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The creation of a radially nonuniform stressed state is proposed to achieve intensive shear
processes under high-velocity loading of targets with a planar impactor. The technique allows laser
differential interferometry to be used to study the microstructure kinetics of the deformable
material. Experimental results are described. 1898 American Institute of Physics.
[S1063-785(08)00110-4

The main difficulty involved in studying plug extrusion b) The impactor and the target have planar impact sur-
is the limited scope for measurements of the force and defaces and the back of the target has a stepped profile. A
formation characteristics of the dynamic response of the tamonuniform stressed state occurs at the leading edge of the
get, especially at the initial stage of penetration. Usually wereflected pressure pulse. In this scheme, conditions where the
can only measure the flight velocity of the impactor. By us-shear strain rate is double that of the conventional interaction
ing pulsed x-ray photography, we can also measure the védsetween an elongated impactor and a target are created near
locity of the interface between the front part of the impactorthe protrusion.
and the unperturbed part of the target. However, the spatial ¢) The impactor and the target have planar impact sur-
and temporal resolution in these experiments is as yet inadaces and nonuniform boundary conditions for the reflected
equate to study the initial stage of penetration which has spressure pulse at the back of the target which are established
far been the least studied. by using a limiting disk with a hole. At the contact surface
However, investigations of the dynamic backside spallabetween the target and the disk, the incident wave passes into
tion strength of targets using laser interferometry of the freehe disk material without reflection, being reflected first from
target surface can yield detailed information not only on thethe free surface of the target and then, after a delay, by the
temporal characteristics of the average velocity of this surfree surface of the disk.
face but also on the microstructure kinetics. In particular, the  d) Simulation of impact between an elongated impactor
time variation of the particle velocity dispersion can be re-and a planar target.
corded at the so-called mesoscopic level of deformation and Schemegb) and(c) are preferred because in these cases,
fracture(0.1-10um) (Ref. 1). shear fracture is initiated from the free surface which allows
In this context, it is tempting to develop schemes forthe initial stage of the penetration process to be studied. In
loading a planar target both to achieve plug extrusion and saddition, in scheméd) no wave interactions occur and the
that we could use methods of recording dynamic deformatmpactor velocity must be doubled compared with schemes
tion and fracture used to study uniaxial deformation and@) and(c) to achieve the shear strain rate required for pen-
backside spallation. With this aim we propose to use conetration.
figurations of impactor and target which could create a radi- The following pattern should be observed for célge if
ally nonuniform stressed state in the target, providing condit, is the time of arrival of a compression pulse at the free
tions for plug extrusion in a planar target under the action ofsurface of a target protrusion, the pulse reaches the smooth
both an unconventional elongated impactor and a converpart of the target at timg, =ty,+h/C4, whereC, is the lon-
tional planar impactor used to study uniaxial deformationgitudinal velocity of sound in the target. From this time on-
processes. ward, a transverse perturbation wave begins to propagate in
We shall analyze possible loading schemes. A nonunithe radial direction, reaching the central part of the target
form stressed state implies that the sample contains regionghere the interferometer beam is usually focused, by the
where the parameters of the pressure pulses differ. The sitimet,=t,+d/C, (Cs is the velocity of the transverse waves
plest method is to vary the pulse length. In the light of thisandd is the diameter of the protrusianin order to record
observation, we shall analyze the following loading schemeshis wave, the interferometer must distinguish the times of
to produce a nonuniform stressed state under planar impacirrival of the longitudinal wave at the free surface and the
a) The impact surfaces of the impactor and the target aréransverse wave. A second variant involves using two inter-
planar and the back of the impactor has a stepped profile. Iferometers to independently record the two longitudinal
this geometry, radial nonuniformity of the stressed state ofvaves successively reaching the surface of the target and the
the target occurs at the trailing edge of the incident pressurprotrusion. In both cases, the dispersion of the particle ve-
pulse. locities can be recorded in addition to the average velocity of
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the target and the protrusion, so that the microstructure ki-
netics can be related to the nature of the plug extrusion.
Impact tests and microstructural investigations were
aimed at developing an optimum scheme for plug extrusion
by planar impact of an impactor on a target. One of the most
important criteria, if not the main one, for similarity between
the processes achieved using the conventional method of
plug penetration by an elongated impactor and that proposed
here (shear in counterpropagating waves at the edge of a
step is the similarity between the microstructural processes
taking place in the shear zone in both cases. Two variants of
the system were examined, with a protrusion at the back of
the target and with an additional disk. In the tests using a
limiting disk, a target of the same thickness as the impactor
was used to eliminate backside spallation. For a D-16 alumi-
num alloy sample 1 mm thick, penetration was achieved fo'I':IG. 1. Crack structure near a protrusion in a Ts-85 steel sample.
an impactor velocity of 350 m/s. For 5 mm thick samples of
Ts-85 ductile high-strength steel the initial phase of shea

fracture was only initiated at a velocity of 453 m/s. It should The results of tests using isotropic and strongly aniso-

be noted that serious technical difficulties are involved iny e materials show that the proposed method of initiating
aph|evmg shear fracture by ?Che’@- I_deally the "m'“F‘g shear deformation can in fact produce shear deformation
disk should not be (_jeformed in the region of contact with thesimilar to that obtaining during penetration of a plug by an
target. However, d|sks_ made of KhVG stegl heat-treateq t longated impactor. However, in contrast to this last case,
hardness HRE64 u did undergo deformation and partial
fracture on the target side which changes the conditions

localization of the shear. Thus, further tests were carried o

5ge cracks by blocking of dislocation pile-ups.

actor velocity. In addition, the technique can be used to
. ; , tudy the initial stage of penetration by recording the wave
using schemg(b). For a steel impactor 3mm thick and an(Processes using methods used to study backside spallation.
Impact velo_C|ty of 390m/s, a shear crack formed all aroun In tests using Ts-85 steel it was observed that, whereas
the plrotrLIJS|t<))n kand r‘;"t a \r/]elocny of 556 m/s the plug WaStor a 5mm thick sample shear fracture was initiated at a
com,\[/)l_etey ro enlt m?g ' f the f h h velocity of 453 m/s, for a sample 2.2 mm thick no traces of
icrostructural analyses of the fracture zone show thaky, ., fracture were identified at the boundary of the protru-
the fracture geometry depends very strongly on the anisolsio even at a velocity of 523 m/s. In our view, this phenom-
g)?é of”the rt]arg?t material. For example, fo.r tr|1e 'ls‘Otmpt']Cenon is attributable to the different microstructure kinetics. It
~16 alloy the plug penetration occurs precisely along &g . qy? that the particle velocity distribution function var-
boundary of the protrusion. For Ts-85 steel this shear zong, o substantially as a wave penetrates inside a material,
has a;teppzdl geqmde'try,l aﬁ can be ie:n from the pho;[ogr nging from nonsteady-state with a large dispersion of
(;:eeb 'g'j' o?g;;[u ina’ shear ]E:rac hegtl)ns tko %ror\:v along garticle velocities to steady-state with a narrower velocity
t ef ounAary (()j t E p:tlrusmn_ r(;m tbe ack of the targle pread. In cases of large dispersion, rotational mechanisms of
S:Jr ace. At a kept 0 mm"'tlt enh e;comes fa nornf1ah fracture are established, whereas for a narrow spread the
¢ eav?geT(r:]rac running patr)a € t% t Z reehsurr]_a(r:]e 0 ht fnechanisms are translational in the form of bands of local-
sample. This position can be attributed to the higher shegpq shear, which reduces the shear strength of the material.
strength of this material compared with the spalling strengthl-hese assumptions may be checked by using an interferom-

as a result of _the strong an!sotropy of the steel SUUCIUIGye which can measure the particle velocity dispersion at the
induced by rolling. At a certain distance from the free SUr- mesolevetl

face the energy of the elastic-plastic wave is insufficient to

continue the shear fracture but is still sufficient for cleavage.ivy, |. Mescheryakov and A. K. Divakov, Dymat-Journal No. 4, 2681
Thus, when the longitudinal shear crack stops, the stress field(1994.

is redistributed so that a zone of tensile stresses forms near'U- I Mescheryakov, N. A. Makhutov, and S. A. Atroshenko, J. Mech.
the stopped shear crack. The situation is reminiscent of the "NYs- Solidsi22 1435(1994.

familiar Zener—Stroh mechanism for the nucleation of cleav-Translated by R. M. Durham

Sgenetration of the plug is achieved at less than half the im-



TECHNICAL PHYSICS LETTERS VOLUME 24, NUMBER 10 OCTOBER 1998

Laws governing the reaction of a system
G. E. Skvortsov

St. Petersburg State University
(Submitted April 6, 1998
Pis’'ma Zh. Tekh. Fiz24, 7-12(October 12, 1998

The law and principle of dynamic correspondence are used to analyze the laws governing the
reaction of a system in the form of functional action—reaction relations for a wide range

of nonequilibrium conditions. The dynamic correspondence is reflected by a dynamic object

process classifier which is used to indicate possible new highly nonequilibrium effects.

The laws of reaction are used to give a simple description of a structural transition for a wide
range of systems. €998 American Institute of Physids$$1063-785(08)00210-9

A major problem involves determining the characteristicwhere y, is a normalizing factor. These expressions use the
features and the functional form of the reaction of a systemmotation from Refs. 2-5.
to an action. The actiong includes the initial and boundary condi-

The qualitative characteristics of the reaction of a widetions, and the external and internal actions.
range of systems in physics, chemistry, and biology are de- The measure of action together with the initial measure
termined by the basic laws of reactiohs. (1.3) and the degree of nonequilibrium are sufficient to de-

The initial law of structural conditionality is subse- termine the “dynamism” of any systems.
quently modified in the form of a law measuring action and It is useful to compare the law of action measure with its
also the law and principle of dynamic correspondence, whictanalog for biological systems, the initial level laiRef. 6,
are more convenient to use. p. 121).

These laws are used to analyze the laws governing the 2. The principle of dynamic correspondence indicates
reaction of systems in the form of functional relations of thethat different processes in different systems may be com-
determining quantities and measures of action as a functiopared by using a set of measures of action and degrees of
of their range of values. nonequilibrium.

The principle of dynamic correspondence is used to in-  The law of dynamic correspondence states that processes
dicate the classes of laws and effects in terms of an objediave similarity, a measure of correspondence which is
process classifier. greater, the closer are the measures of action and the degrees

A fairly universal dependence is given for the structuralof nonequilibrium for these processes.
transition reaction which modifies the motlahd is used to The principle of dynamic correspondence indicates that
describe transitions in physical, chemical, and biological syspartial correspondences exist and stimulates a search for
tems. these on the basis of various factors: similarity of equation,

1. The law of action measure states that the result of apegimes, functional dependence of key quantities, process
action on a system is determined by the magnitude of thanalogies, and so on.
action relative to the corresponding structural characteristic ~ The similarities of the equations and transition regimes

of the system. for average nonequilibrium serve as the basis for the univer-
The measure of action is defined by the ratio of the acsality of the synergetics. Similarity based on equations and
tion factorg to the corresponding structural factsjig] process analogies forms the content of the theory put forward
in Ref. 7.
Gs— 9 . A — an—ano F— i (1.1) The general dynamic equations and the functional form
sfgl” "™ |aps—ang % |fy’ ' of the general determining relatihprovide the basis for
realizing the principle of dynamic correspondence for highly
a, a, nonequilibrium processes.
Ts=7g/dtIn|—||, Ls=N\gaoxInj—||, 1.2 The principle of dynamic correspondence includes a
ne ne whole range of effective specializations: the principle of
negative feedbackLe Chateliey, the principle of “kinetic
g _s[g] @ fe . q K
Go—ﬁ' S—S—o. 1.3 perfection” for evolving systems,the Bauer principle of

stable nonequilibrium of living systems, and so on.
3. The law and principle of dynamic correspondence are
realized in the form of an object process classifier.
Object process classifiers consist of condensed informa-
C= L ) tion on objects and possible processes therein in the form of
s 1+7y4(Gs—1)2 a table(matrix) which combines the class scale of the objects

The degree of nonequilibrium may be given by
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(nuclear, atomic, molecular, and so)owith the intensity Similar dependences in the complete range of scale mea-
scale of the process, an increasing measure of action. suresT, andL for gases were given in Ref. 8.
On the dynamic scale of object process classifiers are The main dependences in the third range have the form
data on equilibrium structural characteristics of object sys-of the nonlinear functions
tems; thermomechanic§<0.1; classical dynamic theories, _ _
G<0.2; synergetics, 02G<0.4; superhydrodynamics, In=Kn(G),  R=R(G,ID). ®)
0.4<G<1; structural transition regimes$;~1; region of We shall subsequently analyze this case for the structural
anomalous processe§=1; first “quasiequilibrium win-  transition reaction.
dow,” 1.1<G< 1.3, and so on, until disintegration and uni- For a wide range o6 it is advisable to use the principle
fication of the object systems. of dynamic correspondences for the determining relations,
The system of object process classifiers has a wholbaving expressed these in the partially expanded interpola-
range of important useful properties. These include a progtion form
nostic property which can predict new effects and give the .
characteristics of new, as yet unidentified, branches of scij [G]= 2 Jodt'J dx’chSm(At,Ax;G,G’)

ence. l,s,m
By way of example, the wide range of anomalous ef- At A
fects, structural transition effects, and in particular structural xexd —TS L —L! l '
H'Y 4 “ H HH H H ” nm S ! nm | ! m?
transitions of fields and “quasiequilibrium window” effects Tom(G') Am(G')

can be cited. @
The principle of dynamic correspondence and object
process classifiers can be used to characterize the synergeti¢gere At=t—t’, Ax=x—x', G'#G(t',x"); ¢, L, andT

and Superhydrodynamics of a many-nuc|eon nucleus, macré€ functions whose behavior may be indicated for low and
molecules, field, and so on. high values of the arguments. This expression of the kinetic

4. Let us examine a realization of the principle of dy- laws is consistent with the general form and is designed to
namic correspondence in the form of laws governing theconstruct semiphenomenological theories. It has been effec-
functional form of the reaction and the magnitude of thetively used for various systemélasma, polymers, low-
measure of action or the degree of nonequilibrium. density gas

The most general form of the macroscopic reaction is 5. Let us now analyze an analytic model of the structural

given by the determining relations and the operator solutioriransition reactior{for the case(6)) which substantially im-
of the superhydrodynamics equatibns proves the initial descriptiorand for which the fundamental

quantity ®(G) has the form

whereJ,, are the fluxesk, andR are the functional opera- dG  4%(G-Gy)2+ 92’
grls C?;':\yee;usceptlblllty and the reactiémonlinear, nonlo- Gy,5>0, where Gy, are the maximum and minimum

points, andG3, «, andy are the structural transition param-
eters, determined experimentally or from the kinetic model.
The solution of Eq(8) with allowance for the condition

®(0)=0 has the form
G-G G
3) +tan‘1(—3”
€ €

(G—G3)2+62)

In order to identify the form of(3), it is advisable to
distinguish the ranges$s<0.2; G,<0.2, T,L>0.3; T,L
<0.3, 0. G,<1 (G, is the measure of active actipn

In the first range(weak nonequilibriuny the main de-
pendences are described by the linear relations

tant

1
az(b =G+ (631632_ 62);

oJ

\]nZ% KnmGm. Knm:(aGn) ) 1
m/ g=0

+ =(G3;+G3y)In 9

5(Ga1t Gao) G2 2 9

R:% Rme’ (4) Gij:Gi_Gj! e='y/a.

Let us use the mod€P) to describe the structural tran-
Knam and Ry, are the coefficients of susceptibility and reac-gjijon taking place when a domain wall moves in a magnetic
tion. These relations are suitable for any systems, except ifg|q 11 Using the condition for normalization of the quanti-
cases of an unstable initial stag#ructural transition regime s relative to the onset of the structural phase transition,
or resonance reaction. For the case of a threshold reaction q}‘(l): 1 and taking into account the threshaig at which
the system(switching, photoeffedt it is sufficient to add @ the motion begins, according to the data given by Chetkov

constant to the relation}). et all! and settingx>® =V, we obtain
For the second range the fluxes and the reaction have the o o
form of linear space-time functionals G=G-G., V(G,=1.37=0.48, V(G3=1.09=0.77,

G,+G,
2

=2 Jdt'dX’Knm(t—t’.X—X’)Gmo(t’,X’),... (5)  €=0.35, maw’'=V’ >=o.3. (10)
m
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A model is proposed for field-enhanced self-sustaining electron emission in secondary-emission
porous dielectrics. It is shown that the mechanism for the formation of primary electrons

at the metal—porous dielectric interface is field emission from the metal, and the electric field of
the required intensity for field emission is formed by redistribution of the field in the layer

as a result of the avalanche formation of secondary electrons1998 American Institute of
Physics[S1063-785(18)00310-3

Porous materials made from dielectrics with a high co-face; electron—hole pairs are excited by fast primary
efficient of secondary electron emission are potentially useelectrons-® The most probable mechanism for this transfer
ful as working media for various types of radiation is field emission from the metal into the dielectric in the
detectot® which use the phenomenon of field-enhancedabsence of a primary electron beam, although the electric
secondary electron emission in porous dielectrics. field needed to induce field emission should be two orders of

Unlike secondary electron emission from solid materialsmagnitude higher than the field produced in the dielectric
in which slow secondary electrons are emitted only fromlayer>®
within a thin surface layer at most hundreds of angstrom  Here it will be shown that the mechanism for transfer of
thick, in porous dielectrics the thickness of the layer fromelectrons from the metal to a porous dielectric in the absence
which slow secondary electrons are emitted reaches tens afé Primary electron beam is field emission from the metal.
hundreds of microns, and an electric field of-2a® Vicm, The field required for the field emission is formed by means
which expels the slow electrons from the material, formsof nonuniform redistribution of the potential within the po-
within these layer&=® The role of the electric field is to "0US layer as a result of an avalanche-like increase in the
balance the losses of the slow electrons due to scattering Wcitation density of the slow electrons. This is accompanied

phonons within the pore walls by accelerating these electron®Y increased conductivity of the material in the direction
inside the pore, thereby lowering their recombination prob-2Way from the metal substrate toward the surface of the po-

ability. This type of emissior(like the secondary electron "0US layer and an increase in the field in the inner part of the

emission from solid materiglhas an almost instantaneous layer (near the metal substrate

response—the emission appears and disappears at the timneessls‘l_etol;saa;s;gesblft;;a(r;ﬂﬁcokfnpomuiss ri?f‘;deig?‘lagfgh'(:k'
when the primary electron beam is switched on and off. y

2 . L a penetrating beam of primary electrons. We shall consider
When the field in a layer of porous dielectric increases _— . . . :
longitudinal section of this layer of unit cross section

above a certain critical value, the secondary emission curre 1 ! . . ;
incr harply and th Hicient of ndary electr ig. 1. The currentiy flowing through this cross section
creases sharply a € coetlicient of secondary €lectiofoq not depend on the coordinatécurrent conservation

emission may reach hundreds or thousands. An explanatiqgw) Thus, it satisfiesdU(x)/dR(x)=i,=const, and we
of this effect was given in Refs. 5 and 6 as follows. In fairly | o - R(x),zp(x)dx wherep(x) = 1/ 0 )

| fields the s : I qi eun(x) is the resistiv-
s.trong € ectron 1€ _S_t e slow € ect.ron_ energy co ect.e InTty of the material caused by the excitation of free secondary
side the pore is sufficient for impact ionization of the dielec-

A g oLt h ““"electrons in the layer, and andn(x) are the mobility and
tric material and an avalanche-like increase in the density annsity of the secondary electrons.

the slow electrons in the porous layer parallel to the electric Thus, we find

field. A characteristic feature of this type of emission is its

slow response: after the primary electron beam has been du i, 1

switched off, the emission decreases very slowly and in —=——, 1)
some cases does not cease for many hours, i.e., it is dx  eu n(x)

self-sustaining:® _ .

At present, no satisfactory model is available to explain!t IS known from the theory of secondary emission detectors
this self-sustaining emission. In particular, the mechanisnjl@t in an avalanche formation process, the electron density
for transfer of electrons from the metal substrate to the bull the avalanche increases exponentiafly:
of the dielectric after its irradiation by primary electrons has
not been fully clarified(in the presence of irradiation n()=n exy{iln K ) @
electron—hole transitions occur at the metal—dielectric inter- 0 L o
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INKo=A(Ug—U,), (4)

whereA is a known constant. However, expressi¢®sand

(3) are valid for a linear potential distribution in the layer
when the potential i&J (x)=Ugx/L. Since the conductivity
varies along the layer in the avalanche formation process,
U(x) is redistributed nonlinearly. In this case, for Eg) to

be valid InK, should be replaced by K\=AUi—U)),
where Uj=(dU/dx)L (Ref. 9. Taking this into account,

-

£

|

Eqg. (3) now has the form
3
4 dn AfdU LU 5
— dx Llax -~ Yk ©
Equations(1) and(5) yield the system
du ip 1
dx eun
(6)
dn A du LU
dx  Lidx K"
with the boundary conditiondJ(0)=0, U(L)=U,, and
n(0)=n,. The solutions of Eq(6) with allowance for these
boundary conditions are as follows:
1 expAUx/L)—a
n ] U(X):Kln q 1E ) 1
FIG. 1. Cross section of porous dielectric on metal substrhktemetal, a
2—porous layer3—primary electrons, and—secondary electrons. - Li o l—aexp —AUkX/L) ,
n(x)—eMUk 1-a : (7)
where we have writtemy=n(0), K, is the coefficient of du U 1
electron multiplication in the avalanche formation process E(x)=—= K ,
when a potential difference ,>U, is applied to the porous dx L 1-aexp—AUx/L)
layer, andU is the critical potential difference at which the wherea= (exp(AU,) —exp@AUy))/(expAUg)—1).
avalanche formation process begins. From jwe obtain It is easy to see from Eq7) that forUy=U,, a=0,
dn InK, and U(X)=Uyx/L, we obtain E(x)=Uqy/L=E,, n(x)
x- L n(x), 3 =ig/eunEgy, which corresponds to the condition for cessation
X of avalanche formation. FoU,>U, at the metal-porous
andK, can be approximated as layer interface x=0) we have
E(x) 4

FIG. 2. Electric field distribution in porous layer befota and
after initiation of primary electron beai).

<
N e -
»
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U 1 intensity and cessation of self-sustaining emission is the dis-
E(0)=—1" 1a (8  sociation of dielectric molecules caused by electron impact
_ . which leads to degradation of the emission characteristics of
At the exit surface of the porous layex€L) we find: the material.

U, 1—exp(—AUy) In conclusion, the author is deeply grateful to B. A.

E(L)=— ———F+—77—, Mamyrin for discussions of the material and valuable com-
(L= T T-exg=AUY mené
L) 1—aexp—AUy)
n(Ly=ng—————.
0 l-a 1J. Edgecumbe and E. L. Garvin, J. Appl. Ph§g, 3321(19686.

2 ? .
AIIowing for Eq. (4) in Eq. (8), we find E(O) geghfgfglzzs?fgggn‘] P. Bouvet al,, Nucl. Instrum. Methods Phys.
=(U/Ug)KgEq. For the typical valuesk,~200, U, /U, 3M. P. Lorikyan, Usp. Fiz. Nauk 65 1323(1995.

~0.5 observed experimentally we obtainE(O) “N. L. Yasnopol'ski and A. E Shabel'nikova, Fiz. Tverd. TeldLenin-
— _ ; : ; grad 10, 103(1968. [Sov. Phys. Solid Stat0, 75 (1968].
100(Uo/L)=100E,. Thus, if the potential difference at . L. Yasnopol'ski, A. E. Shabel'nikova, A. P. Balashov, and N. S.

the porous layer exceeds t.he critical vaIL!e, the electric field | g;hkina, inResearch in Radio Engineering and ElectroniBsrt 2[in
at the metal—porous layer interface may increase by two or- Russiad, Moscow(1975, p. 67.

ders of magnitude after switching on the primary eIectronB'F-{ M-_Béoasmsn iﬂnd B-V\(S_{ggéﬁnjgé%condary Electron Emissidin
. S . - - M - ussiany, Nauka, Mosco , pp.
beam(Fig. 2). This field is quite sufficient to initiate field "C. Loty, Acta Electron14(1). 107 (1971,

emission from the substrate. After the primary electron bean®y. r. ainbund and B. V. Poleno\Secondary Electron Emission Multi-
has been switched off, avalanche formation is initiated by the pliers and Their Applicationgin Russiad, Energoatomizdat, Moscow
field electrons and becomes self-sustaining. The duration of1983. _

this self-sustaining electron emission may be influenced by © M- Shikhaliev, Nucl. Instrum. Methods Phys. REE998 (in press.
many factors. One possible reason for the gradual decreaseranslated by R. M. Durham
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Switching time of planar ferroelectric capacitors using strontium titanate and barium
strontium titanate films

A. B. Kozyrev, O. |. Soldatenkov, and A. V. lvanov

St. Petersburg Electrotechnical University
(Submitted March 27, 1998
Pis'ma Zh. Tekh. Fiz24, 19—-25(October 12, 1998

A microstripe cavity was used to make microwave-(10 GHz) measurements of the time of
variation of the permittivity of SrTi@ and (Ba,Sr)TiQ films exposed to unipolar video-

frequency voltage pulses. It was shown that the permittivity of SgTilths varies over times

less than 30 ns. For (Ba,Sr) Tj@ilms two characteristic times of variation of the

permittivity were identified: a fast variation over times less than 30 ns and a slower variation, on
the order of 2Qus. © 1998 American Institute of Physids§1063-785(18)00410-§

The ferroelectric materials SrTigOand (Ba,Sr)TiQ The time of variation of the permittivity of the ferroelec-
which possess high dielectric nonlinearity are attracting contric capacitor as a result of interaction of a pulsed control
siderable interest among developers of microwave devices. ltoltage was measured by determining the rate of frequency
was shown that when bulk single-crystal and polycrystallingtuning of the amplitude-frequency characteristic of a micros-
ferroelectrics are used as nonlinear elements of parametrftipe cavity incorporating the capacitor being studied. The
amplifiers and harmonic oscillators, the permittivity of thesetime variation of a weakcompared with the control voltage
materials varies under the action of a microwave sinusoidapulse microwave signal passing through the cavity with the
signal over a time less than 18's (Refs 1 and 2 Such a ferroelectric capacitor connected can be used to determine
short relaxation time is attractive from the point of view of the response time of the ferroelectric film to the pulsed ac-
developing microwave control and switching deviggio-  tion.
toconverters, channel switches, tunable filters, and 90 on ~ The topology of the microstripe measurement circuit,
which require high speed for controlling video-frequencyincluding the cavity with the planar capacitor is shown in
voltage pulses. _F|g. la. '!'he plqnar_ferroelectrlc capacitor is mserted_m agap

In modern microelectronics, ferroelectric films are re-" the microstripe line of the cavity near its short-circuited

quired to fabricate these devices and their properties ma§nd- At the other end of the cavity no-load conditions are
differ substantially from those of the bulk material. In par- éstablished. The cavity is connected to the microwave circuit

ticular, highly oriented strontium titanate (SrOfilms via capacitive gaps which provide the required coupling be-

demonstrate a nonmonotonic temperature dependence of t een the cavity and the microwave circuits and also protect

permitity »(T) and increased micowave osses (n 7 MOV ST fom e oo o e cont vlage
which differ from the microwave properties of the single ge p PP

crystals®~® Thus, the response time of the permittivity of the pacitor via low-pass filters with a cutoff frequeney2 GHz.

: . . .~ The low-pass filters are connected to the cavity microstripe
films on exposure to a microwave signal and under the action . . - :

. . . ~“near points of zero microwave electric field which can re-
of video-frequency voltage pulses requires further investiga-

i ¥ d ibe th thod and " its of duce the influence of the control circuits on the amplitude-
lon. Here we describe the Meod and report resutts o aﬂ’equency characteristic of the cavity.
experimental investigation of the time of variation of the

e : o The change in the capacitance of the capacitor when a dc
pgrm!tt|V|ty of SrT'O% and (I.3a,Sr)T|.Q films under the ap- control voltage C(Y) is applied changes the resonant fre-
plication of controlling unipolar video-frequency voltage

qguencyf, of the cavity(Fig. 1b is given by

pulses.
Preferentially(100)-oriented SrTiQ films of thickness 2m
h=0.7 um were prepared by magnetron sputtering osO| 2mZyfg C(Ub):tar<T\/8eff fole], (1)

substrates. Polycrystalline films of (Ba, Sr)Ei060% Ba,

40% Sy, of thicknessh=4 um were fabricated by ceramic whereZ, ande are the wave impedance and the effective
technology on MgO substrates. These films were describegermittivity of the cavity microstripe lind o is the effective

in more detail in Refs. 3 and 5. The samples for the investicavity length, andc=3x10® m/s is the velocity of light.
gations were planar ferroelectric capacitors fabricated usingvhen the control voltage pulse is applied to the capacitor,
these films(Fig. 13. The controllability of the capacitors the amplitude-frequency characteristic of the cavity under-
(K=Cuy=0v/C(umax) Using SrTiQ (gap widthg=10um, goes a frequency shift which leads to a change in the trans-
gap lengthl=0.5mm) and (Ba, Sr)Ti©films (g=30um, mission coefficientS,; at a fixed microwave signal fre-

I =1 mm) reache& =2 when the dc electric field strength in quency(Fig. 1b). A comparison between the applied voltage
the gap is increased to around 1Quf. video-frequency pulse and the detected microwave response

1063-7850/98/24(10)/3/$15.00 755 © 1998 American Institute of Physics
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100 ns 3¢V

b 100 ns
6mV
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FIG. 2. Oscilloscope traces showing switching time of Sgli®) and
(Ba,Sr)TiG; (c) capacitors under the action of a 128 control pulsga).

The scale of the pulse length of the microwave response for the $ar®
(Ba,Sr) TiG; elements is different to reveal the “slow~(20 us) relaxation
mechanism.

PRI U T S B B |||l.n il B R
88 89 90 91f 92 93 fGHz

FIG. 1. a — Simplified layout of microstripe microwave system to measuregf the control pulse;- 30 ns, which indicates that the permit-
switching time pf planar f_erro_electric capacitods— microstripe cav_ity, tivity response time of an SrTi@capacitor iStrS3O ns. By
5 — low-pass filters§ — circuit to supply control puls€/ — connection . .
point for planar capacitol8 — planar ferroelectric capacitdf. — copper way of example, Fig. 2a shows oscilloscope traces of the
electrodes? — SrTiO, or (Ba,Sr) TiQ film, 3— Al,O; or MgO substrate ~ control voltage pulse(pulse length 10@s, rise timet;
b — Change in the amplitude—frequency characteristic of the cavity when a=30 ns, and amplitud&,,=30V) and the detected micro-
_dc control voI_tage is app_ligd to th(_e ferroc_alectric capacim@m— change wave signal pulseéFig. 2b after passing through the cavity
in the transmission coefficient at fixed microwave signal frequerfigy: ( . . .

with an SrTiQ, capacitor.

For the cavity with a (Ba,Sr) TiQcapacitor the envelope

of the microwave signalFig. 29 indicates that there are two

different mechanisms responsible for the change in the per-
pulse observed on the screen of an oscilloscope can reveutittivity of the (Ba,Sr)TiQ film under the action of the
the cavity tuning time when the ferroelectric capacitor iscontrol voltage pulse: a fast variation in the permittivity over
connected. a time less than the rise time of the control pulse3Q ns)

The time of the transition processes in the resonant cirand a slower variation with a response time of the order of
cuit and the circuit distortion of the control voltage pulses20us. The slow variation in the amplitude of the detected
when these are applied to the capacitor is less than 1 nsicrowave signal was less than 5-10% of the total ampli-
which means that we can reliably determine the relaxatiortude of this pulse.
times t, of the ferroelectric element provided that We note that for the SrTiQcapacitors the change in the
=10ns. For the experiments we used a voltage pulse gerransmission coefficierk S,; of the microwave signal under
erator which delivered rectangular unipolar video-frequencythe action of video pulses of amplitudé,, for timest=t;
pulses of up to 60V with lengths between @& and 10ms, =30 ns agreed with the value AfS,; observed when a fixed
and a rise time of 30 ns. Thus, the determination of the rebiasU,=U,, was applied to the capacitor. A similar effect
sponse time of the ferroelectric film to the voltage pulse wasvas observed for (Ba,Sr) TiQelements fott=20us. Thus,
limited only by the speed of the generator, i.e., by thefor times exceeding those specified, the same change in the
~30ns rise time of the control pulse. capacitance was observed for both types of control actions.

