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Abstract—~Possible equilibrium rotating magnetized plasma configurations in which angular asymmetry due
to a nonuniform distribution of the molecular weight is absent are studied. The viscosity of the medium is
assumed to be negligible. The variables in exact nonlinear equations are separated by representing the vector
fields as series in orthogonal vector spherical harmonics. These series are normally divergent. However, the
truncation of the seriesis also possible. Equilibrium models corresponding to the truncated series are general -
izations of asimplerigidly rotating model. They are studied below. It is shown that nonaxisymmetric equilib-
rium structures with the magnetic field of atilted dipole are possible. In the case of an isothermal atmosphere,
conditions for the superrotation of the medium and meridional circulation of the matter may arise. The feasi-
bility of such conditionsin the Earth’s upper atmosphereis discussed. © 2001 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

We consider simpl e rotating and magnetized models
by expressing al vector fields as series in terms of a
complete system of orthogona vector spherical har-
monics. In this case, the separation of variables (angu-
lar variables and radius vector) in exact equations is
possible, irrespective of whether an equationislinear or
nonlinear, and conditions of theregular spatial behavior
of thefields are taken into account (Section 1). Analysis
of nonlinear equations obtained from the initial equa-
tions by separating the variables and having the form of
infinite series in the aforementioned harmonics sug-
gests that there exist some purely mathematical prob-
lems that have escaped the researchers in considering
the sets of complex multidimensional initial equations.
The casein point isthat, for infinite series with nonlin-
ear terms, the number of terms usually increases more
rapidly than the number of variables in going to the
next approximation. Because of this, anonzero solution
may become impossible (Section 2). Such a difficulty
due to the nonlinearity of the magnetic force was dis-
cussed in [1, 2] as applied to the equilibrium problem
for an insulated axisymmetric magnetic tube in the
radiant zone of anonrotating star. In this case, the equi-
librium problem has a solution only for the dipolefield.
Probably, spotty chemical inhomogeneitiesin magnetic
stars may be associated with nondipole fields [3, 4].

Thus, agenera solution to the equilibrium problem
for rotating magnetized nonviscous configurations that
corresponds to a nonlinear force described by a finite
seriesin vector spherical harmonicsis of great interest.
Below, we study the case where these series for the
hydrodynamic velocity and magnetic field are trun-

cated at the initial step (Sections 2 and 3). The equilib-
rium configurations considered are the generalizations
of a simple nonmagnetic rigidly rotating model or a
fixed model with a dipole magnetic field. Our aimisto
answer the following questions: (1) Whether the rigid
rotation of the medium is the only possible motion in
the above models and (2) whether the equilibrium con-
dition can be satisfied if the dipole magnetic field is
tilted about the rotational axis.

To do this, we derived general exact formulas for
nonlinear forces under the condition of series trunca-
tion (Section 3). The formulas show that a simple exact
solution can be found for both the axisymmetric angu-
lar rotation velocity and the hydrodynamic velocity
having a longitude-dependent component. In the latter
case, the meridional component of the hydrodynamic
velocity also exists. Such a complex motion of the
medium with meridional matter circulation could facil-
itate temperature equalizing between the near-equato-
rial and polar regions even in the absence of convective
instability. The relations derived alow the numerical
study of such models by using exact equations. Nonro-
tating models with atilted (with respect to the rotation
axis) dipole magnetic field can also be considered.

Section 4 deals with models where the pressure
depends only on the density. In particular, this takes
place in isothermal zones that are uniform in composi-
tion. Such zones are common in the upper atmospheres
of stars and planets. Our relations alow one to analyze
the onset of the conditions for the superrotaion of the
medium and meridional circulation of matter in these
partialy or totally ionized upper isothermal atmo-
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spheres when the generating magnetic field extends
into upperlying layers together with charged particles.
The zones with superrotation apparently do exist in
the atmospheres of several planets, including the Earth.
The presence of the zone in the Earth's atmosphere
where the angular rotation velocity increases by
approximately 30% follows from changesin thetilts of
the satellite orbits [5]. The case in point is altitudes of
about 200 km, i.e., the lower bound of the upper iso-
thermal region. Our calculations yield a small superro-
tation region 30 km wide (Section 4). Below, an attempt
will be made to apply our results for the explanation of
the strong superrotation observed in Venus upper
atmosphere, which rotates two orders of magnitude
faster than the planet itself. Note also that the gections
of matter and field also occur in the solar corona.
A brief analysis of these problemsisgivenin Section 5.

1. BASIC EQUATIONS
The equilibrium equation and its curl are given by

%V(VEV)+Q+%Vp+VCD =0, (1)
R+ (VpxVp)/p® =0, 2)
where
Q = (curlv) xv—(curlB) x B/(4mp), 3
R = curlQ. (4)

Here, v, B, @, p, and p are the hydrodynamic vel ocity,
magnetic field, gravitational potential, pressure, and
density of the medium, respectively. The two vectorsin
parentheses mean the scalar product, and O isthe nabla
operator.

Along with Eq. (1), the complete set involves
div(pv)=0, divB =0 5

and the equations for field and energy (the last two are
omitted). In what follows, we consider the approxima-
tion of slow rotation and weak magnetic force. There-
fore, the density appearing in the formulafor the mag-
netic force can be treated as spherically symmetric. In
this approximation, both the second term in (2) and the
term with the pressure gradient in (1) can be linearized.
As aresult, the basic nonlinear problems reduce to the
study of the eddy component of the nonlinear force.
However, wewill also consider the term with the scalar
product v - v.

The separation of variables is made by expanding
any vector f (or scalar p) in orthogonal vector spherical

harmonics Y(fhj (or in spherical functions Yj,):
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where f5y = 5 (1); You = You(®, 0); ir. i5, and iy are
the unit vectors of the spherical coordinate system (r, 3,
¢); Jisanonnegativeinteger;, M=-J,-J+1,...,J; A =
—1, 0, or +1; and the coefficients f(ﬁv,l) and fS?}I define
the poloidal and toroidal components, respectively.

In particular, the coefficients U(J%) describe the rota

tion of the medium for f = v. For instance, if the only
significant term isthat with J = 1, we have

vl = —irQ(8mw3)"?, (8)

where Q is the angular rotation velocity.

In the case of an axisymmetric dipole magnetic

field, f = B and the only nonzero coefficient is B(lf,l’ .

Thisfield is of alatitude structure like the dipole field,
but its radial dependence is determined by the equilib-
rium equation.

Relations (6) and (7) make it possible to reduce the
initial nonlinear equilibrium partial differential equa-
tions to a set of nonlinear ordinary differential equa-
tions for the r-dependent coefficients in the above
expansions. Explicit expressions for the expansion
coefficients in the case of nonlinear terms were consid-
ered earlier [2]. In [2], formulas both for the coeffi-

cients Q(fh} determining the expansion of nonlinear

force (3) in vector spherical harmonics and for the
guantities W;,, appearing in the equation

vy = zLPJMYJM 9)
IM

were derived. These formulas will be employed to
solve the equations.

2. SOLVABILITY PROBLEM

Nonlinearity-related problems may beillustrated by
simple examples. Consider first the rotation of an iso-
thermal nonmagnetic medium with Vp x Vp = 0 and,
according to (2)—4),

curl[(curlv) xv] = 0, (20
where brackets mean the vector product.
TECHNICAL PHYSICS Vol. 46 No.6 2001
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The multidimensionality of (10) greatly compli-
cates the problem. If our goal were merely to find the
coefficients a, of the Fourier series A, = a;Sing +
a,sin3p +... +a,sin[(2n—-1)¢] (n=1,2,3, ..., ©) from
the equation

(A)? =0 (11)

then, for nonzero a,, two, instead of one, additional
trigonometric functions would appear in (11) in going
from the nth to the (n + 1)th approximation. For
instance,

A, = a;sing, (A,)° = (1/2)(a,)?(1-cos2d),
A, = A, +a,sin3¢,
(A,)° = (A)*+[a,a,(cos2¢ — cos4d)
+(1/2)(a,)*(1 - cos60)].

As aresult, the number of equations determined by
the number of new trigonometric functions in (11)
would increase more rapidly than the number of vari-
ables a,.

Though this example is not directly related to the
problem being discussed, it elucidates the heart of the
matter as is obvious from what follows. Consider
Eg. (10) in the axisymmetric case, for which M =0 and
M, = 0. From the formulas in [2], the terms in the left-
hand side of (10) that are not identically zeros are deter-
mined by the condition that the Clebsch—Gordan coef-

ficients Cjly,0 are nonzero. This condition is fulfilled

if the well-known trianglerule [J; —J,| < J< J; + J,
holds provided that J + J; + J, is an even number and
J> 0 [for J = 0, the left-hand side of (10) is evidently
equal to zero]. In addition, this equation shows that the

subscripts J; and J, related to the coefficients U% and

0822) have the same evenness and that J is an even num-

ber.

If series (6) for U(J%) has only one mode (i.e., the
number of modes N = 1) and if only one coefficient of
the velocity with the first subscript is nonzero (J; =
J, = 1), Eq. (10) isreduced to one equation correspond-
ing to J = 2. With this equation, the radial dependence

of the coefficient v') can be found. If N = 2 and either

of the coefficients J; and J, equals either 1 or 3, the tri-
angleruleyieldsthree equations (for J equal to 2, 4, and

6) for two variables: L' and LYY . In this case, the

number of equations and the number of variables differ.
It is easy to see that this difference increases with
increasing N. Thus, the set of equations under consider-
ation becomes unsolvable for N> 1. Thisconclusionis
also valid for more general configurations. For exam-
ple, if J; and J, were even numbers (that is, the rotation
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velocity were distributed antisymmetrically about the
equatoria plane), we would have two equations (for

J=2andJ=4) for theonly variable b)Y evenatN=1
and the least value of the subscript J; = J, = 2.

If a magnetic configuration rotates in the radiant
zone, the second term in the left-hand side of Eq. (4),
which depends on the temperature distribution, may
become significant. However, the variables involved in
this additional term are determined by other equations.
Therefore, the above conclusion about the unsolvability
of the complete set of the equilibrium equations
remains valid (if the condition for the truncation of the
series for the nonlinear force is not fulfilled). For
instance, if we eliminate unsolvability in Eq. (2) by fit-
ting the temperature distribution, the heat equilibrium
condition will be violated. We assume that the forma-
tion of spots of different chemical composition in mag-
netic stars [3, 4] is related to the unsolvability of the
equilibrium equations because of the complex configu-
ration of the magnetic field.

Note that complex rotating structures may arise in
stellar and atmospheric convective zones. The most
prominent examples of such structures are differential
solar rotation and the accelerated rotation of Venus
convective atmosphere. In the latter case, convectionis
due to large horizontal temperature gradients [6-9].
Therefore, it is natural to assume that the accelerated
rotation of the atmosphere of a sowly rotating planet,
aswell as meridional circulation induced by this accel-
eration, facilitates convective heat transfer. Calcula-
tions [9] confirm the possibility of self-generating such
convection conditions. However, the validity of the
truncation of series describing convective medium
motion is in doubt [10, 11]. From the aforesaid, one
may infer that some truncation of the series should
always take place; otherwise, no solution will exist.
Convective turbulent viscosity apparently may favor
series truncation. In the case of the Sun, enhanced con-
vective heat transfer is most likely to be related to ther-
mal-to-magnetic energy conversion. This problem,
along with the associated series truncation, was studied
in[12].

However, there exist configurations described by
finite seriesin the spherical harmonics. In our example,
this condition is satisfied for N=1and J; =J,=1. In
particular, this condition is fulfilled if the rotation is
solid. More general models of this type are considered
in the next section.

3. POSSIBLE EQUILIBRIUM STRUCTURES

Consider equilibrium rotating magnetized struc-
turesfor which series (6) for the velocity v and thefield
B involve terms with the first subscript J = 1 only.
Restrictions imposed on other subscripts are assumed
to be determined by equilibrium eguations (1) and (2).
Thus, we believe that the series for hydrodynamical
velocity and magneticfield in J aretruncated at the very
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beginning; i.e., only the coefficients U(” and B(A) are

nonzero. Here, A = 0, £1. In this case, as follows from
general formulas (13) and (22)—(24) in [2], only the

coefficients of the nonlinear force Q\\) with the sub-
scripts J = 0, 1, and 2 may be nonzero provided that
A =0, %1l and M| < J. Firgt, let us consider the problem
of compensation of the forces described by these coef-
ficients.

It is easy to see that the coefficients Q{0 and QX

should be equal to zero; otherwise, equilibrium would
be impossible. For the equations involving the coeffi-

cients Q(fNP, the gradient of the scalar product of the

velacities might make a substantial contribution. How-
ever, the solution may be such that the contributions
from each of the terms are zero. Then, we come to

(A)
1M

(12)
= (qMImen[=i () —=N(B)/(4mtp)] = 0,
Q% = [3/(5"°n1KE, 3
x [ES(L) —ESN(B)/(4Tp)] = O,
Wiy = ~(8/3)"2yuCith, On
) ,(+1) 0) , (+1)y _ (14)
><[Uly leM le Uly,\,,] -

where

—(1 ey — M [+ 0 0  c(+1) 0 (0
Zwn (f) = yMclllxM[flxMar fiy, — flymarrflxM

@0 <6, 0O

1XM6r 1ym 1yMar f(+1) (15)
+21/2(f(0) (1) (0) (lxi,'))i|
—(+ 0
=00 = Gl | 2 H 5 18,
(16)
— G2t e 201, 150 - 10,5
=) = yuCu,, 2"
x[f(—n_a_rf(ﬂ) fn9 f(+1)} (17)
lXMar lym 1YMa Ixy |1
E0(f) = Cli- 1[ 3'ZDf(lol)g fio 2f(°)f(151%
0 0
+ 2P £+ £ 0 (18)
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—2(F 910 + f§°21f‘£1’)}

a 10 0
(19)

(1) = Clho[ 276" 5or 2+ 150 16
-2(12, 157+ 1215 |

Here, Xy = M| =1, yy = 1 + M — M|, g = (2/3)Y?,
gD = g0 = (1/3)Y2, CJ w,a,m, arethe Clebsch-Gordan
coefficients, and K2, = 1/(41¥2) and @}, = —3/(41?)
aredetermined by general formulas (10) and (11) in[2].
Note that Cﬁl 1 = Cﬂlo = Cﬁlo = 272,
2C111 1 = (2/3)¥2, and Cﬁn =1

Itisreadily verified that Egs. (12)—(14) are satisfied
if the following conditions are fulfilled:

20
C1010 -

v? =0, viYi =0 v’ =0 uif =0,
© © (20)
BY =0, B, =0,
BY 9’ 9 g B 1 0° 28D = 0, 21)
"ar? or?
B} ”a" r’B - Bgfg; ’BGY = 0. (22

In the last two equations, B(fMl)
relation

is eliminated by the

02(1)

(+1) _ 1
B IM

m = mar (23

which follows from (5).

Equations (21) and (22) are satisfied if the radial
dependences of all the modes are the same. In other
words, we are dealing with a dipole field tilted with
respect to the rotation axis. We assume hereafter that

Egs. (20)«(22) are satisfied; i.e., only the modes v'%),

and BlM are other than zero. The corresponding vector
fields v and B complement each other in the sense that
the former field is toroidal and the latter is poloidal.
However, the superposition of these vector fields is
some vector field of a dipole type. Note that both Egs.
(5) are satisfied under the conditions considered.

When conditions (20)—22) are met, al the coeffi-
cients Qm and W, for which J > 2 are identically
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zero. The other coefficients are given by

n_ 1

0 - EROEINNC)
r(4m“’g

10&

0
10 rZU(l(i)U(l())l + ECD _og(D g

ra 0

(24)

o =0 Q=0 Q=0 Wy =0 (2

(1) _ 1 K ED D
oM = KM 2w
4r(5m)Y?

Woo = {1/(41]Y[(bD)* - 200011,
Wy = [1/(20m)]’[(0$D)* + 001,
W,., = [3/(20m)]Y2u{ui),,

_ 12, (0) \2
W,., = [3/(40m)] “(Li:41) ,
where
=) 00 (0
S = U(lo)a rofg
10 2 (0 (0 (+1) (+1)
+2ra rrug,u;;+E 7+H 7,
1 0 0), (0
o) = 2[(05)" + uFui,
+ 21/2[E(—1) + H(_l)],

_1) 19 2 (0, (0
= —-——I U;nU
gi rar 10VY1+1

1 (+1) (+1)
[B Di.1+Bii1Dygl,
1 0),.(0
S = 2w,
2" (-1)
+—(Bg'D;,1+ B, D),
4T[p( 10 Di1+1 1:1D10)

L
4T[p

=) 0 1
$1)2 = [r () B(1+i)1D1111

2r0r

+ (0) 2 212 (1)
§2¢ = 2(Vi:1 +LFpBlilD1¢1’

218283

1 [a
= —r
ar?

21/2

Dim =
2D _ ot 1)}
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+ 1 @
E( 1) mBg_ol)DIOl (38)
H®Y = 8np[B“”Dn +B31°Dy 4]
Here,
KUD = (32)2 D, (6D = 2,
ill) _ 31/2’ ( 1) - 62
The vector fields v and B have the form
1535 {i5(vQ6? + 6™
(39)
+ii¢[2ﬂzu(l%)sn8+(u(°) ' _ 02 e cos},
B= 1[33 {i,[2B{;” cos9
-2"7(B{Me? - B{ e sing
(B 1-1€ ) ] (40)

—iy[2"°B{;"sing + (B{;"e® - B{"Ne'?) cos9]
—iiy(Bi e + B{e ™)},

From the requirement that the right-hand sides of
these equations are real, it follows that

(£1)*

0
(0) (0)* B(+l) — B]_l ,

U1 = Uy 1

(41)
where* denotes complex conjugation.

Here, iv{) and B{;” are real, and the coefficients

B can be expressed in terms of B by Eq. (23).
Recall that the coefficients should be chosen in accor-
dance with Egs. (21) and (22); i.e., the radia depen-
dence of these coefficients should be the samefor all M.
In the case of atilted dipolefield, the magnetic field in
the rotated (primed) coordinate system is represented

by the sum of the quantities B, Y ). (8, ¢') over M
for given B{}). and A = +1. Having denoted the Eulerian

angles of rotation by a, ., and y, and having used the
formulasfrom[13], we obtain that the sum of the quan-

tities ay, B\, over M' appears in Egs. (21), (22), and
(40) instead of BY))., where

_ 1 -i(™ma,

+M'ye)
aM M Ee

[(1+ MM'cosPBe) O 10m1

. , 42
+ 22(SNB)(MBpioBprs— MBpBpe) 2

+2(cospe) OpoOuro]
and 0, isequal to 1, fora=b,or Ofora#h.
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Using the formulas derived, one may construct
models of rotating or magnetized equilibrium configu-
rations with series (7) for p and p involving terms with
J=0and J=2only. Additional relationsin the equilib-
rium equations do not appear if second-order correc-
tions containing, e.g., the product p,yPoy are negligi-
ble. Several models have already been considered in
[1, 2] for the case where either v or B is equal to zero.
It isclear that not only rigidly rotating models are pos-
sible but also those in which the velocity v has a com-
ponent that harmonically depends on the longitude. In
this case, the meridional velocity, which isantisymmet-
ric with respect to the equatorial plane, does not depend
on 4 and, eventualy, on the latitude. In contrast to the
first term in square brackets for the zonal velocity, the
second is also antisymmetric with respect to the equa-
torial plane.

In the case of magnetic field (40), the components
that depend and do not depend on the azimuth angle
also have different symmetries with respect to the equa-
torial plane. In this case, the axisymmetric field is anti-
symmetric with respect to this plane. This field is a
dipole field making an arbitrary angle with the axis of
rotation. However, the field equation should be taken
into account when magnetized media are considered.
Obvioudly, the expression derived for nonlinear force
may be used to study various nonstationary processes.
In particular, isothermal structuresinduced by the gjec-
tion of thefield generated into upper layers are of inter-
est. Such structures are studied in the next section.

4. SUPERROTATION OF AN ISOTHERMAL
MODEL

Equation (2) isgreatly simplified for amodel where
the pressure depends only on the density. This takes
place, e.g., for uniform distributions of the temperature
and molecular weight or in a near-adiabatic convective
zone. However, inthelatter case, the turbulent viscosity
of the medium is of great concern; the associated prob-
lems have been discussed in [12]. We assume that the
viscosity is negligible and the pressure is only density-
dependent. Then, from Eq. (2), it follows that

R = curlQ = 0. (43)
Substituting (24)—(26) into (43), we arrive at
R = —{2(6)1’2U Y +3(2)" U, Y
ar (5 )]jg 20 21 21(
+ U2—1Y(0)1] +6[U22Y22 +U,_ zY(O)z]}
where
— ro .+
Uoy = J)—éa ) (45)

and the quantities in the right-hand side are defined by
(28)—(32).

VANDAKUROV

In our case, Eq. (43) isvalid; therefore,

U =0, M=0,=1, +2. (46)

These equations should be solved simultaneously
with thefield equation. The heat bal ance equation omit-
ted means merely the maintenance of the isothermal
zone structure in our case.

In nonmagnetic configurations, Egs. (46) are satis-
fied if the hydrodynamic velocities are proportional to
r. Both solid rotation and a more complex nonaxiasym-
metric flow of the medium with meridional matter cir-
culation are possible. In a nonrotating medium,

Eqs. (46) are satisfied when B}’ are either constant or

proportional to r=3. The latter case corresponds to the
field of amagnetic dipole. In addition, models with the
zero sum of the magnetic and Coriolis forces are possi-
ble. These models are studied by the following simple
example.

Let, in an isothermal layer, the radial dependences
of the equilibrium density and of any mode having the
dimension of velocity approximately be represented as

p=constr™, 'Y =constr?,
(-1) 1/2 a (47)
Biyv'/(4Tip 7)) = constr,
where s= const and a = const.
Then, Egs. (23) and (37) yield
Biw’ = 27(a-s/2+2)By, Dy = WBY, (48)
where
P = 27%%(a -s/2)(a—s/2 +3). (49)

Eventually, using Egs. (26), (31)—(36), and (45), we
obtain

Uy = ~(a-1)[(0)*+u0?,]

5 (50)
-2 LIJ(O( + 5/2—2)[(A10) +ApA 4],
Upes = —2(a—1)ufJui?, (51)
—2"2y(a +812-2)ApAy. 1,
2
Ussp = —(a—1)(ui), (52
—2"%p(a+s2-2)(A1.1)”.
Here,
A = BLYI(4mp)Y (53)
Equating (51) and (52) to zero, we find
(a—1)(u)* = 2"2w(a +s12-2)(A)®, (59)
whereM =0, +1.
TECHNICAL PHYSICS Vol. 46 No. 6 2001
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In addition, Eqg. (46), corresponding to M = 0,
resultsin

(a-1)uPo?, = 2"Y(a+s/2-2)A,A; ;. (55)

Inview of relations (41), wefind that the problem of
solving the set of Egs. (46) [or (54) and (55)] is equiv-
alent to solving the following set of two equations:

-5 -3+

S .1 pnptn*

where M = 0 or 1. It is seen that the equations for axi-
symmetric and nonaxisymmetric components are sepa-

rated. In the case M = 0, LJu%)" = (BU3)(rQ)?,
according to (8).

Obviously Eq. (56) should be solved simultaneously
with the field equation. It is also clear that, in anonrig-
idly rotating medium, the stationary solution of the sys-
tem does not exist. For instance, in the case of longi-
tude-independent fields (39) and (40), the vector
curl[v x B] appearing in the field equation is equal to

i,[3(2Y2)/(8m)]i Bl r(d/0r)(vy) /r)sindcosd; i.e, it is

nonzero if theratio v'Y /r isnot aconstant. Thus, in the

case of nonsolid rotation, an azimuth magnetic field
proportional to sin28 is generated.

In view of this circumstance, structures with the
angular rotation velocity sharply increasing with alti-
tude are of interest, since, in this case, the probability of
gjection of the resulting magnetic field with “frozen-in”
charged particles into upper layers increases. Here, we
consider the structures generated in the upper isother-
mal layers of stars and planets. These layers are nor-
mally partially or totally ionized. The gection of field
and matter from the atmosphere increases the disorder
of the system; hence, the total entropy increases. This
means that the self-organization of the field- and mat-
ter-gjection processes isin accordance with the laws of
irreversible thermodynamics. It is not improbable that
field gection is accompanied by some irregular wave
Pprocesses.

In view of the foregoing, we will consider models
with

0), (0)*
(a— 1)U(1h3|U1M

(56)

s>1, a> 1 (57)

This means that the characteristic radial scale of the
equilibrium density is much less than the radius of a
star or aplanet and that the amplitudes of all the modes
with the dimension of velocity sharply increase with
increasing atitude. If the difference a —s/2 isnot large
enough, the magnetic field strength is near-uniform
under these conditions. When inequalities (57) are ful-
filled, Egs. (56) yield (a —§2)(a — 2+ 3) >0, i.e,
Yy > 0.
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Inview of Eq. (48) and conditions (57), relation (56)
may be represented in the form

Bl Biv
4amp (59)
- a(a —S/2+2)2 MOMOkL
(o +s/2) (a0 —s/2)(a—s/2+3) MM~
(0),,(0)*

Here, M is equal to either 0 or 1, and vjyL;y =

(81/3)(rQ)?. Also, the denominator in the right-hand
side of (58) is positive, sincey > 0, and o — 2 + 2 if
the numerator is not small. It is clear that the Alfvén
velocity and rotation velocity should be of the same
order of magnitude.

A characteristic feature of the isothermal models
being discussed is the superrotation of upper layers. In
the case of the Earth’satmosphere, variations of thetilts
of satellite orbits [5] indicate atmosphere superrotation
at altitudes from 150 to 400 km. On average, the angu-
lar rotation velocity is 1.3 times greater than its normal
value. If the lower bound of the superotation zone is
taken to be at an atitude of approximately 200 km, the
density is 107125 g/cm3 [14]. Then, the corresponding
value of the magnetic field is 10~ G, according to (58).
This zone seems to be near-isothermal. The field
strength obtained is close to those observed at such alti-
tudes.

Relations (58) may be satisfied for a not too large
superrotation zone. For example, in the case of a30-km
zone, s~100and a ~ /2 (provided that a —s/2 and o —
/2 + 3 are far from zero), we find that the angular
velocity of the upper layers of the zone may be approx-
imately 1.4 times as great asthat of the lower layers. In
this case, the density of the medium varies no greater
than twofold. Thus, the equations derived can ade-
quately describe the moderate superrotation of a
medium with a small tilt of the dipole magnetic field,
which is observed in the Earth’s atmosphere.

Fast superrotation in Venus atmosphere at atitudes
greater than 50 km has been reported [6-8]. In thiscase,
the planet itself and its upper atmosphere rotate, respec-
tively, 243 and 4 times as slow asthe Earth. At least the
lower atmosphere is convective in this case. The solu-
tion describing fast rotation with circulation in themain
convective zone (at atitudes of less than 64 km) has
been found in [9]. However, the mechanism of global
zonal (four-day) circulation in the upper atmosphere
remains to be understood [8]. Note that the circulation
symmetry in our model differs from that chosenin [9].

In Venus' atmosphere, the isothermal zone seems to
be located at an altitude of about 100 km or higher [7].
If the matter density in this zone is on the order of
107° g/cm?, then B ~ 1 G, according to (58). The field
decreases with increasing atitude and in configurations
where condition (57) holds but the ratio a/sissmall. If,
in addition, the superrotation zone is wide enough, the
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angular velocity may increase even more sharply. Note
also that, here, heat transfer between the equatorial and
near-polar zones is probably of vital importance.
Therefore, the generation of honaxisymmetric motions
with M = £1, which cause intense meridional matter
circulation, seems to be more likely. Under these con-
ditions, the magnetization outside the superrotation
layer may beweak. Moreover, it may appear that anon-
magnetic configuration described by Egs. (39) takes
place in Venus atmosphere. In these equations, the

coefficients U(l(,)\} may be rapidly increasing functions of
r if the structure is non isothermal or there exist addi-
tional forces due to, e.g., matter outflow. Thus, the
hypothesis that the solution being discussed might
describe fast superrotation, such as that taking place in
the Venus' upper atmosphere, deserves attention.

It is well known that intense matter outflow is
observed in the solar atmosphere. If the uppermost lay-
ers of the solar atmosphere exhibit superrotation, mat-
ter outflow may substantially increase. This problem
callsfor further consideration.

5. DISCUSSION

Our theoretical study shows that nonlinear interac-
tions of various modes that occur in rotating magne-
tized stellar or atmaospherical zones are of vital impor-
tance. If theviscosity isnegligible, the equilibrium con-
ditions cannot be fulfilled for arbitrary distributions of
the hydrodynamic velocity and magnetic field and the
complex problem of studying possible equilibrium
models arises. The formulas derived for the nonlinear
forces (Section 3) allow consideration of permissible
solutions of the exact nonlinear equilibrium equations
if the density appearing in the expression for magnetic
force is assumed to be spherically symmetric. These
solutions represent the set of all possible modes with
the same value of thefirst subscript, J=1. In particular,
the equations derived in Section 2 make it possible to
construct axisymmetric rigidly rotating models with a
dipole magnetic field, nonrotating models with a tilted
dipole magnetic field, and nonmagnetic models where
the velocity of the medium does not have only arota-
tional component. For example, longitude-dependent
motions determined by (39) are possible. Equations
(39) and (40) most likely describe the whole set of
models for which the equilibrium equations can be sat-
isfied under the conditions considered. In particular,
this conclusion is confirmed by the study of the equilib-
rium conditions for an insulated axisymmetric mag-
netic tube in the radiant zone of a nonrotating star
[1, 2]. Note also that the existence of magnetic stars
with the field axis tilted about the rotation axis is sup-
ported by observations [3, 4]. Strong field variations
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may be explained by the presence of the large longi-
tude-dependent field component [see Eg. (40)].

Among the models considered above, the equilib-
rium magnetized structures arising in isothermal ion-
ized zones where equilibrium density rapidly decreases
with increasing altitude (Section 4) are of considerable
interest. It is assumed that, in these structures, the rota-
tion velocity sharply increases with atitude and the
continuously generated magnetic field is gected into
the upper layers. However, the condition of force bal-
anceis met on average. The zonal velocity may have an
azimuth-dependent component; then there exists
meridional matter circulation, and the mean magnetic
fieldisthefield of atilted dipole. It is natural to assume
that such superrotation conditions facilitate matter out-
flow from the rotating magnetized atmosphere and
causethe disorder in the system to increase. Asaresult,
the total entropy grows. This growth is in accordance
with the laws of irreversible hydrodynamics.

We have preliminarily studied the superrotation
problem by the exampl e of the Earth and Venus's upper
atmospheres. The equilibrium magnetic field obtained
depends substantially on the equilibrium density of the
medium. Configurations with relatively weak magnetic
fields are also possible. It seems probable that the theo-
retical structures under discussion haveto do with those
observed in Earth and Venus' atmospheres. Meridional
matter circulation arising in them may favor tempera-
tures equalizing between near-equatorial and polar
regions.

It is well known that intense matter outflow is
observed in the solar atmosphere. Studies [15] show
that the matter flow from the polar holes is too high to
be generated by acceleration due to conventional heat
conduction only. If the upper layers of the solar atmo-
sphere exhibit superrotation, the increase in the matter
outflow can be substantial. This problem needs further
consideration.
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Abstract—On the basis of experimental data both published and obtained by the authors on radiation excited
in CO,—N,—Ar mixtures by shock waves, a physicochemical model of such mixtures is developed that can be
recommended for calculating the heat exchange and radiation of vehicles descending in the Martian atmo-
sphere. It is shown that the usually adopted assumption of the locally equilibrium population of the electron-
exited statesisinvalid. Thismakesit necessary to consider each electron-excited state separately. The rate con-
stants of the excitation processes of electron states CN(A?M), CN(B2X*), and C,(d°M ¢) Produced as aresult of
collisions with heavy particles are determined. © 2001 MAIK “ Nauka/Interperiodica’ .

INTRODUCTION

In astrophysical problems relating to the descent of
landing modules (LMs) in the Martian atmosphere, the
range of altitudes where nonequilibrium physicochem-
ical processes play a determinativerole is considerably
wider than in the earth’s atmosphere. Therefore, the
influence of nonequilibrium processes on heat
exchange and radiation becomes essential for a wider
range of LMs, including ballistic descent modules. For
solving these problems a thermochemical model of the
processes in CO,—N,—Ar mixtures is needed which
would take into account various nonequilibrium physi-
cochemical processes and, in particular, the mecha-
nisms of the emergence of electron-excited states of the
molecules that determine the intensity of radiation.

Nonequilibrium physicochemical processesin such
mixtures were considered in a great number of experi-
mental and computational-theoretical investigations
associated with projected flights to Mars and Venus.
The models developed earlier in a number of studies
[1-7] use various sets of chemical reactions with
widely differing rate constants. Investigations of this
kind were carried out in the 1960s [ 7-10]. In these stud-
iestheradiation was assumed to belocally equilibrium.
However, aready in the early investigations it was
shown that in the relaxation zone behind a shock wave
or in the shock layer, the Boltzmann distribution of
atoms and molecules over electron-excited states can
beinvalid. This effect was called a*“limit by collisions”
[11]. It can occur in air [12] and other gases like CO,
[13] or CO,—N, mixtures [14], leading to a consider-
able difference between the radiation intensity and the

corresponding locally equilibrium values, especialy at
low densities.

At high entry velocities, the radiation from CO,—N,
mixtures can make a considerable contribution to the
total heat flux toward the surface of an LM. However,
even at low entry velocities, when radiation does not
play apart in the heat exchange, it remains an important
factor affecting the operation of optical devices aboard
an LM. Besides, as shown in [15], the radiation coming
from the shock layer ahead of an LM makesit possible
to determine more precisely some parameters of the
atmosphere of a planet. In solving the last two prob-
lems, not only should the principal contributions to
radiation be taken into account but also the radiation
sources of low intensity, which significantly expands
the scope of processesto betaken into consideration. In
calculating the radiation intensity, not only its inte-
grated value is of interest but also its spectral distribu-
tion. Compared with the radiation from air under com-
parable conditions, the mixtures under consideration
have two qualitatively different characteristics. Firstly,
at moderate flight velocities, the radiation intensity of
such mixtures is considerably higher than that of air,
and, secondly, the major radiation sources are the mol-
ecules produced in chemical reactions (CN, CO, C,),
similar to molecules of nitric oxidein high-temperature
air. In the relaxation zone behind the shock wavein air,
O, and N, molecules pass into excited states as a result
of collisions with electrons and other particles in the
mixture. In calculating the radiation from CO,—N, mix-
tures, one must additionally consider the possible direct
formation of moleculesin the electron-excited statesin
the course of the chemical transformation, which sig-
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nificantly complicates interpretation of the experimen-
tal data.

In this study, analysis of the nonequilibrium radia-
tion behind a shock wave propagating in a CO,—N,—Ar
mixture is made using an approach proposed in [16]. In
this approach, values of the rate constants of the princi-
pal chemical reactions are assumed fixed and the calcu-
lated and measured radiation intensities are made to fit
by varying only the excitation cross sections of the
electron states; in this way, more accurate values of the
latter are obtained. The rate constants of the principal
chemical ionization reactionswere borrowed from pub-
lished data, and some excitation cross sections of the
electron states of CN and C, molecules, which are the
major radiation sources, were derived from data
obtained in additional experimentsin a shock tube.

AN EXPERIMENTAL INVESTIGATION
OF THE RADIATION FROM THE AREA BEHIND
A SHOCK WAVE

Figure 1 displaysablock diagram of the experimen-
tal setup [17]. The Martian atmosphere composition
wasthesameasin theINTERMARSNET project [18].
For a more intensive heating, the gas mixture behind
the shock wave front was diluted with argon in aratio
of 1: 10 or 1: 20. Such adilution of the mixture, by
making the “plug” of the heated gas longer, also
reduced the possible influence of the driver gas and
contact surface on the radiation characteristics of the
mixture under study. On the basis of thisreasoning, two
mixture compositions were chosen: (I) CO, : N, : Ar =
0.096 : 0.003 : 0.901, and (I1) CO, : N, : Ar =0.048 :
0.0015 : 0.9595. Using these gas mixtures, three series
of experimentswere carried out: the first one with mix-
ture (1) at an initial pressure of P, = 1 torr and an aver-
age shock wave velocity of V, = 3.45 km/s; the second
seriesused mixture (1) at P, =5torr and V= 2.94 km/s;
and in the third, mixture (I1) at P, = 0.5 torr and V, =
3.75 km/s.

The absolute radiation intensity was measured by
comparison with radiation from a calibrated source
[17]. The receiving chamber registered the intensity
distribution U(A\) = Atk.(d,, d9Fg.g(A), where At. is
the time the SIT-500 receiving chamber was exposed to
the SI-8 standard lamp; k.(d,, dg) is a coefficient
depending on the geometry of the optical system (size of
the diaphragm d, in front of the lens and the spec-
trograph dit width dg); and Fg _g(A\) isthe spectral density
of radiance of the SI-8 lamp in units of W/(cm? um sr).

The experimental data were processed under the
assumption that there was no absorption of the radia-
tion by gas. To verify this assumption, an aluminum
mirror was placed behind the window opposite the
viewing window; this increased twofold the radiation
signal registered from the C, and CN molecules. The
total error of determining the spectral radiance of the
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Fig. 1. Schematic diagram of the experimental setup.
(1) Photomultiplier connected to a DL-922digital oscillo-
scope; (2) chopper; (3), (4) high- and low-pressure cham-
bers, respectively; (5) diaphragm; (6) piezoelectric trans-
ducers; (7) shutter; (8) tungsten tape lamp.

gas behind the shock wave amounted to 90%, in which
the following were taken into account: the calibration
error of the OSA-WP4 spectrum analyzer (comprising
inaccuracies of the monochromator dlits, the time in
which the shutter was open, and the optical-system
alignment) and an error of filling by the gas under study
and leakage of the shock tube.

The experimentally determined distribution of the
spectral intensities of the shock wave radiation in three
series of experimentsisshownin Fig. 2. To identify the
spectra, we used reference data from [19, 20]. The
spectra were obtained with a spectral resolution of
0.6 nm and feature red and violet bands of CN mole-
cules, the Swan bands of C, molecules, and the spectral
lines of monatomic oxygen and carbon. The spectral
lines of sodium, potassium, and calcium observed in
the second series of experiments are associated with the
radiation from a boundary layer next to the viewing
window of the shock tube detector section. Thisis con-
firmed by the fact that these lines could be detected
quite far beyond the shock wave and that their intensi-
ties increased approximately by an order of magnitude
if the MgF, window were replaced by K8 glass.

Figure 3 (curve 1) showsatime variation of the radi-
ation intensity of the violet band of CN (band 0-0) ina
spectral interval of 1.33 nm centered at awavelength of
387 nm detected by a photomultiplier. Radiation in one
of the red bands of CN over an interval of 1.33 nm cen-
tered at 650 nm is presented by curve 2. Characteristi-
cally different rise times should be noted for radiation
in the violet and red bands of CN from immediately
behind the shock wave front. Curve 3 represents the
behavior with time of one of the Swan bands of C, mol-
ecules in an interval of 7.8 nm around the 470-nm
wavelength. In the oscillogram there is a pronounced
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Fig. 2. Theradiation intensity from behind the shock wave recalculated for “foreward” direction. (1): CO,: N, : Ar=0.096: 0.003 :
0.901 at P, = 1 torr and Vg = 3.45 km/s; (I1): CO, : N, : Ar =0.096 : 0.003 : 0.901, at P; = 5 torr and Vg = 2.94 kn/s; (111): CO5 :
N, : Ar=0.048: 0.0015 : 0.9595 at P, = 0.5 torr and Vg = 3.75 km/s.
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Fig. 3. Variation with time of the radiation from behind the shock wave for aCO, : N, : Ar = 0.096 : 0.003 : 0.901 mixture at P, =
1 torr and Vg = 3.45 km/s. (1) Violet band system of CN (B): A = 387 nm, AA = 1.33 nm; (2) red band system of CN (A): A =650 nm,
AN = 1.33 nm; (3) the Swan band of C,: A = 470 nm, AA = 7.8 nm.
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Tablel
Process no. Process A n E, K A
1 CN(X?Z*) + M; =— CN(B?Z*) + M; | 224 x10% 05 37000 1.8 x 101
2 CN(X?z*) + e«<— CN(B%Z*) + e 7.8 x 10" 05 37000 6.24 x 10
3 CN(X?Z*) + My — CN(A®M) + M, 1.5 x 10'° 05 13300 1.5 x 10%
4 CN(X%z*) + e<— CN(A) + e 6 x 1013 0.5 13300 6 x 10
5 CO(X'z*) + M ~—— CO(AM) + M 45 x 107 2.86 93000
6 CO(X'=*) + M~—— CO(AlZ) + M 2.2 x 107 2.86 125000
7 CO(X!z*) + M —— CO(b%z*) + M 10% 05 120900
8 CO(X'z*) + e<— CO(A%Z*) + e 2 x 104 05 66000
9 Cy(Xizy) +e Cy(d®Ny) +e 7.82 x 10'° 0.15 28807
10 Co(X25g) + My = Cy(dT1g) + M, 1.95 x 1012 0.15 28807 5.2 x 108

peak of radiation from a region directly behind the
shock wave. Such a peak was present in all Swan bands
observed in the experiment. An additional experimental
study of the spectral structure of the radiation peak was
carried out. In those experiments, the radiation peak
was recorded by an OSA gated multichannel spectrum
analyzer which was recording for 2 and 3 ps after the
shock wave front reached the detector section. The
spectral composition of the peak turned out to be iden-
tical with that of the shock wave radiation for the entire
time period that it could be observed in this spectral
range, which was identified as Swan bands of C,.

A THERMOCHEMICAL MODEL
OF THE HIGH-TEMPERATURE
NONEQUILIBRIUM RADIATING CO,—N,-Ar
MIXTURES

In the numerical simulations of the principal phe-
nomena taking place behind the shock wave (used for
comparing experimental and calculated data), the fol-
lowing components and their electronic and vibrational
states were taken into account:

CO,, N,, CO, 0,, O, NO, N, Ar, C, C, CN,

e, N*, O, N;, NO*, O, C*, CO*, Ar*,
CN(X2Z*), CN(ATT), CN(B?Z*), C(X1Zy), Cy(cPry),
CO(X!z*), CO(AMM), CO(BIZ*), CO(b3Z*), CO(d®M),

CO*(X2z*), CO*(B%LY),
CO,(v1), COy(V5), COx(V3), Ny(v), Ox(V),
CO(v), NO(v).

Excited electron states of N,, NO, ... molecules
were not taken into account because the initial N, con-
centration was much lower than the CO, concentration.
The thermochemical model of amixture corresponding
to Martian atmosphere took into account the following
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processes taking place at high temperatures. chemical
reactionsinvolving neutral and charged species, excita:
tion and deactivation of electron states of molecules,
radiation involving excited species, vibrational (VT and
VV') energy exchange with the participation of various
modes of polyatomic molecules, and CV-processes (the
influence of chemical reactions on vibrationa relax-
ation) [21, 22].

The rate constants of the chemical reactions were
taken from works [1, 5, 22, 23]. The rate constants of
the reverse reactions were cal culated using the equilib-
rium constant and the reduced thermodynamic poten-
tial [24]. The complete list of the reactions and the
vibrational energy exchange times are givenin [17].

In athermally nonequilibrium gas, wherethereisno
equilibrium between trandational and vibrational
degrees of freedom of the reactant molecules, the rate
constant of achemical reaction depends not only on the
tranglational temperature T but also on the vibrational
temperature T, . Inthiscase, it isconvenient to writethe

rate constant in the form k(T, T,) = Z(T, T,)K(T), where
KO(T) is the rate constant of the thermally equilibrium

Table2
Process Ty S

CN(B?Z*) —= CN(AZ) + hv 6.25x 1078
CN(B?Z*) —= CN(X?z*) + hv 6.25x 10
CN(AZM) —= CN(X?Z*) + hv 8.0x10°°
Cy(d®ny) — Cy(@%,) +hv 1.07 x 10”7
CO(AM) — CO(X=*) + hv 1.0x 108
CO(B'z*) —= CO(AMM) + hv 237x10°8
CO(B'z*) —= CO(XZ") + hv 237x10°8
CO(b3z*) — CO(an) + hv 5.62 x 108
CO*(B’z*) —= CO*(X?Z*) + hv 52x10°%8
CO*(B?z*) —= CO*(A2M) + hv 52x 1078
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Fig. 4. Variations of (a) themolar fractions&; for neutral and
charged speciesaswell as(b) thetranslational T, electron T,
and vibrational temperaturesin a CO, : N, : Ar = 0.096 :
0.003: 0.901 mixture at Py = 1 torr and V5= 3.45 km/swith
X' = log(x/L.), wherexisthe distance from the shock wave-
front and L. is the mean free path of a particle behind the

shock wave front (at x = 0); the radiating region behind the
shock wave front is indicated by the vertical line (1).

process and Z(T, T,) is a nonequilibrium factor. An
analysis of the two existing models of the temperature-
dependent rate constants of chemical reactions and of

ZALOGIN et al.

the nonequilibrium factor was given in [25]. For
describing the thermally nonequilibrium disintegration
of CO, molecules, we used amodel by Kuznetsov [26].

The processes of excitation and deexcitation of the
electron states of molecules taken into account in our
model are presented in Table 1. Given in the sametable
are the rate constants k; = AT"exp(—E/T) of the forward
reactions. The rates of reverse processes were calcu-
lated using the equilibrium constant. In the kinetic for-
mulas for the processes 1, 3, and 10 (see Table 1), M;
denotes any particle other than an electron. For the radi-
ation processes, the lifetimes 1, of the corresponding
electron states were chosen according to [27]; they are
given in Table 2. The excitation rate constant of elec-
tron states B~* and A2l of cyanogen molecules (reac-
tions1 and 3 in Table 1) were obtained from comparing
the calculated data on the radiation intensity of the
bands of violet and red peaks with experimental data
given in [7]. Since in the excitation reaction the parti-
cles involved were assumed indistinguishable, the
determined quantity in fact represented some effective
excitation rate constant resulting from all the processes
that was likely to cause excitation of the corresponding
states. Data on the excitation rate constants of
CN(B2z*) and CN(A2M) for collisions with electrons
(processes 2 and 4 in Table 1) were obtained using
Drawin’s formulas [26]. The rate constants obtained in
thisway arein fair agreement with experimental data of
various authors on the intensity of nonequilibrium radi-
ation from CO,—N, mixtures over afairly wide range of
the shock wave velocities and gas pressures.

The inverse processes to those of radiation are
important in optically dense gases. In the relaxation
zone behind the shock wave, the gas, as arule, is opti-
cally transparent (at |east to radiation from the principal
radiation sources); therefore, the absorption of radia
tion will be not considered here.

In the collision processesleading to excitation of the
electron states, the most effective particles are elec-
trons. To determine the electron temperature T, of the
gas behind the shock wave front we used an electron

energy balance equation n.z,Q; = 0, where n, is the

electron concentration; Q; is the electron energy

exchange rate for various processes (elastic collisions
with atoms, molecules; elastic collisions with ions; the
excitation of rotations and vibrations of molecules; the
excitation of electron states of atoms and molecules,
the ionization of atoms and molecules, and recombina-
tion of charges).

Below we describe the results concerning determi-
nation and refinement of the rate constants of excitation
for the molecules making a major contribution to the
radiation intensity of the gas simulating the Martian
amosphere at temperatures of several thousand
degrees. The study will focus on the electron-excited
states of C, and CN molecules and include both the
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above-described experiments [28] carried out in a
shock tube and aimed at obtaining a quantitative
description of the radiation from the Martian atmo-
sphere and calculations of the radiation spectrum tak-
ing into account principal kinetic processes behind the
shock wave. More accurate values of the rate constants
of the above processes were obtained by fitting the
experimental and calculated spectral distributions.
Concentrations of the components behind the shock
wave were calculated with the use of an automated sys-
tem described in [21, 29].

As seen from Fig. 2, under the conditions of our
experiments, molecular spectral bands systems make
the major contribution to the radiation of a shock-
heated gas. For each of the band systems, the integrated
radiation intensity over the registration range (350—
850 nm) was calculated. Radiation from diatomic mol-
ecules can be cal culated with the use of various models
[30]. The choice of model depends on the volume of
calculations to be made and the required accuracy. The
most accurate model is a “line-by-line” model, which
takes into account the multiple spectrum structure and
contours of the rotational lines [31]. However, this
model demands a large expenditure of computer time;
therefore, it isused only in solving diagnostic problems
requiring high accuracy and also for calculationsin nar-
row spectral ranges. Astheintensity measurement error
in our experiments could be up to 90%, we could not
justify using this precision model. We used a model of
averaging of the rotational spectrum structure, known
asa"“just overlapping line model” or a Q-branch model
[32]. In this model, the spectrum is assumed to consist
of asingle branch. Each line of thisbranch is character-
ized by an average spectral radiation coefficient, which
is the ratio of the line's integrated coefficient and the
distance to the adjacent rotational line. The integrated
radiation coefficient of thislineis equal to the sum of
the integrated radiation coefficients of all rotational
lines of an electron-vibrational band with a given value
of J" (determined according to the recommendation in
[33, 34]).

RESULTS

Using the devel oped model, cal culations were made
of component concentrationsin the ground and excited
states behind the shock wave front propagating through
asimulated Martian atmosphere and through a mixture
of 10% Martian atmosphere and 90% argon, for veloc-
ities up to 8 km/s and pressures of afew torr. The cal-
culation results were compared with similar numerical
data by other authors, in particular, Park et al. [5]. Our
data on the concentrations of neutral and charged parti-
cles, as well as the vibration temperatures, were close
to those of [5]. Note that the authors of [5] did not take
into account the nonequilibrium distribution of the
el ectron-excited species.

As for the kinetics involving electron-excited parti-
cles, the following should be noted. Though the elec-
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Fig. 5. Molar fractions &; as functions of the “laboratory”
time t of the species CN(X2="), CN(AZM), CN(BZH),
CN(X*5), and Cy(dMg) for a CO, : N, : Ar = 0.096 :

0.003 : 0.901 mixture at P, = 1 torr and Vg = 3.45 km/s. The

solid lines represent the calculation results with the elec-
tron-excited states considered as isolated components. The
dashed curves correspond to a model assuming the Boltz-
mann distribution of the radiating components in the elec-
tron states.

tron-excited species make the greatest contribution to
the radiation spectrum of the Martian atmosphere, their
concentrations are low and, therefore, distribution of
the concentrations of component in the ground states
cannot be affected by varying the formation rate con-
stants k; of these species. Besides, the characteristic
wavelengths in the radiation spectra of CN(A2M),
CN(B%z*), and C,(d®M) species (just these molecules
make a major contribution to the radiation spectrum in
our case) do not coincide. This practically excludes the
mutual correlation of the rate constants k; that deter-
mine the concentrations of the excited states of these
molecules [17]. In this case, the above solution of the
inverse problem by fitting the calculated and experi-
mental spectra patterns makes it possible to determine
several rate constants for excitation and deactivation of
the electron states of the species simultaneoudly in a
single experiment.

Figure 4a shows the variation of the concentrations
of the neutral and charged species behind the shock
wave (Vg = 3.45 km/s, P, = 1 torr, CO, : N, : Ar =
0.096: 0.003 : 0.901), demonstrating that variation of
the component concentrationsin the region under study
is nonequilibrium (the extent of the region of emitted
gas behind the shock wave is indicated by the vertica



660

I, W/(cm? Mm sr)
10? 3

10! 3

1005

102
300

1 1 1 ]
600 700 800 A, nm
Fig. 6. The experimental (solid lines) and total calculated
(dashed lines) radiation spectrafor transitions: A for thetran-
sitions (1) CN(B?Z") — CN(X?2"), (2) Cy(d®rg) —>
Cy(a%My), and (3) CN(AMT) — CN(X?z*) for a CO, :
N, : Ar =0.096 : 0.003 : 0.901 mixture at P, = 1 torr and
Vg = 3.45 kms.

line). Notethat in Fig. 4adistributions of the concentra-
tions of the species that determine the radiation spec-
trum are not shown; these data are given in Fig. 5.
Curvesin Fig. 4b show distributions of the trandational
T, electronic T, and vibrational temperatures. It is seen
that in the region studied, all the temperatures are close
to each other.

