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Abstract—The problems of transition radiation from acharged particleinteracting with an anisotropically con-
ducting ball and of diffraction radiation from a charged particle flying close to this ball are solved. The energy,
spectra, and polarization of the emitted radiation are determined. © 2002 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

At present, there are many papers devoted to transi-
tion radiation, which was discovered as early as 1946
by Ginzburg and Frank [1] (an extensive bibliography
on thisprablemis givenin [2]). The problem of transi-
tion radiation from a charged particle interacting with
an anisotropically conducting plane (straight-line
anisotropy) was solved by Barsukov and Naryshkina
[3]. The problem of transition radiation from a charged
particle interacting with a ring grid and a radial grid
(cylindrical anisotropy) was addressed in my earlier
papers [4, 5]. It isaso of interest to consider the prob-
lem of transition radiation in the interaction between a
charged particle and a ball with a spherically anisotro-
pic conductivity. This problem, being obviously impor-
tant from atheoretical standpoint, has, at the sametime,
significant astrophysical applications (the author is
grateful to YaN. Istomin for drawing attention to the
latter point).

Thus, the problem of transition and diffraction radi-
ations from a charged particle interacting with a radi-
ally conducting ball refers, in particular, to the study of
active galactic nuclei, which are, according to present
opinion, black holes surrounded by accretion disks,
whose magnetic fields compress the magnetic fields of
the holeto nearly thefield of amonopole (the magnetic
induction being on the order of 10* G). In such afield,
charged particles move freely along the magnetic lines
(the conductivity in the radia direction is nearly infi-
nite) and cannot propagate acrossthe lines (the conduc-
tivity along spherical surfaces is nearly zero). Hence,
transition and diffraction radiations associated with
active galactic nuclei can be described using aradialy
conducting ball model, which can aso be applied to
magnetized neutron stars, whose magnetic fields,
athough dipolar, have an induction on the order of
1022 G.

The objective of this paper isto investigate the prob-
lem of transition and diffraction radiations from a
charged particle interacting with a ball with a spheri-
cally anisotropic conductivity.

FORMULATION OF THE PROBLEM
AND SOLUTION OF THE INHOMOGENEOUS
VECTOR WAVE EQUATION

We consider a ball with a spherically anisotropic
conductivity, in which case we must distinguish
between the following two possible cases. In the first
case, a bal consists of nested, electrically insulated,
perfectly conducting spherical layers. It iseasily under-
stood that, with respect to an external field, such a ball
is equivalent to a perfectly conducting ball. The corre-
sponding boundary condition is

E@|R:R0 = O! (1)
where R, isthe ball radius.

In the second case, the conductivity of the ball is
infinitein theradial direction, but it is zero in the trans-
verse directions. The corresponding boundary condi-
tion has the form

Erlr-g, = 0. @

Let a point particle with charge g move parallel to
the z-axis with veocity v(0, 0, —v). The moving charged
particle generates a current with density j(0, 0, ),
where

] = qvd(X—Xo)0(y —Yo)0(z+ vt) ©)

and it can be assumed that y, = 0. The particletrajectory
intersectsthe XQY plane at the point My(Xo, Vo), inwhich

case we have ry = /xJ+yJ = Rysin®, (with 0 < © <
172) for transition radiation and r, > R, for diffraction
radiation. We denote by r the distance from the point
M(x, y) to the axis of a cylindrical coordinate system
and obtain

MM =r1"=7r1-r1

and

= Jr2+r2-2rr,cosd, (4)
where ¢ isthe polar angle.
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We expand the current density in a Fourier integral,
eg.,

j = jjwe‘”’tdw, )
with the Fourier coefficients
_ Q. 7v(r)
lo = 50%  2m 6)
Using the formula[6]
= J'JO()\r JAdA @)
0
and the addition theorem for Bessel functions [7]
Jo(Ar) = Z J. (AN (Ar)e™, (8)
we obtain
jw: v Z 'm“’IJ AN I (Arg)AdA.  (9)

In order to solve the electrodynamic problem asfor-
mulated, we start with the following Maxwell equa-
tions for the Fourier coefficients:

W 471. %)
OxE, cH‘*” DXHmZFJw—?Em.

(10)

Choosing H, and H,, as potentials (H, = 0), we solve
Egs. (10) in cylindrical coordinates. The potential s sat-
isfy the equation

2

w 4m
AHw+§Hw: __iju) (11)
or, equivalently, the equations
2 -
oo _ 4mo]
(AHw)q; u)d) c a_l’w’ (12)
2 .
&) 4m10j,
AH,), + SH, = —==-
( r.o)r C2 Wl c raq) (13)
(O%jw), =0, Hy =0.

Using the recurrence formulas for Bessal functions
[7], we arrive at

amdje - q SV gme
cor 2’ Z €
(14)

[

XJ"]m()\rO)[‘Jm—l(Ar) — I 1 (AN A,
0
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Amldie _ g g
c rog 2nc

Ze

XJ“Jm()\rO)[Jm—l()\r) + e 2(ANIA AN

(15

We represent the sought-for solution to the inhomo-
geneous equations (12) and (13) in the form

0 o
© _ g v* imo
Hap = omee Z ©
m = —oo

w (16)
><J’[Bm(?\)JnM(M) + Cn(A)Im_1(AT)IA N,
H(O) — Iq Z e
@ 17)
XI[ Bin(A) I+ 1(Ar) = C(A) I 1 (AN)IA A
0
Turning to the familiar relationships[8]
_ Zanr
(AHy)y = AH o ——~ r2 3% (18)
— er ganq)
(AHm)r - Aer_7_|’2 a¢ ’ (19)

we solve Egs. (12) and (13) in the same way as was
donein[4, 5]. Asaresult, we abtain

By(A) = —Cp(A) = —2nlMo)

M+ 2 (1-p9)
174

(20)

where3 = v/c.

Thus the set of inhomogeneous equations (12) and
(13) issolved. The solution to the electrodynamic prob-
lemis sought for in the form

H, = H? +HD), (21)
where H((f ) isthe magnetic field of a charged particle
(a solution to the inhomogeneous vector wave equa-

tion) and Hf:) isthe magnetic field of transition or dif-

fraction radiation (a solution to the homogeneous vec-
tor wave equation).
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The latter solution was obtained in [4, 5]:

@ _ 9 imo
Hoo = 211C _Z €
. (22)
x j[ébm(mmﬂw) + (M) I (AN)] € AC,
0
W _ 0 < _im
Hor 271C _Z €
. (23)

x I[Q%m(A)Jm+1(Ar)—%m(A)Jm_l(Arn N,
0

wherek = /(w’/c”) —A*. For z> 0, we have Imk > 0,
and for z< 0, we must replace the tilde ~ by the double
tilde= and €*2by ez,

The coefficients B (A) and €m(\) can be found
from the boundary conditions (1) and (2) and the con-
dition

oY = 0. (24)

SOLUTION TO THE PROBLEM OF TRANSITION
AND DIFFRACTION RADIATIONS
FROM A CHARGED PARTICLE INTERACTING
WITH A PERFECTLY CONDUCTING BALL

From condition (24), we obtain

Dm(A) = =Em(AN)[=Dm(MN)], (25)
Dn(A) = ~Em(A). (26)
The boundary condition (1) has the form
(Eu,rcos(a—Emzsin(a)R:RO =0, (27)
where
E = i_E;D_aHW‘D
ol gz P
oH (9)
_ Q10 Ly 10Hy
Boz = w[rar(rH""") r o }
Hog = Hop* Hog  Ha = Hol +HG. (29)

We substitute expressions (29) for the Fourier coef-
ficientsH,,, and H,, into relationships (27) and (28) and
pass over from cylindrical coordinates to spherical
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ones. Asaresult, we obtain
ic RO [P
Eyom = —Bp(A)e —J(ARSIN®)cos®
W 0 "4
—ZAJm(ARsnG)snG)—me(ARsne)sn@
2
. . Ll
+ ————Z—Q————ZJm()\Rsn@)snO 0
A(RsSnO) O
(30)
i ik o. . .
+ gDm(A)e RO ik J. (ARSINO®) cos®
O
" - - 2 1 . .
+2AJ(ARSN®)sinO + RsineJm()\RsnO)snO
2
. . [l
—2+m2Jm()\RS|nO)smG) 0
A(RsSn®) 0

We expand the quantities E o, in a series in associ-
ated Legendre functions:

[

ic

Evon = =  em(R)P1"(cos®).  (3D)
n=0
Then, the boundary condition becomes
em(Ro) = 0. (32)

From this condition, we determine the unknown
coefficients D,(A):

Gmn(N)
Fan(A)’

Dmn(A) = Br(A) (33)

where

Tt
Fon(A) = J’@g’m(cos@)s:nedee'm"“"se
0

X [RiKJIL(AR,SIN®) cosO + 2AJ(ARy,SINO®)sin®
b (34)
2

+ =
R,sin®

J(AR,SIN®)sin®©

2m’

0
<3 (AR,SinO@)sin®
A(R,SiNO)? r(ARosin®)sin %

i
-i®R)cos®

G\ = J’@(nm)(cos@)sined@e v

0
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[(Riw " [(Riw "
X D—Jm()\ R,sin®) cos® —2A J(AR,SIn®@)sin® X D—Jm()\ R,sin®)sn® + 2A J(AR,Sin®) cos®
oY @) O (39)
2 ' . . 2 ' .
- ROSinOJm()\Rosne)snO + Rosin@Jm()\Rosn@)cos@
2 2
. 0
+—21 5 (AR,sin@®)sin@ ~—2M 5 (AR,Sn®)cosO
A(R,sin©) O A(R,sin©) O

We thus arrive at the desired coefficients:

Gom(A) _

= (-1)""'% (M) (36
F. (N (-1) (N). (36)

QD mn(_)\) m(_)\)

SOLUTION TO THE PROBLEM OF TRANSITION
AND DIFFRACTION RADIATIONS
FROM A CHARGED PARTICLE INTERACTING
WITH A RADIALLY CONDUCTING BALL

For a radially conducting ball, the corresponding

boundary condition has the form
(Ee,rSING + E,,,C0S0) - r, = 0, (37)

where the Fourier coefficients E,, and E_, can be deter-
mined from formulas (28).

The coefficients D,,,,(A) can be obtained in the same
way as was done in the previous section:

mn(?\)
Fmn(N)

Dmn(A) = 0\)— (38)

where

mn W
—i=R,c0s®

Gan(N) = J’@"(m)(cose)sn@d@e Y

0
log f(w)
40+
35
30
25
20

15

10

r[
iKRyCos©

Fan(N) = J’QPE{")(COSG)) sin©doe

x |:2I KJ(AR,SIN®)sin® —2A J,(AR,SiN®) cos®
(40)

2 \ .
- RosinG)‘]m()\ R,sin®)cos®

om’

te—
A(R,sin@)
We thus arrive at the relationship
Dn(-A) = (1) D(D).

. O
J(AR;SIN®)cos® [
0

(41)

CALCULATION OF THE RADIATION
INTENSITY

In expressions (22) and (23), we switch from Bessel
functionsto Hankel functions. Using the circumvention
rules for Hankel functions and their asymptotics [7]
and, then, applying the saddle point method, we obtain
the following expression for the spectral radiation

intensity in the wave zone, where H{}) ., = Eoe

woOmn *
dw, D) O B2
> = CReEmOmnqu)mnR

o " 2 (42)
T[2C3 @mn[Esind% .

The field in the wave zone is linearly polarized;
moreover, the electric vector liesin a plane determined

by the z-axis and the position vector of the observation
point.

dQ

2
2
cos ©

ANALYSIS OF THE RESULTS OBTAINED
Formulas (20), (33), (38), and (42) imply that the
radiation intensity falls off to zero asr, — o and also
as R, — 0. It is expedient to present the results of a
calculation of the radiation intensity for a black hole
with amass of 10° solar masses (R, =3 x 10 m) and a
charged particle with different energies: 10'°, 10, ...,
TECHNICAL PHYSICS Vol. 47
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Table

logw f(w)

1 3.2 x10%
1.4 x 101
1.5 x 101
1.6 x 107
2.0x 10°
35x 103
1.4 x 102
0.95

00N O WN

10%° eV. It should be noted that the frequency at which
theradiation intensity isthe highest (w~ 10s™) isinde-
pendent of the particle energy.

The values of the function

artcedw,,
Hw) = ==40
qvVv

calculatedforn=0,m=0, © =174, and 1, = R, are sum-
marized in the table. The plot of the function f(w) cal-
culated for w = 10, 10?, ..., 10® s is shown in the
figure.
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Abstract—Focusing of aspherical wave in the well-known Johann schemeis considered theoretically. An ana
lytical formulafor the size of the crystal bent surface reflecting radiation in the Johann scheme is derived. The
intensity distribution near the focus is found. The spherical aberration of the diffracted beam is analyzed. Back
scattering is shown to minimizethe aberration. Spectral characteristics of an Johann spectrometer are discussed.
The focusing of a spherical wave by a crystal bent into a logarithmic spiral is considered. It is shown that the
Johann scheme is a specific case of alogarithmic spiral. © 2002 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

X-ray radiation focusing with the Johann scheme
[1] isamost promising way of producing beamswith a
large collection solid angle. In this scheme, reflecting
planes make the same angle with plane harmonics of an
incident spherical wave at any point of the crystal sur-
face. The gpatial and spectral parameters of X-ray
beams obtained with the Johann scheme have been
studied theoretically and experimentally in a number of
works[2-8]. Specifically, the theory of a Johann focus-
ing spectrometer has been elaborated in [2, 3, 7]. How-
ever, the spherical aberration of the diffracted beam has
not been considered as yet.

In this work, we took into account spherical aberra-
tion and came to results differing from those obtained
in[2,3,7].

1. DIFFRACTION REFLECTION RANGE
IN THE JOHANN SCHEME

Consider X-ray spherical wave focusing by auniax-
ialy bent crystal in the Bragg geometry [9]. We assume
that the diffraction reflection of the wave is coherent

elastic; that is, ko + h = k;, ki = k5 = k2. Here, ko and
k,, are the wave vectors of the incident and diffracted

waves. The vector h of the reciprocal lattice of a bent
crystal is given by

h(h,, hy, h,) = he—0(hou), )

where hy is the vector of the undistorted crystal: hy =
2ksin®g, k = 217A, A is the wavelength of the incident
radiation, and ©g is the Bragg angle. Parenthesized
vectors mean the scalar product.

The atomic displacement vector u(u,, u,, u,) for an
elastically bent crystal has the form

u, = xz/R, u, = xX’/2R,, 2

where R, isthe bending radius of the crystal.

In (2), terms quadratic in z are neglected. We will
consider only those beams emitted by the source Sin
the plane of diffraction scattering of the crystal (Fig. 1).
Unlike [9], the second- and third-order terms in x will
be left in the expressions for the direction cosines vy,
and y,, of the wave vector Kk, (X isthe point of incidence
of an arbitrary beam on the X axis). The related expres-

Fig. 1. One-dimensional focusing of a spherical wave by a
uniaxialy bent crystal. S, point source; S, itsimage.

1063-7842/02/4706-0660$22.00 © 2002 MAIK “Nauka/Interperiodica’



FOCUSING OF AN X-RAY SPHERICAL WAVE

sions are then written as follows:
Yoy = SN+ XCOS §of Lo — X SiNd,COS o/ L3

—x*sind,cosdo( cosh,— Lo/R,)/2L5 ‘)
+X2sin’ (oS’ 0o/ L3 — x> cos’ o ( cosd,

—Lo/R)/2LE + x®sin“dycosdy( cosh, — Lo/R)/LSE,
Vo, = —COSB, + XSind,cosd /Ly + X /2R L,
—X2Sin"$,Cosh o/ L2 + X2 cos 9o COSP, — Lo/ R )/2L2

—x2sindy/2R, L2+ x>’ sin’p,cosd /L3 (%)
—x*sing,cos’ ¢ o(Cosh, — Lo/R,)/2LS
—X*sind,cos ho(cosd, — Lo/ R )/LS,

h, = —2ksinOg(xcosW/R, + sin®),

h, = 2ksin®Og(cosW¥ —xsn¥/R,).

Here, W is the angle between the reflecting planes and
the crystal surface.

From Fig. 2, the angle between the beam incident
from the point P and the normal to the surface at this
point is given by

Q = W2- (O +30).
Taking into account that
cosQ = —(kgh)/kh,
Yox = (X+ Losing)/|SP|, (6)
Yo, = (z—Lycosd,)/|SP|

and putting 80 = A® = |X;,[/sin20g, we come to an
expression for the range x4 of symmetrical diffraction
onthecrystal surface (in thisrange, the diffracted beam
does not fall outside the region of total reflection):

Xgt = DO[SNOy/Lo—1/R|™, Lo#RSNOg. (7)
For the Johann scheme (L, = R,sin®;g), we find with

(36)
Xett, hem = R(200tan )", 8)

Here, A® isthe half-width of the Bragg reflection curve
and ¥, isthe Fourier component of the X-ray polariz-
ability. From (7) and (8), it is seen that the location on
the Rowland circle in the Johann scheme allows one to
increase considerably (by two or three orders of magni-
tude) the collection angle in comparison with the case
Ly # RSINGg.

Now we will seek for an expression for the distance
|SP| (Fig. 2) as apower seriesin x. Consider two cases.
In case (a), we include the curvature of the crystal sur-
face, assuming that z= x?/R,. Then, it is easy to see that

©®)
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|SP| OLg[1+ xsindo/Ly + X°cos /2L
—xc0so/2LoR, — Sindo(1/L, — cosd /R, )X 12L3
+sin°dox3/2L3).

For Ly = R cosd,, the quadratic and cubic termsvan-
ish; hence, fourth-order terms in x must be taken into
account. Similarly,

(9)

ISP| OL,[1+ Xxsind, /L, + X*cos’¢,/2L2
—x?cos’ ¢, /2L, R, — sind, (1/L, — cosd,/R,)
X XC[2L2 + §n’o X3 12L2.

In case (b), the crystal is bent so that the reflecting
plane remainsflat (z= 0). Then,

(10)

ISP| = Lo[1+ xsindo/Ly+ x°cos’o/2L3
—x*sing,cos ¢ o/2L3].

For the distance |SP|, we will cometo an expression
similar to (11) making the changes L, — L, and
0o — ¢y, The expression for the intensity distribution
at the focus will depend on which bending model [(a)
or (b)] weuse. For (a), it isthe Pearsey integral; for (b),
the Airy function.

(11)

2. SPHERICAL ABERRATION
OF THE REFLECTED BEAM

From the preceding section, it follows that the dif-
fracted beam in the Johann scheme is subjected to
spherical aberration. Let |[SP| = L, and |OS| = Ly.
Consider the symmetrical geometry of diffraction.
Then, for case (a) we have

Ln(X) OLp)(1 + xcosOg/(R,SiNOg));

Fig. 2. On the calculation of the diffraction reflection zone

of the crystal.
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that is, the spherical aberration is significant for heavily
bent crystals, when x < R,. For back scattering in the
Johann scheme, the aberration is insignificant up to
third-order termsin x inclusive.

In case (b) (the reflecting surface curvature is
neglected), spherical aberration is present from the
first- to third-order terms inclusive. Its effect can be
minimized by using the back scattering geometry.
Then, the second-order aberration alone is |l eft.

3. WAVE INTENSITY DISTRIBUTION
AT THE FOCUS

With alowance for aberration, we will find the
intensity of the diffracted beam at the focus. According
to the theory of dynamic Bragg diffraction in thick
crystals [2, 3, 7, 10], the amplitude of the diffracted
wave at the entrance plane of the crystal (z= 0) isgiven
by (up to insignificant factors)

En(x,0) = (2K)"|Xn| 0,Cyoexp(ikLo) exp(iTU2)
x exp(—ikcosd,x°/2R ) [8TLosin(do + ¢p)]

+00

X IdVR(V) exp(-iyonx),

(12)

where

y = {AOg —Xo(COSP, + cOSPp,)/28iN(do + §p)}
x sin20g/|X

is the normalized angular variable (with allowance for
refraction), AOg is the deviation from the exact Bragg
angle, 0, = kx,/2cos@g, and C is the polarization
factor.

In (12), we took into account that L, = R,cosd, in
the Johann scheme. For the amplitude coefficient of
plane wave reflection by a dlightly bent crystal, R(y),

we will use its asymptotic expression coincident with
the coefficient of reflection by a perfect unbent crystal:

R(Y) = y-(-1)"

Using the Huygens—Fresnel X-ray diffraction and
X-ray optical principles and taking into account the
results of Section 1, we find the intensity of the dif-
fracted wave at a point &, near the focus:

+00

1(€,) O|K°CXp 0n(8T?RESiN"20;) ™ [ SR

+o00 (13)
X J’ dxexp{ik[&,ynX/L, —you,x/k + cos’ o, x°/2L,

TCHEN

2
— coshx° /2R, — X>sind,cos ¢ ,/2L2]}

The integral over the coordinate x in (13) can be
reduced to the Airy function:

In(€5) O|KCXOn(4TR;SIN205)
(14)

+o00

d| dyR(Y)(3A,) Cd(A/{3A3 )

2

where

+o00

o(t) = (m) 2 I cos(u’/3 + ut)du
0

+o00

= (27 I exp{i(ut + u*/3)} du

is the Airy function. For symmetric diffraction, A, =
—kE/R, + yop, and A, = —kcosOg/2 R:. The integral
over y in (13) is taken by the method of stationary
phase. The stationary point is y4 = 0.

Theintensity 1,(€,,) vanishesat t;, =—2.33811. With
the spherical aberration taken into account, the geomet-
rical focus position (¢, = 0) and the position of the
focused wave intensity maximum are not coincident.
The largest maximum of the Airy function, 0.9494, isat
tmax U—1.02. For the (220) reflection of the CuK, radia-
tion from asilicon crystal (R, = 1 m), the coordinate of

the intensity maximum is £, = -0.1 pm.

Now let usderive aformulafor the diffraction width
of the maximum of function (14). Note that ®(-2.34) =
—0.0024 and ®(4.00) = 0.0016866. Then, the half-
width of the intensity maximum is given by

AZ, = 6.34R,°\** cos05 °/(2m) **(2/3)*°
= (3m)"*R*A?%(cos,) ™.

For the parameters of the Johann scheme that were
mentioned above, the focus width was estimated with
(15) at AE = 0.6 um. The half-intensity focus width is
>0.1 um. The diffraction broadening calculated by the
relationship A& = AR /X« [2, 3, 7] (without allowance
for spherical aberration) isAE = 1.5 x 1072 um.

(15

4. JOHANN FOCUSING SPECTROMETER

The spectral characteristics of a Johann spectrome-
ter calculated in view of (15) are several orders of mag-
nitude lower than those obtained in [2, 7]. The spectral
No. 6
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resolution can be found from the Bragg condition
AN = cotO©gAB;,

where AQ; = A /L, and L, = RSinOg.

For an extended source of length d, only its length
deon ~ 2A0L, = 2AOR,SiNOg takes part in coherent
Bragg reflection. To be definite, we consider here sym-
metrical diffraction; A® is the half-width of the Bragg
reflection curve. Then, setting A&, equal to sum (15) of
the focus diffraction width and d.,, we find the spectral
resolution

AN
Oco® g{ (3mcos B) A /(R sin@g) + 246} .

For the MoK, radiation (A = 1.54 A) reflected from
a silicon crystal with R, = 1 m, estimator (16) yields
AMA = 4.3 x 10°. Note that for these numerical values,
the second term in (16) makes a major contribution.

For back scattering (©g = 172), the spectral resolu-
tion,

(ANN) o < (B PA (@) IR + 2(0@)  (17)

isseveral times higher than at ©g # T/2. However, if the
crystal is bent only slightly (R, = 1 m),

(16)

(ANIN) o < 2(AO)° = 1.8x 107,

Note that formula (17) yields the upper limit of the
spectral resolution for back scattering. The half-width
of the total reflection range for back diffraction is
AG ~ |th|ﬂ2-

From Fig. 3 it follows that, for a given source size,
the resolution of a Johann spectrometer isthe best when
the bending radius of acrystal meetsthe condition R, >
d/(2A@sinOg). For R, > d/(2AOsnGg), the effect of
the source sizeis negligibly small. The spectral resolu-
tion in this case is on the order of 10~".

The Johann scheme is more sensitive to the source
size than the Cauchois scheme [11] for the Laue geom-
etry. However, the characteristics of a Johann spec-
trometer are no worse than those of a Cauchois spec-
trometer [12].

5. FOCUSING OF A SPHERICAL WAVE
BY A CRYSTAL BENT INTO A LOGARITHNIC
SPIRAL

A surface shaped into a logarithmic spiral is one of
the best in terms of focusing efficiency. For a logarith-
mic spiral, the angle between any beam emitted from a
point S and the surface (at the point of incidence) is
constant (Fig. 4). If the source-surface distance Sis
varied over some limits, the focusing effect of the spiral
is retained (see below).

Consider symmetric diffraction. The size of the
crystal surface fragment taking part in the reflection of
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2AOcotOy

AN

2.3 %1077

1.4 %1077

Fig. 3. Spectral resolution of a Johann focusing spectrome-
ter vs. radius of curvature of the crystal. d = 10 um = const.
The plateau corresponds to radii R, >
(3rc0sOg) Y2\ [(200sin@g)¥7). R isthe critical radius
satisfying the condition of dightly bent reflecting surfaces.

S'
S
-205
. Ly
S
Lo Li)
Z

Fig. 4. Focusing of aspherical wave by acrystal shaped into
alogarithmic spiral.

anincidence beamis

Xar = (1+B%) “Loexp(B){ exp(BAd) — 1} /B. (18)

For symmetric reflection, B = cot®©g and A¢ isthe

incident beam divergence. From (18), it followsthat for
the symmetric back reflection (©g = 172, c0s©g < AO)
of a spherically divergent beam, the reflecting surface
size is limited only by the maximal divergence of the
incident beam and the crystal—source spacing:

Xett, 0 = w2 I LoAd.

For the source far away from the crystal (L, =5 m,
AP = 3 x 109), X4 =2 = 1.5 cm. Thus, we have
arrived at aformula for a focusing X-ray lens made of
acrysta bent into alogarithmic spiral. From Fig. 4, the

(19)
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Fig. 5. On the effect of source (S) displacement on the
focusing of a spherical wave by alogarithmic spiral.

spacing between the point source Sand itsimage S is

ISS| = Lg = (L + L2y * 2LoLu ) C0S205) . (20)

The geometric aberrations are minimized and focus-
ing proceeds by the “point-to-point” principle if the
equality

= { Loexp(2B )
+Lfy % 2LoLy pexp(Bd)cos20,}

isvalid for any arbitrary angle ¢.

From (20) and (21), two focusing approaches are
possible. In the first one, B¢ < 1, so that the effect of
aberrations is minor and L, > Ly, The second
approach seems to be of greater interest, and we will
concentrate on it. Conditions for this approach are the
following:

Lo = Lng» Lno = LnoeXp(B9). (22)

Clearly, equalities (20) and (21) are also vaid and
point focusing takes place. Bearing in mind that the
equation of alogarithmic spira hasthe form

(21)

R=R($) = (1+B) Loexp(Bd),  (23)
we find the sought lens formula from (22):
Lo+ ULlpe = [exp(Bd) +1]/(RsinGg). (24)

For small ¢ (¢ < B72), wefind from (23) and (24)
1/Ly+ /Ly O2/(RsiNGg), (25)

where Ly = Ly, ¢ = Lo = Rsin®g. The result obtained
means that the Johann scheme is a specific case of a
logarithmic spiral. Note that, with conditions (22) met,
the point S is the asymptotic pole of another logarith-
mic spiral.

TCHEN

Consider now the effect of aberrations on focusing.
With (22) in mind, we differentiate distance Lg (21)
with respect to ¢:

dLJ/dd = BLoexp(Bo)[exp(Bd) * cos20]/L..(26)

From (26), the aberration along the length SS can be
found. For Ly=1m,0< ¢ <10°, and ©g = 23.65°, we
obtain ALg= 20 um. From (26), it is seen that the aber-
ration isalinear function of ¢ if B¢ < 1.

The aberrationisabsent at 3 = 0, which corresponds
to ©; = 12 in the symmetric case, and a ¢ =
In(cos20g)/B. Now wewill show that a displacement of
the source S does not disturb focusing under certain
conditions. From Fig. 5,

& = ALysin(¢ —AG) = Loexp(B¢)sin(AO).

Let A® be the angular half-width of the reflection
curve. Then, the source displacement is given by

AL, OLyexp(Bd)sin(A®)/|sin(¢p —AB)[.  (27)

It is easy to see from (27) that the source displace-
ment AL, = Lo (for B¢ < 1) if ¢ < AG. If ¢ ~AO, the
source—crystal spacing may be varied over wide limits
without considerably affecting the focusing (AL, > Ly).
Finally, for A® < ¢ < 1, we have AL < L,,.

For the focusing to remain unchanged when the
sourceisdisplaced tothe position S, it isnecessary that
the angle S,P'S for the beam SP' (Fig. 5) be equal to
AO©, = AO. Taking into account that

AlLo=Loexp{B(¢ +A¢)}
x sin(A®,)/sin{ (¢ +Ad) -AO}},
we find
tan(AO©,)

= sin(¢ +Ad)sin(AO)/[exp(BAY){ sin(p —AO)}
+ cos($p +Ad)sin(AO)]. (28)

Thedisplacement of the source Sto the point S; does
not disturb focusing, A®; = AO. Specificaly, for Ap <
¢ < 1and ¢ = AO, wefind from (28) that A©; JAG. In
thiscase, AL, < Lg; in other words, a displacement of a
point source in a rather wide range has a negligible
effect on the focusing. L et us estimate the maximal size
of the source in the direction normal to L, &, at which
focusing till takes place. From Fig. 5,

Eo=AOLotan[(¢ +Ad) —AO,] = Loexp[B(¢ +Ad)]
x sin(A®,)/cos[(d +Ad) —AB]. (29)

If (¢ +Ad) ~AO, in (29), the transverse size of the
source &> L,AO,. For A@, =A® ~10°andLy=1m,
&> LoA® = 10 pum.

Basicaly, for beamswith large ¢ < 172cL,, the max-
imum possible source size increases greatly. In Section 4,
we found that the spectral characteristics of the beam
reflected drastically degrade in the Johann scheme with
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an extended source (d > d.,, 12L,A®). However, it has
just been shown that the use of sourceswith asize >d,,
does not disturb the focusing if the crystal surface has
the form of alogarithmic spiral. This is an undeniable
advantage of a logarithmic spiral over a cylindrically
bent crystal surface in the Johann scheme, since the
former shape extends the selection of the sources.

To conclude, we note that crystals, in genera,
are easy to make into the logarithmic spiral shape (see,

eg. [13]).
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Abstract—The theory of the dynamic 2D focusing of an X-ray wave upon its Laue diffraction by a system of
two bent crystals is developed. The reflecting planes of the crystals are perpendicular to their surfaces. 2D
focusing is shown to be highly sensitive to the bending radius of the crystals and to the difference in their thick-
nesses. The effect of astigmatism on 2D Laue focusing is described, and conditions for stigmatic focusing are
found. One-dimensional focusing inside the crystalsis discussed. The spectral characteristics of adouble-crys-
tal 2D-focusing spectrometer are considered. © 2002 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

Dynamic Laue focusing of X rays has been studied
both theoretically and experimentally for the case of a
narrow beam diffracted by perfect (flat) crystals [1-4],
as well as a spherical wave diffracted by both perfect
[5-12] and elastically bent crystals[13-20]. It has been
shown that the spherical wave can be focused both
inside and outside the crystals. Even in the pioneering
works [1, 3, 4], the effect of focusing was applied for
the spectral decomposition of X-ray radiation. The the-
ory of abent-crystal Laue spectrometer was devel oped
in [19]. The transfer of X rays with magnifying and
demagnifying bent-crystal Laue lenses was demon-
strated in [21-24]. The focusing of X rays by two bent
crystals was studied in [25].

However, in all the works cited, the object of inves-
tigation was 1D focusing. In this work, we suggest a
theory of dynamic focusing of a spherical X-ray wave
Laue-diffracted by two bent crystals. With a proper
arrangement of the crystals, the 2D focusing of the radi-
ation with the formation of the focus takes place.

2D FOCUSING OF A SPHERICAL WAVE
IN A VACUUM FOR THE CASE OF LAUE
DIFFRACTION BY TWO BENT CRYSTALS

Let a spherical X-ray wave be incident on a system
of two easticaly bent crystals (Fig. 1). We will use the
parabolic decomposition for the spherical wave. Let the
crystals be so bent that their reflecting planes coincide
with the normal cross sections, which remain undis-
torted. Then, each of the plane harmonics of the spher-
ical wave “sees’ the crystal unbent at the point of inci-
dence. Therefore, the amplitude coefficient of plane-
wave reflection (ACPWR) can be given by the expres-
sion for the case of an undistorted (flat) crystal. The

plane of diffraction scattering by thefirst crystal will be
referred to as the meridional plane. Then, the diffrac-

tion plane of the second crystal makes an angle =04
with the sagittal plane of thefirst crystal and the sagittal
plane of the second crystal makes an angle =@ with

the meridional plane of thefirst crystal. Here, 042 are

the Bragg angles for the first and the second crystal,
respectively. In the sagittal plane, the Fourier transform

R(k, ) of the Green function G (y;—y, t) isroughly
equal to unity. Then, the Green function

G (yr =y t)

+o00

= (21T)_1J' dkyexp[—ik,(yr - y)] R(k,, t)

(a) (b)
S | OW =P+ Ae®

=K 0@ =0F +A0R)

\‘a“\iu.

SO

Fig. 1. 2D focusing of a spherical X-ray wave Laue-dif-
fracted in a system of two bent crystals. (a) Focusing in the

{HO} plane, |OS(1)| = L(l) (b) focusing inthe{ OH} plane,
105 = LY . s @, images of the source S.

1063-7842/02/4706-0666%$22.00 © 2002 MAIK “Nauka/ Interperiodica’
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behaves like the delta function. With thisin mind and
taking into account the Huygens—resnel X-ray diffrac-
tion and X-ray optical principles, we find the intensity
of the doubly diffracted spherical wave at adistancel,,
to the second crystal in a vacuum:

(% Y) = 1520012(y), (1)

where 11" (x) and 117 (y) are the intensity distributions
in the {HO} and {OH} planes, respectively (Fig. 1),
and (%, y) are the coordinates of the point of observa-
tion. We have

@2 _ 2 02, W2y L2 L L2 12
Ih"™ = (Yha, 2/2TK(Lg ™ + Ly ") Lo "Ly “ag “ap’™)

P o &)
X IdY(l, 2T (Y 20t 2) €Xp{id 0 2 (Y 20 tw 2}

ba Va2t = _Oh(l 2)y(21 2)(1/0((l 2+ 1/G(l 2))/2K
+0nu Va2 Ya 2)(AG)(1 2)/0‘(1 2 —Yha 2 ©)
(=g Ly Yoy ?),
where
Oha,2) = KXnq, 2)/23"1@(51' 2, W-yy = X=X
for ¢ and Y-y, =y-y, for o¢.
In theintegral in (2),

(4)

ROw 2 ta2) = (Xe/Xp)™

. - 1/2
x explieg ot /2 12(Va 2 + 1)
isthe ACPWR by flat crystals [26],

)

_ )
€12 = KXoa 2/Yoa 2 — CK(Xna, 2Xha, 2))
. o 12
XYoot (Y(zl 2+ 1) )MYna 2,

Yoo = AO®2sin20§ 2 /(x,X:)V2 is the normalized

angular variable (without allowance for refraction),
AO® 2 are the deviations from the Bragg angle for the
first and the second crystal,

(6)

Woa, 9 = L(l 2)(1 Vh(1 2)) “+ (1/Vh(1 2~ 1) t(l 2:(7)
(1' ? = V0(1 2/ L(l 2 —Yoa, 2/ Ra, 2 ®
O‘ﬁl’ A = Vh(1 2)/Lh + Yha 2/ Ra, 2,

Yo and y;, are the direction cosines for the incident and
diffracted waves, R ; , arethe bending radii of the crys-
talsin the planes of diffraction scattering,

L(l) — L(l) + le/vh(l) + tz/Vh(z), (9)
(1) + (t + Li2)/Yny,

L(Z)
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L? = L% isthedistance from the second crystal to the
source image in the {OH} plane, Lf,ﬂ is the distance
from the second crystal to theimageinthe{HO} plane,
L4, is the spacing between the crystals, k = 217A, A is
the incident wavelength, t, ,) are the thicknesses of the
crystals, X, and X, are the Fourier components of

X-ray polarizability, and C is the polarization factor.
The signs + in (6) correspond to two modes (a and )
of the wave field in the crystals (the minus sign corre-
sponds to the weakly absorbable mode), and the indi-
ces (1) and (2) correspond to the first and the second
crystal.

Intensity (2) is calculated with the method of sta-
tionary phase (here, it is taken into account that the

function (¥* + 1)~2 varies much more slowly than the
exponential). With regard for the ACPWR phase, we
find the first-, second-, third-, and fourth-order deriva-
tives of the eikonal function:

0By »/0Y4, 5 = _oh(l 2V 2(1- af ? + 1af )ik

* Onw, 2Yh, 2)(AO(1 2)/0‘ &2 —Yha, 2(W - qu)/L(l 2)0((1 2))

—tq, 2)tan®(Bl‘ z)gh(l »{ 1Y, 2)/()7(21 »+1) 2} ’
O°Py /055 = —Ong, 2)(1/0((1 24 17a2)/k

o 32
ttan @S' 2)'[(1, 20, 2)/()/(21, »t+1) (10)

3 o3 1,2
0°®y 5/0Yq 2 = (i3tan@(s )t(l, 20h, 2)

“ -2 512
XYa2)!/ (Yo 2+ 1)
4 4 1,2
0Dy »/0Ya,2 = {i3tanG),(3 )t(l, 20nh,2)

< < 702
X (1-4¥42)H(an *+ 1)
Do = Ou gt Eya antu 22,

where gy, , is the Y, ,-dependent part of g, ,
[see (6)].

The stationary points y, are determined from the
condition d®; /0y, » = 0. For thebeamsto intersect,

that is, for focusing in the {HO} and {OH} planes to
take place, it isalso necessary that the second derivative

0Dy /0¥ 1.5 Vanish (0°®y »/0Y(; » = 0). The point
Ya(1 2) = Oisstationary for both planes, so that thewave

isfocused at the geometrical focuswith the coordinates
found from the following equations:

1/a (1 2 + l/O((l 2 = +Ktane(Bl’ Z)t(]_’ 2)/0h(1, 2
Y-y, = Ly a2 e ?af? (11)

1,2
=1y ytan Oé )/yh(l, ) ¥na, 2)-
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1 hh(x )
1 l(lglax)

Xp X

Fig. 2. Intensity distribution in the { HO} plane for the dou-
bly diffracted wave.

102 g, 675y, /{ 2rk(LPLOY L L P MMy

The 2D (point) focus is the point of intersection of
two focal lines passing through the points SV and S2.
The focal line passing through the point S makes an
angle ©®@ with the Y axis.

When the second crystal isrotated about the normal
to its surface through an angle ¢, the second focal line,
passing through the point S, also rotates through the
same angle. In the limit ¢ — 90°, the second focal
line transforms into a new focal line arising because of
the focusing of the convergent beam by the second
crystal. At ¢ = 90°, the first focal line disappears. 2D

focusing disappears, and 1D focusing into aline L(Z)

distant from the second crystal takes place. In this case,
the geometrical conditions for focusing have the form

1/a,+ 1ay,
€Y @) (12)
= +K[tanOg 't/ 0y + 1aNOg t,/Opz)]

where ay, = Vﬁ(l) / ng) + Yoy R1 + Yo/ Re-

For the convergent beam to be focused by the sec-
ond crystal, itisnecessary that & ~X»/Ry > @~ X5/ L@,
where € is the angle between the cross sections normal

tothecrystal surface and @isthe angle of beam conver-
gence.

When the second crystal is rotated through an angle

:26(52) counterclockwise about the X axis, the focus
shifts to another point along a circular arc of radius

zL(z) . The angle between the directions to the initia
and final positions of thefocusis 4@(2)

From (11) and (12), it follows that two focuses cor-
responding to the a and 3 modes of the wave field may
form behind the second crystd if the crystalsare not too
thick.

Itisof interest to consider 2D Laue focusing in the
case when one foca line arises because of a mode
focusing and the other, because of 3 mode focusing.

TCHEN

Conditions for a—3 focusing have the form
Vol + Ualll, = ktan0$t/oyw,
1o, +1/a?, =

where the signs + correspond to the different modes.

Note that the second crystal is exposed to the beam
(wave) with the angle of divergence ~|x,|“? (in the
plane of diffraction scattering of thiscrystal) but only a
small part of the beam diffracts. However, the effect of
focusing more than compensates for the transmission
loss. At Ly=1m, L, <1m,X, ~ 10>, and the focus
width AW = 10 um, 2D focusing provides roughly a
800-fold gain in the collection angle compared with the
case of 1D focusing.

Let usfind theintensity distribution in the neighbor-
hood of the focus (we will consider the focusing of the
weakly absorbable mode for definiteness). Intensity (1)
inview of (2) and (10) is expressed as

Lnn(%, ) = (16) Yan Vi [ATK(LSY + L)LY + L)
x Lél) LE)Z) Lﬁl) L(2)

(13)
KtanG)B 2/c:h(z),

Gél)a(z)dﬁl) (2)]

(14)
X 1W(AD, ALY (AP, AD),

where (A, A) =
Pearsey integral [2

T= Y(l, 2Cu o/ (4 )U41

— €2 va
Cu 2 = (3tanOg "ty 0nw 2)

= (6)"%(0°P /04, 2)| - o/ Clt 2.

% exp{i[A;T + A;T2 + 14} dt isthe

(1 2 _

&2 = ¢y . (15)
A7 = C(1,2)5(a¢(1,2)/0y(1’2))|y:O
= ~Ona,2Yha 2Ca 20WILL Jay?,
5W = LIJ_ qJF,

and W isthe position of the geometrical focus.

The intensity distribution has a peak with weak
oscillations on the right of it (Fig. 2).

L et the diffraction width of the focus be defined asa
distance over which the intensity drops twice. Then,
taking into account the properties of the Pearsey inte-
gral [27] and putting A, = 0, we come to the following
estimates of the diffraction sizes of the focus in the
{HO} and { OH} planes:

A,= 18,

(16)
AWE2 01.8LY2al PCy »/0hu 2 Yew 2)-
Thefocussizeisseento be AW ~ t1*,, . For the (220)

reflection of CuK, radiation from a silicon crystal of
thickness t 0600 pum with R=-2m, sin®g [10.4, and
TECHNICAL PHYSICS  Vol. 47
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L, 00.65 m, formula (16) yields AW = 11 um. From
(16), an interesting consequence follows: the diffrac-
tion broadening of the focus is smaller for a system of
flat crystals. Thisfeature of aflat-crystal scheme, how-
ever, shows up only for L, = Ry,

Exactly at the geometrical focus (A, = A, = 0), the
Pearsey integral absolute value equals 1.813. Its maxi-
mum (roughly 2.7) is observed at A, 0—2 and A, = 0,
not at the geometrical focus. The maximal intensity of
the doubly diffracted wave is reached if

1/a,+ 1/ay, = Ktan@gt/oy, + K (2tanOgt?) /632, (17)

Relationship (17) implies that the contribution from
the second term on the right-hand side is significant if
t < 2AIm< A\, where A = AcosOg/|Xy | IS the extinction
length. For dynamic Laue focusing, the shift of the
intensity maximum from the geometrical focus can be
neglected.

FOCUSING OF A SPHERICAL WAVE INSIDE
CRYSTALS

Consider the case Lf)” # RiYo)- For the weakly

absorbable mode, the elkonal function @ in the first
crystal is given by
q) = —Oﬁ(l)y(zl)/ZKGél)—O'h(l)y(l)x (18)

2 12 1)y, (1)
+0,0Z(Yay 1) 1¥n) ¥ Oy YnyAO " Yuy/dg

Let vo = V¥, Then, from (18) it follows that the
weakly absorbable waveisfocused inside thefirst crys-
tal at adepth

Z® = oy cot0P ka . (19)

The thickness of the first crystal must exceed Z(Fl) :

Varying the distance Lél) , one can vary the position of
thefocusinsidethe crystal. Notein passing that thiscir-
cumstance might be used in studying the defect struc-
ture of bent crystals.

Putting Z" =1, in (19), we cometo the equation for
acylindrical Laue lens[22] as a specific case:

c0s@g/Ly—1/R, = X,/2t,Sin°Og.

The condition for kinematic focusing at the exit sur-
face of the first crystal, which follows from the lens
equation, hastheform Ly = R, cos@g. The wave weakly
absorbable in both crystalsisfocused inside the second

crystal at adepth z2 <t,:

7 = g, c0t0@/ka .
It isof interest that either crystal and also the entire
double crystal system may serve as ademagnifying (in
the longitudinal direction) X-ray diffraction lens. In
TECHNICAL PHYSICS  Vol. 47
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fact, a dlight displacement of the source by a distance
AL, aong the incident beam direction causes the focus
to shift by a distance

AZ; = |Xp| 0S@g/25iN" O (c0sOg — Lo/ R)*AL, (20)

for the symmetric geometry of diffraction. As follows
from (20), thelongitudinal coefficient of image transfer
may be very low (~10-10-). For example, for sources
in the immediate vicinity of the crystal surface (or in
the case of aflat crystal), the longitudinal coefficient of
image transfer is proportional to ~|x;,|- Note that a
weakly absorbable Bloch wave focused in thefirst crystal
isconfined once again beyond thefirst crystal at adistance

L\ = 28r20f cosOf ty/|Xuw| — 020’ /al .

Let the planes of diffraction scattering of the crys-
tals coincide. Then, in the second crystal, the mode
weakly absorbable in both is focused at a depth

Z? = £Xnrw 2| (L= L) /(sn0P sin20Y)
= 2|Xn (2| L2/ (SNOF sin207) 21)
+ [Xnr(2| SNOS’SN205t,/(sinOY sin20L X 1))
* [Xnr(») €08 OF /(N0 sin20PalY).

Here, the upper plus refers to the case L, > L{”; the
lower minus, toL,, < LY . Itisseenthat in asystem of flat

crystaswith 0% = ©F and Xy = Xz, thedoubly dif-
fracted wave isfocused in the second crystal at a depth

Z¥ = £t + Xl (Lo + L1o)/(SN@gsin20y).  (22)

For (Lo + Lyp) < t,SiN@zSiN20g/|),,|and Ly, < LY,
the wavewill befocused in the second crystal at adepth

equal to the thickness of the first crystal. Thisresult is
consistent with those obtained in [1-4].

When focusing a spherical wave inside, an elasti-
cally bent crystal acts as an X-ray diffraction lens. The
formulafor such alens can be written as

1/Ly+1/Z¢ = 1/F,
wherethefocal length F is

(23)

F = [Xnr| LoRH{([Xn| + SNO5SiN205)R—28iN°O5L ¢
= [Xp] /{ 28iN° @g| cOSOg/ Ly — 1/R} .

In the case of aplane wave (L, > Rcos®), we have
F = R|Xy//2sin’@g. Hence, for dightly bent crystals
with R = 1 m, F ~ |x,| For bending radii R <
AsSin@gsin20g/|x. |2, the focusing takes place at depths
shorter than the extinction length. Obvioudly, if aspher-
ical wave passes through a set of bent crystals roughly
meeting the Bragg condition and having thicknesses
t, = /\;, the diffraction focus may form in each of the
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Fig. 3. Multiple focusing of the weakly absorbable mode of
the spherical X-ray wave upon Laue diffraction by crystals
of different atomic composition. S, point source; Fy » |,
foci.

crystals (Fig. 3). For this to occur, it is necessary that
the wave weakly absorbable in the first crystal be
weakly absorbed in the others.

EFFECT OF ASTIGMATISM ON THE FOCUSING
OF THE SPHERICAL WAVE
BY THE DOUBLE-CRYSTAL SYSTEM

From Egs. (11), the 2D focused beam is subjected to
astigmatism. Let diffraction be symmetric (v, = v, = V),

Effect of astigmatism on the transmission of doubly focussed
beam

R,,m | ALy, cm | AL, um 104N N
—2.100 8.099 1285 6.50 285
—2.050 4.676 742 2.17 355
—2.040 3.989 633 1.58 15.78
—2.030 3.300 523 1.08 3.2
—2.020 2.611 414 0.68 0.35
-2.010 2.317 367 0.53 6.68
—2.000 1.230 195 0.15 22.70
-1.990 0.538 85
-1.985 0.192 30
-1.984 0.123 20
—1.983 0.054 9
-1.982 —0.016 3
-1.981 —0.085 13
—1.980 -0.154 24

Note: t; =t, =400 pm, Lgl) =1m/Lip=1cm R =-2m, o,=
45809 x 10° m, 1P = L? =20m, L) =6305em,

and Lﬁl) = 64.24 cm. (220) reflection of CuK, radiation

from silicon crystals. AL, = AL, = AL are the sizes of aber-
ration spots.

TCHEN

the crystals have the same structure (Oy;) = Opp), and

the Bragg angles coincide. Then, the distances L{;?

from the second crystal to the source images S*2 are
given by

Lin = Ly = (L + )y,
L2 = VG nRq o/ (Rig oy —G
h = Y6 2 2 ( (1,2) (1, 2))'

. -1
G(l, 2) = KSH’]eBt(L 2)/O-h_(y/L(()l’ 2) _1/R(l, 2)) .

2 - 13
Lin = Ly,

(24)

For arbitrary L§”, Ly, ty 5, and Ry ), the doubly
diffracted beam converges not to apoint but to the focal
spot, whose size depends on the astigmatism (see table).
L et us suppose that the beam illuminates the entire sur-

facearea=L{?'L{? of the second crystal. Then, the size
of thefocal spot located in the middle between thefocal
lines is =(ALy, L 2L )ALy L 12L)). Here, we
assumethat AL, = L2 — L) > 0.

The diffraction broadening of the focusin the {HO}
and { OH} planes calculated by formula (16) are AW =
10 pum. Astigmatism reduces the collection angle by
N= ALALJ/(AW)4)(AW), times. The values of the
coefficient N for various R, are listed in the table. It is
seen that the astigmatism and, hence, the collection
angle depend on the bending radius R,. For example,

the collection angle grows by two orders of magnitude
when R, changes from —2.000 to —1.984 m.

Now we will show that the degree of astigmatism
depends on the differencein the crystal thicknesses. Let
the source be placed near the surface of thefirst crystal

(LS —~ 0)and Ry , —= oo (flat crystals). Then, from
(24), the astigmatism is expressed as

AL, = (KSin@gyAt/oy) + (L, +t)/y. (25)

It is seen that AL, is alinear function of the differ-
ence At = t, — t; in the thicknesses for L, = const and
t, = const.

With At 01 um, sin@g [00.4, and X}, ~ 10-5, we have
from (25) AL,;,= 3 cm. In this case, the collection angle
drops by three or four orders of magnitude compared
with the stigmatic situation. The result obtained is of
practical importance, since the effect of focusing can be
applied to measure the crystal thickness with a micron
(or even submicron) accuracy.

DOUBLE-CRY STAL FOCUSING LAUE
SPECTROMETER

Now let us discuss the spectral characteristics of the
double-crystal system when it is used as adouble-crys-
tal Laue spectrometer with diffraction focusing. In the
presence of astigmatism, we have, in essence, two spec-
trometers with different spectral resolutions. Let the

TECHNICAL PHYSICS  Vol. 47
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condition when astigmatism is absent be fulfilled:
ALy, = L2 — LY = 0. Taking into account that d® =

O0Atan®g /A (according to the Bragg equation) and that
the linear dispersion is given by

Dw — tan@B(L(l 2) L(l 2)af11 2)/a(l 2))/)\y, (26)

we find for the spectral resolution in the {OH} and
{HO} planes

(dA/A) (1, 2 O cot@pyAW™H?

(27)
x |LE11 2) _ Lgl Z)GE]l, 2)/(12)1, 2)|—1.

Forog =04, Lp=1m,y=091, R=-2m,L, =
0.48 m, and dW = 10 um, the spectral resolution is esti-
mated from (27) at dA/A = 4 x 10°. As follows from
(27), the spectral resolution varies as tY# and the lower
limitisreached at t ~ A. Also, we have from (27) that in
the symmetric geometry of diffraction (o, = ay), the
resolution for the flat crystalsistheworst if Ly = L.

If aplanewaveisincident (L, > Ry) and oy =a,, the
spectral resolution is on the order of 1076 (L, = 10 m).

When the spherical wave sourceisin theimmediate

vicinity of the surface of the first crystal (L(l) — 0),

the resolution is the best if L"? = —Ry Vi 2 The

minus sign means that the first crystal presentsits con-
vex surface to the source (R < 0).

In the absence of astigmatism, the decomposition
into the spectrum takes place along the line making the
anglesW, and W, withfocal lines1and 2 (Fig. 4). Here,
sinW,/sinW, = Ax/Ay and W = WY, + W,. The spectra
resolution is given by max{ (dA/A),, (dA/A),}.

FOCUSING OF A PLANE WAVE
AND SYNCHROTRON RADIATION

A practical case of special interest is the incidence
of aplane X-ray wave ( Lf)l) > RyYo(1)) @nd synchrotron
radiation. In the latter case, the radiation has an

extremely small divergence in one plane and a consid-
erable divergence in the plane normal to the former.