For all the SrTiQ capacitors studied over the entire This indicates that there are no other slower relaxation
range of amplitude and length of the control video-frequencymechanisms and means that Ed) and the capacitance—
pulses, the envelope of the microwave signal was identical twoltage characteristics obtained for a fixed b@J,) can
the profile of the control pulse. The rise and decay times obe used to determine the shift of the resonant frequétey
the detected microwave pulse were the same as the rise tincentrollability of the devicesunder pulsed action.
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Studies carried ourt using the present method enabled u&rerroelectrics in Microwave Technologedited by O. G. VendiKin
to conclude that the total change in the permittivity of ZRUSSiaﬁ, Sovetskoe Radio, Mosco@@979, 272 pp.
SITiO; films exposed to pulsed action takes place over times 1""69'?'832‘;”'00' D. A. Johnson, and R. H. Pantell, J. Appl. PI8G.
=30 ns ,For(Ba’SDTIO3 capacnors a slower F:han_ge in the 3A. B. Kozyrev, T. B. Samoilova, O. I. Soldatenke al., in Proceedings
permittivity was also observed with a relaxation time of the of the 27th European Microwave Conference (EMC9e@yusalem, Israel,
order of 20us which, however, is no more than 10% of the vol. 2, p. 1020(1997.
total change ire. The response time of planar Srgi@nd  *D. Galt, J. Proce, J. Beall, and T. Harvey, IEEE Trans. Appl. Supercond.
(Ba,S)TiO3 capacitors and the change in their capacitance > 2575(1995. . _
under the action of control voltage pulses are quite accept- géfélgggyre"' V. N. Keis, G. A. Koepet al, Microelectron. Eng2s,
able for these to be used as fast elements of tunable micro- '

wave devices. Translated by R. M. Durham
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Modified method of plasma-enhanced chemical vapor deposition
of nanocrystalline silicon

V. G. Golubev, A. V. Medvedev, A. B. Pevtsov, and N. A. Feoktistov

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted April 21, 1998
Pis'ma Zh. Tekh. Fiz24, 26—-30(October 12, 1998

A modified plasma-enhanced chemical vapor deposition technology is developed for
nanocrystalline Si which combines the standard rf glow discharge method and the hollow-
cathode discharge method in a single process cycle. The volume fraction of nanocrystallites varied
monotonically along the layer, whereas their size remained constant. The electrical and

optical characteristics of these films were investigated.1998 American Institute of Physics.
[S1063-785(08)00510-2

Thin silicon films with a mixed amorphous crystalline charge was struck when the rf voltage exceeded a threshold,
phase composition and crystallite sizes in the range 20-+naintaining a homogeneous rf discharge over the entire elec-
100 A have recently attracted close attention in connectiortrode area. In this way a hollow cathode discharigevhich
with studies of their properties associated with quantumihe silane underwent more vigorous dissociation and a nor-
level effect$ and potential practical applications. The syn- mal rf discharge were combined in the diode system.
thesized materials comprise a system of crystalline silicon The cylindrical heated electrode on which the circular
guantum dots whose volume fraction may exceed 50%substrate was located was grounded with respect to the rf
while the nanocrystal-amorphous matrix interface is a hetcomponent and a fixed negative bias of 0—300V could be
erojunction with tunneling through the insulafoErom the  applied to it. The process parameters were as follows: silane
point of view of technical applications, it should be noted concentration in hydrogen 2—6%, working mixture pressure
that the conductivity may be increased to values exceedinf.3—1 Torr, flow rate 10—30 sccm, temperature 100—300 °C,
1S/cm by doping;* thus improving the current—voltage specific rf power 0.3—3 W/cf and frequency 17 MHz.
characteristics op—i —n structures using these layers. These A particular combination of process parameters and a
materials may also be used as wide-gap windows in photdairly large-diameter substrat@around 75 mm could pro-
converters, and photo- and electroluminescence has beeduce a radially dependent volume fraction of crystallites in
observed in the visible range at room temperafure. the deposited film in a single deposition process. The volume

It is undoubtedly of interest to determine how the elec-fraction of crystallites increased from 0 to 25% with increas-
trical and optical characteristics of nanocrystalline siliconing distance from the substrate. The size of the crystallites
(nc-Si) are related to the sizes and volume fraction of nanocvaried by no less than 5%. This method of fabricatimgSi
rystallites and also to the properties of the heterojunctiongllowed us to reliably determine the dependence of the elec-
between the nanocrystallites and the amorphous matrix. Sudhical and optical properties of the films on the volume frac-
investigations are usually carried out using-Si prepared tion of crystallites of the same size contained in them.
using different technologies or in a series of similar techno-  Nanocrystalline Si was deposited on circular substrates
logical processes. In these cases, both the sizes and voluroéfused quartz and crystalline silicon. Laser interferometry
fraction of nanocrystallites usually vary. Thus, by fabricatingwith angular incidence of the beam on the substrate was used
layers with a fixed size and varying volume fraction of crys-for in situ monitoring of the growth rate and optical param-
tallites in a single deposition process, it would be possible t@ters. The growth rate of the films was 0.3—-1.0A/s for a
draw more reliable conclusions as to how these parameteteomogeneous discharge. When the films were deposited with
influence the electrical, optical, and radiative properties ofa homogeneous discharge and a hollow-cathode discharge
nc-Si. To solve this problem we proposed a modified versiorburning simultaneously, the growth rate increased to 2 A/s.
of plasma-enhanced chemical vapor depositipE CVD) The volume fraction and the size of the nanocrystallites
which can produce films containing crystallites of a givenwere determined by a numerical analysis of the Raman scat-
size whose volume fraction varies monotonically along thetering spectra allowing for the spatial confinement of the
layer in an amorphous matrix. phonons® Measurements were also made of the conductiv-

Hydrogenatednc-Si was prepared by PE CVD under ity and optical transmission of the layers. The hydrogen con-
conditions of strongly hydrogen-diluted silane. The methodtent, determined by analyzing the infrared transmission spec-
differed from the standard techniduky incorporating two  tra, was 17—37% depending on the deposition conditions.
types of rf discharge in a single technological process. This A comb of 3x1 mm metal electrodes, each around 1 mm
was achieved by making a hole at the center of the rf elecapart, was deposited along the diameter of the substrate to
trode (Fig. 1) near which a self-sustained high-intensity dis- measure the electrical conductivitgee Fig. 1L Measure-
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Tech. Phys. Lett. 24 (10), October 1998 Golubev et al. 759

10.2 :“ [] -
]
[ ]
a
5 E
o 107
2
S
't—-): .
>
©
€
<]
(&4
10°}
[ ]
-
a
t " -
FIG. 1. Schematic of modified plasma-enhanced chemical vapor deposition )
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of nanocrystalline silicon filmst—rf electrode with hol— homogeneous 0.00 0.05 0.10 0.15 0.20 0.25

discharge burning zone3—high-intensity discharge burning zond— Nanocrystalline volume fracti
substrate5—heated electrode, grounded with respect to rf compoitent, & © action

heater,7—comb of metal electrodes. The position of the substrate on the ;g 5 conductivity of nanocrystalline films versus volume fraction of
heated electrode is shown in the lower diagram. nanocrystallites for sample containing40 A crystallites.

ments of the optical transmission and the Raman spectig, Fundamental Resear¢Rroject No. 98-02-1735@and by

were made between neighboring electrodes. Figure 2 givge INCO-COPERNICUS PrografiGrant No. PL97-8104
the conductivity as a function of the volume fraction of sili-

con nanocrystallites of (402) A in the radial direction

along the layer. An abrupt increase in conductivity was ob-1 _ . -

served when the volume fraction of crystallites exceeded gé;g‘z‘f‘gg"o“- Ogawa, Y. Yamazaki, and T. Nakagiri, Appl. Phys. Lt.
=16%. _Th|s result may be interpreted as the forr_natlor_1_of 823y, Hui, R. F. O'Connell, Y. L. He, and M. B. Yu, J. Appl. Phyzs,
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nanocrystallites implanted into the insulating amorphous®S. S. He, M. J. Williams, D. J. Stephens, and G. Lucovsky, J. Non-Cryst.
matrix L0 Solids 164-166, 731 (1993.

. . . 4Y. He, C. Yin, G. Cheng, L. Wang, X. Liu, and G. Y. Hu, J. Appl. Phys.
The optical band gapHj) was determined by analyzing 75 7971994, 9 9 PRIy

the absorption spectra of the films using the Tauc formula®r. E. Hollingworth, P. K. Bhat, and A. Madan, J. Non-Cryst. Sobds
a~(E—Eg)?. It was observed thd, increased from 1.8 eV 98, 309(1987.
at the center of the substrate to 2.0 eV at the edge where thei(l'gg';' S. Tong, L. Wang, G. Chen, and X. Bao, J. Appl. P8, 6193
volume fraction of nanocrystallites exceeded .2.0%. 7S Tong, X. Liu, L. Wang, F. Yan, and X. Bao, Appl. Phys. L&8, 596
To sum up, we have developed a modified PE CVD (1996.

process which can be used to deposit, in a single cycle, a fiIrr%I(-)::‘(nggk'v H. Kurata, M. Hirose, and Y. Osaka, Appl. Phys. 13t.
c_ontaln_lng_ a volume fraction of _Slllcon_ nanogryStalllteS OT 9C. M. Horwitz, S. Boronkay, M. Gross, and K. Davies, J. Vac. Sci. Tech-
fixed size in an amorphous matrix, which varies monotoni- no|. A 6, 1837(1988.
cally along the layer. The electrical and optical characteris?’v. G. Golubev, V. Yu. Davydov, A. V. Medvedev, A. B. Pevtsov, and
tics of the nanocrystalline silicon were investigated as a N- A Feoktistov, Fiz. Tverd. TeldSt. Petersbung39, 1348(1997 [Phys.

) . . Solid State39, 1197(1997].
function of the volume fraction of crystallites. ond >ta (1997)

This work was partially supported by the Russian FundTranslated by R. M. Durham



TECHNICAL PHYSICS LETTERS VOLUME 24, NUMBER 10 OCTOBER 1998

Decay dynamics of superheated states of liquid metals
A. P. Kubyshkin, F. Kh. Mirzoev, and V. Ya. Panchenko

Industrial Laser Research Center, Russian Academy of Sciences, Shatura
(Submitted June 2, 1997
Pis’'ma Zh. Tekh. Fiz24, 31-35(October 12, 1998

An analysis is made of a kinetic model for the decay of the superheated state of liquid metals
formed under the action of a hanosecond laser pulse. It is shown that the temperature

varies exponentially with time and the characteristic relaxation time is determined.

© 1998 American Institute of PhysidsS1063-785(108)00610-7

Studies of the physical properties of materials in metayf ¢ J(6(t))
stable states are of particular importance in the problem of; + Z-(VH)=0, f(r,00=0, f(ro,1)= W(r:rO)'
phase transitions. Metastable states may be formed as a result )

of first-order phase transitions such as evaporation, conden- _ i i
sation, crystallization, and so dnin the metastable state, WhereV(r)=dr/dtis the growth rate of the centers anglis

various thermodynamic characteristics such as the compres$1® minimum radius. Since the time taken to establish a
iility, specific heat, and coefficient of thermal expangion steady-state distribution of near-critical nuclei is far shorter

undergo changes which may be of interest for the developi’@n the characteristic timé(t), the functionJ(t) is quasi-
teady, i.e., it is determined by the instantaneous super-

ment of new materials. Existing sources of high-power lasep €as
radiation delivering pulses with variable time parameterd'€atingJ(t)=J(6(1)). . _
(down to femtosecond scajesan now act on metals, con- The growth rate is/=u6(t)/r" (Ref. 4, whereniis the
verting them to strongly overheatémhetastablpstate$ pre- grovvthlgdex of the nuc_:lel angzl_c is the k_|ne_t|c_ coefficient
viously unattainable by conventional methdd&arabutov ~ (#=10 cn/s) (n=0 if nuclei growth is limited by the
et al3 showed that mercury may be superheated by nanosekinetics of interphase transitions;=2 when layer-by-layer
ond laser pulses on a mechanically loaded surface. The mgrowth predominatgs

terial is converted to the metastable state as a result of the 1€ nucleation rate is given by

appreciable dynamic dependence of the temperature and J=N;Bexp —U./kT), 3)
pressure variation during and after the laser pulse. It was . . :
shown experimentally that during decay of the superhea’[elﬁ’hereNl is the number of particles per unit volume of the

_ 2 . . . _
state of mercury, the temperature varies exponentially Witf?etftaple prf";“&? 4;77 rﬁlls IS _Ehe Ihe|3_ht of.thteh activa
time and the characteristic relaxation timeris=70 ns. lon barvier,r;=2yQ/Q0 is the critical radiusyy is the sur-

. _ T = - 2 .
The most probable mechanism for the decay of thes alce Lt?nsmn, an(B._%d 'yIfTe.Xp( W/k-D/Z;Tth (h flls
states in a liquid metal is the fluctuational formation and anck’s constani is the activation energy of viscous flow,

growth of competing phase nuclei in the layer of superheateandd is the interatomic distangé

metal. Here we consider a kinetic model of the decay of From Egs.(1)~(3) we have

superheated metal states which can be used to study the time J(8)=J,exd —G(6)]. (4)

dependence of the temperature of superheated liquids ar?—ﬁjere we have

also the main characteristics of the phase transifiarcle-

ation rate, density of nuclgi Jo=N,d(Q6)%(1+ O)kT,

The nucleation ratéJ) depends on the degree of super- a2

heatingd= (T —T)/ T, which varies with time as a result of X exf —W/kTo(1+6)]/8my~2h

absorption of the latent heat of the phase transit@y &c- and

companying the formation of new-phase nuclei. The heat

balance equation in this case may be written in the form G(6)=16my°Q%/3Q K To6*(6+1).
We introduce the new variable§=ﬂor”dr and z(t)

t 470 =,uf})0(t’)dt’. Equation(2) can then be written in the form
n *
’ r_ 3
fOS(t )dt 3T )y " f(r,tydr, (D) a9 oy

0 — 4+ ==
iz 9

0 1
~ pcTo

®)

_ o . i whereg(r)=1f(r)/r". The solution(5) clearly only depends
wherep is the densityg is the specific heaf) is the volume 5 gne variable. i.e.

of a single particle, and(r,t) is the distribution of stable
centers as a function of the radiust timet. (r =g =g(z(— (), gx)— J(6(x))
The functionf(r,t) satisfies the equations gir.t=g g 9 no(x)

(6)
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Here we have writterd(x)= 0(t(x)). We shall now determine the functiazft). Taking into
As in Ref. 5, we expand the function in the argument ofaccount the definition of(z), we have the following equa-

the exponential functiofd) as a Taylor series near the initial tion for z(t):

superheatingdy: G=Go+G’'(6p)(6—6g)+ ... . Neglect-

ing the dependence df on § compared with the very strong dz p

exponential dependence dfon § and assuming that in the = u[a—zm(z/zo)]. (12)

nucleation regiorG’ (6,)(6— 6,)<1, we have from Eq(4) dt  a

g(X)~goexd — ae(x)], . _
For short times we than hawat) ~ u 6,t. For larget, using

do="Jo( o) (1 60) "' exr —G(6)], (M) the expansiorZ(z)~Zmn(zo) + Z1(20) (z— 2,), wherez, is
wheree =1— 6/ 6, is the relative change in the superheatingthe solution of Z;(zo)=a, we obtain z(t)=z,[1—exp
anda=— 6,G’(6;). X(—t/7)]. Thus, confining ourselves for simplicity to the

Let us assume that the superheating is created instantfitst iteration forz}), we obtain for the superheating tem-
neouslyS(t) =S,8(t), Sy=pcTob, (6, is the initial super-  perature 6(t) = 6, exp(~t/z;). The nucleation rate isl(t)

heating, and Eq.(1) gives =Joexp(~t/ny)™"!, where 7r=r7y(aV**™/m), 7y=[(m
+1)/aB]MAT™] 1,6, is the characteristic relaxation time of
o(t) = 00( 1— 47Q xr3f(r,t)dr). (8) the superheated state, ang is the duration of nucleation.
3pCTobo2 Jo Thus, we have shown that the temperature of the superheated

liquid metal relaxes exponentially to the equilibrium value.
For typical parameters of liquid mercuryp€ 14 glcnt,
0=2x10 ?%cn?, W=10 3erg, y=0.5erg/cm,
z J=10"cm 3.s7!, N=4x10%cm?®, a~10", m=1) we
_ _ m _ 1 H ’
E(Z)_BL(Z &)mexl —ae(£)]de, obtain the characteristic relaxation time~80 ns, which is
. 5 broadly consistent with the experimental datdote that the
B=4m(n+1)"QJp/3upctplTo, m=3/(n+1). (9  characteristic nucleation time is;= 0.8 ns.
To derive Eq.(9) we assume that nuclei of dimensions This work was supported financially by the Russian
>r, make a significant contribution to the change in theFund for Fundamental Resear(@rant No. 96-02-18988a

superheating.
After substitutinge(z)=a~1Z(2/z.), wherez,=[(m
+1)/aB]¥™+ 1) we have from Eq(9)

Substituting expressiofi7) into Eqg. (8), we obtain an
equation for the superheating dynamics:

Zn(2)=(m+ 1)JOZ(Z—§)meXF[—Zm(§)]d§- (10

1v. G. Boiko, Kh. I. Mogel’, V. M. Sysoev, and A. V. Chaly Usp. Fiz.
Nauk 161(2), 77 (1990 [Sov. Phys. Usp34, 141(1990].
By iterating aboutz?n= 0 as a zeroth approximation, we find 2. v. Bunkin and A. M. Tribel'ski, Usp. Fiz. Nauki30, 193(1980 [Sov.
, 3Phys. Usp23, 105(1980].
1) _m+ 2) + A. A. Karabutov, A. P. Kubyshkin, V. Ya. Panchenko, and P. B.

ZEH)_ Z", Z£T1)_ (m+1) fo (z=&)Mexp(—&" l)df Podymova, Kvant. ElektroriMoscow) 22, 820 (1995.

(11) 4V. P. Skripov, Metastable Liquids Wiley, New York (1974; Russian

orig., Nauka, Moscow1972, 312 pp.

rapidly toward a single solution of EL0) and thus we can  ©rePfint No. 017-8¢in Russiar, MIFI, Moscow (1986.
confine ourselves to the first two iterations. Translated by R. M. Durham
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Metal—insulator cathode in an rf electron gun

N. I. Aizatskii, E. Z. Biller, V. A. Kushnir, V. V. Mitrochenko, I. V. Khodak,
and V. F. Zhiglo

“Kharkov Physicotechnical Institute” National Science Center
(Submitted May 6, 1998
Pis'ma Zh. Tekh. Fiz24, 36—39(October 12, 1998

The possibility of using metal—insulator cathodes in rf guns of 10 cm linear resonant electron
accelerators has been studied experimentally for the first time. Results of calculations

and the development of a prototype cathode are described. Results of an experimental investigation
of the operating regimes of an rf gun are presented. The gun delivered a beam having a

particle energy greater than 300 keV, a pulse length of 40-50 ns, and a pulsed current of 3.5-4.5 A.
© 1998 American Institute of Physidss1063-785(08)00710-1

In rf electron guns, the cathode is located in a cavitythe metal cylindef . and the current at the exit from the gun
resonator and electrons are emitted under the action of an f (Fig. 1), which was determined using an inductive current
electric field! These devices have been widely used in lineameter 3. An inductive probe and a microwave detec®r
resonant electron accelerators with high beam brightnessvere used to observe the sigrialproportional to the field
Conventionally used thermionic and photoemissive cathodestrength. The amplitude of the field in the cavity was regu-
can produce beams having durations between®l@nd lated by varying the microwave powe?, supplied to the
10 *?s. The production of nanosecond and picosecond elegavity between 0.1 and 1.5 MW. The electric field strength
tron beams from rf guns with a photoemissive cathode rewas determined using the expression
quires elaborate laser systems with laser radiation of suitable _ YTV
duration®® Thus, it is undoubtedly of interest to study the Eo(V/m)=342yP{(W)Qo  (Ref.8),
possibility of using alternative types of cathodes in rf guns toand the microwave pulse length wagu2.
produce high-intensity beams with pulse lengths between The results of experiments carried out using two cath-
10" ° and 10 8s. One possible type of cathode to solve thisodes may be summarized as follows. As microwave power
problem is a metal—insulator cathotié. The present paper builds up in the cavity of the gun, the positive pulsed signal
reports an investigation of this type of cathode in fairly high- | increases. Its amplitude depends exponentially on the field
intensity microwave fields. strength, which indicates that in the predischarge stage, field

The cathodel (Fig. 1) is a system of insulating and emission from the tapered metal cylinder occurs. When the
metal cylinders. Teflon was used as the insuld@tand the field in the cavity reaches 25-30 MV/m, the amplitude of the
metal part of the cathod®was formed by a copper cylinder currentl. increases abruptly, approximately by a factor of
of 4 mm outer diameter, having a conical tip with a thickness20, reaching 18 A. At the exit from the gun the current am-
of ~20um at the end. For the experiments we used thedlitude and pulse length are 6—8A and 30-50ns, respec-
resonant rf electron gun system of the LIK linear researctively.
acceleratof, which consists of two Ty, cavities coupled After some time had elapsed~@x 10" pulses, the
via a central aperture. The working frequency of the gun iscathode operating regime changed to a qualitatively different
2797.15MHz. A complete description of the gun is given inphase. At the same field strength in the rf gun, the sigpal
Ref. 8. only remained positive until the onset of the discharge ,and

The initial preparation stage for the experiments in-
volved using the SUPERFISH programo make a series of
calculations to determine the influence of the metal—insulator
cathode on the quality factdD, the natural frequency,,
and the longitudinal electric field distribution in the resonant
system of the electron gun. It was shown that for
=0.5-1.5mm and insulating cylinder diameters of 3 and
4mm, the incorporation of an insulator with ®@n
=10"%-10? ande=1-12 has no significant influence on
the Q factor AQ/Q=10"2) and the natural frequency
(Afy/fo=10"°) of the gun cavity. The length of the dis-
charge gap was taken as 1 mm which corresponds to a field
of =6.0 MV/m in the cathode plane with a maximum field of
30 MW/m on the cavity axis.

During the experiments we measured the current fronFiG. 1.
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W

end of the microwave pulse. This indicates that the cavity is
detuned for Zus, which is substantially longer than the dis-
charge time of~50ns. The gun clearly operates in a stored
energy mode, since the length of the current pulseris
\ <Q/=wf,. In this case, the length of the output current pulse
is determined by the discharge rise rate and by the energy
stored in the cavity.
i To conclude, we have demonstrated experimentally that
/ a metal—insulator cathode may be used in an rf electron gun
to obtain a high-intensity nanosecond beam. At the same
0 3 9 B W DB 1 5 AW time, it should also be noted that the mechanism for emission
of electrons from a metal—insulator cathode in fairly high-
intensity rf fields has by no means been fully explained. This
FIG. 2. topic requires comprehensive study and will form the subject
of further research.
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the amplitude of this prebreakdown current was less than

1A. After the discharge had been initiated, this signal be-1c 1ayier, RE-Guns: ReviewSERA/90-219/RFG, RFG Note 07, LAL
came negative until the end of the rf pulse. The pulsed cur- (1990.

rent at the exit from the gu(Fig_ 2) had an amp|itude of 2C. Travier, inProceedings of the Fourth European Particle Accelerator

_ _ i ConferenceVol. 1 (World Scientific, Singapore, 1994pp. 317-321.

3.5 .4'5A a.nd .a length of 4060 ns. Under these COI’]dmon%N. I. Aizatski, E. Z. Biller, V. N. Boriskinet al, Fiz. Plazmy20, 671

the field emission current fro_m the tapered metal part of the (1994 [plasma Phys. Rej20, 603 (1994)].

cathode is clearly not the main source of electrons. The elec#s. p. Bugaev, A. M. Iskol'dski and G. A. Mesyats, Zh. Tekh. Fi37,

tron energy(more than 300 keyat the exit of the rf gun was ~ 1855(1967 [Sov. Phys. Tech. Phyd2, 1358(1967].

estimated by analyzing the degree of particle capture during g‘ég\ié“"ﬁz&f\;ﬁ‘;j r’J\lﬁ ';‘é'ffczg'g Cathodegin Russiar, Sovetskoe

the acceleration process in the main part of the acceleratofs a vysotski, Yu. F. Pavlychev, and V. I. Pershin, Proceedings of

(see Ref. R In this regime, the gun operated for more than the 12th All-Union Conference on Charged Particle Acceleratbfsl. 2

5h at a pulse repetition frequency of 12.5Hz without any73” ;*U;S'laﬂ (1993’ F(’;P-811]j15- 45 A Chemeshehikon. VANT S
) . [ . 9. balagura, b. . sailronov, an A ernesncnikov, er.

visible changes in the ogtput current cha_racterlsucs. Yad.-Fiz. Issled. No. (25), 48 (1992 '

m both cases described the. fll_JFtuat|0nS of the currenky | Avzatski, E. Z. Biller, A. N. Dovbnyaet al, Prib. Tekh. E&sp.
amplitude and the temporal variability were less than 15% No. 1, 34(1997). . . _
and =5 ns, respectively. During the discharge almost all thng. H. Billen and L. M. Young, inProceedings of the 1993 Particle
stored microwave power was utilized and the amplitude of Accelerator Conference/ol. 2 (1993, pp. 790-792.

the field dropped to zero and remained at this level until thefranslated by R. M. Durham
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Chain mechanism for initiation of hydrocarbon oxidation reactions
in a low-temperature plasma

Yu. N. Novoselov, V. V. Ryzhov, and A. |. Suslov
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Institute of High-Current Electronics, Siberian Branch of the Russian Academy of Sciences, Tomsk
(Submitted March 23, 1998

Pis’'ma Zh. Tekh. Fiz24, 40—43(October 12, 1998

A self-consistent model is used for a numerical study of the kinetics of plasma-chemical
reactions initiated in a low-temperature gas-discharge plasma in an atmospheric-presgdye CH
mixture. An analysis is made of a chain mechanism for the formation of radicals in ion-
molecular processes involving water and oxygen molecules, which can appreciably reduce the
energy consumption needed to form the oxidation products. It is shown that under the
conditions of a non-self-sustained, electron-beam-initiated, atmospheric-pressure discharge the
energy consumption needed to produce methanol molecules may, at a few eV, be between

four and fives times lower than that in a self-sustained dischargel9€8 American Institute of
Physics[S1063-785(108)00810-§

The initiation of hydrocarbon oxidation reactions in a e 2O - O HO, + ¢
low-temperature plasma to process natural gas or purify air 1 ! (1)
from organic molecular contaminants is a promising line of ——— E/N —

research in plasma physics. The oxidizing conversion of
natural gas can produce various valuable oxygen-containin

products(methqnol, formaldehyde, fqrmlc acid, ?nd $9.0n edly participate in their formation, obtaining the necessary
However, the high energy consumpti@ens of eV" needed  gargy from the field. In the presence of this type of chain,
to form the active radicals is a major disadvantage impeding,o energy consumption needed to form the final reaction
the widespread implementation of these technologies. Thgyoducts is reduced substantially.
energy consumption can usually be reduced appreciably Tg test the program we compared the results of the nu-
when the oxidation reactions are initiated with the involve-merical simulation and an experimé&nthere the oxidation
ment of chain processés. of methane was investigated in a plasma-chemical reactor
A self-consistent numerical model has been developed twith an atmospheric-pressure barrier discharge in a/CH
analyze the kinetics of the oxidation processes in a hydrocamixture at a temperature of 100°C. The most convenient for
bon plasma. This model includes calculations of the systersuch a comparison is the range of low specific input energies
used to supply energy to the reactor active zé@lectron (approximately<<0.2 Jlen?), when a small quantity of oxi-
beam or gas dischargecalculations of the rate constants of dation productgless than 1%forms in the reactor. In this
reactions involving electrons by means of a numerical intecase, the methanol yield depends almost linearly on the input
gration of the Boltzmann equation for the electron energyenergy and the calculated dependence shows good agreement
distribution function, and solution of the rate equations forWith the experimentally measured values. Most of the experi-

gas-phase reactiofign the present study the initial gas was mental data was obtained under these conditions. The calcu-

a mixture of methané92% and oxygen. The choice of nu- lations shqwed that in terms of current densny,_these valqes

merous other more complex hydrocarbons as initial compo]iall approximately within the shaded area. In Fig. 1 the tri-

. > el . L .angle indicates the experimental energy consumption needed

nents presents no major difficulties, since the oxidation k|—tO form CH,OH in one of the regimes
netics of methane embraces a very broad spectrum of organic In order to search for the optiml.Jm conditions for the
molecules. _ _ _ chain processl), the numerical model was used to investi-

The model takes into account processes involving theyaie the yield of oxidation products at current densities in the

formation of CH;, HO,, H, O, and OH radicals as a result of microchannej = 0.3—10.0 A/crA. Figure 1 gives the energy
direct dissociation of Cl, H,O, and Q and also in reac-  consumptiore needed to form a C4#OH molecule as a func-
tions of electronically excited states of CO, O, ang\@th  tjon of j, both taking into account the chain mechani&in
hydrocarbons and other stable molecules in the mixture. Parcurve 2) and neglecting i(curve 1). The rise in consump-
ticular attention is focused on ion-molecular processes whiclion asj increases is caused by an increase in the energy
may result in the formation of these radicals. In particular,losses in electron—ion recombination events, while the drop
the reaction chain in efficiency with decreasing current density is caused by a

Sives OH radicals, H®, and an electron which can repeat-
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0 4 was 2.0<10 4 J/en?. In this case, the value af is compa-
? ! rable with the energy consumption in a barrier discharge
One consequence of the chain process is the formation

of an additional number of radicals actively participating in
ion-molecular reactionfH radicals, for exampbewhich can

3 sustain prolonged burning of a non-self-sustained discharge
at low electric field strength. The radicals are generated

g, eV

7 0
8 //”%777/////////5///// 2 (curve4).

z

2 ; mainly as a result of low-threshold processes of dissociative
% // : attachment of electrons to,® and direct dissociation of
0 G 0 . water and oxygen molecules. Under the conditions obtaining
10 in a barrier discharge, methyl radicals and hydrogen are
formed mainly by direct electron-impact decomposition of
CH, (the threshold for this process is of the order of 10.2V
FIG. 1. Yield of CHOH as a function of discharge current density: To sum up, we have shown by means of a numerical
2—barrier discharge3—electron-beam-initiated discharge, adé-non-  gimy|ation that electron-beam-initiated discharge burning re-
self-sustained discharge neglecting chain process. . . . . . . -
gimes may take place in which oxidation reactions are stimu-
lated by the chain proceg$&). This can substantially reduce
the specific energy consumptions for the oxidizing conver-
reduction of the paramet&/N in the gap(the current den- sion of hydrocarbons and the oxidation of organic impurities
sity was regulated by varying the amplitude of the appliedin air.
voltage. The calculations show that the chain process in a  The lower energy consumption is mainly attributable to
barrier-discharge plasma weakly influences the ;OH  a reduction of the paramet&/N in the plasma and the for-
yield. This can be attributed to the high electron energy conmation of radicals as a result of low-threshold dissociative
sumption needed to excite the electronic levels of the molattachment of electrons to,l @ molecules, and also by direct
ecules in comparison with the channel for dissociative atdissociation of HO and Q.
tachment of electrons to J@.
A substantial reduction in the energy consumption for | , , _
the yield of incomplete oxidation products may be achieved S P- Bugaev, V. A. Kuvshinov, N. S. Sochugewal. in Proceedings of
. . . . . the International Symposium on High-Pressure, Low-Temperature Plasma
in a non-self-sustained discharge with constai consid- Chemistry V Hakone, Milovy, Czech Republic, 1996, pp. 145-149.
erably below the breakdown value. Figure 1 gives the calcu-?B. V. Potapkin, V. D. Rusanov, and A. A. Fridman, Dokl. Akad. Nauk
lated dependenae(j) for a non-self-sustained discharge ini- 3\S/S\§R§0?h§32511§igi Suslov, ifProceedings of the 18th Symposium on
tiated by a 10ns e_leCtron beam_ me of order 10Td Pl'as.mayPhysics and ‘i’echnolég?ﬁague, Cz%ch Republic, 1{395, p. 56.
(curve 3). The duration of the entire discharge was 500 ns.4k. okazaki, T. Nozaki, Y. Uemitstet al, in Proceedings of the 12th
For this duration the energy input from the discharge was on International Symposium on Plasma Chemistrylinnesota, 1995,
the order of 5.6¢10 3 J/cn?, whereas the input energy from _PP- 581-586.
the beam was 1:010~4 J/cr?. The specific input energy of V- -+ Morgan, Plasma Chem. Plasma Procdgs.477 (1992.
a non-self-sustained discharge neglecting the chain proce3snslated by R. M. Durham
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Adhesion mechanism of friction in nanotribocontacts
G. V. Dedkov

Kabardino-Balkar State University, Nalchik
(Submitted April 8, 1998
Pis’'ma Zh. Tekh. Fiz24, 44—50(October 12, 1998

An adhesion mechanism is proposed for the frictional force between the tip of an atomic force
(friction) microscope and a surface, whereby the frictional force is determined by the

energy of breaking and formation of adhesive bonds for a discrete microslide step of length close
to the atomic radii of the contacting bodies. Calculations were made of the frictional force

as a function of the radius of curvature and the distance between the tip and the surface for
silicon—silicon and tungsten—iron contacts. 1®98 American Institute of Physics.
[S1063-785(108)00910-7

At present no satisfactory quantitative theory is availableadhesive bonds do not have time to relax, so they break and
for the forces of adhesive friction at the atomic leyas is new bonds form. In Fig. 1b the broken bonds are shown by
indicated in reviews by Tabbrand Bhusharet al?), al- the broken lines to the left of the tip and the newly formed
though some progress has been achieved in this direttfon. bonds are shown by the heavy lines on the right.

