—electron irradiatio: — 2s,2 — 40s,3 — 60s,4 —
The Al temperature was determined using a Promin’ mi-ggg 5

cropyrometer, the Si content in the Al was determined byu=6 kv).

T T
e 0ox QO
Py oot
N0

solubility determined from phase diagram=3-30mA,
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FIG. 2. Distribution of Si atoms in Al after ion—electron bombardment with a currer2.8 mA, accelerating voltagel=3.6 kV, and initial Al layer
thicknessh=3 mm: a — beginning of motion of Si layer dissolved in melt distorted by mechanical treatinefits, b — time of motion of the layer of
surface Si atoms in the middle of the Al layer<3 s), ¢ — distribution of resistivity over sample profilé:— 5 element serie® — 7 element serie§ —
10 element series,— Al-Si interface.

whose concentration corresponds to the particle concentratoms to the saturation level in the Fick equation, we observe
tion in the ion—plasma flux. that in this case, the durations of saturation for melting in a
When the Al-Si structure is annealed by an ion—electroruniform thermal field {;) and under ion—electron bombard-
beam, a temperature gradient of 70—35°C forms between thment (,) aret;=14x10 ®s andt,=90s. An analysis of
layers in the range 1053—1388 K. The existence of these twthese facts indicates that in the first case, the Si atoms enter-
gradients leads to the formation of a vacancy flux in theing the melt reach its surface almost instantaneously. This
direction of the Si surface. Bearing in mind the vacancymakes it impossible to control the melting process, which
mechanism of diffusion, we can predict that Si atoms will beagrees with known dat.
entrained by the vacancy flux. In the second case, the Si atoms are entrained by vacan-
If we only use the vacancy concentration gradient tocies, which leads to slowing of the diffusion process and the
determine the duration of the saturation of the melt by Sisolubility of Si (og) in liquid Al becomes dependent on the
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irradiation time (Fig. 1). An analysis of this dependence At high concentrations of these complexes or even when
shows that for irradiation times:90s, the value obrg; is  they merge, the vacancy generation process ceases and the
lower than that calculated from the phase diagram of Al-Sisubsequent growth of the layer thickness is accomplished by
The maximum difference between these values is observed tte diffusion of Si atoms through the liquid Al layer caused
t=2s, i.e., when the front of Si atoms is located in the melt,by the temperature gradient in the Al-Si structure and the
as shown in Fig. 2a. From this time onward, it is possible tathermal motion of the atoms. Ultimately this may result in
regulate the quantity of Si in the melt by varying the surfacethe formation of a continuous layer having semiconducting
irradiation regime. properties. When this layer was removed, we observed a
However, if entrainment occurs, the solidification of Si shiny layer of metallic Al & = 109.15-109.3m) which
in the irradiation zone should follow different laws to that could be removed using hot sulfuric acid. It should be noted
outside this zone. In fact, an image of an oblique polishedhat in similar investigations of an Au—Si structure, this layer
section of the melt shown in Fig. 2b suggests that the denwas gold-colored and could be removed using aqua regia
dritic Si ribbons near the surface in the irradiation zone areetchant.
predominantly directed almost normal to the Si surface, Abruptly heating and cooling the structure leads to an
whereas at the beginning of dissoluti¢ifig. 23 they are  exponential increase in the dislocation concentration in the
distributed randomly. The departure from the normal is evi-Si crystal from 5<10° cm™ 2 at the 3.27«m boundary until
dently caused by the thermal motion during the Al solidifi- these merge near the metal-semiconductor interface (
cation process whose duration did not exceed 1-2s. =109.3um) to form dislocation loops and ribbons, where
The Si atoms in the surface region are weakly bound tdhe thickness of this layer did not exceed 0.5-0m. The
the crystal structure and thus have a considerably higher ratermation of Cotrell clouds can explain the low resistivity in
of dissolution in liquid metals. On entering a vacancy regionthe rangex = 109.3—109.6.:m (Fig. 20. The dislocations
an Si atom begins to be reflected from its inner surfaceare bulk-type defects as they move in the irradiation zone
being delayed in the vacancy region for some time, duringand can thus transfer Al atoms to appreciable distanges (
which it can become displaced with the vacancy toward the=109.3—-326.6.:m).
Si surface. On its path the vacancy—Si structure encounters To sum up, when an Al-Si structure is bombarded with
Si atoms and free vacancies. These readily interact to form $ow-energy particles, an effect involving entrainment of
atom complexes and the expansion of the vacancy regiosemiconductor atoms by a vacancy flux occurs in the liquid
i.e., the vacancy rapidly stimulates saturation of the melmetal, and the parameters of this effect can easily be con-
with Si atoms. This gives rise to some characteristic featuresolled by varying the electron—ion irradiation regimes of the
of the entrainment effect: we only obtain an Al melt with a melt surface.
maximum Si content and it is possible to obtain melt zones
completely free from semiconductor ator(fsig. 2b. This 1A, N. Komov, A. I. Kolpakov, and N. I. Bondareva, Prib. Tektksp. No.
advantage fully explains the mechanism for obtaining Ohmic 5, 218(1984.
contacts in Ref. 13. In addition, the linearity of the fronts of 2J. Frenkel,Kinetic Theory of Liquidg{Clarendon Press, Oxford, 1946;
that the vacancies are distributed uniformly over the flux Leningrad(1972, 250. pp.
cross section, which is clearly attributable to the uniform *P. S. KireevSemiconductor Physi¢i Russiar, Vysshaya Shkola, Mos-

particle distribution over the cross section of the ion— oW (1979, pp.175-180. o
electron beam N. N. Rykalin, I. V. Zuev, and A. A. UglovPrinciples of Electron-Beam

. L Lo Treatment of Metal§in Russiar, Mashinostroenie, Mosco978, 239
Figure 2c shows the distribution of the resistivity over pp.

the sample profile. Some increase in the resistivity in the®V. V. Yudin, Elektron. Obrab. Mater. No.(33), 27 (1977.
rangex=0-109.15.m is caused by the formation of a |ayer ’B. I. Boltaks,Diffusion and Point Defects in SemiconductfirsRussian,
fSi | | luti f £ h : Nauka, Leningrad1972, 379 pp.
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using a mixture of nitric and hydrofluoric acids. which sug- K. A. Valiev and V. A. Rakov,Physical Principles of Submicron Lithog-

. . . . T 2 . raphy in Microelectronicdin Russiad, Radio i Svyaz’', Moscow(1984,
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them. This process undoubtedly involves trapping of Al at-

oms, which leads to the formation of an Al-Si solid solution. Translated by R. M. Durham
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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. Fiz25, 66—73(August 12, 1999

Atomic physics methods, atomic force microscopy, and testing of microhardness, wear
resistance, and friction coefficient were used to investigate-Vi,;—Al;g Samples implanted

with iron (60 kV) and zirconium(40kV) ions, and then exposed to a high-current

electron beam with energy fluxes of 2.7 and 5.5 J/cfine maximum concentration of iron ions

is 16.5at.% at a depth of 85 nm and that of zirconium ions 0.85at.% 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. 1@99 American Institute of Physics.
[S1063-785(19)01208-7

Promising methods of treating the surface of compo-around 3.045 MeV. The surface inhomogeneities formed as a
nents made of fire-resistant materials operated under higtesult of low-energy, high-current electron beam treatment
cyclic loading, elevated temperature, abrasive wear, and sand ion implantation were measured using an atomic force
on, are ion implantation® and treatment with high-current microscope. The wear resistance was determined by an abra-
electron beam®:!! These treatments can substantially im-sion test(ball-disk systemat frequency 7.2Hz and 2.2N
prove various characteristics of components made of steel®ad which is described in greater detail in Ref. 3. The mi-
titanium alloys, and other materials such as the fatigue limitcrohardness was measured using a Knoop pyramid nanoin-
fire resistance, resistance to salt corrosion, electrical erosigintor at a load of 100g.
resistance, and so dr1:'*!on implantation? high-current A!I the_implantation_ regimes and irradiation parameters
electron beam treatmeft, or high-power ion beam @are givenin Table I. Figure 1a shows the Rutherford back-

bombardmertf are mainly used separately for this treatment.Scattering spectrum measured for &,FV,,~Alyg sample

It should be noted that a considerable number of studies hayJ8Planted with iron and zirconium ions. The right-hand side
been made of the ion implantation of titanium allby40: of the spectrum clearly shows an iron peak and a zirconium

and high-current electron beam treatment, but double impIeaI:'. An additional 3nalyts|s rr;adfe using nuclear-reallcgotr;]
plantation of iron and zirconium ions followed by high- elastic resonance and profon €lastic resonance reveaied the

current electron beam treatment has only been used in t’%oflles of the oxygen and carbon atoms in the surface layer

. ig. 1b. We know that in high-dose, high-intensity implan-
prese_nt study_. The aim of the present_ study was to make tion (in the pulsed regimethe sputtering of the surface
experimental investigation of the physicomechanical PrOPeTiL creases substantially as the atomic number and atomic
ties of Tiy;—V4,—Al,g after double “duplex” treatmenit(im-

| : y d 7i . I foll db mass of the implanted ion increas®As a result of the im-
plantation of iron and zirconium alloys followed by exposure ,, ation incident iron ion dose % 107cm 2) the maxi-

toa Iow-ene.rgy, h-lgh—-current electron beam . mum iron concentration is only 16.5 at.% and the maximum
) For the mvestlgauons we used samples of BT-23 Ut~ conium concentration around 0.85 at.0hicident zirco-
nium alloy measuring 2218x2 mm having polished sur-  niym jon dose 5 10'6cm™2). In addition to the implanted

faces. lon implantation was carried out using a Diana-4mpyrities, carbon atoms are implanted in the surface layer

vacuum-arc implanter aE=60kV for the iron ions and  from the residual atmosphere of the implanter chamber, their
E=40kV for the zirconium ions, with a pulse duration

around 20Qus and a pulse repetition frequency of 50 Hz.
The low-energy, high-current electron beam irradiation WasragLE |. Parameters for implantation and electron beam irradiation of
provided by a Nadezhda-2 accelerator with beam parametersi,;—V,,—Al, titanium alloy (irradiation time 20Qus, one pulsg

Ea = 10-20keV,j=10?-2x 10° A/lcm?, pulse duration be-
tween 2 and 4s, in a vacuum of 10° Torr. The concentra-

lon current  Energy

. . . . ; . Dose, cm E, kv density, density Eu,  Touser
tion profiles of the iron and zirconium ions were analyzed by,  ge Zr Fe zZr mAGh W Jam ke ';j'ge
Rutherford backscattering of 2 MeV helium ions. The con 5 5
- . : 1 8x10% 5x10 60 40 1.8 27 1815 4
ntration profil f th rbon and oxygen ions wer :
centration profiles of the carbon and oxygen ions were ob2 1% 107 5% 101 60 40 2 . o1 4

tained using proton elastic resonande744 Me\) and the 5 5. 197 5x10% 60 40 35 5 1020 25
elastic resonance of th&O(*“He, **He)0O reaction at

1063-7850/99/25(8)/3/$15.00 621 © 1999 American Institute of Physics
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30nm is approximately 2.5at.% whereas for ax10'

a cm 2 dose at the same depth, this concentration is around
1.4 at.%. Exposure of the Ti—-V—Al samples after iron and
zirconium implantation to a 5.5J/émlow-energy high-
current electron beam leads to melting of a surface layer up
to 3.5um thick¥®and partial evaporation of a surface layer
of a few tens of nanometers. As a result of this treatment, the
size of the inhomogeneities increases to 200—22(Riy.
2a), iron and zirconium become redistributed in the surface
layer (i.e., their peak concentration dropsind the concen-
tration of carbon and oxygen increases at large defsilRs
most up to 400 nm

Measurements of the wear resistance of the samples un-
der nonlubricated friction after double implantati@fig. 2b,
curve2) show a slight reduction in the wear. However, after
exposure to the low-energy high-current electron beam, the
wear resistance increases abrupityrve 3) despite an in-

7r crease in the surface roughness. Testing to measure the fric-

l tion coefficient showed that after double ion implantation

(iron ion dose 510Ycm 2 and zirconium ion dose

5% 10%cm™?) the friction coefficient is reduced more than

T T 1 1.8 times. After low-energy high-current electron beam treat-

600 800 N ment, the friction coefficient increases but is lower than that

in the initial state. Measurements of the microhardness using

3500 b a nanoindentof100 g load revealed an increase in the mi-
< g C crohardness to 7 GPa at a depth of 180 nm, which is twice
the depth of the ion range. Subsequent low-energy, high-
current electron beam treatmeBt5 J/cn?) leads to an even
greater increase in the hardndss almost 9 GPaand the
depth of the hardened layer is increased to at least 500 nm.
However, the microhardness maximum is shifted into the
hardened layer. We can postulate that the double implanta-
tion of iron and zirconium ions leads to the formation of
Fe—Ti—C which reduces the friction coefficient and increases
the wear resistandé'® It was shown in these studies that
implantation of Ti and TiH- C into iron and steel leads to the
formation of TLC and TiC carbides and the fé 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 as
wear resistance, friction coefficient, and hardness. Subse-
quent exposure to a low-energy, high-current electron beam
at 5.5 J/cr increases the depth of the hardened layer and the
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200 400
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Formation of gas folds during pressing of Y  ;Ba,Cu3;0_ s powder
S. A. Churin
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Conditions for the formation of density discontinuities during pressing @aCu;O;_

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 PhysidsS1063-785(09)01308-7

One of the obstacles preventing the use of high-no steps typical of breaking, and the convexity of the discon-
temperature superconductivity is the fabrication of productginuity surface was directed toward the piston. The normal to
of specified dimensions and high density from high-the discontinuity surface on the symmetry axis coincided
temperature superconductdiTSC) powder. These products with the axis of the mold. For the 50 mm diameter charge the
fabricated by pressing are of independent scientific and tecHength of the fragments was several millimeters out of a total
nical interest and also form the initial materials for the charge thickness of 7—8 mm. In this case, the convexity of
charges used to obtain long HTSC crystals by thethe discontinuity surface was directed away from the piston
Bridgman—Stockbarger methbd or zone refiningz_ The surface. On either side of the discontinuity, surface the den-
crystals thus obtained have a substantially higher critical cursity of the products varied continuously. In order to make
rent density than the initial charges. It was shown in Ref. numerical estimates to determine the coordinates of the folds
that the presence of pores in the charge leads to a loss Hfing catastrophe theofy,we need to find the gas velocity
crystal stoichiometry during the crystallization process and &liStribution over the length of the charge during pressing.
variation of the crystal parameters over length. The loss ofVe shall consider the pressing process in greater detail. For
stoichiometry increases as the concentration and sizes of tfémMPlicity we shall consider the one-dimensional motion of a
pores increases. The formation of long high-densitypOWder in a semi-infinite medium. Under the action of the
Y,Ba,Cu;0, s charges is thus quite a topical issue. How- Piston, the powder and the gas filling the pores begin to

ever, the fabrication of charges by pressing is accompanie_@ove' and the porosity of the charge and the gas pressure in

by the formation of various defects, including density dis-It vary. Naturally, the volume of th_e charge is connected 1o
continuities. atmosphere and some of the gas is expelled from the charge

The phenomenon of powder stratification was describe(%imder pressure. Hoyvever, the gas escape Tate depends
strongly on the porosity of the medium and the distance cov-

in Ref. _5 using a contlnL!um m_odel of the pseudollquefac_tmr:?red before the gas reaches the boundary of the cf ’
of multicomponent media. This phenomenon was explaine . ang_H

. o in our case was much lower than the velocity of the piston.
by the existence of friction between the powder and the tubel.hus a gas pressure gradient will always exist over the
walls, which leads to a multivalued distribution of the pow- '

. length of the charge during pressing. Under the action of this
der flux velocity over the tube length. We shall show that thepressure gradient, the gas begins to move in the pores, and

density discontinuities formed during the static pressing POhas an average velocity at the exit from a section of thickness
cess may also be a gas fold: some of the gas filling the POre§ ¢ determined by the Darcy laf:

in the charge collects in a single plane during pressing. In the
present paper we report some results of experiments on the

— 1
pressing of ¥YBa,Cu;O;_ 5 powder and calculations using (v)=n""K(IV{p)+(p)VI), @)
catastrophe theofy which can be used to determine the co-
ordinates of the fold formation. where 7 is the viscosity of the gasK=I13xd?x(1

The powder(typical grain size 1@q:m) was poured into —H)_Z, dis the characteristic pore siZd, is the porosity of
cylindrical molds 15 or 50 mm in diameter and compactedthe mediumVII is the porosity gradient of the mediukp)
using a press. The density of the charge did not exceed 2.5 i the average gas pressure in the medium%p) is the
cm?®. After pressing at a pressure of<8.0* N/cn? the den- ~ average gas pressure gradient in the medium for the section
sity of the charge increased to 3.5 gfriihe piston velocity A& In expressionil) we neglected the gravitational force. In
during the pressing process was1mm/s. After the order to simplify the following estimates, we shall assume
~50 mm long finished article was removed from the 15 mmthat the porosity of the charge is constant and the pressure is
diameter mold, in some casdat pressures higher than afun_ction of the charge length and_do_es not vary with time.
1X 10 N/en?) this disintegrated into two or three fragments N this case, the average gas velocity is:
1.5-2cm long. A density discontinuity ran over the cross-
sectional surface. The surface of this discontinuity revealed (v)~— 7 KIIV(p). (3

1063-7850/99/25(8)/2/$15.00 624 © 1999 American Institute of Physics
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In order to find the average gas pressure in the poypgr lations we find two values for the beginning of fold forma-
we shall assume that the pressure distribution over the charg®n: x.~4.48 andXx,~0.54a. We postulate thax. is
length is given by* responsible for fold formation for small mold diameters. A
) reverse fold does not have time to form for small mold di-
R . . -
(&)= p0< 1— exp( _ , (4) ameters — a considerable fraction of the gas filling the pores
2vE?

escapes from the charge along the powder—mold interface.
wherep, is the pressure at the surface of the pistiis the

For the larger-diameter mold, a reverse fold does not have
radius of the cylindrical charge, andis a coefficient which

time to form and corresponds to the coordinatg. The
: ; . density discontinuity over the cross-sectional surface is also
determines the transfer of vertical load to the side wall of the y y L
. : : caused by the escape of gas from the charge. Taking into
mold. Expression4) was derived and checked experimen- . _
. S .—__.account the boundaries of the mold, the gas pressure distri-
tally for soil. Its application in the present case can be justi-

fied by the fact that soil, like HTSC powder, is a low- &u;:gnéﬁ)e Exaréigic;lr?: io\jet:(;b|g\s/teagrg;nn%oguscgd&sugl;ctjhe
plasticity oxide, and therefore it is predicted that they will ) b 9 2

- . ; . to check the experimental results numerically. We shall take
exhibit the same behavior under pressing. The pressure in ﬂ%ﬁe mold radius to be 0.75 cm andto be 1. At this point, it
gas filling the pores of the charge will obviously be Iowershould be noted that d.oes not exceed 1 In this case; we

than that in a powder, but we shall assume that its distribu- i ’

tion over the length of the mold is also described by the IaWobtalna~0.5 cm andke;y~2.2 cm, which shows satisfactory

(4) to within the constant factor. We shall also assume tha{;{greement with the experimental results. Performing similar
the average pressure in the sec-tgpng- will be equal to the calculations for the larger, 50 mm-diameter mold, we find
i

pressure at the center of the selected secior=p((£)). In that the coordinate of reverse fold formatiornxig,~9 mm.
this case, the average velocity at the pait0.5(+£,) This value differs appreciably from that observed experimen-

) . ] tally because of the approximate nature of the calculation

will be given by: : AR
model and because in our case, the pressure distribution

432\ 8a2 function (4) near the surface of the piston differs appreciable
—2>—3 (5  from that proposed in Ref. 9. If the charge is sufficiently
&/ long, several successive folds may form, at approximately
wherea?=R?/2v. Since the points; and, ¢; were selected equal intervals. The formation of folds can be prevented by
arbitrarily, we can assume that the expression for the gasvacuating gas from the porous medium to a pressure less
velocity (5) holds for the total thickness of the charge. Wethan 10 Pa before the beginning of pressing. The formation
shall then use a standard approach to determine the coord¥ folds is also observed during the pressing of other mate-
nates of fold formatiofi:” We shall assume that in the sec- rials such as YOs;.

vV(£)~(v)~ 7 'KIIp, eXP( -

tion ¢; ,¢; the gas particles propagate at constant veld&ity This work was carried out under Project 95032 in the
The coordinate for the beginning of formation of a gas foldSuperconductivity Section of the Program “Topical Prob-
may be determined froffy’ lems in Physics of Condensed Media.”