Focusing conditions (11) remain valid for the plane

wave if the change a"? —v§? IRy, ) is made.

Then, thelinear dispersions and the spectraJ resolutions
inthe {HO} and { OH} planes equal each other:

DSV 0tan0f ?LS PRy (LILE? + LyRy 2)/A,

(AW) ;. 5 cotOf"? (28)
{LG (1Y + R /L")

Clearly, when numerically estimating the parame-
ters from (28), one must put Ly > Ry. Formulas (28)

(AN, O
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Fig. 4. On the spectral decomposition of the spherical wave
upon Laue diffraction (astigmatism isabsent). (1) Focal line
normal to the {HO} plane and (2) focal line normal to the
{OH} plane. Ax and Ay, diffraction broadening of the focus
in the {HO} and {OH} planes, respectively; &, point
source image (focus) for the wavelength A meeting the
Bragg condition; and Sy, image for A + dA.

characterize the spectral properties of the plane wave
being focused by the double-crystal spectrometer.

For the plane wave, the astigmatism is given by
Ath = _sz(l + Gthl(KSneBt2))
+YRy(1+0,R,/(kSNOgty)) + (Lyp +15)/y.

Let us show that AL, strongly depends on the dif-
ferenceinthe bending radii AR=R, — R; < R;. In fact,
witht; =t, = 400 um, y 00.91, 6, = 4.5899 x 10° m*,
Ry>1m,A=154A L;,=~1cm,and AR=1cm, we
find that AL,,, = 1.47 cm. The collection angle in this
case drops by one or one and ahalf orders of magnitude
in comparison with the case when the beam is focused
into a“point.” For L,, > AR, the value of AL, depends
on AR only slightly and the astigmatism depends only
on the distance L;,. As follows from (29), the astigma-
tism can be diminished (at R, > R;) if the convex sur-
face of thefirst crystal is presented to the incident wave
(R, < 0). Thus, with small distances between the crys-
tals (L3, < AR), the point focusing of the plane wave is
highly sensitive to the differencein the bending radii of
the crystals.

Figure 4 plots the astigmatism against the bending
radius of the first crystal. For the crystals of the same
thickness, the astigmatism is the least if the bending
radii coincide. Formula (29) has been derived for crys-
talline plates made of the same material. From (29), the
astigmatism is absent in the specificcase R, = R, = R
and At = t, — t; < 0, when the intercrystal spacing is
given by

(29)

LEY = ~(|xn| Y’ RAt28iIN°Ogtyt, +1,).  (30)

From (30), withR=2m, sin©g = 0.4, t; = 400 um,

= 300 pum, and x;, ~ 107>, the intercrystal spacing at

which the image of aremote sourceis stigmatic equals
LY =87 cm.
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For the crystals of the same thickness and bending
radius, the astigmatism depends linearly on the inter-
crystal spacing ALy, = (Ly, + ty)/y. In this case, the col-
lection angle will be high if the crystals are very close
to each other.

Let the bending radii be the same (R; = R, = R) but
the thicknesses differ. The astigmatism depends on the
differencein thethicknesses At =t, —t; < t; asfollows:

AL, Oy 0, R°At/(kSin@gt?) + (L, +t,)ly.  (31)

We will estimate ALy, for the same numerical
parameters as before. Then, the first term in (31) is
1.6 x 10%At. For At =1 pmand L, = 1 cm, its contribu-
tion is much less than from the second term. With L, =
1 cm, the AL vs. At dependence becomes significant if
the bending radii are sufficiently large (R= 10 m).

Finally, let the radiation incident on the first crystal
diverge weakly in the plane of scattering and have a
finite divergence in the perpendicular plane (synchro-
tron radiation). The geometrical conditions for the 2D
Laue focusing of synchrotron radiation are given by

M _

—Ry/y + 10y = ktan0$t/0y, ),

Va? +1af = ktan@g t,/0 ),

(32)
Xx—x, = -LPalP(A0™R, +t;tan0 7)1y,

y—Vo = LPa?(00@1a{? —t,tan0PIy)/y.

It follows that the nth diffraction harmonic A/n,
along with the fundamental harmonic A, is focused to
the focal point.
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Abstract—Capillary oscillations of a charged drop of a viscous incompressible liquid with finite conductivity
emitting electromagnetic waves are considered. A dispersion relation for the capillary oscillations has been
derived and analyzed using alinear approximation to oscillation amplitudes. © 2002 MAIK “ Nauka/l nterperi-

odica” .

INTRODUCTION

Investigating the capillary oscillations and stability
of a charged drop of areal liquid is of interest in con-
nection with numerous scientific and technological
applications (see, for example, [1-4] and the references
therein). Most theoretical investigationscarried outin a
linear approximation to the oscillation amplitude [1-4],
and all investigations with the use of approximations of
a higher order of smallness (see [5]), dealt with drops
of an perfectly conducting inviscid liquid. The phenom-
enon of electromagnetic emission by a vibrating drop
was discussed in only one study [6], which also dealt
with an perfectly conducting inviscid liquid. It appears
interesting, therefore, to study capillary oscillations of
a viscous drop with afinite transfer rate of its electric
charge taking into account radiation energy losses.

1. Consider a spherical drop of a viscous incom-
pressible liquid with a density p, coefficient of kine-
matic viscosity v, conductivity o, permittivity €,, and
surface tension y, whose surface isin capillary oscilla-
tions of an infinitesimally small amplitude caused by
thermal motion of the drop molecules. A drop having a
radius R and carrying acharge Q is placed in avacuum.
An eguation of the drop free surface in aspherical coor-
dinate system with the origin in its center of mass can
bewrittenintheformr =R+ &(O, t), where & isthedis-
tortion of the equilibrium spherical drop surface caused
by the capillary wave motion, |§| < R; © isthe spherical
angular coordinate; and t is the time.

To simplify the subsequent presentation and calcu-
|ations, we introduce dimensionless variables R = 1,
p=1, and y = 1. (All dimensionless quantities we
denote by the same symbols as the corresponding
dimensional ones.) Other quantities are expressed in
units of their characteristic values and have lower aster-
isks, viz.,

_ U2 12 172,
u, = R7p 7y

32 _-1/2 ]JZ 32 1/2

P, = Ry; s, = R4 Q = R
and

v, = Rl/2p—ZIJ2y]J2'

Here, uis the liquid velocity, P is the liquid pressure,
and sisthe oscillation frequency.

A set of electrohydrodynamic equations describing
the system considered with a field E induced by the
charge Q has the form

du _du

Gt ot +(uV)u=-VP,+vAu; 0O =0;(11)
OID; =0, Dj = gk (1.2)
oE .
ne-18 -0 j=12 (13)
¢’ ot?

Subscript 1 denotes quantities relating to the drop,
and subscript 2, to the ambient; g; isthe permittivity (in
the following we assumethat €, = 1 and €; = €); u(r, t)
istheliquid velocity field and P4(r, t) isthe pressurein
the liquid drop in the presence of an external electric
field; and c isthe propagation speed of electromagnetic
waves in vacuum.

At the drop free surface described by an equation in
the form

F(r,t)=r-1-¢(0,t) = 0, (1.4

the following boundary conditions must be satisfied:
—the kinematic condition

dF _ oF

a0t n ulWVF = 0;

(15)

1063-7842/02/4706-0673%22.00 © 2002 MAIK “Nauka/Interperiodica’
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—the dynamic condition for the tangential compo-
nents of the stress tensor

(My;=My)=v[tOn V)u+n dt V)u] = 0O;
€ (1.6)
N, = —E.E;
41t

where E, and E; are the normal and tangential compo-
nents of the electric field strength and n and = are unit
vectors normal and tangential to the drop surface (1.4),
respectively;

—the dynamic boundary condition for the normal
component of the stress tensor

—(P,—Py)+2vnQn V)u-Pc+P, = 0; (1.7)

where P, is the pressure from the ambient and Pz and
P, are the pressures exerted by electric and surface ten-
sion forces, respectively;

—the conditions of discontinuity of the normal
component of the electric induction and continuity of
the tangential components of the electric field

r=1+¢: D,,—D,;, = 4niK; E, = E;;; (1.8)
and the balance equation for the surface charge density

0K

3t —o(n[E,) +divsku, +KbE, = 0;

(1.9)

r—o: D, —0;
r—0:D;, —0;

where K(O©, t) is the surface density of the electric
charge, b isthe mobhility of charged particles, u, and E,
arevectorsin aplanetangentia to the drop surface, and
divsa isthe surface divergence of the vector a.

In addition, we impose additional conditions fol-
lowing from obvious requirements of invariability of
the drop volume and position of its center of mass and
conservation of the total drop charge:

J’rzdrsinOdOd(p - 4R
3 (1.10)

\%
V = [0sr<R+&(0,t),0s0<T1;

zé(e,t)nréneded(p = 0; (1.11)
S=[r=R+§(0,1),0<0<T;
EK(O,t)dS = Q; (112)

S=[r=R+§&(0,1),0<0<T1.
The set of Egs. (1.1); (1.3), together with conditions
(1.5)«1.12), isamathematical formulation of the prob-
lem being solved.

2. We shall seek a solution to the problem using the
scal arization technique described in detail in [7], where

GRIGOR’EV et al.

it is shown, in particular, that the liquid velocity field
u(r, t) inadrop, being of the first order of smallnessin
[&(©, 1), can be presented in the form of a sum of three
orthogonal vector fields:
u(r,t) = NiWi(r, t) + NoW,(r, t) + NaWy(r, t); (2.1)
where W(r, t) are scalar functions determined by the
field u(r, t) and N; are vector operators meeting the
orthogonality conditions

N/Ni =0 a (2.2)

and the conditions of commutativity with the Laplace
operator A

i Z ]

AN; = NiA; i =1,2,3. (2.3)
It is convenient to choose the operators N; in the

following form:

Z)
11
I
=2
N
11

Nixr = Vxr; (2.4)

Ni=-V: N;=rxV; Ni=(xV)xV. (25

The operators N| and N; are Hermitian adjoints.
Operator N; separates the potential component of the

liquid motion; operator N, the eddy toroidal compo-
nent about axis OZ; and the operator N, the eddy poloi-
dal component.

According to [7], the toroidal component of the
velocity field does not influence the motion of the drop
free surface and can be omitted in the present analysis.
Substituting expansion (2.1) into Egs. (1.1) and using
conditions (2.2) and (2.3) to find scalar functions
W, (r, t) and W4(r, t) and introducing additions of the
first order of smallnessin || to the pressure field in the
drop py(r, t), we obtain a set of equations

oW, (r t)

AW(r, t) -

(1 ;1) =0; j=1,3;(26)

pu(r, ) = ——‘Pl(r t). (2.7)
Assume that the time dependence of scalar func-
tions W,(r, t) and distortions of the equilibrium drop

surface £(©, t) are exponential:
W,(r,t) Oexp(st); &(O,t) Dexp(st).

We write the solution to set (2.6) in the form of an
expansion in Legendre polynomials:

00

W, (r,t) = z COr"P (W) exp(st), W =cosO (2.8)

n=2

TECHNICAL PHYSICS Vol. 47 No. 6 2002
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and

) Dk[ra
C ——Pa(K) exp(st),

n= 2 I =
gelcs

where i (x) are the modified first-kind spherical Bessel
functions[9].

Thefunction §(©, t) describing the drop surface dis-
tortion can also be presented in the form of a seriesin
Legendre polynomials:

Wy(r,t) = (2.9)

€(O,1) = 3 ZPy()exp(st). (2.10)

Therange of nfromn =2to n — o in the expan-
sions above is defined by conditions (1.10) and (1.11).

Boundary conditions (1.5)—(1.7) of thefirst order of
smallness in |§| after implementation of the scalariza-
tion procedure take the form

r=1: 8O0 ——%Agwg;

ot or (2.11)

o4 o
T=€g: dnze Mie) — V[aeﬂza— _E

W, 1 O
+ -5(2+Ag)¥;50
ar’  r? 270

1 6[@‘-“2 g _
smeaq)D ar _w%}a =0
r=1

(2.12)

where A\, isthe angular component of the L aplace oper-
ator,

_..d azwl 0 (Y4
I NS

(2.13)

_(2+Ag)Ed= O.
]

3. To find an expression describing the electric field
induced in the ambient medium by a charged conduct-
ing spherical drop with the surface perturbed by capil-
lary wave motion, it is necessary to solve the set of
Egs. (1.2) and (1.3) subject to boundary conditions (1.8)
and (1.9) with additional condition (1.12).

Itis reasonable to seek a solution to this problem in
the form of a superposition in spherical coordinates
with the origin at the center of mass of the drop:

E; = EQ(M+EP( 01, j=12 (31
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where E(ZO) (r) istheelectricfield strength inthevicinity

() ; ;
of the unperturbed sphere and E; (r, ©,t) isan addi-

tiona contribution to the field strength resulting from
capillary oscillations of the drop surface and having the
same order of smallness as the surface perturbation,

that is, EV ~&.
By virtue of the linearity of the problem being

solved and expansion (3.1), vectors ES” and E{” are
solutionsto sets of equations analogousto (1.2) and (1.3).

In the zero-order approximation, the electric field
strength inside the drop is E” (r) = 0 and the field

strength E(ZO) (r) outside the drop can be found by solv-
ing the problem

AEY =graddivEY —curl curlEY” = 0;  (3.2)
divE® = o; (3.3)
r=LEYn =4k Ef’t=0;  (34)

fK(@ )dS=Q: S=[r=R+£(0,1):0<O<T;
(3.5
r —o0: EQ(r,t) — 0,

where K, is the charge density at the unperturbed drop
surface.

We shall seek ES” in the form

EQ = —@ .

In this case, Eq. (3.2) subject to (3.3) is satisfied
identically and Eq. (3.3) transforms into the Laplace
equation for the potential ®:

A® = 0. (3.6)

Due to the central symmetry of the problem in a
zero-order approximation, Eq. (3.6) takes the form of
an ordinary second-order differential equation with a
solution

o =2,
r

Then, for the field strength EX we obtain

A

ED = gt (3.7)

The second boundary condition (3.4) is satisfied for
arbitrary values of the constant A due to e, [0 1. The
magnitude of this constant A = Q is determined from
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the first of conditions (3.4) and (3.5). Findly, the
expression for the field strength ES takes the form

EQ() = e, (38)
r

Consider the determination of EJ-(l) as a problem of
the first order of smallness. To simplify the subsequent
calculation, we omit the superscript in EJ-(l) indicating
the order of smallness. An additional contribution of the
first order of smallnessto the electric field strength E; is
determined by Egs. (1.2) and (1.3). Let us scalarize
these equations by representing vector E; in the form of
an expansion:

E; = Nio{? + R0 + N0, (3.9

where operators N; are defined by expressions (2.4)
and (2.5) and satisfy conditions (2.2) and (2.3) and
@™ arearbitrary scalar functions.

With due regard for (2.2), Eq. (3.3) transforms into
the Laplace equation for function " :

DE; = —Ni (E; = -Ni(N1 0" + N0 + N ()
= Nl =0 @ = a0l =0, (3.10)

Due to commutativity of the operators N; and the
Laplace operator (2.3), condition (1.3) transforms into
three scalar equations. Substituting expansion (3.9) into
(1.3) gives

3
> Nm[m}m)—
m=1

Multiplying the last expression from the left subse-

quently by Nm and taking into account conditions (2.2)
and (2.3), we obtain a set of scalar equations

2 4 (m)
lm = 0.
¢ ot

Ap™ _ EM
b ot
Inasmuch as we are solving a problem of electro-

magnetic emission by adrop, it isnatural to assumethat

@™ ~ exp(st). Then, Egs. (3.11) reduce to Helmholtz

equations.

From Eq. (3.11) at m = 1 and from Eq. (3.10), we
obtain (s%/c?) CDﬁl’ = 0; the complex frequency s of the
oscillations being different from zero, the scalar func-
tion ®{" = 0. Thus, the strength E; of the electric field

=0, m=123 (311

GRIGOR’EV et al.

produced by the surface oscillation of a charged drop
can be written as follows:

E, = No0® + N0, (312)
Functions ®{™ are sol utionsto the Helmholtz equa-

tion and have the form

AD™ — k®=s°/c%;

Ko™ = 0; m = 2; 3. (3.13)

It is easy to show that, due to the axial symmetry of
the problem, the electric field strength E; bothinsidethe
drop (j = 1) and outside (j = 2) has only a poloidal com-

ponent ~N36D§3’ in (3.12), the toroidal component,
~N2®?, being ®? = 0. Ultimately, for the field E; in
aspherical coordinate system, we have

(3

@ 1 @. 10 0P;
We shall seek asolutionto Eq. (3.13) atj = 2 (for the

ambient medium) in the form of asuperposition of trav-
eling waves:

o = 2 h (kr)

where hn(kr) isthe modified third-kind spherical Bessel
function [§].
We shall seek asolutionto Eq. (3.12) atj = 1 (inside

the drop) in the form of a superposition of standing
waves:

M=cos@, (3.15)

(kr)

ZA )

where i,(2) is the modified first-kind spherical Bessel
function.

Substituting (3.15) and (3.16) into (3.14), we find
for thefield E;

o = (3.16)

=y (3.17)

"0, oo,

do

= z[EEQn(nﬂ)P (we, +EDZ

n

with the components for the ambient medium (j = 2)

hy(kr)
(2) — n .
Fn =P, k)’
k) d ) (3.18)
@) n(Kr r
Son=Dnlih ®) +dr[h ® }D
TECHNICAL PHYSICS Vol. 47 No.6 2002
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and for the drop liquid
@ _ p In(Kr).

™ (K

(3.19)

(1) —
EG)n =

0,(kr) . d ig(kr)
TGN dr[ i,(K) }D'

For the condition of equality of tangential compo-
nents of thefield strength E at the drop surfaceto be sat-
isfied, we take into account that the total e ectric field
outside the drop is a superposition of term (3.8) of the
zeroth order of smallness and additional contribution
(3.17) at j = 2 of thefirst order of smallness. The expres-
sion for a unit vector 14 of the tangent to the perturbed
drop surface is written in the form

1 az
To T Y30
Ultimately, from the condition of equality of thetan-

gential components, in thefirst order of smallnessin |&|
we have

e + €.

0P.(1) E(z)dp (W) _ E(l)dp (1)
00 do do
Substituting (3.18) and (3.19) into (3.20), it is easy

to find relationships between the unknown coefficients
A, D,, and Z;

r=1: Qz, .(3.20)

A, = D, f (k) +Z,QI,"(K);

() (321
n(k)l .

[ n(kr)}
in(K) Ji -4

For al modes of the capillary oscillations of the
drop which are not damped by viscosity (at v < 1), their
dimensionless frequencies are much less than the nor-
malized electrodynamic constant c; therefore, when
calculating the intensity of electromagnetic radiation
from a vibrating drop, it is natural to use asymptotic
expressions (at k = (s’c) — 0) for I,, H,,, and f,,:

£(K) = HQ1HK); Ho(k) =1+ [

(k) =1+

1(K) = (n+ 1) + OK?);

H.(K) = -n—(2n+ 1)k + O(K?); (322)
n 2n+1 2. L2 272
n+1%1+ - K3+ O0(K); K =s°/c?.

Let us write complete expressions for the projec-
tions of the electric field strength E; onto the axes:

__ ZD_

TECHNICAL PHYSICS Vol. 47

fa(k) =

1hy(kr)
hy(K)

n(n+1)P,(u)exp(st);
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[ ha(kr) |

g [hn(kr)g}dPn(u)
ha(K)

arCh, (0| do P(sY;

Exo = ZD
= Y {Dufa+Z,Q11}

 Lin(kr)
ri.(K)

n(n+ 1)P,(u)exp(st);

_ 1y 100,(kr)
Ele - Z{ann-}-anl }_ n(k)

(3.23)

i(kr)7
%[%} D—Z”é“) exp(st).

From the discontinuity condition (1.8) of the normal
component of the electric induction vector at the free
surface of a charged drop, one can find a correction
K4(O, t) to the equilibrium surface charge density K, =
O/4mtarising from distortion & of the drop sphericity:

= 1k, (O,1) = 1-111—1{—an(2+e|;1n(n+1))(3 20

+Dyn(n+1)(1—-ef,)} Py(n)exp(st).
Using the condition of charge balance at the drop
surface given by Eg. (1.9), we find a relation between
the coefficients D,,, Z,, C, and c®:

D, = Z,B,G,(k) + CVG, (k) + CPG, (K1, H[g,

= Q ,
G,(k €, 0,b,s)= s—f.(KA(g, 0,b,s)’

2s+nA(g,0,b,s).
(n+1)n '

(3.25)

B.(g,0,b,s)=

A€, 0,b,s)=¢es+4mto+bQ(n+1).
Here, 1 (x) isthe samefunction asthat defined in (3.21)

but of different argument: x = (/s/v ). Let usderivean
expression for the electromagnetic field pressure on the
drop surface. Using alinear approximation with respect
to small parameter |&|, we have

Pe = gy [L0'Z0+ L7CY + LOCTIP (0 exp(s);

L= 2[2Q-B,G,(n(n+ 1)];
o 0 (3.26)
L, E—E_[Gn(k)n(n +1);
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@ Q mjEn
L)'= 4nGn(k)In VDn(n+1).

To write the dynamic boundary condition for the
tangential components of the stresstensor (1.6) using a
linear approximation in |§|, it is sufficient to find the

component M., because, according to (1.6) and (3.23),
M4, isof the second order of smallnessin [§|:

dP,(u)

r=21n0Mn,= Q [QZ + Eze} exp(st)

=9‘ (1)
_4_,_[2 E‘Z”[Q'i'GanHn(k)] +C,'G,H,(k) (3.27)

&) 0 [soEdP,
+C; G”H”(k)I”HﬁDE@eXp(St)'

4. Substituting expansions (2.8)—2.10) into (2.11)—
(2.13) and taking into account (3.26) and (3.27), we
obtain a set of equations for obtaining unknown coeffi-
cientsin expressions (2.8)—(2.10):

Z NY + cON® + cON® = 0
n'%n n n n n 1

Z,MP +cPMP +cPMP = o;

1 1)(2
z, TP +cPT? +

NP =3, NP =-n;

COTY = 0;
N7 =-n(n+1);

M = 22[Q+ G,B,H, (K]

@=Q 0/
v = 26.,001,5 5]

- ana[\%—v(n—l)(n +2);

M®@ = %{Gan(k) —2v(n—1);
4.1)

TW=(n-1)(n+2)+ 4—?T[zQ— B,G,n(n+ 1)];
T@=s+2vun(n-1) —Af—?TGn(k)n(n +1);

TO = ZV[I n%/%—z}n(n +1)

- 26,(1,8[En(n+

Coefficients B,,, G,,, and H,, are defined by relation-
ships (3.22) and (3.25). The set of equations (4.1) is
homogeneous and has a solution only when a determi-
nant composed of the coefficient by the unknowns Z,,,

cP and C® is zero. Equating the determinant to

zero, we obtain the dispersion relation for the capillary
oscillations:

0, Q°
(s—2g,v)3 +n(n-1)(n+2) +==n
0 211

A?B G,n (n+1)D+25v(n 1)(2n+1)
0

-G G Hygy -2+ 1)(2n +1)]

+sv2c; H2g.n2(n+ 1) —n(n—1)(n+1)* (4.2)
+4H.g,n+ Hnn(nz—l)(n—Z)}
—4svzgnn(n— (n+2)+ %{Gngnn

0. Q’ 0 _
><EHn[E[—(n—l)(n+2)}—ETn(n+1)E = 0.

Atc — o, v #0, 0 =const, b=-const, and € =

const, this dispersion relation is reduced to that for a
charged drop with finite conductivity derived in [9].

It can be shown that for an perfectly conducting lig-

uid in the limit of low viscosity (at s > v), dispersion

TECHNICAL PHYSICS Vol. 47 No. 6 2002
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relation (4.2) isreduced to

£ +2sv(n—1)(2n+1) + gf—;(n +1)(2n+1)
4.3)

+n(n—1)[(n+ 2)-53 = 0.

Itiseasy toseethatatv =0andc— o, EQ. (4.3)
is reduced to the dispersion relation for a charged drop
of perfectly conducting inviscid liquid derived by Ray-
leigh[10]. Atv # 0 and ¢ — oo, Eq. (4.3) isreduced to
that for a charged drop of perfectly conducting liquid
with low viscosity [11]. If the constant ¢ is finite, the
third term in (4.3) determines the damping constant x,,
of capillary oscillations of a charged drop of perfectly
conducting liquid related to the emission of electro-
magnetic radiation by this drop:

QZ
Xn 8T[C(n +1)(2n+1).

Numerical calculations with the use of complete
dispersion relation (4.2) allowed us to obtain depen-
dences of thereal and imaginary components of the fre-
guency of drop oscillations on the characteristic physi-
ca parameters of the phenomenon illustrated in
Figs. 1-5. Figure 1 shows the dependences of the real
and imaginary components of the dimensionless fre-
guency on the dimensionless conductivity ¢ at n = 2,
v=0.01, b=05 Q=1 and € = 80. Curve 1 corre-
sponds to capillary oscillations of the drop; curves 26,
to aperiodically damped poloidal liquid mation in the
drop. Curve 7 characterizes damped aperiodic liquid
motion associated with relaxational redistribution of
the charge over the drop surface. It is seen that the
increase in conductivity results in a linear increase in
the damping constant in branch 7, corresponding to the
relaxation motion while not affecting the damping con-
stants of the capillary oscillations and poloida liquid
motions. Neither does the frequency of capillary oscil-
lations depend on the conductivity. It is interesting to
note that high-frequency capillary waves can superpose
on fast-decaying low-frequency waves resulting from
interaction between poloidal liquid motion and liquid
motion associated with the movement of charge carri-
ers. In Fig. 2, these motions are represented by
branches 8. Strictly speaking, the liquid motions
described by branches 8 are not wavelike because their
damping constantsin all casesare appreciably in excess
of the frequencies; therefore, these motions should be
interpreted as aperiodic.

Figure 2 displays dependences of the real and imag-
inary components of the dimensionless frequency on
the dimensionlessviscosity v atn=2,0=25,b=0.5,
Q =1, and € = 80. The numbers of curves 1-8 corre-
spond to the notation in Fig. 1. Curves 9 and 10 corre-
spond to damping constants of capillary—poloidal lig-
uid motion. It is seen that with rising viscosity, the
damping constants of branches 1-6 increase.

4.4
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Res

-3 r

Fig. 1. Rea and imaginary components of the dimension-
less oscillation frequency as functions of the dimensionless
liquid conductivity o.

In this case, asin Fig. 1, curve 7, corresponding to
relaxation liquid motion, interacts with branches 2-6,
corresponding to poloidal motion, and with branch 10,
corresponding to capillary-poloidal motion. In Fig. 2b,
the region of interaction between relaxation branch 7
and poloidal branches 2-5 is shown on a larger scale.
Alsoon alarger scale, Fig. 2c showsthe region of inter-
action between branch 7 and capillary—poloidal
branch 10. It should be noted that the damping constant
of relaxation motion 7 associated with the charge redis-
tribution does not vary with viscosity.

In the general case, for aliquid with finite conduc-
tivity, the damping constant X, of capillary oscillations
should depend on the conductivity o and surface mobil-
ity b of charge carriers. Numerical calculations show
that the damping constant X, of capillary oscillations of
a drop associated with emission of electromagnetic
radiation by the drop (this damping constant can be
extracted from the total damping constant assuming
n = 0) growslinearly with o and b in the ranges of con-
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Fig. 2. Real and imaginary components of the dimensionless oscillation frequency asfunctions of the dimensionlessliquid viscosity v.

X, % 10*

1.0

0.5

0 50

1
100 o

Fig. 3. Dependence of the dimensionless damping constant
Xn Of capillary oscillations of a drop related to the electro-
magnetic drop radiation on the dimensionless liquid con-
ductivity 0. n =100, Q =1, b= 0.5, and € = 80; v: (1) 0,
(2) 10°°.

ductivity and the charge carrier mobility, which is of
interest from the viewpoint of possible applicationsin
geophysics. Thiscan beseeninFigs. 3 and 4, wherethe
corresponding dependences are given for a mode with
n = 100. Such a high mode is chosen in order for the
intensity of electromagnetic radiation, which in this
case is characterized by the damping constant ~?, to
have magnitudes corresponding to applications in geo-

X, % 10*
30

25F

2.0 ' :
0 0.5 1.0 b

Fig. 4. Dependence of the dimensionless damping constant
Xn Of capillary oscillations of the drop related to the electro-
magnetic emission from the drop on the dimensionless sur-
face charge mobility b. n =100, Q =1, 0 = 25, £ = 80, and
v =0.

physics (for example, to electromagnetic radiation from
storm clouds [6] or from Saint EImo’sfirearising at the
surface of airplanes and causing intensive radiointerfer-
ence [12]). The intensity of electromagnetic radiation
depends on the damping constant related to the electro-
magnetic radiation and varies as ~x,exp(2x.t). In
Fig. 3, curve 2 represents the dependence X, = X,(0)
calculated numericaly for a liquid with low viscosity

TECHNICAL PHYSICS  Vol. 47
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X, % 10*
1.0F

0.5

0 1 2 0

Fig. 5. Dependence of the dimensionless damping constant
Xn Of capillary oscillations of the drop related to the electro-
magnetic emission from the drop on the dimensionless drop
charge Q. n=100,£=80; (1) v =0,b=0.5 and ¢ = 25;
(2)v =102, b=0.5ando=25;(3)v =0,b=0,and5=0.

(v = 10°9). It is seen that the contribution to the total
damping constant due to viscosity does not depend on
o and the viscosity only causes a vertical shift of the
dependence x,, = X,(0) for an inviscid liquid.

A numerical calculation using Eqg. (4.2) shows that,
as the drop charge Q (or the surface charge density K)
increases at finite conductivity o and mobility b, the
damping constant x,, (Fig. 5) both for an ideal liquid
(curve 1) and for aliquid with low viscosity (curve 2)
grows as a square of Q. Curve 3in Fig. 5 is the depen-
dence on Q of the damping constant of oscillations
related to the electromagnetic emission by a charged
drop of inviscid nonconducting liquid (Q # 0, v =0,
0 =0, and b = 0). It appears interesting that the damp-
ing constant is nonzero for a purely dielectric liquid,
where the charge is “trapped” on the drop surface; that
is, a vibrating charged dielectric drop is capable of
emitting electromagnetic radiation, although of appre-
ciably lower intensity.

The viscosity v has no effect on the functional
dependence x,, = X,(0, b, Q) of the damping constant of
capillary oscillationsrel ated to emission of electromag-
netic radiation by the drop; however, with increasing
viscosity, frequencies of surface oscillations decrease
until they completely cease and the drop stops emitting
electromagnetic radiation at the corresponding fre-
guency. Numerical calculations show that oscillations
of amode with n = 100 cease at v = 0.05; of the princi-
pal modewithn=2, atv = 0.75.

CONCLUSION

Because of the finite charge redistribution rate and
energy loss by capillary oscillations through emission,
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the damping constants of all modes of capillary oscilla-
tionsturn out to be greater compared with aliquid drop
of infinite conductivity and the structure of the arising
liquid motion is more complicated.

The contribution to the damping rate due to the
emission of electromagnetic radiation from a charged
drop grows with increasing conductivity of the liquid
and mobility of the charge carriers according to alinear
law. As conductivity of the liquid increases, poloidal
eddy motion in the drop interacts with near-surface lig-
uid motion caused by the chargeredistribution. Thevis-
cosity affects only the damping constants of capillary
and poloidal liquid motionsin the drop and makes pos-
sible their interaction with the near-surface motion
caused by the charge redistribution accompanying drop
vibrations.
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Abstract—Regular features of the disintegration of both a drop of a perfectly conducting liquid and a drop of
adielectric liquid into two or three partsin an external uniform electric field are studied using the principle of
minimizing the potential energy of thefinal state of a closed system with spontaneous processes. © 2002 MAIK

“ Nauka/Interperiodica” .

1. INTRODUCTION

The problem of the stability of aliquid drop inauni-
form electrostatic field is of considerable interest for
various physical, geophysical, and engineering applica-
tions (see, e.g., reviews [1, 2] and the literature cited
therein). As a rule, in solving particular physical or
engineering problems associated with the possible dis-
integration of a drop in an electrostatic field, two main
guestions ought to be answered. (i) Will the drop be
unstable, and, as aresult, will it disintegrate? (ii) What
is the disintegration mechanism: will the drop disinte-
grateinto several parts of comparable size or will it lose
excess charge and generate a large number of highly
charged small drops|[1, 2]?

One of the problems arising in determining the dis-
integration mechanism is associated with the fact that,
under the action of a uniform eectrostatic field, a drop,
though stable against disintegration, stretches out to take
on a nearly spheroidal shape [3, 4]. This effect compli-
cates analytic treatment because the relevant mathemati-
cal expressions are quite lengthy. Solving the problem of
the instability of a spheroidal drop by classical hydro-
dynamic methods (e.g., by mode-by-mode analysis) is
usually laborious, and the solution can only be obtained
for drops having a small eccentricity [3, 5].

An approach to analyzing the problem under discus-
sion on the basis of the energy principle is simpler.
Although this approach cannot be used to obtain exact
guantitative characteristics of the disintegration pro-
cess, it yields reliable qualitative predictions as applied
to the problems of the disintegration of a highly
charged drop [6-8] and the disintegration of a highly
deformed nonspheroidal drop in an external electro-
static field. The problem of the disintegration of an
uncharged drop with an arbitrary electrical conductiv-
ity in an external uniform electrostatic field E in the
case of natural spheroidal deformations (such that the
equilibrium shape of adrop in the field E is closeto a
prolate spheroid) still remains unsolved.

In the context of what was said above, we investi-
gate the possible disintegration of a drop of aninviscid

incompressible liquid into two or three parts. We con-
sider adrop in an external uniform electrostatic field E
between the plates of aplane capacitor and assume that
the drop has the shape of a prolate spheroid stretched
out along thefield E. The remaining basic assumptions
areasfollows. (i) Thedrop, together with the el ectrodes
creating the external field and the source of electromo-
tive force (emf), forms a closed system. (ii) In accor-
dance with the principle of minimum potential energy
of the final state of a closed system, the change in the
total potential energy of the system during the disinte-
gration of the drop is extreme. (iii) The kinetic energy
of the parent drop before the disintegration and that of
the daughter drops after the disintegration are both
zero. (iv) Thetotal volume of aliquid in the parent and
daughter drops remains unchanged during the disinte-
gration. (v) Theliquidinthedropisin equilibrium with
its saturated vapor, so that the mass of the liquid lost by
evaporation is negligible.

Hence, we consider a spherical drop of radius R,
with the surface tension o, in a uniform electrostatic
field E, along which the drop stretches out to take on an
equilibrium spheroidal shape with the eccentricity e,
satisfying the relationships

e=Jl-a%b’, a=R(1-) ",

b = R(1-€)".

Here, a and b are the major and minor semiaxes of the
spheroid. In what follows, we consider two opposite
limiting casesin which theliquidinthedropis(i) aper-
fect dielectric or (ii) a perfect conductor.

2. DIELECTRIC LIQUID DROP
2.1. Disintegration of a Drop into Two Parts

The potential energy of the surface-tension forces of
a spheroidal drop has the form

arcsine

1/3
Uy = 2nmoR*(1-€°) =L+ .
%L e(l_ez)ﬂﬂ
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DISINTEGRATION OF A DROP IN AN EXTERNAL ELECTROSTATIC FIELD

The potential energy of a dielectric spheroid in a
uniform electrostatic field E is described by the expres-
sion[9]

1 _ lab® e-1
Ue==—PLE = =3 1+(e-1)k
where P is the dipole moment of a dielectric spheroid
polarized by thefield E, € isthe dielectric constant of a
liquid, and the depolarization factor k is equal to [9]

E2

2
_1-¢€
eB

Kk

(Arthe—e).

The total potential energy of a spheroidal dielectric
drop in an external uniform electrostatic field E is

U, = 2noR(1-e)™"

arcsine ] 1 e-1

x O+ -z RE’.
%l e(l_ez)ﬂﬂ 61+ (e-1)k

We suppose that, in a sufficiently strong field E, the
drop is unstable and disintegrates into two daughter
drops of comparable size having a volume equal to the
sum of the volumes of spheres of radii R, and R,. Since
the parent drop is a perfect dielectric, the daughter
drops remain uncharged. Assuming that the eccentrici-
ties e, and e, of the daughter drops depend only on the
strength of the external field, we can write thefollowing
expression for the potential energy of a system of two
daughter dropsin the field E:

0 arcsine; U
U = 2noRi(1-e)) "’ + -
0 e(l-e)

4 arcsine, U
+2moR3(1—ed) oL + 2

1
0 e(1-€)" @

C1(E-DER] 1(e-1ER; 2pip,
61+ (e—1)k, 61+(e—1)k, (3 °

Here, the first and second terms describe the energy of
the surface tension of the daughter drops, the third and
fourth terms describe the energy of their polarizationin
the field E, the fifth term describes the energy of the
dipole interaction between the polarized daughter
drops, r is the distance between their centers, and their
dipole moments p, and p, are defined as

-1 e-1
Pi = 3T+ (e-Dk,

In expression (1), the parameter r implicitly deter-
mines the degree of deformation of the parent drop.
During the disintegration, the parent drop is distorted
into a dumbbell shape and then splits at the neck into
two daughter drops of comparable size.

RE, =12 2
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We introduce the notation V,/V = n, whereV, isthe
volume of the first daughter drop and V; is the volume
of the parent drop. Then, from the volume conservation
condition, we find

V,= (1-nVO R, = n®R, R, = (1-n)"*R.

We substitute this relationship into expression (1)
and take into account expression (2) to obtain

U arcsine; U
U = 2noRn®(1-e’) o + L

0 e(1-€)”

arcsine, U

0
+2moRA(1-n)(1-e) "’ + 2
0 e(l-€)

€)
1 (e-1)nE>  1(e-1)(1-n)E’
61+(e—1)k, 6 1+ (e—1)k,

_2(n— n2)
or’
In order to simplify the calculations, we nondimen-

sionalize expression (3) by dividing by 2moR? and
introduce the notation

(8—1)2 62
I+ (- Dk)(L+(e-Dky) " =

ER (4)

U
X .
mo

r
onoR® R
With this notation, expression (3) becomes

U =

w

_ 23 21/3|:| arcsinel U
U=n"(1-¢]) [+

0 e(1-€)”

g i 0
+(1_n)2/3(1_e§)1/3|:1+ arcsine,

0 e(1-€)”

1 (e=Lnw 1(e-1)(1-mw
61+(e—-1)k; 6 1+(e—-1)k,

(32)

_ 2(n—n%) (e —1)°w
9x3(1+ (e —1)ky) (1 + (e —1)k,)
It should be taken into account that the eccentricities

e, and e, depend on the strength of the external electric
field [4]:

_ 133/58—1) w2nve
27°(e+2)

_ 3(e-1)

2%(g+2)

Let us determine the value of the parameter n at
which expression (3a) has a minimum. To do this, we

’

Wuz(l—n)%.
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Fig. 1. Surface f; = f1(n, w), which determines the depen-
dence of the first derivative of the potential energy of two
dielectric drops on the dimensionless volume n and on the
parameter w characterizing the strength of the external elec-
tric field. The calculations were carried out for € = 10.

require that the following two conditions be satisfied:

ou _ 0°U
55 =0 and o >0. (5)

Thefirst of conditions (5) yields

15— 14¢€
=gl = S
18n""(1-¢€))
.\ (9-8€)arcsing,

_ 15— 14€5
18n"%e,(1-€?)"™ 2)2°

18(1-n)**(1-¢€)

B (9—8e§)arcsine2 1 (e-1w
18(1—n)Pe,(1-€2)™ 61+ (e-1)k,

+ (E—l)anle +1_ (e-1w
6(1+(e—1)k,)*> 61+(e-1)k;
+(s—1)2(1—n)Dk2W
6(1+ (e —1)k,)°

(6)

_ 2(1-2n)(e —1)°w
9x*(1+ (e—1)k))(1+ (e—1)ky)

2(n—n’)(e—1)°w
(L + (e=1)k) (1 + (e—1)ky)
0 Dk . Dk
O+ (e-1)k, 1+(e-1)kJ

+

:O’

Fig. 2. Dependence of the second derivative f, = fo(n, w) of
the potential energy of two dielectric drops on the dimen-
sionless volume n and on the parameter w. The calculations
were carried out for € = 10.

where
_ 0k, 3e, +(ef—3)arctanhe,
Dkl = = 3 f
on 6ne;
ok,  3e,+(e5—3)arctanhe,
Dk2 = - 3 .
on 6(1-n)e,

Because of the complexity of Eqg. (6), it can only be
solved numerically. The sought-for function w(n) is a
curve of the intersection of the surface f; = f;(n, w) and
the z= 0 plane. In constructing the surface f; = f,(n, w),
there is an uncertainty in the choice of x. The related
numerical calculations were carried out under the
assumption that the daughter drops touch one ancther,
in which case the x value is equal to the sum of their
major semiaxes,

x = n3(1-e) "+ (1-n)(1-e) 7"

Figure 1 shows the intersection of the surface f; =
f1(n, w) calculated for € = 10 and the z= 0 plane. We can
see that the necessary disintegration condition can be
satisfied only for n = 0.5, which correspondsto the dis-
integration of a parent drop into two daughter drops of
equal volume.

Figure 2 shows the surface f,(n, w) = 02U/on? in the
n and w coordinates. The second of conditions (5) (a
sufficient condition) is seen to hold for any nand w val-
ues. The explicit analytic expression for the function
f, =f,(n, w) isfairly involved; therefore, we do not write
it out here. Hence, the two daughter drops into which a
dielectric parent drop disintegrates should have the
same volume; this corresponds to a“symmetric” disin-
tegration mechanism.
TECHNICAL PHYSICS  Vol. 47
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2.2. Disintegration of a Drop into Three Parts

In this section, we assume that two daughter drops
of equal volume detach from the opposite sides of an
unstable dielectric parent drop inthefield E. The poten-
tial energy of the final state of such a system has the
form

0 arcsine; U
U= 2n0Rf(1—ei)ﬂ3ﬂ+——————%l
0 e(1-6)’
1 e-1 .3 2_2p2p2
6(e-1k ' (2r)
arcsine, U "

O 1l
+22moRA(1-ed) L + T
O 0 e(l-€)

_1. e-1 32
61+ (e 1)k, e

Here, the first term describes the energy of the surface
tension of the central daughter drop, the second term
accountsfor the energy of itspolarization in thefield E,
and the third term describes the energy of the dipole
interaction between the two side daughter drops. In
parentheses, the first term is the energy of the surface
tension of the two side daughter drops, the second term
isthe energy of their polarization in thefield E, and the
third term is the energy of the dipole interaction of the
two side daughter drops with the remainder of the par-
ent drop. The subscript 1 refers to the central daughter
drop, and the subscript 2 stands for the side daughter
drops. The dipole momenta of the drops are again
described by expression (2), in which r is now the dis-
tance between the centers of a side daughter drop and
the remainder of the parent drop.

We assume that the volume V, of adaughter dropis
n times smaller than the volume V of the parent drop.
From the volume conservation condition, we obtain the
relationships

R, = R(1-2n)"?,

Substituting these relationships into expression (7)
and taking into account expression (2), we find

R, = Rn"".

0 ine, U
U = 2nGR2(1—2n)213(1—ei)ﬂ3[1].+ arcsmjlﬂ
O e(l-€)

_le=D@a-2n) s 1 (e-1)°

262
n"RE
6 1+(e-1)k 36r°(1+ (e —1)k,)

a ] 1 0
+20PmoR n”* (1 - eﬁ)ﬂg[ll A nfzﬂ

O U e(l-€y)
No. 6
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Fig. 3. Same asin Fig. 1, but for disintegration into three
dielectric drops.

1 (e=1)n ROE2

_ _2(n-2n%
61+ (E= 1)k,

or®

y (e=1)°
(L+(e-Dk)(1+ (e-1k,)

R6E2E
O

As before, we must take into account the fact that
the eccentricities e; and e, depend on the strength of the
external electric field [4]:

_ 3(-1
L oR(e+2)

_ 3(e-1)
2% (e +2)
In order to simplify the calculations, we nondimen-

sionalize the potential energy of the final state of the

system in the above manner. Then, we use relationships
(4) to arrive at

Wﬂz(l—Zn)%,

12 1/6
3 n-.

0 ine, O
U = (1-2n)"(1-&)"m+ ———4
O e(l-e)

U arcsine, U
+n”(1-€) I+ ———%
U e(l-€)

_1(e-1)(1-2n)w
6 1+(e—-1)k,

®
1 (e=Dnw 1 (e—1)°n’w
31+ (e-1)k; 36r3(1+ (- 1)ky)>

4(n—2n°) (e—1)°w
T o (L+(e-Dk)(1+(e-1ky)’
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Fig. 4. Same as in Fig. 2, but for disintegration into three
dielectric drops.

In order to determinethe position where the function
U = U(n) is minimum, we require that conditions (5) be
satisfied. Thefirst of conditions (5) yields

15— 14¢}
fl(n,W)Eaa—U: — B —
n 9(1-2n)"(1-€))
(9-8¢€))arcsine, 15— 14€;

716

9(1-2n)"e,(1-))™ on®(1-&)°

. (9-8e)arcsine, 1 (s—DLw

anPe,(1-e2)"® 31+(e-1)k

L(E=D°(1-2mDkw 1 (e-1)w
6(1+(e—1)k,)> 31+(e-1)k,

L (e=D'mDkw  (e—1)’nw

6(1+(e—1)ky)® 18x3(1+ (e-1)k)®

9)

L (E=D°’wDk,  4(1-4n)(e-1)’w
181+ (- DK)* KL+ (- Dk)(L + (€—Dky)

4(n— 2n2)(s — 1)3W
Ox*(1+ (e=1)k))(1+ (e—1)ky)
Dk, Dk, [

+

[l + _
x[ﬂ_+(8—1)kl T+ (e—1)kJ 0,
where
D =k 3e, + (€] —3)arctanhe,
-on 3(1-2n)e}
Dkzza_k2 - 3ez+(e§—3)arctanhe2.

on 6ne;
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As in the case of disintegration of a dielectric drop
into two parts, EQ. (9) was solved numerically. In con-
structing the function f,(n, w), we assume that the side
daughter drops touch the central daughter drop; i.e.,
that

x = (1-2n)P1 -y P +nP-e) ™.

The surface f; = fi(n, w) intersected by the z= 0
plane is shown in Fig. 3. The calculations were carried
out for € = 10. The intersection of the surface f; =
f.(n, w) by the z= 0 plane is the sought-for solution to
the equation f,(n, w) = 0. As may be seen, in order for
disintegration to occur, it is necessary that n = 0.33,
which corresponds to the three daughter drops having
an approximately the same volumes. The volume of the
side daughter drops is seen to increase insignificantly
with the parameter w. Figure 4 shows the surface
fo(n, w) = 32U/on? calculated for € = 10. One can see
that the second of conditions (5) is satisfied for any n
and w values. The analytic expression for the function
f, = f5(n, w) is not presented here because of its com-
plexity. Hence, adielectric drop disintegratesinto three
parts by a symmetric mechanism, as is the case with
disintegration into two parts.

3. PERFECTLY CONDUCTING DROP

It is well known [1, 10] that, in a strong uniform
electrostatic field, a perfectly conducting parent drop
disintegrates, emitting a large number of smaller (by
two orders of magnitude) daughter drops. For this rea-
son, we restrict ourselves to analyzing the relevant dis-
integration mechanism. We assume that, during the dis-
integration, two substantially smaller daughter drops
with the same volume and with the charges Q equal in
magnitude but opposite in sign detach from the oppo-
site sides of an ellipsoidal parent drop with the eccen-
tricity e,. Because of their small radii and the high
Laplace's pressure in them, the side daughter drops can
be assumed to be spherical, in which case the depolar-
ization factor for them reducesto k, = 1/3[9].

The energy of aconductor in auniform electrostatic
field is described by the expression [9]

_ 1
U= —ZPEE,

where the electric dipole moment P is

p-gY _ER
© T4nk - 3k

Consequently, the potential energy of the final state
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of a system of three drops has the form

253

E’R 0
U= -—t+2nmoR(1-)"m+
6kl D

arcsine, U

e(1-€))”

(10)

23

N ZE—E R,

0 2

Here, R, istheradius of the central daughter drop, R, is

the radius of the side daughter drops, and the potential

energy U, of the dipole interaction between the central
drop and asidedropis

2p,p, ER’
= , = —10 U, =
K o3k !

O
+4TOR, + U, + U, + U]+ Uy,
O

2RRS
L3
1

U, E%, (11)

where p; isthe dipole moment of the central drop, p, is
the dipole moment of a daughter drop, and r isthe dis-
tance between their centers. In expression (10), the
electrostatic energy U, of a charged daughter drop is
equal to

2 2
U2 = Q = i .

2C 2R,
In order to determine the energy U, of the electro-
static interaction between a charged daughter drop and
the polarized remainder of the parent drop, we assume
that the polarized drop is a dipole. The total polariza-

tion charge of half of a spheroid can be obtained by
integrating the surface charge density v.

4k1.

The distance between the center of the drop and the
centroid of the chargeis

(12)

Q*

. =28
c, 3 .
The axial symmetry of the problem implies that
r,, =0andr, =0.

Hence, the energy of the electrostatic interaction
between the polarized parent drop and a charged
daughter drop is described by the expression

QQ* , QU

(I’ +rcx) (r_rcx)

_ 13
QERD, 4R O 13
0o - >4 -
ki O g91-€d
In expression (10), the term U, is the potential
energy of a dipole formed by the two side charged
daughter dropsin thefield E:

U, = -pE = -2QEr.

U; =

(14)
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Subgtituting formulas (11)—(14) into expression (10),
we obtain

2R3 O ine, O
U=—24omoRi(1-e)) "’ + arcs‘”zelﬂ
6k, O e(l-€)
0 E°RS 2R’RS
+ 2[5 + ATIOR, — ——E° (15)
0 3rik,
2 30 2 g
+—Q——Q3iR1Erl— 4R12 > E—zQEr.
2R, 10 9(1-6)”0 O

We assume that the volume V, of a side drop is n
times smaller than the volume V of the parent drop.
From the volume conservation condition, we can obtain
the relationships

R, = (1-2n)®R, R, = n*°R,
in which case we have

1/2
e, = 3\'\/7(1—2n)”G
2
and the depolarization factor k; hasthe sameform asfor
adielectric drop.

Under the assumption that the charge of the daugh-
ter drops does not depend explicitly on their volume,
the potentia energy of the system under consideration
can be rewritten as

23
u = ERU=20)  ororr(1-2n) (1 - )™
6k,
O i O
x [ + 3 nzelﬂ —E*R%n + 8moR*n®?
U e(l-€)

_4(n- 2n’) ROEZ + Q’

3r3kl n’R

_ 30 _on) R
L 21-2MQERTH, 4(L-2m)"RT" oo
0 gu-e)” O

After nondimensionalizing according to (4), wetake
into account the identity Q = Q/ER?to obtain
arcsine; U

0
U=@1-2nPa-e)”o+ 2

T +4n
O e(1-€)
_W(1—2n)_W

2 2
n_4(n—2n )W+WQ
6k,

13
3x°k, n
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Fig. 5. Same as in Fig. 1, but for disintegration into three
perfectly conducting drops.

Fig. 6. A magnified fragment of Fig. 5: the region of small
n valuesis reproduced on an enlarged scale.

Fig. 7. Sameasin Fig. 4, but for disintegration into perfectly
conducting drops.

1

2(1-2n)Qwl , 4(1-2n)*T
+ 3K X - e —2Qwx.
! O 9(1-ep) 0

The position where the function U = U(n, Q) ismin-
imum is determined by the relationships

U _ o Y0 _ 5 | AB
Conl, ;e NN " IBC
inwhich A = 92U/an?, C = 92U/0Q?, B = 02U/0Qdn, and
PUg _ 2Qw_2w(1-2n)
bQd, 18 3k,

(Do a(a-2n)*T"
D 2,2/3
O 9(1-e)) U

>0, (16)

—2xw = 0.

Using these relationships, we arrive at the following
expression for the charge of a daughter drop:

[X

_ o _1-2n0. a@-2n)’T]
Q =n X_—ér - 2. 2/3 . ( 7)
1 0 9(1-e) U

From the second of relationships (16), we find
PuUn 15— 14¢]

faln W) = B, = 9(1-2n)"*(1-e})™

___(9-8eparcsing, L, 8 . w
9(1-2n)e,(1-€¢2)™ 3n** 3K

(18)
L(A-2mwDky Aw(1-4n) | 4w(n-2n%)Dk,
6k 3x°K, 3K

_Qw  2wQ[2k + @ -2k, [, 4(1— 2n)?E
3 3 ks 0 o9@- 912)2’%

{J

2
+16(3—95)(1—Zn)%g(z_4(l—2n)2@-} _o,
8lk(1-€) O 9(1-&)™D

on 3(1-2n)e}

Equations (17) and (18) were solved numerically,
the distance between the centers of the parent drop and
a side daughter drop being defined as

x = (1-2n)1-ed) ™+

The surface f; = fi(n, w) intersected by the z= 0
planeis shown in Figs. 5 and 6. The intersection of the
surface f; = f;(n, w) by the z= 0 plane is the sought-for
solution to the equation f;(n, w) = 0. A sufficient condi-

_ 0k,  3e + (e —3)arctanhe,
Dkl = = .
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tion for existence of the minimum is very complicated,
so we do not writeit out here. Figure 7 showsthe inter-
section of the numerically calculated surface

AB
BC

which characterizes the sufficient condition, and the
z=0 plane. As may be seen in Fig. 7, the condition
fo(n, w) > O is satisfied only for small n values.