The theory of contact interactich2* not being strictly ato- Calculation of the energy of the broken and newly
mistic, contains various simplifying assumptions relating toformed adhesive bonds is a key issue in quantitative esti-
the shape of the contact zone, the type of adhesion forcesjates of the frictional force. Here, the following simple
and the elastic moduli of the tribosystem which are takerformula is proposed:

from macroscopic physics, so that an analysis of an elemen-

tary adheswg friction evc_ent for _th_e S|mplest tribocontact, AW=, |Aw,], 1)
such as the tip of an atomic for¢giction) microscope and a k

planar surface, is a very topical problem. . .

The basic physical idea developed here was in fact pu‘f\’hereAWk is the change n energy qf tikéh bond. Summa-
forward by Tabor: Each elementary discrete event in which tion Is over tF’ all bonds Wh'.Ch contribute to the _total energy
the tip slides along the surface is accompanied by an abrug th_e a_dhes!ve_ contact. Using formulh we obtain for the
(irreversible breaking of adhesive bonds between atoms o Issipative frictional force
the contacting bodies and also by an equally sudden forma- E_ A\w/Ax. )
tion of new bondgthis last process has been called an “ad-
hesion avalanche” Ref.)4 The atoms taking part in these The frictional force defined by formulad)—(2) differs fun-
processes are set in vibrational motion, entraining neighbordamentally from the internal frictional force calculated in
ing atoms and imparting to them an excess potential energiRefs. 6—8 in terms of the change in the total energy; in this
which ultimately results in thermal dissipation of the energy.treatment, the total energy is zero. The irreversibility of the

The mechanism described is shown schematically irelementary sliding event is reflected by the sign of the abso-
Fig. 1. The initial position of the ti§Fig. 138 is characterized lute value in formula(1). Any change in the energy of any
by the minimum energy of the tribosystem and by the presadhesive pair causes this energy to be dissipated via the
ence of steady-state adhesive bonds, some of which argbrational motion of the contact atoms. In this context,
shown by the solid lines connecting contacting atoms. If thehe concept of an external frictional force introduced by
force F applied to the tip exceeds a critical value, microslip Pokropivny et al®8 artificially defined as the difference be-
occurs, causing the tip to shift to the right by the distanceween the tangential components of the forces acting on the
AX. The typical value ofAx should be of the same order of tip relative to two successive slide steps in the simulation
magnitude as the interatomic distance or the lattice periogrrocess, becomes meaningless. These types of forces are not
since, for an infinitely slow shift, the atomic configuration of dissipative since the average work accomplished by them is
the tip and the section of the surface is close to the initiablso close to zero.
configuration, and thus the total energy of the system re- Evidence in support of the proposed mechanism is also
mains unchanged. This is consistent with the experimentallprovided by the following factor. Let us assume that the zone
observed discrete behavior of the breaking of adhesive bondsf strong adhesive contact has the afeand, for simplicity,
during the operation of an atomic force microscBpand that the contact is formed by homogeneous materials. The
also with the geometric model of jerky tip motigstick—slip  total adhesion energy of the tribosystem can then be written
motion in English terminology'® Essentially the same ideas in the formW= yA, wherey is the specific surface energy.
were also put forward by Deryagt. If the tip undergoes a sudden shift, assuming that the old

As a result of the abrupt sudden motion of the tip, theadhesive bonds are completely broken and there is a similar
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FIG. 1. lllustration of adhesive friction mechanism: a—
initial position of tip; b—position after an abrupt shift over
the short distancax. The broken old adhesive bonds are
shown by the broken lines and the newly formed bonds are
shown by the heavy lines.

b,

B KNS

number of newly formed bonds, the energy transformed into  The definite correlation deduced from the figure con-
random motion of contact atoms will clearly be approxi- firms the validity of the proposed model. The fact that the
mately AW=2vyA. Then, using formulagl) and (2) and slope of the curve slightly exceeds the theoretical value of 4
assumingAx=d, whered is the lattice period, we obtain for (the valuer =d/2 was used to plot the graph instead d)f

the frictional force can be explained by the fact that the characteristic breaking
_ (formation area of the adhesive bonds as the tip moves
F=2vyA/d. (3 X .
. _ . _ should exceed twice the area of static contact.
However, in the pioneering work of Bowden and Tabbit It is interesting to note that by applying formul8) to
was shown that for metals the adhesive frictional force iscalculate the shear modulus for an experini&int which the
given by frictional forces were measured between a silicon tip and an
E— A (4)  NbSe surface, we obtain 6:810° and 5.8< 10° N/m? for tip

) ) radii of 12 and 45 nm if we take the sum of the Nb and Se
where 7 is the shear modulus arfilis the real contact area. 5dii asd and the adhesion energy of this contact s

It follows from Egs.(3) and (4) that Similar calculations made in Ref. 14 using a fairly involved
r=24ld. (5) theory give 6.1x1C° and 6.6<10°N/m?. The difference

. . . Lo o . compared to the values obtained here can be attributed to
The existence of this relationship is not coincidental sinC&y o different adhesion energyfor different tip radii accord-
the orders of magnitude of the numerical values containegjng to the data given in Ref. 14: 0.099 $and 0.087J/f
:jn~Eq.7 (95) are intemnally consistentr~10° Pa, y~1 J/nf, respectively for radii of 12 and 45 nkin the static regimpe
~10""m. We also note that formulagh—(5) yield the Amonton

. Fr|]gure 2 gwedehe ?rodgo:r as a funcsondofy (Wlhere, h law for the friction of macroscopic bodies, since the real
ris the atomic radiusplotted for various hard metals wit contact area is proportional to the clamping fotte.

known surface eneégéy and shear modulus. All the_numbers Under conditions such that a tip slides at distahéem
are handbook values. The dashed curve was obtained by the surface without contact, the frictional force should de-

means of a least-squares fit to the experimental points. pend onh and on the radius of curvatureof the tip apex. In
order to find these dependences, direct calculations were
made using formula€l) and(2) and the results are plotted in
. Figs. 3a and 3b for a tribocontact between a silicon tip and
o o an arbitrary square lattice of silicon atoms with period
0.207 nm(Fig. 3@ and also for a contact between a tungsten
tip and the(100 plane of the iron crystal lattice. In both
re 0k s | cases, the shape of the tip was a paraboloid of revolution, the
# interaction potentials of the silicon atoms were calculated in
the electron gas approximatidhand those of the iron and
tungsten atoms were calculated in the Morse approx-
g imation?! To simplify the calculations the atomic structure
ol—® 1 | | of the tip and the sample was taken to be rigid, neglecting
o 1 3 3 4 relaxation, which is justified for fairly largh.
Y It can be seen from the figures that the frictional force
FIG. 2. Correlation between the shear modututhe surface energy, and mcreasgs_ approximately linearly as the radlu_s of cyrv_aﬂhre
the atomic radius of hard metals. The units ofr and y are joules per ~ Of the tip increases and decreases exponentially with increas-
square meter. ing h. The linear dependence of the frictional force on the




768 Tech. Phys. Lett. 24 (10), October 1998 G. V. Dedkov

200 §00
160 }- 480 3
* {
a R
120 i 360 : b FIG. 3. Friction force versus radius of curvatiReand
F (N 3 L tip height h above surface:1—R=10nm, 2—
Ny %, FN) [+ °3 R=20 nm, and3—R=40 nm; a—silicon tip above an
80 1+ 5 T 240 ¥ arbitrary square lattice of silicon atomgperiod
\ N "\ 2 N 0.206 nm and b—tungsten tip abovél00 plane of
40 NG i - 120 \\‘ - a—Fe crystal. The forces are given in nanonewtons.
1\\\“;:‘: S P 1'\\;- St .
o ""\-—..q._‘k:\_w_.___’_ 0 “-\..4_:_:-:‘ e
15 19 23 27 31 35 15 19 23 2.7 31 35
h.A h.A

radius agrees with the experimental datzee Figs. 11 and V. V. Pokropivnyi, V. V. Skorokhod, and A. V. PokropiviiyTrenie 1znos
12) for near-zero values of the clamping force, i.e., under 17 579(1996.
conditions of weak contact. 8V. V. Pokropivny, V. V. Skorohod, and A. V. Pokropivny, Mater. Lett.

Accurate calculations of the frictional force as a function 9%1'“;125119%' Colloid Interface ScL50, 243 (1992

of the load require allowance for the relaxation of the atomicioy, ga;pi(':k’ N. Agrait, D. F. Ogletree, M. éalmeron' J. Vac. S

configuration at the times when the tip becomes “attached” technol. B14, 1289(1996.

to the surface. 1E Meyer, R. Luthi, and L. Howald, J. Vac. Sci. Technol.18, 1285
This mechanism can be described as stati, since the fric-(1996.

tional force does not depend on the tip velocity. Under con-?K. L. Johnson, Proc. R. Soc. London, Ser4B3 163 (1997.

ditions of sliding at constant velocity other effects also ap-"M- A Lantz, S. J. O'Shea, A. C. F. Hoole, and M. E. Welland, Appl.

pear which leadin a first approximationto a frictional force 14,\P,|h)§' |_Laert1tt27 0’3930(()1*2?125 M. E. Welland. and K. L. Johnson. Phvs. Rev

proportional to the velocity. For instance, momentum may be B'55" 10776(159'7). T ' T P PIYS. RV

transferred from the tip to the surface by means of eleCtrO*sJ. H. Hoh, J. P. Cleveland, C. B. Prater, J. P. Revel, and P. K. Hansma,

magnetic fluctuationgsimilar to Van der Waals forcgsor J. Am. Chem. Socl14 4918(1992.
via the phonon subsystem. These topics require special coffJ. Kerssemakers and J. Th. M. De Hosson, J. Appl. P83s623(1996.
sideration. 17B. V. Deryagin,What is Friction?[in Russiai, Academy of Sciences of

the USSR Press, Mosco{®963.
18F. P. Bowden and D. F. TaboThe Friction and Lubrication of Solids

1D. Tabor, Trenie 1znod5, 296 (1994).
2B. Bhushan, J. N. Israelachvili, and U. Landman, Nat{irendon 374, lg(CIarenQon’Press, Oxford,-19)50 .
607 (1995. I. S. Grigor'ev and E. Z. Mikh#ov (Eds), Handbook of Physical Quan-

3W. Zhong and D. Tomanek, Phys. Rev. L&, 3054 (1990. tities [in Russiar}, Nauka, Moscow(1991).
4U. Landman, W. D. Luedtke, N. A. Burnham, and R. J. Colton, Science’°G. V. Dedkov, Usp. Fiz. Nault65 919(1995.

248 454 (1990. 21|, M. Torrens, Interatomic Potential§Wiley, New York, 1972.
5J. B. Sokoloff, Phys. Rev. B2, 7205(1995.

SA. V. Pokropivnyi, V. V. Pokropivny, and V. V. Skorokhod, Pis'ma Zh.

Tekh. Fiz.22(2), 1 (1996 [Tech. Phys. Lett22, 46 (1996)]. Translated by R. M. Durham



TECHNICAL PHYSICS LETTERS VOLUME 24, NUMBER 10 OCTOBER 1998

Anisotropy of thin ferromagnetic films
A. V. Kovalev

B. P. Konstantinov Petersburg Institute of Nuclear Physics, Russian Academy of Sciences, Gatchina
(Submitted January 22, 1998
Pis'ma Zh. Tekh. Fiz24, 51-56(October 12, 1998

A model is proposed and checked experimentally to describe a direct relationship between the
anisotropy of thin ferromagnetic films and the texture of a low-symmetry magnetically

ordered phase of CoFe alloy which has a monoclinic unit cell. The measured distortions of the
initial cubic cell are an order of magnitude greater than the magnetostriction constants of

the solid sample. An analysis is made of a system for the formation of anisotropic stresses in the
plane of the film in which this effect is attributed to the magnetic texture. A suitable

method is developed for making diffraction measurements and analyzing the experimental data.
© 1998 American Institute of Physidss1063-785(018)01010-9

Intensive research to identify the nature of the uniaxialbroadening of the diffraction peaks are(80) A. No in-plane
magnetic anisotropy of thin films has been carried out foranisotropy of the crystallite shape is observed.
some forty years. The models of this phenomenon used so A schematic of the diffraction measurements is shown in
far are described by Pruttband Soohod.Clemenset al2 in Fig. 1. Let us assume that tkendy axes in the plane of the
particular attribute the anisotropy of the magnetic propertiesilm (Fig. 1@ coincide with the horizontal and vertical direc-
of CoFe alloy films to a magnetostrictive effect: when ations of the substrate in the sputtering chambreiis the
beam of deposited atoms is obliquely incident, anisotropicmormal to thexy plane,n,,, is the normal to th¢110) plane,
stresses are created in the plane of the film which determinende,, &,, ande ,, are the elastic strains in the appropriate
the direction of the easy magnetization axis. This clearlydirections. In the experiments measurements were made of
poses the question as to the mechanism responsible for tliee interplanar spacings for two systems of plangs:90°
formation of these anisotropic stresses, which usually resultand ¢y=35°. The anglae) was varied by rotating the sample
in the construction of complex systems for the ordering ofabout the principal axis of the diffractometer while the azi-
the film structure and its defects. Here we propose a selfmuthal anglep was varied by rotating the film mounted on a
consistent model for the formation of anisotropy of the me-GP-14 texture attachment about thdirection. The interpla-
chanical and magnetic properties of thin films in which thisnar spacingsd (110) in the &;, a,, a;) basis of the
anisotropy is a consequence of directional crystallization repseudoplanar cellFig. 1b are determined by the direction
sulting in the formation of a crystalline texture of a low- of spontaneous magnetizatibnin an isolated crystallite.
symmetry, magnetically ordered phase. For the texture described above, it is natural to assume

The proposed hypothesis was checked experimentallyhat the in-plane direction ofs is along[110]. Then, in
for films of CoFe30.5V1.5 alloy obtained by magnetron accordance with the Neimann princigléhe symmetry of the
sputtering. X-ray diffraction measurements were made usingsrromagnetic crystal should be described by the 2/m point
an automated DRON-3M difffractometer with @ radia-  group, and th¢110] directions(Fig. 1 become nonequiva-
tion. The films were deposited on 0.1 mm thick glass subjent, |n a standard systénthe a, b, andc axes of a mono-
strates. The pseudocublc—phase textureslwere initially d‘?te{ﬂinic cell coincide with the[110], [Tlo], and [001]
mme.d. for samples obtained under dnfferent Spune”nairections and the angle betwe10] and[001] is not 90°.
'::r?g(:(I)t\lfsns?ml\rﬁeeatlf;r:r:gigts\/vg:ethniaggsﬁ:lr:gesg?nrsgset\?vrifh his type of cell has four different interplanar spacings
symmetric pseudocubic-phase textfiie maximum of the 3(110): d(110)=d,, d(110)=d, d(101)=d(011)=ds,
density distribution of thé111) planes lies in the plane of andd(101)=d(011)=d,. Then, for the pseudocubic-phase

the film, the distribution half-width is<23°, and the distri- (€Xture described and the existing symmetry of the sputtering

bution density of the Orthogon&n_lo) p|anes does not de- Conditions, the probabilities of ﬂ‘(&ll) and (]11) p|aneS of
pend on the azimutha| angiﬁ Resu'ts W|” be presented for isolated CryStalliteS |y|ng in the plane of the film should be
a sample 70000) A thick. The fixed substrate was posi- the same. This has the result that in the appropriate directions
tioned 75 mm from the center of the sputtered target whos&easurements are not madedafandd, but of their aver-
vertical and horizontal dimensions were in the rati®:1.  age, which we shall henceforth denote dy

The easy magnetization axis coincides with the horizontal ~The asymmetry of the sputtering conditions may create a
direction and strong in-plane magnetic anisotropy is ob-preferential orientation of th¢110] directions in thexy
served(the results of the magnetic measurements will beplane, which is equivalent to the formation of a magnetic
published in another studlyin this case, the average dimen- texture. For an ideal texturéFig. 10 we can measuré;
sions of the regions of coherent scattering obtained from th€y=90°, ¢=0°), d, (¢=35°, ¢=90°), andd (#=90°,

1063-7850/98/24(10)/3/$15.00 769 © 1998 American Institute of Physics
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a b ¢

FIG. 1. Schematic of diffraction measurements:
£110] a — choice of coordinate system for measure-
ment of adjusting angle® — nonequivalent di-
d rections in monoclinic cellc — orientation of

b crystallites for ideal texturéhe triangles shown
yI must be supplemented by another two obtained

1
- -Tg ] a, by turning the figure through 180° about the
- x normal to thexy plane.

e

¢=90° andy=35°, ¢=0°), which are related by tal “zero” and other geometric factors, anlj is the average
_ _ of d(¢,#). The conditionA;=A, was satisfied so that the
dy=d+0,10,, dp=d+1=0, @ system(4) could be solved, and additional optical measure-
where d; and 6, are the parameters of this model. The con-ments were also made. The film, attached to a mandrel with
tribution of the elastic deformations was taken into account cylindrical hole, has an almost spherical shape whose radii
by the standard *‘sify” method,” which uses the expression of curvature measured in the and y directions wereR,
_ ; ; ; =417 (14 mm andR, =455 (14) mm. In this case, the sys-
Cep™C1 SiIT 1/ COS’ g+ SINF sirt ¢, @ tem (4) yields the foII{)Wing values of the model parameters:
For the observed pseudocubic-phase texture the triangles 4 _ 4
formed by the[110] directions uniformly fill thexy plane. 8,=2.5230)x 10 °A,  5,=0.9536) <10 A,
Then, the probabilityP(¢) that the (110) plane, for in- £109=1.7929) X 10 3A, £,d;=1.9429)x 10 A,
stance, falls within a reflecting position depends@nFor

. 4 . which are determined assuming that conditiBhnis satisfied.
the strongest possible magnetic anisotropy we have

The true values of the spontaneous deformation caused by
P(0°)=1, P(90°)=0. (3)  the magnetic ordering can only be higher than those ob-

In our case the dependenai{sp, /= const) are described by ‘2"e%:

linear functions, which were used to analyze the experimen- . The existence of magnenc tgxture should give nse o
tal data. anisotropy of the elastic stresses in the plane of the film. For

The results of the measurements are plotted in Fig. Zsamples with strongly defined magnetic anisotropy in the
The absolute values of all the measutid 10) values were free state the film—substrate system shows preferential bend-
determined with the same errdrd=0.002 A. which is in- ing about they direction, i.e., the elastic stresses are clearly

significant for the calculations of the required parametersanismrOpiC in thecy plane(Fig. 1). We now hypothesize that

Measurements of the shifts of the diffraction peaks relativelUiNg Sputtering some quasiequilibrium stress state is

to their positions at=0° were made for angles®between formed in the film at a temperature around 200 °C. During
43° and 47°. The relative errors werdAd(110)<2
x 10 %A,

Assuming the measuring system shown in Fig. 1, we
obtain from formulag1) and (2) the following expressions

for the measured valueX ¢, ¢): 2.021

gl=d+5l+ 52+81d0+A1:202201(14)A [
(4=90°,¢=0°), s

gr=d+e,dy+A;=2.0186914) A 2019

($=90°,9=90°),
g3=0d+0.3%,d,+A,=2.0173414) A
(4=35% ¢=0%), 2.017

(p=35°,9=90°), (4)
. FIG. 2. Measured interplanar spacings for fixed anglesl — ¢=90°,
whereA; and A, are the systematic errors of the absolute, __—35°. The scale of the absolute valuesdgfr) was determined to

measurements caused by the indeterminacy of the instrumefithin ~0.002 A.
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‘PO
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A new class of electrostatic systems which keep plane homogeneous charged-particle
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An analysis is made of electrostatic systems whose field is formed by two superposed two-
dimensional fields with a common plane of symmeimidplans. It is assumed that these fields
overlap in the region where a charged particle beam propagates. The main property of

these systems is that they conserve ide@dlithout angular aberrationshe parallelism of a

charged particle beam of uniform energy-to-charge ratio, propagating in the midplane of the field.
This new class of electrostatic system includes the four-electrode system given as an

example in which each electrode consists of four plates positioned symmetrically relative to the
midplane. © 1998 American Institute of Physids$$1063-785(18)01110-7

Plane parallel charged particle beams having uniformwhereA is an arbitrary constant. Equati@®) is used to find
energy-to-charge and mass-to-charge ratios, propagating the momentaP,=m, xzdsl/dx and Py,=m, yzdsz/dy,
two-dimensional or conical static electromagnetic fields ideafter which the complete integral of the Hamilton—Jacobi
ally (without angular aberratiopgonserve their parallelism equation is determined. Then a well known method is used to
after propagation through these fieldsee, for example, find the particle trajectory equation in quadratures,

Refs. 1 and 2 In these cases, the particles propagate in the )

midplane which forms the plane of symmetry of the electric X (sgnx(x))dx

field and the plane of antisymmetry of the magnetic field. LO VWosir? 0o+ e(®1g— ;)

Here we propose another class of electrostatic systems whose

field is formed by two superposed two-dimensional fields y (sgny(y))dy

with a common plane of symmetiynidplang. The parallel- _f — =
ism of plane charged particle beams having uniform energy- o \WoCOS o+ &( D20~ D7)
to-charge ratios is ideally preserved after propagatingand the relationship between the coordinatend the timet
through the field of these systems. In what follows, for con- :

ciseness we shall describe charged particle beams having t—ty= \/EJX (sgnx(x))dx @
uniform energy-to-charge ratios as homogeneous. 2 Jxo \Wo sir? O+ e(® 19— @;) |

We shall assume that in any,z Cartesian coordinate is th icle Kineti is th e b
system, the common midplane of two two-dimensional fieldsj_mm\/\/'_S the part!c e kinetic engrgﬁ Is the angle etwee_n
the particle velocity and thg axis, and the zero subscript

coincides with thez=0 plane, and that one of the two- ™= o . .
dimensional fields is described by the potentig(x,z), and indicates the initial values of the variables. The subscript

the other by the potentiab,(y,Z). In the nonrelativistic ap- | 0+ 1= 1.2 indicates that the potential labeleds calcu-

proximation, the Hamilton—Jacobi equation describing thd@t€d at the initial point of the trajectory. Using E¢$)—(3),

motion of a charged particle in the midplane of these super’® €an find the angl@ at any point on the trajectory of a
particle moving in the midplane:

posed fields described by the scalar potentiale, + ¢, has
the form W, Sir? 6+ e(® 10— ;)

(&80)2+<(9SO sir’ 9= Wote(po—®;—Py)

0, ()

®

1 2

o +ed,(x)+ed,(y)=E, (2)

This last equation yields one of the main properties of
electron-optical systems with this type of field, i.e., after en-
wheree s the particle chargenis its massS, is the reduced tering this field, a homogeneous parallel charged-particle
action function, related to the action functi®by S=—Et  beam propagating in the midplane exadfithout angular
+S,, tis the time,E is a constant equal to the total particle aberrations preserves its parallelism after propagating
energy, ¢1(x,0)=®,(x), and ¢,(y,0)0=P,(y). In Eg. (1) through the field. The required electron-optical properties of
the variables are separated. Substitutiggnto this equation this field perpendicular to the midplane and in the two-
in the form of the sunBy(x,y) =S;(x) +S,(y), we obtain dimensional field are provided by selecting the potentials at
the electrodes of the system used to generate this field. In
ds ds;\? D B particular, conditions can be selected to conserve the paral-
2m\ dx dy —eP2(Y)=N|alism of a three-dimensional homogeneous bétmiescopic
(2 conditiong. The parameters of the proposed system which

X 9y

2 1
) +e<1>1(x)—E=—%(

1063-7850/98/24(10)/2/$15.00 772 © 1998 American Institute of Physics
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Vy cupied by the field should not exceed 0.01% of the maxi-
mum, in the midplane the field of the system may be consid-
ered to be concentrated in the cross-shaped region

X y

d <3, ‘d$3. (7

Outside this region the particle trajectories can be considered

to be rectilinear for most practical applications. In addition,

refraction of the rays on entering and leaving the field can be
neglected. As for the case of two-dimensional fields gener-

ated by electrodes separated by straight gaee Refs. 1

Vo and 5, for this particular system we can easily select shapes
and sizes of plates for which the field in the region where the

FIG. 1. Four-electrode electrostatic system. beam propagates agrees with the calculated value. The prob-

lem of coupling the beam into and out of the system can
easily be solved if the potential of the first electrode in the
characterize its properties perpendicular to the midplane, adgeam path matches the potential of the object space and the
calculated using general formulas for electron-optical syspotential of the last electrode in the beam path matches that
tems with a midplané? of the image space. The design solution depends on the par-
By way of an example of the proposed systems, we deticular application of the proposed electron-optical system.
scribe a four-electrode system whose field-defining surfaceBor example, when it is used as a prism in a dihedral elec-
lie on two planes parallel to the midplane and separated fronrostatic prism energy analyzer, the potentials of the object
it by the same distana#/2 (see Fig. 1 Each electrode con- and image spaces match the electrode potentials of the col-
sists of two plates at the same potential and positioned symimator and focusing lenses adjacent to the prism. Similar
metrically relative to the midplane. It is assumed that thedesign solutions can be found in Refs. 1 and 5. However,
gaps between the plates of neighboring electrodes are smlike a prism with separate two-dimensional fields, the new
small than their width can be neglected when studying theprism will be substantially more compact.

electron-optical properties. In cases of practical interest, itis The proposed system can also be effectively used as a

generally sufficient for the width of the gaps between themirror with a large angle of deflection and a lens with a

plates to be=0.1d. The plates of the first electrode projected straight optic axis which can ideally broad plane charged-

onto the midplane occupy the quadrart 0, y<O0, those of  particle beam with a large energy spread exactly parallel.
the second electrode occupy the quadran®, y<O, those  Other practical applications are also possible.

of the third the quadrant>0, y>0, and those of the fourth The authors thank S. Ya. Yavor for interest in this work

the quadrantx<<0, y>0. The electrode potentials are de- and useful comments.

noted byV;, V,, V3, andV,, respectively. It is easy to | , e )

. . . V. M. Kel'man and S. Ya. YavorElectron Opticgin Russiar, Nauka,
establish that under these assumptions the potentiady be Leningrad(1968, 488 pp.

represented as the sum of the potentialéx,z) and,(y,z) 2| . G. Glikman, Zh. Tekh. Fiz54, 1986 (1984 [Sov. Phys. Tech. Phys.
of two two-electrode systems with a two-dimensional field if 29, 1166(1984].

3 .
the followina condition is satisfied: S. P. Karetskaya and L. V. Fedulina, Zh. Tekh. F2, 740(1982 [Sov.
9 Phys. Tech. Phy7, 419(1982].
V3—V,o=V,—V;. (6) 4S. P. Karetskaya, L. G. Glickman, L. G. Beizina, and Yu. V. Goloskokov,

Adv. Electron. Electron Phy®9, 391(1994).
The field of each system with a two-dimensional field decays®V. M. Kel'man, S. P. Karetskaya, L. V. Fedulina, and E. M. Yakushev,

rapidly with increasing distance from the gaps Separating the Electron-Optical Elements of Charged-Particle Prism Spectromdiers
. . . . Russian, Nauka, Alma-Ata(1979, 232 pp.

electrodes. Thus, if we impose the constraint that the field of

this four-electrode system at the boundary of the region oc¥ranslated by R. M. Durham



TECHNICAL PHYSICS LETTERS VOLUME 24, NUMBER 10 OCTOBER 1998

Formation of macroparticle structures in an rf induction discharge plasma
Yu. V. Gerasimov, A. P. Nefedov, V. A. Sinel'shchikov, and V. E. Fortov

Scientific-Research Center of Pulsed Heat Physics, Russian Academy of Sciences, Moscow
(Submitted May 26, 1998
Pis'ma Zh. Tekh. Fiz24, 62—-68(October 12, 1998

It was demonstrated experimentally that macroparticles may undergo levitation and form ordered
structures in an rf induction discharge plasma. The experiments were carried out using

1.87um melamine formaldehyde particles in neon at a pressure of 25-500 Pa. The generator
frequency was 100 MHz. €1998 American Institute of Physid$1063-785(18)01210-5

In recent years, many experimental and theoretical studan rf induction discharge it is predicted that isolated charged
ies have been devoted to dust plasmas, i.e., plasmas contamacroparticles and ensembles of these particles will levitate
ing macroparticle$:? Interest in this type of research was in the region between the homogeneous quasineutral plasma
stimulated by the theoretical prediction of Ikézind subse- and the wall confining the plasma volume, or the neutral gas
guent experimental confirmation that various types of or-surrounding it.
dered structures may be formed from macroparticles injected The plasma was generated in a vertical glass tube,
into the plasma, including plasma crystals. The formation o020 mm in diameter and 20 cm long, using a standard PPBL-3
ordered structures was observed in an rf capacitive dischargtevice used to supply electrodeless lamps which serve as
plasma® a stratified glow discharge,and in a thermal sources of atomic line spectra of various metals. The genera-
plasma of hydrocarbon fuel combustion prodifcis the  tor frequency was 100 MHz. Estimates indicate that the av-
combustion product plasma the macroparticles acquired @rage power deposited in the inductor was around 1 W and
positive charge ofZ,~ 10% electron charges as a result of could be varied severalfold by varying the current through
thermal emission. At a gas temperatilig=1700K, particle  the inductor in the rangé=60-200 mA. The tube was in-
density n,=5x10"cm 3, and electron densityn, serted in an inductor formed by four coils so that its lower
~101°cm‘g the measured pair correlation function clearly end was several millimeters below the first inductor ¢séde
revealed a peak indicative of short-range interaction ordeFig. 1). The working gas was neon at pressBrbetween 25
and characteristic of a liquid. and 500 Pa. When the generator was switched on, the lumi-

In a discharge plasma the macroparticles acquire a nega-
tive charge, which is determined by the floating potential at a
given point in space and by the macroparticle size. In various
experiments the value oZ, varied between foand 16
electron charges. On entering an electrostatic trap, depending
on the conditions which are characterized to a first approxi-
mation by the ideality parameter, macroparticles group into
an ensemble having some particular order. In simulations of
structures formed from macroparticles, allowance must be
made for the force of the gravitational field, interaction of
particles among themselves and with an external electric
field, and also interaction of particles with the plasma neutral
and ion componenFsThe suspensioflevitation of macro-
particles and the formation of ensembles possessing different
degrees of order takes place in a discharge zone where the
constant component of the electric field exhibits appreciable
nonuniformity acting as an electrostatic trap for the charged
macroparticles. In an rf capacitive discharge this trap forms
near the electrodes, whereas in a stratified glow discharge it
forms at the head of the striation.