Calculated spectrain thered and violet bands of CN
can be fitted to the experiment if the rate constants are
increased eightfold for processes 1 and 2 (Table 1) and
10-fold for processes 3 and 4. The calculated and
experimental datain the Swan band for C, can be made

to agree if the rate constant of the process cz(xlz;) +
M; — Cy(d®y) + M, (reaction 10 in Table 1) is taken
askyo = ko/150, where ky isthe rate constant of the chan-
nel considered for collisions with electrons (reaction 9
in Table 1). Recommended values of A for the rate con-
stant of forward processes 14 and 10 are given in the
last column of Table 1.

Figure 5 shows the calculated variation of the con-
centrations of CN(AZT), CN(B%X'), Cy(d®My),

CN(X?Z,), and C,(X' ) behind the shock wave from

experiments in the shock tube, taking into account the
above-mentioned corrections to the rate constants of
the processes 14, 9, and 10 of Table 1. The solid lines
represent calculation results obtained under the
assumption that each of the electron-excited states is
considered as an isolated component. The dashed
curves in Fig. 5 relate to a model assuming the Boltz-

ZALOGIN et al.

mann distribution of the radiating components over the
electron states. From the results presented in Fig. 5, it
follows that the populations of the states CN(B?X*) and
Cy(d®Ny) are considerably different from the Boltz-
mann distribution, and the population of the state
CN(A2MN) is close to it. Thisindicates that in the simu-
lations each of the electron-excited states should be
considered as an isolated component.

The experimental and calculated radiation distribu-
tions for the optimum choice of the rate constants of
processes 14, 9, and 10 of Table 1 obtained in the first
series of the experiments are shown in Fig. 6. Calcu-
lated and experimental data have been found to agree
bothin the violet and red band systems of CN and in the
Swan band for C, molecules.

It should be noted that the kinetic model employed
cannot describe the anomalies of radiation in the Swan
bands of C, molecules directly behind the shock wave
occurring inthe “laboratory” timeinterval of t, ~ 1 usat
ashock wave velocity of V= 3.45 km/s (Fig. 3). There-
fore, theinitia kinetic model of [17] was supplemented
by processes occurring behind the shock wave prior
to dissociation of CO,. These processes are CO, +

CO,—= Cy(X!Zy) + O, + O, and CO, + CO, —»
Cy(d*My) + O, + O,. An attempt to determine the rate
constants of these processes was undertaken in [17].
The calculations showed also that under the experi-
mental conditions the contribution to the radiation of
CO molecules is small. Note that CO molecules are
formed as a result of CO, dissociation (CO, + M —»

CO + O + M) and formation of the electron-excited
states of CO in chemical reactions seems unlikely.

CONCLUSIONS

(1) The proposed physicochemica mode of
CO,—N,—Ar mixtures satisfactorily describes both the
integrated and spectral intensities of the radiation from
agas heated by a shock wave.

(2) In calculating the intensity and spectral distribu-
tion of radiation from gas in the relaxation zone behind
a shock wave or from the shock layer about objects
traveling through an atmosphere, it is necessary to take
into account possible deviation of the actual distribu-
tion of electron states of the gas molecules from the
Boltzmann distribution.
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Abstract—The regular reflection of an air shock wave from a spherical drop of a bubble liquid is studied. In
the framework of an extended equilibrium model, the effect of the shock waves on single drops of various
shapes and on drop ensembles (drop screens) is numerically investigated. It is shown that, when subjected to
shock waves, bubble-liquid drops and drops of abubble-freeliquid collapsein aradically different way. © 2001

MAIK “ Nauka/Interperiodica” .

INTRODUCTION

In contrast to a solid particle, aliquid drop in agas
flow behind the shock wave front experiences internal
motion, causing the drop to deform and break down.
The breakdown process is very intricate and depends
on the surface tension, viscosity, and inertia of the
medium. The effect of air shock wave on drops of var-
ious liquids has been studied experimentally in [1-4].
A method for computing the interaction of awater drop
with a plane shock wave has been proposed [5]. It uses
the assumption that the deformed drop takes the shape
of an ellipsoid of revolution that is flattened along the
flow direction. The same assumption was used in other
papers [6, 7]. Subsequently, direct numerical simula-
tion was used for studying the interaction of shock
waves with drops, and various models of liquid were
employed. For example, the liquid was assumed to be
compressible nonviscous [8] or incompressible viscous
[9, 10]. In &l the cases, however, the liquid was
assumed to be free of gas bubbles.

It isknown that aliquid becomes aerated (saturated
by gas) under the action of an intense air shock wave
[11]. The properties of such aliquid essentially change.
It isimportant to study the effect of gas content on the
interaction between a shock wave and a drop (drop
ensemble) of abubbleliquid. Here, we extend the equi-
librium model used earlier [12, 13].

THE REGULAR REFLECTION OF AN AIR
SHOCK WAVE FROM A SPHERICAL
BUBBLE-LIQUID DROP

Let aplaneair shock waveintheform of asemi-infi-
nite step strike a spherical drop of a bubble liquid. The
parameters of the air behind the wave front (they are
marked with the subscript s) are related to those before
the shock (marked with the subscript 0) by the Rank-

ine-Hugoniot equations

2y(MP-1yy |, o 2%(M 1)
e R B (TS "

0. = p, LM [

R AT Vi

wherey is the adiabatic exponent of air, ¢, is the speed
of sound, M = D/c, isthe Mach number, and D isveloc-
ity of the shock wave front.

Let us analyze liquid and gas flows near the point
where the shock wave touches the drop surface. Com-
patibility eguations in a moving coordinate system
related to the point of contact (Fig. 1a) have the form

Up,sing —cMsin(B, +¢) = 0,
uysing —coMcos(By +¢) = 0,
Uy, COS(By +8) —uyMsin(B, +8) = 0,

. . )
Uy = Uy, Upyy—Upsin(B,—9,) = 0,
Uy —U,Cos(B,—3,) = 0,
UpnCOS(B, —8) —UySiN(B,—8) = 0, Uy = Uy,

where u, and 9, are found from the equations
—(coMcot)” — (coM —u)* =
tand, = (1-MJ/M)tand,
M, = uJ/c,.

The Rankine-Hugoniot equations for the reflected
and refracted shock waves are as follows:

p'2u'2n —PsUzn = 01
_ps(u2n)2 = 0’

P1oU1n =0,

2
Py + Po(Uz,) — Ps
pllu'ln -

©)

2
Py + P1(U1n) — Po—P1o(Usn)’ = 0.
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INTERACTION OF SHOCK WAVES

Here, the subscripts n and t denote the velocity compo-
nents, respectively, normal and tangent to the attached
shock waves. A prime marks the parameters behind the
reflected and refracted waves. The pressure values must
be sewed together at the shock-wave discontinuity:

Pr= P2 = P 4

Formulas (2)—(4) should be complemented with the

equations of percussive adiabats for the gas and bubble
liquid [12]:

P _

P,
Pu _
1

X P2+ Ps
XPst P2
lel + Do

5)
X1 Po+ P1

X+ (P1+ Psx) + Pot+ Ps

X« (Po+ Pi) + P1+ Pi’
where q, is the volume fraction of the gas, x = (y —
D/(y + 1), X1 = (1= D)/(y; + 1) isthe adiabatic exponent
of the gasin the bubbles, X 7= (yg—1)/(yg+ 1), and y
and ppjare the constants of the two-term equation of

state [12] whereby the properties of the liquid compo-
nent are described. For water (glycerol), y = 5.59

(7.85) and pj= 4.106 (5.936) MPa.
From (2) and (3), we have

+(1-ay)
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Fig. 1. (8) Regular reflection of the shock wave from a
spherical bubble-liquid drop; (b) (1-3) functions 4, B, and
6 for the gas concentrations ag = 0.1 (solid curves),
0.2 (dashed curves), 0.0001 (dash-and-dot curves), and

Ps _ Uz _ tan(B,—d) 0,001 (dotted curves) at M = 2; and (c) function $[{0tg) at
0 Uy  tan(B—9,)’ M= (1) 2, (2)5, (3) 10, and (4) 20.
P _ Ui, _ tan(B,+9) .
E = al—n = m ©) Using (6), Egs. (4) and (5) take the form
By = P+ UZSIT(B, —8,)(L — tan(B, — B)/tan(B,— 9,),  Ps+ SN (B,—9,)(1—tan(B,—3)/tan(B,—95))
PPN (B, +9)y  tan(By +8) -, PuocoM’Sn’ (B, + 9)y  tan(By+8) (7
PL= Po® sin‘¢ + tan(B, + ¢) P PUZSIN‘® d tan (B, + )
tan(B, - d)/tan(B, —3>)
_ XSin” (B, —9,)(1 - cot(B, —9,)tan (B, —3)) + Pi(x + 1) (8)
sin®(B,—9,)(1 - cot(B,—9,)tan (B, —8)) + Pi(x + 1)
tan(B, + d)/tan(B, + ¢)
X Sin(B.+ ¢)F %l_tan(Bﬁ?S)D Do(X1+1)
N0 6 00 "B+ 01 o M
[ﬁn(ﬁl+¢)132%l_tan([31+5)m po(X1+1)
O7sng OO0 @B+l p M ©
cin(By+ o) f %L ten(B. +9)7, (Po+ p*)(X* +1)
X«0 " sing tan(B,+ 9)1 M
+(1—ay) P10Co
cpin(B. + ¢)DZ%L_ tan(B. +0)g, (Po+ p*)(x* +1)
T sng 00 @B+o)l)  pocM
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Fig. 2. Shape of an initially spherical drop with ag=0.9 at
various time instants of interaction with the shock wave
with M = (a) 1.3 and (b) 6.
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Fig. 3. (1) Relative shift, (2) lateral extension, and (3) longi-
tudinal size of the drop as functions of t for the shock wave
withM = (a) 1.3 and (b) 6.

where B = pd(pstz), Bo = Pol(psUiz), and P =
p/(P:05).

Thus, we have the system of three nonlinear equa-
tions [Egs. (7)—(9)] for unknown f3;, B,, and &. This

system was solved by the Newton—Raphson iteration
method.

Figure 1b shows the angles 3,1, B,, and & as func-
tions of ¢ when the shock wave is reflected from the
drop at various d,. It is seen that the angle (3; of the
refracted wave strongly depends on a, when the con-
centration of the gasin theliquid issmall. At M =2, 3,
is negative even if the gas concentration in the drop is
0.1%. Note that relationships derived from (7)—(9) for
agas-free drop, i.e., when a, = 0, coincide with those
obtained in [9].

From Egs. (7)~9), one can also find the critical
angle ¢ i.e, the limit angle ¢ at which a solution
involving the reflected and refracted shock waves
attached to the contact point still exists. The critica
angle separates the regular and Mach conditions of

SUROV

reflection. The angle ¢ jas afunction of oy isshownin

Fig. 1c at various Mach numbers for the shock wave
striking the drop. It is seen that ¢ yfirst grows insignif-
icantly as the gas concentration in the drop increases.
With a, approaching unity, which is typical of foamed
liquids, the critical angle, however, rises sharply. It has
to be noted that the basic interaction parameters depend
on the type of a gas in the bubbles only dightly. Sys-
tems with a large gas content are usually treated as
foams, which are mediathat, along with gasand liquid,
contain surfactants, imparting specific strengthening
properties. Foams can be “wet” or “dry,” depending on
their density. Wet water foams have a density of more
than 5 kg/m3, as a stable bubble structure, and retain
their properties when interacting even with intense
shock waves[14]. In dry foams, bubbles collapse under
the action of shock waves, forming an air—drop mixture
[15]. Wet foams are stabl e because the bubbles not only
collapse, but aso form due to the foaming of the liquid
[16]. It should aso be noted that the basic flow charac-
teristics, such asthe speed of an oscillatory shock wave
and the averaged pressure behind its front, which coin-
cide with the equilibrium ones, do not depend on the
bubble size [17].

NUMERICAL SIMULATION
OF INTERACTION

In the previous section, we described the initial
stage of shock wave diffraction by a bubble-liquid
drop. For a better representation of the interaction, itis
necessary to integrate the general system of partial dif-
ferential equations[12] that simulates the simultaneous
flow of agasand abubbleliquid. This can be done only
numerically.

Let a plane shock wave strike an initially spherical
fixed drop of a bubble liquid in ideal gas. The gas
parameters behind the wave front are calculated from
(1). We assume that the wave front touches the drop
surface at t = 0. The Mach number in the incident wave
and the gas concentration in the drop are varied. The
numerical method [18] is used in the calculations. We
consider sufficiently large drops. In this case, aerody-
namic forces due to the gas flow that act on the drop are
severa orders greater than the surface tension forces;
therefore, the latter are omitted in the calculations.

It follows from the numerical results that the inter-
action pattern is similar to aflow about a solid particle.
The detached shock wave forms in front of the drop;
however, its shape and position vary in time because of
the deformation and accel eration of the drop.

The evolution of the shape of an initially spherical
foamed-liquid drop (r, = 5 mm and o, = 0.9) under the
action of a shock wave is shown in Fig. 2a. The calcu-
lation was performed at various time instants for a
Mach number of 1.3. Unlike [8-10], weightless mark-
ers moving with the speed the medium has at a given
point of the space are used only to visualize the defor-
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mation of afragment of the dispersive medium and are
not functionally involved in the calculations. As fol-
lowsfrom Fig. 2a, the deformation of thedropis caused
by the development of aflow of the dispersive medium
at the leading surface of the drop; i.e., the boundary
layer forms. The closer a particle of the dispersive
medium to the drop surface, the greater the distance it
travels.

The relative shifts (Ax/d,) of the drop along the axis
of symmetry, as well as its relative lateral extension
(dy/d,) and longitudinal thickness (d,/d,), are shown in
Fig. 3avs. dimensionlesstime T = t/ty, where

to = doUs (po/Ps) ™. (10)

Starting from the instant T = 0.3, when the refracted
shock wave propagating in the drop arrives at its back
surface, the longitudinal size of the drop increases.

As the shock wave intensity grows, so does the
boundary layer, and the drop deforms more vigorously.
Thisisillustrated in Figs. 2b and 3b, where the data for
a shock wave with M = 6 are given.

With a bubble-liquid drop, the shock wave interacts
in a different way. Since bubble-liquid particles are
more inertial, the boundary layer is much thinner than
in the foamed-liquid case. The surface markers are
detached from the drop surface, which is accompanied
by a dlight deformation of the drop core (see Fig. 44).
The shift of the drop is well described by the formula
Ax/d, = 0.7512 (see Fig. 4b). For a bubble-free liquid,
the function approximating experimental data is
Ax/dy = 0.812 [1]; related functions for bubble-liquid
drops tend to this expression at o —» O.

Thus, it followsfrom the calculationsthat, asthe gas
content in the drop increases, it becomes more mobile
and shifts by larger distances, because the density of the
bubble liquid decreases. As o, grows, so doesthe thick-
ness of the boundary layer, which forms in the drop
near its front surface. Simultaneously, the maximum
lateral size of the deformed drop decreases. This size
also diminishes with increasing shock wave intensity.

Besides spherical drops, we considered ellipsoidal
and toroidal ones, as well as drops with the front sur-
face concave toward the incoming flow. The collapse of
these drops due to the shock waveis shown in Figs. 5a—
5c. In al the cases, the Mach number for the shock
wave is three and the gas concentration in the water is
0, = 0.1. Note that we consider the pulsed action of the
gas stream on the drop when the liquid flow in its
boundary layer is developed. Under such conditions,
possible Rayleigh—Taylor or Helmholtz instabilities do
not lead to catastrophic impacts, which might occur in
the absence of the developed boundary layer in the
drop. Initia disturbances like small-amplitude surface
waves at the head of the drop are removed to the periph-
ery and do not influence the deformation of the drop.
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t=0

Ax/dy, dy/dy (b) d,/dy
1.6 , 410

Fig. 4. (a) Shape of the drop with ag = 0.1 at various time
instants for the shock wave with M = 3 and (b) dependences
of (1) relative shift, (2) lateral extension, and (3) longitudi-
nal sizeof thedrop on 1. Curve 1'isthe experimental depen-
dence of the relative shift at ag = 0.

Fig. 5. The shape of initidly (a) dliptic, (b) toroidal, and
(c) concave spherical drops at characteristic time instants
for the shock wave with M = 3.
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Fig. 6. () Interaction of the shock wave with two spherical
water drops, (b) the same asin (@) but with glycerol in the
first drop, and (c) the relative shift of (1) thefirst and (2) the
second dropsand therelative lateral extension of (3) thefirst
and (4) the second drops asfunctions of 1. Curves 1'—4' refer
to case (b).

Let an air shock wave interact with two spherical
liquid drops placed one after the other. Assume that the
axis of symmetry, running through the centers of the
drops, is orthogonal to the shock wave front. Let the
wave front touch the surface of the first drop at the
instant t = 0. The Mach number in the incoming wave
isM =3. Thedrop radii are 1 and 5 mm, and their center
distance is 8 mm. The gas concentrations are o, = 0.5
in the first drop and 0.1 in the second. The interaction
dynamics is illustrated in Fig. 6a. As is seen from
Fig. 6b, the same pattern takes place when thefirst drop
consists of glycerol (o, = 0.95 and p|0 = 1200 kg/mq)
instead of foamed water. The geometry of the dropsis
the same asin the former problem. Comparing the data
in Figs. 6a and 6b, one can see that the first drop
deforms more dowly sinceitsliquid ismoreinertial. It
has to be noted that the viscosity effect in our case is
small and may be neglected, since the intensity of
shock waves is assumed to be high [10].

SUROV

Fig. 7. Shape of foamed-liquid drops when the shock wave
interacts with the barrier at M = 3 at the time instants t =
(@ 0, (b) 24, and (c) 49 ps. (d) The function p(t) in the
(1) presence and (2) absence of the screen.

Therelative shifts of the drop Ax/d, al ong the axis of
symmetry and its latera extension d,/d, are shown in
Fig. 6¢c vs. dimensionlesstime T = t/t,. Here, tyiscalcu-
lated using (10) for the parameters of the second drop.
It isinteresting that, when the second drop deforms, the
liquid near the axis of symmetry shifts toward the
incoming flow (see Fig. 6d). Thisisdueto thefact apart
of the second drop isin the aerodynamic shadow of the
first drop, where the pressure is lower. The resulting
pressure difference causes a tip at the front surface of
the second drop (see Fig. 6d). It aso follows from
Fig. 6¢ that the second drop deforms and shifts more
slowly if both drops contain glyceral.

Now consider a shock wave interacting with a drop
screen. It is obvious that the general flow pattern
observed when the shock wave strikes an ensemble of
No. 6
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bubble-liquid drops differs from that when the drops
are free of bubbles. Let a plane shock wave be orthog-
onally incident on the screen consisting of staggered
drops of the same size. The numerical results are given
for drops of foamed water—air mixture with a, = 0.9.
The Mach number in the shock wave is three; the drop
diameter, 1.92 mm; and the number of the drop layers
in the screen equals six.

Figures 7a—7c show the screen at characteristic time
instants. It is seen that the interaction pattern is essen-
tialy different from that when the drops are free of the
gas [10Q]. In the presence of the bubbles, the boundary
layer is nearly completely detached from the dropsin
the screen (see Fig. 7b). As aresult, the drops whose
centers are aligned approach each other, forming liquid
streams with the large heads, from which the dispersive
medium is vigorously detached (see Fig. 7c). Such a
process develops until the drops fully collapse.

The pressure at the border of the domain of calcula-
tion (x = 0.032 m) as afunction of time with and with-
out the screen is shown in Fig. 7d. It is seen that the
refracted wave formed behind the screen reaches the
border of the domain with some delay and itsamplitude
drops more than twice. Subsequently, as the drops
break down and shift, the pressure attains its no-screen
level.
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Abstract—The problem of a spherically symmetric plasmoid placed in alinearly polarized uniform quasistatic
electromagneticfield isconsidered. The electric field in the vicinity of aplasmoid with a Gaussian electron den-
sity distribution is calculated. The results of calculations are compared with the known solution for a spherical
plasmoid with a uniform density. The possibility of the transformation of an initial plasmoid that arisesin an
electrodel ess microwave gas discharge into a microwave streamer is discussed. © 2001 MAIK “ Nauka/Inter-

periodica” .

INTRODUCTION

Experiments show that a high-pressure electrode-
less microwave dischargein air in thefield of alinearly
polarized wave of a high-Q two-mirror open resonator
can have the form of a microwave streamer [1, 2]. Such
adischarge arises from apoint seed (e.g., abackground
free electron) in the antinode of the electric component
of an electromagnetic (EM) field E produced in astand-
ing-wave resonator. The discharge initially develops as
aspherically symmetric plasmaformation with a Gaus-
sian electron density distribution and then stretches
along the field (in both directions from the origination
site) as athin plasma channel [1].

In [3], aphysica mechanism that may be responsi-
ble for the stretching of the initial plasmoid was pro-
posed. When obtaining quantitative estimates, the plas-
moid was assumed to be shaped like a sphere with a
sharp boundary and uniform electron density. The elec-
trostatic interaction between this sphere and the micro-
wave field leads to an increase in the field at the sphere
poles, where the E vector is perpendicular to the sphere
surface, and a decrease in the field in the equatoria
region. As a result, the ionization rate increases at the
poles of the seed plasmoid so that it starts stretching
along the field due to the ionization—diffusive mecha-
nism for the discharge boundary propagation.

Such an approach (in the quasistatic approximation)
was employed in [4] to analyze the dynamics of a uni-
form plasma ellipsoid that stretched along the ionizing
field E. However, in that paper, the growth rate of a
two-dimensional microwave streamer obtained from
numerical calculations turned out to be less than that
predicted by analytic estimates. In[5], inwhich theion-
ization—diffusive mechanism for the development of a
two-dimensional microwave streamer was analyzed
taking into account the field lag effect, the above dis-
crepancy was attributed to the diffusive broadening of

the plasma boundaries, which are formed during
streamer development. In [6], the dynamics of amicro-
wave streamer was numerically investigated assuming
that the ionizing radiation from the discharge played a
decisiverole in the discharge front propagation.

In this paper, an attempt is made to evaluate the
influence of the diffuse Gaussian boundaries of a
microwave discharge on theinitial stage of the develop-
ment of a spherically symmetric streamer. We do not
consider here the ionization processes, and the electron
density and its spatia distribution are assumed to be
given and time-independent.

FORMULATION OF THE PROBLEM

By a high gas pressure, we mean such a pressure p
at which the condition

V. > W (D)

is satisfied. Here, v, is the electron—neutral collision
frequency and w is the circular frequency of the EM
field.

For example, in air, at a field strength E dightly
higher than the breakdown field E., we have v, 04 x
10%, s [7]. Here and below, the pressure p isin torr.
Under the experimental conditions of [1], in which the
experiments were carried out at atmospheric pressure,
we have w 02 x 10'° s, so that inequality (1) is cer-
tainly satisfied. Under condition (1), the complex
plasma permittivity € can be written in theform [8] € =
1 —iN, where N = n/n; is the relative plasma electron
density, n is the absolute plasma electron density, and
its characteristic valueis

No = (MeEo/G) OV, M. )

1063-7842/01/4606-0668%$21.00 © 2001 MAIK “Nauka/Interperiodica’



A SPHERICAL PLASMOID WITH A DIFFUSE BOUNDARY

Here, m,=9.1 x 1031 kg isthe electron mass, g, = 1.6 x
101° C isthe electron charge, and g, = 10-%(361) F/m
is the permittivity of avacuum. For example, under the
conditions of [1], we have n, = 2.5 x 10'% cm3, and at
p = 760 torr, we have ny 02 x 10% cm3, If a plasma
sphere with an uniform permittivity € is placed in an
initially uniform linearly polarized microwavefield E,
then, for a sphere radius a < 1/k (where k = w/c isthe
EM field wavenumber and c is the speed of light), the
field E; inside the sphere is also uniform and is equal
to[8]

Ei = [3/(e + 2)[E,. ©)

At the poles of the sphere the field strength is maxi-
mum,

Em = |E| Ei- (4)

Let a free electron that initiates the microwave
breakdown in air in amicrowavefield E, > E, appear at
timet = 0. We will assume the point at which the elec-
tron is born to be the coordinate origin. Obvioudly, for
N < 1, the produced plasma hardly distorts the initial
field. Moreover, we assume that, over the time interval
under consideration, the discharge plasmaisstill free of
plasmochemical reaction products responsible for the
ionizing radiation from the discharge [9]. In this case,
assuming that the plasma expands only due to diffu-
sion, the spatiotemporal dynamics of the electron ava-
lanche can be described by the formula[3]

(Vi _Va)t
n =

—(r/a)?
e : 5
3233

wherer istheradial coordinate, v, =2 x 10°p stisthe

electron attachment rate [10], and the characteristic
size of aspherically symmetric plasmacloudisequal to

a = 2./Dt. (6)
For E, < 3E,, the ionization rate [10]

Vi = V,(|EJ/E)> @

is a function of the field absolute value only and does
not depend on the field direction. In Eq. (6), the diffu-
sion coefficient D is determined by the values of n and
a. For small n, while the electron Debye radius satisfies

theinequality ry= ./e,U/(20.n) >a(whereU, 01 eV
is the energy of plasma electrons [11]), the electrons
diffuse freely with the diffusion coefficient D = D, [
1.6 x 10%p cm?/s [11]. For r4 < a, diffusion becomes
ambipolar with the coefficient D = D, 0 14 x
10%p cm?/s[11].

It follows from Egs. (5) and (6) that, at this stage of
the discharge, the point at the discharge boundary cor-
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responding to agiven small electron density propagates
along r with avelocity

V = 2,/D(v;—=V,). (8

Keeping in mind Eq. (4), we will assume that a
spherically symmetric plasmoid with a nonuniform
permittivity

2
g =1-iNe!® (9)

and a characteristic sizea < /K is placed in auniform
linearly polarized EM field E,. In this case, we can use
the quasi static approximation and assume that the sca-
lar potential @ near the plasmoid is described by the
eguation [8]

div(eV®) = 0,
the electricfield is

(10)

= -Vo,
and thefield strength at r > aiisequal to E = E,.

Equations (9)—(11) were solved in spherical coordi-
nates. The coordinate origin was placed in the center of
the plasmoid, and the polar angle was counted from the
direction of the externa field vector E,. The radial
coordinate was normalized asx = r/a.

(11)

RESULTS OF CALCULATIONS

The results of calculations are shown in Figs. 1-7.
Figure 1 shows, as an example, the electric field
strength and the electron density as functions of x at
©=0and w2 for N = 10. It is seen that, at r = 0, the
field E; in the center of the plasmoid is less than the
external field E, (to which the electric field strength
tends at r > a), while in the polar region, the field
increases.

Figure 2 shows the maximum amplification factors
of the field in the polar regions for both the plasmoid
under consideration and a plasmoid with a uniform
electron density as functions of N. It is seen that, even

Fig. 1. Radius profiles of the electron density and electric
field in aplasmoid for N = 1.
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Fig. 2. Maximum field amplification in the polar region of a
plasmoid vs. the central electron density for plasmoids with
uniform (1) and Gaussian (2) electron density distributions.

m

4.0

3.5

2.5

D 1 1 1 1 1 1
T 100 100 102 10° 10* 10° 10° N

Fig. 3. Position of the field maximum in the polar region of
aplasmoid vs. the central electron density.
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Fig. 4. Electron density at the point where thefield is maxi-
mum vs. the central electron density.

at the initial stage of a microwave discharge, ignoring
the diffuse boundaries of the seed plasmoid can result
in substantial quantitative errors. For such a plasmoid,
thefield in the polar regionsincreases more slowly with
increasing N as compared to a plasmoid with auniform
electron density. Thus, for auniform plasmoidat N =1,
weobtain E,/E, = 1.34 (where E,,isthe maximum field
strength), whereas for a plasmoid with a diffuse bound-
ary, thisratio is as low as 1.05; i.e., according to for-
mula (7), the ionization rate would increase almost by
afactor of five at the polesof auniform plasmoid, while
for area plasmoid, it increases by only 30%.

Figure 3 showsthe position of the field maximum x,,
in the polar region of a plasmoid with a Gaussian elec-
tron density distribution as a function of N. It is seen
that, for N <€ 1, the radius at which the field is maxi-
mum is close to a. As N increases, the position of the
field maximum moves away from the plasmoid center.
Figure 4 shows the electron density n,, at the distance
Xm, as afunction of N for the same plasmoid. It is seen
that, as the density N in the plasmoid center increases,
the value of n,, is amost stabilized at a level of
n./ny 10.25.

The field attenuation in the plasmoid center is
shown in Fig. 5 for plasmoids with both uniform and
Gaussian distributions of the electron density. It is seen
that, for N < 1, the field strength in both plasmoids is
nearly equal to the external one. For example, for N= 1,
E; differs from E, by only 5%. At large N, the field
decreases somewhat more slowly for a plasmoid with a
diffuse boundary. Thus, for a uniform plasmoid, we
have E/E, [0 3/N for N > 50, whereas for a plasmoid
with a Gaussian distribution of N, theratio E;/E; at N >
500 can be approximated by the formula 8/N°°.

Figure 6 showstheradius x, at which thefield in the
equatoria plane of a plasmoid with a diffuse boundary

isattenuated to alevel of E; + (E,—E;)/ /2 asafunction
of N. It is seen that X, is nearly equal to onefor N< 1
and increases with increasing N. Figure 7 shows the
electron density n, in the equatorial region of a plas-
moid with a diffuse boundary at x = x, as afunction of
N (curve 1). At N > 10, the dependence n/n, on N can
be approximated by the formula 10/N4 (curve 2).

DISCUSSION OF THE RESULTS AS APPLIED
TO AN ELECTRODELESS MICROWAVE
DISCHARGE

Let us discuss the results. It follows from Eq. (8)
that an ionization—diffusive velocity of the discharge
boundary propagation depends strongly on the charac-
ter of electron diffusion, because the coefficient D, is
two orders of magnitude higher than D,. For small N
(suchthat ry > a eveninthe center of the plasmoid), this
velocity can be easily estimated because, in this case,
D = D, throughout the entire plasmoid. The situation

TECHNICAL PHYSICS Vol. 46 No.6 2001
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becomes more complicated at higher N for whichry<a
and, accordingly, D = D, in the central region of the
plasmoid (including X,,). For example, under the exper-
imental conditions of [1] at an air pressure of p =
760 torr, assuming that E/E. = 1.3and D = D, thetime
during which the plasma density in the center of the
plasmoid increases to N = 1 can be estimated from
Egs. (5) and (6) ast, = 5.4 x 10’ s; the corresponding
characteristic size of the plasmoidisa, = 7 x 102 cm.
It followsfrom Fig. 4 that, in this case, the plasma den-
sity at theradius x,, isequad to n,,= 0.2n, = 4 x 102 cm3;
i.e,rg=3x10%cm<a, evenfor N=1.

At the same time, because of the Gaussian distribu-
tion of n, thereisalwaysapolar region far from the cen-
ter in which ry > a and the electrons diffuse freely. For
example, in the case corresponding to Fig. 1, in spite of
the increase in the field by a factor of 1.5 and nearly
10-fold increase in v; [see Eq. (7)], the local velocity V
at the poles calculated according to Eq. (8) for the
radius X, a which D = D, islessthan that in theregion
r > a, where D = D, and ionization proceedsin the non-
amplified field E,. Itisshownin [12] that it isfree elec-
tron diffusion that determines the formation of the
microwave discharge front.

A similar situation takes place in the equatorial
region of the plasmoid. Here, we can aso find such a
radiusr > a at which D = D, and ionization proceeds
in an undistorted field E,.

Therefore, the calculations show that electrostatic
ionization—drift effects themselves can hardly lead to
the stretching of areal breakdown plasmoid with dif-
fuse boundaries along the external field E.

The stretching observed in numerical simulations
[4, 5] was related to a prescribed initial distribution of
n. In[4], the calculations started with asmall rectangu-
lar region with a uniform electron density. Obviously,
such an approach is qualitatively the same as that used
in [3]. In [5], acertain initial smooth electron density
profile in the plasmoid was prescribed; nevertheless,
there was a distinct boundary between the regions with
n=0andn#O0. In [6], the calculations began with a
plasmoid with a Gaussian electron density distribution
and also resulted in the formation of a microwave
streamer. However, in that paper, the propagation of the
discharge boundary was caused by photoionization and
did not depend on the plasma density.

Nevertheless, the photoionization mechanism is
unlikely to be responsible for the streamer growth
observed in experiments. First, the properties of micro-
wave streamersin air and hydrogen are qualitatively the
same [13] despite the fact that the photoionization
mechanisms in these streamers are quite different. Sec-
ond, even in subcritical fields, high-pressure micro-
wave discharges develop in the form of streamers.
Experimental dataon thiskind of adischarge[14] show
that the properties of these dischargesin different gases
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Fig. 5. Field attenuation in the center of a plasmoid vs. the
central electron density for plasmoids with (1) uniform and
(2) Gaussian electron density distributions. Curve 3 is the
approximation.
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Fig. 6. Characteristic spatial scale at which thefield is atten-
uated in the equatorial plane of a plasmoid vs. the central
electron density.
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Fig. 7. Electron density at the radius x vs. the central elec-
tron density.
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are qualitatively the same. Thus, it is most likely that
the ionization-diffusive mechanism for the plasma
boundary propagation, which is independent of the
type of agas, is responsible for the streamer character
of a microwave discharge. Finaly, the results of our
calculations of the field structure in a diffuse plasmoid
explain the main features of the spatial structure of a
microwave dischargein air intheinitial stage of itsevo-
[ution (see the photographsin [13]).

In[13], it was shown that, in the pressure range from
20to 60 torr, microwave dischargesin air and hydrogen
in the field of a focused traveling wave pass through
several  stages.  diffusion, thermal—ionizational,
streamer, etc. As p increases, the number and order of
these stages do not change, although the time and spa-
tial scales decrease, so that, at high p, they can hardly
be identified experimentally. In this paper, we have
shown that, in the diffusion stage, the discharge region
broadens almost isotropically. The stretching of the dis-
charge region along the field is aways preceded by the
thermal—ionizational stage. At this stage, bright chan-
nels stretched along the field E, are formed in the polar
regions of the initial diffuse plasmoid. As p increases,
these channels elongate due to the ionization—diffusive
mechanism and form a streamer.

It is natural to assume that this mechanism is aso
responsible for a microwave discharge in the field of a
standing wave. Then, the results of our calculations
explain the positions of the initia thermal—onizational
channels. Naturally, the probability for these channels
to appear is higher in the polar ellipsoidal regions with
an amplified field, which are formed at the end of the
guasistatic spherically symmetric diffusive stage of the
discharge evolution.

CONCLUSION

Thus, using quite simple numerical simulations, we
have estimated the characteristics of a high-pressure
electrodeless microwave discharge in a linearly polar-
ized EM field at a very initial stage of the discharge
evolution. It follows from these simulations that the
simplest model of an initia plasmoid with a sharp
boundary is hardly reasonable. Estimates show that the
effects of the electrostatic interaction between the dis-
charge plasmaand external field with allowance for the
ionization—diffusive mechanism for the discharge
boundary propagation are insufficient to initiate a
microwave streamer. The streamer can form only if
additional physical processes related to spatialy non-
uniform gas heating in the discharge plasma are incor-
porated in the model.

GRACHEYV et al.

A simplified model of the initial stage of a micro-
wave discharge without allowance for ionization can be
used to calculate the field near a plasma ellipsoid with
adiffuse boundary. Such calculations allow one to find
the conditionsfor the transformation of adischargeinto
amicrowave streamer, i.e., to estimate the characteris-
tics of the next stage of the discharge evolution. The
same approach can be used to develop a model of a
microwave streamer in which the full length of the
plasma channel is on the order of the wavelength of the
microwave field. The results obtained can be used as a
reference when constructing a full-scale model of a
microwave streamer with allowance for ionization.
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Abstract—An investigation is undertaken into the variations observed in the cracking resistance, the plasticity,
and the structure of an 82K 3KhSR metallic glass upon annealing. A method of evaluating the mechanical prop-
erties and the structural state of metallic glasses is proposed. This method is based on the indentation of the
metallic glass deposited onto a substrate prepared from a polyester material and a metal. The critical annealing
temperature that correspondsto drastic changesin the mechanical properties of the metallic glassis determined.
It is found that dependences of the cracking resistance of metallic glasses on the indenter load exhibit alinear
behavior at annealing temperatures above the critical point. An exponential decrease in the cracking resistance
upon indentation is observed with an increase in the annealing temperature of metallic glasses. © 2001 MAIK

“ Nauka/Interperiodica” .

INTRODUCTION

Fabrication and application of metalic glassesis of
particular scientific and practical interest. The consid-
erable attention focused on metallic glasses is moti-
vated by the unique properties of these materials and
prospects of their practical use [1-3].

Under operating conditions, structural inhomogene-
ities can arise in metallic glasses, for example, due to
local heating [4]. The development of methodsfor eval-
uating the mechanical properties of glasses and the
ascertainment of their serviceability or unserviceability
areatopical problem. Similar investigations are also of
strictly scientific significance, because they can provide
a means for establishing the interrelation between the
change in a number of mechanical properties (micro-
hardness, cracking resistance, etc.) and the structural
transformations revealed by X-ray techniques in a
glass.

In this work, we determined the character of the
fracture and strain of an annealed metallic glass upon
indentation and elucidated how the annealing of metal-
lic glasses affects their mechanical properties and
structure.

MATERIALS AND EXPERIMENTAL
TECHNIQUE

We studied an 82K3KhSR metallic glass of the
composition (wt %) 83.7Co + 3.7Fe + 3.2Cr + 9.4Si in
the form of aribbon 30 um thick. Prior to experiments,
samples were annealed in a furnace at atemperature of
T,, = 373-973 K. The samples were heated and cooled
at arate of =10 K/min and were held at a specified tem-

peraturefor 3 min. X-ray structure analysis was carried
out on a DRON-2 diffractometer.

The relatively small thickness of the metallic glass
(=30 pm) rules out the indentation under considerable
loads according to the standard techniques. As was
shownin our earlier work [5], some mechanical charac-
teristics, for example, the cracking resistance, can
clearly manifest themselves on an elastic substrate.
Furthermore, the deformation and fracture of compos-
ites consisting of a relatively thick polymer substrate
and athin metallic coating are currently atopical trend
in applied research [6-8], because these materials are
very promising in practical applications.

Investigations of metallic glasses by the indentation
technique have been performed using different sub-
strates. However, the influence of these substrates on
the results of indentation is not always taken into
account [9]. In these cases, the indentation data can be
correctly interpreted only after evaluating the contribu-
tion of different substrates to the results obtai ned.

In this work, the samples prior to indentation were
cemented to a metallic base. Polyester composite TY
2312-021-11748532-97 with a layer thickness of
=1 mm and amicrohardness of =151 kG/mm? was used
as an adhesive. The character of the deformation and
fracture of the metallic glass and its cracking resistance
was examined on a PMT-3 microhardness gauge.

EXPERIMENTAL RESULTS

(1) For the metallic glass preliminarily annealed at
temperatures <743 K, the indentation under a load of
less than 100 g leads to the formation of aVickers pyr-
amid indentation. In the case when the indenter load is
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Fig. 1. (a) Surface of the annealed metallic glass after inden-
tation under the load P = 200 g. The arrow indicates the
indentation region shown in Fig. 1b at a larger magnifica-
tion. (b) A Vickers pyramid indentation surrounded by the
strained zone.

equal to =100 g and larger, a characteristic strained
zone appears around the indentation.

(2) For the metallic glass annealed at temperatures
=743 K, theindentation resultsin the formation of mac-
rocracks several millimeters long. Both radial and cir-
cumferential (associated with the deflection of a sub-
strate material) cracks can be formed (Fig. 1a). The
crack formation becomes possible at indenter loads of
60 g and larger.

(3) For samples annedled at T,, = 743-783 K, the
indentation can bring about the formation of a strained
zone and micro- and macrocracks (Figs. 1a, 1b). The
strained zone becomes less pronounced with an
increase in the annealing temperature and is not
observed at T,, > 783 K.

(4) At T, > 743 K, the probability of crack forma-
tion under indentation is directly proportiona to the
indenter load (Fig. 2). The experimental results (Fig. 2,
symbols) were obtained in the following way. Upon
indentation, the formation of an impression is accom-
panied (or not accompanied) by theinitiation of cracks.
When the indentation resulted in the formation of a
crack, the probability was taken equal to unity. Other-
wise, the probability was taken as zero. Each experi-
mental symbol in Fig. 2 corresponds to twenty mea-
surements. The experimental data were approximated

FEDOROV, USHAKOV

by relationships of theform W=aP + b with correlation
coefficients of no less than 0.92.

It isfound that an increase in the annealing temper-
ature leads to a decrease in the load required for the
crack formation; i.e., the metallic glass becomes more
brittle. The kinetics of crystalization, relaxation,
embrittlement, and a number of other processes occur-
ring in amorphous metals are determined by the diffu-
sive atomic mobility which exponentially depends on
the temperature [9]. Therefore, it can be concluded that
the dependence of the cracking resistance on the
annealing temperature should also be exponential. This
isconfirmed by small errorsin the approximation of the
experimental results by the relationship P = P, +
Aexp[(Ty,—T)/C] (Fig. 3).

According to X-ray diffraction analysis, themetallic
glass remains X-ray amorphous up to T,, = 973 K.
A comparison between the X -ray diffraction patterns of
the annealed and unannealed samples revealed an
increase in the half-width of the amorphous halo from
8.2° for the unannealed glass to 8.9° for the glass
annealed at 973 K and a decrease in the angular posi-
tion of its center of gravity by =0.02°, which suggests a
decrease in the mean interatomic distances and an
increase in the density. The X-ray diffraction patterns
were processed according to the procedure described in
[10]. Anincrease in the density indicates a decrease in
the excess free volume. Consequently, it can be argued
that the change in the cracking resistance of the metal-
lic glass is caused by the atomic rearrangements unre-
lated to the crystallization.

DISCUSSION

Intheinitial state of metallic glasses, high mechan-
ical stresses can undergo relaxation owing to plastic
deformation [11]. This can be responsible for the for-
mation of the strained zone upon indentation of the
unannealed metallic glass under large loads (Fig. 1b).
This morphology corresponds to the heterogeneous
deformation at low annealing temperatures and high
mechanical stresses[11].

As follows from X-ray structure analysis, an
increase in the annealing temperature leads to atomic
rearrangements in the metallic glass. The structura
evolution brings about an increase in the brittleness of
the material. As a consequence, macrocracks can be
formed in the course of indentation (Fig. 1a). The
dependence of the cracking resistance on the annealing
temperature exhibits an exponential behavior, and the
atomic rearrangement process has a thermoactivated
character (Fig. 3).

Anaysis of the exponential dependence of the
cracking resistance on the annealing temperature
(Fig. 3) alowsusto infer that theload necessary for the
crack formation drastically decreases at a temperature
of =748 K. Thisimpliesthat the energy of thermal fluc-
tuations (at T = 748 K) becomes sufficient for the struc-
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Fig. 2. Dependences of the probability W of the crack for-
mation upon indentation on the indenter load P. Annealing
temperatures and the coefficientsfor the given dependences:
(1) Ty, =888K, a=0.016, and b =—-0.905; (2) T, = 823K,
a=0.021, and b = -1.459; (3) T,, = 783 K, a = 0.015, and
b= -175; (4) T4, = 773 K, a = 0.015, and b = —1.339;
(5) T, =763K, a=0.013, and b=-1.352; and (6) T, = 748K,
a=0.002, and b = -0.262.

tural relaxation that results in a sharp increase in the
brittleness of the material. Reasoning from the drastic
decrease in the cracking resistance at T> 748 K, this
temperature can be referred to as a critical point. The
temperature T,, = 748 K is essentially the temperature
of a ductile-brittle transition for the metalic glass
under investigation. At the sametime, the data of X-ray
structure analysis and differential scanning calorimetry
(DSC) indicate that these changes are not attended by
the crystallization of the metallic glass.

The indentation of the samples annealed at temper-
atures in the range =743-783 K can lead to the forma-
tion of the strained zone and micro- and macrocracks.
At lower temperatures, no crack initiation is observed.
On the other hand, the strained zone is not formed at
higher temperatures. At these temperatures, despite a
substantial embrittlement of the metallic glass, consid-
erable plastic deformations can occur, and, hence, we
are dealing here with the transition temperature range.

The experimental datashould be processed with due
regard for the influence of the substrate on the qualita-
tive indentation characteristics and accidental devia-
tions. This is explained by the small thickness of the
metallic glass, which makes indentation under consid-
erable loads (=100 g) impossible according to standard
techniques. Therefore, the boundaries of the transition
temperature range and the critical temperature can be
approximately determined by this method. Analysis of
the experimental data shows that the substrate, when
coated with the metallic glass, brings about specific
changes in the indentation procedure and provides a
high reproducibility of the results and a sensitivity to
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Fig. 3. Dependences of load P upon indentation on the
annealing temperature T. Probability of crack formation
W= (1)1, (2) 0.5, and (3) O (the dependence corresponds to
the maximum indenter load at which the crack formationis
not observed). Parameters: (1) W= 1, Py = 137.7 £ 158 g,
A1=6121+3249,Tp=475K,andC=6.0+ 1L.6K; (29 W=
05,Py=106.8+14.89, A; =3452+295¢, To=475K, and
C=72+24K;and 3y W=0,Py=588+181¢g,A; =
90.0+ 2239, Tg=475K,and C=339+ 19.9K.

the structural state of the metallic glass. The high repro-
ducibility of the indentation data and large correlation
coefficients (from 0.92 to 0.986) prove that minimum
accidental deviations can be achieved with the use of
this substrate.

It isknown that, upon structural relaxation, the den-
Sity increases insignificantly (by ~1%), whereas the
change in the excess free volume can be as much as
50% [12] (similar results are obtained in the present
work). Thisleadsto substantial changesin the mechan-
ical properties, which are well identified upon indenta-
tion of the metallic glass deposited onto the substrate.
Thus, the proposed method of indentation of the metal-
lic glass (deposited onto the substrate) under large
loads makes it possible, with a sufficient accuracy, to
evaluate the mechanical properties of the metalic glass
and its structural changes.

CONCLUSIONS

(1) According to X-ray structure analysis and differ-
ential scanning calorimetry, the change in the cracking
resistance of metallic glasses at annealing temperatures
above the critical point is caused by thermoactivated
atomic rearrangements which are unrelated to the crys-
tallization.

(2) The proposed method of indentation of the
metallic glass deposited onto the substrate can be used
for determining the cracking resistance and the thermal
prehistory of the metallic glasses under investigation.



676 FEDOROV, USHAKOV

ACKNOWLEDGMENTS

We are grateful to V.A. Khonik for supplying the
samples for investigations and the DSC data.

Thiswork was supported by the Ministry of General
and Professional Education of the Russian Federation,
the Grant on Basic Research in the Field of Natural Sci-
ence (project no. 97-0-4.3-185).

REFERENCES

1. 1. V. Zolotukhin, Physical Properties of Amorphous
Metallic Materials (Moscow, 1986).

2. D. K. Béashchenko, Sructure of Liquid and Amorphous
Metals (M oscow, 1985).

3. A. M. Glezer and B. V. Molotilov, Sructure and
Mechanical Properties of Amorphous Alloys (Moscow,
1992).

4. V.A. Likhachev and V. E. Shudegov, Organization Prin-
ciples of Amorphous Structures (St. Petersburg Gos.
Univ., St. Petersburg, 1999).

5. V. A. Fedorov, |. V. Ushakov, and E. |. Klimacheva, in
Proceedings of the |1 International Conference “ Micro-

10.

11
12.

mechanisms of Plasticity, Fracture, and Attendant Phe-
nomena,” Tambov, 2000, Vol. 5, | ssues 2-3, p. 370.

A. L. Volynskii, S. L. Bazhenov, O. V. Lebedev, €t al.,
Vysokomol. Soedin., Ser. A 39, 1805 (1997).

D. L. Bykov and D. N. Konovalov, in Proceedings of the
Il International Conference“ Micromechanisms of Plas-
ticity, Fracture, and Attendant Phenomena,” Tamboy,
2000, Val. 5, Issues 2-3, p. 224.

Yu. I. Golovin, A. |. Tyurin, V. I. lvolgin, and
V. V. Korenkov, in Proceedings of XXXV International
Workshop “ Topical Problems of Srength,” Pskov, 1999,
p. 161.

A. |I. Manokhin, B. S. Mitin, V. A. Vasil'ev, and
A. V. Revyakin, Amorphous Alloys (Metallurgiya, Mos-
cow, 1984).

S. S. Gorelik, L. N. Rastorguev, and Yu. A. Skakov, X-ray
Diffraction and Electron Optical Analysis(Metallurgiya,
Moscow, 1970, 2nd ed.).

C. A. Pampillo, J. Mater. Sci. 10 (7), 1194 (1975).

S. S. Tsao and F. Spaepen, in Proceedings of the 4th
International Conference on Rapidly Quenched Metals
(Japanese Inst. of Metals, Sendai, 1982), Vol. 1, p. 463.

Translated by O. Borovik-Romanova

TECHNICAL PHYSICS Vol. 46 No.6 2001



Technical Physics, Vol. 46, No. 6, 2001, pp. 677-681. Translated from Zhurnal Tekhnicheskor Fiziki, Vol. 71, No. 6, 2001, pp. 32-36.

Original Russian Text Copyright © 2001 by Khodenkov.

SOLIDS

Magnetic Field Dependence of the Gilinsky M ode of the Domain
Wall Spectrum in a Uniaxial Ferromagnet

G. E. Khodenkov
Magnitooptoel ektronika Joint Laboratory at the Institute of General Physics, Russian Academy of Sciences,
Ogarev Mordovian State University, Russia
e-mail: angeline@mtu-net.ru
Received August 7, 2000

Abstract—The dependences of the translation mode and the Gilinsky mode of the domain wall spectrum on
the value of an external magnetic field directed along the plane of the Bloch domain wall and perpendicular to
the axis of anisotropy are determined. The diagram of stability of the domain wall polarity in a magnetic field
is calculated. The behavior of the modesin the vicinity of the point of reorientation of the domain wall polarity

isanalyzed. © 2001 MAIK “ Nauka/lInterperiodica” .

INTRODUCTION

Magnetic materials find application as working
mediain modern devicesfor processing microwave and
optical information signals [1, 2]. Ferromagnets with
domain structure, i.e., containing domain walls (DWSs),
are of particular interest. It was suggested in 1976 that
domain walls could be used as two-dimensional
waveguide channels [1]. The DW spectrum contains a
number of normal modes localized on the DW surface,
which can also be used in designing devices for signal
processing and improve their performance capabilities.
In addition, the use of these modes favors a decrease in
the size of the processing devices.

In the presence of surface modes, magnetostatic
interactions cause significant rearrangement in the
spectrum even of the simplest DWs (180° DW in a
uniaxial ferromagnet). The only initial localized mode
(in the one-dimensional approximation), the shift
(tranglation) mode, becomes nonreciprocal. A new non-
reciprocal optical mode, the Gilinsky mode, arises [3].
Numerical computation showed that additional normal
modes localized on the DW can split off the bottom of
the bulk spin-wave band at certain values of the wave
vector k directed along the DW plane [4]. Additional
components of anisotropy were taken into account
using numerical methods [5, 6]. The structure of the
spectrum was found to be rather complicated: anoma-
lousdispersion, level crossing, etc. werereveaed. Only
the translation mode has been studied experimentally at
length, whereas the Gilinsky mode has beenrevealedin
ferromagnets only recently [6].

It is of particular interest to study the effect of an
external magnetic field on the modes of the DW spec-
trum under consideration. An external magnetic field
changes the dispersion characteristics of the DW. This
can be used for identification of spectrum branches and

for controlling the procedure of information signal pro-
cessing.