Hence, although Egs. (17) and (18) at fixed w have
two solutions (one in the region of small n values and
the other in the region of large n values), the only pos-
sible mechanism for the disintegration of a perfectly
conducting drop is by the emission of small daughter
drops, in which case the radius of the produced drops
increases with electric field strength.

fo(n,w) =

4. CONCLUSION

A dielectric drop can only disintegrate into parts of
comparable size. A drop of a perfectly conducting lig-
uid in a strong €electrostatic field E disintegrates, emit-
ting many very small daughter drops whose radii are
two orders of magnitude smaller than the radius of the
parent drop.
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Abstract—A multielectrode CVD system having a region of crossed magnetic and electric fields is used for
the deposition of a-C:H filmsin a dc glow-discharge plasma. The |-V characteristics of the discharge are taken
inthe pressure range from 0.004 to 0.1 Pa. The effect of magnetic field on the |-V characteristicsisinvestigated.
Thefilm deposition rate as afunction of discharge power, hydrocarbon vapor pressure, conductivity and poten-
tial of the substrate, and inert gasis studied. The results obtained are discussed in terms of the adsorption mech-
anism of film condensation in a plasma. The effect of deposition rate on the film propertiesis analyzed. © 2002

MAIK “ Nauka/Interperiodica” .

INTRODUCTION

CVD in aglow discharge plasma is common in the
production of amorphous hydrogenated carbon (a-C:H)
films. In this method, hydrocarbon decomposition
products condense in a positive-ion plasma. The glow
discharge plasmais produced with rf-biased [1-7] or dc
[8-10] diode-type systems. Inertia of ions (in compari-
son with electrons) in an rf discharge decreases their
effect on the growing film. The efficiency of gasioniza-
tion can be improved by placing a grid negatively
biased with respect to the rf plasma near the substrate
[11] and also by using amagnetic field perpendicular to
the rf plasma electric field [12].

In this work, we study the performance of a multi-
electrode device designed for the deposition of aC:H
films. A particular feature of this device is that a mag-
netron plasma localized near the anode coexists with a
dc glow discharge plasma in a quasi-closed volume.
The effect of interelectrode voltage, discharge power,
gas pressure, and other factors on therate of aC:H film
deposition is analyzed.

EXPERIMENTAL

(i) Device for film deposition in a glow discharge
plasma. The schematic representation of the multielec-
trode device for the deposition of a-C:H filmsis shown
in Fig. 1. Localized plasma 1, produced by crossed
magnetic and eectric fields, sustains a glow discharge
in volume 2. We used annular permanent magnet 3 and
two planar annular electrodes. anode 4 and cathode 5.
The magnetic field intensity near the cathode surface
was about 600 G. Additional electrode 6 and substrate-
carrying electrode 7 were mounted on glass cylinders
with a diameter of about 130 mm. The cylinder walls

confine the plasma inside the quasi-closed volume of
the vacuum chamber. The ring-shaped gap between the
magnet and the cathode is used as a gas inlet. Such a
design of the device provides uniform gas distribution
and efficient gas consumption, as well as reduces the
film contamination by foreign impurities. Cathode 4
and anode 5 are placed in the neighborhood of the per-
manent magnet to provide maximum intensity and uni-
formity of the magnetic field in the crossed field region.
The spacing between cathode 4 and substrate holder 7
is about 50 mm in the absence of the additional elec-
trode. This electrode is placed 30 mm away from the
cathode. This device alowsthe deposition of filmswith
athickness nonuniformity of no more than 20% on sub-
strates of diameter up to 200 mm.

SIS SN

Vapor M

10

-— —|— — +

To pump

Fig. 1. Multielectrode device: 1, localized plasma; 2, glow
discharge plasma; 3, permanent magnet; 4, cathode;
5, anode; 6, additional electrode; 7, substrate holder; 8, vac-
uum chamber; 9, current leads; and 10, valve.
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The deviceis placed into vacuum chamber 8 having
current leads 9 and adjustable valve 10 for gas supply
(Fig. 1). In the experiments, the anode was positively
biased with a standard dc power unit. The cathode was
under the ground potential. The substrate holder was
either negatively biased with a dc power unit or under
the ground potential . The additional electrode was used
as a substrate holder when a-C:H films were deposited
at a glancing angle [13]. The vacuum chamber was
evacuated to (1-5) x 10 Paby arotary backing pump
and a turbomolecular pump. The gas pressure in the
vacuum chamber was measured by avacuum ionization

gage.

The vapor of the material to be deposited was deliv-
ered to the vacuum chamber through the adjustable
valve and the receiver pre-evacuated by the backing
pump. When the voltage is applied to the electrodes, a
high-density toroidal plasma arises as a result of the
effective electron capture by a magnetic trap, followed
by gas ionization in the discharge gap between the
anode and the substrate holder. 1on collisions with the
solid surface confining the plasma generate extra elec-
tronswhich a'so take part in gasionization. aC:H films
were deposited on polished copper and glass substrates
covered by thin conducting and semiconducting layers.

(ii) Performance of the device. Figure 2 shows the
ion current | through substrate holder 7 (Fig. 1) vs. acet-
ylene pressure P in the vacuum chamber. The glow-dis-
charge acetylene plasma was obtained with the device
described above. When the plasma is sustained by the
plasma localized in the device, the ion current varies
only dightly with the gas pressure (varying from 0.01
to 0.04 Pa) at a constant voltage U (curvesa and b in
Fig. 2). An increase in the voltage from 600 to 800 V
leads to a twofold increase in the current through the
substrate holder. In the absence of the permanent mag-
net, the glow discharge was initiated at a higher pres-
sure, 0.06 Pa(curvecinFig. 2), and at ahigher voltage,
1200 V. In this case, the ion current depends more
strongly on the gas pressure and increases with it. Fig-
ure 2 suggeststhat thelocalized plasmagenerated in the
region of the crossed electric and magnetic fields has a
substantial effect on the properties of the discharge.

The experimental voltage dependences of the ion
current to the substrate are presented in Fig. 3a. The
curvesincrease following the law | ~ U2, The exponent
a defining the gas ionization efficiency varies non-
monotonically in the pressure range from 0.004 to
0.1 Pa(Fig. 3b). The gasionization is more effective at
pressures near 0.03 Pa. The ion current decreases both
when the pressure decreases (due to a reduction in the
gas molecul e concentration in the quasi-closed volume)
and when the pressure grows up to 0.05 Pa. With the
additional electrode (at the ground potential) intro-
duced, theion current to the substrate decreases (line 4)
in comparison with its value at the same pressure (line 3
in Fig. 38). The same dope of straight lines3 and 4 in
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Fig. 2. lon current through the substrate holder vs. acetylene
pressure in the vacuum chamber. Glow discharge is sus-
tained (a, b) by the localized plasmaand (c) without it. U =
600 (a), 800 (b), and 1200V (c).
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Fig. 3. (@) lon current vs. voltage for the three-electrode
arrangement. Acetylene pressure P = 0.004 (1), 0.03 (2),
0.05 (3), and 0.05 Pa (with an additional electrode) (4);
(b) exponent ain the law | ~ U2 vs. pressure.

Fig. 3a indicates that the gas ionization efficiency
remains constant.

The performance analysis of our multielectrode
device showed that it operatesin awider pressurerange
(from 0.004 to 0.1 P&) in comparison with standard
diode-type systems. This greatly extends the range of
operating conditions for the deposition of a-C:H films
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Fig. 4. Rate of a-C:H film deposition on the glass substrates
vs. interelectrode voltage.
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Fig. 5. Rate of aC:H film deposition on the copper sub-
strates vs. discharge power at acetylene pressures P = 0.1
(0) and P < 0.05Pa(a). A, deposition from the acetylene—
argon plasma.

in aglow discharge plasma. Theion current to the sub-
strate can be varied from 2 to 40 mA at interelectrode
voltagesfrom 600to 1200V. Then, the discharge power
N dissipated by positiveions at the substrate holder will
vary between 1.2 and 44 W.

FACTORS GOVERNING THE RATE
OF a-C:H FILM DEPOSITION

(i) The effect of glow discharge parameters. Chem-
ical reactions and physical processes at the surface of
aC:H films during their deposition in a low-tempera-
ture hydrocarbon plasma were considered in terms of
the adsorbed layer model [14]. Thismodel assumesthat
CH; plasmaradicalsare physically adsorbed on the sur-
face and then pass into the chemisorbed state as a result
of cross linking due to energetic ions. The surface cov-
erage depends on the number of surface states and sur-
face temperature. When a-C:H films are deposited with
the described device, their surfaceis continuously bom-
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barded by positive ions whose energy depends largely
on the interelectrode voltage. The ion energy may be
high enough to consolidate the condensate either by
cross linking or by decomposing weakly bound parti-
cles with subsequent surface diffusion and desorption
of the decomposition products. The balance of the pro-
cesses conducive to film deposition and etching defines
the deposition rate. The film deposition rate can also be
varied by properly selecting the glow discharge param-
eters (gas pressure, ion current to the substrate, and
interelectrode voltage), which control the number of
ions and their energy.

Therate (r) of film deposition on the surface of the
glass substrates in the acetylene plasma as afunction of
the interelectrode voltage is shown in Fig. 4. The depo-
sition rate was defined as the ratio of the aC:H film
thickness to the deposition time. The thickness was
measured by an MII-4M microinterferometer with an
accuracy of 10%. The thickness of a-C:H films was
found to be 0.1-0.3 um. As the voltage increases from
7(3&) to 1300 V, the deposition rate varies from 0.25 to
2Als.

The experimental dependences of the deposition
rate on the discharge power for the aC:H films
obtained at a vapor pressure of =0.1 Pa (straight line 1)
and =0.05 Pa (straight line 2) are shown in Fig. 5. The
films were deposited on the copper substrates from the
acetylene and acetylene—argon plasma at room temper-
ature. When N isvaried from 1 to 20 W, the rate varies
from 1to 35 A/s. The different slopes of straight lines 1
and 2in Fig. 5 demonstrate the effect of pressure on the
rate of film condensation. At high pressures (line 1), the
fraction of energetic ionsinvolved in the condensation
decreases because of energy losses due to collisions
with gas molecules. This must decrease the rate of ion-
stimulated cross linking and lead to the formation of
polymer-like aC:H films containing a considerable
amount of bound hydrogen. For low pressure (line2in
Fig. 5), the power dissipated by the substrates
approaches the power applied to the discharge because
the energy lost by theionsin the plasmaissmaller. The
content of hydrogen in the films obtained under these
conditions decreases, and the interelectrode voltage
defines the ratio of carbon atoms in the sp® and sp?
states in the film structure [15].

(if) The effect of an inert gas. The addition of an
inert gas to acetylene decreases the deposition rate of
the aC:H films for the same pressure in the vacuum
chamber. The film deposition rates in the acetylene-
argon plasma are shown in Fig. 5 (symbols A). The
reduction of theratesis caused by adecreasein theden-
sity of hydrocarbon radicals in the plasma and the
enhancement of the desorption of weakly bound parti-
cles because of surface bombardment by argon ions,
which do not carry the material being deposited and do
not combine with the condensate.

The dependence of the deposition rate on the acety-
lene volume concentration in amixture with kryptonis
TECHNICAL PHYSICS  Vol. 47
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shown in Fig. 6 for aconstant discharge power of 1.8 W
and apressure of 0.05 Pa. Therate of film deposition on
the copper substrates can be reduced from 4 to 0.5 A/s
by decreasing the relative content of acetylene in the
mixture to 20%. The ratio between the carboniferous
particles and inert gasionsis responsible for two com-
petitive processes. deposition and etching of the film.
The carboniferous particles (neutral molecules, radi-
cals, and ions) present in the plasma favor film growth.
On the contrary, film bombardment by inert gas ions
etches the surface during the condensation and lowers
the deposition rate.

(iif) The effect of substrate conductivity. Figure 7
illustrates the effect of surface conductivity on the dep-
osition rate at an acetylene pressure in the vacuum
chamber of about 0.05 Pa. For the same discharge
power, the rate of film deposition on the surface of a
transparent conducting indium-tin oxide (ITO) layer is
one order of magnitude higher than that on the surface
of a&Si:C:H semiconductor layer with a resistivity of
about 10'? Q cm.

Space charge is produced on the substrate surface
when it is bombarded by positiveionsin adc glow dis-
charge plasma. Charge leakage from the surface
depends on the substrate conductivity, aswell ason the
thickness and resistivity of the growing film. For a
metallic substrate, the formula d = Ry/pg yields a film
thickness d at which the surface charge is negligible.
Here, Ry isthe resistance of the discharge gap and pris
the resistivity of the film [16]. For R, = 3 x 10° Q, the
film of thickness =0.3 um and a resistivity pg =

108 Q cm does not prevent charge leakage. Astheresis-
tivity grows, the critical thickness and the deposition
rate decrease. Therefore, the surface conductivities of
the substrate and condensate in a glow discharge
plasma should be considered as important factors
affecting the kinetics of aC:H film deposition.

PROPERTIES OF a-C:H FILMS
AND THEIR APPLICATIONS

A correlation between the deposition rate and the
properties of aC:H films was studied by the author in
[17—-20]. Here, we will briefly review the basic results.
When the rate of aC:H film deposition on glass sub-
strates ranges from 0.4 to 2.5 A/s, the refractive index
varies from 2.4 to 2.0 and the absorption coefficient
decreases from 0.3 to 0.1 at a wavelength of 633 nm
[17, 18]. A fourfold decrease in the deposition rate
results in a decrease in the optical gap width from 2.1
to1.1eV [19] if argon isadded to acetylenein amounts
of 50-70 vol. %. The resistivity of the films can be var-
ied by six orders of magnitude, starting from ~10” Q
cm, if the deposition rate ranges from 1 to 10 A/s[20].
An increase in the absorption in the visible range for
aC:H films obtained from acetyleneis accompanied by
optical gap narrowing and arise in the film conductiv-
ity. The correlation between the absorption coefficient
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Fig. 6. Rate of aC:H film deposition on the copper sub-
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Fig. 7. Rate of a-C:H film deposition on the In,SnO5 trans-
parent conducting electrode (m) and aSi:C:H semicon-
ducting layer (O0) at the acetylene pressure P = 0.05 Pavs.
discharge power.

at awavelength of 633 nm, optical gap width, and resis-
tivity as functions of the deposition rate is discussed in
[21].

aSi:H deposits obtained by the above method have
various optical, electrical, surface, and other properties
and can be used in different optical devices. The
mechanically strong and chemically stable amorphous
coatings, which are transparent in the IR region and
have the refractive index 2—2.4 and an absorption coef-
ficient of =0.02 at a wavelength of 10.6 um, raise the
optical breakdown threshold of laser mirrors. The effect
of variousfactors on the breakdown threshold of copper
mirrors with such a coating is analyzed at length in
[22]. For this purpose, the optimal deposition rate is
about 2 A/s.

The thin transparent films with a low refractive
index (about 1.6) obtained from toluene and octane
were used aslayersorienting liquid crystals (LCs) [13].
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The interaction of LC molecules with the relatively
smooth surface of aC:H layers is associated with dis-
persion intermolecular interaction at the solid body—
liquid crystal interface. To deposit such films, the
device with the additional electrode was used. In this
arrangement, the substrates were tilted to the electrode
surface. Theions struck the surface at aglancing angle,
which modified greatly the conditions for their interac-
tion with the growing film. An appreciable differencein
the orienting properties of the layers deposited at nega-
tive and floating potentials was found. When the ions
were involved in the condensation (the surfaceis under
a negative bias), the films aligned LC molecules paral-
lel to the substrate surface [23]. At the same time, the
films obtained at a floating potential oriented the same
LC molecules normally to the surface in the same
device geometry [24]. IR spectroscopy studies showed
that a-C:H orienting layers provide stable orientation of
LC molecules[25].

Black a-C:H films, absorbing in the visible range,
were used for optical isolation between writing and
reading light beams in optically addressed LC reflec-
tion modulators. The light-absorption efficiency of
aC:H filmson aSi:H and aSi: C:H optically sensitive
semiconducting layers was demonstrated in [26].
A 1-pm-thick aC:H film with an absorption coefficient
of =5 x 10* cm* at awavelength of 633 nm reducesthe
incident light intensity by afactor of 100. The applica-
tion of aC:H absorbing filmsin LC modulators would
be a step forward in solving the problem of optical iso-
lation [27].

CONCLUSION

This paper generalizes the results of investigations
into aC:H film fabrication technology. The films are
obtained in adc glow-discharge plasmawith an origina
multiel ectrode device with the magnetron plasmalocal -
ized near the anode. The device allows one to deposit
the films in a wider range of working pressures (from
0.1t0 0.004 Pa) in comparison with standard diode sys-
tems. The dependences of the deposition rate on the
interelectrode voltage, discharge power, and relative
content of an inert gas in the mixture with a hydrocar-
bon are obtained. Knowing them, one can control the
process of condensation. By varying the deposition rate
from 0.25 to =30 A/s, one can modify the structure and
properties of the films from polymer- to diamond-like.
Theresults obtained are expected to be of interest inthe
areas of applied physics where thin aC:H films are
used.
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Abstract—Experimental investigation of the structure and electrical properties of layered gallium selenide and
indium selenide crystal s laser-intercal ated by copper and gallium is discussed. © 2002 MAIK “ Nauka/ I nter pe-

riodica” .

Considering intercalation (i.e., the embedding of
ions, atoms, or moleculesinto “guest” sites) asabranch
of crystal engineering, one can suppose that it can form
a conceptual basis for the nanotechnology of low-
dimension materials. Nanotechnol ogies are expected to
replace today’s microtechnol ogies, whose potential has
been exhausted. There is no doubt that incipient physi-
cal nanoelectronics will closely be related to a break-
through in developing new processes and active
devices. The intercal ation methods known can be sub-
divided by convention into three groups. thermal expo-
sure, element-selective, and electrochemical [1]. It is
meant that an intercalant occupies guest vacancies,
penetrating from its liquid phase, from its vapor phase
(when being incorporated into a hetero-organic com-
plex) by adirect or an exchange reaction, or in theform
of an ion (radical ion) during electrode polarization,
respectively. At present, awide spectrum of intercalates
can be obtained. However, they are inappropriate for
rapidly changing process conditions, especially in the
case of multistage processes, and for effectively scan-
ning sampleinteriors by guest components, because the
associated processes are lasting and selective. Inanum-
ber of cases, the above methods imply thermal load on
the*“host” material because of the low vapor pressure of
some metals, concentration threshold of intercalation
[2], and kinetic difficulties associated with mass trans-
fer in solids. However, heating deteriorates the stability
of the crystal lattice.

The aim of thisstudy isto eliminate these disadvan-
tages by applying a new intercalation method. We sug-
gest to enhance the process of intercalation by using
laser irradiation of athin absorbing film of aguest com-
ponent deposited on one of the host material faces, for
example, perpendicularly to the substrate, up to forma-
tion of the layered crystal structure. The irradiation
(shotswith an energy density of 2-20 Jcm?) can be per-
formed from both the film side and the opposite side if
the host material is transparent to laser radiation.
Absorbing the laser radiation, the guest vaporizesin 2—

8 ms and, due to high concentration and temperature
gradients, penetrates into guest sites which are situated
between atomic planes coupled by weak van der Waals
forces. Thus, by varying the film thickness and the radi-
ation energy density, one can minimizethe thermal |oad
on the host material and the amount of the guest can
conveniently be controlled by the number of laser
shots. Since films of some intercalants are easy to
deposit to a desired thickness and with a given distribu-
tion by well-known methods, there appears the possi-
bility of scanning one or more intercalants over the
sample to form complex nanostructures. Unlike the
conventional intercal ation methods, the kinetic barriers
to effective intercalation are usually overcome under
laser irradiation. Therefore, the laser approach expands
the range of elements that can be introduced into a
given host material.

In order to experimentally substantiate our method,
we used indium and gallium selenides as host materials
having layered crystal structures. From Bridgman-
grown ingots, we cut samples in the form of 8 x 4 x
0.5 mm rectangular parallel epipeds, two faces of which
were perpendicular to the crystallographic C axis and
the remaining four were paralel to it. On one of the
four faces, a 1- to 3-um-thick metal (Cu, Ga) film was
deposited by thermal evaporation in a vacuum. Next,
the samples were irradiated by the pulses of afree-run-
ning Nd laser. The shot duration was 2 ms, the radiation
wavelength A = 1.06 um, and the energy density of the
radiation was varied from 2 to 20 Jcm?. Thelaser beam
was directed onto the sample both from the film side
and from the opposite side at an angle of 90° + 10°. The
irradiation from the sample side was performed only
for gallium monoselenide, which is transparent to this
radiation. Mass spectrometric analysis shows that the
amount of both the Cu and Ga intercalates increases
with increasing number of intercalating shots irrespec-
tive of the side of irradiation. The results of laser inter-
calation are summarized in the table. It is interesting
that, under the same process conditions, the amount of

1063-7842/02/4706-0695%$22.00 © 2002 MAIK “Nauka/Interperiodica’
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Fig. 1. Conductivity perpendicularly to the layers for
(1) InSe and GaSe irradiated (2) on the side of the metal-
lized surface and (3) on the opposite side vs. number of
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Fig. 2. Resistivity perpendicularly to the GaSe layers vs.
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Fig. 3. Ratio of the dark conductivity perpendicularly to the
layersto the conductivity observed under illumination (48 h
ahead) as afunction of the number of intercalating shots.

the Gaintercalate is noticeably less than that of the Cu
one. Thismay be related to the higher diffusion coeffi-
cient and the higher penetrability of Cu as compared to
those of Gain the matrices used.

X-ray diffraction anaysis of the laser-intercalated
structures was performed with a double-crystal diffrac-
tometer (CuK, radiation) by the Bond method. After
the third intercalation by Cu, the layer spacing in InSe
increased by 0.0026 A, while that in GaSe irradiated
from the side opposite to the metalized surface
decreased by 0.0069 A. The irradiation of reference

BUDZULYAK et al.

(uncovered) GaSe samples under the same conditions
increases the layer spacing by 0.0060 + 0.0002 A. Sim-
ilar “contracting” effects have been also observed when
CoO, wasintercalated by Li [3] and TiTe, by Ag [4].

In the case of the laser intercalation by Cu, the con-
ductivity of both compounds along the crystallographic
C axis (o)) varies as shown in Fig. 1. After the third
intercal cal ating shot, the value of o for InSeincreases
by more than three orders of magnitude and for GaSe
by nearly 2 x 10* times. These conductivity values
exceed (by <20%) the corresponding values for the
InSe and GaSe reference samples irradiated under the
same conditions. The difference in the kinetics of Cu
intercalation when the samples are irradiated on the
side of the metallized surface and on the opposite side
is also noticeable. The value of the resistivity perpen-
dicular to the layers (pp) is greatly affected by the con-
centration of ionized intrinsic or extrinsic (for example,
introduced by doping with Dy) acceptors. For example,
if the conductivity of the initial crystals is decreased
70 times and 3 x 102 times, the ratio of py/pr, (here,
O and n are subscripts numbering the shots) drops to
220-500 and 10-25, respectively. In the latter case, the
functions p(x) become nonmonotonic. Unlike copper,
the introduction of gallium, which is physically similar
to the host metal (a useful expedient for the el oboration
of a convenient model approximating the phenomenon
of intercalation), causes the conductivity of GaSe to
drop with increasing guest gallium content (Fig. 2). It
should be noted that the changes in p/p, between inter-
calating shots 2 and 3, aswell as between shots4 and 5,
correspond to the case when the laser beam falls on the
gallium film, while those between shots 1 and 2, 3 and
4, and 5 and 6 are observed when the beam strikes the
opposite side. The introduction of Ga causes the ac
resigtivity in the direction perpendicular to the layersto
increase throughout the frequency range investigated
(from 0.1 Hz to 20 MHz), the increase being smaller in
the high-frequency part.

The study of relaxation processes incovered exotic
effects, namely, variation of the dark resistivity in the
direction perpendicular to the GaSe and InSe layers
with the amount of copper intercalate (Fig. 3). These
effects are related to intercalation-induced negative
residual photoconductivity and itstemperature quench-
ing [5—7]. In addition, we found narrow guest concen-
tration intervals wherein optically enhanced growth of
the intergrain (interface) barriersis observed. This may
serve as the initial step toward the production of
charged-coupled nanostructures and photovaricaps.

As follows from Fig. 4, the initially (before the Ga
intercalation) symmetric 1-V characteristics of the sam-
ples become of the diode type during the Gaintercala
tion. This effect is much less noticeable in the case of
the laser intercalation by Cu. In addition, in [CulGaSe,
we found N-shaped sections, which appear even after
thefirst intercalating shot in the range of field strengths
between 20 and 55 V/cm. These sections are absent in
No. 6
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Fig. 4. |-V characteristics of the GaSe structures interca-
lated by (&) Cu and (b) Ga(figuresat the curvesarethe num-
bers of the shots).

[CullnSe (for these samples, the symmetry of the char-
acteristics remains unchanged) and [GalGaSe. Note
that the number of the N-shaped sections, aswell asthe
values of the excess currents, are increasing functions
of the guest concentration and the field strength respon-
sible for the appearance of these sections shifts toward
higher values when the number of the intercalating
shots grows. It is therefore likely that the shape of the
|-V characteristics is associated with the intercalation-
induced formation of interlayer barriers with matrix
compensation in the case of GalGaSel] For CulGaSel)
the concentration of shallow impurities increases, as a
result of which the thickness of these barriers becomes

Energy conditions of laser intercalation

ofErr;gri% gﬁnj’/ (t:)rlnz Result of intercalation
2+0.2 Unconvincing signs of intercalation
5+05 Noticeable intercal ation with nonuni-
form distribution over guest sites
95+05 Uniform distribution of intercal ate
15+ 0.5 Thermal load becomes noticeable
20+ 05 Thermal load increases the amount of
guest metal changes insignificantly
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comparable to the de Broglie wavelength; i.e., they
become tunnel-transparent. On the other hand, the N-
shaped |-V characteristics may indicate the validity of
the model proposedin [8]. If so, theintercalation of gal-
lium monoselenide by copper may change the layer
interaction integral €5 and the position of the Fermi
level to the point where the applied voltage per layer
becomes greater than €.

We by no means think that our interpretation of the
experimental resultsisexhaustive. Thiswork will hope-
fully stimulate further advances in this field of nano-
electronics.
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Abstract—The effect of ©°Co gammaiirradiation at doses of 10%-2 x 10° Gy on the photoconversion and dark
|-V characteristics of Au/GaAs surface-barrier solar cells (SCs) is studied. The morphology of the interface
microrelief isvaried to reach the highest photoconversion efficiency. Of the two types of microrelief morphol-
ogy (dendritic and quasi-grating) obtained by the chemical anisotropic etching of n-(100)GaAs, the latter is
more promising, particularly for SCs designed for space application, since the associated SCs offer higher effi-
ciency and radiation resistance. © 2002 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

GaAs-based Schottky-barrier solar cells are promis-
ing for space application because they may offer ahigh
efficiency-to-weight ratio and have a higher resistance
to hard radiation (fast protons and neutrons) than Si
cells [1-4]. Moreover, in a certain dose range, irradia-
tion by fast electrons and ®°Co gamma quanta causes
radiation-induced ordering or gettering of active
recombination centers (the so-called low-dose effect).
This effect shows up as an increase in the diffusion
length of charge carriers and a decrease in the recombi-
nation rate at the interface [5, 6]. The interface here
serves the function of asink for intrinsic and radiation-
induced defects. Therefore, both the amount of the low-
dose effect and the dose range of its existence depend
on the degree of structure perfection at theinterface and
on the presence of mechanical stressfieldsin the inter-
face region [7]. One of the most promising ways of
increasing the efficiency of the cellsis the use of atex-
tured active interface. In deciding on a particular
microrelief morphology and a technique for its forma-
tion, one usually takes into consideration the effect of
the microrelief on the optical and recombination
parameters of the structure, i.e., on the photoconversion
efficiency. However, for space application, the effect of
the microrelief morphology on the radiation resistance
of the structures should also be taken into account. In
thiswork, we try to establish such a correlation.

We studied the effect of ®°Co y radiation on the pho-
toconversion efficiency of metal Au/GaAsbarrier struc-
tures with various morphologies of the interface
microrelief obtained by chemical anisotropic etching of
the GaAs surface.

EXPERIMENTAL

Au/GaAs barrier structures were fabricated with the
planar technology by thermally evaporating a semi-
transparent gold film onto n-GaAs wafers (Ny = 1-3 x

10% cm3). The substrate temperature was kept at about
120°C. Ohmic contacts were formed on the back side of
the wafer by aloying indium. Two types of the
GaAs(100) surface microrelief promising for use in
photodetectors [8] and solar cells[9] wereinvestigated.
The dendritic microrelief was obtained by etching in
concentrated HNO; acid. The quasi-grating one, a set
of V-shaped grooves oriented along the [110] direction
and having aperiod varying over the surface within cer-
tain limits, was produced by etching in a 2HF +
2H,SO, + 1H,0 mixture. The development of the
microrelief was controlled by varying the etching con-
ditions (duration and temperature). The surface of flat
samples was treated in a polishing etchant. Prior to the
gold deposition, the oxide layers forming during the
anisotropic etching were etched off in an HCI solution;
i.e., the surface finish of the wafers was the same. Gold
was deposited simultaneously on all GaAs wafers and
on asatellite quartz wafer used to measure the thickness
and optical parameters of the gold film by multiple-
angle incident ellipsometry, aswell as by reflection and
transmission spectroscopy. The surface morphology
was studied by a Nanoscope “Dimension 3000" scan-
ning atomic force microscope (AFM) with the silicon
nitride tip operating in the tapping mode. The parame-
ters of the semiconductor and the interface were deter-
mined from dark 1-V characteristics and high-fre-
guency (1 MHz) C-V characteristics.

We also recorded the spectral dependences of the
short-circuit current and 1-V characteristics under illu-

1063-7842/02/4706-0698%$22.00 © 2002 MAIK “Nauka/Interperiodica’
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Fig. 1. Microrelief of GaAs surface: (a) dendritic and (b) quasi-grating. (c, d) Corresponding profiles (for (d), the section passes

perpendicular to the grooves).

mination using a solar simulator based on an incandes-
cent lamp with a tungsten filament. The simulator was
calibrated with a reference silicon solar cell. The °Co
gammairradiation was performed with an MPX-y-25M
setup in the 103-2 x 10° Gy dose range.

RESULTS AND DISCUSSION

Figure 1 shows the AFM images of the two GaAs
surface morphologies and the corresponding microre-
lief profiles. From this figure, one can determine both
the statistical parameters of the microrelief and its geo-
metrical features (in particular, the inclination of the
facets to the sample plane, an increase in the surface
area, etc.), which should be taken into account in ana-
lyzing the spectrum of the radiation transmitted into the
semiconductor. From this spectrum, the interface
recombination parameters are determined [9].

As the quasi-grating microrelief develops, both the
depth (h,.,) and the groove spacing (a) increase. For
example, h,,, = 0.3 and 1.2 pym and a = 0.6 and 1.4—
2.0 um for two different times of anisotropic etching,
respectively. Theinclination of the facets to the sample
plane also increases from 32°—42° to 45°-48°. At the
same time, the dendritic microrelief evolvesfrom pyra-

TECHNICAL PHYSICS Vol. 47

No. 6 2002

midal—prismatic to purely dendritic [10] and is more
complex. In particular, microplanes set at an angle of
40°-45° and at a higher angle of about 65° are
observed. Because of this, the field in the areas with a
higher curvature is enhanced more strongly and the
thermal—field mechanism makes a greater contribution
to current transport in the barrier structures [11]. This
followsfrom the forward branches of the |-V character-
istics presented in Fig. 2 for the structures with a differ-
ent interface microrelief. Hence, along with the thermi-
onic and recombination mechanisms of carrier trans-
port [12], the thermal—field component should also be
taken into account. The effect of this component shows
up as an apparent decrease in the barrier height in cer-
tain surface regions. The inclusion of the barrier height
distribution over the diode surface [13], which is
broader in the case of the dendritic morphology,
enables us to explain both the current rise in the initial
region of the |-V characteristic and the smaller ideality
factor n (in the range of high biases) for the structures
with the developed microrelief. However, the latter can
also be related to a thinner transition layer at the inter-
face and/or to ahigher density of interface states, which
are filled through the exchange with the metal.
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Fig. 2. () Forward and (b) reverse dark 1-V characteristics of Au/GaAs diodeswith (1) flat and (2-5) textured interface. (2, 3) Quasi-
grating microrelief and (4, 5) dendritic microrelief (3 and 5 correspond to the developed microrelief).

Figure 3a shows the -V characteristics under illu-
mination, and Fig. 3b demonstrates the spectra of the
short-circuit photocurrent in the surface-barrier struc-
tures. As is seen, the short-circuit current 1. grows in
comparison with that for the flat structure as the
microrelief develops (approximately three times and
3.2 times for the quasi-grating and devel oped dendritic
microreliefs, respectively). However, the open-circuit
voltage V,. increases to a lesser extent: by a factor of
=1.3 for the quasi-grating microrelief and by factors of
=1.25 and =1.16 for the incipient and developed den-
dritic microrelief, respectively. The structures with the
dendritic microrelief exhibit alower fill factor FF of the
-V characteristics under illumination than the flat
structures and those with the quasi-grating microrelief.
Accordingly, the quasi-grating structures have the high-
est efficiency.

It turned out that the effect of gamma irradiation is
more pronounced in the structures with the developed

microrelief. The low-dose effect (which decreases the
recombination rate at the interface and the ideality fac-
tor n, aswell asincreases the minority carrier diffusion
length L, and contact barrier height ¢,,) is observed in
the structures with the dendritic relief and developed
quasi-grating microrelief at doses lower than 10* Gy
(Fig. 4). Among the parameters of the |-V characteris-
tics under illumination, the short-circuit current Ig. is
the most sensitiveto theirradiation, asin the case of Si-
and GaAs-based flat structures irradiated by fast elec-
trons and protons [1-4]. Figure 5 depicts the spectral
dependences of the relative photocurrent when the
diodes with the developed interface microrelief were
irradiated by improving (=10° Gy) and degrading (=2 x
10° Gy) doses. It is evident that the basic effect of the
gammairradiation, which isvirtually wavelength-inde-
pendent, is on the interface recombination rate [14].
The 1-V characteristics under illumination start to
degrade from the irradiation dose 10° Gy. The struc-

TECHNICAL PHYSICS Vol. 47
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tures with the developed dendritic microrelief are the
least resistant. Here, the efficiency drops by about 5%
from theinitial value at adose of 2 x 10° Gy. The quasi-
grating microrelief imparts to the structures the highest
resistance: the efficiency drops by no more than 2%
from the initial value.

Thus, the dendritic microrelief of the metal/GaAs
interface with the facets tilted at angles =60° provides
higher values of the short-circuit photocurrent. In spite
of this, it is less suitable for SCs designed for space
application than the quasi-grating microrelief (at least

Fig. 4. Dose dependences of (@) ideality factor n, (b) barrier
height ¢y, and (c) minority carrier diffusion length for
diodes with the textured interface. (1, 2) Quasi-grating
microrelief and (3, 4) dendritic microrelief (2 and 4 corre-
spond to the devel oped microrelief).

0/0Q0
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Fig. 5. Spectral dependences of the ratio between the pho-
tocurrentsin theirradiated and nonirradiated structureswith
(1, 2) the devel oped quasi-grating and (3, 4) dendritic inter-
face microreliefs. Dose equals (1, 3) 10° and (2, 4) 2 x
10° Gy.
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without special passivating treatments [14, 15]) in
terms of efficiency and radiation resistance.

N
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Abstract—Optical detection of magnetic features of 0.1 pm or less in size, as well as their generation and
motion due to laser shots, is described. The physical effects discovered make it possible to implement the basic
functions of a memory device (writing, shift in a storage register, and reading) by purely optical means. These
effects can form a basis for designing novel ultra-high-density solid-state memories with optical access and

control. © 2002 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

In digital memorieswith optical writing/reading, the
bit size is defined largely by the effective area of inter-
action between the optical radiation and a record
medium, i.e., by the diameter of a focused laser beam
[1-3]. Thisisequally truefor both commercial memory
devices (compact disks, videodisks, magnetooptical
disks, etc.) and new-generation memories under devel-
opment (3D optical memory based on photorefractive
and photochromic materials). However, because of the
diffraction-related constraintsimposed on the degree of
focusing, abit size of much lessthan the recording laser
wavelength is extremely difficult to obtain even with
special optical tools and various buffer structures that
limit the size of the bit being recorded [1, 3]. In addi-
tion, such approaches require sophisticated facilities
and are very expensive. Moreover, adecrease in the bit
size inevitably complicates data readout schemes. In
conventional methods of optical reading (effect of
induced luminescence, phase-change effect, and
change in the plane of polarization and/or in the inten-
sity of transmitted or reflected light according to
whether “0” or “1” is recorded), a decrease in the bit
size causes a decrease in the valid signal intensity
against the optical background and noise. Various spe-
cial methods are used to solve this problem, such as
land—groove recording, partial response signaling and
maximum likelihood detection (PRML), magnetically
induced superresolution (MSR), etc. [1-7]. It is
believed that, when applied to optical memory with a
magnetic active (recording) medium (magnetooptical
disks), these writing/reading methodswill shrink the bit
(magnetic domain) size down to 0.1-0.2 pym [3-6].

The restrictions and difficulties associated with the
design of new-generation memory devices necessitate
the search for novel materials and physical mechanisms
that would admit a change in the material parameters

over a submicron area due to optical action and subse-
quent detection of this change by optical means.

In thiswork, we report experiments on direct optical
detection of magnetic features 0.1 um or lessin size, as
well as study the laser generation and control of these
features. The physical effects employed can form a
basis for designing ultra-high-density solid-state mag-
netic memories with optical reading/writing.

EXPERIMENTAL TECHNIQUES

Optical detection of magnetic features with a size
below the optical resolution of conventional magneto-
optical microscopy based on the Faraday or Kerr effects
can be provided with dark-field microscopy. This
method is intended for visualizing the phase structure
of objects that cannot be distinguished from the envi-
ronment optically. Here, the illuminating beam does
not fall into the objective lens and the image is formed
by the light scattered by phase inhomogeneities of the
sample. Due to magnetooptical effects, the magnetiza-
tion distribution in the sampleis merely the phase struc-
ture that can be visualized in dark field [8]. Because of
the diffraction principle of imaging, dark-field micros-
copy (widely used in various investigations but poorly
devel oped as applied to magnetic phenomena) can basi-
cally detect structures of size beyond the optical resolu-
tion of conventional microscopy (ultramicroscopy).
The use of the dark-field geometry in optical micros-
copy allows the detection of mesoscopic magnetic fea-
tures0.1 um or lessin size. Of specia importanceisthe
fact that dark-field microscopy does not require scan-
ning and is well compatible with standard methods for
studying the fast dynamics of magnetic structures (e.g.,
streak photography) [9], whereas scanning tunnel
microscopy has fundamental limitations when applied
to dynamics investigations.

1063-7842/02/4706-0703%22.00 © 2002 MAIK “Nauka/ Interperiodica’
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Fig. 1. (a b) Optica scheme for one-sided dark-field illumination and magnetization distribution in domains, domain walls, and
Bloch lines. The plane of light incidenceis (a) perpendicular and (b) parallel to the DW plane. kg, wavevector of incident radiation;
ki, wavevector of scattered radiation. (c, €) Typical images of DWs and Bloch lines when the light is incident (c) normal and
(e) parallel to the DW plane (opposite contrast). (d) Schematic magnetization distribution in the sample.

The detection of submicron magnetic features with
dark-field microscopy was first demonstrated by Thia-
ville and Miltat, who succeeded in direct optical obser-
vation of vertical Bloch lines (VBLS) in garnet ferrite
filmswith perpendicular anisotropy [10]. VBLs are sta-
ble elements of a domain wall (DW) structure and are
0.1 umor lessin size [11]. In the polarized anisotropic
dark-field observation (PADO) method [10], theillumi-
nating beam strikes the sample at some angle and
bypasses the objective lens, while the image is formed
by the light diffracted by magnetic inhomogeneities
(Fig. 1a). Inthe PADO geometry, the plane of light inci-
denceisperpendicular tothe DW plane. Inthiscase, the
DW appears as a bright fringe on the black background
and local variations of the brightnessare treated asV BL
locations (Fig. 1c; opposite contrast, VBLSs are marked
by arrows). With the angle of light incidence fixed, the
VBL contrast (bright or dark) depends on the VBL
magnetic topology and magnetization direction in adja-
cent domains (the topology shown in Fig. 1d is that of
the DWswith VBLsin Fig. 1c) [12].

Combining the PADO method with streak photogra-
phy (which provides the observation of instantaneous
dynamic configurations of the domain structure [13])
has allowed usto detect and comprehensively study the
VBL controllable generation and movement by locally
applying a laser radiation [14, 15]. Experiments were

carried out with uniaxial magnetic garnet ferrite films
of composition (BiTm);(FeGa)s0,, which had the fol-
lowing parameters: crystallographic orientation (111),
saturation magnetization 41Vl = 173 G, collapse field
Hgy = 126 Oe, period of the equilibrium strip domain
structure 8.5 pm, thickness 7.5 um, and quality factor
Q=38.

GENERATION AND MOVEMENT
OF SUBMICRON MAGNETIC FEATURES
DUE TO LASER IRRADIATION

From experiments [14, 15], as the energy of alaser
shot (duration 10 ns, wavelength A = 540 nm, maxi-
mum peak energy Wi, ~ 10 J, and spot diameter on
the film 3—4 pum) grows, the shot causes the (1) move-
ment of existing VBLstoward a DW, (2) generation of
apair of VBLs on DWs that were initially free of the
lines, and (3) irreversible changes in the configuration
of both individual DWs and the domain structure as a
whole.

Figure 2 illustrates the VBL movement under the
action of focused laser shots. The initial domain struc-
ture with a specially introduced VBL is shown in
Fig. 2a (VBL is marked by an arrow, symbol I shows
the site of the laser spot). With a shot of energy W =
2002
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Fig. 2. VBL movement under laser irradiation: (a) initial
position and (b, c) shifts after the sequential application of
two shots. Dark-field image (opposite contrast).

0.1 W, . applied, the VBL shifts (Fig. 2b). From
Figs. 2b and 2c, it is seen that the travel of the VBL
decreases as it approaches the laser spot. This effect, as
well as the conditions for uniform and reproducible
VBL movement, calls for further investigation.

At W= 0.2 W, the shot generates a pair of VBLS
on DWsthat wereinitially free of thelines. Figures 3a—
3c show typical images of localized VBLs produced by
the shot. The contrast is seen to change at the walls
whereVBL pairs have been generated.

Experimental conditions under which the VBL gen-
eration is controllable and reproducible are discussed at
lengthin[15].

The series of streak photos in Fig. 4 demonstrates
the movement of the DW and the generation of apair of
VBLs due to the shot. The upper photos, showing the
“instantaneous’ configurations of the domain structure,
were obtained in the direct-illumination mode (using
the Faraday effect) with crossed polarizers. A dark area

TECHNICAL PHYSICS  Vol. 47
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Fig. 3. Typica dark-field images (opposite contrast) of
Bloch lines (marked by arrows) originating in DWs due to
the laser shot.

isseen to appear near the laser spot, and the DW nearest
to the spot bends. The rate of bending is the highest
within several tens of nanoseconds after the shot appli-
cation. Then, the DW relaxesto itsinitial shape within
1500-2000 nsand the dark areadisappears (inthisarea,
the Faraday effect is weak, since the laser heating
reduces the saturation magnetization). The lower pho-
tos are the dark-field images of the same processin the
same area. Here, the DW bend appears as a loca
change in the DW brightness. VBLs (marked by
arrows) near the laser spot become distinct 300 ns after
the shot has been applied and reach their final positions
within the same 1500-2000 ns noted above.

Based on the experimental data obtainedin[14, 15],
we put forward a physical model of VBL generation
and movement due to alaser shot. Central in this model
is the thermal effect of the shot, which locally reduces
the saturation magnetization of the film in the laser spot
region. A local change in the magnetization upon heat-
ing and subsequent cooling modifies radically the dis-
tribution of stray fieldsin thisregion and causes nearby
DWs to shift. When the velocity of a DM exceeds the
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Fig. 4. Instantaneous dynamic configurations of the domain structure at various time instants after the application of the “writing”
laser shot. (e, g) Before the pulse application; (b, h) 100, (c, i) 300, (d, j) 700, and (e, k) 1000 ns after the pulse; and (f, 1) after the
dynamic processes have been completed. (a)—(f) Bright-field images with crossed polarizers; (g)—(I) dark-field images (opposite

contrast).

critical value, a horizontal VBL originates in it. This
horizontal line emerges on the film surface, producing
apair of VBLs. If the velocity of the DW is below the
critical value, the Bloch lines may advance.

The above effect of Bloch line reproducible genera-
tion allows us to formul ate a concept of optical writing
of a submicron magnetic bit of information. For the
optical generation of a magnetic feature of size
=0.1 um, there is no need to shrink the focused laser
beam as much as possible or to produce an artificial
potential relief to specify the size of a laser-written
domain (which is typical of attempts to raise the ther-
momagnetic writing density on magnetooptical disks).
The experimental results described above suggest that a
“magnetic” bit can optically be written as a feature of
the DW structure rather than as adomain. In this case,
there is no need for a correlation between the scale of a
feature recorded and the size of the laser spot. Here, the
“size” of a hit, a mesoscopic object inside a DW, is
specified by its physical nature and not by the charac-
teristic scale of the “writer.”

OPTICAL READOUT OF SUBMICRON
MAGNETIC STRUCTURES

In experiments on the generation and motion of
VBLSs, the lines can conveniently be detected with the
PADO method, which allows oneto visualize and study
the motion not only of theVBLs but also of the domain
wall. However, if aVBL is viewed as an information

bit, only the signal from the VBL is valid for readout.
In this case, such afeature of the PADO method as the
representation of aVBL in the form of adark or bright
region (according to the magnetization distribution in
theline) against the background of the DW complicates
the readout scheme and requires three-level (bright
VBL, dark VBL, domain wall) discretization of the
optical signal detected. Moreover, the study of the
mechanism behind VBL and DW dark-field imaging
[12] has shown that the change in the contrast in the
VBL vicinity (see Fig. 1) depends on the inclination of
the DW with VBLSs rather than on the magnetization
distribution. The inclination can be related to different
physical mechanisms [12]. The indirect character of
imaging in the PADO mechanism (in the geometry of
Fig. 1a) greatly complicates the interpretation of dif-
fraction images observed experimentaly in terms of
micromagnetism, does not alow exact determination of
the VBL topology, and makes it possible to visualize
VBLsonly for alimited class of samples[12].

The aforesaid explains the extensive search for
direct magnetooptical methods that would be sensitive
to the magnetization distribution in Bloch lines and
provide their simple yet reliable detection in various
samples.

Our investigations have shown that VBLSs can opti-
caly be detected with other dark-field geometries
[16,17]. In Fig. 1b, as in the conventional PADO
method, only scattered light fallsinto the objective lens
because of the inclined incidence of the beam. In this
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case, however, the plane of light incidenceis parallel to
the DWs. Neither domains nor DWswithout VBLstake
part in imaging, and the DW images become almost
free of background noise.

Figures 1c and 1e are the dark-field images of a
fixed region that were obtained when the plane of light
incidence was normal and parallel to the DW plane
(conventional and modified PADO geometry, respec-
tively; VBLsareindicated by arrows). Inthelatter case,
magnetooptical diffraction by the DWs is absent and
the DWSs exhibit no contrast (are not visualized). How-
ever, with the angle of incidence chosen properly, the
Bloch lines (bright spots) are seen (Fig. 1€). Figure le
differs from an image obtained with the conventional
PADO method in that (1) Bloch lines are visualized as
bright spots irrespective of the magnetic topology and
(2) their sizes along and across the DW are nearly the
same.

Further experimentation is needed to gain better
insight into the physics of VBL visualization. Yet we
can note that the Bloch line imaging is consistent with
predictions of the magnetooptical diffraction model
developed in [10]. This model considers diffraction by
magnetization distribution in aVBL and treatsaDW as
aone-dimensiona phase edge (for polarized light) and
the very VBLs as point diffraction centers. Our results
are in qualitative agreement with this model; namely,
(1) diffraction by DWs is absent, (2) the contrast for
Bloch lines of different topology is the same, and (3)
the ratios of the VBL sizes along and across a DW are
similar.

From the above, we can hypothesize that, in the
PADO geometry considered, direct magnetooptical dif-
fraction by magnetization distribution in a Bloch line,
rather than the distortion of the DW vertical profile, is
responsible for VBL visualization.

CONCLUSION

The experiments described above illustrate the
physical mechanisms providing optical detection of
magnetic features 0.1 ym or lessin size, aswell asthose
responsiblefor their generation and advance. The phys-
ical effects discovered make it possible to implement
the basic functions of a memory device (writing, shift
in a storage register, and reading) by purely optical
means. These effects can form a basis for designing
novel ultra-high-density solid-state VBL -based memo-
ries with optical access and control.

Owing to such properties as nonvolatility and high
record density (up to 1 and even 128 Ghit/cm?3[18, 19]),
VBL memories have extensively been studied sincethe
mid-1980s. However, they have not been implemented
because associated magnetically controlled read/write
devices, as well as devices advancing VBLS, are not
feasible. The effects of VBL optical generation and
detection that were discovered in thiswork may help to
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implement ultra-high-density magnetic memories with
optical access that would outperform the magnetoopti-
cal memories currently available in many parameters.
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Abstract—A method for increasing the sensitivity of measurements through aberration compensation upon
reconstruction of interferograms from two multiple-exposure holograms is proposed. At the early stage of
object investigation, the hol ographic structures recorded at certain time instants are rerecorded by two coherent
beams on new image carriers. In this case, the interference moiré method is employed to monitor the equality
of the vectors of the holographic structures rerecorded. At the final stage, the new nonlinear holograms are pro-
cessed in an optical analyzer of conjugate holograms with the use of incoherent light. The hologram thus recon-
structed offers ahigh sensitivity of measurements and isfree of aberrations. The method istested by visualizing
the temperature-field variations in a glass substrate with a conducting coating. © 2002 MAIK “ Nauka/Interpe-

riodica” .

INTRODUCTION

Holographic interferometry  offers  significant
advantages over the conventional method, such as com-
pensation of aberrations due to the optical elements of
an interferometer, arbitrary adjustment of the interfer-
encefringes, and sensitivity control at the stage of holo-
gram optical processing [1-3]. To increase the sensitiv-
ity of measurements in holographic interferometry, one
can take advantage of the nonlinear properties of holo-
grams and reconstruct higher diffraction orders[4, 5] or
rerecord holograms[6, 7]. Rerecording in combination
with the nonlinear recording of secondary holograms
makes it possible to substantially improve the sensitiv-
ity of measurements by effectively compensating aber-
rations in recording and optical processing systems
[8-1Q].

The advantages of the holographic methods become
even more evident in studies of fast processes. Various
states of the object can be recorded on several image
carriers[11] or onasingleone[12, 13]. Thelatter tech-
nique, where the reference beam can move, enablesone
to reduce experimentation costs, since several states of
the object are recorded on the same carrier. Apparently,
the number of records per carrier islimited. Therefore,
the recording of a large number of holographic struc-
tures corresponding to various states of the object
requires a number of carriers. In this case, the optical
processing of several multiple-exposure holograms
involves difficulties when object different states
recorded on different carriers are compared. Consider,
for example, a pair of multiple-exposure holograms in
a two-channdl interferometric correlator [14], where
the filtering diaphragm discriminates waves diffracted
by the holographic structures of the object states being
compared. Under these conditions, the resulting inter-

ference pattern, visualizing the difference in the states,
will additionally be distorted by inhomogeneitiesin the
substrates of the hologram carriers. Moreover, the
recording of several holographic structures on asingle
carrier complicates markedly the diffraction spectrum
of the multiple-exposure hologram, which is observed
in the second focal plane of the abjective lens. In the
case of the nonlinear recording of such ahologram, the
diffraction spectrum is so complicated by crosstalk-
induced extra maxima [15] that it becomes impossible
to discriminate between waves diffracted by given
holographic structures and spurious ones. Therefore,
the nonlinear properties of multiple-exposure holo-
grams cannot improve the measurements sensitivity.

In this work, we developed a method for optically
processing multiple-exposure holograms that offers
increased sensitivity, compensates aberrations, and
enables one to use even incoherent light at the fina
stage of processing.