Here we report the first observations of ordered struc-
tures in an rf induction discharge plasma. Unlike the types of
discharge mentioned above, an rf induction discharge is an
electrodeless discharge. This factor is highly attractive from
the viewpoint of various j[eChn.OIF)glcal a_ppllcanons and fOrF G. 1. Schematic of experimental tulde:-inductor coils,2—particle con-
fundamental research, since it is possible to produce anginer, 3—juminous plasma volume, and—region containing levitating
study plasmas having different configurations and lengths. Iparticles.

1063-7850/98/24(10)/3/$15.00 774 © 1998 American Institute of Physics
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FIG. 2. Image of vertical cross section (8&8.7 mm) of particle ensemble
for =120 mA andP=63 Pa.
FIG. 4. Image of four particles levitating near the walld &150 mA and
P=115 Pa. Size of fragment 3.0 mm.

nous plasma region filled the entire tube in the transverse
direction. In the vertical direction, the size of the plasma
depended on the gas pressure and the generator power, and Particle levitation was observed near the wall and at the
could vary between a few centimeters and the entire verticalpper boundary of the plasma, i.e., in the transition region
dimension of the tube. Particles were injected into thebetween the uniformly luminous plasma and the neutral gas
plasma by shaking a metal container located in the upper paftsee Fig. 1L Figure 2 shows an image of the vertical cross
of the tube 70 mm from the upper coil of the inductor. Thesection of an ensemble of particles suspended above the lu-
bottom of the container was made of a fine metal meshminous region, which was recorded at pressure 63 Pa and
Melamine formaldehyde particles of diameter 1.87current 120 mA. It can be seen that the individual particles
+0.04um were used. Taking the density of the material asoscillate about the equilibrium position and their image is
1.5g/cni, the weight of a single particle was 4.1 blurred. As the pressure increases, the amplitude and fre-
x107° ug. quency of the oscillations decreases. In all cases, however,
The particle observation system was similar to that usedegardless of how the particles behavadhether they oscil-
in Ref. 5. A knife-shaped 670 nm diode laser beam having dated or remained in a fixed stat¢he region in which they
width of 25 mm and a thickness of around 206 near the levitated was sharply delimited: the upper limit was some
constriction illuminated the volume under study. The lasetboundary in the neutral gas and the lower limit was the
beam could be moved vertically and horizontally and itsboundary of the luminous plasma, which can be identified
plane rotated. In this way, different cross sections of thewith the region of homogeneous quasineutral plasma. This
plasma could be observed. The particles were observed inehavior shows up clearly in Fig. 2. An increase in the gen-
scattered laser radiation using a CCD camera mounted at aamator power caused the volume occupied by the plasma to
angle of 60° to the plane of the laser knife and the imageg&xpand, i.e., shifted the boundary of the luminous zone in the
obtained were recorded with a video recorder. vertical direction and thus shifted the entire particle region.

FIG. 3. Image of vertical cross section (&3.9 mm) of particle
ensemble fol =200 mA andP =500 Pa.
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The pattern of particle motion showed little change. To sum up, it has been demonstrated experimentally for
At a pressure of the order of 500 Pa and generator curthe first time that ordered macroparticle structures may be

rent of 200 mA, a stable structure consisting of numerousbtained in an rf induction discharge plasma. The shape and

particles was observed between the plasma and the bottom béhavior of the particle ensembles is very similar to those

the metal containefthe typical distance between them was observed in a stratified dc glow discharge.

of the order of 2 cn Figure 3 shows a cross section of this In conclusion, the authors thank V. I. Molotkov and

region in the vertical plane. Increaing the total number ofV. M. Torchinski for assistance with the experiments and

particles(by injecting additional particlgsncreased the size also A. M. Lipaev for helping to processes the video images.

and changed the shape of the structure in the vertical direc-

tio_n, and a_tlso resulte_d in the appearance of directional circu- V. N, Teytovich, Usp. Fiz. Nau67, 57 (197

lating particle fluxes In the lower part of the structure. 2A. P. Nefedov, O. FF.).Petr.ov, and V. E. Fortov, Usp. Fiz. N46K, 1216
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Modeling of a crossed-groove cavity in the 8 mm wavelength range
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A. I. Kleev, V. V. Perebeinos, N. V. Cheburkin, and E. Yu. Shamparov

State-Owned Special Design Bureau “Granat,” Moscow;
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(Submitted March 31, 1998

Pis'ma Zh. Tekh. Fiz24, 69—75(October 12, 1998

Results are presented of experiments on the scale modeling of a crossed-groove quasioptic
cavity. It is demonstrated that high-Q modes can be excited with a ring structure at the mirror and
a field maximum at the center of the cavity. 98 American Institute of Physics.
[S1063-785(18)01310-X]

Crossed-groove quasioptic cavities have been proposddngth;L, the distance between the mirrors ot the cavity; and
for infrared free-electron lasers with high average powersR, the radius of curvature of the mirrat;, the “kink” angle
(10—-100 kW or highelr1 A characteristic feature of this cav- of the surface of the cavity mirror on the axisa,2zhe mirror
ity is that its dominant oscillation is azimuthally symmetric, diameter; and B, the diameter of the aperture at the center
bounded by caustics, and focused near the central part of thed the mirror (inset to Fig. 1a
cavity; but unlike cavities with spherical mirrors, it has an For the scale modeling it is important to note that there
annular field distribution at the mirrors. Thus, the aperturesare only four dimensionless parameters, whereas there are
at the center of the mirrors should weakly perturb this oscil-six physical parameters. Thus, defining the dimensionless pa-
lation, and an axial electron beam can be passed througlameters leaves two physical parameters free, which specifi-
these mirrors to interact with the field in the cavity. Replac-cally allows us to convert to the most convenient frequency
ing the spherical-mirror cavity in a high-power free-electronrange for the measurements and to select acceptable resona-
lasef with a crossed-groove cavity can especially simplify tor dimensions.
the electron output of the radiatibhand can also reduce the The characteristics of a crossed-groove cavity were mea-
specific thermal load on the mirrors by increasing the areaured in the 8 mm range using apparatus whose block dia-
occupied by the field on the mirror. gram was described in Ref. 11. The model cavity was

The qualitative pattern of field formation in crossed- formed by concave and plane mirrdiaset to Fig. 1 The
groove cavities was described in Refs. 5 and 6 and the chaconcave mirror, having the diameter 118 mm and radius of
acteristics of the natural oscillations were analyzed theoretieurvature 170 mm, was turned from brass with the center of
cally and numerically in Refs. 7-9. In this brief curvature displaced from the turning axis by 40 mm. The
communication we describe preliminary results of experi-kink angle of the mirror at the center was 76.4°. The 100 mm
mental modeling of the oscillations in crossed-groove caviplane mirror was known to be larger than the calculated
ties. caustic of the dominant oscillation.

Experimental investigations of optical cavities using a  The concave mirror with an optical positioning head was
full-scale prototype are difficult because the fabrication ofmounted on the stage of a horizontal optical comparator
such a prototype is frequently no easier than fabricating avhose displacement was measured with an optical micro-
working cavity. In addition, it is comparatively difficult to scope to within fum. The circular plane mirror was attached
develop the instrumentation needed for this research in th the fixed part of the comparator. The cavity was excited
infrared (such as tunable radiation sources, detectors, and duy a waveguide via a coupling aperture in the concave mir-

on). ror, 30 mm from the cavity axis, i.e., close to the maximum
A possible method of solving this problem is scale mod-of the annular oscillation field in confocal geometry.
eling based on known scaling la#%If the characteristic The excitation source was a frequency-modulated oscil-

dimensions of the system are much greater than the wavdator in the millimeter range. The detected signals from the
length and the transverse dimensions are much smaller thamavity (via the central coupling aperture in the plane mirror
the longitudinal, the characteristics of the natural oscillationsand the wavemeter consisted of resonance curves and were
are completely determined by various dimensionless paranrecorded simultaneously on the screen of a two-channel digi-
eters. In particular, the authors of Ref. 9 used the followingtal oscilloscope. The measurements were made at a fixed
dimensionless parameters to calculate the natural oscilldrequency as the concave mirror was moved. The set of mea-
tions:c=ka?/2L, the Fresnel parametay=1— (2L/R), the  sured resonance lines of the natural oscillatians, be-
curvature paramete=(4L/a)cot(a/2), the kink parameter tween the center of the concave mirror and the plane mirror
of the mirror surface to the axis; angkb/a, the relative size  determined the cavity spectrum. The Q factor was calculated
of the aperture at the center of the mirror. The physical pafrom the width of the resonance curve and the field distribu-
rameters of the cavity ara=2x/k, the working wave- tion was measured by the trial body methdd.
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FIG. 1. Spectra of crossed-groove cavity: a—with absorber and b—withou[: o .
IG. 2. Results of measurements of the distribution of the dominant
absorber. Excitation frequency 43.1 GH2:—00q oscillation, X —11q 0s-

o h i : ) oscillation fields in a crossed-groove cavity: a—near concave mirror and
cillation; higher oscillation modes are not displayed in the spectra.

b—near plane mirror. Excitation frequency 43.1 GHz.

When the distanck was varied between 28 and 100 nm,
several tens of cavities of different amplitude were observed.
Only the fairly high-intensity oscillations with Q factors of two closely spaced oscillationsA{ <0.05) mm, one of
>1000 were investigated. In addition, the dense spectrum dfubstantially larger amplitude. Measurements of the field dis-
oscillations excited in the “quasiclosed” cavif§or 28<L tribution of these oscillations showed that they consist of a
<50 mm) was not investigated, since this was not of particudoubly degenerate azimuthally nonuniform oscillation mode
lar interest. 11qg with an internal caustic. As a result of the unavoidable

In one of the first series of experiments a cone 1.5 cm irazimuthal asymmetry of the cavity, the degeneracy is lifted
diameter and 1.5cm high made of plasticene, which is and both oscillations, whose fields are shifted azimuthally by
good absorber in the millimeter wavelength range, was at90°, are excited independently.
tached to the central part of the concave mirfitre mea- Figure 2a gives the distribution of the square of the
sured reflection coefficient was0.1). This absorbing insert, dominant oscillation field measured by stretching a wire with
which is qualitatively equivalent to an aperture at the centethe trial body at right angles to the cavity axis at a distance of
of the mirror, should have the weakest influence on oscillaaround 1 mm near the edge of the concave mirror, and Fig.
tions with a dip in the field near the center of the concave2b shows the distribution obtained near the plane mirror. The
mirror and specifically on annular oscillations and azimuth-oscillatory nature of the distribution near the concave mirror
ally nonuniform oscillations with an internal caustic. In fact, is caused by the trial body systematically crossing the con-
the oscillation spectrum of the cavity with an absorbing conecave phase fronts. The radial distribution of the field reflects
was considerably more widely spaced, which simplified thethe envelope of these oscillations.
identification of the oscillation modes by the trial body The results of measurements of the Q fa€dgt.) of the
method. annular oscillations are shown in Fig. 3. This dependence is

Figure 1a shows the spectrum of the resonance structutgpical of oscillations bounded by external causticee
with an absorber in the form of lines whose height is propor-Ref. 1. As L increases, the Q factor initially increases as a
tional to the amplitudé\ of the resonance signal and Fig. 1b result of a decrease in the relative fraction of ohmic losses at
shows the spectrum without an absorber. In addition to théhe mirrors and then increases abruptly as a result of the
dominant(annulaj oscillation 0@ (q is the longitudinal in- increased radiation losses as the external caustic approaches
dex), we also investigated a series of resonances consistirthe edge of the mirror. The relative radiation losses for the
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The first results are presented of investigations of the retention time of magnetoacoustic long-
term memory signals in ferrite powders for various magnetizing fields and temperatures.

A mechanism is proposed to explain how these memory signals forml998 American Institute
of Physics[S1063-785(18)01410-4

Interest in the phenomenon of magnetoacoustic longThe electromagnetic field of the first and second exciting
term memory(MALM ) in an ensemble of small ferrite par- pulses of radiation at frequeney, supplied to the sample at
ticles has been stimulated by the possibility of using thistimest=0,r, excites the elastic subsystem of the particles at
effect in memory devices and high-frequency signal convertthe ferromagnetic resonance frequelgyby magnetoelastic
ers. This effect may form the basis of a fundamentally newcoupling. Intensive acoustic vibrations are observed for those
repeatable method of recording and reading information. Inparticles whose natural frequenci€s satisfy the condition
formation storage devices based on this effect should have@~ w= w, (Ref. 4. As a result of nonlinear interaction of
high speed compared with existing devices because of thine elastic vibrations excited by the recording pulses, the
very short access tinfe. natural frequencies of the oscillators shift. Since the record-

In the MALM effect, a ferrite powder statically memo- ing of intense signals is observed for almost single-domain
rizes the echo signals produced by two succesgigeord-  particles, a change in the natural frequency of the particles
ing) radiopulses of duratioA acting on the powder at times may be related to an irreversible rotation of the magnetiza-
t=0,7 and generates additional signals as a result of the adion vectors in the particles. The irreversible rotation occurs
tion of a third(readout pulse at timeg=T> 7 (Ref. 2. These under the action of two radiopulses acting at tirhes), 7.
signals appear at times=T+n7(n=1,2,3,...) and are The fairly long precession of the magnetization vector in the
known as MALM signals. powder particlesup to timer) may be caused by the acous-

At present, there are two models capable of explainingdic vibrations excited by the first pulse. After the action of
the appearance of MALM signals: the reorientation mddel the readout pulse, the vibrations of the particles for which the
and the internal modéIThe reorientation model was used to natural frequencies have shifted produce the MALM signals.
describe a memory effect in piezoelectric powder and can be Here we present results of investigations carried out us-
essentially transferred to ferrite powdérdhus, we shall ing a coherent pulsed radio spectrometer with exciting pulses
only analyze the internal model, which has not been suffiof length 4us, interval7=40us, and radiation frequency
ciently discussed in the literature, and we shall also examin&8 MHz. The static and alternating magnetic fields were mu-
the conditions for the formation of MALM signals. tually perpendicular. The powder samples were prepared

The mechanism for the formation of MALM signals ac- from YIG polycrystals with grain sizes between 2.5 and
cording to the internal model may be described as follows5 um. The powder particles of between 71 and 100 were
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poured into glass ampoules with a vacuum better thamvhich can be described by the internal mechanism. The
10 4 Torr. MALM signals disappear after the sample has been heated
Figure 1 gives the amplitude of the memory signls above the Curie temperatutand then cooled to room tem-
as a function of the time of application of the readout pulseperature, since the magnetization distribution produced dur-
for various magnetizing fieldsl, in Al-doped YIG powder ing recording is destroyed. In addition, the experiment
having the composition yFe; Al /O, With the saturation showed that the signals observed after heating the powder
magnetizatiorM ;=52 G at room temperature. above the Curie point are several times stronger than those
It can be seen from the inset to Fig. 1, which gives thebefore heating. The explanation for this observation may be
amplitude of the MALM signals as a function of the magne-that after heating sections with remanent magnetization dis-
tizing field Hy at time t=460s, that the amplitudé\;  appear in the interior of the crystallites, and the magnetiza-
reaches a maximum for field$,~ 150 Oe close to the satu- tion vectors rotate considerably more easily. This also sug-
ration fields of this sample. In these fields the magnetizatiomests that the recording mechanism can be described by the
vector M in the particles is in quasistable equilibrium, in internal model.
which it can easily be deflected by any angle under the action The MALM effect has not been used so far because of
of the fields of the recording pulses. After the end of thesahe short signal retention time and also because of the dam-
pulses, the magnetization vectors in the particles relax tage to the memory signals when the powder is shakebn
their initial position, which is responsible for the relatively the basis of these investigations, it can be concluded that
rapid decay of the signal amplitude with tingig. 1). Only first, the storage time of the MALM signals can be arbitrarily
a few particles remain in which the vectbt is fairly reli-  Jong and second, recording can be achieved either as a result
ably retained in the new position, and thus these can have af both mechanisms or predominantly as a result of the en-
almost unbounded relaxation time. For lardé,&2500¢€)  ergetically most favorable mechanism under particular con-
and small Ho~600Oe) magnetizing fields the vect™ is  ditions. Thus, under certain conditions recording can be
retained by a fairly strong effective fielth the first case by achieved using only the internal mechanism, for example
the magnetizing field and in the second case, by the anisofsing samples in which the powder particles are distributed
ropy field), so that the probability of its reorientation is low. jn a nonmagnetic matrix, where they cannot rotate but

In this case, the recording takes place in a small number gherely vibrate, which solves the problem of loss of informa-
particles in which the vectoM is reliably anchored in the tjon by shaking.

new position which is responsible for the relatively small
amplitude and weak decay of the MALM signals with time.

The internal model explains the behavior of the curves
giving the amplitude of the MALM signals as a function of
the readout time in optimum magnetizing fieltfelds for 1| N Kotov, in Abstracts of Papers presented at the Seventh International
which the signals are stronggsat various temperatures, Conference on FerriteBordeaux, France, 1996, p. 444.
ranging from room temperature to C|ose to the Curie pointzv. A. Shutilov, E. V. Charﬂayar], L. N. Kotoet al., Pis'ma Zh. Tekh. Fiz.
fora YIG Y3F_e4AIO 12 sample(Fig. 2). The rete_ntion _time_ of 33 Ll,oﬁzfir?sra a[r?do}/\j,Tse,cshiFr’eer,sHyLs?éilz‘Allc%i(sltizegﬂl. 16 (Academic
the MALM signals decreases as the Curie point is ap- press, New York, 1992p. 341.
proached since the thermal energy approaches the exchangg. A. Goldin, L. N. Kotov, L. K. Zarembo, and S. N. Karpachepin-
energy and thus the time needed for disordering of the mag_Phonon Interaction in Crystals (Ferriteg)n Russian, Nauka, Leningrad
netic moments becomes shorter. (1999, 130 pp.

We note some other features of the MALM phenomenorranslated by R. M. Durham
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Hydrogen-induced phase transition in barium cerate
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(Submitted May 26, 1998
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The action of water vapor on nominally pure BaGgé@rovskite at 850 K causes hydrogen to be
incorporated into the lattice and a thermally metastable state to form. The lattice symmetry
changes as a result of an orthorhombic—pseudocubic transition which takes place at a temperature
substantially lower than the known thermally initiated rhombohedral—cubic transition at

1173 K. © 1998 American Institute of Physid$$1063-785(18)01510-9

The barium cerate studied by us (BaGgnas four  hydrogen content in pure BaCe@as <1 at.%.
modifications with transition temperatures of 520-535, 600—  After normalization, some of the samples were used as a
670, and 1173 K(Refs. 1-3. Barium cerate is one of the control and some were subjected to thermal vapor treatment:
base compounds for the synthesis of high-temperature prgiitrogen containing 0.1% oxygen, 850K, 100h, moisture
tonic conductors in which hydrogen is not a dominant chemicontent 3kPa BO (D,O was used because of the method
cal component of the oxides and thus is usually incorporatedsed subsequently to analyze and observe thermal desorp-
by contact with water vapor. The effectiveness of this procetion). After this treatment, the samples were light yellow and
dure depends on the presence of oxygen vacancies in th®nserved their weight and color even when stored in air.
lattice, produced by acceptor dopifgartial substitution of The weight of the pure BaCeGamples(2 g) remained al-
cerium by yttrium or rare earthsFor this reason, nominally most unchanged after the experiment, but isotope exchange
pure (henceforth called “purey BaCeQ is of no interest data indicated that the hydrogen content in pure BaCeO
from the technological point of view. However, physical andincreased to 4 at.%. Moreover, as we showed edtlian-
chemical investigations have revealed differences in théecular hydrogenhere in the form of B; the D,O vapor
structural characteristics of doped and pure Bage@d itis  amounted to~20%) was predominantly released by thermal
interesting to understand how these differences relate to thgesorption from pure barium cerate. Since we are interested
difference in the behavior of hydrogen in pure BaGedd here in the relationship between phase transitions and hydro-
its doped derivatives which we observed in an earlier sfudy.gen behavior, particular attention was paid to the temperature
In addition, the consequences of hydrogen incorporation foat which hydroger(deuterium thermal desorption begins.
the structure of barium-cerate based oxides have never been Despite special measures taken to enhance the sensitivity
considered, including in our earlier studiebwhere we in-  of the thermal desorption analysis, no release 9obD,0
vestigated the properties of pure and doped BaC®@the- was detected up to 600 K. The first signs of gas release only
sized by induction melting. appeared at 650K, and the rate of thermal desorption re-

Here we report the first main results of an investigationvealed a distinct jump at 660—680 K. Of particular interest is
of the consequences of thermochemical treatment with watehe observation of thermal desorption in the temperature
vapor, which allows us to reinterpret the physicochemicakange after the first-order phase transitifig. 1). This may
processes taking place in high-temperature protonic condube caused by an increase in the hydrogemton) mobility
tors when they are used industrially and also during physicah the lattice and by the initiation of some chemical mecha-
and chemical investigations. The results refer to the changagsm which results in the formation of hydrogen molecules
in the thermal and structural properties as a result of hydrofrom a different chemicalhydroxide form of hydrogen in
gen incorporation and also the relationship observed betwedhe oxide.
the rate of hydrogen thermal desorption and the phase tran- A second, but no less interesting, observation is that
sition in BaCeQ. thermal desorption processes are initiated not only after the

The initial BaCeQ obtained by induction meltifgvas ~ phase transition at 607 K but also after the actual end of the
ground into powder and normalized by annealing in airheat release as a result of a metastable effect. This effect,
(400 Pa moisture contenfior 50 h at 800 K. After this treat- which appears after the thermochemical treatment, is ob-
ment the samples were a uniform dark yellow and regardlesserved by differential scanning calorimetry as an exothermic
of the cooling conditions, were characterized as orthorhompeak in the range 400—750 K and is not noticeable on a sec-
bic perovskite. The differential scanning calorimetry spectreond scanning. The energy release of the metastable effect is
in the range 300—700K have two peaks with maxima ahigher than that of both phase transitions in the same tem-
522+ 1.5 and 607-593 Kboundaries of hysteregisThese perature rang€950, 230, and 46 J/mol, respectively
thermal effects are interpreted as the result of second-order The nature of the metastable effect is not yet clear and
(522 K) and first-order(607—-593 K phase transitions. The we plan to study it. Nevertheless, at the phenomenological

1063-7850/98/24(10)/2/$15.00 782 © 1998 American Institute of Physics
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FIG. 2. Part of x-ray diffraction spectrum of BaCgBefore(1) and after(2)
thermal vapor treatment.
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FIG. 1. Differential scanning calorimetry spectra of BaGe@ormalized : :
(1) and after treatment with water vap(®). Dashed curve—second scan- bic lattice symmetry after the thermal vapor treatmeme

ning; line of circles—rate of Pthermal desorptionR) in arbitrary units. ~ Fi9- 2. This observation, made for the first time, also sug-
gests a possible reason for the spread in the lattice param-
eters and their assignment to different BagGesmmetries

level, this metastable effect can explain the phenomenon dfy different authors, which we noted in Ref. 1.

hydrogen(watep supersaturation during thermal vapor treat-  This work was carried out under Russian Fund for Fun-

ment which was described in Ref. 5, since not only the therdamental Research Project No. 97-03-33466a “Hydrogen in

mal properties of pure BaCe®ut also the crystal-chemical perovskites.”

parameters change in the course of this process. These

changes showed up when the x-ray diffraction spectra oftyu. M. Baikov, V. M. Egorov, N. F. Kartenket al, Pis'ma Zh. Tekh.

pure BaCeQ@ samples were compared before and after treat-,Fiz. 22(11), 91 (1998 [Tech. Phys. Lett22, 476(1996).

ment. The peaks in the range 145-15%2¢ geometry, troscchzirbggs(ng\égenueve L. Albello, and G. Lucazeau, J. Raman Spec-

CuK, radiation, which are fairly typical identifiers of 3k s knight, Solid State lonicg4, 109 (1994.

“fme” lattice symmetry characteristics of perovskites and 4Yu M. Baikov, Solid State lonic97, 471(1997).

are clearly distinguishable for the initial orthorhombic °K-D-. Kreuer, E. Schonherr, and J. Maier, Solid State loffi@s71, 278

sample, formed a broadened peak in the treated sample. Thid!%®

behavior can be interpreted as the appearan€épsgfudgcu-  Translated by R. M. Durham
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Preparation and investigation of films of (Zn,_4Cd,)3(P,-,As ), solid solutions
V. M. Trukhan, V. F. Gremenok, V. V. Rubtsov, and I. A. Viktorov

Institute of Solid-State and Semiconductor Physics, Belarus National Academy of Sciences, Minsk
(Submitted December 29, 1997
Pis'ma Zh. Tekh. Fiz24, 85-88(October 12, 1998

Pulsed laser evaporation was used to prepare thin films of (Ld,)3(P;_yAs), solid

solutions. It was shown that varying the flux density of the laser radiation and the substrate
temperature allows films to be obtained whose composition, structure, and electrical
properties are similar to those of the bulk samples. 1898 American Institute of Physics.
[S1063-785(108)01610-3

In recent years increasing interest has been shown i1.3—1.6)x 10° W/cn? and shallow holes formed in the tar-
film samples of I4—V, semiconductors in connection with get(the depth of the holes is much less than their transverse
fundamental aspects of studying their physical properties andimensiong
also because of the possibility of using thin films in semi-  The composition and structure of the targets and films
conductor and quantum electronicslt should be noted that were monitored by microstructural and x-ray phase analysis.
II;—V, solid solutions are of particular interest, since theylt was established that the composition of thin films obtained
can operate in a range of compositions free from the polyfrom stoichiometric targets depends on the substrate
morphic transitions typical of this group of compourfds. temperatur&. At temperatures above 250 °C the films were

The preparation of films of complex semiconductor 10-20% depleted in phosphorus and arsenic relative to the
compounds encounters problems with deviations of the cortarget. The ratio of zinc to cadmium was accurately repro-
position from stoichiometry caused by dissociation of theduced in this temperature range within 4% measurement er-
materials during the evaporation process. Consequently, in
many cases, conventional methods of preparing thin films
(thermal deposition, cathode sputtering, and sp ane un-
suitable. Pulsed laser evaporation was used here to obta
films of (Zn,_,Cd,)3(P;1_yAs), solid solutions. This tech-
nology is considered to have many advantages over convel
tional methods of depositiochHere we present results of an
investigation of the structure and electrical properties of thir
layers of different compositions. The choice of solid solution
compositions was determined on the basis of an earlier comn ;5,
ponent optimization of crystal samples for use as elements ¢
Hall detector$.

The initial materials for the deposition process were

<
™
N

325

Q

x

R
A

[
lutions grown by a single-temperature method with vibra- 20
tional mixing and by a two-temperature method with differ- ] o
ent temperature gradients along the furnace. The substrat N b

were chemically purified Corning 7059 glasses and theil
temperatures were sustained in the rafige50—300 °C.
The films were deposited in a vacuum chamber at a residui
gas pressure of (4—6&)10 ° Torr using a free-running in-
dustrial laser(pulse length 10°s, wavelength 1.06m)
(Ref. 5. The laser radiation power was °HJ5

. Qe <
X 10°) W/cn?. Depending on the number of laser pulses, the N8 S
thickness of the film varied between 0.2 and Arb. x I3 9 ©

-~

12
30
33

- 201

It was established that the surface quality of the films e
obtained by pulsed laser evaporation depends very strong ' y : : : ‘ . )
on the lens—target distance, i.e., on the flux density of th(20.0 250 300 350 400 450 50‘2 5.0 600
laser radiation at the surface of the target. By using defo 20
cused radiation, we obtained solid-solution films with a 1. Xray difffaction patterns: a—powder sample of
mirror-smooth surface, almost free from droplets and pin<zn, ,.cd, ,:94(P, Asy9), solid solution; b—films obtained at a substrate
holes. In this case, the flux density of the laser radiation wasmperature of 240 °C.
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TABLE I. their parameters are given in Table | as a function of the
composition and deposition temperature.
It can be seen that the substrate temperature strongly

Film compositon T,,°C  p,Qcm n,em®  u,cnPV is?

(Zno 2L 77)3 100 48.0 4.510% 2705 influences the electrical characteristics of thin solid solutions
5 . .. .

(Po2AS0.772 240 1.1 110! 626.2 of 113V, semiconductors; this is directly related to the struc-

(Zno ,Ch 793 100 27.5 1.410% 383.7

ture and composition of the laser-deposited layers.

To sum up, pulsed laser evaporation has been used to
obtain films o_f_ (Zq,XCdx)g,(Pl,yAsy)z_ s_olld solutions
whose composition and structure are similar to those of the
ror. Investigations of the structure and phase composition dpulk materials. Preliminary results of electrical measure-
the films showed that at low substrate temperatifs-  ments indicate that these films are potentially useful as mag-
150°0 crystalline layers grow, although the diffraction netoactive elements of magnetic field meters.
peaks were of low intensity and broadened. This suggests This work was supported financially by the Belarus Fund
substantial crystal lattice defects. At substrate temperaturd§r Fundamental Research.
above 200 °C the intensity of the peaks increases and their
width decreases.

Figure l1a shows an x-ray diffraction pattern for
a powder target having the composition 's. F. Marenkin, A. V. Mimasov, and V. A. Popov, iAbstracts of Papers
(ZNng 56£C 0y 739 3(Po 1ASe o) » and Fig. 1b shows that for a film  presented at the Fifth International Conference on Thermodynamics and
grown atT,=240°C. It can be seen that the film and the 2Materlal Science of Semiconductdia Russiaf), Moscow(1997, p. 95.

. . . . “V. B. Lazarev, V. Ya. Shevchenko, and Ya. Kh. Grinbeli$;-V Semi-
target have identical structures and phase composition, whilecgnductor Compoundgn Russiaf, Nauka, Moscow(1987), 170 pp.
the films of these solid solutions reveal a clearly defined3A. N. Pilyankevich, Yu. A. Bykovski and M. V. Loshchinskj Preprint:
texture in the(202) direction. The crystal lattice parameters ,Laser D‘EPOS'“OH of Th'”krf"m“'%v (1980, i? pp- Dok, Akad. Nauk
of the target and the film determined by the least squares\é's'g'RRslj1 tgg;”(l/ég'\g' Trukhan, and V. N. Yakimovich, Dokl. Akad. Nau
method were almost the samea<8.7664A and c SE. E. Matyas, V. F. Gremenok, and V. M. Trukhan, Fiz. Tekh. Polupro-
=12.3879 A). vodn. 25, 1656(1991) [Sov. Phys. Semicon®5, 1000(1991)].

The electrical characteristics of the thin layers were in-GVl-gg'V'- Trukhan, V. F. Gremenok, and V. A. Rubtsov, Neorg. Mater.
vestigated at room temperature by the van der Pauw method 8 (in press.

It was found that the films possessetlpe conductivity and  Translated by R. M. Durham

(Po.10AS0.90) 2 240 7.9 3.%x 10 887.4
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Preparation of thick YBa ,Cu30-_; films by dc magnetron sputtering
E. K. Hollmann, D. A. Plotkin, S. V. Razumov, and A. V. Tumarkin

St. Petersburg State Electrotechnical University
(Submitted April 10, 1998
Pis’'ma Zh. Tekh. Fiz24, 89—94(October 12, 1998

High-temperature superconducting films up to 3ré thick were obtained and their properties
requisite for the development of microwave devices were investigated. It is shown that
YBa,Cu;O; _ 5 films of thickness exceeding 35 may be obtained for use in the microwave
range. ©1998 American Institute of Physid$§1063-785(18)01710-§

INTRODUCTION ness of the deposited films was measured using a Dektak-
3030 profilometer and the estimated growth rate was 15 A/

Films of good structural quality with high critical param- renin + 5%. The parameters of the films are given in Table I.

eters are required to fabricate microwave devices using th
high-temperature superconductor Y,BasO;_ 5. In order to
localize the field in the film and reduce the microwave RESULTS AND DISCUSSION
|OSSGS, the thickness of the film should exceed a few London The structural qua“ty of the Samp|es was investigated by
penetration depths, . For an ideal YBaCusO;_ 5 (YBCO)  x.ray diffraction analysis(Geigerflex seriesD/max—RC
crystal oriented with the axis of the unit cell perpendicular Rigaku, A =1.5418 A Cuk, radiatior). The diffraction pat-
to the surface ¢-orientation, the value of\ according to  terns of the films clearly show all (0D peaks, indicating a
various sources is between 1400 and 180(Rkf. 1) and  perfectc-oriented structure. Then00) peaks, which indicate
increases in the presence of any structural defects in the fllnﬂhe presence od-oriented grainsi are 0n|y observed in the
for example, as a result of the inclusion of differently ori- x-ray diffraction pattern of the 0,Am thick sample, which
ented grains. This implies that films at least Q1% thick are  confirms that, in terms of preferential orientation, the quality
required for microwave applications. of the films deposited under these conditions improves with
In our previous studiés we examined the problems in- increasing thickness.
volved in Obtaining thick YBCO films and we reported re- Figure 1 gives the full-width at ha|f-maximu(ﬁWHM)
sults of an investigation of films 01—2/.,671 thick obtained of the (005) peak_ The tendency of the peak width to de-
by dc magnetron sputtering. Here we report results forease with increasing film thickness up tol.3um sug-
YBCO films up to 3.6um thick prepared by magnetron sput- gests that the crystal quality of the films improves. The sub-
tering at a depOSition rate Of‘].SA/mln The films were Sequent broadening of the peak and Corresponding
investigated by x-ray diffraction analysis, electron micros-deterioration of the structure may be attributed to the evolu-

copy, and Rutherford backscattering. tion of a surface relief which becomes particularly appre-
ciable at large thicknessésee Fig. 3.
EXPERIMENT Figure 2 gives thec parameter of the films calculated

) L f h 1 k f i f thick
The films were deposited in a planar dc magnetron sys—rom the (0011 peak as a function of thickness compared

. i . . . >7"with data for films obtained at deposition rates of 3 and
tem using a sapphire substrate with a cerium dioxide
sublayet The pressure of the oxygen working gas was
1Torr. The temperature of the substrate holder was main- 1.3
tained at 650 °C and remained constant during the process.
The discharge current increased from 100 to 600 mA during
the first 30 min of the process and then remained constant.