Xs= &+ V(&) (t—1p), (6)

where¢ is the Lagrange coordinate of the gas fltxs the  1g ;. | Tietel R. . Sherwooet al, Appl. Phys. Lett52, 2074
time of motion, andv(¢) is the gas velocity in the powder (1983

which is given by(5). Determiningd({v)/d¢ and equating K. Salama and D. F. Lee, Supercond. Sci. Techfipll77 (1994

this to zero, we find that fog> (8/3)*%a the derivative be- P-J- McGinn and M. A. Black, Physica £5624), 57 (1988.

comes negative and f@r< (8/3)%%a it is positive, i.e., in this Sé Agzg?fggnmp's ma Zh. Tekh. Fi23(8), 85 (1997 [Tech. Phys. Lett
case the gas can move toward the piston. Then, finding the, A Galin, Yu. P. Gupalo, and G. P. Cherepantechanics of Multi-
second derivativé5) with respect to¢ and equating this to component Media in Technological ProcesgiesRussian, Nauka, Mos-
zero, we determine the two roots of the algebraic equation'ﬁflo‘iV gr?;?d 15‘;&1%0 he Theonznd ediSpringer-Verlag, Berlin, 1686
£1= (3'5)0'53‘ and§2:_ (1'5)0'53" V\_/e recall thalg% andé, are . [R.u.ss origi;\al, later gd., Nauka, Moscc.)wf)lggo, 128.p%. ’

the Lagrange coordinates at which a fold begins to form. It is7va. B. Zel'dovich and A. D. MyshkisElements of Mathematical Physics

then easy to determine the coordinate of fold formation: [in Russiar}, Nauka, Moscow(1973, 352 pp. ,
8A. V. Lykov, Heat and Mass Exchandén Russian, Energiya, Moscow
V(&y) (1978, 477 pp.
Xer=Eor— , (7) °I. I. Kandaurov,Mechanics of Granular Media and Its Application in
v/ (&) Construction[in Russiad, Strdizdat, Leningrad1988, 281 pp.

whereé,, is either&; or &,. Performing the necessary calcu- Translated by R. M. Durham



TECHNICAL PHYSICS LETTERS VOLUME 25, NUMBER 8 AUGUST 1999
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An investigation is made of the microwave surface resist&icmeasured at 10 GHz and 77K,

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 valueR, (0.3—0.5 mQ) and do not show any deterioration. The

level of Rg 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.

[S1063-785(09)01408-1

Studies of the microwave surface resistafteof yt-  mechanism is impaired and a granular layer forms on the
trium barium cuprate YBZu;0O;_ 5 (YBCO) superconduct- surface. The film becomes two-layered: the lower layer is
ing films as a function of the thickne$swere started more highly oriented while the upper layer is either misoriented or
than ten years ago. Then, in the initial period of research ogranular. The growth mechanism is impaired by the buildup
the behavior characteristics of YBCO films in the rf— of stresses in the structure of the YBCO film and their
microwave range, we observea nonmonotonic dependence “sink” effect in the network of interfaces formed when the
Rs(h) which was later studied in greater detaflSince then, growth mechanism breaks down. In this way, the defect
interest in this dependence has remained undiminished bstructure of YBCO films of above-critical thickness becomes
cause this subject is not only of scientific value, but also hastabilized.
important practical applications. This is confirmed by a re-  The c, -oriented structure is most likely a metastable
cent publicatioft in which Storket al. reported some dete- phase of YBCO. The formation of a granular layer on the
rioration in the quality of YBCO films with increasing thick- surface is similar to the mechanism for the formation of a
ness. The depth of penetration of the magnetic figldn a  “columnar” structure, observed on superconducting films of
YBCO film at 77K is at least 300 nnfRefs. 4 and 5and  niobium compounds, such as NbN and;/$e (Ref. 8. If the
superconducting lines of thickness several tings are  width of the layer boundaries between the columns does not
needed to transfer a high-power microwave signal withouexceed the coherence length of the appropriate supercon-
additional losses. Hence, YBCO films more tharmurh  ductor, conditions for a superconducting current are estab-
thick” are required to develop microwave film devices. lished in the granular structure. A similar structure is respon-

Vendik et al?>® observed that the critical thickness of sible for the exaggerated values Bf and the additional
YBCO films is 300—400 nm, and an increase in thicknessnicrowave losses, which may be identified in experiments
causesR; to increase to a high level, incompatible with the where a static magnetic field is applied to the microwave
requirements of microwave cryoelectronics. The existence ofavity?

a critical thickness was observed when YBCO films were  The mechanism for the formation of three-dimensional
grown on various types afLl00)-oriented substrates having defects in the form of a regular network of pofginholeg*®

the mismatch parameteér=2(a;—a,)/(a;+a,), wherea, is more favorable for reducing the microwave residual losses
anda, are the unit cell parameters for the substrate and filmn superconducting films. The almost straight-through pores
material. or “wells,” where impurity phases can be identified at the

Two types of substrate should be distinguished. Structurbottom, play the same role in the stress and impurity sink as
ally matched substrates of perovskite compounds have a mithe network of intergranular layers. In this case, however,
match parametef 1.0—-2.0%; for instance, SITgQLaAlO;,  there are no barriers for the superconducting current and the
NdGagQ,, and a heteroepitaxial B&r, _,TiO3 layer grown  microwave losses are reduced. A porous defect structure can
on an MgO substraté The other type of substrates exhibit overcome the micron barrier for the formation of highly ori-
strong structural mismatch, such as MgQ:~(9%), ented YBCO films, and the presence of a network of three-
zirconium-stabilized yttrium oxidgYSZ, £~6%), and a dimensional defects has little influence on the characteristics
heteroepitaxial CeQlayer on ana-Al,0;[1012] substrate of planar topologies used in microwave cryoelectronics.
(cerium dioxide orr-cut sapphirg® However, the presence of pores in the films plays a negative

The deterioration of the film structure occurs becauseole for other applications. In a porous structure, the noise
after the critical thickness has been reached, the film growtkevel increases, such as the low-frequency flicker noise char-

1063-7850/99/25(8)/4/$15.00 626 © 1999 American Institute of Physics
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acterized by the Hooge parametersince a pore is an inde- was increased and the substrate temperature was gradually
pendent fluctuatol* The parameterr determines the oper- reduced by 20—30 K over 20—25 min. The substrate tempera-
ating characteristics of antenna microbolometers, i.e., th&ure in the steady-state film growth process wa$000 K.
detection sensitivity and the equivalent noise power in thelhe results of investigations of ultrathin films showed that
submillimeter rangé? Porous films cannot be used in lay- approximately three monolayers formed over this time in the
ered structures because of possible “punctures” and shortintpyer-by-layer growth regime(Frank—van der Merwe

of the layers. Thick porous films have many advantages, bunechanism#® Channeling was observed on the Ba-Y
smooth YBCO films more than &m thick are required to
fabricate cryoelectronics devices. Thus, we need to search

for mechanisms of formation in which the epitaxial structure 8
in YBCO films is stabilized by low-dimensional defects.

In the present study we investigate the growth of epitax- g Lt ;
ial films more than Jum thick on LaAlG;(001) (LAO) sub- B4 {w s T
strates. The films were deposited by dc magnetron sputtering : :
of a stoichiometric target. Details of the growth process of
the YBCO films were presented in Refs. 3 and 7. The micro- 44
wave surface resistance was measured using a plane—plai ~
resonator methodTaber methotf) at 10GHz and 77K. @
Medium-energy ion scattering was used to investigate thefX
structure and composition of the film$? The energy distri-
bution of the scattered ions was analyzed after a 100- o
230keV primary H, He", or N* beam had interacted with
the sample. For the analysis we used an electrostatic analyze
or semiconductor detector operated in the randomly orientec 29
beam regime, or with channeling along {l@91] axis of the R : b
substrate, and we measured the dependences of the reflect : : : :
ion yield on their energy, XE) and Y;(E), respectively. -~
The ratio x(E)=Y.(E)/Y,(E), described as the relative W
yield, characterized the perfection of the crystal lattice of the "=
samples.

In order to achieve a two-dimensional mechanism of
film growth at the very early stages, as far as 3 ML, the
conditions of formation must be close to equilibrium. A low
atomic-component flux density and elevated temperature
help to establish more equilibrium conditions of deposition,
intensify surface diffusion, and prevent the formation of
competingcj-phase nuclei. The formation of blocks of alter-
native orientation leads to the formation of interblock bound-
aies which tend to disrup the oriene growth mechanismf. 2 Sy Yo 00 B oo rekn o ey

In the gr_OWth regime used’ the specific power of therelative yield y of He" ions of initial energy~200 keV determined fro;n
magnetron discharge was initially set at 30% lower than thene intensity ratio of the scattered ion flux in the channeling regin(€)to
rated value, which was-5—6 W/cnf. The discharge power the flux in the random orientation regime (E).

a.

Rs /Rso,
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sition of YBCO films grown on LAO substrates. Films hav-
ing the highest critical parameters have a low barium and
copper deficit. This conclusion agrees with the experimental
results obtained in Ref. 16. Figure 1 shows the medium-
energy ion backscattering spectrum obtained when YBCO/
LAO sample No. 3118, having a film thickness-efL..8 um

and R;~0.3m(), was bombarded with nitrogen ions. The
spectrum showed that the film has the composition
Y 1 Ba, {Cus0;_,, which corresponds to the rat{@35).

Figure 2a gives the dependenRg(h) for YBCO/LAO
films grown under steady-state conditions at a rate of
~0.8 nm/min. This curve is hyperbolic and does not exhibit
extrema similar to those observed for YBCO/BSTO/MgO
films.2=3 For comparison, the dashed curve in Fig. 2a gives
the dependences of the surface resistdRgdR,; measured
earlier, in arbitrary units for whicRy, is ~5 m() at 60 GHz
and 4.2 K(Ref. 3.

The monotonic behavior dRg(h) for film thicknesses
less that Jum agrees with the dependengg(h) of the rela-
tive yield measured from the extremum g€E) at the sur-
face of the film(near the maximum energy of the scattered
ions). The graph ofy(E)¢ plotted in Fig. 2b differs from the
dependence of the surface resistance plotted in Fig. 2a. The
layer-by-layer mechanism of YBCO film growth on LAO
substrates is probably achieved up to a thickness of around
1 um in the growth regime described above. A500 nm
thickness, various light formations appear on the surface,
which could decorate interblock and corner boundaries. Fig-
ure 3a shows a photomicrograph of the surface of a
~500nm thick film. This occurs because the free surface
energy is substantially reduced along lines of planar defects,
which promotes the attachment of competing-phase nuclei at
these defects. When the thickness increases-toum,
screw dislocations begin to reach the surface of the film,
FIG. 3. Surface morphology of YBCO films of different thickness: a — threa-dimensional dominant-phase nuclei begin to form, and
epitaxial film ~500 nm thick b — highly oriented surface layer of 18n . .
thick film (No. 3118, see Fig.)1 the layer-by-layer growth is replaced by the growth of iso-

lated pyramids and columns along the dislocation axis. Fig-

ure 3b shows the surface morphology of sample No. 3118,
sublattice and the composition of the films was close to sto-~1.8um thick, which reveals a cellular morphology with
ichiometric or had a small copper and barium deficit. Photo4isolated microblocks of 250—300 nm. Isolated crystallites of
micrographs of the surface revealed homogeneous morphak competing phase measuring around % are observed
ogy with no islands, pores, or outgrowths. on the surface. The microblock size of the structurally per-

Cationic and planar defects, i.e., corner and twinningfect phase can be used to estimate their density €ls-2)
boundaries, and edge dislocations, can be used to stabilize10° cn?. This estimate agrees with the density of nucle-
the superconducting phase on substrates withdowt cer-  ation centers of the, -oriented phase determined in Ref. 18.
tain stages in the growth, screw dislocations develop, proThe formation of microblocks of the dominant phase and
moting the evolution of a surface relief. Thermodynamicisolated crystallites of the competing phase leads to an in-
estimate®¥’ showed that for the growth regimes used, condi-creased yield of scattered ions in the channeled regime,
tions for the formation of the equilibriurfl23 phase do not Y (E). However, this feature of the growth mechanism does
exist but various mechanisms of defect formation and stabinot appear on the cun®(h). Thicker(greater than 1.2m)
lization of the perovskite compound are probable. An analy-YBCO/LAO films are most likely “two-layer.” The epitax-
sis of equilibrium in a YQ s—CuO—-BaO system using meth- ial layer is transformed into &, -highly oriented upper layer
ods of geometric thermodynamics showed that the Gibbs&aving a pyramidal columnar structure in which the microb-
potentialAG of the (123) phase should be reduced to a mini- lock boundaries contain no competing phases and do not
mum of 50 kJ/g-atom by means of nonequilibrium defects,introduce additional microwave losses.

i.e., by 20—-25%. One of the probable mechanisms for cat- A barium and copper deficit in the YBCO films may be
ionic defect formation is the formation of an orthorhombic provided by an “on-axis” film deposition regime at a low
phase, assumed to have the compositjgB5 (Ref. 15.  working gas(argon—oxygen mixtupepressure, 30—40 Pa.
This assumption is based on studies of the cationic compdA’hen the substrates are positioned in the forward projection
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of the erosion zone, the growing films are exposed to the'o. G. Vendik, M. M. Gadukov, S. F. Karmanenket al, Pis'ma Zh.
action of the glow discharge plasma, which results in a slight Tekh. Fiz.15(7), 69 (1989 [Sov. Tech. Phys. Letl5, 277(1989]; O. G.
deficit of the component most liable to resputtering, ie. Vendik, M. M. Gadukov, S._F. Karmanenket al, in Proceedings of the
. . . : European Conference on High Temperature Supercondydttson, Po-
barium. The excess yttrium atoms in the crystal lattice oc- land, 1989(World Scientific, Singapore, 199@p. 521525
cupy barium positions, which leads to the formation of sub-20. G. vendik, Yu. V. Likholetov, S. F. Karmanenle al, Physica C179,
stitutional Yg, defects which help to stabilize tlog -oriented 91 (1991.
phase. Another mechanism for self-regulation of the film *S: F. Karmanenko, M. V. Belousov, V. Ju. Davydet al, Supercond.
composition also appears, in which crystallites of a compet-Aﬁc'J' Tgcg?c‘))r'f’ 323;1222[ A Roshko. D. C. DeGrantal. IEEE Trans
ing phase(presumably BaCug), containing no yttrium at-  anqi Supercondz, 1921(1997. o i '
oms and possessing dielectric properties, reach the surface 6§. A. wolf and V. Z. Krestin, IEEE Trans. Mag@7, 621 (1992).
the film. The structurally perfect orthorhombic phase expels®R. Schulz, M. Simoneau, and J. Lanteigne, Physic23@ 113 (1994.
nuclei of the competing phase to the surface, their size in-'S: F- Karmanenko, V. Yu. Davydov, A. P. Mitrofanov, and A. A. Se-
creasing as the film grows. It should be noted that the megg\ﬂ' Pis'ma zh. Tekh. Fi22(23), 69(1996 [Tech. Phys. Let®22, 982
competing-phase crystallites can be almost completely resy gepsi, M. M. Gaidukov, S. F. Karmanenket al, Fiz. Tverd. Tela
moved from the surface as a result of treatment in organic (Leningrad 29, 2953(1987 [Sov. Phys. Solid Stat29, 1697 (1987)].
liquids or ionic purification(which should be followed by ~ °M. M. Gaidukov, S. F. Karmanenko, A. B. Kozyreat al, Supercond.
heat treatment of the films in oxygerMeasurements of the , S¢i- Technol7, 721(1994. . :

. . . . E. K. Hollman, V. |. Gol'drin, V. E. Loginov, D. A. Plotkin, S. V. Ra-
electrical parameters of the YBCO films, which are indica- zumov, and A. V. Tumarkin, Pisma Zh. Tekh. Fi23(5), 39 (1997
tors of the(235 phase, revealed thai, reaches 93.5K, the  [Tech. Phys. Lett23, 186(1997)].

Hooge constant has the lowest values yet recorded, !'Sh. KoganElectronic Noise and Fluctuations in Solig€ambridge Uni-
X 10" % at 93K (Ref. 12 and 1Y, and the microwave surface |, Versity press, Cambridge, 199854 pp.
resistance measured at 77K and 10 GHZRX 104 mQ. A. V. Bobyl, M. E. Gaevski, S. F. Karmanenla al,, J. Appl. Phys82,
To sum up, we have shown that YBCO films up t@m 1357(:4.(']%232}, P. Merchant, R. Hiskes al, J. Superconds, 371(1992.
thick can be formed without any increase in the microwave4y. v. afrosimov, R. N. Iin, S. F. Karmanenket al, Fiz. Tverd. Tela
surface resistance. For epitaxial smooth YBCO/LAO struc- (St. Petersbungdl, 588 (1999 [Phys. Solid Statd1, 601(1999].
tures we observed a change in the growth mechanism at léf- fkfgﬁgg‘a”e”kov lzv. Vyssh. Uchebn. Zaved. Rossii Raekt@n. No.
thICkne_SS of~(1.0-1.2 ’Ufm' . 16p_ Schneider, G. Linker, and R. Schneider, Physic266 271 (1996.
This work was carried out under Projects Nos. 980557, /. Bobyl, S. F. Karmanenko, V. N. Leonov, and R. A. Suris fro-
and 98031 under the “Superconductivity” Program. ceedings of the Conference “Physics at the Threshold of the 21st Cen-
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pating in the analysis of the results and useful discussions.Translated by R. M. Durham
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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.199 American Institute of Physics.
[S1063-785(1901508-9

Studies of the particle coagulation process in a dustyquasineutrality conditionand the continuity equations for
plasma and in particular, the behavior of the particle sizehe electrons and ior’s} An analysis of these equations
distribution function are relevant to the problem of materialshows that the ratio of the dusty-particle charget® their
transport and surface contamination in the fabrication ofadlusrd and the volume-averaged concentrations of ions

semiconductor devices in mlcrotechnoldg)? Similar prob- N, and electrondN_ for a given ionization source pow€y
lems arise in areas associated with plasma-chemical teclre functions of the produg=n4ry and are given by the
nologies for the fabrication of powdetsin this last case, similarity relations:

coagulation is one of the main mechanisms responsible for

dust particle growth. The microparticle size distribution is — — q

also important for investigations of a nuclear battery usinga N-=f1(6:Q);  N.=f2(£,Q); a=f3(§,Q)- (1)
dusty plasma formed by micron-size radioactive particles in

an excimer gas such as xerband for developing new tech- Assuming thatj~r 4, i.e., f3(£,Q)=const, thert is propor-
nologies for depositing coatingsAn important difference tional to the sum charge collected at the aerosol particles. In
between this situation and the usual aerosol is that the pathis case, the relatiorld) have a fairly simple meaning, i.e.,
ticles may undergo monopolar charging with comparativelythat the plasma composition is determined only by the source
large charges while conserving the overall electrical neutralpower and the total charge collected by the aerosol dispersed
ity of the medium. in it.