DESCRIPTION OF THE METHOD

Let us assume that N states of the object are holo-
graphically recorded on each of severa carriers at vari-
oustimeinstants. Theresulting intensity distribution on
the carrier isthe sum of the intensities from each expo-
sure recording a particular holographic structure:

I = +1L,+ .+ (D)

If a multiple-exposure hologram is recorded under
linear conditions, its amplitude transmission is directly
proportional to the resulting intensity [3]. Let usrecord
two multiple-exposure holograms with the amplitude

1063-7842/02/4706-0708%$22.00 © 2002 MAIK “Nauka/Interperiodica’
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transmissions T and t' given by

N

To+ ) cos[2m(gx+ny) +&+9l,  (2)
=1

-
1

N

T =To+ ) cos[2n(gx+ny) te+9], ()

I=1

where 1, and T, are constants; &, = cosy;,/T, and n, =
cosy, /T, are the spatial frequencies of the Ith holo-
graphic structure; y;, and y;, are the angles between the
fringes and the axes 0X and QY, respectively; T, is the
period of the fringes in the Ith holographic structure;

g and g are the object-related phase shifts at the

instants of the Ith exposures of the first and second
holograms, respectively; and ¢ is the phase distortion
caused by aberrations in the recording system (holo-
graphic interferometer). The coordinate frame XQY lies
in the plane of the hologram. The spatial frequencies§,
and n, are directly proportional to the projection of the
vector of the Ith holographic structure. This vector lies
in the plane of the hologram and is orthogonal to the
fringes. Note that the recording of multiple-exposure
holograms necessitates a change in the fringe orienta-
tion or period for each exposure to avoid overlap
between the diffraction orders of the reconstructed
waves during the optical processing of multiple-expo-
sure holograms. This can be provided, for example, by
varying the angle between the object and reference
beams prior to each exposure [15].

It has been demonstrated [ 16—19] that anincreasein
the sensitivity of measurements for obtaining high-
quality low-noise interferograms implies the use of
incoherent illumination. The associated method is
implemented in two stages. The first stage involves the
rerecording of each of the holographic structures writ-
ten in complex conjugate orders from a multiple-expo-
sure hologram on two new carriers. The rerecording
also implies verification of the strict equality of the
rerecorded holographic structure vectors. At the second
stage, this pair of holograms, recorded under nonlinear
conditions, isprocessed in an optical analyzer of conju-
gate holograms with the use of an incoherent light
source [3].

Multiple-exposure holograms are rerecorded by two
coherent beams in arerecording device (Fig. 1a) which
can be based on any two-element interferometer [17].
To approximately equate the vectors of the holographic
structures rerecorded, we make two holes in filter 3 of
spatial frequencies, which islocated in the second focal
plane of objective lens 2 (Fig. 1a). The holes are cen-
tered at the points with coordinates (¢, n4,) and (&,, N,)
relative to the principal optical axis (Fig. 1b). Such a
gpatia filter transmits waves with spatial frequencies
approximately equal to &, = cosa,/A, n, = cosp,/A and
&, = cosa,/\, n, = cosP,/A. Here, cosa,, cosP,, cosa,
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Fig. 1. (a) Optical scheme of thedevicefor rerecording mul-
tiple-exposure holograms and (b) spatial-frequency filter.

and cos[3, are the direction cosines of the wavesand a;
and o, (B; and 3,) are the angles between the direction
of propagation and the 0X (0Y) axis. For thererecording
of the first holographic structure corresponding, for
example, to the bth exposure, we employ two coherent
waves with the spatial frequencies &g;, Nos and gy, No2
meeting the conditions

&o1 = &1 &b,
& = &+ &,

where &y, = CoSYy,/ Ty, Ny, = COSYL,/ Ty, and Ty isthe period
of the fringes in the bth holographic structure that
makes angles y,, and y,, with the 0X and QY axes,
respectively, in the plane of the multiple-exposure holo-
gram. In this case, the spatial-frequency filter selects
the waves

Nor = N1— Ny

(4)
No2 = N2+ Nos

Ay = ayexp{i[2m(& +d&;)X
+2m(ny +3N)y + €+ ¢ +Yol},
A, = ayexp{i[2m(& + d&;)X
+2m(n, +3n,)y — €, — ¢ +Wol},

©®)

where 8¢,, dn;, 0&,, and dn, are adjustment errors due
to an insufficient accuracy in satisfying condition (4)
and the function ), takes into consideration optical
inhomogeneities of the substrate of the carrier of multi-
ple-exposure hologram (2). The adjustment errors are
related to the finite sizes of the holesin the spatial-fre-
guency filter. Waves (5) form a rerecorded holographic
structure in plane 5, which is optically coupled with
multiple-exposure hologram 1 by objective 4. The



710

amplitude transmission of the rerecorded bth holo-
graphic structure is represented as

Tp = {1+ cos[2m(& — &, + d&)X

+21( N, — N, + 3N)y + 2(g, + 0)1} V7,

where 8 = d¢; — d&,, dn = dn; — dn,, and y isthe con-
trast ratio.

The projections of the rerecorded holographic struc-
ture vector onto the OX and QY axes are derived from
expression (6):

Ky = 21( & — &, + 0¢8),
Ky = 2n(n,—n, +on).

One can record the rerecorded hologram again
under nonlinear conditions (y #—2) to provideitsrecon-
struction in higher diffraction orders. Note that rere-
corded hologram (6) is free of the inhomogeneities of
the substrate under original multiple-exposure holo-
gram (2).

For rerecording the second holographic structure
corresponding, for example, to the cth exposure, we use

two coherent waves with the spatia frequencies &, ,
No; and &y, , No, Meeting the conditions

€ = & =& Nor = Ni—Ne
€2 = &2 & N = N2t+Ne

where &; = cosy,,/ T, N = cosy,/T,, and T is the period
of the fringes in the cth holographic structure making
anglesy,, and y,, with the 0X and OY axes, respectively,
in the plane of the multiple-exposure hologram.

Note that the cth holographic structure can be
located in either the first or the second multiple-expo-
sure hologram. When the hol ographic structures bel ong
to different carriers, aberrations are the most difficult to
compensate. In this case, the cth holographic structure
is rerecorded in the following way. The second multi-
ple-exposure hologram placed in position 1 (Fig. 1a) is
illuminated by two coherent waves with condition (8)
met. In this case, the spatial-frequency filter selects the
waves

(6)

(7)

(8)

Ay = acexp{i[2m(& + d&;)X
+21( N, +3Ny)y + &y + ¢+ Wol},
Ay = a.exp{i[2n(& + 8&;)x
+2M( 1+ 3NL)Y — €L — ¢ + o]},
where d&;, dn;, 8&,, and dn, are the adjustment
errorsarising for the same reasons asin the former case

and the function i, takesinto account optical inhomo-

geneitiesin the substrate under multiple-exposure holo-
gram (3).

9
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The rerecording of the second holographic structure
involves the replacement of multiple-exposure holo-
grams and the adjustment of the optical system for the
new condition for the spatial frequencies of theincident
waves to be satisfied. Therefore, the misadjustments
upon rerecording of the first and the second holo-
graphic structures are different. However, the vector of
the holographic structure rerecorded depends on the
differencein the errorsrather than on their absolute val-
ues. Then, to equate the vectors of the holographic
structures rerecorded, one can match the interference
field rerecording the second holographic structure with
the already rerecorded first holographic structure [19].
This can be accomplished by placing the new carrier in
the same position 5 (Fig. 1a) after rerecording the first
holographic structure on it. The equality of the vectors
of the second interference holographic structure being
rerecorded and thefirst already rerecorded holographic
structureis monitored by the width of the moiréfringes.
The moiré pattern represents the low-frequency modu-
lation of these periodic structures, which can be
observed on rerecorded holographic structure 5 in both
transmitted and scattered light. By additionally adjust-
ing one of the beams illuminating second multiple-
exposure hologram 1, one can vary the moiré pattern
and obtain afringe of aninfinite width. Then, the carrier
with the first rerecorded holographic structure is
removed and the second holographic structure is
recorded on the new carrier placed in position 5. An
infinitely wide fringe in the moiré pattern corresponds
to equal differencesin the adjustment errors:

08 —88&, = 0&; —8&;, 8N, —dn, =8N, -3dn;,. (10)

Thus, the amplitude transmission of the cth rere-
corded holographic structure has the form

Te = {1+ cos[2m(¢&, - &, + dg)X

+21( N, — N, + 3Ny + 2(e, + 9) ]} "%

As long as equalities (10) are satisfied, the projec-
tions of the vectors of the rerecorded holographic
arrays in expressions (6) and (11) equal each other,
which provides equality of the vectors themselves.

One can pracess the pair of holograms (6) and (11)
in an optical analyzer of conjugate holograms [3] with
the use of incoherent light. For example, the selection
of the £nth diffraction ordersin the record plane makes
it possibleto observe an interference pattern adjusted to
an infinitely wide fringe. Such a pattern visualizes the
object dynamics in the time interval between the bth
and cth exposures upon the recording of the original
multiple-exposure holograms:

(11)

lep = 1+ cos[4n(e,—¢€.)]- (12)

The sensitivity of such an interferogram isincreased

4n times. The aberrations in the recording and optical

processing systems, as well as the inhomogeneities of
the substrates, are completely compensated.
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EXPERIMENTAL RESULTS

The above method for improving the sensitivity and
eliminating aberrations was tested in experiments on
visualizing the temperature field in a glass substrate
with a transparent conducting coating near one of the
electrodes. The voltage applied to the electrodes was
varied with time by acertain law. The substrate with the
conducting coating was placed in the object arm of the
holographic interferometer. The state of the substrate
was holographically recorded at certain time instants.
In one experiment, we recorded 15 states of the sub-
strate (five holographic structures on each of three car-
riers) by varying the orientation of the fringes in the
structures. When the interference patterns visualizing
the temperature-field variations in the substrate for a
time between two arbitrary exposures were recon-
structed by the conventional methods without increas-
ing the sensitivity, the curvature of the fringes was so
small that it was impossible to estimate the tempera-
ture-field variations even qualitatively. When the inter-
ference patterns were reconstructed in the interferomet-
ric correlator with two different multiple-exposure
holograms, the interference fringes were heavily dis-
torted by substrate inhomogeneities. Figure 2 shows
such an interferogram adjusted to an infinitely wide
fringe and reconstructed with the holographic struc-
tures recorded at the corresponding time instants. The
holographic structures were taken from different multi-
ple-exposure holograms. It is seen from the interfero-
grams (the electrodeis on theright) that the aberrations
significantly exceed the desired signal. To compensate
for the inhomogeneities in the multiple-exposure holo-
gram substrates and to increase the sensitivity, we rere-
corded the holographic structures obtained at the time
instants of interest on new carriers by the method pro-
posed. The new holograms exhibited the nonlinearity
allowing for the use of higher diffraction orders. Figure
3 shows interferograms reconstructed through the rere-
corded holograms in the optical analyzer of conjugate
holograms with an incoherent light source. We
achieved an eightfold increase in the sensitivity when
reconstructing the interferograms in the diffraction
orders +2. By exactly superimposing the rerecorded
hologramsin the optical analyzer, we reconstructed the
interferogram adjusted to the infinitely wide fringe
(Fig. 3a). Note that such an adjustment of the interfer-
ence pattern with complete compensation of aberra-
tions necessitatesthe equality of the vectorsof the holo-
graphic structures. The adjustment to finite-width
fringes was accomplished by dightly rotating one of
the holograms relative to another about the optical axis
of the device. However, interferograms reconstructed in
such a way (Fig. 3b) can suffer from uncompensated
aberrations introduced by systems recording multiple-
exposure holograms and by those rerecording holo-
graphic structures. These uncompensated aberrations
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Fig. 2. Interferogram reconstructed from two multiple-
exposure holograms in the interferometric correlator.

Fig. 3. Interferograms adjusted to (a) an infinitely wide
fringe and (b) finite-width fringes and reconstructed from
two rerecorded holograms in the optical analyzer of conju-
gate holograms.

depend on the angle of rotation and on the form of the
function ¢.

CONCLUSION

In the interferograms obtained, the inhomogeneities
in the substrates of the multiple-exposure holograms
are totally eliminated. The increase in the sensitivity is
sufficient for quantitative estimate of the variations of
the temperature fields in the glass substrate. If the sen-
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sitivity turns out to be insufficient, the holographic
structures rerecorded on the new carriers [see expres-
sions (6) and (11)] can additionally be rerecorded in
coherent or incoherent light by the method presented in
[17] to achieve the desired sensitivity.
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Abstract—Propagation of afrequency-modul ated Gaussian pulse along an optical fiber with agradient refrac-
tiveindex is studied. It is shown that, after propagating a certain distance, the pulse undergoes compression. If,
at the point of maximum compression, the pulse intensity is exactly equal to the threshold intensity, then either
abright or dark vortex soliton can form. © 2002 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

At present, most of the methods for information
transfer along optical fibers are based on pulse coding.
Both the need of pulse shortening with the purpose of
the enhancing information transfer rate and the neces-
sity of lengthening the transmission line require
increasing the power of the pulse transmitted along an
optical fiber. In this case, the pulse propagation along
the fiber can be substantially affected by nonlinear
effects.

The formation of an envelope soliton in an optical
fiber from a pulse with a bounded spectrum and a peak
power of ~1 W was predicted theoretically in [1] and
demonstrated experimentally in [2]. Conditions for the
formation of bright and dark solitons in a fiber were
studied in [3]. In [4], it was shown that, in an optical
fiber, a stable laser pulse can evolve into asoliton. The
stability of soliton pulses generated by exciting two
modes with different group velocitiesin an optical fiber
was studied analytically in [5]. In [6], the dynamics of
a vortex soliton generated due to the self-focusing of
cw laser radiation in a nonlinear medium was investi-
gated numerically.

It is well known [7, 8] that a frequency-modulated
pulse with a Gaussian envelope in a fiber undergoes
compression. In the course of compression, the pulse
shortens and its intensity increases. As aresult, even if
the initial pulse intensity is lower than the critical one,
it can reach the threshold value at which a soliton
forms. In this paper, we consider the dynamics of the
amplitude and phase of a frequency-modulated Gauss-
ian pulse in an optical fiber and show that the pulse
compression can result in the formation of a bright or
dark vortex soliton.

FIELD EQUATIONS

Let us consider the dynamics of an optical pulse
propagating in atransversely nonuniform medium with

axial symmetry and dispersion, namely, in an optical
fiber with a nonuniform refractive index. We assume
that, in the cross section z= 0, the waveguide conditions
for a pulse with a given electric field profile are satis-
fied; i.e., thetransverse profile of the pulse electric field
is described by the guided modes, the radiative modes
have been already emitted, and the guiding conditions
for the fundamental harmonic in afiber are fulfilled. In
the transverse direction, the Sommerfeld radiation con-
ditions for al the components of the electromagnetic

field E and B are satisfied: lim{ r(ky, + y,/ar)} = O,
r - o

For silica glass, from which optical fibers are pro-
duced, the nonlinear response timeis Ty, ~ 10 s[7].
Generaly, the pulse duration T, can be comparable
with the nonlinear response time Ty, . In a fiber along
which the pulse propagates, the nonlinear response is
usually small as compared to the linear one. Hence, the
optical nonlinearities can be approximated by expand-
ing the polarization vector in series in the electric field
strength,

P = PL+Pu, 1
where Py, < P..

For silica glass, the largest contribution to the non-
linear response comes from the term proportional to the
third power of the electric field strength,

00

P(r,t) = J’dtlxl(r,tl)E(r,t—tl)
0

00 00 00

+II_Idtldt2dt3X3(r’ ty, t, t3)E(r, t—t,) 2

000
xE(r,t—t; —t,)E(r, t—t, —t, —t3).

The electromagnetic field of a pulse propagating
along an optical fiber satisfies Maxwell’s equations for
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714
adielectric,
O0xB = 1'66—? O =0,
3
10B _
OxE = oot OmB =0,

and the constitutive equation D = E + 4P = £ E.

From set (1)—(3), we obtain the integrodifferential
equation for E:

0%E - 0OQ DE)—la—E 4no” iy (4)
¢’ at® ¢ ot’

By virtue of the equation [OD = 0, we have & LE +
(0€) CE = 0. We ignore the polarization effects and
assumethat |€ (LI E| > |(O€) CE|;i.e., I E =0. Then,
from Eq. (4), we obtain

_lam
Jr- 120

where

_ 4 9°
C” S+ RJEDE, (9

00 00 00 00

X1 = J-dt1X1(ra t), Xs= IJ-J-dtldtZdt3X3(r! ty, to, t3)

0 000

aretheintegral operators.

We separate out the second derivative with respect
to the longitudinal coordinate in the Laplace operator,

0% + 0%/922, and multiply Eq. (5) by the complex con-
jugated value E* and the complex conjugated Eg. (5)
by E and, then, subtract these equations from one

another. After integrating the equation obtained over
the cross section, we arrive at

O
Hds[(E* [D%E - E [D2E*)
O

9> 19°
+|E* [s— —=—8&F 6
[ ES)ZZ c?ot? ©)
—E@% _19 }E=a
cat 0

where € = 1+ 41y, + 41X3 E|*

Taking into account the Sommerfeld radiation con-

dition
Iim[r@E+iEE} =0
oo Eb or
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and the second Green's formula, we find that

J’J'dS(E* [(12E — E [(3E*)

=fd|g§* D(%E—E%E*Ezo

at L — . We represent the electric field vector in the
form
E(r,t) = e(rp)Z(zt)

and substitute it into Eq. (6). Then, taking into account
that Z* # 0, we arrive at the equation for Z(z, t):

0 10°, _4md’
57 o T[ (0‘12+0(32|Z|) (7
where
"
L= o jdrrxl(rm)|e<rm>|%
0
Sl’d¢fdrr|e(rm)|%
0

" %
EJ ¢J’d”X3(fu)|9(ru)| le(rp)|
0

x O d¢ drr|e(rD)|% )
Jauret

We apply the method of slowly varying amplitudes
[7, 8] to analysis of the pulse dynamics in an optical
fiber. In this method, the complex amplitudes A(z, t) of
the pul se field components (envelopes) are assumed to
slowly vary in time and along the longitudinal coordi-
nate as compared to fast oscillations at the fundamental
harmonic

Z(z,t) = A(z, t)exp[i(wt —B2)]. (8

We expand the slowly varying amplitude A(z, t —t,)
inaTaylor seriesin the t; variable (the relaxation time)
about the current time t:

(-t)” tl) 0"A(z t) t)

ot" ®

A(zt—t) = A(z t) + z
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Taking into account Egs. (8) and (9), we obtain
a,Z

"’—ﬁ} (10)
oe 01

= {0(1(21 We)A + Z %a—mal(z’ Wo)

o™

x exp[i(wot —B(wp)2)],
where

00

04,(z, wy) = J'al(z, t,) exp(—iwpt,)dt;.

For the real frequencies, the function a,(z, w,) has
no singularities[9]. Analogously, we expand the slowly
varying amplitudein seriesint,, t,, and ts:

égz|2|2
2
= [O‘S(X, OOO)A|A| —i z 00(3(2 000) 0AlA|
e, 90 (12)
9°05(z, ) O’AIA”
2' z:l.mzl a(*‘)ka(*-) Wy = Wy 0'[2

x exp[i(wot —B(w)2)]-

Let us consider a pulse with aduration much longer
than the nonlinear response time of silica glass (T, >
Tno)- Then, the nonlinear response of the medium can
be regarded as inertia-free and the response function
can be represented as a product of deltafunctions,

Xa(ts, to, t3) = X3(0)d(t,)d(t,)d(ts);

i.e., we can retain only the first term in expansion (11).
We ignore the dependence of the fiber permittivity on
the longitudinal coordinate. In this approximation, the
equation for the electric field amplitude in asilicafiber
takes the form

@ 19 d 19, Ho
6_2__2_2_'2806 — 120 26t 0= B
zZ cot (e
2 - (=i)m"
= ‘l? alg——2+|2a1mog—alw§+ LLI)_____O‘El
¢’ ot ot L omogy

am+1

m
+i20, 2‘3—5} A+a2l (1)

— W
at™ 1t oty c

20°A , JOA”, LOAIA®
*gA 6t2+A ot® 25t ot

3IA®
ot

20A

+ |2w0|A| + 120 A—— ooﬁAlAlZEr
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Fig. 2. Pulse envelope at y = 1.

Equation (12) describes both linear dispersion (the
terms ~0™Ma,0mA/0w™ot™) and nonlinear effects, such as
the breaking of the amplitude envelope (the term
~A|A]%) and its perturbations (the nonlinear terms with
time derivatives of the amplitude).

DYNAMICS OF THE PULSE ENVELOPE

Let usfind the solution to Eqg. (12) for the envelope
of a pulse with given parameters in the cross section
z=0in the linear approximation, assuming X3 — O.
The frequency spectrum of the pulse with an amplitude
At)atz=0is

F(w) = I Ay(t") exp(—iwt')dt'. (23)

Taking into account that harmonic waves propagate
in alinear medium independently of each other, we will
seek a solution to the equation for the longitudinal fac-



716

1.0

1 0.6

0.4

0.2+

1
-0.2 0.2 0.6 1.0
V4

1
-1.0 -0.6

Fig. 3. Longitudinal profile of the pulse energy density:
(1) Gaussian pulse, (2) bright soliton, and (3) dark soliton.

tor Z(z, t) as a superposition of the harmonics
F(w)exp{ifwt —B(w)Z} [7, 8]:

00

Z(z,t) = %TJ’F(w)exp{i[wt—B(w)z]} dw. (14)

We substitute expression (13) for the spectrum into
Eqg. (14) to arrive at the expression for Z(z, t) with
allowance for the boundary conditions:

220 = 5[ [AdlD)

—00 —00

x exp{i[w(t—t)—-B(w)z]} dt'dw.

The solution to Eg. (15) can be obtained in a closed
form by calculating the double integral with allowance
for the exact dispersion law 3 = B(w).

Let us consider the dynamics of a relatively long
pulse with a smooth front. We assume that the width of
the pulse frequency spectrum Aw isfairly small. Then,
the approximate solutions for Z(z, t) can be found by
expanding the propagation constant in a Taylor series
about the carrier frequency wy:

B(w) = B(wp) + P
0w

(15)

(0—wy)
0= 0

16
+}ﬂi (16)

5 (W—wp)°+ ...
ow

W= w,

Substituting series (16) into Eg. (15), we obtain
expressions for Z in the first, second, etc. approxima-
tions of dispersion theory in accordance to the terms
retained. After taking the inner integral over w and,
then, theintegral over t', we arrive at the solutionsin the
corresponding approximations of dispersion theory. In

V. DZEDOLIK, A.Il. DZEDOLIK

the second approximation of dispersion theory, we
obtain the following expression for Z:

0 00

Z(z1) = %1 [ [ Adt)ep(iwonar

w exp| B - 2B Fco )~ LB (o )’ | P
exp%{B soAe- @) -5 Sae-w) | B

x d(w— o) expli(wot — B(wp)2)]

= A(z t)exp[i(wot — Bo2)] .

If aGaussian pulseisinitially frequency modulated,
its envelope at z = 0 can be represented in the form
[7,8]

Ay(t) = exp(—t°ITo—iwvt?). (18)

When the frequency parameter is positive (v > 0),
the frequency decreases toward the pulse trailing edge
(Fig. 1); inthe opposite case (v < 0), it increases toward
thetrailing edge.

Substituting expression (18) for Ay(t) into Eqg. (17),
we obtain the envelope of a frequency-modulation
pulse in the fiber core in the cross section z

1
A(zt) =
[(1-y2)*+ 21"
O (t—zLp/vy)? O 9
X o9 exp{id},
STy e
where
(t=zLo/v)’[z(1+y)=y] 1_ [ 7z
9 = 9 —Zarct el
To(1-y2)*+ 7] 2Ty

is the correction to the pulse phase, y = vooOTS is the
initial frequency modulation depth, z = Z/Lyisthe nor-
malized fiber length, Ly = T3/4D is the dispersion
length over which the pul se duration increases by afac-
tor of /2,

_ 10
290
is the dispersion factor, and v, = (0B/dw) ™.
Figure 2 shows the dynamics of the amplitude |A| of

a frequency-modulated pulse propagating in the fiber
core for y = 1 [see Eqg. (19)]. The pulse amplitude

increases over the normalized distance z = 0.5, on
which the pulse undergoes compression in the normal-
ized time 1y = (t — zLp/v,)/T,. After passing the point
of maximum compression, the pulse spreads out. The
rate of the pulse envelope deformation increases with

D
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increasing the coefficient y. For example, at y = 10, a
pulse with initial frequency modulation is not com-
pressed at all.

Fory=1and D >0 (normal dispersion), theduration
of afrequency-modulated pul se propagating in the fiber
core, 2T = 2T [(1 —yz/Lp)? + (ZLp)3 Y2, hasaminimum

at the distance z,;, = yT5/4D(1 + y?). Therefore, in a
linear medium, the frequency-modulated pulse is
“focused” in time. Due to compression, the pulse
energy density increases, so that nonlinear effects can
come into play if the energy density reaches a level at
which therefractiveindex beginsto depend on the el ec-
tric field strength.

BRIGHT AND DARK SOLITONS

Let us consider in more detail the effects of linear
dispersion and the nonlinear breaking of the amplitude
envelope, ignoring other processes. We go over to the
frame of referencerelated tothepulse (( =zand 1=t -
Zlv, where v = const) and switch to the new variablesin
Eq. (12). The velocity of the moving frame of reference
can be found by equating to zero the coefficient by the
first derivative with respect to T in the equation
obtained:

v = 5 Bo 5 . (20)
wo(1 + 41a,)/c” + 21( of/c”) /0w

It follows from (20) that the velocity of the new
frame of reference is determined by the frequency of
the fundamental harmonic wy, and the dispersion of the
dielectric susceptibility of the fiber core da,/0w. We
write the equation for the pulse amplitude in the form

A A 0A
blg + b2 a.[Z a + b3A + b4A|A| O, (21)
where
-1
bl - ZBO!
b, = —= C—2—1 Ama +8mq)a +2nu§
2 2B,c’| v? ' 0w 6000
weo(1+4toy)/c’— B 210,00

b3: b4=

ZBO BOCZ .
When the rate of dispersion spreading is exactly

equal to the rate of the nonlinear breaking of the ampli-
TECHNICAL PHYSICS Vol. 47
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Fig. 4. Wave surface of a bright soliton.

Fig. 5. Wave surface of adark soliton.
tude envel ope, we can find the steady-state pul se shape
[7] assuming that

A(z 1) = A(T)exp(~iT 2). (22)

Substituting expression (22) into Eg. (21), we arrive
at the equation

gd—A = hA—A 23)
dt
where g = b,/b, and h= (b, + I —by)/b,.
In the given approximation, for (dA/dT)O =0,g>0,

and h > 0, we obtain a solution to Eq. (23) in the form
of abright soliton,

A(T) = ——-[-2-—@-—. (24)

The pulse intensity (I ~ VAZ) is proportional to
2vh
[(1-y2)*+2 ™"
0 2(t-2zslp/v,)’ E 1
0 To[(1—yzs)® + A0 cosh’ (J/h/gr)’

where z, is the fiber cross section in which the soliton
forms.

IO
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If g<0and (dA/dt), =N /2]g] , then the solution to
Eq. (23) hasthe form of akink wave,

A(t) = JhtanhC -z-raxg (25)

at A* <horan*antikink” at A’ > h. In the latter case,
the field intensity is proportional to

vh
I O
[(1-y2)*+2 ™"
- 2
X ex 4 f(t_ZSLDlzvg)ZD[l— : 1 }
O Tol(1-yzg)™ +ZJ0 cosh”(/h/2[g|1)

In the center of the kink or antikink (at T = 0), the
amplitudeis zero; i.e., adark soliton isformed [1, 3, 7-9].
The parameter g depends on both the first and second
frequency derivatives of the dielectric susceptibility,
i.e., on the sign of the dispersion and on the nonlinear
properties of the fiber (x3).

A steady-state pulse (soliton) in afiber has the form
A(zt) = A(t-2z/v)exp{i[wet—(Bo+ )2}, (26)

where A(t — Zlv) is described by expression (24)
or (25).

We denote the pulse duration by 5= ./|g|/h. Then,
we can express the soliton amplitude A, and the propa-
gation constant I" in terms of the duration. Solving the
equation for I',

bl ?+ T —by—b,/12 = 0,

we obtain

(A 2Bqb
I = oz | 1+ dmay) + 20

S

E—Bo"'ﬁ-

For the pulse amplitude, we have A, = /h =
bl bATé . We will describe a soliton pul se propagating
along afiber by the expression
Az t) = At—zIv)expli(wt=T2)].  (27)
The soliton velocity, phase, and amplitude depend
on the type of dispersion in the fiber:
0 da, d°a
Gr—=— —50
0 0w’ gw’D
The soliton amplitude and phase also depend on the
soliton duration (Tg).

V. DZEDOLIK, A.Il. DZEDOLIK

Figure 3 shows the longitudinal energy density pro-
files for a Gaussian pulse, W ~ exp(—2t%/T}); a bright
soliton, W~ cosh_z(—r/rs); and a dark soliton, W ~

exp(—2t%/ TS )N1- cosh_z( —1/19)]. The wave surfaces of
the pulses are shown in Figs. 4 and 5.

We assume that the soliton forms from a pulse
excited on one of the modes of an optical fiber with a

parabolic refractiveindex n = /e, (1 - 2AR2) [10]:
P = wexp(—w/2) Ly (W)A(z 1)
x exp[i(ot —Boz+3(z 1) +klP)],
where w = VR?, R = r/p, V 2 = 2p?(wy/C)%€ A, p isthe
coreradius, and Ly (W) (N=0, 1, 2, ...) is the general-
ized Laguerre polynomial.

When the mode azimuthal index | is not zero, the
real and imaginary parts of the pulse electric field are
both zero on the fiber axis and the phase is indefinite at
r = 0. In this case, a nonsteady optical vortex over the
pulse length ~tgis formed. A nodal line formed by the
singular points of the electric field moves along the
fiber axis. Thus, both the bright and dark solitons
formed from a single pulse are nonsteady optical vorti-
ces, whose axisisthe nodal line. The vortex axis can be
regarded as a string (see, e.g., review [11]). Moreover,
the dark soliton has one more singular point in its cen-

ter; thus, for a dark soliton, the field singularity on the
axisis doubly degenerated.

(28)

DISCUSSION

Let us estimate the optical fiber length over which a
Gaussian pulse with initial frequency modulation
(y=1) and an intensity lower than the threshold one

(I~ VA5 < vA®) evolves into a soliton. At v, = v,
g>0, and h = 1/2, the compression of a frequency-
modulated Gaussian pulse in the linear regime results
in the formation of a bright soliton over the length z =
Lp/2. For apulsewith Ty=10"?sat y=1and 3?p/0wy =
10-%6 2/m, the fiber length over which the bright soliton
formsis z = 25 m. If the intensity of the compressed
pul se exceeds the threshold value for soliton formation,
then the Gaussian pulse spreads out after passing the
point of maximum compression [7]. At g < 0 and

(dA/dt), = W./2]g, al other parameters being the
same, a dark soliton can be formed over a fiber length
of z=25 m provided that h= 1.
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Abstract—Thin (<0.5 um) gradient SIO,/Ti coatings with alow coefficient of specular reflection (<1%) in the
visible part of the spectrum are obtained by thermal evaporation in vacuo. The optical parameters and the dis-
tribution of the components across the coating are studied. The optical properties of the gradient layersaresim-
ulated, and the results of simulation are compared with experimental data. These coatings can be used in fabri-
cating black (light-absorbing) matrices for cathode-ray tubes and flat-panel displays. © 2002 MAIK

“ Nauka/Interperiodica” .

INTRODUCTION

Light-absorbing (black) matrices arewidely used in
modern cathode-ray tubes and various flat-panel dis-
plays. In matrix screens, the space between pixels is
filled with a black coating which absorbs environmen-
tal light and the radiation scattered by adjacent pixels.
The absence of the optical background improves the
image contrast.

The coatings used in black matrices must have low
coefficients of diffuse (Ry) and specular Ry, reflectionin
the visible part of the spectrum (R < 1%), be opague
(optical density D > 3-4), and offer a sufficiently high
conductivity. In addition, the black coating in modern
flat-panel displays must be of a submicron thickness.
Low reflection, high optical density, and submicron
thickness are impossible to combine in homogeneous
coatings. For example, for the reflection from the coat-
ing—screen glassinterface to be low, the refractive indi-
ces n of the coating and the substrate must differ insig-
nificantly and the absorption coefficient k must be low.
However, the optical density of a submicron coating
will below if kishigh. Thisproblem can be solved with
the use of multilayer or gradient films whose composi-
tion (hence, optical properties) varies in the direction
normal to the substrate. Gradient coatings for the black
matrices can be applied by various technigues. Among
them are controllable vacuum evaporation of two com-
ponents from two evaporators [1] and rf sputtering of a
metal (Me) in avariable-composition atmosphere[2] to
form MeO—Me coatings. One more way suggested by
us for applying SIO—Cr insulator—metal coatings [3]
consists in vacuum evaporation of the component mix-
ture from asingle evaporator. Because of adlight differ-
ence in the temperatures of evaporation for SiO and Cr,

the process conditions can be selected so that the com-
position of the resulting gradient layer varies gradually
from SiO to Cr. Such coatings provide desired optical
and electrical properties at thicknesses from 0.3 to 0.6
um. Unfortunately, the process of chromium vacuum
deposition and subsequent lithography of the coating
are not environmentally safe.

In this work, we study the properties of chromium-
free gradient insulator—metal coatings for matrix pan-
els.

SIMULATION OF OPTICAL PROPERTIES
OF GRADIENT INSULATOR-METAL COATINGS

To make use of the single-evaporator method, it is
necessary to take a pair of components that have close
temperatures of evaporation in vacuo. As an insulator,
we took silicon monoxide, because good SiO, layers
(x=1.2-1.3in our experiments [4]) can be obtained by
thermal evaporation in vacuo. Maoreover, the refractive
index of thermally evaporated SiO, films differs from
that of panel glasses only dlightly and the coefficient of
absorption in the visible part of the spectrum is low.
Along with Cr, which was used as a metallic compo-
nent in our early experiments, one cantry Fe, Ti, Co, V,
and Ni. The temperatures of evaporation of Mo, Ta,
amd W exceed that of SiO insignificantly. However, in
the molten state, these elements vigorously react with
the conventional materials of resistive evaporators,
therefore, SIO,/Ti gradient coatingswere studied in this
work.

The coefficient of specular reflection is the basic

optical property of ablack coating. Let us calculate the
value of R for a SIO/Ti heterogeneous layer in which
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the composition and the optical constants n and k vary
from those typical of SiO, to those of Ti. Figure 1
shows the cross section of the gradient layer (medium
2) on a glass substrate (medium 1) in air (medium 3).
Let aradiation of intensity |, be incident from the side
of medium 1 normally to the surface. We partition inho-
mogeneous layer 2 by planes parallel to the substrate
into N quasi-homogeneous layers of the same thickness
Az =z /N. It is assumed that each jth layer hasits own
complex refractive index (the medium is nonmagnetic)

N, = n;+ik;.

We adopt that the first layer (0 < z < z;) consists of
SiO, and one or several of the last layers (z, < z< z,)

consist of Ti. The distribution of ﬁj in the intermediate
region (z; < z< z,) isarhitrary.

The reflection and transmission in such a structure
are most convenient to simulate with the Abeles matrix
theory, which is presented for insulators in [5] and
inhomogeneous absorbing structures in [6]. Abeles
showed that the amplitude coefficients of a planar wave
at the boundaries of a homogeneous layer can linearly
be related through the characteristic matrix. Under our
assumptions, the characteristic matrix of thej layer has
the form

cos —n A% —st?"ﬁ A%
M; = (1

£l A% cos ﬁ A%

The matrix of the entire structure is found by multi-
plying the matrices for the homogeneous layers:

—iﬁjsm

My My

)

My My,

The amplitude reflection and transmission factors
(r andt, respectively) can be expressed through the ele-
ments of characteristic matrix (2):

_ (my; + mpng)ng — (My; + Myon,)
(Myq + Mypn)Ng + (My; + Myny)’
2n

t = g :
(my; + mpng)Ng + (My; + Myn,)

©)

where ny and n, are the refractive indices of the glass
and air, respectively.
Finally, the energy factors of reflection and trans-

mission are given by the amplitude factors multiplied
by their complex conjugates:

n
T = 2tt*. 4

R =rr¥;
ng
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Fig. 1. Cross section of gradient layer 2 on the glass sub-

strate 1. ng, refractive index of the glass; n,, refractive index
of air.
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Fig. 2. Spectral dependence of the specular reflection coef-
ficient R at the interface between the glass and the SIO,/Ti
gradient layer. z,,—z =150 (1), 250 (2), 350 (3), and 1000 nm
(4). N =200. nand k vary linearly with layer thickness.

Figure 2 shows the simulated wavelength depen-
dence of the reflection from the glass/inhomogeneous
SIOJ/Ti multilayer structure in the visible range. Cur-
ves 14 correspond to different thicknesses of the gra-
dient region (z,, — z;). The thickness of the metal layer
(zy — z,) was selected such that the transmission was

less than 1075. It should be noted that the metal layer is
unnecessary if the intermediate (gradient) layer ismore
than 250 nm thick, because the gradient layer aone
provides the desired optical density in this case. In the
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Fig. 3. Spectral dependence of the specular reflection coef-
ficient R at the interface between the glass and the SIO,/Ti
gradient layer. Designations arethe same asin Fig. 2. k var-
ies exponentially with layer thickness.
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Fig. 4. Specular reflection coefficient R at the interface
between the glass and the SIO,/Ti gradient layer vs. refrac-
tiveindex ny of the glass substrate. A =400 (1), 560 (2), and
700 nm (3).

simulation, we assumed that the optical constantsn and
k of the gradient layer vary linearly with thicknessfrom
the values typical of SiO, (near the substrate) to those
of Ti at the point z,. The optical constants for Ti were

INDUTNYY et al.

taken from [17], and those for thermally evaporated
SiO, were measured by the procedure described in [8].
In experiments, we used silicon monoxide from Cerac
Inc.; the refractive index used in the calculations was
that of BK7 glass (Schott Glass). As follows from
Fig. 2, the coefficient of specular reflection in the visi-
ble range depends markedly on the gradient layer thick-
ness. It is relatively high for small thicknesses, then
drops with growing thickness, and reaches a minimum
in the interval 450 < A < 650 nm at the thickness z,, —
z, = 350 nm. With a further increase in z,, — z,, the
reflection varies insignificantly and slightly increases
only at z,,—z; = 1000 nm throughout the spectral range.

In the real gradient coatings, the optical constants
may vary nonlinearly in the intermediate layer. In [3],
we studied the distribution of the optical constantsin an
inhomogeneous black SiO/Cr layer. It was found that
therefractiveindex in thislayer varieslinearly fromthe
value for SiO to that for Cr, while the absorption coef-
ficient is well approximated by a power law with an
exponent of about 4.5 or by an exponential. It should be
noted that the refractive index of such structures varies
within a narrow interval, especialy in the short-wave
range (at A = 400 nm, n for SIO;, equals 1.9 and ny; =
2.1, while k varies from 1.4 to 2.95); hence, the optical
properties of the layer are controlled largely by the gra-
dient of the absorption coefficient.

Figure 3 shows the spectral dependence of the
reflection from the SIO/Ti structure when the refrac-
tiveindex varieswith thicknesslinearly and the absorp-
tion coefficient varies exponentialy. As for the linear
dependence of k, R decreases with increasing z,, — z;
and isminimal in thevisible range at asomewhat |esser
thickness of the gradient layer, z,, — z; = 250 nm. As
Z,, — z; grows further, R remains virtually unchanged.
The minimal value of R in this case (R, = 0.008) is
2.5times as large as R,,,, for the case when both con-
stants vary linearly with thickness.

The reflection from the transparent substrate—-gradi-
ent film interface must also depend on the differencein
the optical constants at the interface (in our case, at the
interface between SiO, and the substrate material). Fig-
ure 4 shows R vs. refractive index of the substrate for
several wavelengths from the visible range. The optical
constants vary linearly with the gradient layer thick-
ness, and the optimal value of z,,—z; is 350 nm. Asfol-
lows from Fig. 4, R< 0.01 throughout the visible range
when the refractive index liesin theinterval 1.50< n <
1.75, that is, when it is somewhat lower than that of
SiO;,. A similar result is obtained for the exponential
distribution of k across the gradient layer, but the opti-
mal value of the refractive index of the substrate hereis
higher: 1.6 <n< 2.0.

Thus, the results of simulation indicate that the
spectral dependence and the value of the specular
reflection at the interface between the transparent sub-
strate and the inhomogeneous (gradient) SiO,/Me film
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Fig. 5. Distributions of Ti and Si over the SIO,/Ti cross sec-
tion. The origin is at the coating—air interface.

are specified basically by two factors: the thickness of
the variable-composition region and the difference in
the refractive indices of the transparent substrate and
the SIO, film. The value of R aso depends, though to a
lesser extent, on the variation of the optical constants
with gradient region thickness. However, given the
properties of the substrate and z,, — z;, the minimal
value of the reflection coefficient can be varied in a
wide range by varying the optical constant distribution
law.

EXPERIMENTAL

Samples used were prepared by thermally evaporat-
ing in vacuo (residua pressure 2 x 102 Pa) aSiO + Ti
powder mixture from a single evaporator on a glass
substrate or cathode-ray tube panel. The temperature at
which Ti is vigorously evaporated in vacuo is slightly
above that of SiO. Therefore, when the temperature of
the evaporator is smoothly raised, first SO sublimates
and is deposited, then SiO and Ti are codeposited, and
finally Ti alone is deposited. Varying the evaporation
conditions (rate), aswell asthe weight and composition
of the charge in the evaporator, one can attain a desired
distribution of the components and thickness of the
black layer. During the deposition, the thickness of the
layer was monitored by a KIT-1 quartz meter. After the
deposition, it was measured with an MI1I-4 microinter-
ferometer. The thickness of the layers studied was
between 0.3 and 0.6 um. The depth profiling of the
component atoms was accomplished with aVG Micro-
lab 310-F Auger spectrometer. The reflection of the
normally incident light was measured with aKSVU-23
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Fig. 6. (1) Spectral dependence of the specular reflection
from the glass substrate with the SIO,/Ti gradient layer
measured from the side of the substrate. (2) Reflection from
the air—substrate interface. (3) Calculated specular reflec-
tion from the SiO,/Ti coating measured from the side of the
substrate (the Maxwell-Garnett effective medium model
with the gradient of the metallic phase).
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Fig. 7. Spectral dependence for the coefficient Ry of diffuse
reflection from light-absorbing (1) SIO,/Ti and (2) graphite
coatings.

spectrophotometer; the diffuse reflection at an angle of
incidence of 45°, with atest bench (Samsung SDI Ltd).

Figure 5 shows the distributions of Ti and Si across
the 330-nm-thick SIO,/Ti coating obtained. The thin
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Fig. 8. Fragment of the SiO,/Ti-based black matrix on the
screen of the cathode-ray tube. The hole diameter is 110 pm.

layer near the coating—substrate interface consists
almost totally of SiO,: the concentration of Ti atomsis
less than 10%. At a distance from the substrate, the Ti
concentration grows and the outer layer of the coating
(about 90 nm thick) consists almost totally of Ti. The
variable-composition region is 240 nm thick, and, as
follows from Fig. 5, the metal concentration in it varies
with thickness nearly linearly. The optical density of
the thickness is more than 4, and its sheet resistance
measured by the four-point probe method is close to
30 Q/L1.

Curve 1 in Fig. 6 shows the spectral dependence of
the specular reflection coefficient Ry, of the coating
(conditions are the same as in Fig. 5). The reflection
was measured on the side of the substrate. In such a
measuring scheme, the reflection from the front surface
of the substrate R, (curve 2) isimposed on that from the
coating-substrate interface R. Thevalue of R= Ry, — R
issmall (=0.01) throughout the visiblerange; that is, the
coating is achromatic and effectively absorbs the inci-
dent radiation.

Figure 7 demonstrates the spectral dependence of
the diffusion reflection R, for the coating applied on the
cathode-ray tube panel (curve 1). For comparison, the
diffusion reflection for a standard graphite coating is
also plotted (curve 2). It is seen that R, for the black
insulator—metal coating is one order of magnitude less
throughout the visible range and does not change after
thermal heating at 450°C for 1 h, which is used in the
fabrication of cathode-ray tubes.

DISCUSSION

From Auger spectra recorded after the variable-
composition coating had been argon-etched, we found
the distribution of the metal atoms across the depth. In
these calculations, the distribution of the optical con-
stants n and k over the cross section should be used. To
derive an accurate relationship between the metal con-
centration and the optical constants, it is necessary to
know the chemical composition and structure of the

INDUTNYY et al.

layer. Upon the evaporation, Ti may combine with sili-
con to form silicide nanoinclusions, which change the
composition of the matrix or enter into the matrix as
metallic inclusions. The fraction of Ti agglomerated
increases with its concentration, as demonstrated by
measurements of the SIO/Me composite resistivity asa
function of the metal concentration [9].

Let us assume that a gradient SIO/Ti layer repre-
sents, in the first approximation, a two-phase amor-
phous SIO,/metallic Ti structure in any cross section.
Such an approach was adopted in [10] to describe the
optical properties of SIO,/Ag(Au) composites over a
wide range of concentrations (10-90%). Asin[10], the
effective optical constants of the SiO,/Ti compositewill
be analyzed in terms of the Maxwell-Garnett effective-
medium theory. Since neither the sizes nor the shapes
of the inclusions in the two-phase structure are known
(moreover, they may be concentration-dependent), we
will use the Maxwell-Garnett formula for spherical
inclusions and assume that the optical constants of both
phases do not depend on the inclusion size. Thus,
knowing the optical constants for SIO, and Ti and tak-
ing into account that the component atoms are distrib-
uted in the two-phase structurelinearly (Fig. 5), onecan
calculate the distribution of the optical constants of the
SIOJ/Ti structure over the cross section of the layer

deposited. Substituting the functions i, (z) into formu-

las (1)—(4) yields the distribution of the specular reflec-
tion coefficient (curve 3in Fig. 6). Unlike Figs. 2 and 3,
here the reflection from the front boundary of the sub-
strateistaken into account. In the visiblerange, the cal-
culated and measured specul ar reflection coefficients of
the glass substrate are seen to agree well; hence, the
assumptions made are valid.

Usually, black matrices based on graphite coatings
are fabricated only with lift-off photolithography,
because chemical etchants for graphite are absent. The
insulator—metal black matrices can be fabricated by the
direct photolithography method. This method was
employed in this work to prepare the SiO/Ti black
matrices. The basic process stepsin their production are
the following.

(1) Application of a SIO,/Ti black coating on the
inner surface of a 17-inch cathode-ray tube panel by
thermal evaporation in vacuo. Thiswas made on astan-
dard vacuum station for panel aluminizing. The unifor-
mity of the coating thickness was £7%.

(2) The application of an AZ-HKT-501 positive pho-
toresist layer by spinning. The rate of rotation of the
tube panel was 246 rpm.

(3) Photoresist drying, exposure, and devel opment.

(4) Curing of the protective mask and etching of the
black layer.

(5) Removal of the protective mask.

A fragment of the SIO/Ti black gradient matrix is
shown in Fig. 8. It has been found that these matrices

TECHNICAL PHYSICS  Vol. 47

No. 6 2002



GRADIENT LIGHT-ABSORBING SiO,/Me COATINGS

offer anumber of advantages over graphite ones: alow
coefficient of diffuse reflection (one order of magnitude
lower than that of a graphite matrix), excellent physic-
ochemical properties (e.g., high mechanical strength
and high adhesion) and their stability against thermal
and chemical treatments, extremely low hygroscopicity
and the absence of gasrelease, and high reproducibility
of the coating properties.

The use of direct photolithography makesit possible
to apply our process for fabricating black matrices
intended for flat-panel displays (for example, for LCD
filters).
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Abstract—A model of double synthetic aperture based on Multiskan photodetectors is suggested. The model
aperture makes it possible to locate and track the illuminance boundary of aweak optical signal in real time.
With such an aperture, the boundary position can be found by integrally measuring the median of the photocur-
rent distribution for the modified signals. © 2002 MAIK *“ Nauka/Interperiodica” .

The problem of locating the faint optical boundary
between two mediais central to the practice of optical
data processing. Difficulties arise, for example, in
locating petroleum spots on the sea surface [1, 2], as
well as the sea shelf and ocean currents [3]. This prob-
lem is also of great importance in the area of environ-
mental protection, where the concentration of various
gases is measured with gas-analyzing indicator tubes
[4]. Here, the location of the optical boundary is diffi-
cult because of high spatial inhomogeneities.

In practice, the optical boundary (front) is located
by differential methods: from the position of the peak
of the signal first derivative, from the position of the
point where the signal intersects a (fairly arbitrarily)
preset level, or from the position of the zero of the sec-
ond-order derivative. All these methods suffer from the
same disadvantage: the need for differentiation with
respect to time. When both the first and the second
derivatives of the signal are used, the position of the
front depends on its shape and, especially, on the noise
level. If the position isfound from the point of intersec-
tion, the location accuracy depends on the stability of
this level, variation of the constant component of the
optical distribution, contrast ratio, and the width and
shape of the transition region. That is why the location
accuracy for the optical boundary of weak signalsinthe
presence of noise (i.e., under real conditions) is low,
within 5-50% [1, 2].

Refractometry methods, where four-quadrant pho-
todiodes are used as position detectors, provide the
highest accuracy [5]. However, in this case, too, the
degree of discrimination of two media with close
refractive indices isinsufficient.

In a number of works, it has been shown [6, 7] that
optical distribution parameters can be found with ahigh
accuracy by using integral methods of image process-
ing. In this case, the coordinates of image informative
signs are integrally estimated from the positions of the
optical signal medians and by calculating sets of quan-

tiles or integra moments of the signals. According to
published data [8], the distribution median adequately
estimates the position of spatially localized optical sig-
nals. An advantage of the integral methods is the full
use of the input energy and noise integration over nar-
rower space and time domains, because thereisno need
for scanning the entire range of optical signal distribu-
tion. For example, the integral estimation of the posi-
tion of alight source locates its median with an accu-
racy of 0.02-0.002% of the field of vision [7].

The transition from scanning methods to integral
functionals implies the use of photodetectors that can
implement the integra method of signal conversion
throughout the interval where the signal distribution is
defined. Today, an integrated coordinate Multiskan
photodetector [9] is the only device satisfying these
requirements.

A Multiskan photodetector is a silicon structure
consisting of an array of back-to-back-connected pho-
todiodes. The diodes are under a linearly distributed
potential when a dc voltage is applied to a resistive
divider. The operation of a Multiskan as a variable-
aperture device that forms an integral signal takes
advantage of its integral aperture characteristic. The
position U, of itsinflection point depends on the poten-
tial of the resistive divider and the output potential in
such a way that the photocurrent from the Multiskan
output is given by [9]

L
X—&

I=0(J’f(x)tanh ry dx
0

X

or, in terms of the applied voltage,

E

| = BJ’f(u)tanh

U_UO

du. Q)

u
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Here, L is the length of the Multiskan photosensitive
layer; &, spatial position of the inflection point in the
aperture characteristic; E, voltage applied to the resis-
tive layer; A,, aperture spatial width; A, aperture width
in terms of voltage; a and 3, proportionality coeffi-
cients (hereafter, a = 3 = 1); and f(x) and f(u), optical
signal distribution in terms of coordinates x and u,
respectively.

For an optical signal, the determination of the illu-
minance front with the integral method poses funda-
mental difficulties, unlike the case of locating a local-
ized optical spot. When the front is faint, one usually
deals with optical distributions having a significant
density on both sides of a front to be located. In this
case, the position of the distribution medianisvirtually
independent of the optical front coordinate.

Theam of thiswork isto obviate thisdifficulty. The
problem of finding the position of the weak signal front
is reduced to the measurement of the median of the
modified signal. The modification is made by a set of
photodetectors having a double synthetic aperture.

Two-aperture synthesis is a signal processing
method whereby transformations equivalent to the
addition or subtraction of optical signals (with assign-
ing given weighting factors to them and introducing a
necessary spatia shift of the optical distributions into
these operations) are performed with one or several
photodetectors. Such modifications sometimes make it
possibleto find the coordinates of theinformative signs
of theinitial distributions from the integral characteris-
tics of the signals modified.

Previoudly, the method of double synthetic aperture
was aimed at improving the location accuracy of Mul-
tiskans in the presence of intense background illumina
tion [10]. However, the problem of locating the optical
front has the specific features noted above, which
require a radically different approach to be employed.
In this case, it is necessary to transform the initial dis-
tribution so that the position of the median of the new
distribution is directly related to the position of the
front. Clearly, the desired integral procedure must be
capable of revealing this differential sign without scan-
ning the interval where the illuminance function is
defined and without subsequent signal filtering and
smoothing.

The integral methods of signal formation alow the
location of informative signsin the tracking mode; that
is, the entire time of observation t' is completely spent
on the valid signal formation. It isin this sense that the
term “real-time operation” is applied to these methods.

For the system to operate in the tracking (real-time)
mode, it is necessary that an informative sign (optical
front coordinate in our case) be found not by scanning
the entire realization. Instead, it must be formed as a

. 0 . . .
continuous current value U o, Which is automati-

cally set up (within the interval £E) as a potential cor-
responding to the position of the front. For this purpose,
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one needsto relate the difference current | and the coor-
dinates (U, + €) and (U, — €) of the inflection pointsin
the Multiskan aperture characteristics. We will find the
control voltage U by integrating the Multiskan
instantaneous output current over time:

t

1
Ucontrol = EIIZdtv
0

where C is the capacitance of the integrator.

It is obvious that U, reaches the steady-state
value a | = 0. By definition, this corresponds to the
position of the optical distribution median. Thus, the

value of Ugom can be found from the condition Iy = 0.