The film deposition time was between 1 and 40 h. The thick-

0.8
TABLE I. \ ——

(005), deg.

Sample Discharge current, Deposition time, Thickness,

No. mA h pum

654 600 20 1.8 0.3 +—r—— T T—r T
656 600 14 1.26 0 1 2 3 4
657 600 1 0.1 pm

665 600 6.2 0.56

667 600 40 3.6 FIG. 1. FWHM of YBgCu;O;_ 4005 peak on rocking curveAw) as a

function of film thickness.
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10 A/min (Refs. 2 and B The general tendency of the of defects, grain boundaries, and lattice misorientation in-

parameter to increase with thickness allows us to assess tleeeases. It may be postulated that the dielectric inclusions

oxygen content in the YB&u0,_ s film and suggests that influence the ratio of the channeled and random spectra in

from the point of view of the correspondence between theproportion to their concentration and size. The curves plotted

oxygen flux and the Y, Ba, and Cu fluxes, the conditionsin Fig. 4 give the parametey at a depth of~50nm as a

created by a deposition rate of 10 A/min are preferable.  function of the film thickness, obtained at deposition rates of
The surface morphology of the films was investigated by3 and 15 A/min. These results broadly confirm our hypoth-

scanning electron microscopy. The photographs shown iesis that the dielectric inclusions and the structural properties

Fig. 3 illustrate the change in the surface of the film with of the films are interrelated.

increasing thickness: the evolution of a relief where the pore

size and the fraction of the film area occupied by pores in-

creases while the concentration of inclusions remains ap-

proximately constant. In our previous studiésve put for-

ward the hypothesis that the improvement in film quality CONCLUSIONS

with thickness is attributed to the formation of macrodefects,

pores and dielectric inclusions, which may act as sinks for ~We have shown that YBCO films of thickness consider-

defects and superstoichiometric atoms and improve the eleably exceeding 3—%, can be obtained. The maximum film

trophysical propertie.For the 3.6um thick sample(Fig.  thickness giving satisfactory quality for microwave applica-

3a) we can postulate that the presence of a highly developetions is~2 um at a growth rate of 15 A/min and deposition

surface relief has a negative influence on the structural quatime of around 20h. A film thickness of arounduln is

ity, i.e., there is a certain optimum concentration of macro-sufficient for microwave applications and although such

defects(see the corresponding film characteristics in Figs. Tilms of satisfactory quality were obtained in all the deposi-

and 2, which is achieved for films around 1.6n thick. tion regimes studieddeposition rates between 3 and 15 A/
The surface layer of the films was investigated by Ruth-min), the regime giving the better deposition rate is prefer-

erford backscatteririgand the results are plotted in Fig. 4. able.

The parametey, which characterizes the ratio of channeled  This work was supported by the BMBF/VDI Project

and random reflected signals, increases as the concentratidio. 029850(Germany.

FIG. 3. Photomicrographs of the surface of films of different
thickness(a—sample 1.8im thick and b—sample 1.26m
thick.
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Physical model for shock-wave initiation of detonation in pressed fine crystalline
explosives

K. F. Grebenkin

Scientific-Research Institute of Technical Physics, Snezhinsk
(Submitted February 3, 1998
Pis’'ma Zh. Tekh. Fiz24, 1-5(October 26, 1998

A physical model is proposed for the reaction kinetics of heterogeneous explosives under shock-
wave initiation of detonation. The model is based on the assumption that the molecular

crystals of the explosive materials have semiconductor properties. The model can account for the
experimentally observed strong dependence of the shock-wave sensitivity of pressed

explosives on their initial density and temperature. The proposed model can be checked by
measuring the band gaps of triaminotrinitrobenz€R&TB) and comparing with the value of

40 kcal/mole obtained in the present study from an analysis of explosion experiments.

© 1998 American Institute of Physids$1063-785(18)01810-3

It is well known that the critical pressure for initiating D=Dgexp —&4/4RT),
detonation in heterogeneous explosives obtained by the
pressing of fine-crystalline initial materials is several timeswhereD, is a constant.
lower than in single-crystal samples of the same materials. The characteristic burnup time of an explosive can be
This is because the pressed explosives have porosity, and testimated as,~R/D, whereR is twice the average distance
pressure of the shock wave causes collapse of the pores,batween hot spots. If the characteristic size of a pore is
local rise in temperature, and rapid burnup of the explosivéhenR~r/a®, wherea is the porosity of the explosive, i.e.,
in the overheated zondhot spot$. After this the combus- the volume fraction of pores.
tion wave propagates from these hot spots into the remaining Proceeding from these considerations, we can propose
part of the explosivé. the following equation for the macrokinetics of the reaction
Although the concept of ingnition from hot spots in the of a heterogeneous explosive under shock-wave initiation:
shock-wave initiation of heterogeneous explosives is not it-
self in doubt, some fundamentall questions remain unan- —id—wzlzzcyl’?’exp(—Ea/RT). &
swered as to the physical mechanism that governs the veloc- W dt t,
ity of the combustion wave, the microscopic description of
the experimentally observed strong dependence of the deldyere W is the concentration of the explosive,is the tem-
in the initiation of heterogeneous explosives on their initialperature of the mediunR is Boltzmann’s constant, and
density and temperature, and, finally, the relation betweeAandE, are parameters of the model.
the sensitivity and the molecular structure of the explosive.  Although expression(1) is outwardly similar to the
In this paper we propose a physical model for the pro-Arrhenius law, this similarity is only formal, since the prin-
cess of shock-wave initiation of a heterogeneous explosivesipal parameter of the modégl, is not related to any chemi-
based on the assumption that the kinetics of the initiation isal reaction but is determined by the band structure of the
governed by the width of the band gap of the molecularmolecular crystal of the explosiv&,=&4/4.
crystals of the explosive material. Indeed, if it is assumed We note that calculation of the temperature of the explo-
that the propagation of the combustion wave from the hosive material for insertion in Eq1) is a nontrivial problem
spots occurs on account of heat conduction, the velocity oéind requires correct allowance for such factors as the initial

the combustion wave can be estimatedl as porosity and the temperature dependence of the specific heat
of the explosive.
D~ x!, p

The explosives of the greatest practical interest are based
where y is the thermal diffusivity of the explosive outside on nitro compounds, e.g., TNT, triaminotrinitrobenzene
the hot spots, and is the time for the reaction to take place (TATB), HMX, RDX, etc. It is known that the molecular
in the layer of explosive heated from the locus. The temperagcrystals of nitro compounds can have semiconducting prop-
ture dependence of the thermal conductivity of a nonmetagrties with a band gap of the order of 1 &Zonsequently,

has the form E.~6 kcal/mole, which is an order of magnitude lower than
_ the activation energy for thermal initiation of an explosive.
X= Xo €XP(—&4/2RT), . . : )
9 To verify model(1) we carried out a numerical simula-

wheree  is the width of the band gap ang is a constant. It  tion of the initiation of TATB under the experimental condi-
follows that the velocity of the combustion wave can betions of Ref. 6, using a one-dimensional Lagrangian gasdy-
written in the form namic code with chemical reaction kinetics in the fofb.

1063-7850/98/24(10)/2/$15.00 789 © 1998 American Institute of Physics
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FIG. 2. Delay time for the initiation of detonation of TATB versus the
4 pressure at the shock wave front for different values of the initial tempera-
-2 ture and densityT = +68°C, p=1.88 g/cni (O — experimenf, upper line
10 L ) | — calculation, T=+20°C, p=1.90 g/cmi (+ — experimenf, lower line
5 10 15 20 p’ GPa — calculation).

FIG. 1. Delay time of the initiation of detonation of TATB versus the
pressure at the shock wave front for different values of the initial density: ) . o
1.92 g/cnt (O — experiment top line — calculatiol 1.90 g/cmi (* — establish a relation between the shock-wave sensitivity and

experimenf, middle line — calculation and 1.81 g/crh(+ — experimenf,  band structure of high-energy molecular crystals. To check
bottom line — calculation the proposed model it would be helpful to measure the band
gaps of TATB crystals and other nitro compounds used as

Figure 1 shows a comparison of the calculated and ex€XPlosives.
perimental pressure dependence of the delay time of the ini-
tiation Qf detonation for various initial densities of th_e eXplo- 1 | Kaner S. V. Razorenov, A. V. Utkin, and V. E. Fortdhock-Wave
sive. Figure 2 shows the analogous results obtained for aphenomena in Condensed Mefiia Russiaf, Yanus-K, Moscow(1996.
different initial temperature of the explosive. It can be stated’L. D. Landau and E[ M. LifshitzFluid Mechanics ZN:A[ ed-v]Pergamon
; « Press, Oxford1987) [Russian original, Nauka, Mosco@ 986 ].
that th? propoged model reprOduces the experlmental data Igf:. Kittel, Introduction to Solid State Physicdth ed., Wiley, New York
an _ent_lrely satisfactory manner. The value of the apparent (1976; Nauka, Moscow(1978.
activation energy of TATB estimated from the results of the #J. Simon and J.-J. Andreyiolecular Semiconductors: Photoelectrical
analysis wasE,~ 10 kcal/mole, from which one can esti- Properties and PhotocellsSpringer-Verlag, Berlin—New York1985;
. . Mir, Moscow (1988.
mate that the ban,d gap In_the TATB crystals is around 4050. L. Mader,Numerical Modeling of Detonation&Jniversity of Califor-
kcal/mole. According to estimates, for RDX and HMX crys-  nja press, Berkeleg1979: Mir, Moscow (1985.
tals the band gap is one-half as large as in TATB. This prob-°P. Jackson, L. Green, R. Barleit al, “Characteristics of the initiation
ably accounts for their h|gher shock-wave Sens|t|v|ty as com- and propagation of detonation in the explosive TATB, Detonation and
pared to TATB Explosive Materialdin Russian, Mir, Moscow (1981), pp. 323-342.

In summary, the proposed model makes it possible taranslated by Steve Torstveit
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Active microwave pulse compressor utilizing an axisymmetric mode
of a circular waveguide

A. L. Vikharev, A. M. Gorbachev, O. A. lvanov, V. A. Isaev, S. V. Kuzikov,
A. L. Kolysko, and M. I. Petelin

Institute of Applied Physics, NizhriNovgorod
(Submitted April 14, 1998
Pis’'ma Zh. Tekh. Fiz24, 6—11(October 26, 1998

A novel active microwave pulse compressor in the form of an axisymmetric cavity is
implemented and investigated. The cavity is formed hya 8ragg reflector, ba cylindrical

section, and tan output resonance reflector in the form of an electrically controlled gas-filled
spark gap. The compressor is excited by thg,TBode of a circular waveguide at a

frequency of 9.4 GHz. Working at atmospheric pressure, the compressor produces output pulses
with a power of 1.8 MW and duration 25 ns at a compression coefficient of around 20.

© 1998 American Institute of Physids$1063-785(08)01910-7

1. INTRODUCTION ates a reflection with a reflection coefficient close to unity in
a frequency band determined by the loaded Q of the wave-
power microwave pulses is to use Q-switched storagtg’Uide gxpansioﬁ. By choosing thg configuratipn of the
cavities™ with interference Q-switches: electrically con- waveguide expansion one can, W'thOUt reaching the self-
trolled or self-breakdown waveguide H-tees. Such comprest—)re"’lkdow.n th'reshold of the gas—d|schgrge tupg, effect a con-
Otrolled switching of the compressor with a minimal volume
e?f gas-discharge plasma. We note that the use of thg TE

Z{V\é |g|j|;gll_ei;5aeg\:]/2rcoc:2p;izfilr?grl ,fg fr:?gqhueernfrlsguzfnggso;gemode is favorable from the standpoint of achieving both high

power of such compressors falls off rapidly. In Ref. 5 it Wasdielectric strength and low wall losses in the compressor.
proposed to use axisymmetric modes of oversized Bragg

resonators to increase the power of the compressed high: CONSTRUCTION OF THE MICROWAVE COMPRESSOR
frequency pulses. The switching of the Bragg reflector could  The axisymmetric compressor investigated in this study
be effected, in particular, by a distributed set of electrically(Fig_ 1) consisted of an input Bragg reflector, a section of
controlled gas-discharge tubes. Here it is obviously necesylindrical waveguié 1 m long and 50 mm in diameter, and
sary that the plasma arising upon breakdown in the gas havgh output reflector, based on an abrupt expansion of the cir-
a high degree of homogeneity. This requirement can be regyjar waveguidgenclosing a gas-filled spark gap. The input
laxed somewhat if the electrodynamic structure of the outpuBragg reflector is a section of cylindrical waveguide with a
reflector has resonance properties such that a relatively smg{|lameter of 50 mm and a shallow sinusoidal corrugation.
change in the parameters of the medium filling the tube isthe center frequency of the reflector was equal to 9.4 GHz,
sufficient to destroy the resonance. This method can bgnd the width of the stop bantht half maximum of the
implemented in an axisymmetric microwave compressokransmitted powerwas 600 MHz. Near the center frequency
working on the Tk, mode and utilizing a controllable output the power reflection coefficient was 98:8.5%. The output
reflector in the form of a waveguide expansion containing aeflector(Fig. 2 was in the form of a cylindrical cavity 130
gas-filled spark gap. In the expansion the blocked mode crenm in diameter, resonant for the FEmode. Near the front
wall of the cavity was a quartz gas-discharge tube in the
form of a ring 120 mm in diameter. The tube had a cross

One of the ways currently employed to obtain high-

8
L

FIG. 1. Block diagram of the compressdr— microwave oscillator2 —
waveguide transformeB — input Bragg reflector4 — cylindrical wave-
guide section5 — controlled reflectorf — load, 7 — gas-discharge tube, FIG. 2. Output resonance reflectdr— waveguide of diameter 130 mm,
8 — high-voltage pulse generator. 2 — waveguide of diameter 50 mm3,— quartz ring tube4 — electrode.
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TABLE |. Results of the compressor tests.

Frequency 9.4 GHz
Working mode TES,

Q of the cavity 1.x10%
Input power 90 kW
Output power 1.8 MW
Duration of output pulse 25 ns
Efficiency 30%

FIG. 3. Converter of the TE of a rectangular waveguide to the modeSTE
of a circular waveguide.

section of 10 mm and was fitted with two branch pipes for

the admission and evacuation of air, the pressure of whicl 5 circular waveguide. In the experiment we varied both
was varied from 1 to. 10 Tqrr. A discharge was struck in theine air pressure in the spark gap and the magnitude of the
tube through two diametrically opposed eds, on which &5 yoltage control pulse, so that, in addition to the rise

pulse of amplitude 40 kV, duration 100 ns, and rise time Oftime of the voltage, the propagation velocity of the ionization

10 ns was applied. The width of the resonance curve of th(I%"ront in the tube was determined, according to Ref. 9. The
storage cavity as a unit, measured at a frequency of 9.4 GHz '

wasAf—0.6 MHz, which corresponds to a loaded Q factorr’ﬁaximum coefficient of compressidthe ratio of the powers
Q=1.5x10% The storage cavity was excited from a magne-Of th? compressed and primary pulseeas 13-14 dB; the :
tron with an output power of up to 130 kW, a microwave duration of the comp_ressed microwave pulse at ha!f maxi-
pulse durationr=>5 us, and a repetition ratE=1 Hz. The Mum was 25-30 néFig. 4). The results of the experiment
power was extracted from the magnetron in the Jiode are summarized in Table I. The width of the output spectrum
of a rectangular waveguide. This wave was converted to th8f theé magnetron used was 1.3 MHz, which is t‘f"'c? the
TE;;, mode of a circular waveguide at an adiabatic transitionidth of the resonance curve of the storage cavity; this cir-
and the latter then entered a waveguide with a slight corrucumstance is mainly what limited the efficiency of the com-
gation which was sinusoidal in the plane of the wide wall ofPressor. The power of the compressor was limited by the fact
the initial rectangular waveguidéFig. 3), where it was thatits main volume was filled with air at atmospheric pres-

converted® to the TRy, mode. sure. Estimates show that evacuating the compressor or, al-
ternatively, increasing the gas pressure in it while increasing
3. EXPERIMENTAL RESULTS the power of the primary pulses to 1 MW and increasing the

_ . pressure in the gas-discharge tube to a value of the order of
A preliminary tuning of the compressor was accom-

. L2 A . .., 100 Torr(to avoid self-breakdown one can raise the output
plished by adjusting the length of the cylindrical section with ower level to several tens of megawatts
the aid of a sweep generator so that the minimum of thé) 9 i
microwave signal reflected from the compressor lay at the . The authors thank V. E. Balakin, N, F Koyalev, A.G.
working frequency of the magnetron. The tuned compressc}'tvak' and D CIopne;(EngIand, and J. HirschfieldUSA)
was fed from the magnetron through a circulator. At the end©" NelPful discussions.
of the supply pulse a pulse of high voltage was applied to the
electrodes of the quartz tube. The appearance of a plasma in
it altered the eigenfrequency and Q of the output reflector,
leading to a rapid increase in the transmission coefficient.

Energy was emitted from the compressor in theblTlEOde 1A. N. Didenko and Yu. G. Yushkowigh-Power Microwave Pulses of

Nanosecond Duratiorfin Russian, Energoatomizdat, Moscow1984),

112 pp.
2A. N. Didenko, S. A. Novikov, S. V. Razin, P. Yu. Chumerin, and Yu. G.
P, MW Yushkov, Dokl. Akad. Nauk SSSB21, 518(1991) [Sov. Phys. DokI36,
20 792 (1991)].
SR. A. Alvarez, D. P. Byrne, and R. M. Johnson, Rev. Sci. Instr&.
1 2475(1986)].
1.5 4 4V. A. Avgustinovich, S. A. Novikov, S. V. Razin, and Yu. G. Yushkov,

Izv. Vyssh. Uchebn. Zaved. Radiofi28, 1347(1985.

5A. L. Vikharev, N. F. Kovalev, and M. I. Petelin, Pis'ma Zh. Tekh. Fiz.

1.0 22(19), 41 (1996 [Tech. Phys. Lett22, 795(1996)].

6G. G. Denisov, S. V. Kuzikov, and D. A. Lukovnikov, Int. J. Infrared
J Millim. Waves 16, 1231(1995.

0.5 ’N. F. Kovalev, I. M. Orlova, and M. I. Petelin, Izv. Vyssh. Uchebn.

Zaved. Radiofiz11, 783(1968.

8S. V. Kuzikov et al,, in Proceedings of the 7th International Woorkshop
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FIG. 4. Oscilloscope trace of the microwave output pulse. Translated by Steve Torstveit
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The introduction of centers of generation of charge carriers in pure Si is examined in the
framework of the interaction of nonequilibrium defects and charge carriers directly in the track
of an ion. An experiment o particles with energies of 1.0-5.0 MeV is supplemented

by the results of a numerical simulation of the stopping of such particles in Si. It is shown that
the primary defects arising at the end of the track form a smaller number of generation

centers. This is explained by the trapping of components of Frenkel pairs of charge carriers, the
concentration of which in the track undergoes a 3-fold increase by the end of the range.
Charge exchange between vacancies and interstitial atoms both accelerates recombination and
lowers the number of primary defects participating in the subsequent complex-

formation. © 1998 American Institute of Physids$1063-785(98)02010-2

Radiation damage is commonly defined in terms of thethe bulk of the crystal botl andl participate in quasichemi-
number of electrically active centers that ariae a rule, they cal reactions. These processes characterize the second stage
lie deep in the band gapHowever, it is helpful to trace the of the recombination, when the formation of radiation cen-
process of defect formation by proceeding from the initialters is completed.
state upon the temporally “instantaneous” formation of the  The quantitative aspects of defect formation are largely
primary Frenkel pairgvacancy—interstitial atopdirectly in  governed by the degree of importance of the cross interaction
the track. o of nonequilibrium carriers and defects during the stage when

The transport of the observation time means that bethe track still exists and their concentrations are high. This is
tween the time of creation of the primary defects in the iondue to the strong dependence of the interaction cross section
track and the formation of the resulting centers comes & commyf v/ and| on the charge state. It is known from calculatibns
pletely determinate stage of dispersal of the track. We recathat the critical distance between components for the occur-
that in the stopping of an ion its energy is expended predomirance of pair recombination in the neutral stat®-V°) has
nantly on |pn|zat|on. As a result, a significant nu.mber ofthe valuer,=2a, wherea is the lattice constant. In the
nonequilibrium charge carriers — electron—hole pairs — argyesence of partial charge exchange, when the charges of the
produced along with the defects in a mlcrog,coplcally Sma"pair are(1°-V "), the critical distance is,= 4a. Finally, for
volume of the tracKof the order of tens oftm® in the form + - _ g S
of a cylinder of small radius the case(l"—V™) one hasr.cr— 7a. This increase i, is

. o L due to the Coulomb attraction of the components.

1. Relaxation to equilibrium occurs primarily through . .

. . . : . ! The loss in number of Frenkel pait6P9 can be ex-
the effective radial spreading of carriers by virtue of the high o . .

- . . ressed quantitativelgby analogy with the loss of carriers
mobility and large concentration gradients between the trac the ratiov=M/N.<2 . whereM is the number of centers
and the bulk of the crystal. The spreading is accompanied b y y=VTo=2, . .

ormed. The ratio ofM to the numbemN, of primary pairs

recombination at existing centers in the material, and this™, "™~ i ) -
leads to a loss in the number of carriargreated by an ion arising is obviously an integral characteristic of the recom-
bination of FPs in the track. In this approach the generation

It has been showhf that as the mass of the ion increases, o ) ’
recombination of charge carriers directly at nonequilibrium®f FPS(which is uniquely related to the nature of the ion and

defects takes on a governing role. An experiment was set uf the crystal lattice is treated separately from the subse-
using thep* —n structures of ion detectors with a variable duéent quasichemical reactions. Indeed, the formation of com-
value of the electric fieldF. It was observed that the hyper- Plexes and their manifestation as centésare predeter-
bolic dependenca ~ 1/F characteristic for light iongsee, ~Mined by the impurity composition and structural defects of
e.g., Ref. 3 gave way to a logarithmic dependense the material. In the final analysis; enters as a parameter
~In(1/F). It is just such a function that is obtained math- Which characterizes the “yield” of the FP components from
ematically in the model of carrier recombination on defectsthe track in a given material in the stopping of ions of a
arising in the track. Thus there is a quantitative description ospecific type.
the loss of carriers in the stage of spreading of the track. The  Unfortunately, it is difficult in practice to determing.
situation in regard to the vacancy—interstitisddl) pairs is  The numbem, of primary pairs can be found by a simula-
much less clear. tion of the stopping of an ion with the use of the TRIM
Obviously the ¥/—1) pairs, like the electrons and holes, code® On the other hand, it is not possible to measrghe
will recombine and diffuse from the track into the bulk. In number of centergboth shallow and deepto sufficient ac-
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curacy. The way out of this situation is to obtain comparative 3. The results of the numerical simulation of the stop-
data for different ions. ping of « particles yield a distribution over the ion track of
In Ref. 6 the recombination of FPs in ion tracks wasthe energyE, transferred to recoil atoms and the energy
compared for two ions near opposite ends of the mass scalg;,, dissipated on ionization. Figure 2 shows the result of a
28y o particles, and®<Cf fission fragments, with mean calculation using the TRIM code fdE,,=8.0 MeV. The en-
energies of 5.48 and 80 MeV. The high efficiency of creatingergy was chosen higher than the upper boundary of the ex-
centers of generation in Si in the case of the fission fragperiment(S.? MeV) in order to expand the range of the nu-
ments was explained by the configuration of the track, withmerical simulation. The results were averaged over 650
the FPs and che_xrge carriers distributed on opposite ends. UBarticles. As we have said, the profiles&f, andE;y, have
der such conditions the charge exchange of the FPs is hifne form characteristic for light ions, with both the main part
dered in comparison with the case af particles, in the ot the energy imparted to the lattice and the greatest ioniza-
tracks of which the maxima of the distributions of the thetion concentrated at the end of the range. One gets the im-
charge carriers and the primary FPs coincide. pression that the overwhelming majority Bf.. comes in at

. tﬁ. In ;?.'S. study t]t\ef govetr.nmg rfole gf tthe track tgeometrycoordinates near the maximum at 4&#h. Actually this is
in the efficiency of formation of radiation centers was, .4 only for low energies.

checked for the case of ions of the same maspérticleg The functionE, .= f(E, ) is obtained by integrating the

but different energies. . _ distribution ofdE,../dx (Fig. 2 from the value 48.4 R to
The energy of thex particles was varied over the inter- : . .

- . : . n 55 um. HereR s the range of a particle of the given energy.
val E,=1.0-5.7 MeV. Thex particles irradiate¢” —n de- turned out thaE . as a function oE,, increases linearly
tectors fabricated by planar technology on “pure” silicon . rec @ . '

! yp 9y pu " the difference at the ends of the 1-8 MeV interval used

(with a resistivity of several ®-cm). The irradiation was hi factor of 1.5. A It with i
carried out at room temperature in a geometry close to or[iac kljngt? actor ot L.>. t?l aresuft, wit n;\creasﬁnf onef .
thogonal. The periphery of the sample was covered by ghould observe a noticeable increase in the number of pri-

diaphragm. The dose and energy of the particles were detef12"y defects. The inset in Fig. 2 sholg, versus the num-
mined directly by the detector through the counting rate and®” No Of vacancies that arise at an energy of displacement
signal amplitude. As in Ref. 6, the number of centers intro-Of the Si atom taken as 40 efRef. 7). The plot shows that
duced was determined from the increment of the generatiol1€ relation is linear, and the energy expended on the forma-
current. The use of this parameter is justified by the fact thaion of FPs has an average value of 133 eV. .
the system of deep levels introduced is identical, as was es- These results can be used to correct the experimental
tablished from the spectra of the DLTS signal. data by performing a normalization to the numi¢g of

The observed curves of the dependence of the currertfimary vacancies. A linear approximation of the depen-
increment Q1 ) on the dose were linear. This permits one dencel ge=f(E,) was taken as the initial approximation
to find the normalized quantitl 4., (NA) per particle for a (Fig. 1). However, the normalization did not lead to a con-
series ofa-particle energiesFig. 1). The main error in the StantAl g, i.e., the depend o, was not eliminated. As
measurements was estimated as 7% and is due to the lack lgfore, one observes a linear rise at a rate xfl@ ! nA
temperature stabilization. For the subsequent analysis weer vacancy(inset in Fig. 2. The latter suggests that the
used a linear approximation of the observed trekid,, primary FPs are not equivalent in respect to the formation of
=f(E,) (the continuous line in Fig.)1This gives a slope of centers of generation. The experimental data definitely indi-
0.82x 10" nA/MeV on a per-particle basis. cate that the efficiency of FPs is large in the case of high-
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energya particles; this can be explained qualitatively as fol- cifics of the distribution. Therefore, in an experiment done at
lows. a fixed bias voltage on the structure of a lay®¥r>R, one

Let us start with the casgé,=1.0 MeV, for which the should observe a linear dependemgg(M).
range,R=3.4 um, fits inside the region of intense transfer We recall that monitoring the onset of centéisfrom
for bothE,..andE;,,. For high energies, from the standpoint the “recombination” lifetime 7z presents methodological
of stopping in Si, the difference is that FPs arise in the pardifficulties. For example, in ReB a nonuniformity ofrg that
of the track where the ionization has fallen by a factor of 3is specific for ions was noted. Specifically, in the transport of
from its maximum valugFig. 2). In addition, this region carriers the defects at the end of the range act as an internal
comes at the beginning of the track, where the particle caboundary with a high rate of recombination. The method of
transfer a significant portion of its energy to theelectrons  determiningM from the rate of generation has a wider do-
in an ionization event. This also lowers the density of non-main of applicability. It is necessary only that the conditions
equilibrium carriers. The net result is that charge exchangeonform to the model of an isolated center in an electric
with the components of a FP and the possible subsequefield.
recombination are slowed, and the FP is increasingly likely =~ To compare the number of centers and the measured
to pass out of the track into the bulk, where it forms generacurrents we take as the initial valdege,/dNy=7>x10" ¥A
tion centers. per vacancy(see the inset in Fig.)1 This corresponds to

A numerical estimate based on a comparison of the enE,=1 MeV, when the density of the charge carriers sur-
ergies 1.0 and 5.0 MeV showed that the number of FPs inrounding the primary FPs is the highest. The measured and
creased by a factor of 1.27 and the current increments by expected values aflg,/dM are related through the param-
factor of 1.77. Thus the components of a FP created alongter y=M/Ny<2 as
the path of a stopping particle between 5.0 and 1.0 MeV are
2.85 times more active in forming centers than are the same Al ger/dNo=y(dl gor/AM)
components arising in the final stage of transferring the last
1.0 MeV of energy. = yenuvnoaoplonexde]+opexd 1},

4. Let us conclude by returning to the observed values of )
the generation current. As we know, the value Qf, per unit

areaSis proportional to the density of deep centers and the Here we have used the general form of E). (see, e.g.,

width_W of the electric-field region of the—n junctioq. In Ref. 8, wheres = (E— E;)/KT, E andE; are the position of
th? S".“p'eSt case, when the level of the genters IS at .thﬁ”]e level of centeM and the midpoint of the band gabis
midpoint of the band gap and the cross sections for rappPINg 1tz mann’s constant, anflis the absolute temperature. Let
of electrons and holes are equat,,= o, one has us compare the values of obtained from Eq(2) for the
(1) three main generation level&€.—0.40, E.—0.44, andE,
+0.33 eV. These belong, respectively, to a divacancy, a
Hereeis the charge of an electron, is the intrinsic density, vacancy—phosphor complex, and an interstitial carbon atom
vy is the thermal velocityV is the volume supplying the C; and have the following cross sections,=4Xx 10716,
carriers, antrge,= (viom) ~* is the carrier lifetime. We see ¢,=2.7x10 '3 and 0,=4.5x 10" cm™2. The center ¢
thatl 4., is determined by the total number of centers in thearises by a kick-out mechanism in the interaction of intersti-
selected volumeNl =mV) and does not depend on the spe-tial silicon with carbon atoms &located in lattice sites.

lgeri= €W G274 =ENMvHomV.
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For the values ofy we obtain, in the respective order: interstitial carbon. Here one is actually monitoring the inter-
y=15.6, 0.005, and 0.22. Since by definitigi=2, the cen-  stitial Si atoms that generate the carbon. We have determined
ter atE.—0.40 eV does not participate in the generation. Asthe fraction comprised of the latter in the total number of
to the center aE.—0.44 eV, the number of these must satu-primary Frenkel pairs in the track of an ion.
rate because of the small phosphorus content. We recall that The authors express their gratitude to the seminar of the
in the experiment a linear dependenceldfe,on the dose is  Laboratory of Nonequilibrium Processes in Semiconductors
observed, i.e., a single system of centers is manifested. Wand to E. M. Verbitskaya for a helpful discussion.
conclude that the generation of carriers is due to the center at
E,+0.33 eV, a finding in agreement with the results of Ref.