We know that for a monopolar-charged aerosol, electro-  Calculations made using formulas from Ref. 5, taking
static repulsion leads to the separation of like-charged paiinto account Eqs(1), show that the curve of/ry (Fig. 1)
ticles, reduces the coagulation rate, and causes a drop in thesembles a slightly broadened Fermi step. It can be seen
aerosol concentration. The behavior characteristics of pafrom Fig. 1 that the ratiog/rq and therefore the particle
ticles in a dusty plasma are first, associated with the supprefloating potentialU=eg/ry are constant over a wide range
sion of coagulation as a result of monopolar charging forof parameters of the plasma dust component as far as a cer-
particle sizes smaller than the Debye shielding lefjffand  tain valueé=¢&,, which is determined by the power of the
second, equalizing this charge for sizes larger tRan ionization source. If the initial concentrations and particle

On entering a plasma, dispersed particles become negaizes of the aerosol satisfy the conditigs=&,, then the
tively charged because the electron mobility is substantiallynequality é< &, holds during the coagulation process, which
higher than the ion mobility. The characteristic particleis accompanied by a fall in the particle concentration and an
charging time is 10°~1C° s (Ref. 8. It should be noted that increase in the particle size. This means that the dusty par-
the characteristic discharge time, which is determined by ionicle coagulation process can be studied under the condition
diffusion and drift, is appreciably longer than the timesU = const.
given, but is substantially shorter than the characteristic  The coagulation of a polydisperse system with an arbi-
times for variation of the particle size distribution as a resulttrary initial particle size distribution is described using a so-
of coagulation over a wide range of dust particle sizes andution of the Smolukhovskisystem of equations
concentratiomy. In view of this, the problems of particle
charging and formation of the distribution function can bet?nd(rk t) Z
separated and solved consecutively. -

To be specific, we shall consider the case when the ion-
ization in a plasma is created by fast particles. This example
is typical of the dusty plasma of a nuclear battewhere
these particles may be electronsaaparticles depending on
the type of radioactivity. The plasma composition is deter-whereny(r,t) is the concentration of particles having radii
mined by the charge conservation equatidti®e plasma betweenr, andr,, at timet, G(r;,r;) are the coagulation

|k>G(f| TNg(ri,Hng(ry,t)

N| =

+ Z 2 G(ri,r) gng(ri Hng(r; ), (2

1063-7850/99/25(8)/3/$15.00 630 © 1999 American Institute of Physics
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constants of particles havmg radjiandr; , respectively giy izing the coagulation constants in the formu{as This pro-
is the Kronecker deltaﬁ are the interpolation coefficients, cedure was carried out using an approached developed by
andi,j=1,2,3,...,N (Ref 10. Fuks! although the shielded Coulomb potentigl(r) was

The influence of the particle charging on the profile of used as the electrostatic interaction potential of the particles.
the distribution function was taken into account by renormal-The ratio of the coagulation constants of the charged and
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uncharged dust particleg, is then given by: “encounter” the Coulomb barrier. However, for particles
1 1 FET 1 whose sizes are com.parable _to or greater than the Deby_e
%k:(f exp{_qfik( ! dx) , length, the electrostatic repulsion effect decreases and their
0 kT X coagulation becomes more probable. This leads to the “re-
N _ moval” of larger fractions in the particle size distribution.
Pi(r)=edei(), ® The distribution becomes narrower and the dispersion de-
whereeq=rU is the charge of a particle of radiug. creases. Another interesting feature in the behavior of the
The behavior of the coagulation constants of the chargedistribution function under these conditions is that the aver-
particles in the plasma changes drastically. As the particlege particle size may decrease with time.
size increases, a decrease in the coagulation constants caused To sum up, the behavior of the particle size distribution
by electrostatic repulsion is replaced by an increase causefl a dusty plasma is anomalous and has many interesting
by the Debye shielding of the charges. The nonmonotonigeatures which may lead to some unusual physical phenom-
dependence of the coagulation constants on the particle sizg g important for the production of a nuclear batf%s;ach
significantly changes the behavior of the particle size distrias the levitation of a long-lived “quasiliquid” dusty struc-
bution function with time. Dependences of the concentrature in an electrostatic trap. At the same time, the possible
tions on the particle sizes, calculated by us taking these fagechnological applications of these effects are quite clear,
tors into account are plotted in Figs. 2a and 2b. Graphs oéspecially the possibility of developing control measures to
ng(r.t) for an uncharged aerosol at various times are als@revent the contamination of surfaces during ion etching pro-
plotted for comparisoitFig. 2g. The initial distribution was cesses.
taken to be a lognormal particle size distribution with a geo-  To conclude the author would like to thank V. Yu. Bara-
metric standard deviation of two and an average radjus nov, V. E. Fortov, A. V. Dem'yanov, and Yu. V. Petru-
=10 ®m (the initial total concentration of dust particles is shevich for useful discussions of this work.
10 cm™3). The calculations were made for a plasma having
the Debye radiuR,=8.4x 10" ® m and the floating potential
U=0.15V. The range of variation of the particle sizes tv. N. Tsytovich, Usp. Fiz. Nauk67(1), 57 (1997.
(Fmin=10"8m, r5=3%10 °m) was split intom= 60 divi- ig j ShOi and Q/IMJ-JKl:(Shnhen J-JAIOAPI- :’219&855?&2109239
sions having the relations( l)In(rk/rkfl):m.(rmax/rmi”)' is, A, Kllfsgi?/iﬁg,PIa-sm-a—(ltjﬁenmeigal -‘I'egr?riolog;’icyal Proc(eséi;)éRussiaﬂ,
In order to ensure that the largest particles did not accumu- khimiya, Leningrad(1981, 248 pp.
late in the system and distort the distribution function, effec-°v. yu. Baranov, I. A. Belov, A. V. Dem'yanov, A. S. Ivanoet al,
tive deposition was introduced. Preprint No. |AE-6105/6 [in Russia, Russian Scientific Center,
The results indicate_that charging of the particle_s gener-e;‘_:fusr_cgamv;gjtgftg é"fjgjﬂ?,ﬁflﬁga?gffe‘}%, 119(1994.
ally slows the coagulation process. At the same time, thery A Fuks, Mechanics of Aerosoin Russiai, Academy of Sciences of
behavior of the distribution function changes qualitatively. the USSR Press, Mosco#@955, 252 pp.
|n|t|a||y a Sma” fraction Whose Coagu|ation is S|owed con- 8p, Rdst, Aerosols: Introduction to the Theor{/Russ. trans], Mir,
siderably less than the larger particles is rapidly removeq.ggﬂloidfogéli?fz\;’ il?o‘;g'ls in Gases and Plasmgia Russiad, IVTAN,
This leads to the appearance of clusters having a “cauli- pmoscow (1990, 102 pp.
flower” structure, consisting of numerous small particles.'°H. Bunz, M. Kouro, and W. SchochlAUA-MOD4 - A Code for Calcu-
Collisions between Iarger particles are impeded by the result- lating Aerosol Behaviour in LWR Core Melt Accidents, Code Description
. . . . . . . and Users Manual KfK-3554KfK, Karlsruhe, 1983, 66 pp.
ing Coulomb barrier. As it moves in the direction of increas-
ing particle size, the distribution function appears toTranslated by R. M. Durham
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Transition to classical behavior in mesoscopic magnetic systems and quantum
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Moscow Pedagogical State University, Bratsk Industrial Institute
(Submitted April 1, 1999
Pis'ma Zh. Tekh. Fiz25, 1-5(August 26, 1999

A mesoscopic CrNijsystem 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 temperatures19@9 American

Institute of Physicg.S1063-785(19)01608-7

tum to classical behavioiand the reverses fully justified G(E)=_expg — 3=/, (1)
from the applied and general physical point of view. Of late

this interest has been predominantly directed toward thevherew= m/|U’(x=Xn;,) is the frequency of the classical
recently discovered high-spin magnetic clusters such asscillations at the bottom of one of the potential wells and its
Mny,Ac, CrNig, and similar. These systems may be ob-condition of validity will be: kT<Aw@. Assuming a Max-
served in various quasisteady states, usually separated bywellian energy distribution, for the asymptotic behavior of
potential barrier of a few tens of kelvin. Some time ago it P,y in the limit T—0 we have

was assumed that the transition between these takes place

either by tunneling or by thermal activation. It was also as- (T)ocexr< ZWUO) G2
sumed that the regions where disruption takes place by either  ©t ho | (hot2mk'1)32’
of these mechanisms can be clearly delimited by tempera-

ture. However, it then became clear that the potential barriewhereU, is the barrier height. Expressid@) can only be

is always overcoméeven at temperatures very close to zero used to determine the behavior tendency of the total disrup-
by the combined action of both mechanisms, i.e., thermallyion probability at low temperatures. With increasing tem-
stimulated tunneling. perature, the probability of a particle acquiring higher energy

The process of overcoming the potential barrier can thems a result of interaction with the thermal system of the crys-
be represented schematically as follows. A system being ital increases exponentially, and the semiclassical expression
thermal equilibrium with its environment can, at a given (1) becomes unacceptable. For arbitraly a numerical
temperaturdl, acquire the energ with a specific probabil- analysis of the system becomes preferdbée, for example,
ity P(E,T). This system can then overcome the barrier withRefs. 4 and 5 The numerical schemes used in these studies
a probability, sayG(E). It is important to stress that pure involve analyzing an ensemble of identical particles local-
thermal activation as understood classically will not exist forized in a two-well potential, calculating the energy distribu-
anyE, if only because of the need to allow for above-barriertion of these particlesthe quasicontinuous spectrum in the
reflection. Naturally, in this sense so-called first-order transemiclassical approximation or the discrete spectrum in the
sitions from quantum to classical disruption, as discussed iquantum case calculating the probability of crossing the
Refs. 1-3, are completely excluded. The total probability forbarrier, and finally determining the fraction of particles that
the disruption of a mesoscopic system as a functioif af  have crossed the barrier as a result of tunneling or an above-
given by barrier transition. The latter gives the total probability of
disruption of the system.

These schemes give results which show fairly satisfac-
tory agreement with the experimental data. However, at low
temperatures they predict a monotonic decrease in the dis-
In most cases, a mesoscopic spin system is sufficiently weluption probability with decreasing temperature, whereas de-
described using the model of a particle in a two-well poten-viations of the dependence of the disruption probability from
tial. Even in the semiclassical case, assuming a quasicontinmonotonic are recorded experimentally at temperatures be-
ous spectrum@G(E) can only be calculated explicitly at the low 10K (see, for instance, Ref)6We postulate that quan-
bottom of the well. For an arbitrary semiclassical potentialtum decoherence effects accompanying tunneling are respon-
U(x) the corresponding value @ (E) will be sible for this behavior.

Interest in transitions of mesoscopic systems from quan- » r{ WE)

@

Ptot(T)—waP(E,T)G(E)dE.

1063-7850/99/25(8)/2/$15.00 633 © 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& — probability of thermally
stimulated tunneling in the absence of decohereBce,
— probability of thermally stimulated disruption calcu-
lated in accordance with Ref. 8, — experimental data
from Ref. 6.

The influence of decoherence on particle tunneling in a  First, it should be noted that at low temperatutieslow
symmetric two-well potential was first described by Gross-20 K), disruption in this system is fairly adequately described
mannet al’ The decoherence_effect occurred as a result oby thermal-assisted tunnelirigurvesl and?2). For compari-
an external periodic forc8 sin wt acting on the system and son we also give curv8, which is plotted assuming inde-
was manifest as the “freezing” of tunneling at certain valuespendent tunneling and thermal activation processes as pro-
of Sandw. The authors of Refs. 8—10 then derived explicitEosed by Kereret al® In order to explain the difference

expressions for the tunneling probability in the presence ofonyveen the behavior of cun&and the experimental data,

an external periodic perturbation: the author® assumed that a first-order phase transition from
tunneling to thermal activation takes place near 6 K, although
the physical reasons for this were not discussed.

Second, we note that sections of nonmonotonic behavior
of P,,(T) are observed ai<10K as a result of the influ-
whereP is the tunneling probability in the absence of a per-ence of decoherence effeotsurve 1). Since the coupling
turbation andJy(x) is a Bessel function. In particular, the constantC for these materials is as yet unknown and in our
zeros ofJy(x) determine the paramete¥sand w at which  calculations essentially served as a fitting parameter, detailed
tunneling is completely frozen and the particle remains foragreement between the results of the numerical modeling
an arbitrarily long time in one of the wells. and the experimental data can hardly be expected. However,

We shall model the interaction between a particle andhe behavior of these characteristics may serve as a suffi-
the thermal system of a crystal by the interaction with a finiteciently reliable indicator that decoherence does occur. It is
set of classical harmonic oscillations at frequencigs and  then highly desirable to obtain more detailed data on the
we shall assume that the corresponding oscillation amplipenavior of the curvé(T) below 10K which could also

tudesA; are proportional to the probability of realizing a pe ysed to refine the coupling constant.
particular frequency at a particular temperature. ¥pmwe

then haveV;=Cn(w;,T)% w;, whereC is the coupling con-
stant. We shall take the distribution functioQw; ,T) in the
form (expw;)/kT)—1) %, which gives for the argument of

the Bessel _functionC(expGiwi /k_T)—l)‘l. At a given_ tem- 1y Chudnovsky, Phys. Rev. A6, 8011 (1992,
perature T interaction with “high-frequency” oscillators  2p A Garanin and E. M. Chudnovsky, Phys. Rev58 11 102(1997).
(w;=kT/#) has little influence on the modulated tunneling 3s. P. Kou, Phys. Rev. B9, 6309(1999.
probability (3) because, as the ratiw; /KT increases, the *V. V. Makhro, J. Phys.: Condens. Matt6, 6911(1998.
Bessel function rapidly tends to unity. Conversely, interac- S\S/én\//éerzkgth' LANL e-print, Cond-mat/9807262Los Alamos eprint
tion with ‘.‘Iow-freque.ncy” oscillators whose fraction in- °A, Ke’ren, P. Mendels, A. Kratzeet al, LANL e-print, Cond-mat/
creases with decreasing temperature, leads to the appearantgos23o(os Alamos eprint server, 1998
of fast oscillations in Eq(3) and consequently causes an 7. Grossman, T. Dittrich, P. Jung, and Priggi, Phys. Rev. Let67, 516
abrupt change in the behavior Bf,(T) at low temperatures.  (1991.

Detailed calculations confirm this qualitative conclusion. ZJ- M. Gomez Llorente and J. Plata, Phys. Rewi3 6958(1992.
Figure 1 gives the results of comparing the numerical calcuIO\L(- \2’3”9 and J-P ihao,RPhyS- Re;/.zmi 637(1994.
lations of the disruption probability for a CrjNsystem with - Kayanuma, Phys. Rev. B0, 843(1994.
the experimental dafa. Translated by R. M. Durham

2V
Pgec=PJo ﬁ ) ©)



TECHNICAL PHYSICS LETTERS VOLUME 25, NUMBER 8 AUGUST 1999

Nature of hyperthermal surface ionization
V. N. Ageev and S. Yu. Davydov

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted March 23, 1999
Pis'ma Zh. Tekh. Fiz25, 6—11(August 26, 1999

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 PhysidsS1063-78509)01708-5

The phenomenon of surface ionization under conditionson leaving the surface without being neutralized by the
of thermal equilibrium has been thoroughly studied and ismetal electrongwithout transferring an excess electron to
widely used to obtain ion currents®When an atom or mol- the metal is
ecule collides with a metal surface, the ion flytehaving the
surf.a.ce i; determineq by the Sgha—Langmuir formulas: the pi:exr{ _(z/ﬁ)fwdzlz)} (3
positive ion flux J is proportional to exi{¢—1)/kgTl, z* (2)
where ¢ is the work function| is the ionization energy of
the atom(moleculg, kg is the Boltzmann constant, afd is
the surface temperature. For negative ions we hav
J cexp[(A— ¢)/kgTs], whereA is the electron affinity. How- [(2)=T* exd —2y(z—z*)], (4)
ever, if neutral particlegneutral$ impinge on a surface at . . . .
superthermal velocity, the ion component of the scattered .WhereI‘ ,'S the quaS|IeveI. half—w@th at the turnl_ng
flux is far greater than that predicted by the Saha—LangmuiPo'm gnd YIS the' charactgrlgtlc reciprocal interaction
theory. As the kinetic energy of the incident neutrals in-'€n9th:" The normal ion velocity is
creases, the ion yield increa§i.°:§..Thi:'s phenomenon is v(z)=2E(2)/M, (5)
known as hyperthermal surface ionization. In the present pa-
per we propose a simple analytical model for hyperthermawhereM is the ion mass.
surface ionization based on the Menzel-Gomer—Redhead Substituting Eq(5) into Eq.(3), we obtain
approximation®!! to describe the reneutralization of ions

where # is Planck’s constant. The half-width of the ion
guasilevell“ is given by

leaving a metal surface. We shall consider a neutral particle Pi=exp(~C3),

incident on a metal surface, having the kinetic enetgy If, C=22M (T'*/%eQ) expl @) (z*)%?

as a result of the collision with the surface, an electron is not

transferred from the particle to the metalr from the metal >

to the particlg, the scattered particle remains in the neutral S(e,a)= L dxexp(— ax) yx/(ex+1), ©®)

state and leaves the surface with the same kinetic erigrgy

provided that the scattering is elastic. However, if an electron  a=2yz*, x=2z/z*, e=(E,—E*)/E*.

is transferred as a result of the collision, a positiwegative

ion is removed from the surface with a kinetic energy Whosq. .
. . - limit

magnitude can be determined from the energy conservation

It follows from expression(6) that in the high-energy
(e>1), we have

law: S(e,a)=a lexp(—a) sV, ()
2 g2 which shows complete agreement with the theory of charge
E(z)=Ein— EJF 1z’ (1) transfer for particles having energies of the order of a few

tens of electronvolts at a metal surfadée® where it was
wherez is the distance between the surface and the outgoinghown that the probability of ion drift is proportional to
singly charged ionz* is the turning point, at which it is exp(—constv). In the low-energy (near-threshold limit
assumed that the neutral becomes ionized, a@isdthe pos- (£<1), we can show that
itron charge. It follows from Eq(1) that the threshold energy
E*, i.e., the energy sufficient for the product ion to leave the  S(g,a), = a3/2[1“(3/2,a)— ir(s/z,a) ; (8
surface, is given by 2
E* = e2/47* . (2 WhereI'(i,j) is an incomplete gamma functidh Thus, in
the low-energy limit we find
In accordance with the Menzel-Gomer—Redhead _
approximationt®**the probabilityP; of a positive(negative Pi=P P;,
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TABLE I. Experimental datal( ¢, E*,eV; &, eV ) and calculated
(9) results ¢*, ro, A; I'*, eV).

*

r
PI* EeXF{ - N nyg/z f(3/2,(1)

N(C,H,)sN/PY(111)
I . | Bﬁnzgne/ An_thracene/ —
Pizexr{ \/M = f(5/2,a) E , Value rhenium diamond pure Pt oxidized Pt
fiey [ 8.82 7.55 7.25

where f(i,a) =exp(@) I'(i,a). For «>2 which is a general é’* ;'2 g"l 25'7 25'9
case, sincey=1A"", we obtainz*=>1A (Refs. 4, 12, and ¢ 3.04 414 921 6.14
13), f(3/2,a)=a, andf(5/2,a)=(a+3/2)\a. r* 1.20 1.20 1.80 1.80
We know from the theory of charge transfer in the scat-"¢ 222 2.48 2.32 2.67
* 0.11 0.08 0.09 0.06

tering of atoms at a metal surfdéé>°that there is a certain
critical distance between the atom and the surfagceat
which the atomic levekE, intersects the Fermi lev8l: sepa-
rating the regions of highz<z.) and low (> z.) ionization
probability. The distance, for the creation of a positive ion
may be determined from pared with surface ionization of particles in thermal equilib-
o rium with a solid can be attributed to the fact that in the first
¢ +e7/az=0. (10 case, the energy of the incident particlesEis>kgT. As
For a negative ion the equivalent equation has the form  the kinetic energ\E;, increases, the velocity of an ion mov-
— A—e?/4z,=0. (11) ?ng away from the ;qrfaqe increas.es and the'probgmliitgf
its departing to infinity without being neutralized, increases.
Clearly the turning and ionization poiat introduced by us It can be shown that this effect is suppressed to some extent
should satisfy the conditioz* <z. by increased broadening of the quasilelél at the turning
In order to analyze the experimental data on hypertherpoint z* since the incident atom will approach closer to the
mal surface ionization we shall determine the energy depensurface. At the same time, a decrease’inleads to an in-
dence of the logarithm of the ion current in the low-energycreased ionization probability.
limit For practical purposes it is convenient to use the expres-
&=(0InJ,10E,)e (12) sion for the ion current

inHE* "

SinceJ;=P;, only the cofacto®; from Eq. (9) makes any Jicexp(—Cy+Coe), (14

contribution to¢; . We obtain whereC,= —InP¥ | C,=(1/e)InP; [see Eq(9)].

r* The authors are grateful to U. Kh. Rasulev for useful

&= \/M—g,2 f(5/2,). (13)  discussions.