This condition is the universal condition for finding
theoptical distribution median when the photodetectors
operatein real time. Since | isthe sum of the currents
I, and I, of two Multiskans, the value and the variation
of | depend on the law by which f(u) transformsinto I,
and |,. Namely, they depend on the relative shift of the
potentials across the Multiskan resistive dividers, posi-
tions of theinflection pointsin the aperture characteris-
tics, transconductances of the |-V characteristics, cur-
rent gains, and other parameters.

To track the illuminance front position with Multi-
skans, we adopt the following model of formation of
the currents |, and |,. Let two Multiskans (M, and M)
be placed in parallel along the mutual voltage axisu and
be shifted by Ax so that their limits of integration are
shifted relative to each other by somevaue t¢. Therel-
ative positions of the inflection points in the aperture
characteristics are defined by the potentials +¢ and —
applied to the mutual buses of M; and M, (Uoniror = 0)-

Then, the currents |;(Ugoira) @Nd 1o(Ugnirg) @€
given by
E+e

l, = J’ f(u)tanhmdu’

Ay
-E+¢
- o )
_ U—Unro + €
I, = J'f(u)tanh—Au du
—E-¢

and the equation for current balance has the form
E+e

J' f(u)tanhmdu

A,
-E+e¢
E-¢ U . (3)
- [ f(u)tanh el T €4, = o,
A,
=

Figure 1 depicts a connection diagram realizing a
double synthetic aperture where a spatial shift of Mul-
tiskans causes a shift in the supply voltages.
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Fig. 1. Connection diagram for Multiskan photodetectors
operating in the synthetic aperture mode for locating the
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Fig. 2. Results of analysis of the current balance equation.
Z, and Z,, Multiskan aperture characteristics; f(u), function
simulating the input distribution; and D, distribution of the
difference current 1, — I, over the illuminance front region.
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Fig. 3. Behavior of the currents |, and |, aswell as of their
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difference D, in the vicinity of the illuminance front.

When the Multiskans are identically illuminated by
the optical signal f(u), the value of Uy, Startsto vary
because of the difference photocurrent until the posi-
tions of the aperture characteristics relative to the input
signal become such that the total photocurrent van-
ishes.

Since such two-aperture synthesis is intended for
locating the optical signal front, we define f(u) as

f(u) = p+qtann®=2 (4

Here, the parameter b specifies the position of the front
in the interval +E and the parameter B specifies the
steepness of the front. The parameters g and p charac-
terize the illuminance drop and the constant component
of the optical signal, respectively. Then, Eq. (3) takes
the form

E+e b U ¢

u— U—U onrol —

J’ [p+qtanh 5 }tanh A, du
—E+e¢
E-¢ b U N (5)

u-— U—Upnrg + € _
J’ [p+qtanh 5 }tanh A, du = 0.
-E-¢

We will solve this equation for Uy, Setting the
front position parameter b = 5 for definiteness. The
other parameters are as follows: voltages applied to the
resistivedividers =+10V, shift € = 0.2V, width of the
transition region of the Multiskan aperture characteris-
ticA,=0.2V, optica front width B=0.02V, q=0.1,
and p (the parameter including the constant component
and optical distribution contrast) = 0.5.

Figure 2 reflects the results of analysis of Eq. (5) for
current balance. Shown are the function f(u), which
simulates the initial optical distribution for b =5, and
the aperture characteristics Z; and Z, of the Multiskans
M, and M,, respectively, which are shifted by a value
u=2¢ relative to each other. The curve D(Ugynio) =
[1(Ucontra) — 12(Uconna) demonstrates that the value

D(U %o ) = 0, Which isthe solution to Eq. (5), isat the

point uﬁml = b, which corresponds to the specified
position of the front within the given calculation accu-
racy.

The behavior of each of the curves |, and |, near
their intersection is shown in Fig. 3. The currents are
seen to have a single point of intersection; that is, the
solution found is unique. Let us consider the behavior
of the difference curve D and of the integra currents|;
and |, (Figs. 3, 4) in order to physically substantiate the
coincidence of the solution to Eq. (5) with the position
b of the optical front. In the regions where the curve
D(Uoniro) Saturates (on the right and on the left of the
inflection point), the difference |I; — I,| equals the sum
of the currents in the end portions shifted relative to
each other in the Multiskan space, i.e., in the portions
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from (-E—¢€) to (-E + €) and from (+E —¢) to (+E + €).
This saturation current will be denoted by Al. The con-
stancy of Al both on theright and on the left of the front
position indicates that the photocurrents from the Mul-
tiskans cancel each other in the interval from (—E + ¢€)
to (+E — €), where the inflection points of the aperture
characteristics Z; and Z, are beyond the front region.
The presence of Al causes U, t0 Vary and thus Z;
and Z, to move aong the u axis. When one of the char-
acteristics reaches the front position coordinate, an
extra photocurrent directed oppositely to Al arises due
to the difference in the illuminance on the right and on
the left of the front. As the characteristics move further
and become symmetric about the front coordinate, Al
vanishes, the process of charge accumulation on the

integrator J'is completed, and avalue of U Som,o, corre-
sponding to the front position forms.

Consider in greater detail the derivative
dD (U contro)/AU conror» Which clarifies how the variation
of theintegral differencel, — I, provides the passage of
the curve D through the zero. It is this derivative that
alows us to find the photocurrent distribution whose
median specifiesthe front position. Also, this derivative
illustrates how the optical front position (the differen-
tial sign of theinitial distribution that is the most stable
againgt variation of the front width and shape, as well
as against space-time noise[8]), can be found by using
the integral procedure of median finding.

Figure 4 shows afamily of curves dD(U .r0)/dU conral
for various front widths B. As B grows, the peak height
decreases and the curve broadens. However, the broad-
ening takes place much more slowly than the front
width Bincreases. Intheinterval B=0.2-2.0V (theten-
fold extension of the front), the effective value of the
difference aperture increases less than twofold. Thisis
associated with the properties of the Multiskan aperture
characteristics, which are close in shape to hyperbolic
tangents, whose difference rapidly approaches zero.

The shape of the curve dD(Umo)/AUconra 1S
severely affected by the shift € and the steepness A, of
the aperture characteristics. Both parameters define the
size of the spatial “window” produced by the Multiskan
aperture characteristics shifted relative to each other.
Within this window, the difference photocurrent isinte-
grated and theintegral procedure of locating the optical
front is performed.

Since the aperture characteristics are rather smooth
(the transition region width at alevel of 0.8 of the satu-
ration current is 0.4 V), alarge location error may arise
if biscloseto the interval extremes +E and —E.

Figure 5 showstherelative error A = (U Somro, —b)/b

throughout the interval £10V for the signal front width
B = 0.2 V. In the absence of noise, the location error is
within the given calculation accuracy over the entire
operating interval. At a distance of 0.5% from the
device edge, the accuracy improves to 1%. Asthe front
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Fig. 4. Run of the derivative dD(Ucgntro))/dUgonirol fOr the
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Table
N o
1.997 x 1073
2 1.239 x 1073
10 1.934 x 10

width grows, the error at the limits of the interval
increases and the region where the error falls into the
specified range shrinks.

The region of accurate calculation can be extended
by decreasing the parameter &. However, such a
decrease and thereby adecrease in the geometrical shift
Ax of the devices reduce the difference current
D(Uoniro)- 1N this case, the time of front location grows
and the location accuracy worsens.

A necessary estimate of the model suggested is the
stability of the solution against spatial inhomogeneities
and noise. For this purpose, we used a computer model
that imposes a random noise-simulating process on the
signal f(u). Our goal was to obtain a basic estimate of
the noise effect on the accuracy of the method and com-
pare the resulting accuracy with that of the conven-
tiona time scanning methods without considering the
noise spectrum.

The modd of the noisy signal F(u) is depicted in
Fig. 6. The signal-to-noise ratio was estimated from the
relationship between the illuminance drop and the
width of the noise track N. In model calculations, the
latter was set equal to 1, 2, and 10. For all the values,
the rms error o was calculated based on 100 samples
(seethetable).

For comparison with the conventional methods, we
calculated this error for N = 1 when finding the front
coordinate from the peak position of the first derivative
of F(u). The value of o obtained was equal to 8 x 1072,
or 40 times as |large as that in our integral method.

CONCLUSION

The use of a double synthetic aperture for locating
the illuminance front of a weak optical signal by the
integral method allows the following conclusions.

A combination of an electrical bias and a relative
gpatial shift of Multiskan photodetectors makes it pos-

PODLASKIN et al.

sible to elaborate a technique for locating a signal dif-
ferential signinreal time (tracking mode) without scan-
ning the interval where theinitial function is defined.

This technique provides a unique solution which
corresponds to the illuminance front position. This
solution does not depend on the front width and optical
distribution contrast. It offers a high accuracy over a
substantial area of the photosensitive layer of the pho-
todetectors.

The technigue reduces the effect of noise on the
location accuracy by integrating noise over the interval
2¢. For a signal-to-noise ratio of 1, the rms error is
2x107%8,

Thus, thiswork discoversthe high operationa func-
tionality of a Multiskan-based synthetic aperture.
Namely, it cannot only locate local signals but also
track the current position of the illuminance front of
optical signals.
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Abstract—Electrodynamic analysis of a disk dielectric resonator with finite-conductivity end faces that is
excited at the whispering-gallery mode is carried out. The inverse problem of determining the components of
the permittivity tensor of the anisotropic uniaxial crystal, loss tangent of the dielectric material, and surface
resistance of the conductor is formulated and solved. The frequency spectra and energy characteristics of a
Teflon disk resonator with copper-covered end faces are studied in the 8-mm wave range. © 2002 MAIK

“ Nauka/Interperiodica” .

INTRODUCTION

The advance into the millimeter-wave range sug-
gests the development of appropriate microwave
devices. The new-generation compact devicesare being
developed around disk dielectric resonators (DDRS),
which are well compatible with passive and active ele-
ments of hybrid circuits and offer a high Q factor (sig-
nificantly higher than that of metallic cavity resona-
tors). DDRs operating at lower oscillation modes are
used in stable centimeter-wave oscillators and filters.
Such resonators are made of high-permittivity (€ = 100)
insulators. It has been shown [1, 2] that low-permittiv-
ity (¢ = 2-10) cylindrical dielectric rods can support
slowly decaying azimuthal oscillations. These oscilla-
tions are generated inside the dielectric when waves
with high azimuthal indices n are incident on the side
surface of aDDR (with theradius of curvaturer) at the
angle of total internal reflection. The presence of the
caustic and an outside region where the field decays
exponentially provide a high Q value of the resonator.

Anomalously low attenuation was first observed in
acoustic waves traveling along the inner surface of an
annular gallery. That iswhy azimuthal oscillations that

occur when the condition K, < n < J/eKr, is met were
called whispering-gallery oscillations [3]. Here, k' =
w/c, cisthe velocity of light, and w' is the real part of
the complex frequency w= w' —iw" (Where w" = 0).
Whispering-gallery oscillations are very sensitive to
the surface condition of films and laminated structures,
which are today the subject of extensive research in
solid-state physics. Thisis because theinterface quality
iscrucial for the operation of many physical devices.

Anisotropic materials with a small (no greater than
5 x 107) loss tangent tand, such as uniaxia single-
crystalline quartz, sapphire, and rutile, have made it

possible to increase significantly the unloaded Q value
of DDRs. In particular, a Q factor of sapphire resona-
tors as high as ~10° at room temperature, ~10” at 77 K,
and ~10° at 4 K [4] has been obtained. The unique set
of parameters, high polarization stability, and ease of
excitation of DDRs made of these single crystals have
stimulated applied research in the millimeter-wave
range. A number of devicesthat effectively stabilizethe
oscillator frequency [5], as well as new-generation fil-
ters [6, 7], have been developed. Such resonators are
also used in studying high-frequency electron paramag-
netic resonance [8] and in el ectron spin resonance spec-
troscopy [9].

In contactless measurements of insulator parameters
[10, 11] and those of single-crystal high-temperature
superconductors [12], a sample studied is placed into
the electromagnetic field of a resonator. A significant
drawback here is that a rigorous electrodynamic
approach to the analysis of experimental results is
absent. The use of samples with perfectly conducting
end faces makesit possibleto study the spectral charac-
teristics of resonator free oscillations [13].

DISK DIELECTRIC RESONATOR

In a DDR made of an anisotropic uniaxial single
crystal with itsanisotropy axisparallel tothe DDR axis,
the permittivity tensor has the form

Epii r>r,
a8 0
e 00
[e] = 7" O
D]O 8D Oljv I’SI’O,
[l O
M0 0 &,0

1063-7842/02/4706-0731$22.00 © 2002 MAIK “Nauka/ Interperiodica’
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Fig. 1. DDR with conducting end faces.

where €, and € are, respectively, the components of
[€;] in the directions parallel and perpendicular to the
crystal optical axis and g; isthe Kronecker delta.

The fields of monochromatic oscillations in these
resonators are given by [13]

E, = D,Gg(r)cos(k,z) expi(ng —wt);

H, = C,Gy(r)sin(k,z) expi(nd —wt);

2 _ 1 aEz . aHz. 2 = a kaH
TE = Tapor r 9 = 5.t rag
, . 0 _’]_6 H
q°Hy = 'kEDarEZ r6¢02
2, - O°H; keodF,
" 9oz r 00
Here,
Jn(qu)! rSfo
Gj = _‘%’ﬁ_gf.(’_)_Hﬁl)(QOr)’ I‘Zro;
Hn " (doro)

the subscript | standsfor H or E; k = wc; the azimuthal
subscript nequals0, 1, 2, ...; k,isthe axial component

SDk -k 5 Qe = Jeleqay

and g, = K=K are the radia components of the
wave vector inside and outside the insulator, respec-

tively; C, and D,, are constant factors; and g° = q2H when

of the wave vector; g4 =

r<rpand = g whenr =r,.

The frequency w, = w, —iw, (w, = 0) for the pth
mode of the resonant oscillation is found from a solu-
tion to the characteristic equation

(0 —0) (B0 —0p) = &%, (1)

PROKOPENKO, FILIPOV

where
_ 1 3(gr)  _ _1 Hi'(dfo)
Q= T3 ar) e O VN
djrodn(ajro) GofoHp (goro)
kk,n
= 55 (1-¢p),
LHE

prime denates differentiation with respect to the argu-

ment, and J,(x) and H'” (x) are the nth-order Bessel

and Hankel functions of the zero kind. The subscript p
equals nsm, where n, s, and mare the azimuthal, radial,
and axial subscripts, respectively.

For resonators with perfectly conducting end faces
(Fig. 1), the axial component of the wave vector isk, =
mrvl, where | is the height of the resonator and m = 0,
12 ...

A DDR supports independent EH and HE oscilla-
tions. When the condition

1/2 -1/2
(0 —ag) (g0 —00) ™ > 1

is met, the free oscillations of the resonator are of the
HE type, the constant D,, is determined from the excita-
tion condition, and

Jn(Qery) a
"Ja(Quro)ay — 0’

Otherwise, the resonator mode is EH, the constant
C, isdetermined from the excitation condition, and

Jn(duro) a
n‘Jn(QErO) ezaE - GO

If the axis of the uniaxial crystal makes an angle ©®
with the geometrical axis of the resonator, the permit-
tivity tensor takes the following form in the cylindrical
coordinates (r, ¢, 2):

C, =-D

D, = —

Ea +¢e_cos2¢ -e_sin2d  g,,cosd E
[&;] = E —€.sin2¢ &, —€_cos2¢ —,,Sind E
0O €&,Cosb —€,,Sind g, 0O

where 2e, = £,9n°0 + g4(cos’@ + 1), 2¢,, = (g, —

€-)sSin20, and €, = £,08°0 + £,SIN%O.

In the cylindrical coordinates, the permittivity ten-
sor components depend on the azimuth angle ¢. This
dependence splits the EH and HE oscillations into the
ordinary and extraordinary modes, as follows from
experiments [14]. The spectral characteristics of these
modes provide information on the permittivity compo-
nents along the principle lattice directions, which is
necessary for designing high-performance millimeter-
wave and optical integrated circuits.

For the case when the end faces are not perfectly
conducting planes, arigorous theory does not exist. We
TECHNICAL PHYSICS Vol. 47
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calculated the resonance frequencies with the mag-
netic-wall method, variational methods, and mode-
matching method by appropriately approximating the
el ectromagnetic fields outside the resonator with allow-
ancefor their singularities at theinsulator edges[15]. In
[16, 17], experimental identification of the resonance
frequencies with the azimuthal and radial indices was
suggested. Inthiscase, theradial and azimuthal compo-
nents of the wave vector are described by the character-
istic equation presented above and the effective height
of the resonator is defined as | = mivk,.

DDR WITH IMPEDANCE END FACES

The quadratic relationship obtained from the Max-
well equations for resonant oscillations in resonators
with perfectly and imperfectly conducting end facesis
integrated over the entire space [18]. Using the radia-
tion condition at r — oo (0OUtgoing wave), the continu-
ity of the tangential electric and magnetic field compo-
nents at the curved surface of the resonator, and the
impedance boundary condition at the end faces of the
resonator, we arrive at an integral equation that defines
ashift in the resonance frequency due to imperfect con-
ductivity of the DDR end faces (Fig. 1) [18]:

(- wE)J'[(H HY) + (E[gg] ER)1dV

2

= i5-2[(lex [e, < H]IH})dS

where g, is the unit vector along the DDR axis; w, E,
and H are the frequency and the electric and magnetic
field vectors for the resonator with imperfectly con-
ducting end faces; and w,, E,,, and H,, are the frequency
and the electric and magnetic field vectors for the pth
mode of the resonator with perfectly conducting end
faces (asterisk means complex conjugation). Vectorsin
parentheses denote the scalar product. On the left-hand
side of this formula, integration is performed over the
entire volume V; on theright-hand side, over the surface
S of the end faces having the surface impedance ( =
Rs+iXs

Representing the vectors E and H asalinear combi-
nation of the respective self-fields E, and H, of the
DDR with perfectly conducting end faces, we obtain
the following system of equations:

(Q)— Q’;)Wpo = _izz Ii"PBP"
p
Here, B, is the expansion coefficient and

W, = g [1(HgH}) + (Ele ] ERav
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isthe energy of the pth electromagnetic modeintheres-
onator with perfectly conducting end faces. The param-
eter

2

12,0 = ——[(le,x [e,x H,]]H%)dS
pp 16T[2-£ p p

takes into account losses in the imperfectly conducting
end faces and describes the interaction between DDR
modes. The consistency condition for the system of
homogeneous linear equations for 3, yields a charac-
teristic equation for the natural frequencies of the DDR
with finite-conductivity end faces:

det = 0. @)

12
(w_ Q);)ép'p + |ZV\L/p
p

This relationship defines the shift between the reso-
nance frequencies of a DDR with imperfectly conduct-
ing end faces and that with perfectly conducting faces
for a particular oscillation mode. The shift in the real
part of the resonance frequency is specified by the
imaginary part of the surface impedance (reactance) Xs,
The reactance specifies the nondissipative energy
stored in the surface layers of the end faces. The surface
resistance Rg is responsible for the period-averaged

Joule loss | f,p Rsin the impedance end faces of the res-
onator.

When the surface impedance ¢ issmall ({ < 1) and
the mode interaction is neglected (I?,.p =0if p'Zp),
relationship (2) becomes

(0 a) +iZg = 0, ©
p

where |, is the surface current on the finite-conductiv-
ity end faces induced by the electromagnetic wave.
Relationship (3) can be used to calculate the surface

impedance ¢ of the end faces from the DDR resonance
frequency w measured.

DDR WITH LOCAL INHOMOGENEITIES
Radial—azimuthal inhomogeneities in the DDR iso-
tropic material that are included in the permittivity
€ (r, ) also change the spectral characteristics of the
resonance oscillations. The shift in the resonance fre-

guencies due to the inhomogeneitiesis described by the
integral equation

(00— a;) [[(H HY) +e(r)(EZE)lav

= ooJ'[ g(r) —&(r, §)1 (E5E)aV.
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Inhomogeneities in the form of radial slots split the
frequencies of degenerate resonance oscillations that
depend on the azimuthal coordinate as sinng and
cosnd, which is observed experimentaly. The splitisa
function of the number and arrangement of the slots.
This effect can be used for characterizing local inhomo-
geneities in the form of insulating, semiconductor, or
high-temperature superconductor films at microwaves
[19, 20].

Double disk resonators excited at whispering-gal-
lery modes are used in ultrasensitive detectors [21]. At
acertain spacing between two identical dielectric res-
onators, the frequency degeneration of symmetric
and asymmetric oscillations with contiguous axial
indices occurs. A weak inhomogeneity (e.g., atilt of
the end face) removes the degeneracy, producing two
orthogonal oscillations with close frequencies modu-
lated by orthogonal envelopes. This property can be
used for spatially separation of two oscillations with
close frequencies in the millimeter and submillimeter
ranges [22].

Q FACTOR OF A DDR

The unloaded Q factor Q) of a DDR with imped-
ance end faces for the Y, mode is given by

1 1 1 1
SRR A, @
0 d rad c

Here, Y meansthe EH or HE oscillation modeand Q)

Q) , and Q) arethe Q factors due to radiation, dielec-

tric loss, and loss in the conductive end faces, respec-
tively.

For whispering-gallery oscillations, which occur
when |qfol £ n < min{|gurol, |gerol}, the relationship
w > " is valid. This corresponds to low radiation
losses. Theradiation Q factor of theresonator at theres-

onance frequency w of the Y, mode is Qfad = w/2w".
The Q factor due to the dielectric loss is given by [17]

Qs = ==(1+Ry),

tan6

Y

where, in the general case, Ry = W,/ /W, and W’

and W), are the electromagnetic energies of the Yo

oscillation inside (1) and outside (I1) the dielectric,
respectively. In a DDR (irrespective of whether the
end faces are conducting or not), this relationship
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takes the form
EH _ _ |Jn(qu0)|2
|HE11)(QO'"0)|2
2 [ 2 : [
Ek 1 sin(k,l) o, + Ek }_Sn(kzl) o,
[qo 2k, O 2 4kl O
2 (] []
5k_ 1_sm(kzl) FT+Eik—2+1 sin(k,l) FH
[qH 2kl O o, 2 a4k,

for the EH modes and

HE _ 1 |Jn(qErO)|2
2
82|HE11)(QOVO)|

K2 , sin(kId , sin(kId
I 2k, [qo 2 a4k,
X
2
; sin(k,)d_g ! sm(kI)D E
+
ATy P+ D5+ 5+ =g
for the HE modes, where

n il n il !
D qur ;o e

j 1 ™ * '
I:]2 = ﬁ[‘]n(quo)‘]n (quo) + ‘]n (quo)‘]n(quo)] )
J

O n?0 o 2 [y 2
®, = - Hrn'(dofo)| +[Hn" (dolo)|
1 . %| oo | | olo |
®, = == [HP(or o) HY" (o)

Jolo
+HO (o) HSY (Qor o)1

According to [23], the Q factor QZ of the resonator
due to the loss in the conducting end faces for the Y,
modeis

‘' 2T[kIIRY
Q = ¢ Rg'’
where
F|1-|+1.FH |~](1()QH 0)| BD
_ |H (%ro)|
REH_1+k2 k |.J (q )|2 ’
(R + FY) - 2O (o, 4 0y
(o[ q0|Hn (QOro)|
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Rie
0
FE - —'J(l()QEr")' [D— 0o, + ;Btl + m}
— 14 |H (Qor o)| O DQH O
Jn(Qer '
SDSZ_Z(FE +F3) - —2|(1()q—EO)|2(¢1 +@,)
O A |HS? (qoro)|
[l
F= = F(—+1DF1+;E+2£+JDF }
EQH U DQH 0

The energy characteristics of DDRs can be used to
determine tano of theinsulator and Rsof the conductor

at microwave frequencies from the measured parame-
ters of the resonator (ry, |, [€;]) and its natural frequen-
cies (w) for aparticular mode (Y,).

MICROWAVE CHARACTERISTICS
OF MATERIALS

The theory developed above can be used for mate-
rial characterization at microwaves. The experimen-
tally found spectra and energy characteristics of a
DDR with the copper end faces operating at higher
modes were reported in [17]. The resonator was made
of sheet Teflon and had r, = 3.9 cm and | = 0.71 cm
(Fig. 1).

For uniaxia crystals, the tensor [g;] has only two
unknown components, €, and €. To evaluate them, itis
sufficient to experimentally find three pairs of the fre-
guencies w of the resonant modes and their azimuthal,
n, and axial, m, indices (m= 2I/A,, where A, isthe wave-
length in the resonator) and to solve the self-consistent
system of fundamental eguations emerging from char-
acteristic equation (1). A solution to this system
uniquely determinesthe parameterse, and € of theres-
onator material.

The permittivity of the resonator under study found
by the above method was € = 2.04 + 0.03 (for an isotro-
pic medium, e =€, =¢). Theradiation loss in the reso-

nator was neglected, because Q) > Qp for whisper-
ing-gallery oscillations.

Experimental values of the unloaded Q factor Qg
and formula (4) allow oneto find the loss tangent tand

of theinsulator and the surface resistance R of the end
faces as a function of frequency. In general, the

unloaded Q factor Qg depends on the environmental
conditions. Therefore, with relationship (4), one can
experimentally determine tand and Rg as functions of,
for example, temperature and pressure.

The loss tangent tand of the DDR material was
measured to be (3 £ 0.5) x 10~ at the room conditions.
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Fig. 2. () Slowing factor and (b) unloaded Q of aDDR with
copper end faces vs. frequency.

The surface resistance Rs of pure electrolytic copper
(with a surface roughness of less than 0.05 um, which
is much less than the skin depth =0.35 um) in the form
of a35-pum-thick sheet used to clad the glass—cloth lam-
inate was found to be (5.5+ 0.2) x 102 Q.

SPECTRAL AND POWER CHARACTERISTICS
OF THE DDR

The microwave parameters of the insulator and of
the conductor on the end surfaces were used to derive
the spectral and power characteristics of the DDR
(Fig. 2). The frequency dependence of the slowing fac-
tor & = n/k'r,— 1 was obtained from relationship (3) for
the reactance Xg = Rs. The unloaded Q factor Q, was
calculated from formula (4). Figure 2 shows results for
DDRs with Y, oscillation modes having the azimuthal
indices n from 30 to 39, radial indicess= 1 and 2, and
axial indicesm=0and 1.

The resonance frequencies of the resonator with
copper end faces differ from those for the resonator
with perfectly conducting surfacesby 10-15 MHz. The
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power loss in the copper end faces decreased the
unloaded Q factor 10 to 100 times.

CONCLUSION

DDRs excited at whispering-gallery oscillation
modes can easily be combined with active and passive
elements of millimeter-wave hybrid circuits. High-Q
DDRs with finite-conductivity end faces are of interest
for measuring the low surface resistance of supercon-
ductors at millimeter waves [18].

An integral equation describing the effect of finite
conductivity of the end faces on resonant oscillationsis
derived and studied. The frequency dependences of the
slowing factor and of the unloaded Q of a Teflon disk
resonator with copper end faces are presented.

A self-consistent system of equations that is based
on characteristic relationship (1) and includes the azi-
muthal and axial indices measured at the resonance fre-
guencies of whispering-gallery modes is constructed.
Its sol ution specifies the components of the permittivity
tensor [g;] of an anisotropic uniaxial crystal whose
optical axisisaligned with the resonator axis. The elec-
trodynamic analysis of the DDR made it possible to
evaluate thelosstangent of the insulator and the surface
impedance of the conducting end faces from the energy
characteristics measured.

Our method may find wide recognition in designing
millimeter- and submillimeter-wave devices and in
measuring microwave parameters of materials.
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Abstract—The propagation of magnetostatic wavesin awaveguide ferromagnetic channel formed by exposing
aferromagnetic film to a step bias is simulated. Both weak and strong channel couplings are considered. The
dispersion characteristics and the distributions of wave functions are calculated. It is shown that the amplitudes
of “half-waves’ fitting into the channel width alternately increase and decrease with increasing frequency and
the half-waves pass into the channel with the largest bias. © 2002 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

To date, the propagation of magnetostatic waves
(MSWs) in simple rectangular magnetic waveguides
[1] and in more complex two-channel ones[2] has been
simulated. The substantial evolution of the wave func-
tions when the MSW frequency changes has been dis-
covered. However, the shape of the dispersion curves
for the bias configurations considered remained virtu-
ally the same as for Damon—Eshbach surface magneto-
static waves (SMSWs) [3]. In this paper, we consider a
bias configuration causing essential changes in the
shape of the MSW dispersion curves.

MATHEMATICAL MODEL

A ferromagnetic filmis exposed to atangential mag-
netic (bias) field with the configuration shownin Fig. 1.
The film plane coincides with the xy coordinate plane.
Thebiasfield isdirected along the x axis and has a step
along this axis. The distribution of the field along the
other axes is assumed to be roughly uniform. Such an
approximation is valid, because the nonuniformity
along the width (z axis) can be neglected if thewidth d
of the ferromagnetic film is much smaller than the char-
acteristic sizes (h, and hg) of the field nonuniformity
along the waveguide width (x axis). An MSW propa-
gates in the direction of they axis.

The approach used to solve the problem numerically
is based on the magnetostatic approximation of the
Maxwell equations. With regard for the equation of
magnetic moment motion, this approximation yields
the expression for magnetic potential W specifying the
spatial distribution of the M SW variable magnetic field:

div[u(x, z)grad¥] = 0. (D)

Here, u(x, 2) is the dynamic permeability tensor. It
involves both the jumps of the magnetic parameters on

the ferromagnetic film surface and nonuniformities
induced by the magnetostatic field shownin Fig. 1. The
anisotropy of the ferromagnet and the exchange inter-
action are neglected. Equation (1) issolved numerically
by the finite difference method. First, we choose arect-
angular contour away from the waveguide, so that the
potential W on it can be set equal to zero. Then, condi-
tions of “magnetic” or “electrical” walls are written for
this contour and arectangular mesh is superimposed on
the domain of interest. Finaly, Eq. (1), represented in
integral form on the mesh, isreduced to the problem of
a quadratic matrix operator. This method was detailed
in [4, 5]. Eventually, we obtain the wave numbers and
distributions of the scalar potential W of the MSW
modes.

Although the distribution of the wave is calculated
for the complex channel C as a whole (Fig. 1), the
behavior of awave can be described viathe interaction
of waves in two rectangular channels A and B with the
parameters h,, H, and hg, Hg, respectively. In this case,
the modes of the entire waveguide can be considered as
the hybridization of modes in separate rectangular
channels, where the propagation of the SMSWsismul-

H, hy h hy
Hyl - -
Hyl—--|---1|
A B
- —~ Jx
C

Fig. 1. Distribution of the biasfield over the channel width.
The channel Cisformed by the combination of the channels
Aand B.
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Fig. 2. Dispersion curves for the first four modes of the
channels A, B, and C. d = 18 um, 41iM = 1850 G, hp =
0.1 mm, hg=0.3 mm, Hy = 570 Oe, and Hg = 445 Oe.
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Fig. 3. Distribution of the potential for the (a, b, and c) third
and (d, e, and f) fourth modes of the channel C for kh > 1
near the cross point at f = 3686 GHz, and k = 690 cmL f=
3640 (a, d), 3687 (b), 3685 (€), and 3730 GHz (c, f).

timode because of the finite aperture. We will show that
the shapes of the dispersion curves for the complex
waveguide can be controlled by the parameters of the
magnetic field nonuniformity.

In Fig. 2, the two sets of the SMSW dispersion
curves are shown by dashed lines (channel A) and dot-
ted lines (channel B) for the first four modes of either
rectangular channel. The mode numbers coincide with
the numbers of haf-waves fitting into the channel
width. The two sets are shifted relative to each other
both aong the vertical axis due to the different bias
fields and along the horizontal one because of the dif-
ferent channel widths. The values of the parameters h,,
H,, hg, and Hg are chosen so asto provide the crossing

ANNENKOV et al.

of curvesfrom various sets. The modes of the compos-
ite channel C arise from the interaction and hybridiza-
tion of the initial modes in the channels A and B. Asa
result, waves with a complex distribution of the wave
functions over the width of the entire channel form
(Figs. 3, 4). In contrast to the simple rectangular chan-
nel, the number of half-waves fitting into the width of
the composite channel C no longer indicates the num-
ber of its mode.

The mathematical model employed can be used for
both weak and strong interactions.

DISCUSSION

M SWs occupy the frequency range from yHg to f; =
Y(HA + 21iM), where M is the saturation magnetization
and v is the gyromagnetic ratio. Surface waves, i.e.,
those not oscillating in the bulk of the film, have fre-

guencies from f; = y, /HA(H, +41M) to f;. In this
paper, we consider this type of MSW.

Note also that in therangey,/Hg(Hg + 4TtM) <f<
f,, there exist surface-bulk MSWs with acomplex dis-
tribution of the wave function aong the waveguide
width and thickness. They are surfacein the channel B,
and bulk in the channel A. In the frequency range yHg <

f <y./Hg(Hg+41M), there exist bulk modes local-
ized either over the total width of the channel C or over

its part B.

Let us analyze the dispersion curves and magneto-
static potential distribution for surface waves propagat-
ing in our waveguide.

(i) WWeak coupling. To begin with, consider the case
where the interaction between the channels A and B is
weak. This case may be realized by separating the
channels from each other [2] to meet the condition
kh > 1. Then, the dispersion curves of the waveguide C
sequentially coincide with the segments of the curves
corresponding to the channels A and B in accordance
with their crossings in Fig. 2 (the crossings of the
dashed and dotted curves).

The curve C; of the first mode coincides with the
curve A, if kh > 1. The wave function isrepresented by
the half-wave occupying the total width of the
waveguide C below the frequency f, = y(Hg + 21iM).
Above this frequency, the wave propagates almost
exclusively in the A channel, whereas in the B channel,
the wave function decays like in a vacuum but with a
smaller decrement.

The dispersion curve C, of the second mode coin-
cides with the curve B, in therange of small wave num-
bers. The wave potential is represented by two
antiphase half-waves in the regions A and B. In this
case, the amplitude Wy of the half-wave in the B chan-
ne is much greater than that (W,) in the A channel.
Their ratio depends on the channel coupling parameter,
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which is proportional to exp(—kh). At the crossover, the
amplitudes of the half-waves are the same. Above the
point where the curves B; and A, intersect, the curve C,
coincides with the curve A, (Fig. 2). Both half-waves
gradually pass into the A channel, and the B channel
contains only the decay function, since the wave solu-
tion for the channel B is absent above the curve B,. The
features of the wave function distribution near the
crossover will be described later.

The dispersion curve C; of the third mode initialy
coincides with the curve B,. Then, it merges with the
segments of the curves A, and B, and ends, coinciding
with the curve A;. The potential W undergoes the fol-
lowing changes while moving along the dispersion
curve from bottom up. Its amplitude is the greatest in
the channel whose dispersion curve coincides with the
dispersion curve of the channel C at a particular fre-
guency. For example, at small frequencies, two large
amplitude half-waves are in the B channel and one
small-amplitude half-waveisin the A channel (Fig. 3a).
Above the first crossover point, one of the half-waves
passesinto the channel A. Inthis case, the amplitude W,
of the second mode having formed in this channel
reachesits peak value and the amplitude Wy of the half-
wave remaining in the channel B goes down to its min-
imal value, depending on the channel coupling param-
eter. After the second crossover has been passed, the
number of half-wavesin both channels does not change
but the half-waves exchange amplitudes. Above the
third crossover, al three half-waves gather in the chan-
nel A, whereas the wave solution in the channel B dis-
appears.

The fourth mode C, behaves in a similar way, with
the only difference that it begins with the mode A, of
the channel A and then follows the curves B,, A, By,
and A,. At small wave numbers, either channel contains
two half-waves (Figs. 3d, 3c, and 3f). With increasing
wave number, al the half-waves gather in the channel A.
The amplitudes of the half-waves in either channel
increase and decrease in turn, depending on which
curve coincides with the dispersion curve of the fourth
mode at a given frequency. Thisisillustrated in Fig. 5,
where the dashed curves show the ratio W,/Wgin the
case of weak coupling. In essence, this curve character-
izes the channel coupling parameter. The coupling is
maximal in the frequency range where W,/Wg = 1,
which corresponds to the crossover rangesin Fig. 2.

Modes with higher numbers behave in a similar
way. The dispersion curve of the complex waveguide C
has inflection points, as well as convex and concave
segments located in the ranges where the M SW disper-
sion curves of the channels A and B cross. The disper-
sion curves of the simple rectangular channels do not
have such features. Consider the crossover ranges
where the hybridization of the modes belonging to the
channels A and B is the most distinct. At the cross
points, the dispersion curves are separated by adistance

TECHNICAL PHYSICS  Vol. 47

No. 6 2002

739
W W

R -

VNS L
Y

-0.2 0 0.2 X

Fig. 4. Distribution of the potential for the fourth mode of
the channel C at the characteristic points (8)—(g) marked in
Fig. 2.
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Fig. 5. Ratio of the potential amplitudes in the channels A
and B vs. wave number.

proportional to the coupling parameter [6]. The result-
ing dispersion curve of the waveguide C is concaveif it
is located to the upper left of the crossover point. Oth-
erwise, the curve is convex. The amplitudes of the half-
waves in the channels A and B are the same (Figs. 3b,
3e). However, the higher frequency (concave) curve
corresponds to the distribution of the W function such
that the half-waves in the different channels are in
phase (Fig. 3b), whereas the lower frequency (convex)
dispersion curve corresponds to the distribution for
which the waves are in antiphase (Fig. 3e). Accord-
ingly, inphase (in the aforementioned sense) half-waves
have a higher frequency than antiphase ones.

In the above cases, as the frequency rises, the num-
bers of A(B)-channel modes crossed by the dispersion
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curve of the channel C increase (decrease). However,
thisisnot ageneral rule. The situation where the disper-
sion curves crosstwice (asAg and B, in Fig. 2) or where
two or more curves of one channel cross the curve of
the other channel are also possible. Then, the numbers
of A- and B-channel modes vary nonmonotonically.
The genera rules are the following.

When approaching the crossover range, the half-
waves of the potential W either passfrom the channel B
to the channél A or do not change their location at all.
The number of half-waves in the channel B may
increase only if an additional inphase haf-wave
appears. This half-wave arises, according to the above-
mentioned rule, at theinflection points of the dispersion
curve C; however, it is not regular in the sense that its
left part does not cross the abscissa axis but is adjacent
to the half-wave from the neighboring channel A.
Therefore, it is convenient to take the number of zeros
of the W function, rather than the number of half-waves,
asthe parameter most fully characterizing the modes of
the complex channel.

The number of zeros of the wave function is con-
stant and equals N — 1, where N is the number of the C-
channel mode.

With increasing frequency, all the half-waves are
found in the channel A, regardless of how the curves A
and B cross.

(it) Strong coupling. Now we turn to the case where
h =0 and the channels A and B are located close to each
other. In Fig. 2, the dispersion curves of the first four
modes of the waveguide C (solid lines) are shown.
These curves are displaced from their unperturbed pro-
totypes, namely, from the dispersion curves of the
waveguides A and B. Asthe wave number increases, the
dispersion curves either crosstheir prototypes (as takes
place for the mode C,) or move away from them (mode
C,). The dispersion curves as if interact: they repulse
each other, shift, and change shape. Not only their slope
but also their curvature changes. The reconfiguring of
the curves is accompanied by a substantial reconfigur-
ing of the wave function V.

Consider these metamorphoses at length with the
SMSW fourth made. In the range of small wave num-
bers, the dispersion curve of the composite channel C,
is located between the second modes B, and A, (Fig. 2,
pointsa and b). With increasing frequency, the curve C,
shifts towards B, and then returnsto A,. In Figs. 4aand
4b, the distribution of the function W for these pointsis
shown. Asis seen, less than two half-waves fit into the
A-channel width, whereas more than two half-waves fit
into that of the channel B. As aresult, the waveguide C
supportsfour half-waves of the fourth mode. The point a
is closer to the dispersion curve A, than to B,, whereas
the point b is amost exactly between them (Fig. 2).
This affects the distribution of the potential W. In the
plot of the potential distribution for the point a
(Fig. 4a), dmost two half-waves fit into the narrow

ANNENKOV et al.

channel. Then, these half-waves shift towards the chan-
ne B (Fig. 4b).

The dispersion curve A, gradually approaches B, as
the wave number grows. At the sametime, the potential
distribution in the waveguide C approaches the form
when either channel contains strictly two half-waves
(Fig. 4¢). This occurs at the point ¢ located not at the
point where the dispersion curves A, and B, intersect
but much to the right of this point (Fig. 2) because of
the strong channel interaction.

A further redistribution of the magnetostatic poten-
tia over the width of the complex waveguide with
increasing frequency proceeds in away similar to that
for weak coupling between the waveguides A and B.
The half-waves gradually pass from the broad channel
to the narrow one. The broad channel becomes evanes-
cent, and the potential distribution in it takes the form
of an exponentially vanishing function (Fig. 4g and the
point g in Fig. 2). However, the strong channel interac-
tion smears the crossover range and changes the shape
of the wave functions.

In Fig. 5, the solid line shows the ratio W,/\Wg of the
amplitudes of the half-waves. In contrast to the case of
weak coupling (dashed line), strong coupling causes
the amplitude W to exceed W, amost in the whole
range of wave numbers. The wave numbers above the
point f can be disregarded, since the waveguide B is
evanescent for them. For definiteness, the amplitude Wy
istaken to be equal to the value of the wave function W
at the center of the waveguide. In the case of strong
coupling, the ratio W,/Wg can no longer be considered
ameasure of channel interaction as for weak coupling.
The channel interaction is strong both near and far from
the cross points. It redistributes the amplitudes in
favour of the channel B and flattens the curve W,/Wg at
small wave numbers.

The curvature of the concave segments of the dis-
persion curve becomes smaller. Asin the case of weak
coupling, these segments (Fig. 2: points d, f) corre-
spond to the inphase neighboring half-waves with the
same amplitudes in the different channels (Fig. 5;
pointsd, f). Only if the coupling is strong are these half-
waves not separated by a dip and make up asingle half-
wave (Figs. 4d, and 4f).

The antiphase half-waves near the boundary
between the channels are shown in Figs. 4c and 4e. For
weak coupling, these waves correspond to the point in
the low-frequency (convex) dispersion curve in the
crossover region and the amplitudes of the half-waves
in the channels A and B are equal to each other. In the
case of strong coupling, the positive curvature is small
at these poaints; i.e., the crossover region is smeared
greater than for the inphase half-waves. The amplitudes
of the half-waves are not egqual; moreover, their ratio
tends to the minimum (Fig. 5; pointsc, €).
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CONCLUSION

It isshown that dispersion curvesthat differ from the
exponential form, which is typical of rectangular
waveguides, can be constructed by appropriately
choosing the configuration of the biasfield which forms
the MSW waveguide. The combination of two closely
spaced channels with different widths and bias fields
makes it possible to produce convex and concave seg-
ments of certain curvature in given segments of the dis-
persion curves.

The distribution of the wave function in either chan-
nel of the double waveguide isa periodic function char-
acterized by the number of half-waves. With increasing
frequency, the half-wave amplitudes in the channels
alternately increase and decrease, so that the wave con-
centrates in either one or the other channel, depending
on the frequency. The half-waves pass from one chan-
nel to the ather. In the high-frequency range, the entire
wave occupies the channel with the maximal biasfield.
The number of zeros of the wave function is constant
throughout the range where the quasi-surface MSWs
exist.

If the spacing between the channels is large (weak
coupling), the amplitudes of the half-waves are the
same at the points where the modes of theinitial chan-
nels intersect. If neighboring half-waves from the dif-
ferent channels are in phase, a concave segment is
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observed in the dispersion curve. In the opposite case,
the dispersion curve is convex. The scale of these
changes decreases with decreasing channel spacing
(increasing coupling). However, this takes place in a
dissimilar manner in either channel. The curvature of
the convex and concave segments in the dispersion
curves decreases, and their locations change.
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Abstract—Secondary-ion mass spectrometry (SIMS), Auger electron spectroscopy (AES), and low-energy
electron diffraction (LEED) methods are used to determine the chemical composition on the surface and in the
near-surface layer of CVD cylindrical single-crystal tungsten, which is applied as the emitter material in ther-
mionic thermal-to-electrical energy convertersin space-borne nuclear power plants. Results obtained are com-
pared with those for reference perfect plane-parallel W(110). © 2002 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

Single-crystal tungsten with the (110) close-packed
face on its surface has been shown [1, 2] to be a candi-
date materia to be used as a collector in thermionic
thermal-to-electric energy converters (TECs), which
are used in space-borne nuclear power plants. Unlike
Mo(110) [3-5], Nb(110) [6, 7], or Mog;5Nb,5(110)
[8, 9], the suboxide films of which readily oxidize fur-
ther under TEC operating conditions, films of lower
tungsten oxide W,0O seem to be an optimal overlayer
for cesium in Me-O—Cs systems used in TECs [1, 2,
10]. The term “optimal” here means that, when used in
the Me-O—Cs systems, this film provides a combina-
tion of the minima work function ¢, and maximal
thermal stability. The temperature T = 600 K, at which
the work function of the W,O/Cs system still remains
the lowest under static conditions (i.e., when the O and
Cs fluxes are absent once the film has been formed), is
the highest of those ever reported for the Me-O-Cs sys-
tem. Under dynamic conditions of TEC operation, the
collector is optimized, as a rule, by properly selecting
its temperature T, and Cs vapor pressure. At an oxygen
partial pressure P, ~ 10 Pa (a total residua pressure
P,es = 1025 x 102 Pa), the W,,O film on W(110) exists
in the interval 1425-1625 K; at lower P,, even from
925K [2, 10]. The temperatures cited are the operating
range of T.. However, the most significant advantage of
the W(110)-O system is that its properties do not
change when an excess amount of W is deposited (i.e.,
the system offers the property of self-recovery). Thisis
because oxygen can dissolve only in the first atomic
layer (i.e., at the surface) of Group VIb transition met-
als (in contrast to Group 1Vb and Vb metals) [2, 10].
Therefore, when excessive W is deposited on a surface
covered by an dready existing film of any binary (W-0)
or ternary (W—0O-Cs) compound, the film emerges on
the surface again and cannot be buried by the tungsten
unless the process conditions are changed. This

removes the problem of degradation of TEC perfor-
mance due to the transfer of the emitter materia (W) to
the collector (Group IV (V)b metas or their alloys).

The above properties are typical of W flat single-
crystal surfaces. However, in modern space-borne
sources of electrical energy, the electrodes have the
cylindrical form or, in general, are polyhedral. Today,
polyhedral single-crystal tungsten emitters can be pro-
duced by CVD. For example, fairly perfect extended
hexagonal W single crystals with {110} or {112} [11]
faces can be deposited on single-crystal Mo cylinders
with the [111Bxis by varying the chloride process con-
ditions (WClg vapor pressure, substrate temperature,
and oxygen content in the vapor phase). Subsequently,
however, the surface cannot be made single-face even if
special procedures (selective etching, high-temperature
annealing in vacuo, etc.) are applied: there always exist
a least two, (110) and (112), faces. Since the angle
between these facesin the bec lattice is T8, microscop-
icaly, this surface must consist of inclined-wall ter-
races and the dihedral angle between them must be
7178. Even from these general considerations (the pres-
ence of extended one-dimensional groovesand inclined
faces), one can expect that the integral emission and
adsorption properties of the rough surfaces to differ
from those of the (110) and (112) surfaces. Moreover,
the surface of CVD tungsten must contain alarge con-
centration of defects, such as facets and screw disloca-
tions [11-14]. Yet, the much lower concentration of
defects on the single-crystal tungsten cylindrical sur-
face compared with that on polycrystalline tungsten
coatings covering an Nb + 1% Zn aloy (which is pro-
duced by the same CVD technology and iswidely used
as a TEC collector material) implies that the impurity
concentration in the former case is lower. Thispoint is
of special concern for carbon (the most harmful impu-
rity in emission electronics), which diffuses from bulk
defects toward the surface upon heating and can appear
on it in amounts far exceeding the bulk concentration,
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i.e., segregate. Even special cleaning techniques may
turn out to be inefficient in this case.

Therefore, studies of oxygen adsorption on, as well
asadhesion of, O-Cshbinary filmsto the cylindrical sur-
face of CVD single-crystal tungsten as a collector
material are of great importance. It appears that the
shape of the surface cannot help influence its proper-
ties. Therefore, we will study the properties of a cylin-
drical single-crystal tungsten emitter. Before proceed-
ing to this study, it is natural to consider the chemical
composition (including impurity composition) of the
surface and near-surface layers of the material and elab-
orate methods for obtaining atomically smooth surface.

EXPERIMENTAL TECHNIQUES

A cylindrical fragment of asingle-crystal W emitter
of diameter =20 mm was electrolytically etched (pol-
ished) in a 3% solution of NaOH in distilled water and
then subjected to high-temperature annealing in vacuo.
It was bored out (without cooling) to thin the walls
down to 1.2 mm. Then, 10 x 10-mm? specimens were
cut out from the fragment with a dry diamond disk.
Before being loaded into the instruments, one of the
specimenswas electrolytically etched againinthe same
solution and rinsed in distilled water to remove the
residual etchant. Then, all the specimenswererinsed in
methylene chloride to remove oil spots and in boiling
distilled water to remove salt contaminants.

Two samples, etched and unetched, were placed into
an MS 7201 M secondary-ion mass spectrometer to
determinethe chemica composition of surface contam-
inants. The specimens were not heated. The instrument
also contained a Mo specimen that was used to precal-
ibrate the ion gun and a reference, a plane-parallel
W(110) single-crystal specimen, to perform compara-
tive studies. The latter was prepared according to the
requirements for LEED and was identical to that used
in[10]. Theimpurity content in the reference specimen
at a depth of 15-20 um was as follows (as determined
by the SIMS method with a Cameca IMS-3F instru-
ment): H, 20; C, 50; O, 20; Na, 300; Al, 0.7; Si, 3.7; K,
100; Ca, 0.6; Ti, 0.2; Ni, 1.5; Cu, 0.8; Mo, 0.01; and Ta,
3 ppm.

During recording of the mass spectra, the pressure
of residual gases did not exceed 5 x 10 Pa; that of the
working gas, (1-2) x 102 Pa. The evacuation facilities
did not contain hydrocarbons (the working fluid of the
steam-jet pump was 5F4E). Extra-pure-grade He and
Ar were used as working gases. The ion beam current,
7-18 pA, was kept constant during the experiments.
The angle of incidence of the beam on the specimen
was 50°; the ion energy, 4 keV; and the spot size on the
specimen, =0.1 cm?. The exposure time (including the
spectrum recording time) was =20 min. First He" spec-
tra and then Ar* spectra were recorded. The Art/He*
sputtering ratio was 60 [15].
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The spectra were recorded successively as a series
of several operators without additional exposure to the
ion beam. The reference had to be only purified; there-
fore, it was exposed to the Ar* beam immediately.
Three of its spectra were recorded in argon and then
four spectra in helium. The same was done for the
unetched W. For the etched W, two series of spectra
were taken: three spectrain Ar and then three spectrain
He (series 1) and five spectrain Ar and four spectrain
He (series 2). The last-recorded He spectrum for
W(110) wastaken asthe reference spectrum. The series
were recorded so asto study all the specimensin any of
the gases without interrupting the instrument operation.
The only exception was the etched W: for it, one more
series of spectrain both He and Ar was recorded after-
wards. During the idle time of the instrument, it was
filled with Ar (starting from a high vacuum) up to a
pressure of several hundreds of pascals. Prior to record-
ing, the instrument was evacuated and then a desired
working gas was delivered to a given pressure.

Upon processing the spectra, only the most intense
peaks of nongaseous impurities, namely, C, Na, Al, K,
Ca, Cr, Fe, Re, WO, and ReO, were taken into consid-
eration. First, the peak intensities | of these impurities
were normalized to the peak intensity of the main tung-
sten isotope *W. Then, for each of the series, achange
in the peak intensity of these impurities relative to the
intensity of the same peaks in the initial spectrum in
each of the series(i.e, theratio I,/ ) was determined. In
this way, we found by how many times the peak inten-
sity of any impurity changes from spectrum to spec-
trum in a given series or from series to series for a par-
ticular working gas.

The third etched specimen was placed into an origi-
nal genera-purpose electron spectrometer (GPES),
which, during evacuation at 625 K to adesired pressure
(Pres < 107 Pa), was not heated so as to correctly com-
pare subsequently the elemental composition of the
surface contamination at various heating temperatures.
This composition was determined by AES with the
electron gun mounted at an angle of 20° to the speci-
men surface. The energy E, of the primary beam was
1200-1400 eV; the modulating voltage, 2.5-3.5V. The
spectrawere recorded asthefirst derivative of the back-
scattered el ectron distribution with respect to energy by
means of afour-grid decelerating field energy analyzer
(DFEA) [16]. The structure of the surface contamina-
tion film, as well as that of the clean surface, could be
monitored by LEED with the electron gun normal to the
surface.

Heating of the specimensup to=1000 K was accom-
plished by thermal radiation. To still higher tempera-
tures, the specimen could be heated by electron bom-
bardment of its back surface. Carbon was removed
from the surface by oxidation (the oxygen partia pres-
sure P, was 5 x 107° Pa). The source of spectral-grade
atomic oxygen is described in [17]. During the cyclic
cleaning of the surface, the oxidation time (to remove
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carbon) was 2 min at 1100 K and subsequent heating to
remove metal oxides lasted 1 min at 1900 K without
lowering Po [18].