It should be also noted that internal structural tran-
sitions, such as polarity reorientation, Bloch-to-Neel
DW transitions, etc., occur in DWSs at certain critical
values of the magnetic field. The effect of the magnetic
field on the dispersion characteristics can be especialy
strong in the vicinity of these critical fields. This prob-
lem was studied in some detail for the lower translation
mode of DWSs in strongly anisotropic ferromagnets
(see, e.g., [7-9]). The Gilinsky mode, which islocated
higher than the latter mode, has been revealed only
recently [6], so that, to our knowledge, there have not
been similar studies of the Gilinsky mode so far.
The goal of thiswork wasto fill thisgap. Werestrict our
consideration to the case of a uniaxial strongly aniso-
tropic ferromagnet exposed to an external magnetic
field either aligned with the DW polarity or opposed
toit.

GENERAL EQUATIONS AND REORIENTATION
OF DW POLARITY

Let usconsider auniaxial ferromagnet with the easy
magnetic axis parallel to the z axis of the reference
frame. The energy density in the ferromagnet is
described by the equation

w = A(VM)’/M? —=KMZ/M*—HM —%VxM, (1)

where M(r, t) is the magnetization (its absolute value
remains unchanged); A and K arethe exchange stiffness
and uniaxial anisotropy constants, respectively (A >0
and K > 0); H isthe external magneticfield; and x isthe
magnetostatic potential. The eguation of motion
oM /ot = y[H¥" x M], where y is the gyromagnetic ratio
(y> 0) and He" = —-dw/dM isthe effective internal field,
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and the Maxwell equation div(-Vx + 41iM) = 0 were
used in calculations.

If aDW liesin the x0z plane and the external mag-
netic field is directed along the x axis, the structure of
the ground state is characterized by an angle ¢ = ¢(y)
measured from the z axis:

¢'(y) = sinp—H,

cosp = —/1— H? sinh(y-/1—H) : @
H + cosh(y~/1 —H?)

where the distances along the y axis (nhormal to the DW
plane) are measured in units of the DW width A =

JAIK (below, the distances along the x axis are also
measured in these units). The external magnetic field H
ismeasured in the units of the effective anisotropy field
H. = 2K/M.

Equations (2) are valid only for |[H| < 1. If H< O or
[H| > 1, the DW has 360° structure. These cases are not
considered in this work. Below, the DW polarity is
defined as the direction (sign) of the magnetization
component M,(y) at the center of thewall (y=0), where
¢(0) = x1v2.

Let our consideration be restricted to the case of
type ~exp(—wt + ikx)f(y) small-amplitude magnetiza-
tion oscillations propagating along the x axis (i.e., per-
pendicularly to the easy magnetic axis). It should be
noted that similar restrictions wereimposed on the fun-
damental system considered by Gilinsky [3]. In the ref-
erence frame, local with respect to the ground state (2),
the equations for small-amplitude oscillations of the
components of the magnetization vector take the form
similar to that obtained in [3]:

—ioomy = (K*+ Lyym+ '—(5—()( cosd, (3.1)

—iomy = —(K? + I:D)mD—)é, (3.2)

X' =KX = my+ikcospm,, (3.3)

where theinitial one-dimensional operators

2

Ly = L+ cos2¢ + Hsing, 4.1)
dy

Lo = Ly+2H(sing —H) + H?, (4.2)

as well as the set of equations (3), depend only on the
coordinate y (see Eq. (2)). The dependent variables
m(y) and my(y) in the set of equations (3) are small
dimensionless amplitudes of magnetization directed
perpendicularly and paralel to the DW plane x0z
respectively; Q isthe quality factor (Q = H/41iM); the
frequency wismeasured intheunitsof yH,; and kisthe
wave vector along the x axis (the wave vector is mea-
sured in the units of 1/A).

KHODENKOV

Thelongitudinal magnetic field H directed along the
x axis (aligned or opposed to the DW polarity) is taken
into account in Egs. (3) and (4). Thisisthe only differ-
ence between the set of equations (3) and (4) and asim-
ilar set of equations used in [3]. In certain respects, this
difference is very important. First, the commutator

[Lo, Ly] differsfrom zero, whereasin [3] these opera-
tors are equal to each other, making it difficult to select
the set of basic functions for analytical solution. Sec-
ond, in [3] both operators are nonnegative and have
zero eigenvalues for the ground levels, whereas, in the
case under consideration, only the operator L;;¢'(y) =0
has such characteristics (see Eq. (2)). Findly, in our

case, the operator L (see Eq. (4.2)) can have negative
eigenvalues within a certain range of magnetic fields.

Let us prove the last statement in the limit of small
magnetic fields. It can be concluded from the structure

of the operator Ly (see Eq. (4.2)) and the equation

Li¢'(y) = O that the only nonzero contribution to the
eigenvalue is made (in the first approximation) by the
term 2Hsind. Using the first-order perturbation theory,
we obtain that

['(y)[2Hsing[¢'(y)0_ mH )
(' (y) 9" (y) 2

Thus, at H < 0, the eigenvalue is negative. In strong
magnetic fields, the DW has 360° structure and the
external field is directed oppositely to the DW polarity.
It can be shown (see [10]) that, in strong magnetic

fields, the lower eigenvalue of the operator Ly isnega-
tive (E(H) = —=3|H|). This conclusion is of fundamental
importance. It showsthat theinitial structure of the DW
described by Eq. (2) can be unstable if the external
magnetic field is directed oppositely to the DW polar-
ity. Indeed, in the one-dimensional approximation, X' =
m; (see Eq. (3.3)), so that the energy balance equation
can be written as follows:

E(H) =

00

d - 1
d_t,r dy[m”L”m“ + mDE:D + a%mu} <0. (6)

—00

Inequality (6) is strict because the dissipation in the
system is taken into account. Within the framework of
the linear theory, the negative eigenvalue implies that
small perturbationsincrease unlimitedly with time. The
magnetostatic interaction (~1/Q) stabilizes the system.
However, at acertain critical value of the magnetic field
H = H.(Q), the system becomes unstable and the DW
polarity is reoriented.

The dependence H,(Q) can be obtained from the
condition that the equation
(Lo+1/Qmy = 0 (7)

TECHNICAL PHYSICS Vol. 46 No.6 2001
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should have solutions localized on the DW. Using the
second-order perturbation theory, we obtain for uniax-
ial ferromagnetswithQ > 1

‘HC _2_@r1

amv| T HHQ

B2,4, 14
et aent 2t -3

(8)

where ((3) is the Riemann zeta function (¢(3) =
1.202...). The coefficient of /Q is equal to 0.069.

Thefirst term in the right-hand side of Eq. (8) iswell
known (see [7-9]). The second term is the correction
calculated using the second-order perturbation theory.
In asimilar manner, for ferromagnets with Q < 1, we
obtain

_ 1,4

= 3+ 2Q ©)

He
3 15

4nM

The first term in the right-hand side of Eq. (9) was
determined in [10]. It should be noted, however, that
according to [10] thisterm is overestimated. The varia-
tiona estimate [H/41iM| = 0.543Q was obtained in [10]
using two-dimensional equations (3) in the static
approximation (the magnetostatic  contribution
becomes zero). The results of calculating the critical
field on the basis of the solution of Eq. (7) and the esti-
mations made above are shown in the figure. Note that
the discrepancy between the results of exact calcula-
tions (points) and the results obtained using the second-
order perturbation theory (curve 1) decreases with
increasing Q.

REDUCTION OF BASIC EQUATIONS

Of special interest is the solution of the problem for
small values of k. The approach suggested in [11] was
used for this purpose. This approach provides results
consistent with the exact analytical solution [3]. The
approach is based on the quantum-mechanical theory
of the shalow state and on the method of model
pseudopotentials widely used in the theory of metals
(see, eg., [12]). To make sure that the theory of the
shallow state can be applied to the set of equations (3),
let us consider the characteristic roots p of the set (3)
for ly] — oo (inthis case, all solutions are proportional

to exp(—{pyl):

p1() = [1+k +3h5-HH
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These are the three positive roots of the six roots of
the set; the other three roots are equal to these in abso-
lute value but oppositein sign. It followsfrom Egs. (10)
that the asymptotic behavior of the solution for small
values of kis determined by the third root. In this case,
the dependences of the coefficientsin set (3) on the spa-
tial coordinates become insignificant. Thus, the poten-

tials involved in the operators Lp; could be assumed
to be of a simple shape (for example, the Dirac delta
function). The potentials and coefficients in the set of
equations (3) are selected so that the characteristic
roots (10) and the eigenval ues of the operators (4.1) and
(4.2) remain unchanged.

Thus, the following substitutions can be made in the
set of equations (3):

2
[ L = —dd—f+1—H2—2A/1—H26(y), (1L.1)

Lo— L% = —692-2 +1-2/1-E(H)d(y), (11.2)
y
cosp — —sgn(y)~/1—H?, (11.3)

where sgn(y) is the sign function and E(H) is the lower
eigenvalue of the exact operator Ly (see Eq. (5)).
These substitutionsalow theinitial set of equations(3)
to be significantly simplified by reducing it to a set
of equations with constant coefficients. The follo-
wing boundary conditions determined by the delta

|H /ATM |

0.6
05F
04r
0.3
0.2
0.1

0 b | | | | | |
0O 02 04 06 08 1.0 1.2

14 0

Diagram of the stability of the DW polarity in the longitudi-
nal magnetic field: (1) critical field cal culated using the sec-
ond-order perturbation theory for Q > 1; (2) the same for
Q< 1; and (3) variational estimate of the critical field made
using atwo-dimensional theory for Q < 1[10]. Points show
the critical field values calculated using the one-dimen-
siona theory. Asymptotic values of the field of the DW
polarity reorientation in the limitsQ <€ 1and Q > 1 are
indicated by horizontal lines 1/3 and 2/, respectively (one-
dimensional approximation). Above the dashed line, the
DW has a 360° structure.
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potentials (11) are imposed on the set of equations.
x(0+) = x(0-), Xx'(0+) = x'(0-);
m, (0+) = my, (0-), (12)

—mj, ((0+) +mj, ((0-) = 2(J/1-H? JI-E(H)).

The magnetization components, the magnetostatic
potential, and its first derivative with respect to y are
continuous at the center of DW (y = Q). Therefore, as
expected, the normal component of the magnetic induc-
tion vector isalso continuous. The magnetization deriv-
atives are discontinuous at the center of DW.

The lower eigenval ue and the eigenfunction asymptot-
ics for the modified operator L are the same as for the

exact operator Ly (E = 0and ¢'(y) ~ exp(-ly|/1— H?)).
The sameistrue for the operators L% and Lp if eigen-
value (5) is taken into account.

Strictly speaking, delta potentialsareinsufficient for
compl ete description of the system of local DW levels
in the one-dimensional approximation. As shown in
[8], evenin the limit H < 1, the DW has an additional
discrete level due to oscillations of the effective width
of the DW. However, thislevel is very close to the bot-
tom of the bulk spin-wave band, and it existsonly if the
external magnetic field is directed along the DW polar-
ity. In thiswork we consider the modes lower than this
level and magnetic fields directed oppositely to the DW
polarity (i.e., magnetic fields inducing polarity reorien-
tation). That iswhy thislevel is not taken into account.

KHODENKOV

RESULTS AND DISCUSSION

The modified set of equations (3) with constant
coefficients and boundary conditions (12) has solutions
decreasing with |y| — . These solutions can be
expressed in terms of exponential functions with expo-
nents (10):

(mIII! m||1 X)

3 . 13
=Y Crexp(=pily)(L is(p;), san(y)r(p;), &
j=1

where Cj are six unknown constants (constants for the

negative and positive y semiaxes are different). The
number of constants corresponds to the number of
boundary conditions (12).

However, it can be shown, by analogy with [11], that
the localized levels can be determined taking into
account only symmetric combinations of the exponen-
tial functions(i.e,, C; = C; =C;, wherej=1,2,3). The
other combinations are antisymmetric and correspond
to a continuous spectrum. In addition, only three of the
six boundary conditions (12) should be taken into
account. These are the conditions for the discontinuity
of derivatives of the magnetization components m,
and the continuity of the magnetostatic potential X.
Thus, we obtain the following algebraic equation:

r(py) r(p2) r(ps) Oc, T
po—JI—TH2  p,—J1-THI2  p,—J1-mH/2 |Oc,0=0, (14)

[l
(P1=1=H?)S(py) (Po—1—H*)S(P,) (Ps—1-H?)s(ps) D C:D

where
r(p;)
= —[(kz—p,-z+1—H2>pj+wka1—_HZ]/D(pj>(,15'l)
s(p;)
- —[oo(pjz—kz)+épjkx 1—H2}/D(pj), (152)
D(p;)
(15.3)

2
= (1= K)(L-H=p} +K) = E(1-H)).

The dispersion relation determining the depen-
dences wxK) is obtained by equating the determinant of
the matrix 3 x 3 involved in Eq. (14) to zero.

O

The solution of the dispersion relation for k — 0
depends on the limit value of w. The case of w — 0
and k —» 0O correspondsto the trangdlation (shift) mode
of the DW:

k 11 mH
= —+k 1+= [=——.
[ @+|| +Q o2

The result obtained for H = 0 coincides with the
exact value calculated in [3]. The result obtained for
H # 0and Q > 1 coincides with the value obtained using
the Slonczewski theory [7]. The polarity reorientation
occursinthe magnetic field H, = 217Q (H, = 8M). How-
ever, taking into account the greater powers of k[9], we
obtain that the transition is nonuniform (k, ~ 1/Q,
where Q > 1). If Q < 1, the small-field expansion used
above is insufficient for describing the transition,

(16)
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although Eq. (16) correctly describes the effect of a
small field H < 1 on the spectrum.

Another limit k —= 0 and w — const corresponds
to the Gilinsky mode with regard for the effect of the
external magnetic field. Let us consider the leading
term of expansion of the dispersion relation determi-
nant (determinant of the matrix involved in Eq. (14)):

r(ps) = Q(1+ wsgn(k)/+/1—H?)/|K.

This term diverges for kK — 0, whereas the other
terms of the expansion arefinitein thislimit. Therefore,
the other terms can be taken at k = 0 and w = wy, =

AJ1— H2. Thus, the solution for the Gilinsky mode is
obtained in two limits:

W
o = 9(-k)
Ik 3Q _mRHO
1+6%+7—TDQ<1 (17)
X
K 3 3 TH
1+2 1+——_-=2__ZHos1,
QR s aa et ©

where 9(—K) is the Heaviside step function different
fromzeroat k< 0.

The external magnetic field H causes a decrease in
the limit value wg(k — 0). The group velocity of the
wave increases or decreases according to the direction
(sign) of the external magnetic field. At Q > 1, the
group vel ocity changes abruptly by H, = 210WQ, H.=8M
(xrHJ/(4Q)) at the point of the DW polarity reversal.

The diagram of stability of the DW polarity in a
magnetic field directed oppositely to the polarity vector
was determined (figure). The DW dispersion character-
isticsfor small values of the wave vector (k < 1) can be
rather easily determined using the approach to the spec-
tral problems of the DW dynamics suggested in [11]
(use of numerical methods for calculations within this
range of k often involves some difficulties). The
approach suggested in [11] can also be used for calcu-
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lating the dispersion characteristics in the region of the
polarity reorientation. The magnetic field dependences
of the trandation mode and the Gilinsky mode of the
DW spectrum are described by Egs. (16) and (17),
respectively. These dependences can be used in experi-
ments for identifying the trandation and Gilinsky
modes.
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Abstract—With crystal hydrates growing in size, the amplitude of the ultralow-frequency (ULF) electric field
responsiblefor adrastic drop in their mechanical stability under high uniaxial compressionisfound to markedly
decrease. Thiseffect isdemonstrated with oxalic acid crystal hydrates H,C,0, [2H,O in experiments on Bridg-
man explosive instability. Asthe size of the crystal hydrates grows, the ULF stability spectrum exhibits no less
than three narrow dips imposed on a broader dip. This spectrum correlates with the permittivity burst spectra.
These phenomena can be explained if, at ULFs, the compressible crystal hydrates are considered as nonlinear
disperse systems in chains of variable-moment giant (comparable to a disperse particle in size) dipole oscilla-

tors. © 2001 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

The dramatic drop of the mechanical stability
threshold in highly compressible crystal hydrates in
ULF (10 < w, < 100 Hz) electric fields has been discov-
ered in both model [1-3] and natural [4, 5] objects.
Similar results have also been obtained in experiments
that explored the Bridgman effect: an explosive insta-
bility arising when insulators are subjected to uniaxial
compression at high pressures (P < 10 GPa) in open-
ended anvils [6-10]. This effect appears in ULF fields
of strength E < 0.1-2.0 kV/cm, which are 10° to
10* times weaker than the breakdown fields for such
crystal hydrates [11]. Interest in this effect stems from
the abundance of crystal hydrates in the lithosphere, to
which only ULF electromagnetic oscillations (with a
skin depth of no lessthan 10 km [12]) can penetrate.

Usualy, the frequency spectrum of the stability
threshold (critical pressure) P (w) for the anvils with
the diameter of the operating aread; =5 mm showsone
narrow deep dip at frequencies 20 < w, <40 Hz and one
broader dip at v, = 10* Hz. The depth AP =P (U =0) —
P.(U) of the dips in the stability threshold spectrum
grows with the amplitude U of ULF voltage pulses as
AP(U) O U2, For pulses with U = 65 V and crystal
hydrates of thickness h = 0.25 mm, the maximum rela-
tivedepthisAP/P(U = 0) = 0.5 [1-5].

Earlier [2], a frequency shift of the deep dip in the
ULF electrical spectrum P (w) for crystal hydrates was
predicted. Later, this prediction was confirmed in a
basic experiment [5]. This shift followed from two ear-
lier models of the effect [3-5]; however, the coinci-
dence of the models turned out to be formal, as shown
below. In this work, the existence of deep dipsin the
ULF spectrum Py(w) for crysta hydrates with large

characteristic sizes was checked and fundamentally
new results that seem contrary to earlier model con-
cepts of microbreakdowns occurring at ULFs were
obtained.

EXPERIMENT

We used oxalic acid crystal hydrate H,C,O, - 2H,0
asamodel object. This compound, having alow stabil-
ity threshold P, allows vast experimentation with the
Bridgman effect in order to collect reliable statistic data
for the excitation of the Py(w) spectrum at ULFs.

The ULF spectrum P.(w) for H,C,0O, - 2H,0 was
found by the same technique as for model compounds
in [3-5]. The rate of compression on the Bridgman
anvils (with VK-8 superhard alloy inserts) was dP/dt =
0.1 GPals at T = 293 K. We experimented with anvils
with operating area diameters d, = 10 mm and d; =
5 mm. For d, = 10 mm, the powder, at the prethreshold
stage of compression, was compacted into a disk of
thickness h = 0.40 mm. In the case of d; = 5 mm, the
mean thickness of the disk before explosion was h; =
0.25 mm. Each data point was obtained from ten explo-
sion runs.

EXPERIMENTAL RESULTS

For d, = 10 mm, the ULF P4w) spectrum for
H,C,0, - 2H,0 has deep dips. Their shapes, depths, and
positions are much different from those observed for
d, =5mm (Fig. 1). Also, for d,, the excitation threshold
of the Bridgman effect is =1.5 times lower than for d,
throughout the ULF P(w) spectrum. Such a size effect
in solids at the secondary €elastic stage under high
uniaxial compression [13] wasfirst found in[14] andis

1063-7842/01/4606-0682%$21.00 © 2001 MAIK “Nauka/Interperiodica’
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Fig. 1. Electrical spectra P(w) for the excitation threshold
of the Bridgman effect in H,C,0, - 2H,0 crystal hydrates
at ULFs. The pulse amplitudeisU = 65V. (0) d; = 5mm
and (@) dy = 10 mm.

easy to explain in terms of the thermal fluctuation the-
ory of srength [15] and aso by considering the
mechanic stressfields at agiven ratio h/d. Notethat, for
this crystal hydrate, the shape of the ULF P (w) spec-
trum for d, is nearly the same asin earlier experiments
[3] in the frequency range 25 < w; < 35 Hz. For the
experiments discussed in thiswork and those in[3], the
hydrates were taken from the samelot. For d,, the spec-
trum shows the deep broad dip at 5 < wy; < 100 Hz. In
this range, the spectrum is strongly irregular with three
dipsintheintervals 21-27, 41-48, and 58-68 Hz and a
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Fig. 2. e(w) spectra at the instant of the maximum burst
when H,C,0, - 2H,0 crystal hydrates are subjected to high
uniaxial compression at U = 65 V. (0) d; =5 mm and
(®) dy =10 mm.
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high peak at 3040 Hz near the deepest dip. In the
broad ULF dip, the mean values of the threshold are
closeto =0.75 P(U = 0). In the deepest dip, the thresh-
old is=0.5P.(U = 0), while in the peak, it nearly coin-
cideswith P (U = 0).

To further clarify the nature of the dips in the P (w)
spectrum of H,C,0, - 2H,0 crystal hydrate in a wide
ULF range under uniaxial compression, we studied the
frequency variation of the dielectric constant €(w) of
this compound at ULFs (for the measuring technique,
see[3]). The nonmonotonic g(w) curve for d, = 10 mm
is compared with that for d, =5 mm in Fig. 2. A giant
burst of the dielectric constant is observed in both
cases. For d, = 10 mm, however, the dielectric constant
curve has an unusua form with peaks and dips. The
ratio of € in the peaks to that in the dips may reach 10.
Moreover, the values of €(w) at ULFs are, on the aver-
age, approximately 20 times higher than €, = 6, asfol-
lows from Fig. 2. It should be noted that the giant val-
ues of ULF &(w) under conditions of uniaxial compres-
sion show up as bursts within the short time interval
At < 1 s[3-5]. In both cases, at frequencies near w, =
10* Hz, dipsidentified earlier asdielectric losses[1] are
observed. However, for d,, the dip in this range is of
lesser depth and width, while at ULFs, adip smplerin
shape and having lesser depth and width is observed
for d,.

Figure 3 plots the excitation threshold of the Bridg-
man effect P, against the voltage pulse amplitude U at
the characteristic frequencies w, = 42 Hz (deep dip) and
W, = 200 Hz (stability domain) of the P (w) spectrum
for d, = 10 mm. For d,, similar curves were obtained at

Excitation threshold, GPa
1.5-
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0.5
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0 20 40 60 80
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Fig. 3. Excitation threshold of the Bridgman effect for
H,C,0, - 2H,0 crystal hydrates vs. amplitude of voltage
pulses. (0) d; =5 mm, w= 33 Hz; (®) dy = 10 MM, w =
42 Hz.
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w, = 32 Hz (deep dip) and w, = 200 Hz (Fig. 3). Inthe
case of d,, the curve P (U) is of a distinct threshold
character: at w, = 42 Hz, the critical pressure P, sharply
drops at the amplitude U = 11-15V and then remains
unchanged up to U = 65 V. For d,, this dependence at
ULFs exhibits greater monotonic behavior, following
the AP(U) O U? law up to the amplitude U = 35V, and
then attains a plateau with the minimal threshold U >
40 V. For w; = 200 Hz, the pulse amplitude does not
have an effect on P, up to 65V for both characteristic
sizesd; and d,.

DISCUSSION

The spectra P (w) and g(w), while of statistical
nature, qualitatively correlate in the range 5 < w; <
100 Hz. This is a clear indication of the interplay
between processes responsible for the drop of the exci-
tation threshold of Bridgman instability in this fre-
guency range and the giant bursts of the ULF dielectric
constant when the crystal hydrates are subjected to high
uniaxial compression. It is evident that polarization
reversal, which might take place in hydrogen-contain-
ing ferroelectrics (H,C,0, - 2H,0O like compounds
[16]) under other conditions [3, 4], cannot explain our
experimental data, since resonant excitationsin domain
structures are usually observed at high and superhigh
frequencies (w = 10-1000 MHz [17]). Moreover, at
medium pressures (P > 0.3 GPa), the vibrational
motion of domains is damped in almost any ferroelec-
tric [17]. Our results are essentially inconsistent with
those obtained from earlier models [3], where the dips
in the P.(w) spectra are explained by the localization of
the maximum density of the energy spent on an electric
breakdown in amicrocrack or on a breakdown advanc-
ing by percolation.

Indeed, previous models [3-5] imply that the
frequency shift of the dip is formally possible if some
parameters (for example, temperature) are changed;
however, they do not imply that several dips must exist
at ULFs(Fig. 1). Moreover, when the sample thickness
increases with the ULF permittivity burst remaining
the same, the earlier models predict a substantial
decrease in the relative depth of the dips, which is nat-
ural for electrical breakdown according to the law
AP/P(U =0) 0 U?h2[3, 4]. However, our data suggest
the presence of a size effect that acts in the opposite
direction. As the characteristic sizes of the samples
increase, the excitation amplitude at which the relative
depth of the ULF dips remains the same decreases
(Fig. 3). In addition, extra peaks appear and broaden.
Once some threshold amplitude U; of ULF pulses has
been attained, P, sharply drops but the drop AP does

not obey the law AP(U) [0 U?, as was observed previ-
oudly [3].

It becomes evident that the above observations are
of an essentially nonlinear nature. That the excitations

FATEEV

are localized at ULFs suggests that the nonlinearity is
associated with processes taking place in disperse sys-
tems with double electrical layers. Apparently, among
such systems are the crystal hydrates under the condi-
tions where phase transitions like partial dehydration
proceed under highly nonuniform compression
[18, 19].

The results obtained can be explained if we consider
oscillations in chains of electrostatically coupled non-
point oscillators with strongly varying dipole moments
(with an arm comparable to the disperse particle size)
[18, 19]. The condition of nonpoint oscillators follows
from the compact-grained structure of the disperse sys-
tems considered [20]. The variahility of the momentsis
related to the strong dependence of the charge polariza-
tion in the double electrical layers around the grains on
the frequency and strength of local and applied electro-
magnetic fields.

We numerically analyzed one-dimensional finite
chains of nonpoint variable-moment oscillators with
dissipation and excitation. The parameters (mean grain
size, intergranular spacing, maximum possible charge
polarization, etc.) involved in the cal culations were typ-
ical of disperse systems arising under high uniaxial
compression. Our numerical results[19] leave room for
the above-mentioned size effect. Of primary impor-
tance is that, when the dimension of the model chain
increases and the amplitude of the ULF exciting fields
isfixed, thelocal bursts of the polarization dramatically
grow according to the variations of one or another of
the parameters. During theinitial several periods of the
ULF field action, the fundamental resonance and satel-
lite resonances are excited in the range w < 200 Hz.
After the next several periods, the usual Debye disper-
sion relation is established.

Thus, the size effect discovered does not count in
favor of localized electrical breakdowns between the
anvils. Rather, it suggests the occurrence of space- and
time-localized interdipole compressions [19] or micro-
breakdowns that initiate the decrease in the excitation
threshold of the Bridgman effect in the crystal hydrates
at ULFs.
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Abstract—~Profiles of elastoplastic shock waveswere experimentally revealed in three rocks, namely, in marble
(Po = 2.68 g/cm®), quartzite (py = 2.65 g/cmd), and granite (py = 2.63 g/cm?®). In all these substances, the splitting
of the shock-wave front into a leading elastic precursor and a following plastic compression wave were
revealed. A diffusion of the front of the elastic precursor and a decrease in its amplitude were found to occur as
the front propagates through the samples of the substances studied. No sharp decreasein the amplitude of elastic
waves (yielding “tooth”) was fixed. Pressuresin the elastic and plastic compression waves, aswell asthe wave
and mass velocities and the magnitudes of the relative compression were determined. © 2001 MAIK

“Nauka/Interperiodica” .

INTRODUCTION

The aim of shock-wave measurements of the elasto-
plastic properties of rocksisto obtain information that
is necessary for calculating the effects of power under-
ground explosions, calculating the effects of meteorite
impacts, the explosive stimulation of oil strata, and
solving some other application problems. Therefore,
the attention of many researchersis primarily turned to
the most common geological materials.

Theimportance of such investigationsis aso caused
by the need of obtaining new experimental data, such
that could be used for the development and improve-
ment of theoretical models of the behavior of rocks
under conditions of shock compression (marble in this
respect is one of the most suitable materias).

No complete clarity exists at present in the treat-
ment of the behavior of rocks upon shock loading. In
particular, afundamental feature is the existence or the
absence of a sharp front of the elastic precursor. The
available experimenta data (including those obtained
by the authors of this paper) indicate that in some rocks
the front of the elastic wave is smeared. The latter indi-
cates that, possibly, the material has an anomalous
compressibility or strength.

Theaim of this paper isto investigate the elastoplas-
tic properties of granite, quartzite, and marble.

EXPERIMENTAL

The elastoplastic parameters were determined using
amanganin pressure gage, since this technique permits
pressure measurements to be performed directly in the
materials under study [1, 2]. The gage was made in the
form of a bifilar coil of a manganin wire 0.1 mm in
diameter, which then was laminated between the forc-

ers of apresstool to athickness of ~0.03 mm. Theini-
tial resistance of the gagewas R, ~ 1.5 Q and its diam-
eter was ~5 mm.

The profile of a shock-wave pulse in the substances
studied was detected in experiments whose scheme is
shown in Fig. 1. As an explosive, we used cylinders of
TG 50/50 or TNT 90 120 mm in diameter and 40 mm
thick. In order to obtain a marking in the oscillogram,
necessary for subsequent treatment of experimental

5 mm

1 mm

~ |

A0

Fig. 1. Schematic of experiments: (1) electric detonator;
(2) plane-wave generator; (3) lens of foamed plastic;
(4) explosive; (5) striker; (6) screen; (7) sample; (8) manga-
nin gage; (9) electric-contact gage; and (10) to oscillo-
graphs.
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data, an electric contact gage was mounted on the
screen. The signals taken from the gage were recorded
using an HP54645D (USA) digital oscillograph and an
S9-4 (Russia) analog oscillograph. The measurements
were performed using the potentiometric method [2].

RESULTS AND DISCUSSION

For illustration, Fig. 2 displays typical oscillograms
that were obtained on the S9-4 oscillograph in experi-
ments with marble and quartzite. In order to enhance
the time resolution of experimental measurements (to
detect the yielding “tooth”), experiments with the use
of aquartz pressure transducer were performed as well
as with the use of the HP54645D oscillograph. The
oscillogram of one of these experiments is given in
Fig. 3.

The loading pressure was determined from the
experimentally measured magnitude of electrical resis-
tance R of the manganin gage in the compressed state,
which was calculated by the formula

R = Ry(Zo—Z,+2)Z,, (1)

where R, istheinitial resistance of the gage and Z,, Z,,
and Z are the amplitudes of the deviation of thebeamin
the oscillograph (Fig. 28). On going from the resistance
ratio R/R, to pressure P, dependences of the electrical
resistance of manganin on the pressure of the shock
loading (P = f(R/R,) borrowed from [3, 4] were used.
The accuracy of measuring pressure was 2—3%.

The experimental results that characterize the elas-
toplastic parameters of marble are generalized in
Table 1. Thedatafor marblelisted in Table 1, just asthe
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Fig. 2. Typical oscillograms obtained in experiments with
marble and quartzite: (a) A = 3.96 mm, theloading pressure
on the marble sample is 7.36 GPa; asterisk marks the
moment at which the shock wave closes the el ectric contact
mounted at the screen—sample boundary; the frequency of
the scale sinusoid in the oscillogram is 10 MHz; (b) A =
15.7 mm; the loading pressure on the quartzite sample is
10 GPa; the frequency of the scale sinusoid in the oscillo-
gramis5 MHz.

data for other materials, were calculated by the follow-
ing formulas:
_ A+ U (t,-1y)

D, t ,

Table 1. Experimental results of measuring parameters of elastoplastic flow in marble (p, = 2.68 g/cmd)

No. A, mm P;, GPa Cy, km/s | D,,km/s | D,,km/s | P, GPa ty, Us ty, 1S
1 2.00 1.79 8.52 5.07 4.99 7.60 0.24 0.40
2 3.96 1.80 7.04 4.77 4.68 7.36 0.57 0.84
3 4.00 1.70 - - - 7.00 - -
4 5.97 1.64 5.98 4.38 4.28 7.52 1.00 1.38
5 8.10 1.65 - - — 6.70 - -
6 14.03 1.60 5.58 4.36 4.26 10.20 2.50 3.24
7 18.05 1.55 5.61 454 4.44 9.76 3.22 4.00
8 24.09 148 5.82 444 4,34 9.27 4.14 5.46
9 19.40 1.37 - - — 6.00 — —

10 20.00 1.40 - - - 6.00 - -

11 20.00 1.25 - - - 5.70 - -

12 28.70 1.30 - - - 4.70 - -

13 20.00 147 - - - - - -

Note: The average values of the parameters of elastic (U; = 0.1 km/s, p; = 2.72 g/lem®, 0 = 1.016) and plastic (p, = 3.14 g/em®, 0, =1.155)

compression waves did not enter into Table 1.

TECHNICAL PHYSICS Vol. 46 No.6 2001
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Fig. 3. Oscillogram of the experiment with marble taken
using an HP54645-D oscillograph; A = 8.0 mm; the loading
pressureis 6.98 GPa.

Py

Ul = Clpo, D; = D'Z_Ul,
. 2
g. = Cl o_ll _ D2
" C-UY T Dy —(U,-Uy)
P1 = P01, P2 = P107,

where A is the sample thickness; t; and t, are the times
of passage of elastic and plastic compression waves
from the screen to the manganin gage, respectively;
C, isthevelocity of propagation of the elastic compres-
sion wave; P, isthe pressure in the elastic compression
wave; U; is the velocity of the substance behind the
front of the elastic compression wave; U, isthe velocity
of the substance behind the front of the plastic com-
pression wave; g, is the compression of the substance

P, GPa

TF a

6L

A

B A A A

5 . ~ ]

4

3_ X

X
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3

l 1 1 1 1 1 1 1

0 4 8 12 16 20 2 28 32
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Fig. 4. Damping of the elastic precursor in therocks studied:
(2) quartzite; (2) granite; and (3) marble.

by the elastic wave; a3, isthe compression of the sub-

stance by the plastic wave relative to the elastic wave;
po istheinitial density of the substance; p; is the sub-
stance density behind the front of the elastic compres-
sion wave; p, isthe density behind the front of the plas-

tic compression wave; and D; and D; are the veloci-

ties of propagation of the plastic compression wave in
the laboratory coordinate system and relative to the
moving substance, respectively.

Tables 2 and 3 give the experimental data that char-
acterize the elastoplastic parameters of quartzite and
granite, respectively. The experimentally obtained
dependences of the amplitudes of elastic precursors on
the thickness of the samples of marble, quartzite, and
granite are shown in Fig. 4. The above dependences of
damping of the amplitudes on the sample thickness
P,(X) are described by the formulas P, = 2.0369x 01189,

Table 2. Experimental results of measuring parameters of elastoplastic flow in quartzite (py = 2.65 g/cm?)

No. A, mm P;, GPa Cy, km/s D,, km/s D, km/s P,, GPa
1 4.0 7.1 5.95 - - 7.6
2 10.0 5.7 - 514 4.27 11.0
3 11.0 5.7 - - — 11.6
4 115 5.9 — - - 8.4
5 15.0 5.2 - - - 138
6 15.7 5.3 5.05 4.65 4.20 10.0
7 20.0 49 - - - —
8 25.0 4.8 - - - 11.7
9 33.2 5.2 - - - 13.0

10 36.3 4.7 — - - 11.5

Note: The average values of the parameters of elastic (U; = 0.45 km/s, p; = 2.83 g/cm3

3.07 g/em?®, 0, =1.155) compression waves in quartzite did not enter into Table 2.

TECHNICAL PHYSICS Vol. 46
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Table 3. Experimental results of measuring parameters of
elastoplastic flow in granite (p, = 2.63 g/cm?)

No. A, mm P, GPa | P,, GPa t1, US
1 9.0 4.4 10.0 164
2 15.0 36 - 2.73
3 30.0 32 - 3.64
4 25.0 3.0 - 4.55
5 31.0 2.6 - 5.64
6 36.0 2.6 - 6.55

P, = 7.206x°%, and P, = 5.103x %4 for marble,
guartzite, and granite, respectively.

The above thickness dependences of the amplitudes
of elastic wavesin the rocks studied lead to an obvious
conclusion that these amplitudes decrease with the dis-
tance passed by an elastic wave in the sample. Natu-
rally, the slopes of the damping curves for various
materials are different because of the differencesin the
physical properties of these materias. It is seen from
the oscillograms displayed that the amplitudes of elas-
tic waves in marble and other rocks studied increase in
a smooth manner. No yielding “tooth” found in [5, 6]
for Fe and LiF is aobserved in this work. Note that the
authors of this paper studied single-crystal samples of
LiF (compressed in the [100irection) and “khilumin”
(a ceramic containing 94% Al,O3, po = 3.65 g/cm?) as
control materials and found a smooth character of
increasing amplitude of elastic waves without any evi-
dencefor yielding a“tooth” in these substances.

CONCLUSIONS

From an analysis of the results obtained, the follow-
ing conclusions can be made.
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(1) The elastic precursor has a diffuse front and its
amplitude decreases with increasing distance propa-
gated by the wave in the sample.

(2) No sharp decrease in the amplitude of elastic
waves (no yielding “tooth”) was reveaed for the sub-
stances studied in this work.

(3) The results obtained indicate the possible anom-
alous behavior of some properties of the rocks studied
(compressibility, strength) under the conditions of
shock-wave compression and suggest the necessity of
performing additional investigations, e.g., for studying
shear strength of those rocks upon shock loading.

The experimental results obtained can serve as a
starting material that can be used for improving exist-
ing models of the behavior of solid mediaunder shock-
wave compression.

REFERENCES

1. A. N. Dremin and G. |. Kand’, Prikl. Mekh. Tekh. Fiz.
2, 146 (1976).

2. M. N. Pavlovskii, V. S. Stepanyuk, and V. V. Komissarov,
Probl. Prochn., No. 10, 50 (1991).

3. M. N. Pavlovskii and V. V. Komissarov, Zh. Eksp. Teor.
Fiz. 83, 2146 (1982) [Sov. Phys. JETP 56, 1244 (1982)].

4. M. N. Pavlovskii, V. V. Komissarov, and A. R. Kutsar,
Fiz. GoreniyaVzryva 35 (1), 98 (1999).

5. G. E. Duvdll, in The Physics of High Energy Density.
Proc. Int. School of Physics “ Enrico Fermi”, Ed. by
P. Cadirola and H. Knoepfel (Academic, New York,
1971; Mir, Moscow, 1974).

6. A. G. lvanov, S. A. Novikov, and V. A. Sinitsyn, Fiz.
Tverd. Tela (Leningrad) 5, 269 (1963) [ Sov. Phys. Solid
State 5, 196 (1963)].

Trandated by S Gorin



Technical Physics, Vol. 46, No. 6, 2001, pp. 690-695. Translated from Zhurnal Tekhnicheskor Fiziki, Vol. 71, No. 6, 2001, pp. 45-51.
Original Russian Text Copyright © 2001 by Grekhov, Kostina, Argunova, Belyakova, Shmidt, Kostin, E. Kim, S Kim.

SOLID-STATE ELECTRONICS

Direct Bonding of Silicon Wafer swith the Concurrent Formation
of Diffusion Layers

I.V.Grekhov*, L. S. Kostina*, T. S. Argunova*, E. |. Belyakova*,
N. M. Shmidt*, K. B. Kostin*, E. D. Kim**, and S. Ch. Kim**

* | offe Physicotechnical Institute, Russian Academy of Sciences, Politekhnicheskaya ul. 26,
. Petersburg, 194021 Russia
e-mail: argunava@tania.ioffe.rssi.ru
** Power Semiconductor Research Laboratory, Korea Electrotechnology Research Institute,
P.O. Box 20, Changwon, 641-600 Gyongnam, Republic of Korea
Received September 12, 2000

Abstract—An original techniquefor Si—Si direct bonding combined with impurity diffusionin asingle process
issuggested. A dopant (aluminum) sourceislocated at the interface. The high-temperature treatment of the pol-
ished wafersin an oxidizing atmosphere resultsin the diffusion of Al atoms and the formation of ap—njunction
in n-silicon. The presence of aluminum is shown to improve the continuity of the interface. Results obtained
are explained within a model whereby the initial contact between the hydrophilic silicon surfaces in a water
solution of aluminum nitrate Al(NO5); Serves to increase the bonding area of the wafers at room temperature
due to the interaction of AI-OH groups with water molecules adsorbed on the surfaces of the wafers. © 2001

MAIK “ Nauka/Interperiodica” .

INTRODUCTION

In the production of power semiconductor devices,
deep diffusion of doping impurities is replaced by
direct bonding (DB) of wafers with different conduc-
tion type and initial impurity concentrations. However,
to fabricate directly bonded multilayer structures with
p—n junctions, impurities are usually introduced into
one or both wafers before bonding. As aresult, the sur-
face quality and the elastic stress distribution may
change to the point where they no longer meet the DB
requirements.

In spite of the considerable recent progressin direct
bonding of different materials, the obtaining of the con-
tinuous large-area interface is still a challenge. This
problem, including the discontinuity sources (voids)
and conditions for their healing, the effect of the sur-
face roughness on the bonding quality, etc., has been
considered in detail (see, e.g., [1-3] and Refs. therein).
It was ascertained [4] that the polished surface of a sil-
icon wafer is actually wavy and that the complex relief
of the surface can be represented as a superposition of
sinusoidswith different periods and amplitudes. Never-
theless, during bonding, the surfaces come into close
contact even at room temperature (RT). The greater the
RT contact area, the higher its surface energy. The con-
tact area grows through elastic deformation of the
wafers, which starts at RT and builds up with tempera-
ture.

In order to minimize the effect of surface morphol-
ogy on the structure quality of the interface, we pro-
posed a modified DB process [5-7] where a regular

mesoscopic relief isformed on one of the surfacesto be
bonded by means of photolithography. It was demon-
strated that the artificial relief at the interface assistsin
reducing in elastic deformation at the contact of non-
planar surfaces and, thus, improves the quality of the
interface.

In this paper, we pursue our discussion about condi-
tions ensuring the reliable homogeneous interface. The
objects under study are DB structures produced by the
original technology, which combines bonding and alu-
minum diffusion from a source located directly at the
interface in a single production cycle. A relation
between physicochemical processes at the interface
and the actual structure of the surfaces being bonded is
considered. A mechanism behind the formation of the
continuous interface over the surface of the wafersin
the presence of dopant atoms is discussed. The |-V
characteristic of a p*—n diode obtained by direct bond-
ing with the concurrent diffusion of aluminum is pre-
sented.

EXPERIMENTAL

We studied n—n and p*—n structures produced by the
DB technology. (111)Si wafers 0.3 to 0.5 mm thick and
40-60 mm in diameter were cut from floating-zone n-
silicon with aresistivity of 20 Q cm and from Czochral -
ski-grown p-silicon with a resistivity of 0.005 Q cm.
The surface profile was determined with an optical pro-
filometer. It was found to be wavy with atypical ampli-
tude ranging from 30 to 60 A and a period of approxi-
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mately 200 um. In order to reduce the near-interface
elastic deformation due to the long-period surface
roughness, an artificial relief (a network of orthogonal
grooves [5]) was photolithographically formed on the
surface of one of the wafers. The grooves were 50 um
wide and 0.3-0.5 pm deep. The distance between the
sidewadlls of the neighboring grooves was 200 um.
Before bonding, the mirror-polished wafers were sub-
jected to standard rinsing and hydrophilization and then
were rinsed in deionized water with a resistivity of
18 MQ cm.

The wafers were brought in contact in (1) deionized
water and (2) a water solution of aluminum nitrate
AI(NO3); (0.5-1 wt %), which served as a source of
aluminum diffusion during the high-temperature pro-
cessing of the wafers. They were annedled in air at
95°C for 5 h and at 1250°C for 5 h. The wafers were
brought in contact without crystallographic matching.
The auminum profile was recorded by an SRM-3 com-
puterized setup.

We studied the structure of the Si—-Si compositions
by means of X-ray topography (XRT) [8]. Of al the
nondestructive techniques used to test the interface
continuity, this method proves to be the most sensitive:
its resolution is =10 pm. Both the reflection and trans-
mission projection topography methods were
employed. Also, the interface quality after bonding was
investigated by examining the cross sections of the
samples with a scanning electron microscope (SEM).

To study the defect distribution across the depth, the
polished taper sections of the samples of both types
were etched in an H,O : HF (anhydrous) : CrO; =1 :
0.4 : 0.2 etchant; then, etch pits were counted.

EXPERIMENTAL RESULTS
Diffusion of Aluminum

An experimental profile of Al in the n/n structure
after bonding is shown in Fig. 1. Between the two
n-type wafers, an =30-um-thick p-type diffusion layer
with a surface concentration at the interface of =5 x
10% cm3 is seen to form. This result indicates that the
diffusion of aduminum into a polished silicon wafer
during open-tube thermal treatment in an oxidizing
atmosphere is a possibility. Note that the diffusant
source was located at the interface between the wafers
bonded.

Sructure Quality Analysis

XRT images of the Si/Si structures include two
basic components: (1) the contrast from the regular net-
work of artificial voids the voids result from crystal
plane bending at the interface) [5] and (2) the smooth
increase and decrease in the reflected intensity due to
compression/extension regions existing near the inter-
face and to the local misorientation of the crystal lat-
tice. The type-l contrast is typical of the contact
2001
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Fig. 1. Profiles of the Al concentration (solid curve) and
sheet resistance (dashed curve) across the Si/Si structures.
The abscissais the distance from the interface.

Fig. 2. X-ray diffraction topogram (Lang method) of the
entire area of the DB Si/Si structure with the Al diffusion.
(202) reflection, MoK radiation.

between a smooth surface and an artificial relief. The
smoothly varying contrast features any bonded struc-
ture. The latter is due to the fact that the bonding of
imperfectly planar surfaces always generates elastic
strains at the interface [4]. This contrast is not observed
where the wafers do not adhere to each other. This XR
property is used for the detection of unboned regions or
voids.

According to the XRT data, the Si/Si structures that
were bonded in the 0.5-1% solution of AI(NOs);
exhibit high structure quality. A typical X-ray topogram
that demonstrates the continuity of the interface is
shows in Fig. 2. The comparative analysis of the XRT
data obtained for many samplesbonded in the Al(NO3)5
solution and in the deionized water indicates that the
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Fig. 3. X-ray diffraction topogram (Lang method) of the
structures bonded (&) in the Al(NO3)3 solution and (b) in
H,0. (202) Reflection, MoK, radiation.

interface continuity is considerably better in the former
case. From the topogramsin Figs. 3 and 4, we can com-
pare the degree of interface continuity in the composi-
tions studied. An example of good bonding with the Al
diffusion is shown in Fig. 3a. Another sample (Fig. 3b,
bonding in H,0) contains voids, some of which are
indicated by arrows. The enlarged view of a defect
region in the latter sample and the same image after
computer processing are seen in Figs. 4a and 4b,
respectively. The enhanced contrast due to image filter-
ing allowed us to quantitatively estimate the bonded
fraction of the wafer area. To do this, we imposed a
fine-mesh network on the image filtered (Fig. 4b) and
counted the number of meshes filled by the images of

bonded and unbonded regions.

Bonded fraction measured: S5,g = (1 — Syoid/ Sample)s %0
Interval Number of counts

of Syona: %0 per interval

Bonding in H,O 80-85 7
85-90 14
90-95 19
95-100 16

Bonding in Al(NO5)3 88-92 5

solution 99-96 8
96-100 24

GREKHOV et al.

The histograms in Figs. 5a and 5b demonstrate the
bonded fraction calculated for 56 samples bonded in
thewater and for 37 samples bonded in the nitrate solu-
tion, respectively. The data used for constructing the
histograms are listed in the table. As follows from the
charts, bonding in the solution gives the nearly 100%
continuity of the interface, whereas bonding in the
water provides a continuity of about 92%.

The X-ray topogramsindicate that, for several sam-
ples bonded in the water, the varying contrast is lower
than for those with the Al diffusion. This fact can be
attributed to the higher strength of the latter samples,
because increased elastic strains, leading to an increase
in the contrast, mean stronger bonds between atoms of
the contacting wafers with the imperfectly planar sur-
faces[4].

According to the SEM data, the interface in the
structures that were brought into contact in the water,
containsirregularly (voids) and regularly (grooves) dis-
tributed microcavities, whereas the samples bonded in
the AI(NOs), solution are almost free of them (Fig. 6).
The etch pit density on the polished taper sectionin the
vicinity of the continuous interface isroughly equal for
both types of the structures and does not exceed
10* cm=,

DISCUSSION

The results presented can be explained within the
model for the bonding of hydrophilic surfaces[1]. The
hydrophilic surfaces of natural and thermal oxides of
silicon are known to incorporate Si—OH silanol groups,
which form hydrogen bonds with OH groups of water
adsorbed on the surface. Being brought in contact at
room temperature, the wafers adhere via the formation
of hydrogen-bonded OH chains (Fig. 7a) [9]:

SiOH : (OH,),(OH,), : HOSI.

The chains may be as long as 7 A; that is, bonding
takes place over the surface area within which the
microroughness is no more than 3.5 A. A temperature
increase from 300 to 700°C gives rise to polymeriza-
tion: the formation of Si—-O-Si siloxane bonds. Water
molecules leave the interface, and the gap between the
wafers narrows to 1.6 A. On further heating of the
wafers to 1000°C and above, the siloxane bonds are
replaced by covalent Si—Si ones. The remaining micro-
voids are filled due to the diffusion of atoms along the
interface and the viscous flow of the oxide.

As follows from our experimenta data, the forma-
tion of the continuous interface is not anecessary result
of bonding of the hydrophilic silicon surfaces. This
does not follow from the physicochemica model for
the bonding of perfectly planar and smooth surfaces
and can be explained only if thereal surface structureis
taken into account. It was shown [1] that, for wafers
whose surfaces have a natural sinusoida relief with a
period R and an amplitude h, the formation of the con-
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Fig. 4. (8) Enlarged view of the defect region of the sample
shownin Fig. 3b and (b) the sameimage after computer pro-
cessing.

tinuous interface is possible if h < 3.6 (Ry/E")Y? for
R < 2t, (the latter inequality meets our experimental
conditions). Here, t, is the wafer thickness, E' is the
effective elastic constant of the material, and vy is the
surface energy. At room temperature, y grows with the
amount of surface atoms that ensure the initial contact.
An increase in y with temperature actually stems from
the fact that the silanol bonds give way to siloxane
bonds, which are considerably shorter and, hence, have
a shorter range. Thus the strengthening of the structure
bonded and the formation of the continuous interface
can take place only at the sites of theinitial RT contact;
i.e., the area of reliable bonding is amost completely
defined by the range of theinitial adhesive force.
TECHNICAL PHYSICS Vol. 46
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Fig. 5. Histograms of the bonded fraction Sygq = (1 —
Soid/ Ssample) % for the samples obtained by bonding of Si
wafersin (a) H,O and (b) AI(NO3)3.

The high continuity of the interface between the
wafers dipped into the water solution of aluminium
nitrate AI(OHy), can, in our opinion, be explained by an
increase in the initial contact area. In fact, due to the

450 pm

| I

Fig. 6. SEM image of the Si/Si sample obtained by bonding
of the wafersin the Al(NOg)3 solution.
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Al-OH groups embedded in the OH chains (Fig. 7b),
the chainsgrow longer, thusenabling initial adhesion to
take place over a greater area than for the traditional
bonding process (Fig. 73).

Theformation of the continuousinterfaceisthought
to proceed as follows. Aluminum nitrate dissociates in
the water solution: AI(NOg); —= Al + 3(NO,), and
the AI®* ions interact with the water to form aluminum
hydroxide Al(OH);. Then, the RT direct bonding pro-
cess goes according to Fig. 7b.

As the temperature increases, the hydrogen bonds
are replaced by stronger ones:

SIOH : (OH,), : 2AI(OH); : (OH,),OHSi

—+ S—O-Al-Al-0-Si + 7H,0.
\O/

GREKHOV et al.
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Fig. 8. (a) Forward and (b) reverse branches of the |-V char-
acteristizc of the p*—n DB diode with an active area of
=12 cm“.