2heEy This work was carried out under the Federal Program
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Bifurcations in the trajectory problem as a cause of internal-time singularities
and the onset of quantum (wave) chaos

A. V. Bogdanov, A. S. Gevorkyan, and A. G. Grigoryan
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(Submitted April 22, 1999
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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 quantimiave) chaos are presented for the first time for the
elementary reaction ki (FH)— (LiIFH)* —LiF+H. © 1999 American Institute of Physics.
[S1063-785(09)01808-X

At the early stages in the development of quantum mewherem,, mg, andm¢ are the masses of the corresponding
chanics, Einstein posed a question which has attracted unparticles, andE andV (x*,x?) are the total energy and inter-
versal attention several decades latdthe question was: action potential of the system, respectively. The metric on
how will a classical chaotic system behave in the quantunthe surfaceS; is introduced as follows:

° ; . .
tcharséee._bgzyasillgtaernixample, Einstein specifically referred to aik: PAxtx?) 8y, PAXLXA) =2u0(E—V(XEx). (3)

The present authors have already studied the problem of The motion of the local coordinate system is determined
guantum chaos for quantum-mechanical scattering in a coby the projection of the motion of a mapping point with the
linear three-body systeA™ We showed that this problem reduced masg onto the extremal rag, of the Lagrange
can be reduced to the problem of an anharmonic oscillatomanifold S,. Note that for the scattering probleff) there
with nontrivial time (internal time which can generally ex- are two extreme rays on the surfeg one connects thén)
hibit chaotic behavior. In the present study, we continue ouchannel to théout) channel of the regrouping reaction while
investigations of the problem of quantum chaos using nuthe second connects tlim) and(out) channels of the disso-
merical calculations for an elementary chemical reaction. ciation reaction. We shall subsequently study the regrouping
reaction.

We shall introduce the curvilinear coordinate system
(x%,x?) on the Euclidean spade? along the projection of
the extremal rayle, such thatx! varies alongJe,, andx?

The problem of quantum multichannel scattering can bevaries in the perpendicular direction. In this case, the trajec-
represented schematically using a collinear model as followsory of the mapping point is described by the following sys-

1. FORMULATION OF THE PROBLEM

[ A+(BC), tem of second-order differential equations:
k o
(AB)m+C XK o+ i—.} XX =0 (i,j,k=12, (4
A+B+C s,
A+(BC)y— 4 A+(BC),, @ \where
+
(ABO)* -1 (ABImTC oo [ k} Lo 290 991 a9
+B+ T = =509 —+———|.
\ A+B+C, S ds s, 27 \ox axd o ox
wherem andn are the vibrational quantum numbers corre-  Equation(4) with the initial conditions
sponding to the(in) and (out) scattering channels. It was . .
shown in our previous studigdthat the problem of quantum Xo=X(=%), Xg=X;(—) ®

multichannel scatteringl) can be formulated as the evolu-
tion of a wave packet on the manifol (fiber bundle of the
Lagrange surfac&,) in terms of a local coordinate frame
moving onS;

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

We shall now make a quantum analysis of the regroup-
ing process. Note that in the quasiclassical limit this analysis
Sp={x"x%2uo(E—V(x!,x?))>0}, is equivalent to describing the trajectory flux on the
12 Lagrange surfaces,. This trajectory flux can be conve-

2) niently studied in a local coordinate system whose motion is

_{ MaMgMc
Ho determined by the solutiox'(s) of the systen{4). The cor-

ma+ Mg+ Mg

1063-7850/99/25(8)/5/$15.00 637 © 1999 American Institute of Physics
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responding flux should be quantized in this coordinate sys- e, . T 5

tem on the fiber bundl®! of the Lagrange surfacs, . =(E) JO p(xH)yodxt,  z=(HE)” 2p(x*(s))x
Bearing this reasoning in mind, we can write the Sehro

dinger equation for the system of bodies in terms of thetaking into account the quasiclassical approximafiome

moving local frame of reference can obtain the complete wave function of the three-particle

system in the harmonic approximation

1 1 o1
{ﬁz')’_ i{axl(s)[ y! 'Yiaxl(s)] + axz(s)[ ! 'yiﬁxz(s)]}

1
17
2(y1 2 — _ Q. 2
TROAE AN =0, Tz, =| TN sl ih 1Sz, M,
dyi( =X (s), 6) 2! ¢
where % %(z— 7])} (10)
N(xY(s)) x2 |2
yu=| 1+ ——F— ., v |1+t —F—| . (7 .
p1(x*(s)) p2(X*(s)) seﬁ(z,r):sc.(r)—E'vf |§|2d7’+r77(z— 7)
0
Y12= ¥21=0, y=7v11722>0. (7 1 L
In formula(6) \ is the de Broglie wavelength dh,,, andp; + Elggfl(z— 7)2— E'pplzz] ,

and p, are the principal curvatures of the surfaggat the
point x! € J in the direction of the coordinates and x2. (1.

The main difference between E¢6) and the Schro Scl(T):ET_Ef_w[z[(ﬂ)z_QZ(T')ﬂz]JfF(T')ﬂ]dT’,
dinger equation is that the independent coordinate) is a
solution of a system of nonlinear differential equations and
thus is not generally a natural parameter. Moreover, undell_!v 7y
certain conditions it may be a stochastic function.

Our task is to find a solution of Eq6) which would We recall that the functioré(7) is a solution of the
satisfy the following asymptotic conditions for the complete classical oscillator problem
wave function of the system of bodies:

lim P (xY(s),x?)

RIE S e

=W(nixEx2) + ) Rynin(m;xtx?),

m#n

1
it 2) (11

E+Q%(1)é=0,

dp
p;k (12)
lim  W(x}(s),x?) = 2 S oud M x4, %3), ®) dxt

1 oo . . -
(sx)—+ with the asymptotic behavior

where the coefficient®,,, andS,,, are the amplitudes of the

probabilities of excitation and regrouping, respectively. §(7) 7o~ eXPIQip7-),

The following analytical study of Eq(6) with the ~c.exaiQ e exn —i0 13
boundary condition8) can only be made after simplifying §(7) 7 CL XN Qou) ~ Co XA~ 1 Qours ). (13
this equation. where 7_=2uoxYp_ and 7. =2uyx/p, are the internal

time in the asymptotic subspacﬁ% and Rﬁut, respectively,
the momenta in the asymptotic form are defined as

1
2. SOLUTION OF THE SCHRODINGER EQUATION ON THE P== “m p(X ), and the constants; andc, are obtained

MANIFOLD M(3(u)) by solvmg Eq.(12).

o _ o . The function(7) is expressed in terms of the solution
Beanng in mind that the wave function is localized of the homogeneous equatiom):

along the reaction coordinatg, and using the parabolic )
equation methdtifor this problem, we can express the solu- p(1)=(2Q,) " 2 £(r)d* (1) + £ (1)d(7)],
tion of Eq. (6) in the form

29 7(—)=7(—=)=0,
\P“)(xl(s),xz):exp(mlfo p(xl)\/y—odxl)

1(7
d(T)=(29in)’7f dr'&(r")F(7"),

XA(XY(s),x?), 9 B
where  y5=y(x(s)x*)]e=0 and p(x(s))=P(x(s), E)31[p, 1
X*)|x2=0- F(T)=—1—{—’——} (14)
After transforming the coordinates in expressién pz PLP P2
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Note that in the limitr— —o the exact wave function We shall use the exact representation of Smatrix
(10) goes to its asymptotic value — the wave function of a(16) to calculate the amplitude of the probability of a reac-
harmonic oscillator at the frequenéy;,, . tion transition. Using expressidid0) for the complete wave
function and expressiof16) for its asymptotic limit, we ob-
3. EXACT REPRESENTATION FOR THE S-MATRIX IN tain a final expression for the probability amplitude of the
TERMS OF INTERNAL TIME. PROBABILITY OF A reaction transition A+(B,C),—(ABC)*—(A,B),+C,
REGROUPING TRANSITION which takes place via the formation of a resonant complex:
We shall analyze an exact representation forStmeatrix (1— )12
in terms of the complete wave functions of ttie) and(out) W= | Sl 2= IH by, D)2
state& m!n!
Xexgd —v(1l—+6cos2D)]. 1
WO (n;x(8)x%) =D S ® (ki x(s),x?). (15) - v(1- Vo )] (17
K

S _ . Here the functionH,,(b;b,) denotes a complex Hermite
Bearing in mind that the asymptotic wave functions formpolynomial and in addition:

a basis set in th&?2 ,, space, after projecting expressitib)

onto the asymptotic state in the limit— +, we can ob- b,=\r(1—-60)expid),
tain the following expression:
Smn= lim (W (m:x},x?) ¥ (n;xt,x%)),e b=~ vlexp—id)— Joexi@)],
(s,xl)—>+oc
~ ~ 1
= lim (¥ (m;z, , 7 )P )(n;z,1)),, @25(51+ 5,)— B. (18)
T—+®
[ The variables#d, 6;, 5,, B, and v are determined by the
(coo)e= o dz (16) coefficientsc; andc,, and by the solutiog(7) (see Ref. 1D

We have thus obtained a new representation for the
S matrix which is one integration smaller than the standard
one. Since in this case, the variabfs) or 7 plays the role

. 1 1
C1= e' 51(Qin/Qout)2(1_ 0)" 2,

. 1 1
of the natural parametar(normal time in scattering theory, Co=€%2(Q /Qo2[0/(1—60)]2  6=|c,/cq|?,
in expressior(16), following Prigogine® by analogy with the
nonsteady-state representation of Smatrix, we shall call d= lim d(7)=vexpip). (19)

7 the “internal” time of the three-body system T+
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am A

FIG. 2. Irregular pattern of initial values of the total eneigyand the coordinata(zJ for transmitted(white squaresand reflectedblack squaresgeodesic
trajectories.

4. INVESTIGATION OF THE DEPENDENCE OF THE that in this situation, the behavior of(s) is also chaotic,
INTERNAL TIME ON THE NORMAL TIME OR NATURAL and this is also true for the internal timgx(s)) which is
PARAMETER essentially the time scale parameter of the quantum evolution

H1 the three-body system.

It can be shown that the chaotic behavior of the internal
h@ﬂe 7(x}(s)) also leads to stochastic behavior of the solu-
tion of the standard equatiar(x(s))). This also holds for
the representation of the wave functi@t0) and the transi-

We shall now proceed to prove that chaos may appear i
the wave function of three-body systenis0), which we
shall call quantum chaos. We stress that in this case, t
behavior of the transition probability as a function of the

properties of the classical trajectory will also be irregular. . - . ) .
For this it is sufficient to show that the solutiort(s) is tion probability (18). Thus, a strict analysis of the simple

unstable or chaotic for some initial conditions. We made gn°del of multichannel scatteringl) using the system of
detailed study of the behavior of the mapping point trajectoryfduations(4) and (6) shows that the principle of quantum
on the Lagrange surfacg, for the elementary chemical re- deter_mwsm is violated and quantum chaos appears.

action Li+ (FH),— (LiFH)* — (LiF) ,+ H. The potential in- Finally, we stress that these results agree with the theory

teraction surface of this reaction was reproduced usiné’f a transition comple>(se_e _Ref. l}ZWh'Gh essent_lally In-
quantum-mechanical calculations performed in Ref. 11. jolves a stochastic description of chemical reactions. In ad-

was shown that if the beginning of the geodesic trajecnéry dition, this r_epre_sc?ntati.on can also .be “Se‘?' to pr.0\_/i.de an
in the (in) channel is fixedi.e.,x!— —=), then for the total ~2NSWer to Elnsteln S obJectlop regardln.g the |rreQUC|b|I|ty of
system energf=1.4 eV the behavior of the trajectorigis quantum mechan_lcs to classical chao_tlc dynamp_s. We have
the sense that they propagate into tbet) or reflect into the StUd'_ed the_ amplitude _Of thf regrouping probability for the
(in) channel$ alternates regularlyFigs. 1a and 1pb reaction LH_(FH)“__)(L'FH) —(LiF)m+H and we have_
FromE=1.4eV and as far as the threshold reaction enSNoWn that in regions where there are many internal-time
ergy of 1.1 eV, the geodesic trajectories exhibit unstable pesingularities, this is stochastic. We have also shown that this

havior as a function of energy which sometimes leads tc;epresentation satisfies the constraints of going to the limit,

their total mixing in the intermediate region and results in the"¢luding the transition from th@;, region to theP region.

formation of a resonant complekiFH)* (Fig. 10. Tihis transition takes place a% tends to zero and for
Numerical calculations of the leading Lyapunov expo—Ek< Ee.

nent showed that this has positive values for the entire en-

ergy range. However, from 1.4 eV and above, this exponent

increases negligibly. In the energy range between 1.4 and

_ _ and
1.1eV the leading Lyapunov exponent increases rapidly,A Einstein, Verh. Dtsch. Phys. Ges9, 82 (1917. _
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Electrical properties of Schottky diodes using high-resistivity CdTe crystals
V. O. Ukrainets, G. A. II'chuk, N. A. Ukrainets, Yu. V. Rud’, and V. I. Ivanov-Omski

Lvov Polytechnic State University;
A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted March 15, 1999

Pis’'ma Zh. Tekh. Fiz25, 23—-28(August 26, 1999

The Schottky barrier height is measured for single crystals doped with the halogens CI, Br, and |
during growth by chemical transport reactions. The measurements are made using a
modification of theF(V) function[N. V. Agrinskaya, Mater. Sci. Eng. B6, 172 (1993]

proposed by the authors. @999 American Institute of PhysidS1063-785(0109)01908-4

Cadmium telluride is one of the most promising materi-V characteristics to determine the parameters of a structure
als for fabricating high-efficiency counters for penetratingfabricated using high-resistivity materials can be considered
radiation? With a view to realizing this possibility, research to be highly topical.
has been carried out over many years to produce semi- In order to measure the barrier height of (eSn—
insulating single crystals of this compound by adding vapor{p-CdTe structures, we modified expressi@hto the case of
phase chlorine to a flux. It has recently been established thdarriers with a diffusion mechanism of current flow. We
semi-insulating cadmium telluride can also be prepared usingnow that in diffusion theory of a metal-semiconductor
the chemical transport reaction method, when the halogens
themselves participate in the growth process as a constituent
component of the carriers usé@his study is part of a series
and its aim is to characterize a halogen-doped high-
resistivity material, and specifically to determine the param-
eters of Schottky barriers using these single crystals.

A consequence of the high series resistance of a
Schottky diode is that the current—voltage characteristic
ceases to be linear in the semilogarithmic scale=If(V)
used, in particular, to determine the barrier height.

Nordé* analyzed the influence of the series resistance on 400
the current—voltage characteristic of a#8i Schottky diode
with a thermionic current mechanism and suggested that the
experimental current—voltage characteristic could be ex-
pressed in the form

VKT |
F(V)=5——In

Cvers v

300

which, when plotted graphically, can be used to deter-
mine the barrier heighg on the metal side and the series
resistance of the structure. Heveis the voltage applied to
the diode| is the currentA** is the Richardson constarm,
is the barrier ared; (V) is the Norde function]T is the ab-
solute temperaturd is the Boltzmann constant, angds the
elementary charge.

We investigated M@n,Sn—p-CdTe diodes (§=10°—
10%m 3, T=293K) having a high base resistance, which
differ fundamentally from those studied in Ref. 4 because of ! ‘ 1 '
the diffusion mechanism of current flow caused by the low 0 200 400
hole mobility in p-CdTe[ u,<50cn?/(V-9)]. The current— v, mV
voltage characteristics of these structures plotted in the coor- ) )
dinates I=f(U) are nonlinear and determining the base re-gﬁ's 15522?"'37‘;0’3?[';(5\? a(:%p;”gigiifi\jg[yty;nzp&%‘g:ntsrfgzt;key(g"
sistance from thé—V dependence yields multivalued results. 5ng evolution of theF (V) function of diode D2 during refinement of the
Hence, the search for optimum methods of analyzingl the diffusion potential(b).

=N
A%Y

1063-7850/99/25(8)/3/$15.00 642 © 1999 American Institute of Physics
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b TABLE I. Comparison between the parameters of BiGdTe Schottky

diodes obtained by analyzing the experimental current—voltage characteris-
tics*, F(V)**, and the temperature dependence of the differential resistance
Ry™™ .

Diodes  V\*,V  ¢* , eV @yR" ., eV 1, Q r =, Q

D1 0.19 0.31 210 400

D2 0.18 0.25 0.265 200 560
0.26*

D3 0.10 0.25 0.24 3100 3.2x10°

*Refined value ofp,, obtained by repeated plotting &f(V).

of the logarithm in Eq.(5), using this approximation only
gives an error of the second order of smallness when deter-
mining ¢y, from the F(V) curve.
We checked the efficiency of using the proposed modi-
fication of the functior-(V) (5) to determine the parameters
;]i of Me(In,Sn—p-CdTe diodes. Thé (V) dependences con-
| l ! structed using the experimental current—voltage characteris-
4,31 3.4 tics of these diodes are plotted in Fig. (carvesl and?2). In
T ,107°K this case, the numerical values of andw for substitution
into Eq. (4) were determined from measurements of the dif-
F]G. 2. Temperature dependences of the zero-bias differgntial r(_esistance fhrential capacitance of the barriers and its dependence on
diodes D1 and D23) and energy model of Mes-CdTe barrier gy IS the o ;¢ voltage antf, was taken to be equal to the current
barrier height forp-CdTe holes andy is that for metal holes(b). I L
cutoff Vp of the current—voltage characteristic. It can be
seen that a typical minimum for thé(V) function is ob-
junction the saturation current densith is given b? served for curved and?2. As in Ref. 1, we used the coordi-
nates of this minimum to determine the barrier heightand
_ ) the base resistanae which are given in Table I. It can be
seen that there is a substantial difference between the nu-

Herep.. is the hole concentration in the bulk of tpeCdTe, ~ Merical values ofp, andV, . In order to determing, more

w is the width of the space charge region, apg is the apcurately, we again cgnstructed tﬁ(}V) dependence for

barrier height for the semiconductor hdiégig. 2b), which ~ diode D2 using the pre\{lously determined valpg=0.25eV

is related to the diffusion potentialy by (Fig. 1b, curve2 and2’). We then obtained,=0.26 eV,
which only differs by 0.01 eV from the result obtained using

L)

. Vp
JsD™ qpoo,U«pWeX kT

¢,=09Vp. (3 the approximationVp=V, .
Applying a formalism similar to expressioil), we denote The results obtained using the proposed technique were
the factor before the exponential function in form¢@ by ~ compared with results of measuring the temperature depen-
Ap such that dence of the differential resistance of the diode at zero bias
(Fig. 29 using the method from Ref. (&ee Table)l It can
Ap=0p.p ﬁ. 4) be seen that the values ¢f obtained independently by each
P w method agree to within 0.01 eV. However, a significant dif-

ference is observed between the value ahd that estimated
fairly approximately from the current—voltage characteristic.
We postulate that one reason for this discrepancy is carrier
F(V)= v k—TIn e 5 injection in the Me4p-CdTe barriers which is manifest in the

2 q ' specific behavior of the differential capacitance and the

AA,
By plotting the results of measuring theV characteristics current—voltage characteristic at positive biésVp . .
To sum up, a method of vapor-phase growth of semi-

of structures having a current diffusion mechanism in themsulatin CdTe sinale crvstals developed by us has been
form (5), we can determine the barrier heiglt, on the 9 9 Y P y

. . . ) . used to fabricate Schottky barriers with a diffusion mecha-
semiconductor side, unlike expressidn, and then use this . .
. : : . nism of current flow, which are potentially useful for devel-

to determine the barrier height on the metal side(Ref. 6 . . - .

: e oping high-efficiency semiconductor detectors for nuclear ra-
(Fig. 2b. However, some difficulties are encountered alongdiation
the way becausey, appears directly in Eq$4) and(5). This '
can be avoided by using the approximatddp=V, to deter-
mine Vp in EqQ. (4). HereV, is the current cutoff vqltqge on .. Arkad'eva, O. A. Matveev, Yu. V. Rud’, and S. M. Ryvkin,
the forward part of the current—voltage characteristic plotted zp Texn. Fiz.36, 1146(1966.
in the coordinates, V. SinceAp appears in the denominator 2N. V. Agrinskaya, Mater. Sci. Eng., &6, 172 (1993.