IMPURITY COMPOSITION NEAR
THE SURFACE

Consider first the cleaning of thereference. Between
the first and third Ar spectra, only the peak intensities
of C, WO, and ReO decrease: by a factor of 1.4, 2.4,
and 1.6, respectively. That of Re remains unchanged.
For the remaining impurities, the peaks grow: for Na,
K, and Cr most significantly (by a factor of 7, 5, and
4.4, respectively); for the others, 1.2-1.5 times. This
means that Na, K, and Cr are accumulated well below
the surface. Another situation arises with the He* beam,
which etches off a much thinner (approximately
60 times) layer from the surfacethan the Ar* beam [15].
Here, in the fourth spectrum, the peak intensities for
Na, Al, Ca, Cr, Re, ReO, and WO do not change, while
those for C, K, and Fe decrease, respectively, by 1.8,
1.4, and 2.5 times. Hence, the relative surface concen-
tration of the last three impurities is lower than that of
the others (Fig. 1a). This spectrum will hereafter be
referred to as the reference spectrum.

The etched specimen of the CVD tungsten was first
exposed to the He* beam (Fig. 1b). From the three spec-
traof thefirst series, it follows that the concentration of
all the impurities listed above decreases (the decrease
being considerabl e for some of them) theinstant the He
irradiation starts. For example, even in the second spec-
trum, the intensity of the Na peak drops 19 times; Al,
6 times; K, 31 times; Ca, 6.8 times; Cr, 3.3 times; and
Fe, 11 times. However, for C, Re, ReO, and WO, the
peak intensity changes by no more than 10%. In the
next spectrum, the peak intensity for Cr, Re, ReO, and
WO remains the same, while that for the other impuri-
ties grows but does not exceed the initial values. For
example, the peaks of Na and Al grow four times; K,
6.8 times; Ca, 3.6 times, and Fe, 2.6 times. Conse-
guently, these impurities are process-related impurities
(Naand K are likely introduced by the etchant).

Thefollowing series of three spectrain Ar* confirms
the conclusionsdrawn for the He' irradiation in thefirst
series. The peak intensity for all the impurities
increases (except for Re, ReO, and WO, for which it
drops): for C, twofold; Na, 9.6 times; Al, four times; K,
3.6times; Ca, 4.8times; Cr, 2.8 times; and Fe, 4.8times
relative to the intensity in the first spectrum (Fig. 1c).
This means that many of the impurities concentrate
much deeper the layer than can be probed with the He*
beam for areasonable time.

Even in the Ar* series next to the first one, the con-
centration of the impurities (with the exception for Cr)
starts decreasing. The chromium concentration in the
last, fifth, spectrum of this series grows 2.6 times rela-
tive to its concentration in the first spectrum. Hence,
among the impurities considered, chromium is buried
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at the greatest depth. As for the other impurities, the
concentration (peak intensity) in the last spectrum of
the second Ar* series decreases relative to that in the
first spectrum of the same series by a factor of 2.3 for
C, 49 for Na, 3.3 for Al, 9 for K, 1.2 for Ca, 2 for Fe,
and 1.6 for WO and ReO. The intensity of the Re peak
does not change. The fact that the impurity content
drops with depth suggests that the impurities are local-
ized near the surface and are related most likely to the
deposition or subsequent processing of the material.

A comparison of the last spectrum of the specimen
in the second Ar* series with the last spectrum of the
reference shows that they are amost identical in purity
(Fig. 1d). The discrepancy in the peak heights is no
more than 5-10% for most of the impurities. The
exceptionisK, Ca, and Cr, for which the discrepancy is
=25%.

Once one He* series and two Ar* series had been
taken from the etched specimen, one more He'* series of
four spectra was recorded. The same was done for
W(110). In the former case, the peak intensities are
reduced further from spectrum to spectrum (by 25—
50% on average) for al the impurities except for Al
(10%) and Fe (three-fold decrease). However, the
intensity of the WO and ReO peaks grows by 2—-3% and
that of the Re peak, by 17%. A comparison of theinitial
spectrum in the first He* series (when the surface con-
tamination was the highest) with the last one in the sec-
ond He" series shows that the concentration decreased
by afactor of 3.3. for C, 229 for Na, 16 for Al, 111 for
K, 18.5for Ca, 2.7 for Cr, and 18 for Fe (with regard for
the intermediate cleaning by the Ar* beam). Con-
versely, the concentration of Re, ReO, and WO rose by
26, 22, and 11%, respectively (Fig. 1e).

At the same time, comparing the final spectrum of
the specimen in the He* series (Fig. 1€) with the same
spectrum for W(110) (Fig. 1a), we see that the concen-
trations of C, Al, Ca, Cr, Re, ReO, and WO in them
coincide within 4-11% (the specimen becomes purer
than the reference). The Naand K concentrationsin the
specimen are higher by a factor of 2.3 and 1.3, respec-
tively, while the Fe concentration in W(110) is 1.3
timesthat in the specimen. Certainly, these data charac-
terize the surface, rather than volume, purity of the
specimen and W(110).

Consider now the unetched specimen. In view of the
results described above, He" irradiation preceding Ar*
irradiation was not performed. Here, the peak intensi-
tiesvary not as considerably asfor the etched specimen.
For example, theintensity inthelast (third) spectrum of
the Ar* series decreases relative to the initial spectrum
by afactor of 1.4 for C, 1.2 for Fe, 1.1 for Re, 1.4 for
WO, and 1.6 for ReO. The intensity increases by afac-
tor of 1.7 for Ng, 1.1 for Al, 1.1 for K, 1.4 for Ca, and
2.1for Cr.

Next was the He* series of four spectra. Here, the
intensity in the fourth spectrum decreases relative to
TECHNICAL PHYSICS Vol. 47
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Fig. 1. Secondary-ion mass spectra. (a) Last spectrum in the last He' seriesfor theW(110) reference, (b) initial spectrum inthe He"
seriesfor the etched speci men, (c) initial spectruminthe Ar* seriesfor the etched specimen after exposure to the He* beam, (d) last
spectrum in the second Ar* seriesfor the etched specimen, (e) last spectrum in the second He' series for the etched speci men after
exposure to the Ar* beam in the second Ar* series, and (f) last spectrum of the unetched specimen after exposure to the Ar* beam.

that in the initial spectrum by afactor of 1.1 for C and
K, 1.3 for Ca, and 1.7 for Fe. However, the intensities
of the Al, Cr, WO, and ReO peaks increase by a factor
of 1.4, 1.1, 1.7, and 1.5, respectively. A comparison
between the last spectrum of this series (Fig. 1f) with
the last spectrum for W(110) in the He* series (Fig. 1a)
shows that the specimen contains 1.3 times more Al,
1.1 times more K, and 1.5 times more WO and ReQO.
However, the concentration of the other impurities in
the specimen is higher by a factor of 1.3 for C, 1.2 for
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Ca, 1.1 for Cr, 1.3 for Fe, and 1.1 for Re. Thus, the
unetched CVD tungsten specimen approaches the sin-
gle-crystal W(110) referencein purity after the He" and
Artirradiations.

The datafor the two CV D tungsten specimens show
that most of the contaminants are due to the el ectrolytic
polishing in the etchant. Therefore, if the additional
treatment pursues no goal other than surface cleaning,
it should not be carried out.
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Fig. 2. Auger spectra after heating. T = 575 (@), 1025 (b),
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(h) Second heating at 11251175 K, (i) clean surface.

The evaluation of theimpurity content in W requires
that the relative sensitivity factors (RSFs) be known.
Unfortunately, the RSFs only for Al, Cr, and W have
been reported in the literature. Therefore, we calcul ated
the absolute impurity content for Al and Cr. From the
last spectrum of W(110) in the He* series (Fig. 1a), the
Al and Cr content inW is3 x 102 and 3.5 x 107! at. %.
From the same spectrum of the etched specimen
(Fig. 1e), we have 3 x 102 at.% Al and 3 x 10t at. %
Cr; for the unetched specimen (Fig. 1f), also 3 x 107
and 3 x 107 at.%, respectively.

Thus, the purity of CVD single-crystal tungsten (as
a TEC emitter material) approaches the purity of a
W(110) single crystal, which completely meets
requirements for LEED specimensif the ion etch depth
is sufficiently large. The additional electrolytic clean-
ing (polishing) increases the concentration of impuri-
ties. However, it is etched specimens of CVD tungsten
unexposed to ion beamsin the SIMS method that were
taken for subsequent AES studiesin the GPES.

ZYKOV et al.

SURFACE CONTAMINANTS

After GPES evacuation at 625 K down to P, =

1078 Pa and cooling, the specimen was heated again to
575 K. No diffraction pattern is observed in this case.
The AES spectrum shows the most intense peak from
the thick carbon or hydrocarbon film at 272 €V and the
second most intense oxygen peak (515 V) with its sat-
elites (475 and 490 eV). Next in order of intensity are
the calcium peak (293 eV), aswell astraces of niobium
(105, 133, and 142 eV), sulfur (152 eV), tungsten (169
and 179 eV), and Mo (120 eV) (Fig. 2a).

Upon further heating, the S peak (152 eV) grows
starting from 625 K and the W peaks, from 925 K. At
1025 K, the C peak (272 eV) lowers considerably and a
faint K peak (253 eV) arises. Its position coincides with
one of the peaks from CO or W,C carbide. The more
intense peak from these substances (261 €V) hasnot yet
appeared. The S and W peaks grow substantially
(Fig. 2b). At 1075 K, aweak LEED pattern with anom-
alously moving reflections is observed upon normal
incidence of the primary electron beam. However, it
still bears little information and cannot be identified.
Yet, taking into account that the reflections movein the

[01] and [01] directions when E, is varied, we can
assume the presence of prismatic facets arranged along
the cylindrical surface of the specimen. At this temper-
ature, the intensity of the Auger peak for Ca (293 eV)
exceeds that of the C peak. Simultaneously, the K peak
grows, approaching the height of the C peak. The basic
O peak (515 eV) isdso of high intensity (Fig. 2¢).

At 1175 K, the S peak starts and the C peak contin-
ues decreasing. At 1225 K, the Ca peak reaches the
maximum intensity, which is four times as high as that
of the C peak (Fig. 2d). The LEED pattern from the
W(112) facerepresentsafairly distinct (2 x 2) structure
with anomalous reflections which move in the direc-
tions mentioned above when E, is varied (Fig. 3a). At
the same time, no additional reflections are seen in the
LEED pattern from the W(110) face (this pattern is
obtained if the angle of incidence of the primary beam
is changed by 20°-30°). The (2 x 2) pattern is most
likely associated with Ca segregation, since when the
AES spectrum contains even more intense lines for the
other elements, such as S, C, and O, neither this nor any
other LEED pattern is observed.

After the appearance of the initial LEED pattern, it
becomes evident that, microscopically, the cylindrical
surface of the CVD single-crystal tungsten consists of
terraces with the (112) face as the base and the (110)
faces as the inclined walls. The base is parallel to the
cylinder envelope. Since the angle between these faces
inthe bulk isTU8, the dihedral angle of the terraces must
equal 71v8.

However, before relating the (2 x 2) pattern to Caor
Ca0, we should consider other processes that may
occur in parallel with Casegregation at 1225 K. At this
temperature, carbon is not removed from the transition
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Fig. 3. LEED patterns (squares, reflections from the (110) face; triangles, reflections form the (112) face; filled circles, reflections
from the structure; empty circles, moiréreflections). (a) (2 x 2), CaO + CO onW(112); (b) c(3 x 2), W,C(0001) onW(112); (c) clean
W(112) face; (d) clean W(110) face; and (e) artificial superposition of the patterns from the clean W(112) and W(110) faces.

metal surface [2]; therefore, the continuing decline in
the C peak intensity (even after its sharp drop at
1025 K) and the concurrent growth of the Ca peak can
be assigned to the “ screening” of C by fast Cadiffusion
toward the surface. However, the temperature interval
wherethe Capeak increasesis at the same time optimal
for C oxidation [2, 5, 10, 18]. Thus, the surface (more
specifically, the (112) face, because carbon does not
precipitate on the (110) face) may contain both Ca
and CO.

At 1275 K, the Caand O peaks start to decrease. At
1375 K, the former disappears and the latter has an
intensity of roughly one sixth that observed when the
Caintensity wasthe highest. The (2 x 2) LEED pattern
also disappears. Note that alkaline-earth metals pro-
duce strong double chemical bonds with oxygen when
oxidizing, so that the oxides on the refractory metal sur-
face do not dissociate. This leads us to the assumption
that Cais desorbed from the surface in tandem with O;
in other words, we suppose that CaO, not elemental Ca,
is present on the surface. Moreover, the K peak disap-
pears, but extra carbon peaks at 242, 251, and 261 eV
arise. They indicate the presence of surface C in the
form of W,C, CO, or both (Fig. 2e) (the presence of CO
is indicated by the presence of O peaks, which are
absent if pure carbides are the only surface compo-
nents). The intensity of the C basic peak (272 eV)
grows by roughly 2.5 times. This means that upon hesat-
ing, the calcium at least partially screensthe carbon. We
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cannot argue that the screening is compl ete, becausethe
temperature 1375 K iscloseto that of fast carbon diffu-
sion from the volume to the surface and carbide forma-
tion[5, 19].

At this temperature (1375 K), the material is
intensely sputtered from the surface. This is indicated
both indirectly (by a sharp risein the residual pressure
P..) and directly (by the appearance of adeposit on the
shutter placed before the specimen is heated). Hence,
the actual amount of Ca on the surfaceis large and can
screen C. Since O does not dissolve in the bulk of
Group Vb elements (because the associated atoms lack
vacant d orbitals [10, 20]), CaO oxide may form only
when Ca segregated on the surface or at surface defects
combines with residual surface oxygen. For P, = 10
Pa, the partia oxygen pressure Py = (1-5) x 107 Pg;
therefore, it can be assumed that the external O flow is
absent upon heating of the specimen.

Carbon oxidation and carbide formation take place
inasimilar way.

The conventional approach to the identification of
the (2 x 2) LEED pattern on W(112) givesthe coverage
© =0.25 (Fig. 48). However, with such ©, the sputter-
ing of CaO cannot be so high. Therefore, as a first
approximation, we can assume that the (2 x 2) pattern
isformed not by CaO molecules but by substrate atoms
unscreened by the film and producing a surface frame-
work having the (2 x 2) structure with itsinterior filled
with a film copying the substrate structure. Then, the
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Fig. 4. Arrangement of atoms and molecules (large empty circles, W atoms; figured circles, CO molecules; hatched circles, W,C
molecules; small filled circles, CaO molecules). (a) CaO + CO film on W(112), ©y = 0.25, O = 0.25, Oc,0 = 1.5; (b) clean

W(112) face, two types of domains; (c) W,C film on W(112), G)WZC =1.667, one of the domain types; (d) clean W(110) face; and
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Oc.0 in the uppermost layers of the substrate may be as
high as 0.75. In this case, the LEED pattern will not
change up to the reflection intensity. The presence of
the mobile anomal ous refl ections indicates that the sub-
strate surface is composed of moderately inclined
faces. Therefore, the possibility of CaO molecules
being formed in grooves between upper close-packed
(CP) atom rows on the W(112) face (Fig. 4b) should
also be taken into account. Then, with the same LEED
pattern, © may reach 1.75. Such a high value may
explain the intense sputtering of the film when CaO is
desorbed even without considering its presence at
defects not appearing in the LEED pattern.

The strange point in the above model of the (2 x 2)
pattern is that W atoms in the CP rows must alternate
(or even occupy dternate rows) (Fig. 4a) although the
adsorbate (Ca) flux is unlimited. Thisimplies the pres-
ence of atungsten compound in which the spatial con-
figuration of atomic and molecular orbitals preventsthe
adsorbate from being combined with each of the atoms
intherow. CO asthe additional adsorbate appearsto be
the most plausible.

If asurface atom of atransition metal (for example,
in CP rows on the (110) and (112) faces of Group VIb
elements) has a vacant d orbital, a CO molecule in the
ground state (i.e., with triple C—O bonds and two occu-
pied C and O orbitals opposite to the linear o bond,

which is the strongest in this triad [21]) can also pro-
duce a strong linear donor—acceptor bond via the occu-
pied orbital of the C atom (CO combines with a metal

only through the C atom [21]) and the vacant d . orbital

(i.e., the orbital directed normally to the surface). In
other words, aMeCO subcarbonyl molecule may form.
This molecule has one occupied O orbital directed nor-
mally (both toward and outward) to the substrate. This
orbital also can produce a donor—acceptor bond with
another ionized adsorbate, e.g., with cesium. Thus,
being bonded with the metal in the ground state (in the
excited state of a CO molecule, i.e., when one of the
two 1t bonds is broken, Me-C-Me bridge bonds occur
largely at defects or if surface atoms of the substrate
lack vacant d orbitals), a CO molecule will aways be
directed normally to the surface. Obviously, such a
molecule cannot be buried by an external W flux, e.g.,
from the TEC emitter. In other words, in the case of W
mass transfer from the environment, the CO molecule
will always “penetrate”’ into the upper layer of the W
atoms. In view of its location on the substrate and the
strong tendency to produce bonds to Cs', it becomes
clear to what extent the work function of the CO-cov-
ered TEC collector subjected to the Cs vapor increases.
Indeed, the CO contamination has the most adverse
effect on the TEC collector [5].
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From the difference in the linear sizes of CO and
Ca0 molecules and taking into account the different
nature of W—CO and W—CaO bonds, one can suppose
that CO molecules, when incorporated into the CO—
CaO film, will form ridges. This, in turn, will cause the
formation of inclined facets occupied by CaO. In fact,
CaO molecules, having strong double Ca—O bonds, can
be attached to W atoms only via one of the two remain-
ing occupied orbitals of the O atoms. They form donor—

acceptor o bonds via the vacant d . orbital of the W

atom. Then, double Ca—O bonds in the CaO molecule,
and hence, the molecule itself, will arrange themselves
at an angle to the substrate. Naturally, this will affect
the packing density of the CPW atom rows (which pro-
duce bonds with CO molecules), especialy in view of
the asymmetry of the two 1T bonds about the linear o
bond in the ground state of CO. The polarization, rather
than chemical, nature of the CaO—W bond is out of the
guestion because of the high temperature (1375 K) of
Ca0 desorption.

The two 11C-O bonds, which are asymmetric about
the o C-O bond, must be arranged so that the remaining
half-occupied d,, orbital of the W atom in carbonyl
WCO (this orbital is directed along a CP row at an
angle to the substrate) is placed in the dihedral angle
formed by the 1t bonds. Therefore, these 11 bonds must
be equally directed relative to the o bond and the CP
row of W atoms. Because of this, theW atomsin the CP
rows alternate when WCO molecules form.

Thus, if Ca and C (or W,C) oxidize concurrently,
there appears a high probability of a mixed CaO + CO
film being formed, where WCO molecules create the
framework with the (2 x 2) structure and ©¢5 = 0.25.
The value of O in thisfilm equals 1.5. Note that the
W surface atoms responsible for the coverage 0.25 and
the (2 x 2) structure do not combine with any of the
adsorbates (Fig. 4a).

Upon heating to 1475 K, the W(112) face gives the
c(3 x 2) diffraction pattern due to carbide W,C(0001)
(Fig. 3b). The LEED pattern taken from the (110) face
shows no extra reflections. On the other hand, the
LEED pattern taken from the (110) face of theflat spec-
imen exhibits reflections typical of W,C(0001) [10, 22,
23]. That is why the assumption that only the W,C
amorphous film is produced on the W(110) inclined
faces seems to be unjustified. Unfortunately, the AES
method cannot distinguish the states of theW,C carbide
on the (112) and (110) faces of the cylindrical surface,
since the relatively wide and, what is more, inclined
beam of primary electrons covers both faces. Thisleads
usto the conclusion that the carbon does not precipitate
on the inclined W(110) faces forming terraces with the
(112) faces as their base. This fact can be explained by
the increased energy of an inclined (110) face com-
pared with that of a (112) face (terrace base) and aso
by the presence of the boundaries (grooves) between
the terraces. At the same temperature (1475 K), the O
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peaks also disappear (Fig. 2f); that is, at this tempera-
ture, the surface istotaly free of CO.

As the temperature rises further (1525 K), the S
peak in the Auger spectrum starts decreasing and com-
pletely disappearsat 1625 K (Fig. 2g). Still higher tem-
peratures, up to 2000 K, cause no changes in the Auger
spectrum and the LEED pattern: the former exhibitsthe
peaks of W and W,C and the latter, the ¢(3 x 2) struc-
ture.

It should be noted that the Auger spectra from CO
and W,C differ only dlightly; therefore, the associated
peaks may superpose. It has been found, however, that
the presence of at least the basic O peak at 512-516 eV
isagood indication of CO on the surface. To verify this
experimental finding in the presence of the C and O
peaksin the spectrum, it is necessary to rapidly heat the
specimen to 1175-1475 K and record the spectrum
immediately after heating (preventing itscooling). In so
doing, the C peak at 272 eV is sharply reduced and the
O peaks disappear (Fig. 2h). This confirms the above
conclusion that CO may be present on the surface when
apart of the carbide is oxidized by the residua surface
oxygen at moderate heating temperatures.

Fromthe aforesaid, it followsthat the CVD tungsten
cylindrical surface can be cleaned of all the impurities
but carbon even after thefirst heating in vacuo. Carbon
combines with the substrate material at temperatures
below 1475 K to form carbides.

It has been reported [2, 4, 10, 22, 23] that W,C car-
bide dominates on any of the W crystallographic faces
except (100) when single-crystal W reacts with C no
matter how the latter was deposited (by segregation or
from an external source), the most close-packed (0001)
face of W,C being parallel to the substrate. Hence, the
same could be expected for the W(112) face.

When analyzing the undoubtedly moiré LEED pat-
tern with ¢(3 x 2), we constructed 25 models of the
structure with more or less realistic ® (0.750, 0.883,
0.917, 1.083, 1.167, 1.250, 1.333, 1.583, 1.667, and
1.750) and with scattering centers variously arranged
ontheW(112) face. Basically, each of the models could
be responsible for the LEED pattern observed. How-
ever, only two of them [with the reflection coordinates
in the reciprocal lattice (i.e., on the LEED pattern)

(1/3, 3/2), (1/6, 7/4), and (1/2, 1/4) for © = 0.883 and
(1, 12), (1/6, 7/4), and (5/6, 5/4) for ©® = 1.667]

proved to be close to the W,C low-index faces, (1010)
and (0001), respectively. Taking into account the type
of chemical bondsin W,C molecules (three-center W—
C-W bridges), the spatial orientation of bonding and
antibonding orbitals in C and W atoms, the need for
minimizing the energy spent on the rotation of W,C
molecule rows relative to CP rows of W atoms on the
(112) face (that is, the rotation of W,C rows must be as
small as possible), and data from the works cited above
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(specifically, the datafor ©, ), we adopted the model

with © = 1.667 asthe most realistic. For thismodel, the
arrangement of W,C moleculesrelative to the substrate
is shown in Fig. 4c. The deviation from the perfect
W,C(0001) face, for which the least spacing between
W atomsis 0.299 nm [24], aong the three principle | at-
tice directions is 1.64, —2.58, and —6.05% (for the last
two directions, the interatomic spacings in W,C mole-
cules are much smaller than on the perfect face). The

deviation from ©,, c on the perfect face (1.585 for

W(112)) is5.19% (the W,C(0001) face becomes closer
packed). Upon forming the W,C(0001) film, the rota-
tion of the CP substrate atom rows is 8°50'. Sites of
coincidence between W atoms in the W,C(0001) film
and on the W(112) substrate produce the ¢(3 x 2) coin-
cidence site (coherent) lattice.

From the model selected, it follows that the W,C
filmisformed not only by the uppermost CPW rowson
the (112) face but also by the rows in the grooves. The
latter are located between the former and are partialy
(by 5.72%) screened by them (Fig. 4b). Consequently,
the formation of the carbide leads to the radical recon-
struction of the W(112) face, causing the groove CP
substrate atom rows to emerge on the surface. Similar
effects have been observed upon the formation of Mo
and W suboxides [2, 10, 20].

CARBON REMOVAL AND THE STRUCTURE
OF THE CLEANED SURFACE

After 30 cycles of oxidation of the carbon-contami-
nated surface (by the method described above) and sub-
sequent oxygen evacuation to aresidual pressure P, <

1028 Pa, followed by severa rapid heatings to 1925 K,
the Auger spectrum had no peaks other than the W peak
(Fig. 2i). Under normal incidence of the beam, the
LEED pattern is typical of the clean (112) face of the
bec lattice (Fig. 3¢). Taking into consideration that the
cylinder envelope was placed in the horizontal plane of
the instrument and was at the same time normal to the
optical axis of the central electron gun, as well as that
the diffraction pattern (reciprocal lattice) was rotated
through 90° relative to the atom arrangement in the
direct | attice, we can conclude that the CPW atom rows
on the (112) face are aligned with the cylinder envelope
(Fig. 4b).

When the angle of beam incidence is varied in the
plane normal to the cylindrical surface of the specimen,
there comes a point where the LEED pattern from the
(112) face is no longer observed. Instead, one can see
the pattern from the clean (110) plane of the bcc lattice
(Fig. 3d). The angle between the (110) and (112) in this
lattice is TV8; that is, when emerging on the surface,
these faces make a dihedral angle of 7178. Thus, the
clean cylindrical surface of single-crystal CVD tung-
sten consists of terraces with inclined (110) faces as
walls.

ZYKOV et al.

However, at some intermediate angle of incidence
when {h0} and {0k} reflections(h=k=%1, 2, £3, ...)
in the pattern from the (112) face gradually disappear
and the pattern changes to that from the (110) face, one
can seethat reflections of type{2h+ 1,2k + 1} (h=k =
0, £1, £2, ...) in both patterns roughly coincide in the

first order. However, in the directions [10] and [ 10], the
reciprocal lattice for the perfect (110) face must be
15.47% shorter than the reciprocal lattice for the (112)
face (Fig. 3e). Therefore, it can be assumed that one of
the faces on the imperfect substrate is distorted. Rely-
ing on the general considerations that a complex sur-
face tends to have a relief minimizing its surface, we
believe that the probability of distortion is higher for
the terrace inclined walls. Their energy is higher than
that of the terrace bases, and they have avariable poten-
tial relief because of the inclination. In other words, the
W atom rows a ong the bcc lattice constant on the (110)
face must be compressed to the close packing state in
the first approximation.

The LEED patterns imply only two types of (110)
face distortion. In one case, it can be assumed that,
when the (110) and (112) faces join (along the
grooves), the (110) face is reconfigured in such a way
(Fig. 4d) that the directions of its CP rows of two types
become coincident (in either domain) with the direc-
tions of first-order inclined rows on the (112) face. The
inclined rows make an angle of 31°29' with the CProws
on this face (Fig. 4b). In the other case, the (110) face
may even be converted to the (111) face of the fcc lat-
tice or, which is the same, to the (0001) face of the hcp
lattice (Fig. 4€). In thiscase, the LEED (110) and (112)
reflections along directions paralel to the h axis will
coincide. Along directions perpendicular to the h axis
(i.e., along those paralld to the k axis), the first-order
reflections will deviate by 5.72%, compressing the
LEED pattern from the (110) face relative to that from
the undistorted (112) face. Visually, such adeviation is
practically indiscernible for the first-order reflections.
In this case, the joint of the (110) and (112) faces (ter-
race groove or ridge) will run along the mutual CP row
of W atoms. In view of the considerable decreasein the
energy in the groove because of the CP row formation,
the latter case of inclined (110) face distortion seemsto
be more probable.

CONCLUSION

Thus, microscopically, the clean cylindrical surface
of single-crystal CVD tungsten consists of terraces.
Their bases are the (112) faces coplanar with the cylin-
der envelope. The walls are the (110) faces making an
angle of 157°30" with the base. The (110) face is dis-
torted, i.e., dightly compressed (by 8.14%), in such a
way that it is converted to the (111) face of the fcc lat-
tice [(0001) face of the hep lattice]. Thejoint of the dis-
torted (110) and undistorted (112) faces (terrace groove
or ridge) runs along mutual CP rows of W atoms.
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In terms of impurity content in the near-surface
layer (but not on the surface), CVD tungsten single
crystals are highly competitive with zone-melted per-
fect tungsten single crystals, which were prepared
according to the requirements for specimensto be stud-
ied by modern methods for surface investigation. The
basic advantage of the material studied inthiswork isa
relatively low content of carbon impurity—the most
harmful impurity for emission electronics. This allows
process engineers to obtain an atomically clean surface
by applying conventional cleaning procedures. To
decrease the surface contamination, especially, con-
tamination by carbon (the clean surface facilitates sub-
sequent purification of the near-surface layer), it would
be desirable to formulate more stringent demands on
the processing (vacuum) conditions, use hydrocarbon-
free evacuation means, and remove carbon from the
TEC electrodes by the technique described above
directly inaTEC beforeits start-up.
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Abstract—Photoprocesses in systems produced by adsorption of NO and CO molecules on the Pt(111) and
Ni(111) surfaces, as well as on the (111) surface of Pt—-Ge alloy, is studied by the IR absorption spectroscopy,
resonant multiphoton ionization, and UV photoelectron spectroscopy methods. The energy of photons varies
between 2.3 and 6.4 eV. The character of the processes depends on the type of the metallic substrate. On the
Pt(111) surface, NO molecul es dissociate or are desorbed, depending on the degree of coverage. Onthe Ni(111)
surface, the molecules only dissociate. Conversely, NO molecules adsorbed on the (111) surface of the Pt—-Ge
aloy are only desorbed from the surface. In the CO/Pt(111) and CO/Pt(111)-Ge systems, CO molecules
adsorbed on on-top adsorption sites are desorbed under the action of the photons, while those occupying bridg-
ing adsorption sites change their properties insignificantly. A model of photoinduced processes is suggested.
According to thismodel, thelifetime of astate excited by charge transfer between the valence band of the metal
and the 2r-antibonding molecular orbital plays a decisive part in the occurrence of one or the other of these

processes. © 2002 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

In recent years, desorption of atoms and molecules
from the solid surface that is induced by e ectron tran-
sitions (DIET) in adsorbate—substrate systems has been
the subject of much investigation [1-6]. The aim of
researchers has been (and remains to be) to obtain fur-
ther insight into the adsorbate dynamics on the sub-
strate surface. The elucidation of DIET mechanisms
would make it possible to tackle a number of funda-
mental problems, such as the nature of the chemisorp-
tive bond in the ground and excited states, and to find a
mechanism whereby the excitation energy of the elec-
tronic subsystem is converted to the energy of thetrans-
lational, rotational, and vibrational motions of atoms
and molecules being desorbed [3-6]. Such studies are
also of great applied interest because they uncover
mechanisms of atomic and molecular transformations
on the solid surface, allowing for the control of these
transformations in applications [4].

The Antoniewicz model [7] is often used in describ-
ing particle desorption due to electron transitions in
adsorbate-substrate systems. It assumes that the shape
of the potentia energy surface (PES) and the lifetime t
of an excited adsorbate-metal (A—M) complex (Fig. 1)
are basic factors specifying the type of particle desorp-
tion. The probability of an adsorbed particle being des-
orbed rises with increasing lifetime of the excited com-
plex. Eventually, the particle leaves the surface, having
gained an energy exceeding the energy of adsorbate—

substrate bonds. On the metal surface, however, elec-
tron excitations in the valence band relax very quickly
and the lifetime is short (about several femtoseconds).
Because of this, the disintegration of the excited A—M
complex is accompanied by recombination. For poly-
atomic molecules, dissociation, along with desorption
and recombination, may also take place. Like desorp-
tion, dissociation implies bond breaking on the surface.
Therefore, the study of this process might clarify DIET
mechanisms.

The dynamics of adsorbed particlesis usually stud-
ied with laser radiation that generates photons in the
visible and near-UV parts of the spectrum [5, 8-10]. In
this case, avalence electron transition responsible for a
specific photoinduced response of the adsorption sys-
tem can be identified. This makes it possible to selec-
tively activate or inhibit specific surface reactions,
which cannot be done with thermal excitation, as well
as with electron- or ion-induced excitations. Most
works studying the energy distribution over the tranda-
tional, rotational, and vibrational degrees of freedom of
molecules being desorbed use laser spectroscopy of
atoms and molecules in the gas phase, the method of
resonant multiphoton ionization (RMPI) being the most
extensively employed [9]. In recent years, this method
has become common in studying the dynamics of NO
and CO desorption from a number of substrates [5, 8,
10-12]. The choice of these molecules as an object of
investigation has been dictated by their practical impor-

1063-7842/02/4706-0752%$22.00 © 2002 MAIK “Nauka/ Interperiodica’



EFFECT OF THE ELECTRONIC STRUCTURE OF A SUBSTRATE

tance in heterogeneous catalysis. In addition, they offer
a high chemisorptive efficiency with respect to most
adsorbents; hence, related adsorption systems can be
taken as models for studying the fundamental laws of
the interaction of these and other molecules with solid
surfaces.

In this work, we studied photoinduced processes in
NO/Pt(111),  NO/Ni(111), CO/Pt(111), and
CO/Ni(111) systems, aswell as on the (111) surface of
Pt—Ge aloy (hereafter, Pt(111)-Ge alloy), using the
methods of IR absorption spectroscopy (IRAS), RMPI,
and UV photoelectron spectroscopy (UVPS). From
vibrational spectra of the particles on the surface and
the energy distribution of molecules being desorbed
over degrees of freedom, we develop a model of these
processes. They are shown to depend on the substrate
metal and on the type of adsorption site. According to
theoretical considerations[13], thed band of Pt isfilled
if a smal amount of Ge (4% in our case) is added.
Therefore, we tried to trace how much a minor change
in the electronic properties of the substrate influences
the response of the systems to the irradiation. We have
found that the process type depends on the intramol ec-
ular vibration frequency v of CO and NO. The parti-
cles with higher v tend to be desorbed because the
electrons transit to the unfilled 2t orbital of the mole-
cule. For the particles with lower v, photodissociation
prevails. Also, the type of photoprocess (desorption,
dissociation, or recombination) depends markedly on
the excited state lifetime, as well as on the intramolec-
ular bond strength and the strength of adsorbate—sub-
strate bonds.

METHODS OF INVESTIGATION

Experiments were carried out in an ultra-high-vac-
uum chamber designed for IRAS and RMPI investiga-
tion and equipped with Auger electron spectroscopy
(AES) and low-energy electron diffraction (LEED)
facilities. UVPS studies of the Pt(111)-Ge aloy were
performed in another ultra-high-vacuum chamber with
a synchrotron radiation source. Photoelectron spectra
wererecorded by means of adouble-focussing cylindri-
cal reflector analyzer. An incident UV beam makes an
angle of 48° with the normal to the sample surface and
90° with the axis of the analyzer. Theresidual gas pres-
surein both chambers was no higher than 2 x 10 torr.
IR spectra of adsorbed molecules were recorded with a
Nicolet-Nexus 870 Fourier-transform spectrometer
with a resolution of 4 cmrt. The monochromator and
detector of the spectrometer were arranged so that the
incident and reflected IR beams polarized in the inci-
dence surface made an angle of 80° with the normal to
the sample surface. Such ageometry providesthe high-
est sengitivity to intramolecular vibrations of the adsor-
bates, since the axes of the CO and NO molecules are
aligned with the normal to the sample surface. The pro-
cesses under study were initiated by the radiation from
a Lambda Physics pulsed excimer laser with a pulse
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Fig. 1. Antoniewicz desorption model for an adsorbed par-
ticle[7]. If thelifetime of an excited state t exceedsthe crit-
ical valuet, (t > t.), the de-excited particle can pass through
the potential barrier of attraction to the substrate and be des-
orbed. Otherwise, recombination takes place. The transi-
tions between the ground and excited states are marked by
arrows.

repetition rate and duration of 10 Hz and 8 ns, respec-
tively. This radiation generates photons with a wave-
length of 193, 248, 352, and 532 nm. The energy den-
sity of the laser beam was 1-3 mJcm? for an angle of
incidence of 60°. The distribution of the molecules
being desorbed was taken with a Spectra Physics tun-
able dyelaser. In this case, the probing beam ran paral-
lel to the sample surface at a distance of 2 mm from it.
The particles were detected by the RMPI method using
the standard (1 + 1) schemeto excitethe A%X* <— X211
transitions for NO and using the (2 + 1) scheme to
excitethe B'Z* «— X'Z* transitions for CO.

The Pt(111)-Ge aloy was prepared by evaporating
aGe monolayer on the Pt(111) surface with subsequent
annealing at 1100°C. Asfollowsfrom the AES data, the
concentration of Geinthe surfacelayer of thealloy thus
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Fig. 2. (a) IR spectrataken from the NO/Pt(111) system for
exposures of 0.4 and 3.0 L (the latter provides the full cov-
erage of the substrate kept at 90 K). (b) Distribution of NO
molecules photodesorbed from the Pt(111) surface over
rotational energies (full coverage). Filled circles, spin-
orbital with the quantum number Q = 1/2; empty circles,
spin-orbital with Q = 3/2. The desorbent photon energy is
6.4eV.

prepared corresponds to 0.1 of a monolayer. The prop-
erties of the aloy were found to be stable against sub-
sequent thermal treatments. Recent STM studies of this
alloy have indicated the presence of the (5 x 5) super-
structure, which suggests that the concentration of Ge
in the first atomic layer of the Pt(111) surface is 4%
[14]. The surfaces of the samples were cleaned by con-
ventional annealing in oxygen and hydrogen, followed
by rapid thermal annealing at 800°C for Ni(111) and
1100°C for Pt(111) and Pt(111)-Ge. The samples were
then cooled to 90 K, and the NO or CO gases to be
adsorbed were delivered to the chamber up to a pres-
sureof 107" torr. All the IRAS and RMPI measurements
were performed at a sample temperature of 90 K (for
details, see [14-19]).
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EXPERIMENTAL RESULTS

Figure 2a shows the IR absorption spectra for the
NO/Pt(111) system at a substrate temperature of 90 K
and exposuresof 0.4and 3.0L (1L =10°torr s). When
the substrate coverage by the NO moleculesis low, an
adsorption band due to intramolecular vibrations of
adsorbed NO appearsat v = 1485 cm™. As the cover-
age grows, this band shifts to larger wave numbers and
itsintensity decreases. At the same time, a new absorp-
tion band at large v appears. When the surfaceis fully
covered by NO, the spectrum has a single absorption
bandat v =1717 cm™. It isassumed that these absorp-
tion bands are associated with intramolecular vibra-
tions of NO mol ecul es occupying dissimilar adsorption
sites. The lower frequency band corresponds to NO
mol ecul es occupying bridge adsorption sites, while the
higher frequency one is associated with NO molecules
occupying on-top adsorption sites [20-23]. Such an
interpretation of the IR spectra, which was accepted
long ago, has become the subject of furious debates.
The reason is that, according to recent structure inves-
tigations, NO molecules, when being adsorbed on the
Pt(111) surface, occupy largely octahedral and tetrahe-
dral voids[24—-26]. Because of this uncertainty, we will
not assign spectrum features to any of the adsorption
centers. Instead, NO molecules adsorbed will by con-
vention be referred to as “low-frequency” and “high-
frequency” for the sake of convenience.

For the photon energy 6.4 eV, the process occurring
inthe NO/Pt(111) system depends on the substrate cov-
erage. At low coverages, the photons decrease the
intensity of the lower frequency absorption band. Since
the desorption signal isabsent in this case, one can sup-
pose that the NO molecules adsorbed dissociate under
the action of the radiation. When the surface is fully
covered by NO, the intensity of the related absorption
band (1717 cm™) also decreases under irradiation but a
relatively high RMPI signal is observed in this case;
that is, the adsorbate is desorbed. The distribution of the
NO molecules being desorbed over rotational degrees
of freedom that is derived from the RMPI spectra is
shown in Fig. 2b on the semilogarithmical scale. The
distribution is seen to be linear, with its dope corre-
sponding to the NO desorption rotational temperature
490 K. Since the substrate temperature is 90 K, this
may indicate that NO molecul es desorbed from Pt(111)
under the action of photons are rotationally excited.

For the CO/Pt(111) system, as well as for
NO/Pt(111), two absorption bands are observed. For
the fully covered surface, their peaks lie at 1855 and
2105 cm. These bands are assigned to the molecules
occupying bridging adsorption sites and on-top adsorp-
tion sites, respectively. It should be noted that, unlike
NO/Pt(111), such an interpretation here has been sup-
ported by recent investigations with structure-sensitive
methods. Theirradiation of CO/Pt(111) with an energy
of 6.4 eV decreases the intensity of the high-frequency
band, while the low-frequency one does not undergo
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noticeable changes. In this case, as follows from the
RMPI spectroscopic data, the CO molecules are des-
orbed. The related RMPI spectrum is depicted in
Fig. 3b. The data points are well approximated by the
model spectrum (solid curve) for moleculeswith arota
tional temperature of 130 K. Thus, one can suppose that
CO molecules desorbed are not rotationally excited,
unlike the NO molecules, which have arotational tem-
perature of 490 K.

The IR spectrum from the NO/Ni(111) system
(adsorption at a substrate temperature of 90 K) has a
single absorption band corresponding to intramol ecular
vibrations of adsorbed NO. As the surface concentra-
tion of NO (coverage) increases, the position of the
peak tends to larger wave numbers, reaching 1585 cm
for 100% coverage (Fig. 3a). By way of example,
Fig. 3a demonstrates the IR spectra taken from the
NO/Ni(111) system at exposures of 0.5 and 3.0 L. For
the full coverage of the surface, the effect of the pho-
tonsisnegligibly small, whereas for smaller coverages,
theintensity of the related absorption band declines and
anew peak at 1820 cm arises. Similar absorption lines
in the high-frequency (above 1800 cm™) part of the
spectrum are also observed when NO molecules are
adsorbed on the Ni(111) surface with preadsorbed O
and N atoms. Therefore, one can assume that the pho-
tons cause the NO molecules to dissociate when the
coverageislow, whilethe properties of the NO/Ni(111)
system remain virtually the same for the full coverage.
It should be noted that photon energies used in this
work do not al trigger the photoinduced processes
observed. From the dependences of the processtype on
the photon energy E, it can be concluded that there exist
threshold energies E,, for each of the processes. The
table correlates Ey, for desorption and dissociation of
NO and CO molecules on the Pt(111) and Ni(111) sur-
faces with the associated frequencies of intramolecular
vibrations.

For the NO/Pt(111)-Ge system, the IR spectrum
does not contain the low-frequency band at any cover-
age, unlike the NO/Pt(111) system. The corresponding
spectrafor exposures of 0.4 and 3.0 L are demonstrated
in Fig. 4a As the coverage grows, the absorption line
becomes more intense and shifts toward larger wave
numbers, reaching 1716 cm for 100% coverage. The
spectrum issimilar to that for the NO/Pt(111) systemin
shape, while differing in intensities and half-widths of
the peaks. The photon irradiation lowers the intensities
of the peaks, which is due to NO molecule desorption,
in accordance with the RMPI data. Like for the
NO/Pt(111) system, Fig. 4b shows the distribution of
NO molecules desorbed from the Pt(111)-Ge surface
over rotational energies. The distribution can be consid-
ered as linear, with its slope corresponding to the rota-
tional temperature 410 K for the photodesorbed mole-
cules. It is seen that the distributions of the molecules
desorbed from the Pt(111) and Pt(111)-Ge surfaces
(Figs. 2b, 4b) agree qualitatively.
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Fig. 3. (a) IR spectrataken from the NO/Ni(111) system for
exposures of 0.5 and 3.0 L (the latter provides the full cov-
erage). (b) Experimental RMPI spectrum for CO molecules
photodesorbed from the Pt(111) surface by photons of
energy 6.4 eV (circles) and the corresponding RMPI spec-
trum simulated with regard for the rotational temperature of
the desorbed molecules (130 K) (solid line).

DISCUSSION

To discuss the results obtained, it is reasonable to
invoke the well-known Blyholder electronic model of
bonding between NO (CO) molecules and metallic sub-
strates [27], which was supported by subsequent simu-
lations [28, 29] (Fig. 5). For NO and CO, molecular
orbitals responsible for chemisorptive bonding with the
surface arethe 50 and 2morbitals, which are of bonding
and antibonding nature, respectively, in a free mole-
cule. According to the Blyholder model, these two
orbitals produce rel ated bonding and antibonding orbit-
alswhen interacting with d electrons of the substrate. It
is assumed here that the electron density is transferred
from the 50 orbital to the conduction band of the metal
and from the conduction band to the 2r-antibonding
orbital. According to UV PS data, the occupied bonding
state 50, of achemisorbed CO molecule and two occu-
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Fig. 4. () IR spectrataken from the NO/Pt(111)-Ge system
for exposures of 0.4 and 3.0 L. (b) Distribution of NO mol-
ecules photodesorbed from the Pt(111)-Ge surface over
rotational energies. Q = 1/2 (filled circles) and 3/2 (empty
circles).

pied bonding states, 5a;, and 21, of an NO moleculelie
at 9.2, 9.6, and 2.7 eV, respectively, below the Fermi
level [30, 31]. At the same time, inverse UVPS data
indicate that for a CO molecule, there exist two unfilled
stateslying 1.5 and 4.0 eV above the Fermi level (they
are assigned to the 50, and 21, antibonding orbitals)
and one unfilled state for an NO molecule (1.5 eV
above the Fermi level), which is associated with the 21,

Threshold photon energies Ey, for the NO and CO photodes-
orption and photodissociation and the intramolecular vibra-
tion frequenciestypical of these processes on the Pt(111) and
Ni(111) surfaces

System Ey, €V | Photoprocess| v, cmt
NO/Pt(111) 2.3 Desorption 1716
CO/Pt(111) 2.3-35 " 2105
NO/Pt(111) 5.0 Dissociation 1485
NO/Ni(111) 35 " 1480
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antibonding orbital [31-33]. The energy width of the d
band of Pt and Ni is8 and 5 €V, respectively [34, 35]. It
should be noted that the energy of transition between
the above levels somewhat differs from that measured
by the UV PS method because of the final-state effects.
These effects result in under- and overestimated bind-
ing energies for occupied and unoccupied levels,
respectively.

An €lectron transition responsible for aspecific pho-
toprocess can be found from the tabulated data. The
threshold photon energies listed seem to be insufficient
for exciting electron transitions between the levels of
the molecules adsorbed. To explain the fact that the NO
and CO molecules are desorbed at photon energies of
2.3-6.4 and 3.5-6.4 eV, respectively, one hasto assume
that the photons induce the electron transition from the
d band of the metal to the unoccupied 2rt, state, which
is behind the photodesorption of both molecules. One
could suppose that, for CO photodesorption, the 50,
state, which lies 1.5 eV above the Fermi level E; (like
the 21, orbital for NO), plays a crucial role. However,
the fact that the photon energy intervals inducing NO
and CO desorptions are not the same (see the table) is
against this supposition.

As was indicated above, the behavior of the
NO/Pt(111) and NO/Ni(111) systems under the photon
irradiation is different for the full surface coverage. In
the former case, the molecules are desorbed, while in
the latter, the properties of the system change insignifi-
cantly. This can be explained by the different effect of
the substrate electronic structure on the photoexcita-
tion. Platinum and nickel are isoelectronic transition
metals, and their electronic configurations are qualita-
tively similar. The most pronounced discrepancy isin
the energy width of the d band: 8 and 5 eV for Pt and
Ni, respectively [34, 35]. According to the Antoniewicz
model, the difference in the photoprocesses may be due
to the different geometry of the PESs in the ground and
excited states and to different lifetimest of the excited
state. Assuming that the PES geometries for Pt and Ni
are similar because of the similarity of their electronic
configurations, one can argue that the parameter t gov-
erns the type of the photoprocesses.

Let us see how the different widths of the d band
lead to different values of the excited state lifetime.
First, we note that the d band of Ni isnarrower than that
of Pt; hence, when they are equally filled, the center of
the d band in Ni lies closer to the Fermi level. As a
result, the interaction between the substrate and the 21t
level of the molecule for Ni is stronger than for P,
because the energy spacing between the 21t level and
the center of the d band is smaller in the former case
[28]. On the other hand, inverse UVPS data indicate
that the interaction of the substrate with the 50 state for
Pt is stronger than for Ni [33]. The lifetime of an
excited state depends on the force of itsinteraction with
the substrate or on the degree of its localization: if the
interaction becomes stronger or the state is del ocalized,
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the lifetime decreases. As was noted above, the desorp-
tion of NO and CO is due to the photon-induced transi-
tion of electrons from the metal to the unoccupied 21
orbital of the molecule. Since the interaction between
the d band and the 2t state for Pt isweaker than for Ni,
one can conclude that the lifetime of the related excited
state in Pt islarger. That is why the NO molecules are
desorbed from the Pt(111) surface and remain on the
Ni(111) surface under the action of the photons.

Further evidencein favor of such aninterpretationis
IR spectroscopy data. According to the Blyholder
model, when the molecul eis adsorbed on the metal sur-
face, the electron density is transferred from the occu-
pied antibonding 50 orbital of the molecule to the d
band of the metal and from the d band of the metal to
the antibonding 2rtorbital of the molecule. The interac-
tion of the latter orbital with the substrate is stronger;
hence, the electron density on this orbital is higher and
intramolecular bonds weaken. As aresult, the intramo-
lecular vibration frequency decreases. At the same
time, theinteraction of the 50 orbital with the substrate
must not have a considerabl e effect on the intramol ecu-
lar bond energy because of its antibonding nature. Note
that among orbitals producing chemisorptive bonding,
only the 2mt orbital weakens intramolecular bonds;
hence, a higher frequency of interatomic vibrations in
the adsorbed molecule means a weaker interaction of
the 21t state with the substrate. This, in turn, increases
the lifetime of the related excited state and thus
explains the different responses of the NO/Pt(111) and
NO/Ni(111) systemsto the photon irradiation.

The above considerations also help to explain the
dependence of the process on the adsorption site occu-
pied by the molecules. It was indicated that only high-
frequency particles respond to the photon action on the
NO/Pt(111) and CO/Pt(111) systems. In the case of
CO, these are molecules occupying on-top adsorption
sites. Such a specific selectivity can be explained if itis
remembered that the excited state PESs for the on-top
and bridge configurations are almost identical [36].
According to calculations, the PES shape is not respon-
sible for the selectivity. The selectivity effect can be
considered in terms of excited state lifetime t under the
assumption that t for high-frequency molecules is
larger than for low-frequency ones. The simulation of
CO chemisorption on Pt atom clusters counts in favor
of this approach. Its results indicate that the antibond-
ing 50 orbital makes a mgjor contribution to chemi-
sorptive bonding, while the 2t orbital has a minor
effect, in the on-top adsorption geometry [37]. More-
over, unlike CO molecules occupying on-top sites, the
2 state of a bridging CO molecule splitsinto two sub-
levels, which reflects the stronger interaction of the 21t
orbital with the substrate [37]. Consequently, it can be
assumed that the lifetime of the excited state associated
with the 2rtlevel in the case of on-top adsorption (high-
frequency molecules) is larger than for bridge adsorp-
tion (low-frequency molecules).
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Fig. 5. Energy diagram for the interaction of an NO mole-
cule with the Pt and Ni surfaces. The 50 and 21T molecular
orbitals produce the related bonding, 50}, and 2rg,, and anti-
bonding, 50, and 2rt,, orbitals when interacting with the
valence band of the metal.

Further evidence for the decisiverole of the 2rtstate
in the mechanism of the photoinduced processes is
apparent from comparing the results obtained for the
systems with Pt(111) and Pt(111)-Ge used as sub-
strates. As was noted above, the chemisorptive proper-
ties of Pt(111)-Ge differ greatly from those of Pt(111)
[16, 18]. Namely, the energy of NO and CO adsorption
on Pt(111)-Ge is appreciably lower than on Pt(111).
Also, low-frequency molecules observed on Pt(111)
are absent on Pt(111)-Ge. Nevertheless, in spite of
these differences in the ground state, the distributions
of the desorbed molecules over rotational energies for
both substrates are qualitatively similar (Figs. 2b, 4b).
Figure 6 compares the UVPS spectra for Pt(111) and
Pt(111)-Ge, from which it follows that the basic
change in the Pt electronic structure upon alloying with
Ge is the increase in the occupancy of the d band.
Because of this, the density of statesin the d band that
are vacant for adsorption decreases and, hence, the
charge transfer from the 50 level of the molecule to the
d band of the metal markedly decreases in comparison
with the pure Pt(111). Thisalowsusto explain the fact
that the binding energy of the NO and CO moleculeson
the Pt(111)-Ge surfaceislower than on Pt(111). At the
sametime, the relative increase in the occupancy of the
d band of the Pt—Ge alloy is insignificant and has a
minor effect on the reverse charge transfer from the d
band of the metal to the antibonding 21t orbital of the
molecule. The fact that, upon adsorption, the electron
densities on this orbital are close to each other for both
substrates is confirmed by the closeness of the associ-
ated intramol ecul ar vibration frequencies (Figs. 2a, 4a).
This and also the similarity of the distributions of the
molecules desorbed from Pt(111) and Pt(111)-Ge
under the photon irradiation over rotational energies
suggest that the 2rtlevel of the molecules governs the
photodesorption mechanism.