Subsequently, the Al atoms interact with the natural
oxide[10],

(43)Al + SO, = (2/3)Al,0,+Si

to produce additional free silicon atoms, which heal the
microvoids through the diffusion mechanism at the
final stage of bonding. Moreover, since the AI-Si bond
energy is higher than that of Al-Al bonds, the incorpo-
ration of Al atoms into the silicon lattice stimulates Si
self-diffusion and facilitates the filling of the
microviods.

In the course of the high-temperature treatment, Al
diffuses from the interface into the n-type silicon and
forms a p— junction. Shown in Fig. 8 is the |-V char-
acteristic of the p*—n diode obtained by bonding in the
0.5% water solution of AI(NOg);. Since the junctionis
deep, the electric performance of the structure does not
depend on the interface quality: the |-V curveistypical
of astandard diffusion junction, and the voltage drop in
the forward direction is =2 V at the current density
=200 A/cm?. The breakdown voltage of the diode

TECHNICAL PHYSICS Vol. 46

No. 6 2001



DIRECT BONDING OF SILICON WAFERS WITH THE CONCURRENT FORMATION

approximates 1200 V (Fig. 8b), which corresponds to
the avalanche breakdown voltage in silicon with the
resistivity given (20 Q cm).

CONCLUSION

We have demonstrated that the high-temperature
treatment of silicon wafers brought in contact in an oxi-
dizing atmosphere makes the diffusion of Al atoms
from a source at the interface into the polished silicon
surface feasible. Furthermore, we argue that aluminum
present between the wafers being bonded improves the
guality of the interface. It it assumed that the bonding
of the wafers in a water solution of aluminium nitrate
AI(NO3); may increase the area of initial adhesion,
since Al-OH groups between the adsorbed water mol-
ecules are built into the chains responsible for bonding
the wafers. Findly, it is believed that the formation of
diffusion layers combined with the direct bonding of
silicon wafersin a single process opens vast opportuni-
tiesfor creating new semiconductor devices
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Abstract—The transmission of X-rays through a rough narrow channel in a dielectric material isinvestigated
by numerical simulationwith regard for diffraction andlossin coherence. It isfound that the transmission factor
may sharply decrease in channels with periodic deformations. The effect of roughness on the transmission is
explained in terms of the statistical theory of X-ray scattering in a rough boundary layer. The mode damping
factors 3 are related to the channel width d as 1/d® and are proportional to the roughness amplitude. The expla-
nation for the anomal ous propagation through thin Cr/C/Cr channelsis given. © 2001 MAIK “ Nauka/ I nter pe-

riodica” .

The effect of total external reflection is exploited in
laser physics where the beam is captured into a rough
narrow dielectric channel [1], submicron diffraction
analysis for obtaining thin X-ray beams [2, 3], and
other applications [4, 5].

In this paper, we study the role of diffraction, which
can be essential for narrow beams, particularly if the
surface roughness is considerable. Scattering by rough
surfaces calls for a specific approach, since weak-per-
turbation methods are inapplicable [6].

As a rule, X-ray scattering by rough surfaces is
investigated within the Andronov—L eontovich approxi-
mation [7]. The case under study is beyond its scope,
because the diffraction spreading of the beam resultsin
losses even at the zero grazing angle in reference to the
channel surface. Our approach employs the complex
refractive index, which takesinto consideration the loss
in coherence at incoherent scattering [8], and is based
on the Tatarskii statistical method [9, 10]. The permit-
tivity of the boundary layer at an arbitrary boundary x =
&(2) represented as €(x, 2) = €, + (g9 — EP)H(X — &(2)),
where g, and g, are the permittivities of the medium and
air, respectively; z and x are the longitudinal and trans-
verse coordinates of the rough channel; and H(x) is a
step function. It is assumed [1, 4] that, in the case of
grazing angles, the number of modes excited is small.
We neglect large-angle scattering:

0°A(x, 2)/10Z < KAA(X, Y, 2)/0z,
if the beam width is small,
0°A(X, Y, 2)/07° < 0°A(X, Y, 2)/9X°.

With these assumptions, the propagation of an
X-ray mode can be described by the parabolic equation

for the amplitude of the electric vector A(x, 2) [12]:

2|kaz = AjA+K »

A,

A(x,z=0) = Ay(x),

where z and x are the longitudinal and transverse coor-
dinates of the channel (we consider the case of two-

dimensional channels), k = Js_o%) and A isthe Lapla-

cian operator.

In this equation, g, is the permittivity of the channel
and g, isthat of the“walls.” This method can readily be
extended to the case of athree-dimensional capillary.

Scattering by arough surface was simulated by inte-
grating Eq. (1) for the energy E = 10 keV, channel width
d=0.5um, o =400 A, and the roughness correlation
length z.,, = 5 um. The results averaged over 40 real-
izations are shown in Fig. 1. Both the total beam inten-
Sity r,, and theincoherent part r;,. are normalized to the

input intensity r;, = [__I; (X)dx/ _gzlo(x)dx, where r;
corresponds either r,; or r;,.. The angles of incidence
aed =0,3x10% and 6 x 10* rad. It is seen that the
beam intensity in the narrow channel quickly decreases
because of the lossin coherence.

Assuming that A(X, 2) is changed within the rough-
ness correlation length z.,, very dlightly, we can take
advantage of the correlator property

DE(X, 2)A(X, 20 = [A(X, 2)(—ik/4)

[

1)
X J’ [DE(X, 2)d¢e(x, Z)z,
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which holdsfor ad-correlated fluctuating medium [10].
The coherent part of the amplitude A(X, 2) is calculated
from the dtatistically averaged parabolic eguation
[8, 10]

2iko [A(x, 2)doz—-Ap[A(X, 20

— K% (X) TA(X, 20— K°W(x) TA(x, 2)0= 0, (2
[A(X, z=0)d = Ay(X),

where x(X, 2) = ([8(X)3- g,)/e, and angle brackets mean
averaging.

Theterm with x(x) in Eq. (2) corresponds to absorp-
tion by the channel walls; and that with W(x), to inco-
herent scattering:

00

W(x) = (-iki4)[Be(x, 2)8¢ (x, 2)Tz

+00 x/o
k(go—£4)” 2
= ——=(dZ [ exp(=€")d 3
3y ] e ©

x/o—R(Z)E

a-rR¥zn™

| exp(-n°)dn,
xlo
where 8€'(X, 2) = (e(x, 2) — [B(X) Vg, is the coefficient of
autocorrelation and o is the variance of the distribution
of &(2).

It can be shown that, in the middle of the boundary
layer, which lies between x = 0 and x = d, the value of

W(X) is independent of o and is amost proportional to
the roughness correlation length z.,, .

The wave amplitude can be represented as a mode
expansion or an expansion in eigenfunctions ¢;(x) that
are the solutions of the equations

Apdi(x) = k[2k;,—kRe(x(x))]d (x).
Thus, the attenuation coefficients are found as the

overlap integrals {3, = —(WZ)I¢T IIm(x(x)) +
W(X)],(X)dx. Width W is defined, for the most part, by
the surface roughness; therefore, the coefficients of
lower order mode attenuation due to incoherent scatter-
ing are proportional to o:

o0 0

Beox DK (g0 —€,)°0 J’dz‘ .f exp(—£%/2)dE

—R(2)E

1-rR@)"
|
0

That the intensity lossis proportional to the channel
roughness at ultrasmall grazing angles has also been

exp(-n’/2)dn.
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Fig. 1. Variation of the total integral normalized intensity
rot and its relative incoherent part ri,J/riot for different

angles of incidence 9. (1) rg, 9 = 0; (1) rindTior @ = 0;
(2) rtot, 9= 'SF/J.O, (2‘) rinc/rtot, 9= 'SF/].O, (3) rtot, 9= '8|:/5,
and (3) rindriot @ = 9¢/5.
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Fig. 2. Attenuation coefficients for the 1-keV X-ray beam
passing inthe gap between silicon wafersvs. gap widthd for
modesO0, 1, and 2 at 0 = 400 A and 7, = 5 um. Dotted lines

denote the attenuation coefficient By due to scattering, and
solid curves refer to the attenuation coefficient 35,5 due to
absorption.

found by the direct numerical integration of the ran-
dom-boundary parabolic equation (see [11] and Fig. 5
therein).

For a 1-keV beam, the attenuation coefficients vs.
channel width are shown in Fig. 2 for three lowest
modes. It is seen that B ~ 1/d®. Thus, as the beam width
increases, the diffraction effects decay as ~\/d? (where
A is the wavelength) and the portion of the beam that
interacts with the surface decreases as ~a/d. With lead
used in place of silicon, the attenuation coefficient
grows by afactor of 1.5. With a decrease in the energy
E, the coefficient 3 grows faster than ~1/E, because the
effect of diffraction becomes considerable and the opti-
cal density of the channel wallsincreases.

Channeling in athin layer of alow-density material
where the layer is sandwiched in metal layers seemsto
be promising for obtaining submicron beams of hard
X-rays [3]. In experiments with a carbon film (d =
1620 A) between chromium layers (the Cr/C/Cr chan-
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Fig. 3. Transmission factor of mode O vs. radiant energy E.
Deformation amplitude a = 120 A; the period A = (1) 100,
(2) 500, and (3) 1000 pm; and o = 0. <&, Data points [2].
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Fig. 5. Variation of thetotal beam intensity (curves 1, 2) and
the intensity of fundamental mode O (curves 1, 2). E =
17keV,d=1620A,0=0,L=3mm,a=120A, and A =
(1,1 45and (2, 2') 40 pm.

nel length L = 3 mm) [2], the transmission of mode O
depended on the beam energy nonmonotonically
(Fig. 3, ). It was assumed [ 2] that the interface rough-
ness was no more than 10 A.

The transmission of modes 0 and 1 vs. roughness
amplitude was studied by the direct numerical simula-
tion of X-ray beam propagation with the use of Eq. (1).
If the roughnessis taken into account, the transmission
factor of the fundamental mode with E = 17 keV
declinesby 1.3%for 6 = 10 A and by 5% for 0 = 20 A.
This, however, cannot explain adip in the experimental
curve (Fig. 3) even at much worse interface properties
if the linear rise in the attenuation coefficient with the
roughness amplitude is taken into consideration.

To explain the anomaly in the transmission of the
17-keV fundamental mode through the Cr/C/Cr chan-
nel [2], we assumed the presence of periodical distur-
bances (deformations) of the channel; the relevant
results are shown in Fig. 3.

If the roughness is neglected (as noted above, its
effect is insignificant), the transmission factor at E =

BOBROVA, OGNEV
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Fig. 4. Transmission factor of mode 0 vs. deformation

period. 0 =0, L = 3 mm; solid and dotted lines refer to E =
17 and 20 keV, respectively.
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Fig. 6. The same as in Fig. 5 for the undeformed channel
(curves 1, 1) and under deformations with period A =
1000 pm (curves 2, 2').

17 keV and a = 120 A depends on the deformation
period A as shown in Fig. 4. Thereis anumber of reso-
nances in the range of short A. The results shown in
Figs. 3 and 4 are similar to the complicated effects of
the radical modification of the wave function of chan-
neled electrons in superlattices [13].

Asthe beam passes through the Cr/C/Cr channel, its
total intensity and the intensity of the fundamental
mode vary as shownin Figs. 5 and 6 for different defor-
mation periodsA. Theinitial conditions (at the entrance
into the channel) correspond to the fundamental mode
0. For small-scale deformations with the period close to
that of oscillations of the fundamental mode amplitude,
the transmission factor T depends on whether the defor-
mation period A coincides with the period (or a har-
monic of the period) of the oscillations in the unde-
formed channel Fig. 5 (curves 1 and 1' for A = 45 ym)
or not Fig. 5, curves 2 and 2' for A = 40 pm. The reso-
nance interaction results in the strong absorption of the
beam.

TECHNICAL PHYSICS Vol. 46
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At large-scale deformations (A = 400 um), the total
intensity drops in much the same way as in the unde-
formed channel (cf. curves1 and 2 in Fig. 6). However,
the deformations result in oscillating energy transfer
from the fundamental (zero) mode (Fig. 6, curve 2') to
the lowest (1, 2, etc.) modes. This causes the broaden-
ing of the angular spectrum of the beam at the exit from
the channel.

Thus, the dip in the transmission curve at the energy
E = 17 keV (Fig. 3) [2] can be explained by periodic
disturbances in the Cr/C/Cr layer and by the interfer-
ence between the resulting higher wave modes. This
leads to the attenuation of the beam.

The results obtained provide fresh in sight into
experiments with a“ ditless X-ray collimator” [14, 15].
From data for the angular separation between interfer-
ence peaks in a transmitted beam (with regard for dif-
fraction), the gap between the two polished plates is
approximately 10 um [11] rather than 1 pm, as follows
from [15] in the geometric optics approximation. At the
inclined incidence of the beam, higher transverse
modes are excited; these modes give rise to many peaks
inthe transmitted beam. At the sametime, if unpolished
areas areleft on the plates, theintensity of the emerging
beam does not depend on theinclination at the entrance
due to the strong absorption of the higher transverse
modes with the lowest symmetric maode retained.

Experimentally, this effect can be also measured
shows up asadecreasein the angular width of thetrans-
mitted beam down to the diffraction value A/d. The
resulting angle is much less than the angle of total
external reflection 6. The effective narrowing of the
angle at which X-ray radiation is captured into the
channel can improve the angular discrimination of
X-ray detectors.
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Abstract—Experiments on the change in the electric conductivity of a Na—He gas-discharge plasmairradiated
by both circularly polarized helium lamp emission and polarization-modul ated |aser radiation exciting resonant
transitions of Na atoms are described. © 2001 MAIK “ Nauka/Interperiodica” .

In recent papers [1-3], experiments on the laser
optical orientation of sodium atoms in a gas discharge
excited in a sodium vapor—helium mixture were
reported on. Thus, in [1], the spin polarization of 23S,
metastable helium atoms was produced in a Na-He
plasmain which sodium atoms in the 3°S,, state were
optically oriented by laser radiation. Spin polarization
was recorded by the change in the absorption of helium
lamp emission under the magnetic resonance condi-
tions for the He 23S, state. In [2, 3], a method was
developed and tested for detecting the spin orientation
of helium atoms by the change in the absorption of res-
onant helium emission without using the magnetic res-
onance technique. In these papers, the effect of circular
dichroism of an ensemble of triplet metastable helium
atomsin a Na—He plasma in which sodium atoms were
pumped by polarization-modulated laser radiation was
observed.

In this paper, we continue investigations on the
influence of laser radiation exciting resonant transitions
of sodium atoms on the physical processesin a Na—He
plasma. The aim of this paper isto observe and investi-
gate the optogal vanic effect [4] inaNa—He plasmairra-
diated by both circularly polarized helium lamp emis-
sion and polarization-modulated laser radiation that
resonantly excites sodium atoms. It isknown [5, 6] that
the mutual spin orientation of metastable helium atoms
and akali metal atoms affects the probability of Pen-
ning ionization when these atoms collide in a plasma.
For this reason, breaking or changing the orientation
with the help of magnetic resonance results in the
change of the electric conductivity of an alkali metal—
helium plasma, as was observed experimentaly in
[5, 7]. In order to observe the effect of spin orientation
on theionization processesin aplasma, we used atech-
nigue based on the modul ation of laser polarization [2].
We note that, in our paper, the signal observed was the
change in the plasma conductivity; hence, fluctuations
in the laser radiation amplitude, which in previous
experiments produced substantial interferences during

the optical detection of spin polarization of atoms, were
of minor importance in our case.

A schematic of the experimental setup is shown in
Fig. 1. A gas-discharge cell (a glass cylinder 5 cm in
diameter and 6 cm in length) containing helium at a
pressure of 0.5-1 torr and metallic sodium was placed
in a magnetic field (Hy, ~ 10 Oe) produced by two
Helmholtz coils. The necessary pressure of sodium
vapor was ensured by heating the discharge cell in a
thermostat (~140°C). An RF discharge (~45 MHz at a
voltage of 20-100 V) was excited in the discharge cell
with the help of external electrodes. The RF circuit
used to initiate the discharge consisted of an inductance
coil L, avariable capacitor C,, and a capacitor C, pro-
duced by the electrodes and the discharge cell placed
between them. Near the coil L, there was an antenna A
with a diode detector D, which recorded the amplitude

im0 5 B

LC,C, Ap 6 | | 7
/I
H, i —
3
“H -5
P N4 NAQ)

Fig. 1. Schematic of the experimental setup: (1) gas-dis-
charge cell, (2) RF oscillator, (3) helium lamp, (4) tunable
dye laser, (5) argon laser, (6) amplifier and synchronous
detector, (7) recorder, (P) polaroid, (\/4) quarter-waveplate,
(AM4(Q)) turning mica plate, (Ap) detector antenna, (D) RF
detector, and (LC,C,) RF circuit.

1063-7842/01/4606-0700$21.00 © 2001 MAIK “Nauka/Interperiodica’



POLARIZATION OPTOGALVANIC EFFECT IN SODIUM—HELIUM PLASMA

of the RF voltage at the antenna Ap. The change in the
plasma conductivity resulted in the change in both the
voltage in the RF circuit (which also included the dis-
charge cell) and the amplitude of the RF field emitted
by the circuit. This changein the amplitude of the emit-
ted field manifested itself in the change in the voltage
in the antenna contour A, and was recorded by the
detector D. The increase in the plasma conductivity
resulted in the decrease in both the voltage at the elec-
trodes initiating the discharge and the RF voltage U at
the antenna. Circularly polarized resonant helium lamp
emission entered the discharge cell along the magnetic
field H,. Thisemission produced the optical orientation
of metastable triplet helium atoms. In the opposite
direction, the discharge cell wasirradiated by atunable
CW rhodamine-6G laser created in our laboratory. An
argon LGR-404a laser with a power of ~4 W was used
as a pump. The maximum power of the tunable laser
was ~50 mW and the spectral width was~0.01 nm. The
laser wavelength was varied in the spectral region cor-
responding to the resonant doublet of sodium atoms.
The laser beam passed through a quarter-wave plate
whose orientation determined the sign of circular polar-
ization of laser radiation (o*). The mechanical rotation
of the quarter wave plate with an angular frequency of
Q/211 ~ 10 Hz in the plane perpendicular to the beam
resulted in the periodical (at afrequency of 2Q) change
in the sign of circular polarization of laser radiation.
The optogalvanic signal dU was detected by the modu-
lation (at a frequency of 2Q) of the RF voltage at the
antennawhen the laser wavel ength was tuned to each of
the lines of the resonant doublet of sodium atoms [A =
589.6 nm (D) and A =589.0 nm (D,)]. To increase the
signal-to-noise ratio, we employed a narrowband
amplification and synchronous detection (at a fre-
guency of 2Q) with a subsequent recording of the sig-
nal dU by atwo-coordinate recorder.

The experiment was carried out as follows. Circu-
larly polarized helium lamp emission produced the
optical orientation of metastable helium atoms excited
in the discharge. Simultaneously, the plasma was irra
diated by laser radiation with alternating-sign circular
polarization. When the laser wavelength passed
through the region of resonant absorption of sodium
atoms, the electric conductivity of the plasma changed
with the frequency at which the sign of laser polariza-
tion varied. The observed dU signals are shown in
Fig. 2. The dU signals were recorded at a temperature
of about 120-140°C. The maximum signal amplitude
AU ~ 100 pV (t° = 140°C) was obtained at an electrode
voltage of ~25 V (near the threshold voltage for the
self-sustaining discharge) and an RF voltage at the
antenna of U ~ 4 V; i.e, the relative change in the RF
voltage amplitude was dU/U ~ 2.5 x 107°. The increase
in the amplitude of the dU signal near the threshold for
the self-sustaining discharge is related to the decrease
in the influence of the relaxation of spin orientation of
sodium atoms and metastabl e helium atoms due to col-
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(b)

Fig. 2. Variationsin the Na—He plasma conductivity observed

when scanning the wavelength of the tunable laser (t° =
135°C) near A = (8) 589.6 nm (D7) and (b) 589.0 nm (D).
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Fig. 3. Amplitude of the optogalvanic signal dU vs. the
intensity of helium lamp emission for the laser pumping of
sodium atoms (the laser istuned to the D, line of Naatoms);
OU(1) = 100 pV for the maximum intensity of helium lamp
emission.

lisions with plasma electrons. Moreover, in this case,
the optimum conditions for the generation of the opto-
galvanic signal dU are probably realized [4]. The
forced excitation (or quenching) of the discharge near
the threshold resulted in a decrease (or an increase) in
the detected antennavoltage U by thevalue AU ~ 0.5V,
i.e., therelative changein the RF voltage amplitude was
AU/U ~ 0.1. Assuming that the quantity AU/U ison the
order of the relative contribution from the plasma con-
ductivity in the total impedance of the discharge gap,
we can estimate the rel ative contribution from the effect
of the mutual spin orientation of Na and He atoms to
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Fig. 4. Amplitude of the optogalvanic signal dU vs. laser
intensity (the laser istuned to the D4 line of Na atoms) for
the pumping of helium atoms by radlatl on with (1) o™ and
(2) o™ polarization; dU(1) = 100 pV for alaser intensity of
50 mw.

the plasma conductivity as 8U/AU ~ 2.5 x 10, Accu-
rate calculations of the impedance of the discharge gap
and its change due to the optical orientation of atomsin
the discharge plasma is a rather complicated problem
beyond the scope of our paper.

The change in the sign of circular polarization of
helium lamp emission resulted in the change in the
polarity of the dU signal. The signa amplitude
depended linearly on the intensity of helium lamp
emission; i.e., it was determined by the degree of the
spin orientation of triplet metastable helium atoms. The
dependence of dU on the intensity of helium lamp
emissionisshownin Fig. 3. The maximum of the signal
amplitude corresponds to the maximum intensity of
helium lamp emission.

The dependence of the experimentally observed sig-
nals on the intensity of laser radiation, which pumped
sodium atoms, was quite different. At low intensities,
the signal amplitude grows linearly with intensity. As
the laser intensity increases, the clearly pronounced
saturation is observed at an intensity of =10 mWw.
Curves 1 and 2 in Fig. 4, which are recorded at the
opposite signs of circular polarization of helium lamp
emission, are symmetric with respect to the U = 0 axis.
Asarule, in the absence of helium lamp emission and
at a noise amplitude corresponding to U ~ 5 pV, we
did not observe a change in the electrlc conductivity
under the action of laser radiation.® For pumping by the

LIn some experiments, when tuning to the D, line, we observed
weak (with asignal-to-noise ratio of 1.5-2) dU signals evenin the
absence of helium lamp emission. This is probably related to an
additional weak (in comparison to the optical orientation produced
by helium lamp emission) orientation of helium atoms due to spin-
dependent processes occurring during the collisions of helium
atoms with oriented sodium atoms or polarized electrons; these
weak signals may also be caused by other optogalvanic effects
(e.g., the photoexcitation of sodium atoms). These signals require
a separate study at a substantially higher signal-to-noise ratio.
When analyzing the effects observed, these signals can beignored.

DMITRIEV et al.

D, and D, lines of sodium atoms, the signalsdU had the
same polarity. When tuning to the D, line, the change
in the RF voltage was four to five times larger than for
the tuning to the D, line. No other difference in the
behavior of the dU(D;) and oU(D,) signals was
observed.

Therefore, the results presented in Figs. 2—4 show
that the polarization optogalvanic effect in a Na—He
gas-discharge plasma containing optically oriented
23S, metastable He atoms and irradiated by circularly
polarized laser radiation corresponding to the D, and
D, transitions of Na atoms is related to the value and
mutual orientation of the spin momenta of the ensem-
bles of helium and alkali metal atoms. Thisrelation can
be explained by the dependence of the probability of
the Penning ionization reaction

Na(3°Sy,) + He* (2°S))
— Na'(2's)) +He(1's)) + e

on the mutual orientation of spin momenta of colliding
atoms [5-7].

For the same orientation of spin momenta of collid-
ing atoms, the Penning ionization reaction (1) isforbid-
den because of the conservation of both the total spin
and its projection. The change in the orientation direc-
tion of one of the reagents with respect to the orienta-
tion of the other (in our case, the change in the sodium
atom orientation with the frequency 2Q or the change
in the sign of polarization of helium lamp emission)
lifts this restriction. As a result, the number of free
electrons in the gas-discharge plasma increases, which
manifests itself in the experiment as variations in
the conductivity of the discharge plasma at the fre-
guency 2Q.

The linear dependence of the signal amplitude dU
on both the intensity of helium lamp emission I
(Fig. 3) and laser radiation I, at small laser intensities
(Fig. 4) is explained by the linear dependence of the
degree of orientation of helium and sodium atoms on
the intensity of the corresponding pump radiation. At
higher laser intensities, we observed the nonlinear
intensity dependence of the signa dU(ly,). This is
explained by the optical saturation of the degree of ori-
entation of sodium atoms [8] due to the competition
between the processes of optical orientation and optical
relaxation. The difference in the amplitudes of the
oU(D,) and dU(D,) signals (see, e.g., Fig. 2) isdueto
the different intensities of the process of optical orien-
tation of sodium atoms for the 3°S,,, — 3?P,,, and
3%S,, — 3Py, transitions [8].

Thus, we have revealed and investigated the polar-
ization optogalvanic effect in a sodium-helium plasma
simultaneoudly irradiated by both resonant (for Na
atoms) laser radiation with alternating-sign circular
polarization and circularly polarized helium lamp
emission. It is shown that this effect is related to the

D
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dependence of the probability of the Penning ionization
reaction occurring during the collisions of optically
polarized helium and sodium atoms on the mutual ori-
entation of their spin momenta. In the experiment, this
dependence manifests itself as a change in the electric
conductivity of the gas-discharge plasma at the doubled
modulation frequency of the polarization of laser radi-
ation when it is tuned to the lines of the resonant dou-
blet of sodium atoms.
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Abstract—The dependences of the parameters of a continuous optical discharge in an interelectrode space of
athermoelectronic laser energy converter on the gas pressure, electron emission current, and discharge current
are studied. The current—voltage characteristics of the discharge are calculated. © 2001 MAIK “ Nauka/Inter-

periodica” .

1. In the first part of our study [1, 2], we demon-
strated the essentialy equilibrium character of the
plasma in the core of a continuous optical discharge
(COD) intheinterelectrode space of athermoel ectronic
laser energy converter (TELEC) under typical operat-
ing conditions [3]. Significant deviations from equilib-
rium take place only in narrow layersin the vicinity of
electrodes and COD edges. With allowance for this
fact, we formulated a set of equations describing the
equilibrium core of aCOD inthe TELEC interel ectrode
space. An anaysis of the processes occurring in the
nonequilibrium electrode regions yields the corre-
sponding boundary conditions. We devel oped a method
for numerically solving the above set of equations and
computer codes for TELEC simulations and created a
data base on the thermophysical, optical, and transfer
properties of argon plasmain TELEC. We also reported
on the preliminary results of calculations of the COD
parameters.

In the second part of our study, we employ mathe-
matical simulation to obtain new data on the character-
istics of aCOD in the TELEC interel ectrode space and
the effect of the parameters of the converter on the con-
version efficiency of laser energy deposited in the dis-
charge.

2. Let us specify the mathematical model of
TELEC. We consider an axially symmetric TELEC
filled with argon at the pressure P,. A hot electrode
(emitter) with aradiusr, emits electrons, whereasarel-
atively cold electrode (collector) with an internal radius
r, > r, does not emit charged particles. A stationary
COD is maintained in the interelectrode space of the
converter by dlightly focused laser radiation propagat-
ing in the positive direction along the z axis. We assume
that the characteristic absorption length of laser light is
much larger than the emitter—collector distance L.

This geometry allows us to simplify the mathemati-
cal description of the converter using its axial symme-
try. On the other hand, it is also possible to take into

account the fact that the collector area must be much
larger than the emitter areafor efficient TELEC opera-
tion [4].

Plasma predominantly emits in the short-wave-
length spectral region, where the electrode reflectivity
islow [5]. Therefore, we can assume that the el ectrodes
are black and completely absorb plasmaradiation. Esti-
mates show that the reabsorption of plasmaradiationin
aTELEC with black electrodes at an interelectrode dis-
tance of L ~ 1 mm and low gas pressure (P, < 1 atm)
plays a minor role in the plasma energy balance and,
thus, can be neglected. This fact allows one to substan-
tially speed up calculations because, in this caseg, it is
not necessary to calculate the distribution of plasma
emission in the interel ectrode space.

Let us consider a weakly ionized electrode plasma,
which is of special interest for thermoelectronic laser
energy conversion.

We performed calculations for an emitter radius of
r, =0.2cmand internal collector radius of r, = 0.5 cm.
A dlightly focused tubular laser beam with a wave-
length A = 5.3 pm propagated along the converter axis
(the z axis). In the absence of a plasma, the beam was
focused into a ring focal spot between the electrodes
(theringradiusbeingr = (r, +r,)/2) at adistance of F =
15 cm from the entrance to the interel ectrode gap (IEG)
(z=0). As arule, the discharge did not reach the IEG
boundaries (z= 0 and z = z,,,, = 10 cm). The tempera
tures at the boundaries were assumed to be constant and
equal to Ty, = (Tg + To)/2, where Tz and T are the emit-
ter and collector temperatures, respectively. The calcu-
lations were carried out for large densities of the elec-
tron emission current eJg from the emitter (several hun-

dreds of A/cm?), becauseit is thisrange of eJg inwhich
high TELEC efficiency can be achieved [3].

3. Figures show the results of calculations. Figure 1
demonstrates the isotherms of the COD core in the
TELEC interelectrode space at an argon pressure of

1063-7842/01/4606-0704%$21.00 © 2001 MAIK “Nauka/Interperiodica’
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Fig. 1. COD isothermsin the TELEC interel ectrode space at
Po=1am, q =100 kW, Tg =2000K, Tc = 1000 K, eJg =
500A/cm?, F =15 cm, and J= 0. Thenumeralsat the curves
show the plasma temperature in kK.

P, =1 atm, alaser power of g, = 100 kW, and an elec-
tron flux density in the discharge core of J = 0. The
plasma temperature in the center of the discharge core
amounts to 20 kK and decreases to approximately
10 kK in thevicinity of the electrodes. The axial length
of the high-temperature discharge region is about
1.5 cm, whichis substantially larger than the interelec-
trode distance. Therefore, the processes of radial trans-
port can be treated in the quasi-one-dimensional
approximation. In the case at hand, the discharge
absorbs up to =25% of laser power entering the IEG.
The energy losses in the discharge are mainly deter-
mined by plasma emission (=23 kW), whereas =2 kW
are lost due to plasma heat conduction. The radiation
power density at the electrodes is =3.3 kW/cm?, which
is substantially higher than the power spent on heating
the electrons from the emitter (=0.6 kW/cm?). We note
that most of the energy emitted by the plasmaislost and
cannot be used for laser energy conversion.

Figure 2 showsthe power of COD emission at wave-
lengths exceeding the given wavelengths. The dis-
chargeemitsmainly inthe UV region: 70% of theemis-
sion power fals in the wavelength range below
0.17 pm.

Thus, the COD in the TELEC interelectrode space
at an argon pressure of P, = 1 atm is five times longer
than the IEG. That the discharge length is relatively
small leadsto substantial energy losses at the discharge
ends. This also results in that only a small part of the
electrode surface operates in the optimum mode of
laser energy conversion. In addition, the losses of the
deposited laser energy dueto plasmaemission giverise
to large heat load on the electrodes.

The radiative losses decrease and the discharge
length increases with decreasing gas pressure. The
decrease in the pressure leads to both the proportional
decrease in the intensity of plasma emission per unit
length of the COD and the concentration of electronsin
the central part of the discharge, which causes a qua-
dratic decrease in the plasma absorbance. Figure 3
shows the z profiles of the plasma temperature in the
middle of the IEG (r = 0.35 cm) at two argon pressures.
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Fig. 2. Radiation energy emitted by a COD at the wave-
lengths exceeding the given wavelength under the condi-
tions of Fig. 1.

The twofold decrease in the pressure leads to a
=1.5-fold increase in COD length (cf. curves 1 and 2),
which substantially improves the longitudinal unifor-
mity of the discharge. The energy spent on heating
electrons emitted from the emitter increases with
decreasing pressure (=0.04 at P, = 1 atm and =0.09 at
P,=0.5atm). We also observed the twofold decreasein

the light intensity at the electrodes (to =1.6 kW/cm?).
At the same time, the temperature of the discharge
plasma remains almost unchanged.

Figure 4 showstheradia profiles of the plasmatem-
perature T (curve 1), electron density n (curve 2), and
electric potential ¢ (curve 3) in the midplane of the dis-
charge (z = 2.5 cm) under conditions corresponding to
curve 2 in Fig. 3. The plasma temperature profile is
bell-shaped. Due to the absorption of laser radiation in
the plasma, the curvature of the T(r) profile is negative
in the central part of the IEG. The curvature becomes
positive when approaching the electrodes due to energy
losses caused by plasma emission. The curvature
becomes negative again in the vicinity of the emitter
because of the cylindrical symmetry of the converter.
The plasma temperature in the center of the discharge
is approximately two times higher than that in the
vicinity of the electrodes. In thin regions near the elec-
trodes (with awidth of ~2.6 x 102 cm in the midplane
of the discharge), the temperature of the heavy compo-
nents (atoms and ions) falls by one order of magnitude.
This leads to large energy fluxes (=0.25 kW/cm?)
toward the el ectrodes carried by the heavy plasmacom-
ponents. In the midplane of the discharge, the energy
spent on the heating of electrons emitted from the emit-
ter (see formula (31) in [2]) and the generation of ions
in nonequilibrium regions near the emitter and collec-
tor amounts to 720, 59, and 85 W/cm?, respectively.

In the center of the IEG, the plasmais almost com-
pletely ionized. At the boundaries of the discharge core,
the degree of ionization is no higher than one-tenth.
The n(r) profile has a minimum in the middle of the
IEG due to plasma overheating, which is typical of a
stable discharge.
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Fig. 3. Axial profiles of the plasma temperature in the mid-
die of the IEG at Tg = 2000 K, T = 1000 K, eJg =

500A/cm?, F = 15 cm, and J = O for (1) Py = 1 atm and
g. =100 kW, (2) P = 0.5 atm and q_ = 169 kW, and
(3) Pp=0.5amand g, =184 kW.
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Fig. 4. Radia profilesof (1) the plasmatemperature (in kK),

(2) electron density (in units of 106 cm3), and (3) electric
potential (in V) in the midplane of the discharge vs. radius
at Py = 0.5atm, g, = 169 KW, Tg = 2000 K, T = 1000 K,

eJg = 500 A/cm?, F = 15 cm, and J = 0.
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Fig. 5. Paths of laser raysin the TEL EC interel ectrode space
under the conditions of Fig. 4.

Theradial profile of the electric potential hasachar-
acteristic shape with alarge negative drop near the col-
lector, a smaller drop near the emitter (because of a
fairly large emission current from the emitter), and a
relatively small drop in the discharge core plasma,
because the plasma temperatures (and, hence, the elec-
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tron densities) at the emitter and collector boundaries
of the discharge core are close to each other in the case
at hand (J = 0). We recall that the electrode potential
jump includes both the potential jump in the Langmuir
sheath and the changes in the potential in the nonequi-
librium and quasi-equilibrium electrode regions.

Thus, the plasma of the COD in the TELEC inter-
electrode space is strongly nonuniform in the radia
direction. In such a plasma, laser radiation undergoes
substantial refraction. Figure 5 shows the paths of the
laser raysin the TEL EC interel ectrode space cal cul ated
in the geometric-optics approximation. Although this
approximation is insufficiently accurate to adequately
calculate the propagation of laser radiation in the
TELEC interelectrode space, it till gives anideaof the
refraction characteristics of the interelectrode plasma.
Recall that, in order to determine the COD characteris-
tics, we calculated the propagation of laser radiation in
the TELEC interelectrode space in the quasi-optical
approximation. As the laser radiation propagates along
the interelectrode space, a fraction of laser radiation
from the low-intensity peripheral regions is deflected
towards the electrodes. The remaining radiation is
focused at a distance smaller than that in the absence of
aplasmainthe |IEG (z= 15 cm). The latter fact isillus-
trated by Fig. 6, which shows the radial profiles of the
laser intensity calculated in the quasi-optical approxi-
mation.

Steady-state optical discharges under consideration
exist only within a narrow range of the laser power. As
the power decreases, the discharge length decreases
and the dischargeis quenched. Anincrease in the power
leads to an increase in the discharge length, which is
favorable for the optimum regime of TELEC operation.
However, gas heating in front of the leading (left) edge
causes the discharge to displace along the |EG towards
the laser. In the case at hand, the discharge is stabilized
only after it reaches the left IEG boundary (z = 0), at
which the temperature is set to Ty, = (Tg + To)/2.
Curve 3inFig. 3 showsthe z profile of the plasmatem-
perature in the middle of the |EG for such a discharge.
The formation of a rather sharp leading edge at z=0
leads to the removal of a substantial amount of heat
from the discharge edge, which resultsin discharge sta-
bilization. Inareal TELEC, itishardly possibleto pro-
vide a simple method of heat removal from the lens or
a transparent window covering the IEG. For aTELEC
with an opened left end and laser intensity slightly
exceeding that corresponding to the stationary dis-
charge in the IEG (Fig. 3, curves 1, 2), the discharge
diameter canincrease after propagating fromthe IEG to
theregion z< 0. Thiswill give rise to additional energy
lossesin the edge region of the discharge and will result
in discharge stabilization. The stabilization of the dis-
charge can aso be attained by using gas being blown
along the gap or fairly strong focusing of the laser
beam. In the future, we plan to study alternative meth-
ods for stabilizing the discharge.

TECHNICAL PHYSICS Vol. 46

No. 6 2001



THEORETICAL STUDY OF THERMOELECTRONIC LASER ENERGY CONVERSION: 11

4. When considering the radial transport processes,
we can assume that the discharge is quasi-uniform
along the z-axis. Hence, we can study the electrophysi-
cal characteristics of the discharge using a simplified
one-dimensional model under the assumption that the
laser intensity is independent of z. Figure 7 shows the
current—voltage (1-V) characteristics of the IEG of a
converter (i is the discharge current density per unit
electrode length) for different electron emission cur-
rents from the emitter and different argon pressures.
These characteristics can be transformed to the |-V
characteristics of the converter by adding the difference
of the collector and emitter work functionsto the poten-
tial difference V between the collector and emitter.
Thus, the characteristics presented can be regarded as
converter characteristics for equal work functions.

Within the range of the emission currents and argon
pressures under study, almost one-half of the 1-V char-
acteristicsliein the region of negative voltages (conver-
sion region). The increase in the electron emission cur-
rent eJg at a given |IEG voltage V leads to an increase
(somewhat slower than proportional) in the converter
current and a corresponding increase in the conversion
efficiency, because the absorption of laser radiation is
almost unresponsive to the increase in eJg. In addition,
the increase in eJg causes an increase in the off-load
voltage (cf. curves 1 and 2 in Fig. 7). The twofold
decrease in the pressure (cf. curves 2 and 3 in Fig. 7)
insignificantly changes the current but causes a more
than twofold decrease in energy losses due to plasma
emission and the corresponding increase in the conver-
sion efficiency.

L et us consider the dependence of the parameters of
the COD plasma on the converter current. Figure 8
shows the radial profiles of the plasma temperature for
three points of the |-V characteristic. As the current
increases, the plasmatemperature increasesin the emit-
ter region and decreases in the collector region. The
changes in the plasma temperature are caused by the
current-dependent changes in the energy flux from the
boundary of the equilibrium core of the discharge (see
the last term on the right-hand side of formula (31) in
[2]) and in the volume heat sources near emitter and
heat sinks near collector (see the last two terms on the
right-hand side of formula (5) in[2]).

The changes in the plasmatemperature in the vicin-
ity of the electrode boundaries of the COD core lead to
similar changes in the energy spent on the heating of
electrons emitted from the emitter to the plasma tem-
perature, heat transfer to the emitter caused by ions and
atoms, and the generation of ionsin the nonequilibrium
region (see formula (31) in [2]). These energy losses
strongly (the second and the third exponentially)
depend on the plasma temperature. Their changes, in
turn, decrease the variations in the plasma temperature
near the electrodes. Consequently, the plasmatempera
ture weakly depends on the current. However, even
minor variations in the plasma temperature change the
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Fig. 6. Radia profiles of the laser intensity (in arbitrary
units) under the conditions of Fig. 4 for z= (1) 0.1, (2) 5.0,
(3) 7.0, and (4) 8.0 cm.
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Fig. 7. 1-V characteristicsat Tc = 1000 K for (1) Py =1 atm,
Te = 3000 K, eJg = 200 A/cm?, and the absorbed laser
power per unit length of the discharge W(Ll) =17 kW/cm;
(2) Po=1am, T = 3000K, eJg = 600 Alem?, and W) =
19 kw/cm: and (3) Py = 0.5 atm, Tg = 2000 K, eJg =
600 A/cm?, and W = 10 kwi/cm.

T, kK
20 -
18
16 |-
14 -
12 1
101 3 I2

0.2 0.3 0.4

0.5r, cm

Fig. 8. Radia profiles of the plasma temperature at Py =

0.5am, Tg = 2000 K, T = 1000 K, and eJg = 600 A/cm?
fori = (1) 0, (2) 150, and (3) 380 A/cm.

electron density (Fig. 9), which exponentially depends
on the temperature in aweakly ionized plasma.

Figure 10 shows the radia profiles of the electric
potential for three values of the converter current. As
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Fig. 9. Radial profiles of the electron density under the con-
ditions of Fig. 8.
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Fig. 10. Radial profiles of the electric potential under the
conditionsof Fig. 8; Vq, V,, and V3 arethe IEG voltagesfor
the corresponding curves.
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Fig. 11. Radial profiles of the specific power deposited in
the plasma under the conditions of Fig. 8.

the current increases, the emitter jump of the potential
increases, whereas the absolute value of the collector
jump decreases. The potential difference between the
collector and emitter boundaries of the discharge core
decreases (the absolute value increases) with current
due to the change in the plasma temperature and the
electron density at these boundaries.

The gradients of the temperature, electron density,
and electric potential are low in the middle of the inter-
electrode gap, where the mgjor part of laser energy is
absorbed. Accordingly, the current-dependent volume
heat sources and sinks are low in comparison with the
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absorbed laser energy. Thus, the current only dightly
affects the temperature and electron density in that
region of the IEG and, consequently, laser energy
absorbed in the plasma. Specificaly, the change in the
current density per unit length i from O to 380 A/cm
leads to a change in the absorbed laser energy by ~1%.
Figure 11 shows the total volume energy deposition in
the plasma caused by the current and the absorption of
laser radiation. This quantity is the sum of the specific
power deposited in the plasma due to the absorption of
laser radiation W, and the last two terms on the right-
hand side of formula (5) in [2].

5. Therefore, a COD several centimeters long can
exist in the TELEC interelectrode space. The plasma
temperatures in the center of the discharge core and
electrode regions can attain =20000 and =10000 K,
respectively. A decrease in the gas pressure makes it
possible to increase the discharge length and its axial
uniformity and decrease the radiative losses per unit
length of the discharge. In this case, the plasmatemper-
aturein the |EG remains almost unchanged.

As the discharge current density per unit length i
increases, the plasma temperature in the emitter region
of the discharge coreincreases, whereasin the collector
region it decreases. This leads to the corresponding
changein the electron density in these regions. Another
consequence of the increase in i is the increase in the
emitter jump of the potential and the decrease in the
absolute value of the collector jump. For the fixed volt-
age at the IEG, i grows slower than the electron emis-
sion current from the emitter. The change in the pres-
sure only dlightly affects the value of i.
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Abstract—An el ectromagnetic centimeter-wave quasi-optical two-mirror open resonator isstudied. The eigen-
frequency spectrum of the resonator is determined and the Q factor is measured. The structure of a standing
wave in the resonator is visualized by an el ectrodel ess microwave discharge. The experimental results are com-
pared with theoretical values. © 2001 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

In the simplest case, electrodynamic systems
referred to as open resonators are composed of two
plane or spherical concave mirrors placed face-to-face.
Initially, interest in these devices was related to their
use in electromagnetic oscillators of optical, submilli-
meter-wave, and millimeter-wave bands [1, 2]. Later,
they found applicationsin plasmadiagnostics[3] andin
studying high-pressure electrodeless microwave gas
discharges [4, 5].

Electrodeless microwave discharges are discharges
that occur in wave beams at a significant distance from
beam-forming elements. At gas pressures of p <
100 torr, such discharges can be excited by focused
microwave beams [6, 7]. At p < 150 torr, resonators
whose dimensions are comparable to the wavelength A
are widely used [8]. At higher p (up to tens of atmo-
spheres), quasi-optical open resonators can be used to
study electrodeless discharges.

An atmospheric-pressure discharge in the field of a
two-mirror resonator was described in [4]. The dis-
charge was excited in air at the center of the resonator
at a distance of several tens of centimeters apart from
the closest construction elements. It had the form of a
thin plasma channel, which efficiently absorbed the
energy accumulated in the resonator by the time of the
discharge ignition. This energy was accumul ated at the
center of the discharge channel, inasmall nucleus, hav-
ing the nature of amicropinch [9, 10]. This method for
producing the pinch effect opens unique possibilities
for its study and applications[11].

At present, atheory exists that relates the geometry
of an open resonator with circular spherical mirrors to
its eilgenmodes and the resonance conditions[12]. Sev-
eral papers were published on the measurement of the
Q factor of such resonatorsin the millimeter-wave band
[13, 14]. The ignition of a microwave discharge in an
open resonator in the 8-mm and 10-cm wavebands was

studied in [4, 5]. However, a number of fundamental
problems are still not clearly understood, e.g., the prob-
lem concerning efficient coupling between the resona
tor and the feeding microwave oscillator, the magnitude
E, of thefield in the resonator, and the el ectromagnetic
energy W, accumulated in it.

1. ELECTROMAGNETIC FIELD STRUCTURE
IN A RESONATOR WITH CIRCULAR
SPHERICAL MIRRORS

We consider a resonator consisting of two identical
circular spherical mirrors placed face-to-face at a dis-
tance of 2L < 2R, where R,;; is the radius of the mir-
ror curvature. The mirrors reside on the polar x axis
with the origin at the resonator center [12]. Let the mir-
ror diameter be 2a,,;,. The resonance electromagnetic
oscillations may exist in the resonator if its dimensions
and the wavelength A of the feeding field are related as

2L/(A/2) = g+ (2/m)(m+2n—-1)arcsin,/L/R.;, (1)

where gisalargeinteger; m=0,1,2, ...;andn=1,
2, ... . Theintegers g, m, and n characterize the varia-
tions of thefield in the x coordinate, polar angle ¢, and
radius r, respectively. We are interested in the simplest
axially symmetric modewithm=0and n= 1. It hasthe
form of a standing wave along the resonator. At odd q,
the distribution of the electric field amplitude along the
x axisin the central region of the resonator can be writ-
ten as

E = Ejcos(2TxX/A ), 2

where A, isthe wavelength in the resonator, which can
be written using relationship (1) as

Aies = M1+ [2/(Tg)] arcsin,/L/Ryr). ©)
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In the focal plane (at x = 0), this field component
dependsonr as
E = Ee (4)

where

a = JMT/L(R,/L-1). (5)

The éectric current on the mirrors for this mode is
also independent of ¢ and has a Gaussian distribution
similar to distribution (4) with the characteristic dimen-
sion

o = NNTERG /(R L) = 1] . (6)

It follows from formulas (5) and (6) that, asL —
R.ir» thefield is mainly concentrated near the resonator
axis, while the characteristic dimension of the current
distribution on the mirrors grows. For a high-Q resona-
tor, the ratio of the power of diffraction loss due to the
finite mirror radius to the power incident on the mirror
(i.e., thediffraction loss factor a;) can be expressed as

23/ aqy)’
g = € (o aw)- (7)
The oscillation mode in the resonator is determined
not only by expression (1), but also by the excitation
conditions. For example, for the mode with m = 0 and
n = 1, the excitation current on the mirrors must be
localized in their central regions and be equiphase. To
excitethe modewith m=0and n= 2, the currentsin the
central region and in the ring around it must be
antiphase.

2. NORMAL INCIDENCE
OF AN ELECTROMAGNETIC WAVE
ON A METAL MIRROR

Before proceeding to anayzing the resonator
energy characteristics, we consider, for reference, the
familiar case of the normal incidence of a TEM wave
on aplane metal mirror and assume that

(eqwlo) < 1, (8

where g, = 10%/(36m) F/m, wisthe circular frequency,
and o isthe conductivity of the mirror material.

In this case, the magnitude of the reflected-to-inci-
dent wave amplituderatiois

p = 1-,/2(g,wl0), 9

and the reflected wave is shifted in phase by [(Tt1— )]
with respect to the incident one, where

Y = .J2(g,w/0). (10)

In the centimeter waveband, o of highly conducting
metals is about 10’ 1/(Q m) and condition (8) is satis-
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fied with a considerable margin so that the angle Y may
be neglected as compared to 11, and p is close to unity.

The reflected-to-incident wave power ratio (i.e., the
reflection coefficient a,4) is equal to the sguared p:
0.« = p?. It follows from the power conservation law
that, when condition (8) is satisfied, the absorption
coefficient o, defined as the ratio of the power
absorbed in the mirror due to the skin effect to the inci-
dent power, is

a,=y° = 1-p° = 2,/2(g,0/0).

Finally, for a mirror with a high conductivity, the
following approximation isvalid:

(11)

p=1-(1/2)a,. (22

If the mirror is perforated with apertures, then a part
of the incident electromagnetic energy will penetrate
through them. Let thefield belinearly polarized and the
apertures be circular with radius r,, < A/(4m) and be
punched at the nodes of a rectangular mesh with cell
sizes of h and x (both less than A). One of the sides of
themeshisparallel to E and the other sideis perpendic-
ular to it. Let the mirror thickness be A < 2r,.. In this
case, the transmitted-to-incident wave power ratio (i.e.,
the coupling coefficient) is

Ooon = ©7 = [(16T05,)/(30XA)]”. (13)
Further, we will consider the case d,, << 1 and will
be interested in the question whether the relationship

p = 1_(1/2)acon_(1/2)a0 (14)

isvalid.

3. ENERGY CHARACTERISTICS
OF A TWO-MIRROR RESONATOR

In view of the above considerations, we will present
and discuss the expressions that relate the field ampli-
tude E, at the resonator focus and the energy W, accu-
mulated in the resonator to the power P of thefeeding
microwave oscillator and the resonator characteristics.
We first consider a simpler resonator composed of two
infinite plane mirrors and assume that the distance 2L
between the mirrors satisfies the resonance conditions.
Figure 1 schematically illustrates the field structure in
the resonator a time t after a primary unit-amplitude
wave has impinged on semitransparent mirror 1 nor-
mally from the |eft. The letter C indicates the superpo-
sition of waves that form the reflected wave, and E; is
the superposition of waves in the resonator (it is seen
that the latter is composed of two waves E_ and E
traveling in opposite directions). The individual waves
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in the superpositions C and E, are marked with their
relative amplitudes, whose signs allow for their relative
phases and the indices at the coefficients p and y are
related to the first or second mirror.

Individual terms in these superpositions are the
terms of geometric progressions. We can write

O°p,[1—(p;p,)'

Ck=-pst 1-pp, (15)
@2
T Th l—pplzpz’ &
E« = Ec. +tE
_ Ol1=(p:p)] , Opall=(pspr)] (V)
1-pip, 1-pip, ’
E,= E_+E_
©_ . op, _ O(1+p,) (18)

- 1-pip; 1-p1p; 1-pip,’

where the symbols C and E with indices k refer to the
sums of k terms and those without indices refer to the
sums of an infinite number of terms.