The Norde functior{1) can then be modified to the case of a
current diffusion mechanism which gives
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Anomalous backscattering of high-power laser radiation by the flat surface of a solid
A. Yu. lvanov

Institute of Analytical Instrumentation, Russian Academy of Sciences, St. Petersburg
(Submitted March 26, 1999
Pis'ma Zh. Tekh. Fiz25, 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~rafge

10" W/cn? and a pulse duration of 10”8 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 discussed99@ American

Institute of Physicg.S1063-785(09)02008-X]

Studies of the interaction of high-power laser radiation It was found that the backscattering characteristics for
with the surface of solids have recently become increasinglyntensities between 16 and 1§ W/cn? and roughness be-
relevant. It is important to determine the properties of surtween 103 and 1G um in the cw and pulsed irradiation
faces for strain measurements, monitoring surface roughnessgimes give the well-known pattern with diffuse, specular,
during the treatment of materials, quality control in laserand specular diffuse scattering indicatrices which are de-
optics (such as cavity mirrors, crystals, dispersion elementsscribed quite satisfactorily by the classical Fresnel and
and so oy in nonlinear optics, lidar, microinterferometry, Rayleigh—Rice scattering theorié$.
ellipsometry, and so on. In the intensity range 70-10°°W/cn? the interaction

In order to study the characteristics of light scattering bybetween the radiation and the solid surface exhibits clearly
plane, isotropic, treated rough surfaces of various materialglefined nonlinear behavior. Processes are excited which gen-
Besnichenkeet al. developed a universal experimental’rfg erally lead to irreversible thermal deformations of the sur-
which could be used to make high-precision on-line meaface, such as optical breakdown, local breakdown at micro-
surements of a vast range of radiation backscattering charasthomogeneities in the surface structure, thermodynamic
teristics over an extremely wide dynamic range. deformations of the surface, melting and evaporation, cut-

This facility was used to make numerous measurementsng, polishing, and so on. The scattering characteristics natu-
of the amplitude, polarization, temporal, and spectral scatterally vary, compared with the previous case. These processes
ing characteristics of samples. The measurements were madee also fairly well described using well-known theories of
using various radiation sources, both coherent and incohenonlinear opticS:’
ent, cw and pulsedwith short pulse durations of 10 8s At some surfaces of specific materials, incoherent and
and a long inverse duty cycle of 10P), for various polar- nonlinear processes may take place, involving the emission
ization states of the incident wave, at various wavelengthspf surface bulk particlegsuch as fluorescence, Raman scat-
for various sizes and orientations of the illuminated area, antering, harmonic generation and parametric frequency con-
at intensities of~10~3~10 W/cn?, which corresponds to a version, photoionization, various types of photochemical and
radiation power of- 10 3-10° W. The surface being studied optoacoustic processes, and s9.diese processes may also
was irradiated by a narrow, parallel light beam with low lead to changes in the light scattering characteristics com-
angular divergence of-10 3rad. The scattered radiation pared with the classical case and are also fairly accurately
was also detected in a small solid angle-o10 “rad. The described using well-known optical theorf&s® However,
scattering angle was varied by rotating the sample, i.e., ththese processes generally exhibit clearly defined resonant be-
scattering angle was equal to the angle of incidence and theavior and only take place for strictly specific materials.
angle between the directions of irradiation and observation At the same time, when coherent sources of radiation
was fixed at~2.5°. (lasers are used, having short pulse durations~e10 8s

Angular dependences of the brightness coefficigi) comparable with the characteristic structural times of atomic-
and the reflectiorp(¢) and the elements of thex22 rank  molecular processes, and intensities -01.0°—10" W/cn?,
Mliller [B;] polarization matrix of the sample surface werei.e., when the degree of nonequilibritthof the “radiation—
recorded, as well as the angular dependence of the scattersdrface” system is increased, an unusual scattering pattern
pulse durationr(¢). A wide variety of materials having dif- appears. The backscattering indicatrices are elongated in the
ferent structures was investigated, including metals and nordirection of specular reflectioFig. 1) and the scattered
metals, with various coatings and different depths of penetrapulse durationwhich is increased up to a maximum of ten
tion of the radiation in the medium, over the roughness rangémes greater than the duration of the incident radigtex
R,10 3-10* um and the spectral range 0.26—1.1um. hibits characteristic dependences on the scattering angle,

1063-7850/99/25(8)/5/$15.00 645 © 1999 American Institute of Physics
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with a maximum at~45° whose value is inversely propor- proved to be invariant relative to any change in the param-
tional to R, (Fig. 2). In addition, the spectral dependenceseters of the incident radiation and the surface. This was con-
B(e), p(e), and[B;](¢) change to the exact opposite ( firmed by an additional experiment to measure the integral
~\?) of the classical casept~\ ~?) (Fig. 3). These charac- absolute reflection coefficients of the surfaces, which are de-
teristics are inversely proportional to the average roughnesined as

R, and increase with incident radiation powey as follows: " -
the angular width of the indicatrix increases &g~ Py /2 pO:J dtJ p(@)de. )
(Fig. 4 while the scattered pulse duration increasesr@as 0 0

~Pg %, and this increase may be two orders of magnitude.  The results suggest that as the degree of nonequilibrium
Figures 1-4 give experimental data for typical speculaipf the “incident radiation—surface” system increases, spe-
(samples Nos. 3 and) 9specular-diffusésample No. 1and  cifically as the incident radiation intensity increases and the
diffuse samplegmilky glass MS-20. The arrows indicate pylse duration decreases, i.e., as these values approach some
the directions of growth of the average surface roughness aftryctural critical constantsrf— 7S, Po—P), the space—
the sampleR, and the pulse power of the incident laser ra-time characteristics of the radiation scattered by the flat, iso-
diation Py. The integral expressions tropic rough surface of the solid change substantially. The
P13 W total energy of the scattered radiation beam does not change.
f f p(p)dedt (ApA7)P> Energy is merely transferred from the diffuse to the specular
= component of the scattered radiation, and this process takes
P<ICW (A A 7)P< place with some time delay which depends first, on the angle
(f f p("p)d"pdt> of incidence and the direction of polarization of the incident
P wave, the wavelength and intensity of the incident laser ra-
= (A¢p(0) ~ (1) diation, and second on the characteristics of the irradiated
(App(0))P= surface. This process is elastic, reversible, and does not de-
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pend on the size and orientation of the irradiated part of the
surface. Moreover, no nonlinear and incoherent processes
take place at the surface, typical of high laser radiation in-
tensities | ~10"—10"°W/cn?. However, this anomalous
scattering pattern cannot be explained in terms of the classi-
cal Fresnel and Rayleigh—Rice scattering theories, which
work well for intensitiesl <10® W/cn?.

Thus, some window effect is observed for which beyond
some qualitative boundary—\¢ (R,/A—X\/10) (Ref. 11),
To—Ts~1078s (Ref. 12, and £0—Es
(lo—1,=10°—10" W/cn¥), the surface scattering of laser
radiation becomes anomalous. This is consistent with the
laws of qualitative boundary, abnormality, and alternation of
nonequilibrium!'*? The most reasonable physical explana-
tion of the observed effect can be put forward in terms of the::
theory of three-wave interaction of the scattered wave with .«
the incident wave and a wave initiated by this incident wave,
known as a surface electromagnetic wave, during the dy-
namic reversible structural rearrangement of the surface un
der the action of high-power laser radiatith® which is
consistent with the law of structural conditionality.

Following this theory, the lower quality boundarieg
and g may be determined from the condition of optimum
reversible dynamic structural rearrangement of the surface
under the action of high-power pulsed laser radiation, and
maximum amplitude of the accompanying surface electro-
magnetic wave. These can be determined ftém:

klgmo=(R,/\)opt
lo/1 o= 64m(Wsp/ y)(h/cN)(1—Ssin @om) =1, @ FIG. 3.
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wherek~1 is a dimensional constantys, and y are the  *G. A. Vesnicheva, A. Yu. Ivanov, and G. M. Malyshev, Deposited Paper
frequency and half-width of the excited surface-plasmon No- 4215-B, dated 17.05.1988, TsNllggEiborostroeniya 1988, 10 pp.
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Possibility of nonequilibrium phase transitions in semiconductors and semiconducting
superstructures in crossed electric and magnetic fields

E. P. Prokop’ev

A. Yu. Malinin Research Institute of Materials Science, Moscow
(Submitted December 11, 1998
Pis’'ma zZh. Tekh. Fiz25, 39—-44(August 26, 1999

An analysis is made of two types of negative differential conductivity in semiconductors and
semiconducting superstructures containi@ shallow impurity atomic systems

(centers, in crossed electric and magnetic fields corresponding to nonequilibrium phase transitions
of ny, wheren, is the average density of nonequilibrium carriégtectrons. 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 Physids$$1063-785(09)02108-4

The concept of fabricating various semiconductor de-where

vices and apparatus, and memory elements by modifying the )
properties of natural systems such as normal atoms and shal- ,_ h% _
low impurity atomic systemsgcenter$ created by doping, or m,e?
artlflfila| atomic systems, sugh as equtons and superatoms,_mere w1 is the parameter from the theory of a one-
semiconductors and semiconducting superstructures in . 5
crossed electric and magnetic fields is now quite clearly a|menS|onaI hydrogen atorn. . .

From Egs.(1) and (2), the binding energiesV(3D)

realistic proposﬂmﬁ. At this point, it should be noted thqt _ _E(3D) andW(2D)= — E(2D) for the ground state are
the electronic properties of ordinary atoms are predetermlnerelated &7

by nature, while the electronic properties of superatomic sys-

tems can be determined artificially. W(2D)=4W(3D), (5)
In principle, atomic system&uch as shallow electronic andW(1D)=—E(1D) is given in accordance with Ref. 5

impurity centery of different dimensions, including one- '

dimensional (1D), two-dimensional (2D), and three- W(!D)>W(2D), W(1D)>E(3D). (6)

dimensional (3D), can be formed in semiconductors and

semiconducting structures using crossed electric and Magies, two-dimensional and one-dimensional atomic systems

netic fields. Using the effective mass approximation, the 5,6 anomalous properties in relation to the action of electric
energies of the ground state of these atomic systems &tark effect and magnetic fieldsZeemann effeaf7 We

4

Apart from anomalieg5) and (6) in the binding ener-

given by shall not discuss these effects here, but will focus our atten-
2 me* tion on transitions of the type
EED)==25 2 @D W(3D)—W(2D)W(1D), )

whereZ=1 is the effective charge of the atomic impurity W(3D)«-W(2D); W(2D)-W(1D) ®
system,m,, is the effective electron mass,is the electron in crossed electric and very strofigp to ~ 100 T) magnetic
chargeg is the static permittivity, and is Planck’s constant. fields?
For the ground state, the principal quantum numben is It is readily established that transitions of the ty(@
=1. and (8) in the bulk conductivity of a semiconductor and a
For a two-dimensional impurity atomic system we havesemiconducting superstructure correspond to the different
cases of negative differential conductivitghown for tran-
_ sitions of type(7) (Fig. 1, curvel) and type(8) (curve 2).
, n=012... 2 ) ; .
Figure 2 gives a diagram of the process and an example of a
device, for a GaAs bulk semiconductor and a gallium ars-
For the ground state the principal quantum number30.  gnide quantum well in an AkGa, ;As| GaAs semiconduct-
For the ground state of a one-dimensional impuritying superstructure with applied crossed eleciiand mag-
atomic system we have netic H fields.
We shall assume that in general, the bulk of the GaAs
(3) semiconductor and the gallium arsenide quantum well of the
Al 4Gay7As|GaAs semiconducting superstructure contain

z? m,e*

E(2D)=— ————
(2D) 2(n—1/2)? £?n?

h? 1 m,e*
2h2 !

E(1D)=— =—
( 2m,aa? 2a°¢

1063-7850/99/25(8)/3/$15.00 650 © 1999 American Institute of Physics
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FIG. 1. Dependence of the current densityn crossed
electricE and magnetidi fields for two types of nega-
tive differential conductivity:1 — for a transition of
0 H type (7), 2 — for a transition of typg8).

3D, 2D, and D shallow impurity states, respectively. When Note that in general in the presence of the fididand
crossed electri& and magnetid fields are applied, transi- H, the rate constants,_ and Un, should be functions of the
tions of type(7) and (8) will be observed, shallolND im-  strengths of these fields, i.e.,

purities will undergo electron impact ionization, and recom-
bination will take place when an electron encounters an

ionized 'mP“”W- where the coefficients of impact ionizatien and recombi-
Following Ref. 9, these processes correspond to thﬁation,B also depend ofE and H, as is deduced from the
scheme above reasoning.
For instance, in accordance with Refs. 10 and 11, the
9) coefficient of impact ionization is given by the Shockley
formula

rne:rne(EvH); gne(E7H)1 (12)

a

NetN, <7 Nj+2Nng; Ngthy=n; nN.=n;,
B

whereng, n;, andn, are the average densities of elec- a(E,H)=[eHei(H)]exd —ei(H)/eEn], (13
trons, ionized impurities, and neutral atoms, respectivelywhere\ is the mean free path ant;=¢; is the threshold
ande andp are the coefficients of electron impact ionization value of the ionization energy which generally increases with
of shallow impurities and recombination of electrons andincreasingH. For simplicity, we shall neglect the depen-

ionized impurities in the presence of an electron. dence of3 on the fieldsE andH, so that
The dynamic generation—recombination equafidns B S
corresponding to the scheni® have the form a=a(EH);  B=B(Ne). (14
dn Equation(11) then becomes
e 2 .
W:anena_ﬂneni:(ana_ BNen;)Ne; dn
e
W[rne(EuH)_gne]ne- (15)
Ne=N;; Ng+tng=n. (10

Here the second equation in the systdi) assumes that the
average numbers of electrons and ionized impurities are
equal, and the third assumes that the number of electrons and #
neutral impurity centers is constant.

It is easy to establish that E(LO) can be reduced to the

form //// ///

0 7 GaAs
1.7 7,7
a(N=ng) = BNZINe= (I ~gn )Ne, (1) fahs Alo.3 Gaar 45 |

dng

dt
_ - _ 2 FIG. 2. Diagram of process and device using a GaAs semicond{igtand
Wh?re r”e__a‘(.n r]e) and g”e_. pn; are the I?ate constants an Aly JGa, /As|GaAs semiconducting superstructy® in crossed electric
for impact ionization and carrier recombination. E and magnetiH fields.
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We can see from Eq15) that The author would like to thank Yu. V. Kopaev and A. A.
Gorbatsevich for discussions and valuable comments.
for rne(E:H)<gne; ne(OO)—)O, (16)
IA. Watanabe and T. Inoshita, Optoelectron., Devices Techia), 33
for r.(E,H)>0,: n.(=)#0. 1 (1986.
ne( ) gne e( ) (17 2T. Inoshita, S. Ohnishi, and A. Oshiyama, Phys. Rev. L&%. 2360
(1980.

Thus, it follows from Egs (11) (13) that asE and H 3E. A. Andryushin and A. P. Silin, Fiz. Tverd. Telaeningrad 33, 211
increase, we have cases of nonequilibrium phase transition§1991) [Sov. Phys. Solid Statg3, 123(1991)].
from state(17) to state(16) and back in a range of specific “L. A, Burkova, I. E. Dzyaloshinskj G. F. Drukarev, and V. S. Monozon,
values Ofa(E,H) [sinceW= W(H)] and this is responsible 5Zh. Eksp. Teor. Fiz71, 526 (1976 [Sov. Phys. JETR4, 276 (1991)].

f he diff f . diff ial ductivi R. Loudon, Am. J. Phy27, 649(1959.

or the different types of negative differential conductivity. sx | vang, s. H. Guo, F. T. Chanet al, Phys. Rev. A43, 1186(1991).

These transitions can be studied in detail using methods fromiH. A. Bethe and E. E. SaltpeteQuantum Mechanics of One- and Two-

the physics of open systems described in Ref. 10. Electron AtomgAcademic Press, New York, 1957; Fizmatgiz, Moscow,
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Zero-radius potential model for a planar waveguide in a photonic crystal
I. Yu. Popov

Institute of Precision Mechanics and Optics, St. Petersburg
(Submitted February 9, 1999
Pis'ma Zh. Tekh. Fiz25, 45-49(August 26, 1999

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. @999 American Institute of Physid$$1063-785(19)02208-9

The development of nanotechnology has now reached
the stage where it is possible to fabricate materials impreg- Ef:min( EQ(O),Z|b|2)-
nated with periodically distributed small inclusions, for in-
stance, in the form of small spherical particles or thin paraIIeIHereb ,b_e{by,b,,bs} is such thatb_|<|bj|, j=1,2,3.
filaments. Typical sizes are inclusions of around 100 nm diEg(0) is the first root of the equation
ameter, where the particles occupy no more than 0.1 of the
volume. This has made it possible to fabricate new optical, — (27) =3 lim ; Al 477(1)],
vel [y+0l<o |’y+ 0'2 k?

materials, i.e., photonic crystalsee, for example, Ref.)1 0

which have extremely promising applications, especially in

fiber optics. However, the theoretical description of thesefe A, (2
systems has not yet been sufficiently developed, so there is .

an urgent need to develop suitable theoretical methchs where A={s;b; +s;b,+53b5R’,

the present study we propose to use a method of zero-radius
potentials, based on the theory of self-conjugate expansions
of symmetric operator® to describe various waveguide A is the Brillouin zoned is the quasimomentum, andis a
systems in photonic crystalsee Figs. la—Jle model parameter related to the potential “force.”

We shall consider a photonic crystal in the form of a A similar analysis is performed for the monomolecular
three-dimensional cubic lattice and we shall assume that thiayer>’ As a result, we obtain the model operatoy, hav-
sizes of the inclusions are small compared with the wavepg the following spectrum:
length. The model assumes that these inclusions are replacedg
by zero-radius potentials and that one layer of centers is 0(—Ax)=0ad(—Ay)
missing from the lattice. We then have a waveguide layer. If A
the polarization is fixedfor example, TM and we assume a [ [Eg?(0),%), a=ay,,
harmonic time dependence, we can reduce the problem to the - Ay Ay
Helmholtz equation. In order to construct the model, we shall [Eo*(0),Eo*(00)]UI0), =y
first make a separate analysis of the three-dimensional lattice 3
and the monomolecular layer. We shall assume thas a Ay Py P
Bravais lattice with the bass, , a,, az andI’ is a reciprocal j[/iv(:l:re Eo*(0), Bo*(0)=[ko(6)]" is the root of the equa-
lattice with the basi®,, b,, b;. We shall consider the clo-

se[—12,12, j=123,

sure of the Laplace operator in(R®) contracted to a set of |[\2|
functions which go to zero at the lattice points. This is a  a=(2m) 3z lim ; T 27w |,
symmetric nonself-conjugate operator. “Switching on” the o YET2 v ol=o [y+ 6]~k
zero-radius interaction means constructing its self-conjugate A

06[\2, (4)

expansion. Taking into account the periodicity, we construct
the model operataok , (Ref. 5 whose spectrum is absolutely Jk/\z( 0)=0 [kAz( 0)12<|6]2,  6y=—(by+by)/2.
continuous and has the form: 0 TR0 '
Moreover, we haveEgz(O)< E32(60)<O for a< ap,,
a(=Ap)=0a —A[E(0),Eq(6) JULET ], (1) L

ap =——=Iim
2 2
where 80—

|As|
’}/EFZ %Holgw |'y+ 00|2

Exactly the same analysis is performed for a linear poly-
mer. The spectrum of the corresponding model opermyqr

1
_E(bl+b2+b3)1 |S

1063-7850/99/25(8)/2/$15.00 653 © 1999 American Institute of Physics
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e MM Ll Bearing in mind the behavior of the functions on the right-
"""" hand side of the equation, we conclude that there are gener-
B R SRR ally two zones(a “crystal zone” and a “layer zone)'which
cannot intersect. Their position depends on the relationships
betweenE,%(0), Ey2(6,), E5(0), E5(6,), and Ej [see
Egs.(1) and(3)]. The states corresponding to the layer zone

\\\ T describe the propagation of a photon along the layer, i.e., the
\ . Dot waveguide effect.