Another photoprocess observed in the systems con-
sidered is photodissociation. Note that only the low-fre-
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Fig. 6. UVPS spectra for the Pt(111) and Pt(111)—Ge sur-
faces. The photon energy is 36 eV. The value E = 0 corre-
sponds to the Fermi level.

guency particles dissociate on both Pt(111) and
Ni(111). As follows from the table, the threshold
energy of NO photodissociation is substantialy higher
than the threshold energy of photodesorption. There-
fore, we can suppose that the electronic mechanisms
behind the two processes are different. However, the
inverse UV PSdatafor the NO/Pt(111) and NO/Ni(111)
systems do not reveal unoccupied states other than 2T,
so that the electronic mechanism of photodissociation
cannot be identified with certainty. Nonethel ess, based
on the available data, we can make some qualitative
suppositions. The absence of the photodesorption sig-
nal when the photons act on the low-frequency particles
indicates that the photodissociation competes with the
recombination of the excited molecules into the poten-
tial well of the adsorbate-substrate PES. Within the
Antoniewicz model, this is a consequence of the short
lifetime of the excited state. In its turn, the lifetime is
short because the interaction between the 2t antibond-
ing orbital and the d band of the metal for the low-fre-
quency molecules is stronger than for the high-fre-
guency ones. The lower intramolecular vibration fre-
guency means a larger amount of charge on the 21t
antibonding orbital, hence, the stronger interaction of
this level with the substrate and the smaller lifetime of
the excited state. On the other hand, asthe charge onthe
21t antibonding orbital grows, intramolecular bonds
loosen. This may cause the molecules to photodissoci-
ate because the related activation barrier is reduced.
Results [5], according to which the photodissociation
Cross section increases with loosening intramolecular
bonds for molecules in the gas phase, validate this
assumption. Since the photodissociation takes place at
low coverages, one can suppose that the accommoda-
tion of dissociation products on the surface is aso of
importance here. The significance of the accommoda-
tion follows, in particular, from the following observa-
tion. When the NO/Ni(111) system with atotally cov-
ered surface is heated, the molecules are first desorbed
in amounts providing the exposure of adsorption sites
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needed for the subsequent accommodation of dissocia-
tion products of the remaining molecules[21, 22].

Thus, we conclude that the photoprocesses in the
NO(CO)/Pt(111), NO(CO)/Ni(111), and
NO(CO)Pt(111)—Ge adsorption systems are governed
by the type and surface concentration of the molecules
and by the type of substrate. It has been shown that the
21 antibonding orbital is crucia in the mechanisms
behind these processes. Asthe orbital interacts with the
substrate, the photoinduced processes change in the
order desorption—recombinati on—dissociation.
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Abstract—A model of silane decomposition in aradio-frequency argon plasmais constructed. The concentra-
tions of SiH, decomposition products, aswell as products of synthesis (higher silanes), are calculated. Therole
of metastable argon atoms in the formation of SiH; radicals and the higher silanesis analyzed. © 2002 MAIK

“Nauka/Interperiodica” .

INTRODUCTION

Silane decomposition in a radio-frequency (HF)
plasmais a conventional technique used in the produc-
tion of aSi:H films, which are usually deposited in
PECVD reactors. Recently, a breakthrough in jet
plasma-chemical methods has been made. These differ

ation of the silane concentration, as well as the transi-
tion of theradicals and silane to higher silanes and dust
SiyH, (y>5).

The chemical kinetics of the processesin agas dis-
charge can be described by the equations

oN,

in the ways of activating gaseous reagents. For exam-  ——' + y0N, = O(D,0N,) + Z N;(n.K;; + Z KN
ple, in the electron-beam activation technique [1], a 0t _
beam of electrons with an energy of several kiloelec- ' D

tronvolts interacts with a free jet of aworking gas that
passes through a supersonic nozzle. The electrons
cause the ionization and dissociation of the SiH, mole-
cules with the subsequent deposition of the decomposi-
tion products on the substrate. Another technique [2]
impliesthe preliminary decomposition of asilicon-con-
taining gas in a capacitive HF discharge (like in a

N |
—N. o+ -
NljzgeKlj IZK]“NE,
where N; is the concentration of the ith component,

Table 1. Parameters of Lenard-Jones potential

PECVD reactor) and the subsequent transport of the
decomposition 3roducts from tst?g di schargeseegion into Component ai(A) &i(K)
the vacuum chamber through anozzle. In this case, the SiH, 4.084 207.6
silane decomposition in the discharge region is accom- SH 3.943 1703
panied by various interradical reactions leading to the 3 ' '
formation of disilanes and polysilanes, which change SiH 3.803 1331
the plasma composition and the amount of film-form- SiH 3.662 95.8
ing agents. Information on the concentrations of the H 25 30.0
working gas components and on their behavior under H 2915 59.7
various discharge conditions assists in optimizing the 2 ' '
plasma-chemical processes and thus improving the SizHs 4.494 318.2
guality of thefilms. SisH, 4.601 312.6
SiHs 4717 306.9
NUMERICAL MODEL SiaHs 4.828 301.3
There is experimental evidence that SiH; radicals Si,Hg 4.828 3013
make the most essential contribution to the formation Si H** 4.808 301.3
of device-grade silicon films. Therefore, the simulation 2’6 ' ‘
of the production and loss of thisradical in aplasmaare SigH, 5.08 354
of special interest. It should be noted that the validity of SiH, 5.80 354
amodel to a great extent depends on the plasma com- Si.H 6.50 354
ponents being included. Our model considers the com- Son '
ponentslistedin Table 1 and takesinto account the vari- Ar, Ar* 344 120
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D, are the diffusion coefficients, n, is the electron con-
centration, K;j; are the electron-induced reaction rate
constants, Ky; are the interradical reaction rate con-
stants, and u is the gas flow rate in a plasmatron.

The first term on the right-hand side stands for the
diffusion contribution to the concentration, and the sec-
ond and the third terms describe the production and |oss
of sort-i particles, respectively. The term nCIN; takes
into account the gas flow (convection) in the discharge
chamber and makes the solution of Eg. (1) very cum-
bersome. It ensures the stationarity of the solution.
However, inthetimeinterval [0, T], wheret = My/Q (M,
and Q are, respectively, the gas mass and the gas flow
rate in the reactor), convection can be disregarded and
the problem becomes essentialy nonstationary [3].
This approximation is known as the plug-flow regime
and holds only when stirring of the reacting gasis neg-
ligibly small; otherwise, it is impossible to introduce
the parameter T, which definesthe residence time of the
gas in the reactor. In experiments, T is usualy 0.1s,
which considerably exceeds the chemical reaction
time.

The diffusion coefficients were calculated by the

Wilke formula, which is commonly used for multicom-
ponent mixtures:

N

D; = (n_ni)|: nk/Dki:| ) 2

k=1k#i

where n is the total concentration of the mixture and
n; isthe concentration of the ith component.

Since the concentrations of radicalsin the discharge
do not exceed 0.001% of the plasma-forming gas con-
centration, we may restrict our consideration to the dif-
fusion of the particles in the main components, which
are SiH, and Ar. The coefficients D,; of binary diffusion
were determined with the formula from the molecular—
kinetic theory of gases [4] using the Lenard-Jones

potential

A/T3/ Hi C_n12
poii iW(T) S
Here, p is the gas pressure expressed in torr, W =

mm/(m,+ m) isthe reduced mass of particles of theith
and kth sorts, 0,; = (0, + 0;)/2 is the effective collision

diameter, Ty, = KT/g,; isthe characteristic temperature,

D, = 1412308 3)

€ = JJ&E; is the intermolecular potential parameter

(the potential well depth), and Qj; (T} ) isthe collision
integral for mass transfer normalized to the Q integral
in the hard-sphere model. In our calculations, we used
the approximation [5]

£(TE) = A(TE) ™ + Cexp(-DT5)

@
+Eexp(-FTf) + Gexp(-HT),
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Fig. 1. Silane dissociation rate constant kq vs. E/p.

where the coefficients A = 1.06036, B = 0.15610, C =
0.19300, D = 47635, E = 1.03587, F = 1.52996, G =
176474, and H = 3.89411. The parameters of the
Lenard-Jones potential parameters [6, 7] are listed in
Table 1.

The reactions involved in our model are listed in
Table 2. We used the data from [6-8]. The rate con-
stantsfor the reactionsinduced by electronimpact were
derived from the total cross section of silane dissocia-
tion by electron impact [6, 9]. We took into consider-
ation that reactions (R1)—«(R3) of total dissociation,
account for 39, 48, and 13%, respectively, of the reac-
tion products [7]. The rate constant for silane dissocia-
tion was calculated after the energy distribution of the
electrons for the respective value of the applied field
had been found [10, 11]. Figure 1 shows the rate con-
stant for silane dissociation as afunction of the applied
field. Under the simulation conditions (p = 0.125 torr),

the dischargeis sustained by diffusion: (nk, < (A3 )D,),
where k; is the recombination coefficient, D, is the

ambipolar diffusion coefficient, and A2 is the diffusion

length. Hence, the charged particlesarelost on thewalls of
the chamber rather than in the bulk of the discharge.

In order to complete the statement of the problem,
we should specify boundary conditions. To do this
implies the consideration of the surface kinetics, which
is difficult because of the lack of reliable data on the
parameters of surface interaction between the compo-
nents. That iswhy the boundary conditionsfrom simple
kinetic theory are used in the simulation. The relation-
ship between the incident and reflected flows is given
by

I_out = (1_S)rim (5)

where I, = nv/4 + D/2(0n/0z) and Iy, = nv/4 —
D/2(0n/0z) are the incident and the reflected flows,
respectively; v, = 8KT/mmisthe therma velocity; misthe
mass of the particle; and sis the deposition coefficient.
Then, the relationship for the gas-dynamic parame-
ters on an absorbing surface has the form (diffuse
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Table 2. Chemical reactions and rate constants

No. Reaction Rate constant*
Electron-impact-induced reactions
R1 SH,+e— SH,+2H +e 3.0(-11)
R2 SiH,+e— SiH;+H +e 3.0(-11)
R3 SiH, +e— SiH, +2e+2H 2.0(-11)
R5 Ar+e—Arm+e 3.1(-11)
R6 Arm+e— Art +2e 3.65(-3)
R4 SiH,+e— SiH; +2e+H 2.0(-11)
R7 Ar+e—Ar"+2e 1.0(-13)
R8 SiH,+e—~SH+H,+H+e 9.34(-12)
Rg SiH4+e4> SiH2+ H2+ e 719(—12)
R10 H,+e—2H +e 4.49(-12)
Rll Si2H6+eg> SiH4+ SH2+e 286(_10)
R12 Si2H6 + e—— Si2H4 + H2 + e 123(—11)
Neutral—neutral reactions
R13 SiH,;+H —= SiH; + H, 2.8 x 10 exp(-1250/T)
R14 SiH,+ SIH — Si,Hz 1.0(-11)
R15 SiH; + SIH — SisHz + H, 4.4 x 10711 — 1.4/(1 + exp(P — 1.1)))
R16 SiH, + SIH — SisHg 2.5(-12)
Rl7 SH4 + S.2H5 —— S|H3 + Si2H6 50(—12)
R18 SH4 + §2H4 —— Si3H8 10(—10)
R19 Si,Hg + H — SiH, + SiH; 1.58 x 107 exp(-1250/T)
R20 Sio;Hg+ H — SioHs + H, 2.4 x 10 %xp(-1250/T)
R21 SIZHE —> Si2H4 + H2 50(6) S_l
R22 Si,Hg +Ar —= Si,Hg +Ar 5.00(-10)
R23 Si,Hg* —= SiH,+ SiH, 23(7) st
R24 SiHg* — SiH,+H, 2.3(7) st
s of radicals with radicals, silane, higher silanes, and hydrogen
R25 SiH;+ SiH; — SiH, + SiH, 4.1 x 1079(1 + 3.2/(1 + exp(0.4P)))
R26 SiHz + SiH; — Si,Hg* 1.0(-11)
R27 S|H3 + SizH5 —— S|H4 + SizH4 10(—10)
R28 S|H3 + SizH5 —— SiSHS 10(—11)
R29 SiH; + Si;Hg — SiH, + SioH5 4.1 x 10%exp(—2500/T)
R30 SH,+H — SiH+H, 3.30(-10)
R31 SiH, + Si,Hg — SigHg 3.9x10791—-(1+0.55P)™?)
R32 Si2H3 + H2 I SizHS 170(—10)
R33 Si2H4 + H2 I S|H4 + S|H2 100(—10)
R34 Si2H5 + H I Si2H4 + HZ 100(—10)
R35 SigHg + H — Si,H5 + SiH, 2.4 x 10 %xp(-1250/T)
R36 S|H2 + Si3H8 —— Si4H10 100(—11)
R37 SizH5 + Si2H5 —— Si4H10 100(—11)
R38 SizH4 + SizHG —— Si4H10 100(—11)
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No. Reaction Rate constant*
R39 SizHg + SiH; — SijHg + H, 1.00(-11)
R40 SiH + Si,Hg — SizH; 1.00(-11)
R41 SigH; + H — SigHg 1.00(-11)
R42 SiH + SizHg — SisHg 1.00(-11)
R43 SiH; + SigHg — SijHg + H, 1.00(-11)
R44 Si;Hg+H — SiyHqg 1.00(-11)
R45 SiH + SiyH;g — SisHy; 1.00(-11)
R46 SiH, + SiyH;g — SigH1» 1.00(-11)
R47 SiHz + SiyHig — SigHq1 + H, 1.00(-11)
R48 SisHqp +H — SigHq, 1.00(-11)
Reactions with metastable particles
R38 Arm+ SiH, — SiH, + 2H + Ar 2.60(-10)
R39 Arm+ SiH; — SiHz + H + Ar 1.40(-10)
R40 Arm+H, — 2H +Ar 7.00(-10)
R41 Arm+ SiH; — SiH, + H + Ar 1.00(-10)
R42 Arm+ SiH; — SiH + H + Ar 1.00(-10)
R43 Arm+ Si,Hg — Si,H, + 2H + Ar 6.60(—10)
R44 Arm+ Si,H, — SioH, + 2H + Ar 6.60(-10)
R45 Arm+ArMm — Ar* +Ar+e 1.00(-9)
Dust-forming reactions

R46 SiH,, + [SisH14, SisH15] — Dust 1.00(-11)
R47 Si,H,, + [Si4Hg, SisH1o] — Dust 1.00(-11)
R48 SioHp, + [SisHy4, SigHqp] — Dust 1.00(-11)
R49 SizH; + [SigH7, SizHg] — Dust 1.00(-11)
R50 SizH; + [Si4Hg, SisH1] — Dust 1.00(-11)
R51 SigH7 + [SisH44, SigH4p] — Dust 1.00(-11)
R52 SisHg + [Si4Hg, SigH o] — Dust 1.00(-11)
R53 SisHg + [SisH44, SisH45] — Dust 1.00(-11)
R54 SigH44 + [SigH44, SigH15] —= Dust 1.00(-11)

* Rate constants are given for a pressure of 0.124 torr and a gas temperature of 500 K unless the associated relationship is specified.

reflection is assumed)

on _ B SV,
0z 2(2—s)n' ©)

Under intense wall deposition, the supersaturated
vapor pressure is considerable and the surface reevapo-
ration from the surface can be neglected, aswasdonein

Eq. (6).

D

COMPUTATIONAL METHOD

Let us consider the following equation written for
20 componentsin the cylindrical coordinate system:

ONpj, 0°N,
[rar%arﬂ OZ]'-F ~AN. (7
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The term (F; — AN,) corresponds to the production
and loss of theith component in the chemical reactions;
here, A, > 0 and 0F;/dN; = 0. Equations (2) were solved
over the [0, R] x [0, L] domain within the [0, T] time
interval by using the Peaceman—Rachford (longitudi-
nal—transverse) scheme:

N=N o~ (An+AN)+F—An,
0.5At ®)
m—n _ _ _
m = (Arn+/\zn)+ F - An,
where
1 a 6n,D
r T Yar i gre
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- 93 9ng
27 9z07 9z
n is the concentration on the time haf-layer At(m +

1/2), " isthe concentration on thetime layer At(m+ 1),
misthe number of atime layer, and At isthe time step.

Taking the diffusion coefficient to be constant over
the space of the problem and applying the integro-inter-
polation technique, we arrive at the following expres-
sionsfor the operators A\, and A\

1 _ nk—nk_]D
An = ==,D
T rk%k hr Dr,k
_ D, + -
= — (MM = 2r e+ s y), 0<r <R,
k' fr
9
‘m _D _
A = DDa 2D = (nk 1=2n+n..,), r =0,
A = Dlj]i—l_ni+ni+1|:|
FAL I

U h22 Lr

where ry = (r,—0.5h), ry = (r,+ 0.5h), h, = RIN, isthe
step along the radius, h, = L/N, isthe longitudinal step,

C/C(SiH,)
45%10° -

3.5x10701

SiH;(-10)

2.5%x107%1

SiH,

1.5x104t
0.5 x 10~ Si
0 1 1 1 1 1
0 0004 0008 0012 0016 0020
t, S

Fig. 2. Time dependences for concentrations of silane radi-
cals and hydrogen.

C/C(SiH,)

2.0x 1073
H,
1.6 x 1073 1
1.2%x103
0.8 x 107 F
0.4 x1073 | SiyHg
/__{///;swg(o.l)
1 1 ]

0
0 0.005 0.010 0.015 0.020 0.025
t,s

Fig. 3. Time dependences of the Si,Hg, SizHg, and H, con-
centrations.
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M= n(rk’ Z|)! Me= khra and Z = |hZ

System (8) is closed by boundary conditions (simi-
lar to (6)) on the lateral surface and at the cylinder
edges and is then rearranged to

onl =, (10a)
or|,-o
Dg_f: - ‘2(;‘/:5)”’ (10b)
D%‘ = _2(2‘/—ts)”’ (10c)
Dg_? - _2(2‘/-ts)”' (10d)

The gas flow at the cylinder axis (R = 0) istaken to
be zero. Condition (10c) can be approximated as

Da_n = —f3n,
0z|,-¢
n n n n (11
D=5 = Bl k= 05yl + hy ==

Here, o = (Ao + Fox = No o), and B =
(sv)/2(2 — s). Similar expressions can be obtained for
conditions (10b) and (10c). In the difference form, con-
dition (10a) appears as

oM,

0 _
L = 05n o+ 05h
where Ug = —(A;N; o + Fi o—A oD o).

For calculations, it is convenient to represent
expressions (11) and (12) in the form

ﬁ|O

At/ 2 (12

Mok = NNyt P, Mo = Isfi ot Ps, (13)
where
_ DAt

h? + DAt + Bh,At)’

(1 + DA+ Bh,AY 3
p, = h,Ng i« — Mo, KAt

17 (DAt/h,+ BAt+h)’

— 4DAt 5 p3 - uo,khrAt_hrzﬁi,O. (l3b)
(4DAt + h?) ADAL + b

In view of (9) and (13), system (8) takes the form
(the subscript at the components is omitted)

an g — (& +3,,+2-AA)N  +38, 1Ny
= =\ At=2n;  —FAt (i = L, N, k =0,N)),
a1 — (A + A+ 2-AADM, | + & 1M i
= AN At-2 —FAt (k= 1L, N,;i = 0,N),
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C/C(SiH,)
-5 _
4 x10 SiH; 0.1
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o N\
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Fig. 4. Axial profiles of radical concentrations. The num-
bers at the curves indicate pressure p, torr.

Nio = N o+ PN o = roNj o+ P,

Mo = IaM ot Pafl o = 4N o+ Ps-
Here,
. DAt DAtr, DAtr,
a=a,,=—, a-= , 41 = (14
i i+1 2 k hrrk k+1 hrrk ( )

z

The coefficients r,, p, and r,, p, can readily be
found from formulas (134a) by substituting correspond-
ing h, y, and n; (N; ). System (14) is solved for al of
the components by scalar sweeping: first along the cyl-
inder length for every fixed value of the radius r, and
then, along the radius for every fixed value of z. It is
evident from the calculations that the solutions are sta-
blefor atimestep At<108s.

RESULTS

We performed the numerical simulation of the phys-
icochemical processesin acylindrical reactor with the
sizesL = 3.88 cm and R = 1.25 cm. Other parameters
were as follows: the total gas pressure p = 0.125 torr,
temperature T = 500 K, and the el ectric field frequency
f=13.56 MHz. The electron concentration was defined
parametrically at alevel n, = 108 cm=,

Figure 2 shows the time dependences of the concen-
trations of silane radicals and atomic hydrogen. It is
seen that SiH, and SiH rapidly (=0.001 s) reach their
equilibrium concentrations, whereas the time taken for
the SiH; equilibrium concentration to set in is on the
order of 0.01 s. Similar behavior is displayed by the
atomic hydrogen. The considerable content of atomic
hydrogen in the plasma correlates with the result [3]
obtained for the diode-type PECVD reactor. Another
important feature is the accumulation of Si,Hg, SizHg,
and H, in thereactor volume (Fig. 3). The SiH; concen-
tration profiles along the length of the discharge cham-
ber at different pressures are plotted in Fig. 4. The SiH,
concentration depends strongly on the addition of
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Fig. 5. Time dependence of the silyl concentration for
(1) 100% SiH,4 and (2) 95% Ar + 5% SiH4 mixture.
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2
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Fig. 6. Dust concentration at p = 0.25 (1), 0.125(2), and 0.1
(3) torr.

argon. Thisis because theArm+ SiH, —» SiH; + H +
Ar reaction provides an additional channel of silane
decomposition, thus increasing the silyl yield as com-
pared to that in the pure silane plasma (Fig. 5). How-
ever, the presence of Ar extends the time taken for the
SiH; concentration to reach its equilibrium level.
Although the intense dust formation affects the kinetics
of the basic components only dlightly, it may deterio-
rate the film quality. Figure 6 demonstrates the dust
concentration for different pressures of the dischargein
pure silane and in the 95% Ar + 5% SiH, mixture. The
relative content of the dust in the argon—silane plasma
turns out to be lower: by afactor of 4 at high pressures
(0.25-0.5 torr) and by afactor of 6-6.5 at a pressure of
about 0.1 torr.
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Abstract—Description of the sputtering of metals by ion bombardment, in which large neutral or charged clus-
tersare produced with the number of atomsN = 5, is further elaborated using simple physical assumptions. The
results obtained, represented by simple formulas, are in agreement with experiment. By way of example, cal-
culations of the mass spectra of neutral and singly charged clusters produced by ion sputtering of tantalum and
the ionization coefficients of silver clusters are presented. © 2002 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

Considerable efforts are being devoted to research
on ion sputtering of solids (see, for example, reviews
[1-5] and references therein). Generally, the sputtering
of solids can be either elastic (rebound) or inelastic
(electronic), depending on the mechanism of energy
transfer from the incident atoms to target atoms [1, 4].
In theinel astic sputtering process, which usually occurs
in sputtering with fast ions [4] (traveling at a speed of
~10° cm/s), or multiply charged ions, the ion transfers
its energy by exciting the electronic subsystem of the
solid with subsequent transfer of the electronic excita-
tion energy to atoms of the solid. In the elastic scatter-
ing process [1, 4] taking place under bombardment
with ions carrying a small charge and possessing an
energy from a few to tens of kiloelectronvolts, the
energy is usualy transferred from the impinging ion
directly to atarget atom, as aresult of a (elastic) colli-
sion of the ion with a surface target atom with subse-
guent energy redistribution in the process of cascade
collisions. We will consider the sputtering phenomenon
of the latter, elastic type. Consistent calculations and
the complete theoretical description of the sputtering
process are extremely difficult, first of all, because of
the many-particle nature of the problem both in the
stage of penetration of theionsinto the solid and in the
formation stage of sputtering products consisting not
only of single target atoms but also of polyatomic par-
ticles or clusters [6-8]. The first principle calculations
using molecular dynamics methods [1] (see also [9—
12]) are technically complicated in this case, especialy
for large numbers of atoms in the cluster, and poorly
reproducible in calculations by different researchers.
The difficulties increase considerably if the scheme of
molecular dynamics is supplemented with formation
processes of the charge states of sputtering products.
Formation of the charge states of monoatomic particles,
dislodged from or scattered by a metal surface, have

been treated in a number of experimental and theoreti-
cal studies (see, for example [5], pp. 137-236). The
mechanism by which charge states of polyatomic parti-
cles are formed has been studied much less extensively
[13-16] both theoretically and experimentally.

In this study, a description is given of the sputtering
of metal under ion bombardment for the case where
sputtered particles are large (with the number of atoms
N = 5) neutral and charged clusters. It is based on sim-
ple physica assumptions and is in agreement with
experiment. Our treatment makes use of studies
[17-20], but the result is represented by a simple for-
mula for the probability of cluster gjection, as well as
the size and charge state of the clusters, and includes
the dependence on the target temperature. The pro-
posed approach is absolutely inapplicable to the case of
sputtering in the form of single atoms or small clusters.
Comparison with experiment indicates that this
approach [17, 21] can be applied starting with acertain
number of atomsin the cluster (N = 5).

CALCULATION OF PROBABILITY

L et the bombarded solid consist of atomsresidingin
oscillating wells of depth A and having an intrinsic fre-
guency w. The characteristic period of oscillations is
T = 21/w. Let the speed of the bombarding ions be such
that over atimet < T, theions and fast recoil atomsin
the metal experience multiple collisions with the result
that the metal atoms receive momenta q;, wherei isthe
number of atoms. Inequality T < T alows a different
formulation; i.e., the passing of an ion through the sys-
tem of oscillators is equivalent to an instantaneous and
simultaneous transfer to the oscillators of momenta q;
(i=1,2, ... N), where N isthe number of oscillators. In
what follows, weassumethat al g;,i = (1, 2, ..., N), are
independent and all directions are equally probable.
The objective of the calculation is to derive the proba-

1063-7842/02/4706-0767$22.00 © 2002 MAIK “Nauka/ Interperiodica’



768

bility of a system of N oscillators (which instanta-
neously received momenta ;) being found in finite
bound states with the center of mass having a momen-
tum k. If the last condition is met, then the system of N
oscillators moving as awhole will have the momentum
k. Theeasiest way of calculating the probability of such
an event, which corresponds to the correlated gection
of agroup of atoms, isto resort to quantum mechanics.
Let us adopt Einstein’s model and replace the group of
N atoms by a system of N-independent identical oscil-
lators with an intrinsic frequency w.

The corresponding wave function has the form

W = O(R)@(r)@a(rz) ... on(r), N

where ®(R) is the wave function of the center of mass
of the group of N atoms; R is the coordinate of the cen-
ter of mass; and @ is the wave function of theith oscil-
lator with coordinater;.

Put differently, the result of the ion’s journey
through the system of oscillators amounts to an instan-
taneous and simultaneous transfer of the momentum g;
to each oscillator (i = ., N) and of the momentum

fZ‘N= ,0; to the center of mass. This transforms wave
unction (1) into

0 & 0 i
exp%'zcm EREQD(R)exp%ql I Jou(ry)
@

x L, I HG(12) X .. X &P [T Fou(rv).

We assume that prior to receiving the momenta ;,
all oscillators arein their ground states, i.e.,

G=@ = ... = =@, P=D,
Therefore, the amplitude of the probability of find-
ing an arbitrary fina state

Wi = O (R)Pn(r1)@na(r2) ... @an(ry)

with the center of massin a state ®, of the continuous
spectrum and with a momentum k depends on the pro-
jection of the states W; onto states (2). After summation

over guantum numbers n; of the oscillators (subject to
n= iNz N, where n has the meaning of the principal
guantum number of a system of N oscillators), the
square of the amplitude modulusis

wy = nl,{zf; zzq} p& e ZZq%
%quRD%(R)> ,

©)
x <¢k(R) exp
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where a? = mw/fi, m being the mass of an oscillator
(atom).

In calculating the square of matrix element (3) and
in summing, we used Fermi’sresults (paper #74in[22];
see also [17-19, 23]). This is actually the probability
that a cluster of N atoms will break away as a whole,
with a momentum k and in an excited state n. We are
interested in stable gjected clusters; therefore, the sum-
mation should be carried out over all excitation states
with n lower than ny, which is the state with enough
energy stored in the excited oscillators to cause disinte-
gration of a cluster. This state can be defined as n, =
A/hw, or asthe state in which the vibrational energy of
all oscillatorsislarge enough to gject one atom out of a
well of depth A. Thus, it is necessary to calculate

Mo

W, = Z wi”,

wheren, > 1; therefore, the summation is performed as
follows:

el e
f(x) =€ Zoﬁx =

O 010
= epx epH-
0 Hngd
Hence,

W, = ex B_h—og;;——zzq%

expgﬁi;qi

Now, the full probability Wy, for the center of mass
of a group of N atoms being found in the continuous
spectrum can be obtained by integrating W, over all
possible k, although this probability is easier to calcu-
late by summing over all bound states @,(R) of the cen-
ter of mass and subtracting the obtained sum from
unity. Summation using this method gives

k0 N

Z exn%Z q; (RO ¢0(R)>
i=1

011 G b

= eX y

P 0 ko2#2a? qDD

n=1
where summation is carried out from n = 0 through
somevalue n =k, (itsderivation is given below) and the
notation B2 = mNQ/# is used, Q being the oscillation
frequency of the center of mass.

2

0J
x <¢k(R) ERE¢O(R)> .

2

<¢k(R)
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Theresultis
1 N DZD
Wy 1- expE}— —— )y qd0
Ko2# 0’04, 00
) (@)
g 1
X expd-—

The procedure for deriving k; is as follows. It is
assumed that the center of mass of a group of N atoms
oscillates harmonically at a frequency Q in a potential
well of depth Uy, which represents the binding energy
between the cluster and the metal. This binding energy
is proportional to a contact area S between the group
of N atoms and the rest of the metal. Suppose that this
surface is a hemisphere with its center at the metal sur-
face asit was prior to sputtering. Then Uy = oS, = dN?3
[17-20]. In this way, we discriminate between the
depth A of the potentia well, in which each atom of the
solid is found, and the surface energy o, binding the
cluster to the bulk of the metal per one cluster atom. It
us evident that in formula (4) k, = UW/(AQ).

Then, probability (4) should be averaged over all
possible values of q;, i = (1, 2, ..., N). It is natura to
assume that all quantities g; are independent and their
directionsare equally probable, so that the average over
angles Q; of the g; vectorsis

10Qqz...dQ\Wy.  (5)

(47T)

Unlike the case considered in [17-20], the integrals
in this formula cannot be factored; therefore, the aver-
age in question will be calculated using the following
representation:

oot ocbh o, .oV 0 ,
expEp0Y qo0 = fd pPdOY g; —pdexp(—pp°)
0 0& 00 = 0
d®pfd® [-I— y p%[f%
rex | P —
(2)I pf P 4 0

X —op?) = 0
exp(—pp°) = on )H[djf

X alta
expHDOY q exp
o0& oo 9 4d3

where p = (k:2?) = 1/(2mNUy) = V[N*¥(kyy)] and ko, =
(2md)Y2, It is easy to arrive & (4TD_1Iqui exp(-iq; ) =
(gr)™sin(gr), and the average quantity (5) finally takes
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the form

= ZZQ.%[ ——(p)‘”

Wy = expB-
(6)
J’r drexpD 4@% sm(qr)% }

The integral in this expression can be easily calcu-
lated using the formula

. 0N
B(sm% =ePFeT

whichistruefor N > 1 and is easily obtainable recall-
ing that the function

_ g
f(x) = B(sm)%
at N > 1 satisfies the differential equation

d X
a—xf(x)~—N§f(x).

Indeed,
v _ i “lrposx  sinx
D= NGl -T2
N-1 N
:N%sin% = — Z%Qn%.

Therefore, calculation of the integral in (6) is sim-
ple. We ultimately obtain

Wy = [1_ :zl 3/2}
(1+Ng p2/3)
(7)
i Efn‘ofwiq'

We proceed further, assuming for simplicity as in
[17-20], that though al q; are directed absolutely cha
otically, their absolute magnitudes are equdl, i.e., |q;| =

gforanyi=1,2, ..., N. Then, the probahility takes the
form
— 1 o 3§ q2 0
Wy = |1- expd-N— , (8
EREETE LR
0 3 (ko)
where ky; = (2md)¥2,



770

Normalized yield Y

10" 2~

[ ]
100+
1071 F
10721 N\ @
\e
3 5 7 10

Cluster size N

Fig. 1. Normalized yield Y,t,l of singly charged clusters as
a function of the number of atoms in the cluster. The solid
curveisthe calculation for avariable parameter value of g =
500 u (atomic units: 72 = m, = e =1); solid circlesis experi-
ment [25]; the dashed curved is the calculated mass spec-

trum of neutral clusters (q =500 u) for the same target tem-
perature; the dotted curve is the power law [6] normalized

by acluster of 5 atoms, i.e., the function N85/585,

Normalized yield Yy
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Fig. 2. Normalized yield Y?\, of neutra clusters as a func-
tion of the number of atomsin the cluster. Solid curve—cal-
culation (g = 450 u); solid circles—experiment [6]; dashed
curved—cal culated mass spectrum of singly charged clus-
ters (q = 450 u) for the same target temperature; dotted
curve—the same asin Fig. 1.

CHARGE STATE CHARACTERISTICS

Thus, we calculated the possibility of a cluster
breaking away as a whole (group) without its atoms
changing their positions relative to each other. The
charge-state formation process is part of the sputtering
mechanism. We will proceed further relying substan-
tially on the assumption that large clusters are dis-
lodged as whole groups of atoms, in which case the
charge state of a group of N atoms can be determined.
Therefore, we consider that the exchange between the
conduction band electrons in the metal and electrons of
the atoms comprising the cluster is possible up to some
(critical) distance &, as was done in the statistical deri-
vation of the Saha—Langmuir formula [24]. At dis-
tances exceeding &, the el ectronic exchange ceases non-

MATVEEV

adiabatically. Then, according to [20], the possibility
Py(Q) for an gjected cluster of N atomsto have acharge
Qe (e being the electron charge) follows from the stan-
dard formulafor the probability of fluctuations,

1 01 @O
Pv(Q) = =——expO-5 ,
T B TP 2t o
31/2mee 2/3
(AQu)* = ey %E y°N,

where Dy isanormalization factor, which is determined
by summation over al possible values of Q = 0, 1,
2, ...; m, is the conduction electron mass; V is the
cluster volume; © is the target temperature; y is the

valence of the metal atoms; and (AQN)2 isthe average
squared deviation of the cluster charge from the equi-

librium values defined in terms of ANﬁ, the average
squared deviation of the number of electrons in the

cluster from the equilibrium value: (AQy)? = ANZ.

Thus, for obtaining the breakaway probability of a
cluster of N atoms carrying acharge Qe, it is necessary

to multiply the probability Wy given by (8) by Py(Q).
This gives the final expression for the breakaway prob-
ability of a cluster of N atoms carrying the charge Qe:

WK =|1- 1 = expEkNé%
Ell+ N—2/32 q2 g O A(km)
. 3k (10)
v Lepdl Q0
D" P8 2(aQu) T

COMPARISON WITH EXPERIMENT
A quantity usually measured in experiments is the

relative probability Yﬁ of the breaking away of clusters
with a different number of atoms. Therefore, for com-
parison with experiment the probability expressed by
(10) needs to be divided first by the value for a cluster
with N = 5 (actually, for any cluster with N = 5, but in

our case N = 5 ispreferable). Thus, by definition, Yﬁ =

WSIWS s If required, any suitable units can then be
used. Figures 1 and 2 show normalized yields of singly
charged and neutral Tay clusters as a function of their
size N for a tantalum target bombarded with singly
charged ions Au™ of energy 6 keV and with ions Ar*!
of energy 5 keV at target temperatures of © = 2273 and
300 K, respectively. For comparison, apower law curve

TECHNICAL PHYSICS Vol. 47

No. 6 2002



CHARGE AND SIZE DISTRIBUTION OF CLUSTERS

.. .. 1
Tonization coefficient KL
100 -

1071+

1 1
0 10 20 30 40
Cluster size N

Fig. 3. Dependence of single ionization coefficient KLl on

the number of atomsin clusters of Ag atoms. Dashed line—
our calculation (6 = A =2.96 eV, q = 150 u); solid circles—
experiment [8].

for tantalum is shown normalized to a cluster of 5
atoms, i.e., thefunction N85/585[6]. In order to reduce
the number of fitting parametersin the calculation, it is
assumed that 6 = A = 8.1 eV (sublimation energy [26]),
so that the only remaining fitting parameter in (10) is
the momentum q. It is noteworthy that mass spectra of
the neutral clusters are only weakly dependent on the
target temperature, while those of singly charged clus-
ters change substantially with the target temperature
(see also experimental datain [16]); but as the temper-
ature is increased, these mass spectra become closer to
those of neutral clusters. The charge state is usualy
characterized by an ionization coefficient equal to the
ratio of the number of clusters with a charge Q to the
number of neutral clusters (for a given cluster size N),
which can be defined as follows:

Wy
wWR™°
In Fig. 3, the dependence of the ionization coeffi-

cient Ky, of silver clusterson the cluster size N at atar-

get temperature of © = 400 K is shown. An important
feature of this dependence is the tendency to saturation
(for N>5) withincreasing cluster size, so that further vari-
ation with increasing N isinsignificant. Qualitatively sm-
ilar behavior was observed experimentdly [8, 13].

Q _
N =

K (11)
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Abstract—Composition (X)-temperature (T) phase diagrams obtained for the first time for single-crystalline
(Na,Li)NbO; (system I) and (Na,K)NbO5 (system II) niobates are compared with the known phase diagrams
for ferroelectric niobate ceramics prepared by various techniques (standard firing and hot pressing). In system
[, the thermodynamic history (process conditions) is shown to have a pronounced effect on the diagrams
throughout the range of perovskite stability, while in system |1, the effect is the most significant at low potas-
sium concentration (x < 0.15). These data are associated with asmall value of the tolerance factor t of the solid
solutions, whose properties are sensitive to the thermodynamic history. Small (= 0.9-0.93) values of t indicate
the “porosity” of the structure of solid solutions| and 11 in the above concentration ranges. Under these condi-
tions, polarization- and rotation-related structure instabilities compete on equal terms and substitutional and
interstitial solid solutions may coexist. © 2002 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

(Na,Li)NbO; and (Na,K)NbO; solid solutions (SSs)
are promising piezoelectronic materials because they
offer low permittivity €, high velocity of sound, rela-
tively high coefficient of electromechanical coupling,
and a wide spectrum of the mechanical Q factor [1, 2].
Such a unique combination is not encountered in other
piezoelectric materials. Moreover, these materials do
not contain lead, which is of great importance in view
of increasingly stringent environmental requirements.
Sodium niobate (SN) NaNbO; exhibits multiple phase
transitions (PTs) (six known to this day [1-3]), and the
x—T phase diagrams of its solid solutions are very com-
plex. Datafor the PT number and temperatures are very
contradictory [4-8] (Figs. 1a, 1b). The reason is that
some transitions are hard to detect because associated
changes in the structural and electrophysical parame-
ters are very small. It should be noted that SN-based
SSs have been studied mostly as ceramics. In thiswork,
for the first time we construct x—T phase diagrams for
SSsin systems| and |1 based on the dielectric and opti-
cal propertiesof thesinglecrystals. The phase diagrams
constructed are compared with the known x-T dia-
grams for ceramic materials obtained by various tech-
niques (standard firing and hot pressing).

RESULTS AND DISCUSSION

(Na,Li)NbO; and (Na,K)NbO; transparent crystal-
line plates with LiNbO; and KNbO; concentrations up

to 8 and 40 mol % were prepared by the method of
spontaneous crystallization from solution in the NaBO,
melt [9]. The composition of the SSs was determined
by comparing their lattice parameters and PT tempera
tures with the published data for the ceramics. Ceramic |
with a density of more than 95% of the theoretically
predicted value was obtained by conventional ceramic
technology (solid-phase synthesis, followed by firing
without pressing). After grinding the samples, the pow-
ders were subjected to differential thermal analysis
with aPaulik derivatograph. Optical studies of the 100-
to 200-pum-thick plates were performed in a MIN-8
transmission polarization microscope provided with a
heating stage. Dielectric studies of the crystals with
Aquadag el ectrodes applied on the natural (001) faces
were carried out in theinterval 1-100 kHz with a P5083
ac bridge upon continuous heating or cooling at a rate
of 2-3 K/min.

The x—T diagrams obtained are shown in Figs. 1 and
2. In system |, we succeeded in locating a phase transi-
tion at 220-330°C, which had not been discovered so
far. One could anticipate this transition in system |
based on the pyroelectric and optical properties of
Na, _,Li,NbO; with x = 0.02 crystals [10, 11]. Unlike
ceramic samples, crystals of both SSs, which, as fol-
lows from room-temperature X-ray data, contain
orthorhombic antiferroelectric, P, and orthorhombic
ferroelectric, Q, phases (the phases are designated
according to [3, 8]), exhibit PTs in the interval 30—
120°C. These PTs, being accompanied with anomalies
in the optical and dielectric properties[9], have awide

1063-7842/02/4706-0772%$22.00 © 2002 MAIK “Nauka/Interperiodica’
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Fig. 1. x-T phase diagrams of the Na; _,Li,NbOs3 solid solutions in the range of small x. The phases are designated asin [3, 8].
(a) Ceramic obtained by conventional firing (empty symbols, X-ray diffraction data[4]; filled symbols, data of differential thermal
analysis); (b) ceramic obtained by hot pressing, the diagram is constructed from the X-ray diffraction data[5]; and (c) singlecrystals
obtained by mass crystallization from solution in melt (filled symbols, optical data in polarized light; empty symbols, dielectric

measurements).

temperature hysteresisand arelikely to be similar to the
transitions between the P and Q phases at temperatures
between 75 and 220°C in SN crystals [7]. In addition,
inthe x—T diagrams of systems| and I, shown arelines
corresponding to the anomalies of the electrophysical
and structural parameters at 150-190°C (Figs. 1c, 2),
which wererevealed by usearlier [9, 10]. For SN, these
anomalies can beidentified as PTs between two antifer-
roelectric orthorhombic phases, as was shown in [9,
12, 13].

Analysis of the phase states in systems | and 1l
(Figs. 1, 2), as well as our experience in constructing
the x=T diagrams for the ceramic SSs, shows the fol-
lowing. (i) Although the chemical compositions of the
systems are close to each other (at small x), their x-T
diagrams differ markedly by the number of PTs and by
how the PT temperatures vary with the concentration of
the second component. (ii) As the concentration of the
second component grows, the manufacturability (i.e.,
the reproducible fabrication of high-density high-
strength ceramics with a desired composition over a
widerange of process parameters) in system | degrades,
whilein system Il it improves. (iii) The form of the x—
T diagram of system | depends considerably on the SS
preparation conditions throughout the range of perovs-
kite stability (x =< 0.15).

Insystem Il, adecrease in x, that is, the approach of
the SS composition to SN, enhances the thermody-
namic history effect. In particular, at x < 0.5, the phys-
ical properties of the SSs are virtually independent of
the preparation conditions; at x < 0.3, the effect of the
preparation conditions becomes more distinct; and at
X < 0.15, the properties of the variously obtained SSs
diverge considerably.

TECHNICAL PHYSICS  Vol. 47
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In [14, 15], we found correlation between the ther-
modynamic parameters of the PTs (temperatures, type
of ordering, and phase sequence) and the crystal-chem-
ical characteristics of perovskite-like compounds,
which exhibit alarge number of various, including rota-
tional, transformations. The elucidation of the mecha-
nism of their influence on the phase diagrams would
allow researchersto understand changesin the SN ther-
modynamic properties when the crystal-chemical char-
acteristics of compounds introduced as a second com-
ponent of the solid solution vary. For analysis, it is con-
venient to use, along with ionic radii, the tolerance
factor, which characterizes to what extent the sizes of
atoms entering into a compound ABO; fit the perovs-
kite structure. The tolerance factor is defined as t =

(Ry + Re)//2(Rs + Ro), Where Ry, R, and Ry, are the
ionic radii of the cationsA and B and the anion O taking
into account their coordination number. Let us consider
the properties of SN and its SSs in terms of such an
approach in greater detail.

A specific feature of SN is the variety of dissimilar
PTs, which is uncommon for oxides from the perovs-
kite family. One is initiated by the rotation of oxygen
octahedra (rotational PTs); the other, by theregular dis-
placement of Nb** cations from the centers of the octa-
hedra, i.e., by polarization (ferroelectric and antiferro-
electric PTs). Rotational distortions of the SN structure
occur either by rotating the octahedra in al layers
orthogonal to the axis of rotation in the same direction
(lattice vibration mode M) or by rotating the octahedra
in adjacent layersin the opposite directions (R,s mode).
The condensation of the modes causes orderings, which
are treated in terms of order parameters (OPs). The
modes M; and R,5, as well asthe “polarization,” are, in
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general, described by three OPs: ), ¢, and p, respec-
tively [14-17].

Atx = 0.5in system |1, the orderings are character-
ized by asingle OP, polarization p; at 0.3 < x < 0.5, by
two OPs, rotational () and polarization (p). For x in
the range between 0.15 and 0.3, the other rotational OP,
¢, isadded (Fig. 2). At x> 0.15, the prevailing OPisp,
since the rotational OPs appear, if at al, only together
withit. For x < 0.15, the rotational orderings arise inde-
pendently of polarization; that is, the instahilities “ have
equal rights” As has been noted above, the effect of
thermodynamic history on the PT temperatures and the
physical characteristics of the SSsin system Il is most
significant precisely in the range x < 0.15. Thus, corre-
lating changes in the phase-state picture in system ||
with the enhanced effect of preparation conditions on
the properties of appropriate SSs, one notes that
enhancement takes place with the appearance of each
new OP, which characterizes the complete set of phase
statesfor agiven x.

Such a correlation may be explained as follows.
A fabrication process implies a given sequence of
external actions; hence, the correlation between the SS
properties with the process conditions reflects different
responses of the material to these actions. To some of
the external actions, instabilities generating various
OPs may respond oppositely. For example, hydrostatic
pressure favorsrotational PTs (i.e., raises their temper-
atures) and suppresses ferroelectric ones [18]. Under
certain conditions, this may change the domains of
existence of phase states, the phase states themselves,
and, hence, the entire set of the SS physical properties.
Thus, two or more dissimilar structure instabilities hav-

ing comparable strengths cause a strong dependence of
the SS properties on the process conditions. This shows
up most vividly in system I, where the rotational and
polarization instabilities coexist throughout the stabil-
ity range of the perovskite phase. In SN, the domains of
existence of the rotational and polarization orderings
overlap heavily, while in perovskite-like titanates
ATiO; (A = Ba, S, or Ca), they do not overlap at all
[1, 16].

It should be borne in mind that the firing of the
ceramics and the growth of the SS crystalstake place at
temperaturesfar exceeding those of the PTs. Therefore,
the thermodynamic history influences the structural
instabilities indirectly. For example, in the hot-pressed
ceramics, high residual mechanical stresses arise [19].
They have been shown [20-22] to be the superposition
of the hydrostatic pressure and the uniaxia compres-
sion along the axis of pressure application during hot
pressing. According to the aforesaid, these stresses var-
ioudly influence the properties of the SN-based ferro-
electric and antiferroelectric SSs.

In SN, three high-temperature PTs are due to the
rotation of the octahedra and the following three, to the
combination of the rotation and polarization of the
octahedra. In this case, two complex-ordered antiferro-
electric phases (R and P) and one low-temperature fer-
roelectric (N) phase arise. From Figs. 1la—1c, it follows
that the preparation conditions have a significant effect
on the rotational PT temperatures. This means that the
rotational instabilities are very sensitive to external
actions. To readlize the mechanism of this effect, it is
necessary to consider how the rotational instabilities
and the phase states induced by them form. The
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sequence of purely rotational PTsin NaNbO; isthefol-
lowing:

U(Pm3m = 0}) #°C,. T,(P4/mbm = DS,)

575°C 520°C
—

T,(Ccmm = Dg]) — §(Pmmn = Dif,).

The tetragonal phase T, forms from the cubic phase
U because of the condensation of the z component of
the mode M; (the associated ordering is 00y). The
phase T, forms from T, by the condensation of the y
component of the mode R,5 (OdY). Finally, the phase S
arises from T, through the condensation of one more
component of the mode M3 (dW,W3). As has been
shown [14, 15], this sequence of the orderings is
favored by the specific features of the SN structure,
which will be considered below.

In the symmetric phase, the size of the Na* cation
(0.98 A) is much less than that of the octahedral void
whereitislocated (t = 0.87 < 1). In addition, the charge
of Na" issmall, so that the force attracting it to the void
center is low. If t < 1, NbO, planes are compressed,
while those of NaO are stretched. Compression causes
abend of Nb—O-Nb bonds, and stretching increasesthe
rms displacements of the Na* cation from the void cen-
ter. Eventually, the degree of Na* delocalization grows.
The displacement also increases because, as was
already mentioned, the force of Na* attraction to the
void center islow (Na+ has asmall charge, +1). Asthe
temperature is reduced, this effect is compensated for
by bond bending due to the rotation of the octahedra. In
the SN cubic phase, both rotational modes M3 and R,5
become “soft” as the temperature decreases but the
former mode condenses first. Presumably, when the
octahedra corresponding to Mg rotate, a local quadru-
pole moment arisesin the void and Na'* cations delocal -
ized from the void center interact with this moment,
decreasing the energy of M5 and, thereby, favoring its
condensation. The OP ¢, appearing inthe T, — T,
transition is, to a great extent, associated with thetriple

interaction of type M3R)s [17, 23], wherethe rotational
modes M3 and R, are coupled through the vibrational

mode X of the Na* cations. Since the Na* cation is rel-
atively freeto moveinthevoid, this“indirect” coupling
turns out to be strong enough for ¢, to follow ¢,.

From this reasoning, it follows that the substitution
of alarger K* cation (1.33 A) for Na* (0.98 A) will
decrease the temperatures of all the rotational PTs,
since the “freg” space shrinks for both the anions (Nb—
O—Nb bonds become difficult to bend) and the alkaline
cations (the delocalization diminishes). In this case, t
grows, the compression of the NbO, planes decreases,
and Nb—O-Nb bonds straighten out. Accordingly, the
conditions for ferroelectric ordering become more
favorable and, at x> 0.15, thistype of ordering prevails,
reconfiguring rotational distortions. Thus, system I
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becomes more stable and denser (t increases) as x rises.
As aresult, the manufacturability improves.

The substitution of asmaller Li* cation (0.68 A) for
Na" must, asfollowsfrom the aforesaid, extend the free
space and raise the temperatures of al the rotational
PTs. Thisisthe case both in the crystal and the ceramic
of system | obtained by the various techniques but only
for x > 0.04-0.06. At smaller x, the situation observed
experimentally is more complicated.

In ceramic |, obtained by the conventional firing
method without pressing, the temperatures of al the
rotational PTsincrease with x (Fig. 1a).

In hot-pressed ceramic |, the temperatures of all the
rotational PTs decrease with increasing x for 0 < x <
0.02, as in system Il, and start rising a x > 0.02
(Fig. 1b). The decrease in the PT temperatures can be
related to theincrease in the structure density (since the
lattice constant decreases [5]) rather than to the regular
bond bending. High-temperature densification due to
outer pressure can be associated with many factors.
Among them are theisomorphic substitutional-to-inter-
dtitial transformation of the SSs (configurational PT)
[24] (because of the high intercalation capacity of Li*
ions [25]), octahedron deformation, lithium—defect
interaction, etc. Today, it isdifficult to draw any definite
conclusions on this point without further investigation.
The decrease in the S-R and R—P PT temperatures in
hot-pressed ceramic | islikely to be associated with the
fact that the antiferroelectric order arises together with
the complex rotational order, and the suppression of the
latter (because of the densification) causes the PT tem-
peratures to diminish. With growing x (at x > 0.02), the
Li — Nasubstitution dominates, which “loosens’ the
structure (t drops) and raises the temperatures of the
rotational PTs.

In single crystals I, the rotational PT temperatures
vary insignificantly at x < 0.04. Then (x > 0.04), they
grow with X, the growth being faster for x > 0.06
(Fig. 1c). It seems that, at small x, the probabilities of
substitution and interstice occupation are close to each
other, while substitution dominates at x > 0.04, which
increases the temperatures of the rotational PTs.

CONCLUSION

Thus, the porosity of SN-based SSsisaprimary fac-
tor responsible for the effect of the thermodynamic his-
tory (preparation conditions) on their physical proper-
ties. The porosity is associated with the misfit between
the crystal-chemical parameters of the components and
the perovskite structure (small tolerance factor t). This
makes the structure unstable, specificaly against rota-
tiona distortions. As the porosity grows (t decreases
gtill further) when the SS composition changes, the
material becomes even more sensitive to externa
actions and its response to them is more pronounced
and diversified. The manufacturability of SN-based SSs
diminishes appreciably at t < 0.90-0.93, since rota-
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tional and polarization instabilities become comparable
in strength in this interval of t. The manufacturability
degradation is also typical of other oxides of the per-
ovskite family for which t =< 0.93 and which exhibit
rotational PTs, such as PbZrO; [19] and Pb, _,Ca,TiO,
at x> 0.4[26]. Thus, the results reported can be consid-
ered as general.
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Abstract—An optical channel for extracting, transporting, and applying (to a detector) IR synchrotron radia-
tion covering a wide wavelength range is developed. The design and study of optical systems with long-focus
entrance objective and mirror lenses, as well as with a field condenser lens, are reported. Practical use of IR
optics combined with integrated and position-sensitive detectors in accelerator experiments with synchrotron
radiation is described. © 2002 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

Magneto-bremsstrahlung or synchrotron radiation
(also referred to as fringe, undulator, coherent, or inter-
secting-beam radiation) is a well-known, very promis-
ing, and widely used effect. Synchrotron radiation
opens the way to the nonintrusive (contactless) diag-
nostics of elementary particle beams and buncheswith-
out affecting their acceleration.