10. At the doses we used,10° cm ™2, a carbon content of 3

% 10 cm~2 in the initial Si is sufficient to provide an “un- 1v. K. Eremin, 1. N. Il'yashenko, N. B. Strokan, and B. Schmidt, Fiz. Tekh.
limited " of Th | —0.22 obtained Poluprovodn29, 79 (1995 [Semiconductorg9, 42 (1995].

'mlte. Sour(?e of G gtoms. € valuey=0. 0 ta”?e 2B. Schmidt, V. Eremin, I. llyashenko, and N. Strokan, Nucl. Instrum.
here is considerably higher than the expettealue, which Methods Phys. Res. 877, 184(1996.

is of the order of several percent. 3E. Verbitskaya, V. Eremin, N. Strokan, J. Kemmer, B. Schmidt, and

; : ; J. Von Borany, Nucl. Instrum. Methods Phys. Res38 51 (1994.
5. In this letter the authors wished to call attention to the 4V, v. Emtsev. T. V. Mashovets. and V. V. Mikhnovich. Fiz. Tekh. Polu-

importance of the_ initial stage of dispersal of the ion track in ,5y04n 26, 20 (1992 [Sov. Phys. Semicon@, 12 (1992].
the defect formation process. That stage depends on the n&s. F. Ziegler(Ed), lon Implantation: Science and Technologycademic
ture of the ion(configuration of the trackand provides a sort  Press, Ofland®198f9- ok ) d -~ "

w s S i AR : ; A. M. Ivanov, I. N. II'vashenko, N. B. Strokan, and B. Schmidt, Fiz. Tekh.
of “coefficient of injection” of primary defects into the bul!<_ Poluprovodn 29, 543 (1995 [Semiconductor€9, 281 (19951,
of th_e crystal. As a consequence, the primary def?CtS arising| s, german, N. A. Vitovski V. N. Lomasov, and V. N. Tkachenko, Fiz.
at different parts of the track have different efficiencies in Tekh. Poluprovodn24, 1816 (1992 [Sov. Phys. Semicond24, 1131
respect to the formation of the resulting centers. , (1992, Hsics of Semicond e ed. Wil )

On the methodological front we have compared the pos- (Sl'g'\é']'),sl\z/ﬁr’PMy;S"ézx(15988”;')”3';' “ftopr Zg\é'ce“ ed. Wiley, New Yor
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increment of the generation current opa—n structure as a

function of the dose permit one to trace the introduction ofTranslated by Steve Torstveit
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laser field
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Important differences are found between the spectral characteristics of the radiation emitted by
relativistic electrons moving the field of a terawatt laser and the case of their passage

through a static transverse field. The role of nonlinear effects of higher-harmonic generation and
of the quantum effects of recoil and spin in the emission of a hard photon is analyzed in

the framework of the quasiclassical Ba—Katkov method. ©1998 American Institute of
Physics[S1063-785(18)02110-7

1. The main features of the interaction of relativistic fields. As a typical example of the emission in static trans-
electrons with an electromagnetic plane wave were investiverse fields we shall consider the radiation emitted during
gated in the mid-1960¢see the reviewand the references channeling’
cited therein. In recent years this topic has attracted renewed In a plane wave, where the radiation is the result of the
interest°in connection with the advent of high-power tera- scattering of real photons on electrons, the nondipolarity pa-
watt lasers (1 TW=10 W), for which the value of the rameter is independent of the electron energy, i.e.,for

Lorentz-invariant field parameter <1 the dipole approximation is applicable even when the
energies of the emitted photons is of the order of the energy

) e’c3 of the electrons, and since the transverse motion in the field
VOZZmZ—w(ZJCQ @ of a plane wave is essentially harmonic, only a single har-

monic is radiated, with a sharp dipole maximum in the spec-
trum. For motion in a static transverse field, on the other
hand, where the radiation is the result of the scattering of
virtual photons on electrons, such a situation is not realized
in practice, since the nondipolarity parameggry increases

may be greater than unity. Hefg is the amplitude of the
electric field of the laser wave, which has frequenay, e
andm are the charge and mass of the electron, aiglthe
speed of light. We will refer to laser beams wit>1 as L . . s
ultraintense. In particular, the first four harmonics in the in-W'th increasing energyfor channeling radiation, €.04,

U ;
teraction of electrons with energy 46.6 GeV with a circularly h 7, andlv]\(/_htledn the ar:jglehof dﬁflecnon. OT the ?'e?”on byl
polarized laser beam, with a field parametgr=0.6 at the the external field exceeds the characteristic emission angle

focus, were recently observéd. (i.e., wheng, y>1), the radiation of higher harmonics be-
In this paper we consider the emission of relativisticCOMes important, ang the spectrum is given by formulas of
electrons in a terawatt laser radiation field on the basis of thée synchrotron typg: _ _ _
quasiclassical method of Bar and Katko\?. This approach At the electron energies att.alnable in tqday’s accelera-
has certain advantages over that taken in recent papers ByS (E~300 GeV) the contribution of the spin to the chan-
other authorgsee, e.g., Ref.)5it permits a relatively simple neling radiation is unimportant although not negligitfle.
incorporation of the quantum effects of recoil in the emissionThe reason is that the emission spectrum is dominated by
of a hard photon, the influence of spin on the emission, an#elatively soft photons, and the number of photons Vith
of nonlinear effects due to the onset of higher harmonics i~ E is comparatively small. For motion in the field of a plane
the emission spectra. wave, however, the energy of the emitted photons increases
2. In comparing the radiation emitted by electrons mov-with increasingE more rapidly than during channeling, and
ing in the field of a plane wave with the case of motion in aif the field parametef1) is not too much greater than unity,
static transverse field, an important circumstance is that theve shall see that the spin contribution to the hard part of the
invariant known as the nondipolarity paramefgry is the  spectrum is the dominant one. A similar comparison of the
same as the field parametdy (hereg, is the velocity com- channeling radiation with the radiation emitted during mo-
ponent transverse to the direction of the average velocity ofion in the field of a plane wave for the case when the emis-
the electron’ For example, for an electron moving counter sion spectrum is dipolar and lies in the x-ray region has
to a linearly polarized plane wave one has the relatiorrecently been presented in Ref. 7.
,Bf yzzvé, where the overbar denotes averaging over the 3. Besides the field parametél), we shall be interested
period of the transverse motion of the electron. This relatiorin two other Lorentz invariant$=2ﬁk6‘pﬂ/(m202) and y
is indicative of the substantial difference between the radia=e# |F Mp’7|/(m3c4), wherekj is the wave 4-vector of the
tion in the field of a plane wave and in static transversencident plane wavep* is the 4-momentum of the electron,
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2 form to the case of planar channeling of positr¢sse Ref.

8, Sec. 3.3 The corresponding expressions are awkward but
straightforward and will not be given hefsee also Appen-
dix A in Ref. 1). The shape of the emission spectrum in the
field of a plane wave is determined in the general case by
two parametersa and v, but the situation simplifies sub-
stantially in the two limiting casey,<1 (weak external
field) and vy>1 (strong field.

5. The casevy<<1 corresponds to the dipole approxima-
tion. In this case the spectrum is determined by just one
invariant,a. The quantum dipole formulas are well known in
the theory of the interaction of a plane wave with moving
electrons(see Ref. 11, Sec. 101Unlike the case of static
transverse fields, for motion in the field of a plane wave the
dipole approximation is valid for arbitrarily high electron

FIG. 1. Emission spectra of electrons moving counter to a linearly polarizeaenergles’ prOVIdEd Only that0<l' In channellng, for ex-

plane wave withry=2. The solid curved and2 correspond to the values ample, the Situat_ion_ in which quantum effects W0_U|d play a
a=1 anda=6, respectively. The dashed cuniesand2a correspond to the  role and the emission spectrum would be described by the

synchrotron approximation for these same valuea.dfhe points show the  dipole formulas is never realized in practice, and therefore at
spin contribution:O for a=1, and® for a=6. high enough energies, when the role of quantum recoil and
spin becomes importantthis is for energiest>50-100
GeV), the dipole radiation condition is inevitably violated. In
this sense the method of obtaining hard polarized photons
with # o~ E by means of lasers withy~0.2—0.5 has advan-
a~2hOoy?E, x~efhc(1l+ B)/(mic?y), (2)  tages over channeling radiation in that the emission spectrum
has a higher degree of monochromaticity and there is no
multiphoton background in the soft part of the spectrum.
Such a background, which is due to the high multiplicity of
Ehe emission, is unavoidable in the channeling of electrons
and positrons with energigs=50-100 Ge\}? At lower or

V0=

0.20 T

and F#” is the electromagnetic field tensor. Fge-1 we
have to an accuracy @} :

where £= £ycoany(t+2/c) is the magnitude of the electric
field in the plane wave. The quantify,= wo(1+ 8) has the
meaning of the frequency of the transverse oscillations of a
electron in the field of a plane wave. In E®) the quantity

a is independent of time, and the time dependence of th%. ST '
invariant y enters only througlg=£(t). The paramete is igher values of/y these advantages of emission in the field
) of a plane wave are lost. For example, 1gt<1 the total

well known in the theory of electromagnetic processes in - L ' :
static external fields® probability of emission in the field of a plane wave is com-

. . paratively small. Fowy>1 nonlinear effects play a greater
4. The results for electrons moving counter to a linearly . )
; : role in the Compton scattering, and the spectrum broadens.
polarized laser beam with a wavelength ofuln are pre-

sented in Figs. 1 and 2. In this case theidaKatkov In addition, in ultraintense laser fields the multiplicity of the

. . emission becomes more importarnd such destructive fac-
method leads to an exact analytical expression analogous {ors as the ejection of the electron from the laser beam on
account of the nonuniformity of the spatial distribution of the

intensity over the transverse cross section of the beam play

1.0 T — =
] ; - ,’j‘;:?'s an increasing rol&>
N 3 - ve=2 6. The form of the emission spectrum in the field of a

plane wave is also simplified in the limity>1, when the
higher harmonics become governing. In this case the spec-
trum is also determined by a single paraméit@w y) and is
given by the well-known quantum synchrotron forndlav-
eraged over the period of the transverse mofien27/(},

the parametey being related to the invarianssand v as
x=avesin(Qt)/\2. It can be shown that this synchrotron
approximation is valid under the condition

viua }(1-u) >1, 3

whereu=# w/E is the dimensionless frequency of the emit-
0 2 T4 T8 3 ted photon. o _
a The synchrotron approximation has been applied suc-

FIG. 2. Total ber of bhot ted it length in unitsNgf cessfully for calculating the channeling radiation spectra for

. 2. Total number of photons emitted per unit length in uni . . 2 .
(Eg. (4)) as a function of the parametarEqg. (2)). The dashed curve is the electrons with energies at,’ove 100 G%%ll’ and the hlgher
dipole approximation:v,<1. Curves1, 2, and 3 are for the values th€ €lectron energy, the higher the degree of accuracy of the
v0=0.5, 1, and 2, respectively. synchrotron approximation. In the case of a plane wave,

0.0
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however, at a fixed value of the field parametgrthe con- The emission spectrum of relativistic electrons in the

dition of applicability of the synchrotron approximation field of a plane wave has a pronounced oscillatory character.
is violated as the electron energy increases, as follows fronthis is due to the interference of the waves emitted at dif-

Eqg. (3). ferent parts of the strictly periodic transverse traject@se

7. Figure 1 shows the energy spectra of the radiatiorthe solid curves in Fig.)L The synchrotron approximation
emitted by electrons moving counter to a linearly polarizedtakes into account the emission contribution of only the
laser beam withvy=2. The valuesa=1 (curvel) anda  small part of the trajectory which can be approximated by a
=6 (curve 2) correspond to electron energies 860 and circular arc. Such a spectrum does not describe oscillations.
300 GeV. The scale on the ordinateuill, /Ny, whereN, is  As the intensity of the laser field is increased at a fixed elec-
the number of photons with the specified frequencies emittetton energy, the role of the higher harmonics in the spectrum
per unit length, and\ is the total number of photons emit- increases, and in the limit of large, (at the energies under
ted per unit length in a weak laser field, wheg<1: consideration, this is fopy>3—-4) the spectrum ever more

_ 2 closely approaches the synchrotron spectrum.

No=(2/9arpllo/e, @) 9. In summary, we have shown that the character of the
wherea=1/137. radiation emitted by relativistic electrons moving in the field

Calculations in the synchrotron approximation areof an intense laser wave differs substantially from the case of
shown by the dashed curvds (for a=1) and2a (for a  electron motion in a static transverse field. This is particu-
=6) in Fig. 1. It is seen that the synchrotron approximationlarly true of the spectral characteristics of the radiation as
gives a good description of the hard part of the spectrum ifunctions of the electron energy and in regard to the role of
condition(3) is satisfied. The points show the contribution of spin in the emission. From the standpoint of obtaining hard
the spin term to the spectrum. gamma rays it is in practice most preferable to use lasers

Increasing the electron energy at a fixaddegrades the with »3~0.2-0.5. In turn, the use of oriented crystals is
accuracy of the synchrotron approximation, in accordanc@referable for problems in which a large total number of
with what we have said abovef. curvesl and2 in Fig. 1). photons is required without regard for the degree of mono-
On the other hand, as the energy increases, so does the raleromaticity of the spectrum, e.g., for the purpose of obtain-
of the spin in the hard part of the spectrum. For example, aing intense positron beam§.
the valuesyy=2 anda=6 the spin term has come to domi- The authors thank R. A. Carrigan of Fermilab for stimu-
nance in the hard part of the spectrum. We note for comparilating their interest in this problem and gratefully acknowl-
son that at the same values of the electron energy the role efdge helpful discussions with J. W. Anderson and especially
the spin term in oriented crystals is significantly smaller, andvith J. Lindhard of the Institute of Physics in Aarhus,
the complex structure of the spectrum due to the contributiodenmark.
of individual harmonics does not appear at'&f?

8. Figure 2 shows how the total numbbsrof photons
emitted per unit length depends on the paramatr vari- 1y, 1. Ritus, Tr. Fiz. Inst. Akad, Nauk SSSEEIAN) 111, 5 (1979
ous Val_ues O, as CaI_CUIated _accordlng to _the _exaCt formu- 2C.. éula, K T.l Mcbona]d, E. J Prebyet al, Phys. Rev. LettYé, 3116
las (solid curve$ and in the dipole approximatiofdashed (1996.
curve. The ratioN/Ng is plotted on the ordinate. 3p. Eisenberger and S. Suckewer, Sciepzd 201 (1996.

In practice one is interested in the number of hard pho—%-g‘g’)\g Schoenlein, W. P. Leemans, A. H. Ctehal, Science274, 236
tons emitted per electron at energiesu%&u<um, where sy Saiamin and F. H. M. Faisal, Phys. Rev.54, 4383(1996.
Up~al/(1+a) is the maximum energy of an emitted photon 6y N. Bater, V. M. Katkov, and V. M. Strakhovenkdlectromagnetic
(for estimation we just use the dipole approximajiohhe Processes at High Energy in Oriented Single Crystifs Russiar,
n.umber of such photord; ~0.1x N.O fora>3, whereNo is 72?%6,(:!:2’}/;:?!;?%1?\;39%. Khokonov, Fermilab Preprint Pub-97/115
given by formula(4). For a laser with a power of 1 TW and (1997.
wavelength 1um, interacting with 150-GeV electrons, we 8v.v. Beloshitsky and F. F. Komarov, Phys. R&8, 117 (1982.
obtainN;~1.1x 10~* photons over a length=0.5mm ata  *J. C. Kimball and N. Cue, Phys. Rev. Le§2, 1747(1984).
wansverse area of the laser bedin-1mni (here uy 11y [ SUETE, W, O U s R e,
=0.73 andvg~3.7<10""). This number increases signifi-  gynamics 2nd ed., Pergamon Press, Oxfd®82 [cited Russian origi-
cantly as the transverse cross section of the beam decreasesal, Nauka, Moscow, 1999Nucl. Instr. Methods BL19, 1 (1996.

For example, ak = 100Mm2 (1%%0.37) at the same length, 12M. Kh. Khokonov, Zh. Ksp. Teor. Fiz103 1723(1993 [JETP76, 849
one alrgady hatN,;~1. _This .Iatte.r value is comparable to 13(Tl.9v?/?]é. Kibble, Phys. Revi50 1060(1966.

that which can be attained in oriented crystals at the sam®;, [indhard, Private communication.

electron energy. This is not unexpected, since the energXN. G. Klepikov, zh.'Eksp. Teor. Fiz26, 19 (1954.

density of the field at the focus of a terawatt laser can be X. Artru, V. N. Baier, T. V. Baieret al, Nucl. Instrum. Methods Phys.
comparable to the electrostatic energy density in the field of Res. B119, 246(1996.

a continuous crystalline potential. Translated by Steve Torstveit
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Study of the surface of diamondlike carbon films doped with copper
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A study of the surface of copper-doped diamondlike carbon films by the methods of scanning
tunneling microscopy and spectroscopy is reported. It is found that the introduction of

copper modifes both the microstructure and the electronic properties of the films.

© 1998 American Institute of PhysidsS1063-785(108)02210-1

Films of amorphous hydrogenated carboa-C:H), image of the undoped sample and its transverse section dem-
sometimes called diamondlilkeC:H, are of interest prima- onstrate spatial uniformity of the surface of the film with a
rily because of their unique properties as a universatandom variation of the relief along thecoordinate on a
coating! Recently, however, their emission properties havescale of~10 nm, having the form of easily visible peaks. At
attracted attention, particularly those of doped films, forthe achievable resolution there was no pronounced structur-
which the field emission is appreciable at comparatively lowing in the ,y) plane.
electric fieldsE~10* V/cm.? Figure 1c shows a locdlV) characteristic measured at

The goal of this study was to investigate the microtopog-one spatial point of the sample during a pause of the scan-
raphy and local electron emission afC:H layers doped ning with a voltage sweep from 2 to +5 V with the feed-

with cooper. back loop open. Similar curves were obtained at different
The a-C:H layers were formed on $111) substrates on points on the sample surface.
which a chromium buffer sublayer 1/om thick had been The 1(V) characteristic(Fig. 19 has a pronounced

deposited by magnetron sputtering to provide reliable trapasymmetric(“‘diode” ) character with a small tunneling cur-
ping of the tunneling current in subsequent studies of theent at positive bias on the sample and a sharply rising tun-
surface with a scanning tunneling microscdSd M). After neling current at negative bias¥g<<—1V.
an outgassing of the substrates prepared in this manner, lay- The asymmetric character of thév) curve is indicative
ers ofa-C:H:Cu were deposited on them in a growth cham-of p-type conductivity of the diamondlike film. The Fermi
ber at a temperatur®=200°C and a pressure of 1 Torr  level lies near the top of the valence band and makes for a
by the method of magnetron cosputtering of graphite andlifference in the potential barriers for electrons tunneling
copper targets in an argon-—hydrogen plasii@®%Ar, from the sample to the Ir tip and from the Ir tip to the sample
20%H; P=10 mTorr) 3 the power released in the magnetonin the system “Ir tip/air gap/diamondlike film/Cr chrome.”
was ~400 W (the current through the magnetron was main-  Figure 2a,b shows a typical STM image of the surface of
tained at 1 A. The thickness of the film was determined by a doped sample and the transverse section corresponding to
ellipsometry. The rate of film growth was 220-300 nm/h,the line A-B. It is seen that the copper-doped sample exhib-
and the deposition time was 30 min. its a granular structure of the surface with a sharper drop in
The surface topology and local electronic properties otheight along thez axis (~40 nm) as compared to the un-
the grown films were investigated on a scanning tunnelingloped sample. In thex(y) plane one observes granules with
microscopg STM) with an Ir probe in the topographic mode several characteristic spatial dimensionsl nm (fine
and in the mode of measurement the local current—voltaggranule$, ~40 nm (medium granulgs and ~80 nm (large
characteristicsl (V). The topography was studied in the granule$. The medium and large granules contain structures
constant-tunneling-current mode. On different parts of thehaving the dimensions of the fine granules, suggesting a frac-
samples we obtained reproducible STM images and mad&l mechanism of formation of the observed surface profile
local measurements o{V). arising when finely disperse copper acts on the surface. The
The measurements were made at atmospheric pressurhemical composition and structure of the observed granules
on two series of samples: undoped and copper-doped. Threquire further study.
copper concentration in the films of the second series was Figure 2c shows the typicdl(V) characteristic of a
determined by secondary-ion mass spectroscopy and wa®pper-doped sample. One naotices that in this casé(Wie
found to be 9 at.%. curve is more symmetric than those measured for the un-
Figure 1a shows typical STM images of the surface of ardoped samples, which indicates important differences in the
undoped samples, taken at a biad/ef=—1V and a current electronic spectra of the doped and undoped samples. The
I+=0.05 nA. Figure 1b gives the transverse cross section afymmetric nature of thé(V) characteristic of the doped
the STM image along the line A—B in Fig. 1a. The STM sample presumably argues in favor of an inversion of the

1063-7850/98/24(10)/3/$15.00 800 © 1998 American Institute of Physics
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FIG. 1. Diagnostic result§topography, spatial section, current—voltage FIG. 2. Diagnostic resultgtopography, spatial section, current-voltage
characteristig of a typical surface of an undope®C:H film. a: Typical ~ characteristicof a typical surface of a copper-dopaeC:H film. a: Typical
STM image taken near the “undusted” part of the substfdk spot on ~ STM image of a copper-dopedC:H film. The image was taken by an STM
the image. The image was taken by an STM wit;=—1V and I with V= -1V andl+=0.05 nA, scanning area 0<0.4 um; b: transverse
=0.05 nA, scanning area 0«0.4 um; b: transverse section of the inves- Section of the investigated film; c: local current—voltage characteristic. The
tigated film; c: local current—voltage characteristic. feature at the center is the zero-bias anomaly.
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type of conductivity under the influence of copper doping of(“Film” ) from the program “Fullerenes and Atomic Clus-

the graphitic component &-C:H. ters” of the Ministry of Science of the Russian Federation.
In summary, doping of the material with copper substan-

tlaIIy. modifies b_oth the s.tructure of the surface of the film 13.C. Angus and C. C. Hayman, Scier®#l, 913 (1998.
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As a step in the development of an ionization—neutron calorimeter, a device which combines the
properties of ionization and neutron calorimeters, measurements are made of the mean

values and fluctuations of the neutron yield from a lead target 60 cm thick ar@@@m in

area. The measurements were made at the U-70 accelerator in pion and proton beams

with energies of 4 and 70 GeV, respectively. The mean values of the neutron yield are in good
agreement with the data calculated using the SHIELD codel1988 American Institute

of Physics[S1063-785(18)02310-9

INTRODUCTION tion calorimeter are well know?r.” In this paper we investi-
gate the main properties of the neutron signalthe depen-
dence of the average neutron yieldn the primary hadron
energyEy; 2) fluctuations of the neutron yield at different
energiesE; 3) the thermalization and diffusion time of neu-

The ionization calorimeter, which was first proposed
over 30 years add for measuring the energy of cosmic rays,
is now widely used in accelerator experiments as Well.

The working principle of the ionization calorimeter is based(t)rfons in the layered structure of the calorimeterth depth

on measurement of the ionization produced by cascades . . : ) .
o : . : profile of the neutron signal in a combined absorber contain-
ionizing particles formed by primary particles as a result of;

the interaction with the nuclei of atoms of the medium. ing light and heavy materials.
Another method of measuring energies, based on the de-
: . T . EXPERIMENTAL APPARATUS
tection of the evaporative neutrons from fissions of nuclei by
cascade particles, was also proposed more than 30 yedrs ago In the experiment we used an INC with an absorber con-
and is used in the analysis of data from the world-wide nettaining 6 layers of lead 10 cm thick and 20 cm in area,
work of neutron monitoré.However, total-absorption neu- with interlayers of polyethylene 6 cm thick. The neutron de-
tron calorimeters, notwithstanding proposals for theirtectors were helium-filled 3He) SNM-18 counters 30 cm
employment have not yet come into wide use. long and 3 cm in diameter. Channels were drilled in the
It is advantageous to combine the two principles of meapolyethylene interlayers to accomodate three counters under
surement of the energy of a particle in a single device — areach layer of absorber of the INC, arranged in such a way
ionization—neutron calorimetefiNC). Such a calorimeter that the distance between centers of two adjacent counters
would be substantially more informative than separate ionwas 6 cm and between two counters in neighboring layers
ization and neutron calorimeters. was 15 cm; the total number of counters in the INC was 18.
The point is that in addition to determining the energies  To improve the efficiency of detection of the evaporative
by two independent methods, an INC would be capable oheutrons generated in the INC, the lead absorber was covered
distinguishing gamma rays, electrons, and hadrons in an all sides with a polyethylene reflector—moderator having
mixed stream of particles, since the neutron yield in electroa thickness o&10 cm. To determine the detection efficiency
magnetic cascades is not more than 5-10% of the yield for a for evaporative neutrons we made calibration measure-
nuclear cascad®' If the method of moderation to thermal ments with Po—Be sources with activities of 2280° and
energies is used for neutron detection in the INC, the con2.25x 10° Bg. The sources were placed alternately at differ-
struction of the INC will be practically the same as for an ent points of the INC, and the total neutron count in the 18
ordinary ionization calorimeter. In that case the neutron sigchannels of the INC was determined. The average detection
nals will be delayed relative to the ionization signal by tensefficiency obtained for 20 different positions of the source in
and hundreds of microseconds on account of the thermalizahe INC was(e)=7.4+0.4%.
tion and diffusion processes in the moderator material, and Working measurements were made with pion and proton
the ionization and neutron signals can be registered by theeams from the U-70 accelerator at the Institute of High-
same detectors(e.g., gas-filled proportional neutron Energy Physics(IHEP) in Moscow, with energiesE .,
counter$ with a time shift. =4 GeV andg,=70 GeV. A “drawn-out” beam was used,
The characteristics of the ionization signal in an ioniza-with the hadron dump occurring uniformly over the course of

1063-7850/98/24(10)/3/$15.00 803 © 1998 American Institute of Physics
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0.16 TABLE |. Pb absorber, 28 20X 60 cm.

Particle E,, GeV (m) a(m) (Vexp  Texd¥) (v

014 Pions Eg=4 GeV
t,= 330 ps mmeson 4 435022 22-01 63+3 954 78

oz | B Proton 70  43.20.08 14307 624:12 17112 650
2
2
8 01 ¢
£ | o .
3 o The characteristic lifetime of the neutrons in the INC
e was determined from the dependence of the average values
§m . (m) on the duratiort of the time gates and had the value
g Protons Eq=70 GeV (130 10) us. All the values of m) given below correspond
,ﬁ t,= 135 us t,= 330 ps to a gate duratiom= 330 us, in which case the neutron col-

004 | lection efficiency was around 95%.

Since each neutron is registered independently, the dis-
tribution P(m) of the numberm of neutrons registered is
related to the distributio®(v) of the number of neutrons

: . generated in the absorber of the INC by the simple expres-
0 10 20 K 40 50 60 70 80 sion

002

Number of recorded neutrons

FIG. 1. Distribution of the number of recorded evaporative neutrons from P(m)= E P(V)CTgm(l—g)"*m,
cascades generated in a lead absorberx@ 60 cm) by pions €. v=m

=4 GeV) and protons E,=70 GeV). The characteristic lifetime of the . . - .

moderated neutrons in the ionization—neutron calorimeter was found to be ~ From this expression it is not difficult to obtain the rela-

7~135 us from a comparison of the results of measurements with thetions between the average values and the variances of the
duration of the time gates; =135 us andt,=330 us. number of observed and generated neutrons:

(vy=(m)le; o?(v)=c?(m)—e(l—g)({v).
2 s and the total number of particles in each dump not ex-
ceeding 10000, so that the average time between hadron Table I gives the experimentally measured value§of
passages was 200 us. and o(m) and the valuegve,y) and oev) calculated ac-
The triggering of the INC ensured the following: dis- ~ cording to the relations given above for=7.4%. Only the
crimination of the neutron Signa| from a Sing|e beam partic|estatistica| errors are indicated; our estimates show that the
passing through the center of the INQ; i overlap of the Systematic errors are5%. Also shown for comparison in
neutron Signa|s from two or more partic|ES, andeBmina- Table | are data on the average values of the number of
tion of the signals of background particles. evaporative neutronévy,) calculated for protons with ener-
The trigger signal was formed with the use of four scin-giesEq=4 and 70 GeV using the SHIELD cod&in which
tillation countersS;, S,, S;, andS,, on a base line of 20 m. @ cascade-evaporation model of nuclear fission is
CounterS, was placed directly in front of the exit window of implemented? Calculations were carried out for a lead tar-
the beam collimator, an8; directly in front of the calorim- ~ get 60 cm thick and 20 cm in diameter.
eter. Coincidences,S,S; discriminated events correspond- It follows from Table I that: ] the experimental values
ing to the passage of a beam particle through the apparatuSexy correspond to an energy dependefieg~E®, where
To separate out phonon events and passages of additiora=0.8, and 2 within the error limits of the measurements
beam particles we used an anticoincidence coustenf  (Vexp IS in good agreement with the calculated valug,)
large size (3& 30 cm with a central aperture 2 cm in diam- for Eo=70GeV, but it is 20% lower foE,=4 GeV. This
eter. result was to be expected, sineemesons on average lose
Each trigger signals,S,S,S; with a delay of 10us less energy to nuclear fissions than do protons on account of
i : : the possibility of charge exchange™ — #° on nuclei.
opened a time gate for lengths of time varying from 30 to'"€ P y g ge
420 us (in different series of experimentswithin which the The growth ofoe(v) as one goes frorky=4 GeV to

neutron signals were registered in the INC channels. Eo=70 GeV is apparently due to the relatively small ab-
sorber thickness in the INC{3\p,) and to the fact that the

points of interaction of the primary particles are distributed
over depth according to the law exp{/App), which should
Figure 1 shows the fluctuation curves for the numimer lead to large fluctuations of the energy release in the ab-
of neutrons registered by the INC in cascades of protons witlsorber. Here, as we know, the energy release of the cascade
E,=70GeV and pions witlE ;, =4 GeV. For protons the depends orEy; specifically, the relative fraction of the en-
distribution is well approximated by a Gaussian curve, whileergy released falls off with increasiriy, at a fixed absorber
for pions it is a superposition of two Poisson distributions, adepth***We propose to explore the nature of the observed
circumstance which reflects the complex character of théarge fluctuations in the energy release with the aid of the
process of generation of nuclear fissions in the absorber. SHIELD code.