\ c . . Exactly the same analysis is made for the waveguide
\\\\ I structure(see Fig. 1¢except that here the role of the second
et et term is played by the lattice sum for the linear polymer,
d e which leads to the appearance of a waveguide zone related to
the corresponding zon®).
FIG. 1. Structures being studied: two-dimensional square lattice, with one  The two-dimensional problems involved in describing
line of unfilled sites(a), with three unfilled lines of sitegb), with two A . . .
separated unfilled lines of sitésoupled waveguidegc); three-dimensional structure; .ConSIStlng of parallel dielectric filaments are
lattice structure(waveguidg, equivalent two-dimensional structufiatice  Solved similarly. We merely need to replace the Green func-
with one unfilled centgr(d); three-dimensional lattice with unfilled line of  tion for the three-dimensional space akpy)/(4m]) by the
sites(waveguid (©). Green function for the plangH{"(k|y|). Note that if sev-
eral (n) layers rather than one are missiiitg. 1b), there are
generallyn waveguide zones, although they may overlap.

o(—Ap )=0.(—A)) This agrees with the result obtained in Ref. 8. A more com-
' ' plex structure consisting of coupled waveguid&sg. 10
[Eg‘Al,OO), a=—(In2)27a, may also be considered. In this case, in addition to the zone,

a bound state appears which passes from the eigenvalue of
the isolated zero-radius potential to the planes. This results
agrees with the resuftdor a curved waveguide and agrees
(®)  with Refs. 9 and 10 for coupled waveguides with nontrans-

- [Ei'AlyEi'Al]U[ano)a a<_(|n 2)/27TC¥,

where mitting walls.
1 This work was supported by the RFBR and by the Inter-
Eijlz - aZ[ Inl $1+ Zg 4maa national Science Foundation.
- 2 The authors thank P. Kuchment for useful discussions.

5 1
+e Taa _eﬂ'aaI 1

2
7 ] . (6)

We then use this scheme to construct a model of the con-
ducting layer in a photonic crystal. It is easy to see that the'J. D. Joannopoulos, R. D. Meade, and J. N. WiRhotonic Crystals

lattice sum in the dispersion equation breaks down into the (Princeton University Press, Princeton, 199512 pp.

: . . , (Princet
difference between the corresponding lattice sums for the ?é':('igg‘;“('lggg P. Kuchment, SIANSoc. Ind. Appl. Math.J. Appl. Math.

total crystal and the monomolecular layer. Thus, taking intosa “wvoroz and A. Tip, Phys. Lett. 235 195(1997.

account Eqs(2) and(4) we obtain the following dispersion 4J. -M. Combes, imbstracts of the International Conference “Rigorous
equation; Results in Quantum MechanicsPrague, Czech Republic, 1998, p. 3.
5S. Albeverio, F. Gesztesy, R. Hoegh-Krohn, and H. HoldBalvable
|A| Models in Quantum MechanidSpringer-Verlag, Berlin, 1988566 pp.
;‘, - SB. S. Pavlov, Usp. Mat. Nauk2(6), 99 (1987).
yel.[y+ol<o |y+ 0]2—K? 7yu. E. Karpeshina, Teor. Mat. Fi57, 414 (1983.
8A. Mekis, S. Fan, and J. D. Joannopoulos, Phys. ReS8B809(1998.
|[\2| °l. Yu. Popov, Rep. Math. Phyd0, 521 (1997).
; — 27w 101, Yu. Popov, Pis’'ma zZh. Tekh. Fi25(3), 57 (1999 [Tech. Phys. Lett.
yela 17+ ol=<w |y+ 02—k 25, 106 (1999].

a=(217)3( lim

w— 0

— lim

w—%

—4d77w

(7) Translated by R. M. Durham
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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. LobachevskiState University, NizhiiNovgorod
(Submitted March 11, 1999
Pis'ma Zh. Tekh. Fiz25, 50-53(August 26, 1999

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. 99 American Institute of Physics.
[S1063-785(09)02308-3

Various aspects of the “long-range action effect” ob- controlling the gate potential of the measured transistor from
served when solids are bombarded with ions are attractinthe contact areas of a neighboring one.
continued interest. This is not only because, in many re- The long-range influence of bombardment on the param-
spects, the controversial aspects of the mechanism for thigters becomes appreciable at argon ion current densities
have now been resolved, but also because of the search fdtigher than 0.xA/cm? and dosesb>5x10"cm™2. This
and implementation of, specific methods of using this effeciS observed as an increase in the electron mobility and the
in practice to modify the structure-sensitive properties of maformation of a steeper distribution profile of the electron con-
terials or elements of functionally completed articles, bothCentration over the thickness of the active layer near the in-
directly in the implanted zones and at distances considerabfgrface with the buffefFig. 1). Under the additional illumi-
greater than the ranges of the implanted ions. Both thesgation, the current—voltage characterist?cs of these transistors
lines of study are important for microelectronics where iond® not depend on whether the current in the channel is con-

implantation has become an integral part of the technologjfolléd by its own an external gai&ig. 2). The controlled
for fabricating modern devices, although its influence onParameters remain stable when the irradiated structures are

their long-range interaction characteristics is not yet clear€ld under normal conditions for one month, or when an-

The aim of the present study was to investigate how ioriqeal_:_ar(]j inar at|4op g for 12' he i vedef .
bombardment on the substrate side influences the parameters ese results indicate that the impurity-defect composi-

of the active layers of Schottky-barrier, field-effect transis-f[Ion of the active layers and protonated insulating regions are

tors fabricated on epitaxial gallium arsenide. irreversibly altered when the structures are bombarded on the

Transistors having a gate length of @B were formed substrate side. The changes in the transistor parameters sug-

by the chloride method on structures consisting of a Semigest that this alteration is predominantly caused by a drop in

. . . . the concentration of electron scattering centers in the active
insulating AGChPKh-801) substrate 60 mm in diameter g

and 40Qum thick, a 1m undoped buffer layer, a 0Am layer which, for example, may be point defect complexes

Si-doped buffer | havi lect rati {]ormed during epitaxy. |t is also caused by the partial an-
- op7e _L; er fayer avmg+an electron concentration o ealing of the radiation damage responsible for the insulating
3x10"cm 3, and a 0.1%.m n*-GaAs contact layer having D

. . 3 . roperties of the protonated regions under the action of an
a carrier concentration of #cm™3. The gate and Omhic

- : ) elastic wave field:* The main sources of elastic waves are
contacts were vacuum-deposited layers of Au with a Ti subgg thermal peaks in the ion stopping zone. However, as they
layer and an Au—Ge eutectic, respectiveljhe distance be-
tween the nearest contact areas of two neighboring transis-
tors was 30Qum. The regions of the structure between the 10 : ‘ 4500
transistors were insulated by proton implantation with the 1
energy being varied in the order 90, 60, 30 eV and the dose
at all energies was 3:8103cm™ 2. After the transistors had
been fabricated, the structures were chemically and mechani-
cally polished on the substrate side to a thickness ofilf®0
Then, half the surface of the wafers on the substrate side was 0.4
shielded with a metal mask and the other half was bom-
barded with 90 eV argon ions at various doses and current
densities. The temperature of the structures during bombard- 0.01 r
ment did not exceed 315 K. The changes in the transistor 0 0.05
parameters after bombardment were determined from the
current—voltage and CapaC|tance—voIt.qge charagterlgtlcs uEI-G. 1. Depth distribution profiles of the electron mobility; 1') and con-
der normal conditions and under additional illumination bY centration(2, 2') before(1, 2 and after(1’, 2') argon ion bombardment with
visible light (incandescent lampW=25W), and also by the doseb=10"*cm2.

x107cht?
cn?iV-s

4200

3900
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4 2 1 stress gradient is greatest, and consequently the concentra-
5 tion of vacancies and interstitial atoms spatially separated by

the interface is increased. The incidence of elastic waves at

3 p> :
£ ! JA/JA’_’* such an interface stimulates the annihilation of unlike point
2 / h2 defects and thus results in the formation of secondary waves
|t

whose amplitude is equal to the hydrostatic component of the
3 self-field of the elastic stresses of the defects, which is one or
two orders of magnitude higher thdt,,, (Ref. 6. Numeri-
cal estimates of the amplitude and energy of the elastic
waves propagating through the active layer from the internal
v interface give values of 46 MPa and k30 2eV/at, re-
spectively, at the free surface of the structure. These waves
FIG. 2. Current-voltage characteristics of transistors illuminated and conggn initiate surface sources of point deféétwhich activate
trolled from an external electrodd — V=0V, 2 —Ve=—04V.3— 0 yransformation of the impurity-defect composition of the

V.=—0.8V) before(filled symbols and after(open symbolsargon ion . : .
bombardment with the dosk = 10 cm-2. layer and annealing of damage in the protonated regions.

o
=
N
w
E-Y
]

1S. V. Obolenski and G. P. Pavlov, Fiz. Tekh. Poluprovodd9, 413

. . (1995 [Semiconductor®9, 211 (1995].
propagate throth the entire thickness of the structure, theM. G. Mil'vidskii and V. B. Osvenskj Structural Defects in Epitaxial

amplitude of these waves decreases substantially, and estitayers of Semiconductofén Russiai, Metallurgiya, Moscow(1985),
mates made using the results of Ref. 3 show that for our casgéﬁ(i/pr;; ov. Y. A Semin. V. b. Sk 4D, 1. Tetelh .
_ . V. Pavlov, Yu. A. Semin, V. D. upov, an . |. Tetel'baum, Fiz.
the pressure drop§ frorﬁmax. 1.44 GPa(near the_thermal Tekh. Poluprovodn.20, 503 (1986 [Sov. Phys. Semicond20, 315
peak to 0.34 MPa in the active layer of the transistors. The (19gg)
energy of these waveBE=10 %eV/at is insufficient to di-  “P. V. Pavlov, V. D. Skupov, and D. I. Tetel'baum, Fiz. Khim. Obrab.
rectly activate the dissociation of impurity-defect complexes.si\//'aéﬂ-s'ljo- 6, 1g(1l9i7)-t " 4V G s oo zh. ek
: : : : : : . D. Skupov, D. I. Tetel'baum, and V. G. Shengurov, Pis'ma Zh. Tekh.
Thus, thelr.ma_m role is to gxcne metastal:_;leT pllleups of point Fiz. 15(22), 44 (1989 [Sov. Tech. Phys. Letl5, 890 (1989].
defects which is accompanied by the annihilation of compo-sy. p. skupov and D. I. Tetel'baum, Fiz. Tekh. Poluprovo@1, 1495
nents of Frenkel pairs, the drift of these to extended sinks, (1987 [Sov. Phys. Semicon@1, 910(1987]. |
and the generation of Secondary elastic Wafv'?a‘ﬁhese pro- ’P. V. Pavlov, V. I. Pashkov, and V. D. Skupoviektronnaya Tekhnika
. . . 7 TOPOB(103), 24 (1980.
cesses are most intense near the outer surface and the |ntern§|Br OPC5(103, 24 (1980
interfaces between the epitaxial layers where the mechanicatanslated by R. M. Durham



TECHNICAL PHYSICS LETTERS VOLUME 25, NUMBER 8 AUGUST 1999

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 zZh. Tekh. Fiz25, 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 Physid$S$1063-785(09)02408-§

It is usually assumed that the low selectivity of semicon-ent gases by analogy with the olfactory system of mammals
ductor gas-sensitive materials limits their possible applicaand they are therefore calfedi “electronic noses.” There
tions in devices for identifying and analyzing gases. Hencehas recently been a tendency to construct multisensor sys-
numerous methods have been developed to enhance the séems using sensors fabricated by a common techndlogy
sitivity of gas-sensitive semiconductor layers, including cy-since in principle these be used to produce relatively cheap
clic variation of the operating temperature, doping with vari-integrated odor-identification systems in which the sensors
ous impurities, forming filters on the surface, and so'on. and signal processing systems can be formed on the same
However, a semiconductor sensitive to a single gas is fairlsubstrate.
rarely achieved. It is generally possible to talk of “relative” The aim of the present study was to determine whether
selectivity, i.e., the sensor responds to the action of a ranggases of the same type could be distinguished using a mul-
of gases but the absolute values of the responses to thesensor system comprising an array of gas-sensitive resis-
gases differ considerably. Since some gases cause an itors, fabricated in the same technological process, but having
crease in the conductivity of the gas-sensitive layers and ottsome spread of parameters.
ers cause a decrease, it is not too difficult to identify different ~ Thin semiconducting films of tin oxide were deposited
types of gases. For gases of the same type, the problem apy magnetron sputtering on a polishedxl55 mm substrate
pears at first glance to be insoluble, since a single sens@nd equipped with metallization configured such that after
cannot determine whether a change in the conductivity of theutting up the wafers, up to 100 chips of triple-electrode
layer has been caused by the type of gas or its quaciity-  resistive gas sensors could be fabricated, each having the
centration. topology described in Ref. 5. The dependences of the sensi-

This aside, the problem can be solved because, eveivity of the active layer to a particular gas on the film pa-
though not absolutely selective, semiconductor structuregeameters(thickness and doping leyehad clearly defined
satisfy the constraints imposed on sensors in multisensanaxima® Thus, the sensitivity of the films was optimized for
odor-discrimination systems. These systems identify differacetone vapor by selecting the deposition conditions using a

3 4 g 0B ~U, 0-150 V

e N

FIG. 1. Schematic of apparatus to study the re-
sponse of a multisensor systeth):2 — cylinders
* containing gas mixture and ai8, 4 — high and
7 low-pressure reducer§ — flow regulator,6 —

flowmeter,7 — sensor8 — measuring unit, an
= ! 8 — thermostat.

e
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. s 6 2
3 . . .
s S s FIG. 2. Normalized signals from sensors forming
a 2 multisensor system to three impurity concentra-
4 4 tions: ethanol@), acetone(b), and ammonigc) in
air. The signals are normalized to the maximum re-
& 2 sponse of one of the sensors.
3
5
c

method described in Refs. 7 and 8. The gas sensitivity wasf ammonia is quite different and is easily distinguished
defined as the degree of change in the conductivity of thérom the response to acetone or ethanol. An analysis of the
layer in a test medium relative to the conductivity in pure airresponse of the multisensor system to the action of gases
(79% N, and 21% Q). using a correlation analysis technique described in Ref. 9
A schematic diagram of the measuring apparatus ishows that the responses of the multisensor system to ethanol
shown in Flg 1. In order to achieve identical Operating CON-gnd acetone vapor are well correlatsae Tab|e)|_ The re-
ditions for all the sensors in the system, these were insertegbonse to the action of ammonia correlates poorly with the

in a solid copper thermostat. The operating temperaturgasnonse to the action of ethanol and acetone vapor so that
(around 400°C) was monitored using a chromel-alumel,ase can be reliably distinguished.

thermocouple and was maintained to withir2%. The re-

sponse of the system was studied to the action of three gas
ethanol, acetone, and ammonia vapor, over a wide range
concentrations (10-10* ppm). Gas—air mixtures were pre-

pared by mixing artificial air and saturated gas vapor in dif- Lish. However. the physical and chemical processes accom-
ferent proportions. The gas flow rate was selected so that t ' ' pny P

actuation times of the sensors in the measuring chambé)ranying, the. Interaction b.etween the surface of tin oxide and
were fairly short. A typical actuation time determined at 0.g@mmonia differ substantlall_y from those accompanying the
of the maximum signal did not exceed 3 min. interaction of the surface with ethanol and acetone. Thus, an

Sensors whose active layer was formed in the same teclTay of sensors whose active layers have a slightly variable
nological process had a spread of gas sensitivity. In order tointernal parameter” can identify these gases as a result of
form the multisensor system, we selected six sensors frorff1e dependence of the gas-sensitive properties on the film
the same batch whose sensitivity differed most strongly. IParameters specific to each gas.
the signals from the sensors forming the system are repre- TO sum up, a difference between the properties of sen-
sented as a lobe diagram without any significant treatmergors, even when these are fabricated in the same technologi-
(Fig. 2), it can be seen that it is impossible to distinguish thecal process, can be used to identify various gases even when
response of the system to the action of acetone and ethantlese change the conductivity in the same direction, for ex-
vapor. Conversely, the response of the system to the acticample, to distinguish between acetone and ammonia. After

Ethanol and acetone clearly react in approximately the
qa‘?;\me way with the surface of tin oxide, possibly because
When they undergo dissociation and oxidation, they form
various similar radicals so that they are difficult to distin-

TABLE I. Correlation coefficient between responses of multisensor system to three gas impurities in air.

Gas Ethanol, ppm Acetone, ppm Ammonia, ppm

1100 5040 10200 960 5930 9680 100 860 6900
Ethanol 0.99 1 1 1 0.99 098 -036 —-031 —-043
Acetone 0.96 0.99 0.98 0.98 1 1 -024 -021 -0.32

Ammonia -044 -034 -039 -043 -026 -—-0.24 0.99 0.95 1
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An investigation is made of the isochronous annealing of Al-,Si® structures in the

temperature range 20—450 °C after bombardment witharticles from a Cr#f 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 Sj/8it@rphase boundary during irradiation

and annealing. ©1999 American Institute of Physids§1063-785(19)02508-3

Studies of defect generation and annealing processes the Si/SiQ interphase boundary within the silicon band gap
MOS structures are highly topical in solid-state electronicsEy has a standard U-shaped profile with a broad minimum at
However, despite an appreciable number of experimentahidgap. As a result of the-irradiation, D;;(E) increases
and theoretical studieésee, for example, Refs. 1 and, 2 abruptly over the entire widtk,, keeping the same profile.
some problems have not received due attention in the literdt can be seen from Fig. 1b that the integral dengly;),
ture. These must include defect generation and annealingplculated near the midgdg, (=0.2 eV), decreases continu-
processes in the SiOfilm and at the Si/Si@ interphase ously with increasing temperature, with the maximum slope
boundary, induced by radiation treatment. These process@ 250—270°C which corresponds to the minimum on the
are studied in the present paper. Not(T) curve.

Samples of MOS capacitors were fabricated using AS the temperature increases-+@50 °C, the density of
phosphorus-doped-type silicon having a resistivity of 6.5 interphase statd3;; returns to its initial level, like the charge
Q-cm. A 100nm thick oxide layer was grown by thermal density_Q_ot, which may indicate that the physical processes
oxidation at 1050 °C in a dry oxygen atmosphere with addedléteérmining the relaxation o, and Dj; under post-

3% HCI. Electron beam evaporation was used to deposit afiradiation annealing are similar and interrelated.
aluminum film on the SiQ surface, in which 1.%1.1 mm We postulate that these dependences are mainly a con-
contact areas were formed by photolithography. Ohmic conS€quence of the intense defect formation in the Si3SiO
tact was provided by depositing a continuous aluminum film

on the back of the silicon wafer after etching the oxide. Fi-

nally, the structures were annealed in a dry nitrogen atmo-

sphere at 500°C. The structures were bombarded with 50 :
a-particles from a Crff radioisotope sourcen(-particle en-
ergy 4 MeV, fluence & 10° cm™2). After bombardment the
samples underwent isochronous annealirrg30 min) in air

in the temperature range 20—450 °C. The parameters of the
MOS structures were monitored by measuring th@ if1Hz)
capacitance—voltage characteristics from which we deter-
mined the charge density at the traps in the insul@grand

the density of surface stat€s; at the Si/SiQ interface(Ter-

man method).

The results are plotted in Fig. 1. The “average” density
(Dy) in Fig. 1b corresponds to the integral dendixy(E) in
the silicon band gag in the energy range- 0.2 eV relative
to the midgap valuée, at the Si/SiQ interface. It can be
seen from Fig. la that during annealing the charge in the
insulator reaches its initidpre-irradiation values by~80 °C
and continues to fall up to 250-270 °C, so that the minimum
charge density is more than two orders of magnitude lower
than that in the unirradiated samples. A further increase in _ _ _ o
temperature leads 10 an ncrease i charge which recovers P, 1 Gues o sosiono amsain 1 e chves cerety 1 50

its initial |eV_e| at.~f150 °C. structures. The horizontal line gives the valuks:— before and2 — after
Before irradiation, the surface-states dendity(E) at irradiation.