Accelerators currently available generate synchro-
tron radiation largely in the IR range [1-3], which
makes it difficult or totally excludes the use of conven-
tional techniques and tools of optical diagnostics. Itis
therefore necessary to devise IR diagnostics methods
and equipment, as well as associated measuring, infor-
mation, and detecting units.

At the Joint Institute for Nuclear Research (JINR), a
compressor of toroidal (ring) high-current bunches of
low-energy relativistic electrons (adgezator)® serves as
a generator of IR synchrotron radiation [1]. The syn-
chrotron radiation experiments being conducted with
the JINR compressor are of great importance, sincethis
radiation is the only source of direct objective (qualita-
tive and quantitative) information on the formation,
compression, and accel eration of an electron (electron—
ion) bunch. Only IR synchrotron diagnostics provides
the observation of a charged particle bunch without its
collapse and without affecting fast processes under
study.

Detecting, measuring, and information systems for
nondestructive diagnostics of relativistic particle
bunches in an accelerator or storage ring must detect,
record, and analyze particle-generated synchrotron
radiation, and eventually provide information on the
basic (current, energy, and geometrical) parameters of

I Trandliteration of the Russian acronym apresarop (aguaGaTu-
4YeCcKHil FeHepaTop 3apssKeHHbIX Topougos—adiabatic genera
tor of charged toroids).

the bunch, as well as on the fast processes. Because of
the severe conditions of accelerator experiments, the
creation of synchrotron diagnostics systems poses great
technical difficulties and is very expensive.

Of special importance is the design and fabrication
of high-sensitivity detecting equipment that allows for
the detection of very weak light fluxes from a source
rapidly moving within the accel erator chamber and rap-
idly varying its radiation spectrum. In designing such
equipment, emphasis should be given on the optical
channel, which provides object tracking. The channel
must contain a window for extracting IR synchrotron
radiation from the accelerator and an optical path for
transporting and delivering the radiation to the detector.
Thiswork describes the optical channel designed in the
JINR and its basic elements, which have been tested in
related experiments.

EXPERIMENTAL CONDITIONS

The specific features of the optics developed and its
use in the experiments with IR synchrotron radiation
will be demonstrated by an example of the JINR
adgezator diagnostics. Figure 1 shows the geometry of
emitting and detecting the radiation. The object of diag-
nostics and study (i.e., an IR radiation source) is toroi-
dal (ring) bunch 1 of low-energy relativistic electrons.
Under the action of a pulsed time-growing magnetic
field, the electrons spira in the median plane of the
cylindrical chamber of an accelerator—compressor,
emitting narrow beam 2 of synchrotron radiation.

For the time of acceleration, the equilibrium (mean)
radius R of the bunch decreasesfrom 40 to 4 cm and the
electron energy E grows from 2.5 to 20 MeV. For the
same time, the maximum A, of the spectral distribution
of the synchrotron radiation shifts from the rf range to
the IR range, AN = 1-8 um. For the latter, there exist a
variety of high-sensitivity fast-responding detectors,

1063-7842/02/4706-0777$22.00 © 2002 MAIK “Nauka/ Interperiodica’



778

Fig. 1. Propagation and detection of synchrotron radiation.
1, electronring; 2, synchrotron radiation; D4, field of vision
(object plane); D,, window; ¢.—¢3, aperture angles,
D3, entrance pupil of objective lens; D,, condenser; and
Ds, exit pupil.

which do not require sophisticated and expensive cryo-
genic facilities.

The requirements for the detecting part of the mea-
suring system for synchrotron diagnostics depend on
the parameters of the electron ring, radiation and tech-
nical experimental conditions, aswell asthe goal of the
experiments. To provide the condition for collective
acceleration (the electron bunch traps and confines
heavy ions) at the final stage of ring compression, the
parametersof thering must beasfollows: R=4cm, lin-
ear sizes of the smaller cross section of thering electron
bunch az and a, = 24 mm, electron energy E =
20 MeV, and the number of electrons in the ring N, =

10"3, These parameters should be measured in the pro-
cess of acceleration with the use of synchrotron radia-
tion with an accuracy of no worse than 20%. The detec-
tors must be placed as close to the accelerator as possi-
ble and be capable of operating under ahigh level of dc
and pulse (with a pulse rate of up to 10 kHz) electro-
magnetic and radiation interference. The basic goals of
the synchrotron radiation experiments are the follow-
ing. (1) Extraction of the radiation from the high-vac-
uum chamber of the accelerator (the chamber may be
heated) in the working spectral range A\ = 1-8 um; (2)
determination of the geometry of the toroidal bunch,
namely, its radius (R = 46 cm), sizes of the smaller
cross section (ag and a, = 2-6 mm), as well asthe ele-
mentary particle density function in the section with ag
and a, and the angular distribution of the elementary
particles; and (3) determination of the total number of
electrons (electron current) in the range N, = 108-10*®
from the measured absolute intensity of the synchro-
tron radiation. The detecting part of the system must

MAL’TSEV

include the window, intermediate focusing optics, as
well as integrated and multielement position-sensitive
detectors. Bearing in mind the above goals and require-
ments and taking into account preliminary analysis of
parameters of the electron bunches and its synchrotron
radiation, we selected associated detectors and optical
materialsfor the windows and lenses, and also designed
the optical systems.

OPTICAL CHANNEL

Remote nondestructive (nonintrusive) diagnostics
of ring bunch 1 by itsIR radiation 2 includesthe extrac-
tion of the radiation from the vacuum chamber of the
accelerator through the window of diameter D,, trans-
port of the radiation along the optical path (system),
and delivery of the radiation to the detectors. Intensity
losses during the extraction and transport must be min-
imized throughout the working spectral range.

Detectors of the absolute intensity of the synchro-
tron radiation must collect the maximum possible
amount of radiated energy irrespective of the position
of the source (small cross section of diameter D, in a
given space of the accelerating chamber). This can be
provided with an optical system that is highly transpar-
ent in the spectral range of detector sensitivity. Also,
thissystem must transmit the entire radiation arriving at
the entrance pupil D5 of the system from the source
plane (which isbounded by thefield of vision D,) to the
plane of the exit pupil D5, where the detector islocated,
by means of the field condenser D,. This can be done
with an optical system based on a Fabry lens. The
design procedure for such systemsiswell known [4, 5].
In the scheme with field condenser D, (Fig. 1), where
the detector is placed at the exit pupil D of the system,
theimage does not move over the detector sensitive sur-
face and the exit pupil Dsisconstantly under irradiation
even if the angle of beam incidence on the entrance
pupil D, isvaried.

The basic parameters of the system with afield con-
denser were selected in view of the Lagrange-Helm-
holtz invariant for image distortion-free transmission:

Dssing, = D,sSin@, = DsSings, Q)

where @,_; are the aperture angles of the objective lens,
condenser, and detector, respectively.

For the normal operation of the optical system, itis
necessary that the condition @; < 1 for the aperture
angle of the detector be fulfilled.

Since appropriate IR windows and optics adequate
for our problem are lacking, we developed special win-
dows[6] and designed relatively simple optical systems
with objective [5] and reflector lenses [7]. Either sys-
tem can use both a multielement position-sensitive
detector for measuring the geometrical parameters of
the bunch (equilibrium radius R, cross-sectional sizes
ai and a,, electron distribution over the cross section,

TECHNICAL PHYSICS Vol. 47

No. 6 2002



IR SYNCHROTRON DIAGNOSTICS

etc.) and a precision single-element integrated detector
for detecting the synchrotron radiation and determining
the total number of electrons in the bunch from the
absolute intensity of the radiation.

(1) The optical advantages of IR synchrotron diag-
nostics over UV and optical diagnostics are as follows.
(i) The transparency of the window is not adversely
affected by radiation-induced internal and external
damage; (ii) the linear resolving power of the IR sys-
temsmay below (10 lines’mm) in comparison with that
of visible-range optics (about 100 lines'mm); (iii) syn-
chrotron radiation beams are detected in a wide IR
wavelength range (AMA > 1, where AN = 1-8 um),
unlike optical diagnostics, where AMA < 1; (iv) syn-
chrotron radiation beams are narrow and polarized;
(v) the source is of low intensity (~10°° W) and small
size (~2 mm); and (vi) the location and shape of the
sourcein thefield of vision are of no significance.

The use of the IR part of the electromagnetic spec-
trum for the diagnostics of accelerated beams improves
considerably the accuracy of measurement of the abso-
lute intensity of the synchrotron radiation in compari-
son with visible-range (optical) diagnostics. This is of
special importance for precision measurements, e.g., in
metrology. This advantage arises because radiation-
induced dark spots (damages) on the window do not
affect its transmissivity in the IR range, since the sizes
of the damages on and inside the window are, asarule,
much less than the IR radiation wavelength. Therefore,
they do not absorb or scatter the IR radiation. The visi-
ble and UV background from the window is of no con-
cern, because either the detectors are insensitive to
these wavelengths or specidl filtersare used. Asaresult,
with IR radiation used, the accelerator windows are
easier to fabricate and they are less expensive.

InthelR range, thelinear dimensions of the detector
become comparabl e to the radiation wavelength, espe-
cidly in the far-IR range. The minimal linear dimen-
sions of the position-sensitive elements operating at A >
1 um are usualy no larger than d, = 0.1 mm. Thiscir-
cumstance makes it possible to radically (roughly ten
times) loosen requirements for the resolving power of
the optics compatible with position-sensitive IR detec-
tors. In addition, this eliminates the need for carefully
analyzing the optical system and calculating the lens
curvature. Eventually, the fabrication of the lenses and
the optical system as awhole is greatly simplified and
becomes less expensive. In this respect, IR diagnostics
is superior to UV and visible-range diagnostics.

(2) The problem of vacuum-tight windows has
always been of vital importance in vacuum technology
and cryogenics, including charged particle accelera-
tors. The maintenance of a high vacuum is a necessary
condition for their operation. Evacuation to a pressure
as low as 107 torr sometimes implies heating of the
units (including the radiation extracting window)
mounted on the vacuum chamber to 350-400°C. Also,
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all vacuum seals must have a metallic gasket. Certainly,
the window must remain air-tight after heating.

Windows used in magneto-bremsstrahlung diagnos-
tic equipment must be transparent in a wide spectral
range; offer high radiation hardness, thermal stability,
plasticity, and mechanical strength; as well as provide
extremely low gas leakage and gas release. Thus, the
production of windows is an important, perhaps deci-
sive, problem in designing the optical path. The cost of
the optical material and its availability are also of great
concern.

Inlight of the aforesaid, we tested windows made of
various optical materials[6, 8]: fused quartz for thevis-
ible and near-1R (to 3.5 um) ranges, CaF, for thevisible
and mid-IR (to 9 um) ranges, MgF,-based polycrystal-
line optical ceramic for A = 1-8 um, ZnS-based poly-
crystalline optical ceramic for A = 1-14 um, as well as
ZnSe-based optical ceramic and GeSe-based oxygen-
free optical glass for wavelengths up to 20 um. These
materials are highly transparent in the working ranges
of the spectrum and are vacuum-tight. The diameter of
the windows was varied between 60 and 115 mm.

For the heating of the chamber, the window made of
MgF, was diffusion-welded to the stainless steel barrel
[6]. Such windows are designed for multiple use in
heated ultra-high-vacuum installations. The transpar-
ency regionisAA = 1-8 ym, and the optical diameter is
70 mm at awindow thickness of 4 mm. Therate of gas
release from the surface at 600°C and a pressure of
~107° torr does not exceed 7 x 107 tortr/s.

(3) The lens system [5] was developed with the aim
of being mounted directly on the extracting channel of
the accelerator. It isintended to serve two functions: to
determine the electron bunch geometry (source—objec-
tive lens—position-sensitive detector) and to measure
the absolute intensity of radiation (source—objective
lens—condenser—integrated detector). The optical part
with transparent refractive elements (lenses) is made
according to the scheme depicted in Fig. 1. Figure 2
shows the arrangement of the basic elements of the sys-
tem with an objective lens and a field condenser. The
optical channel has IR window 1 of diameter D,
(Fig. 1), objective lens 2 (which simultaneously serves
asthe entrance pupil D5 of the system), deflecting plane
mirrors 3 and 4, field condenser 5 in the plane of the
image produced by the objective lens, and detector 6 in
the plane of the exit pupil Ds.

All the lenses used in the optical system are spheri-
cal. Theradii of curvature R, and R, depend on thefocal
length f, as well as on the thickness h and refractive
index n of the lens material. These four parameters are
related as[9]

= (nepdL 10, qoqy2h 1
(n=1) R +(n-1) RR,

)
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Fig. 2. Arrangement of the basic elements of the system
with the objective lens.

The lens thickness can be neglected if the focal
length-to-diameter ratio is much greater than unity.
Then, formula (2) isrecast as

Uf = (n—1)(L/R,—1/R,).

Theradii of curvature were selected from the condi-
tion that the magnification due to spherical aberration
be minimal. The refractiveindex val ue corresponded to
thewavelength A =5.5 um. For asimplelens, the spher-
ical aberrationisminimal whentheradii of curvature of
the lens surfaces are related as [4]

R _ 2n°+n
Ri  2n°-n-4
This relationship holdsiif

_2f(n=1)(n+2)
~ n@2n+1) “)

The table lists the basic parameters of the lenses
made of different IR materials when the spherical aber-
ration is minimal. The minus sign at the radius R,
means that the center of the circle is placed backward
to the object of observation or study (i.e., on theright of
thelens).

Thelenseswere made of specially devel oped optical
ceramics. The materials of choice were MgF, and ZnS
polycrystalline ceramics with high refractive indices,
which define the spherical aberration. The use of the
high-index optical materials made it possible to
increasethe optical diameter of the condenser lensto 19
and 23 mm, respectively. Because of this, the field-of-
vision diameter in the plane of the smaller cross section
of the torus becomes greater than 30 mm.

The long-focus lenses were designed largely for
objective or intermediate lenses. The short-focus ones
were used mainly as field condensers.

For all thelenseslisted in the table and for the entire
optical system (including the window, mirrors, objec-
tive lens, and condenser lens), we thoroughly studied
the aberrations, resolving power, field of vision, and
transmission spectrum.

©)

Ry
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Theinvestigation of IR optics made of opague opti-
cal materials is more complicated than similar investi-
gations in the visible range. For this purpose, we elab-
orated a specia technique [5] based on temperature
guenching of photoluminescence. With this effect, the
result of IR irradiation becomesvisible. This technique
includes severa steps. First, the spatial distribution of
the IR beam intensity is visualized with aflat lumines-
cent screen. The phosphor is pre-excited by an UV
source. When the IR beam passes through the absorb-
ing surface, its temperature increases and the phosphor
brightness drops. The spatial distribution of the radia-
tion intensity, as well as the shape and geometry of the
beam, can be judged from the degree of darkening of
the luminescent screen. The temperature-quenchable
luminescent screen, as such, is a nonselective detector
sensitive to the range from microwaves to the near
infrared. The working spectral range is specified by
band-pass filters, the transmission or reflection coeffi-
cient of the optical elementsin the path of theradiation,
and the spectral responsiveness of the detector.

The resolving power of lenses depends on diffrac-
tion effects and aberrations. The effective diameter of a
circle of confusion due to diffraction in the case of a
point sourceis given by

dyr = 1.22NA, (5)

where N = /D is the focus number (f, focus length;
D, optical diameter of alens).

Spherical aberration has the strongest effect on the
magnification. For asimplelenswith two spherical sur-
faces, the apparent image diameter (including an extra
magnification due to spherical aberration) is approxi-
mated by the formula[4]

dgn = 7.8x 10°N°A, (6)

where the spherical aberration factor is given by

2
n+2 o

n(n—l)2
0 = (Ry+ R)/(R;—Ry).

We studied the effect of various aberrations (spheri-
cal aberration, coma, and astigmatism) on the image
size. It was found that diffraction and aberration are
basic adverse effectsin the spectral range AA = 1-8 pm.
Moreover, diffraction limits the resolving power of the
optical system. When calculating the radii of curvature
of the lens surfaces, we took into consideration the
spherical aberration aone. The influence of the other
aberrations on the resolving power is negligibly small,
while taking them into account makes the design and
production of the lenses difficult. For the MgF, long-
focus lens with the focus number N = 5.3, the diameter
of acircle of confusion in the plane of the point source
image is d,; = 0.43 mm for awavelength A = 5.5 um.
Thisvalue, including the effect of diffraction and spher-

4(n+1)0+3n+2+ n

A= " n(n-1) N (n-1)®
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Parameters of the lenses made of different IR materials
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) ) Lens parameters
Optical material
AN, pm M\ =55um f, mm R, mm R,, mm D, mm
MgF, 185 1.3282 320.0 144.8 —394.0 60
ZnSs 1-145 2.2416 320.0 288.0 1050.0 60
Zns 1-145 2.2416 175 14.57 47.02 19
Zns 1-145 2.2416 220 19.0 61.34 23
CaF, 0.13-12 1.3952 40.0 21.0 —74.5 27

ical aberration, was found from formulas (5) and (6).
The resolving power of the MgF, lenswith f = 320 mm
is presented in Fig. 3, where the point source size mea-
sured along the X and Y coordinates is shown. On the
ordinate, the signal picked up from the detector as it
moves in the point source image plane is plotted. The
abscissa axis plots the real (apparent) point source size
including the aberration and diffraction effects. The
half-height diameter of the circle of confusion isd,ey =
0.45 mm. Thus, the resolving power of the MgF, long-
focus lens with f = 320 mm completely corresponds to
that of the multielement position-sensitive InSb photo-
resistors with a scale division of 0.4-1.2 mm.

One specific feature of the technique used to study
the effect of diffraction and aberration should be noted.
Usually, the resolving powers of individual lenses and
an optical system as a whole are studied in a narrow
wavelength range AMA < 1, where A isthe wavelength
to which the refractive index n of the lens material cor-
responds. When included into calculations, the refrac-
tive index affects the curvature of the refracting sur-
faces. Moreover, it contributesto an extramagnification
due to spherica aberration according to formulas (3), (4),
and (6). Unlike the conventional approach, in this spe-
cific case we used the broad band AMA = 1-8 ym. The
width of the range depends on the transmission spec-
trum of the optical elements (window and lenses) incor-
porated into aparticular optical system and on the spec-
tral responsiveness of the detectors.

In spite of the wide spectral range and the ssimplicity
of the refracting surfaces of the lenses, our results
(Fig. 3) indicate that diffraction and spherical aberra-
tion have aminor effect on the enlargement of the point
source image; hence, they play an insignificant role in
imaging in the plane of the position-sensitive elements
of the detector.

To detect the synchrotron radiation, it was very
important to know the linear size D, of the field of
vison (Fig. 1) in the plane of object movement, i.e.,
where the median XY plane of the bunch crosses the YZ
plane of its cross section. Associated studies were car-
ried out, and the field of vision was measured. A point
source of IR radiation moved in the focal plane of the
objective lens, and the radiation was focused by the
condenser in the plane of the photodetector, which con-
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verted the IR radiation to an electrical signal. Prelimi-
nary, the image plane of the entrance pupil was found
with atemperature-quenchable luminescent screen. For
the system with the CaF, condenser (f = 40 mm), the
field-of-vision size is D; = 24 mm; with the ZnS con-
denser (f = 17.5 mm), D; = 32 mm. This totally meets
the conditions for accelerator experiments. Thus, the
parameters of the individual lenses and the optical sys-
tems as a whole that were measured experimentally
with the temperature-quenchable luminescent screen
agree well with the calculations.

We also studied the optical efficiency of the system
with the MgF, condenser (f = 320 mm) and the ZnS
condenser (f = 17.5 mm) in terms of window and lens
losses, aswell as reflection losses. It turned out that its
working range (wherethelosses aretheleast) liesinthe
near and middle infrareds (AA = 1-8 um), which fully
meets the conditions for accelerator experiments. The
transmission peak of the system corresponds to the
spectral responsivenesses of the IR photodetectors used
in the accelerator experiments.

Thus, the primary parameters of the base optical
system with the objective lens (Fig. 2) are as follows:
working spectral range AN = 1-8 um, focal length of the
MgF, objective lens fy;, = 320 mm, entrance pupil
diameter Dg,, = 60 mm, relative aperture of the objec-
tive lens Dg,/fo; = 1/5.3, focal length of the ZnS con-
denser f.,, = 17.5 mm, exit pupil diameter D, = 2 mm,
field-of-vision size in the object plane D;, = 32 mm,
and overall dimensions are 290 x 300 x 100 mm.

(4) A mirror periscope is a specific optical channel
[7] with an entrance objective lens composed of spher-
ical mirrors. It provides the wide-band operation of the
entire optical system and allows the detection of syn-
chrotron radiation in the spectral range AN = 0.3~
40 um. A periscope is used when the detector must be
placed beyond the range of the electromagnetic and
radiation fields of the accelerator.

Multielement detectors must be reliably protected
from the accelerator interference. Interference is
caused largely by pulsed magnetic fields and gamma
radiation. To remove the interference, it is necessary
that the position-sensitive detector, on which the full-
size image of the radiation source is focused, be a a
distance of no closer than 2 m from the radiation
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Fig. 3. Resolving power of the MgF, objective lens.
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Fig. 4. Optical scheme of the periscope channel with the
mirror objective.

source. Thisled usto develop an optical channel with a
long-focus reflector entrance objective.

The wide-band operation of the channel is provided
by the fact that it is composed only of reflecting ele-
ments (mirrors). The mirrors are made of optical glass
and have a surface of a given curvature, on which asil-
ver layer is applied by evaporation in vacuo. The chan-
nel isused in laboratory conditions under constant tem-
perature and humidity; therefore, the metal layer is not
additionally protected to minimize transmission losses.
The short-wave edge of the spectral range depends on
the reflecting surface finish and the coating material.
The long-wave edge, being limited by diffraction, also
depends on the relative aperture of the system and
imaging wavelength.

MAL’TSEV

The optical scheme of the periscope with the mirror
objective lensis depicted in Fig. 4. Since the synchro-
tron radiation forms a narrow cone, only the section of
the electron ring perpendicular to the optical axis of the
system is seen. The radiation from the small cross sec-
tion (=1/60 of the entire section) of the electron ring is
extracted from the vacuum chamber of the compressor
through IR window 1, in the neighborhood of which flat
mirror 2 is placed. Mirror 2 deflects the divergent beam
of the synchrotron radiation in the horizontal direction.
First spherical mirror 3 is placed so that the object of
observation is at its focus. With such an arrangement,
the divergent beam becomes parall€l to the optical axis
and can travel any given distance. The torus section is
imaged in the focal plane of second spherical mirror 4,
where detector 7 (its sensitive surface) or condenser 5
islocated. Mirror 6 rotates the optical axis through 90°
in the vertical plane. The focal length of both spherical
mirrorsisthe same, 1850 mm. Diaphragms eliminating
flare spots and stray radiations are placed along the path
of the beam being focused.

Deflector 2 rotates the optical axis through 90°. Ini-
tialy, it had acylindrical surfaceto correct for the astig-
matism of the spherical mirrors, which handle the
inclined beam. To optimize the image quality, we stud-
ied the optical scheme of the system by the method of
frequency—contrast characteristics. It was found that
the best image is provided if the deflector has a flat,
rather than cylindrical, surface. Itislikely that the effect
of astigmatism in this system is weaker than that of
other aberrations (coma, spherical aberration, etc.). The
frequency—contrast characteristics obtained are shown
in Fig. 5. The spatia frequency v (the number of lines
per 1 mm of the image) is plotted on the abscissa axis;
the changein theimage contrast K relativeto the object,
on the ordinate axis. With alevel of 0.02 (visual resolu-
tion) taken as the sign of contrast decrease, the resolv-
ing power of the optical system equals 5-6 lines’/mm
when the cylindrical mirror is placed in the meridional
plane of the system (the plane of drawing). Asfollows
from the calculations, this value is ultimate for the
cylindrical mirror. With flat mirror 3 employed, the
resolving power rises to 9-10 linesmm. In Fig. 5, the
upper curves (crosses) refer to the central part of the
field of vision; the lower ones (circles), to the periphery
of thefield. The absence of chromatic aberration allows
the adjustment of the device in the visible part of the
spectrum.

An advantage of this scheme is low transmission
losses (less than 4%). This is associated with the high
reflection coefficient of silver at wavelengths between
0.3 and 40 pm and also with the absence of protective
coatings on the reflecting surfaces. Losses of the syn-
chrotron radiation intensity are inserted mainly by the
IR window (up to 40% of the total |osses) and detector
window materials.

The channel is compatible with various cooled and
uncooled IR detectors, particularly, with multielement
TECHNICAL PHYSICS Vol. 47
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position-sensitive silicon detectors, InSb detectors (the
working temperature T,, = 77 K), PbSe detectors (T, =
250 K), pyroelectric detectors, etc. The wide-band
operation of the mirrors alows them to be used in the
UV and visible ranges. In addition, this optical channel
can be used in the visible and near-IR ranges in combi-
nation with an SFR streak camera.

The optical channel with the mirror objective lens
and condenser made it possible for the first time to
detect synchrotron radiation in the JINR accelerator—
compressor. In pioneering experiments, the radiation
intensity (total number of electrons) was so low and the
radiation spectrum was so uncertain that the radiation
was impossible to detect without optical amplification
and wide-band detectors.

The optical channel with the mirror objective lensis
designed for the UV, visible, and IR ranges (the operat-
ing rangeislimited only by diffraction and mirror coat-
ings) and has the following basic parameters: focal
length of the spherical mirrors f = 1850 mm, relative
aperture 1 : 21, magnification x1, photographic resolu-
tion 7 mm, and overall dimensions 2000 x 360 x
370 mm.

(5) The design of the optical systems enables them
to be used as base devices for accelerator diagnostics
and in experiments unrelated to accelerators. Structur-
aly, the lens optical system (Fig. 2) is made as a sepa-
rate unit. It can be mounted directly on the flange of a
special branch pipe from which the radiation is
extracted from the vacuum chamber of the accelerator.

The periscope channel (Fig. 4), provided with the
rigid tubular support, is mounted as a separate unit on a
concrete wall or cube. In other words, it must be
attached to a vibration-free foundation.

All blocks and parts of the optical systems are made
of nonmagnetic materials to meet conditions of physi-
cal accelerator experiments. Thelensand mirror barrels
are made of brass. The optical parts are mounted into
the barrels with appropriate gaskets to avoid optical
material—-metal contact. The body of the lens system
was made by turning and milling a D16t aluminum
aloy dab to make the system monoalithic and thereby
provide a reliable attachment of all the units responsi-
ble for optical accuracy. Moreover, with such a con-
struction, there is easy access to the basic optical ele-
ments and the system is easy to adjust and tune to a
detector.

The lenses and mirrors can move along the optical
axis. In addition, the inclination of the mirrors can be
varied over wide limits in order to finely adjust the
image plane, which is produced by the objectivelensin
the principal plane of the condenser or on the sensitive
surface of the detector.

Once assembled and adjusted, all optical and
mechanical units and parts of the system are mounted
rigidly by means of locating pins. The body and fixings
of the optical units are painted mat black to prevent
flare spots and scattered light from penetrating to the
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Fig. 5. Frequency—contrast characteristic of the optical
channel with (a) cylindrical and (b) flat deflector. v, the
number of lines per 1 mm of the image; K, change in the
image contrast relative to the object. (1) Centra part and
(2) periphery of thefield of vision.
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Fig. 6. Cross-sectional profile of the electron bunch and the
distribution of the electron density over its cross section.

(1) az and (2) a

image plane. The adjusting units of the optical systems
are protected from environmental (optical and mechan-
ical) effects by removable housings made of aluminum
aloy sheets.

APPLICATIONS

Thus, the IR optics described in this work has
played acrucial role in studying the possibility of gen-
erating electron and electron—on bunches with param-
etersoptimal for the collective accel eration of electrons
and heavy ionsin various JNR compressors[1].

To solvethe problem of synchrotron radiation detec-
tion, the author has designed the approach described
above, which makes it possible to detect (with mini-
mum |osses) synchrotron radiation with detectors made
of the appropriate materials and covering the entire
spectrum of the radiation. Other advantages of this
approach are asfollows: (1) more than 20-fold amplifi-
cation of the synchrotron radiation flux density on the
sensitive element of the detector (hence, amplification
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of detector signal) by applying the optical scheme with
the field condenser, (2) use of precision detectors
whose sensitivity is the highest in the working spectral
range AA = 1-8 um, and (3) detection of the synchro-
tron radiation throughout the sensitivity range of these
detectors (AANA > 1).

With this approach, synchrotron radiation was dis-
covered for the first time and used to study relativistic
electron bunches. The following are results illustrating
the application of the long-focuswide-band mirror-lens
opticsin accelerator experiments.

From the maximal radiation signal, we located the
ring bunch relative to the median plane YZ and the Z
axis of the accel erator, measured the equilibrium radius
R, found the bunch profile (ag, a,), and studied the elec-
tron distribution over the cross section. It turned out
that the median planes of thetorus and accel erator coin-
cide and the energy of the electrons and the radius of
their orbit (accordingly, the radiation spectrum and
intensity) are close to the calculated values. However,
the size of the bunch, the number of electrons, and the
distribution of the electrons over the cross section differ
greatly from those required.

From the synchrotron radiation intensity, for thefirst
time we determined the absol ute number of electronsin
an electron bunch formed in the JINR electron-ring
compressor. The actual number of electrons in the
bunch was found to be smaller (N, ~ 10108 electrons)
than expected, and the bunch had the shape of adiffuse
cylindrical helix rather than aring.

The method of determining the instantaneous (T <
0.1ps) geometrical parameter of the ring in the com-
pressor relies on advances in IR optics and IR multi-
channel detecting technology [7]. Its essence is that,
after it has fallen into the field of vision, the image of
the smaller section of the ring is focused by the objec-
tivelenson the sensitive surface of adetector withalin-
ear array of the elements. Figure 6 shows the instanta-
neous sizes of the smaller cross section of the electron
bunch (scale division 1.2 mm) and the cross-sectional
distribution of the electrons.

Thus, the difficulties associated with the detection
of synchrotron radiation were due primarily to its low
density on the sensitive surface of the detector. There-
fore, the valid signal of the detector was hard to dis-
criminate from intense electromagnetic and radiation
fields of the accelerator. The problem has been solved
by employing the diagnostic method devel oped, taking
advantage of the unique properties of the IR optics, and
using high-sensitivity detectors. Based on the informa:
tion gathered, we upgraded the design of the accel erator
units, which helped usto raise the ring current (number
of electrons) from N, ~ 108 to ~10'? el ectrons. M easure-
ments of the absolute intensity of the synchrotron radi-
ation allow the determination of the number of elec-
tronsin a bunch at the final stage of compression with
an accuracy of no worse than 20%.

MAL’TSEV

At the closing stages of the experiments on collec-
tive acceleration, aring bunch with N, ~ 102 electrons
was obtained, the electron density distribution being
fairly uniform. However, in spite of the considerable
effort that went into upgrading the magnetic systems of
the accel erator, we failed to generate an €lectron bunch
with parameters optimal for collective acceleration.
Today, in view of theresults of IR synchrotron diagnos-
tics, experiments on collective acceleration have been
terminated, athough the JINR compressor remains to
be a unique source of synchrotron radiation in terms of
its parameters [10].

CONCLUSION

IR diagnostics offers a number of advantages over
visible-range diagnostics. The basic oneisthat require-
mentsfor theimagesize, i.e., for theresolving power of
the system, are not so stringent.

Modern optical materials, specifically, optical
ceramics, of which windows and lenses have been
made, offer good radiation hardness, mechanical
strength, and vacuum tightness. Moreover, they are
highly transparent over a wide spectral range, which
favors the extraction of IR synchrotron radiation from
the vacuum chamber and its transport to the detector
with minimal intensity losses.

A unique technique for window—barrel diffusion
welding has been developed. The design of the barrel
providesfor the sealing of the vacuum window with the
help of ametallic gasket.

In spite of the simplicity of the mirror and lens
optics developed, we succeeded in discovering and
detecting synchrotron radiation in the JINR (with the
number of electronsin the ring about 108). The param-
etersof compressi ble el ectron bunches have been deter-
mined from their synchrotron radiation in the near and
middleinfrareds with adesired accuracy. Theresolving
power of the systemsis adequate to that of the detectors
used.

The optical channel totally meets the requirements
for accelerator experiments and is compatible with var-
ious detectors for wide-band IR diagnostics in both
pure scientific purposes and applications.

Also of importance are bench tests with IR optics,
where the thermoluminescence effect was used. With
such an approach, we succeeded in studying optical
systems with lenses that are nontransparent in the visi-
ble range.
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Abstract—The effect of Mg isovalent impurity on photoluminescence in undoped and Al(donor)-doped ZnSe
crystalsisinvestigated. The anomalously weak temperature quenching of the blue band in M g-containing sam-

plesis detected. © 2002 MAIK “ Nauka/Interperiodica” .

Doping by isovalent impurities may strongly
improve those physical properties of semiconductors
that are difficult or even impossible to improve by dop-
ing with conventional impurities [1]. In the first place,
isovalent impurities increase the probability of radia-
tive recombination and improve its temperature stabil-
ity. Note that the discovery of intense edge lumines-
cence in GaPIN[] 2] has provided the basis for produc-
ing commercial green LEDs. For blue (dark blue)
radiation sources, it is necessary to use a wider gap
material. Moreover, it is desirable that the material be
direct-gap. Zinc selenide, having the appropriate gap
width (E; = 2.7 eV at 300 K [3]), meets these require-
ments. Therefore, most investigations are aimed at
developing methods of obtaining low-resistivity ZnSe
where edge luminescence prevails [4] for designing
various el ectroluminescent structures. One way of solv-
ing this problem was suggested in [5], where doping of
ZnSe by Mg isovaent impurity was shown to increase
significantly the intensity of the blue luminescence
band at 300 K. This paper studies the behavior of this
band in diffusion layers of ZnSelMglUat high tempera-
tures.

Initial substrates were made of bulk ZnSe crystals of
the two types that are used most frequently [3]. They
were grown in anoble gas atmosphere from the stoichi-
ometric melt (type 1), aswell as from the melt contain-
ing =0.1 mol % of Al (type 2). The electron conductiv-
ity o, was (at 300 K) 10° and 103 Q% cm for type-1
and type-2 crystals, respectively. At room temperature,
the photoluminescence spectrum contains two bands:
yellow orange and blue (see figure). The lower energy
emission is associated with donor—acceptor pairs con-
sisting of deep acceptor (E, = 1.2 eV) and shalow
donor (E4 = 0.02-0.03 eV) levels[3, 4]. Theformer are
caused by doubly-charged negative vacancies of zinc

(V3,); the latter, by singly charged positive vacancies
of selenium (Vg,) and/or by an Al substitutional impu-

rity (Aly,). Vg Vvacancies that do not enter into the

donor—acceptor pairs are responsible for the blue lumi-
nescence, resulting from the recombination of free
holes with electrons localized on these centers[3]. The
virtual absence of the blue band in the initial type-2
crystals indicates that the concentration of “free” Se
vacanciesislow. The number of these vacancies can be
increased, in particular, by healing the V,, vacancies,
which must change the rel ation between the orange and
blue band intensities in favor of the latter. This is
observed for crystals of both types (see figure). The

N,
1.0

0.5

fw, eV

Photoluminescence spectra of the ZnSe samples at 300 K.
Solid lines, initial samples; dashed lines, samples annealed
in Zn vapor; and dotted lines, samples annealed in Zn and
Mg vapors. (a) Type-1 and (b) type-2 crystals.

1063-7842/02/4706-0786%$22.00 © 2002 MAIK “Nauka/Interperiodica’
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intensity of the blue radiation can be increased further
by doping with Mg isovalent impurity. Note that, in
Mg-doped type-1 crystals, the orange band is observed
at none of the excitation levels L, which could bevaried
in the range of 10'°-10'8 photons/s in our experiments.
The incompl ete quenching of the low-energy emission
for the ZnSelAlCsubstratesindicates that doping by Mg
does not hea al the V,, vacancies. Some of them
remain to be incorporated into the donor—acceptor
pairs, which form at temperatures (the temperature of
crystal synthesis is T, = 1450 K) higher than that of
doping by the isovalent impurity (1070 K). Since the
thermodynamic growth conditions are virtually the
same for the crystals of both types, one should assume
that the complexes with Al,,, are more stable. Note that
the ZnSelMg, ZnOdiffusion layers, as well as the sub-
strates, have electron conductivity, but the value of g,
in the former growsto 102 Q1 cm™. Thus, Mg doping
of the ZnSe crystals with different ensembles of intrin-
sic and impurity defects resultsin asignificant increase
in the blue edge emission and suppresses the self-acti-
vated orange band.

Note also that the position of the blue band maxi-
mum remains virtually unchanged for all the samples:
hw, = 2.68 eV at 300 K. However, its behavior in the
layers containing magnesium and in the initial sub-
strates, as well as the substrates doped by Zn aone,
greatly differs. Inthelatter case, the position 7w, of the
maximum isindependent of the excitation level when it
varies within three orders of magnitude. The difference
between 7wy, and the energy gap width E; is equal to

0.02 eV, which correl ates with the energy depth of V..

Such a behavior is typical when free carriers passto a
discrete level by recombination [3]. In contrast, the
maximum of the blue band for the ZnSelMgUlayers
shifts toward lesser Aw with arisein L. In addition, the
increase in the temperature and the excitation level
smooth out the low-energy tail of the blue band. When
combined, these factors testify to the annihilation of
excitons when they are inelastically scattered by free
charge carriers[6]. Thereis no doubt that the blue band
is due to the isovalent Mg impurity; however, any cer-
tain conclusions about the exciton nature are beyond
the scope of this work and requires specia investiga-
tion, especialy at low temperatures.

Indirect corroboration of Mg participation in the
formation of the blue band is its high temperature sta-
bility. For example, with T increasing from 300 to
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Table
I
Dopant /Lo 129715
300K 500 K

Undoped 0.5 0.3 17
Zn 12 11 7
Zn, Mg - - 18
Al 0.07 0.05 13
Al, Zn 09 0.7 6
Al, Zn, Mg 5 6 2

500 K, the blue emission intensity I, in ZnSelMgC]
decreases |less than twice. At the same time, the doping

of the crystals by Zn alone causes a noticeable temper-

ature quenching of I, athough this is somewhat

smaller than for the initial substrates. The main results

of the temperature investigations are listed in the table.

Here, the symbol |, denotes the intensity of the orange

luminescence band.

Note that the position of the edge emission maxi-
mum is the same for all the samples at each particular
T. The temperature dependence of %wy, is linear in the
range from 300to 500 K, anditsslope, 6.5 x 10“eV/K,
is close to the temperature coefficient gap width varia-

tionfor ZnSe, yg =7 x 10%eV/K [3, 4].

Thus, efficient temperature-stable blue lumines-
cence can be excited by doping zinc selenide with Mg
isovalent impurity.
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Abstract—Anisotropy of the gain and loss associated with different TM-wave components in a long-wave
intervalley-transfer laser is analyzed numerically. The effect of field leakage into the substrate and of interfer-
ence therein on the optical confinement coefficient and loss coefficient due to absorption by free charge carriers

isstudied. © 2002 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

At present, coherent radiation sources operating in
the far- and mid-IR ranges are attracting great interest,
hence, the considerable effort in developing these
devices worldwide. This problem is topical because
these lasers can be used in spectroscopy, environmental
studies, and communication. The list of semiconductor
lasers designed for the 10-15-um range is actually lim-
ited to devices of two types. quantum cascade [1] and
fountain [2] lasers. For a number of reasons (complex
structure of the quantum wells, need for pumping, and
failure to operate in the continuous-wave mode at room
temperature), these lasers do not meet current require-
ments.

Severa years ago, a new version of intraband-tran-
sition lasers, a hot-carrier quantum-well laser [3], was
proposed by researchers at the Institute of Physics of
Microstructures (Russian Academy of Sciences, Nizhni
Novgorod). In these lasers, carriers are heated by an
electric field directed along the layers of the quantum-
well structure. The volume gain of the lasing medium
in lasers based on hot electron intervalley transfer was
estimated at 50-200 cm™ for a wavelength of =10 pm
[3], which indicates the feasibility of the device.

MODEL AND BASIC RELATIONSHIPS

Since the current in the laser under study passes
along the layers of the structure, it can be built around
a multilayer waveguide with confining undoped AlAs
layers grown on an insulating GaAs substrate (Fig. 1).
The lasing layer consists of alternating guantum-size
GaAs films, which are wells for " valleys, and AlAs

films, which are wells for X outer valleys. It has been
shown [3] that, in a strong electric field, electrons are
efficiently accumulated at those levels of X outer val-
leys located in the Brillouin zone along the growth
direction. This causes a population inversion between
these levels and the GaAs central valley [3]. The wave
functions of these electrons overlap significantly.
Therefore, direct transitions can occur at the hetero-
junctions, which provides amplification. The typical
thickness of the GaAsfilmsin each of the periods of the
superlattice is 80 A; that of the AlAs films, 20 A. The
overall thickness of the lasing layer, consisting of
100 superlattice periods, is about 1 um.

It is significant that amplification in this structureis
possible only for those waveguide eigenmodes that
have the electric field component directed across the
lasing region, i.e., for the TM modes. Our laser model

<
Néq(\l
S
S % 5
1
Y
VA

Fig. 1. Cross section of the laser: (1) substrate; (2, 4) lower
and upper confining layers, respectively; (3) active layer;
and (5) contacts.
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assumes that absorption by free carries (Drude absorp-
tion) is the basic reason for the attenuation of the TM
modes propagating in the structure. It is known that the
attenuation due to this mechanism is proportional to the
square of the wavelength and may become noticeable
for along-wavelaser if the carrier density issufficiently
high.

Since the electric field of the TM mode contains
components both across and along the propagation
direction (i.e., along the structure layers), it is clear that
the gain and loss in the lasing layer must be estimated
with allowance for its anisotropy. Specifically, the
amplification of the lasing medium is associated with
the transverse component of the TM mode field, while
the loss is attributed to the longitudinal component
because the carriers remain free in the plane of the
guantum wells. The attenuation in other parts of the
structure (confining layers and substrate) can be
regarded as direction-independent, i.e., isotropic.
Assume that the gain and the loss in the structure are
low; i.e, g/ < 1and a/f < 1, where g is the volume
gain for a plane wave in an infinite medium; a is the
power loss factor; and B is the propagation constant,
which characterizes the phase variation with distance.

In terms of the perturbation method [4, 5], the atten-
uation is given by

+o00

Iﬁﬁxﬂaa%x
= +00 ! (1)
I S,dx

where €,, and e,, ae the imaginary parts of the

permittivity tensor components for the layers, S, =
0.5 Re[EH*]|, is the time-averaged magnitude of the
Poyinting’s vector in the z direction (brackets mean the
vector product), and w is the circular frequency. Inte-
gration is performed across the waveguide, i.e.,, in the
direction of the layer growth.

Asisusual in the perturbation method, the complex
amplitudes of the electric, E, and magnetic, H, fields
are calculated under the assumption that the waveguide
structure is lossless. Let us rearrange expression (1) so
that it contains only the field components that are con-
tinuous at the interfaces:

+o00

XX |:| O[l
I(MNM+$@

a =p= : 2
|H

[
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Here, we used the relationship E, = BH/(wepeyy ),
whichisvalid for TM waves, and introduced the desig-

€] Ez| dx
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Fig. 2. (a) Optical confinement and (b) power lossfactor for
the TM wave in the intervalley-transfer laser vs. the upper
confining layer thickness d,. The lower confining layer
thickness d, = 5 (1) and 10 pm (2).

nations ky = 21wWA for the wave number and p =

JHo/€, = 1201t for the free-space wave impedance. As

can be seen from expression (2), taking into account the
anisotropy of al the layers except for the lasing one
corrects the attenuation coefficient insignificantly. We
will therefore assume that the real parts of the permit-

tivity tensor components equal each other; i.e, €,, =
€,y = €,, = €, Wherei isthe number of the layer. Obvi-
ously, the imaginary parts of the permittivity tensor
components that enter into formula (2) can be
expressed in terms of thevolume gain o, and lossfactor
gas

= el €=

for the active layer and

Ooa
Jei

_ %
@%

€xx = €2z =

for the other layers. In the lasing theory, of primary
importance is the field confinement coefficient I". For
TM waves, it is defined as

Hy*

I —dx
= a:tlve ea (3)

J'|Hy| dx

—00
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Fig. 3. Anticrossing of the dispersion characteristics as a
result of interaction with substrate modes at d, = 10 um and
d4 =3.6 um.

NUMERICAL RESULTS

To find the laser geometry optimal in terms of guid-
ing characteristics, it is necessary to study the optical
confinement and the lossfactor asafunction of the con-
fining layer thickness (Fig. 2). The calculations were
performed at a wavelength A = 10 pm, d; = 100 pm,
dg=1um, e; =122, e =115 and e; =€, =9. The
permittivity e; of the lasing layer was calculated as an
effective parameter dependent on the relative thick-

nesses of the GaAs (x) and AlAs (1 — X) layers of the
superlattice:

6‘3 = €IGaAsX + e:’-\IAs(l - X)'

The volume absorption ag, of the lasing layer was
estimated at about 500 cm™ [4]. In the calculations, we
neglected the loss due to scattering by free carriersin
the undoped layers and the substrate.

Figure 2 shows that the optical confinement is max-
imum at a thickness of the upper confining layer d, =
2.5 um for both thicknesses d, of the lower AlAs con-
fining layer. The power loss factor a does not exceed
2.0-2.5 cm™. It is small primarily because the electric
field component E, in the propagation direction is small
compared with the amplitude of the transverse compo-
nent E,. Thus, the volume gain factor g = 10.5 cm is
sufficient to compensate for thisloss (the radiation loss
through the end faces of the laser is neglected).

Notice the sharp dips in the curves in Fig. 2. It is
likely that, under certain conditions, the lasing power
flux resonantly tunnelsinto the substrate, causing inter-
ference effects therein. For example, for d, = 3.6 um
and d, = 10 um, the dispersion characteristics of thelas-
ing layer and the substrate intersect (see the outlined
region in Fig. 3). As aresult of the strong interaction
between wave processes in the substrate and in the

MOROZOV et al.

S/Smax> dB
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Fig. 4. TM-wave power density distribution over the cross
section at d, = 2.5 (1) and 3.6 pm (2).

guiding layer, a significant portion of the lasing power
penetrates into the substrate, sharply reducing the opti-
cal confinement coefficient. Wave interference in trans-
parent substrates was studied earlier for a conventional
semiconductor laser operating at 0.98 um [6].

To illustrate the physical process described above,
Fig. 4 shows the normalized distribution of the power
flux over the laser cross section for the optimal (in
terms of the confinement) structure (d, = 2.5 pm) and
for the case when the radiation into the substrate is
maximum (d, = 3.6 um). It can be seen that the resonant
interaction between the waves in the substrate and the
lasing layer increases significantly (by 15-17 dB) the
power peak density in the substrate.

CONCLUSION

Thus, our study of the el ectromagnetic properties of
the long-wave intervaley-transfer laser are summa-
rized as follows.

The optimal geometry of the structure that provides
the maximum optical confinement for the TM wave
(' =0.27) isfound.

Conditions for the intense penetration of the lasing
power into the substrate are determined. The resonant
interaction between the wave processes in the substrate
and the optical waveguide may reduce significantly (to
0.13-0.15) the optical confinement coefficient.

Anisotropy of the loss and gain, which are associ-
ated with different field components of the TM wavein
the laser structure, isanalyzed. It isfound that, with the
optimal geometry of the optical waveguide at avolume
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absorption of 500 cm in the active layer, the gain g =
10.5 cm is sufficient to compensate for the loss.
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Abstract—An original method for designing magnetic mass analyzersthat is represented in the form of acom-
puter program is proposed. The thorough optimization of the method makesit possibleto rapidly and accurately
simulate the focusing properties of a mass analyzer along itsfocal line, as well as to select designs appropriate
for agiven problem. © 2002 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

The development of a magnetic mass analyzer,
requiring alarge body of computation and much expe-
rience, has aways been a challenge for designers. To
facilitate the design of new mass analyzers, as well as
to tackle various comparison and optimization prob-
lems, we developed a new express design method.

EXPRESS SEARCH METHOD

Our approach is based on well-known formulas [1],
which are extended by introducing higher order aberra-
tion coefficientsinto the classical dispersionrelation. In
addition, we took into account the results of computer
simulations and optimized the mathematical model
obtained. This has made it possible to simulate the
focusing properties of a mass analyzer along its focal
line over a wide range of masses with a much lesser
body of computation.

Sincethe method isbased on conventional formulas,
we recommend applying it as the basis for designing
magnetic mass analyzers. Further improvement of its
accuracy can be achieved only by considering higher
order effects of a stray edge field, as is done in more
awkward models, for example, in the matriciant
method [2]. Note that computational results obtained
by this method and by the matriciant method [2] differ
by approximately 2.5%. Because of the utmost ssmplic-
ity of the method and, as a consequence, the high rate
of computation, the application of our method for
express analysisis well justified.

On the basis of our method, we devised a program
(available from http://op.pochtamt.ru/) that makes it
possible to evaluate the main properties of a magnetic
mass analyzer along itsfocal line (resolution, positions
of focal points, focusing parameters in the vertical and
horizontal planes, etc.). In addition, the program
enables an express search for designs according to
given parameters. The optimization of the parametersis
not performed. This is due to the fact that there are a

number of optimization criteria, which do not form a
continuous set. Frequently, improving one of the crite-
ria results in the significant deterioration of the others.
This problem has been considered carefully in [3],
whereit was noted that the result of any computer opti-
mization cannot represent a single point in the space of
initial parameters. One can only restrict the region of
acceptable solutions, and the design of choice must
meet certain nonformal criteria. Asin [3], our program
separates out aregion of acceptabl e solutions according
to rather loose formal criteria. The results of this sepa-
ration form a database, which can readily be imported
into “clearer” software tools (for example, into
Microsoft Excel) for subsequent processing.

Aswas noted above, the basic feature of our method
is its nonextensiveness, namely, it needs minimum
computational resourcesfor arather high accuracy. The
design search algorithm is based on the exhaustive
search method (instead of the statistical sampling
method [3]). Asaresult, the program does not require a
large memory capacity and the search process and the
formation of the database (i.e., the detailed simulation
of thefocusing properties of the massanalyzer alongits
focal line) in combination take several minutes depend-
ing on the search discreteness required. In addition,
there is a possibility of simulating the process of elec-
trostatic scanning over fixed collectors if a permanent
magnet is applied [4] for rotations other than 180°.

RESULTS AND DISCUSSION

This method was successfully tested in the express
search for designs of magnetic mass analyzersintended
for the analysis of argon isotopes. The parameters sim-
ulated were resolving power R, mass dispersion D, tilt
angle of thefocal line W, and sum of squared deviations
of focal points from a straight line d. Note that these
parameters, except for the last one, are, in general,
local; i.e., they are of interest only for a particular mass
(or for apair of masses, for example, in the case of the

1063-7842/02/4706-0792%$22.00 © 2002 MAIK “Nauka/ Interperiodica’
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Table
g=¢g" R I D U o
31 1014 | 0.8840 | 3.0608 | 28.7 | 1.243x 10
32 1016 | 0.9032 | 3.1772 | 28.2 | 1.415x 107
33 1017 | 0.9327 | 3.3024 | 27.7 | 1.640 x 10
34 1019 | 0.9456 | 3.4376 | 27.1 | 1.860 x 10
35 1021 | 0.9691 | 3.5840 | 26.6 |2.137 x 107
36 1023 | 0.9945 | 3.7428 | 26.1 |2.464 x 1073
37 1025 | 1.0220 | 3.9160 | 25.6 | 2.864 x 1072
38 1028 | 1.0520 | 4.1040 | 25.1 |3.362x 10
47 1063 | 1.5160 | 7.1720 | 20.3 | 1.867 x 1073
48 1069 | 1.6090 | 7.8040 | 19.7 | 2.401x 1073

tilt angle) from a given range. The input parameters
were angle of rotation in a magnetic field ¢, radius of
rotation in a magnetic field r, optical magnification M,
and ion source parameters. The input arm (I') is an
optional parameter (it is calculated unless specified).
The output arm (I") is found from direction focusing
conditions. The entrance and exit boundaries of the
magnet are straight. We were interested in designs with
an optical magnification M in the range [0, 5, 1] and a
resolution R of no lessthan 600 (the width of the source
dit is § = 0.1 mm, and the divergence angle of the
beam is 2a = 4 x 107 rad).

The table lists comparative results for symmetric
mass analyzers with the radius and angle of rotation
50 mm and 120°, respectively (the entrance and exit
angles are integers).

Using the data from the table, one can construct a
rather compact analyzer with good analytical character-
istics. In addition, having a set of appropriate designs,
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one can choose that offering the best manufacturability
and/or being easier to adjust. In our case, after simple
interpolation (the correctness of which is confirmed by
additional calculations), one can choose aversion with
the entrance/exit angles (€' = €") 37°30', R= 1026, |' =
1.0370, D = 4.0080, W = 25.2, and 6 = 3.088 x 10,

CONCLUSIONS

Thus, the express search method proposed is ade-
guate to available analogues. The high rate and effi-
ciency of computation open up a wide spectrum of
applications, one of which is presented here. The issue
touched upon israther topical nowadays, since the min-
iaturization of magnetic mass analyzers has become an
important problem.
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