Figure 1 shows that, when passing over from the
sumsto the functions C, and E, smoothed intimet, one
should take into account the relationship

k = t/(4L/c), (29
where c is the speed of light.
We introduce the time constant
T = (4L/c)[1/ (a4 + U/ 2)] - (20)

Then, expressions (15) and (16) and the identity
(P1p2)* = exp(kIn(p,p,)) yield the time dependence of
the reflected wave:

C. = (C,—-C)e" +C, (21)

where Cy = —p; O -1. With alowance for expressi-
ons (12) and (14), weobtainaty; Oy, =y
C = —1+20y/(20,+ 0gyp)- (22
Formula (21) shows that, at t = 0, the wave incident
on mirror 1 is almost completely reflected from it and,
then, the amplitude of the reflected wave tends expo-
nentially to the value C defined by formula (22). It fol-
lows from formula (22) that C tendsto zero at
= 2d,.

acon -

(23)

This is the familiar condition for the optimal cou-
pling between the resonator and oscillator, which pro-
vides a zero reflected wave at t > T in the feeder that
guides microwave energy to the resonator. Similar
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Fig. 1. Electromagnetic field structure in a resonator.
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Fig. 2. Field amplitude in aresonator vs. coupling with the
oscillator.

transformations applied to formulas (17) and (18) yield
the expression for the field in the resonator:

E, = Eo(1—e™), (24)
where
Eo = (2/.J04) U/ 06/[1+ U/ (20,)] . (25)

An analysis of formula (25) shows that condi-
tion (23) provides the maximum saturation field in the
resonator:

2/, (26)

EOopt =
Figure 2 plots Ey/Eqqpy Versus the ratio o ,,/20.

The time constant 1 defined by formula (20) alows
usto write an expression for the Q factor of the resona-
tor, which, according to one of its possible definitions,
is the number of electromagnetic field oscillations dur-
ing thetime T multiplied by Tt

Q= (w1)/2 = T[2L/(M2)][L/(0g + ae/2)]. (27)

This is the so-called loaded Q. The Q factor of an
unloaded resonator ishigher; it isgiven by formula (27)
at Ogon = 0.
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Fig. 3. Amplitude of the electric field in aresonator vs. time
for different deviations of itslength from the resonant value
AL=(1)0,(2)1.5,(3)3,(4)4.5,(5)6,(6) 7.5,(7) 9, (8) 10.5,
(9) 12, (10) 13.5, and (11) 15 x 10~* cm.

This wave summation procedure can be performed
at an arbitrary 2L/A. This approach gives the following
formulafor the saturation field in the resonator:

c - 0,/1+ 2p,cos[(4TUN)2L] +p>
0

Jl —2p,p,Cos[(4TUN)2L] + (plpz)z'

Formula (28) describes resonance curves Eg(A) or
Eo(2L). Near the resonance values of A or 2L, it can be
reduced to the known expressions

Eo(A) _ 1

Bo  J1+[Q@aMA)?

(28)

or
Eq(2L) _ 1
Eo Ji+romaLzu?

where E, and Q are given by formulas (18) and (27),
respectively, and AA and AL are the full widths of the

resonance curves at a level of 1/./2 of the resonant
value E,.

Expressions (29) are also used as a possible defini-
tion of the Q factor.

The shape of the incident wave front can differ from
the step function. For example, it may be described as
1 — exp(—t/1;,). In this case, applying the above wave
summation procedure, we obtain (for a.,, = 20, as an
example) that the field in the resonator grows as

(29)

_(t/ rs) _(t/ m)
Ee = Eofl- (T = =Tin€ "M (Tres—Tin)], (30)

where T, is the time constant, which is an intrinsic
characteristic of the resonator and, according to for-
mula (27), is determined by its quality factor.

GRACHEV et al.

Figure 3 plots the function Ey(t) calculated from
expressions (28) and (30) for different deviations of the
resonator length from the resonant value at o, = 1.6 x
104, 2L/(A\/2) = 11, A = 8.9 cm (see Section 4), O, =
204, and T;, = 1.5 ps. The upper curve corresponds to
AL = 0; the higher AL, the lower the curve.

Let the incident field and the field in a resonator
with plane mirrors be symmetric about the x axis and
the amplitude have a Gaussian radia profile with the
characteristic scale length a. Also, let the coupling
between the resonator and source be optimal and t > T.
At the input of this resonator, only the incident wave
exists. It may be characterized by the Poynting vector.
Theintegration of the magnitude of the Poynting vector
over the surface perpendicular to the x axis gives the
power of the wave traveling from the oscillator to reso-
nator:

Pow = [En/(22,)] (ma’/2), (31)

where z, = 120 Q and E;,, is the amplitude of the inci-
dent wave.

We use expression (31) to find E;,; then, taking into
account formula (26), which implies the incident wave
amplitude is equal to unity, we obtain the relationship
between the oscillator power and the saturation field in
the resonator:

Eo = (2/2)./(2nPo20)/(Ti0,), (32)
wheren isthe oscillator power utilization factor, which
is less than unity, e.g., due to the mismatch between
wave fronts at the entrance mirror of the resonator.

Taking into account expressions (5) and (27), rela
tionship (32) can be written as

E - i Qn POSZZO - 2 Qr] POSCZO
O 7 Ttan 2L/ (A /2) nL JL(R, —L)

We note that formula (32) is convenient when
designing the resonator, while formula (33) contains
quantities that can be measured experimentally. Fur-
thermore, formula (32) implies that diffraction losses,
estimated by formula (7), are small as compared to
thermal losses in the mirrors:

O < Uy (34
In the resonance, the field distribution along the res-
onator hasthe form of a standing wave. Unlike the trav-
eling wave, the E and B vectors in the standing wave
are not only orthogonal, but are also shifted in phase by
1. In this case, the notion of the Poynting vector
becomes meaningless. At the same time, the standing
wave is equivalent to the sum of two wavesE_ and E
traveling at equal velocities in opposite directions.
These waves, whose amplitudes are twice as small as
the standing wave amplitude, can be characterized by
the Poynting vector and, similarly to expression (31),
their power can be written as

P. = P_ = (E/2)*ma%4z,. (35)
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With relationship (32), thisformulayieldsP _a,, =
P,and (P_a, + P_a,) = Py i.e, asit should be for
the optimal coupling in the saturation regime, the wave
that exits from the resonator through the coupling aper-
tures completely compensates for the reflected wave
and the energy that enters the resonator is completely
absorbed by the resonator mirrors.

It was found experimentally that gas breakdown in
aresonator with ahighly focused field occurs mostly in
thefocal region [4]. A significant absorption of electro-
magnetic energy was observed in the discharge channel
only inthefinal (about 1-ns-long) stage of itsevolution.
Thistimeis comparable to that needed for the accumu-
lated energy to discharge from the resonator:

t., = 2L/c. (36)

We define the resonator power P, asthetotal power
of wavestraveling in both directions through its central
plane. Then, expressions (32) and (35) yield

Pe=P_+P_ = nP(1/a,). (37)

The value of P, determines the maximum possible
rate of supplying the microwave discharge with electro-
magnetic energy. It increases with P, and the conduc-
tivity of the mirror material. If an imaginary surface
with a 100% absorption isinstantly introduced into the
resonator central plane, the product P, Will deter-
mine the energy accumulated in the resonator:

W, = nP.(2L/c)(1/ay). (38)
Using the above relationships, expression (38) can
be reduced to

goEoma’2L _ 2QN Py

2 2 2 w

W, =

4. EXPERIMENTAL SETUP

A layout of the experimental setup used to study the
two-mirror open resonator isshownin Fig. 4. A distinc-
tivefeature of the setup isthat it operates at the low-fre-
guency range of the centimeter-wave band. The setupis
built around pulsed magnetron 1, which generates an
electromagnetic wave at the circular frequency w =
2.12 x 10% s, It feeds a waveguide line, which con-
tains circulator 2, switch 3, attenuator 4, lens system 5,
and two-mirror resonator 6 with measurement circuit 7.

Lens system 5 formed a linearly polarized TEM
wave with a plane wave front over acircular aperture of
diameter 2a,,. = 60 cm. The normalized radial power
distribution in the exit aperture is shownin Fig. 5. The
maximum measured radiated power was P..= 1 MW.
The aperture produced rectangular microwave pulses
with duration t,; (40 ps and characteristic rise and fall
times T, J0.3 ps and T, [10.8 ps, respectively, at A =
8.9 cmwith thevector E perpendicular to the axis of the
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Fig. 5. Normalized microwave power distribution over the
radiating aperture.

microwave beam. The time between individual pulses
was no shorter than 10 s.

Resonator 6 was placed at adistance of H=7.8 cm
from the aperture. The mirrors were fabricated from
0.2-cm-thick sheet copper and had a diameter 2a,,,, =
64 cm and radius of curvature R.;, = 35 cm. The refer-
ence copper conductivity is 0 = 5.8 x 10" 1/(Q m).
Therefore, a, = 1.6 x 10~ at the operating frequency w.
The mirror that is the nearest to the aperture was fixed.
Its central region of diameter 2a.,, = 20 cm was perfo-
rated with apertures of diameter 2r,, = 0.89 cm over a
rectangular grid with step sizesh =x = 1.5 cm and one
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side parallel to E. The second mirror was movable such
that the distance 2L between the mirrors could be var-
ied in the range from 45 to 70 cm. This distance could
beinitialy installed in steps with an accuracy of £5 x
102 cm and, then, could be continuously varied within
+1 cm about the chosen position with a 2.5 x 102-cm-
per revolution vernier whose rotation angle was mea-
sured to a+10° accuracy.

In the central part of the movable mirror, there were
several openings through which a small control signal
was supplied from the resonator to measurement
circuit 7, consisting of a waveguide-to-coaxial con-
verter, attenuator, amplitude detector, amplifier, and
storage oscilloscope. This circuit almost undistortedly
displayed the top of a40-ps-long test rectangular video
pulse with characteristic rise and fall times of less than
0.1 ps. The time constants of the leading and trailing
edges of the output pulse were 0.17 and 0.3 s, respec-
tively. In the experiments with microwave field, the
attenuation in the measurement circuit was chosen such
that it operated in an almost linear portion of the circuit
characteristic and the interference signal observed on
the screen of the oscilloscope was negligible.

The output signal of measurement circuit 7 was
related to the absolute values of the field amplitude E,

WhUOQ

1 1 1
45 50 55 60 65 70
2L, cm

Fig. 6. Parameters of the resonator vs. its length.
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at the focus of the resonator through the known air
breakdown field at atmospheric pressure, E, =
32 kV/cm. The microwave pulse of the maximal power
applied to the resonator tuned to the resonance mode
with m=0and n =1 could cause abreakdown in air at
the focus. At the instant of breakdown, the signal on
oscilloscope 10 dropped abruptly. The maximum
amplitude of the signal before breakdown was associ-
ated with the field strength E, = 32 kV/cm.

Waveguide switch 3 alowed us to use any service
oscillator 8 to measure the resonator parameters in the
cold mode. The waveguide line (from the output of
magnetron 1 through the smaller lens of lens system 5)
was sealed hermetically and filled with SFg gas to an
excessive pressure of 1 atm. The resonator was placed
into sealed chamber 9, the air pressure p in which could
be varied in the range from p = 760 to 3 torr. Photo-
graphs of the microwave discharge could be taken
through a chamber window in the direction perpendic-
ular to the E, vector and the resonator axis.

5. EXPERIMENTAL RESULTS
AND DISCUSSION

In the first experiment, the resonator was excited by
the magnetron at the maximum power P, a p =
760 torr. The distance 2L was continuously varied over
the entire range allowed by the setup design. The signal
in the measurement circuit was almost always zero and
abruptly increased only at certain values of 2L, which
we will further refer to as the resonance dimensions.
This increase in the field intensity in the resonator
could be accompanied by air breakdown in its central
part. The range AL of the distances between the mir-
rors, at which the increase in the signal was recorded,
was no larger than several hundredths of a millimeter.
When the distance 2L approached the resonance value,
characteristic beatings (Fig. 3) were observed on the
top of the recorded signal, which facilitated tuning the
setup to the resonance.

Results of this experiment are summarized in the
two left columns of Table 1.The first column lists the
resonance values of 2L; the plus symbolsin the second
column indicate cases in which breakdown occurred.
The table also gives the values of 2L calculated from
Eq. (1) closest to the experimental ones aong with the
corresponding values of m, n, and g. The graphical solu-
tionof Eq. (1) am=0andn=1and 2isillustrated in the
upper panel of Fig. 6, which plots the functions F; =

2L/(N12) —gand F, = (2/m)(m+ 2n—1) arcsin,/2L/2R,,
versus 2L. The resonance values of 2L are given by
their intersection points.

The sguare symbols in Fig. 6 show the measured
values. It is seen that, for n = 1, the difference between
the experimental and theoretical values becomes negli-
gible only when foci of the mirrors come sufficiently
closetogether. It isseen from Fig. 5 and Table 1 that the
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feeding circuit also excites the axially symmetric reso-
nator mode with n = 2. This could be expected. Asis
shown in Fig. 4, the mirror through which the resonator
is coupled to the oscillator faces the incident plane
wave with its convex side, which causes a significant
phase difference between the center of the mirror and a
point displaced by a.,, in the radial direction. This cir-
cumstance creates conditions for the excitation of this
mode. This oscillation mode was not observed at g > 9,
which is presumably associated with alow value of the
guality factor at these g. Asfollowsfrom the theory, the
current-carrying region on the mirror surface increases
with n and, consequently, oy significantly increases,
because the mirror diameter is fixed.

Figure 6 shows a, a.,, and a; versus 2L for the O,
1, g oscillation mode. As could be expected, the focus-
ing of the field at the center of the resonator becomes
stronger asL — R,,,. However, Table 1 showsthat, at
g > 13, the field intensity drops to such a level that
breakdown in air becomes impossible. Asfollowsfrom
Fig. 6, this can be attributed to the increase in a,, and
0 For example, for modes with n = 1, a; becomes
even greater than a, when 2L > 60 cm.

It follows from formula (3) that, for the same fre-
guency w, thewavelength A, in the resonator is greater
than that in free space A. In the next experiment, we
verified thisformula. For this purpose, anylon filament
0.073 cm in diameter and marked every 1 cm was
stretched along the resonator axis. The resonator was
excited at p = 760 torr by the magnetron at the maxi-
mum power P,... The resonator was tuned to the reso-
nance at 2L = 51.65 cm, which corresponds to A, =
9.4 cm according to expression (3). Each microwave
pulse caused breakdown with a discharge channel
about 2.5 cmlong and 7 x 102 cmin diameter extended
along E,. Breakdowns occurred randomly at one of the
antinodes of the standing wave. Discharges observed in
asequence of pulses visualize positions of the maxima.
Figure 7 shows the images of 40 discharges and the
marked filament. Vector E, is perpendicular to the fila-
ment. The distance between the centers around which
the discharge channels were localized was 4.7 cm,
which corresponds to A, = 9.4 cm.

In the next experiment, the resonator with the same
length, 2L = 51.65 cm, was excited by a low-power
microwave service oscillator. When the frequency was
varied, the resonance spikes in the measured signal
were also observed. The first and second columns in
Table 2 list the resonance frequencies f taken from the
oscillator scale and those calculated from formula (1),
respectively, which are seen to be in good agreement
with each other. As in the first experiment, the mode
with n = 2 was also excited in the resonator. At the
length 2L used in the experiment, Q factors of these
modes were high enough to record them.
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Fig. 7. Electrodeless microwave discharge in atmospheric

air in an open resonator.
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Fig. 8. Resonance curves.

Our service oscillator was capable of measuring the
mode freguency within an accuracy of no higher than
100 kHz, while the frequency ranges in which the
spikes of the measured signal were observed were also
narrower than 100 kHz. Therefore, with this instru-
ment, we could only roughly estimate the resonator Q
factor. It was no less than severa tens of thousands.
Using a swept-frequency service oscillator capable of
displaying the resonance curve confirmed this estimate,
but more accurate measurements were also impossible

Tablel
Experiment,

2L [cm] Breakdown [Theory, 2L [cm]| m,n, g
47 + 47 0,1,10
48.2 48.3 0,29
51.6 + 51.6 0,111
56.25 + 56.3 0,112
61.15 60.8 0,1,13
66.2 65.7 0,1,14
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Table 2
f, GHz
m, n, q
experiment theory

3.48 3.47 0,210
3.38 3.38 0,1,11
3.18 3.18 0,29
3.09 3.09 0,110
29 29 0,238
28 2.8 0,1,9

because the Q factor of the studied resonator was
beyond the instrument resolution.

In the next experiment, the Q factor of the resonator
with a resonance length 2L = 51.65 cm was estimated
by mechanically detuning the resonator length. For this
purpose, the resonator was fed by a magnetron whose
signal was attenuated with an attenuator by a factor of
1.56 in amplitude. Experiments showed that, in this
case, the level E, corresponded to the air breakdown
field E, a p = 760 torr (Fig. 8, curve 1). Then, the
chamber in which the resonator was placed was evacu-

ated to p = 760/./2 = 540 torr and the range AL was
measured in which air breakdown occurred at thisvalue
of p. The measured valuewas AL = 3.1 x 102 cm; i.e,,
Q=2L/AL = 1.7 x 10* from expression (29).

In the test experiment, the same resonator was fed
with full power and the range (AL), of the resonator
lengths was measured in which breakdown in air
occurred at p = 760 torr. Our measurements gave
(AL), = 8.7 x 102 cm, which, with formula (29) and
Q = 1.7 x 10* measured above, predicts that thefield E,
for the exact tuning to the resonanceis 1.53 times stron-
ger than E,. This result almost coincides with the
attenuation introduced above. We note that the portion
of curve 2 in Fig. 8 shown with the dashed line is not
realized in the experiment because the field E, could
not exceed E,, at p = 760 torr.

In the final experiment, the Q factor of the resonator
with the same 2L was estimated from the measured
time constant T, which characterizes the leading edge.
For this purpose, the resonator was fed by the magne-
tron, but attenuation was introduced so that breakdown
in atmospheric air was not observed. The measured sig-
nal had atypical shape with an exponentially saturating
leading edge, aflat top, and an exponentially dropping
trailing edge. The measured rise time was T = 2 s,
which gives Q (12 x 10* from expression (27).

L et us use the formulas of Section 3 to calculate the
maximum field strength E, at the focus of the resonator
and compare it with the experimental value E; = 1.56 x
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32 kV/cm = 50 kV/cm. In our caculations, we take
Poe =1 MW, 2L =51.65cm, and Q = 1.7 x 10%

Formula(27) allows us to compute the experimental
value of a,,. It givesa,, = 3.9 x 1073, This coefficient
can also be found from formula (13) taking into
account that the perforated region of the mirror,
through which the resonator is excited, accepts only
70% of the power of the wave incident on the mirror
from the resonator side. At r,,, h, and x used in the
experiment, this formula gives a,, = 3.6 x 1073, It is
easily seen that the two estimates are amost identical.
Thus, in our experiment, the coupling between the
oscillator and resonator was not optima. We had
O/ (20,) 012 and the field E, could be no stronger
than 0.6Eqy, as follows from Fig. 2.

To calculate E,, we use the second relationship in
formula (33). The coefficient n in thisformulais deter-
mined by the distribution of the power P, over the
radiating aperture (Fig. 4) and by theratio of the area of
this aperture (of diameter 2a,.) to the area of the perfo-
rated region of the resonator mirror (of diameter 2a.,,).
This coefficient is equal to 0.3. Formula (33) with
allowance for the ratio Eo/Eqqy gives E, = 48 kV/cm,
which almost coincides with the experimental value.

CONCLUSION

We have shown that the present theory quite satis-
factorily describes the properties of quasi-optical open
resonators with spherical mirrors. This refers to their
possible oscillation modes, resonance conditions, the
coupling between the oscillator and resonator, etc. A
certain discrepancy becomes noticeable only when the
configuration becomes close to confocal. The study
reported above allows usto design systemsfor the exci-
tation of eectrodeless microwave discharges in this
type of resonators at ultrahigh gas pressures [11]. Such
resonators can aso serve as a fine tool for studying
breakdown fieldsin various gases at high pressures, the
rate and degree of electromagnetic energy dissipation
in electrodel ess discharges, etc.
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Abstract—Themotion of acharged particle under the combined action of amagnetostatic field and acircularly
polarized el ectromagnetic wave of phase velocity u higher than c, the wave being aligned with the field, is stud-
ied theoretically. A nonlinear resonance curve is found. Certain integrals of motion are derived. © 2001 MAIK

“Nauka/Interperiodica” .

Let us consider the motion of a charged particle
under the combined action of a magnetostatic field and
a circularly polarized electromagnetic wave of phase
velocity u, the wave being aligned with the field. For
the case u = ¢, concomitant resonant phenomena were
addressed in [1]. It was established that the cyclotron
frequency relates to the integral of motion W; =€ —up,
and is time-independent. Here, € is the total energy of
the rdativistic particle and p, is the projection of the
momentum onto the direction of the magnetostatic
field. If u # c, the cyclotron frequency as a function of
the momentum componentsis not an integral of motion
and the resonance becomes nonlinear. Let us consider a
number of specific cases.

(1) Let the magnetostatic field be aligned with the
zaxis, H = (0, 0, H) and the electromagnetic wave be
defined by the vector potential

— _ CE,: . - _
A(§) = —(isng—gjcost), & = wt-kz, (1)
where w is the frequency of the wave, k is the wave

number, and g is a polarization parameter. Then, the
equations of motion have the form

dp, _ v e
il eE%L—UDcosE +EVVH'
dp, _ ZaI e
il eE%L— uDgsmE—Cva, 2
dp, _ eE .
i U(VXCOSE + VygSH'IE).

Multiplying the first and second equations of sy-
stem (2) by p, and p,, respectively, and taking the sum
of theresultsyields

dpetpy

_ V4 '
G5 = O~ yreE(pscost + pygsing). (3

Then, we multiply the first and second equations of
system (2) by p, and p,, respectively, and subtract the
latter result from the former to obtain

dp, d
P pxd_r;y: %-_

Vi .

Pygr ~ S 0eE(pycost —p.gsing)
e

+ EH(Vypy+ prx)-

(4)

In the transverse (x, y) plane, we passto polar coor-
dinates, so that p, = pcosp and p, = psing. After rear-
rangements, we arrive at

dp _ g _Vo

ot %L UDeEcose,
ae _

a - o

0 =09¢-9¢,

System (5) enables us to determine the amplitude
characteristic of steady-state oscillations in the trans-
verse plane.

(2) We eliminate cosB and sinB from Egs. (5). This
rdp 7

yields
% wa S

[_de+goo%l V;{] ecH} p.

Steady-state oscillations are characterized by the
condition dp/dt = 0 and db/dt = 0 [2]. Hence,

PR 9 }zpz- ™

U
Here, p isthe amplitude of the steady-state oscillation.
Now, let us revert to Egs. (2). We multiply the first
and second equations by v, = p,c¥e and v,, respec-

eEsma]%L Vﬂ ecH, )

2 4 2 2 2 2
s=A/mc+cp+cpZ.

(6)

+_&H
w(l-v,/u)e
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tively, and take the sum of the results. Integration in
view of the third equation gives the integral of motion

WY, = g—up,. (8

For the case H = 0, integral (8) is described in [3].
We thus abtain

P,
9)
_—u+ JEWS + (- (et + CP)sonu-v).
- 2 2 !
u —c
hence,
e(l-v,/u)
= SJWi+ (- (m'c + p)son(u-v).
Thus, we arrive at the resonance curve equation
2
22 = [g+ eHUjgn(:J—v;)2 2} o7
oW+ (-t + )] (g
A=
W

If p < mc, we can expand Eg. (10) and obtain the
equation of weakly nonlinear oscillations [2, 4]:

:Eng ecHsgn(u-v,)
0 wfW+(u?-c)mic?

x[l— (u'~c)p" }Dzz.

2[Wi(u*-c)m’c?] | O
If u = c, the term with H in (10) equals ecH/(w®,)
and the resonant frequency is constant [5]. If u< ¢, for-
mula (9) sets alimit on the growth of p. From here on,
weassumethat u>cand sgn(u—v,) = 1. It followsfrom
Eqg. (10) that

A2

(11)

2

dp’
dw

_ 2p2euH%+euH _euH(U’=cHpT?

w’X wX ox® O (12)

X = JWi+ (P =) (mic+ pd).

The derivative becomes infinite at two values of the
frequency [see Fig. 14]:
euH
gx’®

The expression for w, indicates that resonance is
possible if eH/g < 0, as is the case with an electron
(e < 0) and aclockwise polarized wave (g = +1) travel-

ing along the magnetostatic field (H > 0). If w is
between w; and w,, three values of the steady-state

w =0, = (-Wi— (U =c)m’c?). (13)
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p

(©)

Fig. 1. (a) General form and the characteristic frequencies of

the resonance curve; (b) graphs of f(X) for (1) A =0 and

H=0 (2 A=2x10"andH=0,(3) A=2x 10" and
eH

25 = -10~7, and (4) A= 2 x 10 and 2% =-5x107;

and (c) the location of two real and two complex roots of
f(X) in the complex X plane.

amplitude are possible. If w > w,, the amplitude is
determined uniquely.

(3) System (2) comprises delay differential equa
tions, with the delay depending on time. Generally
speaking, they can be solved by the method of stepsfor
individual time intervals [6]. Some motion parameters
can befound from theintegrals of Egs. (5). If we derive
an expression for dt from the first equation in (5) and
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substitute the result into the second equation, we will
have after rearrangements:

9 Asing + 2308

dp
o (14)

+ ;
kW2 + (U = ) (mPc? + p?)

=g

hence,
eH

2Apsin® = g(p°—pd) +2—————
p a(p”—po) ()

* B3+ (= )(mic? + p?)

= JW2+ (= )(mPc + pf) B+ 2C.

Here, py istheinitial value of the momentum and 2C =
const. If u — c, the term with H changes into (p? —
po)/(kW,). If H =0 or p < mc, we obtain the well-
known integral

(p + (e/c)A(£))® = congt.
In what follows, 2C includes the terms with the
lower limit py. Combining theintegral 2C with thefirst

equality of (5), we arrive at the constraint on p the mag-
nitude of:

2pdp/dt
[oo(l— v,/u)

2eH

k(u®=c?) (15)

2
} - 4p2Az—[gp2+

2

x W2+ (U? = c?) (mPc? + p) + ZC} .
For the longitudinal direction, we have the integral
1—‘%2 = (U= ) X/(Wscu + u2X), (16)

which allows us to derive
dXp, @ o - W2 2
[2dt§< wzdﬂ = L=, an

where

f(X) = 4A*(X*=a%)(u*=c)
2

—[ZCg(uz—cz) + (X -a%) + Zg%x} ,

a= JWl+(P-cH)mic

If thewaveis absent, relation (15) indicatesthat pis
conserved in a magnetostatic field. Equations like (17)
describe the time variation of the total energy [7]. They
also apply to other particular cases of the motion of a
relativistic charged particle in the field of atransverse

KOMAROV

wave [8]. Separating variables, we express the solution
interms of dliptic integrals:

_ g XXdX_ gx dX
e w(uZ—&)b 7o m} oo

Thevalues of theintegrals depend on the location of
the roots of f(X) in the complex plane.

(4) The expression for f(X) is represented by a
fourth-order algebraic curvethat hastwo maximaand a
single minimum. The curve may be situated variously
with respect to the X axis. The four roots of f(X) may be
all red; furthermore, there may be two multiple roots
among them. Otherwise, f(X) has two real and two
complex conjugate roots.

When the wave is turned on, f(X) increases for X <
—a or X > a and decreases for —a < X < a. When the
magnetostatic field is turned on, f(X) becomes asym-
metric, since the coefficients of odd powers depend
on H. In the case g = +1 and e < 0, the turn-on of the
magnetostatic field reduces the left-hand peak. The
wave field and the magnetostatic field have different
effects on the left-hand peak if itislocated at X < a. In
a sufficiently strong magnetostatic field, this peak is at
X > —a. Then, the wavefield and the magnetostatic field
reduce the left-hand peak; if weincrease one of the two
fields, complex roots may result.

Figure 1b showsf(X) forg=+1,H>0,u=1.5c, w=
6.28 x 109 rad/s, k = 1.4 rad/cm, W3 = mc?, p, = mc/10,
and 6, = 0, where m and e are the mass and the charge
of an electron, respectively. In the figure caption, the
guantities come in Gaussian units.

Let the real roots satisfy the inequalities a, < a5 <
0, <0;.Using[9], wecalculatetheintegralsin (18) for
0, < X<a;toobtain

u? 4

w(u’—c%) Ja; —az(a,—ay)

x[qu(¢,k)+(a2—a3)ﬂ%>,gi+§z,|% (19)

—WiEF(0,K) [+,

where
2 _ (0, —a,)(a;—0y) sin2¢ - (0 —a3)(X=0ay)
(o —ag)(a—ay)’ (0 —0,)(X=0y)
From here on, k is the modulus of a corresponding

elliptic function. The constant J; depends on the lower
limits of integration. If a; = a,, we have

k

2
t = u

w(u?—c’)
TECHNICAL PHYSICS  Vol. 46
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2(a;—W,c/u)

«/(Gl—as)(az—as)

0 .0 +0,—2X
X [F2arcsin +
0 a,—a;

(20)

. (0g—0y) (0= X) + (0, —03)(X— GZ)D
aresn (@ —0;)(X~a9) i

With two complex and two real roots, well-known
substitutions [10] provide

2
u Lo, +a c a,—d
t= — b W E R (9, K)
w(u -c)O u v
al_GZ Ml—Vz(al a,)
n%; % (21)
2

(2K = 2K v+ v¥)sin‘ ¢ + v2—1E

X arcsin + Js.
1-v2cos’d 0
Here,
¢|:|2 _ COSGl(}l—X 2 _ 261—62
antH = —— k® = sin
% cosf, X —a,’ 2
a,—b a,—b
tanel = L 1, tan92 = #,
C, Cy
06,—-06 0,+06 .
v = tan——tan—-—2, a; = b, +ic,,

2 2
a, = b, —icy,

pn = ,/cos,cosb,/c;.

(5) Let usinvestigate the function X(t). This entails
the inversion of the expressions obtained. If thewaveis
turned on, then a, a,, a3, and a, diverge. The differ-
encea; —d, relatesto the change in p and evaluates the
width of the right-hand peak. The difference a; — a5
evaluates the space between like sides of the peaks in
f(X), so that (a; — ay)/(a; — ag) < 1. The weaker the
wave, the stronger thisinequality. Thus, the I function
in (19) is expressed as

Mo, n, k)
:} do ~F(0,K), (22)
2 (1—nsin’$)/1—K*sin*d
so that
o 4
(JL)(UZ—CZ),\/(Gl—G3)(GZ—G4) 23)

x Hip—WatF (6, K) + 3.
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According to [11], the inversion of the elliptic inte-
gral of thefirst kind resultsin

X =1y ~ gt Faast(y, W1 =y, ] 29
where
_ (t=3)e(u’~c) — -
Yy = 4u2(0(2 Yol )«/(0‘1 03)(a,—0y),
_ 1ty(v) _y
sn(y, k) = _A/T(é(\-/—E V=g
_ 2, 0 BB e
K(K) = [1+ k+E?dek+ }
L 0 2
ty(v) = 2814sinnv—h4sin3nv+h4sin5nv..%,
K'(k
h = expD—n—R((E))E,

t,(v) = 1-2hcos2mnv
+2h*cos4nv —2h’cosémv ... ),

K'(k) = K(K), Kk = J1-K.
As acrude approximation, we can write

a;—a, -
X=0a,+ (0,—03) sn'(y, k).
a;—0;
For a weak wave, we also have a; — a3 = a, — O3;
then,

X =0, + (0 —ap)sn(y, k). (25)

Quantity k? is divisible by the width-to-spacing
ratios of the peaks. If the wave is weak, then k> — 0
and sn — sin. In the general case, the oscillations are
anharmonic. With a stronger wave and a larger o, the
coefficient of the second term on the right-hand side of
(20) may be small. Then, in the case of multiple roots,
the inversion provides

o+, O;—0, . (t—J)w(u’-cd)
- sin .
2 2 2u2
With complex roots, (26) can be simplified if a, + a, >
04 —0,. Then, (21) becomes

X=

(26)

2
LU ity
t (.O(UZ—CZ)D 2 LP3U]F(¢ k)+~]3, e1 e2
Hence,
ol - Lcosd_ 612X
2 1+cosdp X-a,
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_ord, 0;—0;
X== 2
27
o= 3 0(u" ) 0
up((oy + a,)/2—Waclu)
Here,
_ kta(v) _ 0
Cn(q)!k) - /\/%t“(V)’ v = 2K1
1 9 2
t,(v) = 2814cosnv +h*cos3mv +h* cos5nv..%.

If k < 1, the oscillations are sinusoidal: cn — cos.
The integral 2C enables one to find the cyclotron ¢(t)
provided that z(t) is known. This function, in turn, can
be determined from the condition v, = p,c?/e with the
help of theintegral W3

t
_ —W.u+ cX(t)
z(t) = z, +J’c_ Vot uX(t)dt' (28)
%)

The function z(t) can be expanded into alinear and
an oscillating term, the latter depending on the roots of
f(X). In the case of four real roots, the linear term also
includes the constant appearing in the expression for
sn?. This constant depends on the strength of wave
field (25). In the other cases, there is no such contribu-
tion to the linear term. The function ¢(t) has similar
properties. In accord with X(t), there are three possible
types of behavior for ¢(t). This agrees with the conclu-
sionsof [12].

(6) For any u higher than c, the dependence of the
cyclotron frequency on the momentum components has

the form euH/. /W2 + (u? - c?)(mc? + p) . The reso-
nance curve gives a single value of the steady-state
amplitude for w > w, and three such valuesfor 0 < w <
w,. The motion of the particle in the momentum space
is described by the integrals 2C, J;, and W5 (the known

KOMAROV

one), as well as by the basic equations of motion. Inte-
grals J, are governed by the roots of f(X). Roots a,; and
0, determine turning points in the momentum space.
Root o, depends on the field strengths only dlightly.
The oscillation is always anharmonic. In the case of
four real roots, the oscillation-period averages of z(t)
and ¢(t) still depend on the wave field strength. Fluctu-
ations of the fields or the initial conditions obviate the
need to consider the case of multiple roots.
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Abstract—A computer simulation of the dynamics of amagnetized electron beam in composite drift tubeswith
multiplevirtual cathodesis presented. For asingle-cavity tube, the value of thelimiting current isfound to equal
that given by an exact formula. For two- and three-cavity tubes, it isrevealed that the values of the limiting cur-
rents are smaller than those reported previously and that the current diagram may have a different structure.
These phenomena are attributed to Pierce instability. The efficiency of microwave generation as a function of
injection current is examined. It is established that the efficiency is minimum if the current equals any of the
limiting values refined. © 2001 MAIK “ Nauka/lnterperiodica” .

INTRODUCTION

Let us consider a high-current electron beam
injected into a closed equipotential cavity. Asisknown,
the cavity develops a potential barrier hindering the
passage of the beam if the beam current exceeds a crit-
ical level, so that some of the electrons are reflected by
the barrier toward the entrance. The region where the
electrons injected are stopped and turn about is called
the virtual cathode (VC), and the critical value of the
beam current (at which theVVC isformed) is called the
vacuum beam limiting current (VBLC).

The VBLC has been evaluated for cylindrical drift
tubesimmersed in a strong axial magnetic field; for the
early overview, see [1]. In genera, the VBLC is
expressed as

3
lim = TGy - 1) = 176(y** - 1) [KA], (1)

where m and e are the mass and the charge of an elec-
tron, respectively; c is the velocity of light; y is the
Lorentz factor of the electrons in the injection plane;
and G is adimensionless geometric factor.

Electron beams with VCs find wide application in
many areas of high-current electronics, such asthe gen-
eration of high-power microwaves by VC oscillations
[2-4]; the collective acceleration of positiveions[5, 6];
the generation of intense bursts of soft X-rays by forc-
ing electrons to pass back and forth through athin elec-
tron-to-bremsstrahlung converter [7, 8]; the measure-
ment of the residual gas pressure in an ultrahigh vac-
uum [9]; etc. Nevertheless, some aspects of the beam
dynamics have yet to be understood. Also note that the
VBLC values were determined only for a few simple
configurations of the drift tube and the beam.

This paper addresses the dynamics of a magnetized
relativistic electron beam in composite drift tubes that
are made up of coaxial closed cylindrical resonant cav-
ities separated by electron-penetrable sheets of foil.
Under certain conditions, such tubes have multiple
V Cs, whose number may reach N = 2n— 1, wheren is
the number of the cavities. Furthermore, a beam
injected into a composite drift tube may pass to the so-
called squeezed state [10-12]. The electron dynamics
under the transition to this state has not been adequately
investigated.

The dynamics is studied by computer simulation
using the particle-in-cell (PIC) method. Specifically,
we exploited the well-known PIC code KARAT (ver-
sion 707) for self-consistent simulation in the relativis-
tic case [13].

COMPARING EXACT AND SIMULATED VALUES
OF THE LIMITING CURRENT

To check the accuracy of the simulation, we chose a
single-cavity configuration with foil sheets at the ends
(Fig. 1). It was assumed that the entire computational
box is covered by an axial magnetic field. The magnetic

Fig. 1. Schematic diagram of a single-cavity drift tube.

1063-7842/01/4606-0723%21.00 © 2001 MAIK “Nauka/Interperiodica’
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Fig. 2. Single-cavity drift tube with aVC: typica simulated
dependence of beam current on time.
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Fig. 3. Geometry of atwo-cavity drift tubefor (a) casel and
(b) casell.
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Fig. 4. Case | of the two-cavity configuration: the current
diagrams provided by (a) theory and (b) simulation. The
insets show sketched phase portraits of the beam.

induction was taken to be 5 T, and the energy of elec-
trons injected was set equal to eU, = 511 keV (y = 2).
For a monoenergetic hollow beam, the VBLC is given
by the exact formula[14]

o - M (1™ @
' € r R il
Dr_b + 2InBD%l—sechﬁD

where |, isthefirst zero of the Bessel function Jy(l).

As aready mentioned, the simulation employed the
KARAT code [13, 14]. It is useful for solving a wide
range of problems in electrodynamics. The code
embodies the explicit leapfrog scheme with the conser-
vation of energy, using shifted meshes. Self-consistent
solutions of Maxwell equations are thus generated.
They are second-order accurate with respect to the
coordinates and time. The relativistic equations of par-
ticle motion are treated by the PIC method.

The simulation was carried out on a65 x 210 mesh.
The accuracy was monitored with reference to the
energy balance (its maximum deviation was within
2%). It was assumed that the current |, injected at the
left-hand end of the tube is a step function of time. Dif-
ferent levels of the beam current 1, were taken. The

minimum current at which aVC is formed, Iﬁ?'nc, was

compared with 17" evaluated by (2). The results for
three values of Rareshowninthetable(L=20cm, r, =
1.01 cm, and Ar = 0.02 cm). Note that a similar proce-
dure has been performed with the RUBIN code, an
early version of KARAT [15].

Another test for accuracy was based on the concep-
tion that transit current oscillates about theVBLC inthe
presence of aV C [16]. We computed the beam currents
(yp(t) Cand [yg,0(t) C{see table) at certain cross sections
upstream and downstream of the VC, respectively
(Fig. 2); their average values are included in the table.
The currents vary identically because the total beam
current flows through a closed circuit. Initidly, the
beam current equals the injection current |,, with the
latter exceeding the VBLC in magnitude. Once theVC
has formed, the beam current begins oscillating about
theVBLC, with 0(t) = I ;,,, asanticipated. Thus, asfol-
lows from the table, the KARAT code can compute the
VBLC with agood accuracy.

DYNAMICS OF VC FORMATION
IN A TWO-CAVITY DRIFT TUBE

Now that we have checked the capability of KARAT
to evaluate the VBLC, let usinvestigate the behavior of
an electron beam in atwo-cavity drift tube (Fig. 3). Let
usrecall that a configuration similar to Fig. 3b but with
no foil sheets was considered in [10]. This section pur-
sues the study [11].

TECHNICAL PHYSICS Vol. 46 No.6 2001
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Fig. 5. Thesameasin Fig. 4 for caselll.

Let the left- and the right-hand cavity be labeled 1
and 2, respectively, and let the beam enter the drift tube
at its left-hand end. In what follows, the nonzero numer-
alsin subscripts refer to the corresponding cavities.

Uz/c

1.0+
s

t=0.7ns
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Current diagrams obtained with the formalism of
[10] showed the following.

Casel: |y 1 < lyim» (Fig. 3a). Two regimes of elec-
tron flow are possible. (1) If 1, <, 1, the beam passes
through the tube with no reflection. (2) If 1,> 1}, 4, then
aVC, is formed near the left-hand end of cavity 1.
(From here on, the subscript | or r indicates the cavity
end near which theVC is situated.)

Casell: I}y 1>1im 2 (Fig. 3b). Four regimes of elec-
tron flow are possible. (1) If 1, <}, 2, the beam passes
through the tube with no reflection. (2) If i, <l <
12(liim1 * liim2), then aVC, forms. (3) If /211 +
lim2) <lp <ljim1, thenVC, and VC,, form. (4) If 1, >
lim1, then VC,, VC,,, and VC,;, forms and the beam
portion between the VC;, and VC; passes to the
squeezed state. Under regime 4, the VC,, arises earlier
than the VC, if Iy — I iS NOt too large; if the differ-
enceishigh enough, thetwo VCsarise in reverse order.
Inwhat follows, | . denotesthe current at which theVC,
and VC,, form simultaneously.

~ t=1.0ns

Y, ’

i

1o Ry v I I

0 20 40

1
60 0 20 40 60
Z,cm

Fig. 6. Regime 2 for case |1 of the two-cavity configuration: beam evolution in the phase space.
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Fig. 7. Regime4 for case || of the two-cavity configuration:
beam evolution in the phase space.

Rz Rl rp :

VCy; VG, VCy VCy, | VCy

Fig. 8. Geometry of athree-cavity drift tube.

Our simulation yielded a different picture. In the
current diagram for casel when l;;,», — ;i 1 iSSMall, the
borderland between the two regimes has a fine structure
indicating that two or three VCs are possible (Fig. 4).

DUBINOV, EFIMOVA

Also, thisinterval is shifted toward lower currents. As
regards case |1, we observed only a marked decreasein
lim1 @nd 1, -: they are lower by a factor of about 2
(Fig. 5).

Thesefindingswere explained by analyzing the evo-
lution of the phase portraits of the beam under different
regimes. For example, consider regime2incasell. Fig-
ure 6 shows that the beam produces monotron Pierce
instability [17], which arises against the background of
the Bursian instability of VC formation and isrelated to
shorter wavelengths. The Pierce instability causes a
pronounced beam modulation in momentum. In this
situation, at the separating sheet, the total number of
electrons with energies lower than the injection energy
is much larger than that of higher-energy electrons.
Consequently, the electrons enter cavity 2 with lower
energies[accordingto (1)], which resultsin adecreased
lim2 @nd, hence, in restructuring the current diagrams.

Thus, we revedled that the Pierce instability is
responsiblefor the shift and restructuring of the current
diagramsfor the two-cavity drift tube. Furthermore, we
believe that forward- and backward-moving electrons
(the two-stream state) cannot coexist in cavity 1 for
long, since instabilities may arise in the beam, as sug-
gested by the phase portraits with VC, (cavity 2). It
was estimated that the length of cavity 1 and the
strengths of the forward and backward currents may be
sufficient to produce two-stream instability [18].

We conducted a specia investigation into this mat-
ter. It was found that there occurs another type of insta-
bility under the conditionsin hand, namely, the forma-
tion of the squeezed state in the beam. This type of
instability develops at ahigher rate than the two-stream
instability. The evolution of the phase portrait in this
case is depicted by Fig. 7. Notice that the switching
from the two-stream to the sgueezed state is a wave
phenomenon, in accord with [10-12]. The switching
wave travels in the direction opposite to the forward
stream with a speed estimated at =3 x 10° cm/s. Again,
the domains favorable for the squeezed state were
found to be shifted to lower currents.

CURRENT DIAGRAMS OF A THREE-CAVITY
DRIFT TUBE

For athree-cavity drift tube, we have to consider as
many as six cases, some of them having up to ten
regimes.

Here, we restrict ourselvesto the case ljjm1 > liim2 >
lims (Fig. 8). Figure 9 presents a current diagram
obtained by the simulation. Some regimes exist over
narrow or even overlapping intervals of the current,
making analysis difficult; therefore, the diagram dis-
plays six main intervals only. Figure 9 also shows the
order in which VCs form. Just as with the two-cavity
configuration, the limiting currents were found to be
somewhat lower. The other cases can be represented by
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Fig. 11. Microwave generation efficiency vs. beam current
for the two-cavity configuration in case I.

similar diagrams, but the order of VC formation may
change.

EFFICIENCY OF MICROWAVE GENERATION
IN SINGLE- AND TWO-CAVITY DRIFT TUBES

An important issue in microwave design is the effi-
ciency with which electromagnetic radiation is gener-
ated. In the context of our study, this line of research
should address two main problems: (1) What are the
waysto makeV Csemitin phase?(2) What arethe ways
to match the waves emitted with the oscillations result-
ing from the Pierceinstability? Hopefully, there may be
regimes under which the waves generated would
amplify each other. The idea could be instrumental in
creating more efficient vircators, which would use mul-
tipleVCs.

No. 6
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n, %
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Fig. 10. Microwave generation efficiency vs. beam current
for the single-cavity configuration.

(him 1 + Lim 2)/2

Fig. 12. Microwave generation efficiency vs. beam current
for the two-cavity configuration in casell.

To answer the above questions, the following inves-
tigation was performed. We consider a two-cavity con-
figuration with an open output end, at which radiation
conditions are defined. The profile of the magnetic field
was tailored so as to allow the transit electronsto reach
the wall of cavity 2 downstream of the rightmost VC.
The trick enabled us to create a closed circuit for the
transit current and to compute the electromagnetic

Table
Rem [ 1994 KA | 155 KA | Typ(DKA | Dgoun() TKA
2.0 5.55 5.6 5.59 5.63
25 412 4.1 4.14 412
3.0 351 34 3.50 351
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wave emerging from the drift tube. In thisway we eval-
uated (1) the flux P of the Poynting vector through the
tube cross section near the output end and (2) the gen-
eration efficiency n = 100% P/l U,.

Earlier [19], the problem of maximizing the genera-
tion efficiency and power was solved analyticaly and
numerically for a single-cavity configuration. The ana-
Iytical treatment yielded that the generation efficiency
ismaximum at I, = 2, and that the power is maximum
at |, = 3l;;,. These conclusions were supported by the
numerical simulation [19]. However, the analysis
neglected the Pierce instability and the simulation used
alarge step sizefor .

Our investigation covers asingle-cavity drift tube as
well. We closely examined the dependence of n on the
injection current I, for R = 2 cm (see the table). An
exampleisgivenin Fig. 10. It showsthat the maximum
efficiency (14%) relates to the Pierce instability, when
no VC forms, and that the local minima of n(l,) are at
lo = Lims 2liimy 3ljim» @d so on. Similar behavior was
observed for the other values of R.

The two-cavity case (Fig. 3a) is illustrated by
Figs. 11 and 12. Note that the currents that minimize n
are the limiting currents refined (see the section on the
dynamics of VC formation in a two-cavity drift tube).
These results have yet to be understood. As a possible
explanation, we conjecture that the increment & of the
Bursian instability isvery small when the injection cur-

rentisnearlimitingcurrents:( Iirr; 0 =0[3].
lo=ljim) - 0

CONCLUSIONS

We have computed the limiting currents and simu-
lated the dynamics of a magnetized electron beam in
composite drift tubes with multiple VCs. The main
findings are as follows.

For asingle-cavity tube, the computed values of the
limiting current are very close to those given by the
exact formula.

For two- and three-cavity tubes, the values of the
limiting currents are lower than those reported previ-
ously, which resultsin shifted or even restructured cur-
rent diagrams. The values refined appear to reflect the
build-up of Pierceinstability.

The transition to the sgueezed state is a wave phe-
nomenon. The domainswith the squeezed state are also
found to be shifted toward lower currents.

The microwave generation efficiency as a function
of injection current is minimum if the current equals
alimiting value. This behavior may be due to a
decrease in the corresponding increments of the Bur-
sian instability.

DUBINOV, EFIMOVA
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Abstract—The surface and surface layers of Co,Cu; gy _ inhomogeneous thin films irradiated by an oxygen
ion beam for along time (to 100 min) are studied. Thefilms are obtained by electrolytic deposition. With X-ray
photoel ectron spectroscopy and conversion electron Mdssbauer spectroscopy, it is shown that the irradiation
leads to the formation of an oxidized surface layer. The continuity and thickness of the layer depend on the
roughness of theinitial film. For a cobalt content of 8 < x < 20 at. %, the oxide layer is continuous and nonuni-
form in thickness, the mean thickness being estimated at several tens of nanometers. The interface between the
layer and the underlying film is sharp. The filmsirradiated are smoother than the as-deposited ones. The forma-
tion of the oxide layer istreated in terms of a qualitative model. © 2001 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

L ow-temperature oxidation of metals and thin metal
films has been the subject of much investigation over
many years because of its fundamental and practical
importance [1, 2]. The structure and properties of inho-
mogeneous CoCu films have been extensively studied
over the past 20 years|[3]. These films seem to be prom-
ising for the practical implementation of the giant mag-
netoresi stance effect at room temperature. The stability
of the films against environmental effects, corrosive
gases, and irradiation by charged particles is less well
understood. However, thin-film-based €electronic
devices frequently operate under severe environmental
conditions. The effect of ion irradiation on the proper-
ties of electrodeposited inhomogeneous CoCu films
wasreported in [4, 5]. It was shown that long-term low-
energy oxygen ion irradiation produces an oxidized
layer on the film surface. Thislayer stabilizes the prop-
erties of theinitial films and prevents their degradation
during temperature cycling (from—-50to +150°C) in air.
In this work, we explore the properties of the oxide
layer further so as to establish possible formation
mechanisms.

EXPERIMENT

Co,Cuypg_x (X = 5-20 at. %) inhomogeneous films
used in this work were obtained with the technique
developed in [3]. Substrates were pyroceramic plates
covered by an amorphous nickel phosphide layer, as
well as copper and aluminum foils. The thickness of the
films was no more than 2.5 pm. Some of the films
deposited on the aluminum foil were doped by >’Feiso-
topes during electrodeposition. The concentration of

the isotopeswas no more than 1 at. %. Tentative studies
have shown that the undoped and iron-doped films have
similar X-ray diffraction spectra and surface morphol -
ogies, aswell as equal resigtivities.

The films were irradiated in a vacuum setup with a
residual pressure no higher than 1 x 10-3 Pa. The oxy-
gen pressure did not exceed 8 x 102 Pa. Radiation from
awide-aperture ion source with a hollow cold cathode
was employed [6]. The energy and current density of
the oxygenionswere E = 650 eV and j = 0.25 mA/cm?,
respectively.

The films to be irradiated were mounted on a mov-
able water-cooled support. The temperature was kept
with an accuracy of 1°C by chromel—alumel thermo-
couples. During the irradiation, the film temperature
was no more than 50°C. Thiswas provided by using the
continuous—periodic regime of irradiation. In a single
vacuum cycle, the films were repeatedly irradiated for
5 min and then cooled for 6 min until arequired irradi-
ation time was achieved. The total irradiation time was
taken asthe irradiation duration.

During the irradiation, products of surface sputter-
ing were deposited on single-crystal silicon wafers
thinned down to 50 um and then were examined by
electron probe analysis and optical methods. Since the
surface of the sampleswas very rough and irregular, the
sputtering process was characterized by the intensity of
sputtering rather than by its rate. The sputtering inten-
sity was defined as the weight of the deposit that was
sputtered in a unit time across a unit surface area onto
the mirror surface of the single-crystal silicon wafers.
To collect the necessary amount (weight) of the
deposit, several films of the same composition and of

1063-7842/01/4606-0729%$21.00 © 2001 MAIK “Nauka/Interperiodica’
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the total surface area 40 cm? were sputtered simulta-
neously.

The composition of the surface layer and the nature
of chemical bondsin it were examined with X-ray pho-
toelectron spectroscopy (XPS). A magnesium anode
(MgK, radiation with a photon energy of 1253.6 €V)
was used as an X-ray source. Theresolution of the elec-
trical analyzer was 0.5 eV, and the escape depth of pho-
toelectrons was no more than 15 nm. The bond energy
scale was calibrated against the Cu(K, ) line with an
energy of 918.6 eV. Thelines C(1x), O(1s), Co(2p), and
Cu(2p) were recorded.