4.0

N, 10" cm?
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structure undera-irradiation, which is intensified by the delay may be caused by the electrons leaving the traps being
presence of appreciable mechanical stresses at the $i/Si©@ompensated by an influx from the silicon conduction band.
interfacé and an increased hydrogen concentration in theThe necessamy™ layer at the SiQinterface is created by the
SiO, near the interface. Radiation-induced defects, i.e., enhanced phosphorus concentration near this boundary.
electron traps and holes in SiOare created as a result of If these two curveQ_(T) and Q,,(T) are combined,
atomic displacements and breaking of Si—Si and Si—Qwe obtain the sum curve with a minimum, as can be seen
bonds, as well as Si—H and Si—OH bonds accompanied bffom Fig. 1a. Additional measurements of these structures
the release of hydrogen atoms which passivated interphaseter B-particle bombardment from an %8 Y*° source
surface states. This results in the formationRyf centers, yielded similar results which clearly indicate the importance
which are the main sources of interphase states, and alsd ionization and below-threshold mechanisms of defect for-
leads to the generation @,, and Q,, charges at traps in mation, including the generation of defects as a result of
SiO, formed by radiation defects. The positive cha@g is  relaxation of mechanical stresses in Si—Si@ef. 4.

made up of the charge of trapped holes and also protons

mainly concentrated near the Si/SiOand Al/SiG, 1R. A. B. Devine, IEEE Trans. Nucl. Scil, 452 (1994,

interfaces. Under annealing, this charge relaxes rapidly as aT. R. Oldham, F. B. McLean, H. E. Jr. Boeseh al, Semicond. Sci.
result of tunneling and thermal emission processes involving, Technol.4, 986 (1989.

valence electron,initiation of hopping conduction of the zas's\llv'ffggf’lgég' Schwank, P. J. McWhoreral, IEEE Trans. Nucl.
holes in SiQ, retrapping of protons at broken bonds, and +y. s pershenkov, V. D. Popov, and A. V. Shalnd@wrface Radiation
annealing of the radiation defects. Effects in Elements of Integrated Microcircuifg Russiai, Energo-

As far as the negative char@®,, is concerned, the more 5$t0":/i2d§t' ’\f'kf?scck);’q\?ﬁ\?vﬁ? P e A Lvuts. Poverkinost: N
mobile electrons in the SiCare trapped in smaller quantities 6’“'79('1982; inskl, N. N. Nevinnyi, and E. A. Lyuts, Poverkhnost” No.
than the holes, which is confirmed by the sign of the sumsp_j mcwhorter, S. L. Miller, and W. M. Miller, IEEE Trans. Nucl. Sci.
charge after irradiation. We know from studies of the optical 37, 1682(1990.
charging of Si—Si@structures{see, for example, Ref.)"ihat [AVA S Vavilov, _V. F. Ki_selev, and B. N. Mukasheefects in Silicon and
the negative charge in these structures is annealed with arf® 'S Surfacdin Russiath Nauka, Moscow1990, 216 pp.
appreciable temperature delay. #Si as in our case, the Translated by R. M. Durham
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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 PhysidsS1063-785(09)02608-1

1. INTRODUCTION 2. STABILIZATION OF AN UNSTABLE INVARIANT MAPPING
CURVE

Controlling chaos is one of the most practically relevant
directions in nonlinear physics. The most common method
is the Ott—Grebogi—Yorke method of stabilizing unstable pe-  x,, ;= f(x,,60,)=\—X2—& cos 276,
riodic orbits and various modifications of thfs Its effi-
ciency has been demonstrated for many autonomous and pe- On+1=0+w, mod1, @
riodically excited systems. However, the problem of Contm'wherew:(\/g—l)/z is the “golden cross section.” This
in systems exposed to more complex multifrequency actiomapping demonstrates a torus doubling bifurcation and a
has been left to one side. The present paper is devoted t@ansition to a strange nonchaotic attractor and chaos. The
searching for methods of solving this problem in the simplestnstable invariant curve generated by the torus doubling
case of a biharmonic action with two nonmultiple frequen-x=¢(6), 0<6=<1 is embedded in a chaotic attrac(®ig.
cies. 1a). In order to stabilize the invariant curve, we can model

We shall analyze some characteristic features which arthe mapping1) as follows:
|mpose_d on the cpntrol_ problem _by the quasiperiodicity of Xoe 1= (X, 00)+9(X0,0,),
the action. Primarily, this results in the absence of unstable
periodic orbits which could be stabilized. The way out here 0n41=0,+w, mod 1, (2

is to use an unstable torus which can exist in the phase spacc?1 . . . .
. . . where the functiorg(x, #) is the control action which must
of these systems. This is created as a result of bifurcatio

_ ngatisfy the following two constraints:
such as “doubling” and loss of torus symmetry and after a

transition to chaos, is embedded in a chaotic attractor or g(¢(6),0)=0,
exists outside it. However, the standard control procedure
. . . . L 1
either requires a knowledge of the orbit being stabilized or f In|f.(¢(6),0)+g.(e(0),0)]do<0.
the presence of an oscillator which generates a suitable ref- 70

erence signal” A torus is a topologically more complex The first constraint implies that as the trajectory ap-
object than a cycle and a model of the global dynamics of thyroaches the invariant curve, the control action tends to zero,
system is required to reconstruct it. The construction of suclyhile the second implies that the average Lyapunov expo-
a model and the search for an unstable torus is in itself aent along the invariant curve is negative and the invariant
fairly complex problem. Hence it is more productive to curve becomes stable. The functigfx, ) may be taken in
search for a suitable reference oscillator. As a reference orbitie standard form of a proportional control action
to stabilize an unstable torus, it seems reasonalgeori to
. ms reasonafigori t 9(x,6)=C(x~o(6)),

use a torus evolutionally coupled with it, which existed in the
system for other parametetbefore loss of stability The  whereC is the coupling parameter. Then, in accordance with
aim of the present study is to demonstrate the possibility ofhe fundamental idea of the method we note that the invari-
implementing this idea. A procedure is describing for stabi-2nt mapping curvesl) in different regions of parameter
lizing an unstable torus or creating a new orbit in its vicinity SPace are fairly similar, as we can see from Fig. 1b where the
by locking the controlled system to one which is similar butthln line x(6) IS the unstable torus of the mappifd) from
. Lo . o dthe chaos region, ang ) is a stable torus from some other
in a state of stable quasiperiodic motion. This is illustrate . : . . . ]

N . ) region. It is easily seen that the following relation holds:
for a quasiperiodically perturbed logistic mapping and a Duf-
fing oscillator. X(0)~Sy( 6+ 7)+B,

We shall analyze the two-dimensional mapping

1063-7850/99/25(8)/3/$15.00 662 © 1999 American Institute of Physics
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FIG. 1. a — Chaotic attractor and unstable torus of
mapping(1) embedded in if1) (A\=1.2,£=0.2); b —
thin line x(#) — unstable torus from region of chaotic
dynamics of parameter space being stabilizee (.2,
£=0.2), thick liney(6) — stable torus of mappingL)
used as reference trajectory for contral =0.85,
£=0.2); ¢ — thin line — unstable torus of mapping

X X (1), thick line — torus of mapping3.1, 3.3 obtained
4 1 from (1) by using the control proceduréor the same
values of the parameters
x(8) 1
0.5 05

and the curve from its region of stability can be reduced t@. FLUX MODEL
the form of an unstable curve from the chaos region with, a _ _ _ _ . - .
fairly high degree of accuracy, by means of a proportional Since a one-dimensional irreversible logistic mapping is

contraction/expansion along theaxis and a shift parallel to N0t @ Poincareross section of any flux, we need to demon-
the coordinate axes. The functiggx, 6) thus has the form strate separately that the proposed control method can be
applied to models in the form of a system of differential

9(Xn, 0n) = C(Xn— S¥n(6n+ 7)—B), equations. As such we take a biharmonically excited Duffing
model, which has many physical analogs:

where the parameterS and B determine the contraction/

expansion and the parallel shift of the invariant curve, and

is the phase shift. Finally, the mapping can be written in thevhere w,/w,=(\/56—1)/2. Since a Duffing oscillator pos-

X+ 2AX+x+x3=f, coswt+ f, COSw,t, (4)

form sess a symmetric potential, the transition to chaos in this
system should be preceded by symmetry-loss bifurcations of
Xn+1=N1—Xi+& C0S2m0,+C(X,—Sy,—B), (3.1  the torus. The resulting unstable torus is embedded in a cha-
otic attractor(Fig. 2g. To stabilize this, we modify Eq4)
yn+1=)\2—yﬁ+s CoS 2 (6,+ 7), (3.2 by adding a control action in a form known as continuous

proportional feedback:
On+1=6,+w, mod1, (3.3

X+ 2AX+x+x3=f, cosw t+ f, coswot +g(x,t), (5

where\ , is the value of the parameter for which chaos and _
an unstable torus exist in the mappid), and \, is the g0y =Cx=Sy)),
value for which a stable torus exists, which is used as thevherey(t) is a reference signal obtained by integrating Eq.
reference trajectory. (4) numerically for values of the parameters corresponding to

The results of applying the stabilization algorithm arethe stable symmetric torus regime. These parameters are de-
plotted in Fig. 1c. The thin line gives the unstable invarianttermined by trial and error: we decrease the amplitude of the
mapping curve(l) and the thick line gives the stable torus fundamental-frequency sign&] until we enter the symmet-
obtained as a result of applying the control procedure. Thesec torus regime, after which finer tuning is achieved by vary-
last two lines are almost matched. The accuracy of theiing the amplitude off,. As a result of the symmetry of the
matching depends on the successful choice of parameters system, the parameteB and 7 [see Eq.(3)] are zero and
the reference mappin3.2—-3.3 and the coupling param- because of the low sensitivity of the torus to variations in the
eters. The dependence of the controlling action decreases tgparametersS is close to unity.
level which is no more than 5% of the variation in the pa- The results of applying the control procedure are plotted
rameters needed to transfer the controlled mapping to thim Fig. 2b. It can be seen that the torus and reference orbit do
region of regular dynamics, which suggests that the controhot agree at all, However, the control action does not exceed
problem has been solved. 8% of the variation in the principal control parametgr
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20 . 4 y
X 1*
10} 1]
0] 2
10} 5
: x4 x . .
20 — — -8 ——r— —r— FIG. 2. Cross section of chaotic attractor and unstable torus
-6 -5 -4 -3 -2 53 515 -5 485 AT of biharmonically excited Duffing oscillatof(=78, f,
a b =5,1=0.1, »;=1.5) (a). Results of applying the control

procedure: thin line — cross section of reference torus,
thick line — stabilized(for the same parameters as a and
b). Fragment of the cross section of the parameter space of
a biharmonically excited Duffing oscillatorA&0.1, w4
=1.5) (c). 1 — symmetric torus2 — asymmetric torus,

3 — chaos, andl — region in which control is possible.

needed to transfer the system to a state with regular dynam- The proposed method can be used to control chaos in
ics and thus, in this case we can talk of chaos control. real physical systems because of the universal nature of the
The extent of the region of applicability of the proposed structures of bifurcation sets of quasiperiodically excited sys-
control method can be estimated from Fig. 2c. In regfon  tems of various types, which was demonstrated in Ref. 4 for
this control procedure can be applied. In regBrthis is g quasiperiodically excited logistic mapping and a diode
impeded by the increasing deformation of the unstable torugesonator in the vicinity of the critical end point of the torus
since this region is extremely far from the region of existenceyq, pjing bifurcation line. Universality implies the presence

of a_stable symmetric toru;. In regidn c_:ontrol cannot be of identical regions of existence of regular and chaotic dy-
applied because of the device characteristics of the paramaﬁémics unstable orbits, and bifurcation transitions. This
space imposed by the quasiperiodicity of the action. The bi- ’ '

furcation line of the torus symmetry loss truncates at pojnt means th?t. the.method described F:an be. ap'plled to a system
which is the critical point of codimensionality 2. Thus, a of two .unldlrectlonally coupled R-diode CII’.CUItS. .
transition to chaos can take place in the system without loss Th's work was supported by the Russian Foundanon“for
of symmetry and the creation of an unstable tofasove BaS|c.Research Grant No. 96-02-16755 and also by the “In-
point T). Thus, the region of chaos is divided into two sec-tegration” Federal Program, Grant No. 696.3.

tions: A—B (with an unstable torysand C (no torus. These

sections are divided by the lideon which the unstable torus

is disrupted by(preferably internal contact between the cha-

otic attractor boundaries. Thus, in regiGrthere is no object

to which the stabilization procedure can be applied. 'E. Ott, C. Grebogi, and J. A. Yorke, Phys. Rev. Lé4, 1196(1990.
2K. Pyragas, Phys. Lett. A70, 421(1992.

3V. V. Astakhov, A. N. Sil'chenko, G. I. Strelkovat al, Radiotekh. Ele-
ktron. 41, 1323(1996.

. . 4 i
These results indicate that the proposed chaos contro|B: P- Bezruchko, S. P. Kuznetsov, A. S. Pikovsét al, Izv. Vyssh.
Uchebn. Zaved. Prikl. Nelin. Dinan®(6), 3 (1997).

procedure of stabilizing an unstable torus is effective in sys-
tems exposed to a quasiperiodic action. Translated by R. M. Durham

CONCLUSIONS
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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 PhysidS1063-785(09)02708-1

The use of dynamic chaos to transmit information, par-linear subsyster@ comprising a second-order low-pass filter
ticularly confidential information, has attracted close atten{Fig. 10, a summator and filte3 (Fig. 1d whose properties
tion among researchets’ Among the various proposed sys- are equivalent to those of the channel filter. The receiver
tems, success was achieved with a system for nonlineaonsists of the same elements with the summator replaced by
mixing of an information signal with a chaotic one, intro- & subtractor. If elemerf is eliminated from the transmitter
duced in Ref. 3 using a ring oscillafotas the chaos source. and receiver, and the coupling channel is considered to be
This system proved effective for transmitting information in ideal, the system is reduced to that introduced in Ref. 3.
the |0w-frequency) and radio_frequency rangé }zand was In the presence of a chaotic Synchronous Signal and the
also used in experiments in the optical rafgevhere the absence of an input information signal, i.8= 0, the signal
chaos source was an oscillator consisting of a laser amplifid@aving the subtractor in the detectoilSs=U—Z,=0. If we
and a fiber-optic cable as a delayed-feedback element. Howgonsider the propagation of an information sigré# 0
ever, the systefnalso exhibits fairly high sensitivity to thro_ugh 'Fhe circuit elements, we can confirm that f[he infor-
amplitude-frequency distortions of the signal in the channelMation signal at the detector e8f is a copy of the signab

In order to eliminate perturbations associated with
amplitude-frequency distortions in the channel, it was logical
to use correcting elements in the form of filters with a re- !
sponse the reciprocal of the effective channel filter, at the +
entrance to the receiving devices. However, studies carriel S
out in Refs. 14 and 15 showed that this approach is ineffec
tive since, for many of the most interesting cases, an exac
solution of the correction problem is either lacking or diffi-
cult to achieve, and an approximate solution does not give I
the desired improvement in the quality of the chaotic syn-
chronous response.

In the present paper we propose a new approach to th
extraction of information by means of a chaotic synchronous !
response in a nonlinear oscillatory system in the presence ¢ "~ -—-~-=~~~~~"~ ’ 10 ¢ : !
the filtering properties of the channel, and we report the mair - ----------- [
results of an investigation of the information extraction pro- }
cess. The idea of the approach is to incorporate element |
having filtering properties equivalent to those of the channel !
in the transmitter(driving chaotic system and receiver u

E
|
|
1
1

U 2

(driven nonlinear oscillatory system I
A functional diagram demonstrating the principle of ob-
taining a chaotic synchronous response and extracting th
information component from the chaotic sigriglg. 1) con-
sists of a transmitter |, a detector I, and a coupling channe S¢ :
[Il which filters the incoming chaotic signal from the infor- |
mation component. The transmitter incorporates a nonlinea, ------------
subsystent consisting of an instantaneous-response nonlinFIG. 1. Schematic of transmission system: | — transmitter, || — receiver,
ear converter and a first-order low-pass filteig. 10 and a  and Il — coupling channel.

a 3,11
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passed through the filte3. It thus remains for us to deter- The first three equations ifl) describe the transmitter, the

mine: (@) whether the ring oscillator remains a source offourth describes the channel, and the last three describe the

chaos when the additional filt&is introduced;b) whether  detector. The first equation describes the nonlinear sub-

it will be possible to obtain a chaotic synchronous responssystem 1 consisting of a series-connected instantaneous-

in the detector; andc) whether the chaotic synchronous re- response nonlinear converter having the characteristic

sponse is stable in the strong or weak seltisis determines

the presence or absence of on—off intermittéficéand also F(Um=m[|U+S|-|U-9+(Uu-1|-|Uu+1))/2], (2

the level of distortions of the information signal in the detec-

tor). » wherem is a parameter, and a first-order low-pass filter; the
Let us assume, to be specific, that Ill and thereege eyt equation describes the linear subsystem comprising a

second-order bandpass filters. Then, the normalized equ@acond-order low-pass filter; the third equation describes the

tions for the information transmission system are: second-order bandpass filter of the oscillator; the fourth
TX1+X1: F(Zy), equa_tion describes the same filter but f_or the_propag:?\tion of

the signal through the coupling channgiis the information

vl+a1yl+ylle, signal, andY;+ S is the signal entering the channel and at
. ) o the entrance of the transmitter bandpass filter.

Zi+ a2y + 0°Z1= 0 (Y1 +9), Thus, the driving system in Fig. 1 is an the oscillator
. . T with a first-order low-pass filter, a second-order low-pass
Ui+ aoUi+ U= (Y, +9S), 1) filter, and a second-order bandpass filter. We kiaiat in

: _ these oscillators there is a region of chaotic oscillations and a
TX,+X,=F(U), . g L

region of hyperchaos, so that condititam is satisfied.
Yot a Yo+ Y,=Xs, The system of equatior{4) has a solution whose trajec-
) _ _ tories in twelve-dimensional phase space lie entirely in the
Zo+t anpZy+ 02Zy=w?Y,. seven-dimensional hyperplane determined by the conditions:
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X;=Xy, Yi=Y, ylez Z,=U 'leu 3) tion signal is mixed with the chaotic one but it cannot be
. ] used in other information transmission systems, using chaos,
If these solutions are stable under the action of smalfor example in transmission systems with switching between
pertL_lrbatlons, the steady?state_ oscnlatlons_ qf the driven syshaotic regimes.
tem mduced by the chaotic action of the driving systemare a  This work was supported by the Russian Fund for Fun-
chaotic synchronous response. In qrder to _obtam a chaotigamental Researdi@Grant No. 97-01-00800
synchronous response and extract information, we used the
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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. 1899 American Institute of Physics.
[S1063-785(09)02808-9

One of the main factors limiting the accuracy of mea-nonreciprocity which is based on periodic modulation of the
surements of angular rotation speed using fiber ring interferpolarization state of the nhonmonochromatic radiation at the
ometers (FRIs) fabricated using single-mode fiber-optic FRI entrance. In this case, no polarizers and depolarizers are
waveguides is the zero shift of the interference between theequired in the FRI system.
counterpropagating waves at the FRI exit, caused by the po- Note that these simple FRI systems were considered
larization nonreciprocity of the FRI ring systefit As the  earlier>*>*but either the zero shift was estimatéfior it
fiber temperature of the FRI ring system varies, its lengthywas assumed that there is a zero drift for the linear conver-
birefringence, and therefore its polarization nonreciprocitysion of the change in the angular velocity into a change in
vary, which leads to a change in the zero shift or zerathe intensity of the interference sigridlbut the possibility of
drift.»2*5Various methods are used to reduce the zero shifeliminating the zero shift of the FRI by polarization modu-
and drift in FRI systems, including polarizeré*® non-  lation was not considered.
monochromatic radiation depolarizér§, or polarizers and We write an expression for the zero shiftin an FRI
depolarizers togeth&r1? system without a polarizgsee Fig. 1 whose ring system is

The aim of the present study is to propose a method ofabricated using a single-mode fiber-optic waveguide of ar-
eliminating the zero shift of an FRI induced by polarization bitrary birefringence*