RESULTS OF THE MEASUREMENTS
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=55 glcnt and Axc=10 g/ent (Ax is the moderation
length, we find that(vc)/{vpy~1/8. This value corre-
Protons Es= 70 GeV sponds to a dependen(:e)(A)fAz’?’. .
The existence of a transition effect for the neutron signal
allows one to use absorbers with low atomic numbkiis
the INC (the limiting value isA=1) and to enhance the
signal by interlayering them with thin layers of a heavy ab-
sorber A~200). Such a construction of the INC is impor-
tant for experiments aboard artificial satellites, where the
weight of the calorimeter must be minimized while maintain-
ing its luminosity.
F P The results of this experiment enabled us to carry out a
r / calibration of the SHIELD code, which will be used to de-
[ Pl sign INC structures for Earth satellite measurements of pri-
7 mary electrons ang rays with energies above 300 GeV and
0.01 4 L S 4 measurements of the composition and energy spectrum of
0 8 90 100 10 120 primary particles in the energy interval 19 10'¢ ev.
The authors are deeply grateful to V. A. Tsarev for his
steady interest and support of this study.
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Results are presented from the first experiments on interferometric enhanced sclt&Sjirig a
plasma in a nonuniform magnetic field. Measurements of the lower hybrid fluctuations of

the plasma density by the IES and rf probe methods in an experimental geometry that models a
tokamak configuration are found to be in satisfactory agreement19@8 American

Institute of Physicg.S1063-785(108)02410-0

The increase in the efficiency of scattering of an electro-of the fluctuation onto, respectively, the magnetic field direc-
magnetic wave in the region of its hybrid resonance has beetion and onto the direction perpendicular to both the mag-
widely used in the last decade for studying fluctuations anahetic field and the direction of inhomogeneity of the plasma,
waves in magnetized plasmasThe method of enhanced f(kiy ,ki,) is the directional pattern of the transmitting and
scattering(ES), which is based on this effect, has a high receiving antennaz; andy; are the coordinates of the an-
sensitivity to small-scale fluctuations and has good spatialenna,® is the fraction of the power of the probe radiation
resolution. An important advantage of the method is that it ighat is absorbed at the upper hybrid resonance,léqy is
an integral method with respect to wave numbers, a propertthe enhancement factor describing the efficiency of the en-
which lessens the requirements on the necessary amount lsénced scattering:®
prior information about the properties of the investigated In the case of enhanced scattering at the upper hybrid
wave phenomena and simplifies the design of experimentsesonance in a cold plasma having small geometric dimen-
At the same time, of course, the integral nature of the methodions | =[(I/n)(dn/dx)] " *<c/w;, q<(Ip%) ', one has
means it has a lower resolution with respect to the wavé(q)~q, according to Ref. 1. As we see from Eq), the
vectors of the fluctuations under study. enhanced scattering signal depends on the position of the

Recently two modifications of the diagnostics of en-hybrid resonance,(w;). If the density perturbation is har-
hanced scattering were proposed, which combine the maimonic and one-dimensionadng,~ 6({)— ) 59,44;, this
advantages of the method with the possibility of makingdependence can be used to reconstruct the relative density
wave-vector-resolved measurements of the oscillations undgrerturbation of the plasma in the wave from interferometric
study. The first, the time-of-flight modification of the en- measurement$.Indeed, in that case
hanced scattering method, is based on the linear dependence

of the delay time of the radiation scattered from the hybrid [t dq g +to ix
resonance on the wave vector of the scattering vibratipns. Ne(*)~Nigs(X) = _.2mq° . dx, €% Ajes(Xr),
The second, the correlation or interferometric modification )

(IES), uses the dependence of the scattered sidgalon

the phase of the fluctuations at the point of the hybrid resowhereAgg(x,) =(e " ™Acg(t,X,)); .

nance 3* In the case of more complex non-one-dimensional den-
According to Ref. 4, in the case when the launchingsity perturbations, IES can be used to estimate the character-

antenna is simultaneously the receiving antenna, the baclkstic wavelengths of harmonic oscillations propagating in the

scattered signal has the form plasma.
. 5 In this paper we use the IES method for the first time in
Acdt.x) = loiA; [ dQd qdkydki; dng q a situation in which the magnetic field is nonuniform and the
U 16w (21)8 Ne region of the upper hybrid resonance is accessible to waves
o . 4 excited from outside. The results of measurements of the
x @ tiaxle) Az Tiayif (kg ki,) spatial distribution of test waves of the lower hybrid fre-
X F(dy—Kiy 0z kiz)- ©-1(q), (1) quency range are compared with the data of independent

measurements made by the interferometric probe technique.
where|Agd? and |Aj|? are the powers of the scattered and The experiments were carried out on the linear apparatus
probe radiationgng, 4 is the Fourier harmonic of the elec- “Boxes,” %in which a tokamak-like magnetic field configu-
tron density fluctuationg is the projection of the wave vec- ration was produced by a certain rotation of the magnetic
tor of a fluctuation onto the direction of inhomogeneity of coils with respect to each other. The effective major radius of

the plasmag, andq, are the projections of the wave vector the tokamak was 70 cm. The plasma was created by a pulsed

1063-7850/98/24(10)/4/$15.00 806 © 1998 American Institute of Physics
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FIG. 1. a: Distribution of the electron density of a plasma along the direc—FlG_ 2. Interferograms obtained using rf prolfesand the IES methotb)
tion of nonuniformity of the magnetic field. The solid curve corresponds 10¢0r a lower hybrid test wave at frequenéy=23 MHz for two values of the

the time of the rf pulse, while the dashed curve corresponds to some tim hase of the reference signal shifted relative to each other byc@vesl
after the end of the pulse, when the interferometric measurements we §nd2)

made. b: The backscattered signal from spontaneous fluctuations of the
plasma versus the position of the upper hybrid resonance. The red-shifted
(curvel) and blue-shiftedcurve2) components of the scattering spectrum.

of the plasma. Figure 1b shows how the signal of radiation

backscattered on spontaneous fluctuations of the plasma de-
rf discharge between two plane electrodes placed at the engiends on the position of the upper hybrid resonance, calcu-
of the chamber (=55 MHz, P;y<200 W, 74=20 us).  lated according to the formula{=w}.(X,) + wgs(X;). The
The parameters of the plasma during the pulsemre?2 position of the upper hybrid resonance was scanned by
x101%cm 3, T.<4eV, P=1Pa. changing the frequency of the probe radiation. Both compo-

The distribution of the electron density of the plasmanents of the scattering spectrum, the red-shifeoivel) and

along the direction of nonuniformity of the magnetic field is blue-shifted(curve 2), were observed only under the condi-
shown in Fig. 1a. The solid curve corresponds to the time ofion such that the upper hybrid resonance exists inside the
the rf pulse, while the dashed curve corresponds to somplasma. The ES signal reached its maximum value in the
time after the end of the pulse, when the interferometric mearegion 6cm<x, <10 cm, where the electron cyclotron layer
surements were made. The lower hybrid antenna exciting thiies within the plasma and the upper hybrid resonance is
test wave was placed on the low-magnetic-field side of theccessible. Such behavior of the enhanced scattering signal is
apparatus ak=9 cm (Fig. 18 and was shifted by 12 cm characteristic for tokamak experiments.
along the magnetic field relative to the symmetry plane of  The results of an IES experiment for a lower hybrid test
the apparatus. The scheme used to excite the probe wavevimve at frequency =23 MHz are shown in Fig. 2b. The
analogous to tokamak experiments. Microwave radiation at anterferograms were taken at two values of the phase of the
frequency f;=2.45 GHz with a powerP;=100 mW was reference signal, shifted with respect to each other by 90°
brought into the plasma from the high-magnetic-field side(curvesl and2). We see that the IES signal is localized at
with the aid of a waveguide antenna placed in the equatorighe outer part of the plasma density profileg. 19. At the
plane atx= —2 cm. The behavior of the enhanced scatteringsame time, the interferograms obtained with rf prolfés.
signal corresponded to the case of a tokamak geometry of th#g) have a wider spatial distribution and occupy the entire
magnetic field, as was demonstrated with particular clarity irgradient regior(curvesl and?2 also correspond to reference
an experiment on the scattering on spontaneous fluctuatiorssgnals with a phase shift of 90° between them
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FIG. 3. a: Spatial Fourier spectra obtained from the interferograms shown iFIG. 4. a: Spatial structure of the perturbation of the electron density
Fig. 2. The dashed curve is the IES spectrum, while the solid curve is theN(x) recovered from the rf probe data in Fig. 3BN4(x)%° (solid

spectrum from the rf probes. b: The spedtas(q) (solid curve andN(q) curve), SNy(x)9<° (dashed curve b: Spatial structure of the perturbation of
(dashed curves P~N?(q)) obtained from the data in Fig. 3a. the electron densityNgs(x) recovered from the IES data of Fig. 3b.

The Fourier spectra obtained from these interferograms ~5 o ) .
(Fig. 3a differ strongly from each other. The spatial spec-(dashed curve(P~N?(q)) lying in the region of positivey
trum P(q) of the ES signal P~AZ) (solid curv is local- both have the same behavior, while the parts in the region of
ized in the region of positive wave vectogs which corre- ~ "€9ativeq do not, as can be seen from Fig. 3b. The reason
sponds to the phase of the wave propagating out of thfP" this disparity can be explained on the E’fg's of Fig. 4,
plasma. The spatial spectrur(q) of the signal from the rf which shows plots of the depenencel(x) (dashed

%2 . . . curve in Fig. 4& 6N(x)9”° (solid curve in Fig. 43 and
probe (P Ay) (dashed cur\be_ls a'?o asymm_etnc, but it _has ONgs(X) (Fig. 4b, which were each recovered from the
a dominant component localized in the region of negatjve

Another important difference in the ES spectrum is its com.ourier spectra in Fig. 3b. We see from Fig. 4 that the posi-

. L jon an ial str re of th nsi rturbation recov-
paratively short-wavelength character. This difference can béo and spatial structure of the density perturbation reco

explained by considering the different sensitivities of theered from the IES dataNes(x) basically match that recov-

iven diaanostics in different wavelenath ranges. The ncered from the positive part of the Fourier spectrum of
glr\é)bes ;ngasur:a th:a Iallsma o\tltvan\{ial agd are ng’]loré sensiti\éN”(X)q>o obtained with the If probes. They lie along the
b P P u%per part of the density profil&ig. 18, which is accessible

to long-wavelength perturbations of the plasma density : o ) 5
whereas the ES method, because the enhancement factor ﬁ% microwave probing in the ES method. The density pertur

3 q<0 |; i i b ”
the linear dependenck(q)~q, is more sensitive in the baltion oN(x) lies in the region of the small “hump” on

short-wavelength part of the spectrum. The difference in sent-he density profile in Fig. 1a. This part of the plasma is

sitivity of these diagnostics to fluctuations on different Spa_maccessmle {0 the probe wavgig. 10. This is apparently

. . . ; r n for th ression of the n iv rt of th
tial scales can be taken into account in the reconstruction c}Pe easo' or the supp ession of the negative part of the
pectrum in the IES signal.

the spatial structurg of the den;ity perturbations. Indeed, f? In closing it should be noted that the results presented
follows fr.om the P0|§son equatiohp= _4f(p‘+pe)2£hat here represent the first application of IES under conditions
the density perturbations have the behaligi(d)~a"Ar,  where the magnetic field configuration approaches that in a

while expression2) giveS’ISI‘IES(q)Nq_l’AIES- _ tokamak. We have shown that the results on the fluctuations
The parts of the spectitd,z5(q) (solid curve andN(q) of the plasma density in the lower hybrid wave as obtained
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The technological conditions under which the silicon surface interacts with vapor-phase
reactants present in a chloride—hydride system for the epitaxial growth of aluminum nitride

are determined. The method of electron channeling patterns is used to show that the growth of
single-crystal layers of AIN on silicon substrates in the chloride—hydride system is hindered

by the interaction of the silicon with N4Hin the presence of HCI &t=800 °C, with the formation

of an amorphous layer of §\,. To obtain a high-quality texture it is important that prior to
deposition of the AIN layers the silicon substrates be held in ag &tkhosphere in order to form

a dense layer of g\, Single-crystal growth of AIN can be achieved in a chloride—hydride

system of chemical deposition from the vapor phase at a reduced pressure, since the deposition
temperature is then substantially low@own to 550 °Q and the chemical interaction with

the substrate is hindered. @998 American Institute of Physid$$1063-785(18)02510-5

The heteroepitaxy of aluminum nitride on silicon is of The goal of the present study was to determine the tech-
significant interest for fabricating rf and SAWsurface nological conditions under which an interaction of the silicon
acoustic wave devices: One of the preferred methods of surface with vapor-phase reactants present in the chloride—
obtaining AIN epitaxial layers is the chloride—hydride hydride system will occur. Silicon substrates with the orien-
method of chemical deposition from the vapor phase in théations(100) and(111) were placed in the reactor described
Al-HCI-NH; systen?~* This method gives a high rate of in Ref. 3 in the temperature-gradient zoneT (
deposition and high structural perfection of the AIN layers in=600-1100 °C), where they were held for several hours in
epitaxy on sapphire or silicon carbide substrdtésut the different gaseous medi&Ar, Ar+NHs, Ar+NH;+HCI,
growth of single-crystal layers of aluminum nitride on sili- Ar+AICI3+Hy). The AICl was obtained directly in the re-
con by the chloride—hydride method has not yet beerRCtor in the interaction of aluminum with a flow of hydrogen
achieved. chloride (in accordance with the technological scheme for

There has been a repddf the growth of textured layers this process set forth in Ref).3The efficiency of conversion
of AIN with a predominantly azimuthal orientation on Of hydrogen chloride in the chlorination reaction
Si(111): AIN (0001//Si(111), AIN(ll?O)//Si(ZZO), at a sub- (2Al+6HCI = 2AICI;+3H,) is at least 98%. The state of

o the substrate surface after the experiment was investigated b
strate temperature of 1150 °C in the system A{NH;—H, the method of electron channelinpg pattetiS, 9 y

(Ref. 5. At the same time, these data are contrary to the .
results of a number of papetRefs. 6 and 7, and others The method of electron channeling patterns can be used
pap ' ' 'S for solving the same problems as the electron diffraction

which have in common the “low-temperature” T( ; L ;
o o . method, but, unlike the latter, it is locédpot diameter-100
=850°C) growth of textured0007) layers of AN with the A). The channel patterns were observed directly under an

complete absence of azimuthal orientation. Because thgei.100u scanning electron microscope. Scanning of the
(000)) texture has been grown without visible differences ONheam in wave-vectok space was effected by varying the
Si(111), Si(100), SiG,/Si(111), and quartz glass substrates, yngje of incidence of the electrons on the sample while the

it is clear that the substrate does not have any orienting ef55int of incidence of the beam remained constant. The set of
fect. At temperatures above 1300 °C the predominant orienynes corresponding to satisfaction of the Bragg condition for

tation in the layers vanished, evidently on account of thene gifferent crystallographic planes was observed on a video
induced temperature instability of the substrate and its reaGnonitor. The contrast of the channeling patterns was gener-
tion with ammonia to form an amorphous layer ok!$j  gjly ow. Therefore, to observe the patterns it was necessary

(Ref. . It should be noted, however, that temperatures ofo meet a number of experimental conditiSris, particular,
the order of 1100-1200 °C and amounts of ammonia similafg yse methods of image processing to heighten the

to those used in the chloride—hydride method have been use@ntrast®

successfully for the growth of single-crystal layers on silicon It turns out that for analyzing the conditions correspond-
by the method of metalorganic synthegisg., in the system ing to corrosion of the silicon surface, a simple comparison
Al(CHs)3—NHjz; Ref. 1). In Ref. 8 it was conjectured that the of the degree of resolution of the channeling patterns can be
conditions for the formation of an amorphousgl$j layer are  used. Figure 1 shows as an example the electron channeling
improved in the presence of significant quantities of oxygerpatterns from silicon samples held in ammonia at tempera-
and hydrogen chloride. tures of 850 °C(a) and 950 °C(b). The results of a qualita-

1063-7850/98/24(10)/3/$15.00 810 © 1998 American Institute of Physics
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FIG. 1. Electron channeling patterns from silicon
samples held in a medium of ammortiee texk

tive study of the channeling patterns are presented in Table Table 1) and the decompactification of the nitride layer by
The temperatures given in Table | are practically indepen€hlorine derivatives of silicon. A thermodynamic analysis of
dent of the substrate orientatiofi,11) or (100). the chemical reactions in the system-B-Cl in Ref. 13
We did a thermodynamic calculation of the equilibrium permits identification of the most probable reaction products
constants of the some of the proposed reactions between sitif the chloriding of silicon: in addition to FHand SiC}, there
con and the vapor-phase reactants. The initial data for this also SiHC}, SiCl, and SiHCl,.
calculation were taken from Ref. 11, and the results are pre- Placing silicon in a medium containing AlCand H, led
sented in Table II. to etching of the substrate surface and to the formation of
The lowering of the contrast in an ammonia medium isdeep etch pits having a symmetric shape and a dimension of
due to the forward reaction of the nitriding of silicon by 10-100um. We interpret this as being the result of an in-
ammonia, the starting temperature of which is estimated ateraction of the substrate with microscopic droplets of alumi-
900 °C (Ref. 12, and the lowering of the nitriding reaction num, but the concrete mechanism of the process is unclear:
rate at temperatures below 900 °C is due not to thermodysince fromK,< 1010 for reactions 3 and 4 in Table Il, the
namic but to kinetic limitationgreaction 1, Table )l At the  hydrogenation of silicon is also hinder&d.
same time, in spite of the fact that the thermodynamic equi- In closing, it should be said that the growth of single-
librium of the nitriding reaction is shifted quite strongly to- crystal films of aluminum nitride on silicon substrates in the
ward the nitride side, upon the formation of a dense layer othloride—hydride system is made difficult by the interaction
silicon nitride the reaction slows dowA.The addition of of the silicon with NH in the presence of HCI aff
hydrogen chloride to the reaction flux intensifies the process=800 °C, with the formation of an amorphous layer of
probably on account of a continual renewal of the reactiorSi;N, At the same time, for a number of applications, in
surface(e.g., in the chloriding of silicon by reaction 2 in particular, in acoustoelectronic devices based on AlIN, it is

TABLE I. Temperatures of the lowering of the contrast of the electron channeling patterns.

Temperature at which Temperature at which the
the lowering of the sharp degradation of the
Gaseous medium contrast begins, °C contrast occurs, °C Notes
Ar Lowering of contrast

absent all the way
up to 1000°C

Ar+NH,

(ammonia partial

pressure<0.7 baj 880-900 950

Ar+NH3;+HCI 700-800 880

Ar+AICl3;+H, >950 Etching

of the surface
and silicon




812 Tech. Phys. Lett. 24 (10), October 1998 Efimov et al.

TABLE . Equilibrium constants for chemical reactions corroding the sub- 14 and 1% and the chemical interaction with the substrate

strate will be hindered.
Reaction
No. Reaction T, K Ky, baf
) . > s, Strite and H. Morkoc, J. Vac. Sci. Techna, 1237(1992.
1 3Sis)+ 4NHz(g)=SizNy() + 6Hz(q) ig;g gi ig:‘) 2M. P. Callaghan, E. Patterson, B. P. Richaedsl, J. Cryst. Growtt22,
: 85 (1974).
1273 3.5¢10°° 3F. Bugge, A. N. Efimov, I. G. Pichugiet al, Cryst. Res. TechnoR2, 65
2 Sig+4HClg=SiClyq+2Hy, 1073 3.X10° ,(1989. _
1173 2. K10 A. O. Lebedev, Yu. V. Mel'nik, and A. M. Tsaregorodtsev, Rtoceed-
1273 2.% 103 ings of the First International Conference on Epitaxial Crystal Growth
Budapesi(1990, pp. 116-118.
3 Sig+2AICl3=2AICl () +SiCly, 1073  8.9%10 SA. J. Noreika and D. W. Ing, J. Appl. Phy89, 5578 (1968.
1173 3.410°% F. F. Grekov, D. M. Demidov, and A. M. Zykov, Zh. Prikl. Khin&1,
1273 1.1x10°%° 1450(1978.
4 3Sjg+4AICl, g =4Al )+ 3SiCl, 1073 3.5¢10°28 ’I. Bauer, L. Biste, f_:lnd _D. Bolze, Phys. Status SolidB®, 173(1977).
9 @0 © 1173 19107 SE. Butter, Thin Solid Films59, 25 (1979.

V. 1. Petrov (Ed), Practial Scanning Electron Microscodyn Russian,
Mir, Moscow (1978, 656 pp.

1A, N. Efimov and V. Yu. Florinski, Zh. Tekh. Fiz.61(8), 188 (1991
[Sov. Phys. Tech. Phy86, 954 (1991)].

11y, P. Glushko(Ed), Thermodynamic Properties of Individual Substances
[in Russian, Vols. 1-4, Nauka, Moscow1978.

sufficient to use(0001) textured films of aluminum nitride. *2Vv. 1. Belyy, L. P. Vasil'eva, and V. A. Grishchenket al, Silicon Nitride

To obtain a high-quality texture it is important to subject the in Electronicslin Russiar, Nauka, Novosibirsk1978, 112 pp.

silicon substrates prior to deposition of the AIN layers to a kp,\gérsalfgsrtz?v{/;pgr}sr?;ilés’Eap?tdafyl \é'f Osrill(i)gnalérliecgré?mgﬁigrr;d
hold in an NH atmosphere for the formation of a dense layer Rryssiaf, Energiya, Moscow(1978, 136 pp.

of Si;N, The single-crystal growth of AIN can be achieved Y. G. Roman and A. P. M. Adriaansen, Thin Solid Filt89, 241(1989.

with the use of a chloride—hydride system of chemical vapor K- Kaya, Y. Kanno, H. Takahastét al, Jpn. J. Appl. Phys35, 2782
deposition at reduced pressure, so that the deposition tem-

perature will be substantially lowddown to 550 °C; Refs. Translated by Steve Torstveit

1273  7.%10°%




TECHNICAL PHYSICS LETTERS VOLUME 24, NUMBER 10 OCTOBER 1998
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A prototype industrial apparatus for growing gallium nitrid@aN) epitaxial films by the method

of vapor-phase epitaxy in the chloride—hydride system is designed and built. Epitaxy is

carried out simultaneously on 3 silicon carbif®C) substrates 35 mm in diameter. The
distribution of growth rates along the gas flow and over the transverse cross section of the reactor
is investigated. The epitaxial films are studied by x-ray diffraction and photoluminescence
methods. ©1998 American Institute of Physids51063-785(08)02610-X

Nitrides of group-1ll metal§AIN, GaN, InN) are prom-  chloride—hydride apparatus were that it permjtgiowth on
ising materials for fabricating high-efficiency blue and greensubstrates up to 80 mm in diametep; growth on three or
light-emitting diodes; short-wavelength injection lasets, more substrates up to 50 mm in diametergarrying out up
and other electronic devices. Significant progress in the epito 10 growth processes in a single technological cycle. These
taxy of these compounds from metalorganic compofiadd  requirements guided the design of the reactor whose plan is
by molecular-beam epitaky has been reported. The shown in Fig. 1. It is based on the scheme of a horizontal
chloride—hydride method of growing epitaxial layers of reactor of the blow-through type with hot walls. The appara-
group-lIl nitrides is also of great interest, since it has a num+tus consists of a quartz reactor, multizone furnace with resis-
ber of advantages over the methods mentioned: a wide rang®e heating, and a vapor unit. The furnace was divided into
of growth rates (0.05—2m/min).® and a rather low cost of two temperature zones: a source zone and a growth zone.
equipment and experimentation. Previously our group ha3he temperature in the growth zone can be varied from 900
demonstrated the possibility of growing high-quality epitax-to 1150°C. Argon with a purity of 99.997% was used as the
ial films of AIN on sapphiré and silicon carbideSiC)*>  carrier gas. The sources were metallic (58.9997% and
substrates, GaN films on silicon carbide substritesd a gaseous NK (99.999%. HCI with a purity of 99.998% was
GaN p—n junctior? and solid solutions of AIGaN on silicon used for chloriding the Ga. In the source zone the hydrogen
carbide substratéSby a modified chloride—hydride method. chloride interacts with the metallic gallium to form gaseous
However, these results have all be obtained on laboratorgallium chloride. In the growth zone the GaCl vapor reacts
apparatus. In this paper we describe a prototype of an indusvith the ammonia to form GaN. The gallium nitride that is
trial chloride—hydride apparatus and present the results dbrmed settles on the walls of the reactor and on the sub-
the first experiments on the use of this apparatus to growtrates. In the growth zone the substrates are placed on a
GaN epitaxial films on silicon carbide substrates. pedestal parallel to the gas flow. The dimensions of the

The main requirements on the construction of theworking growth zone are 20080 mm.

Ar ——ec——"1

NH,+ Ar ] 3 5 / |
\

O + Ar—e{ ; c ] / I

{

FIG. 1. Diagram of the apparatus for growing group-lll nitrides by the chloride—hydride methedmultizone furnace with resistive heating:— quartz
reactor;3 — gas-channel pipegt — boat containing the group-IIl metab, — pedestal with substrates.
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FIG. 2. Distribution of the growth rate of GaN films on SiC substrates over
the transverse cross section of the reactor.

In this reactor design the grown structures can be coole: J L
in an inert gas flow and removed without cooling the entire ' ' ' ' '
reactor.

The apparatus was used in experiments on the growth ¢
gallium nitride films on silicon carbide substrates. The epi-
taxy was carried out onH-SiC substrates 35 mm in diam- 1
eter, produced by Cree Research, Inc. Small companion sul
strates, which were SiC crystals grown by the Lely methoc
or fragments of the Cree Research substrates, were placi
next to the main substrates. The gallium nitride epitaxy was
done without the use of buffer layetsThe epitaxial layers
were not deliberately doped. Growth was carried out for -

0.8 -0.6 -04 0.2 0.0 0.2
w,deg

5-10 min.

The thickness of the epitaxial film was measured gravi-
metrically (from the difference of the weights of the sub- 0.027 eV
strates before and after the groywtnd with an interference | pE—

microscope, by observation of the interference fringes fromr
the heterointerface and surface of the film. The uncertainty ir
the determination of the thickness by these methods was ni
more than 10%.

The distribution of the growth rate of the GaN along the
length of the pedestdiin the direction parallel to the gas L

flow) showed that there is a region within the growth zone
about 15 cm long in which the growth rate does not vary by R B o o e T WA e T e g
more than 10%. Figure 2 shows the distribution of the 340 360 380 400 420 440 460 480 500 520 540 560 580 600 620 640 660
growth rate in the direction perpendicular to the gas flow. It A,nm

can be seen that there are practically no edge effects, and the

scatter in the values of the growth rate lies within the error oiF'Gt- 3. Ia;_lx'fay fOCki”gsc_‘g_VE _miaiulre@i” tirescanning TOde f?f aGG?\IN
measuremermo%). epitaxial im grown on SIC; DI photoluminescence spectrum of a GalN ep-

. . itaxial film grown on SiC. The photoluminescence spectrum was taken at a
To assess the capabilities of the epitaxy apparatus WRmperature of 100 K using a,Naser.

performed an experiment on the growth of GaN films on

three SiC substrates with diameters of 35 mm. On all three

substrates located in the working growth zone the GaN filmg-ig. 3a. The photoluminescence spectra of all the samples
had a smooth mirror surface. The GaN films were investi-are dominated by the exciton luminescence béfid. 3b).
gated by the x-ray diffraction and photoluminescence methThe half-width of the edge peak at 100 K lies in the interval
ods. The half-width of the x-ray rocking curve measured infrom 27 to 30 meV. The films had-type conductivity. The

the w-scanning geometry lay in the interval from 72 to 150 typical concentrationNy—N,, measured by a mercury
(seconds of aig values indicative of a high structural per- probe, lay in the interval X 10t~5x 10" cn’.

fection of the films. The value 72stands as the best result For estimating the uniformity of the GaN films on the
obtained to date for GaN films grown on SiC without athree SiC wafer$35 mm in diameterwe measured the half-
buffer layer. A typical rocking curve for epitaxial GaN on widths of the x-ray rocking curves and the half-widths and
SiC, measured in thev-scanning geometry, is shown in intensities of the edge peak of the photoluminescence. The
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measurements were made on each wafer at several points. Nakamura, M. Senoh, and T. Mukai, Appl. Phys. L&%.2390(1993.
along the gas-flow direction and perpendicular to it. The?H. Morkoc, S. Strite, G. B. Gao, M. E. Lin, B. Sverdlov, and M. Burns,
half-width of the photoluminescence edge peak measured ap: APP!: Phys.76, 1363(1994.

100 K on the wafer that had been in the first position along > Nakamura, M. Senoh, N. Isawa, and S. Nahagama, Jpn. J. Appl. Phys.
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) S. Nakamura, M. Senoh, S. Nagahama, N. lwasa, T. Yamada,
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follow the structural quality of the substratEsEor the SiC '\Rﬂé:gmf 4 (Pl'gL;%ger’ and K. J. Ebeling, MRS Internet J. Nitride Semicond.
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under otherwise equal conditions, would entail a broadening’A. O. Lebedev, Yu. V. Melnik, and A. M. Tsaregorodtsev, Inst. Phys.
of the rocking curves of the epitaxial films grown on the less Conf. Ser. 1311994, Chap. 4, p. 405. o

perfect substrates. Yu. Melnik, 1. P. Nikitina, A. S. Zubrilov, A. A. Sitnikova, Yu. G.

In summary, we have built a prototype industrial appa- Musikhin, and V. A. Dmitriev, Inst. Phys. Conf. Ser. 14996, Chap. 5,
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taxial films of GaN on SiC substrates with a diameter of 35 Meeting.

mm. The data on the uniformity of the characteristics of the'"Yu. Melnik, A. Nikolaev, S. Stepanov, A. Zubrilov, I. Nikitina, and
films and of the growth rate of the GaN epitaxial films over V- Dmitiev, Book of Abstracts of the E-MRS Spring Meetiig97,
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Observation of self-modulation regimes of generation in high-power
backward-wave tubes

N. S. Ginzburg, N. . Zaitsev, E. V. llyakov, I. S. Kulagin, Yu. V. Novozhilova,
A. S. Sergeev, and A. K. Tkachenko

Institute of Applied Physics, Russian Academy of Sciences, Witbwgorod
(Submitted April 9, 1998
Pis’'ma Zh. Tekh. Fiz24, 66—71(October 26, 1998

In an experiment done on a specially constructed backward-wave tube for centimeter waves,
with a power level of 100 kW, it is observed that increasing the electron beam current leads

to more complicated forms of self-modulation of the output radiation: the modulation is initially
sinusoidal, then becomes a periodic sequence of spikes, and finally loses periodicity.

© 1998 American Institute of Physids$1063-785(08)02710-4

The multifrequency dynamics of backward-wave oscil- JA A J (2nm o
lators was first investigated theorefically in Refs. 1and 2. It 5=~ 77 =~ ;L e”""ddy (1)
was found that as the current is increased above the starting
value, the regime of stationary single-frequency generatioand the relativistic equations of motion of the electrons:
gives way to a regime of periodic self-modulation, which is
initially sinusoidal but then takes the form of a sequence of d_ﬁ: 1 _ 1
spikes. As the current is increased further the shape of the 94 J1-y72 J1—y,2’
signal becomes more complicated, loses periodicity, and the
generation ultimately becomes stochastic. The sequence of &—7=Re(A(§ e 3)
bifurcations described above has been observed experimen- ¢ ’ '

3
tally * on a laboratory model backward-wave WBNT) oo A—eE(mcw) is the dimensionless amplitude of the

with a power level of tens of milliwatts. synchronous {1)st harmonic of the field, 7=w(t

.The sut_)ject o.f thg present paper i:.s.a theoreticgl and ex-’ 21v)/(1Bo+1/B4), and {=wzl/c are the dimensionless
perimental investigation of the possibility of realizing self- time and longitudinal coordinaté)= wt—hz is the phase of

modulation regimes of generation in a BWT with & power o ejectron relative to the synchronous harmonic of the
level of up to 100 kW. The electrodynamic system used Wai‘

@

) - , , ield, J=el|Z|/(2B835mc?), Z is the coupling impedance for
a smoothly corrugated axisymmetric waveguide with a cutof his harmonic,® | is the beam currenty is the relativistic
narrowing at the cathode end and diffractional extraction o ass factor of the electrons is the frequency of exact
the radiation from the collector end. As we know, such sys-

: . : > synchronism, ang3y,=uv,/c, =vql/C, Wherevg is the
tems have an increased dielectric strength and a simple co y Bo=vo/C, By=vg 0

fhitial translational velocity of the electrons a is the
struction and are widely used in relativistic BWTs. y nd,

: i group velocity of the wave. The boundary and initial condi-
In the present experiment the BWT was designed for &< o, equationél)—(3) have the form

frequency of 8 GHz. The lowest mode T;Evas chosen as
the working mode; this choice allowed us to avoid synchro-  Al,-1=0, A|,_o=Aq({),
nous interaction of the electron beam with other modes and 3,—o=Doc (0,27) o= @
the concomitant problems of mode selection with respect to (=0=90€(0,2m),  7l;=0= 0,
the transverse mode index. The waveguide had a mean raherel is the dimensionless length of the interaction space.
dius of 1.2 cm, a corrugation period of 1.7 cm, and a corru-  The calculations of the coupling impedance and starting
gation depth of 0.25 cm and was smoothly matched with theurrents were based on the use of the results of Ref. 5. The
exit section on the collector end. Two structures were fabristarting current of the BWT with the periodic structure 29
cated, differing in the length of the interaction space: 29 anam long was around 3 A, while that for the structure 44 cm
44 cm. An annular electron beam was formed in along was reduced to 1 A. We note that since the BWT oper-
magnetron-injector gun. A low velocity spread was ensuredated in a regime quite close to the cutoff frequency, the cal-
by a high magnetic field, with a value of 2.5 T in the inter- culated value of the starting current depended strongly on the
action space. The accelerating voltage was around 70 k\heam voltage.
and the beam current emitted by the thermionic cathode var- Figure 1 shows the results of a numerical simulation of
ied from 3 to 35 A. the time dependence of the amplitude of the output signal
A preliminary modeling of the steady-state processes irand the spectrum of the signal at different values of the cur-
a BWT oscillator was carried out using a self-consistent sysrent for the BWT 44 cm long, the corresponding normalized
tem of equations consisting of the equation describing théength being =70. The periodic self-modulation arises at a
evolution of the field amplitude current of the order of 3 times the threshold. The stochastic

1063-7850/98/24(10)/3/$15.00 816 © 1998 American Institute of Physics
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regime comes about when the current reaches 10-15 tim&) MHz and was found to be in good agreement with the
the threshold. Figure la illustrates the sinusoidal modulatioralculated frequency. The detected output signal was re-
of the input signal, and Fig. 1b corresponds to the moreorded by a Tektronix 540A digital oscilloscope, which per-
complicated self-modulation in the form of a periodic se-mitted storage of the entire envelope of an rf pulse up to 10
guence of spikes. In dimensionless variables the selfus long for subsequent inspection of its individual parts.
modulation period is of the order of 10At a wave group In the BWT with the interaction space 44 cm long the
velocity of 0.2 s and a particle translational velocity of 0.5 s,sinusoidal self-modulation occurred at currents as low as a
the self-modulation period in dimensionless quantities is 13ew amperes(Fig. 2g; as the current was increased, the
ns. For the estimates the value of group velocity was founanodulation became complex-periodF€ig. 2b,9, and at cur-
from the dispersion characteristic of a smooth waveguidetents above 30 A it went over to stochasti€ig. 20). It
ignoring the decrease in group velocity due to the deformashould be noted that in the sequence of oscillograms given
tion of the dispersion curve that is typical for corrugatedabove there is no steady-state generation regime. This is be-
waveguides. In the case of the sinusoidal self-modulation theause decreasing the current vel® A was met with signifi-
relative width of the emission spectrum is 0.7%. Figure lccant technical problems. At the same time, a steady-state
shows a version of the stochastic self-modulation corregeneration regime was observed in the short tube with the
sponding to a current of 30 times the starting current. In thi29-cm-long interaction length, at currents ranging from 3 to
version the calculated width of the spectrum reaches 5%. 20 A.