The surface morphology and the composition of the
surface layer (to athickness of 150 nm) were examined
with an SEM equipped with an energy dispersion X-ray
spectrometer.

The surface layer (to a depth of 150 nm) was also
studied by conversion electron Mdsshauer spectros-
copy (CEMS). Co isotopes embedded in the Rh
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matrix served as a gamma source. |someric chemical
shifts were found with respect to a-Fe.

The resitivity of the films was measured with the
standard four-point probe technique [7].

EXPERIMENTAL RESULTS

In appearance, the as-deposited films can be subdi-
vided into two groups. Those from group 1 (Co < 8 at. %)
have arough and dull surface. The films from group 2
(Co > 8 at. %) have amirror surface with metalic lus-
ter. A fragment of an as-deposited CogCug, film with
the highly rough surfaceis shownin Fig. 1a(x1500 and
x10000 magnifications). The smoother surface of an
as-deposited Co,,Cugg film is shown in Fig. 1b (the
same magnifications).

During the irradiation, the sheet resistivity of the
films grows and the sputtering intensity drops. For the
group-1 films, the sheet resistivity does not saturate,

|
S )

Fig. 1. Surface of the as-deposited CoCu films. The cobalt content is (a) 6 and (b) 11 at. %.
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while the resistivity of the films from group 2 exhibits
a plateau after 40-min irradiation. For both groups, the
sputtering intensity sharply drops within the first 10—
15 min and then varies insignificantly. Simultaneously,
thefilmschange color. Thegroup-1 filmsturn dark. The
group-2 films changeinitial metallic luster to blue color
(within 40 min of irradiation), which is subsequently
retained.

Long-term (for more than 40 min) irradiation
noticeably changes the surface relief. Large irregulari-
ties on the surface of the CogCuy, film irradiated
(Fig. 28) become smoother. The spread in their sizes
and their mean size decrease compared with the as-
deposited films (Fig. 1a). The relief is also smoothed
out for the group-2 films: fine irregularities coalesce to
form larger clusters and surface asperities flatten
(Fig. 2a).

Electron probe microanalysis data show that the
irradiation changes the composition of the surface layer

x1500

10 pm

Fig. 2. Surface of the oxygen-irradiated CoCu films (irradiation time 50 min). The cobalt content is (a) 6 and (b) 11 at. %.
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(to adepth of 0.1 um). It becomes enriched with copper
(but by no more than 10% against the initial composi-
tion). However, the mean composition of the film
before and after the irradiation remains the same.

Postirradiation XPS spectra for the group-1 and
group-2 films differ. Figures 3 and 4 demonstrate the
C(1s), O(1s), and Cu(2p) lines for the CozCuy, and
Co0,;Cug films before and after 50-min irradiation. For
the as-deposited films from both groups, the photoel ec-
tron C(1s) and O(1s) lines are rather broad, which is
usually associated with the fact that carbon and oxygen
atoms form various chemical bonds on the surface and
in the surface layer [8]. Asfollows from the changesin
these lines, the carbon content on the surface increases
for the group-1 films and decreases for the films of
group 2. However, it is known [9] that irradiation by
low-energy ions removes carbon from the surface and
increases the oxygen content. This is observed for the
group-2 films. Therisein theintensity of the C(1s) line

x10 000
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Fig. 3. XPS spectra for the (a) as-deposited and (b) irradi-
ated (for 50 min) CoCu films with the Co content 6 at. %.

for the group-1 films may be related to specific features
of sputtering of the very rough surface (Figs. 1a, 2a),
where the sorptive capacity of “shaded” areas (beyond
the reach for irradiation) increases because of the accu-
mulation of products of resputtering there. The slight
growth of the oxygen content is also observed for the
first group.

After theirradiation, the XPS Cu(2p) line for group
1 dlightly shifts toward higher bond energies and its
intensity somewhat grows. For group 2, prior to the
irradiation, this line has a small peak a energies
dlightly less than 932.5 eV and a higher and sharper
peak at greater energies. After the irradiation, the line
becomes stronger and has two peaks with nearly the

STOGNIJ et al.
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Fig. 4. The same asin Fig. 3 for the films with the Co con-
tent 11 at. %.

same heights at energies sightly less and slightly more
than 932.5 eV. The peaks are 1 eV apart. Such postirra-
diation modifications of the Cu(2p) line may be inter-
preted as the formation of CuO oxide on the surface
[10]. Therisein the intensity of the Cu(2p) line for the
films of both groups can be explained by smoothening
the surface relief. In this case, the relative surface area
that is parallel to the film plane (normal to the direction
of ion incidence) increases and, hence, the probability
of photoelectron escape from the surface grows.
According to Figs. 1laand 2a, for group 1, largeirregu-
larities flatten for the most part and smoothing is less
pronounced than for the films of group 2 (Figs. 1b, 2b).
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In the latter case, smoothing is more distinct and takes
place over the entire surface.

Both before and after the irradiation, the XPS
Co(2p) linesare broken and faint even for thefilmswith
a Co content as high as 20 at.%. Therefore, we failed to
treat changes in the cobalt state on the surface. Note,
however, that the magnetic and crystallographic prop-
erties of inhomogeneous CoCu films in general and
those obtained by electrodeposition in particular [11]
depend on the uniformity of the cobalt distribution over
the copper matrix and on the state in which cobalt par-
ticles are present. The Co(2p) lines obtained indicate at
least that the cobalt clusters are absent on the surface on
the copper matrix. This is indirect evidence that the
cobalt distribution in electrodeposited CoCu films is
highly uniform, which agrees with earlier results
[3, 11].

Electron probe analysis data for the material depos-
ited on the silicon wafers show that the cobalt content
inthe deposit differs from the mean content of cobaltin
the films subjected to irradiation by no more than 10%
and does not depend on the irradiation time. Therefore,
the low intensity of the cobalt lines even if its amount
in the filmsis high may be an indication of its specific
state in the surface layer of the films.

CEM S spectrafor CogCug,, C0;;,CUsgg, and Co,,Cug,
films that were recorded before irradiation and after
50-min irradiation are shown in Fig. 5.

For the as-deposited CosCuy, film (Fig. 5d), the
spectrum consists of two lines of roughly equal intensi-
ties. The spectrum was analyzed within the model of
two singlets as applied to the iron ion positions. The
lines are characterized by the isomeric shift o, =
0.24 mm/s (on the right) and &, = —-0.09 mm/s (on the
left). The value of &, corresponds to the solid solution
of iron in copper [12]. The second component, d,, is
related to iron atoms with CoCu around. The introduc-
tion of Co atoms causes adecrease in the concentration
of d electrons around the iron atoms and, hence, an
increase in that of s electrons. The latter effect leads to
a decrease in the isomeric shift, which is observed
experimentally. Theinsignificant broadening of the sin-
glets (I" = 0.35-0.40 mm/s) isdueto local inhomogene-
itiesin the surroundings of the resonant atom. Theirra-
diation of the CosCu,, film by oxygen ions causes no
appreciable changes in the initial spectrum (Fig. 5b).
This means that the local state of the iron atoms
remains the same and that the effect of the irradiation
on the composition of the surface layer about 150 nm
thick isnegligible.

The spectrum of theinitial Co,,Cugg aloy (Fig. 5¢)
is in many ways similar to that of CogCug,. The only
difference isthe changein the ratio of the intensities of
the partial lines in the spectrum. The ratio of the inte-
gral intensities of the right- and left-hand components
is about 85% in this case. This meansthat iron isincor-
porated into the combined CoCu environment more
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readily than into the purely copper one. This statement
is corraoborated by the higher concentration of cobalt in
theinitial composition of the film. One more feature is
worth noting. The difference in the positions of the
peaks on the velocity axis for the as-deposited CogCug,
and Co,;Cug filmsisthe same. In the case of adoublet,
this difference depends on the amount of quadrupole
splitting. A change in the Co/Cu ratio in the system
would alter the electric field gradient across the iron
nucleus and, hence, the amount of quadrupole splitting,
which is not the case. Thus, our model for spectrum
analysis, which deals with two singlets instead of one
doublet, seemsto be valid.

The spectra for inhomogeneous oxygen-irradiated
and as-deposited Co,;Cugg films (Figs. 5b, 5d, respec-
tively) considerably differ. After the irradiation, the
spectrum broadens and its centroid shifts toward posi-
tivevelocities. In Fig. 5d, the hyperfine lines are poorly
resolved in the spectrum, presumably because of the
redistribution of their intensities. Simultaneously, the
intensity at the center of the spectrum grows and a new
component appears in the positive range of velocities.
Therefore, this experimental spectrum can be consid-
ered as consisting of two singlets and one doublet. For
the singlets, the isomeric shifts do not change after the
irradiation. It can therefore be argued that the Fe-Cu
and Fe—(CoCu) environments around the resonant atom
are retained and a new component with a quadrupole
doublet appears. The isomeric shift and the amount of
guadrupole splitting for the doublet are found to be
0 =0.46 mm/s and AE = 0.80 mm/s. Such values are
typical of the >’Fe Mossbauer spectrum taken from
CuO oxide [12, 13]. Along with the copper oxide,
cobalt oxides may form. CEMS studies of CoO using
impurity iron atoms were reported in [14]. At 298 K,
the spectrum had two isolated lines with the isomeric
shifts §; = 0.22 mm/s and &, = 0.87 mm/s. The former
corresponded to the Fe** oxidation state in the cobalt
oxide, and the latter was assigned to the Fe** state. The
5"Fe Mossbauer spectral lines in the copper and cobalt
oxides partialy overlapped. The doublet in the
Co0,;Cug film irradiated is also broadened; therefore,
the possibility of cobalt oxide formation in the 150-nm-
thick surface layer must not be ruled out. Thisis also
supported by the fact that theintensity of the Fe—Cu and
Fe—(CoCu) singlets decreases after theirradiation, indi-
cating that some copper and cobalt atoms produce asso-
ciated oxides.

The spectrum of the as-deposited Co,,Cug, film
(Fig. 5€) has two lines with the isomeric shifts 6, =
-0.14 mm/s and &, = 0.30 mm/s. They refer to iron
atomsin the Fe{CoCu) and Fe—Cu environments. The
minor decrease in the isomeric shift for the first lineis
due to a larger number of cobat atoms around iron
because of the larger cobalt content in the alloy. The
irradiation causes changes (Fig. 5f) similar to those for
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Fig. 5. CEMS spectrafor the (a, c, €) as-deposited and (b, d, f) oxygen-irradiated CoCu films. The Co content is (g, b) 6, (c, d) 11,

and (e, f) 20 at. %.

the Co,,Cug film (Fig. 5d). The partial components of
both spectra also behave in alike manner.

On thewhole, the CEM S spectra of the oxygen-irra-
diated films with the cobalt content x > 8 at. % testify
that the oxide layer does form on the surface, its aver-
age thickness being several tens of nanometers.

To directly measure the thickness of this oxide, the
films with x = 8 at. % were exposed to 0.5-keV argon
ions with a beam current density of 0.3 mA/cm?. The
oxide was removed for 3-5 min, asindicated by metal-
lic luster recovered and the resistivity value close to
that for the nonirradiated films.

DISCUSSION

Thus, we studied long-term low-temperature (50°C)
irradiation of electrodeposited inhomogeneous CoCu
films (with the cobalt content x = 6-20 at. %) by low-
energy (E=650¢V, j = 0.25 mA/cm?) oxygenions. The
basic results are as follows.

(i) A continuous layer nonuniform in thickness and
consisting of cobalt and copper oxides forms on the
surface of the films where the Co content varied from 8
to 20 at. %. It is severa tens of nanometers thick and
favors surface planarization.

(ii) After the irradiation, the surface of these films
becomes free of organic impurities.
TECHNICAL PHYSICS Vol. 46
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(iii) The structure of the layer is essentially depen-
dent on the surface roughness of the as-deposited films.

Based on the aforesaid, we have developed a quali-
tative nonthermal model of an oxide layer growing on
the oxygen-irradiated surface to a thickness of several
tens of nanometers. The overall process is subdivided
into three stages. At thefirst stage, lasting 10 min, oxide
islands about 1 nm thick form directly by the action of
reactive oxygen ions on those areas oriented normally
to the direction of ion incidence. On these oxidized
areas, the rate of sputtering slows down in comparison
with the bare surface because of the difference in the
partial sputtering yields for the metals and their oxides
[15, 16]. Subsequently, the rel ative surface area normal
to the direction of ion incidence slowly increases,
because unoxidized microasperities are sputtered out
and oxidized products of sputtering are removed
(resputtered) from areas accessible to the ion beam to
those beyond its reach (shaded). Eventudly, the
mi croasperities on the as-deposited filmsflatten and the
mean thickness of the oxide layer increases. At thethird
stage (the irradiation time is more than 40 min), the
processes of sputtering and oxide formation equili-
brate. At this stage, the oxide is present on the surface
and the film condition remains almost unchanged for as
long as the mass sputtered is much less than the mass of
theinitial film.

It should be noted that this mechanism also applies
to CoCu filmswhere the Co content islessthan 8 at. %.
In this case, however, the very rough initial surface pre-
cludes the formation of a continuous oxide layer
because of the impossibility to fill large surface irregu-
larities by products of resputtering.

That a continuous oxide layer can be grown on the
surface of electrodeposited CoCu films directly by the
action of oxygen ions at 50°C may be of practical sig-
nificancein our opinion. Thislayer can prevent the deg-
radation of the films under severe environmental condi-
tions [1]; hence, the magnetic properties of the as-
deposited and long-stored filmswill be nearly the same.
In addition, the oxide layer can serve as a transition or
an insulating layer in fabricating multilayer microelec-
tronic devices based on these films.
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Abstract—The advantages and disadvantages of carbon fibers and graphite plates with a developed surface as
field-emission cathode material s are discussed. Experimental datafor the chemical composition of the materials
and the effect of thermal annealing on their structure and emission properties are presented. A correlation
between the work function and the amount of cesium implant is studied. The feasibility of preparing planar cold
cathodes with a developed surface by means of radiation technologies is considered, and the evolution of the
emitting surface during bombardment by |ow-energy residual gasionsistraced. Cold cathode designs for var-
ious applications are recommended. © 2001 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

The idea of using carbonaceous materials as field-
emission (FE) cathodeswasfirst realized in 1972[1]. In
pioneering works [2, 3], experiments were performed
with carbon fibers [4]. Earlier, beginning in 1957, car-
bides of refractory metals as FE cathodes have been
applied [5]. Later, avariety of reports dealing with FE
cathodes made of various bulk carbonaceous materials
with a developed surface appeared (see, e.g., [6, 7]).
Interest in using carbonaceous materials in emission
electronics has been aroused primarily becausethey are
compatible with industrial vacuum conditions. The
basic arguments in favor of carbon fibers as FE cath-
odes are as follows. (1) They do not require specia
sharpening (the surface of fracture of the fiber contains
emitting centers) and are stable against bombardment
by residual gasions, which takes place in high-voltage
devices and in those operating in an industrial vacuum;
(2) during sputtering, their surface structure remains
dynamically stable and retains a sufficient number of
emitting centers (it has been established that, as one
centers disappear, other arise under such conditions);
and (3) the fibers do not deteriorate vacuum conditions
and are produced by many manufacturers; hence, they
arerelatively cheap. Of importance also isthat they are
produced in the form of bundles containing several
hundred or thousands of individual fibers.

To date, many patents concerning the designs of
fiber-based FE cathodes have been published (see [8]
and references therein). An example is an FE cathode
incorporated into an emitting device with memory
functions (US Patent no. 4728851). It consists of asin-
gle fiber of diameter 2.0 ym corona-tapered to form an
apex of diameter 0.2 um. An FE cathode for a pulsed
source of electrons is described in US Patent
no. 4272699. This cathode consists of a bundle of car-
bon fibers from 2.0 to 10.0 um in diameter, each having

the emitting surface obtained by simply cutting the
fibers without using special procedures. US Patent
no. 5588893 [9], which is the latest and perhaps the
most informative in this field, describes the design of
the cathode and method of fabrication. Up to now,
encouraging results of using radiation technologies in
creating or processing FE cathodes made of bulk car-
bon plates or plates of highly oriented pyrolytic graph-
ite (HOPG) have been obtained [1].

Today, however, nanometer carbon clusters, in par-
ticular, nanotubes—extended structures largely con-
sisting of hexatomic rings [11, 12]—seem to be the
most promising carbon material for FE cathodes. Their
emission properties were qualitatively considered in
[13], and in [14], the work function in the nanotubes
was estimated at about 1 eV. If thisunique valueis con-
firmed, FE cathodes made from carbon nanoclusters
will have no equalsin the mgjority of cases.

In this work, we discuss the advantages and disad-
vantages of cold cathodes made from carbon fibers and
carbon plates with a developed surface and report
recent experimental results concerning these cathodes.
Conceptually, many of the results will be considered in
subsequent papers. This article to some extent summa-
rizes our origina works.

EXPERIMENT

The geometry of the FE cathodes was examined
with conventional scanning electron microscopy (the
operating surface of the fibers) and scanning tunnel
microscopy (the surface of the bulk cathodes with a
developed surface). The elemental composition of the
cathode material was studied with magnetic-scan mass
spectrometers and solid-state laser ion sources. The
internal structure of the fibers was investigated by the
X-ray diffraction method. The emission properties of
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the cathodes were studied in a specially designed com-
puterized setup [15]. Its vacuum chamber is made of
stainless steel and has high-voltage bushings and a
watch window. The original part of the chamber is a
positioner that can control the spatial arrangement of
the components of the measuring system (cathode,
modulator, and anode) with ahigh accuracy. The anode
diameter varies between 10 and 40 mm according to the
cathode type and design (individual carbon fibers, bun-
dle of fibers, nanotubes, silicon or tungsten tips, or pla-
nar carbon or graphite plates with a devel oped surface),
anode—cathode distance, and aim of experiments. The
temperatures of the anode and modulator are measured
with temperature sensors. The uniformity of the emis-
sion current is estimated using all-metal and sectional
(up to four sections in the form of a circular arc)
anodes. As modulators, grids of various transparencies,
perforated plates, wires, etc. are used. The electronic
unit of the setup, the core of the data acquisition and
processing system, includes programmable power sup-
plies, a divider, an amplifier, and an L-264 card con-
nected to a computer. The system is adjusted and con-
trolled by a DMM-VC-506 multimeter (Conrad Elec-
tronic GmbH, Germany). It passes digital data for the
emission currents and the temperatures of the setup ele-
ments to the computer, where the information is pro-
cessed and then used to construct |-V characteristics
(including in the Fowler—Nordheim coordinates),
dependences of the temperatures on the emission cur-
rents, etc.

In experiments where the emission properties of the
materials and the efficiency of the cathodes and entire
modules were studied, the necessary potential differ-
ence was provided by HCN 35-6500 and HCN 35-
12500 power supplies (both from Fu.G. Electronic
GmbH, Germany), which can also operate in the cur-
rent source mode. This mode was used when we inves-
tigated the stability of the cold cathodes against long-
term bombardment by residual gas ions. The voltage
applied to the anode and to the modul ator was positive,
since the material of the chamber markedly affects the
electricfield distribution in the interel ectrode gap. Both
power supplies are equipped with analog-to-digital
converters (ADCs) and are connected to the computer,
which specifies time parameters and a voltage-varying
program. The voltage values, as well the currents and
temperatures, are filed in the digital form using the
L-264 ADC card embedded in the computer. The card
servesas adevicefor datainput, output, and processing
(in both the analog and digital forms). The card also has
an ADSP-2105 off-line signal processor, which pro-
vides analog data input and analysis and generates a
report on measurement results. During the adjustment
and calibration of the entire data acquisition and pro-
cessing system, graphic and numeric data obtained
with the computer are compared with processed exper-
imental data obtained with the DMM-V C-506 digital
multimeter. In both cases, instantaneous values of the
parameters measured are displayed in real time.
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COMPOSITION OF THE CARBONACEQUS
MATERIALS

The elemental identification of the materials was
performed with the MI-1201 mass spectrometer and
EMAL-2 mass spectrograph (both from AO Selmi,
Sumy, Ukraine). We studied UKN-P, UKN-400, UKN-
5000, VMN-RK, VMN-4, VEN-280, and Kulon-P
poly(acrylonitrile) fibers (all from the All-Russia
Research Institute of Polymer Fibers, RIPF [16]); T-50
and T-300 poly(acrylonitrile) fibers from Thornel
(USA); carbon fibers made from R-25 and R-75 isotro-
pic petroleum pitch from Thornel (USA) [17]; and pilot
samples of cellulose hydrate-based fibers from the
RIPF. Also, we analyzed MPG-6, MPG-8, KPG, GMP-
1011, GR-1, GR-280, and VPG domestic nuclear
graphites and domestic HOPG. It was found that al the
materials have a considerable amount of impurities (up
to 3%). These are nitrogen (2 to 2.3%) and F, Na, Mg,
AlL S, S Cl, Ca K, Ti, Fe, Cr, Ni, Co, Cu, Zn, and Sr
(severa hundredths of a percent each). The amount of
the impurities markedly depends on the type of the
material. One can suggest that this is the basic reason
for the difference in the mechanical and emission prop-
erties of the carbonaceous materials, as well asin their
stability against bombardment by |ow-energy ions in
the FE current generation mode under conditions of an
industrial vacuum. Some results on the elemental com-
position of the materials are available from the appen-
dices to the quarterly reports on project no. 467-97,
which is supported by the International Research Cen-
ter. Altogether, the results will be published in the pre-
print of the Institute of Theoretical and Experimental
Physics (currently in press).

ANNEALING OF CARBON FIBERS

It was reported [18, 19] that thermal treatment of
carbon fibers improves their field emission capacity.
For the majority of the fibers, heat treatment at 500°C
for 10 min seemsto be optimal. It is believed that heat-
ing “improves’ theinternal structure of the fibers, mak-
ing it optimal for the formation of a developed working
surface that is dynamically stable against ion bombard-
ment.

To gain a better understanding of this phenomenon,
we investigated the evolution of the phase state of sev-
eral types of the fibers during annealing with an HZG-
4A X-ray diffractometer (Carl Zeiss GmbH, Germany).
In X-ray experiments, the fibersin the cell were packed
paralel to each other, perpendicularly to each other, or
in a random way. The X-ray tube has a copper target
(A =0.154 nm) and anickel filter. Fibersannealed in air
inan LM 111.10 furnace (Linn Elektro Therm GmbH,
Germany) at 100, 300, 500, and 600°C for 10 min were
examined. Typical results for UKN-400 poly(acryloni-
trile) fibers are shown in Fig. 1. The fibers are highly
amorphous. The spectrum has asingle peak, which cor-
responds to the interplanar spacing d = 0.36 nm. The
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Fig. 1. Diffraction patterns from the (#) unannealed refer-
ence sample and from UKN-400 poly(acrylonitrile) fibers
annealed at (m) 100, (a) 300, (x) 500, and (*) 600°C for
10 min.
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Fig. 2. Calculated number of ions striking the surface of the
carbon tip in asecond for the gas pressure Py = 10 Paand
the voltage Vy = 5.0 kV.

half-width of the peak is about 0.15 nm, indicating a
low degree of ordering. This diffraction pattern gives
no chance to judge the degree of texturing of the fibers
and the effect of annealing (in the range 100-600°C) on
the structure and phase state of the fibers.

The SEM examination (XL 30 TMP scanning elec-
tron microscope from the Philips Electron Optics,
Netherlands) of the working surfaces of individual
fibers after they had been trained for about 1 h at avolt-
age of 25kV and aresidual pressure on the order of 1 x
10 Pa showed that the most developed surface is

BOBKOV et al.

observed for the fibers annealed at T < 400°C or not
heet-treated at all. Hence, we can conclude that heat
treatment at the above temperatures merely removes
(completely or partially) the organic binder from the
bundles. The binder benefits the formation of the devel-
oped fiber surface during ion bombardment in the FE
current generation mode. On the other hand, its pres-
ence (even in minor amounts) plagues the use of the
bundles as FE cathodes and makes it difficult to main-
tain necessary vacuum conditions in sealed-off glass
tubes.

ION BOMBARDMENT OF THE SURFACE:
COMPUTER SIMULATION
AND EXPERIMENTAL DATA

It is known that the continuous bombardment of the
cathode surface by residual gasionsis one of the most
important effects that accompanies field emission and
strongly affects its parameters. The ions are generated
in the interelectrode space by the electron impact
mechanism. This effect becomes of special importance
when the cathode operates at a pressure of about
104 Paand the voltage across the diode gap is severa
kilovolts [20].

To estimate the effect, we elaborated a procedure to
compute and predict the variation of the cathode sur-
face during long-term operation. The essence of our
approach isthe rigorous quantitative estimation of radi-
ation load on FE cathodes. When analyzing the forma-
tion and evolution of the surface relief of the cathodes,
we take into account the following factors: (1) the ini-
tial geometry of the surface; (2) the structure and chem-
ical composition of the cathode material, including the
composition of the surface layer; (3) the composition
and pressure of the gas in the operating space; (4) the
energy distribution of the ions; and (5) the parameters
of ion sputtering of the surface (sputtering yield and
possibility of resputtering) and type of sputtering
(chemical, physical, atomwise, or cluster) [21-23]. The
radiation |oad was estimated by the formulas derived in
[24] and modified for the multi-tip surface with over-
lapping electron flows. The load was estimated with a
specially developed computational program for pure
compact carbon, porous carbon, tungsten, tungsten car-
bide, and tungsten oxide that are irradiated by ions of
pure H,, D,, He, and Ar. By way of example, Fig. 2
plots the calculated number of ions striking the surface
of the carbon tip per unit time, N;, and Fig. 3 shows the
time variation of the volume of the carbon and tungsten
FE cathodes that is sputtered by He ions. It follows
from the calculations that the carbonaceous materials
do not have any advantages over the other materialsin
terms of radiation hardness and material loss (here we
do not consider carbon nanoclusters[12], which call for
special theoretical and experimental investigation).

Using the origina experimental technique (it was
described in part in [25, 26]), we measured the sputter-
TECHNICAL PHYSICS Vol. 46
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Fig. 3. Calculated time variation of the volume of the
(2) tungsten and (2) carbon FE cathodes that is sputtered by
Heions (idedl tips). The gas pressure Py is 10~ Pa, and the
voltage V is 5.0 kV.

ing yields Y, for the carbonaceous materials considered
in awide range of energies. It was shown that, for the
graphites, Y, < 0.5 atom/ion when the maximum energy
of residua ionsisV = 8 keV. For the carbon fibers, Y;is
more than one order of magnitude higher even if the
“resputtering” of carbon atoms onto working surface
asperitiesistaken into consideration. Thus, for the bulk
graphite cathodes with a devel oped surface, the sputter-
ing (removal) of surface atoms may substantially
change the surface relief and, thereby, the emission
parameters after long-term operation. In the case of the
fibers, the sputtering process (including cluster sputter-
ing) will cause extensive mass transfer from the cath-
ode to the anode (or to the modulator).

3.4 pm (X)

0 pm (Y)
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RADIATION TECHNOLOGIES
FOR FIELD-EMISSION CATHODE FABRICATION

It has been shown recently [7, 10] that the irradia-
tion of bulk carbonaceous materials by various particles
may successfully be used for fabricating flat FE cath-
odes with a developed surface. The surface irradiated
may be irregular (see, e.g., Fig. 4) or have a periodic
relief (Fig. 5). The surfaces of HOPG and M PG-6 high-
strength nuclear graphite (both irradiated by protons, a
laser-induced plasma, cesium ions, and fission frag-
ments) were thoroughly examined by STM [27], which
is known to quantitatively characterize the degree of
surface development in terms of fractal dimensions
[28, 29]. The experiments were performed with an
SMM-2000T scanning multimicroscope operating in
air (KPD Company Ltd., Russia). The HOPG surface
irradiated by Xe* ionsisshownin Fig. 6. Concurrently,
|-V characteristics were taken from each of the sam-
ples. For a developed surfaces, they qualitatively
agreed (typical |-V curves are presented in [7]). The
emissive power (current per unit emitting surface area)
increased with the fractal dimension. This dependence
was not linear but tended to saturation.

REDUCTION OF THE WORK FUNCTION

As is known, carbonaceous materials rank below
many others in emission properties and primarily in
work function (¢ = 4.7 eV) [30]. However, they are
promising FE cathode materialsin anumber of specific
applications, because their developed surface remains
dynamically stable and retains a sufficient number of
emission centers during sputtering due to low-energy
ion bombardment. In addition, carbon is a suitable
material for industrial vacuum conditions. Therefore, it
would belogical to reduce the work function of carbon-
aceous materials, e.g., by implanting a material with a

5.0 pum (Y)

Fig. 4. STM image of the HOPG surface irradiated by the high-intensity laser-induced SiO, plasma.

TECHNICAL PHYSICS Vol. 46 No.6 2001



740

Scale X: 500 A, Y:500A,Z:20A

Fig. 5. STM image of the HOPG surface irradiated by
210-MeV Xe' ions. Therelief depicted forms only on sepa-
rated sites of the surface.

P
1.030
1.025
1.020
1.015
1.010
1.005

NN NN NN

Fig. 6. Graphic representation of the degree of surface
development (profile fractal dimension P) for HOPG sam-
ples subjected to various irradiations: (1) reference; (2) p*,
3MeV, angleof incidence on the surface 90°; (3) p*, 90 keV,
45°; (4) fission fragments, (5) cesium ions, 25 keV,
(6) laser-induced SiO, plasma; and (7) p*, 90 keV, 90°.
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much lower work function ¢. We tried to decrease the
value of ¢ for the HOPG and carbon fibers by implant-
ing cesium ions (¢ = 1.80 V). Note, however, that for
graphite, cesium ion bombardment can also be used for
developing the surface (the STM image in Fig. 7). The
HOPG and fibers were irradiated by 25-eV Csions. In
the former case, the ion beams struck the surface at
right angles, whilein the latter, the beams were perpen-
dicular or parallel to the fiber axis. The value of ¢ was
measured with the original technique. It involves statis-
tical analysisof many |-V characteristics obtained from
the same sample and plotted in the Fowler—Nordheim
coordinates and comparison with similar data for non-
irradiated cathodes. Actually, therelative value of ¢ (or,
what is the same, a decrease in ¢ relative to its initial
value ¢, for nonirradiated carbon) was measured.
Cesium implantation was found to decrease ¢ by afac-
tor of 1.5 for the fibers and twofold for the as-obtained
HOPG surface. However, during the generation of FE
current, both factors (1.5 and 2) decreased (¢ grew) and
became unstable. The reasons may be the insufficient
Cs ion energy, specific range distribution of cesium
ions in carbon, and sputtering of carbon during emis-
sion. We suppose that the best practical results will be
obtained if cesiumionsimplanted into the carbon fibers
have an energy corresponding to the mean projective

range R = d/2, where d is the fiber diameter. In princi-
ple, multistage implantation processes that ensure the
adequate uniformity of the Cs distribution over the
material can be applied to both “bulk” graphite plates
and carbon fibers.

DESIGN AND PROPERTIES OF FIELD-EMISSION
CATHODES

If FE cathodes include modulators as the basic com-
ponents, a cathode—modulator unit as a whole should
be considered. The role of the modulators and the pos-
sibledesigns of the units are discussed elsewhere[8]. In

2.75 pm (X)

0 pm (Y)

Fig. 7. STM image of the HOPG surface irradiated by 25-keV Cs' ions.
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I, pA
100

0 1 2 3 4 t,h

Fig. 8. Time variations of the cold current emitted by the
(2) single carbon fiber and (2) single tungsten wire. Modu-
lators are metallic plates with holes coaxial with the fiber
and wire. No special sharpening of the cathodes was made
in both cases. The cathodes were trained prior to the
measurements. The pressure in the vacuum chamber is Py =
10~ Pa, and the voltage between the dectrodesiis 6.0 kV.

that work, detailed comparative analysis of the cath-
ode—-modulator units was given for the following sys-
tems:

(1) A bundle of carbon fibers (cathode) and grid
(modulator);

(2) A single carbon fiber and grid;

(3) A single carbon fiber and metallic plate with a
hole coaxial with the fiber;

(4) Regularly arranged individual carbon fibers and
grid;

(5) Regularly arranged individual carbon fibers and
metal plate with holes opposite to each of the fibers;

(6) A single tungsten wire and grid,;

(7) A single tungsten wire and metallic plate with a
hole coaxial with the wire;

(8) Regularly arranged individual tungsten wires
and grid;

(9) Regularly arranged individual tungsten wires
and metal plate with holes oppositeto each of thewires;

(10) HOPG with a developed surface and grid.

In al cases, the carbon fibers and tungsten wires
were cut normally to the axis and were not specialy
sharpened.

The measurements were performed under the same
conditions. That is, in all the cases, the cathode, modu-
lator, and anode potentials were the same, the potential
difference between the cathode and the anode was 6 kV,
the cathodes were trained in a similar way, and the
residual gas pressure was 10~ Pa. Quantitative results
of this study will be published later; here, we report
only qualitative data.

First, it was established that the use of thebundlesis
inappropriate, since the fibers differ widely in length.
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Moreover, the FE current is generated only in severd
fibers, while they number in the tens or even hundreds
in the bundles. The best results were obtained for
cathode-modulator system 5. The systems having sim-
ilar designs but dissimilar cathode materials (such as 2
and 6, 3and 7, 4 and 8, and 5 and 10) have close char-
acteristics (at least over a time interval of 5 h),
which appears to be rather unexpected and surprising.
Figure 8 depicts the time dependence of the FE current
for systems 2 and 5.

CONCLUSIONS

(1) The thermal treatment of carbon fibers at 500—
600°C in air for t = 10 min removes the organic binder
from the bundles without affecting the surface structure
and the phase state of the fibers. The presence of the
binder on the fiber surface adds to its devel opment dur-
ing ion bombardment but greatly deteriorates vacuum
conditions in seal ed-off glass tubes.

(2) Computer analysis of the formation and evolu-
tion of the surface relief must take into consideration
the initial surface geometry; structure and chemical
composition of the cathodes, including the composition
of the surface layer; composition of the gasin the oper-
ating space; energy distribution of bombarding ions;
parameters of ion sputtering of the surface material
[sputtering yield, possibility of resputtering, and sput-
tering mechanism (physical, chemical, atomwise, or
cluster)].

(3) As follows from the computer simulation, the
carbonaceous materials have no advantages over the
othersinterms of stability against low-energy ion bom-
bardment and cathode material loss due to sputtering.
The experimentally found fact that the sputtering yield
for the fibers far exceeds that for the graphite plates
indicates extensive masstransfer to the anode and to the
modulator. Hence, the lifetime of the carbon-fiber cath-
odes generally ranks below that of the cathodes made
of the graphite plates. On the other hand, the lifetime of
thelatter islimited by the possible changein the surface
relief and the gradual elimination (sputtering-out) of
the emitting centers. With cluster sputtering of graph-
ite, the sputtering yield will inevitably increase.

(4) Flat FE cathodes may successfully be produced
by radiation technologies. For HOPG plates, both ran-
domly and regularly oriented developed surfaces may
be obtained with these technologies. Their efficiency
can be characterized with STM by measuring the frac-
tal dimensions of the surfaces formed. These dimen-
sions were found to be proportional to the specific FE
current.

(5) Thework function of the carbonaceous cathodes
can considerably be decreased by implantation of Cs
(or any other material with the work function much
lesser than that of carbon). The energy and fluence of
the ions must provide the implant uniformity over the
cathode. In practice, implantation may decrease the
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work function of the carbonaceous materials down to
25-3.0¢eV.

(6) The use of the bundles appearsto be inappropri-
ate, since the fibers differ widely in length. Moreover,
the FE current is only generated by a few fibers, while
they number in the tens or even hundreds in the bun-
dles. The best results are observed when the regularly
arranged fibers are used as a cathode and a meta plate
with holes coaxia with the fibers, as a modulator.

(7) Based on information currently available, we
can conclude that carbon nanoclusters seem to be the
most promising material for high-efficiency FE cath-
odes.
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Abstract—A comparative analysis was carried out of the initiation temperatures of solid-phase reactions in
bilayer solid films and the Kurnakov temperatures of the phases forming in the reaction products. It has been
shown that in superstructures where ordering is usually observed, the Kurnakov temperature coincides with the
initiation temperature of the solid-phase reactionsif no other solid-phase structural transformation precedesthe
order—disorder phase transition in the state diagram. A rule was proposed by which pairs of films capable of
entering into solid-phase reactions and their initiation temperatures can be determined. © 2001 MAIK

“ Nauka/Interperiodica” .

INTRODUCTION

Solid-phase reactions in thin films, the backbone of
modern microelectronics technology, have been inten-
sively studied for the past three decades [1-8]. The
majority of the solid-phase reactionsin thin metal films
occur in the temperature range 400800 K and fall into
two classes. The first class are reactions in which new
phases are formed. The second class are reactions
whose products contain no new phases while the layers
intermix at temperatures below the eutectic tempera-
ture [1]. It is believed that the basic mechanism of the
low-temperature solid-phase reactions in thin films is
the diffusion along grain boundaries, which is several
orders of magnitude faster than diffusion in bulk sam-
ples[1]. The grain boundary diffusion and high imper-
fection of thefilmsare the main factorsin the formation
of compounds at the interfaces of film condensates. As
in bulk samples, the formation of new phasesin films
occurs by nucleation and growth obeying the kinetic
Kolmogorov—Avrami—Johnson—-Mehl law. Such an
analysis supposes that, by virtue of the Arrhenius
dependence of diffusion on temperature, the formation
of new phases at theinterface occurs at any temperature
and the thickness of the layer of reaction products
depends only on temperature and the annealing time.
However, caorimetric data and Rutherford backscat-
tering investigations of many solid-phase reactions in
thin films show that the phase formation beginsat acer-
tain temperature and proceeds at afast rate in a narrow
temperature interval [2, 3]. Generally, as the tempera-
ture is increased, a so-called first phase forms at the
interface. Further increase of the temperature can result
in the emergence of new phases and the formation of a
phase sequence [2-8]. Different rules have been pro-
posed to predict the first phase and the phase sequence
[6-8]; however, not one of them can embrace the diver-

sity of experimental data. Nevertheless, prediction of
the pairs between which the solid-phase reactions are
possible, of theinitiation temperature values, of thefirst
phases, and of the phase sequencesis extremely impor-
tant for technical applications.

One of thethermal treatment methods causing solid-
phase reactions in thin films to yield compounds is
rapid thermal annealing [9]. Rapid thermal annealing
includes rapid heating of the sample to a certain tem-
perature, exposure for 1-100 s, and subsequent rapid
cooling. It has been shown [10, 11] that solid-phase
reactions in metallic thin films can proceed as a self-
propagating high-temperature synthesis (SHS). Unlike
SHS in powders [10,11], SHS in thin films can occur
spontaneously only when the sample temperature T,
exceeds the initiation temperature T, (T, > Ty) and rep-
resents a surface combustion wave. The SHS front
velocity increases exponentially with the sample tem-
perature T, and at asampl e temperature closeto theini-
tiation temperature it is equal to ~2-10 x 102 m/s. So,
thetime of travel of the SHS wave over the sample sur-
face in the experiments is equal to ~5-15 s. This sug-
gests that many of the solid-phase reactions taking
place in the course of the rapid temperature annealing
are SHS reactions. SHS in thin films, the same as the
solid-phase reactions, can be of two types. The reaction
products formed in the wake of an SHS wave of type
contain compounds. SHS of type Il comprises a com-
bustion wave and a phase immiscibility wave, which
arises when the sample temperature T, drops below the
initiation temperature T,. Reaction products of type Il
SHS in bilayer film systems described by a ssimple
eutectic state diagram contain initial components.
Therefore, in such samples, the reaction produces the
effect of intermixing of the layers. SHS of type Il,
called multiple SHS[12, 13], correspondsto the transi-
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tion through the eutectic temperature in bulk samples.
Unlike the eutectic crystallization of the bulk samples,
themultiple SHS in thin filmsis areversible solid-state
structural phase transition. This result is absolutely
unexpected since the phase immiscibility observed dur-
ing eutectic crystallization is currently believed to be
the result of the transition of the liquid eutectic into a
solid one. Therefore, the multiple SHS should be con-
sidered as a“ solid-phase melting” of eutectic systems.

The SHS initiation temperatures in many of the
bilayer film samples are found in the temperature range
400800 K, characteristic for solid-state reactions.
Comparison with the binary phase equilibrium dia-
grams of the bulk samples shows that in the tempera-
ture range 400-800 K, many structural solid-phase
transformations take place. This is an indication that
the temperatures of the solid-phase reactions (including
SHS) coincide with the phase transformation tempera-
tures. However, it is considered that all these transfor-
mations depend on diffusion (excluding the martensite
transitions), which is slow in this temperature range
and cannot create the considerable mass transfer across
the interface between the layers characteristic for SHS
and solid-state reactions. Nevertheless, the supposition
that the SHS initiation temperaturesin thin filmsarethe
same as the temperatures of other solid-phase transfor-
mations was verified for bilayer systems S/Fe and
Cu/Au. In [14], the SHS initiation temperature in S'Fe
thin films has been shown to be in agreement with the
temperature of the metal-dielectric phase transition in
ferric monosulfide FeS. It was shown in [15] that the
Kurnakov temperature of the order—disorder phase
transition in the classic Cu—Au system determines the
initiation temperature of SHSin the Cu/Au bilayer film
system.

The present study aims to provide an experimental
proof that, in other bilayer film systems aswell, theini-
tiation temperature of the solid-phase reactionsis deter-
mined by the Kurnakov temperature of the ordering
phases forming in the reaction products.

SAMPLES AND EXPERIMENTAL
TECHNIQUE

The objects studied were bilayer film samples,
which could contain ordered phases in the reaction
products after passage of an SHS wave or a solid-phase
reaction. The systems chosen for comparing Kurnakov
temperatures and the initiation temperatures of solid-
phase reactions were those in which the ordering phe-
nomenon typicaly occurs, namely, Cu—Zn, Ni—Zn,
Mn—Ni, Co-Al, Fe-Al, Ni-Al, Cu-Al, Ti-Al, Co-Ft,
Au-Cu [16-18]. Bilayer film sampleswere prepared by
consecutive vacuum deposition of the above metals
onto glass and mica substrates as well as onto freshly
cleaved MgO(001) surfaces. Thethickness of the layers
was chosen such that the composition of the samples
after the reactions have been completed was in the
region of homogeneity of the ordering alloys studied.

MYAGKOV et al.

The total thickness of the film sample did not exceed
250 nm. In order to improve adhesion and obtain
monocrystalline layers on the MgO(001) surface, on al
substrates the first layers were deposited with the sub-
strate temperature kept at 500-520 K. To prevent the
reaction from occurring during deposition, the second
layer was deposited at room temperature. The samples
obtained were placed on a tungsten heater in vacuum
and heated to the SHSinitiation temperature at arate of
no less than 20 K/s. After passage of the SHS front,
which was monitored visually, the samples were cooled
down at ~10 K/s. In the cases where passage of the SHS
front was discernible poorly or not at all, the samples
were subjected to rapid thermal annealing. The rapid
thermal annealing (RTA) included heating of the
bilayer samples at arate of no lessthan 20 K/sto atem-
perature 2040 K above T, and exposition at that tem-
perature for 15 s (the time necessary for passage of the
SHS front) with subsequent cooling a a rate of
~10K/s. Sample preparation and thermal annealing
were carried out in avacuum of ~1 x 10-° torr. Theini-
tiation temperature depended strongly not only on the
heating rate but also on the thickness of the substrate.
Therefore, in the experiments, the substrate thickness
was kept at a minimum. For the glass and mica sub-
strates, it was 0.10-0.18 mm; for the MgO substrates,
0.35-0.40 mm. The phase composition was determined
using a DRON-4-07 (LOMO) instrument and K, radia-
tion. The X-ray spectral fluorescence method was used
for determining the chemical composition and thick-
ness of the layers. Measurements of the magnetic crys-
tallographic anisotropy were carried out by the method
of rotation moments. The degree of transformation n
was determined from variation of the magnetic moment
of the ferromagnetic sample layer before and after the
reaction following the method described in [10, 11].

EXPERIMENTAL RESULTS
AND DISCUSSION

Cu—Zn system. In the Cu—Zn system, a 3'-CuZn
phase of type B2 ordering exists. The Kurnakov
temperature of the bulk B'-CuZn phase is in the range
T, = 741-727 K [16]. It was found that, indeed, in the
Zn/Cu film samples deposited onto micaand glass sub-
strates, the SHS reaction between copper and zinc films
took place as the temperature T, was increased to T,
(Ts= To). The initiation temperature was in the range
550-600 K, and the SHS front propagation could easily
be observed visualy (Fig. 1). The initiation tempera-
ture Ty in Zn/Cu/MgO(001) samples was higher by
50-100 K than in the samples deposited on glass sub-
strates, and the SHS front propagation was not dis-
tinctly noticeable. The diffraction patterns of the
Zn/Cu/MgO(001) samples taken prior to initiation
showed that the copper layer grew on the MgO(001)
surface epitaxially with the (001) orientation. The
absence of reflections from the zinc film deposited on
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top of the copper film suggests that it was either finely
dispersed or amorphous. As aresult of SHS, the copper
layer reacted completely since its reflections disap-
peared. The analysis of diffraction patterns showed that
the ordered 3' phase and the high-temperature (3, phase
formed in the reaction products (Fig. 2). The ordered
B'-CuZn phase is a typical example of the B2 phase
ordering. The high-temperature (3, phase probably
owes its stability to the higher cooling rate occurring
behind the SHS front.

Ni—Zn system. The Ni—Zn system includes only
one type B2 ordered phase, namely, NiZn. An ordered
3;-NiZn phase of the Cu—Au typeis formed as a result
of the eutectic-like decomposition at a temperature of
T, = 888 K [16]. The 3,-NiZn phase is stable at room
temperature. The Zn/Ni film samples deposited onto
the glass substrates, just like the Zn/Cu films (Fig. 1),
exhibit awell-defined front when SHS s initiated. The
SHS initiation temperature was in the range T, = 430—
480 K. In Fig. 3, the dependence of the degree of trans-
formation n on the substrate temperature T typical of
SHSreactionsin thin filmsis shown [10, 11]. The same
samples on the MgO(001) substrate had T, = 600—
650 K. X-ray diffraction by theinitial Zn/Ni/MgO(001)
samples showed that the nickel film grown on
MgO(001) was monocrystalline and contained no zinc
reflections (Fig. 4a). The reason for the absence of
these reflections is the same as for the
Zn/Cu/Mn0O(001) samples. The measured values of the
magnetic crystallographic anisotropy constant of the
initial Zn/Ni/MgO(001) samples are close to the value
for bulk nickel and confirm that the Ni film grew on
MgO(001) epitaxialy in the (100) plane. Magnetic and
X-ray diffraction measurements showed that SHS in
Zn/Ni/MgO(001) samples can penetrate the film thick-
nessonly partially. Thisis possibly caused by intensive
heat removal to the substrate and is also observed in
AI/Ni/MgO(001) samples[17]. Figures 4b and 4c show
diffraction patterns corresponding to the transforma-
tion degrees of n = 0.5 and 1, respectively. The new
phase must grow epitaxially on the Ni(100) surface
since only the strong reflection at d = 0.178 nm is
present. However, this reflection does not belong to the
ordered (3,-NiZn phase. It has been shown previously
[10, 11, 18] that the formation of phases at high SHS
front velacities occurs in non-steady-state conditions
and the formation of metastable phases and quasi-crys-
tals is possible in the reaction products. Probably, the
reflection at d = 0.178 nm belongs either to an unknown
metastable phase, a 6-phase, or a ZnNi; phase with a
lattice similar to y-brass [19]. The large discrepancy
between the temperatures T, = 888 K and T, = 430—
480 K suggests that the initiation temperature of the
first phase in the Zn/Ni film is determined not by the
Kurnakov temperature of the (3,-NiZn phase but by an
unknown low-temperature structural transformation in
the Ni—Zn system.
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Fig. 1. SHSfront in a(150 nm)Zn/(50 nm)Cu film grown on
glass substrate. The arrow indicates the front propagation
direction.

1, arb. units
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0 (3,-CuZn
o
I S S
60 70 80 90
26, deg

Fig. 2. X-ray diffraction patterns of a (150 nm)Zn/
(50 nm)Cu/MgO(001) film sample after passage of the SHS
wave.
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Fig. 3. Degree of transformation n as a function of the sub-
strate temperature Tg in a (150 nm)Zn/(50 nm)Ni bilayer
film system.

Ni-Mn system. In the Ni-Mn system, a NiMn
phase having LI, ordering and a NizMn phase with the
L1, structure are known. The NiMn phase is formed as
alow-temperature modification; the Kurnakov temper-
atures of these phases are T (NiMn) = 753 K and
T(NisMn) = 778 K, respectively [16]. In the Mn/Ni
bilayer samples, propagation of the SHSfront could not
be seen; therefore, these samples were subjected to
RTA. Between the nickel and manganese layers, a
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Fig. 4. X-ray diffraction patterns of a (150 nm)Zn/
(50 nm)Ni/MgO(001) film sample: (a) initia sample;
(b, c) after passage of the SHSfront at n = 0.5 and 1, respec-
tively.
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Fig. 5. Degree of transformation n as afunction of the sub-
strate temperature Tg in a (100 nm)Mn/(100 nm)Ni bilayer
film sample: (1) in the course of deposition of the manga-
nese layer onto the nickel layer; (2) after rapid thermal

annealing.

solid-state reaction took place; in Fig. 5 (curve 1), the
dependence of the degree of transformation n on the
substrate temperature is presented for Mn/Ni bilayer
samples deposited onto mica substrates. However, it
was not expected that n(T,) would depend on the sub-

MYAGKOV et al.

strate temperature for the Mn layer deposited onto a
Ni film (Fig. 5, curve 2), its initiation temperature

(Té =570 K) being lower than in the bilayer samples

(T =850 K). It has been shown in [10, 11] that during

both heating of bilayer samples and consecutive layer
deposition from the substrate temperature, the SHSini-
tiation temperature T, will be the same. The significant

difference between T and T values suggests differ-

ent phase formation processes for these two cases of
initiation. The Ni-Mn system has been intensively
studied mostly on account of the superstructure in
NizMn, which is ferromagnetic in the ordered state.
However, no compounds of this system are listed inthe
JCPDS catalogue. This complicates interpretation of
the diffraction patterns of Ni and Mn films successively
deposited onto the MgO(100) surface and samples sub-
jected to RTA, which are presented in Figs. 6a and 6b,
respectively. The samples containing a reflection for
d=0.178 nm in their diffraction patterns were always
ferromagnetic. Therefore, this reflection should corre-
spond to the (002)MnNi; phase with a lattice constant
of a = 0.357 nm [20]. The ordered MnNi phase has a
|attice similar to that of CuAu, with a = 0.3714 nm and
¢ = 0.3524 nm [20Q]. Thus, the reflections for d = 0.221
and 0.185 nm were tentatively assigned to MnNi(111)
and MnNi(200) phases. With increase of the RTA tem-
perature, the diffraction patterns change considerably
owing to the great diversity of the phase transforma-
tionsin the Mn—Ni system.

Al—Co system. In the Al-Co system an AlCo alloy
with B2 ordering is of interest. SHSin thin Al/Co films
on glass substrates is initiated at temperatures of 650—
680 K. The plots of the degree of transformation as a
function of the substrate temperature n(Ty) for SHSini-
tiated during deposition and during heating of the
Al/Cofilm samplesareidentical [10, 11]. The SHSini-
tiation temperature in Al/Co/MgO(001) filmsisin the
range 750-780 K. In Fig. 7, diffraction patterns are pre-
sented of theinitial Al/Co/MgO(001) samples (Fig. 7a)
and after the reaction has taken place (Fig. 7b). Theini-
tial samples produced only reflections of the (001)[3-Co
phase and had no reflection from the aluminum layer
deposited on top. As in the film systems discussed
above, the top layer was either amorphous or disperse.
Analysis of the diffraction patterns and the data on
magnetocrystallographic anisotropy of the initial sam-
ples showed that the rel ative orientations of the monoc-
rystalline B-Co film and the substrate were as
(001)[100]B-Co || (001)[100]MgO. After passage of the
SHS front, which was observed visualy, only the AICo
phase was found in the reaction products (Fig. 6b). The
presence of the (100) superstructure reflection indicates
that the AlCo phase is ordered. Formation of the super-
structure in the reaction products suggests that the tem-
perature of the order—disorder transition in the AlCo
phase coincides with the SHS initiation temperature in
Al/Co bilayer film samples.