Sin(aq+ ay)sindy cof a1— as—27)S +SiN 2( a1+ a,)cos 2¢S;
@=arctan . - , (N)
2[cog(a;+ ay)+0.5sin A g+ ay)sin 2x]

where xy and «; , respectively characterize the ellipticity of (1) does not depend on the polarization state at the FRI en-
the natural polarization modes of the FRI ring system and thérance, whereas the dependence of the numerator is such that
orientation of the major axes of the ellipse at the ends of théf a mutually orthogonal polarization state exists at the FRI
ring system relative to some arbitrarily selected direction, forentrance rather than some given polarization state, the abso-
example, the plane of the end of the ring syste, Iute value of the numerator will remain the same but its sign
= \/Slz+ 822 is the linear component of the polarization of the will be reversed. In fact, the two, generally elliptic, mutually
nonmonochromatic radiation at the FRI entrangeis the  orthogonal polarization states differ by the principal axis of
azimuth ofG relative to a selected direction, aid is the  the ellipsen being turned through 90° and by the direction
circular component of the polarization of the nonmonochro-of the ellipse circumference, i.e., by the sign of the circular
matic radiation at the FRI entranc§, (are the components of component of the polarization. Thus, when the polarization
the Stokes vector of the radiatith Expression(1) is valid ~ state of the radiation changes to the mutually orthogonal
whenL> 14, whereL is the length of the FRI ring system, state, the first term in the numerator of expressidn
Idep=)\2/A)\An is the depolarization length of the nonmono- changes sign as a result of a change in the valuespbg
chromatic radiation in the fibek is the average wavelength 180° (S, does not changewhile the second term changes
of the radiation sourceA\ is its spectral width, andn is  sign as a result of a change in the sign of the circular com-
the refractive index difference in the slow and fast axes ofponent of the polarizatiofs,.
the fiber. Note that the change in the sign efand the conserva-
We shall now analyze expressi¢h). The denominator tion of its modulus when the polarization state changes to the
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3 birefringence is difficult to achieye At this point we note
that the caser;= «, is the optimum from the point of view
i 2 2 of reducing the zero shift? The FRI zero shift in units of
D degrees per hour is related to the interference phase shift of
the counterpropagating waves as follotvs:AQ
=(10°A@\c)/(mLD).
4 We shall estimate in expression(1). Using the results
of Refs. 2 and 15, we can show that foliy.;<1 (fiber with

FIG. 1. Schematic of fiber ring interferometdri— radiation source2 — strong birefringence |x|< Vhlgep and for hlge;~1 and

beam splitters3 — ring system, andt — photodetector. hlge>1 (fiber with weak birefringendewe have| x| < /4.
Estimates made using expressid yield the following

results: ) for a fiber with strong birefringence, the zero shift
mutually orthogonal state will only take place in an FRIis 5x 10 *deg/h, and the zero drift 10 deg/h; 2 for a fiber
without a polarizer. with weak birefringencéin this case it is impossible to iso-

If the polarization state is modulated periodicaléjther late the constant zero shift of the BRhe zero drift is~40
harmonically or as a square wavat the FRI entrance and deg/h. These estimates were made for an isotropic beam
the output signal is analyzed by averaging over a time consplitter at the entrance to the FRI ring system. If the linear
siderably greater than the modulation period, the value of dichroism of this beam splitter is 1-2%, the zero shift and
will only be caused by the Sagnac effect, i.e., by the rotatiorflfift in both cases may increase by approximately an order of
of the FRI and the contribution of the polarization nonreci-magnitude. The birefringence of the beam splitter may also
procity is averaged. If some type of modulator of the ringsubstantially increase the zero shift and drift of the FRI. In
system length is used in the FE8!’ the modulation fre- principle, however, it is always possible to select modulation
quency of the polarization state should be much lower thafarameters of the polarization state such that at the entrance
that of the ring system length. to the FRI ring system the polarization states in the different

At present various devices are available for modulatinghalf-periods are mutually orthogonal.
the polarization state of light in a single-mode fiber, whose  This work was supported by RFBR Grant No. 96-15-
operating principle is based on the photoelastic effeat ~ 96742.
the Kerr effect®2°When an integrated-optic phase modula-
tor is used? it is best to use an FRI system with an
integrated-optic beam splittét The modulator should be po-

Sltlon?d petween.the first am.j ;epond beam spllttgrs n tth. M. Kozel, V. N. Listvin, S. V. Shatalin, and R. V. Yushka, Opt.
FRI circuit (see Fig. 1 The ellipticity of the polarization at  gpektrosk61, 1295(1986 [Opt. Spectroscs1, 814 (1986)].
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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 distribution19@® American

Institute of Physicg.S1063-785(9)02908-7

INTRODUCTION distributed electrons. This system could be logically called a
diatomic Debye molecule. However, it has been shown that
A plasma in which charged micron-sized particles play athis system is unstable. In atomic physics and atomic colli-
significant role(a so-called dusty plasmas interesting for  sion theory the term quasimolecule is used in these cases.
fundamental and applied reseafcfi.In view of the large Thus we shall call these dust particles in a cloud of
charge which may be acquired by finely dispersed particles, Boltzmann-distributed electrons a Debye quasimolecule.
dusty plasma becomes essentially nonideal even at compara-
tively low particle densities. Plasma-dust crystals, droplets
and clouds may form in such a plasma.

In theoretical analyses of a dusty plasma, particular im-  The potentialp and field strengtlE in a Debye atom and
portance should be attached to studying dust particles sug Debye quasimolecule are described by the Poisson equa-
rounded by electron clouds. A dust particle surrounded by afion and the Boltzmann distribution for the electrohg

electron cloud is an analog of an atom in the kinetics of=N,, exp(g). The initial equations then have the form:
gases. The shell of such a dusty atoms may be polarized. It
(VE)=—exp¢), E=-Vg, @

follows from general reasoning that at fairly large distances
between like-charged particldauclei of dusty atomsthe  whereV is the Hamiltonian vector operator.

attractive polarization forces should predominate over the Here we use dimensionless quantities: the length is mea-
repulsive forces. By analogy with the situation encounteredsured in Debye radiip = (To/4me’Ngg) %, whereN, is the

in the interaction of normal atoms, it is natural to assume thafree electron density in the absence of an external feeld,

at short distances, the forces of repulsion of like-charged dughe electron chargel, is the electron temperature, the po-
particles begin to predominate. This should result in the extential is measured in units df,/e, and the field strength is
istence of stable dust molecules and also liquid and crystameasured iT¢/erp .

line structures of dust particles surrounded by electron  On the basis of the experimental conditibmghereNo
clouds. =2.5x10%m 3, T,=0.146e\=1700K, we have for the

Quite clearly, the switch from attraction to repulsion at characteristic ~ values: rp=0.002cm, T./e=0.146V,
distances of the order of the Debye length is observed ext./erp=80V/cm. For a dust particle of average radiys
perimentally. Otherwise, dusty structures could not form.=0.4um (ro/rp=0.02) and chargé&,e=500e we have the
However, it is shown in the present study that if the electrorfield strength at the particle surfacEOZZpe/r§=4.5
distribution in a cloud surrounding dust particles is in ther-x 10* V/icm (Egerp /Te=550).
modynamic equilibrium, the dust particles can only attract.  From the formal point of view, the analysis of a Debye
From this it follows that the existence of real dusty structuresmolecule and a Debye quasimolecule only differ in terms of
is caused by the nonequilibrium state of their electronthe geometry of the problem. Assuming a spherically sym-
clouds. metric electron cloud, a Debye atdwas successfully ana-

A charge surrounded by a cloud of electrons having dyzed by solving the one-dimensional Poisson equation
Boltzmann distribution was previously described by us as dn order to analyze a Debye quasimolecule, we shall assume
Debye atont, as opposed to a Thomas—Fermi atom in whichthat the problem is symmetric relative to thexis connect-
the electrons are degenerate. Here we consider a systemiofy the nuclei. It is then sufficient to analyze the two-
two charges surrounded by a common cloud of Boltzmanndimensional equatiofil).

INITIAL EQUATIONS
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We also note that the main aim of analyzing the Debyeforce acting on the electrode from the other electrode and the
molecule is to find the dependence of the resultant electrceelectron cloud is proportional to the square of the voltage
static force acting on the dust particles on the distance beand thus the charg&(r)mp%oczg. This allowed the force

tween them. and the interaction energy of the nuclei to be expressed in
terms of certain universal functions:
METHOD OF SOLUTION F(d)=F(d/rp)(Zpelrp)?,  U(D)=u(d/rp)(Z2e%rp).

The two-dimensional Poisson equati¢h was solved
using the POTENTSIAL program package, developed for la
ser isotope separatidhto model the extraction of ions from
a plasma via the electrode systésee also Ref.)3 In par-
ticular, these programs calculate the spatial distribution o
the potentiakp, the electron densiti., and the electric field
E for given positions and potentials of arbitrarily distributed CONCLUSIONS
conducting electrodes of rectangular cross section. The Pois- . . .

The results of tabulating the force and the interaction

son equation is solved by a method of iteration in a form . . : .
similar to that described in Ref. 9. For the analysis of acneray of dust particles in a Debye quasimolecule are uni-

Debye molecule, the program package was modified so thé’ﬁrsal for fairly large distances between tthrP.‘ For
the Poisson equation could be solved not only in planar bu orter distances, the results depend on the specific shape of
also in cylindrical geometry the electrodes. In addition, at short distances the polarization

For the analysis of a Debye molecule the charged dus?f the charge at the electrode becomes substantial. However,
particles were simulated by small cylindrical conductingwe are specifically interested in large distances between the

electrodes. The boundary conditions were set by the potenti&'lume'ddjztro' ;’Vh'ih are found in the experimentally ob-
¢ at these cylinders. In addition, zero potential was at erved dusty structures.

surface some distance from the electrodes simulating thg_ The results of fche calculations |nd|c§te that at least for
dust particles. istances substantially larger than the sizes of the dust par-

After determining the spatial distribution of the potential ticles, attractive forces predominate. This has a logical ex-

and the field, the results were processed using Mathcad. T anation. The electrqn d_ensny of a Debye atom.mcreases
aim of this processing was to find the charge at the electrodg ruptly on approaching |t.s nucledtor furthe.r deta|I§ see

Z, and the electrostatic forde(d) acting on the electrode, ef. 5. Thus, as the nuclei come closer, an increasing num-
whered is the distance between the centers of the electrode§" of electrons ac_cumulate at th‘.e center of the molecule.
The potential interaction energy of the electrodes., the he force of attraction of the nuclei to these electrons accu-

term of the Debye quasimoleciileas determined by inte- mulated on the axis of the molecule predominates over the
grating overU(d)=J%F(x)dx. The electrode charge was Coulomb repulsion force of the nuclei. Note that this funda-

calculated using the Gauss theorem, as the vector of the ﬁementally distinguishes a Debye guasimolecule from an ordi-

intensity flux across the electrode surface. The force of th&ary molecule in which the electron motion is described by

electric field acting on the electrode was determined by inteduantum laws rather than by classical ones. This is because

grating the electric pressurg/8x on the surface of the by virtue of the quantum-mechanical uncertainty principle,
conductor the electron density in real atoms does not increase without

bound near an atomic nucleus. In particular, if we use a
Thomas-Fermi electron distribution rather than a Boltzmann
one, the forces of attraction at short distances between the
A cylindrical region of radius 4y and & 5 was specifi- nuclei are replaced by forces of repulsion.
cally analyzed in the calculations discussed below. The di- Estimates show that in dusty structures the quantum-
ameter and height of the electrodes simulating the dust parmechanical effects for the electrons are very weak. Hence
ticles were taken to be equal to some valyewherery was  under equilibrium conditions, dusty structures would not be
fairly smallrp/ro=>50. The distance between the electrodesstable. As a result of the collision between two Debye atoms
was varied in the rangd=2r,—1.5. The results of the with an impact distance shorter than the Debye length, these
calculations are given for large electrode charggs 10. atoms should undergo mutual trapping followed by spiral
The distribution of the potentiap and the electron den- motion until the nuclei collide. In atomic collision theory this
sity ne=exp(p) have a form which can be guessed qualita-effect is known as orbiting. Thus, the characteristic decay
tively beforehand. The electrons are concentrated at the sutime of a dusty plasma consisting of Debye atoms would be
face of the electrodes, to a considerable extent shielding their= (wrzDvap)*l, wherev, and N, are the characteristic
charge. However, a significant fraction of the electronsvelocity and density of the dust particles. Under the experi-
builds up at the center of the axis of the Debye quasimolemental conditions we have m,~2X 10 12g, Vp
cule. This is responsible for the effective attraction of the~(2T./m,)¥?~0.5cm/s, and N,~5x10 ‘cm 3, from
dust-particle nuclei. It is found that attraction occurs over thewhich it follows thatr~4x 10 3s.
entire range of states considered. Since in practice dust droplets and crystals are long-
The calculations showed that the electrode chaiyes lived, it must be assumed that the electron clouds around the
are proportional to the potentiad, at them and the total dust particles in these experiments do not obey a Boltzmann

The universal function§(x) andu(x) are plotted in Fig.
1. The factors Ze/rp)? and Z5e?/r, determine the force
and potential interaction energy of the point defects at a dis-
}ance equal to the Debye length.

RESULTS
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FIG. 1. Universal functions characterizing the dependence of the force
—02" (solid curve and the potential energglashed curveof the interaction
between the nuclei of a Debye quasimolecule as a function of the
distance between thewm=d/r. The dotted curve corresponds to the
function 0.Fexp(—10-(x—0.2))—2exp(=5-(x—0.2))], which ap-
proximates this force. The dot-dash curve corresponds to the function
—-03F 0.0 exp(—10-(x—0.2)) —4-exp(=5-(x—0.2))], which approxi-
mates the potential enerdterm).
-0.4—
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A model is proposed for the first time for the propagation of an isoléetiton-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 Physids$1063-785(M19)03008-4

We know that the action of high-power laser pulses on anodulus,() is the activation volume for point-defect forma-
solid may lead to the generation of point defegtacancies tion, D is the diffusion coefficient of the point defectsjs
and interstitial siteswhose density is considerably higher the Boltzmann constant, aridis the temperature. The sec-
than the thermodynamic equilibrium level. It was shown inond term describes recombination at centeesombination
Refs. 1-4 that under certain critical conditions, the pointvelocity: 8= 8, exp(—-WKkT)=7"1, 30:pud§, 7 is the point
defect concentration may undergo complex dynamic changegefect lifetime,p is the density of recombination centersis
which result in various types of self-organization of localizedthe Debye frequencyd, is the lattice period, andlV is the
structures: point-defect clusters or point-defect density superctivation energy for defect diffusipmnd the third term de-
lattices(and also static deformation of the latticén an en-  scribes their spatial diffusion.
semble of defects with fairly high density, as a result of the  The equation describing the dynamics of the time varia-
nonlinear concentratiors{shaped dependence of the point- tion of the cluster sizes as they undergo “deformation evapo-
defect generation function from crystal-lattice sites, it mayration” is given in the form:
be possible to observe the propagation of a defect-density
switching wave which transfers the system from a state hav- JdR an °R
ing some minimum density,, to a state having a maxi- ot ﬁ+ Roax2’ @
mum densityn.x (Refs. 3 and % Concepts of the bistable
behavior of a point-defect system have been used to interprehere Dy, is the cluster diffusion coefficient. Sind@g<D,
the phase transition from the crystalline to the amorphousve shall subsequently neglect the mobility of the clusters.
state under the action of laser pulses which do not cause Converting in Eqs(1) and(2) to the self-similar variable

melting of the lattice(solid-state amorphizatiori** £=x+ vt, we obtain
In the present paper we propose a model for the excita-
tion of isolated concentration waves of point defects in a JR an
crystal initially containing point-defect clusters. Critical con- YoeT T R ®)
ditions for the excitation of a density wave are determined
and its profile and propagation velocity are estimated. an 9°n
We shall make a theoretical analysis of the excitation of VaE~ D (9—52 =paRn—pgn. (4)

an isolated concentration wave, using a nonlinear system of
equations which describes the joint dynamics of point de]ntegrating Eq. (4 and introducing the function
fects and clusters. Assuming that the main processes contro7ll—(§) = [€ _ndé, we obtain:
ling the time behavior of the defect density are generation, e '

diffusion, and recombination, we have in the one- an p ¢
dimensional cas€or simplicity): Vﬁ_é_Da_gzz'uaJ R(&)n(&)dé—B7. 5)
2
ﬁ_n:MaRn_EJrDa_n_ (1)  From Eq.(3) we have
ot T (9X2

& v v
In Eq. (1) the first term allows for the strain-stimulated aleR”df: §[R3(—°°)—R3(§)]: §[R8_ R%()].
generation of point defects by spherical clusters, wiig (6)
the cluster radiusg=4mNyQy ", Ny is the cluster density,
Q, is the atomic volumep=KQO?D/KT, K is the elastic Substituting Eq(6) into Eq. (5) gives
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an p A<1. This confirms that formulg10) satisfactorily de-
Vﬁ_g =D—+ o(R,7n), (7) scribes the profile of the isolated concentration wave.
23 On analyzing formulag10) and (11), we note that the
whereo(R, 7) = uv(R3—R3(£))— B7. conditions for the formation of an isolated defect concentra-

For the derivativep, we havee! =3uaR— . Quite tion wave, its profile, and propagation velocity depend
clearly we haveg!(0)=3uaRy— >0, if aRy>p/3u. strongly on the initial cluster sizes. When the initial cluster
Bearing in mind that the functioR(7,»,R,) decreases with radius is larger, the defect density wave propagates at a
increasingz, we havee! (7)< ¢! (0). From this it follows higher velocity and has a steeper maximum than a wave

that there is a single valug, >0 such thatp(7,)=0. propagating in a medium with a smaller initial cluster radius.
Thus, we have reduced the probléfy and (2) to the In conclusion, we note that an isolated concentration
Kolmogorov—Petrovski-Piskunov problemi. By analogy Wave can also propagate in the model

with this problem, we can confirm that in the system of clus- R 7R
ters and point defects, a wave may be excited whose velocity —=—F(R,M)n+ Dr—
has the lower limit at ax

vo=2D(3uaRy— B). (8) an n _é°n

) —=3R)F(RM)n——+D—,

Since dp/dé=n(é) and for é—Fo dy/dé—0, the ot T X2
point-defect density wave is an isolatésbliton-like) wave
propagating at the minimum velocit).

It follows from formula (8) that 3uaRy>pB. Thus, in
order for an isolated defect concentration wave to be excite
in the crystal, the initial cluster size must exceed some criti-
cal level:Ry>R, , whereR, = B/3ua.

We shall now determine the profile of the isolated con-
centration wave. From Eq3) we haveR2=RS—2a77/v.
We then expres®&(#) in the form of an expansioR~R,
—anlvRy+ ... and substitute into Eq7). Retaining terms
of the order ofa?, we obtain the following wave equation:

which is a generalization of the mod@l) and(2).

HereF(R,M) is a monotonic function oR, {M} is a set
f parameters characterizing the medium, &8{®) is the
luster surface area.

It has thus been shown that isolated concentration waves
of point defects can propagate in a system of point defects
and clusters described by Eq4) and(2). The phenomenon
is a threshold process and takes place when the initial cluster
size in the irradiated crystal exceeds a certain critical value
which is determined by the density of recombination centers,
the elastic modulus, the dilatational volume of the point de-

dy g2 fects, and the temperature of the medium. For values of the
Vd—gde—§2+Ma(Ro—R*)¢(l—¢), parameters typical of vacancy-type point defects
kT=0.04eV, D=10%cn?.s!, KQ=5eV, Ny=10"
where = an/vRy(Ry—R,.). cm 3, andp=10'%cm 2, the critical cluster radius and the
The exact solution of this equation has the form: wave propagation velocity areR,=3x10 ‘cm and
s v=0.6 cm/s, respectively. The quantitative conclusions of
(,//(§)=[1+(\/§— Lexp(—¢/8)] . ©) the present study can be used to plan experiments on con-
Returning to the variabla(¢), we finally obtain for the pro- trolling the defect buildup process in materials exposed to
file of the isolated concentration wave high-intensity laser irradiation.

n(&)=Aexp — & 8)[1+(y2—1)exp(—&/6)]173, (10
(&) F( ¢ )[ (\/— ) F( ¢ )] ( ) V. I. Boiko, B. S. Luk’yanchuk, and E. Tsarev, Tr. IOFARD, 6 (1991).

where A=207T(\/§—1)(N0R8/d8)(1— R,/Rp)?> and & 2F. Kh. Mirzoev, V. Ya. Panchenko, and L. A. Shelepin, Usp. Fiz. Nauk
= 6D/na(Ry—R,) is the width of the isolated concentra- 1651, 3 (1996.

. . — F. Kh. Mirzoev and L. A. Shelepin, Pis'ma Zh. Tekh. Fi22(13), 28
tion wave. Quite clearly we have(£)—0 for é— F . (1096 [ Tech. Phys. Lett22, 531 (1996].

For the velocity corresponding to the wave equation ¢g, kn. Mirzoev, zh. Tekh. Fiz68(8), 73 (1998 [ Tech. Phys43, 943

(10), we obtain: (1998].
SA. N. Kolmogorov, |. G. Petrovski and N. S. Piskunov, Byul. Mosk.
v=5Jua(Ry—R,)D/2. (11 Gos. Univ. Ser. Mat. Mekhl(6), 1 (1937.

It follows from Egs. (7) and (11) that v=vy(1+A), Translated by R. M. Durham
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