The radiation was taken off from the collector end of the Comparing the oscilloscope traces of the envelope of the
interaction space. The frequency of the radiation was meadf pulse as obtained from the results of the numerical simu-
sured with the use of a tunable filter with a bandwidth oflation (Fig. 1) and the physical experimeffig. 2), one can

FIG. 2. Envelope of the output radiation for different
values of the current. at=3A; b: 1=21A; c: |
=28 A; d:1=35A.

i 100 ns c
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easily see that there is qualitative agreement. Consequentlirjal electronics. This would permit increasing the injection
one can also assume that their spectral characteristics agreewrrent and the supercriticality parameter and, accordingly,
We note, however, that the interpretation of the experimentathe average power of the stochastic radiation.
data was based on a simplified theoretical model that left out The authors are grateful to. B. Abubakirov, L. Altgil-
the effect on the electrons of the asynchronous componentsrs, N. F. Kovalev, and M. I. Petelin for helpful discussions.
of the rf field and of the space-charge fields and the presence This study was supported by the Russian Fund for Fun-
of parasitic reflections at the collector end of the BWT. damental Research under Grant No. 97-02-1761.

It should also be emphasized that the beam voltage and
beam current were chosen on considerations of restricting théN. S. Ginzburg, S. P. Kuznetsov, and T. N. Fedoseeva, Izv. Vyssh.
output power to a level of around 100 kW, since at higher ,Uchebn. Zaved. Radiofi21, 1037(1978.
powers the microwave pulses were found to be cut short, \L/J.chF;blr?eégij;dkOI’?ani oﬁiiiuigggs(?&gnd D. 1. Trubetskov, lzv. Vyssh.
probably because of rf breakdown inside the electrodynamicy. p. Bezruchko, S. P. Kuznetsov, and D. I. Trubetskov, JETP D8it.
system, which was made of copper by an electrochemical 162 (1979.
plating method. It is clear that the admissible fields at the:N: F- Kovalev, M. I. Petelin, and M. D. Rzer, JETP Lett18, 138(1973.
walls of the electrodynamic system can be increased signifi- N. F. Kovalev, HBektron. Tekhn. Ser. 1.IEktron. SVCh3, 102 (1978.

cantly by using technologies ordinarily employed in indus-Translated by Steve Torstveit
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Influence of a shock-wave pressure gradient on the appearance of a microhardness
maximum in a-Fe irradiated by a high-power ion beam
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The results of research on the defect structure and microhardnesEénirradiated by a pulsed
high-power ion beam are presented. The results are obtained with the use of positron
annihilation, electron microscopy, and a nanoindenter. It is shown that the pressure gradient and
the depth of formation of the shock wave frontdaFe irradiated by a high-power ion

beam have an influence on the formation and location of the maximum of the dislocation density
and microhardness in the modified layer. 1®98 American Institute of Physics.
[S1063-785(18)02810-9

High-power ion beams have well-known uses in ther, =150 ns;|;=6.6%: 7,=450 ps;l ,=26%. The spectrum
modification of surfaces, ion mixing, and the deposition ofwas corrected with the use #Bi. The microhardness mea-
films and coatings’™* However, there are unsolved prob- surements were made on a Micromet apparatus. Measure-
lems that preclude making predictions as to the effect on thenent of the spectra of Rutherford backscattering with chan-
physicochemical and service characteristics of metallic maneling (RBS/O was carried out using a beam Hfle* ions
terials. The main difficulty is to take into account all the with an energy of 2 MeV. In the melting zone of a surface
processes that occur under irradiation by a high-power ioflayer of iron the defect profile was measured using a beam of
beam, mainly their effect on the change in the defect strucslow positrons with energies of 0.2—30 keV, which permitted
ture, the microhardness, and their final profile in the materialanalysis of layers with thicknesses ranging from several na-
A list of the processes occurring in a metal under irradiatiomometers to 1.2zm.”
by a high-power ion beam includes heating, melting, evapo- A detailed analysis of the subsurface layer that was
ration, expansion of a vapor—plasma clo(ablation), the = melted as a result of the irradiation afFe by a high-power
formation of a shock wavéSW), quenching from the liquid ion beam was carried out using a beam of slow positrons and
and gaseous states, mass transport, etc. Rutherford backscattering of ions with channelif®RBS/O.

In the present letter we report a study of the defect struc-  As a result of quenching from the liquid statend pos-
ture and microhardness im-Fe after irradiation by a high- sibly also from the gaseous state high concentration of
power ion beam and investigate the relationships influencingacancy clusters, impurity complexes, and dislocations is
the change in the depth of the modified layer. formed in a surface layer up to 1i2n thick; this is evi-

As objects of study we used annealed samplea-6'e  denced by the increase in tBgparameter of the curves of the
with dimensions of 1%X14X2 mm with a large grain size Doppler broadening of the annihilation spike in comparison
(1.5-3 mm). The irradiation by the high-power ion beam with the initial (unirradiatedl sample ofa-Fe (Fig. 19. A
was carried out on an accelerator with beam parameteiisigh density of vacancy clustersxgL0t"— 10" cm™3, forms
F.=300 keV, duration 7=100 ns, and current density in the layer in which the maximum thermomechanical
varying from 16 to 2.5x 10" A/m? (Ref. 5. The composi- stresses occuthe boundary of the liquid and solid phases
tion of the beam was C~50%, H"~50%. The residual and a developed dislocation structure arigesving a scalar
pressure in the accelerator chamber was®l@rr. The beam  density of 6.5<10° cm™2; Fig. 1a, curves2 and 3). The
cross section was much larger than the size of the samplesesults obtained by the RBS/C meth@€g. 1b attest to the

For electron microscope studies of the dislocation strucfact that the concentration of interstitial atoms has also risen,
ture formed in the subsurface layers of a target under irraas is indicated by the increase jnfor the (100) and{001)
diation by a high-power ion beam, we prepared foils at adirections as compared with the initial oriented crydial
specified distance from the surface. The technique used targe grain. It should be noted that significantly more inter-
prepare the foils is described in Ref. 6. The positron lifetimestitial defects are formed in the00) direction. In a subsur-
was measured on a spectrometer with a time resolution dace layer up to sum thick the dislocation structure consists
220 ps, with a fixed width at half maximumy =208 ps.  of uniformly distributed individual dislocations. Right next
The positron source waéNa(8™",y) evaporated onto alumi- to the surface the mean density of dislocations reaches 3.6
num foil in a Mylar packet. The source intensity was X 10° cm 2. Substantial changes in the dislocation structure
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FIG. 1. a: TheS parameter of the curves of the Doppler broadening of the annihilation spike versus deptlaiReHayer:1 — initial state;2 — irradiation

by a high-power ion beam gt=100 A/cnt and r= 100 ns;3 — at j =400 A/cn? and 7=100 ns. b: Energy spectra of the Rutherford backscattering of ions
with channeling fHe" ions with energy 3 MeY 1 — the (100 orientation in the initial state2 — the(001) orientation, irradiation by a high-power ion beam
at j =400 Alcnt and 7= 100 ns;3 — the (100 orientation, irradiation aj=400 A/cn? and =100 ns;4 — misoriented grain of-Fe.

of the sample begin at a depth of 30—4fh, where the IS,

dislocation structure becomes extremely nonuniform. In ad- E> CepoRo, @
dition to the chaotic dislocation structure made up of indi-

vidual dislocations and dislocation tangles, low-angle bound- Q=lIsr @
aries appear in the structure, these varying from a uniform ,U~>\=R51 3

distribution of dislocations to complex interweavings of dis-
locations and boundaries with misorientation angles of 5—-7°.
Under irradiation by a high-power ion beam the thermal re-wherel is the intensity Sis the irradiated area, ari®} is the
laxation time is substantially less than the duration of therange of ions in the material.

irradiation, and therefore the practically instantaneous heat- For the irradiation regimes used)=10° W/cn?

ing of the metal gives rise to thermal stresses in the solid=10"2 W/m?, r=10""s, S=10"% m, and the parameters of
state matrix in the subsurface region, resulting in melting anaur targets, C,=5x10° m/s, p,=7.8X10° kg/m*>, R,
ejection of the material from the irradiated surface. The re=1um=10"%m, we obtain (S/7)=10" and CZpoR,

coil momentum creates an additional compression of the ma= 102,

terial in the solid phase. We shall show that the wave gener- Thus the criterion of shock wave formation is met, and
ated in this case is a shock wave. A criterion of shock wavets initial pressure is several GPa, i.e., the wave is weak
formation has been obtained for laser irradiatibrior our  (from 2 to 10 GPa The pressure in the shock wave as it
case it will have the form propagates into the depths of the target falls off, so khat

n=1,

o b
E 1 aFe a
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g 1 = FIG. 2. Density of dislocationga) and microhard-
2 6 T ness(b) in a-Fe irradiated by a high-power ion
§ - 4 beam as functions of the depth of the hardened
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decreases with deptkig. 1). However, the shock wave front sion of Science and Technology of Ukraiferoject 75.4/
becomes steepéthis is confirmed by our calculationand  73-93 “Raduga’).

the gradient increases, reaching a maximum in the region of The authors are grateful to the staffs of Sandia National
formation of the shock wave front. Laboratories and the Los Alamos Laboratory for discussion

The most intense generation of both intrinsic and extrin-of the results in seminars.
sic defects will occur in the region of the shock wave front.

Since interstitial defects are substantially more mobile than

vacancies, their sinking to dislocations pins the latter, lower-

ing their mobility. A shock wave impulse is imparted to both *A. D. Pogrebnjak and Sh. M. Ruzimov, Phys. Lett180, 259 (1987.
the atoms of the matrix and the defe¢ssattering centeys ZA' D. Pogrebnjak, Phys. Status Solidi 7, 17 (1990.

Figure 2a and 2b shows the mean density of dislocationsﬁggg‘”s' G. Remnev, R. Stinnett, and K. Yatsui, MRS Bull, 58
(curvesl,3) and microhardnes,4) as functions of the dis- 4 "vatsui, C. Grigoriu, H. Kubo, K. Masugata, and Y. Shimotori, Appl.
tance from the ion-irradiated surface of the=e. The curves Phys. Lett.67, 1214(1995.
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The change in the reflectiowlifferential reflection of light from an interference film as a result

of the deposition of an ultrathin layer on it is investigated. Formulas describing the

differential reflection around the reflectivity minima and maxima of the film are obtained by a
perturbation method. It is shown that these formulas and the corresponding differential
measurements can be used for an easy and unambiguous determination of the thickness and
refractive index not only of ultrathin surface layers but also of the interference films themselves.
The proposed method is especially convenient for monitoring the deposition of thin-film
structures. ©1998 American Institute of Physids$51063-785(08)02910-3

Among the many optical methods for investigating thecondition 4rn.d./\<1 the relative change in the intensity
subsurface region of various materials and for monitoring thef the reflected signal, viz.,
deposition(growth) of thin-film structures, extensive use is .
made of differential reflection methods, in which one records >'/! o) *P=[(11=10)/10]*P'=[(Rel g~ Rol )/ Rol "
the change in the reflected signal due to the influence of the =[(R;—Ro)/Ry]*P'=(AR/Ry) P,
surface layer under investigation® Since the most vital ap-
plications of optical probing methods are found primarily in
semiconductor technology, most of the methods that hav
been developed work only in the presence of absorgtioa
surface layer or in the substrat®loreover, owing mainly to
the incorrect theoretical analysis given in Ref. 7 for weakly
absorbing and f[ransparent materi_als, th<=T opinion_is often ex- (AR/RO)(S'F’):—327-rnan?nscos<pa oS ¢ COSQs
pressed in the literature that the differential reflection method
can in general be used to study télérathin layers only in the Xsin2B(L/M)(dc/N), 1)
case of strongly absorbing materiafs. _ . B
However, as was shown in Ref. 10 and 11, this point of =(ecta=galo) (a5t~ its), @
view is incorrect, and the change in reflectivity due to the ~ M=[(gst,+e,ti—v)(edti—efts) + (eftsteti—v)
deposition of an ultrathin insulating layer on a transparent
substrate is also measurable under certain conditions. More-
over, the existence of extensive interference in transparent X (eity—e4t;)2 SIE 28, 3)
films opens up a number of new possibilities, e.g., for im-
proving the signal-to-noise ratio and sensitivity of theWwhere ti=1 and v=2g,sir’ ¢, for s polarization and
method of differentia' reﬂectiohzl ti:COSZ (Pi:j._(Sa/Si)Sinz @3 and U:O fOI’ p polarization
The goal of this study is to show how one can use theli =a.¢.f,s), B=(2m/\)n¢d coser, and ¢, is the angle
differential reflection ofp- ands-polarized light to determine  ©f incidence of the light ray in the surrounding mediam
simultaneously the parameters of transparent interference Figure 1 shows 8R/Rq)$P as a function ofd; and ¢,
films and ultrathin insulating layers deposited on them. according to calculations using the exact classical formulas
Let us consider the reflection of a linearly polarized elec-(Without expansion in the small parametdg/\) for a
tromagnetic plane wave with vacuum wavelengtfrom an ~ plane-layered medium and also the relative errors
interference filnf of thicknessd; on a semi-infinite substrate (8,p) — (s.p) _ (s.p) (s.p)
sin a surrounding mediura. We will treat a small change in VP =TARIRy)ex™ ~ (AR/Ro) P/ (AR/Ro) e
the reflectivity of the filmf due to the deposition on it of an (where (AR/R,)®P was calculated according to the ap-
ultrathin layerc of thicknessd.<\. All of the media are proximate expressiofil)). Comparative calculations of this
assumed to be homogeneous and isotropic and perfectkind show that formula(l) does not work in the region
transparent, with real macroscopic dielectric constantsvhere (AR/Ry) &P 0, but in the neighborhood of interfer-
€ac fs= ngycyfys, and the magnetic permeability of all the ence extrema one can get sufficient accuracy by taking into
materials is assumed equal to unity. We also assume that account only the first-order terms in the expansion.
of the interfaces are ideal planes — there are no transition Let us next consider the form that Eg) takes near the
layers or interfacial roughness. Then, using the standard catinima and maxima of the reflection coefficielﬁgs'p). If
culation technique for layered mediawe find that under the the thickness of the interference film=d$N)+Adf, where

whereR{l1} andRy{l,} are the reflection coefficientsn-
Eensitie$ of the s andp-polarized light from the filmf with

and without a surface layes, respectively, andy is the
intensity of the incident light, can be expressed to first order
in d./\ as follows:

X(ety—e,tf)COS 28]%+ 4e e COS @ COF g

1063-7850/98/24(10)/4/$15.00 822 © 1998 American Institute of Physics
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FIG. 1. Relative change in the reflection coefficient

(AR/Ry)E9 and the relative errov(P® for p polarization
(solid curve$ and s polarization(dashed curvegsas func-
tions of the thicknessl; of the interference filma,g and
the angle of incidencep, of the light (b,d. n,=1.0,
n,=2.0, =15, ng=25, d,/A=10"3, ¢,=30° (a,0,
d¢/\=0.6 (b,d).
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d{N=N\/(4n; cosey), N is an integer, and the conditions

47n|Ad¢|]A"1<1 andAd;>d, hold, then for eveiN=2j,

j=0,1,2 ... wehave
(AR/Ro)5 ™= = KL/(esta= £ats)(deAd/N?),  (4)

where = 32m2n,ns oS, COSes. In the case op polariza-

tion formula(4) does not work if the light is incident at the

Brewster angle for the substrate, i.e., fop,=¢pg
=tan !(ng/n,), at which pointst,—,ts=0. Then
(AR/R) S =2[e1(s.—8a) (85— 8c) [ scler—£a)

X (es—e¢)](dc/Ady). 5

For oddN=2j+1 we have
(AR/RO)zjﬂﬂcgf cos' (,Df(L/MSp)(d Ad¢/\?), (6)

Me=g,65— e+ e,(281— 84— £4)SII? @3, (7)
Mp:8385_8%+(838%8;1+8f2_28§8;185)5in2 ©a
3 -2 2_—1\qid
+(ee1 “es—€a878g )SIN @q. (8

However, formula(6) is incorrect fors polarization when
M¢—0 and forp polarization wherM ,—0. If the angle of

20 40 60 80 ¥

Which kind of extremum(maximum or minimurm cor-
responds to evel and which to oddN is determined for
&1.s> €, SIN @, by the conditions

\ <0
(=) (na=np)(Ns=ng) _ (10)
for s polarization, and
<0
(= 1)N(na cOS@r—nNy COSP,) (Nt COSs— N COSEY) -
(11

for p polarization, where the upper sign corresponds to a
minimum and the lower to a maximum. For example, it fol-
lows from these conditions that formu(&) and (9) always
describe the change in reflection around a minimurR)
(this last assertion if also clear, of course, from the simpler
arguments that aM =0 the reflection coefficienR{® =0

for s polarization, while for¢o,=¢g or M,=0 one has
R(p)—O in the case op polarization. As we see from Eqgs.

(5) and (9), around these minima the relative change in the
reflection coefficient is inversely proportional thd; and
altogether independent of the wavelength of the lighdis-

incidence and the layer parameters are chosen such that tngsmn is neglectgdAs a concrete example, Fig. 2 shows

conditionM¢=0 or M,=0 holds, then
(AR/Rg)$Py=2(n, cosg, /ns cosgy)
—eatp)?(de/Ady). 9

We note that the conditionMs ,
e.g.,
would be necessary to hame<+/n,ng (for normal incidence

ns=+NyNg Ref. 13.

X L/(Sfta

=0 do not always hold,
in the case o polarization at oblique incidence it

AR/IR)EP and V&P as functions ofAd; around the
minima and maxima oR$*P) for incidence at the Brewster
angleg,= ¢p.

Let us call attention to the following circumstance,
which is extremely important in practice. It is kno¥rthat
in the case of a semi-infinite substrate the method of differ-
ential reflection can give a high sensitivity only with
polarized light incident at the Brewster angle, since the re-
flection coefficient for a smooth substrate with no surface
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FIG. 2. (AR/Rp)®® andV(®* as functions ofAd; around
interference minima(solid curve$ and maxima(dashed
(P 5 curves if n,=10, n,=2.5, n;=2.0, ng=1.5, ¢,

v ; V< ) =tan 1.5, andd, /A =103,
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layer then approaches zero. In the case of an interferenaghere g,=[ - (AR/Ro)¥) 1/(AR/Ry)¥1*2 and is deter-
film, however, the same possibility is afforded for mined experimentally at the angle of incidengg= ¢g, we
s-polarized light as well, since under the condition  obtain the value ofAd/\. Here it proves very useful that
<ngng one can find an angle of incidence such that theformula (14) does not depend on the parameters of the sur-
original reflection coefficient for a clean filrﬁgs)—>0. face layer being deposited, so thateif is known, one can

The main utility of formulag4)—(9) is that they make it determineAd;/\ provided only that the layer being depos-
easy to solve the inverse problem — to determine uniquelyted is a insulator and is ultrathin.

the parameters of a filhand surface layec with known e Differential reflection diagnostics of this kind are espe-
and e, solely by measuring AR/Ry)® and AR/Rp)® cially convenient to use for monitoring a cyclic film deposi-
about the minimum and maximum of the reflectivief®*® .  tion process, where the thickness of the film increases

The parametek; is obtained most simply with the use of steadily by a small step and the values &R/R)P)
s-polarized light, by determining the experimental value ofaround the minima and maxima of the reflection coefficient

gr=[— (AR/R)))/(AR/R)%), ;1¥%2 and then calculating R{ can easily be measured for each cycle. If the growth

g¢ from the formula process contains two different cycles 1 and 2, during which,
. _ . 2, 2 respectively, two surface layers with parametess d., and
e1=0i(es—ea) +oaSIT oot [gi(es—ea) e e are deposited on the surface of the film, then for a
+£,C0% @ (es— &4 SIM @ )]Y2 (12) qualitative analysis one may also use the relation
The dielectric constant. can be determined as follows: (ARy/AR)®=(d¢;/dcp) (81— €a)(8ca—€a) L (15
measure the ratig=(AR/Ry)¥/(AR/Ry)S) and use the

around the maxim&or around minima near whicM¢#0)
for any angle of incidence, or the relation

ARl)(mN dc18c2(8c1_8a)(8c1_85)
AR, deoeci(eca—8a) (82— &6)

expression

gc=eal(g¢+1)+((g¢+1)?—4(ge+ oS @a)Sin’ @)

X[2(ge+cos ¢a)] 1, (13 (16)

wher - I .
ere around the minima for an angle of incidengg= ¢g. Since

9.=0c(e5C0S @a—£,C0F @o)2(e;—&)/ (AR;/AR,)®P) does not depend on the thickness of the film

being grown, in the case of a stable process they should have

constant values. It is also seen from E@L5 that

Using the relation (AR;/AR,)® does not depend on the type of substrate,
while at the same time from measurements®R( /AR,)(P)

. (19 for different substrates one can also determine the parameters

Amer(eaetteres— €a8s) of the surface layers. This one again shows that from the

[(85C032 Pt~ Ef cos (Ps)(ss_sa)z]-

1/2; .2
daleatey) (&f tea81tEr85—E48)

Adf/)\:
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A quantum-mechanical analog of the spin—orbit interaction opekatisrconstructed for the

fields of optical CV vortices and TE and TM modes in an optical fiber. It is shown that the
polarization correctionsB to the propagation constant, which is the mean value of this

operator, is a measure of the “level splitting” of the propagation consgaint the scalar case.

The difference in the operation of the individual parts of the operaton the fields of

CV vortices and on the fields of TM and TE modes is indicative of the presence of two different
physical processes — circular and linear birefringence in the locally isotropic optical fiber.

The conversion of the “scalar” fielé to a vector fielde; as a consequence of the spin—orbit
interaction operator can be regarded as resulting from a re-radiation of the additional field

e, by the vortex fielde, which rotates around the optical axis of the fiber. In this picture the
additional fielde, can be regarded as being a “relativistic” correction to the vortex field

for the distortions of the main fieldand arising as a result of the rotation of the field of the optical
vortex in the medium of the few-mode fiber. €998 American Institute of Physics.
[S1063-785(18)03010-9

‘The propagation of an optical vortex along a few-moden(r). If the refractive indices of the core,, and claddingn
optical fiber is accompanied by precession of the Poyntingye close in value, i.e., if the parameteris small, then Eq.

v_ectolr of the electromagnetic field around the axis of the(1) can be written to first order in perturbation theory as
fiber” This precession is the result of a nonholonomic con-

straint between the electromagnetic analog of the orbital and (Vf +n?(r)k?—B?e =0. 2
spin angular momenta of the field of the directed vortex. A
measure of this nonholonomic constraint is the topologica
phasé which takes the form of a polarization correctio

to the propagation constag of the optical vortices of the
fiber2 In this picture the polarization correctiof3 charac-
terizes the size of the splitting of the “unperturbed level” of
the propagation constapt The process causing the splitting
of the level3 can be associatethy analogy with the atomic

modef) with the spin—orbit interaction in the field of the for the polarization correctiod can be obtained by taking

optical vortex. Then one of the split sublevels will corre- i o ~
the conjugate of Eqgs(l) and (2) multiplied by e and e,

spond to a propagation constaBy,= Bcy+ 6Bcy for a CV . . o
vortex, and the other sublevel will correspond to the propa_respectwely. Then, by making use of the Hermitian property

gation constantsre and By of the TE and TM modes of of the operatorV?, we obtain (the subscriptL will be
the fiber (for I =1). dropped from now on

The goal of this paper is to construct a spin—orbit inter-
action operatosH for the field of optical CV vortices and
TE and TM modes. The problem is considered in the frame-
work of the formal quantum-mechanical approach that was — (e} die,— ey ef ) g Inn?}dS, (3
used for the electromagnetic field in Refs. 5-7.

|Equation (2) does not take into account the polarization
properties of the field and is therefore called a scalar wave
equation. The vector properties of the fields are taken into
account by a transformation of the scalar amplitude of the
field to a vector amplitude—e, wheree~e+Ae; and the
propagation constal®— 3, so thatB= B+ &3, wheresg is
the polarization correction.

Let us find an expression fa¥B. The desired equation

5B=A J S{o'ai[(éi e +er e dlnn?]

We write the vector wave equation for light in an inho- where
mogeneous medium &s oV
Al=—— f e eteet)dS
(V4nd(nke-pe =V, (e V,nnir), (O pV2h Js! )

where the subscript indicates the transverse components ofis a normalization factor, the indicdasand k take on the
the vectors g is the propagation constant of the eigenmodesvaluesx andy, d;=4d/dx;, and a summation over repeated
in an optical fiber with a gradient refractive index profile indices is implied. The first term in expressi¢8) upon in-
n?(r)=n2(1—2Af(r)), whereA is the height of the profile tegration can be transformed to a curvilinear integral of a real

1063-7850/98/24(10)/3/$15.00 826 © 1998 American Institute of Physics
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TABLE I. Transformation of the fields and their propagation constants under the spin—orbit interaction

operator.
x»=+1 I=1
el =1 0= x=—1 I=1 x=—1 =1
cv ™ TE
ey i,:lemnp F,cosle Fisinle
E) V2
e, I%—UHGMI‘P F,sinle —F,cosle
2
1 ) + o
- ey L Aol G, coslg Gysinle
Dfe) \/§G| e
€y ixo __, ol G:sinle —Gjcosle
—G, "¢
V2
1 ) + o
nn i~ e —xpio(l+2x G; cosl -Gy sinl
B[ X EG' elo(l+2x)¢ 1 ¢ 1 @
. + i +
ey _I%UG_%eiU(PrZ%)(p Gy sinle G cosle
\/E |
i~ &f A~ —x
a(d —=D[e) I I I
a@ 270l 0 I -17
58 I 21 0
(y24)°
S5B(f=R?) 7x(l+;¢)—2pv 0 0
CRARGIE TN
7( 2A)3 1 7( /ZA)3<e‘ﬁ( )|e>
4V (e’ 4V (ele) ’
_, (J2A)® [~ of . c L,
I %= vl W /G, *RdR OF|RdR

function, which, in view of the boundedness of the field atexpression given in Ref. 8, which is satisfied only for real

infinity, must go to zero. For small one can assurfighat
e~e. We expandVInn?(r) in a series to first order im

(VInn?~—2AVf; Ref. 8. It can be shown that for all the ~ ~

eigen fields of the optical fibee} d,fd,e,=exdfaei*. In
this case we obtain for the polarization correctig
SB=2AA f e* 9, foeds, (4)

s

which holds for both real and complex fielés unlike the

fields. We write the integrand in E¢4) in operator form:
afa,\ (e ~ .~

* y) () =@V ©
dytay/\,

We decompose the matrix differential operat?zirin
Pauli matrices:

axfdy

e* g, foe,= (e e
i Cil OkTk (x y) ayf&x

\72&0\70+ (}1\71"‘ (}2\72"’ (}3\73,
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where o ao 1 0 Cos2p Sin2¢ g
T=04R = . .
1 TR2e)={5 4 —sin2p cos2p ©
(a ta,tayta,)=5a.fa,
L1 1 1 X
V1=5 (xf = dyfdy) = 5 9, f| cOS 2pd, — - sin2¢J, The rotation operatoR transforms the value of the to-

pological chargel=|+2x. The matrixo; transforms the

direction of circulation to the opposite:” < o~ . The opera-

tor TD acting on the field® for the CV vortices transforms

o i them to orthogonal mode states. Therefore, only the operator
Va=5 (0l dy+dyf o) =500, . (6) D, which does not alter the state of polarization of the field

but transforms the phase of a field with a definite circular

In going to a cylindrical coordinate system we have spepolarization, contributes to the polarization correctiég.

cialized to the case of an axisymmetric fiber,{=0). Itis  The sjtuation is quite different for the action of the operators

1 1
(& foy+ayfa,)= &f(SII’IZ(p(? +—cosZpa )

convenient to represent the operatoin the form D andTD on the fields of the TE and TM modes. Here both
1 of . .. parts of the operato¥ contribute to the change in field.
V=— (9—(D+TD). Consequently, in the re-radiated TE and TM field both the
P phase and polarization change. This difference in the action
where of the operato®/ on the polarization of the fields of CV
9 i 9 vortices and TE and TM modes is indicative of the presence

of two different physical processes). fbr the field of the CV

vortices it is circular birefringence;)Xor the TE and TM
Cos 2 sin2p modes it is linear birefringence. The presence of these two
sin2p —cos 2p . type; of birefringenc_e in a Ioc(_':llly isotropic inhomogeneous
medium was also pointed out in Refs. 10 and 11.

( 0 e‘z“’) The values of the fields given in Table | correspond to
c

T=0, cOs 20+ 0, sin 2g0=(

e2¢ the zeroth corrections of the perturbation theory considered
in Ref. 8. Thus the action of the operatﬁrin (8) on the

The subscripts andC indicate that the matrix operators are fields of the characteristic CV vortices and partial IV vortices

represented in a linearly or circularly polarized basis, respecsan be pictured as follows. The fiefdof the optical vortex,

tively. rotating around the axis, re-radiates both the characteristic
The form of the operatof7) is analogous to that of the field e and an additional fielé,. The fielde, is a “relativ-

spin—orbit interaction for electrons in a cylindrically sym- jstic» correction to the rotating field, which restores the

metric field. The expectation value of the operafois equal  rotating field far from the optical axis; thus the total angu-

to the polarization correctiod in expression(3). The op-  |jar momentum remains unchanged despite the changes in the

erator D contains terms that are analogous to the contactopological charge and the helicityo, .

interaction operatoK = oy (9/JR) and the spin—orbit inter-

action S= (i/R) o3 (9/d¢) for an electron in the hydrogen

aton? it follows from Egs.(1) and(2) that the fieldse for the

CV vortices and TE and TM modes are eigenvectors of the

operator 'A. V. Volyar, T. A. Fadeeva, and N. A. Groshenko, Pis’'ma Zh. Tekh. Fiz.
23(22), 58 (1997 [Tech. Phys. Lett23, 883(1997)].
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Table | gives the results of the operation of the operators Nauka, Moscow(1989, 768 pp].

D and TD on the fields of the eigenmodes of the fiber. It is 62 g:‘c’ﬁ;::: '3 g";‘trcgzi irgftlgf(clgﬁ? 1629(1969.

seen from Table | that these operators act quite differently orvy,” 5| inerman and B. Ya. zel'dovich, Phys. Rev.48, 5199(1992.
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