No. 6
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Besides the systems considered above, SHS isiniti-
ated in bilayer thin samples of Al/Cu (T, = 350400 K),
Al/Ti (T, = 450-500 K). In respective AI-Cu and Al-Ti
systems, CuAl, TiAl, and Ti;Al superstructures occur
[16, 21, 22]. Earlier, it was found [17] that in
Al/Fe/MgO(001) films, SHS produces a FeAl super-
structure (T, = 610630 K), which, as a film, has an
ordering temperature of T, < 680 K [23]. The closeness
of the experimental values of the SHS initiation tem-
perature T, in Al/Fe samples and the Kurnakov temper-
ature of the FeAl superstructure suggests that their
exact values should coincide. In the Al/Ni/MgO(001)
film system, in SHS products, a compound is formed
that has been identified as an Al;Ni, phase [17]. This
phaseisalso found after SHS on glass substrates occur-
ring at the initiation temperature (T, = 500 K) [10, 11].
Solid-phase reactions in Al/Ni thin filmsthat occur at a
temperature T, ~ 500 K are fairly well studied, with
Al5Ni,, Al3Ni, and AINi phases observed in the reac-
tion products [1, 20, 24, 25]. Equality of the tempera-
tures Ty =T, = 500 K testifies that the solid-phase reac-
tions observed in [1, 23-25] proceed in the SHS mode.
In the equilibrium state diagram of the Al-Ni system,
there is no singularity at atemperature of 500 K. From
the foregoing it can be concluded that this temperature
might coincide with the ordering temperatures of the
phases formed in the reaction products after SHS
involving nickel and aluminum layers. It has been
shown in [26] that the SHS initiation temperature in
Co/Pt, both in bilayers and multilayer films, is close to
the Kurnakov temperature of the CoPt bulk aloy
[27, 28], which aso indicates that these temperatures
should be equal in the film state.

Solid-phase reactions were initiated in al thin-film
pairsif ordered phases were ableto formin thereaction
products. However, the initiation temperature of the
solid-phase reactions was always lower than the Kurna-
kov temperature of the alloys formed in the course of
the reaction (T, < T)). Inthin films, the equality T, = T,
turnsinto theinequality T, < T, due to a number of fac-
tors: (i) considerable heat removal to the substrate
reducing the Kurnakov temperature of thin films in
comparison with similar bulk samples; (ii) a high con-
centration of defects in film condensates; and (iii) the
effect on the temperature T, of other structural transfor-
mations preceding the order—disorder transition and
originating in the reaction products.

The foregoing suggests that a one-to-one relation
exists between the order in which, with increase of the
annealing temperature, the phases form in the bilayer
thin films, and the structural transformationsin the cor-
responding binary systems. It appears that the first
phase forming at the interface between the filmsis that
which comesfirst in the phase equilibrium diagram and
has the lowest structural phase transitions temperature
This rule was first proposed in [26]. Formation of fur-
ther phases with increase of the annealing temperature
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Fig. 6. X-ray diffraction patterns of a (100 nm)Mn/
(200 nm)Ni/MgO(001) film sample: (a) after the solid-state
reaction during deposition of the manganese layer onto the
nickel layer; (b) after rapid thermal annealing cycle.
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Fig. 7. X-ray diffraction patterns of a (100 nm)Al/
(2100 nm)Co/MgO(001) film sample: (8) initial sample;
(b) after passage of SHS front.
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during solid-phase reactions in thin films is governed
by structural transitions in a given binary system. The
maximum annealing temperature at which the solid-
phase reactions occur should coincide with the temper-
ature of the multiple SHS. Therefore, the solid-phase
reactions occur in the temperature range found in the
phase equilibrium diagram between the eutectic tem-
perature and the minimum temperature of structural
phase transformations in a given system. Hence, using
the known binary state diagram, the pairs of the compo-
nent and the initiation temperatures of the solid-phase
reactions in the bilayer thin films can be determined.
The opposite is possible as well, namely, phase
sequences during solid-phase reactions in bilayer thin
films can be studied in order to refine the corresponding
state diagrams.

It isnow widely believed that ordering of atomsinto
a superstructure occurs via the atoms of the lattice
interchanging places. The results of the present work
demonstrate that a considerable mass transfer (up to
~200 nm) takes place at the Kurnakov temperature in
the film condensates with the formation of aloys. The
ordering a T = T, is only a secondary process. It fol-
lows that the long-range mechanism of synthesis deter-
mines the ordering processes. The long-range forces
can determine the stability of the formed phases and,
together with the elastic forces, influence the character
of antiphase boundaries in the long-period superstruc-
tures, as well as participate in the formation of modu-
lated phases at spinodal and eutectic-like decomposi-
tions and in polytype structures.
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Abstract—A formation model for optical-beam deflection signals in ceramics is constructed. The generation
of temperature waves by laser radiation in ceramics with regard for the anisotropy of their thermal physical
propertiesis considered. The thermal physical parameters of silicon nitride ceramic are measured with a laser
optical-beam deflection method. The method is shown to be useful for detecting and characterizing subsurface
cracksin ceramics. © 2001 MAIK “ Nauka/Interperiodica” .

Thethermal physical properties of today’s ceramics
are the object of much investigation [1, 2]. They offer
high hardness, are wear- and corrosion-resistant, and
have low density. In addition, the ceramics can be used
at high temperatures. Of interest are the properties of
homogeneous ceramics, as well as the formation and
detection of defects in the material. Subsurface cracks
are defects that are the most important and, at the same
time, the most difficult to detect [3-6]. In thiswork, we
try to tackle the problem with the laser optical-beam
deflection (OBD) method [7, 8]. In [9], a modified
OBD method was suggested. It isbased on the concepts
of wave optics and allows therma physical measure-
ments to be made for avariety of temperature waves.

The formation of an OBD signal in terms of wave
optics was considered in [10-12]. In those works, dif-
fraction effects due to probing laser radiation were
described at length for a nonstationary thermal lensthat
is produced near an object to be studied by pumping
radiation. It was shown that these effects must be taken
into consideration in finding the OBD signal. There-
fore, the detailed calculation of the signa will be
omitted.

For the typical arrangement of laser beams and an
objectin OBD experiments (Fig. 1), the expressionsfor
the normal and tangential components of the signal are
asfollows[10-12]:

_ Klo on .
S, = Arﬁﬁfdzjdkyexp{l K,Yo—VYqZ
0

Kr* (z-20)"] . 2- 27
_ VT - = erfi DﬁDTS(O' ky, W),

(1)

_ _Klo on
2Ar /0T,

J’dyIdkyexp{i K,y —VYqZo

2.2 2
Yo © (Y=Yo) | ¥ —Yq)
+ ] = }erflmh/éD 2

x [1 + erfg?o —\MD}?S(O, K

20 ©),

y1
where K is a proportionality factor that relates the light
intensity at the photodetector to the electrical signd; |,
the intensity of the probing laser radiation; on/dT, the

partial derivative (rate of change) of therefractiveindex
of the medium near the object with respect to tempera-

ture; A, laser radiation wavelength; Ts(k,, k, w), the

Fig. 1. Therma OBD experiment: (1) object; (2) photode-
tector; (3) reading laser beam; and (4) warming radiation.
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Fig. 2. Object with ahorizontal crack (at a depth d) separat-
ing layers1 and 2.

Fourier transform for the nonstationary component
T4X, Y, 0, w) of the temperature on the object surfacein
the coordinates x and y; w = 21f; f, the modulation fre-
guency of the exciting radiation; r, radius of the excit-

ing beam in its focal plane; y, = JK; + (iw/k,), the
thermal diffusivity of the medium near the object; v,
the transverse displacement of the probing laser beam
from the center of the thermal lens; z,, the height of the
beam over the object surface; and

X

oy 2 2 - ix 2
erfi(x) = [rp([exp(x Yax, erf(x) ﬁ{exp( X“)dx.

According to expressions (1) and (2), the OBD sig-
nals can be determined if the nonstationary component
of the surface temperature is known. To find the latter,
it is necessary to study the generation of temperature
waves and their propagation in the object and in the
environment. To do this, we use a two-layer model
(Fig. 2). Here, it isassumed that a crack is at the depth
z =d and its width is much less than the length of the
temperature wave. Then, the crack can be simulated by
some thermal resistance at the depth z = d. Next, we
assume for generality that layers 1 and 2 have different
thermal physical properties.

Most ceramics are anisotropic by the physical prop-
erties. They are usually classed as orthotropic materi-
als, for which two principal values of the thermal con-
ductivity tensor coincide in one plane and the third
principal valueliesin the direction normal to thisplane.
In practice, the orientation of these planes depends on
the hot pressing direction during fabrication. Let planes
where two principal values of the tensor coincide be
parallel to the planez= 0.

For the problem stated, the therma conduction
equations for the gaseous medium around the sample,
as well as for its first and second layers, can be
written as

OT - K Da a

0°
PsCq 6t gbe 2" il ®)

022j v

MURATIKOV, GLAZOV

2 2 2
il
plcla—Tl = K(1||)0 T21 + K(lm)@D T21 + 2 T2D
ot 0ox*>  ay’0 (4

+al,(xy, t)e”,

0T, _ 0T, T, 0T
P = T e Ty O

Here, p,, p1, and p, are the densities of the surrounding
gas (air), first layer, and second layer, respectively; C,,
C,, and C, are the specific heats of the three media; K

is the thermal conductivity of air; K™, K and K{",

K(z”) are the components of the thermal conductivity

tensor inthe (X, y) plane and along the zaxisfor thefirst
and second layers, respectively; a isthe laser radiation
absorption coefficient of the sample; and 1 ,(x, y, t) isthe
distribution of the radiation intensity over the surface of
the sample.

In OBD experiments, temperature waves are usually
excited by a radiation that is readily absorbed by the
sample. Therefore, Egs. (4) and (5) assume that the
exciting radiation istotally absorbed in thefirst layer of
the object.

To solve the problem, the thermal conduction equa-
tions must be supplemented by boundary conditions.
For our model, the conditions at the boundaries z= 0
and z = d can be written as

oT T,
_ 9l
M= T KO = K58
oT ©)
KL - 1_ K<||)6T2 L T,-T,= —RtK‘l”"zT_l ’
z 0Z |,-4 0Z |,-4

where R, is the thermal resistance between layers 1
and 2.

Equations (3)—5) are easily solved by using Fourier
transformation in coordinates lying in the surface plane
of the object:

|k WX Hikys

T(x,y,zt) = J'deJ’dk T(ky Ky, 2, 1), (7)

where T (k,, K, Z, 1) isthe Fourier transform of the non-
stationary temperature component in the x and y coor-
dinates.

We assume that the temperature waves are excited
by a periodic heat source and, hence, the temperatureis
varied according to the harmonic law €. In this case,
the equation for the Fourier transform of the tempera-
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ture, for example, in thefirst layer takes the form

K(D) 62
(||)T1(kx’ 2 ) = {_—(m(k y)+a——22
A (8)
ol p(k,, k,)e™*

x T1(k,, K y Z, W) + <

where Tp (ke ky) is the Fourier transform for the distri-
bution of the exciting radiation intensity on the surface
of the object.

Equations for the Fourier transforms T, and T, of
the temperatures T, and T, are obtained in a similar
way. We assume that the laser radiation intensity on the
object surface obeys the Gaussian distribution; that is,

2 2
X +y

W, 2
xy) = —2e ©, ©
Ta

where W, is the power of the laser beam and a is its
radius in the focal plane.

Then, the Fourier transform for the radiation inten-
Sity isgiven by

az(ki +K)
D( X1 ) = ¢
7 (2’ )

To find the nonstationary component of the surface
temperature and then the normal and tangential compo-
nents of the OBD signal [expressions (1) and (2)], itis
necessary to solve thermal conduction equations (3)—

(5) with boundary conditions (6). In the explicit form,
the solution of the problem has the form

To(ke kyy 2, @) = Ge™,

(10)

(11)

Ti(ke k2, 0) = Fie+Fe ™+ Ae®, (12
Ta(ke Ky 2, ) = Se %, (13)
where
_ flw, 2,2 _ |iw
qg - K_g + kX + ky’ ql,2 - /\/Kg-”) K(”) (k y)!
G= A[COShqldql L ( (“) Y g) 10,
0 NM + g, Kj U
AT # i, K" 1 ’
(k — K —a?
(II) K(II) y
_1 A aIn —d
1= 2NM+q1K(“)[(aK +qg g)(l Ne )

+Pe (M + g,k ™),
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M = g K,coshg,d + q;K{"sinhq,d,
KD
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2
ak{
P= K(”)(1+ Ra,KP) 1.

The nongtationary component of the surface tem-
perature can be derived from Egs. (11) and (12) if z=0.
Unfortunately, the resulting expressions for the OBD
signal are very complicated and cannot be represented
inthe analytical form. In view of this circumstance, we
devel oped acomputer program to determine the normal
and tangential components of the signal.

The problem stated can aso be solved in terms of
the theory of temperature wave scattering. In this case,
it is necessary to consider incident, transmitted, and
reflected waves, as well as the coefficients of reflection
and transmission of temperature waves at the interfaces
[15]. We will extend the results of [13] to the case
where the laser radiation penetrates into the object and
the thermal resistance exists at the boundary between
the layers.

The incident wave, the wave reflected from the
boundary z= d along the z axis, and the wave transmit-
ted into layer 2 are expressed as

T1(ko k,2) = Ce™ for 0s=zs<d, (14)
Ri(k, k,,2) = Cee ™ for 0<zsd,  (15)
Ta(ke Ky, 2) = Cre™ for d<zso,  (16)

where C,, Cg, and C; are coefficients depending on the
components k, and k, of the wavevector.

Thus, the incident, reflected, and transmitted waves
are given by expressions (14), (15), and (16), respec-
tively. The resulting temperature wave in layer 1 is
described by the expression
Ti(ke Ky, 2) = Cie™*+Cpe ™ (17)

By definition, the coefficients of reflection and
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transmission of temperature waves[13] are specified as
Ri(ky Ky, d) _ Cr

Ti(ko ky,d) G (18)

Riz2(Ky ky) =
To(ky ky,d) _ Cy
T1(ko ky,d)  Ci

In view of boundary conditions (6) and Egs. (16)
and (17), expressions (18) and (19) can be represented
in the explicit form:

> _ 1-8,(1-RaK{")

Ti(ke k) = (19)

N E(17 RGKD)’
& 1o( 01 K1Y) (20)
. 2
T = 1 Ra. KW’
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k]

T1(Ky Ky, 0,0) =
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For R, = 0, these expressions coincide with those
obtained in [15], where the associated coefficientswere
found for a planar interface in the absence of the ther-
mal resistance.

The temperature of the object surface can be found
with regard for multiple reflections of the waves from
the boundariesz=0and z=d, aswell asfor their inter-
ference at the boundary z = 0 [13]. Eventually, the sur-
face temperature is given by

a I pTlg
—2q,d

T1(ky k), 0, ) = —
20:K1" (1 - RygRze ™)

d (21)
xJodZ[ e—Q12+ I’:\ej_ze_ql(Zd_Z)] ’
0
where
~ _ 2 _ qug - _ 1_Elg
Tie = 148y ™9 K R = 1+&

Substituting coefficients (20) into (21) yields the
surface temperature in the form

aiy

(a®—gh)K{

(22)

(1+&g)[1+&(1+R)] +(1-&)[1+&n(R—1)]e

wherer = a/q,.

Note that expression (22) for the surface tempera-
ture coincides with the expression obtained by directly
solving thermal conduction equations (3)—(5) [expres-
sions(11) or (12)]. For R, =0, expression (22) coincides
with the earlier result [13]. Also, along with the surface
temperature, such an approach alows the determina-
tion of the reflection and transmission coefficients at
interfaces having the thermal resistance.

With the Fourier transform of the surface tempera-
ture known [expression (12) or (22)], the normal and
tangential components of the signal are found from (1)
and (2). The possibility of finding the OBD signal can
be used in several applications.

First, our results may help to determine the thermal
diffusivity of objects by the OBD method. In thiswork,
the thermal physical properties of silicon nitride
ceramic were found. To do this, we took dependences
of the normal and tangential components of the signal
on the exciting radiation frequency and on the distance
between the beams of the exciting and reading lasers.
Then, with expressions (1) and (2), we computed the
signals and, varying the thermal diffusivities k@ and
kU, found the | east standard deviation between the ana-
Iytical and measured data. Previously, such aprocedure

—2q,d !

was applied to various bulk materials and thin films
[14, 15].

In the experiments, temperature waves in the
ceramic were excited by argon laser radiation (A =
0.512 pm) focused into a spot of aradius about 2 pm on
the sample surface. The He—Ne laser (A = 0.6328 pm)
was used as a reading laser. The radius of the reading
beam near its waist was 42 um, and the distance
between this beam and the surface was approximately
160 um. Figure 3 showsthe experimental and analytical
dependences of the normal and tangential components
of the signal on the modulation frequency of the excit-
ing radiation. In Figs. 4 and 5, the components are plot-
ted against the distance between the exciting and read-
ing laser beamsfor the fixed modulation frequency. The
standard deviation between the experimental and ana-
lytical datais minimized at K™ = 0.18 cm?/s and k() =
0.13 cm?/s for both components. The results obtained
are in good quantitative agreement with the literature
data for this ceramic: k® = 0.169 cm?/s and k) =
0.1237 cnm?/s[2].

Second, OBD data can be employed for determining
the parameters of subsurface cracks in ceramics. To
demonstrate this possibility, we performed OBD exper-
iments with the Vickers-pyramid-indented material.
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Fig. 3. Amplitude and phase of the norma component of the
signa vs. modulation frequency of warming radiation.
() Datapoints; solid line depictsthetheoretical curve after the
model parameters for the homogeneous materia have been
adjusted.
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Fig. 5. The same as in Fig. 4 for the tangential component
of the signal. The modulation frequency of warming radia-
tion is 9825 Hz.
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oretical curve after the model parameters for the material
with the lateral crack have been adjusted.
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Indentation causes the growth of lateral subsurface
cracksinthe ceramic [5]. To estimate their effect on the
OBD signal, the ceramic was indented by a load of
98 N. The side of the indent was 72 um long. The OBD
signal was measured at a point 60 um away from the
center of the indent. This distance was measured along
the median between radial cracks. At the point of mea-
surement, the norma component of the signal as a
function of the modulation frequency of the exciting
radiation was determined. The associated experimental
and theoretical results are depicted in Fig. 6. The least
standard deviation was attained at R, [10.27 (cm? K)/W
and d =22 um. If R, is defined as the ratio d/K, which
is valid when the length of temperature waves far
exceeds the crack width, the latter is estimated at
0.6 um. Thisvalueis consistent with typical valuesthat
characterize crack opening in ceramics [16].

In the above analysis of the formation of the OBD
signal, the two problems were solved under the simpli-
fying assumption that the laser radiation is completely
absorbed at the surface. However, since we are not
familiar with the literature data for the coefficient of
absorption of argon laser radiation, this parameter was
estimated for A = 0.512 pm.

The normal and tangential components of the OBD
signa in the silicon nitride ceramic were measured in
the modulation frequency range 1-20 kHz. Then, the
standard deviation between the experimental and theo-
retical results was minimized by varying the absorption
coefficient in expressions (1) and (2). Eventualy, the
coefficient of absorption of argon laser radiation in the
nitride ceramic was found to be a > 3 x 10° cm™. At
such a value of a, light penetration into the material
was shown to have anegligible effect on the OBD mea-
surements and, hence, on the thermal properties of the
material and the parameters of the lateral subsurface
cracks. This means that the generation of temperature
waves by 0.512-uym radiation in silicon nitride ceramic
can be considered as a purely surface process.

MURATIKOV, GLAZOV

Thus, our theoretical and experimenta results indi-
cate that OBD measurements can help to determine the
thermal physical parameters of today’s ceramics and
estimate the parameters of subsurface cracks.
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Abstract—Condensation of gaseous monosilane-argon and monosilane—helium mixtures was investigated in
freejets by a Rayleigh scattering laser diagnostic technique. The condensation of a SiH,—~Ar mixture beginsto
develop at alower stagnation pressure and at a shorter distance from the nozzle, and proceeds at a higher rate,
as compared to condensation in monosilane-helium and pure argon jets. Theresults of Rayleigh scattering mea-
surements in condensing monosilane—argon jets scale with the parameter Pyd®8. An analysis of the results
obtained in this study and found in literature suggests that simultaneous monosilane—argon condensation lead-
ing to the formation of mixed clusters takes place in the monosilane-argon mixture. © 2001 MAIK

“ Nauka/Interperiodica” .

INTRODUCTION

Current advancements in electronics include fast
progress in the development of semiconductor struc-
tures grown on large-area substrates (solar cells, thin-
film transistors for use in LCDs, etc.). This field is
referred to as large-area electronics [1]. Conventional
thin-film deposition techniques, which are based on the
use of electric discharges of various types, impede the
development of large-area electronics. For this reason,
thin films of various compositions are increasingly pro-
duced by means of gas jet techniques, which use vari-
ous methods for activating the gaseous reactants [2—8].
These methods make it possible to attain high local
deposition rates [4, 8] and thus solve the problem of
layer growth on large area substrates.

Inthejets of gaseous reactants used in thin-film dep-
osition, the gas cooling due to adiabatic expansion may
result in condensation [9, 10]. Theinfluence of this pro-
cess on the film deposition rate and the quality of syn-
thesized films is poorly understood to this day [11]. In
[4], amorphous hydrogenated silicon film was pro-
duced by using a monosilane-argon free jet activated
by an electron beam. As the gas jet pressure was
increased, a number of phenomena were observed,
such as a constant limit approached by the deposition
rate and anomalous light emission by argon atoms and
monosilane molecules [11-13]. The authors attributed
these phenomenato jet condensation.

It was mentioned in [14] that condensation, i.e., the
formation and subsequent growth of monosilane clus-
ters, was observed in a monosilane-argon jet, but no
data were presented. In [15], clustering was observed
by means of molecular beam mass spectrometry in a

pulsed monosilane—argon jet flowing out of a nozzle
1 mm in diameter.

In this paper, we present the results of a systematic
study of condensation in free jets of gaseous monosi-
lane—argon and monosilane—helium mixtures by means
of laser Rayleigh scattering diagnostics. The diagnostic
technique was used to measure the particles of conden-
sate directly in the gas stream.

EXPERIMENTAL

The experiments were conducted in the VS-4 low-
density gasflow facility of the Institute of Thermophys-
ics Research (Siberian Division of the Russian Acad-
emy of Sciences). The setup is schematized in Fig. 1.
As agas source (1), we used axisymmetric sonic hoz-
zles made from tapered-end quartz tubing with an inner
diameter of 2021 mm and with a round opening of
diameter d = 0.54, 1.07, 1.98, 3.6, or 4.8 mm. Dia
phragm gauges were used to measure the stagnation
pressure (in the nozzle prechamber). The prechamber
was equipped with an ohmic heater used to vary the
stagnation temperature from room temperature to
300°C. The gas temperature in the prechamber was
monitored by a thermocouple and was equal to room
temperature in most experiments. The gas source was
mounted on a 3D traversing mechanism, which was
used to adjust the nozzle position and the distance
between the nozzle and laser beam within 0.1 mm. The
gas expanded from the nozzle into a vacuum chamber
evacuated by means of booster pumps at atotal pump-
ing rate of 35000 I/s. During experiments, the vacuum-
chamber pressure was maintained at 1031072 torr. The
gaseous mixtures used in most experiments consisted
of argon with a5% monosilane content. In some exper-

1063-7842/01/4606-0755%$21.00 © 2001 MAIK “Nauka/Interperiodica’
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Fig. 1. Schematic of the experimental setup.

iments, we also used helium with a 10% monosilane
content.

A Q-switched Nd : YAG laser was used in the exper-
iments, with conversion to second harmonic generation
(532 nm, 10 mJ/pulse, 20 ns, 10 Hz). The laser beam
was directed into the chamber through a polarizing
rotator and an inlet window. A dual-lens system with
F = 300 mm focused the beam (2) within a measure-
ment region in the jet (3, see Fig. 1), creating a mea-
surement volume of diameter 0.1 mm. The scattered
light was collected by alenswith F = 100 mm (4) and
focused through an outlet window onto an aperture
restricting the measurement volume length to 0.2 mm.
The axes of the focusing and light-collection systems
were mutually perpendicular, the light-collection axis
being aligned with the nozzle axis. Thisarrangement of
optical elements facilitated their adjustment and focus-
ing, whereas the jet was not disturbed since the nozzle
and collecting lens were well separated. The signa
generated by an FEU-97 photomultiplier (5) passed
through a delay line and was fed into input channel 1 of
a ZTsP-4 charge-to-digital converter installed in a
CAMAC crate. The data acquisition system was syn-
chronized by a signa from an avalanche photodiode.
The signal timing within a 200-ns integration window
was monitored on an S1-75 oscilloscope. The laser
pulse energy was monitored by tapping laser radiation
to a photodiode whose output was fed into input chan-
nel 2 of the ZTsP-4 converter. The ZTsP-4 converter
was controlled by a PC through the CAMAC crate con-
troller to facilitate data acquisition and subsequent pro-
cessing. Theresults of single-pulse measurementswere
used to calculate “instantaneous’ densities, which were
then averaged over an ensemble of 100 samples.

Prior to experiments, we measured background
noise (in vacuum) and calibration signal (in air at a

KHMEL et al.

pressure of 2040 torr). After that, the scattered signal
in the jet was measured as depending on spatial loca
tion and prechamber pressure and temperature. The cal-
ibration-signal samples that substantially exceeded the
average level were attributed to scattering by dust par-
ticlesand discarded as outliers. No dust was detected in
jet measurements.

The intensity of Rayleigh scattering by a gas is
expressed as follows [16]:

I = A(n—1)°WN, (1)

where N isthe number density of gas particles, Wisthe
laser radiation intensity, and n is the refractive index of
the gas under standard conditions.

The constant A was determined by calibration at a
known air density. The refractive indices of air
(1.000292), argon (1.000284), and helium (1.000035)
were taken from [17]; the refractive index of monosi-
lane (1.000833), from [18]. The refractive index n,;, of
a gaseous mixture was calculated as follows [16]:

(Nmx—1)7 = a(n=1)°+(1-0a)(n,—-1)°, (2

where n, and n, are the refractive indices of binary-
mixture components and a is the concentration of mix-
ture component 1.

These formulas were used to measure the absolute
density in free argon, argon—monosilane, and helium—
monosilane jets in the absence of condensation.

For a gas—condensate mixture, the scattered light
intensity | is proportional to

| = A(n— 1)2WZ N,g’, 3)
g=1
where N, is the concentration of clusters of sizeg (i.e.,
clusters consisting of g monomers) [19].

In the absence of clustering, Eq. (3) reduces to
Eq. (1). Formula (3) can be rewritten as follows [20]:

| = A(n—1)*WN[(1-q) + g%, @)
where N = Z;": .Ngg isthe total number density of a
gas—condensate mixture, q = Z:= ,Ng /N isthe frac-

tion of condensate, and [g= Z;": ,Ng g% Z°g°: ,Ngg
is the mean cluster size.

The condensate content is a relatively conservative
quantity. Normally, it does not exceed 30%, while clus-
ters may consist of tens or hundreds of monomers.
Thus, the relative contribution of the cluster phase to
the scattered light intensity rapidly increases with the
cluster size. This makesit possible to detect even alow
concentration of large clusters in a gas. When the frac-
tion of condensate is known, Eq. (4) can be used to cal-
culate the average cluster size in agas—condensate mix-
ture.

2001
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RESULTS

First, we studied condensation in a pure argon jet
both to verify our diagnostic method and to obtain ref-
erence data for a comparative analysis of condensation
in a monosilane-argon mixture. Figure 2 shows the
normalized Rayleigh scattering intensity I/, on the
centerline of an argon jet flowing out of a nozzle with
exit diameter 1.98 mm versus the relative distance
downstream of the nozzle, measured at a stagnation
pressure of 562 torr and room temperature in the gas
source. Here, |y isequa to the value of | corresponding
to the gas number density N, in the prechamber at the
stagnation pressure and temperature indicated above.
The figure also shows experimental and numerical
results borrowed from [20, 21] and the normalized den-
sity N/N, predicted by isentropic calculations for a
monatomic gas. In the absence of condensation, Eqg. (1)
yields I/l = N/N,. The densities measured at relative
distances less than 3.5 was found to be lower than the
corresponding calculated densities by approximately
30%. However, both measured and calculated results
have similar slopes. The discrepancy between the
experimental and predicted results may be explained by
adeviation from the perfect nozzle geometry. The mea-
sured quantities tend to increase with the distance and
deviate from the calculated isentropic curve at larger
distances from the nozzle. Thistrend is due to the onset
of clustering in the flow. The corresponding results are
proportional to NglgL] as predicted by Eq. (4), and
reflect the cluster concentration and size rather than the
gas density. Because of the very high rate of condensa-
tion in the flow, a condensation front develops. For this
portion of the curve, the increase in scattering intensity
due to the growth of cluster size and concentration
exceeds its decrease with decreasing density. As the
flow expands further, condensation is “frozen” because
of alack of collisions, and both measured and calcu-
lated quantities decrease similarly again. The figure
also shows the distribution of normalized intensity
along the centerline of afree argon jet obtained by mea-
suring the Rayleigh scattering intensity in [20]. The
present results are consistent with those measured in
[20] under similar flow conditionsfor anozzle of diam-
eter 1.93 mm. The experimental results presented in
[20] are in much better agreement with isentropic pre-
dictions, as compared to the present measurements.
Thisisexplained by the fact that nozzles of higher qual-
ity, made of steel and having carefully designed sub-
sonic sections, were used in that study. Figure 2 also
shows the results calculated for condensation in a gas
flow flowing out of asonic nozzle of diameter 1.93 mm
under similar conditions [21]. The satisfactory agree-
ment between calculations and experiment corrobo-
rates the results obtained in the present study.

Figure 3 shows the distributions of normalized scat-
tering intensity 1/1, along the centerline of ajet flowing
out of a sonic nozzle of diameter 1.98 mm, measured
for pure argon and a monosilane-argon mixture at con-
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Fig. 2. Normalized Rayleigh scattering intensity 1/ and gas
density N/Ng versusrel ative distance x/d on the centerline of
afreeargon|et: (1) experiment, d = 1.93mm [20]; (2) exper-
iment, d = 1.98 mm (present study); (3) calculations [21];
(4) isentropic curve.
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Fig. 3. Normalized Rayleigh scattering intensity 1/ and gas
density N/Ng versusrelative distance x/d on the centerline of
free argon and monosilane-argon jets: (1) Ar, Pg =537 torr;
(2) Ar + 5% SiH,4, Pg = 554 torr; (3) isentropic curve.

stant stagnation pressures with an error not greater than
5%. The figure aso shows the curve of N/N, predicted
by isentropic calculations for the mixture. Since the
curve calculated for the mixture is close to the isen-
tropic prediction for the pure gas (being lower by 3—
5%), the latter is not shown here. Accordingly, the den-
sity distributions in both pure argon and mixture jets
were similar upstream of the condensation front. The
mixture started to condense at a shorter distance from
the nozzle, and the condensation rate was much higher
in the mixture as compared to the pure gas. The mixture
and pure argon condensation fronts were located at rel-
ative distances of 2 and 3.5, respectively. The Rayleigh
scattering intensity measured downstream of the con-
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Fig. 4. Rayleigh scattering intensity | versus stagnation
pressure Pg in free argon, monosilane—-argon, and monosi-
lane-helium jets: (1) Ar, (2) Ar + 5% SiH,, (3) He +
10% SiHy,, (4) isentropic curve.
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Fig. 5. Rayleigh scattering intensity | versus stagnation tem-
perature Ty on the centerline of the free 5% monosilane—
argon jet. Initial pressure: Pg = 1740 torr.

densation front in the mixture jet is higher than in the
case of the pure gasjet by an order of magnitude.

Figure 4 shows the scattering intensity | as a func-
tion of stagnation pressure measured, with an error not
greater than 10%, at the distance x = 5 mm from the
nozzle for pure argon, monosilane-argon, and monosi-
lane—helium jets flowing out of a nozzle of diameter
1.07 mm. Here, the intensity is measured in the units of
equivalent gas number density. In the absence of con-
densation (at low Py), the intensity and gas density are
equal. The graph implies that condensation develops at
P, ~ 600 torr in the argon jet and at P, ~ 250 torr in the
mixture jet. At lower pressures, the measured densities
are mutually consistent and agree with the isentropic
predictions obtained for the mixture jet. Asin the mea-
surements described above, condensation proceeds at a
higher rate in the mixed jet as compared to the argon
jet. The condensation observed in the 10% monosi-
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lane-helium jet starts at a noticeably higher pressure
(~450 torr), as compared to condensation in the
monosilane—argon jet (~250 torr), and proceeds at a
substantially lower rate.

Figure 5 shows the scattering intensity measured for
a free monosilane—argon jet flowing out of a nozzle of
diameter 0.54 mm at a distance of 5 mm as a function
of stagnation temperature. As the gas-source tempera-
ture was increased to 250°C, the scattering intensity
decreased by a factor of about 30. This is an expected
result since the rate of condensation strongly depends
on the gas stagnation temperature [9, 10].

Figure 6 shows the distributions of normalized Ray-
leigh scattering intensity along the centerlines of free
monosilane—argon jetsissuing from nozzles with diam-
eters of 1.07, 1.98, 3.6, and 4.8 mm measured at con-
stant stagnation pressures with an error not greater than
10%. The figure demonstrates that condensation takes
place in the jet flowing out of each of these nozzles.
However, the condensation rate is higher for nozzles of
smaller diameters. The condensation front is located at
arelative distance of 2-3.5, and the distance decreases
with nozzle diameter. When the nozzle diameter was
1.07 mm, measurementswere difficult to performinthe
jet region upstream of the condensation front because
of interference with the light scattered by the nozzle.
Note that the condensation front developing in the
monosilane-helium jet was located at a dlightly greater
relative distance from the nozzle (~2.5).

DISCUSSION

The Rayleigh scattering measurements showed that
condensation takes place in free jets of 5% monosi-
lane—argon mixture issuing from each of the nozzles
tested in this study if the value of P,d? is at least

~2500 torr mm? (see Fig. 6). The rate of condensation
increases with decreasing nozzle diameter, and the dis-
tance between the condensation front and the nozzle
exit decreases from x/d = 3.5 to x/d = 1-2 asthe nozzle
diameter isvaried from the largest to the smallest. Con-
densation is suppressed by heating the gas (see Fig. 5).
Theresults presented here are in satisfactory agreement
with those obtained in mass-spectrometric measure-
ments conducted in a pulsed jet flowing out of anozzle
of diameter 1 mm [15]. In particular, well-developed
condensation was observed at pressures above P, ~
250 torr in this study and above P, ~ 160 torr in [15].
When comparing these results, one should bear in mind
that the Rayleigh diagnostic technique is more sensitive
tolarge clusters and, therefore, beginsto detect conden-
sation at a higher pressure.

The experimental results presented here imply that
condensation starts at lower pressures and smaller dis-
tances from the nozzle exit, and is characterized by sub-
stantialy higher rates, in monosilane-argon jets as
compared to pure argon or monosilane-helium jets.
One plausible explanation of these resultsisthat simul-
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taneous condensation of both monosilane and argon
was actually detected.

Formula (4) can be used to estimate the average
cluster size for a given scattering intensity. However,
the fraction of condensate must be known in this
expression. For apure argon jet, the condensate content
can be reliably determined by calculation [21]. The
average argon cluster sizeis 300 at the highest pressure
under the conditions represented in Fig. 4 and 110 at
the largest distance under the conditions represented in
Figs. 2 and 3. Note that the corresponding condensate
contents were 8.1 and 8.3%, respectively. For mixture
jets, no data on the condensate content are available.
However, it is well known that the component charac-
terized by the lowest saturation vapor pressure con-
denses first in a premixed flow at a constant tempera-
ture. In our study, monosilane was such a component.
In a flow with well-developed condensation, a highly
volatile component can condense almost completely
when its initial concentration is below 5-10% [9]. It
can be presumed that the flow regimes in 5% monosi-
lane—argon and 10% monosilane-helium jets under the
conditions represented in Fig. 4 are characterized by
well-devel oped condensation, and monosilane has con-
densed completely. Accordingly, the respective esti-
mated condensate contents are 5 and 10%. Since the
results concerning the latter mixture were obtained
only for pressures below 1000 torr, extrapolation
should be used. Then, the estimated average monosi-
lane cluster sizes are=800 and =70 for the monosilane—
argon and monosilane-helium mixtures, respectively.
These estimates may seem to suggest that the rate of
monosilane condensation in an argon jet was much
higher than in ahelium jet. However, thisisunlikely to
be the case (for explanation, see[9]), and simultaneous
condensation of both monosilane and argon resulting in
the formation of mixed clustersisamore plausible sce-
nario. Accordingly, a different value of the fraction of
condensate should be used in estimating the cluster
size. This scenario is practically impossible in the case
of a helium-containing mixture, because helium is
characterized by low rates of condensation in jet flows
and is unlikely to contribute to any clustering (includ-
ing formation of mixed clusters).

In view of these estimates, it is of interest to deter-
mine which scaling parameter should be used to unify
the Rayleigh scattering data on condensation in
monosilane-argon jets: P,d°8 (asin the case of conden-
sation in apure argon jet [10]) or Pyd (asin the case of
condensation in a mixture jet [9]). Figure 7 shows the
curves of 1/1;s = f(P,d®8) corresponding to two nozzles
of different diameters and single experimental data
points obtained for each of two additional nozzles.
Here, |;s is the Rayleigh scattering intensity corre-
sponding to the isentropic density distribution. The
results scale with P,d near the condensation threshold
(for Pyd®® ~ 100-200 torr mm°®®) and with P,d°8 at
higher values of the parameter. This observation sug-
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Fig. 6. Normalized Rayleigh scattering intensity 1/ and gas
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free 5% monosilane—argon jets issuing from various noz-
zles: (1) d = 1.07 mm, Py = 937 torr; (2) d = 1.98 mm, Py =
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111 torr; (5) isentropic curve.
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Fig. 7. Normalized Rayleigh scattering intensity I/1;5versus

scaling parameter Pyd®8 for free 5% monosilane-argon jets
at x/d = 9.24 with d = (1) 1.07, (2) 1.98, (3) 36, and
(4) 4.8 mm.

gests that monosilane and argon condense simulta-
neously at high stagnation pressures, and mixed clus-
ters are formed. The formation of mixed argon—
monosilane clusters was a so observed in other studies
[15, 22]. In [22], monosilane—-argon dimerization was
detected in a 1% mixture jet. In [15], Ar,SiH, cluster
ions (with n = 1-4 and x = 2-4) were detected in a mass
spectrometric study of a 5% monosilane—-argon mixture
jet, which also points to the formation of mixed clusters.

These observations suggest that condensation in a
monosilane-argon jet develops as follows: monosilane
condenses first, and the resulting clusters play the role
of nuclei for argon condensation. As a conseguence,
argon condensation starts at a lower pressure and a
shorter distance from the nozzle exit. This leads to a
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higher rate of condensation and a larger cluster size in
amonosilane—argon jet ascompared to apure argon jet.
In amonosilane-helium jet, the rate of condensation is
substantially lower because the formation of mixed
monosilane-helium clustersis unlikely to occur.

The phenomena mentioned in the Introduction and
observed in a monosilane-argon jet activated by an
electron beam [11-13] definitely correlate with the
development of jet condensation and may be explained
by interaction between electrons and newly formed
monosilane and monosilane—argon clusters. Therefore,
condensation should be taken into account in studies
and applications of film deposition from free jets.

CONCLUSIONS

A Rayleigh scattering diagnostic technique was
used to study condensation in free gaseous 5% monosi-
lane—argon jets for nozzles with diameters varying
from 0.5 to 4.8 mm and 10% monosilane-helium jets
for a nozzle of diameter 1.07 mm. It was found that
condensation takes place in the SiH,~Ar jet flowing out
of each nozzle used in the study when the value of P,d?
is at least ~2500 torr mm?. It was shown that the Ray-
leigh scattering intensities corresponding to condensa:
tion in the monosilane-argon jets scale with P,d®8. The
SiH,~Ar mixture is characterized by a substantially
higher condensation rate, as compared to the monosi-
lane—helium mixture and pure argon. The last two
observations, combined with an analysis of available
literature, suggest that these results should be explained
by simultaneous condensation of monosilane and argon
and formation of mixed clusters.
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Abstract—Experimental data on measuring the amounts of fullerene-containing soot deposited in different
areas of afullerene arc are obtained. It is shown that, relying on afairly general model of the spectra of clusters,
a simple gas-dynamic model, and existing knowledge of the transformation stages of carbon clusters, the area
of the arc where fullerenes are produced can be determined. © 2001 MAIK “ Nauka/Interperiodica” .

In experimental work [1], flows of carbon onto
cylindrical probesintroduced into the gas-plasma jet of
an arc discharge, where fullerene-containing soot is
produced, were measured, and the results obtained
were found to give a qualitative picture of the carbon
vapor transformationsin the jet. In this study, quantita-
tive calculations and estimates are made and compared
with the experiment.

CALCULATION OF THE CAPTURE PARAMETER
AND COMPARISON WITH EXPERIMENT

From experiments with drift tubes [2], it is known
that the topology of carbon clusters depends on the
number of atoms N approximately as follows. Chains
are formed by N < 10 atoms; the number of atoms in
ringsis10< N < 3040, and N = 3040 atomsforminto
multiring clusters whose topology is not unique. In
fullerenes and nearly closed fullerene-like clusters, the
basis of soot associates, the number of atomsisN > 36
[3]. Kinetic characteristics of the rings and chains are
very close [4], and the quantity of fullerenes with
N < 60 in negligible. Therefore, in calculations of inte-
grated characteristics such asthe current per probe, itis
sufficient to describe clusters having a distribution
function over the number of atoms in the cluster n(N)
using a natural normalization

J’Nn(N)dN = ns,

where ns isthe total concentration of the carbon impu-
rity in the carrier gas, helium.

Then the mass of carbon deposited from the gas
flow onto asingle cylindrical probe oriented at anormal

to the flow direction in aradial-dlit source is defined by
an integral [5]

M = 2achLeﬁINn(N)s(N)dN. Q)

Here, aisthe probe radius; m. isthe mass of the carbon
atom; Vistheradial gasvelocity; L« isthe effectiverod
length; €(N) = J/(2anV) is the capture parameter for a
cluster of given N; and J is the carbon flux per probe
unit length. For determining the variablesrelating to the
flow, we use standard formulas of the theory of afree
turbulent jet in the form given by Prandtl [5]. In this
case; (i) Lgs = 2xrotan({) isthethicknessof thejet dis-
placement layer, where r,, is the electrode radius; x =
r/ry is the dimensionless distance from the discharge
axis; and C is the jet angle; (ii) the gas velocity, V =
V,0,/%, and temperature, T = T,0¢/X, and the impurity
concentration, ns = ny®,/X, where V,, Ty, and n, are the
values of these parametersin the source sectionand ©,,,
O+, and ©, are the parameters of the theory. In our case
0,=6:=0,=0=35.

Itisevident that theformulasfor V, T, and ns aretrue
for x > ©. In the region of potential jet nucleus, x < ©,
the variation of the parametersisinsignificant.

The expression for the capture parameter € in the
case of slow aerosol-like impurity particles has been
obtained in [6] by solving the problem of steady-state
diffusion, which is expressed by the equation

div(nVs) = DAN. @)

Here, Vgisthedirectiona velocity of the carrier gasand
D is the diffusion coefficient. Equation (2) was solved
with boundary conditions

Nza =0, N =Ny Ny = Ny (3HO)

1063-7842/01/4606-0761$21.00 © 2001 MAIK “Nauka/Interperiodica’
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Fig. 1. Dependence of the Peclet number of the number
of carbon atoms in a cluster: (1) chains and rings;
(2) fullerenes; T=0.3 €V.

where the angle ¢ isthat made with the direction oppo-
site to the flow.

Condition (5) is required for the existence of a
line of maximum onflow; it is asymptotic in character
and holds only for Peclet diffusion numbers Pe =
aviD —» oo [7].

In [6] the following dependence of the capture
parameter on Peclet number has been obtained:

£ = 2.32x Pe P, (6)

where w = 1/{2[2 — In(Re)]} ¥® and Re = 2aV/v is the
Reynolds number.

Figure 1 gives Peclet numbers of the carbon clusters
forming chains (or rings, whose characteristics are very
similar, see curve 1) and fullerenes (curve 2) for atyp-
ical helium concentration of 3 x 10'” cm3. Datafor col-
lision cross sections determining the diffusion coeffi-
cient D = 0.33Vyye/0Nye, Where Vyy,q is the thermal
velocity and Ny, isthe helium concentration, have been
borrowed from [8]. It is seen that, for most clusters,
Pe> 1 and formula (6) is applicable. An exception is
presented by small chainswith N < 10, for which Pe can
be significantly less than unity. In this case there is no
maximum onflow line and the current is defined by cor-
rections to the known formula for a diffusion probe in
the absence of directional gas flow [9]:

J _ Dn,
2n In(R/a)’

where R ~ V4T is the cut-off length determined by the
lifetime of a given cluster and its thermal velocity Vr,
the corrections should have the form of an expansion
over asmall parameter, the Peclet number.

Let usexpand nin Eq. (2) over Legendre polynomi-
as

n = ny+n,cos +... @)

and equate the coefficients of the same order in the
right- and left-hand sides. Taking into account only the

ALEKSEEV et al.

first two terms we get

d’ny/dr® + (1/r)dny/dr

)
= (-Pe/3)(Udn,/dr + 2®n,/r),

d’n,/dr®+ (1/r)dn,/dr —n,/r* = —PeUdn,/dr, (9)

where U(r) and ®(r) are absolute dimensionless vari-
ables of radial and angular velocities of the carrier gas
divided by cosp and sind, respectively, and differenti-
ating is done over a dimensionless coordinate r/a
denoted with the same symbol r.

Equation (8) was solved as aboundary problem with
boundary conditions (3), (4), and Eq. (9) asan ordinary
differential equation with conditions

dn =n|,.pa = 0. (10)
dl‘ r=Rla
In azero approximation,
0=, )0 & (1), (12)

Mo = Nefn(Riay ™~ 7

Though n? does not satisfy condition (10), we will

use it for defining the right-hand side of Eqg. (8). The
constant C is determined from condition (9):

C = Pen,,. (13)

Substituting Eq. (13) into Eq. (8) we get in the next
(first) approximation

d’ny/dr? + (/r)dny/dr = (-Pe’n,./3r*) (U — 20).(14)

In the case of viscous circumfluence, functions U
and @ are calculated only over distancesr — 1 < 1/Re
from the probe using the known formulafor the Lamb
potential and have the form

U=U_=[1r’-1+2Inrw, (15)

® = &, = [-1/r°+1+2Inr]w. (16)

At r — 1 > 1/Re, the form of these functions is
unknown, but it is easy to find that the result of integra-
tionin Eq. (14)

Pen,, dr'r' 1 "
3 ITIF(U —2@)dr
1 1
under obvious constraints for U and ®
(U _Z(D)lr =Rla — -1,
d
dr
depends but weakly on the particular form of the func-
tion. Having thus determined dny/dr|, - ;, we find that

Inr +
r=1

d
CF(U_Zq))h:l = (UL_2¢L)|r:1 = 8w

TECHNICAL PHYSICS Vol. 46 No.6 2001



ON THE TRANSFORMATION OF CARBON VAPOR

the current per unit length of probeis

J_Dn

21 In(R/a)D

3I J' (U - CD)er (17)

Dependence of the capture parameter given by
Eqg. (17) on the Peclet number Pe is shown in Fig. 2
(curve 2). It is seen that at low Pe, curve 2 can differ
from curve 1 by afactor of 2 and this difference should
be taken into account in the following consideration. It
isinteresting to note that at Pe = 1, in which case both
Egs. (6) and (17) introduce very large errors but of dif-
ferent sign, the curves differ by no more than 20%.

Comparing Fig. 2 of thisstudy and Fig. 2 of [1], itis
seen that calculated and experimental values of the cap-
ture parameter are roughly the same. Indeed, in the
region r < 1 cm, where the jet contains carbon atoms
and small clusters, the Pecklet number is much less
than unity and, correspondingly, the capture parameter
can befar in excess of unity. At larger r, where the clus-
ter size is larger and Pe approaches 1, the capture
parameter also becomes about unity. For large particles,
Pe>lande< 1l

However, it should be noted that neither Eq. (6) nor
Eq. (17) can ensure greater accuracy. Already at Re ~
0.1, which is much less than our experimental values,
the boundary layer breaks away and a turbulent flow
emerges beyond the prabe. Therefore, it would appear
that the real value of € should be lower than that given
by both formulas.

On the other hand, the probe is completely
immersed in the turbulent mixing layer. If the turbulent
flow is presented as a sequence of large-scale vortices
extending over most of the mixing layer [5], theninside
a vortex the movement of particles towards the probe
will have a tangential component. This should, on the
contrary, increase the capture parameter because the
probe cross section for a current tube inside the vortex
is considerably larger than for normal incidence. In
addition, the particlesin the vortex swirl past the probe
guite a number of times.

If over the time of passage of the vortex the flux of
particles rises by afactor of M and the relative time of
staying in a given vortex point (intermittence factor) is
I", then the relative increase of the flux per probe is
Ml + (1 -T). Thisfactor can hardly exceed 2.

It is possible that the rise of the capture parameter
due to “externa” turbulence and the decrease because
of “intrinsic” turbulence compensate one another and
formulas (6) and (17) (each in its own region) give cor-
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0 0.5 1.0 1.5 2.0 Pe

Fig. 2. Dependence of the capture parameter € on Peclet
number: (1) calculation by formula (6); (2) calculation by
Eq. (17): Re=1,Rla=6.

rect results. In this study we will process experimental
data using formula (6).

CALCULATION OF THE MASS FLUX
PER PROBE FOR DIFFERENT CLUSTER SIZE
DISTRIBUTION FUNCTIONS

Analysis of the experimental datawas donefor three
alternative assumptions regarding the carbon carrier.

(2) All carbon atoms are contained in chainsor rings
whose distribution varies as

0 o1

(18)

at N < Ny(r). The function N;(X) gives the maximum
number of carbon atoms in a given cluster type. The
collision cross section of the cluster with helium deter-
mining their diffusion was taken equal to o = 0.5Ng,,
where g, = 7.54 x 10716 cm? [8]. The adopted approxi-
mation is indirectly supported by calculation resultsin
[8], where at N ~ 35-45 the number of chainsand rings
was found to fall drastically because of the peculiar
growth of the cluster coagulation cross section with
increasing N.

Besides the power-law approximation, an exponen-
tial approximation of the function n(N) was used:

n(N) _
n - GceXpD—VN [k

(19)
where parameter y represents simulation of a decrease
of n(N)/n, over the scale of N,, say, by afactor of 103,
the result of such an approximation and conclusions
nearly coincide with approximation (18) for q ~ 1/2—
1/5. Substituting Eg. (19) into Eqg. (1) we get

_ M _ 0P es_ 99
=M - 2% MiZEqeay

where M = 211 ynyVy2dm is the total mass flux from

(20)
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the arc, 2d being the separation between the el ectrodes,

Vo Vo 22
et 3pefp.ag 1o o]
TU

B =20 d OoNpeod

(21)

where V5, and Ny are the thermal velocity and con-
centration of helium atoms in the jet source.

The normalization condition has the form

© 2__ Q9
i GCle(q T2)

(22)

(2) All carbon atoms are contained simultaneously
in chains whose distribution is described by formula
(19) with afixed boundary N; = N;, = 38 and fullerenes
with the number of atoms Nr = 60. The normalization
coefficients of the chains a. and fullerenes o are
assumed to be unknown:

n(N) _

N
a1 - BN }+a e 1. 23
= ad - | faden ()
Similar to section 1 we find
oM_B
MO X1/3
. \ (24)
23 43 q ., O%eNe }
X[Z OcNw 730+ 2) 371+ 0N,

Here, &g  is the fullerene distribution function repre-
sented by a discrete Chronicler symbol and the colli-
sion cross section of fullerenes with helium atoms
expressed as o = (3.71 + 0.1Ng)0, [18]. The normal-
ization condition has the form

2 _ _
x[(chloz(q+2) +0(FNF} = o (25)

Thus, determination of the functions o and ag is
reduced to solving two equations with two unknown
guantities.

(3) All carbon clusters depositing on the probe are
associates of fullerenes and fullerene-like particles [3].
In describing them it is assumed that the number of
“elementary particles’ in an associate s = Qo, where o
is the average area of the associate projection approxi-
mately equal to the cross section of its collision with a

helium atom; Q = w/4TR;, R, being the radius of the

“elementary particle” and w a geometric constant,
assuming that the associate is arandom packing of hard
spheres, w=0.637.

Suppose for simplicity that R, is equal to the

fullerene radius, that the number of particlesin all asso-
ciatesisthe same and equal to S,(x), and that their con-

ALEKSEEV et al.

v
4 r,cm

Fig. 3. Radial variation of the normalization factor ac(x) for

chains and rings a(cl) and the chain-ring-fullerene mixture

a? vy =4.6x103 cs,

Ny
40

30

20

10

0 1 2 3 4 r,cm

Fig. 4. Radia variation of the spectral boundary between
chains and rings. Vi = 4.6 x 10° cm/s.

centrationisn = nya,(X). Then the relative mass of asso-
ciates deposited on aprobeis

- B nowiqws
M = 60—5—S O (26)
x”e’Dr[RoZD
provided that the normalization condition is met:
% = 60S,0,. 27)

Now the number of elementary particlesin an asso-
ciate can be easily determined:

0w _l_ @3]3/2
'ITR(Z) A/;(DH)(D

(4) Comparison with the experiment consisted in
trying to find out whether, with the cluster distribution
function proposed above, the distances from the dis-
charge axis can be determined at which transitionsfrom
one cluster type to another take place. The following
parameters were used in the calculation: the tempera
ture T, = 0.3 eV, helium pressure 80 torr, and mass flow
rate 2.5 mg/s. At avelocity of V, = 4.6 x 10% cm/s, this
flow rate produces a concentration of carbon atoms in
the gap section equal to ny = 2.4 x 10% cm=3,

S, = (28)

Figure 3 shows the values of a. = a’ derived by
solving the system of equations (19)—22) for chains

TECHNICAL PHYSICS Vol. 46 No.6 2001
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(curvel) and of ag = O(E:Z) derived from Egs. (23)—(25)
for a mixture of chains and fullerenes (curve 2). The
dependence u(r) was determined from the experimen-
tal data. The fact that the curves intersect indicates that
thereisan areawhere fullerenes appear in the spectrum
alongside chains and rings. The criterion of coherency
of the calculation isN; = N, in this area, to be ensured
by the proper choice of one of the unknown parameters
of the problem. The dependence of N, onr for the same
starting calculation dataasin Fig. 3isplotted in Fig. 4.
It is evident that the behavior of N,;(x) depends on V,,
T, and turbulent parameters ©, ¢, which are not quite
reliably known. Because the temperature T, is not
expected to vary widdly, the optimum variant will be
thevelocity V. Calculation has shown that at V; < 2.5 x

103 cm/s, curves a(cl) and O(E;Z) do not intersect. In the

velocity range V, = 4-5 x 10° cm/s, the curves intersect
and the value of N, at the intersection point approaches
Ny (Fig. 5). The smallest difference between N; and
N,, isachieved at V, = 4.6 x 10° cmV/s, corresponding to
the distance r; = 3.2 cm from the discharge axis. Note
that thisinitial velocity of the turbulent jet corresponds
to atheoretical estimate[9, 10Q].

The position of the point where fullerenes emerge
corresponds to the experimental data of [11]. Calcula-
tion shows that for this point, o = 3.5 x 102 and the
total absolute concentration of fullerenesand fullerene-
like clustersis ng = agny, = 8 x 10 cm=3,

Consider now the transition from fullerenes to asso-
ciates. Figure 6 shows the dependence on r of the num-
ber of particles in an associate S, calculated by
Egs. (28). It is seen that associates beginto format r, =
4 cm. Thus, the extent of the “life zone” for fullerenes
until they merge into associatesisr, —r; = 0.5-1.0 cm.

Let us make some estimates. The distance at which
clusters coagulateis, by an order of magnitude,
V 1

Le = VIr D\—/_EGFFnF)\eXp(—AE/T)’

where 1 isthe cluster free path time; VE =2x10*cm/s
isthe cluster thermal velocity at T = 0.2 eV; Opr = 40¢

is the geometrical section for collisions between clus-
ters; and AE isthe energy barrier for the reaction.

According to the consideration in [12], most of the
fullerene-like clusters contain small remains of thering
fragments and the possibility of “discarding” extra
atoms in such clustersis very small. Thisis especialy
true of clusterswith N < 60. Such clusters should coag-
ulate more readily if it is the ring fragments that are
foremost in the approaching clusters. The barrier AE
for such a reaction is close to that for approaching
rings, AE ~ 0.5 eV [13]. The preexponential geometri-
cal factor A ~ 0.2-0.3 determines the fraction of colli-
sionsin which clusters collide just in this manner, with
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Fig. 5. Dependence of the difference between upper spectral
boundary N = 38 used in calculation by (23) and the upper
boundary of the spectrum by (18) at the intersection point of

(1) (2
C

curves s’ and o

section.

on the flow velocity Vg at the source

0 1 2 3 4 5 r,cm

Fig. 6. Radial variation of the number S, of “elementary
particles’ in an associate.

their ring fragments at the fore. An estimate of the
guantity L givesLg ~r, —rq, which makes the adopted
assumptions appear internally consistent.

As dready mentioned above while discussing the
flux of particlesonto the probe, we used expressionsfor
a laminar flow in the conditions where these expres-
sions are certainly not applicable. Therefore, it is
important to find out to what extent the qualitative
result obtained can be affected by hydrodynamic fac-
tors depending on the flow type.

Calculations have shown that the position of pointr;
practicaly does not change if the factor in expression (6)
for the capture parameter is changed severafold. Only
the jet initial velocity changes. On the other hand, the
position of point r, does not depend at al on the choice
of velocity.

Thus, both the qualitative characteristics of the
spectrum transformation depend on specific flow char-
acteristics only weakly unless the nature of the flow
changes qualitatively over a given spatial interval.
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Abstract—The presence of the anomal ous resistoacoustic effect in the case of the propagation of a Bleustein—
Gulyaev wave in a piezoel ectric—conducting liquid structure is theoretically predicted. As the conductivity of
the liquid increases, the wave velocity increases, reaches its maximum, and then decreases. The value of the
positive variation of the wave velocity increases with decreasing dielectric constant of the liquid €'9 and can
reach 6% for potassium niobate at €'9= 2.5. It is shown that there exists acritical value of the wave localization
depth above which the anomalous resistoacoustic effect in such a structure is absent. © 2001 MAIK

“ Nauka/lInterperiodica” .

The normal resistoacoustic effect manifestsitself as
follows[1]: asthe conductivity of athin layer deposited
on the surface of a piezoel ectric substrate increases, the
velocity of surface acoustic waves propagating in this
system monotonically decreases, the value of the max-
imal velocity variation (Av/v) being uniquely related to
the electromechanical coupling coefficient of the wave.
At the sametime, theinsertion loss as afunction of con-
ductivity exhibits a characteristic maximum and
becomes zero when the layer iscloseto anideal dielec-
tric or an ideal conductor. Such dependences were
observed in astructure consisting of a piezoelectric and
a conducting liquid [2]. However, according to the
recent theoretical prediction [3], in the case of weakly
inhomogeneous acoustic waves such as the Bleustein—
Gulyaev and Love waves, there exists an interval of the
layer conductivity values within which the velocity of
these waves first increases, reaches its maximum, and
then decreases. This effect is called the anomalous
resistoacoustic effect, and it can occur in any piezoel ec-
tric, the value of the maximal positive variation of the
wave velocity increasing with the increase in the elec-
tromechanical coupling coefficient of the material. It
was found that the anomalous resistoacoustic effect
occurs when the localization depth of the surface wave
exceeds some critical value[3]. Therefore, thiseffect is
not observed for a strongly localized Rayleigh wave
[1, 3]. The behavior of the insertion loss in the case of
the anomalous effect is the same as in the case of the
normal resistoacoustic effect. The interval of the con-
ductivity values that correspond to considerable posi-
tive variations of the wave velocity proved to be quite
narrow, so that we did not noticeit in our previous study
[4] of the effect of thin conducting layers on the char-
acteristics of acoustic waves in potassium niobate.

Presumably, the anomalous effect can also occur in
other situations with conducting layers, which affect
the localization depth of weakly inhomogeneous waves
propagating in piezoelectrics. From this point of view,
surface acoustic waves propagating along the boundary
between a piezoelectric and a conducting liquid are of
particular interest. The theoretical study of such waves
is the subject of this paper.

Let us analyze the propagation of an acoustic wave
in a piezoelectric—conducting liquid structure. We
assume that the x; axis is directed into the depth of a
piezoelectric crystal occupying the half-space x; > 0,
and the conducting liquid occupies the half-space
X3 < 0. The equations of motion for the piezoelectric
medium and the liquid have the form:

i o oo
p atz B aXJ’ atz B 6XJ’

D).

where uf and u® are the particle displacements; x are

the spatial coordinates; t is time; T} and T} are the

mechanical stresses; pP and p'“ arethe densities; and the
superscripts p and Iq refer to the piezoelectric and lig-
uid media, respectively.

We write the Laplace equation for the piezoelectric
medium and the Poisson equation and the charge con-
servation equation for the conducting liquid:

|
I, 08 (35)

PP = ivp'd = xla
divD" =0, divD o, %, i

Here, DP and D'Y are the electric inductions, 39 is the
space charge density, and J:q is the ith component of
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Fig. 1. Dependences of (@) the attenuation of a Bleustein—
Gulyaev wave and (b) its relative velocity variation on the
conductivity of theliquid for gld= (2) 80, (2) 20, and (3) 2.5
and for the frequencies 1, 50, and 500 MHz (the solid, dot-
ted, and dashed curves, respectively).

the current density. Finally, we write the constitutive
equations for an anisotropic piezoel ectric medium

ou’ . 590"
Ti’? = Ci’?mé};"'eﬁija, (6)
_ oo’ aU|p
D} = —F-jpka—xk ejpika—xk (7)
and for an isotropic liquid
ou,?
T:jp = C:qua_xlk’ (8)
o'
Dqu = —Slqa—xj, 9)
Iq Iq
I = 0904 g (10)
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(b)

©)
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Fig. 2. Dependences of the normalized amplitude of the
electric potential of aBleustein—-Gulyaev wave propagating
in potassium niobate on the x5 coordinate normalized to the

wavelength for €9 = (1) 80, (2) 20, and (3) 2.5 and for ¢'9 =
|
(@ 01, (b) Oy, and () 0.

Here, ®P and @' are the electric potentials, Cﬁm and
Cijly aretheelastic constants, ef}; are the piezoelectric

constants, ]} and €' are the dielectric constants, 0'¥ is

the bulk conductivity, and d is the diffusion coeffi-
cient.

To set the mechanical boundary conditions at the
solid-iquid interface, wetake into account the continu-
ity of only the normal components of the displacements
and mechanical stresses:

W=ug, TR=T5=0 Th=Td (1)

The corresponding electric boundary conditions are
based on the assumption that the surface charge and the
normal component of the current are zero at the
boundary:

o = @' = @,

where @, isthe electric potential in the plane x; = 0.

D =Dy, J'=0 (12
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ANOMALOUS RESISTOACOUSTIC EFFECT

To solve the above equations with the boundary
conditions, we used the approach described in our pre-
vious publication [5]. The piezoel ectric was assumed to
be potassium niobate, which exhibits a strong piezo-
electric effect [6]. The material constants used in the
calculations were taken from the literature [7]. The
analysis showed that, when the elastic and electric
properties of the liquid vary over wide limits, we
always obtain the normal resistoacoustic effect for a
Rayleigh wave. The anomalous resistoacoustic effect
occurs in the case of a Bleustein—Gulyaev wave propa-
gating in the Y-cut, X-propagation potassium niobate
[8]. In this case, the elastic properties of the liquid do
not affect the characteristics of the wave. Therefore, we
studied the effect of the dielectric constant and the con-
ductivity of theliquid on the velocity and attenuation of
aBleustein—Gulyaev wave.

Figure 1 shows the dependences of (Fig. 1a) the
attenuation and (Fig. 1b) the relative variation of the
velocity of a Bleustein-Gulyaev wave on the conduc-
tivity of the liquid for different values of its dielectric
constant €'9 and different frequencies of the acoustic
wave. From Fig. 1a, one can see that the attenuation
exhibits the usual behavior and increases with decreas-
ing dielectric constant of the liquid. This result can be
explained by the increase in the effective electrome-
chanical coupling coefficient with decreasing dielectric
constant [9]. The velocity of the acoustic wave (Fig. 1b)
increases with increasing conductivity, reachesits max-
imal value, and then drops; i.e., a pronounced anoma
lous resistoacoustic effect is observed. One can see
that, as the dielectric constant decreases, the maximal

value of the positive velocity variation (Av/v)n,

increases and can reach 6% at €'9 = 2.5. It should also
be noted that, as the frequency of the acoustic wave
increases, the interval of the conductivity values o' for
which the anomal ous resistoacoustic effect is observed
moves toward higher conductivities of the liquid.
Figure 2 presents the dependences of the normalized
amplitude of the electric potential in potassium niobate
on the x; coordinate normalized to the wavelength for
different values of the dielectric constant and conduc-
tivity of the liquid at a frequency of 1 MHz. The depth
dependence of the potential was calculated for the
values of the liquid conductivity (Fig. 2a) o;, (Fig. 2b)
Omae @d (Fig. 1C) o,, which correspond to the relative

velocity  variations (AVIV)ma /2, (AVIV) ey

—~(AVIV) o » rESpectively. For o, we obtain the normal

and
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resistoacoustic effect. Thus, Fig. 2 showsthat, asin the
case of the structure with a thin conducting layer [3],
there exists some critical value of the wave localization
depth above which the anomal ous resi stoacousti ¢ effect
is absent. The wave penetration depth decreases with
increasing dielectric constant of the liquid. It should be
noted that the dependence of the amplitude of the
potential on the X; coordinate exhibits an oscillatory
behavior, which agrees well with the literature data[8].
As the conductivity of the liquid increases, the ampli-
tude of these oscillations decreases.

Thus, this paper shows that, in the case of the prop-
agation of weakly inhomogeneous waves in a piezo-
electric crystal that isin contact with a conducting lig-
uid, the anomalous resistoacoustic effect is possible.
This effect is a fundamental property of weakly inho-
mogeneous surface acoustic waves and can serve as a
criterion that allows one to discern the waves of the
aforementioned type in practice.
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Abstract—Results are given of an in situ X-ray diffraction study of the crystal-lattice state of a TiNi-based
alloy during deformation under the effect of an external stressin the pretransition region preceding the B2—-R—
B19' martensitic transformations. The pretransition state preceding martensitic transformations in the alloy
under study was found to manifest itself in a specific behavior of the lattice parameter and thermal expansion
coefficient in the B2 phase. The magnitude of the thermal expansion coefficient in the B2 phase nonmonotoni-
cally depends on the amount of deformation and the applied stress. © 2001 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

The problem of pretransition phenomena preceding
martensitic transformations in titanium nickelide—
based alloys has been the focus of research for many
years. This is due to the great scientific and practical
interest in this material, which possesses unique prop-
erties, such as shape-memory effect, superelasticity,
etc. [1].

In this paper, we present the results of an in situ
X-ray diffraction research of the state of the crystal lat-
tice of aTiNi-based alloy that was deformed or isunder
the effect of an external stress in the pretransition
region preceding the B2—-R-B19' martensitic transfor-
mation.

The study of the thermal expansion of metals and
aloys yields information on the nature of interatomic
interactions. Thermal expansion is due to the manifes-
tation of anharmonic effects in the interatomic interac-
tions [2]. In order to answer the question of how this
interatomic interaction changes in the TN-10 aloy (a
TiNi-based alloy [1]) in the pretransition region preced-
ing the B2—-R-B19' martensitic transformation and how
this transformation responses to plastic deformation in
a constrained sample, we studied the temperature
dependences of the lattice parameter in the B2 phase

(Fig. 1).

EXPERIMENTAL

The in situ X-ray diffraction investigations were
performed using a DRON-2 diffractometer equipped
with a special attachment [3] that made it possible to
study the aloy in arequired temperature range under a
permanently applied load and fixed deformation. The
measurements were conducted in a filtered CuK,, radi-
ation. The method of preparation of aTN-10 alloy with

acomposition close to equiatomic was described in [1].
The samples for X-ray diffraction studies were
annealed at 800°C for 1 h before the investigation.

RESULTS AND DISCUSSION

Figure 1 shows the temperature dependences of the
lattice parameter of the B2 phase, ag,(T) in atempera
ture range preceding the martensitic transformation. In
the ag,(T) dependences of the undeformed alloy, it is
seen that the deviation from the linear behavior begins
far before the onset of the martensitic transformation
(Fig. 1a). Such abehavior of thelattice parameter in the
region preceding the transformation indicates the
development of a pretransition state [4]. The study of
the ag,(T) dependence in aweakly deformed alloy in a
constrained state revealed a feature near 100°C
(Fig. 1b). This feature consists in the existence of an
inflection point (the temperature T*) in the agy(T)
curve. Anincrease in the degree of deformationled to a
shift of the inflection point in the ag,(T) curve toward
lower temperatures (Fig. 1c). In samples deformed to
10%, the pretransition region in the ag,(T) curve is
markedly narrower than in the undeformed sample and
has a more pronounced character (Fig. 1d).

Usually, upon an analysis of thermal expansion of
solids, temperature dependences of the thermal expan-
sion coefficient are used. We obtained the values of the
thermal expansion coefficients from the experimental
ag,(T) curves (Fig. 2). It is seen that in the undeformed
state with approaching the temperature of the onset of
the B2 — R — B19' phase transition the thermal
expansion coefficient in the B2 phase increases. This
indicates a decrease in the interatomic interaction and,
as aconsequence, adecreasein the stability of the crys-
tal lattice of the B2 phase (Fig. 2a). An insignificant

1063-7842/01/4606-0770$21.00 © 2001 MAIK “Nauka/ Interperiodica’
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Fig. 1. Temperature dependences of the lattice parameter of
the B2 phase: (@) in the undeformed state; (b)—(d) in a
deformed state under constrained conditions; (b) € = 2.5,
(c) 3.7, and (d) 10%.

deformation leads to a marked increase in the thermal
expansion coefficient in the B2 phase far from the phase
transition (not shown in the figure). At deformations of
2.5-4%, the thermal expansion coefficient in the B2
phase decreases in the temperature region preceding
the phase transition (Figs. 2b, 2c). Greater deforma-
tions also lead to an increase in the thermal expansion
coefficient in the B2 phasefar from the phase transition,
and in the temperature region preceding the phase tran-
sition leads to a noticeable growth of the thermal
expansion coefficient in the B2 phase (Fig. 2d).

The changes in the thermal expansion coefficient
depending on the degree of deformation are small. It
was established in [2] that in the presence of deforma-
tion the thermal expansion coefficients obey the depen-
dence a = ay(1 + Ag), where € is the deformation
caused by the external actions; a is the thermal expan-
sion coefficient at € = 0; A= x;Ey/3 is a coefficient that
is determined by the elastic properties of the substance;
and E isthe élasticity modulus. We calculated the ther-
mal expansion coefficient depending on the degree of
plastic deformation for nickel with the coefficient
A=2.1[2] (Fig. 3). This dependence is nonmonotonic
for titanium nickelide, in which phase transitions occur.
In metals, which suffer no phase transitions, the depen-
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Fig. 2. Temperature dependences of the thermal expansion
coefficient of the TN-10 alloy after deformation in a con-
strained state: (a) € =0, (b) 2.5, (c) 3.7, and (d) 10%.
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Fig. 3. Thermal expansion coefficient as a function of the
degree of deformation for (1) the TN-10 alloy and (2) pure
nickel. Calculated by the formulaa = ag(1 + Ag).

dence of the thermal expansion coefficient from defor-
mation is linear.

It isknown that the thermal expansion coefficient of
metals a is one of anharmonic characteristics of crys-
tals [4]. The coefficient a depends on the binding
energy |U|. For pure metas, the thermal expansion
coefficient at T > © can be calculated by theformula[5]
o = 3CR/2|U|, where C is a coefficient that can take on
values 3, 5, ..., 10. Thisformula qualitatively reflectsa
realistic situation: the greater the binding energy and
the deeper the potential well, the smaller the thermal
expansion coefficient. An increase in the value of the
thermal expansion coefficient a indicates a decrease in
the binding energy, i.e., reflects the decrease in the sta-
bility of agiven crystal modification. In our case, adis-
continuous (jumpwise) increase in coefficient a shows
that the crystal lattice of the phase with the B2-type
structure passed into a new, less stable state with
respect to the low-temperature state. This indicates the
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preparation of the crystal lattice to the martensitic tran-
sition. By the magnitude of the jJump Aa, we can judge
the magnitude of the binding energy change AU. The
alloys that were subjected to small deformationsin the
immediate proximity to the temperature of the B2-R
martensitic transformation (Tgx < T < T*), coefficient a
decreases markedly. Thisindicatesthat the deformation
converts the crystal lattice of the B2 phase into a more
stable state. These data correlate with the revealed non-
monotonic dependence of the T and M, curves on the
degree of deformation with aminimum at deformations
of 3-5% for the TN-10 alloy [6].

CONCLUSIONS

Thus, X-ray diffraction studies show that the pre-
transition state that precedes the martensitic transfor-
mation in the titanium nickelide-based alloy manifests
itself in the behavior of the lattice parameter and ther-
mal expansion coefficient in the B2 phase. The magni-

KLOPOTOV et al.

tude of the thermal expansion coefficient in the B2
phase depends nonmonotonically on the deformation
and on the applied external stress.
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Abstract—Interaction between atomic hydrogen and pyrolytic graphite is investigated by thermal desorption
spectroscopy, atomic force microscopy, and scanning tunneling microscopy. After exposure in an atomic hydro-
gen flow, the initially smooth graphite surface becomes rough, with a height difference of several nanometers.
When heated, the samples release hydrogen and their surface is smoothed out, showing monolayer-deep etch
pits. After multiple sorption—desorption cycles, both the linear sizes and the depth of the pitsincrease. © 2001

MAIK “ Nauka/Interperiodica” .

INTRODUCTION

The unique combination of the physical parameters
of graphite, such asits small atomic number, aswell as
high thermal conductivity, heat capacity, and tempera
ture of sublimation, makes it promising for protective
coatings of both the first wall and the divertor in toka-
mak reactors. During the operation of the reactor, the
graphite surfaces are subjected to intense flows of
hydrogen atoms, ions, and molecules, which cause pro-
tective graphite tiles to degrade.

Hydrogen—graphite interaction depends on the state
of hydrogen (ionic, atomic, or molecular) striking the
graphite surface. For instance, molecular hydrogen
interacts with the graphite surface only at high temper-
atures and in the presence of a catalyst [1-3]. Theirra-
diation of graphite by hydrogen atoms produces hydro-
carbons and causes the hydrogen to accumulate both on
the surface and in the bulk of the sasmple [2, 4, 5]. H*
ion bombardment gives rise to the formation of the
near-surface layer, which is saturated by hydrogen to a
concentration of roughly 0.4 atoms per C atom. Inter-
action between graphite and neutral hydrogen atomsis
as yet little understood. A part (usually small) of the
hydrogen is responsible for the formation of volatile
hydrocarbon compounds and therest of the hydrogenis
sorbed either on or under the surface. On heating, the
hydrogen sorbed leaves the sample mainly in the form
of H, molecules[2]. A number of authors assume, with-
out citing convincing evidence, that this hydrogen is
adsorbed on the surface [2], whereas others believe that
itisreleased from the bulk [6, 7]. Thekinetics of hydro-
gen release from commercial and pyrolytic graphites
irradiated by HC atoms was investigated in [8]. Results
obtained in that work suggest that hydrogen is most
likely to localize in the near-surface layer of graphite.

In this study, we pursue our investigation of atomic
hydrogen sorption and its subsequent release on heat-
ing. Apparently, the sorption of hydrogen and the for-
mation of hydrocarbons must change the morphology
of the graphite surface. It can be expected that the meth-
ods of aomic-force and scanning-tunneling
microscopies (AFM and STM, respectively), together
with the method of thermal desorption spectroscopy
(TDS), will provide valuable information on both
hydrogen localization and the morphology of the
graphite surfaces.

PREPARATION OF SAMPLES
AND EXPERIMENTAL METHODS

The object under study is quasi-single-crystal pyro-
Iytic graphite, since its surface has extensive planar
regions needed for the reliable observation of morpho-
logical changes with the AFM and STM methods.
A strip of pyrolytic graphite measuring 1 x 40 x
0.15 mm was cut from a bulk sample (its upper dam-
aged layers were removed with an adhesive tape) and
placed into a high-vacuum chamber. The sample sur-
face was parallél to the basal graphite plane. Prior to
experiments (for details, see[8]), the samples were out-
gassed by high-vacuum heating for a long time. The
AFM and STM images taken of various surface regions
both before and after the treatment indicate that the
high-temperature vacuum heating does not change the
surface morphology of the samples.

The chamber can be connected to a mass-spectrom-
eter and to a purified hydrogen delivery system. After
outgassing, the sample was cool ed to room temperature
and the chamber was filled by molecular hydrogen up
to a pressure of about 1072 torr. Hydrogen molecules

1063-7842/01/4606-0773%21.00 © 2001 MAIK “Nauka/Interperiodica’
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Fig. 1. Number of H® atoms desorbing from 1 cm? of the
pyrolytic graphite surface vs. irradiation dose.
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Fig. 2. Kinetic curvesfor hydrogen thermal desorption from
graphite that were obtained after the sorption of HO atoms.
Heating is stopped at the temperatures (1) 1200, (2) 880,
(3) 820, and (4) 750°C. The heating rate is 25°Cls.

dissociated into neutral atoms on an atomizer—a fine
tungsten wire heated to 2500°C. The atomizer was
located parallel to the sample surface at a distance of
5-8 mm. In our experiments, the flux of incident hydro-
gen atoms was equal to ~5 x 10 H%/(cm? s) [8§].

To determine the amount of hydrogen absorbed and
to investigate the kinetics of absorption—desorption
processes, we applied the TDS method. Today, differ-
ent modifications of this method are well known and
widely used in investigating the kinetics of gas—solid
interactions [9]. If the temperature of the sample
exposed to the flow of hydrogen atomsisincreased, the
gas sorbed (or its portion) leaves the sample. As a
result, the pressure in the vacuum system grows, which
is detected by a sector magnetic mass spectrometer. By
measuring the change in the partial pressure during the
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heating of the sample, it is easy to find the amount of
hydrogen desorbed provided that the pump capacity is
known [10]. For a number of the samples, the kinetics
of hydrogen release was also investigated in order to
make sure that the processis similar to that described in
[8]. In our experiments, the sample was heated by the
linear law from someinitial temperature T,: T =T, + at,
where a isthe rate of heating and t istime. By varying
the rate of heating, one can easily evaluate the energy
of activation of desorption (see, for example, [11]).

The surface morphology was examined with a P4-
SPM-MDT atomic force microscope operating in the
contact mode and with a scanning tunneling micro-
scope of the original design that providesan atomic res-
olution in studying the surface of graphite layers [12].
STM tunnel tips were prepared by etching tungsten
wiresina2 M NaOH solution with subsequently clean-
ing them in a vacuum by electron bombardment. The
tunnel current upon scanning was maintained in the
interval 0.1-5 nA to minimize noise. Samples for sur-
face morphology examination were prepared in the
same way as for the investigation of the hydrogen
release kinetics. Then, they were taken out of the vac-
uum chamber and studied under environmental condi-
tions.

EXPERIMENTAL RESULTS

The initial surface of the samples has extended
regions of atomically smooth planes. At large scan
fields, one can see clear-cut atomic steps (AFM image)
and the distinct atomic structure (STM image). Long-
term exposure of the samples to molecular hydrogen in
the chamber (cold atomizer) does not lead to hydrogen
absorption by graphite [3, 8]. Correspondingly, no
changes in the surface morphology of graphite are
observed.

Unlike molecular hydrogen, atomic hydrogen is
vigorously sorbed by pyrolytic graphite [3, 8]. Therise
in the temperature of the samples, after they have been
irradiated by hydrogen atoms, causes alarge amount of
H, and a minor (less than 1%) amount of light hydro-
carbon molecules to release. Figure 1 shows the
amount of the hydrogen desorbed (per 1 cm? of the sur-
face area) asafunction of the HC irradiation dose. Here-
after, by the irradiation dose, we mean the product of
the atomic flux (per 1 cm? of the surface) and the expo-
sure time of the sample. It isworth noting that the effi-
ciency of hydrogen atom capture by the graphite sur-
face (the ratio of the number of atoms striking the sur-
face to the number of those remaining in the sample)
does not exceed 3-4% even at the initial stage of the
sorption process. As the irradiation dose increases, the
capture efficiency drops and the amount of hydrogen
sorbed tends to saturation at doses on the order of
(2-4) x 10% HO/cm?.

A detailed analysis of the kinetic curves of thermal
desorption was performed in [8]. Below, we only
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briefly outline the basic results. The time dependence
of the rate of H, desorption from the atomic-hydrogen-
irradiated sample heated at aconstant rate of 25°C/shas
two sharp maxima at temperatures about 850 and
1250°C [8]. The temperatures corresponding to the
maximal desorption rates (at a constant heating rate)
were independent of the amount of hydrogen sorbed,
which is characteristic of first-order desorption kinet-
ics. Thefirst order of desorption kinetics meansthat the
formation of H, molecules from the atoms is not the
limiting stage of hydrogen release. A characteristic fea
ture of hydrogen release from the graphite is the rapid
(for 2030 s) decrease in the desorption rate almost to
zero when heating is stopped (Fig. 2). Note that hydro-
gen release from the sample ceases athough a signifi-
cant amount of the gas dtill remains in the sample.
However, with the further rise in the temperature,
hydrogen evolves from the sample again (Fig. 3). The
analysis performed in [8] demonstratesthat the kinetics
of adsorption—desorption processesin an atomic hydro-
gen—graphite system can adequately be describedif itis
assumed that the graphite has two types of traps the
capture by which is accompanied by diffusion. How-
ever, only from kinetic measurements, it is virtualy
impossible to draw any conclusions concerning the
physical nature of trapping centers, aswell asthelocal-
ization of hydrogen captured. Nevertheless, certain
suggestions can be made. One is that during sorption,
hydrogen atoms penetrate into the sample and become
trapped between graphite layers; i.e., we are dealing
with the process of intercalation.

The surface morphology was examined on samples
exposed to hydrogen atomsfor 2.5, 30, 60, and 125 min
at temperatures of 50-70°C (with or without subse-
guent thermal desorption), as well as on those under-
went several exposure-desorption cycles. The irradia-
tion dose was varied between 7.5 x 10'® (2.5 min) and
3.75 x 10% H%cm? (125 min). According to Fig. 1,
these values correspond to the hydrogen concentrations
in the samples from 2.2 x 10* to 4.3 x 10 H/cm?.
After the exposure to atomic hydrogen (before thermal
desorption), the initially smooth surfaces facing the
atomizer become rough, with the asperity height being
equal to several nanometers (Figs. 4, 5). The hydrogen-
exposed surfaces feature increased scan noise as com-
pared to theinitial surfaces. Thefigures presented allow
us to conclude that, as the exposure time increases, the
mean lateral sizes of the asperities diminish but their
density grows. At the same time, the back sides of the
samples (not exposed to the atoms) remain unchanged.

After hydrogen thermal desorption, the scan noise
markedly decreases, the surface is smoothed out, and
the fine, down to the atomic scale, relief can be
resolved. The probe techniques detect many pits about
3 A in depth on the surface (Fig. 6) (the spacing
between graphite layers is approximately 3.35 A). The
distribution of the pits over the surface is nonuniform:
from severa tens per 1 um? to zero. In addition, their
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Fig. 3. Hydrogen desorption kinetics. Linear heating was
stopped at the temperatures (3) 880 and (2) 1030°C and then
was continued to (1) 1200°C. The heating rate 25°C/s.

Fig. 4. AFM image of the graphite surface (1 x 1 um) after
outgassing but before interaction with atomic hydrogen.
The asperity height is 0.8 nm.

density randomly changes when the probe moves along
the length and width of the sample. When the time of
exposure to hydrogen atomsincreases or sorption-ther-
mal desorption cycling takes place, the lateral sizes of
the pits grow and they partially coalesce. Simulta-
neously, new pits also of a monoatomic depth start to
grow at the bottom of thelarge pits (Fig. 7). On the back
side of the samples, the pits are absent even if sorption—
desorption cycles are repeated many times.

It is interesting to note that the long-term storage
(for several weeks) of the samples exposed leads to a
decrease in the scan noise and to smoothing the surface
relief, asis the case with thermal desorption.

DISCUSSION

The surface morphol ogy examination showsthat the
irradiation of the graphite by hydrogen makes its sur-
face rough (the asperities disappear in the course of
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Fig. 5. AFM image of the graphite surface (1 x 1 ym) after
the sorption of atomic hydrogen. Irradiation dose gasperity
height) is (a). 7.5 x 10™ (2.76), (b)_8.9 x 10% (4.1),
(c) 1.78 x 10% (3.4), and (d) 3.75 x 10Y7 H%/cm? (5.5 nm).

thermal desorption) and initiates a set of pits on the sur-
face. Thelateral size of the pitsincreases with exposure
time. The weak dependence of the asperity height on
the exposure time demonstrates that the near-surface

Fig. 6. AFM image of the graphite surface (1 x 1 um) after
30-min exposure to hydrogen atoms and subsequent thermal
desorption. The asperity height is 0.5 nm.

Fig. 7. AFM image of the graphite surface (0.33 x 0.33 um)
after six 30-min exposure to atomic hydrogen-thermal des-
orption cycles. The asperity height is 1.6 nm.

Fig. 8. STM image of the graphite surface (1 x 1 ym) after
six 30-min exposure to atomic hydrogen—-thermal desorp-
tion cycles. The asperity height 2.2 nm.

region saturates very rapidly (Fig. 1): the amount of
hydrogen being released at thermal desorption after a
125-min exposureisonly twice aslarge asthat after the
exposure for 2.5 min. The appearance of asperities on
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the surface confirms, in our opinion, the above assump-
tion that atomic hydrogen penetrates into the near-sur-
face graphite layersrather than is sorbed on its surface.
In the latter case, arelief such asin Fig. 5 would hardly
be probable to occur. Another point in favor of hydro-
gen accumulation in the near-surface layers is the
increase in the scan noise, which is associated with a
change in the mechanical properties of the surfaces
exposed.

The appearance of the pits on the surfaces is the
result of the erosion of the graphite surface during
interaction with atomic hydrogen. The growth of the
pits is irreversible. It seems likely that they begin to
appear as soon asthe hydrogen atoms strike the surface.
However, the monolayer-deep pits are difficult to detect
on the rough “noisy” surface. After the hydrogen is
thermally desorbed, they are distinctly detected by the
probe techniques. The increase in the exposure time
results in the growth of the lateral pit sizes. The pits
coalesce, and, thus, graphite planes are removed layer
by layer (Fig. 7). The pit density strongly vary even
between regions 100200 um distant from each other.
One can therefore assume that the pits originate prima-
rily at initially defect sites of the graphite surface. The
essential role of defects during the erosion of the graph-
ite surface was observed in [13, 14]. In the former arti-
cle, the effect of high temperatures on the graphite sur-
face under environmental conditionswas studied; inthe
latter, oxygen—graphite interaction under UV irradia-
tion was investigated at room temperature. In[14], itis
assumed that only atomic oxygen or ozone can cause
erosion, which develops where surface defects exist.
Such surface defects may be, for example, atomic
vacancies or steps. Where there are one or more dan-
gling carbon bonds, hydrogen more readily reacts to
produce volatile hydrocarbon compounds. The carbon
atoms are removed, and pits form. It is not surprising
that the distribution of defects over the surface is non-
uniform. As is known, the density of defects (after
removing the upper graphite layers with the help of an
adhesive tape) varies from site to site by several orders
of magnitude [13]. That the origination and evolution
of erosion are defect-related isindirectly confirmed, in
our case, by the sharp increase in the concentration of
the pits at the steps (Fig. 8). In addition, the spontane-
ous formation of defects on the surface immediately
during the irradiation must not be ruled out. The equal
depths of the pits can be explained by the fact that the
layers of pyrolytic graphite adhere to each other only
viaVan der Waals bonds. Therefore, if adefectisin an
upper atomic layer, an undamaged underlying layer is
not subjected to erosion. Hence, the pits grow only in
the lateral direction, with the depth remaining equal to
one monolayer.

Of interest isalso the fact of surface smoothing after
the samples have been stored under environmental con-
ditions for a long time. We did not perform detailed
investigations into this phenomenon, and its mecha-
nismis still unclear. Hypothetically, there are unknown
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catalytic mechanisms of absorbed hydrogen release
that are not so energy-consuming as hydrogen thermal
desorption under a high vacuum.

CONCLUSION

Thus, the AFM and STM investigations of theinter-
action between atomic hydrogen and the graphite sur-
face discovered the significant changesin the morphol-
ogy of the surface. Being initially atomically smooth, it
becomes rough when exposed to atomic hydrogen. This
is related to the penetration of the hydrogen into the
near-surface graphite layers during sorption. Under the
graphite surface, hydrogen atoms recombine to form
molecules, which exert an excess pressure. This pres-
sure results in surface bulging, which is reversible and
disappears after removing the hydrogen from the
graphite. Simultaneoudly, the surfaceis covered by etch
pits. Thisis associated with the partial desorption of the
hydrogen in hydrocarbon compounds. The growth of
the pits over the surface and the origination of new
ones, as the exposure time increases or sorption—des-
orption cycles are repeated, indicates the effective
mechanism of graphite erosion in atomic hydrogen.
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Abstract—The Faraday effect spectrawere measuredin Lay ;Srg sMnO; _ 5 films. A band attributed to d—d tran-

sitions *Agy — T4 in Mn* ions or octahedral complexes (MnOg)® was observed in the spectral region of
~2.7 eV. The position and val ue of the maximum of the Faraday rotation band and the figure of merit were found
to depend on the degree of charge and magnetic uniformity of the films. The films can be used to develop mag-
netooptical modulators. © 2001 MAIK “ Nauka/Interperiodica” .

The metal-to-insulator transition in lanthanum man-
ganites with colossal magnetoresistance is accompa-
nied by sharp changes in resistivity and light absorp-
tion. Lanthanum manganites with such properties can
be used in various optoel ectronic devices [1]. To deter-
mine possible applications of lanthanum manganitesin
engineering, it is necessary to study their magnetoopti-
cal properties. In addition, the study of magnetooptical
effects provides information about electron transitions
and the electron and spin structure of lanthanum man-
ganites. The goal of thiswork was to study the Faraday
effect in Lay;SrpsMnO;_5 (LSMO) films.

Single-crystal LSMO films (thickness, 900 A) were
grown on SrTiO5(100) (STO) substrates using the tech-
nique of ion-plasma evaporation in an Ar : O, (4 : 1)
atmosphere at a pressure of 1-8 torr. The substrate tem-
perature during evaporation was 600°C (film 1) or
480°C (film 2). The c axis of the film was perpendicular
to the substrate surface. The chemical composition of
the films, as well as the temperature dependence of
their electric resistance, was described in the preceding
work [2]. The maximum resistivity near the metal-to-
insulator transition was attained at a temperature T, of
227 K (film 1) and 165 K (film 2). The behavior of the
resigtivity of the films within the temperature range
from T, to 300 K was semiconductor-like; below T, the
resistivity behavior was metal-like. The maximum
resistivity of film 2 was almost two times higher than
that of film 1.

A double-beam optical setup based on the MDR-12
spectrometer was used to detect the Faraday effect.
Upon passing through a polarizer and the sample, a
monochromatic beam was split by a Wollaston prism
into two beams. The prism was used as an analyzer for
the two beams. The angle between the polarization
planes of the polarizer and the Wollaston prism was

45°. Therefore, the intensities of the two beams were
equal. The Faraday effect changed the beam intensities.
The difference in the intensities of the beams was
detected using an electronic system (). The magnetic
field was directed in parallel to the film surface. The
angle of incidence of light on the film surface was 68°.
The value of specific Faraday rotation was determined
from the equation F = Q/(dsin(d)), where d isthe opti-
cal path inthefilm; ¢ isthe angle between the direction
of light propagation in the film and the normal to the
film surface. The value of Qg was calculated from the
formula Qr = (AYK))/(8YK,), where AY is the differ-
encein signals for two directions of the magnetic field;
Y, is the signal generated by one of the beams in the
absence of the plane-of-polarization rotation; and K;
and K, are the coefficients of amplification of AY and
Yy, respectively. The spectra of Faraday rotation in the
filmswere measured within arangeof 2to 3 eV in mag-
netic fieldsup to 1 kOe. The temperature range was 90—
300 K. The spectraof light absorption in the filmswere
measured within arange of 0.1to 2.5 eV.

A typical absorption spectrum for Lay;SrpsMnO;_5
films, in which the Faraday effect was observed, is
shown in Fig. 1. A band is observed in the spectrum at
1.5 eV. The band maximum shifts toward a lower
energy on cooling within the ferromagnetic range. An
increasein the absorption isobserved at energies higher
than 2 eV. The temperature dependence of the intensity
of light passed through the film in the region of light
interaction with free charge carriers at an energy of
0.18eV (A =7 pum) showsabend at T=227 K (seeinset
in Fig. 1). Thistemperature is equal to the temperature
T, a which the resistivity maximum was observed.
Such achangeinthelightintensity in theregion of light
interaction with charge carriersistypical of lanthanum
manganites[1, 3].
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Low-energy (2.4 €V) and high-energy (5.2 eV)
bands are revealed in the spectraof optical conductivity
of manganites LaMnO; [4]. These bands can be attrib-
uted to the d—d transition °E;—T,, in Mn3* ions and the
lowest energy charge-transfer transition O2p-Mn3d in
octahedral complexes (MnOg)®-, respectively [5]. Intro-
duction of Ca* and Sr?* ions (hole doping) causes a
significant change in the optical properties of mangan-
ites within a wide spectral range. The low-energy
(2.4 eV) band intensity decreases sharply, whereas the
high-energy band shifts toward a lower energy. The
spectral weight in general is shifted to the IR region.
A sharp peak is observed at 1.5 eV [4]. The nature of
this peak has been discussed at length in the literature.
According to [4], the peak is caused by the charge-
transfer transition O2p—Mn3d. Other researchers attrib-
uted this peak to various one-centered or two-centered
d—d transitions. For example, according to [6], this
absorption band can be caused by indirect transitions

between occupied € and vacant e states. These

e’ and e’ states belong to the e, zone of Mn®* ions.

The g, zoneis split by the Jahn—Teller interaction. Such
an electric-dipole d—d transition becomes possible
because of hybridization of the e, states of manganese
with the 2p states of oxygen. The band shift and the
increase in the IR absorption coefficient in the ferro-
magnetic region are caused by the contribution of the
free charge carriers and redistribution of the spectral
weight toward alower energy [3]. In our opinion, such
a transition can be also caused by the d—d transition
°E,—T,, in Mn* ions screened from the crystal field by
the hole density located partially in nearby oxygen
ions.

The largest part of the optical data on manganites
was obtained by processing reflection spectra. This
method did not alow many important effects to be
observed and studied. These effects are caused by rela-
tively weak d—d transitions and forbidden charge-trans-
fer transitions. Though weak, these transitions are of
high information value, in particular, such transitions as
those in Mn* ions or octahedral complexes (MnOg)®-.
The occurrence of these complexes in La, _,Sr,MnO4
systems is due to hole doping. Magnetooptical studies
of such transitions in pyrochlorine compounds of
A,Mn,0; with the octahedral complexes (Mn*Qg)&
were performed within aspectral range of 1.5t04.5eV
using the Kerr effect [7]. Spectral bands at 2.6 and
3.1 eV were attributed to d—d transitions “A,—*T,, and
“Ay"T1g In Mn*™ ions or the octahedral complexes
(MnOg)®-, respectively. A band at 3.8 eV and a high-
intensity band with a maximum at E > 4.3 eV can be
attributed to forbidden and allowed charge-transfer
transitions, respectively. This suggestion is sufficiently
consistent with the data given in [8]. These data are
based on measurements of the luminescence spectra of
manganites. Thus, a study of the magnetooptical spec-
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Fig. 1. Absorption spectrum of aLag 7Srg sMnOz filmon a
SrTiOg substrate at two temperatures. Inset: the temperature
dependence of the intensity of light passed through the film
a 0.18eV (A =7 um).

tra of doped manganites could provide valuable infor-
mation on Mn** ions, to which the unique properties of
these oxides are attributed.

The Faraday effect in La, _,CaMnO; manganites
within arange of 1.5t0 3.0 eV was studied only in [9].
Significant Faraday rotation with maximums located
presumably at 1.2 and 3.1 eV was observed. However,
work [9] does not contain any comprehensive analysis
of the spectral and temperature dependences. The mag-
netooptical Kerr effectin La, _,Sr,MnO; within arange
of 0.9 to 5.3 eV was studied in [10]. Spectral depen-
dences of the complex polar Kerr effect or, more pre-
cisely, the off-diagonal components of the permittivity
tensor calculated from these dependences were pro-
cessed using asimple two-oscillator model. This model
provides an adequate description of the low-frequency
band with a maximum at 1.2 €V. However, the devia-
tion of the calculated contribution of a single oscillator
with an energy of 3.1 eV from the spectral behavior
observed within arange of 2 to 5 eV goes far beyond
the limits of error. The magnetooptical activity within
the range under consideration was attributed in [10] to
the charge-transfer transitions O2p—-Mn3d. The Kerr
effect in epitaxial films (LayssPros5)CaysMnO; was
measured within a spectral range of 1.5t0 3.8 eV [11].
A high-intensity magnetooptical transition centered at
2.7-3.0 eV was observed. Generally speaking, in the
LSMO films under consideration, Mn* ions are
expected to exhibit a high magnetooptical activity
between 2 and 3 eV.

A band at 7w = 2.69 €V was observed in the specific
Faraday rotation spectrum of thefilm 1 at 90K (Fig. 2).
The Faraday effect value at the maximum was
~25 000 deg/cm. The Faraday rotation band in the spec-
trum of film 2 was shifted toward a higher energy. The
Faraday effect value at the maximum (2.72 eV) was
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Fig. 3. Magnetic field dependence of the specific Faraday rota-
tion in the Lag 7Srg sMnO3 film (film 1) at 90 K and 2.6 eV.
Inset: the magnetization hysteresisloop at 77 K (film 1).

~18000 deg/cm. As reported in [9], a shoulder of
~25000 deg/cm was observed in the Faraday rotation
spectrum of aLay;CaysMnO; filmat 2.7 eV and atem-
perature of 100 K.

Comparison of the data obtained in this work with
the results of the spectroscopic study of octahedral ions
Mn* presented in [7, 8] allowsthe band at 2.7 €V to be
attributed to the d—d transitions *A,—*T,, in Mn** jons.
The magnetooptical activity of these transitions is
caused by the exchange interaction and the spin—orbit
interaction in “T,, states with an effective orbital
moment of L = 1. The volume of the magnetooptically
active ferromagnetic phase in a film is determined by
the presence of Mn* ions. Films of the same chemical
composition may differ from each other in the number
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of ions. Presumably, the variations in the number of
ions are caused by the nonstoichiometric oxygen com-
position of films. Donors (oxygen vacancies) compen-
sate acceptors (Mn* ions) produced by Sr doping. The
value of the Faraday rotation in film 2 is lower than in
film 1, presumably because the ferromagnetic phase
volume in film 2 is smaller than in film 1. The asym-
metric shape of the bands is most probably caused by
inhomogeneous broadening, aswell asthe proximity of
the 4A,—T,4 transition in Mn** ions, with a maximum
a3leV[7,8].

The temperature dependence of the specific Faraday
rotation F(T) infilm 1 wasmeasured at 2.6 €V inamag-
netic field H of 600 Oe (seeinset in Fig. 2). Curve F(T)
provides information about the temperature depen-
dence of magnetization. The tail of the curve is
extended. It can be assumed on the basis of curve F(T)
that the film contains several ferromagnetic regions
with different T.. Regions with an effective Curie tem-
perature of T, = 228 K make the largest contribution to
the value of Faraday rotation (at T = 228 K, the first
derivative of F(T) is maximum). The temperature
dependence of the intensity of light passed through the
film shows a bend almost at the same temperature (T =
227 K; seeinset in Fig. 1). Using the same method, the
Curie temperature T, of film 2 was found to be approx-
imately 165 K. The Curie temperatures of the films
under study are considerably lower than T, of single
crystals and polycrystals of the same composition.
Probably, this is also caused by the nonstoichiometric
oxygen composition of films. Extended tails of the tem-
perature dependences of the Faraday effect show that
the films are magnetically nonuniform. Stresses caused
by a 0.57% mismatch of the lattices of the STO sub-
strate and L&y ;SrqsMnO;_5 film also induce various
nonuniformitiesin the films.

The saturation magnetization H of the films was
measured in the magnetic field parallel to the film sur-
face at a temperature of 77 K using a vibrating-coil
magnetometer. A saturation magnetization of Hg ~
10 Oe was attained in fields of very low intensity. This
indicates that the LSMO films have easy-plane anisot-
ropy. The hysteresis loop is rectangular (see inset in
Fig. 3). Similar resultswere obtained in [12] (measure-
ments of magnetization of an LSMO film on the STO
substrate using a vibrating-coil magnetometer; T, =
350 K) and [13] (measurements of the Kerr effect). In
these works, the saturation magnetization was attained
inamagnetic field of ~5 Oe at atemperature of ~300 K.

The magnetic field dependence of the specific value
of the Faraday effect in film 1 was measured in fields
far exceeding Hg. As seen from Fig. 3, the Faraday
effect saturation was not attained in magnetic fields of
up to 1000 Oe at a temperature of 90 K and a photon
energy of 2.6 eV. The magnetic field was parallel to the
film surface during measurements of the Faraday
effect, aswell as during measurements of the saturation
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magnetization. Therefore, a significant slope of the
curve F(H) in magnetic fields exceeding H, is indica-
tive of a considerable paraprocess in the film within a
field range of up to 1000 Oe. Thisfact also substantiates
the conclusion that the films under study are magneti-
cally nonuniform. Thus, an increase in the nonunifor-
mity of films causes an increase in the electrical resis-
tance and a decrease in the value of the magnetooptical
Faraday effect.

The figure of merit of LSMO films was evaluated
from the measurement data of the absorption coeffi-
cient K for film 1 (Fig. 1) and a specific Faraday effect
(Fig. 2): D=2F/K=0.2a 2.69 eV and 90 K. Presum-
ably, the figure of merit of the LSMO films can be
increased by increasing the magnetic uniformity of
thesefilms. Filmswith increased figures of merit can be
used in modulators based on the Faraday effect for light
modulation at room temperature.

Thus, a high-intensity magnetooptical band cen-
tered at ~2.7 eV was observed in Lay;SrosMnO;_5
films. This band was attributed to the *Ay—*T,, transi-

tion in Mn* ions. The spectral, temperature, and mag-
netic field dependences of the Faraday effect show that
the electronic and spin structures of the films under
study are nonuniform. Devel oping methodsfor control -
ling of these nonuniformities would increase the prac-
tical value of the films under study.
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